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ABSTRACT 

The present work focuses on the synthesis of low cost, environment-friendly 

and reusable metal oxide photocatalysts. Till date the most widely exploited 

photocatalysts for the degradation of pollutants are zinc oxide and titanium dioxide 

photocatalysts due to their ever fascinating optoelectronic properties and non-toxic 

nature. Recently bismuth based materials are also tested for their photocatalytic 

applications due to their environmentally benign nature and tunable band gap 

properties. Understanding the everlasting potential of utilizing natural sunlight as a 

source for the excitation of the electrons from the semiconductor metal oxides to 

initiate the redox reactions, the present study is concentrated towards the effective 

utilization of sunlight for photocatalytic destruction of the dyes. Although the zinc, 

titanium and bismuth semiconductors show catalytic activity under direct sunlight, the 

wide bandgap of these materials (~ 3.2eV) causes some drawbacks such as small 

amount of photon absorption and fast recombination of the photogenerated charge 

carriers which restricts the large scale practical applicability of these semiconductor 

photocatalysts. So to overcome these limitations and increase the photocatalytic 

response of the metal oxides used in the study under direct sunlight modification of 

the ZnO, TiO2 and BiOCl catalysts are done by doping aluminium fluoride and 

strontium silicate salts. Further in order to understand the structural and 

morphological characteristics of synthesized photocatalysts different analytical 

techniques such as X-ray diffraction analysis, field emission scanning electron 

microscopy analysis, energy dispersive X-ray analysis and high resolution 

transmission electron microscopy analysis are employed. The presence of metal-

oxygen bonds, bandgap values and surface area of the photocatalysts are determined 



from the fourier transform infra-red spectroscopy analysis, UV diffuse reflectance 

spectroscopy analysis and nitrogen adsorption-desorption isotherm analysis. 

The Hexagonal wurtzite phase of the ZnO catalyst, anatase, rutile and brookite 

phases of TiO2 and tetragonal phase of BiOCl and crystallinity of the synthesized 

materials were established from the XRD patterns. The morphology of the synthesized 

photocatalysts were recognized from the FE SEM and TEM images and the SAED 

pattern confirmed the crystallinity of the materials which further supported the XRD 

data. The presence of major elements in the synthesized photocatalysts was observed 

in the EDAX spectra and the formation of metal-oxygen bonds in all the 

photocatalysts were confirmed from the FTIR spectra. An increase in the surface area 

and a decrease in the bandgap values of the photocatalysts were evidenced after the 

process of doping which resulted in the improvement in the catalytic performance of 

the modified photocatalysts. 

Seven synthetic organic dyes such as methylene blue, indigo carmine, crystal 

violet, basic yellow 2, acid red 94, congo red and acid green 1 are chosen for the study 

based on their applicability and chemical structure. The preliminary photocatalytic 

studies showed that sunlight, effective purging and the use of a photocatalyst is 

essential for the degradation of the dyes. The parameters such as pH, catalyst weight 

and dye concentration are optimized to achieve maximum photocatalytic degradation 

of the dyes. Different weight percent of aluminium fluoride and strontium silicate 

salts incorporated to ZnO, TiO2 and BiOCl photocatalysts showed that the 

photocatalytic degradation of the dyes can be achieved with less time compared to 

that obtained with bare photocatalysts. The photocatalytic degradation of dyes 

followed pseudo-first order kinetics by obeying Langmuir-Hinshelwood kinetic 



model. The active participation of all the reactive species such as electrons, holes, 

hydroxyl and superoxide anion radicals are evaluated using suitable scavengers. The 

destruction of the chromophoric groups in the dyes are confirmed from the UV-

Visible spectroscopic studies and the extent of mineralization of the dyes are 

understood from total organic carbon content analysis of the dye solution before and 

after the photocatalytic treatment. Among the aluminium fluoride and strontium 

silicate modified ZnO, TiO2 and BiOCl photocatalysts, the AlF3 modified 

photocatalysts showed faster degradation for all the dyes. The reusability of the AlF3 

modified ZnO, TiO2 and BiOCl semiconductors confirmed the photostability of the 

catalysts and hence a composite of AlF3 modified ZnO, TiO2 and BiOCl 

photocatalysts is prepared and utilized for the photocatalytic treatment of the effluent. 

The physico-chemical analysis of the effluent before and after the photocatalytic 

treatment showed that the composite photocatalyst is effective in the removal of 

colour as well as a significant reduction in the level of contamination is also analyzed. 

Further the antimicrobial studies carried out with the 2wt%AlF3-ZnO/1wt%AlF3-

TiO2/3wt%AlF3-BiOCl photocatalyst against various microorganisms revealed that 

the composite has potential photocatalytic disinfection properties. 
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CHAPTER – I 

INTRODUCTION 

 
1.1. WATER POLLUTION 

Access to clean and safe drinking water is one of the prime necessities in our 

day to day life. Even though there are many sources of water bodies, the percentage of 

freshwater available on the earth is only 2.5%, and the remaining 97.5% is saline 

water1, 2. Due to the overgrowth in population and the industrial revolution, a large 

amount of water is being utilized from rivers, lakes and underground reservoirs to 

meet the demands of common people. Apart from this, the dumping of garbage, 

sewage and liquid wastes from households, industrial sectors and agricultural fields 

pollutes the water bodies. This water pollution affects the life of aquatic plants and 

animals and is also the primary reason for several health issues for people across the 

globe. The World Health Organization and United Nations Department of Economic 

and Social Affairs report says, that around 900 million people do not have access to 

clean drinking water and about 2.6 billion, almost half the population of the developing 

world do not have access to adequate sanitation3,4. Due to the consumption of 

contaminated waters and seafood, around 1.8 million people die annually from diarrheal 

diseases5,6. A significant impact of water-borne diseases is on child mortality. Around 

105 million children under 5 years die each year due to water-borne diseases resulting 

in the loss of two hundred million man-hours a day every year7,8. Hence, freshwater is 

one of the critical resources in the world which should be managed appropriately, 

efficiently utilized and recycled for the sustainability of human life. 
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1.2. WATER POLLUTION FROM DYEING INDUSTRIES 

The use of synthetic chemical dyes in various industrial processes, including 

paper and pulp manufacturing, plastics, cloth dyeing, leather treatment and printing, 

has increased considerably over the last few decades. It is estimated that over 10,000 

different dyes and pigments are used industrially, and over 7×105 tons of synthetic 

dyes are annually produced worldwide9. In addition, the increased demand for textile 

products, the proportional increase in their production, and the use of synthetic dyes 

have contributed to dye wastewater becoming one of the substantial sources of severe 

water pollution problems in current times. 

 
1.3. DYES AND THEIR CLASSIFICATION 

A dye is usually a coloured organic compound used to impart colour to a substrate, 

but all the coloured substances are not dyes. According to Witt's theory, a dye is made 

up of two parts, namely chromophores and auxochromes. The colour usually appears 

in an organic compound if it possesses certain unsaturated groups (such as -N=N, 

C=S, C=C, C=O, N=O, etc.) called chromophores. Auxochromes are specific groups 

(such as –NH2, -COOH, -OH, SO3H, Cl, -CN, -OCH3, -CONH2 etc.) that increase the 

intensity of the colour of an organic compound and make this organic compound a 

dye by fixing it to the fabric of the material to be dyed either by association or salt 

formation. The fixing of the dye to the fibre is generally due to the formation of a 

chemical bond between the fibre and the auxochrome10. 

The dyeing method varies depending upon the structure of dyes, nature of 

fibres, and physical properties such as solubility; and hence, one single fabrication 

method cannot be adopted for all the classes of dyes. Thus, dyes can be classified 

based on the mode of application. 
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Many of the dyes are prepared well in advance, after which they can be 

applied to the fibres, whereas some of them can be prepared in the fibre itself. The 

dyes developed on the cellulosic material itself are called developed or ingrain dyes. 

Some dyes can be made readily available for use. They may be either water-soluble or 

water-insoluble dyes. 

The water-insoluble dyes are the ones that cannot be directly applied to the 

cellulosic fibres. These dyes are first reduced in an alkaline medium. On reduction, 

they split into simpler molecules that are water-soluble and then the cellulosic fibres 

are impregnated in the solution for which they show affinity. These types of dyes are 

mainly used for cotton and cellulosic fibres; they cannot be applied to wool and silk 

because the fibres get damaged in an alkaline medium. Some of the water-insoluble 

dyes are Vat dyes, Solubilized vat dyes, Sulphur dyes and Sulphurised vat dyes. 

Disperse dyes are another class of water-insoluble dyes that are finely 

grounded and dispersed in water using the suitable dispersing agent. The micro-fine 

dispersions are applied to the fibres either by using organic carriers or by high 

temperature and pressure. The nitro, azo, and anthraquinone dyes are the predominantly 

used disperse dyes. 

The following are some of the water-soluble dyes which can be directly used 

for dyeing purposes. 

Direct dyes- These dyes are generally soluble in water due to sulphonic acid 

groups. They are attached to the cellulosic fibres by hydrogen bonding. 

Acid dyes- These dyes have some acidic groups like –SO3H and phenolic –

OH. These dyes are easily attached to protein fibres like wool and silk by ionic forces 

but have no affinity for cotton. 
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Basic dyes- These dyes are cationic in nature containing some basic groups 

like –NH2, -NR2 etc in their colour base. Like acid dyes, they also have a strong 

affinity towards protein fibres like silk and wool but have less affinity towards 

cellulosic fibres. 

Reactive dyes- These dyes generally have a heterocyclic system containing –

Cl, --NH2, which chemically react with the hydroxyl groups of cellulose fibres by 

covalent bonds. Hence, these dyes are mainly used for cotton and cellulosic fibres11, 12. 

 
1.4. WATER CONSUMPTION IN TEXTILE DYEING INDUSTRIES 

More than eighty per cent of the synthetic dyestuffs in India are used in the 

textile industry due to the high demand for polyester and cotton clothes13. The textile 

industry ranks among the top ten water-consuming industries globally. Large 

quantities of water are used in different stages of textile processing operations. The 

various stages of textile processes are shown below in a flow chart. 

 
Figure 1.1 Various stages of textile processing 
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Water plays a significant role in almost all industrial sectors. A large amount 

of water is used in the pre-treatment processes of the textile dyeing industry, such as 

singeing, desizing, scouring, bleaching and mercerizing. Almost all the dyes and 

chemicals are applied to the fabrics from the water bath. Depending upon the type of 

the fabric, nature of the dyes, finishing agents, and the type of processing machinery 

used, the amount of water consumption also varies. The average quantity of water 

required for dyeing various types of fabrics is shown in the following table. 

Table 1.1 Water requirement (L/per Kg) for dyeing of different types of fabrics 

TYPES OF FABRICS 
AVERAGE AMOUNT OF WATER 

REQUIRED FOR DYEING PROCESS 
(L/PER KG OF FABRIC) 

Cotton 10,000-30,000 

  

Wool 16,000-22,000 

  

Rayon 17,000-34,000 

  

Acetate 34,000-50,000 

  

Nylon 17,000-34,000 

  

Acrylic 17,000-34,000 

  
 

In the 1980s, the water required for processing one kilogram of cloth was 

226.5 litres, and in 2000, it was around 145 litres, respectively. For dyeing purposes, 

the average water requirement was 175 litres per kilogram of cloth in a small to 

medium industry, and it was around 120 litres per kilogram of cloth in large 

industries; this is attributed to the advancement in technology14. However, due to the 

inefficient dyeing process, the loss of dyes to the environment is around 10-50% and 
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each litre of wastewater generated further pollutes around 5-8 litres of freshwater 

sources, and this polluted water is very rarely used by the industries15-17. Due to this 

environmental impact, the textile dyeing industry is estimated to consume more water 

than any other industry globally. 

 
1.5. HARMFUL EFFECTS OF WATER POLLUTION TO THE ENVIRONMENT 

The major problem in releasing the effluents into our environment is that they 

are highly carcinogenic in nature. These effluents contain dyes and other recalcitrant 

organic chemicals, metal salts, surfactants, chlorinated compounds, high fluctuating 

pH levels, and high chemical oxygen demand with suspended solids. This effluent 

discharge seriously affects the aesthetic quality and the transparency of the water 

bodies, decreasing the sunlight penetration and disturbing the photosynthetic activity 

of the aquatic plants18-20. Further, the decrease in the photosynthetic activity may also 

lead to a reduced level of dissolved oxygen content, leading to a septic condition 

characterized by a foul odour and suspended solids. This pollution caused in the 

environment discourages camping, boating, and fishing, retards the development of a 

locality21-23. 

The disposal of the effluents into the nearby water bodies is undesirable, not 

only because of their colour but also because of the breakdown products that persist in 

the environment for an extended period. For example, the hydrolyzed reactive blue 19 

dye has a half-life of approximately forty-six years24, 25. Similarly, azo dyes are 

produced worldwide due to their cost-effectiveness and ease of synthesis. However, 

these azo dyes on reduction form 2-benzotriazole derivatives and aromatic amines, 

which are highly mutagenic in nature than the original dye26-29. Due to the toxic 

nature of the dyes and their reactive intermediates formed, the usual functioning of the 
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cells gets disturbed, which alters the physiological and biochemical mechanisms of 

mammals. Further, the workers in the textile, dyeing, printing, leather and food 

industries face several health issues such as asthma, nasal problems, rhinitis, allergic 

reactions and dermatitis30, 31. The people living near the noyyal river basin in Tamil 

Nadu are highly affected due to the consumption of contaminated water32. 

 
1.6. VARIOUS TREATMENT TECHNOLOGIES ADOPTED FOR THE 

REMEDIATION OF WASTEWATER  

Due to the growth of industrialization, water scarcity problems are expected to 

grow, even in the regions now considered as water-rich areas. To address these issues, 

a tremendous amount of research is being conducted. Since the effluents released from 

the dyeing industries not only contain colorants but also a wide range of chemicals, a 

single water treatment technique may not be suitable to eliminate all the organic 

pollutants. The treatment of dyeing effluents is usually done in three stages the primary 

process, the secondary process, and then the tertiary treatment process is carried out. 

 
1.6.1. Primary Treatment Process 

In the primary treatment process larger suspended particles and coarse 

materials are removed by the following methods. 

 
1.6.1.1. Equalization and Sedimentation 

Different streams of effluents are collected in a holding tank and allowed to 

settle for a specific period of time. During this process of equalization majority of the 

solid particles settle down along with the heavy metals, and sedimentation is the 

process where the solid particles are allowed to settle by the force of gravity. Some 

amount of fibre and scum are also removed by this method. 
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1.6.1.2. Neutralization 

During this process, the extreme pH values of the dye effluents are neutralized 

by adding lime. This process of neutralization is also carried out by mixing acidic 

waste with the alkaline waste generated in the treatment plant or from the nearby 

industries, which is considered the cheapest method. 

 
1.6.1.3. Coagulation 

Fine suspended impurities present in the textile effluent do not settle down 

quickly. Hence these particles are destabilized by the addition of chemicals. Then fine 

particles that are chemically coagulated tend to form more extensive floc-like materials 

removed by subsequent settling and filtrations. Most widely employed coagulants are 

potash alum, ferrous sulphate and ferrous chloride. 

 
1.6.1.4. Floatation 

In the floatation process, the fine suspended particles in the effluent are 

removed by applying air. The impurities are carried away by the air bubbles to the 

liquid surface, which are readily removed by the skimmers. 

 
1.6.2. Secondary Treatment Processes 

Soluble organic substances are removed only in the secondary treatment 

process, which employs microorganisms for the breakdown of complex organic 

molecules into simpler substances. 

 
1.6.2.1. Activated sludge process 

In the activated sludge process, the textile effluents after clarification are 

passed to the aeration tank where it is biodegraded with the help of microorganisms 

such as bacteria, fungi, protozoa, rotifers and sometimes nematodes. 
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1.6.2.2. Trickling filtration 

In this process the organic compounds in the wastewater are oxidized to 

simpler substances by the metabolic activity of the bacterial slimes that are sprinkled 

over a bed of stones. After this filtration process the effluents are allowed to settle 

down and then it is discharged. 

1.6.2.3. Aerated Lagoons 

Aerated lagoons are the activated sludge units that operate without sludge return. 

Here, the microorganisms oxidise the organic compounds, and the floating aerators 

provide the necessary oxygen. 

 
1.6.2.4. Oxidation ponds 

The complex organic compounds in the wastewater are broken down into 

smaller substances with the help of microorganisms like bacteria. The algae release 

the oxygen required for the metabolic activity of the bacteria in the ponds, which, in 

turn, utilises the carbon dioxide supplied by the bacteria for its photosynthetic activity. 

Hence, a mutual symbiotic action is essential for the effective treatment of wastewater 

in the oxidation ponds. 

 
1.6.2.5. Anaerobic digestion 

Here, the liquid waste containing soluble organics is degraded to carbon dioxide, 

ammonia, methane, H2S and organic acids by a combination of chemical precipitation 

and microbial treatment in the absence of air. 

 
1.6.3. Tertiary Treatment Process 

The aqueous salts, dissolved solids, metal ions and colourants from the textile 

wastewater are removed in the tertiary treatment processes. 
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1.6.3.1. Membrane Filtration 

A membrane is usually a barrier that separates two phases from each other in a 

selective manner. The three basic principles of the membrane treatment process are 

adsorption, sieving and electrostatic phenomenon. The separation of the colloidal 

particles, dissolved salts and metal ions through the membrane depends upon the pore 

size. The movement of solid particles through the membrane is based upon different 

driving forces. There are equilibrium-based membrane processes such as (membrane 

distillation, forward osmosis, and liquid membranes) and non-equilibrium-based 

processes such as (microfiltration, ultrafiltration, nanofiltration, and reverse osmosis 

which is classified as a pressure-driven process) and electrodialysis (non-pressure 

driven process). The pressure-driven membranes that rely on the hydraulic pressure to 

achieve separation are most widely employed to treat wastewater33-36. 

 
1.6.3.2. Ion Exchange Processes 

An ion exchange membrane is a polymeric matrix with the ionic groups fixed 

to its polymeric backbone. The three different ionic exchange membranes are anionic, 

cationic, and bipolar ion-exchange membranes. The anionic exchange membranes are 

the ones that have positively charged groups such as –NH3+, –NRH2+, –NR2H+ and 

–NR3+ attached to them, which allows the transport of anions through the membranes 

and rejects the cations. The cationic exchange membranes are the ones that have 

negatively charged groups such as –SO3-, –COO- and –PO3
2- attached to them, which 

allows the transport of cations and rejects the anions. The combination of cationic and 

anionic exchange membranes is known as bipolar ion-exchange membranes. The 

process of selectively transferring cations and anions through the membranes upon 

applying an external electric current is the basis of electrodialysis. Desalination of 
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brackish water by electrodialysis and electrolytic production of chlorine and caustic 

soda are the two main processes where ion exchange membranes are made use37, 38. 

 
1.6.3.3. Adsorption process 

Adsorption is a surface phenomenon; it refers to the accumulation of a substance 

at the interface between the two phases (solid-liquid interface or gas-solid interface) 39. 

Activated carbons show great adsorption capacity in the treatment of polluted wastewater 

due to their unique characteristic features such as highly developed porosity and large 

surface area40, 41. Powdered activated carbon is found to be an effective adsorbent in 

the treatment of polluted wastewater. However, the commercially available activated 

carbon's high cost and low regeneration have limited its use as an adsorbent42. In 

recent years much research has been focused onto the production of activated carbon 

from low cost and renewable precursors such as sugarcane bagasse43, barley straw44, 

cashew nut shell45, potato peel46, rice straw47, coir pith48, orange peel49, sawdust 50 and 

coconut shell51. 

 
1.6.3.4. Electrolytic Process 

Electrolysis is the process of breaking down the substances by applying an 

electric current. The chemical reaction takes place in an electrolytic bath which allows 

the transfer of ions between the electrodes; at the electrode, the cations are reduced, 

and the anions are oxidized52. Electrocoagulation/Flocculation is one of the 

electrolytic processes that involve the application of electric current to the electrodes. 

The electrolytic oxidation of the sacrificial electrode generates coagulating agents that 

neutralize the surface charge, destabilize the colloidal particles and break down the 

emulsion. The oxygen generated at the anode and the hydrogen generated at the 
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cathode gets adsorbed on colliding with the flakes, carrying the impurities in 

suspension to the top and thereby promoting the clarification of the effluents53. Some 

of the metals that have been employed as electrodes include aluminium, iron, stainless 

steel and platinum54,55. According to Xuejun et al., about 89.8% reduction in the 

chemical oxygen demand by electrochemical oxidation was achieved however; the 

cost of electricity consumption and the scarification of the electrodes were considered 

to be significant concerns throughout the study56. 

 
1.7. LIMITATIONS OF PREVIOUSLY ADOPTED WASTEWATER TREATMENT 

TECHNOLOGIES 

In general, a combination of physical, chemical and biological methods is 

employed to treat the polluted wastewater. Each method has its own advantages and 

constraints regarding cost, efficiency and feasibility. Some of these limitations are 

discussed below. 

The coagulation and flocculation process, which uses inorganic coagulants 

such as aluminium chloride, aluminium sulphate, and ferric sulphate, are found to be 

effective in treating textile effluents. However, the high residual aluminium concentration 

in the sludge can lead to the development of Alzheimer’s disease and senile dementia57. 

It is also difficult to control the rate of precipitation and the size of the floc that is 

affected by the impurities such as non-ionic detergents, and the higher concentration 

of oxidizing or reducing agents disturbs the flocculation process further; these chemicals 

need to be neutralized before discharge58. The membrane bioreactors, which are a 

combination of the membrane and biological processes, have wide applications in the 

treatment of polluted water. The main advantage of membrane processes is that it 

does not involve the use of any chemicals. However, the dissolved solids cannot be 
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separated by this method, and after prolonged exposures, fouling occurs with the 

clogging of the pores of the membranes; therefore, the quality of discharge water from 

the membrane also decreases, leading to high running costs and maintenances59. The 

application of microorganisms for the biodegradation of organic pollutants is found to 

be simple, attractive and well accepted by the public. However, proper maintenance 

and management of the microorganism remain a time consuming and cost-intensive 

process. The biological treatment processes such as aerobic oxidation are found to be 

ineffective in degrading the azoic dyes. 

In contrast, in the anaerobic treatment processes, the azo compounds get 

transformed into aromatic amines, which persist in the environment for an extended 

period of time. Thus, the incomplete destruction of organic compounds by the 

biological treatment process has led to the idea of transferring the pollutants onto the 

biomass-derived carbon by the adsorption process60-62. The powdered activated carbon, 

which acts as an efficient adsorbent for removing a wide range of environmental 

pollutants, also has certain disadvantages. It causes turbidity in the treated water, 

difficult separation, cost-intensive regeneration, and secondary pollutants generation, 

which has limited its use63. Thus, in most of the treatment methods adopted for 

wastewater remediation, the pollutants are not entirely eliminated from the effluents. 

They are either transferred from one phase to another and in many cases, the dyes are 

just adsorbed on the sludge and not degraded due to their recalcitrant nature, which is 

a source of secondary pollutants and requires further treatment. Hence, many 

researchers have concentrated on developing low-cost, robust and effective processes 

that could degrade the pollutants from the wastewater. In recent years, researchers 

have identified advanced oxidation processes as the most promising method for 

removing organic pollutants, which are bio-recalcitrant and are not treatable by 

conventional techniques. 
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1.8. ADVANCED OXIDATION PROCESSES 

In the 1980s, advanced oxidation processes were first proposed only for the 

treatment of portable water64 later; it was extended for the treatment of different 

wastewaters because the solid oxidising species such as hydroxyl radicals and 

superoxide anion radicals involved in the reaction were found to be capable of 

degrading the recalcitrant organic pollutants into more straightforward non-toxic end 

products. The efficiency of advanced oxidation processes depends on the generation 

of reactive free radicals such as hydroxyl radicals (.OH), hydroperoxyl radicals 

(HO2
.), superoxide radicals (O2

.-), alkoxyl radicals (RO.), among which the hydroxyl 

radicals play a vital role in the treatment of wastewater due to its high oxidation 

potential (2.8V versus standard hydrogen electrode), non-selective nature, highly 

reactive that it can oxidise and decompose various hazardous organic compounds into 

carbon dioxide and inorganic ions65-68. Some of the advanced oxidation processes are 

discussed below 

 
1.8.1. Photochemical oxidation processes 

In this photochemical oxidation process, the UV light (λ=254nm)  is used as a 

source along with some oxidants such as hydrogen peroxide, ozone, a combination of 

hydrogen peroxide and ozone to initiate the generation of reactive free radicals to 

oxidize the organic pollutants69. Some of the key reactions involved in these photo-

oxidation processes are listed below 

i. UV/ Ozone process: 

 O3 + H2O + hv → .O2 + H2O2 ......................... eq.(1.1) 

ii.  UV/H2O2 process: 

 H2O2 + hv → 2HO. ......................... eq.(1.2) 
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iii.  UV/O3/H2O2 process: 

 O3 + H2O + hv → .O2 + H2O2 ......................... eq.(1.3) 

H2O2 + hv → .OH + .OH   ......................... eq.(1.4) 

iv. UV/HOCl process: 

 HOCl + hv → ·OH + Cl·   ......................... eq.(1.5) 

v. Photo-Fenton process: 

 H2O2 + Fe3+
→ Fe2+ + ·OH + OH̄  ......................... eq.(1.6) 

 Fe2+ + H2O+ hv→ Fe3++ ·OH + H+ ......................... eq.(1.7) 

 
1.8.2. Wet Oxidation Processes 

The wet oxidation processes are employed to treat wastewaters and sludge 

with a chemical oxygen demand level between 5-200 g L-1. Typically, the wet 

oxidation processes operate at a temperature ranging between 90°C to even 600°C. 

The degree of oxidation depends on the temperature, pressure and operating time. 

Hence higher the operating temperature, the higher is the extent of oxidation 

achieved70. Some of the wet oxidation processes and their operating conditions are 

discussed below. 

1.8.2.1. Wet Peroxide Oxidation Process 

Wet peroxide oxidation is similar to that of the fenton reaction, but the 

removal of total organic carbon can be achieved more efficiently due to the high 

operating temperature above 100oC with a pressure of 3-5 bars. The typical catalyst 

employed in the reaction is iron recently; copper71 and activated carbon72 are also 

found to be successful. 
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1.8.2.2. Wet Air Oxidation and Catalytic Wet Air Oxidation Process 

The wet air oxidation process uses oxygen-containing gases such as air or 

molecular oxygen to oxidize the pollutants in the liquid phase operating at a 

temperature range between 125-320oC and pressure of 5-200 bars. In catalytic wet air 

oxidation, a homogenous or heterogeneous catalyst is employed to achieve the 

oxidation at much higher rates at lower temperatures (130-250oC) and with a pressure 

of 20-50 bars. Noble metal catalysts such as doped-ceria supported platinum and 

ruthenium are found to be more effective in oxidizing the organic pollutants73. 

1.8.2.3. Supercritical Wet Air Oxidation Process 

Supercritical wet air oxidation process operates at a temperature above 374oC 

and at a pressure of 221bar which is the critical point of water, therefore above this 

temperature the oxidizable organic compounds and oxygen can be mixed in a single 

homogeneous phase74-76. Most of the organic compounds can be destructed while 

operating at a temperature between 400-500oC. 

 
1.8.3. Electrochemical and Photo-Electrocatalytic Oxidation Processes 

The electrochemical method used in wastewater treatment mainly focuses on 

anodic oxidation. At the anode, the water molecules are oxidized, leading to the 

formation of free radicals, and at the cathode, hydrogen gas is evolved. Oxidation of 

water molecules leading to the generation of physisorbed active oxygen and adsorbed 

hydroxyl radicals are critical reactions. Electrochemical oxidation mediated by other 

electrogenerated oxidants such as S2O8
2-, H2O2, Cl2, HClO, ClO-, also leads to the 

decontamination of total organics. Similarly, photoelectrocatalysis is an emerging 

wastewater treatment technology in which titanium dioxide-based thin film anodes are 

irradiated under UV light. In this process, the photoinduced electrons are continuously 
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extracted from the anode by an external circuit, which causes the suppression of 

electron-hole recombination, and the photogenerated holes acquire a longer lifetime, 

promoting redox reactions. Chun et al77 reported the photoelectrocatalytic degradation 

of formic acid using platinum doped titanium dioxide films. The experimental results 

revealed that 73.4% of COD removal of formic acid was achieved using Pt-TiO2 

photoanodes. This enhancement in the photoelectrocatalytic activity is due to the 

suppression of recombination of photogenerated charge carriers. However, low 

absorption coefficient, low incident photon to charge efficiency at lower potentials, 

poor photocurrent stability and self oxidative deactivation of some photoanodic 

materials are the key issues that need to be addressed in the photoelectrocatalytic 

processes. 

 
1.8.4. Photocatalysis 

Photocatalysis is when light and catalyst are used simultaneously to speed up a 

chemical reaction. On the other hand, it can also be defined as the “catalysis driven 

acceleration of a light-induced reaction.” An Italian photochemist Giacomo Luigi 

Ciamician was the first person to conduct experimental studies to understand the fact 

that light and light alone would enable chemical reactions. Upon carrying out 

experiments under blue and red light, he found that the chemical effect took place 

only under the blue light, and he was also able to conclude that the acceleration of the 

reaction did not occur by thermal heating induced by light78. The first occurance of 

the keyword “Photocatalysis” appeared in the scientific literature in the year 1911 

when scientists discovered the bleaching of Prussian blue pigment by zinc oxide 

under illumination79. Later on the researchers began to explore the potential use of 

zinc oxide as a photocatalyst and continuous efforts have been made by them wherein 
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the subsequent findings by the researchers such as reduction of Ag+ to Ag80 in the 

year 1924, photocatalytic reduction of AuCl3 to Au, AgNO3 to Ag81 by TiO2 and 

Nb2O5 in the year 1932, bleaching of dyes82 using TiO2 as photosensitizer in the 

presence of O2 in the year 1938, photo-oxidation of isopropanol83 by zinc oxide and 

titanium dioxide was also reported in the year 1964. However, a breakthrough in the 

field of photocatalysis occurred in the year 1972 when Akira Fujishima and Kenichi 

Honda reported the remarkable discovery of photocatalytic water splitting reaction 

using TiO2 electrodes under UV light irradiation84 which later on paved an onset for 

the investigation of large number of photo-induced redox reactions on different 

semiconductor surfaces. In the year 1977, Frank and Bard experimented with the 

heterogeneous photocatalytic oxidation of cyanide and sulphate ions85 using different 

semiconductor metal oxides and metal sulphide such as zinc oxide, titanium dioxide, 

iron oxide, cadmium sulphide and tungsten trioxide. Following this Ollis reported the 

TiO2 catalyzed photodegradation of chlorinated organic compounds86 and the 

photochemical sterilization of microorganism using platinum loaded titanium dioxide 

catalyst87 was reported by Matsunaga et al., in the year 1985. Soon it was realized by 

scientists that such semiconductor mediated light induced reactions can be employed 

to solve environmental related issues such as photodegradation of toxic pollutants, 

microorganisms, CO2 reduction, selective organic transformations etc. Thus, both the 

societal and technological importance of photocatalytic technology has increased over 

the past few decades. 

 
1.8.4.1. Advantages and Disadvantages of photocatalysis 

The release of the wide spectrum of pollutants into our environment by the 

growing industrial revolution has deteriorated the quality of water bodies and thereby 



 

 

19 

the health and living standards of the people. The need for environmental cleanup in 

order to maintain the earth’s ecological balance has increased considerably over the past 

few decades. Among many advanced oxidation processes, heterogeneous photocatalysis 

is a unique process that has the potential to make use of the sunlight and semiconductor 

metal oxides to degrade the toxic organic pollutants and microorganisms from the 

contaminated water bodies. Some of the significant advantages88 of the photocatalytic 

technology over other competing processes are as follows 

• Complete mineralization of the toxic organic pollutants 

• No harmful by-product generation and thus no waste disposal problems 

• Cost-effectiveness 

• Reactions can be performed at ambient temperature and pressure 

• It is possible to reduce the concentration of the pollutants to ppm/ppb levels 

• Utilizes the solar, visible and UV light as an economical source of energy 

• The process does not require any expensive oxidizing chemicals 

• The semiconductor photocatalysts can be recycled and reused 

Though the photocatalytic process has several advantages over other advanced 

oxidation technologies, the full-scale commercialization of the technology for the 

environment-related issues is still underway due to some technical barriers89 such as 

• Post recovery of the semiconductor particles after the photocatalytic process is 

tedious. 

• Low usage of visible light from the solar spectrum by the semiconductor 

materials. 

• Fast charge recombination rates of photo-induced electrons and holes. 
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• The semiconductor photocatalysts with high band energy values require more 

energy to be absorbed to deliver charge carrier separation. 

• The active surface sites of the photocatalyst may get deactivated or poisoned 

by interaction with the intermediate products. 

• The presence of any natural scavengers can impair the photocatalytic 

efficiency by interactions with photogenerated reactive oxygen species. 

Hence, in order to overcome these limitations various strategies have been 

designed by the researchers to obtain modified catalysts with high photocatalytic 

efficiencies. 

 
1.8.4.2. General mechanism of semiconductor photocatalysis 

Irradiation of a photocatalyst with a photon of energy greater than or equal to 

the band gap energy value promotes the electron from the valence band to the 

conduction band of the photocatalyst leaving behind the holes. The electrons and 

holes generated during the photo-excitation process undergoe numerous redox 

reactions, which are discussed below. 

1. Excitation: 

Semiconductor hv e h− +→ +  ......................... eq.(1.8) 

These generated electrons and holes migrate to the surface of the semiconductor 

photocatalyst and induce oxidation-reduction reactions. 

2. Reduction of dissolved oxygen by photogenerated electrons leading to the 

formation of hydroxyl and superoxide anion radicals 

O2 + e- → O2
.-  ......................... eq.(1.9) 

O2
.- + H+ → HO2

. ......................... eq.(1.10) 
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HO2
.+ HO2

. → H2O2 + O2 ......................... eq.(1.11) 

H2O2 + O2
.- → .OH + -OH + O2 ......................... eq.(1.12) 

3. Oxidation of adsorbed water molecules by photogenerated holes leading to the 

formation of hydroxyl radicals. 

H2O → H+ + -OH      ......................... eq.(1.13) 

h+ + -OH → .OH     ......................... eq.(1.14) 

4. The generated hydroxyl radicals are highly reactive species which can oxidize 

most of the organic species in the water to form carbon-di-oxide, water and 

mineral acids. 

 R-H + .OH → R.+ H2 ......................... eq.(1.15) 

R.+  h+ → R.+ → degraded products (CO2 + H2O + mineral acids) .... eq.(1.16) 

5. The photogenerated electrons and holes may undergo the recombination 

process and dissipate energy in the form of heat. 

e-+ h+ → Semiconductor + energy   ......................... eq.(1.17) 

 

Figure 1.2 Photocatalytic mechanism involved with bare semiconductors 
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Hence, the general photocatalytic dye degradation mechanism using a single 

semiconductor photocatalyst involves five different steps such as (1) Diffusion of the 

organic pollutants from the bulk liquid phase to the surface of the semiconductor 

photocatalyst (2) Adsorption of the pollutants onto the surface  of the photocatalyst 

(3) Generation of hydroxyl, superoxide anion radicals followed by redox reactions and 

degradation of the pollutants (4) Desorption of the intermediates or the mineralized 

products from the surface of the semiconductor photocatalyst (5) Diffusion of the end 

products to the bulk liquid phase. However, in a single semiconductor photocatalytic 

system, the recombination of the electron-hole pairs takes place at a faster rate such 

that the generation of the highly reactive species such as hydroxyl and superoxide 

anion radical generation is hindered. So, for an efficient photocatalytic dye 

degradation process, the recombination rate of the charge carriers must be suppressed, 

which can be achieved by either coupling two semiconductors, surface functionalization 

by metallic or non-metallic doping, modification of the photocatalyst dye sensitization 

and by preparing composites such as Carbon nanotube, carbon dots, graphene or clay 

loaded metal oxides. 

The mechanism that operates for the modified catalysts is based on the 

construction of heterojunctions. A heterojunction is the interface formed between two 

semiconductors with unequal band structures which can form band alignments90.  The 

conventional heterojunction includes straddling bandgap structure, staggered bandgap 

structure and broken bandgap structure. In the straddling type heterojunction (type I), 

the energy band gap of semiconductor A is wider than that of semiconductor B thus 

the electron and holes get accumulated in the semiconductor B alone and hence there 

is a possibility of recombination of charge carriers resulting in a lower redox 
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potential. In staggered type heterojunction (type II), the valence band and conduction 

band of semiconductor A are higher and lower than that semiconductor B. Thus, the 

photogenerated electrons will migrate from the conduction band of semiconductor A 

to that of B and the photogenerated holes will migrate from the valence band of 

semiconductor B to that of semiconductor A. Thus, spatial separation of the charge 

carriers occurs making the redox reactions possible. However, in type(III) broken 

band gap heterojunction, the gap between the two semiconductors A and B is so wide 

in such a way that the overlapping of the two semiconductors become impossible and 

hence the transfer or migration of the charge carriers from one semiconductor to 

another is not possible. In an overall view, the type (II) heterojunction is more 

effective compared to type(I) and type (III) heterojunctions for improving the 

photocatalysis performance of the photocatalysts. 

 

Figure 1.3 Photocatalytic mechanism operating in heterojunction type 

semiconductors 
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Although spatial separation of electron-hole pairs is possible in the staggered 

(type II) heterojunction, there are some limitations that hinder the photocatalytic 

ability, such as the suppression of the electron-hole migration by electrostatic repulsion 

and a relatively weaker redox ability is observed due to the lower oxidation and 

reduction potentials. In order to overcome these limitations, many new heterojunction 

photocatalysts have been developed by researchers. Some of them are the p-n 

heterojunction which is obtained by coupling a p-type semiconductor with an n-type 

semiconductor with an internal electric field. Due to the presence of an internal 

electric field, the photogenerated electrons move to the conduction band of the n-type 

semiconductor and the photogenerated holes transfer to the valence band of the p-type 

semiconductor, making the spatial of charge carriers much more effective91. The 

surface sensitizationis created between the two crystal facets of a semiconductor in 

order to improve the photocatalytic efficiency which is also cost-effective compared 

to other semiconductor heterojunctions92. The dye photosensitization is a process 

where the light is absorbed by the dye molecule, and the dye becomes the 

photosensitizer after which the electron is transferred from the highest occupied 

molecular orbital to the lowest unoccupied molecular orbital and subsequently to the 

conduction band of the photocatalyst and the dye sensitizer becomes the cationic 

radical. The valence band of the photocatalyst is unaffected during the course of the 

reaction93. Doping is a process of modification of the semiconductor photocatalyst 

with metals or non-metals which produces new trapping sites for the photogenerated 

electrons and holes. Doping also leads to an improvement in the optical response of 

the photocatalyst94. The Z-Scheme heterojunctionis constructed with two semiconductor 

photocatalysts with an electron acceptor/donor species. Here, the migration of 
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electron-hole pair takes place from one semiconductor to another through the electron 

mediator; thus, effective separation of charge carriers is achieved95. The carbon/ 

semiconductor heterojunctionis constructed by coupling the carbonaceous materials 

such as CNTs, graphene, carbon dots etc. with metal oxide photocatalyst. The 

ultrahigh electron conductivity, high specific surface area, the good mechanical 

strength of graphene and the intriguing optoelectronic properties and low toxicity 

level of carbon nanotubes makes them more suitable in combining with other 

semiconductors. Apart from inorganic materials, organic polymers such as polyaniline 

and polyethylene glycol have also been coated with the semiconductor metal oxides to 

improve the photocatalytic activity96. 

 

Figure 1.4 Photocatalytic mechanisms operating in p-n heterojunction and z-scheme 

photocatalysis 
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1.9. Semiconductor Photocatalysts 

During the last ten decades, researchers have turned their attention toward the 

syntheses of semiconductor metal oxides for their photocatalytic and environmental 

applications. Among many semiconductor photocatalysts, zinc oxide and titanium 

dioxide photocatalysts are widely employed in the field of photocatalysis for the 

abatement of organic pollutants. Some of the interesting properties of zinc oxide 

material that make it suitable for photocatalytic applications are the low cost, non-

toxic nature, thermal and chemical stability and its biocompatibility97. Zinc oxide is 

an n-type semiconductor with a bandgap value of 3.37eV. Zinc oxide has three 

different phases namely the hexagonal wurtzite phase, zinc blende and rock salt 

phases. Out of which, only the hexagonal wurtzite phase is stable at room temperature, 

and hence zinc oxide catalyst in the hexagonal wurtzite phase is synthesized by a wide 

variety of techniques for photocatalytic applications. Even though both zinc-blende 

and wurtzite phases of zinc oxide material have tetrahedral geometry, the zinc blende 

phase of zinc oxide has covalent nature, whereas the wurtzite phase has both covalent 

and ionic character giving rise to high thermodynamic stability98-100. The wide bandgap of 

zinc oxide material can be tuned to increase its photocatalytic applications. Doping and 

other surface sensitization processes are employed for this purpose. Hence research is 

much focused in these years to prepare modified zinc oxide catalyst to increase its 

photocatalytic response. 

Similar to zinc oxide, Titanium dioxide is also an n-type semiconductor with a 

bandgap of 3.2eV. It has three different phases such as anatase, rutile and brookite101. 

The phase transformation from the anatase to the rutile to brookite phase is achieved 

by increasing the temperature from 400 to 1000o C. Thus, the anatase phase of 
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titanium dioxide catalyst is not stable at higher temperatures. Degussa P-25 (73% 

anatase and 1% rutile phase), UV-100 (100% anatase) and PC-500 (100% anatase) are 

some of the well known commercially available titanium dioxide catalysts. Among 

the commercially available TiO2 catalyst, Degussa P-25 is reported to be the most 

active catalyst102. Due to the non-toxic nature, low cost, size, shape-dependent 

optoelectronic properties, titanium dioxide catalyst is widely employed by the 

researchers for environmental remediation purposes. 

In recent years bismuth-based materials such as bismuth vanadate, bismuth 

tungstate, bismuth oxides and bismuth oxyhalides (BiOX), X=Cl, F, Br, I have been 

investigated by the scientists to obtain a robust catalyst for the degradation of organic 

pollutants. Among these bismuth photocatalysts, bismuth oxyhalides and their 

modified forms are synthesized in large numbers due to their non-toxic nature and 

only a very few harmless reagents are required for its preparation. The Bismuth 

oxyhalide semiconductor materials have a tetragonal structure. The bismuth atom is 

surrounded by four oxygen atoms and four halogen atoms producing interlayered 

slabs of [Bi2O2]
2+ with negative halogen atoms surrounding it. The bismuth 

oxyfluoride photocatalyst has a bandgap of around 3.6eV and hence do not show any 

photocatalytic activity under visible light radiation. On the other hand, bismuth 

oxychloride have a bandgap value between 3.2-3.5 eV which is quite similar to that of 

zinc oxide and titanium dioxide photocatalysts and thus makes it a suitable photocatalyst 

for the destruction of dyes and other organic pollutants103. The metal oxides such as 

WO3, CeO2, Fe2O3, CuO, SnO2, ZrO2 etc. have been commonly used as the main catalyst 

as well as co-catalyst for the photocatalytic dye degradation process. However, the 

metal sulphides and metal selenides are less employed for environmental remediation 
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due to their toxic and less stable nature. Though a wide variety of metal oxides are 

used as photocatalysts only a very few catalysts are reported to degrade a wide variety 

of pollutants104. So, a semiconductor is said to be photochemically active only when 

the redox potential of the photogenerated holes is positive and the redox potential of 

photogenerated electrons is sufficiently negative to generate a superoxide anion radical. 

Another important property that makes a metal oxide a suitable semiconductor for 

photocatalytic applications is its bandgap values. Metal oxides with small bandgap 

values are preferably used as photocatalysts for the degradation of pollutants. 

 
1.9.1. Different methods of synthesizing semiconductor photocatalysts 

Semiconductor photocatalysts can be prepared by either the liquid phase 

method or solid-state method, or via the gas phase method. Some low cost and widely 

employed techniques adopted for the preparation of semiconductor photocatalysts are 

discussed below: 

1.9.1.1. Sol-gel method: Sol-gel method is one of the wet chemical approaches employed 

for the synthesis of photocatalysts. In this technique, a precursor is dissolved in a 

suitable solvent which is later converted into a sol via hydrolysis or alcoholysis 

process. The formed sol gets transformed into gel after ageing. The obtained wet 

gelatin can be further thermally treated to obtain the nanopowders. The main 

advantage of this sol-gel technique is that the synthesis can be done without any 

special equipment. For example, sharmila devi et al105 synthesized titanium dioxide 

nanoparticles vialed sol-gel technique using titanium isopropoxide as the precursor 

and obtained the TiO2 nanoparticles by further hydrolysis and calcination process. 

1.9.1.2. Precipitation method: In precipitation technique, the precursor salt is dissolved 

in a suitable solvent. A precipitating agent is added to obtain a precursor precipitate 
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which is further washed repeatedly with suitable solvent to remove the impurities and 

it is dried and calcined to obtain the crystalline nanomaterials. For example, Ghorbani 

et al106 synthesized zinc oxide nanoparticles of particle size 30±15 nm by chemical 

precipitation technique using zinc nitrate as the precursor and potassium hydroxide as 

the precipitating agent. 

1.9.1.3. Hydrothermal method: This method provides an advantage of synthesizing 

single crystals from an aqueous solution of the mixed precursors and chemical 

reagents in an autoclave vessel that can be operated at a temperature of 600-700°C and 

at high pressures. For example, Manuja et al107 synthesized molybdenum disulphide 

nanoparticles via hydrothermal technique and obtained fine particles of MoS2 with a 

crystallite size of 5.5nm. 

1.9.1.4. Ultrasound and Microwave-assisted synthesis: Ultrasound or sonochemical 

technique which, uses a frequency range of 20 kHz to 10MHz, is used to accelerate a 

chemical reaction. When ultrasound passes through a solution, the growth, formation 

and implosive collapse of bubbles occurs in the solution. Since the collapse of the 

bubbles occurin less than a nanosecond, very high temperatures (5000-25000 K), 

pressure > 1000 atm, and cooling rates > 109 K/s) are developed resulting in chemical 

reactions. For example, bismuth oxide nanoplates were synthesized by Martinez et al108 

by ultrasound-assisted chemical precipitation method. Microwave heating which 

operates at a frequency of 2.45GHz, has proved to be an efficient heating source for 

the production of nanomaterials. The size and shape of the nanoparticles can be 

controlled by fine tuning of the heating time and microwave power109. 

1.9.1.5. Ball milling method: Ball milling is a top-down approach to synthesize the 

nanomaterials in the absence of a solvent. Here, a mechanical miller is used to reduce 
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the particle size and mix the partices into a new phase. The ball milling followed by 

thermal treatment gives the particles of nanosize. The kinetics of the reaction depends 

on the energy from the balls to the powder during the milling process and it is used for 

large scale production of nanomaterials. Numan salah et al110 synthesized nanosized zinc 

oxide particles from its microcrystalline powder by high energy ball milling 

technique.  

1.9.1.6. Chemical vapour deposition: CVD is a well-known chemical method to 

produce thin films on a solid substrate by vapourizing the gaseous precursors at a high 

temperature and under vacuum condition. This technique is widely employed to 

produce two dimensional materials of uniform thickness and of high purity.Tran 

Manh Cuong et al111 prepared Fe doped TiO2 nanoparticles by the chemical vapour 

deposition technique. Another simple and effective technique to prepare the thin films 

includesthe solution casting method in which the polymer is dissolved in a suitable 

solvent and the desired nanoparticles are added to the solution and finally, poured 

onto the suitable substrates such as glass or steel plates or to aluminium foil sheets 

and finally the solvent is evaporated by thermal treatment to obtain composite films. 

Cuilin et al112 synthesized PLGA functionalized Multiwalled carbon nanotubes by 

solution casting technique.  

Similarly, spray pyrolysis is a techniquethat can be utilized for the preparation 

of thin films by spraying a precursor salt solution using an atomizer to generate small 

droplets (aerosol) onto a heated surface and then decomposeto give the final product. 

Wallace et al113 synthesized zinc oxide photocatalyst by spray pyrolysis technique. 

1.9.1.7. Physical vapour deposition techniques: PVD is a technique used to deposit 

thin films on a substrate by evaporating the solid substance under vacuum condition. 
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Organic as well as inorganic materials such as metals, metal oxides and alloys can be 

deposited by the physical vapour deposition technique. Some of the common physical 

vapour deposition techniques employed for depositing thin films include the 

sputtering process, electron beam evaporation technique, pulsed lase deposition 

technique, spin coating and dip coating technique114,115. 

 
1.9.2. Various Applications of Semiconductor Photocatalysts 

Photocatalysis is one of the robust techniques that can be effectively utilized 

for solving major environmental issues such as air pollution, wastewater remediation, 

soil pollution etc. Since semiconductor photocatalysts potentially make use of the 

sunlight source, they are employed for a wide variety of applications. 

1.9.2.1. Semiconductor Photocatalysts for the treatment of polluted air 

Deterioriation in the quality of the air has alerted scientists and researchers to 

solve this issue by adopting various technologies. Ruixiang Li et al116 in their review 

article, threw a light on the photocatalytic efficiency of the titanium dioxide catalyst 

to treat the polluted air. When TiO2 semiconductor photocatalyst is mixed with paints 

or concrete, it can oxidize NO to nitric acid. The formed nitric acid can react with the 

components of the photocatalyst surface to give nitrate ions which are washed away 

by the rainwater. Similarly, the photocatalytic degradation of formaldehyde in the air 

by TiO2/diatomite composite and the degradation of toluene by bismuth loaded 

titanium dioxide photocatalyst reported in the literature showed that semiconductors 

and modified semiconductor photocatalysts are an effective alternative to treat the 

polluted air. 
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1.9.2.2. Semiconductor photocatalysts for the remediation of wastewater 

Water being a vital source for all living beings, is continuously polluted by 

dumping a huge amount of chemicals, heavy metals and dyes from the textile, 

pharmaceutical and mining industries. Zinc oxide and titanium dioxide semiconductors 

are well-known photocatalysts for the treatment of polluted wastewaters. However, in 

recent years, the ZnO and TiO2 catalysts have been modified in many ways to improve 

their photocatalytic efficiency under sunlight. Je et al117 reported 96% degradation of 

Rhodamine B dye using carbon modified titanium dioxide microspheres and He et al118 

showed that manganese doped TiO2 was useful for the treatment of tannery effluent. 

Both the studies confirmed that a faster degradation rate could be achieved using a 

modified semiconductor photocatalyst compared to bare catalysts. Similarly, bismuth- 

based compounds such as BiOBr microspheres119 and BiOCl/Bi2O3 composites120 are 

efficient in the removal of pharmacologically active compounds such as ibuprofen, 

ampicillin and oxytetracycline. With the view of the fatal health problems caused by 

the discharge of heavy metal ions from the metallurgical and mining industries, 

researchers have attempted to remove these toxic metals from the polluted water using 

semiconductor photocatalytic technology. Some of the modified semiconductor 

photocatalysts which are employed for the removal of the heavy metal ions121 include 

TiO2-ZrO2 coupled catalyst and Mn3O4/ZnO/Mn3O4 heterojunction for chromium ion 

reduction, TiO2/Alg/FeNPs magnetic beads for the removal of Cr(III), Cu(II) and 

Pb(II) ions, Fe2 O3 /g-C3N4 nanocomposites and CuO/g-C3N4 heterostructures for Hg 

removal. 

1.9.2.3. Semiconductor photocatalysts for hydrogen production 

The clean, energy- efficient and abundant nature of hydrogen makes it an ideal 

source of fuel for the future. The hydrogen production via solar photocatalytic water 
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splitting reaction has gained much interest in the recent years. The main advantage of 

hydrogen production via solar photocatalytic water-splitting reaction is the ability to 

achieve separate hydrogen and oxygen evolution during the reaction and low process 

cost. It is reported that after modifying the semiconductor photocatalyst by metal 

loading and Z-scheme heterojunctions an improvement in the photocatalytic water 

splitting reaction is achieved due to the effect band gap tuning and separation of 

charge carriers122. 

1.9.2.4. Semiconductor photocatalysts for N2 and CO2 reduction 

The photoreduction of carbon dioxide into fuel sources such as carbon monoxide, 

methane and methanol can solve environmental related issues such as green house 

effect. Zhang et al123 reported efficient photoreduction of CO2 to CH4 under a solar 

simulator using Bismuth oxyiodide photocatalyst. The photoreduction of nitrogen to 

ammonia generally consumes a large amount of fossil fuels and releases CO2 however 

in recent years; the use of semiconductor photocatalytic technology has become a 

green alternative. Li et al124 reported the photocatalytic reduction of nitrogen to 

ammonia using Bismuth oxybromide nanosheets. 

1.9.2.5. Semiconductor photocatalysts for solar cell applications 

The ever increasing demand for energy and the depleting energy resources 

such as fossil fuels have stimulated researchers to seek for an alternate and green 

source of energy for today’s world. The conversion of solar energy into electrical 

energy using semiconductor photocatalysts has gained much interest among the 

researchers. The first-generation solar cells based on the expensive silicon wafers are 

later replaced by semiconductor thin films which offer the advantage of cost-

effectiveness. However the conversion efficiency is reported to be very low. Hence, 



 

 

34 

the modified semiconductors such as quantum dots/semiconductors, organic solar 

cells and dye-sensitized solar cells are in recent developments to achieve greater 

energy conversion efficiency125,126. 

1.9.2.6. Semiconductor photocatalysts for selective organic reactions 

In recent years, semiconductor photocatalysts have been widely modified and 

utilized to obtain a high yield of industrially important organic compounds. Some 

selective organic transformations using semiconductor photocatalysts127 include reduction 

of nitrobenzene to aniline using titanium dioxide photocatalyst, Ag loaded TiO2 

photocatalyst is used for the reduction of thio-organic compounds such as bis(2-

dipyridyl)disulfide and also for the photo-oxidation of hydrogen sulphide, phenol is 

an important intermediate in the production of biphenyls, phenolic resins, salicylic 

acid can be obtained from the starting material benzene using Degussa P-25 TiO2 

photocatalyst. 

1.9.2.7. Semiconductor photocatalysts for medical applications 

Semiconductor materials capped with biocompatible polymers such as polyethylene 

glycol, polyaniline, polylactic acid and metals such as copper, silver, gold, zinc, 

titanium,and recently quantum dots are widely employed as antimicrobial agents as 

these materials are environmentally friendly due to their non-toxic nature128.  

1.9.2.8. Semiconductor photocatalysts for Energy and Electronics 

The environmental impacts caused due to the emission of greenhouse gases 

and the use of fossil fuels made the researchers to search for an alternative energy 

source. Photovoltaic is one such interesting field more studied to efficiently convert 

and store the solar energy in the form of electrical or chemical energy. Recently, the 

role of two dimensional and three dimensional semiconductor photocatalysts for solar 
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fuel generation is highly probed by the researchers due to the simultaneous advantage 

of degradation of toxic organic pollutants and energy generation129. 

1.9.2.9. Semiconductor photocatalysts as sensors 

In recent years more research is done to understand the applicability of 

semiconductor metal oxides as sensors. Metal oxides are mainly employed as gas 

sensors and they are also employed for humidity sensing, electrochemical as well as 

for biochemical sensing purposes130. Sun et al131 described the application of g-C3N4 

as a novel non-metal semiconductor-based sensor which is employed in electrochemical 

sensing of toxic metal ions and in floroscent sensing for the detection of glutathionine. 

Some other areas where researchers studied the potential use of semiconductor 

metal oxides especially ZnO, TiO2 and their modified forms include antifogging and 

self-cleaning purposes132, as a pigment in paints for indoor and outdoor cleaning, for 

removal of air pollutants such SO2, NO2 and volatile organic carbons133 and they are 

also employed as composite films as well as surface coatings for food packaging and 

antimicrobial applications134. 
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CHAPTER – II 

REVIEW OF LITERATURE 

 
2.1. Heterogeneous Semiconductor Photocatalysis 

In recent years, a considerable amount of research has been carried out to 

eliminate the micro-organisms, highly toxic and non-biodegradable pollutants from 

the wastewater by Advanced oxidation process1,2. The advanced oxidation techniques 

include fenton reactions, photo-fenton like reactions, UV/Ozone, UV/H2O2, electrochemical 

oxidation and heterogeneous catalysis3-7. The driving force for all these advanced 

oxidation processes is the generation of reactive oxygen species such as hydroxyl and 

superoxide anion radicals that initiate the oxidation and reduction reactions8. The field 

of advanced oxidation technology has gained much interest among researchers and 

industrialists due to the advantages such as the destruction of the pollutants to 

harmless, biodegradable products, non-selective oxidizing power and the ability to 

destroy the pathogens in water9, 10. 

Among the several advanced oxidation technologies, heterogeneous 

semiconductor photocatalysis with metal oxides is the most widely reported one for 

environmental applications due to the possibility of making use of the solar irradiation 

and applying it to a large scale industrial process11-13. Solar based photocatalytic 

technology should be effectively utilized to overcome industrial and environment-

related issues. Solar energy, which is a green and sustainable source of energy, can be 

made use of by the researchers for photocatalytic oxidation of toxic organic pollutants 

by modifying and tuning the properties of the semiconductor photocatalysts14,15. More 

often the semiconductor metal oxides are modified to tune its band gap and to achieve 
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higher photocatalytic efficiency. The recovery and reusability of these photocatalysts 

makes them suitable for the water treatment process16, 17. 

The field of photocatalysis flourished in the past decades because of the 

extensive research done to obtain low cost, modified semiconductor photocatalysts 

with high photocatalytic efficiency. Hence, a brief survey of literature is done to find 

out the photocatalytic efficiency of novel semiconductor metal oxides for the 

abatement of organic pollutants. 

 
2.2. Semiconductor Photocatalysts for Degradation of Dyes 

A wide range of oxide, sulphide, hydroxide and halide based semiconductors 

are employed for the photocatalytic treatment of dye solutions. Among many 

semiconductors, a large volume of research is carried out with metal oxide photocatalysts 

especially using ZnO and TiO2 catalysts, owing to their stability, narrow bandgap, 

light absorption property, cost-effectiveness, eco-friendliness and suitable electronic 

structure having occupied valence band and unoccupied conduction band structures18, 19.. 

Hence, in order to understand the extent of photocatalytic efficiency of these 

semiconductors, a comprehensive review is done concentrating on the type of pollutants 

taken for the study, photocatalysts used, synthesis route adopted for the preparation of 

the photocatalyst, source of light, parameters optimized and finally the percentage 

degradation achieved. 

Doina lutic et al20 synthesized photo-catalytically active Zinc oxide by simple 

chemical precipitation method using two different precipitating agents such as urea 

and sodium hydroxide and compared its photocatalytic activity with that of Degussa 

P-25 titania catalyst. The synthesized zinc oxide photocatalysts were reported to show 

excellent photocatalytic activity in removing rhodamine 6G dye. The zinc oxide 
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photocatalyst prepared by the addition of urea gave 94.34% removal of rhodamine 6G 

dye at pH 10, 30 ppm dye concentration, at a catalyst concentration of 0.3g/L within 

90 minutes and the zinc oxide photocatalyst prepared by the addition of sodium 

hydroxide gave 75.42% removal of rhodamine 6G dye under similar conditions. 

Zinc oxide photocatalyst of large surface area of 233.249m2/g was synthesized 

by Soo-Keun Lee and coworkers21 by hydrothermal method using diethylene glycol 

as a stabilizer and polyethylene glycol 400 as a limiting agent for particle growth. The 

photocatalytic activity of the synthesized zinc oxide was tested against 0.01mM 

methylene blue dye solution under a UVB lamp source. The characteristic peak of 

methylene blue dye solution at 664nm disappeared within 150 minutes at a catalyst 

concentration of 0.5g/L. 

Thangavelselvamani et al22 synthesized bismuth oxide polymorphs and evaluated 

the photocatalytic performance of the synthesized material for the degradation of four 

synthetic organic dyes such as rhodamine B, and methyl orange, methylene blue and 

acid orange 7 under simulated solar illumination. Bismuth oxide polymorphs showed 

excellent photocatalytic activity towards the degradation of rhodamine B and acid 

orange 7 dyes compared to methylene blue and methyl orange dyes. The kinetic studies 

revealed that the photocatalytic degradation of all the dyes followed pseudo first order 

kinetics, and the generation of hydroxyl radicals during the course of the reaction was 

confirmed by using terephthalic acid as a probe. 

Ke Dai and coworkers23 investigated the photocatalytic activity of mesoporous 

titania nanoparticles under UV irradiation. The BET surface area analysis of the 

synthesized titania nanoparticles was found to be 317.5 m2g-1, and the mean particle 

size of TiO2 nanoparticles was reported to be 17.6 nm and the crystallite size 
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calculated from the XRD analysis was 3.1nm. They reported that 1g/L of mesoporous 

Titania nanoparticles was sufficient to mineralize around 98% of the methyl orange 

dye after 45 minutes of UV light illumination. The degradation pathway of the methyl 

orange dye was also discussed by them stating that the degradation proceeded through 

three intermedial processes such as demethylation, methylation and hydroxylation. 

Azita Mohagheghian et al24 reported the photocatalytic degradation of Acid 

Orange 7 (AO7) by tungsten trioxide nanopowder under UV irradiation. The XRD 

analysis confirmed the orthorhombic structure of WO3, and the morphological studies 

such as SEM and TEM analysis showed that the synthesized tungsten trioxide 

nanoparticles are moderately spherical in shape with the particle size ranging from 

23-65nm. The tungsten trioxide photocatalyst showed 87% removal of 10mg/L acid 

orange 7 dye solution at a catalyst concentration of 1g/L and pH=3. The use of other 

oxidizing agents such as hydrogen peroxide, oxalic acid and O2 purging increased the 

dye removal efficiency. 

A comparative photocatalytic study of six different metal oxides such as 

cerium oxide, copper oxide, nickel oxide, manganese oxide, tin oxide and zinc oxide 

was done by Lalitha Gnanasekaran25 and coworkers. Among the six different metal 

oxides, Zinc oxide showed good photocatalytic activity towards the degradation of 

methylene blue and methyl orange dyes under UV light within 2 hours. The excellent 

photocatalytic activity of the zinc oxide photocatalyst was attributed to its small 

crystallite size and spherical shape. The zinc oxide photocatalyst showed good activity 

until five repeated cycles. 

Surfactant assisted sol-gel method was adopted for the synthesis of TiO2 

photocatalyst26. The HR-TEM analysis carried out by them showed that the synthesized 
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titanium dioxide nanoparticles are monodispersed, grain shaped with a size less than 

10 nm, and from the XRD analysis it was found out that the TiO2 nanoparticles are 

highly crystalline in nature and existed in two different phases such as anatase and 

brookite. The photocatalytic studies conducted by Soon Chang Lee and coworkers 

showed that the synthesized TiO2 photocatalyst degraded two azo dyes, namely 

reactive black 5 and rhodamine B, after 2 hours of UV irradiation. 

Photocatalytic activity of various semiconductors such as titanium dioxide (TiO2), 

zinc oxide (ZnO), stannic oxide (SnO2), zinc sulphide (ZnS) and cadmium sulphide 

(CdS) was evaluated by Kansal et al27 for two commercial dyes such as methyl orange 

and rhodamine 6G. Among the different synthesized semiconductor photocatalysts, 

ZnO showed greater photocatalytic activity towards the degradation of methyl orange 

and rhodamine dyes under UV irradiation. Under UV irradiation 89% of COD 

reduction was achieved for methyl orange dye within 4 hours, and 75% of COD 

reduction was achieved for rhodamine dye within 3 hours. 

Fahmida Parvin et al28 investigated the photocatalytic properties of moderately 

spherical shaped iron oxide nanoparticles for the degradation of Procion blue dye and 

dissolved organic matter from textile wastewater. The diameter of the Fe3O4 nanoparticles 

ranged from 56-83 nm. About 91% reduction in the fluorescence intensity is reported 

for procion blue dye using iron oxide nanoparticles under solar irradiation within 40 

hours. Similarly, Muhammad Munir Sajid et al29 investigated the photocatalytic 

properties of vanadium pentoxide nanoparticles for the degradation of monoazo and 

diazo dyes. About 99% of methyl orange and congo red dye degradation is reported 

using vanadium pentoxide nanoparticles within 180 minutes under visible light 

radiation, which is ascribed to the high surface area and crystalline nature of the V2O5 

nanoparticles. 



 

 

51 

Zhang et al30 prepared titanium dioxide photocatalyst by sol-gel technique. An 

investigation into the photocatalytic activity showed 18% degradation of tetracycline 

hydrochloride under a 30 W lead emitting diode lamp. Solomon et al31 studied the 

photocatalytic efficiency of one dimensional Fe3O4 nanocatalyst. The pollutant chosen 

for the study was methyl red dye. Using 0.075g/L of nano Fe3O4 catalyst, about 

50.55% of the methyl red dye degraded within 60 minutes under UV light. Zinc 

sulphide photocatalyst32 has a bandgap value of 3.6eV. Many researchers have 

synthesized zinc sulphide due to its non-toxic nature, and the catalyst is reported to 

show good photocatalytic activity. Jing-Song Hu et al33 reported the excellent 

photocatalytic activity of spherical shaped ZnS nanocrystals of 60 nm in size. The 

zinc sulphide photocatalyst (10mg) degraded the eosin B (5x10-5M) dye under UV 

light within 47 minutes which was attributed to the high surface area of the photocatalyst. 

Copper oxide is one of the good semiconductor photocatalysts with exceptional 

electrical, mechanical and optical properties with a bandgap value of 1.2eV. Due to its 

non-toxic nature and easy fabrication process, CuO is employed in various fields34-36 

including electrode materials, gas sensors, semiconductor batteries etc. Scuderi et al37 

prepared CuO and Cu2O nanowires by thermal oxidation of Cu foils and by thermal 

annealing method. Further investigation into its photocatalytic properties showed that 

CuO nanowires efficiently degraded the methyl orange dye compared to Cu2O 

nanowires. A decreased photocatalytic activity observed in the case of Cu2O catalyst 

is attributed to the structural defects. 

Although semiconductor metal oxides offer the advantage of mild reaction 

conditions and the ability to degrade a wide range of dyes38, it is understood from the 

literature review that some drawbacks that hold back semiconductor metal oxides, 
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from practical applications are the narrow light absorption ability and easy 

recombination of photogenerated electrons and holes during the photocatalytic 

reaction. Hence, in order to overcome this drawback and get improved photocatalytic 

efficiency with semiconductor metal oxides many alternation strategies are adopted to 

modify the properties of the photocatalysts. Some of them are discussed below in the 

following subsections 

 
2.3. COUPLING OF SEMICONDUCTOR PHOTOCATALYSTS 

The blending of two semiconductor metal oxides or metal oxide with a metal 

sulphide photocatalyst is one of the effective strategies adopted by the researchers to 

improve the photocatalytic efficiency by providing a high surface area for the dye 

molecules to get adsorbed and it also offers the advantage of the movement of the 

photogenerated charge carriers from one semiconductor to the conductor band of 

another semiconductor and thereby effectively separating the photogenerated charge 

carriers to participate in the photocatalytic reaction39,40. 

Kuzhalosai et al41 analyzed the photocatalytic properties of SnO2 loaded ZnO 

semiconductor photocatalyst under UV-A light. From the X-Ray diffraction studies 

done by kuzhalosai and group, it was reported that SnO2-ZnO possessed a hexagonal 

wurtzite structure with a crystallite size of 6.1 nm and the HR-SEM images showed 

that the prepared SnO2–ZnO had a flake-like structures. The bandgap of the 

synthesized material was reported to be 3.35eV and theSnO2–ZnO showed superior 

photocatalytic activity than bare ZnO, pure SnO2, commercial ZnO, TiO2-P25 and 

TiO2 (Merck). Around 90.9% mineralization of acid orange 10 dye was achieved 

within 60 minutes using 5g/L of SnO2-ZnO catalyst under UV-A light. 
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D. Rajamanickam, P. Dhatshanamurthi and M. Shanthi fabricated SeO2/TiO2 

nanocomposite photocatalyst via sol-gel technique42. The photoluminescence studies 

carried out by them revealed that there was a decrease in the PL intensity of Se 

modified TiO2 photocatalyst, which may be attributed to the suppression of 

recombination of the photogenerated electron–hole pairs which makes the catalyst 

more photoactive. The photocatalytic studies carried out by them showed that there 

was an increase in the percentage degradation of sunset yellow dye in the presence of 

oxidants such as oxone, potassium bromate and potassium iodate. 5 g L-1 of 

SeO2/TiO2 particles degraded 95% of sunset yellow dye under natural sunlight within 

90 minutes. 

Lukasz Wolski and Maria Ziolek43 gave an insight into the mechanistic 

pathway of methylene blue dye degradation by using Nb2O5, ZnO and coupled 

catalyst ZnNb2O6 along with hydrogen peroxide. Among the three catalysts niobium 

pentoxide is reported to exhibit higher photocatalytic activity compared to zinc oxide 

and zinc niobate. Lukasz Wolski and Maria Ziolek concluded that the formation of 

ZnO2 in the interaction with hydrogen peroxide limited the formation of hydroxyl 

radicals and the shortening of Nb=O bondlength, ZnNb2O6 catalyst prevented the 

formation of surface peroxo species which inturn decreased the photocatalytic activity 

of both ZnO and ZnNb2O6 catalysts. 

Shahram Moradi et al44 investigated the effectiveness of additives such as 

carboxymethyl cellulose, polyvinylpyrrolidone, polyethylene glycol, and 

hydroxylpropylcellulose in the preparation of ZnO/TiO2 photocatalyst via sol-gel 

process. The photocatalytic studies carried out for the methyl orange dye (5ppm) by 

using different photocatalysts such as ZnO/TiO2/CMC, ZnO/TiO2/PEG, ZnO/TiO2/PVP, 
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ZnO/TiO2/HPC showed that ZnO/TiO2 dispersed in hydroxypropylcellulose (1g L-1) 

exhibited best degradation efficiency under UV irradiation within 3.5 hours which 

was attributed to the most uniform particle distribution in the polymer matrix and no 

agglomeration of the particles had occurred which was evidenced from the SEM 

micrographs. 

Cadmium sulphide coupled with titanium dioxide catalyst immobilized on 

polycyrlonitrile membranes is employed for the photocatalytic degradation of 

methylene blue dye under visible light radiation45. About 66.29% of the methylene 

blue dye degradation took place within 120 minutes at 250C at pH 8.5 using 5% CdS 

loaded TiO2 catalyst, which is attributed to the synergistic effect and better charge 

transfer between CdS and TiO2 catalyst. 

Mohsen Nasirian et al46 achieved 62% degradation of methyl orange dye and 

46.8% degradation of congo red dye using coupled Fe2O3/TiO2 photocatalyst. It is 

reported that Fe2O3/TiO2 composite catalyst synthesized via novel UV assisted 

thermal method increased the lifetime of charge carriers such as electrons and holes 

and there by increased the photocatalytic efficiency of the catalyst. 

Gajendra Kumar Pradhan and K. M. Parida47 fabricated Fe2O3/CeO2 mixed 

photocatalyst and evaluated its photocatalytic activity for the degradation of phenol, 

methylene blue and congo red dyes. The 50% Fe incorporated cerium oxide is 

reported to have specific surface area of 94.69 m2/g. It is reported that about 13%, 

93% and 100% degradation of phenol, methylene blue and congo red dye is achieved 

within 4 hours under sunlight using the Fe2O3/CeO2 mixed photocatalyst which is 

ascribed to the higher surface area and a large number of active sites available on the 

surface of the catalyst. Similarly, Safi Asim Bin Asif et al48 reported the excellent 
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photodegradation of brilliant cresyl blue dye under solar radiation using Aluminium 

oxide/Manganese oxide coupled catalyst. The main reactive species involved in the 

photocatalytic process are reported to be the superoxide anion radicals and hydroxyl 

radicals. 

Weiping Zhang et al49 fabricated MoS2/TiO2 catalyst through one-step 

hydrothermal process. The X-ray diffraction studies carried out by them showed three 

crystalline phases, such as the anatase phase of TiO2, the ilsemannite phase of Mo3O8 

.H2O and the molybdenite phase of 3R-MoS2 are also observed in the XRD pattern of 

MoS2/TiO2 catalyst. The presence of Ti-O-Ti bonds and the characteristic peaks of 

MoS2 are confirmed from the fourier transform infrared studies and the spherical 

morphology of the synthesized Molybdenum disulphide/Titanium dioxide photocatalyst is 

confirmed from the scanning electron microscopic analysis. It is reported that about 

97% of methyl orange dye got degraded within 60 minutes under visible light radiation 

using MoS2/TiO2 catalyst. The high photocatalytic performance of MoS2/TiO2 catalyst is 

attributed to the reduced recombination rates of charge carriers such as electrons and 

holes. In a similar way, visible light-induced photocatalytic activity of oxides of zinc 

and bismuth was reported by Gurpreet Kaur et al50. It is reported that about 75% and 

58% degradation of alizarin red dye is achieved using bismuth oxide and zinc oxide 

catalysts under visible light radiation. 

Pirzada et al51 prepared TiO2/ZrO2 photocatalyst via sol-gel technique 

followed by calcination at 450oC for 4 hours. The synthesized photocatalyst has a 

bandgap of 3.22eV, which was investigated for its photocatalytic activity towards the 

degradation of ponceau BS dye under a 125W mercury lamp and achieved about 

24.45% degradation of the dye. Solar light-induced photocatalytic activity52 of 
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CdS/ZnO was evaluated for the degradation of methylene blue dye. The CdS/ZnO 

photocatalyst prepared by chemical bath deposition technique degraded 54% 

methylene blue within 240 minutes. 

When Wang et al53 used magnetically recoverable Fe3O4-ZnO (1g/L) catalyst 

for the degradation of rhodamine B dye (7mg/L) and found that 99% of the dye 

degradation took place under 250W UV light within 60 minutes, Chen and 

coworkers54 were able to degrade the same rhodamine B dye (10mg/L), using Fe3O4-

TiO2 catalyst (0.2g/L) within 60 minutes under 250W under UV light. The high 

photocatalytic efficiency of the Fe3O4-TiO2 catalyst is attributed to the superparamagnetic 

nature and nanporous structure of the catalyst which gives the advantage of the fast 

transportation of the dye molecule to the surface active sites of the catalyst promoting 

the photodegradation process. 

Ruiz et al55 coupled Copper oxide and bismuth vanadate catalysts via a simple 

impregnation technique and obtained a composite comprising of quasi-spherical and 

dendrite like particles. The synthesized Cu2O/BiVO4 photocatalyst efficiently 

degraded 89% of methyl orange dye under 54W visible light irradiation within 240 

minutes, and similarly, 100% degradation of malachite green dye is achieved using a 

2 dimensional CeO2-CdO material56 under UV light source. This multilayered platelet 

like material is also found to have antimicrobial properties against Pseudomonas 

aeruginosa. It is reported that both holes and hydroxyl radicals played a significant 

role in the degradation of the malachite dye compared to the superoxide anion radicals. 

When Fang and coworkers coupled CdS nanoparticles with Bi2S3 nanowires, 

they were able to achieve 99% degradation of methyl red dye within 40 minutes under 

UV irradiation. The several hundred nanometers long bismuth sulphide nanowires 
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supported the triangle shaped cadmium sulphide nanoparticles, and the CdS/Bi2S3 

heterojunction exhibited enhanced photocatalytic activity due to the high surface area 

of the product and suppression in the electron-hole recombination57. 

Kumar Pradhan and coworkers58 fabricated mesoporous α-Fe2O3/SnO2 and 

investigated its photocatalytic activity towards the degradation of malachite green 

dye. They reported that 2 mol% of Fe2O3 catalyst incorporated SnO2 degraded 86% of 

the dye under sunlight within 4 hours. The high photocatalytic efficiency of α-

Fe2O3/SnO2 is attributed to the effective charge separation. 

 
2.4. METAL DOPED SEMICONDUCTOR PHOTOCATALYSTS 

Deposition of precious metal ions on the surface of metal oxide semiconductors is 

an effective way to capture the excited electrons thereby decreasing the recombination 

rate of the photogenerated charge carriers and increasing the photocatalytic efficiency. 

On doping of precious metal ions on the semiconductor surface, there will be 

continuous movement of electrons from the semiconductor to the metals. A schottky 

barrier formed at the interface where the semiconductor is in contact with the metals 

can capture the photogenerated electrons59, 60. 

TiO2 semiconductor photocatalyst61 doped with nano gold is reported to be 

more efficient for the degradation of acid red 88 under visible light irradiation in the 

presence of some oxidizing agents such as peroxo mono sulfate (PMS), peroxo 

disulfate (PDS) and hydrogen peroxide (H2O2) than pure P-25 titania photocatalyst. 

The X-ray diffraction analysis revealed that the diffractions that are attributable to the 

anatase phase of titanium dioxide are spotted without any alterations except in the 

intensity of the peaks, this may be due to the fact that doping may alter the 

crystallinity but not the crystal structure, the particle size of the gold doped titanium 
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dioxide nanoparticles was reported to be between 10-15nm from the TEM analysis. 

The extent of mineralization of the target pollutant evaluated using total organic 

carbon (TOC) analysis showed that 48% of acid red 88dye degradation took place in 

the presence of 0.15mM solution of peroxo mono sulphate and at a catalyst 

concentration of 1g/L after 4 hours. 

Ruby Chauhan, Ashavani Kumar and Ram Pal Chaudhary62 investigated the 

photocatalytic activity of Fe doped ZnS catalyst for the degradation of methylene blue 

dye under visible and UV irradiation. From the XRD analysis, Ruby chauhan and 

group confirmed that the Fe doped ZnS nanoparticles existed in the cubic phase and 

the TEM analysis revealed the cubic morphology of the Fe doped ZnS catalyst with 

the particle size ranging from 2-5 nm. The photocatalytic studies carried out by them 

showed that Fe doped ZnS photocatalyst degraded 100% methylene blue dye solution 

under visible light within 120 minutes, whereas only 56% of methylene blue dye got 

degraded under UV irradiation within 300 minutes. 

Copper-doped and iron-doped zinc oxide63 photocatalyst was synthesized by 

precipitation decomposition method. The photocatalytic property of the material was 

tested against methylene blue dye solution in the presence of hydrogen peroxide under 

visible light irradiation. Fe doped zinc oxide photocatalyst exhibited excellent 

photocatalytic degradation towards methylene blue dye solution at neutral pH, 

compared to copper doped zinc oxide and pure zinc oxide photocatalysts. 

Silver doped zinc oxide nanocomposite64 with a specific surface area of 

14.1m2g-1 efficiently degraded textile dyes such as methylene blue, methyl orange and 

textile effluent under visible light irradiation. 
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Tania Bigdeli and Shahram Moradi Dehaghi utilized zirconium as dopant for 

titanium dioxide nanoparticles and evaluated its photocatalytic activity in degradation 

of an azo dye65. TiO2 catalyst doped with ‘Zr’ degraded congo red (5ppm) within 

75minutes under UV irradiation which was attributed to the high surface area of the 

catalyst.  

Mohamad Mohsen Momen et al66 prepared WO3/TiO2 nanotube films and cobalt 

coated TiO2 catalyst via photo-assisted deposition method. Co/WO3–TiO2 catalyst 

exhibited higher photocatalytic activity in the degradation of methylene blue dye 

compared to undoped and cobalt doped TiO2 catalyst under visible light radiation 

which is attributed to the fact that cobalt doping onto the TiO2 makes it a shallow trap 

for the separation of photo-induced carriers such as electrons and holes. 

Ruby Chauhan et al67 prepared manganese doped titanium dioxide photocatalyst 

via sol-gel route and evaluation of the photocatalytic activity revealed that at pH 6.5 

around 88% of 10mg/L of methylene blue dye solution was degraded within 240 

minutes under visible light irradiation. 

Perillo et al68 prepared copper doped zinc oxide nanorods at low temperature 

via simple chemical precipitation technique. About 99% degradation of methyl orange 

dye was reported within 120 minutes under sunlight. 

Navyashree et al69 investigated the photocatalytic performance of Nd3+ doped 

Vanadium pentoxide which possessed orthorhombic structure, and nanorods like 

shape with an average particle size of 50nm. The photocatalytic experiments carried 

out by them showed that the synthesized Nd3+ doped Vanadium pentoxide catalyst 

degraded 99% of methylene blue dye under UV light.  Similarly, vanadium has been 

employed as a dopant for the SnO2 nanoparticles for the photodegradation of rhodamine 
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B dye70. The structural characterization studies carried out by Letifi and co-workers 

revealed that the synthesized V-SnO2 nanoparticles possessed a tetragonal shape with 

an average crystallite size of 10 nm. The UV-DRS studies carried out by them showed 

a redshift in the absorption by increasing the concentration of vanadium dopant. It is 

reported that about 95% Rhodamine B dye degradation took place within 150 minutes 

under UV light which was attributed to the more active sites available on the 

vanadium doped tin oxide catalyst surface. Hong Hu et al71 fabricated heterostructured 

gold/bismuth oxide photocatalyst for the degradation of Rhodamine 6G. The X-ray 

diffraction studies carried out by them showed that the synthesized Au/Bi2O3 

photocatalyst is a mixture of both α phase and β phase bismuth oxide particles and the 

morphological studies carried out by them showed that the synthesized particles 

possessed a nanoflower like morphology with its size ranging from 2-3.5µm. The 

synthesized Au/ Bi2O3 photocatalyst is reported to degrade 100% of the Rhodamine 

6G dye within 40 minutes under CHF-XM-500WXe lamp illumination. 

Khalil et al72 investigated the photocatalytic disinfection property of Pd doped 

ZnO catalyst against E.Coli under UV light and reported that 100% removal of the 

bacteria is possible with a catalyst loading of 10 mg/L within 10 minutes. Similarly, 

one dimensional silver doped ZnO photocatlyst73 was reported to be effective in 58% 

removal of phenol (20mg/L) under 1500W UV light source within 60 minutes. 

Jing-Ling Luo et al74 studied the photocatalytic properties of Al doped TiO2 

photocatalyst. The Al-TiO2 photocatalyst is prepared via modified acrylamide sol-gel 

route using three different aluminium salts such as aluminium chloride, aluminium 

nitrate and aluminium sulphate. Among the three different types of Al doped titanium 

dioxide photocatalyst, Al(NO3)3. 9H2O incorporated titanium dioxide photocatalyst 
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exhibited 98% degradation of acid orange dye under UV light irradiation for one hour. 

The high photocatalytic activity observed for aluminium nitrate doped TiO2 photocatalyst 

compared to aluminium chloride, aluminium sulphate and commercial Degussa P25 

catalysts is attributed to the high surface and narrowed band gap of the photocatalyst. 

Similar to the findings of the Luo and group, Zada and coworkers75 also reported high 

photocatalytic efficiency of Ag doped TiO2 photocatalyst compared to the commercial 

Degussa P25 catalyst. 

WO3 is a semiconductor photocatalyst with a bandgap of approximately 2.8 

eV. The excellent properties of the WO3 catalyst include thermal stability, mechanical 

strength, non-toxic nature and inertness to chemical reaction etc., made researchers 

utilize it for water treatment applications76-78. This visible light photocatalyst is used 

as the main as well as a co-catalyst for photocatalytic studies. Recently Xinying Zhu 

et al79 investigated the photocatalytic properties of La doped WO3 catalyst and found 

that it is effective in the degradation of rhodamine B dye under a 1000W xenon lamp 

irradiation within 10 hours. Compared to undoped tungsten trioxide photocatalyst 

‘La’ doped WO3 catalyst showed higher photocatalytic activity which is attributed to 

the more surface area obtained for the doped tungsten trioxide photocatalyst and as 

well as due to the decrease in the electron-hole recombination process. Similarly, 

Shanthi et al80 reported excellent photocatalytic activity of Ni doped WO3 catalyst for 

the degradation of Alizarin red dye under UV light, they also reported that Zn doped 

WO3 degraded 97% of methylene blue dye under UV light source within 240 minutes81. 

Wu and Chen82 synthesized vanadium doped titanium dioxide catalyst by sol-

gel technique to investigate the effect of doping the vanadium metal onto the TiO2 

catalyst. From the X-ray absorption analysis carried out by them it is observed that 
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vanadium metal is highly dispersed on the titanium dioxide catalyst giving high 

surface area, increased particle growth, and enhanced red shift in the UV-Visible 

absorption spectra which gave high photocatalytic degradtion of the methylene blue 

and crystal violet dyes compared to the pure titanium dioxide catalyst. 

F.B.Li and X.Z.Li83 prepared platinum deposited titanium dioxide photocatalyst 

via photoreduction method to investigate its photocatalytic properties against methyl 

orange and methylene blue dyes. They reported that the ‘Pt’ incorporated TiO2 

photocatalyst showed enhanced visible light absorption compared to pure TiO2 

photocatalyst and degraded 82% methylene blue and 85% methyl orange dyes under 

mercury lamp which is ascribed to the hindrance in recombination rate of electron-

hole pairs. Similarly Lee et al84 reported the high photocatalytic efficiency of Ag 

doped titanium dioxide photocatalyst in the reduction of nitrophenol compared to pure 

TiO2 photocatalyst. 

Lead Sulphide which has a small bandgap energy value of 0.78eV, great charge 

mobility and high dielectric constant85,86. Suganya et al87 improved the photocatalytic 

efficiency of PbS catalyst by silver ion doping for the degradation of methyl orange 

under visible light absorption. The Ag/PbS also exhibited good antifungal activity 

against A.terreus fungus which might be due to the increased formation of reactive 

oxygen species. 

Although precious metal deposits on the surface of semiconductor photocatalysts 

improves the catalytic efficiency by separation of electron-hole pairs, the thermal 

instability, the price and affordability of precious metals such as Ag, Au, Pt, Pd, Ru 

etc. makes it less suitable for large scale application of technology for wastewater 

remediation88,89. 
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2.5. CODOPED AND TRIDOPED SEMICONDUCTOR PHOTOCATALYSTS 

When doping of the metal ions into the semiconductor metal oxide photocatalysts 

provides the advantage of narrowing the bandgap of the materials and suppression in 

the electron-hole recombination90, the non-metal ion doping also offers certain 

advantages which includes the increased adsorption of the contaminants to the metal 

oxide surface, enhanced conductivity of TiO2 photocatalysts91 etc. An improved 

interfacial charge transfer can be achieved by codoping a metal ion and a non metal 

ion to a metal oxide photocatalyst92,93. 

Saravanan et al94 prepared binary (ZnO/CdO, ZnO/Ag) and ternary ZnO/ 

Ag/CdO nanocomposite via thermal decomposition technique. It was reported that the 

synthesized ZnO/Ag/CdO nanocomposite possessed a cubic as well as hexagonal 

wurtzite structure. The BET surface area studies and diffuse reflectance studies showed 

that there was an increase in the surface area and a decrease in the bandgap of the zinc 

oxide catalyst by the addition of silver and cadmium oxide particles. The photocatalytic 

studies carried out by them showed that the ternary ZnO/Ag/CdO nanocomposite 

degraded more than 90% of methylene blue, methyl orange dyes and industrial textile 

effluent within 210 minutes under visible light irradiation. The complete 

mineralization of the pollutants was confirmed by Saravanan and group from the TOC 

and COD analysis. 

A hybrid structured bismuth and gold codoped zinc oxide composite with a 

surface area of 28.2 (m2 g-1) was synthesized by precipitation-decomposition technique95. 

It was reported that 98.7% mineralization of acid red 18 dye was achieved by using 

4gL-1 of Bi–Au–ZnO catalyst at pH11 under natural sunlight. 
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When the photocatalytic activity of the Mn, Mo, La loaded TiO2 /Activated 

carbon was evaluated for azo dye and real textile effluent Jorfi et al96 found that the 

catalyst exhibited a high adsorption ability in the visible region and the synthesized 

photocatalyst showed a reasonable degradation efficiency of 84% for the removal of 

Reactive red 198 dye at pH 3 with a catalyst loading of 2g L-1 for a dye concentration 

of 20 mg L-1. The structural and morphological characterization carried out by them 

showed that the synthesized photocatalyst was of anatase phase with spherical shaped 

particles of size ranging from 7-11nm, and it possessed a very high surface area of 

97.525 m2 g-1. 

Andrade neto et al97 prepared cobalt and manganese codoped zinc oxide 

photocatalyst via sonochemical method, the co-doping of cobalt and manganese onto 

zinc oxide photocatalyst decreased the crystallite size of zinc oxide catalyst, whereas 

an increase in the surface area of zinc oxide photocatalyst along with the change in 

the morphology from nanoplates like structure to moderately small spherical shaped 

particles was reported by Andrade neto and co-workers. Compared to cobalt doped 

zinc oxide, manganese doped zinc oxide and bare zinc oxide photocatalysts, cobalt 

and manganese codoped zinc oxide photocatalyst exhibited greater photocatalytic 

activity in the degradation of methylene blue dye and the Co2+ and Mn2+ codoped 

ZnO catalyst also exhibited excellent antimicrobial properties. 

Abderrahim El Mragui et al98 prepared a series of monodoped and codoped 

titanium dioxide based nanomaterials and its photocatalytic activity was evaluated 

under both UV and visible radiations. The XRD studies carried out by them showed 

that both monodoped and codoped TiO2 photocatalyst existed in the anatase phase and 

the substitution of the Ti4+ ions by Co2+ /Co3+ , Ni2+, P5+or Mo6+ and the existence of 
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Mn2+ on the surface of the TiO2 photocatalyst is confirmed from the X-ray photoelectron 

spectroscopy studies. It was reported that under UV radiation, bare titanium dioxide 

nanoparticles exhibited excellent photocatalytic activity in the degradation of methyl 

orange dye whereas under visible light radiation the best photocatalytic activity was 

shown by 1% cobalt doped TiO2 followed by 30% P, Mo codoped TiO2, 30% P,W-

TiO2 codoped TiO2, bare TiO2, 1% Ni-TiO2 and 1% Mn-TiO2. 

Iron, cerium and nitrogen tridoped titanium dioxide photocatalyst99 was utilized 

by Layegh Khaledi Maki and coworkers for the removal of organic dye direct blue 15 

under LED radiation. Fe-Ce-N tridoped TiO2 photocatalyst degraded direct blue 15 

dye within 60 minutes at slightly acidic pH under an LED light which was attributed 

to the presence of several dopants and their synergistic effect in producing reactive 

hydroxyl species for the degradation of organic pollutants. 

Photocatalytic applications of cadmium and indium codoped titanium dioxide 

nanoparticles were investigated by Dongliang Liu et al100. Cd/In codoped TiO2 

photocatalyst calcined at 700o C degraded 99% of methylene blue dye within 30 

minutes under visible radiation, which might be due to the increased surface area. 

The rare earth metals such as ytterbium, erbium and cerium have been 

employed as dopants for the titanium dioxide catalyst in the photodegradation of 

Rhodamine B dyes and phenolic compounds101. 

Bianca-Maria Bresolin et al., prepared Cs3 Bi2 I9 perovskite material as a 

visible-light catalyst for the photocatalytic degradation of Rhodamine B dye in an 

aqueous solution102. The perovskite material is reported to degrade 93% of Rhodamine 

dye within 180 minutes under visible light radiation, whereas without the catalyst, 

only a negligible amount of dye degraded, and the catalyst retained its photocatalytic 

activity for three consecutive cycles. 
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Yoki Yulizar et al103 reported La2 CuO4 decorated ZnO nanoparticle fabrication 

using Strobilanthes Crispus (B.) leaves extract and evaluated its photocatalytic activity 

towards the degradation of malachite green dye under visible light illumination. The 

X-ray diffraction studies carried out by them showed that the La2 CuO4 – ZnO 

nanocomposite possessed both the hexagonal wurtzite phase of zinc oxide 

nanoparticles and orthorhombic perovskite structure of La2 CuO4. The TEM images of 

the La2 CuO4 – ZnO nanocomposite showed that the particles are agglomerated with 

both hexagonal as well as spherical shapes. About 91% of malachite green dye 

degradation within 120 minutes under visible light radiation was reported using La2 

CuO4 – ZnO nanocomposite and catalyst exhibited recyclability for three cycles of the 

photocatalytic experiment. 

Guanjie Xing et al104 prepared ZnO/NaTaO3 composite via a simple 

hydrothermal synthesis method. It is reported that the ZnO/NaTaO3 composite 

exhibited excellent photocatalytic degradation of methylene blue dye under visible 

light radiation, which was attributed to the reduction in the effective charge carrier 

recombination process induced by the synergistic effect between ZnO and NaTaO3. 

Umair Alam et al105 synthesized ytterbium and vanadium codoped zinc oxide 

photocatalyst via sol-gel method which was reported to be effective in the degradation 

of Rhodamine B and methylene blue dyes and also in the degradation of 4-nitrophenol 

under visible light radiation. Similarly, when Jila Talat-Mehrabadand and coworkers106 

investigated the photocatalytic activity of silver and magnesium codoped titanium 

dioxide catalyst, it is reported that compared to the undoped and monodoped TiO2 

catalyst Ag and Mg codoped TiO2 catalyst exhibited excellent photocatalytic activity 

in the degradation of acid red 27 dye and about 66% mineralization of AR 27 dye 

took place within 20 minutes under visible light radiation. 
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Co-doping of ‘Ag and ‘C’ to titanium dioxide photocatalyst107 resulted in an 

alteration in the ratio of anatase to rutile phase. Even though codoping Titanium 

dioxide with silver and carbon resulted in low band gap energy values, the greatest 

photocatalytic activity in the degradation of methyl orange dye under visible light 

radiation was reported for carbon doped TiO2 photocatalyst compared to the bare 

TiO2, silver doped TiO2 photocatalysts and Ag, C codoped TiO2 photocatalyst which 

was attributed to the high surface area and pore volume available for the adsorption of 

the dye onto the photocatalyst. 

Kamini Gupta et al108 investigated the photocatalytic degradation of aqueous 

methylene blue dye by using undoped titanium dioxide, nitrogen doped, niobium 

doped and nitrogen and niobium codoped titanium dioxide nanoparticles under visible 

light radiation. Mehala Kunnamareddy et al109 codoped titanium dioxide catalyst with 

nickel and sulphur and investigated its photocatalytic activity in the degradation of 

methylene blue dye under visible light radiation. About 85% of 30mg/L of methylene 

blue dye solution was decolourized within 180 minutes using Ni, S-TiO2 catalyst 

which is attributed to the decrease in crystallite size and low bandgap energy values 

for the codoped titanium dioxide photocatalyst compared pure and monodoped catalysts. 

The main reactive species such as holes and superoxide anion radicals are reported to 

play a vital role in the degradation of the organic dye. 

Alex T. Kuvarega, Rui W. M. Krause and Bhekie B. Mamba reported that 

codoping of titanium dioxide catalyst with nitrogen and palladium110 impacted a 

redshift in the absorption band edge. The Nitrogen and palladium codoped titanium 

dioxide catalyst degraded eosin yellow dye entirely within three hours under visible 

light radiation whereas under similar conditions pure TiO2 catalyst was reported to 

degrade only 18.2% of eosin yellow dye. 
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Tungsten and fluorine codoped titanium dioxide nanoparticle111 is evaluated 

for its photocatalytic activity towards the degradation of methylene blue dye under 

visible light radiation. 

Ming-Yang Xing et al112 explained the synergistic effects of boron and nitrogen 

codoped TiO2 catalyst for its enhanced photocatalytic performance in the degradation 

of methyl orange dye under visible light radiation.  It was reported that the enhanced 

photocatalytic activity of the codoped titanium dioxide catalysts is due to the 

synergistic effect of Ti-B-N-Ti together with Ti-N-B-O structure on the surface of the 

catalyst rather than the Ti-N-B-O structure only. Similarly, Ying Wang et al113 

investigated the photocatalytic performance of bismuth and sulphur codoped TiO2 

catalyst. Ying Wang and coworkers reported the complete degradation of indigo 

carmine dye within 40 minutes under visible light radiation, which was attributed to 

the high specific surface area, oxygen vacancies and acidic sites on the surface of the 

Bi-S-TiO2 photocatalyst compared to the bare titanium dioxide catalyst. 

Yi Xie et al114 reported that silver loaded S, N doped titanium dioxide catalyst 

exhibited higher photocatalytic activity towards the degradation of methyl orange dye 

compared to that of the sulphur and nitrogen codoped TiO2 catalyst. The high 

photocatalytic performance of Ag-S-N- TiO2 catalyst is attributed to the decreased 

size of silver nanoparticles and the high adsorption capability of the Methyl orange 

dye on the surface of the Ag-S-N- TiO2 catalyst. 

Visible light-driven photocatalytic activity of carbon, nitrogen and sulphur 

tridoped titanium dioxide photocatalyst115 was evaluated for the degradation of 

antibiotics such as tetracycline, ciprofloxacin and chloramphenicol and also for the 

dyes such as rhodamine-B, methylene blue, and organe red. 
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Aritra Biswas, Atanu Chakraborty, and Nikhil R. Jana investigated the photocatalytic 

properties of nitrogen and fluorine codoped titanium dioxide photocatalyst116. The 

codoping of nitrogen and fluorine onto titanium dioxide catalyst caused a change in 

its morphology from rod shaped to spherical shape. The XRD studies carried out by 

them confirmed the tetragonal phase and the UV-Visible absorption studies showed a 

redshift in the absorption band edge. Aritra Biswas et al also confirmed the generation 

of reactive oxygen species .OH using terphthalic acid as a probe and the N,F-TiO2 

photocatalyst also showed excellent photocatalytic activity towards the degradation of 

bisphenol A and the cell viability assay performed by them proved that the N,F-TiO2 

photocatalyst under visible light radiation induced cell death via generation of 

reaction oxygen species. Similarly, Daimei Chen et al117 prepared carbon and nitrogen 

codoped titanium dioxide nanoparticles and evaluated its photocatalytic activity 

towards the degradation of methylene blue dye under visible light radiation. 

Fang Li et al118 studied the photocatalytic activity of fluorine, boron and 

sulphur tridoped titanium dioxide catalyst. About 44.6% of acid naphthol red dye 

decolourized within 55 minutes under visible light radiation attributed to the 

decreased crystallite size and greater surface area of the F-B-S tridoped TiO2 

compared to the undoped Titanium dioxide photocatalyst. 

Sajid Ali Ansari and Moo Hwan Cho employed melamine119 as a source of 

carbon to modify the zinc oxide semiconductor photocatalyst. The X-ray diffraction 

studies carried out by them showed that there is no change in the hexagonal phase of 

both undoped and carbon doped ZnO photocatalyst and they confirmed the spherical 

morphology of the carbon-doped zinc oxide from the SEM and TEM micrographs. 

Carbon doped zinc oxide catalyst was reported to exhibit good photocatalytic activity 

in the degradation of Rhodamine B dyes under visible light radiation. 
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Zinc oxide semiconductor photocatalyst is also modified by incorporating the 

ionic liquid Cetyl trimethyl ammonium bromide (CTAB)120 and its photocatalytic 

property is evaluated for the degradation of methyl green dye under visible light 

radiation. Other organic compounds which were employed as a source of carbon include 

urea121 doped zinc oxide semiconductor by Xinyu Zhang et al., for the photocatalytic 

degradation of methylene blue dye, Yijun Yang et al used oleyl amine122 as source of 

carbon for doping Titanium dioxide catalyst for hydrogen production, Halimi et al 

used acetyl acetone123 as a source of carbon for preparing doped titanium dioxide 

catalyst at low temperature via electrospraying technique.  Saba Habibi and Masoud 

Jamshidi prepared carbon doped titanium dioxide photocatalyst using microcrystalline 

cellulose124 as a source of carbon via sol-gel method for the photocatalytic 

degradation of methylene blue dye under visible light radiation, Seungho cho and co-

workers prepared carbon doped zinc oxide photocatalyst using vitamin C125 as a 

carbon source and obtained polycrystalline nanostructures of zinc oxide material with 

crystallite size of 7 nm. The prepared carbon doped ZnO catalyst exhibited visible 

light absorption bands that redshifted relative to UV absorption band exhibited by the 

pure zinc oxide nanoparticles. The carbon doped ZnO catalyst degraded orange II dye 

efficiently under visible light radiation.  

Guosheng Wu et al126 synthesized carbon doped titanium dioxide catalyst using 

titanium n-butoxide as a common source for both titanium and carbon. The C-doped 

TiO2 catalyst existed in both spherical as well as tubular forms. The photocurrent of 

carbon doped TiO2 catalyst is reported to be much higher compared to the commercial 

Degussa P-25 catalyst. Yiseul Park et al127 prepared carbon doped TiO2 catalyst 

without using an external source. The carbon in the titanium precursor was incorporated 

into the TiO2 lattices through a controlled calcinations process. 
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Carbon, Nitrogen, boron and Fluorine doped TiO2 catalyst is evaluated for its 

photocatalytic activity128. The XRD studies carried out by them showed that there is 

no change in the phase and crystalline nature of the doped and undoped TiO2 samples. 

However they reported an increase in the crystallite size of doped CNBF/TiO2 catalyst 

at higher calcination temperatures. The BET surface area analysis carried out by them 

showed that there was a decrease in surface area of the CNBF doped TiO2 catalyst. 

The complete decolourization of congo red is reported within 2 hours under UV and 

solar radiation.  

Nitrogen-doped titanium dioxide catalyst is evaluated for its photocatalytic 

activity by Jiwei Zhang et al129. The more photocatalytic activity is reported for the 

nitrogen doped anatase phase TiO2 catalyst rather than the rutile phased nitrogen 

doped TiO2 catalyst. 

Weiwen Wang et al130 reported an improvement in the photocatalytic efficiency 

of boron, carbon and nitrogen doped titanium dioxide catalyst by the addition of silver 

nanoparticles to the photocatalyst. They also explained that the intervention of the 

silver nanoparticles to the tridoped titanium dioxide catalyst changed the P-N 

interface heterojunction from (211)/(101) to the (211)/(101)/Ag Z-scheme interface 

heterojunction, and the photocatalytic experiments carried out by them showed that 

94% of methylene blue dye degradation is achieved by the addition of 0.005% of 

silver to the B-C-N tridoped TiO2 catalyst. 

Investigation of the magnetic and photocatalytic properties of the carbon 

quantum dots modified bismuth oxide catalyst was carried out by Shelja Sharma et al131. 

They reported the template free facile synthesis of α-Bi2O3/C-dots via sonochemical 

approach. The X-ray diffraction studies carried out by them confirmed the monoclinic 
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phase of bismuth oxide catalyst with a crystallite size of 28.75 nm. The photoluminescence 

and UV-DRS spectrum of the α-Bi2O3/C-dots showed good optical properties with a 

bandgap of 2.49 eV. The α-Bi2O3/C-dots photocatalyst showed about 66% reduction 

in the total organic carbon content of indigo carmine dye after the degradation process 

and it is also reported to be effective in the degradation of levofloxacin. Aruna devi 

et al132 observed improvement in the photocatalytic activity of monoclinic copper 

oxide photocatalyst after doping with cadmium and barium ions and reported that the 

Cd, Ba-CuO photocatalyst prepared via co-precipitation technique degraded 77% of 

congo red within 180 minutes under 300W xeno lamp irradiation and this was 

attributed to the reduction in band gap energy value (1.6 eV) of the photocatalyst. 

WO3 is one of the semiconductor metal oxides with good absorption ability and 

narrowed bandgap133,134. 

However its photocatalytic activity is comparatively less to that of zinc oxide 

and titanium dioxide photocatalysts. Hence to improve its photocatalytic efficiency more 

research is carried out by the process of coupling it with other metal oxide 

photocatalysts. Recently Priya et al135 investigated the photocatalytic activity of WO3 

photocatalyst by coupling it with BiFeWO6 catalyst via simple co-precipitation and 

hydrothermal methods and found that the composite is efficient in the degradation of 

rhodamine B dye under visible light irradiation. A similar technique is adopted by 

Malathi and coworkers136 to fabricate and investigate the photocatalytic activity of 

BiFeWO6/BiOI composite. They observed that the synthesized BiFeWO6/BiOI 

photocatalyst is efficient in the degradation of rhodamine B dye under visible light 

irradiation. BiFeO3/BiOI is another similar photocatalytically active composite material137 

which showed 100% degradation of rhodamine B dye and 71% degradation of 
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bisphenol A under visible light irriadiation. Chao wang et al138 attempted to couple 

the visible light active Ag3PO4 nanocrystals with WO3 nanosheets and found that 

Ag3PO4/WO3 hybrid photocatalyst showed higher degradation for methylene blue dye 

compared to bare Ag3PO4 and WO3 catalysts which is accounted to the extended 

visible light absorption and effective separation of photoinduced charge carriers. 

Although the technique of codoping has improved the catalytic efficiency of the 

semiconductor metal oxide photocatalysts, there are also some limitations such as 

short term efficiency of the non-metal ion-doped catalysts, formation of oxygen 

vacancies, multistep experimental process and moreover, the improvement in the 

catalytic efficiency is highly dependent on the type and concentration of the dopants 

chosen which needs to be taken into consideration while modifying the photocatalysts139-142. 

 
2.6. DYE SENSITIZED SEMICONDUCTOR PHOTOCATALYSTS 

One of the most interesting ways of fabricating semiconductor metal oxides 

with the more visible light response is to use organic dyes or complexes of ruthenium, 

rhodium or platinum metal complexes as sensitizers and improve the photocatalytic 

ability of the semiconductors. Recently, Azadeh Haghighatzadeh143 did a comparative 

analysis of the optical and photocatalytic properties of the chlorophyll and curcumin 

sensitized titanium dioxide nanoparticles. The optical properties of the sensitized and 

unsensitized titanium di oxide nanoparticles are studied by UV-Visible diffuse 

reflectance spectroscopy. The titanium dioxide nanoparticles absorbed in the UV region 

whereas a redshift in the absorption badge was observed for the dye a sensitized 

titanium dioxide nanoparticle which was attributed to the photon absorption by the 

chlorophyll and curcumin pigments on the TiO2 surface which resulted in high 

photocatalytic activity. 
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Jennyfer Diaz-Angulo et al144 observed an improvement in the photon absorption 

by sensitizing the titanium dioxide nanoparticles with two different dyes such as 

Eosin Y and Rhodamine B. About 70.9% of acetaminophen and 83.4% of diclofenac 

were degraded by using Eosin Y sensitized titanium dioxide nanoparticles whereas 

only 53% and 34.6% of acetaminophen and diclofenac got degraded in the presence 

of Rhodamine B sensitized titanium di oxide nanoparticles which were attributed to 

the anionic nature of Eosn Y dye. 

Chitiphon Chuaicham145 and group investigated the photocatalytic performance 

of sepiolite for the degradation of several organic dyes and found out that the 

photocatalytic activity of spent sepiolite after the adsorption of rhodamine B dye 

increased about twice as much as with pristine sepiolite which indicated that the dye-

sensitization process could increase the photocatalytic performance of a catalyst. The 

radical scavenger test carried out using the reagents such as isopropyl alcohol (IPA), 

benzoquinone (BQ), and potassium iodide (KI) for trapping the h+, •O2
- and •OH 

confirmed that .O2
- was the main oxidant species in the photocatalytic degradation of 

rhodamine B dye over sepiolite under visible light irradiation. 

A natural dye anthocyanin extracted from mangosteen peel, was successfully 

employed as a sensitizer for TiO2 nanoparticles146. Md. Ashraful Islam Molla et al147 

experimented with a self dye sensitization technique on the photocatalysts such as 

zinc oxide and titanium dioxide for the degradation of Orange II and Methyl Orange 

dyes under the LED and fluorescent light irradiation. 

Sukanya Krishnan and Amritanshu Shriwastav148 investigated the application 

of chlorophyll as a natural dye sensitizer for the photocatalytic degradation of methylene 

blue dye under blue LED illumination. About 85% degradation of 20 ppm methylene 
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blue dye solution was achieved with 2.5 g L-1 of 0.1 wt% chlorophyll/TiO2, at pH 6, 

within 2 hours of visible blue LED irradiation. 

Titanium dioxide powders modified by quinizarin and zinc protoporphyrin as 

sensitizers149 were employed for the photocatalytic degradation of phenol and methyl 

orange dye under visible light radiation. The enhanced rate of photocatalytic dye 

degradation by using quinizarin and zinc protoporphyrin dyes as sensitizers is 

attributed to a double sensitization phenomenon. 

ZnO photocatalyst sensitized with methyl red dye150 improved the rate of 

degradation of phenol under visible light irradiation. Chlorophyll, β-carotene and N-

719 powder were employed as sensitizers151 for titanium dioxide nanotubes. Chlorophyll 

sensitized titanium dioxide nanotubes showed much higher photocatalytic activity in 

the degradation of methylene blue dye under visible light compared to that of 

β-carotene and synthetic N-719 powder. This is attributed to the light harvesting 

nature and transference of energy between the chlorophyll dye and the TiO2 substrate. 

Anthocyanin extracted from red raddish is used as a template in the synthesis 

of mesoporous titanium dioxide nanoparticles for the degradation of phenols and dyes 

under visible light light radiation152. The dye sensitized TiO2 degraded 20% methyl 

thionine chloride, 34.9% of rhodamine B, 56.2% of gentain violet, 54% phenol and 

65% of 2,4-dichlorophenol respectively. Eventhough the process of photosensitization 

has improved the photocataltyic performance of the semiconductor catalysts via 

effective separation of photogenerated charge carriers and by adsorption of the 

contaminants to the surface of the metal oxides153,154, a major concern in implementing 

the technology to a large scale is the desorption of the sensitizers to the aqueous 

suspension during the repeated cycles of photocatalytic process, toxicity level of the 

sensitizers used and competitive adsorption of the co-existing species155-157. 
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2.7. SUPPORTED SEMICONDUCTOR PHOTOCATALYSTS 

Preparation of the semiconductors in an immobilized or supported form to 

make it suitable for wide-scale practical implementation has become a prior concern 

among researchers158,159. Immobilization of the semiconductor metal oxides on different 

supports such as glass plates, glass beads, stainless steel, polymeric materials, activated 

carbon, clays etc., offers a great advantage of cost effective separation of the 

photocatalysts from the wastewater after treatment160-164.  

S. Sohrabnezhad, M.A. Zanjanchi and M. Razavi identified that Ag/AgCl 

dispersed in montmorillonite matrix165 exhibited good photocatalytic activity under 

visible light radiation. Results of the photocatalytic experiments showed that both 

visible light and a photocatalyst, are essential for the effective degradation of 

methylene blue.  

Jurate Virkutyte and Rajender S. Varma prepared an eco-friendly and effective 

iron oxide-pillared montmorillonite composite166 for environmental decontamination. 

The photocatalytic activity of the composite was tested against the degradation of 

dichlorophenol (DCP) and the results obtained showed that 85% mineralization of 

dichlorophenol took place in 2.5 hours in the presence of peroxomonosulphate whereas 

in the presence of other oxidizing agents such as hydrogen peroxide and peracetic 

acid only 50% and 70% degradation of DCP took place within 3.5 hours respectively.  

Synthetic polymers such as polyethylene terphthalate and polystyrene were 

employed as templates for titanium dioxide and zinc oxide semiconductor 

photocatalysts167. Two azo dyes such as acid brown 83 and direct blue1 showed good 

adsorption towards polymer supported titanium dioxide photocatalyst compared to 

that of the supported zinc oxide semiconductor photocatalyst. Kinetics studies 
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revealed that the photodegradation of the dyes were not influenced by the polymeric 

supports and the reaction followed pseudo-first order kinetics. 

Wan Izhan Nawawi Wan Ismail et al168 prepared immobilized titanium dioxide 

photocatalyst by coating the titanium dioxide solution onto double sided adhesive 

tapes supported on glass plates. Immobilized TiO2/DSAT successfully degraded the 

cationic methylene blue and anionic reactive red 4 dyes. 

Nawi et al169 investigated the photocatalytic activity of titanium dioxide 

powder mixed with  epoxidized natural rubber-50 (ENR50)/polyvinyl chloride under 

a fluoroscent lamp for the degradation of methylene blue dye. Mehdi Taghdiri 

investigated the photocatalytic activity of magnetically recoverable and reusable 

polyoxometalate coated activated carbon nanoparticles170. The MAC-HMT-STA 

nanocomposite selectively adsorbed and degraded methylene blue dye from the binary 

mixture of methylene blue/ rhodamine B and also from the binary mixture of methyl 

orange/methylene blue. This selective adsorption of methylene blue dye towards 

MAC-HMT-STA nanocomposite is attributed to the fact that the surface of the 

composite is negatively charged which has more affinity towards the cationic dyes. 

Paul Henri Allé et al171 prepared Titanium dioxide nanoparticles supported on 

silicon carbide via dip coating process and investigated its photocatalytic activity 

towards the degradation of rhodamine B dye. 

TiO2 coated polystyrene beads with high mechanical and thermal stability was 

investigated for its photocatalytic activity172. The photocatalytic activity of TiO2 

coated polystyrene beads towards the degradation of methylene blue dye remained 

reasonably high even after 10 successive cycles. 
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A plasmonic photocatalyst Gold/TiO2 supported on floating porous 

Polydimethylsiloxane Sponge was investigated for its photocatalytic activity towards 

the degradation of Rhodamine B dye under ultra-violet and visible dyes173. Chin Mei 

Ling et al174 successfully synthesized Titanium dioxide nanoparticles via sol-gel 

method and immobilized it by coating the TiO2 powder onto to two glass reactor tubes 

such as tubular photocatalytic reactor with the recirculation mode and the batch 

photocatalytic reactor. The effect of air purging and the use of hydrogen peroxide as 

an oxidant increased the rate of the photocatalytic degradation process. 

Fabrication of reduced graphene oxide /Titanate hybrids was done by 

incorporating the titanium dioxide nanoparticles into the graphene oxide layers by 

solvothermal treatment175 for the degradation of methylene blue dye. 

S. Razak, M.A. Nawi and K. Haitham successfully synthesized TiO2/ PANI 

composite by using epoxidized natural rubber and polyvinyl chloride as adhesives176. 

The immobilized TiO2/ PANI/ENR/PVC composite decolourized 85% of reactive 

red4 dye under visible light within 60 minutes. This was attributed to the electron 

donor ability of the conjugated polyaniline polymer upon visible light excitation. 

Zhang et al177 prepared TiO2/Zeolite composite via hydrolysis deposition and 

calcination crystallization method for the abatement of pollutants such as Phenol, 

methyl orange (MO) and rhodamine B (RB) dyes. About 54%, 80% and 84% degradation 

of phenol, MO and RB dyes were achieved within 360 minutes time under UV irradiation. 

The photodegradation ability of BiFeO/reduced graphene oxide composite prepared 

by hydrothermal method is investigated by basith et al178 and reported that 62% 

degradtion of rhodamine B dye is achieved within 240 minutes under 500W mercury-

xenon lamp irradiation. 
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When J. E.Lee and his group179 was able to degrade 81% of the methylene 

blue dye using a three dimensional Au/ZnO/graphene oxide composite under under 

UV irradiation within 240 minutes, a similar type of three dimensional Au/ZnO/ 

graphene oxide immobilized photocatalyst was fabricated by She et al180 and 

investigated its photodegradation ability towards rhodamine B dye. 

Jiang et al181 reported that TiO2-GO (0.5g/L) photocatalyst degraded 90% of 

methyl orange dye under 20W UV light source. Similarly using TiO2-GO (1g/L) 

photocatalyst182 only 62% degradation of methyl orange dye is achieved under visible 

light within 180 minutes. Rong et al183 used titanium dioxide/graphene oxide 

photocatalyst (0.8g/L) for the degradation of methylene blue dye (10mg/L) and 

achieved 98% degradation of the dye within 100 minutes under visible light. Wang 

and coworkers184 reported the degradation of methylene blue using Sulphur/titanium 

dioxide/graphene oxide photocatalyst under simulated solar light. A decreased band 

gap obtained via sulphur doping, movement of the photogenerated charge carriers to 

the graphene oxide and adsorption of the dye molecules to surface of graphene oxide 

through π-π interactions increased the photocatalytic efficiency. 

Graphitic carbon nitride (g-C3N4) is another important member of the 

semiconductor family with a bandgap of 2.7 eV. Although this three dimensional 

material is non-toxic and easily processable, the absence of interlayer hybridization of 

the electronic states has restricted the charge mobility in g-C3N4 and hence it has low 

photocatalytic efficiency185, 186. In order to overcome this limitation researchers began 

to modify the pure g-C3N4 by coupling with metal oxides. For example, Purohit and 

Coworkers187 were able to degrade the 68 % of methylene blue dye (10mg/L) under 

simulated sunlight within 70 minutes using an inorganic-organic hybrid three dimensional 
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material namely BiVO4/g-C3N4 however, when Xin and Meng188 attempted to 

degrade the same methylene blue dye using pure g-C3N4 only 66% dye degradtion 

took place within 5 hours under simulated sunlight. Similarly, Zhu et al189 achieved 

88% degradation of tetracycline using g-C3N4 /Ag/Fe3O4 within 90 minutes under 

300W visible light irradiation and Mousavi et al190 prepared a visible light driven 

magnetically separable g-C3N4 /Fe3O4/BiOI photocatalyst and observed that the 

prepared composite showed higher photocatlytic activity in the degradation of 

methylene blue, rhodamine B and methyl orange dyes compared to pure g-C3N4 

catalyst. 

The higher photocatlytic activity shown by the composite compared to pure 

g-C3N4 catalyst is attributed to the high surface area and efficient separation of 

electron-hole pairs. Preparation of biocomposites by integrating the metal oxides with 

low cost, non-toxic and biodegradable polymers such as chitosan, polymethylmethacrylide, 

polyaniline, polymeric fibres etc. to obtain high surface area191-194 are also considered 

to be a fruitful area of research. Among Cu0, Co0, Ni0 and Ag0 metals incorporated 

chitosan/TiO2 catalysts, Fayaz Ali et al195 observed that Cu-Chitosan/TiO2 showed 

excellent photocatalytic activity in the degradation of methyl orange, congo red, 

methylene blue and acridine orange dyes. The catalyst is also reported to show good 

photocatalytic efficiency in the reduction of phenols which is attributed to the 

morphology of Cu-CS/TiO2 catalyst and the active sites available on the surface of 

chitosan. 

Similarly, (TiO2/COS)-on-[Fe3O4/PVA–PHB/PCL] fibrous material196 degraded 

methylene blue dye within 90 minutes under UV light and the intermolecular 

interaction of polyaniline providing more electrons to the conduction band of zinc 
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oxide led to the effective degradtion of methyl orange and methylene blue dyes under 

visible light irradiation197. Zinc Oxide photocatalyst supported on polymethyl 

methyacrylate fibres is also reported to show excellent degradation of methylene blue 

dye and phenol under UV light198. 

From a broad review of literature it is understood that the photocatalysts in the 

slurry or dispersed forms are reported to give higher photocatalytic efficiency compared 

to that on the immobilized forms due to the large surface area, homogeneous dispersity 

of the particles and more contact of the contaminants with the surface active sites of 

the semiconductor photocatalysts. It is also observed that a lot of research is done by 

doping and intergrating different metal oxides such as ZnO, TiO2 as well as bismuth 

and tungsten oxides to obtain new modified photocatalysts with higher photocatalytic 

activity. Hence, the present work focuses in synthesis, characterization and evaluation 

of the photocatalytic activity of the metal doped semiconductors towards various 

synthetic organic dyes and it is also planned to evaluate catalytic efficiency of the best 

doped photocatalysts for effluent treatment. 
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CHAPTER – III 

AIM AND SCOPE 

 
3.1. NEED FOR THE PRESENT INVESTIGATION 

Water, as a great natural resource, is central to all aspects of life. The extensive 

deterioration of the freshwater sources has put severe pressure on the government and 

public sectors. The quality of the ground water has come down to such an extent that 

it affects the ecology of our system has risen as a societal issue. Billions of people 

from all over the world come across water scarcity problems and are left without 

access to clean and safe drinking water1-3. When the life of the common man and the 

environment is threatened, the industrial sector also faces much struggle to manage 

the water resources for the maintenance and technical operations. India’s textile and 

manufacturing industries have paid a significant contribution to the export worldwide, 

and it has boosted the country’s economy. The rapid growth in population, industrial 

sector and the ever-growing demand for natural resources have placed unprecedented 

pressure on the government and individuals4. In today’s world, we are witnessing the 

conflict for water sources among various users. It is mainly due to the challenges such 

as poor water management practices, over abstraction of the water from the ground 

and surface levels and the issue of water crisis is worsened due to pollution caused by 

the effluent discharge5,6. 

The polluted water with high alkalinity, turbidity, TDS and intense colour are 

not only unsuitable for consumption but also poses severe heath issues and increases 

the fatality rate among humans and aquatic life7. This raised a growing concern 

among the environmentalist, researchers, as well as to the people who run the textile 
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and manufacturing sectors. Eventually, they began to rely on the treatment process 

such as coagulation, membrane filtration, sedimentation, biological processes such as 

using microbes and physical methods including evaporation, adsorption and the like. 

Even though effluent treatment by membrane filtration and biological processes arose 

as a worthy topic of research, the expenditure to feed the microbes, fouling and 

coggling of the membrane filters, and generation of the secondary pollutants are some 

of the issues which further needs to be addressed. Many of the conventional treatment 

techniques are found to be inefficient in attaining the maximum pollutant removal. 

This is mainly due to the recalcitrant nature of the organic pollutants8,9. Hence the 

necessity for new advanced technologies and novel processes to abate pollutants arose 

as a topic of urgent need among the scientific community. 

A survey of literature shows that in the past few decades, research is much 

focused on the advanced oxidation technologies such as fenton and photo-fenton like 

reactions, UV/H2O2, ozonation, wet catalytic air oxidation, electrochemical processes, 

catalysis using semiconductor metal oxides,  sonochemical and microwave methods. 

All these oxidation technologies are similar but not the same and are predominantly 

based on the generation of reactive oxygen species such as hydroxyl and superoxide 

anion radicals for the degradation of pollutants10. The Advanced oxidation processes 

(AOP) are considered to be versatile technologies due to the ability to generate reactive 

oxygen species via different pathways and the organic pollutants are degraded to 

less-toxic intermediates or non toxic products. In view of the advantages of these 

AOP techniques, researchers are motivated to make use of the AOP technologies for 

the treatment of various pollutants such as dyes, pesticides, nitro compounds, phenols 

etc. 
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Among various advanced oxidation technologies, the heterogeneous 

semiconductor photocatalysis is an efficient process11 for the degradation of the toxic 

pollutants due to the factors such as 

� Non-toxic nature of the semiconductor metal oxides. 

� The cost of production of metal oxide photocatalysts is meager. 

� Semiconductor metal oxide photocatalysts are recyclable and reusable without 

much loss in photocatalytic activity. 

� Properties of the metal oxide photocatalysts are easily tunable. 

� Strong oxidizing ability of the reactive oxygen species. 

� The photocatalytic reaction can be performed at normal temperature. 

� It can make use of the sunlight as a natural source of energy. 

 The major steps involved in the heterogeneous photocatalytic process are: 

(i) Photon induced generation of e-- h+ pairs. 

(ii) Separation of the e-- h+ pairs to the valence and conduction bands of the 

material. 

(iii) The reaction of the e-- h+ pairs with the surface adsorbed O2 molecules and 

hydroxyl ions. 

(iv) Generation of reactive radical species such as .OH and O2
.-. 

(v) Degradation of the toxic pollutants. 

Even though light-induced photocatalytic process can give possible solutions 

to water pollution problems, there is still space for improvement in the solar-powered 

photocatalytic technology. The photodegradation ability of the heterogeneous 

semiconductors under direct sunlight is still low because of the fast recombination of 

the electron-hole pairs, which further results in low quantum yield and photocatalytic 
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activity12. In order to make use of the solar photocatalytic technology efficiently a 

series of modification strategies are adopted by the researchers. Some of the recently 

adopted methods that we encountered during our literature review include the process 

such as coupling of the semiconductors, doping of metals and non-metals to the metal 

oxide semiconductors, codoping and tri-doping, doping a combination of metal and a 

non-metal, dye sensitization, modifying the semiconductors by quantum dots, preparation 

of supported semiconductors using carbon nanofibres, carbon nanotubes, graphene 

oxide, clay materials etc. 

When photocatalyst modification techniques such as coupling, noble metal 

incorporation and dye sensitization gave the advantage of enhancing the electron-hole 

pair separation, broadening the range of visible light response of the photocatalyst, 

there are also some limitations associated with these techniques, such as the formation 

of oxygen vacancies in the case of non-metal doping, introduction of defects and 

dopant concentration dependency in the case of metal doped photocatalysts, multistep 

experimental process for codoping, use of expensive noble metals and the use of 

supports for photocatalysts leads to a major concern of decreased surface area, 

remobilization of the photocatalysts from the surface of the supports and less 

photocatalytic activity of the immobilized catalyst compared to dispersed form of 

catalysts are some major concerns which hinder the application of modified 

photocatalyst for commercial scale13,14. Apart from the modification strategies, there 

are also some other factors that needs to be taken into consideration to obtain good 

photocatalytic activity such as the preparation methods adopted for the synthesis of 

photocatalysts, pH of the solution medium, dosage of the catalyst, intensity of light 

source, concentration of the pollutant, time taken for the degradation process, type of 

oxidants, surface charge properties photocatalysts etc. 
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However, there is still scope for the improvement and possibility of achieving 

a suitable modified photocatalyst via low cost metal doping process. The ability to 

increase the activity of the metal doped photocatalyst lies in the choice of the dopant 

and its concentration and from literature survey it is understood that only scarce 

attempts are made to check the applicability of the doped photocatalysts for real 

industrial effluents. Hence it is planned to prepare photocatalysts by precipitation 

method which is a simple, safe and cost effective technique and to evaluate its 

photocatalytic activity for the degradation of some synthetic organic dyes.  Further 

attempts are made to modify the photocatalyst by finding suitable dopants and to 

check the utility of best doped photocatalysts for the treatment of industrial effluent.  

 
3.2. AIM AND SCOPE OF THE PRESENT RESEARCH WORK 

The present study aims 

To degrade the synthetic organic dyes such as methylene blue, indigo carmine, 

crystal violet, basic yellow 2, acid red 94, congo red and acid green 1 dyes using 

reusable metal oxide nanophotocatalysts by effective air purging under sunlight. 

To extent the potential of new nanophotocatalysts for the treatment of 

industrial effluent. 

To study the antimicrobial property of the photocatalysts against various 

microorganisms. 

The scope of the research programme includes 

• Synthetic organic dyes which have industrial applications 

• Synthesis of semiconductor photocatalysts which are suitable for the degradation 

of the selected organic dyes 
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• Characterization of synthesized photocatalysts in terms of their crystalline 

nature, morphology, optical response and surface properties 

• Self-photolysis of the dyes 

• Optimization of parameters such as pH, catalyst weight, initial dye concentration, 

weight percent of dopant and time for completion of degradation 

• Kinetics of photocatalytic degradation of dyes 

• Studies on the role of radical quenchers, the extent of mineralization, the 

reusability of the photocatalysts, the mechanism for photocatalytic degradation, 

total organic carbon analysis, physico-chemical parameters of the effluents, 

and the antimicrobial activity of the synthesized composite photocatalyst. 

 
3.3. OBJECTIVES OF THE PRESENT WORK 

The objective of the present work is: 

(i) To synthesize photocatalytically active semiconductor metal oxides such as 

zinc oxide, titanium dioxide and bismuth oxychloride by simple chemical 

precipitation method 

(ii) To study the optical and morphological properties of the synthesized 

photocatalysts using the analytical techniques such as: 

• X-Ray Diffraction analysis to understand the crystallinity of the synthesized 

photocatalysts. 

• Field Emission Scanning Electron Microscopic Analysis to study the surface 

properties of the synthesized photocatalysts. 

• Energy Dispersive X-Ray Analysis to determine the major elemental composition 

of the synthesized photocatalysts. 
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• High Resolution Transmission Electron Microscopic Analysis is taken to gain 

more insight into the morphology, crystallinity and particle size of the synthesized 

photocatalysts. 

• Fourier Transform Infra Red spectroscopy is taken to confirm the formation of 

metal oxide and metal-metal bonds in the synthesized photocatalysts. 

• UV-Visible Diffuse Reflectance Spectroscopy Analysis is done to calculate 

the band gap values of the synthesized photocatalysts. 

• Nitrogen Adsorption Desorption Isotherm is taken for the synthesized 

photocatalysts to understand the porous nature and to determine the specific 

surface area. 

(iii) To carry out preliminary photocatalytic experiments under different conditions 

to understand the effects of adsorption process, magnetic stirring and air oxidation. 

(iv) To determine the optimum pH of the dye solutions using suitable photocatalysts. 

(v) To optimize the weight of the synthesized photocatalysts for the required 

quantity of dye solution. 

(vi) To fix the initial concentration of the dye solution with respect to optimized 

pH condition and catalyst dosage. 

(vii) To enhance the photocatalytic decolourization process by incorporating 

different dopants such as aluminium fluoride and strontium silicate to the 

metal oxide. 

(viii) To determine the correct weight percent of the dopants in the metal oxide to 

achieve maximum photocatalytic decolourization efficiency. 

(ix) To carry out the kinetic studies for the photocatalytic dye degradation by 

Langmuir-Hinshelwood kinetic model. 
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(x) To study the effect of radical quenchers and understand the effect of different 

oxidizing species involved in the photocatalytic process. 

(xi) To find out the percentage degradation of the dye solution by carrying out the 

total organic carbon analysis. 

(xii) To check the reusability of the photocatalysts to make it cost effective. 

(xiii) To propose a suitable mechanism for the photocatalytic dye degradation process. 

(xiv) To compare the percentage decolourization given by different doped and 

undoped photocatalysts and to use the best photocatalysts for effluent treatment. 

(xv) To study the disinfection properties of the photocatalysts against different 

microorganisms and to propose a suitable mechanism. 
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CHAPTER – IV 

MATERIALS AND METHODS 

This chapter gives information regarding the dyes chosen for the study, chemicals 

and reagents used for the synthesis of the photocatalysts. Also, various instrumental 

techniques used for the characterization of the photocatalyst, procedure for the 

photocatalytic experiments, antimicrobial activity and the physico-chemical analysis 

of the textile effluent are discussed in the following sub-sections. 

 
4.1. DYES CHOSEN FOR THE STUDY 

(i) Methylene Blue 

Chemical Structure: 

 

Other Names    : Urelene Blue, Provay Blue, Basic Blue. 

C.I.  No.    : 52015 

Chemical Classification  : Thiazine dye 

Molecular Formula   : C16H18ClN3S 

Molar mass    : 319.85 g mol-1 

Absorption wavelength λmax : 663nm 
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Application: 

Methylene blue is a water soluble cationic dye. The most common application 

of dye is that it can be used for colouring paper, temporary hair colourant and mainly 

it is used on soft vegetable fibers such as jute, flax and hemp. It dyes silk and wool. 

Only, to a lesser extent it is used on paper, leather and mordant cotton. 

(ii) Indigo Carmine 

 

Other Names    : Indigotine, Brilliant indigo 4G, Acid Blue 74. 

C.I.  No.    :  3015 

Chemical Classification  : Indigoid dye 

Molecular Formula   : C16 H8 N2Na2O8S2 

Molar mass    : 466.36 g mol-1 

Absorption wavelength λmax : 610 nm 

Application 

Indigo carmine is one of the anionic dyes used commonly as a textile 

colouring agent and as an additive in pharmaceutical tablets and capsules. Indigoid 

dyes are mainly used for cotton and cellulosic fibres. These dyes are not suitable for 

wool and silk because the fibres are damaged in alkaline medium. They have low 

affinity for synthetic fibres. 
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(iii) Crystal Violet 

 

Other Names   : Gelatin violet, methyl violet 10 B, Aniline violet.  

C.I.  No.   : 42555 

Chemical Classification : Triphenylmethane dye 

Molecular Formula  : C25H30ClN3 

Molar mass   : 407.99 g mol-1 

Absorption wavelength λmax : 590 nm 

Application: 

Crystal violet dye is a cationic water soluble dye. It is used as a textile dye 

which can be directly applied to protein fibres like wool and silk as well as for paper 

dyeing. It is also used as a component of navy blue dye and black inks for printing 

purposes. It is also used to colour the products in fertilizers, antifreezers, detergents 

and also for leather dyeing. 
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(iv)Basic yellow 2 

 

Other Names    : Auramine O, Aizen auramine, Canary Yellow.  

C.I.  No.     : 41000 

Chemical Classification  :  Diarylmethane dye 

Molecular Formula   : C17H22ClN3 

Molar mass    : 303.83 g mol-1 

Absorption wavelength λmax : 432 nm 

Application: 

Basic yellow 2 is a cationic water soluble dye. The dye is used as a fluorescent 

stain and also for staining acid-fast bacteria. It is extensively used for dyeing paper, 

silk, leather and jute. 

(v) Acid Red 94 

 

Other Names    : Rose bengal 

C.I.  No.    : 45440 
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Chemical Classification  : Xanthane dye 

Molecular Formula   : C20H4Cl4I4O5 

Molar mass    : 973.67 g mol-1 

Absorption wavelength λmax : 559 nm 

Application: 

Acid red 94 is an anionic water soluble dye. It is a photosensitive dye widely 

used in textile, medicinal and photochemical industries. The dye is generally used for 

paper dyeing, it is also used for dyeing wool, silk and cotton mordanted with tannin 

where brilliant shades of fluorescein effects are required on the materials. 

(vi) Congo Red 

 

Other Names    : Brilliant congo, Cosmos red, Cotton red B. 

C.I.  No.    : 22120 

Chemical Classification  : Azo dye 

Molecular Formula   : C32H22N6Na2O6S2 

Molar mass    : 696.665 g mol-1 

Absorption wavelength λmax : 338nm, 497 nm 

Application: 

Congo red dye is an anionic water soluble dye. The congo red dye is used to 

dye cotton, in histology to stain tissues as well as an acid-base indicator. 
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(vii) Acid green 1 

 

Other Names    : Naphthol green B, Acid green PXC. 

C.I.  No.    : 10020 

Chemical Classification  : Nitroso dye 

Molecular Formula   : C30H15 FeN3Na3O15S3 

Molar mass    : 878.46 g mol-1 

Absorption wavelength λmax : 715 nm 

Application: 

Acid green 1 dye is an anionic dye. The dye shows excellent absorption and 

excellent light fastness. It is mainly used to dye wool, silk and nylon fabric dyeing, 

printing and it is also used for leather dyeing. 

4.2. CHEMICALS REQUIRED 

Zinc acetate dihydrate, Titanium tetrachloride, Bismuth nitrate pentahydrate 

from Sisco Research Laboratory Chemicals Pvt. Ltd., Aluminium Fluoride, Aluminium 

silicate, Sodium hydroxide and Ethanol (99.9%) from Merck, Potassium chloride, 

Ammonium hydroxide, Isopropanol, Ethylene diammine tetra acetic acid, Ascorbic 

acid and Sodium sulphate from Qualigens were procured and used as such. 

Synthetic organic dyes such as Methylene blue, Congo red, Indigo carmine, 

Crystal violet are purchased from S.D. Fine chemicals, Rose Bengal, Basic yellow 2, 
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Acid green 1 from SRL Chemicals, India of analytical grade were purchased and 

used. All the reagents of analytical grade were obtained and used without any further 

purification. 

 
4.3. SYNTHESIS OF PHOTOCATALYSTS 

Detailed procedure followed to synthesize the metal doped as well as undoped 

photocatalysts are discussed in the following sub-sections 

 
4.3.1 Synthesis of Aluminium fluoride doped ZnO and Strontium silicate doped 

ZnO Photocatalysts 

Simple chemical precipitation-decomposition method was adopted for the 

synthesis of modified zinc oxide photocatalysts. About 2g of zinc acetate dihydrate 

salt is dissolved in 50 mL of double distilled water and 2 weight percent of aluminium 

fluoride salt is added to the precursor and the solution is left for magnetic stirring 

under room temperature for about 30 minutes. To this dopant containing precursor 

salt solution about 4mL of 0.8M sodium hydroxide solution is added dropwise and 

2mL of absolute ethanol is added along the sides of the beaker and the magnetic 

stirring is continued for about another 60 minutes. A thick white precipitate of zinc 

hydroxide obtained is centrifuged, washed thrice with double distilled water and it is 

dried in a hot air oven at 80o C for 6 hours. The dried mass is taken in a silica crucible 

and further calcined in a muffle furnace at 400o C for 3 hours with a heating rate of 20 

min-1 to attain its decomposition temperature. The muffle furnace is allowed to cool 

down to room temperature and the obtained zinc oxide powder is grinded well using a 

motor pestle. The fine powders of zinc oxide photocatalyst containing 2 weight 

percent of aluminium fluoride salt is stored in the refrigerator for further 
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characterization and photocatalytic studies. Similarly 0.5, 1 and 3 weight percent of 

aluminium fluoride containing zinc oxide photocatalyst is prepared following the 

same procedure. 

In a similar way, the different weight percent (0.5, 1, 2 and 3 wt %) of 

strontium silicate containing zinc oxide photocatalyst is prepared following the above 

procedure. The bare zinc oxide photocatalyst is prepared without the addition of 

aluminium fluoride and Strontium silicate dopants by chemical precipitation method1. 

 
4.3.2 Synthesis of Aluminium fluoride doped TiO2 and Strontium silicate doped 

TiO 2 Photocatalysts 

Aluminium fluoride/TiO2 and Strontium silicate/TiO2 Photocatalysts are also 

prepared by simple precipitation-decomposition method. For synthesizing aluminium 

fluoride doped titanium dioxide photocatalyst, about 50 mL of double distilled water 

is added to 9.5 mL of titanium tetrachloride solution under ice cold condition. The 

solution is left as such to attain the room temperature and it is magnetically stirred for 

15 minutes. Then one weight percent of aluminium fluoride salt is added to the 

precursor solution. A well mixed solution of the precursor and dopant is obtained by 

continuing the magnetic stirring for about another half an hour. To this combined 

solution 2 mL of 0.8M sodium hydroxide solution is added dropwise and the 

temperature in the magnetic stirrer is raised to 600C and the magnetic stirring is 

continued for 60 minutes. The thick white precipitate of AlF3-Ti(OH)4 obtained is left 

for digestion for  about 30 minutes and the supernatant solution is decanted. The 

precipitate is washed with double distilled water and the process of digestion and 

decantation is repeated for three times. The precipitate is then dried in a hot air oven 

at 800 C for 6 hours. The dried mass of AlF3-Ti(OH)4 is further transferred to a silica 
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crucible and calcined in a muffle furnace at 4000C for 3 hours to obtain one weight 

percent aaluminium fluoride doped TiO2 photocatalyst. The photocatalyst is grinded 

well to a fine powder using a motor pestle and it is stored in the refrigerator for 

further characterization and photocatalytic studies. Similarly, the remaining TiO2 

photocatalysts with 0.5, 2 and 3 weight percents of aluminium fluoride dopant is 

prepared by adopting the same procedure. 

In a similar way, different weight percent of strontium silicate (0.5, 1, 2 and 3 

wt %) containing titanium dioxide photocatalyst is prepared by adopting the above 

procedure. The bare Titanium dioxide photocatalyst is prepared without the addition 

of aluminium fluoride and strontium silicate dopants by chemical precipitation 

method2. 

 
4.3.3. Synthesis of Aluminium fluoride doped BiOCl and Strontium silicate 

doped BiOCl Photocatalysts 

Different weight percent of aluminium fluoride doped bismuth oxychloride 

photocatalyst is prepared by chemical precipitation method in an acidic medium. 

About 4.85g of bismuth nitrate pentahydrate salt is dissolved in approximately 100mL 

of double distilled water by heating it at 400C for about 20 minutes and then the 

solution is magnetically stirred for about half an hour at room temperature. 3 weight 

percent of aluminium fluoride powder is added to the precursor salt solution and the 

magnetic stirring is continued for about another half an hour. To this dopant combined 

bismuth nitrate precursor salt solution, 50 mL of 0.2M potassium chloride solution is 

added in a dropwise manner along the sides of the beaker and after the complete 

addition of potassium chloride solution, 1mL of 25% aqueous ammonium hydroxide 

is also added and the magnetic stirring is continued for about 7 hours. The beaker with 
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the precipitated solution is left undisturbed for 60 minutes and then the supernatant 

liquid is carefully decanted and the precipitate obtained is washed several times with 

double distilled water and dried in a hot air oven at 1200C for 5 hours. The dried mass 

is then transferred into a silica crucible and taken to the muffle furnace, calcined at 

600oC for 3 hours to obtain crystalline aluminium fluoride doped BiOCl 

photocatalyst. Similarly the other weight percent (0.5, 1, 2 and 4 wt %) of aluminium 

fluoride doped BiOCl photocatalyst is prepared by following the same procedure. 

In a similar way, different weight percent (0.5, 1, 2, 3 and 4 wt %) of strontium 

silicate containing bismuth oxychloride photocatalyst is prepared by following the 

above procedure except that instead of aluminium fluoride, strontium silicate powder 

is added to the precursor salt solution. The bare bismuth oxychloride photocatalyst is 

prepared without the addition of aluminium fluoride and strontium silicate dopants by 

following the procedure3. 

 
4.4. CHARACTERIZATION TECHNIQUES 

The analytical instruments used for the characterization of synthesized 

photocatalysts are discussed below in detail 

 
4.4.1. X-Ray Diffraction Studies 

Determination of the phase purity, crystalline or amorphous nature and the 

crystallite size of all the synthesized photocatalysts were obtained using Powder X-

Ray diffractometer (PANalytical X’ Pert Pro) using Cu-Kα radiation of wavelength 

1.54nm, operating at 40 kV and a current of 40mA. The diffractograms were recorded 

in the 2θ range of 10 to 100o in steps of 0.02° with count time of 20 s at each point. 
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The average crystallite sizes of the synthesized photocatalysts are determined using 

Debye-Scherrer equation (2.1) 

D = Kλ/β Cos θ   ......................... eq.(4.1) 

where D is the crystallite size, 

 K is the constant (0.89), 

 λ is the wavelength of radiation (1.54 nm), 

 β is the full width at half maximum of the diffraction peak, 

 θ is the diffraction angle. 

 
4.4.2. Field Emission-Scanning Electron Microscopic Analysis 

In Field Emission Scanning electron microscopic analysis, the beam of electrons 

move across the surface of the mounted sample, collects scattered electrons and 

provides us a depth profiling of the shape and orientation of the materials taken for 

the study. Morphological studies of the synthesized bare and metal containing 

photocatalysts are carried out using FE-SEM (Quanta, FEG 200 F) under different 

magnifications ranging from 500nm to 10µm. 

 
4.4.3. Energy Dispersive X-Ray Analysis 

The elemental compositions of the synthesized photocatalysts were studied 

using energy dispersive x-ray analysis using FE-SEM (Quanta, FEG 200F) equipped 

with EDS, a nano manipulation system. The synthesized photocatalysts in the dry 

powdered form is loaded onto the stub using conductive carbon tapes, the specimen is 

analyzed for one minute and detected using Si (Li) detector, which gives rise to 

information pertaining to the elemental composition in the range of ppm-0.1%. 
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4.4.4. Transmission Electron Microscopic Analysis 

A more insight into the surface topography such as shape, size, orientation and 

selected area diffraction patterns for the synthesized photocatalysts were obtained 

using HR-TEM (JEOL, JEM 2100F), accelerating potential (120/200kV) under 

different magnifications ranging from 2 nm to 0.2µm. For HRTEM analysis powdered 

samples of the catalyst were dispersed in ethanol. The alcoholic solution containing 

the powdered catalyst was sonicated for 15 minutes, a drop of the solution placed on 

copper grid was analyzed and the images were recorded. 

 
4.4.5. UV-Diffuse Reflectance Spectrum 

The optical response and the bandgap measurements of the synthesized 

photocatalysts were studied using Shimadzu UV2600 model diffuse reflectance 

spectrophotometer equipped with an integrating sphere. The powdered photocatalysts 

were dispersed in a water medium with barium sulphate as an internal standard and a 

quartz cell with thickness of 5mm is used for the study. The spectra is recorded at 

room temperature in the range of 200-800nm. 

 
4.4.6. Fourier Transform Infra Red Spectroscopy Studies 

Fourier transform infra red spectroscopic technique is used for the identification 

of metal-metal bonds and metal-oxygen bonds in the synthesized photocatalysts. 

FTIR spectrum of the powder photocatalysts were recorded using Perkin Elmer 1600 

FTIR spectrophotometer using IR grade KBr. About 70 mg of KBr mixed with 10 mg 

of the sample is made into a pellet using a hydraulic press. The pellet is scanned 60 

times at a resolution of 4 cm-1 to record the FTIR spectra in the range of 4000-400 cm-1. 
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4.4.7. BET-Surface area Analysis 

The specific surface area of all the synthesized photocatalysts were determined 

using Quantachrome instruments, Autosorb IQ Series. For performing the surface area 

measurements, the samples were degassed at a pressure of 10-5 torr and a mixture of 

Helium and Nitrogen (30:70) gas was passed through the degassed samples at liquid 

nitrogen temperature 77 K as the adsorbate. The specific surface areas of the catalysts 

were determined from the linear portion of the BET plot. 

 
4.4.8. Double Beam UV-Visible spectrophotometer 

UV-Visible spectroscopy is an important technique to evaluate the decrease in 

the absorption wavelength of the dye solution during photocatalytic reactions. At 

appropriate time intervals, the dye solution is collected, suitably diluted, and the 

centrifuged solution is subjected to spectrophotometric analysis using Double Beam 

UV-Visible (HITACHI U-2910) model spectrophotometer. 

 
4.4.9. Total Organic Carbon Analyzer 

The total organic carbon content in the samples before and after the photocatalytic 

dye degradation process is measured using the Total organic carbon analyzer (TOC-L 

CPN SHIMADZU) model. The TOC analyzer is such a versatile instrument that it has 

a detection limit ranging from 4 ppb to 30,000 ppm level.  

To measure the total organic carbon content in the prepared dye samples, first 

the inorganic carbon content in the samples are removed by the acid purging method. 

For this 2N HCl is purged into the sample in the presence of air. The acid addition 

ratio with respect to the sample is 2%.  The solution is then allowed to flow through 

the combustion tube packed with the platinum catalyst maintained at 700oC. In this 
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way, the inorganic carbon in the sample is removed and the sample is then completely 

oxidized to CO2. The oxygen used as a carrier gas will be regulated at a flow rate of 

150 mL min-1, which carries the combustion products from the combustion tube to the 

dehumidifier, halogen scrubber and finally detected by the non dispersive infra red 

(NDIR) detector, which measures the carbon dioxide content. The peak areas given as 

output signal by the NDIR detector will be processed by the data processing unit. 

Since, these peak areas correspond to the total carbon content in the sample, the total 

carbon measured in this method will be referred to as the total organic carbon. 

Other equipment used for the photocatalytic experiments include the digital 

pH meter (ELICO- LI 10T) model for measuring the pH of the solution and a digital 

Lux meter [Luxtron Lx-101] model is used to measure light intensity. 

 
4.5. Photocatalytic studies 

4.5.1. Preparation of the stock solution 

Stock solutions of synthetic organic dyes, namely methylene blue, indigo carmine, 

crystal violet, congo red, basic yellow 2, rose bengal and acid green 1 are prepared by 

dissolving 0.01g of the respective dyes in 1000 mL of double distilled water and the 

standard flask is wrapped with a silver foil and stored in a dark place so as to avoid 

the sunlight penetration. Required quantities of the dye solution are withdrawn from 

the bulk for each photocatalytic experiment. 

 
4.5.2. Photocatalytic degradation of dyes 

For each photocatalytic experiment, 50 mL of the dye solution is withdrawn 

from the bulk and an appropriate amount of the catalyst is added to it. The solutions 

are magnetically stirred in the dark for 15 minutes to attain the adsorption-desorption 
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equilibrium and then it is exposed to sunlight. The dye solutions are continuously 

mixed by pumping to provide aeration. The capacity of the aerator is 3W and the air 

supplied is approximately 2.5L/min. At appropriate time intervals, 1-2 mL of the dye 

solution is withdrawn and centrifuged to remove the catalyst. The solutions are then 

suitably diluted and the absorbance of the dye solution at specific wavelengths is 

recorded using a UV-Visible spectrophotometer. All the photocatalytic experiments 

were carried out on sunny days and the intensity of the light is measured using a 

digital lux meter (Luxtron Lx-101). The pH studies are carried out by adjusting the 

pH of the dye solution using 0.1 N NaOH and HCl. 

The percentage decolourization is calculated using the formula 

100o

o

C C

C

− ×  ......................... eq.(4.2) 

Where Co is the initial concentration of the dye solution and C is the 

concentration of the dye solution at time‘t’. 

 
4.6. Collection and storage of the Dye effluent 

To investigate the potential of the best photocatalyst for effluent treatment, the 

effluent released form dyeing industries was collected from Tiruppur district, Tamil 

Nadu, India. As Tiruppur is a hub of textile and garment industries and since it has a 

large number of dyeing units located close to the rivers Noyyal and Amaravathi, this 

area was chosen for the collection of the effluent. The sample was collected in a clean 

polythene can of five litre capacity and after bringing it to the laboratory, it was 

filtered through a whatmann filter paper to remove the suspended particles if any and 

the filtered sample was stored in a plastic bottle leaving 2.5 cm space above to 

facilitate mixing via shaking. The effluent collected in this way was stored at room 
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temperature and later on it was subjected to photocatalytic studies. The physico-

chemical parameters of the collected dye effluent were analyzed by following 

standard APHA procedure4. 

 
4.7. Antimicrobial studies 

4.7.1. Collection of test pathogens 

The antibacterial and antifungal activity of samples were exhibited against one 

gram positive bacterial strains Staphylococcus aureus (MTCC 25923) and two gram 

negative bacterial strains Escherichia coli (MTCC 25922), Pseudomonas aeruginosa 

(MTCC 27853) and for fungal culture used in the study are Candida albicans (MTCC 

282), Candida auris (MTCC 3956) Aspergillus flavus (MTCC 237) were prepared as 

test organisms. All the bacterial strains were purchased from the Microbial Type 

Culture and Collection (MTCC) at Chandigarh, India and the fungal strains from 

National Chemical Laboratory (NCL), Pune, Maharashtra, India. 

 
4.7.2. Determination of antibacterial activity by disc diffusion method 

The disc diffusion method was used to evaluate the antibacterial activity of the 

samples5,6. Ten ml of Mueller-Hilton agar medium was poured into sterile petri dishes 

(diameter 60 mm) and inoculated with test organism. Sterile filter paper dics loaded 

with various concentrations of sample of 60, 80 and 100 µg/ml were placed on the top 

of Mueller-Hilton agar plates. Amoxicillin was used as the standard. The plates were 

incubated at 37 ºC for 24 hours and the zone of inhibition was recorded in millimeter 

and the experiment was repeated twice. 
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4.7.3. Determination of antifungal activity by disc diffusion method 

Disc diffusion method7 was carried out in order to test the antifungal activity of 

samples against test pathogens. In petri dishes (60 mm) filled with Sabouraud’s 

dextrose agar (SDA) and seeded with a 0.3 ml of test organism, a sterile filter paper 

disc (diameter 6 mm, whatmann paper no.3) was placed. The sterile disc was 

impregnated with 10 µl of samples at varying concentration of 60, 80 and 100µg/ml 

respectively. The zones of growth inhibition around the disc were measured after 24 hrs 

of incubation at 37ºC while, Fluconazole was used as a standard. 
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CHAPTER – V 

RESULTS AND DISCUSSION 

 

5.1. CHARACTERIZATION AND PHOTOCATALYTIC STUDIES OF ZINC 

OXIDE, ALUMINIUM FLUORIDE DOPED ZINC OXIDE AND STRONTIUM 

SILICATE DOPED ZINC OXIDE 

5.1.1. X-Ray Diffraction Studies 

Powder X-Ray Diffraction (P-XRD) technique was used to study the crystalline 

nature and phase identification of the synthesized materials. For the present study, the 

intensity of diffracted beam was recorded at different 2θ values. The P-XRD patterns 

of bare zinc oxide, aluminium fluoride doped zinc oxide and strontium silicate doped 

zinc oxide photocatalysts are shown in figure 5.1.1 A-C. The sharp peaks observed in 

the diffractograms obtained from the synthesized photocatalysts indicate that they are 

highly crystalline in nature. In the figure 5.1.1 A, the diffraction peaks at 2θ values 

31.75, 34.41, 36.24, 47.51, 56.55 and 62.80 correspond to the crystal planes (100), 

(002), (101), (102), (110) and (103), respectively, and confirm the hexagonal wurtzite 

phase of the synthesized zinc oxide photocatalyst1. These observations are in 

accordance with the values reported in the literature [standard JCPDS (36-1451)]. No 

additional diffraction peaks arising out of any impurity is observed in the P-XRD 

pattern of the bare ZnO catalyst. Similar diffraction patterns are also observed for the 

aluminium fluoride and strontium silicate doped zinc oxide photocatalysts as shown 

in figures 5.1.1 B and C. No observable peaks due to the doping of aluminium 

fluoride and strontium silicate in the zinc oxide photocatalyst is visible in the P-XRD 
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pattern. This may be due to the incorporation of very small amount of the dopants into 

the lattice of ZnO photocatalyst. However, a decrease in the peak intensities in the P-

XRD pattern as well as a decrease in the crystallite size is observed for the AlF3 

doped and SrSiO3 doped zinc oxide photocatalysts compared to the undoped zinc 

oxide photocatalyst. This may be due to the fact that the electron density of the dopant 

atom is different from that of the surrounding atoms, thus the introduction of the 

dopants or obstacles prevents the growth of crystallite and limits the size of particles2. 

The calculated average crystalline size of bare zinc oxide photocatalyst, aluminium 

fluoride doped zinc oxide catalyst and strontium silicate doped zinc oxide catalyst, are 

35 nm, 25 nm and 18.2 nm, respectively. 

 

 
Figure 5.1.1 X-Ray diffraction pattern of the synthesized (A) undoped zinc oxide 

photocatalyst (B) 2 wt% AlF3 doped zinc oxide photocatalyst and (C) 2wt% SrSiO3 

doped zinc oxide photocatalyst. 
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5.1.2. HR-SEM Analysis 

High resolution scanning electron microscopy is one of the vital techniques to 

understand the surface morphology (texture), crystalline nature and orientation of the 

particles making up the sample. The SEM images of doped and undoped zinc oxide 

photocatalysts are shown in the figure 5.1.2 A-C. From the SEM images it is observed 

that the synthesized zinc oxide photocatalyst possess a moderately rod-like structure, 

even though the particles are observed to be highly agglomerated. The crystalline nature 

of both the bare and metal doped zinc oxide photocatalyst is evidenced from the SEM 

micrographs. The morphology of the aluminium fluoride doped and strontium silicate 

doped zinc oxide catalyst is found to be different from that of the bare photocatalyst. 

The morphology of aluminium fluoride doped zinc oxide catalyst and strontium 

silicate doped zinc oxide catalyst is observed to be a cluster of rod shaped particles. 

  

 
Figure 5.1.2 shows the HR-SEM images of (A) bare zinc oxide photocatalyst (B) 2 wt% 

AlF3 doped zinc oxide photocatalyst and (C) 2 wt% SrSiO3 doped zinc oxide photocatalyst. 
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5.1.3. Energy Dispersive X-Ray Analysis 

The energy dispersive X-ray (EDAX) analysis is routinely used to determine 

the major elemental composition of nanomaterials and nanocomposites. The EDAX 

spectrum of the undoped as well as aluminium fluoride and strontium silicate doped 

zinc oxide photocatalysts are shown in figure 5.1.3 A-C. The EDAX spectrum of the 

bare zinc oxide photocatalyst shows the presence of the elements viz., zinc and oxygen 

without any other impurities. Similarly in the EDAX spectrum of the aluminium fluoride 

doped zinc oxide photocatalyst, the presence of elements such as zinc, oxygen, 

aluminium and fluorine are confirmed and in the synthesized strontium silicate doped 

zinc oxide photocatalyst, the presence of elements such as zinc, oxygen, strontium 

and silicon are observed without any other impurities. 

 

Figure 5.1.3 A shows the EDAX image of bare zinc oxide photocatalyst. 
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Figure 5.1.3 B shows the EDAX image of 2 wt% aluminium fluoride doped zinc 

oxide photocatalyst. 

 

Figure 5.1.3C shows the EDAX image of 2 wt% strontium silicate doped zinc oxide 

photocatalyst.  

 
5.1.4. Transmission Electron Microscopic Analysis 

To gain more insight about the surface morphology and crystallinity of the 

synthesized photocatalysts a high resolution transmission electron microscopic (TEM) 

analysis is carried out. The obtained TEM image as well as the Selected Area Electron 

Diffraction of the bare zinc oxide photocatalyst is shown in figure 5.1.4 A-C. From 
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the TEM images, it is observed that the synthesized undoped zinc oxide photocatalyst 

posses a rod-like structure and the particles are found to be highly agglomerated 

binding to each other. The selected area electron diffraction obtained with the ring-

like pattern and dark spots in it, confirms the crystalline nature of the synthesized 

photocatalyst. Similarly, the TEM images and SAED pattern of the synthesized 

aluminium fluoride and strontium silicate doped zinc oxide photocatalysts are shown 

in figures 5.1.4 D-F and 5.1.4 G-I respectively. From the TEM images of the AlF3 and 

SrSiO3 doped zinc oxide photocatalyst it is observed that the synthesized 

photocatalysts are polymorphic with many rod-like structures in it. The SAED image 

obtained with ring-like pattern again confirms that the crystallinity in the prepared 

samples is still retained even after the process of doping. 

  

 

Figure 5.1.4 A, B shows the HR-TEM images and 5.1.4 C shows the SAED pattern 

of the undoped ZnO photocatalyst. 
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Figure 5.1.4 D, E shows the HR-TEM images and 5.1.4 F shows the SAED pattern of 

the 2 wt% AlF3 doped ZnO photocatalyst. 
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Figure 5.1.4 G, H shows the HR-TEM images and 5.1.4 I shows the SAED pattern of 

the 2 wt% SrSiO3 doped ZnO photocatalyst. 
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5.1.5. UV-Visible Diffuse Reflectance Spectroscopy Studies 

Diffuse reflectance is an optical phenomenon that is used to obtain molecular 

spectroscopic information from the reflectance of dull surface textured powder 

samples3. The main advantage of this technique is that the spectra can be obtained 

with a minimum quantity of the sample preparation.  

The optical band gap values of all the synthesized photocatalysts is determined 

using the following equation 

1240
g

hC
E = =

λ λ
 ......................... eq.(5.1) 

where Eg is the bandgap in eV and λ is the cut off wavelength from the absorption 

spectrum. Figure 5.1.5 A-C shows the DRS-UV-Visible absorption spectra of bare 

zinc oxide, aluminium fluoride and strontium silicate doped zinc oxide photocatalysts. 

The calculated band gap values for the ZnO, AlF3 doped ZnO and SrSiO3 doped ZnO 

photocatalysts are 3.12 eV, 3.02 eV and 3.08 eV, respectively. A decrease in the 

bandgap values is observed for the doped zinc oxide photocatalysts compared to the 

undoped zinc oxide catalyst. This decrease in the bandgap energy paves the way for 

efficient separation of the charge carriers, making the catalyst more photocatalytically 

active4. 
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Figure 5.1.5 shows the DRS-UV-Visible absorption spectra for (A) bare ZnO 

photocatalyst  (B) 2 wt% AlF3 doped ZnO photocatalyst and (C) 2 wt% SrSiO3 doped 

ZnO photocatalyst. 

 
5.1.6. Fourier Transform Infra-Red Spectroscopy Studies 

Fourier transform infrared spectroscopy is one of the most important spectroscopic 

tools for the identification of functional groups present in a sample. The main advantage 

of infrared spectrometers is that the spectrum of any solid, liquid or gas sample can be 

easily obtained. The physical property of the matter to absorb, transmit or reflect the 

infra red radiation is made use of to obtain the spectrum. The percentage transmittance is 

plotted against the wavenumber and the analysis of the shape, position and intensity 

of the bands in the spectrum provides useful information about the existence of the 

metal-oxygen bonds in the synthesized material. The FTIR spectra of bare and 

aluminium fluoride and strontium silicate doped zinc oxide photocatalysts are shown 
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in figure 5.1.6 A-C. The peak around 3400 cm-1 and the peaks in the range 1400-1600 

cm-1 are attributed to the stretching and bending vibrations of the of OH goups which 

might be due to the presence of water molecules adsorbed on the surface of the 

photocatalysts. In both undoped and AlF3 and SrSiO3 doped ZnO photocatalyst, the 

bands below 900 cm-1 are due to the crystal lattice vibrations of the inorganic Zn-O-

Zn framework in the synthesized materials5. 

 

Figure 5.1.6 A FTIR spectrum of the synthesized bare Zinc Oxide photocatalyst. 

 

Figure 5.1.6 B FTIR spectrum of the synthesized 2 wt% AlF3 doped Zinc Oxide 

photocatalyst. 
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Figure 5.1.6 C FTIR spectrum of the synthesized 2 wt% SrSiO3 doped zinc oxide 

photocatalyst. 

 
5.1.7. BET Surface Area Analysis 

The Brunauer-Emmett-Teller method is widely employed to determine the 

specific surface area of the catalysts. The determination of the internal surface area is 

based on the nitrogen adsorption-desorption isotherm using liquid N2, at 77K and a 

relative pressure in the range of 0.05-0.3 bar. The samples taken for the analysis are 

initially evacuated at a temperature of 250 oC followed by cooling at 77K using liquid 

nitrogen. Then the partial pressure of nitrogen is increased above the samples until it 

reaches a near saturation pressure and some quantity of the N2 gas will be adsorbed by 

the samples. After stabilization of the equilibrated pressure, the amount of nitrogen 

adsorbed at equilibrated pressure is recorded to develop a complete adsorption 

isotherm. The desorption isotherm is recorded by a step-wise reduction in the pressure 

until a low pressure over the samples is achieved6, 7. 

The surface area of the catalyst is determined from the following equation 

S = Vm NA/ (m × 22400)     ......................... eq.(5.2) 

Where Vm is the volume of gas adsorbed, 
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NA is the Avogadro number (6.023 × 1023 molecule/mol) 

m is the weight of the adsorbent after degassing 

The Nitrogen adsorption-desorption isotherms of the synthesized bare ZnO, 

aluminium fluoride doped zinc oxide photocatalyst and strontium silicate doped zinc 

oxide photocatalysts are shown in figure 5.1.7 A-C. The surface area, pore volume 

and pore radius of the synthesized ZnO, AlF3 doped ZnO and SrSiO3 doped ZnO 

photocatalysts are given in table 5.1.7. The surface area is an important factor that can 

be correlated to the activity of the catalyst. The specific surface area of the bare zinc 

oxide photocatalyst is 19.593 m2/g and that of the aluminium fluoride and strontium 

silicate doped zinc oxide photocatalysts are 24.117m2/g and 33.768m2/g, respectively. 

The increased surface area of the modified zinc oxide catalysts can be attributed to the 

reduced crystallite size of the particles, as evidenced by the XRD analysis of the 

samples (Figure 5.1.1). The smaller the size of the particles, the more would be the 

surface area of the material. Similar results were reported by Ketema Worku et al 

while investigating the photocatalytic activity of Cr doped zinc oxide catalyst8.  
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Figure 5.1.7 N2 adsorption-desorption isotherms of the synthesized (A) undoped ZnO 

photocatalyst (B) 2 wt% AlF3 doped ZnO photocatalyst and (C) 2 wt% SrSiO3 doped 

ZnO photocatalyst. 

 
Table 5.1.7 Surface area, Pore volume and Pore radius of bare-ZnO, AlF3 -ZnO and 

SrSiO3 -ZnO photocatalysts. 

Photocatalysts Surface area 
(m2/g) 

Pore Volume 
(cc/g) 

Pore Radius (Å) 

ZnO 19.593 0.099 15.279 

Aluminium Fluoride-ZnO 24.117 0.151 17.048 

Strontium silicate-ZnO 33.768 0.086 19.29 
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5.1.8. Photocatalytic Studies 

Most of the dyes are prone to bleaching in the presence of sunlight. Hence, it 

is essential to understand to what extent the process of self-photolysis of the dye takes 

place in the absence of the catalyst. Similarly, the uses of aerators to provide air 

supply and to mix the reaction mixture by continuous stirring are other two important 

factors that contribute to the dye degradation process to a certain extent. In the present 

study, the effect of bubbling air into the reaction mixture is evaluated for the 

photocatalytic degradation of methylene blue, indigo carmine and crystal violet dyes 

using zinc oxide photocatalyst, and the data are shown in figures 5.1.18 A-C. A 

maximum of 19, 21 and 23 % degradation of methylene blue, indigo and crystal violet 

dyes are achieved using zinc oxide photocatalyst and by providing air supply at room 

temperature. Similarly, under room temperature in the absence of air supply using 

zinc oxide catalyst, a maximum of 12, 14 and 16% degradation of methylene blue, 

indigo carmine and crystal violet dyes are achieved. However, when the dye solutions 

are exposed to sunlight along with the air supply in the absence of the zinc oxide 

catalyst about 4, 10 and 8% degradation of methylene blue, indigo and crystal violet 

dyes are achieved within 180 minutes which clearly shows that zinc oxide catalyst, air 

purging and a light source are the essential components required for the effective 

degradation of dyes. The increase in the efficiency of dye degradation process 

observed by using zinc oxide catalyst along with the air supply can be attributed to 

three main reasons: 

(i) Ability of the dyes to get adsorbed on the surface of ZnO catalyst. 
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(ii)  Ability of the photoexcited conduction band electrons of zinc oxide catalyst to 

form reactive oxygen species such as O2
.-, .OH radicals enhance the dye 

degradation process. 

(iii)  Similarly, the dissolution of more air or oxygen into the solution and the 

turbulent motion caused by agitation enables the dye molecules to reach the 

catalyst at a faster rate, which in turn, promotes the photocatalytic activity 9, 10 .  

 

Figure 5.1.8 A Primary analysis of methylene blue dye solution using zinc oxide 

photocatalyst. 

(Reaction conditions: Methylene blue dye solution (Conc. 3.12 × 10-5 mol/L; volume 

= 50mL), ZnO catalyst = 25mg/50mL, without pH adjustment, air supply ≅ 2.5L/min, 

Isolar = 687 100 100× ± lux.) 
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Figure 5.1.8 B Primary analysis of indigo carmine dye solution using zinc oxide 

photocatalyst. 

(Reaction conditions: Indigo carmine dye solution (Conc. 2.14 × 10-5 mol/L; volume 

= 50mL), ZnO catalyst = 25mg/50mL, without pH adjustment, air supply ≅ 2.5L/min, 

sunlight (Ilux) = 634 100 100× ±  lux.) 

 

Figure 5.1.8 C Primary analysis of crystal violet dye solution using zinc oxide 

photocatalyst. 

(Reaction conditions: Crystal violet dye solution (Conc. 2.45 × 10-5 mol/L; 

volume=50mL), ZnO catalyst = 25mg/50mL, without pH adjustment, air supply ≅ 

2.5L/min, sunlight (Ilux) = 682 100 100× ±  lux.) 
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5.1.9. Effect of pH on the photocatalytic dye decolourization process 

The pH of a solution is one of the important parameters that affect the surface 

charge properties of a catalyst, charge of dye molecules and adsorption of dye molecules 

onto the surface of a catalyst. Deterioration in the photocatalytic activity of zinc oxide 

catalyst can be evidenced at extreme pH levels due to the following reactions: 

ZnO + 2H+ →Zn2+ + H2O    ......................... eq.(5.3) 

ZnO + H2O + 2OH- → Zn(OH)4
2- ......................... eq.(5.4) 

The pH levels are optimized to achieve an effective degradation of dyes. The 

variation in the pH levels from 2 to 12 for degradation of 3.12x10-5 mol/L of 

methylene blue using zinc oxide catalyst showed that the maximum degradation of the 

dye took place at pH 6.5. This can be attributed to the decomposition of zinc oxide 

catalyst at acidic pH levels affecting the generation of reactive species under solar 

radiation11. Similarly, for the degradation of indigo carmine the maximum dye degradation 

took place at pH 10 above which a decrease in the efficiency of dye degradation is 

evidenced. This is due to the fact that the excess of hydroxyl radicals in the solution 

competes with the anionic indigo carmine dye for the surface active sites of zinc oxide 

catalyst12. The zero point charge of a photocatalyst is another important factor that 

needs to be correlated to account for the higher photocatalytic activity at different 

acidic and alkaline pH levels. The point of zero charge can be defined as the pH at 

which the net surface charge of the adsorbent equals zero. Zinc oxide catalyst has a 

ZPC of 9.0; the surface of the catalyst will be positive below this pH and has a 

negative charge above this pH according to the following equations13 
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ZnOH + H+ → ZnOH2
+ ......................... eq.(5.5) 

ZnOH + OH- → ZnO- + H2O     ......................... eq.(5.6) 

The maximum degradation of cationic crystal violet dye is observed at alkaline 

pH 10. This can be due to the fact that at pH 10 the surface of the zinc oxide catalyst 

will be negatively charged, and hence the cationic crystal violet dye gets adsorbed to 

the surface of the ZnO catalyst14. Thus, degradation of crystal violet dye takes place 

more efficiently at alkaline pH levels compared to that under acidic conditions. 

 

Figure 5.1.9 A Effect of pH on the photocatalytic decolourization of methylene blue 

dye using zinc oxide catalyst. 

(Reaction conditions: Methylene blue dye solution (Conc. 3.12 × 10-5 mol/L; volume 

= 50mL), ZnO catalyst = 25mg/50mL, pH variation = 2-12, air supply ≅ 2.5L/min, 

sunlight (Ilux) = 667 100 100× ±  lux, time=30 minutes) 
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Figure 5.1.9 B Effect of pH on the photocatalytic decolourization of indigo carmine 

dye using zinc oxide catalyst. 

(Reaction conditions: Indigo carmine dye solution (Conc. 2.14 × 10-5 mol/L; volume 

= 50mL), ZnO catalyst = 25mg/50mL, pH variation = 2-12, air supply ≅ 2.5L/min, 

sunlight (Ilux) = 689 100 100× ± lux, time=30 minutes) 

 

Figure 5.1.9 C Effect of pH on the photocatalytic decolourization of crystal violet 

dye using zinc oxide catalyst. 

(Reaction conditions: Crystal violet dye solution (Conc. 2.45 × 10-5 mol/L; volume = 

50mL), ZnO catalyst = 25mg/50mL, pH variation = 2-12, air supply ≅ 2.5L/min, 

sunlight (Ilux) = 659 100 100× ±  lux, time=30 minutes) 
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5.1.10. Effect of Catalyst Concentration 

The level of catalyst dosage is an important factor that needs to be optimized 

to achieve maximum photocatalytic degradation efficiency. Figures 5.1.10 A-C shows 

the photocatalytic degradation of methylene blue, indigo carmine and crystal violet 

dyes by various amounts of the catalyst at optimized pH levels. From the experimental 

study, it is observed that the degradation of the dyes increases till a catalyst dosage of 

25mg and beyond which a decrease in the efficiency of photocatalytic degradation 

process is noted. This may be due to the fact that initially, on increasing the catalyst 

dosage, the corresponding dye adsorption capacity to the catalyst surface increases, 

and the number of surface actives sites of the catalyst available for the dye molecule 

also increases, leading to the formation of the reactive species such as hydroxyl and 

superoxide anion radicals that brings an increase in the photocatalytic dye degradation 

efficiency. However, when the catalyst dosage crosses the optimum level, it can 

hinder the rate of the photocatalytic dye degradation process which occurs due to the 

agglomeration of the catalyst particles, and an increased level of the catalyst in the 

dye solution blocks the penetration of the sunlight path and scattering of the light also 

leads to a decrease in the photocatalytic efficiency15, 16. 
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Figure 5.1.10 A Effect of zinc oxide catalyst concentration on the photocatalytic 

decolourization of methylene blue dye. 

(Reaction conditions: Methylene blue dye solution (Conc. 3.12 × 10-5 mol/L; volume 

=50mL), catalyst weight = 5mg- 55mg, pH = 6.5, air supply ≅ 2.5L/min, sunlight (Ilux) 

= 623 100 100× ± lux, time=30 minutes) 

 

Figure 5.1.10 B Effect of zinc oxide catalyst concentration on the photocatalytic 

decolourization of indigo carmine dye. 

(Reaction conditions: Indigo carmine dye solution (Conc. 2.14 × 10-5 mol/L; volume 

=50mL), catalyst weight = 5mg- 55mg, pH = 10, air supply ≅ 2.5L/min, sunlight (Ilux) 

= 692 100 100× ±  lux, time=30 minutes) 
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Figure 5.1.10 C Effect of zinc oxide catalyst concentration on the photocatalytic 

decolourization of crystal violet dye. 

(Reaction conditions: Crystal violet dye solution (Conc. 2.45 × 10-5 mol/L; volume = 

50mL), catalyst weight = 5mg- 55mg, pH = 10, air supply ≅ 2.5L/min, sunlight (Ilux) = 

667 100 100× ±  lux, Time=30 minutes) 

 
5.1.11. Effect of Initial Dye Concentration 

The study of initial dye concentration in the photocatalytic degradation process is 

an essential factor from the application point of view. The effect of initial dye 

concentration is studied by varying the concentration from 3.12×10-5M to 1.56×10-4M 

for methylene blue and from 2.14×10-5M to 1.07×10-4M for indigo carmine, and from 

2.42×10-5M to 1.22×10-4M for crystal violet under optimized pH and catalyst 

concentration as shown in figure 5.1.11 A-C. The maximum degradation of methylene 

blue was achieved at a concentration of 3.12×10-5M. For indigo carmine, it was 

2.14×10-5M and for crystal violet it was 7.35×10-5M. About 99% of methylene blue 

degradation took place within 90 minutes when 3.12×10-5M methylene blue was 

treated with 25mg of zinc oxide catalyst at pH 6.5, beyond which a decrease in the 
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photocatalytic degradation process was evidenced. Similarly, 99% of indigo carmine 

degradation was achieved within 60 minutes using 2.14×10-5M dye and at 25mg of 

zinc oxide catalyst at pH 10. About 96% degradation of crystal violet degradation was 

achieved within 50 minutes using 7.35×10-5M dye and 25mg of zinc oxide catalyst at 

pH 10. For all three dyes, a decrease in photocatalytic degradation is observed at higher 

dye concentrations. This can be attributed to the fact that on increasing the dye 

concentration, the photon absorption by the dye molecules also increase. However, 

after crossing the optimized limits, a decrease in the dye degradation is observed. This 

might be due to the fact that at increased dye concentration levels, the penetration of the 

photons to the catalyst surface is precluded, which in turn affects the generation of 

reactive species such as hydroxyl and superoxide anion radicals leading to a decrease in 

the photocatalytic dye degradation process17,18. 

 

Figure 5.1.11 A Effect of initial concentration of methylene blue on photocatalytic 

decolourization using ZnO catalyst. 

(Reaction conditions: Methylene blue dye concentration varied from 3.12 × 10-5 

mol/L – 1.56×10-4mol/L, volume of dye solution =50mL, catalyst concentration = 25mg, 

pH= 6.5, air supply ≅ 2.5L/min, sunlight (Ilux) = 698 100 100× ± lux) 
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Figure 5.1.11 B Effect of initial concentration of indigo carmine on photocatalytic 

decolourization using ZnO catalyst. 

(Reaction conditions: Indigo carmine dye concentration varied from 2.14×10-5mol/L – 

1.07×10-4mol/L, volume of dye solution =50mL, catalyst concentration=25mg, pH= 10, 

air supply ≅ 2.5L/min, sunlight (Ilux) = 728 100 100× ± lux) 

 

Figure 5.1.11C Effect of initial concentration of crystal violet on the photocatalytic 

decolourization using ZnO catalyst. 

(Reaction conditions: Crystal violet dye concentration varied from 2.45×10-5mol/L – 

1.22×10-4mol/L, volume of dye solution =50mL, catalyst concentration=25mg, pH= 10, 

air supply ≅ 2.5L/min, sunlight (Ilux) = 682 100 100× ±  lux) 



 

 

150 

5.1.12. Effect of Addition of Aluminium Fluoride and Strontium Silicate to ZnO 

Photocatalyst 

Even though pure zinc oxide photocatalyst is reported to degrade many 

synthetic organic dyes, its photocatalytic efficiency is limited by a few factors such as 

the electron-hole recombination taking place at a faster rate, wide bandgap energy, 

inefficient transport of the charge carrier to the surface reaction sites of zinc oxide 

photocatalyst and decomposition of zinc oxide photocatalyst in highly acidic conditions19. 

In order to overcome these limitations and gain high photocatalytic efficiency, 

researchers began to modify the semiconductors via doping and coupling techniques. 

Introduction of the foreign materials to zinc oxide lattices and coupling of two 

semiconductor oxides to obtain a material with different structural and functional 

properties have gained popularity in recent years due to the fascinating catalytic 

applications of these photoactive materials. 

In the present work, the zinc oxide catalyst is modified by the addition of 

aluminium fluoride or strontium silicate at different weight percentages (0.5-3%) to 

obtain surface doped zinc oxide material with increased photocatalytic activity. From 

the experimental studies carried out, it is observed that the time taken for the degradation 

of three dyes (methylene blue, indigo carmine and crystal violet) is decreased while 

using zinc oxide catalyst modified with AlF3 and SrSiO3. About 99% degradation of 

methylene blue (3.12×10-5M) under optimized conditions: catalyst weight 25mg/50mL; 

pH 6.5; conversion time 30 minutes; 2wt% of AlF3 doped zinc oxide photocatalyst. 

Similarly, 2wt % of SrSiO3 doped ZnO catalyst degraded methylene blue (3.12×10-5M) 

within 60 minutes as shown in figures 5.1.12 A, B. 
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Indigo carmine dye (2.14×10-5M) degradation reached 99% within 30 minutes 

while using 2wt% of AlF3 doped zinc oxide photocatalyst under the optimized 

conditions. Similarly, 2wt % of SrSiO3 doped ZnO catalyst degraded 99% of indigo 

carmine dye (2.14×10-5M) within 40 minutes, as shown in figures 5.1.12 C, D. 

For crystal violet dye (7.35×10-5M), a maximum degradation of 98% was 

achieved within 25 minutes using 2wt% of AlF3 doped zinc oxide photocatalyst under 

optimized conditions. However, 2wt % of SrSiO3 doped ZnO catalyst degraded only 

76% of the dye within 60 minutes as shown in figures 5.1.12 E, F. For all the three 

dyes the photocatalytic efficiency of doped zinc oxide catalysts follows a similar trend 

i.e. compared to time taken to degrade the dyes by pure ZnO, the time taken by doped 

zinc oxide photocatalysts are very less. This can be attributed to the fact that 

introduction of impurity atoms to pure zinc oxide catalyst creates new energy levels 

above the valence band and below the conduction band, thereby decreasing the band 

gap energy. These dopants act as trapping centers for the charge carriers and they also 

facilitate the migration of the electrons and holes to the surface reaction sites of zinc 

oxide catalyst, increasing the photonic efficiency in generating reactive radical 

species for the degradation of these synthetic organic dyes in the aqueous solution20. 

Similarly, the decrease in the photocatalytic activity after reaching a certain dopant 

concentration for the degradation of the three dyes might be due to the fact that the 

trapping centres created by the introduction of the dopants to pure zinc oxide catalyst 

may sometimes act as recombination centres for the electrons and holes which might 

lead to the decrease in their photocatalytic efficiency. 
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Figure 5.1.12 A Photocatalytic decolourization of methylene blue using different 

weight percents of aluminium fluoride doped ZnO catalyst. 

(Reaction conditions: Methylene blue dye concentration = 3.12 × 10-5mol/L, volume 

of dye solution =50mL, weight percent of AlF varied from (0.5-3 wt %), AlF3/ZnO 

catalyst weight =25mg, pH= 6.5, air supply ≅ 2.5L/min, sunlight (Ilux) = 657 × 100 ± 

100 lux) 

 

Figure 5.1.12 B Photocatalytic decolourization of methylene blue using different 

weight percents of strontium silicate doped ZnO catalyst. 

(Reaction conditions: Methylene blue dye concentration = 3.12x10-5mol/L, volume of 

dye solution =50mL, weight percent of SrSi varied from (0.5-3 wt %), SrSiO3/ZnO catalyst 

weight =25mg, pH= 6.5, air supply ≅ 2.5L/min, Sunlight (Ilux) = 657 × 100 ± 100 lux) 
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Figure 5.1.12 C Photocatalytic decolourization of indigo carmine using different 

weight percents of aluminium fluoride doped ZnO catalyst. 

(Reaction conditions: Indigo carmine dye concentration = 2.14x10-5mol/L, volume of 

dye solution =50mL, weight percents of AlF3 varied from (0.5-3 wt %), AlF3/ZnO 

catalyst weight =25mg, pH= 10, air supply ≅ 2.5L/min, sunlight (Ilux) = 689 × 100 ± 

100 lux) 

 

Figure 5.1.12 D Photocatalytic decolourization of indigo carmine dye using different 

weight percents of strontium silicate doped ZnO catalyst. 

(Reaction conditions: Indigo carmine dye concentration = 2.14x10-5mol/L, volume of 

dye solution =50mL, weight percent of SrSiO3 varied from (0.5-3 wt %), SrSiO3/ZnO 

catalyst weight =25mg, pH=10, air supply ≅ 2.5L/min, sunlight (Ilux) = 689 × 100 ± 

100 lux) 
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Figure 5.1.12 E Photocatalytic decolourization of crystal violet using different weight 

percents of aluminium fluoride doped ZnO catalyst. 

(Reaction conditions: Crystal violet dye concentration = 7.35x10-5mol/L, volume of dye 

solution =50mL, weight percent of AlF3 varied from (0.5-3 wt %), AlF3/ZnO catalyst 

weight =25mg, pH= 10, air supply ≅ 2.5L/min, sunlight (Ilux) = 723 × 100 ± 100 lux) 

 

Figure 5.1.12 F Photocatalytic decolourization of crystal violet using different weight 

percents of strontium silicate doped ZnO catalyst. 

(Reaction conditions: Crystal violet dye concentration = 7.35x10-5mol/L, volume of dye 

solution =50mL, weight percent of SrSiO3 varied from (0.5-3 wt %), SrSiO3/ZnO catalyst 

weight =25mg, pH= 10, air supply ≅ 2.5L/min, sunlight (Ilux) = 723 × 100 ± 100 lux) 
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5.1.13. Kinetic Studies 

The kinetics of the degradation rate of many organic pollutants such as dyes, 

pesticides, nitro compounds, phenols etc. are studied by Langmuir–Hinshelwood kinetic 

model21-23. The main assumptions of the Langmuir–Hinshelwood kinetic model 

include: (1) at equilibrium the number of surface adsorption sites for the adsorbate is 

fixed and only one adsorbate can bind at each surface site, (2) the energy of the 

adsorbed species is the same at any site and is not affected by the adsorbed species on 

the adjacent site, and (3) the rate of surface adsorption of any species is larger than the 

rate of any subsequent chemical reaction.  

The rate of Langmuir-Hinshelwood expression that explains the kinetics of 

heterogeneous photocatalytic systems is given by 

1

dc kr KC
r

dt KC
= − =

+
 ......................... eq.(5.7) 

where r is the rate of reaction that changes with time, C is the equilibrium 

concentration of the solution, K is the equilibrium constant for adsorption, and kr is 

the limiting rate constant of the reaction at maximum surface coverage. For a highly 

diluted solution, the term KC becomes less than one, the numerator can be neglected, 

and the rate can be modelled by the apparent first order kinetics as shown in the 

following equation 

app

dc
r kr KC k C

dt
= − = =  ......................... eq.(5.8) 

Integrating the above equation in the limits C=C0 at t=0, the following equation is 

deduced 

0

tC
In kt

C
= −  ......................... eq.(5.9) 

0

t

C
In kt

C
=  ......................... eq.(5.10) 
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where Co is the initial concentration of the dye solution and C is the concentration of 

the dye solution at a time ‘t’. 

In order to determine the rate and order of the photocatalytic decolourisation 

of synthetic dyes, namely, methylene blue (3.12x10-5M), indigo carmine (2.14x10-5M), 

and crystal violet  (7.35x10-5M),  the dyes were treated with different weight percents 

of (0.5-3%) aluminium fluoride or strontium silicate doped zinc oxide photocatalyst at 

optimized pH, and the plots of ln C0/C vs ‘t’ in minutes are shown in figures 5.1.13.1 

A, B, 5.1.13. 2 A, B and 5.1.13.3 A, B. The R2 values obtained for decolourization of 

methylene blue using 0.5-3 wt % of AlF3 doped ZnO photocatalysts are 0.977, 0.985, 

0.946, 0.937 and the rate constant values are 6.70x10-2, 9.50x10-2 , 2.23x10-1  and 

2.40x10-2 min-1. Similarly, R2 values obtained for decolourization of methylene blue 

using 0.5-3 wt % of SrSiO3 doped ZnO photocatalysts are 0.994, 0.966, 0.948, 0.984 

and the rate constant values are 2.80x10-2, 3.20x10-2 , 9.80x10-2  and 6.40x10-2 min-1 

and for bare ZnO catalyst the R2 value and rate constant value is 0.948 and 4.90x10-2 

min-2. 

For the photocatalytic decolourization of indigo carmine using 0.5-3 wt % of 

AlF3 doped ZnO photocatalysts the R2 values obtained are 0.972, 0.987, 0.994, 0.993 

and the rate constant values are 6.50x10-2, 8.40x10-2 , 2.06x10-1  and 1.16x10-2 min-1. 

Similarly, R2 values obtained for decolourization of indigo carmine using 0.5-3 wt % 

of SrSiO3 doped ZnO photocatalysts are 0.976, 0.977, 0.961, 0.964 and the rate 

constant values are 6.00x10-2, 1.60x10-2 , 1.22x10-1  and 6.50x10-2 min-1 and for bare 

ZnO catalyst the R2 value and rate constant value is 0.922 and 1.70x10-2 min-1. 

Similarly for the photocatalytic decolourization of crystal violet using 0.5-3 wt % of 

AlF3 doped ZnO photocatalysts the R2 values obtained are 0.982, 0.976, 0.983, 0.950 
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and the rate constant values are 7.50x10-2, 1.03x10-1 , 2.71x10-1  and 1.76x10-1 min-1. 

Similarly, R2 values obtained for decolourization of indigo carmine using 0.5-3 wt % 

of SrSiO3 doped ZnO photocatalysts are 0.959, 0.992, 0.982, 0.995 and the rate 

constant values are 1.60x10-2, 1.76x10-2 , 1.89x10-2  and 2.00x10-2 min-1 and for bare 

ZnO catalyst the R2 value and rate constant value is 0.935 and 4.80x10-2 min-1. For all 

the three dyes the plots of ln C0/C vs‘t’ showed a linear variation of % decolourization 

with respect to time, and the R2 values obtained are close to unity. This clearly shows 

that the photocatalytic decolourisation of the dyes with respect to different weight 

percents of AlF3 and SrSiO3 doped and undoped ZnO photocatalyst followed pseudo-

first order kinetics. 

Aluminium fluoride doped zinc oxide photocatalyst showed higher rate constant 

values compared to strontium silicate doped and undoped zinc oxide photocatalyst for 

the decolourization of methylene blue, indigo carmine and crystal violet dyes. Among 

different weight percent (0.5-3%) of Aluminium fluoride doped zinc oxide 

photocatalyst, 2wt% showed higher rate constant and the decrease in the rate constant 

value observed in the case of 3 wt% AlF3 doped ZnO photocatalyst may be due to the 

higher coverage of aluminium atoms on the catalytically active surface of zinc oxide 

photocatalyst. Similar results have been reported by A.N.Rao and coworkers for the 

photocatalytic degradation of direct yellow12 dye using zinc oxide photocatalyst24. 
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Fig. 5.1.13.1 shows the plot of ln C0/C vs‘t’ for the photocatalytic decolourization of 

methylene blue using (A) undoped ZnO and (0.5-3 wt%) AlF3 doped ZnO and (B) 

using (0.5-3 wt %) SrSiO3 doped ZnO photocatalyst. 

  
Fig. 5.1.13.2 shows the plot of ln C0/C vs‘t’ for the photocatalytic decolourization of 

indigo carmine using (A) undoped ZnO and (0.5-3 wt%) AlF3 doped ZnO and (B) 

using (0.5-3 wt %) SrSiO3 doped ZnO photocatalyst. 

 

Fig. 5.1.13.3 shows the plot of ln C0/C vs‘t’ for the photocatalytic decolourization of 

crystal violet using (A) undoped ZnO and (0.5-3 wt%) AlF3 doped ZnO and (B) using 

(0.5-3 wt %) SrSiO3 doped ZnO photocatalyst. 
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5.1.14. UV-Visible Spectroscopic Analysis 

The photocatalytic decolourization of all three dyes, namely, methylene blue, 

indigo carmine and crystal violet, with respect to time over AlF3/ZnO and SrSiO3/ZnO 

photocatalysts are analyzed with the help of UV-Visible spectrophotometer, and the 

spectra are shown in figures 5.1.14.1 A, B -5.1.14.3 A, B. 

The main characteristic peak of the methylene blue is observed at 663nm in 

the UV-Visible absorption spectra. The maximum decolourization of the methylene 

blue is observed from the change in the colour of the dye from blue to colourless 

within 30 minutes when AlF3/ZnO photocatalyst is used. However, using SrSiO3/ZnO 

photocatalyst the maximum decolourization of the dye is achieved only at 60 minutes 

and the decrease in the intensity of the colour of the dye is visualized during the 

course of the reaction as shown in the insets to figures 5.2.14.1 A, B. The presence of 

conjugated aryl rings in methylene blue constitute the chromophoric group, and the 

dimethylamine (-NCH3)2 moiety acts as the auxochrome, which enhances the colour 

of the dye. During the photocatalytic process, the continuous decrease in the intensity 

of the peak at 663nm and the absence of any other peak in the absorption spectra, 

confirm the complete destruction of the chromophoric group, and this strongly 

suggests that at the end of the photocatalytic treatment the fragment of the dye do not 

contain any chromophores. 

The indigo carmine dye that belongs to the indigoid class, shows a 

characteristic absorption peak at 610nm. The decrease in the intensity of the peak 

observed during the photocatalytic treatment while using AlF3/ZnO as photocatalysts 

is shown in figure 5.1.14.2 A, and that observed with SrSiO3/ZnO photocatalysts is 

shown in figure 5.1.14.2 B. The maximum decolourization of indigo carmine is 
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achieved within 30 minutes with AlF3/TiO2 photocatalyst and in the case of 

SrSiO3/ZnO photocatalyst the time taken to achieve complete decolourization is 40 

minutes. A change in colour of the dye from blue to colourless occurs during the 

course of the reaction, which indicates that the chromophoric enedione structure 

(O=C-C=C-C=O) as well as the auxochromic -NH groups of the dye are completely 

destroyed by the photocatalytic treatment. 

The crystal violet dye has a prominent absorption peak at 590 nm. The decrease 

intensity at 590 nm in the absorption spectra of crystal violet was continuously 

monitored, and the data are shown in the figures 5.1.14.3 A and B. The inset in the 

figures clearly shows the decrease in the intensity of violet colour at different time 

intervals. A prominent peak observed for crystal violet at 590 nm in the visible region 

is due to the presence of the highly conjugated triaryl ring structure of the dye, and 

also due to the presence of the auxochromic group –N(CH3)2, which is responsible for 

enhancing the color of the dye. The disappearance of the prominent absorption peak 

after the photocatalytic treatment for 30 minutes clearly shows that the chromophoric 

and auxochromic groups that are responsible for the violet colour of the dye are 

completely destroyed at the end of the reaction. The absence of new absorption peaks 

during the course of the reaction as well as at the end of the reaction is a clear 

indication that the fragmented intermediates do not contain any chromophoric groups. 
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Figure 5.1.14.1 UV-Visible absorption spectra showing the decolourization of 

methylene blue in the presence of (A) AlF3/ZnO photocatalyst and (B) SrSiO3/ZnO 

photocatalysts. 

 

Figure 5.1.14.2 UV-Visible absorption spectra showing the decolourization of indigo 

carmine in the presence of (A) AlF3/ZnO and (B) SrSiO3/ZnO photocatalysts. 

 

Figure 5.1.14.3 UV-Visible absorption spectra showing the decolourization of crystal 

violet in the presence of (A) AlF3/ZnO and (B) SrSiO3/ZnO photocatalysts. 
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5.1.15. Comparison of the Degradation Efficiencies of the Photocatalysts 

The degradation efficiencies of undoped zinc oxide and different weight 

percents (0.5-3%) of aluminium fluoride and strontium silicate doped zinc oxide 

photocatalysts are compared for three synthetic dyes; namely, methylene blue, indigo 

carmine and crystal violet dye and the values are shown in table 5.1.15. 

For methylene blue dye degradation at optimum conditions [dye concentration 

(3.12x10-5M), pH 6.5, catalyst weight 25mg/50mL] under solar radiation for 30 

minutes, the degradation efficiencies of different photocatalysts are shown below: 

2%AlF3/ZnO > 1% AlF3/ZnO > 3% AlF3/ZnO > 0.5%AlF3/ZnO > ZnO > 2% 

SrSiO3/ZnO > 1% SrSiO3/ZnO > 3% SrSiO3/ZnO > 0.5% SrSiO3/ZnO 

For indigo carmine dye degradation at optimum conditions [dye concentration 

(2.14x10-5M), pH 10, catalyst weight 25mg/50mL] under solar radiation for 30 

minutes, the degradation efficiencies of different photocatalysts are shown below: 

2%AlF3/ZnO > 3% AlF3/ZnO > 1% AlF3/ZnO > 0.5%AlF3/ZnO > ZnO > 2% 

SrSiO3/ZnO > 3% SrSiO3/ZnO > 1% AlF3/ZnO > 0.5% SrSiO3/ZnO 

For crystal violet dye degradation at optimum conditions [dye concentration 

(7.35x10-5M), pH 10, catalyst weight 25mg/50mL] under solar radiation for 30 

minutes, the degradation efficiencies of different photocatalysts are shown below: 

2%AlF3/ZnO > 1% AlF3/ZnO > 0.5% AlF3/ZnO > 3%AlF3/ZnO > ZnO > 1% 

SrSiO3/ZnO > 0.5% SrSiO3/ZnO > 2% SrSiO3/ZnO > 3% SrSiO3/ZnO 

The comparative analysis, shows that aluminium fluoride doped zinc oxide 

photocatalysts are generally more efficient in degrading the three synthetic dyes compared 

to strontium silicate modified zinc oxide and bare zinc oxide photocatalysts. 
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The degradation efficiencies of the photocatalysts depend upon many factors 

such as the ability of the dye to get adsorbed on the photocatalyst, structure and 

concentration of the dyes and absorption of light by photocatalysts. In the overall 

process, the complete degradation of the three dyes is achieved with 2wt% AlF3/ZnO 

within a short span of time under sunlight compared to strontium silicate and undoped 

zinc oxide photocatalysts. 

Table 5.1.15 Comparison of the efficiencies (in terms of % decolourization) of doped 

and undoped zinc oxide photocatalysts towards methylene blue, indigo carmine and 

crystal violet. 

 
Photocatalyst 

Methylene blue 
(Optimized conditions: 

pH=6.5, 
catalyst weight= 

25 mg/50mL, 
Dye concentration= 

3.12x10-5mol/L), Time=30 
minutes. 

Indigo carmine 
(Optimized conditions: 

pH=10, 
catalyst weight= 

25 mg/50mL, 
Dye concentration= 
2.14x10-5mol/L), 
Time=30 minutes. 

Crystal violet 
(Optimized conditions: 

pH=10, 
catalyst weight= 

25 mg/50mL, 
Dye concentration= 

7.35x10-5mol/L), 
Time=30 minutes. 

 
Bare ZnO 
 
0.5% AlF3/ZnO 
 
1% AlF 3/ZnO 
 
2 % AlF3/ZnO 
 
3 % AlF3/ZnO 
 
0.5%SrSiO3/ZnO 
 
1% SrSiO3/ZnO 
 
2% SrSiO3/ZnO 
 
3 % SrSiO3/ZnO 
 

 
79 
 

78.8 
 

89 
 

98 
 

80.2 
 

54.9 
 

58.7 
 

61.2 
 

57.5 

 
58 
 

65 
 

75 
 

99 
 

92.4 
 

23 
 

34 
 

73.5 
 

45.6 

 
85 
 

93.5 
 

95 
 

99 
 

87.5 
 

60.2 
 

62 
 

56.5 
 

54 
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5.1.16. Effect of Radical Quenchers 

The involvement of reactive species such as h+, .OH, O2
.- and e- during the 

photocatalytic process are investigated by the addition of radical quenchers such as 

EDTA, isopropyl alcohol, ascorbic acid and sodium sulphate25, 26. For analysing the 

effect of radical scavenging activity, 1mM solution of the radical quenchers such as 

EDTA, isopropyl alcohol, ascorbic acid and sodium sulphate are added to the dye 

solution at optimized pH, catalyst and dye concentration. A blank experiment is also 

carried out without the addition of quenchers under identical conditions. For the 

photocatalytic degradation of methylene blue using the most active 2 wt%-AlF3/ZnO 

catalyst about 99% degradation of methylene blue dye is achieved in the absence of 

any quencher. However, around 50% decrease in the degradation efficiency is noticed 

after the addition of EDTA, isopropyl alcohol, ascorbic acid and sodium sulphate, 

respectively. The obtained results clearly show that all these reactive species (h+, .OH, 

O2
.- and e-) have actively participated in the photocatalytic process. A similar result 

was reported by S. Ramanathan and coworkers where the participation of all the 

reactive species such as h+, .OH, O2
.- is confirmed from the radical scavenging assay 

for the degradation of methylene green using CRGO/SnO2 photocatalyst27. 

In the photocatalytic degradation of indigo carmine maximum degradation is 

achieved in the absence of any quencher. About 32%, 13%, 46% and 37% 

degradation is achieved by the addition of EDTA, isopropyl alcohol, ascorbic acid and 

sodium sulphate, respectively. The obtained result clearly shows that the involvement 

of the reactive species in the photocatalytic process follows the order .OH > h+ > e- > 

O2
.-. In the photocatalytic degradation of crystal violet using 2 wt%- AlF3/ZnO 

catalyst, about 99% degradation is achieved in the absence of any quencher, and about 
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43%, 55%, 46% and 57% degradation is achieved by the addition of EDTA, isopropyl 

alcohol, ascorbic acid and sodium sulphate, respectively. These results clearly show 

that the involvement of the reactive species in the photocatalytic process follows the 

order O2
.- > h+ > .OH > e-. In a similar study on the radical scavenging activity carried 

out by Islam molla and co-workers, it was found that superoxide anion radical and 

holes were the main reactive oxidative species formed during the photocatalytic 

degradation of rhodamine B and orange II dyes28. 

 

Figure 5.1.16.1 Effect of radical scavengers on the photocatalytic degradation of 

methylene blue  using  2wt% AlF3/ZnO photocatalyst under optimized conditions 



 

 

166 

 

Figure 5.1.16.2 Effect of radical scavengers on the photocatalytic degradation of 

indigo carmine  using (2 wt%)AlF3/ZnO photocatalyst under optimized conditions 

 

Figure 5.1.16.3 Effect of radical scavengers on the photocatalytic degradation of 

crystal violet  using (2wt%)AlF3/ZnO photocatalyst under optimized conditions 
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5.1.17. Mineralization Studies 

Total Organic Carbon Analyzer (TOCA) is an instrument used to determine 

the amount of organic carbon present in the samples. The extents of mineralization of 

the organic dyes in aqueous samples are determined with the TOCA instrument. The 

total organic carbon content present in the dye samples before and after the 

photocatalytic treatment process is determined, and the difference between the values 

gives the percentage degradation of the dyes. In the present work, the synthetic organic 

dyes such as methylene blue, indigo carmine and crystal violet before and after 

photocatalytic treatment using AlF3/ZnO photocatalyst under sunlight at optimum 

conditions were subjected to TOCA. About 82.5, 83 and 77 percent mineralization of 

methylene blue, indigo carmine and crystal violet were achieved, respectively, after 

the photocatalytic treatment as shown in figure 5.1.17. The percentage mineralization 

of all the dyes was found to be less compared to the percentage decolourization values 

calculated from the analysis using UV-Visible spectrophotometer. From the obtained 

results, it is understood that after the photocatalytic process all the three dye molecules 

have been converted into more off CO2, mineral acids and some other organic 

intermediates, which do not have a chromophoric group to be detected by the 

spectrophotometer. 
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Figure 5.1.17 shows the percentage removal of total organic carbon in the aqueous 

solution of methylene blue, indigo carmine and crystal violet using 2wt% AlF3/ZnO 

photocatalyst under optimized conditions 

 
5.1.18. Reusability Studies 

In photocatalysis, the reusability of the catalyst is checked because the 

recyclability of the catalyst is as important as its efficiency to degrade the pollutants. 

The possible reuse of the photocatalyst for more number of cycles brings a significant 

reduction in the overall cost of the photocatalytic treatment. In the present work, the 

reusability of the most active catalyst 2 wt % AlF3/ZnO in the degradation of 

methylene blue, indigo carmine and crystal violet under sunlight is evaluated by 

reusing the catalyst for four more runs. After each cycle, the catalyst is separated from 

the dye solution by centrifugation, dried and again treated with the fresh dye solution. 

The percentage decolourization of the dyes achieved using 2wt % AlF/ZnO after each 

cycle is plotted and shown in figures 5.1.18A-C. The results of reusability studies, 

showed that after the five cycles of reuse of the zinc oxide photocatalyst, only a 

neglible decrease in the catalytic efficiency is observed which might be due to the 

little loss of the catalyst during washing. Another possible reason for the decrease in 

the photocatalytic activity after repeated runs could be due to chemisorption of the 
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dye or intermediates to the catalyst surface, which would reduce the photocatalytic 

efficiency of the catalyst.  

  

 

Figure 5.1.18 shows the reusability of the most active 2wt% AlF3/ZnO catalyst for 

the photocatalytic degradation of (A) methylene blue (B) indigo carmine and (C) 

crystal violet dyes 
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5.1.19. Proposed Mechanism 

Zinc oxide semiconductor has unique optoelectric properties. It shows good 

photocatalytic performance. Under sunlight radiation, the electrons in the valence 

band of ZnO photocatalyst is excited to generate electron hole pairs and the redox 

reactions are initiated as shown below 

ZnO + hυ → ZnO (h+
VB + e-

CB)    ......................... eq.(5.11) 

ZnO ( h+
VB) + H2O → ZnO + H+ + -OH   ......................... eq.(5.12) 

ZnO ( h+
VB) + -OH → ZnO + .OH    ......................... eq.(5.13) 

ZnO (e-
CB) + O2 → ZnO + O2

.- ......................... eq.(5.14) 

O2
.-  + H+ → HO2

. ......................... eq.(5.15) 

HO2
. + H+ + ZnO (e-CB) → H2O2 + ZnO   ......................... eq.(5.16) 

H2O2 + ZnO (e-CB) → .OH + -OH + ZnO   ......................... eq.(5.17) 

Dye + .OH/O2
.- →→→→ Degradation products   ......................... eq.(5.18) 

The photocatalytic degradation of the organic pollutants takes place through 

various free radical reactions giving a large number of intermediates which on 

subsequent oxidation, leads to the formation of non-toxic products such as CO2, H2O 

and mineral acids. Hence, the participation of the photogenerated electrons and holes 

in the photocatalytic reaction is essential to achieve an effective oxidation process. 

However, in a bare zinc oxide photocatalytic system, the recombination of the 

electrons and holes takes place at a faster rate, and hence the generation of the 

reactive species such as hydroxyl and superoxide anion radicals is hindered. In view 

of these facts, doping of the bare zinc oxide photocatalyst with metals such as ‘Al’ 

and ‘Sr’ was done for the present work. Doping creates additional energy levels that 

are above the valence band edge and below the conduction band edge of ZnO 

photocatalyst, acting as both electron and hole traps. 
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From the photocatalytic studies, it was observed that the doping of aluminium 

fluoride salt to the zinc oxide photocatalyst led to faster degradation of all the three 

organic dyes. On the other hand, doping of strontium silicate to zinc oxide photocatalyst 

also degraded the dyes methylene blue and indigo carmine at a faster rate compared to 

bare ZnO photocatalyst. However the photocatalytic activity was comparatively less 

to that of ‘Al’ doped ZnO photocatalyst. In the case of crystal violet dye, the 

degradation process using ‘Sr’ doped ZnO photocatalyst took more time compared to 

both bare ZnO and ‘Al’ doped ZnO photocatalysts. 

The lower photocatalytic activity of strontium silicate doped-ZnO photocatalyst 

can be ascribed to the following reasons: 

Strontium silicate used as a dopant distorts the lattice sites, creates defects and 

occupies the photocatalytically active sites of zinc oxide photocatalyst thereby 

reducing the number of active sites available for the photocatalytic reaction. 

Addition of excess amount of strontium silicate dopant to zinc oxide sites 

might have resulted in recombination centers for the photogenerated electron-hole 

pairs resulting in a decreased photocatalytic activity. Similarly, Gupta et al29 and He 

et al30 reported that doping of excess amount of transition metal ions such as cobalt 

can decrease the photocatalytic activity of zinc oxide photocatalyst because the intra 

bandgap impurity levels created as a consequence of Co2+ doping can act as 

recombination centers for the photogenerated electrons and holes. 

The higher photocatalytic activity of aluminium fluoride doped zinc oxide 

photocatalyst compared to the undoped and SrSiO3 doped ZnO photocatalysts can be 

attributed to the fact that the introduction of ‘Al’ to ZnO catalyst may act as trapping 

centers for the photogenerated electrons and holes. The additional energy states 

created by the introduction of Al3+ ions to the zinc oxide lattices lead to a reduction in 
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the bandgap values, and Al3+ ions trap the photogenerated electrons and holes to form 

less stable Al2+/Al 4+ ions, which further react with the surface adsorbed O2 and 

hydroxyl ions to form the reactive species such as hydroxyl and superoxide anion 

radicals. Girish kumar et al31 reported that doping can cause a decrease in the bandgap 

of ZnO photocatalyst and Faraz et al32 reported that introduction of Sm3+ as dopant to 

zinc oxide can inhibit the recombination between electrons and holes. The plausible 

mechanism is depicted as given below: 

ZnO + hυ → ZnO ( h+
VB + e-

CB)    ......................... eq.(5.19) 

Al 3+ + e- → Al2+ (electron trap)    ......................... eq.(5.20) 

Al 2+ + O2 (ads) → Al3+ + O2
.- (electron release)  ......................... eq.(5.21) 

Al 3+ + h+ → Al4+ (hole trap)     ......................... eq.(5.22) 

Al 4+ + OH- → .OH + Al3+ (hole release)   ......................... eq.(5.23) 

The superoxide anion radical and hydroxyl radicals generated in situ are 

highly reactive species that trigger the degradation of dyes 

Dye.+ + O2
.-  →→→→ Degradation products   ......................... eq.(5.24) 

Dye.+ + .OH → Degradation products    ......................... eq.(5.25) 

 
Figure 5.1.19 Perspective mechanism for the degradation of dyes mediated by 

AlF3/ZnO catalyst under sunlight. 
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5.2. CHARACTERIZATION AND PHOTOCATALYTIC STUDIES OF TITANIUM 

DIOXIDE, ALUMINIUM FLUORIDE DOPED TITANIUM DIOXIDE AND 

STRONTIUM SILICATE DOPED TITANIUM DIOXIDE  

5.2.1. X-Ray Diffraction Studies 

The crystallinity and the phase identification of the synthesized neat titanium 

dioxide, aluminium fluoride and strontium silicate doped titanium dioxide photocatalysts 

were determined using the powder x-ray diffraction technique, and the recorded 

diffraction patterns of the synthesized materials are shown in figure 5.2.1A-C. From 

the powder-XRD pattern obtained for the bare titanium dioxide photocatalyst, it is 

seen that the diffraction peaks at 2θ values 25.12o, 37.02o, 48.07o, 67.52o, 70.28o, 

75.05o, corresponding respectively to the crystal planes (101), (004), (200), (204), (220), 

(215) represent the anatase phase, which is in accordance with the standard JCPDS 

[21-1272]. The peaks at 2θ values 27.44o, 36.10o, 53.82o, 55.04o corresponding to the 

crystal planes (110), (103), (105), (211) represents the rutile phase. Peaks at 2θ values 

31.69o, 45.42o corresponding to the crystal planes (121) and (032) shows presence of 

brookite phase in the synthesized TiO2 photocatalyst33,34. Similar diffraction peaks 

were also obtained for the aluminium fluoride and strontium silicate doped titanium 

dioxide photocatalyst except that in the bare TiO2 photocatalyst and aluminium 

fluoride doped TiO2 photocatalyst, the crystal plane (101) corresponding to the 

2θ = 25.12o value is found with a maximum intensity which indicates that anatase is 

the main crystal phase of the synthesized materials with some rutile and brookite 

crystals formed in it. On the other hand, in the powder XRD pattern obtained for the 

strontium silicate doped TiO2 photocatalyst the crystal plane (121) corresponding to 

the 2θ = 31o value is found with maximum intensity indicating that brookite is the 
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main phase in the synthesized SrSiO3 doped TiO2 photocatalyst, whereas the anatase 

and rutile phases of the titanium dioxide photocatalyst are found with decreased 

intensity. The calculated percentage of anatase, rutile and brookite phases in the 

synthesized undoped TiO2 photocatalyst is, respectively, 53.51%, 25.65% and 20.82%. 

Similarly the aluminium fluoride doped titanium dioxide photocatalyst consists of 

31.59% of anatase phase, 26.02% of the rutile phase and 42.38% of the brookite 

phase, and the strontium silicate doped titanium dioxide photocatalyst consists of 

19.67% of the anatase phase, 16.5% of the rutile phase and 63.88% of the brookite 

phase. Hence, it can be concluded that all the three synthesized titanium dioxide 

photocatalysts posses anatase, rutile and brookite phases with some variations in the 

main crystal growth planes. The crystallite size calculated from the Debye Scherrer’s 

equation for neat TiO2 photocatalyst, AlF3- TiO2 photocatalyst and SrSiO3-TiO2 

photocatalyst are 20.2 nm, 16.8 nm and 17.85 nm, respectively. 
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Figure 5.2.1 X-Ray diffraction pattern of the synthesized (A) undoped Titanium 

dioxide photocatalyst (B) 1 wt% AlF3 doped Titanium dioxide photocatalyst and (C) 

1wt% SrSiO3 doped Titanium dioxide photocatalyst. 

 
5.2.2. HR-SEM Analysis 

The surface morphology of a catalyst plays a significant role in determining its 

photocatalytic activity. The difference in morphologies of the synthesized neat as well 

as aluminium fluoride and strontium silicate doped titanium dioxide photocatalysts 

are shown in figure 5.2.2 A-C. From the scanning electron microscopic analysis, it is 

observed that the synthesized undoped titanium dioxide photocatalyst posseses a 

moderately spherical shape. These moderately spherical shaped particles are highly 

aggregated in such a way that they are bound to each other forming clusters. The 

HR-SEM image of the aluminium fluoride doped titanium dioxide photocatalyst shows 
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the formation of moderately spherical shaped particles which are self assembled into a 

chain like structure. Whereas in the strontium silicate doped titanium dioxide photocatalyst, 

shows a non-homogeneous dispersion of cluster of TiO2 particles. All the synthesized 

titanium dioxide photocatalysts are crystalline in nature, which is evidenced by their 

SEM micrographs. 

  

 

Figure 5.2.2 shows the HR-SEM image of the synthesized (A) undoped titanium 

dioxide photocatalyst (B) 1 wt% AlF3 doped titanium dioxide photocatalyst and (C) 1 

wt% SrSiO3 doped titanium dioxide photocatalyst. 
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5.2.3. Energy Dispersive X-Ray Analysis 

The elemental composition of the synthesized neat as well as doped titanium 

dioxide photocatalysts can be determined from the energy dispersive x-ray analysis. 

The EDAX spectra of the synthesized undoped TiO2 catalyst as well as aluminium 

fluoride and strontium silicate doped TiO2 photocatalysts are shown in figures 5.2.3 

A-C. It is evidenced from the EDAX spectrum of the undoped titanium dioxide 

photocatalyst the presence of the elements such as titanium and oxygen is present in 

the major composition without any other impurities. The presence of the elements 

such as titanium, oxygen, aluminium, fluorine and chlorine are confirmed from the 

EDAX spectrum of AlF3 doped TiO2 photocatalyst. The presence of weak peak of 

chlorine in the EDAX spectrum could have from the titanium tetrachloride precursor 

solution of the synthesized titanium dioxide photocatalyst. Similarly, in the EDAX 

spectrum of the Strontium silicate doped TiO2 photocatalyst is shown in figure 5.2.3 

C, the presence of major peaks of titanium and oxygen are observed along with less 

intense peaks of strontium and silicon. 
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Figure 5.2.3 A shows the EDAX image of the synthesized undoped Titanium dioxide 

photocatalyst. 

 

Figure 5.2.3 B shows the EDAX image of the synthesized 1 wt% Aluminium fluoride 

doped Titanium dioxide photocatalyst. 

 
Figure 5.2.3 C shows the EDAX image of the synthesized 1 wt% Strontium silicate 

doped Titanium dioxide photocatalyst. 
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5.2.4. Transmission Electron Microscopic Analysis 

The transmission electron microscopic analysis provides us images to understand 

the morphological as well as crystallographic nature of the samples. The TEM images 

of the synthesized bare titanium dioxide photocatalyst is shown in figure 5.2.4 A-C, 

and the TEM images of the aluminium fluoride and strontium silicate doped titanium 

dioxide photocatalysts are shown in figures 5.2.4 D-F and 5.2.4 G-I respectively. 

From the TEM images it is observed that the synthesized undoped titanium dioxide 

catalyst is moderately spherical in shape and the AlF3 and SrSiO3 doped TiO2 

photocatalyst also possess moderately spherical shaped particles which are highly 

aggregated. The Selected area electron diffraction obtained for all the synthesized 

doped as well as undoped titanium dioxide photocatalyst shows a ring like pattern 

with dark spots in it confirming the crystalline nature of the photocatalysts supporting 

the XRD data. The TEM images obtained for the doped and undoped TiO2 

photocatalysts are consistent to that of the SEM micrographs.  
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Figure 5.2.4 A, B HR-TEM images and (C) SAED Pattern of the undoped TiO2 

photocatalyst. 
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Figure 5.2.4 D, E shows the HR-TEM images and (F) shows the SAED Pattern of the 

AlF3 (1%) doped TiO2 photocatalyst. 
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Figure 5.2.4 G, H shows the HR-TEM images and (I) shows the SAED Pattern of the 

SrSiO3 (2%) doped TiO2 photocatalyst. 
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5.2.5. UV-Visible Diffuse Reflectance Spectroscopy Studies 

Diffuse reflectance spectroscopy is a widely employed technique to obtain the 

remission characteristics of opaque solid samples that absorb in the UV or Visible 

region. The optical response of the photocatalysts is used to determine their bandgap 

energy values. The DRS-UV-Visible absorption spectra of the synthesized undoped 

and aluminium fluoride and strontium silicate doped titanium dioxide photocatalysts 

are shown in figures 5.1.5 A-C. The calculated bandgap values for the synthesized 

bare TiO2, 1wt % AlF3 doped TiO2 and 1wt % SrSiO3 doped TiO2 photocatalysts are 

3.01 eV, 2.96 eV and 3.03 eV respectively. 

 

 

Figure 5.2.5 shows the DRS-UV-Visible absorption spectra for (A) undoped TiO2 

photocatalyst (B) 1 wt% AlF3 doped TiO2 photocatalyst and (C) 1 wt% SrSiO3 doped 

TiO2 photocatalyst. 
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5.2.6. Fourier Transform Infra-Red Spectroscopy Studies 

In the earlier days the IR technique was found to be useful in obtaining 

qualitative as well as quantitative information pertaining to the organic samples alone. 

However, in recent years due to the advent of long-wavelength instrumentation, it has 

been found to be equally useful for the analysis of inorganic materials. The FTIR 

spectra of bare titanium dioxide photocatalyst and aluminium fluoride and strontium 

silicate doped titanium dioxide catalysts are shown in figures 5.1.6A, B and C. The 

peaks at around 3400 cm-1 and 1400-1600 cm-1 observed in the bare as well as doped 

TiO2 photocatalysts correspond to the stretching and bending vibrations of -OH 

groups which might be due to the adsorbed water molecules on the surface of the 

photocatalyst. The bands below 950cm-1 in both the doped and undoped titanium 

dioxide photocatalysts corresponds to the vibrational modes of Ti-O-Ti bonds35-37. 
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Figure 5.2.6 A FTIR spectrum of the synthesized bare Titanium dioxide photocatalyst. 

 

Figure 5.2.6 B FTIR spectrum of the synthesized 1 wt% AlF3 doped Titanium 

dioxide photocatalyst. 

 

Figure 5.2.6 C FTIR spectrum of the synthesized 1 wt% SrSiO3 doped Titanium 

dioxide photocatalyst. 
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5.2.7. BET Surface Area Analysis 

The Brunauer-Emmett-Teller (BET) surface area analysis is a facile technique 

employed to study the surface adsorption characteristics of the solid samples. The 

nitrogen adsorption-desorption isotherms of the synthesized titanium dioxide, aluminium 

fluoride doped titanium dioxide and strontium silicate doped titanium dioxide 

photocatalysts are shown in figure 5.2.7 A-C. The specific surface area of the bare 

titanium dioxide photocatalyst is 61.006 m2/g and that of the aluminium fluoride and 

strontium silicate doped titanium dioxide photocatalysts are 62.092 m2/g and 78.295 

m2/g respectively. 

 

 

Figure 5.2.7 N2 adsorption-desorption isotherm of the synthesized (A) TiO2 

photocatalyst (B) 1 wt% AlF3 doped TiO2 photocatalyst and (C) 1 wt% SrSiO3 doped 

TiO2 photocatalyst. 
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Table 5.2.7 shows the surface area, Pore volume and Pore radius of bare-TiO2, AlF3- 

TiO2 and SrSiO3-TiO2, photocatalysts. 

Photocatalysts Surface area 
(m2/g) 

Pore Volume 
(cc/g) 

Pore Radius (Å) 

TiO2 61.006 0.339 151.669 

Aluminium Fluoride- TiO2 62.092 0.178 17.065 

Strontium silicate- TiO2 78.295 0.203 17.081 

 
5.2.8. Photocatalytic Studies 

The effects of aeration, stirring of the reaction mixture, and the extent of adsorption 

are a few factors that need to be taken into consideration to achieve an overall enhancement 

in the photocatalytic dye degradation process. Hence in the present study a preliminary 

analysis of decolourization of basic yellow 2, congo red and Acid red 94 dyes are 

studied under varying conditions as shown in figure 5.2.8(A-C). About 13, 18 and 

16% decolourization of basic yellow 2, congo red and Acid red 94 dyes are achieved 

by effective air purging in the presence of titanium dioxide catalyst at room temperature. 

Similarly 9, 12 and 12% decolourization of basic yellow 2, congo red and Acid red 94 

dyes are achieved in the presence of titanium dioxide catalyst at room temperature 

without air purging.  However, under sunlight in the absence of TiO2 catalyst about 4, 

7 and 5% decolourization of basic yellow 2, congo red and Acid red 94 dyes are 

achieved by purging air into the reaction mixture. From the experimental studies 

carried out it is understood that the use of a photocatalyst and effective air purging 

into the reaction mixture, and a light source are essential for the photocatalytic dye 

decolourization process. Similarly it is also reported that the presence of dissolved 

oxygen in the reaction does not affect the adsorption of the dye molecules on the 

surface of TiO2 catalyst38 and the oxygen dissolved in the solution acts an electron 

acceptor in the photocatalytic reaction enhancing the decolourization process39.  
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Figure 5.2.8 A Primary analysis of basic yellow 2 dye solution using titanium dioxide 

photocatalyst. 

(Reaction conditions: Basic yellow 2 dye solution (Conc. 3.29 × 10-5 mol/L; volume 

= 50mL), TiO2 catalyst = 25mg/50mL, without pH adjustment, air supply ≅ 2.5L/min, 

Isolar = 726 × 100 ± 100 lux.) 

 

Figure 5.2.8 B Primary analysis of congo red dye solution using titanium dioxide 

photocatalyst. 

(Reaction conditions: Congo red dye solution (Conc. 1.43 × 10-5 mol/L; volume = 

50mL), TiO2 catalyst = 25mg/50mL, without pH adjustment, air supply ≅ 2.5L/min, 

Isolar = 798 × 100 ± 100 lux.) 
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Figure 5.2.8 C Primary analysis of acid red 94 dye solution using titanium dioxide 

photocatalyst. 

(Reaction conditions: Acid red 94 dye solution (Conc. 1.96 × 10-5 mol/L; volume = 

50mL), TiO2 catalyst = 25mg/50mL, without pH adjustment, air supply ≅ 2.5L/min, 

Isolar = 756 × 100 ± 100 lux.) 

 
5.2.9. Effect of pH on the photocatalytic dye decolourization process 

The pH optimization is an important factor to achieve maximum efficiency in 

the photocatalytic dye degradation process. The pH of the solution not only affects the 

generation of hydroxyl radicals but also the surface charge properties of a photocatalyst, 

as well as the sorption and desorption of the dye molecules onto the photocatalyst 

surface. The zero point charge of TiO2 catalyst is nearly 6.5. Above this pH level, the 

surface of the TiO2 catalyst is negatively charged and below this pH level it is 

positively charged. The protonation and deprotonation on the surface of titanium 

dioxide catalyst under acidic or alkaline conditions can take place according to the 

following equations40 

TiOH +H+ → TiOH2
+ ......................... eq.(5.26) 

TiOH+ OH- → TiO- + H2O     ......................... eq.(5.27) 
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The maximum degradation of basic yellow 2 dye is observed at alkaline pH, 

this is due to the fact that the cationic basic yellow 2 dye gets attracted to the negatively 

charged surface of titanium dioxide catalyst above pH level 6.5 and similarly, the 

anionic acid red 94 dye shows a maximum dye decolourization under acidic conditions, 

this is due to the fact that the anionic acid red dye gets attracted to the positively 

charged surface of titanium dioxide catalyst below pH level 6.5. A similar trend is 

observed for the congo red dye degradation, the maximum dye degradation took place 

at neutral pH 7.5, whereas under acidic and alkaline pH levels, the dye degradation 

efficiency of titanium dioxide catalyst was comparatively less. This can be attributed 

to the fact that at acidic and neutral pH levels, the surface of the titanium dioxide 

catalyst is positively charged and attracts the anionic congo red dye to its surface, 

however at alkaline pH levels the surface of TiO2 catalyst becomes negatively 

charged and the repels the anionic congo red dye. The variation of pH levels for basic 

yellow 2, acid red 94 and congo red dyes using titanium dioxide catalyst are shown in 

the following figures 5.2.9A-C respectively. 

 

Figure 5.2.9 A Effect of pH on the photocatalytic decolourization of basic yellow 2 

using titanium dioxide catalyst. 

(Reaction conditions: Basic yellow 2 dye solution (Conc. 3.29 × 10-5 mol/L; volume 

= 50mL), TiO2 catalyst = 25mg/50mL, pH variation = 2-12, air supply ≅ 2.5L/min, 

Isolar = 778 × 100 ± 100 lux, Time=30 minutes) 
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Figure 5.2.9 B Effect of pH on the photocatalytic decolourization of congo red dye 

using titanium dioxide catalyst. 

(Reaction conditions: Congo red dye solution (Conc. 1.43 × 10-5 mol/L; volume 

=50mL), TiO2 catalyst = 25mg/50mL, pH variation = 2-12, air supply ≅ 2.5L/min, 

Isolar = 829 × 100 ± 100 lux, Time=30 minutes) 

 

Figure 5.2.9 C Effect of pH on the photocatalytic decolourization of acid red 94 dye 

using titanium dioxide catalyst. 

(Reaction conditions: Acid red 94 dye solution (Conc. 1.96 × 10-5 mol/L; volume = 

50mL), TiO2 catalyst = 25mg/50mL, pH variation = 2-12, air supply ≅ 2.5L/min, Isolar 

= 689 × 100 ± 100 lux, Time=30 minutes) 
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5.2.10. Effect of Catalyst Concentration 

The weight of the photocatalyst is an important factor that needs to be optimized 

to achieve maximum degradation of the dyes. The optimum level of titanium dioxide 

catalyst for the photodegradation of the three synthetic dyes namely basic yellow 2, 

acid red 94 and congo red is found out from the experimental studies as shown in 

figure 5.2.10A-C. For basic yellow 2 dye solution (3.29x10-5M), 25mg of TiO2 

photocatalyst showed maximum degradation efficiency at an optimum pH 10, 

similarly for acid red 94 dye (1.96x10-5M) maximum dye degradation efficiency was 

achieved using 15mg of titanium dioxide catalyst at an optimum pH 3 and 25 mg of 

TiO2 catalyst showed maximum degradation efficiency for congo red dye (1.43x10-5M) 

at an optimum pH 7.5 beyond which a decrease in the photocatalytic degradation 

efficiency is noted. From the experimental studies it is observed that a similar trend is 

followed for the degradation of all the three dyes. Initially an increase in the 

degradation efficiency is observed by the increasing the TiO2 catalyst dosage beyond 

a certain limit the addition of the catalyst to the reaction mixture only showed a 

decrease the photocatalytic degradation process. This is due to the fact that on 

increasing the catalyst dosage the number of surface area for the dye molecule 

absorption is high and the increase in the active sites for the generation of reactive 

species such as hydroxyl and superoxide anion radicals also contributes to the 

increased photodegradation process. Similarly, a decrease in the photodegradation 

process is evidenced beyond the addition of a certain limit of catalyst dosage this is 

due to the reason that increased suspension of the catalyst particles in the reaction 

mixture blocks the sunlight penetration and the particles tend to agglomerate and 

hence surface area of the particles gets decreased thereby causing a decrease in the 

photocatalytic efficiency41-43. 
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Figure 5.2.10 A Effect of Titanium dioxide catalyst concentration on the 

photocatalytic decolourization of Basic yellow 2 dye. 

(Reaction conditions: Basic yellow 2 dye solution (Conc. 3.29 × 10-5 mol/L; volume 

= 50mL), catalyst weight = 5mg-55mg, pH = 10, air supply ≅ 2.5L/min, Isolar = 683 × 

100 ± 100 lux, Time=30 minutes) 

 

Figure 5.2.10 B Effect of titanium dioxide catalyst concentration on the 

photocatalytic decolourization of congo red dye. 

(Reaction conditions: Congo red dye solution (Conc. 1.43 × 10-5 mol/L; volume = 

50mL), catalyst weight = 5mg-55mg, pH = 8, air supply ≅ 2.5L/min, Isolar = 786 × 100 

± 100 lux, Time=30 minutes) 
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Figure 5.2.10 C Effect of titanium dioxide catalyst concentration on the photocatalytic 

decolourization of acid red 94 dye. 

(Reaction conditions: Acid red 94 dye solution (Conc. 1.96 × 10-5 mol/L; volume = 

50mL), catalyst weight = 5mg-55mg, pH = 3, air supply ≅ 2.5L/min, Isolar = 857 × 100 

± 100 lux, Time=30 minutes) 

 
5.2.11. Effect of Initial dye concentration 

The rate of photocatalytic degradation depends on the nature and concentration of 

the pollutant. Maximum photocatalytic dye degradation percentage can be achieved 

by fixing an optimum dye concentration. The effect of initial dye concentration is 

studied by varying the concentration of basic yellow 2 dye from 3.29x10-5M to 

1.64x10-4M at an optimized pH level 10 and a catalyst dosage of 25mg. Similarly, the 

acid red 94 dye concentration is varied from 1.96x10-5M to 4.91x10-5M at an 

optimized pH level 3 with a catalyst concentration of 15mg, and the concentration of 

the congo red dye is varied from 1.43x10-5M to 7.17x10-5M at optimized pH level 7.5 

with a catalyst concentration of 25mg as shown in figure 5.2.11A-C. About 89% of 

basic yellow dye degradation was achieved for a concentration of 9.87x10-5M, 98% 

degradation for 3.93x10-5M acid red 94 dye and 96% of dye degradation took place 

for 1.43x10-5M of congo red dye beyond which a decrease in the photocatalytic 
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degradation process is evidenced which is attributed to the fact that at for an initial 

dye concentration the number surface active sites of TiO2 catalyst will be sufficient 

for the photodegradation process. However, with an increase in the concentration of 

the dye, the number of the surface active sites of the TiO2 catalyst available for the 

dye molecules remain the same and the adsorption of the dye molecules to the catalyst 

surface will be less leading to a decrease in the photocatalytic activity44. Another 

reason for the decrease in the photocatalytic degradation process is that on increasing 

the concentration of the dye solution, the path length of the photons entering the 

solution gets decreased and hence penetration of the sunlight to the catalyst surface is 

also hindered which in turn leads to a decrease in the photocatalytic activity45. 

 

Figure 5.2.11A Effect of initial concentration of basic yellow 2 on the photocatalytic 

decolourization using ZnO catalyst. 

(Reaction conditions: Basic yellow 2 dye concentration varied from 3.29x10-5mol/L – 

1.64x10-4mol/L, volume of dye solution =50mL, catalyst concentration = 25mg, pH= 10, 

air supply ≅ 2.5L/min, Isolar = 837 × 100 ± 100 lux) 
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Figure 5.2.11B Effect of initial concentration of acid Red 94 on the photocatalytic 

decolourization using TiO2 catalyst. 

(Reaction conditions: Acid red 94 dye concentration varied from 1.96x10-5mol/L – 

4.91x10-5mol/L, volume of dye solution =50mL, catalyst concentration=15mg, pH= 3, 

air supply ≅ 2.5L/min, Isolar = 667 × 100 ± 100 lux) 

 

Figure 5.2.11C Effect of initial concentration of congo red on the photocatalytic 

decolourization using TiO2 catalys.t 

(Reaction conditions: Congo red dye concentration varied from 1.43x10-5mol/L – 

7.17x10-5mol/L, volume of dye solution =50mL, catalyst concentration=25mg, pH= 7.5, 

air supply ≅ 2.5L/min, Isolar = 693 × 100 ± 100 lux) 
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5.2.12. Effect of Addition of Aluminium Fluoride and Strontium Silicate to TiO2 

Photocatalyst 

Titanium dioxide is a promising photocatalyst with strong oxidation capacity 

and excellent stable physical and chemical properties. Since the synthesis methods of 

titanium dioxide photocatalyst are very simple and the need of only mild reaction 

conditions for the synthesis of titanium dioxide catalyst has made its usage very 

common for photocatalytic applications. Even though pure titanium dioxide photocatalyst 

is reported to degrade many synthetic organic dyes, the rapid recombination of the 

electron-hole pairs and the wide bandgap energies of titanium dioxide have limited its 

practical applications. Another important reason for the limitation of employing TiO2 

for photocatalytic applications is the agglomeration of the titanium dioxide particles 

which leads to a decrease in the catalytic activity of the TiO2 catalyst. In order to overcome 

these limitations, researchers began to modify titanium dioxide catalyst by introducing 

different cations such as cobalt, molybdenum, nickel etc., and anions such as nitrogen, 

fluorine, sulphur to the lattices of titanium dioxide catalyst to decrease the band gap energy 

and reduce the rate of recombination of charge carriers. Coupling of TiO2 photocatalyst 

with different other semiconductors such as Fe2O3, CuO, ZnO, MgO, and SnO2 is also 

done to improve the photocatalytic performance of titanium dioxide catalyst46.  

Activated carbon derived from biomass and reduced graphene oxides are 

carbon based supports that are used for TiO2 photocatalyst. The titanium dioxide 

photocatalyst modified with erythrosin and phthalocyanine as sensitizers are also 

reported to show good photocatalytic activity. Preparation of the composites with 

precious metals such as Ni/Pd/TiO2, Pt/TiO2, Ag/C/TiO2, Au/TiO2 are also found to 

show good photocatalytic activity towards the degradation of many organic dyes 



 

 

198 

however, the preparation of such precious metal doped photocatalysts is not found to 

be cost effective for a large scale treatment of the effluents. 

In the present work, the Titanium dioxide catalyst is modified by the addition 

of aluminium fluoride and strontium silicate salts by varying the weight percent from 

(0.5-3%) to obtain the titanium dioxide material with photocatalytic activity greater 

than that of pure TiO2 material. From the experimental studies carried out it is 

observed that the time taken for the degradation of the three dyes namely basic yellow 

2, Acid red 94 and Congo red has decreased using titanium dioxide catalyst modified 

with AlF3 and SrSiO3 salts. About 90% degradation of basic yellow 2 dye (9.87x10-

5M) under optimized conditions catalyst weight 25mg/50mL, pH 10 was achieved 

within 25 minutes using 1wt% AlF3 doped Titanium dioxide photocatalyst. However, 

1wt % SrSiO3/TiO2 catalyst degraded only 58% of basic yellow 2 dye (9.87x10-5M) 

within 60 minutes as shown in figures 5.2.12 A, B. 

Acid red 94 dye (3.93x10-5M) degradation reached 99% within 30 minutes using 

1wt% AlF3 doped titanium  dioxide photocatalyst under optimized conditions catalyst 

weight 15mg/50mL, pH 3 and similarly, 1wt % SrSiO3/TiO2 catalyst degraded only 

39% of acid red 94 dye (3.93x10-5M) within 60 minutes as shown in figures 5.2.12 C, D. 

For congo red dye (1.43x10-5M) a maximum degradation of 96% was 

achieved within 30 minutes using 1wt% AlF3 doped titanium dioxide photocatalyst 

under optimized conditions catalyst weight 25mg/50mL, pH 7.5 and similarly, 1wt % 

SrSiO3/TiO2 catalyst degraded 95% of the dye within 30 minutes as shown in figures 

5.2.12 E, F. For all the three dyes the photocatalytic efficiency using AlF3 doped 

titanium dioxide catalyst follows a similar trend i.e. compared to the pure TiO2 the 

time taken by the Aluminium fluoride doped titanium dioxide photocatalysts to 
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degrade the dye is very less. This can be attributed to the fact that introduction of the 

impurity atoms to the pure titanium dioxide catalyst creates new energy levels above 

the valence band and below the conduction band there decreasing the band gap energy 

and these dopants act as trapping centers for the charge carriers and they also facilitate 

the migration of the electron and holes to the surface reaction sites of titanium dioxide 

catalyst increasing the photonic efficiency in generating reactive radical species for 

the degradation of these synthetic organic dyes from the aqueous solution47-50. 

Similarly, the decrease in the photocatalytic activity after reaching a certain dopant 

concentration for the degradation of the three dyes namely basic yellow 2, acid red 94 

and congo red might be due to the fact that the trapping centres created by the 

introduction of the dopants to the pure titanium dioxide catalyst may sometimes act as 

recombination centres for the electrons and holes which might lead to the decrease in 

their photocatalytic efficiency. 

 

Figure 5.2.12 A Photocatalytic decolourization of basic yellow 2 using different 

weight percents of aluminium fluoride doped TiO2 catalyst. 

(Reaction conditions: Basic yellow 2 dye concentration = 9.87x10-5mol/L, volume of 

dye solution =50mL, weight percent of AlF3 varied from (0.5-3 wt %), AlF3/TiO2 catalyst 

weight =25mg, pH= 10, air supply ≅ 2.5L/min, Isolar = 787 × 100 ± 100 lux) 
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Figure 5.2.12 B Photocatalytic decolourization of basic yellow 2 using different 

weight percents of strontium silicate doped TiO2 catalyst. 

(Reaction conditions: Basic yellow 2 dye concentration = 9.87x10-5mol/L, volume of 

dye solution =50mL, weight percent of SrSiO3 varied from (0.5-3 wt %), SrSiO3/TiO2 

catalyst weight =25mg, pH= 10, air supply ≅ 2.5L/min, Isolar = 787 × 100 ± 100 lux) 

 

Figure 5.2.12 C Photocatalytic decolourization of acid red 94 using different weight 

percents of aluminium fluoride doped TiO2 catalyst. 

(Reaction conditions: Acid red 94 dye concentration = 3.93x10-5mol/L, volume of dye 

solution =50mL, weight percent of AlF3 varied from (0.5-3 wt %), AlF3/TiO2 catalyst 

weight =15mg, pH= 3, air supply ≅ 2.5L/min, Isolar = 793 × 100 ± 100 lux) 
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Figure 5.2.12 D Photocatalytic decolourization of acid red 94 using different weight 

percents of strontium silicate doped TiO2 catalyst. 

(Reaction conditions: Acid red 94 dye concentration = 3.93x10-5mol/L, volume of dye 

solution =50mL, weight percent of AlF3 varied from (0.5-3 wt %), SrSiO3/TiO2 

catalyst weight =15mg, pH= 3, air supply ≅ 2.5L/min, Isolar = 793 × 100 ± 100 lux) 

 

Figure 5.2.12 E Photocatalytic decolourization of congo red using different weight 

percents of aluminium fluoride doped TiO2 catalyst. 

(Reaction conditions: Congo red dye concentration =1.43x10-5mol/L, volume of dye 

solution =50mL, weight percent of AlF3 varied from (0.5-3 wt %), AlF3/TiO2 catalyst 

weight =25mg, pH=7.5, air supply ≅ 2.5L/min, Isolar = 772 × 100 ± 100 lux) 
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Figure 5.2.12 F Photocatalytic decolourization of congo red using different weight 

percents of strontium silicate doped TiO2 catalyst. 

(Reaction conditions: Congo red dye concentration =1.43x10-5mol/L, volume of dye 

solution =50mL, weight percent of SrSiO3 varied from (0.5-3 wt %), SrSiO3/TiO2 

catalyst weight =25mg, pH=7.5, air supply ≅ 2.5L/min, Isolar = 772 × 100 ± 100 lux) 

 
5.2.13. Kinetic Studies 

Langmuir-Hinshelwood kinetic model is widely employed to understand the 

rate of photocatalytic dye degradation process. The kinetics of photocatalytic dye 

degradation is depicted using the following first order equation 

0ln app

C
k t

C
  = 
 

 ......................... eq.(5.28) 

where kapp is the pseudo-first order rate constant (min-1), Co is the initial concentration 

of the dye solution, C is the concentration of the dye solution at time ‘t’, respectively. 

A plot of ln Co/C vs ‘t’ is shown in figures 5.2.13.1 A, B, 5.2.13.2 A, B and 5.2.13.3A, B 

for the photocatalytic decolourization of three dyes namely basic yellow 2 (9.87x10-5M), 

acid red 94 dye (3.93x10-5M) and congo red dye (1.43x10-5M) under optimized 

conditions. 
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The R2 values obtained for decolourization of basic yellow 2 using 0.5-3 wt % 

of AlF3 doped TiO2 photocatalysts are 0.978, 0.982, 0.981, 0.990 and the rate constant 

values are 7.20x10-2, 8.10x10-2, 6.0x10-2  and 5.20x10-2 min-1. Similarly, R2 values 

obtained for decolourization of methylene blue using 0.5-3 wt % of SrSiO3 doped 

TiO2 photocatalysts are 0.976, 0.989, 0.990, 0.991 and the rate constant values are 

1.0x10-2, 8.0x10-3 , 9.0x10-3  and 3.0x10-3 min-1 and for bare TiO2 catalyst the R2 value 

and rate constant value is 0.984 and 2.20x10-2 min-1. 

For the photocatalytic decolourization of acid red 94 using 0.5-3 wt % of AlF3 

doped TiO2 photocatalysts the R2 values obtained are 0.956, 0.977, 0.946, 0.932 and 

the rate constant values are 6.90x10-2, 1.50x10-1, 4.40x10-2 and 3.70x10-2 min-1. Similarly, 

R2 values obtained for decolourization of acid red 94 using 0.5-3 wt % of SrSiO3 

doped TiO2 photocatalysts are 0.983, 0.963, 0.990, 0.986 and the rate constant values 

are 6.0x10-3, 8.0x10-3 , 9.70x10-3  and 9.0x10-3 min-1 and for bare TiO2 catalyst the R2 

value and rate constant value is 0.958 and 2.43x10-2 min-1. Similarly for the photocatalytic 

decolourization of congo red using 0.5-3 wt % of AlF3 doped TiO2 photocatalysts the 

R2 values obtained are 0.949, 0.978, 0.969, 0.925 and the rate constant values are 

7.40x10-2, 9.80x10-1 , 4.60x10-1  and 3.0x10-1 min-1. Similarly, R2 values obtained for 

decolourization of congo red using 0.5-3 wt % of SrSiO3 doped TiO2 photocatalysts 

are 0.966, 0.960, 0.904, 0.865 and the rate constant values are 6.90x10-2, 9.60x10-2, 

3.70x10-2  and 3.90x10-2 min-1 and for bare TiO2 catalyst the R2 value and rate constant 

value is 0.988 and 5.90x10-2 min-1. The linear fit between ln Co/C versus time (minutes) 

obtained for all the plots along with the R2 values close to unity supports the 

conclusion that the photocatalytic decolourization of the three dyes followed pseudo-
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first order kinetics with respect to the different weight percent (0.5-3%) of AlF3 and 

SrSiO3 doped TiO2 catalysts. 

Aluminium fluoride doped titanium dioxide photocatalyst showed higher rate 

constant values compared to strontium silicate doped and undoped titanium dioxide 

photocatalyst for the decolourization of basic yellow 2, acid red 94 and congo red 

dyes. Among different weight percent (0.5-3%) of aluminium fluoride doped titanium 

dioxide photocatalyst, 1wt% showed higher rate constant and the decrease in the rate 

constant value observed in the case of 2 wt% and 3wt% AlF3 doped TiO2 photocatalyst 

may be due to the higher coverage of aluminium atoms on the catalytically active 

surface of titanium dioxide photocatalyst. The difference in the rate constant values 

obtained between doped and undoped TiO2 photocatalyst clearly explains the advantage 

of doping of aluminium fluoride (or) strontium silicate over titanium dioxide. 
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Fig. 5.2.13.1 shows the plot of ln C0/C vs‘t’ for the photocatalytic decolourization of 

basic yellow 2 using (A) (0.5-3 wt%) AlF3 doped TiO2 and (B) using undoped TiO2 

and (0.5-3 wt %) SrSiO3 doped TiO2 photocatalyst. 

 

Fig. 5.2.13.2 shows the plot of ln C0/C vs‘t’ for the photocatalytic decolourization of 

acid red 94 using (A) undoped TiO2 and (0.5-3 wt%) AlF3 doped TiO2 and (B) using 

(0.5-3 wt %) SrSiO3 doped TiO2 photocatalyst. 

 

Fig. 5.2.13.3 shows the plot of ln C0/C vs‘t’ for the photocatalytic decolourization of 

congo red using (A) undoped TiO2 and (0.5-3 wt%) AlF3 doped TiO2 and (B) using 

(0.5-3 wt %) SrSiO3 doped TiO2 photocatalyst. 
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5.2.14. UV-Visible Spectroscopic Analysis 

The photocatalytic decolourization of  all the three dyes, namely basic yellow 

2, acid red 94 and congo red  with respect to time over AlF3/TiO2 and SrSiO3/TiO2 

photocatalysts are analyzed with the help of UV-Visible spectrophotometer and the 

spectra are shown in figures 5.2.14.1A, B-5.2.14.3A,B. 

The main characteristic peak of the basic yellow dye is observed at 432nm in 

the UV-Visible absorption spectra. About 89% decolourization of the dye is observed 

by the change in the colour of the dye from yellow to colourless within 30 minutes 

using the AlF3/TiO2 photocatalyst whereas even after the photocatalytic treatment for 

60 minutes using SrSiO3/TiO2 photocatalyst, only a slight change in the yellow color 

of the dye is visualized during the course of the reaction as shown in the insets to 

figures 5.2.14.1A, B. The highly conjugated diaryl system connected by a methane is 

the chromophoric group and the dimethylamine (-NCH3)2 in the structure of the basic 

yellow dye is the auxochrome which enhances the colour of the dye. During the 

photocatalytic process the continuous decrease in the intensity of peak at 432nm and 

the absence of any other peak in the absorption spectra confirms the complete 

destruction of the chromophoric group and this strongly suggests that after the end of 

the photocatalytic treatment the fragment of the dye do not contain any chromophores. 

The acid red 94 dye which belongs to xanthene class shows a characteristic 

absorption peak at 559nm. The decrease in the intensity of the peak observed during 

the photocatalytic treatment with using AlF3/TiO2 photocatalysts is shown in figure 

5.2.14.2 A and using SrSiO3/TiO2 photocatalysts is shown in the figure 5.2.14.2 B. 

The maximum decolourization of AR 94 dye is achieved within 30 minutes using 

AlF3/TiO2 photocatalyst whereas only 23% dye decolourization took place using 
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SrSiO3/TiO2 photocatalyst. A change in colour of the dye from pink to colourless 

occurs during the course of the reaction indicates that the chromophoric quinoid 

structure of the dye as well as the auxochromic hydroxyl groups of the dye is 

completely destroyed by the photocatalytic treatment. 

The congo red dye has two prominent absorption peaks at 338nm and 497nm 

respectively. The decrease in the absorption spectra of the main peak for the congo 

red dye at 497nm is contiunously monitored and shown in the figures 5.2.14.3A and 

B, and the inset to figures clearly shows the decrease in the intensity of the red colour 

of the dye at different time intervals. A prominent peak observed for the congo red 

dye at 497nm in the visible region is due to the presence of the azo chromophoric 

group and the peak at 338nm is due to the aromatic benzene ring. The disappearance 

of absorption peak after the photocatalytic treatment clearly shows that the chromophoric 

and auxochromic groups responsible for the red colour of the congo red dye is 

completely destroyed at the end of the reaction. The absence of new absorption peaks 

during the course of the reaction as well as at the end of the reaction is a clear 

indication that the fragmented intermediate species does not contain any chromophoric 

groups. 
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Figure 5.2.14.1 UV-Visible absorption spectra showing the decolourization of basic 

yellow 2 in the presence of (A) AlF3/TiO2 and (B) SrSiO3/TiO2 photocatalysts. 

 

Figure 5.2.14.2 UV-Visible absorption spectra showing the decolourization of acid 

red 94 in the presence of (A) AlF3/TiO2 and (B) SrSiO3/TiO2 photocatalysts. 

 

Figure 5.2.14.3 UV-Visible absorption spectra showing the decolourization of congo 

red in the presence of (A) AlF3/TiO2 (B) SrSiO3/TiO2 photocatalysts. 
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5.2.15. Comparison of the Efficiencies of Different Photocatalysts 

The degradation efficiencies of bare titanium dioxide and different weight 

percents (0.5-3%) of aluminium fluoride and strontium silicate doped titanium 

dioxide photocatalysts are compared for three synthetic dyes, namely, basic yellow 2, 

acid red 94 and congo red dyes and the values are shown in table 5.2.15. 

For basic yellow 2 dye degradation at optimum conditions [dye concentration 

(9.87x10-5M, pH 10, catalyst weight 25mg/50mL)] under solar radiation for 30 

minutes, the degradation efficiencies of different photocatalysts are shown below: 

1%AlF3/TiO2 > 2% AlF3/TiO2 > 0.5% AlF3/TiO2 > 3%AlF3/TiO2 > TiO2 > 

2% SrSiO3/TiO2 > 1% SrSiO3/TiO2 > 0.5% SrSiO3/TiO2 > 3% SrSiO3/TiO2 

For acid red 94 dye degradation at optimum conditions [dye concentration 

(3.93x10-5M, pH 3, catalyst weight 15mg/50mL)] under solar radiation for 30 

minutes, the degradation efficiencies of different photocatalysts are shown below: 

1%AlF3/TiO2 > TiO2 > 3% AlF3/TiO2 > 2% AlF3/TiO2 > 0.5%AlF3/TiO2 > 1% 

SrSiO3/TiO2 > 0.5% SrSiO3/TiO2 > 2% SrSiO3/TiO2 > 3% SrSiO3/TiO2 

For congo red dye degradation at optimum conditions [dye concentration 

(1.43x10-5M, pH 7.5, catalyst weight 25mg/50mL)] under solar radiation for 30 

minutes, the degradation efficiencies of different photocatalysts are shown below: 

1%AlF3/TiO2 > 1% SrSiO3/TiO2 > 0.5% AlF3/TiO2 > 0.5% SrSiO3/TiO2 > 

TiO2 > 2% AlF3/TiO2 > 2% SrSiO3/TiO2 > 3%AlF3/TiO2 = 3% SrSiO3/TiO2 

From the comparative analysis, it is observed that different weight of 

aluminium fluoride doped titanium dioxide photocatalysts are generally more efficient 

in degradading the three synthetic dye namely basic yellow 2, acid red 94 and congo 

red compared to different weight percent of (0.5-3 wt%) strontium silicate modified 

titanium dioxide as well as bare titanium dioxide photocatalysts. 
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The degradation efficiencies of the photocatalysts depend upon many factors 

such as the ability of the dye to get adsorbed on the photocatalyst, structure and 

concentration of the dyes and absorption of light by photocatalysts. In the overall 

process, the complete degradation of the three dyes namely basic yellow 2, acid red 

94 and congo red is achieved with 1wt% AlF3/TiO2 within a short span of time under 

sunlight compared to strontium silicate and undoped titanium dioxide photocatalysts. 

Table 5.2.15 Comparison of the efficiencies (in terms of % decolourization) of doped 

and undoped titanium dioxide photocatalysts towards basic yellow 2, acid red 94 and 

congo red. 

 
 

Photocatalyst 

Basic yellow 2 
(Optimized conditions: 

pH=10, 
catalyst weight= 

25 mg/50mL, 
Dye concentration= 
9.87x10-5mol/L), 
Time=30 minutes. 

Acid red 94 
(Optimized conditions: 

pH=3, 
catalyst weight= 

15 mg/50mL, 
Dye concentration= 

3.93x10-5mol/L), Time=30 
minutes. 

Congo red 
(Optimized conditions: 

pH=7.5, 
catalyst weight= 

25 mg/50mL, 
Dye concentration= 

1.43x10-5mol/L), Time=30 

minutes. 
 
Bare TiO2 

 
0.5% AlF3/ TiO2 

 
1% AlF 3/ TiO2 

 
2 % AlF3/ TiO2 
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5.2.16. Effect of Free radical scavenging activity 

The formation of reactive species such as h+, .OH, O2
.- and e- during the 

photocatalytic process is investigated by the addition of radical quenchers such as 

EDTA, isopropyl alcohol, ascorbic acid and sodium sulphate. For investigating the 

effect of radical scavenging activity, 1mM solution of the radical quenchers such as 

EDTA, isopropyl alcohol, ascorbic acid and sodium sulphate are added to the dye 

solution at optimized pH, catalyst and dye concentration. A blank experiment is also 

carried out without the addition of quenchers under identical conditions. For the 

photocatalytic degradation of basic yellow 2 using the most active 1 wt%-AlF3/TiO2 

catalyst about 89% degradation of the dye is achieved in the absence of any quencher. 

However, only  about 20%, 30%, 23% and 22% degradation is achieved by the 

addition of EDTA, isopropyl alcohol, ascorbic acid and sodium sulphate, respectively 

and for the photocatalytic degradation of acid red 94 dye using the most active 1 wt%-

AlF3/TiO2 catalyst about 99% degradation is achieved in the absence of any quencher 

and about 45%, 58%, 51% and 52% degradation is achieved by the addition of 

quenchers such as EDTA, isopropyl alcohol, ascorbic acid and sodium sulphate 

respectively. The obtained results clearly show that all the reactive species such as h+, 

.OH, O2
.- and e- has actively participated in the photocatalytic degradation of basic 

yellow 2 and acid red 94 dyes. Similarly, Zehigoud et al51 reported the active role 

played by the reactive species such as h+, .OH, O2
.- and e- using CHCl3 and MeOH as 

scavengers for electronic holes,  isopropanol for .OH and potassium dichromate as a 

scavenger for superoxide anion radicals in the photocatalytic degradation of reactive 

green dye using CuO/TiO2 photocatalyst. 
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In the photocatalytic degradation of congo red using the most active 1wt% 

AlF3/TiO2 catalyst about 94% degradation dye is achieved in the absence of any 

quencher. About 37%, 36%, 49.5% and 26% degradation is achieved by the addition 

of EDTA, isopropyl alcohol, ascorbic acid and sodium sulphate, respectively. The 

obtained result clearly shows that the hydroxyl radical is the main reactive species in 

the photocatalytic degradation of congo red dye compared to the holes and electrons. 

However, the participation of the superoxide anion radicals in the photocatalytic 

process is found to be less significant. Similarly, Bhagwat et al52 reported the 

photocatalytic degradation of congo red dye using ZnTiO3/TiO2 catalyst and their 

investigation of the radical scavenging activity during the photocatalytic process 

showed that the hydroxyl radicals are the main reactive species for the degradation of 

the congo red dye. 

 

Figure 5.2.16.1 Effect of radical scavengers on the photocatalytic degradation of 

basic yellow 2 using 1wt% AlF3/TiO2 photocatalyst under optimized conditions. 



 

 

213 

 

Figure 5.2.16.2 Effect of radical scavengers on the photocatalytic degradation of acid 

red 94 using 1wt% AlF3/TiO2 photocatalyst under optimized conditions. 

 

Figure 5.2.16.3 Effect of radical scavengers on the photocatalytic degradation of 

congo red using 1wt% AlF3/TiO2 photocatalyst under optimized conditions. 
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5.2.17. Mineralization Studies 

Total organic carbon analysis is a versatile technique used to study the extent 

of mineralization of the organic pollutants. In the present study, to analyze the extent 

of degradation of the dyes the samples of three dyes namely basic yellow 2, acid red 

94 and congo red are collected before and after photocatalytic treatment with 1 wt % 

AlF3/TiO2 photocatalyst under optimized conditions and it is subjected to TOC 

analysis. About 64.9, 76.7 and 72% degradation of basic yellow 2, acid red 94 and 

congo red dyes are achieved respectively. The percentage degradation values obtained 

from the TOC analysis is less compared to the decolourization values calculated from 

the spectrophotometric measurements which indicate that even though the destruction 

of the chromophoric group of the dyes is achieved within 30 minutes of photocatalytic 

treatment under sunlight the complete mineralization of dye molecule into CO2, H2O 

and mineral acids might take longer time.  

 

Figure 5.2.17 shows the percentage removal of total organic carbon in the aqueous 

solution of basic yellow 2, acid red 94 and congo red dyes using 1wt% AlF3/TiO2 

photocatalyst under optimized conditions. 
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5.2.18. Reusability Studies 

The recovery and reuse of a catalyst is very important in a photocatalytic reaction 

as it can significantly reduce the operational cost of the effluent treatment process. In 

order to evaluate the reusability of the most active catalyst 1wt% AlF3/TiO2 the 

catalyst is recovered by centrifugation, washed repeatedly with distilled water and 

dried in the hot air oven and then it is further subjected to the photocatalytic treatment 

with fresh dye solution. After each cycle, the absorbance of the dyes namely basic 

yellow 2, acid red 94 and congo red dye in recorded from the spectrophotometer and 

the percentage decolourization is calculated and the graphs are plotted as shown in 

figure 5.2.18 A-C. From the experimental studies it is noted that even after the 5th 

cycle only a negligible loss in the catalytic activity is found which suggests that the 

aluminium fluoride doped titanium dioxide catalyst can be efficiently reused multiple 

times without much loss in the photocatalytic activity. 
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Figure 5.2.18 shows the reusability of the most active 1wt% AlF3/TiO2 catalyst for 

the photocatalytic degradation of (A) basic yellow 2 (B) acid red 94 and (C) congo 

red dyes. 

 
5.2.19. Proposed Mechanism 

Titanium dioxide photocatalyst have fascinating opto-electronic properties53 

and are used in the light-induced photochemical reactions. When titanium dioxide is 

irradiated with the light of energy greater than or equal to its bandgap energy, the 

electrons are excited from the valence band to the conduction band of the TiO2 

material. The excited electrons initiate the reduction reactions on the catalyst surface 

and the holes in the valence band participate in the oxidations reactions, however 

when these electrons and holes are not involved in the photocatalytic reaction they 

recombine and dissipate energy in the form of heat. The mechanism of redox reactions in 

the TiO2 photocatalytic system by light absorption is shown below 
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TiO2 + hυ → TiO2 (h
+

VB + e-
CB)    ......................... eq.(5.29) 

TiO2 (h
+

VB) + H2O → TiO2 + H+ + -OH   ......................... eq.(5.30) 

TiO2 (h
+

VB) + -OH → TiO2 + .OH    ......................... eq.(5.31) 

TiO2 (e
-
CB) + O2 → TiO2 + O2

.- ......................... eq.(5.32) 

O2
.-  + H+ → HO2

. ......................... eq.(5.33) 

HO2
. + H+ + TiO2 (e

-
CB) → H2O2 + TiO2 ......................... eq.(5.34) 

H2O2 + TiO2 (e
-
CB) → .OH + -OH + TiO2 ......................... eq.(5.35) 

Dye + .OH/O2
.- → Degradation products   ......................... eq.(5.36) 

The photocatalytic degradation of the organic pollutants takes place through 

various free radical reactions giving large number of intermediates which on subsequent 

oxidation leads to the formation of non-toxic products such as CO2, H2O and mineral 

acids. Hence, the participation of the photogenerated electrons and holes in the 

photocatalytic reaction is essential to achieve an effective oxidation process54. However, 

in a bare titanium dioxide photocatalytic system the recombination of the electrons 

and holes takes place at a faster rate, and hence the generations of the reactive species 

such as hydroxyl and superoxide anion radicals are hindered. In view of these facts, 

doping of the bare titanium dioxide photocatalyst with metals such as ‘Al’ and ‘Sr’ 

was done for the present work. Doping creates additional energy levels that is above 

the valence band edge and below the conduction band edge of TiO2 photocatalyst 

acting as both electron and hole traps. 

From the photocatalytic studies, it was observed that the doping of aluminium 

fluoride salt to the titanium dioxide photocatalyst led to faster degradation of the 

synthetic organic dyes. On the other hand, strontium silicate doped titanium dioxide 

photocatalyst took more time for the photocatalytic decolourization of the dyes. 

The lower photocatalytic activity of strontium silicate doped-TiO2 photocatalyst 

can be ascribed to the following reasons: 
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Strontium silicate used as a dopant distorts the lattice sites, creates defects and 

occupies the photocatalytically active sites of titanium dioxide photocatalyst thereby 

reducing the number of active sites available for the photocatalytic reaction. 

Addition of excess amount of strontium silicate dopant to titanium dioxide 

sites might have resulted in recombination centers for the photogenerated electron-

hole pairs resulting in a decreased photocatalytic activity55. 

The higher photocatalytic activity of aluminium fluoride doped titanium 

dioxide photocatalyst compared to the undoped and SrSiO3 doped TiO2 photocatalysts 

can be attributed to the fact that the introduction of ‘Al’ to TiO2 catalyst may act as 

trapping centers for the photogenerated electrons and holes56. The additional energy 

states created by the introduction of Al3+ ions to the titanium dioxide lattices lead to a 

reduction in the bandgap values, and Al3+ ions trap the photogenerated electrons and 

holes to form less stable Al2+/Al4+ ions which further react with the surface adsorbed 

O2 and hydroxyl ions to form the reactive species such as hydroxyl and superoxide 

anion radicals. The plausible mechanism is depicted as given below: 

TiO2 + hυ → TiO2 ( h
+

VB + e-
CB)    ......................... eq.(5.37) 

Al 3+ + e- → Al2+ (electron trap)    ......................... eq.(5.38) 

Al 2+ + O2 (ads) → Al3+ + O2
.- (electron release)  ......................... eq.(5.39) 

Al 3+ + h+ → Al4+ (hole trap)     ......................... eq.(5.40) 

Al 4+ + OH- → .OH + Al3+ (hole release)   ......................... eq.(5.41) 

The superoxide anion radical and hydroxyl radicals generated in situ are 

highly reactive species that triger the degradation of dyes. 

Dye.+ + O2
.- → Degradation products    ......................... eq.(5.42) 

Dye.+ + .OH → Degradation products   ......................... eq.(5.43) 
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Figure 5.2.19 Perspective mechanism for the degradation of dyes mediated by 1 wt % 

AlF3/TiO2 catalyst under sunlight. 

 
5.3. CHARACTERIZATION AND PHOTOCATALYTIC STUDIES OF BISMUTH 

OXYCHLORIDE, ALUMINIUM FLUORIDE DOPED BISMUTH OXYCHLORIDE 

AND STRONTIUM SILICATE DOPED BISMUTH OXYCHLORIDE CATALYSTS  

 
5.3.1. X-Ray Diffraction Studies 

The phase and crystallinity of the synthesized bismuth oxychloride, aluminium 

fluoride doped bismuth oxychloride and strontium silicate doped bismuth oxychloride 

photocatalysts were determined using the powder X-ray diffraction (P-XRD) technique. 

The X-Ray diffraction peaks of the undoped bismuth oxychloride photocatalysts 

obtained at the 2θ values 12.0, 24.1, 25.98, 32.47, 33.43, 36.52, 41.82, 46.67, 49.67, 

54.13, 55.08, 58.58, 60.60, 68.02, 74.96, 77.45 corresponding to the crystal planes 

001, 002, 101, 110, 102, 003, 112, 200, 113, 104, 212, 220, 213, 214 and 006 which is 

in accordance with the [standard JCPDS (85-0861)] confirms the tetragonal phase of 

the pure bismuth oxychloride photocatalyst57. Similar diffraction patterns were 

observed for the aluminium fluoride and strontium silicate doped bismuth oxychloride 
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photocatalysts. The X-Ray diffraction pattern for the undoped BiOCl, AlF3 3wt% and 

SrSiO3 3wt% doped BiOCl photocatalysts are shown in figure 5.1.3 A-C. No 

additional peaks with observable intensity due to the doping of aluminium fluoride 

and strontium silicate are recorded in XRD spectrum, which might be due to the very 

low concentration of the dopants on the bismuth oxychloride photocatalyst. The sharp 

and intense peaks observed in the XRD pattern indicate that the synthesized 

photocatalysts are crystalline in nature. The average crystallite size of the synthesized 

bismuth oxychloride photocatalyst calculated according to the debye-scherrer’s 

equation is found to be 14.7 nm and for the aluminium fluoride and strontium silicate 

doped bismuth oxychloride photocatalysts it is 22.2 and 22.12 nm respectively. 

  

 

Figure 5.3.1 X-Ray diffraction pattern of the synthesized (A) undoped bismuth 

oxychloride photocatalyst (B) 3 wt% AlF3 doped bismuth oxychloride photocatalyst 

and (C) 3 wt% SrSiO3 doped bismuth oxychloride photocatalyst. 
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5.3.2. HR-SEM Analysis 

To obtain information about the morphology of the synthesized bismuth 

oxychloride and aluminium fluoride and strontium silicate doped bismuth oxychloride 

photocatalysts, the catalysts are subjected to high resolution scanning electron 

microscopic analysis and the corresponding images are shown in figure 5.3.2 A-C. 

The selected area FE-SEM micrographs of all three photocatalysts bare BiOCl, 3 wt% 

AlF3 doped BiOCl and 3 wt% SrSiO3 doped BiOCl under different magnifications 

shows that the synthesized photocatalysts posses a flake like structure. 

  

 

Figure 5.3.2 shows the HR-SEM image of the synthesized (A) bare bismuth 

oxychloride photocatalyst (B) 3 wt% AlF3 doped bismuth oxychloride photocatalyst 

and (C) 3 wt% SrSiO3 doped bismuth oxychloride photocatalyst. 
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5.3.3. Energy Dispersive X-Ray Analysis 

Energy dispersive X-Ray (EDAX) analysis is a non-destructive analytical 

technique that can be used to determine the major elemental composition in the 

synthesized material. The EDAX spectrum of the synthesized undoped bismuth 

oxychloride photocatalyst, 3 wt% aluminium fluoride and 3wt% strontium silicate 

doped bismuth oxychloride photocatalysts are shown in figure 5.3.3A-C. The presence of 

the elements such as bismuth, oxygen and chlorine are evidenced from the EDAX 

spectrum of the synthesized bare bismuth oxychloride photocatalyst. Similarly, the 

peaks of the elements such as bismuth, oxygen, chlorine, aluminium and fluorine are 

observed in the EDAX spectrum of the synthesized AlF3-BiOCl photocatalyst. 

Similarly, the presence of the elements such as bismuth, oxygen, chlorine, strontium 

and silicon are observed in the EDAX spectrum of the synthesized SrSiO3-BiOCl 

photocatalyst. 

 

Figure 5.3.3 A shows the EDAX image of the synthesized undoped bismuth 

oxychloride photocatalyst. 
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Figure 5.3.3 B shows the EDAX image of the synthesized aluminium fluoride doped 

bismuth oxychloride photocatalyst. 

 

Figure 5.3.3 C shows the EDAX image of the synthesized strontium silicate doped 

bismuth oxychloride photocatalyst. 

 
5.3.4. Transmission Electron Microscopic Analysis 

The TEM images of the synthesized bare bismuth oxychloride photocatalyst 

and aluminium fluoride and strontium silicate doped bismuth oxychloride photocatalysts 

are shown in figures 5.3.4 A-I. From the TEM micrographs it is observed that the 

synthesized bare bismuth oxychloride photocatalyst possess flake-like structures, this 

observation is similar to that observation made from the SEM micrographs. The 

selected area electron diffraction pattern of the doped as well as undoped bismuth 

oxychloride photocatalyst shows a well arranged pattern with dark spots in it, 
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indicating that the synthesized bismuth oxychloride based photocatalysts are 

crystalline in nature which supports the data obtained from the XRD results. 

  

 

Figure 5.3.4 A, B HR-TEM images and (C) SAED pattern of the undoped Bismuth 

oxychloride photocatalyst.  
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Figure 5.2.4 D, E shows the HR-TEM images and (F) shows the SAED pattern of the 

3 wt % AlF3 doped BiOCl photocatalyst. 
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Figure 5.3.4 G, H shows the HR-TEM images and (I) shows the SAED pattern of the 

3wt% SrSiO3 doped BiOCl photocatalyst. 
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5.3.5. UV-Visible Diffuse Reflectance Spectroscopy Studies 

Diffuse Reflectance Spectroscopy is a powerful analytical technique that 

utilizes the UV, visible or near Infra-red light as the probe to study the spectral 

characteristics of opaque solid samples. In the case of diffuse reflection, the light 

incident on the rough surfaced samples is reflected in all the directions. From the 

percentage reflectance, the absorbance and transmittance values can be calculated and 

the bandgap energy values are obtained from the cut-off wavelength in the absorption 

spectra. The DRS-UV-Visible absorption spectra of the synthesized undoped and 

aluminium fluoride and strontium silicate doped bismuth oxychloride photocatalysts 

are shown in figures 5.3.5 A-C. The calculated bandgap values for the synthesized 

bare BiOCl, 3wt% AlF3 doped BiOCl and 3 wt% SrSiO3 doped BiOCl photocatalysts 

are 3.12 eV, 3.02 eV and 3.03 eV respectively. 

 

Figure 5.3.5 A shows the DRS-UV-Visible absorption spectra for bare BiOCl 

photocatalyst. 
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Figure 5.3.5 B shows the DRS-UV-Visible absorption spectra for 3 wt% AlF3 doped 

BiOCl photocatalyst and 5.3.5 C shows the DRS-UV-Visible absorption spectra for 3 

wt% SrSiO3 doped BiOCl photocatalyst. 

 
5.3.6. Fourier Transform Infra-Red Spectroscopy Studies 

Infra-Red Spectroscopy is a widely employed technique by the chemists for 

the identification of functional groups. Simple IR spectra are obtained for the 

compounds with high purity and less IR active bonds. The FTIR spectrum of the 

synthesized bare bismuth oxychloride photocatalyst as well as aluminium fluoride and 

strontium silicate doped bismuth oxychloride photocatalysts are shown in figure 5.3.6 

A, B and C. In all the three BiOCl photocatalysts the peaks at around 3400cm-1 and 

1400-1600cm-1 corresponds to the stretching and bending vibrations of the hydroxyl 

groups indicating the presence of adsorbed water molecules on the surface of the 

catalysts. The weak band at around 1100 cm-1 observed in the BiOCl catalysts might 

be due to the O-Cl stretching. The bands below 950 cm-1 confirm the characteristic 

framework vibrations of Bi-O bonds in the bare as well as doped bismuth oxychloride 

photocatalysts58-60. 
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Figure 5.3.6 A FTIR spectrum of the synthesized bare bismuth oxychloride photocatalyst. 

 

Figure 5.3.6 B FTIR spectrum of the synthesized 3wt% AlF3/BiOCl photocatalyst. 

 

Figure 5.3.6 C FTIR spectrum of the synthesized 3wt% SrSiO3/BiOCl photocatalyst. 
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5.3.7. BET Surface Area Analysis 

The specific surface area of solid samples can be determined by gas adsorption 

analysis where an inert gas such as nitrogen or a mixture of nitrogen and helium is 

used as the adsorbate. Brunauer-Emmett-Teller (BET) surface area is a multi-point 

measurement method which describes the relationship between the numbers of the gas 

molecules adsorbed at a given relative pressure. The observations are generally 

referred to as the physical adsorption or physisorption. The nitrogen adsorption-desorption 

isotherms of the synthesized Bismuth oxychloride, aluminium fluoride doped bismuth 

oxychloride and strontium silicate doped bismuth oxychloride photocatalysts are 

shown in figure 5.3.7 A-C. The N2 adsorption-desorption isotherms of all the 

synthesized bismuth oxychloride photocatalysts indicate a stepwise multilayer 

adsorption which is found to be the characteristics of aggregates of plate like particles 

having slit like pores. The specific surface area of the bare bismuth oxychloride 

photocatalyst is 18.726 m2/g and that of the aluminium fluoride and strontium silicate 

doped titanium dioxide photocatalysts are 14.837m2/g and 20.577m2/g respectively. 

The surface area of Al incorporated BiOCl is decreased which might be due to the 

partial blockage of pores in the structures of the bismuth oxychloride photocatalyst. 
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Figure 5.3.7 N2 adsorption-desorption isotherm of the synthesized (A) BiOCl 

photocatalyst (B) 3 wt% AlF3 doped BiOCl photocatalyst and (C) 3 wt% SrSiO3 

doped BiOCl photocatalyst. 

 
Table 5.3.7 Surface area, pore volume and pore radius of bare-BiOCl, AlF3-BiOCl 

and SrSiO3-BiOCl photocatalysts. 

Photocatalysts Surface area 
(m2/g) 

Pore Volume 
(cc/g) 

Pore Radius (Å) 

BiOCl 18.726 0.036 21.527 

Aluminium Fluoride- BiOCl 14.837 0.030 15.280 

Strontium silicate- BiOCl 20.577 0.039 21.548 
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5.3.8. Photocatalytic Studies 

The effects of aeration, stirring of the reaction mixture and the extent of 

adsorption are a few factors that need to be taken into consideration to achieve an 

overall enhancement in the photocatalytic dye degradation process. Hence in the 

present study a preliminary analysis of decolourization of acid green 1 dye was 

studied under varying conditions as shown in figure 5.3.8 A. About 13 % 

decolourization of the dye is achieved by effective air purging in the presence of 

bismuth oxychloride catalyst at room temperature. Similarly 9% decolourization of 

acid green 1 dye is achieved in the presence of bismuth oxychloride catalyst at room 

temperature without air purging.  However, under sunlight in the absence of BiOCl 

catalyst about 4% decolourization of the dye is achieved by purging air into the 

reaction mixture. From the experimental studies carried out it is understood that the 

use of a photocatalyst and effective air purging into the reaction mixture in the 

presence of sunlight is essential for the photocatalytic dye decolourization process.  

 

Figure 5.3.8 Primary analysis of acid green 1 dye solution using bismuth oxychloride 

photocatalyst. 

(Reaction conditions: Acid green 1 dye solution (Conc. 1.13 × 10-5 mol/L; volume = 

50mL), BiOCl catalyst = 25mg/50mL, without pH adjustment, air supply ≅ 2.5L/min, 

Isolar = 699 × 100 ± 100 lux.) 
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5.3.9. Effect of pH on the photocatalytic dye decolourization process 

The solution pH is one of the most significant parameter that determines the 

electrostatic interaction between the catalyst and the substrates during the 

photocatalytic dye degradation process. The zero point charge of bismuth oxychloride 

catalyst is 4 below which the surface of the catalyst becomes positively charged and 

above this pH level the surface of the bismuth oxychloride catalyst is negatively 

charged. The maximum degradation of acid green 1 dye is observed at pH 5 this may 

be due to the fact that under acidic conditions the surface of bismuth oxychloride 

catalyst has a positive charge and attracts the anionic acid green 1 dye. However 

under extreme pH conditions, a large decrease in the dye degradation is observed this 

might be due to the fact that the three SO3
- groups of the acid green dye strongly 

adsorbs to the positively charged surface of bismuth oxychloride catalyst thus 

preventing the interaction of the light source with the catalyst and hence decrease in 

the photocatalytic dye degradation is observed similarly, at high alkaline pH levels the 

electrostatic repulsion taking place between the  negatively charged surface of BiOCl 

catalyst and the SO3
- groups of the acid green dye leads to a decrease in the 

photocatalytic degradation process. The photocatalytic degradation of acid green 1 

dye using bismuth oxychloride catalyst at various pH levels ranging from 2 to 12 is 

shown in figure 5.3.9 respectively. 
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Figure 5.3.9 Effect of pH on the photocatalytic decolourization of acid green 1 using 

bismuth oxychloride catalyst. 

(Reaction conditions: Acid green 1 dye solution (Conc. 1.13 × 10-5 mol/L; volume 

=50mL), BiOCl catalyst = 25mg/50mL, pH variation = 2-12, air supply ≅ 2.5L/min, 

Isolar = 757 × 100 ± 100 lux, Time=30 minutes) 

 
5.3.10. Effect of Catalyst Concentration 

Initially, the overall rate and removal efficiency in a photocatalytic process is 

directly proportional to the amount of catalyst however beyond a certain limiting value 

the reaction rate is independent of the catalyst concentration. Therefore, the excessive 

use of the photocatalyst will only decrease the rate of degradation process and it also 

increases the overall cost of treatment process. Hence, optimizing the catalyst dosage 

is necessary to achieve good photocatalytic efficiency. The optimum level of bismuth 

oxychloride catalyst for the photodegradation of the acid green 1 dye is found out 

from the experimental studies as shown in figure 5.3.10. For acid green 1 dye solution 

(2.27x10-5M), 15mg of BiOCl photocatalyst showed maximum degradation efficiency 
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at slightly acidic pH 5, beyond which a decrease in the photocatalytic degradation 

efficiency is noted. From the experimental studies it is observed that initially by 

increasing the catalyst dosage the degradation efficiency also increases, it then limits 

and finally decreases at high dosage. Initially on increasing the catalyst dosage dye 

adsorption capacity to the catalyst surface increases and the number of surface actives 

sites of the catalyst available for the dye molecule also increases, leading to a faster 

degradation of the dye molecules61. Similarly, a decrease in the photodegradation 

process is evidenced beyond the addition of a certain limit of catalyst dosage this is 

due to the reason that the turbidity of the dye solution increases at higher catalyst 

dosage levels thereby increasing the light scattering and reducing the penetration of 

the light source into the reaction mixture62. 

 

Figure 5.3.10 Effect of bismuth oxychloride catalyst concentration on the 

photocatalytic decolourization of acid green 1 dye. 

(Reaction conditions: Acid green 1 dye solution (Conc. 1.13 × 10-5 mol/L; volume = 50mL), 

catalyst weight = 5mg-55mg, pH = 5, air supply ≅ 2.5L/min, Isolar = 723 × 100 ± 100lux, 

Time=30 minutes) 
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5.3.11. Effect of Initial dye concentration 

The rate of dye degradation strongly depends on the interaction of the dye 

molecules with the photocatalyst and the abundance or the concentration of the dye 

molecules with respect to the catalyst particles is an important factor that is to be 

optimized to achieve an effective degradation of the dyes. The concentration of acid 

green 1 dye is optimized by carrying out the photocatalytic dye degradation at 

different dye concentrations ranging from 1.13x10-5M to 5.69x10-5M at an optimized 

pH level of 5 with a catalyst dosage of 15mg. About 75% degradation of acid green 1 

dye is observed at a concentration of 2.27x10-5M under optimized catalyst and pH 

levels within 180 minutes as shown in figure 5.3.11. A decrease in the photocatalytic 

degradation of the dye is observed beyond a concentration level of 2.27x10-5M this is 

due to the fact that on increasing the concentration of the dye solution, the number of 

dye molecules competing for the surface active sites of the catalyst also increases. 

Hence, the presence of excessive amount of dye in the water decreases the overall 

efficiency of the photocatalytic process63. Similarly, the increase in the dye 

concentration beyond the optimal limit will act as a blocking surface between the 

incident photons and the catalyst surface which leads to a decrease in the generation 

of reactive species such hydroxyl and superoxide anion radicals and hence, the rate of 

photocatalytic dye degradation also decreases64. 
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Figure 5.3.11 Effect of initial concentration of acid green 1 on photocatalytic 

decolourization using BiOCl catalyst. 

(Reaction conditions: Acid green 1 dye concentration varied from 1.13x10-5mol/L – 

5.69x10-5mol/L, volume of dye solution =50mL, catalyst concentration=15mg, pH= 5, 

air supply ≅ 2.5L/min, Isolar = 857 × 100 ± 100 lux) 

 
5.3.12. Effect of Addition of Aluminium Fluoride and Strontium silicate to BiOCl 

photocatalyst 

In recent years bismuth related materials have gained much interest among the 

environmental chemists due to their stable chemical and optical properties, easy 

synthesis and non-toxic nature. For example, Pan et al65 reported the photocatalytic 

degradation of bisphenol A using BiOI catalyst, Cheng et al66 illustrated the 

photocatalytic efficiency of visible light responsive 3D-BiOBr hollowspheres for the 

removal of toxic chromium metal ion from water and Gondal et al67 reported the 

photocatalytic decolourization of Rhodamine 6G dye under monochromatic pulsed 

laser light using BiOCl photocatalyst. Similarly other bismuth related materials such 

as BiVO4, BiPO4, Bi3NbO7, (BiO)2CO3, β- and α-Bi2O3 are reported to show excellent 

photocatalytic activity towards the degradation of toxic organic pollutants. 
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Fascinating photocatalytic applications of layer structured bismuth materials 

made researchers to explore more potentiality of the bismuth based photocatalysts by 

enhancing the photon absorption properties, separation of the electron-hole pairs and 

narrowing of the band gap energies. Researchers explored the photocatalytic performance 

of many unprecedented bismuth based materials with low cost to cope up with the 

industrial needs. Some of them are Graphene-Bi2MoO6 for the photocatalytic 

degradation of reactive brilliant red X-3B under visible light radiation, C3N4/BiPO4 

and bismuth oxyiodide-TiO2 composites are used  for the removal of methylene blue, 

bismuth sulphide-bismuth oxyiodide composite for the breakdown of methyl orange, 

Ag/AgCl/BiOCl composite photocatalyst for the degradation of Rhodamine B dye 

under visible light radiation, F-doped Bi2WO6 photocatalyst for the degradation of 

rhodamine B under simulative sunlight, Co- doped BiVO4 photocatalyst for the 

degradation of methylene blue dye under visible light radiation, Al-BiOBr photocatalyst 

for the degradation of methyl orange dye under visible light radiation, Sm3+ and Eu3+ 

doped β-Bi2O3 photocatalyst for the degradation of methylene blue and Rhodamine B 

dyes under solar and simulated solar irradiation68. 

From the literature sources it is understood that very scarce attempts have been 

made to modify bismuth oxychloride photocatalyst with aluminium fluoride and 

strontium silicate. Hence, in the present work, bismuth oxychloride photocatalyst is 

modified by adding different weight percent (0.5-3%) of aluminium fluoride and 

strontium silicate salts, and evaluated its photocatalytic activity towards the degradation 

of acid green 1 dye as shown in figure 5.3.12 A, B. From the experimental studies 

carried out it is observed that the time taken for the degradation of the acid green 1 

dye using AlF3/BiOCl photocatalyst as well as SrSiO3/BiOCl photocatalyst is very 

less compared to that with bare bismuth oxychloride photocatalyst. 
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About 80% degradation of acid green 1 dye (2.27x10-5M) under optimized 

conditions catalyst weight 15mg/50mL, pH 5 was achieved within 90 minutes using 

3wt% AlF3 doped bismuth oxychloride photocatalyst and similarly, 3wt % SrSiO3/BiOCl 

catalyst degraded 74% of acid green 1 dye (2.27x10-5M) within 90 minutes 

respectively. 

Compared to the pure bismuth oxychloride and strontium silicate/BiOCl 

photocatalyst the time taken by the aluminium fluoride doped bismuth oxychloride 

photocatalysts to degrade the dye is very less this can be attributed to the fact that 

introduction of the impurity atoms to the pure bismuth oxychloride catalyst creates 

new energy levels above the valence band and below the conduction band there 

decreasing the band gap energy and these dopants act as trapping centers for the 

charge carriers and they also facilitate the migration of the electron and holes to the 

surface reaction sites of bismuth oxychloride catalyst increasing the photonic 

efficiency in generating reactive radical species for the degradation of these synthetic 

organic dyes from the aqueous solution. Similarly, the decrease in the photocatalytic 

activity after reaching a certain dopant concentration for the degradation of the acid 

green 1 dye might be due to the fact that the trapping centres created by the 

introduction of the dopants to the pure BiOCl photocatalyst may sometimes act as 

recombination centres for the electrons and holes which might lead to the decrease in 

their photocatalytic efficiency. 
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Figure 5.3.12 A Photocatalytic decolourization of acid green 1 dye using different 

weight percent of aluminium fluoride doped BiOCl catalyst. 

(Reaction conditions: Acid green 1 dye concentration = 2.27x10-5mol/L, volume of 

dye solution =50mL, weight percent of AlF3 varied from (0.5-4 wt %), AlF3/BiOCl 

catalyst weight =15mg, pH=5, air supply ≅ 2.5L/min, Isolar = 728 × 100 ± 100lux) 

 

Figure 5.3.12 B Photocatalytic decolourization of acid green 1 dye using different 

weight percent of Strontium silicate doped BiOCl catalyst. 

(Reaction conditions: Acid green 1 dye concentration = 2.27x10-5mol/L, volume of 

dye solution =50mL, weight percent of SrSiO3 varied from (0.5-4 wt %), SrSiO3/BiOCl 

catalyst weight =15mg, pH=5, air supply ≅ 2.5L/min, Isolar = 728 × 100 ± 100lux) 
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5.3.13. Kinetic Studies 

For the photocatalytic degradation of acid green 1 dye (2.27x10-5M) studied at 

optimized pH level 5 using aluminium fluoride and strontium silicate (0.5-4%) doped 

bismuth oxychloride catalysts, the rate and order of the reaction is studied by 

Langmuir-Hinshelwood kinetic model using the expression ln (Co/C) versus time ‘t’. 

The R2 values obtained for decolourization of acid green 1 using 0.5-4 wt % of AlF3 

doped BiOCl photocatalysts are 0.996, 0.983, 0.966, 0.978, 0.981 and the rate 

constant values are 9.22x10-3, 1.16x10-2 , 4.60x10-2 , 9.78x10-2 and 6.80x10-2 min-1. 

Similarly, R2 values obtained for decolourization of acid green 1 using 0.5-4 wt % of 

SrSiO3 doped BiOCl photocatalysts are 0.987, 0.976, 0.985, 0.963, 0.982 and the rate 

constant values are 8.90x10-3, 9.60x10-3 , 1.0x10-2 , 8.75x10-2  and 5.30x10-2 min-1 and 

for bare BiOCl catalyst the R2 value and rate constant value is 0.946 and 8.60x10-3 min-1. 

Recently, S. Seddigi et al69 investigated the kinetics of photocatalytic degradation of 

synthetic organic dyes such as methylene blue and methyl orange by Langmuir-

Hinshelwood kinetic model, the plot of –ln(C/Co) vs ‘t’ made by them showed that the 

reaction followed first order kinetics with respect to the catalyst concentration. In the 

present work, a linear fit obtained between ln (Co/C) versus time‘t’ and the R2 values 

close to unity reveals that the photocatalytic degradation of acid green dye  using 

different weight percent of AlF3 and SrSiO3-loaded BiOCl photocatalysts followed 

pseudo-first order kinetics. 
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Fig. 5.3.13 shows the plot of ln C0/C vs‘t’ for the photocatalytic decolourization of 

acid green 1 using (A) undoped BiOCl and (0.5-4 wt%) AlF3 doped BiOCl and (B) 

using (0.5-4 wt %) SrSiO3 doped BiOCl photocatalyst. 

 
5.3.14. UV-Visible Spectroscopic Analysis 

The UV-Visible absorption studies is carried out for the photocatalytic degradation 

of the acid green 1 dye using AlF3/BiOCl and SrSiO3/BiOCl photocatalysts to 

understand the extent of destruction of the chromophoric groups present in the dye. 

The most prominent absorption peak of the acid green 1 dye observed at around 

715nm decreases continuously during the course of the reaction as shown in figures 

5.3.14 A, B and the inset shows the change in the colour of the dye from green to 

colourless which is due to the destruction of the chromophoric nitroso group present 

in the dye. With the increase in the reaction time, the decrease in the intensity of the 

peak at 715 nm of the dye is monitored with the help of UV-Visible 

spectrophotometer and it is observed that a maximum decrease in the intensity of the 

peak is reached within 90 minutes during the photocatalytic treatment using 

AlF3/BiOCl catalyst which implies that the aluminium fluoride incorporated bismuth 

oxychloride catalyst is effective in the destruction of the nitroso dye (Acid green 1) 

indicating that the fragment of the dye do not contain any chromophoric groups which 

is evidenced from the UV-Visible absorption studies.  



 

 

243 

 

Figure 5.3.14 UV-Visible absorption spectra showing the decolourization of acid 

green 1 in the presence of (A) AlF3/BiOCl and (B) SrSiO3/BiOCl photocatalysts. 

 
5.3.15. Comparison of the Efficiencies of Different Photocatalysts 

The degradation efficiencies (in terms of % decolourization) of bare bismuth 

oxychloride and different weight percents (0.5-4 wt%) of aluminium fluoride and 

strontium silicate doped bismuth oxychloride photocatalysts is compared for the synthetic 

dye acid green 1 and the values are shown in table 5.3.15. 

For acid green 1 dye degradation at optimum conditions such as dye concentration 

(2.27x10-5M, pH 5, catalyst weight 15mg/50mL) under solar radiation for 90 minutes, 

the degradation efficiencies of different photocatalysts are shown below: 

3%AlF3/BiOCl > 2% AlF3/BiOCl > 3% SrSiO3/BiOCl > 1% AlF3/BiOCl > 

0.5%AlF3/BiOCl = 2% SrSiO3/BiOCl > 1% SrSiO3/BiOCl > BiOCl > 0.5% 

SrSiO3/BiOCl > 4% AlF3/BiOCl  4% SrSiO3/BiOCl 

From the comparative analysis, it is observed that aluminium fluoride doped 

bismuth oxychloride photocatalyst are generally more efficient in degradading the 

acid green 1 dye compared to bare bismuth oxychloride photocatalyst and strontium 

silicate doped bismuth oxychloride photocatalyst. 
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The degradation efficiencies of the photocatalysts depend upon many factors 

such as the ability of the dye to get adsorbed on the photocatalyst, structure and 

concentration of the dyes and absorption of light by photocatalysts. In the overall 

process, a maximum of 80% degradation of the acid green 1 is achieved with 3 wt% 

AlF3/BiOCl photocatalyst within 90 minutes of time under sunlight compared to 

strontium silicate and undoped bismuth oxychloride photocatalysts. 

Table 5.3.15 Comparison of the efficiencies (in terms of % decolourization) of doped 

and undoped bismuth oxychloride oxide photocatalysts towards acid green 1. 

 
 

Photocatalysts 

Acid green 1 dye 
(Optimized conditions: pH=5, 
Catalyst weight=15mg/50mL, 

Initial dye concentration= 
(2.27x10-5mol/L), Time=90 minutes.) 

 
Bare BiOCl 

 
0.5% AlF3/BiOCl 

 
1% AlF3/BiOCl 

 
2% AlF3/BiOCl 

 
3% AlF3/BiOCl 

 
4% AlF3/BiOCl 

 
0.5% SrSiO3/BiOCl 

 
1% SrSiO3/BiOCl 

 
2% SrSiO3/BiOCl 

 
3% SrSiO3/BiOCl 

 
4% SrSiO3/BiOCl 

 

 
58 
 

62 
 

67 
 

74.8 
 

80 
 

54 
 

55 
 

59 
 

62 
 

71.6 
 

53.5 
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5.3.16. Effect of Free radical scavenging activity 

In order to understand the involvement of reactive species and mechanism of 

photocatalytic degradation process an indirect chemical probe method was adopted 

with scavengers of various possible active species. The generation of reactive species 

such as h+, .OH, O2
.- and e- during the photocatalytic process is investigated by the 

addition of radical quenchers such as EDTA, isopropyl alcohol, ascorbic acid and 

sodium sulphate. For investigating the effect of radical scavenging activity, 1mM 

solution of the radical quenchers such as EDTA, isopropyl alcohol, ascorbic acid and 

sodium sulphate are added to the dye solutions at optimized pH, catalyst and dye 

concentrations and a blank experiment is also carried out without the addition of 

quenchers under identical conditions. For the photocatalytic degradation of acid green 

1 dye using the most active 3 wt%-AlF3/BiOCl catalyst about 80% degradation of the 

dye is achieved in the absence of any quencher and about 32%, 58%, 29% and 47% 

degradation is achieved by the addition of quenchers such as EDTA, isopropyl 

alcohol, ascorbic acid and sodium sulphate respectively. The experimental results 

clearly shows that compared to electrons and hydroxyl radicals, the involvement of 

holes and superoxide anion radical species are significant during the photocatalytic 

process. Similarly Pingmuang et al70 reported that the addition of benzoquinone as a 

superoxide anion radical scavenger completely quenched the degradation reaction of 

methylene blue and Rhodamine B dyes using BiVO4 catalyst. 
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Figure 5.3.16 Effect of radical scavengers for the photocatalytic degradation of acid 

green 1 dye using 3wt % AlF3/BiOCl photocatalyst under optimized conditions. 

 
5.3.17. Mineralization Studies 

Only 10-20 % reduction in the total organic carbon content level is achieved 

by conventional water treatment methods71. Advanced oxidation process such as 

heterogeneous photocatalysis using semiconductors, is a great technology that degrades 

the toxic organic pollutants to harmless mineralized products. In order to confirm the 

degradation of acid green 1 dye (2.27x10-5), total organic carbon measurements is 

carried out for the aqueous dye sample before and after the photocatalytic treatment 

with 3 wt % AlF3/BiOCl at optimum pH and catalyst concentration under sunlight. 

About 52.7% degradation of the acid green 1 dye is achieved after 90 minutes of 

sunlight irradiation whereas from the spectrophotometric measurement it is observed 

that 79% decolourization of the acid green 1 dye is achieved. The results obtained 

suggest that the complete mineralization of dye molecule into CO2, H2O and mineral 

acids might take longer time.  
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Figure 5.3.17 shows the percentage removal of total organic carbon in the aqueous 

solution of acid green 1 dye using 3wt% AlF3/BiOCl photocatalyst under optimized 

conditions. 

 
5.3.18. Reusability Studies 

Evaluation of the recyclability and reusability of the photocatalyst is significant 

for large scale effluent treatment process72. Hence, in the present work the reusability 

of the most active catalyst 3 wt% AlF3/BiOCl is checked against acid green 1 dye. 

The photocatalyst is recovered by centrifugation, dried and reused with fresh dye 

solutions and the absorbance is recorded using UV-Visible spectrophotometer. From 

the reusability studies, it is observed that the only a negligible decrease of 5 % loss in 

photocatalytic activity occurred until three cycles. However, in the 4th and 5th runs a 

significant loss of photocatalytic activity occurred from 79 to 48% which suggests that 

the aluminium fluoride loaded bismuth oxychloride photocatalyst can be efficiently 

reused for three repeated cycles. 
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Figure 5.3.18 shows the reusability of the most active 3 wt % AlF3/BiOCl catalyst for 

the photocatalytic degradation of acid green 1 dye. 

 
5.3.19. Proposed Mechanism 

Bismuth oxychloride is a layered semiconductor photocatalyst with unique 

photoelectric properties and is found to show good photocatalytic performance73. 

Under sunlight radiation, the electrons in the valence band of BiOCl photocatalyst is 

excited to generate electron hole pairs and the redox reactions are initiated as shown below 

BiOCl + hυ → BiOCl ( h+
VB + e-

CB)    ......................... eq.(5.35) 

BiOCl ( h+
VB) + H2O → BiOCl + H+ + -OH   ......................... eq.(5.36) 

BiOCl ( h+
VB) + -OH → BiOCl + .OH   ......................... eq.(5.37) 

BiOCl (e-
CB) + O2 → BiOCl + O2

.- ......................... eq.(5.38) 

O2
.-  + H+ →HO2

. ......................... eq.(5.39) 

HO2
. + H+ + BiOCl (e-

CB) → H2O2 + BiOCl   ......................... eq.(5.40) 

H2O2 + BiOCl (e-
CB) → .OH + -OH + BiOCl   ......................... eq.(5.41) 

Dye + .OH/O2
.- →→→→ Degradation products   ......................... eq.(5.42) 



 

 

249 

The fast recombination of the photogenerated electrons and holes in the BiOCl 

photocatalyst has limited its practical applications in water treatment process. Hence, 

in order to overcome this limitation and enhance the sunlight absorption ability, 

numerous studies and modifications on the BiOCl photocatalyst is carried out in 

recent years. Some of the common methods adopted for the modification of BiOCl 

photocatalyst include ion doping, coupling, photosensitization, noble metal deposition 

etc. Among various methods adopted doping of metal ions was reported to be 

effective in enhancing the light absorption ability and accelerating the separation of 

electron hole pairs in the bismuth oxychloride photocatalyst74. 

In view of these facts, doping of the bare BiOCl photocatalyst with metals 

such as ‘Al’ and ‘Sr’ was done for the present work. Doping creates additional energy 

levels that is above the valence band edge and below the conduction band edge of 

BiOCl photocatalyst acting as both electron and hole traps. 

From the photocatalytic studies, it was observed that the doping of aluminium 

fluoride salt to the bismuth oxychloride photocatalyst led to a faster degradation of the 

synthetic dye acid green 1 compared to strontium silicate modified BiOCl and 

undoped BiOCl photocatalysts. 

The lower photocatalytic activity of strontium silicate doped-BiOCl 

photocatalyst can be ascribed to the following reasons: 

Strontium silicate used as a dopant distorts the lattice sites, creates defects and 

occupies the photocatalytically active sites of bismuth oxychloride photocatalyst 

thereby reducing the number of active sites available for the photocatalytic reaction. 

Addition of excess amount of strontium silicate dopant to bismuth oxychloride sites 

might have resulted in recombination centers for the photogenerated electron-hole 

pairs resulting in a decreased photocatalytic activity. 
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The higher photocatalytic activity of aluminium fluoride doped bismuth 

oxychloride photocatalyst compared to the undoped and SrSiO3 doped BiOCl 

photocatalysts can be attributed to the fact that the introduction of ‘Al’ to the BiOCl 

catalyst may act as trapping centers for the photogenerated electrons and holes. The 

additional energy states created by the introduction of Al3+ ions to the [Bi2O2]Cl 

lattices lead to a reduction in the bandgap values, and Al3+ ions trap the 

photogenerated electrons and holes to form less stable Al2+/Al 4+ ions which further 

react with the surface adsorbed O2 and hydroxyl ions to form the reactive species such 

as hydroxyl and superoxide anion radicals. The plausible mechanism is depicted as 

given below: 

BiOCl + hυ → BiOCl ( h+
VB + e-

CB)    ......................... eq.(5.43) 

Al 3+ + e- → Al2+ (electron trap)    ......................... eq.(5.44) 

Al 2+ + O2 (ads) → Al3+ + O2
.- (electron release)  ......................... eq.(5.45) 

Al 3+ + h+ → Al4+ (hole trap)     ......................... eq.(5.46) 

Al 4+ + OH- → .OH + Al3+ (hole release)   ......................... eq.(5.47) 

The superoxide anion radical and hydroxyl radicals generated in situ are 

highly reactive species that triger the degradation of dyes. 

Dye.+ + O2
.-  →→→→ Degradation products   ......................... eq.(5.48) 

Dye.+ + .OH → Degradation products   ......................... eq.(5.49) 
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Figure 5.3.19 Perspective mechanism for the degradation of dye mediated by 

AlF3/BiOCl catalyst under sunlight. 

 
Similarly, Cao et al75 reported that the doping of ‘Mn’ to BiOCl photocatalyst 

has improved the light absorption ability and separation of electron hole pairs which 

in turn increased the photocatalytic performance of the BiOCl catalyst. Recently 

Sheng et al76 reported the synergistic effect of Cd2+ and Fe2+ reduced the band gap 

energy level of bismuth oxybromide photocatalyst and the introduction of impurity 

energy levels by Cd2+ and Fe2+ doping enhanced the electronic transitions and 

utilization of the electrons and holes in the photocatalytic redox reactions. 
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5.4. EFFLUENT TREATMENT AND ANTIMICROBIAL ACTIVITY OF 

2%AlF 3-ZnO/1%AlF 3-TiO 2/3%AlF 3-BiOCl PHOTOCATALYST 

The best photocatalysts among the aluminium fluoride and strontium silicate 

doped ZnO, aluminium fluoride and strontium silicate doped TiO2 as well as 

aluminium fluoride and strontium silicate doped BiOCl were identified from the 

photocatalytic study. In order to understand the practical utility of these photocatalysts, 

the synthesized photocatalysts 2wt%AlF3-ZnO/1wt%AlF3-TiO2/3wt% AlF3-BiOCl 

were mixed in equal weight ratios(1:1:1) and used for the treatment of the collected 

effluent. The antimicrobial property of the synthesized 2wt%AlF3-ZnO/1wt%AlF3-

TiO2/3wt%AlF3-BiOCl composite photocatalyst and the mechanism of antimicrobial 

action are studied and the details are discussed below in the following sub-sections 

 
5.4.1. Effluent Treatment 

The effluent released from the dyeing house is highly polluted and is visible 

with unacceptable color, high biological oxygen demand, chemical oxygen demand, 

dissolved solids, surfactants and traces of metals. The toxic organic contaminants 

present in the released wastewater is highly resistant to chemical, physical and 

biological degradation process and persist in the environment for a long period of 

time giving rise to several health issues and unnecessary damage to environment. The 

major cause for the visibility of the intense color in the released wastewater is the 

incomplete fixing of the dyes to the fabric. The amount of dye lost during the process 

of dyeing depends upon the application method, type and quality of the fabric used 

and upon the depth of the shades required as per the demand. In order to control water 

pollution our government has set forth general standards for the release of wastewater 

from the industries. The permissible limit for the discharge of wastewater is given 

below in table 5.4.1. 
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Table 5.4.1 Permissible limits for the discharge of wastewaters according to Indian 

Standards 

 

Parameters 

Discharge of 
wastewater into 
inland surface 

Discharge of 
wastewater into 

Sewers 

Discharge of 
wastewater for 

irrigation 

Colour (Hazen units) 25 300 - 

Odour unobjectionable unobjectionable unobjectionable 

Suspended 
solids(mg/L) , max 

100 600 200 

Total dissolved solids 
(mg/L), max 

2100 2100 1000 

pH 5.5-9.0 5.5-9.0 5.5-9.0 

Temperature (oC) 
40 45 

Shall not exceed 5oC 
above the receiving 
water temperature 

Oil and grease (mg/L), 
max 

10 20 10 

Total residual chlorine 
(mg/L) , max 

1.0 - - 

Total nitrogen (mg/L), 
max 

100 - - 

Biological oxygen demand 
(mg/L) , max 

30 350 100 

Chemical oxygen 
demand (mg/L), max 

250 - - 

Sulphide (mg/L), max 2.0 - - 

Fluorides (mg/L), max 2.0 15 - 

Cadmium (mg/L), max 2.0 1.0 - 

Mercury (mg/L), max 0.01 0.01 - 

Nitrates(mg/L), max 10 - - 

Phenolic compounds 
(mg/L), max 

1.0 5.0  

Iron (mg/L), max    

Arsenic (mg/L), max 0.2 0.2 0.2 

Lead(mg/L), max 0.1 1.0 - 

Zinc(mg/L), max 5.0 15 - 

Selenium (mg/L), max 0.05 0.05 - 



 

 

254 

Total chromium (mg/L), 
max 

2.0 2.0 - 

Copper (mg/L), max 3.0 3.0 - 

Nickel(mg/L), max 3.0 3.0 - 

Dissolved phosphates 

(mg/L), max 
5.0 - - 

Manganese (mg/L), max 2 2 - 

Vanadium (mg/L), max 0.2 0.2 - 

Free ammonia 

(mg/L), max 
5.0 - - 

Ammonical nitrogen 

(mg/L), max 
50 50 - 

Bio-assay test 90% survival of fish 
after 96 hours in 
100% effluent 

90% survival of fish 
after 96 hours in 
100% effluent 

90% survival of fish 
after 96 hours in 
100% effluent 

Radioactive materials 

(a) Alpha emitters 
micro curie 
(mg/L) , max 

(b) Beta emitters 
micro curie 
(mg/L) , max 

 

10-7 

 

 

10-6 

 

10-7 

 

 

10-6 

 

10-6 

 

 

10-7 

 
Very scarce attempts have been made by the researchers to check the applicability 

of the mixed photocatalysts for the treatment of real textile effluent. Recently, Khan et al77 

investigated the catalytic applicability of ZnO and TiO2 photocatalysts and hydrogen 

peroxide for the effluent collected from Gul Ahamed industry in Karachi and reported 

that titanium dioxide showed efficient decolorization of the effluent (95%) compared 

to ZnO photocatalyst (64%) under UV irradiation within 150 minutes. Similarly, 

Nogueira et al78 reported the photocatalytic treatment of mining and kraft pulp mill 

effluents using TiO2 – Fe2O3 /H2O2/UV and achieved 93%, 63% and 89% removal of 

color, aromatic compounds and chemical oxygen demand  respectively. 
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In the present work the efficiency of the synthesized 2wt%AlF3-

ZnO/1wt%AlF3-TiO2/3wt% AlF3-BiOCl photocatalyst is tested against the effluent 

under sunlight. As Tiruppur (Tamil Nadu, India) has a large cluster of dyeing units 

and is a hub of textile and manufacturing industries, this place was chosen for the 

sample collection. The colour of the collected effluent was deep green to black and in 

order to achieve efficient degradation, the collected effluent is initially filtered, 

diluted the effluent with water in the ratio (1:9) and subjected to photocatalytic 

degradation process. The decolourization of the effluent before and after the 

photocatalytic treatment is monitored using the UV-Visible Spectrophotometer shown 

in the following figure. 

  

Figure 5.4.1 (A) UV-Visible absorption spectrum of the diluted effluent before the 

photocatalytic tretament (B) UV-Visible absorption spectrum of the effluent after the 

photocatalytic tretament  

 
From the UV-Visible spectral studies, it is observed that the effluent before 

the photocatalytic treatment shows peaks at 623 nm, 292 nm and 244 nm. After the 

treatment of the effluent with  2wt%AlF3-ZnO/1wt%AlF3-TiO2/3wt% AlF3-BiOCl 

composite photocatalyst under direct sunlight with effective air purging it is observed 

the peak at 623 nm in the UV-Visible absorption spectrum completely disappeared 

however, the peaks at 292, 244 nm and the presence of peak at 273 nm shows that 
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although a drastic decrease in the colour  of the effluent is achieved after the 

photocatalytic treatment, colorless pollutants still remain in the effluent and hence, a 

thorough analysis of the physico-chemical parameters of the effluent before and after 

the photocatalytic treatment is done to understand the extent of removal of the 

pollutants from the wastewater. 

 
5.4.2. Analysis of the physico-chemical parameters of the Effluent 

Colour 

The intense color observed in the water resources located nearby manufacturing, 

textile, dyeing and printing units are due to the discharge of unfixed dyes, lignin, 

tannins, organic and inorganic chemicals. The humic and fulvic acids present in the 

water sources gives color and further the iron content in the water bodies increases the 

intensity of the color due to the formation of soluble ferric humates. Here, the 

collected effluent was deep green in color (550 Hazen units) which significantly 

reduced to < 1.0 Hazen units after the photocatalytic treatment. 

Odor 

Odor is an important parameter that affects the quality and aesthetics of the 

drinking water sources. Most organic and some inorganic chemicals that are discharged 

from the municipal and industrial areas, decayed vegetable matters and associated 

pathogens are a major cause for the unacceptable odor of the water. The odor of the 

effluent after the photocatalytic treatment is agreeable. 

Turbidity 

Clarity of the water source is an important determinant that needs to be 

evaluated before human consumption. The main reason for turbid water is due to 

contamination by dissolved organic and inorganic particulates. The turbidity measurements 
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of the samples are made in terms of Nephelometric turbidity units. The turbidity of 

the effluent before the photocatalytic treatment is found to be 128 NTU which has 

reduced to 116 NTU after the photocatalytic treatment process.  

Electrical conductivity 

The electrical conductivity depends on the mobility and concentration of the 

ions present in the water. The electrical conductivity of the effluent was 4394 

Micromhos cm-1 which decreased to 1523 Micromhos cm-1 after the photocatalytic 

treatment process. 

Total dissolved solids 

The presences of high level of solid content in the water induces unfavorable 

physico-chemical reactions and are considered to be of inferior platability. Water 

sources with greater than 500mg/L of TDS are unsuitable for drinking purposes. The 

TDS of the effluent was 2636mg/L which reduced to 914mg/L after the photocatalytic 

treatment process. 

Total suspended solids 

Analyses of the solid content in the water and wastewater samples are 

important because the high concentration of suspended solids may be aesthetically 

unsatisfactory for bathing and other domestic purposes. The TSS of the effluent was 

38mg/L which reduced to 29mg/L after the photocatalytic treatment process. 

pH 

The intensity of acidity or basicity of a solution is characterized by pH or 

hydrogen ion activity. The pH measurement is one of the important parameter 

required for every phase of water supply and especially in the wastewater treatment 

process. The pH at 25oC for the effluent was 8.12 which decreased to 7.5 after the 

photocatalytic treatment process. 
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Alkalinity  

The alkalinity is referred to as the acid neutralizing capacity of the water. 

Total alkalinity is an important parameter that needs to be checked whether it is 

suitable for irrigation and domestic purposes. The alkalinity measured as CaCO3 in 

the effluent was 829 mg/L which drastically reduced to 378 mg/L after the 

photocatalytic treatment process. 

Total Hardness 

The hardness of the water can be defined as the sum of the concentration of 

calcium and magnesium ions. The total hardness of a sample can vary from zero to 

hundreds of milligrams per liter depending upon the source. The total hardness of the 

effluent was calculated to be 460 mg/L which after the photocatalytic treatment 

process was below the detection limit. 

Chlorides 

The presence of chlorine is high in wastewater compared to freshwater sources 

and its presence in the wastewater is detected as Cl- ion. The concentration of chlorine 

in water resources becomes high due to the discharge of polluted wastewaters from 

the industries and leads to increased salty taste depends on the chemical composition 

of the water. The major issues of increased level of chloride in water are inhibition of 

plant growth, strains metallic pipelines. The chloride concentration in the effluent was 

650 mg/L before the photocatalytic treatment and it significantly decreased to 165 

mg/L after the treatment. 

Fluorides 

The excess amount of fluorine content in the water may lead to fluorosis. The 

concentration of F- of ion in the effluent was 1.88 mg/L which reduced to 1.41 mg/L 

after the photocatalytic treatment process 



 

 

259 

Sulphate content 

When the concentration of sulphate exceeds a level of 250mg/L in water it 

may bring a laxative effect on combination with calcium and magnesium ions. 

Bacterial attack causes reduction of sulphate to form hydrogen sulphide gas. The 

excessive discharge of sulphate is from sewage treatment plants, run off from 

agricultural lands, tanneries, textile mills as well as from paper and pulp industries. 

About 393mg/L of sulphate is estimated as SO4
2- ions in the effluent which 

significantly reduced to 136mg/L after the photocatalytic treatment. 

Iron content 

Iron is an essential constituent of drinking water however the level of iron 

content in the drinking sources may increase due to the discharge from the industrial 

sectors which further causes stains in the utensils and leads to objectionable taste and 

color to the food. However, the increased level of iron content in portable water may 

cause severe health issues such as nausea, vomiting, diarrhea, stomach pain and even 

damage the liver and pancreas. The concentration of iron in the effluent is 0.41 mg/L 

which has reduced to 0.29 mg/L after the photocatalytic treatment. 

Nitrates and Nitrites 

Only trace quantities of nitrate is present in surface water but may attain high 

levels in ground water and the consumption of nitrate containing water can lead to 

methemoglobinemia in infants. The amount of nitrate estimated as NO3
- in the effluent 

was found to be 25mg/L which reduced to 21mg/L after the photocatalytic treatment. 

Similarly, the amount of nitrite estimated as NO2
- in the effluent was found to be 

0.094mg/L which reduced to 0.082mg/L after the photocatalytic treatment. 
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Chemical oxygen demand 

Chemical oxygen demand analysis refers to the determination of equivalent 

amount of oxygen required to chemically oxidize the organic matter in the wastewater. 

The chemical oxygen demand for the effluent before photocatalytic treatment was 265 

mg/L which reduced to 132mg/L after the photocatalytic treatment process. 

Biological oxygen demand 

BOD refers to the amount of molecular oxygen required to biochemically 

oxidize the organic matter present in wastewaters. The biological oxygen demand for 

the effluent before photocatalytic treatment was 21 mg/L which reduced to 10mg/L 

after the photocatalytic treatment process. 

Total organic carbon 

TOC analysis refers to the measurement of the organic carbon content present 

in the wastewater released from the textile, dyeing and printing units. The total 

organic level in the drinking water varies from <1.0 to > 25mg/L and in the 

wastewater it can be above 100mg/L. The total organic carbon content in the effluent 

was 120mg/L which drastically reduced to 60mg/L after the photocatalytic treatment. 
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Table 5.4.2 Results of the Physico-chemical analysis of the effluent before and 

after the photocatalytic treatment 

 

S. No. 

 

Parameters 

Before the 
photocatalytic 

treatment 

After the 
photocatalytic 

treatment 

1. Colour (Hazen units) 550 <1.0 

2. Odour Agreeable Agreeable 

3. Electrical conductivity 
(Micromhos/cm) 

4394 1523 

4. Turbidity (NTU) 128 116 

5. pH value 8.12 7.56 

6. Total suspended solids 
(mg/L) 

38 29 

7. Total dissolved solids (mg/L) 2636 914 

8. Total hardness (mg/L) 460 <1.0 

9. Total alkalinity (mg/L) 829 378 

10. Chlorides (mg/L) 650 165 

11. Sulphates (mg/L) 393 136 

12. Total iron (mg/L) 0.41 0.29 

13. Fluorides (mg/L) 1.88 1.41 

14. Nitrates(mg/L) 25 21 

15. Nitrites(mg/L) 0.094 0.082 

16. Chemical oxygen demand 
(mg/L) 

265 132 

17. Biological oxygen demand 
(mg/L) 

21 10 

18. Total organic carbon (mg/L) 120 60 
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5.4.3. In Vitro Antimicrobial Assay of the synthesized 2 wt %AlF3-ZnO/1 wt % 

AlF3-TiO 2/ 3 wt % AlF3-BiOCl composite 

The formulation, development and widespread use of antibiotics has led to the 

growth of new multidrug resistant microbial strains and therefore a safety concern 

about the health standards has considerably increased over the past decades. The 

increasing concern for food safety and human health standards made the scientists all 

over the world to explore new antimicrobial substances with no side effects. The non-

toxic nature, chemically stability and strong oxidizing power by free radical generation 

of the Ag, TiO2 and ZnO nanomaterials made the scientists to test the antimicrobial 

properties of these materials against a wide range of gram positive and gram negative 

bacteria. The positive results obtained stimulated many researchers to synthesize and 

investigate the antimicrobial properties of many more new inorganic materials. 

 
5.4.4. Antimicrobial activity of nanocomposites 

Recently Lalabadi et al79 reported that ZnO/TiO2/4A Zeolite composite synthesized 

by hydrothermal method showed good antibacterial activity against gram positive and 

gram negative bacteria. Similarly, different concentrations of Ag/TiO2 and Cu2+/TiO2 

composites80 used to inhibit the growth E. coli C600, S. cerevisiae W303 strains and 

Arabidopsis thaliana Col-0 strain showed that among Ag/TiO2 and Cu2+/TiO2, silver 

doped TiO2 significantly reduced the growth of E.Coli. According to the recent 

review articles81-83, ZnO/Graphene oxide, Ag/ZnO, Fe2O3/TiO2, Au/TiO2, CuO, 

Mn2O3, Ce-TiO2, Bi2O3, PVP coated Bismuth nanoparticles are some promising materials 

which showed good antimicrobial activity. The combination of UV light, laser 

technology along with the antibiotics such as amoxicillin is found to show a synergic 

effect in the growth inhibition on bacteria such as Escherichia coli, Pseudomonas 
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aeruginosa, Proteus vulgaris, and Staphylococcus aureus. A single nanomaterial prepared 

via different routes is reported to show varying level of inhibitory action against the 

microbes. The principle factors differentiating the antimicrobial potential of the 

nanomaterials include their size, shape, crystal growth and moreover the interaction of 

these materials with the pathogens. In recent years, a large number of research articles 

reported the photocatalytic antimicrobial action against various pathogens. 

Some of the advantages of the photocatalytic disinfection are 

� The use of atmospheric oxygen by the catalysts replaces the role of toxic and 

hazardous chemicals. 

� Photocatalysts used are less expensive and reusable. 

� Power supply and any maintenance related to it can be eliminated as the 

catalysts has the ability to make use of solar radiation. 

� The photocatalytic technique is simple, easily adoptable and can be operated 

not only in cities but also in remote and rural areas. 

� Complete destruction of the microorganisms is possible.  

The most common microorganisms used for the microbial studies include 

Escherichia coli, Staphylococcus aureus, Enterococcus faecalis, Streptococcus Faecalis, 

Bacillus subtilis, Acinetobacter baumannii, Mycobacterium tuberculosis, Pseudomonas 

aeruginosa, Candida albicans, and Aspergillus niger. Several studies reported that the 

diffusion of the positively charged metal ions into microbes and the reactive oxygen 

species formed caused the oxidation and cell destruction of the microbes. 

 
5.4.5 Antibacterial studies of 2wt%AlF3-ZnO/1wt%AlF 3-TiO 2/3wt%AlF 3-BiOCl 

photocatalyst 

The disc diffusion method is carried out to assess the antibacterial activity of 

the 2wt%AlF3-ZnO/1wt%AlF3-TiO2/3wt%AlF3-BiOCl photocatalyst. The concentration 
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of the photocatalyst is varied from 60 to 100µg/ml to find out the maximum zone of 

inhibition that can be achieved with minimal catalyst concentration shown in figure 

5.4.5 and the results are tabulated in table. For the bacteria S. aureus, the zone of 

inhibition increased from 3mm to 5mm on increasing the catalyst concentration from 

60µg/ml to100µg/ml and a similar trend is observed in the case of other bacteria P. 

aeruginosa and E. Coli the maximum zone of inhibition observed is 7mm and 6mm 

respectively for 100µg/ml of catalyst concentration. Amoxicillin is used as a standard 

for the antibacterial activity and the zone of inhibitions observed are 9mm, 8mm and 

9mm for S. aureus, P. aeruginosa and E. Coli respectively. Among the three different 

types of bacteria S. aureus, P. aeruginosa and E. Coli, the maximum antibacterial 

action using 2 wt%AlF3-ZnO/1wt% AlF3-TiO2/3wt% AlF3-BiOCl composite catalyst 

is observed against P. aeruginosa which might be due to difference in the membrane 

structures of the bacteria. Overall the synthesized 2wt%AlF3-ZnO/1wt%AlF3-

TiO2/3wt%AlF3-BiOCl catalyst showed good antibacterial efficacy.  

Table-5.4.5 Results of in vitro Antibacterial activity of 2wt% AlF 3-

ZnO/1wt%AlF 3-TiO 2/ 3 wt%AlF 3-BiOCl catalyst 

Organisms/Zone of inhibition (mm) 

Samples 
Samples 

 
Concentrations 

(µg/ml) Staphylo- 
-coccus 
aureus 

Pseudomonas 
aeruginosa 

Escherichia 
coli 

60 3 5 4 

80 4 6 5 

 
2wt%AlF 3ZnO/
1wt%AlF 3TiO 2/
3wt%AlF 3-
BiOCl catalyst 100 5 7 6 

Ethanol 10 µl/disc 0 0 0 

Standard (Std) 
(Amoxicillin) 

10 µl/disc 9 8 9 
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Fig. 5.4.5 Antibacterial disc diffusion assay of 2wt%AlF3-ZnO/1wt%AlF 3-

TiO 2/3wt% AlF 3-BiOCl composite towards (A) Staphylococcus aureus (B) 

Pseudomonas aeruginosa and (C) Escherichia coli respectively 

 
5.4.6. Antifungal studies of 2wt%AlF3-ZnO/ 1wt%AlF 3-TiO 2/3wt%AlF 3-BiOCl 

photocatalyst 

The disc diffusion method is carried out to assess the antifungal activity of the 

2wt%AlF3-ZnO/1 wt%AlF3-TiO2/3wt%AlF3-BiOCl composite. The concentration of 

the photocatalyst is varied from 60 to 100µg/ml to find out the maximum zone of 

inhibition that can be achieved with minimal catalyst concentration shown in figure 

5.4.6 and the results are tabulated in table. For the fungi Aspergillus flavus, the zone 
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of inhibition increased from 3mm to 6mm on increasing the catalyst concentration 

from 60µg/ml to100µg/ml and a similar trend is observed in the case of other fungi 

Candida auris and Candida albicans the maximum zone of inhibition observed is 

6mm and 5mm respectively for 100µg/ml of catalyst concentration. Fluconazole is 

used as a standard for the antifungal activity and the zone of inhibitions observed are 

8mm, 7mm and 7mm for Aspergillus flavus, Candida auris and Candida albicans 

respectively. The zone of inhibition observed of all the three different types of fungi 

Aspergillus flavus, Candida auris and Candida albicans is found to be more or less 

the same using 2wt%AlF3-ZnO/1wt%AlF3-TiO2/3wt%AlF3-BiOCl composite catalyst 

and it is concluded that the synthesized 2wt%AlF3-ZnO/1wt%AlF3-TiO2/3wt%AlF3-

BiOCl catalyst showed good antifungicidal activity.  

Table-5.4.6: Results of in vitro Antifungal activity of 2wt%AlF 3-ZnO/1wt%AlF 3-

TiO 2/3wt %AlF 3-BiOCl composite 

Organisms/Zone of inhibition (mm) 

Samples 
Samples 

 

Concentrations 

(µg/ml) Aspergillus 
flavus 

Candida 

auris 
Candida 
albicans 

60 3 4 3 

80 5 5 4 

2 wt % AlF 3-
ZnO/ 1 wt % 
AlF3-TiO 2/ 3 
wt % AlF 3-
BiOCl 

100 

 
6 6 5 

Ethanol 10 µl/disc 0 0 0 

Standard 
(Std) 

(Fluconazole) 
10 µl/disc 8 7 7 
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Fig. 5.4.6 Antifungal disc diffusion assay of 2wt%AlF3-ZnO/1wt%AlF 3-

TiO 2/3wt%AlF 3-BiOCl composite towards (A) Aspergillus flavus (B) Candida 

vulgaris and (C) Candida albicans respectively 

 
5.4.7. Mechanism of antimicrobial activity 

The exact mechanism behind the antimicrobial action caused by the photocatalytic 

materials is still not clear. Based on the literature reports a probable mechanism for 

the deactivation of the microbes is given below 

(i) Formation of the Reactive Oxygen Species (ROS) 

• The lethality caused to the microbes by ZnO, TiO2, BiOCl catalysts are due to 

the production of the reactive oxygen species such as (-OH, H2O2, O2
2-) and 

their oxidative reactivity. 
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• The photogenerated charge carriers react with the water molecules to produce 

H+ and -OH ions. 

• The microbe and nanoparticles mixture containing oxygen molecules, yield 

superoxide anion which further react with H+ ions to produce HO2
. 

• The HO2
. radicals further react with H+ ions to produce hydrogen peroxide 

molecules. 

• The superoxide and hydroxyl ions cannot penetrate into the cell wall of the 

microbes due to the negative charges carried by them and they are found only 

in the outer surface of the microbes, however the hydrogen peroxide 

molecules which are capable of passing through the cell wall of the microbes, 

destruct the cell components and finally triggers cell death84. 

Many studies reported that the antimicrobial activity also took place even 

under dark conditions. Recently Hirota et al85 tested ZnO nanoparticles 

towards E. Coli and found that the antimicrobial action took under dark 

condition producing superoxide species. 

(ii) Another important factor causing destruction of the microbes is the release of the 

metal ions and internalization of the metal ions, the small size of the particles makes 

its easily permeable to the cell wall and cell membrane enabling intracellular 

oxidative damage 

The cell wall of a microorganism is its first defensive barrier. The cell wall of 

yeast or fungi is composed of chitin and polysaccharides, in case of gram positive 

bacteria it is composed of peptidoglycan and teichoic acid and for gram negative 

bacteria it is formed of a thin layer of peptidoglycan and a secondary lipid layer of 

lipopolysaccharides and lipoproteins. During the oxidative damage the cell wall of the 
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organism gets ruptured initially and depending upon the composition of the cell wall 

for each organism the activity of the ROS will slightly vary. For example, in fungi, 

the .OH radicals are captured by the sugar subunits of polysaccharides and the 

cleavage of the polysaccharides chain lead to the exposition of the cell membrane and 

in case of gram negative bacteria such as E. Coli per-oxidation leads to the destruction 

of cell wall. The cell membrane being the second most inner protective layer is 

mainly composed of phospholipids. Oxidation of the cell membrane by reactive 

oxygen species leads to loss of membrane integrity, leakage of cellular content. Due 

to the oxidative damage of the cell membrane, the respiratory chain of the organism 

also gets affected. The double membrane mitochondria are a natural source of reactive 

oxygen species in aerobic metabolism. The presence of the nanoparticles increases the 

production of ROS and a small dysregulation in the electron transfer process of the 

mitochondrial respiratory chain can attenuate the cell damage. The reactive oxygen 

species such as hydroxyl radicals can attack the sugar phosphate groups leading to the 

breakage of the nucleobase strand and can cause damage at the molecular level 

affecting the regulatory metabolism such as transcription, replication and cell 

division. The intrusion of the metal ions to the microorganisms can significantly 

lower the activity of the iron transfer protein and inhibit the uptake of inorganic 

phosphates thereby inhibiting the cell growth and survival. The metal ions and 

reactive oxygen species not only cause damage to the cell components but also affect 

the pathway of cell signaling molecules that binds the lipopolysaccharides and also 

inhibits the microbial aggregation and biofilm formation86. 

So it is concluded that the presence of nanoparticles increases the formation of 

reactive oxygen species which causes oxidative damage to the microorganisms and 

responsible for the antimicrobial action. 
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CHAPTER – VI 

SUMMARY AND CONCLUSION 

 
6.1. SUMMARY OF THE PRESENT RESEARCH WORK 

Heterogeneous semiconductor photocatalysis is one of the recently employed 

techniques and an active area of research for the degradation of synthetic organic dyes 

in aqueous solutions. During the process of photocatalysis, the toxic non-biodegradable 

pollutants are converted into easily degradable and harmless products. Among many 

semiconductor metal oxide and metal sulphide photocatalysts, the most frequently 

used photocatalysts are zinc oxide and titanium dioxide. Recently, bismuth based 

semiconductor oxides are also employed for environmental remediation purposes. All 

the three photocatalysts ZnO, TiO2 and BiOCl are well known for their fascinating 

structural properties and are reported to be non-toxic with strong oxidizing ability and 

thus employed for the degradation of wide range of synthetic organic dyes, pesticides, 

phenols and nitro compounds. These photocatalysts are found to have similar band 

gap value of ̴ 3.2 eV and are less active in the visible region. Similarly, the fast 

recombination of the photogenerated charge carriers during the photocatalytic process 

results in low photocatalytic efficiency of these materials. To overcome this limitation, 

present research work, modification of these three semiconductors is done by doping 

these materials with non-toxic and low-cost metal salts such as aluminium fluoride 

and strontium silicate. Their optical, structural and morphological characteristics were 

studied using different analytical techniques such as X-Ray diffraction studies, field 

emission scanning electron microscopy, energy dispersive X-ray analysis, high 

resolution transmission electron microscopy, fourier transform infra red spectroscopy, 
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UV-Visible diffuse reflectance spectroscopy and nitrogen adsorption-desorption 

isotherm. For the present study, ZnO, TiO2, BiOCl, AlF3/ZnO, SrSiO3/ZnO, AlF3/TiO2, 

SrSiO3/TiO2, AlF3/BiOCl and SrSiO3/BiOCl photocatalysts were synthesized. The 

photocatalytic activities of the doped and undoped zinc oxide catalysts were evaluated 

for the degradation of three synthetic organic dyes, namely, methylene blue, indigo 

carmine and crystal violet under direct sunlight. Similarly, the photodegradation 

studies of basic yellow 2, acid red 94 and congo red was carried out using doped and 

undoped titanium dioxide photocatalysts. For the degradation of acid green 1, doped 

and undoped bismuth oxychloride photocatalysts were utilized. The operational parameters 

such as effect of pH, catalyst concentration and initial concentration of the dye were 

optimized for efficient degradation of dyes under sunlight. The kinetic studies were 

carried out for the decolourization of the dyes using different weight percent of doped 

photocatalysts to understand the order and rate of the reaction. The extent of 

mineralization was studied by carrying out the total organic carbon analysis before 

and after the photocatalytic treatment process. On comparing the efficiencies of the 

different doped and undoped photocatalysts with respect to time, it was  found that 

aluminium fluoride doped zinc oxide, titanium dioxide and bismuth oxychloride 

photocatalysts were the more efficient, compared to the undoped and strontium silicate 

doped photocatalysts. The effect of radical scavengers was also studied using the most 

active aluminium fluoride doped photocatalysts for all dye solutions to understand 

which radical species plays the most active role in the photocatalytic degradation and 

by which mechanism. The recovery and reusability of the most active catalysts was 

carried out to understand the stability of these synthesized photocatalysts under direct 

sunlight. To test the efficacy of the synthesized photocatalysts on real environmental 
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samples, textile effluent was collected and the physico-chemical characteristics of the 

effluent containing high dye content was analyzed. The photocatalytic activity of AlF3 

doped photocatalyst on the textile effluent was evaluated. The composite photocatalyst 

was also tested against different pathogens to understand the photocatalytic disinfection 

properties and its underlying mechanism. 

 
6.2. CONCLUSIONS DRAWN FROM THE PRESENT RESEARCH WORK 

• Simple chemical precipitation method was adopted for the synthesis of 

undoped and doped ZnO, TiO2 and BiOCl photocatalysts. 

• From the X-Ray diffraction studies it could be concluded that the synthesized 

materials were highly crystalline. All the ZnO based catalysts possessed hexagonal 

wurtzite phase, the TiO2 catalysts possessed anatase, rutile and brookite 

phases, the BiOCl catalysts possessed tetragonal phase. 

• The determined average crystallite sizes of the undoped and doped 

photocatalysts are in nanometer dimension. 

• From the field emission scanning electron microscopy analyses it is observed 

that the bare zinc oxide photocatalysts, AlF3/ZnO and SrSiO3/ZnO photocatalysts 

have moderately rod like structure, undoped TiO2, AlF3 doped TiO2 and SrSiO3 

doped TiO2 photocatalysts show moderately spherical shape. A moderately 

flake like structure is seen in the case of BiOCl photocatalysts and the formed 

particles are agglomerated. 

• The Energy dispersive X-ray analysis showed that the synthesized ZnO based 

photocatalysts are composed of elements such as Zn, O, Al, F, Sr and Si 

depending upon the composition of the catalyst chosen for the study. Similarly, 

Ti, O, Al, F, Sr and Si elements were observed in the EDAX spectrum of TiO2 
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based catalysts. As expected Bi, O, Cl, Al, F, Sr and Si were observed from 

the BiOCl based photocatalysts. All the synthesized photocatalysts are obtained 

with good purity. 

• The TEM images show that the synthesized ZnO based photocatalysts show 

moderately rod like structure and are agglomerated which is consistent with 

the FESEM results. TiO2 based photocatalysts show moderately spherical shape. 

Similarly, the TEM images of BiOCl show that the synthesized photocatalysts 

are in flake like structure. 

• Further the SAED pattern obtained along with the TEM images of all 

photocatalysts shows clear, well distinguished circular pattern supporting the 

XRD data that both doped as well as undoped ZnO, TiO2 and BiOCl catalysts 

are crystalline in nature. 

• The band gap values of photocatalysts doped with AlF3 and SrSiO3 have 

decreased. Thus, it can be concluded from the UV-DRS results that the 

process of doping can decrease the band gap values of the photocatalysts. 

• The FTIR spectrum confirms the presence of metal-oxygen bonds in all the 

three types of doped as well as undoped ZnO, TiO2 and BiOCl photocatalysts. 

• The nitrogen adsorption-desorption isotherm analyses of all the synthesized 

photocatalysts clearly revealed that there is an increase in the surface area of 

the doped catalysts compared to undoped catalysts, which indicate that more 

surface active area will be available for the dye molecules to get adsorbed. 

• From the primary photocatalytic studies carried out it is understood that ZnO, 

TiO2 and BiOCl catalysts were more effective, only when air was purged into 

the reaction mixture under sunlight. 
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• The optimal initial concentrations of the synthetic dyes were in 10-5M concentration 

range. 

• The optimized catalyst weight for degradation of methylene blue, indigo 

carmine, crystal violet dye, basic yellow 2, congo red dyes is 25mg/50mL and 

for acid red 94 and acid green 1 dyes it is 15mg/50mL. 

• The optimum pH for the photocatalytic degradation of methylene blue, indigo 

carmine, crystal violet dye, basic yellow 2, congo red dyes, acid red 94 and 

acid green 1 dyes are 6.5, 10, 10, 10, 7.5, 3 and 5 respectively. 

• The maximum photocatalytic degradation efficiency (decolourization) was 

observed with 2 wt% dopant in the case of ZnO, 1 wt%  dopant in the case of 

TiO2 and 3 wt%  dopant in the case of BiOCl. 

• The kinetics of decolourization of dyes at different weight percents of 

photocatalysts followed pseudo-first order kinetics. 

• From the radical scavenging assay it was concluded that electrons, holes, 

hydroxyl and superoxide anion radicals played an active role in the 

photocatalytic degradation. 

• The disappearance of the prominent absorption bands of the synthetic dyes in the 

UV-Visible spectra confirmed the destruction of the dyes. 

• The TOC analyses revealed ̴ 60-80% mineralization of the dyes. 

• From the recoverability and reusability studies, we conclude that the most 

active photocatalysts (doped with 1-3 wt% AlF3) can be reused for 5 times 

without significant loss in catalytic efficiency. 

• A new composite [2wt%AlF3-ZnO/1wt%AlF3-TiO2/3wt%AlF3-BiOCl] in 

1:1:1 weight ratio chosen for the treatment of the effluent showed a significant 
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reduction in the parameters such as color, odour, pH, conductivity, TDS, TSS, 

hardness, alkalinity, turbidity, BOD, COD, TOC, nitrite, nitrate, iron, chloride, 

fluoride and sulphate content after the photocatalytic treatment under sunlight. 

• It is interesting to note that the composite also showed good antimicrobial 

activity against different microorganisms such as S. aureus, P. aeruginosa, E. 

Coli, Aspergillus flavus, Candida auris and Candida albicans. 

 
6.3. SCOPE FOR FURTHER STUDY 

� The present photocatalytic degradation study is limited to dyes and to a few 

microorganisms it can be further extended for the evaluation of drugs, 

pesticides and many other toxic organic compounds. 

� In the present study, the modification of the semiconductor oxides are done 

with only two metals, the modification of the metal oxides with multielements, 

rare metal ions and non-metals can be done and its photocatalytic activity can 

also be evaluated in future. 

� An investigation into the analysis of the degradation products by LCMS study 

will throw more light on the mechanistic and degradation pathway of the dyes. 

� In the present study powdered photocatalysts are used for the degradation of 

the dyes which limits the complete recovery of the catalysts and hence more 

modified forms of the catalyst with different supports can be prepared and 

evaluated in future. 

� The potentiality of the photocatalysts used in the present study should be 

evaluated for other reactions such CO2 reduction, water splitting reactions and 

as the ZnO, TiO2 photocatalysts have good optoelectronic properties the potential 
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of these catalyst as well as their modified forms can be evaluated for sensor 

applications. 

� As sunlight being one most abundant natural resource, design and development 

of reactors to make use of the technology under direct sunlight should be 

initiated this will be useful for many small scale and large scale industries in 

India that will ultimately lead to the efficient recycling of the dyeing effluent. 
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 In recent years, the bismuth compounds have gained much interest due to their potential 

 

oxychloride photocatalyst were tested towards the degradation of Acid green 1 dye. The parameters 

studies are carried out for the photocatalytic dye degradation process. The experimental results showed 

INTRODUCTION

 Water pollution has become a major 
environmental concern as it encourages the 
transmission of many waterborne d iseases, 
especially in developing nations. The paper, 
textile, leather, printing and dyeing industries 

such as dyes that are non-biodegradable and 
synthetically stable poisons are released into the 

into the nearby water streams are considered 

1. Different water 

the removal of the organic pollutants from the 
wastewater2-5. Among the various water treatment 
technologies, the development of advanced 
oxidation process in the past years have gained 
considerable interest by the researchers due to 
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the low-cost, eco-friendliness and the potential 

to completely degrade the organic pollutants 

into harmless products such as carbon dioxide 

and water6- 10.  Among many semi-conductor 

nanocatalysts bismuth-based semiconductors 

11-13. Bismuth oxychloride is 

reported to show excellent photocatalytic activity 

in the degradation of variety of organic pollutants 

such as dyes, pesticides, phenols and microbes 

as i t  possesses a high chemical stabi li ty1 4. 

photocatalytic activity of Bismuth oxychloride 

photocatalyst which is attributed to the layered 

structure of [Bi
2
O

2
]2+ monolayer and dual ‘Cl’ 

layers15. However, its large band gap (3.17–3.54 

eV) energy values have limited its activity as a 

photocatalyst towards many pollutants16. Hence, 

in order to overcome these limitations many 

have been researched by the materials scientists 

in the recent years. Among which coupling and 

doping of the BiOCl photocatalyst with other 

suitable semiconductors are found to be effective 

in getting better photo-response and also facilitate 

the separation of photo induced electron–hole 

pairs which interact with the hydroxyl radicals 

to provide excellent photodegradation of the 

contaminants17

bismuth oxychloride photocatalyst via a facile low 

cost approach using water as the solvent, bismuth 

nitrate pentahydrate as the precursor, potassium 

chloride as the source of halogen and Aluminium 

bismuth oxychloride photocatalyst have been 

employed for the degradation of the textile dye 

Acid green 1. It is a nitroso dye with the molecular 

formula (C
3 0

H
1 5 3

Na
3
O

1 5
S

3

Weight (878.46).  The dye shows excel len t 

absorption and excellent light fastness. It is mainly 

nylon fabric dyeing and printing can also be used  

for leather dyeing18,19. The chemical structure and 

EXPERIMENTAL

 All materials used in this experiment are 
of analytical grade. Bismuth nitrate pentahydrate 

Chemical Co. Ltd. The solution pH was measured 

 Bismuth nitrate pentahydrate is used as 

a precursor to prepare the bismuth oxychloride 

nitrate pentahydrate is dissolved in 100 mL double 

salt is added to the precursor solution and it is 

continuously stirred for about half an hour and 

this solution is labeled as A. Potassium chloride is 

used as a source of chlorine which is dissolved in a 

as solution B. The solution B is added to A and the 

mixture is stirred continuously for 30 minutes. The 

ammonia solution. The stirring is continued for 7 h 

and the obtained precipitate is repeatedly washed 

with double distilled water, dried in a hot air oven 

followed by calcinations process. 0.5, 1, 2 and 

adopting the same procedure and bare Bismuth 

oxychloride catalyst is prepared without the addition 



772ROSE, THATTIL., Orient. J. Chem., Vol. 37(4), 770-778 (2021)

Characterization 

decrease in absorbance of the dyes throughout the 

1.54178 Å) in the range of 20–65 degree is scanned 

 About 1.13×10-5 mol/Lof Acid green 1 

experiment. All the photocatalytic experiments 

were carried out on sunny days between 11 am to 

2 pm. The suspensions were magnetically stirred in 

exposing the dye solution to sunlight irradiation, 

evaluate the effect of initial dye concentration, the 

concentration of the dye varied from 1.13×10-5 mol/L 

to 5.69×10-5 mol/L. The experiment was continued 

the solution are withdrawn and the decrease in the 

absorbance is noted. The effect of pH was studied 

by adjusting the solution using NaOH and HCl. The 

room temperature following the above procedure. 

using the formula 

 Where C
0
 is the concentration of the dye 

solution at time t.

RESULTS AND DISCUSSION

 

by using powder X-ray diffraction analysis. The 

 

and bare BiOCl photocatalyst suggests that these 

photocatalysts are highly crystalline in nature. The 

33.6, 36.7, 41, 46.7, 49.8, 55.2, 58.7, 68.2, 75.1, 

77.6 corresponds to the crystal planes (001) (002) 

(101) (101) (102) (003) (112) (200) (004) (104) (212) 

(114) (220) (214) and (006) respectively, according 

to JCPDS card No. 85-0861. As no additional 

might arise from impurity, it is concluded that the 

(102) is found with maximum intensity indicating it 

to be the preferred growth plane20.
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doped BiOCl photocatalysts are studied from 

 

ig. 3a and 3b. Energy dispersive X-ray analysis 

is  used to  de term ine the  m ajor  e lem enta l 
21

d 

that the elements Bismuth, oxygen and chlorine 

are present in major composition without any 

other impurity in the BiOCl photocatalyst and 

l 

 The band gap measurements of the 

spectroscopy which paves way to understand whether 

semiconducting photomaterial and whether the 
22. 

BiOCl photocatalyst is calculated using the following 
relation: E

g

and E
g
 is the band gap energy in electron volts (eV). 

The band gap energy of the bismuth oxychloride 
photocatalyst is found to be 3.2ev and the band 

oxychloride photocatalyst is calculated to be 2.86ev.

 The metal-oxygen bond formation in the 

is confirmed from the fourier transform infra-red 

at 3435 cm-1

photocatalyst corresponds to the stretching vibrations 
-1
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the bending vibrations of the water molecules which 

are adsorbed on the surface of the photocatalyst. 

The broad bands between 412 and 850 cm-1 are 

-1 resulted from the symmetrical 

BiOCl and bare BiOCl photocatalysts23-25.

measured by Nitrogen adsorption-desorption 

7b. The N
2
 adsorption-desorption plots for samples 

IV isotherms, which proves the existence of pores in 
28,29. 

oxychloride photocatalyst is 18.726 m2/g with a pore 

m2/g with a pore volume of 0.030 cc/g. 

 Surface area is a crucia l factor for 

determining the catalytic activity of the bare as well 
26,27

green 1 dye

 
-5 mol/L) 

is studied by varying the pH range from 3 to 12 at a 
catalyst concentration of 15 mg per 50 mL of the dye 

higher degradation of anionic acid green 1 dye at 
+ ions. 



775ROSE, THATTIL., Orient. J. Chem., Vol. 37(4), 770-778 (2021)

charged BiOCl catalyst  and the anionic acid green 1 
dye competes for interaction with hydroxyl ions thereby 
resulting in low photocatalytic degradation process30.

green 1 dye is varied in the range 1.13×10-5 mol/L 
to 5.69×10-5

oxychloride photocatalyst (15 mg/50mL of dye 

concentration of 2.27×10-5 mol/L which is shown 

beyond the concentration level of 2.27×10-5 mol/L 

process, this may be due to the fact that at higher 

dye concentration levels the number of active sites 
of the bismuth oxychloride photocatalyst available 
for the dye molecules is very less and hence the 
probability of the dye molecule to react with the 
hydroxyl ions is less which shows a retardation in 

32.

Fig. 8. 1.13x10

green 1 dye the bismuth oxychloride catalyst dosage 

from 5 mg to 55 mg per 50 mL of the dye solution at 

is observed for 15 mg of the catalyst dosage which 

dosage a decrease in the photocatalytic dye 

due to the fact that on increasing the catalyst dosage 

the number of active surface area increases for the 

dye molecules to get adsorbed31 and by adding 
excess amount of catalyst dosage, turbidity in the 
dye solution gets increased which in turn decreases 
the sunlight penetration as a result of which there is 

Fig. 9. 1.13x10

Effect of initial dye concentration

 The initial dye concentration of the acid 

 mol/L to 5.69x10  

 The photocatalytic response of both doped 

and undoped bismuth oxychloride photocatalyst 

is studied by doping different weight percent (0.5, 

is observed for 3 wt% of aluminium fluoride 

doped bismuth oxychloride photocatalyst within 

90 min whereas the bare BiOCl photocatalyst 

degraded AG1 dye only at 180 min under similar 

in the absence of the sunlight only 18% of the dye 

of the AG1 dye onto the photocatalyst surface. 

photocatalyst may be attributed to the decrease in 
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the surface-active sites available, greater will be the 

photocatalytic activity. A second factor responsible 

for the increase in photocatalytic degradation is the 

decrease in the band gap energy values. Generally, 

in a semiconductor the decrease in the band gap 

values causes generation of electrons and holes 

radicals to degrade the dye molecules33. 

and undoped heterogeneous semiconductor 

of the reaction in heterogeneous semiconductor 

photocatalysis34-37

for the photocatalytic degradation of AG1 dye 

ln [C
0

constant (min-1), C
0
 is the concentration of dyes 

(g L-1

ln  [C
0
/C] and irradiat ion t ime‘t ’ for  b ismuth 

3 wt%) doped bismuth oxychloride photocatalyst is 
2 value 

for the bare bismuth oxychloride photocatalyst 

is 0.9514 and for different weight percent of 

0.9095 respectively. 

CONCLUSION

 A lumin ium  f luor ide  doped b ism uth 
oxychlo r ide and bare  b ismuth oxych lo r ide 
photocatalyst is prepared via simple chemical 

area studies. The crystalline nature and hexagonal 

structure and the major elements such as bismuth, 

formation and a decrease in the band gap and 

to that of the bare BiOCl photocatalyst is studied 

a

oxychloride photocatalyst degraded the dye within  

conditions whereas the bare bismuth oxychloride 

conditions. The photocatalytic reaction followed 

under sunlight has proved to be an efficient 
photocatalyst for the degradation of the acid green 
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Photocatalytic Removal Of Xanthene And Diaryl 
Methane Dyes By Air Oxidation Using Tio2 

Nanospheres Under Sunlight 
 

Preeja. P. Thattil, A. Leema rose 
 
Abstract  :  Titanium dioxide nanocatalyst was synthesized by simple chemical precipitation method and is characterized by XRD, FE-SEM, EDAX, 
TEM, BET Surface area analysis, FTIR, UV-DRS and Photoluminescence. The synthesized TiO2 catalyst is evaluated for its photocatalytic activity 
towards the degradation of Rose Bengal and basic yellow (Auramine O) dyes under solar irradiation. The parameters such as catalyst dosage, initial dye 
concentration, pH were optimized for the effective photocatalytic dye degradation. The photodegradation rates of Rose bengal reached 98% within 60 
minutes of reaction time and for basic yellow 89% of the dye degradation is achieved within 60 minutes of irradiation and the rate of dye degradation was 
found to be enhanced by air oxidation using TiO2 catalyst under sunlight. 
 
Key words:  Air oxidation, FE-SEM, Photocatalysis, Solar radiation, TiO2, TEM, XRD. 

 

 
1   INTRODUCTION 
Among different transition metal oxide nanoparticles, 
titanium dioxide in its anatase phase have notable 
applications in waste water management [1], [2]. They are 
proved to be efficient, less expensive, non-toxic, resistance 
to corrosion and reusable [3]. These properties of titanium 
dioxide make it possible to use this metal oxide for a wide 
variety of applications. Parthasarathi and thilagavathi used 
titanium dioxide nanoparticles for microbial resistance [4]. 
Juti Rani Deka and Hong Wen Wang [5] synthesized 
mesoporous TiO2 for the photoanodes in dye sensitized 
solar Cells. Chang Sheng Guo et al., [6] used TiO2 
microspheres catalysts for bisphenol A Degradation. Julie 
Joseane Murcia et al., [7] utilized fluorinated and platinized 
titania for the photocatalytic treatment of dyestuffs and 
stained wastewater coming from handicrafts factories. 
Titanium dioxide nanoparticles are prepared by various 
methods like sol-gel technique, hydrothermal synthesis, 
chemical vapour deposition, reverse microemulsion 
method, solid state reaction, solvothermal method, 
microwave and sonochemical methods [8]. Among all these 
wide techniques, chemical precipitation method is one of 
the easiest to yield low temperature, high purity 
nanoparticles. In the present work, the photocatalytic 
activity of titanium dioxide nanoparticles is evaluated 
against two dyes rose Bengal and basic yellow. Rose 
Bengal (Acid Red 94) falls under the class of xanthene 
derivatives [9]. It is anionic water soluble and a 
photosensitive dye widely used in textile, medicinal and 
photochemical industries [10], [11]. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Even though, rose Bengal dye has wide applications, the 
toxic effects of the dye have also been investigated. Tabery 
HM studied the Toxic effect of rose bengal dye on the living 
human corneal epithelium [12]. Lee et al., investigated the 
In vitro study for staining and toxicity of rose bengal on 
cultured bovine corneal endothelial cells [13]. Basic yellow 
Auramine O is a diarylmethane dye used as a 
fluorescent stain. Basic yellow 2 dye can be used to 
stain acid-fast bacteria in a way similar to ziehl-neelsen 
stain. It can also be used as a fluorescent version of Schiff 
reagent.  It is most commonly used dye in cotton, leather, 
jute and paper Indus tries [14], [15]. However, the 
excessive exposure to commercially available auramine 
dyes Induces DNA Damage in Vivo in Liver, Kidney and 
Bone Marrow Cells [16], [17]. The chemical structures of 
rose Bengal and basic yellow dyes are shown in the 
following figure (1a), (1b). 
 

 
 
Fig1a.  Chemical structure of Basic yellow Auramine O dye. 
 

 
Fig1b.  Chemical structure of Rose Bengal dye. 

 
2   PROCEDURE 
The Titanium tetrachloride salt (M.W. 189.679g/ml, purity 
99%) was purchased from Sisco Research Laboratories 
Pvt.Ltd., sodium hydroxide from Merck and ethanol (99.9%) 
was purchased from Changshu Hongsheng Fine Chemical 
Co. Ltd. The capacity of the air pump used for the 
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under Solar Irradiation 
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Abstract 
Zinc Oxide nanoparticles having an average 
Crystallite size of 5.6 nm are used as the photocatalyst 
for the decolourization of methylene blue, a thiazine 
dye and also for indigo carmine, an Indigoid dye. The 
combined effect of air oxidation along with zinc oxide 
nanoparticles enhanced the decolourization process. 
The operational parameters such as pH, catalyst 
concentration and the effect of initial dye concentration 
are optimized. 
 
Keywords: Zinc oxide, Heterogeneous photocatalyst, 
Thiazine dye, Indigoid dye. 
 
Introduction 
A dye or a dyestuff is usually a coloured organic compound 
or mixture that may be used for imparting colour to a 
substrate in a reasonably permanent fashion. Synthetic dyes 
are the organic dyes originally derived from coal-tar 
derivatives, but currently synthesized from benzene and its 
derivatives1. Synthetic dyes quickly replaced the traditional 
natural dyes because of their low cost. They offered a vast 
range of new colours and imparted better properties to the 
dyed materials. However, synthetic dyes retain harmful 
effects on the environment and human beings. First, 
synthetic dyes are made up of chemical compounds that can 
be harmful to humans, especially those who work in their 
production. Water pollution becomes a major alarming 
problem in our society when these manufactured synthetic 
dyes are dumped directly to the water bodies without proper 
effluent treatment2-4. 
 
Photocatalysis is a newly emerging clean and cost-effective 
method for the large-scale treatment of water bodies polluted 
with dyes and other organic compounds. Zinc oxide is one 
of the best semiconductor nanoparticles with good 
photocatalytic efficiency, non-toxic nature, low cost and 
eco-friendliness5-11. 
 
However, the wide band gap of zinc oxide nanoparticles 
(3.37 ev) has limited its applications and they can only be 
photoexcited in UV region of the electromagnetic spectrum. 
Since, the UV component reaching the earth surface is only 
4 to 5%, the photocatalytic efficiency of zinc oxide 
nanoparticles is low under sunlight12,13. 
 
Hence, in order to improve the oxidation process, air which 
is a natural and abundant source of oxygen has been coupled 

with the zinc oxide photocatalyst. This present work reports 
the photocatalytic degradation of two important synthetic 
dyes methylene blue and indigo carmine. Indigo carmine (3, 
30-dioxo-2,20-bisindolyden-5,50-disulfonic acid sodium 
salt) also known as indigotine I belongs to the indigoid 
family which is one of the oldest known dyes. It is one of the 
anionic dyes used commonly as a textile coloring agent and 
as an additive in pharmaceutical tablets and capsules14. 
 
In spite of its application in medical diagnostic purposes, it 
is a highly toxic indigoid class of dye and causes skin and 
eye irritations15. Consumption of this carcinogenic dye leads 
to reproductive, developmental, neuronal and acute 
toxicity16. It is also known to cause mild to severe 
hypertension and cardiovascular and respiratory effects17. 
Methylene blue [3,7-bis(dimethylamino)-phenothiazin-5-
iumchloride] finds use as a cationic dye in the textile 
industry. Thiazine ring system has been the characteristic 
structure of this dye. It is most commonly used for coloring 
paper, temporary hair colorant and mainly used on soft 
vegetable fibers such as jute, flax and hemp. 
 
Only, to a lesser extent it is used on paper, leather and 
mordanted cotton. It dyes silk and wool but has very poor 
light fastness on these fibers18,19. The dye, although not 
considered to be a very toxic dye, can reveal very harmful 
effects on the living things. After inhaling, symptoms such 
as difficulties in breathing, diarrhea and nausea can occur in 
human beings20. The chemical structure of these dyes is 
shown in figures 1a and 1b. 
 

Material and Methods 
All materials in this experiment are of analytical grade and 
were prepared in the laboratory. Zinc acetate dihydrate salt 
(M.W. 219.50, purity 98.5%) was purchased from Sisco 
Research Laboratories Pvt. Ltd., sodium hydroxide from 
Merck and ethanol (99.9%) was purchased from Changshu 
Hongsheng Fine Chemical Co. Ltd. The capacity of the air 
pump used for the experiments is 3W and air supplied is 
2.5L/min. 
 
pH of the solution was measured using Elico digital pH 
meter. Dye used for representing the thiazine dyes is 
methylene blue and for indigoid dyes, it is indigo carmine 
due its solubility in water. Both the dyes were purchased 
from S.D. Fine Chemicals. The decolourization of dyes was 
monitored by UV-visible spectrophotometer (Hitachi- U 
2910). 
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Degradation of Methylene Blue Dye Using 
Dimethyl Dioxirane as oxidizing agent 

 
S.Vinotha, Preeja.P.Thattil, A. Leema Rose 

 
Abstract:  Dyes produced by the textile, printing and paper industries can end up in waste waters and are therefore a potential source of pollution of 
rivers and waterways. To overcome this problem many techniques are followed to degrade the dye contaminates in waterways among them AOP 
(Advance Oxidation Process) is the advanced process. This study reports on the advanced oxidation of methylene blue by means of the combined 
action of dimethyl dioxirane. The influence of different parameters, such as oxidizing agent concentration, initial dye concentration and pH in the 
oxidative process has been studied. The degradation of methylene blue dye was evaluated under dark condition at room temperature by using dimethyl 
dioxirane as oxidizing agentThe effect of pH, effect of oxidizing agent and initial dye concentration on the degradation efficiency of methylene blue was 
investigated. The results reveal that the optimum oxidation conditions of methylene blue are as follows: pH = 7, oxidizing agent= 500µL and 10 mg/L 
methylene blue dye concentration. Under these conditions, the removal efficiency of methylene blue was 99.2%. 

Keywords:  Advance Oxidation Process; Methylene blue; pH; Initial Dye concentration; Dimethyl Dioxirane. 
 

 
1 INTRODUCTION 
One of the most important environmental problems of the 
textile industry is the generation of large volumes of highly 
coloured wastewater (Balanosky et al., 2000), the release 
of which into the ecosystems causes esthetic pollution, 
eutrophication, and perturbation in aquatic life (Vautier et 
al., 2001). Despite the fact that the release of colour 
wastewater into the earth comprises just a little extent of 
water contamination, the way that colours are obvious at 
low fixations combined with ever stricter governments 
guidelines is constraining material enterprises to get their 
waste effluents an undeniably elevated expectation 
preceding releasing them into the nearby sewage 
framework or to the rivers (Robinson et al., 2001; Venkata 
et al., 2003). Consequently, colour removal from 
wastewater is frequently viewed as considerably more 
significant than the evacuation of solvent lackluster natural 
substances, a noteworthy reason to the synthetic oxygen 
request (COD) of the accepting waters (Pal Toor et al., 
2006). Conventional treatments have been used to 
decolorize industrial textile wastewaters, such as adsorption 
(Faria et al., 2005) chemical coagulation (Sanghi and 
Bhattacharya, 2005), chemical oxidation processes some 
of which utilize Fenton reagent (Perez. et al., 2002), ozone 
(Alaton et al., 2004), and the combined action of these 
oxidants or any of them with H2O2 (Hassan et al., 2002., 
Uner et al., 2004), and electrochemical oxidation (Lorimer 
et al., 2000). Biological processes have been also used to 
decolorize effluents from the textile industry, and in 
particular on azo dyes (Shaw et al., 2002), 

But they are not always effective in removing colour 
because of the low biodegradability of textile dyes and so 
tertiary treatments are needed to decolorize dye effluents 
before discharge (Van der zee and Villaverde, 2005). 
Therefore, most biological and physical-chemical 
treatments have limited applicability, and thus present 
significant disadvantages for colour removal and so, 
recently, the application of so-called advanced oxidation 
processes (AOPs) has been increasingly observed 
(Ledakowicz et al., 2001; Robinson et al., 2001) mainly 
applied to decolourize effluents containing azo dyes. These 
technologies are based on the initial formation of hydroxyl 
radicals, usually generated by the combined action of UV 
radiation and diverse oxidants, such as Fenton reagent, O3, 
H2O2, or a mixture of some of them (Legrini et al., 1993). 
These radicals further oxidize organic matter, compounds 
that are recalcitrant to conventional biological and physical-
chemical treatments, such as most dyes used in the textile 
industry. The present paper is focused on the advanced 
oxidation of methylene blue dye, in order to enhance the 
efficiency of this AOP by means of addition of low dimethyl 
dioxirane concentration, aimed at producing a nontoxic 
colourless effluent in a short period of time. The substrate 
was a highly coloured aqueous solution of methylene blue 
whose optical absorbance at 663 nm. The influence of 
different parameters, such as oxidizing agent concentration, 
and pH has been studied. 
 
2 EXPERIMENTAL METHODS 
 
2.1 Materials 
All the chemicals used for preparation of dimethyl dioxirane 
are analytical grade reagents with 99% purity. Potassium 
peroxy monosulfate is obtained from TCI chemicals. 
Acetone from Pure chems and sodium bicarbonate from 
Merck. All chemicals are used as such without further 
purification. 
 
2.2. Preparation of oxidizing agent 
Acetone and water were taken in (1:2) ratio and cooled in 
an ice at 20oC. Sodium bicarbonate and potassium peroxy 
monosulfate were added in (2:1) ratio with constant stirring. 
The colour of acetone turned pale yellow, which indicates 
the formation of dimethyl dioxirane. 
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