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ABSTRACT

Industrial waste materials have garnered increased attention as viable adsorbents that could be
used for the extraction of heavy metals and organic pollutants from wastewater. This is
primarily due to their abundant availability in large quantities and economical cost-
effectiveness. Coal fly ash, bottom ash, and fly ash are examples of industrial waste generated
from coal combustion in power plants, while petroleum coke is derived from oil refineries.
These waste materials contain diverse functional groups, including carbon, calcium oxide,
silicon dioxide, aluminium oxide, and iron oxide, which makes them ideal for the remediation
of wastewater. Previous research studies have indicated that modified industrial waste materials
possess greater adsorption capabilities. As a result, this study sought to modify coal fly ash
(RCFA), bottom ash (RBA), fly ash (RFA), and petroleum coke (RPC) by adding iron oxide
(Fe3Oa4) nanoparticles. This modification enables easy separation with an external magnet and

enhances their effectiveness in adsorbing lead and efavirenz.

The following adsorbents Fe3O4@APC, Fes04@ACFA, Fes04@AFA, and Fe3Os@ABA were
prepared in a two-step method. The first step was activation of the RPC, RBA, RFA, and RCFA
with NaOH then followed by incorporating Fe3Os nanoparticle. These mesoporous magnetic
materials were successfully prepared and characterized using various techniques such as
thermogravimetric analysis (TGA), scanning electron microscopy coupled to energy dispersive
X-ray spectroscopy (SEM-EDS), ultraviolet-visible spectroscopy (UV-Vis), Fourier transform
infrared spectroscopy (FTIR), transmission electron microscopy (TEM) and Brunauer-

Emmett-Teller analysis (BET).

The Langmuir, Temkin, and Freundlich isotherm models were applied to analyse the
equilibrium data. The maximum adsorption capacities for obtained for lead were 48.8, 15.63,
12.16, and 270.27 mg/g for Fe;O4@ACFA, FesOs@AFA, FesO4@ABA, and FesOs@APC,
respectively. The maximum adsorption capacities for efavirenz obtained were 25.38, 37.64,
13.07 and 76.54 mg/g Fe304@ACFA, Fe:04@APC, Fes04@ABA, FesO4@AFA respectively.
Based on the adsorption isotherms for lead ions, both Fe3O4@ACFA and Fe3O4@AFA, are best
described by the Temkin isotherm while Fe3O4@ABA and Fe;Os@APC were best described
by the Langmuir and Freundlich isotherm, respectively. Additionally, adsorption of efavirenz

was best described by the Langmuir isotherm for all prepared adsorbents.
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The kinetic data were also evaluated for the lead and efavirenz which revealed that the pseudo-
second-order equation provided the best correlation for both lead and efavirenz.
Thermodynamic parameters suggest that the adsorption process is endothermic and
spontaneous for lead. However, for efavirenz it behaved differently on various adsorbents,
revealing non-spontaneous adsorption. The adsorption process for lead was endothermic for all
adsorbents, whereas for efavirenz it was found to be endothermic for Fe;O4@APC and
Fe304@ACFA adsorbents, while exothermic for FesO4@ABA and Fe3;O4@AFA adsorbents.
The findings demonstrate that FesOs@ACFA, Fe;Os@APC, Fes04@ABA, and Fe3Os@AFA

possesses the potential to effectively remove lead ions and efavirenz from aqueous solutions.
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CHAPTER 1: INTRODUCTION

PREAMBLE

In this chapter, a brief background of heavy metals, pharmaceuticals as emerging pollutants,
industrial waste materials, iron oxide nanoparticles and mesoporous materials as suitable
adsorbent materials is discussed. The chapter also focuses on describing problem statement,
aim and objective, hypothesis, and justification of the study. Lastly, the outline of the entire

dissertation which explains the content of each chapter of the dissertation is summarized.
1.1. Background of the study

Aguatic environments are ecosystems that comprise of various forms of water bodies that are
essential to life. The importance of these environments’ matrices cannot be overstated, as they
provide various benefits to all living things. They play critical roles in flood control, nutrient
cycling, carbon sequestration, water supply, food provision, and recreation purposes among
other vital roles. Four primary types of aquatic environments that are mostly essential are
oceans, rivers, lakes, and wetlands, each characterized by its unique characteristics and
organisms found in them [1]. Pollution is a major threat to water bodies, which results in the

generation of water pollution [2,3].

Wastewater is water that has undergone physical, chemical, or biological changes because of
the introduction of certain pollutant compounds, thus making it unfit for human and animal
consumption and irrigation purposes [4]. There are various forms of wastewater, and these
include domestic, storm, and industrial wastewater. A wide range of organic and inorganic
pollutants are found to contaminate water resources. Some of these contaminants include heavy
metals, dyes, pharmaceuticals, surfactants, pesticides, personal care products, among others.
[5,6]. These contaminants are normally found in groundwater, surface water, municipal
wastewater and drinking water [7]. There is a wide range of technologies available for water
remediation, and these including membrane separation [8,9], coagulation-flocculation [10],
and ion-exchange among others. While these methods are certainly efficient in the removal of
pollutants, they can also be costly and generate sludge and other by-products waste materials
that require careful disposal. Additionally, the use of chemicals for water treatment can lead to
secondary pollution [11]. Biological treatment is another option, but it is important to be aware



that it can produce nutrient-rich biosolids that may contribute to eutrophication and negatively

impact aquatic life and ecosystem [12].
1.2. Heavy metals

Heavy metals are naturally occurring metallic elements that have high densities (>5 g/cm?).
They are known for their toxic properties even when present in low concentration levels (>
0.001 ppb) [13]. The most common and toxic heavy metals include lead, mercury, arsenic, and
cadmium among others. These metals can be deposited into the environment through various
activities such as anthropogenic (industrial, agricultural, mining and urban) and natural
processes (volcanic activities and rock weathering) [14]. They can enter the human body via
different mechanisms such as dermal, inhalation and oral ingestion of contaminated food chain
products thus causing damage to vital organs as shown in Figure 1.1, which ultimately results
in various adverse health effects and even in fatalities [15]. The World Health Organization
(WHO) has reported that heavy metals like cadmium, lead, mercury, and copper can
contaminate drinking water due to impurities in galvanized pipes and plumbing systems, and
contamination of ground water. The maximum permissible levels for some targeted heavy

metals ranged between 0.001 and 0.01 pg/L for domestic purposes [16].
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Figure 1.1: Schematic illustration of how heavy metals enter the human body [15].



1.3. Emerging pollutants

Emerging pollutants such as pharmaceuticals are substances detected in the environment but
not routinely monitored or subject to environmental regulation. They are commonly used in

daily life and can accumulate in various environmental compartments[17].

Pharmaceutical active chemicals have been detected in drinking water, sediments,
groundwater, oceans, and surface waters for over 50 years [18]. The rapid growth of the
pharmaceutical industry has led to the discharge of untreated waste from various sources,
resulting in the detection of harmful substances in aquatic ecosystems. Various types of
pharmaceuticals, such as beta-blockers, blood lipid regulators, analgesics, anti-inflammatory
drugs, hormones and antiepileptics, have been found in aquatic environments in concentrations
ranging from ng/L to pg/L [15]. Humans may be exposed to toxic compounds that contaminate
the aquatic environment through drinking water or eating aquatic species. Therefore, potential
health concerns due to exposure to pharmaceuticals are worrisome, particularly for nations
where surface water is the primary supply of drinking water and there is a lack of regulations
for the presence of these compounds. The present study focuses on efavirenz which is known
as an anti-retroviral drug. This pharmaceutical drug has been detected in South African waters
with its highest concentration of 140 ug/L found in the WWTP influent [51]. Due to constant
detection in South African waters, this study investigated the application industrial waste for

removal of lead and efavirenz in water contaminated water.
1.4. Adsorbents

Adsorbents are materials that attract and keep molecules of gases or solutions on their surface
[19]. They have a large surface area, contain various functional groups resulting to specific
physical and chemical interactions, thus making them selective and effective at capturing and
concentrating target pollutant. Different adsorbents materials have varying affinities for
specific contaminants, allowing their targeted removal [20]. Some adsorbents can be
regenerated and reused over several cycles, making them a cost-effective solution. However,
adsorbent materials have a finite capacity and require replacement or regeneration once they
become saturated [21]. They can also be limited in applicability and suffer from reduced
efficiency in removing pollutants in complex mixtures [22]. There are different types of
adsorbents available, such as polymeric adsorbents, natural mineral adsorbents, industrial by-
product adsorbents, and carbon-based nanomaterial adsorbents. Waste materials derived from



agricultural, animal, and industrial sources present an efficient and economical solution for

eliminating heavy metals and organic pollutants from wastewater[19].
1.4.1. Coal fly ash

Coal fly ash is a by-product of coal power plants and was found to be alkaline in nature [24].
Depending on the amount of unburned carbon during its application and the type of combustion
technology used, the physical appearance of CFA can be light or dark grey in colour. The
primary constituents of CFA are oxides such as silicon dioxide (SiOz), aluminium oxide
(Al203), iron (I11) oxide(Fe203), titanium dioxide (TiO2) and calcium oxide (CaO). There are
two categories of CFA, and these are Class F and Class C. The CFA with low CaO (<8%)
content is classified as Class F, while CFA with high CaO (>8%) content is classified as Class
C [25]. Currently, CFA is utilized mainly in mine backfilling, paving, cement concrete and
low-end building materials [26]. CFA was recommended as the best alternative adsorbent to
replace activated carbon for the application of water treatment. This is mainly because of the

low cost, environmental benefit (waste usage) and possibility of regeneration[27].
1.4.2. Petroleum coke

Petroleum coke (PC) is a by-product of the petroleum refining process, produced from all types
of oils (light/heavy crudes) during the refinery process. There two forms of PC namely, green
PC and calcined PC. Green PC serves as fuel, while calcined PC is utilized by manufacturers
as a feedstock for various products, such as aluminium, paints, coatings, and colorants [28].
PC is a non-porous solid, which is commonly activated before being used in various
applications. The PC’s structure (Figure 1.2) is still a mystery in scientific circles, as it is a
complex combination of carbon, hydrogen, nitrogen, oxygen, sulphur, and other metallic

impurities [29].

Figure 1.2: Proposed structural illustration of petroleum coke. Green for carbon, red for
oxygen, yellow for sulphur [29].



According to an economic study of decreasing activated carbon (AC) manufacturing costs, PC
is the most promising raw material among other carbonaceous resources such as wood, used
tires, carbon black, charcoal, and lignite. This is because PC contains high fixed carbon content

(over 90%) and high surface area [30].
1.4.3. Mesoporous materials

Mesoporous materials are arranged structures with pore sizes ranging from 2 to 50 nanometres
(Figure 1.3). These materials have garnered attention from researchers recently due to their
unique mechanical, electrical, and optical characteristics, as well as the combination of bulk
and surface properties to their overall behaviour [31]. The pore structure of these porous
materials gives an extraordinarily large surface area inside a comparatively small volume of
material, making them ideal for catalysis, molecule separation and selective behaviour towards

some elements [32].
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Figure 1.3: Various types of mesoporous materials [31].
1.5. Iron oxide nanoparticles.

The use of magnetism for water purification is a notion that has been around for a long time
[33]. Magnetism has been used in a variety of water treatment procedures, including anti-
scaling techniques in boilers, factory pipes, coagulation, and biological processes. The
application of magnetism in an adsorption process is a relatively recent notion that is gaining
attention among scientists [34]. Magnetic adsorbents are a novel type of adsorbent in which
magnetic particles, which are oxides of metals including iron, cobalt, nickel, and copper among
others, are embedded in a base adsorbent. Due to the presence of a metal component in the
adsorbent, the magnetic adsorbent may be quickly and readily separated from water when an
external magnetic field is applied [35,36]. The FesO4 NPs are easy to prepare as indicated in
Figure 1. 4, and provide several advantages such as biocompatibility, superparamagnetic

properties, low toxicity, and high chemical stability [37].
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Figure 1.4: Schematic illustration for the preparation of the iron oxide NPs [38]

Among iron oxide magnetic nanoparticles (MNPs), magnetite (FesO4), maghemite (y-Fe20z3)
and hematite (a-Fe203) are considered ideal oxide supports because they can be prepared
easily, have a high surface area, and can be separated via magnetic fields after the reaction.
However, pure MNPs are poorly dispersed in an aqueous medium due to their hydrophobic
surface. To enhance their dispersity in the aqueous medium, MNPs must be coated with
inorganic shells or hydrophilic polymer [39,40]. Hence, they have been utilized in various
applications such as biomedicine [41-43], food analysis [44], water treatment [45] and
biological separation[46] . Although there is no significant knowledge of magnetic mesoporous
CFA or PC, it is evident that for the proposed research project, the above-mentioned factors

can be used as a point of reference.
1.6. Problem statement

The shortcomings of existing wastewater treatment techniques have been reported, particularly
in the case of the chemical precipitation method for the removal of heavy metals.[47]. The
main drawback during chemical precipitation is that there is a generation of large sludge
containing minor heavy metals. Membrane filtration can remove heavy metals, but it is an
expensive procedure [24]. Despite being effective for metal ion adsorption, conventional
adsorbents materials such as activated carbon, metal-organic framework, alumina and zeolites
all have certain limitations such as sludge generation, high preparation cost, poor chemical
stability, challenging recyclability, inefficient selectivity etc. [36,48]. These adsorbents have
been studied for the removal of heavy metals and other emerging contaminants, and the most
used adsorbents were activated carbon. However, the predominantly non-polar surface of
activated carbon often limits its effectiveness [49]. Conversely, the occurrence of efavirenz in
wastewater and its transfer to surface water bodies resulting in contamination of the aquatic
environment was reported in various studies [50]. There is evidence that this pharmaceutical

drug compound is not entirely removed by conventional wastewater treatment plant
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mechanisms [51]. Most concerning is the lack of research which has been conducted on the
removal of efavirenz from surface waters and wastewater [52]. Some of the research studies
reported in literature involved the application of molecularly imprinted polymers [53-55],
graphene wool [56], nanofibers [57] and Biochar from olive residue, tomato residue, rice husks
and African palm tree [55] for adsorption of efavirenz in water. The disadvantages of such
adsorbent materials included low surface area, resulting in lower desorption capacities.
Therefore, this study attempts to address the aforementioned challenges through the application
of coal fly ash and petroleum coke coated with iron oxide nanoparticle for efficient removal of

lead and efavirenz in water.
1.7. Aim and objectives of the study
1.7.1. Aim

The aim of the study was to prepare, characterize and apply mesoporous magnetic adsorbents
derived from coal fly ash and pet-coke for adsorptive removal of lead and efavirenz in aqueous

solutions.
1.7.2. Specific objectives were to:

1. Prepare and characterize coal fly ash and pet-coke-derived magnetic mesoporous
adsorbents.

2. Determine the optimum conditions (i.e., pH, initial solution concentration, contact time,
adsorbent dosage, temperature, etc) for efficient adsorption by using multivariate
optimization tools.

Conduct the kinetic and thermodynamic studies using the optimum conditions.

4. Perform adsorptive removal of Pb and efavirenz from aqueous solutions using magnetic
mesoporous adsorbents.

5. Compare the performance of pet-coke and coal fly ash-based adsorbents for efficient

removal of Pb and efavirenz in aqueous solutions.
1.8. Research questions

1. What is the possibility that the synthesized magnetic mesoporous adsorbents may not be

effective in removing both Pb and efavirenz.



2. What are the factors that might affect the adsorptive removal of Pb and efavirenz using
magnetic mesoporous adsorbent?

3. How will the introduction of magnetic nanoparticles and the pore size enhancement affect
adsorbent’s efficacy for the adsorptive removal of Pb and efavirenz?

4. How many times can the synthesised magnetic mesoporous adsorbent be reused?

5. Between coal fly ash and pet coke-based adsorbents, which one will be more effective for

the removal of Pb and efavirenz?
1.9. Rationale/motivation/justification of the study

The scientific research for the development of more suitable and low-cost adsorbents for the
removal of heavy metals, pharmaceuticals and personal care products (PPCPs) from aqueous
solutions is still an ongoing progress. For this study, the development of magnetic mesoporous
adsorbents for the removal of lead and efavirenz were considered. The alkaline nature of CFA
imparts the neutralizing property of the material, while the oxides such as alumina, silica,
calcium oxide, and iron oxides present in both materials were expected to act as adsorption
sites for the lead ions and efavirenz protons [58,59].

As CFA and PC have electron-conducting properties and are strong alkali substances, it was
anticipated that they can be used to remove lead ions and efavirenz from aqueous solutions by
precipitation or electrostatic adsorption [60]. Therefore, the developed adsorbents have
superior adsorption capabilities due to their high surface area and easy separation caused by
the presence of magnetic iron nanoparticles [61]. Additionally, the present research project is
expected to improve industrial waste management and provide cost-effective adsorbents for

the removal of lead and efavirenz in aqueous solutions.

The modification of PC and CFA with magnetic nanoparticles and adsorption mechanisms was
expected to bring new scientific knowledge to the field of Analytical Chemistry. South African
research scientific community will benefit from the proposed study because waste generated
from coal-fired power stations and oil refineries will be recycled and used as adsorbent for the
removal of heavy metals and pharmaceuticals in wastewater. Therefore, this study will
decrease the costs associated with the disposal of industrial waste by reusing these materials as
adsorbents for water treatment. Furthermore, it will improve water quality and reduce water

scarcity and environmental pollution in our country.



1.10. Hypothesis

+ Coal fly ash has strong alkalinity and a negatively charged surface at high pH, making it
effective for removing lead ions and efavirenz from water through precipitation or
electrostatic adsorption.

+ The surface area of coal fly ash plays a significant role in its capacity to adsorb metal ions
and organic pollutants.

+ Petroleum coke has a porous structure and various functional groups like oxygen, sulphur,
and nitrogen, providing abundant adsorption sites for ions.

+ Lead ions are expected to primarily interact with petroleum coke through ion exchange,
electrostatic attractions, and a substantial surface area.

+ Efavirenz interacts with pet coke through n-r stacking, hydrophobic interactions, and Van
der Waals forces.

+ The alignment of efavirenz's aromatic system with electron-rich regions on pet coke
enhances adsorption.

+ Efavirenz's hydrophobic properties and Van der Waals forces also contribute to the
adsorption process.

+ These interactions collectively impact the adsorption capacity and efficiency of efavirenz

onto pet coke.



1.11. Dissertation/Thesis outline

Chapter 6

Stardard
Background Background operating Introductions Introductions Conclusion
procedure .
; - Sample Adsorption Adsorption Future work and
Heavy Metals Antiretrovirals collectection experiments experiments Recomandations
Emerging Experimental Multivariate Multivariate
pollutants Heavy metals sections Optimization Optimization
Current . .
focr o Adsorption Adsorption
Coal fly ash remediation Characterization
T Isotherms Isotherms
Kinetics and Kinetics and
Petroluem coke Adsorbents thermodynamics thermodynamics
Mesoporous Factors that affect Results and Results and
materials adsorption discussion discussion
Iron oxide - . -
nanoparticles Mechenims Conclusion Conclusion
Problem
statement
Aim and
objectives
Research
questions
Rational
Hypothesis

Chapter one (Introduction), This chapter discuss the background information on heavy
metals, adsorption technique, coal fly ash (CFA), petroleum coke (PC) and mesoporous
material. It further explains the effects of heavy metals on humans that are present in
wastewater. A brief introduction to coal fly ash, petroleum coke and mesoporous materials is

also discussed.

Chapter two (Literature review) reviews in detail the studies that have been reported on the
use of industrial waste material as adsorbents for heavy metals and antiretrovirals. It further
evaluates the factors affecting adsorptions as well as the mechanisms involved in the adsorption

of heavy metals and antiretrovirals.

Chapter three (Methodology) outlines the general procedures and methodologies that were
followed to generate data for this study. This includes all the general laboratory techniques and
characterization techniques used to confirm the synthesised adsorbents. A detailed description

of multivariate optimization methods is also outlined in this chapter.

Chapter four (Quantitative analysis) outlines the data acquired from the adsorptive studies

for lead (Pb). The adsorption mechanism and other influencing factors and favourable
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conditions in the adsorption process have also been discussed in this chapter. Furthermore,

discusses the adsorptive capacity, the kinetic and thermodynamic studies in detail.

Chapter five (Quantitative analysis) outlines the data acquired from the adsorptive studies
for efavirenz from the adsorbent samples. The adsorption mechanism and other influencing
factors and favourable conditions in the adsorption process have also been discussed in this
chapter. Furthermore, discusses the adsorptive capacity, and the kinetic and thermodynamic
studies in detail.

Chapter Six (Conclusion and future recommendations), This chapter summarizes the
overall findings regarding the study's goal. In addition, recommendations and work that may

be done in the future are offered in this chapter.
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CHAPTER 2: LITERATURE REVIEW

PREAMBLE

This chapter reviews recent studies conducted on the adsorptive removal of antiretroviral and
heavy metals in aqueous solutions using various industrial waste-based adsorbents such as coal
fly ash, blast furnace slag, lignin, red mud, and petroleum coke. Additionally, the chapter also
elaborates on the factors that affect the adsorption process when using industrial waste-based

adsorbents.
2.1. Background
2.1.1. Antiretroviral drugs (ARVs) in wastewater

In African countries, conventional wastewater treatment plants (WWTP) processes are only
designed to remove suspended solids, nutrients, and microbes, and are not efficient in removing
new emerging contaminants such as pharmaceuticals from water bodies [1]. This has been
demonstrated by reports of high detection of pharmaceuticals in the effluents of WWTPs.
Globally, WWTPs employ primary, secondary, and tertiary treatment processes, which have
shown limited efficiency for the removal of pharmaceuticals such as antiretroviral drugs
(ARVs) in wastewater [2]. The inefficient removal of ARVs in WWTPs is likely influenced by
environmental factors and WWTP capabilities, operation conditions, as well as the
physiochemical properties of ARVs. ARVs are used to manage human immunodeficiency
virus/ acquired immunodeficiency syndrome (HIV/AIDS) [3]. However, they are not fully
metabolized by the body and are excreted via urine or faecal processes into the wastewater.
WWTPs are the main entry point for ARVs to water sources, and other sources of ARVS
include improper disposal of hospital waste, pharmaceutical manufacturing waste, expired
drugs, and poor sewage transport systems [4]. Moreover, due to the contamination of the ARV's
in the WWTPs therefore the possibility of HIV resistance has sparked serious concerns [4]. It
IS imperative that we pay attention to this threat and take action to mitigate it. The sources of
ARVs in the environment are illustrated in Figure 2.1.
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Figure 2.1: Schematic diagram showing various pathways through which pharmaceuticals

ARV

enter the environment [5]

Countries with high prevalence of HIV/AIDS cases include South Africa, Mozambique,
Nigeria, Kenya, and Uganda among other African countries. Table 2.1 shows the detected
concentrations in different waters South Africa. South Africa has the highest number of people
living with HIV and the largest ARV rollout program globally, Kenya only appears as the fifth
country in terms of the number of people living with HIV [6]. It was reported as indicated in
Table 2.1 that effluent water contained higher concentrations of different ARVs including
emtricitabine, efavirenz, and lamivudine. However, efavirenz was also found to be higher in
effluent water. This further reinforces that the presence of such ARVs can pose a problem to

society.
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Table 2.1: Concentrations of ARVDs in South African water bodies [7].

ARV Measured concentration (ug/L)
Effluent Influent Surface water

Abacavir Not detected Not detected — 14a

Maraviroc Not  detected - 0.082-0.322
0.0392

Zidovudine 0.087-0.5% not 6.9 — 53% not
detected? detected

Nevirapine 0.54-1.9, <LOQ- 0.67-2.8%, <LOQ- Not detected - 0.071¢
0.658° 0.681°

Raltegravir Not detected - 3.52 0.061-172

Darunavir 0.13-17% Not detected - 0.18%

Saquinavir Not detected? Not detected -0.182

Atazanavir 0.078-0.742 0.064-1.4%

Indinavir 0.025-0.0422 0.26-0.59?

Ritonavir 0.46-1.5% <LOQP 1.6-3.23, <LOQ"

Lopinavir 1.9-3.8% 1.2-2.52

Lamivudine Not detected -0.13%, 0.84-2.2% 3.67- Not detected"
<LOQ® 20.9°

Efavirenz 20-34%, 0.982-9.15°, 24-34% 1.42-15.4°, <LOQ-2.45c, 0.002—
2.79-93.1° 9.63-140° 5.5-14°  0.354d

Emtricitabine <LOQ-41.7° 31.3-172° Not detected - 0.013¢

Tenofovir disoproxil Not detected

<LOQ - below method quantitation limit, a — KwaZulu-Natal [8]. b — Western Cape [9]. ¢ -
KwaZulu-Natal [10]. d — KwaZulu-Natal [11]. e — Gauteng [12]

2.1.2. Heavy metals

Heavy metals are released into the environment either by anthropogenic activities
(industrialization, mining etc) or as natural deposits (in the Earth’s crust) such as rock
weathering or volcanic activities. As shown in Figure 2.2, industrial activities such as mining,
metal finishing, plating, and semiconductors are the major sources of heavy metals present in

wastewater. These activities release harmful heavy metals into the water sources, which then
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end up in the food chain, posing a danger to both humans and animals. Highly stable and water-
soluble heavy metals are harmful to humans, animals, and environmental health when their
levels exceed the permissible limit shown in Table 2.2. Heavy metal toxicity can result in
various adverse health effects such as damage or reduced mental and central nervous function,

lower energy levels, and damage to the blood composition, lungs, kidneys, liver, and other vital

s

Agricultural activities Volcanic explosion  Mining activities Industrial activities

1 5 ' 3
o |G A i8] O [(o)/ e ™ ) -
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Figure 2.2: Sources of heavy metals in the aqueous ecosystem and health effects [14].
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Table 2.2: Permissible limits and health effects of various toxic heavy metals in potable water [15].

Permissible limits for potable water (mg/L)

Heavy metal Health hazard
WHO EU standard USEPA

Vanadium 1.4 Not reported Not reported Very toxic, and may cause paralysis

Iron 0.2 0.2 0.3 Excess amounts cause rapid pulse rates, congestion
of blood vessels, hypertension

Manganese 0.05 0.05 0.05 Excess amounts are toxic and cause growth
retardation, fever, sexual impotence, muscle fatigue,
and eye blindness.

Mercury 0.001 0.001 0.002 The excess dose may cause headache, abdominal
pain, diarrhoea, paralysis, gum inflammation,
loosening of teeth, loss of appetite, etc.

Asernic 0.01 0.01 0.01 Carcinogenic, producing liver tumours, and
gastrointestinal effects

Chromium 0.05 0.05 0.1 Suspected human carcinogen, producing lung
tumours

Copper 2.0 1.3 2.0 Long-term exposure causes stomach-ache, irritation
of nose, mouth, eyes, headache

Lead 0.01 0.01 0.015 Suspected carcinogen, anaemia, muscle and joint
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Cadmium
Nickel

Zinc

0.003
0.02

3.0

0.005
0.1

Not reported

0.005
0.02

5.0

Carcinogenic, cause lung fibrosis, dyspnoea
Causes chronic bronchitis, reduced lung function,
and cancer of the lungs.

Causes short-term illness called “metal fume fever’

and restlessness
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2.2. Remediation methods for heavy metals and antiretrovirals in aqueous solutions

There are various treatment processes available for contaminated water streams, such as
chemical precipitation, coagulation, solvent extraction, ultrafiltration, biological systems,
electrolytic processes, reverse osmosis, oxidation with ozone/hydrogen peroxide, membrane
filtration, ion exchange, photocatalytic degradation, and adsorption [15, 16]. Because of the
high cost and disposal problems associated with the aforementioned treatment processes, many
of these conventional methods have not been widely applied at large scale treatment of
wastewater [18]. In accordance with abundant literature data, adsorption is one of the most
popular methods for the removal of toxic pollutants from wastewater since the proper design
of the adsorption process will produce a high-quality treated effluent and is specific to the
targeted analyte(s) species. This process provides an attractive alternative to convention
techniques for the treatment of contaminated water, especially if the adsorbent is inexpensive
and does not require an additional pre-treatment step before its application. Adsorption is
superior compared to the other techniques for water re-use in terms of initial cost, flexibility
and simplicity of design, ease of operation and no usage toxic pollutants and waste generation
[19]. Table 2.3 shows the limitations of various processes used for the removal of toxic

pollutants from wastewater.

Table 2.3: Treatment technologies for heavy metals and pharmaceuticals in aqueous

solutions[20].

Method Limitation

lon exchange Absorbent requires regeneration or disposal

Oxidation High energy cost and production of by-products

Membrane filtration technologies Concentrated sludge production, expensive

Coagulation & flocculation High sludge production and formation of large
particles

Electrochemical treatment High energy cost and production of by-products

Photochemical Formation of by-products

Biological treatment Technology yet to be established and commercialized
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2.3. Adsorption

Adsorption is a phenomenon in which molecules or particles in a medium, such as a liquid or
gas, bind to the surface of a solid material, commonly referred to as the adsorbent material.
Adsorption is mainly classified into two types (Figure 2.3): physical adsorption
(physisorption) and chemical adsorption (chemisorption) which is also known as activated
adsorption). Physical adsorption occurs when an adsorbate adheres to the surface of an
adsorbent through nonspecific van der Waals forces. On the other hand, chemisorption occurs
when chemical bonding creates strong attractive forces, such as ionic or covalent bonds,
through chemical reactions. In chemisorption, the adsorbent and adsorbate molecules are
bonded together through chemical reactions, resulting in stronger adhesion compared to
physical adsorption. Physical adsorption is a reversible process but less specific, whereas

chemisorption is irreversible [20, 21].

The adsorption capacity and efficiency of an adsorbent are significantly affected by its surface
characteristics. Adsorbents typically possess a high surface area, which results in many
adsorption sites. Moreover, the presence of functional groups on the surface increases the

affinity of the adsorbent for specific contaminants compounds [23].

Adsorbate Molecules

Active Sites
Adsorbent
0000 "\ 999.°
L] L]
Physisorption Chemisorption

Figure 2.3: Types of adsorption processes [24]

Figure 2.4 shows the different adsorption mechanisms involved in the adsorption of metal ions,
and organic pollutants onto different industrial wastes derived adsorbent materials. These
including hydrogen bonding, ion exchange, electrostatic attraction, and chemical interactions
between the metal ions, organic pollutants and the surface functional groups of the different
industrial adsorbents. Most researchers translate the main adsorption process to the chemical
interaction between the metal ions and the surface functional groups of different industrial

wastes [25-29]. Organic molecules have bulky molecular structures that frequently result in
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several conflicting interactions. Additional non-covalent bonding interactions might involve
binding processes such as hydrophobic bonding, van der Waals, and n-n stacking, which have

been shown to regulate the adsorption of various chemical contaminants [30].

@ : Pharmaceuticals (IP/! . Heavy metals

Figure 2.4: Different surface interactions occurring between pollutants (pharmaceuticals &

heavy metals) and adsorbents [31].

Adsorption of these heavy/ trace metals ions and pharmaceuticals compounds can further be
described by using the kinetic models and thermodynamic parameters. The common Kinetic
models are pseudo-first order, pseudo-second order and intra-particle diffusion kinetic [32].
Kinetic models determine the rate of biosorption during the removal of heavy/ trace metals ions
and pharmaceuticals compounds from wastewater. Thermodynamic studies offer insights into
the minimum Kinetic energy necessary for the adsorbate to become bound to the adsorption
site. The nature of adsorption is determined by whether it is spontaneous, random, endothermic,

or exothermic [33].
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2.3.1. Industrial waste-based adsorbents for antiretrovirals

The first African study published on the monitoring of ARVs in water was conducted in
Nairobi, Kenya in 2012 [34]. They reported the occurrence of three ARVs, lamivudine,
nevirapine, and zidovudine, in surface water at the highest concentrations of 1.2, 2, and 9 ng/L,
respectively. Their work sparked more interest in other African researchers to investigate the
occurrence of ARVs in water bodies, with South Africans following it up with 2 articles in
2015 [35]. Schoeman et al [36] reported the presence of efavirenz (17.4 ng/L) and nevirapine
(2.1 ng/L) in influent and effluent water samples collected in a WWTP located in Gauteng
Province, South Africa. Since then, more research has been published on these drugs, reporting

their presence and removal from water bodies.

To date, no studies have reported adsorption removal of ARVs using industrial waste materials.
However, there have been reports of the use of nanomaterials, as shown in Table 2.4. Kebede
et al. [37] investigated the use of nanofibers from Mondia White for ARV drug (didanosine,
ritonavir and efavirenz) elimination. The results showed a decrease in drug removal when the
adsorbent dose was changed from 10 to 60 mg, which was attributed to adsorption active site
aggregation or overlap. Chemisorption was reported to be the rate-limiting step in ARV
adsorption. The nanofiber surfaces decreased the percentage removal due to electrostatic

repulsive forces. The maximum percentage removal at the optimal pH was 75.1 - 92.8% [38].

A study by Qwane et al [39] presented the synthesis, characterization, and application of a
molecularly imprinted polymer (MIP) for the selective adsorption of abacavir from polluted
water. The MIP was synthesized using abacavir as the template molecule, Aliquat 336 as the
functional monomer, and ethylene glycol dimethacrylate as the cross-linking agent. The study
found that MIP selectively adsorbed abacavir from water in the presence of other antiretroviral
drugs, with a maximum adsorption capacity of 5.98 mg/g. The adsorption mechanism was best
described by the Freundlich isotherm and pseudo-second-order kinetic model, indicating
multilayer coverage and chemisorption influenced by electrostatic attraction, respectively. The
synthesized MIP selectively adsorbed abacavir from wastewater influent, effluent, and
estuarine water with extraction efficiencies of 67%, 74%, and 76%, respectively. Moreover,
MIP demonstrated reusability for at least 10 consecutive times without losing its extraction
efficiency. This study is the first to report the application of Aliquat 336 as the functional
monomer in the synthesis of MIP for the selective extraction of abacavir from water. These

findings demonstrate the potential of MIPs as selective sorbents for the removal of
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pharmaceuticals from water, with implications for environmental remediation and water

treatment.

Additionally, other researchers have investigated the use of graphene wool as an adsorbent for
the removal of efavirenz and nevirapine from water [19]. The study found that graphene wool
demonstrated a high adsorption capacity for both drug compounds, with efavirenz showing a
higher affinity for the adsorbent than nevirapine. The adsorption process was found to follow
Langmuir and Freundlich isotherm models, where the maximum adsorption capacities for
efavirenz and nevirapine were found to be 344.83 and 222.23 mg/g, respectively. The
mechanism of adsorption was attributed to n—nr interactions, hydrogen bonding, and van der
Waals forces between the drugs and the graphene wool. The experimental results indicated that
the adsorption process was favourable, spontaneous, and endothermic for both drugs.
Computational studies further supported these findings, revealing the structural and energetic
aspects of the adsorption process. This research provided valuable insights into the potential
use of graphene wool as an effective adsorbent for the removal of pharmaceutical compounds
from water [40].
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Table 2.4: Absorbents reported for the removal of ARVDs from different water matrices.

Optimum condition

Adsorption ) .
Contact Adsorption Detection
Adsorbent ARV Temperature _ capacity : : REF
pH time mechanism technique
(C) _ (mg/g)
(min)
Graphene wool Nevirapine 5 45 Not 48.31 Chemisorption Spectrophotometer [40]
reported
Efavirenz 441
Nanofibres Nevirapine 7 35 120 (200.59, 189%, Chemisorption HPLC [41]
(Mondia ~ White 174"
roots) Didanosine 75.99, 7258
64.9'
Ritonavir 86.99, 72,8¢
69.4'
Efavirenz 152.19 138.4¢°,
111.6'
Stavudine 160", 150.2¢,
136.4
MIPs Abacavir 5 Not reported 60 5.98 Chemisorption UPLC — MS/MS [39]
Not reported 158 Chemisorption LC-DAD-ES/MS  [42]

30



8 45 Not 167 Chemisorption LC — MS/MS [43]
reported
Biochar from olive Abacavir Parameters not reported Optimum Chemisorption HPLC — DAD [44]
residue,  tomato Atazanavir values not
residue, rice husks Darunavir reported
and African palm Lamivudine exhibited poor
tree Nevirapine removal
Raltegravir efficiencies

Alginate, Nevirapine 6.5 44.4 Physisorption HPLC - DAD [45]
polyvinylpyrro- Zidovudine 42.2
lidone and
activated carbon
e —effluent., i — influent, d — deionized water.
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2.3.2. Industrial waste-based adsorbents for adsorption of heavy metals

Industrial waste has been identified as a low-cost adsorbent for the removal of both organic
and inorganic pollutants from wastewater. However, functionalization process is required to
increase its adsorption capacity. Generally, industrial waste is generated as a by-product, and
these materials are locally available in large quantities, they are inexpensive. Various types of
industrial wastes materials are readily available such as fly ash, blast furnace sludge, waste
slurry, lignin, iron (I11) hydroxide, and red mud, and all have been explored for their technical
feasibility in removing toxic pollutants from contaminated water bodies [46]. Various types of
industrial waste, including coffee husks, Areca waste, tea factory waste, sugar beet pulp, olive
oil factory waste pomace, battery industry waste, biogas residual slurry waste, sea nodule
residue, and grape stalk waste, have been used as inexpensive adsorbents for eliminating

harmful heavy metals from wastewater [47].
Coal Fly ash

Coal fly ash (CFA) is a solid industrial waste generated by the combustion of coal from power
plants. Coal fly ash consists of two forms, fly ash and bottom ash. Fly ash is made of fine
particles that rise with flue gases during coal combustion, whereas bottom ash is ash that does
not rise and remains at the bottom of the furnace. Fly ash is collected using particle filtration
equipment, which prevent it from entering chimneys. The bottom ash is collected from the
bottom of the furnace [48]. The geological location and type of coal usually determine the
chemical composition of coal fly ash. It consists mainly of crystalline and amorphous silicon
dioxide (SiOz2), calcium oxide (CaO), and aluminium oxide (Al20z3). They also contain a variety
of toxic trace elements, which depend on the specific composition of the coal bed. The fly ash
material solidifies while suspended in exhaust gases, resulting in a spherical particle shape and
size ranging from 0.5 to 300 um [49].

Based on the quantities of silica, aluminium, and iron coal fly ash can be classified into two
types: Class C and Class F. The calcium, silica, alumina, and iron contents of the ash are the
main defining characteristics of these classes. The chemical composition of burned coal
(anthracite, bituminous, and lignite) significantly affects the physical and chemical
characteristics of fly ash. With a pH range of 10-13, coal fly ash is a strong alkali material that

develops a negatively charged surface at high pH. Therefore, it is logical to expect that
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precipitation or electrostatic adsorption can remove metal ions and organic pollutants from

aqueous solutions [50].

The physical properties of fly ash play a crucial role in its effectiveness as an adsorbent for the
removal of heavy metals, as shown in Table 2.5. Fly ash exhibits a range of physical
characteristics including morphology, particle size distribution, and surface area. The
morphology of fly ash particles can vary from spherical to irregular, and the particle size
distribution can range from fine to coarse. The appearance of CFA can range from dark brown
to light grey, and this is influenced by the amount of unburned carbon present after the coal
combustion process. Generally, the lighter the colour, the lower the carbon content, and vice
versa. Lignite or sub-bituminous CFA typically has a lower carbon content and traces of
calcium or lime, resulting in a greyish colour. However, bituminous and anthracite CFAs have
higher carbon residues, making them appear darker in colour. In addition to colour, other
important physical characteristics of CFA include the distribution of the particle size and
surface area. Studies have shown that the particle sizes of CFA from bituminous and anthracite
coals are like those of silt (less than 0.075 mm), whereas the CFA particles of sub-bituminous
and lignite are larger (greater than 0.075 mm) [51]. For water remediation, the surface area of
CFA, particle size distribution, porosity, and hydrophilicity are crucial. These physical
properties directly affect the adsorption capacity and efficiency of fly ash. Larger surface areas
and finer particle size distributions generally result in higher adsorption capacity and
efficiency. Understanding the physical properties of fly ash is essential to optimise its use as

an effective adsorbent for the removal of pollutants in air and water systems [52,53].

Table 2.5: Physiochemical properties of coal fly ash [51].

Characteristics Value

pH 6-8

Bulk density (kg/mq) 900 — 1300
Specific gravity 1.6-2.6
Porosity (%) 30-65
Particle size (nm) 0.001-0.1
Surface area (m?/g) 5

Lime reactivity (MPa) 1-8
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The chemical composition of the fly ash is a key factor in its adsorption performance.
Modifying the chemical properties of fly ash through treatment or modification can enhance
its adsorption performance [54].

As demonstrated in Table 2.8, there are numerous studies that have been conducted to
investigate the removal of heavy metals using coal fly ash-based adsorbents. Hussain et al. [55]
investigated the use of waste CFA for production of new innovated flocculants porous particles
by modification of coal fly ash (CFA) using a multi-step base—acid—base (NaOH) modification
method. Results showed that the surface area of the flocculant particles of MCFA was increased
from 5.241 to 32.011 m?/g, which increased the adsorption process of heavy metals (Mn?, Cu?*,
Ni%* and Pb?*. The maximum removal efficiencies of MCFA for Mn?*, Cu®*, Ni?*, and Pb?*
were recorded at 94.26%, 95.88%, 71.04%, and 99.91%, respectively. The Freundlich isotherm
model was fitted for the adsorption process, and the maximum adsorption amounts of MCFA
for Mn?*, Cu?*, Ni?*, and Pb®" were 558.9219, 0.4341, 210.9737, and 12.1957 mg/g,
respectively. Moreover, the kinetic model indicated that physicochemical adsorption occurred
between the adsorbate materials and the adsorbent.

Attari et al. [56] proposed a synthesis of zeolite Linde Type A (LTA) from coal fly ash (CFA-
ZA) for the adsorptive removal of simulated Hg(ll) solution made using an industrial
wastewater matrix. The average removal efficiency of the CFA-ZA for Hg(ll) was 94% with
10 mg/L initial concentration that is comparable with activated carbon. It was observed that
CFA-ZA has strong affinity towards Hg(ll) in all examined adsorbent/solution ratios. The
mercury adsorption process was best described by Freundlich isothermal model. All adsorption

processes reached equilibrium within approximately 120 min.

Tang et al. [57] used coal fly ash-based porous geopolymer (CFAPG) for the removal of Zn
and found the optimal parameters were best described by the Bi_Langmuir model. This
indicated that the two different sorption site classes on the surface of CFAPG with a total
maximum Zn adsorption capacity of 13.42 mg/g. These results provided key parameters for
the application of geopolymers as heavy metal adsorbents. Shyam et al. [58] studied the
adsorption of Pb?*, Ni%* and Cr®" from single metal solutions. The Pb?* and Ni?* removal was
observed to be almost the same. The significant difference observed between single and binary
metal adsorption is in the initial metal removal rate. Slightly lower initial metal removal rate

observed in the case of binary adsorption was probably due to the presence of competing metal
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ions in the solution. Fly ash-based adsorbents prepared in the laboratory exhibited

comparatively more adsorption capacity than that of the parent material, fly ash.

Wang et al. [59] synthesised zeolite based on coal fly ash adsorption of lead. The results
showed that synthesized zeolite has high adsorption capacity of 99.082 mg of Pb?*per gram of
adsorbent. Coal fly ash zeolite synthesized by wet milling had good Pb?" adsorption
performance when the initial pH of the solution was above 5. The adsorption kinetic results
demonstrated that removal of Pb?*via the synthesized zeolite followed pseudo-second-order
kinetic model. Zhao et al. [60] conducted a study on the effects of modified fly ash and
mechanisms of modified fly ash synthesis conditions on its cadmium adsorption capacity. The
optimal result was achieved with an ash to base ratio of 5:5, a calcination temperature of 200
°C, and a calcination time of 3 hours, which resulted in adsorbing 90.27 mg/g of Cd?* during

the adsorption experiments.

Siahaan [61] prepared novel zeolite (K-type zeolite) for the adsorption of Pb?" .Six types of
zeolites (FAL, FA3, FA6, FA12, FA24, and FA48) were prepared, and their physicochemical
properties, such as surface functional groups, cation exchange capacity, pHzpc, specific surface
area, and pore volume, were evaluated. The quantity of Pb?*adsorbed by the prepared zeolites
followed the order FA < FAL <FA3 <FA6 < FA12 < FA24 < FA48. Results indicated that the
level of Pb?* adsorbed was strongly related to the surface characteristics of the adsorbent. Low-
cost adsorbents synthesised by Harja and colleagues [62] displayed a good capacity to remove
copper, nickel, and lead ions (29.97 mg of Cu?*per g of sorbent, 303 mg/g of sorbent, and 1111

mg/g of sorbent) from aqueous solutions.

According to Javadian et al. [63] , the zeolites have demonstrated their maximum efficiency
when utilized under optimal sorption conditions. This included a dose of 0.08 g of ZFA in 25
mL of Cd (II) with a contact time of 7 hours and a pH of 5. The kinetic data showed that pseudo-
second order equations controlled the adsorption process. According to adsorption isotherm
studies, the Langmuir isotherm was proved to be the best fit for the experimental data, in
comparison to Freundlich, D—R and Tempkin models. Thermodynamic parameters showed that
the adsorption of Cd?* onto ZFA was feasible, spontaneous and endothermic under studied

conditions.
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Blast furnace slag

Another low-cost adsorbent material showing the capability to adsorb heavy metals is blast
furnace slag (BFS), an industrial by-product generated in steel plants [64]. Steel plants generate
a large volume of granular blast furnace slag which is also being used as filler or in the
production of slag cement. Blast furnace flue dust is a waste material from steel industries and
can used to remove heavy metal ions from aqueous solutions. In recent years, numerous
researchers have explored the possibility that using slag as an alternative adsorbent for the
removal of heavy metals from wastewater [65,66]. The removal characteristics of different
metal ions using different slags have been investigated in terms of adsorption
isotherms/kinetics, and various removal mechanisms [67,68]. Table 2.6 demonstrate the

reported studies and findings using blast furnace slag for removal of several metal ions in water.

The results of a study revealed that the cation exchange capacity (CEC) of granulated blast
furnace slag (BFS) is 89.21 = 0.04 cmol/kg, which demonstrated a remarkable adsorption
capacity for copper, zinc, and nickel. Due to the presence of alkali components and a negatively
charged surface at high pH, it is believed that BFS removed metal ions primarily through
precipitation or electrostatic adsorption. When compared to other materials, such as biochar
and metal-organic frameworks (MOF), BFS has a higher specific surface area. Furthermore,
BFS has an inherent self-alkalinity that facilitates the precipitation of Cr3*. While the
preparation of MOF materials is more complex, BFS is an easily obtained industrial waste. As

a result, BFS is a more promising candidate for waste reuse in practical applications [69].

Sabah et al. [70] investigated the removal of Pb?*and Co?*from aqueous solutions using blast
furnace slag, and their findings indicated that the adsorption process followed the Freundlich
isotherm, suggesting physisorption. The inner layer sorption of metal ions on BFS may be
attributed to the formation of metal-Sicomplexes between the Pb?* ions and the Si of the slag
via the exchange of H* ions in the vicinity. Additionally, the negatively charged BFS surface
at pH 6 favours electrostatic interactions with positive metal ions. Consequently, the
electrostatic interactions between Pb?*/Co?" ions and the groups (-COzand -OH) on the sorbent
lead to multilayer adsorption of metal ions. The formation of metal-sulphur complexes via ion
exchange and electrostatic interactions was considered a viable mechanism for metal-ion
adsorption on BFS [71]. Considering the nature and composition of the BFS, an exchange
interaction of the slag with the effluent may be described as follows [72]:
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~SiO(Ca) + 2H-OH — —Si — O — Hz + Ca?* + 2(~OH-)

In an acidic environment with a high concentration of hydrogen ions, it is expected that the
above reaction will shift to the left. The basic slags provided a neutralizing effect, and the
interaction between the Ca?* ions and the freed H* ions from the slag was confirmed when the
solution pH rose. This reaction was supported by the equation when the BFS came into contact
with the solutions. The BFS slag demonstrated a remarkable ion exchange capacity, which was
consistent with the sorption equilibrium. For divalent metal ions (M%) in solutions, the

aforementioned reaction may be expressed as [67]:
(Sl - O_)an2+ +H30+ — 2(SI'OH) + Ca2+ + OH—

The lone pair of electrons in the oxygen atoms of OH™ groups play an important role in the
complexation between metal ions and these OH™ groups [73] as illustrated in the schematic
diagram shown in Figure 2.5 which summarises the different BFS adsorbents used for removal
of heavy metals in aqueous environments highlighting the condition, mechanisms, maximum

adsorbent capacity, and percentage removal.
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Figure 2.5: Schematic illustration of Pb and Co metal ions adsorption process by BFS [70].

The removal of lead by sorption on granulated blast-furnace slag was investigated by Dimitrova
et al [72]. It was established that the sorption process occurs with increasing pH from 2 to 9.
Maximum Pb?* removal (97+98%) is achieved at pH value approximately 6.0+7.0. The
equilibrium in the slag/lead solution system was described by the Freundlich adsorption

isotherm. The constants in the Freundlich equation were calculated for different slag particle
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sizes at pH 5.0+5.1. The percentage of lead removal at equilibrium increased with increasing

slag amount but the sorption capacity decreased.

Water-quenched blast furnace slag (WBFS) was assessed by Want et al [74] for its capacity to
remove Cu?*, Cd?*, and Zn?* from aqueous solutions. The results showed that the removal
efficiency increased with increasing adsorbent dosage and the optimum conditions for the
removal of Cu?*, Cd?*, and Zn?* were obtained in the dosage of 12, 16, and 16 g/L, respectively.
The removal efficiency and adsorption amount of Cu?*, Cd?*, and Zn?* onto WBFS increased
on increasing the solution pH from 1 to 9, while the values decreased slightly as the pH further
increased above 9. The adsorption process fitted the pseudo-second-order kinetic and Langmuir

isotherm models. WBFS was feasible and endothermic in nature.

BFS was exploited as an adsorbent for the removal of Cr®*, Pb?*, and Cr-Pb by Chauchabe et
al. [75]. The physicochemical tests indicated that the BFS was formed from a mixture
composed mainly of silicates, aluminates, lime, and magnesium oxide. The specific surface
area was found to be 325.6 m?/g and the pHzpc value corresponded to 3.8. Equilibrium was
obtained after 60, 50, and 80 min for Cr®", Pb?*, and the Cr-Pb mixture, respectively. Under
the experimental conditions (pH 4.8, agitate: 150 rpm, T: 20 °C), the adsorption capacities of
Cr¥*, Pb?*, Cr-Pb, Cr* in the mixture, and Pb?" in the mixture were 43.16, 50.12, 39.91, 17.05,
and 22.66 mg/g, respectively. Moreover, the adsorption isotherms revealed that the Langmuir
model was the best fit for the metal ion adsorption processes examined (R = 0.99). The kinetics
indicated that the adsorption of the metal ions studied followed the pseudo-second-order model
and that their transfers from the solution to the adsorbent are controlled by external and
intraparticle diffusion. The thermodynamic study has shown that all the processes applied are
spontaneous, exothermic, and less entropic. The desorption of the binary mixture revealed that
saturated BFS can be efficiently exploited over four cycles.

Based on the affinity between oxalate and heavy metal, Le et al [76]synthesized a novel
calcium oxalate/calcium silicate hydrate (Ca-Ox/C-S-H) adsorbent from blast furnace slag
(BFS) by a facile oxalic acid/NaOH treatment. The BFS-derived CaOx/C-S-H exhibited
superior maximum uptake capacities for Pb?* (2117 mg/g) and Cd?* (1083 mg/g). The removal
mechanism involves ion exchange, and adsorption Kinetics showed an equilibration time of 10
min for Pb?* at a solid-to-liquid ratio of 1.0 g/L, in agreement with both the pseudo-first- and
pseudo-second-order reaction kinetics models. The adsorption isotherms of Ca-Ox/C-S-H for
both metal ions also fitted the Sips model well. CaOx/C-S-H showed high selectivity toward
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Pb?* among various heavy metals and coexisting ions in water, and demonstrated high retention

of adsorption capacity after being recycled up to four times

El-Dars et al [77] investigated the adsorption of nickel (I1) from aqueous solution onto different
particle sizes of water-cooled blast furnace slag (WCBFS). The results showed that the
Langmuir model better fitted the data obtained for the large-sized particles, while that for the
finer-sized particles followed the Freundlich model best. Overall, the process was considered
a second-order reaction which involved some degree of intraparticle diffusion.

The BFS was used as an adsorbent material for the removal of Pb?* ions in solution by
Chauchabe et al [78]. The physicochemical analysis assessed indicated that the BFS is
essentially composed of silica, lime, and alumina. Its specific surface area was 275.8 m?/g and
its PZC was around 3.8. The adsorption study indicated that the maximum amount of Pb?*
adsorbed under optimum conditions (agitation speed: 150 rpm; pH: 5.4; particle size (&s): 300
pm, T: 20°C) was 34.26 mg/g after 50 minutes of agitation, and adsorption yield was best for
feeble initial concentrations. Langmuir gave the best fit for the adsorption isotherms, and the
adsorption kinetics was better characterized by the pseudo-second order kinetic model. The
adsorption mechanism study revealed that internal diffusion is not the only mechanism that
controls the adsorption process and there is also an external diffusion, which contributes
enormously to the transfer of Pb?*from solution to adsorbent. Thermodynamic studies indicated
that the Pb?*adsorption on the blast furnace slag (BFS) was spontaneous, exothermic, and that
the adsorbed Pb?* is more ordered at the surface of the adsorbent.

Lignin

Lignin (Figure 2.7) is one of the natural polymers, which is abundantly present in the cell walls
of terrestrial plants and acts as a binding agent for various fibrous materials. Lignin treated as
a waste product in return poses severe environmental problems; especially their presence in the
wastewater produces detrimental effects such as lead to high pH, biochemical oxygen demand
(BOD), total suspended solids, dark colour, and toxicity. Based on its structural analysis,
studies showed that it has a high molecular weight and surface area of 180 m?/g, making its
three-dimensional polymer structure (which involves different functional groups hydroxyl,
methoxyl and phenolic groups) more favourable for the removal of heavy metals from
wastewater. It is composed of propyl-phenolic subunits with various functional groups that
depend on the source of biomass from which the lignin is extracted. These functional groups
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act as active sites for binding pollutant species, such as dyes and Cr®* [79,80]. Lignin materials
offer several advantages over synthetic materials due to their biodegradability, carbon
neutrality, cost-effectiveness, and their antimicrobial, stabilizing, and antioxidant properties.
Table 2.6 shows the reported finding for the removal of heavy metals using lignin-based

adsorbents.

Figure 2.6: Structure of lignin [81]

According to Nair et al. [80], lignin, which is a solid waste product of the paper and cellulosic
bioethanol industries, was impregnated with chitosan, a biopolymer derived from chitin. The
two components were held together by weak bonding between the 1,4-glycosidic linkage,
amide, and hydroxyl groups of chitosan and the ether and hydroxyl groups of lignin. The
composite with an equal ratio of its two components showed optimal removal of organic dyes
and Cr®. In acidic conditions (pH 5.9), the dye and Cr®" were retained due to the
electrostatic/chemical interaction between the constituents' protonated — NH and — OH groups
and the carbonyl/sulphate and HCrO*" of the dye and Cr®*, respectively. The authors reported
that the protonated hydroxyl groups selectively attracted the HCrO* anion, electrostatically.

Zhou et al. [82] reported the development of a 3D nanocomposite of graphene, lignin, and
sodium alginate using a hydrothermal method in an aqueous solution for the removal of Cd?*
and Pb?*ions. The adsorption capacity of this composite was higher than that of graphene,
achieving an optimum uptake capacity of 79.88 and 225.24 mg/g for Cd?" and Pb**,

respectively. Furthermore, the composite demonstrated almost 100% scavenging for both metal
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ions in a real sample collected from a local smelter. In contrast, Vecino et al. [83] synthesized
an alginate-vineyard pruning waste composite using the batch adsorption method to remove
various nutrients and micronutrients from winery wastewater. The authors observed that a
mixture of 5% sodium alginate and 0.5% vineyard pruning waste with 0.05 M CaCl: provided
the best adsorption results, achieving a removal efficiency of 5.9 mg/g for Mg?* and 0.3 mg/g
for Zn?*. More recently, Bustos et al. [84] used bio-oxidized grape marc from the winery
industry as an adsorbent by encapsulating it with calcium alginate to remove CuSOa4. The
adsorbent exhibited fast removal, with approximately 97.2% of CuSO4 removed within 5
minutes, and a maximum removal efficiency of 2785 mg/g. The authors also noted that sulphate

ions were removed through precipitation as calcium sulphate.
Red mud

The by-product known as red mud is generated during the caustic leaching of bauxite in the
alumina industry. It is comprised of Fe203, Al20s3, SiO2, Na2O, CaO, trace amounts of Zr, Y,
Th, and U elements, as well as rare earth elements. Red mud has a reddish-brown colour and
is composed of fine particles of silica, aluminium, iron, calcium, titanium oxides and
hydroxides, which gives it high surface reactivity. Due to its unique properties, red mud has
been the subject of numerous studies in, including those on the removal of toxic heavy metals

from wastewater from aqueous solutions.

Lyu et al [85] employed a hydrothermal method for the modification of red mud using colloidal
silica and sodium hydroxide under mild conditions and applied it to adsorb Pb?* ions in aqueous
solutions. Highlighted two pathways for Pb?* removal from solutions as shown in Figure 2.8.
Two pathways were highlighted for the removal of b bas shown pathway I: Firstly, Na and Ca
ions in the modified red mud dissolve into the solution in the experimental conditions; then as
exchange, the Pb ions in the solution adsorb on the surface of the modified red mud and interact
with that carbonate to form PbCOs and Pb3(CO3)2(OH)2. Pathway Il: Some carbonate ions are
released into the solution when calcite in modified red mud dissolves; then PbCOs and
Pb3(CO3)2(OH)2 precipitates are formed by the liquid phase reaction between Pb ions and
CO3* ions in the solution. These precipitates are subsequently adsorbed on the surfaces of the

modified red mud and grow gradually.
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Figure 2.7: Schematic mechanism of the modified red mud to remove Pb?*ions in agueous

solutions [85].

Red mud has been proposed as a potential solution for decontaminating acid mine drainage and
mining sites and other contaminated areas that generate acidic leachates and high
concentrations of hazardous heavy metal ions. Its physiochemical properties make it a
promising precursor material for adsorbent material synthesis. Using red mud to remove lead
ions from wastewater could have significant environmental benefits, as it offers a double
advantage. However, due to its low adsorption capacity and strength structure, red mud
typically requires modification before it can be used as an adsorbent [86]. There are several
common methods for modifying materials, including acidification, neutralization, thermal
treatment, organic modification, and composite material synthesis [87]. These modifications

have been shown to improve adsorption efficiency for heavy metal ions.

The utilization of iron oxide-activated red mud for the elimination of Cd?* was investigated by
Khan et al. [88] under optimized conditions, including a pH of 6, an interaction time of 1.5
hours at 298 K, and an optimum uptake of 117.64 pg/g. The adsorption process was
spontaneous and exhibited pseudo-first-order kinetics with intra- and film diffusion
mechanisms. Additionally, the regenerated adsorbent was effective in removing Cd?* for up to
five cycles, achieving a recovery of nearly 91% of the Cd?*. Abbasi et al. [89] synthesized a
red mud/carbon nanotube composite as a sorbent for the removal of Pb*ions using a chemical
vapour disposition method. The resulting composite, with a surface area of 78 m?/g,

demonstrated a higher adsorption capacity than pure red mud (11 m?g). The adsorption

42



capacity was highest for 0.05 g of the composite at pH 5, with equilibrium achieved within 50
minutes. Garcia et al. [90] synthesized a ternary hybrid composite of red mud with iron oxide
and alginate/chitosan for the removal of As(V). The results showed that the chitosan-
immobilized materials exhibited the highest removal of As(V) at 100 mg/g with an adsorbent
dose of 2.5 g/L at pH 7. The data was best fit with the Freundlich isotherm and pseudo-second-
order Kinetics.

In a study conducted by Pietrelli et al. [91], the utilization of pyrolusite and red mud was
examined for the purpose of removing manganese and arsenic from drinking water. The
researchers explored the effects of various factors, such as initial metal ion concentration, pH,
temperature, and adsorbent performance, and employed an isotherm model to determine the
optimal working conditions. The synergistic impact of red mud and pyrolusite improved the
adsorption efficiency and stability, effectively and safely removing the targeted contaminants

from water.

In another study by Pepper et al. [92], red mud was employed to prepare aganeite sorbent for
the treatment of arsenic-contaminated water. The adsorption effect was evaluated using a
kinetic model, which revealed that red mud exhibited stronger adsorption capacity and was less
affected by pH compared to commercial adsorbents. However, the presence of carbonate and

phosphate significantly reduced the adsorption efficiencies of both adsorbents.

Kalkan et al. [93] investigated the removal of cadmium from aqueous solutions using bacteria
modified. The optimum results were reported at pH 4.0, contact time of 60 min, temperature
of 30°C, and an adsorbent dose of 1 mg/mL. The adsorption data was best fitted with Langmuir
and Freundlich adsorption models. The maximum adsorption capacity obtained from Langmuir
adsorption model was 83.034 mg/g. The kinetic processes of cadmium adsorption on bacteria-
modified red mud were described by applying pseudo-first order and pseudo-second-order rate
equations. The kinetic data for the adsorption process obeyed pseudo-second-order rate
equations. Various thermodynamic parameters, such as AG°, AH®, and AS° were calculated
and the negative value of AG® obtained indicate that the process was spontaneous, and the
positive value of AH® confirms the reaction to be endothermic, and the positive value of AS°

shows that the decrease in the degree of freedom of the adsorbed specie.

Luu et al. [94] investigated red mud modified by chitosan (RM/CS) as an adsorbent to
effectively remove Pb?*from aqueous solution. The surface area of RM/CS was found to

43



significantly increase by more than 50% compared to that of original red mud. They reported
Pb?* removal followed the intra-diffusion model. Additionally, the non-zero C value obtained
from this model indicated that the removal was controlled by many different mechanisms. They
also found that the interaction of Pb?* and carbonate group on the material’s surface played a
primary role once the adsorption equilibrium was reached. The maximum adsorptive capacity

was found to be about 209 mg/g.

Mi et al. [95] investigated removal of heavy metal ions by activating RM using Ca?* and Mg?*
mixed solution neutralization and high-temperature treatment. Pb?* and Zn?* were selected as
target contaminants. They used Fractional Factorial Design and Box-Behnken design to screen
the significant preparation parameters and obtain the optimum preparation conditions. They
determined as significant factors affecting the adsorption capacity of Pb?* and Zn?*, and the
equilibrium optimum preparation parameters were the solution concentration of 1.5 mol/L, the
liquid-solid ratio of 40 ml/g, the neutralization time of 114 min, calcination temperature of 518
°C, and the calcination time of 148 min. The physiochemical results revealed that the main
mineral phase of NCRM was hematite, calcite, and cancrinite, and NCRM had a loose structure
and abundant pores, which contributes to the sorption of heavy metal ions. The adsorption
kinetics study was found to be via pseudo-first-order model and pseudo-second-order model,
while pseudo- second-order model was the best model to describe adsorption of Zn?* onto
NCRM. Based on the batch experiment, the maximum adsorption capacities of Pb?* and Zn?*
were 218.82 and 75.58 mg/g, respectively.

Sahu et al. [96] activated red mud by acid dilution followed by ammonia precipitation for
adsorption of Cd?*. The maximum adsorption capacities of Cd?* on activated red mud (ARM)
were found to be 12.046 and 12.548 mg/g at temperature 20 and 28 °C, respectively. Adsorption
data of Cd?* are best fitted to linearly transformed Langmuir isotherm with R? > 0.99. The
pseudo-second-order model describes the kinetics of Cd?* adsorption successfully to predict
the rate constant of adsorption. Thermodynamic parameters revealed the endothermic,
spontaneous and feasible nature of adsorption of Cd?* onto ARM. The desorption efficiency of
Cd?" ions from ARM was 91.29% using 0.2 mol/L HCI.

Deihimi et al. [97] also utilized red mud to remove iron cyanide from water, and their
experiment demonstrated that various pretreatment methods significantly improved the
adsorption capacity of red mud. The researchers found that cetyltrimethylammonium bromide

enhanced the ability of red mud to adsorb ferricyanide by altering the charge properties of the
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red mud surface. Deihimi et al. [98] investigated the removal of ferricyanide anions from
aqueous solutions using activated red mud as a ferricyanide adsorbent. They investigated the
influence of various factors, including ferricyanide concentration, pH, adsorbent dosage,
contact time, and adsorption process, on the removal of ferricyanide from aqueous solutions.
The results of their study showed that the optimal conditions for adsorption were a ferricyanide
concentration of 60 mg/L, a solution pH of 5.6, an adsorbent dosage of 2.59 g, and a contact
time of 60 minutes, which resulted in a removal rate of 79.6% and 1.8 mg of ferricyanide
adsorbed per gram of adsorbent. The activation process was found to enhance the capacity and
efficiency of red mud adsorption of ferricyanide. The study demonstrated the potential of using
red mud for water treatment, which embodies the principle of "using waste to treat waste."
However, it is also crucial to consider the disposal of red mud if it is not utilized effectively as

an adsorbent.
Petroleum coke

Petroleum coke (PC), a by-product from petrochemical industry, is a potential substance to
replace activated carbon. PC is a by-product of the heavy oil or oil sand refining process. The
composition of raw PC from different sources is slightly different, and the carbon content is
the main content, accounting for more than 80% of the total elements. According to the
difference of sulphur content in PC, it can be classified into high-sulphur (greater than 4%),
medium-sulphur (2 - 4%) and low-sulphur (<2%) PC. Medium-sulphur and low-sulphur PC
can be used in the aluminium and steel industries, where the sulphur content is required <3%
and 0.5%, respectively. Since sulphur content of high-sulphur PC is greater than 4%, it cannot

meet the requirement of some relevant industries.

Yuan et al. [99] synthesized a PCK3-450 adsorbent from PC for the removal of Cu?* ion from
aqueous solutions. A maximum Cu?* ion adsorption capacity of 89.85 mg/g was attained at 30
°C using PCK3-450. Adsorption isotherms were analysed using the Langmuir, Freundlich, and
Temkin models, and the experimental data fit well with the Freundlich model. Pseudo first-
order, pseudo second-order, Elovich, and intra-particle diffusion models were used to describe
the adsorption kinetics, and the rate of adsorption conformed to the pseudo second-order Kinetic

model.

The efficacy of metal-impregnated petroleum coke activated carbon for the adsorption of
arsenite and arsenate in acidic waters was investigated by Fisher and Vreugdenhil [100].
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Petroleum coke was modified with FeCls—KMnO* to enhance the adsorption capacity for
arsenate. Adsorption was significantly improved by the addition of an iron—manganese-loaded
activated carbon, increasing adsorption from 8.12 to 50.93%. Ramirez Zamora [101] assessed
the use of petroleum coke produced activated carbon for the adsorption of metal and phenol in
water. The result present showed a clear increase in the adsorption capacity for Hg and
methylene blue of the activated coke, especially when phosphoric acid is used. The also
highlighted that for chemical process of activation still must be optimised to commercialise the

product for its application in water.
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Table 2.6: Absorbents reported for the removal of heavy metals from different water matrices.

Optimum condition

Industrial
Hea Aquatic iti Adsorption Percentage Adsorption Adsorption
waste Adsorbents VY a X PH Temperature Contact Initial 'p ¢ i P P X Regeneration Detection technique Ref
terial metals environment cC) time concentration capacity (mg/g) removal (%) isotherm mechanism
materia
(min) (mg/L)
MCFA Mn2* Not reported Not Not reported Not Not reported 558.92 94.26 Physisorption Freundlich Not reported Abs meter [55]
reported reported
Cu?* 0.434 95.88
Ni2* 210.97 71.04
Pb?* 12.16 99.91
CFA-ZA Hg?* Not report 25 25 120 10 Not reported 94 Physisorption Freundlich Not reported ICP -AES [56]
Na-— X Zn?* Not reported 5 Not reported 10 Not reported 656 Not reported physisorption Langmuir Not reported ICP - OES [102]
Pb?* 5 120 Not reported
Na - X(C) Zn?* Not reported 5 Not reported 10 Not reported 600 Not reported physisorption Langmuir Not reported ICP - OES [102]
Pb?* 5 120
CFAPG Zn?* Not reported 6 21+1 48 Not reported 13.42 Not reported Bi -Langmuir Not reported AAS [57]
Fly ash Pb?* Not reported 5 2542 45 20-100 - 250 92-94 Not reported Freundlich Not reported AAS [58]
Coal fly ash Ni2* 5 40 40 to 200 21.75 54-78.8 Temkin
oal fly as
y cr3* 3-4 45 50— 250 -83.3 35 Temkin
Coal fly ash Pb?* Not report 5.04 Not reported 270 Not reported 99.082 99 Chemisorption Langmuir Not reported ICP - MS [59]
NMFA Cd** Not reported 4-7 25 120 100 204.92 Not reported Chemisorption Langmuir Not AAS [60]
FA48 Pb?* Not reported 3 25 24 hours 50 55.53 Not reported Chemisorption Langmuir Not reported ICAP [61]
Z8 Cu?* wastewater 5 Not reported 120 Not reported 23.8 97 Physisorption Not reported Not reported AAS [62]
Ni2* 6 Not reported 40 Not reported 303 98
Pb?* 9 Not reported 20 Not reported 1111 80-98
ZFA Cd* Not reported 5 25 7 hours 50 26.246 96 Chemisorption Langmuir Not reported Not reported [63]
CFA-SH Hg? Not reported 8 25 50 Not reported 361.01 Not reported Chemisorption Langmuir 4 AAS [103]
Cd? 8 60 106.38
13-X Cd** Not reported 7 30 120 250 321.54 99.65 Lagergren Langmuir Not reported ICP - OES [104]
chemisorption
ANA-AC Pb?* Not reported 54-6 25 360 100 125.57 100 Chemisorption Langmuir Not reported [105]
MCCRM2 Cu? Not reported 6 25 24 hours Not reported 0.144mmol/g Chemisorption Langmuir Not reported AAS [106]
Pb?* 53 0.161 mmol/g Not reported
Liani PAN/SL ACNFs Pb?* Not reported 5 240 125 524 67 Chemisorption Langmuir Not reported ICP - OES [107]
ignin
9 ECLNNPs Pb?* Not reported 6 30 180 100 126 Not reported Chemisorption Langmuir 3 Not reported [108]
Cu?* 55 54.4
SSAL Pb?* 5.35 45 12 hours 200 39.3 Not reported Chemisorption Langmuir Not reported Not reported [109]
Petroleum PCK3-450 Cu? Not reported 5.24 30 120 100 89.85 Not reported Chemisorption Freundlich Not reported [99]
coke
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Optimum condition

\I:il::mal Adsorbents Heavy Adquatic pH Temperature Contact Initial Adsorption Percentage Adsorption Adsorption Regeneration Detection technique Ref
material metals environment cC) time concentration capacity (mg/g) removal (%) isotherm mechanism
(min) (mg/L)
BFS Co** Not reported 6 65 60 438 Not reported Intra-particle 3 AAS [70]
diffusion
Pb?* 6 65 60 3.3e+6 30.8 Not reported Avrami Freundlich 3
WBFS Cu* Not reported 7 25-65. Not 21.32 Not reported Chemisorption Langmuir Not reported AAS [74]
reported
Cd? 7 25-65 13.36
Zn2* 7 25-65 14.86
S-nZVi@BFS Cré* Not reported 35 25 Not 10 184 Not reported Chemisorption Not reported Not reported ICP - OES [71]
reported
Blast BFS Cré* Not reported 4.8 20 60 Not reported 43.16 Not reported Chemisorption Langmuir Not reported AAS [75]
furnace slag Pb?* 50 50.12
Cr—Pb 80 39.91
Modified slag Pb?* Not reported 7 60 120 40 96.46 64.32 Chemisorption Langmuir Not reported AAS [73]
BFS-derived Ca —  Pb?* Not reported 10 2117 Chemisorption Sips Not reported AAS & ICP — OES [76]
Ox/IC-S-H
Cd* 1083
WCBFS Ni2* Not reported 2 245 30 100 12.66 &24.39 Not reported chemisorption Langmuir Not reported Uv - Vis [77]
SlagCs Cu?* Not reported
BFS Pb?* Not reported 5.4 20 50 60 34.26 87.93 Chemisorption Langmuir Not reported AAS [78]
Fe%/FeSx@BFS Cré* Not reported 35. 60 20 Not reported 38 Not reported Not reported Not reported
Mn-RM Pb?* Not reported 521 25 240 301.04 721.35 87.45 Chemisorption Langmuir Not reported AAS [110]
Magnetic - 4A  Zn** Not reported 4 25+0.5 24 hours 100 3314 Not reported Chemisorption Langmuir Not reported ICP - MS [111]
Zeolite
Cu?* 136.3
Cd? 131.96
Ni2* 119.70
Pb?* 116.81
Red mud Mn2* Drinking water 7 25 10 hours 2 Not reported 50 Not reported Langmuir Not reported ICP - MS [112]
Red mud As®* 5 1000 97
Bacteria-Modified Cd?* Not reported 4 30 60 Not reported 83.034 Not reported Chemisorption Langmuir Not reported Spectrophotometer [93]
Red Mud
RM/CM Pb?* Not reported 5.5 25 180 500 208.02 Not reported Intra-particle Not reported Not reported AAS [94]
diffusion
NCRM Pb?* Not reported 4 25 240 200 218.82 Not reported Chemisorption Not reported Not reported ICP - OES [95]
Zn? 100 75.58
ARD Cd?* Not reported 6 19 & 30 120 10 12.04 & 12.548 Not reported Chemisorption Langmuir Not reported AAS [96]
Red mud Mn2* Not reported 6 28 5-95 56.81 Not reported Chemisorption Freundlich Not reported AAS [113]
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2.4. Factors affecting adsorption removal of heavy metals and antiretrovirals

The adsorption of heavy metals and antiretrovirals is influenced by different factors such as
adsorbent particle size, solution pH, ionic strength, initial solution concentration, and contact

time.
2.4.1. Adsorbent particle size

Studies on intra-particle diffusion reveal that the adsorption rate is significantly influenced by
the waste materials' particle size [114]. Reduced particle size would result in increased surface
area, which would raise the possibility of adsorption of the waste materials outside the surface.
In addition to adsorption occurring at the waste material's exterior, intra-particle diffusion from
the surface into the material's pores is also a possibility. For big particles, the diffusional barrier
to mass transfer is larger. Most of the particle's interior surface may not be used for adsorption
due to a variety of circumstances, including contact duration, blockage of some diffusional
channel, mass transfer resistance or diffusional path length. As a result, the adsorption
efficiency might drop [115,116].

2.4.2. Solution pH

For different types of industrial wastes adsorbent materials, the adsorption of metal ions and
ARVs is significantly impacted by the pH of the solution [117]. Most metal ion and ARV
compounds adsorption in a given pH range increases with pH up to a particular maximum
threshold value and then decreases with an additional pH increase. Consequently, every metal
ion and ARV has a preferred pH range within which to adsorb on a particular industrial waste
material. The adsorbent's pHzpc, or the pH at which it is neutral, can also be used to explain
the pH effect. When the medium pH is below the pHzpc value, the adsorbent's surface charge

IS positive; when the pH is higher than the pHzpc, it is negative.

Luu et al. [118] demonstrated that the Pb?* removal increased with rising pH from 2 to 5.5,
with the highest absorption occurring at 5.5. This is because when pH is low (below 5.5), the
charge of the material surface is changed from positive to negative. Thus, the adsorption of
cation Pb?* is favoured. Additionally, at the low pH, more H* ions can exist, and more active
adsorption sites are taken up, leading to the decrease in the uptake of Pb?* as shown in Figure
2.9.
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Figure 2.8: Effect of pH on the percentage removal of Pb?* from aqueous using red mud
modified by chitosan [118].

2.4.3. Ionic strength

lonic strength is a general property of the solution affecting the affinity between the solute and
the agqueous phase. This is among the significant variables affecting the equilibrium of the
aqueous phase. Adsorption typically decreases as the aqueous solution's ionic strength rises.
Surface chemistry hypothesis states that because of electrostatic interaction, two phases such
as waste particles and metal species in an aqueous solution that come into contact will always
be encircled by an electrical double layer [31]. Adsorption reduces with increasing ionic
strength if electrostatic attraction plays a major role in the adsorption process. Certain inorganic
anions, like chloride, can form complexes with certain metal ions, which might impact the

adsorption process.
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2.4.4. Contact time

Effect of contact time is investigated to find out how long it takes for the adsorption process to
reach equilibrium. Wang et al. [119] performed kinetic studies to investigate the effect of
contact time on Cu?*, Cd?*, and Zn?*. Figure 2.10 shows that the adsorption amount of Cu?*,
Cd?*, and Zn?* on WBFS reached a relatively high level within 20 min, and then slowly
increased until it reached an equilibrium concentration. The adsorption process progression is
certainly generated by the presence of vacant adsorption sites and by the presence of negative

charges on the surface of the adsorbent. The total stop of the adsorption process reveals that

the free adsorption sites are saturated.

Qt (mg/g)

A L | | A I A L

0 10 20 30 40 50 60 70 80 9% 100 110
t (min)

Figure 2.9: Adsorption Kinetic curves of Cu?*, Cd?*, and Zn?* onto WBFS [119].

2.4.5. Initial concentration

The adsorption capacity of different industrial waste materials is strongly influenced by the
initial concentrations of metal ions and ARV compounds. Adsorption capacity generally

increased as the heavy metals' and ARV's initial concentrations increased. When the initial
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metal ion concentration becomes high, the removal efficiency decreases because the available

active sites for adsorption becomes less demonstrated by Verma et al [120].
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Figure 2.10: Effect of initial metal ion concentration on Pb?* ions removal [120]

2.5. Summary of studies reported from 2013 to 2023 on adsorptive removal of heavy

metals from aqueous solution.

The studies conducted depicted in Figure 2.11, demonstrated a considerable focus on the use
of industrial waste materials, including coal fly ash, lignin, blast furnace slag, red mud, and
petroleum coke, for the elimination of heavy metals in water. Figure 2.11 revealed that lead
(Pb?*) has been the most extensively studied heavy metal for all these materials. Additionally,
coal fly ash emerges as the most extensively studied material for all heavy metals, excluding
arsenic (As®"). This observation highlights the need for further research to explore the potential
applications of other industrial waste materials, such as petroleum coke, for the removal of

other heavy metals.
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Figure 2.11: Number of publications reviewed for different heavy metals assessed from 2013

— 2023 using industrial waste-based adsorbents.

The Figure 2.12 demonstrates the number of publications that have explored the potential of
industrial waste in the removal of heavy metals between the years 2013 and 2023. The findings
suggest that additional efforts are required, as the number of publications within this time frame
is rather limited. Specifically, only 23 accessible publications were identified during this
period, with research focusing on coal fly ash contributing to a high of >2 in certain years
compared to other materials. In 2019, 2021 and 2023 more work were reported related to blast

furnace slag, lignin and coal fly ash.
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Figure 2.12: Number of publications between 2013 and 2023 on different waste material

used for the removal of heavy metals from water.

Figure 2.13 depicts the various adsorption isotherms mechanisms that have been reported in
the literature for the removal of heavy metals from water using industrial waste materials.
Among these, the Langmuir isotherm was found to be the most reported, suggesting that the
industrial waste material adsorbs onto the surface in a monolayer. The Freundlich isotherm was

also observed, indicating the possibility of adsorption in multiple layers of the adsorbent.

n 12

o

= 10

8

= 8

o)

2 6

S 4

e I .1

Coal fly ash Lignin Blast furnace Red mud  Petroleum coke
slag

Industrial watse material

® Langmuir isotherm ® Freundlich isotherm ® Temkin isotherm ® Sips isotherm

Figure 2.13: Reported adsorption isotherms related to different industrial waste material on

removal of heavy metals from aqueous solution.
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Figure 2.14 demonstrates the number of publications that have reported the various types of
adsorption mechanisms involved in the adsorptive removal of heavy metals from industrial
waste materials. It is evident from the figure that chemisorption is the most frequently reported
mechanism for all industrial waste materials. Heavy metals bind to the active sites on the
adsorbent surface, such as Al20s, SiO2, Fe20a, etc., which possess a negative charge. This

allows for chemisorption to occur, which is a monolayered phenomenon.

Coal fly ash Blast furnace Lignin Red mud  Petroleum coke
slag

Industrial waste-baesed adsorbents

Number of publications
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m Chemisorption  ®m Physiosorption  m Other

Figure 2.14: Number of publications that reported the mechanisms involved in the adsorptive

removal of heavy metals using industrial waste materials.

The studies complied from 2013 until present. The data shows analytical techniques that have
been adopted for the analysis of these heavy metal in aqueous solution over the years. the
extensive studies have been shown in Table 2.8. Figure 2.15 below have shown that the AAS
method have been more preferred over the others analytical techniques, because most of the
studies were analysing or investigating single elemental metrices. The ICP-OES technique has
been the second most preferred method. ICP-OES allows simultaneous analysis of multiple
elements, thus providing a more efficient workflow and saving valuable time and resources.
ICP-MS was also preferred after ICP-OES because ICP-MS is useful for analysing samples

with low regulatory limits.
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Figure 2.15: Reported analytical techniques for analysis of heavy metals.
2.6. Conclusion

Aquatic environments contain both antiretrovirals and heavy metals, which are not fully
metabolizable by either human or animal digestive systems. The unmetabolized remnants of
these substances, originating from sources such as hospital effluents, wastewater treatment
plants, industrial activities, agricultural activities, and domestic/residential wastewater, pose
significant threats to both human and environmental health. In this review, the industrial
materials and methods for treating antiretroviral and heavy metal contaminants in aqueous
solutions has been discussed. We also examine the industrial waste-based adsorbents, such as
coal fly ash, blast furnace slag, lignin, red mud, petroleum coke, and other materials, which
have been investigated for their high adsorption capacity and potential for removing

antiretrovirals and heavy metals from aqueous solutions.
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CHAPTER 3: METHODOLOGY

PREAMBLE

This chapter describes in detail the materials and methods used to prepare the magnetic
mesoporous adsorbents. The chapter further outlines instrumentation used for characterization

of the raw, active and FesO4 coated adsorbents and characterization results are also interpreted.
3.1. Experimental procedure
3.1.1. Chemicals and methods

The glassware used were washed using soap and water, then socked in 5% nitric acid and
finally rinsed with deionized water prior to drying in an oven at 100 °C for overnight. 1000
mg/L efavirenz standard (Sigma-Aldrich, South Africa) solutions were prepared by weighing
10 mg into 10 mL volumetric flask followed by dilution to gain required concentrations. Lead
standards were prepared from appropriate dilution of 1000 mg/L lead standard solution (Sigma-
Aldrich, South Africa). lead standards 1000 mg/L, 70% ultra-pure nitric acid (HNOs3), sodium
hydroxide (NaOH) and efavirenz were purchased from Sigma-Aldrich, South Africa. Nylon

microfilters (0.45 um) were purchased from Anatech instrument, South Africa.
3.1.2. Collection and pre-treatment of coal fly ash and petroleum coke

Calcined petroleum coke standard reference material was purchased from National Institute of
Standards and Technology, United States Department of Commerce. Coal fly ash samples were
collected from Majuba Power Station (ESKOM), South Africa with collection point (27.1001°
S, 29.7694° E). The fly ash was taken from the bottom of the precipitators at the silos, before
being mixed with 210 L of water. The bottom ash was collected from the Ash Emergency
loading point at the station using a 210 L container. Upon arrival at the lab, excess water was
removed from the drums to allow the samples to dry, making it easier for further sampling

processing. The samples and their abbreviations are presented in Table 3.1.
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Table 3.1: Sample labels used in the current study.

Industrial waste Raw Activation Coating with Fe304
Petroleum coke RPC APC FesOs @APC

Coal fly ash RCFA ACFA FesOs @ACFA
Bottom ash RBA ABA FesOs @ABA

Fly ash RFA AFA FesOs @AFA

3.1.3. Sampling and sample pre-treatment of real water samples

Grab sampling method was used to collect samples around the Gauteng province (South
Africa). Wastewater samples, such as influent and effluent were collected from the Daspoort
wastewater treatment plant which discharges its effluent into Apies River. Influent, effluent
and river samples were collected into 2.5 L amber bottles and kept in an ice box while being
transported to the laboratory. Then, the samples were filtered using glass wool and stored at

4 °C in the cold room until the analysis.
3.1.4. Preparation of magnetic mesoporous adsorbents
Activation of raw materials

Raw coal fly ash (RCFA), bottom ash (RBA), fly ash (RFA) and petroleum coke (RPC) were
crushed at 25 rpm for 90 min with Retch MM 200 ball miller and then sieved with Kingtest
laboratory sieve of 75 um aperture. Then, the material was soaked in 0.1 mol/L HNOs to
remove impurities for 2 hours followed by washing with Milli-Q water obtained from a water
purification system with water conductivity of 18.2 uS/cm and oven-dried overnight at 85 °C

to remove moisture.

RFCA, RBA, RFA and RPC were mixed with the NaOH at 5:8 mass ratios. The resultant
mixture was then calcinated in a Lenton TM-104 TOHO furnace at 350 °C for 4 hours. The
product was washed with Milli-Q water until a pH of 7 was achieved and then dried at 105 °C
for 6 hours. This resulted in the desired activated coal fly ash (ACFA), activated bottom ash
(ABA), activated fly ash (AFA), and activated petroleum coke (APC) [1].
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Coating of activated materials

Activated coal fly ash (ACFA), activated bottom ash (ABA), activated fly ash (AFA), and
activated petroleum coke (APC) were obtained and mixed with FesO4 in a ratio of 1:9 [2] . The
mixture was then ball-milled for 4 hours using a Retch MM 200 machine, followed by washing
with Milli-Q water. The resulting product was then oven-dried at 105 °C overnight, resulting
in the final magnetic mesoporous adsorbent products: FesOs@ACFA, FesOs@ABA,
FesOs@AFA, and FesOs@APC [2].

3.2. Characterization of magnetic mesoporous adsorbents
3.2.1. Fourier-transformed infrared spectroscopy

Fourier-transformed infrared (FTIR) spectroscopy was used to identify the functional groups
present in all samples. Fourier transformed infrared (FTIR) spectra of RCFA, RBA, RFA, RPC.
ACFA, ABA, AFA, APC, FesO4s@ACFA, FesO1s@ABA, FesO4s@AFA and FesOs@APC were
measured by using a Bruker Tensor 27 (Bruker Optics, GmbH, Germany) FTIR
spectrophotometer with the KBr wafer technique. The synthesized samples were mixed with
KBr and compressed to pellet. During the analysis the data was recorded from 400 to 4000 cm”

! range.
3.2.2. Thermogravimetric analysis

The RCFA, RBA, RFA, RPC. ACFA, ABA, AFA, APC, FesOs@ACFA, Fes0s@ABA,
FesOs@AFA and FesOs@APC’s thermal stability and thermal decomposition temperatures
were examined using thermogravimetric (TGA) analyser device model Q500 from TA
Instruments-Waters LLC. The samples were placed individually in silica pan as a sample
holder under nitrogen atmosphere with nitrogen gas flow rate of 40 mL/min. All samples were

heated from 10 to 600 °C with heating rate increasing of 30 “C/min [3,4].
3.2.3. Brunauer-Emmett-Teller analysis

The Brunauer-Emmett teller (BET) analysis was conducted using a Micromeritics ASAP 2460
to determine the surface area, particle size, pore size, pore volume and porosity of RCFA, RBA,
RFA, RPC. ACFA, ABA, AFA, APC, FesOs@ACFA, FesOs@ABA, FesOs@AFA and
FesO4@APC. During the analysis, the materials were degassed with nitrogen gas at 200 °C for
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2 hours. The measurements were conducted at 200 °C. The pore sizes and volumes were

calculated by using adsorption curves with BJ H model.
3.2.4. Scanning electron microscopy-energy dispersive X-ray spectroscopy

To analyse the morphology and elemental composition of the RCFA, RBA, RFA, RPC. ACFA,
ABA, AFA, APC, Fes0s@ACFA, FesOs@ABA, FesOs@AFA and FesOs@APC, the Scanning
electron microscope- energy dispersive spectroscopy (SEM/EDS, Tescan, Brno, Czech
Republic) was used. The Scanning electron microscope (SEM) measurements were carried out
using a Tescan Vega 3 LMH, operated at 20 kV accelerating voltage, using secondary electron
detector (SED) and energy dispersive spectroscopy (EDS). The samples were firstly carbon-
coated with the Agar Turbo Carbon coater, thereby improving their conductivity prior to each

measurement.
3.2.5. Ultra-violet visible spectroscopy

The UV spectra of RCFA, RBA, RFA, RPC, ACFA, ABA, AFA, APC, FesO4s@ACFA,
FesOs@ABA, FesOs@AFA, and FesOs@APC were confirmed using a Shimadzu plate number
1 spectrophotometer (RF-5301PC, Shimadzu). The spectrophotometer was connected to a light
source of 150 W Xenon lamp, which was utilized to generate the UV spectra. The data obtained
from these samples were analysed to determine the properties and characteristics of the

compounds.

3.2.6. Transmission electron microscopy

To confirm the particle size, the RCFA, RBA, RFA, RPC. ACFA, ABA, AFA, APC,
FesO4s@ACFA, Fes0s@ABA, Fe3Os@AFA and FesO4s@APC samples were analysed by using
Jeol JEM-2100F transmission electron microscope instrument (TEM, JOEL Ltd., Tokyo,
Japan). The analysis was done instrument at 200 kV and was equipped with LaB6 source and
charge coupled device (CCD) digital camera. Before TEM analysis, small amount of iron oxide
material was dispersed onto the TEM grid (200 mesh size Cu-grid), coated with a thin film

made of lacy carbon material.
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3.3. Results and discussion
3.3.1. Fourier-transformed infrared spectroscopy

The surface functional groups of RCFA, RBA, RFA, RPC. ACFA, ABA, AFA, APC,
FesO4@ACFA, FesOs@ABA, FesOs@AFA, FesOs@APC and FesOs nanoparticles were
characterized by FT-IR spectra as shown in Figure 3.1. Figure 3.1a shows the FT-IR spectra
of RPC, APC, Fes04 and FesO4s@APC. The vibration band at 1114.8 cm™ is attributed to S=O
symmetric stretching and asymmetric stretching. The peak at 1628 cm™ is assigned to C=0
stretching vibration. Also, the peak at 1340 ¢ m™ is due to the —OH stretching mode of ~-COOH,
and phenolic —OH groups which represent the introduction of -OH by NaOH [3].

The FTIR spectra for RBA (Figure 3.1b), RCFA (Figure 3.1c), and RFA (Figure 3.1d) show
similar functional groups. Broad peaks representative of aluminosilicates were observed. The
spectra showed that the materials contained predominately silica and alumina functional
groups. This was confirmed by the presence of an asymmetric stretching vibration between 900
cm ™t and 1050 cm of Si— O-Si. This results from the overlapping of the FTIR spectra of glass,
mullite and quartz. The peak at around 580 cm™' was due to Al-O stretching vibrations
(mullite), and the peak at around 450 cm™! is associated with Si-O-Si and Al-O—Al symmetric
bending vibrations. The peak at 670 cm™ ' was attributed to Al-O-Al bending vibrations of
quartz and mullite [4].

The spectra also showed two broad bands at ~1600 cm™ and ~3500 cm™®. These bands are
attributed to the bending vibration of water molecules and the Fe—OH complex [5]. The bands
in the region of 400 cm™ to 750 cm™ in all the samples signified the presence of Fe-O
(magnetite) and Fe—O-Fe (maghemite) bonds [6]. The presence of an absorption band
corresponding to the stretching vibration of Fe—O confirmed the successful coating with FesO4
onto APC, ABA, AFA and ACFA.
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3.3.2. Thermogravimetric analysis

Thermogravimetric (TGA) analysis was conducted to investigate the thermal stability of the
synthesized materials. Figure 3.2 demonstrates the thermograms of RPC, APC, Fes0Os@APC,
RBA, ABA, FesO4s@ABA, RFCA, ACFA, FesOs@ACFA, RFA, AFA, FesOs@AFA. It can
be seen in Figure 3.2a that the weight loss happened at 400°C which was due to the carbon
combustion derived from petroleum coke. This observation was consistent in RPC, APC and
FesOs@APC. Weight loss at 100 °C presents evaporation of moisture on APC which was also
observed on the FesOs@APC.

Figure 3.2b shows RBA, ABA and FesOs@ABA. RBA shows the three weight losses for the
ash samples, with local minima at temperatures of 350 °C, 400 °C and 650 °C. The first loss
was attributed to the evaporation of water. The second loss was due to the dehydration of
Ca(OH)2. At 650 °C, there was a mass loss resulting from the decomposition of CaCOs.
However, the RBA and FesOs@ABA had similar mass loss at 550 °C, resulting from the
decomposition of Ca(OH)2 as suggested in a previous study [4,7]. The mass losses at around
600 °C can be assigned to CO2 escape, mainly from calcite [8].

Figure 3.2c and d show the thermograms of different samples under study. In Figure 3.2c, you
can observe the thermogram of RFCA, ACFA, and FesO4s@ACFA, which depicts the variation
in temperature with respect to time. Similarly, Figure 3.2d presents the thermograms for RFA,
AFA, and FesO4s@AFA. It's important to note that the bottom ash, fly ash, and coal fly ash
share a similar composition and hence exhibit a similar pattern of decomposition. The
thermograms of these samples show the changes in temperature due to the decomposition of
moisture, CaCOs, Ca(OH)2, and CO:a.
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3.3.3. Brunauer-Emmett-Teller analysis

The nitrogen adsorption-desorption isotherm for the (a) RPC, APC, FesOs@APC, (b) RBA,
ABA, Fes04s@ABA, (c) RCFA, ACFA, Fes04@ACFA, (d) RFA, AFA, and FesOs@AFA are
shown in Figure 3.3. From the results, it was observed that the hysteresis loop for
FesOs@APC, FesOs@ABA, FesOs@ACFA and FesO4s@AFA closes near to a relative pressure
of 0.99, which indicates mesoporous characteristics of the adsorbents. The adsorption—
desorption isotherm shape shows a typical type — IV, which agrees with the nature of
mesoporous adsorbents according to IUPAC [4]. From Table 3.2, it was observed that the
activation by NaOH increased the pore diameter. However, coating ABA, ACFA and APC
decreased the pore which is characterized as mesoporous thus confirmed the mesoporous
nature of the FesO4@APC, FesOs@ABA, FesOs@ACFA and FesOs@AFA. The Barrett,
Joyner and Halenda (BJH) cumulative volume of pores, BJH average pore diameter and surface
area were determined shown in Table 3.2.

RCFA has a moderate surface area of 6.667 m?/g and a relatively larger pore diameter, while
ACFA has a higher surface area of 7.799 m#/g and a smaller pore diameter compared to RCFA.
Fes04@AFA has a similar surface area of 7.479 m?/g to ACFA but a significantly larger pore
volume. RBA has a lower surface area of 3.684 m?/g and a much larger pore diameter, while
ABA boasts the highest surface area of 12.578 m?/g and the largest pore diameter. Fe:Os@ABA
has a moderate surface area of 6.885 m?/g and a smaller pore diameter. RFA exhibits the lowest
surface area of 1.928 m?/g and a small pore diameter. FesOs@AFA has a similar surface area
of 12.337 m#/g to AFA with a smaller pore diameter. RPC has a moderate surface area of 6.224
m?/g and a small pore diameter, whereas APC has a higher surface area of 11.457 m?/g and a
similar pore diameter to RPC. Fe;04@APC has a moderate surface area of 6.579 m?/g and a
slightly smaller pore diameter. Generally, a higher surface area correlates with better
adsorption capacity, while a smaller pore diameter enhances selectivity for specific pollutants.

Activated samples (ACFA, ABA, AFA) demonstrate improved properties for adsorption.
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Figure 3.3: The nitrogen adsorption isotherm curve of a) RPC, APC, FesO4s@APC, b) RBA, ABA, Fes04s@ABA c) RCFA, ACFA, FesOs@ACFA,



Table 3.2: The total pore volume, mean pore diameter, and surface area properties.

Sample Surface area Pore volume Pore diameter
(m?/g) (cm®/g) (nm)
RCFA 6.667 0.013 8.122
ACFA 7.799 0.048 3.835
FesOs@AFA 7.479 0.140 3.417
RBA 3.684 0.0132 14.32
ABA 12.58 0.0668 21.24
FesOs@ABA 6.885 0.063 3.826
RFA 1.928 0.007 3.065
AFA 17.38 0.058 13.38
FesOs@AFA 12.33 0.0820 4.009
RPC 6.224 0.036 3.415
APC 11.46 0.012 3.421
FesOs@APC 6.579 0.010 3.414

3.3.4. Scanning electron microscopy-energy dispersive X-ray spectroscopy

Figure 3.4 shows the SEM-EDS of RPC, APC and FesO4s@APC. The SEM images of RPC
(Figure 3.4a) shows smooth flat surface. APC (Figure 3.4b) is composed primarily of
agglomerated combination of spherical and rodlike structures which were destroyed during ball
milling resulting in the smooth flaky particles as shown in Figure 3.4c representing
FesOs@APC. The EDS shows that RPC, APC and FesOs@APC are primarily composed of
carbon, oxygen and sulphur atoms. The presence of Fe on FesOs@APC confirms the successful

coating with FesO4 onto APC. This is also confirmed by the FTIR results.
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Figure 3.4: SEM-EDS of a) RPC, b) APC and ¢) FesOs@APC.

Figure 3.5 illustrates SEM images of RBA, ABA, FesOs@ABA, RCFA, ACFA,
FesO4s@ACFA, RFA, AFA, and FesO4@AFA. Specifically, Figure 3.5a, Figure 3.5d, and
Figure 3.5g show the SEM images of RBA, RCFA, and RFA before activation, respectively.
As shown by the images, RFA exhibited a smooth surface with large pores, while RCFA
comprised of rough surfaces with sheet-like structures, and RFA consisted of spherical particles
of varying sizes with a relatively smooth surface.

Following activation with NaOH, these materials undergo changes in their surface morphology
presented by Figure 3.5b (ABA), Figure 3.5e (ACFA) and Figure 3.5h (AFA). ABA, ACFA,
and AFA exhibit agglomerated particles of different shapes on their surfaces, compared to
RBA, RCFA, and RFA. ABA primarily comprised spherical structures of various sizes, ACFA
features a combination of spherical and rod-like structures, and AFA primarily consisted of rod
— like structures. Additionally, when ABA, ACFA, and AFA were coated with FesOs
nanoparticles, noticeable changes were observed in the obtained products, FesOs@ABA
(Figure 3.5d), FesO4s@ACFA (Figure 3.5f), and FesO4s@AFA (Figure 3.5i).

The use of milling destroyed the agglomerated particles of ABA, ACFA, and AFA, and
uniformly distributed the FesO4 nanoparticles. The SEM images showed a uniform distribution

of both small particles and FesOs nanoparticles within the composite. The SEM of
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FesOs@ABA demonstrated that the bottom ash was well crushed, and the shapes of the
particles became more uniform. The sizes were significantly reduced, indicating the breakdown
of the original spherical-shaped bottom ash. Similarly, FesOs@ACFA demonstrated the
distribution of FesO4 nanoparticles on the surface, while FesO4s@AFA exhibited a similar trend
to that of FesOs@ACFA. The observations align with existing literature on the effects of

milling and FesO4 nanoparticle coating.

Figure 3.5: SEM images of a) RBA, b) ABA, c) FesOs@ABA, d) RCFA, e) ACFA, f)
FesO4s@ACFA, g) RFA, h) AFA, and i) FesO4s@AFA.

As determined by EDS (Figure 3.6), the predominant elements in the RBA, ABA,
FesOs@ABA, RCFA, ACFA, FesOs@ACFA, RFA, AFA, and FesO4@AFA, were oxygen,
unburned carbon, silicon, aluminium, iron, and calcium. Minor amounts of magnesium,
titanium, sodium, and potassium were found in analysed samples. By comparing the data
obtained for Fe in the case of FesOs@ABA, FesOs@ACFA and FesOs@AFA, the SEM-EDS
was inconclusive to determine the successful preparation of the magnetic mesoporous

adsorbents.
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Figure 3.6: EDS of a) RBA, b) ABA, ¢) Fes0s@ABA, d) RCFA, €) ACFA, f) FesOs@ACFA, g) RFA, h) AFA, and i) FesOs@
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3.3.5. Ultra-Violet Visible spectroscopy

Ultraviolet visible spectroscopy was conducted to evaluate the absorbance of the samples and
to confirm the successful incorporation of FesO4 nanoparticles. Figure 3.7a shows the Uv—Vis
spectra of RPC, APC, Fe3O4 and FesOs@APC. It is illustrated that both the Uv and visible
regions are light active for RPC. The optimum absorbance peak is the range of 400 — 600 cm’
! This implies that within the visible region the material is active. There is a noticeable decrease
in absorbance in the visible region, indicating weaker light adsorption of RPC in the visible
region compared to the UV region. The absorbance of APC was reduced. FesOs@APC
demonstrates increased absorbance upon the introduction of FesO4 nanoparticles, indicating
successful incorporation. A similar trend was observed for ABA, ACFA, AFA, FesOs@ABA,
Fes0s@ACFA and FesO4s@AFA. Spectra show a broad band between 200-300 nm region for
all samples, which indicates the presence of a tetrahedral coordinated Fe?* or Fe3* [9,10].
Absorption band in the range 350-450 nm was due to the absorption and scattering of light by
the nanoparticles. Fe?* was found in the RBA, RCFA, and RFA of all three ash samples in the
same spectral range as the FesO4 nanoparticle-coated samples. This observation was supported
by the FTIR and SEM-EDS.
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Figure 3.7. UV-vis spectra of a) RPC, APC, FesO4s@APC, b) RBA, ABA, FesOs@ABA c¢) RCFA, ACFA, FesOs@ACFA, d) RFA, AFA, and
FesOs@AFA.
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3.3.6. Transmission electron microscopy

Figure 3.8 shows the TEM bright-field images of FesOs@APC, FesO4s@ABA, FesOs@ACF
and FesO4@AFA along with corresponding selected area electron diffraction (SAED) pattern.
There is uniform coating of FesO4 nanoparticles onto APC, ABA, ACFA and AFA surface
which is clearly showed with the aid of these images. The SAED pattern depicts the
polycrystalline nature of the adsorbents. These particles can be crystalline or semicrystalline,
which can be observed in the corresponding selected area electron diffraction patterns.

The SAED pattern with cloudy ring represents the presence of amorphous particles, and the
presence of a dotted ring shape indicates the presence of semicrystalline or crystalline particles,
which could be quartz and mullite [11,12]. Figure 3.8 also shows the particle size distribution
of the FesOs@APC, FesOs@ABA, FesOs@ACF and FesOs@AFA., which was calculated
using image J software. An average particle size of 35 nm was obtained which is comparable
with SEM results.
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Figure 3.8: TEM images of a) FesO4s@APC, b) FesOs@ABA, c) FesO4s@ACF and d) FesOs@AFA.
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3.4. Conclusion

In summary, mesoporous magnetic adsorbents; FesOs@APC, FesOs@ACFA, FesOs@AFA
and FesOs@ABA were successfully prepared from petroleum coke, coal fly ash, fly ash and
bottom ash by NaOH activation and subsequent FesOs nanoparticle coating. They were
successful characterized by SEM-EDS, FTIR, TEM and Uv-Vis to confirm the successful
preparation of magnetic mesoporous adsorbent. The adsorbents show large surface area and
microporosity and they were further applied as adsorbents in the removal of lead (Chapter 4)

and efavirenz (Chapter 5) from water.
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CHAPTER 4:

Adsorptive removal of Pb(l1) ions from aqueous solutions using magnetic
mesoporous pet coke and coal fly ash-based adsorbents

ABSTRACT

Coal fly ash (CFA) is a highly versatile and effective adsorbent due to its mesoporous nature,
which is composed of minerals containing oxides in crystalline phase, such as quartz and
mullite, as well as unburned carbon. This unique composition enables CFA to act as an
adsorbent, making it an essential material in various industrial and environmental applications.
Petcoke (PC) is a by-product of the petroleum refining process, created from various types of
oils (light/heavy crudes) during refining. PC comes in two forms: green PC, used as fuel, and
calcined PC, employed by manufacturers as a feedstock for products like aluminum, paints,
coatings, and colorants. PC is a non-porous solid, typically activated before use in different
applications. The removal of lead (Il) ions from aqueous solutions was carried out using
FesO4@ACFA, FesOs@AFA, FesOs@ABA, and FesOs@APC prepared from coal fly ash, fly
ash, bottom ash, and petroleum coke, respectively. The effects of parameters such as sample
pH, contact time, initial concentration of lead (I1) ions, and extraction temperature on the
adsorption process of lead were investigated using the multivariate optimization tool. The
optimum conditions obtained were pH value: 5.5, contact time: 10 min, extraction temperature:
60 °C, initial concentration: 3 mg/L, and adsorbent mass: 60 mg. The Langmuir, Temkin, and
Freundlich isotherm models were applied to analyse the equilibrium data. The maximum
adsorption capacity of the adsorbents obtained were 48.8 mg/g, 15.625 mg/g, 12.155 mg/g, and
270.270 mg/g for FesOs@ACFA, FesOs@AFA, FesOs@ABA and FesOs@APC, respectively.
The kinetic data was evaluated, and the pseudo-second-order equation provided the best
correlation. Thermodynamic parameters suggest that the adsorption process is endothermic and
spontaneous. The findings demonstrate that coal fly ash and pet coke possess the potential to

effectively eliminate Pb from aqueous solutions.

Keywords: Lead; coal fly ash; petroleum coke; magnetic mesoporous adsorbents; aqueous

solutions.
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4.1. Introduction

Reports on the potential toxicity of heavy metal ions in various water bodies now predominate
the literature studies, and this is because of the known harmful effects of these metal ions on
humans, animals, and environmental health [1]. Lead (Pb) is one of the heavy metals that are
persistent and difficult for biological organisms to eliminate as it easily accumulates in vital
organs. Once lead enters the body, it is distributed to various organs, including the brain,
kidneys, liver, and bones. It accumulates over time, particularly in teeth and bones, and can
remain stored in bones for years, continuously releasing into the bloodstream [2].
Unfortunately, aqueous solutions are among the simplest ways for heavy metals such as lead
get into the environment [3]. As a result of heavy metal ions entering the aquatic environment,
there is a greater chance in exposure to adverse health problems associated with Pb such as
brain, nervous system damage, hypertension, and kidney damage. Furthermore, Disruption to
the world's need for provision of safe water for consumption and safe environment for aquatic
plants and species. Aforementioned reasons, the issues related with water pollution are
becoming more and more prevalent every day, particularly when considering how important
water is for consumption, irrigation, agriculture, home and industrial uses, aquaculture, and the

existence of living things [4,5].

The beneficial roles of water can deeply be limited by the presence of heavy metal
contaminants and can progress further to initiate toxic impacts ranging from mild health effects
to severe and even resulting in death in certain incidents. Much has been reported on the short,
medium, and long-term toxicity impacts of lead [6]. According to the Agency for Toxic
Substances and Disease Registry, lead has been ranked second in terms of toxicity among all
the compounds under consideration [7,8]. Although the United States Environmental
Protection Agency (USEPA) set a maximum limit of 15 mg/L, the World Health Organization
(WHO) said that the maximum acceptable level of total Pb is 0.05 mg/L [9].

To maintain concentration levels below the maximum acceptable limit, various procedures
must be implemented including chemical precipitation [10], ion exchange [11], and
electrochemical processes [12], are used to remove heavy metals from various water bodies.
Adsorption of metal ions on a solid adsorbent is an alternative to the aforementioned methods,
because it has several advantages such as low-cost process, simplicity of use, batch application
potential, process continuity, use at low concentrations, and adsorbent regeneration and reuse
[13,14]. Activated carbon [15-18], zeolites [19-24], ion exchange resins [25,26], mesoporous
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materials made from artificial zeolites [22,27-32], silico-aluminate minerals [30,33-35], and
graphene oxides [36—39] are some of the most widely used solid adsorbent materials because
of their high removal efficiency. Their high production costs are, however, the principal
drawback. The alternative is to apply inexpensive waste adsorbents from industrial processes,
such as fly ash, petroleum coke, red mud, coal gangue, fruit and vegetable pomace, or slag, to

overcome the high costs associated with some of the conventional adsorbent materials [40—46].

Fly ash is widely utilized as an inexpensive absorbent for the adsorption of organic compounds,
heavy metal ions, dyes in water, SOx, NOx, and mercury in air. However, chemical treatment
of fly ash is an important step to functionalize fly ash to be a more effective absorbent for gas
and water remediation/ purification [47]. In some literature studies, various authors have
carried out experiments to treat fly ash by NaOH, NaOH/NHsHCOs, ethylenediamine tetracetic
acid (EDTA), and HCI solutions to modify specific surface area and porous structure of fly ash.
As aresult, in all cases, the specific surface area and pore volume of treated fly ash were greater
than those of original fly ash. The porosity of the treated fly ash was 10 times higher than that
of the untreated fly ash. The treated fly ash was suitable for application as an adsorption
material [48]. When activated, the fly ash has strong electrostatic charges, which results in
electrostatic charges that are negative. Oxides of silicates and aluminium (as alumina silicates)
are the dominant minerals on fly ash's surface. These oxides form anions, which have negative
charges when they come into contact with water molecules. Anions have an electrostatic
feature that draws cations of heavy metal ions which have opposite charges, to their active sites
[49].

Petroleum coke, a by-product of the petroleum refining process, is another industrial waste
with the potential to be applied as an absorbent for the removal of heavy metals from water.
Petroleum coke fly ashes are composed mostly of sulphur (S) and Calcium (Ca) but also include
significant amounts of unburned carbon and trace amounts of heavy metals like Nickel (Ni)
and Vanadium (V) [50]. Petroleum coke is the perfect source for creating porous carbon due
to its high fixed carbon concentration. Chemically it has already been carbonised; hence it is
believed that creating porous carbon from this material will be inexpensive [51]. Therefore, it
can be potentially used as activated carbon. The pores, channels, and other vacant spaces of
activated carbon produced from petroleum coke provide a significant surface area for
mechanically or chemically adsorbing pollutants from wastewater [52].
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Petroleum coke activated with potassium hydroxide (KOH) was established and resulted in
activated carbon which had a high surface area and pore volume [53]. It was also proved that
employing petroleum coke containing sulphur as a precursor might yield a sulfo group, which
becomes a better adsorption site of heavy metals, onto oxidised activated carbon surface [54].
The efficacy of metal-impregnated petroleum coke-activated carbon for the adsorption of
arsenite and arsenate in acidic waters was investigated by Fisher and Vreugdenhil [55].
Petroleum coke was modified with FeCls—KMnO* to enhance the adsorption capacity for
arsenate. Adsorption was significantly improved by the addition of an iron—manganese-loaded

activated carbon, increasing adsorption from 8 to 51%.

The aim of this study was to evaluate the adsorption capacity of the coal fly ash and petroleum
coke modified with iron oxide nanoparticles for the removal of Pb?" ions from aqueous
solutions under different conditions. The adsorption Kkinetics, thermodynamic and adsorption
isotherms were studied. Furthermore, the purpose was to determine the physiochemical

properties of the adsorbent using a variety of analytical methods.
4.2. Experimental procedure
4.2.1. Materials and methods

All reagents used were of analytical grade purity and Milli-Q water obtained from a water
purification system (USA) with water conductivity of 18.2 uS/cm, was used for rinsing and
making up solutions. Lead ICP-certified reference standard of 1000 mg/L was used in the
preparation of synthetic samples and of different concentrations of standard solution (5 — 25
ppm). 70% ACS nitric acid (HNO3) and 30% suprapur sodium hydroxide solution (NaOH)
were also used, all these reagents were purchased from Sigma-Aldrich, South Africa. All other
generic procedures and characterization have already been described in Chapter 3, section 3.1

and 3.2, respectively.
4.2.2. Adsorptive removal of Pb(II)

Batch sorption experiments were conducted using, 10 mL of a solution containing various
concentrations of Pb were mixed with 60 mg of magnetic mesoporous adsorbent. For 10 min,
the mixture was shaken using a shaker to ensure adsorption equilibrium was reached.
Following that step, the mixture was filtered using nylon microfilters (0.45 pum), analyzed the
samples with ICP — OES. The influence of pH on the heavy metal adsorption process was
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examined at various pH values ranging from 3 to 8, which were adjusted either by 1 M HCI or
1 M NaOH using a pH metre to track the changes. Adsorbent mass ranging from 20 — 60 mg
was studied for the extraction of Pb. The removal of metal ions was calculated using the
following Equation 4.1:

Cy-C, Equation 4.1

%R = x100

0

Where Co is the initial concentration of Pb ions in solution and Ce is the concentration at
equilibrium. The amount of Pb ions adsorbed per gram of adsorbent was calculated using the
following Equation 4.2:

_ (Co-CoV Equation 4.2

¢ m
Where ge (Mmg/L) is the amount of adsorbed metal ion at equilibrium conditions, m is the sorbent
mass (g), Co and Ce are the initial and equilibrium concentrations of metal ions in solution

(mg/L).
4.2.3. Instrumentation

The multielement capability and sensitivity of the Inductively Coupled Plasma Optical
Emission spectroscopy (ICP-OES) made it to be favourable for trace elements determination
in magnetic sold phase extraction (m-SPE) extracts. The operating parameters for the
instrument, and wavelengths monitored for each element are presented in Table 4.1 The
Agilent Technologies 700 Series ICP-OES with an axial orientation of the torch was used for
analysis lead. Additionally, an Agilent Technologies SPS 3 autosampler was used for sample

uptake.

Table 4.1: Operating parameters of ICP-OES for metal analysis.

ICP-OES instrumental parameters Condition
RF Power 1200 W
Auxiliary gas Flow 1.5 L/min
Plasma gas (Ar) flow rate 15.0 L/min
Pump speed 85 rpm
Peri-pump speed analysis 15 rpm
Sample uptake delay (s) 15s
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Stabilization time (s) 15s
Nebulizer 0.75L/min
Elemental wavelengths (Pb) 283.30

4.2.4. Optimization

The multivariate optimisation approach was used for the determination of parameters that are
significant for the adsorption of Pb ions on to the FesO4s@ACFA, FesOs@ABA, FesO1s@AFA
and FesO4s@APC. Due to the numerous advantages that multivariate optimisation offers over
the univariate technique. The design of the experiments and data analysis were done using
Minitab 2018 statistical software for both the two-level full factorial and central composite

designs.
Full factorial design

To screen the primary variable and interactions, a two-level full factorial (2") design was used.
The parameters that were optimised were contact time, temperature, adsorbent mass, pH and
initial metal ion concentration. The variable was given the lower level (-) and the higher level
(+), and the central point was not included. Factors and levels of experimental designs used for
the optimization process are presented in Table 4.2 and a total of 32 experiments were

generated.

Table 4.2: Two-level full factorial (2°) experimental design.

Factors Minimum (-) Maximum (+)
pH 3 8

Adsorbent mass (mg) 20 50

Initial concentration (mg/L) 5 25

Contact time (min) 10 60
Temperature (°C) 25 60

Response surface methodology

For further optimization of the significant parameters at 95% confidence level, response surface
methodology (RSM) was used. There are several RSM techniques that are reported in the
literature including central composite design (CCD), three-level factorial design, Box—
Behnken design (BBD), and Doehlert matrix [56]. In this study CCD was used for further
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optimization of the most significant variables. From the results of these experiments, the data

was analyzed and the optimum conditions were identified for each variable selected.
4.3. Kinetic and thermodynamic studies

The kinetics of the adsorption process were studied to determine the effect of the initial
concentration of metal ions on the ge with respect to time and the amount of time required to
reach equilibrium adsorption [57,58]. The Kkinetic studies were conducted by considering the
quantity of Pb metal ions adsorbed throughout time. Two simple kinetic models, pseudo-first
order and pseudo-second order, were used to analyse the rate of sorption. The pseudo-first-
order kinetic Equation 4.3 and the pseudo-second-order kinetic Equation 4.4 are expressed

as:

In(q,-q,)=Inq.-K;t Equation 4.3

K,q 2t Equation 4.4

~

4= 1+K,+q,t

Where qe and grare the metal ions adsorbed in mg g~' on the adsorbent at equilibrium and time
t, respectively, Kz is the rate constant of second-order adsorption in mg™' min~! and Kz is the

constant of first-order adsorption in min~! [59,60].

Temperature dependence of the thermodynamic parameter on the adsorption of metal ions was
calculated using equations Equation 4.5 and Equation 4.6:

InK, = -AH°RT+ A?SO Equation 4.5

AG°=-RT In K, Equation 4.6

The value AH® and AS° were calculated from the slope and intercept of the plot of In K¢ versus
TL. The negative values of Gibbs free energy change were used to indicate the feasibility and

spontaneity of the adsorption process [61].
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4.4. Adsorptive isotherms

To understand the nature of the interaction between metal ions and the adsorbent material,
adsorption isotherms were conducted. Three adsorption isotherm methods, the Langmuir,

Freundlich and Temkin equations were used to examine the adsorption data [58,62].
4.4.1. Langmuir isotherm

According to the Langmuir adsorption model expressed in Equation 4.7, intermolecular
interactions rapidly decrease away from the sorption surface, and sorption only occurs at
certain homogeneous sorption sites inside the sorbent. The model also assumes that sorption
occurs on a structurally homogeneous sorbent and that all sorption sites are energetically
independent [63].

C_ 1 Ce Equation 4.7
4. 9.K q,

Where Ce is equilibrium concentration of metal ions in solution (mg/L); ge is the amount of
metal ions adsorbed onto adsorbents at equilibrium (mg/g); Kv is the Langmuir equilibrium

constant related to sorption energy; and gm is the maximum sorption capacity (mg/g) [64,65].
4.4.2. Freundlich isotherm

This isotherm illustrates a heterogeneous surface's equilibrium without taking monolayer
capacity into account. The isotherm expresses surface heterogeneity, active site exponential
distribution, and their energies [66,67]. The Freundlich isotherm is expressed as follows in

Equation 4.8:

1 Equation 4.8
logq =logKr +Elog Ce. quation

Where ge is the amount of metal ions adsorbed at equilibrium per unit weight of adsorbent
(mg/g); Ce is the equilibrium concentration of metal ions in solution (mg/L); and Kr and n are
Freundlich constants corresponding to adsorption capacity and intensity, respectively. The
adsorption process is favourable if n! is between 0.1 and 1. If n =1, then adsorption is linear;
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if n < 1, then adsorption is a chemical process, if n > 1, then adsorption is a physical process
[68].

4.4.3. Temkin isotherm

The Temkin isotherm model describes adsorption as characterized by a homogeneous
distribution of binding energies up to a maximum binding energy. This maximum binding
energy reduces linearly with coverage due to adsorbent-adsorbate interactions.[66]. The linear

equation is given by Equation 4.9 as follows:

q.=BInK;+BInC, Equation 4.9

Where Ce is molar concentration of the adsorbate at equilibrium (mg/L), ge is the quantity of
adsorbed absorbate at equilibrium (mg/g), B = RT/bT where T is the temperature (K), and R is
the ideal gas constant (8.314 J/mol.K) and KT and bT are constants.

4.5. Reusability

The reusability of the adsorbent was tested by repeating the adsorption and desorption studies.
Several experiments were first conducted to check the reusability and these experiments were
conducted under optimum conditions. Desorption experiments were carried out by adding fresh
10 mL of 0.5% nitric acid after the supernatant from the adsorption studies had been decanted
then the adsorption capacity was calculated using Equation 4.2. After every experiment, the

adsorbent was washed to remove residues and oven-dried at 100 °C for 6 hours.
4.6. Results and discussion

4.6.1. Multivariate optimization

Two-level full factorial

A two-level full factorial design (FFD) was used to investigate the effects of various
experimental parameters such as contact time, temperature, adsorbent mass, pH and initial
metal ion concentration on the adsorption process. The analysis of variance (ANOVA) results
were then presented in the form of Pareto charts for the removal of Pb ion as shown in Figure
4.1. The results indicated that pH, concentration, and adsorbent mass were statistically
significant at 95% confidence level for the high removal efficiency of Pb ions. These

parameters were further optimized since they were most significant for the removal of Pb ions.
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The vertical line in Figure 4.1 represents the 95% confidence level, while the bar length is
proportional to the absolute value of the estimated effects [69]. The bar length helps in

comparing the relative importance of the effects.
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Figure 4.1: Pareto charts for removal of Pb ions from 2-level full fractional factorial full design
(2™ at 95% confidence level for optimization of adsorbent mass (dosage), contact
time, pH, concentration and temperature. note: the vertical line indicates 95%

confidence level.

Further optimization using Response Surface Methodology based on Central — central-

composite design

The central composite design (CCD) was used to further optimize the significant factors which
are the sample pH, initial metal concentration, and adsorbent mass. The contact time and
temperature were kept constant at 10 min and 60 °C, respectively, because they were found to

be insignificant for high removal of Pb ions after the screening process.

The contour plot (Figure 4.2a) shows that when the sample pH value was approximately 5.5,

the percentage removal of Pb ions was dependent on the adsorbent mass. The results show that
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at low to medium adsorbent mass, the percentage removal was ranging from 40 — 80 % for
concentrations beyond 10 mg/L. However, when the adsorbent mass was high, the percentage
removal was increased to a range of 80 — 120% for concentrations beyond 10 mg/L.

The contour plot (Figure 4.2b) shows the interaction between concentrations and pH at
approximately 60 mg adsorbent mass. It has been observed that a significant amount of
approximately 80% of pollutants were removed when the concentration of the solution was
between 0 — 5 mg/L, and the pH level was acidic, i.e., between pH 2 to pH 6. On the other
hand, high percentage removals were observed above pH 8, which can be attributed to the
precipitation of Pb(OH)s! in the solution. Based on the FFD and CCD contour plots, the
experimental conditions were chosen as sample pH, 5.5; contact time, 10 min; temperature, 60
°C; initial concentration, 3 mg/L; and adsorbent mass, 60 mg. These optimum conditions were
then applied for the adsorption of Pb ions in water using FesOs@APC, FesOs@AFA, and
FesOs@ABA.

Ph Pb
< 40 < 80
W 40— 80 B s0- 120
W 80 - 120 W 120 - 160
° B > 120 ] > 160
=)
=
&
(=]
0 5 10 15 20 25 30 o 5 10 15 2 3 3
Concentration Concentration

Figure 4.2: Contour plots of the %R of Pb ions a) dosage against concentration and b) pH

against concentration.
4.6.2. Kinetic studies

The evaluation of adsorption efficiency depends on the evaluation of the adsorption
equilibrium and the identification of the adsorption process and kinetic behaviour [70]. The
physical and chemical properties of the adsorbents affect the adsorption mechanism [71].
Adsorption kinetics describes the rate of solute diffusion and adsorption to the surface of the
adsorbent, which dictates the amount of time the adsorbate spends at the interface between the

adsorbent and sample solution [72]. In this study, two different kinetic models (pseudo first—
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order, pseudo—second order) were used to investigate the rate of adsorption of Pb ions onto
FesO4s@ACFA, Fes04s@APC, Fes0s@ABA, and FesOs@AFA.

The results are presented in Table 4.3 for the experimental. This finding show that the pseudo-
second-order model may be the rate-limiting step during the adsorption process of Pb ions onto
FesOs@ACFA, FesOs@APC, FesOs@ABA, and FesOs@AFA. This indicates that the
adsorption process is complex and involves multiple steps. Fe3;O4@APC has a very small K1,
indicating slow adsorption. Fe3Os@ABA shows excellent fit (high R?) and a significant K»,
suggesting strong chemisorption. Fe3Os@ACFA and Fe3Os@ABA have high R? values,
supporting pseudo-second-order kinetics. Fe3O4@ACFA has the highest qe, indicating efficient

adsorption.

Table 4.3: Kinetic parameters of Pb ion adsorption onto FesOs@ACFA, FesOs@APC,
FesO4@ABA and FesOs@AFA.

Pseudo first order Pseudo second order
Adsorbent

R2 Kl R2 qe KZ
FesOs@ACFA -0.1156 -8.53E-05 0.9843 2.44 1.276
FesOs@APC  0.9470 2.62E-06 0.9687 0.006101 -21.82
FesOs@ABA  0.9115 1.2569 0.9932 0.001597 1657
FesOs@AFA  0.7049 0.01236 0.9603 0.005027 22.81
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4.6.3. Thermodynamic studies

Thermodynamic analyses are essential for determining whether an adsorption process is
spontaneous or non-spontaneous. Thermodynamic parameters such as Gibbs free energy
change (AG®, kJ/mol), enthalpy change (AH®, kJ /mol), and entropy change (AS°®, J/Jmol/K) at
standard state were calculated for Pb ion adsorption on FesOs@ACFA, FesOs@APC,
Fes04@ABA and FesOs@AFA.

As given in Table 4.4, negative values of AG® were obtained, indicating that Pb ion adsorption
on FesO4@CFA, FesOs@APC and FesOs@ABA is a spontaneous process while the opposed
was observed for FesOs@AFA. It was found that the values of G° decreased as the operating
temperature was increasing, showing that adsorption was more favourable at higher
temperatures for FesOs@ACFA and FesO4@APC. The values of G° increased as the operating
temperature was rising, showing that the adsorption was more favourable at low temperatures
for FesOs@ABA and FesOs@AFA. The slope and intercept of the plot of In K. against 1/T
were used to determine the values of AH® and AS°. The positive values of AH® confirmed the
endothermic nature of the adsorption of Pb ions onto FesO4@ACFA, FesOs@APC and
FesOs@AFA. While the negative value of AH® confirmed the exothermic nature of the
adsorption of Pb ions onto FesOs@ABA. Additionally, the positive values of AS® indicated the
increased randomness at the solid-solution interface during the fixation of adsorbates on the
active sites of the adsorbent onto FesO4@ACFA, FesOs@APC and FesOs@AFA.

Table 4.4: Thermodynamic parameters for the adsorption of Pb(Il) onto FesOs@ACFA,
FesOs@APC, FesOs@ABA and FesOs@AFA.

AG® (kJ/mol) AH’
Adsorbent AS°(J/mol/K) R?
25°C 45°C 55°C (kJ/mol)
FesOs@ACFA -1.9997 -4.5481 -5.8672 36,3448 128,6539 0,9998
FesOs@APC -9.7045 -11.9226 -13.9371 85.8217 305.784 0.9983
FesOs@ABA  -15.1125 -13.5796 -12.8982 -37.9883 -74.30 0.9994
FesOs@AFA  3.9875 4.2495 4.527 0.06123 -13.1739 0.8977
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4.6.4. Adsorption isotherms

Adsorption isotherms are crucial for describing the interaction between an adsorbent and an
adsorbate and are crucial for maximising the use of an adsorbent [59]. Adsorption studies were
conducted by varying the initial metal ion concentration from 5 to 35 mg/L at 60 °C to get the
Pb ion adsorption isotherms for synthesised materials. To understand the mechanism of
adsorption, the experimental data was also fitted to three adsorption models. Three common
adsorption isotherms were used to describe the amount of Pb ions adsorbed on the
FesOs@ACFA, Fes0s@APC, Fes0s@ABA, FesOs@AFA and the concentration of Pb ions at
equilibrium: Langmuir, Freundlich and Temkin. The Langmuir, Temkin, and Freundlich

isotherm parameters are given in Table 4.5.

According to the results, both FesO4@ACFA and FesOs@AFA, are best described by the
Temkin isotherm while FesOs@ABA and FesOs@APC are best described by the Langmuir
and Freundlich isotherm, respectively. This was determined by comparison of the R? for each
isotherm. The maximum adsorption capacities of the adsorbents found using the Langmuir
equation were 48.8 mg/g, 15.625 mg/g, 12.155 mg/g, and 270.270 mg/g for FesOs@ACFA,
FesOs@AFA, FesOs@ABA, and FesOs@APC respectively.

The Temkin isotherm was used to investigate the effects of indirect adsorbate/adsorbent
interactions on the adsorption system. Additionally, it can be assumed that the heat of
adsorption (AHads) Of all particles in the layer decreases linearly as increasing the surface
coverage [73]. In this study, Temkin isotherm was fitted to confirm that the adsorption of Pb?*
onto FesO4s@ABA follow a chemisorption process. Furthermore, based on the obtained br
value as demonstrated in Table 4.5, it can be confirmed that the adsorption was exothermic,
suggesting that the sorption process was driven by electrostatic interaction between the
adsorbent and Pb?*. From the results, it was also observed that Langmuir dimensionless
equilibrium constant (Rv) is less than one and greater than zero, which indicates the
favourability of the adsorption. The value of the heterogeneity factor 1/n indicates that the

Freundlich isotherm is indeed favourable.

A comparison for Pb ion adsorption capacities with other adsorbents is tabulated in Table 4.6.
The prepared adsorbents are relatively similar to reported studies using various industrial waste
materials. However, the maximum monolayer adsorption capacity of FesOs@APC from
Langmuir isotherms for Pb ions is found to be the highest in comparison with the literature.
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Table 4.5: Adsorption isotherms constants for the adsorption of Pb ions onto the
FesOs@ACFA, FesOs@APC, FesOs@ABA, FesOs@AFA at 333.15 K.

Adsorbents
Isotherm
odel Parameters Fe;0.@ACF FesO:@AF  FesO.@AB  FesO.@AP
A A A C

Langmuir

gmax (Mg/g)  48.87 15.62 12.19 270.27

KL (L/mg) 0.009371 0.03988 3.9.48 0.0007823

RL 0.8773 0.6257 0.0167 0.9884

R? 0.9709 0.9567 0.9625 0.9662
Freundlich

Kr (L/mg)  0.5859 1.737 6.353 0.4466

n 22.69 1.848 3.322 1.201

R? 0.9327 0.9309 0.9670 0.9861
Temkin

Br 0.6383 6.962 2.084 5.348

Kr 1.773 0.2123 58.98 0.1496

R? 0.9996 0.9336 0.9997 0.9711

Table 4.6: Comparison of the maximum adsorption capacities between reported industrial

waste-derived adsorbents for the removal of Pb(ll) ions in an aqueous solution.

Adsorbent Adsorption capacity (mg/g) Ref
CFA 12.16 [74]
Coal fly ash 99.082 [75]
FA48 55.53 [76]
ANA-AC 125.57 [77]
BFS 30.8 [78]
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BFS

Modified slag
BFS-derived
RM/CM
NCRM
FesO4s@ACFA
FesOs@APC
FesOs@ABA

FesOs@AFA

43.16

96.46

34.26

208

218.82

48.8780

270.270

12.1951

15.625

[79]
[80]
[81]
[82]
[83]
Current study
Current study
Current study

Current study

4.7. Comparison studies between raw, activated, and coated industrial waste-based

adsorbent for the adsorption of Pb(Il) ion in aqueous solutions

Figure 4.8 shows the results obtained from comparing the percentage removal (% R) of the
raw material, activated material, and FesO4 nanoparticles coated material. This was conducted
to evaluate the influence of activation and coating of coal fly ash, bottom ash, fly ash and
petroleum coke in terms of % R. According to the results, there is a notable increase in the %
R of the Pb (I1) ions from aqueous solutions from the raw, activated and FesO4 coated materials.
This can be accounted for by the formation of mesopores and the presence of FesOs

nanoparticles that enhance the negative surface charge of the adsorbents hence facilitating

electrostatic interaction between Pb (1) ions and the surface of adsorbents.
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Figure 4.3: Comparison studies between raw, activated, and coated industrial waste—based

adsorbent for the adsorption of Pb(ll) ion in aqueous solutions.

4.8. Reusability studies

The reusability of the adsorbent plays a crucial role for industrial application considerations.
Reusing adsorbents reduces costs requirements for new adsorbent synthesis, waste generation
and contributes to a more environmentally friendly approach in water treatment and pollution
control. The reusability studies of the magnetic mesoporous adsorbents are shown in Figure
4.9. Based on Figure 4.9, it was observed that the adsorbents can be used up to 4 adsorption-
desorption cycles without a notable decline on the removal efficiencies for Pb?* ions. In this
case, the removal efficiencies remained between 92% and 99% upon 4 adsorption-desorption
cycles of Pb ions when using the four adsorbents. Therefore, it can be concluded that the

adsorbents had long-term reusability towards lead removal in wastewater.
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4.9. Conclusion

Based on the results of multivariate optimization, the variables that were determined to have a
significant impact on the high percentage removal adsorption of lead on coal fly ash were
identified as adsorbent mass (dosage), initial metal concentration, and pH, and require further
optimization. As shown in Figure 4.8, there is a marked rise in the elimination of Pb(Il) ions
from water-based solutions. This escalation in removal can be credited to the creation of
mesopores and the existence of FesO4 nanoparticles, which amplify the negative surface charge
of the adsorbents and enable electrostatic interactions between the Pb(ll) ions and the
adsorbents' surface. The adsorbents can be reused up to more than four cycles. FesOs@APC
was found to have a higher adsorption capacity for adsorption of Pb(Il) compared to
Fes0s@ACF, Fes02@AFA and Fes0s@ABA.
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CHAPTER 5:

Adsorptive removal of efavirenz from aqueous solutions using magnetic

mesoporous pet coke and coal fly ash-based adsorbents
ABSTRACT

In recent years, there has been a growing concern among various stakeholders, academics, and
researchers regarding the pollution of aquatic environments with synthetic organic chemicals.
One specific area of concern is the presence of emerging contaminants like pharmaceutical
drugs such as antiretroviral drugs, including efavirenz which is used in the treatment of HIV.
These drug compounds have proven to be environmentally persistent and pose a potential
health risk to humans, animals and aquatic species, while also posing a risk to the safety of
drinking water supplies and aquatic environments. Sources of pharmaceutical drugs include
effluents from Wastewater Treatment Plants (WWTPs), hospital effluent and waste from
pharmaceutical production facilities, and the incorrect disposal of unused and expired
medicines. However, it is worth noting that there are currently no proper monitoring programs
or legislative guidelines for regulating these drugs in Africa. Therefore, there is a need for
policymakers and regulators to act and develop appropriate guidelines to ensure the safety of
drinking water supplies and protect the environment from the harmful effects of emerging

contaminants.

The removal of efavirenz from aqueous solutions was carried out using FesOs@ACFA,
FesO4@AFA, FesO4s@ABA, and FesOs@APC prepared from coal fly ash, fly ash, bottom ash,
and petroleum coke, respectively. The effects of parameters such as sample pH, contact time,
initial concentration of efavirenz, and temperature on the adsorption process were investigated
using the multivariate optimization tool. The optimum conditions obtained were pH: 2, contact

time: 28 min, temperature: 35°C, initial concentration: 5 mg/L, and adsorbent mass: 20 mg.

The Kinetic studies indicated that the adsorption process was best described by the pseudo-
second-order model. The study evaluates the adsorption of efavirenz on various adsorbents,
revealing non-spontaneous adsorption. The adsorption process is endothermic on FesOs@APC
and FesOs@ACFA adsorbents, while exothermic on FesOs@ABA and FesOs@AFA
adsorbents. Positive values of AS° indicate increased randomness at the solid-solution

interface, suitable for increased adsorption molecules. The FesOs@AFA shows decreased
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randomness, making it suitable for precise adsorption. The best correlation for efavirenz was
however observed for the Langmuir model, confirming that the adsorption took place in the
monolayer homogeneous surface. The maximum adsorption capacity for FesOs@ACFA,
FesO4s@APC, FesO4s@ABA, FesOs@AFA obtained to be 25.3807, 37.6364, 13.07 and 76.5376

mg/g respectively.

Keywords: Efavirenz; coal fly ash; petroleum coke; magnetic mesoporous adsorbents; aqueous

solutions.

5.1. Introduction

Efavirenz is an antiretroviral drug developed for the treatment of human immunodeficiency
virus (HIV-1) infection in combination with other antiretroviral drugs. Efavirenz is a non-
nucleoside reverse transcriptase inhibitor that blocks the reverse transcriptase enzyme HIV to
replicate [1,2]. Its chemical structure contains a group of nonpolar aromatic rings and a
hydroxyl group that makes it hydrophobic and increases its absorption in the gut [3]. Efavirenz
is metabolized by the liver into inactive compounds that are excreted via urine [4]. It has been
detected in several South African water bodies such as rivers, dams, wastewater and estuaries.
According to previous reports, efavirenz is the most common pharmaceutical found in South
African waters. Higher amounts of up to 140 pg/L have been found in WWTP influent in the
city of Durban, South Africa [5]. Abafe et al. [6] found efavirenz at concentrations as high as

34 pg/L in all samples (influent and effluent) from the WWTP of KwaZulu-Natal Province.

The primary cause of efavirenz's presence in aquatic systems is the discharge of effluent from
wastewater treatment plant. The presence of efavirenz in different water systems is strongly
associated to a greater prevalence of HIV drugs prescription in South Africa for individuals
who are HIV positive. Research has shown that efavirenz can accumulate in aquatic organisms,
causing adverse effects on their health and ecosystems by disrupting their endocrine and
reproductive systems [7,8]. Ncube et al. [9] revealed that efavirenz significantly reduced the
hatching success of African Sharptooth catfish eggs. Furthermore, the toxicity of efavirenz
affects other aquatic organisms, such as algae and plant species. Although there is limited
information on the long-term effects of efavirenz on aquatic biodiversity in South Africa, it is
crucial to monitor and regulate its presence in aquatic systems to prevent irreversible ecological
degradation and loss of biodiversity. Current wastewater treatment plants (WWTP) are not
designed to effectively remove contaminants such as ARVs. They are mainly designed to
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remove solids, dissolved organic matter and nutrients. Thus far, some conventional treatment
methods reported in the literature for the removal of ARVs and related drugs, have achieved
removal efficiencies of 6 — 84 % for nevirapine using trickling filters and anaerobic pond
treatment [10].

The objective of the current work is mainly focused on the application of the magnetic
mesoporous adsorbent from coal fly ash, petroleum coke, fly ash and bottom ash for the
removal of efavirenz from water systems. To our knowledge, there is no reported work on the
removal of efavirenz drugs using industrial waste materials. This is the first comprehensive

report on the removal of efavirenz from wastewater.

5.2. Experimental procedures

5.2.1. Materials and methods

All the reagents used were analytical grade with high purity (> 96%). Efavirenz, Calcium
chloride (CaCl2) and NaNs were purchased from Sigma-Aldrich (Steinheim, Germany), while
acetonitrile was purchased from Merck (Massachusetts, United States of America). 99 %
formic acid were purchased from Sigma-Aldrich (St Louis, United States of America). All
solutions were prepared using ultra- high purity water (18.2MQ) obtained from a Millipore
Milli-Q water purification system (Massachusetts, United States of America). The

physicochemical properties of efavirenz are shown in Table 5.1.

Table 5.1: The physicochemical properties of efavirenz.

Molecular | og Kow
Structure weight Pka Ref
(g/mol)  (Hg/mL)

Efavirenz ¢ F 315.68 0.093 12.52 [11]
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5.2.2. Instrumentation and chromatographic conditions

A Hewlett-Packard 1090 I liquid chromatograph equipped with a DAD Agilent 1260 Infinity
high-pressure liquid chromatography (HPLC) system procured from Agilent Technologies
(Waldbronn, Germany) was used for analysis of efavirenz. The chromatographic system
consisted of a degasser unit, binary pump, autosampler, auto-injector and thermostatic column
compartment. The chromatographic column, a Waters Xterra® C18 3.5 um 4.6 x 150 mm
column from Waters Corporation, was maintained at 30 °C (Milford, MA, United States). The
chromatographic analysis was achieved under isocratic elution. The chromatograms were
recorded at 254 m. Mobile phase composition consisted of 60% (0.1% formic acid in water):
40% acetonitrile an elution system at a flow rate of 1.0 mL/min and injection volume of 10 pL.
The retention time was at 3.26 min at 60% A: 40% B. Solid-Phase-Extraction was the main
technique used for sample preparation of real wastewater sample. In this case, Oasis HLB
6cc/150 mg cartridges procured from Waters Corporations (Milford, MA, United States) were
used as a sorbent bed to trap analytes during the extraction process.

5.2.3. Preparation of standards

Efavirenz reference standards were prepared by accurately weighing 10 mg of the compound
and diluting to the mark in a 10 mL to make a final concentration of 1000 mg/L. The mixture
solutions were then sonicated for 15 min to enable complete dissolution. Working standards
were prepared by serial dilution of appropriate volumes of the stock solution into volumetric

flasks and using the same diluent.

5.2.4. Adsorption and desorption experiment

The adsorption capacity of the FesOs@APC, FesO:@ABA, Fes0O:@ACFA and FesOs@AFA
was evaluated using a simple batch adsorption method. To determine the equilibrium and rate
of interaction, different parameters were optimised such as temperature, adsorbent dosage,
adsorbate concentration and contact time. The adsorption isotherms of the efavirenz were
achieved in the concentration range of 1 — 5 mg/L. A known amount of (20 — 60 mg)
FesOs@APC, FesOs@ABA, FesOs@ACFA and FesOs@AFA 20 — 60 mg was added to each
flask, followed by agitation for a specified time 10 — 120 min at different temperatures ranging
from 25 — 60 °C. The solutions were then filtered and the concentration of efavirenz in the

filtrate was analysed using HPLC-DAD. The percentage removal and adsorption capacity for
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efavirenz was calculated using Equation 4.1. Desorption experiments were carried out by
adding fresh 10 mL of background electrolyte after the supernatant from the adsorption studies
had been decanted then the adsorption capacity was calculated using Equation 4.2.

5.2.5. Optimization

The multivariate optimization approach was used for the determination of parameters that are
significant for the adsorption of efavirenz onto the FesOs@ACFA, FesO:@ABA, FesOs@AFA
and FesOs@APC. This is because there are numerous advantages that multivariate
optimization offers over the univariate technique. The design of the experiments and data
analysis were done using Minitab 2018 statistical software for both the two-level full factorial
and central composite designs.

Two-level half factorial

To screen the primary variable and interactions, a two-level half factorial (2" 1) design was
used. The optimized parameters included contact time, temperature, adsorbent mass, pH, and
initial metal ion concentration. The variable was assigned lower (-) and higher levels (+), with
the central point omitted. The experimental designs' factors and levels for the optimization

process are detailed in Table 5.2, and a total of 16 experiments were conducted.

Table 5.2: Two-level half factorial (24) experimental design.

Factors Minimum (-) Maximum (+)
pH 2 12

Adsorbent mass (mg) 20 60

Initial concentration (mg/L) 1 5

Contact time (min) 10 60
Temperature ("C) 25 60

Box-Behnken Design

In this study Box-Behnken design (BBD) was employed for further optimization of the most
significant variables. These factors were also assigned two levels (minimum and maximum),
using literature reports as our guide. These levels resulted in 31 experiments. From the results

of these experiments, optimum conditions for each variable were deduced.
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5.2.6. Adsorptive isotherms, kinetics and thermodynamic studies

To understand the nature of the interaction between efavirenz and the adsorbent, adsorption
isotherms were evaluated. The adsorption data was analyzed using three different methods: the
Langmuir, Freundlich, and Temkin equations, represented by Equations 4.3, 4.4, and 4.5.
Additionally, studies were carried out to assess the rate-limiting steps (Equations 4.6-4.7) and
determine the thermodynamic parameters (Equations 4.8-4.9).

5.3. Results and discussions
5.3.1. Multivariate optimization

Two-level half factorial

Two-level half factorial design was used to investigate the influence of experimental conditions
contact time, temperature, adsorbent mass, pH and initial metal ion concentration. The
ANOVA (APPENDIX B 2) results were then presented in form of Pareto charts for % R of
efavirenz ion as shown in Figure 5.1. The results indicated that pH, concentration, contact time
and adsorbent mass (dosage) were statistically significant at 95% confidence level for the high
removal efficiency of efavirenz. pH has a significant influence on the surface charge of the
adsorbent and the ionization state of its functional groups. When the pH is optimal, it allows
for favorable electrostatic interactions between efavirenz and the adsorbent, which is crucial
for efficient adsorption. The initial concentration of efavirenz also plays a significant role in
determining the driving force for adsorption. A higher initial concentration means more
molecules are available for binding, which affects both the equilibrium capacity and removal

efficiency.

The duration of contact time between efavirenz and the adsorbent is another critical parameter,
as it determines the length of the interaction. Longer contact times provide sufficient binding
between the two, influencing the kinetics of adsorption. The mass of the adsorbent is also a
significant factor, as more mass translates to a greater surface area. Consequently, more binding
sites become available, directly impacting the overall adsorption capacity. By optimizing these
parameters, efficient adsorption of efavirenz can be ensured. These parameters were further
optimization since they were most significant for the removal of efavirenz. The vertical line

represents the 95% confidence level, while the bar length is proportional to the absolute value
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of the estimated effects[12]. The bar length helps in comparing the relative importance of the

effects.
Term 1,92
|
E
AE
s |
DE
C Factor Name
BC ‘ A pH
AC ‘ B Dosage
- ‘ C Contact Time
CE D Temperature
< E Concentration
CcD
D |
1
0 5 10 15 20

Standardized Effect

Figure 5.1: Pareto charts for % R of efavirenz from 2-level half fractional factorial full design
(2™1) at 95 % confidence level for optimization of adsorbent mass (dosage),
contact time, pH, concentration and temperature. note: the vertical line indicates

95 % confidence.

Further optimization using Response Surface Methodology based on Box-Behnken Design
(BBD).

The Box-Behnken design (BBD) was used to further optimize the significant factors such as
pH, initial efavirenz concentration, contact time and adsorbent mass. The Box-Bohnken design
matrix and the values of analytical response are shown in APPENDIX B 3. Temperature was
kept constant at 35 “C, because it was found to be insignificant for high % removal of efavirenz
after screening. The ANOVA results indicated that the design model was suitable for
optimization of the removal of efavirenz since it lead to coefficient of determination (R?) and
adjusted R? values of 0.7368 and 0.5066, respectively. F-value for the lack of fit was 3
indicating that it is not significant relative to pure error.

The relationship between two variables in order to attain maximum adsorption capacity is
depicted in Figure 5.3a — d. The impact of contact time on the percentage removal of efavirenz
from the 3D plots, which pertain to (adsorbent mass — contact time and concentration — contact
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time), is illustrated in Figure 5.3a and c. It is evident that contact time is a crucial factor that
significantly affects the efficiency of removal. His is because contact time provides information
about the rate of adsorption. It should be noted that the contact time was examined within the
range of 10 to 60 min. The results in Figure 5.3a and c indicate that the removal efficiency of
efavirenz was greatly enhanced with an increase in contact time from 10 to 30 min. However,
with further increases in contact time up to 40 min, the removal efficiency did not show any
significant improvement. This is because of the less availability of abundant adsorption sites
[13-15] ; the reactions occur rapidly and reach equilibrium within the first 30 min, and then a
slowdown as these sites are gradually filled up. Therefore, 30 min was considered the optimum

value.

Based on the outcomes of the research on the impact of pH on efavirenz adsorption efficiency
(Figure 5.3b, d), it is evident that solution pH is another significant factor that greatly affects
the efficiency of removal. The surface of the adsorbent's functional groups is a crucial factor
in the adsorption of process, and it can be adjusted by different NaOH or HCI [16,17]. At low
pH (acidic Conditions), the surface of CFA becomes protonated. This protonation enhances the
adsorption due to electrostatic attraction. CFA’s functional groups can form stronger bonds
under acidic conditions. The modification of the surface properties of FesOs@ACFA can be

examined by the zeta potential curve, which is displayed in Figure 5.2.

As demonstrated in Figure. 5.2, in acidic media, the FesO4@ACFA surface is negatively
charged, and when the pH is increased to 10, the negatively charged sites on the sorbent surface
are increased. Given the aforementioned findings, the adsorption efficiency of efavirenz at a
solution pH of 2 is more desirable. At low pH (acidic conditions), efavirenz will be positively
charged due to its pKa value. There will be electrostatic interactions between efavirenz and
FesO4@ACFA. These interactions enhance the adsorption efficiency of efavirenz onto
FesOs@ACFA.

The adsorbent mass used was in the range of 20 — 60 mg. In Figure 5.2a and b, adsorption
efficiencies increased with an increase in the amount of sorbent, which is related to the
availability of higher binding sites and however, at higher adsorbent mass the active sites get
blocked due to agglomeration [18-20]. As sorbent mass increases, agglomeration (clumping)
of particles can occur. Agglomerated particles may block some active sites on the sorbent

surface. This can reduce overall adsorption efficiency, especially if the agglomerates hinder
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access to critical binding sites. Therefore, the optimum adsorbent mass with maximum removal

efficiency was 20 mg. Therefore, 20 mg was considered as the optimum value.

Based on the response optimizer Figure 5. 4 and BBD surface plots experimental conditions
were chosen sample pH, 2; contact time, 28 min; temperature, 35 °C; initial concentration, 5
mg/L; and adsorbent mass, 20 mg. These optimum conditions were then applied to
FesOs@APC, FesOs@AFA and FesO4s@ABA. Compared to literature reports on adsorption of
ARVs these materials show a different trend. The different trends in the adsorption of ARVs
may be due to various factors such as the specific properties of the materials being used, and
differences in experimental conditions employed in the literature reports. These differences

could lead to varying outcomes in the adsorption behaviour of ARVs.
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Figure 5.2: Zeta potential of FesO4s@ACFA.
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5.3.2. Kinetic studies
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In this research, two distinct kinetic models (pseudo-first-order, pseudo-second order) were

applied to illustrate the kinetics of efavirenz adsorption on FesOs@ACFA, FesOs@APC,
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FesOs@ABA, and FesOs@AFA. The results of the pseudo-first-order Kinetics model for
Fe304@ACFA revealed an R? value of 0.246, indicating moderate agreement with the model.
In contrast, the pseudo-second-order kinetics model demonstrated an excellent R? value of 1.0,
indicating strong agreement with the model. The analysis of FesOs@APC showed a low R?
value of 0.037 for the pseudo-first-order kinetics model, indicating poor agreement with the
model, while the pseudo-second-order kinetics model exhibited a high R? value of 0.999,
suggesting a good fit. For FesOs@ABA, the R? value of 0.192 for the pseudo-first-order
kinetics model indicated moderate agreement with the model, and the pseudo-second-order
kinetics model resulted in an R? value of 0.999, suggesting a strong fit. Finally, the results for
FesOs@AFA showed a low R? value of 0.044 for the pseudo-first-order kinetics model,
indicating poor agreement with the model, while the pseudo-second-order kinetics model

displayed a high R? value of 0.9996, suggesting a good fit.

The results indicated that the adsorption process was best described by the pseudo-second-
order model, as evidenced by the linear regression coefficients presented in APPENDIX B 5
— 6. Furthermore, the calculated results in Table 5.3 showed a higher degree of similarity,
which suggests that the pseudo-second-order model may be the rate-limiting step in the
process. The adsorbents’ surface properties, functional groups, and charge distribution play a
crucial role in their interaction with efavirenz. FesO4s@ACFA shows the strongest agreement
with both kinetic models, likely due to its favourable surface characteristics. These results are
consistent with reported literature on adsorption of AVRs [15]

Table 5.3: Kinetic parameters of efavirenz adsorption onto FesOs@ACFA, FesOs@APC,
FesOs@ABA and FesOs@AFA.

Pseudo first order Pseudo second order
Adsorbent

R? K1 R? Qe K2
Fe3s04@ACFA 0.246 -119.754 1.0 2.2784 288.408
Fe304@APC 0.037 -119.993 0.999 2.2737 64.2305
Fe;Os@ABA  0.192 -120.037 0.9998 2.2748 20.8506
FesO4@AFA  0.044 -119.98 0.9996 2.2732 18.215
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5.3.3. Thermodynamic studies

Thermodynamic analyses play a crucial role in determining the spontaneity of adsorption
processes. These analyses allow for the evaluation of important thermodynamic parameters
such as Gibbs free energy change (AG®, kJ/mol), enthalpy change (AH®, kJ/mol), and entropy
change (AS®, JJmol/K) at standard state [21]. In this study, these parameters were calculated
for the adsorption of efavirenz on FesOs@ACFA, FesOs@APC, FesOs@ABA, and
FesOs@AFA. The results indicated that the adsorption of efavirenz on these adsorbents is non-
spontaneous due to the positive values of AG® obtained. To determine the values of AH® and
AS°, the slope and intercept of the plot of In K. against 1/T were utilized. The positive values
of AH® indicated that the adsorption process of efavirenz onto FesO4@APC and FesOs@ACFA
was endothermic, while the negative value of AH® confirmed that the adsorption process of
efavirenz onto FesOs@ABA and FesOs@AFA was exothermic. FesOs@APC and
FesO4@ACFA are suitable for applications where an increase in temperature is desired.
FesO4@ABA and FesOs@AFA are ideal for applications where a decrease in temperature is
beneficial.

The positive values of AS° indicated an increase in randomness at the solid-solution interface
for FesO4s@ACFA, FesOs@APC, and FesOs@ABA while adsorbing adsorbates onto the active
sites of the adsorbent. This increased randomness is favourable for adsorption applications that
require an increase in the number of adsorbed molecules [22—24]. However, the negative values
of FesOs@AFA indicated a decrease in randomness, making it an excellent adsorbent for

applications that require the adsorption of a precise number of molecules.

Table 5.4: Thermodynamic parameters for the adsorption efavirenz onto FesOs@ACFA,
FesOs@APC, Fes04@ABA and FesOs@AFA.

AG’ (kJ/moD AH®
Adsorbent AS° (J/mol/K) R?
25°C 45°C 55°C (kJ/moP
Fe;O4@ACFA 1.8727 2.00956  2.1667 4.18119 8.0944 0.9736
Fes:Os@APC  2.1063 1.9834 2.0289 7.03507 15.1647 0.9806
Fes;Os@ABA  1.8484 2.01664  5.3609 -4.7362 8.0015 0.9457
Fes;O4@AFA  1.8702 2.1146 2.9857 -0.01987 -8677.99 0.8479

131



5.3.4. Adsorption isotherms

Adsorption studies were conducted by varying the initial concentration from 1 to 5 mg/L at 35
°C. To understand the mechanism of adsorption, the experimental data was fitted to three
adsorption models. The Langmuir, Temkin and Freundlich isotherms.

The Langmuir and Temkin equilibrium constants and other parameters of the isotherm models
are shown in Table 5.5. From the results, it was observed that Langmuir dimensionless
equilibrium constant (RL) is less than one and greater than zero [25], which indicates the
favourability of the adsorption. The value of the heterogeneity factor 1/n indicates that the
Freundlich isotherm is indeed favourable [26-29]. The value of (1/n) can range from 0 to 1.
When (1/n = 0), adsorption is independent of concentration. When (1/n = 1), adsorption is
directly proportional to concentration. Therefore, if (1/n) is close to 1, it indicates favourable
adsorption behaviour. Based on the R? values the experimental data can be satisfactorily
explained by three adsorption models. The best correlation for efavirenz was however observed
for the Langmuir model, confirming that the adsorption took place in the monolayer
homogeneous surface [30-32]. The maximum adsorption capacity for FesOs@ACFA,
FesO4@APC, FesO4s@ABA, FesOs@AFA obtained to be 25.3807, 37.6364, 13.07 and 76.5376

mg/g respectively.
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Table 5.5: Adsorption isotherms constants for the adsorption of efavirenz onto the
FesOs@ACFA, FesOs@APC, FesOs@ABA, FesOs@AFA at 308.15 K.

Adsorbents
Isotherm model Parameters
Fe;:04@ACFA  Fe;:04@AFA  Fe;Os@ABA  Fe;O4@APC
Langmuir
gmax (mg/g) 25.38 76.54 13.01 37.64
Ki(L/mg)  0.04369 0,0584 0.0600 0.0166
RL 0.8304 0.7855 0.7819 0.9525
R? 0.9989 0.9953 0.9948 0.9910
Freundlich
Kr (L/mg) 9.2 1.27 3,82 2.042
n 0.01566 0.0124 0.0289 0.003
R? 0.9733 0.9902 0.9969 0.9559
Temkin
Br 0.4999 0.8714 0.2128 1.639
Kr 14.09 1.398 19.95 3.904
R? 0.9856 0.9892 0.09794 0.9651
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5.3.5. Comparison studies between raw, activated and coated industrial waste — based

adsorbents

The primary objective of this comprehensive research study was to evaluate the efficacy of
activating and coating coal fly ash, bottom ash, fly ash, and petroleum coke in enhancing the
removal of efavirenz ions from aqueous solutions. The researchers conducted a thorough
comparison of the removal percentages for the untreated raw materials, activated materials, and
materials coated with FesO4 nanoparticles, as depicted in Figure 5.8. The results of the study
were conclusive, demonstrating a substantial and noteworthy increase in the removal
percentage, which was attributed to the formation of mesoporous materials and the
incorporation of FesOs nanoparticles. These modifications resulted in a stronger negative
charge on the adsorbent surface, thereby enhancing the electrostatic interaction with efavirenz
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Figure 5.5: Comparison studies between raw, activated, and coated industrial waste—based

adsorbent for the adsorption of efavirenz in aqueous solutions.
5.3.6. Reusability studies

The ability to reuse adsorbents is essential for industry, as it minimizes waste and supports
environmentally friendly water treatment and pollution control. In Figure 5.9, studies on
magnetic mesoporous adsorbents demonstrate that they remain effective for up to three cycles

134



when removing efavirenz. Even after multiple adsorption-desorption cycles, the removal
efficiencies consistently range from 92% to 98%. This confirms the long-term reusability of

these adsorbents for efavirenz removal.
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Figure 5.6: Reusability of the FesOs@ACFA, FesOs@APC, FesOs@ABA and FesOs@AFA

for adsorption of efavirenz in aqueous solutions.
5.4. Conclusion

Based on the multivariate optimization results, key factors influencing the efficient removal of
efavirenz using coal fly ash adsorbents were identified: adsorbent mass, initial solution
concentration, contact time, and pH. These factors warrant further fine-tuning. Comparative
studies revealed that the mesoporous nature of the materials, along with the incorporation of
FesO4 nanoparticles, enhanced the negative surface charge. This facilitated strong electrostatic
interactions between efavirenz and the adsorbents, resulting in high adsorption capacity. The
adsorbents demonstrated reusability for up to three cycles. Notably, FesOs@AFA exhibited a
superior adsorption capacity compared to FesOs@ACFA, FesOs@ABA, and FesO4s@APC-
based adsorbents.
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CHAPTER 6: OVERALL CONCLUSION & FUTURE RECOMMENDATIONS

6.1. Overall Conclusion

In conclusion, successful synthesis and characterization of magnetic mesoporous adsorbents
was achieved for the purpose of removing lead and efavirenz from aqueous solutions. The
study has highlighted the impact of various factors on the adsorption process for each
substance. For efavirenz removal, the results indicate that pH, initial solution concentration,
adsorbent mass, and contact time play a pivotal role. While for lead; pH, initial metal
concentration, and adsorbent mass were found to be the main contributing factors for its
adsorption removal. It was also determined that these adsorbents can be reused for multiple
cycles, with efavirenz having a lifespan of 3> cycles and lead having a lifespan of 4> cycles.
FesO4s@AFA exhibited better performance for efavirenz while FesO4@APC showed good
performance for lead in comparison to other reported industrial waste-derived adsorbents for

the removal of lead and efavirenz. They can be classified as better adsorbents.

The comparative studies conducted have shown that the mesoporous nature of the adsorbents,
along with the functionalization with FesO4 nanoparticles, improves the removal percentage of
both lead and efavirenz in aqueous solutions. Moreover, the study identified that FesOs@APC
has a higher maximum adsorption capacity than other adsorbents for lead removal, while
FesO4s@AFA is more effective for adsorbing efavirenz. These findings hold great significance
in the development of efficient and cost-effective adsorbents for the removal of heavy metals

and pharmaceuticals from aqueous solutions.
6.2. Future work and recommendation

The results of the energy-dispersive X-ray spectroscopy (EDS) analysis were inconclusive in
determining the successful incorporation of FesO4 nanoparticles onto AFA, ACFA, and ABA.
This uncertainty was due to the presence of Fe in the form of hematite present in these waste
materials. Therefore, it is necessary to conduct further analysis using Powder X-ray diffraction
(PXRD) and X-ray Fluorescence (XRF) in the future. This technique would provide a more
accurate and comprehensive evaluation of the incorporation of FesO4 nanoparticles onto AFA,
ACFA, and ABA.

After conducting several tests, it was found that the High-Performance Liquid Chromatography

with Diode Array Detection (HPLC-DAD) method was not effective in detecting even trace
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amounts of efavirenz in real samples. Due to this limitation, it is essential to use a more
sensitive and accurate method for detecting the efavirenz. Therefore, Liquid Chromatography-
Mass spectrometry (LC-MS) analysis is recommended as it can identify even minute quantities
of the drug, making it a more reliable method for detecting efavirenz. More analysis is needed
to understand how competitive ions in solution impact adsorption. This will help to better
understand the behaviour of adsorbents and the interactions of ions, and their overall impact
on the adsorption process.
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APPENDIX

PREAMBLE

This section highlights the figures and tables that were previously omitted in Chapter 4 and
Chapter 5. These graphical and tabular representations provide additional insights and a better
understanding of the research findings.

APPENDIX A (Manuscript one)

APPENDIX A 1: The parameters, number of experiments, experimental conditions and results

from the full factorial design for the removal of Pb?" ions from aqueous

solution.
Initial . Contact Dosage Temperatur % Removal of
StdOrder pH Concentrati time (min) e ("C) Pb (I1)
on (mg/L) (mg)
1 3 5 10 20 25 o
5 8 5 10 20 25 95
3 3 25 10 20 25 28
4 8 25 10 20 25 36
5 3 5 60 20 25 80
5 8 5 60 20 25 95
7 3 25 60 20 25 20
8 8 25 60 20 25 40
9 3 5 10 50 25 94
10 8 5 10 50 25 95
11 3 25 10 50 25 74
12 8 25 10 50 25 74
13 3 5 60 50 25 95
14 8 5 60 50 25 o4
15 3 25 60 50 25 68
16 8 25 60 50 25 94
17 3 5 10 20 60 >
18 8 5 10 20 60 81
19 3 25 10 20 60 26
20 8 25 10 20 60 34
21 3 5 60 20 60 62
29 8 5 60 20 60 80
23 3 25 60 20 60 31
24 8 25 60 20 60 29
25 3 5 10 50 60 92
26 8 5 10 50 60 94
27 3 25 10 50 60 2
8 8 25 10 50 60 97
29 3 5 60 50 60 93
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30 8 5 60
31 3 25 60
32 8 25 60

50
50
50

60
60
60

94
99
99

APPENDIX A 2: ANOVA for the full factorial design.

Source DF AdjSS AdjMS F-Value P-Value
Model 25 22836,0 9134 47,51 0,000
Linear 5 17392,6 34785 180,93 0,000
pH 1 706,0 706,0 36,72 0,001
Concentration 1 53968 539,8 280,71 0,000
Contact time 1 36,3 36,3 1,89 0,219
Dosage 1 112448 112448 584,90 0,000
Temperature 1 8,8 8,8 0,46 0,523
2-Way Interactions 10 4852,6 485,3 25,24 0,000
pH*Concentration 1 32,3 32,3 1,68 0,242
pH*Contact time 1 0,8 0,8 0,04 0,848
pH*Dosage 1 279,6 279,6 14,54 0,009
pH*Temperature 1 65,7 65,7 342 0,114
Concentration*Contact time 1 3,1 3,1 0,16 0,701
Concentration*Dosage 1 32074 32074 166,83 0,000
Concentration*Temperature 1 629,5 629,5 32,75 0,001
Contact time*Dosage 1 0,6 0,6 0,03 0,862
Contact time*Temperature 1 9,3 9,3 0,49 0,512
Dosage*Temperature 1 624,1 624,1 32,46 0,001
3-Way Interactions 10 590,8 59,1 3,07 0,091
pH*Concentration*Contact time 1 102,7 102,7 5,34 0,060
pH*Concentration*Dosage 1 180,9 180,9 9,41 0,022
pH*Concentration*Temperature 1 84,3 84,3 4,39 0,081
pH*Contact time*Dosage 1 71,7 71,7 3,73 0,102
pH*Contact time*Temperature 1 51,5 51,5 2,68 0,153
pH*Dosage*Temperature 1 0,7 0,7 0,04 0,855
Concentration*Contact time*Dosage 1 58,2 58,2 3,03 0,133
Concentration*Contact time*Temperature 1 0,0 0,0 0,00 0,988
Concentration*Dosage*Temperature 1 39,4 39,4 2,05 0,202
Contact time*Dosage* Temperature 1 1,5 15 0,08 0,791
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Error 6 115,4 19,2
Total 31 229514

APPENDIX A 3: The parameters, number of experiments, experimental conditions and results
from the central composite design (CCD) for the removal of Pb?* ions from

agueous solution

. Contact %
Concentration  Dosage . Temperature
StdOrder pH (mg/L) ©) time ) Removal
(min) of Pb

1 3,0000 5,00 0,020000 10 60 91
2 8,0000 25,00 0,020000 10 60 99
3 8,0000 5,00 0,050000 10 60 94
4 3,0000 25,00 0,050000 10 60 59
5 5,5000 15,00 0,035000 10 60 43
6 5,5000 15,00 0,035000 10 60 50
7 8,0000 5,00 0,020000 10 60 94
8 3,0000 25,00 0,020000 10 60 12
9 3,0000 5,00 0,050000 10 60 88
10 8,0000 25,00 0,050000 10 60 62
11 5,5000 15,00 0,035000 10 60 80
12 5,5000 15,00 0,035000 10 60 51
13 1,4175 15,00 0,035000 10 60 10
14 9,5825 15,00 0,035000 10 60 26
15 5,5000 1,33 0,035000 10 60 100
16 5,5000 31,33 0,035000 10 60 15
17 5,5000 15,00 0,010505 10 60 24
18 5,5000 15,00 0,059495 10 60 98
19 5,5000 15,00 0,035000 10 60 65
20 5,5000 15,00 0,035000 10 60 43
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APPENDIX A 4: Pseudo-first-order kinetic plot for the adsorption of Pb(ll) onto a)
FesOs@APC, b) FesOs@ABA, ¢) FesOs@ACFA and d) FesOs@AFA.
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APPENDIX A 5: Pseudo-second-order Kkinetic plot for the adsorption of Pb(ll) onto a)
FesOs@APC, b) FesOs@ABA, ¢) FesOs@ACFA and d) FesOs@AFA

- 15k - - 25k
20k
10k .
E =
Sk = 10k
5k
o .
0 L]
0 20 40 60 80 0 20 40 60 80
Time (min) Time (min)
e 20k
304
15K
20 - -
= " = .
< = 10k
10+ Sk{ " -
0 r r r r 0 T r T r
0 20 40 60 80 100 0 20 40 60 80 100

Time (min) Time (min)

146



APPENDIX A 6: Thermodynamic plots for the adsorption of Pb(ll) onto a) FesOs@APC, b)
FesOs@ABA, ¢) FesO4@ACFA and d) FesOs@AFA.
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APPENDIX A 7: Freundlich plot for the adsorption of Pb(Il) ions onto a) FesOs@APC, b)
FesOs@ABA, ¢) FesO4@ACFA and d) FesOs@AFA.

) [ b)
1.2 3
1,04 4 1,0
cq._‘. 0,81 .
041 ) & 0.6
‘ 0,41
12 1.4 1.6 0 1

L
=
o8
i)
0.6
0,2 . . . .
_ 15 10 05 00 05 10 15
log C, log C¢
- []‘4 - 12-
. .
u -
02. 0,8
@ = )
= - 044
on )
& 09 k)
0,04
029" . , r . r r
od Y 2 10 05 00 05 10 15 20

log Ce log Ce

APPENDIX A 8: Langmuir plot for the adsorption of Pb(ll) ions onto a) FesOs@APC, b)
FesO4s@ABA, c) FesOs@ACFA and d) FesOs@AFA.
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APPENDIX B (Manuscript two)

APPENDIX B 1: The parameters, number of experiments, experimental conditions and results
from the full factorial design for the removal of efavirenz from aqueous

solution
%
Contact Concentra
Dosage ) Temperat ) Removal
StdOrder pH Time tion
(mg) ] ure (°C) of
(min) (mg/L) .
efavirenz
1 2 20 10 25 5 93,5022
2 12 20 10 25 1 97,5890
3 2 60 10 25 1 11,2276
4 12 60 10 25 5 72,1532
5 2 20 60 25 1 11,8445
6 12 20 60 25 5 54,6106
7 2 60 60 25 5 93,0206
8 12 60 60 25 1 39,9541
9 2 20 10 60 1 13,6952
10 12 20 10 60 5 89,9397
11 2 60 10 60 5 89,7837
12 12 60 10 60 1 47,9908
13 2 20 60 60 5 93,4733
14 12 20 60 60 1 38,8313
15 2 60 60 60 1 1,5267
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16 12 60 60 60 5 82,1448

APPENDIX B 2: Analysis of Variance

Source DF AdjSS Adj MS  F-Value  P-Value
Model 12 18324,1 1527,0 60,11 0,003
Linear 5 11971,0 2394,2 94,24 0,002
pH 1 828,6 828,6 32,62 0,011
Dosage 1 193,8 193,8 7,63 0,070
Contact Time 1 631,0 631,0 24,84 0,016
Temperature 1 17,0 17,0 0,67 0,473
Concentration 1 10300,7 10300,7 405,47 0,000
2-Way Interactions 7 6353,1 907,6 35,73 0,007
pH*Contact Time 1 438,8 438,8 17,27 0,025
pH*Concentration 1 4128,1 4128,1 162,50 0,001
Dosage*Contact Time 1 522,8 522,8 20,58 0,020
Dosage*Concentration 1 279,2 279,2 10,99 0,045
Contact Time*Temperature 1 153,8 153,8 6,05 0,091
Contact Time*Concentration 1 197,5 197,5 7,77 0,069
Temperature*Concentration 1 632,9 632,9 24,91 0,015
Error 3 76,2 25,4
Total 15 18400,3
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APPENDIX B 3: The parameters, number of experiments, experimental conditions and results

from the box-behnken design for the removal of efavirenz from aqueous

solution.
suorder pH Dot contect T Conemrton 36 e
1 2 20 10 1 88,4872
2 12 20 10 1 73,3803
3 2 50 10 1 90,3608
4 12 50 10 1 88,5324
5 2 20 60 1 88,5566
6 12 20 60 1 37,6281
7 2 50 60 1 88,2790
8 12 50 60 1 86,5029
9 2 20 10 5 93,8496
10 12 20 10 5) 46,7985
11 2 50 10 5 93,7732
12 12 50 10 5 65,2988
13 2 20 60 5 93,4674
14 12 20 60 5) 64,1042
15 2 50 60 5 94,1173
16 12 50 60 5 95,0954
17 -3 35 35 3 90,4119
18 17 35 35 3 69,7497
19 7 5 35 3 87,9995
20 7 65 35 3 89,7720
21 7 35 -15 3 88,6052
22 7 35 85 3 94,1869
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23 7 35 35 -1 86,5584

24 7 35 35 7 92,1697
25 7 35 35 3 93,6316
26 7 35 35 3 81,3380
27 7 35 35 3 91,8447
28 7 35 35 3 98,2919
29 7 35 35 3 83,7682
30 7 35 35 3 85,4121
31 7 35 35 3 96,7192

APPENDIX B 4: Pseudo-second-order kinetic plot for the adsorption of efavirenz onto a)
FesO4@APC, b) FesOs@ABA, ¢) FesOs@ACFA and d) FesOs@AFA.
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APPENDIX B 5: Pseudo-first-order kinetic plot for the adsorption of efavirenz onto a)
FesOs@APC, b) FesOs@ABA, ¢) FesOs@ACFA and d) FesOs@AFA
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APPENDIX B 6: Pseudo-first-order kinetic plot for the adsorption of efavirenz onto a)
FesOs@APC, b) FesOs@ABA, ¢) FesOs@ACFA and d) FesOs@AFA
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APPENDIX B 7: Temkin plot for the adsorption of efavirenz onto a) Fe304@APC, b)
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APPENDIX B 8: Freundlich plot for the adsorption of efavirenz onto a) FesOs@APC, b)
FesO4@ABA, c) FesOs@ACFA and d) FesOs@AFA.
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APPENDIX B 9: Langmuir plot for the adsorption of efavirenz onto a) FesOs@APC, b)

FesOs@ABA, ¢) FesOs@ACFA and d) FesOs@AFA
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