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Abstract 

Compounds well known for their recalcitrant nature are the phenolic ones which produce toxic 

byproducts in water. They enter the environment from various anthropogenic activities, and they 

have the ability of undergoing various transformations converting them into even more toxic 

pollutants. The present study was designed to consider the degradation of phenol by dye sensitized 

nanoparticles. Dye sensitization of TiO2 nanoparticles was done to increase the photocatalytic 

activity of TiO2 nanoparticles. TiO2 nanoparticles were synthesized by the liquid impregnation 

method. Sensitization of TiO2 nanoparticles was done by preparing various concentrations of 

safranin solutions ranging from 1x10-2 mM to 5x10-2 mM and adsorbing the dye by heating at 80°C 

for 2 h followed by centrifugation and filtration, safranin sensitized nanoparticles were obtained. 

Characterization of both pure TiO2 nanoparticles and safranin sensitized nanoparticles were done 

by XRD, SEM and FTIR. Photocatalytic degradation of phenol was done under both ultraviolet 

(8W & 16W) and visible (18W & 36W) lights at various time periods starting from 0 min to 6 h. 

Photocatalytic degradation of phenol was also carried out at pH 3 up to 6 h. The results showed 

that the optimum dosage of 500 mg/ 500 mL safranin sensitized TiO2 nanoparticles degraded the 

phenol concentration of 50 mg/L up to 60% under 36W of visible light and at pH 3. It was 

concluded that the efficiency of safranin sensitized TiO2 nanoparticle was enhanced under visible 

light irradiation due to narrowing of band gap energy.  
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                                                                                                                                                                   Chapter- 1  

1 INTRODUCTION 

1.1 Background 

Water is a reusable as well as a renewable resource (Brandao et al., 2017) but with the development 

and establishment of worldwide industries, the threatened resources of water are becoming a 

serious issue (Chen et al., 2017; Chen et al., 2018; Liu et al., 2019). Due to heavy industrialization, 

not only the water resources are drastically declining, but it is becoming responsible for the severe 

climatic changes (Chopra, 2016). Various industries including textile, paper, and petrochemical 

industries produce different toxic wastes causing a hazardous impact on environment and also 

causing life threatening risks to humans, animals and aquatic organisms (Geissen et al., 2015). 

Petrochemical industries consume a huge amount of water and in result, generate significant 

volume of wastewater containing oil and grease which is continuously released into the water 

bodies (Abd El-Gawad, 2014). Out of these discharged pollutants, phenols are one of the most 

recalcitrant pollutants even after being treated by different methods, which upon digestion by 

living beings, cause serious health related issues. 

According to the present circumstances of water pollution, no promising solution or treatment 

methods except physical, chemical and biological methods are recognized and accepted, that are 

not well efficient. So in this regard, serious steps and concerns are required. 

1.2  Phenol 

The effluents released from the industries contain various organic pollutants. Out of these 

pollutants, compounds well known for their recalcitrant nature are the phenols and they produce 

toxic byproducts in water (Murcia et al., 2020).  

Some of the phenolic compounds enter into the environment especially water bodies from many 

activities such as domestic, industrial, and other agricultural activities resulting in the production 

of various pollutants. These pollutants have the ability to undergo various transformations which 

can be due to different reactions with chemical, physical or microbial factors converting them into 

even more toxic pollutants than their original compounds (Anku et al., 2017). 
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The entrance of phenolic compounds into the soil can be due to the deposition of atmospheric 

precipitation (in the form of snow and rain), by the application of various herbicides. The 

solubilized phenols in soil can have the following possible fates (Adeola, 2018). 

 Might undergo mineralization and degradation by the heterotrophic microorganism 

 Transformation into recalcitrant substances by condensation reactions 

 Might remain in forms that are easy to dissolve 

 Able to leave the ecosystem as leachate coming from percolating water  

Upon exposure to phenolic compounds, human body becomes more susceptible to other toxic 

pollutants, contact with the body may cause necrosis and skin irritation, and ingestion through 

drinking polluted water may lead to liver and kidney damage. In animals, inhalation may cause 

pulmonary, liver, myocardial and renal damage, and also causes dermal effects. While in an aquatic 

environment, exposure to even little concentration can be toxic and may lead to disruption in the 

food chain of the aquatic species (Gami et al., 2014). 

1.3  Methods for wastewater treatment 

Conventional methods used for the processing of phenolic compounds are: 

 Ozonation 

 Extraction method 

 Biological method 

 Ion exchange and adsorption 

 Membrane separation based method and 

 Photocatalytic degradation 

Out of these above-mentioned methods, photocatalytic degradation proves to be the most effective 

and efficient way of treating phenolic compounds. Although these treatment methods are highly 

cost effective, but they result in the production of toxic intermediate products (Anku et al., 2017). 

1.4  Proposed solution 

To overcome all the limitations of other treatment methods and minimizing environmental 

contamination, an effective and efficient approach is required. Therefore, many efforts have been 

made all over the world for the development of an efficient method.  
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TiO2 is the promising heterocatalyst for the photocatalysis based degradation of phenol. Band gap 

energy of TiO2 is 3.2eV making it a perfect candidate for photocatalysis (Kanan et al., 2020). 

Under ambient conditions, if the molecules of the safranin dye get adsorbed on the surface of TiO2, 

then induced by visible portion of light, safranin dye induced TiO2 photocatalyst are attained. As 

mentioned in various studies, to make the effective use of TiO2 nanoparticles under visible light, 

dye sensitization is required (Safaralizadeh et al., 2017). 

Dye sensitization is a simple and new technique that extends the activation of TiO2 to wavelengths 

that are longer than its band gap energy. This innovative technology has been reported in various 

studies which plays a crucial role in the efficient and effective degradation of phenols and other 

organic based pollutants. This technique mainly involves the electron excitation from the excited 

state of the dye molecule to the TiO2 conduction band followed by formation of electrons (e-) and 

holes (h+) in the respective bands, leading ultimately to the production of hydroxyl radicals (OH¯) 

responsible in degradation of the phenolic compounds (Chowdhury et al., 2012). 

Based on a recent study, Ali et al. (2016) used dye sensitized titania nanotubes for the light induced 

degradation of low-density based polyethylene (LDPE) films, and they were able to achieve 

degradation of LDPE films using dye induced titania nanotubes through visible light. This study 

involves the assessment of effectiveness of safranin dye sensitized TiO2 nanoparticles in the phenol 

degradation. 

1.5  Objectives 

The main objectives of this study were: 

 Synthesis of safranin sensitized TiO2 nanoparticles 

 To evaluate the effectiveness of dye sensitization on phenol degradation 
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                                                                                                                    Chapter- 2  

2 LITERATURE REVIEW 

2.1 Background 

Environmental contamination seems a serious threat for humans and it is increasing day by day. 

Aquatic pollution is one of the main issues most prominently in the third world countries such as, 

Pakistan. The enormous spillage and leakage of contaminants from oil and petroleum industries 

entering into the environment can cause serious negative impacts to the underground water and 

soil. These impacts may include the contamination of the drinking water along with disturbing the 

microbial communities in it (Leven et al., 2010).  

2.2 Types of pollutants 

The hazardous chemicals which are being released from the effluents coming from petrochemical 

and chemical industries are mainly responsible for having serious environmental impacts (Al-

Khalid et al., 2017). Diverse compounds and substances left untreated in the wastewater are 

dangerous to living beings including humans, animals, and plants. The pollutants released in the 

wastewater majorly consist of heavy metals, nutrients, organic matter, endocrine disrupters, and 

microbes are responsible for having serious environmental issues especially causing various 

diseases in humans (Akpor et al., 2014). 

The presence of contaminants and organic matter are responsible for providing a media for some 

of the pathogenic organisms including fungi, viruses, bacteria, and protozoa. These pathogenic 

organisms are responsible for the arrival of diseases from the contaminated water being released 

(Akpor et al., 2014). These pollutants and contaminants have carcinogenic and mutagenic 

properties and are considered as primary pollutants by the US Environmental Protection Agency 

(EPA). The hardly degrading contaminants mostly the phenolic compounds and aromatic organic 

compounds that are released from the effluents, tend to remain in the environment due to their 

persistent nature (Al-Khalid et al., 2017). 

2.3 Phenols 

The commercial substance known as phenol is involved in the manufacturing industries of 

pharmaceutical, antiseptic, oil refining, dye reagents, explosives and in the preservatives used in 

wood. The phenolic compounds act as a colorless substance with crystal structure at room 
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temperature and absorb moisture in water leading to the hygroscopic property which makes it easy 

to get leaked or dispersed into the drinking water sources (Gami et al., 2014). The main sources 

of phenol include the oil and petrochemical industries. 

The consumption of clean water in oil producing industries and refineries is around 75.7 liters to 

227.1 liters, respectively which is used in the processing of almost 1 container of unpolished oil. 

Out of total water qunatity used, the amount of polluted water produced is 41%. Through various 

investigations, it was found that the wastewater had Biological Oxygen Demand (BOD) which is 

about 300 ppm, concentration of mud and oil about 500-3000 ppm, Chemical Oxygen Demand 

(COD) about 750-1600 ppm, phenol about 80-185 ppm (Al Hashemi et al., 2014), concentration 

of various nutrients including sulphide about 13-17 ppm, ammonia level about 14 ppm and 

temperature and pH above 30°C and 7, respectively (Azizah et al., 2018).   

It has been stated that, the extent of phenolic substances varies from 80 to 185 ppm for outer outlet, 

for the waste stream varies in the range 40-80 ppm and for the common wastewater, it varies in 

the range of 100 ppm (Al Hashemi et al., 2014). These levels are very high and a continuous threat 

for environmental health.  

The different varieties of pollutants coming out of the industries such as industries of 

petrochemicals include sulfides, hydrocarbons, phenols, grease and oil and, many other organic 

and dissolved contaminants which are easily measured by the COD and BOD. The released 

aromatic hydrocarbons persist in the environment even after going through natural mechanisms 

and manifest mutagenic and carcinogenic properties. The phenolic compounds are easily soluble 

in water and can easily enter and contaminate the aquatic environment due to high mobility. Due 

to the toxic impacts of phenolic compounds, the World Health Organization (WHO) issued 

guidelines that the phenol concentration in the drinking water should be limited to 1.0 µg/L (Singh 

et al., 2020). 

2.4 Environmental impacts of phenol 

The aromatic chlorinated compounds are known as chlorinated phenols and are frequently present 

in industrial wastes that are persistent to degradation. The compounds of phenol entering into the 

soil come from the precipitation of atmospheric deposition in the form of rain and snow causing 

hazardous impacts on the microbial biota and plants (Adeola, 2018). 
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By-products of phenolic compounds, such as cresols, exist in water, soil and atmosphere and go 

through different biological and chemical transformations. They cause serious impacts on the 

surrounding ecosystem by depleting the dissolved oxygen and, in addition, the by-product cresols 

limit the oxygen exchange in the aquatic environment thus causing hazardous and toxic impacts 

on living species such as birds and fishes (Singh et al., 2020). 

These compounds are known to have deleterious effects on the ecosystem posing toxic impacts on 

the microorganisms residing in the aquatic environment such as algae, protozoa and it has been 

reported that higher concentrations of phenol inhibit photosynthetic properties of Chlorella sp. 

While in animals, these compounds are known to cause unfavorable impacts on the nervous and 

respiratory system, giving rise to numbness and seizures, followed by suffocation (Babich et al., 

1981). 

2.5 Health impacts of phenol 

In humans, long term exposure and inhalation of phenol is affiliated with cardiovascular, and 

respiratory diseases such as failure of lungs, kidney and heart. However, contact with the skin may 

cause skin irritation and damage. Ingestion of phenol causes diseases such as gastrointestinal 

diseases and ingestion of high concentrations of phenol can even cause death (Public Health 

Statement, 2008). 

Derivatives of phenol including aminophenols, methylphenols, nitrophenols, and chlorophenols, 

all are known to have toxic impacts on humans. Some alkylphenols are recognized for changing 

the mammary gland development in mammals and causing endocrine disrupting impacts in 

humans. In girls, Bisphenol A has the aptness to detain puberty. Exposure and application to higher 

levels of phenol may cause skin irritation followed by skin burns and may eventually lead to vital 

organs’ disorders. Their capacity to oxidize to by-products which are even more reactive can 

damage human DNA and proteins present in the body (Anku et al., 2017). 

Contact with derivative of phenol, pentachlorophenol (PCP), is affiliated with renal and nervous 

system disorders. Degradation and transformation of PCP can lead to even more toxic compounds 

that can cause the destruction of DNA. Long term exposure can lead to renal, cardiac and 

respiratory disorders. Major organs affected by long term exposure to phenol include kidneys, 

spleen, and pancreas (Adeola, 2018). 
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Poisoning by cresol leads to severe mouth burning, migraine, low temperature of body, pain in the 

abdomen, seizures of the nervous system and may even cause the death of human (Singh et al., 

2020). 

2.6 Treatment technologies for phenol removal 

Numerous technologies that are extensively being used for treatment of pollutants are. 

 Physical methods (Adsorption, coagulation, and membrane technologies) 

 Chemical methods (Chemical oxidation, ozone treatment, and wet oxidation process) 

 Biological methods (Microbial degradation by bacteria and fungi) 

Above mentioned methods do not degrade the organic pollutants completely, although these 

methods transform them into even more recalcitrant pollutants that are difficult to remove. These 

methods are cost-effective and result in the formation of pollutants at secondary level having 

cancer-causing or mutagenic properties (Dang et al., 2016; Singh et al., 2020). 

Out of these methods, photocatalysis also known as Advanced Oxidation Processes (AOPs) is the 

most advanced technique. This technique entirely degrades the organic pollutants into by-products, 

which are nontoxic like CO2 and H2O (Shahrezaei et al., 2012). Heterogeneous photocatalytic 

oxidation (HPO) is a new technique employed for the treatment of recalcitrant organic pollutants 

and produces even less nontoxic substances (Pirbazari et al., 2017). In AOPs, hydroxyl radicals 

(OH.) are produced and these radicals take part in the mineralization of different organic pollutants 

(Singh et al., 2020). 

2.7 Photocatalytic degradation mechanism  

Photocatalysis which is also known as AOPs makes use of the semiconductor and UV or Visible 

light to degrade the organic based pollutants such as phenolic compounds from the wastewater 

resulting in the production of CO2 and H2O considered as end products (Singh et al., 2020). The 

photocatalyic process can be defined as: “A change in the rate of a chemical reaction or its 

initiation under the action of ultraviolet, visible, or infrared radiation in the presence of the 

photocatalyst, that absorbs light and is involved in the chemical transformation of the reaction 

partners” (Braslavsky et al., 2007). 

A photocatalytic reaction involved in the organic pollutant degradation depends on various factors 

which are given as follows (Barakat et al., 2014). 

 pH  



21 
 

 Concentration and type of organic pollutant 

 Type of light (UV or Visible) 

 Catalyst loading   

In photocatalytic reactions, when a photo catalyst is illuminated with energy that is larger than the 

photocatalyst band gap, the valence band electrons get excited and jump to the conduction band 

causing valence band to hold a hole (h+) and causing conduction band to have an electron (e-) 

(Mahlambi et al., 2015). The electrons in excited condition in conduction group will counter with 

the surrounding oxygen (O2) to generate the superoxide radicals (O2
-
 ), and holes generated in the 

valence group will interact with water in the surrounding, producing hydroxyl radical (OH‾). Both 

of these produced radicals are responsible for the reaction with the surrounding organic compounds, 

especially the water-soluble compounds to ultimately degrade the organic compounds into CO2 

and H2O (Diantoro et al., 2018). 

Photoexcitation 

TiO2 + hυ  e‾ + h+                                                                              

 Reaction with water 

h+   + H2O         H+ + HO‾                              

Oxygen isopronation 

e‾ + O2  O2‾* 

Protonation of superoxides 

O2‾* + H+   HOO* 

The hydroperoxyl radical produced will undergo further reactions, reacting with the electron and 

hole ultimately producing the hydroxyl radical (OH‾), mainly responsible for the organic pollutant 

degradation (Diantoro et al., 2018). 

R + OH‾  CO2 + H2O 
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Figure 2.1 Photocatalytic mechanism of TiO2 

 

The reactions involving oxidation and reduction both occur at the photocatalyst surface as shown 

in the Figure 2.1. Diantoro et al. (2018) also investigated the photocatalytic processes in various 

conditions, such as with UV light or visible light and under different pH conditions like in acidic, 

basic and neutral conditions. Obvious from the results that the photocatalytic based activity of 

TiO2 nanoparticles will increase under alkaline conditions but the photocatalytic activity will 

decrease under acidic pH. Results concerning the degradation of phenol by dye sensitized 

nanoparticles should be high under alkaline conditions as compared to acidic conditions. 

2.8 Photocatalyst 

The most prominent characteristic of a semiconductor photocatalyst is that it is capable of 

reversing the change being made in the valence band so it can easily accommodate a hole without 

destroying the semiconductor. In addition, the band gap of the semiconductor photocatalyst must 

be highly stable, should be nontoxic, should be cost efficient and should have non-corrosive                                                                      

property (Mahlambi et al., 2015). Types of semiconductor majorly used in the photocatalytic 

processes include catalysts such as TiO2, Fe2O3, GaP, TiO2 and ZnS. Out of these catalysts, TiO2 

is the most suitable semiconductor photocatalyst (Dang et al., 2016). 
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2.8.1 TiO2 as a photocatalyst 

In addition, the property of having an appropriate gap band energy, the polymer should be ideal 

with the following properties (Gupta et al., 2011). 

 Easy to produce  

 Cost efficient 

 Environment friendly 

 Stable to light and should get easily excited by light 

 Non-toxic to environment and humans  

In view of all the above-mentioned properties, TiO2 is a photocatalyst ideally used for the 

photocatalytic based treatment of contaminants and can be used for many other wide applications. 

In the family of transition metal oxides, titanium dioxide (TiO2) is a well-known metal oxide.  

The photocatalysis by the TiO2 was firstly defined in 1972 by Fujishima and Honda and was stated 

as “Honda- Fujishima Effect”. The well-known process involved the electrolysis of water (Gupta 

& Tripathi, 2011). TiO2 is known for possessing high optical properties and getting easily activated 

by UV illumination and making it able to make use of the UV light for the photocatalytic reactions 

and causing the organic pollutants degradation especially the phenolic compounds (Mangrola et 

al., 2012). As TiO2 has a band gap energy of 3.2ev, its ability to absorb light is limited to the region 

of UV due to its narrow band gap energy (Safaralizadeh et al., 2017). 

TiO2 is generally used for the light induced treatment of organic contaminants due to its well-

known properties such as (Dang et al., 2016): 

 Low cost 

 Nontoxic and non-corrosive property 

 Stable nature 

 High chemical and physical stability     

 High efficiency 

 Extensive availability and 

 High photocatalytic activity  

Because of all the above-mentioned applications, TiO2 is broadly used for the photocatalytic 

organic pollutant degradation, especially the phenolic compounds (Barakat et al., 2014; 

Levchuk et al., 2020; Singh et al., 2020). 
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2.8.2 Polymorphs of TiO2 

In the family of transition metal oxides, TiO2 is an important metal oxide. The three commonly 

identified polymorphs of TiO2 are: anatase (tetragonal), brookite (orthorhombic) and rutile 

(tetragonal). The anatase phase is usually metastable as compared to other polymorphs and due 

to higher mobility of electrons, it is used for solar applications (Gupta & Tripathi, 2011). 

Although, rutile phase is stable phase in comparison to anatase and brookite as both are 

metastable. Brookite phase synthesis is difficult, so it is the reason that this phase is rarely 

studied or used in various studies (Hanaor & Sorrell, 2011). 

 

Figure 2.2: Crystaline arrangement of TiO2 polymorphs (a) Anatase (b) Rutile (c) Brookite 

(Eskandarloo & Badiei, 2014) 

Instead of various properties and stabilization of anatase phase, it is challenging to retard the 

change of anatase phase to rutile phase. However, it is reported by Setiawati and his coworkers in 

2008, that the addition of Eu+ and Sm+ makes the anatase phase stable (Theivasanthi & Alagar, 

2013).  

Polymorphic forms of TiO2: Anatase, rutile and brookite phase can be synthesized by following 

various methods such as (Riaz & Naseem, 2015): 

 Sol-gel method 

 Sonication method 

 Spray pyrolysis method 
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2.8.3 Limitations of TiO2 

About only 3.5-8% of solar spectrum consists of UV range and due to larger energy of band gap 

of TiO2, TiO2 gets only irradiated by the portion of UV, which makes it cost effective and cannot 

be used for large scale applications. The main drawback of TiO2 as a photocatalyst is that it cannot 

make use of visible light due to the larger TiO2 band gap. It cannot be irradiated by the visible light 

and makes it unable for various applications (Chowdhury et al., 2012). An urge to establish a 

modified and an efficient method is required which can cause reduction in the energy of band gap 

for efficient usage of visible portion light for the light enhanced degradation of organic pollutants. 

2.9 Titania nanoparticles 

Nanoparticles come under the domain of nanotechnology dealing with the science and technology 

at sizes approximately from 1 nanometer - 1000 nanometers (One meter= billion nanometers), 

however the suitable dimension for various applications and textile related products is 100 

nanometers (Sarathi & Thilagavathi, 2009). Titanium dioxide nanoparticles are known to be highly 

effective as a photocatalyst due to high stability and efficiency. These particles reveal the distinct 

properties that when their band gap increases with decrease in particle size, the smaller particles 

have higher surface area thus increasing the reactivity of particles (Khan et al., 2013). TiO2 is 

known for its various applications such as, sterilization of virus, removal of environmental 

pollution, making of white toothpaste, as a photocatalyst, development of environmentally friendly 

products such as self-cleaning fabrics and tiles (Rezaei & Mosaddeghi, 2006). They can be 

synthesized by various methods. 

2.9.1 Titania nanoparticles synthesis 

Different methods by which TiO2 can be synthesized are as follows (Eskandarloo & Badiei, 2014): 

 Sol- gel based process 

 Solvo-thermal process 

 Liquid impregnation process 

 Hydrothermal process 

 Wet chemical based process 

 Electrochemical process 
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Liquid impregnation method only involves the addition of one chemical (powder titania) and 

distilled water. Hence, it is cost efficient, easy method to synthesize TiO2 nanoparticles and easy 

to handle (Behnajady et al., 2009). 

2.10 Dye sensitization as a modification 

The visible light coming from the sun is in the range of 20-30 Wm-2 and consists of the major 

portion of sunlight. The band gap of TiO2 is larger which makes it difficult to get excited by the 

visible light due to the larger wavelength (400-700nm) but TiO2 becomes active under UV light 

but the usage of UV light at large scale is very challenging (Ahmed et al., 2010). To overcome this 

problem, several strategies have been developed comprising metal doping, dye sensitization and 

doping and capping of TiO2 with various metal or nonmetals (Gupta & Tripathi, 2011). 

Most of these above-mentioned methods are time consuming and highly expensive. But the 

modification through dye sensitization, is a simple and new method that can narrow the band gap 

energy corresponding to the longer wavelength (Chowdhury et al., 2012). Modification developed 

for the effective utilization of the visible light involves dye sensitization of the TiO2 particle which 

is based on both the chemical or the physical adsorption of the molecules of different dyes on 

surface of photocatalyst as shown in Figure 2.3 followed by the chemical reaction of the hydroxyl 

group (OH-) with the organic compound resulting in treatment of the organic based pollutant 

(Zangeneh et al., 2015). 
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Figure 2.3 A diagram displaying the sensitization process of TiO2 in photodegradation 

(Zyoud et al., 2018). 

2.11 Previous work on the photodegradation of phenol by dye sensitized nanoparticles 

The key advantageous impact of the presence of the bonded or adsorbed dye on the surface of the 

photocatalyst is because of its ability to absorb or make use of the visible light of solar spectrum 

for a definite range of wavelength. Mele et al. (2002) reported the difference in the degradation of 

4-nitrophenol by TiO2 particles modified by Cu (II)-phthalocyanine and bare TiO2 particles. 

Results showed the effective 4-nitrophenol degradation by the impregnated TiO2 by Cu (II)-

phthalocyanine in comparison to the bare TiO2 samples. Similarly, Granados et al. (2005) stated 

that sensitized TiO2 with Co (II) and Zn (II) tetracarboxyphtalocyanine (TcPcM) presented the 

effective light induced degradation of phenol in presence of the region of visible light. Deposition 

of platinum (Pt) on TcPcM/TiO2 enhanced the light efficiency of the reaction upto η ≈0.1. 

In another study Chowdhury et al. (2012) used Eosin Y dye sensitized TiO2 with platinum as a co-

catalyst in visible region and outcomes exhibited that almost 93% of phenol was degraded by the 

Eosin Y sensitized TiO2 catalyst. Dai et al. (2014) stated that the use of bacteriorhodopsin 

sensitized TiO2 nanoparticles for the light induced phenol degradation and percentage of 

degradation was increased 3.5 times by the sensitized TiO2 nanoparticles as compared to the TiO2 

nanoaprticles alone. 
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Janitabar Darzi & Movahedi (2014) used the modified ZnO and TiO2 nanoparticles with 

membromin dye for the light induced phenol degradation. After 4 hours, the membromine 

modified ZnO nanoparticles completely degraded the phenol and on the contrary modified TiO2 

nanoparticles only degraded phenol up to 47%. The reason is the less aggregation of the dye 

molecules on the surface of ZnO nanoparticles caused the excitation of molecules of the dye on 

ZnO surface for a prolonged lifetime (Janitabar Darzi & Movahedi, 2014). 

In another study, sudan black was used as a dye for the sensitization of TiO2 nanoparticles for light 

induced degradation of phenol using visible region of light and sudan black sensitized TiO2 

nanoparticles caused the degradation of phenol upto 96% in 100min period (Safaralizadeh et al., 

2017). So, safranin dye could help in the excitation of TiO2 and increase the degradation efficiency 

of organic pollutants like phenol. 

2.12 Safranin dye 

Safranin-O (3,7-diamino-2,8-dimethyl-5 phenylphenazinium chloride) is a phenazine dye which 

is widely utilized in energy transfer and electron reactions as a photosensitizer and the phenazine 

dye are widely used in textile industries (El-kemary & El-shamy, 2009). The chemical formula of 

Safranin O dye is C20H19N4Cl (Balaji et al., 2011).  

                                 

Figure 2.4 Chemical structure of Safranin O dye (Balaji et al., 2011) 

In the Safranin O dye, N+ Cl- group will form a bond with the surface of metal oxide by offering a 

proton to the lattice of the metal oxide (Kumar et al., 2018). 
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2.13 Kinetics of reaction 

To quantify the heterogeneous photodegradation activity of the organic compounds, the Langmuir- 

Hinshelwood is considered: 

                                           −
𝑑𝑐

𝑑𝑡
=

𝑘𝐾𝐶

1+𝐾𝐶
                                     

In the above equation, k is constant of photo degradation and K is thermodynamic adsorption rate 

constant of reaction, t is time and C is the reactant concentration. 

The kinetics of the phenol degradation by the TiO2 nanoparticles follows the Langmuir-

Hinshelwood equation as follows: 

                                       −
𝑑𝐶𝑃ℎ

𝑑𝑡
=  

𝑊

𝑉
𝐼𝛼

𝛽 𝑘𝑟 𝐶𝑃ℎ

1+𝐾𝐴𝐶𝑃ℎ
0                                   (1) 

Where KA is constant of adsorption equilibrium, kr is constant of kinetic rate, β is constant, V is 

reaction mixture volume, I is light intensity, W is catalyst mass and CPh is phenol concentration. 

Subscript 0 represents initial concentration. Equation 2 represents the apparent kinetic constant as: 

                                                                𝑘𝑎𝑝𝑝 =  
𝑊

𝑉
𝑘𝑟𝐾𝐴                                          (2) 

After combining the equation 1 and 2, we will get: 

                                          −
𝑑𝐶𝑃ℎ

𝑑𝑡
= 𝑟𝑠 = 𝐼𝛼

𝛽 𝐾𝑎𝑝𝑝𝐶𝑃ℎ

1+𝐾𝐴𝐶𝑃ℎ
0                             (3) 

For the prediction of various kinetic based parameters of photodegradation of phenol at various 

intensities equation 3 can be used (Chowdhury et al., 2012). 

2.14  Effect of operative parameters on phenol degradation 

2.14.1 Effect of catalyst loading 

The most significant parameters in the phenol degradation is the dosage of the photocatalyst and 

this parameter has been widely investigated and reported. The concentration of the catalyst not 

only effects the process efficiency but also the rate of the organic compounds degradation (Bukhari 

et al., 2019). 
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With increase in catalyst concentration, the total active sites increase, causing increase in hydroxyl 

(OH-) radicals. The initial reaction rate increases proportionally with increase in the catalyst 

concentration but after specific point, rate of reaction became constant and independent of 

concentration of catalyst (Chowdhury et al., 2012).  

The main reasons for the limiting value of the reaction may be due to: (i) high concentration of the 

catalyst causes the agglomeration which decreases the active sites (ii) due to higher catalyst 

concentration, the turbidity of solution increases which reduces transmission of light through the 

solution, thus, reducing the degradation efficiency of the process (Shahrezaei et al., 2012). 

Previous studies have investigated the degradation of phenol by taking various concentrations of 

the catalyst which is shown in form of table 2.1 

Table 2.1 Catalyst loading effect on phenol degradation 

 

2.14.2 Effect of light intensity  

Extent of adsorption of light by catalyst of semiconductor determines the light intensity for a given 

wavelength. Initiation rate for the formation of the electron-hole pair in the photochemical process 

is highly based on light intensity (Ahmed et al., 2010). The intensity of light to be incident is 

considered to be a rate-controlling parameter (Chowdhury et al., 2012). When mass transfer is low 

with the high intensity of light, the rate of reaction is proportional to the square root of intensity of 

light. Although, at lower intensity of light, the rate of photodegradation is linearly related to the 

 

Pollutants 

 

Photocatalyst 

Verified 

catalyst 

loading (g/L) 

Optimum 

loading 

(g/L) 

 

References 

 

Phenol 

 

Pt/TiO2 

 

0.25- 2.0 

 

0.5 

 

Barakat et al., 2014 

 

Phenol 

 

EY-TiO2/Pt 

 

0.1-2.2 

 

0.8 

 

Chowdhury et al., 2012 

 

p-cresol 

 

TiO2 

 

1.0-3.0 

 

1.0 

 

Singh et al., 2020 
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light intensity (Chowdhury et al., 2017). Various studies have been stated for photo-degradation 

of organics using either visible light or UV light. 

Li Puma et al. (2002) tested impact of light intensity on photodegradation of 2-chlorophenol (2-

CP) through concurrent UV-A, along with UV-B and UV-C irradiation. The primary rate of the 

photodegradation of 2-CP increased 1.8 times with UV-A along with UV-B and UV-C radiation 

in comparison to alone UV-A radiation. Higher photon flux stood responsible for the improved 

degradation of 2-CP with UV-A along with UV-B and UV-C in comparison to UV-A radiation 

(Ahmed et al., 2010). 

Another study was degradation of 2-Chlorophenol in a photoreactor was evaluated by using 

different lamps ranging from 20-150 W energy. It was seen that the efficiency of the 

photodegradation was increased from 3 to 5 folds with 70W and 150W lamps, respectively. 2-CP 

was completely degraded under 150W lamp within 3h (Rashid et al., 2014). Suzuki et al. (2015) 

stated the combined result of ozone, TiO2 along with UV for phenol photodegradation. It was 

concluded that almost 100% of the 50 mg/dm3 phenol was degraded within 2h and the removal of 

COD achieved was 100% within 4h with the combination of ozone, TiO2 and UV process. 

Chowdhury et al. (2012) studied the dye sensitized TiO2 using visible light and Eosin Y as a dye 

sensitizer was used. Almost 93% of 40 mg/L phenol degradation was attained in 90 min with 

visible light having the intensity of 100 mW/cm2. Some studies are reported in table 2.2. 

Table 2.2 Effect of light intensity on phenol degradation 

 

Catalyst 

Phenolic 

pollutant 

 

Light source 

Degradation 

Efficiency 

(%) 

 

References 

TiO2/Gr/PW Phenol UV light 91% Rafiee et al., 2016 

TiO2/Zeolite 

composite 

Phenol UV light 100% Sulaiman et al., 2017 

N,S codoped TiO2 Phenol Visible light 100% Yunus et al., 2017 
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2.14.3 Effect of pH  

In the process of photocatalysis, pH parameter shows a significant impact. For TiO2, point of zero 

charge is around 6.8. Therefore, at basic pH (pH 9.0), the TiO2 surface is charged negatively and 

at acidic pH (pH 5.0), the TiO2 surface is charged positively. Results showed that the pH had major 

impact on photodegradation. Under both high and low pH, the rate of photodegradation is 

relatively less. At pH 5.0, only 28% of phenol degraded that was near to results achieved at pH 9.0 

(31% phenol degradation). The optimum pH for the efficient degradation of phenol was 7.0 and 

almost 100% of the phenol was degraded within 2h (Chowdhury et al., 2012). 

Rashid et al. (2014) varied the solution pH to study pH impact on the 2-Chlorophenol (2-CP) 

degradation. It showed that the degradation of 2-Chlorophenol linearly increased with the 

increased pH upto pH 5.0. And causing further increase in pH upto 7.0, caused a major decreased 

in the degradation of 2-CP. The electrostatic based binding of 2-Chlorophenol with the positive 

surface of TiO2 is responsible for the complete degradation of 2-Chlorophenol. Wang et al. (2017) 

stated the impact of pH on degradation of phenol. At initial stage, highest degradation obtained 

was at pH 1.0 and then noticeable decrease in phenol degradation was noticed with increasing pH, 

maximum degradation achieved was 92.4%. The results showed that phenol degradation were 

favored in the low pH and on other hand, it was repressed in the basic pH in comparison to the 

neutral pH. It is considered that the phenol is in its nonionic form in the acidic condition leading 

to high density production of hydroxyl radicals (OH-) near to TiO2 catalyst surface.    

This study is based on cited literature and is studied under different operative parameters like effect 

of dosage of catalyst, light and pH. The selected dye (safranin) could help in increasing the 

efficiency of TiO2 nanoparticle and make it effective for purpose of degradation of phenol upon 

dye sensitization. 

 

 

N-TiO2/SiO2/Fe3O4 Phenol Visible light 

irradiation 

64% Vaiano et al., 2016 
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Chapter- 3  

3 MATERIAL AND METHODS 

3.1 Materials 

Titania general purpose reagent was used for the synthesis of pure TiO2 nanoparticles (TNPs). 

Chemical TiO2 was purchased from the local market and was used in the preparation of the 

precursor TiO2 nanoparticles by the liquid impregnation liquid method. Phenol chemical in solid 

form and safranin dye was also purchased from the local market. For the synthesis of TiO2 

nanoparticles analytical grade chemicals and Pyrex glassware was used. De-ionized water was 

used for all the experiments. 

For the light induced degradation of the phenols, 4 visible (ranging from 400-700 nm) and 4 UV 

lamps (ranging from 280-320 nm) having 18W and 8W energy were used as a light source, 

respectively. UV-Vis spectrophotometer technique was used for the analysis of the phenol 

degradation. 

3.2 Method for the synthesis of TNPs 

3.2.1 Liquid impregnation method 

For the synthesis of TNPs, 20g of the titanium powder was made soluble in 100 mL of deionized 

water in beaker of glass and stirred magnetically for 24 h on hot magnetic plate. Resulting mixture 

was allowed to settle for 24 h followed by oven drying at 105° C temperature for time period of 

12 h. Dried sample was crushed with pestle mortar followed by placing in muffle furnace at 550° 

C for 6 h to obtain the titania nanoparticles (Husnain et al., 2016). The nanoparticles were cooled 

at room temperature and the particle size of the nanoparticles were from 20 nm to 60 nm with 

average size of 36nm. Flow diagram for the preparation of TiO2 nanoparticles is shown in Figure 

3.1. 
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Figure 3.1 Flow diagram of TiO2 nanoparticles preparation 

3.3 Preparation of dye sensitized TNPs 

First of all, safranin solutions from 1x10-2 mM to 5x10-2 mM were prepared in isopropyl alcohol 

(Kumar et al., 2018) and the calculated quantity of TNPs were added in prepared solution and pH 

was adjusted at 3 by adding 0.1 M HCL. The solution was placed for 24 h (Safaralizadeh et al., 

2017) and the solution was refluxed for 2 h at 80°C so that the dye could fix at the nanoparticles. 

The dye sensitized nanoparticles were centrifuged and filtered via filter paper (Granados et al., 

2005). Hence, safranin sensitized nanoparticles were obtained. Flow diagram for the preparation 

of safranin sensitized nanoparticles is shown in Figure 3.2. 

 

 

 

 

20g TiO2 powder dissolved in 100ml distilled water

SSolution was stirred magnetically for 24 h on magnetic plate

Resulting mixture was allowed to settle for 24 h

Oven drying of sample at 105° C for time period of 12 h

Calcinated crushed sample in muffle furnace at 550° C for 6 h

The resulting nanoaprticles were cooled at room temperature
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Figure 3.2 Flow Diagram of Safranin Sensitized Nanoparticles 

 

Solutions ranging from 1mM to 

5mM was prepared in 100ml 

volumetric flasks 

Particles were separated by the 

filter paper and oven dried 

After heating for 2h at 80°C in 

oven the particles were centrifuged 

at 6000rpm for 10min 

Dilutions ranging from 1x10-2mM 

to 5x10-2 mM were prepared in 

50ml conical flasks 

Calculated quantity of TiO2 

nanoparticles were added 

After oven drying, safranin 

sensitized nanoparticles were 

obtained 
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3.4 Characterization of TiO2 nanoparticles and dye sensitized nanoparticles 

Keeping in view the importance of the crystal size and morphology of nanoparticles in their various 

applications, characterization of nanoparticles becomes very important for the determination of 

particle size, texture and shape. Usually, the techniques involved in the characterization of 

nanoparticles are X-ray Diffraction (XRD), Scanning Electron Microscope (SEM) and Fourier 

Transform Infrared Spectroscopy (FTIR) tecnhniques (Dil et al., 2019; Diantoro et al., 2018). By 

using these characterization techniques, the various properties of nanoparticles such as particle 

size, particle arrangements, crystallinity of nanoparticles and shape of nanoparticles can be 

determined. Uniformity, agglomeration and spherical properties of safranin sensitized 

nanoparticles were determined by SEM (Safaralizadeh et al., 2017). XRD is useful for the 

determination of crystallinity and phase structure of nanoparticles (Dil et al., 2019). 

3.4.1 Scanning Electron Microscope (SEM) 

Scanning Electron Microscope tecnhnique or SEM analysis has worldwide known applications in 

many fields. In the study of inorganic and organic materials, SEM is usually recognized as an 

operational method with a scale ranging from nanometer to micrometer (µm). SEM can create very 

accurate images of various materials with a magnification power of 30,000X and as high as 

100,000X. This device of SEM also helps in the analysis of samples having diameter up to 200 nm 

along with a height of 80 mm. Materials having organic and inorganic solids including polymers 

and metals can be used in SEM for analysis (Mohammed & Abdullah, 2019). The working 

principle of SEM is shown in Figure 3.3. 
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Figure 3.3 Diagram of the core components of SEM (Inkson, 2016) 
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By the application of electron beam, the analysis of sample was done. The range of the electron in 

the beam lies between 100-30,000 electron volts. The source of electron emission is usually 

thermal. SEM can compress the spot produced by the electron beam to produce a sharp and 

accurate image and can also direct the electrons being focused on the sample. The electron detector 

then detects the emitted electrons from the scanned specimen. The signals are then shown on the 

screen and the intensity and brightness can be controlled by the operator till a clear and sharp 

image is achieved. For the analysis of small details, the magnification as high as 100,000X can be 

applied (Mohammed & Abdullah, 2019). 

In this study, size of particle with morphology of titania nanoparticles and the safranin sensitized 

nanoparticles was done by Sacnning Electron Microscope (JEOL JSM-6490A) at an acceleration 

voltage of 20kV. 

3.4.2 X-ray Diffraction (XRD) 

In 1912, Max von Laue and Co. found that matters having crystalline nature behave as three-

dimensional diffraction gratings for those having plane spacing in crystal lattice equal to the x-ray 

wavelength. For the study purpose of atomic spacing and crystal structure of various samples, X-

ray Diffraction (XRD) technique is a very common method. Working of XRD is based on 

constructive interference of monochromatic x-rays and that of the crystalline nature based sample. 

Cathode ray tube is responsible for production of x-rays which are further filtered to generate 

monochromatic radiation and after being concentrated, it is directed towards the sample. 

Constructive interferences are produced when the incident radiations counters with the sample 

which completely meets Bragg’s law: 

                                                                       𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃   

As 𝑛 is an integer, 𝑑 is the interplanar spacing producing the diffraction, θ is angle of diffraction 

and λ is x-rays wavelength. By scattering the sample thorough 2θ angles, because of random 

alignment of the powdered crushed sample possible diffraction directions of lattice can be attained. 

Identification of the sample compound can be carried out by transforming the diffraction peaks 

into d-spacing as every compound consists of a set of distinctive d-spacing. The x-ray 

diffractometers consist of (Bunaciu et al., 2015): 

 Tube of a x-ray 
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 Holder for sample and  

 Detector for x-ray 

As shown in Figure 3.4 principle of  incident x-rays is displayed. The x-rays interact with the 

electrons in the sample and are get scattered elastically. Then the scattered waves interfere with 

each other coming from many atoms and if they are in one plane, then they would interfere 

constructively. The information in these diffracted x-rays is related to the electron distribution in 

the materials. 

 

Figure 3.4 Diffraction of X-rays at Crystal Lattice (Zang &Kumar, 2008) 

 

The size range of crystals of TiO2 nanoparticles were determined by using the Debye-Scherrer 

equation: 

𝑑 =
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
 

Where 𝑑 is the crystalline size of nanoparticle, 𝑘 is constant for spherical particles (0.9), λ is 

wavelength of the source the X-ray used (λ=0.154056 nm), 𝛽 is full width half maxima (FWHM) 
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and θ is angle at the maximum diffraction curve intensity (Safaralizadeh et al., 2017). By inserting 

all the values from the XRD graph, the crystalline size of nanoparticles can be calculated. 

3.4.3 Fourier Transform Infrared Spectroscopy (FTIR) 

To overcome challenges faced with dispersive instruments, Fourier Transform Infrared 

Spectroscopy (FTIR) technique was developed. Main challenge faced was the slow process of 

scanning. So, there was a need for the measurement of individual frequency, rather than all the 

infrared frequencies. Simple optical device was developed as a solution known as interferometer. 

Unique type of signal consisting of all the infrared frequencies encoded is produced by the 

interferometer. In a period of almost one second, the signal produced can be measured (Griffiths 

& De Haseth, 2007). 

In the field of organic chemistry, Infrared spectroscopy is a significant technique. By this technique, 

the identification of certain functional groups in various molecules is done very easily. The study 

done by the infrared spectroscopy showed the principle that each molecule has specific frequencies 

of internal vibrations. The range of frequencies occurring in the infrared region varies from 

~4000cm-1 to ~ 200cm-1 of the electromagnetic spectrum (Patel, 2015). The basic components of 

FTIR are given Figure 3.5. 

 

 

Figure 3.5 Principal components of FTIR (Patel, 2015) 

      The basic components of FTIR are: 

 The source 

 The interferometer 

 The sample 

 The detector 
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 The computer 

As a source in FTIR, a glowing black body is used for emission of infrared energy. The energy of 

the produced light beam is controlled by an aperture and is further directed on the sample. 

Depending on the type of analysis, after entering into the sample compartment, the light beam is 

transmitted through surface of the sample. For final determination, the light beam ultimately enters 

into the detector. The detectors are designed in such a way that the signal of special interferogram 

is measured. After entering into the detector, the analyzed beam being digitized and furthered sent 

to the computer where the process of the Fourier transformation is done. The experimental setup 

of the FTIR is shown in Figure 3.6. 

 

 

Figure 3.6 Setup of FTIR (Patel, 2015) 

3.5 Instruments used for the study of phenol degradation  

3.5.1 UV-Vis spectrophotometer 

The degradation of phenol was analyzed by the UV-Vis spectrophotometer. With help of the UV-

Vis spectrophotometer technique, phenol solution absorbance was measured before and after the 

degradation of phenol by TiO2. 

For the determination of absorbance or transmittance depending upon the wavelength of the 

electromagnetic radiation, spectrophotometer is used. The main components of the 

spectrophotometer are: 

 A source 

 A dispersion device  
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 A sample area 

 Detectors 

 

Figure 3.7 Main components of UV-Vis Spectrophotometer (De Caro & Haller, 2015). 

  

Mainly two types of light sources are used in the spectrophotometer: first source of light is the 

deuterium arc lamp, which produces intensity in a continuous manner to the UV region and also 

produces intensity in the visible region and the tungsten lamp being the second source produces 

intensity over both of the UV and visible region. The dispersion device allows the light to get 

dispersed over the different wavelengths at different angles and at the end, the detector converts 

the light signal into the electrical signal (De Caro & Haller, 2015). 

3.5.2 Principal of UV-Vis Spectrophotometer 

Intensity of passing light through the placed sample in cuvette is measured by the UV-Vis 

spectrophotometer technique, and is compared with the prior intensity of light before entering into 

the sample. The spectrum of UV-Vis spectrophotometer is represented in the graphical form as 

absorbance which is the function of the wavelength. 

3.5.3 Beer-Lambert law 

When the light intensity passes through the sample, it is proportional to concentration of sample. 

With increase in sample concentration, intensity of light passing through the sample also increases. 

Hence, along with the length of the cuvette, as the length of the cuvette increases, the absorption 

of the light also increases. The equation describing the Beer-Lambert law is given as: 
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𝐴 =  𝜀. 𝑐. 𝑑 

Here, 𝑐 is concentration of sample in mol/L or g/L, 𝑑 the length of the cuvette is given in cm, 𝜀 

which the extinction coefficient is a sample constant and A is the absorbance (Caro, 2015; 

Braslavsky et al., 1988). 

The UV-Vis spectrophotometer (SPECORD 200 PLUS) was used for the analysis of the phenol 

degradation. The degraded phenols were measured by the UV-Vis spectrophotometer apparatus at 

a wavelength of 500 nm. 

3.6 Degradation efficiency 

By using the values of difference in the absorption taken by the spectrophotometer, the efficiency 

of the degradation can be determined by the given equation (Chiu et al., 2019): 

Degradation Efficiency (%) = 
𝐶0−𝐶

𝐶0
 ˟ 100 

C0 is concentration of solution at t=0 and, 

C is concentration of solution after some irradiation time. 

3.7 Photocatalytic experiments 

3.7.1 Experimental Setup 

Degradation of the phenol was done under the irradiation of UV (8W) and Visible (18W) light 

with varying the quantity of both visible and UV light. The degradation was done under different 

time intervals for the period of 6 h and various samples were taken out at the various time intervals. 

Both the experiments of UV and Visible light were run side by side in various compartments of 

the photocatalytic chamber. Precisely, 50 mg L-1 of the phenol solution was taken with the 

calculated quantity of the dye sensitized nanoparticles. The phenol solution was irradiated for the 

time period of 6 h using both UV light and visible light. Experimental setup for degradation of 

phenol by the dye sensitized nanoparticles is shown in Figure 5. 
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Figure 5: Setup for degradation of phenol 

3.8. Preparation of solution 

Five different volumetric flasks were taken and in each of the flask 50 mg/L of phenol solution 

was prepared by adding 250 mg phenol in 500 mL of volumetric flask and filled volume up to the 

mark by adding distilled water. After preparing the phenol solution, different quantities of dye 

sensitized TiO2 nanoparticles were added in solution of phenol in order to find out optimum dosage 

of dye sensitized TiO2 nanoparticles for degradation of phenol. Then, volumetric flasks were 

placed on the magnetic stirrer for 5 min for the mixing of phenol and nanoparticles (Chowdhury 

et al., 2012). Samples were withdrawn at different time periods, and the concentration of phenol 

was analyzed by 4-aminoantipyrene method (Varadaraju et al., 2018) with UV-Vis 

spectrophotometer at 500 nm wavelength and COD was also determined. 
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                                                                                                                                                                  Chapter- 4 

4 RESULTS AND DISCUSSION 

4.1 XRD Analysis  

XRD analysis of nanoparticles was carried out to determine their polymorph phase, crystallinity 

and their composition. XRD graphs were attained by powder XRD technique using Cu-Kα 

radiation = 1.5418 Å at an angle of 2θ from 10° to 80° (Bunaciu et al., 2015). Figure  shows the 

XRD results of pure TiO2 nanoparticles where 2θ peaks at 25.56°, 37.96°, 48.2°, 54.04° and 55.2° 

are visible. The presence of different peaks at 2θ values of 25.5°, 37.9°, 48.2° and 55.2° shows 

that TiO2 nanoparticles mainly consists of anatase phase. All these peaks showed that titania 

nanoparticles were highly crystalline in nature and were upto 80% anatase. 

Figure 4.2 displays the XRD graph of dye sensitized nanoparticles with concentration of 1x 10-2 

mM. The diffraction peaks at 2θ = 25.56°, 38.16°, 48.32° and 55.24° shows the anatase crystalline 

phase of the dye sensitized nanoparticle. The first peak of concentration 1x 10-2 mM appears at 2θ 

value of 25.56°. The crystalline nature of these dye sensitized nanoparticles resulted primarily due 

to calcination of pure TiO2 nanoparticles at 550o C for 6 hrs.  

 

Figure 4.1: XRD intensity plot fore pure titania nanoparticles 
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Figure 4.2: XRD intensity plot for concentration 1x10-2 mM dye sensitized nanoparticles 

 

Figure 4.3: XRD intensity for concentration 2x10-2 mM dye sensitized nanoparticles 
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Figure 4.3 displays the XRD graph of dye sensitized nanoparticles having the concentration of 

2x10-2 mM with peaks appearing at 25.4°, 37.92°, 48.2° and 55.2°. The highest peak at 25.52° 

represented the anatase phase. These peaks represented the crystallinity and purity of the dye 

sensitized nanoparticles.  

 

Figure 4.4: XRD intensity plot for concentration 3x10-2 mM dye sensitized nanoparticles 

 

Figure 4.4 shows the different peaks at 2θ for the concentration of 3x10-2 mM of the dye sensitized 

nanoparticles. The peaks at 25.52°, 38.04°, 48.32° and 55.28° represented the crystalline nature of 

dye sensitized nanoparticles. The anatase phase resulted when the temperature appeared between 

300-500°C.  

Figure 4.5 shows the XRD pattern of concentration 4x10-2 mM of the dye sensitized nanoparticles. 

The peaks show 2θ at 25.32°, 37.76°, 48.04° and 55.04°. Anatase phase shows high 

photoconductivity performance as compared to the rutile phase because of the difference in energy 

of band gap of anatase and rutile phase which is ⁓ 3.2eV and ⁓3.0eV, respectively (Hanaor & 

Sorrell, 2011). Figure 4.6 shows the XRD graph of the concentration of 5x10-2 mM.   
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Figure 4.5: XRD intensity plot for concentration 4x10-2 mM dye sensitized nanoparticles 

Figure 4.6: XRD intensity plot for concentration 5x10-2 mM dye sensitized nanoparticles 
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4.2 SEM Analysis 

Morphology and diameter of prepared TiO2 nanoparticles were considered under the SEM. The 

SEM images showed the porous, sponge-like structure of high porosity and roughness. The SEM 

images of both pure TiO2 nanoparticles and the dye sensitized nanoparticles were taken by JEOL 

JSM- 6490A at an acceleration voltage of 20kV. Figure 4.7 shows SEM image of pure TiO2 

nanoparticles under the magnification at X50,000. The diameter of the spherical TiO2 

nanoparticles ranged from 20-60 nm. 

 

Figure 4.7: SEM image of pure titania nanoparticles at X50,000 

Figures 4.8 and 4.9 show SEM image of concentrations 1x10-2 mM and 2x10-2 mM of the dye 

sensitized nanoparticles under the magnification of X40,000 and X45,000, respectively. The SEM 

images of the dye sensitized nanoparticles seemed to be rougher and complex showing high area 

of surface for the dye adsorption on TiO2 nanoparticles. 
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Figure 4.8: SEM image of concentration 1x10-2 mM dye sensitized nanoparticles 

 

Figure 4.9: SEM image of concentration 2x10-2 mM dye sensitized nanoparticles 

 

Figures 4.10, 4.11 and 4.12 show the SEM images of the concentration 3x10-2 mM, 4x10-2 mM, 

and 5x10-2 mM, respectively of dye sensitized nanoparticles under the magnification of X40,000. 

The SEM images of the dye sensitized nanoparticles showed the diameter at various concentrations 

in the range of 30-70nm. The SEM images showed the high complexity of the nanoparticles with 

high adsorption capacity for the dye molecules. The SEM images showed that the morphology of 
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the dye sensitized is more rough, porous and sponge-like giving high roughness and complexity to 

structure of nanoparticles. 

 

Figure 4.10: SEM image of concentration 3x10-2 mM dye sensitized nanoparticles 

 

Figure 4.11: SEM image of concentration 4x10-2 mM dye sensitized nanoparticles 
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Figure 4.12: SEM image of concentration 5x10-2 mM dye sensitized nanoparticles 
 

4.3 FTIR Analysis 

Fourier Transform Infrared Spectroscopy (FTIR) technique was conducted for studying and 

comparing the various functional groups present in pure TiO2 nanoparticles and in the dye 

sensitized TiO2 nanoparticles. FTIR spectra of these nanoparticles governed by an intensive and 

broad band from 3000-3500 cm-1 showing the stretching vibrations of hydroxyl group (OH-) that 

are either symmetric or asymmetric of the water molecules present in the structure of the 

nanoparticles (Khan et al., 2018). 

 Figure 4.13 displays FTIR spectra for pure TiO2 nanoparticles. In case of pure TiO2 nanoparticles, 

band at 3401.75 cm-1 assigned to the water of hydration existing in the solution, while the band at 

2916.01 cm-1 showed asymmetric vibrations of –CH3 groups. The third band at 1630 cm-1 showed 

the bending modes of water assigned as Ti-OH. 
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Figure 4.13: FTIR spectrum of pure TiO2 nanoparticles 

 

Figures 4.14 and 4.15 show FTIR spectra of the dye sensitized nanoparticles with concentration 

of 1x10-2 mM and 2x10-2 mM, respectively. The first band in both of the concentrations at 3400 

cm-1 shows the stretching vibration of O-H group. While 2852.85 cm-1 and 2915.59 cm-1, the 

asymmetric vibration of –CH3 group was exhibited. The band ranging from 2260-2100 cm-1 

showed variable stretching of C≡C group. 
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Figure 4.14: FTIR spectrum of concentration 1x10-2 mM dye sensitized nanoparticles 

 

Figure 4.15: FTIR spectrum of concentration 2x10-2 mM dye sensitized nanoparticles 
 

      

Figures 4.16 and 4.17 show FTIR spectra of the dye sensitized nanoparticles with concentrations 

3x10-2 mM and 4x10-2 mM, respectively. The first band ranging from 3300-3400 cm-1 showed 

presence of N-H group in structure of dye sensitized nanoparticles. Presence of such N-H group 

confirmed presence of safranin adsorbed on the TiO2 nanoparticles as the functional group was a 

part of the molecular structure of the safranin dye. The FTIR spectral band at 2921.84 cm-1 and at 
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2848.80 cm-1 indicated the presence of –CH3 group. The band ranging from 1640-1660 cm-1 was 

attributed to presence of C=C group. 

 

Figure 4.16: FTIR spectrum of concentration 3x10-2mM dye sensitized nanoparticles 

 

Figure 4.17: FTIR spectrum of concentration 4x10-2mM dye sensitized nanoparticles 

4.4 UV spectrum for initial dye absorbance 

For the calculation of initial dye absorbance on the surface of TiO2 nanoparticles, a standard curve 

of different standards of safranin dye was prepared. Standards of safranin solution ranging from 

1x10-2 mM to 5x10-2 mM were prepared and measured at wavelength of 516 nm at the UV-

spectrophotometer. Figure 4.18 shows the standard curve of the different prepared standards of 



56 
 

safranin solutions. In figure 4.19, as shown concentrations of safranin dye increased in the solution, 

the level of absorbance in the UV- spectrophotometer increased.  

 

Figure 4.18: Calibration curve of safranin solution ranging from 1x10-2 mM to 5x10-2 mM 

 

Figure 4.19: Curve for initial absorbance of safranin dye solution ranging from 1x10-2 mM 

to 5x10-2 mM 

After calculating the curve of initial absorbance of safranin solutions from 1x10-2 mM to 5x10-2 

mM, it was obvious that with the increasing concentration of the safranin dye, the absorbance of 

dye increased according to the Beer-Lambert law. By calculations of initial absorbance of the 

various solutions of the safranin dye, the final absorbance of these solutions on the added dosage 

of TiO2 nanoparticles (TNPs) were measured at wavelength of 516 nm at the UV-
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spectrophotometer by separating TNPs from the dye solution by the process of centrifugation and 

filtration. After having the values of initial and final absorbance measured at the UV- 

spectrophotometer, dye adsorbed per gram of TNPs and the percentage (%) of dye adsorbed on 

the TNPs were calculated and on the basis of calculations the concentration of 4x10-2 mM was 

taken as the optimum concentration of safranin solution due to the fact that 70.85% of the safranin 

dye was adsorbed on the TNPs which was maximum in comparison to the other concentrations. 

Table 4.1 illustrates the various calculations done for the purpose of the optimum dosage. 

Table 4.1: Determination of optimum concentration of safranin solution 

Initial 

Concentration 

Initial 

Absorbance 

Final 

Absorbance 

Final 

Concentration 

Dye 

Absorbed 

per g 

% of Dye 

Adsorbed 

(mM) (mg) (AU) (AU) (mg) (mM) (mg) % 

0.01 3.508 0.049 0.032 2.51 7.16x10-3 0.995 28.3 

0.02 7.016 0.127 0.037 2.74 7.82x10-3 4.276 60.9 

0.03 10.524 0.218 0.051 3.39 9.68x10-3 7.128 67.73 

0.04 14.032 0.276 0.066 4.09 0.011 9.942 70.85 

0.05 17.54 0.35 0.14 7.48 0.021 10.082 57.4 

As shown in table, optimum concentration of 4x10-2 mM was further used in the degradation 

experiments. 

4.5 Effect of parameters 

4.5.1 Optimizing catalyst concentration 

The comparative study for the optimization of initial concentration of catalyst was done. Different 

concentrations of the catalyst loading were taken for degradation of phenol and rate of phenol 

degradation with different time periods i.e., 0, 1, 2, 4 and 6 h were measured. Figure 4.20, 4.21, 

4.22 and 4.23 show the degradation of phenol with catalyst dosages of 125 mg/500mL, 250 

mg/500mL, 500 mg/500mL and 1000 mg/500mL, respectively with different time intervals. 
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Figure 4.20: Effect of 125 mg/500mL dosage on phenol degradation 

 

Figure 4.21: Effect of 250 mg/500mL dosage on phenol degradation 
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Figure 4.22: Effect of 500 mg/500mL dosage on phenol degradation 

 

Figure 4.23: Effect of 1000 mg/500mL dosage on phenol degradation 

 

As shown in the above graphs, the effect of dye sensitized TNPs on the phenol degradation were 

determined. It was found that initially with the increase in catalyst dosage, the rate of degradation 

should increase. But after a certain point, it was found that with further increase in catalyst 

concentration, no prominent degradation in phenol concentration was found. It might be due to 

that, with increase in catalyst concentration, light penetration decreased owing to the increase in 

turbidity due to the increased concentration in catalyst dosage (Choquette-Labbe et al., 2014). It 
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was concluded that 500 mg of nanoparticles were taken to be the optimum dosage. In all cases, the 

concentration of 50 mg/L of phenol solution was taken for the degradation study. 

4.5.2 Effect of light intensity 

Band gap energy of TiO2 was 3.2 eV that is usually activated by the ultraviolet region of light. But 

the modification of dye sensitization lowers the band gap energy of TiO2 so that the electrons 

should get excited even under the visible region of light. From the literature, it is confirmed that 

the process of dye sensitization activates TiO2 in the visible region from 420 to 800 nm (Zangeneh 

et al., 2015). So, to confirm the fact that dye sensitization activates TiO2 in region of visible light, 

the experiments of degradation of phenol by dye sensitized nanoparticles were carried out both in 

the visible and ultraviolet region. 

Two different intensities of ultraviolet light (8W & 16W) and visible light (18W & 36W) were 

used in the research to analyze impact of both light on degradation of 50 mg/L of phenol by the 

dye sensitized nanoparticles. Figures 4.24 and 4.25 show the impact of both 8W and 16W (UV 

light) intensities, respectively for the phenol degradation.  

 

Figure 4.24: Effect of 8W UV light on phenol degradation 
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The control only contained 50 mg/L of phenol solution with no added dye sensitized TNPs, while 

the treatment contained the optimum dosage that was 500 mg/500mL of the dye sensitized TNPs 

in the 50 mg/L of phenol solution. Figure 4.25 shows the impact of 16W intensity of UV light on 

phenol degradation. 

 

Figure 4.25: Effect of 16W UV light on phenol degradation 
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intensity, TiO2 nanoparticles degraded 72.4% of 100 mg/L phenol in 3 h. Figures 4.26 and 4.27 

show the effect of visible light with intensities 18W and 36W, respectively.  

 

Figure 4.26: Effect of 18W visible light on phenol degradation 

The effect of visible light with two different intensities (18W & 36W) over a time period starting 

from 0 to 6 h was determined. As the time period increased, rate of degradation of phenol by dye 

sensitized TNPs increased. 

 

Figure 4.27: Effect of 36W visible light on phenol degradation 
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As reported in literature by Haghighatzadeh in 2020, curcumin sensitized TiO2 nanoparticles 

degraded phenol to only 52 % in time period of 6 h under 150W of visible light. Under visible 

light with high intensity, which was 36W, the phenol degradation was 54% after period of 6 h, as 

under visible light the dye sensitized TNPs get excited which help in the degradation of 50 mg/L 

of phenol solution. Reason of degradation of phenol up to only 54% might be due to less exposure 

that was only for 6 h under low visible light intensity (36W).  Gosh et al. (2020) reported that 

under visible light intensity of 60 mW cm-2 mango steel sensitized TiO2 nanoparticles were able 

to degrade methylene blue to 78% within time period of 2 h.          

4.5.3 Effect of pH  

Photocatalytic degradation of phenol by 500 mg/mL dosage of dye sensitized nanoparticles was 

carried out at acidic pH of 3. The effect of pH was determined at the highest optimized intensities 

of both UV (16W) and visible light (36W) because at both intensities the degradation of phenol 

was observed to be high. 

 As reported in literature by Chowdhury et al. (2012), at acidic pH, the point of charge of TiO2 

becomes positive, and safranin dye is a basic dye having positive charge, so at low pH the 

adsorption of dye becomes difficult and the rate of degradation of phenol decreases. At basic pH, 

point of charge of TiO2 becomes negative, the dye being positively charged, strongly gets adsorbed 

on the surface of TiO2 and the rate of degradation increases due to the dye sensitization of TiO2. 

 Figure 4.28 displays the effect of acidic pH 3 under 16W of UV light for the degradation of phenol, 

whereas Figure 4.29 shows the degradation of phenol at acidic pH of 3 under 36W of visible light 

at different time intervals.   
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Figure 4.28: Effect of pH 3 under 16W UV light on phenol degradation by dye sensitized 

TNPs 

 

Figure 4.29: Effect of pH 3 under 36W visible light on phenol degradation by dye sensitized 

TNPs 

 

The degradation rate of phenol by dye sensitized TNPs was lower due to less adsorption of dye on 
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nanoparticles. However, under visible light intensity of 36W the concentration of phenol was 

decreased to 20.9 mg/L from 50mg/L in comparison to 32.1 mg/L that was achieved under UV 

light of 18W intensity. Even at pH 3, the results of phenol degradation were more efficient using 

visible light in comparison to UV light due to fact of activation of TiO2 under visible light after 

being sensitized by safranin dye.      

 Bukhari et al. (2019) studied the impacts of various parameters on the photocatalytic oxidation of 

slaughterhouse wastewater using TiO2 and it was found that at acidic pH, removal rate was 

maximum due to fact that positive surface of TiO2 efficiently adsorbs organic matter on its surface 

present in wastewater. 

The presence of safranin played a significant role in the degradation of phenol because it was used 

in the process of sensitization which efficiently increased the photocatalytic activity of TiO2. 

Safranin dye was used on the basis of the fact that it is a textile dye and could be extracted from 

textile wastewater to be used in wastewater treatment. 

4.6 COD determination 

4.6.1 COD determination under different light intensity 

COD of the phenolic solution was measured in order to check the carbon content present in the 

wastewater which is considered to be the phenol solution of 50 mg/L. The rate of degradation is 

in inverse relation with the COD. As the rate of degradation increases, the value of COD decreases 

with the period of time. Determination of COD indirectly confirms the degradation rate of phenolic 

solution. 

COD of the phenol solution was determined using both UV light (8W & 16W) and visible light 

(18W & 36W) to determine the carbon dioxide (CO2) present in the solution, as the end product 

of the organic compound after photocatalytic degradation is CO2 and water. Figure 4.30 shows the 

determined COD under UV light of intensities 8W and 16W.      
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Figure 4.30: COD determination of phenol solution under UV light of 8W and 16W 
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Figure 4.31: COD determination of phenol solution under visible light of 18W and 36W 

 

4.6.2 COD determination under acidic pH  

COD under acidic pH 3 was determined under the highest intensities of both UV and visible light 

which were 16W and 36W, respectively. Figure 4.32 shows the determination of COD under UV 

light of 16W at acidic pH 3. 

 

Figure 4.32: COD determination of phenol solution at pH 3 under 16W UV light 

0

50

100

150

200

250

0 1 2 4 6

C
o
n
ce

n
tr

at
io

n
 (

m
g
/L

)

Time (h)

COD visible light

Control 18W COD 18W Control 36W COD 36W

0

50

100

150

200

250

0 1 2 4 6

C
O

D
 (

m
g
/L

)

Time (h)

COD visible Light

Control Visible COD Visible



68 
 

With the increasing period of time up to 6 h, the value of COD was decreased supporting the fact 

that rate of degradation was increased. In all of the study cases of COD, COD (mg/L) was plotted 

against the time starting from 0 min to 6 h at the x-axis. At pH 3, using UV light and visible light 

of both intensities level of COD was decreased to be under 100 mg/L, respectively.             

 

Figure 4.33: COD determination of phenol solution at pH 3 under 36W visible light 
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Chapter- 5 

5 CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

Followings are conclusions drawn from the research done: 

 Dye sensitization of TiO2 nanoparticles has increased the degradation rate of phenol under 

visible light and such dye sensitized nanoparticles are likely to degrade under sunlight at a 

good rate. 

 The optimum dosage of 500mg/500mL dye sensitized TiO2 nanoparticles were able to 

degrade 50 mg/L concentration of phenol to 50%-60% under 36W intensity of visible light. 

 It was found that at pH 3, 50 mg/L of phenol was degraded to 30%-40% under 36W 

intensity of visible light. 

 The efficiency of dye sensitized TiO2 nanoparticles was enhanced under visible light due 

to narrowing of the band gap energy. 

5.2 Recommendations for Future work 

Keeping in view of the results reported in this study, some suggestions are given below for future 

experimentations: 

 Effect of other parameters such as alkaline pH and temperature can be studied on the 

degradation of phenol in future. 

 Combination of biodegradation with photocatalytic degradation may be the most promising 

technology for the remediation of environmental pollutants in future. 
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