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Abstract 

In the present research work, pristine and (1 -4) % weighted percentage of Ni 

doped Mm04 nanoparticles were successfully synthesized followed by a co­

precipitation method and characterized with UV-Visible spectroscopy, X-Ray powder 

diffraction (XRD), and Fourier transform infrared spectroscopy (FT-IR). UV-Visible 

spectroscopy was performed to find the optical properties of synthesized materials. It 

indicated that with an increase in Nickel percentage ranging from 1 to 3 % weighted 

percentage, a red shift was observed and with further increase in dopant percentage to 

4 % weighted percentage, a decrease in wavelength was observed. Tauc plots of the 

synthesized nanoparticles showed tuning in band gap from 2.50 to 2.37 eV. XRD was 

done to check the purity and crystallinity of the materials. We found the average 

crystallite size through XRD technique. This analysis showed that the average 

crystallite size increases with increasing dopant percentage up to 3 % weighted 

percentage ofNi. For 4 % weighted percentage ofNi, a decrease was calculated. FT­

IR was done for the functional group detection and vibrational study of synthesized 

materials. This study confirmed that the prepared samples were pure and showed 

vibrational bands of required samples. The application of synthesized nanoparticles was 

studied by using them as a catalyst for the degradation of dyes which are Methyl blue 

dye and Methyl orange dye. To find optimal conditions for both dyes, different 

parameters were checked which include percentage of dopant, dosage of catalyst, dye 

concentration and study of pH. Among all the catalysts, 3 mg dosage of 4 % Ni-Mll304 

NPs showed maximum photo degradation efficiency (%PDE) . 95.3 % of Methyl blue 

dye was degraded in 75 minutes at a basic pH 11 for 30 flM concentration of Methyl 

blue dye solution. Hence, Methyl blue was degraded by adsorbing it on the surface of 

prepared catalysts. The optimal conditions for 80 flM concentration of Methyl orange 

dye solution were found to be 2 mg amount of 2 % Ni-Mm04 NPs. 90 % of Methyl 

orange dye was degraded in 90 minutes under the optimal conditions. In order to 

remove organic pollutants from wastewater, photocatalysis is the most appealing and 

environment friendly chemical method. In this entire work, optimal conditions were 

found for the photocatalytic degradation of dyes in the presence of sunlight. 

111 



Table of contents 

Acknowledgment II 

Abstract iii 

Table of Contents iv 

List of Figures viii 

List of Tables xi 

List of Abbreviations xii 
and Symbols 

CHAPTER! INTRODUCTION 

l.1 Research background 1 

l.2 Water pollution 2 

l.3 Types of water pollution 2 

l.3.1 Point source water pollution 3 

l.3.2 Non-point source water pollution 3 

1.4 Causes of water pollution 3 

l.4.1 Industrial waste 3 

1.4.2 Sewage and wastewater 4 

1.4.3 Agricultural waste 5 

l.5 Overview of dyes 5 

l.6 Classification of dyes 6 

l.6.1 Direct dyes 6 

1.6.2 Disperse dyes 6 

1.6.3 Reactive dyes 7 

1.6.4 Acidic dyes 7 

1.6.5 Basic dyes 8 

IV 



1.7 Dyes as a water pollutant 8 

1.8 Photolysis/photocatalysis 10 

1.9 Classification of photocatalysis 11 

1.9.1 Homogenous photocatalysis (photochemical) 11 

1.9.2 Heterogenous photocatalysis 11 

1.10 Photocatalytic activity by Beer-Lamberts Law 12 

1.11 Choosing the best photocatalyst 13 

1.12 Mechanism of semiconductor photocatalysis 13 

1.13 Photocatalysis in different materials 14 

1.14 Overview of synthesized NPs and dyes used m 15 
photocatalytic degradation 

1.14.1 Introduction to Mm04 NPs 15 

1.14.2 Introduction to Methyl blue dye (MB) 16 

1.14.3 Introduction to Methyl orange dye (MeO) 17 

1.1 5 Kinetic study of semiconductor photocatalytic activity 19 

1.15.1 Langmuir-Hinshelwood kinetic model of 19 
photocatal ysis 

Literature review 20 

Aims and objectives 21 

CHAPTER 2 MATERIALS AND METHODS 

2.1 Chemicals that are used 22 

2.2 Synthesis 22 

2.2.1 Procedure for the synthesis of pristine manganese 22 
oxide NPs 

Procedure for the synthesis of Nickel doped 23 
2.2.2 manganese oxide NPs 

v 



2.3 Experimental setup for the absorbance measurement 24 
of dyes 

2.4 The source of light 26 

2.5 Analysis 26 

2.6 Kinetic analysis 26 

2.7 Characterization techniques 26 

2.7.1 UV -Visible Spectroscopy 26 

2.7.2 X-Ray Diffraction (XRD) 27 

2.7.3 Fourier Transform Infrared Spectroscopy (FT -IR) 28 

CHAPTER 3 RESUL TS AND DISCUSSION 

3.1 UV -Visible Spectroscopy 29 

3.1.1 UV-Visible Spectrum of Ni-doped Mm04 30 
nanopartic1es 

3.2 X-Ray Diffraction (XRD) 32 

3.3 Fourier Transform Infrared Spectroscopy (FT-IR) 35 

3.4 Photocatalytic degradation of dyes 36 

3.5 Photocatalytic degradation of Methyl Blue dye by Ni- 36 
doped Mm04 NPs 

3.5.1 Dopant optimization 36 

3.5.2 Effect of dosage of catalyst 40 

3.5.3 Effect of concentration of dye 43 

3.5.4 Effect of pH 46 

3.6 Photocatalytic degradation of Methyl Orange dye by 50 
Ni-doped Mn304 NPs 

3.6.1 Dopant optimization 50 

3.6.2 Effect of dosage of catalyst 54 

Vi 



3.6.3 Effect of concentration of dye 57 

3.6.4 Effect of pH 60 

Conclusion 65 

References 66 

vii 



List of Figures 

Figure 1.1 Martius Yellow 6 

Figure 1.2 Disperse Red 60 7 

Figure 1.3 Reactive Blue 5 7 

Figure 1.4 Acid Blue 138 8 

Figure 1.5 Basic Red 5 8 

Figure 1.6 Mechanism of Photocatalysis 11 

Figure 1.7 Light absorbed by sample in a cuvette 12 

Figure 1.8 Bandgaps of (a) metals (b) semiconductors (c) insulators 15 

Figure 1.9 Manganese oxide spinel structure 16 

Figure 1.10 Structure of Methyl blue dye 16 

Figure 1.11 Absorption spectra of methyl blue dye 17 

Figure 1.12 Methyl blue dye solutions 17 

Figure 1.13 Structure of Methyl orange dye 18 

Figure 1.14 Absorption spectra of methyl orange dye 18 

Figure 1.15 Methyl orange dye solutions 18 

Figure 2.1 Flow sheet diagram for synthesis of Mll)04 NPs 23 

Figure 2.2 Flow sheet diagram for synthesis of (1-4) % weighted 23 
percentage of Ni-doped Mll)04 NPs 

Figure 2.3 Flow sheet diagram for the photocatalytic studies of MB and 24 
MeO dye 

Figure 2.4 Schematic representation of UV -Visible spectrophotometer 27 

Figure 2.5 Schematic representation of XRD analysis 28 

Figure 2.6 Schematic representation of FT -IR spectrophotometer 28 

Figure 3.1 UV-Visible absorption spectrums of pure and (1-4) % Ni- 29 
Mll)04 NPs. 

viii 



Figure 3.2 Band gaps of Mn304 and 1 % Ni-Mn304 NPs 30 

Fi~ure 3.3 Band gaps of (2-4) % Ni-Mn304 NPs 31 

Figure 3.4 XRD spectrum of pure Mn304 NPs 32 

Figure 3.5 XRD patterns of pure and (1-4) % Ni-Mn304 NPs 33 

Figure 3.6 FT-IR spectrum of pure and (1-4) % Ni-Mn304 NPs 35 

Figure 3.7 Absorption spectra of photo degradation of MB dye by Mll304 37 
and (1-4) % Ni-Mn304 NPs 

Figure 3.8 %PDE of degradation of MB dye by Mn304 and (1 -4) % Ni- 38 
Mn304 NPs 

Figure 3.9 Determination of observed rate constant for photo degradation 39 
ofMB dye by Mll304 and (1 -4) % Ni-Mn304 NPs 

Figure 3.10 Photodegradation of MB dye by different amounts of 4% Ni- 41 
Mll304 photocatalyst 

Figure 3.11 %PDE of degradation ofMB dye by 4 % Ni-Mll304 NPs 42 

Figure 3.12 Rate constants for degradation ofMB dye by different amounts 42 
of 4% Ni-Mn304 photocatalyst. 

Figure 3.13 Absorption spectra of photocatalytic degradation of different 44 
concentrations ofMB dye by 4% Ni-Mn304 NPs 

Figure 3.14 %PDE for photo degradation of different concentrations ofMB 45 
dye 

Fi~ure 3.15 Rate constants for different concentrations of MB dye 45 

Figure 3.16 Absorption spectra for degradation of MB dye at different pH 47 
values by 4% Ni-Mn304 NPs 

Figure 3.17 Different pH levels for MB dye degradation at different pH 48 
values by 4% Ni-Mn304 photocatalyst. 

Figure 3.18 Observed rate constant at different pH levels for the 49 
degradation of MB dye 

Figure 3.19 Photodegradation of MeO dye by pure and (1-4) % Ni-Mll304 51 
NPs 

Figure 3.20 %PDE ofMeO dye with pure and (1-4) % Ni-Mll304 NPs 52 

IX 



Figure 3.21 Observed rate constant for Photo degradation of MeO dye by 53 
Mn304 and (1-4) % Ni-Mll304 NPs 

Figure 3.22 Absorption spectra for the Photo degradation of MeO dye by 55 
different dosage of2 % Ni-Mll304 NPs 

Figure 3.23 %PDE for degradation of MeO dye by different dosage of 2 % 56 
Ni-Mll304 NPs. 

Figure 3.24 Observed rate constant for different amount of 2 % Ni-Mll304 56 
NPs 

Figure 3.25 Absorption spectra of photocatalytic degradation of MeO dye 58 
of different concentrations with 2 mg of 2 % Ni-Mn304 NPs 

Figure 3.26 Study of %PDE at different concentrations of MeO dye 59 

Figure 3.27 Study of rate constant at different concentrations of MeO dye 59 

Fi~ure 3.28 Absorption spectra of MeO dye at pH 3 and 5 for degradation 60 

Figure 3.29 Absorption spectra of MeO dye at pH 7, 9 and 11 for 61 
degradation 

Figure 3.30 %PDE at different pH levels of MeO dye degradation by 2 % 62 
Ni-Mll304 NPs 

Figure 3.31 Rate constant at pH 3 and 5 for the degradation of MeO dye 62 

Figure 3.32 Rate constant for pH value of7, 9 and 11 for the degradation of 63 
MeO dye 

x 



List of Tables 

Table 1.1 Different industries and their wastes released 4 

Table 1.2 Methods for the removal of dyes 9 

Table 1.3 Water pollutants treated by photocatalysis 10 

Table 3.1 Band gaps and maximum absorption peaks of pure and (1-4) % 31 
Ni-Mll304 NPs 

Table 3.2 Crystallite sizes of pure and (1-4) % Ni-Mll304 NPs 34 

Table 3.3 FT -IR peaks of synthesized pure & doped Mll304 nanopartic1es 36 
and their correspondence 

Table 3.4 Weighted percentage of Ni-Mll304 NPs, % PDE, rate constant 40 
(k) for MB dye photocatalytic degradation 

Table 3.5 Amount of 4 % Ni-Mll304 NPs, % PDE, kinetic rate constant 43 
(k) for MB dye photocatalytic degradation 

Table 3.6 Dye concentration, % PDE, kinetic rate constant (k) for the 46 
photocatalytic degradation of MB dye 

Table 3.7 Data of pH, rate constant (k), % PDE for MB dye photocatalytic 50 
degradation by 4% Ni-Mn304 photocatalyst 

Table 3.8 Weighted percentage of Ni-Mll304 NPs, rate constant (k), 54 
%PDE for MeO photocatalytic degradation 

Table 3.9 Amount of 2 % Ni-Mll304 NPs, rate constant (k), %PDE for 57 
MeO dye degradation 

Table 3.10 Different MeO dye concentration, rate constant (k), %PDE for 60 
photocatalytic degradation. 

Table 3.11 Summary of pH, rate constant (k), % PDE for MeO dye. 64 
degradation by 2 % Ni-Mll304 NPs 

Xl 



List of Abbreviations and Symbols 

Symbols 

e 

FT-IR 

Max. 

MB 

MeO 

NPs 

%PDE 

SSA 

VB 

XRD 

Abbreviations 

Biochemical oxygen demand 

Conduction band 

Electron-hole pair 

Electrons 

Energy band gap 

Fourier transform infrared spectroscopy 

Holes 

Maximum 

Methyl blue 

Methyl orange 

N anoparticles 

Ni-doped manganese oxide 

Percentage degradation efficiency 

Steady state approximation 

Valence band 

X-Ray diffraction 

xu 



CHAPTER 1: INTRODUCTION 

1.1 Research background 

Human beings affect the environment to serve their needs and take benefits from 

it. People always try to reconstruct new ecosystems that can better meet their demands. 

The availability of resources like water, fuel, wood, food, electricity, land, and many 

more are examples of ecosystem services that are very crucial for the survival of human 

beings. These resources have a large impact on the environment. That's how humans 

benefit the environment while also harming it in many ways. Technological 

advancement leads to the exploitation of natural resources by disrupting the natural 

cycles of biotic and abiotic ecosystems. Harmful substances released into the 

environment cause pollution, including air pollution, water pollution, land pollution, 

noise pollution, radioactive pollution, and many others. Water surrounds about 71 % of 

the earth' s surface, out of which 96.5% is existing in the oceans I. Clean water is very 

essential because it provides a habitat for organisms existing in water bodies. Water is 

in high demand as it helps raise the economy of a country. Major things like food, 

industries, manufacturing, tourism, farming, and the production of energy depend 

mostly on the availability of clean water. Only 1 % of the water available for drinking 

purposes comes from rivers and streams.2 The rest of the water is in the form of ice 

glaciers or trapped beneath the earth. With the increasing population, water pollution 

has become very common. Discharge of untreated waste, sewage line leaks, toxic 

chemicals from farms, organic and inorganic substances, dyes, and wastewater from 

industries without any treatment to eliminate toxic compounds results in water 

pollution. Industries are the major cause, as they release wastes into nearby water 

bodies. Among industries, the textile industry uses major water content. In 2015, the 

global textile and clothing sector is estimated to have used 79 billion cubic meters of 

water. Almost 20% of the clean water pollution in the world is due to the dyeing and 

finishing industries in the textile industry. It is estimated that worldwide, 80% of 

diseases and 50% of child mortality occur due to a lack of clean water. 

Chemicals in dyes cause contamination of water, loss of aquatic life, crop 

damage, and many waterborne diseases. Dyes contain acidic and basic ions that get into 

water and decrease their transparency by decreasing the absorbance of light. In this 

way, the oxygen content of water drops which disturbs the rate of photosynthesis, the 
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growth of plants, and the habitat of many other organisms. The dyeing, printing, and 

finishing of products in the textile industry are largely responsible for variations in the 

quality of water and other parameters like pH, temperature, chemical oxygen demand 

(COD), biological oxygen demand (BOD), color, and salinity3. Because of the lack of 

pure water sources, there has been a lot of interest in treating dye wastewater, and 

degradable dyes are getting more use. An efficient way is to remove large amounts of 

dye rapidly without creating secondary pollutants. 

The three primary kinds of conventional dye degradation techniques are 

physical, chemical, and biological techniques. Physical technique involves the removal 

of dispersed dyes by using reverse osmosis, micro filtration, and adsorption methods, 

but this method is expensive and desires high maintenance. Chemical technique is 

efficient in the removal of dyes from water but it also produces secondary chemical 

wastes. Biological technique is cost-effective and doesn' t yield toxic byproducts, but it 

is not effective for synthetic dyes. 

Therefore, it is essential to devise ways that can properly remove the pollutants. 

Advanced oxidation processes remove pollutants from wastewater and sewage leaks4. 

Based on irradiation, it includes homogeneous and heterogeneous methods, among 

which photocatalysis is the best choice. Photodegradation of dyes is ecofriendly and 

very cost effective. This thesis emphasis on the photocatalytic degradation of Methyl 

blue (MB) and Methyl orange (MeO) by transition metal Ni-Mll304 NPs. It also 

explains the synthesis, characterization, and kinetic rate of Mn304 nanoparticles. 

1.2 Water pollution 

The presence of excess harmful substances, mostly chemicals, in water bodies 

like lakes, rivers, and seas degrades the quality of the water and makes it destructive 

for living organisms and environment is known as water pollution. These harmful 

substances are called water pollutants. 

1.3 Types of water pollution 

Point source pollution and non-point source pollution are the two primary forms 

among the numerous sorts of water pollution sources. 
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1.3.1 Point source pollution 

The pollution arising from contaminants coming from a single identifiable 

source is known as point source pollution. These pollutants can go into water surface 

or seep into the ground. The exact point of these pollutants is known, so we can measure 

the quantity and take the necessary actions to control this pollutions. Point source 

pollution originates from unnatural sources like industry, sewage, agriculture, and oil 

spillage. 

1.3.2 Non-point source pollution 

The pollution arising from contaminants that come from diffuse sources is 

known as non-point source pollution. This pollution spread over a vast range via various 

routes, and the precise source of these pollutants is difficult to pinpoint6. People 

contribute to this pollution without even knowing it. Non-point source pollution results 

from waste water coming from agricultural lands, fuels, acid rain, and urban areas. 

1.4 Causes of water pollution 

There are a lot of causes of water pollution out of which some are deliberated 

here. 

1.4.1 Industrial waste 

The major contribution to water pollution arises from industrial sites. Industries 

release many toxic chemicals without proper waste removal treatments. These wastes 

can be biodegradable or non-biodegradable. Biodegradable wastes decompose 

naturally and convert into harmless substances after some time, while non­

biodegradable wastes cannot convert into nontoxic substances. Both of them have their 

own impact on disturbing the natural ecosystem. 

Industrial waste includes heavy metals, insoluble salts, and plastic. The toxic 

chemicals can easily enter the environment and living organisms. The contaminated 

water enters into small water bodies (lakes, streams, rivers) and then into large water 

bodies (oceans, seas). 

These chemicals degrade water structure and make water unfit for many 

habitats. Wastes or chemicals produce by various industries are written in Table 1.1 7. 
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Table 1.1: Different industries and their wastes released. 

Industries Wastes released 

Energy Ash, toxic gasses, boiler slag, particulates, solvents, used 

oils, slurry 

Mining Solid rock, waste rock, coal, slag, muds, mill tailings 

Manufacturing Catalysts, chemical solvents like benzene, reactive 

substances, acids, bases, used oils, ash, mud, organic 

compounds, heavy metals 

Construction Concrete, gypsum, asphalt, wood waste, petroleum 

distillates, solvents, slate, metals, glass, plaster, paints 

Chemical Wastes, solvents, dyes, acids and bases, organic and 

inorganic effluents 

Leather Hydrocarbons, organic dyes, petroleum, sulphides, waste 

water 

Petrochemical Harmful wastes of solvents, hydrocarbons 

Transport Petroleum, benzene, oils, heavy metals, alcohols, VOCs 

Paper/printing Ignitable solvents, paper trash, glazes, stripping compounds, 

solvents, paint residues, ink waste 

1.4.2 Sewage and wastewater 

Waste water from households generates sewage waste. The wastewater is 

treated chemically but sometimes enters untreated into freshwater bodies like seas and 

oceans. It contains many harmful pollutants, microorganisms, bacteria, and chemicals 

that cause health issues. The presence of pathogens in water makes it unfit for humans 

and animals and causes many diseases. Sewage and wastewater deteriorate the color of 

water and make it unhealthy for drinking purposes. 
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1.4.3 Agricultural waste 

Agricultural waste also contributes to water pollution. Mostly farmers use 

chemicals, organic products, and pesticides to protect their crops from bacteria, insects, 

and other pests. These chemicals are water insoluble and potentially harmful for human 

health. They cannot be broken easily and take a lot of time. In this way, agricultural 

wastes remain undissolved and spoil water quality. Organic products seep into the 

ground and leave devastating effects on humans, animals, and plants. They flow with 

rainwater into rivers, lakes, and oceans, which leads to water pollution. 

1.5 Overview of dyes 

Dyes are used as coloring materials. Dyes are organic and can give color to 

textiles, photographs, paints, cosmetics, leather, food, and pharmaceutics. They can 

bind chemically and physically with a substrate and are easily soluble in a solvent. Till 

the mid-19th century, humans used natural dyes that originated from living sources. By 

the end of the 19th century, natural dyes were replaced by synthetic dyes due to their 

high pigmentation demands8
. Dyes are different from pigments as they are mostly 

organic compounds, while pigments can be inorganic. Pigments are not soluble in a 

solvent medium and form suspensions. 

Dyes that exhibit color in less time are considered good and stable dyes. Dyes give 

color due to the presence of some general characteristics like 

• Close association with the substrate is necessary to impart even coloring and 

resistance to heat and light. 

• Absorption of light in the UV -Visible region. 

• Chemical interactions between substituents of the dye and fiber. 

• A conjugated system with alternate single and double bonding in structure. 

• Presence of a specific coloring group named the chromophore in the structure 

(Otto Witt, 1876). 

Dyes cannot show color in the absence of these features. The main reason for color 

in dyes is chromophore, which includes nitro (-N02), carbonyl (-C=O), and nitroso (­

NO) groups9. Witt theory suggests the presence of auxochromes on chromophores. 

Auxochromes are not directly involved in giving color to dyes. They support 

chromophores and modify their functions due to the existence of resonating, saturated, 
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and unsaturated bonds in their structure. Auxochromes act as a functional group for the 

molecule that can be hydroxyl (- OH), amino (-NH2), aldehyde (-CHO), methyl 

mercaptan (- SCH3) group, etc. Chromophores act as a part of the molecule and include 

unsaturated groups like methano (RI -CH-R2), azo (-N=N-), thio (-C=S), etc. They can 

be pH indicators, fabric dyes, azo groups, anthocyanins, and some metal chromophores 

like hemoglobin and chlorophyll . 

1.6 Classification of dyes 

Dyes can be classified based on their chemical structure, source, or application. 

Some of them are discussed here. 

1.6.1 Direct dyes 

Direct dyes are simple to use as they are directly applied to the fabrics in the 

form of a neutral or alkaline solution of dye. Direct dyes adhere to the substrate and 

form a hydrogen bond with it. These dyes are cheap compared to other dyes and give 

bright colors to fabrics . They fail to give good wash fastness . Direct dyes are mostly 

used to dye fabrics like cotton, paper, wool, silk, nylon, and other cellulosic fabrics. 

Martius Yellow is an example of direct dye. Its structure formula is given in Fig. 1.110. 

OH 

Figure 1.1: Structural formula of Martius Yellow. 

1.6.2 Disperse dyes 

Disperse dyes are not soluble in water and form colloids or dispersions. These 

colloids or dispersions get absorbed into the fabrics to color them. Dispersing agents 

can be used to finely grind and dissolve these dyes in the solution. Disperse dyes are 

used to dye cellulose acetate fibers, nylon, polyester, hydrophobic fabrics, and other 

nonionic synthetic materials II. Disperse Yellow 3 and Disperse Red 60 are examples 

of disperse dyes. Their Structural formula is given in Fig. 1.212. 
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Figure 1.2: Structural formula of Disperse Red 60. 

1.6.3 Reactive dyes 

Reactive dyes have application in the form of a neutral or high pH solution, 

which is alkalized by other methods. They react by using nucleophilic substitution and 

nucleophilic addition methods. These dyes react directly with fiber due to the presence 

of a highly reactive chromophore attached to a substituent. They form a strong covalent 

bond when they are applied over a fiber. Due to this reason, these dyes show good 

fastness. These dyes can form a new chemical compound or give a new color to the 

fabrics after reacting with it. They give sharp colors that are durable and are not 

removed easily. Reactive dyes are used in the dyeing of cotton, polyamide, and wool. 

Reactive Blue 5 dye is an example of reactive dye. Its structural formula is shown in 

Fig. 1.3 13
. 

Figure 1.3: Structural formula of Reactive Blue 5. 

1.6.4 Acidic dyes 

Acidic dyes work in an acidic medium with a pH value of 2.6. They contain 

sulfonic (S03H) and carboxylic (COOH) groups. Due to the presence of S03H group, 

they have a negative charge and have an affinity for protein fibers . These dyes contain 
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an anionic part that helps dye become soluble in water and form an ionic bond with the 

fiber. Acidic dyes are used on wool, protein fibers, nylon, and silk. These dyes cannot 

be used for dyeing cotton. Acid Red 138 is an example of an acidic dye and its structure 

is given in Fig. 1.414. 

Figure 1.4: Structural formula of Acid Blue 138. 

1.6.5 Basic dyes 

Basic dyes are soluble in water, basic in nature, and contain a cationic part. This 

cationic component binds to the negative charge present in the fiber's structure. They 

contain auxochromes with basic functional groups such as amino groups, alkyl amino 

groups, -NR3 or =NR2. They give a bright color to the textile materials and are very 

economical. Basic dyes are used to dye wool, silk, and acrylic fibers. These are mostly 

used to give color to paper. Basic Red 5 is an example of a basic dye whose structure 

is shown in Fig. 1.5 15
. 

Figure 1.5: Structural formula of Basic Red 5. 

1.7 Dyes as a water pollutant 

Water pollution is mainly caused by effluents that are improperly released from 

industries without wastewater treatment. The textile industry plays a major role in 

polluting water as they use large amounts in dyeing, sizing, and washing3. These 

industries release many harmful chemicals, undesirable effluents, organic or inorganic 

solvents, toxic dyes, and heavy metals that have a high chemical oxygen demand. Most 
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of the dyes are not easy to degrade, are water insoluble, and are not easily removed by 

conventional methods. These factors leave an adverse effect on the marine life in 

waterbodies and the overall ecosystem. 

Many ways are available to remove dyes from wastewater, among which 

physical, chemical, and biological methods are most effective. This selection depends 

on the type of contaminant present. All these methods have some advantages and 

disadvantages which are listed in Table 1.216. In this way, the best ecofriendly and 

economical way of removing dyes in wastewater treatment is the photolysis of dyes. 

Table 1.2: Methods for the removal of dyes. 

Methods Classification Application Disadvantages 

Physical Adsorption Water soluble dyes Form secondary dyes, 

poor adsorption 

Membrane filtration Disperse dyes Costly, consume 

metals like iron 

Chemical Electrochemical Vat dyes, disperse Poor decolorization, 

dyes not effective for 

cationic dyes 

Advanced oxygen Acidic, basic, Poor removal of COD, 

direct, reactive high cost 

dyes 

Biological Aerobic Economical Time consuming, 

unstable, dyes 

resistant 

Anaerobic Removal colors Carcinogens, toxicity 

easily 
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1.8 Photolysis/photocatalysis 

By utilizing solar energy to degrade pollutants, photo catalysts enable the 

economically viable use of photocatalysis as a treatment method. Combining the words 

"photo" and "catalysis," we get "photocatalysis." Photons of light are referred to as 

photons, and catalysis is the process by which a catalytic substance modifies the 

activation energy barrier to change the reaction rate. By lowering the activation energy 

barrier without being spent, catalysts also speed up the reaction's completion. The same 

procedure is followed in photocatalysis where degradation occurs in the presence of 

sunlight. Main water pollutants that are treated by photocatalysis are listed in Table 

1.317. 

Table 1.3: Water pollutants treated by photocatalysis. 

Pollutants Examples 

Cyanotoxins Cyanobacteria, microtoxins 

Pathogens Bacterias like Micrococcus ly lae, E. coli, Hay bacillus 

CECs (Contaminants of Dyes (methyl blue, methyl orange), Antibiotics, 

Emerging Concern) disinfectants, additives, Heavy metals (Cu+2, Pb+2, 

Cr+6), Preservatives (salicylic acid) 

Photocatalysis takes place in the fo llowing steps, light falls on the surface of a 

material (semiconductor) with high energy levels and initiates free radical mechanisms. 

• Light falls on the semiconductor and electrons in valence band (VB) get excited 

and move to conduction band (CB). 

• Catalytic semiconducting materials absorbed light from any illuminating source 

and created electron-hole pairs (e-/h+). 

• Electron-hole pairs created oxidizing species such as superoxide (.Of) and 

hydroxyl (OH) radicals that exhibit strong oxidation of organic materials. 

• These free radicals attacked on contaminants where the reduction of C02 to CO 

occurs by electrons and oxidation of H20 to 0 2 occur by holes. 
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• Some other degradation bypro ducts were also formed. 

The mechanism for photocatalytic degradation is given below in Fig. 1.618 . 

Redur;tion 

Figure 1.6: Mechanism of Photocatalysis. 

1.9 Classification of pbotocatalysis 

Based on the physical appearance of reactants, there are two types of 

photocatalysis. 

1.9.1 Homogenous photocatalysis (photochemical) 

In this type of photocatalysis, the photo catalysts and the reactants are in the 

same phase, like a solid, liquid, or gas. As indicated by the name "homo" which means 

same. It also involves the presence of a light absorber. This method is less expensive 

than other methods, such as the use ofUV lamps or electrical sources l9 . For example, 

ozone and the photo-Fenton system (Fe+ and Fe+/H202). 

1.9.2 Heterogenous photocatalysis 

In this type of photocatalysis, the photo catalysts and the reactants are III 

different phases. They show a wide band gap and a narrow absorption range. 

Semiconductor materials do not have energy levels to allow the recreation of excitons. 

In these reactions, only photocatalysts are important and the photocatalytic activity 

mainly depends on the catalyst's ability to create excitons. In this method, a 

semiconducting material absorbs photons of light with an energy equal to or greater 

than the band gap of the material. Electrons move to the conduction band after 

excitation and form holes in the valence band. In order to increase the separation of 

electron-hole pairs, the exciton lifespan is extended using a variety of methods, 
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including substitutional doping and silver nanowires. In this way, excited electrons 

react with oxidants to form reduced products and holes form oxidized products. Redox 

reactions take place on the surface of semiconductors. For example, hydrogen transfer 

reactions, isotopic exchange reaction, etc20. 

1.10 Photocatalytic activity by Beer-Lamberts Law 

The photocatalytic activity of the nanoparticles is checked usmg Beer­

Lambert's Law21 . This law shows the characteristics of the medium through which light 

is passing. In relation to UV-visible absorption spectrometry, the Beer-Lambert Law 

explains the absorption patterns, absorbance, and molar absorptivity of all light-active 

materials like solids, liquids, and gasses. The intensity of the light moving is calculated 

for each wavelength of light entering the spectrometer. The way light is absorbed by 

the sample in a cuvette is shown in Fig. 1.7. 

light -----... --1 cuvette 

.. .. 
Figure 1.7: Light absorbed by sample in a cuvette. 

This law demonstrates how a solution's absorption is inversely proportional to 

its concentration and to the width of the cuvette, which is the length of the light path. 

A=(cl ..... . . . ..... . ... .. .... ......... ........... (1) 

Here, 

A shows absorbance and has no units 

( shows molar absorptivity or molar extinction coefficient in Lmol·-1cm-1 unit 

c shows concentration of the solution measured in molL-1 unit 

I shows path length or width of cuvette measured in cm unit 

This relation suggests that the absorbance of dye is directly related to its 

concentration. The percentage photocatalytic degradation efficiency (%PDE) of the 

sample can be estimated by using the relation in eq. 2. 

Degradation efficiency (%) = Co-Ct x 100 .... . ........................ (2) 
Co 

Here, 

12 



Co shows initial concentration of dye before photo-irradiation and Ct shows 

concentration of dye after some time "t" of photo-irradiation. All this data is analyzed 

and collected with the help ofUY-Yisible spectrophotometry. 

1.11 Choosing the best photocatalyst 

The photocatalytic activity mainly depends on the band gap and electronic band 

structure of an appropriate semiconductor. Semiconducting materials with small band 

gap values show better photocatalytic activity. The band theory for states of matter 

shows that the band gap must be small. A low band gap value shows high absorption in 

the presence of visible light or natural sunlight. For productive use of the visible region 

of light, the band gap must range from 1.8-2.2 eV. A good photocatalytic response is 

obtained at band gap energy (Eg) less than 3 ey22. 

In addition to the band gap effect, photocatalytic activity is also influenced by 

charge recombination. Charges in a semiconductor will try to recombine and form pairs, 

which will disturb the photocatalytic efficiency. So, this can be avoided by using the 

surface modification techniques, which will increase the separation of charges. One of 

the surface modification methods is the doping of any transition metal into a 

semiconducting metal oxide. In doping, impurities are added into pure substances and 

intrinsic semiconductors to change their properties. Semiconductors are not good 

conductors of electricity at low temperatures. But doping a semiconductor enhances its 

properties so it shows good conductivity even at low temperatures. A good 

photocatalyst must have these desirable properties 

• Photoactive substance 

• Good light absorption for better efficiency 

• Photostability23 

• High utilization of UV -Visible light 

• Efficient and long lifetime charge separation 

• Accessible and cost efficient 

1.12 Mechanism of semiconductor photocatalysis 

A photocatalytic reaction is initiated by using a light source such as UV light or 

sun. The photo catalysts absorb photons of light having energy more than their band 

gaps and form charge carriers (electrons and holes). Before the recombination of 
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photoinduced electrons and holes they diffuse to the surface of photocatalysts. They 

degrade the pollutants by redox reaction and form bypro ducts such as water and carbon 

dioxide24 . Followed by valence band transition, electrons in the valence band move into 

the conduction band. Holes (h+) and photo excited electrons (e-) will be produced in the 

valence band and conduction band, respectively. 

Doped Mm04 will decrease the band gap and allow electrons and holes to react 

with 0 2 and H20 and form highly reactive superoxide anion radicals (.02-) and 

hydroxyl (.OH). The adsorbed 02 over the photocatalyst capture e- to form superoxide 

radical. It will react with water molecule to create hydroperoxy radical (.H02). Holes in 

valence band cause oxidation of adsorbed H20 or OH- to create hydroxyl radicals 

(.OH). Lastly, hydroxyl, hydroperoxyl, and superoxide radicals react with the dye and 

degrade it into organic pollutants i.e. C02, H20 , and other minerals25 . 

The general mechanism for the photocatalytic degradation of dyes by pure and 

doped Mm04 is as follows 

.02- + H20 ---+ .H02 .. . .. . .. . . (5) 

h+ + H20/0H- ---+ .OH- ... ....... (6) 

.H02/.02-/.0H-+ dyes (MB, MO) ---+ Degraded products ..................... .. .. .... .. (7) 

1.13 Photocatalysis in different materials 

Photocatalysis can occur most efficiently in semiconductors. All the materials 

have a valence band and a conduction band. The band gap energy is the gap between 

these two bands. Photons of light provide energy for the electron's excitation. An 

electron residing in the valence band requires more energy to be excited if the band gap 

between the conduction and valence bands is wide. It can occur with the availability of 

light of a suitable wavelength for conduction. This suitable wavelength can be 

calculated by the following mathematical relationship. 

1240 
-= 1.. ..................................... ...... (8) 

Eg 

The photocatalytic effect mainly depends on the band gap or energy gap 

between VC and CB. Band gap energies for conductors, insulators, and semiconductors 
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are different. The band gap value for an insulating material is very high, at +5 e V. So, 

very high energy photons are required for the excitation of electrons. The conducting 

materials (metals) have no energy band gap, and the value is >0.1 eV. They rely on the 

band position26. Semiconductors have an occupied valence band and an unfilled 

conduction band. Semiconductors have a higher band gap energy than conductors but 

a lower band gap energy than insulators that is approximately 1 e V. It concludes that 

semiconducting materials are the best selection for photocatalysis. The band gaps for 

different materials is shows in the Fig. 1.827. 

1 
~ 
ell 
C 

'" 

Conduction band 

Valence band L...-__ --J 

Metals Semiconductors Insulators 

Figure 1.8: Band gaps of (a) metals (b) semiconductors (c) insulators. 

1.14 Overview of synthesized NPs and dye used in photocatalytic 

degradation 

Different materials show different catalytic activity with various dyes. In our 

research work, we have synthesized pure and Nickle (Ni) doped Mm04 nanoparticles 

(NPs). Dyes used were Methyl blue (MB) and Methyl orange (MeO). 

1.14.1 Introduction to Mll304 NPs 

Manganese oxide is a p-type semiconducting metal oxide with a band gap 

energy of2.5 eV. It is brownish black colored powder at room temperature. Its mineral 

name is hausmannite and its molecular density is 4.84 gcm-3. Mn304 nanoparticles have 

a wide band gap which makes it highly conductive and restrict the recombination of 

electrons and holes. They show high thermodynamic properties with many chemical 

and physical properties. These nanoparticles have a distorted spinel structure with 

tetragonal and orthorhombic phases. They show two oxidation states i.e. Mn+2 and 

Mn+3. Tetragonal phase of Mn304 exist at steady room temperature in which Mn+2 ions 

are present in tetrahedral position while Mn+3 ions are present in octahedral position28. 
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The nanostructured Mll304 has a wide range of application in different fields, 

including the production of water purification systems, biosensors, energy devices, and 

reaction catalysts. These nanomaterials can be used as an advanced antibacterial agent 

to reduce the number of drug-resistant microbes in the environment. They have high 

oxidation potential and show good oxidative ability. These nanoparticles have 

enhanced photocatalytic activity due to its band gap and spinel structure29. Synthesis 

Mn304 can occur through various methods and techniques like hydrothermal3o, 

solvothermal31 , reflux method32, precipitation method33, sonochemical method34, or by 

solution combustion method35 . Each of these methods will result in formation of 

nanoparticles with alternative electrical and optical properties. Crystal structure of 

Mn304 is shown in Fig. 1.936. 

Figure 1.9: Manganese Oxide spinel structure. 

1.14.2 Introduction to Methyl blue dye (MB) 

Methyl blue is a cationic and basic dye in nature37. Its molecular formula is 

C37H27N3Na209S3. It is present in the form of blue crystals and give rich blue color 

when dissolved in water. The structure ofMB dye is shown in the Fig. 1.1038. 

Figure 1.10: Structural formula of Methyl blue dye. 
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It is a plasma stain and is used for cytology and staining of histological sections. 

It is also used as an indicator and in dyeing cotton and silk. Methyl blue dye has reached 

a safer choice criteria but it can cause some hazardous issues too. It can create eye 

infections, respiratory issues like asthma, and skin allergies. The measured maximum 

absorption peak of methyl blue is at 664 nm wavelength. It is shown in Fig. 1.11. 
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Figure 1.11: Absorption spectra of Methyl blue dye. 

Figure 1.12: Methyl blue dye solutions. 

1.14.3 Introduction to Methyl orange dye (MeO) 

Methyl orange dye is an anionic dye with Cl4H14N3Na03S molecular formula. 

It appears as orange colored powder and its solution appears orange in color as sown in 

Fig. 1.15. When methyl orange is dissolved in water, it is transformed from a weak acid 

into neutral orange molecules. Structure ofMeO dye is shown in the Fig. 1.1339
• 
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Figure 1.13: Structure of Methyl orange dye. 

MeO dye is an azo dye and it exhibits at various pH levels. The colour of the 

solution changes from yellow to red when methyl orange is employed as an acid 

indicator. When it is used as a basic indicator, the solution becomes yellow in color4o. 

It is a highly colored chemical and is mostly used in printing and dyeing. On the other 

hand, MeO dye is hazardous and can be carcinogenic. The measured absorption peak 

of MeO dye appears at 465 nm wavelength as shown in Fig. 1.14. 

~ 

== .:! ... 
Col 

= 

1.0 

~ 0.5 ... 
o 
'" ~ 
-< 

A. = 465 nm 
mH 

0.0 L_...&...._--L._----'_.:::::::L:::=::::&::=::J 
200 300 400 500 600 700 800 

Wavelength (om) 

Figure 1.14: Absorption spectra of Methyl Orange dye. 

Figure 1.15: Methyl Orange dye solutions. 
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1.15 Kinetic study of semiconductor photocatalytic activity 

In a photocatalytic reaction, the rate depends on the concentration of electrons 

and holes generated by photoexcitation. The concentration of photogenerated electrons 

and holes depends on the recombination of charges and the intensity of light. The 

steady-state approximation (SSA) suggests the highest achievable concentration of 

excitons (electron-hole pairs). SSA mainly depends on the electronic and structural 

characteristics of semiconductors. It may also be affected by the presence of any 

additive in the reaction mixture. Temperature and pressure can also disturb the SSA. 

1.15.1 Langmuir-Hinshelwood kinetic model of photocatalysis 

For the estimation of photocatalytic activity, temperature rate constant is 

determined. Photocatalysis is a pseudo first order reaction. A number of organic dye 

molecules have undergone photocatalytic degradation, and the kinetics of this process 

have been described using the Langmuir-Hinshelwood equation41
. The reaction rate in 

this model is predicated on how much of the photocatalyst's surface is covered by the 

material42
. 

dC 
r = - dt = ke ... ....... ... .. .. . . .... ......... . . . ......... (9) 

Where k is the rate constant of reaction kinetics. 

Kc e = -- ... ..... .. ...... ..... ............. . .......... (10) 
(1+Kc) 

Where K is the constant of the reactant adsorbed on the surface of semiconducting 

material. 

The L-H model describes the photocatalytic degradation of dyes when the 

contaminant is adsorbed on the surface of the catalyst since it depends on the degree of 

adsorbed pollutant on the photocatalytic surface. Substituting eq. 10 in eq. 9 and we get 

Kc 
r = k (1+Kc) . .. . ...... ........... ... . .... ..... . ........ .. . (11) 

Integrating this eq between 0-1 limit will give 

Co 
ln c + K(Co - C) = kKt ............... . . .... .. .. . ...... . ... (12) 

Where 

t is the time of irradiation. 
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Co is the concentration of substance before photo irradiation 

C is the concentration of substance at any time t after photo irradiation 

The half-life for a first order reaction is calculated by this formula. 

0.963 
tl /2 =-k- . . .. ................. . . . .. . .. ... ..... .. . .. . ..... (1 3) 

t1/2 is the reaction' s half-life with seconds (s) as a unit and k is the reaction's rate 

constant with M(l-n)s-I as a unit where n is the order of reaction. 

Literature review: 

S. Karpagavalli et al.,43 investigated the optical and electrochemical characteristics of 

Ni-doped Mm04 semiconductors with the effect of doping on the magnetic properties 

of synthesized materials by solvothermal method. 

Larbi T. et al. ,44 reviewed the photocatalytic activity by using hausmannite (Mn304) 

nanoparticle along with their synthesis, phase transformation, and morphology. They 

confirmed the tetragonal structure ofMn304. Their studies revealed that the dependence 

photocatalytic activity on band gap. 

Brites F. et al. ,45 explained about the dependence of degradation of dyes on 

concentration and treating the kinetic data in terms of pseudo-first order rate. It tells 

photocatalytic activity of dilute solutions is easy. 

Raja G. et al. ,46 synthesize Mn304 nanomaterials by mICrowave technique and 

explained the effect of Nickel doping on the property of electrochemical water 

oxidation ofMn304 nanomaterials. This reading shows the relationship of atomic radius 

ofNi and Mn on the size of crystals formed. 

Sahoo C. et al. ,47 investigated the ability of Ag+ doped Ti02 NPs for the photocatalytic 

degradation of Methyl blue dye. This study explains the impact of concentration, pH 

and catalyst on the MB degradation. The dye decolorization and mineralization 

percentages under ideal conditions were anticipated to be 95.97% and 80.33 percent, 

respecti vel y. 

Jarnali-Sheini, Farid et al. ,48 used stannous sulfide (SnS) NPs synthesized by 

sonochemical method, to check the photocatalytic degradation of Methyl blue dye. 
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Size, defects/impurities, band gap, and photocatalytic effectiveness were all 

significantly influenced by the sonication frequency. 

Jose Colina-Marquez et al. ,49 analyze that several industrially used dyes and pigments 

for their ability to degrade using the kinetic and adsorption properties of Ti02-based 

nanomaterials. He examined that heterogeneous photocatalysis was used as a treatment. 

Tawfik A. Saleh et al. ,39 showed that the hazardous dye methyl orange is degraded 

through photocatalysis using a composite catalyst made of carbon nanotubes and 

titanium dioxide. 

Hongzhu Ma et al.,50 study the use of the combined electrochemical technique for 

degrading wastewater containing methyl orange and the effect of degradation on the 

UV -Visible spectrum. It showed 100 % disappearance of color. 

Lili Kuang et al. ,5 ! explained the electronic and magneto-optical properties of Mll304 

NPs and effect of doping on tuning the energy band gap. 

Aims and Objectives 

When resources are no longer usable, the world in which we currently live will 

end one day. To satisfy needs and desires, humans have created a variety of dangerous 

compounds that are inadvertently contaminating our surroundings. Life on earth mainly 

depends on water in to survive. Textile industries produce waste and hazardous 

chemicals like dyes, which drain into the water without any adequate treatment. The 

content of minerals and nutrients in the water has been impacted by these effluents. 

There is a lack of wastewater treatment resources that can effectively remove these 

pollutants. 

The most efficient chemical approach for dye breakdown is the photocatalytic 

reaction. To accelerate the decoloring of dye, we employed nanoparticles of Mll304 

doped with transition metal (Ni). Mll304 NPs are environment-friendly and non-toxic. 

It is safe in usage and gives good results for the degradation ofMB and MeO dye. We 

have also put a lot of effort into protecting the environment by taking the initiative to 

efficiently control and decrease debris to far less harmful materials . Water is an 

essential element of our environment. Our efforts would help to maintain a clean 

environment, which in turn would help the earth's ability to support life for an extended 

period. 
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Chemicals that are used 

For the synthesis of pure and doped Mn304 nanoparticies, the chemicals were 

taken from Sigma Aldrich supplier. I have used Manganese dichloride tetrahydrate 

(MnChAH20) as a precursor or salt. It is available in pink solid powdered form and 

has 99% percentage purity. I used Sodium hydroxide (NaOH) to initiate the formation 

of manganese oxide nanoparticies. NaOH is anhydrous and freshly prepared solutions 

were used. It has percentage purity of 99%. CTAB (CI9H42BrN) was used as a 

surfactant. It is available in a white powdered form. Nickel acetate (Ni(CH3C02)2) was 

taken as a dopant. It is available in the form of powder which are green crystals in color. 

Methanol (CH30H) and deionized water were used for the washing of materials. The 

photocatalytic activity of materials were checked by using Methyl Blue dye 

(C37H27N3Na209S3) that is blue in color and Methyl Orange dye (CI4HI4N3Na03S) that 

is orange in color. 

2.2 Synthesis 

2.2.1 Procedure for the synthesis of pristine manganese oxide NPs. 

For the synthesis of pure manganese oxide nanoparticies, co-precipitation 

method was used. In a two neck round bottom flask, 2.17 g of MnChAH20 was 

dissolved in 100 mL of deionized water. NaOH solution was prepared by dissolving 

0.88 g of NaOH in 100 mL of deionized water under constant stirring till sodium 

hydroxide was dissolved. Then added NaOH solution into the MnChAH20 solution 

dropwise, with continuous stirring. Brown color precipitates began to form gradually 

and the solution become brown in color. 0.025 g ofCTAB solution was prepared in 50 

mL of deionized water and then it was added into the main solution. It was stirred at 

room temperature for 24 hours under constant magnetic stirring at moderate speed. 

The obtained precipitates were filtered and then washed with deionized water 

and methanol for several times. Dried the sample in oven at 80 DC for 12 hours. The 

sample was grinded and calcined at 350 DC for 2 hours. Brownish black colored Mn304 

nanoparticies were obtained. 
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Figure 2.1: Flow sheet diagram for synthesis of Mm04 NPs. 

2.2.2 Procedure for the synthesis of Nickel doped manganese oxide NPs. 

For the synthesis of nickel doped manganese oxide nanopartic1es, first of all 

added weight (1-4) % of nickel acetate in deionized water and stirrer to get a 

homogenous solution. Color of solution was changed from transparent. After that 

solution of2.17 g ofMnCh.4H20 was added in it. 0.88 g of sodium hydroxide solution 

was added into it dropwise. 0.025 g of CT AB solution was prepared in 50 mL of 

deionized water and then it was added into the main solution. Repeated the same 

process that is written above. It resulted in the formation of (1-4) % composition of 

Nickel doped manganese oxide nanopartic1es of different percentages. 

Weighted 2.17 g MnCI2'4H20 0.88 gNaOH 
percentage I 
of Nickel 
acetate 

Constant 
stirring .... 

- Calcined 
at 350°C 
for 2 hrs 

I 
Constant 
stirring .... 

- -
Grinding 

0.025 g CTAB 

I 

Dried at 
80°C for 

12 hrs -
Brown ppt of 

MnJO, 

I 
Washed with 

deionized 
water and 

ethanol 

Figure 2.2: Flow sheet diagram for synthesis of (1 -4) % Ni-doped Mn304 NPs. 
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2.3 Experimental setup for the absorbance measurement of dyes 

F or the purpose of determining the photocatalytic activity of pure and Ni -doped 

Mn304, the photo degradation ofMB and MeO dye was investigated in deionized water 

solution. Photo degradation of dyes was taken in September October 2022. Dyes show 

degradation in the presence of prepared photocatalysts. Stock solution of both dyes 

were prepared for photocatalysis. First of all 1 mM stock solution of pure MB dye was 

prepared by dissolving 0.0095 g of dye in 30 mL of deionized water. Then 30 IlM 

solution was prepared from the stock solution in 25 mL deionized water. In order to 

reach adsorption and desorption equilibrium, 2 mg of catalyst was added to the 

produced dye solution and kept on stirring in the dark for 30 minutes. After this time, a 

very minute amount of the aliquot was obtained. The absorbance of this sample was 

determined through UV -Visible spectrophotometry which gave initial reading as Ao. 

The sample was placed in sunlight and is exposed to irradiation for two hours and 30 

minutes with constant stirring with a magnetic stirrer. UV absorbance was measured 

from a spectrophotometer after every 15 minute and these values were recorded as At. 

For MeO dye, 0.0098 g of dye was added in 30 mL deionized water to form 1 mM stock 

solution. Then followed the same procedure discussed above. The general scheme for 

the absorption study of dye degradation is shown in Fig. 2.3. 

25mLDye 
(MBlMeO) 
solution + 2 
mg prepared 
photocatalyst 

30 minutes 
stirring in 

dark 

Measurement of A 
t 

after every 15 
minute 

Measurement of A 

Exposed to sunlight 
with constant stirrin 

Figure 2.3: Flow sheet diagram for the photocatalytic studies ofMB and MeO dye. 
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After analyzing the photocatalytic activity of synthesized NPs, four different 

parameters were assessed to fmd optimal conditions for dyes. These parameters were 

effect of concentration of dopant, amount of catalyst, concentration of dye, and pH. 

Effect of concentration of dopant 

In this study, 2 mg of pure and (1 -4) % Ni-doped Mm04 NPs were added to 

five beakers having 25 mL of stock solution for both dyes separately. Then the above 

discussed protocol was followed. In first step, 4 % Ni-doped Mn304 NPs gave the 

maximum photo degradation efficiency for MB dye while 2% Ni-doped Mn304 NPs 

gave the maximum photo degradation efficiency for MeO dye. 

Effect of amount of catalyst 

Dose of catalyst ranging from 1 to 4 mg of the optimized catalyst were used. 1, 

3, and 4 mg of the selected photocatalyst were added to a 25 mL stock solution of dye 

in three separate beakers. 3 mg of 4 % Ni-doped Mn304 NPs gave the best 

photocatalytic degradation efficiency for MB dye, and 2 mg of 2 % Ni-doped Mm04 

NPs gave the best photocatalytic degradation efficiency for MeO dye. 

Effect of concentration of dye 

The dye concentration was observed by making different concentration of dye 

solution ranging from 25 /-tM to 35 /-tM for MB dye and 70 /-tM to 90 /-tM for MeO dye. 

The concentrations were made by using optimized amount of catalyst of 3 mg of 4 % 

Ni-doped Mn304 NPs for both concentrations of MB dye and 2 mg of 2 % Ni-doped 

Mn304 NPs for MeO dye. 

Effect of pH 

The pH was studied at five different pH values ranging from 1 to 11 while the 

solutions used earlier were at pH 7. Firstly, 25 mL of optimized concentration of dye 

solutions were made from the stock solution of both dyes in separate beakers. The pH 

was maintained in the dye solution by using Hel for acidic and NaOH for basic pH. 

Then 3 mg of 4 % Ni-doped Mn304 NPs were added for MB dye and 2 mg of2 % Ni­

doped Mn304 NPs were added for MeO dye respectively. Then they were exposed to 

sunlight with constant stirring. Maximum %PDE came at pH 11 for MB dye after 75 

minutes and at pH 5 for MeO dye after 90 minutes. 
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2.4 The source of light 

Direct sunlight was used as a light source for the photocatalytic degradation of 

organic dyes. The range of wavelength is 200 to 800 run. 

2.5 Analysis 

The degradation of dyes in the presence of photocatalyst was monitored and 

recorded by using UV -Visible spectrophotometer. MB dye started degrading at 664 run 

of wavelength and MeO at 465 run of wavelength respectively. 

2.6 Kinetic analysis 

Four steps were performed to completely study the photo degradation kinetic 

measurements. For the kinetic analysis of dyes, solutions were prepared in de-ionized 

water. Dye solutions with catalyst were in sunlight in every step for the degradation of 

dye. First of all, percentage of dopant was changed while all the other factors were 

constant which includes amount of catalyst, dye concentration, and pH. In the same 

way, all factors were studied one by one by keeping other constant. Initial reading was 

taken as Ao while the other readings were recorded after every 15 minute as At. The plot 

of In (Aol At) vs time was used to determine the rate of reaction. 

2.7 Characterization techniques 

2.7.1 UV-Visible Spectroscopy 

UV -Visible spectrophotometer was used to see the spectrum and optical 

properties of compounds formed. It was also used to analyze the degradation of dyes 

used i.e. , MB and MeO. The idea behind a UV -Visible spectrophotometer is that 

different materials absorb ultraviolet or visible light in different ways, each of which 

results in a distinct spectrum. A material absorbs light through excitation and de­

excitation in spectroscopy. A spectrum is created as a result of this interaction between 

light and matter. Schematic representation of UV -Visible spectrophotometer is shown 

in Fig. 2.452
. When UV light passes through the solution containing material under 

investigation, the electrons in the matter which are in low energy state gets energy from 

light and jump to their higher energy states. This is based on Beer's lambert law which 

implies that concentration and absorption are directly proportional to each othey21 . It is 

represented mathematically by this relation. 
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A = ebc. 

Where A is a unit less quantity that denotes absorbance. The molecular 

absorptivity coefficient is E having Lmol-1cm-1 unit, b is the optical path length of 

cuvette that is 1 cm and c shows the solution's concentration in molL-1 unit. So this 

technique was used to determine the UV -Visible spectra and band gaps of pure and 

doped MllJ04 NPs. Tauc plots were used to calculate the band gaps. 
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Figure 2.4: Schematic representation of UV -Visible spectrophotometer. 

2.7.2 X-Ray Diffraction (XRD) 

It is a non-destructive laboratory method that analyses the lattice spacing of 

crystalline substances in the form of powder, thin films, and bulk. Lattice spacing and 

distortions can be used to identify unidentified materials, residual stresses, and elastic 

properties in a sample. By beaming an X -ray into the synthesized crystalline material 

at a known wavelength '/.." and a known angle e, XRD gets lattice spacing 

and measures the intensity of the refracted X-rays. Schematic diagram of Powder X­

Ray Diffraction is shown in Fig. 2.554. 

The powdered XRD technique will give intensity readings for the sample. 

Multiple intensity readings will appear if the sample has more than one material in the 

sample53 . XRD is time efficient and is frequently economical as well. 

0.2 mg of the synthesized sample was used to compare pure and Ni-doped 

Mn304 NPs. Cu-k radiation ('/.., =0.154 nm) was employed in the X-ray Diffraction 

Bruker AXS B8 Discover mode, and graphite served as a monochromator. The samples 

were tested across a 2 range between 200 and 800 nm. Debye Scherer equation was 

used to determine the crystallite size of pure and Ni-doped Mll304 NPs. 
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Figure 2.5: Schematic representation of XRD analysis. 

2.7.3 Fourier transform infrared spectroscopy (FT-IR) 

Detector 

The data from an interferometer with a moving mirror is Fourier transformed to 

get an IR spectrum, which is then used by FT -IR spectrometers to create an optical 

transform of the infrared signal. Fourier analysis will give an IR spectrum that is the 

relationship between intensity and frequency. Gases, liquids, and solids can all be easily 

and quickly analyzed using the FT-IR method55
. 

It provides information about various vibrational bands of the elements present 

in the sample. For any specific molecule, the pattern of vibrations is distinct. Each group 

vibrates in a variety of ways in the IR region, including stretching, bending, rocking, 

and other motions. The nature of sample for qualitative analysis is directly indicated by 

the peak intensity. It tells about the presence of organic and inorganic compounds. 

Different functional groups can also be detected by FT-IR analysis as shown in Fig. 

2.656
. 

~/ /y Inlr.rtd 
I lOUIe. Fl·IR Print .. 

Figure 2.6: Schematic representation ofFT-IR spectrophotometer. 
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Chapter 3: RESULTS AND DISCUSSION 

3.1 UV -Visible Spectroscopy: 

The UV -Visible spectroscopic analysis was done in the wavelength range of 

200 to 800 run. The samples were prepared by using deionized water as a solvent. 

Absorption spectrum data helped in the estimation of band gaps of samples by using 

tauc plots. The material's optical band gap energy can be obtained by extrapolating the 

linear portion of the absorption curve43 . The UV -Visible absorption spectrum of 

pristine and Ni-doped Mll304 nanoparticles is shown in Fig. 3.1. 
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Figure 3.1: UV-Visible absorption spectrums of pure and (1 -4) % Ni-Mll304 NPs. 

Pure and Ni-doped Mll304 nanoparticles possess strong absorption peaks in the 

range of (250-41 0) run. The absorption spectrum of pure Mll304 nanoparticles showed 

a maximum absorption wavelength peak (Amax) at 266 nmS? Band gap of pure Mn304 

NPs was obtained by tauc plot that is 2.50 eV as shown in Fig. 3.2 and Fig 3.3. 
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3.1.1 UV -Visible spectrum of Ni-doped MD304 nanoparticles: 

1 % nickel doped Mll304 NPs shows the maximum absorption peak at 270 nm 

and the band gap is at 2.46 e V. Fig. 3.3 shows the bandgap which confirmed a slight 

red shift in the absorption peaks that cause narrowing of energy band gap. The 

maximum absorption peaks for the (2-3) % Ni- Mll304 were at 273 nm, 285 nm 

respectively. The band gap values for these samples were at 2.41 eV to 2.37 eV 

respectively. This shows an increase in wavelength which resulted in the decrease in 

the band gap energy known as red shift. This occurs due to new energy levels created 

by Ni due to charge transfer between dopant and material so the band gap falls58 . 

Illustrated according to this relation 

E = hclA. 

The absorption spectra for the 4 % Ni-Mll304 NPs shows maximum absorption 

peak at 260 nm. It shows a reduction in wavelength which indicates blue shift or 

bathochromic shift and as a result there is an increase in band gap energy that is 2.54 

e V. This occurs due to quantum size confinement that decreases the particle size and as 

a result deformation of the Mll304 lattice structure takes place. This is also explained 

by the Burstein Moss effect according to which after a certain concentration of dopant, 

all the fermi levels in conduction band were occupied so excited electron move to the 

conduction band above the fermi levels and as a result there is an increase in band gap59. 

The values of maximum absorption peaks and their respective band gaps of the nickel 

doped Mn30 4NPs are given in Table 3.1. 
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Figure 3.2: Band gaps of Mll304 and 1 % Ni-Mll304 NPs. 
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Figure 3.3: Band gaps of (2-4) % Ni-Mn304 NPs. 
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Table 3.1: Band gaps and max. absorption peaks of pure and (1 -4) % Ni-Mm04 NPs. 

Sr. Sample Maximum Absorption Peak Band gap 

No. (nm) (eV) 

1 Mn304 266 2.50 

2 1% Ni-Mn304 270 2.46 

3 2% Ni-Mn304 273 2.41 

4 3% Ni-Mn304 285 2.37 

5 4% Ni-Mn304 260 2.54 
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3.2 X-Ray Diffraction (XRD) 

The XRD pattern of pure Mll304 nanoparticles is shown in the Figure 3.3. The 

crystallographic planes (112), (103), (211), (220), (321) and (224) corresponds to the 

detected diffraction peaks at 28 values of28.967°, 32.533°, 36.191 °,44.600°,58.765°, 

and 60.026°, respectively. The diffraction peaks confirms the formation of Mn304 

single phase46. The sharp and broad peaks of the Mn304 were may be a result of the 

crystalline structure of pristine Mn304 shown in Fig 3.4. These peaks supported the 

tetragonal structure of manganese oxide and satisfactorily met the Joint Committee on 

Powder Diffraction Standards (JCPDS) requirements (reference file no. 00-001-1127) 

20 

(103) 

(214) 

10 (220) 

29 (degree) 

Figure 3.4: XRD spectrum of pure Mn304 NPs. 

XRD patterns of pristine Mn304 and Ni doped Mn304 NPs as shown in Figure 

3.5. No impurity peaks or nickel related phases were found after nickel doping of 

Mn304 NPs. Additionally, it was observed that when the concentration ofNi rises, the 

most intense peak gradually widened and shifted to a higher angle. This confirmed that 

Ni and Mn ions are equally dispersed and Ni ions have replaced Mn ions in the Mn304 

tetragonal structure without any distortion. According to Bragg's equation, 

DJ. = 2dsinO 

This equation shows inverse relation between d-spacing (d) and diffraction 

angle (8). Widening of peaks and shifting towards higher 28 values is because of 

decrease in d-spacing between planes. This occurs due to difference in ionic radius of 
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Ni and Mn ions. As the ionic radius of Ni is less than Mn, so it cause a decrease in d­

spacing which will shift the peak values to a higher angel6o . 
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Figure 3.5: XRD patterns of pure and (1-4) % Ni-Mn304 NPs. 

The crystallite size of prepared samples can be calculated by using Debye 

Scherrer expression. 

Where, 

D= Average crystallite size (run) 

0.9"­
D=-­

~cos8 

'A,= X-Ray source wavelength (1.5404 A) 

~= Full widths-at-half-Maximum (FWHM) of peaks in radians 

8= Bragg's diffraction angle (degree) 
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Table 3.2: Crystallite sizes of pure and (1 -4) % Ni-Mn304 NPs. 

Sr. Samples Crystallite size (nm) 

No. 

1 Mll)04 12.14 

2 1% Ni-Mn304 14.16 

3 2% Ni-Mn304 14.26 

4 3% Ni-Mn304 14.59 

5 4% Ni-Mn304 11.56 

Table 3.2 shows the crystallite size of pure and Ni-doped Mn304 NPs. It shows 

that the crystallite size, unit cell volume, and lattice constant increase with doping. At 

the boundary of Ni doped Mn304 grains, inversion boundaries were created and the 

crystal grow in a path parallel to the plane of an inverted boundary. The crystallite size 

increase with increasing dopant concentration up to 3% Ni-Mn304 NPs. After that, 

increase in Ni concentration will cause a decrease in crystallite size which might be due 

the oxygen desorption or settlement ofNi within the lattice structure which form bonds 

with unstable oxygen atoms of Mn304. Interfacial grain formation is also hindered by 

formation of multiple channels ofNi ions at surface of Mll)0461. 

When the concentration of dopant increase it affects Mn site symmetry. Mn+3 

ions occupy octahedral sites in spinel structure and have no orbital angular momentum. 

Ni substitutions exchange coupling in this mixed spinal system46. So, valency of Mn 

ions change from trivalent to divalent and thus Mn ions move to tetrahedral site while 

Ni substitute in octahedral site keeping normal spinel structure. This suggests that Ni 

doping affect the size of the particles. This variation is brought about by the strain, 

crystallite size, and lattice characteristics which lead to a higher broadening of 

diffraction peak. 
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3.3 Fourier Transform Infrared Microscopy (FT-IR) 

Significant qualitative information was provided by FT-IR spectra for the 

identification of synthesized nanoparticles. Fig. 3.6 show the FT-IR spectra of Mn30 4 

and Ni-doped Mm04 nanoparticles were investigated in the wavenumber range of 500 

to 4000 cm- I . 

4000 3500 3000 2500 2000 1500 1000 500 
300~----~---------r--------~----~~----~--------~------' 

" 
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O-H stretching 

, 
O-H bending 

o ~----~--------~--------~--------~--------~----~------~ 
4000 3500 3000 2500 2000 1500 1000 500 

-1 
Wavenumber (em) 

Figure 3.6: FT-IR spectrum of pure and (1-4) % Ni-Mm04 NPs. 

The typical band for the Mn-O stretching vibration in tetrahedral sites was 

visible in the spectrum of Mn304 NPs at 624 em-I. While the distortion vibration ofMn­

o in an octahedral site is responsible for the vibration frequency.62.The adsorbed water 

molecules on the surface ofNPs exhibit O-H bending and stretching in weak bands at 

1630 cm- l and 3430 cm- l , respectively63. With an increase in dopant percentage, the 

spectra, as shown in Figure 3.6 that did not significantly alter. It verified the substitution 

ofNi ions for Mn ions while leaving its structural integrity intact. The values ofFT-IR 

peaks and their respective correspondence is given in Table 3.3. 
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Table 3.3: FT -IR peaks of synthesized pure & doped Mll304 nanoparticles and their 

correspondence. 

Sr. Wavenumber Mode of vibration 

No. (em-I) 

1 3430 0 -H stretching 

2 624 Mn-O stretching (tetrahedral) 

3 1630 O-H bending 

4 525 Mn-O distortion vibration 

( octahedral) 

3.4 Photocatalytic degradation of dyes 

The photocatalytic degradation of Methyl blue and Methyl orange dye was 

examined in the presence of sunlight, at room temperature. 

3.5 Photocatalytic degradation of Methyl Blue dye by Ni-Mn304 NPs 

First of all, the prepared nanoparticles of pure and Ni-doped Mn304 were used 

for the photocatalytic degradation of Methyl blue. This was done to check the 

photocatalytic activity of the prepared samples for a certain dye. This procedure was 

performed in the presence of sunlight at room temperature for almost 135 minutes. As 

it is exposed to sunlight, the dye started degrading. With the passage of time, the peak 

intensity of the dye solution decreased gradually. 

The maximum absorption peak for Methyl blue is at 664 nm. The photocatalytic 

activity was evaluated at optimal condition by examining certain factors. These factors 

include dopant optimization, dosage of catalyst, concentration of dye, and Ph. The 

factors are discussed below one by one. 

3.5.1 Dopant optimization 

The first step taken in determining the optimum conditions for degradation of 

dye is the dopant optimization. The absorption peak intensity decreased with time 
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which assured the degradation of dye. Dye degradation is actually the breaking of 

chromophore structure of dye. 2 mg of each synthesized catalyst was used in 30 /-lM 

concentration of dye solution. 
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Figure 3.7: Absorption spectra of photo degradation ofMB dye by Mll304 and (1 -4) 

% Ni-MllJ04 NPs. 
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Within the time interval of 135 minutes, the color of dye solution was also 

faded. The UV -Visible spectra of Methyl blue degradation by pristine Mm04 and Ni­

doped Mm04 is shown in Fig. 3.7. 

The photocatalytic activity of synthesized catalysts depend on the adsorbing 

ability of the dye molecules on the surface of catalyst. The percentage Photodegradation 

efficiency (%PDE) for pure Mm04 and (1 -4) % weighted percentage of Ni-doped 

Mn304 nanoparticles was observed. Figure shows that the maximum photo degradation 

efficiency was for 4 % Ni-Mn304 NPs. It may be due to less e-/h+ recombination which 

is due to an increase in surface states produced by Ni ions. 

Dye degradation directly depend on the amount of catalyst adsorbed on its 

surface. An increase in %PDE is caused by more dye molecules adhering to the 

catalyst's surface as shown in Fig. 3.8. 
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Figure 3.8: %PDE of degradation ofMB dye by Mm04 and (1-4) % Ni-Mm04 NPs. 
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Figure 3.9: Determination of observed rate constant for photo degradation of MB dye 

by Mm04 and (1-4) % Ni-Mm04 NPs. 
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The concentration of dye is degraded on exposure to sunlight. The graphs show 

a decrease in the ratio of AI Ao with increase in time. All these parameters suggest that 

degradation of dyes follow pseudo first order kinetics as shown in Fig. 3.9. The kinetic 

parameters are calculated as given in the Table 3.4. 

Table 3.4: Weighted percentage ofNi-Mm04 NPs, % PDE, rate constant (k) for MB 

dye photocatalytic degradation. 

Sr. Sample %PDE Kinetic rate Half-life R2 

No. 
constant (min-I) (min) 

1 Pure Mm04 60.6 6.8 x 10-3 101.91 0.9951 

2 1 % Ni-Mm04 50.3 5.4 x 10-3 128.33 0.9981 

3 2% Ni-Mm04 64.4 7.2 x10-3 96.25 0.9928 

4 3% Ni-Mm04 49.4 5.2 x 10-3 133.26 0.9898 

5 4% Ni-Mm04 70.4 9.4 x l 0-3 73.72 0.9984 

3.5.2 Effect of dosage of catalyst 

After optimizing the catalyst we found the dose of optimized catalyst by taking 

different amount of that catalyst in the same dye solution. So, second step was the 

investigation of the effect of catalyst on the degradation efficiency. To find the optimal 

conditions for catalyst dosage, different amounts of optimized catalyst were added in 

30 ).!M concentration of methyl blue dye solution. 

4 % Ni-Mn304 NPs showed significant photodegradation efficiency so the dye 

solutions were investigated with dosage ofthis catalyst ranging from 1 to 4 mg. Figure 

3.10 shows the intensity of peaks for different catalyst dosages. 
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Figure 3.10: Photo degradation ofMB dye by different amounts of 4% Ni-Mm04 

photocatalyst. 

Addition of more catalyst showed a prominent change in the degradation of 

dyes. 3 mg of 4 % catalyst showed maximum %PDE for the photocatalytic degradation 

of MB dye as shown in Fig. 3.11. This is because there are active sites on the catalyst 

surface and UV light can enter the solution because of increased light scattering and 

screening64. As the concentration of catalyst is raised to 4 mg, the rate of degradation 

is decreased. This is by overlapped adsorption sites caused by adsorbent overpopulation 

and deactivation of activated catalyst particles brought on by impact with ground state 

catalyst. Dye molecules collided and caused the deactivation of active sites due to 

which there is less absorption of photons of light. 
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Figure 3.11: %PDE of degradation ofMB dye by 4 % Ni-Mll30 4 NPs. 

I mg (a) Slope: ·0.0067 0.0 
2mg (b) Slope: ·0.0094 

0.0 R'= 0.9974 R'=0.9984 

-0.2 

-0.2 
-0.4 

0' -0.4 0' -0.6 

~ ~ 
c :5 -0.8 
- -0.6 

·\.O 

-0.8 
-\'2 

-\.O -\.4 
20 40 60 80 100 120 140 20 40 60 80 100 120 140 

Time (min) Tim. (min) 

0.2 
3mg (e) Slop' = -0.0131 4mg (d) Slope: -0.0071 

0.0 R'=0.9967 0.0 R'=0.9918 

-0.2 

-0.4 -0.2 

-0.6 

% -0.8 0' -0.4 

S -\.O ~ 
oS c 

-1.2 
- -0.6 

-1.4 
-0.8 

-1.6 

-1.8 
-\.O 

-20 20 40 60 80 100 120 140 20 40 60 80 100 120 140 

Tim. (min) Tim. (min) 

Figure 3.12: Rate constants for degradation ofMB dye by different amounts of 4% 

Ni-Mll304 photocatalyst. 
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It is concluded from these graphs in Fig. 3.12 that pseudo first order kinetics is 

followed in all these reactions. The kinetic data is given in the Table 3.5. 

Table 3.5: Amount of 4 % Ni-Mll304 NPs, % PDE, rate constant (k) for MB dye 

photocatalytic degradation. 

Sr. Catalyst dosage %PDE Kinetic rate Half-life R2 

No. (mg) constant (min-I) (min) 

1 1 mg 59.7 6.7 xl0-3 103.43 0.9974 

2 2mg 70.4 9.4 xl0-3 73.72 0.9984 

3 3 mg 81.6 1.3 xl0-3 52.90 0.9967 

4 4mg 57.8 7.1 xl0-3 97.60 0.9918 

3.5.3 Effect of concentration of dye 

By using the already optimized amount of the catalyst, concentration of dye was 

studied. Three different concentrations ranging from 25-35 )lM of MB dye were used 

for the optimization. Absorption spectra for the degradation of dyes at different 

concentrations is shown in Fig. 3.13. In all of the three solutions, 3 mg of 4 % Ni-Mll304 

NPs were used. There is an increase in photo degradation efficiency with an increase in 

concentration from 25-30 )lM from 49.6 to 81.6 %, respectively. For 35 )lM, a decrease 

in photodegradation efficiency was observed. 

The absorption spectra showed different degradation efficiency percentages at 

different concentrations. Free radical (OH) generated on the surface of the catalyst play 

an important role. Higher dye concentrations resulted a decrease in ·OH radical 

production on the catalyst's surface, which in turn resulted in lower degradation rates. 
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Figure 3.13: Absorption spectra of photocatalytic degradation of different 

concentrations ofMB dye by 4% Ni-Mll30 4 NPs. 

Availability of active sites at high concentration of dye is less due to which 

degradation is slow. It might be due the shorter path length of UV light which speeds 

up the process of degradation. Before reaching the catalyst, some photons may be 

absorbed by the dye, which can also lower the catalytic efficiency65. 

%PDE is less for low concentration of dye because it is insufficient to adsorb 

on the catalyst's surface. Deactivation of activated molecules may also cause a decrease 

in catalytic performance of dyes. The %PDE is shown in Fig. 3.14 
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Figure 3.14: %PDE for photodegradation of different concentrations of MB dye. 
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Figure 3.15: Rate constants for different concentrations of MB dye. 
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Figure 3.15 data showed the pseudo first order kinetics followed by all 

reactions. Half-life and %PDE of above discussed parameter is given in Table 3.6. 

Table 3.6: Dye concentration, % PDE, kinetic rate constant (k) for the photocatalytic 

degradation of MB dye. 

Sr. Catalyst dosage %PDE Kinetic rate Half-life R2 

No. (~M) constant (min) 

(min-I) 

1 25 f!M 49.6 6.5 x l0-3 106.61 0.9775 

2 30 f!M 81.6 1.3 x l0-2 52.90 0.9967 

3 35 f!M 45.0 3.6 x l0-3 192.50 0.9941 

3.5.4 Effect of pH 

Photocatalytic activity of dyes mostly depend on the effect of pH. The effect of 

pH was studied by making different solutions at pH values varying from 3 to 11. Hel 

and NaOH were used to adjust the pH of acidic and basic solutions. All these solution 

have optimized amount of catalyst having fixed amount of dye concentration that is 3 

mg of 4 % Ni-Mm04 catalyst. Absorption spectra of solutions at different pH values 

are shown in Fig. 3.16. 

The percentage degradation efficiency for lower pH values is less as compared 

to higher pH values shown in Fig 3.17. 95.3 % of dye is degraded at pH 11 in basic 

medium. Methyl blue is a cationic dye. Negative charge is formed on the catalyst 

surface at higher pH levels. The negatively charged catalyst surface and the MB cation 

are strongly attracted to one another by electrostatic forces of attraction. The oxidation 

process that occurs in an alkaline solution is primarily caused by hydroxyl radicals 

(OH). Thus, at pH 11 , the surface of catalyst became negatively charged, and MB 

adsorption takes place which increases the rate of photocatalysis. 
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Figure 3.16: Absorption spectra for degradation of MB dye at different pH values by 

4% Ni-Mll304 NPs. 
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However, at pH 9, the dye is more adsorbed on the surface of synthesized 

nanoparticles, reducing the surface 's exposure to sunlight. As a result, the production 

of ·OH free radical is decreased. It slowed down the oxidation reaction and reduced the 

degradation ofMB dye66. 

The nanoparticles' ability to aggregate and limit the surface area required for 

optimal dye adsorption and photon absorption from sunlight, an acidic pH does not 

demonstrate good degradation efficiency. The positively charged catalyst surface and 

the methyl blue cation are attracted to one another under acidic pH conditions. 

pH3 pHS pH7 

pH study 

pH9 pH 11 

Figure 3.17: Different pH levels for MB dye degradation at different pH values by 

4% Ni-Mll304 photocatalyst. 
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Figure 3.18: Observed rate constant at different pH levels for the degradation ofMB 

dye. 
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The data in Fig. 3.18 confirmed that all these reactions follow first order kinetics 

in a satisfactory manner. Table 3.7 enlist the pH, %PDE, half-life and kinetic rate of 

the degradation of MB dye. 

Table 3.7: Data of pH, rate constant (k), % PDE for MB dye photocatalytic 

degradation by 4% Ni-Mn304 photocatalyst. 

Sr. pH % PDE Kinetic rate Half-life 

No. constant (min-l) (min) 

1 3 36.2 4.8 x l0-3 144.37 

2 5 33.9 4.1 x l0-3 169.02 

3 7 81.6 1.3 xl0-2 52.90 

4 9 72.0 1.6 x l0-2 43.04 

5 11 95.3 3.8 xl0-2 17.95 

R2 

0.9500 

0.9955 

0.9967 

0.9453 

0.991 2 

3.6 Photocatalytic degradation of Methyl Orange by Ni-Mn304 NPs 

The synthesized nanoparticles of pure and Ni-doped MllJ04 were used for the 

photocatalytic degradation of Methyl orange. The phtotcatalytic activity of the prepared 

samples for a certain dye were checked. Similarly, this procedure was performed in the 

presence of sunlight at room temperature like the previous dye. MeO dye showed 

degradation on exposure to sunlight. 

The maximum absorption peak for Methyl orange is at 465nm in UV -Visible 

spectra. The optimal conditions for the better photocatalytic activity of dye were 

evaluated by examining certain factors. These factors are dopant optimization, dosage 

of catalyst, concentration of dye, and pH. First of all, dopant optimization was studied. 

3.6.1 Dopant optimization 

Above mentioned procedure is repeated for the degradation of this dye. The 

photocatalytic degradation of MeO dye with synthesized Nickel doped Mn304 
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nanoparticies were shown in the Fig 3.19. The chromophore structure of MeO dye was 

degraded and the absorption peak intensity decreased with time. 
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Figure 3.19: Photodegradation ofMeO dye by pure and (1-4) % Ni-Mn304NPs. 
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Above figure demonstrated the degradation of Methyl orange dye by various 

weighted percentages of Nickel doped Mm04 nanopartic1es. The maximum %PDE 

value for pure Mm04 NPs was 59 % as shown in Fig 3.20. On the other hand, Ni-doped 

Mm04 NPs showed better photocatalytic efficiency. The maximum %PDE for 

synthesized 2% Ni-Mm04 NPs was found to be 79.8 %. Many surface defects were 

discovered as a result of surface functionalization caused by Ni ions, which lowered the 

rate of e-/h+ recombination. More dye molecules are adsorbed on the surface of the 

catalyst at highest value of %PDE. The agglomeration on 

the photocatalyst's surface caused the degradation efficiency to decrease as dopant 

concentration is increased67
. 
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Figure 3.20: %PDE ofMeO dye with pure and (1-4) % Ni-Mm04 NPs. 
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Figure 3.21: Observed rate constant for Photo degradation ofMeO dye by Mll304 and 

(1-4) % Ni-Mll304NPs. 
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Figure 3.21 showed the photocatalytic degradation of dye follows the pseudo­

first order kinetics. The concentration of the dye decreases as the process proceeds. 

Table 3.8 has the half-life and kinetic data of the above synthesized material. 

Table 3.8: Weighted percentage ofNi-Mn304 NPs, rate constant (k), %PDE for MeO 

photocatalytic degradation. 

Sr. Sample %PDE Kinetic rate Half-life R2 

No. constant (min) 

(min-I) 

1 Pure Mll304 59.0 6.1 x10-3 113.60 0.9840 

2 1 % Ni-Mll304 63.5 7.1 x 10-3 97.60 0.9932 

3 2% Ni-Mll304 79.8 1.2 x 10-2 55.88 0.9952 

4 3% Ni-Mn304 55.6 6.1 x10-3 113.60 0.9848 

5 4% Ni-Mn304 43.7 3.9 X 10-3 177.69 0.9871 

3.6.2 Effect of catalyst dosage 

In the next step, the effect of catalyst dosage was investigated on the percent 

degradation of dye. The optimal dosage of catalyst must be determined to extract the 

highest amount of organic dye. Due to their excellent photo degradation efficiency, 2 % 

Ni-Mn304 was used in all further reactions. The dye concentration was maintained at 

80 j.!M while the catalyst concentration varied from 1 to 4 mg. The absorption spectra 

of2 % Ni-Mn304 NPs at various dose concentrations are shown in Fig. 3.22. 

A prominent change is observed by change in the amount of synthesized NPs. Catalyst 

dosage was increased from 1 to 2 mg, which increased photodegradation efficiency to 

79.8 %. The rise in active sites, which dramatically improve interactions between light 

and methyl orange dye molecules. 
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Figure 3.22: Absorption spectra for the Photo degradation ofMeO dye by different 

dosage of2 % Ni-Mll304NPs. 

The presence of functional groups enhanced that can be used to explain why 

degradation efficiency has increased. However, going beyond 2 mg of catalyst had a 

detrimental effect since the photodegradation efficiency fell to 52.8 %. This is linked 

to the accumulation of catalyst, which prevents photon absorption on the surface. 

Additionally, the suspension's turbidity causes less UV radiation to penetrate it, which 

lowers the effectiveness of photodegradation. Methyl orange showed barely any 

degradation in the absence of a catalyst, demonstrating the crucial part that a catalyst 

plays in the photo degradation process. The %PDE is shown in Fig. 3.23. 
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Figure 3.23: %PDE for degradation ofMeO dye by different dosage of2 % Ni­

Mm04NPs. 
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Figure 3.24: Observed rate constant for different amount of2 % Ni-Mm04NPs. 
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Figure 3.24 showed the photocatalytic degradation of dye follows the pseudo­

first order kinetics. Table 3.9 has the half-life and kinetic data ofthe above synthesized 

material. 

Table 3.9: Different amount of2 % Ni-Mm04NPs, rate constant (k), %PDE for MeO 

dye degradation. 

Sr. Catalyst dosage %PDE Kinetic rate Half-life R2 

No. (mg) constant (min) 

(min-I) 

1 1 mg 60.1 6.8 x 10-3 101.91 0.9957 

2 2mg 79.8 1.2 x10-2 55.88 0.9952 

3 3 mg 52.8 5.6 x l 0-3 123.75 0.9910 

4 4mg 62.3 6.8 x 10-3 101.91 0.9871 

3.6.3 Effect of concentration of dye 

Furthermore, the photo degradation of MeO dye was investigated at different 

concentrations ranging from 70 to 90 flM in the presence of a fixed amount of catalyst. 

The 2 mg amount of 2 % Ni-Mll304 NPs were used in the manner described above. 

Figure 3.25 displays the absorption spectra of different dye concentrations. The 

absorption peak intensity decreases with time. 

The absorption spectra showed different degradation efficiency percentages at 

different concentrations. High concentration of dye resulted a decrease in ·OH radical 

production on the catalyst's surface, which in turn resulted in lower degradation rates. 

At high concentration of dye less active sites are available due to which degradation is 

slow. Before reaching the catalyst, some photons may be absorbed by the dye, which 

can also lower the catalytic efficiency. 
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Figure 3.25: Absorption spectra of photocatalytic degradation ofMeO dye of 

different concentrations with 2 mg of2 % Ni-Mn304NPs. 

The %PDE for MeO dye is shown in Fig 3.26. %PDE is less for low 

concentration of dye because it is insufficient to adsorb on the catalyst's surface and 

there are less active sites availability. Deactivation of activated molecules may also 

cause a decrease in catalytic performance of dyes. Figure 3.27 showed the 

photocatalytic degradation of dye follows the pseudo-first order kinetics. 
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Figure 3.26: Study of %PDE at different concentrations of MeO dye. 
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Figure 3.27: Study of rate constant at different concentrations ofMeO dye. 
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The concentration of the dye decreases with time interval. Table 3.10 has the 

half-life and kinetic data of the above synthesized material. 

Table 3.10: Different MeO dye concentration, rate constant (k), %PDE for 

photocatalytic degradation. 

Sr. Dye concentration %PDE Kinetic rate Half-life 

No. (J.lM) constant (min) 

(min-I) 

1 70~M 58.0 0.6 xl0-2 105.00 

2 80~M 79.8 1.2 xl0-2 55.88 

3 90~M 64.4 0.7 xl0-2 90.00 

3.6.4 Effect of pH 

R2 

0.9846 

0.9952 

0.9693 

This parameter is the most significant in the study of photo degradation. H2S04 

and NaOH were used to modify the pH of the solution while keeping the amount of 

photocatalyst and dye solution concentrations constant. 2 mg of 2 % Ni-Mm04 

nanoparticles were treated with the optimum dye concentration. The system was 

exposed to light irradiation at pH ranges from 3 to 11. The UV -Visible spectra ofMeO 

dye degraded at various pH 3 and 5 are shown Fig. 3.28. 
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Figure 3.28: Absorption spectra ofMeO dye at pH 3 and 5. 
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Figure 3.29: Absorption spectra ofMeO dye at pH 7,9 and 11 for degradation. 

The color of MeO dye solution changed from orange to red at pH less than 3. 

This would cause a change in its chemical structure. The chromophore group alters as 

a result of this chemical structural modification, potentially making the molecule less 

susceptible to breakdown in the presence of reactive NPs. According to the observed 

photo degradation, low photocatalytic rates were observed at acidic pH range. Although 

%PDE was shown to be at its maximum at pH 5. This revealed that less acidic 

conditions are far more favourable for the production of the reactive intermediates that 

is hydroxyl free radicals, which further aids in increasing the reaction rate68
. The 

ionization of the surface of catalyst and deprotonation of MeO form H+ ions that are 
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responsible for photocatalytic activity. High acidic conditions are less favourable and 

less spontaneous for the formation of reactive intermediates .. 
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Figure 3.30: %PDE at different pH levels ofMeO dye degradation by 2 % Ni-Mm04 

NPs. 
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Figure 3.31: Rate constant at pH 3 and 5 for the degradation ofMeO dye. 
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Figure 3.32: Rate constant for pH value of7, 9 and 11 for the degradation ofMeO 

dye. 

The photocatalytic degradation of dye follows the pseudo-first order kinetics as 

it is confirmed from the linear fir data shown in Fig. 3.32. Table 3.11 has the half-life 

and kinetic data of the above synthesized material. The oxidant power ofOH is inferior 

to holes even though hydroxyl radicals are easily produced in alkaline conditions with 

an abundance of hydroxy Is. Consequently, under alkaline conditions, low degradation 

rate is obtained69 . Fig.3 .30 shows the contrast between % PDE and different pH levels 
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Table 3.11: Summary of pH, rate constant (k), % PDE for MeO dye, degradation by 2 

% Ni-Mll304 NPs. 

Sr. pH %PDE Kinetic rate Half-life R2 

No. constant (min) 

(min-I) 

1 3 61.1 1.0 x l 0-2 67.94 0.9443 

2 5 90.0 2.5 x10-2 27.60 0.9893 

3 7 79.8 1.2 x10-2 55 .88 0.9952 

4 9 52.0 7.2 x10-3 96.25 0.9937 

5 11 41.1 4.6 x lO-2 150.65 0.9963 
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Conclusion 

Pristine Mll)04 and (1 -4) % transition metal (Ni) doped Mll)04 NPs were 

successfully synthesized followed by a co-precipitation method. The synthesized 

nanoparticles were characterized by using UV -Visible spectroscopy, XRD, and FT­

IR analysis. UV -Visible spectroscopy indicated that with an increase in nickel 

percentage ranging from 1 to 3 %, an increase in the wavelength (266-285 nm) was 

observed and with a further increase in dopant percentage, a blue shift was 

observed. Tauc plots were used to find out band gaps of the synthesized 

nanoparticles which showed tuning in the band gap ranging from 2.50 to 2.37 eV. 

XRD calculations showed that the average crystallite size increases with an 

increasing percentage of nickel up to 3 % (12.14-14.59 nm) and after that, a 

decrease was calculated. There were no impurity peaks or Ni-related phases were 

found in XRD patterns. FT-IR analysis showed the absence of any impurity and 

also showed the vibration bands of the required samples. The photocatalytic 

degradation for Methyl blue was successfully performed under the optimal 

conditions of 30 /-LM dye concentration, 3 mg of 4 % catalyst, pH 11 & Maximum 

Photo Degradation Efficiency (%PDE) was 95.3 % in 75 minutes. While, the 

optimal condition for the degradation of Methyl orange dye was 80 /-LM dye 

concentration, 2 mg of2 % catalyst, pH 5 & %PDE of90 % in 90 minutes. 
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