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Photocatalysis has attracted attention as a viable technology for use in the 

environmental and energy generation fields. In the last couple of decades, 

researchers have continued to develop new photocatalysts in the area of 

photocatalysis for environmental remediation. In this study, a AgCl/Bi24O31Cl10 

composite heterostructure was synthesized. Varying ratios of AgCl nanoparticles 

were immobilized onto the Bi24O31Cl10 rod-like structure. The physical and 

optical properties of the synthesized catalysts were characterized using a range of 

techniques. The photocatalytic activity of the catalysts was investigated by the 

degradation of 2,4-dichlorophenoxy acetic acid (2,4-D) and tetracycline (TC) 

under visible light irradiation. The performance of the composite photocatalysts 

was 18 and 3.4 times better in 2,4-D and TC photodegradation when compared 

to Bi24O31Cl10 alone. The improved photocatalytic performance was attributed to 

the surface plasmon resonance (SPR) effects of the AgCl nanoparticles deposited 

on the surface of the Xwt%AgCl/BOC thereby improving the separation of the 

electron-hole pair. The effects of the initial contaminant concentration, pH, and 
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photocatalyst loading were investigated. Trapping experiments were also carried 

out to deduce the reactive species responsible for the degradation process and a 

preliminary mechanism of degradation was proposed. Mineralization of 2,4-D 

and TC at 65% and 63% efficiency was measured after 24 h and the potential for 

reusability of the as-synthesized photocatalyst was established. 

 

It was also important to investigate the activity of the semi-conductor materials 

with real water samples. The photocatalytic activity of the photocatalyst was 

investigated in the secondary effluent of a wastewater treatment plant (WWTP) 

in Pretoria, South Africa for the degradation of phenol under visible light 

irradiation. The experimental design was done using the Taguchi method L16 

orthogonal tray with three factors (pH, initial phenol concentration and 

photocatalyst dosage) and four levels. The results showed that pH was the 

highest-ranked significant factor influencing the degradation rate, closely 

followed by the initial concentration of the pollutant. The photocatalyst dosage 

had the least significant impact on degradation. The effects of individual anions 

components such as Cl-, NO3
-, NO2

- and SO4
2- and cations such as Ca2+, Mg2+, 

Zn2+ and K+ were investigated. While Cl- did not negatively influence the 

degradation rate, the results show that NO3
- and SO4

2- inhibit the degradation of 

phenol. More specifically, total inhibition of the degradation process was 

achieved when nitrite concentration of 20 ppm or more was added. This illustrates 

that nitrite concentrations ≥ 20 ppm should be removed from wastewater prior to 

photocatalytic degradation. The cations investigated promoted the degradation of 

phenol. Generally, there was enhanced degradation in the water matrix when 

compared to DI water and the results revealed improved degradation efficiency 

due to the cumulative impact of various components of the wastewater. This work 

reports a promising photocatalyst for the visible-light-driven removal of 

pollutants such as phenol, tetracycline and 2,4-dichlorophenoxy acetic acid from 

wastewater.  
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CHAPTER 1 – INTRODUCTION 

 

1.1. Background  

 

The flow of toxic organic pollutants present in wastewater effluents continues to 

pose detrimental impacts on human health and the aquatic environment (Mao et 

al., 2019). Many technologies have been explored to remove these pollutants 

from water sources to mitigate their effects (Gangu et al., 2019). Semi-conductor 

photocatalysis has been identified as one of the most futuristic means of 

remediating environmental and air pollution as well as for energy conversion 

(Ran et al., 2019). It has attracted attention as a viable technology for use in the 

environmental and energy generation fields (Li et al., 2019b). In the last couple 

of decades, researchers have continued to develop new photocatalysts in the area 

of photocatalysis and give more attention to more toxic compounds (Majumder 

et al., 2021). This is especially true in cases where non-biodegradable, recalcitrant 

organic compounds are present in wastewater (Fónagy et al., 2021).  

 

The highly reactive free radicals generated when photocatalysts are irradiated 

with suitable light sources are capable of degrading and mineralizing recalcitrant 

compounds (Bi et al., 2016). However, commonly used photocatalysts such as 

TiO2 and ZnO have a major drawback in that they are only active under ultraviolet 

light irradiation, which constitutes less than 5% of solar radiation (Yan et al., 

2019). This limits the practical application of these materials, as external sources 

of energy are required. It is therefore important to develop photocatalysts that are 

capable of functioning under visible light irradiation and ultimately utilise direct 

sunlight for the degradation and mineralisation of organic contaminants in 

wastewater. 
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In recent years, bismuth oxyhalide photocatalysts BiOX (X=Cl, Br, and I) have 

been widely investigated due to their excellent electrical, catalytic and optical 

characteristics (Jin et al., 2015). Bismuth-based materials are characterized by a 

narrow bandgap that aids photocatalytic activity in visible light due to their 

hybridized O 2p and Bi 6s2 valence bands (Wang et al., 2014). They have been 

used in the photodegradation and decoloration of dyes, water splitting and the 

removal of contaminants in wastewater systems (Shabani et al., 2019). Literature 

shows that various BixOyClz forms have been synthesized and studied. Examples 

include Bi24O31Cl10 (Jin et al., 2015), Bi12O17Cl2 (Xiao et al., 2013), Bi3O4Cl (Xu 

et al., 2020a) and Bi12O15Cl6 (Wang et al., 2016). It is generally accepted that the 

superior photocatalytic activity of these compounds is a result of their lower 

bandgap and superior surface area (Jin et al., 2017, Yao et al., 2021). Bi24O31Cl10 

is said to have high electron mobility making it a good material for photoanode 

and photocatalysis applications (Wang et al., 2014).  

 

Noble-metal-based nanoparticles such as Au, Pt and Ag are characterized by 

strong absorption in the UV-Vis region as a result of the oscillations of surface 

electrons (Feng et al., 2016).  This phenomenon is referred to as surface plasmon 

resonance (SPR). Ag-based nanoparticles are selected as a result of their 

relatively cheaper cost which makes them a good candidate for the fabrication of 

nanocomposite photocatalysts (Ai et al., 2019). AgCl is reported to have a wide 

bandgap of 3.25-3.26 eV which is only excited by UV light irradiation (Gou et 

al., 2018, Raizada et al., 2020b). During irradiation, plasmonic Ag is formed on 

the surface of the AgCl, therefore improving the photocatalytic activity of the 

photocatalyst. 

 

Band engineering strategies has therefore been used to create heterojunctions 

through coupling of semi-conductor materials such as AgCl and Bi24O31Cl0. The 

intrinsic advantages of these strategies include wider light-harvesting efficiencies 
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and hindered rate of charge combination thereby improving degradation and the 

visible-light activity of the composite photocatalyst (Tahir et al., 2020). 

 

It is also important to study the effects of water matrix in photocatalytic activity.  

Surface water and wastewater also consist of natural organic matter (NOM) 

which can influence photocatalytic activity through; (1) the formation of singlet 

(1NOM*) and triplet states (3NOM*) during irradiation and (2) the action of NOM 

components acting as filtering agents of photochemical light due to their lack of 

being photoinductive (Yuan et al., 2019). Since important reactive oxygen species 

(ROS) are generated during photocatalytic degradation (Wang et al., 2015), they 

could be affected by components in a water matrix. This could stem from light 

attenuation, scavenging, formation of iron complexation, adsorption to a catalyst 

and less active radical formation and could be advantageous in the formation of 

ROS which acts as an additional catalyst source and aids the regeneration of 

photocatalyst (Lado Ribeiro et al., 2019). 

 

1.2. Aim and objectives  

 

The main aim of this study was to synthesize a visible-light-activated 

photocatalyst material that can be utilized in the degradation of organic pollutants 

in wastewater. The detailed specific objectives of the study were: 

 

1. The synthesis and characterization of the silver bismuth – based visible-

light-driven photocatalyst. 

2. The determination of the optimum deposition of silver chloride 

nanoparticles on the surface of the bismuth-based semi-conductor material. 

3. To investigate the effect of factors such as pH, initial pollutant 

concentration and photocatalyst dosage in the photocatalytic degradation 
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of tetracycline and 2,4-dichlorophenoxy acetic acid in visible light 

irradiation. 

4. Investigate the main reactive species responsible for the degradation 

process and propose a degradation mechanism to explain the process. 

5. To determine the effects of the real water matrix on the photocatalytic 

efficiency of the photocatalyst material on the degradation of phenol while 

taking factors such as pH, initial pollutant concentration and catalyst 

dosage into account.  

 

1.3. Framework for the thesis 

 

This thesis consists of seven chapters of which some of the work has already been 

published. The work presented in Chapters 3, 4 and 5 has been published in RSC 

Advances while Chapter 6 has been published in Environmental Science and 

Pollution Research.  

The chapters are described as follows: 

 

Chapter 1 Introduction  

 

Provides a brief background to the research study, its objectives, and thesis 

framework. The aim and objectives of the study were defined. 

 

Chapter 2 Literature review  

 

The chapter gives a comprehensive review of the past literature on the subject 

study of photocatalysis. Specifically, the development of heterojunction 

photocatalyst materials, bismuth-based photocatalyst and organic pollutants such 

as tetracycline, 2,4-dichlorophenoxy acetic acid and phenol. It also briefly 

discusses conventional water treatment methods.  
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Chapter 3 Materials and methods 

 

The materials and techniques utilized in the synthesis and characterization of the 

materials are the main topics of this chapter. The procedures employed in the 

synthesis, degradation, and analytical research are also covered in this chapter. 

 

Chapter 4 Material characterization 

 

The characterization of the photocatalyst material to ascertain its optical, 

photonic, and physicochemical properties is discussed in this chapter. 

 

Chapter 5 Photocatalytic degradation studies of tetracycline and 2,4-

dichlorophenoxy acetic acid 

 

This chapter investigates the degradation efficiency of the synthesized materials 

under visible light irradiation. The optimum photocatalyst is derived for the 

photodegradation of tetracycline and 2,4-dichlorophenoxy acetic acid. Various 

factors affecting the degradation efficiency such as the initial pollutant 

concentration, photocatalyst dose and pH were investigated. The extent of 

mineralization was also investigated as well as the stability of the photocatalyst. 

The reactive species for each pollutant degradation was studied and a degradation 

mechanism was proposed.  

 

Chapter 6 Influence of wastewater matrix on the visible light degradation of 

phenol 

 

The efficacy of the synthesized material in the presence of actual water matrix 

was done and compared with the degradation in DI water. The individual effects 
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of anions and cations were investigated in this chapter for the visible light 

degradation of phenol.  

 

Chapter 7 Conclusions and Recommendations  

 

This chapter discusses the overall findings from the study, the difficulties 

encountered, and suggestions for potential future research. 

 

1.4. Significance of the research 

 

Water is an important resource required for human development. The human 

population which is expected to reach 9.2 billion in 2050 is the major driver of 

the increasing demand for water (Haddout et al., 2020). This means that 

wastewater streams need to be remediated and rendered usable for various 

applications ranging from potable water supply to industrial use. Previously, 

conventional wastewater treatment techniques have been utilized for the removal 

of organic pollutants from wastewater. However, due to the persistent nature of 

organic pollutants being released into the environment, other more efficient 

technologies need to be developed. Photocatalysis which is a type of advanced 

oxidation processes (AOP) has gained attention in the area of treating organic 

wastewater (Ma et al., 2021a). Two major factors in the successful application of 

photocatalysis are the photocatalyst material and the source of irradiation. In this 

study, experimental results showed the synthesis of a suitable material that can 

be irradiated under visible light for the removal of organic pollutants such as 

tetracycline, 2,4-dichlorophenoxy acetic acid and phenol from wastewater. The 

synthesized material showed good mineralization potential as well as prospects 

for future industrial application. 
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CHAPTER 2 – LITERATURE REVIEW 

 

2.1. Water pollution 

 

Water is regarded as the most crucial natural resource needed for human survival 

out of all natural resources, yet fresh water is only present in 2.5% of the world’s 

water supply (Tang et al., 2022b). In the 21st century, the problem of water 

pollution is a major global challenge that needs to be addressed. The Sustainable 

Development Goals (SDGs) developed by the United Nations have listed 17 goals 

to be achieved by 2030 of which SDG 6 aims to “ensure availability and 

sustainable management of water and sanitation for all” (Kanchanamala Delanka-

Pedige et al., 2021). Over the years, water pollution has gotten worse in various 

regions of the world including China, India, South America and parts of Africa 

(Evans et al., 2019). It has been estimated that about 1.8 billion people across the 

world may face water scarcity by 2025 (Hasan et al., 2019). 

 

Water pollution is a result of natural and anthropogenic activities such as 

discharges from mining waste, metal processing wastes, pesticides, fungicides, 

sewage, organic and inorganic waste into wastewater bodies as illustrated in 

Figure 2.1. These types of pollution alter the chemical and physical properties of 

water (Agrawal et al., 2010).  Over the years, it has been reported that agriculture 

is a leading source of pollution globally as it results in the discharge of large 

amounts of agrochemical nutrients, drug residues, organic matter, sediments and 

pathogens (Evans et al., 2019). An example is antibiotics which are commonly 

used in the swine industry for the treatment and prevention of bacterial infections 

through the killing or inhibition of the causative bacteria (Cheng et al., 2020). 

Other sources of the occurrence of antibiotics in surface water are wastewater 

treatment plants and the release of untreated sewage (Anh et al., 2021). 
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Figure 2.1: Sources of water pollution (Zamora-Ledezma et al., 2021)  

 

Water pollution has various effects on the environment, human beings and the 

entire ecosystem. Persistent contaminants in water, such as chemicals and 

pharmaceuticals, pose a high risk to the environment even at low concentrations. 

(Raizada et al., 2020a). They act as endocrine disruptors in both aquatic and 

human organisms (Quesada et al., 2019). In aquatic systems, they lead to the 

eutrophication of water bodies and the death of aquatic plants and animals 

(Srivastava et al., 2021). Water pollution has also been connected to various 

water-borne diseases such as hepatitis, dysentery, cholera, typhoid and diarrhea 

(Wang and Yang, 2016). 
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2.2. Conventional wastewater treatment methods 

 

Conventional wastewater treatments are a combination of chemical, physical and 

biological processes utilized for the removal of organic matter, solids and 

pollutants from wastewater effluent (Crini and Lichtfouse, 2018). These 

treatment technologies typically include: chemical precipitation, 

coagulation/flocculation, biodegradation, adsorption and filtration using 

activated carbon. These methods have various drawbacks such as expensive 

disposal procedures, limited operating conditions, poor efficiency and 

insufficient removal of contaminants (Chai et al., 2021). Chemical precipitation 

involves the use of chemical agents such as pH adjustment for the conversion of 

pollutants into less soluble compounds such as hydroxides, carbonates and 

sulphides that can be removed through physical processes like filtration and 

sedimentation (Chen et al., 2018). Coagulation/flocculation entails the addition 

of coagulants, which can neutralize the charges of particles, destabilizing them. 

The particles develop gradually and aggregate into larger flocs (Zhao et al., 2021). 

It is advantageous in its simple process of application and low capital cost but has 

drawbacks such as the generation of a large amount of sludge (Kurniawan et al., 

2020). 

 

Biodegradation is the use of suitable microorganisms such as fungi and bacteria 

for the degradation of micro pollutants in polluted water (Kanaujiya et al., 2019). 

This is carried out in aerobic and anaerobic conditions through activated sludge, 

aerobic lagoons, trickling filters, anaerobic filters and other treatment methods 

(Joshiba et al., 2019).  Environmental factors such as pH and temperature have 

been reported to limit the enzymatic degradation of antibiotics such as 

tetracycline (Chen et al., 2022). In conventional water treatment plants, 

continuous inflow of TC affects the microbial community in the biological system 

thereby affecting the removal of phosphates and nitrates. This could happen 
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through the eventual development of antibiotic resistant bacteria in the treatment 

system (Liao et al., 2021). 

 

Adsorption is a process that involves the use of a solid phase known as the 

adsorbent for the removal of dissolved contaminants in polluted water through 

the transfer of the contaminant to the surface of the adsorbent (Dotto and McKay, 

2020). Yazidi et al. (2020) studied the adsorption of tetracycline and amoxicillin 

on activated carbon prepared from durian shell and the results showed a higher 

adsorption of amoxicillin in comparison to tetracycline. While it has various 

advantages, even commonly used adsorbents like powdered activated carbon are 

not only difficult to remove from the solution but also expensive (Chai et al., 

2021). 

 

Filtration involves the removal of particulate matter, pathogens and suspended 

solids in water to increase disinfection efficiency (Cescon and Jiang, 2020). 

Techniques such as slow sand filtration are advantageous in their cost-

effectiveness and low energy consumption during operation (Verma et al., 2017). 

Other techniques such as ultrafiltration are easily maintained and have no 

chemical pollution but membrane fouling due to the accumulation of inorganic 

components and organic matter results in reduced efficiency (Guo et al., 2018). 

Filtration is used in conjunction with other technologies, such as adsorption, to 

remove organic contaminants like antibiotics from wastewater (Sharma et al., 

2017). In other combinations, bioremediation is combined with filtration in a 

membrane bioreactor for the removal of pharmaceutical compounds from 

wastewater (Akhil et al., 2021).  

 

In general, existing wastewater treatment plants are not designed to remove 

contaminants such as pharmaceuticals and herbicides as the main focus of such 
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plants was to remove readily biodegradable organic matter  (de Oliveira et al., 

2020). 

2.3. Advanced oxidation processes (AOPs) 

 

AOPs involve the generation of reactive oxygen species or free radicals for the 

degradation of pollutants into simpler or non-toxic compounds (Kanakaraju et al., 

2018). The method is highly advantageous over other methods of organic 

pollutant removal (Ma et al., 2021a). Its advantages include little to no secondary 

pollution, a high rate of mineralization efficiency and a rapid oxidation reaction 

rate. Types of AOP’s include ozonation, Fenton and photo-Fenton processes, 

photocatalysis and others (Akkari et al., 2018). AOPs can be characterized based 

on their different physical-chemical processes and mode of application, and are 

classified in Figure 2.2. 
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Figure 2.2: Advanced oxidation processes (Adapted from Gautam et al. (2019)) 

 

Ozone is a strong oxidizing agent used in water and wastewater treatment due to 

its effectiveness in disinfection, oxidation of pollutants, taste and odor 

improvement and reduction in turbidity (Mecha and Chollom, 2020). In catalytic 

ozonation, the catalysts promote the decomposition of ozone for the generation 

of reactive radicals which will be responsible for the degradation process (Wang 

and Chen, 2020). A limitation of ozonation is that the reactions of ozone with 

organic compounds result in the formation of carboxylic acids and aldehydes. 

This means that the complete mineralization of the organic pollutant is not 

achieved (Nawrocki and Kasprzyk-Hordern, 2010). In recent times, reagents such 

as ozone and hydrogen peroxide are combined with UV-vis irradiation due to its 

potential for treating organic substances in water (Heebner and Abbassi, 2022). 
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Fenton and Fenton-like processes involve the generation of hydroxyl radicals 

through the reaction that occurs between ferrous ions and hydrogen peroxide 

(Babu et al., 2019). It has advantages such as high degradation efficiency and 

ease of operation but is limited in application as a result of the high amount of 

iron-containing sludge that is formed (Wang and Zhuan, 2020). Persulfate 

oxidation has high stability, high activity and a range of applications (Chen et al., 

2021a). Sulfate radicals have been reported to have a high redox potential in 

comparison to other reactive species (Wang and Wang, 2020). While persulfate 

is a powerful oxidant that reacts very slowly with common pollutants and as such 

requires activation to form radicals required for pollutant degradation (Ike et al., 

2018). They are usually activated through various methods which include: 

catalysis, sonolysis, thermolysis and photolysis (Yang et al., 2021). Other 

physical AOP’s include plasma, ultrasound, microwave and electron beams 

(Miklos et al., 2018). Technologies such as non-thermal plasma have an 

advantage of having low energy consumption but the reactor configuration makes 

it limited for practical application while ultrasonic oxidation has a high removal 

efficiency but low energy transfer (Zhang et al., 2020d).  

 

2.3.1. Photocatalysis  

 

Heterogeneous semiconductor photocatalysis is a type of advanced oxidation 

processes (AOP’s) that is used in the degradation of recalcitrant organic 

pollutants in wastewater (Ji et al., 2013). The photocatalytic process was derived 

from natural photosynthesis where plants capture sunlight energy for growth 

through the oxidation of water and the reduction of CO2 (Fujishima et al., 2000). 

This phenomenon is similar to photocatalysis where a semi-conductor material 

suspended in an aqueous medium is illuminated and absorbs photons with 

energies higher than its bandgap thereby resulting in the production of 

photogenerated holes and electrons on the surface of the catalyst (Molinari et al., 
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2020). A semi-conductor material while accelerating the solar photo reaction 

should not take part or be consumed in the reaction (Lee and Park, 2013). This 

reduction-oxidation technology leads to the formation of reactive species that can 

degrade pollutants into water and carbon-dioxide (Byrne et al., 2018). The 

general photocatalytic mechanism is illustrated in Figure 2.3 and Equation 2.1 – 

Equation 2.4 (Banerjee et al., 2014) when TiO2 is used as a photocatalyst. When 

light with photonic energy matches or exceed that of a semi-conductor,  

 

1. Electrons are excited from the valence band to the conduction band 

creating a hole in the valence band (Equation 2.1) 

2. The valence band (VB) holes and excited conduction band (CB) electrons 

can recombine, releasing heat and no reaction taking place (Equation 2.2), 

3. They can also take part in a redox reaction with water, oxygen and organic 

compounds leading to the formation of reactive radicals and subsequent 

mineralization of the pollutant (Equation 2.3 and Equation 2.4).  

 

 

Figure 2.3: TiO2 photocatalytic mechanism under UV light irradiation (adapted 

from (Al-Mamun et al., 2019)) 

 

Semiconductor + hv → h+
VB + e-

CB     (2.1) 

e-
CB + h+

VB → energy       (2.2) 
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h+
VB + H2O → •OH + H+       (2.3) 

e-
CB + O2 → •O2

-        (2.4) 

 

Researchers continue to investigate other semi-conductor materials for 

photocatalysis. Commonly used photocatalysts such as TiO2 (first discovered in 

the late 1960s by Fujishima and Honda (1972) have various advantages such as 

its large surface area to volume ratio (Ochiai and Fujishima, 2012), high 

photocatalytic efficiency and anti-bacteria properties (Zhang et al., 2003), low 

cost and high stability, non-toxic and biologically inactive (Humayun et al., 

2018). It also has various drawbacks. It can only be activated under ultraviolet 

light irradiation as a result of its wide bandgap and weak separation of carrier 

causing higher recombination of electron-hole pairs (Humayun et al., 2018). This 

has resulted in its reduced practical application in the removal of organic 

pollutants (Liu et al., 2012). The sun is the most abundant source of energy with 

visible light constituting about 45% of the solar spectrum, near-infrared light is 

50% while ultraviolet light is only about 5% of the spectrum (Molinari et al., 

2020). This has led to the continuous study in the improvement of semi-conductor 

materials to shift their light absorption capabilities into the visible light region for 

the sole purpose of tapping the already abundant resource for water treatment. 

The photocatalytic process becomes cheaper and more environmentally friendly 

for industrial practical applications. Over the years, there have been different 

strategies for synthesizing photocatalyst materials for the enhancement of 

photocatalytic activity. These aim to improve the separation of electron-hole pair, 

inhibit recombination and shift the bandgap into the visible light absorption 

range. These strategies include band engineering through metal and non-metal 

doping, surface sensitization, co-catalyst coupling and the formation of 

heterojunctions (Tahir et al., 2020). In addition to these strategies, a good 

photocatalyst is characterized by a high degradation efficiency, low cost, suitable 

band gap, good recyclability and chemical stability (Tahir et al., 2020).  
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2.3.2. Catalyst band engineering  

2.3.2.1. Surface sensitization, metal and non-metal doping  

 

Approaches such as impurity doping, defect control and sensitization through 

organic dyes have been used to improve the visible light responsiveness of a semi-

conductor material. Doping impurities on the surface of the semi-conductor 

enhance the photo activity through the introduction of localized electronic states 

causing a shift in the optical absorbance of the semi-conductor materials (Wen et 

al., 2015). Previous studies have doped metal nanoparticles (NPs) on TiO2 

(Yousef et al., 2015). Au, Pd, Ag and Pt are examples of metals that have been 

loaded on the surface of TiO2 (Lei et al., 2014, Pol et al., 2016, Nguyen et al., 

2018, Mohammed, 2020). This loading improves the photocatalytic activity of 

the photocatalyst by either shifting the Fermi levels which indicate improved 

electron transfer or by utilizing the properties of metals such as Ag and Au to 

improve photocatalytic activity due to their localized surface plasmonic 

resonance (LSPR) (Park et al., 2013). This improves the visible light absorption 

of the photocatalyst and sometimes, the added noble metals acts as trapping sites 

for electrons, hence, improving photocatalytic efficiency. On the other hand, 

dopants such as carbon, nitrogen, sulphur and fluorine could act as recombination 

sites of the photogenerated holes and electrons and therefore reduce the efficiency 

of the photocatalyst (Saison et al., 2013). 

 

2.3.2.2. Co-catalyst coupling  

 

A strategy that has been employed in optimizing the photocatalytic activity of a 

semi-conductor is modifying it with a co-catalyst to improve the photocatalytic 

efficiency. de Moraes et al. (2021) designed a tin(IV) oxide and carbon xerogel 
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composite co-catalyst. The addition of the carbon structure to the tin oxide 

improved the photocatalytic activity due to the increased surface area and high 

absorption in visible light. Carbon black (CB) was also used as a co-catalyst to 

enhance the stability and improve the photocatalytic activity of ZnO 

nanoparticles (Chang and Hsu, 2020). The photocatalytic efficiency of the 

CB/ZnO was nearly double that of ZnO alone as a photocatalyst. Fang et al. 

(2019) verified that a binary photocatalyst consisting of CdS and alkalized Ti3C2 

nano-sheets acting as a co-catalyst resulted in higher degradation efficiency of 

rhodamine B (82%). 

 

2.3.2.3. Heterojunctions 

 

Creating a heterojunction photocatalyst takes advantage of the intrinsic properties 

of two or more materials. This enables the combination to have several 

advantages over a single-component photocatalyst. Chen et al. (2019) highlighted 

these four advantages namely; (1) Accelerating the separation of electron-hole 

pairs, (2) reduction of recombination as a result of increased conduction rate, (3) 

longer life span of electron carriers and (4) higher activity and stability. A 

heterojunction is therefore defined as band alignment resulting from the interface 

of different semi-conductor materials with unidentical band structures.  

 

Low et al. (2017) discussed the five various types of heterojunctions that can be 

synthesized for use in water treatment. These are conventional heterojunctions 

that are classified into three groups namely Type I (Stradling gap), type II 

(staggered gap) and type III (broken gap). Other types of heterojunctions are p-n 

heterojunction, surface heterojunction, Z-scheme heterojunction and 

semiconductor/graphene heterojunctions.  
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Figure 2.4 depicts the schematic illustration of (a) type-II heterojunction, (b) 

direct z-scheme and (c) all-solid-state- Z scheme. In type II heterojunction, there 

is a transfer of electrons from photocatalyst I (PC I) to the conduction band of 

photocatalyst II (PC II). This effectively separates the photogenerated charges in 

the semiconductor spatially. Direct Z-scheme utilizes an electric charge transfer 

between the electrons in the CB of PC II and the holes in the valence band of PC 

I (Li et al., 2021b) while the all-solid-state Z-scheme involves a charge mediator. 

These mediators ensure that reductive electrons and oxidative holes in the 

reactive sites remain to participate in the reactions by creating a pathway for the 

generated electrons in PC II to recombine with the holes in PC I (Zhang et al., 

2020c). Table 2.1 shows examples of various photocatalytic heterojunctions that 

have been previously studied.  

 

 

Figure 2.4: (a) Schematic illustration of type-II heterojunction, (b) Schematic 

illustration of Direct Z-scheme and (c) schematic illustration of all-solid-state-Z- 

Scheme (Xu et al., 2018) 
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Table 2.1: Recently synthesized photocatalysts for pollutant degradation 

Photocatalyst Synthesis method Pollutant degraded Conditions Reference 

Ni-ZnO/S-g-C3N4 Doping/heterojunction Methyl Blue (MB) Direct sunlight 

100 mg in 100 mL 

(Bahadur et al., 

2021) 

Ag/Ag(I)-TiO2 Metal doping Methyl Orange (MO) 350 W Xe lamp 

0.05 g in 10 mL 

(Liu et al., 2012) 

Ag-AgVO3/g-C3N4 Z-scheme heterojunction Ciprofloxacin 500 W halogen lamp 

0.1 g in 100 mL 

(Samsudin et al., 

2020) 

Ag3VO4/BiVO4 Z-scheme Bisphenol S 500W Xe lamp 

0.02g in 50 mL 

(Zhao et al., 2019b) 

Cu0-doped TiO2 Metal doping MR 

RB5 

RO16 

250 W 

0.025 g in 70 mL 

(Yousef et al., 2015) 

BiOI/p-g-C3N4 p-n MB 300 W 

10mg/L 

(Jiang et al., 2013) 

Bi2Fe4O9/Bi2WO6 Z-scheme RhB 

 

 

300 W 

0.03g in 0.1L 

(Li et al., 2018) 

Bi2O3/Bi2SiO5 p-n MB 500 W (Lu et al., 2018) 
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Phenol 

2,4-dichlorophenol 

100 mg in 50 ml 

LaVO4/TiO2 Coupling Benzene 500 W 

1.2 g in 20 cm3/min 

(Huang et al., 2009) 

ZnIn2S4/BiPO4 Type II heterojunction Tetracycline 300 W 

15 mg in 50 mL 

(Lu et al., 2019) 

Palladium-doped 

TiO2 

Doping Methylene blue 

Methyl orange 

100 W 

20 mg/L 

(Nguyen et al., 

2018) 

CoP/ZnSnO3 Co-catalyst Tetracycline 500 W 

25 mg in 50 mL 

(Chen et al., 2021b) 

LaCoO3/g-C3N4 Co-catalyst Methyl orange 300 W Xe lamp 

50 mg in 150 mL 

(Luo et al., 2018) 
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2.3.3. Silver and Bismuth-based photocatalyst 

 

To enhance the conversion of solar energy, plasmonic photocatalysts are used for 

their efficient light absorbance and containment of surface plasmons (Wang et 

al., 2017a). This strong light absorption is achieved through the excitation of 

localized surface plasmon resonances (LSPR) which can be activated by visible 

and ultraviolet irradiation to generate carriers that can improve reaction rates and 

pathways (Zhang et al., 2017). Commonly used plasmonic materials are noble 

metal nanoparticles such as silver (Ag), gold (Au), copper (Cu) and platinum (Pt) 

due to the production of highly mobile charge carriers and their possession of 

good optical absorption in the solar spectrum and excellent photoactivity in the 

visible light region (Zada et al., 2019). The introduction of these noble metals 

improves the photocatalytic activity of the composite photocatalysts by acting as 

an electron sink with the ability to inject the photogenerated electrons into the 

conduction band of the co-catalyst thereby ensuring efficient separation of the 

generated reactive species (Shiraishi et al., 2019). When activated by visible 

light, silver can generate electrons and holes that participate in the photocatalysis 

process, allowing it to play multiple roles as an electron trapper and visible light 

inducer (Zhang et al., 2022).  

 

Various studies have also presented several types of silver halide-based (AgX, X 

= Cl, Br, I) photocatalysts which are hybridized on a photoactive or photoinactive 

substrate (An et al., 2016). This ensures that Ag ions in the AgX matrix formulate 

into metallic Ag which has good SPR effects and the generated Ag nanoparticles 

can also be confined in the AgCl matrix thereby avoiding inactivation and reunion 

during the reaction process (Sun et al., 2020). In the synthesis of binary AgX/ZnO 

(X = Cl, Br, I) for the degradation of organic pollutants, Phongarthit et al. (2020) 

recorded a photocatalytic efficiency where AgCl/ZnO had a degradation 

efficiency higher than AgBr/ZnO and AgI/ZnO in the visible light degradation of 
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bisphenol A. Also, ZnO only could not degrade the pollutants under the same 

conditions. Ag/AgCl-based photocatalysts are also formed as a result of the 

photoreduction of AgCl during light irradiation (Adenuga et al., 2020). Ternary 

photocatalyst materials such as Bi2MoO6/Ag-AgCl (Li et al., 2020a), 

Ag/AgCl/TiO2 (Liang et al., 2018), Ag/AgCl/Ti3+-TiO2 (Yu et al., 2021), 

Ag/AgCl/GO (Liu et al., 2017) amongst others have been synthesized to harness 

the properties of Ag/AgCl-based photocatalysts. Li et al. (2020a) in their study 

prove that the formation of Ag nanoparticles acts as an electron-transfer mediator 

thereby promoting the photodegradation activity of the synthesized composite 

material. 

 

Bismuth materials have attracted attention in recent times for their suitable 

characteristics that make them a good candidate for application in photocatalysis. 

They have a unique layered framework, electronic band structures that can be 

adjusted and their potential for visible light responsiveness is advantageous for 

photocatalytic activity (Zhang et al., 2021). They are non-toxic, resistant to 

corrosion and chemically stable (Di et al., 2017). Different forms of bismuth-

based photocatalysts such as BiVO4, Bi2MoO6, Bi2WO6, BiFeO3, BiOX (X = Cl, 

Br, I), etc., (A et al., 2018) has been synthesized in recent years for environmental 

applications. Bismuth oxyhalides such as BiOX which is an important Bi-based 

material have gathered attention due to its tetragonal matlockite structure that 

offers sufficient space for the polarization of atoms and orbitals which excites the 

formation of internal electric fields (Yang et al., 2018).  

 

The modification of BiOCl into non-stoichiometric forms BixOyXz gives a 

structure that is similar to BiOX with an elevated conduction band potential (Jin 

et al., 2019). Bi24O31Cl10 is produced through the thermal decomposition of 

BiOCl at temperatures above 600°C (Shabani et al., 2018, Fu et al., 2020, Li et 

al., 2014, Jin et al., 2018). The compound is a non-stoichiometric oxide of BiOCl 
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with more O and fewer Cl atoms, it has high chemical and physical stability and 

a narrow bandgap (2.78 eV) (Kang et al., 2020a) in comparison to BiOCl (3.19 – 

3.6 eV) (Li et al., 2014) thereby improving its visible-light absorption potential. 

The abundant oxygen has a potential to promote degradation through the 

activation of molecular oxygen to form superoxide radicals (Jin et al., 2015). The 

efficiency of a photocatalyst is measured by its (i) absorption in light, (ii) 

separation of charge and (iii) photocatalytic reaction(Yao et al., 2021).  

 

Studies have shown that neat Bi24O31Cl10 has low photocatalytic activity under 

visible light irradiation as a result of its high electron-hole recombination rate 

(Song et al., 2018, Kang et al., 2020a). Kang et al. (2020b) synthesized a ternary 

heterojunction photocatalyst – MoS2/g-C3N4/Bi24O31Cl10 – in the visible light 

decomposition of tetracycline and report a 5.38 fold degradation of TC over the 

ternary composite in comparison to Bi24O31Cl10 only. Shabani et al. (2019) also 

synthesized BiOCl-Bi24O31Cl10/rGO for the solar degradation of ofloxacin. The 

results showed a degradation efficiency of 67.9% for Bi24O31Cl10 and 81.2% for 

the ternary photocatalyst after 60 min. Therefore, band engineering is used to 

prepare heterojunction photocatalysts to overcome the intrinsic disadvantage of a 

single-component photocatalyst (Fang et al., 2020). 

 

As seen in Figure 2.5, over the last six years, there has been growing interest in 

research into the combination of silver and bismuth-based materials for 

photocatalysts applications. Different variations of these composite catalysts 

have been reported in literature such as β-Bi2O3/Ag2O for tetracycline 

degradation (Wu et al., 2022), AgI/Ag/Bi3TaO7 for the degradation of 

sulfamethoxazole (Ren et al., 2018), Ag/AgCl/BiOCl for visible-light-driven 

tetracycline degradation (Wu et al., 2021), etc. It shows the potential for future 

practical application of such combinations. 
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Figure 2.5: Number of “Silver bismuth photocatalysts” mentioned on google 

scholar in the last six years 

 

2.3.4. Factors affecting the removal of organics from wastewater using 

photocatalysis 

 

Various factors affect the successful application of photocatalysis in wastewater 

treatment. This includes the pH of the aqueous solution, the initial concentration 

of pollutants as well as the photocatalyst dosage. Other factors include light 

intensity, particle size and shape, reactor configurations and the presence of 

interfering ions.  

 

2.3.4.1. pH 

 

An important factor to be considered in the application of photocatalysis in water 

treatment is the pH of the solution. The acidity or the basicity of the aqueous 

solution affects the reaction happening on the surface of the photocatalyst. This 
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in turn could promote which of the reactive species will dominate during the 

reaction process (Gopinath et al., 2020). Also, it has an impact on the adsorption 

of the contaminant on the surface of the photocatalyst as adsorption is expected 

to result in higher photocatalytic activity (Chen et al., 2020). For example, when 

Titania is subjected to an alkaline or acidic medium, the following reactions in 

Equation 2.5 and Equation 2.6 occur showing that it remains positively charged 

in an acidic solution and negatively charged in the basic medium (Kumar, 2017):  

 

TiOH + H+ → TiOH2
+      (2.5) 

TiOH + OH- → TiO- + H2O      (2.6) 

 

The potential of the photocatalyst to form aggregates is also a function of the pH 

of the solution as well as dictating the position of the conduction and valence 

bands (Ahmed et al., 2020).  

 

2.3.4.2. Initial pollutant concentration  

 

The initial concentration of the pollutant is another important factor that affects 

photocatalytic activity. There is a potential for “reactant overloading” on the 

photocatalyst surface (Khaki et al., 2017). This happens because of competition 

for active sites on the photocatalyst surface and the concentration of pollutants 

(Hasanpour and Hatami, 2020). Hassani et al. (2020) in their study investigated 

the effect of the initial concentration on the degradation of Direct Orange 26 

(DO26) dye and reported a reduced degradation efficiency as the concentration 

of DO26 increased. This is because oxidizing agents are more readily available 

at lower DO26 concentrations, resulting in higher degradation efficiency. In 

another study by Rawat and Singh (2022), the degradation efficiency was not 

affected as the concentration of crystal violet dye (CV) increased until a certain 

point before a slight decrease was measured. They noted that a limited amount of 
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catalyst with increasing initial concentration results in a limited generation of 

reactive species. Also, the active sites are covered due to the adsorption of the 

pollutants on the surface of the photocatalyst as a result of increased 

concentration. 

 

2.3.4.3. Effect of the photocatalyst dosage  

 

The photocatalyst loading influences the overall performance of the system 

during degradation studies. A lower concentration of photocatalyst loading 

ensures that the surface of the material is adequately exposed which enables the 

pollutants access to photo-generated species (Carbajo et al., 2018). While 

increasing the dosage increases the active sites available until a certain point, a 

continuous increase in dosage could result in the aggregation of particles thereby 

preventing light penetration, which in turn reduces the photodegradation rate 

(Kiwaan et al., 2020). A high dosage results in huge opacity and consequent light 

scattering resulting in less penetration of light (Palanisamy et al., 2020). Hence, 

optimization studies need to be carried out to determine the optimal dosage of 

photocatalyst for practical application.  

 

2.3.4.4. Other factors 

 

Light intensity is another factor that affects the degradation efficiency during the 

photocatalytic process. In their review, Reza et al. (2015) state that at low light 

intensities, a linear increase in rate is measured as the light intensity increases, 

whereas at intermediate light intensities, beyond a certain value, the rate is half 

order. At high light intensities, the reaction rate will only reach a certain level due 

to the limitation on the number of reactive sites. The size and shape of the 

photocatalyst particle are other factors that influence photocatalytic activity. A 

particle size decrease results in a higher surface area, which causes an increased 
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photocatalytic activity due to increased available active sites and an increase in 

the charge carrier rate. Although, if the particle gets too small, there would be a 

high rate of recombination because of increased activity (Weldegebrieal, 2020). 

The morphology of the photocatalyst is also an important factor as it determines 

the catalyst contact area, charge migration and light absorption (Gu et al., 2022).  

The morphologies that have been explored include flower-like (Zhu et al., 2021, 

Ma et al., 2021b), nanorods (Zhang et al., 2020b), nanosheets (Hu et al., 2020), 

nanoparticles (Reddy et al., 2019), nanoplates (Deng et al., 2019), nanotubes (Yan 

et al., 2020), hollow microspheres (Abazari et al., 2019), sponge-like (Feng et al., 

2020). This means that modifying the morphologies of materials not only 

improves their adsorption behaviour but could also promote the separation of 

photogenerated charge (Xiong and Tang, 2021). 

 

Another major component that affects photocatalytic efficiency is the 

photoreactor configuration. The reactor needs to be designed in such a way that 

the collection of the emitted light is maximized on the semi-conductor surface 

(Sacco et al., 2020). It is therefore important that for an ideal photocatalytic 

efficiency, the reactor should have a high mass transfer speed, reaction surface 

area and kinetic rate (Koe et al., 2019). Reactor types are mainly summarized into 

two types namely slurry photocatalytic reactors which consist of suspended 

photocatalyst particles and fixed bed type reactors involving the immobilization 

of photocatalyst on reactor walls or spherical glass beads (Ahmed and Haider, 

2018). Since salts are always present in an aqueous solution, it is also important 

to consider their effect on photocatalytic activity. Various ions can have 

promoting or hindering effects depending on the mechanism. In the study by 

Dugandžić et al. (2017) for the photodegradation of nicosulfuron, the result show 

an inhibiting effect by sulphate due to competitive adsorption during the reaction 

as well as reaction with holes and hydroxyl radicals while the reaction was faster 

in the presence of sodium ions.  
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2.4. Toxic organic compounds  

 

Non-biodegradable organic contaminants in wastewater such as herbicides and 

antibiotics stem from large-scale farms, pharmaceutical industries and hospitals 

(Tang et al., 2021a). Rapid growth and development in the economy due to the 

increasing population and the development of more industries has led to 

environmental pollution especially that of water (Misra et al., 2020). Discharge 

from industries, agricultural discharge and human activities greatly contribute to 

the presence of contaminants in wastewater bodies (Deblonde et al., 2011). These 

organic pollutants when present in water sources pose a serious threat to human 

and marine life due to their toxicity (Baig et al., 2019). These carcinogenic and 

endocrine-disrupting compounds find their way into the food thereby inducing 

serious health challenges to human life while having short and long-term effects 

on aquatic life and wildlife (Manoli et al., 2019). 

 

2.4.1. Pharmaceuticals (Tetracycline) 

 

Pharmaceutically active compounds (PhACs) continue to pose high risks to 

human health and aquatic life and are referred to as emerging contaminants in 

water environments with conventional water treatment processes being unable to 

remove them sufficiently (Cai et al., 2018, Naghdi et al., 2018). Tetracycline 

(Figure 2.6), one of the most commonly used antibiotics, is used to treat bacterial 

infections in humans and animals (Jin et al., 2020). These compounds enter the 

water environment and wastewater treatment plants through domestic water 

systems. Tetracycline is not easily absorbed in the animal metabolism and as 

such, a high percentage (75%) is excreted into the environment (Dai et al., 2019). 

It has a hydrophilic nature and low volatility that enables it to persist in an aquatic 

environment. It enables the development of microorganisms that are resistant to 

antibiotics thereby harming human health (Daghrir and Drogui, 2013). Its 
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accumulation in the environment leads to its collection in the food chain 

impacting human health through endocrine disruption, joint disease and nervous 

system defects (Xu et al., 2021). In bacteria reproduction, tetracycline can inhibit 

the synthesis of bacterial proteins by binding with aa-tRNA site A on the 30S 

submit thereby preventing the growth and reproduction of bacteria (Liao et al., 

2021). As shown in Table 2.2, various technologies such as adsorption, catalysis 

and oxidation processes, among others, have been used in the remediation of 

these compounds. 

 

 

Figure 2.6: Chemical structure of tetracycline 
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Table 2.2: Techniques used in the removal of tetracycline from wastewater 

Method Technique Reference 

Oxidation process Chlortetracycline degradation through persulfate oxidation, Fe2+ 

and ZVI as catalysts. 

(Pulicharla et al., 

2018) 

Adsorption Adsorption of tetracycline on carbon nanotubes and Fe. (Xiong et al., 2018) 

Catalysis Tetracycline hydrochloride degradation using Fe0-activated 

persulfate supported with mesoporous carbon. 

(Jiang et al., 2018) 

Photocatalysis UV photocatalytic degradation of TC using TiO2(P25) 

simultaneously combined with hydrodynamic cavitation. 

(Wang et al., 2017b) 

Photocatalysis Photocatalysis using Fe-based metal organic frameworks 

combined with heterogenous AOP in the visible light 

degradation of TC hydrochloride. 

(Zhang et al., 2019) 

Photocatalysis Visible light degradation of TC using BiVO4/TiO2/RGO (Wang et al., 2019d) 

Electrochemical oxidation TC degradation through electrochemical oxidation with a 

Ti/Ti4O7 anode 

(Wang et al., 2018c) 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



31 

 

Photocatalysis Visible light photocatalytic degradation of TC using synthesized 

AgBr/Bi2WO6. 

(Huang et al., 2019) 

Electro-oxidation TC degradation by electro-peroxydisulfate using Fe3O4. (Tang et al., 2021a) 

Adsorption TC removal through Fe/graphene (Alatalo et al., 2019) 

Adsorption TC removal using biochar derived from sawdust. (Zhou et al., 2017) 

Photocatalysis Visible light degradation of TC using Iron-based metal-organic 

framework. 

(Wang et al., 2018b) 

Photocatalysis Visible light degradation of TC using low-cost red mud wastes. (Shi et al., 2020b) 

Photo-electro-Fenton TC degradation in an electrolysis cell using a Fe3O4-graphite 

cathode. 

(Liu et al., 2013) 

Photocatalysis Visible light degradation of tetracycline using TiO2 (Wu et al., 2020) 
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2.4.2. Herbicide (2,4-dichlorophenoxy acetic acid (2,4-D)) 

 

2,4-D is posed as the 3rd most-used herbicide worldwide even though its use is 

prohibited in many countries (Samir et al., 2015). 2,4-D is a chlorinated 

hydrocarbon (Figure 2.7) commonly used in farmland for the control of leaf 

weeds and grasses. It is widely known to be carcinogenic and mutagenic, with 

low biodegradability in the environment (Leon-Fernandez et al., 2019, Alikhani 

et al., 2021). 2,4-D is included in the WHO Recommended Classification of 

Pesticides by Hazard (WHO Class II) and rated in category 4 as having an LD50 

of 300 – 2000 mg/kg in the Globally Harmonized System of Classification and 

Labelling of Chemicals (GHS). 2,4-D is a moderately persistent chemical that is 

highly soluble in water and it has been reported that 91.7% eventually end up in 

water (Islam et al., 2018). Previous reports have shown that 2,4-D caused 

poisonings in humans with incidents such as vomiting, diarrhea, abdominal pain 

and other peripheral neuromuscular effects (Li et al., 2017a). Marouani et al. 

(2017) investigated the effect of 2,4-D on the reproductive parameters of male 

rats. They found a decrease in weight, a reduction in testosterone as well as 

increased abnormal spermatozoa pointing to its effect on reproductive health. 

 

 

Figure 2.7: Chemical structure of 2,4-dichlorophenoxy acetic acid 

 

The limit of 2,4-D allowed in potable water as set by the World Health 

Organisation (WHO) and the United States Environmental Protection Agency 

(USEPA) as 0.1 ppm or less (Trivedi and Mandavgane, 2018). Countries such as 
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the USA, China, Japan and the European Union have set maximum residue limits 

for 2,4-D in some food crops and drinking water as seen in Table 2.3. It is 

advantageous to de-chlorinate chlorinated hydrocarbons as this renders the 

resulting compound to be less toxic and easily biodegradable (Leon-Fernandez et 

al., 2019). 

 

Table 2.3: Maximum residue limits for 2,4 dichlorophenoxy acetic acid (Mei et 

al., 2015) 

Product USA EU China Japan 

Rice (mg/kg) 0.5 0.1 - - 

Soybean (mg/kg) 0.02 0.05 0.01 0.05 

Wheat (mg/kg) 2 2 2 0.5 

Drinking water (μg/L) 100 0.1 30 30 

 

Over the years, researchers have investigated methods for the remediation of 2,4-

D from wastewater. Some of these techniques are shown in Table 2.4. The 

techniques include adsorption, ozonation, biological, bioelectrochemical and 

photocatalytic methods. 
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Table 2.4: Techniques used in the removal of 2,4-dichlorophenoxy acetic acid from wastewater 

Method Technique Reference 

Photocatalysis Degradation of 2,4-D and 2,4-DP using pt-TiO2 under UV 

light 

(Abdennouri et al., 2015) 

Adsorption 2,4-D adsorption using biochars and compared to commercial 

activated carbon 

(Kearns et al., 2014) 

Photocatalysis 2,4-D degradation  using p25/β-CD (Safa et al., 2019) 

Bioelectrochemical Dehalogenation of 2,4-D using a microbial fuel cell and a 

microbial electrolysis cell 

(Leon-Fernandez et al., 2019) 

Photocatalytic-

biological 

Photocatalytic UV/TiO2 experiments followed by biological 

degradation of 2,4-D 

(Samir et al., 2015) 

Adsorption 2,4-D removal using carbon and silicon-based adsorbents. (Arefieva et al., 2015) 

Adsorption Adsorption of 2,4-D onto granular activated carbon (Ova and Ovez, 2013) 

Photolysis and photo-

Fenton 

Removal of 2,4-D by H2O2-induced solar photolysis and 

photo-Fenton with Fe(III). 

(Serra-Clusellas et al., 2018) 

Photocatalysis 2,4-D degradation using Ag nanoparticles synthesized 

through the use of a plant (Cymbopogon nardus). 

(Kamarudin et al., 2019) 
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Adsorption Adsorption of 2,4-D onto Fly Ash (Kusmierek and Swiatkowski, 

2016) 

Photocatalysis 2,4-D photocatalytic degradation using TiO2 modified with 

Talc Nanocomposite. 

(Ai et al., 2019) 

Catalysis/Ozonation Catalytic degradation of 2,4-D using CuO-Co3O4@CeO2 by 

peroxymonosulfate 

(Li et al., 2020b) 

Catalysis/Ozonation Degradation of 2,4-D using copper/ferrite nanoparticles and 

ozonation. 

(Jaafarzadeh et al., 2017) 

Photoelectrochemistry Photoelectrochemical degradation of 2,4-D using TiO2-doped 

nanotubes and formic acid. 

(Xu et al., 2020b) 

Biodegradation Degradation of 2,4-D using Cupriavidus gilardii (Wu et al., 2017) 
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2.4.3. Phenol 

 

Phenol is an organic compound characterized by an attached hydroxyl group 

(Figure 2.8) which is produced through natural or anthropogenic activities 

(Mohamad Said et al., 2021). Phenols are found in industrial wastewaters from 

industries such as oil refining, petrochemicals, pharmaceuticals, coking, etc. and 

are classified as a major pollutant found in water (Al Bsoul et al., 2021, Liu et al., 

2018b). Even at low concentrations, the discharge of phenol into the environment 

can cause significant damage to the flora and fauna (Vidal and Moraes, 2018). 

The U.S. Environmental Protection Agency (USEPA) has set the content of 

phenol in wastewater effluent to be in the range of 0.5 and 1 ppm while the 

potable water limit is 0.5 ppb (Bin-Dahman and Saleh, 2020). Phenol can affect 

the nervous and cardiovascular systems through the easy penetration of the skin 

and its mucus barriers. It also causes severe skin lesions and possible death 

making it toxic to human health (Dehmani and Abouarnadasse, 2020). Long-term 

exposure has also been seen to result in muscle weakness, tremors and irregular 

breathing while more chronic effects include diarrhea, weight loss, and anorexia 

amongst others (Villegas et al., 2016). 

 

 

Figure 2.8: Chemical structure of phenol 
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Various technologies have been used for the removal of phenol from wastewater. 

These include adsorption, distillation, removal by membrane process, chemical 

oxidation, biological process and advanced oxidation processes (Villegas et al., 

2016). Bin-Dahman and Saleh (2020) studied the adsorption process of phenol 

using carbon nanotubes (CNT) grafted with polyethylene glycol (PEG). The 

process was carried out by varying parameters such as adsorbent dosage, pH and 

contact time. The removal was optimal at pH 4-9 with maximum removal at 20 

mg adsorbent dosage and 30 min contact time. Liu et al. (2018b) synthesized a 

microwave-induced H2O2-CuOx/GAC catalyst for Fenton-like catalytic oxidation 

of phenol and measured 88.6% phenol removal showing the advantages of 

combining technologies for higher efficiency. In the study by Vaiano et al. 

(2018), a Ag/ZnO photocatalyst was synthesized for the degradation of phenol 

under UV light irradiation with an almost total removal of phenol measured in 

180 min. The biodegradation of phenol has also been investigated in the work by 

Liu et al. (2020) where Acinetobacter radioresistens was used. The optimal 

degradation efficiency was measured at 30ºC, pH 6 and 500 mg/L phenol. 

 

2.5. Other uses of photocatalyst 

2.5.1. Hydrogen generation from water through water splitting  

 

Hydrogen generation is of utmost importance in the near future as it can be used 

in fuel cells for the generation of clean energy (Kudo and Miseki, 2009). Various 

methods explored in the generation of hydrogen include biological hydrogen 

production, coal hydrogen production, hydrocarbon hydrogen production and 

water splitting (Li et al., 2021a) from compounds containing hydrogen such as 

water, biomass and fossil fuels (Chen et al., 2010) but some of these techniques 

usually require extreme conditions of temperature and pressure. Water splitting 

is the cheapest and simplest system, however, it is also faced with low practicality 
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for large-scale applications as it has a low conversion rate (Huck et al., 2020). 

Efforts continue to rise in the development of strategies for the reduction of global 

warming such as the development of photocatalytic nanocomposite materials for 

the evolution of H2 under solar irradiation. The technique adopted for hydrogen 

evolution is similar to those utilized in the degradation of organic contaminants 

in wastewater. After the generation of electron and holes during the irradiation of 

photocatalyst, the reactive pair takes part in reduction and oxidation reactions 

with available chemical species resulting in the generation of hydrogen and 

oxygen as seen in Equation 2.7 to Equation 2.9 (Gopinath and Nalajala, 2021, 

Yuan et al., 2016) and illustrated in Figure 2.9: 

 

H2O→ ½ O2 + H2        (2.7) 

2H+ + 2e- → H2         (2.8) 

2H2O + 4h+  → 4H+ + O2        (2.9) 

 

 

Figure 2.9: Schematic illustration of photocatalytic water splitting (Zhang et al., 

2018) 

 

2.5.2. CO2 conversion into renewable fuels 

 

CO2 is one of the greenhouse gases contributing to about 60% of global warming 

(Khan and Tahir, 2019). The excessive use of fossil fuels and industrialization 
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has resulted in research into potential CO2 capture, storage and future usage. 

Simulating artificial photocatalysis for CO2 reduction is advantageous as not only 

does it reduce the effects of CO2, chemicals for future energy supply such as 

ethanol, methane and methanol are produced (Yuan and Xu, 2015). The 

photocatalysts play the role of green plants in converting CO2 into fuel using UV 

or visible light as illustrated in Figure 2.10 following reaction pathways in 

Equation 2.10 to Equation 2.15 (Yuan and Xu, 2015, Liu et al., 2015).  

 

 

Figure 2.10: Diagram depicting the photocatalytic reduction of CO2 (Fu et al., 

2019) 

 

CO2→ CO → C∙ → CH2  → CH4      (2.10) 

CO2 + 2H+ + 2e- → CO + H2O      (2.11) 

CO2 + 8H+ + 8e- → CH4 + 2H2O     (2.12) 

CO2 + 2H+ + 2e- → HCO2H      (2.13) 

CO2 + 6H+ + 6e- → CH3OH + H2O     (2.14) 

CO2 + 2H+ + 4e- → HCHO + H2O     (2.15) 
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CHAPTER 3 – MATERIALS AND METHODS 

 

3.1. Materials and reagents 

 

Materials used in the synthesis process were of analytical grade and used without 

special treatment. Bismuth (III) nitrate pentahydrate (Bi(NO3)3.5H2O), 

cetyltrimethylammonium chloride (CTAC), tetracycline, 2,4 dichlorophenoxy 

acetic acid (2,4-D), HPLC grade methanol, 2-propanol, p-benzoquinone and 

oxalic acid dehydrate were purchased from Sigma Aldrich. Glacial acetic acid, 

silver nitrate (AgNO3), Phenol, H2SO4, NaOH, NaNO3 and trimethylamine were 

purchased from Glassworld, South Africa. NaNO2, Na2SO4, ZnSO4.7H2O, 

MgSO4.7H2O and NaCl were purchased from Merck SA. HPLC-grade 

acetonitrile was purchased from VWR chemicals. K2SO4 and CaSO4.0.5H2O 

were purchased from SAARCHEM. Deionized water used in this study was from 

an Elga Purelab Chorus unit except stated otherwise. To investigate the influence 

of water matrix, the water samples were collected from the Daspoort wastewater 

treatment plant in Gauteng, South Africa. 

 

3.2. Photocatalyst synthesis 

 

3.2.1.  Preparation of Bi24O31Cl10  

 

Bi(NO3)3.5H2O (4.85 g) was dissolved in 30 mL water and 15 mL acetic acid. 1 

mol (3.2 g) of CTAC was dissolved in 30 mL water. The CTAC solution was 

added to the bismuth nitrate solution and the mixture was continuously stirred for 

one hour. The solution was then put in the autoclave for 12 h at 120ºC. The 

precursor material (BiOCl) was then collected and washed three times with 

ethanol and three times with water. This was then dried at 80ºC for 4 h. The dried 
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white particles were calcined in a furnace at 660ºC for 6 h until a light yellow 

powder was noticed (Wang et al., 2014). 

 

3.2.2.   Preparation of AgCl/Bi24O31Cl10 

 

The synthesized Bi24O31Cl10 (0.2 g) was added to 50 mL of water while being 

continuously stirred. A 10 mL solution containing 50 mg CTAC was added to the 

suspension and stirred for 1 h. AgNO3 (27 mg) dissolved in 10 mL water was 

slowly added into the Bi24O31Cl10/CTAC suspension and stirred continuously for 

2 h. The collected precipitate was washed with ethanol and water before being 

dried at 60°C for 8 h. This resulted in 10% AgCl on a mass basis being deposited 

on the BOC to form a composite photocatalyst. The process was then repeated 

using different stoichiometric amounts to prepare 20%AgCl/BOC and 

50%AgCl/BOC as illustrated in Scheme 3.1 and Equation 3.1 – Equation 3. 4 (Li 

et al., 2017b). 

 

Bi(NO3)3 + C16H33(CH3)3N-Cl + H2O →BiOCl + C16H33(CH3)3N
+ + 2H+ + 3NO3

           (3.1) 

BiOCl 
𝐻𝑣 660 °𝐶
→       Bi24O31Cl10       (3.2) 

Bi24O31Cl10 + AgNO3 → Ag+ - Bi24O31Cl10+ NO3-    (3.3) 

Ag+-Bi24O31Cl10 + C16H33(CH3)3N-Cl  → AgCl/Bi24O31Cl10 + C16H33(CH3)3N
+

           (3.4) 
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Scheme 3.1: Depiction of Xwt%AgCl/Bi24O31Cl10 synthesis 

 

3.3. Characterization techniques 

 

3.3.1. Scanning Electron Microscopy (SEM)/Energy Dispersive 

Spectroscopy (EDS) 

 

The morphology of the synthesized particles was captured on a Zeiss Crossbeam 

540 FEG SEM instrument using the Oxford instruments detector and Aztec 3.0 

software SP1. A strip with the samples was attached to an aluminum plate before 

being coated with carbon. The carbon coater used is a SEM auto-coating unit 

E2500 (Polaron Equipment Ltd). EDS was also carried out to investigate the 

elemental analysis and mapping. 
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3.3.2. X-ray Diffraction (XRD) 

 

XRD analysis was performed using a PANalytical X’Pert Pro powder 

diffractometer in θ–θ configuration with an X’Celerator detector, variable 

divergence- and fixed receiving slits with Fe filtered Co-Kα radiation (λ=1.789 

A). The mineralogy was determined by selecting the best–fitting pattern from the 

ICSD database to the measured diffraction pattern, using X’Pert Highscore plus 

software. 

 

3.3.3. Ultraviolet-visible spectroscopy (UV-VIS) 

 

The optical absorption spectra were recorded using a VWR UV-1600PC 

Spectrophotometer at an interval of 1 nm from 600 nm to 200 nm. The 

photocatalyst particles were dispersed in ultrapure water before being transferred 

into a clean and dry cuvette. Ultrapure water served as blank to ensure that light 

loss due to absorption and scattering by the solvent is accounted for.  

 

3.3.4. Brunauer-Emmett-Teller (BET) 

 

The nitrogen sorption isotherm and BET surface area were measured on a 

Micromeritics TriStar II with a liquid nitrogen temperature of 77.350 K. This was 

done to determine the specific surface area and pore size of the synthesized 

particles. The samples were dried for 24 h prior to the analysis under pure 

nitrogen flow to remove all water molecules. 
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3.3.5. Thermogravimetric analysis (TGA) 

 

This analysis was done using an SDT Q600 instrument with heating in Nitrogen 

gas from ambient temperature to 800 ºC. This was done to investigate the thermal 

degradation of the synthesized photocatalysts. 5 mg of dried samples were 

weighed on the hang-down pan. 

 

3.3.6. Photoluminescence (PL) 

 

The PL spectra of the photocatalyst were measured on a Shimadzu RF-6000 

Spectro fluorophotometer. Equal amounts of the samples were dispersed in DI 

water and transferred to a cuvette for analysis in the fluorophotometer. The 

excitation and emission were carried out at wavelength of 241 nm and 246 nm 

 

3.3.7. Transmission Electron Microscopy (TEM) 

 

The morphologies and structure were further investigated by transmission 

electron microscopy (TEM) (JEOL JEM 2100F). Samples were placed on a TEM 

mesh grid and coated with a light layer of carbon for stabilization. 

 

3.4. Degradation studies 

 

Stock solutions (100 mg/L) were prepared by dissolving 0.1 g of 2,4-D and TC 

in 5 mL of acetonitrile and methanol respectively before being topped with water 

to the 1 L mark. Phenol stock solutions were prepared directly in DI water. 

Consequently, dilutions were prepared from these stock solutions to make the 

required concentrations. Typically, 0.1 g of the synthesized photocatalyst was 

added to a 200 mL pollutant solution (20 mg/L) and stirred for 30 min in the dark 
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to achieve the adsorption-desorption equilibrium. The concentration of phenol 

was varied from 5 mg/L to 30 mg/L while the catalyst dosage was varied from 

0.25 g/L to 1 g/L. Thereafter, the suspension was irradiated under six 30 W Fluoro 

lamps to simulate solar light as illustrated in Figure 3.1. The photocatalytic 

experiments were carried out in a 400 mL beaker containing a 200 mL solution 

and a magnetic stirrer to ensure a homogenous solution of pollutant and catalyst. 

An aliquot of 3 mL samples was collected at 60 min intervals. These aliquots 

were centrifuged and filtered using a 0.45 μm syringe filter to remove particles 

before analysis. The unadjusted pH of 2,4-D and TC are 4 and 5.3. The pH of the 

contaminant was adjusted using 0.1 M H2SO4 and NaOH. The batch experiments 

were carried out in triplicates and the average data is reported.  

 

 

Figure 3.1: Low-wattage experimental set-up 

 

3.5. Analytical techniques 

3.5.1. HPLC analysis 

 

The concentration of 2,4-D was quantified on a Waters HPLC with a Waters 2489 

UV/VIS detector using a Waters PAH C18 (4.6 x 250 mm, 5 μm) column. The 

mobile phases consist of two solvents 40% 0.1% acetic acid in water and 60% 
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methanol. The injection volume was 10 μL at a flow rate of 1 mL/min, the 

detector wavelength was set at 284 nm and the column temperature at 35°C. 

Tetracycline was detected using two solvents 47% methanol and 53% 0.01 mol/L 

oxalic acid. The detector wavelength was set to 355 nm at 10 μL and a flow rate 

of 1 mL/min with column temperature at 40°C. Phenol was detected using 30% 

DI water (containing 1% acetic acid) and 70% acetic acid in acetonitrile with 280 

nm absorption wavelength, 1.2 mL/min flow rate and injection volume of 10 μL. 

 

3.5.2. Ion Chromatograph 

 

Inorganic ions in the real water samples were quantified using a 940 Professional 

IC varion ion chromatography (Metrohm, Herisau, Switzerland) with a separation 

column Metrosep C6-250/4.0 (Metrohm, Switzerland) and C 6 eluent 8 mM 

oxalic acid (Metrohm, Herisau, Switzerland). 

 

3.5.3. Total organic carbon analysis (TOC) 

 

The mineralization of the organic contaminants was measured using a Shimadzu 

Total organic carbon TOC-V WP analyzer. The samples were filtered with a 0.45 

μm syringe filter to remove particles before being transferred into 40 mL vials. 

The analysis samples were diluted with one-part sample and three-part DI water. 

The mobile phase used was a persulfate oxidizer solution and a phosphoric acid 

solution. 
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CHAPTER 4 – MATERIAL CHARACTERIZATION 

 

The synthesized materials were characterized using various techniques. This was 

done to validate the material and investigate them for their material physical 

characteristics, optical and photonic properties. This chapter describes various 

characterization techniques such as x-ray diffraction (XRD), scanning electron 

spectroscopy (SEM), transmission electron microscopy (TEM), ultraviolet-

visible spectroscopy (UV-VIS), photoluminescence (PL), Brunauer-Emmert-

Teller (BET), and thermogravimetric analysis (TGA). 

 

4.1. X-ray diffraction (XRD) 

 

The crystalline structure and purity of the synthesized materials were investigated 

using XRD and the spectra are illustrated in Figure 4.1. The particles had a high 

crystallinity with monoclinic Bi24O31Cl10 (JCPD No. 75-0877) (Kang et al., 

2020a) as indexed in diffraction peaks present at 12.6°, 29°, 34.5°, 36.6°, 35.2°, 

and 37.5°. It is evident that the characteristic peaks of BOC remain present in the 

composite photocatalyst, depicting that the assembly of AgCl on the surface of 

BOC does not change its characteristics. The intensities of the diffraction peaks 

of BOC reduced as the AgCl content in the composite photocatalyst increased. 

The presence of AgCl was evidenced by the appearance of new peaks at 30.8° 

and 37.7° in the composite spectra. A comparison of the spectra for the BiOCl 

precursor and the calcined BOC revealed a clear phase transformation from the 

near amorphous BiOCl to a highly crystalline BOC product. The average 

crystallite size of the photocatalysts could be estimated from the Scherrer 

formula: D = Kλ/βcosθ where D is the crystallite size in nm, K is a constant of 

0.9, λ is 0.1789 in nm, β is the width of the line at half-maximum height in radians 

and θ is the angle of diffraction. The calculated average crystallite size of the 
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synthesized photocatalyst based on two prominent peaks (12.6º and 47.7º) of 

BOC is calculated to be 52.5 – 82.8 nm. 

 

Figure 4.1: XRD spectra of prepared photocatalyst 

 

4.2. Scanning electron microscopy/ Energy dispersive x-ray spectroscopy 

(SEM/EDS) 

 

Figure 4.2a shows the SEM image of the as-prepared BOC. Clustered, micron-

sized, rod-like particles with angular surfaces were observed. Figure 4.2b to 

Figure 4.2d, reveal that the AgCl precipitated on the surface of the Bi24O31Cl10 

with near-spherical particles forming agglomerates. As expected, there was a 

noticeable increase in the density of AgCl particles with an increase in the 

percentage content with the highest coating observed in the 50%AgCl/BOC 

composite. This confirms the presence of two different materials in the 
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synthesized composite material. Nano-sized AgCl particles are seen to be self-

assembled on the surface of larger rod-like BOC materials. EDS mapping, spectra 

and elemental analysis of the synthesized photocatalysts indicated the presence 

of Bi, O and Cl in the BOC photocatalyst Table 4.1 and Figure 4.3 and the weight 

ratio of Bi: Cl corresponds to a 2.4/1 molecular ratio showing that BOC was 

formed (Jin et al., 2018). Xwt%AgCl was loaded on the surface of the BOC using 

pre-calculated stoichiometric ratios and the elemental mapping is shown in Figure 

4.4 to Figure 4.6 depicting the presence and distribution of Ag, Bi, O and Cl in 

the prepared composite catalyst. 

 

 

Figure 4.2: SEM image of (a) Bi24O31Cl10, (b) 10%AgCl/Bi24O31Cl10, (c) 

20%AgCl/Bi24O31Cl10, and (d) 50%AgCl/Bi24O31Cl10 
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Table 4.1: Elemental analysis of as-prepared Bi24O31Cl10 

Element Wt% Wt% 

Sigma 

O 9.69  

Cl 5.92 0.11 

Bi 84.39 0.21 

Total: 100.00  

 

 

Figure 4.3: SEM-EDS mapping of Bi24O31Cl10 

 

Figure 4.4: SEM-EDS mapping of 10%AgCl/Bi24O31Cl10 
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Figure 4.5: SEM-EDS mapping of 20%AgCl/Bi24O31Cl10 

 

 

Figure 4.6: SEM-EDS mapping of 50%AgCl/Bi24O31Cl10 

 

4.3. Transmission electron microscopy (TEM) 

 

Figure 4.7 (a) to (d) show the TEM images of the synthesized Bi24O31Cl10, 

10%AgCl/Bi24O31Cl10, 20%AgCl/Bi24O31Cl10 and 50%AgCl/Bi24O31Cl10 
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photocatalyst materials. In Figure 4.7a, micron-sized rod-like Bi24O31Cl10 

particles can be seen while in Figure 4.7b to Figure 4.7d, the presence of irregular 

structural morphology was confirmed showing spherical particles being 

deposited on the surface of the Bi24O31Cl10 with the volumes increasing as the 

percentage amount of AgCl deposited increased. 

 

 

Figure 4.7: TEM image of (a) Bi24O31Cl10, (b) 10%AgCl/Bi24O31Cl10, (c) 

20%AgCl/Bi24O31Cl10 and (d) 50%AgCl/Bi24O31Cl10 
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4.4. Ultraviolet-visible spectroscopy (UV-VIS) 

 

It should be noted that the optical properties of a given material are extremely 

important when selecting an efficient photocatalyst. The light absorption ranges 

of the synthesized catalysts were investigated using UV-vis analysis. The 

resulting spectra are presented in Figure 4.8. The pure BOC photocatalyst 

featured higher adsorption in the ultraviolet light region with minimal adsorption 

recorded beyond the visible range. The addition of AgCl immediately widened 

the light adsorption into the visible light absorption region (400 to 600 nm). The 

increase in visible light adsorption with an increase in wt% of AgCl was attributed 

to the SPR effects of the silver nanoparticles (Liang et al., 2018). This enabled 

the synthesized composite photocatalyst, Xwt%AgCl/BOC to absorb visible light 

and potentially improve its photocatalytic activity. The absorption band edge of 

BOC was estimated at 420 nm. 

 

 

Figure 4.8: UV-Vis spectra of Bi24O31Cl10, 10%AgCl/Bi24O31Cl10, 

20%AgCl/Bi24O31Cl10 and 50%AgCl/Bi24O31Cl10 
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4.5. Photoluminescence (PL) 

 

The photoluminescence spectra of the synthesized photocatalysts are shown in 

Figure 4.9. The intensity of the emission illustrates the rate of electron-hole 

separation of the synthesized photocatalyst. The higher the intensity, the higher 

the probability of electron-hole pair recombination ultimately resulting in reduced 

photocatalytic activity (Ghattavi and Nezamzadeh-Ejhieh, 2020). The intensity 

of the PL spectra increases in the following order: BOC>10%AgCl/BOC 

>20%AgCl/BOC>50%AgCl/BOC. This trend showed that assembling different 

wt% of AgCl on the surface of BOC resulted in improved electron-hole 

separation which hints towards improved photocatalytic efficiency from the 

material. 

 

 

Figure 4.9: Photoluminescence spectra of Bi24O31Cl10, 10%AgCl/Bi24O31Cl10, 

20%AgCl/Bi24O31Cl10 and 50%AgCl/Bi24O31Cl10 
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4.6. Brunauer-Emmert-Teller (BET) 

 

N2 desorption-adsorption isotherms of the synthesized photocatalysts are shown 

in Figure 4.10. BOC has a Brunauer-Emmert-Teller (BET) surface area of 0.0092 

m2/g. After the introduction of AgCl on the surface, the BET surface area 

increases to 0.55 m2/g for 10%AgCl/BOC, 1.09 m2/g for 20%AgCl/BOC and 1.50 

m2/g for 50%AgCl/BOC. The surface area increased with an increasing amount 

of AgCl. This is advantageous for photocatalysis as the photocatalyst with a 

higher surface area will have more active sites and therefore exhibit better 

photocatalytic performance (Wen et al., 2017). The adsorption-desorption 

isotherms show a type IV isotherm with an H3 hysteresis loop indicating the 

presence of mesopores on the surface of the photocatalyst. 

 

 

Figure 4.10: N2 adsorption-desorption isotherm of Bi24O31Cl10, 

10%AgCl/Bi24O31Cl10, 20%AgCl/Bi24O31Cl10 and 50%AgCl/Bi24O31Cl10 
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4.7. Thermogravimetric analysis (TGA) 

 

Thermogravimetric analysis was performed on the synthesized photocatalyst to 

determine the thermal stability of Bi24O31Cl10 and X%AgCl/Bi24O31Cl10 (Figure 

4.11). The overall weight loss in the Bi24O31Cl10 was 7%. Gradual weight loss in 

all materials occurred until 600ºC at which 2% weight loss had occurred which is 

attributed to loss of moisture. The weight loss observed after 600°C was attributed 

to chlorine ions volatilizing into the air due to heating (Cui et al., 2016). The 

relatively low mass loss observed in this temperature range reveals the thermal 

stability of the as-prepared photocatalysts. 

 

 

Figure 4.11: TGA curves of Bi24O31Cl10, 10%AgCl/Bi24O31Cl10, 

20%AgCl/Bi24O31Cl10 and 50%AgCl/Bi24O31Cl10 
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CHAPTER 5 – PHOTOCATALYTIC DEGRADATION 

STUDIES OF TETRACYCLINE AND 2,4-

DICHLOROPHENOXY ACETIC ACID 

 

The efficiency of the synthesized photocatalyst materials was investigated in the 

degradation of two classes of pollutants – antibiotics and herbicides. The visible 

light photocatalytic degradation of the catalysts was evaluated in the degradation 

of tetracycline and 2,4-dichlorophenoxy acetic acid while also investigating the 

effects of various factors such as the effect of the photocatalyst loading, the effect 

of initial pollutant loading and the effect of the solution pH. The extent of 

mineralization and the reusability of the photocatalyst were also investigated. 

Trapping experiments were carried out to propose a degradation mechanism for 

the degradation process.  

 

5.1. Photocatalytic degradation of tetracycline 

 

The efficacy of the synthesized photocatalyst materials (Bi24O31Cl10, 

10%AgCl/Bi24O31Cl10, 20%AgCl/Bi24O31Cl10 and 50%AgCl/Bi24O31Cl10) was 

evaluated by using 20 mg/L of simulated tetracycline solution under visible light 

irradiation and a catalyst loading of 0.5 g/L. In Figure 5.1, after 4 h of light 

irradiation only (photolysis), there was negligible removal of tetracycline. In the 

same time frame, 10%AgCl/Bi24O31Cl10, 20%AgCl/Bi24O31Cl10 and 

50%AgCl/Bi24O31Cl10 measured a degradation efficiency of 55%, 61% and 82% 

respectively with 50%AgCl/Bi24O31Cl10 having the highest removal efficiency. 

This was 2.2, 2.44 and 3.28 more efficient than using Bi24O31Cl10 only (25%). 

The result shows the effectiveness of combining AgCl and Bi24O31Cl10 to form a 

composite photocatalyst for the visible light degradation of tetracycline.  
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Figure 5.1: Tetracycline degradation in the presence of light-only (photolysis), 

Bi24O31Cl10, 10%AgCl/Bi24O31Cl10, 20%AgCl/Bi24O31Cl10, 

50%AgCl/Bi24O31Cl10 at initial conditions (C0: 20 mg/L, Ccatalyst: 0.5 g/L) 

 

5.1.1. Effect of photocatalyst loading 

 

The effect of photocatalyst loading was investigated in the degradation of 

tetracycline and the results are presented in Figure 5.2. The degradation efficiency 

of the photocatalyst measured an initial increase from 64.3% to 81.6% when the 

catalyst loading increased from 0.25 g/L to 0.5 g/L. The photocatalyst 

concentration was increased by twofold to 1 g/L, and an additional 3% growth 

was observed. An increase in catalyst loading generally increases the number of 

active sites and reactive radicals produced, resulting in enhanced degradation 

(Zhang et al., 2020a). However, beyond a certain loading, the increased 

concentration of the photocatalyst results in a turbid suspension. This in turn 

reduces the amount of light incident on the surface of the photocatalyst as 

shielding and refraction occur. Also, there could be a possible aggregate of 

particles as the mass of the photocatalyst increases. This reduces the availability 
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of active sites and the photodegradation efficiency decreases (Abdellah et al., 

2018). 

 

 

Figure 5.2: Effect of photocatalyst loading on the degradation of tetracycline 

(Photocatalyst: 50%AgCl/Bi24O31Cl10, C0: 20 mg/L, Ccatalyst: 0.25 g/L, 0.5 g/L, 1 

g/L) 

 

5.1.2. Effect of solution pH 

 

The effect of pH on the visible-light photodegradation of tetracycline (Figure 5.3) 

was investigated at selected pH of 3, 7 and 11 which represents the acidic, neutral 

and basic conditions and compared to the unadjusted pH of the solution of 5.3. 

TC degradation demonstrated a faster reaction rate at basic pH conditions of 11 

and a slower reaction rate at acidic pH conditions of 3, despite the fact that the 

overall degradation efficiency beyond 200 minutes was the same. TC has been 

reported to be an amphoteric molecule as it is cationic at pH less than 3.3, neutral 

in the pH range of 3.3-7.68 and anionic at pH above 7.68 (Ahmadi et al., 2017, 

Derikvandi et al., 2021). Therefore, TC will have a significant degradation across 
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a wider pH range as a result of its unique nature of speciation and characteristicS 

(Cao et al., 2018). 

 

 

Figure 5.3: Effect of pH on the photocatalytic degradation of tetracycline 

(Photocatalyst: 50%AgCl/Bi24O31Cl10, C0: 20 mg/L, Ccatalyst:  1 g/L) 

 

5.1.3. Effect of initial pollutant concentration  

 

Further investigations were carried out in Figure 5.4 to study the effect of the 

initial tetracycline concentration on the photocatalytic degradation efficiency. 

The tetracycline degradation measured an efficiency of 85%, 78% and 56% at 

concentrations of 20, 30 and 50 mg/L. The results favour quicker degradation of 

organic pollutants at lower concentrations. At lower initial concentrations of 

pollutants, there are more reactive sites to contact the pollutant molecules thereby 

improving the degradation efficiency (Chang et al., 2019).  
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Figure 5.4: Effect of initial pollutant concentration on the degradation of 

tetracycline (Photocatalyst: 50%AgCl/Bi24O31Cl10, C0: 20 mg/L, 30 mg/L, 50 

mg/L, Ccatalyst: 1 g/L) 

 

5.2. Photocatalytic degradation of 2,4-dichlorophenoxy acetic acid (2,4-D) 

 

In Figure 5.5, after 4 h of light irradiation only, 2,4-D showed stability under 

photolysis conditions. BOC showed minimal removal (3%) of 2,4-D under visible 

light irradiation. This was attributed to the wide bandgap of BOC and the 

recombination of photogenerated carriers and as a result, the photocatalytic 

degradation of 2,4-D was unable to proceed. After 4 h of irradiation, the 

photodegradation efficiency of 2,4-D using 10%AgCl/BOC, 20%AgCl/BOC and 

50%AgCl/BOC were 48%, 54% and 55%, respectively. There was no significant 

increase in the photodegradation efficiency when 20%AgCl/BOC and 

50%AgCl/BOC were used in 2,4-D degradation. As seen from the SEM images, 

increasing the amount of AgCl nanoparticles on the surface of BOC caused the 

agglomeration of the particles. This could have inhibited degradation due to the 

lack of reactive sites and insufficient contact with BOC. The results, therefore, 

show that to harness the advantage of depositing AgCl with BOC, there is a 
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maximum amount of AgCl suitable for efficient photodegradation. Also, for the 

removal of 2,4-D using the synthesized photocatalyst to proceed, light irradiation 

is of utmost importance. In the rest of this study, 20%AgCl/BOC was used in the 

degradation of 2,4-D. 

 

 

Figure 5.5: 2,4-dichlorophenoxy acetic acid degradation in the presence of light-

only (photolysis), Bi24O31Cl10, 10%AgCl/Bi24O31Cl10, 20%AgCl/Bi24O31Cl10, 

50%AgCl/Bi24O31Cl10 at initial conditions (C0: 20 mg/L, Ccatalyst: 0.5 g/L) 

 

5.2.1. Effect of photocatalyst loading 

 

The optimum catalyst loading varied depending on the nature of the target 

pollutant. In Figure 5.6, the degradation efficiency of 2,4-D increased from 31.3% 

to 54.2% when catalyst loading increased from 0.25 g/L to 0.5 g/L. A further two-

fold increase to 1 g/L resulted in decreased degradation efficiency to 38.7%. This 

increase in photocatalyst dosage resulted in less light incident on the surface of 

the photocatalyst as well as possible aggregation of materials thereby resulting in 

a lower degradation efficiency.  
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Figure 5.6: Effect of photocatalyst loading on the degradation of 2,4 – 

dichlorophenoxy acetic acid (Photocatalyst: 20%AgCl/Bi24O31Cl10, C0: 20 mg/L, 

Ccatalyst: 0.25 g/L, 0.5 g/L, 1 g/L) 

 

5.2.2. Effect of solution pH  

 

The effect of pH in the photocatalytic degradation of 2,4-D was investigated and 

reported in Figure 5.7. In the degradation of 2,4-D, the optimum degradation of 

54% was realized at pH 3 and the unadjusted pH 4. At the neutral pH of 7, 

degradation efficiency was reduced to 27% while no degradation occurred under 

alkaline conditions (pH 11). The inhibition in photodegradation observed in the 

alkaline environment was attributed to the fact that 2,4-D ionizes as anionic in 

solution (pKa value of 2.64), the photocatalyst’s surface charge is negative, 

resulting in a repulsive force that reduces photodegradation (Adenuga et al., 

2021).  
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Figure 5.7: Effect of pH in the photocatalytic degradation of 2,4-dichlorophenoxy 

acetic acid (Photocatalyst: 20%AgCl/Bi24O31Cl10, C0: 20 mg/L, Ccatalyst:  0.5 g/L) 

 

 

5.2.3. Effect of initial pollutant concentration  

 

The initial concentration of 2,4-D was studied and reported in Figure 5.8 in 

the range of 10 mg/L – 50 mg/L. The degradation efficiency of 2,4-D 

showed degradation efficiency of 49%, 54% and 24%, demonstrating a 

trend of 20 mg/L > 10 mg/L > 50 mg/L. While the concentration of 2,4-D 

increases, the photocatalyst dosage remained constant. This causes less 2,4-

D to be degraded as there are less active sites available to facilitate the 

degradation process. 
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Figure 5.8: Effect of initial pollutant concentration on the degradation of 2,4-

dichlorophenoxy acetic acid Effect of initial pollutant concentration on the 

degradation of tetracycline (Photocatalyst: 20%AgCl/Bi24O31Cl10, C0: 10 mg/L, 

20 mg/L, 50 mg/L, Ccatalyst: 0.5 g/L) 

 

5.4. Mineralization  

 

One of the major drivers for the use of advanced oxidation processes such as 

photocatalysis is their ability to degrade and mineralize target pollutants resulting 

in environmentally benign reaction products. An analysis of the total organic 

carbon (TOC) present after treatment gives an indication of the extent of 

mineralization and points towards the possible formation of intermediate 

degradation products. In this study, TOC analysis was conducted on tetracycline 

and 2,4-D after degradation as seen in Figure 5.9. TC degradation results 

indicated that 85.4% had been removed after 4 h, and complete degradation was 

recorded after 24 h. The measured mineralization rate was 13% and 63% after 4 

h and 24 h respectively. Degradation test removals of 54% and 81% for 2,4-D 

were recorded after 4 and 24 h, respectively. The corresponding TOC removals 

were 50% and 65% for the same time frames. A possible explanation for the faster 

0

0.2

0.4

0.6

0.8

1

0 30 60 90 120 150 180 210 240 270

D
eg

ar
ad

at
io

n,
 C

/C
0

Time, min

10 mg/L

20 mg/L

50 mg/L

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



66 

 

mineralization of 2,4-D in the first 4 hours could be the formation of less complex 

intermediates when compared to tetracycline since the TOC removal depicts that 

intermediates were formed during the degradation process. The intermediates 

produced during the degradation of tetracycline (C22H24N2O8) could include 

C22H26N2O9, C22H23NO9, C12H12O4 and carboxylic acid (Zhong et al., 2019, Li et 

al., 2019a). Other investigations have also discovered significant 2,4-D 

intermediate products, including 2,4-dichlorophenol, 2,6-dichlorophenol, 2-

chlorohydroquinone, oxalic acid, and glyoxylic acid, among others (Mehralipour 

and Kermani, 2021, Hama Aziz et al., 2018). 

 

 

Figure 5.9: Degree of degradation and mineralization of organic pollutants TC 

and 2,4-D in 4 h and 24 h 

 

5.5. Reusability, Trapping experiments and degradation mechanism 

 

The reusability potential of the as-prepared photocatalyst was presented in Figure 

5.10. After each cycle, the photocatalysts were collected and washed with 

deionized water to remove pollutants from the surface of the photocatalyst. The 

material was then dried in an oven for 60°C prior to the next cycle. In the 
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photocatalytic degradation of TC using 50%AgCl/BOC, after three cycles, 79% 

TC removal was measured. This represents a 6% decrease in efficiency over three 

cycles, which could be due to particle loss during the washing step prior to reuse. 

This demonstrates the photocatalyst's reusability and stability. 

 

 

Figure 5.10: Recycle test of 50%AgCl/Bi24O31Cl10 in the photocatalytic 

degradation of tetracycline 

 

The photocatalytic reaction mechanism of the photocatalysts was investigated 

through capture experiments (Figure 5.11). P-Benzoquinone (BQ), 2-propanol 

(IPA) and triethanolamine (TEOA) were used as superoxide radical (•O2
-), 

hydroxyl radical (•OH) and hole (h+) scavengers to investigate their roles in the 

photocatalytic process (Wang et al., 2020c). The addition of BQ and TEOA to 

2,4-D reduced the degradation efficiency by 12% and 52% while the addition of 

IPA did not suppress the efficiency of the 20%AgCl/BOC. In the degradation of 

TC using 50%AgCl/BOC, the addition of BQ reduced the degradation efficiency 

to 63% while IPA and TEOA did not impact the degradation efficiency 

negatively. The 2,4-D scavenger degradation results show that the main reactive 

species responsible for the degradation are •O2
- and h+ while the dominant reactive 
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species in TC degradation was the superoxide radical. This difference was 

attributed to the TC-sensitization, which occurred when TC molecules were 

absorbed on the surface of the photocatalyst (Zyoud et al., 2019), potentially 

taking precedence over hole activity during photodegradation. The results also 

reveal that hydroxyl radicals are not an important reactive agent in this 

degradation process. A photodegradation mechanism can be proposed for the 

degradation when Xwt%AgCl/BOC is used in the degradation of organic 

contaminants in visible light as illustrated in Equation 5.4 to Equation 5.8 and 

Figure 5.13. 

 

AgCl-BOC 
ℎ𝑣
→  AgCl (e-, h+)/Ag/BOC (e-, h+)     (5.4) 

AgCl (e-, h+)/Ag/BOC (e-, h+) → AgCl (e-) + BOC (h+)   (5.5) 

BOC (h+) + Pollutants  → intermediates  → CO2 + H2O    (5.6) 

AgCl (e-) + O2 → AgCl + •O2
-       (5.7) 

•O2
- + pollutants → products        (5.8) 

 

 

Figure 5.11: Effects of different quenchers on the photocatalytic degradation of 

2,4-D and TC  

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



69 

 

 

During the irradiation and photodegradation process, Ag0 is expected to form due 

to light irradiation and acts as an electron mediator between AgCl and BOC (Li 

et al., 2020a). This formation was validated and illustrated in Figure 5.12 where 

a colour change was seen when 50%AgCl/BOC was irradiated by visible light in 

comparison to being stirred in the dark. 

 

 

Figure 5.12: (A) 50%AgCl/Bi24O31Cl10 irradiated in light and (B) 

50%AgCl/Bi24O31Cl10 in the dark 

 

This colour is attributed to the formation of Ag0 photoreduced on the surface of 

the AgCl during irradiation (Rehan et al., 2018). The formed Ag0 is photoexcited 

as a result of its SPR effects (Liu et al., 2018a), thereby transporting electrons 

from the conduction band (CB) of BOC to that of AgCl while the holes in the 

valence band of AgCl transferred to that of BOC where it directly degrades the 

organic contaminants (Wang et al., 2019d). This ensures that the photogenerated 

carriers are effectively separated. AgCl has a bandgap of 3.26 eV with a valence 

band and conduction band of +3.20 eV and -0.06 eV (Liu et al., 2018a) while 

BOC has a valence band and conduction band of +1.49 eV and -1.29 eV. The 

reduction potential of oxygen E0(O2/•O2) is -0.046 eV (Yao and Liu, 2014). The 
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CB of AgCl being more negative than that of oxygen means that O2 could be 

reduced •O2- which is also a reactive species responsible for photodegradation in 

this study. In the TC mechanism, as a result of TC adsorbed on the surface of 

BOC, a TC complex is formed (Wu et al., 2020) which can be excited by visible 

light thereby causing electron transfer from the LUMO of TC to the conduction 

band of the photocatalyst. This mechanism when compared to the mechanisms 

described in Figure 2.4 illustrates a similar mechanism to type-II-heterojunction 

where there is an effective separation of charges. The electrons move from BOC 

to AgCl while the holes moves from AgCl to BOC thereby reducing 

recombination. Although, Ag0 is formed on the surface of AgCl during 

irradiation, it acts as an electron mediator between CB of BOC and the CB of 

AgCl. 

 

Figure 5.13: Proposed degradation mechanism of Xwt%AgCl/Bi24O31Cl10 in the 

photocatalytic degradation of (a) TC and (b) 2,4-D  
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5.6. Discussion 

 

The activity and progress of degradation differ in both pollutants. TC is 

characterized by a yellow colour which has a major absorption range in 

wavelength 300-430 nm (Zyoud et al., 2017) while 2,4-D is colourless. This 

enables TC molecules to be sensitized by visible light and be easily adsorbed on 

the surface of the photocatalysts thereby enhancing photodegradation due to the 

closeness of the adsorbed contaminants with that of the reactive sites. The 

degradation of TC in visible light using TiO2 was reported by Wu et al. (2020), 

and they note that the visible light absorption of TC causes it to excite electrons 

which are then transferred from its LUMO to the conduction band of the 

photocatalyst.  

 

Table 5.1 summarizes the various recently reported Bi24O31Cl10-based 

heterogeneous photocatalysts in comparison with the present study. Six low-

wattage (30 W) Fluoro lamps were used to carry out the photodegradation 

experiments in this study and the efficiency measured in both the degradation of 

2,4-D and TC showed great potential when compared to the other studies. 
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Table 5.1: Comparison of recently reported Bi24O31Cl10-based photocatalysts with present study 

Photocatalyst Light source Pollutant Degradation Reference 

AgCl/Bi24O31Cl10 30 W (6) 2,4-D and TC 54.2% and 82% This study 

MoS2/g-

C3N4/Bi24O31Cl10 

300 W Xe lamp TC 97.5 % (Kang et al., 2020a) 

BiOCl/Bi24O31Cl10 350 W Xe lamp MO, RhB and 4-CP 74.5%, 98.1% and 88.2% (Li et al., 2014) 

BiOCl/Bi24O31Cl10/rGO 400 W halogen 

lamp 

OFL, CIP and LVO 84.8%, 57.2% and 70.7% (Shabani et al., 

2019) 

g-C3N4/Eu (III) doped 

Bi24O31Cl10 

250 W Xe lamp RhB 91.9% (Li et al., 2019b) 

SnO2/Bi2S3/BiOCl-

Bi24O31Cl10 

Simulated 

sunlight 

RhB 80.8% (Fenelon et al., 

2020) 

Pt/Bi24O31Cl10 300 W Xe  lamp MO 84% (Xu et al., 2019) 

AgI/Ag/Bi24O31Cl10 300 W Xe lamp MO and phenol 84.3% and 55.1% (Wang et al., 2019c) 

Ag/Bi24O31Cl10 240 W Xe lamp RhB 95.8% (Song et al., 2018) 
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5.7. Summary 

 

In summary, a novel AgCl/Bi24O31Cl10 composite photocatalyst was developed 

successfully by loading AgCl nanoparticles on the surface of rod-like Bi24O31Cl10 

and showed good photodegradation efficiency in the removal of 2,4-D and TC 

under visible light irradiation. The heterojunction formed improved the 

photoabsorption of the photocatalyst in the visible light region and improved the 

separation of photogenerated carriers which was evidenced by the improved 

photocatalytic activity. Reasonable mineralization of both pollutants at 63% and 

65% efficiency was measured. The proposed mechanism suggests that holes and 

oxygen radicals are the main reactive species responsible for the mineralization 

of 2,4-D and TC. The results show that this technology can be combined with 

other technologies for the successful removal of toxic pollutants in wastewater. 
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CHAPTER 6 – INFLUENCE OF WASTEWATER MATRIX ON 

THE VISIBLE LIGHT DEGRADATION OF PHENOL 

 

In this chapter, the photocatalytic activity of 50%AgCl/Bi24O31Cl10 photocatalyst 

was investigated on the degradation of phenol spiked in secondary wastewater 

treatment plant effluent collected from a wastewater treatment plant (WWTP) in 

Pretoria, South Africa. This was then compared to the degradation of the same 

compound in DI water. The experimental design was done using the Taguchi 

method L16 orthogonal tray with three factors (pH, initial phenol concentration 

and photocatalyst dosage) and four levels. The effects of individual anion 

components such as Cl-, NO3
-, NO2

-, SO4
2-  and cations such as Ca2+, Mg2+, Zn2+ 

and K+ were investigated.  

 

6.1. Raw water source used in the experiments 

 

The collected effluent water was analysed and reported in Table 6.1. It shows the 

physical and chemical properties of the collected water. The samples were spiked 

with a varying concentration (5, 10, 20 and 30 mg/L) of phenol. 
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Table 6.1: The effluent characteristics of the Daspoort WWTP, Pretoria, South 

Africa 

 

Parameters Formula Value 

pH  7 

Floride (mg/L) F- 0.21 

Chloride (mg/L) Cl- 48.24 

Nitrite (mg/L) NO2
- 0.97 

Bromide (mg/L) Br- 0.15 

Nitrate (mg/L) NO3
- 14.11 

Sulfate (mg/L) SO4
2- 56.70 

Phosphate (mg/L) PO4
3- 0.39 

Lithium (mg/L) Li+ 0.03 

Sodium (mg/L) Na+ 54.79 

Ammonium (mg/L) NH4
+ 9.27 

Manganese (mg/L) Mn2+ 0.07 

Magnesium (mg/L) Mg2+ 13.98 

Potassium (mg/L) K+ 11.71 

Calcium (mg/L) Ca2+ 30.10 

Strontium (mg/L) Sr2+ 0.08 

 

6.2. Experimental design and Analysis of Variance (ANOVA) 

 

Design of experiment (DOE) was performed to determine the optimal conditions 

for the degradation of phenol using AgCl/Bi24O31Cl10 photocatalyst in an aqueous 

solution of spiked WWTP secondary effluent. The Taguchi L16 (43) method was 

applied while using the Minitab software. The “Larger is better” case was used 

for the Signal-to-noise (S/N) ratio to define the optimal conditions. The effects of 
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pH, phenol concentration and photocatalyst dose were investigated with four 

levels in Table 6.2. The bigger is better function is determined by Equation 6.1: 

 

S/N = -10 log (
1

𝑛
∑

1

𝑌𝑖
2

𝑛
𝑖=1  )        (6.1) 

 

Where S/N is the response average for each factor and Yi is the removal of the ith 

experiment. The degradation efficiency response as a function of time was 

calculated using Equation 6.2: 

 

Degradation efficiency (%) = 
(𝐶0−𝐶𝑡)

𝐶0
× 100     (6.2) 

 

Where C0 and Ct are the concentrations of phenol at t = 0 and t respectively. 

 

Table 6.2: Photodegradation factors and their levels using the Taguchi method 

Factor Level 1 Level 2 Level 3 Level 4 

pH 3 5 7 9 

Phenol concentration (mg/L) 5 10 20 30 

Photocatalyst dose (g/L) 0.25 0.5 0.75 1 
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6.3. Degradation studies 

 

The degradation studies following the design of experiment and their responses 

are reported in Table 6.3 while the signal S/N ratio table for the larger is better 

case is shown in Table 6.4  

 

Table 6.3: Experimental design and response using Taguchi method L16 

No pH Phenol concentration 

(mg/L) 

Photocatalyst dose 

(g/L) 

Degradation 

(%) 

1 3 5 0.25 7 

2 3 10 0.5 2 

3 3 20 0.75 2 

4 3 30 1 6 

5 5 5 0.5 57 

6 5 10 0.25 13 

7 5 20 1 7 

8 5 30 0.75 9 

9 7 5 0.75 80 

10 7 10 1 53 

11 7 20 0.25 11 

12 7 30 0.25 20 

13 9 5 1 84 

14 9 10 0.75 50 

15 9 20 0.5 23 

16 9 30 0.25 10 
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Table 6.4: Order of parameters influencing the photocatalytic degradation of 

phenol 

Level pH Phenol concentration Photocatalyst dose 

1 11.13 32.14 20.00 

2 23.35 24.19 23.60 

3 29.85 17.75 24.29 

4 29.92 20.17 26.36 

Delta 18.80 14.40 6.36 

Rank 1 2 3 

 

The results show that the most important factor determining the degradation 

efficiency of phenol is pH. The second-ranked factor is the initial phenol 

concentration and photocatalyst dosage ranks third. pH is an important factor 

affecting the degradation rate due to its effects on the chemical properties of the 

pollutant, the surface of the photocatalyst and the reaction kinetics (Moradi et al., 

2021). The photocatalytic degradation of phenol at an acidic aqueous solution of 

3 using AgCl/Bi24O31Cl10 photocatalyst was not supported. The concentration of 

hydroxyl ion reduces in an acidic medium due to the concentration of proton and 

this ion is required for the formation of hydroxyl radicals which might be a 

reactive species aiding degradation (Norouzi et al., 2020). The effects of initial 

concentration were investigated between 5 mg/L and 30 mg/L. At the highest 

phenol concentrations, the degradation efficiency was 20% or less while the 

highest degradation efficiencies were measured at lower concentrations. This 

phenomenon has been previously confirmed by other studies (Ahmadpour et al., 

2020, Sayadi et al., 2019) as a possible increased interaction between the pollutant 

and the reactive species at lower pollutant concentration as compared to when the 

pollutant concentration is higher. This results in limited active sites available for 
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photocatalysis to take place as more organic material is adsorbed on the surface 

of the photocatalyst material while a limited amount of photons reaches the 

surface of the photocatalyst (Rafiq et al., 2021). Therefore, the results present a 

potential for application in the removal of pollutants at low-level concentrations. 

In these experiments, while pH and initial contaminant concentration were of 

more significance, photocatalyst dosage is another factor that affects the 

photodegradation efficiency. Experiments 9 and 13 from Table 6.3 were carried 

out at photocatalyst dosages of 0.75 g/L and 1 g/L. High photocatalyst dosage 

enhanced photodegradation through the presence of more reactive sites and the 

availability of radical’s production (Zhao et al., 2018). It is also known that an 

excessive amount of photocatalyst will reduce the intensity of penetrating light 

hence reducing the rate of photodegradation (Kiwaan et al., 2020). Figure 6.1 

illustrates the mean of S/N ratios and levels of the three factors investigated. The 

optimal phenol concentration value was at level 1, while that of pH and 

photocatalyst dosage was at level 3 and level 4, respectively. This suggests the 

optimum conditions for the photocatalytic degradation of phenol using the 

photocatalyst.  
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Figure 6.1: Main effects plots of means (pH, phenol concentration and 

photocatalyst dose) 

 

The analysis of variance (ANOVA) was done to investigate the importance of the 

selected factors on the degradation of phenol and is reported in Table 6.5. P ≤ 

0.0001 is highly significant; P ≤ 0.01 is strongly significant; P ≤ 0.05 is 

significant; and P> 0.05 is not significant (Wang et al., 2019b). Based on Table 

6.5 where the ANOVA results are shown, DF = degree of freedom, SS = sum of 

square, MS =mean of square F-value = Fisher variation ratio and P-value = 

significant probability value, the P-values conclude that pH and phenol 

concentration are strongly significant factors for the removal of phenol in a water 

matrix while the photocatalyst dosage was the least significant. The coefficient 

of determination R2 = 0.9643 which is greater than 0.95 shows that the model 

responds to a change in response value in the 96.43% range. The Radj
2 –Rpred

2 = 

0.9107 – 0.7459 = 0.1648 < 0.2 shows reliability of the experiments. 
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Table 6.5: Analysis of variance for the photocatalytic degradation of phenol 

Source DF Adj SS Adj MS F-Value P-Value 

pH 3 3845.2 1281.75 18.27 0.002 

Phenol Concentration 3 5673.3 1891.08 26.95 0.001 

Photocatalyst dose 3 1844.2 614.75 8.76 0.013 

Error 6 421.0 70.17   

Total 15 11783.7    

 

The general impact of the wastewater matrix was assessed in the degradation of 

phenol under visible light irradiation and is reported in Figure 6.2. Experiments 

were carried out under photolysis and adsorption conditions to investigate the 

individual effects of light and photocatalyst. The results show negligible phenol 

removal under photolysis and adsorption conditions, illustrating that light and 

photocatalysts are required for photocatalytic degradation to take place. After 4 h 

of light irradiation, photocatalytic degradation of phenol in DI water was 48% 

while in the water matrix from Daspoort effluent, phenol degradation 

(Experiment 9 in Table 6.3) was measured at 80%. In this case, the presence of 

ions promoted degradation when compared to the degradation efficiency in DI 

water. It is known that various dissolved components in water could either have 

promotion, inhibitory or neutral effects on the degradation efficiency (Lado 

Ribeiro et al., 2019). For practical applications, pH, the presence of ions and 

organics could affect the photocatalytic activity of the semiconductor (Zhao et 

al., 2019a). 
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Figure 6.2: Degradation of phenol under different conditions of adsorption, 

photolysis, and photocatalysis (DI and Daspoort water) (Photocatalyst: 

50%AgCl/Bi24O31Cl10, C0: 5 mg/L, Ccatalyst:  0.75 g/L) 

 

The pH of the effluent water enhanced the degradation of the organic pollutant 

using the photocatalyst. While the pH of the secondary effluent was 7, the pH of 

deionized water is 5.5. In Table 6.3, degradation at a pH condition below 7 is 

limited. Moreover, the interfering influence of anions such as Cl-, SO4
2-, NO2

- and 

NO3
- were selected to investigate the individual influence in DI water. The results 

of these interactions are reported in Figure 6.3. Sodium salts were used to avoid 

the various interaction of different cations. Na+ is known to be at its maximum 

oxidation state in these salts and as such, will not compete as an h+ scavenger and 

also does not influence the surface charge of the photocatalyst at concentrations 

less than 100 mM (Wang et al., 2015). 

 

After the addition of SO4
2- (Figure 6.3a), at a low sulfate concentration of 20 ppm, 

the degradation of phenol was neutral while at a higher concentration (50 ppm), 

there was a reduced effect in the degradation rate. Sulfate has the potential to be 

adsorbed on the surface of the photocatalysts while also interacting with the 
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available holes and hydroxyl radicals (Raha and Ahmaruzzaman, 2020). It is 

important to investigate the effects of nitrates as they are always present in water 

bodies even at low concentrations. It indicates the presence of water from sources 

such as livestock waste at high concentrations and may act as a hydroxyl radical 

to form NO3•, which is less reactive (Eslami et al., 2020). The addition of nitrates 

to the photocatalytic reaction (Figure 6.3b) shows that it has an inhibition effect 

on the degradation efficiency of phenol after 4 h of light irradiation at both 20 

and 50 ppm. The degradation efficiency was reduced by 10% when nitrates were 

introduced. There was total inhibition of degradation when nitrite (Figure 6.3c) 

was introduced into the photocatalytic system at both 20 ppm and 50 ppm. Wang 

et al. (2020a) explain that in the presence of NO2
- the transition n → π* of nitrite 

easily occurs and NO2
– is oxidized to HNO3•

− or (NO3•)
2- radical species by the 

•OH radicals and as such the hydroxyl radicals are not available for degradation. 

Therefore, for the practical application of phenol removal from wastewater using 

the photocatalyst, nitrite should be removed before implementing photocatalysis. 

The wastewater investigated in this study had 0.97 mg/L nitrite present and this 

could have been too little to effectively inhibit the degradation rate. 

 

Figure 6.3d shows the effects of chloride ions on the degradation of phenol. Cl- 

shows a reduction in degradation efficiency in the range of 3% - 6% on the 

degradation of phenol using AgCl/Bi24O31Cl10 as a photocatalyst. Additional Cl- 

in the solution has the potential of forming inorganic free radicals Cl• and Cl2•
- 

which are also reactive and could promote the degradation of phenol (Wang et 

al., 2018a). Photocatalytic degradation involving Ag/AgCl – based photocatalysts 

has reported that Cl• takes part in the degradation process due to its strong 

oxidizing potential (Wang et al., 2020b, Wu et al., 2019). The concentration of 

chloride ions in the WWTP effluent used in this study was 48 mg/L and would 

have had an almost negligible effect on the degradation efficiency. 
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Figure 6.3: Influence of various ions in the removal of phenol (a) SO4
2-, (b) 

NO3
-, (c) NO2

- and (d) Cl- (Photocatalyst: 50%AgCl/Bi24O31Cl10, C0: 5 mg/L, 

Ccatalyst :  0.75 g/L) 

 

Sulfate salts of potassium (K2SO4), zinc (ZnSO4.7H2O), calcium (CaSO4.0.5H2O) 

and magnesium (MgSO4.7H2O) were used at concentrations of 20 mg/L and 50 

mg/L to investigate the effects of cations in wastewater for the photodegradation 

of organic pollutants under the same conditions and reported in Figure 6.4(a)-(d). 

Although it has been previously suggested that these metal ions should not affect 

degradation as they are already in a stable oxidation state (Dugandžić et al., 2017), 

the results show that their presence in the wastewater proposes a promotion effect 

to degradation. Cations present in the wastewater effluent investigated include 

magnesium, potassium and calcium at concentrations of 13.98, 11.71 and 30.10 

mg/L respectively. The results show that the summative effects of these ions 

promoted the degradation efficiency in the water matrix in comparison to DI 

water. Gao et al. (2019) confirm that cations such as Ca2+ enhance the adsorption 
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of carbamazepine on the surface of the photocatalyst BiOCl thereby improving 

the degradation efficiency. 

 

Figure 6.4: Influence of various ions in the removal of phenol (a) Mg2+, (b) 

Ca2+, (c) Zn2+ and (d) K+ (Photocatalyst: 50%AgCl/Bi24O31Cl10, C0: 5 mg/L, 

Ccatalyst :  0.75 g/L) 

 

6.4. Catalyst stability 

 

The reusability of the photocatalyst in the degradation of phenol was estimated 

through three consecutive cycles. After each cycle, the photocatalysts were 

collected and washed with deionized water to remove pollutants from the surface 

of the photocatalyst. The material was then dried in an oven for 60°C prior to the 

next cycle. The recycling experiments were carried out in similar conditions to 

experiment 9 in Table 6.3. 
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Figure 6.5: Successive photocatalytic degradation of phenol by 

AgCl/Bi24O31Cl10 under visible light irradiation 

 

As shown in Figure 6.5, the degradation efficiency reduced from 80% in cycle 1 

to 75% in cycle 3. This points to the relative stability and reusability of the 

synthesized composite photocatalyst. This agrees with other studies where AgCl-

based photocatalysts have been utilized. (Raizada et al., 2020b) in their study 

examined the stability of their photocatalyst BiOBr/PSCN/Ag/AgCl in the 

degradation of phenol and measured a reduction of 98% to 90% even after seven 

cycles. In the evaluation performance of Ag/AgCl@Ti3+-TiO2 for the degradation 

of tetracycline, Yu et al. (2021) in their study also identify that no inactivation 

phenomenon is recorded and the slight reduction in activity after three cycles 

could be attributed to the loss of material or the leaching of Ag from the 

composite. It should be noted that the material was easily separated from the 

suspension which also bodes well with its recyclability. 
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6.5. Comparison with previous studies on the degradation of pollutants in 

wastewater 

 

Lei et al. (2020) in their study investigated the antibiotics degradation rate in the 

presence of water matrices. They found that Cl- and SO4
2- act as radical 

scavengers and can absorb photons at 245 nm and as such reduce the degradation 

rate of the antibiotics. Wang et al. (2020d) in their work proved that divalent 

cations (Mg2+ and Ca2+) improved the removal efficiency of Naproxen. This is 

because these identified cations improved the absorption of the pollutant on the 

surface of the photocatalyst. In the photodegradation of levofloxacin using a 

ternary magnetic photocatalyst Ag3PO4/rGO/CoFe2O4 (Hu et al., 2021), Cl- 

reduced the degradation efficiency due to its adsorptive competition with the 

pollutants on the photocatalyst surface while sulfates had zero effect on the 

degradation rate. Jiménez-Salcedo et al. (2021) compared the photocatalytic 

degradation of sodium diclofenac using g-C3N4 nanosheets in both ultrapure 

water and tap water under visible light and natural sunlight conditions. Under 

both light conditions, their result shows a higher degradation of sodium 

diclofenac in tap water as compared to ultrapure water and the cause was 

attributed to the presence of “chloride ions of salts”. 

 

When investigating the effect of water quality on the degradation of tetracycline 

while using BVO/FTO@rGO photocatalysts, Yang et al. (2020) reported a 

decrease in degradation in the presence of SO4
2-, Cl- and CO3

- while the 

degradation was promoted only in the presence of Cr6+. Their work proposes that 

while Cr6+ and tetracycline consume electrons and holes, recombination is 

inhibited thereby promoting degradation. The anions consume free radicals while 

also converting them to radicals with lesser oxidizing power thereby reducing the 

photodegradation efficiency. In the removal of phenolic contaminants using 

bismuth-modified TiO2 photocatalyst (Tang et al., 2021b), phenol degradation 
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was still achieved in the presence of CaCl2, NaCl and KCl while the degradation 

rate of phenol decreased in the presence of inorganic anions  (Cl-, HCO3
- and 

SO4
2-). It is noted that while each component of the water matrix will have its 

individual effects, the components tend to balance each other thereby having a 

general effect on degradation or mineralization rate (Náfrádi et al., 2022). Other 

studies reporting the effects of inorganic ions on the degradation of recalcitrant 

pollutants are reported in Table 6.6.  

 

Table 6.7 shows the degradation of phenol using various photocatalysts under 

different reaction conditions. Parameters such as pH, light source, and initial 

pollutant concentration have been shown to influence the rate of degradation. For 

example, Chang et al. (2018) measured the highest degradation efficiency in an 

acidic condition of pH 2 in the presence of Fe2O4/TiO2 while Moradi et al. (2021) 

reported an optimal pH of 8 when using FeTiO3/GO photocatalyst. Studies 

carried out using different light sources have shown that excellent degradation 

efficiency is measured in photocatalytic degradation carried out under UV and 

high wattage visible light irradiation in a shorter period. It is known that the rate 

of degradation increases with a decrease in wavelength and therefore shorter 

wavelength leads to quicker degradation (Ahmad et al., 2020). Galedari et al. 

(2016) degraded 96% of 50 mg/L phenol in 120 min using UVC light irradiation 

with a ZnO@SiO2 photocatalyst while 41% of the same concentration was 

degraded in 420 min when using ZnO/Ag2CO3/Ag2O in Rosman et al. (2018) 

study. Hayati and co-workers (2018) degraded phenol at 60 mg/L initial 

concentration in 160 min using ZnO/TiO2@rGO photocatalyst while Mohamed 

et al. (2019) degraded a lower concentration (10 mg/L) in a shorter period of 20 

min using PAN-CNT/TiO2-NH2 photocatalyst. In our study, low-wattage visible 

light was used to simulate the degradation experiments. For potential practical 

application, photocatalytic materials that can be activated under low-wattage light 

and natural sunlight are preferred. 
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Table 6.6: Summary of different photocatalysts reported for the degradation of organic pollutants in the presence of different 

ions in wastewater/real-water samples 

Photocatalysts Pollutant Promot

ed 

effect 

Neutral 

Effect 

Inhibited effect Reference 

Co3O4-Bi2O3 Bisphenol A  High 

Cl- 

- H2PO4 and CO3
2- (Hu et al., 2018)  

UV/TiO2  Metronidazole  Glucose  - Fe3+, H2PO4, Ca2+, Mg2+, Cl-, 

SO4
2-, NO3

-, HCO3
- 

(Tran et al., 2019) 

UVA-

LED/TiO2/persulfate 

Ibuprofen - - Cl-, SO4
2-, HCO3

- (Ding and Hu, 

2020) 

g-C3N4/Bi2O2CO3 Tetracycline  - - Cl-, NO3
-, CO3

2-, SO4
2-, Mg2+, 

Fe3+, NH4
+, Zn2+, Ca2+ 

(Zhao et al., 

2019a) 

AgI/UiO-66 Sulfamethoxazole - SO4
2- 

and Cl- 

HCO3
- (Wang et al., 

2018a) 

TiO2 Sulfamethoxazole - - HPO4
2-, HCO3

-, SO4
2-, Cl-, 

H2PO4
- 

(Yuan et al., 

2019) 

CQDs/g-C3N4 Sulfamethazine HCO3
-   (Di et al., 2020) 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 

90 

 

Cu-CNF/MLCT CTC-HCl - Na+, K+ Zn2+, Mg2+, NO2
- (Wang et al., 

2020a) 

NCDs/TNS-001 DCF - Cl-, 

SO4
2-, 

Mg2+,  

Fe3+, Cu2+ (Wang et al., 

2019a) 

Cu0.84Bi2.08O4/PDS/Visi

ble light 

CIP - - HCO3
-, PO4

3-, SO4
2-, NO3

-,  (Tang et al., 2019) 

NCDs-BiOBr/CeO2 CBZ   SO4
2-, NO3

-, (Liang et al., 

2020) 

FeTiO3/GO Phenol - - HCO3
-, Cl-, SO4

2- (Moradi et al., 

2021) 

CeO2/IK-C3N4 Acetaminophen - - Cl-, NO3
-, SO4

2-, PO4
3- (Paragas et al., 

2021) 

Bi2O3-Sensitized TiO2 Tetracycline - Cl- SO4
2-, NO3

- (Shi et al., 2020a) 

2D-Bi4NbO8Cl Tetracycline  - - CO3
2-, Cl-, SO4

2- (Majumdar et al., 

2022) 

CuO-Cu2O Methylene Blue  Low Cl- - SO4
2-, High Cl-, NO3

- (Tavakoli Joorabi 

et al., 2022) 
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Floating porous g-C3N4  Tetracycline  Cl-, 

SO4
2- 

- - (Tang et al., 

2022a) 

AgCl/Bi24O31Cl10 Phenol Mg2+, 

Ca2+, 

Zn2+, 

K+ 

Cl- NO3
-, NO2

-, SO4
2-, This study 
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Table 6.7: Comparison of the photocatalytic degradation of phenol with other studies 

Photocatalyst Phenol 

concentration 

(mg/L) 

Light source pH % Time Reference 

FeTiO3/GO 50 150 W Xenon 8 100% 150 min (Moradi et al., 2021) 

NCN/Bi2WO6 10 300 W Xenon  - 93.1% 5 h (Zhu and Zhou, 2020) 

MgO@Ag/TiO2 15 150 W 

Oriel Sol1A system 

- 95% 120 min (Scott et al., 2019) 

BiOI/Bi2WO6 50 500 W Xenon  - 90.27% 3 h (Huang et al., 2021) 

Fe3O4/TiO2 100 18 W UV 2 99% 150 min (Chang et al., 2018) 

ZnO/TiO2@rGO 60 150 W Vis 4 91% 160 min (Hayati et al., 2018) 

ZnO/Ag2CO3/Ag2O 50 100 W Vis - 41% 420 min (Rosman et al., 2018) 

PAN-CNT/TiO2-NH2 10 100 W Halogen 5 99.7% 20 min (Mohamed et al., 

2019) 

Ag/Ag3PO4/WO3 10 300 W Xenon  7 99% 150 min (Shi et al., 2019) 

ZnO@SiO2 50 Three 16 W UVC  5.9 96% 120 min (Galedari et al., 2016) 

AgCl/Bi24O31Cl10 5 Six 36 W visible  9 84% 240 min This study 
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6.6. Summary  

 

The current work was carried out to evaluate the photocatalytic performance of 

AgCl/Bi24O31Cl10 photocatalyst in the degradation of phenol in a secondary 

effluent from a wastewater treatment plant. The effects of three factors namely 

pH, initial pollutant concentration and photocatalyst dosage were investigated. 

The results show that pH is a dominant factor in the photodegradation process, 

followed by the concentration of pollutants and lastly, the photocatalyst dosage. 

The performance in the secondary effluent was better when compared to DI 

water. This was ascribed to the promoting effects of the pH and the presence of 

ions and other matter in the water matrix. While some ions have promoting 

effects, others are neutral or inhibit the degradation rate. As such, the total 

degradation rate is a cumulative response of all the various factors with some 

weighing more than the other. 
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CHAPTER 7 – CONCLUSIONS AND RECOMMENDATIONS 

 

7.1. Conclusions 

 

A AgCl/Bi24O31Cl10 photocatalyst was identified and synthesized due to the 

benefits of harnessing the intrinsic properties of both semi-conductor materials 

and creating a heterojunction photocatalyst. Various techniques were used to 

characterize the material in order to validate the synthesis method and determine 

the purity of the photocatalyst. In addition, for the degradation of tetracycline and 

2,4-dichlorophenoxy acetic acid, different percentages of silver chloride were 

deposited on the surface of the Bi24O31Cl10 photocatalyst. The results showed that 

under visible light irradiation, 20%AgCl/Bi24O31Cl10 was optimal for 2,4-D 

degradation and 50%AgCl/Bi24O31Cl10 was optimal for TC degradation. 

 

The effects of major factors that could affect photodegradation efficiency were 

investigated, including the pH of the solution, initial pollutant concentration and 

photocatalyst dosage. The results show that TC can degrade over a wider pH 

range, whereas 2,4-D degrades better at acidic pH. The behaviour of both 

pollutants indicates that the technology is more efficient at lower initial pollutant 

concentrations. The study also suggests that when using photocatalysis 

technology, the optimal dosage of semi-conductor material should be investigated 

to avoid photocatalyst aggregation in the solution, which reduces system 

efficiency. The material also demonstrated effective mineralization potential of 

the pollutant studied after 24 hours of irradiation, measuring 63% and 65% for 

TC and 2,4-D respectively, indicating the formation of intermediates. 

 

The trapping experiments show that while superoxide radicals and holes are the 

reactive species responsible for degrading 2,4-D, superoxide radicals are 

responsible for TC degradation. This aids to propose a mechanism whereby Ag0, 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 

95 

 

which is generated during irradiation serves as an electron mediator between both 

photocatalyst components transporting electrons from the conduction band of 

Bi24O31Cl10 to the CB of AgCl. The separation of the electron-hole pairs enables 

a more efficient degradation process.  

 

The final objective of the study involved evaluating the effectiveness of the 

synthesized materials in actual water samples. Since a lot of studies involved 

research in DI water conditions, it is far removed from the realities of 

environmentally relevant systems. Therefore, it was important to investigate the 

efficiency of the material in real water samples. The results show a higher 

efficiency in the degradation of phenol in the water matrix in comparison to DI 

Water. This is because while some ions have an inhibiting effect, others could 

have a promoting effect. The cumulative effect of these components promoted 

the degradation process. 

 

Visible-light photocatalysis has promising socioeconomic implications. This is 

due to the inherent benefit of using solar energy to remove recalcitrant organic 

pollutants from wastewater. It results in significantly reduced energy costs when 

compared to ultraviolet light irradiation. Sunlight is also a universal resource, 

which could result in lower water costs, particularly in communities where energy 

supply is scarce. Although, all results were established on a laboratory scale in 

this study where a low-wattage visible light was simulated, it is important to 

confirm these hypothesis through pilot tests. The total cost of the technology will 

be influenced by key factors such as reactor design and other operating 

conditions. However, other studies have showed a potential of upto a third in the 

reduction of expenses when switching from an electricity photoreactor to solar 

energy (Isawi et al., 2021).  
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7.2. Recommendations 

 

While major milestones were achieved in this study, other aspects could be 

recommended for future studies.  

 

1. An investigation should be done to identify a degradation pathway for the 

selected contaminants and their intermediates. This is to ensure that the 

intermediates being formed are not more toxic than the parent material. 

 

2. It is also important to consider the photocatalysts' potential for applications 

other than water treatment. The research could be expanded to include the 

simultaneous degradation of organic contaminants while producing 

hydrogen or the conversion of CO2 to renewable fuels.  
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APPENDIX A – CALIBRATION CURVES 

 

 

Figure A 1: Phenol HPLC calibration curve 

 

 

Figure A 2: 2,4-D HPLC calibration curve 
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Figure A 3: Tetracycline HPLC calibration curve 
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APPENDIX B - KINETICS 

 

The TC and 2,4-D photocatalytic experiments were modelled using the zero-

order, pseudo-first-order and pseudo-second-order kinetics represented in 

Equation B1 to Equation B3 for quantitative evaluation using the obtained results. 

The rate constants and regression coefficients are presented in Table B1 and 

Table B2. 

 

-
dC

dt
=kapp → C = C0 – kt        (B1) 

-
dC

dt
=kappC→  ln (

C0

C
) = kt + 1        (B2) 

-
dC

dt
=kappC2→   (

1

𝐶
) = kt + 

1

C0
       (B3) 

 

where C0 and Ct are the initial concentration and final concentration at time t 

while k is the rate constant in mg.L-1.min-1, min-1 and L.mg-1.min-1 in the zero, 

pseudo-first and pseudo-second-order respectively. 

 

The pseudo-first-order reaction kinetics is based on the Langmuir-Hinshelwood 

(L-H) kinetic model which describes single-component kinetics while the 

pseudo-second-order kinetics describes two or more component reaction rates 

(Hou et al., 2021). L-H is based on the assumptions that the reaction system is in 

dynamic equilibrium, reaction with intermediate products and reactive species for 

active sites are not limiting and the reaction is surface mediated (Ateia et al., 

2020). The results confirm that the zero-order kinetics is not a good fit to describe 

this experimental data and the pseudo-second-order model better fits at optimum 

conditions. This is consistent with the theory that intermediates will be formed 

during the photodegradation experiments as well as the reaction rate being 

proportional to the concentration of the reactant (Gao et al., 2016). The maximum 
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rate constants for 2,4-D and TC were at 0.5 g/L and 1 g/L respectively with 0.0045 

L.mg-1.min-1 and 0.0238 L.mg-1.min-1 with a coefficient of determination of 

0.9937 and 0.9631. In the degradation of 2,4-D and TC, at optimum values of 

photocatalyst loading, initial concentration and pH, the R2 values were 

significantly higher when compared to other conditions.  The reaction coefficient 

also confirms the experimental trends that were noticed which include, higher 

reaction constants at low initial pollutant concentration, photocatalyst loading 

effects and the impact of pH on the reaction rate. 
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Table B1: Kinetic parameters for 2,4-D 

Variable 

parameter 

Value k R2 

Zero-order First-order Second-order Zero-order First- order Second- order 

Catalysta BOC -8E-05 8E-05 9E-05 0.0419 0.043 0.0442 

10%AgCl/BOC -18E-04 0.0025 0.0035 0.9757 0.9919 0.9925 

20%AgCl/BOC -0.002 0.0029 0.0045 0.9282 0.9692 0.9937 

50%AgCl/BOC -18E-04 0.0031 0.0048 0.9235 0.9649 0.9902 

Photocatalyst 

loadingb 

0.25 g/L -12E-04 0.0014 0.0018 0.8062 0.8244 0.8418 

0.5 g/L -0.0020 0.0029 0.0045 0.9282 0.9692 0.9937 

1 g/L -13E-04 0.0017 0.0023 0.6912 0.7195 0.7373 

Initial 

concentrationc 

10 mg/L -0.0021 0.003 0.0044 0.8712 0.8819 0.8776 

20 mg/L -0.002 0.0029 0.0045 0.9282 0.9692 0.9937 

50 mg/L -9E-04 0.001 0.0012 0.5771 0.562 0.5454 

Solution pHd 3 -0.002 0.0029 0.0046 0.8811 0.9264 0.9582 

4 -0.002 0.0029 0.0045 0.9282 0.9692 0.9937 

7 -9E-04 0.0011 0.0013 0.941 0.9511 0.9556 

11 0.0002 -2E-04 -2E-04 0.1313 0.1195 0.1080 
a photocatalyst loading = 0.5 g/L, concentration = 20 mg/L, pH= 4 
b catalyst = 20%AgCl/BOC, concentration = 20 mg/L, pH = 4 
c catalyst = 20%AgCl/BOC, photocatalyst loading = 0.5 g/L, pH = 4 
d catalyst = 20%AgCl/BOC, photocatalyst loading = 0.5g/L, concentration = 20 mg/L
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Table B2: Kinetic parameters for tetracycline 

Variable 

parameter 

Value k R2 

Zero-order First-order Second-order Zero-order First-order Second- order 

Catalyste BOC -8E-04 0.0009 0.0011 0.6759 0.6798 0.6821 

10%AgCl/BOC -0.0016 0.0024 0.0037 0.6190 0.6715 0.7155 

20%AgCl/BOC -0.0021 0.0034 0.0060 0.6870 0.7238 0.7546 

50%AgCl/BOC -0.0028 0.0062 0.0165 0.8052 0.9196 0.9882 

Photocatalyst 

loadingf 

0.25 g/L -0.0023 0.0038 0.0070 0.8530 0.9152 0.9340 

0.5 g/L -0.0028 0.0062 0.0165 0.8052 0.9196 0.9882 

1 g/L -0.0029 0.0073 0.0238 0.7812 0.9098 0.9631 

Initial 

concentrationg 

20 mg/L -0.0029 0.0073 0.0238 0.7812 0.9098 0.9631 

30 mg/L -0.0028 0.0058 0.0141 0.9011 0.9733 0.9769 

50 mg/L -0.0021 0.0320 0.0051 0.9136 0.9416 0.9400 

Solution pHh 3 -0.0030 0.0069 0.0202 0.8708 0.9671 0.9523 

5.3 -0.0029 0.0073 0.0238 0.7812 0.9098 0.9631 

7 -0.0031 0.0080 0.0027 0.8028 0.9183 0.9780 

11 -0.0032 0.0081 0.0282 0.7052 0.7596 0.8204 
e photocatalyst loading = 0.5 g/L, concentration = 20 mg/L, pH= 5.3 
f Catalyst = 50%AgCl/BOC, concentration = 20 mg/L, pH = 5.3 
g Catalyst = 50%AgCl/BOC, photocatalyst loading = 1 g/L, pH = 5.3 
h Catalyst = 50%AgCl/BOC, photocatalyst loading = 1 g/L, concentration = 20 mg/L 
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