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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 lte 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 remedian 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 techragies 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 stato$
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 Afrieanamely efavirenz (EFV) and nevirapine
(NVP). The underlying mechanisms of interaction between ARVDs and carbbased
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 cleap and
retrieval of many nanoscale 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 twadimensional (2D) with sp? hybridized carbon atoms arranged
EAGACITAITT U ET A AITOAI U PAAEAAT AOAO A I
large specific surface area, thermal stability, thermal conductivity, high tensile strength,

chemical robustness, charge mobility, @xibility, and thin film thickness provide the



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 coitibns 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 singlesolute

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

A-A  Bréctibns. Thermodynamic studies of PAH adsorption revealed that the process

EO ODPilT OAT AT OO0 AT A A1 Al OEAOI EAh xEOE A 1T ACA(
bl OEOEOA OAI OA T &£ AAOI OPOETT AT OEAI PU j3(C
antiretrovira | 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) ad Freundlich (NVP) models. However, while GYEFV interaction was
endothermic, GW. 6 0 xA O A@i OEAOI EA8 3AOAO0OAT I-MPEAT EC
AT OAT AT 6h OAT AAO 7AAI 80h AT A EUAOT CAT AT TAE
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 mineratrich fraction of NOM significantly diminished the removal

efficiency of graphene wool, as both adsorption capacityk¢) and efficiency reduced

from 16.9 L g and 95.4% to 0.3 L ¢ 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

i TEAOEAO 1T &£ OEA AEAEEAOAT O 0! (O AIWA AT/A- Ol
hydrophobiczorganophilic 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



better with stronger binding strength than EFV, with removal efficiencies of 84% (NVP)
and 80% (EFV) under optmum conditions. The overall GW removal efficiencies of the
target compounds (PAHs and ARVDSs) in this project ranged from &.100% under

optimum conditions. It was reported that the removal efficiency is dependent on the
choice of operational parameters, sch as concentration of adsorbate and adsorbent

dosage, etc.

Graphene wool doped with stabilized silver nanoparticles (GW ! C. 0q xAO OUT OE A
and its adsorption capacity was evaluated using benzo(a)pyrene contaminated water.

GWJ ! C. 0 xAOA /l ddiadsorpddn capakity Aqd) and Sips maximum

adsorption capacity @m) of 2.75 L ¢t and 97.62 pg ¢ respectively, much higher than

GW with 0.93 L ¢ and 59.76 ug d respectively. Furthermore, GWy ! ¢. 0 AT A ' 7 xA
tested against Grarmegative and Grarpositive bacteria (Pseudomonas aeruginosand

Bacillus subtiliy. While GW showed no significant inhibition at the concentrations

tested, 1000 mg t! dosage of GW ! C. 0 OECI EAEAAT O1 U ET EEAEO/
bacteria. This hybrid material thus has the ptential 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 7

Figure 1 Characterization of graphene wool adsorbent, (a) XRD pattern (b) XPS spectrum (c)

TEM image (d) SEM image (elRaman spectrum showing the D, G, and 2D peaks unique to

multilayer graphene (f) Pore size distribution of GW and (g) Nsorption isotherm obtained

from BET
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Figure 2 Lagergren pseudefirst-order, pseudosecondorder and WeberMorris intraparticle
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(Experimental conditions: Co =5 mg/L; dosage = 10 mg per 5 mL, mixing rate = 200 rom, T = 25
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Chapter 8
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Figure 1 Characterization ofGW-| ! C .cdmposite, (a) SEM image of GW ! C .(20um scale)

(inset: TEM image of GW (200 nm scale)), (b) TEM imagealeylamine-capped AgNPs prior to

doping experiment (50 nm scale), (c) EDS spectrumof GW! C. 0 j ET OAOq 2A1 AOEOA
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AgNPs with estimated diameter, () & (f) FTIR spectra of GW, GW C. 0 oldylaine-
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Figure 7 A plausible mechanism of antimicrobial action of silver nanopatrticles. (Reproduced
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Figure 8 Visible antibacterial activity of composites (a) 500 and 1000 mg/L of GW ! C. 0 E1
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Chapter 1 Background and Motivation

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

addition, the aim and objectives together with the context of the theare presented.




1.1 Problem statement and motivation

Clean and potablewater is regarded asone of thefundamental needs of life especially
for the sustainance of humansplants, andanimals. This is corroborated by theUnited
Nations Sustainable Development Goals (SDG @ich affirms that access to safe water
sanitation and efficient management ofwater resources are pivotal to healthy living,
sustainade ecosystems,and economicdevelopment (Griggs et al., 2013).The global
demandfor clean and potable wateris on the increasedue to theever-increasingworld
population, advancementin technology, civilization, and industrialization (Ondaet al.,
2012). In most developingcountries of the world, especially inSub-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 con@rns 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 bioacenulate in nontarget 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. (AbdelShafy & Mansour, 2016; Gallego et al., 2008;
Manoli & Samara, 1999; Toralain 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 antiretoviral drugs (ARVDs), are regarded as emerging chemical
pollutants (Gavrilescu et al., 2015; Patel et al., 201.9)he concentration of antiretroviral
drugs in water bodies has been found to be increasing due to the widespread use of the
drugs in HIV treatment (Nggwala and Muchesa, 2020; Adeola and Forbes, 2021a).
Furthermore, high concentrations are reported in wastewater treatment plant (WWTP)
effluents leading to concerns about the efficiency theredWood et al., 2016; Russo et
al., 2018)



Different adsorbents have been developed for the remediation of PAHs and several
pharmaceutical compounds in an aqueous medium. Graphef@ased materials (GBMs)
have been harnessed as efficient nexgeneration sorbents for water purification
applications because theirsurface is largely hydrophobic, porous, and they possess high
adsorption affinities for a vast number of organic contaminants (OCgAli et al., 2019;
Xu et al., 2013, Adeola and Forbes, 2021djlowever, 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 remedtion 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, gemation 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 thisresearch 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 mgphene 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 condions (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) fratons from stream

sediments and evaluate the influence of NOM on the adsorption of selected PAHSs.



v. To carry out the regeneration of the adsorbent and perform reusability tests.
vi. To synthesize and characterize graphene wool doped with lipopeptideapped
silver nanoparticles(GWy ! C. 0q & O AAOT OPOEIT 1T 1T & AAT Ul
vii.  To evaluate the antimicrobial activity of the synthesized GW ! C. 0 AT | BT OEC

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.
Graphenebased maderials 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 onestablished
remediation options available fo 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 apmaches. Paper 2 presents the
reported concentrations of antiretroviral drugs (ARVDS) in aguatic systems and toxicity
thereof from an African perspective. Moreover, insight was provided into the adsorption
of ARVDs using carbotbased adsorbents as a poterdl 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 invegigated the optimum conditions for

PAH adsorption onto GW in a singlsolute 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 als@xamined 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



environment via multi-solute experiments. $ecific 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 streansediment. 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 lipopeptidestabilized
silver nanoparticles (AgNP) and characterized. GW! C. 0 xAO ADPDI EAA
benzo(a)pyrene (often regarded as the most carcinogenic PAH) from water.

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

O

GW, the potential dual applicatonof GW ! C. 0 AO AT AAOT OAAT O AT A

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, aggmn 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.




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 drug&ichardson
and Kimura, 2017)

The occurrence of ECPs in environmental compartments has become an areaasfcern

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, 201BAHSs ae
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
treatment of retroviral infections, primarily the human immunodeficiency virus type 1
(HIV-1) (Wood et al., 2015; Abafe et al., 2018; Ncube et al.,, 2018RVDs 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 overther techniques, such as ease of operation, less sludge and secondary
pollutant formation, reduced chemical usage, easy recovery of adsorbents, reusability,
etc. (CohenTanugi and Grossman, 2012; Kemp et al., 2013; Shannon et al., 2008)
Previous attemptshave been made to remove PAHs from contaminated water but there
are challenges such as chemical fouling, cesffectiveness, loss of efficiency, and
regeneration challenges(Zhang et al., 2013; Zheng et al., 20L6ARVDs have been
detected in surface wate and wastewater in South Africa and other parts of the world
(Wood et al., 2015), yethere is no report to date on how to efficiently remove ARVDs

from water.



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 overthe last two decades for the sorption of PAHs from agueous systems,

many of which are discussed and compared @hapter 3.

2.2  Environmental significance of polycyclic aromatic hydrocarbons (PAHS)
2.2.1 Sources of PAHs

PAHs are ubiquitoudrganic environmentalcontaminants that can be found in different
environmental compartments. PAHs generateanainly through thecombustionof organic
compounds(e.g. petrochemicalscoal, oil, and wood)Some PAHsemanatefrom natural
occurrencessuch ashush/forest firesvolcaniceruption/emissions, seemf@rom petroleum
and coal depositd-igure 1) (Hussain et al., 2018). Howevemissionsdue toanthropogenic
activities such agoal gasification mineral exploration/mining, production cbakttar and
carbon blackcatalytic crackingof asphalt and cokepetroleum réning, and other related
activities as well as motor vehicle exhasstare responsible for a larger percentage of
environmental pollution caused by PAHgAbdeltShafy and Mansour, 2016)
Transformation derivatives with nitro -, oxy and hydroxy-groups may also contribute a

large fraction to the total PAHs in the ai{Lammel, 2015).

PAHSs are classified into three broad classdsased on their sourcesnamely, pyrogenic,
petrogenic and biologi@al (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 theestructive
distillation of coal cracking of petroleum incomplete combustion of fuels in vehicle
engines andhousehold cooking devices(Hussain et al.,2018; Munyeza et al., 202Q)
Petrogenic PAHs are formed duringthe generation of crude oil and gas from organic
matter under suitable pressure and temperature (crude oil maturation). The
environment is exposed tothese PAHs as a result of the transportatin, 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 arproduced biologically
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as well (Wilcke et al., 2000; 2002) For example, they can be synthesized by certain
plants and bacteria orare formed during the degradation of vegetative matterTermites
have been reported to generate PAHs in relatively small quantity, arntdle occurrence of
selected PAHs, such as naphtleme, phenanthrene, and perylenén termite nests and
plants corroborates the assumptionthat PAHs are produced biologicallfKrauss et al.,
2005).

Accidental oil spills have taken place in several parts of the world, leading to the release
of large amouns 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 ae 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 volailization, adsorption, photodegradation, biodegradation, etc., which are
controlled by several biotic and abiotic factors Figure 1) (Ghosal et al., 2016) The
distance travelled by PAHSs in the particulate and vapor phase in air is influenced by
chemical reactions and climatic factors(Harrison et al., 1996). For example,ni South
Africa, airborne PAHs were analyzed in platinum mines and higher concentrations in
the range of 0.01z p Y t"Ewad reported in the gaseous phase than particle phase
(0.47 to 260 ng m'®) (Geldenhuys et al., 2015)The average gaseous PAH concentration
in rural households in Kenya, ranged from 0.81 to 6.09 ug4amuch lower than urban
homes (ranging from <LOD to 2.59 ug Ay, 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 sps, 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 presencef excited species such as singlstate 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 sootlike 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 (SOCjLuo et al., 2012).

i
-Long range transport

~Changes in chemical/physical forms .

Some marine microorganisms, plants, and animals can metabolize isged 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 ismore

common with high molecular weight (HMW) PAHs with 4z 7 rings, and due to their
hydrophobic nature, they tend to bind to sediment§ , OE E¢ A OTurBulesck and tp ¢ q

agitation by boating, explorations, and shoreline activities, may lead to desorpt of
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PAHs from sediments and reentry 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 imgdi

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 EPAYUSEPA, 2010). PAHs are nonpolar hydrocarbons which are highly soluble in
lipids, and thus readily transport within the gastrointestinal tract of animals and
EOI AT O j " Al Aandazdnd3uzukj, 2@2@) Mhe distribution of PAHs in body
tissues is rapd with high potential to bioaccumulate in body fat (AbdelShafy and
Mansour, 201% PAHs are metabolized in mammals, with the first step being oxidation
or hydroxylation via the cytochrome P458enhanced mixedfunction 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 irmrable 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
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2.3  Antiretroviral drugs (ARVDSs) 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 presemted i
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 (ARVDSs) of

relevance to this researciWood et al., 2015)

Name Structure m/z Log Kow pKa
(CAS No.) (collision
energy eV)
Efavirenz 299.1 (0) 4.15 12.52
(154598-52-4)
Nevirapine 226 (24) 3.89 10.37

(129618-40-2)

pKa: aciddissociation constant of a weak acid; Log Kow: octamater partition coefficient

Different antiretroviral drugs have been detected inseveral 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 drug@Vood 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., 202). 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 concemations (Deblonde et al., 2011; Deblonde and
Hartemann, 2013; Petrie et al., 2015; Rasheed et al., 201%s emerging chemical

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

are comprehensively discussed itChapter 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 Concentration in Reference
Influents (ng L )  Effluents (ng L)
Zidovudine Kenya 12100-20130 90-110 (K'Oreje et al., 2016)
South Africa 6900-53000 87-500 (Abafe et al., 2018)
Germany 564 380 (Prasse et al., 2010)
Finland 22-37 46-62 (Ngumba et al., 2016)
Nevirapine Finland 13-19 8-10 (Ngumba et al., 2016)
Germany 32 22 (Prasse et al., 2010)
South Africa 670-2800 540-1900 (Abafe et al., 2018)
Kenya 850-3300 1030-2080 (K'Oreje et al., 2016)
Lamivudine Finland 37-55 20-22 (Ngumba et al., 2016)
Belgium 507 ND (Vergeynst et al., 2015)
Germany 720 ND (Prasse et al., 2010)
South Africa 840-2200 S ,-139 (Abafe et al., 2018)
Kenya 30300-60680 19900-31070 (K'Oreje et al., 2016)
Efavirenz South Africa 24000-34000 20000-34000 (Abafe et al., 2018)
17400 7100 (Schoeman C, 2015)
Kenya 460-1020 100-110 (K'Oreje et al., 2016)
Abacavir France - 33 (Aminot et al., 2018)
Greece 13.6 10 (Terzopoulou et al., 2016)

2.4  Adsorption of organic chemical pollutants (OCPs)

Adsorption science and technology haveproven 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 potald water around the world. Manycutting-edge

scientific research, which has resulted in highmpact publications, patents and

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

material science in the last few decadegUnuabonah et al.,, 2019) The adsorption

method for the decontamination of water polluted with organics has advantages and
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benefits such assimplicity 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 @AHsand ARVDsfrom

water.

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

technique has thepotential of improving water quality across the world (Adeola and
Forbes, 2019; Apul et al., 2013; Ternes et al., 2002jowever, there is a need to scalep

research via moekling and pilot studies for largescale 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 arevital, 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 morenechanisms,
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 gecific surface area, pore size, poreolume, 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 exclusiofMenéndez
Diaz and MartinGullon, 2006, Adeola and Forbes, 2019Pore 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 oxygewontaining functional
groups is related to acidity, while the presence of nitrogeftontaining groups promotes
the basicity of the surface of carbonaceous materials like graphene, granular activated
carbon, and carbon nanotubeg¢Tessmer et al., 1997; Ye et al., 2020Burface 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 # 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 sorbentsorbate interactions and partitioning

between the solidliquid interface (Site, 2001). The conformation of the adsorbate may

leadOT AEOQOEAO Al T OA EIT OArdefadionE dslishthe akedforanash | A Al
planar molecules. Steric hindrance may occur due to the inability of the nonplanar
molecules to draw closer to the adsorbent, leading to weak interaction&ornelissen,

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;
Villacafias et al., 2006) Other interactions such as interactions with surface groups
leading to hydrogen bonding, covalent boding, electrostatic interactions, dipoledipole
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 pollutantare 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 adsorbatadsorbent
interactions is vital towards decisions regarding the choice of adsorbent and targe
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 singleor 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 threer four-
parameter models is not necesary 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 influerce 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 quantitatve comparison of sorption
interactions in single-solute and multi-solute adsorptive systems(Adeola and Forbes,
2019, 2020; Unuabonah et al., 20195o0rption 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, DubiniRadushkevich

isotherm, pseudofirst -order, pseudasecondorder, and intraparticle diffusion models.
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2.5.1 Adsorption isotherm models
2.5.11 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 occuns 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 afisorption per site,
as there is no sorbatesorbate 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 redlfe systems. This is because there are
always imperfections on the surface of adsorbents, and these conditions will only lioif

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 Langmmodel 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 sitdimiting sorption equilibrium has the following
form

g, K. Ce

Langmuir: ¢ = 14K Co
L

(1)
where gmax is the maximal sorption capacity andKL is a solutesurface interaction
energy-related parameter. The Langmuir equation can be rearranged to a linear form

for the convenience of plotting and determination of the Langmuir constantKy). The

values of(naxand K. can be determined from the linear plot ofl/ ge versus 1/C:

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

AET AT OET 11 AOO ANCG he A0 A OMOMA TAAD AEG GO E A
Y — (3)

where Kv is the Langmuir constant andG is the initial concentration of the PAHSs or
ARVDs. The value of the separation fact®t. provides important information about the
nature of adsorption. The value oRL is between 0 and 1 for favorable adsorption, while
R>1 represents unfavorable adsorpton and R. = 1 represents linear adsorption. The
adsorption process is irreversible if R. = 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, anddin
energies can be accounted for using the Freundlich mod@&an der Bruggen, 2015)
The Freundlich model, which is commonly used for quantifying hydrophobic organic
compound sorption equilibria has the following form:

Non-linear form: ge= K6 (4)
where Qe is the solid-phase concentration (ng ¢) and G is the liquid-phase equilibrium
concentration (mg L1). Kr is the sorption capacityrelated parameter and N is the
isotherm non-linearity index, an indicator of site energyheterogeneity determined by

linear regression of logtransformed data as shown below:

Linear form: Logr] = Logu +-LogGe (5)

The Freundlich isotherm constantKr and 1/n are evaluated from the intercept, and the
slope respectively, of the linear plot of logle versus logCG (Rahman and Islam, 2009)
2.5.1.3 Dubinin zRadushkevich isotherm model

The DubiningRadushkevish (BR) isotherm describes the porosity of adsorbent and a
pore-filling adsorption mechanism, rather than the assumption that the adsorption

process was related to layetby-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:

Nor-linear form: ge= Qexpj &ad - 63) (6)
Linear form:ad§ a@&  ¢6 'Y'Yag pjo (7
where Qo is the theoretical maximum capacity (mol i), Bo is the DR model constant

(kJ molM KM), T is the absolute temperature (K) andRis the gas constant (kJ m&#t). The

mean energy of sorptionE (kJ molt), is calculated from the relation:

O p ¢ (8)

Q@ and Bocan be estimated from thantercept and slope of the plot of In ¢e) versus In (1
+ 1/ G) (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 asses that the enthalpy of
adsorption of all molecules in each sorption layer decreases linearly with an increase in
surface coveraggRingot et al., 2007)

The nonlinear and linearized forms are expressed by the following equations:
Nonlinear:y —a8 & 9

Linear form:4, —a8&8 —aé (10)
where Kr (L g9 is the Temkin isotherm constantpr (J molMj is a constant related to the
heat of sorption, andR (8.314 J mol'PKM) is the gas constant. A plot ode versus In )
gives a straightline equation from which Kr and br 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 adsorbatadsorbate
interactions. The Sips isotherm is a hybrid of Freundlich and Langmuir models used to
evaluate the adsorption of sorbates and circumventing the limitations of heterogeoes

systems and the effect of sorbate concentrationdzabar 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 ). The Sips equation is give as:

8

Nortlinear form: 3

(11)

Linear form:— —— — — (12)

where Ks (L mgM) and gmax (Mg g1) are the Sips equilibrium constant and maximum

adsorption capacity values. The Sips isotherm equation includes the dimensionless
heterogeneity factor,Nh  x EEAE AAOAOEAAO OEA OUOOAI 80 EA
between 0 and 1. WherN = 1, the Sips egation implies a homogeneous adsorption

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

2.5.2 Adsorption kinetics

The kinetics of the adsorption process refers to the timelependence of sorbentsorbate
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 kinats of

adsorption of solute onto solid surfacegUnuabonah 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 theadsorbent.
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 ratketermining 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 teil
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 Pseudofirst -order kinetic model

The pseudaofirst-order rate equation was first presented by Lagergren in 1898
(Lagergren, 1898) Over the years, the Lagergren pseudast equation has been further
explained and applied to describe the mass transfer system, in terms of i@xchange
and/or film diffusion-controlled adsorption. The consensus is that rate constant{)
will be inversely proportional to the thickness of boundary film for a filmdiffusion
controlled sorption kinetics, while rate constant ki) will be independent of particle
size, but depend solely on temperature and concentrations of ions available in ion
exchange controlled pseuddirst-order adsorption kinetics (Boyd et al., 1947; Ho and
McKay, 1999)

The pseudaofirst-order adsorption kinetic equations are given as:

NorHlinear form:— Q1 A (13)
n np Q (14)
Linear form:a € iR N a €NQ 8—6 (15)

where g: and ge are the amount of solute sorbed per mass of sorbent (mg"g at any
time and equilibrium, respectively, andk: is the rate constant of firstorder sorption

(min™y. The straightline plot of log (@e Mq:) againstt gives log €e) as slope and
intercept equal to ki/2.303. Hence, the amount of solute sorbed pegram of sorbent at
equilibrium (ge) and the first-order sorption rate constant (k1) can be evaluated from

the slope and the interceptKowanga et al., 2016; Lagergren, 1898)
2.5.2.2 Pseudo-second-order kinetic model

The pseudoesecond 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 sorbatesorbent interaction, and the rae-
limiting step is controlled by physicochemical interaction between the solution and
adsorbent phasegHo and McKay, 1999; Robati, 2013; Wang et al., 2007)

The model equations are presented as follows:

Nor-linear form: — 0 1 n (15)

n —— (16)
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Linear form— — — 0 a7

The kinetic parameters can be evaluated with a straigHine plot of t/q t againstt; ge and
k2 can be deduced from the slope and intercepespectively. The initial sorption rate is

defined by the following equation:
0 Qn (18)

where k2 is the rate constant, andy: is the PAH or ARVD uptake capacity at any tinte
(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 medigWu et al., 2009) It is assumed that if intrag@rticle-
diffusion is the rate-determining step in any adsorption process, then a plot afi against
to-5will produce a straight line with rate constantkp as slope and intercept of zero, as the
line will pass through the origin. The intraparticle diffusion equation is presented

below:

~

A Qo® & (19)

Where kp is the rate constant of intraparticle diffusion (ug g! minl2) and Crelates to
boundary layer thickness. It was reported that when an intrgparticle diffusion plot
exhibits multiple linearities, it then suggests that several steps (as discussed in Section
2.6.2) occurred during the adsorption procesgAnthony et al., 2020; Weber and Smith,
1987).

2.6 Graphene-based materials

Graphene possesses a twdimensional (2D) structure, with sp? hybridized carbon
atoms arranged in a closely packed lattice structure, containing both sigmand pi-
bonds (Ali et al., 2019) Graphene is a carbofbased material and has been reported in
many forms in literature such as pristine graplene, graphene sheets (GS), graphene
oxide (GO), reduced graphene oxide (RGO), graphene nanoshell (GNS), graphene

guantum dots, graphene wool, graphendased composites, and functionalized
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graphene (Figure 2) (Adeola and Forbes, 2019; Apul et al., 2013; Qjetun et al., 2019;
Sun et al., 2013; Wang et al., 2017; Wang et al., 2014b)

Activated \
carbon \

Graphene

Carbon
based '

o

materials

Carbon
nanotube

\ Carbon y
nanofiber
P

Biochar

Figure 2. Different forms of carbo#based adsorbents (Sabzehmeidani et al., 2021).

A number of reports suggest the potential application of rgphene 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¥peveral attempts have been made to
functionalize carbontbased adsorbents, which includes graphene towards
enhancement of physicochemical properties such aspecific surface area, stability,
tensile strength, chemical robustness, electronic charge mobility, flexibility, thifilm
thickness; and promoting high adsorption capacity, antimicrobial propeles and
electrochemical activity (Figure 3) (Dreyer et al., 2010; Geim, 2009; Novoselov et al.,
2012; Mayavan et al., 2012, Yang et al., 20119

2.6.1 Synthesis of graphene wool composites

" OAPEAT A AAOI OAAT 66 AAT AA OUT OEAOCENRAT DEA
AT A OABBOT APDPOIT A A EéwWd 8appréded reqliresd 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 PAHSs) under suitable reaction conditions can be used to
synthesize graplene, and this route is regarded as a bottorap 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 nel 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 1200C) and
regulated gas flow (argon, hydrogen and methane)~gure 3). The quartz wool fibres
POl OEAAA OT 1 EA OOPDPI OO &£ O OEA COADPEAT A8
in this thesis refers to graphene coated on quartz wodqSchoonraad et al., 2020 Other

information regarding the synthesis of GW is presented i€hapters 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 drugresistant microbes (Mukherjee et al. 2001; PadillCruz et al. 2021).
Consequently, graphene wool (GW) was doped with lipopeptideoated silver
nanoparticles (AgNP) to form a GWAgNP composite, in order to introduce
antimicrobial properties to the material in addition to the adsorption potential of
graphene wool. Lipopeptidecoated silver nanoparticles was synthesized via reduction
of AgNQ in phenyl ether, and oleylamine served as a capping agent (Bezza et al., 2020).
Oleic acid and oleylamie 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 (bychematic of thenon-catalytic direct growth mechanism of CVD

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

(at 100 °C)

Graphite Graphene oxide

N Doping 500°C
GO Reduction in Argon

‘ Silver nanoparticles " %

/
« Glycine € "*.'

® Pyrrolic _
¢ Nitrate ® Pyridinic .
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2012).
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2.6.2 Structural and morphological characterization

To elucidate the structure of graphene wool (GW and GW! C. 0Qh EIi ACET C
spectroscopic technigues can be adopted. A summary of the basic techniques often used
for the analysis of graphenebased materials is briefly discussed here, and ¢results of

these analyses are reported in subsequent chapters of this thesis.

High-resolution transmission microscopy (HRTEM) involves the use of a beam of shert
wavelength electrons to illuminate a sample under vacuum. The transmission of part of
the beam through the material of interest onto a chargecoupled device camera ensures
the capture of images that can be used to study the morphology of GAdeola and
Forbes, 2020; Schoonraad et al., 2020; Warner et al., 2009)

X-ray diffraction (XRD) spectrosc@y is a nondestructive tool involving the application

of an Xray 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 compasition 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 (suctas 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 operaeon the principle of
absorption of light in the infra-red region (4000 z 400 cnx!) 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 e, and standard
FTIR tables are normally used to infer this informatioMohamed 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 arisity 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 lase 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 vibrational, rotational, and other low
frequency transitions that are present in the samplgdGouadec 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 monayer or multilayer graphene

coverage of substrategHong 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 basegbatoemission
as a result of bombardment of a sample by a fastoving beam of Xrays, 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 thickess of 2- 5 nm
(Burke et al., 1992; Schoonraad et al., 2020; Steffen, 2013; Susi et al., 2015)

BrunauerzEmmettzTeller (BET) analysis is a technique used to determine the specific
surface area, pore size and distribution of solids. The principle i®ased on the
correlation of the amount of gas dsorbed (N> gas was used in this projectwith the
specific surface area of the adsorberntAmbroz et al., 2018) Generally, adsorbents with

pore diameter < 2 nm are microporous, between Z 50 nm are mesoporots and >50

A 2 A > 2z -

nm are regarded as microporougTable 4). Paper 4 reports3 AAO8 O OEOOEI AOOE

for the estimation ofthe surface area(also called3 A A 06 O df DdteAats ©gihg acid,

base and sal{Sear, 1956; Oyelude et al., 2017Jhe BETmethod may be moreaccurate
becauseit takes into accountpossible variables such as temperature, pressure, volume
ofgasAT A 1 AOO 1 £ AAOT OAAT 60068 (1 xAOGAOh 3AAO0B60
estimation between two or more samplesand for analysis of complex materials such as

fibers, rods and compositegHeinroth et al. 2008). The BET analger 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 proje(®Paper6 and 7).
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Table 4: Summary of the properties of the graphene wool adsorbent used in thigoject

Characterisation/ Parameters Results Reference
pH (in water and CaG)) 7.1and 6.1 Adeola and
Forbes (2019)
BETsurface area analysis Adeola et al.
(2021b)
Pore diameter 1.37 nm
Pore volume 0.039 ccg?

Type of pores

BET isothermhysteresis type

BET specific surface area

Micropores andmesopores
H4-isotherm: associatedwith
molecular clustering followed by pore
filling. H4 is common in composites and
complex materials (Ambroz et al., 2018)
29.6 M g1

3AAOGO OO0 A&

(Estimatedvalue)

279 m2 gl Adeola and
Forbes (2019)

Fourier transformed infrared

sp2 C = C backbone at 775 cip SiOzC at Adeola and

spectroscopy 1059 cm, sp? & sp® CzH at 2925& 2845 Forbes (2020)
cmM
Scanningelectron microscopy Extensivecoverage Schoonraad et al.
of quartz wool by graphene with a (2020); Adeola
heterogenous and and Forbes
rough surface structure (2020)
Transmissionelectron Varying translucence confirms Schoonraad et al.

microscopy

heterogeneous multilayer of graphene (2020); Adeola
flake-like sheets withthe presence of and Forbes
interstitial spaces.Diameter of each GW (2020)
strand 6 8 pm

Raman spectroscopy

Averagecrystallite grain size of 24 nm. D, Schoonraad et al.
G and 2D peaks at 1,349, 1,582 and 2,6: (2020)
cmrl corresponding to vibrations

of sp® and s carbon atoms

X-ray photoelectron

spectroscopy

Strongest peak of spC=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 agraphene 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 indepth morphological elucidation of the adsorbehwere
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 resezn
towards the development of efficient, coseffective 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 technologiestfa treatment of
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¢ Abstract

In the last two decades, environmental experts have focused on the development of
several biological, chemical, physical, and thermal methods/technologies for reme-
diation of PAH-polluted water. Some of the findings have been applied to field-
scale treatment, while others have remained as prototypes and semi-pilot studies.
Existing treatment options include extraction, chemical oxidation, bioremediation,
photocatalytic degradation, and adsorption (employing adsorbents such as biomass
derivatives, geosorbents, zeolites, mesoporous silica, polymers, nanocomposites, and
graphene-based materials). Electrokinetic remediation, advanced phytoremediation,
green nanoremediation, enhanced remediation using biocatalysts, and integrated
approaches are still at the developmental stage and hold great potential. Water is
an essential component of the ecosystem and highly susceptible to PAH contamina-
tion due to crude oil exploration and spillage, and improper municipal and industrial
waste management, yet comprehensive reviews on PAT remediation are only avail-
able for contaminated soils, despite the several treatment methods developed for the
remediation of PAH-polluted water. This review seeks to provide a comprehensive
overview of existing and emerging methods/technologies, in order to bridge infor-
mation gaps toward ensuring a green and sustainable remedial approach for PAH-
contaminated aqueous systems.  © 2020 Water Environment Federation

* Practitioner points

« Comprehensive review of existing and emerging technologies for remediation of
PAH-polluted water.

« Factors influencing efficiency of various methods, challenges and merits were
discussed.

« Green nano-adsorbents, nano-oxidants and bio/phytoremediation are desirous for
ecofriendly and economical PAH remediation.

« Adoption of an integrated approach for the efficient and sustainable remediation of
PAH-contaminated water is recommended.

e Key words
environment; pollution; polycyclic aromatic hydrocarbons; remediation; water
treatment

INTRODUCTION

PAHs are hydrocarbons containing two or more benzene rings fused together with C-C
bonds, which have unique physicochemical characteristics (Mohan, Kisa, Ohkuma,
Kanaly, & Shimizu, 2006; Okere, 2011). They are hazardous organic micropollut-
ants, which are ubiquitous and recalcitrant to degradation (Duan, Naidu, Thavamani,
Meaklim, & Megharaj, 2015; Ghosal, Ghosh, Dutta, & Ahn, 2016). They are commonly
found in water bodies with proximity to crude oil exploration, gas production, and wood/
coal processing industries (e.g., Abdel-Shaty & Mansour, 2016; Sun et al., 2009; Zhao,

\Water Environment Research ® 93: 343-359, 2021
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Jiang, et al., 2011). Some PAHs possess carcinogenic toxicities
even at very low concentrations and humans are hazardously
exposed through several routes—air {atmospheric deposition,
inhalation etc.), water {domestic, recreational use etc.), food,
and occupational exposures. However, one of the core routes of
human exposure is through polluted water (Wang, Yang, Niu, &
Wang, 2009; Wu, Zhang, Zhang, & Cheng, 2011). For simplic-
ity, PAHs can be classified into two groups which are the lower
molecular weight (LMW), structurally 2-3 ringed PAHs which
are less toxic than the second class, and the higher molecu-
lar weight (HMW), 4-7 ring PAHs which are more resistant
to degradation and have higher carcinogenicity (Kuppusamy,
Thavamani, Megharaj, & Naidu, 2016).

In water bodies, the concentrations of PAHs range widely
from 0.03 ng/L {Southeastern Sea, Japan} (Hayakawa et al.,
2016) to 753 ng/L {Yellow River Delta, China} (Yuan, Li, Ding,
Zhao, & Ye, 2014) to as high as 16.59 mg/L {Limpopo Province,
South Africa} (Edokpayi, Odiyo, Popoola, & Msagati, 2016).
Furthermore, the bioconcentration of £16 PAHs in aquatic
animals (fish) ranges from 11.2 ng/g (Cynoscion guatucupa,
South America) to as high as 4,207.5 ng/g (Saurida undosqua-
mis, Egypt} (Mojiri, Zhou, Ohashi, Ozaki, & Kindaichi, 2019).
Hundreds of different PAHs and derivatives exist; however,
the United States Environmental Protection Agency (US EPA)
named 16 PAHs as priority pollutants (USEPA, 2000).

Water is pivotal to the sustenance of life and creation
of energy; however, potable water suitable for domestic use,
including drinking, was estimated to be around 0.01% of the
total (Ritchie & Roser, 2020). Moreover, water is unevenly dis-
tributed around the world; as a result, there are regions faced
with water shortage, particularly in low latitudes and millions
of people globally are suffering due to a shortfall of clean and
safe portable water (WHO/UNICEE, 2012). Rapid growth in
industrialization, population, and urbanization has signifi-
cantly spurred severe water pollution. Remediation of PAH-
contaminated water systems is important due to the ability of
PAHSs to bioaccumulate and the risk they pose to human health
(Figure 1) (Garcia-Sudstegui et al., 2010; Lawal, 2017; Olsson et
al., 2010). The United Nations Sustainable Development Goals
(SDGs) prioritized the need to address the numerous challenges
associated with water, which include flooding, drought, and
water pollution. Although some successes have been recorded,
there is still a need for the development of efficient, ecofriendly,

affordable, and sustainable means to achieve the SDGs by 2030
(United Nations Information Center, 2017).

Polycyclic aromatic hydrocarbons are hydrophobic
organic compounds; therefore, they are often deposited on sed-
iments and adhere to solid particles in aquatic environments
(Maletic, Beljin, Roncevic, Grgic, & Dalmacija, 2019; Rockne,
Shor, Young, Taghon, & Kosson, 2002). Contaminated soil
and sediment could potentially contaminate ground and sur-
face water via leaching, runoff, and re-suspension. Therefore,
many reviews have been published on the treatment methods
and strategies which can be employed for PAH-contaminated
soils as well as sediments (de Boer & Wagelmans, 2016; Gan,
Lau, & Ng, 2009; Kuppusamy et al., 2017; Maletic et al., 2019;
Mohan et al., 2006; Samanta, Singh, & Jain, 2002; Wise, 2000).
However, there is no comprehensive literature review which
focuses solely on the treatment technologies for PAH-polluted
water. This review therefore focuses on target-specific existing
and emerging technologies in this regard and highlights suc-
cesses, limitations, areas of improvement, and the potential field
application of the methods. Prospects for the development of
innovative approaches to enhance the efficiency of PAH reme-
diation are also explored. This review thus provides holistic
insights and a fundamental basis to inform decision making
with respect to the development of suitable, ecofriendly, and
cost-effective technique(s) that can be adopted for the treat-
ment of PAH-contaminated water.

EXTRACTION AND MEMBRANE TECHNOLOGIES

Solid-phase extraction (SE/SPE) is a clean-up technique used
for LMW and HMW PAHs based on the preferential solubility
of PAHs in organic solvents. The use of basic apparatus such
as a separatory funnel and rotary evaporator, along with a suit-
able nonpolar solvent, such as hexane, dichloromethane, or
mixture of both, have been used to isolate PAHs from water
(Gong, Wilke, Alef, Li, & Zhou, 2006). This technique otften
involves SPE or gel permeation chromatography (GPC) with
different adsorbent phases, while others include membrane-
based extractions such as liquid-phase micro-extractions and
membrane-assisted extraction (Egli, Butler, & Bottaro, 2015;
Hussain et al.,, 2018; Martinez, Gros, Lacorte, & Barcels,
2004; Munyeza, Dikale, Rohwer, & Forbes, 2018). The selec-
tive removal of PAHs from water has been optimized and over

Polycyclic aromatic hydrocarbons
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Figure 1. Flowchart showing the effect of acute (short-term) and chronic (long-term) exposure to PAHs.
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90 % extraction efficiency has been recorded, as well as the
capacity of SPE to isolate target PAHs in trace amounts (Egli
et al., 2015). Graphitic carbon nitride derivatives have been
reported as sorbents for solid-phase microextraction of PAHs,
with recoveries in the range of 83.3%-103.0% (Feng, Huang,
Guo, Liu, & Zhang, 2020; Nian, Wang, Wang, & Zuo, 2019).
However, SPE and other forms of extraction have only been
applied for analytical determination and monitoring of PAHs
in water. This is due to its lack of robustness and capacity to
deal with a large volume of water; also, the cost of solvents and
their environmental impact makes it uneconomical to adopt
solid-phase extraction principles forwater resource recovery
facility.

Several membrane technologies have been reported in
the literature for the treatment of PAH-polluted water, includ-
ing microfiltration (Klejnowski, Kozielska, Krasa, & Rogula-
Koztowska, 2010), ultrafiltration (Dudziak, Luks-Betlej, &
Bodzek, 2003; Smol & Wlodarczyk-Makuta, 2012), nano-
filtration, and reverse osmosis (Smol, Wlodarczyk-Makuta,
Mielczarek, & Bohdrziewicz, 2014). PAHs have a molecular size
smaller than the pore radius of microfiltration and ultrafiltra-
tion membranes, but studies have shown that they retain PAHs
to a large extent, via hydrophobic effects and adsorption onto
the membrane surface (Smol & Wtodarczyk-Makula, 2012).
Unlike micro- and ultra-filtration processes, the mechanism of
nanofiltration is mainly size exclusion, which indicates that its
efficiency is independent of process variables such as discharge
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or influent pressure, concentration, pH etc. (Smol, Wlodarczyk-
Makula, Bohdziewicz, & Mielczarek, 2014). Reverse osmosis
has been employed for the treatment of water and landfill leach-
ates and improved efficiencies are found with higher molecular
weight PAHs, because the process is controlled by sieving and
diffusion mechanisms (Smol, Wiodarczyk-Makuta, Mielczarek,
Bohdziewicz, & Wloka, 2015). Overall, reports show that PAH
removal efficiency increases in the order: microfiltration * ultra-
filtration * reverse osmosis “ nanofiltration (Dudziak et al.,, 2003;
Smol, Wlodarczyk-Makuta, Mielczarek, et al., 2014), although
integrated systems such as coagulation-membrane separation
provide the best results (>98%) (Smol, Wlodarczyk-Makula,
Bohdziewicz, et al,, 2014). Membrane fouling and operational
costs are drawbacks of these processes, although back-washing
assists with fouling, membrane performance often diminishes
over time.

CHEMICAL OXIDATION PROCESSES

The treatment of PAH contamination in soil and municipal/
industrial landfill leachates has been reported using basic and
advanced chemical oxidation techniques, and they proved suc-
cessful with over 90% degradation (Li et al., 2016; Wu, Zhou,
et al., 2011; Yap, Gan, & Ng, 2012). Chemical oxidation tech-
niques involve the use of oxidants such as hydrogen peroxide
{Flotron, Delteil, Bermond, & Camel, 2005), activated persul-
fate (Huling & Pivetz, 2006), ozone {Lian et al., 2017; Rivas,
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Gimeno, de la Calle, & Beltran, 2009), and Fenton’s reagent
(Zhang, Dong, Zhao, Wang, & Meng, 2019). These techniques
involve the generation of very reactive radicals (e.g, -OH,
0O, and SO, $O; 0O radicals) and other reactive species (e.g.,
persulfate anion, peroxides), which are responsible for the
breakdown of the aromatic rings of PAHs (Figure 2). Merits
of chemical oxidation over conventional remediation meth-
ods include relatively shorter treatment time, effectiveness
for remediation of a broad range of PAHs due to high radical
reactivity, and in situ degradation of contaminants. However,
the application of very reactive oxidizing agents is complicated
due to oxidation of nontarget constituents such as dissolved/
particulate organic matter, the volume of water to be decon-
taminated, and corrosiveness makes it unsuitable for treat-
ment of portable water. Furthermore, H,O, requires careful
pH control (i.e., 2.5-4.0) and is quite expensive (Flotron et al.,
2005). CI” inhibits the destruction of organic contaminants by
persulfate-based advanced oxidation processes (AOPs) (Deng
& Zhao, 2015). These factors provide constraints to the use
of H,O, and persulfate for PAH degradation, thus making
these oxidants inappropriate or uneconomical for large-scale
water remediation (Huang, Lu, Chen, & Lee, 2003). Advanced
methods involving the combination of Fenton oxidative-coag-
ulation and ultraviolet photo-Fenton processes also recorded
significant success in the removal of PAHs in solid waste and
leachates (Li et al., 2016). However, there are limited reports on
the use of chemical oxidation techniques for the remediation
of PAHs in water.

BIOREMEDIATION

Bioremediation is regarded as an efficient means of degrading
organic compounds, including PAHs, in environmental media.
The technique involves the use of microorganisms, plants, and
enzymatic reactions in the detoxification and degradation of
environmental contaminants in water and other environmen-
tal compartments (Ghosal et al,, 2016; Gouma, Fragoeiro,
Bastos, & Magan, 2014). Fungi such as Peniophora gigantea,
Phanerochaete chrysosporium, Pycnosporus coccineus, Trametes
versicolor, and others have been reported to efficiently degrade
many erganic pollutants, especially PAHs (Silva, Grossman, &
Durrant, 2009). Bacterial species (Aspergillus sp., Trichocladium
sp., Fusarium sp., and Pseudomonas sp.) are also capable of
degrading PAHs (Quinn et al., 2009; Soleimani, 2012; Sun et
al., 2014; Wu, Chen, Tian, Ding, & Dick, 2013).

A recent study revealed that degradation of PAHs by
Aeromonas hydrophila, Bacillus megaterium, Raoultella orni-
thinolytica, and Serratia marcescens recorded over 90% degra-
dation efficiency for fluorene and acenaphthene (Alegbeleye,
Opeolu, & Jackson, 2017). However, certain environmental
variables such as temperature and pH were reported to have a
considerable influence on the efficiency of the bioremediation
processes. Specifically, temperatures above room temperature
between 30 and 38°C were optimum for degradation of PAHs,
due to enhanced microbial growth (Abdou, 2003; Antizar-
Ladislao, Spanova, Beck, & Russell, 2008; Moscoso, Ferreira,
Deive, Moran, & Sanroman, 2013). However, bioremediation
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is not a rigid and robust technique, as was evident in a study
carried out at slightly higher temperature between 40 and 45°C,
which recorded a significant decline in PAH degradation from
92% (37°C) to 73% (45°C). Increase in temperature reduces the
solubility of oxygen, which leads to a decrease in dissolved oxy-
gen available for microbial growth in the bioreactor (Alegbeleye
et al., 2017; Vifias, Sabaté, Espuny, & Solanas, 2005).

PHOTOCATALYTIC DEGRADATION

The synergistic role of photocatalysis and chemical catalysts
on PAH degradation has been investigated, with the aid of
UV irradiation and a titanium oxide (Ti0,) catalyst (Zhang,
Li, Gong, & 1i, 2008). The photocatalytic degradation of
phenanthrene, pyrene, and benzo(a)pyrene under UV irra-
diation followed the pseudo-first-order kinetics pathway and
was accelerated by the addition of TiO,, due to its established
catalytic activity (Garg et al., 2019; Wu, Chang-Chien, & Lee,
2004; Zertal, Molnar-Gdbor, Malouki, Sehili, & Boule, 2004).
Different PAHs degrade to various extents under varying UV
radiation intensities while an increase in TiO, dosage from 0.5
to 3 wt% had an insignificant effect on PAH photodegradation
which was highest under acidic pH conditions (Zhang et al.,
2008).

Composites with photocatalytic properties have been
synthesized and applied to PAH degradation (e.g., Pt/TiO,-
Si0,) (Luo et al, 2015). The correlation between molecular
structure and photocatalytic degradability of PAHs was also
investigated. Naphthalene, fluorene, phenanthrene, pyrene,
benzo[a]pyrene, and dibenzo[ah]anthracene were degraded
using a Pt/Ti0,-Si0, suspension under UV irradiation. Results
revealed improved efficiency of the process for biorefractory
HMW PAHs with the inclusion of Pt/TiO,-5i0,, while that of
LMW PAHs were reduced under the same conditions. A pseu-
do-first-order equation fit both the photolysis and photocataly-
sis of fluorene which displayed a different trend, by fitting best
to first-order kinetics.

A medel involving the use of molecular descriptors was
established using the difference between highest occupied
molecular orbital (E,,) and lowest unoccupied molecular
orbital () which equates to GAP (GAP = E 0 — Epomo)-
This was compared with the maximum GAP (7.4529 eV) of
PAHs (for dibenzo[a,h]anthracene) and the minimum GAP
(8.2086 eV) of PAHs (for pyrene) which was degraded. This
was further used to predict the photocatalytic degradation of
67 PAHs (Luo etal,, 2015). A TiO,-graphene composite has also
been used for photocatalytic treatment of PAHs in water and
80 % efficiency was achieved in 2 hr (Bai, Zhou, Zhang, & Tang,
2017).

ADSORPTION PROCESSES

Contaminated water can be treated in several ways based on
the target pollutant (Cohen-Tanugi & Grossman, 2012; Kemp
et al., 2013; Shannon et al., 2008); however, adsorption pro-
cesses have been widely used and possess several advantages
over other techniques (Kemp et al., 2013}, The adsorption
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Figure 3. Treatment of PAH-contaminated water using plant derivatives (biomass).

process is a surface phenomenon that involves the adherence of
pollutants onto the surface of an adsorbent via physical, chemi-
cal, and/or electrostatic attraction. Adsorption of organic com-
pounds can be influenced by many process variables such as
temperature, pH, concentration of sorbate, contact time, par-
ticle and pore size, temperature, and other physicochemical
properties of the adsorbate and adsorbent (Adeola & Forbes,
2019). Several materials have been developed over the last two
decades for the sorption of PAHs from aqueous system, many
of which are discussed in this section.

Agricultural waste and biomass

Various sorbents for the remediation of PAHs have been
derived from agricultural waste such as coconut shells, rice
husks, sugar cane bagasse, peat, sawdust etc. (Amstaetter, Eek,
& Cornelissen, 2012; Crisafully et al., 2008; Olivella, Jové, &
Oliveras, 2011). The decision to explore these materials was
driven by the concept of green and sustainable chemistry,
which promotes the conversion of “waste to wealth” as an eco-
nomical path to waste management and ecofriendly material
science {Xu, Nasrollahzadeh, Selva, Issaabadi, & Luque, 2019;
Xu, Zhan, et al., 2019). Low-cost adsorbents with high poros-
ity and efficiency have been generated from these materials via
simple thermal and/or chemical reaction processes, which has
led to improved morphology of the biomass-derived sorbents
for water treatment applications (Bhatnagar & Sillanpdi, 2010,
Pérez-Gregorio, Garcia-Falcén, Martinez-Carballo, & Simal-
Géandara, 2010).

The remediation performance of activated carbon derived
from wheat straw on PAH-contaminated water was reported
(Xu, Nasrollahzadeh, et al., 2019; Xu, Zhan, et al., 2019). Results
revealed that the PAH adsorption capacity of the adsorbent
increased with increase in the number of aromatic rings and the
surtace area of adsorbent had the greatest influence on removal
of both HMW and LMW PAHs with the pseudo-second-order

Water Environment Research ® 93: 343-359, 2021

model giving the best fit to kinetic experiments. Adsorption
of naphthalene (NAP), phenanthrene {PHEN), and pyrene
(PYR) from water was evaluated using activated rice husk
(RH) (Yakout & Daifullah, 2013). The Freundlich, generalized
and BET isotherms best fit adsorption data for naphthalene,
phenanthrene and pyrene. The results suggest that a significant
amount of heat was dissipated, as the thermodynamic system
was exothermic and spontaneous (Yakout & Daifullah, 2013).

The cross-linkages of starch molecules with epichlorohy-
drin, 1,6-hexamethylene diisocyanate, 4,4-methylene diphenyl
diisocyanate, for the synthesis of a functionalized starch poly-
mer adsorbent for PAHs were reported (Delval, Crini, Bertini,
Filiatre, & Torri, 2005; Okoli et al,, 2015). The cross-linking
process enhanced the morphology, hydrophobicity and incor-
porated specific functional groups into the starch polymer.
Adsorption occurred in multilayers, and diffusion controlled
the adsorption kinetics. Thermodynamic variables suggest that
the sorption mechanism was endothermic and spontaneous
and physisorption occurred via hydrophobic, van der Waals
and nm-x interactions between sorbent and adsorbate (Okoli et
al., 2015).

Plant materials have been used as adsorbent and an indi-
rect form of phytoremediation of PAH-contaminated water
(Figure 3). Plant residues, brown seaweed (Sargassum hemni-
phyllum), wood fibers, wood char, fruit cuticles, potato perid-
erm, modified pine bark, tea leaf powders, corn cob etc., have
all been reported for the removal of PAHs from aquatic media
via adsorption routes {(Boving & Zhang, 2004; Chen, Yuan, &
Liu, 2011; Chung, Tsui, Cheung, Tam, & Wong, 2007; Crini,
2005; Huang, Boving, & Xing, 2006; Ye, Zeng, et al., 2019). A
biochar-based nanccomposite has been synthesized from rice
straw and the material exhibited both adsorptive and photo-
degradation activity, making it suitable for the remediation of
water contaminated with organic compounds (Ye, Yan, et al.,
2019).
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However, the use of biomass in powdered form as column
packing material has several limitations, such as difficulty in
biomass recovery after sorption, complicated regeneration, low
mechanical strength and density, and small particle size. An
attempt to address these shortcomings through immobilization
of biomass within a polymeric matrix was carried out and an
improvement in biomass efficiency, sorption capacity, robust-
ness, ruggedness and recovery of bicmass from the pollutant
containing solution was reported (Aksu, 2005). This class of
adsorbents proved efficient in treatment of simulated and field
water samples and thus was regarded as a promising cost-ef-
fective alternative for remediation of aqueous PAH pollution
(Cabal, Ania, Parra, & Pis, 2009; Zhang et al., 2017). Possible
negative environmental impacts of using biomass, such as
deforestation and food scarcity, must be considered. Improved
biomass recovery through advanced waste management sys-
tems is therefore important.

Geosorbents

Geosorbent is generic term for soils, sediments, and natural
solid minerals, with different compositions depending on the
parent rocks, anthropogenic activities, depth of sample aggre-
gate, particle size, extent of maturation and aging process (Luthy
etal., 1997). Combustion residue in particulate form {e.g., char,
soot, and ash), clay minerals, silica (sand) and several forms
of amorphous and condensed carbon such as kerogen, black
carbon, aged carbon etc., are chemically and structurally differ-
ent in different soils and sediments (Figure 4) (Cornelissen &
Gustafsson, 2005; Heijden & Jonker, 2009; Rockne et al., 2002).
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Porous carbon derived from petroleum coke (specific sur-
face area (SSA): 562-1,904 m%/g) was reported for the adsorp-
tion of five LMW PAHs (fluoranthene, fluorene, phenanthrene,
pyrene and naphthalene) from aqueous solution (Yuan et al.,
2014). It was found that the PAH uptake by the sorbent can be
described by three successive and complimentary steps: (1) dif-
fusion of molecules of PAHs from contaminated water to the
outer walls of porous carbon particles through solid-liquid
interphase, also known as film diffusion; (2) intraparticle diffu-
sion of the PAHs within the pores of the carbon, and (3) PAH
adsorption onto active sites on the interior surface. Adsorption
kinetics is controlled by (1) and (2), while adsorption capacity
and binding strength is controlled by step (3) to a very large
extent. Furthermore, the petroleum coke derivative provided a
removal efficiency of 99% at 1 g/L dosage of the adsorbent and
adsorption capacities for the PAHs were >5 mg/g (Yuan et al,
2014).

Leonardite, also known as immature coal, composed of
55% carbon and mainly humic substances, has been studied
for the removal of selected PAHs from water (Zeledén-Torudio,
Lao-Luque, & de las Heras, E X. C. & Sole-Sardans, M., 2007).
Leonardite adsorbed over 90% of fluorene, pyrene, benzo(k)
fluoranthene, benzo(a)pyrene, and benzo(gh,i)perylene pres-
ent in solution, after 24 hr of contact at a dosage of 1 g/L, which
is quite unique for a material with a relatively low surface
area (19.1 mzfg), The high removal efficiency and adsorption
capacity can be attributed to the vast number of hydrophobic
functionalities (carboxyl, carbonyl and hydroxyl groups) asso-
ciated with humic acids and humic-containing geosorbents,
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Figure 4. Geosorbent domains which include a mineral and organic matter component {SOM}, as well as combustion residues and
nonaqueous liquids (NAPL). (a) Absorption to soft natural organic matter or NAPL (b) Adsorption onto hard organic condensed matter (c)
Adsorption onto wet-water organic surfaces i.e., soot. {d) Adsorption onto mineral phases e.g., quartz. {Reprinted with permission from

Luthy et al., 1997 Copyright 1997 American Chemical Society).
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