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Abstract 

Processing industries such as leather, textile, paper, food and cosmetics uses various chemicals 

during their operations and therefore, produce large amount of industrial effluents containing 

environmentally toxic substances such as organic dyes and other heavy metals. Most of the 

organic dyes are biologically non-degradable if released to the environment and pose a threat to 

human health. Thus, these toxic substances can be converted to non-toxic substances using photo-

catalyst materials through degradation process. In this work, (x)Ag2O/(1-x) ZnFe2O4 (with x= 

0.05, 0.1, 0.15 and 0.2) composite materials were prepared by decorating Ag2O on previously 

green method synthesized ZnFe2O4. The green synthesis was achieved by using Ajuga integrafolia 

plant as a capping/stabilizing agent. Optimization of the binary composites was investigated with 

respect to performance and the composite with a composition of x = 0.15 or 15 % of Ag2O 

denoted by AZW-3 showed an optimum value. The effect of calcination temperature on the 

optimum binary composite and formation of Ag were studied in a temperature range of 260–300 

°C, with an optimum calcination temperature at 280 °C. Moreover, the effect of the Ag2O content 

(weight %) in (x)Ag2O/(1-x) ZnFe2O4 (with x = 0.05, 0.1, 0.15 and 0.2) subjected to calcination 

temperature of 280°C on performance was investigated. 

Thermal analysis, phase purity &chemical composition, microstructure, and elemental analysis 

was performed, respectively, using thermogravimetric–differential thermal analyzer (TGA - DTA), 

X-ray powder diffraction (XRD), Fourier-Transform infrared (FTIR), and Scanning electron 

microscopy/Energy Dispersive Spectroscopy (SEM/EDS).  

Moreover, the photocatalytic performance of the synthesized materials was evaluated through 

degradation of an organic dye – methylene blue (MB) –under visible light source irradiation. The 

performance was evaluated by varying pH of the MB for the composite with optimized 

performance. Ultraviolet (UV)-visible spectroscopy was used to analyze the concentration of the 

MB before and after degradation performance at a time t, and thus the corresponding reaction 

kinetics. The composite with a composition of 15wt% of Ag2O in (x)Ag2O/(1-x)ZnFe2O4 denoted by 

AAZW-3 subjected to a calcination temperature of 280 °C showed an optimum degradation 

performance around 90%  within 80 min. Moreover, the optimum sample showed best 

performance in basic media (at a pH around 10). This study suggests that the present materials 

systems have a potential of degrading an organic dye from the industrial effluents discharged 

from the various processing industries.   
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CHAPTER ONE 

1. Introduction 

1.1. Backgrounds 

Recently environmental pollution such as contaminations of water bodies by industrial 

wastewater becomes the major concern and priority for the environment. Based on their toxicity 

type, water body pollutants can be classified broadly into chemical, pathogenic and radioactive 

pollutant [1, 2]. Chemical pollutants (contaminants), among other types, could cause an enormous 

effect on the human health due to their release in trace amounts from the industries to the 

environment [3]. Organic and inorganic pollutants are sub-classes of the chemical contaminant, 

where the former contaminant is one of the hazardous and non-biodegradable due to its 

physicochemical properties [1, 2]. Organic dyes are typical examples of organic contaminants, 

which are discharged with trace amount from leather, paper, food, cosmetics industries to the 

environment, causing several health related issues such as skin irritation, cancer, pregnancy 

problems, birth defects, and so on [4]. Moreover, these contaminants could cause challenges that 

could lead to ecological problems through consumption of the oxygen molecules in the water 

bodies [5]. Therefore, these contaminants have to be removed and/or converted to non-toxic 

molecules as efficiently as possible before their discharge to the environment. 

Several techniques have been developed for the removal and conversion of these contaminants. 

Some of them include flocculation, adsorption, coagulation, biodegradation, sedimentation, 

membrane process and soon [6-9]. However, these techniques are insufficient due to the complex 

composition and different physico-chemical properties of the contaminants as well as the low 

efficiency, high-energy consumption and risk of secondary pollutant formation of the techniques 

[7, 9-11]. Moreover, the organic pollutants are non-degradable by traditional techniques due to the 

presence of stable aromatic groups in the structure of organic pollutants [1]. Therefore, an 

alternative technique with high efficiency, low energy consumption and environmentally friendly 

is desirable for the treatment of the industrial effluents to remove and convert them to non-toxic 

molecules and substances. One of the alternative approaches to treat the industrial effluent is 

photocatalysis, which uses photon energy and oxide semiconductor nanomaterials as a catalyst to 

degrade organic contaminants. Some of these oxide nanomaterials include titanium dioxide (TiO2) 
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[12, 13], Zinc oxide (ZnO) [14-17], spinel structured ferrite materials (AB2O4, A= Zn, Co, Cu, 

B=Fe) [18-20], and other oxide nanoparticles used for degradation of the organic dye from the 

industrial effluents. Among the various  ferrite materials, ZnFe2O4 is widely used for the 

photocatalytic application due to high magnetic separation properties, photochemical stability, 

non-toxicity and narrow band gap (Eg = 1.9 eV) [21].  However, the photocatalytic performance of 

ZnFe2O4 is limited by the rapid charge recombination [22], which leads to the decrease in 

degradation efficiency. To minimize the charge carrier recombination of ZnFe2O4, researchers 

combined a p-type semiconductors such as BiOCl [23], AgI [24], Ag2O [22, 25], BiMoO6 [26] 

with n-type ZnFe2O4 as a result a hetero-junction is formed. The formation of p-n junction leads 

to the elongation of charge carrier recombination time due to the formation of depletion region 

between the p-type and n-type semiconductor junction [24]. Moreover, the plasmonic effect 

through the incorporation of Ag metal in the ZnFe2O4 based hetero-junction semiconductors [2, 

24, 27-29] can further reduce the charge carrier recombination processes and thereby increases the 

photocatalytic performance of the hetero-structure. 

In this work, a plant type Ajuga intergrafolia (remota) was used as a capping/stabilizing agent 

for the synthesis of ZnFe2O4 using green synthesis method. Facile deposition-precipitation method 

was used to synthesize composite of Ag2O/ZnFe2O4. Using facile precipitation, followed by 

calcinations, Ag2O in the Ag2O/ZnFe2O4  was partially decomposed to Ag so that plasmonic effect 

can be introduced to the structure. Characterizations such as thermal analysis using TGA-DTA, 

phase purity investigation using XRD, chemical composition analysis using FTIR, and 

microstructure and morphology study by using SEM/EDS were performed. Then, the 

photocatalytic performances of the synthesized samples were investigated. 

1.2. Statement of the problem 

Nowadays, a requirement of efficient and recoverable photocatalyst for organic dye removal 

from industrial wastewater is a challenging issue. ZnFe2O4 is promising material due to its 

recoverability and visible light absorption. However, photocatalytic performance of ZnFe2O4 is 

limited by the rapid charge recombination because of its lower band gap energy (1.9 eV/NHE). To 

inhibit the charge carrier recombination of ZnFe2O4, many research works have been done. Among 

them is coupling of Ag2O with ZnFe2O4, which effectively enhance the photocatalytic 

performance of ZnFe2O4 due to longer recombination time. However, further work is required to 

accelerate charge separation, increasing charge density and specific surface area of the photo-
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catalyst without hindering the magnetic separation of ZnFe2O4. Green synthesis approach of 

ZnFe2O4 using Ajuga integrafolia plant as capping/stabilizing agent to increase specific surface 

area can be used. Moreover, in the process of Ag/Ag2O/ZnFe2O4 fabrication, Ag ion, which is 

generated due to the partial decomposition of Ag2O, plays a plasmonic effect that suppresses 

charge carrier recombination and generates electrons on its surface. 

1.3. Objectives 

1.3.1. General objective 

To synthesis, characterize and evaluate the photocatalytic performance of Ag2O/ZnFe2O4 by 

introducing Ag through reduction of Ag2O by calcinations for enhanced organic dye degradation. 

1.3.2. Specific objectives 

 Extraction of Ajuga integrafolia plant leave and synthesis of ZnFe2O4 using the extract 

solution 

 Synthesis of Ag2O/ZnFe2O4 composite using facile deposition-precipitation method 

 Reduction of Ag2O in the Ag2O/ZnFe2O4 composite to introduce Ag into Ag2O/ZnFe2O4 

for plasmonic effect through calcinations of the composites 

 Characterizations of the synthesized samples 

 Evaluate the photocatalytic degradation efficiency of methylene blue (MB) by the 

synthesized photocatalytic materials 

1.4. The scope of the research 

In this work, extraction of Ajuga integrafolia plant and synthesis of ZnFe2O4 by using plant 

extract as a stabilizing/capping agent was performed. Moreover, Ag2O/ZnFe2O4 composite was 

synthesized by using facile deposition-precipitation method. Furthermore, partial-decomposition 

of Ag2O in the (x)Ag2O/(1-x) ZnFe2O4 (with x = 0.05, 0.1, 0.15 and 0.2) was carried out to 

introduce the Ag into Ag2O/ZnFe2O4. The synthesized sample was characterized by different 

techniques. Finally, the performance evaluation of the synthesized samples were investigated by 

using methyl blue (MB) dye and the effect of pH on the degradation capacity of the optimum 

material was investigated by adjusting the pH of the solution to acidic, neutral, and basic, i.e., 3, 7, 

and 10, respectively. 
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1.5. Significance of the study 

This work primarily benefits the industries such as textile, paper, cosmetic and leather 

processing which release effluent with high concentration of organic dyes. Furthermore, the 

environmental pollution by these organic dyes will also be reduced. The deterioration of released 

organic contaminant minimizes the exposure of human being to this contaminant and decrease the 

amount of oxygen that could be absorbed by this contaminant. From human health point of view, 

the problem such as cancer, mutation and skin irritation caused by organic dyes could be also 

minimized.  
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CHAPTER TWO 

2. Literature review 

In this chapter, industrial effluents such as organic contaminant in wastewater and their effects 

and impacts on the human and the environment is discussed. Moreover, the removal ways of the 

contaminants from the wastewater and the techniques used for the treatment of the water are listed. 

Among them, the effective technique is a photo-catalysis, which is discussed briefly in this chapter 

with its working mechanism (organic dye degradation) and the corresponding factors affecting the 

degradation process. 

The other portion of this chapter covers materials used as a photocatalyst, which can be used 

for the wastewater treatment with their limitations as well as their advantages.  

2.1. Industrial wastewater 

Now-a-days, environmental pollution by industrial wastewater becomes the major concern and 

priority for the world, especially for the industrial nations. Industrial wastes, mining activities, 

sewage and wastewater, pesticides, and chemicals, fertilizers, energy use, radioactive waste and  

urban development etc are playing a great role in water pollution as well as environmental 

pollution at large [30]. In fact, if water is used for the agriculture, domestic or industrial purpose it 

will become polluted due to the processes utilize different types of chemical and the exposure of 

the water the microorganism around there. The water pollutants are classified into radioactive, 

chemical and microbial contaminants [3]. The intake of these contaminants has adverse effect in 

human health: the pathogenic contaminant frequently lead to gastro interstitial illness and the 

chemical one may damage the major organs, functional systems and increase the risk of cancer 

[3]. Among these, the chemical contaminants has a credible effect on the human health and 

released with trace amount from the industries [3]. The organic contaminant is one of the chemical 

contaminant types, which are hazardous for human being due to uneasy degradability of the 

contaminant because of the aromatic groups in the structure of the organic pollutants [1, 2]. Figure 

2.1 is an illustration on the category of the various types of contaminants polluting water. 
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Organic dyes are one of the organic contaminants, which are released from different industries. 

These type of contaminants can cause mutation, cancer and skin irritation [4]. They also reduce 

the amount of the oxygen content in the water and leads to ecological problem [5]. Therefore, the 

industrial wastewater must be treated effectively for the sake of the human and environmental 

well-being. 

2.2. Industrial wastewater treatment techniques 

Industrial wastewater treatments are crucial activity for the human and the environmental well-

being. To treat the wastewater, several techniques can be used. These techniques can be physical, 

chemical, and biological techniques, including coagulation, bio-coagulation, electro-coagulation, 

plasma treatment, filtration, electro-chemical treatment, biodegradation, evaporation, adsorption 

and ion exchange [6-9]. However, they are insufficient due to the complex composition and 

different physicochemical composition of the contaminants, as well as the low efficiency, high 

initial cost, high energy consumption like electricity and risk of secondary pollutants of the 

techniques which cause human disease such as cancer and Alzheimer‟s [7, 8]. Therefore, an 

alternative industrial effluent treatment is required. For the past 30 years, the advanced oxidation 

processes (AOPs) are used for the degradation of the organic dyes. Among the AOPs, the 

heterogeneous photocatalysis is widely used due to complete mineralization of the contaminant, 

no waste disposal, necessity of mild temperature and pressure [31, 32]. 

2.2.1. Conventional and advanced oxidation process 

Coagulation is a process used for industrial wastewater treatment, which utilizes coagulants 

(organic or inorganic) to hydrolyze, and adsorbed to the surface of the contaminant to produce 

Water 

Contaminants 

Chemical contaminants 

(Organic and inorganic 

pollutants) Microbial 

contaminant

s 

Radioactive 

contaminants 

Figure 2.1 Types of water contaminants. 
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simple soluble products [9-11]. The produced sludge from the process causes Alzheimer disease 

[33]. Filtration is other type of effluent treatment method, which separates the contaminant and the 

water by using clay, membrane or nanomaterials [9]. But filtration is not effective in organic 

contaminant removal due to their composition [9]. Ozonation and Fenton reaction can be used for 

organic dye degradation. However, the Ozanation process needs high electric energy power, which 

is expensive, and the Fenton one produced a secondary pollution such as iron sludge [34, 35]. 

2.2.2. Photocatalysis 

Photocatalysis is a reaction which accelerated by light energy in the presence of semiconductor 

material. The induced light generate the electron and holes from the semiconductor for the 

oxidation and reduction reaction respectively, holes are  farther used to produce hydroxide radical, 

which degrade the pollutant into carbon dioxide and water [5]. This process has advantages than 

other wastewater treatment techniques due to the complete mineralization of the pollutants, no 

waste disposal problem, necessity of mild temperature and pressure condition [31, 32]. 

 

Semiconductors are preferable for photocatalysis due to their unique electronic properties, the 

filled valence band and empty conduction band, response to the light energy by moving the 

electron from the valence band to conduction band which is equal to their band gap energy [36].  

2.2.2.1. Photocatalysis mechanism 

Light (photon) energy is the primary driver of the photocatalytic reaction. In this  reaction, the 

electrons in the valence band are agitated and move to the conduction band of the semiconductor 

Light  

Conduction band (+) 

Valence band (-) 

El
e

ct
ro

n
s 

R
eco

m
b

in
atio

n
 

Figure 2.2 Schematic representation of electronic structure of semiconductor. 
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(catalyst), when light energy in terms of photon which is equivalent or greater than the band gap of 

the semiconductor fall on the semiconductor [37]. The electrons and the holes generated in this 

process used for reduction and oxidation reaction respectively. Additionally electrons in the 

conduction band react with the dissolved oxygen species to form the superoxide radical and the 

holes react with the water to produce hydroxyl radicals [38]. Hydroxide radical plays a detrimental 

role in the degradation of organic pollutants [1, 5, 31, 37, 39-51]. 

 

Figure 2.3 Schematic representations of photocatalysis. 

2.2.2.1.1. Oxidation reaction 

The positive holes created in the valence band of the semiconductor due to the electron shift to 

the conduction band because of light radiation oxidize the water, which is absorbed to the surface 

of the semiconductor during the reaction to form hydroxyl radicals in wastewater treatment. 

Afterward, the formed hydroxide radicals react with the organic matter present in the dyes due to 

the decomposition power of the hydroxide radicals. If there is oxygen during the process, the 

intermediate organic molecules and the oxygen experience radical chain reaction by consuming 

the dispersed oxygen, the organic molecules finally decomposed to carbon dioxide and water. 

Under such circumstance oxidative decomposition occur as a result of the direct reaction of the 

positive holes and organic compounds [52, 53]. 
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Figure 2.4 Schematic representation of oxidation processes. 

2.2.2.1.2. Reduction reaction 

In the reduction reaction, the reduction of the oxygen takes place, when the dissolved oxygen 

reacts with the conduction band electron to form the superoxide. The produced super oxides are 

attached to the intermediate product produced in the oxidation reaction to yield peroxide or 

hydrogen peroxide which finally changed to water [52] 
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Figure 2.5 Schematic representation of reduction reaction. 

2.2.2.2. Factor affecting photocatalysis reaction 

Factors such as size, shape and surface area of catalyst, reaction temperature, pH, amount of the 

catalyst and the concentration of wastewater affect the mineralization process of organic pollutants 

[54-56]. 

2.2.2.2.1. Effect of pH 

The pH of a solution affects the photocatalytic degradation of the organic pollutants by 

determining the surface charge properties of the photocatalyst [54, 57, 58]. Shourong et al 

reported that the change in pH affects the efficiency of degradation of organic pollutants [54]. The 

photocatalytic degradation of ZnFe2O4@CMC material for CIP degradation was done under 

different pH. In acidic and basic media both CIP and ZnFe2O4@CMC are negatively and 

positively charged respectively which forms a repulsion force between the pollutant and the 

photocatalyst has a negative effect on the degradation of  CIP [54]. The highest photocatalytic 

removal is shown at neutral pH because of no electrostatic interaction occurs [54]. The effect of 

the pH on the rate of reaction of the photocatalysis can be determined depending on the 

electrostatic interaction of the photocatalyst and the pollutant which influence the surface property 

and adsorption [54]. 
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2.2.2.2.2. Effect of light intensity 

The light intensity affects the degradation rate of photocatalytic reaction through initiating the 

reaction, which is due to the formation of electrons and holes. The absorbed light by the photo 

catalyst or reactant are equal to quantum yield, which is the ratio of the rate of reaction to the rate 

of absorption of radiation. The variation of wavelength of light source varies the photocatalytic 

activity of the photocatalyst. The TiO2 catalyst absorb in the UV region due to its large band-gap 

(3.2 eV) [55]. Moreover, the degradation efficiency of the TiO2 is affected by the absorbed light 

intensity as the light intensity increase in the range of 0-20 MW/cm
2
 the reaction rate increase 

[55]. The reaction rate decrease at high intensity light radiation, which leads to more electron-hole 

recombination in the TiO2 catalyst. There is more electron–hole recombination at excessive light 

intensity radiation [55]. 

2.2.2.2.3. Effect of reaction temperature 

Temperature is one factor which decrease the photocatalytic activity by enhancing the electron- 

hole recombination and desorption of adsorbed reactant species when the temperature exceed the 

optimum temperature [59-61]. Ahmed S et al. investigate the effect of reaction temperature by 

varying the temperature between 20-80 °C for degradation of organic dyes (Methyl blue and 

Indigo carmine) using CA-CNT/TiO2-NH2 [61]. The degradation efficiency of the CA-CNT/TiO2-

NH2 photocatalyst increases when temperature increases [61]. Yanjun X et al. also demonstrate as 

the photocatalytic reaction temperature affects the degradation efficiency of the photocatalyst by 

utilizing as synthesized CuS-CdS/TiO2 nano-boats for the degradation of Toluene at 20, 30, 40 and 

50 °C reaction temperature. Initially the photocatalytic efficiency of the photocatalyst increase 

with the temperature and decrease after 40 °C due to the adsorption desorption equilibrium 

achieved at a higher temperature is not adequate enough [62]. 

2.2.2.2.4. Effect of shape, size and surface area of the photocatalyst 

The performance of the photocatalyst is affected by the change in the morphology of the 

catalyst; as the shape changes the surface area also change. Spherical shaped ZnO showed higher 

photocatalytic performance than spindle and rod shaped ZnO due to its large surface area [63, 64]. 

In addition to the shape of the photocatalyst, the size also affects the photocatalytic activity. 

Higher photocatalytic activity is achieved when the size of the catalyst decrease which leads to the 

enhancement of the active sites and interfacial charge carrier transfer rates [65]. The bulk TiO2 
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showed the lowest photocatalytic performance when compared to the nanosized TiO2 

photocatalyst [65]. As it is know the heterogeneous photocatalysis mainly takes place in the 

surface of the photocatalysts and so then the surface properties significantly influence catalyst 

performance [66]. 

2.2.2.2.5. Effect of amount of catalyst 

The photocatalytic degradation efficiency of the catalyst is also affected by the amount of 

catalyst in the solution. As the quantity of the catalyst increase, the number of active sites on the 

semiconductor surface also increase with the increment of the amount of the OH.−and 

O2
.− produced which leads to enhancement of photocatalytic degradation [56]. However, the 

increment of the catalyst beyond its optimum amount hinders the reaction rate because there might 

be decrease in the light penetration depth into the solution and diminish light scattering [56]. 

2.2.2.2.6. Concentration of pollutant in wastewater 

Another factor, which determines the degradation efficiency of the photocatalysis reaction, is 

the type of pollutants and their concentration. photocatalytic activity  under similar operating 

condition using similar catalyst with variation in the preliminary concentration of water 

contaminant results in different degradation efficiency [55]. S.Nahar et al. studied the effect of the 

Rhodamine B concentration on the photocatalytic performance of Ag/Ag2SO3 by utilizing 

different concentration of Rhodamine B in the range of the 5-20 mg L . The photocatalytic 

performance of Ag/Ag2SO3 decrease from 99 % to 1 % when the concentration of the Rhodamine 

B changed from 5 to 200 mg L . This may be due to two reasons, the first one is the excessive 

absorption of Rhodamine B on the surface of photocatalyst and the second one is the increasing of 

the dye concentration which decrease the transmission of the experimental solution and also can 

lead to reduction of amount of photons reaching the catalyst surface [31]. 

2.2.2.3. Photocatalysts 

Recently, research works are focused on the semiconductor based photocatalysis for removal of 

organic and inorganic contaminants from aqueous and gas phase system for the environmental 

cleanup, water treatment and industrial and health application [67-71]. Semiconductors are 

preferable for photocatalysis due to their unique electronic properties, the filled valence band and 

empty conduction band, response to the light energy by moving the electron from the valence band 

to conduction band which is equal to their band gap energy [36].  TiO2 [12, 13] and ZnO [14-17] 
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semiconductors are extensively studied. Titanium oxide is widely used due to its non toxic, 

thermodynamic stability and high oxidizing power [12].  Moreover, zinc oxide is used as 

alternative material to TiO2 with high photocatalytic activity [72]. However, the absorption of 

TiO2 and ZnO is in the UV region of the solar radiation, which is only 5% of  the solar energy and 

cover small content of the solar radiation when compared to the visible (43%) and infrared ray (52 

%) [73]. In spite of this, they are affected by recombination of electron and hole during irradiation 

[72, 74]. To enhance the performance of the photocatalyst doping with metal, nonmetal and 

coupling of the semiconductor with each other and metal was done as many research work shows 

[5, 14, 15, 74-77].  

2.2.2.3.1. Doping of semiconductors with metal and nonmetals 

Doping of the semiconductor by nonmetal, metal and transition metal is a simple method that 

enhances the photocatalytic performance of the semiconductor by inhibiting the charge carrier 

recombination and increasing the specific area of the semiconductor material [78, 79]. Moreover,  

visible light absorption is enabled by defect state created in the band gap of the semiconductor 

during the doping process [79]. Rapid charge carrier recombination is inhibited and the interfacial 

charge transfer is enhanced by the trapping of valance band VB holes and conduction band (CB) 

electrons in the defect state to the CB or from the VB to the defect states are allowed under sub 

band gap irradiation [80-83]. 

Among the doping mechanism, metal ion doping is preferred since the metal dopant has potential 

to transfer electrons and decrease the band gap energy level of the semiconductor. In addition, 

they are activated in the presence of light source and generating electrons [78, 84-90]. Wen Ting 

et al. synthesized Ba- doped Bi2WO6, which exhibit high photocatalytic performance as a result of 

the surface area increased, the crystalline size decreased and the electrons are trapped by the Ba, 

which leads to the separation of electron-hole [84]. Moreover, metal ions dopants such as; (Ag, 

Mo, Fe, Au, Co, Zn, Al, Ni, Ti, and Cu) are doped into the semiconductor photocatalyst to 

enhance the photocatalytic performance [78, 84-90]. Furthermore, S, N, B, P and F nonmetals 

dopant can be enhance photocatalytic performance of the pristine material by extending the 

absorption to the visible region [80-83]. Among this doping, sulfur (S) doping is more preferable 

due to the high thermal stability and significantly enhances the photocatalytic activity under the 

visible light [81, 91, 92] 
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2.2.2.3.2. Heterojunction photocatalysis 

Like doping, the p-n junction formation enhances the photocatalytic performance by 

suppressing the charge recombination, which is due to the built in electric field between the p-type 

and n-type semiconductors [14, 23, 26, 93-95]. As indicated in Figure 2.6 the electric field or 

depletion region is formed when the electron flow from the conduction band of n-type 

semiconductor to conduction band of the p-type semiconductor and the holes also flows from the 

valence band of the p-type semiconductor to the valence band of the n-type semiconductor [24, 

25]. J Zhu et al. synthesized novel Cu2O@HNbWO6 Via solution redox method which exhibit 

excellent photocatalytic performance over MB degradation [96]. Also R Jio et al. synthesized 

Co3O4/MoS2 photocatalyst by hydrothermal method for efficient removal of 2- 

Mercaptobenzothazole and tetracycline under visible light [97]. In addition to this, many works 

have done on the heterojunction photocatalyst, which enhance the photocatalytic performance [14, 

44, 74, 98-100]. 

 

 Figure 2.6 Schematic representation of the electronic structure of p, n and p-n 

junction semiconductors 
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2.3. Zinc ferrite based photocatalyst 

Spinel ferrites, which have a novel property, with unusual magnetic, electric and optical 

properties associated to the nano-scale make them suitable for high frequency transformers, 

magnetic recording media, telecommunications and biomedical application [23, 93, 94]. Among 

this ferrite zinc ferrite become the promising visible light photocatalyst with magnetic separation 

properties, low cost, photochemical stability and non-toxicity [21]. Zinc ferrite has a spinel crystal 

structure in which the octahedral and tetrahedral site is occupied by Fe
3+

 and Zn
2+ 

respectively 

[101]. The distribution of the zinc and iron cation in the tetrahedral and octahedral site in the 

nanoparticles and the size of the particle affect the magnetic property [87]. The magnetic behavior 

changes from the antiferromagnetism to ferromagnetism when the zinc ferrite changed from the 

bulk to the nanoscale [87].  

 

Figure 2.7 Crystal structure of zinc ferrite [101] 

Zinc ferrite has suitable band position and band gap, which has adverse effect on the photo 

catalysis. H.Guo et al. reported as the valence band position of the zinc ferrite is 0.83 eV/NHE and 

the conduction band position is -0.98 eV/NHE [22]. Moreover, ZnFe2O4 has narrow band gap (Eg 

= 1.72-2.1 eV) in the range of visible [22, 102]. However, the photocatalytic activity of this ferrite 

is limited by the rapid charge recombination [2]. Coupling of the ZnFe2O4 with other 

semiconductor [26, 103-106], noble metal [107] and Plasmon integrated semiconductor [2, 28, 29, 

108, 109] suppress charge recombination due to the schottky barrier formed at the metal-

semiconductor interface.  

Among them, the p-n junction formation is best way to enhance the photocatalytic performance 

by suppressing the charge recombination, which is due to the built in electric field between the p-
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type and n-type semiconductors [14, 23, 26, 93-95]. The n-type ZnFe2O4 coupled with other 

semiconductors to decrease the charge recombination for the enhancement of the photocatalytic 

performance as shown in Table 1 [22-26]. From the p-type semiconductor the Ag2O form a good 

interface with the ZnFe2O4 and the formed heterojunction has good photocatalytic performance 

under visible light irradiation [22] F.shin et al. synthesized Ag2O/ZnFe2O4photocatalyst which 

exhibit a complete degradation of (methyl blue, methyl orange, Rhodamine B and phenol with 50 

minutes and 8 minutes respectively [25]. However, the concentration of silver used is high (60%) 

which leads to the increment of production cost. Further,  it reduce the recoverability capacity of 

the nonmaterial [25]. Additionally, H.Guo et al. demonstrate the effect of Ag2O loading on the 

photocatalytic performance of ZnFe2O4, high amount loading decrease the photocatalytic 

performance by shielding the active site in ZnFe2O4, likewise photocatalytic performance decrease 

during low amount loading by increasing charge carrier recombination [22]. Therefore, further 

work is required to increase the photocatalytic performance of Ag2O/ZnFe2O4 photocatalyst by 

simultaneously increasing the active site and decrease the charge carrier recombination rate 

without reducing the recoverability of the photocatalyst. 

Table 1 Coupled zinc ferrite with other p-type semiconductors. 

Photo-

catalyst 

Synthesis method Pollutant Degradation efficiency Refer

ence 

p-BiOCl/n-

ZnFe2O4 

Facile 

solvothermal 

Rhodamine B 

(RhB) 

87% within 180 min [23] 

p-AgI/ 

n-ZnFe2O4 

Facile one step 

hydrothermal 

Rhodamine B 

(RhB) 

98.5% within 40 min [24] 

P-Ag2O/n-

ZnFe2O4 

Facile deposition 

precipitation 

Bisphenol A 92.5% within 60 min [22] 

p-Ag2O/n-

ZnFe2O4 

Simple 

precipitation 

Phenol and 

Rhodamine B 

Complete 

decomposition within  

18 and 50 min 

respectively 

[25] 

p-

Bi2MoO6/ 

n-ZnFe2O4 

Electro spinning 

combined with 

solvothermal 

Rhodamine B 88.97% within 240 min [26] 
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The integration of the Plasmon metal nano-particles into the heterojunction photocatalyst 

increases the photocatalytic performance by suppressing the electron-hole recombination and 

extending the absorption to the visible region and in some cases to the infrared [5, 49, 77, 110]. 

Moreover, enhance the photocatalytic performance of the substrate by transferring the generated 

hot electrons in the surface of the Plasmon particle and serve as antenna for light absorption [13, 

31, 111]. Furthermore, plasmonic Ag can be used to enhance the photocatalytic performance of 

ZnFe2O4 based heterostructure semiconductor as indicated in Table 2. No report is seen still now 

in the Plasmonic Ag integrated P-Ag2O/n-ZnFe2O4. Ag2O/ZnFe2O4 photocatalyst performance 

declined due to limited active site when the Ag2O deposited [22]. Green synthesis method yields 

small sized particle with high specific surface area. 

Table 2 Plasmon silver integrate coupled zinc ferrite 

Photo catalyst Synthesis method Pollutant type Degradation 

efficiency 

Referen

ce 

Ag/AgBr/ZnFe2O4 Deposition 

precipitation  

Rhodamine B 98%  in 300 

minutes  

[27] 

Ag/AgCl/ZnFe2O4 Facile 

hydrothermal and 

deposition 

precipitation 

17α-

ethylestradiol 

Complete in 

240 minutes 

[28] 

ZnFe2O4/Fe3O4/Ag Sol-gel combined 

with 

electrospinning 

Methyl blue 

and methyl 

orange  

75%  in 120 

minutes 

[29] 

ZnO/ZnFe2O4/Ag Layered by 

layered  

Dichlorophenol 97.9% in 75 

minutes 

[2] 

ZnFe2O4/Ag/Ag3V

O4 

Two step 

hydrothermal 

Methyl orange  81% in  32 

minutes 

[109] 

 

Recently, synthesis of nanoparticle by green synthesis or biosynthesis is preferable than other 

chemical and physical methods due to its one step process, cost effective, environmental friendly 

and frequently lead to preparing more stable materials, relatively reproducible and small sized 
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nanoparticles [112-116]. For the biosynthesis of nanoparticles, natural reagents such as 

microorganisms as reducing and capping agent, fruits, marine algae, sugars, plant parts (roots, 

seed, leaf, steam and latex) are used [112-115]. Plants is more preferable due to the coexistence of 

different biomolecules; such as bioactive flavonoids, polyphone, phenolic acids, protein, 

terpenoids, carbohydrate, fats, amino acids, gum, polysaccharides, alkaloids, alcoholic 

compounds, proteins, enzymes and vitamins. These biomolecules playing a significant role in 

reducing the metallic ions first and then acting as a capping or chelating agent due to the structural 

arrangement constraints [112-115]. However, only few researches have been done on the synthesis 

of ZnFe2O4 by the biosynthesis method (Table 3). 

Table 3 Green synthesized zinc ferrite 

Synthesis method Green material Calcinati

ons 

temperat

ure ( ºc) 

 

Morphology Refe

rence 

Modified sol gel Aloe Vera extract 900 Agglomerated  [117] 

Combustion  Sugarcane juice 600 Spherical  [118] 

Green  Moringaoleifera 700 Agglomerated  [119] 

Conventional 

heating  

Opuntiadillenii 

haw 

900 Spherical [120] 

Microwave heating  Opuntiadillenii 

haw 

- Spherical [120] 

Microwave assisted 

combustion 

Hibiscus 

rosasinesis 

900 Nanoparticle [102] 

Combustion  Hibiscusrosasinesis         - Nanoparticle [102] 

Solgel combustion Honey mediated 1000 Spherical [121] 

Microwave assisted 

green synthesis 

Limoniaacidissima 

juice  

600 Spherical [114] 

Green  Aeglemamelos 

leave extract 

900 Spherical [115] 
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The photocatalytic performance of biosynthesized ZnFe2O4 was also studied by using different 

organic dyes [114, 118]. In 2018 S.B. Patil et al. synthesized sugarcane mediated ZnFe2O4 for the 

degradation of mixed dyes which degrade 98% methyl blue and 95% of rose Bengal in 120 min 

with irradiation of UV visible radiation [69]. Green synthesized ZnFe2O4 photocatalyst was 

studied rarely for wastewater treatment.  

Here in, a new plant type Ajuga intergrafolia (Harma gusa (Afan oromo name)) is proposed as 

stabilizing and capping agent for the synthesis of ZnFe2O4 because it contains a bioactive 

molecule such as flavonoids, phenolic acids, saponins, steroidal and tannins compounds that used 

as chelating agent due the hydroxyl radical content [122-124]. This plant was used as traditional 

Ethiopian medicine plant for treatment of different disease such as diabetes, malaria, skin disease, 

high blood pressure, stomach pain, pneumonia, liver problem due to its high antioxidant property 

of the plant constituents [122, 123, 125]. So this plant can be used as a capping/stabilizing agent 

for the green synthesis of ZnFe2O4. The plant was extracted for the synthesis ZnFe2O4 to serve as a 

capping/stabilizing agent. 

 

Figure 2.8 Picture of Ajuga integrafolia (Harma gusa) plant (a) and chemical structure and 

classification of (b) Tannins and (c) Flavonoids [122] 
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CHAPTER THREE 

3. Methodology 

3.1. Materials and Chemicals 

The chemicals utilized in this thesis work include Zinc chloride (ZnCl2), silver nitrate 

(AgNO3), Iron chloride hexahydrate (FeCl3.6H2O), Hydrochloric acid (HCl) and Sodium 

Hydroxide (NaOH), Ethanol and all are purchased from Loba Chemicals Reagent Company.  

Whatman no one filter paper was also used for filtration. Moreover, the plant leave of Ajuga 

integrafolia (Harma gusa) was collected from Gura forest around Gedo town, West Showa zone, 

Oromia region, Ethiopia. 

3.2. Methods 

This part contain all the procedure carried out to obtain Ag/Ag2O/ZnFe2O4 composite by 

integrating Ag into Ag2O/ZnFe2O4 by calcination and evaluating the photocatalytic performance 

towards Methylene Blue (MB) dye. 

3.2.1. Extraction of plant 

The collected Ajuga intergrafolia plant leave was washed several times with distilled water to 

remove unwanted and dirt substance from the leave, followed by drying in oven for 24 hr at 60 °C. 

Then grinded to obtain powder and 15 g of the powder was dissolved in 450 ml of distilled water, 

followed by boiling at 50 °C for 1 hr.  Finally, the boiled solution was filtered by using Whatman 

number one filter paper and the extracted solution was used as Ajuga integrafolia extract solution 

that contains bioactive molecules such as Tannins, Flavonoids, Saponins, Phenolic compounds 

and so on [119, 125].   

3.2.2. Synthesis of ZnFe2O4 

For the synthesis of ZnFe2O4, green synthesis method was used due to the advantages of size 

and shape control of ZnFe2O4 powders. Stoichiometeric ratio 1:2 of the ZnCl2 and FeCl3.6H2O was 

dissolved in 50 ml of distilled water separately. The prepared solution was added drop wise to 100 

ml of plant extract solution with continuous stirring for 30 minute using hot stirrer to obtain a 

uniform solution consecutively. Then, 0.5 M sodium hydroxide solution was added into the 

solution until the pH of the solution reach 12 and the temperature was increased from room 
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temperature to 80 °C. The obtained suspension was washed several times using distilled water and 

ethanol. Finally, the dried powder was calcined at different temperatures (500, 600, 700, 800, 900, 

1000 and 1100 °C) for 2 hr with 10°C/min heating rate and denoted as ZW (zinc ferrite with a 

plant extract) followed by numbers of 5, 6, 7, 8, 9, 10, and 11, respectively, where the numbers 

indicate the calcination temperatures [114, 121]. These calcination temperatures were obtained 

from Thermo-gravitometric analysis (TGA). The calcinations were performed to determine the 

temperature at which the single phase of ZnFe2O4 is formed. The single phase of ZnFe2O4 was 

formed at a temperature of 1000 °C, i.e., ZW-10. For comparison, ZnFe2O4 synthesized by a 

chemical synthesis route following all the above procedure except the utilization of the plant 

extract and named as ZWO (zinc ferrite without plant extract). 

3.2.3. Synthesis of Ag2O/ZnFe2O4 

To synthesis the Ag2O/ZnFe2O4, facile deposition-precipitation method was used. First 1 g of as 

synthesized ZnFe2O4 (ZW-10) was dissolved in 50 ml of distilled water, which was subjected to 

sonication for 30 min to obtain a uniformly distributed suspension. After that, stoichiometeric 

volume of 0.1M NaOH was dissolved into the suspension by continuously stirring for 1hr, until a 

uniform suspension was obtained. The stoichiometeric volume of 0.1M AgNO3 was slowly 

dropped into the suspension and the resulting mixture was kept stirred for another 4hrs in the 

darkness. Finally, the product was washed and centrifuged several times, followed by drying  at 

80°C overnight [22]. The composite with different percentage was synthesized to obtain the 

composite with optimum photocatalytic performance.  The naming used for the composite, i.e., the 

designation systems of the composite of Ag2O and ZnFe2O4 is summarized and reported in the 

following Table 4. The naming is in such a way that AZW-1 for example, stands for the 

composites of Ag2O and ZnFe2O4 synthesized with plant extract (ZW), and  the number „1‟ stands 

for the sample with 5% that is AZW-1, and so on. Ag2O (A) was synthesized for the comparison 

by slowly dropping 0.1 M AgNO3 dissolved in 30 ml into 0.1 M NaOH dissolved in 60 ml by 

continuously stirring. Then the suspension was washed several times with water and final dried 

overnight at 80 °C.  
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Table 4  Percent of composition of Ag2O and ZnFe2O4 with its corresponding designation systems. 

Name of 

samples 

Percent of composition 

AZW-1 Ag2O(5%) and ZnFe2O4(95%), i.e., 5% Ag2O/95% ZnFe2O4 

AZW-2 Ag2O(10%) and ZnFe2O4(90%), i.e., 10% Ag2O/90% ZnFe2O4 

AZW-3 Ag2O(15%) and ZnFe2O4(85%), i.e., 15% Ag2O/85% ZnFe2O4 

AZW-4 Ag2O(20%) and ZnFe2O4(80%), i.e., 20% Ag2O/80% ZnFe2O4 

3.2.4. Synthesis of Ag/Ag2O/ZnFe2O4 and calcination temperature effect 

First, 1 g of as synthesized ZnFe2O4 (ZW-10) was dissolved in 50 ml of distilled water, 

followed by 30 minutes sonication to obtain uniform suspension. After that, stoichiometeric 

volume of 0.1 M NaOH was dissolved in the suspension for precipitating the solution, followed by 

continuous stirring for 1hr until uniform suspension was obtained. Then, stoichiometeric volume 

of 0.1 M AgNO3 was slowly dropped into the suspension with continuously stirring for about 4hr. 

The suspension was washed with water several times. Then the washed suspension was dried at 80 

°C overnight. Final the dried powder was subjected to calcination at 280 °C for 1 hr [42]. The 

composite with different composition was synthesized for optimization. The following Table 5 

shows the percentage composition of the Ag/Ag2O/ZnFe2O4 material. 

Table 5 Percent of composition of silver/silver oxide and zinc ferrite with its naming. 

Name of 

samples 

Percent of composition 

AAZW-1 (Ag/Ag2O) (5%) and ZnFe2O4 (95%), i.e., 5% (Ag/Ag2O)/95%ZnFe2O4 

AAZW-2 (Ag/Ag2O) (10%) and ZnFe2O4 (90%), i.e., 10% (Ag/Ag2O)/90% ZnFe2O4 

AAZW-3 (Ag/Ag2O) (15%) and ZnFe2O4 (85%), i.e., 15% (Ag/Ag2O)/85% ZnFe2O4 

AAZW-4  (Ag/Ag2O) (20%) and ZnFe2O4 (80%), i.e., 20% (Ag/Ag2O)/80% ZnFe2O4 

The above samples were optimized of their photocatalytic degradation performances towards 

the MB and the sample with the composition of 15%(Ag/Ag2O)/85% ZnFe2O4 was an optimum 

sample. Moreover, the effect of the calcination temperature on the optimum composite was 

investigated towards the formation of Ag from Ag2O by changing the temperature, i.e., 260 °C, 
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280 °C and 300 °C. The calcination was performed on the sample with a composition of 15% 

(Ag/Ag2O)/85% ZnFe2O4 as this sample showed an optimum degradation performance. 

Depending on the calcination temperatures, the calcined composite was denoted by AAZW-3-1, 

AAZW-3-2, and AAZW-3-3, respectively, with their calcination temperatures of 260 °C, 280 °C, 

and 300 °C, respectively. 

3.3. Characterizations 

For thermal analysis study and determination of temperature at which the ZnFe2O4 is formed, 

we used thermogravimetric–differential thermal analyzer (TGA - DTA) (SHIMADZU DTG-60H). 

The crystal structure and phase composition (phase purity) of the as synthesized samples were 

determined by using XRD (SHIMADZU XRD -7000), in the 2θ range of 10 – 80º generated by 

voltage of 40 kv and filament current 30 mA radiating CuKα1 radiation (λ= 1.5418 A). Fourier 

transform infrared (FTIR) (FT/IR-6600 type A) was used to analysis chemical composition of the 

samples in the wave number range of 400-4000 cm
-1

. Additionally, the microstructure, 

morphologies, and elemental composition analysis of the samples were analyzed by using 

Scanning Electron Microscopy/Energy Dispersive Spectroscopy (SEM/EDS), (COXIEM-30). UV-

visible spectroscope (UV-3600Plus) was used to measure the absorbance of the MB dye after 

photocatalytic experiment. 

3.4. Photocatalytic activity study 

The photocatalytic performance of the synthesized samples was evaluated by irradiating the 

visible light (150-Watt Halogen lamp) and using methylene blue (MB) as an organic dye. About 

25 mg of catalyst was added into 10 part per million (ppm) of 125 ml solution of MB. Then, the 

solution was sonicated for about 30 min in the dark to achieve adsorption-desorption equilibrium 

between a catalyst and pollutant. After the establishment of an equilibrium, the 150 W Halogen 

lamp visible light was irradiated to the suspension with a continuously stirring. Then, a sample 

was taken from the suspension within 20 min time interval. Finally, the concentrations of residual 

pollutant were measured using UV-visible spectroscopy to obtain the concentration (Ct) from the 

absorbance against wavelength plot, according to the Beer Lambert law, given in the following 

equation (1). 

A = εbCt……………………….. (1) 

Where, A is absorbance, ε is absorbitivity, and Ct is the concentration of the MB after a time t. 
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Moreover, the effects of the pH on the degradation efficiency were studied by adjusting the pH of 

the MB using 0.1M HCl and 0.1M NaOH solution, for acidic and basic media, respectively. The 

effects of the pH of the MB were carried out in acid, neutral, and basic regions by fine-tuning the 

pH to 4, 7, and 10, respectively. 
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CHAPTER FOUR 

4. Results and discussion 

4.1. Thermal  analysis 

The TGA-DTA of zinc ferritewith and without plant extract are shown in the Figure 4.1(a) and 

(b), respectively. The TGA results indicate that zinc ferrite sythesized with plant leave extract 

showed around 15% of mass reduction, while zinc ferrite without the plant extract showed a mass 

reduction of about 15.51%. This could be related to the removal of physisorbed water and organic 

matter in the plant extract for the plant templated zinc ferrite and oxidative decomposition of 

precursor [126]. The endothermic peak around  70 – 120 °C in the  DTA of  zinc ferrite without 

plant extract (Figure 4.1(a)), indicates the removal of physisorbed water molecules.  Other 

endothermic peaks around a temeprtaure of 180 – 220 °C and 280 – 320 °C corresponds to the 

oxidative decomposition  of  the precursor [126, 127]. The DTA graph of the zinc ferrite with 

plant extract sample, (Figure 4.1(b)), shows an endothermic peak around  70 – 100 °C, which 

could be related to the loss of physisorbed water molecules. Additionally, the peak around 180–

320 °C is exothermic peak showing the removal of organic compounds from the plant  extract, 

which is in a close agreement to the previous work by Ranjit et al.of zinc ferrite TGA-DTA 

analysis [127]. Furthermore, endothermic and exothermic peaks, simultaneously, appear in the 

TGA-DTA above 400 °C, which may be related to the crystal lattice rearrangement within the 

samples and movement of iron cations from the octahedral to tetrahedral site [126]. 

 

 

 

 

 

 

Figure 4.1 TGA-DTA graph of chemical synthesized zinc ferrite without plant extract (a) and 

green synthesized with plant extract (b). 

(a) (b) 
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Because of variety of complex reaction in the formation of spinel-structured oxides, it is necessary 

to know the mechanism of formation of spinel structured ZnFe2O4. The cation diffusion 

phenomena at elevated temperatures can lead to the formation of zinc ferrite [126]. A Cationinter-

diffusion coefficient in the ferrite phase is larger than the diffusion coefficient of the cations in the 

metal oxide (ZnO and Fe2O4) at the intermediate temperature of about 400 ºC. Therefore, the meta 

stable phase formation of gamma  iron is possible and transition between gamma and alpha iron 

oxide accompanied by the diffusion of Zn ions into the lattice, yield the formation of spinel 

structured zinc ferrite (ZnFe2O4) [126].   

4.2. XRD analysis 

The XRD pattern of all as synthesized samples is presented in the following Figure 4.2(a-d). 

Figure 4.2(a) shows the diffraction pattern of synthesized zinc ferrite with plant extract exhibiting 

diffraction peaks at 2θ of 18.2°, 29.7°, 35.7°, 36.8°, 42.8°, 53.0°, 56.5°, 62.0°, 70.4°, and 77.2°, 

which were indexed to crystallographic planes of, respectively, (111), (220), (311), (222), (400), 

(422), (511), (440), (533), and (622), and similar to JCPDS -22-1012 [128]. However, there is 

additional peak at 2θ of 31.8º in the XRD pattern of ZW-5, ZW-6, ZW-7 and ZW-8 samples, 

which indicates the presence of ZnO (JCPDS – 36-1451) [129]. Moreover, the peak at 2θ of 33.2º, 

in the XRD pattern of ZW-8, ZW-9, ZW-7, and ZW-11 indicates existence of impurity phase 

Fe2O3 that matches JCPDS: 33-0664 [105]. Furthermore, the additional peaks shown in the XRD 

pattern of ZW-5, ZW-6, ZW-7 and ZW-8 at 2θ = 49.5° indicates the presence of Fe2O3 impurity 

phase that matches with JCPDS: 33-0664 [105]. Therefore, only the sample calcined at 1000°C 

(ZW-10) shows the formation of pure phase spinel structured ZnFe2O4. 

As shown in the Figure 4.2(b), the diffraction angles at 2θ of 32.8°, 38.2°, 54.9 and 66.2° of as 

synthesized Ag2O indicated as (A) on the diffraction pattern showed crystallographic planes of 

(111), (200), (220),  and (311), respectively, which is in an agreement with cubic structure Ag2O 

(JCPDS card number: 41-1104) [22, 130]. The XRD pattern of all synthesized (x)Ag2O/(1-x) 

ZnFe2O4 (x = 0.05, 0.1, 0.15 and 0.2), designated as AZW-1 up to AZW-4 on the graph, confirmed 

that both Ag2O and ZnFe2O4 exist in the composite samples. The Ag2O peak shown at 32.9° and 

38.2° represents the (111) and (200) plane of its cubic structure of Ag2O (JCPDS card number: 41-

1104) [22, 130], while the peaks at 2θ of 18.2°, 29.7°, 35.7°, 36.8°, 42.8°, 53.0°, 56.5°, 62.0°, 

70.4° and 77.2° indicating  the existence of the cubic spinel ZnFe2O4 as shown in the Figure 4.2 
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(b) [128].  The existence of all diffraction peaks of Ag2O and ZnFe2O4 in all samples with no 

significant shift in the peaks indicate that the introduced Ag2O is not incorporated into the crystal 

structure of ZnFe2O4. Figure 4.2(c) presents the XRD patterns of the calcined samples at a 

temperature of 280 °C of the composites of (x) Ag2O/(1-x) ZnFe2O4(x = 0.05, 0.1, 0.15 and 0.2) 

showing coexistence of Ag2O and ZnFe2O4. In the calcined (x)Ag2O/(1-x) ZnFe2O4(x = 0.05, 0.1, 

0.15 and 0.2) composites, the additional peak is observed at 2θ of 44.2° on XRD pattern AAZ-4 of 

Figure 4.1(c) and AAZW-3-3 of Figure 4.2(d), corresponding to the (200) planes of Ag with card 

number of JCPDS-4-0783 [129]. However, the Ag peak is not visible in the XRD pattern of 

sample AAZW-1, AAZW-2, and AAZW-3 of Figure 4.1(c), and AAZ-3-1 of Figure 4.2(d), which 

could be due to the complete dispersion of the Ag in the composite, according to the Hai Gue et al. 

mentioned in his work [42]. 

The characteristic peak of Figure 4.2(c) at 2θ of 32.9°, 38.2°, 54.9° and 66.2° on the XRD 

pattern of calcined AAZW-4 composite sample is related to the crystallographic planes (111),  

(220) and (220), respectively, of Ag2O in an agreement to the JCPDS with card number: 41-1104 

[22, 129, 130]. Moreover, the XRD pattern of AAZW-2 and AAZW-3 indicate the existence of 

Ag2O at 2θ of 32.9° and 38.2° [22, 129, 130]. In the AAZW-1 XRD pattern, the existence of Ag2O 

confirmed by the peak presented at 2θ of 32.9°. Furthermore, the entire diffraction peak originated 

from ZnFe2O4 in the composite maintained as it is and there is no significant shift of the 

diffraction peaks, that indicates both Ag and Ag2O is not incorporated into the crystal structure of 

ZnFe2O4.  

The XRD pattern of as synthesized Ag/Ag2O composite (Figure 4.2(c)) shows the existence of 

both Ag and Ag2O. At 2θ of 44.2° and 77.4° diffraction peaks correspond to crystalline planes of 

(220) and (311) of Ag (JCPDS-4-0783), respectively, while the peak at 2θ of 32.9° and 38.2° 

correspond to the crystalline planes of (111) and (200) of Ag2O (JCPDS card number: 41-1104), 

respectively [22, 129, 130]. 
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Figure 4.2 XRD pattern of synthesized samples of zinc ferrite with plant extract (ZW-5 up to 

ZW-11), calcined in a temperature range from 500–1100 °C, (a), As-synthesized 

Ag2O/ZnFe2O4 composites, (b), Ag2O/ ZnFe2O4 composites subjected to calcination at a 

temperature of 280 °C, (c), and 15wt% of Ag2O in ZnFe2O4 subjected to calcination 

temperature of 260, 280 and 300 °C, (d). 

The crystalline size of the synthesized sample was calculated using scherrer equation [131], as 

given below. 

D =  
0.89λ

βcos θ
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where D is average crystalline size, 𝛌 denotes X-ray wavelength (0.1542 nm), 𝛃 is the full 

width at half maximum (FWHM) and 𝛉 represents the Braggs angle corresponding to the 

reflection plane [131]. The following table summarizes the average crystalllite size for each of 

the samples. 

Table 6 The calculated crystalline size. 

 

The reduction in the crystalline size of ZnFe2O4 (ZW-10) calcined at 1000 ºC is due to the 

capping/ stablizing agents in the plant leave extract when compared to as synthesized ZnFe2O4 

(ZWO) sample controlling the crystal growth [112-116]. This suggests that the performance of the 

Sample name Average crystalline size (nm) 

ZW-5 8.258 

ZW-6 18.62 

ZW-7 19.44 

ZW-8 21.32 

ZW-9 34.36 

ZW-10 50.15 

ZW-11 51.51 

ZWO 57.51 

A 19.4 

AA 25.81 

AZW-1 60.08 

AZW-2 57.86 

AZW-3 55.11 

AZW-4 55.17 

AAZW-1 58.89 

AAZW-2 56.82 

AAZW-3 50.01 

AAZW-4 49.17 

AAZW-3-1 49.81 

AAZW-3-3 56.58 
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sample of ZW-10 could be enhanced compared to that of the ZWO. The crystalline size of the 

Ag/Ag2O/ZnFe2O4 particle increases with increasing of the calcination temperature as shown in 

the Table 6 that indicates the effect of the calcination for the formation of Ag aggregate the Ag 

that further lead to the shielding of the active site in the ZnFe2O4 [107, 132]. Furthermore, both 

uncalcined and calcined composite materials show the decrease in crystalline size when the 

percentage loading of Ag2O and Ag/Ag2O increase which indicate the deposition covers the 

ZnFe2O4 [27]. The crystalline size of Ag/Ag2O loaded ZnFe2O4 composite is lower than that of the 

corresponding Ag2O loaded ZnFe2O4 comosite this may due to the loading of  Ag/Ag2O cover the 

ZnFe2O4 than that of it comparative Ag2O [27]. 

4.3. FTIR analysis 

FTIR spectra of uncalcined and calcined ZnFe2O4 (ZW-10) are presented in the Figure 4.3 

below. The characteristic absorption peak at wavelength of 460 cm
-1

 and 520 cm
-1

  are the Zn-O 

and Fe-O bond intrinsic lattice vibration of ZnFe2O4 [133, 134]. The strong broad characteristic 

absorption at 3280-3420 cm
-1

 (centered at 3450 cm
-1

) indicate the existance of O-H bond 

stretching from a free adsorbed water molecule [135]. The sharp peak at 1643 cm
-1 

corresponds to 

the O-H bending vibration of O-H group [126, 136]. Moreover,  there are peaks at 1114 cm
-1

 

which implies as there is carbon dioxide adsorbed on the surface [114]. This result confirm as 

ZnFe2O4 formed effectively by green synthesis route. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 FTIR spectrum of green synthesized ZnFe2O4 uncalcined and calcined at 1000 ºC 



 

31 
 

4.4. SEM /EDS analysis 

As shown in Figure 4.4(a1), The SEM image of as synthesized Ag2O shows nearly spherical 

aggrigated particles. The ZWO shown the agglomerated plate like particleas as SEM image in 

Figure 4.4(b1) shows. Moreover, Figure 4.4(c1) shows the formation of spherical shaped 

Ag/Ag2O. Furthermore, the green synthesized ZW-10 SEM image indicates as the agglomerated 

plate like particles  are formed as  shown in the Figure 4.5a, which is well distributed than the 

ZWO. In Figure 4.5a and c the AZW-3  and AAZW-3 composite SEM image more particle 

distributed than ZW-10 which indicates well deposition of Ag2O and Ag/Ag2O in the surface of 

the ZnFe2O4 [22]. Complemeter EDS study was carried with SEM. Figure 4.4(a2) and 4.5c shows 

the EDS analysis of A that indicate as there is Ag and O in the sample. Furthermore, the as 

synthesised sample of ZWO and ZW-10 and AZW-3 and calcined AAZW-3 show in the Figure 

4.4(b2), 4.5b, 4.5d and 4.5f indicates the existance of Zn, Fe, O in the all mentioned samples and 

additianally Ag in the Ag2O/ZnFe2O4(AZW-3) and calcined Ag2O/ZnFe2O4(AAZW-3) 

composites.  

 

 

 

 

 

 

 

 

 

 

 

(a1) 

(a2) 

(b1) 
(b2) 
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Figure 4.4 (a1), (b1) and (c1) show SEM image of A, ZWO and AA respectively. (a2), (b2) and 

(c2) show EDS mapping of A, ZWO and AA respectively. 

   

 

 

 

(c1) 

(c2) 

a 

b 

c 

d 



 

33 
 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 a, c and e shows SEM image ZW-10, AZW-3 and AAZW-3 respectively. b, d and f 

show EDS mapping of ZW-10, AZW-3 and AAZW-3 respectively. 

4.5. Photocatalytic activity evaluation  

Here in, the photocatalytic activities of all as synthesized samples were evaluated by the 

degradation of methylene blue dye using a visible light irradiation. The methylene blue dye has 

absorption peak shown at 664 nm in UV-visible-spectrometer [137]. As a reference, methylene 

blue dye without addition of any catalyst was exposed to visible light and the degradation was 

evaluated. As shown in the Figure 4.6a, and b, the degradation efficiency of methylene blue dye 

without catalyst was insignificant even after 80 min of light radiation. All the synthesized samples 

showed a significance degradation performance on the methylene blue dye as presented in Figure 

4.6a and b. Moreover, the photocatalytic activity of ZW-10 shows higher efficiency of about 54% 

after 80 min light radiation with the corresponding reaction rate order, k, of about 0.01283 min
-1 

than the ZWO sample, which was about 51% with corresponding k of about 0.01185 min
-1

, which 

could be due to the surface morphology and nature of crystallite obtained from the green synthesis 

route [114]. Furthermore, (x)Ag2O/ (1-x)ZnFe2O4 (x= 0.05, 0.1, 0.15 and 0.2) composites degrade 

MB dye efficiently under the visible light, because of the formation of a p-n junction at the 

interface of Ag2O-ZnFe2O4. Among the different compositions of the Ag2O/ZnFe2O4, the AZW-3 

composite sample showed the highest degradation efficiency of about 65% with corresponding k 

of about 0.01362 min
-1

. This is related to the decrease in the recombination rate of ZnFe2O4 as a 

result of the p-n junction formation between Ag2O and ZnFe2O4 that facilitate electron hole 

seperation by forming built-in electric field between the junction [22]. When, the Ag2O percent 

e f 
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increases, the degradation capacity of the synthesized Ag2O/ZnFe2O4 composite also increase as 

shown in the Figure 4.6b. Further loading shields the active site on the surface of ZnFe2O4 and 

decrease the degredation efficieny due the excessive amount of the loaded Ag2O that covers the 

space of the active site [22]. The degradation efficiency of Ag2O/ZnFe2O4 composite is still not 

adequate due to the challenges of the charge carrier recombinations. To further enhance the 

degradation efficiency, Ag was introduced into the compsoites of (x)Ag2O/(1-x)ZnFe2O4 by 

decomposition of Ag2O through calcination process. Among the calcined samples, Ag2O/ZnFe2O4 

composites with AAZW-3 showed the highest photocatalytic degradation efficency of about 90% 

within a degradation time of 80 min (k = 0.039 min
-1

) due to the local surface plasmonic effect of 

Ag. This means that fast transfer of electrons from Ag can further elongate the recombination time 

of electrons and holes [77] so that the overall degradation perfromance can be enhanced. Further 

loading of Ag/Ag2O on ZnFe2O4 leads to the deterioration of the degradation efficiency of the 

composite due to the active site shielded because of maximum loading [42]. All of the as-

synthesized samples show pseudo first order  reaction kinetics as the shown in Figure 4.6d. The 

kinetic equation is given as follows using equation [42]: 

ln(ct/co) = -ktmin 

where Ct is the concentration of the MB absorbed  aftet time t in minute, Co is initial concentration 

of the dye , k is reaction rate constant of the reaction  and tmin is the time at which the absorbance 

of the dye measure. Additionally, the reaction rate (k) and correlation factor (R
2
) [133] value of the 

as synthesized samples are shown and summarized in Table 7 indicates as the assynthesized 

sample undergo first order reaction. 
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Table 7 The value of k and R
2
 of as synthesized samples. 

Sample code k (min
-1

) R
2 

Blank 0.0028 0.9864 

ZWO 0.0118 0.87228 

ZW-9 0.01078 0.96235 

ZW-10 0.01283 0.97587 

ZW-11 0.01078 0.96235 

A 0.01651 0.81288 

AA 0.02345 0.87566 

AZW-1 0.00859 0.9405 

AZW-2 0.01223 0.8821 

AZW-3 0.01362 0.9495 

AZW-4 0.0114 0.8827 

AAZW-1 0.01179 0.8818 

AAZW-2 0.01423 0.8899 

AAZW-3 0.039 0.8749 

AAZW-4 0.01253 0.9162 

AAZW-3-1 0.0253 0.9661 

AAZW-3-2 0.02232 0.9487 

 

Further more, the photocatalytic efficiency of  Ag2O (A) and Ag/Ag2O (AA) was evaluated and 

the result indicates that A has low degreadation eficiency (69.15%) with k value of about 0.01078 

min
-1 

when compared to AA that has a degradation efficiency 77.67% with k value of 0.01651 

min
-1

, as shown in the Figure 4.6a and 4.6b. This indicates that the incorporation of Ag enhance 

the photocatalytisc efficiency of Ag2O by elongating the charge carrier recombination time  Ag2O 

and increase the number of charge carriers participating in the degradation process due to the high 

light absorption capacity of Ag [111]. The effect of calcination temperature on the synthesis of the 

Ag, which further affects the degradation capacity of calcined Ag2O/ZnFe2O4 composite is also 

shown in the Figure 4.6a and 4.6b. The assythesized sample, which was calcined at 280 ºC 

(AAZW-3) showed high degradation efficiency of about 90% with the k value of 0.039 min
-1

 due 

to the adeaquate formation of Ag. Moreover, the calcination temperature is probably high enough 
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to promote the formationof chemical bonds between Ag, Ag2O and ZnFe2O4 that results in smooth 

charge transfer to the surface [27, 42]. However, the degradation efficiency of the Ag2O/ZnFe2O4 

composite calcined at 300 ºC and 260 ºC was lower than that of the 280 ºC, this may correspond to 

maximum and insufficieny amount of Ag loaded on Ag2O/ZnFe2O4 composite, respectively. 

Moreover, maximum calcination temperature lead to the agglomeration of Ag particle  and active 

site shielding further lead to the deteoriation of the degradation efficiency as presented in this 

work AAZW-3-2 has low degradation efficiency (77.72%)  than that of AAZW-3 (90%) after 80 

min light irradiation [138]. 

 

 

 

 

 

 

 

 

 

Figure 4.6 Photocatalytic activity as synthesized samples a. Reaction rate of as synthesized 
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sample b. Absorbance versus wavelength graph of AAZW-3 c. Kinetic for degradation of 

methylene blue for the as synthesized samples d. 

4.6. Reusability test and pH effect analysis 

To determine the stability of the AAZW-3 composite reusability experiment was carried out on 

the degradation of methylene blue. As shown in the Figure 4.7(a), the composite showed a slight 

decrease in the degradation efficiency for the first three cycles, while  after fourth cycle the 

efficiency of the catalyst reduced very rapidly. The reduction of the  efficiency of the catalyst 

deteroirate due to the photocorrosion effect of the catalyst [22].  

Furthermore, the effect of pH on the photocatalytic efficiency of the samples was studied by 

varying the pH of the solution, which is due to the fact that the effleunts and wastewater 

discharged from the industries could be at different pH values [31]. The experiment conducted for 

the degradation of the MB in acidic media was  at a pH of 4, while the basic media was at  a pH of 

10. Moreover, the degradation of the dye at neutral (pH =7) condition was carried out to evaluate 

the performance of the catalyst in neutral region. As shown in the Figure 4.7(b), degradation 

efficiency of the AAZW-3 is higher in basic media due to the fact that the surface of the catalyst 

ZnFe2O4 is negatively charged and oppositely charged MB adsorption to the surface of the catalyst 

can be enhanced as a result of interatomic attraction force [54]. However, the degradation 

efficiency of the AAZW-3 decreased in acidic media, which could be related to the positively 

charged surface of the catalyst and the MB dye, which have the same charge could results in the 

repulsion effect and therefore the adsorption capacity of the cataltyst is minimal [54]. Moreover, 

the photocatalytic activity of the AAZW-3 is satisfactory in the neutral region as a result of the 

surface of the ZnFe2O4 is negatively charge that leads to the attraction of the cationic dye to the 

surface [54] and therefore leads to the degradation effect of the MB. 
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Figure 4.7 Reusability and pH dependence MB degradation. (a) Cyclic degradation of MB on 

AAZW-3, (b) degradation of MB in different pH conditions using AAZW-3, 

4.7. Proposed degradation Mechanism 

Based on the previously reported literature works [27], the reaction mechanism of the AAZW-3 

was indicated in the Figure 4.8 below.  

 

 

Figure 4.8 Proposed degradation mechanism of AAZW-3 composite 

(b) (a) 
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During light irradiation both the ZnFe2O4 and Ag2O response to the visible light [27] due to 

their band gap (Eg). Moreover, the electron formed on the surface of Ag as a result of the 

plasmonic effect during the light radiation move to the conduction band of the Ag2O [27]. The 

movement of the electron from Ag to the Ag2O is due to the difference in the work function 

between Ag (3.54 eV/AVS) and Ag2O (3.67 eV/AVS) [111]. The electron accumulated in 

conduction band of the Ag2O (conduction band edge = -0.14eV/NHE) moves to the conduction 

band of ZnFe2O4 (conduction band edge  = -0.98 eV/NHE) due to the difference in the conduction 

band level [22]. Moreover, there is a formation of superoxide radical (•O2
-
) due to the reaction 

between the absorbed oxygen (O2) and the electron accumulated in the surface of  ZnFe2O4 as  a 

result of the electrons in the conduction band of  ZnFe2O4 negative enough (-0.98 eV/NHE) to 

reduce absorbed O2 ( reduction potential O2 = -0.046 eV/NHE) [22]. The formed superoxide 

radical and electrons participate in the degradation of the MB dye [22, 42]. However, the holes in 

the valence band of Ag2O hardly satisfied the requirement of hydroxyl radicals (•OH) generation 

(H2O/
•
OH

-
, +2.4eV) instead (•OH) formed from the intermediate reaction a shown on the equation 

[23, 137]. Here in, the holes and hydroxyl radical may participate in the degradation process as 

indicated in the following equations. Finally, intermediate compounds, H2O and CO2  formed from 

the reaction [137]. 

Ag/Ag2O/ZnFe2O4 + hv                      Ag2O (e
-
, h

+
) + Ag (e

-
) +ZnFe2O4 (e

-
, h

+
)…...…..(1) 

 

h
+ 

(ZnFe2O4) + Ag2O                         Ag2O (h
+
)……………………...………………....(2) 

 

Ag2O + e
-
(Ag)                                    Ag2O (e

-
)…………………………..……..……….(3) 

 

 Ag2O (e
-
) + ZnFe2O4                                ZnFe2O4 (e

-
) ………………………………..……..(4) 

 

 e
-
 + O2                                               

 •
O2

-
………………………………………………….........(5) 

 

•
O2

-
  + H2O                            •HO2 + OH

-
………………………………………...…….(6) 

 

•
HO2 + H2O                        H2O2 + •OH………………………………………..……….(7) 
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    H2O2                                             2•OH………………………………………….……….……(8) 

 

•
OH + MB dye                               Dye degradation product………………..……......(9) 

 

h
+
 + MB dye                                Dye degradation product…........................................(10) 

In the above equations, h is the Plank constant (6.625x10
34

 J·s), v is the light frequency (Hz), 

the product between the two (hv) is the energy of the light (E). The holes are representing by 

(h
+
), while electrons are represented by (e

-
) and other parameters are defined. 
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CHAPTER FIVE 

5. Conclusions and Recommendations 

5.1. Conclusions 

In this work, green synthesis route was successfully used to synthesize ZnFe2O4 by utilizing 

Ajuga integrafolia plant as a capping/stabilizing agent. The TGA-DTA experiment was carried out 

to find the temperature at which ZnFe2O4 starts to form and the result revealed that the formation 

temperature is above 400 °C. Single phase of ZnFe2O4 was obtained after calcination at a 

temperature of 1000 °C, designated as ZW-10, as confirmed by using X-ray diffraction 

experiment. 

A composites of Ag2O and ZW-10 with the composition of (x) Ag2O/(1-x) ZnFe2O4 (x = 0.05, 

0.01, 0.15 and 0.2) composite was synthesized by facile deposition precipitation technique. The 

decomposition of Ag2O to Ag by calcination at a temperature of 280 °C introduced plasmonic 

effect into the composites of Ag2O/ZnFe2O4, which enhanced the degradation efficiency of the 

composite, with an optimum of 15%Ag2O/85% ZnFe2O4. Moreover, the effect of calcination 

temperature on the optimized binary composite of 15% Ag2O/85% ZnFe2O4 carried out by varying 

the calcination temperature from 260, 280 and 300 °C. Though the sample calcined at 300 °C 

showed high quantity of Ag formation (as confirmed from XRD pattern), the sample calcined at 

280 °C showed an optimum degradation performance. This is because the former sample suffers 

from the agglomeration of Ag on the surface of the composite.  

The photocatalytic performance of the as synthesized samples towards the degradation of MB 

dye under visible light radiation was performed and the UV-visible spectrometer was utilized to 

measure the absorbance of MB dye around the wavelength of 664 nm. All the as-synthesized 

samples significantly degrade MB dye under the radiation of visible light. A sample of ZnFe2O4 

synthesized with plan extract and calcined at 1000 °C, i.e., ZW-10 showed a degradation 

percentage of about 54%, which is higher than that of the ZnFe2O4 synthesized without plant, 

ZWO, which had a degradation efficiency of about 51%, mainly attributed to the crystallinity and 

surface morphology of the samples. Moreover, the loading of Ag2O on ZnFe2O4 increased the 

photocatalytic degradation efficiency due to the formation of a p-n junction at the interface of 
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Ag2O and ZnFe2O4, as they are p- and n-type oxide materials, respectively. Among these 

composites, the sample with a composition of 15%Ag2O/85% ZnFe2O4 or designated as AZW-3 

showed an optimum degradation performance with a corresponding degradation efficiency of 

about 65%. Calcination also improved the degradation efficiency by incorporation of Ag into the 

composites and thereby forming Ag/Ag2O/ZnFe2O4 (AAZW) composites. The sample with a 

composition of 15%(Ag/Ag2O)/85%ZnFe2O4(AAZW-3) showed the optimum degradation 

efficiency of about 90% within 80 min of degradation time due to the local surface plasmonic 

effect of Ag. Additionally, AAZW-3 photocatalytic recoverability and performance was 

performed up to three cycles without significant decrease in efficiency. However, after the fourth 

cycle, the degradation efficiency deteriorates due to photocorrosion effect. Moreover, AAZW-3 

composite showed highest photocatalytic efficiency in the basic media because of strong 

interaction between the catalyst surface and the MB dye, which further enhanced the adsorption 

and degradation of the MB dye. 

Therefore, the materials developed in this work, i.e., 15% (Ag/Ag2O)/85% ZnFe2O4 can be a 

potential candidate materials to efficiently degrade and remove the MB from any of the industrial 

effluents and wastewater before discharging into the environment.  

5.2. Recommendations 

Removal of unwanted and toxic substances from industrial effluents and wastewater is essential 

before their discharge to the environment to protect the environmental pollution and therefore 

secures societal wellbeing. In this work, we showed that the composites of Ag2O/ZnFe2O4showed 

a promising degradation of MB dye so that it can be removed from the industrial effluents and 

wastewater. However, many works are still under progress and we recommend the following.  

The present materials were investigated towards the removal of MB and the maximum 

degradation efficiency was only about 90%, which requires further optimization processes through 

nanostructuring approaches. These can be achieved by fine-tuning of the synthesis parameters and 

methodologies such as hydrothermal, solvothermal, chemical vapor deposition (CVD), physical 

vapor deposition (PVD) and perhaps sol-gel methods, which can in turn increases the surface 

morphologies of the composite materials and therefore the active surface area of the photocatalytic 

materials that leads to the high degradation efficiency of more than 95%. Moreover, we also 
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recommend the investigation of the materials towards other organic dyes, which are toxic, when 

released to the environment. 

Furthermore, we recommend on the trapping experiment for identification of the active species, 

which can determine the active species and the degradation mechanism that was not performed in 

this thesis work due to the unavailability of the scavengers [111]. Photoluminescence (PL) 

spectroscopy and Mott-Schotkky analysis are also recommended for measuring the recombination 

rate and the flat band potential of semiconductors, respectively, where the latter technique 

confirms if the interface formed is a p-n or Schottky junction. 

Our last, but not least recommendation is that, the surface morphology can be better understood 

if high-magnification electron microscopies such as transmission electron microscopies (TEM) 

can be utilized in order to visualize and further engineer the surface morphologies and particle size 

of the composite powder. Specific surface area (SSA) plays a very important role in this work and 

due to the unavailability of the Bruner-Emmitt-Teller (BET), we were not able to perform the 

determination of the SSA. Therefore, we further recommend the BET experiment on the present 

sample and the samples to be used for this type of applications.  
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