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ABSTRACT 

Due to increase in water pollution around the globe due to industrial wastewater, there 

is an increased focus on photocatalytic degradation for treatment of industrial 

wastewater. For this study, zinc oxide (ZnO) and zinc ferrite Zn(Fe2O4) have been 

synthesized via co-precipitation route and used as photocatalyst for degradation of 

methylene blue (MB) under visible light irradiation. The ZnO-ZnFe2O4 composite is 

successfully fabricated as photocatalyst and its photocatalytic activity for methylene 

blue (MB) degradation is successfully analyzed while comparing its efficiency with the 

induvial material. The characterization of three photocatalyst has been carried out 

utilizing XRD, FTIR, RAMAN, SEM-EDX, BET and VSM. These techniques confirm 

the structural, morphological, chemical and magnetic properties of synthesized 

photocatalysts. The photocatalytic degradation was carried out for all materials while 

keeping pH, temperature, initial dye concentration and catalyst dosage same. The 

results showed that ZnO showed highest degradation rate of 98.45% followed by 

ZnFe2O4 and ZnO-ZnFe2O4 composite under irradiation time of 120 minutes. The 

kinetics results showed that the photocatalytic degradation reaction adheres to pseudo 

first order reaction. Posts photocatalytic XRD analysis showed the stability of 

synthesized photocatalyst after degradation process. Mineralization analysis showed 

that ZnO-ZnFe2O4 composite showed the highest mineralization of organic 

contaminants. The study indicates that ZnO-ZnFe2O4 composite can be used as cost 

effective photocatalyst with improved recyclability due to its magnetic properties, for 

degradation of hazardous organic dyes from aqueous solutions.  

Keywords: Photocatalysis, Textile wastewater, Dye degradation, Advanced oxidation 

process, Material synthesis 
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1 INTRODUCTION 

1.1 Background 

Water is one of the most critical survival elements on earth. It is among the most 

important elements required by all living beings on earth in equal measure. Among the 

many direct uses of water, the most important use is to support life. Although water is 

available in a plenty amount with 71% of the earth area covered with water body, major 

portion of it is either in sea or in the form of huge glaciers and ice caps. Whereas the 

right to clean, safe water is preserved more in international treaties, much of the world’s 

population lack access to clean water. Due to increase in people’s population, and busy 

extended industrialization, the pressure of water consumption has enhanced. However, 

pollution and overuse of water sources and the general unavailability of fresh water has 

led to a serious problem all over the world. This has culminated in serious difficulties 

in water supply, use and utilization (Westall & Brack., 2018). 

Among the most significant problems of the modern world, freshwater scarcity 

is one of major concerns. Approximately 785 million people worldwide, especially in 

the developing region, lack access to safe water for drinking purposes (Teuntje & 

Kakes., 2020). This is very dangerous to human health given that disease causing 

pathogens can be easily contracted through water in areas of regions with limited access 

to clean water. WASH borne diseases are a major killer, especially children under the 

age of five; diarrhea, cholera and other waterborne diseases are common. There are also 

social costs greatly affecting the quality of life in such communities: clean water is not 

available, which slow down economic growth and perpetuates poverty and inequality. 

This makes water conservation as well as distribution of water a major global concern 

(Meehan et al., 2020). 

Textile industry is one of the major industries around the globe which is  

growing rapidly. 70% of Asian countries contribute towards the global textile export all 

over the world (Cellulose et al., 2021). It is an annually growing market with a growth 

rate of 8.13% (Zhang et al., 2021). There are different types of dyes which are used in 

textile industry to create different shade requirements, which results in the production 

of textile wastewater. Almost 280,000 tons of textile wastewater is generated all over 

the world annually. 15% of this effluent is being sent directly into the fresh water bodies 

without any treatment (Neoh et al., 2016). This results in the environmental degradation 
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and addition of contaminants in water. The textile effluent has high amount of COD, 

BOD, pH and temperature and when these contaminants interact with sunlight, they 

disrupt the whole food chain. This has a very negative impact on algal life, marine 

growth and photosynthetic activity (Holkar et al., 2016). These dyes also have a 

potential negative impact on human health and environment. Methylene blue (MB) is 

considered to be one of the most prominent dyes that has been used in textile industry. 

This dye has potential contribution towards mutagenicity, microbial toxicity, hema-

toxicity and reproductive damage (Amin et al., 2014).Different treatment methods and 

technologies are available for treating textile effluent to minimize the impact of 

wastewater on humans and the environment. The implementation of these treatment 

methods depends on the process and chemicals used in textile industry. Different 

primary, secondary and tertiary treatments are available to treat wastewater. Usually, a 

combination of different treatment technologies is implemented to obtain the desired 

treatment level. Physical, biological and advanced oxidation methods are available to 

treat wastewater effluent. The selection on treatment technology depends on the type of 

influent and level of treatment required. Advanced Oxidation process is an emerging 

alternative in wastewater treatment. This treatment method can be effectively used to 

remove dyes and contaminants from wastewater by ozonation, phenton reactions and 

photocatalysis (Pratap et al., 2023). 

Among many other techniques, synthesis of effective catalyst for degradation 

of toxic dyes has been found to be a promising strategy for degradation of pollutants. 

One fine example of such catalyst include Zn based nano composites. Zinc Oxide (ZnO) 

and Zinc Ferrite (Zn(Fe2O4)) are one of the promising catalyst for dye degradation. 

Wide band gap, high surface area and increased photocatalytic activity under sun light 

makes them a good photocatalyst (Tamiji et al., 2020). In this research, a comprehensive 

and analytical method is used to provide the effectiveness of both catalyst for 

degradation of methylene blue. This research can be further used to explore their 

potential application for dye degradation under varying conditions of pH, temperature 

and other variable factors. 

1.2 Problem Statement 

Organic textile dyes like methylene blue cause water pollution and are a major 

environmental and health issue globally. These dyes are typically released to water 

system by textile, paper as well as some intending industries hence polluting water 
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bodies. The general dyes which are released into the water are extremely chemically 

stable and very difficult to decompose. Physical filtration, coagulation and biological 

treatment do not seem to be very effective in the removal of such organic pollutants, 

particularly at extremely low concentrations. Photocatalysis, a process carried out 

through light activated semiconductor materials, has been identified as a very efficient 

way of degrading organic pollutants in water.  

Zinc oxide (ZnO) possesses good photocatalytic activity and is abundant and 

inexpensive, which makes it a suitable photocatalyst for the degradation of organic 

pollutants such as methylene blue (MB). Its efficiency is limited by the fact that  when 

they are exposed to ultraviolet (UV) light, the photogenerated electrons and holes 

recombine rapidly. However, there is still lack of a comprehensive comparative study 

of ZnO and Zn(Fe2O4) and their nanocomposite structures for practical application. In 

this work, we investigate zinc ferrite Zn(Fe2O4) nanocomposites as a potential solution 

to overcome these limitations. In order to further analyze the photocatalytic 

effectiveness of ZnO and Zn(Fe2O4) nanocomposites for degrading MB under visible 

light irradiation, a detailed characterization of their structural, morphological, and 

optical features will be performed because any intrinsic structural changes will effect 

the performance of photocatalyst. The goal of this research is to determine which 

nanomaterial is the best photocatalyst for MB degradation by assessing its performance 

and understanding the underlying processes. This comparative analysis will aid in the 

development of effective Zn-based photocatalysts that perform degradation under 

visible light. 

1.3 Objectives 

The targeted aims and objectives for this research include: 

• Synthesis of ZnO and Zn(Fe2O4) by co-precipitation method 

• Characterization of structural, morphological and chemical properties of ZnO, 

Zn(Fe2O4), and ZnO/ Zn(Fe2O4)  composite 

• Evaluation and comparison of photocatalytic activities of these materials under 

visible light 

• Analyze the stability of synthesized photocatalyst 
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1.4 Novelty and Significance 

The formation of effective and long-lasting techniques for the breakdown of organic 

contaminants such as methylene blue is critical as it poses a serious threat to the 

environment and human health. This research has a wide importance as it will tackle 

important social and environmental problems associated with the treatment of 

wastewater from textiles. Firstly, effluents full of contaminants and dyes demonstrate 

the textile industry's substantial contribution to water contamination, which emphasizes 

on the urgent need for effective corrective measures. Secondly, this method approach 

offers a way to mitigate the environmental impact of textile dyeing processes by 

creating effective photocatalytic materials that can break down pollutants such as 

methylene blue without imparting the post degradation toxicity. In addition, it is 

imperative for industries to adhere to strict environmental regulations governing the 

release of pollutants in order to avoid legal consequences and damage to their market. 

Materials with photocatalysis enable efficiency in current treatment methods which will 

further lead to regulatory compliance in longer run. 

1.5 SDG Mapping 

This research work is aligned with SDG 6 and SDG 12 which focus on provision of 

clean water and responsible consumption and production in industries.  

  



20 

 

2 LITERATURE REVIEW 

2.1 Overview 

Water safety is gradually emerging as a prime issue in today’s world because of 

unsustainable planning of urban development, fast rate of industrialization and 

uncontrolled utilization of natural water resources (Santhosh et al., 2016). Textile 

industry has a dyeing division that uses 749 tons of synthetic dyes annually and releases 

10% of them as effluent. These effluents are toxic as well as carcinogenic and even fatal 

effects on the aquatic species (Holkar et al., 2016). Several issues are associated with 

large amount of textile dyes releases into the natural water bodies. These textile dyes 

impact the development of aquatic organisms because of the elevated levels of BOD, 

and COD present in textile effluent (Sharma et al., 2019). The existing treatment 

methods used for the treatment of textile wastewater cannot effectively degrade the 

dyes as many of the toxic pollutants in the treated effluent are in the form of non-

biodegradable organic dyes such as azo dyes and Rhodamine B. Thus, authors have 

investigated to introduce new techniques of wastewater treatment in textile industry to 

ensure that the discarded water has no harm to the environment. 

2.2 Textile Industry 

Textile industry is one of significant contributor to the global economy. These 

industries use yarns, fibers, fabrics, and other materials that are used as raw materials 

to create various derivative products, such as clothing, and thus contribute significantly 

to the economy. In addition to employing a staggering 35 million people worldwide, 

this industry accounts for 7% of total global exports, which highlights its immense 

economic importance to the world. The denim industry, one of the foundations of the 

economy, is a fabric primarily made of colored cotton threads, usually in a blue shade, 

which is a very widely used fabric. Although the textile industry, in particular the denim 

industry, is one of the largest economies in the world, it faces a major environmental 

challenge as a result of the pollution that is generated during its dyeing process (Al-

Buriahi et al., 2022). 

2.3 Textile Effluent 

The quality and quantity of textile wastewater depends on the production process 

in textile industry. In general there are washing, dyeing and bleaching processes that 

are involved in the production of fabric. The washing process involves use of chemicals 
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which end up being the part of effluent. The chemicals which are used during this 

process include different types of surfactants, Chelating agents, softening agents, 

emulsifiers etc. Due to this the effluent has high pH, temperature, COD, BOD and metal 

content. Hence it is very important to treat effluent before discharging it into 

environment (Al-Buriahi et al., 2022). 

2.3.1 Health and Environmental Impacts 

The textile industry contributes world's major environmental problems due to 

the discharge of wastewater from textile industries into freshwater bodies. These 

effluents are mixtures of contaminants such as naphthol compounds, sulphur, vat dyes, 

nitrates, acetic acids, heavy metals such as lead, chromium, arsenic etc (Amin et al., 

2014). Dyes used in the textile industry have a significant health risk because they are 

carcinogenic substances. They can have various harmful health impacts on human body 

due to their toxicity (Mushtaq et al., 2020). During normal temperature, human body is 

prone to absorb toxic substances which can be absorbed by skin or through organs. This 

can affect growth of infants and pose significant health risk to humans due to the 

accumulation of toxic dyes and heavy metals in the body (Manzoor et al., 2020). Dyes 

that exist in the environment undergo chemical and biological assimilation which 

prevents re-oxygenation and tend to trap metal ions in the body that accelerates 

genotoxicity and micro toxicity (Pratap & Kumar., 2023). The extent of environmental 

damage to human health caused by textile wastewater is shown in Figure 2.1. Textile 

wastewater also damages bodies of water and aquatic animals. When dyes start 

accumulating in natural aquatic systems, they block the penetration of sunlight in water, 

which disturbs the ability of submerged plants and algae to absorb light, leading to 

reduced rates of photosynthesis and dissolved oxygen levels in the ecosystem. 

Methylene blue is a textile dye that has been used across various textile industries and 

is  released into the environment. It is harmful if ingested by humans and animals which 

can lead to skin, eyes, and respiratory tract infection. During the dying and bleaching 

process in textile industry, heavy metals are released into the environment and become 

a part of food chain (Meky et al., 2023) . The high pH and temperature of effluents 

discharged from the textile industry interrupts the oxygen transfer system and self-

purification method in natural water bodies. In addition, this effluent clog soil pores, 
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resulting in loss of soil fertility and a hardened soil texture that prevents root 

penetration. 

2.4 Treatment Methods 

Though dyes which are known to contain mutagens, carcinogens, and allergens 

have been banned for production and use due to pressure placed on the industry not to 

release these dangerous compounds into the market but still they are massively used 

around different industries. Therefore, when treating the textile dye wastewater, just 

degradation of dye is not enough, its mineralization efficiency improves the 

remediation process (Pereira & Alves., 2012). Water and wastewater treatment 

technologies are implemented to reduce the impact of synthesized dyes on environment 

(Noman et al., 2021). These technologies involve aerobic and anaerobic methods, 

microbial degradation and pure enzyme and physical separation methods including 

membrane filtration (micro filtration, nano-filtration, reverse osmosis and electro-

dialysis) and sorption techniques. Another advantage of biological treatment is that 

more organic pollution can be decomposed to achieve complete biodegradation at lower 

cost in addition to BOD, COD, Solids, dissolved and suspended particles will be 

eliminated (Noman et al., 2021). Some other treatment methods used in the treatment 

of textile wastewater include coagulation and flocculation and filtration and other 

processes. Chemical precipitation, electro-kinetic coagulation and destabilization, 

Figure 2.1: Health impacts of textile dye effluent on humans (Pereira & Alves, 

2012) 
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electro-flotation, oxidation reduction is also done. Other than mechanical and chemical 

methods there are also enzymatic methods used (Pereira & Alves., 2012). 

However, the applicability of most of these dyes is less compatible right from 

its basic applications in routine or standard biological treatments like bio-culturing, bio-

typing, and bioremediation which are highly complex (Karthik et al., 2016). Further, 

the chemical biodegradability of some synthetic textile dye pollutants accompanied 

with non-biodegradable nature of pollutants due to the stability of the dye remain un 

degraded in water. It is important to note that most of the available methods used to 

treat wastewater are ineffective especially for wastewater including synthetic dyes 

(Noman et al., 2021). The main disadvantage that is sufficient to categorize the 

physicochemical approaches under the study in terms of their high cost coupled up with 

low productivity, low flexibility in using the equipment and the outcomes generated to 

be dealt with (Musa et al., 2021). These physical treatments are efficient in breaking 

down the dye into smaller particles. These dye molecules are not prone to degradation 

but contains functional groups, where the bond is not chemically broken down into 

another substance, and should not be washed down ordinary sewage lines (Pereira & 

Alves., 2012).In a study, the author implemented a membrane bioreactor to tackle the 

effluent and recorded a high level of COD reduction at 90% and color removal range at 

60-75% (Demirci et al., 2015). In another, study it was noted that the COD removal 

was observed to increase beyond color degradation when using the activated carbon 

method together with adsorption. On the other hand, the Fenton’s Reagent technique is 

an effective method that involves the use of chemical reactions to restore the pH. 

Therefore, the maximum coefficient of the efficiency of water purification in both 

electrocoagulation methods was the same and 93% removal achieved for COD and for 

color removal it was 72% (Demirci et al., 2015). 

The other emerging technologies that are being applied in novel development 

are advanced oxidation processes. To a greater extent, the examined AOPs have 

distinguished themselves in terms of their efficiency in removing pollutants. However, 

these several techniques cannot be considered cheap and therefore are unattractive. 

High energy consumption and requirement of reagents are several problems which are 

associated with them (Pereira & Alves., 2012). Therefore, in relation to the continuation 

of the promotion of nanotechnologies, the formation of fundamentally new materials 

and technologies has become an innovative call on the prospective businesses to 
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produce new, cheap and highly effective wastewater treatment methods that could be 

applied the idea of which might be reached by means of nanomaterials as catalysts (Cai 

et al., 2017). 

2.4.1.1 Advanced Oxidation Process 

Due to several contaminants in waterbodies, global water pollution is a 

significant issue, causing threats to human, wildlife, and even other living organisms 

are at high risk. There is an increase in need for designing an efficient, practicable, 

affordable and sustainable procedure. Advanced oxidation process is one of the most 

effective methods that can be used to treat textile wastewater and other types of 

wastewaters due to its benefits including high rate of oxidation and no or less generation 

of  by-products. The advanced oxidation process can be done in several methods like 

ozone, Fenton, electrochemical, photolysis, sonolysis, and many more. Some of these 

methods have been used effectively for the degradation of emerging pollutants that 

cannot be decomposed using conventional methods (Saravanan et al., 2022). This study 

is confined to the treatment of textile wastewater by advanced oxidation process. 

Advanced oxidation process may be defined as potential approach for treating 

wastewater with certain changes and addressing some potential issues. 

Figure 2.2: Production of industrial effluents and their treatment options (Saravanan et al., 

2022) 
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2.4.1.2 Photocatalysis 

Photocatalysis is a process in which a photocatalyst, typically a semiconductor 

material, absorbs light energy and generates electron-hole pairs, which then react with 

molecules in the environment to produce new chemical species. The potential 

applications of photocatalysis in various fields have led to extensive research in the 

development of efficient and stable photocatalysts (Singh et al., 2022). Photocatalysis 

has numerous applications in various fields, such as water splitting, air purification, and 

self-cleaning surfaces, due to its ability to generate new chemical species from the 

reaction of molecules in the environment with electron-hole pairs produced by the 

photocatalyst. In addition to its applications in environmental remediation, 

photocatalysis also has potential in the field of energy production. For example, it can 

be used to convert solar energy into chemical energy, which can be stored and used as 

a source of fuel. The application of photocatalysis for wastewater degradation has been 

proven to be highly effective in breaking down organic pollutants and reducing the 

amount of chemicals needed for the process (Kumari et al., 2023). 

 Different studies have evaluated and quantified the efficiency of various 

photocatalysts for textile dye degradation. Research on titanium dioxide (TiO2), zinc 

oxide (ZnO), cerium oxide (CeO2), tin oxide (SnO2), tungsten oxide (WO3), and 

gallium oxide (Ga2O3) has shown promising results (Yashni et al., 2021). Among these 

materials, zinc oxide is one of the most widely used photocatalysts for textile dye 

degradation. In recent years, there has been a growing interest in using zinc oxide as a 

photocatalyst for textile dye degradation due to its wide availability and effectiveness 

in breaking down dye molecules (Yashni et al., 2021). Additionally, studies have 

investigated the potential applications of zinc oxide and zinc ferrite as photocatalysts. 

One of the promising applications of zinc ferrite is its potential as a photocatalyst for 

dye degradation. Zinc ferrite has shown great promise in breaking down organic dyes 

under visible light, which makes it a highly desirable option for various environmental 

and industrial applications. Furthermore, the photocatalytic properties of zinc ferrite 

have been attributed to its unique crystal structure and high surface area, which make 

it an efficient material for degrading organic pollutants in wastewater and other 

contaminated environments (Charradi et al., 2022).  
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2.5 Photocatalytic Degradation of Methylene Blue 

The photocatalytic degradation of methylene blue (MB) under solar light using 

zinc oxide (ZnO) and zinc ferrite Zn(Fe2O4) has been explored in various studies. In 

recent studies, the application of photocatalytic degradation of methylene blue using 

zinc oxide and zinc ferrite under solar light has been found to be a promising method 

for the removal of organic pollutants from wastewater. Furthermore, the use of 

photocatalytic degradation method has the potential to reduce the reliance on chemical 

treatments for wastewater purification, which can be both costly and harmful to the 

environment.   Zinc Oxide, as a photocatalyst, has demonstrated high efficiency in 

degrading MB under solar light. Additionally, zinc oxide's photocatalytic properties 

have been found to be highly effective in breaking down various other pollutants under 

sunlight, making it a promising material for use in environmental remediation efforts.  

For instance, ZnO nanoparticles synthesized by chemical co-precipitation showed a 

remarkable 99% photodegradation efficiency against MB within 90 minutes of solar 

radiation (Kumar et al., 2019). 

Similarly, nano-structured ZnO and Sn-doped ZnO photocatalysts synthesized 

through microwave heating exhibited enhanced sunlight photocatalytic activity, with 

Sn-doped ZnO achieving a 13% higher decolorization rate compared to pure ZnO (J. 

Sun et al., 2011). Furthermore, the increased surface area and reduced electron-hole 

separation time of the Sn-doped ZnO photocatalysts contributed to their superior 

photocatalytic performance under sunlight compared to pure ZnO. Additionally, the Sn-

doped ZnO photocatalysts demonstrated excellent stability and recyclability, making 

them promising candidates for practical applications in water treatment and 

environmental remediation (Sun et al., 2011).On the other hand, the literature does not 

provide direct evidence of the photocatalytic performance of zinc ferrite Zn(Fe2O4) 

under solar light for the degradation of MB within the provided context. However, the 

studies on ZnO-based composites, such as the magnetite/zinc oxide (Fe3O4/ZnO) 

nanocomposites, indicate that the incorporation of magnetic components can improve 

photocatalytic efficiency. Furthermore, researchers have also explored the potential of 

other metal oxides, such as CuO and Co3O4, in combination with ZnO to enhance the 

photocatalytic performance for various environmental remediation applications 

(Elshypany et al., 2021). These studies highlight the importance of using composites to 

achieve efficient and sustainable photocatalytic processes.  The (Fe3O4)/ZnO 
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nanocomposites synthesized by the solid-state method showed an enhanced 

photodegradation efficiency of 88.5% for MB degradation under visible light 

(Elshypany et al., 2021)The results obtained from the Fe3O4/ZnO nanocomposites 

synthesized by the solid-state method demonstrated an enhanced photodegradation 

efficiency of 88.5% for MB degradation under visible light, which is attributed to the 

synergistic effect between the two components and their unique structural properties. 

The findings highlight the potential of this nanocomposite system for efficient organic 

pollutant degradation under visible light, which could have significant implications for 

the development of sustainable and environmentally friendly photocatalytic 

technologies.   

In summary, zinc oxide has been proven to be an effective photocatalyst for the 

degradation of MB under solar light, with modifications such as doping and composite 

formation further enhancing its photocatalytic performance. While direct evidence for 

zinc ferrite, studies suggest that ZnO-based composites with magnetic properties, such 

as Zn(Fe2O4)/ZnO, can also be effective in solar-driven photocatalytic applications. In 

addition to the studies mentioned, recent research has also shown promising results for 

the use of zinc ferrite in various other applications, including water splitting and CO2 

reduction, further highlighting its potential for future use in sustainable energy 

technologies (Arimi et al., 2018).   

2.6 Factors Impacting Photocatalytic Degradation 

The process of photodegradation of MB using ZnO and Zn(Fe2O4) nanoparticles 

is a complex multistep process that is influenced by one or more factors. When these 

nanoparticles are exposed to light, they react to produce electron-hole pairs that reduce 

and oxidize the adsorbed MB molecules. Aquatic organisms produce specific reactive 

oxygen species (ROS), such as hydroxyl radicals (•OH), which cause the breakdown of 

MB into non-hazardous products through oxidation. The efficiency of degradation has 

been found to be influenced by factors such as catalyst concentration, pH, light 

intensity, and the initial concentration of MB (Arimi et al., 2018). 

The catalytic degradation of methylene blue (MB) organic pollutants, using zinc 

oxide (ZnO) and zinc ferrite Zn(Fe2O4) nanoparticles, results from photoinduced redox 

reactions on the surface of the catalyst. The generation of electron-hole pairs (e-/h+) via 

photoexcitation is a result of exposing ZnO or Zn(Fe2O4)  nanoparticles to light energy 
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equal to or greater than the bandgap energy. ZnO and Zn(Fe2O4) possess a wide band 

gap of 3.17 eV and 2.89 eV, respectively (Davis et al., 2019), which enables them to 

absorb UV and visible light to initiate photocatalytic processes (Davis et al., 2019). 

Figure 2.3: Methylene blue degradation under solar irradiation (Davis et al., 2019) 

The excitation of photons with energy greater than Eg of ZnO or Zn(Fe2O4)  results 

in the transition of electrons from the valence band (VB) to the conduction band (CB), 

creating electron-hole pairs in the VB. These reactive species can participate in redox 

reactions. For instance, in the case of organic pollutants such as methylene blue (MB) 

molecules, the interaction with ZnO or Zn(Fe2O4) nanoparticles involves electrostatic 

interactions, hydrogen bonding, or π–π packing. The presence of MB molecules on the 

catalyst surface enhances contact between these molecules and the photogenerated 

electron-hole pairs, thus promoting the degradation reactions (Shandilya et al., 2021). 

Holes of photogenerated holes (h+) in the VB of ZnO or Zn(Fe2O4) nanoparticles 

possess a strong oxidation potential (Eo (VB) ≈ 2). This energy level, which is 

approximately 2 eV, enables them to either react with the adsorbed MB molecules or 

coordinate with water molecules present on the surface of ZnO. As a result, highly 

reactive hydroxyl radical (•OH) molecules are formed. These hydroxyl radicals are 

potent oxidizing species that can react with and cleave organic structures into less toxic 
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moieties through mechanisms such as hydroxylation, dealkylation, and ring fission (W. 

Sun et al., 2018). 

2.7 Future Prospect 

The future scope of zinc oxide (ZnO) and zinc ferrite Zn(Fe2O4) as photocatalysts 

in advanced oxidation processes (AOPs) appears promising, with ongoing research 

exploring their efficiency and potential enhancements. In recent years, there has been a 

growing interest in exploring the potential of zinc oxide and zinc ferrite as 

photocatalysts in advanced oxidation processes, which could lead to a more sustainable 

and efficient approach to water treatment and environmental remediation. ZnO has been 

recognized for its photocatalytic capabilities, particularly in water treatment 

applications, due to its unique properties and versatility. However, the photocatalytic 

activity of ZnO can be influenced by the presence of zinc ferrite; studies have shown 

that increasing the amount of Zn(Fe2O4) relative to ZnO can lower the photocatalytic 

activity (Gegova et al., 2024).Furthermore, it has been demonstrated that the presence 

of other metal oxides, such as Fe3O4, can also affect the photocatalytic performance of 

ZnO (Gegova et al., 2024). This suggests that the ratio of ZnO to Zn(Fe2O4)  is a critical 

parameter for optimizing photocatalytic performance. To achieve optimal 

photocatalytic performance, it is essential to optimize the ratio of zinc oxide (ZnO) to 

zinc ferrite Zn(Fe2O4) in the photocatalytic system, as this has a significant impact on 

the overall efficiency of the process. Understanding the relationship between the ratio 

of ZnO to Zn(Fe2O4)  and the photocatalytic performance is crucial for developing 

efficient photocatalytic systems for various applications, such as water splitting and 

environmental remediation. Further studies are needed to investigate the effects of other 

parameters, such as light intensity and reaction temperature, on the photocatalytic 

activity of ZnO and Zn(Fe2O4). 

Interestingly, the incorporation of other elements, such as iron, into ZnO 

structures has been shown to extend the photocatalytic activity into the visible light 

range, which is advantageous for practical applications. Furthermore, the addition of 

iron into ZnO structures has been shown to enhance the stability and durability of the 

photocatalytic materials, making them more suitable for real-world applications (Giram 

et al., 2024).This suggests that the incorporation of other elements into ZnO structures 

can significantly improve the performance of photocatalytic materials and open up new 
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opportunities for their use in various industries. Additionally, the formation of 

heterojunctions, such as CuxO/ZnO, has been reported to enhance photocatalytic 

activity by suppressing electron/hole recombination rates (Villaseñor et al., 2022). 

These findings indicate that modifications to the ZnO structure, whether through doping 

or forming heterojunctions, are key areas for future research to improve photocatalytic 

efficiency. Future research should also explore the potential of other materials, such as 

metal oxides and nanoparticles, for enhancing the photocatalytic efficiency of ZnO 

structures.  

Furthermore, the applicability of ZnO and zinc ferrite as photocatalysts at an 

industrial scale is supported by their chemical stability, cost-effectiveness, and high 

photocatalytic activity under visible light. Zinc ferrite exhibits magnetic properties that 

facilitate separation in wastewater treatment processes, enhancing its practicality for 

industrial use (Hedayati et al., 2020). Additionally, the synthesis of ZnO/nickel-zinc 

ferrite composites has been shown to result in highly efficient photocatalytic activity, 

with significant degradation rates of organic pollutants such as methylene blue 

(Hammouche et al., 2021). 

However, there are some considerations to be considered. For instance, the 

photocatalytic activity of ZnO can be influenced by the presence of zinc ferrite; 

increasing the amount of Zn(Fe2O4)  with respect to ZnO can lower the photocatalytic 

activity under UV-light illumination. This suggests that the composition of the 

photocatalyst is crucial for optimizing performance. Moreover, while ZnO-based 

photocatalysts have been immobilized on supportive substrates like glass and polymeric 

materials, further development is needed to address issues such as the lifespan of 

photogenerated charge carriers and the scalability of these systems.  

In summary, ZnO and zinc ferrite have demonstrated potential for industrial-

scale photocatalytic applications due to their effective pollutant degradation capabilities 

and the ease of catalyst recovery. However, the performance is highly dependent on the 

synthesis methods, composition, and immobilization techniques. Continued research is 

necessary to overcome challenges related to the efficiency and durability of these 

photocatalysts in large-scale operations  
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3 MATERIALS AND METHODS 

This chapter outlines the general methodology followed out for carrying out this 

study. The chapter starts with methodology for material synthesis followed by material 

characterization, their application for dye degradation and post photocatalytic analysis 

method. 

3.1 Chemicals 

The chemicals used for synthesis process include Zinc nitrate Hexahydrate 

Zn(NO3)2·6H2O, Ferric Nitrate (Fe (NO3)3, Sodium Hydroxide (NaOH) and Distilled 

water (H2O). All these chemicals were purchased from Sigma Aldrich and were used 

without any further purifications. 

3.2 Methodology for Material Synthesis 

3.2.1 Synthesis of ZnO  

Prepare 1M solution of Zinc nitrate in 300 ml of distilled water. Stir the solution on magnetic 

stirrer for 15 min to achieve uniform solution. After mixing, heat solution at 90°C at constant 

stirring. Alongside prepare 2M NaOH solution at 80°C while constant stirring. Drop wise add 

NaOH solution in Zn(NO3)2 solution till the pH of solution reaches at 12 and precipitates are 

formed. Mix the solution at 90°C for 1 hour. Cool the solution at room temperature. Wash the 

precipitates with distilled water till the pH becomes 7. After washing, centrifuge the solution 

Figure 3.1: Schematic diagram showing synthesis of zinc oxide 
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and dry it at 100°C for 24 hrs. After drying calculate the ZnO particles in muffle furnace at 

1000°C for 4 hrs. White colored ZnO particles are synthesized.  

 

 

 

 

 

 

 

 

 

3.2.2 Synthesis of Zn(Fe2O4)  

Prepare 0.1M solution of Zn(NO3)2.6H2O and 0.2M of Fe(NO3)3. 9H2O in 300ml of 

distilled water. After preparation the solutions were continuously stirred for 15 minutes 

to ensure uniform mixing. Mix both solutions at 90°C for 1 hr. NaOH solution was 

prepared and added to the solution till the pH ranges to 12 and precipitates are formed.  

 

Figure 3.3: Schematic diagram showing synthesis of zinc ferrite 

Figure 3.2: Synthesized zinc oxide particles via co-precipitation route 
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The resulting solution was mixed at 90°C for 1 hour. Cool the solution at Room 

temperature and wash the precipitates. After washing, centrifuge the solution and dry 

precipitates at 100°C for 24 hours. The brownish Zn(Fe2O4) particles were calcinated 

in muffle furnace at 1000°C for 4 hrs. 

 

 

 

 

 

 

 

3.2.3 Synthesis of ZnO/Zn(Fe2O4) Composite  

The composite was synthesized by using sonication and stirring method. ZnO and Zn(Fe2O4)  

are dissolved in 50ml of distilled water. ZnO is mixed on magnetic stirrer while Zn(Fe2O4)  is 

stirred on sonicator. Both solutions are mixed and dried at 100°C to obtain composite material. 

 

Figure 3.5: Methodology followed for preparation of composite 

Figure 3.4: Synthesized zinc ferrite particles via coprecipitation route 
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3.3 Characterization Technique 

The structural characterizations of synthesized particles formed was performed 

using XRD (BRUKER, 2D phaser, XRD Spectrometer) at a wavelength of 0.154 nm of 

Cu--Kα radiation (40 mA, 40 KV). The analysis was performed using powdered form 

nanocomposites. The structural components of the sample were investigated in the 

range of 2θ from 20° to 80°. To further analyze the functional group present in the 

material, Fourier Transform Infrared Spectroscopy (FTIR) was performed using 

(PerkinEimer, Spectrum 100, FTIR spectrophotometer). The structural and surface 

morphology of materials was analyzed by (JSM6940LA, Analytical Low Vacuum, 

SEM). The elemental composition of materials was observed by energy dispersive X-

ray spectroscopy (EDX) (JSM-6490, JEOL, Japan). Brunauer-Emmett Teller (BET) 

was used to analyze the surface area, pore size and pore volume of synthesized particles. 

The magnetic properties of materials were examined by Vibrating Sample 

Magnetometer (VSM) analysis. Raman Spectroscopy was performed to analyze the 

local structure of materials by scattering light, which provides information about 

molecular vibrations and crystallinity. 

3.4 Preparation of Standard Solutions 

Standard stock solution of 1000 ppm was prepared for methylene blue. In order 

to carry out degradation experiment, it is necessary to have a calibration curve for the 

dye. For this purpose, 5 solutions of 2ppm, 4ppm, 6ppm, 8ppm, and 10ppm were 

prepared from the stock solution. Following equation was used to prepare solutions of 

different concentrations: 

M1V1 =  M2V2 

Where M1 and V1 are molarity and volume for stock solution where as M2 is molarity 

for solution required and V2 is calculated for each different concentration. 
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Figure 3.6: Preparation of methylene blue solutions for standard calibration curve 

3.5 Evaluation of Photocatalytic Degradation 

The photocatalytic performance of all three synthesized particles was carried out 

in a photocatalytic chamber under visible light. 2ppm of methylene blue solution was 

prepared to carryout the degradation process. 40 mg of each catalyst was used in 100ml 

of solution under 36W visible light source. The temperature of solution was maintained 

at 39℃ ±5 and pH of solution was maintained at 8. The solutions were continuously 

stirred on a magnetic stirrer at 400rpm for about 120 min. 

 

Figure 3.7: Experimental setup for photocatalytic degradation of methylene blue 
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The formula used to calculate degradation rate is as follow: 

% Degradation =
 Co − Ct

Co
× 100 

Where Co is concentration of dye before degradation and Ct is concentration of dye 

after degradation at time interval t. 

3.5.1 Conditions for Degradation Analysis 

Three controlled experiments were performed to analyze the degradation of 

each material. 

i. Degradation of 2ppm methylene blue solution without catalyst under dark 

condition 

ii. Degradation of 2ppm methylene blue solution with catalyst under dark 

condition 

iii. Degradation of 2ppm methylene blue solution with catalyst under light 

condition 

3.6 Phytotoxicity Analysis 

After carrying out the degradation experiment, phytotoxicity analysis was 

performed using   degraded product. Mung beans and coco peat was used for carrying 

it out. 10 mung beans were planted in five pots, and they were fed with normal water, 

degraded water and polluted water for period of two weeks. After two weeks, shoot 

length, root length and germination of seeds in each pot was observed.  

 

 

 

 

 

 

 

 

Figure 3.8: Setup showing mung beans in coco peat 
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3.7 Post Photocatalytic Degradation Analysis 

After photocatalytic degradation, the solution was centrifuged at 4000 rpm using 

centrifugal machine. This allows to separate the catalyst and degraded solution.  

Afterwards, XRD and FTIR analysis for catalyst after degradation was carried out to 

analyze the stability of materials. Total organic carbon (TOC) analysis was carried out 

for degraded product to study the mineralization of pollutants. 

 

Figure 3.9: Diagram showing post-photocatalytic degradation analysis 
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4 RESULTS AND DISCUSSIONS 

This chapter outlines the results and provide detailed discussion from the 

experimentation. It includes the characterization analysis of synthesized materials 

following with the performance of materials for MB degradation. The chapter ends with 

comparative analysis for their efficiencies and post degradation analysis after 

degradation. 

4.1 Characterization Analysis 

In order to understand the structural, morphological, and chemical characteristics 

of ZnO and Zn(Fe2O4) nanoparticles, characterization analysis is necessary. Scanning 

electron microscopy (SEM) offers insights into the size and shape of particles, while 

X-ray diffraction (XRD) gives information on crystal structure and phase purity. By 

identifying functional groups and surface changes, Fourier-transform infrared 

spectroscopy (FTIR) advances our understanding of the characteristics of 

nanomaterials. The specific surface area of solid materials may be calculated using the 

Brunauer-Emmett-Teller (BET) theory by using gas adsorption data. The energy 

dispersive X-ray spectroscopy (EDS, also shortened to EDX or XEDS) allows to study 

chemical and elemental examination of many materials. Raman spectroscopy is a non-

destructive chemical analysis technique that offers extensive information on chemical 

structure, phase and polymorphism, crystallinity, and molecular interactions. VSM is 

used to study the magnetic behavior of materials by measuring their magnetic moment 

as a function of an applied magnetic field. It provides information such as hysteresis 

curves, saturation magnetization, coercivity, and magnetic induction. 

4.1.1 XRD Analysis 

4.1.1.1 ZnO 

The figure below shows the XRD pattern of ZnO particles. The data obtained is 

in accordance with the JCPDS PDF # 36-1451 and the structure is indexed as 

Hexagonal zincite. The strong diffraction peaks confirm the crystalline nature of ZnO 

particles. The XRD patterns shows the hexagonal wurzite phase of ZnO particles with 

a space group P63mc (186) (Meky et al., 2023). The peak with 100% intensity is found 

to be at 2θ=31.8° with hkl value of 101. The second highest peak is found at 36.30° 

with hkl value of 100. Third highest peak is found at 34.46° with hkl value of 002. Some 
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other peaks are also found due to scattered radiation. No other peaks are detected which 

shows any kind of impurity (Meky et al., 2023). 

4.1.1.2 Zn(Fe2O4) 

XRD was used to identify the structures of zinc ferrite. Zinc ferrite has a cubic 

structure with a space group Fd3m (227) and the parameters found matched well with 

the JCPDS PDF # 22-1012.  According to XRD pattern, peaks at 2θ= 35.2° at 311 plane 

is the highest peak that confirms the crystalline structure of Zn(Fe2O4) particles. Other 

peaks at 2θ= 29.9°, 36.8°, 42.8°, 53.06°, 56.57°, 62.2° and 73.43° at hkl values of 220, 

222, 400, 422, 511, 440 and 533 respectively further confirms the cubical phase of 

spinel zinc ferrite nano composites (Silambarasu et al., 2017). 
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Figure 4.1: XRD pattern for zinc oxide 
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4.1.1.3 ZnO-Zn(Fe2O4) Composite 

The XRD analysis of composite material shows the successful incorporation of ZnO 

and Zn(Fe2O4) nanoparticles. No major peak shift is detected in the XRD pattern. The 

spinel peaks confirm the formation of crystalline material. The peaks formed at 2θ= 
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Figure 4.2: XRD pattern for zinc ferrite 

Figure 4.3: XRD pattern for composite 
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31.8°, 34.5°, 36.34° and 47.6° confirms the presence of ZnO while peaks at 2θ= 

56°,62.3° and 62.9° shows the presence of Zn(Fe2O4)  (Gupta et al., 2019). 

4.1.1.4 Williamson Hall Plots 

The broadening of diffraction peaks reveals the existence of crystal 

imperfections, which is identified via XRD peak profile analysis. Crystallite size and 

lattice strain are the two most important parameters which influence the diffraction peak 

broadening. The Scherrer formula is commonly used to characterize the impact of 

crystallite size on XRD peak broadening. However, its main drawback is that it does 

not account for the lattice's microstructure. Several methods are used to examine 

microstructural properties including Williamson Hall method. 

The W-H technique is particularly successful at accurately measuring crystal size and 

lattice strain. In 1953, G.K. Williamson and his student W.H. Hall introduced a 

technique that considers the broadening effects of crystallite size (βsize) and strain 

(βstrain). The broadening effect in diffraction peaks is depending on two factors: 

βtotal =  βinst + βsample 

βsample = βCrystallite size + βmicrostrain 

=
kλ

Dcosθ
+ 4εtanθ 

=  
kλ

Dcosθ
+ 4ε

sinθ

cosθ
 

Multiply cos𝜃 on both sides, 

βtotal(cosθ) = ε(4sinθ) +
kλ

D
 

Which makes the straight line equation y = m(x) + c. 
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 Table 4.1: Crystallite size of three materials by Williamson Hall method 

 

 

 

 

 

 

Zi
n

c 
O

xi
d

e
 

K λ 
FWH
M (°) 

FWH
M 

(rad) 
2θ θ θ(rad) cos θ 

D = 
kλ/Bc
osθ 

0.9 0.15 0.22 0.004 31.79 15.89 0.26 0.97 37.49 

0.9 0.15 0.21 0.004 34.46 17.23 0.28 0.96 39.06 

0.9 0.15 0.23 0.004 36.28 18.14 0.30 0.96 36.40 

0.9 0.15 0.25 0.004 47.58 23.79 0.39 0.92 34.41 

0.9 0.15 0.29 0.005 56.63 28.31 0.47 0.89 31.08 

0.9 0.15 0.32 0.006 62.91 31.45 0.52 0.87 28.75 

0.9 0.15 0.29 0.005 66.41 33.21 0.55 0.85 31.70 

0.9 0.15 0.34 0.006 67.99 34.00 0.56 0.85 27.45 

0.9 0.15 0.34 0.006 69.13 34.56 0.57 0.84 27.56 

0.9 0.15 0.18 0.003 72.60 36.30 0.60 0.83 53.63 

0.9 0.15 0.32 0.006 77.00 38.50 0.63 0.81 31.04 

Zi
n

c 
Fe

rr
it

e
 

0.9 0.15 0.23 0.004 29.90 14.95 0.25 0.97 35.58 

0.9 0.15 0.23 0.004 35.22 17.61 0.29 0.96 36.49 

0.9 0.15 0.15 0.003 36.84 18.42 0.30 0.95 54.02 

0.9 0.15 0.22 0.004 42.81 21.41 0.35 0.94 39.08 

0.9 0.15 0.27 0.005 56.61 28.30 0.47 0.89 32.58 

0.9 0.15 0.28 0.005 62.16 31.08 0.51 0.87 32.34 

0.9 0.15 0.25 0.004 73.50 36.75 0.60 0.82 38.60 

0.9 0.15 0.23 0.004 31.87 15.93 0.26 0.97 36.25 
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0.9 0.15 0.25 0.004 47.65 23.83 0.39 0.92 35.04 

0.9 0.15 0.33 0.006 56.71 28.36 0.47 0.89 26.75 

0.9 0.15 0.33 0.006 62.98 31.49 0.52 0.87 27.51 

0.9 0.15 0.34 0.006 68.06 34.03 0.56 0.85 28.00 

0.9 0.15 0.38 0.007 69.14 34.57 0.57 0.84 25.12 

0.9 0.15 51.41 0.897 69.14 34.57 0.57 0.84 0.18 

0.9 0.15 0.47 0.008 62.34 31.17 0.51 0.87 19.53 
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Figure 4.5: Linear curve showing Williamson Hall plot for zinc oxide 

Figure 4.4: Linear curve showing Williamson Hall plot for zinc ferrite 
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The average crystallite size D for ZnO particles is found to be 34.41nm whereas 

for Zinc ferrite it is 38.38 nm. The average crystallite size for ZnO-Zn(Fe2O4)  

composite is 26.33 nm. 

4.1.2 FTIR Analysis  

Fourier-transform infrared spectroscopy (FTIR) spectra of three samples was 

obtained using FTIR spectrometer. The technique used for sample preparation was KBr 

method and it was measured at 4000 cm-1 to 400 cm-1 scale range. The sample was 

analyzed in solid form. The pellets of the sample were made by blending the magnetite 

sample with potassium bromide in a ratio of 1:200 (wt/wt) , respectively. The number 

of scans in the scanned sample were 32 cm-1 and the range was set to 4 cm-1. 

4.1.2.1 FTIR spectrum for ZnO 

The FTIR spectrum of ZnO shows absorption bands around 491 cm⁻¹ and 840 

cm⁻¹, which are characteristic of Zn-O stretching vibrations. The presence of these 

bands confirms the successful synthesis of ZnO. 
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Figure 4.6: Linear curve showing Williamson Hall plot for composite material 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/potassium-bromide
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4.1.2.2 FTIR spectrum for Zn(Fe2O4) 

The following graph shows FTIR spectrum for Zn(Fe2O4) which  shows bands 

around 1650 cm⁻¹ and 1414 cm⁻¹, corresponding to the Fe-O and Zn-O-Fe bond 
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Figure 4.7: FTIR spectrum for zinc oxide 

Figure 4.8: FTIR spectrum for zinc ferrite 
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vibrations, respectively. These peaks confirm the formation of the ferrite phase in the 

material. 

4.1.2.3 FTIR spectrum for ZnO-Zn(Fe2O4) composite 

The FTIR spectra of the ZnO- Zn(Fe2O4) composite show characteristic 

absorption bands of both ZnO and Zn(Fe2O4) The spectrum confirms the presence of 

both phases, as indicated by the respective peaks in the ZnO (blue) and Zn(Fe2O4) (red) 

spectra. The composite's spectrum indicates successful integration of both components 

without any significant chemical interaction or degradation. 
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Figure 4.9: FTIR spectrum for zinc oxide, zinc ferrite and composite material 
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4.1.3 SEM Analysis 

` The morphological study of the synthesized material was carried out by SEM. 

The average diameter of particles is found by using Gaussian distribution function. 

Table 4.2: Table showing average diameters for particles 

 

 

 

4.1.3.1 ZnO 

The SEM analysis was performed to analyze the shape, structure and size of 

synthesized nanoparticles. The following figure shows the morphology of ZnO 

nanoparticles (Fakhari et al., 2019). It can be seen that spherical shaped agglomerated 

structures are formed that are uniformly distributed and varies in shape and size. Co-

precipitation method was used which resulted in the formation of spherical particles.  

The average size of ZnO nanoparticles is found to be 0.25 µm. The particle size 

distribution for ZnO particles is shown in distribution graph. 

 

 

 

 

Material Average Diameter 

Zinc Oxide 0.25 µm 

Zinc Ferrite 0.19 µm 

ZnO-Zn(Fe2O4) (Composite) 0.22 µm 

Figure 4.10: SEM monographs of zinc oxide 
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4.1.3.2 Zn(Fe2O4) 

SEM analysis of Zn(Fe2O4) particles showed the morphological structure. The 

following image shows the SEM micrographs at different magnifications. The figure 

represents the presence of large agglomerated particles having polyhedral crystal like 

shape (Liu et al., 2019). The average diameter of Zn(Fe2O4) particles is found to be 1.96 

µm.  
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Figure 4.12: SEM monographs for zinc ferrite particles 

Figure 4.11: Graph showing particle size distribution for zinc oxide particles 
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4.1.3.3 Composite 

The SEM of composite confirms the presence of both ZnO and Zn(Fe2O4) 

nanoparticles. Mixture of agglomerated grain like and polyhedral structures confirms 

the presence of both particles. The histogram below shows the average particles size 

distribution for these particle. The average particle size for composite is found to be 

0.22 µm. 
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Figure 4.13: Graph showing particle size distribution for zinc ferrite 

particles 

Figure 4.14: SEM monographs of zinc oxide and zinc ferrite composite 
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4.1.4 EDS Analysis 

4.1.4.1 ZnO 

The EDS pattern shows that majority particles are of Zn and second highest 

number of particles are O which shows the successful preparation of ZnO. The presence 

of zinc (Zn) and oxygen (O) in the sample, as indicated by the peaks in the EDS 

spectrum. This confirms the elemental composition of ZnO. 

 

Figure 4.16: EDX spectrum for zinc oxide 
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Figure 4.15: Graph showing particle size distribution for zinc oxide and zinc ferrite 

composite 
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The table shows the detailed content analysis of components found. It shows the atomic 

percentage of  Zn and oxygen which is 90:4. 

 Table 4.3: Elemental composition of synthesized zinc oxide using EDS analysis by 

weight percentage 

4.1.4.2 Zn(Fe2O4) 

The EDS patterns show the highest percentage of Zn and Fe which confirms the 

formation of Zn(Fe2O4). The energy dispersive X-ray spectrum shows the composition 

ratio of Zinc and ferrite approximately same as it was considered during the synthesis 

phase. The peaks corresponding to zinc (Zn), iron (Fe), and oxygen (O), confirming the 

successful synthesis of the Zn(Fe2O4) phase. The presence of these elements supports 

the formation of the spinel structure. A negligible amount of Ca and Si are found which 

may be left due to improper washing (Basavanagoudra et al., 2021). 

 

 

Spectrum Label Spectrum 1 

O 4.06 

Na 4.01 

Cl 0.09 

Zn 90.05 

Total 100.00 

Figure 4.17: EDX spectrum for zinc ferrite 
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 Table 4.4: Elemental composition of synthesized zinc ferrite using EDS analysis by 

weight percentage 

4.1.4.3 Composite 

The EDS of the composite material shows that it has highest percentage of Zn, 

Fe and O respectively. The composite shows the presence of all relevant elements: Zn, 

Fe, and O. This indicates the successful combination of ZnO and Zn(Fe2O4) in the 

composite material. The distribution of elements also suggests uniform mixing of the 

two phases. Some other materials are also observed in minute quantity which shows 

impurities due to improper Washing. The purity of material formed in 93%. 

 

The table below shows the elemental composition for Zn)-Zn(Fe2O4) composite 

material. 

Spectrum Label Spectrum 6 

O 2.27 

Si 0.12 

Ca 0.89 

Fe 62.21 

Zn 34.51 

Total 100.00 

Figure 4.18: EDX spectrum for composite material 
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 Table 4.5: Elemental composition of synthesized Composite using EDS analysis by 

weight % 

4.1.5 BET Analysis 

Brunaeur Emmett Teller analysis was performed to analyze the surface area and 

porosity of material. In the case of a Type III isotherm, there is no Point B and therefore 

no identifiable monolayer is formed.  The adsorbent-adsorbate interactions are 

relatively weak and the adsorbed molecules are clustered around the most favorable 

sites on the surface of a nonporous or macro-porous solid. 

 Table 4.6: Table depicting surface area, pore volume and pore diameter for three 

materials 

Spectrum Label Spectrum 9 

C 3.08 

O 6.76 

Na 2.77 

Mg 0.34 

Si 0.16 

Ca 1.33 

Fe 13.36 

Zn 72.20 

Total 100.00 

BET Analysis 

Parameters 

Material BET Surface 

Area 

Average Pore 

Volume 

Average Pore 

Diameter 

ZnO 2.49 m²/g 0.008 cm³/g 16.29 nm 

Zn(Fe2O4) 2.12 m²/g 0.0145 cm³/g 40.17 nm 

ZnO- Zn(Fe2O4) 10.37 m²/g 0.0604 cm³/g 
23.97 nm 
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The BET (Brunauer-Emmett-Teller) analysis shows that ZnO has a relatively 

small surface area and small pores whereas Zn(Fe2O4) has a higher BET surface area 

of 2.12 m²/g with a larger pore volume of 0.0145 cm³/g and an average pore diameter 

of 40.17 nm. The composite shows the highest BET surface area of 10.39 m²/g, with a 

pore volume of 0.008 cm³/g and an average pore diameter of 23.97 nm.  

4.1.6 RAMAN Analysis 

Raman analysis is used to study the rotational, vibrational and other low 

frequency modes in particles. It gives a useful information about crystallinity, bonding 

and molecular structure of synthesized particles. 

Figure 4.19: Graph showing adsorption curve for zinc oxide, zinc ferrite and 

composite material 
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4.1.6.1 ZnO 

The Raman spectrum of ZnO shows several characteristic peaks that correspond 

to its phonon modes, which confirms the hexagonal wurtzite crystal structure. E₂ (Low) 

mode near ~100 cm⁻¹ shows low-energy mode which is due to the non-polar modes of 

ZnO; the primary confined motions are the oscillations of the oxygen atoms. E₂ (High) 

mode at ~439 cm⁻¹ is the most intense bonding in the ZnO spectrum and is associated 

with the vibration of the oxygen atoms in the lattice. A₁ (LO) mode at ~581 cm⁻¹ is 

associated with lattice vibrations and is attributed to oxygen losses or to defects in the 

ZnO lattice. Thus, the Raman spectrum of ZnO proves its wurtzite structure and the 

presence of defects, such as oxygen vacancies. 
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Figure 4.20: RAMAN graph for zinc oxide 
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4.1.6.2 Zn(Fe2O4) 

The Raman spectrum of Zn(Fe2O4) shows peaks that correspond to the 

vibrational modes typical of spinel structures. Eg mode around ~315 cm⁻¹ has been 

related to the symmetric stretching vibration of the Fe-O bonds at the tetrahedral site of 

the spinel structure. F2g (2) mode around ~380 cm⁻¹ concerns the change in the Fe-O 

bond lengths in the tetrahedral and octahedral positions of the spinel structure. F₂g (3) 

mode at ~500 cm⁻¹ is particularly assigned to the vibrational modes of the Fe-O. A₁g 

mode at ~690 cm⁻¹ is the most intense peak and the bands are assigned to the symmetric 

stretching vibrations of oxygen atoms in the Fe-O octahedral groups. The high peak 

intensity in Raman spectrum of Zn(Fe2O4) indicates its spinel crystal structure and high 

intensity peaks corresponds to vibrational modes of the metal-oxygen bonds. This 

shows evidence of the ferrite structure synthesis with good crystalline nature of the 

materials attained. 
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Figure 4.21: RAMAN graph for zinc ferrite 
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4.1.6.3 Composite 

In the composite spectrum, the broadening of the peaks and the shift of the 

intensity is clearly seen. These broadening show that there is little diffusion of ZnO and 

Zn(Fe2O4) interfaces and therefore there is a good interfacial contact between the two 

materials at the nanometer scale. The maxima observed at ~100 cm⁻¹ is assigned to the 

E₂ low mode of ZnO and the maxima at ~660 cm⁻¹ may be attributed to the A₁g mode 

of zinc ferrite. An evidence for such interaction is the decrease of the intensity of the 

E₂(high) mode (~437 cm⁻¹) of ZnO in the composite as compared to the intensity of this 

mode in ZnO without interaction with Zn(Fe2O4). 
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Figure 4.22: RAMAN curves for zinc oxide, zinc ferrite and composite 

material 
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4.1.7 VSM analysis 

VSM is used to study the magnetic behavior of materials by measuring their 

magnetic moment as a function of an applied magnetic field. In this graph we see that 

Zinc oxide has decreased magnetic behavior as compared to zinc ferrite. Composite 

shows super paramagnetic behavior. 

4.2 Degradation Analysis 

The key objectives of this work is to utilize the synthesized ZnO and Zn(Fe2O4) 

nanocomposites for the photodegradation of methylene blue, which is a toxic chemical 

commonly found in wastewater from the textile sector. The photocatalytic degradation 

activity of synthesized ZnO and Zn(Fe2O4)  was investigated under visible irradiation. 

The theory of semiconductor-based photocatalysis holds that the surface area, band gap, 

morphology, crystallinity, particle size and the concentration of OH • free radicals on 

the surface of a photocatalyst is directly proportional to its photocatalytic efficiency. 

When  light is absorbed, there are electrons and holes on the surface of the 

semiconductor, and these electrons and holes would join in a reaction or recombine. 
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Figure 4.23: Hysterical loop for all three materials showing their magnetic properties 
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The light source, photocatalyst dose, dye concentration, irradiation time, and pH are 

factors considered during this experiment, and the MB was chosen as the reference 

pollutant for the photocatalytic degradation in the investigation. Finally, to support the 

results attained, variation in the intensity of the absorption peak recorded at 665 nm 

(λmax MB) was analyzed. The calibration curve of methylene blue was obtained and R~1 

shows the accuracy of obtained calibration curve. 

 

4.2.1 Photocatalytic Degradation of Methylene blue by ZnO 

The photocatalytic degradation of methylene blue was carried out in photocatalytic 

chamber under visible light. The degradation experiment was carried out for 80 minutes 

under visible radiation and samples were obtained consecutively after every 20 minutes. 

The samples absorbance was measured by UV-vis spectrophotometer and change in 

absorbance over the period of time was plotted on absorbance spectra. The degradation 

experiment was carried out under dark and light conditions under the presence of ZnO 

Figure 4.24: Calibration curve for methylene blue dye degradation 
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Figure 4.26: Absorbance spectra for methylene blue degradation under light 

conditions in presence of zinc oxide 
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Figure 4.25: Absorbance spectra for methylene blue degradation under 

dark conditions in presence of zinc oxide 
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as photocatalyst. The absorbance spectra showed decrease in absorbance over the 

period of time in presence of light which depicts the successful degradation of MB by 

ZnO. 

4.2.2 Photocatalytic Degradation of Methylene blue by Zn(Fe2O4) 

The photocatalytic degradation of MB was carried out in photocatalytic 

chamber under visible light in presence of zinc ferrite as photocatalyst. The degradation 

experiment was carried out for 120 minutes under visible radiation and samples were 

obtained consecutively after every 20 minutes. The samples absorbance was measured 

by UV-vis spectrophotometer and change in absorbance over the period of time was 

plotted on absorbance spectra. The degradation experiment was carried out under dark 

and light conditions under the presence of Zn(Fe2O4) as photocatalyst. The absorbance 

spectra showed decrease in absorbance over the period of time in presence of light 

which depicts the successful degradation of MB by Zn(Fe2O4). 

 

 

 

Figure 4.27: Absorbance spectra for methylene blue degradation under dark 

conditions in presence of zinc ferrite 
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4.2.3 Photocatalytic Degradation of Methylene blue by ZnO-Zn(Fe2O4) 

composite 

The degradation of MB was carried out in photocatalytic chamber under visible 

light in presence of ZnO-Zn(Fe2O4) composite. The degradation experiment was carried 

out for 80 minutes under visible radiation and samples were obtained consecutively 

after every 20 minutes. The samples absorbance was measured by UV-vis 

spectrophotometer and change in absorbance over the period of time was plotted on 

absorbance spectra. The absorbance spectra showed decrease in absorbance over the 

period of time in presence of light which depicts the successful degradation of MB by 

ZnO-Zn(Fe2O4). The purpose of using composite as a photocatalyst is to evaluate the 

performance of both materials synergistical way. 

 

 

 

Figure 4.28: Absorbance spectra for methylene blue degradation under light 

conditions in presence of zinc ferrite 
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Figure 4.29: Absorbance spectra for methylene blue degradation under dark 

conditions in presence of ZnO-Zn(Fe2O4) composite 

Figure 4.30: Absorbance spectra for methylene blue degradation under light 

conditions in presence of ZnO-Zn(Fe2O4) composite 
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4.3 Reaction Kinetics 

In order to understand the degradation mechanism, it is very necessary to analyze 

the reaction mechanism. For this purpose, reaction kinetics are being studied. 

The first graph depicts the degradation of MB in three different processes in the 

presence of catalyst. It shows the photodegradation, adsorption and photocatalytic 

behavior of MB. The red curve indicates influence of light on the degradation of MB 

in absence of the catalyst. In 120 minutes, the concentration of MB is reduced a little 

proving that light without the use of anything else does break down MB at a small rate, 

a form of photodegradation. The decrease in the value of C/Co over time indicates that 

even light seems not to be very efficient in the degradation of MB in the absence of a 

catalyst.  

The black curve show the MB adsorption onto the surface of catalyst in dark 

condition. The nearly constant trend depicted by the curve implies that ZnO has 

moderate adsorption ability for MB and its C/Co value is constantly around 1.0. The 

adsorption contribution to the overall MB removal is very small and hence in the dark, 

the catalyst does not adsorb much of the MB.  

The blue curve represents the degradation of MB using catalyst under light. The 

concentration  (C/Co) decreases dramatically and declines to very low levels within the 

first 60 minutes and further after 120 minutes. This points to the efficiency of 

synthesized catalyst as a photocatalyst when exposed to light since the rate of 

degradation of MB is significantly enhanced to near 95-98% degradation of the dye. 

From this graph it is clearly evident that, MB degrades much faster in the presence of 

catalyst under light compared to the individual effect of photodegradation and 

adsorption. 

The second graph shows the reaction kinetics for MB degradation in the 

presence of 3 different materials. The higher R2 value shows that the data fits the linear 

model and hence the process follows pseudo 1st order reaction kinetics, which is shown 

as follows: 

 

ln
C

Co
= kt 
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Figure 4.32: Reaction kinetics for degradation of methylene blue by zinc oxide 

Figure 4.31 Methylene blue degradation by zinc oxide under different conditions 
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Figure 4.33: Reaction kinetics for methylene blue degradation by zinc ferrite 

Figure 4.34: Methylene blue degradation by zinc ferrite under different conditions 
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Figure 4.35: Reaction kinetics for methylene blue degradation by zinc oxide-

zinc ferrite composite 

Figure 4.36: Methylene blue degradation by zinc oxide-zinc ferrite composite 

under different conditions 
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4.4 Comparative Analysis of Degradation Efficiency 

 The efficiency of synthesized three materials is compared at wavelength of 665 

nm. The following table shows the decrease in concentration over the period of time. It 

is evident that slight decrease in concentration of MB under light without presence of 

any catalyst as depicted as photodegradation. While in the presence of catalyst and light, 

high removal efficiency is observed. 

 Table 4.7:  Table showing decrease in concentration of methylene blue under 

various conditions 

 The following graphs shows the degradation efficiency over the period of time 

for ZnO, Zn(Fe2O4) and composite material. The samples were characterized in terms 

of their capacity to eliminate a pollutant; it ideally should be methylene blue or other 

organic dye but it can be another compound as well. The data is plotted in form of 

percentage of pollutant degraded at specific intervals of time. The degradation 

efficiencies obtained are 98.45% for ZnO, 96.45% for Zn(Fe2O4), and 95.6 % for the 

ZnO- Zn(Fe2O4) composite. The photocatalytic reaction is carried out at visible light. 

The amount of visible light that each material absorbs and the ability to form reactive 

species is proportional to its band gap. The three materials exhibit dissimilar band gaps, 

and this determines the conversion efficiency of visible lights into electron-hole pairs 

for the synthesis of ROS in the degradation of pollutants. 

Table 4.8: Removal efficiency for all three synthesized materials 

Time Photodegradation Photocatalysis 

(Composite) 

Photocatalysis  

Zn(Fe2O4) 

Photocatalysis 

(ZnO) 

0 min 2.0 2.0 2.0 2.0 

20 min 1.7 1.2 1.7 0.8 

40 min 1.7 0.9 0.4 0.5 

60 min 1.6 0.8 0.2 0.4 

80 min 1.6 0.2 0.2 0.1 

100 min 1.6 0.2 0.1 0.0 

120 min 1.5 0.1 0.1 0.0 

Material Time (min) Removal Efficiency 

Zinc Oxide 120 min 98.45% 

Zinc Ferrite 120 min 96.45% 

Composite 120 min 95.6% 
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 From the results, it is evident that ZnO showed highest removal efficiency of 

98.45%. Though ZnO is proved to show high degradation efficiency under UV light, 

but its performance in this case under visible light can be associated with its structural 

modification which makes it more sensitive to visible light, hence overall increasing its 

efficiency as photocatalyst. Zn(Fe2O4) has showed the degradation efficiency of 

96.45%, although it is a little lower compared to ZnO, but still it has shown good 

degradation activity. The use of zinc ferrite is considered efficient for practical 

applications due to lower band gap energy that enables it to absorb visible light.  Lastly, 

composite showed the degradation efficency of 95.6%. the slight decrease in 

performnce can be atrributed to the fact that composite material has fewer reaction sites 

as compared to the individual ZnO and Zn(Fe2O4) which allows less interaction with 

the pollutant. Moreover, better dispersion of ZnO and Zn(Fe₂O₄) may bring about the 

formation of new phases with lower catalytic activity than the initial materials. 
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 Figure 4.37: Removal of methylene blue under different condition in the presence 

and absence of catalyst 
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The following graph shows the kinetic rate constants for MB degradation. k 

values for the photocatalytic degradation reactions of ZnO, Zn(Fe₂O₄), and the ZnO-

Zn(Fe₂O₄) composite are compared. In this case, rate constants are used to quantify the 

efficiency of the photocatalysts in the degradation of the pollutants within a specific 

time frame. The graph shows that ZnO has the highest kinetic rate constant of 0.0362 

min⁻¹ indicating that ZnO degrades the pollutant most quickly out of the three materials. 

This corroborates the previous results to show that ZnO photodegrades at 98.45% 

efficiency. Moreover, the k value reveals that ZnO can produce more reactive species 

within a short time as required in the photocatalytic activity.   

Zn(Fe2O4) with a rate constant of 0.029 min⁻¹ is relatively slower than ZnO for 

the degradation of pollutants. This lower rate could be attributable for higher electron 

hole recombination rates which leads to reduced charges carriers availability for the 

photocatalytic reaction. The composite has shown 95.6% degradation efficency with a 

rate constant of 0.024 min-1 which explains the lower efficency of composite as 

compared to the individual materials. 

 

Figure 4.38: Bar graph showing reaction rate constants for three materials 
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4.5 Post photodegradation Analysis 

4.5.1 Post XRD Analysis 

For post degradation analysis, XRD was carried out for all 3 materials to 

observe if there is any phase shift after the reaction. The XRD for all 3 materials showed 

that no particular phase shift was observed which shows the stability of materials after 

the reaction. Hence, catalysts can be reused and there is no change in material 

characteristics. 
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Figure 4.39: Graph showing XRD comparison before and after photocatalytic 

degradation for zinc oxide 
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Figure 4.41: Graph showing XRD comparison before and after photocatalytic 

degradation for zinc ferrite 

Figure 4.40: Graph showing XRD comparison before and after photocatalytic 

degradation for composite 
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4.5.2 Phytotoxicity Analysis 

The table below shows the parameters analyzed after 2 weeks. The results 

showed that degraded water showed a good performance while maintaining the 

germination rate at optimum level. This shows that treated water from the synthesized 

catalyst can be successfully used for agricultural purposes without having any toxic 

effects on plants or hindering their growth. Photocatalytic process effectively minimize 

the toxic effects on plant growth. 

Table 4.9: Comparison of difference in parameters after feeding polluted and treated 

water to mung beans 

Parameter Water (Control) Untreated water Treated Water 

Germination % 7 3 5 

Shoot length 24.5 15 16 

Root length 3.2 2 2.5 
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Figure 4.42: Bar graph showing difference in root and shoot length of plants 
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4.5.3 Mineralization Analysis 

For mineralization analysis, TOC was performed. TOC analysis is used to 

analyze the byproducts formed. TOC removal is a key indicator of how effectively the 

organic pollutants are mineralized into CO2 and H2O.  

In the graph below, the composite material shows the highest TOC removal, 

indicating the most complete degradation process, despite its lower photocatalytic 

efficiency compared to ZnO. This suggests that while ZnO degrades the dye more 

quickly, the composite might achieve more thorough mineralization of organic 

contaminants. The TOC percentage removal was calculated as below: 

TOC removal (%) =
TOCi − TOCt

TOCi
× 100 

where TOCi is theoretical TOC before degradation and TOCt is analytical TOC after 

degradation of MB solution. 

 

Figure 4.43: Percentage TOC removal by three materials 
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4.5.4 Cost Analysis 

The following tables compares the synthesized three photocatalyst for their cost per 100 

g and percentage removal achieved for dye degradation. Although zinc oxide showed 

highest removal efficiency and is well known for its photocatalytic property and seems 

to be more cost effective but it cannot be recycled after degradation process due to lack 

of magnetic property. Zinc ferrite showed good performance and is also  due to its 

magnetic characteristics but it is expensive as compared to the other two photocatalyst. 

However, the composite material with a blend of zinc oxide and zinc ferrite in a ratio 

of 1:1, gives a compelling balance between cost and efficiency while providing 

practical advantages of recyclability due to ferrite present in it. The slight trade off in 

efficiency can be compensated in broader range of applications due to its magnetic 

properties. The VSM results confirms the super paramagnetic behavior of composite 

material. This magnetic property will allow the recyclability of photocatalyst which will 

reduce the overall cost over time. The recovery of composite material due to its 

magnetic property can result in cost savings in long run. 

 Table 4.10: Table showing cost/100g and degradation efficiency of three 

photocatalyst 

  

 

 

 

 

 

Material Amount (USD)/100 g* % Efficiency 

Zinc oxide $74/100 g 98% 

Zinc ferrite $90/100g 96% 

Composite (1:1) $82/100g 95% 
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5 CONCLUSIONS AND RECOMMENDATIONS 

This chapter briefly describes about the comprehensive conclusion about the 

findings obtained from the experimental work focused on synthesis and application for 

degradation of methylene blue. This chapter will also discuss the contribution of this 

research in existing knowledge areas, highlights limitations which will pave a way for 

future recommendations. 

5.1 Conclusion 

The study proved that the synthesized ZnO, Zn(Fe2O4) and ZnO-Zn(Fe2O4) 

photocatalyst showed good photocatalytic activity in the degradation of methylene blue 

under visible light. The material synthesis was successfully carried out using various 

characterization techniques of XRD, FTIR, RAMAN, SEM, EDX, BET and VSM. 

These characterizations helped in describing the properties of synthesized materials. 

Out of all these materials, ZnO has shown to have the highest degradation efficiency of 

98.45% followed by Zn(Fe2O4) degrading 96.45% of the dye  and the ZnO- Zn(Fe2O4) 

composite degrading 95.6%. ZnO has been reported to possess higher energy efficiency 

as compared to Zn(Fe2O4) due to efficient light absorption and reduced electron-hole 

recombination time. However, the composite material has slightly lower degradation 

rate, it can be due to charge recombination occur in composites has been claimed by 

other researchers as well.  This is well explained in the kinetic analysis of the data where 

rate constants were determined to be k = 0.0362 min⁻¹ ZnO, k = 0.029 min⁻¹ Zn(Fe2O4) 

and k = 0.025 min⁻¹ for the composite. These results conform with the performance 

shown by each material for degradation of MB. Although the degradation rate was 

slower in the case of the composite material, its photocatalytic activity is higher than 

that of many other conventional photocatalysts, which shows a prospect for application. 

5.2 Significance 

The present work could significantly advance the photocatalysis science in the 

specific field of wastewater treatment. The results provide information on the 

photocatalytic activity of ZnO and its composites with Zn ferrite and reflect the 

efficiency of using such materials under visible light, which is explored less in the 

photocatalytic processes. The current study is different from most earlier works that 

have concentrated on UV light as the primary light to induce photocatalytic processes, 

while this research employs visible light to induce photocatalytic reactions. 
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Furthermore, the synthesis of the ZnO- Zn(Fe2O4) composite can shed light on the study 

of the materials synthesized by adopting other composite materials that can exhibit 

improved mineralization and stability. The doping of ferrite with metal oxide also 

allows to regenerate and re use photocatalyst  in the system. 

5.3 Limitations 

It is important to understand that the photocatalytic degradation experiments are 

mostly carried out in the controlled laboratory setting therefore may not provide 

accurate mimic of real world application. Some factors like water pH, presence of 

several pollutants and different light intensity was not considered in this study; hence 

the efficiency of the degradation process may be different. There is a need to fine-tune 

the synthesis process for the composite material to reduce charge recombination as well 

as improve its efficiency a notch higher. Moreover, the experiments included only 

methylene blue as the model pollutant. Future research could be done on other dyes or 

other organic pollutants because their responses to photocatalytic degradation might be 

different. 

5.4 Recommendations 

This section presents suggestions for further study and real-world implementation 

arising from knowledge discovered in this research. The highlighted recommendations 

are aimed at the development of scientific knowledge on photocatalytic materials as 

well as the investigation of discrete aspects of the industrial application of 

photocatalytic materials. 

Further investigation should be made to ensure the synthesis process of the ZnO-

Zn(Fe2O4) composite achieves photocatalytic performance under visible light 

effectively and also show the permanent stability of the ZnO-Zn(Fe2O4) composite. 

From an industrial point of view, the materials that have been synthesized in this study 

have enormous application in the environmental sector and particularly in wastewater 

treatment. High degradation efficiencies observed for both ZnO and Zn(Fe2O4) show 

their applicability for elimination of organic compounds from water supply systems. 

Textile industries which produce high concentration of wastewaters containing 

dyes will benefit from the use of these materials. It will allow to scale up the 

photocatalytic activity of ZnO and its improvement in the context of removing 

industrial effluents since it has few or no ill-effects on the environment and proves to 
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be cheaper. Multiple stage photocatalytic systems can also be employed in industries in 

which ZnO-based photocatalysts can be combined with the conventional treatment 

employing filtering or adsorption techniques. This would turn the system into multi-

stage and therefore improve the overall efficiency for removal of pollutants.  

Thus, the present work is useful to investigate the photocatalytic degradation of 

methylene blue using ZnO, Zn(Fe2O4) composite. The composite material offers an 

optimum solution while balancing cost, efficiency, and sustainability. Although zinc 

oxide and zinc ferrite have their own unique properties, the composite materials offers 

all of them. Its cost effectiveness, along with removal efficiency and recyclability 

makes it  a good photocatalyst material for dye degradation in water. This material 

provides versatile properties which makes it applicable and useful in many other 

industries. 
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