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Summary  

 

Polycyclic aromatic hydrocarbons (PAHs) and antiretroviral drugs (ARVDs) are 

emerging chemical pollutants that continue to pose significant health and 

ecotoxicological risks. Anthropogenic activities contribute to the release of these 

hazardous compounds into the environment and the adverse effects caused by these 

contaminants, even at low concentration and acute exposure, make them priority 

pollutants. There is a need for the development of novel materials and optimization of 

existing methods for the remediation of these pollutants, as conventional water 

treatment plants have not been able to satisfactorily deal with emerging organic 

chemical pollutants. Advances in remediation technologies and material science have 

allowed for the design of efficient and ecofriendly materials suitable for removal of 

organic pollutants even at trace concentration levels. 

In this project, a comprehensive review of existing and emerging technologies for the 

mitigation of PAH pollution in water was conducted. Furthermore, the status of 

antiretroviral drugs in African surface water, toxicological impacts, and potential 

remediation strategies were assessed. Through these reviews, the current status of 

carbon-based/graphene-based materials as an efficient alternative adsorbent for the 

removal of antiretroviral drugs and PAHs from water was evaluated. It was discovered 

that there is scanty/no report on the development of adsorbents for the removal of 

ARVDs, especially those prevalent in Africa- namely efavirenz (EFV) and nevirapine 

(NVP). The underlying mechanisms of interaction between ARVDs and carbon-based 

materials has not been reported. Other knowledge gaps include the fact that 

regeneration and reusability is a major challenge for those adsorbents which have been 

tested for adsorption of PAHs, due to loss of active sites, difficulty in clean-up and 

retrieval of many nano-scale materials.  Graphene wool is a novel material which was 

applied for the adsorption of chemical pollutants in water in this study for the first time.  

Graphene is two-dimensional (2D) with sp2 hybridized carbon atoms arranged 

ÈÅØÁÇÏÎÁÌÌÙ ÉÎ Á ÃÌÏÓÅÌÙ ÐÁÃËÅÄ ÃÒÙÓÔÁÌ ÌÁÔÔÉÃÅ ÓÔÒÕÃÔÕÒÅ ÃÏÎÔÁÉÎÉÎÇ ʎ- ÁÎÄ ʌ-bonds. The 

large specific surface area, thermal stability, thermal conductivity, high tensile strength, 

chemical robustness, charge mobility, flexibility, and thin film thickness provide the 
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basis for the vast applications of graphene and its composites in many fields of science. 

In this study, a graphene wool composite was utilized for the adsorption of selected 

PAHs and ARVDs under variable conditions such as pH, concentration, ionic strength, 

and temperature. Sorption isotherms and sorption kinetic models were used to fit 

experimental data to elucidate the mechanism of interactions and predict conditions for 

optimum adsorption efficiency of the composites. The role of natural organic matter 

(NOM), which is a ubiquitous component of aquatic systems, was also studied and its 

impact on the mechanism of interaction and efficiency of the material was evaluated. 

Generally, adsorption of PAHs by GW is best described by the Sips (Freundlich-

Langmuir) model and the Freundlich multilayer adsorption mechanism for single-solute 

and competitive batch adsorption studies, and is mainly controlled by hydrophobic and 

ʌ-ʌ ÉÎÔeractions. Thermodynamic studies of PAH adsorption revealed that the process 

ÉÓ ÓÐÏÎÔÁÎÅÏÕÓ ÁÎÄ ÅÎÄÏÔÈÅÒÍÉÃȟ ×ÉÔÈ Á ÎÅÇÁÔÉÖÅ ÖÁÌÕÅ ÏÆ 'ÉÂÂȭÓ ÆÒÅÅ ÅÎÅÒÇÙ ɉɝ'Ɋ ÁÎÄ Á 

ÐÏÓÉÔÉÖÅ ÖÁÌÕÅ ÏÆ ÁÄÓÏÒÐÔÉÏÎ ÅÎÔÈÁÌÐÙ ɉɝ(ɊȢ /Î ÔÈÅ ÃÏÎÔÒÁÒÙȟ ÔÈÅ ÁÄÓÏÒÐÔÉÏÎ ÏÆ 

antiretrovira l drugs, specifically EFV and NVP, is slightly more complex and the nature 

of interaction may vary for different types of ARVD due to the variations in chemical 

structure thereof. Similar to PAHs, ARVD adsorption onto GW was best described by 

Sips (EFV) and Freundlich (NVP) models. However, while GW-EFV interaction was 

endothermic, GW-.60 ×ÁÓ ÅØÏÔÈÅÒÍÉÃȢ 3ÅÖÅÒÁÌ ÍÅÃÈÁÎÉÓÍÓ ÓÕÃÈ ÁÓ ÈÙÄÒÏÐÈÏÂÉÃȟ ʌ-ʌȟ 

ÃÏÖÁÌÅÎÔȟ ÖÁÎ ÄÅÒ 7ÁÁÌȭÓȟ ÁÎÄ ÈÙÄÒÏÇÅÎ ÂÏÎÄÉÎÇ ÉÎÔÅÒÁÃÔÉÏÎÓ ÁÒÅ ÐÏÓÓÉÂÌÅȟ ÄÅÐÅÎÄÉÎÇ ÏÎ 

the molecular properties and conformations of the ARVD as revealed by supporting 

computational studies. 

Furthermore, the study carried out on the influence of NOM on the adsorption of pyrene 

revealed that the mineral-rich fraction of NOM significantly diminished the removal 

efficiency of graphene wool, as both adsorption capacity (Kd) and efficiency reduced 

from 16.9 L g-1 and 95.4% to 0.3 L g-1 and 18.5%, respectively. Fractions with higher % 

organic carbon (natural sediment, black carbon and mineral deficient fractions) had 

higher maximum adsorption capacities for several PAHs. Aromaticity and hydrophobic 

ÍÏÉÅÔÉÅÓ ÏÆ ÔÈÅ ÄÉÆÆÅÒÅÎÔ 0!(Ó ÁÎÄ ./- ÓÉÇÎÉÆÉÃÁÎÔÌÙ ÉÎÆÌÕÅÎÃÅÄ ÔÈÅ ʌ-ʌ ÁÎÄ 

hydrophobicɀorganophilic interactions between sorbates and sorbents that may have 

occurred, which led to some degree of irreversible sorption as shown by hysteresis 

indices. Adsorption isotherm parameters suggested that GW adsorbed NVP slightly 
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better with stronger binding strength than EFV, with removal efficiencies of 84% (NVP) 

and 80% (EFV) under optimum conditions. The overall GW removal efficiencies of the 

target compounds (PAHs and ARVDs) in this project ranged from 81 ɀ 100% under 

optimum conditions. It was reported that the removal efficiency is dependent on the 

choice of operational parameters, such as concentration of adsorbate and adsorbent 

dosage, etc. 

Graphene wool doped with stabilized silver nanoparticles (GW-ɻ!Ç.0Ɋ ×ÁÓ ÓÙÎÔÈÅÓÉÚÅÄ 

and its adsorption capacity was evaluated using benzo(a)pyrene contaminated water. 

GW-ɻ!Ç.0 ×ÅÒÅ ÆÏÕÎÄ ÔÏ ÈÁÖÅ an adsorption capacity (Kd) and Sips maximum 

adsorption capacity (qm) of 2.75 L g-1 and 97.62 µg g-1 respectively, much higher than 

GW with 0.93 L g-1 and 59.76 µg g-1 respectively. Furthermore, GW-ɻ!Ç.0 ÁÎÄ '7 ×ÅÒÅ 

tested against Gram-negative and Gram-positive bacteria (Pseudomonas aeruginosa and 

Bacillus subtilis). While GW showed no significant inhibition at the concentrations 

tested, 1000 mg L-1 dosage of GW-ɻ!Ç.0 ÓÉÇÎÉÆÉÃÁÎÔÌÙ ÉÎÈÉÂÉÔÅÄ ÔÈÅ ÇÒÏ×ÔÈ ÏÆ ÂÏÔÈ 

bacteria. This hybrid material thus has the potential to serve as a smart solution to 

chemical and microbiological water pollution.  

This project demonstrated how advancement in material sciences could be harnessed 

for the development of novel solutions to environmental challenges and pollution 

remediation.  
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Chapter 1  Background and Motivation  

In this chapter, an overview of the problems which motivated this study is given. In 

addition, the aim and objectives together with the context of the thesis are presented. 
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1.1 Problem statement and motivation  

Clean and potable water is regarded as one of the fundamental needs of life, especially 

for the sustainance of humans, plants, and animals. This is corroborated by the United 

Nations Sustainable Development Goals (SDG 6), which affirms that access to safe water, 

sanitation and efficient management of water resources are pivotal to healthy living, 

sustainable ecosystems, and economic development (Griggs et al., 2013). The global 

demand for clean and potable water is on the increase due to the ever-increasing world  

population, advancement in technology, civilization, and industrialization (Onda et al., 

2012). In most developing countries of the world, especially in Sub-Saharan Africa and 

Asia, there is a shortfall in potable water, due to high demand, poverty, and 

inadequacies in water treatment technologies. 

Emerging chemical pollutants (ECPs) are pollutants existing in different environmental 

compartments, which are not routinely monitored and are not regulated, however, 

there are growing concerns regarding the potential hazards caused by these compounds 

(Liu et al., 2014, Richardson and Kimura, 2017). Emerging chemical pollutants (ECPs) 

may subject ecosystems to unprecedented strain, due to their mobility and the ability of 

some ECPs to bioaccumulate in non-target environments. ECPs include polycyclic 

aromatic hydrocarbons (PAHs), pharmaceuticals, personal care products, industrial 

additives, pesticides, etc. (Fayiga et al., 2018). PAHs are ubiquitous organic pollutants 

and their occurrence in environmental compartments is due to several natural and 

anthropogenic activities, such as pyrolysis of organic matter, industrial effluents, 

use/burning of fossil fuel, etc. (Abdel-Shafy & Mansour, 2016; Gallego et al., 2008; 

Manoli & Samara, 1999; Torabian et al., 2010). To date, PAHs do not have a regulatory 

status in several parts of the world, including South Africa, which is the reason for their 

classification as emerging chemical pollutants (Pal et al., 2010). Pharmaceutical 

products, such as antiretroviral drugs (ARVDs), are regarded as emerging chemical 

pollutants (Gavrilescu et al., 2015; Patel et al., 2019). The concentration of antiretroviral 

drugs in water bodies has been found to be increasing due to the widespread use of the 

drugs in HIV treatment (Ngqwala and Muchesa, 2020; Adeola and Forbes, 2021a). 

Furthermore, high concentrations are reported in wastewater treatment plant (WWTP) 

effluents leading to concerns about the efficiency thereof (Wood et al., 2016; Russo et 

al., 2018).  
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Different adsorbents have been developed for the remediation of PAHs and several 

pharmaceutical compounds in an aqueous medium. Graphene-based materials (GBMs) 

have been harnessed as efficient next-generation sorbents for water purification 

applications because their surface is largely hydrophobic, porous, and they possess high 

adsorption affinities for a vast number of organic contaminants (OCs) (Ali et al., 2019; 

Xu et al., 2013, Adeola and Forbes, 2021b). However, the application of graphene wool 

for PAH remediation and the removal of antiretroviral drugs (ARVDs) using any 

graphene-based material (GBM) has not been reported until now.  

It is almost impracticable to rapidly restore heavily polluted water to its pristine state, 

thus, the development of a suitable remediation approach based on a detailed risk 

assessment may prove to be most appropriate for the management of severely polluted 

water. Emerging technologies must seek to surmount challenges related to removal 

efficiency, ease of application, reusability, generation of secondary pollutants, etc., in 

order to develop a sustainable approach for remediation of water contaminated with 

hazardous pollutants, such as PAHs and ARVDs. 

 1.2 Aim and objectives of the thesis  

1.2.1 General aim  

The primary aim of this research was to synthesize graphene wool composites for water 

treatment applications, with primary focus on the removal of selected polycyclic 

aromatic hydrocarbons (PAHs) and antiretroviral drugs (ARVDs). 

1.2.2 Objectives 

i.  To synthesize and characterize graphene wool (GW) composites using 

established analytical methods. 

ii.  To conduct sorption experiments with selected PAHs and ARVDs (efavirenz and 

nevirapine) as target aqueous pollutants, and graphene wool as adsorbent. 

iii.  To establish the optimum process conditions (considering variables such as pH, 

time, temperature, the initial concentration of pollutants, adsorbent dosage, ionic 

strength) for optimum adsorption efficiency of the synthesized GW adsorbent. 

iv. To isolate different natural organic matter (NOM) fractions from stream 

sediments and evaluate the influence of NOM on the adsorption of selected PAHs. 
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v. To carry out the regeneration of the adsorbent and perform reusability tests.  

vi. To synthesize and characterize graphene wool doped with lipopeptide-capped 

silver nanoparticles (GW-ɻ!Ç.0Ɋ ÆÏÒ ÁÄÓÏÒÐÔÉÏÎ ÏÆ ÂÅÎÚÏɉÁɊÐÙÒÅÎÅȢ 

vii. To evaluate the antimicrobial activity of the synthesized GW-ɻ!Ç.0 ÃÏÍÐÏÓÉÔÅ 

for potential dual functionality as an adsorbent and biocide. 

1.3 Context of the thesis/Thesis layout  

Chapter 2 presents the target environmental pollutants and highlights their 

environmental significance. This chapter includes a general overview of adsorption, 

factors influencing adsorption of organic pollutants, and several models of adsorption. 

Graphene-based materials are discussed, including the synthesis of graphene wool 

(GW), doped GW, and a brief description of characterization techniques.  

Chapter 3 This chapter contains two literature reviews. Paper 1 focuses on established 

remediation options available for PAH-contaminated water. A concise outlook is 

provided into established and emerging technologies such as adsorption, electrokinetic 

remediation, advanced phytoremediation, green nanoremediation, enhanced 

remediation using biocatalysts, and integrated approaches. Paper 2 presents the 

reported concentrations of antiretroviral drugs (ARVDs) in aquatic systems and toxicity 

thereof from an African perspective. Moreover, insight was provided into the adsorption 

of ARVDs using carbon-based adsorbents as a potential remediation strategy, as well as 

analytical techniques for the determination of ARVDs in different environmental 

compartments. 

Chapter 4 (Paper 3)  described the adsorption of phenanthrene (PHEN) and pyrene 

(PYR) onto graphene wool (GW). The paper investigated the optimum conditions for 

PAH adsorption onto GW in a single-solute batch sorption experiment and efficiency 

was compared with different adsorbents used for PHEN and/or PYR adsorption in 

literature. The reusability of the novel adsorbent was also examined via several cycles 

of regeneration and reuse. 

Chapter 5 (Paper 4)  reported the simultaneous sorption of fifteen polycyclic aromatic 

hydrocarbons (PAHs) onto graphene wool (GW) in a competitive adsorption 
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environment via multi-solute experiments. Specific attention was directed towards the 

role of adsorbent dosage and PAH hydrophobicity on the adsorption capacity of GW.  

Chapter 6 (Paper 5)  reported the isolation and characterization of fractions of natural 

organic matter (NOM) recovered from stream sediment. The sorption of selected PAHs 

onto different fractions of NOM was evaluated. The impact of NOM on solution 

chemistry and the inhibitory influence of NOM on the PAH removal efficiency of 

graphene wool (GW) was reported. 

In Chapter 7 (Paper 6) , the adsorption of selected ARVDs (efavirenz and nevirapine) 

using the synthesized graphene wool adsorbent was studied under different 

concentrations, pH, and temperature. The plausible mechanisms of interaction between 

the different antiretroviral drugs and graphene wool adsorbent was evaluated using 

experimental and computational studies.  

In Chapter 8 (Paper 7)  graphene wool (GW) was doped with lipopeptide-stabilized 

silver nanoparticles (AgNP) and characterized. GW-ɻ!Ç.0 ×ÁÓ ÁÐÐÌÉÅÄ ÔÏ ÒÅÍÏÖÅ 

benzo(a)pyrene (often regarded as the most carcinogenic PAH) from water. 

Furthermore, due to the antimicrobial properties of AgNPs and adsorption capacity of 

GW, the potential dual application of GW-ɻ!Ç.0 ÁÓ ÁÎ ÁÄÓÏÒÂÅÎÔ ÁÎÄ ÍÉÃÒÏÂÉÁÌ ÇÒÏ×ÔÈ 

inhibitor/biocide was evalu ated. 

In Chapter 9, the overall conclusion and future work was presented.   

Note: The chapters where the work has been published are presented in journal article 

format, i.e. as published. 
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Chapter 2  Introduction  

This chapter provides a general overview of the sources, fate, and toxicities of the target 

pollutants relevant to this study. Furthermore, principles of adsorption, adsorption models, 

and factors influencing the adsorption of organic chemical pollutants are presented.  

Finally, the synthesis and characterization of the graphene wool composites used in this 

project are briefly described. 
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2.1 Background  

Emerging chemical pollutants (ECPs) include a wide spectrum of chemicals which do 

not have a regulatory status, but may adversely affect human health and the 

environment (Liu et al., 2014). They include polycyclic aromatic hydrocarbons (PAHs), 

flame retardants, industrial additives, perfluorinated compounds (PFOS/PFAS), 

personal care products and pharmaceuticals, such as antiretroviral drugs (Richardson 

and Kimura, 2017).  

The occurrence of ECPs in environmental compartments has become an area of concern 

in environmental science. PAHs have been monitored in different environmental 

matrices such as water, air, soil, food, and beverages, yet continue to be of concern 

(Forbes and Rohwer, 2009; Munyeza et al., 2018; Zelinkova and Wenzl, 2015). PAHs are 

ubiquitous environmental pollutants that are potentially carcinogenic and mutagenic. 

They are widely distributed in the environment thus making human exposure almost 

unavoidable (IARC, 2010). Antiretroviral drugs (ARVDs) are therapeutic agents for the 

tr eatment of retroviral infections, primarily the human immunodeficiency virus type 1 

(HIV-1) (Wood et al., 2015; Abafe et al., 2018; Ncube et al., 2018). ARVDs are of 

environmental concern due to the lack of a comprehensive ecotoxicological profile and 

regulatory measures, and they may impact water quality, flora, fauna, and human 

health. 

Contaminated water can be treated in several ways based on the target pollutant, 

however, adsorption processes have been widely applied and possess several 

advantages over other techniques, such as ease of operation, less sludge and secondary 

pollutant formation, reduced chemical usage, easy recovery of adsorbents, reusability, 

etc. (Cohen-Tanugi and Grossman, 2012; Kemp et al., 2013; Shannon et al., 2008). 

Previous attempts have been made to remove PAHs from contaminated water but there 

are challenges such as chemical fouling, cost-effectiveness, loss of efficiency, and 

regeneration challenges (Zhang et al., 2013; Zheng et al., 2016). ARVDs have been 

detected in surface water and wastewater in South Africa and other parts of the world 

(Wood et al., 2015), yet there is no report to date on how to efficiently remove ARVDs 

from water.  
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The adsorption process is a surface phenomenon that involves the adherence of 

pollutants onto the surface of an adsorbent via physical, chemical, and/or electrostatic 

attraction. Adsorption of organic compounds can be influenced by many process 

variables such as temperature, pH, the concentration of sorbate, contact time, sorbent 

particle and pore size, and other physicochemical properties of the adsorbate and 

adsorbent (Adeola and Forbes, 2019, 2020; Site, 2001).  Several materials have been 

developed over the last two decades for the sorption of PAHs from aqueous systems, 

many of which are discussed and compared in Chapter 3.  

2.2 Environmental significance of polycyclic aromatic hydrocarbons (PAHs)  

2.2.1  Sources of PAHs 

 PAHs are ubiquitous organic environmental contaminants that can be found in different 

environmental compartments. PAHs are generated mainly through the combustion of organic 

compounds (e.g. petrochemicals, coal, oil, and wood). Some PAHs emanate from natural 

occurrences, such as bush/forest fires, volcanic eruption/emissions, seepage from petroleum 

and coal deposits (Figure 1) (Hussain et al., 2018). However, emissions due to anthropogenic 

activities such as coal gasification, mineral exploration/mining, production of coal-tar and 

carbon black, catalytic cracking of asphalt and coke, petroleum refining, and other related 

activities, as well as motor vehicle exhausts, are responsible for a larger percentage of 

environmental pollution caused by PAHs (Abdel-Shafy and Mansour, 2016). 

Transformation derivatives with nitro -, oxy- and hydroxy-groups may also contribute a 

large fraction to the total PAHs in the air (Lammel, 2015). 

PAHs are classified into three broad classes based on their sources namely, pyrogenic, 

petrogenic and biological (Hussain et al., 2018). Pyrogenic PAHs are formed by 

pyrolysis of organic materials at high temperatures under conditions of little or no 

oxygen (Balmer et al., 2019). Pyrogenic PAHs are generated during the destructive 

distillation  of coal, cracking of petroleum,  incomplete combustion of fuels in vehicle 

engines and household cooking devices (Hussain et al., 2018; Munyeza et al., 2020). 

Petrogenic PAHs are formed during the generation of crude oil and gas from organic 

matter under suitable pressure and temperature (crude oil maturation). The 

environment is exposed to these PAHs as a result of the transportation, leakage of 

storage tanks, and the use of crude oil and petrochemical products (Zakaria et al., 2002). 

Furthermore, there have been strong indications that PAHs are produced biologically 

https://www.sciencedirect.com/topics/engineering/incomplete-combustion
https://www.sciencedirect.com/topics/engineering/coal-gasification
https://www.sciencedirect.com/topics/engineering/black-carbon
https://www.sciencedirect.com/topics/engineering/catalytic-cracking
https://www.sciencedirect.com/topics/engineering/destructive-distillation
https://www.sciencedirect.com/topics/engineering/destructive-distillation
https://www.sciencedirect.com/topics/engineering/incomplete-combustion
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as well (Wilcke et al., 2000; 2002). For example, they can be synthesized by certain 

plants and bacteria or are formed during the degradation of vegetative matter. Termites 

have been reported to generate PAHs in relatively small quantity, and the occurrence of 

selected PAHs, such as naphthalene, phenanthrene, and perylene in termite nests and 

plants corroborates the assumption that PAHs are produced biologically (Krauss et al., 

2005). 

Accidental oil spills have taken place in several parts of the world, leading to the release 

of large amounts of crude oil into the highly susceptible aquatic environment. Worthy of 

note is the infamous Deepwater Horizon Oil Spill, in which over 4.9 million barrels of 

crude oil was released into the Gulf of Mexico between 20 April and 15 July 2010 

(McNutt et al., 2012; Romero et al., 2018).  

2.2.2 Fate and toxicity of PAHs 

Polycyclic aromatic hydrocarbons possess two or more fused aromatic rings with a pair 

of carbon atoms shared between rings and arranged in linear, angular, and cluster 

orientations (Arey and Atkinson, 2003; Abdel-Shafy and Mansour, 2016). Generally, 

PAHs are characterized by low vapor pressures, low solubility in water, high melting 

point and boiling points; with direct proportionality of these properties to the 

molecular weight of the PAHs (Balmer et al., 2019). The environmental fate of PAHs 

includes volatilization, adsorption, photodegradation, biodegradation, etc., which are 

controlled by several biotic and abiotic factors (Figure 1 ) (Ghosal et al., 2016). The 

distance travelled by PAHs in the particulate and vapor phase in air is influenced by 

chemical reactions and climatic factors (Harrison et al., 1996). For example, in South 

Africa, airborne PAHs were analyzed in platinum mines and higher concentrations in 

the range of 0.01 ɀ ρψ ʈÇ ÍϺ3 was reported in the gaseous phase than particle phase 

(0.47 to 260 ng mϺ3) (Geldenhuys et al., 2015). The average gaseous PAH concentration 

in rural households in Kenya, ranged from 0.81 to 6.09 µg mȤσ, much lower than urban 

homes (ranging from <LOD to 2.59 µg mȤσ), while ambient air PAH concentrations were 

higher in urban environments, which can be attributed to increased anthropogenic 

activities (Fang et al., 2004; Munyeza et al., 2020). 

Marine environments receive PAHs from wastewater treatment plants, stormwater 

runoff, petroleum spills, natural seeps, commercial ships, sewage effluents, volcanoes, 
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and atmospheric deposition by the action of rainfall, etc. Degradation of PAHs in water 

occurs via photooxidation and chemical oxidation (Abde-Shafy and Monsour, 2016). 

Photodegradation of PAHs also occurs in water via direct and indirect photolysis, or 

photocatalyzed reactions in the presence of excited species such as singlet-state oxygen 

(1O2), hydroxyl radical (·OH), and other reactive species found in natural waters 

(Fasnacht and Blough, 2002). Dissolved organic carbon (DOC) also promotes the 

photodegradation of low molecular weight (LMW) PAHs by ensuring the formation of 

suitable intermediates (Shang et al., 2015). PAHs strongly interact with organic matter 

and soot-like carbon, thus contributing to their sequestration, mobility, and persistence 

in the terrestrial compartment. The mobility of PAHs in soils is influenced by soil 

organic carbon (SOC) (Luo et al., 2012). 

Figure 1. The fate of PAHs in the environment (Hussain et al., 2018) 

Some marine microorganisms, plants, and animals can metabolize ingested PAHs 

(Abde-Shafy and Monsour, 2016).  Bioaccumulation of PAHs in aquatic species occurs 

due to poor metabolic abilities, high lipid content, and high concentrations of PAHs 

(Abdel-Shafy and Mansour, 2016). Recalcitrance to biological transformation is more 

common with high molecular weight (HMW) PAHs with 4 ɀ 7 rings, and due to their 

hydrophobic nature, they tend to bind to sediments ɉ,ÕËÉç ÅÔ ÁÌȢȟ ςπρφɊ. Turbulence and 

agitation by boating, explorations, and shoreline activities, may lead to desorption of 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/photodegradation
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/dissolved-organic-carbon
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PAHs from sediments and re-entry of recently deposited or concentrated PAHs to the 

aqueous phase (Balmer et al., 2019). Residence time for PAHs in sediments could be 

several decades, much longer than in air, if the sediment is undisturbed. This implies 

that PAHs are more persistent in the marine environment than in the atmosphere. 

PAHs and their derivatives have harmful effects on aquatic plants and animals when 

they bioaccumulate according to the United States Environmental Protection Agency 

(US EPA) (USEPA, 2010). PAHs are nonpolar hydrocarbons which are highly soluble in 

lipids, and thus readily transport within the gastrointestinal tract of animals and 

ÈÕÍÁÎÓ ɉ"ÁÌÃąÏøÌÕȟ ςπρφȠ Honda and Suzuki, 2020). The distribution of PAHs in body 

tissues is rapid with high potential to bioaccumulate in body fat (Abdel-Shafy and 

Mansour, 2016). PAHs are metabolized in mammals, with the first step being oxidation 

or hydroxylation  via the cytochrome P450-enhanced mixed-function oxidase system 

(Bekki et al., 2013). Some PAHs cause mutations, reproductive defects, cancerous 

growth, etc. (Malakahmad et al., 2016). In humans, toxicities such as immunotoxicity, 

teratogenicity, cardiotoxicity, and mutagenicity, have been attributed to prolonged 

exposures to PAHs according to International Agency for Research on Cancer (IARC) 

(IARC, 2010).  The toxic equivalency factors (TEF) of six high molecular weight PAHs 

and their relative cancer potency are shown in Table 1.  

Table 1. Relative toxicity and cancer potency of selected PAHs according to US EPA and 

IARC (Nisbet and LaGoy, 1992; Patra 2003) 

PAH compounds Toxic equivalency factors  Relative cancer potency  

Benzo (a)pyrene 1.0000 1.0000 

Chrysene 0.0100 0.0044 

Benzo(k)fluoranthene 0.1000 0.0200 

Benzo(a)anthracene 0.1000 0.1450 

Benzo(a)fluoranthene 0.1000 0.1670 

Dibenzo(a,h)anthracene 5.0000 1.1100 

 

 

 

https://www.sciencedirect.com/topics/engineering/localisation
https://www.sciencedirect.com/topics/engineering/hydroxylation
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2.3 Antiretroviral drugs (ARVDs) in the environment  

The United States Food and Drug Administration (US FDA) has approved over 20 

antiretroviral drugs, and many more are in clinical trials (Jain et al., 2011). The different 

classes of ARVDs currently in use, generic and brand names as of 2020 are presented in 

Appendix -table 1 . Table 2 presents the basic properties of efavirenz and nevirapine 

selected as target pollutants in this research, due to their established presence in 

surface waters in South Africa (Adeola and Forbes, 2021a).  

Table 2. Compound names, CAS numbers, mass to charge ratio of ions, collision 

energies, and predicted Log Kow and pKa values of antiretroviral drugs (ARVDs) of 

relevance to this research (Wood et al., 2015) 

Name 
(CAS No.) 

Structure  m/z  
(collision 

energy eV) 

Log Kow pKa 

Efavirenz 
(154598-52-4) 

 

299.1 (0) 4.15 12.52 

Nevirapine 
(129618-40-2) 

 

226 (24) 3.89 10.37 

pKa: acid-dissociation constant of a weak acid; Log Kow: octanol-water partition coefficient 

Different antiretroviral drugs have been detected in several surface waters in South 

Africa (Appendix -table 2 ). Effluents from wastewater treatment plants (Table 3) are 

regarded as a major aquatic source of several antiretroviral drugs (Wood et al., 2015). 

Furthermore, indiscriminate waste disposal along river channels and coastal areas are 

also routes via which ARVDs may enter water bodies. Coastal landfill sites provide a 

pathway for ARVDs disposed with municipal and clinical wastes to enter aquatic 

environments (Schoeman et al., 2017). The presence of these specialized compounds in 

the aquatic environment, and the inability of existing wastewater treatment plants to 

satisfactorily handle organic contaminants is worrisome due to the activity of the 

pharmaceuticals, even at low concentrations (Deblonde et al., 2011; Deblonde and 

Hartemann, 2013; Petrie et al., 2015; Rasheed et al., 2019). As emerging chemical 

pollutants (ECPs), there is rarity of reports on the ecotoxicity of antiretroviral drugs, 
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However, available information on the fate and toxicity of selected antiretroviral drugs 

are comprehensively discussed in Chapter 3 (Paper 2).  

Table 3. Levels of ARVDs reported in WWTP influents and effluents situated in some 

African countries and other parts of the world 

ARVD Country  Concentration in 

Influents (ng L -I) 

Concentration in 

Effluents (ng L -I) 

Reference 

Zidovudine  Kenya 

South Africa 

Germany 

Finland 

12100-20130 

6900-53000 

564 

22-37 

90-110 

87-500 

380 

46-62 

(K'Oreje et al., 2016) 

(Abafe et al., 2018) 

(Prasse et al., 2010) 

(Ngumba et al., 2016) 

Nevirapine  Finland 

Germany 

South Africa 

Kenya 

13-19 

32 

670-2800 

850-3300 

8-10 

22 

540-1900 

1030-2080 

(Ngumba et al., 2016) 

(Prasse et al., 2010) 

(Abafe et al., 2018) 

(K'Oreje et al., 2016) 

Lamivudine  Finland 

Belgium 

Germany 

South Africa 

Kenya 

37-55 

507 

720 

840-2200 

30300-60680 

20-22 

ND 

ND 

Ѕ ,/$-130 

19900-31070 

(Ngumba et al., 2016) 

(Vergeynst et al., 2015) 

(Prasse et al., 2010) 

(Abafe et al., 2018) 

(K'Oreje et al., 2016) 

Efavirenz  South Africa 

 

Kenya 

24000-34000 

17400 

460-1020 

20000-34000 

7100 

100-110 

(Abafe et al., 2018) 

(Schoeman C, 2015) 

(K'Oreje et al., 2016) 

Abacavir  France 

Greece 

- 

13.6 

33 

10 

(Aminot et al., 2018) 

(Terzopoulou et al., 2016) 

 

2.4 Adsorption of organic chemical pollutants (OCPs)  

Adsorption science and technology have proven very helpful in meeting the global 

demand for clean and safe water. The adsorption process and related technology have 

been widely studied, improved, and applied for the adsorption of organic pollutants in 

surface waters, and the provision of potable water around the world. Many cutting-edge 

scientific research, which has resulted in high-impact publications, patents and 

industrial/field -scale applications, have been recorded in the field of adsorption and 

material science in the last few decades (Unuabonah et al., 2019). The adsorption 

method for the decontamination of water polluted with organics has advantages and 
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benefits such as simplicity in design and operation, low operational cost, easy 

adaptability, and minimal tendency of generating secondary pollutants or undesirable 

by-products (Singh et al., 2018). The nature of adsorbent and optimal process 

conditions is vital towards sorptive removal of OCPs, such as PAHs and ARVDs, from 

water. 

Furthermore, several laboratory-scale studies have reported that the adsorption 

technique has the potential of improving water quality across the world (Adeola and 

Forbes, 2019; Apul et al., 2013; Ternes et al., 2002). However, there is a need to scale-up 

research via modeling and pilot studies for large-scale water treatment applications. A 

comprehensive understanding of the equilibrium adsorption capacity, kinetics (rate of 

uptake), and thermodynamic conditions for optimal performance of the adsorption 

process are vital, to inform decision making for industrial -scale treatment of water 

(Lamichhane et al., 2016; Unuabonah et al., 2019). 

2.4.1 Factors affecting sorption of OCPs  

Sorption of organic chemical pollutants is often controlled by two or more mechanisms, 

especially for compounds and adsorbents with different functionalities or functional 

groups. Fundamental factors controlling the adsorption behavior of organic pollutants 

are discussed in this section. 

2.4.1.1  Morphology  of the adsorbent 

The specific surface area, pore size, pore-volume, pore structure, and pore distribution 

of the sorbent are vital morphological characteristics which control the interaction 

between adsorbents and organic pollutants (Yuan et al., 2018).  Mostly adsorbents 

possess micropores and mesopores, thus the surface and pore structure of the 

adsorbent could limit the amount of pollutant adsorbed via size exclusion (Menéndez-

Díaz and Martín-Gullón, 2006, Adeola and Forbes, 2019). Pore structure also influences 

accessibility and packing of the pollutant molecules in the pores, for example slit-

shaped micropores will prove inaccessible to compounds of spherical geometry, with 

diameter larger than the pore width (Ghasemzadeh et al., 2019; Wang et al., 2019).  
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2.4.1.2  Surface chemistry of the adsorbent  

Surface chemistry is defined by the functional groups present on the surface of the 

adsorbent, which influences the binding capacity and nature of the interaction between 

the sorbate and sorbent (Yu et al., 2020). The presence of oxygen-containing functional 

groups is related to acidity, while the presence of nitrogen-containing groups promotes 

the basicity of the surface of carbonaceous materials like graphene, granular activated 

carbon, and carbon nanotubes (Tessmer et al., 1997; Ye et al., 2020). Surface chemistry 

is also affected by the pH of the sorption medium, as the surface of the adsorbent can 

become either positively or negatively charged at pH values before or after the point 

zero net charge (PZNC) of the material. Furthermore, the buildup of water clusters 

around hydrophilic oxygen groups also limits the adsorption capacity of adsorbents via 

oxidation (Fang et al., 2014; Khan and Sarwar, 2007).  

2.4.1.3  Physicochemical properties of target pollutants  

The adsorption capacity, rate of adsorption, and mechanism of adsorption of pollutants 

are significantly influenced by the physicochemical properties and nature of the sorbate 

molecules (Guo et al., 2012). The molecular dimension and arrangement/conformation 

control the accessibility of the compounds to the sorbent pores. Solubility of the 

pollutant controls the hydrophobic sorbent-sorbate interactions and partitioning 

between the solid-liquid interface (Site, 2001). The conformation of the adsorbate may 

lead ÔÏ ÅÉÔÈÅÒ ÃÌÏÓÅ ÉÎÔÅÒÁÃÔÉÏÎȟ ÆÁÖÏÒÁÂÌÅ ÆÏÒ ʌ-ʌ interaction, as is the case for most 

planar molecules. Steric hindrance may occur due to the inability of the nonplanar 

molecules to draw closer to the adsorbent, leading to weak interactions (Cornelissen, 

2005; Cornelissen et al., 2005; Jonker and Koelmans, 2002). 

Hydrophilicity and polarity of pollutants also play significant roles in the adsorption 

process. Several reports suggest that adsorption is enhanced with increasing 

hydrophobicity of the compounds, as it becomes easier to partition away from 

polar/aqueous medium (Adeola and Forbes, 2019; Li et al., 2018; Ololade et al., 2018; 

Villacañas et al., 2006). Other interactions such as interactions with surface groups 

leading to hydrogen bonding, covalent bonding, electrostatic interactions, dipole-dipole 

interactions, etc., are all affected by the sorbate and sorbent physicochemical properties 

and electronic structure (Fraga et al., 2019). 
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Other factors capable of influencing adsorption of organic pollutants are pH, ionic 

strength, temperature and other physicochemical parameters related to the 

contaminated media to be treated. The presence of natural organic matter (NOM) and 

competing ions/molecules, different from the target pollutant, have widely been 

reported to also alter solution chemistry, block sorption sites and ultimately influence 

the adsorption performance of adsorbents and the mechanism of the sorption process 

(Adeola and Forbes, 2019; 2021b; Huang et al., 2003). 

2.5 Models of adsorption  

Several researchers have developed, validated, and applied several adsorption models 

which describe sorption equilibria and kinetics. The elucidation of adsorbate-adsorbent 

interactions is vital towards decisions regarding the choice of adsorbent and target-

specific strategies required in adsorption processes. Furthermore, modeling adsorption 

experimental data is salient in describing the influence of process 

variables/environmental conditions on adsorption performance and treatment 

efficiency (Wang et al., 2020). Empirical adsorption models can be a single- or multi -

parameter model, depending on the number of constants obtainable from the model 

equation. But it will suffice to say that using complex models such as three- or four-

parameter models is not necessary when two-parameter models give a good fitting for 

adsorption data (Unuabonah et al., 2019; Yousef et al., 2016). 

The principal relevance of sorption models includes; understanding mechanisms of 

adsorption, equilibrium dynamics, predicting the influence of operational changes, and 

optimization of the adsorption process. Adsorption models in batch flow experiments 

can be used to deduce the adsorption capacity of natural and synthetic adsorbents, and 

provide dependable adsorption parameters for quantitative comparison of sorption 

interactions in single-solute and multi-solute adsorptive systems (Adeola and Forbes, 

2019, 2020; Unuabonah et al., 2019). Sorption isotherm models can be applied via both 

linear and nonlinear regression methods/equations (Adeola and Forbes, 2020; 

Chowdhury et al., 2011; Wu et al., 2020).  The sorption models used in several studies in 

this thesis are linear, Freundlich, Langmuir, Sips, Temkin, Dubinin-Radushkevich 

isotherm, pseudo-first -order, pseudo-second-order, and intraparticle diffusion models.  
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2.5.1    Adsorption isotherm models  

2.5.1.1      Langmuir isotherm model  

The Langmuir isotherm relates the adsorption of molecules onto an adsorbent, with gas 

pressure or concentration of the medium above the solid surface at a fixed temperature 

(Unuabonah et al., 2019). This suggests that the adsorption of the sorbate occurs in one 

layer and is thus often used to describe chemisorption. The four basic assumptions 

proposed by the model are:  

1. The surface of the adsorbent possesses equivalent and uniform adsorption sites. 

2. The amount of sorbate adsorbed does not affect the rate of adsorption per site, 

as there is no sorbate-sorbate interaction. 

3. Adsorption mechanisms for all solutes are the same and the adsorbent complex 

has a uniform structure. 

4. Adsorption only occurs on free sites and only a monolayer is formed even at 

adsorption maxima. Molecules of sorbates do not deposit on each other, forming 

multiple layers.  

These four assumptions are seldom true in real-life systems. This is because there are 

always imperfections on the surface of adsorbents, and these conditions will only hold if 

the surface of the material is ultraclean and homogeneous. Also, adsorbed molecules are 

not necessarily inert, and the mechanism is not the same for the first and last adsorbed 

molecules. However, like most foundational theories in science, the Langmuir model is 

regarded as one of the pillars on which adsorption theory is built for proper conceptual 

understanding of the process. 

The Langmuir model describing a site-limiting sorption equilibrium has the following 

form 

m:
1

L
e

L

q K Ce
Langmuir q

K Ce
=
+

     (1) 

where qmax is the maximal sorption capacity and KL is a soluteɀsurface interaction 

energy-related parameter. The Langmuir equation can be rearranged to a linear form 

for the convenience of plotting and determination of the Langmuir constant (KL). The 

values of qmax and KL can be determined from the linear plot of 1/ qe versus 1/Ce: 

Linear form:       (2) 
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The essential characteristics of the Langmuir isotherm parameters can be used to 

predict the affinity between the sorbate and the sorbent using the separation factor or 

ÄÉÍÅÎÓÉÏÎÌÅÓÓ ÅÑÕÉÌÉÂÒÉÕÍ ÐÁÒÁÍÅÔÅÒ ȬRLȭȟ ÅØÐÒÅÓÓÅÄ ÁÓ ÉÎ ÔÈÅ ÆÏÌÌÏ×ÉÎÇ ÅÑÕÁÔÉÏÎȡ 

Ὑ       (3) 

where KL is the Langmuir constant and C0 is the initial concentration of the PAHs or 

ARVDs. The value of the separation factor RL provides important information about the 

nature of adsorption. The value of RL is between 0 and 1 for favorable adsorption, while 

RL>1 represents unfavorable adsorption and RL = 1 represents linear adsorption. The 

adsorption process is irreversible if RL = 0 (Huang et al., 2003; Rahman and Islam, 

2009). 

2.5.1.2     Freundlich isotherm model  

The Freundlich isotherm describes adsorption processes occurring on multiple sites on 

the surface of the adsorbent. Unlike Langmuir, multiple layers of adsorbed solute are 

possible and surface heterogeneity, exponential distribution of active sites, and their 

energies can be accounted for using the Freundlich model (Van der Bruggen, 2015). 

The Freundlich model, which is commonly used for quantifying hydrophobic organic 

compound sorption equilibria has the following form: 

Non-linear form: qe= Kfὅ     (4) 

where qe is the solid-phase concentration (ng g-1) and Ce is the liquid-phase equilibrium 

concentration (mg L-1). Kf is the sorption capacity-related parameter and N is the 

isotherm non-linearity index, an indicator of site energy heterogeneity determined by 

linear regression of log-transformed data as shown below: 

  Linear form: Log ή= Log ὑ+ Log Ce   (5)  

The Freundlich isotherm constants Kf and 1/n are evaluated from the intercept, and the 

slope respectively, of the linear plot of log qe versus log Ce (Rahman and Islam, 2009). 

2.5.1.3      DubininɀRadushkevich isotherm model  

The DubininɀRadushkevish (D-R) isotherm describes the porosity of adsorbent and a 

pore-filling adsorption mechanism, rather than the assumption that the adsorption 

process was related to layer-by-layer adsorption on pore walls (Hu and Zhang, 2019). 
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The D-R model was also used to fit experimental adsorption data using the equations 

below: 

Non-linear form: qe = QD exp ɉϾ kad · ᾦ2)    (6)  

 Linear form: ὰὲή ὰὲὗ ςὄὙὝὰὲρ ρὅϳ    (7)  

where QD is the theoretical maximum capacity (mol gϺ1), BD is the D-R model constant 

(kJ molϺ1 KϺ1), T is the absolute temperature (K) and R is the gas constant (kJ molϺ1). The 

mean energy of sorption, E (kJ molϺ1), is calculated from the relation: 

Ὁ ρ ςὄϳ       (8)  

QD and BD can be estimated from the intercept and slope of the plot of ln (qe) versus ln (1 

+ 1/Ce) (Igwe and Augustine, 2007). 

2.5.1.4     Temkin isotherm model  

Temkin isotherm model describes the role of the heat of reaction (enthalpy of 

adsorption) on the adsorption process. The model assumes that the enthalpy of 

adsorption of all molecules in each sorption layer decreases linearly with an increase in 

surface coverage (Ringot et al., 2007). 

The non-linear and linearized forms are expressed by the following equations: 

Non-linear: ή ὰὲὑ Ȣὅ       (9)  

Linear form: ή ὰὲὑ ὰὲὅ    (10) 

where KT (L gϺρ) is the Temkin isotherm constant, bT (J molϺρ) is a constant related to the 

heat of sorption, and R (8.314 J molϺρ KϺρ) is the gas constant. A plot of qe versus ln (Ce) 

gives a straight-line equation from which KT and bT can be evaluated from the slope and 

the intercept (Mahamadi and Nharingo, 2010). 

2.5.1.5     Sips isotherm model 

The Sips isotherm is used to describe localized adsorption without adsorbateɀadsorbate 

interactions. The Sips isotherm is a hybrid of Freundlich and Langmuir models used to 

evaluate the adsorption of sorbates and circumventing the limitations of heterogeneous 

systems and the effect of sorbate concentrations (Tzabar and ter Brake, 2016). The Sips 
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model can either tend towards the Freundlich model or Langmuir model depending on 

the value of the sorbate equilibrium concentration (Ce). The Sips equation is given as: 

Non-linear form: ή  
 Ȣ

  Ȣ  
      (11)  

Linear form:  
ϳ

       (12)  

where Ks (L mgϺρ) and qmax (mg g-1) are the Sips equilibrium constant and maximum 

adsorption capacity values. The Sips isotherm equation includes the dimensionless 

heterogeneity factor, Nȟ ×ÈÉÃÈ ÄÅÓÃÒÉÂÅÓ ÔÈÅ ÓÙÓÔÅÍȭÓ ÈÅÔÅÒÏÇÅÎÅÉÔÙ ×ÈÅÎ ÉÔÓ ÖÁÌÕÅ ÉÓ 

between 0 and 1. When N = 1, the Sips equation implies a homogeneous adsorption 

process (Langmuir) (Allen et al., 2004). 

2.5.2 Adsorption kinetics  

The kinetics of the adsorption process refers to the time-dependence of sorbent-sorbate 

interactions, relative to the equilibrium concentration of adsorbate per time and at the 

end of the process (Worch, 2008). The following steps are involved in the kinetics of 

adsorption of solute onto solid surfaces (Unuabonah et al., 2019): 

1. Solute transfer from solution to the boundary of the hydrodynamic layer around 

the sorbent. 

2. Solute transfer through the boundary layer via diffusion onto the external 

surface of the adsorbent. 

3. Intraparticle and surface diffusion into the pore spaces and internal surfaces of 

the adsorbent. 

4. Energetic interaction between adsorbed molecules and sorption sites. 

The first and last steps are believed to be very fast, unlike the rate-determining steps 

(third and fourth). In other words, the overall rate of reaction/adsorption is controlled 

by film and/or intraparticle diffusion involving the slowest steps (Worch, 2012). 

Adsorption kinetics can be modeled, just like adsorption isotherms, and vital 

information regarding the adsorption mechanism and mode of mass transfer between 

the solid-liquid interface can be recovered using kinetic models.  
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2.5.2.1     Pseudo-first -order kinetic model  

The pseudo-first -order rate equation was first presented by Lagergren in 1898 

(Lagergren, 1898). Over the years, the Lagergren pseudo-first equation has been further 

explained and applied to describe the mass transfer system, in terms of ion-exchange 

and/or film diffusion -controlled adsorption. The consensus is that rate constant (k1) 

will be inversely proportional to the thickness of boundary film for a film-diffusion 

controlled sorption kinetics, while rate constant (k1) will be independent of particle 

size, but depend solely on temperature and concentrations of ions available in ion-

exchange controlled pseudo-first -order adsorption kinetics (Boyd et al., 1947; Ho and 

McKay, 1999). 

The pseudo-first -order adsorption kinetic equations are given as: 

   Non-linear form: Ὧ ή  ή     (13) 

ή ή ρ Ὡ                 (14)  

                            Linear form: ὰέὫή ή ὰέὫή
Ȣ
ὸ   (15)  

where qt and qe are the amount of solute sorbed per mass of sorbent (mg gϺρ) at any 

time and equilibrium, respectively, and k1 is the rate constant of first-order sorption 

(minϺρ). The straight-line plot of log (qe Ϻ qt) against t gives log (qe) as slope and 

intercept equal to k1/2.303. Hence, the amount of solute sorbed per gram of sorbent at 

equilibrium ( qe) and the first-order sorption rate constant (k1) can be evaluated from 

the slope and the intercept (Kowanga et al., 2016; Lagergren, 1898). 

2.5.2.2        Pseudo-second-order kinetic model  

The pseudo-second order model predicts a chemical reaction leading to adsorption of 

sorbate molecules onto adsorbent (chemisorption). Chemisorption could be as a result 

of valence electron transfer or sharing during sorbate-sorbent interaction, and the rate-

limiting step is controlled by physicochemical interaction between the solution and 

adsorbent phases (Ho and McKay, 1999; Robati, 2013; Wang et al., 2007). 

The model equations are presented as follows: 

  Non-linear form:  ὑ ή  ή       (15) 

ή
  

                 (16)  
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Linear form: ὸ    (17)  

The kinetic parameters can be evaluated with a straight-line plot of t/q t against t; qe and 

k2 can be deduced from the slope and intercept respectively. The initial sorption rate is 

defined by the following equation: 

 Ὤ Ὧή      (18) 

where k2 is the rate constant, and qt is the PAH or ARVD uptake capacity at any time t 

(Kalavathy et al., 2005). 

2.5.2.3      Weber-Morris intraparticle diff usion model 

The intraparticle diffusion model describes sorption interaction, where the adsorption 

rate is influenced significantly by the rate of diffusion of the sorbate molecules towards 

the adsorbent in aqueous media (Wu et al., 2009). It is assumed that if intraparticle-

diffusion is the rate-determining step in any adsorption process, then a plot of qt against 

t0.5 will produce a straight line with rate constant kp as slope and intercept of zero, as the 

line will pass through the origin. The intra-particle diffusion equation is presented 

below: 

ή   Ὧὸ
Ȣ ὅ     (19) 

Where kp is the rate constant of intra-particle diffusion (µg g-1 min1/2 ) and C relates to 

boundary layer thickness. It was reported that when an intra-particle diffusion plot 

exhibits multiple linearities, it then suggests that several steps (as discussed in Section 

2.6.2) occurred during the adsorption process (Anthony et al., 2020; Weber and Smith, 

1987). 

2.6 Graphene-based materials  

Graphene possesses a two-dimensional (2D) structure, with sp2 hybridized carbon 

atoms arranged in a closely packed lattice structure, containing both sigma- and pi-

bonds (Ali et al., 2019). Graphene is a carbon-based material and has been reported in 

many forms in literature such as pristine graphene, graphene sheets (GS), graphene 

oxide (GO), reduced graphene oxide (RGO), graphene nanoshell (GNS), graphene 

quantum dots, graphene wool, graphene-based composites, and functionalized 
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graphene (Figure 2 ) (Adeola and Forbes, 2019; Apul et al., 2013; Oyedotun et al., 2019; 

Sun et al., 2013; Wang et al., 2017; Wang et al., 2014b).  

Figure 2. Different forms of carbon-based adsorbents (Sabzehmeidani et al., 2021). 

A number of reports suggest the potential application of graphene as an efficient 

adsorbent for water treatment (Adeola and Forbes, 2021c; Ali et al., 2019; Ersan et al., 

2017; Wang et al., 2014a; Zhao et al., 2011). Several attempts have been made to 

functionalize carbon-based adsorbents, which includes graphene, towards 

enhancement of physicochemical properties such as specific surface area, stability, 

tensile strength, chemical robustness, electronic charge mobility, flexibility, thin-film 

thickness; and promoting high adsorption capacity, antimicrobial properties and 

electrochemical activity (Figure 3 ) (Dreyer et al., 2010; Geim, 2009; Novoselov et al., 

2012; Mayavan et al., 2012, Yang et al., 2019).  

2.6.1 Synthesis of graphene wool composites 

'ÒÁÐÈÅÎÅ ÁÄÓÏÒÂÅÎÔÓ ÃÁÎ ÂÅ ÓÙÎÔÈÅÓÉÚÅÄ ÖÉÁ Ô×Ï ÍÁÉÎ ÒÏÕÔÅÓȟ ×ÈÉÃÈ ÁÒÅ ÔÈÅ ȬÔÏÐ-ÄÏ×Îȭ 

ÁÎÄ ȬÂÏÔÔÏÍ-ÕÐȭ ÁÐÐÒÏÁÃÈÅÓȢ 4ÈÅ ÔÏÐ-down approach requires the reduction of 

macroscopic carbonaceous materials (e.g. graphite, carbon fibers, graphene oxide, 

metal-organic frameworks, etc.) into small graphene particles, usually through thermal 

reduction treatments. Also, the use of molecular or atomic carbon precursors (e.g. 
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glucose, methane, and even PAHs) under suitable reaction conditions can be used to 

synthesize graphene, and this route is regarded as a bottom-up approach (Adeola and 

Forbes, 2020; Bhuyan et al., 2016; Liu et al., 2011). 

Graphene wool (GW), as used in this project, was synthesized using an established 

method reported by Schoonraad et al. (2020). The novel graphene wool was 

synthesized onto a quartz wool substrate using the atmospheric pressure chemical 

vapor deposition (APCVD) method with the aid of high temperature equipment 

(specifically using chemical vapor deposition, with temperatures up to 1200 oC) and 

regulated gas flow (argon, hydrogen and methane) (Figure 3 ). The quartz wool fibres 

ÐÒÏÖÉÄÅÄ ÓÏÌÉÄ ÓÕÐÐÏÒÔ ÆÏÒ ÔÈÅ ÇÒÁÐÈÅÎÅȢ )Î ÏÔÈÅÒ ×ÏÒÄÓȟ ÔÈÅ ȬÇÒÁÐÈÅÎÅ ×ÏÏÌ ɉ'7Ɋȭ ÕÓÅÄ 

in this thesis refers to graphene coated on quartz wool (Schoonraad et al., 2020). Other 

information regarding the synthesis of GW is presented in Chapters 4-8. 

Several studies have established the antimicrobial action of AgNPs and composites 

thereof (Figure 4 ), with different minimum inhibitory concentrations against bacterial 

infections and drug-resistant microbes (Mukherjee et al. 2001; Padilla-Cruz et al. 2021). 

Consequently, graphene wool (GW) was doped with lipopeptide-coated silver 

nanoparticles (AgNP) to form a GW-AgNP composite, in order to introduce 

antimicrobial properties to the material in addition to the adsorption potential of 

graphene wool. Lipopeptide-coated silver nanoparticles was synthesized via reduction 

of AgNO3 in phenyl ether, and oleylamine served as a capping agent (Bezza et al., 2020). 

Oleic acid and oleylamine provided the required functionalities for stabilization on the 

surface of graphene wool fibers (Liu et al., 2011). 
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Figure 3. (a) Temperature profile of the CVD process as measured by a series of 

thermocouples and (b) schematic of the non-catalytic direct growth mechanism of CVD 

graphene on quartz wool substrate (Schoonraad et al. 2020) 

 

Figure 4. Doping of graphene with silver nanoparticles and nitrogen (Mayavan et al., 

2012). 
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2.6.2 Structural and morphological characterization  

To elucidate the structure of graphene wool (GW and GW-ɻ!Ç.0Ɋȟ ÉÍÁÇÉÎÇ ÁÎÄ 

spectroscopic techniques can be adopted. A summary of the basic techniques often used 

for the analysis of graphene-based materials is briefly discussed here, and the results of 

these analyses are reported in subsequent chapters of this thesis. 

High-resolution transmission microscopy (HRTEM) involves the use of a beam of short-

wavelength electrons to illuminate a sample under vacuum. The transmission of part of 

the beam through the material of interest onto a charge-coupled device camera ensures 

the capture of images that can be used to study the morphology of GW (Adeola and 

Forbes, 2020; Schoonraad et al., 2020; Warner et al., 2009). 

X-ray diffraction (XRD) spectroscopy is a non-destructive tool involving the application 

of an X-ray beam to irradiate samples, in order to obtain diffraction patterns that 

reveals information on the crystallinity, lattice structure and grain size of a material. 

The elemental/mineral composition of a sample can also be identified with a fair degree 

of accuracy using diffraction patterns in comparison with standard references 

(International Centre for Diffraction Data) (Mourdikoudis et al., 2018). Doped graphene 

and graphene composites (such as GW) are mostly amorphous with a very limited 

crystalline phase (Das et al., 2020; Stankovich et al., 2006). 

Fourier-transform infrared (FTIR) spectroscopy is a useful technique for examining the 

surface chemistry of materials. FTIR spectroscopy operates on the principle of 

absorption of light in the infra-red region (4000 ɀ 400 cmɀ1) by a sample, and the 

consequent modification of its dipole. The FTIR spectrum gives information on the 

nature of functional groups and bonds a material possesses on its surface, and standard 

FTIR tables are normally used to infer this information (Mohamed et al., 2017). Also, the 

adsorption of organic compounds onto the surface of an adsorbent is often confirmed 

by FTIR spectra, as it reveals either new peaks or stronger intensity of existing peaks 

(Chen et al., 2017).  

Raman spectroscopy is a useful imaging technique used to study the molecular 

interactions and structure of materials, including graphene. The technique involves the 

scattering of an incident monochromatic laser beam by the sample at a different 

wavelength from that of the incident beam. A Raman spectrum is generated via light 
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scattering, and the intensity and wavelength positions of the scattered light provide 

fingerprint information on the collective vibration al, rotational, and other low-

frequency transitions that are present in the sample (Gouadec and Colomban, 2007). 

The G, D, and 2D peaks are attributed to Raman spectra are attributed to graphene and 

varying intensity of the peaks can be used to infer monolayer or multilayer graphene 

coverage of substrates (Hong et al., 2013; Schoonraad et al., 2020). 

X-ray photoelectron spectroscopy (XPS) is a technique used to identify the functional 

states of elements existing on the surface of a material. XPS is based on photoemission 

as a result of bombardment of a sample by a fast-moving beam of X-rays, and the unique 

emissions generated through the sample bears fingerprint information that can be used 

to elucidate structures within a material or coverage up to a thickness of 2 - 5 nm 

(Burke et al., 1992; Schoonraad et al., 2020; Steffen, 2013; Susi et al., 2015).  

BrunauerɀEmmettɀTeller (BET) analysis is a technique used to determine the specific 

surface area, pore size and distribution of solids. The principle is based on the 

correlation of the amount of gas adsorbed (N2 gas was used in this project) with the 

specific surface area of the adsorbent (Ambroz et al., 2018). Generally, adsorbents with 

pore diameter < 2 nm are microporous, between 2 ɀ 50 nm are mesoporous and > 50 

nm are regarded as microporous (Table 4). Paper 4 reports 3ÅÁÒȭÓ ÔÉÔÒÉÍÅÔÒÉÃ ÍÅÔÈÏÄ 

for the estimation of the surface area (also called 3ÅÁÒȭÓ ÎÕÍÂÅÒɊ of materials using acid, 

base and salt (Sear, 1956; Oyelude et al., 2017). The BET method may be more accurate 

because it takes into account possible variables such as temperature, pressure, volume 

of gas ÁÎÄ ÍÁÓÓ ÏÆ ÁÄÓÏÒÂÅÎÔÓȢ (Ï×ÅÖÅÒȟ 3ÅÁÒȭÓ ÍÅÔÈÏÄ ÃÁÎ ÂÅ ÕÓÅÆÕÌ ÉÎ ÃÏÍÐÁÒÁÔÉÖÅ 

estimation between two or more samples and for analysis of complex materials such as 

fibers, rods and composites (Heinroth et al. 2008). The BET analyser works best for the 

analysis of pulverized solids, given the nature of the sample holder and expected 

homogeneity and active sites of samples. However, tiny fragments of GW and pulverized 

fractions of NOM were analysed successfully in this project (Paper 6 and 7). 
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Table 4: Summary of the properties of the graphene wool adsorbent used in this project 

Characterisation/ Parameters  Results Reference 

pH (in water and CaCl2) 7.1 and 6.1 Adeola and 

Forbes (2019) 

BET surface area analysis  Adeola et al.  

(2021b) 

Pore diameter 1.37 nm  

Pore volume 0.039 cc g-1  

Type of pores Micropores and mesopores  

BET isotherm-hysteresis type H4-isotherm:  associated with  

molecular clustering followed by pore 

filling. H4 is common in composites and 

complex materials (Ambroz et al., 2018) 

 

BET specific surface area 29.6 m2 g-1  

3ÅÁÒȭÓ ÓÕÒÆÁÃÅ ÁÒÅÁ 

(Estimated value) 

279 m2 g-1 Adeola and 

Forbes (2019) 

Fourier transformed infrared 

spectroscopy 

sp2 C = C backbone at 775 cm-1, Si-OɀC at 

1059 cmϺ1, sp2 & sp3 CɀH at 2925 & 2845 

cmϺ1 

Adeola and 

Forbes (2020) 

Scanning electron microscopy Extensive coverage 

of quartz wool by graphene with a 

heterogenous and 

rough surface structure 

Schoonraad et al. 

(2020); Adeola 

and Forbes 

(2020) 

Transmission electron 

microscopy 

Varying translucence confirms 

heterogeneous multilayer of graphene 

flake-like sheets with the presence of 

interstitial spaces. Diameter of each GW 

strand 6 ɀ 8 µm 

Schoonraad et al. 

(2020); Adeola 

and Forbes 

(2020) 

Raman spectroscopy Average crystallite grain size of 24 nm. D, 

G and 2D peaks at 1,349, 1,582 and 2,630 

cm-1 corresponding to vibrations 

of sp3 and sp2 carbon atoms 

Schoonraad et al. 

(2020) 

X-ray photoelectron 

spectroscopy 

Strongest peak of sp2 C=C at 284.4 eV Schoonraad et al. 

(2020) 
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2.7 Conclusion  

A concise background to the target pollutants (PAHs and ARVDs) was provided in this 

chapter in order to highlight their environmental significance. Furthermore, the 

principles and models of adsorption were discussed, as well as graphene wool 

composites as adsorbents to be synthesized and applied for the removal of the target 

pollutants in water. The established synthesis approach and characterization 

techniques that were used for in-depth morphological elucidation of the adsorbent were 

highlighted. The occurrence of these pollutants in water bodies, deficiencies in 

conventional wastewater treatment protocols, poor waste management, as well as lack 

of regulatory guidelines in developing countries, suggest the need for further research 

towards the development of efficient, cost-effective and sustainable remediation of 

these emerging chemical pollutants in water. 
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Chapter 3     Literature review  

Paper 1. Remediation approaches for the decontamination of 

polycyclic aromatic hydrocarbons in  aqueous media  

This chapter presents a literature review on several mitigation strategies for 

polycyclic aromatic hydrocarbon (PAH) pollution in aqueous media. It includes a 

comprehensive review of existing and emerging technologies for the treatment of 

0!(ȤÐÏÌÌÕÔÅÄ ×ÁÔÅr, and the efforts of many researchers to advance water treatment 

with new proposals. The review is presented as published in Water Environment 
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