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ABSTRACT 

The global challenge of water contamination demands creative and sustainable methods for the 

effective treatment of wastewater. This study examined the use of modified layered double 

hydroxide (LDH)-based photocatalysts and adsorbents as potential solutions for removing 

persistent organic pollutants, primarily targeting antiretroviral drugs (ARVDs) such as 

efavirenz (EFV) and nevirapine (NVP). These drugs were selected because of their frequent 

occurrence in wastewater resulting from their extensive use in antiretroviral therapy for human 

immunodeficiency virus/acquired immunodeficiency syndrome (HIV/AIDS). Additionally, 

they are known to endure in the environment and resist conventional wastewater treatment 

methods, posing risks to both aquatic life and human health. 

 

The investigation commenced with the synthesis and a comprehensive characterisation of a 

composite Ag-AgBr-LDH photocatalyst designed for visible light-induced photocatalysis. 

LDH and Ag-AgBr were selected for the synthesis of the photocatalyst based on their 
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complementary characteristics, offering the potential for improved photocatalytic performance 

through synergy. LDH materials are known for their durability and simplicity in synthesis, 

making them versatile materials that can be tailored to specific needs. However, their light 

absorption efficiencies, particularly in the visible light spectrum, are relatively limited. 

Conversely, Ag-AgBr is known for exceptional light absorption capabilities, especially in the 

visible light spectrum. However, its efficacy is often impeded by photo-corrosion, restricting 

its usefulness in photocatalytic processes. Through the combination of LDH and Ag-AgBr, the 

resultant photocatalyst can potentially capitalise on the advantages of both materials: the 

resilience and adaptability of LDH materials and the enhanced light absorption abilities of Ag-

AgBr. The physicochemical characteristics of the photocatalyst, including crystalline structure, 

morphology, surface area, and chemical composition, were elucidated using techniques such 

as X-ray diffraction (XRD), scanning electron microscopy with energy-dispersive X-ray 

spectroscopy (SEM-EDS), Brunauer-Emmett-Teller (BET) surface area analysis, and X-ray 

photoelectron spectroscopy (XPS). 

 

Subsequent evaluation of the photocatalyst’s efficacy in degrading recalcitrant organic 

pollutants such as phenol, highlighted its potential in water treatment applications. 

Transitioning to the degradation of EFV and NVP, silver-halide-doped Mg-Zn-Al LDH 

emerged as a promising photocatalyst. For degradation of ARVDs, response surface modelling 

(RSM) was used to evaluate the interactions between the independent variables: initial pH of 

the solution, photocatalyst loading and initial concentration of the pollutants. The results 

showed that there were significant interactions between the initial concentration and 

photocatalyst loading for EFV degradation, while the interactions between photocatalyst 

loading and initial concentration, and the initial pH of the solution and photocatalyst loading 

were significant for NVP degradation. The highest degradation efficiencies were 84% and 

100% for EFV and NVP, respectively. Scavenger tests revealed that the hydroxyl free radicals 

and photo-induced holes were the dominant active species that promoted the degradation of 

ARVDs. 

 

The investigation delved deeper into the degradation of EFV and NVP in a continuous flow 

reactor, highlighting the complex relationship between light intensity, photocatalyst loading, 

and flow rate. The effect of light intensity was examined in batch experiments, while the impact 

of photocatalyst loading, flow rate, and initial concentration on the photodegradation 

efficiencies of the two ARVDs was evaluated using the continuous flow reactor. The results 
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indicated a clear correlation between light intensity and degradation efficiency, showing higher 

degradation rates at elevated light intensities. It was also determined that optimal conditions 

for achieving maximum degradation efficiency included a photocatalyst loading of 3 g L–1 and 

a flow rate of 10 mL min–1. Elevated initial pollutant concentrations impeded degradation 

efficiency by reducing light penetration and increasing surface adsorption. Employing a 

membrane at the reactor outlet ensured retention of the photocatalyst within the reactor. 

 

In a parallel endeavour, the study evaluated the adsorption potential of calcined layered double 

hydroxide (CLDH) for EFV and NVP removal from wastewater. Comprehensive 

characterisation analyses, including XRD, SEM-EDS, BET surface area analysis, and Fourier-

transform infrared spectroscopy (FTIR), provided insights into the physicochemical properties 

and surface characteristics of the adsorbent. Computational analysis and adsorption isotherm 

studies revealed rapid kinetics, spontaneous and exothermic behaviour, and the dominance of 

physisorption interactions. The stable complexes formed between ARVDs and CLDH 

highlighted the efficacy of hydrogen bonding as a significant adsorption mechanism. 

 

This comprehensive investigation highlighted the substantial promise of modified LDH-based 

photocatalysts and adsorbents in addressing the complex challenge of wastewater contaminated 

with pharmaceuticals specifically ARVDs. The insights gained provide a groundwork for 

ensuing research projects concentrating on the enhancement of photocatalytic systems and 

reactor designs, the investigation of alternative light sources, and ensuring the long-term 

stability and reusability of photocatalysts. Integrating adsorption and photocatalysis into hybrid 

systems, along with a deeper understanding of degradation mechanisms, could lead to more 

efficient and sustainable water treatment solutions. 

 

 

Keywords: photocatalysis, surface plasmon resonance, antiretroviral therapy, 

adsorption, computational analysis.  
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CHAPTER 1:  INTRODUCTION 

1.1 Background 

Human Immunodeficiency Virus (HIV) infections represent the primary aetiology of Acquired 

Immune Deficiency Syndrome (AIDS), a condition of substantial global significance (Piot et 

al., 2001). The detection of AIDS traces back to the early 1980s, marking a pivotal milestone 

in medical history (Mahy et al., 2021). Initial observations indicated a dire prognosis, with all 

diagnosed individuals succumbing to the disease within a brief period of two years (Mahy et 

al., 2021). During this period, HIV/AIDS emerged as a leading cause of mortality in numerous 

nations, as supported by studies conducted by various authors (De Cock & Weiss, 2000). The 

approach to dealing with this potent disease saw a significant shift in the mid-1990s with the 

introduction of antiretroviral drugs (ARVDs) (Azu, 2012, Broder, 2010). The introduction of 

these medications signalled a new era in the field of HIV/AIDS treatment, instilling hope in 

those confronted with the grim future associated with the disease. Zidovudine, also known as 

azidothymidine (AZT), marked the beginning of antiretroviral treatment by gaining approval 

from the United States Food and Drug Administration (US FDA) in the year 1987, thus 

establishing the foundation for future progressions in HIV/AIDS pharmacotherapy (Broder, 

2010). The subsequent approvals of didanosine in 1991 and zalcitabine in 1992 broadened the 

therapeutic armamentarium accessible to healthcare practitioners. These early approvals set the 

stage for a continuous progression of ARV development.  

 

The study by Moyo et al. (2023) reported that, by 2022, more than two-thirds of the world’s 

new HIV infections were from the Southern African region. This region is recognized as the 

epicenter of the HIV/AIDS pandemic, exhibiting the highest utilization of ARVDs. However, 

this widespread usage raises apprehensions regarding potential environmental contamination, 

particularly in water bodies, primarily attributable to deficient waste management practice. 

South Africa, Botswana, Eswatini, Namibia, Zambia, and Zimbabwe report prevalence rates 

ranging from 15% to 36% of the population (Adeola & Forbes, 2022). Recent estimates by 

Schoeman et al.(2017) indicate that a single patient requires approximately 990 mg per day of 

ARVD combination therapy which includes EFV and NVP. Since the rate of ARVD 

consumption, based on epidemiological statistics of various African countries, is relatively 

uncertain, it is difficult to precisely estimate the quantity of ARVDs consumed on the continent 

over time (aus der Beek, 2016). To put this into perspective, recent estimates in South Africa 

indicate that 7 million individuals may be HIV-positive. According to a report by the World 
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Health Organization, more than 70% of AIDS patients were receiving antiretroviral therapy; 

this suggests that the daily consumption of ARVDs is approximately 5.2 tons, or 1,898 tons 

annually. The excretion of ARVDs and their associated metabolites differs between 

compounds. Significant proportions of EFV and NVP are metabolised in the liver and 

eliminated via the kidneys, while small amounts are eliminated via urine and faeces (Thorp, 

2008). EFV and NVP are excreted unchanged in urine at rates of 14 and 5%, respectively, in 

single doses (Cristofeletti et al., 2013). Assuming a typical excretion rate of 30% of ingested 

ARVDs reports to sewage via urine and faeces, it is estimated that 569 tons of drugs could 

reach South Africa's aquatic systems annually.  

 

ARVD pollution in water bodies can also arise from the improper disposal of unused or expired 

medications (Zitha et al., 2022; Madikizela et al., 2020). Inadequate disposal methods, such as 

flushing unused drugs down toilets or drains, can instigate the introduction of ARVDs into 

wastewater systems, traversing into natural water bodies through sewage discharge. 

Furthermore, the leakage of septic tanks and underground sewage pipes poses a notable risk of 

ARVD contamination in water bodies, as leaks or ruptures in these systems can liberate 

ARVDs into the surrounding soil and groundwater, thereby contaminating proximate surface 

water sources. Additionally, runoff from landfills where pharmaceutical waste is ineffectively 

disposed-off can contribute to the proliferation of ARVDs in water bodies (Madikizela et al., 

2022, Okoro et al., 2022). Rainwater can facilitate the transport of dissolved or suspended 

ARVD residues from landfill sites into nearby streams, rivers, or lakes, thereby jeopardising 

water quality and potentially endangering aquatic ecosystems and human health. Domestic and 

sewage waste disposal methods play a crucial role in contaminating of water bodies with 

ARVDs. When wastewater effluent is released into rivers or coastal areas without adequate 

treatment, it can become a reservoir for ARVD residues that persist in the environment and 

accumulate over time. Moreover, the manufacturing of ARVDs and the management of 

pharmaceutical manufacturing byproducts can intensify the pollution of aquatic environments 

with active pharmaceutical components. 

 

In addition to ARVDs, phenolic compounds represent another class of pollutants that pose 

significant environmental risks. These compounds are extensively utilised across various 

industries, including paper production (Oshima et al., 2020), wood processing (Joseph et al., 

2024), coal gasification (Guo et al., 2019), textile (Afonso et al., 2023), resin manufacturing 

(Asim et al., 2018), and agro-industrial operations (Boher et al., 2023). Inadequate waste 
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disposal techniques and accidental leaks commonly result in their introduction into aquatic 

ecosystems, where they remain due to their hazardous and resilient nature. The environmental 

challenges posed by phenolic compounds, alongside ARVDs, highlight the pressing need for 

comprehensive and adaptable remediation strategies to address persistent organic pollutants 

and safeguard aquatic ecosystems and public health.  

 

1.2 Problem Statement 

Highly active antiretroviral therapy (HAART), commonly known as combination therapy or 

antiretroviral therapy (ART), is a therapeutic regimen for HIV/AIDS that involves the 

simultaneous administration of multiple antiretroviral medications. Its main goal is to prevent 

the spread of HIV in the body, reducing the viral load to undetectable levels and slowing down 

the progression of the disease (Yen et al., 2004, Brechtl et al., 2001). Despite its effectiveness 

in bolstering the immune systems of individuals with HIV/AIDS and preventing physical 

symptoms, HAART is linked to several adverse effects. These adverse effects may impede 

treatment adherence and increase the risk of drug resistance. ARVDs toxicity reviews have 

identified a spectrum of adverse effects, with certain ARVDs demonstrating particularly severe 

cases. Protease inhibitors (PIs) such as ritonavir, lopinavir and atazanavir are commonly linked 

to gastrointestinal side effects and insulin resistance. Furthermore, certain ARVDs such as 

ritonavir and amprenavir are associated with sensory neurotoxic effects and skin rashes, 

respectively (Hawkins, 2010). Nucleoside reverse transcriptase inhibitors (NRTIs) that include 

zidovudine, lamivudine and tenofovir, and non-nucleoside reverse transcriptase inhibitors 

(NNRTIs) such as efavirenz (EFV) and nevirapine (NVP) typically cause side effects in the 

peripheral and central nervous systems, respectively, with mitochondrial toxicity and renal 

dysfunction being notable adverse effects. Additionally, cardiovascular hazards have been 

associated with certain PIs and NRTIs (Hatleberg et al., 2021). Aquatic species are increasingly 

at risk due to the prevalence of ARVDs in the environment, posing significant threats to aquatic 

ecosystems and food sources. Studies conducted by Akenga et al. (2021) have revealed that 

these ARVDs can be absorbed by plants, especially lettuce, suggesting potential unintentional 

exposure of animals and humans to ARVDs through contaminated crops. Furthermore, studies 

performed by Fernández et al. (2022) and Kowlaser et al. (2022) have demonstrated the 

adverse consequences of EFV and NVP on aquatic organisms such as Rhinella arenarum 

tadpoles and Oreochromis, respectively. The bioactivity of emerging pollutants (EPs) at 

minimal concentrations, coupled with the risk of unintended exposure to non-target species 
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from inadequate pharmaceutical disposal and prospective contamination of potable water 

sources, mandates prompt intervention to mitigate these issues. 

 

The presence of phenol in aquatic ecosystems represents a significant health hazard, as the 

consumption of water polluted with phenolic compounds has been correlated with protein 

degradation, tissue death, paralysis of the central nervous system, and damage to critical organs 

like the kidneys, liver, and pancreas (Geyikci & Coruh, 2013). To address these threats, the 

World Health Organization (WHO) prescribes a maximum allowable level of 1 mg/L for 

phenolic chemicals in potable water (WHO, 1996). Moreover, the United States Environmental 

Protection Agency (USEPA) enforces strict guidelines, demanding that phenol levels in effluent 

be curtailed to below 1 mg/L to safeguard both public health and the ecological environment 

(Anku, Mamo & Govender, 2017). 

 

Various methods can be utilised to tackle the presence of ARVDs and other organic pollutants 

in aquatic environments, such as degradation, adsorption, phytoremediation, and biological 

processes. The importance of wastewater treatment plants (WWTPs) in collecting and 

remediating pollutants is well known; however, incomplete pollutant removal may result in the 

discharge of organics and pharmaceuticals into the ecosystem. The increased detection of 

ARVDs and other pharmaceuticals in aquatic systems has led to their classification as EPs. 

EFV and NVP were discovered to be among the ARVDs that are persistent in waterbodies 

(Adeola & Forbes, 2022, Zitha et al., 2022, Abafe et al., 2018). Studies by multiple researchers 

have reported influent WWTP concentrations of up to 34,000 ng/L and effluent concentrations 

as high as 33,000 ng/L. These values indicate that conventional WWTPs that typically rely on 

technologies such as activated sludge treatment, are ineffective in removing ARVDs. Even at 

low concentrations, ecotoxicological and human assessment studies have revealed the potential 

long-term toxicity of these compounds. The dangers posed by ARVDs to non-target species 

have prompted the monitoring and remediation of their presence in waterbodies (Mahaye & 

Musee, 2022, Souza et al., 2022, Abafe et al., 2018), particularly in nations with a substantial 

population on ART. Advanced oxidation processes (AOPs) are preferred for the removal of 

recalcitrant pollutants in wastewater due to their ability to generate highly reactive and non-

selective free radicals, which are capable of completely mineralizing organic pollutants. 

Although several AOPs exist, heterogeneous photocatalysis is regarded as one of the most 

viable processes due to its capacity to achieve greater degradation efficiencies, eco-

friendliness, and ease of operation. Adsorption-based processes are also favoured in the 
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treatment of ARVDs in wastewater due to their simplicity, low energy requirements, cost-

effectiveness, reduced sludge formation, and the feasibility of regenerating and reusing 

adsorbents (Capra et al., 2018, Yin et al., 2016). 

 

Layered double hydroxides (LDHs) are some of the materials that have attracted attention as 

photocatalysts and adsorbents for the remediation of various organic pollutants 

(Jothivenkatachalam & Pandikumar, 2019). This is due to their attractive physicochemical 

properties including flexible compositions and structures, as well as higher specific areas 

(Naseem et al., 2019). As photocatalysts, ternary LDHs have been reported to perform better 

than binary LDHs when applied in water remediation processes. This is due to the additional 

metal constituent which enhances the material’s physical and chemical features, and ultimately 

its efficacy in water remediation processes. Valente et al. (2009) reported that a Mg-Zn-Al LDH 

was 10 times more effective than Mg-Al LDH in degrading phenol and 

2,4- dichlorophenoxyacetic acid under ultraviolet (UV) light irradiation. They attributed this to 

the presence of photoactive Zn metal in the photocatalyst’s composition. The amount of Zn in 

LDH was controlled at a molar concentration of 5% as it presented a higher specific area than 

photocatalysts with elevated Zn content. A separate study by Kim et al. (2017) revealed that 

adding cobalt to a Zn- Al LDH doubled the performance of the photocatalyst in degrading 

methyl orange from wastewater.  

 

Although extensive research has been conducted on the photocatalytic properties of LDHs, 

their effectiveness is usually confined to the UV region of the electromagnetic spectrum, which 

comprises only a small portion (4% – 5%) of the solar spectrum (Diffey, 2002). This limitation 

is due to their large bandgap energy, that inhibits their ability to absorb visible light, which has 

a lower energy than UV light. Sherryna and Tahir (2022) and Ng et al. (2021) reported that 

LDHs possess bandgap energies ranging from 4 – 5 eV. This property restricts their light 

absorption capabilities to shorter wavelengths than 300 nm, that is in the UV region. As a result, 

their efficiency as photocatalysts for visible light-induced reactions is compromised, as they 

are unable to absorb visible light with wavelengths between 400 and 700 nm. Numerous studies 

have been conducted to improve the photocatalytic activity of LDHs under visible light 

irradiation, including doping them with transition metal ions (Kim et al., 2017; Valente et al., 

2009) and modifying the interlayer anions of LDHs to alter their electronic structure and 

bandgap energy (Liu et al., 2019). In addition, LDHs can be paired with materials that possess 

narrower bandgaps, such as carbon nitride (Luo et al., 2017), to create hybrid materials that 
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can efficiently absorb visible light and facilitate photocatalytic reactions (Wu et al., 2018). 

Another approach involves doping LDHs with materials that are effective in absorbing visible 

light, such as silver halides, to enhance their photocatalytic activity under visible light 

irradiation (Zheng et al., 2022). 

 

Nano-photocatalysts comprising of silver-silver halide (Ag-AgX) have garnered significant 

attention owing to their exceptional photocatalytic properties. This attention can be attributed 

to the silver nanoparticles’ enhanced light absorption efficiency, making them an essential 

component in various photocatalytic nanocomposite materials. However, these halides have 

limitations such as susceptibility to high rates of electron-hole pair recombination and photo-

corrosion. Huang et al. (2022) and Weng et al. (2019) reported that coupling Ag-AgX with 

robust materials can make these shortfalls less significant. LDHs, when combined with Ag-

AgX, can significantly improve photocatalytic performance by tackling stability issues and 

preventing electron-hole pair recombination. This is accomplished by providing a robust 

structural support that prevents the aggregation of nanoparticles and acts as a protective barrier 

against photo corrosion. Furthermore, LDHs can capture and immobilise silver ions, thereby 

decreasing AgX dissolution and boosting overall stability of the photo-composite. 

Additionally, the heterojunction formed between Ag-AgX and LDH can facilitates efficient 

charge separation, extending charge carrier lifetimes and reducing recombination rates. 

 

In addition to their photocatalytic capabilities, LDHs can also exhibit multidimensional 

adsorption mechanisms that include anion exchange, surface adsorption, memory effect, and 

adsolubilisation (Tabana et al., 2020). Studies by Jie et al. (2022), Kazeem et al. (2019), and 

Li et al. (2017) have shown that the performance of ternary LDHs surpasses that of binary 

LDHs when employed in adsorption processes. This is due to their improved physicochemical 

properties, such as enhanced thermal stability, presence of basic sites, and increased surface 

area resulting from the synergistic effect between the two metals.  

 

1.3 Hypothesis 

The versatility of LDHs makes them suitable for modification to be used in water remediation 

applications, serving a dual purpose as photocatalysts and adsorbents. When utilised as a 

photocatalyst, LDHs collaborative integration with less robust materials that exhibit significant 

absorption of visible light results in composite catalysts that are characterised by increased 

effectiveness and improved stability compared to the individual components. Furthermore, 
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LDHs ability to transform into mixed metal oxides (MMOs) through thermal treatment, along 

with their capability to undergo reconstruction when in contact with aqueous solutions, 

enhances their effectiveness as an adsorbent for water remediation purposes. 

 

1.4 Aims and Objectives 

The primary aim of this research was to assess the effectiveness of a modified LDH as a 

photocatalyst in removing phenol and ARVDs under visible light exposure, and to evaluate its 

adsorption capacity for ARVDs. Specific objectives were to develop and characterise a 

composite photocatalyst consisting of LDH, silver (Ag) and silver bromide (AgBr), while 

determining the optimal Ag composition in the photocatalyst. The investigation was carried 

out to investigate the effects of pH, photocatalyst loading, and initial pollutant concentration 

on the photodegradation of phenol, including the examination of reaction kinetics, scavenger 

effects, degradation mechanisms, and the recyclability of the photocatalyst. The interactions 

between pH, photocatalyst loading, and initial pollutant concentration in removing of ARVDs 

(EFV and NVP) were evaluated using experimental design software. Subsequently, the 

degradation kinetics and mechanisms were elucidated based on the experimental findings. 

Moreover, the investigation explored the application of continuous flow in the 

photodegradation of ARVDs, examining the impact of flow rate, initial concentration, and 

photocatalyst loading. Additionally, the research involved the synthesis and calcination of 

LDH material for the purpose of adsorption applications, including an assessment of the 

physicochemical properties of the adsorbent. Besides, it utilised experimental design software 

to scrutinise the interrelationships among pH, adsorbent dosage, operating temperature, and 

initial contaminant levels in the adsorption of ARVDs, utilising experimental design software. 

Computational analysis was utilised to predict the adsorption mechanism. 

 

1.5 Outline of the Thesis 

Chapter 1 

Chapter 1 introduces the study by providing background information on the global impact of 

HIV/AIDS, with a particular focus on the increasing use of highly active antiretroviral therapy 

(HAART) in Southern Africa. It highlights the environmental concerns surrounding the 

persistence of ARVDs in aquatic ecosystems, emphasising their contamination of water 

resources and the limitations of traditional water treatment methods. The problem statement 

discusses the challenges of ARVDs in water bodies, their resistance to conventional treatments, 

and their ecological and health risks. The hypothesis suggests that advanced oxidation 
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processes and adsorption techniques could be effective in degrading and removing ARVDs 

from water. The chapter also outlines the aims and objectives of the research, which focus on 

evaluating various degradation methods, including photocatalysis, and optimising their 

application. Finally, the chapter highlights the significance of the study, which lies in its 

potential to advance sustainable and efficient water treatment technologies, addressing a 

critical environmental issue while contributing to the broader efforts of safeguarding aquatic 

ecosystems and public health. 

 

Chapter 2 

Literature review conducted for this study is outlined, comprising two segments, each focusing 

on distinct themes. The first segment examines pollutants, with phenol presented as a model 

pollutant due to its persistence as an organic contaminant. Additionally, the segment explores 

emerging pollutants, specifically ARVDs such as EFV and NVP. The second segment focuses 

on LDH, the material under examination, which is suggested for modification using various 

techniques to enhance its properties as a photocatalyst and adsorbent. The objective of this 

chapter is to provide a comprehensive overview of the pollutants under investigation and the 

material being explored for their removal, supporting the rationale for the study’s approach. 

 

Chapter 3 

Chapter 3 offers an in-depth overview of the materials and experimental procedures used in the 

study. This includes detailed descriptions of the methods employed for synthesising and 

modifying the materials, specifically focusing on LDH material. The chapter also outlines the 

characterisation techniques used to analyse the physical and chemical properties of the 

materials, such as X-ray diffraction (XRD), scanning electron microscopy (SEM), and other 

relevant methods. Additionally, it discusses the analytical techniques employed to assess the 

effectiveness of the materials in photocatalytic degradation and adsorption processes, with a 

focus on High-Performance Liquid Chromatography (HPLC) for quantifying pollutant 

degradation and adsorption efficiency. The objective of this chapter is to ensure a clear 

understanding of the experimental setup and analytical methods used to validate the study’s 

hypotheses. 

 

Chapter 4 

The characterisation results of the composite photocatalyst are presented, including findings 

from various analytical techniques. These include XRD for identifying the crystal structure, 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 

9 

SEM-EDS for surface morphology and elemental composition analysis, and transmission 

electron microscopy (TEM) for examining the nanostructure. Additionally, X-ray 

photoelectron spectroscopy (XPS) is used to analyse surface chemistry, while Brunauer-

Emmett-Teller (BET) surface area analysis provides insights into the material's surface 

properties and porosity. The objective of this section is to offer a comprehensive understanding 

of the structural and surface characteristics of the composite photocatalyst. 

 

Chapter 5 

This section discusses the results and findings related to the visible light-activated degradation 

of phenol using the silver-silver bromide-LDH nanocomposite photocatalyst under batch 

reactor conditions. It presents the effectiveness of the photocatalyst in breaking down phenol, 

highlighting the impact of various experimental parameters such as reaction time, photocatalyst 

concentration, and initial pH of the solution. The findings also include a discussion on the 

degradation efficiency, the potential mechanisms involved in the photocatalytic process, and 

how the presence of silver-silver bromide enhances the photocatalytic activity of LDH. The 

objective is to demonstrate the potential of this composite material in environmental 

applications, particularly for the treatment of organic pollutants under visible light irradiation. 

 

Chapter 6 

Results and discussion focus on the photocatalytic degradation of EFV and NVP using a visible 

light-activated Ag-AgBr-LDH nanocomposite catalyst under batch reactor conditions. The 

efficiency of the photocatalyst in degrading these ARVDs is explored, considering factors such 

as reaction time, catalyst dosage, and initial pH of the solution. The degradation rates of EFV 

and NVP are compared, offering insights into the photocatalytic process mechanisms. The 

objective of this section is to present and discuss the results related to the photocatalytic 

degradation of EFV and NVP using a visible light-activated Ag-AgBr-LDH nanocomposite 

catalyst under batch reactor conditions.  

 

Chapter 7 

The findings and discussion regarding the removal of ARVDs from wastewater through 

continuous flow photocatalysis are presented. The analysis focuses on the effectiveness of the 

Ag-AgBr-LDH nanocomposite catalyst under continuous flow conditions, examining the 

degradation efficiency of ARVDs and the optimisation of operational parameters. The 

objective is to assess the performance of the photocatalytic process in removing ARVDs from 
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wastewater, exploring its feasibility for large-scale applications and the influence of various 

operational factors on degradation efficiency. 

 

Chapter 8 

The results and discussion present an integrated study combining both experimental and 

computational analyses, focusing on the adsorption of ARVDs onto calcined LDH (CLDH). 

The study evaluates the efficiency of CLDH as an adsorbent for ARVDs and explores the 

adsorption mechanisms through experimental data and computational modelling. The objective 

is to assess the adsorption capacity and mechanisms of ARVD removal using CLDH, 

highlighting its potential as an effective adsorbent for the treatment of wastewater 

contaminated with ARVDs. 

 

Chapter 9 

The conclusions and recommendations are derived from the collective results presented in 

Chapters 4 through 8. These chapters collectively cover the photocatalytic degradation of 

pollutants, including phenol and ARVDs, as well as the adsorption studies using CLDH. Based 

on the findings, the chapter synthesises key insights into the effectiveness of the silver-silver 

bromide-hydrotalcite nanocomposite as a photocatalyst, the application of continuous flow 

photocatalysis for ARVD removal, and the potential of CLDH for adsorbing ARVDs. 

The objective is to provide final conclusions on the overall efficacy of the materials and 

processes explored in the study, while offering recommendations for future research and 

practical applications in wastewater treatment. 

 

1.6 Significance of the study 

This research is of great significance in advancing sustainable water remediation technologies 

by addressing critical challenges associated with the removal of persistent organic pollutants, 

such as phenol and ARVDs, from wastewater environments. By capitalising on the exceptional 

adaptability of LDHs and their modified derivatives as photocatalysts and adsorbents, this 

study promotes the innovation of advanced composite materials defined by increased stability, 

performance, and multifunctional features. The integration of LDHs with silver and silver 

bromide not only improves visible-light absorption but also demonstrates the potential for 

scalable application through batch and continuous flow systems. Furthermore, the 

comprehensive investigation into degradation kinetics, adsorption mechanisms, and the role of 

key parameters such as pH, pollutant concentration, and material loading offer critical insights 
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for optimising pollutant removal processes. Beyond experimental findings, the incorporation 

of computational analyses enriches the understanding of adsorption mechanisms at the 

molecular level, paving the way for targeted material design. Overall, the study provides a 

scientific foundation for advancing environmental engineering practices and contributes to 

global efforts to mitigate water pollution through sustainable and efficient remediation 

solutions. 
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CHAPTER 2:  LITERATURE REVIEW 

2.1 Synopsis 

This chapter reviews literature to establish the study's foundation. It highlights the prevalence 

of ARVDs in sub-Saharan Africa, their significance in HIV/AIDS management, and associated 

environmental issues from water system accumulation. The discussion addresses the fate, 

transport, and occurrence of ARVDs in wastewater, surface water, and groundwater, focusing 

on their ecotoxicological risks to humans and aquatic ecosystems. The physicochemical 

properties of the target ARVDs, EFV and NVP, are examined through parameters like 

solubility, stability, and hydrophobicity, which influence their environmental behaviour. 

Similarly, phenol is evaluated as a model pollutant due to its recalcitrant properties and 

relevance to water contamination studies. Remediation strategies are detailed, including 

oxidative degradation, adsorption using materials such as activated carbon and biochar, and 

phytoremediation techniques involving aquatic plants. LDHs are introduced as promising 

materials for water treatment. Their synthesis methods, including co-precipitation and 

hydrothermal techniques, are discussed alongside their structural properties, thermal stability, 

and surface reactivity. The chapter concludes by presenting the integration of LDHs with silver 

halides, which enhances photocatalytic efficiency under visible light through improved charge 

separation and extended light absorption, offering a viable solution for ARVD degradation in 

water systems. 

 

2.2 Antiretroviral Drugs 

2.2.1 Background 

The emergence of acquired immune deficiency syndrome (AIDS), predominantly instigated by 

human immunodeficiency virus (HIV) infections, has had a long-lasting effect on the 

international arena, with implications that extend beyond geographical and cultural confines. 

The detection of AIDS can be pinpointed to the early 1980s, highlighting a crucial moment in 

the annals of medicine (Mahy et al., 2021). During its initial manifestation, AIDS raised 

significant alarm, as those impacted were faced with a sombre outlook, frequently succumbing 

to death within a limited period of two years (De Cock & Weiss, 2000). Throughout this period, 

AIDS became increasingly prominent as the leading cause of death in many countries. At a 

pivotal moment in the fight against this formidable illness, a significant turning point occurred 

in the mid-1990s with the introduction of ARVDs (Azu, 2012, Broder, 2010). These therapeutic 

medications signified a substantial transformation in the treatment of AIDS, offering a glimmer 
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of hope amidst the prevailing darkness. The introduction of zidovudine, more commonly 

known as azidothymidine (AZT), was approved by the United States Food and Drug 

Administration (US FDA) in 1987, establishing the foundation for subsequent progress in 

HIV/AIDS treatment (De Clercq, 2009). Subsequent to this milestone, US FDA endorsements 

for didanosine in 1991 and zalcitabine a year later broadened the range of treatment choices 

accessible to healthcare professionals. These initial advancements set the stage for a continuous 

series of innovations in developing ARVDs. The groundbreaking discoveries of ARVDs 

played a pivotal role in shaping the development of highly active antiretroviral treatment 

(HAART) regimens, marking the beginning of a new phase in the treatment of HIV/AIDS. A 

thorough review of the ARVDs authorised by the US FDA for the treatment of HIV infection, 

as displayed in Table 2.1, highlights the progressive improvement of pharmaceutical 

interventions in combating this global health crisis. The approved fixed dose combinations are 

shown in Table 2.2. 
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Table 2.1: Approved antiretroviral drugs in the USA and Europe (De Clercq, 2009) 

Generic name Brand name Manufacturer Year of approval 

Zidovudine Retrovir GlaxoSmithkline 1987 

Didanosine Videx (Tablet) Bristol-Myers Squibb 1991 

 Videx EC (Capsule) Bristol-Myers Squibb 2000 

Zalcitabine Hivid Hoffmann-La Roche 1992 

Stavudine Zerit Merck 1994 

Lamivudine Epivir GlaxoSmithkline 1995 

Saquinavir Invirase (hard gel capsule) Hoffmann-La Roche 1995 

 Fortovase (soft gel capsule) Hoffmann-La Roche 1997 

Ritonavir Norvir Abbott Laboratories 1996 

Indinavir Crixivan Merck 1996 

Nevirapine Viramune Boehrtinger Ingelheim 1996 

Nelfinavir Viracept Agouron Pharmaceuticals 1997 

Delavirdine Rescriptor Pfizer 1998 

Efavirenz Sustiva (USA) Bristol-Myers Squibb 1998 

 Stocrin (Europe) Merck 1998 

Abacavir Ziagen GlaxoSmithkline 1999 

Amprenavir Agenerase GlaxoSmithkline 2000 

Lopinavir + ritonavir Kaletra Abbott Laboratories 2000 
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Table 2.1: Approved antiretroviral drugs in the USA and Europe (Continues) 

Generic name Brand name Manufacturer Year of approval 

Tenofovir disoproxil fumarate Viread Gilead Sciences 2003 

Enfuvirtide Fuzeon Hoffmann-La Roche & Trimeris 2003 

Atazanavir Reyataz Bristol-Myers Squibb 2003 

Emtricitabine Emtriva Gilead Sciences 2003 

Fosamprenavir Lexiva (USA) GlaxoSmithkline 2003 

 Telzir (Europe) GlaxoSmithkline 2003 

Tipranavir Aptivus Boehringer Ingelheim 2005 

Maraviroc Celsentri Pfizer 2007 

 Selzentry (USA) Pfizer 2007 

Raltegravir Isentress Merck & Co., Inc. 2007 

Etravirine Intelence Tipotec Therapeutics 2008 
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Table 2.2: Approved fixed dose combinations  

Generic name Brand name Manufacturer Year of approval 

Lamivudine/Zidovudine Combivir GlaxoSmithKline 1997 

Abacavir/Lamivudine/Zidovudine Trizivir GlaxoSmithKline 2000 

Abacavir/Lamivudine Epzicom (USA) GlaxoSmithKline 2004 

 Kivexa (Europe) GlaxoSmithKline 2004 

Tenofovir/Emtricitabine Truvuda Gilead Sciences 2004 

Efavirenz/Emtricitabine/Tenofovir  Atripla Gilead Sciences 2006 

Rilpivirine/Emtricitabine/Tenofovir Complera Gilead Sciences 2011 

Elvitegravir/Cobicistat/Emtricitabine/Tenofovir Stribild Gilead Sciences 2012 

Abacavir/Dolutegravir/Lamivudine Triumeq ViiV Healthcare 2014 

Elvitegravir/Cobicistat/Emtricitabine/Tenofovir Genvoya Gilead Sciences 2015 

Rilpivirine/Emtricitabine/Tenofovir  Odefsey Gilead Sciences 2016 

Bictegravir/Emtricitabine/Tenofovir Biktarvy Gilead Sciences 2018 
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2.2.2 HIV/AIDS in sub-Saharan Region 

2.2.2.1 Prevalence of HIV/AIDS in sub-Saharan region 

The sub-Saharan region has become the focal point of the global HIV/AIDS pandemic, 

contending with an unequal share of the disease. Recent data indicates that by 2022, this region 

represented more than two-thirds of the world's new infections and observed over 70% of 

AIDS-related fatalities (Moyo et al., 2023). The intricate web of elements influencing the 

prevalence of HIV/AIDS in sub-Saharan Africa highlights the region’s susceptibility to the 

outbreak. One crucial element is the genetic variation of HIV strains prevalent in the region 

(Perrin et al., 2003). The existence of diverse viral subtypes creates obstacles to devising 

effective prevention measures and therapies customised to the particular genetic composition 

of the virus. Furthermore, the economic landscape characterised by financial inequality and 

widespread poverty worsens the spread of HIV/AIDS (Masanjala, 2007; Mbirimtengerenji, 

2007). Individuals living in marginalised societies encounter increased vulnerability due to 

restricted access to vital healthcare, education, and economic prospects (Deuchert & Brody, 

2006, Coovadia & Hadingham, 2005). 

 

The elevated prevalence of sexually transmitted infections (STIs) worsens the HIV/AIDS crisis 

in the region (Quilter et al., 2017, Katz et al., 2016). Co-infections with other STIs not only 

heighten the risk of HIV transmission but also complicate efforts related to diagnosis and 

treatment. Moreover, complex sexual networks and behaviours that are common in sub-

Saharan Africa, such as engaging in multiple concurrent sexual partnerships and transactional 

sex, facilitate the rapid dissemination of the virus within communities (Ramjee & Daniels, 

2013, Kenyon et al., 2009, Boerma et al., 2003). Additionally, the overcrowding observed in 

prisons acts as a catalyst for the transmission of HIV/AIDS in the region (Jürgens et al., 2011). 

Inadequate healthcare, sanitation, and prevention strategies within correctional facilities 

contribute to increased transmission rates among incarcerated individuals, thus sustaining the 

epidemic beyond the prison environment. Despite considerable advancements in HIV/AIDS 

prevention and treatment, stigma and discrimination continue to pose significant challenges 

throughout Africa (Kimera et al., 2020; Land & Linsk, 2013). The fear of encountering stigma 

deters individuals from accessing testing, treatment, and support services, perpetuating the 

cycle of transmission, and hindering advancements in combating the disease. 

 

According to the Joint United Nations Programme on HIV/AIDS (UNAIDS) data presented in 

Table 2.3 and 2.4, approximately 39 million individuals were living with AIDS globally in 
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2022, with 25.6 million (66%) of them located in sub-Saharan Africa. By the end of 2022, over 

29.8 million (76%) (globally) had access to antiretroviral therapy (ART), a figure more than 

double the 2010 count of 7.7 million. Notably, the sub-Saharan region accounted for a 

significant portion of individuals on ART, with over 82% of the affected population receiving 

treatment. Despite a decrease in new infections, the overall number of people living with HIV 

has continued to rise. This trend may be attributed to increased testing rates and awareness of 

HIV statuses, as well as the life-saving effects of ART. 

 

Table 2.3: Global HIV Data (van Schalkwyk, et al., 2024) 

Year People living with 

HIV 

New infections  

(aged 15 +) 

AIDS related 

deaths 

2000 22.6 million 2.8 million 1.7 million 

2005 24.5 million 2.5 million 2.0 million 

2010 26.7 million 2.1 million 1.3 million 

2021 38.7 million 1.4 million 660 000 

2022 39.0 million 1.3 million 630 000 
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Table 2.4: Regional HIV Data (van Schalkwyk, et al., 2024) 

Location People Living 

with HIV 

New infections 

(aged 15 +) 

AIDS related 

deaths 

People on ART 

(%) 

Global 39 million 1.2 million 630 000 76 

Asia and the 

Pacific 
6.5 million 300 000 150 000 65 

Caribbean 330 000 16 000 5 600 68 

Eastern and 

Southern Africa 
20.8 million 500 000 260 000 83 

Eastern Europe 

and central Asia 
2 million 160 000 48 000 51 

Latin America 2.2 million 110 000 27 000 72 

Middle East and 

North Africa 
190 000 17 000 53 000 50 

Western and 

central Africa 
4.8 million 160 000 120 000 78 

Western and 

central Europe 

and North 

America 

2.3 million 58 000 13 76 

 

2.2.2.2 ARVDs as a Therapeutic Measure 

Efforts aimed at addressing the HIV/AIDS epidemic have prompted various stakeholders such 

as national governments, non-governmental organisations (NGOs), and global entities to 

initiate multiple campaigns focused on the dissemination of knowledge and prevention 

strategies. These endeavours have played a crucial role in enhancing awareness levels and 

controlling the spread of the disease. Notably, educational initiatives, community engagement 

schemes, and the provision of accessible healthcare services have been instrumental in enabling 

individuals to embrace safer behaviours and access timely medical care (Obeagu & Obeagu, 

2024, Davis et al., 2018, Schwartländer et al., 2011). A significant advancement in the fight 

against HIV/AIDS has been the emergence and widespread availability of ARVDs. These 

pharmaceuticals serve as a fundamental component in disease management, presenting patients 

with the possibility of prolonged survival and enhanced quality of life (Yen et al., 2004, Brechtl 
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et al., 2001). Although ARVDs do not eliminate the virus, they effectively inhibit its replication 

in the body, thereby alleviating symptoms and lowering the likelihood of opportunistic 

infections. 

 

UNAIDS has established ambitious objectives, such as the 95-95-95 target, to facilitate 

significant advancements in global endeavours to contain HIV/AIDS (Granich et al., 2018). 

The 95-95-95 goal is designed to guarantee that 95% of individuals with HIV are cognisant of 

their status, 95% of those with an HIV diagnosis receive consistent ART, and 95% of patients 

undergoing treatment achieve viral suppression. These initiatives, commonly referred to as 

ART, involve a variety of antiretroviral medications customised to the distinct requirements 

and viral load profiles of individual patients (Damulak et al., 2021, Hendrickson et al., 2018, 

Granich et al., 2012). The efficacy of ARVDs in managing the transmission of HIV/AIDS 

highlights the crucial significance of accessible and comprehensive healthcare services in 

enhancing health outcomes and alleviating the disease burden among affected populations. 

 

2.2.3 Sources and Fate of Antiretroviral Drugs in Waterbodies 

The Southern African region is being regarded as the focal point of the HIV/AIDS pandemic. 

This further translates to the region being witnessing the highest consumption of ARVDs. The 

widespread utilisation of ARVDs brings forth concerns regarding potential environmental 

pollution, particularly in waterbodies. Over 7 million individuals in South Africa have been 

diagnosed with HIV/AIDS (Johnson et al., 2017). Each patient is anticipated to require 

approximately 990 mg/day of ARVDs in combination therapy (Schoeman et al., 2017). This 

translates to an estimated daily consumption of over 5.2 tons of ARVDs, amounting to 

approximately 1,898 tons annually, if 70% of the infected population is on ART. The excretion 

pathways for ARVDs and their metabolites vary depending on the specific compound. For 

instance, significant portions of EFV and nevirapine NVP undergo hepatic metabolism and are 

subsequently excreted via the kidneys, with smaller quantities being eliminated through urine 

and faeces (Thorp, 2008). EFV and NVP are excreted unchanged in urine at rates of 14% and 

5%, respectively, following single doses (Cristofeletti et al., 2013). Assuming an average 

excretion rate of 30% for ARVDs through urine and faeces, it is estimated that approximately 

569 tons of these drugs could enter South Africa's aquatic ecosystems annually. Other factors 

that can cause contamination of waterbodies with ARVDs include improper disposal of unused 

or expired medications (Madikizela et al., 2022; Schoeman et al., 2017). Methods such as 

flushing unused drugs down toilets or drains can introduce ARVDs into wastewater systems, 
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eventually reaching natural waterbodies through sewage discharge. Furthermore, leaks or 

ruptures in septic tanks and underground sewage pipes pose a significant risk of ARVD 

contamination in waterbodies (Adeola & Forbes, 2022). This could potentially release these 

drugs into the surrounding soil and groundwater, thus compromising nearby surface water 

sources. Moreover, runoffs from landfills where pharmaceutical waste is ineffectively disposed 

can contribute to the pollution of waterbodies with ARVDs (Madikizela et al., 2022; Okoro et 

al., 2022). Rainwater may wash dissolved or suspended ARVD residues from landfill sites into 

nearby streams, rivers, or lakes, compromising water quality and posing potential risks to 

aquatic ecosystems and human health. Domestic and sewage waste disposal practises also play 

a crucial role in ARVD contamination of waterbodies (Kunene & Mahlambi, 2023, Kairigo et 

al., 2020). Untreated or inadequately treated sewage effluent discharged into rivers or coastal 

areas may contain residues of ARVDs, which can persist in the environment and accumulate 

over time.  

 

2.2.3.1 Fate of ARVDs in Wastewater Treatment Plants 

Wastewater treatment facilities (WWTPs) play a crucial role in the management of a wide 

range of pollutants, such as pharmaceutical compounds, prior to their release into the 

ecosystem. These establishments employ a variety of remediation techniques that can be 

categorised into three primary classifications: physical, chemical, and biological processes. 

Physical methods for treating wastewater harness physical processes to eliminate impurities, 

without incorporating biological or chemical alterations, which include methods like 

sedimentation and filtration (Bahuguna et al., 2021, Saleh et al., 2020). Chemical approaches 

are implemented to control the release of pollutants into aquatic environments, frequently in 

conjunction with physical or biological processes. These processes entail the alteration or 

elimination of contaminants via chemical processes, such as flocculation and coagulation, 

oxidation, chemical precipitation, adsorption, and ion exchange (Saleh et al., 2020, Crini and 

Lichtfouse, 2019) 

 

Biological processes include the elimination of dissolved and suspended organic chemical 

components via biodegradation. In these processes, microorganisms are intentionally 

introduced in optimal amounts to replicate the natural self-cleaning mechanism (Jain et al., 

2022). Microorganisms are responsible for degrading organic substances in wastewater 

through two primary biological mechanisms: biological oxidation and biosynthesis. During 

biological oxidation, microorganisms decompose the organic substances, yielding by-products 
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such as minerals, carbon dioxide, and ammonia (Jain et al., 2022, Paillat et al., 2005). 

Recalcitrant compounds that persist in wastewater are discharged with the effluent. Conversely, 

in biosynthesis, microorganisms use the organic matter to generate fresh microbial cells with 

substantial biomass, which is subsequently eliminated through sedimentation (Lee & Stuckey, 

2022, Zheng et al., 2021). 

 

While conventional remediation processes in WWTPs primarily focus on removing carbon-

based substances such as carbohydrates, proteins, and lipids; emerging pollutants like ARVDs 

often escape treatment due to incomplete processes or the ineffectiveness of bioremediation. 

The limitations of bioremediation can be attributed to several factors, including organic 

overload or underload, which can disrupt the balance of microbial activity (Patel et al., 2022, 

Sipma et al., 2010). The presence of toxic chemicals in the wastewater can inhibit or kill the 

microorganisms essential for biodegradation (Saeed et al., 2022, Subramaniam et al., 2020). 

Additionally, environmental factors such as temperature fluctuations, pH imbalances, and 

aeration issues can negatively impact microbial performance, further reducing the efficiency 

of bioremediation (Ojha et al., 2021, Luka et al., 2018). Moreover, complex organic 

compounds often resist degradation, making it challenging for the biological treatment 

processes to fully eliminate these pollutants from the wastewater (Chan et al., 2022, Maurya & 

Raj, 2020).  

 

A study conducted in the KwaZulu Natal province by Mtolo et al.(2019) reported the highest 

concentration of 114 µg L–1 for EFV in a WWTP influent. Similarly, the study by Akawa et. 

al. (2021) reported the highest concentrations of NVP in influent and effluent to be 2.1 µg L–1 

and 1.72 µg L–1, respectively. Details of concentrations of other ARVDs in various regions are 

outlined in Table 2.5. It is important to note that due to a scarcity of data from other countries, 

the presented information is based on South African water bodies (mostly from Gauteng (GP) 

and KwaZulu Natal (KZN)). 
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Table 2.5: Detected ARVDs and their concentrations in various waterbodies (Zitha et al., 2022) 

ARVD Region Detected concentration (µg L–1) References 

Influent Effluent Surface water Tap Groundwater  

Atazanavir KZN 0.064 – 14  0.074 – 0.3      (Abafe et al., 2018) 

 KZN 3.1 3     (Späth et al., 2021) 

Didanosine GP   0.054    (Wood et al., 2015) 

 GP    0. 0.0061   (Swanepoel et al.) 

Efavirenz GP 17.4 7.1     (Schoeman et al., 2015) 

 GP 0.550 – 14       (Schoeman et al., 2017) 

 GP   0.7    (Wooding et al., 2017) 

 KZN 24 – 34  20 – 33      (Abafe et al., 2018) 

 KZN 89.8 – 114.4 78.8 – 93.1     (Mtolo et al., 2019) 

 KZN 0.5  0.3 0.14  0.005  (Rimayi et al., 2018) 

 GP 0.303 0.213 0.13  0.002  (Rimayi et al., 2018) 

Emtricitabine GP   0.36    (Wooding et al., 2017) 

 KZN 0.3 – 3.1  0.025 – 0.042      (Mlunguza et al., 2020) 

Lamivudine KZN   00.242    (Abafe et al., 2018) 

 KZN 74 130     (Späth et al., 2021) 

 KZN 0.13 0.84 – 2.2     (Abafe et al., 2018) 

Lopinavir GP 1.2 – 2.5  1.9 – 3.8      (Wood et al., 2015) 

 KZN  0.13 0.283 – 0.305    (Abafe et al., 2018) 
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Table 2.5: Detected ARVDs and their concentrations in various waterbodies (continues) 

ARVD Region Detected concentration (µg L–1) References 

influent Effluent Surface water Tap Groundwater 

Nevirapine GP  0.236 0.13 – 0.294    (Wood et al., 2015) 

 KZN 0.35 0.35     (Späth et al., 2021) 

 GP 2.1 0.35     (Schoeman et al., 2015) 

 GP  0.43 0.0068 0.0035 0.0053  (Swanepoel et al., 2015) 

 GP 2.1 1.72 5.62    (Akawa et al., 2021) 

Ritonavir KZN 1.6 – 3.2 0.46 – 1.5     (Abafe et al., 2018) 

GP 0.004 – 0.393 0.0144 – 0.675     (Mhuka et al., 2020) 

Tenofovir GP   0.145 – 0.243    (Wood et al., 2015) 

KZN 0.1 – 0.25  0.11    (Mlunguza et al., 2020) 

GP  0.0016   0.0024  (Swanepoel et al., 2015) 

Zidovudine GP  0.453 – 0.627 0.0517 – 0.35 0.0727   (Wood et al., 2015) 

KZN 6.9 – 53 0.087 – 0.5     (Abafe et al., 2018) 

GP  0.0003 0.0012 0.0019   (Swanepoel et al., 2015) 
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2.2.3.2 Occurrence of ARVDs in Surface Waters 

ARVDs are commonly ingested orally and undergo complex metabolic pathways within the 

human body. After consumption, these substances undergo partial metabolic changes before 

being excreted through urine or faeces (Jain et al., 2013; Lawal et al., 2022), and eventually 

are transported through sanitary sewer systems to wastewater treatment plants. The 

investigation by Nannou et al. (2020) highlighted that ARVDs are primarily excreted in the 

bioactive state of the initial compound. The role of human metabolism is crucial in determining 

the overall impact of ARVDs released into the environment. This metabolic process includes 

specific biotransformation pathways such as sulfoxidation, sulfate conjugation, N-

dimethylation, and glucuronidation (Deng et al., 2013; Farrukh et al., 2024). Sulfoxidation, 

facilitated by cytochrome P450 oxidases, involves the oxidation of sulfur atoms to sulfoxide 

functional groups, enhancing solubility for subsequent excretion through urine or bile. Sulfate 

conjugation, mediated by sulfotransferases, attaches sulfate groups to substrates, increasing 

their water solubility and facilitating elimination. N-Dimethylation, catalysed by 

methyltransferases, adds methyl groups to nitrogen atoms within molecules, altering their 

pharmacological properties and influencing metabolism or excretion. Lastly, glucuronidation, 

facilitated by UDP-glucuronosyltransferases, involves the attachment of glucuronic acid 

molecules to substrates, enhancing water solubility and aiding elimination through urine or 

bile. These metabolic pathways collectively contribute to detoxification and maintain 

physiological homeostasis by efficiently removing various endogenous and exogenous 

compounds from the body.  

 

2.2.3.3 The Presence of Antiretroviral Drugs in Groundwater 

Groundwater contamination by ARVDs presents a complex challenge influenced by various 

sources, including landfills, improper disposal practises, and the excretion of these 

pharmaceuticals. Additionally, pit latrines, which are commonly used in Sub-Saharan Africa, 

also contribute significantly to this contamination (Gwenzi et al., 2023). Despite the 

acknowledged significance of ARVDs in groundwater, a notable observation arises from the 

insufficiency of data compared to their extensively documented prevalence in surface waters 

and WWTPs. The investigations carried out by Rimayi et al.(2018) and Wood et al.(2015) 

yielded crucial insights by uncovering the presence of ARVDs, like abacavir, didanosine, 

efavirenz (EFV), lamivudine, nevirapine (NVP), nelfinavir, saquinavir, stavudine, tenofovir, 

zalcitabine, and zidovudine, in groundwater. 
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Significant findings from these investigations revealed that certain ARVDs, like EFV and 

NVP, are present in groundwater at levels of concern. Notably, the highest documented 

concentration of EFV in groundwater was 0.005 µg L–1 (Rimayi et al., 2018), highlighting the 

necessity for thorough monitoring and assessment of these levels to determine potential risks. 

Similarly, a concentration of 0.0053 µg L–1 (Swanepoel et al., 2015) was detected for NVP, 

highlighting the persistent need for further research and vigilance concerning the presence of 

ARVDs in groundwater. Comprehensive details regarding the concentrations of various 

ARVDs in groundwater are displayed in Table 2.5. 

 

2.2.4 Determination of Antiretroviral Drugs in Aqueous Environment Matrices 

The quantification of ARVDs in environmental matrices presents challenges due to the intricate 

composition of the matrices and the complexities associated with detecting them at remarkably 

low levels. The existence of additional trace pollutants further complicates the quantification 

process. Methodologies commonly employed in this context include the utilisation of solid-

phase extraction (SPE) for sample separation, in conjunction with liquid chromatography-

tandem mass spectrometry (LC-MS/MS) for quantification (Mosekiemang et al., 2019; 

Schoeman et al., 2017). The utilisation of OASIS HLB cartridges in solid-phase extraction 

(SPE) has become prominent due to their adaptability and efficacy in accommodating a diverse 

array of compounds with varying physicochemical properties. Moreover, other solid-phase 

extraction (SPE) cartridges, such as ENVI-C18, are deemed suitable to fulfil this objective 

(Semreen et al., 2019; Togola & Budzinski, 2007). Although direct injection into liquid 

chromatography-mass spectrometry (LC-MS) systems enhances efficiency, the absence of 

preconcentration may pose challenges, especially in scenarios involving pollutants with 

concentrations below the detection limit, which is typically 0.1 – 1.5 ng L–1 for LC. Gas 

chromatography-mass spectrometry (GC-MS) methodologies are not extensively utilized in 

examining ARVDs. Kahilu et al. (2022) and Schoeman et al. (2015) have contributed to this 

field by utilising gas chromatography with time-of-flight mass spectrometry (GC-GC-TOFMS) 

as their selected analytical technique.  

 

2.2.5 Ecotoxicological studies for Antiretroviral Drugs  

ARVDs have been studied for their implications on aquatic environments, employing an array 

of ecotoxicological and human health risk evaluations. These evaluations incorporate 

parameters such as predicted environmental concentration (PEC) and predicted no effect 

concentration (PNEC). PEC evaluates the concentration of a substance in the environment by 
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considering its release, behaviour, transformation, and elimination through biological or 

chemical mechanisms (Zhang et al., 2017). The fate and modification procedures are 

influenced by physicochemical traits like pKa and Kow values, with the initial discharge being 

tied to data on consumption and excretion. PNEC represents the level at which the substance 

is anticipated to pose no harm to organisms, based on ecotoxicity details (Zhang et al., 2017). 

Predicted critical environmental concentration (CEC) is occasionally employed instead of 

PNEC. The Risk Quotient (RQ), derived from the ratio of PEC to PNEC, serves as a tool for 

forecasting pharmaceutical environmental hazards (Mheidli et al., 2022). RQ values below 0.1 

suggest minimal risk, RQ values ranging from 0.1 to 10 indicate moderate risk, and RQ values 

exceeding 10 signify high risk. However, these ratios are specific to the site and reliant on 

dosage levels, limiting their ability to forecast the overall toxicity of a particular ARVD at a 

global scale.  

 

The prediction accuracy depends on the data related to prescription and consumption, where 

prescription data is biased by presuming all prescribed medications are consumed. The 

inflexibility of this approach overlooks the possibility of degradation products, which could 

pose more significant risks than the original compounds (Rogowska et al., 2020, Jain et al., 

2013). Moreover, the methodology is based on average annual consumption figures, 

disregarding variations stemming from migration-related demographic shifts. Monitoring 

strategies can benefit from utilising PEC/PNEC values tailored to an ARVD sink on an 

institutional level. Although predictive screening offers advantages like focused detection, 

decreased workload, and cost efficiency, it is advisable to complement it with regular 

monitoring. This is due to empirical findings indicating that certain ARVDs might elude 

random scrutiny. Predictive models are fundamental in examining of ARVDs presence, 

specifically in the effluents of WWTPs and medical facilities. 

 

2.2.5.1 Human Risk Effects 

Despite its efficacy in enhancing the immune systems of individuals living with HIV/AIDS 

and preventing the physical symptoms of the infection, HAART has a variety of adverse effects 

that could impede adherence to treatment, possibly resulting in drug resistance (Hawkins, 2010; 

Spire et al., 2002). ARVDs toxicity reviews have identified a range of adverse effects, with 

certain ARVDs demonstrating particularly severe cases. Table 2.6 shows some of the Protease 

inhibitors (PIs) that are frequently associated with gastrointestinal tract side effects such as 

diarrhoea, nausea, and vomiting. Ritonavir, which is used as a booster in ART, has been related 
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to sensory neurotoxic effects like paraesthesia and altered taste sensations. Nucleoside reverse 

transcriptase inhibitors (NRTIs) and non-nucleoside reverse transcriptase inhibitors (NNRTIs) 

generally cause side effects in the peripheral and central nervous systems, respectively. 

Peripheral neuropathy is prevalent with NRTIs due to the suppression of mitochondrial DNA 

polymerase, which results in mitochondrial toxicity. Zidovudine and stavudine, among other 

NRTIs, have been associated with mitochondrial myopathy and lactic acidosis. Tenofovir is 

associated with renal dysfunction while didanosine is said to be causing pancreatitis and 

emtricitabine frequently cause renal dysfunction. NNRTIs, such as EFV and NVP, have been 

linked to hepatotoxicity and rash, with EFV being particularly hazardous to the central nervous 

system, producing dizziness, drowsiness, odd dreams, hallucinations, suicidality, anxiety, and 

reduced attention.  
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Table 2.6: Selected ARVDs and their Adverse Effects (Hawkins, 2010) 

ARVD Abbrevation Most common adverse effects 

Nucleoside reverse transcriptase inhibitors (NRTIs) 

Zidovudine AZT Nausea, headache, rash, anemia, leukopenia, elevation of liver enzyme levels, 

elevation of lactic acid level, lactic acidosis, mitochondrial myopathy 

Lamivudine 3TC Neutropenia (rare), lactic acidosis, mitochondrial myopathy 

Didanosine ddl Gastrointestinal intolerance, pancreatitis, gout, reversible peripheral neuropathy 

Tenofovir TDF Gastrointestinal upset, low phosphate 

 

Non-nucleoside reverse transcriptase inhibitors (NRTIs 

Nevirapine NVP Rash, elevation of liver enzyme levels 

Efavirenz EFV Central nervous system toxicity (“hangover,” drowsiness), rash 

 

Protease inhibitors 

Ritonavir RTV Gastrointestinal upset, diarrhoea, circumoral paraesthesia, elevation of liver enzyme 

levels, hypertriglyceridemia 

Lopinavir LPV Gastrointestinal upset 
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2.2.5.2 Aquatic Species Risk Effects 

ARVDs are becoming increasingly prevalent in the environment, posing a substantial risk to 

aquatic ecosystems and food sources. Akenga et al. (2021) reported that ARVDs such as EFV, 

lamivudine, and NVP can be absorbed by vegetation, particularly lettuce. This suggests that 

the cultivating of vegetables in contaminated regions may result in animals and humans 

unintentionally consuming ARVDs. The study established that concentrations of the three 

ARVDs above 100 µg L–1 were harmful to lettuce, resulting in lower root and leaf biomass. 

The studies by Almeida et al. (2021) and Cid et al. (2021) provide further details concerning 

the toxicity of various ARVDs to aquatic species. For example, EFV was shown to be toxic to 

two aquatic species, with an EC50 value of 26 µg L–1 for Ceriodaphnia dubia and an IC50 

value of 34 µg L–1 for Raphidocelis supcapitata. The observed concentration levels are 

consistent with the documented ranges in the effluents of South African WWTPs (Mtolo et. 

al., 2019). Lamivudine demonstrated a significant ecological hazard with respect to 

Cerodaphnia dubia. Cid et al. (2021) investigated the acute and chronic toxicity of atazanavir, 

NVP, and EFV on embryo-larval development and sea urchin fertilisation (IC50; 42 h; range: 

0.52 – 0.97 mg L–1; 1 h; 84.61 mg L–1). However, these concentrations surpass those that are 

commonly observed in a variety of aquatic environments. Studies by Fernadez et. al. (2020) 

also shown the adverse effects of abacavir, EFV, and NVP on aquatic species such as Rhinella 

arenarum tadpoles. The morphological development of juvenile Oreochromis was evidently 

affected when exposed to an EFV concentration of about 2  ng L –1. 

 

2.2.6 Processes for Remediation of Antiretroviral Drugs from Wastewater 

ARVDs and other organic pollutants can be removed from water bodies through various 

remediation methods, including degradation, adsorption, plant absorption, and biological 

processes. WWTPs provide a critical function in collecting and treating pollutants. However, 

insufficient removal can lead to the release of pharmaceuticals into the environment. 

Additionally, the treatment operations may result in the formation of secondary compounds 

(Wood et al., 2016). The persistent presence of pharmaceuticals and their metabolites in the 

effluents of WWTPs indicates that conventional processes like activated sludge treatment are 

ineffective at removing these contaminants. Therefore, they require advanced processes such 

as advanced oxidation processes (AOPs) including photocatalysis, membrane filtration, and 

adsorption techniques to effectively remove these recalcitrant pollutants. 
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2.2.6.1 Degradation 

The degradation of ARVDs in aquatic environments has predominantly been examined through 

the utilisation of AOPs, with a specific focus on photocatalytic techniques. Bhembe et al. 

(2020) conducted a study on the photocatalytic decomposition of NVP using a heterostructure 

comprising few-layer black phosphorus combined with niobium (V) oxide nanoflowers (FL-

BP@Nb2O5). Their research assessed the degradation efficiency of 3% FL-BP@Nb2O5 and 

Nb2O5 under varying pH levels, concentrations, and catalyst loadings. Results demonstrated a 

significant decrease in degradation efficiency at alkaline pH levels, with maximum 

degradations of 68.5% and 30.3% achieved by 3% FL-BP@Nb2O5 and Nb2O5, respectively, 

in acidic conditions (pH 1 and 3). The study identified seven degradation by-products, 

including the less harmful compound butanol. Furthermore, the post-treatment of lamivudine, 

NVP, and zidovudine in municipal wastewater was explored through UV/Cl2, UV/H2O2, and 

direct UV photolysis methods (Ngumba et al., 2020). Zidovudine exhibited a high removal 

efficiency (>90%) via direct photolysis, while NVP and lamivudine displayed lower 

efficiencies of 13.4% and 48.1%, respectively. The incorporation of Cl2 and H2O2 augmented 

the removal efficiency for all substances, with UV/Cl2 and UV/H2O2 processes yielding total 

removal rates of 20.8% and 52.9% for NVP, and 77.4% and 72.2% for lamivudine, 

respectively. 

 

A study by Zhou et al. (2015) investigated the photodegradation of acyclovir, zidovudine, and 

lamivudine in various water matrices when subjected to simulated solar irradiation. The rate of 

zidovudine degradation was found to be higher in neutral and alkaline environments. The 

photodegradation process of all compounds was enhanced by the presence of nitrate ions, while 

the photolysis of acyclovir and lamivudine was accelerated by dissolved organic matter. 

Electrochemical methods built into Fenton’s reaction chemistry have also been utilised to 

degrade organic compounds and pharmaceuticals in water samples (Emeji et al., 2021; 

Hayleeyesus, 2021). These environmentally friendly methods produce hydroxyl (OH•) radicals 

to breakdown organic molecules. While these technologies have been widely used in European 

countries, their applicability to ARVD degradation in African contexts is restricted, with 

possible limitations posed by matrix components that can affect the degradation process. 

 

2.2.6.2 Adsorption 

Adsorption is a physically predominant method utilised for removing of contaminants from 

waterbodies. Several research studies have investigated a variety of adsorbents for removing 
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pharmaceuticals from water. Both synthetic and natural adsorbents have been investigated for 

this purpose. 

 

Synthetic Adsorbents 

Molecularly imprinted polymers (MIPs) have garnered attention in scientific studies for their 

ability to remove ARVDs from aquatic environments selectively (Xolo & Mahlambi, 2024; 

Qwane et. al., 2020). These synthetic polymers were synthesised by polymerising monomers 

to achieve specific recognition of target molecules in diverse aqueous environments 

(Terzopoulou et. al., 2016). Their interactions with a pollutant are determined by covalent or 

non-covalent binding, as well as the size, shape, and functional group imprints present on the 

monomer (Mlunguza et. al., 2019). A recent application involved using a novel MIP in solid 

- phase microextraction fibre to extract abacavir from aqueous solutions efficiently 

(Terzopoulou et. al., 2016). The identification capabilities of MIP were notably affected by the 

pH of the solution, leading to removal rates ranging from 88% to 99% at pH 8. The maximum 

adsorption capacities recorded were 149 and 167 mg g–1 at temperatures of 25 and 45 °C, 

respectively. In a separate study, an abacavir MIP was formulated to treat of surface water and 

wastewater, demonstrating a maximum adsorption capacity of 5.98 mg g–1 at pH 5 (Qwane et. 

al., 2020). Both investigations indicated that the adsorption processes followed the Freundlich 

isotherm, suggesting the presence of multiple layers of adsorbate coverage. The limited 

exploration of MIPs in adsorption studies can be attributed to the challenges associated with 

large-scale production. 

 

Graphene wool has also been assessed for its effectiveness in selectively removing specific 

ARVDs from water, such as EFV and NVP (Adeola et. al., 2021). Graphene, an allotrope of 

carbon, is a versatile material utilised in developing adsorbents for organic compound removal 

from water (Adeola et. al., 2021). The removal efficiencies reported for 1 – 20 mg L–1 of EFV 

(80%) and NVP (84%) with graphene-based adsorbents produced through chemical vapor 

deposition were remarkable. The adsorption process was significantly affected by the pH of 

the solution with pH 5 being regarded as the optimum. The presence of electron pairs on the 

nitrogen atom in the pyridine aromatic structure of NVP suggested potential interactions with 

the adsorbent, leading to higher adsorption efficiency compared to EFV. The involvement of 

van der Waals forces in the adsorption of ARVDs with graphene-based adsorbents was also 

proposed. Table 2.7 shows some of the synthetic adsorbents that have been used for removing 

of EFV and NVP from wastewater. 
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Table 2.7: Synthetic adsorbents that have been studied for removal of ARVDs 

Adsorbent Pollutant Adsorption capacity 

(mg g–1) 

Reference 

Activated 

Macadamia 

Nutshells 

EFV 38.17  (Simelane et al., 2024) 

NVP 10.79 

Molecular imprinted 

Polymer 

EFV 1.10  (Xolo & Mahlambi, 

2024) NVP 2.16 

Graphene wool 
EFV 4.41  (Adeola et al., 2021) 

NVP 48.31 

 

Natural Adsorbents 

Nanofibers derived from the Mondia whitei root have been utilised to eliminate ARVDs and 

other pharmaceuticals from both the influents and effluent of WWTPs (Kebede et al., 2020). 

Kedebe et al. (2020) study’s main aim was to optimise the temperature conditions favourable 

for the elimination of pharmaceutical substances by utilising a nanofiber adsorbent. The 

findings suggested that raising the temperature from 25 to 35℃ enhanced the efficacy of 

elimination. The observed trend revealed that adsorbates displayed minimal kinetic energy at 

lower temperatures, leading to restricted occupancy of the adsorbent surface, while higher 

temperatures enabled better adsorption. This approach exhibited comparable tendencies to 

those recorded with MIPs in the examination of wastewater specimens, with effluent samples 

displaying increased removal efficiency in comparison to influent samples. The maximum 

adsorption capacities for the specified drugs were determined in the wastewater effluents: 

189.1 mg g–1 for NVP, 72.5 mg g–1 for didanosine, 72.8 mg g–1 for ritonavir, 138.4 mg g–1 for 

EFV, and 150.2 mg g–1 for stavudine. Conversely, biochar derived from residues of olives, 

tomatoes, rice husks, and the African palm tree Raphia farinifera displayed decreased 

efficiencies in the elimination of abacavir, atazanavir, darunavir, lamivudine, nevirapine, and 

ritonavir (Spath et. al., 2021).  

 

2.2.6.3 Phytoremediation 

Numerous studies have explored the uptake of pharmaceuticals by plants, with a primary focus 

on pharmaceuticals across various therapeutic classes rather than ARVDs (Madikizela et. al., 

2022, Akenga et. al., 2021, Rimayi et. al., 2018, Bartha et. al., 2014). Most of these 
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investigations utilised hydroponic trials, exposing plant species to specified drug 

concentrations in solution for a defined duration. These investigations aimed to evaluate human 

exposure to pharmaceuticals excreted through the ingestion of contaminated plants. Akenga et 

al. (2021) conducted research to assess the absorption of three ARVDs EFV, lamivudine, and 

NVP by lettuce cultivated in hydroponic settings. The preference for lettuce as the model 

vegetable was informed by past research that pointed out the substantial absorptive capacity of 

leafy greens for organic substances (Christou et. al., 2019). The findings indicated removal 

efficiencies of 75% for EFV, 88% for NVP, and 42% for lamivudine for initial concentrations 

of 100 µg L–1 by lettuce. Additionally, studies by Reddy et. al. (2021) and Mlunguza et. al. 

(2020) have highlighted the potential application of algae and hyacinth plants in water 

remediation, respectively.  

 

2.2.7 Physicochemical Properties of Nevirapine and Efavirenz 

EFV and NVP, two NNRTIs employed in the treatment of HIV/AIDS, exhibit resemblances in 

their physicochemical attributes. EFV, usually in solid form, appears as a white to slightly 

yellow crystalline powder. In contrast, NVP is seen as a white to off-white crystalline powder 

with a distinctive aroma and a bitter taste. EFV is characterised by its lack of odour and taste. 

Both medications demonstrate low solubility in water and have melting points ranging around 

161 – 196 °C, with a slightly acidic nature. Other physical and chemical attributes of the drugs 

are displayed in Table 2.8. The detection and quantification of these substances commonly 

utilise high-performance liquid chromatography (HPLC) in conjunction with UV detection or 

mass spectrometry (MS) owing to these shared properties.  
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Table 2.8: Physical and chemical data for efavirenz and nevirapine 

Name Efavirenz Nevirapine 

Molecular formula C14H9ClF3NO2 C15H14N4O 

Molecular weight (g mol–1) 315.7 266.3 

Structure 

 
 

Density (g L–1) at 25 oC 1 500  1 400  

Melting point (oC) 161 196 oC 

pKa 10.2 2.8 

LogKow 4.15 3.89 

 

2.3 Phenols in Waterbodies 

2.3.1 Background 

Phenol and its derivatives, including Bisphenol A (BPA) and phenolic resins, are substances 

that can exist in aquatic environments due to a range of factors. A pivotal point to consider is 

the extensive use of these substances in industrial operations across various sectors, leading to 

the potential release into the environment. Notably, facilities involved in the producing of 

plastics (Oshima et al., 2020), resins (Asim et al., 2018), adhesives (Yang & Rosentrater, 

2020), and coatings (Sabarinathan et al., 2022) may release phenolic compounds into 

wastewater streams during manufacturing or as part of waste management. Additionally, 

improper practices in the handling, storage, or disposal of items containing phenolic 

compounds may result in their runoff or seepage into adjacent water bodies. Furthermore, 

phenolic compounds might find their way into water systems through atmospheric deposition 

or runoff from agricultural lands where phenol-based pesticides or herbicides are utilised 

(Boher et al., 2023). Once introduced into aquatic environments, phenolic compounds can 
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endure for prolonged periods and may undergo alterations or breakdown processes, potentially 

causing harmful impacts on aquatic ecosystems and organisms. 

 

2.3.2 Sources and Fate of Phenols in Waterbodies 

Phenolic compounds are widespread in water sources, originating from natural phenomena and 

anthropogenic activities. The breakdown of organic material from flora and fauna is a crucial 

contributor to the existence of phenolic compounds, while the metabolic processes in both 

humans and animals produce phenol, which is subsequently released into the environment. 

Industries extensively employ phenol in various chemical processes, including alkyl phenols 

(Afreen & Upadhyayula, 2021), cresols (Weber & Weber, 2010), aniline (Bugosen et al., 

2020), as well as in the manufacturing of textiles (Afonso et al., 2023), explosives (Chikhradze 

et al., 2017), and dyes (Hanafi & Sapawe, 2020). The release of industrial effluents containing 

phenol into aquatic environments results in pollution, and vehicular discharges can introduce 

phenolic compounds into the air, eventually leading to water contamination through 

precipitation. 

 

In the agricultural domain, the application of insecticides, herbicides, and pesticides introduces 

phenolic compounds into water systems, which subsequently degrade to produce phenol 

(Boher et al., 2023). The runoff from agricultural practices during irrigation contributes to 

water pollution. Household activities also play a role in the presence of phenolic compounds, 

as everyday household items like disinfectants, ointments, antiseptics, and personal care 

products contain phenols. The drainage of wastewater containing these products results in 

water contamination. Municipal waste, especially originating from landfill sites and 

incineration residues, intensifies water pollution with phenolic compounds via leachates. 

Compounds such as p-cresols, trichlorophenol, tetra butyl phenol, and BPA can leach into 

water bodies from these sources. 

 

2.3.3 Challenges Associated with Phenols in Aqueous Solutions 

Phenol, known for its detrimental characteristics, poses notable health risks by inducing 

chemical damage upon contact and systemic intoxication through various exposure pathways 

(Michałowicz & Duda, 2007). The human epidermis has the capacity to assimilate phenolic 

compounds, thereby facilitating their passage into the gastrointestinal system where they 

undergo biotransformation, resulting in the generation of active intermediates capable of 

forming covalent bonds with proteins, consequently eliciting deleterious effects (Naguib & 
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Badawy, 2020, Schweigert et al., 2001). Chemical substances such as BPA and alkylphenols 

have been identified as endocrine disruptors in animals (Muñoz-de-Toro et al., 2005). 

 

The ingestion of water contaminated with phenol has been associated with protein 

decomposition, tissue erosion, impairment of the central nervous system, and harm to vital 

organs such as the liver, kidney, and pancreas in human beings (Geyikci & Coruh, 2013). 

Entities responsible for regulation, such as the World Health Organization (WHO), advocate 

for a maximum permissible concentration of 1 mg/L of phenolic compounds in drinkable water 

(World Health Organisation, 1996). Correspondingly, guidelines established by the United 

States Environmental Protection Agency (USEPA) dictate the necessity of reducing phenol 

concentrations in wastewater to levels below 1 mg L–1. 

 

2.3.4 Processes for removal of phenols from waterbodies 

2.3.4.1 Biological Processes: 

Phenol toxicity presents a significant challenge to the elimination of this compound in 

wastewater treatment processes from a biological perspective. Phenol's reputation stems from 

its potent harmful effects on a diverse array of microorganisms, pivotal in the degradation of 

organic contaminants (Subramaniam et al., 2020). Elevated concentrations of phenol in 

wastewater can significantly hinder the growth and metabolic functions of microbial 

communities. This hindrance is a result of phenol's interference with multiple cellular 

mechanisms, such as membrane stability, enzymatic functions, and energy generation, all 

critical for the maintenance and operation of microorganisms (Xu et al., 2021). The penetration 

of microbial cell membranes' lipid bilayer by phenol results in increased membrane 

permeability. Consequently, this disruption leads to the leakage of cellular contents, loss of 

essential ions, and ultimately, cell death. The detrimental impact of phenol on cell membranes 

is significant due to its broad-spectrum effect on various microorganisms, such as bacteria, 

fungi, and protozoa, all of which have significant roles in processes related to wastewater 

treatment. 

 

Furthermore, phenol has the capability to disrupt the functioning of enzymes within 

microorganisms (Singh et al., 2021, Subramaniam et al., 2020). Enzymes play a vital role in 

facilitating biochemical reactions that support the breakdown of organic pollutants. 

Nevertheless, phenol can hinder enzyme functionality by attaching to active sites or modifying 

the conformation of enzymes, thereby diminishing their efficacy, or rendering them 
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nonfunctional. This hindrance results in a decrease in the effectiveness of microbial 

degradation pathways, ultimately causing phenol and other organic compounds to undergo 

incomplete or delayed biodegradation. Due to the toxic nature of phenol, only specific strains 

of microorganisms with specialised adaptation mechanisms are capable of surviving and 

efficiently breaking down phenol in wastewater. These microorganisms often need a period of 

acclimatisation to develop resistance to phenol and sustain their metabolic functions. The 

necessity of this acclimatisation process, coupled with the potential danger of toxic shock 

resulting from sudden spikes in phenol levels, adds complexity to the biological treatment 

process. Consequently, the treatment of phenol-contaminated wastewater via biological 

processes requires precise regulation of operational parameters and may involve the utilisation 

of AOPs to support microbial populations and enhance phenol decomposition. 

 

2.3.4.2 Chemical Processes 

Chemical oxidation processes, such as the use of chlorine dioxide, chlorine, chloramines, 

ozone, ferrate, and permanganate, can fully degrade phenols in wastewater under mild 

conditions of pH and temperature. The utilisation of ferrate and permanganate is prevalent due 

to their elevated reduction potentials, with ferrate facilitating proficient phenol elimination 

through reduction to ferric hydroxide and functioning as a coagulant (Villegas et al., 2016). 

Permanganate demonstrates cost-effectiveness and avoids the formation of halogenated by-

products, whereas hypochlorite has the potential to generate chlorophenolic by-products 

(Peings et al., 2015). These oxidising agents exhibit effectiveness in breaking down phenolic 

compounds, and the degradation rate is impacted by the surplus of oxidant applied (Peings et 

al., 2015; Zhang et al., 2013). 

 

Electrochemical oxidation, whether direct or indirect, entails lower reagent expenses but higher 

costs associated with equipment and energy usage. Direct oxidation involves the adsorption of 

contaminants onto the anode surface prior to degradation via electron transfer reactions, 

whereas indirect oxidation employs redox agents to prevent electrode fouling. Various factors 

such as pH, types of anode materials, electrolytes, and current density play a role in determining 

the efficacy of electrochemical oxidation, whereby chloride ions enhance phenol breakdown 

by producing chlorine gas and hypochlorite (Rabaaoui et al., 2013; Pillai and Gupta, 2015). 
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2.3.4.3 Advanced Oxidation Processes  

Advanced oxidation processes are renowned for their aptitude to generate active radicals in 

situ, which exhibit the capacity to decompose organic substances (Bartolomeu et al., 2018; 

Belghit et al., 2022). These methods, which involve UV/H2O2, Fenton reactions, ozonation, 

and photocatalytic degradation, provide benefits such as their high effectiveness in eliminating 

microorganisms and their self-sustaining quality using atmospheric oxygen (Ribeiro et al., 

2015). Ozone, which can be naturally formed due to UV radiation or artificially produced using 

UV-type ozone generators, demonstrates superior oxidative properties in comparison to other 

common oxidising agents and can eliminate a wide range of pollutants without generating 

chemical byproducts (Epelle et al., 2022; Kim et al., 2024). The photocatalytic degradation 

process entails the utilisation of catalysts to break down pollutants by initiating electrons under 

light exposure, resulting in creating highly reactive radicals capable of transforming 

contaminants into less harmful substances (Laoufi et al., 2008). The efficacy of photocatalytic 

degradation is influenced by various factors including the type and amount of catalyst utilised, 

residence time, solution pH, as well as the properties of the light source and its intensity. 

 

2.3.4.4 Physical Processes 

Adsorption is a phenomenon distinguished by the accumulation of a substance on the surface 

of another substance, leading to an increased concentration of the substance in question. This 

phenomenon arises due to the intermolecular forces of attraction between gas or liquid 

molecules and the porous surface structure of the solid material (Rashed, 2013). Adsorption 

processes can be conducted using various configurations such as batch systems, column flow, 

or fixed bed setups. In batch configurations, an adsorbent is uniformly blended with a solution 

containing the adsorbate until the desired concentration is reached or equilibrium is achieved. 

Column operations involve the continuous interaction of the adsorbent with a fresh solution, 

offering benefits such as the rate's dependence on the adsorbate concentration in the solution 

(Villegas et al., 2016). The utilisation of activated carbon, particularly commercial activated 

carbon (CAC), has been prevalent in the remediation of diverse phenols from wastewater 

owing to its extensive surface area and porous structure (Ahmaruzzaman & Sharma, 2005). 

However, the regeneration of spent carbon often presents complex and costly challenges, 

leading to its usage being less favourable amongst other adsorbents. 
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2.3.5 Physicochemical Properties of Phenol 

Phenol, in its solid form at standard room temperature and pressure, manifests as crystalline 

structures that shift from white to pink or red upon contact with air and light (Swearingen, 

2002). Characterised by a specific scent and acrid taste, its solubility in water is restricted to 

6.7 g/100 mL, although it readily dissolves in various organic solvents (Gross & Seybold, 

2001). The compound's initial melting point of 43 °C reduces upon interaction with water, 

causing it to transition into a liquid state even at ambient temperature in a 90% phenol-water 

blend. Considering its chemical properties, phenol functions as a weak acid, resulting in a 

nearly neutral pH in water. Other properties of phenol are shown in Table 2.9. Phenol’s 

existence may originate from both natural sources and synthetic production on an industrial 

scale, usually upholding a purity threshold of no less than 98%. GC and HPLC equipped with 

a UV detector are commonly employed techniques for the identifying and quantifying of 

phenol.  

 

Table 2.9: Phenol’s chemical and physical data  

Name Phenol 

Molecular formula C6H6O 

Molecular weight 94.1 

Structure 

 

Density (25 oC) 1072.2 g L–1 

Boiling point 181.7oC 

Melting point 40.5oC 

pKa 9.9 

LogKow 1.5 
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2.4 Layered Double Hydroxide Materials 

2.4.1 Background 

LDH materials, commonly referred to as hydrotalcites-like materials, display a dual existence 

in both natural environments and synthetically produced substances by combining metal salts 

with a suitable base (Forano et al., 2013). The preparation of LDHs involves partially 

substituting of divalent cations in brucite-like (Mg(OH)2) compounds with trivalent metals. 

This exchange results in a deficit of negative charge, which is compensated for by anions 

situated in the interlayer space. The interlayer region, recognised for its easy accessibility, 

offers promising opportunities for the adsorption and displacement of anions. A typical 

structure of an LDH material is shown in Figure 2.1. 

 

 

Figure 2.1: Structure of an LDH material (Richetta et al., 2017) 

 

The multifaceted attributes of LDHs, stemming from their distinctive structural characteristics 

and capacity to interchange anions within the interlayer space, have spurred their application 

across various domains. These involve catalytic processes, delivery of pharmaceutical agents, 

remediation of environmental pollutants, and integration into nanocomposite structures. The 

persistent exploration of LDHs and the optimisation of their synthesis methodologies are 

essential in moulding their gradual engagement in tackling current issues in the domain of 

materials sciences. 
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2.4.2 Synthesis Methods 

The synthesis methods used for LDHs present a wide range of processes, chosen based on 

criteria for the intended product, that include characteristics such as heightened crystallinity, 

reduced energy and material consumption, precise time control, and increased purity. Notable 

among the commonly employed processes for LDH preparation are co-precipitation (Theiss et 

al., 2016), hydrothermal synthesis (Ezeh et al., 2018), and the sol-gel method (Smalenskaite et 

al., 2019). Co-precipitation entails the simultaneous precipitation of bivalent (M2+) and 

trivalent (M3+) metal ions in an alkaline environment, appreciated for its straightforwardness 

and scalability. Hydrothermal synthesis, conducted under elevated temperature and pressure 

circumstances, aids in enhancing crystallinity and controlling particle size. The sol-gel method 

transforms a precursor solution into a gel and offers meticulous control over LDH composition 

and structure. Additionally, LDHs may undergo changes like thermal treatment, acid 

activation, and anion exchange to generate modified products with distinct characteristics. 

Improving crystallinity by thermal treatment, introduction of imperfections through acid 

activation, and replacing interlayer anions via anion exchange are crucial processes in this 

context. These versatile strategies for creating and modifying of LDHs play a crucial role in 

customising LDH properties to meet various application requirements in an environmentally 

conscious and regulated manner. 

 

2.4.2.1 Co ̵ precipitation 

The method commonly used for synthesising of LDH involves dissolving metallic salts in a 

basic solution at a consistent or varying pH, allowing for the control of morphology and particle 

size based on the level of solution supersaturation. The resulting structure of the precipitate can 

be enhanced through the management of factors such as the M2+/M3+ molar ratio, the type of 

interlayer anion, reaction duration, pH, and temperature (Sharma et al., 2007, Cormenzana et 

al., 2001). This technique can be executed under low or high supersaturation conditions, with 

the initial concentration of reactants maintained above the saturation point and pH carefully 

controlled to avoid incomplete precipitation or the loss of metallic ions through leaching 

(Chaillot et al., 2020). 

 

During the process of low supersaturation co-precipitation, solutions containing predetermined 

ratios of metal ions are combined, followed by the addition of an aqueous solution containing 

the desired interlayer anion. Consequently, an alkaline solution is employed to adjust the pH 

level and promote the co-precipitation of metals, allowing for the manipulation of charge 
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density under conditions of low supersaturation, while maintaining a consistent pH level. The 

manipulation of high supersaturation is achieved through introducing of dissolved metal salts 

into a solution containing a slight excess of alkali carbonates, resulting in the formation of a 

less crystalline precipitate as opposed to the conditions of low supersaturation. Despite the 

effectiveness of this method in producing crystalline precipitates, the particles generated often 

demonstrate lower specific surface areas, ranging from 50 to 100 m2 g–1, in comparison to those 

synthesised using the sol-gel technique, which typically exhibit specific surface areas of 150-

200 m2 g–1 (Zhao et al., 2002). A study conducted by Gevers et al. (2019) investigated the 

impact of partially substituting Mg with transition metals on altering the crystal lattice 

parameters and thermal stability of hydrotalcite through the utilisation of this method. 

Additionally, post-synthesis procedures such as hydrothermal treatment, sonication, or 

microwave irradiation can be employed to enhance the crystallinity of precipitates obtained via 

this method (Pérez-Barrado, 2015). 

 

2.4.2.2 Sol ̵ gel Method 

The sol-gel method is renowned for its effectiveness in terms of energy, expenditure, and time, 

offering the advantage of producing pure materials with diverse compositions (Paredes et al., 

2011; Sharma et al., 2007). This method permits the exact modification of the structural 

attributes of materials by managing the chemical properties of the reactants and altering the 

residence time. The process of preparing LDH using the sol-gel approach consists of dissolving 

the targeted metal sources in water at room temperature, and then introducing a base during 

hydrolysis for condensation. The solution blend is permitted to mature for several hours, 

resulting in precipitates distinguished for their outstanding reproducibility, uniformity, purity, 

nanoscale particles, and significant surface area (Prince et al., 2009). However, a drawback of 

this technique is the formation of less crystalline precipitates. To address this issue, additional 

post-synthesis treatments like sonication (Hu et al., 2007), microwave irradiation (Benito et 

al., 2006), or hydrothermal treatment (Gu et al., 2014; Kovanda et al., 2005) can be utilised to 

enhance crystallinity. 

 

2.4.2.3 Hydrothermal Treatment 

Primarily utilised for optimisation purposes or as a subsequent treatment after other LDH 

synthesis methods, hydrothermal treatment is employed to enhance the crystallinity and size of 

crystallites (Sharma et al., 2007). Commonly carried out under moderate conditions at roughly 

200°C with internal pressure, this process can extend from a few hours to several days. The 
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process involves dissolving metallic salts in water, transferring the resultant solution to a 

stainless-steel reactor, and heating it under hydrothermal circumstances (Chaillot et al., 2020). 

The range of hydrothermal conditions includes temperatures from 30 to 300 °C with steam 

pressure (Jang et al., 2014; Zhu et al., 2006). Metal sources used in hydrothermal treatment 

may consist of metal hydroxides, oxides (Jang et al., 2014; Labuschagne et al., 2018), nitrates 

(Roelofs et al., 2001), or naturally occurring minerals like brucite and gibbsite (Ogawa & Asai, 

2000). The primary limitation of this synthesis method is its high energy consumption, making 

it less practical for large-scale industrial applications (Chaillot et al., 2020). 

 

2.4.3 Applications of LDH Materials in Wastewater Treatment 

2.4.3.1 Use of LDH Materials as Adsorbents for Organic Compounds 

LDH materials possess favourable physical and chemical properties, including high specific 

surface area, adjustable compositions, and structures, making them attractive for various 

applications in water treatment. The potential of LDHs as efficient water treatment agents has 

been emphasised by their cost-effective production (Foruzin et al., 2020), exceptional catalytic 

performance (Bodhankar et al., 2021), significant adsorption capabilities (Daud et al., 2019), 

non-toxic nature (Alexa et al., 2011), durability, and easy regeneration. The utilisation of LDHs 

in water treatment can be categorised into four main areas: (i) use as adsorbents through anion 

exchange and surface adsorption, (ii) exploitation of calcined LDHs (CLDHs) regeneration 

capabilities, (iii) use of LDHs intercalated with organic compounds to improve the efficiency 

of pollutant uptake, and (iv) employ as photocatalysts for the conversion of pollutants into less 

detrimental substances. Anion exchange involves the displacement or exchange of anions with 

one or more different anions. LDH layers possess positive charges, facilitating the adsorption 

of anions through electrostatic interactions. LDHs with nitrate as an interlayer anion 

demonstrate increased exchange capacities, whereas carbonate is more difficult to displace due 

to its stronger affinity for LDHs (Chakraborty et al., 2012; Olfs et al., 2009). The difficulty of 

substituting interlayer anions follows a specific order, from most to least challenging: carbonate 

(CO₃²⁻) > sulfate (SO₄²⁻) > hydroxide (OH⁻) > fluoride (F⁻) > hydrogen phosphate (HPO₄²⁻) > 

chloride (Cl⁻) > bromide (Br⁻) > nitrate (NO₃⁻) > iodide (I⁻) (Forano et al., 2013). 

 

Neat LDHs generally demonstrate specific surface areas in the range of 15 to 120 m² g. The 

materials’ surface area can be enhanced through thermal treatment at moderate temperatures, 

leading to the formation of mixed metal oxides (MMO) with enhanced anion uptake capacity. 

Thermally treated or CLDHs demonstrate a notable memory effect upon exposure to an 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 

45 

aqueous solution. Following the absorption of anions and water, CLDHs have the potential to 

be reconstructed into a layered structure (Tabana et al., 2020, Chen et al., 2017, Tzompantzi et 

al., 2014). The interlayer anion within the reconstructed LDH is contingent upon the 

concentration of the anion in the solution and the LDH's inclination towards that anion. LDH , 

being inorganic materials, exhibit inherent hydrophilic characteristics, resulting in a diminished 

affinity towards non-ionic hydrophobic organic compounds. To address this concern, the 

hydrophilicity can be modified by introducing hydrophobic anions, like surfactants, into the 

layers, resulting in the development of organo-LDHs. These altered LDH materials then 

become promising choices for the absorption of organic substances from water through a 

process known as adsolubilisation. 

 

2.4.3.2  Use of Layered Double Hydroxides in Photocatalytic Degradation of Organic 

Compounds 

Materials derived from LDHs are typically categorised into several distinct groups, including 

calcined LDHs (CLDHs), LDHs used as substrates, intercalated LDHs, and modified LDHs. 

CLDHs are frequently referred to as MMOs or layered double oxides (LDOs). These 

substances exhibit a memory effect, returning to the original LDH structure when dispersed in 

water (Tabana et al., 2020, Chen et al., 2017). LDHs used as supports materials involve 

dispersing metal, metal oxide, or non-metal materials onto the layered structure of LDHs 

(Zhang et al., 2017). This approach facilitates synergistic interactions between the components, 

allowing LDHs to function as both supports and co-catalysts. Furthermore, intercalating LDHs 

are achieved by modifying the chemical composition, size, and charge of the interlayer anions, 

resulting in LDHs with varied interlayer distances that can impact their characteristics (Meng 

et al., 2017, Xia et al., 2017). Lastly, modified LDHs are synthesised by introducing metal 

atoms or organic compounds onto the surface or between the interlayers of LDHs, enhancing 

the optical responsiveness or efficiency in separating electron-hole pairs within the original 

LDHs (Li et al., 2018, Tao et al., 2018).  

 

Layered Double Hydroxides-derived Mixed Metal Oxides 

LDHs-derived MMOs, also referred to as semiconducting metal oxides, constitute a 

noteworthy class of photocatalysts. Although mono-metal oxides are frequently employed, 

their practical use faces limitations such as wide and fixed band gaps as well as limited surface 

areas. MMOs provide a remedy by combining the positive attributes of individual components 

to produce superior photocatalytic characteristics (Zhu et al., 2016). Among the MMO groups, 
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LDOs form a subgroup derived from the medium-temperature (ca 500 ℃) calcination of 

precursor LDHs. Variations in the chemical composition of metal ions enable the synthesis of 

LDO with different structures and compositions. Typically, LDOs display a broader spectral 

response to photons in comparison to their LDH precursors, featuring band gaps that generally 

span from 2.0 eV to 3.0 eV, thereby enhancing the efficacy of visible light absorption (Asghar 

et al., 2024, Chivu et al., 2020).  

 

A demonstration of LDO as a photocatalyst is exemplified in a study conducted by Ju et al. 

(2018), wherein ZnAlTi-LDHs were subjected to calcination at 500°C to produce ZnAlTi-LDO 

nanoparticles. The photocatalytic efficacy of the LDO was observed to be influenced by the 

pH of the reaction medium. In a slightly acidic environment (pH 5), the excitation of dissolved 

oxygen by electrons generated free radicals, whereas basic conditions obstruct photocatalytic 

performance due to the cathodic shift of the valence band. Various free radical scavengers were 

utilised to investigate the reaction mechanism, including sodium oxalate (h+ scavenger), NaF 

(•OH scavenger), methanol (•OH scavengers), and 1,4-benzoquinone (•O2
– scavenger). The 

influence of calcination temperature on the structural recoverability of LDOs is substantial. 

With increasing temperature, characteristics derived from LDHs diminish, eventually leading 

to the disappearance of the LDHs structure, making it irrecoverable when the temperature 

surpasses a certain threshold (typically above 550 °C) (Ye et al., 2022, Antoniak-Jurak et al., 

2021).  

 

Layered Double Hydroxides as Support Materials for Photocatalysis 

LDHs used as supports have been extensively studied as photocatalysts to address the 

limitations associated with semiconducting mono-metal oxides, such as ZnO, TiO₂, and Cu₂O. 

These oxides are known for their cost-effectiveness and documented photocatalytic capabilities 

but are hindered by wide band gaps and inefficient photocarrier transportation (Wang et al., 

2020, Xie et al., 2019). To enhance the performance of these materials, researchers have 

explored various metals, metal alloys, and carbon-based materials with high electron storage 

capacity and transportation efficiency. Incorporating these materials into LDHs has been 

shown to significantly widen the absorption range of visible light and improve hot carrier 

transportation efficiency. For example, Tao et al.(2023) synthesised a CdS/CoAl-LDH 

nanocomposite through hydrothermal methods and ionic exchange, resulting in a reduced band 

gap and enhanced visible light absorption efficiency. The photocatalytic activity of this 

nanocomposite, tested through tetracycline degradation, exhibited markedly improved 
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reactivity and stability compared to individual CdS or CoAl-LDHs. Despite its wide band gap, 

cerium oxide has energised electrons and holes with longer lifetimes compared to common 

semiconductors like TiO₂. Valente et al. (2009) improved the optical properties of cerium oxide 

by creating CeO₂/MgAl-LDH through calcination. The proposed reaction mechanism involved 

the formation of intermediate complexes at the interface between LDH and CeO₂, supported 

by the movement of energised electrons and holes. Moreover, Au/LDH-based photocatalysts 

exhibited potential in visible light-driven selective hydrogenation of crotonaldehyde and 

gaseous toluene photodegradation. AuNi and AuCo alloy nanoparticles supported on LDH 

were synthesised for crotonaldehyde hydrogenation, showing high catalytic activity due to a 

synergistic effect of localised surface plasmon resonance and electronic structure modification 

of Au atoms by Co or Ni (Xia et al., 2020). Additionally, Lewis’s acid-base pairs on material 

surfaces enhanced catalytic activity by promoting H2 dissociation and initiating hydrogenation 

reactions.  

 

Intercalated Layered Double Hydroxides 

Intercalated LDHs, distinguished by the presence of electrostatic interactions between 

interlayer anions and distributed positive charges, play a crucial role in maintaining the overall 

charge neutrality and structural integrity of LDHs. The fluidity and exchangeability of 

intercalated anions are often high due to the relatively weak interlayer interactions, allowing 

for a significant degree of tunability in the intercalation properties of LDHs. This tunability 

includes factors such as interlayer spacings, which are influenced by parameters like the size, 

chemical composition, and charge of the intercalated anions (Pan et al., 2021; Samuei et al., 

2020). The physicochemical attributes of LDHs are significantly influenced by various factors, 

including the size and valence of the anions. Additionally, the strength of the interlayer 

hydrogen bond network plays a crucial role in controlling properties such as interlayer spacing, 

volume, electron density, and band structures. These properties, in turn, dictate the 

photocatalytic activity of LDHs.  

 

X-ray Diffraction (XRD) analysis is commonly utilised to investigate the crystalline structures 

and diffraction patterns of intercalated LDHs, providing valuable insights into features such as 

interlayer spacing and the outcomes of the intercalation process. It is important to note that 

there is no universally applicable method for the optimal preparation of intercalated LDHs with 

diverse types of anions. Tailored synthetic methods specific to individual anions are essential 

to achieve intercalated LDHs with desired structures while retaining the characteristic 
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properties necessary for targeted photocatalytic applications. For example, a study by 

Chen et al.(2023) demonstrated the incorporation of Pt-containing organic ligands into LDHs, 

resulting in a Pt/ZnTi-LDHs complex with enhanced specific surface area and pore volume, 

leading to improved charge separation and transport efficiencies and superior photocatalytic 

performance, as evidenced by accelerated Rhodamine B photodegradation compared to 

untreated LDHs.  

 

Modified Layered Double Hydroxides 

Modified LDHs constitute a significant area of research focusing on altering the structural, 

morphological, and electronic characteristics of semiconducting materials by introducing 

dopants. Incorporating of metallic dopants like Mn and Pt into LDHs-based photocatalysts 

results in the modification of LDHs’ atomistic structure, leading to the formation of new energy 

bands within the band gap and reducing electron-hole recombination probabilities. For 

example, Contreras-Ruiz et al. (2019) conducted a study on various metal ion doped TiO2 

catalysts for chloroform reduction reactions, observing improved surface charge transportation 

and decreased recombination probabilities in LDHs doped with Fe3+, Re5+, Ru3+, V3+, and Rh3+. 

They highlighted the minimal impact of metal ions with closed-shell electronic configurations 

on the activity of TiO2 photocatalysts. In contrast, open-shell metal ions significantly 

influenced the photocatalytic performance of LDHs-based catalysts. Additionally, Li et al. 

(2004) discovered that La3+ doping inhibited crystal transformation, enhanced thermal stability, 

and reduced the particle size of TiO2. Carja et al.(2017) developed ZnMe-LDHs (Me=Al, Ga) 

as a precursor, which was then combined with Ga2O3 or In2O3 using SO4
2– and CH3COO– as 

interlayer anions, followed by calcination in a reducing environment. The resulting mixed 

spinel metal oxide, ZnMe-LDO, displayed visible light absorption and exceptional 

photocatalytic activity towards the degradation of phenol and     4-nitrophenol. The exploration 

of incorporating rare-earth elements and nonmetal elements like N and S into LDHs has also 

been undertaken.  

 

2.5 Application of Silver Halides in Wastewater Treatment 

2.5.1 Background 

Nano-photocatalysts composed of Ag-AgX (where X represent Cl, Br, F or I) have gained 

significant attention due to their exceptional photocatalytic properties, driven by silver 

nanoparticles’ enhanced light absorption efficiency. This has resulted in their extensive 

utilisation in diverse photocatalytic nanocomposite materials. The energy and environmental 
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sustainability sector have been dedicated to enhancing sustainable energy resources and 

developing efficient approaches for harnessing solar energy (Hasan et al., 2023; Ibrahim & 

Waziri, 2020; Tanvir et al., 2021). Photocatalysis has emerged as a viable technology for water 

purification (Prakruthi et al., 2022, Belver et al., 2019), with the ability to convert carbon 

dioxide (CO2) into chemical fuels (Verma et al., 2021), break down pollutants, and disinfect 

bacteria (Dai et al., 2022; Wang et al., 2015) using solar energy. Anatase/rutile-phase TiO2 

nanoparticles are among the most extensively studied photocatalytic materials due to their cost-

effectiveness and structural durability (Žerjav et al., 2022, Luttrell et al., 2014). However, the 

wide band gap of TiO2 limits its utilisation, especially as it solely reacts to UV radiation, which 

constitutes a minor segment of the solar spectrum. 

 

Efforts have been directed towards the advancing photocatalysts that can capture visible light, 

a crucial segment of the solar spectrum. Silver-containing photocatalysts have become a subject 

of interest due to their remarkable light absorption efficiencies in the visible range, which is 

linked to the plasmonic effect (Wang et al., 2024, Shi et al., 2022). Ag-AgX composites have 

become favoured choices for solar-driven photocatalysis, enabling reactions like organic dye 

degradation, pathogenic organism inactivation, heavy metal reduction, and water splitting. 

Hybrid Ag@AgX photocatalysts operate by absorbing visible light through the surface 

plasmon resonance (SPR) of Ag nanoparticles (Pius et al., 2023; Xu et al., 2022), deviating 

from conventional semiconductor photocatalysts. The mechanisms governing photochemical 

processes involve plasmonic metal@semiconductor structures and Z-scheme hybrids with a 

metal@semiconductor@semiconductor configuration. 

 

2.5.2 Mechanism in the Plasmonic Ag-based Metal@semiconductor Structure 

The Ag-based plasmonic metal@semiconductor structure operates through a synergistic 

interaction between excitons deriving from semiconductors and plasmons emerging from 

metallic silver (Ag0) nano-species under photo-irradiation (Fu et al., 2019, Wu, 2018, Cai et 

al., 2016). This cooperative effect enhances the SPR effect, resulting in increased light 

absorption. The coherent electronic configuration of the photocatalysts, alongside the reduced 

effective masses of the photoexcited electrons (e–) and holes (h+), enables the movement of 

charge carriers from the bulk photocatalysts to their surface-active zones. Subsequently, the 

energised electrons engage in reactions with dissolved O2 to yield highly reactive species such 

as •O2
– and hydrogen peroxide (H2O2) as shown in Figure 2.2. Concurrently, the residual 

positive charges (h+) present within the Ag nanoparticles (NPs) interact with X– ions at the 
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Ag@AgX interfaces, resulting in the production of highly reactive halogen X• radicals (X(0) 

atoms) with the ability to directly oxidise molecules of organic pollutants. Simultaneously, the 

X• radicals are reduced to yield X– ions, thus completing the catalytic sequence.  

 

 

Figure 2.2: A schematic illustration of the charge transfer in an Ag-AgCl photocatalysts under 

the visible light irradiation (Cai et al., 2016). 

 

2.5.3 Photoreactions in Z-scheme Hybrids with an Ag-based Metal@semiconductor@semiconductor 

Structure 

In Z-scheme hybrids consisting of an Ag-based metal@semiconductor@semiconductor 

configuration, the adjustment of band gaps and redox potentials of photocatalysts can be 

realised through the combination of appropriate semiconductors (Saber et al., 2020, Wang et 

al., 2018). This deliberate manipulation is intended to satisfy the energy needs of the catalytic 

mechanism. Typically, the system consists of Ag@AgX and a semiconductor characterised by 

a narrower band gap (NBG), enabling efficient interfacial transfer of photo-excited carriers and 

optimising photocatalytic efficacy. Upon light exposure, the conduction band (CB) of one 

semiconductor yields e– that exhibit remarkable photo-reduction capability. In contrast, the 

valence band (VB) of the other semiconductor generates h+ with robust oxidation potential, as 

demonstrated by the Ag@AgCl@WO3·H2O composite (Figure 2.3). This configuration 

enables dual-step absorption of visible light, propelled by both the SPR of Ag nanoparticles 

(NPs) and the photoexcitation of the NBG semiconductor. The modified plasmonic behaviour 
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initiated by Ag nanoparticles plays a crucial role in enhancing the photoactivity of the 

semiconductor with a sub-band gap by traversing to its conduction band. The activated Ag-

NPs transition into positively charged Ag-NPsn+, which facilitate oxidation reactions or 

electron transfer from the VB of AgX. The photo-induced electrons are subsequently captured 

by oxygen molecules, leading to the initiation of reactive oxygen species production, which 

enhances the efficacy and robustness of the hybridised photocatalyst. Simultaneously, the 

photo-induced gaps in the semiconductor promote the oxidation of X– ions, generating reactive 

X• radicals that directly act on contaminants or electron donors. Furthermore, the photo-

generated electrons possess the capability to convert X• radicals back into X–ions. 

 

 

Figure 2.3: Ag@AgCl@WO3·H2O composite as an example for Ag-based 

metal@semiconductor@semiconductor (Fang et al., 2019). 

 

2.5.4 Cases of Ag@AgX-based Plasmonic Photocatalysis 

2.5.4.1 Self-sensitised AgBr Nano-photocatalysts. 

The photocatalytic performance of AgBr particles is significantly influenced by their shape and 

crystal arrangement (Pang et al., 2017, Liang et al., 2013). Wang et al. (2012) demonstrated 

that Ag@AgBr nanorods exhibit superior photocatalytic activity under visible light due to their 

increased number of active sites and enhanced charge separation and transfer compared to 

irregularly structured Ag@AgBr nanoparticles. The morphology of AgBr particles, particularly 

the customisation of facets such as [111], [100], and [110], has been a focal point in optimising 
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their performance (Liang et al., 2013; Wang et al., 2012). Among these, [111]-facet-terminated 

AgBr nanoparticles, which feature unsaturated Ag atoms, show higher surface energy and 

improved efficiency in degrading model contaminants like Methyl Orange (MO) compared to 

other facets (Liang et al., 2013). Various synthesis methods, including a modified ion-exchange 

strategy with polyvinylpyrrolidone (PVP) as a stabiliser, have been employed to produce [111]-

dominant Ag@AgBr nanoparticles (Fan et al., 2018; Tang et al., 2016). Despite these 

advances, Ag@AgBr photocatalysts exhibit low surface areas and are vulnerable to the 

recombination of plasmon-induced electron-hole pairs (Xu et al., 2013). Additionally, they are 

prone to photocorrosion, leading to a gradual loss of photoactivity over time (Moja et al., 2024). 

To achieve effective and sustained photocatalytic activity, Ag@AgBr typically requires 

support from other materials.  

 

2.5.4.2 Hybridised Nano-Photocatalysts of AgBr with Photoactive Semiconductors 

Efforts have been directed towards enhancing the use of the visible spectrum in the 

conventional TiO2 photocatalyst by integrating Ag@AgBr NPs. These NPs have been 

anchored on various substrates, including porous anatase TiO2 nanotubes (Zhang et al., 2016), 

porous nickel (An et al., 2016), apatite (Ahmadvand et al., 2019), and zeolite (Sohrabnezhad 

& Rezaei, 2013), resulting in enhanced photocatalytic efficiency. Moreover, using various 

methods, ZnO-based nanostructures have been designed to absorb visible light by 

incorporating AgBr NPs (Jandaghian et al., 2023). Photocatalysts have been created by mixing 

AgBr with varying tungstates, such as AgBr@WO3 and AgBr@H2WO4 (Puga et al., 2021, Fan 

et al., 2013). The former was prepared by depositing AgBr NPs onto a WO3 support, while the 

latter involved loading H2WO4 NPs onto an AgBr substrate. Both catalysts contained minimal 

levels of Ag, which were reduced through photo-illumination, and showed efficiency in 

decomposing dyes such as methyl orange (MO) and rhodamine B (RhB) under visible light 

exposure. 

 

2.5.4.3 Hybridised Nano-photocatalysts of AgBr with Photoinactive Substrates  

Deposition of AgBr and Ag@AgBr NPs on non-photosensitive substrates can enhances 

photocatalytic performance significantly. Combining stratified materials such as Co-Ni-NO3 

LDH with Ag@AgBr NPs resulted in improved catalytic activities by utilising the high surface 

area of LDH (Fan et al., 2013; Miao et al., 2015). Similarly, due to their significant surface 

area, mesoporous materials like Al-MCM-41 exhibit effectiveness when paired with 

Ag@AgBr NPs (Pica, 2019; Pourahmad et al., 2010). Catalysts composed of carbon nanotubes 
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(CNTs) doped with Ag@AgBr displayed improved catalytic activity for degrading methyl 

orange (MO) under visible light exposure (Pica, 2019; Xu et al., 2013). Additionally, 

mesoporous substrates like AgBr@Y–zeolite and AgBr@SiO2 demonstrate efficacy in various 

applications, including MO degradation under halogen light or direct sunlight exposure, as well 

as hydrogen generation from methanol photolysis in distilled water (Jinfeng & Tao, 2013). 

Mesoporous alumina (MA) and titanium-doped MA (MA-Ti) combined with Ag@AgBr NPs 

effectively catalyze the breakdown of persistent toxic organic contaminants in water under 

visible light (Zhou et al., 2012). Integrating Ag@AgBr NPs with superparamagnetic Fe3O4 

NPs simplified catalyst separation post-reactions, facilitating recovery and reusability, thereby 

enhancing overall efficiency and sustainability in the realm of photocatalytic processes (You 

et al., 2019). 

 

2.6 Conclusion 

This chapter highlighted the environmental risks of ARVDs and phenol due to their persistence 

in water and their harmful effects on human health and aquatic ecosystems. It stressed the need 

for effective remediation strategies. LDHs, modified with silver halides, were identified as 

effective materials for photocatalytic degradation. Their synthesis methods, properties, and 

applications were reviewed, demonstrating their potential as sustainable solutions for water 

treatment. 
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CHAPTER 3:  EXPERIMENTAL 

3.1 Synopsis 

This chapter details the experimental methods and materials used in the study. LDHs were 

synthesised via the co-precipitation method, and Ag-AgBr-LDH nanocomposites were 

prepared using a photo-assisted doping technique. Thermal treatment of LDHs in a furnace 

produced CLDH to enhance adsorption performance. Material characterisation was conducted 

using various techniques, including XRD, BET surface area, SEM-EDS, XPS, FTIR, and TGA. 

Solution samples containing the pollutants were analysed using HPLC. Phenol and ARVD 

removal processes were studied through photocatalytic degradation experiments, including 

continuous flow tests for ARVDs. Adsorption experiments utilised CLDH as the adsorbent, 

and computational modelling provided molecular-level insights into adsorption mechanisms. 

 

3.2 Materials 

Precursor chloride salts, aluminium chloride hexahydrate (AlCl3·6H2O), magnesium chloride 

hexahydrate (MgCl2·6H2O), and zinc chloride (ZnCl2) were obtained from Glassworld in South 

Africa. Sodium hydroxide (NaOH), sodium bromide (NaBr), and silver nitrate (AgNO3) were 

purchased as solid compounds from Merck (Pty) Ltd. The ARVDs, EFV and NVP, were 

sourced as solid powders from Adcock Ingram while phenol crystals were procured from 

Glassworld. Solvents used in the experiments were methanol (99%) and acetonitrile (99.9%), 

which were supplied as solutions by Sigma Aldrich. Hydrochloric acid (HCl) (32%) was also 

supplied as a solution by Sigma Aldrich, while acetic acid (99%) was obtained as a liquid from 

Glassworld. All the materials were utilised as received without further processing except for 

NaOH and HCl which were diluted prior to usage in pH adjustment. Furthermore, all the 

chemicals used in the study were obtained in analytical grade quality. Deionised water 

dispensed by an Elga Purelab Flex 3 water purifier was used for all the experiments.  

 

3.3 Synthesis of Layered Double Hydoxide and the Photocatalyst 

3.3.1 Synthesis of Layered Double Hydroxide 

LDHs was synthesised using co-precipitation at a constant pH of 10 (± 0.25) to prevent the 

formation of metal hydroxides (Wang & O’Hare, 2012). Co-precipitation synthesis method 

was selected because it provides a convenient and versatile approach for the preparation of 

LDHs with controlled composition, uniform structure, high purity, and scalability (Jiang et al., 

2022). The required amounts of metal salts were dissolved in deionised water to produce a 1 
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M solution based on cations with molar ratios of 75%, 5%, and 20% for Mg, Zn, and Al, 

respectively. This was made in a total volume of 250 mL. The composition of LDH was 

carefully selected to optimise its physicochemical properties (Tabana et al., 2020). The salt 

solutions were added gradually to a 60 °C pre-heated 1 L glass reactor containing 250 mL of 

1 M Na2CO3 solution. The pH of the slurry was maintained at 10 by adding the required amount 

of 2 M NaOH solution. The resulting slurry was stirred at 500 rpm for 24 h. A Daihan Scientific 

magnetic stirrer (MSH-20D) with a hot plate and temperature controller was used to mix and 

regulate the temperature of the reactor’s contents. The schematic diagram of the reactor setup 

for LDH clay synthesis is presented in Figure 3.1. After the reaction was complete, the 

suspensions were allowed to cool to room temperature before being centrifuged at 9000 rpm 

for 10 min. The precipitate was washed three times with excess deionised water before being 

dried in an oven set at 50 °C for 12 h. The dried precipitate was then pulverised before being 

used for characterisation, synthesis of photocatalyst composite, photodegradation and 

adsorption studies. 

 

 

Figure 3.1: Schematic diagram of the reactor configuration for LDH clay synthesis (Tabana, 

2021). 
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3.3.2 Synthesis of Composite Photocatalyst 

The photocatalyst composite was produced by doping LDH with AgBr using a photo-assisted 

technique adapted from Chen et al.(2020a). LDH material amounting to 1 g was added to 200 

mL of deionised water and dispersed through ultrasonication for 45 min. Subsequently, 0.46 g 

of AgNO3 dissolved in 5 mL of deionised water was added to the LDH suspension. After 

mixing for 2 h, 20 mL of a 2 M NaBr solution was added to the suspension and stirred in the 

dark to prevent photoionisation of the produced AgBr (Svanstrom et al., 2020). This process 

resulted in the production of LDH-doped 30 photocatalyst. Additionally, LDH-doped 15 and 

LDH-doped 7.5 photocatalysts were produced by reducing the silver content by half and by a 

quarter, respectively. Thereafter, 20 mL of methanol was added as a hole scavenger before 

subjecting the mixture to visible light irradiation. This was to reduce silver ions to metallic 

silver, preventing them from reacting with other species and producing unwanted by-products. 

Centrifugation was used to collect the precipitate, which was then washed three times with 

deionised water and once with methanol.  

 

3.4 Calcination of Layered Double Hydroxide for Adsorption Process 

Calcination process was conducted using an Aluminium Electric Muffle furnace set at 500°C. 

At this temperature, it was expected that the LDH material would undergo a transition, leading 

to the formation of MMOs (Tabana et al., 2020). The furnace was initially preheated to 500°C, 

and a sample of LDH was then placed in a porcelain crucible before being charged into the 

furnace. The temperature was maintained at 500°C for a period of 4 h. Following the 

completion of the calcination process, the porcelain crucible was withdrawn from the furnace, 

and the residues were retrieved for subsequent analysis and adsorption experiments. 

 

3.5 Characterisation of the Photocatalysts and Adsorbents, and Analysis of Solution 

Samples 

3.5.1 Characterisation of the Photocatalyst 

3.5.1.1 X-ray Diffraction Analysis 

X-ray powder diffraction (XRD) spectra were determined using a PANalytical X’Pert Pro 

powder diffractometer in θ-θ configuration fitted with an X’Celerator detector and variable 

divergence with Fe-filtered Co-Kα radiation (λ = 1.789 Å) fixed slits. o The mineral phases 

present were confirmed using X’Pert Highscore plus software, which indexed the spectra 

against the ICSD database. 
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3.5.1.2 Scanning Electron Microscopy and Transmission Electron Microscope 

A Zeiss Ultra Plus field emission scanning electron microscope (FEG-SEM) was used to 

capture the SEM/EDS images. SEM samples were prepared by distributing the samples on 

carbon tape stuck to a microscopy stub; the samples were then sputter coated with carbon under 

argon gas. A Jeol-2100 F Field Emission Electron Microscope was used for Transmission 

Electron Microscope (TEM) analysis. A few milligrams of the photocatalysts were placed in 

well-marked vials before adding 3 mL of ethanol. The suspensions were sonicated for 15 

minutes to dissolve the photocatalysts. Small droplets of the dispersed samples were placed 

onto a TEM grid and allowed to dry in air. The dried grids were individually mounted onto a 

specimen holder for TEM analysis.  

 

3.5.1.3 X-ray Photoelectron Spectroscopy (XPS) Analysis 

The surface elemental compositions and electrochemical states of the photocatalysts were 

established through X-ray photoelectron spectroscopy (XPS) analysis. The analysis was 

conducted using a Thermo Fisher Scientific ESCALAB 250Xi coupled with a monochromatic 

Al Kα X-ray source (1486.7 eV) operated at 300 W.  

 

3.5.1.4 Brunauer-Emmet-Teller Surface Area 

A Micrometrics Tristar 3000 BET analyser was used to determine the BET surface area through 

nitrogen adsorption-desorption method. The instrument was operated at -196 °C (77 K) which 

is boiling point for nitrogen. All samples were degassed for 24 hours at 150 °C under a 10−5 

Torr vacuum to remove any moisture or dissolved gases prior to analysis. 

 

3.5.2 Characterisation of the Adsorbent 

3.5.2.1 X-ray diffraction analysis 

The XRD analysis was conducted as described in Section 3.4.1.1. Furthermore, the crystal 

lattice parameters were estimated using Equations (3.1) to (3.4). 

𝑑଴଴ଷ =
ேఒ

ଶୗ୧୬ఏ
         (3-1) 

𝑐 =
ଵ

ଷ
(3𝑑଴଴ଷ + 6𝑑଴଴଺ + 9𝑑଴଴ଽ)      (3-2) 

𝑎 = 2𝑑ଵଵ଴         (3-3) 

𝐿଴଴ଷ =
௄ఒ

ఉେ୭ୱఏ
         (3-4) 

Where: 
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d003 = layer distance at plane (003) (Å) 

c= layer thickness (Å) 

a = density of metal-ion stacking (Å) 

L003 = crystallite size in the direction parallel to plane (003) (Å) 

λ = wavelength (Å) 

θ = angle of incidence (°) 

N=order of the spectrum (dimensionless) 

β = line broadening at half maximum (FWHM) of the diffraction peak (°) 

 

3.5.2.2 SEM analysis 

As conducted in Section 3.4.1.2. 

 

3.5.2.3 BET surface area 

As demonstrated in Section 3.4.1.4. 

 

3.5.2.4 Thermal Stability Analysis 

To monitor the thermal phase transitions of LDH, approximately 10 mg of the sample was 

weighed into alumina crucibles. The crucible containing the sample was then analysed using 

the Q5000 Thermogravimetric Analyser (TGA). The TG analysis involved subjecting the 

sample to a temperature scan from 25 to 950 °C, with a heating rate of 10 °C min–1. The analysis 

was carried out under a nitrogen flow rate of 50 ml min–1, which served to create an inert 

atmosphere during the experiment. 

 

3.5.2.5 Fourier transform infrared spectroscopy 

Identification of the main functional groups and anions in LDH was done on a Perkin Elmer 

100 Spectrophotometer. The instrument was equipped with a MIRacle attenuated total 

reflection (ATR) attachment which had a zinc-selenide (ZnSe) crystal plate. A powdered 

sample weighing ca. 20 mg was placed onto the crystal plate and pressed by lowering down 

the pressure arm until the force gauge was ca. 80 before data could be collected. The spectra 

were recorded between 550 to 4000 cm−1 at a resolution of 2 cm−1 with data collected over 32 

scans. 
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3.5.3 Analysis of Solution Samples  

3.5.3.1 Analysis of Phenol solution 

A Waters 2695 HPLC coupled with a Waters 2489 UV-vis detector was used to analyse the 

concentration of the phenol solutions before and after exposure to the photocatalytic process. 

Separation was done in a Waters PAH C18 column while Empower Software was used for data 

analysis. Elution was done with a mobile phase consisting of 70% acetonitrile and 30% 

deionised water with each solvent containing 1% (v/v) acetic acid. The flowrate was kept 

constant at 1 mL min–1 with an injection volume of 10 µL while maintaining a temperature of 

30 ℃ at a wavelength of 280 nm.  

 

GC-MS analysis were carried out on a Perkin Elmer Clarus 600 (GC) and Clarus 600 T (MS) 

with Turbomass software being used for data analysis. The supernatant from a photocatalytic 

degradation process was prepared according to the method as elaborated by Klen and 

Vodopivec (2012). Separation was done on an Elite 5 MS column (30 m x 0,25 mm x 0,25 µm) 

in a scan mode between 30 to 300 m z–1. The temperature profile started at 60 to 245 ℃ at a 

heating rate of 15 ℃ min–1. The carrier gas (helium) was kept constant at a flowrate of 

1 mL min–1. 

 

3.5.3.2 Analysis of ARVDs 

EVF and NVP stock solutions of 100 mg L–1 were made by dissolving 1 mg of each pollutant 

in a 10 mL solution containing equal parts methanol and deionised water. The suspensions 

were sonicated for 30 min to dissolve all solids. The stock solutions were diluted with deionised 

water to create other desired concentrations. The same instrument as stated in Section 3.4.3.1. 

was used for this purpose. However, in this case elution was accomplished through a gradient 

flow of a mobile phase composed of acetonitrile, methanol, and a pH 4.5 buffer solution. The 

mobile phase used to analyse the pollutants was separated into 2 distinct fractions. Mobile 

phase (1) contained acetonitrile, methanol, and a pH 4.5 buffer solution in the ratios of 

60:15:25, whereas mobile phase (2) contained the same components in the proportions of 

50:15:35. The two mobile phases were delivered using a gradient elution method as follows: 

0 – 4 min with 100% mobile phase (1), 4.01 – 8 min with 100% mobile phase (2), and 

8.01 – 12 min with 100% mobile phase (1). 
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3.6 Photocatalytic Degradation Processes 

3.6.1 Photodegradation of Phenol  

The degradation tests were conducted in a closed compartment lined with a reflective material. 

Three magnetic stirrers were kept in the compartment for mixing with the sources of irradiation 

placed directly above the stirrers. A 72 W LED lamp with a peak wavelength range of 

380 – 800 nm and a total current density of 53.5 mW cm–2 was used as the source of visible 

light irradiation. Reaction vessels with a nominal capacity of 250 mL were employed as 

reactors; 100 mL of phenol solution was used in all the experiments. Phenol-photocatalyst 

suspensions were allowed to mix and equilibrate in the dark for 30 min prior to turning on the 

light source. Aliquots were withdrawn at predetermined periods, filtered, and analysed with 

high performance liquid chromatography (HPLC). The initial conditions were set as follows: 

phenol concentration of 10 mg L–1, LDH-doped 30 as the photocatalyst with a loading of 1 g L–

1, the initial pH of the solution was not adjusted and measured to be 6.68 ± 0.2 at an ambient 

temperature of 22 °C under visible light irradiation. Thereafter, the experiments were 

conducted using the same procedure as detailed above with adjustments made to various 

parameters to establish their effect on phenol degradation efficiency. The effect of silver (Ag) 

content (dopant) was tested by varying Ag amount from 0 to 0.3 g per 1 g of LDH. The effect 

of photocatalyst loading was evaluated in a range of 0 to 4 g L–1. Additionally, the effect of pH 

was investigated at pH values of 5, 6.68, 9 and 12. Acidic pH solution was achieved by adding 

0.1 M HCl while alkaline pH solutions were achieved by adding the required amount of 0.1 M 

NaOH solution. Upon establishing of the optimum conditions, phenol concentration was varied 

to evaluate the effect of the initial concentration (5, 10 and 20 mg L–1) on the performance of 

the catalyst. The dominant reaction mechanism was established by conducting scavenger tests 

and analyses of residual phenol solutions on the gas chromatography coupled with mass 

spectrometry (GC-MS). The photostability and reusability tests were conducted by recovering 

the spent photocatalyst from the solution, washing it with deionised water, and drying it at 60 

℃ for 24 h before reuse. 

 

3.6.2 Photodegradation of ARVDs (batch studies)  

A similar setup of reactor vessels and sources of light as detailed in Section 3.5.1. were used 

for this purpose. 100 mL of predetermined concentrations of EFV or NVP solution were used 

in each experiment, and the amount of photocatalyst loaded varied based on the experimental 

design. Before switching on the light source, pollutant-catalyst suspensions were allowed to 

mix and equilibrate in the dark for 30 min. The initial pH of the solutions was adjusted by 
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adding 0.1 M HCl for acidic solutions and the required amount of 0.1 M NaOH solution for 

alkaline solutions.  

 

The experimental plan was divided into two sections. In the first section, photodegradation 

tests were carried out using different photocatalysts, namely Ag-AgBr, LDH, and Ag-AgBr-

LDH, to determine the most effective one. The Ag-AgBr-LDH photocatalyst utilised in this 

investigation was specifically selected for its demonstrated ability to enhance phenol 

degradation as detailed in the preceding section. Experiments were conducted under neutral pH 

conditions, with an initial concentration of 10 mg L–1, and a photocatalyst loading of 2 g L–1. 

The photocatalyst that demonstrated the highest performance was subsequently used in the 

second section for parameter optimisation tests. Design Expert software (version 13.0, Stat-

Ease, Minneapolis, United States) was utilised to design a series of experiments and optimise 

the levels of the process parameters, A: photocatalyst loading (0.5 – 4 g L–1), B: initial solution 

pH (5 – 12), and C: initial pollutant concentration (5 – 20 mg L–1). A total of 22 experimental 

runs were simulated using an optimal design with four levels for each parameter as shown in 

Table 3.1. The three parameters were identified as independent variables, while degradation 

efficiency was chosen as the response output variable. The optimal values for the process 

variables were determined using a three-dimensional response surface modelling (RSM). 

Analysis of variance (ANOVA) was used to analyse the data, with p < 0.05 indicating a 

significant difference between the means. The experimental data were fitted to the quadratic 

equation shown in Equation (3.1) for statistical analysis. Equation (3.2) was used to determine 

the experimental response (photodegradation efficiency (%)). 

 

𝑌 = 𝑃଴ + ∑ 𝑃௜௜ୀଵ 𝑥௜ + ∑ ∑ 𝑃௜௝𝑥௜𝑥௝
௞
௝ୀଵ

௞
௜ୀଵ ∑ 𝑃௜௜𝑥௜௜

௞
௜ୀଵ + 𝜀   (3.1) 

𝑌 = ቀ1 −
஼೟

஼బ
ቁ × 100        (3.2) 

 

Where Y represents the response; P0 is the intercept; Pi, Pij and Pii are coefficients of the linear 

effect and double interactions; xi and xj are independent variables; ɛ is error; Ct and C0 are 

pollutant concentration at time t and initial concentration in mg L–1. 
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Table 3.1: Experimental runs and the corresponding degradation efficiencies for EFV and NVP 

Run A: 

Photocatalyst 

loading (g L–1) 

B: pH C: Pollutant 

concentration 

(mg L–1) 

Efavirenz 

degradation 

efficiency 

(%) 

Nevirapine 

degradation 

efficiency 

(%) 

1 0.5 5 15 16.2 18.9 

2 0.5 9 10 44.7 49.5 

3 2 9 5 40.2 43.2 

4 4 5 5 18.6 20.2 

5 4 5 5 22.8 18.7 

6 2 7 15 42.3 46.3 

7 4 12 20 68.6 73.6 

8 4 12 20 32.9 27.9 

9 0.5 5 5 74.3 71.4 

10 2 5 10 42.4 37.3 

11 4 5 20 29.9 32.9 

12 2 12 15 42.5 45.7 

13 4 12 5 34.6 27.6 

14 4 5 20 35.8 33.7 

15 0.5 9 20 24.8 19.3 

16 4 12 5 38.6 42.7 

17 0.5 5 5 45.8 41.7 

18 4 7 10 24.9 18.3 

19 2 5 20 27.7 33.3 

20 4 9 15 12.5 6.9 

21 1 12 20 75.4 72.9 

22 0.5 12 5 75.4 72.9 

 

After optimising the process parameters, kinetics studies were conducted at initial 

concentrations of 5, 10, and 20 mg L–1. The primary radicals responsible for degradation were 

identified using scavenger tests. The photostability and reusability tests were conducted as 

demonstrated in Section 3.5.1. 
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3.6.3 Photodegradation of ARVDs (continuous flow process) 

The study began with batch experiments to establish the effect of light intensity on the 

efficiency of ARVDs photodegradation. The experiments were conducted in a controlled 

environment with reflective surfaces to optimise light distribution. A reaction vessel with a 

capacity of 350 mL was used, containing 200 mL of a 10 mg L–1 NVP solution for each test. 

The experiments utilised 1 to 3 LED lamps as light sources, each emitting a current density of 

17.83 mW cm⁻2, with a combined total power output of 72 W and a wavelength range of 

380 – 800 nm. The lamps were positioned 50 mm away from the reactor axis, as illustrated in 

Figure 3.2. The amount of photocatalyst loading remained consistent at 2 g L–1 for all tests. 

Before exposure to light, the mixtures of pollutant and catalyst were left to reach equilibrium 

in darkness for 30 min. Hourly samples were taken post-light activation, filtered, and analysed.  

  

E-19

A

B

C

DD D

 

Figure 3.2: Batch photocatalytic reactor setup (A: magnetic stirrer, B: magnetic stirrer bar, C: 

350 mL reactor vessel, D: LED lamps). 

 

Continuous flow photodegradation experiments were carried out using the reactor 

configuration depicted in Figure 3.3, which included a cylindrical Perspex photoreactor with 

dimensions of 58.5 mm inner diameter and 130 mm height. A solution containing the targeted 

concentration of either EFV or NVP pollutants was introduced into the photoreactor through a 

peristaltic pump at a controlled flow rate ranging from 10 to 20 mL min–1. Flow rates below 

10 mL/min proved inadequate for membrane penetration, resulting in a batch-like system. 

Before initiating the pollutant solution flow, a predetermined amount of the photocatalyst was 

introduced into the reactor to achieve the desired photocatalyst loading for the duration of the 

experiment. The photocatalyst loading was adjusted between 1 to 3 g L–1 with increments of 
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0.5 g L–1. Photocatalyst loadings exceeding 3 g L–1 presented operational difficulties by 

blocking the lines, necessitating a return to a batch system. Mixing within the reactor was 

sustained through a magnetic stirrer. Irradiation was initiated once the solution began passing 

through the membrane, indicating overflow, with this specific moment denoted as zero hour. 

Subsequent to this, samples were collected hourly, filtered to eliminate any breakthrough 

particles, and analysed. 

E-19

Treated solution 
to receiving tank

From recycle 
tank

A

B

C

D

C

B

E

F

GG G

H

 

Figure 3.3: Continuous flow photocatalytic reactor setup (A: feed tank, B: magnetic stirrer bar, 

C: magnetic stirrer, D: Watson Marlow peristaltic pump, E: 350 mL reactor vessel, F: frit 

membrane, G: LED lamps, H: ball valve). 

 

3.7 Adsorption studies 

3.7.1 Experimental  

3.7.1.1 Design of Experiments 

The experimental design and statistical data analysis were performed using Design Expert 

software (version 13.0, Stat-Ease Minneapolis, USA). Response surface methodology (RSM) 

with an optimal (custom) design was employed to investigate the effects of four independent 

variables on the system. These variables included adsorbent loading (A), operational 

temperature (B), initial pH of the solution (C), and initial concentration of the pollutant (D). 

Separate experiments were conducted for EFV and NVP. The optimal design approach was 

chosen because it allows for any type of input (numeric, discrete, or categorical) and 

accommodates any constraints while minimising the number of experimental runs required for 

the specified polynomial model. In this study, a total of 21 experimental runs were conducted 

to optimise the levels of the design factors as shown in Table 3.2. The ranges for the variables 
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were as follows: adsorbent loading (A) ranged from 5 to 20 g L–1, operational temperature (B) 

ranged from 25 to 60 ℃, initial pH of the solution (C) ranged from 5 to 12, and initial pollutant 

concentration (D) ranged from 5 to 20 mg L–1. The experimental data were fitted to a quadratic 

model for the statistical analysis, as represented by Equation (3.1). The response variable of 

interest was the adsorption efficiency (%), determined according to Equation (3.2). The 

residence time for all 21 runs was kept constant at 24 h. 
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Table 3.2: Experimental runs and the corresponding adsorption efficiencies for EFV and NVP 

Run A: 

Adsorbent 

loading 

(g L–1) 

B: 

Temperature 

(℃) 

C: 

pH 

D: Pollutant 

concentration 

(mg L–1) 

Efavirenz 

adsorption 

efficiency 

(%) 

Nevirapine 

adsorption 

efficiency 

(%) 

1 20 25 5 20 16.2 18.9 

2 10 65 9 5 44.7 49.5 

3 5 25 9 10 40.2 43.2 

4 12.5 45 7 12.5 18.6 20.2 

5 5 65 12 20 22.8 18.7 

6 5 45 12 5 42.3 46.3 

7 10 25 5 5 68.6 73.6 

8 10 25 12 15 32.9 27.9 

9 20 25 12 5 74.3 71.4 

10 20 65 5 5 42.4 37.3 

11 15 55 12 20 29.9 32.9 

12 12.5 45 5 10 42.5 45.7 

13 5 35 5 20 34.6 27.6 

14 20 25 12 20 35.8 33.7 

15 20 55 9 20 24.8 19.3 

16 5 65 5 10 38.6 42.7 

17 20 45 7 5 45.8 41.7 

18 12.5 65 5 20 24.9 18.3 

19 20 65 12 12.5 27.7 33.3 

20 20 45 9 12.5 12.5 6.9 

21 20 35 9 5 75.4 72.9 

 

3.7.1.2 Adsorption Studies 

Batch experiments were carried out to investigate the adsorption of ARVDs using CLDH as an 

adsorbent. A volume of 100 mL of simulated wastewater containing the desired concentration 

of either EFV or NVP was brought into contact with a known mass of CLDH to achieve the 

desired adsorbent loading. Prior to contact, the initial pH of the solution was adjusted using 0.1 

M HCl (acidic) or NaOH (basic). The resulting suspensions were placed on the magnetic 
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stirrers with temperature control, and continuous stirring was maintained for 24 h at the targeted 

operational temperature to ensure maximum adsorption. After the 24 h runs, the suspensions 

were filtered through a 0.45 µm Millipore filter. The solution samples that were obtained from 

the above-mentioned experiments were analysed as detailed in Section 3.4.3.2. Statistical 

analysis was performed on the data obtained from the 21 runs to determine the optimum 

operational conditions. Additional tests were conducted to investigate the adsorption kinetics, 

isotherms, thermodynamics studies, and reusability of the adsorbent.  

 

3.7.2 Computational Analysis 

Materials Studio 2020 software was used for computational analysis of the adsorption and non-

covalent interactions (NCI) of EFV and NVP on CLDH. Figure 3.4 shows the modeled 

structures of the adsorbates and adsorbents, generated using the builder module within the 

software. The lattice parameters of the 3x3 supercell of CLDH were a = 9.13 Å and b = 9.13 Å 

with a vacuum of c= 20 Å for the adsorption of the ARVDs. The Adsorption Locator module 

was used for geometry optimisation and adsorption annealing simulation (Adekoya et al., 

2022). This module employs COMPASSIII forcefield for geometry relaxation and the Monte 

Carlo method to explore various configurational spaces and predict the most stable binding 

locations of the drugs on the CLDH. 
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Figure 3.4: 3D structure of the (a) (i) 3x3 CLDH (C4.5 O82.51 Mg8.67 Al9 Ca4.67 Zn4.67) 

showing the (ii) top, side, and isometric view of the modelled section of the CLDH, (b) EFV 

and, (c) NVP. 

 

The procedure involved gradually lowering the system’s temperature as the drug molecules 

adsorbed onto CLDH. This allowed for the determination of local energy minima, indicating 

the most thermodynamically favourable configurations. The probability of accepting a selected 

configuration was determined using Equation (3.3) while the adsorption energy was estimated 

by the Adsorption Locator using Equation (3.4) (Adekoya et al., 2023). 
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𝑃୫୬ = 𝑚𝑖𝑛 ቀ1,
஡೙

஡೘
ቁ      (3.3) 

∆𝛦 =  𝛦ୱ୭୰ୠୟ୲ୣ/ୱ୳ୠୱ୲୰ୟ୲ୣ − (𝛦௦௢௥௕௔௧௘  +  𝛦 ௦௨௕௦௧௥௔௧௘) (3.4) 

 

where ρm represents the frequency of sampled m configurations, ρn represents the frequency of 

suggested n configurations, and Pmn denotes the likelihood of a configuration transition from 

m to n, ΔE represents the binding energy of the adsorbed atom to CLDH (kcal/mol), 

Esorbate/substrate is the energy of the system per cell (kcal/mol). In contrast, Esorbate and Esubstrate 

represent the isolated energies for the sorbate and adsorbate in the supercell (kcal/mol), 

respectively. 

 

Non-covalent interactions (NCIs) were computed using the Multiwfn software. Scatter plots 

were generated using gnuplot, and the visual representation of the plots was facilitated by visual 

molecular dynamics (VMD) software. Various types and strengths of interactions, including 

steric repulsion and strong attraction, can be identified through the analysis of isosurfaces and 

the reduced density gradient (RDG). RDG was calculated using Equation (3.5) (Adekoya et 

al., 2022). 

𝑅𝐷𝐺𝑠 =  
ଵ

ଶ(ଷగమ)
భ
య

|∆ఘതതതത(௥)|

ఘ(௥)തതതതതത
ర
య

   (3.5) 

Here, ρ(r) is the electron density, and ∆ρ(r) is gradient norm of electron density. 

 

3.8 Conclusion 

The experimental framework combined the synthesis, characterization, and performance 

evaluation of LDH-based materials for efficient water treatment. LDHs were synthesised, 

modified with AgBr, and calcined to enhance photocatalytic and adsorption properties. Various 

characterisation techniques, including XRD, BET, SEM-EDS, XPS, FTIR, and TGA, provided 

detailed insights into the structural and surface properties of the materials. Computational 

modelling further clarified the adsorption mechanisms at a molecular level. Pollutant removal 

was systematically investigated through photocatalytic degradation and adsorption 

experiments, demonstrating the dual functionality of the materials. 
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CHAPTER 4:  CHARACTERISATION OF THE PHOTOCATALYST COMPOSITE 

4.1 Synopsis 

This study aimed to characterise a novel composite photocatalyst that consists of Ag-AgBr NPs 

incorporated in an LDH matrix. The integration of Ag and AgBr within the LDH structure was 

predicted to enhance the effectiveness of photocatalysis by facilitating the charge separation 

and expanding the range of light absorption. Various characterisation techniques that include 

XRD, SEM, TEM, and XPS were utilised to elucidate the structural, morphological, and 

elemental properties of the photocatalyst. This comprehensive analysis aimed to confirm the 

successful synthesis of the Ag-AgBr-LDH composite and to provide insights into its 

photocatalytic performance. 

 

4.2 X-Ray Diffraction Analysis of Photocatalysts 

The XRD patterns of the neat LDH, Ag-AgBr and doped LDH were determined through XRD 

analysis (Figure 4.1). The characteristic peaks of LDH (ICSD 6296) were identified at the 

following angles: 13.2°, 26.6°, 40.2°, 45.1°, 54.8°, 72.1° and 73.2°. These peaks were assigned 

the following planes: (003), (006), (012), (015), (018), (110) and (113), respectively. These 

results confirmed the formation of LDH with carbonate ions (CO3
2–) in the interlayer region 

(Chen et al., 2020a). The positions of the basal planes, d-spacing, crystal parameters (c and a) 

and the crystallite size (L) for LDH and Ag-AgBr-LDH are shown in Table A1 in the Appendix 

A. The XRD patterns of the composite catalyst Ag-AgBr-LDH revealed the presence of both 

LDH and AgBr (ICSD 65061) in the material. A feint peak in the composite at 2θ of 45° was 

designated to Ag0 (ICSD 64706) (Feng et al., 2020) (an XRD report of the Ag-AgBr-LDH 

spectra is shown in Figure A1 in the Appendix). This confirmed the successful synthesis of the 

desired photocatalyst and coexistence of Ag0, AgBr and LDH in the composite. 
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Figure 4.1: (a) X-ray diffraction spectra of neat LDH, Ag-AgBr and Ag-AgBr-LDH composite 

catalysts. 

 

4.3 Scanning Electron Microscopy and Transmission Electron Microscope Analyses of 

Photocatalysts 

The morphologies of LDH, Ag-AgBr and Ag-AgBr-LDH photocatalysts are shown in Figure 

4.2. LDH was characterised by platelet-like structures that are synonymous with hydrotalcites 

(Figure 4.2 (a)). Ag-AgBr photocatalyst exhibits irregular spherical-like shapes, as 

demonstrated in Figure 4.2 (c) (Moja et al., 2021), with the presence of mesopores observed 

on the surface of these particles. The presence of minute particles in Figure 4.2(c) could 

plausibly be attributed to the partial reduction of Ag+ ions within the AgBr compound. Figure 

4.2(e) displays the morphology of the composite catalyst, which shows the LDH platelet-like 

structures covered by near-spherical Ag-AgBr nanoparticles. The elemental compositions of 

LDH, Ag-AgBr and Ag-AgBr-LDH photocatalysts were examined using energy dispersive X-

ray spectroscopy (EDS) and the results are presented in Figure 4.2(b), (d) and (f), respectively. 

The elemental analysis conducted on both LDH and the Ag-AgBr-LDH composite confirmed 

the presence of Mg, Zn, and Al in both materials. Additionally, the molar ratios of Ag to Br 

were determined to be 1.43 and 1.48 in Ag-AgBr and Ag-AgBr-LDH composite photocatalysts, 

respectively. These ratios indicated an excess of Ag relative to Br, providing further evidence 

of the successful formation of Ag0 in the photocatalyst composite.  
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Figure 4.2:SEM and SEM-EDS analysis of LDH (a) & (b), Ag-AgBr (c) & (d) and Ag-AgBr-

LDH (e) & (f) photocatalysts. 

 

Figures 4.3 (a) – (f) depict the High-Angle Annular Dark-Field Scanning Transmission 

Electron Microscopy (HAADF-STEM) image and EDS elemental mapping images of the Ag-

AgBr-LDH composite photocatalyst. The HAADF-STEM (Figure 4.3(a)) represents the 

composite photocatalyst, revealing the spatial distribution and arrangement of different 

elements. The elemental maps (Figures 4.3 (b) – (f)) indicate the presence and distribution of 

Mg, Al, Zn, Ag, and Br. Notably, the well-distributed elements in their respective regions 

confirm the successful loading of Ag-AgBr particles onto LDH substrate. Figures 4.3(g) – (i) 

show the results obtained from TEM analysis of LDH, Ag-AgBr, and Ag-AgBr-LDH 

photocatalyst. The TEM image of LDH (Figure 4.3(g)) exhibits a well-structured morphology, 
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suggesting a high level of crystallinity in the material. This observation is consistent with the 

findings from XRD analysis, further supporting the crystalline nature of LDH. In Figure 4.3(h), 

distinct near-spherical Ag-AgBr particles are clearly visible. Notably, Figure 4.3(i) highlights 

the encircled area where Ag-AgBr particles are observed near the LDH substrate. These 

findings confirm the successful embedding of Ag-AgBr particles onto LDH. 

 

 

Figure 4.3: HAADF-STEM image of Ag-AgBr-LDH (a), EDS mapping, Mg (b), Al (c), Zn 

(d), Ag (e) & Br (f). TEM images, LDH (g), Ag-AgBr (h) & Ag-AgBr-LDH (i). 
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4.4 X-ray Photoelectron Spectroscopy Analysis 

Figure 4.4 shows the X-ray photoelectron spectroscopy (XPS) spectra for LDH and Ag-AgBr-

LDH photocatalysts. The Mg 1s spectra (Figure 4.4(b)) at the binding energies of 1304.4 and 

1305.6 for LDH and Ag-AgBr-LDH photocatalyst respectively were attributed to the 

magnesium containing hydroxides (Zhu et al., 2021). The Al 2p spectra (Figure 4.4(c)) at 74.6 

eV displayed only one peak that showed the presence of aluminium containing hydroxides 

(Wang et. al., 2016). In Figure 4.4 (d), Zn enriched hydroxides are represented by the Zn 2p3/2 

and Zn 2p1/2 peaks located at 1022.2 and 1045.4 eV respectively (Zhu et al., 2021). The Ag3d 

spectra (Figure 4.4(e) displayed two individual peaks at 368 and 374 eV which were ascribed 

to Ag 3d5/2 and 3d3/2 of Ag0 and Ag+. The Ag 3d spectra in this study are similar to those 

reported by Zhang et al. (2020), Liu et al. (2013), and Wang et al. (2009) who stated that the 

peak at 368 eV was due to Ag0 while Ag+ was represented at 374 eV. These results are in 

agreement with XRD spectra for the composite catalyst which also revealed the presence of 

Ag0. The peak at 68 eV in the Br 3d spectrum (Figure 4.4(d)) was attributed to the crystal lattice 

of Br‒ in AgBr (Parvizi et al., 2022). The O 1s spectra showed three peaks at 532.2, 532 and 

530 eV, representing O in adsorbed water, metal hydroxides and lattice oxygen respectively 

(Nayak & Parida, 2018). 
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Figure 4.4: XPS spectrum of LDH and Ag-AgBr-LDH photocatalysts (a) The survey spectrum 

peaks and the high resolution XPS spectra of (b) Mg 1S, (c)Br 3d5, (d) Zn 2p 3, (e) Ag 3d and 

(f) O 1s. 
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4.5 Brunauer-Emmett-Teller Surface Area 

Figure 4.5 depicts the nitrogen gas adsorption and desorption isotherms of LDH and Ag-AgBr-

LDH. The isotherm curves correspond to Type IV isotherms in accordance with IUPAC 

classification (Muttakin et. al., 2018). This showed that the photocatalysts had mesopores with 

a diameter range of 2-50 nm (Tun et. al., 2019). This finding aligns with the mesoporous 

structure observed in the SEM analysis. Doping the LDH with Ag-AgBr NPs resulted in 

decreased pore volume (0.075 cm3 g–1 to 0.022 cm3 g–1) and specific surface area (28.5 m2 g–1 

to 10.6 m2 g–1) compared to neat LDH. 

 

Figure 4.5: Nitrogen adsorption-desorption isotherms of LDH and Ag-AgBr-LDH. 

 

4.6 Conclusion 

The detailed characterisation of the Ag-AgBr-LDH composite photocatalyst have been 

demonstrated through various analytical techniques. XRD analysis confirmed the formation of 

LDH with carbonate ions in the interlayer region and the incorporation of Ag0 and AgBr in the 

composite. SEM and TEM analyses revealed the platelet-like structure of the LDH and the 

well-distributed Ag-AgBr particles, confirming the effective embedding of Ag-AgBr onto the 

LDH substrate. XPS provided further evidence of the presence of key elements such as Mg, 

Zn, Al, Ag, and Br, supporting the findings from the structural analyses. Additionally, nitrogen 

adsorption-desorption isotherms indicated a reduction in pore volume and specific surface area 
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upon doping with Ag-AgBr NPs. These findings collectively confirm the successful synthesis 

of the Ag-AgBr-LDH composite. 
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CHAPTER 5:  VISIBLE LIGHT ACTIVATED DEGRADATION OF PHENOL 

USING SILVER-SILVER BROMIDE-HYDROTALCITE NANOCOMPOSITE 

PHOTOCATALYST 

5.1 Synopsis 

This section focuses on evaluating the performance of the Ag-AgBr-LDH composite material 

as a photocatalyst, with phenol serving as the model pollutant. Phenol was selected due to its 

properties, which are similar to those of recalcitrant organic pollutants, such as the ARVDs 

under investigation. By investigating the effects of varying silver content, catalyst loading, and 

pH on the photocatalytic degradation of phenol, the study aimed to determine the optimal 

conditions for achieving the highest degradation efficiency. Additionally, this research 

explored the kinetics of the reaction, the mechanisms underlying phenol degradation, and the 

stability and reusability of the composite catalyst.  

 

5.2 Effect of Silver Content 

Figure 5.1 shows the degradation efficiencies of phenol with varied compositions of Ag in the 

photocatalysts. The pristine LDH adsorbed 4% phenol in the dark while the photodegradation 

control experiment resulted in 19% degradation efficiency under visible light irradiation. 

Previous studies show similar findings under adsorption conditions (Tabana et al., 2020) and 

photolysis (Gevers et al., 2022). Tabana et al. (2020) demonstrated that neat LDH, comprising 

MgAlZn, exhibited an adsorption efficiency of only 6% in a system with an initial phenol 

concentration of 40 mg/L and an adsorbent loading of 10 g/L. This highlights the limited 

adsorption capacity of neat LDH, which aligns with my findings where the inclusion of Ag and 

AgBr enhances the functional performance of the composite. Gevers et al. (2022) reported that 

LDH materials exhibit limited light absorption under visible light irradiation. This suggests 

that, in photocatalytic degradation systems using LDH as the photocatalyst, phenol removal is 

primarily due to adsorption and photolysis rather than photocatalytic degradation. The 

photocatalyst containing only Ag and AgBr was able to reach 8 and 45% phenol degradation 

in the dark and under visible light irradiation respectively. Doped LDH materials showed an 

improvement in phenol degradation efficiencies compared to neat LDH. There was a slight 

increase in degradation efficiency (52% to 57%) when the Ag content in the photocatalyst 

composite was increased from 0.075 to 0.15 g per 1 g of LDH after 8 h of visible light 

irradiation. Phenol removal of 76% was observed when 0.3 g Ag per 1 g LDH was used in the 

photocatalyst. The increase in Ag content in the photocatalyst composite meant that there was 
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an increase in Ag NPs on the surface of AgBr (which is bound to LDH). The Ag NPs can 

improve photocatalytic activity by enhancing light harvesting capacity of the photocatalyst 

through SPR (Chen et al., 2020a), and Ag0 can be active as an electron mediator to form the z-

scheme heterojunction (Sharma et al., 2021). The enhanced degradation efficiency at higher 

Ag content can be attributed to these two phenomena, particularly when considering that the 

bandgaps of the photocatalysts exceed 3 eV, implying limited light absorption within the 

visible spectrum. The Tauc diagrams illustrating the optical properties of LDH, Ag-AgBr, and 

Ag-AgBr-LDH photocatalysts are presented in Figure B1 (Appendix B). 

 

 

Figure 5.1: Phenol degradation efficiencies with varying Ag content in the photocatalyst. 

 

5.3 Effect of Catalyst Loading 

Figure 5.2 shows how the degradation efficiency varied with catalyst dosage from photolysis 

(0 g L–1) to 4 g L–1. Phenol degradation efficiency increased with catalyst loading up to 2 g L –

1, with the highest removal of 92% observed after 8 h. An increase in photocatalyst loading 

beyond 2 g L–1 (at 4 g L–1) resulted in an increase in solution turbidity and subsequently a 

decrease in photocatalytic degradation of phenol. An increase in the amount of photocatalyst 

is expected to increase the photocatalytic efficiency, as more active sites become available. 

However, an excess number of nanoparticles in a photocatalytic reactor can create a light 

screening effect that can reduce the surface area of the nanoparticles being exposed to light; 
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subsequently affect the photocatalytic efficiency (Chong et al., 2010). The photocatalyst 

loading of 2 g/L was identified as the optimal loading and was subsequently used for the 

proceeding tests. 

 

 

Figure 5.2: Phenol degradation efficiencies with varying photocatalyst loading. 

 

5.4 Effect of pH 

Figure 5.3 shows the effect of pH on the extent of phenol degradation. The highest phenol 

degradation efficiency occurred when the initial pH of the solution was kept at 6.68 (unadjusted 

pH). Phenol adsorption capacities using LDH materials have been reported to be at their highest 

at neutral pH (Tabana et al., 2020, Lupa et al., 2018). This is due to the hydrogen bonds 

between the surface of the photocatalyst and the hydroxyl groups in phenol (Tsukanov & 

Psakhie, 2016). The degradation efficiencies of phenol in acidic and basic conditions were 

lower than in neutral conditions for the following reasons. In an acidic medium, phenol does 

not dissociate, meaning that the solution would contain phenol, protons, and chloride ions. 

Chloride ions can inhibit photocatalysis degradation of phenol by acting as scavengers for 

photo-induced holes and hydroxyl radicals, as shown in Equations (5.1) and (5.2). Chlorine 

radicals (Cl●) have been reported to be ineffective in abstracting hydrogen atoms from saturated 

compounds, hence a lower phenol degradation efficiency (Kashif & Ouyang, 2009). In basic 

solutions, sodium phenolate becomes the dominant phenol species; the displacement of 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 

81 

hydroxyl ions by sodium can result in reduced hydrogen bonding between phenolate and the 

surface of the photocatalyst. This causes a drop in adsorption capacities and, subsequently 

lower degradation efficiencies. Neutral pH (approximately 7) was determined to be the optimal 

pH for the system and was used for the subsequent tests. 

 

𝐶𝑙ି + ⦁𝑂𝐻 → 𝐶𝑙 + 𝑂𝐻ି   (5.1) 

𝐶𝑙ି + ℎ௩௕
ା → 𝐶𝑙⦁    (5.2) 

  

Figure 5.3: Effect of pH on phenol degradation efficiencies. 

 

5.5 Reaction Kinetics and the Effect of Phenol Concentration 

An increase in phenol concentration from 5 mg L–1 to 10 mg L–1 led to a reduction in the extent 

of phenol degradation from 100% to 73% in 4 h (Figure 5.4). A further decline in phenol 

degradation efficiency from 73% to 44% was observed when the initial concentration was 

increased from 10 mg L–1 to 20 mg L–1 within the same period. The three possible reasons for 

the decline in degradation efficiency at elevated concentrations, as elaborated by Li et al. 

(2019) were: firstly, the formation of intermediate products results in competition with the 

primary pollutant for active sites, leading to poor contact between the pollutant and 

photocatalyst. Secondly, the generation of radicals on the surface is reduced in the presence of 

high pollutant concentration since pollutant molecules cover the active sites. Lastly, a 

significant amount of light can be absorbed by pollutants leading to a drop in the generation of 

active radicals. As a comparison of the photocatalyst in this study with previous work reported 
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by other authors: a 71% degradation efficiency of 5 mg L–1 phenol was achieved in 2 h with 

Zn-Al LDH photocatalyst (Patzkó, 2005), and 70% of 40 mg L–1 phenol was degraded after 

6 h with Mg-Zn-Al LDH photocatalyst (Valente et al., 2009); both studies were conducted 

under UV light irradiation. Therefore, the photocatalyst composite presented in this study 

presents a feasible alternative for degradation of phenolic contaminants from wastewater under 

visible light irradiation.  

 

Figure 5.4: Phenol degradation efficiencies at various initial concentrations. 

 

The kinetics of photocatalytic reactions of organic contaminants are usually described by the 

Langmuir-Hinshelwood (L-H) model (Valente et al., 2009, Li et al., 2019, Mantilla et al., 

2010). The model relates the degradation rate r and the concentration of the pollutant C as 

shown in Equation 5.3. 

𝑟 =
ିௗ஼

ௗ௧
=

௞ೝ௄ೌ೏஼

ଵା௄ೌ೏஼
    (5.3) 

Where kr is the rate constant, and Kad is the adsorption equilibrium constant. At lower 

concentrations of the pollutant and adsorption capacities, the term KadC becomes negligible, 

and the equation can be simplified to be first-order kinetics with an apparent rate constant (kapp= 

krKad). After simplification and integration of the L-H model over the interval [C0, Ct] the new 

expression becomes as shown in Equation 5 4. 

ln ቀ
஼బ

஼೟
ቁ = 𝑘௔௣௣𝑡    (5.4) 
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The plot of ln(C0/Ct) against irradiation time t is linear where kapp is the slope. Figure 5.5 shows 

the lineal plot of phenol degradation at various initial concentrations with kapp, half-life (t1/2) 

and the linearisation coefficient R2 listed in Table 5.1. 

 

Table 5.1: Apparent rate constant, half-life, and linearisation coefficient for the Langmuir-

Hinshelwood model at various concentrations 

Concentration 

(mg L–1) 

kapp 

(h-1) 

(t1/2) 

(h) 

R2
 

 

5 0.578 1.32 0.978 

10 0.294 2.12 0.985 

20 0.146 4.86 0.997 

 

 

Figure 5.5: First-order kinetics photodegradation of phenol at various initial concentrations. 

 

5.6 Degradation Mechanism 

Figure 5.6 shows phenol degradation efficiencies in the presence of various radical scavengers. 

Isopropanol (IPA), p-benzoquinone (PBQ), copper (II) nitrate (CN) and sodium oxalate (SO) 

were used as scavengers for hydroxyl radical (●OH), superoxide radical ●O2
‒, electrons (e‒) and 

photo-induced holes (hା) respectively. Figure 5.6 shows that phenol degradation efficiency 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 

84 

decreased from 92% to 32% when IPA was added into the system, indicating that (●OH) plays 

a critical role in the degradation process. The addition of PBQ and SO showed a moderate 

reduction in phenol degradation efficiencies of 63% and 55%, which suggests that superoxide 

radicals and the photo-induced holes were not the major drivers of the phenol degradation 

mechanism. A 12% reduction in phenol concentration was observed upon the addition of CN 

as an electron scavenger. Several researchers who studied photocatalytic degradation of 

pollutants using LDH-based materials have reported similar results (Zheng et al., 2022, Wang 

et al., 2021, Pica, 2019). 

 

 

Figure 5.6: Effect of different scavengers on the degradation of phenol by the composite 

photocatalyst. 

 

The reaction of phenol with ●OH radicals produce catechol, resorcinol and hydroquinone as 

intermediates (Wu et al., 2001). The breaking of the phenyl rings follows to produce short-

chain organic acids, such as oxalic, formic, maleic, and acetic acid before carbon dioxide (CO2) 

can be formed. It is hypothesised that a similar degradation pathway (Figure 5.7) took place in 

this study. GC-MS analysis on the residual phenol solutions after the photocatalytic process 

revealed that catechol, glycerol, and hydroxy acetic acid were some of the intermediates formed 

(Figure B2 to B6 (Appendix B)). Maleic, oxalic, malonic acid and benzoquinone were not 

detected.  
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Figure 5.7: Proposed phenol degradation pathway. 

 

5.7 Photo Stability and Reusability of the Catalyst 

The composite catalyst was recycled in a series of tests to evaluate its stability and reusability. 

Figure 5.8 shows a gradual decrease in the degradation efficiency after the first two cycles from 

92% to 80% degradation. Thereafter, there was a 27% decrease in efficiency between Run 3 

and 4. XRD analysis on the photocatalyst composition used for each run showed that the 

amount of Ag0 increased after each run (Table 5.2 and Figure B7). While Ag0 plays a role in 

SPR phenomenon, it has a potential to cause photo-corrosion of the catalyst when present in 

elevated quantities (Sharma et al., 2021). Therefore, it can be postulated that the increased 

amounts of Ag0 caused photo-corrosion of the photocatalyst, which resulted in a decline in 

degradation efficiency.   
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Table 5.2: Quantitative XRD analysis of the photocatalyst composite used in each test run 

Run 

number 

Phase composition (%) 

Ag AgBr Hydrotalcite 

Run 1 0.92 29.58 69.5 

Run 2 1.4 26.8 71.8 

Run 3 2.2 24.3 73.5 

Run 4 3.8 20.5 75.7 

 

 

Figure 5.8: Stability and reusability tests of the photocatalyst. 

 

5.8 Conclusion 

This composite photocatalyst containing Ag-AgBr and LDH proved to be more effective in 

degrading phenol than Ag-AgBr and LDH separately. The presence of Zn in the photocatalyst 

was vital in enhancing the photocatalytic activity of the material and subsequently led to a 

higher phenol degradation efficiency. More than 92% of phenol was degraded over 8 h at 

neutral pH, under visible light irradiation. Catechol, glycerol, and hydroxy acetic acid were 

detected as the main intermediates produced during the phenol degradation pathway which was 

primarily driven by the hydroxy free radicals’ present followed a process mechanism that has 

hydroxyl radical as the dominant species.  
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CHAPTER 6:  PHOTOCATALYTIC DEGRADATION OF EFAVIRENZ AND 

NEVIRAPINE USING VISIBLE LIGHT-ACTIVATED AG-AGBR-LDH 

NANOCOMPOSITE CATALYST 

6.1 Synopsis 

This study investigated the degradation of EFV and NVP using an Ag-AgBr-LDH composite 

photocatalyst. The research explored the performance of a composite photocatalyst and its 

constituents under different conditions that include adsorption and visible light irradiation. 

Statistical analysis using ANOVA was employed to optimise the degradation parameters, and 

the kinetics of the photodegradation process were examined. Additionally, the study evaluated 

the photostability and reusability of the photocatalyst, providing insights into the mechanisms 

driving the degradation process. 

 

6.2 Degradation of ARVDs using Various Photocatalysts 

Figure 6.1 shows the removal efficiencies of EFV (Figure 6.1(a)) and NVP (Figure 6.1(b)) for 

the composite photocatalyst and its constituents under control conditions, adsorption, 

photolysis, and visible light irradiation. LDH materials are well-known for their ability to 

remove pollutants through various mechanisms such as surface adsorption, intercalation 

(Tabana et al., 2020, Lei et al., 2014), and adsolubilisation (Ruan et al., 2013). It is noteworthy 

that the LDH material in this study was neither calcined nor did its interlayer anions undergo 

modification, so surface adsorption was most likely to occur. However, since the bonding 

forces involved in the physical adsorption of pollutants onto LDH are weak (Cornejo et al., 

2008), the adsorption efficiencies of neat LDH were limited to 5%. The Ag-AgBr photocatalyst 

could only degrade 41% of EFV and 55% of NVP under visible light irradiation, with 

adsorption efficiencies for both pollutants falling below 10%. However, the Ag-AgBr-LDH 

nanocomposite photocatalyst demonstrated up to 13% adsorption efficiencies and significantly 

improved photodegradation efficiencies of 84% and 100% for EFV and NVP, respectively. 

This enhancement can be attributed to surface plasmon resonance and/or z-scheme 

heterojunction formation (Zheng et al., 2022). The Ag NPs in the photocatalyst can improve 

the photocatalyst's light-harvesting capacity through SPR and act as electron mediators in the 

formation of a Z-scheme heterojunction (Zheng et al., 2023). LDH and AgBr play essential 

roles as photo-induced electron and hole sinks, respectively. After establishing that Ag-AgBr-

LDH was the most effective photocatalyst, parameter optimisation tests with this photocatalyst 

were performed. 
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Figure 6.1: Photodegradation efficiencies of ARVDs using various photocatalysts, (a) 

efavirenz and (b) nevirapine.  

 

6.3 Statistical analysis of the ARVDs Photodegradation Process using ANOVA 

Table 3.1 showed the experimental design results for the degradation efficiencies of EFV and 

NVP. Tables 6.1 and 6.2 show the ANOVA results for EFV and NVP, respectively. The 

quadratic polynomial equations (Equations (6.1) and (6.2)) were derived using relative 

parameters to optimise the conditions for maximising the degradation efficiencies of the 

ARVDs. ANOVA was utilised to assess the significance and adequacy of the quadratic models 

in describing the experimental data. The statistical significance of each variable and its effect 

on the response were determined using p-values and F-values at a 95% confidence level. 

Variables with p-values less than 0.05 were considered to be statistically significant. F-values 

of 30.13 for EFV and 35.45 for NVP indicated that the second-order polynomial models were 

highly significant. The probability that these F-values resulted from random noise was 

estimated to be 0.01%. 

 

𝑌ா௉ = 86.69 + 16.87𝐴 − 1.98𝐵 − 7.75𝐶 + 6.69𝐴𝐶 − 14.50𝐴ଶ + 7.16𝐶ଶ         (6.1) 

𝑌ே௉ = 91.48 + 17.07𝐴 − 2.62𝐵 − 7.70𝐶 + 2.28𝐴𝐵 + 6.84𝐴𝐶 − 15𝐴ଶ + 5.12𝐶ଶ      (6. 2) 

Where YEP and YNP represent the responses for EFV and NVP respectively. 

 

Figure 6.2 depicts the actual and predicted response values for EFV (Figure 6.2(a)) and NVP 

(Figure 6.2(b)), respectively. The close proximities of the actual and predicted experimental 

values to the straight lines in Figure 6.2 indicate a good correlation between these values. 
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Photocatalyst loading (A), initial pH of the solution (B), and pollutant concentration (C), 

second-order effects of photocatalyst loading (A2) and pollutant concentration (C2), and 

interactions between catalyst loading (A) and pollutant concentration (C) were statistically 

significant for EFV degradation. For NVP degradation, photocatalyst loading (A), initial pH of 

the solution (B), and pollutant concentration (C), second-order effects of photocatalyst loading 

(A2) and pollutant concentration (C2), and interactions between photocatalyst loading (A) and 

initial pH of the solution (B) and photocatalyst loading (A) and pollutant concentration (C) 

were statistically significant. 

 

 

Figure 6.2: Comparison between the predicted and actual responses (c) efavirenz and (d) 

nevirapine. 
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Table 6.1: Analysis of variance for the quadratic model (efavirenz) 

Source 
Sum of 

Squares 

Degrees 

of 

freedom 

Mean 

Square 
F-value p-value 

Model 5031.45 6 838.57 30.13 < 0.0001 

A-Photocatalyst loading 4159.04 1 4159.04 149.42 < 0.0001 

B-pH 60.86 1 60.86 2.19 0.0163 

C-pollutant 

concentration 
837.42 1 837.42 30.08 0.0001 

AC 520.1 1 520.1 18.68 0.0008 

A² 663.83 1 663.83 23.85 0.0003 

C² 168.05 1 168.05 6.04 0.0288 

Residual 361.86 13 27.84   

Lack of Fit 207.33 8 25.92 0.8386 0.6081 

Pure Error 154.52 5 30.9   

Cor Total 5434.23 21    
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Table 6.2: Analysis of variance for the quadratic model (nevirapine) 

Source 
Sum of 

Squares 

Degrees 

of 

freedom 

Mean 

Square 
F-value P-value 

Model 4949.94 7 707.13 35.45 < 0.0001 

A-Photocatalyst loading 4174.68 1 4174.68 209.28 < 0.0001 

B-pH 95.76 1 95.76 4.8 0.0489 

C-pollutant concentration 821.6 1 821.6 41.19 < 0.0001 

AB 52.44 1 52.44 2.63 0.0131 

AC 535.21 1 535.21 26.83 0.0002 

A² 707.42 1 707.42 35.46 < 0.0001 

C² 84.31 1 84.31 4.23 0.0622 

Residual 239.37 12 19.95 
  

Lack of Fit 195.17 7 27.88 3.15 0.1122 

Pure Error 44.2 5 8.84 
  

Cor Total 5200.01 21 
   

 

6.4 Optimisation of Process Parameters using the Response Surface Method 

Figure 6.3 (a) shows the degradation efficiency of EFV as a function of photocatalyst loading 

and pollutant concentration. For NVP, Figure 6.3 (b) and (c) show the degradation efficiency 

as functions of photocatalyst loading and pollutant concentration, and photocatalyst loading 

and pH respectively. The responses from Figure 6.3 (a) and (b) are similar with the degradation 

efficiency being directly proportional to photocatalyst loading and inversely proportional to 

pollutant concentration. An increase in the amount of photocatalyst results in an increase in the 

active sites and a subsequent increase in degradation efficiency. However, when the pollutant 

concentration is increased, the ratio of active sites to pollutant molecules is reduced leading to 

decreased degradation efficiency. From Figure 6.3(c), the photodegradation of NVP increased 

with an increase in photocatalyst loading irrespective of the change in pH. The effect of pH on 

the photodegradation of NVP can be explained as follows: firstly, the point of zero charge for 
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the photocatalyst was established to be 9.5, as shown in Figure C1 in Appendix C. This implied 

that the surface of the photocatalyst was positively charged at pH < 9.5 and negatively charged 

at pH > 9.5. Secondly, NVP has a pKa of 2.8 (Kim et al., 2021) indicating that it is positively 

charged at pH < 2.8 and neutral at higher pH values. The operational pH of neutral fell within 

the region where the photocatalyst’s surface was predicted to be positively charged while the 

NVP molecules were neutral. This enhanced the intermolecular interactions between the two 

components and enhanced the adsorption capacity, resulting in enhanced photocatalytic NVP 

degradation. 

 

Figure 6.3: (a) Response surface 3D plot for efavirenz, interactions between photocatalyst 

loading and pollutant concentration. Response surface 3D plot for nevirapine, (b) interactions 

between photocatalyst loading and pollutant concentration, (c) interaction between 

photocatalyst loading and initial pH of the solution. (d) PFO kinetics model fittings for 

efavirenz and nevirapine (10 mg L–1). 
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6.5 Photodegradation Kinetics 

The photocatalytic degradation kinetics of EFV and NVP were investigated by fitting a simple 

pseudo-first order (PFO) model (Equation (6.3)) to experimental data. Figure 6.3(d) shows the 

fitted model for EFV and NVP at 10 mg L–1 (model fittings at 5 and 20 mg L–1 are shown in 

Figure C2 and C3 in Appendix C). The corresponding kinetics parameters are shown in 

Table 6.3. The results show that the degradation rate constants were inversely proportional to 

the initial concentration for the two pollutants, which can be attributed to numerous factors, 

including competition for active sites between intermediate products and primary pollutants 

(Hequet et al., 2017), a decrease in radical generation on the surface due to high pollutant 

concentrations (Khaki et al., 2017), and light absorption by the pollutant, which leads to a 

reduction in active radical generation (Ahmed et al., 2021). Furthermore, the photodegradation 

rate constants of NVP were compared to those reported in previous studies (Table 6.4), and it 

was determined that the rate constant at 5 mg L–1 (0.585 h–1) is comparable to that reported by 

Bhembe et. al. (2020) (0.912 h–1) for a similar concentration. However, their overall 

degradation efficiency was higher than the total degradation in this study. Ncube et. al. (2022) 

and Ngumba et. al. (2015) reported higher degradation constants of 2.2 and 4.8 h–1, 

respectively, but their pollutant concentrations were lower. It is also worth noting that previous 

studies were conducted under UV irradiation, whereas the current study used visible light 

irradiation. This demonstrates that Ag-AgBr-LDH is a viable photocatalyst for the degradation 

of EFV and NVP under visible light irradiation. 

𝐶 =  𝐶଴𝑒ି௞௧        (6.5) 

 

Table 6.3: Photocatalytic degradation kinetics parameters 

Pollutant Parameter Concentration (mg L–1) 

 

Efavirenz 

 
5 10 20 

k 0.151 0.121 0.117 

R2 0.97 0.93 0.96 

Nevirapine 
k 0.585 0.433 0.322 

R2 0.985 0.941 0.965 
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Table 6.4: Comparison of nevirapine photocatalytic degradation kinetics parameters 

Photocatalyst Initial 

concentration 

Degradation 

efficiency 

(%) 

Rate 

constant   

(h–1) 

Reference 

Ag-AgBr-LDH 5 mg L–1 100 0.585 this study 

UV/TiO2/H2O2 40 µg L–1 89 2.2 (Ncube et al., 

2022) 

UV/H2O2 20 µg L–1 53 4.8 (Ngumba et al., 

2016) 

UV/(FL-

BP@Nb2O5) 

5 mg L–1 69 0.91 (Bhembe et al., 

2020) 

 

6.6 Scavenger Tests and Photodegradation Mechanism 

Figure 6.4 shows the degradation efficiencies of the two ARVDs in the presence of various 

radical scavengers. Isopropanol (IPA), p-benzoquinone (PBQ), copper (II) nitrate (CN) and 

formic acid (FA) were used as scavengers for hydroxyl radical (●OH), superoxide radical ●O2
‒

, electrons (e‒) and photo-induced holes (h+), respectively. The degradation efficiency of both 

EFV and NVP decreased by 46% and 60% when IPA was added. Significant reduction in 

degradation efficiency was also noted upon FA addition. These observations indicated that both 
●OH and h+ played an important role in the degradation process. This accession was also 

reported by Ncube et al. (2022) and. Tafreshi et. al. (2019). The addition of PBQ and CN 

showed a moderate reduction in degradation efficiencies of 14% and 22% for EFV, 32% and 

22% for NVP. This implied that the superoxide radicals and the electrons were not the major 

drivers of the photodegradation process.  
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Figure 6.4: Photodegradation efficiencies in the presence of various scavengers. 

 

The proposed mechanism for the photocatalytic degradation of ARVDs involves the generation 

of electron-hole pairs on the surface of silver nanoparticles through SPR when exposed to light, 

as shown in Figure 6.5. The photo-excited silver nanoparticles then transfer electrons to the 

conduction band of AgBr, leading to the formation of ●O2
‒ and other oxidants. The resulting 

silver nanoparticles can shift to a more positive potential, allowing them to either oxidise 

contaminants or capture electrons to revert to non-charged Ag nanoparticles. The surface of 

LDH materials is covered with OH‒, which can accept the photo-induced holes from the 

valence band of AgBr to produce ●OH. The binding of Ag-AgBr particles to LDH increases 

the probability of the occurrence of this process. The scavenger tests further supported this, 

which demonstrated that when ●OH and h+ were scavenged, the photodegradation efficiencies 

decreased substantially. 
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Figure 6.5: Formation of major active species during visible light irradiation of photocatalyst. 

 

6.7 Photostability and Reusability of the Photocatalyst 

The composite photocatalyst was recycled in a series of tests to evaluate its stability and 

reusability. Figure 6.6 shows a gradual decrease in the degradation efficiency after the first two 

runs from 84% to 80% (EFV) and 100% to 95% (NVP). Thereafter, there were 24% and 21% 

decrease in efficiencies for EFV and NVP after Run 4. The decline in photodegradation 

efficiencies was due to the inevitable deactivation of the photosensitive AgBr which is unstable 

under visible light irradiation (Xue et al., 2016, Yang et al., 2014). This deactivation can cause 

aggregation of Ag0 followed by a disfigured heterojunction structure. Ultimately the SPR 

property of silver nanoparticles becomes compromised, giving rise to poor stability of the 

photocatalyst. Therefore, it can be postulated that the increased amounts of Ag0 caused photo-

corrosion of the photocatalyst, resulting in a decline in degradation efficiency. 
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Figure 6.6: Photostability and reusability of the photocatalyst. 

 

6.8 Conclusion 

The photocatalyst composite containing Ag-AgBr and LDH proved to be more effective in 

degrading the ARVDs (efavirenz and nevirapine) than Ag-AgBr and LDH separately. The 

response surface modelling showed the interaction between photocatalyst loading and initial 

concentration was significant for EFV while the interactions between pH and photocatalyst 

loading, and photocatalyst loading and initial concentration were significant for NVP. More 

than 80% and 100% of EFV and NVP were degraded over 12 and 8 h under visible light 

irradiation. The hydroxy free radicals and photo-induced holes were established to be the active 

species responsible for the degradation of ARVDs. 
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CHAPTER 7:  REMOVAL OF ANTIRETROVIRAL DRUGS FROM WASTEWATER 

USING CONTINUOUS FLOW PHOTOCATALYSIS 

7.1 Synopsis 

This study investigated the degradation of EFV and NVP, two commonly employed ARVDs, 

utilising heterogeneous photocatalysis in a continuous flow reactor. The impact of light 

intensity was examined through batch experiments, while the effect of photocatalyst loading, 

flow rate, and initial concentration on photodegradation efficiencies of the two ARVDs was 

evaluated using the continuous flow reactor. The findings demonstrated a direct relationship 

between light intensity and degradation efficiency, with higher degradation rates observed at 

increased light intensities.  

 

7.2 Effect of Light Intensity 

Figure 7.1 shows the concentration profiles of NVP under varying numbers of light sources 

during visible light irradiation. Predictably, a higher rate of NVP degradation was observed to 

coincide with an increase in the quantity of light sources, which signified greater light intensity. 

The estimation of process parameters was performed by employing mathematical modelling, 

which comprised a sequence of equations. Equation (7.1) describes the mass balance of NVP 

within a batch reactor. 

𝑉
ௗ஼(௧)

ௗ௧
= 𝑟(𝐶, 𝐼) ∙ 𝑊      (7.1) 

Where V is the solution volume (L), C(t) is the NVP concentration (mg L–1), r is the reaction 

rate (mg g–1 h–1), I is the light intensity reaching the photocatalyst surface (mW cm–2), and W 

is the mass of the photocatalyst (g). The initial conditions were t = 0 and C = C0. 

The kinetic expressions used in the model are as shown in Equation (7.2) to (7.4). 

−𝑟 = 𝐾ଵ𝑟஼𝑟ூ       (7.2) 

𝑟஼ =
௕஼(௧)

ଵା௕஼(௧)
       (7.3) 

𝑟ூ =
ఈூ

ଵାఈூ
       (7.4) 

Where K1 is the kinetic constant (mg g–1h–1), rC is the contribution of NVP concentration to the 

degradation rate, rI is the effect of light intensity adsorbed by the photocatalyst, and α is the 

light absorption coefficient (cm2 mW–1). 
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Equation (7.3) assumes that the adsorption equilibrium of NVP onto the catalyst follows the 

Langmuir adsorption isotherm. The reaction rate dependency on photonic flux was developed 

to propose a simple method for designing photocatalytic reactors. This consideration derives 

from the idea that photons can be thought of as simulated reactants, as reported by Palma et al. 

(2010) and Camera-Roda et al. (2005). This conceptual framework makes it more convenient 

to recognise that only a portion of the incident light intensity that reaches the photocatalyst 

particle is efficiently absorbed. Furthermore, the availability of active sites on the catalyst 

surface is directly proportional to the catalyst concentration in the suspension (Sannino et al., 

2013). Concurrently, the light penetration may decrease as catalyst concentration increases due 

to the screening effect. To overcome this issue, a first-order correlation similar to the Lambert-

Beer law was used to determine the effective light intensity received by photocatalyst particles, 

as shown in Equation (7.5) (Sannino et al., 2013). A PFO kinetic model was used to determine 

the change in time of the NVP concentration, as shown in Equation (7.6). Using Equation (7.2) 

to (7.6), mass balance can be written as in Equation (7.7). 

𝐼 = 𝐼଴𝑒ି௄಺஼೎ೌ೟         (7.5) 

𝐶(𝑡) = 𝐶଴𝑒ି௄ೝ௧       (7.6) 

ௗ஼(௧)

ௗ௧
= 𝐾ଵ

௕஼బ௘ష಼ೝ೟

ଵା௕஼బ௘ష಼ೝ೟ ∙
ఈூబ௘ష಼಺಴೎ೌ೟

ଵାఈூబ௘ష಼಺಴೎ೌ೟
∙ 1000 ∙ 𝐶௖௔௧   (7.7) 

Where KI is the specific extinction coefficient per unit mass of catalyst (L mg–1), I0 is the light 

intensity incident on the reactor surface (mW cm–2) and Ccat is the photocatalyst dosage in 

(mg L–1). 

 

The Euler iterative method was used to compute the mass balance parameters for various light 

sources. Table 7.1 shows the parameters determined by fitting the model to the experimental 

data. The overall kinetic constant (K1) increased with light intensity, ranging from 0.003 

mg g h–1 at 17.83 mW cm–2 to 0.099 mg g–1 h–1 at 53.5 mW cm–2. Similarly, the degradation 

rate constant increased from 4.23 to 6.75 h−1. The specific extinction coefficient per unit mass 

remained constant at 0.008 L mg–1 across the intensity range of 35.66 mW cm–2 to 

53.5 mW cm–2. This observation suggests that the influence of light intensity was marginal 

beyond 35.66 mW cm–2, implying that factors such as mass transfer limitations might have 

governed the degradation of NVP. 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 

100 

 

Figure 7.1: Degradation profiles of NVP with varying number of light sources (10 mg L–1 

initial concentration, 2 g L–1 photocatalyst loading and neutral pH). 

 

Table 7.1: Mathematical modelling parameters for photocatalytic degradation of NVP with 

varying number of light sources 

Parameter 1 Lamp 2 Lamps 3 Lamps 

I0 (mW cm–2) 17.83 35.66 53.5 

K1 (mg g–1 h–1) 3.448 X 10-3 7.377 X 10-2 9.912 X 10-2 

KI (L mg–1) 5.051 X 10-3 7.8 X 10-3 7.667 X 10-3 

Kr (h–1) 4.232 4.4 6.754 

Ccat (mg L–1) 2000 2000 2000 

α (cm2 mW–1) 0.485 2.901 1.535 

b (L mg–1) 1.139 X 108 2.88 X 107 8.94 X 107 
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7.3 Effect of Photocatalyst Loading 

Figures 7.2(a) and (b) show the photodegradation profiles of EFV and NVP at various 

photocatalyst loadings, respectively. The highest degradation efficiencies were 56% for EFV 

and 69% for NVP with a catalyst loading of 3 g L–1. For photocatalyst loadings up to 2.5 g L– 1, 

the degradation kinetics showed a peak after 4 h, while a peak for a loading of 3 g/L was 

observed after 5 h. The phenomenon of photo-corrosion, which impacts the photocatalyst, 

could account for the observed decrease in activity beyond the optimal loading. This can be 

attributed to extended exposure to intense visible light irradiation (Huang et al., 2022, Weng 

et al., 2019). Furthermore, the vulnerability to photo-corrosion is clearly related to silver-

containing photocatalysts, as reported by Huang et al. (2022). 

 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 

102 

 

Figure 7.2: Photocatalytic degradation profiles with varying photocatalyst loading (initial 

concentration of 10 mg L–1, neutral pH, and flow rate of 10 mL min–1); (a) EFV and (b) NVP. 

 

7.4 Effect of Flowrate 

Figure 7.3 shows the degradation efficiencies of EFV and NVP at varying flow rates. The 

highest degradation efficiencies of 56% (EFV) and 69% (NVP) were achieved at a flowrate of 

10 mL min–1, corresponding to a residence time of 35 min. Increasing the flowrate to 20 

mL min–1 reduced degradation efficiencies by more than 30%. This decrease in degradation 

efficiencies can be attributed to incomplete reactions caused by a shortened residence time 

brought about by increased flow rates. Although larger flow rates can improve mass transfer 

and ensure more effective usage of the photocatalyst, they may interfere with irradiation 

homogeneity, resulting in unequal exposure of the photocatalyst to light and a decline in 

degradation efficiencies (Binjhade et al., 2022, Sundar &Kanmani, 2020).  
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Figure 7.3: Photocatalytic degradation efficiencies of EFV and NVP at varying flow rate (initial 

concentration of 10 mg L–1, photocatalyst loading of 3 g L–1 and neutral pH). 

 

7.5 Effect of Initial Concentration and Degradation Kinetics 

Figures 7.4(a) and (b) present EFV and NVP degradation profiles with varying initial 

concentrations. The observed trends indicate that degradation efficiencies peaked after 5 h 

possibly due to a decline activity of the photocatalyst, as outlined in the previous sections 

(Section 7.1 – 7.3). The maximum achieved degradation efficiencies at an initial concentration 

of 20 mg L–1 were 15% and 25% for EFV and NVP, respectively. Correspondingly, the highest 

degradation efficiencies at an initial concentration of 5 mg L–1 were 59% and 73% for EFV 

and NVP, respectively. While higher concentration systems are less susceptible to mass 

transport dynamics, their main challenge lies in light intensity dispersion. With increasing 

pollutant concentrations, the rate of surface adsorption on the photocatalyst intensifies, 

covering the monolayer active sites (Natarajan et al., 2018, Wang et al., 2016). Moreover, the 

pollutants rather than the photocatalyst absorb a substantial amount of light intensity. This 

hinders light penetration to the photocatalyst surface, resulting in a diminished generation of 

photo-induced holes and hydroxyl radicals, thereby reducing degradation efficiencies. 
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Figure 7.4: Photocatalytic degradation profiles at various initial concentration (flow rate 

10 mL min–1, neutral pH and photocatalyst loading of 3 g L–1); (a) EFV and (b) NVP. 

 

The degradation kinetics of EFV and NVP were examined through the application of a PFO 

model (Equation (7.6)), utilising experimental data, without accounting for the influence of 

light intensity. The fitted model for EFV and NVP at an initial concentration of 10 mg L–1 is 

presented in Figure 7.5. The corresponding kinetics parameters are summarised in Table 7.2. 
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The findings revealed that the degradation rate constants exhibited an inverse relationship with 

the initial concentration for both pollutants. This observation can be attributed to various 

factors, including competition for active sites among intermediate products and the primary 

pollutant (Yu et al., 2021), a decrease in radical generation on the surface due to high pollutant 

concentrations (Yang et al., 2018), and light absorption by the pollutant, resulting in diminished 

active radical generation (Chen et al., 2020b). 

 

Figure 7.5: Photocatalytic degradation of EFV and NVP (initial concentration of 10 mg L–1, 

photocatalyst loading of 3 g L–1, flowrate of 10 mL min–1 and neutral pH). 

 

Table 7.2: Photocatalytic degradation kinetics parameters (flowrate 10 mL min–1, photocatalyst 

loading of 3 g L–1 and neutral pH) 

Pollutant Parameter Concentration (mg L–1) 

 

Efavirenz 

 
5 10 20 

k 0.302 0.198 0.048 

R2 0.98 0.98 0.95 

Nevirapine 
k 0.486 0.292 0.064 

R2 0.95 0.95 0.98 
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7.6 Conclusion 

This study successfully established the efficacy of continuous-flow photocatalytic reactors in 

degrading ARVDs in wastewater. The effect of light intensity, initial pollutant concentration, 

photocatalyst loading and flow rate on photodegradation efficiencies of EFV and NVP were 

established through systematic experiments. Light intensity was found to have a direct 

relationship with degradation efficiency, with higher degradation rates observed at increased 

light intensities. However, the catalyst was susceptible to photo corrosion when exposed to 

intense light irradiation for extended periods. While higher initial pollutant concentration and 

flow rate were not affected by mass transfer limitations, low photodegradation efficiencies 

were achieved under these conditions due to a lack of irradiation homogeneity. 
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CHAPTER 8:  INTEGRATED STUDY OF ANTIRETROVIRAL DRUGS 

ADSORPTION ONTO CALCINED LAYERED DOUBLE HYDROXIDE 

MATERIAL: EXPERIMENTAL AND COMPUTATIONAL ANALYSIS 

8.1 Synopsis 

This study focused on the efficacy of a calcined layered double hydroxide (CLDH) material in 

adsorbing EFV and NVP from wastewater. The neat and calcined LDH materials were 

subjected to various characterisation techniques to elucidate their physical and chemical 

properties. Response surface modelling (RSM) was used to evaluate the interactions between 

the solution’s initial pH, adsorbent loading, reaction temperature, and initial pollutant 

concentration. Additionally, the adsorption kinetics, thermodynamics, and reusability of the 

adsorbent were evaluated.  

 

8.2 Adsorbent Characterisation  

8.2.1 X-ray Diffraction (XRD) Analysis 

The XRD spectra of the neat LDH and CLDH materials are shown in Figure 8.1. The neat LDH 

material exhibited characteristic peaks that were clearly identified and assigned to specific 

crystal planes. The amorphous-dominated CLDH displayed two phases that were identified as 

periclase (MgO) (ICSD 9863) and spinel (MgAl2O4) (ICSD 79000). The quantitative analysis 

of CLDH indicated that it contained 55% periclase and 45% spinel. The periclase peaks were 

observed at 2θ values of 42°, 50°, and 74°, while the spinel peaks appeared at 2θ values of 37°, 

66°, 71°, and 77°. The results are consistent with those reported by Samandari et al. (2021) and 

Leon'teva et al. (2020). Samandari et al. (2021) studied Mg-Al LDH and calcined LDH for wet 

peroxide oxidation of phenol in wastewater, while Leon'teva et al. (2020) examined the 

structural analysis of defects in LDHs and related mixed oxides. In both studies, the LDH was 

calcined at 500 ℃. Dos Santos et al. (2017) and Gao et al. (2013) revealed that of the two 

phases, the periclase phase played a key role in the adsorption process. A substantial amount 

of this phase holds promising potential for the adsorption of ARVDs from wastewater. 

 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 
 

108 
 

 

Figure 8.1: X-ray diffraction spectra of neat and calcined LDH materials. 

 

8.2.2 Thermogravimetric Analysis 

Figure 8.2 shows the thermal analysis of the neat LDH and CLDH materials. Thermal analysis 

of the neat LDH displayed two distinct decomposition stages, a characteristic synonymous with 

LDH materials with an M2+/M3+ ratio of 2. The first decomposition stage occurred at 210 °C 

and was accompanied by a mass loss of 18%. This weight loss can be attributed to the loss of 

physiosorbed water and a partial loss of hydroxyl ions (OH–), which are an integral part of the 

LDH structure. The second decomposition stage took place at 385 °C, resulting in a mass loss 

of 25%. This stage is associated with the interlayer ions’ complete decomposition in the LDH 

structure. These decompositions transformed a highly crystalline LDH into an amorphous-

dominated mixed metal oxide (MMO). The thermal analysis of CLDH indicated a minimal loss 

of 3% throughout the evaluated temperature range. This negligible loss can be attributed to the 

removal of surface moisture, as the material was anticipated to completely transform into 

MMO during the calcination process. 
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Figure 8.2: Thermogravimetric analysis of neat and calcined LDH materials. 

 

8.2.3 Brunauer-Emmett-Teller (BET) Surface Area  

Figure 8.3 illustrates the nitrogen gas adsorption and desorption isotherms for both neat LDH 

and CLDH. The isotherms demonstrated a distinct sorption behaviour of Type IV, 

characterised by a hysteresis loop of Type H3, as per the IUPAC (Li et al., 2016). The estimated 

parameters for the BET surface area, pore volume, and average pore diameter from the neat 

LDH were 28.5 m2 g–1 for the BET surface area, 80.6 Å for the average pore diameter and a 

pore volume of 0.155 cm3 g–1. The pore size distribution curve showed a broad peak between 

2 and 100 nm, with a maximum at 5 nm, indicating the presence of mesopores/macropores in 

the product, possibly related to pores created between hexagonal plates. CLDH had a BET 

surface area of 90.4 m2 g–1, an average pore diameter of 44.3 Å and a pore volume of 0.344 

cm3 g–1. The pore size distribution curve, like that of neat LDH, showed a noticeable peak 

within the 2 to 100 nm range, peaking at 10 nm, indicating the presence of 

mesopores/macropores, presumably due to the pores generated between hexagonal plates.  
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Figure 8.3: BET surface area analysis for neat LDH and CLDH. 

 

8.2.4 Fourier Transform Infrared (FTIR) Analysis 

Figure 8.4 presents the infrared spectra obtained for the neat LDH and CLDH materials. The 

neat LDH spectra revealed distinct bands associated with specific vibrational modes and 

molecular interactions within the material. The band observed at 840 cm−1 can be attributed to 

the ν1 vibrational modes of carbonate ions (CO3
2–), while the peak at 880 can be related to ν2 

of the same ions. The band at 960 cm−1 corresponded to the vibrational modes of metal-O-

metal linkages, signifying the presence of bonds between the metal cations within the layered 

structure of LDH. Furthermore, the ν1 vibrational mode of CO3
2– is represented by a weaker 

band at 1100 cm−1, indicating the asymmetric stretching of CO3
2– ions.  

 

Additionally, a band at 1390 cm−1 indicated the presence of CO3
2– ions in the interlayer region 

of the LDH structure. The bands observed within the range of 1515 and 1455 cm−1 were 

attributed to the vibration of OH–, confirming their presence in the LDH material. The peak at 

3500 cm−1 was ascribed to stretching the O–H bond associated with water molecules in the 

interlayers and metal hydroxide layers (Naseem et al., 2019, Li et al., 2016). Calcination of 

LDH resulted in the disappearance of the main spectra, which corresponded with XRD results 

indicating structural changes and the transformation of LDH to MMO. 
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Figure 8.4: FTIR analysis for neat LDH and CLDH materials. 

 

8.2.5 Scanning electron microscopy (SEM) analysis  

Figures 8.5 (a) and (b) present the morphological analysis of the neat and CLDH materials 

using SEM. For the neat LDH, the SEM images exhibit a hexagonal plate-like morphology of 

the particles. This particular structure aligns with previous reports in the literature concerning 

LDH materials based on magnesium and aluminium (Naseem et al., 2019). The observed 

hexagonal platelets reflected the well-ordered arrangement of layers within the LDH structure. 

Additionally, the SEM analysis reveals mesoporosity in the neat LDH particles, which 

correlates with the findings from BET analysis, where a mesopore diameter range of 2-50 nm 

was quantified. Conversely, upon subjecting LDH to calcination at 500 ℃, noticeable changes 

in morphology occurred. SEM images for CLDH displayed the absence of ordered hexagonal 

platelets observed in the neat LDH. Instead, the particles demonstrated an irregular and less 

defined morphology, indicating the structural transformation during the calcination process. 

This transformation led to the formation of irregular particles composed of MMO. Despite 

these changes, the calcined LDH (CLDH) material still retains some mesoporosity, which is 

consistent with the BET analysis results that also identified mesopores in the range of 2-50 nm. 

The platelet assemblies displayed in Figure 8.5(a) had an estimated size of 200 nm, as 

demonstrated by the scanning electron micrographs. Scherrer’s equation was used to estimate 

particle sizes, with two orientations considered: one parallel to the LDH layers and another 
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perpendicular to the LDH layers, as explained by Gevers et al. (2019). The estimated crystallite 

sizes in perpendicular and parallel dimensions were 12 and 20 nm, respectively. This 

substantiates the presence of nano-sized particles in the material, further validating the 

material's nanoscale properties. The elemental compositions of both the neat and CLDH 

materials were analysed utilising energy dispersive X-ray spectroscopy (EDS), with the 

findings depicted in Figures 8.5(c) and (d), respectively. The conducted elemental analysis 

affirmed the existence of Mg, Zn, and Al within both materials. 

 

 

Figure 8.5: SEM and SEM-EDS analysis for neat LDH (a) & (c) and CLDH (b) & (d). 

 

Figure 8.6 shows the High-Angle Annular Dark-Field Scanning Transmission Electron 

Microscopy (HAADF-STEM) image as well as the Energy Dispersive X-ray Spectroscopy 

(EDS) elemental mapping images for both the neat LDH (Figures 8.6(a) – (d)) and the CLDH 

(Figures 8.6(e) – (h)). The HAADF-STEM images (Figures 8.6(a) and (e)) provide visual 

representations of the neat LDH and CLDH, respectively, revealing the spatial distribution and 

arrangement of various elements within the materials. The elemental maps (Figures 8.6(b)–(d) 
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and 8.6(f)–(h)) depict the presence and distribution of Mg, Al, and Zn. The spatial distribution 

observed in the mapping images aligns with the peaks detected in the EDS spectra, further 

validating the presence of these elements in both neat and calcined LDH samples. 

 

 

Figure 8.6: HAADF-STEM image of neat LDH (a), EDS mapping (neat LDH), Mg (b), Al (c), 

Zn (d), HAADF-STEM image of CLDH (e), EDS mapping (CLDH), Mg (f), Al (g), Zn (h). 

 

8.3 Adsorption Results 

8.3.1 Statistical Analysis of the Adsorption Process Using Response Surface Methodology  

RSM was employed to assess the comparative importance of the experimental parameters, 

utilising a combination of mathematical and statistical analysis techniques. A quadratic 

equation was adjusted to the experimental responses obtained from the designed experiments, 

and an analysis of variance (ANOVA) was performed. Table 3.2 presented the different 

combinations of independent variables and their corresponding responses (adsorption 

efficiency) for both EFV and NVP from the 21 experimental runs. The significance of the 

model equation was evaluated using the F-test for ANOVA. The ANOVA statistics for EFV 

and NVP adsorption efficiencies are displayed in Tables 8.1 and 8.2, respectively. The p-values 

for the adsorption efficiency in both tables were found to be lower than 0.05, indicating that 

the model was statistically significant. The minimal values of the standard deviations (4.62 and 

5.61 for EFV and NVP, respectively) between the predicted and experimental results indicated 

that the model equations (Equations (8.1) and (8.2)) accurately represented the realistic 

relationship between the significant variables and the responses. Higher values of R2 (0.877 

and 0.898 for EFV and NVP, respectively) and predicted R2 (0.811 and 0.854 for EFV and 
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NVP, respectively) further confirmed a strong dependence and correlation between the 

predicted and observed values. These observations are also visually depicted in Figure 8.7 (a) 

and (b), which compare the predicted values from the respective models with the experimental 

ones. Given the linear trend demonstrated by the data points on the plots, it can be deduced that 

the residuals follow a normal distribution, hence negating the need for data transformation 

(Alimohammady et al., 2017). Therefore, it can be concluded that the prediction of the 

experimental data acquired from the quadratic model for the adsorption of EFV and NVP by 

CLDH is reasonably satisfactory.  

 

𝑌 = 25.64 − 3.99𝐴 − 5.07𝐵 + 0.13𝐶 − 15.35𝐷 + 11.14𝐴𝐶 + 4.87𝐵𝐷 + 16.45𝐷ଶ       (8.1) 

𝑌 = 26.36 − 5.49𝐴 − 5.54𝐵 − 17.05𝐷 + 11.97𝐴𝐶 + 4.02𝐵𝐷 + 14.74𝐷ଶ           (8.2) 

 

Table 8.1: Analysis of variance for the quadratic model (EFV) 

Source 
Sum of 

squares 
DF 

Mean 

square 
F-value P-Value 

Model 5375.75 7 767.96 13.25 < 0.0001 

A-Adsorbent loading 168.01 1 168.01 2.9 0.1124 

B-Temperature 410.67 1 410.67 7.09 0.0196 

C-pH 0.1389 1 0.1389 0.0024 0.9617 

D-pollutant 

concentration 
3298.93 1 3298.93 56.92 < 0.0001 

AC 646.05 1 646.05 11.15 0.0053 

BD 203.68 1 203.68 3.51 0.0084 

D² 1011.59 1 1011.59 17.45 0.0011 

Residual 753.45 13 57.96   

Lack of fit 17.05 5 3.41 0.7056 0.6587 

Pure error 14.5 3 4.83   

Cor Total 6129.2 20    
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Table 8.2: Analysis of variance for the quadratic model (NVP) 

Source 
Sum of 

squares 
DF 

Mean 

square 
F-value P-Value 

Model 5900.99 6 983.5 13.24 < 0.0001 

A-Adsorbent loading 320.53 1 320.53 4.32 0.0567 

B-Temperature 390.51 1 390.51 5.26 0.0379 

D-pollutant 

concentration 
4105.01 1 4105.01 55.26 < 0.0001 

AC 746.89 1 746.89 10.06 0.0068 

BD 144.22 1 144.22 1.94 0.0019 

D² 813.16 1 813.16 10.95 0.0052 

Residual 1039.9 14 74.28     

Lack of fit 305.47 6 50.91 8.13 0.569 

Pure error 18.8 3 6.27     

Cor Total 6940.89 20       

 

  

Figure 8.7: Predicted adsorption efficiency vs actual adsorption efficiency EFV (a) and NVP 

(b). 

 

8.3.2 Interpretation of 3-Dimensional (3D) and Contour Plots 

Figures 8.8 and 8.9 depict the 3D plots and contour projections for the interactions between pH 

and adsorbent loading, along with pollutant concentration, and temperature, for both EFV and 

NVP. The temperature versus pollutant concentration projections were similar for both 
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pollutants, indicating a consistent trend. However, there was a slight variation in the projections 

for pH versus adsorbent loading, particularly in the contour plot for EFV, where the 40% 

adsorption efficiency percentile was not clearly defined. 

 

The temperature versus pollutant concentration projections demonstrated that higher 

adsorption efficiencies can be achieved at lower pollutant concentrations and temperatures. 

The explanation of this occurrence can be attributed to two primary factors. Firstly, as pollutant 

concentrations decrease, the number of active sites accessible for interaction increases. This 

enhanced availability of active sites allows for more effective pollutant adsorption. Secondly, 

at lower temperatures, molecular species have less mobility, making them more susceptible to 

being captured by adsorbent particles (Chabi et al., 2020; Oliveira et al., 2008).  

 

The interactions between pH and adsorbent loading revealed that high adsorption efficiencies 

can be obtained under two conditions: low pH and low adsorbent loading, as well as high pH 

and high adsorbent loading. The pKa value of NVP is 2.8, indicating that the molecule has a 

positive charge at pH levels below 2.8 and becomes neutral at pH values over 2.8. Similarly, 

the point of zero charge for CLDH is 8.9, as shown in Figure D1 in Appendix D. Consequently, 

conducting the adsorption process at a pH range of 2.8 to 8.9 was expected to promote NVP 

removal due to electrostatic interactions with CLDH. EFV has a pKa value of 10.2, suggesting 

that the molecule is positively charged at pH values lower than 10.2. This means that 

electrostatic interactions between EFV and CLDH will be influenced by the material’s pH-

neutralising capacity, which is regulated by adsorbent loading. At pH greater than 12, the 

reconstruction of CLDH may be accelerated due to the increased concentration of OH– (Clark 

et al., 2019; Eiby et al., 2016). Both molecules (EFV and NVP) would be neutral under these 

conditions, whereas the adsobernt would be negatively charged. As a result, weak electrostatic 

interactions would occur, leading to reduced removal efficiencies. 

 

Moderate adsorbent loadings are favoured as they provide an adequate number of active sites 

while minimising the risk of reduced dispersion efficiency and agglomeration of the adsorbent, 

which can block active sites (Tabana et al., 2020). Acidic pH conditions are not recommended 

for processes involving LDH materials, as they can potentially damage the material structure 

(Dos Santos et al., 2013). However, this negative impact can be mitigated by operating at 

optimum adsorbent loadings, as the LDH can neutralise the solution due to its natural pH being 

between 8 to 10 (Elhachemi et al., 2022, Amamra et al., 2021). Based on these results, the 
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optimal conditions were determined to be a pH of 5, an adsorbent loading of 10 g/L, and an 

ambient temperature of approximately 25 ℃. 

 

 

Figure 8.8: Response surface plots (3D and contour projection) showing variables’ effects on 

adsorption of EFV (a) and (b) adsorbent loading (5 – 20 g L–1) vs pH (5 – 20 ), (c) and (d) 

temperature (25 – 65 ℃) vs pollutant concentration (5 – 20 mg L–1). 
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Figure 8.9: Response surface plots (3D and contour projection) showing variables’ effects on 

adsorption of NVP (a) and b) adsorbent loading (5 – 20 g L–1) vs pH (5 – 20), (c) and (d) 

temperature (25 – 65 ℃) vs pollutant concentration (5 – 20 mg L–1). 

 

8.3.3 Reaction Kinetics and the Effect of Pollutant Concentration 

Figure 8.10 displays the amounts of EFV and NVP adsorbed by a CLDH as determined through 

Equation (8.3). The results indicated that NVP exhibited a faster adsorption rate compared to 

EFV, reaching equilibrium after 20 h, whereas EFV required 24 h to reach equilibrium. The 

kinetic data was fitted to the pseudo-first order (PFO) and pseudo-second order (PSO) kinetics 

models, as represented by Equations (8.4) and (8.5). The kinetics data was found to be fitting 

onto the PSO model as depicted in Figure 8.11 for both pollutants with an initial concentration 

of 10 mg L–1 (the fitted kinetics at 5 mg L–1 and 20 mg L–1 for EFV and NVP are shown in 
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Figure D2 and D3 in Appendix D). Detailed kinetics parameters for EFV and NVP adsorption 

are displayed in Table 8.3 (PFO parameters are shown in Table D1 in Appendix D).  

 

𝑞௧ =
௏

௠
(𝐶଴ − 𝐶௧)      (8.3) 

𝑞௧ = 𝑞௘(1 − 𝑒ି௞భ௧)      (8.4) 

𝑞௧ =
௤೐

మ௞మ௧

௤೐௞మ௧ାଵ
       (8.5) 

 

Where V is the volume of wastewater solution (L); m is the mass of adsorbent (g); qe is the 

mass adsorbed at equilibrium (mg g–1); k1 is the PFO rate constant (h–1); k2 is the PSO rate 

constant (g mg–1 h–1). 

 

The rate constants for both EFV and NVP showed a decrease with an increase in initial 

concentration, indicating a complex reaction governed by numerous factors, including initial 

concentration, molecular collisions, or reaction mechanisms (Soustelle, 2011). The calculated 

equilibrium capacities were established to be consistently higher than the experimental values. 

These disparities demonstrated the model’s inadequacies in fully describing the system’s actual 

adsorption kinetics. The consistent increase in calculated adsorption capacities indicated a 

divergence from the PSO kinetic model’s assumptions, particularly those relating to monolayer 

adsorption and uniform adsorption sites (Guo &Wang, 2019; Zhang, 2019). These variations 

indicated that the adsorption mechanisms driving the interaction of EFV and NVP with CLDH 

were more complex than a monolayer adsorption process and involved non-uniform adsorption 

sites. Based on these findings, it is evident that the adsorption process is a multidimensional 

mechanism. 
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Table 8.3: PSO kinetic models’ parameters (initial concentration of 10 mg/L, pH 5, T=25 ℃ 

and adsorbent loading of 10 g L–1) 

Concentration Parameter Efavirenz Nevirapine 

5 mg/L 

k2 (g mg–1 h–1) 0.073 0.016 

qe (calculated)(mg g–1) 0.647 1.23 

qe (experimental)(mg g–1) 0.362 0.42 

R2 0.998 0.997 

    

10 mg/L 

k2 (g mg–1 h–1) 0.034 0.028 

qe (calculated)(mg g–1) 1.19 1.32 

qe (experimental)(mg g–1) 0.629 0.748 

R2 0.996 0.995 

    

20 mg/L 

k2 (g mg–1 h–1) 0.017 0.006 

qe (calculated)(mg g–1) 1.62 2.81 

qe (experimental)(mg g–1) 0.64 0.824 

R2 0.997 0.997 

 

 

Figure 8.10: Adsorbed amounts of EFV and NVP at an initial concentration of 10 mg L–1, pH 

5, T=25 ℃ and adsorbent loading of 10 g L–1. 
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Figure 8.11: PSO kinetics model for EFV and NVP at an initial concentration of 10 mg L–1, 

pH 5, T=25 ℃ and adsorbent loading of 10 g L–1. 

 

The investigation of the intra-particle behaviour in the adsorption processes was carried out 

using Equation (8.6), and the corresponding results are presented in Figure 8.12. Since the 

linearised trendlines deviated from passing through the origin, it indicated that intra-particle 

diffusion alone was not the sole rate-limiting step in the adsorption mechanism (Santi, 2012). 

Therefore, it can be deduced that both surface adsorption and intra-particle diffusion processes 

operate concurrently during the interaction between ARVDs and CLDH.  

 

𝑞௧ = 𝐾௜௣𝑡଴.ହ  + 𝐶      (8.6) 

 

Where Kip is the rate constant of intra-particle diffusion; C is the vertical axis intercept. 
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Figure 8.12: Intra-particle diffusion plots for EFV and NVP at an initial concentration of 

10 mg L–1, pH 5, T=25 ℃ and an adsorbent loading of 10 g L–1. 

 

8.3.4 Adsorption Isotherms 

Figures 8.13 (a) and (b) show the adsorption isotherms for both EFV and NVP, respectively, 

with the adsorption isotherm parameters presented in Table 8.4. The data was fitted onto the 

Langmuir and Freundlich isotherms (as shown in Equations (8.7) and (8.8), respectively), with 

the latter providing the best fit for both pollutants. Notably, the heterogeneity factor (n) exceeds 

1 under the tested conditions, indicating favourable adsorption characteristics. The maximum 

adsorption capacities obtained for EFV and NVP were estimated to be 2.73 mg/g and 2.93 

mg/g, respectively. These values are relatively low compared to the results reported by 

Adeola  et  al. (2021), who achieved maximum adsorption capacities of 4.41 mg g–1 and 48.31 

mg g–1 for EFV and NVP, respectively, using graphene wool as the adsorbent. 

𝑞௘ =
௤೘௄ಽ஼೐

ଵା௄ಽ஼೐
       (8.7) 

𝑞௘ = 𝐾ி𝐶௘
௡       (8.8) 

Where KF is the Freundlich equilibrium constant (L g–1); KL is the Langmuir constant  

(L mg – 1); Ce is the pollutant concentration at equilibrium (mg L–1); n is the heterogeneity 

constant (dimensionless); qm is the maximum adsorption capacity (mg/g). 
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Figure 8.13: Equilibrium adsorption isotherms (a) EFV and (b) NVP at various concentrations, 

pH 5 and T=25 ℃ and an adsorbent loading of 10 g L–1. 
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Table 8.4: Adsorption equilibrium isotherms parameters (pH 5, T=25 ℃ and an adsorbent 

loading of 10 g L–1) 

Isotherm Parameters Efavirenz Nevirapine 

Langmuir 

KL (L mg–1) 0.21 0.48 

qm (mg g–1) 1.71 1.52 

R2 0.79 0.80 

    

Freundlich 

KF (L g–1) 0.31 0.44 

n 1.85 2.07 

R2 0.99 0.95 

 

8.3.5 Thermodynamics Studies 

The adsorption isotherm results were further analysed to investigate the thermodynamics of the 

adsorption process. The thermodynamics equilibrium constant (Kc) and the change in Gibbs 

free energy (ΔG°) were determined using Equations (8.9) and (8.10), respectively. The other 

parameters were estimated using a linear plot of ln Kc vs 1/T, as shown in Equation (8.11). The 

corresponding parameters obtained from the thermodynamic studies are presented in Table 8.5. 

The negative values of ΔG° indicated a spontaneous adsorption process.  

 

Additionally, the negative values of the change in enthalpy (ΔH°) suggested that the adsorption 

process was exothermic, aligning with the findings presented in Section 3.2.2. Notably, the 

values of the change in enthalpy (ΔH°) were determined to be –9.67 kJ mol–1 for EFV and 

– 11.19 kJ mol–1 for NVP, indicating that the adsorption process was predominantly governed 

by physisorption interactions rather than chemisorption (Alimohammady & Ghaemi, 2020). It 

can be deduced that the adsorption of EFV and NVP onto CLDH involved relatively weaker 

physical interactions rather than strong chemical bonding. The positive value of ΔS° signified 

the affinity of the adsorbent for the adsorbate species. Additionally, it indicated an augmented 

level of randomness at the solid/solution interface, accompanied by structural modifications in 

both the adsorbate and the adsorbent. This phenomenon was particularly relevant to CLDH, 

given the structural alterations occurring during the reformation of the material upon contact 

with aqueous solutions. 

𝐾ୡ =
ଵ଴଴଴×௄౅×ெெ౗ౚ౩×஼౗ౚ౩

°

ఊ
     (8.9) 

∆𝐺° = −R𝑇 ln 𝐾ୡ      (8.10) 
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ln 𝐾௖ =
∆ௌ°

ୖ
−

∆ு°

ୖ்
      (8.11) 

Where T is the reaction temperature (K); R is the universal gas constant (8.314 J mol–1K–1); 

C°
ads is the standard adsorbate concentration (1 mol L–1); Kc is the thermodynamic equilibrium 

constant (dimensionless); KI is the equilibrium constant depending on the best isotherm model 

fitted (L mg–1); MMads is the molar mass of adsorbate (g mol–1); ΔG° is the change in Gibbs 

free energy (kJ mol–1); ΔH° is the change in enthalpy (kJ mol–1); ΔS° is the change in entropy 

(kJ mol–1K–1); γ is the activity coefficient (dimensionless). 
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Table 8.5: Thermodynamics parameters for EFV and NVP adsorption onto CLDH 

Pollutant T (K) Ln (Kc) 
ΔG° 

(kJ mol–1) 

ΔH° 

(kJ mol–1) 

ΔS° 

(J mol–1K–1) 

Efavirenz 

298 11.5 –28.49 

–9.67 62.98 
308 11.35 –29.06 

318 11.19 –29.58 

338 11.04 –31.02 

      

Nevirapine 

298 11.67 –28.91 

–11.9 56.31 
308 11.37 –29.12 

318 11.19 –29.58 

338 11.08 –31.14 

 

8.3.6 Recycling of the Adsorbent 

The spent adsorbent suspensions (from both EFV and NVP adsorption) were recovered and 

subsequently subjected to recalcination at 500 °C for 4 h. Figure 8.14 (a) shows the adsorption 

efficiencies of EFV and NVP using the regenerated materials after recalcination of their 

respective spent CLDH. The results indicated that the decrease in EFV and NVP adsorption 

over the first three runs was relatively minor, amounting to approximately 11% and 7%, 

respectively. However, a notable decline in adsorption efficiency was observed after the fourth 

run, with EFV and NVP experiencing reductions of 20% and 23%, respectively. These findings 

suggested that the thermal regeneration of CLDH for reuse was only feasible for up to three 

runs, after which the material lost its sorption capacity. This observation aligned with a study 

by Mourid et al. (2019), who reported that LDH material could experience a loss in its 

adsorption capacity upon repeated calcinations due to increased crystallinity.  

 

Furthermore, the quantification of XRD analysis conducted on the residues from NVP 

adsorption experiments revealed that the proportion of the periclase phase decreased from 55% 

in the first run to 32% in the fourth run, as presented in Table 8.6. Figure 8.14 (b) further 

supports this finding, as the diffraction peaks corresponding to the first run were characterised 
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by broad peaks, indicative of the amorphous periclase phase. In contrast, subsequent runs 

exhibited sharper peaks, suggesting an increase in crystallinity and the dominance of the spinel 

content. It can be inferred that the same phenomenon occurred on the material’s reusability for 

EFV adsorption.  

 

Table 8.6: Phase quantification of regenerated CLDH 

Run number Periclase Spinel 

1 55.34 44.66 

2 52.89 47.11 

3 48.57 51.43 

4 32.46 67.54 
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Figure 8.14: (a) Recycling and reusability of CLDH for adsorption of EFV and NVP, (b) XRD 

plots of recalcined LDH (initial concentration of 10 mg L–1, pH 5 and T=25 ℃ and an adsorbent 

loading of 10 g L–1). 

 

8.3.7 Computational Modelling  

Both classical and quantum simulations were employed to examine the adsorption behaviour 

of NVP and EFV on the CLDH. Figure 8.15 shows the resulting configuration of the optimised 

complex of NVP-CLDH and EFV-CLDH, respectively. Table 8.7 details the adsorption 

energies, total energies, and the average distances of the adsorbates from the substrate. The 

adsorption energy refers to the energy exchange upon adsorption of the relaxed species onto 

the substrate surface, a fundamental mechanism well-acknowledged in pollutant-LDH 

interactions (Thiebault et al., 2015). 
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Figure 8.15: Adsorption configuration of the (a) NVP and (b) EFV on the CLDH through 

classical simulation. 

 

Table 8.7: Classical simulations for the adsorption of NVP and EFV on the CLDH showing the 

adsorption energies, total energies, and the average closest distance of the adsorbate from the 

substrate. 

Structure of 

complex 

Adsorption energy 

(kcal mol–1) 
 

Total energy 

(kcal mol–1) 
 

Average 

distance (Å) 

NVP -CLDH -731.78 -223.17 2.30 

EFV -CLDH -512.60 -500.22 2.23 

 

Both NVP and EFV displayed robust interactions with CLDH, as reflected in their highly 

negative adsorption energies. This highlighted the spontaneity of the adsorption process, which 

aligned with the findings from the thermodynamics studies. Furthermore, the close proximity 

of the adsorbates to the substrate (2.3 Å for NVP and 2.23 Å for EFV) reinforced the notion of 

robust adsorptive interactions. The computed adsorption energies indicated a notably stronger 

interaction between NVP and CLDH than EFV, with NVP exhibiting an adsorption energy of 

–731.78 kcal mol–1 compared to EFV's –512.60 kcal mol–1. This discrepancy indicated that 

NVP forms a more stable complex with CLDH in compared to EFV. This aligned with the 

reaction kinetics studies, as presented in Section 8.2.3. 

 

Furthermore, the in-depth analysis involved applying the RDG and Sign(λ2)*ρ function to 

examine weak interaction zones. RDG isosurfaces, representing electron density and its 

gradient, were color-coded to denote the intensity and nature of the interactions. Blue 
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isosurfaces indicated strong non-covalent interactions, while green represented Van der Waals 

interactions, and red signified strong repulsive interactions, such as steric hindrance. 

Identifying regions with low electron density provided valuable insights (Adekoya et al., 2022). 

Hence, the NCI plots (Figure 8.16) visually represent the interactions between NVP, EFV, and 

CLDH. These plots highlighted the presence of hydrogen bonding, reiterating its role in the 

adsorption process. The analysis suggested he presence of dipole-dipole interactions in both 

NVP and EFV adsorption processes. Specifically, in NVP, the closest oxygen atom to the 

surface of the material, carrying a partial negative charge (δ-), exhibited attraction towards the 

electropositive hydrogen atoms of the three neighboring hydroxides in CLDH, indicating the 

formation of a hydrogen bond.  

 

Additionally, there was a strong attraction between the oxygen of NVP and the Mg atom in 

CLDH, suggesting the potential formation of an ionic bond resulting in MgO. Similarly, in 

EFV, the oxygen atom with a partial negative charge (δ-) experienced attraction towards the 

electropositive hydrogen atoms of the neighboring oxygen atoms in CLDH, forming a 

hydrogen bond. Furthermore, a strong attraction was observed between the oxygen of EFV and 

the Mg atom in CLDH, implying the potential formation of an ionic bond leading to MgO. 

Additionally, a hydrogen bond was observed between the nitrogen atom of EFV and one of the 

neighboring hydroxides in the material structure. Therefore, the study established that both 

NVP and EFV formed stable complexes with CLDH, with NVP displaying a higher affinity. 

These interactions were predominantly driven by hydrogen bonding, as supported by the NCI 

plots.  
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Figure 8.16: Non-covalent interaction analysis of (a) NVP and (b) EFV on the CLDH. 

 

8.4 Conclusion 

This study provided insightful knowledge about the adsorption of EFV and NVP on CLDH. 

These two ARVDs have been identified as persistent pollutants in waterbodies, posing potential 

risks to human health and the environment. The characterisation of CLDH through XRD 

analysis revealed that it predominantly consisted of the periclase phase, which is known to be 

favourable for adsorption processes. This finding supported the suitability of CLDH as an 

effective adsorbent for the removal of EFV and NVP. Additionally, the investigation of the 

interactions between the independent adsorption variables revealed significant interactions 

between the solution’s initial pH and adsorbent loading, along with the interaction between the 
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reaction temperature and the initial concentration of the pollutants. Subsequent investigations 

into the adsorption kinetics, isotherms, and thermodynamics revealed that the physical 

interactions primarily governed the adsorption process.  

 

Additionally, the feasibility of regenerating LDH material for reuse through thermal 

recalcination was highlighted. However, the recycling capability was limited to three runs, as 

the adsorption efficiency decreased significantly after that point. This decline resulted from a 

rise in crystallinity and a shift in phase proportions. The computational analysis reiterated that 

physisorption was the predominant mechanism driving the adsorption of ARVDs onto CLDH, 

primarily facilitated by hydrogen bonding. Furthermore, it was revealed that NVP 

demonstrated a higher affinity for the adsorbent than EFV. 
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CHAPTER 9:  CONCLUSION AND RECOMMENDATIONS 

9.1 Conclusion 

The comprehensive characterisation of LDH and Ag-AgBr-LDH photocatalysts through 

various analytical techniques has provided valuable insights into their structural, 

morphological, compositional, and textural properties. X-ray diffraction (XRD) analysis 

confirmed the formation of LDH material with carbonate ions in the interlayer region, while 

also identifying the presence of LDH, AgBr, and metallic silver (Ag0) in the composite catalyst. 

Scanning electron microscopy (SEM) and transmission electron microscope (TEM) images 

elucidated the platelet-like structures of LDH and the spherical-like shapes of Ag-AgBr 

nanoparticles within the composite. Energy dispersive X-ray spectroscopy (EDS) confirmed 

the elemental compositions of both materials and revealed an excess of Ag relative to Br in the 

composite, indicating successful silver formation. Further characterisation through X-ray 

photoelectron spectroscopy (XPS) unveiled the chemical states of the elements present, with 

distinct peaks corresponding to magnesium, aluminum, zinc, silver, bromine, and oxygen 

species. Additionally, nitrogen gas adsorption-desorption isotherms unveiled mesoporous 

structures with pore diameters ranging from 2 to 50 nm. The incorporation of Ag-AgBr 

nanoparticles into LDH led to a notable reduction in pore volume and specific surface area, 

indicating structural alterations induced by nanoparticle introduction. 

 

The synthesised photocatalyst containing Ag-AgBr and LDH exhibited enhanced efficacy in 

degrading phenol compared to Ag-AgBr and LDH separately. The presence of zinc in the 

photocatalyst was found to be crucial in enhancing its photocatalytic activity, leading to higher 

phenol degradation efficiencies. Over 92% of phenol was degraded over 8 hours at neutral pH 

under visible light irradiation. The degradation pathway of phenol involved the formation of 

catechol, glycerol, and hydroxy acetic acid intermediates, primarily driven by hydroxyl free 

radicals as the dominant reactive species. Furthermore, the synthesised photocatalyst 

demonstrated superior performance in degrading ARVDs (efavirenz and nevirapine) compared 

to Ag-AgBr and LDH individually. Response surface modelling revealed significant 

interactions between photocatalyst loading and initial concentration for efavirenz, and between 

pH and photocatalyst loading, as well as photocatalyst loading and initial concentration for 

nevirapine. Over 80% and 100% of efavirenz and nevirapine were degraded over 12 and 8 h, 

respectively, under neutral pH and visible light irradiation. The degradation mechanism 
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involved the generation of hydroxy free radicals and photo-induced holes as the active species 

responsible for ARVD degradation. 

 

Additionally, the study established the efficacy of continuous flow photocatalytic reactors in 

degrading ARVDs in wastewater. Systematic experiments revealed the influence of light 

intensity, initial pollutant concentration, photocatalyst loading, and flow rate on 

photodegradation efficiencies of EFV and NVP. While light intensity correlated positively with 

degradation efficiency, prolonged exposure led to photo corrosion of the catalyst. Higher initial 

pollutant concentration and flow rate were not limited by mass transfer yet achieved lower 

photodegradation efficiencies due to irradiation homogeneity issues. 

 

Moreover, the investigation into the adsorption of EFV and NVP on CLDH provided insightful 

knowledge for their removal from water. XRD analysis confirmed the predominance of the 

periclase phase in CLDH, favouring adsorption processes. Significant interactions between the 

initial pH of the solution and adsorbent loading, and between the reaction temperature and 

initial concentration of the pollutants, were observed. Adsorption kinetics, isotherms, and 

thermodynamics revealed physical interactions governing the adsorption process, with 

regeneration potential through thermal recalcination highlighted. Computational analysis 

reaffirmed physisorption as the primary mechanism, primarily facilitated by hydrogen bonding, 

with NVP exhibiting higher affinity for the adsorbent compared to EFV. 

 

9.2 Recommendations 

To enhance the efficacy of photocatalytic systems for ARVD degradation, several key areas 

warrant further investigation. First, optimising the design of photocatalytic reactors is crucial. 

The study highlights the effectiveness of continuous flow reactors, but fine-tuning parameters 

such as light intensity, flow rate, and photocatalyst loading could lead to significant 

improvements in degradation efficiency. Advanced reactor configurations that ensure uniform 

light distribution and efficient mass transfer should be explored to maximise treatment 

performance. Integrating adsorption and photocatalysis into a hybrid system presents another 

promising avenue for research. The study's findings suggest that combining these processes 

could enhance pollutant removal. Future work should focus on optimising the parameters for 

both adsorption and photocatalysis within a single treatment system, potentially leading to 

more efficient and effective water treatment solutions. 
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Exploring alternative light sources, such as LEDs or natural sunlight, could offer practical 

advantages in photocatalytic applications. Evaluating the performance of Ag-AgBr-LDH 

photocatalysts under these light sources may provide insights into their effectiveness and cost 

benefits, further broadening the applicability of photocatalytic systems. Long-term stability and 

reusability of photocatalysts are critical for practical applications. Extending stability tests and 

assessing photocatalyst performance over multiple cycles under various operational conditions 

will provide valuable data on their durability and viability. Implementing regeneration 

strategies, such as thermal or chemical treatments, could also enhance the reusability of 

photocatalysts. 

 

A deeper understanding of the degradation mechanisms and intermediate products formed 

during the photocatalytic process is essential. Investigating these mechanisms will shed light 

on the roles of reactive species, such as hydroxyl radicals and photo-induced holes, in pollutant 

removal. This knowledge could guide the development of more efficient photocatalysts and 

treatment processes. Finally, combining computational models with experimental data can also 

offer a comprehensive understanding of photocatalyst performance and pollutant interactions. 

Advanced computational techniques should be employed to predict behaviour and optimise 

materials and processes, providing a robust framework for future research and development in 

photocatalytic systems. 
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3APPENDICES 

Appendix A 

Table A 1: Positions of the basal planes and crystallite parameters 

Parameter 
Sample ID 

LDH Ag-AgBr-LDH 

2θ (003) (°) 13.39 12.96 

2θ (006) (°) 26.64 26.31 

2θ (009) (°) 40.36 40.37 

2θ (110) (°) 71.28 71.11 

d(003) (Å) 7.67 7.92 

c (Å) 23.21 23.56 

a (Å) 3.07 3.07 

L (nm) 18.26 14.09 

 

 

Figure A 1: XRD analysis for Ag-AgBr-LDH nanocomposite photocatalyst. 
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Appendix B 

 

Figure B 1: (a) UV-vis absorption spectra for LDH-5, Ag-AgBr and LDH-doped 30, (b) Tauc 

plot for LDH-5, (c) Tauc plot for Ag-AgBr and (d) Tauc plot for LDH-doped 30 
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Figure B 2: GC-MS analysis for phenol after various irradiation times, (A) phenol, (B) 

Catechol, (C)hydroxy acetic acid and (D)glycerol. 

 

 

Figure B 3: Mass spectrum for Phenol. 
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Figure B 4: Mass spectrum for catechol. 

 

 

Figure B 5: Mass spectrum for hydroxy acetic acid. 
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Figure B 6: Mass spectrum for glycerol. 

 

 

Figure B 7: X-ray diffraction spectra for feed catalyst into various photocatalytic degradation 

runs. 
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Appendix C 

 

Figure C 1: Point of zero charge for various photocatalyst. 

 

 

Figure C 2: PFO kinetics model fittings for efavirenz and nevirapine (5 mg/L). 
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Figure C 3: PFO kinetics model fittings for efavirenz and nevirapine (20 mg/L). 
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Appendix D 

 

 

Figure D 1: Point of zero charge for LDH and CLDH 

 

 

Figure D 2: PSO kinetics model for EFV at initial concentrations of 5 and 20 mg/L, pH 5, 

T=25 ℃ and a dosage of 10 g/L 
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Figure D 3: PSO kinetics model for NVP at initial concentrations of 5 and 20 mg/L, pH 5, 

T=25℃ and a dosage of 10 g/L 

 

Table D 1: PFO kinetic models’ parameters 

Concentration Parameter Efavirenz Nevirapine 

5 mg/L 

k1 (h–1) 0.107 0.115 

qe (calculated)(mg/g) 0.413 0.528 

qe (experimental)(mg/g) 0.362 0.42 

R2 0.92 0.90 

    

10 mg/L 

k1 (h–1) 0.104 0.126 

qe (calculated)(mg/g) 0.719 1 

qe (experimental)(mg/g) 0.629 0.748 

R2 0.93 0.95 

    

20 mg/L 

k1 (h–1) 0.137 0.105 

qe (calculated)(mg/g) 0.789 0.996 

qe (experimental)(mg/g) 0.64 0.824 

R2 0.95 0.93 
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