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ABSTRACT 

 

 Water is the life - source but it is present in less than 1% in earth‘s 

surface. Even this small amount of water available for human beings and 

animals is largely polluted today. Addition of unwanted matter makes water 

unfit for its intended use. There are many types of pollutants for water. Out of 

the many types of pollutants, organic substances comprise potentially large 

groups which are hazardous to human health even at low levels if exposed for a 

longer period of time. Organic dyes like rhodamine B and congo red are serious 

pollutants in effluents from textile and other industries. 

 

 Polymer nanocomposites materials are employed in photodegradation 

studies to remove organic dyes form effluent water. These materials have 

assumed a significant role in the field of materials science. So the study of 

polymer composites and their characterization becomes much more relevant. 

Again, one of the vital applications of polymer nanocomposites is in keeping the 

environment clean from pollutants in water by the method of photodegradation.  

 

 In the present study five semiconductor metal oxides viz., TiO2, ZnO, 

CdO, V2O5 and NiO are selected and blended with polyvinyl chloride to form 

composite materials. The bio polymer chitosan also is incorporated into polymer 

matrix in some cases. Altogether nine types of polymer nanocomposites were 

synthesized containing three types from each of TiO2, ZnO and CdO. Initially 

the metal oxides nanoparticles are synthesized and characterized by different 

techniques. The crystallite size, band gap energy and surface morphology are 

found out. These oxides are then blended with PVC by solution cast method to 

produce thin films which are employed in the photodegradation studies.  

 

 All the prepared polymer nanocomposites and synthesized metal 

oxides are characterised by Energy dispersive X-ray analysis (EDAX), Fourier 

transform infra red spectral analysis (FTIR), Ultra Violet spectral analysis (UV-

Vis), Powder X-ray diffraction analysis (PXRD), Optical microscopy analysis, 
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Scanning electron microscopy analysis (SEM), Thermal analysis (TG/DTA) and 

mechanical strength analysis. 

 

 For degradation of organic dyes congo red and rhodamine B are taken 

up for study. The polymer composites act as photocatalyst in the photochemical 

treatment. In the beginning the most suitable conditions for the experiment are 

optimized. For example the concentration of the dye solution is maintained as 75 

ml of 7 ppm for both the dyes. The preferred irradiation frequency of UV light is 

determined as 365 nm for both dyes. However, the irradiation time is different, it 

is 160 mins for congo red dye and 80 mins for rhodamine B dye. 

 

 The study on the effect of the amount of photocatalyst added for 

complete degradation has led to the result of 50 mg of the catalyst to be efficient. 

These optimized conditions are maintained throughout the experiment with all 

the nine polymer nanocomposites. At first, three polymer nanocomposites with 

TiO2 as semiconducting material namely PVC/T, PVC/T/C and PVC/T/V are 

used for decolorization of congo red and rhodamine B dye. While 97 % of RhB 

dye is degraded by PVC/T/V within the period of 80 mins, the degradation is 

only 65% and 82 % of RhB dye for the photocatalyst PVC/T and PVC/T/C 

composite respectively. Thus PVC/T/V nanocomposites act as a better catalyst 

compared to the rest for both the CR and RhB dyes. The mechanism for 

photocatalytic reaction proposes that the significant photocatalytic activity may 

be due to lower recombination of e
-
 - h

+ 
and extended life span of e

-
 - h

+
 pairs. 

Though all the three are found to be efficient PVC/T/V is found to be more 

suitable. 

 

 Next, the other three polymer composites of ZnO viz., PVC/Z, 

PVC/Z/C and PVC/Z/V are employed for the degradation studies and among 

them PVC/Z/V is found to be more efficient. In the last set the photodegradation 

studies are carried out with three polymer nanocomposites of CdO out of which 

PVC/C/C is found to be more efficient. 
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 The mechanism for photodegradation involves the formation of OH
∙
 

free radical and the details of the mechanism of the reaction are elaborately 

discussed. The mechanism of photocatalytic reaction involves five steps: 

i. Transfer of reactants in the fluid phase to the catalysts surface  

ii. Adsorption of the reactant(s)  

iii. Reaction of the reactant(s) on the catalyst surface  

iv. Desorption of the product(s)  

v. Removal of products from the interface region  

 

 The stability, recovery and reusability of all the nine polymer 

nanocomposites are studied for a number of cycles. All the composites have 

been recovered and reused for at least 6 times.  
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CHAPTER 1 

INTRODUCTION 

 

 

 Although about three quarters of the earth‘s surface area is covered by 

water, only 0.1% is available as fresh water in rivers, lakes and streams, which is 

suitable for human consumption. Even this amount of water is largely polluted 

today and its physical and chemical properties are altered due to the addition of 

unwanted matter making it unfit for its intended use (Larsen et al. 2007; Dong et 

al. 2010). The causes of water pollution are many. Increase in nutrient loading 

leads to eutrophication. Organic wastes impose high oxygen demands on the 

receiving water. Industries discharge a variety of pollutants in their effluents 

including heavy metals, resin pellets, organic toxins, oils, nutrients and solids 

(Hastie et al. 2006; Zee & Villaverde 2005). Discharges from power stations 

have thermal effects reducing the available oxygen. Silt-bearing runoff from 

many activities like construction sites, deforestation and agriculture  inhibits the 

penetration of sunlight through the water column, preventing photosynthesis and 

causing blanketing of the lake or river bed damaging ecological systems.  

 

1.1 EFFECTS OF WATER POLLUTION 

 The following list elaborates the effects of water pollution. 

 Waterborne diseases like typhoid, amoebiasis, diardiasis, ascariasis, 

hookworm, respiratory infections, hepatitis, encephalitis, 

gastroenteritis, diarrhea, vomiting and stomach aches 

 Parkinson‘s disease, multiple sclerosis, Alzheimer‘s disease, heart 

disease and even death 

 Cancer, including prostate cancer and non-Hodgkin‘s lymphoma 

http://en.wikipedia.org/wiki/Nutrient
http://en.wikipedia.org/wiki/Eutrophication
http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/Wastewater
http://en.wikipedia.org/wiki/Heavy_metals
http://en.wikipedia.org/wiki/Silt
http://en.wikipedia.org/wiki/Construction
http://en.wikipedia.org/wiki/Deforestation
http://en.wikipedia.org/wiki/Agriculture
http://en.wikipedia.org/wiki/Photosynthesis
http://en.wikipedia.org/wiki/Ecology
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 Hormonal problems that can disrupt reproductive and developmental 

processes 

 Damage to the nervous system 

 Liver and kidney damage 

 Damage to the DNA 

 Damage of sea foods chain 

 Damage to people may be caused by vegetable crops grown/washed 

with polluted water 

 

1.2  CLASSIFICATION OF WATER POLLUTANTS 

 Water pollution is classified as point source and non-point source. 

Point source of pollution takes place when harmful substances are emitted 

directly into water body. Non point source pollution occurs when pollutants are 

delivered indirectly through environmental changes. An example of this type of 

water pollution is through fertilizer application from a field carried into a stream 

by rain, in the form of runoff which in turn affects aquatic life. Water pollutants 

can be broadly classified into the following four major categories: 

 Organic pollutant 

 Inorganic pollutant 

 Suspended solids and sediments 

 Radioactive material 

 

1.2.1  Organic Pollutant 

 Organic substances comprise a potentially large group of pollutants 

which are hazardous to human health even at low levels if the exposure is for a 

long term. The pesticides, detergents, insecticides, dyes and other industrial 

chemicals are toxic to plants, animals and humans, as these chemicals may enter 

the hydrosphere either by spillage during transport and use or by intentional or 

accidental release of wastes from their manufacturing sites. Some organic 
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pollutants also cause photochemical smog. Motor vehicle emissions are a major 

source of these pollutants together with the emissions from petroleum and 

chemical industries, emissions from waste incinerators, service stations, 

domestic solid fuel and gas combustion and other solvent usage etc. The 

pathogenic microorganisms present in polluted water causes water borne 

diseases such as cholera, typhoid, dysentery, polio and hepatitis in humans 

(Upadhyayula et al. 2009). Another source of organic pollution is oil spillage. 

Oil pollution leads to the reduction of light transmission through surface waters, 

thereby reducing photosynthesis by marine plants. Further, it reduces the 

dissolved oxygen in water and endangers the life of water birds, coastal plants 

and animals. Thus oil pollution has deleterious effect on marine life and sea food 

(Faure & Hui 2003). 

 

1.2.2  Inorganic Pollutant 

 Inorganic pollutants are chiefly mineral acids, inorganic salts, finely 

divided metals or metal compounds, trace elements, cyanides, sulphates, nitrates, 

organometallic compounds and complexes of metals with organics present in 

natural waters. These pollutants have interactions with natural organic species 

which are influenced by redox equilibrium, acid-base reactions, colloid 

formation and reaction involving microorganisms in water (Acheampong et al. 

2010). Metal toxicity in aquatic ecosystems is also influenced by these 

interactions. The metals and metallic compounds released from anthropogenic 

activities add up to their natural background levels in water. Though some of 

these trace metals play essential roles in biological processes, at higher 

concentrations they may be toxic to biota (Bhattacharyya & Gupta 2008). 

 

1.2.3  Suspended Solids and Sediments 

 Sediments are mostly contributed by soil erosion by natural 

processes, agricultural development and strip mining and construction activities. 



 
4 

 
 

Suspended solids in water mainly comprise of silt, sand and minerals eroded 

from the land. In tropical countries like India, due to soil erosion by water, wind 

and other natural forces there is qualitative and quantitative degradation of the 

soil in land area. Thus soil may get removed from agricultural land to the areas 

where it is not at all required, such as water reservoirs (Rossi et al. 2005; Dave & 

Nilsson 1999; Kratzer 1999). Reservoirs and dams are filled with soil particles 

and other solid materials. This reduces the water storage capacity of the dams 

and reservoirs and thus shortens their life. The suspended solids present in water 

bodies may block the sunlight required for the photosynthesis by the bottom 

vegetation. This may also smother shellfish, corals and other bottom life forms. 

Sediments and suspended particles exchange cations with the surrounding 

aquatic medium and act as depositories for trace metals such as Cu, Co, Ni, Mn, 

Cr and Mo (Wahlberg & Lane 2003). Suspended solids may also injure the gills 

of the fish and cause asphyxiation. 

 

1.2.4  Radioactive Materials 

 Radioactive pollution is due to the release of radioactive substances 

or high energy particles into the water or earth as a result of human activity. The 

sources of such materials are nuclear weapon testing or detonation, production of 

nuclear materials for use in nuclear power plants or nuclear bombs. The 

radioactive isotopes found in water include Sr
90

, I
131

, Cs
137

, Cs
141

, Co
60

, Mn
54

, 

Fe
55

, Pu
239

, Ba
140

, K
40

 and Ra
226

. These radioactive isotopes are toxic to life 

forms (Shao et al. 2009; Perevalov & Molochnikova 2009). 

 

1.3 WASTEWATER TREATMENT 

 Various methods are employed in industrial wastewater treatment. 

The major methods for coloured wastewater treatment can be divided into three 

classes depending upon the required quality of the final effluent and the cost of 

treatment that can be afforded in a given situation. They are  

http://www.bookrags.com/research/radioactive-pollution-enve-02/
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 Biological treatment 

 Chemical treatment 

 Physical treatment 

 

1.3.1  Biological Treatment 

 Biological treatment processes are very useful in removing all types 

of dissolved degradable substances by the process of biodegradation wherein 

organic substances are broken down by other living organisms. Organic material 

can be degraded aerobically with oxygen, or anaerobically without oxygen. 

White-rot fungi can degrade dyes using enzymes, such as lignin peroxides (LiP), 

manganese dependent peroxides (MnP). Other enzymes used for this purpose 

include H2O2-producing enzymes such as glucose-1-oxidase and glucose-2-

oxidase, along with lactase and a phenoloxidase enzyme (Archibald & Roy 

1992; Thurston 1994). 

 

 The ability of bacteria to decolorize wastewater has been investigated 

by a number of research groups under anaerobic and aerobic condition (Knapp & 

Newby 1995; Nigam & Marchant 1995). The drawback is that these microbial 

systems require a fermentation process and are therefore unable to cope with 

larger volumes of effluents. Moreover this process is time consuming, require 

nutrients, very large aeration tanks, lagoons and land areas. Again many toxic 

compounds are not removed. 

 

 Dyes vary greatly in their chemistry and therefore their interactions 

with micro-organisms depend on the chemistry of a particular dye and the 

specific chemistry of the microbial biomass (Polman & Brekenridge 1996). The 

use of biomass has its advantages if the dyecontaining effluent is very toxic. 

When conditions are not always favorable for the growth and maintenance of the 

microbial population, biomass adsorption is effective. Adsorption by biomass 

occurs by ion exchange (Robinson et al. 2001). 

http://en.wikipedia.org/wiki/Organic_compound
http://en.wikipedia.org/wiki/Decomposition
http://en.wikipedia.org/wiki/Aerobic_organism
http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/Anaerobic_digestion
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1.3.2 Chemical Treatment 

1.3.2.1  Ozone treatment 

 Wastewater treatment by ozone is a thorough and effective oxidation 

process and ozone is a suitable disinfectant for the organic matter found in 

wastewater. It is a very good oxidizing agent due to its high instability 

(oxidation potential - 2.07) compared to chlorine (1.36) and H2O2 (1.78). The 

dosage applied to the dyecontaining effluent depends on the total colour and 

residual chemical oxygen demand (COD) to be removed with no residue or 

sludge formation (Ince & Gonenc 1997). Chromophore groups in the dyes are 

generally organic compounds with conjugated double bonds that can be broken 

down forming smaller molecules resulting in reduced coloration (Zamora et al. 

1999). These smaller molecules may have increased carcinogenic or toxic 

properties and so ozonation may be used along side a physical method to prevent 

this. Decolorization occurs in a relatively short time. 

Ozone for the treatment of wastewater has many benefits 

 Kills bacteria effectively. 

 Oxidizes substances such as iron and sulphur so that they can be 

filtered out of the solution. 

 There are no nasty odours or residues produced from the treatment. 

 Ozone converts into oxygen quickly and leaves no trace once it has 

been used.  

The disadvantages of using ozone as a treatment for wastewater are 

 The treatment requires energy in the form of electricity, which is 

costly and cannot work when the power is lost. 

 The treatment cannot remove dissolved minerals and salts. 

 Ozone treatment can sometimes produce by-products such as bromate 

that can harm human health if not controlled. 

 A major disadvantage of ozonation is its short half-life (20 min). 
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1.3.2.2  Photochemical treatment 

 Photochemical treatment is degradation of a photodegradable 

molecule caused by the absorption of photons, particularly those wavelengths 

found in sunlight, such as infrared radiation, visible light and ultraviolet light. 

Various processes like UV/H2O2, UV/Fenton‘s reagent, UV/O3 etc. are 

photochemical methods based on the formation of free radicals due to UV 

irradiation. The UV-based methods in the presence of a catalyst, e.g. a 

semiconductive material such as TiO2 and ZnO have also shown to distinctly 

enhance colour removal (So et al. 2002; Byrappa et al. 2006). Thus different 

combinations such as ozone/TiO2, ozone/TiO2/H2O2 and TiO2/H2O2 have been 

investigated but they are enormously influenced by the type of dye, its 

concentration and pH (Galindo et al. 2000). Degradation is caused by the 

production of high concentrations of hydroxyl radicals. The rate of dye removal 

is influenced by the intensity of the UV radiation, pH, dye structure and the dye 

bath composition (Slokar & Marechal 1998). There are some advantages of 

photochemical treatment of dye containing effluent i.e. no sludge is produced 

and foul odours are greatly reduced. The main disadvantage of this method is 

production of secondary pollutant. 

 

1.3.2.3  Electrochemical destruction 

 Electrochemical destruction has some significant advantages for use 

as an effective method for dye removal by oxidation reactions using electricity 

(Metcalf and Eddy 2003). There is little or no consumption of chemicals and no 

sludge build up. The breakdown metabolites are generally not hazardous leaving 

it safe for treated wastewater to be released back into water ways. It shows 

efficient and economical removal of dyes and a high efficiency for colour 

removal and degradation of recalcitrant pollutants (Ogutveren & Koparal 1994; 

Pelegrini et al. 1999). Relatively high flow rates cause a direct decrease in dye 
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removal and the high cost of electricity is the main disadvantage of this 

technology. 

 

1.3.3  Physical Treatment 

1.3.3.1  Coagulation/Flocculation 

 Coagulation/flocculation is a commonly used process in water and 

wastewater treatment in which compounds such as ferric chloride or polymer are 

added to wastewater in order to destabilize the colloidal materials which cause 

the small particles to agglomerate into larger settleable flocks (Torres et al. 

2010; Joo et al. 2007). The first step is the addition of a coagulant to the 

wastewater and mixing. This coagulant destabilizes the colloidal particles that 

exist in the suspension allowing them to agglomerate. Flocculation is the 

physical process of bringing the destabilized particles in contact to form larger 

flocks that can be more easily removed from the solution. The main advantage of 

the conventional processes like coagulation and flocculation is due to the 

removal of dye molecules from the dye bath effluents and not due to a partial 

decomposition of dyes which can lead to an even more potentially harmful and 

toxic aromatic compound. The major disadvantage of coagulation/flocculation 

processes is the production of sludge (Mishra & Tripathi. 1993; Golob et al. 

2005). 

 

1.3.3.2  Filtration Method 

 Filtration methods such as ultra filtration, nano filtration and reverse 

osmosis have been used for water reuse and chemical recovery. These methods 

have the ability to clarify, concentrate and most importantly to separate dye 

continuously from effluent (Visvanathan et al. 2000; Xu & Lebrun 1999). 

Membrane filtration has some special features unrivalled by other methods i.e. 

they are resistant to temperature, an adverse chemical environment and 

microbial attack. The specific temperature and chemical composition of the 
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wastewater determine the type and porosity of the filter to be applied (Porter 

1997). The main drawbacks of membrane technology are the high investment 

costs, the potential membrane fouling and the production of a concentrated dye 

bath which needs to be treated (Robinson et al. 2001). The recovery of 

concentrates from membranes, for example the recovery of sodium hydroxide 

used in the mercerizing step or sizing agents such as polyvinyl alcohol (PVA), 

can attenuate the treatment costs (Porter 1997). Water reuse from dye bath 

effluents has been successfully achieved by using reverse osmosis. However, a 

coagulation and micro-filtration pre-treatment was necessary to avoid membrane 

fouling (Vandevivere et al. 1998). A very good option would be to consider an 

anaerobic pre-treatment followed by aerobic and membrane post-treatments in 

order to recycle the water. 

 

1.3.3.3  Ion-exchange Method 

 Though the use of ion exchange for demineralization of water is well 

known, it has not been widely used for the treatment of dyecontaining effluents 

mainly because ion exchangers cannot accommodate a wide range of dyes 

(Slokar & Marechal 1997; Dulman et al. 2009). Wastewater is passed over the 

ion exchange resin until the available exchange sites are saturated. Both cation 

and anion dyes can be removed from dyecontaining effluent this way. 

Advantages of this method include no loss of adsorbent on regeneration, 

reclamation of solvent after use and the removal of soluble dyes. Despite the 

simplicity of its operation, a major disadvantage is the high cost of ion-

exchanger, its regeneration process and its ineffectiveness for treatment of all 

kind of dyes (Mohanty et al. 2006). 

 

1.3.3.4  Adsorption Method 

 Adsorption is one of the most efficient methods for the removal of 

colour, odour, organic and inorganic pollutants from industrial effluents. 
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Adsorption process is considered better in water treatment because of the 

convenience, ease of operation and simplicity of design. Adsorption operations 

exploit the ability of certain solids preferentially to concentrate specific 

substances from solution onto their surfaces. 

 

 Conventional and non-conventional adsorbents are used in this 

approach. Activated carbon is the most widely used conventional adsorbent for 

this purpose because of its extensive surface area, microporous structure, high 

adsorption capacity and high degree of surface reactivity. However, its 

widespread use in wastewater treatment is sometimes restricted due to its high 

cost and poor regeneration capacity (Mckay et al. 1986; Khare et al. 1987). 

During the last decades, a lot of studies on dye adsorption by various non-

conventional adsorbents such as algae (Sadhasivam et al. 2007; Dogar et al. 

2010), fungi (Khataee et al. 2010; Atar et al. 2008), industrial wastes (Sun et al. 

2010; Kurup & Mittal 2007), clays (Akar & Uysal 2010; Eren et al. 2010 ), 

polymers (Kyzas et al. 2010; Ozdemir et al. 2009), metal oxides (Kannan et al. 

2008; Mak & Chen 2004), composites (Zhu et al. 2010 ; Wang & Wang 2007), 

agricultural wastes (Shi et al. 1999; Khorramfar et al. 2010) etc. have been 

undertaken in order to find out an alternate to the costly conventional adsorbent. 

It has been found that various adsorbents developed from different origin show 

little or poor sorption potential for the removal of dyes as compared to 

commercial activated carbon. Therefore the search to develop efficient 

adsorbents is still going on. 

 

1.4  DYES 

 Since this thesis deals with the removal of dyes which falls under the 

category of organic pollutant, the following section is devoted to the brief 

description of dyes. By definition, dyes can be said to be coloured, ionizing and 

aromatic organic compounds which show an affinity towards the substrate to 

which it is being applied. It is generally applied in aqueous solution.  
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 A coloured substance can act as a dye only when it fulfills the 

following conditions: 

 It must have suitable colour. 

 It must be able to attach itself permanently to the fabric. 

 The fixed dye must have fastness properties. Its colour should not 

fade in light. It should be resistant to the action of water, dilute acid, 

alkalis, detergents and organic solvents used in dry cleaning. 

 

 Dyes require a mordant to better the fastness of the dye on the 

material on which it is applied. Both dyes and pigments appear to be colored 

because they absorb some particular wavelengths of light more than others. In 

contrast with a dye, a pigment generally is insoluble, and has no affinity for the 

substrate. 

  

 Mauveine was the first synthetic organic dye containing N-phenyl 

phenosafranine, produced by William Henry Perkin in 1856. Thousands of 

synthetic dyes have since been prepared. At present almost all dyes are synthetic 

and are prepared from very few starting materials like benzene, phenol, aniline, 

etc. These starting materials are obtained from coal tar and hence synthetic dyes 

are also known as coal tar dyes (Ogutveren & Koparal 1994). According to Witt 

(1876), the colour of the organic compounds is associated with the presence of 

certain groups in the molecules called ―chromophores‖ and the colour is 

augmented by the presence of certain groups called ―auxochromes‖. 

Dye = Chromogen + Auxochrome 

 

 The important chromophores are nitroso, nitro, azo, azoxy, 

azomethine, ethynyl, azo amine, carbonyl, o-quinonoid, p-quinonoid etc. 

Auxochromes are unable to produce colour by itself, but can deepen the colour 

produced by chromophore. Auxochromes contain certain acidic or basic groups 

eg. −COOH, −SO3H, −OH, −NH2, −NHR, etc. 

http://en.wikipedia.org/wiki/Mauveine
http://en.wikipedia.org/wiki/Organic_compound
http://en.wikipedia.org/wiki/William_Perkin
http://en.wikipedia.org/wiki/1856


 
12 

 
 

1.4.1  Nomenclature and Classification of Dyes 

 The commercial names of dyes are frequently followed by letters, 

some of which have special designation. For example, B stand for blue, BB or 

2B stand for more bluish and the numbers (2, 3, 4 etc.) indicate the intensity of 

shade. G stands for yellow and occasionally for greenish. R stands for reddish 

(Pelegrini et al. 1999). 

 

 Most of the commercial dyes are classified in terms of colour, 

structure or method of application in the Colour Index (C.I.), which is edited 

every three months since 1924 by the "Society of Dyers and Colourists" and the 

―American Association of Textile Chemists and Colourists". The last edition of 

the Colour Index lists about 13000 different dyes. Each dye is assigned to a C.I. 

generic name determined by its application and colour. Dyes are classified in 

two ways 

i. According to the methods of application 

ii. According to their chemical constitution 

 

1.4.2  Classification According to Methods of Application 

 These can be directly applied to the fiber. These dyes are of two 

types. 

 Acid Dyes 

 These are the sodium salts of the colour acids containing sulfonic and 

phenolic groups. These are always used in an acidic solution. They dye silk and 

wool (animal fiber) directly. For example- Martius yellow, orange II, naphthol 

yellow etc. 

 Basic Dyes 

 These are either hydrochloride or zinc chloride complexes of colour 

bases which are directly used for silk or wool in basic medium. Azo dyes and 

triphenyl methane dyes are the typical example of this class. 
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 Mordent dyes 

 These are unable to attach themselves to the fiber. Therefore, they 

require a pretreatment of fiber with a certain substance called ―mordent‖ like 

tannin or tannic acid. The mordent gets itself attached to the fiber and then 

combines with the dye to form an insoluble coloured complex. Alizarin, 

anthraquinone and azo dyes belong to this class. 

 Vat Dyes 

 These dyes are insoluble in water, but their reduced form is soluble in 

an alkali solution whereby leuco vat is obtained. The leuco compound is 

adsorbed on fiber and upon exposure to air, is oxidized to the dye which remains 

fixed to the cloth. Indigo and anthraquinone vat dyes are good examples of this 

class. 

 Ingrain Dyes 

 These are synthesized within the fiber and may be applied to both 

animal and vegetable fibers by diazotization and coupling process. The colour 

obtained in this type of dyeing is also called ice colour because diazotization and 

coupling processes are carried out at low temperature. Para red is an example of 

ingrain dyes. 

 Sulphur Dyes 

 These are similar to vat dyes and are sulphur containing complexes 

which are insoluble in water but soluble in cold alkaline solution of sodium 

sulphide. They also form leuco complex. These dyes are dark in colour, 

inexpensive and have good fastness properties. Sulphur black is an example of 

this class and are used for dyeing cotton. 

 Disperse Dyes 

 These dyes are used to dye acetate rayons, dacron, nylon and other 

synthetic fibers. The fiber to be dyed is dipped in a dispersion of finely divided 

dye in a soap solution in the presence of some solubilizing agent such as phenol, 

cresol or benzoic acid. The adsorption onto the fiber is carried out at high 
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temperature and pressure. Important example of this class is fast pink B and 

celliton fast blue. 

 Pigment Dyes 

 These dyes form insoluble compounds or lakes with salts of Ca, Cr, 

Ba, Al or phosphomolybdic acid. These dye molecules contain −OH and −SO3H 

groups. Due to their fastness to light, heat, acids and bases, they are valuable for 

paints, printing ink, synthetic plastics, fibers, rubbers etc. Lithol red, pigment red 

and acid red are members of pigment dyes. 

 Solvent or Spirit Soluble Dyes 

 These are simple azo or triarylmethane bases or anthraquinone which 

are used to colour oils, waxes, varnishes, lipsticks, dressings and gasoline. 

 Food Dyes 

 These are harmless and used in colouring food, candles, 

confectionaries and cosmetics. 

 

1.4.3  Classification According to their Chemical Constitution 

 This classification is useful for the chemists who are interested in the 

synthesis and chemical constitution of dyes. Table 1.1 represents the 

classification of dyes based on their chemical constitution. 

 

Table1.1 Classification of dyes based on their chemical constitution 

S. 

No. 
Class of Dyes Remark Example 

1.  Nitroso 

Nitro group as chromophores , 

phenolic as auxochrome in o- 

position 

Fast green, 

Napthol green Y 

2.  Nitro Nitro group as chromophore 
Martius yellow, 

Napthol yellow S 

3.  Anthraquinone 

Presence of chromophore =C=O 

and =C=C arranged in 

anthraquinone complex 

Alizarin red S, 

Alizarin blue 
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Table 1.1 Continued 

4.  Triphenylmethane 

Quinonoid group as 

chromophore and acidic –OH 

and basic –NH2, -NHR, etc 

group as auxochrome 

Malachite green, 

Methyl violet 

5.  Diphenylmethane 

NH=C= group as chromophore, 

also contains a diphenylmethane 

nucleus 

Auraine-O 

6.  Phthaleins 
Regarded as derivative of 

triphenylmethane 
Phenolphthalein 

7.  Xanthene 
=C=O or =C=N –as 

chromophore 

Eosin, 

Rhodamine-B 

8.  Thiazole 
>C=O, S-C, etc., as 

chromophore 
Premuline 

9.  

Azo dye 

(i)Acid azo 

 

(ii)Basic azo 

-N=N- as chromophore 

Acidic group as –COOH, SO3H, 

-OH as auxochrome 

Amino or substituted amino 

group as auxochrome 

Methyl orange 

 

 

Aniline yellow 

 

 

1.5  SOURCE OF DYE POLLUTION AND HAZARDOUS 

 EFFECTS 

 

 Dyes are extensively used in textiles, paper, rubber, plastics, leather, 

cosmetics, pharmaceuticals and food industries resulting in a steady growth of 

demand and production. Today there are more than 10,000 synthetic dyes 

available commercially and more than 7×10
5
 tonnes are produced annually 

(Torres et al. 2010; Joo et al. 2007). Synthetic dyes usually have a complex 

aromatic molecular structure which possibly comes from coal tar based 

hydrocarbons such as benzene, naphthalene, anthracene, toluene, xylene, etc. 

(Mishra & Tripathy 1993). From an environmental point of view, the disposal of 

synthetic dyes is of great concern (Golob et al. 2005). 
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 The discharge of dye-bearing wastewater into natural streams and 

rivers from industries create severe problems. One of the most serious 

environmental problems of the present day is the cleaning of wastewater. The 

colour of wastewater prevents re-oxygenation by cutting off penetration of 

sunlight. It also increases the BOD and cause lack of dissolved oxygen. In 

addition, most of the dyes even in very low concentration are toxic to some 

microorganisms and also to aquatic life and cause direct destruction or inhibition 

of their catalytic capabilities. Many dyes are difficult to degrade as they are 

resistant to aerobic digestion. Dyes can also cause allergic dermatitis and skin 

irritation. Some of them have been reported to be carcinogenic and mutagenic. 

Hence a contamination due to dyes is not only a severe public health concern but 

also may cause serious environmental problems because of their persistence. 

This upsets the biological activities in water bodies. The harmful effects of the 

few important dyes are presented in Table 1.2. 

 

Table 1.2 Some important dyes and their hazardous effects 

Dye Hazardous Effects 

Methylene blue Toxic to blood, reproductive system, liver, upper 

respiratory tract, skin and eye contact (irritant), central 

nervous system 

Rhodamine B Causes respiratory tract irritation, eye and skin 

irritation, digestive tract irritation, adverse reproductive 

and fetal effects in animals, vomiting and diarrhea 

Fast green Tumors of the liver, testes or thyroid. 

Fast ponceau diazo 

dye 

Mutagen and a potential carcinogen; highly toxic, skin 

and eye irritant, must never be handled during 

pregnancy 

Fast red salt B Potential carcinogen, irritant to eyes and the respiratory 

tract, very toxic 

Malachite green Accumulates in the tissues, liver, thyroid gland and 

bladder 

Crystal violet Mutagen and mitotic poison 

Eosin Carcinogenic, estrogenic and clastogenic properties 

Congo red Mutagenic, hazardous in case of skin contact, eye 

irritant 

Diamond black Thyroid cancers, mutagenic effects, DNA-damaging 
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 Easton, (Porter 1997) estimated the degree of fixation for different 

dye/fiber combinations which is indicated in Table 1.3. 

 

Table 1.3 Estimated degree of fixation for different dye/fiber combinations 

Dye class Fiber 
Degree of 

fixation (%) 

Lost to effluent 

(%) 

Acid Polyamide 80-95 5-20 

Basic Acrylic 95-100 0-5 

Direct Cellulose 70-95 5-30 

Disperse Polyester 90-100 0-10 

Metal-complex Wool 90-98 2-10 

Reactive Cellulose 50-90 10-50 

Sulphur Cellulose 60-90 10-40 

Vat Cellulose 80-95 5-20 

 

  

 In the world 10–20% of dyes in the textile sector are lost in residual 

liquors through incomplete exhaustion and washing operations. These coloured 

effluents pollute surface water and ground water system. Due to the large degree 

of organics present in these molecules, the effluents of textile and related 

industry have to be treated carefully before discharge. This has resulted in a 

demand for environment friendly technologies to remove the dyes from 

effluents. 

  

 Nowadays research is focused on reactive and other anionic dyes 

because a large fraction of these dyes remain in wastewater due to low removal 

efficiency of the conventional wastewater treatment plants (Mittal & 

Venkobachar 1989; Vasu 2008). 

 

 The water coloration can be removed by chemical treatment through 

destructing the chromophoric group of the dyes but often they do not offer 
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complete mineralization. Adsorption and chemical coagulation do not result in 

dye degradation and create ongoing waste disposal problem. Chlorination and 

ozonisation may cause decolorization through chemical reaction. But the by-

product in the chlorination and ozonisation process may itself become more 

toxic than the starting compounds (Nerud et al. 2001; Sopajaree 1999). 

 

1.6  CONGO RED DYE 

 Congo Red (CR) is a benzidine-based, direct, anionic diazo dye 

prepared by coupling tetrazotised benzidine with two molecules of napthionic 

acid. Congo red is the first synthetic azo dye produced that is capable of dying 

cotton directly. Congo red containing effluents are generated from a number of 

industrial activities: textiles, printing and dyeing, paper, rubber, plastics 

industries, production of display devices, optical films, alignment layers, fiber-

optic sensors, optical wave guides, highlighters etc. Besides CR has been widely 

used for staining (amyloid-β protein, bacteria, carious tissue, collagen, fungi, 

liposome; polyglutamine protein oligomers, prion, skin, α-synuclein, etc,.) and it 

has wide biological applications (detecting bacteria; protein folding disorders; 

treating dermatological disorders; neurodegenerative diseases, Alzheimer‘s 

disease etc,.). 

 

 The Index name of CR is 1-Naphthalenesulfonic acid, 3, 3‘-[(1,1‘-

biphenyl)4,4‘-diylbis(2,1-diazenediyl)]bis[4-amino-,sodium salt (1:2)]  

 
 

 

Figure 1.1 Structure of congored dye 
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 Its molecular formula is C32H22N6Na2O6S2 and molecular weight is 

696.66g mol
-1

. It is a brownish red powder soluble in water and ethanol, very 

slightly soluble in acetone but practically insoluble in ether and xylene. It has an 

absorption wavelength (λmax) at 497 nm and 488 nm. 

 

 Exposure to the dye has been known to cause allergic reactions. The 

dye istoxic exhibiting acute, algal, bacterial, protozoan, cutaneous, microbial, 

yeast toxicity; cytotoxicity, genotoxicity, hematotoxicity, neurotoxicity as well 

as carcinogenicity and mutagencity. The capability of CR to form carcinogenic 

amines such as benzidine through cleavage of one or more azo groups is the 

reason why it falls under the category of banned azo dyes. The recalcitrance of 

CR has been attributed to the presence of amino biphenyl group and azo bonds, 

two features generally considered as xenobiotic. Thus the treatment of CR 

contaminated wastewater can be complicated due to its complex aromatic 

structure, providing the dye physicochemical, thermal and optical stability and 

resistance to biodegradation and photodegradation. Consequently due to the 

harmful effects of this organic compound, the wastewater containing CR must be 

treated before being discharged to receiving water bodies. The secondary 

biological processes are commonly used for domestic and industrial wastewater 

treatment but their efficiency is not satisfactory at high pollutant concentrations. 

Therefore the efforts have been directed to the development of new treatment 

technologies such as ozonation, enzyme-based decolorization, photocatalytic 

degradation, sonochemical degradation, microwave assisted degradation, 

degradation by sunlight/Fe
2+

/S2O8
2-

 method, biodegradation, electrochemical 

oxidation, catalytic wet per-oxidation, coagulation with naturally prepared 

coagulants: surjana seed powder , maize seed powder and chitosan, etc. All these 

processes have their own limitations and advantages. The removal of dyes and 

organics in an economic way remains an important problem although a number 

of systems have been developed with adsorption technique. Adsorption is a very 

effective separation technique and now it is considered to be superior to other 
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techniques for water treatment in terms of initial cost, simplicity of design, ease 

of operation and insensitiveness to toxic substances. In this process the dye 

species are transferred from the water effluent to a solid phase that leads to 

decreasing the effluent volume. In order to assess the fate of CR in wastewater 

and to control its mobility and reactivity during remediation processes, the 

sorption behavior of this toxic contaminant must be understood and revealed. 

Although carbon adsorbents are very versatile due to their high surface area, 

well-developed pore structure and surface properties, the economic objectives 

like high cost and need for regeneration after saturation restrict their 

applicability for wastewater treatment. Literature reports many works on the 

optimization of CR adsorption by developing new low-cost adsorbent products 

(clay minerals, industrial by-products/waste materials, biomass, different soil 

types, etc.) and elucidating the mechanism of the process.  

 

 CR in aqueous solution exhibited a main band at λ 488-500 nm (pH ~ 

8), assigned to the absorption band of anionic monomer and associated with two 

absorption bands in the UV-region at λ 235 and 347 nm attributed to the benzoic 

and naphthalene rings respectively. The CR monomers have nearly constant 

absorption bands and absorbance intensities over the pH range 6 - 10, which 

means that the aggregation did not occur, while they are most sensitive to the pH 

solution under acidic medium (pH < 6). The main band of CR monomer at λ 

488-500 nm (in aqueous solution) gradually shifts to the longer wavelengths, 

almost reaching 595.5 and 537.5 nm at pH 2 and 4 respectively. The intensity 

decreases and red shift of CR monomer bands are attributed to the partially self-

association of CR monomers as anionic dimers in face-to-face arrangement to 

minimize their hydrophobic interaction with water. For this reason, the 

adsorption and photocatalytic degradation investigations were conducted only 

within the neutral and alkali pH range. At pH > pHPZC (point of zero charge) of 

the adsorbent, the solid surface is negatively charged and repels R-SO3
-
 ions. 

Furthermore dye molecules in acidic or highly acidic pH ranges tend to 
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aggregate and form tautomerism state. While it is known that azo dyes undergo a 

protonation process in acid solutions, the protonation sites have been disputed. 

CR has four N atoms that can be potential protonation sites, and thus there are 

different possible types of protonated dye molecules. Protonation of CR could be 

occurring at amino or azo nitrogen. 

 

1.7  RHODAMINE B DYE 

 Rhodamine B belongs to the family of Xanthene dye. It is famous for 

its good stability as dye laser materials and it is also used as biological stain. 

Rhodamine B (Figure.1.2) is highly soluble in water and organic solvent and its 

color is fluorescent bluish-red. 

 

 

Figure 1.2 Structure of rhodamine B dye 

 

 The molecular formula is C28H31ClN2O3. Appearance of this dye is 

red to violet colour. Rhodamine B can be used to dye silk, cotton, wool, fibers, 

nylon, acetate fibers, paper, spirit inks and lacquers, soap, wood stains, feathers, 

leather and distempers. It has also been used as a drug and cosmetic colour in 

aqueous drug solutions, tablets, capsules, toothpaste and soap, hair waving 

fluids, bath salts, lipsticks and rouges. It is often used as a tracer dye within 

water to determine the rate and direction of flow and transport.  

 

 It is harmful to human beings and animals. It causes irritation to skin, 

eyes and respiratory tract. It is a chronic neurotoxin and is carcinogenic to 
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humans and animals. This compound is now banned from use in foods and 

cosmetics because it has been found to be potentially toxic and carcinogenic. So 

researchers all over the world are concerned about the removal of the dye from 

the industrial wastewater before it is discharged into the environment (Shakir et 

al. 2010; Fu & Wang 2011). So the photodegradation of RhB becomes important 

with regard to the purification of dye effluents. 

 

1.8  METAL OXIDES 

 Metal elements form large diversity of compounds with oxygen 

known as metal oxides. These metal oxides can be insulators, semiconductors, or 

conductors depending on their structural geometries which give rise to particular 

electronic structure. They are widely used in the manufacturing of fuel cells, 

microelectronic circuits, piezoelectric devices, sensors, and corrosion resistant 

coatings and as catalysts. The metal oxide nanoparticles (NPs) possess distinct 

physical and chemical characteristics because of their smaller size and highly 

dense edge or corner surface sites. In any material, particle size affects three 

most important groups of fundamental properties: first group is of structural 

properties namely cell parameters and lattice symmetry; the second group is of 

electronic properties and the above mentioned two properties then induce 

changes in physical and chemical properties of materials which forms the third 

group. Among the metal oxide NPs, magnetic metal oxide NPs are gaining much 

interest because their properties can be modified according to their shape and 

size (Garcia & Rodriguez 2011).  

 

 The recent studies show that the performance of an industrial catalyst 

with respect to activity and selectivity depends greatly on the nature of the active 

sites formed on the catalyst surface during pretreatment or as a consequence of 

the catalytic reaction on it. The physical properties like thermal and mechanical 

stability, surface area, porosity, shape, dimension etc. are to be optimized for the 

successful operation of catalytic processes in industry (Wells 1962). 
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 Transition metal oxides and metals have been studied extensively due 

to their interesting catalytic, electronic and magnetic properties (Dooley et al. 

1994; Hyeon 2003).  

 

1.8.1  Titanium Dioxide (TiO2) 

 TiO2 has emerged as one of the most fascinating materials in the 

modern era for a wide range of applications from environment to health. It has 

captured the attention of physical chemists, physicists, material scientists, and 

engineers in exploring distinctive semiconducting and catalytic properties. 

Inertness to chemical environment and long-term photo-stability has made TiO2 

an important component in many practical applications. There are several 

examples where this material has found its way in commercial products from 

drugs to doughnuts, cosmetics to catalysts, paints to pharmaceuticals, and 

sunscreens to solar cells. It is used as a desiccant, brightener, or reactive 

mediator and most widely used benchmark photocatalyst in the field of energy 

and environmental applications. TiO2 is biologically and chemically inert, 

environmental friendly, low cost, nontoxic and stable with respect to photo-

corrosion and chemical corrosion. These properties have led to its widespread 

use in photocatalytic applications. 

 

 The three well known polymorphs of TiO2 are rutile (tetragonal), 

anatase (tetragonal), and brookite (orthorhombic). Rutile is the 

thermodynamically most stable form, whereas both anatase and brookite are 

meta-stable. All the three polymorphs of TiO2 are grown from TiO6 octahedra 

and phase formation differs only due to the nature of sharing corners or edges 

(Figure 1.3). There are four shared edges for octahedron in anatase, three in 

brookite, and two in rutile. Brookite has shared edges and corners, a compromise 

between anatase and rutile in terms of shared faces. The anatase and rutile form 

can be described by their tetragonal structure in terms of three parameters: two 

cell edges a, c and one internal parameter d. In rutile, each Ti atom is 
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coordinated to six neighbouring oxygen atoms via two apical (long) and four 

equatorial (short) bonds. Each O atom is coordinated to three Ti atoms via one 

long bond and two short bonds lying in the same plane. It is widely used as a 

photo catalyst due to its relatively cheap cost, non-toxicity and high chemical 

stability. It has more applications in various industries like aerospace, sports, 

medicine, paint (to give high gloss, rich depth of color and to replace metal 

lead), food (to increase the shelf life of products) and cosmetics (UV protection 

in sunscreens and many other products). 

 

 In the proposed study, an attempt has been made to prepare tetragonal 

pure anatase phase TiO2 nanoparticles in a simple way without any additives 

which has been met with success. No other chemical components are involved in 

the synthetic preparation of nanoparticles. Therefore the product is 

biocompatible and bio-safe and can be readily used for food and medicinal 

industries. Besides, the present method is also economical, fast, carried at room 

temperature, free of pollution, environmentally benign and suitable for large 

scale production.The anatase phase is 9 % less dense than rutile and has a 

tetragonal unit cell. The coordination of Ti and O atoms are same as in rutile, 

however the octahedra are significantly more distorted. Brookite has an 

orthorhombic crystalline structure composed of octahedra. The octahedra share 

edges and corners with each other to such an extent as to give the crystal the 

correct chemical composition. The octahedra are distorted, the oxygen atoms are 

present in two different positions and all the bond lengths between the titanium 

and oxygen atoms are different. These differences in lattice structures cause 

different mass densities and electronic band structures between the three forms 

of TiO2. These structural features are likely to be responsible for the difference 

in the mobility of the charge carriers upon light excitation. 
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(a) (b)

(c)

 

Figure 1.3  Polymorphs of TiO2 crystal structure anatase (a), Rutile (b) 

 and Brookite (c) 

 

 The technique of heterogeneous photocatalysis with a semiconductor 

has attracted much attention for solving the increasingly serious problems of 

environmental pollution. Compared to other semiconductor photocatalysts, 

titania (TiO2) has been proved to be the most preferable material for 

photocatalytic processes due to its biological and chemical inertness, high 

photoreactivity, non-toxicity, and photo-stability, transparency to visible light, 

high refractive index and low absorption coefficient (Zhang et al. 2010). Other 

than these properties, its eminent capability of photocatalytic decomposition of 

organic materials has foundits utilization in the environmental analysis, i.e., 

organic pollutant treatment. The TiO2 films have a high commercial potential in 

the environmental applications such as self cleaning, anti bacterial, and 

wastewater purification containment. 
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 The heterogeneous photocatalytic process is an authentic technique in 

the field of environmental contamination caused by dyes and has been 

successfully employed to oxidize the organic pollutants present in the aqueous 

system. Experimental observations indicate that almost complete mineralization 

of organic compounds to carbon dioxide, water and inorganic anions have taken 

place by photocatalytic process. Research works based on titania are related to 

the purification of water and air. Most of these treatments are based on the 

technology called advance oxidation process (AOP). During the advance 

oxidation process the pollutants or organic matters are completely mineralized to 

carbon dioxide or converted to less or more harmful compounds based on the 

stability of the intermediates. 

 

 Generally doping with metal or nonmetal are the most feasible 

methods for improving the photocatalytic performance of titania. When the 

electron-hole pairs migrate from the inside of the photocatalyst to the surface, 

the doped metal atoms can suppress the recombination of photo-induced 

electron-hole pairs so as to increase the photo quantum efficiency (Choi et al. 

2000). On the other hand, nonmetal atoms when incorporated into the lattice 

structure of titania, decrease its band gap, and gives rise to enhanced harvesting 

of visible light. 

 

1.8.2  Zinc oxide (ZnO) 

 Zinc oxide (ZnO) usually appears as a white powder, nearly insoluble 

in water. It is widely used as an additive in various products including plastics, 

glass, cement, rubber, ceramics, lubricants, paints, ointments, adhesives, 

pigments, foods (source of zinc nutrients), batteries, ferrites, first aid tapes, fire 

retardants, etc. (McCann & Ames 1976; Baldez et al. 2008). ZnO is 

biocompatible, biodegradable, and bio-safe for medical and environmental 

applications. 
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 ZnO can be crystallized in three forms under different conditions: 

hexagonal wurtzite, cubic zinc blend and rock-salt structure (Klingshirn 2007). 

The rock-salt crystal structure (Figure 1.4 (a)), similar to the common NaCl 

crystal structure, is only stable under relatively high pressures of about 10GPa; 

while the cubic zinc blended-type structure (Figure 1.4 (b)) can only be 

stabilized by epitaxial growth of ZnO on substrates with cubic lattice structure 

(Ozgur et al. 2005). In the rock-salt structure, each of the two individual ion 

types forms a separate face-centered cubic (fcc) lattice, interpenetrating each 

other to form a 3D checkerboard pattern, which can also be viewed as a face-

centered cubic structure with its octahedral positions occupied by another type of 

ions. In the zinc blend structures (typical example: ZnS), the two types of ions 

also form two interpenetrating fcc lattices, similar as in the rock-salt structure 

but it differs in terms of the positions of the two lattices. As illustrated in Figure 

1.4, the zinc and oxygen ions have tetrahedral coordination, i.e., each zinc ion is 

surrounded tetrahedrally by four oxygen ions and vice versa. 

 

 

Figure 1.4 Polymorphs of ZnO crystal structure Rock salt (a) Cubic (b) 

 

 The light grey or yellow spheres denote oxygen, and dark or blue 

ones denote zinc respectively .The hexagonal wurtzite structure of ZnO is the 

most thermodynamically stable and hence most common among the three 

structures. Under general conditions, ZnO crystallizes into the wurtzite structure 

with great preference. As in the zinc blend structure, the ions in the wurtzite 
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structure are also tetrahedrally coordinated (Figure 1.4(b)), but each type of ions 

forms a separate hexagonal closed pack (hcp) type lattice, instead of fcc type for 

zinc blend structure. The entire structure can be simply described as a series of 

alternating planes composed of tetrahedrally coordinated oxygen and zinc ions, 

stacked alternately along the c-axis, as illustrated in Figure 1.4 (a). According to 

Mehrabian et al. (2011) the crystalline properties of the synthesized ZnO well 

match the indexed ZnO hexagonal structures on JCPDS card no. 36-1451, with 

lattice constants to be a = 0.32498 nm, b = 0.32498 nm, c = 0.52066 nm. The 

corresponding c/a ratio is calculated to be around 1.60, which deviates merely 

slightly from the ideal value for a hexagonal unit cell (c/a = 8/3 =1.633) 

(Klingshirn 2007). The Zn-O bonding in ZnO is polar and largely ionic and the 

entire structure has no central symmetry which together account for the preferred 

growth of wurtzite structure and the strong piezoelectricity of ZnO (Klingshirn 

et al. 2010). 

 

 ZnO is a semiconductor material with band gap energy (3.37 eV). It is 

therefore expected to exhibit impressive photocatalytic activity and is recognized 

as a suitable alternative to TiO2. Therefore it has been studied comparatively 

against TiO2 in terms of its photocatalytic performance. 

 

1.8.3  Cadmium Oxide (CdO) 

 CdO is known to be an n-type semiconductor with non-stoichiometric 

composition due to the presence of either interstitial cadmium or oxygen 

vacancies which act as doubly charged donors (Gujar et al. 2008). The optical 

band gap of bulk CdO is 2.28 eV (Kofiyberg 1976). CdO possesses simple cubic 

rock salt structure broadly dispersed s-like conduction band and a small carrier 

effective mass. CdO films have NaCl type structure with (111) preferred 

orientation. The crystal structure of CdO is given in the Figure 1.5. 
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Figure 1.5 Crystal structure of CdO 

 
 

  Cadmium oxide (CdO) is used as a transparent conductive material 

prepared as a transparent conducting film. Cadmium oxide has been used in 

applications such as photodiodes, phototransistors, photovoltaic cells, 

transparent electrodes, liquid crystal displays, IR detectors, and anti-reflection 

coat. CdO micro particles undergo band gap excitation when exposed to UV 

light and is also selective in phenol photo degradation. With this background of 

multi functionality CdO, it is worthwhile to use the nano-sized CdO as an 

inorganic counterpart in the composite preparation. 

 

 It can be prepared by low-cost deposition techniques and resistivity as 

low as 10
-4 

ohm-cm can be obtained. It has large electron affinity and reasonably 

high transparency (>85%). CdO films were prepared by a variety of deposition 

techniques such as spray pyrolysis (Chu & Chu 1990) sputtering (Champness et 

al. 1985; Tanaka et al. 1969), activated reactive evaporation (Phatak & La 1992) 

etc. The catalyst can be recovered and reused four times without any significant 

loss of catalytic activity. Potential role of CdO nano powder in the synthesis of 

sulfonamides and its mechanism is proposed (Anandakumar et al. 2013). The 
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dehydration of ethanol was studied over pure CdO. The kinetics of the 

dehydration reaction and the effect of pretreatment of the catalysis, lattice 

structure and specific surface area were studied by (Salaam & Hassan 1982). 

The proposed mechanism depends entirely on the presence of oxygen ion 

vacancies and the interstitial cadmium atoms as active sites in the heterogeneous 

catalytic reaction. ZnO/CdO composite nanorod for photocatalytic degradation 

of methylene blue under visible light was studied by Saravanan et al. (2011). 

The prepared samples were characterized by different techniques. The 

photocatalytic activity of ZnO/CdO was tested by the degradation of methylene 

blue (MB) in aqueous medium under visible light and the efficiency of the 

catalyst has been discussed. The method is simple, fast and cost effective when 

compared to other methods. The synthesis and morphologically enhanced 

photocatalytic performance of CdO/ZnO nano hybrids is given by Kumar et al. 

(2014). Three different dyes viz crystal violet, congo red and rhodamine B were 

used for the photocatalytic studies in photo reactor and monitored with UV-

visible spectrometer. The nano hybrids showed excellent photocatalytic 

degradation than pure CdO and ZnO. In particular, nano hybrids with 0.75:1 

(Cd: Zn) composition ratio exhibited better results compared to all other 

CdO/ZnO nano hybrids, which may be attributed to the improved charge 

separation at the hetero junction interface. 

 

1.8.4  Vanadium Pentoxide (V2O5) 

 Vanadium pentoxide is a typical intercalation compound because of 

the multiple valence state of vanadium and the rich structural chemistry, which 

enables redox-dependent properties (Cheng & Chen 2011). 
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Figure 1.6 Crystal structure of V2O5 

 
 

 

 Orthorhombic (Figure 1.6) crystalline V2O5 consists of layers of VO5 

square pyramids that share edges and corners (Abello et al. 1983). The 

vanadium-oxygen bond distance is much shorter than the four other distances 

and corresponds to a double bond illustrating a two-dimensional character of this 

material. In addition, the structure of V2O5 can be described as distorted VO6 

octahedral which emphasizes the structural relationship to ReO3 via 

crystallographic shears (Delmas et al. 1994). The very large length of the sixth 

vanadium-oxygen bond underlines the structural anisotropy of this material and 

the ability to insert guest species perovskite like cavities (Tripathi et al. 2010). 

Silver sensitized titanium vanadium mixed metal (Ag/TiV) oxides were prepared 

by nanoscale synthesis route employing the sol–gel technique. The performance 

of the materials was examined under laboratory visible light and solar radiation 

exposure. The rate of degradation of methylene blue (MB) and phenol exhibited 

an increase of about six and four times respectively, in visible light compared to 

Degussa P-25. This may be attributed to the increased absorption due to Ti–V 

mixed metal oxides favorable electron transfer in the anatase–rutile mixed phase 

coupled with silver‘s scavenging action and reduced electron–hole 

recombination thereon. The photodegradation of sulforhodamine B on 

vanadium-doped TiO2–montmorillonite (TiO2–MMT) nanocomposites was 
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investigated (Chen et al. 2011) under visible light irradiation. Besides, the high 

activity of V-TiO2–MMT/120 nanocomposites can be due to its smaller particle 

size, its relatively larger surface area and the red shift of the onset absorption 

edge in the UV–Visible DRS. However, the high activity of V-TiO2–MMT/30 

can be ascribed to the significant photo-absorption in the visible light region and 

Ti active sites of the partial pillared nanocomposites which are easier to touch 

with dye and lead to a higher degradation rate. V2O5 cluster-modified N-doped 

TiO2 (N-TiO2/V2O5) nanocomposites photocatalyst was prepared by a facile 

impregnation calcinations method (Dong et al. 2011). The conduction band (CB) 

potential of V2O5 (0.48 eV) is lower than the CB level of N-doped TiO2 (−0.19 

V), which favors the photogenerated electron transfer from CB of N-doped TiO2 

to V2O5 clusters. This function of V2O5 clusters helps to promote the transfer and 

separation of photogenerated electrons and holes. 

 

1.8.5  Nickel Oxide (NiO) 

 Nickel oxide is one of most studied material in the last few years as it 

presents very interesting properties in various applications such as catalysts, 

electro chromic film, gas sensor, fuel cell , magnetic material and thermoelectric 

materials (Daza et al. 2000; Wang et al. 2005). 

 

 NiO is a p-type semiconductor metal oxide having a band gap ranging 

from 3.6 to 4.0 eV depending upon the nature of defects and their density. It is 

an antiferromagnetic material having Neel temperature 𝑇N of ∼523K besides a 

high isoelectric point of ∼10.7. It also shows high ionization. The potential 

applications of NiO are in various areas like water treatment, gas sensing, 

electrochemical performance and antimicrobial activities. 
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Figure 1.7 Crystal structure of NiO 

 

 
 

 NiO has received great attention because of its good electrochemical 

stability and electrocatalytic activity as well as low cost for a wide variety of 

applications (Li et al. 2014). 

 

 Numerous methods to fabricate NiO NPs have been reported in the 

literature which includes solvothermal (Ghosh et al. 2006), precipitation 

calcinations (Deng & Chen 2004), chemical precipitation (Mahaleh et al. 2008), 

microwave-assisted hydrothermal (Zhu et al. 2011), and thermal decomposition 

(Zhang et al. 2010) methods. These methods involve ample reactants and 

starting materials, dreggy procedures, and complex apparatus. Therefore recently 

environmentally benign green chemistry approach is used to synthesize NiO 

NPs. The recombination of the electron and the hole must be prevented as much 

as possible if a photo catalyzed reaction must be favored. The ultimate goal of 

the process is to have a reaction between the activated electrons with an oxidant 

to produce a reduced productivity and also a reaction between the generated 

holes with a reluctance to produce an oxidized product. The photogenerated 

electrons could reduce the dye or react with electron acceptors such as O2 
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adsorbed on the semiconductor surface or dissolved in water, reducing it to 

superoxide radical anion O2
∙- 

(Lin et al. 2012). TiO2/NiO coupled nanoparticles 

were prepared by impregnation method. The effect of synthesis variables such as 

NiO content and calcinations temperature were studied (Eskandarloo et al. 

2014). The effect of operational variables was predicted and optimized using 

response surface methodology (RSM). The results showed that the predicted 

data from RSM was found to be in good agreement with the experimental results 

with a correlation coefficient (R
2
) of 0.9667. The maximum degradation 

efficiency (91.05%) was achieved at the optimum operational conditions: initial 

BR46 concentration of 10.21 mg L
−1

, catalyst dosage of 0.46 g L
−1

, irradiation 

time of 30 min, and distance of the solution from UV lamp of 3 cm. Nickel 

oxide (NiO) nanoparticles were prepared by simple thermal decomposition 

method. The XRD pattern reveals the crystallinity and crystal structure of NiO. 

Further, the photocatalytic degradation of rhodamine B was investigated by UV-

Vis spectrophotometer, which indicates NiO nanoparticles will be a potential 

material in the field of photocatalysis (Manigandan et al. 2014). (Comanescu et 

al. 2012) examine the photocatalytic degradation of organic pollutants (4- 

chlorophenol, 2,4-dichlorophenol and crystal violet) using NiO and NiO silica 

coated nanoparticles. The photocatalytic degradation yield increased from 30% 

to 55% when activated NiO based nanoparticles were used for an irradiation 

time of 6 hours. 

 

1.9  IMPORTANCE OF SEMICONDUCTORS 

 Semiconductor materials are employed for photocatalytic reactions 

because of their favorable combination of electronic structure, light absorption 

properties, charge transport characteristics and long excitation life time. The 

semiconductor acts as a photocatalyst for the light-induced photochemical 

reactions because of its unique electronic structure characterized by a filled 

valence band (VB) and an empty conduction band (CB). The primary role of the 

https://www.researchgate.net/researcher/58050657_Hamed_Eskandarloo
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semiconductor in photocatalysis is to absorb an incident photon, generate an 

electron–hole pair, facilitate its separation and transport and the system that 

should be followed by promoting both the oxidation and reduction reactions 

(redox) simultaneously. The photocatalytic properties of semiconductors 

strongly depend on the electronic band structure. The semiconductor is 

nonconductive in its undoped ground state, because of its large band gap energy. 

The electron transport between VB and CB in semiconductor must occur only 

when the appropriate amount of energy is supplied. As an ideal photocatalyst, 

the top of the valence band (measure of the oxidizing power) and bottom of the 

conduction band (measure of the reducing power) must be separated by about 

1.23 eV to promote redox reaction. In case of metals, the top of the valence band 

and bottom of the conduction band are almost identical and hence they cannot be 

expected to promote the redox reactions. This situation is achievable with 

semiconductors as well as insulators. However insulators are not suitable due to 

the large band gap which demands high energy photons to create the appropriate 

excitations for promoting both the reactions. The available photon sources for 

this energy gap are expensive and again require energy intensive methods. 

Hence insulators are not the favored choice for the purpose of photocatalytic 

reactions. For the above reasons semiconductors are the only suitable materials 

for the promotion of photocatalytic redox reaction. A large number of 

semiconductor materials including metal oxide and chalcogenides have been 

investigated with respect to their photocatalytic properties. In general wide band 

gap semiconducting materials such as TiO2, prove to be better photo-catalysts 

than low band gap materials such as CdS, mainly due to the low chemical and 

photochemical stability of the latter. However low band gap materials are better 

adapted to the solar spectrum thereby offering significant advantages of their 

potential utilization for continuous and readily available power from the sun. 

The catalytic activity of semiconductor in turn strongly depends on top of the 

valence band and bottom of the conduction band.  
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1.10 NANOCOMPOSITES (NCs) 

 A nanocomposite is as a multiphase solid material where one of the 

phases has one, two or three dimensions of less than 100 nanometers (nm), or 

structures having nano-scale repeat distances between the different phases that 

make up the material. In the broadest sense this definition can include porous 

media, colloids, gels and copolymers, but is more usually taken to mean the 

solid combination of a bulk matrix and nano-dimensional phase(s) differing in 

properties due to dissimilarities in structure and chemistry. The mechanical, 

electrical, thermal, optical, electrochemical, catalytic properties of the 

nanocomposite will differ markedly from that of the component materials. Size 

limits for these effects have been proposed, <5 nm for catalytic activity, <20 nm 

for making a hard magnetic material soft, <50 nm for refractive index changes, 

and <100 nm for achieving super paramagnetism, mechanical strengthening or 

restricting matrix dislocation movement. 

 

 Nanocomposites are found in nature, for example in the structure of 

the abalone shell and bone. The use of nanoparticle rich materials long predates 

the understanding of the physical and chemical nature of these materials. 

(Yacamán et al. 1981) investigated the origin of the depth of colour and the 

resistance to acids and bio corrosion of Maya blue paint, attributing it to a 

nanoparticle mechanism. From the mid-1950s nanoscale organo-clays have been 

used to control flow of polymer solutions (e.g. as paint viscosifiers) or the 

constitution of gels (e.g. as a thickening substance in cosmetics, keeping the 

preparations in homogeneous form). By the 1970s polymer/clay composites 

were the topic of textbooks, although the term "nanocomposites" was not in 

common use. 

 In mechanical terms nanocomposites differ from conventional 

composite materials due to the exceptionally high surface to volume ratio of the 

reinforcing phase and/or its exceptionally high aspect ratio. The reinforcing 
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material can be made up of particles (e.g. minerals), sheets (e.g. exfoliated clay 

stacks) or fibers (e.g. carbon nanotubes or electrospun fibers). The area of the 

interface between the matrix and reinforcement phase(s) is typically an order of 

magnitude greater than for conventional composite materials. The matrix 

material properties are significantly affected in the vicinity of the reinforcement. 

Ajayan et al. (2000) note that with polymer nanocomposites, properties related 

to local chemistry, degree of thermoset cure, polymer chain mobility, polymer 

chain conformation, degree of polymer chain ordering or crystallinity can all 

vary significantly and continuously from the interface with the reinforcement 

into the bulk of the matrix. 

 

 This large amount of reinforcement surface area means that a 

relatively small amount of nanoscale reinforcement can have an observable 

effect on the macroscale properties of the composite. For example, 

adding carbon nanotubes improves the electrical and thermal conductivity. Other 

kinds of nanoparticulates may result in enhanced optical properties, dielectric 

properties, heat resistance or mechanical properties such as stiffness, strength 

and resistance to wear and damage. In general, the nanoreinforcement is 

dispersed into the matrix during processing. The percentage by weight 

(called mass fraction) of the nanoparticulates introduced can remain very low 

(on the order of 0.5% to 5%) due to the low filler percolation threshold, 

especially for the most commonly used non-spherical, high aspect ratio fillers 

(e.g. nanometer-thin platelets, such as clays, or nanometer-diameter cylinders, 

such as carbon nanotubes). 

 

 Most photo excited electrons and holes rapidly recombine. To reduce 

the recombination rate and in that way increase the charges available for 

reactions is very important to increase the photo degradation efficiency. It has 

been shown in previous studies that by using nanocomposites of a 

semiconductor material and a material that accept electrons, the 
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photodegradation efficiency can be dramatically increased. When electrons are 

removed from the semiconductor the remaining holes are less likely to 

recombine and the possibility of the holes to reach the surface of the particle and 

participate in reactions is greatly increased.  

 

 The transferred electrons also have a greater possibility to react with 

oxygen, which further increase the photodegradation efficiency (Sekino et al. 

1997). When a nanoparticle is suspended in an aqueous solution it will develop 

an electrical double layer, which consist of the Stern layer and diffuse layer. The 

Stern layer is built up of charges on the surface of the particle while the diffuse 

layer is built up of ions in the solution. Because of the double layer a potential 

barrier is created when two particles come in contact with each other (Oh et al. 

1998). 

 

 When exposed to UV-light the electrons created in the metal oxide 

can tunnel through the potential barrier between metal oxide and for example 

silver, gold, germanium or silicon particles and thus reduce the recombination 

rate of the electron-hole pair, leading to an enhanced hole density on the metal 

oxide surface. Tunneling is possible if the energy of the Fermi level of the added 

material is lower than the energy of the conduction band of metal oxide.  

 

 This process is highly dependent on the height and width of the 

barrier, and if the photodegradation efficiency is greatly increased, it would 

indicate a high efficiency of the tunneling of the electrons. Materials with a high 

electron affinity and materials that bind tightly to the semiconductor should have 

a higher electron transfer rate and that should lead to an increase in the 

photodegradation efficiency. 

 

1.10.1  Polymer Nanocomposites 

 The use of polymeric materials for the development of catalysts has 

been a field of interest due to the low cost, simple scalability and availability of 
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different configurations. Nanocomposites prepared by immobilization of 

nanoparticles in polymers prevent the aggregation of nanoparticles because the 

polymeric chains minimize the contact of NPs. Manipulation of matter at the 

atomic or molecular scale and using materials and structures with nano sized 

dimension, usually ranging from 1 to 100 nm becomes important. Due to their 

nano scale size, nanoparticles show unique physical and chemical properties 

such as large surface area to volume ratios or high interfacial reactivity. 

Nanoparticles have been demonstrated to exhibit specific interaction with 

contaminants in water, gases, and even soils and such properties give hope for 

exciting novel and improved applications in environmental technology (Klefenz 

2004). However, the small particle size also brings issues involving mass 

transport and excessive pressure drops when applied in fixed bed or any other 

flow-through systems, as well as certain difficulties in separation and reuse, and 

even possible risk to ecosystems and human health caused by the potential 

release of nanoparticles into the environment. An effective approach to 

overcoming the above technical bottlenecks is to fabricate hybrid 

nanocomposites by impregnating or coating the fine particles onto solid particles 

of larger size. The widely used host materials for nanocomposite fabrication 

include carbonaceous materials like granular activated carbon (Jang et al. 2008), 

silica (Badr & Mahmoud 2009), cellulose (Hubbe et al. 2008), sands (Hansen et 

al. 2001) and polymers (Sinsawat et al. 2003). Polymeric hosts are particularly 

an attractive option partly because of their controllable pore space and surface 

chemistry as well as their excellent mechanical strength for long-term use. The 

resultant polymer-based nanocomposite retains the inherent properties of 

nanoparticles, while the polymer support materials provide higher stability, 

processability and some interesting improvements caused by the nanoparticle–

matrix interaction. The generally used nanoparticles include zero valent metals 

(Xu et al. 2010), metallic oxides (Blaney et al. 2007), biopolymers (Silva et al. 

1996) and single-enzyme nanoparticles. These nanoparticles could be loaded 
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onto porous resins (Jiang et al. 2011), cellulose or carboxymethyl cellulose 

(Dong et al. 2010), chitosan (Yang et al. 2009), alginate (Kim et al. 2010; 

Ngomsik et al.2009) etc. The choice of the polymeric supports is usually guided 

by their mechanical and thermal behavior. Other properties such as 

hydrophobic/hydrophilic balance, chemical stability, bio-compatibility, optical 

and/or electronic properties and chemical functionalities (i.e. solvation, 

wettability, templating effect, etc.) have to be considered to select the organic 

hosts.  

 

 In the present study PVC (poly vinyl chloride) is used as a template 

material for the degradation of organic pollutant (CR and RhB solutions). 

 

1.10.2  Need for Polymer Nanocomposites  

 Polymer nanocomposites are the materials in which nano-sized 

inorganic particles, typically nano-scale in at least one dimension, are dispersed 

in organic polymer matrices in order to dramatically improve the performance 

properties of the polymer. They are a new class of polymer composites that 

contain relatively small amounts (<10%) of nanometer-sized clay particles. The 

particles, due to their extremely high aspect ratios (about 100-1500), and high 

surface area (750-800 m2/g) promise to improve structural, mechanical, thermal, 

barrier and catalytic properties without substantially increasing the density or 

reducing the optical properties of the polymer (Kim et al. 2006).  

 

 Polymer nanocomposites can be prepared from a variety of 

nanoparticles, including disk like nanoparticles (clay platelets), spherical and 

polyhedral nanocomposite (colloidal silica) and nanofibres (nanotubes, 

whiskers) (Zhao et al. 2007). There is a focus on clay based polymer 

nanocomposites because they are to date the most attractive and promising 

polymer nanocomposites. Polymer nanocomposites show many dramatically 
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improved properties together with some novel properties not exhibited by the 

individual components or their macro and micro counterparts. 

 

1.10.3  Advantages of Polymer/Clay Nanocomposites 

 Mechanical properties: Increased strength and stiffness, high 

elongation of the matrix.  

  Decreased permeability to gases and water: Increased permeation 

resistance helps to increase shelf-life of nanocomposite packaged 

materials  

  Transparency: Low loadings and good filler dispersion maintain 

inherent polymer transparency  

  Recyclability: Thermally stable nano fillers are not affected or 

degraded during processing, physical properties of polymer 

composites are not seriously affected by recycling  

  Flame resistance: Good dispersed nano fillers increase thermal 

stability, excellent flame resistance  

  Transport properties: Density of nanocomposites do not increase too 

much as percolation at very low loadings in high aspect ratio systems  

 Catalytic property, stability during photocatalytic degradation 

 

 Properties of such composites are similar to those of polymer 

composites reinforced by micro particles. 

 

1.10.4  Polyvinyl Chloride (PVC) 

 Polyvinyl chloride, (IUPAC name Polychloroethene) commonly 

abbreviated as PVC, is a widely used thermoplastic polymer. It is prepared via 

free radical polymerization of vinyl chloride monomers using peroxide catalysts. 

A huge amount of PVC is produced globally (23 million per year) (Cho & Choi 

2001) and consumed as various commodities. In terms of revenue generated, it is 
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one of the most valuable products of the chemical industry. Globally, over 50% 

of PVC manufactured is used in construction.  

 

 In the hard form, PVC is used as plumbing and construction material 

whereas in the flexible form it is used as clothing and upholstery. There is 

greater concern about the hazards of PVC to the natural environment and human 

health. Disposal of the waste polymer is usually done by incineration risking the 

formation of toxic emission products. The waste polymer sometimes goes for 

land-filling mixed in municipal solid waste. The common methods of 

degradation of polymers and associated chemistry are also available. (Hamid 

2000; Gotlib et al. 2001) has reported an elaborate chemical analysis of the 

composition of the gases emitted during incineration of PVC. The emission 

contains polychlorinated dibenzodioxines and dibenzofurans besides a host of 

other highly toxic substances whose dioxine equivalent is also reported. The 

toxic hazards and related technological issues have been discussed by Wey et al. 

(2001); Besombes et al. (2001); McKay (2002) and Wey et al. (2006). So the 

present day emphasis is on developing the technology to prevent generation of 

toxic emission. Photocatalytic degradation of polymers such as PVC or even 

chlorineless polymer such as polyethylene (PE) has been an area of intense 

investigation in the recent years (Kim et al. 2006; Zhao et al. 2007).  

 

 

Figure 1.8 Structure of PVC polymer 
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1.10.5 Chitosan 

 The immobilization of a catalyst onto a matrix support offers a 

number of potential advantages presenting significant value in environmental 

applications, including facile incorporation within continuous reactors and eases 

of recovery and reuse (Hardy et al. 2004). Typically, inorganic polymers such as 

silica, zeolites or metal oxide matrices have been employed as solid supports in 

heterogeneous catalytic systems (Prado & Airoldi 2002). Recently, however, a 

number of studies (Vincent & Guibal. 2002) have focused on the use of natural 

organic polymers as support materials for catalytic compounds, and more 

especially in the preparation of homogeneous and heterogeneous catalysts 

(Zhang & Xia 2003).  

 

 

Figure 1.9 Structure of chitosan molecule 

 

 In this context, the chitosan, a family of linear cationic, non-toxic, 

biodegradable polysaccharides obtained from chitin, appear to offer a number of 

distinct advantages. Chitin, the most abundant natural amino polysaccharide is a 

low cost source material being present in plankton and the exoskeletons of 

crustaceans such as crabs, lobsters and prawns (Prado et al. 2004). Chitosan may 

be readily obtained from fishery wastes and its large scale production could 

representa much needed source of income through which to augment the quality-

of-life in poorer fishing communities (Prado et al. 2004). 
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 Chitosan is highly insoluble in water and in many organic solvents, 

shows low chemical reactivity and has a high amine content that makes it useful 

as a chelating agent (Majeti & Kumar 2000). The transition metal ions and 

complexes have been immobilized onto this biopolymer in order to attain the 

advantages of homogeneous and heterogeneous catalysts in the form of a low 

cost product (Kucherov et al. 2003). 

 

 From an environmental point of view, heterogeneous photocatalysis 

is one of the most important of the new advanced oxidation technologies to be 

applied to water purification. Several reports have recently been devoted to this 

problem (Guillard et al. 2003) and indicate that the immobilization of a 

semiconductor onto chitosan can produce a new organic/inorganic composite 

material with photocatalytic properties that may be applied with great facility. 

Indeed, the low price and the ease with which chitosan immobilized catalysts 

can be recovered and cleaned for reuse constitute major advantages of this 

material over alternative supports, such as inorganic oxides (Quignard et al. 

2000). 

 

1.11 PHOTOCATALYSIS 

 Photocatalysis is a green technology which offers numerous 

applications and a best method to solve the energy related problems. The word 

photocatalysis came from Greek origin and composes of two parts: the prefix 

―photo‖ (photons: light) and the word ―catalysis‖ (katalyo: break apart, 

decompose). Although there is no consensus in the scientific community as to a 

proper definition of photocatalysis, the term can be generally used to describe a 

process in which light is used to activate a substance, the photocatalyst, which 

modifies the rate of a chemical reaction without being involved in the chemical 

transformation (Herrmann 2005). 
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1.11.1  Photocatalyst 

 A light-absorbing substance is added to a reaction, which facilitates 

the reaction while remaining unchanged at the end of the reaction. When light 

strikes a semiconductor, electrons within the particle become excited, creating a 

higher state of energy within the energy levels of electrons. Thus the main 

difference between a conventional thermal catalyst and a photocatalyst is that the 

former is activated by heat whereas the latter is activated by photons of 

appropriate light energy (Carp et al. 2004). 

 
 

 

Figure 1.10 Schematic illustration of various applications of photocatalysis 

 

1.11.2 Principle of Semiconductor Photocatalysis 

 From the point of view of semiconductor photochemistry, the role of 

photocatalysis is to initiate or accelerate specific reduction and oxidation (redox) 
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reactions in the presence of irradiated semiconductors. The following figure 

describes the steps involved in the semiconductor photocatalysis (Figure.1.11). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11 Scheme of photocatalytic mechanism for semiconductor 

photocatalysis 

 

 Light absorption and the consequent photo-excitation of electron-hole 

pairs take place when the energy of the incident photons matches or exceeds the 

band gap. Illumination induces a transition of electrons from the valence band 

(VB) to the conduction band (CB), leaving an equal number of vacant sites 

(holes). The population of both charge carriers, that is, electrons and holes, in an 

illuminated semiconductor are higher than at equilibrium. The formation of free 

charge carriers (electrons and holes) follows several de-excitation pathways. 

Initially, the energy of the incident photons is stored in the semiconductor by 

photo excitation, which is then converted into chemical form by a series of 

electronic processes and surface/interface reactions. The charge carriers, once 

spatially separated, may migrate to the surface of the photocatalyst and 

eventually migrate to the adsorbed acceptor molecules, thereby initiating the 

corresponding reduction or oxidation process. At the surface, the semiconductor 

can donate electrons to acceptors, where as holes can migrate to the surface 
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where they can combine with electrons from donor species. Simultaneously a 

large proportion of the generated electron-hole pairs recombine, dissipating the 

input energy in the form of heat or emitted light. The carriers can recombine 

with their counterparts of opposite charge trapped on the surface. Both these 

recombination processes are detrimental to the efficiency of the photocatalytic 

reaction. The rate of charge transfer and recombination depends on the band 

edge position or the band gap and the redox potential of the adsorbate species 

respectively. For desired or favorable electron transfer reaction to occur, the 

potential of the electron acceptor species should be located below the conduction 

band of the semiconductor (more positive than), whereas the potential of 

electron donor species should be located above the valence band of the 

semiconductor (more negative than). The actual reaction sites may be located 

either directly on the surface of the semiconductor within which the photo 

excitation takes place, or indirectly across the interface at the surface of another 

semiconductor or metal nanoparticle. Interfacial charge transfer, i.e., transfer of 

electrons to or from surface adsorbed species onto the light activated 

semiconductor is probably the most critical step in photocatalytic processes. 

There are various factors which determine the recombination rates, mobility and 

trapping of charge carriers, defect density in the semiconductor lattice and the 

presence of an interface with a secondary material which acts as an electron or a 

hole sink. 

  

 Another critical factor determining photocatalysis efficiency is the 

separation and transport of the photogenerated electron–hole pairs. Achievement 

of a high photocatalytic activity demands the efficient separation of the electron–

hole pairs as well as the rapid charge transport to their suitable active sites for 

the desired redox reactions. Coupling between different semiconductors in 

photocatalytic systems allow to alleviate the charge carrier recombination in 

individual semiconductor. A good match of their CB and VB levels can realize a 

vectorial transfer of photogenerated charge carriers from one to the other, where 
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the relative positions of the energy bands of the two particles are shown in terms 

of energetic rather than spatial levels. After coupling the energy gap between 

corresponding band levels drives the charge carriers from one particle to its 

neighbour to form a spatial separation between electrons and holes. 

 

 In the case of metal nanoparticles supported on the semiconductor, 

the hetero-junctions formed between the semiconductor and the co-catalyst 

facilitates separation of the electron-hole pairs effectively. The improved 

separation translates into slower recombination rates and an increase in the 

efficiency of the photocatalytic process. Upon contact, a Schottky barrier can be 

formed at the semiconductor–metal interface that promotes the separation of the 

charge carriers by accumulation of the electrons in the metal, while the holes 

remain in the semiconductor. This effect shifts the Fermi level of the 

semiconductor–metal composite upwards, so that its potential becomes more 

negative. Then the energetic difference at the semiconductor/metal interface 

drives the electrons from the CB of the semiconductor into the metal 

nanoparticles. The Fermi level of the metal is thereby also negatively shifted so 

that a secondary electron transfer can occur between the metal and electron 

acceptors in the redox couples from the surrounding electrolyte.  

 

 Semiconductor photocatalysts (such as TiO2, ZnO, Fe2O3, CdS, ZnS, 

etc.) have proved to be useful for the degradation of refractory organics as well 

as waste plastics. The electronic structure of a semiconductor catalyst is 

characterized by a filled valence band and an empty conduction band. A high-

energy radiation in the visible and UV range excites the atom to eject a valence 

band electron to the higher energy level of the conduction band leaving a ‗hole‘ 

behind. In an appropriate environment, a ‗hole‘ may ‗react‘ with a hydroxyl ion 

in an aqueous solution to yield a hydroxyl radical or a superoxide radical having 

a high oxidation potential. Among the common semiconductor catalysts, TiO2 in 

the anatase form has been used for many waste degradation applications. But 
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ZnO has a few advantages over its formidable counterpart in terms of a higher 

quantum efficiency as well as catalytic efficiency (Hoffmann et al. 1995; 

Bhatkhande et al. 2002). The undoped ZnO has the same band-gap energy of 3.2 

eV as that of TiO2. From the comparative absorption spectra of ZnO and TiO2, it 

may be observed that the spectrum of ZnO consists of a single, broad intense 

absorption from 470 nm to lower wave lengths, whereas TiO2 shows intense 

absorption from 420 nm until band-gap characteristic absorption maximum at 

400 nm. The absorbance of ZnO is more than TiO2 right from 470 to 350 nm, the 

region where the light absorption due to band-gap excitation occurs in both the 

materials (Sakthivelet al. 2003). That means ZnO absorbs large fraction of solar 

spectrum and more light quanta than TiO2. A few researchers have reported 

better photocatalytic activity of ZnO compared to TiO2 (Sakthivel et al. 2003; 

Lizama et al. 2002; Gouvea et al. 2000). 

 

1.12  TYPES OF PHOTOCATALYTIC SYSTEMS 

 The photocatalytic reactions may occur either in homogeneous phase 

or in heterogeneous phase. Photocatalytic reactions may occur homogeneously 

or heterogeneously, but heterogeneous photocatalysis is by far more intensively 

studied in recent years because of its potential use in a variety of environmental 

and energy-related applications as well as in organic synthesis. 

 

1.12.1  Homogeneous Photocatalysis 

 Homogeneous photocatalysis has grown over the past decade with 

many new applications in the chemical, fine chemical and pharmaceutical 

industries. This distinction is linked to the fact that the catalyst operates 

respectively in the same phase where the reaction occurs in homogeneous 

photocatalysis (Pradhan et al. 2000). However homogeneous photocatalysis is 

the most active one, with many attractive properties such as high chemo and 

region selectivity and high activities. However, engineering processes involving 
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homogeneous photocatalysis suffer various difficulties like cumbersome product 

purification and difficulty in catalyst recovery. A major drawback of 

homogeneous photocatalysts is the difficulty of their recovery from the reaction 

medium. Precipitation with subsequent recovery, e.g. elimination of the 

precipitating counter-ion, or distillation of the reaction products, which is an 

energy intensive process is typically needed in order to re-utilize homogeneous 

photocatalysts. Such operation may often deactivate the catalyst. Because of 

these drawbacks many efficient systems cannot be commercialized. So the 

homogeneous catalysis is really difficult to handle (Hwang & Raftery 1999). 

 

1.12.2  Heterogeneous Photocatalysis 

 Heterogeneous photocatalysis is one of the best options to overcome 

the drawbacks of homogenous photocatalysis (Rodriguez et al. 2005). They have 

excellent stability, easy accessibility and most importantly they can be easily 

separable from the reaction mixture. The main difference between these two 

processes is the fact that in the case of homogeneous photocatalysts every single 

photocatalytic entity can act as a single active site. This makes homogeneous 

catalysts intrinsically more active and selective than a compound traditional 

heterogeneous photocatalysts such as oxides or supported metal particles. 

Heterogeneous photocatalysis is an economically alternative and 

environmentally safe technology of AOP for removal of organic impurities from 

water. Heterogeneous photocatalysis has the catalyst in a different phase form 

the reactants. It includes a large variety of reactions: mild or total oxidations, 

dehydrogenation, hydrogen transfer, 18O
2-

16O2 and deuterium alkane isotopic 

exchange, metal deposition, water detoxification, gaseous pollutant removal. 

 

 Most common heterogeneous photocatalysts are transition metal 

oxides and semiconductors which have unique characteristics. Unlike the metals 

which have a continuum of electronic states, semiconductors possess a void 

energy region where no energy levels are available to promote recombination of 
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an electron and hole produced by photo activation in the solid. The void region 

which extends from the top of the filled valence band to the bottom of the vacant 

conduction band is called the band gap. When a photon with energy equal to or 

greater than the materials band gap is absorbed by the semiconductor, an 

electron is excited from the valence band to the conduction band, generating a 

positive hole in the valence band (Liu & Cohen 1989). In heterogeneous 

photocatalysis, the reaction scheme implies the previous formation of an 

interface between a solid photocatalyst (metal or semiconductor) and a fluid 

containing the reactants and products of the reaction. Processes involving 

illuminated adsorbate-metal interfaces are generally categorized in the branch of 

photochemistry. Therefore, the term ―heterogeneous photocatalysis‖ is mainly 

used in the case where a light adsorbing semiconductor photocatalyst is utilized 

which is in contact with either a liquid or a gas phase. Generally the best 

photocatalytic performances with maximum quantum yields are always obtained 

with titania. The most powerful advanced oxidation systems are based on the 

generation of hydroxyl radicals. The 
•
OH is an extremely powerful oxidation 

agent which mainly facilitates the photocatalytic reaction. The potential 

applications of heterogeneous photocatalysis depend strongly on the 

development of scaled-up reactor design with increased efficiency (Wang et al. 

2009). 

 

 A considerable amount of effort has been made in recent years for the 

development of more efficient photocatalysts characterized by increased 

quantum efficiency and improved response to the visible spectral region. 

Promising results in this direction have been obtained with the use of several 

methods aiming at the modification of electronic and/ or optical properties of 

semiconductors, including metal deposition, dye sensitization, doping with 

transition metals or non-metallic elements and use of composite semiconductor 

photocatalysts etc. 
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1.13 SCOPE OF THE PRESENT STUDY 

 Many semiconductor metal oxides have been extensively used for 

degradation of organic dyes in aqueous medium (Raquel et al. 1996; Reddy et al. 

2003 and Chu et al. 2010). However, their recovery and reusability is still a 

lingering problem. In order to address this problem the author has proposed to 

prepare polymer supported semiconductor nanocomposite materials for 

degradation studies with the aim of reusing and recovering the materials many 

times without loss of efficiency in the process. Therefore the author has studied 

the polymer nanocomposites towards the application of degradation of organic 

dyes in a systematic manner ascertaining the reusability and recovery of the 

photocatalyst. The present study aims to fill the gap in the reusability and 

recovery of the photocatalyst successfully in the degradation of organic dyes. 
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CHAPTER 2 

LITERATURE REVIEW 

 

 

 Organic compounds especially dyes which are found to be pollutants 

in wastewater effluents from industrial or domestic sources must be removed or 

destroyed before discharge to the environment. Such pollutants may also be 

found in ground and surface waters which also require treatment to achieve 

acceptable drinking water quality (Lindner et al. 1995). The public concern with 

these environmental pollutants has prompted the need to develop novel treatment 

methods as reported by Zeltner & Anderson (1996) with photocatalysis gaining 

prominence in the field of pollutant degradation. In photocatalytic degradation, 

polymer nanocomposites with semiconductors as photocatalysts have recently 

been employed with significant results in the removal of dyes from effluents. 

 

 Jain et al. (2008) investigated the cheap adsorption method for colour 

removal from waste water using saw dust as adsorbent. They measured the COD 

of waste water before and after the treatment and observed that the COD value 

decreases, which indicates the adsorption method offer good potential to remove 

the congo red from waste water. 

 

 Elaziouti et al. (2011) investigated the photocatalytic degradation of 

two commercial azo dyes, congo red (CR) and benzopurpurine 4B (BP4B) in 

aqueous solution under UV-A light at different operating conditions, including 

irradiation time, pH solution, initial concentration, amount of catalyst, etc,. The 

highest decomposition were obtained at pH 8 as a result of 95.02% and 97.24% 

degradation efficiencies of CR and BP4B for 60 and 80 min of irradiation time 

respectively. 
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 Ong et al. (2016) prepared ZnO nanoparticles by simple sol-gel 

method and it was characterized with different techniques. Then they evaluated 

the photocatalytic activities of ZnO nanoparticles on the removal of congo red in 

aqueous solution under solar radiation. Effect of reaction time, pH and loading 

of ZnO on degradation of CR was investigated and the degradation kinetics of 

CR was also studied. 

 

 Movahedi et al. (2009) studied the comparison of the efficiency of 

ZnO and TiO2 on the photocatalytic degradation of congo red azo dye. The 

photocatalytic efficiency of ZnO was shown to be remarkably greater than that 

of TiO2 in degradation of congo red azo dye. 

 

 Erdemoglu et al. (2008) studied the degradation of congo red dye in 

aqueous solution by means of photocatalysis of TiO2 which was hydrothermally 

synthesized at 200 
o
 C in 2h, in anatase phase with 8 nm crystalline size. They 

compared the efficiency of hydrothermally synthesized TiO2 and Degussa P-25 

TiO2 at the same degradation condition. And also the effect of sulphate and 

nitrate ions, and humic acid on the degradation was examined and it was found 

that nitrate is more effective. 

 

 Dafare et al. (2013) reported the semiconductor assisted 

photochemical degradation of reactive azo dye such as congo red on combustion 

synthesized ferric oxide as a photocatalyst. 97% COD (Chemical Oxygen 

Demand) removal is observed at pH-6 within 90 min using UV light (254 nm 

wavelength) as a source of radiation. 

 

 Hariprasad et al. (2013) reported the sunlight induced photocatalytic 

removal of the hazardous xanthenes dye rhodamine B from water which is 

carried out by TiO2 and platinum deposited TiO2 (Pt/TiO2). This photocatalytic 

degradation was carried out at different conditions and found that Pt/TiO2 
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catalyst is more effective than TiO2 catalyst for the removal of rhodamine dye 

from polluted water. 

 

 Raizada et al. (2014) studied the degradation of malachite green (MG) 

and congored dye (CR) by using ZnO-activated carbon (ZnO-AC) and ZnO-

brick grain particle (ZnO-BGP) nanocomposites. Both ZnO-AC and ZnO-BGP 

exhibited remarkably superior photocatalytic activity due to improved adsorption 

ability of catalysts. 

 

 Rauf et al. (2011) studied the degradation of azo dyes using transition 

metal doped TiO2 as photocatalysts in aqueous solutions and found to be very 

effective for the removal of dye-contaminated solutions. The molecular oxygen 

and other active species such as O2
•−

, HO2
•
, H2O2 and 

•
OH generated in the 

reaction play an important role. They make the photocatalytic processes more 

efficient resulting in enhanced dye degradation via the formation of 

intermediates such as aromatic amines, phenolic compounds and several organic 

acids. 

 

 Sun et al. (2009) prepared and characterized the WO3–TiO2/AC 

(activated carbon) photocatalyst and used it for the degradation of azo dye congo 

red. Under the optimal preparation conditions of WO3–TiO2/AC and optimal 

degradation conditions of congo red, the photo decolorization percent of congo 

red was 95.21% when the solution was irradiated by the 500W high pressure 

mercury-vapor lamp for 2 hour. 

 

 Habiba et al. (2016) synthesized chitosan/PVA/Na titanate/TiO2 

composite by solution casting method. They found that the adsorption started 

with a promising decolorization rate. 99.9% of methyl orange dye was removed 

by the composite having higher weightage of chitosan and crystalline TiO2 

phase. On the other hand, for the congo red the composite having higher 

chitosan and Na-titanate showed an efficient removal capacity of 95.76%. 
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 Segota et al. (2011) described the advanced oxidation process (AOP) 

for the degradation of the diazo reactive dye using immobilized TiO2 as a 

photocatalyst. The sol–gel TiO2 film prepared with the addition of PEG and 

without the addition of PEG. The sol–gel TiO2 film prepared from the sol with 

the addition of PEG was found to be more photocatalytically efficient than the 

sol–gel TiO2 film prepared from the sol without the addition of PEG. 

 

 A new visible-light sensitive photocatalyst Ni(OH)2 nanosheets/ZnO 

nanorods composites with different Ni(OH)2 contents was synthesized via a 

facile water bath route by Cai et al. (2014). The XRD, TEM and UV–Vis results 

confirmed that the stable and good crystalline composites composed of ZnO 

nanorods and Ni(OH)2 nanosheets were obtained. Ni(OH)2/ZnO composites 

exhibited higher photocatalytic efficiency than the individual components. 

 

 A new type of photocatalyst, TiO2 based on hexagonal mesoporous 

silicate (HMS) loaded by different concentrations of natural polyphenol oak gall 

tannin, OGT, (TiO2–OGTx-HMS, x = 0.3, 0.6, 1 wt.%) was synthesized and 

used in photocatalytic experiments by Binaeian et al. (2016). The synthesized 

catalysts were characterized using XRD, SEM, EDX and TEM analysis. The 

performance of TiO2–OGTx-HMS photocatalysts for degradation of anionic dye 

(Direct yellow 86) in aqueous solution were also compared with the performance 

of TiO2 (P-25) and TiO2–HMS. TiO2–OGT 0.6%-HMS photocatalyst exhibited 

higher performance than that of other photocatalysts with the adsorption and 

degradation efficiencies of 36.7% and 92.2%, respectively. 

 

 Wahi et al. (2005) studied the effects of various physical properties 

like particle size, shape, surface area, crystal structure and phase composition on 

the photocatalytic performance of nanosized TiO2 through the photodegradation 

of congo red. The maximum photocatalytic activity was observed with 

intermediate particle size of 10 nm. 
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 Hairom et al. (2014) studied the influence of ZnO nanoparticles in 

MPR for the photodegradation of congo red (CR) dye. Four types of ZnO (ZnO-

PVP-St <ZnO-PVP-Us <ZnO-Us <ZnO-St) were synthesized via the 

precipitation of oxalic acid and zinc acetate solutions. Among the four ZnO 

nanoparticles, the optimum dosage of ZnO-PVP-St nanoparticles has a great 

potential in MPR for industrial dye wastewater treatment with very minimum 

NF membrane fouling. 

 

 Nasirian et al. (2016) studied the degradation of organic compounds 

in wastewater by the combination of photocatalysts such as Ag-doped TiO2 and a 

composite of Fe2O3/TiO2 to improve the photocatalytic activity of two azo dyes, 

congo red (CR) and methyl orange (MO). Results show that silver doped TiO2 

increases the degradation of MO (12.2%) and CR (14.5%) compared to that of 

the bare TiO2. The degradation efficiency of MO and CR increases by applying 

composite photocatalyst of Fe2O3/TiO2 in the range of 28.9% and 25.1% 

respectively when compared to that of the bare TiO2. 

 

 Aparicio et al. (2016) studied the photocatalytic degradation of 

rhodamine using TiO2-chabazite semiconductor composites under sunlight 

irradiation. The TiO2-chabazite semiconductor composites were prepared and 

crystalline and morphological characteristics of the semiconductor composites 

were analyzed. Commercial TiO2–based composites produced better results for 

the rhodamine photodegradation under sunlight irradiation. The percentage 

reduction of rhodamine in solution after 90 min produced by these 

semiconductor composites was 97.9% and 96.8% respectively. 

 

 Rahman et al. (2013) reported the synthesis of ZnO nanoparticle with 

zinc acetate as precursor and oxalic acid at 80
o
C through the simple solution 

phase approach. The photocatalytic activity investigation was carried out by 

performing the decomposition of rhodamine-B dye under UV illumination over 
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synthesized ZnO NPs. The rhodamine B dye considerably degraded by 95% 

within 70 min in the presence of synthesized ZnO NPs. 

 

 Seo & Shin (2015) synthesized zinc oxide (ZnO) nano disks (ZnO-

NDs) through the low temperature chemical method with zinc nitrate 

hexahydrate as raw materials, and applied as photocatalyst for the photocatalytic 

degradation of rhodamine B (RhB) dye. The catalytic activity of the synthesized 

ZnO-NDs was examined by performing the photo-catalytic degradation of RhB 

dye under UV-light illumination. A rapid RhB-dye degradation was recorded 

with the high degradation rate 90% in 90 min over the surface of ZnO-NDs. 

 

 Patil et al. (2016) synthesized Bi2O3-bentonite nanocomposites 

successfully by intercalation method, and used them for photocatalytic 

degradation of rhodamine B (Rh B) under visible light irradiation. Bi2O3-

bentonite shows enhanced photocatalytic efficiency than pure Bi2O3 due to 

intercalation with bentonite. Removal of Rh B is achieved upto 98.5% using 3 

g/L
-1

 photocatalyst at pH 3. 

 

 Pascariu et al. (2016) investigated the photocatalytic activity of ZnO–

SnO2 nanofibres by the degradation of rhodamine B (RhB) dye by visible light 

irradiation. UV–Vis spectral data were used to estimate the photodegradation 

efficiency of the metal oxide nanocomposites. All the RhB dye samples were 

tested for six hours of degradation, the highest efficiency being obtained for a 

molar ratio Sn/Zn of 0.030. 

 

 The semiconductor photocatalyst absorbs impinging photons with 

energies equal to or higher than its band gap or threshold energy. Each photon of 

the required energy (i.e. wavelength) that hits an electron in the occupied 

valence band of the semiconductor atom can elevate that electron to the 

unoccupied conduction band leading to excited state conduction band electrons 

and positive valence band holes - Schiavello & Sclafane (1989). 
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 There seems to be discrepancy between the reported critical sizes 

below which quantization effects are observed. Many values have been quoted in 

the literature for the same semiconductor nanoparticles. There are also 

discrepancies between the estimated critical diameter and the actual diameters at 

which quantization effects are observed. These predictions depend critically on 

the effective masses of the charge carriers- Serpone et al. (1996). 

 

 Wang et al. (1997) demonstrated that there exists an optimal particle 

size in nano crystalline TiO2 systems for maximum photocatalytic efficiency. In 

their experiments which involved the decomposition of chloroform, they 

observed an improvement in activity when the particle size was decreased from 

21 to 11 nm, but the activity decreased when the size was reduced further to 6 

nm. They concluded that for this particular reaction the optimum particle size 

was about 10 nm. 

 

 Martin et al. (1995) saw the variation in the photo-efficiencies of 

different forms of TiO2 as being fundamentally related to their charge-carrier 

dynamics. The authors studied the charge-carrier dynamics of Q-TiO2 and 

Degussa P25 (made up of 20–35 nm primary particles, the size of the aggregates 

is 50–200 nm) by time-resolved microwave conductivity. They found that the 

resultant interfacial electron transfer appeared to be faster for P25 than for Q-

TiO2.  

 

 Zhang et al. (1998) suggested that in large TiO2 particles, volume 

recombination of the charge carriers is the dominant process and can be reduced 

by a decrease in particle size. This decrease also leads to an increase in the 

surface area which can be translated as an increase in the available surface active 

sites. Thus a decrease in particle size should also result in higher photonic 

efficiencies due to an increase in the interfacial charge-carrier transfer rates. 

However, as the particle size is lowered below a certain limit, surface 
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recombination processes become dominant since firstly, most of the electrons 

and holes are generated close to the surface, and secondly since surface 

recombination is faster than interfacial charge-carrier transfer processes. This is 

the reason why there exists an optimum particle size for maximum photo-

catalytic efficiency. 

 

 The first accurately determined quantum yields of polycrystalline 

TiO2 were provided by Lepore et al. (1993). The authors compared the 

photochemical and photo physical behaviour of polycrystalline, optically 

transparent TiO2 suspensions (with a 62 nm average effective radius, prepared 

by successive centrifugation of P25 slurries) with quantum-sized (2:4 nm) TiO2 

solutions, as well as P25 slurries. The quantum yields obtained with the 

centrifuged suspensions were similar to those of P25, but were higher than those 

obtained with the quantum-sized TiO2. 

 

 Anpo et al. (1987) synthesized extremely small TiO2 particles and 

investigated their use for the photocatalytic hydrogenation reactions. They found 

the activity to increase as the diameter of the TiO2 particles decreased, especially 

below 100 Å.  

 

 The photocatalytic activity of Q-TiO2 particles was also demonstrated 

by Kormann et al. (1988). Absorption and photoluminescence spectra of the 

particles had exhibited blue shifts below 100 Å, suggesting a size-quantization 

effect. The authors suggested that the dependence of the yields on the particle 

size arose from the differences in the chemical reactivity not the physical 

properties, such as the surface area, of these catalysts. The authors recognized 

the presence of quantization effects in the systems they were studying, although 

they did not provide an explanation as to why these effects led to increased 

activity.  
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 Henglein et al. (1989) studied the photochemistry of AgI 

nanoparticles. The absorption threshold of the prepared colloids was blue 

shifted, which is indicative of quantization effects. These AgI particles were 

found not to be photoactive with respect to the formation of silver or iodide. 

However, it was found that silver metal was deposited on the surface of the AgI 

colloids when the solution was de-aerated and sodium sulphite added. The 

fluorescence of these particles, which occurs close to the absorption threshold, 

was found to be quenched by the small amounts of deposited silver, believed to 

be acting as a charge scavenger. The scavenging process did not result in an 

increase in the reaction yield, with the silver deposit acting as a mediator for the 

recombination of charge carriers. 

 

 Hoffmann et al. (1992) showed that polymerization of methyl 

methacrylate readily occurred when using Q-sized ZnO semiconductors as photo 

initiators. The quantum yields decreased as particle size decreased, due to either 

increased surface defects or enhanced rates of competing electron–hole 

recombination. Under the same experimental conditions, no polymerization 

occurred with bulk-size particles as photo initiators. 

 

 Sato et al. (1996) studied the photochemical reduction of nitrate to 

ammonia with and without methanol using layered hydrous titanate/cadmium 

sulphide (H2Ti4O9/CdS) nanocomposites. The addition of methanol was found to 

be useful for the promotion of this reduction. Doping with Pt particles in the 

interlayer was also found to greatly increase the catalytic activity of the 

nanocomposites. This group has also looked at the photocatalytic properties of 

layered hydrous titanium oxide/CdS–ZnS nanocomposites incorporating CdS–

ZnS into the interlayer. The hydrogen production activity, which was observed 

for these nanocomposites following irradiation with visible light, was found to 

be higher than that of unsupported CdS–ZnS (Sato et al. 1996). 
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 Recently Sahyun & Serpone (1997) studied the photocatalytic 

deposition of silver from a silver salt ethanol solution onto TiO2 nanoparticles 

prepared with a chemisorbed surface alkoxide. From pico second resolved 

transient absorption spectroscopy, the authors deduced that the rate of formation 

of the colloid silver deposit is determined by the reduction of Ag (I) by surface-

trapped photoelectron states Ti (III). 

 

 Kamat et al. (1992) suggested the importance of the surface structures 

of the nano crystallites in CO2 photo reductions. They deduced this from surface 

modification studies, which involved the addition of Zn
2+

 to a system of ZnS 

nano crystallites. This addition resulted in product switching from formate to CO 

without loss in efficiency 

 

 Fujiwara et al. (1997) carried out an investigation of a CdS 

photocatalytic system for CO2 reduction, which examined the role of the surface 

structures of the CdS nano crystallites. They observed a marked improvement of 

photocatalytic activity through the formation of sulphur vacancies. They 

proposed that the CO formation process occurred via adsorption of CO2 to a Cd 

atom in the vicinity of a sulphur vacancy.  

 

 Kormann et al. (1989) examined the suitability of Fe2O3 as 

photocatalysts using transparent Fe2O3, 3–20 nm in size. They also compared the 

photocatalytic activity of hematite to the activities of colloids and suspensions of 

ZnO and TiO2. While ZnO and TiO2 were found to be quite active photo-

oxidation catalysts in the formation of hydrogen peroxide and in the degradation 

of chlorinated hydrocarbon molecules, only negligible photocatalytic activity 

was found for Fe2O3. 

 

 Bahnemann (1993) has carried out several tests to compare the 

efficiencies of several semiconductors as photocatalysts. This work involved the 

comparison of ultra small zinc oxide, titanium dioxide, hematite and 
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titanium/iron mixed oxide particles. Q-size effects were observed during particle 

growth and at the final stages of synthesis of all of the oxides studied. While zinc 

oxide, titanium dioxide and titanium/iron mixed oxide particles exhibited 

considerable photocatalytic activity, hematite particles were only found to 

oxidize S(IV), with the quantum yields obtained being < 0.3. An explanation 

involving surface-bound molecules and free radical intermediates was provided 

to account for these differences in reactivity. 

 

 Cherepy et al. (1998) carried out ultrafast kinetic studies of photo 

excited charge carrier dynamics in γ-Fe2O3 semiconductor nanoparticles using 

femto second laser spectroscopy. The aim of this work was to explain the 

observed low photo activities of these iron oxide semiconductors. The results 

showed that the visible/near UV light induced charge separation of the photo 

excited electrons in Fe2O3 nanoparticles was very short-lived and the decay was 

primarily non radioactive. A power dependence, which reveals the relaxation 

mechanism for the early time decay, was also found to be very different from 

that in other semiconductor nanoparticles such as, CdS or TiO2. The authors saw 

these results as providing some insight into the poor efficiency of Fe2O3 as a 

photocatalyst. They also proposed that the identification of materials, which 

have an intrinsically slow decay of photo excited electrons, would help in the 

search of high efficiency photocatalysts and photo electrodes. 

 

 The work of Choi et al. (1994) involved a systematic study of the 

effects of 21 different metal ion dopants on nano crystalline TiO2. Chloroform 

oxidation and carbon tetrachloride reductions were used as photo reactivity tests. 

Their results showed that some doped Q-TiO2 particles had much greater 

photoactivity than their undoped counterparts. Doping with Fe(III), Mo(V), 

Ru(III), Os(III), Re(V), V(IV) and Rh(III) at 0.5% level in the TiO2 matrix, 

significantly improved the photo reactivity for both oxidation and reduction. 
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 When incorporated in the interior of the particles, the d-electronic 

configuration of the dopant and its energy level within the TiO2 lattice seem to 

significantly influence the photoactivity by Martin et al. (1995). Finally, the site 

where the electron gets trapped greatly influences the redox chemistry of the 

doped semiconductor. A dopant ion might act as an electron trap, and this might 

in fact lead to a lengthening in the lifetime of the generated charge carriers, 

resulting in an enhancement in photoactivity. However if an electron is trapped 

in a deep trapping site, it will have a longer lifetime, but it may also have a lower 

redox potential.  

 

 The work carried out by Zhang et al. (1998) shed a new light on the 

role of dopant ions and their effect on photoactivity. Firstly, these authors 

provided further support for the existence of an optimum dopant concentration. 

Their main finding however that was this optimum concentration is particle-size 

dependent and decreases with an increase in size. The system they studied was 

Fe
3+

 doped TiO2 for the photocatalytic degradation of CHCl3. They observed 

that for 6 nm particles, the optimum Fe concentration was at 0.2 %, while for 11 

nm particles, the optimum concentration was at 0.05%. They provided the 

following explanation for their observations. 

 

 Another approach modified the surface of semi-conductor colloids, 

with an aim to improve charge separation and minimize or inhibit charge-carrier 

recombination has been to dope with a second semiconductor Henglein (1997). 

Excitation of these dual semiconductors results in an electron injection into the 

lower lying conduction band of the second semiconductor. In the composite 

nanoparticles, no electric field is necessary, as the charge separation is achieved 

by the tunneling of electrons. 

 

 Reber & Rusek (1986) reported that modifying the surfaces of 

platinized CdS powders with silver ions could activate these photocatalysts, 
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which are otherwise inactive with respect to H2 formation. The activation was 

attributed to the formation of a hetero junction between CdS and Ag2S. It was 

observed that the fluorescence of CdS was quenched by Ag
+ 

ions, and that the 

spectral response for H2 formation was extended to wavelengths up to 600 nm 

where CdS itself does not absorb. 

 

 Bedja & Kamat (1995) the charge transfer processes involved in 

capped and coupled semiconductor systems respectively. The charge separation 

mechanism in both capped semiconductor systems and coupled semiconductor 

systems involves the photogenerated electrons in one semiconductor being 

injected into the lower lying conduction band of the second semiconductor. 

However, the interfacial charge transfer is significantly different. In a coupled 

semiconductor system the two particles are in contact with each other and both 

holes and electrons are accessible on the surface for selective oxidation and 

reduction processes. Capped semiconductors on the other hand have a core and 

shell geometry. The electron gets injected into the energy levels of the core 

semiconductor (provided it has a conduction band potential which is lower than 

that of the shell). The electron hence gets trapped within the core particle, and is 

not readily accessible for the reduction reaction. 

 

 The development of heterogeneous semiconductor systems is very 

promising and has the potential to contribute significantly to the area of 

photocatalysis. By changing certain parameters, such as the thickness of the shell 

or the particle radius of the core, this approach may allow the tailoring of 

important properties, such as photocatalytic, optical, and magnetic properties of 

the photocatalyst. It may also be important in addressing problems such as photo 

dissolution, which might otherwise occur in an `unprotected' photocatalyst such 

as iron oxide by Hoffmann et al. (1995). 
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 Three layered colloidal particles are another development in the field 

of surface-modified semiconductor nanoparticles. These consist of a quantum-

sized semi-conductor particle as the core, covered by several layers of another 

semiconductor material, onto which several layers of the core material are then 

deposited, and act as the outermost shell. These particles are called quantum dots 

or wells by Neckers et al. (2007). 

 

 Recent development in the application of nanoparticles in 

photocatalysis has been the emergence of organic–inorganic nano structured 

composites. Interactions between organic and inorganic molecules are being 

used to generate a range of materials for catalytic technologies. Published work 

by Braun et al. (1996) describes the synthesis of stable semiconductor-organic 

super lattices based on cadmium sulphide and cadmium selenide. By 

incorporating organic molecules in an inorganic lattice the authors anticipate that 

the electronic properties of this type of materials can be tailored. Therefore, 

these novel organic–inorganic nano structured composites may be suitable for 

photocatalytic applications.  

 

 Bockelmann et al. (1996) performed detailed photo physical and 

photochemical investigations of colloidal Ti/Fe mixed oxide suspensions using a 

flash photolysis apparatus for time-resolved measurements. In their efforts to 

understand the process of photo dissolution of this mixed semiconductor, they 

found that during photo dissolution the photogenerated electrons are not mainly 

captured at Ti
4+ 

centres but in fact reduced Fe
3+

centres within the micro crystals 

forming Fe
2+

. 

 

 Murakata et al. (1998) studied the effect of the solvent in which the 

particles are dispersed on their photocatalytic properties using ESR spectra 

measurements. The dependence of activity upon kind of solvent was found to be 

due to the different concentrations of Ti
3+

 formed with the different solvents 
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(these are responsible for the reductive catalytic activity of the TiO2 particles). 

Rabani et al. (1998) studied nanosecond kinetics of dry TiO2 using pulsed laser 

photolysis. They used layers of closely packed 5 nm titanium dioxide nano 

crystallites. Pulsed laser photolysis was carried out in the presence and absence 

of added reactants. Their results showed that TiO2 layers immersed in liquids 

(acidic or alkaline water, CCl4, CCl4 /CBr4 mixture, cyclohexane) have the same 

absorption versus time profiles as the dry layers. 

 

 Rhee et al. (2006) reported that the membrane electrode assembly 

using Nafion/sulfonated titanate nanocomposite membranes exhibited up to 57% 

higher power density than the assembly containing a pristine Nafion membrane 

under typical operating conditions of DMFC. 

 

 Kim et al. (2008) demonstrated suppression of dioxin emission for 

poly vinyl chloride (PVC) incineration when titanium dioxide (TiO2) 

nanocomposites were employed. The GC (Gas Chromatography) results on the 

exhaust gases from incineration showed that the emissions of dioxin and 

precursors were largely suppressed with the increasing content of TiO2 in 

PVC/TiO2 nanocomposite, as compared with those in the neat PVC without 

TiO2. 

  

 Amberlite MB 150 and chitosan beads were used by Tripathi et al. 

(2007) to immobilize amylase from mung beans (Vignaradiata). The 

performance of free and immobilized enzymes was compared. The activity loss 

for free amylase after 100 days of storage at 4 
◦
C was ∼70%, whereas for 

amberlite and chitosan-based amylases, it was 45% and 55% respectively under 

the identical experimental conditions. Moreover, polymer-based amylase 

showed a residual activity of 43% and 27% respectively after 10 uses. 

 

 Lin et al. (2005) synthesized nanoscale zero valent copper (nZVC) 

supported on a cation exchange resin to enhance the removal of carbon 
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tetrachloride (CCl4) from water. The use of the cation exchange resin as a 

support effectively prevented the reduction of surface area due to the 

agglomeration of nZVC particles. Moreover, the cation exchange resin recycled 

the copper ions produced from the reaction between CCl4 and Cu
0
 by 

simultaneous ion exchange. The decline in the amount of CCl4 in aqueous 

solution resulted from the combined effects of degradation by nZVC and 

sorption by the host resin. The pseudo-first-order rate constant normalized by the 

surface-area and the mass concentration of nZVC was approximately twenty 

times that of commercial powdered ZVC. 

 

 Ameen et al. (2011) prepared poly 1-naphthylamine (PNA)/TiO2 

nanocomposite by in-situ polymerization and observed an enhanced 

photocatalytic activity for the degradation of methylene blue (MB) dye under 

visible light illumination. The high photodegradation efficiency of the MB dye 

may be attributed to the efficient charge separation of the electrons (e
−
 ) and hole 

(h
+
 ) pairs at the interfaces of PNA and TiO2 , as suggested related to the slightly 

high red shift in UV–Vis results.  

 

 Cepak et al. (1997) prepared a semiconductor tubular nanocomposite 

in a 60 mm thick alumina template membrane with 200 nm diameter pores. TiO2 

tubules were synthesized within the pores of the alumina membrane via the sol–

gel process before they were subjected to thermal treatment. Polypyrrole wires 

were then grown inside the semiconductor tubules by using the chemical 

polymerization method. The conductive polymer enhanced the electrical 

conductivity of the material, which promised a higher photo-efficiency of the 

TiO2 poly pyrrole nanocomposites as a photocatalyst. 

 

 Yu et al. (2008) reported an approach for synthesis of cellulose/ TiO2 

nanocomposites in the presence of supercritical carbon dioxide. It was found that 

supercritical carbon dioxide influenced the interactions between the molecular 
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chains of cellulose, and the titania particles were facilitated to access and 

impregnate into the crystalline structure of cellulose fibers through formation of 

hydrogen bonds with abundant hydroxyl groups of cellulose, resulting in a great 

improvement in thermal stability. 

 

 Tong et al. (2000) developed a sol–gel approach to prepare 

polyimide-TiO2 hybrid films from soluble polyimides and a modified titanium 

precursor. The rate of the hydrolysis reaction of titanium alkoxide can be 

controlled by using acetic acid as a modifier. FTIR (Fourier Transform Infrared 

Spectroscopy) and XPS (X-ray Photoelectron Spectroscopy) indicated that TiO2 

particles were well encapsulated in polyimide matrix with particle size smaller 

than 60 nm. 

 

 Tang et al. (2006), synthesized nano-ZnO/poly (methyl methacrylate) 

(PMMA) composite by in-site emulsion polymerization. To avoid the 

aggregation in the polymerization and to ensure their effective encapsulation, 

nano-ZnO particles were treated with the methacryloxypropyltrimethoxysilane 

(MPTMS) before they were added to the polymerization system. 

 

 Sil & Chakrabarti (2010) addressed the problem of degrading 

polyvinyl chloride (PVC) by photo catalysis by exposing a PVC–ZnO composite 

film to solar radiation as well as to artificial UV radiation in presence of water 

and air. Degradation in the two processes has been compared. The surface 

morphology as well as the FTIR spectroscopy of the irradiated film has been 

critically examined. The degradation was measured by weight loss data and was 

found to follow a pseudo-first order rate equation. The various parameters 

studied were loading of the semiconductor and intensity of UV radiation. A 

possible mechanism has been suggested and the corresponding rate equation has 

been modeled. The model has been validated by the experimental data. 
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 Leyva et al. (2008) presented the photocatalytic degradation of 

pyridine in water solution using ZnO as an alternative catalyst to TiO2. They 

concluded that the combination of UV light and ZnO could be efficiently used to 

oxidize pyridine. Furthermore, the degree of pyridine degradation is affected by 

the irradiation time and the amount of catalyst. Only 1 g/l of catalyst was enough 

to promote the complete mineralization of the parent organic compound. The 

photocatalytic oxidation is quite efficient at pH = 6.8 ± 0.2. HPLC studies of the 

reaction mixture indicated the degradation of pyridine to take place in two steps. 

In addition, the kinetic parameters of the Langmuir-Hinshelwood model that 

describe the initial reaction rate for the photocatalytic degradation of pyridine 

over TiO2 and ZnO are presented. They clearly indicate that zinc oxide induces 

faster photocatalytic degradation reactions because it has better adsorption 

properties than TiO2. 

 

 Zhu et al. (2009) examined the photocatalytic decolorization and 

degradation of congored by using innovative cross-linked chitosan/nano-CdS 

composite catalyst under visible light irradiation. Cs/n-CdS composite catalyst 

was prepared by simulating bio-mineralization process and could be efficiently 

applied for decolorization and degradation of the model compound (congored). 

It has been found that the photocatalyst amount, initial dye concentration, the 

solution pH and the co-existing anions had strong influences on the 

decolorization and degradation of CR. The photocatalytic degradation kinetics of 

CR using CS/n-CdS under simulated visible light fitted the L–H kinetics model 

well. The dye could be more efficiently decolorized in acidic media than alkaline 

media. The presence of NO3
−
 accelerated evidently the degradation reaction of 

CR. However, the other chosen anions (Br
-
, SO4

2−
 and Cl

−
) had an inhibitory 

effect on the decolorization of the dye, of which the inhibitory effect of Cl
−
 was 

the most pronounced. It was found that 85.9% of degradation rate was achieved 

within 180 min of irradiation for 20 mg L
−1

 CR solution at natural pH of 6.0 in 

the presence of 1.5 g L
−1

 CS/n-CdS composite catalyst under simulated visible 
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light. UV–Vis spectra were analyzed to indicate that degradation of CR in the 

solution was the breakup of the N=N bonds and degradation of aromatic 

fragment in this reaction system. The recycling experiments confirmed the 

relative stability of the catalyst. 

 

 Liu & Kim (2012) studied the characterization and antibacterial 

properties of cross linked chitosan/poly(ethyleneglycol)/ZnO/Ag 

nanocomposites. The effects of composition and ZnO nanoparticles on the 

physico-chemical properties of nanocomposite samples were evaluated by 

infrared analysis, X-ray diffraction and scanning electron microscopy. 

GC/PEG/ZnO/Ag nanocomposite showed the pH-sensitive swelling behaviour 

and the improved mechanical properties. The antibacterial activities of 

nanocomposite films were tested toward the bacterial species Escherichia coli, 

Pseudomonas aeruginosa, Staphylococcus aureus and Bacillus subtilis. 

GC/PEG/ZnO/Ag composite films had higher antibacterial activities than 

GC/PEG and GC/PEG/ZnO nanocomposite films. GC/PEG/ZnO/Ag composite 

films have potential application as wound and burn dressings. 

 

 Effective photocatalytic decolorization of methyl orange utilizing 

TiO2/ZnO/chitosan nanocomposite films under simulated solar irradiation was 

studied by Zhu et al. (2012). From the results they found that the 

TiO2/ZnO/chitosan NTFs exhibited high photocatalytic activity under simulated 

solar irradiation. After 4 h of irradiation by simulated solar light, over 97% of 

methyl orange solution (15 mg L
−1

) was decolorized with 0.5 g L
−1

 of the 

photocatalyst. The TiO2/ZnO/chitosan NTFs could be reused, which meant that 

the adsorption-photocatalytic decolorization process could be operated at a 

relatively low cost. Since this process does not require the addition of hydrogen 

peroxide and uses solar light, it can be developed as an economically feasible 

and environmentally friendly method to decolorize or treat dye wastewater using 

sunlight. 
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 Jianget al. (2011) observed the effective decolorization of azo dye 

utilizing SnO2/CuO/Polymer films under simulated solar light irradiation. The 

results showed good crystalline and clear lattice spacing of the novel composite 

photocatalyst. BSR was bleached effectively and the decolorization efficiency 

was >98% in the presence of 1.0 g L
–1 

photocatalyst under simulated solar light 

irradiation. The decolorization was more effective in acidic solution with the 

optimal pH in the range of 4–6. The tested co-anions in general decreased the 

decolorization rates by decreasing the adsorption of BSR on the surface of the 

photocatalyst and reacting with positive hole (h
+
)/hydroxyl radicals (HO·). 

 

 Immobilized bilayer TiO2/chitosan system for the removal of phenol 

under irradiation by a 45 watt compact fluorescent lamp study was carried out by 

Nawi et al. (2011). From the results they found out that highly porous structure 

of immobilized TiO2 layer allows better diffusion of pollutants, increases the 

light penetration and improves the optical property as indicated by 

photoluminescence spectroscopy (PLS) analysis. Consequently, the 

photocatalytic activity and mineralization rate of the immobilized bilayer 

TiO2/CS system becomes approximately twice as fast as an immobilized TiO2 

single layer system and as good as TiO2 powder in a slurry system. Moreover, 

the adsorption effect was extremely negligible and the photodegradation of 

phenol was mainly due to the photocatalytic process. 

 

 Chen et al. (2012) employed the novel thiourea-modified magnetic 

ion-imprinted chitosan/TiO2 composite for simultaneous removal of cadmium 

and 2, 4-dichlorophenol. The kinetic study demonstrated that the adsorption 

process proceeded according to the pseudo-second-order model. The maximum 

adsorption capacity for cadmium was 256.41 mg/g according to the Langmuir 

model. The intermediate products of the reaction consisted of 4-chlorophenol, 

1,4-benzoquinone, phenol, cyclohexanol and some other trace substances, as 

identified by gas chromatography/mass spectroscopy (GC/MS) technique. The 



 
73 

 
 

sequential degradation process was proposed, including reductive dechlorination 

or reaction with hydroxyl radicals based on the products identified. The used 

sorbent was reusable after regenerated through desorption, and the adsorption 

and degradation capacities were barely affected after five cycles. 

 

 Zhao et al. (2011) review the polymer nanocomposites for 

environmental application. This article gives an overview of polymer 

nanocomposites for environment application. A brief summary of the fabrication 

methods of polymer nanocomposites is provided, and recent advances on the 

application of PNC materials for treatment of contaminants, pollutant sensing 

and detection and green chemistry are highlighted. In addition, the research 

trends and prospective in the coming future are briefly discussed. 

 

 Simplified synthesis of polyaniline TiO2 composite nanotubes for 

removal of azo dyes in aqueous solution was studied by Cheng et al. (2013). In 

addition, the one-dimensional material retained relatively high removal ability 

after four repeated utilizations. This may provide a new approach for effective 

separation of organic contamination from aqueous solution by using organic–

inorganic semiconductor composites with one-dimensional nanostructure. 

 

 Cao et al. (2013) examined the visible-light photocatalytic 

decolorization of reactive brilliant red X-3Bon Cu2O/cross linked-chitosan 

nanocomposites prepared via one step process. It was found that the 

photocatalytic decolorization process on Cu2O/CS nanocomposites followed 

apparent pseudo first order kinetics model. The dye X-3B is decolorized more 

efficiently in acidic media than in alkaline media. Cu2O/CS nanocomposites 

exhibited enhanced visible-light photocatalytic activity compared with other 

photocatalysts reported before under similar experimental conditions. 

 

 Zambrano et al. (2017) examined the outstanding visible light 

photocatalytic activity of a new mixed bismuth titanate material. The material 
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was composed of three phases; majority of Bi2TiO2 closely interconnected to 

Bi4Ti3O12 and amorphous TiO2. The high visible activity showed by this material 

could be ascribed to a combination of several features; i.e. low band gap energy 

value (2.1 eV), a structure allowing a good separation path for visible 

photogenerated electron holes pairs and a relatively high surface area. This 

photocatalyst appeared as a promising material for solar and visible applications 

of photocatalysis. 

 

 Photodegradation of phenol using reconstructed Ce doped Zn/Al 

layered double hydroxides as photocatalysts was studied by Quezada et al. 

(2016). A mechanism where cerium in the layered material promotes the 

separation of the photogenerated electron–hole pairs is proposed. In this 

mechanism, Ce
4+

 acts as electron scavenger, facilitating the electron transfer 

toward adsorbed O2 and an accumulation of holes, increasing the generation of 

radicals OH
•
. 

 

 Bitonto et al. (2017) studied the efficient and reusable adsorbents for 

the removal of Pb
2+ 

from water. They found that the use of sodium borohydride 

(NaBH4) and titanium (IV) isopropoxide (TTIP) as precursors permits a very 

easy synthesis of B-doped adsorbents at 298 K. The new adsorbent materials 

were first chemically characterized (XRD, XPS, SEM, DRIFT and elemental 

analysis) and then tested in Pb
2+

adsorption batch experiments, in order to define 

kinetics and equilibrium studies. The nature of interaction between such sorbent 

materials and Pb
2+ 

was also well defined: besides a pure adsorption due to 

hydroxyl interaction functionalities, there is also an ionic exchange between Pb
2+ 

and sodium ions even working at pH 4.4. Langmuir model presented the best 

fitting with a maximum adsorption capacity up to 385 mg/g. The effect of 

solution pH and common ions (i.e. Na
+
, Ca

2+
and Mg

2+
) onto Pb

2+ 
sorption were 

also investigated. Finally, recovery was positively conducted using EDTA. Very 
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efficient adsorption (>99.9%) was verified even using tap water spiked with 

traces of Pb
2+

 (50 ppb). 

 

 Great improvement on tetracycline removal using ZnO rod-activated 

carbon fiber composite prepared with a facile microwave method was studied by 

Thi & Lee (2016). The properties of ZnO were efficiently transferred, such that 

the resulting material, termed ZnO rod-ACF, demonstrated a promising potential 

as an efficient photocatalyst and simultaneously as an adsorbent. Pharmaceutical 

tetracycline at a concentration of 40 mg/L was used to evaluate the organic 

pollutant removal capacity of the synthesized materials. At pH 8, ZnO rod 

exhibited excellent removal capacity (over 99%) and mineralization (90.7%) of 

tetracycline in aqueous solution within 1 hour under UV irradiation. The 

stability of ZnO rod-ACF was maintained and the mineralization of tetracycline 

was also maintained at 81.35% after multiple usage cycles. The 

photodegradation pathways of tetracycline were proposed based on the identified 

reaction intermediates. 

 

 Agarwal et al. (2016) evaluated the efficient removal of toxic 

bromothymol blue and methylene blue from waste water by polyvinyl alcohol. 

Optimum pH and contact time for the high efficient removal were found to be 6 

and 10 min respectively. The adsorption isotherms were well interpreted by 

Freundlich and Langmuir models. The maximum adsorption capacities obtained 

from Langmuir model were 276.2 and 123.3 mg/g for BTB and MB 

respectively. In addition, the removal efficiencies for both adsorbates 

respectively, were found to be 98.65% and 61.32%. Several adsorption kinetic 

models were used to fit the experimental data, such as simple first order, the 

pseudo first order, pseudo second order and intra particle diffusion models. The 

adsorption process concurrently adapted to the pseudo-second-order kinetics and 

it was found to be the best fitting model with the obtained experimental data. 
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 Comparative study of catalytic activity of ZrO2 nanoparticles for 

sonocatalytic and photocatalytic degradation of cationic and anionic dyes are 

studied by Bansal et al. (2015). The degradation of the organic dyes has been 

studied by monitoring the decrease in concentration of the dye with respect to 

original concentration of dye. The effects of operating parameters such as 

catalyst dosage, pH and dye initial concentration have also been investigated. 

The enhanced degradation capacity of ZrO2 NPs in the presence of ultrasonic 

irradiations than in the presence of UV–visible irradiation has been discussed. 

The degradation of both the dyes follows pseudo-first order kinetics. The rate 

constants for both sonocatalysis and photocatalysis have been successfully 

established and reusability tests have also been done to ensure the stability of the 

used catalysts. Rate constant for sonocatalysis is very high as compared to 

photocatalysis. 

 

 Bao et al. (2016) studied the morphology control of ZnO 

microstructures by varying hexamethylene tetramine and trisodium citrate 

concentration and their photocatalytic activity. In addition, the photocatalytic 

decolorization of aqueous solution of methyl orange in the presence of various 

morphological ZnO powder was investigated under ultraviolet light irradiation. 

The results showed that hollow ZnO microstructures had extremely high 

photocatalytic activities compared with those of solid ZnO samples. This 

remarkable photocatalytic activity is mainly due to their unique hollow 

structures, which results in larger surface area to volume ratio. 

 

 Bhukal et al. (2014) examined the structural, electrical and magnetic 

properties and their role in photocatalytic degradation of methyl orange azo dye. 

The photocatalytic activity of all the nanoferrites was evaluated by the 

degradation of methyl orange dye and it was observed that the degradation of 

methyl orange was enhanced with increase in Mn
3+ 

ions from 0.2 to 1.0. This 
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might be due to the octahedral site preference and higher redox potential of 

manganese ion as compared to those of iron. 

 

 Efficient synthesis of sunlight-driven ZnO-based heterogeneous 

photocatalysts was studied by Chang et al. (2016). The ZnO- and Ag-ZnO-rGO 

nanocomposites displayed excellent recyclability, due to the strongly coupled 

interactions between the ZnO or Ag nanoparticles and the rGO support. The 

ZnO-rGO nanocomposite is the most promising candidate for photocatalysis 

application with excellent comprehensive performance. This study will not only 

provide guidance for the selection of ZnO-based heterogeneous photocatalysts, 

but also open new opportunities for the synthesis of other heterogeneous 

photocatalysts. 

 

 Gupta et al. (2016) employed the CoFe2O4@TiO2 decorated reduced 

graphene oxide nanocomposite for photocatalytic degradation of chlorpyrifos. 

The photocatalytic degradation of chlorpyrifos followed the pseudo-first-order 

kinetic model. The results indicated that the nanocomposite exhibited a high 

efficient photocatalytic activity on the photodegradation of chlorpyrifos. The 

nanocomposite was separated from the solution by a magnet and reused after the 

photodegradation of chlorpyrifos. The recyclable nature of the nanocomposite is 

economically significant in the industry. 
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CHAPTER 3 

MATERIALS AND METHODOLOGY 

 

 

3.1  CHEMICALS 

 The chemical substances used for synthesis were all 99% + pure 

(Merck): Titanium butaoxide (TBO), ammonium meta vanadate (NH4VO3) 

sodium hydroxide (NaOH), chitosan, poly vinyl chloride (PVC), zinc acetate, 

hydrochloric acid, cadmium oxide (CdO), nickel oxide (NiO), congo red, 

rhodamine B. 

 

 Deminerilized water (with a resistivity of 18.2 MΩ) was used 

throughout the study. The other solvents tetrahydrofuran (THF) and ethanol used 

were distilled in vacuum and kept dry (99% pure). 

 

3.2  SYNTHESIS OF NANOPARTICLES OF METAL OXIDES 

 The metal oxides selected for the catalytic study were TiO2, ZnO and 

V2O5. The CdO and NiO were purchased from Sigma Aldrich. 

 

3.2.1  Synthesis of TiO2 nanoparticles 

 Titanium dioxide nanoparticles used in this study were synthesized 

via sol gel method (Kumar et al. 2014) from TBO. A 1:1 mixture of water and 

ethanol was first stirred for 30 minutes at room temperature. The pH of the 

solution was maintained with hydrochloric acid and stirred well for an additional 

30 minutes. TBO was mixed with an equal volume of ethanol and added 

dropwise into the ethanol/water mixture. After the addition of TBO the mixture 

was stirred for 3 hours at room temperature. Then the solution was refluxed at 80 
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ºC for 18 hours to condense into TiO2. The resulting gel was centrifuged to 

remove excess water and ethanol, dried at 500 ºC in air oven for 5 hours to 

remove any remaining precursors of butanol, ground well for 80-120 minutes. 

Thus synthesized TiO2 nanoparticles were used for further studies. 

 

3.2.2  Synthesis of ZnO nanoparticles 

 Zinc oxide nanoparticle was prepared by sol gel (Kumar et al. 2014) 

method using zinc acetate and sodium hydroxide. Appropriate amount of zinc 

acetate was dissolved in distilled water and stirred continuously. To this 0.5 N 

solution of sodium hydroxide was added drop by drop leading to the formation 

of white precipitate. The precipitated ZnO was dried in an air oven at 70 °C for 1 

hour and annealed at 300 °C. The synthesized ZnO nanoparticles were used for 

further characterization study. 

 

3.2.3  Synthesis of V2O5 nanoparticles 

 The synthesis of vanadium pentoxide nanoparticles was carried out 

by surfactant assisted hydrothermal method (Yu et al. 2013). V2O5 was prepared 

by mixing appropriate amount of ammonium metavanadate (NH4VO3) and 

sodium dodecyl sulphate (SDS). Simultaneously 50 ml of ethanol and 50 ml of 

distilled water were added to the above mixture. The mixture was kept at reflux 

for 2 hours at 180 °C. After cooling to room temperature, it was precipitated and 

kept in air oven at 110 °C overnight. The sample was then calcinated at 400 °C 

for 2 hours. And for the complete removal of the surfactant it was again heated 

for 2 hours at 600 °C 

 

3.3  PREPARATION OF POLYMER NANOCOMPOSITES 

 Nine different polymer nanocomposites were prepared by solution 

cast method (Kumar et al. 2015) using metal oxide nanoparticles, polymers and 

filler material. Poly vinyl chloride (PVC) polymer was selected for the support 



 
80 

 
 

of nanoparticles and chitosan bio polymer was selected as a filler material for the 

preparation of polymer nanocomposites. 

 

3.3.1  Preparation of PVC/ TiO2 Polymer nanocomposites 

 PVC (90%) was dissolved in tetrahydrofuran with continuous stirring. 

Titanium dioxide nanoparticle (10%) was added and stirring was continued for 

about 24 hours. Then the mixture was placed in an ultrasonic bath for 1 hour. 

The resulting homogeneous mixture was poured into a petri dish and dried at 

room temperature. The films were dried in an air oven at 105 °C. The dry films 

were then peeled off from the petri dish.  

 

3.3.2  Preparation of PVC/TiO2/Chitosan Polymer nanocomposites 

 PVC/TiO2/Chitosan polymer nanocomposite was prepared by 

solution cast method. 5% of chitosan solution was prepared by dissolving 

chitosan (5%) in 100 ml of 2% of (V/V) aqueous acetic acid under ultrasonic 

stirring for 2 hours at room temperature. To this solution polyvinyl chloride 

(90%) and titanium dioxide (5%) were added. The reaction mixture was stirred 

for 3 hours. Then the resulting homogeneous mixture was poured into a petri 

dish and dried at room temperature. Then the films were dried in an air oven at 

105 °C, The dry films were peeled off from the petri dish.  

 

3.3.3  Preparation of PVC/ TiO2/V2O5 Polymer nanocomposites 

 PVC (90%) was dissolved in tetrahydrofuran with continuous stirring. 

To this solution titanium dioxide (5%) and vanadium pentoxide nanoparticles 

(5%) were added. Stirring was continued for about 24 hours. Then the mixture 

was placed in an ultrasonic bath for 1 hour. The resulting homogeneous mixture 

was poured into a petri dish and dried at room temperature. Then the films were 

dried in an air oven at 105 °C. The dry films were peeled off from the petri dish. 
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3.3.4  Preparation of PVC/ZnO Polymer nanocomposites 

 PVC (90%) was dissolved in tetrahydrofuran with continuous stirring. 

Zinc oxide nanoparticles (10%) were added and stirring was continued for about 

24 hours. Then the mixture was placed in an ultrasonic bath for 1 hour. The 

resulting homogeneous mixture was poured into a petri dish and dried at room 

temperature. The films were dried in an air oven at 105 °C. The dry films were 

then peeled off from the petri dish. 

 

3.3.5  Preparation of PVC/ZnO/Chitosan Polymer nanocomposites 

 PVC/ZnO/Chitosan polymer nanocomposite was prepared by solution 

cast method. 5% of chitosan solution was prepared by dissolving chitosan (5%) 

in 100 ml of 2% of (V/V) aqueous acetic acid under ultrasonic stirring for 2 

hours at room temperature. To this solution polyvinyl chloride (90%) and zinc 

oxide (5%) were added. The reaction mixture was stirred for 3 hours. Then the 

resulting homogeneous mixture was poured into a petri dish and dried at room 

temperature. Then the films were dried in an air oven at 105 °C, The dry films 

were peeled off from the petri dish. 

 

3.3.6  Preparation of PVC/ZnO/ V2O5 Polymer nanocomposites 

 The PVC (90%) was dissolved in tetrahydrofuran with continuous 

stirring. To this solution zinc oxide (5%) and vanadium pentoxide nanoparticles 

(5%) were added. Stirring was continued for about 24 hours. Then the mixture 

was placed in an ultrasonic bath for 1 hour. The resulting homogeneous mixture 

was poured into a petri dish and dried at room temperature. Then the films were 

dried in air oven at 105 °C. The dry films were peeled off from the petri dish. 

 

3.3.7  Preparation of PVC/CdO Polymer nanocomposites 

 PVC (90%) was dissolved in tetrahydrofuran with continuous stirring. 

Cadmium oxide nanoparticles (10%) were added and stirring was continued for 
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about 24 hours. Then the mixture was placed in an ultrasonic bath for 1 hour. 

The resulting homogeneous mixture was poured into a petri dish and dried at 

room temperature. The films were dried in an air oven at 105 °C. The dry films 

were then peeled off from the petri dish. 

 

3.3.8  Preparation of PVC/CdO/Chitosan Polymer nanocomposites 

 PVC/CdO/Chitosan polymer nanocomposite was prepared by solution 

cast method. 5% of chitosan solution was prepared by dissolving chitosan (5%) 

in 100 ml of 2% of (V/V) aqueous acetic acid under ultrasonic stirring for 2 

hours at room temperature. To this solution polyvinyl chloride (90%) and 

cadmium oxide (5%) were added. The reaction mixture was stirred for 3 hours. 

Then the resulting homogeneous mixture was poured into a petri dish and dried 

at room temperature. Then the films were dried in an air oven at 105 °C, The dry 

films were peeled off from the petri dish.  

 

3.3.9  Preparation of PVC/CdO/NiO Polymer nanocomposites 

 The PVC (90%) was dissolved in tetrahydrofuran with continuous 

stirring. To this solution cadmium oxide (5%) and nickel oxide nanoparticles 

(5%) were added. Stirring was continued for about 24 hours. Then the mixture 

was placed in an ultrasonic bath for 1 hour. The resulting homogeneous mixture 

was poured into a petri dish and dried at room temperature. Then the films were 

dried in air oven at 105 °C. The dry films were peeled off from the petri dish. 

 

3.4  CHARACTERIZATION 

3.4.1  Energy Dispersive X-ray Analysis (EDAX) 

 The energy dispersive X-ray analysis of nanoparticles was carried out 

in sophisticated instrument facility, Cochin, Kerala, India. 
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3.4.2  UV-Visible Spectral Analysis 

 The diffused reflectance UV-visible (DRS-UV-Vis) spectra were 

recorded with the help of Shimadzu-2600 spectrometer available in Centre for 

Scientific and Applied Research, PSN College of Engineering and Technology, 

Tirunelveli, Tamilnadu, India with spectral range of 220-1200 nm (for the 

absorbance of synthesized metal oxide nanoparticles) and 200-800 nm (for the 

measurements of dye absorbance during catalytic degradation studies). The 

sample cell (Quartz) of appropriate size and 1 cm path length was used. It was 

placed directly in the sample holder. 

 

3.4.3  Fourier Transform Infrared Spectral Analysis (FTIR) 

 Fourier transform infrared (FTIR) spectrum was recorded using a 

JASCO FTIR 4600 spectrometer in the wave number region 400-4000 cm
-1 

available in Centre for Scientific and Applied Research, PSN College of 

Engineering and Technology, to identify the presence of functional groups in the 

nanoparticles and polymer composites.  

 

3.4.4  Scanning Electron Microscopy Analysis (SEM) 

 Scanning electron microscopy provides direct evidence of the 

formation of nanoparticles on the surface of polymer. The analysis was carried 

out using (JEOL Model JSM - 6390LV) with the magnification range of 5 × 

300,000 available in sophisticated instrument facility, Cochin, Kerala, India. 

 

3.4.5 Optical Microscopy Analysis 

 The morphology of synthesized nanoparticle and prepared polymer 

composites was examined by Optical microscopy (OLYMPUS BX 51M) in the 

Centre for Scientific and Applied Research, PSN College of Engineering and 

Technology, Tirunelveli. 
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3.4.6  Powder X-ray Diffraction (PXRD) 

 The powder X-ray diffraction patterns of the synthesized 

nanoparticles were taken using a Philips X‘pert Pro diffractometer (operating at 

40 kV and 30 mA) with CuKα radiation (λ=1.5418 Å) scanned over the 2θ range 

of 10-80° at the rate of 2 °/min. The Debye Scherer expression was employed for 

the estimation of average crystalline size of different samples. The powder X-ray 

diffraction was carried out in sophisticated instrument facility, Cochin, Kerala, 

India. 

 

3.4.7  Mechanical Strength Analysis 

 The mechanical strength of the polymer nanocomposites was 

analyzed using a Universal Testing Machine (UTM) analyzer. The study was 

carried out in Lord Jeganath College of Engineering and Technology, Nagercoil, 

Tamilnadu, India. 

 

3.4.8  Thermogravimetric Analysis (TG/DTA) 

 Thermogravimetric analysis (TG/DTA) was carried out using a 

Perkin Elmer Diamond TG/DTA analyzer under inert gas atmosphere heating 

rate of 20 °C /mins to know the thermal stability of prepared polymer 

nanocomposites in sophisticated instrument facility, Cochin, Kerala, India. 

 

3.5  COMPONENTS OF PHOTOREACTOR 

 The photocatalytic degradation study was carried outusing HEBER 

multilamp photo reactor available in Centre for Scientific and Applied Research, 

PSN College of Engineering and Technology, Tirunelveli, Tamilnadu, India. 

The description of the instrument photoreactor used for photocatalytic study is 

given below.  
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 UV-lamps 

 24 numbers of low pressure mercury vapor lamps (Sankyodenki, 

Japan) of 8W emitting wavelength at 254, 312 & 365 nm along with metallic 

specially coated holders with proper heat resistant insulation are provided. 

 Reaction Chamber 

 The above 24 lamps are permanently fixed alternatively inside the 

reaction chamber. Four numbers of DC cooling fans are fixed at the bottom of 

the reaction chamber for air circulation inside the chamber. Suitable top lids are 

provided to keep the reaction tubes and reaction vessels. 

 Magnetic stirrer 

 One number of magnetic stirrer of 1L capacity is mounted at the 

bottom of reaction chamber. 

 

Figure 3.1 Photograph of HEBER multilamp photoreactor 
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3.6  DESCRIPTION OF PHOTO DEGRADATION PROCESS 

 The degradation studies were carried out using suitable photocatalyst 

in the photo reactor (Figure 3.1). The organic dyes used for study are: 

 Congo red 

 Rhodamine B  

 

 The nine polymer nanocomposites synthesized were used as 

photocatalyst independently in each study. The reaction mixture is subjected to 

UV radiation at 365 nm. A known concentration of CR and RhB organic dyes (7 

ppm in 75 ml) is taken in the reaction vessel. Certain (10, 30, 50 and 70 mg) 

weight of catalyst was added into the reaction vessel. The lambda maximum for 

congo red is observed at 490, 348 and 238 nm and rhodamine B at 553 nm. The 

organic dyes were subjected to radiation (365 nm) for a definite period of time. 

UV spectrum is recorded periodically with samples withdrawn from reaction 

vessel. The radiation is continued till 95% degradation is obtained. The spectrum 

is recorded and the sample spectrum is presented in (chapters 5, 6 and 7). 
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CHAPTER 4 

CHARACTERIZATION OF METAL OXIDE PARTICLES 

 

 

 Semiconductor metal oxides, due to their band energy gap are suitable 

for photocatalytic application. The nanoparticles of these metal oxides, act as 

better photocatalyst due to their larger surface area. The nanoparticles of two 

metal oxides viz CdO and NiO are purchased as such from Sigma Aldrich. The 

nanoparticles of the following metal oxides are synthesized and characterized. 

The synthesis part is given in the experimental section (Chapter III). 

 Titanium dioxide 

 Zinc Oxide  

 Vanadium pentoxide 

 

 The characterization techniques used for these nanoparticles are; 

Energy dispersive X-ray analysis (EDAX), Powder X-ray diffraction analysis 

(PXRD), Ultra violet spectral analysis, Fourier transform infra red spectral 

analysis ( FITR), Optical microscopy analysis and Scanning electron microscopy 

analysis (SEM). The characterization of each metal oxide nanoparticles are 

separately dealt with. 

 

4.1  CHARACTERIZATION OF TiO2 NANOPARTICLES 

4.1.1  Energy Dispersive X-ray Analysis (EDAX) 

 The results obtained through energy dispersive X-ray analysis 

confirms the presence of Ti-O (Ti and O). The elemental composition of the 

TiO2 was found to be of 52.6% Ti and 47.4% of O by which the presence of 



 
88 

 
 

elements Ti and O was confirmed. The energy dispersive spectrum is given in 

the Figure 4.1. 

 

Figure 4.1 Energy dispersive X-ray spectrum of TiO2 nanoparticle 

 

 

4.1.2  Powder X-ray Diffraction Analysis 

 The powder X-ray diffraction pattern of TiO2 is given in the Figure 

4.2. The powder X-ray diffraction analysis is performed to know the phase 

formation of synthesized TiO2 nanoparticles. The wide angle powder X-ray 

diffraction was recorded over the 2θ range of 10 – 80°. The lattice constant 

values of the tetragonal phase of the TiO2 nanoparticle is a = 3.785 and c = 

9.513. This is in good agreement with the standard JCPDS data (JCPDS card 

No.21-1272). Figure 4.2 shows the strong and sharp peaks analogous to the 

tetragonal structure of TiO2 nanoparticles. The characterization peaks observed 

in the 2θ range at  25.2°, 38.5°, 48.1°, 53.8°, 55.0° and 62.6° can be attributed to 

the (101), (004), (200), (105), (211) and (204) plane of the tetragonal structure of 

TiO2 nanoparticles respectively. The crystallite size (D) was calculated from the 

major diffraction peak of the base of (101) using the Scherrer formula (Nisari et 
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al. 2009) D= Kλ/βcosθ, where K is a constant or shape factor (~0.9), λ is the X-

ray wavelength used in XRD, θ is the Bragg angle and β is the full width half 

maximum for major diffraction peak. The size of crystallite was about 81.0 nm. 

The PXRD data confirms the tetragonal phase of the TiO2 nanoparticles. 

 

 

Figure 4.2 Powder X-ray diffraction pattern of TiO2 nanoparticle 

 

 

4.1.3  UV-Visible Spectral Analysis 

 The UV-Vis spectrum of TiO2 is presented in Figure 4.3. The UV-Vis 

absorption of TiO2 nanoparticles was measured in the wavelength range of 220 – 

1200 nm. The maximum absorption is found to be in 380 nm.  

 

 The UV spectrum is used to calculate the band gap energy of the TiO2 

nanoparticles. Figure 4.4 shows the Tauc‘s plot of titanium dioxide nanoparticle. 

The band gap energy is calculated using Kubelka Munk equation (Saputra et al. 

2013). 
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where α, v, A and Eg are the absorption coefficient, light frequency, 

proportionality constant and band gap energy respectively. The calculated band 

gap energy value is 3.26 eV (Vetrivel et al. 2015; Muneer et al. 2012). 

 

 

Figure 4.3 UV-Vis-absorption spectrum of TiO2 nanoparticle 

 

 
 

 

Figure 4.4 Tauc’s plot of TiO2 nanoparticle 
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4.1.4  Fourier Transform Infrared Spectral Analysis 

 FTIR spectrum of TiO2 nanoparticles is given in the Figure 4.5. FTIR 

analysis is used to identify the functional group present in the synthesized TiO2 

nanoparticle. The peaks observed at 3400 and 1613 cm 
-1

 are due to the 

stretching and bending vibrations of –OH group (Vetrivel et al. 2015). The peak 

at 655.4 cm
-1 

shows the stretching and bending vibration mode of Ti-O. There is 

no peak at 2900 cm
-1

, which means that all organic compounds are removed 

from the samples. 

 

. 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 FTIR spectrum of TiO2 nanoparticle 

 

 

4.1.5  Optical Microscopy Analysis 

 Figure 4.6 shows the optical microscopy image of the TiO2 

nanoparticles. TiO2 nanoparticles are spongy in nature with spherical shape. In 

some places they are agglomerated and other places are porous in nature. The 

porous nature supports catalytic activity.  
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Figure 4.6 Optical microscopy image of TiO2 nanoparticle 

 

 

4.1.6  Scanning Electron Microscopy 

 Figure 4.7 shows the SEM image of the TiO2 nanoparticles. It shows 

that the synthesized TiO2 nanoparticles are well dispersed throughout and 

agglomerated in some places. Moreover, the surface has many irregular small 

granules with spongy shape. 

 

 

Figure 4.7 SEM image of TiO2 nanoparticle 
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4.1.7  Thermal Analysis 

 Figure 4.8 shows a combined plot of TG and DTA. To determine the 

crystalline conditions, TGA of TiO2 nanoparticles was carried out. The 

specimens were heated from room temperature to 750 
o
C with an increment of 

20 
o
C/min in an inert atmosphere. Notably in the TGA data plots there is a small 

amount of weight loss of the nanoparticles around 100 
o
C indicating the 

evaporation of water and/or moisture. The TG/DTA curve obtained shows single 

stage of decomposition without forming any intermediates.  

 

 

Figure 4.8 TG/DTA curve of TiO2 nanoparticle 

 

 

4.2  CHARACTERIZATION OF ZnO NANOPARTICLES 

4.2.1  Energy Dispersive X-ray Analysis (EDAX) 

 Figure 4.9 illustrates the typical EDAX pattern of the bare ZnO 

nanoparticles. Energy dispersive X-ray analysis (EDAX) is a micro analysis 

used in conjugation with SEM. EDAX is used to find the elemental composition 

of the synthesized ZnO nanoparticles. The elemental composition of the ZnO 
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was found to be 64.7% of Zn and 35.3% of O. The presence of ZnO is confirmed 

by EDAX.   

 

 

 

Figure 4.9 Energy dispersive X-ray spectrum of ZnO nanoparticle 

 

 

4.2.2  Powder X-ray Diffraction Analysis 

 Figure 4.10 refers to the smoothened curve of powder X-ray 

diffraction pattern of the synthesized ZnO nanoparticles. The X-ray diffraction 

pattern of the synthesized ZnO nanoparticles was recorded using powder X-ray 

diffractometer. Moreover, the phase formation of synthesized ZnO nano 

materials was confirmed by powder X-ray diffraction measurements. All the 

diffraction peaks are indexed and the high purity hexagonal ZnO with lattice 

constant values a= 3.225 and c= 5.195 are in good agreement with the standard 

JCPDS data (JCPDS card No.36-1451). Powder X-ray diffraction pattern shows 

the strong and sharp peaks which confirm the hexagonal structure of ZnO. The 

characterization peaks observed in the 2θ range at  33.2
o
, 34.4

o
, 35.3

o
, 45.2

o
, 

59.6, 62.5
o
, 65.5

o
, 67.3

o
, 68.7

o
, 74.2

o 
and 77.9

o 
can be attributed to the (100), 

(101), (002), (102), (110), (200), (112), (201), (004) and (202) plane of the 
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hexagonal structure of ZnO nanoparticles respectively. The crystalline size (D) 

was calculated from the major diffraction peak of the base of (101) using the 

Scherrer formula (Nisari et al. 2009) D= Kλ/βcosθ, where K is a constant or 

shape factor (~0.9), λ is the X-ray wavelength used in XRD, θ is the Bragg angle 

and β is the full width half maximum for major diffraction peak. The size of 

crystallite was about 37.3 nm. 

 

 

Figure 4.10 Powder X-ray diffraction pattern of ZnO nanoparticle 

 

 

4.2.3  UV-Visible Spectral analysis 

 The UV- Vis spectrum of ZnO is presented in Figure 4.11. It is 

observed that the appearance of absorption peak found at 390 nm is for ZnO 

nanoparticles. It indicates that there must be a transition from valence band to 

conduction band of ZnO nanoparticles.  

 

 The Tauc‘s plot of hv versus (αhv)
2
 of ZnO nanoparticles is shown in 

Figure 4.12. The band gap energy value was calculated using Kubelka- Munk 

equation: 
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 (αhv)
1/2

 = A (hv-Eg)       (4.2) 

 

where α, v, A and Eg are the absorption coefficient, light frequency, 

proportionality constant and band gap energy respectively. Extrapolation of the 

linear portion of the graph to energy (hv) axis gives band gap energy of the 

material. From the plot of (αhv)
1/2 

Vs hv the band gap energy was calculated to 

be 2.75 eV (Singh et al. 2012).  

 

 

Figure 4.11 The UV-Vis absorption spectrum of ZnO nanoparticle 
 

 

Figure 4.12 Tauc’s plot of ZnO nanoparticle 
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4.2.4  Fourier Transform Infrared Spectral Analysis 

 Figure 4.13 illustrates the FTIR spectra of ZnO nanoparticles. The 

broad absorption band observed in the wave number region 3200 to 3600 cm
-1

 is 

due to O-H stretching vibration of H2O in ZnO. The strong C=O bond stretching 

peak between 1550 and 1690 cm
-1 

and the asymmetric stretching of the C-O 

bond between 1300 and 1390 cm
-1 

were also detected. The range of the ZnO 

peak is at 678.8 cm
-1 

(Singh et al. 2012).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13 FTIR spectrum of ZnO nanoparticle 

 

 

4.2.5  Optical Microscopy Analysis 

 Figure 4.14 shows the optical microscopy image of the synthesized 

ZnO nanoparticle. As in the case of TiO2 nanoparticle, ZnO nanoparticles are 

also porous and spongy in nature with spherical shape leading to agglomeration. 

From the study it is confirmed that the prepared ZnO nanoparticles are porous in 

nature. 
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Figure 4.14 Optical microscopy image of ZnO nanoparticle 

 

 

4.2.6  Scanning Electron Microscopy  

 Figure 4.15 shows the scanning electron microscopic images of the 

ZnO nanoparticle. Surface morphology of the synthesized ZnO nanoparticles 

was analyzed with the help of scanning electron microscope. From the SEM 

analysis it is clear that prepared ZnO nanoparticle is of nanometer size. 

Moreover the surface is porous in nature with uniform nanospheres arranged in 

an orderly fashion. The surface nature of nano material plays an important role 

in photocatalytic application. This nature of surface gives the best photocatalytic 

action. Thus SEM image evidently prove the formation of ZnO nanospheres. 
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Figure 4.15 SEM image of ZnO nanoparticle 

 

 

4.2.7  Thermal Analysis 

 Figure 4.16 represents the thermogravimetric curves of the 

synthesized ZnO. Thermogravimetric analysis provides information about the 

water of crystallization present in the synthesized metal oxide. Figure 4.16 

shows a combined plot of TG and DTA. To determine the crystalline conditions, 

the specimens were heated from room temperature to 750 
o
C with an increment 

of 20
o 

C/min in an inert atmosphere. From the TGA data plots it has been 

observed that the small amount of weight loss occurring at 100 
o
C corresponds 

to the evaporation of water and/or moisture. The TG/DTA curve further shows 

that there is a single stage of decomposition without formation of any 

intermediates.  
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Figure 4.16 TG/DTA curve of ZnO nanoparticle 

 

 

4.3  CHARACTERIZATION OF V2O5 NANOPARTICLES 

4.3.1 Energy Dispersive X-ray Analysis  

 Figure 4.17 shows the typical EDAX pattern of the V2O5 

nanoparticles. The results from EDAX spectra showed that the synthesized V2O5 

nanoparticles contain V and O atoms. No other elements are found. Since the 

peak of V overlaps with the peak of O, the atom ratio cannot be decided. The 

elemental composition of V2O5 is found to be 57.8% of V and 42.2% of O where 

the presence of elements V and O is confirmed. 
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Figure 4.17 Energy dispersive X-ray spectrum of V2O5 nanoparticle 

 

 

4.3.2 Powder X-ray Diffraction Analysis 

 Figure 4.18 shows the powder X-ray pattern of the synthesized V2O5 

nanoparticle. The main diffraction peaks observed in the 2θ range at 15.5°, 

20.2°, 26.4°, 31.3°, 32.4° 34.6°, 41.3°, 45.7°, 47.5°, 51.1°, 62.4° and 74.6° 

correspond to the characteristic diffration peaks of the (200), (101), (201), (400), 

(011), (310), (102), (510), (012), (511) and (710) planes of V2O5 respectively. 

Moreover, the phase formation of synthesized V2O5 nano materials was 

confirmed by powder X-ray diffraction measurements. All the diffraction peaks 

are indexed and the high purity orthorhombic V2O5 with lattice constant values 

a= 11.51, b=3.564 and c= 4.368 are in good agreement with the standard JCPDS 

data (JCPDS card No. 65 - 0131). These XRD results demonstrate that the 

synthesized metal oxide is vanadium pentoxide nanoparticle. The crystalline size 

(D) was calculated from the diffraction peak using the Scherrer formula (Nisari 

et al. 2009) D= Kλ/βcosθ, where K is a constant or shape factor (~0.9), λ is the 

X-ray wavelength used in XRD, θ is the Bragg angle and β is the full width half 

maximum for major diffraction peak. The size of crystallite was about 43.6 nm. 

The XRD results confirm that the synthesized metal oxide is V2O5. 
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Figure 4.18 Powder X-ray diffraction pattern of V2O5 nanoparticle 

 

4.3.3  UV-Visible Spectral Analysis 

 Figure 4.19 shows the UV-Vis spectrum of V2O5 nanoparticle. The 

strong absorption peak obtained at 320 nm is due to the transition of holes 

between vanadium and oxygen, whereas one another shoulder peak observed at 

313 nm is due to the surface oxygen vacancy during the growth of nanoparticle. 

 

Figure 4.19 UV-Visible absorption spectrum of V2O5 nanoparticle 
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 Figure 4.20 shows theTauc‘s plot of V2O5 nanoparticle. From the UV 

spectrum the band gap energy of V2O5 nanoparticle was calculated using 

Kubelka Munk equation. 

 

 (αhv)
1/2

= A(hv-Eg)       (4.3) 

 

where α, v, A and Eg are the absorption coefficient, light frequency, 

proportionality constant and band gap energy respectively. The calculated band 

gap energy was 2.2 eV. 

 
Figure 4.20 Tauc’s plot of V2O5 nanoparticle 

 
 

4.3.4  Fourier Transform Infrared Spectral Analysis 

 Figure 4.21 shows the FTIR spectrum of synthesized V2O5 

nanoparticle. The spectrum of V2O5 nanoparticle indicates the presence of bound 

water molecules and various V-O vibrations. The evidence for bound water 

molecules is a broad and strong absorbance peak around 3332.9 cm 
-1

 

corresponding to the stretching vibration of (H-O-H) and a small absorption 

peak at 1622.6 cm 
-1

 corresponding to the bending vibration of (O-H) between 

oxygen and hydrogen atoms (Chen et al. 2004; Phetmung et al. 2008). The 

terminal V=O bonds occur at 996.1 cm
-1 

region and the peak is attributed to the 

stretching vibration between vanadium and oxygen atoms. 
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Figure 4.21 FTIR spectrum of V2O5 nanoparticle 

 

4.3.5  Optical Microscopy Analysis 

 The optical microscopy analysis is used to understand the 

morphology of synthesized nanoparticles. Figure 4.22 shows the optical 

microscopy image of the synthesized V2O5 nanoparticle. From the image it is 

observed that the nanoparticles have generally spherical shape and in some 

places they have rod like shapes. 

 

 

Figure 4.22 Optical microscopy image of V2O5 nanoparticle 
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4.3.6  Scanning Electron Microscopy  

 The morphology and structure of V2O5 nanoparticle was further 

investigated by scanning electron microscopy and the SEM image is shown in 

Figure 4.23. The Figure 4.23 illustrates the images of V2O5 nanoparticle with 

two different magnifications such as 3 μm and 10 μm. From the SEM images, it 

is observed that the V2O5 nanoparticles are distributed randomly and they have a 

good crystalline morphology nature. This further indicates that the nano sheet 

like sphere structure is formed from the bulk V2O5 powder.  

 

 

Figure 4.23 SEM image of V2O5 nanoparticle 
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CHAPTER 5 

CHARACTERIZATION AND PHOTODEGRADATION 

STUDIES ON PVC/TiO2 POLYMER NANOCOMPOSITES 

 

 

 The composites taken up in this study are  

 PVC/TiO2 (PVC/T) 

 PVC/TiO2/Chitosan (PVC/T/C) 

 PVC/TiO2/V2O5 (PVC/T/V) 

 

 TiO2 is a well known semiconductor metal oxide and it is blended 

with the polymer polyvinyl chloride to get (PVC/TiO2) composite. In the second 

polymer composite the biopolymer chitosan is blended with PVC/TiO2. In the 

third one V2O5 is blended with PVC/TiO2. The prepared polymer 

nanocomposites are shown in the Figure 5.1. 

  

 This chapter deals with the characterization studies of the three 

different polymer nanocomposites by XRD, UV and FTIR spectral analysis, 

optical microscopy analysis, SEM and thermal studies. These polymer 

composites are employed in the photodegradation studies of organic dyes. 
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Figure 5.1  Photograph of PVC/T, PVC/T/C and PVC/T/V polymer 

nanocomposites 

 

 

5.1  X-RAY DIFFRACTION ANALYSIS 

 The X-ray diffraction pattern of three polymer nanocomposites is 

given in Figure 5.2. The TiO2 has 2θ range of 25.1° in its tetragonal phase. In all 

the three polymer composites this value has been slightly shifted, in the 

composites with PVC the value is 25.5° in PVC/T/C and 26.3° in PVC/T/V due 

to the incorporation of the metal oxide V2O5. Strong and sharp peaks are 

observed in the 2θ range of 25.5°, 48° and 55° in all the three composites. 

Additionally in the 2θ range of 36° a peak is observed due to the presence of 

chitosan in the PVC/T/C polymer nanocomposites. In the case of PVC/T/V the 

additional peak is noticed in the 2θ range of 26° and 74° corresponding to V2O5. 

  

 That TiO2 is incorporated in all the three composites is evidenced by 

the observed peaks for TiO2 with slight change in position and intensity in the X-
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ray diffraction pattern. The introduction of V2O5 in the polymer matrix does not 

alter the tetragonal form of the crystal as shown in the Figure 5.2. The peak at 

20.9° (Chen et al. 2008) for chitosan has been shifted to 25.5° in the PVC/T/C 

nanocomposites. This shift may be due to the interaction of Ti
2+

 ions with the 

amino group of chitosan, during the formation of the PVC/TiO2/chitosan. The 

crystallite size was calculated using Debye-Sherrer formula (Nisari et al. 2009). 

The calculated crystallite size of the PVC/T, PVC/T/C and PVC/T/V 

nanocomposites are 40.5 nm, 20.2 nm and 10.1 nm respectively. The crystallite 

size decreases with the incorporation of chitosan and V2O5 with V2O5 exhibiting 

lower size. 

 

 

Figure 5.2  X-ray diffraction patterns of PVC/T, PVC/T/C and PVC/T/V

 polymer nanocomposites 

 

 

5.2  UV-VISIBLE SPECTRAL ANALYSIS 

 The ultra violet spectra of three polymer nanocomposites are shown 

in Figure 5.3. All the three composites contain TiO2 nanoparticles and this has 
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been observed by the strong absorption band at 280 nm. This peak arises due to 

the transfer of electron from valence band to conduction band of TiO2 

nanoparticles. 

 

 Figure 5.3 shows the absorption spectrum of polymer composite 

PVC/T, PVC/T/C and PVC/T/V. From the figure PVC/T/V representing the 

absorption of the polymer composites containing mixed oxides shows an 

absorption peak in the region 200 – 290 nm due to the presence of V=O group. 

The UV spectrum of all the composites gives an idea about the components 

present in the polymer composite and uniform dispersion of oxides on the 

polymer matrix. 

 
 

 
 

 

Figure 5.3  UV – Visible absorption spectra of PVC/T, PVC/T/C and 

 PVC/T/V polymer nanocomposites 
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Figure 5.4  Tauc’s plot of PVC/T, PVC/T/C and PVC/T/V polymer 

nanocomposites 

 

 

 From the UV- visible spectra it is possible to calculate the energy of 

the band gap created by the semiconductor metal oxides dispersed in the 

polymer matrix. For this purpose Kubelka- Munk (Saputra et al. 2013) equation 

along with Tauc‘s plot is used. The Kubelka Munk equation is  

 

 (αhv)
1/2

 = A (hv-Eg)       (5.1) 

 

where α, v, A and Eg are the absorption coefficient, light frequency, 

proportionality constant and band gap energy respectively. Tauc‘s plot refers to 
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the plot of hv Vs (αhv)
1/2

 of three polymer composites. The calculated band gap 

energy values are 3.9, 3.8 and 3.1 eV for PVC/T, PVC/T/C and PVC/T/V 

respectively. 

 

5.3  FOURIER TRANSFORM INFRARED SPECTRAL ANALYSIS 

 Figure 5.5 shows the FTIR spectrum of the all the three polymer 

nanocomposites. From the Figure 5.5 it is noticed that the two composites 

(PVC/T and PVC/T/V) have similar characteristic peaks apart from the PVC/T/C 

polymer nanocomposites. The difference arises due to the structure of chitosan 

which is different from others. However the IR spectra confirm the presence of 

chitosan in the polymer nanocomposites. Since the polymer PVC and titanium 

dioxide (TiO2) are present in all three polymer nanocomposites, there is a band 

at 2914 cm
-1

 corresponding to –CH stretching of polymer PVC and another band 

at 686.6 cm
-1

 due to metal oxygen (Ti-O) bond in all the three polymer 

nanocomposites. The –OH stretching vibration of water molecules found at 3500 

– 3700 cm
-1

 confirms the presence of water molecules in the composites and the 

band appearing in the wavenumber region 1716.6 cm
-1

 is associated with the 

bending vibration of water molecules. The stretching vibration at 2923 cm
-1

 is 

due to the residual organic component ethanol left during washing. The study of 

IR spectra confirms the presence of all the components in all the three polymer 

nanocomposites. 
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Figure 5.5 FTIR spectra of PVC/T, PVC/T/C and PVC/T/V polymer 

nanocomposites 

 

 

5.4  OPTICAL MICROSCOPY ANALYSIS 

 Optical microscopy analysis provides information about the surface 

morphology of the prepared polymer nanocomposites (PVC/T, PVC/T/C and 

PVC/T/V). It reveals the successful incorporation of the nanoparticles and 

biopolymer chitosan in the polymer matrix. Figure 5.6 illustrates the uniform 

distribution of nanoparticles in the polymer surface. All the three polymer 

nanocomposites have smooth surface with uniform distribution of nanoparticles. 

The surface areas of the polymer nanocomposites (PVC/T and PVC/T/V) are 

smooth with minute granules of nanoparticles present. The PVC/T/C surface is 

unsmooth with large surface area and the nanoparticles also got agglomerated. 
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Figure 5.6  Optical microscopy images of PVC/T, PVC/T/C and PVC/T/V 

 polymer nanocomposites 

 

5.5  SCANNING ELECTRON MICROSCOPY 

 Figure 5.7 shows the SEM image of the PVC/T, PVC/T/C and 

PVC/T/V polymer nanocomposites. TiO2 is distributed in all the three polymer 

nanocomposites. The figure of PVC/T/C composite has smooth featureless 
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channel walls for scaffolds. Chitosan has chelating ability with metal oxide and 

so TiO2 particles are encapsulated on the interior of the biopolymer (chitosan) 

matrix forming a separate network. The relative study of PVC/T/V and PVC/T 

nanocomposites shows the presence of fine granules on the surface without 

aggregation in PVC/T/V and with agglomeration in PVC/T nanocomposites. The 

study of SEM images further lends credence to the results of XRD and optical 

microscopy studies. 
 

 

Figure 5.7 SEM images of PVC/T, PVC/T/C and PVC/T/V polymer 

nanocomposites 
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5.6  THERMAL ANALYSIS 

 The thermal stability behaviour of the nanocomposites is investigated 

by thermal analysis. For the polymer PVC/T Nanocomposites (Figure 5.8a) the 

weight loss takes place in two stages. The first loss starts at 50 ºC and ends at 

140 ºC. The weight loss of 5% is assigned to the loss of surface bound water in 

the nanocomposites. The second stage starts at 280 ºC and reaches a maximum 

at 380 ºC with a weight loss of 79%. This weight loss corresponds to 

decomposition of the PVC polymer and vaporization and elimination of volatile 

products (Chen et al. 2008). For the polymer PVC/T/C nanocomposites (Figure 

5.8b) weight losses take place in three stages. The first one starts at 150 ºC and 

ends at 210 ºC in which the weight loss is 4%. This is assigned to the loss of 

water in PVC/T/C nanocomposites. Rapid weight loss takes place around 250 ºC 

and a maximum weight loss of 52% is reached at 380 ºC. This weight loss 

corresponds to the decompositions of chitosan biopolymer. The third weight loss 

of 25% starts in the temperature range of (410 - 480 ºC) due to the degradation 

of polymer PVC. At 380 ºC the weight loss is more for PVC/T compared to 

PVC/T/C nanocomposites. This is because the decomposition of polymer is 

inhibited due to its entrapping by chitosan. The residual weight loss after 380 ºC 

corresponds to the inorganic content of the polymer composites.  
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Figure 5.8 TG/DTA curves of (a) PVC/T and (b) PVC/T/C polymer 

nanocomposites 

 

 

5.7 MECHANICAL STRENGTH OF POLYMER 

 NANOCOMPOSITES 

 

 Figure 5.9 shows the mechanical strength of the PVC/T, PVC/T/C 

and PVC/T/V polymer nanocomposites. The wear resistance of material is 

strongly influenced by the strength, surface finishing techniques, curing types, 
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filler properties and testing conditions. From the graph in Figure 5.9 it can be 

observed that the wear length of the composites is slightly increased by addition 

of the filler content which may be due to the poor interfacial bonding. The 

elongation is increased to 4.5, 6.5 and 6.8% for PVC/T, PVC/T/C and PVC/T/V 

polymer nanocomposites respectively. The abrasion wear mainly depends on the 

mechanical properties of the interacting materials. The frictional work involves 

quite large volumes close to the interface, either exploiting the interaction of 

surface forces and the consequent traction stresses or through the geometric 

interlocking exerted by the interpenetrating contacts (Malucelli & Marino 2012). 

The above results shows that the polymer nanocomposites are quite stable and 

they can be suitably employed in the recycling studies of the photodegradation 

process.  
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Figure 5.9  Mechanical strengths of PVC/T/, PVC/T/C and PVC/T/V 

 polymer nanocomposites  
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5.8  PHOTOCATALYTIC PARAMETER OPTIMIZATION FOR 

 CONGORED DYE 

 

 The structure and properties of congored dye was discussed in the 

chapter 1. 

 

5.8.1  Effect of Light Source 

  The irradiation time is kept as 160 mins. From the available 8W 

mercury lamps of 254, 312 and 365 nm, the best suited one to be taken as the 

source for degradation study is determined. The 8W mercury lamps of 254, 312 

and 365 nm were used as source for UV light. A comparison on the percentage 

of degradation for all the catalysts in three wavelengths is made and then 

optimized. The percentage of degradation of dye in all the three wavelengths is 

noted and the results show that 365 nm wavelength has complete degradation in 

the given time. Therefore mercury lamp at 365 nm wavelength is selected for 

irradiation.  

 
 

Table 5.1 Percentage degradation of congored dye against light source Hg 

lamp. Irradiation time: 160 mins; Concentration of dye: 70 ml of 

7 ppm, Catalyst: 50 mg 

 

Catalyst 
% of Degradation 

254 nm 312 nm 365 nm 

PVC/T 

nanocomposites 
45.2 52.4 74.7 

PVC/T/C 

nanocomposites 
40.1 46.3 77.7 

PVC/T/V 

nanocomposites 
53.3 58.1 69.8 
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5.8.2  Effect of Irradiation Time  

 70 ml of aqueous solution of CR, in the presence of 50 mg catalyst 

was used for this study. The time of irradiation plays an important role in the 

degradation process. The energy required for degradation process is provided to 

the molecules by irradiation. In this experimental study 70 ml of 7 ppm of 

aqueous solution of CR dye is taken in the presence of 50 mg of the catalyst. The 

solution is subjected to irradiation to determine the time of irradiation for 

complete degradation of dye. When time of irradiation increases more and more 

light energy falls on the catalyst surfaces which increases the formation of photo 

excited species and enhances the photocatalytic activity. A study was carried out 

with different times of irradiation and it has been found that in 160 mins of 

irradiation under mercury lamp at 365 nm there is complete degradation of CR 

dye solution. It is given in the Figure 5.10. 

 

5.8.3  Effect of Catalyst Amount  

 In the experimental study 70 ml of 7 ppm aqueous solution of CR dye 

is taken. The three polymer composites act as the photocatalyst and the amount 

is varied from 10 to 70 mg. The time taken for irradiation is 160 mins. The 

percentage of degradation of CR against different amounts of catalyst is 

represented in Figure 5.11. Results show that the percentage of degradation 

increases with increase in the amount of catalyst, reaches a maximum at 50 mg 

and above this limit there is no significant change. The increase in the 

degradation efficiency of the dye with an increase in the catalyst amount may be 

due to an increase in the active sites available on the catalyst surface for the 

reaction. This indicates the active site provided for the adsorption of dye on the 

catalyst surface is limited to 50 mg of the catalyst, beyond which there is 

reduction in the degradation. This may be due to light scattering and reduction in 

light penetration through the solution. The collusion between ground state and 
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activated molecules dominates the reaction, thereby reducing the rate of reaction. 

So optimum amount of photocatalyst used is 50 mg in all the cases. 

 

5.9  PHOTOCATALYTIC PARAMETER OPTIMIZATION FOR 

 RHODAMINE B DYE  

 

 The structure and properties of rhodamine B dye was discussed in the 

chapter 1. 

 

5.9.1  Effect of Light Source 

 As in the case of CR dye the experimental solution containing RhB 

dye is subjected to irradiation by 8W mercury lamp, under three different 

wavelengths for 80 mins of irradiation to make an assessment of the best suited 

wavelength for degradation. It has been found that 365 nm wavelength is best 

suited for the experiment. 

 

Table 5.2 Percentage degradation of rhodamine B dye against light source 

Hg lamp. Irradiation time: 160 mins; Concentration of dye: 70 ml 

of 7 ppm, Catalyst: 50 mg 

 

Catalyst 
% of Degradation 

254 nm 312 nm 365 nm 

PVC/T 

nanocomposites 
45.4 56.4 78.7 

PVC/T/C 

nanocomposites 
51.5 52.8 85.7 

PVC/T/V 

nanocomposites 
65.4 68.1 98.7 

 
 

5.9.2  Effect of Irradiation Time 

 The experiment is carried out in a similar way as in the case of CR 

dye for fixing the time of irradiation for completion of degradation of RhB dye. 

The experimental results show that 80 mins of irradiation by 8W mercury lamp 
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by 365 nm wavelength ensures complete degradation. Therefore the optimum 

time of irradiation is 80 mins for this experimental study. It is given in the 

Figure 5.12. 

 
 

5.9.3  Effect of Catalyst Amount 

 The amount of photocatalyst added has definite impact on the rate of 

degradation process. An experimental study is carried out as in the case of CR 

dye. It has been found that 50 mg of the catalyst is more effective in degradation 

of the RhB dye under the experimental conditions. Therefore 50 mg of 

photocatalyst is used in this study throughout. The different amount of catalyst 

loading is given in the Figure 5.13. 

 

5.10 PHOTOCATALYTIC ACTIVITY 

 Photocatalysis is a process which takes place in the presence of UV or 

visible irradiation. It catalyses the disintegration of organic dyes into simple non-

toxic compounds like CO2 and H2O. Photocatalytic agents require suitable band 

gap energy for absorption of radiation. Semiconductors like TiO2, ZnO and V2O5 

can act as good photocatalytic agents due to the band gap energy. For 

photocatalytic reaction these semiconductors are employed in solid form. In such 

cases the recovery of the photocatalyst is very difficult and so the photocatalyst 

cannot be used again and again. Therefore the photocatalysts are immobilized on 

suitable catalytic surface like polymer surface. 

 

 The immobilization was achieved by dispersing the nano 

photocatalyst on suitable polymer matrix by solution cast method resulting in the 

form of thin films. This does not hamper the catalytic activity. Moreover 

addition of chitosan prevents the agglomeration of the catalyst. Altogether three 

photocatalysts PVC/T, PVC/T/C and PVC/T/V are obtained in the form of thin 

films incorporating the semiconductor metal oxides. 
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 The photocatalytic degradation of the organic dyes CR and RhB are 

reported separately in the presence of the photocatalyst PVC/T, PVC/T/C and 

PVC/T/V composites. 

  

 Irradiation of the organic dyes is carried out using HEBER multilamp 

photo reactor at 365 nm wavelength simultaneously noticing the degradation in 

the UV-Vis spectrometer. 

 

5.10.1  Mechanism of Photocatalytic Reaction 

 Photocatalysis is heterogeneous and the catalysis involves five steps: 

 Transfer of reactants in the fluid phase to the catalysts surface  

 Adsorption of the reactant(s)  

 Reaction of the reactant(s) on the catalyst surface  

 Desorption of the product(s)  

 Removal of products from the interface region  

 

 The photocatalytic reaction occurs on the surface of the photocatalyst. 

The mechanism of the reaction involves the generation of electron hole – pair on 

the semiconductor followed by its transport to the dye molecules.  

 

 The mechanism of photocatalytic reaction depends on the 

semiconductor material present in the nanocomposites. Therefore in the case of 

PVC/T and PVC/T/C, TiO2 which is the only photocatalyst is the key player in 

the reaction. But for PVC/T/V there are two semiconductor metal oxides present 

and the mechanism of the reaction is slightly different.  

 

The following mechanism is proposed for the nanocomposites (PVC/T 

and PVC/T/C) containing TiO2. 

TiO2 +hν→ e
-
 + h

+
         (5.2) 

h
+
 + H2O→ H

+
 + OH

•
        (5.3) 

h
+
 + OH

-
→ OH

•         
(5.4) 
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e
- 
+ O2→O2

-
          (5.5) 

2e
-
 + O2 + 2H

+
→H2O2        (5.6) 

e
-
 + H2O2→ OH

•
 + OH

-
        (5.7) 

Dye + OH
•
 + O2→CO2+H2O+other degradation products   (5.8) 

 

 The conduction band electron reduces oxygen into O2
-
 whereas the 

positively charged hole oxidizes organic pollutants directly or indirectly by 

water to produce hydroxyl free radicals (HO
•
). The photon-induced electron hole 

pairs produce hydroxyl free-radicals (OH
•
) and superoxide ions (O2

-
). They act 

as powerful oxidizing agents to disintegrate harmful organic pollutants in 

wastewater and convert them into CO2 and H2O (Mondal & Sharma 2013).  

 

 The following mechanism is given for polymer nanocomposites 

containing mixed oxides. 

 

Mechanism
 

 

TiO2/V2O5 + hv   TiO2/V2O5 (h
+

(VB) + e
−

(CB) ) (5.9) 

TiO2/V2O5 (e
−

 (CB) ) + O2 → TiO2/V2O5+ O2
−.

 (5.10)   

H2O → H
+
+ OH 

−
 (5.11)       

O2
-. 

+H
+ 

→HO2
.
 (5.12)   

TiO2/V2O5( e
-
(CB)  ) + HO2

.
 +H 

+
→ H2O2 (5.13)  

TiO2/V2O5 (h
+

(VB)) + Dye → Mineralization products (CO2, H2O, HA.) (5.14) 

 

 Photocatalysis over a semiconductor oxide such as TiO2 and V2O5 is 

initiated by the absorption of a photon with energy equal to, or greater than the 

band gap of the semiconductor metal oxide producing electron-hole (e
-
/h

+
) pairs, 

as written in the (Eq.5.9). Consequently, following irradiation, the TiO2/V2O5 

particle can act as either an electron donor or acceptor for molecules in the 

surrounding medium. 

 

 The electron and hole can recombine, releasing the absorbed light 

energy as heat, with no chemical effect. Otherwise, the charges can move to 
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‗trap‘ sites at slightly lower energies. The charges can still recombine, or they 

can participate in redox reactions with adsorbed species. The valence band hole 

is strongly oxidizing, and the conduction band electron is strongly reducing. At 

the external surface, the excited electron and the hole can take part in redox 

reactions with adsorbed species such as water, hydroxide ion (OH
−
), organic 

compounds, or oxygen. The charges can react directly with adsorbed pollutants, 

but reactions with water are far more likely since the water molecules are far 

more populous than contaminant molecules. Oxidation of water or OH
− 

by the 

hole produces the HO2
.
, an extremely powerful and indiscriminant oxidant. The 

HO2
.
 radicals rapidly attack pollutants at the surface and possibly in solution as 

well and are usually the most important radicals formed in TiO2 photocatalysis 

(Eq.5.13). An important reaction of the conduction band electron is reduction of 

adsorbed O2 to O2
•⎯ (Eq.5.10). This both prevents the electron from recombining 

with the hole and results in an accumulation of oxygen radical species that can 

also participate in attacking contaminants (Linsebigler et al. 1995; Mills et al. 

1996; Mills et al. 1993 and Kubacka et al. 2008). 

 

 The photocatalytic reaction is dependent on the generation and 

recombination of electrons and positive holes on the photocatalyst. Thus the 

photocatalytic efficiency is based on factors that control the recombination 

process. It has been reported that the nano catalysts have greater photocatalytic 

efficiency than normal photocatalyst materials (Yew et al. 2006; Zhao et al. 

2011). In the case of TiO2 nanoparticles the efficiency is greater due to quantum 

size effect and higher specific surface area. The quantum size effect produces 

discrete energy levels and the electric potential of valence band becomes more 

positive or else the electric potential of conduction band becomes more negative. 

This increase in redox potential enhances the catalytic activity. With increase in 

surface area also, absorption of the organic dyes increases. In nanosized 

particles, the diameter becoming less, the charge carriers easily diffuse to the 

surface from inside in lesser time giving minimum time for recombination of 
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electron and hole. Therefore the photocatalytic efficiency is high in 

nanoparticles. In the present system, the photocatalysts have been found to be 

reusable at least for 6 times without loss of efficiency. 

 

5.10.2  Degradation of congored dye 

 For the degradation of CR dye 7 ppm of its concentration was used 

throughout for different amounts of (10, 30, 50 and 70 mg) catalyst loading as a 

function of time. The CR solution has an absorption band at 490 nm in the 

visible region and 238, 348 nm in the UV region respectively. The photocatalyst 

is added to the CR solution and then exposed to UV irradiation. Degradation sets 

in and the process of degradation is shown in the Figure 5.10 corresponding to 

each catalyst. It has been found that the amount of catalyst added strongly 

influences the photocatalytic reaction. As the reaction progresses, the increase in 

the catalyst load increases photodegradation at first, however excess of catalyst 

added has no effect later on and the optimum concentration of the catalyst has 

been determined to ensure efficient process. Above the optimum concentration 

there is light scattering and screening effect (Adesina et al. 1998) which reduce 

the specific activity of the catalyst. Under these conditions the catalytic surface 

probably becomes no more available for absorption of photons and hence no 

more stimulation for photocatalytic reaction. 50 mg of the photocatalyst has been 

found to be the optimum concentration for all the catalysts. 

 

 The cursory view of Figure 5.10 shows that there are three peaks at 

490, 238 and 348 nm corresponding to the azo group, benzene and naphthalene 

respectively. The intensities of all the three peaks progressively decrease with 

time and reach a minimum after a period of 160 mins of irradiation. In the case 

of azo group, degradation is fast due to lower bond energy. Benzene ring being 

more stable than the naphthalene ring it disappears slowly in the degradation 

process. Thus the degradation initially occurs at the low energy bond of azo 

group proceeding towards the high energy benzene ring in the last. 
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 The degradation process is complete in CR dye with the 

disappearance of its benzene, naphthalene and azo groups. Among the three 

photocatalysts PVC/T/V polymer nanocomposites shows greater photocatalytic 

activity than others during a period of 160 mins. Figure 5.11 describes the result 

of experiments carried out with different amount of catalyst. The concentration 

of dye at different intervels of time is presented as C/Co where C is the main 

absorption peak intensity of CR dye at each irradiation of time interval at a 

wavelength of 365 nm and Co was the initial absorption peak intensity of 7 ppm 

CR solution. 

 

Figure 5.10  Photodegradation of congored dye solution using PVC/T, 

PVC/T/C and PVC/T/V polymer nanocomposites 
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Figure 5.11 Photodegradation of congored dye solution with different 

dosage of PVC/T, PVC/T/C and PVC/T/V polymer 

nanocomposites  
 

 

5.10.3  Degradation of rhodamine B dye 

 The degradation of RhB dye has been studied for all the three 

photocatalysts as in the case of CR dye. A fixed concentration of 7 ppm of RhB 

dye is taken up for the study throughout for different loads of the catalyst (10, 

30, 50 and 70 mg) as a function of time. An optimum load of 50 mg catalyst has 

been found to be effective in this case also. In the case of RhB dye the maximum 

absorption peak intensity is observed at 553 nm. This absorption peak intensity 

gradually decreases upon UV irradiation in the presence of catalyst and nearly 

disappears after 80 mins. There is complete disappearance of the peak when 
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PVC/T/V nanocomposites are involved. The results show that (Figure 5.12) in 

general the nanocomposites have great photodegradation efficiency, with 

PVC/T/V composite comparatively more efficient than others. The optical 

microscopy study corroborates this result showing maximum surface area for 

PVC/T/V nanocomposites. The result of experiments conducted with different 

amount of catalyst is given in the Figure 5.13. The concentration of dye at 

different intervels of time is represented as C/Co where C is the main absorption 

peak intensity of RhB dye at each irradiation of time interval at a wavelength of 

365 nm and Co was the initial absorption peak intensity of 7 ppm RhB solution. 

 

 

 

 

Figure 5.12 Photodegradation of rhodamine B dye solution using PVC/T, 

PVC/T/C and PVC/T/V polymer nanocomposites 
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Figure 5.13  Photodegradation of rhodamine B dye solution with different 

dosage of PVC/T, PVC/T/C and PVC/T/V polymer 

nanocomposites 
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Figure 5.14 Degradation rates of polymer nanocomposites in congored and 

rhodamine B dye 

 

 

5.10.4  Stability and Reusability of the Catalyst 

 The stability and reusability of the photocatalyst is an important 

parameter for the photodegradation process. To examine the stability and 
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Figure 5.15  Stability and reusability of polymer nanocomposites at 7 ppm 

in congored dye solution 

 

 
Figure 5.16  Stability and reusability of polymer nanocomposites at 7 ppm 

in rhodamine B dye solution 
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5.11 CONCLUSION 

 The three different nanocomposites are well characterized using 

different techniques. They are further employed for degradation studies of 

organic dyes. All the three nanocomposites are stable; however their 

photocatalytic efficiency is different though all of them can be reused for a 

number of times. PVC/T/V exhibits greater photocatalytic activity and PVC/T/C 

and PVC/T shows minimum activity during the fixed time interval of irradiation. 

According to the mechanism for photocatalytic reaction the significant 

photocatalytic activity may be due to lower recombination of e
-
 - h

+ 
and 

extended life span of e
-
 - h

+
 pairs.   
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CHAPTER 6 

CHARACTERIZATION AND PHOTODEGRADATION  

STUDIES ON PVC/ZnO POLYMER NANOCOMPOSITES 

 

 

 The composites involved in the study are  

 PVC/ZnO (PVC/Z) 

 PVC/ZnO/Chitosan (PVC/Z/C) 

 PVC/ZnO/V2O5 (PVC/Z/V) 

 

 ZnO is a known semiconductor and it is blended with the polymer 

polyvinyl chloride to get PVC/Z composite. In the polymer composite PVC/Z/C 

(5.2) the biopolymer chitosan is blended with PVC/Z. In the third one the mixed 

oxides ZnO and V2O5 are blended with PVC. All the polymer nanocomposites 

are presented in the Figure 6.1. 

 

 

Figure 6.1 Photograph of PVC/Z, PVC/Z/C and PVC/Z/V polymer 

nanocomposites 
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 In this chapter the focus is on the characterization studies of three 

different polymer composites by UV-Vis, FTIR and optical microscopy analysis. 

Further the composites are subjected to photocatalytic degradation studies with 

organic dyes. 

 

6.1  UV-VISIBLE SPECTRAL ANALYSIS 

 The recorded UV-absorption spectra of the three composites are 

shown in Figure 6.2. Two peaks are observed, one at 290 nm and the other at 

390 nm. The peak at 290 nm corresponds to the absorption due to the polymer 

PVC. The same peak has been observed in all the three composites taken up for 

study. The peak at 390 nm is due to the presence of nanoparticles of ZnO. This 

peak arises due to the electron transfer from valence band to conduction band of 

ZnO nanoparticles. 

  

 The Figure 6.2 represents the absorption spectrum of PVC/Z/C. It has 

been observed that the peak at 290 nm corresponding to ZnO nanoparticles is 

totally absent here but the peak at 290 nm is however present indicating the 

absorption by PVC. Chitosan has the ability to mask the absorption of ZnO (390 

nm) because of its chelating nature. For the polymer composites (PVC/Z/V) 

containing mixed oxides, absorption peaks are found at 273 nm and also near 

374 nm with an additional peak inthe wavelength region 300 – 390 nm due to 

the presence of terminal V=O group. 

 

 The UV-Vis spectra indicate the presence of the components in all the 

polymer composites establishing uniform distribution of ZnO and V2O5 on the 

polymer matrix. When chitosan is added to polymer composites, the dispersion 

leads to the capping of ZnO thereby masking its absorption. 

 

 

 



 
136 

 
 

 

3.5 4.0 4.5 5.0 5.5


h

v
)2

 x
 1

0
1
7

 

Photon energy, eV

Eg = 4.42 eV

PVC/Z/C

 
 

 

Figure 6.2  UV-Visible absorption spectra of PVC/Z, PVC/Z/C and 

 PVC/Z/V polymer nanocomposites 
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Figure 6.3  Tauc’s plot of PVC/Z, PVC/Z/C and PVC/Z/V polymer 

nanocomposites 
 

  

 Figure 6.3 represents the Tauc‘s plot of the polymer nanocomposites. 

From the UV spectra it is possible to calculate the band gap energy created by 

the semiconductor metaloxides dispersed in the polymer matrix. For this purpose 

Kubelka Munk equation along with Tauc‘s plot is used. The Kubelka Munk 

equation is (Saputra et al. 2013)  

 

 (αhv)
1/2

 = A (hv-Eg)       (6.1) 

 

where α, v, A and Eg are the absorption coefficient, light frequency, 

proportionality constant and band gap energy respectively. Tauc‘s plot refers to 

the plot of hv Vs (αhv)
1/2

 of three polymer composites. The band gap energy 

values calculated are 3.16 eV for PVC/Z and 4.42 eV for PVC/Z/C and 3.1 eV 

for PVC/Z/V composites. In the case of chitosan polymer nanocomposites the 

band gap energy is maximum and the band gap energy has increased from the 

normal range of value of 3.11 eV for ZnO. 

 

6.2  FOURIER TRANSFORM INFRARED SPECTRAL ANALYSIS 

 FTIR spectra of the polymer composites are presented in the Figure 

6.4. It is used for identification of the functional group and other simple 

 

3.0 3.1 3.2 3.3


h

v
)2

 x
 1

0
1
9

Photon energy, eV

Eg = 3.11 eV

 

PVC/Z/V

 

 



 
138 

 
 

compounds. The figure shows that apart from chitosan based polymer 

composites the other two have more or less similar characteristics except for a 

few. In the case of chitosan due its structure the figure is different from the rest, 

however IR spectra confirms the presence of chitosan in the polymer composite. 

Since the polymer PVC and metal oxide ZnO are present in three composites 

there is a band at 2914 cm 
-1

 corresponding to –CH stretching of PVC and 

another band at 673.8 cm
-1

 due to (Zn-O) bond in all the three composites. The 

presence of water molecules in the composites is confirmed by the –OH 

stretching vibration of water found in the region 3500 – 3700cm
-1

. And the band 

at 1740 cm
-1

 is associated with the bending vibration in water molecules. The 

residual organic component ethanol left during washing shows its presence in 

the band at 2916 cm
-1

. IR study reveals that in all the three polymer composites 

the components are present as expected. 

 

Figure 6.4  FTIR spectra of PVC/Z, PVC/Z/C and PVC/Z/V polymer 

nanocomposites 
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6.3  OPTICAL MICROSCOPY ANALYSIS 

 Optical microscopy provides an insight into the surface morphology 

of the prepared (PVC/Z, PVC/Z/C and PVC/Z/V) polymer composites. The 

study reveals the successful incorporation of the nanoparticles in the polymer 

matrix. 

  

 The Figures 6.5 represent the dispersion of nanoparticles in the 

polymer surface. All the samples have a smooth surface with the nanoparticles 

distributed uniformly except PVC/Z/V polymer composites which have a 

fractured surface. The polymer composites PVC/Z and PVC/Z/C have smooth 

surface areas with minute granules of nanoparticles present, whereas in the case 

of PVC/Z/V composite the surface is unsmooth with comparatively larger 

surface area than the rest.  
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Figure 6.5  Optical microscopy images of PVC/Z, PVC/Z/C and PVC/Z/V 

 polymer nanocomposites 

 

 

6.4  PHOTOCATALYTIC ACTIVITY 

 Photocatalysis is capable of disintegrating organic dyes into simple 

non-toxic compounds like CO2 and H2O in the presence of UV irradiation. 

Semiconductors like ZnO and V2O5 act as photocatalytic agents. Their 

nanostructures are more active due to larger surface to volume ratio. These nano 

catalysts are incorporated into suitable polymer matrix (PVC) by solution cast 

method producing thin films. In this study, the photocatalytic degradation of the 

organic dyes CR and RhB are taken up for investigation in the presence of the 

prepared polymer nanocomposites PVC/Z, PVC/Z/C and PVC/Z/V. 

 

 In this chapter the photocatalytic degradation of the organic dyes CR 

and RhB are reported separately in the presence of the photocatalyst PVC/Z, 

PVC/Z/C and PVC/Z/V polymer nanocomposites. The parameters used in this 

chapter are also same as in the case of PVC/T system (Chapter 5). 

 

6.4.1  Mechanism of Photocatalytic Reaction 

 The photocatalytic reaction occurs on the surface of the photocatalyst. 

The mechanism of the reaction involves the generation of electron hole –pair on 

the semiconductor followed by its transport to the dye molecules. When the 
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radiation of the energy equal to or greater than that ofthe band gap energy of the 

given semiconductor material falls on, a positively charged hole is created in the 

valence band and a negatively charged electron in the conduction band by the 

excitation of the electron in the valence band to the conduction band. 

 

 The mechanism of the photocatalytic reaction depends on the nature 

of the semiconductor present. Therefore the two polymer nanocomposites 

PVC/Z and PVC/Z/C follow same mechanism due to the presence of ZnO. For 

PVC/Z/V two semiconductor metal oxides are involved and the mechanism is 

different from the previous one.  

 

The following mechanism is given for the nanocomposites (PVC/Z and 

PVC/Z/C) containing ZnO. 

 

ZnO +hν→ e
-
 + h

+
         (6.2) 

h
+
 + H2O→ H

+
 + OH

•
        (6.3) 

h
+
 + OH

-
→ OH

•         
(6.4) 

e
- 
+ O2→O2

-
          (6.5) 

2e
-
 + O2 + 2H

+
→H2O2        (6.6) 

e
-
 + H2O2→ OH

•
 + OH

-
        (6.7) 

Dye + OH
•
 + O2→CO2+H2O+other degradation products    (6.8) 

 The mechanism involves the reduction of oxygen by conduction 

band electron and formation of hydroxyl free radical by the positively charged 

hole. The hydroxyl free radical and the superoxide ions (O2
-
) act as powerful 

agents causing degradation of organic dyes into CO2 and H2O. The oxidation of 

organic dyes and the reduction of oxygen do not take place simultaneously. 

Therefore the electrons are accumulated in the conduction band of the 

photocatalyst resulting in the recombination of positive hole and negatively 

charged electrons (Mondal & Sharma 2013). . 
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 The following mechanism is given for polymer nanocomposites 

containing mixed oxides. 

Mechanism 

ZnO/V2O5 + hv   CdO/V2O5 (h
+

(VB) + e
−

(CB) ) (6.9) 

ZnO/V2O5 (e
−

 (CB) ) + O2 → ZnO/V2O5 + O2
−.

 (6.10)  

H2O → H
+
+ OH 

−
 (6.11)   

O2
-.
+ H

+
→HO2

.
 (6.12)  

ZnO/V2O5( e
-
(CB)  ) + HO2

.
 +H 

+
→ H2O2 (6.13)  

ZnO/V2O5 (h
+

(VB)) + Dye → Mineralization products (CO2, H2O, HA.)  (6.14) 

  
 

 Photocatalysis over a semiconductor oxide such as ZnO and V2O5 is 

initiated by the absorption of a photon producing electron-hole (e
-
/h

+
) pairs, as 

written in the (Eq.6.9). 

 

 The valence band hole is strongly oxidizing, and the conduction band 

electron is strongly reducing. Oxidation of water or OH
− 

by the hole produces 

the HO2
.
, an extremely powerful oxidant. The detailed mechanism for the 

removal of dye is discussed in chapter 5 and the same is applicable in this case 

also.  

 

 The photocatalytic reaction is dependent on the generation and 

recombination of electrons and positive holes on the photocatalyst. Thus, the 

photocatalytic efficiency is based on factors that control the recombination 

process. It has been reported that the nano catalysts have greater photocatalytic 

efficiency than normal photocatalyst materials (Yew et al. 2006; Zhao et al. 

2011). In the case of ZnO nanoparticles, the efficiency is greater due to quantum 

size effect and higher specific surface area. The quantum size effect produces 

discrete energy levels and the electric potential of valence band becomes more 

positive or else the electric potential of conduction band becomes more negative. 

This increase in redox potential enhances the catalytic activity. With increase in 
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surface area also, absorption of the organic dyes increases. In nanosized 

particles, the diameter becoming less, the charge carriers easily diffuse to the 

surface from inside in lesser time giving minimum time for recombination of 

electron and hole. Therefore the photocatalytic efficiency is high in 

nanoparticles. In the present system, the photocatalysts have been found to be 

reusable at least for 6 times without loss of efficiency. 

 

6.4.2  Degradation of congored dye 

 All the three photocatalysts are employed for the degradation of CR 

dye. The procedure adopted for the degradation process is similar to that 

described in the previous chapter 5. Seven (7) ppm of the dye is used for 

different amounts of (10, 30, 50 and 70 mg) catalyst at 365 nm. 50 mg of the 

catalyst is found to be the optimum concentration. The study is carried out for 

160 minutes of UV irradiation followed by absorbance studied at 365 nm in UV 

– Vis spectrophotometer. The results are presented in Figure 6.6. Experiments 

were carried out with different amount of catalyst and the result is given in the 

Figure 6.7. C/Co represents the concentration of dye at different intervels of time 

where C is the main absorption peak intensity of congo red dye at each 

irradiation of time interval at a wavelength of 365 nm and Co was the initial 

absorption peak intensity of 7 ppm CR solution. 
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Figure 6.6  Photodegradation of congored dye solution using PVC/Z, 

PVC/Z/C and PVC/Z/V polymer nanocomposites 

 

 

 

 

Figure 6.7  Photodegradation of congored dye solution with different 

dosage of PVC/Z, PVC/Z/C and PVC/Z/V polymer 

nanocomposites 
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6.4.3 Degradation of rhodamine B dye 

 The degradation of RhB dye has been studied for all the three 

photocatalysts as in the case of CR dye. 7 ppm of RhB dye is taken up for the 

study for different loads of the catalyst (10, 30, 50 and 70 mg) as a function of 

time. The optimum load is found to be 50 mg catalyst. The dye solution is 

irradiated at 365 nm by UV irradiation by HEBER multilamp photoreactor. In 

the case of RhB dye the maximum absorption peak intensity is observed at 553 

nm. This absorption peak intensity gradually decreases upon UV irradiation in 

the presence of catalyst and nearly disappears after 80 mins. There is complete 

disappearance of the peak when PVC/Z/V nanocomposites are involved. The 

results from Figure 6.8 show that in general the nanocomposites have great 

photodegradation efficiency, with PVC/Z/V composite comparatively more 

efficient than others. Photodegradation studies were carried out with different 

amount of catalyst and the result is given in the Figure 6.9. C/Co represents the 

concentration of dye at different intervels of time where C is the main absorption 

peak intensity of RhB dye at each irradiation of time interval at a wavelength of 

365 nm and Co was the initial absorption peak intensity of 7 ppm RhB solution. 
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Figure 6.8  Photodegradation of rhodamine B dye solution using PVC/Z, 

PVC/Z/C and PVC/Z/V polymer nanocomposites 

 

 

 

 

 

Figure 6.9 Photodegradation of rhodamine B dye solution with different 

dosage of PVC/Z, PVC/Z/C and PVC/Z/V polymer 

nanocomposites 
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 In the case of the photocatalyst PVC/Z and PVC/Z/C composite the 

degradation is only 77% and 83% of RhB, while 97% of the same is degraded by 

PVC/Z/V in the same period of 80 mins whereas in the case CR dye degradation 

is 72%, 80% and 94% for PVC/Z, PVC/Z/C and PVC/Z/V respectively. Thus 

PVC/Z/V nanocomposites act as a better catalyst compared to the rest. The 

degradation rate of the polymer nanocomposites is given in the Figure 6.10. This 

is true for both the CR and RhB dyes. 

 

 

Figure 6.10 Degradation rates of polymer nanocomposites in congored and 

rhodamine B dye 

 

6.4.4 Stability and Reusability of the Catalyst 

 It is pertinent to characterize the catalyst in terms of its stability and 

recyclability for an assessment of its functional efficiency. Therefore studies 

were conducted to make an assessment of the stability and recyclability of the 

three catalysts by recycling the experiments for a number of times. It has been 

found that all the three catalysts can be used at least for 6 times for degradation 

experiments. The results are presented in the Figures 6.11 & 6.12. 
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  For each new cycle, the photocatalyst is reused for the decolorization 

of organic dye solution under similar conditions. The photocatalysts were 

washed with ethanol/water and dried before reused. The results indicate that 

after the 5
th

 cycle the decolorization percentage of CR dye is 29, 32, 38 and 28, 

30 and 33 of RhB dye for PVC/Z, PVC/Z/C and PVC/Z/V nanocomposites 

respectively. The photocatalytic activity of PVC/Z nanocomposites was very low 

for the decolorization of CR and RhB dye when used at 6
th 

cycle. However the 

other two photocatalysts show relatively good decolorization percentage of CR 

and RhB dyes even in the 6
th 

cycle. There is general decrease in catalytic activity 

after second use and afterwards the catalysts are relatively stabilized. 

 

 

 

Figure 6.11  Stability and reusability of polymer nanocomposites at 7 ppm   

 in congored dye solution 
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Figure 6.12  Stability and reusability of polymer nanocomposites at 7 ppm 

in rhodamine B dye solution 

 

 

6.5 CONCLUSION 

 Three types of photocatalysts containing semiconductor nanoparticles 

of ZnO are synthesized and well characterized by UV and FTIR spectra and also 

optical microscopy studies. These photocatalysts due to their band gap energy 

can successfully degrade organic dyes like CR and RhB under UV irradiation. 

The mechanism suggested for photocatalytic degradation involves quantum size 

effect and surface area of the nanoparticles. It has been reported that the polymer 

nanocomposites PVC/Z/V has more efficiency compared to other two. In the 

polymer nanocomposites containing mixed oxide nanoparticles the reactivity is 

more probably due to the lesser possibility for the recombination of positive hole 

and negatively charged electrons because of the diffusion of the smaller 

nanosized particles onto the surface of the catalyst. 
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CHAPTER 7 

CHARACTERIZATION AND PHOTODEGRADATION 

STUDIES ON PVC/CdO POLYMER NANOCOMPOSITES 

 

 

Three nanocomposites are considered for the study and they are  

 PVC/CdO (PVC/C) 

 PVC/CdO/Chitosan (PVC/C/C) 

 PVC/CdO/NiO (PVC/C/N) 

 

 CdO is a good semiconductor metal oxide which can blend with poly 

vinyl chloride to get PVC/CdO composite. CdO is obtained in the form of 

nanoparticles. The bio polymer chitosan is blended with PVC/CdO to give the 

second polymer composites.The third polymer composite is that of NiO blended 

with PVC/CdO. Figure7.1 shows the prepared polymer nanocomposites  

 

Figure 7.1 Photograph of PVC/C, PVC/C/C and PVC/C/N polymer 

nanocomposites 
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 In this chapter the characterization studies of three different polymer 

nanocomposites by UV-Vis, FTIR spectral analysis and optical microscopic 

analysis are described. These polymer nanocomposites are used in the study of 

photodegradation of organic dyes.  

 

7.1 UV-VISIBLE SPECTRAL ANALYSIS 

 Figure 7.2 represents the UV absorption spectrum of all the three 

polymer nanocomposites. PVC is the polymer present in all the three 

composites. The presence of the nanoparticles of CdO is given by the peak at 

290 nm. This peak is formed due to the electron transfer from valence band to 

conduction band of CdO nanoparticles. 

 

 When the spectrum of PVC/C/C is considered it can be noted that in 

the peak corresponding to CdO nanoparticles at 290 nm the absorbance is 

slightly decreased. The absence of CdO peak is explained by the masking of it 

by chitosan through its chelating ability. In the case of the polymer composites 

with nickel oxide the usual peaks of PVC and CdO are observed at 290 nm.  

 

 The UV-Vis spectra indicates the presence of PVC and CdO in all the 

three composites, however CdO peak is masked by chitosan in the second 

composite (PVC/C/C). There is an additional peak at 200 – 250 which may be 

due to the presence of Ni-O bond. The presence of NiO is thus established by its 

characteristic peak in the composite (PVC/C/N). 
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Figure 7.2  UV-Visible absorption spectra of PVC/C, PVC/C/C and 

PVC/C/N polymer nanocomposites 
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Figure 7.3  Tauc’s plot of PVC/C, PVC/C/C and PVC/C/N polymer 

nanocomposites 

   

 Figure 7.3 shows the Tauc‘s plot of the polymer nanocomposites. 

Band gap energy measurements can be done with the help of UV-Vis spectra for 

all the three composites. Kubelka Munk equation along with Tauc‘s plot is used 

for this purpose. The Kubelka Munk equation is  

 

 (αhv)
1/2

 = A (hv-Eg)       (7.1) 

 

where α, v, A and Eg are the absorption coefficient, light frequency, 

proportionality constant and band gap energy respectively. Tauc‘s plot refers to 

the plot of hv Vs (αhv)
1/2

 of three polymer composites. The band gap energy 

values calculated are 5.4 eV for PVC/C and 3.8 eV for PVC/C/C and 3.9 eV for 

PVC/C/N polymer nanocomposites.  

 

7.2 FOURIER TRANSFORM INFRARED SPECTRAL ANALYSIS 

 Figure 7.4 represents the FTIR spectra of the three polymer 

nanocomposites. The figure shows that the polymer composites containing 

chitosan is different from other two which are in a way similar. Though chitosan 

is different due to its structure, its presence in the composites is confirmed by IR 

spectra. PVC and CdO are present in all the three composites and this is 

confirmed by –CH stretching vibration at 2914 cm 
-1

 and another band at 662.8 
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cm 
-1 

for Cd-O bond. The presence of water molecules in the composites is 

confirmed by the –OH stretching vibration of water found in the region 3500 – 

3700 cm
-1

. And the band at 1645 cm
-1

 is associated with the bending vibration in 

water molecules. The residual organic component ethanol left during washing 

shows its presence in the band at 2906 cm
-1

. IR study confirms the presence of 

the respective components in the polymer composites. 

 

Figure 7.4 FTIR spectra of PVC/C, PVC/C/C and PVC/C/N polymer 

nanocomposites 

 

 

7.3 OPTICAL MICROSCOPY ANALYSIS 

 Optical microscopy studies gives information on the uniform 

distribution of particles on the surface. Figure 7.5 shows the optical microscopy 

image of all the three polymer nanocomposites. The nanoparticles of CdO are 

present in all the three composites. In the composite (PVC/C) shown, the 

nanoparticles of CdO are well dispersed with macro phase separation. In the 
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composites with chitosan, the Figure7.5 (PVC/C/C) shows that the surface 

contains fine granules with network structure due to the introduction of chitosan. 

In the composites with NiO, according to the Figure7.5 (PVC/C/N) the surface is 

both rough and smooth in some places. The increase in inorganic content and 

greater attraction of PVC for the metal oxides contribute to the roughness on the 

surface. These figures confirm that CdO, NiO and chitosan are embedded on the 

surface of the PVC matrix. 
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Figure 7.5 Optical microscopy images of PVC/C, PVC/C/C and PVC/C/N 

polymer nanocomposites 

 

 

7.4 PHOTOCATALYTIC ACTIVITY 

 Photocatalysis is capable of causing disintegration of organic dyes 

which assumes significance in pollution studies. During photodegradation, the 

dye molecules disintegrate into simple CO2 and H2O. Semiconductor metal 

oxides are found to be suitable agents for photocatalysis and when taken in nano 

form their efficiency is found to be high. Further for easy recovery of the 

catalyst, they are immobilized in polymer matrix to produce thin films which are 

employed in photodegradation studies. 

 

 In this chapter the photocatalytic degradation of organic dyes CR and 

RhB are reported separately in the presence of the photocatalysts PVC/C, 

PVC/C/C and PVC/C/N composites. The parameters used in this chapter are also 

same as in the case of PVC/T system (Chapter 5). 

 

7.4.1 Mechanism of Photocatalytic Reaction 

 The photocatalytic reaction occurs on the surface of the photocatalyst. 

The mechanism of the reaction involves the generation of electron hole – pair on 

the semiconductor followed by its transport to the dye molecules. When the 

radiation of the energy equal to or greater than that of the band gap energy of the 
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given semiconductor material falls on, a positively charged hole is created in the 

valence band and a negatively charged electron in the conduction band by the 

excitation of the electron in the valence band to the conduction band. 

 

 The mechanism of the photocatalytic reaction depends on the nature 

of the semiconductor present. Therefore the two polymer nanocomposites 

PVC/C and PVC/C/C follow same mechanism due to the presence of ZnO. For 

PVC/C/N two semiconductor metal oxides are involved and the mechanism is 

somewhat different. 

 

The following mechanism is given for the nanocomposites (PVC/C and 

PVC/C/C) containing CdO. 

CdO+hν→ e
-
 + h

+
         (7.2) 

h
+
 + H2O→ H

+
 + OH

•
        (7.3) 

h
+
 + OH

-
→ OH

•         
(7.4) 

e
- 
+ O2→O2

-
          (7.5) 

2e
-
 + O2 + 2H

+
→H2O2        (7.6) 

e
-
 + H2O2→ OH

•
 + OH

-
        (7.7) 

Dye + OH
•
 + O2→CO2+H2O+other degradation products    (7.8) 

 The mechanism involves the reduction of oxygen by conduction 

band electron and formation of hydroxyl free radical by the positively charged 

hole. The hydroxyl free radical and the superoxide ions (O2
-
) act as powerful 

agents causing degradation of organic dyes into CO2 and H2O. The oxidation of 

organic dyes and the reduction of oxygen do not take place simultaneously. 

Therefore the electrons are accumulated in the conduction band of the 

photocatalyst resulting in the recombination of positive hole and negatively 

charges electrons (Mondal & Sharma 2013).  
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 The following mechanism is given for polymer nanocomposites 

containing mixed oxides. 

 

Mechanism 

CdO/NiO + hv   CdO/NiO (h
+

(VB) + e
−

(CB) ) (7.9) 

CdO/NiO (e
−

 (CB) ) + O2 → CdO/NiO + O2
−.

 (7.10) 

H2O → H
+
+ OH 

−
 (7.11)   

O2
-.
+ H

+
→HO2

.
 (7.12)  

CdO/NiO (e
-
(CB)) + HO2

.
 +H 

+
→ H2O2 (7.13)  

CdO/NiO (h
+

(VB)) + Dye → Mineralization products (CO2, H2O, HA.)  (7.14) 

  

 Photocatalysis over semiconductors such as CdO and NiO is initiated 

by the absorption of a photon producing electron-hole (e
-
/h

+
) pairs, as written in 

the (Eq.7.9). 

 

 The valence band hole is oxidizing and the conduction band electron 

is reducing. Oxidation of water or OH
− 

by the hole produces the HO2
.
, a 

powerful oxidant. The detailed mechanism for the removal of dye in the presene 

of mixed oxides is discussed in chapter 5. In the case of PVC/C/N also a similar 

mechanism is applicable.  

 

 The photocatalytic reaction is dependent on the generation and 

recombination of electrons and positive holes on the photocatalyst. Thus, the 

photocatalytic efficiency is based on factors that control the recombination 

process. It has been reported that the nano catalysts have greater photocatalytic 

efficiency than normal photocatalyst materials (Yew et al. 2006; Zhao et al. 

2011). In the case of CdO nanoparticles, the efficiency is greater due to quantum 

size effect and higher specific surface area. The quantum size effect produces 

discrete energy levels and the electric potential of valence band becomes more 

positive or else the electric potential of conduction band becomes more negative. 

This increase in redox potential enhances the catalytic activity. With increase in 
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surface area also, absorption of the organic dyes increases. In nanosized 

particles, the diameter becoming less, the charge carriers easily diffuse to the 

surface from inside in lesser time giving minimum time for recombination of 

electron and hole. Therefore the photocatalytic efficiency is high in 

nanoparticles. In the present system, the photocatalysts have been found to be 

reusable at least for 5 times without loss of efficiency. 

 

7.4.2 Degradation of congored dye 

 All the three photocatalysts are employed for the degradation of CR 

dye. The procedure adopted for the degradation process is similar to that 

described in the previous chapter 5. 7 ppm of the dye is used for different 

amounts of (10, 30, 50 and 70 mg) catalyst at 365 nm. 50 mg of the catalyst is 

found to be the optimum concentration. The study is carried out for 160 mins of 

UV irradiation followed by absorbance studied at 365 nm in UV-Vis 

spectrophotometer. The results are presented in Figure 7.6. The 

photodegradation of different amount of catalyst loading is shown in the Figure 

7.7. The result for thr studies carried out with different amount of catalyst is 

given in the Figure 7.7. The concentration of dye at different intervels of time is 

given by C/Co where C is the main absorption peak intensity of congo red dye at 

each irradiation of time interval at a wavelength of 365 nm and Co was the initial 

absorption peak intensity of 7 ppm CR solution. 
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Figure 7.6  Photodegradation of congored dye solution using PVC/C, 

PVC/C/C and PVC/C/N polymer nanocomposites 

 

 

 

 

 

200 300 400 500 600 700

0.0

0.1

0.2

0.3

0.4

0.5
 50 mg - PVC/C/N

0 mins

160 mins

Wavelength, nm

A
b

so
r
b

a
n

c
e
 (

a
.u

)

 

 

200 300 400 500 600 700

0.0

0.1

0.2

0.3

0.4

0.5
 50 mg - PVC/C

0 mins

160 mins

Wavelength, nm

A
b

so
r
b

a
n

c
e
 (

a
.u

)

 

 

200 300 400 500 600 700

0.0

0.1

0.2

0.3

0.4

0.5
 50 mg - PVC/C/C

A
b

so
r
b

a
n

c
e
 (

a
.u

)

Wavelength, nm

0 mins

160 mins

 

 

0 20 40 60 80 100 120 140 160 180

0.0

0.2

0.4

0.6

0.8

1.0

C
/C

o

Irradiation Time (mins)

  PVC/C-CR dye

 10 mg

 30 mg

 50 mg 

 70 mg

 

 

0 20 40 60 80 100 120 140 160 180

0.0

0.2

0.4

0.6

0.8

1.0

C
/C

o

Irradiation Time (mins)

PVC/C/C-CR dye

 10 mg

 20 mg

 50 mg

 70 mg

 

 



 
161 

 
 

 

Figure 7.7  Photodegradation of congored dye solution with different dosage 

PVC/C, PVC/C/C and PVC/C/N polymer nanocomposites  

 

7.4.3  Degradation of rhodamine B dye 

 The degradation of RhB dye has been studied for all the three 

photocatalysts as in the case of CR dye. 7 ppm of RhB dye is taken up for the 

study for different loads of the catalyst (10, 30, 50 and 70 mg) as a function of 

time. The optimum load is found to be 50 mg catalyst (Figure 7.9). The dye 

solution is irradiated at 365 nm by UV irradiation by HEBER multilamp photo-

reactor. 

 

 In the case of RhB dye the maximum absorption peak intensity is 

observed at 553 nm. This absorption peak intensity gradually decreases upon UV 

irradiation in the presence of catalyst and nearly disappears after 80 mins     

(Figure 7.8). There is complete disappearance of the peak when PVC/C/C 

nanocomposites are involved. The results show that in general the 

nanocomposites have great photodegradation efficiency, with PVC/C/C 

composite comparatively more efficient than others. The result of experiments 

carried out with different amount of catalyst is given in the Figure 7.9. C/Co 

refers to the concentration of dye at different intervels of time where C is the 

main absorption peak intensity of RhB dye at each irradiation of time interval at 

a wavelength of 365 nm and Co was the initial absorption peak intensity of 7 

ppm RhB solution. 
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Figure 7.8 Photodegradation of rhodamine B dye solution using PVC/C, 

PVC/C/C and PVC/C/N polymer nanocomposites 
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Figure 7.9  Photodegradation of rhodamine B dye solution with different 

dosage of PVC/C, PVC/C/C and PVC/C/N polymer 

nanocomposites 
 

 

 In the case of the photocatalyst PVC/C and PVC/C/N composites the 

degradation is only 72% and 83% of RhB, while 94% of the same is degraded by 

PVC/C/C in the same period of 80 mins. In the case of the photocatalyst PVC/C 

and PVC/C/N composite the degradation is only 69% and 81% of CR, while 

92% of the same is degraded by PVC/C/C in the same period of 160 mins. Thus 

PVC/C/C nanocomposites act as a better catalyst compared to the rest. This is 

true for both CR and RhB dyes and the degradation rate is given in the Figure 

7.10. 

 

Figure 7.10 Degradation rates of polymer nanocomposites in congored and 

rhodamine B dye 
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7.4.4 Stability and Reusability of the Catalyst 

 The stability and reusability of the photocatalyst is an important 

parameter for the photodegradation process. To examine the stability and 

reusability, recycling experiments are carried out for all the three photocatalysts. 

The results are presented in (Figure 7.11 & 7.12). For each new cycle, the 

photocatalyst is reused for the decolorization of organic dye solution under 

similar condition. The photocatalyst was washed with ethanol/water and dried 

before reused. The results indicate that after the 4
th

 cycle the decolorization 

percentage of CR dye is 29, 35, 32 and 29, 37 and 33 of RhB dye for PVC/C, 

PVC/C/C and PVC/C/V nanocomposites respectively. The photocatalytic 

activity of PVC/C nanocomposites was very low for the decolorization of CR 

and RhB dye when used in 5
th 

cycle. However the other two photocatalysts show 

relatively good decolorization percentage of CR and RhB dyes even in the 5
th
 

cycle. There is general decrease in catalytic activity after second use and 

afterwards the catalysts are relatively stabilized. 

 

Figure 7.11  Stability and reusability of polymer nanocomposites at 7 ppm 

in congored dye solution 
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Figure 7.12  Stability and reusability of polymer nanocomposites at 7 ppm 

in rhodamine B dye solution 

 

 

7.5 CONCLUSION 

 Three types of photocatalysts containing semiconductor nanoparticles 

of CdO are synthesized and well characterized by UV and FTIR spectra and also 

optical microscopy studies. These photocatalysts are employed in the 

degradation of CR and RhB dyes under optimized conditions. It has been found 

that the polymer nanocomposite PVC/C/C has more efficiency compared to 

other two. With increase in surface area as in PVC/C/C, absorption of the 

organic dyes increases resulting in greater degradation. In nanosized particles the 

charge carriers easily diffuse to the surface from inside in lesser time giving 

minimum time for recombination of electron and hole. Therefore the 

photocatalytic efficiency is high. Further the photocatalysts are found to be 

stable and reusable at least for 5 times without loss of efficiency.  
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CHAPTER 8 

SUMMARY AND CONCLUSION 

 

 

 Water is the elixir of life but it is present in less than 1% in earth‘s 

surface. Even this amount of water is largely polluted today and its physical and 

chemical properties are altered due to the addition of unwanted matter making it 

unfit for its intended use. Out of many types of pollutants, organic substances 

comprise a potentially large group of pollutants which are hazardous to human 

health even at low levels if the exposure is for a long term. Organic dyes like 

rhodamine B and congo red are serious pollutants in effluents. From an 

environmental point of view, rhodamine B and congo red dye are harmful to 

human beings and animals.  

 

 Though many methods are available for removal of dyes from 

effluents, photochemical treatment is more important. There are some 

advantages of photochemical treatment of dye-containing effluent i.e. no sludge 

is produced and foul odours are greatly reduced. The degradation process of a 

photodegradable molecule is caused by the absorption of photons from those 

wavelengths found in sunlight, such as infrared radiation, visible light and 

ultraviolet light. The photons are absorbed by photocatalysts and then the energy 

is transferred for photodegradation of molecules. Generally transition metal 

oxides and metals in their nanoform have been found suitable for photocatalytic 

applications. At present semiconductor materials are employed for 

photocatalytic reactions because of their favorable combination of electronic 

structure, light absorption properties, charge transport characteristics and long 

excitation life time. The semiconductor acts as a photocatalyst for the light-

induced photochemical reactions because of its unique electronic structure 



 
167 

 
 

characterized by a filled valence band (VB) and an empty conduction band (CB). 

The primary role of the semiconductor in photocatalysis is to absorb an incident 

photon, generate an electron–hole pair, facilitate its separation and transport and 

the system that should be followed by promoting both the oxidation and 

reduction reactions (redox) simultaneously. The photocatalytic properties of 

semiconductors strongly depend on the electronic band structure. 

 

 The nanoparticles of two metal oxides viz CdO and NiO are 

purchased as such from Sigma Aldrich. The nanoparticles of the following metal 

oxides are synthesized and characterized. 

 Titanium dioxide 

  Zinc Oxide  

  Vanadium pentoxide  

 

 The photocatalytic reactions occur in heterogeneous phase. In 

photocatalytic degradation, polymer nanocomposites with semiconductors as 

photocatalysts are employed with significant results in the removal of dyes from 

effluents. Nine polymer nanocomposites are taken up in this study and they are 

1. PVC/TiO2 (PVC/T) 

2. PVC/TiO2/Chitosan (PVC/T/C) 

3. PVC/TiO2/V2O5 (PVC/T/V) 

4.  PVC/ZnO (PVC/Z) 

5. PVC/ZnO/Chitosan (PVC/Z/C) 

6. PVC/ZnO/V2O5 (PVC/Z/V)  

7. PVC/CdO (PVC/C) 

8. PVC/CdO/Chitosan (PVC/C/C) 

9. PVC/CdO/NiO (PVC/C/N) 

 

 The synthesized semiconductor metal oxides and prepared polymer 

nanocomposites are characterized by the following techniques 
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i. Energy dispersive X-ray analysis (EDAX) 

ii. Fourier transform infra red spectral analysis (FT-IR) 

iii. Ultra Violet spectral analysis (UV-Vis) 

iv. Powder X-ray diffraction analysis (PXRD) 

v. Optical microscopy analysis 

vi. Scanning electron microscopy analysis(SEM) 

vii. Thermal analysis (TG/DTA) 

viii. Determination of mechanical strength 

 

Two dyes are selected for photodegradation studies and they are  

i) Congored 

ii) Rhodamine B 

 

 The study of the photocatalytic activity, stability and reusability 

towards the degradation of CR and RhB dyes for all nanocomposites prepared 

using semiconductor metal oxides and the biopolymer chitosan are carried out. 

 

 The thesis comprises of eight chapters and the first three chapters are 

on introduction, literature review and experimental methods respectively. 

Chapter 4 describes the characterization of nanoparticles of synthesized metal 

oxides. The chapter 5, 6, 7 deals with the degradation studies of dyes using 

polymer composites containing TiO2, ZnO and CdO respectively. 

 

 Initially optimization studies are carried out for CR dye and RhB dye 

of 70 ml of 7 ppm aqueous solution under UV irradiation at 365 nm. The 

irradiation time is optimized to be 160 mins for CR dye and 80 mins for RhB 

dye. The catalyst amount is optimized to be 50 mg for both the dyes. 

 

 The mechanism of photocatalytic reaction involves five steps: 

i. Transfer of reactants in the fluid phase to the catalysts surface  

ii. Adsorption of the reactant(s)  
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iii. Reaction of the reactant(s) on the catalyst surface  

iv. Desorption of the product(s)  

v. Removal of products from the interface region.  

 

 The degradation process is complete in congored dye and rhodamine 

B with the disappearance of the absorption peak. The results of the degradation 

studies with TiO2 show that in general the nanocomposites have great 

photodegradation efficiency, with PVC/T/V composite comparatively more 

efficient than others. The optical microscopy study also confirms this result 

showing maximum surface area for PVC/T/V nanocomposites. While 97% of 

RhB dye is degraded by PVC/T/V within the period of 80 mins, the degradation 

is only 65% and 82% of RhB dye for the photocatalyst PVC/T and PVC/T/C 

composite respectively. Thus PVC/T/V nanocomposites act as a better catalyst 

compared to the rest for both the CR and RhB dyes. The mechanism for 

photocatalytic reaction proposes that the significant photocatalytic activity may 

be due to lower recombination of e
-
 - h

+ 
and extended life span of e

-
 - h

+
 pairs. 

 

 The stability and reusability of the photocatalyst is an important 

parameter for the photodegradation process. Recycling experiments are carried 

out for all the three photocatalysts to examine the stability and reusability. For 

each new cycle, the photocatalyst is reused for the decolorization of organic dye 

solution under similar condition. The results indicate that after the 5
th

 cycle the 

decolorization percentage of CR dye is 32, 42, 46 and 31, 39 and 49 of RhB dye 

for PVC/T, PVC/T/C and PVC/T/V nanocomposites respectively. In the 6
th 

cycle 

the photocatalytic activity of PVC/T nanocomposites was very low however the 

other two photocatalysts show relatively good decolorization percentage of CR 

and RhB dyes even in the 6
th

 cycle. In general there is decrease in catalytic 

activity after second use and afterwards the catalysts are relatively stabilized.
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 Three types of photocatalysts viz PVC/Z, PVC/Z/C, PVC/Z/V 

containing semiconductor nanoparticles of ZnO are synthesized and well 

characterized by UV and FTIR spectra and also optical microscopy studies. 

These photocatalysts are successfully used in the degradation of organic dyes 

CR and RhB under optimized conditions of irradiation time, concentration of 

dye solutions and amount of catalystat 365 nm of UV radiation. 97% of the dye 

solutions are degraded by PVC/Z/V nanocomposites in the given time and it acts 

as a better catalyst compared to the rest. This is true for both the CR and RhB 

dyes. The suggested mechanism for photocatalytic degradation involves 

quantum size effect and surface area of the nanoparticles. The polymer 

nanocomposites PVC/Z/V has more efficiency compared to other two. In the 

case of polymer nanocomposites containing mixed oxides the reactivity is more. 

This may be due to the lesser possibility for the recombination of positive hole 

and negatively charged electrons because of the diffusion of the smaller 

nanosized particles on to the surface of the catalyst. It has been found that all the 

three catalysts can be used at least for 6 times in the degradation of dyes. 

 

 Three types of photocatalysts containing semiconductor nanoparticles 

of CdO are synthesized and well characterized by UV and FTIR spectra and also 

optical microscopy studies. They are PVC/C, PVC/C/C and PVC/C/N. 

 

 Similar arguments are extended for the three types of photocatalysts 

containing semiconductor nanoparticles of CdO in their photodegradation 

efficiency towards decolorization of CR and RhB dyes in aqueous solutions. The 

greater efficiency of polymer nanocomposite PVC/C/C may be due to the 

increase in surface area with more absorption of the organic dyes. The easy 

diffusion of nano sized particles to the surface from inside in lesser time giving 

minimum time for recombination of electron and hole leads to higher 

photocatalytic efficiency. The photocatalysts are reusable at least for 5 times 

without loss of efficiency.  
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8.1 CONCLUSION 

 Nine types of polymer nanocomposites have been synthesized and 

characterized by different techniques. They are successfully used in 

photochemical treatment for degradation of organic dyes CR and RhB under 

optimized conditions. A more plausible mechanism for photodegradation is 

given. The present study has achieved its objective of ascertaining the stability, 

recovery and reusability of the photocatalysts to a greater extent. However the 

application of the same to real time processes in environment is to be further 

investigated which will form a separate study to be undertaken in future. 
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