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ABSTRACT

A worldwide basic human right is the availability of affordable, trustworthy, and safe water. Pollutants
of emerging concern like halogenated pharmaceuticals have been documented in all environmental
matrices. Their adverse effects on humans and biota necessitate the need for their removal from water.
The remediation of pharmaceuticals from water is a growing concern since conventional wastewater
treatment plants are not equipped effectively for the task. Owing to its simplicity of use, affordability,
and environmental friendliness, adsorption using natural and modified adsorbents appeals as a method
of remediation. This study investigated the adsorptive potential of iron-modified Kenyan zeolite by
varying contact time, initial pollutant concentration, temperature, and pH, while employing
spectrophotometric monitoring. Adsorbent characterization using EDS, XRD, SEM, FTIR, and point
of zero charge analyses provided insights into the structural and chemical changes brought by iron
modification. The sorption capacity of unmodified zeolite was 7.71, 4.35, and 5.19 mg/g for
Chloramphenicol, Ciprofloxacin, and Diclofenac potassium, respectively, while iron- modified zeolite
exhibited significantly higher capacities of 22.49, 18.43, and 15.70 mg/g, respectively. Kinetic studies
revealed that Chloramphenicol adsorption followed a pseudo-first order model, while Ciprofloxacin
and Diclofenac potassium adhered to a pseudo-second order model. Isothermal analyses indicated that
Chloramphenicol and Diclofenac potassium adsorption better fitted to the Freundlich model, whereas
Ciprofloxacin was well described by the Temkin model. Thermodynamic analysis confirmed that
adsorption onto iron-modified zeolite was spontaneous and feasible for all pollutants, with adsorption
of Chloramphenicol and Diclofenac potassium being exothermic and Ciprofloxacin’s showed
endothermic characteristics. These findings highlight the superior performance of iron-modified
Kenyan zeolite as an affordable and efficient adsorbent for pharmaceutical pollutant removal, offering
a promising solution for water treatment.

Keywords: Iron-modified zeolite, Diclofenac potassium, Chloramphenicol, Ciprofloxacin
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CHAPTER ONE

INTRODUCTION

1.1 Background information

Life on earth is dependent on water. It is the undisputed thread that binds life together, an
elemental force essential for the very fabric of biological, ecological, and geological existence.
From the microscopic realms of cellular biology to the vast expanses of our planet's diverse
ecosystems, the significance of water resonates through every facet of life (Alberts et al., 2015).
Water covers about two-thirds of planet earth with the oceans harbouring 97.5%. Given that
not all of the water is suitable for consumption, freshwater is a finite resource. The
improvement of life quality and the prevention of diseases heavily depend on the availability
of safe drinking water. Every person has a fundamental right to suitable, affordable, safe, and
sufficient water for residential use, according to the United Nations (United Nations, 2010).
Despite governments and organizations all over the world trying to guarantee availability of
safe water, pollution has been a major issue. Water pollution stands as a pervasive and
escalating disaster, transcending geographical boundaries and threatening the very essence of
life. With the increase of anthropogenic activities such as industrialization and agricultural
activities, the once pristine waters that sustain ecosystems and communities are increasingly
becoming repositories of contamination, heralding a crisis of unprecedented magnitude
(UNEP, 2016). Pollutants in water can affect human health, destroy marine species, and upset

the ecological cycle (Priiss-Ustiin et al., 2019).

Water pollutants have been classified as either conventional or emerging (Ahamad et al., 2020).
Conventional pollutants have been well-recognized and extensively studied. They include

suspended solids, heavy metals, nutrients, and pathogens (Baste, 2021). Conversely,

1



pharmaceuticals and personal hygiene items, endocrine-disrupting compounds, microplastics,
per- and polyfluoroalkyl compounds, and pesticides are examples of emerging pollutants, also
referred to as micropollutants (Ahamad et al., 2020). Emerging pollutants have been detected
in water and are linked with detrimental effects on biota. This explains the shift in the recent
past, to study their remediation. Pharmaceuticals cause the greatest concern amongst

micropollutants (Arman et al., 2021).

Pharmaceuticals are medicinal chemical compounds used with the intention of providing a
therapeutic effect on the body at small doses (Gonzalez Pena et al., 2021). They particularly
attract attention due to their low-biodegradability and high persistence (Patel et al., 2019).
Pharmaceuticals and their metabolic byproducts have been detected in effluents from
wastewater treatment plants (WWTPs), surface and ground waters, and drinking water (K'oreje
et al., 2016). Halogenation is increasingly applied in pharmaceuticals in a bid to improve their
bioavailability (Xu et al., 2014). However, this chemical modification also makes these drugs

more persistent and difficult to remediate from water systems (Straub et al., 2023).

For example, Diclofenac is an analgesic used to treat inflammation and pain. It is considered
as an emerging concern pollutant and was added by Decision 2015/495 to the European Union's
Watch List (Sousa et al., 2019). Because of its stability and hydrophilic qualities, it is more
persistent in aquatic systems (Madikizela & Chimuka, 2017). Similarly, Chloramphenicol is
an emerging antibiotic pollutant that is stable and highly polar (Gu et al., 2021; Hong et al.,
2023). It is a broad-spectrum antibiotic for combating both gram-positive and gram- negative
bacteria (Bayrakei et al., 2021). It had been extensively utilized in food-producing animals
prior to being outlawed in the European Union, some Asian countries, Australia, Canada, and

Brazil (Wang et al., 2021).



Ciprofloxacin is an antibiotic of the fluoroquinolone class prescribed to manage bacterial
illnesses including pneumonia and infections of the urinary tract (Sharma et al., 2010). It has
been classified as an emerging antibiotic pollutant in the third Watch List under the Water
Framework Directive by the Commission Implementing Decision European Union 2018/840
(Gomez Cortes et al., 2022). Aquatic organisms' health, population, and diversity are threatened

by ciprofloxacin and its metabolite residues in water systems (Yan et al., 2019).

Pharmaceuticals are bioactive molecules that are life-threatening pollutants that require
mitigation when present in water. One of the favoured methods for their removal from water is
by adsorption. In the recent past, adsorption technology using locally available materials has
attracted attention. Zeolites, especially offer a good alternative for use in the remediation of

micropollutants. Zeolites are crystalline aluminosilicates characterized by a microporous

framework composed of TOs tetrahedrons connected through shared oxygen atoms. Their
structure obeys the Lowenstein rule (Pang et al., 2021). The negative charges in the zeolite
frameworks, resulting from the substitution of AI** for Si**, are typically quenched by extra-
framework mono or divalent cations, which can be readily exchanged with other cations (L1 et
al., 2017). Zeolites’ extraordinary properties are due to their crystalline framework and distinct
pore structure. This affords it properties like heat and hydrothermal stability, shape selectivity,
acidity, catalytic activity, diffusion, adsorption and ion exchange performance. The bridging
Al-OH-Si group attached to the framework has a great affinity for water and the Si-OH group
on the zeolite's exterior renders the surface polar (Windeck et al., 2024). To solve the
shortcomings of natural aluminosilicates, heteroatom isomorphism is widely utilized to
substitute or modify the aluminium and silicon framework components of the zeolites (Pang et

al., 2021).



Modification of zeolites is a practical approach for enhancing their performance in hydrophobic
adsorption and catalytic applications (Li et al., 2015). In addition to the intrinsic capabilities
supplied by the zeolitic structure, transition metal elements can be added to zeolites to provide
them with catalytic oxidation properties. Iron, in comparison to other transition metal elements, is
more readily incorporated into the zeolitic framework due to it favourable ionic radius (Y1 et
al., 2020) and its charge compatibility with tetrahedral sites (van Bokhoven & Lamberti, 2014)
thereby improving the zeolites’ hydrophobicity, acidity, and redox characteristics. It has been
reported that modifying zeolite with iron enhances the adsorptive capacity of zeolites. In the
current study, Iron-modified Kenyan natural zeolite was employed in the adsorptive removal

of Diclofenac potassium, Chloramphenicol and Ciprofloxacin from water.

1.2 Statement of the problem

Pollution of the aquatic environment with synthetic chemicals is a global issue (UNESCO, 2023).
Antibiotics such as Ciprofloxacin and Chloramphenicol have been reported in local surface waters
at levels exceeding their predicted no-effect concentrations, potentially fostering antibiotic
resistance (Kairigo et al., 2020). Additionally, Diclofenac persists in water and harms aquatic life
by causing endocrine disruption and digestive organ damage in fish (Guiloski et al., 2017). The
adverse effects of pharmaceuticals in water, even at trace concentrations, on aquatic biota as well
as on human health is a wakeup call on the urgent need to remove them with great efficiency

from water.

Developing countries such as Kenya have addressed the water pollution problem using
conventional wastewater treatment plants (WWTPs). Although the conventional WWTPs have
been efficient in the remediation of conventional pollutants, they have however proven
counterproductive in the mitigation of micropollutants which include pharmaceuticals.
According to estimates, only up to 50% micropollutant load is eliminated by conventional
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WWTPs through degradation and sorption to sludge while the polar ones remain in water as
they have no affinity for sludge (Luo et al., 2014). This has led to WWTPs being listed as the
main source point for biota exposure to micropollutants hence the recommendation to add to
the WWTPs a tertiary treatment to deal with pollutants of emerging concern hence increasing
their efficiency (Orata, 2018). Owing to conventional WWTPs ineffectiveness in eliminating
micropollutants from water alternative technologies such as Advanced Oxidation Processes
(AOPs), Electro-oxidative degradation, Membrane Technology and Ultrafiltration have been
exploited with reasonable success. However, these techniques are associated with high initial and
operational costs and the generation of even more toxic metabolites during oxidation and

degradation processes (Patel et al., 2019).

Natural zeolites, while possessing benefits like widespread availability, affordability and high
surface area are limited in their capability to adsorb large hydrophobic organic compounds due
to their small pore sizes and hydrophilic surfaces (Wanyonyi et al., 2020). There is a need to
modify these zeolites to transform their surface properties and enhance pore accessibility,
thereby significantly boosting their performance as adsorbents for halogenated

pharmaceuticals and a broader range of organic compounds (Xie et al., 2012).

1.3 General objectives
To assess the efficacy of iron-modified Kenyan zeolite in removing selected halogenated

pharmaceuticals from model wastewater by adsorption.

1.4 Specific objectives
i.  To study the effect of process parameters on the adsorption of Chloramphenicol,
Ciprofloxacin and Diclofenac potassium from water using iron-modified Kenyan

zeolite.



ii.  To determine the kinetics and isotherms of adsorption process of the selected
pharmaceuticals onto iron-modified Kenyan zeolite from water.
iii.  To determine the thermodynamics and propose mechanisms of the adsorption process

of the selected pharmaceuticals onto iron-modified Kenyan zeolite from water.

1.5 Justification

The selected halogenated pharmaceuticals (Chloramphenicol, Ciprofloxacin, and Diclofenac) are
heavily consumed for the treatment of different ailments in Kenya. They are persistent in the
environment and have reported negative effects on flora and fauna, with antimicrobial resistance
reported for Chloramphenicol and Ciprofloxacin (Kairigo et al., 2020). They have all been listed
under European Union Watchlist as pollutants of emerging concern. The use of zeolites is
informed by its availability locally, reusability, non-toxicity, stability and its potential for use as
an adsorbent (Jiang et al., 2018). Modification of zeolites with metal ions has been reported to
its increase their adsorption capacity and selectivity thus increasing their efficiency in
decontaminating polluted water (Jannat Abadi et al., 2019). Adsorption unlike other conventional
methods of removing pollutants from water stands out as affordable, efficient and
environmentally safe (Rashid et al., 2021). This study is justified by its alignment with UN
Sustainable Development Goals 6 (Clean Water and Sanitation) and 14 (Life Below Water), as
it aims to address critical challenges in ensuring access to safe water and protecting aquatic

ecosystems for sustainable development.

1.6 Significance of Study

This study is important in many ways. The findings of this research will benefit stakeholders in
water resource management, water quality and pollution control. Additionally, this research will
benefit manufacturers and hospitals in controlling water pollution. The utilization of zeolites for

water purification will lead to improved water quality and the well-being of the population as
6



locals will utilize zeolites to make potable water purification systems and increased economic
benefits along the value chain. The results on adsorption efficiency will help in the design of
efficient waste water treatment plants. Data on the efficacy of iron-modified Kenyan zeolite for
pharmaceutical elimination will add to scientific understanding, and the results will aid in policy

formulation.

1.7. Scope of Study

This study investigated key process parameters influencing adsorption i.e., contact time, initial
pollutant concentration, temperature and pH to optimize the process. The study characterized the
zeolite's physico-chemical properties by applying Energy dispersive spectroscopy, X-ray
diffractometry, scanning electron microscopy, Fourier-transform infrared spectroscopy, point of
zero charge analysis and thermogravimetric analysis to understand its structural and surface
properties. Additionally, the adsorption kinetics, isotherms, and thermodynamics were analyzed
to elucidate the adsorption mechanisms, capacity, and practical feasibility of the adsorbent for
pharmaceutical removal. The research was aimed at providing insights into the practical
application of iron modified zeolite for wastewater treatment by running experimental laboratory

study using spiked deionized water samples.



CHAPTER TWO

LITERATURE REVIEW

2.1 Introduction

Water, the most vital compound for life on Earth and industrial processes, is under threat from
pollution. This pollution not only damages the environment but also has serious implications for
public health. Among the many identified pollutants, a new class, micropollutants, that include
pharmaceutical active compounds, are gaining attention because of their resistance to degradation
and their potential for toxic effects at even low concentrations (Yang et al., 2021). The potential
harm to human health and their detrimental effects on biota due to their presence in water systems

is a cause for concern.

Pharmaceutical products are intended for therapeutic activities, and therefore, many of them
are relatively chemically stable, enabling them to withstand degradation processes and
consequently accumulate in water bodies (Bavumiragira & Yin, 2022). They are released into
the water systems in many ways such as dumping of hazardous waste, and effluents from
treatment plants. Consequently, pharmaceuticals have increasingly been found in municipal
water systems among other water bodies, and this poses questions about their effects on aquatic

life and human beings (Wada & Olawade, 2025).

2.1.1 Water pollution

Water pollution is a term used to describe the contamination of water systems with toxicants
that can harm human health, destroy marine life, and disrupt the ecological cycle (Ahamad et al.,
2020). Water resource pollution endangers both the current and future supply, impedes

economic growth at the local, regional, and national levels, presents unknown and known



health risks to the public, and further disrupts the ecosystem's already severely upset
equilibrium (Madhav et al., 2020).

Any chemical, biological or physical contaminant that has an unfavorable aesthetic impact on
aquatic life and consumers of the water is considered a water pollutant (Madhav et al., 2020).
Conventional pollutants include nutrients (NO3™ and PO4"), organic pollutants, heavy metals,
and microbial pollutants while emerging pollutants include personal care products,
pharmaceuticals, pesticides and endocrine-disrupting compounds (Ahamad et al., 2020; Orata,
2018). Emerging pollutants, have especially attracted special interest among researchers with

pharmaceuticals being at the core.

2.2. Pharmaceuticals

Pharmaceuticals are molecules often bioactive at low doses designed to have a healing impact
on the body. They stay in the body for an extended period in their activated state until they
have a therapeutic effect on the target (Bottoni et al., 2010). Pharmaceuticals, particularly draw
attention due to their high persistence and low biodegradability; while not all pharmaceutical
compounds are persistent, most are classified as "pseudo-persistent" since they are
continuously released into the environment (Dai et al., 2011).

Prescription drugs and their metabolic by-products have been detected in WWTP effluents and
other water systems (Massano et al., 2023). Concerns about the potential effects on human
health have been raised by reports of analgesics, antibiotics, psychiatric, and antiretroviral
medications in drinking, surface, and ground waters (K'oreje et al., 2016). Pharmaceuticals,
even in trace levels, pose a significant threat to public health and the aquatic ecosystem (Patel

etal., 2019).

Pharmaceuticals have been increasingly halogenated to improve their bioavailability and
consequently their efficiency (Cao et al., 2025). This has been, however characterized as an
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impediment to their biodegradation which results in their persistence and buildup in the
environment, particularly in aquatic systems (Straub et al., 2023). Some of the halogenated
pharmaceuticals include Diclofenac, Ciprofloxacin and Chloramphenicol. An understanding of
the transformation of pharmaceuticals in the host body is essential in solving the problem of their

presence in water.

2.2.1. Pharmacological Metabolism within the Host’s Body

After administration, pharmaceuticals undergo metabolic transformations caused by either host’s
enzymes or gut bacteria before excretion (Zimmermann et al., 2019). These changes usually take
place in two stages. During the first phase, the parent pharmaceutical compound is modified into
metabolites with increased polarity by reduction, oxidation and hydrolysis reactions. During the
second phase, conjugation reactions transform either the original active pharmaceutical ingredient
or the compounds generated in the first phase into hydrophobic derivatives. These byproducts are
more readily enzymatically degraded and excreted. Fecal matter and urine are the primary
pathways by which the parent pharmaceutical, both metabolized and unmetabolized, are released
into the environment. The percentages of unmetabolized medications excreted as the original

active pharmaceutical ingredient of the selected halogenated drugs are displayed in Table 2.1.

Table 2.1: An estimated percentage of a pharmaceuticals that passes through the human body

unmetabolized and enters the sewage system after ingestion.

Drug % Excreted Reference
Chloramphenicol 5-15 (Oong & Tadi, 2020)

Ciprofloxacin 40 — 50 (Thai et al., 2023)
Diclofenac 5-35 (Altman et al., 2015)

Pharmaceuticals are frequently detected in the environment, and studying their sources is crucial

for effective remediation.
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2.2.2. Sources of Pharmaceuticals and their Pathways in the Environment

Pharmaceuticals and their derivatives are continuously discharged into the environment via
both point and nonpoint sources. Point sources include hospital waste and effluent
from the pharmaceutical manufacturing industry. Nonpoint sources include agricultural soil
runoff, urban runoff, and leaching from landfills. All environmental matrices have
pharmaceuticals reported in them due to anthropogenic activities (Aus der Beek et al., 2016).
A review of literature available agrees that pharmaceutical concentration in environmental
compartments follow this sequence: drinking water, ground water, surface water, WWTP
effluents, hospital effluents and pharmaceutical industrial effluent ranked from the lowest to

the highest (Patel et al., 2019).

Pharmaceutical transport in the water environment has been modelled by the source-pathway-
receptor scheme (Stuart et al., 2012) as shown in Figure 2.1. The model takes into account the
receptor, the pathway that medicines have taken as well as their source. Aquatic transport, and
food chain transportation are the primary methods of environmental transportation. Upon
release into the environment, pharmaceuticals are transported through a variety of physical and
chemical processes, including sorption, desorption, leaching, and degradation.
Pharmaceuticals' physicochemical characteristics and the surrounding environmental
factors influence their mobility and transit in the sediment-water matrices (Kathuria et al.,

2023).
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Figure 2.1: The source — pathway — receptor model (Patel et al., 2019)

2.2.3. The Transformation and Fate of Pharmaceuticals in the Aquatic Environment

Pharmaceuticals are made to be stable chemically since stability boosts their effectiveness.

They, however, can undergo physicochemical and biotic transformations, which lowers

environmental stabilities (Kalyva, 2017). In order to increase stability and bioavailability in

patients, halogenation has been applied to many pharmaceutical products (Kiister & Adler,

2014) which in turn increases their environmental stability. Pseudo-persistent drugs are

said to have greater environmental persistence than other pollutants since they are

continuously replenished despite undergoing biodegradation, photodegradation, and particle

sorption. Continuous influx of pharmaceuticals into the environment therefore, makes them

pseudo-persistent (Ebele et al., 2017). A pharmaceutical’s physicochemical properties i.e.,
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water solubility, dissociation constants and biodegradability are key in prediction of its fate in

aquatic environment.

2.2.4. Pathways for Pharmaceutical Transformation in the Environment

Temperature, pH, water salinity, and sunlight are all environmental factors that catalyze various
degradation processes of pharmaceuticals hence affecting their transformation. Figure 2.2 is a
schematic representation illustrating the pathways of pharmaceutical transformation in the
environment as they move through humans and animals into wastewater treatment, and finally
into the environment. When pharmaceuticals are administered to humans and animals, the body
metabolizes them, using a portion for therapeutic purposes while excreting the rest. These
compounds and their metabolites then enter wastewater treatment systems, undergoing both
abiotic and biotic transformations. The treated wastewater then releases these compounds and
products into the environment, where additional abiotic transformations and biodegradation
occur, influencing their persistence and environmental fate. The cyclic arrows indicate a
continuous process, suggesting that pharmaceutical compounds and their transformation

products can re-enter the cycle, perpetuating their presence and transformation in the

environment.
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Figure 2.2: General schematic representation of pharmaceutical transformation in the

Environment (Rehman et al., 2015)
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Sorption onto sediments and sludge as well as photodegradation and biodegradation are
essential pathways for eliminating pharmaceuticals from surface water. Drugs, especially
antibiotics are designed to eliminate microbes. This in turn, reduces the concentration of
pharmaceuticals that is eliminated through microbial biodegradation. Photodegradation is a
significant surface water elimination route for many pharmaceuticals that contain
photosensitive functional groups (Bavumiragira & Yin, 2022). For example, Diclofenac
directly photodegrades under ultraviolet irradiation generating 13 transformation products
(Mufioz et al., 2025). Fluoroquinolones photodegrades to form piperazine ring opening
products (Lu et al., 2021). Majority of antibiotics biodegrade relatively slowly, with the
biodegradation of fluoroquinolones in aquatic systems reported to be negligible (Rusch et al.,
2019). Planar aromatic pharmaceuticals readily intercalate with clay minerals (Kiimmerer,

2009).

2.3. Halogenated Pharmaceuticals and their Environmental Risks

Drugs are designed for the treatment of infections in both human and animals. They act by
binding to particular receptors in the target organism. In the recent past, pharmaceuticals have
been increasingly halogenated to improve their bioavailability hence increasing their
efficiency. It has been shown that non-therapeutic exposure to pharmaceuticals has detrimental
effects on aquatic and terrestrial life and environment (Le Page et al., 2017). In this study,
discussion was done on Ciprofloxacin, Chloramphenicol and Diclofenac and their ecotoxic

effects.

2.3.1. Diclofenac
Diclofenac, whose chemical name is 2-[2-(2,6-dichloroanilino) phenyl] acetic acid with a
molecular formula of Ci4H11C12NO3, is a secondary amino compound, an amino acid, a

dichlorobenzene, an aromatic amine and a monocarboxylic acid as shown in Figure 2.3. It has a
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molecular weight of 296.148 g/mol. It is produced as Diclofenac potassium or Diclofenac sodium
to enhance its solubility, stability, and bioavailability for pharmaceutical use. Diclofenac Sodium
is primarily used in many oral formulations, ideal for sustained-release preparations due to its
slightly slower dissolution rate compared to the potassium variant. Diclofenac Potassium, being
more water-soluble than the sodium type, enables faster absorption and a quicker onset of action,

making it suitable for immediate-release topical formulations for acute pain relief.
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Figure 2.3: The chemical structure of Diclofenac

It is acidic with a pKa value of 3.99. It slightly soluble in water (2.37 mg L™ at 25 °C) hence
the relatively high n-octanol-water partition coefficient (log Kow)of 4.51 (National Library of
Medicine, 2023). It is used as an analgesic to alleviate pain by primarily inhibiting
cyclooxygenase enzymes, thus reducing prostaglandin synthesis and subsequent inflammation

(Wiffen & Xia, 2020).

2.3.1.1. Ecotoxicity of Diclofenac

Diclofenac caused a sharp decline in Asian Gyps vulture populations by poisoning them as
they scavenged diclofenac-medicated livestock. This was its first known detrimental effect on
the ecosystem followed by a case reported in Europe (Herrero-Villar et al., 2021). Some of the
reported toxic effects of Diclofenac on aquatic life include teratogenesis and embryotoxicity in
the American bullfrog (Cardoso-Vera et al., 2017) and negative genotoxic effects in the marine

copepod Gladioferens pectinatus (Guyon et al., 2018). Studies have also shown that Diclofenac
15



can also induce oxidative stress and cause damage in aquatic organisms like zebrafish even
at environmentally realistic exposure levels (Bio & Nunes, 2020). Ecotoxicogenomic
assessments have revealed that Diclofenac exposure can reduce survival and reproduction rates
in soil-dwelling organisms like Folsomia candida (Chen et al., 2015). Additionally, studies
have reported that Diclofenac impacts negatively on the development of maize (Hammad et al.,

2018).

2.3.2. Chloramphenicol

Chloramphenicol’s IUPAC name is 2,2-dichloro-N-[(1R,2R)-1,3-dihydroxy-1-(4-nitrophenyl)
propan-2ylJacetamide has a molecular formula is Ci1H12C2N2Os, is an organochlorine
compound with nitro, amido and alcoholic substituents as shown in Figure 2.4. It has a

molecular weight of 323.132 g/mol.

Figure 2.4: The chemical structure of Chloramphenicol

Chloramphenicol appears as white needle-like fine crystals. It sublimes in low pressure. It is
fairly soluble in water (25 mg/mL at room temperature) and is soluble in organic solvents. It
has a low log Kow of 1.14. It is an antibiotic of broad spectrum against disease causing germs
(Roushani et al., 2020). Chloramphenicol acts by inhibiting the synthesis of protein, causing
bacterial death by binding to their ribosome (Bayrakci et al., 2021). It is a highly polar
compound exhibiting high stability especially in neutral and weakly acidic solutions (Stolker

& Danaher, 2011). Since Chloramphenicol has good stability and a relatively low production

16



cost, it is widely used in developing nations (Van et al., 2020). Chloramphenicol is listed as an

emergent antibiotic pollutant by the World Health Organization (Gu et al., 2021).

2.3.2.1. Ecotoxicity of Chloramphenicol

Chloramphenicol was reported as a contributing factor in aplastic anaemia in human beings
and animals. Its detrimental effects on the ecology led to its ban from application in all major
food- producing animals in numerous countries including China, Japan, USA, Australia, Canada
and the European Union (Chen et al., 2020). It has been associated with far-reaching toxicity
on aquatic organisms (Zhang et al., 2021). Studies have shown that it can disrupt ecosystems
and induce microbial resistance (Nguyen et al., 2022). Chloramphenicol has been reported to
inhibit growth and development in green algae and blue- green algae (Xiong et al., 2019)
thereby upsetting ecological balance. Its effect on non-target aquatic organisms, such as
Brachionus calyciflorus revealed negative demographic responses across multiple generations
(Igbal et al., 2022). Additionally, some researches have indicated potential genotoxic

carcinogenicity of Chloramphenicol (Luo et al., 2018).

2.3.3 Ciprofloxacin

Ciprofloxacin’s I[UPAC name is 1-cyclopropyl-6-fluoro-4-oxo-7-piperazin-1-ylquinoline-3-
carboxylic acid whose molecular formula is C17H1sFN30Os, is a quinolone with a cyclopropyl,
carboxylic acid, fluoro and piperazin-1-yl substituents as shown in Figure 2.5. It has a molecular

mass of 331.346 g/mol.

Figure 2.5: The chemical structure of Ciprofloxacin
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Ciprofloxacin is a crystalline yellow powder. It is acidic with a pH of 3.5 — 4.6; highly soluble
in water, 36 mg/mL at 25 °C and has a log Kow of 0.28. It is a broad-spectrum fluoroquinolone
antibiotic prescribed for the treatment of diseases like pneumonia, urinary tract infections and
other bacterial infections (Cao et al., 2021). It is listed as an emerging antibiotic pollutant in
the 4" Watch List under the Water Framework Directive of June 2018 by Commission
Implementing Decision (EU) 2018/840 (Gomez Cortes et al., 2022). Aquatic organisms' health,
population and diversity is threatened by Ciprofloxacin and its metabolites in the water systems

(Yan et al., 2019).

2.3.3.1. Ecotoxicity of Ciprofloxacin

The presence of Ciprofloxacin and its derivatives in aquatic systems poses a significant risk to
the human health and ecosystem due to its low biodegradability (Meng et al., 2016). Its
presence in the aquatic environment induces resistant strains promoting bacterial resistance,
which negatively affects the ecosystem (Adenaya et al., 2025). Furthermore, Ciprofloxacin has
been shown to inhibit the growth of aquatic organisms like cyanobacteria and macrophytes
(Ebert et al., 2011). Chronic exposure to Ciprofloxacin has been reported to affect the
taxonomic diversity of meiobenthic nematode communities (Nasri et al., 2020). Moreover,
Ciprofloxacin’s presence in aquatic environments contributes to the development and spread
of antibiotic resistance, posing additional ecological and human health concerns (Kelly &
Brooks, 2018).

A consideration of the operation of conventional WWTPs highlights how they are employed

in water purification and their ineffectiveness in remediating pollutants of emerging concern.

2.4. Conventional wastewater treatment process
A schematic representation of a primary and secondary system employed for the remediation of

pollutants in conventional wastewater treatment plant as shown in Figure 2.6.
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Figure 2.6: Stages and processes involved in a conventional wastewater treatment plant (Orata,
2018)

WWTPs apply primary screens, acrobic and anaerobic digesters, and biological filters in water
treatment. They are designed to reliably and efficiently control a variety of pollutants, such as
organic waste, particulates and nutrients. However, these plants are not specially made for
complete remediation of emerging pollutants. Poor adsorption ability of some of the
pharmaceuticals onto the activated sludge limits microbial contact and consequently their
biodegradation (Khasawneh & Palaniandy, 2021). Nine WWTPs in the Lake Victoria Basin
discharge 0.602 pg/L of pharmaceuticals daily into the lake as reported by Kimosop et al. (2016)
which is ten times above the predicted no-effect concentration of 0.05 pg/L (Alliance, 2021)
highlighting their inefficiency in pharmaceutical remediation. The daily discharge has likely
increased due to population growth in the served towns over the last decade. As a result,
conventional WWTPs have been identified as a point source and discharge pathway for biota

exposure to emerging pollutants (Orata, 2018).

To remediate micropollutants conventional WWTPs have been supplemented with advanced

treatment processes.
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2.5. Advanced wastewater treatment process

Owing to the inefficiency of conventional WWTPs in dealing with micro-pollutants, tertiary
treatment is increasingly used as the final step before discharging treated water into the
environment. Enhanced biological treatment, advanced oxidation processes, electro-oxidative
degradation, membrane processes and adsorption have been applied in the remediation of

pharmaceuticals and other micropollutants (Orata, 2018).

2.5.1. Enhanced Biological Treatment

Conventional biological treatment applies activated sludge and primarily targets bulk organic
compounds achieving only less than 60% removal of micropollutants (Gupta et al., 2021).
Conversely, enhanced biological treatment systems incorporate targeted optimizations such as
extended sludge retention time, bioaugmentation with specialized microbes, addition of co-
substrates to promote co-metabolism, and hybrid configurations like moving bed biofilm
reactors to achieve removal efficiencies of up to 100% by enabling effective biodegradation of
the micropollutants that conventional systems fail to remediate due to limited microbial contact

and metabolic capacity (Luo et al., 2014).

In enhanced biological treatment, pharmaceuticals and their metabolites are degraded by
specialized microbes both aerobically and anaerobically. Despite the toxicity of most
pharmaceuticals to bacterial strains, some microbial consortia have the ability to
biodegrade pharmaceuticals with studies reporting appreciable degradation percentages and
complete mineralization by bacterial, algal and fungal cultures (Patel et al., 2019).
Phytoremediation is also a biological technique employed in the remediation of
pharmaceuticals by maximizing on plants capability to uptake, accumulate and degrade
pollutants. The biodegradability of pharmaceutical compounds varies considerably, and many
drugs are designed to be stable, which hinders their breakdown by microorganisms (Silva et
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al., 2019). The high selectivity of bioremediation is amajor drawback when it comes to removing
pharmaceuticals from water. This means it only works effectively on pollutants that are easily
biodegradable, often resulting in the incomplete removal of many pharmaceutical compounds
that are not readily broken down by biological processes (Shah & Shah, 2020). The partial
removal of pharmaceuticals, leads to the formation of metabolites that may still pose

environmental risks (Ortuzar et al., 2022).

A downside to this treatment technique is its high initial set up cost coupled by high operational
cost. Enhanced biological treatment is capital-intensive, requiring large aeration tanks for
extended sludge retention times, moving bed biofilm reactors and bioaugmentation dosing
systems. Additionally, its operational costs are high due to increased aeration energy,
specialized microbial cultures, and co-substrates needed for micropollutant degradation

(Srinivasan et al., 2025).

2.5.2. Advanced Oxidation Processes (AOPs)

Advanced oxidation processes offer an appealing technique for the partial and complete
degradation of pharmaceuticals, even at trace quantities (Capodaglio et al., 2018). AOPs are
categorized into photochemical, non-photochemical and hybrid processes. They comprise a
variety of technologies such combination of ultraviolet light and ozone (UV/Os), Fenton
processes (Fe?'/H20:) and Photo-Fenton processes (Deng & Zhao, 2015). AOPs are particularly
successful for the remediation of mixed pharmaceuticals pollutants, with removal percentages
of >99% and effluent concentrations below 1 ug L' reported (Anjali & Shanthakumar, 2024).
It is however, linked to the generation of by-products whose toxicity may be higher than the
parent pollutant. It is an operationally complex process marked by high energy consumption

hence high operational and maintenance costs (Water Online, 2019).
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2.5.3. Electro-oxidative degradation

Electro-oxidative degradation techniques have recently garnered interest as an approach to reduce
pharmaceutical pollution by producing reactive species using electricity instead of chemicals
(Loos et al., 2018). A platinum electrode showed better performance than a carbon electrode in
the degradation of Diclofenac (Sifuna et al., 2016). While electro-oxidative degradation of
pharmaceuticals in water has demonstrated success in removing a wide range of pharmaceutical
compounds (Oturan, 2014), it is faced by several limitations hindering its widespread adoption.
In the first place, the high cost of electrode materials with superior catalytic activity poses a
significant challenge (Banham & Ye, 2017). Moreover, the process is highly sensitive to changes
in water quality parameters such as pH, conductivity, and the presence of other compounds that
compete for oxidation. Also, electrode fouling and passivation can decrease performance and
require frequent maintenance (Wtodarczyk-Makuta et al., 2023). Lastly, scalability and long-
term stability of electrochemical systems remains a challenge due to high initial and operating

costs.

2.5.4. Ultrafiltration and Membrane Technology

Filtration has been utilized to enhance advanced treatment methods at the tertiary level. It
eliminates micropollutants from water primarily by capturing the suspended solids to which
they are adsorbed to. Membrane technology include ultrafiltration, microfiltration,
nanofiltration and reverse osmosis (Baker, 2023). Ultrafiltration and microfiltration are
characterized by relatively larger pore sizes and low-pressure membranes as compared to
reverse osmosis and nanofiltration membranes hence their application in removal of suspended
particles in water. Nanofiltration and reverse osmosis, due to their properties, have been the
most preferred technology applied in the remediation of pharmaceuticals in water.

Ultrafiltration and membrane technology have been proven to generate high-quality discharge
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that meets the guidelines for effluents in sensitive applications like wastewater treatment for
domestic re-use (Orata, 2018). However, membrane technology is characterized by high
operational costs, membrane fouling and is not fully effective as some micropollutants are
smaller in size as compared to the membrane pore sizes (Mohammad Boshir Ahmed et al.,

2017).

2.5.5. Use of specialized sorbents

Adsorption is the process by which adsorbate molecules from a fluid (liquid or gas) adhere to
the surface of an adsorbent i.e., solid phase via physical or chemical forces. The sorption process
occurs in four steps namely; sorbate transport in the fluid phase, diffusion across the boundary
layer (film diffusion), pore diffusion, and sorption onto the solid by physical interactions e.g.,
weak van der Waals interactions or chemical bonds such as hydrogen bonding (Pourhakkak et
al., 2021). Adsorption is mainly classified into chemisorption and physisorption based on the
type of the bonds formed between the sorbent and the sorbate. Chemisorption is characterized
by electron transfer and covalent bonding. It is slow, single layered and irreversible.
Physisorption is distinguished by weak Van der Waals interactions between the pollutant
molecules and the adsorbent surface. It is fast, multi layered and reversible (Rap6 & Tonk,
2021). Factors that affects adsorption process include initial pollutant concentration, the
solution’s temperature and pH, adsorbent dose and the sorbent’s particle size (Rap6é & Tonk,
2021).

Low initial capital investment and maintenance cost, suitability for batch and continuous
process, applicability for trace pollutants and ability to reuse and regenerate sorbents are some
of the benefits of adsorption as a remediation technique (Crini & Lichtfouse, 2019).
Researchers have utilized various modified bio-based adsorbents for removing

pharmaceuticals: akageneite-functionalized maize cob biochar for carbamazepine (Jemutai-
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Kimosop et al., 2022); acid-activated Moringa oleifera seed biomass for progesterone (Ngeno

et al., 2024), and water hyacinth biochar for caffeine and Ciprofloxacin (Ngeno et al., 2016).

The use of affordable, readily available minerals like zeolites as sorbents in water treatment has

garnered attention recently.

2.6. Zeolites

Zeolites are hydrated aluminosilicates with highly crystalline structures. They are highly
porous with network of interconnected tunnels and cages of defined molecular dimensions. The
pores are occupied by water, monovalent and divalent cations. They are either formed over long
periods of time within sedimentary deposits or through the reaction between alkaline
groundwater and volcanic ash. Zeolites’ formation conditions such as the parent volcanic
material’s chemical composition, temperature, pressure, groundwater presence, and
geochemical environment vary greatly across geographic locations (Gottardi & Galli, 2012).
Based on their elemental compositions and structures, zeolites vary widely in size and shape

and over fifty different varieties have been identified globally (Velazquez-Pena et al., 2019).

The general chemical formula of zeolites is Myu[ Al Siy O2(:+y)]: pH20 where M is an Alkali metal
and/or an Alkaline earth metal, » is cation charge; 1< y/x <6 and 1< p/x <4. A tetrahedron, whose
centre is either occupied by an aluminum or silicon atom, with four atoms of oxygen at the

vertices as illustrated in Figure 2.7 is the unit cell of zeolite framework.
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Figure 2.7: The general structure of zeolites highlighting the tetrahedron primary building

block and pores in the structure (Maulana & Takahashi, 2018)

The substitution of Si*" by AI’* generates the negative charge of the framework, which is

quenched by either monovalent or divalent cations. The structural type of a zeolite is defined by the

aluminosilicate framework as it is the most conserved and stable component. The voids in the

zeolitic framework house water molecules. Alternately the molecules can be bonded between

exchangeable ions and framework ions via aqueous bridges. Table 2.2 shows chemical and

physical properties of some zeolites.

Table 2.2: Chemical Formula and Structural Information of Common Zeolites (Wang & Peng,

2010)
Name of Zeolite/ Chemical formula | Si/Al Symmetry Cation Void
ratio Exchange | volume
Capacity
(meq/g)
Clinoptilolite 4.0-5.8 | Monoclinic 2.16 0.34
(Na,K,Cag.5,Mgo.5)s[ Al6Si30072]-20H20
Chabazite 1.5-4.5 | Rhombohedral | 3.84 0.47
(Cag.5,Na,K)x[ AlxSi12xO24]- 12H>0O
Mordenite 5.4-9.4 | Orthorhombic | 2.29 0.28
(Naz,Ca,K2)4 [AlsSis0096]-28H20
Natrolite 1.5 Orthorhombic | 1.0-2.0 0.5
Nay[Al2Si3010]-2H20
Laumontite 2.0 Monoclinic 0.8-1.5 0.2

Cas[AlgSi16045]- 16H20
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Analcime 2.0 Cubic 4.9 0.2
Nais[ Al16S132096]- 16H20

Phillipsite 1.0-2.5 | Monoclinic 2.0-3.5 0.35
(Na,K,Ca)12[Al1-2Si2-306]-2-6H20

Faujasite 1.0-2.5 | Cubic 3.0-5.0 0.5
(Naz,Ca,Mg)29[ AlsgS11340384]-240H>O

Erionite 4.5-7.0 | Hexagonal 2.5-3.5 0.30

(Naz,K»,Ca) [AlsSi30072]-20H0

As illustrated in Table 2.2 zeolite vary in Si/Al ratio, symmetry, cation exchange capacity and
void volume. Si/Al ratio controls zeolite’s hydrophobicity and surface charge; high ratios
increase hydrophobicity, favouring organic pollutant adsorption whereas low ratios correspond
with high cation exchange capacity thereby enhancing negative charge, improving heavy metal
adsorption (Wang & Peng, 2010). Higher void volumes create larger internal surface area,
thereby increasing the adsorbent’s capacity because pore filling is a dominant mechanism in

zeolite adsorption (Cen et al., 2025).

2.6.1. Applications of zeolites

2.6.1.1. Catalysis

Zeolites are ideal for catalysis due to their unique structural properties, such as high surface
area, uniform micropore structure, and tunable acidity. Brensted acid on -OH- bridging
framework between aluminium and silicon channel gives zeolites its catalytic properties. It has
also been widely used as a support for catalyst (Limlamthong et al., 2020). Zeolite has been
extensively applied to catalyze the conversion of methanol to gasoline (Kianfar & Mazaheri,
2020). Y-zeolites and ZSM-5 containing catalysts, are used in fluid catalytic cracking units of
petroleum refineries. They catalyze the cracking of heavy, long-chain hydrocarbons into
gasoline, diesel, and other valuable lighter products (Komvokis et al., 2016). Zeolites are also

employed in the conversion of methanol to light alkenes (Sofi et al., 2025).

26



2.6.1.2. Ion-exchange

Substitution of Si by Al in the zeolitic framework results in the negative charge which is
quenched by alkali and alkaline earth metal cations. The net negative charge existing on the
zeolite ends is balanced by active monovalent or divalent counterions. These positive ions are
loosely held and readily exchangeable. This property has been exploited in making zeolite ion
exchange resins for water treatment (Guida et al., 2020). Application of zeolite-based fertilizers
has been proven to prevent nutrients loss through leaching and volatilization, and slowly
release them to plants as needed (Mathur et al., 2022). The use of zeolites in detergent
formulations helps to reduce water pollution by minimizing phosphate discharge into

waterways (Koohsaryan et al., 2020).

2.6.1.3. Environmental Remediation

Zeolites’ high specific surface area, excellent ion exchange capacity, size and shape selectivity,
potential for strong acidity, excellent thermal and radiation resistance properties and
affordability has made them a choice material for environmental remediation of various
pollutants as a sorbent (Barlokova, 2008). Heulandite has been employed to adsorb anions like
PO3~ and NO3 (Wanyonyi et al., 2025), heavy metal ions such as Pb*>" and Cd** (Wanyonyi et
al., 2024a) from water. Clinoptilolite has been applied for adsorptive remediation
Ciprofloxacin and Caffeine from water (Ngeno et al., 2019). Additionally, the adsorptive
potential of various types of zeolites was explored for Chloramphenicol, Ciprofloxacin and
Diclofenac through simulation studies and gave adsorption energies of -84.46, -173.68 and -
78.23 kcal mol™! respectively (Wanyonyi et al., 2020).

To improve on the adsorption properties, zeolites are subjected to modification.

2.7. Zeolite modification

The chemical and structural makeup of a sorbent influences it adsorption properties. In zeolites,
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the pore volume, surface area, cation type and the Si/Al ratio are specifically influential in
adsorption applications. These properties can be modified by physical, chemical or composite

means.

2.7.1. Physical Modification

Mechanical, ultrasonic and thermal treatment are types of physical modification used to
improve zeolite performance. Thermal treatment expels domiciled water molecules to increase
pore sizes and enhances its exchange adsorption capacity by exposing more cationic sites
(Cadar et al., 2020). Ultrasound treatment produces cavitation bubbles that collapse to remove
impurities trapped in the pores; restoring pore volume and improving the zeolite’s adsorption
efficiency (Zielinski et al., 2016). Mechanical crushing of zeolite into a fine powder increases
the surface area for adsorption. Merits of physical modification include simplicity, eco-
friendliness and low cost.

Physical modification, however, is limited since it does not significantly increase the
sorbent's adsorption capacity and efficiency; as a result, other modifying techniques with

appreciable results are worth exploring (Xu et al., 2018).

2.7.2. Chemical Modification

Chemical modification can be done by treating the zeolites with either cationic surfactant, rare
earth, acid, base and salt. Acid modification is done through acid impregnation. Acids have the
ability to partially displace K*, Ca?>" and Mg?* from layers by dissolving impurities in the zeolite
pores, thus opening up channels. This increases porosity, which enhances the adsorption capacity
(Shi et al., 2018). Base modification of zeolites is usually done to improve its catalytic activity.
It is commonly achieved through ion exchange where acidic protons or exchangeable cations
within the zeolite structure are replaced with alkali or alkaline earth metal cations (Sarmah et al.,
2017). Cationic surfactant modification involves mixing natural zeolite with a cationic surfactant
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solution. This helps overcome the low rate at which natural zeolite typically removes anionic
pollutants (Jiménez-Castafieda & Medina, 2017). In rare earth modification, a natural zeolite is
mixed with a rare earth solution and stirred, then dried and crushed. Hydroxides and oxides of
zirconium, lanthanum and cerium are the most common used rare earth metals. Salt modification
of zeolite is done by refluxing zeolite with a salt solution. In addition to exchanging zeolite
cations with cations in the salt solution, the solution has the ability to remove water and/or
inorganic contaminants from the zeolite channel. Surface modification of zeolites increases its
hydrophobicity making it ideal for the remediation of many micropollutants (Straioto et al., 2023).
Iron has been highly preferred over other elements in the modification of sorbents not only due
to its relatively cheap cost but also its environmental compatibility which makes it less likely to
pollute the environment or endanger human life. Additionally, its magnetic properties make
regeneration of the sorbent easy; its catalytic properties make it ideal for catalytic reduction of
pollutants. Studies have indicated that the adsorption performance of zeolite can be improved
through iron doping (Maulana & Takahashi, 2018). Iron modified sorbents are known to have
extended lifetime and more regeneration cycles as iron is proven to limit biofouling (Lalley et
al., 2016). Iron modified activated carbon applied in the removal of a dye from water showed
95% higher adsorption capacity compared to the unmodified and also reasonably high efficiency
upon regeneration (Shah et al., 2015). The problem of secondary pollution that is associated with
metal ions leaking can easily be countered by performing leaching tests before batch production
of the sorbent. The problem of secondary pollution that is associated with metal ions leaking can

easily be countered by performing leaching tests before batch production of the sorbent.

Despite the proven efficiency of iron-modified zeolites in adsorption, their application in
pharmaceutical remediation remains underexplored, with most studies limited to removal of

heavy metals. This knowledge gap necessitates a laboratory study of the adsorptive potential
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Kenyan natural zeolite for selected pharmaceuticals so as to avail vital information on the

kinetics and mechanisms of adsorption.

2.7.3. Composite modification

Composite modification combines several modifying methods and can be classified as heating,
ultrasonic and alkali/acid/salt composite modification. Shortening the reaction time and
increasing the adsorption capacity of the zeolite, ultrasound and salt solution composite
modification replaces the cation of the bigger radius and dissolves impurities from the surface
and pores (Jahani et al., 2023). In heating composite modification, application of high
temperature serves to increase the porosity of the zeolites. While composite modification of
zeolite, involving pretreatment with either alkali, acid, or salt followed by surfactant or salt
modification, offers the merit of reduced adsorption time, it is marked by the key demerit of
decreased porosity and surface area, which lowers its adsorption capacity and efficiency
(Dionisiou et al., 2013).

Effective adsorption evaluation requires an understanding of the adsorbent's surface chemistry

and intrinsic properties, which is achieved via characterization.

2.8. Adsorbent Characterization
Zeolite characterization is a multifaceted process that involves a comprehensive suite of

analytical techniques to elucidate their structural, chemical, and textural properties.

2.8.1. Brunauer-Emmett-Teller (BET) analysis

The BET theory applies the Langmuir isotherm to multilayer adsorption, assuming that gas
molecules form successive layers on a solid surface with each layer in equilibrium and
exhibiting heat of adsorption equal to the liquefaction heat beyond the first monolayer (Pickett,

1945). The specific surface area of zeolite is obtained by measuring the volume of nitrogen gas
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adsorbed at various partial pressures near the saturation pressure at 77 K and applying the BET
equation to calculate the monolayer capacity (Naderi, 2015). Zeolite specific surface areas
range from 10-800 m? g!, with natural zeolites like clinoptilolite showing lower values of 20—
26 m? g’ due to pore blockage by water or impurities while synthetic zeolites such as ZSM-5

much higher values of 600-800 m? g™ (Chen et al., 2018).

2.8.2. Energy Dispersive X-ray Spectroscopy (EDS)

This non-destructive technique enables rapid elemental mapping and analysis with detection
limits. It works by bombarding a sample with high-energy electrons from a scanning electron
microscope, which eject inner-shell electrons from sample atoms and create characteristic X-
rays as outer-shell electrons fill the vacancies. The emitted X-rays are collected by a silicon
drift detector that measures their energies, producing a spectrum where peak positions identify
elements and peak intensities quantify their concentrations (Goldstein et al., 2017). In addition
to aluminium and silicon, zeolites have alkali and alkaline earth metal cations and trace metallic

impurities like vanadium and arsenic (Shabalin et al., 2023).

2.8.3. Fourier-Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy works by passing infrared radiation through a sample, where molecules
absorb specific wavelengths corresponding to their vibrational transitions, producing a
characteristic absorption spectrum that is used in identifying functional groups based on
absorption band positions and intensities (Berthomieu & Hienerwadel, 2009). FTIR analysis
of zeolites shows characteristic absorption bands for Si-O-Si and Si-O-Al asymmetric
stretching vibrations at 9501250 cm™! and hydroxyl functional groups, crucial for acidity like

the bridging Brensted acid sites (Si-OH-Al) at 3600-3650 cm™ (Flanigen et al., 1971).
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2.8.4. X-Ray Diffraction (XRD) analysis

X-Ray Diffractometer works by directing a beam of monochromatic X-rays at a sample, where
the rays diffract off parallel atomic planes according to Bragg's law, producing a unique
interference pattern of peak intensities at specific angles. The pattern is analyzed to identify
crystalline phases, determine lattice parameters, and assess structural features by comparing
observed diffraction angles and intensities with known standards (Warren, 1990). Clinoptilolite

has been identified in Kenya as reported by Shikuku et al. (2015) as distinct from Faujasite-X.

2.8.5. Scanning Electron Microscopy (SEM)

This technique visualizes the surface morphology, topography, and the microstructure of
adsorbents at high resolution, allowing detailed analysis of particle size, shape and texture. Its
working principle involves scanning a focused beam of high-energy electrons across a sample
surface, where interactions generate secondary electrons, backscattered electrons, and
characteristic X-rays that are detected to form high-resolution images with magnifications up
to 100,000 times (Mohammed & Abdullah, 2018). SEM analysis of zeolites reveals diverse
morphologies such as cubic crystals of 1-5 pm for zeolite-A, hexagonal prisms for mordenite

(0.5-10 um), and spherical aggregates for ZSM-5 (0.2-3 um) (Cejka et al., 2007).

2.8.6. Point of zero charge (pHpzc)

The point of zero charge is the pH at which an adsorbent's surface carries no net electrical
charge, resulting in zero zeta potential and minimal electrostatic interactions with ions present
in the solution. It is determined by methods like salt addition method, potentiometric titration
and zeta potential measurements and is critical for understanding adsorption behavior, as the
surface is positively charged below the pH,.. and negatively charged above it (Kosmulski,
2009). Kragovi¢ et al. (2019) documented a rise in pHp,c of natural zeolite to 6.5 from 6.2 upon

encapsulating with alginate.
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2.8.7. Thermogravimetric analysis

Thermogravimetric analysis assesses the thermal stability and composition by measuring
changes in weight as a function of temperature. The resultant plot identifies dehydration,
decomposition and structural transitions (Lothenbach et al., 2016). Clinoptilolite demonstrates
stability at higher temperature of up to 600 °C while Heulandite’s structure collapses at around

350 °C due to its higher aluminum content and high water content (Armbruster, 2001).

Adsorption of adsorbate onto the adsorbent is assessed and described by sorption isotherms,

kinetics, mechanisms and thermodynamics.

2.9. Assessment of Adsorption

2.9.1. Adsorption Isotherms

Adsorbate interactions with an adsorbent are described by adsorption isotherms. This is done
by observing the correlation between the equilibrium adsorbate concentration and adsorption
capacity at constant pH and temperature. Isotherm models provide useful information such as
adsorbent capacity and surface properties. Adsorption isotherms are helpful in designing of
commercial treatment system that is both efficient and economically feasible as well as
optimizing the adsorption mechanism pathways (Sahoo & Prelot, 2020). Langmuir, Freundlich,
Redlich-Peterson and Dubinine-Radushkevich are some of the commonly applied isotherm

models in the description of experimental adsorption data.

2.9.1.1. Langmuir adsorption isotherm model

The fundamental premise of the Langmuir isotherm is that adsorption occurs at distinct
homogeneous sites on an adsorbent, and once an adsorbate occupies a site, further adsorption
at that site is precluded (Langmuir, 1916). It is also referred to as monolayer adsorption

isotherm (Sahoo & Prelot, 2020). It is expressed by Equation 2.1.
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_ K1 Qmax Ce
Q, = —temax-e 2.1
1+K.Ce

Where; Q. (mg/g) is the sorbent’s adsorption capacity at equilibrium; Q. (mg/g or mol/g) and
C. (mol/L) are maximum adsorption capacity and the concentration at equilibrium, respectively,

and K; (L/mol) is the Langmuir constant.

2.9.1.2. Freundlich adsorption isotherm model

At a heterogeneous surface, this isothermal model depicts a non-ideal, multilayer, reversible
adsorption. It is predicated on the assumption that the binding energies of the adsorption sites
are varied. As a result, the energy distribution for adsorptive sites exhibits an exponential-type
function and a spectrum of various binding energies (Sahoo & Prelot, 2020). It is expressed

by Equation 2.2.

1 1
log(Qe) = log(Ky) + ~log(C,)"/n 2.2
Where; Kr and 1/n are Freundlich coefficients relating to the adsorption capacity and intensity,

respectively.

2.9.1.3. Temkin adsorption isotherm model

According to this model, adsorption is described by a uniform distribution of binding energies
up to a maximum binding energy, and the adsorption heat of all molecules decreases linearly
with an increase in coverage of the adsorbent surface (Chu, 2021). It is expressed by Equation

2.3.
T

Qe == Ky += InC, 2.3

Where; Kr is the equilibrium binding constant (L/mol) and b relates to the adsorption heat
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2.9.1.4. Dubinine-Radushkevich adsorption isotherm model

According to this isotherm model, the size of the adsorbate is comparable to the size of the
micropores, and the adsorption potential (€) can be used to define the adsorption equilibrium
relation for a particular combination of adsorbate and adsorbent independently of temperature

(Altalhi et al., 2022) as shown in Equation 2.4.

e =RT In (1 + Cl) ‘ 24

e

Where; € is the adsorption potential (J/mol) and R is the universal gas constant = 8.314 J/(mol-K)

2.9.1.5. Redlich-Peterson adsorption isotherm model

This model uniquely combines features of both the Langmuir and Freundlich models through
a three-parameter equation with an exponent that allows it to represent adsorption equilibria
over a wide range of concentrations, transitioning from heterogeneous to homogeneous

behavior (Chu et al., 2024). It is described by Equation 2.5

ln(KR %— )=lnaR+ﬁlnCe 2.5

e

Where; agr is the Redlich-Peterson constant (L/mg), Kr is the Redlich-Peterson constant (L/g),

and [ is an exponent (0 < B <1)

2.9.2. Adsorption Kinetics

The retention or release rate of a sorbate from the fluid phase to the solid-phase interface at
specified conditions is described by adsorption kinetics. The experimental data is analyzed
either linearly or non-linearly and model that best describes the process is identified by
applying the goodness of fit index (Musah et al., 2022). Lagergren, Pseudo-second order
Elovich and intraparticle diffusion models are some of the models used in description of

kinetics of adsorption.
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2.9.2.1. Lagergren kinetic model

This model, also known as Pseudo-first order, is based on the assumption that physisorption is
the rate-limiting step in the adsorption of particles onto the adsorbent (Liu et al., 2019). The
model assumes that the change in sorbate adsorption at a given time is directly proportional to
the rate of adsorbate removal and the concentration difference observed over that period. The

model is represented by the Equation 2.6.

= ka(Qe— Q) 2.6

Where; k; is the rate constant for pseudo-first order adsorption (min™') and QO is the adsorption

capacity of the adsorbent at time ¢ (mg/g)

2.9.2.2. Pseudo—second order kinetic model

This model predicts behavior across the whole adsorption range and is based on the assumption
that chemisorption is the rate-limiting step. The adsorption rate is thus, dependent on adsorption
capacity and not on concentration of the sorbate. This model is superior to Lagergren model in
that the equilibrium adsorption capacity can be calculated from the model (Sahoo & Prelot,

2020). The pseudo—second-order kinetics is expressed by Equation 2.7.

_ k2Q3t
Q¢ = —1+k2Qet 2.7

Where; k; is the rate constant (g.mg' .min™)

2.9.2.3. Elovich kinetic model
This model describes chemisorption processes, particularly on surfaces that are energetically
heterogeneous, where the adsorption rate decreases exponentially with increasing surface

coverage due to reduced active sites (Wu et al., 2009). Second-order kinetics have been
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satisfactorily described by the Elovich kinetic model under the assumption that the surface is

energetically heterogeneous. It is expressed by Equation 2.8.

Q= 5in@p)+ 5ln (0 2.8

Where; o is the initial adsorption rate and f is the desorption constant
2.9.2.4. Intraparticle diffusion kinetic model
This model is used to evaluate the mechanism of adsorption, particularly the role of diffusion
within the pores of the adsorbent particles. It helps determine whether intraparticle diffusion is
the rate-limiting step in the overall adsorption process (Weber Jr & Morris, 1963). It is

expressed by Equation 2.9.

gt = kigt'?+C 2.9

Where; kiq is the Intraparticle diffusion rate constant (mg/g-min'’?) and C is a constant related

to the boundary layer effects

Compiled in Table 2.3 are the adsorption isotherms and adsorption kinetics for the
pharmaceuticals of interest using different sorbents. For chloramphenicol, bamboo charcoal
and activated carbon were used, following Dubinin—Radushkevich and Langmuir isotherms
respectively. Activated carbon showed a high adsorption capacity of 214.91 mg g
Ciprofloxacin was adsorbed by wood biochar and clinoptilolite, both fitting the Langmuir
model but with lower capacities of 4.25 and 2.72 mg g'. Diclofenac showed appreciable
adsorption capacities of 42.43 and 62 mg g on granular activated carbon and ZnCl. activated
carbon from tea waste respectively, both fitting Langmuir isotherms. In all cases, adsorption
kinetics followed the Pseudo-second order (PSO) model, indicating chemisorption as the

dominant mechanism.
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Table 2.3: Adsorption Isotherms and Kinetics of the Selected Pharmaceuticals using different sorbents

from tea waste

Pharmaceutical | Sorbent Isotherm (max adsorption capacity) | Kinetics | Reference
Chloramphenicol | Bamboo charcoal Dubinin—Radushkevich (2.3 x 10 mol | PSO (Liao et al., 2013)
gh
Activated carbon Langmuir (214.91 mg g™!) (Lach, 2019)
PSO
Ciprofloxacin Wood biochar Langmuir (4.25 mg g!) (Srivastava et al.,
2022)
Clinoptilolite Langmuir ( 2.717 mg g™!) PSO (Ngeno et al., 2016)
Diclofenac Granular activated Langmuir (42.43 mg g!) (de Franco et al.,
carbon Freundlich (2.018(mg/g)(L/mg)'™ 2018)
ZnCl, activated carbon | Langmuir (62 mg g™!) PSO (Malhotra et al.,

2018)
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2.9.3. Adsorption mechanism

The adsorption mechanism describes how adsorbate molecules interact with and bind to an
adsorbent surface (Rouquerol et al., 2013). Adsorption can be broadly classified into physical
adsorption (physisorption) and chemical adsorption also called chemisorption (Alagarbeh,
2021). Physisorption involves weak van der Waals forces and is typically reversible, while
chemisorption involves stronger chemical bonds and is often irreversible (Alagarbeh, 2021).
The adsorption process is influenced by factors such as the surface area and pore structure of
the adsorbent (Chulliyil et al., 2024), the chemical properties of both the adsorbent and
adsorbate (Akhtar et al., 2024), and environmental conditions like temperature and pH
(Shikuku et al., 2018). Adsorption isotherms, such as Langmuir, Freundlich, Temkin, and
Dubinin-Radushkevich models, are used to describe the equilibrium relationship between the
amount of adsorbate adsorbed and its concentration in the surrounding fluid at a constant
temperature, providing insights into the adsorption mechanism and allowing for the

optimization of adsorption processes (Wang & Guo, 2020).

2.9.4. Adsorption Thermodynamics

Adsorption thermodynamics involves the study of energy changes and equilibrium during the
adsorption process, where adsorbate molecules adhere onto the adsorbent surface. It utilizes
thermodynamic principles to understand the spontaneity, energy requirements, and equilibrium
conditions of adsorption with changes in temperature (Ngeno et al., 2019). The key
thermodynamic parameters provide insights into the nature of the adsorption process and are
Gibbs free energy, enthalpy, and entropy (Atkins et al., 2023) as expressed in Van’t Hoff’s

Equation 2.10.
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Ink =22 1 55 2.10
RT R

Where; K is the reaction’s equilibrium constant (dimensionless); 7 is the absolute temperature (K); R is
the universal gas constant (8.314 J/mol-K); AH® is the reaction’s standard enthalpy change and AS® is

the reaction’s standard entropy change.

2.10. Analytical tools for monitoring adsorption studies

Choosing an appropriate analytical technique is important in determining the residual pollutant
concentration, which is necessary to assess the extent of removal achieved by the adsorbent.
Liquid chromatography-mass spectrometry known for its high sensitivity and selectivity is
particularly effective for detecting and quantifying a wide range of pharmaceuticals at trace
levels (ng/L to pg/L) in complex environmental matrices (Fernandes et al., 2021). For volatile
pharmaceutical compounds, Gas chromatography-mass spectrometry is commonly employed;
however, further derivatization may be required to enhance the volatility of semi-volatile
pharmaceutical compounds (Koek et al., 2011). Additionally, spectrophotometric techniques —
particularly Ultra Violet-Visible spectrophotometry, are often applied in quantifying
pharmaceuticals since most absorb light in the Ultraviolet or visible region. This technique is

valued for its simplicity, rapid analysis, and cost-effectiveness (Enes et al., 2024).
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CHAPTER THREE

METHODOLOGY

3.1. Chemicals, Standard Reagents

High purity reference standards for Diclofenac potassium (<99%), Ciprofloxacin (<99.8%), and
Chloramphenicol (<98.9%) were purchased from Merck through Kobian Kenya Ltd.
Additionally, analytical grade HCI, NaOH, FeCl3*6H20 and glass fiber filters (pore size 0.5 pm)

were locally purchased from Kobian Kenya Ltd.

3.2. Collection and Preparation of the Kenyan natural Zeolite

The Kenyan natural zeolite (NZe) used for this study was among eleven rocks samples collected
from Eburru area (0.648 ° S, 36.267 ° E) in Naivasha, Nakuru County. The zeolite was

pretreated before application as described by Widiastuti et al. (2011). The pretreatment entailed
washing the zeolite with deionized water to remove dust and soluble impurities followed by
oven drying the washed zeolite at 105°C for 24 hours. The zeolite was then crushed before

sieving through 50 -100 um mesh strainers to homogenize the size.

3.3. Modification of Zeolite with Fe 3*

Iron (IIT) Chloride hexahydrate was used to modify the natural zeolite, following the method
outlined by by Sukmasari and Azmiyawati (2018). In the method, 120 g of natural zeolite (NZe)
was activated by soaking in 1000 mL of 6N HCl for 24 hours to dissolve counter-ions materials,
and increases and porosity by dealumination. The zeolite was then filtered, washed with
distilled water until attainment of neutral pH, and dried in an oven at 100 °C for 4 hours.

Subsequently, approximately 100 g of the activated zeolite was mixed with 500 mL of 0.2 M
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FeCl3*6H>0 solution and refluxed at 90 °C for 5 hours. The resulting material was filtered,

dried at 100 °C for 4 hours, and calcined at 500 °C for 2 hours.

3.3.1. Adsorbent Characterization

Both the modified and the unmodified zeolites were characterized using Scanning Electron
Microscope for surface morphology; Energy dispersive X-Ray for elemental composition, X-
Ray Diffractometer for crystallinity, and Fourier Transform Infrared Spectroscopy for surface
functional groups. The pH of the point of zero charge (pHp.) was determined by the salt
addition method as described by (Al-Maliky et al., 2021). The method involved preparing a
series of 20 cm® 0.01 M NaCl solutions and adjusting their initial pH values across a range of
2—-10 using 0.01 M HClI or 0.01 M NaOH and then adding a 0.4 g of the adsorbent to each
solution. After equilibrating for 24 hours with agitation, the final pH of each suspension was

measured, and pHp,c was identified as the initial pH value where the change in pH was zero.

3.4. Batch Adsorption Studies

The research design was experimental achieved through laboratory experiments. The
decontaminating effect of the adsorbent under different conditions was investigated by
conducting batch adsorption experiments. The volume of the adsorbate concentration used for
the experiments was 20 cm’. The effects of contact time, reaction temperature, adsorbent dose,
initial concentration and pH value were studied. The amount adsorbed were determined by the
difference between initial concentration and the final concentration. Residual pollutant
concentration was determined by filtering the supernatant through glass fiber filter and placed
in a quartz curvette for analysis in UV 1609 UV/VIS Spectrophotometer (Shanghai Metash

Instruments)
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3.4.1. Effect of pH

The influence of pH was investigated in the range of 2 — 10 while all the other conditions are
held constant. To adjust the solutions’ initial pH, 0.1 M HCI and 0.1 M NaOH solutions were
used.

3.4.2. Effect of Contact Time

The influence of contact time was studied by holding other parameters constant while varying
contact time from O to 180 minutes. An aliquot was drawn at pre-determined times for
concentration analyses. Pseudo-first order (Equation 2.6), pseudo-second order (Equation 2.7),
Elovich (Equation 2.8) and Intraparticle diffusion (Equation 2.9) models were used for kinetic

data fitting.

3.4.3. Effect of Initial Pollutant Concentration

The effect of initial concentration of the model wastewater samples on adsorption were studied
by varying initial concentrations from 2 to 20 mg/L while holding other parameters constant.
Langmuir (Equation 2.1), Freundlich (Equation 2.2) and Temkin (Equation 2.3) isotherm

models were applied in description of adsorption isotherm data.

3.4.4. Effect of Adsorbent Dose
The influence of adsorbent dose was investigated by varying mass of adsorbent from 0.01 to

2.0 g/L while maintaining all other parameters constant.

3.4.5. Effect of Temperature
The effect of temperature was studied for range of 298 — 318 K maintaining other parameters
constant. Entropy, enthalpy and Gibbs free energy were applied in the description of the data

from Van’t Hoff plot (Atkins et al., 2023).
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3.5. Quality Control and Assurance

To ensure the accuracy, reliability and reproducibility of the adsorption study results, several
methodological steps were applied. To mitigate the effect of adsorbent heterogeneity which
can introduce significant measurement differences, the adsorbent was prepared in bulk and
homogenized by thorough mixing to minimize variability arising from differences in particle
size or surface properties. Fresh stock and working adsorbate solutions were prepared before
each experiment to prevent degradation or changes in concentration, ensuring consistency
across experiments. Calibration curves were generated for the expected adsorbate
concentration range of 1 — 20 mg/L, with a coefficient of determination (R?) > 0.995 deemed
acceptable. Calibration verification standards were periodically run during the analysis to
check for potential instrumental drift.

To enhance the statistical reliability of the reported data and experimental repeatability, all
adsorption experiments were conducted in triplicates, with means, standard deviations, and
confidence intervals calculated for replicate measurements. Blank solutions were employed to
account for potential background effects, such as analyte loss through degradation, or

adsorption onto container walls.

3.6. Quantum Chemical studies of the adsorbates

The molecular structures were optimized using Gaussian 09 suite of software, employing the
B3LYP hybrid functional with the 6-31G(d,p) basis set for all atoms. B3LYP is a hybrid density
functional theory method that combines the Becke’s three-parameter exchange functional (B3)
with the Lee-Yang-Parr correlation functional (LYP), incorporating 20 % of Hartree-Fock
exchange to improve accuracy for molecular geometries, energies, and properties (Becke,

1993). Geometry optimizations were performed in the gas phase with the convergence criteria
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set for default values for energy and force. Vibrational frequency calculations were conducted
at the same level of theory to confirm that the optimized structures correspond to true minima
on the potential energy surface, as indicated by the absence of imaginary frequencies. All
calculations utilized tight convergence and an ultrafine integration grid to ensure high accuracy

in the results (Caricato et al., 2009).

3.7. Statistical Analyses

The data obtained were analyzed and processed using Origin Pro. Statistical analyses were
performed to evaluate data variance and evaluate the goodness-of-fit for adsorption models using
parameters such as the adjusted R-squared (Rad;)?, root mean square error (RMSE), and chi-squared
test (y%). Paired t-test at 95% confidence level were carried out to determine whether adsorption
by unmodified and modified zeolite were statistically different. It was also carried to determine

whether the adsorption of the three analytes onto iron modified zeolite where statistically different.
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1. Adsorbent characterization

4.1.1. Physical appearance of the zeolites

The adsorbents were distinguishable by their physical appearance; NZe (A) was beige while
ImZe (B) was light brown in colour as shown in Figure 4.1. Zeolite appears in volcanic tuffs with
colours ranging from tan light beige (Coldham & Ivey, 2020). The brown colour of ImZe is

characteristic of iron (III) species used in the modification.

Figure 4.1: Photographs of NZe (A) and ImZe (B)

4.1.2. Elemental composition of the sorbent

Table 4.1 shows the chemical composition of NZe and ImZe while their corresponding Energy-
Dispersive Spectroscopy (EDS) spectra are illustrated in Figure 4.2. Additional elemental

distribution was confirmed through EDS mapping, as shown in Appendices 1, 2, 3 and 4.
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Table 4.1: Elemental composition of NZe and ImZe

Element % Weight
NZe ImZe
ADO3 46.962 39.442
Si0O, 35.969 34.810
Fe O3 8.947 19.464
K20 6.617 5.072
TiO2 0.889 0.892
CaO 0.403 Not detected
ZrO» 0.098 0.165
SO; 0.065 0.100
V205 0.050 0.055

M Map Sum Spectrum = 3 B Map Sum Spectrum

Fe | =
Ti ol |\ Weight %
Weight % <

Figure 4.2: EDS spectrum for NZe (A) and ImZe (B)

The EDX results showed that Al, Si, K, Ti, Zr, S, V and Fe were present in both NZe and ImZe.
The gold signals detected in the EDS spectra (Figure 4.2) are attributed to the gold foiling applied
to the sorbents to enhance conductivity (Stoch, 2015). Based on the results, both NZe and ImZe
are categorized as low-silica zeolite with Si/Al ratios of 0.7659 and 0.8744 calculated from their
respective oxides, (Wang et al., 2019). In contrast, Ngeno et al. (2019) reported a zeolite with a

Si/Al ratio of 4.2.

As shown in Table 4.1, a significant decrease in aluminum content was observed following the
modification of NZe with iron, decreasing from 46.96 % to 39.44 %. This is attributed to the

leaching out of aluminium during the acid treatment phase of the modification process (Tao et al.,
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2006) followed by the incorporation of iron in place of aluminum. Similarly, Izoitko et al. (2025)
documented a slight increase in the Si/Al ratio upon introduction of iron into the zeolitic
framework and concluded that iron partly substitutes for aluminum. Dealumination of zeolites
has been shown to enhance their hydrophobic characteristics (Palinko et al., 2013). Moreover, the
Fe20; mass percent on the surface of ImZe (19.464%) exceeded double that of NZe (8.947%),
indicating the successful immobilization of Fe onto the NZe surface following modification with

Fe*" as indicated in Table 4.1.

Furthermore, following NZe’s impregnation of with Fe**, the levels of Ca, K, and V decreased,
suggesting that cation exchange took place between the zeolite’s exchangeable cations and Fe**
ions in the solution during the modification process (Ugrina et al., 2015). This is similar to a
study on the incorporation of iron into the B-zeolite framework which involved ion exchange

of Na and Ca (Boron et al., 2013).

4.1.3. Point of zero charge

At the pH corresponding to the point of zero charge, pHpzc, the sorbent surface exhibits a net zero
charge (Al-Maliky et al., 2021). The pHpz of the ImZe was 6.9 compared to 5.2 of NZe as shown
in Figure 4.3. These results corroborate with previous studies that reported an increase in pHpzc
following modification with iron, from 6.8 to 7.5 according to Kragovi¢ et al. (2012) and from
6.8 t0 9.8 as reported by Ugrina et al. (2015). This is attributed to the incorporation of iron, which

is characterized by high pHy,c values ranging from pH 6 to 9 (Kosmulski, 2016).
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Figure 4.3: Point of zero charge plots for NZe and ImZe

The pHpze provides insight into the ionization of the sorbent’s functional groups and their
interactions with adsorbate in solution. The sorbent’s surface attracts the electrophilic groups
of the sorbate when the solution pH > pHp.c because it is negatively charged; conversely, when
the pH is lower, the surface is positively charged and interacts with the sorbate’s nucleophilic
groups (Adeola et al., 2024). A higher pHy. indicates that the surface of ImZe retains positive
charge over a wider pH range as compared to NZe enhancing its adsorption of negatively

charged species (Ugrina et al., 2015).

4.1.4. Fourier Transform Infrared Spectroscopy

The Figure 4.4 shows the FTIR spectra of NZe and ImZe. The broad bands observed between
3850 and 2855 cm ! are indicative of O—H stretching of hydroxyl groups of silanol groups. The
bands at 1631(NZe) and 1589 (ImZe) cm™' are characteristic of O-H bending of the water

molecules domiciled in the zeolitic pores (Kikuvi et al., 2025).
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Figure 4.4: FTIR spectra for NZe and ImZe

The moderate bands below 700 cm™! corresponds to the stretching vibrations of Si-O-Al bonds
in the zeolite (Carro et al., 2024). The effect of iron impregnation is evident from the shifts in
the characteristic clinoptilolite bands, specifically from 3689 to 3830 cm™ and 1000 to 1382
cm’!, suggesting interactions between the iron and the zeolite framework (Ugrina et al., 2015).
The FTIR spectra of both sorbents exhibits notable similarities, with slight shifts observed
particularly in the fingerprint region (600—1200 cm™), which is indicative of Si-O-Fe bonds in
the iron-modified species (Kumon et al., 2017). This illustrates that the zeolite framework
remains intact after modification with iron, consistent with findings from a previous study
(Bencheqgroun et al., 2022). Our findings align with Kumon et al. (2017) where FTIR analysis
revealed characteristic Si-O-Fe bond bands, confirming successful iron incorporation into the
Na-P1 zeolite framework during hydrothermal synthesis, while retaining bands typical of Na-

P1 zeolite. Additionally, a study on natural mordenite modification with iron reported an
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increase in iron loading without significant alterations to the zeolite's crystallinity and textural
properties (Chavez Rivas et al., 2019).
4.1.5. X-Ray Diffraction analysis

Figure 4.5 shows the XRD patterns for NZe and ImZe. The peaks are sharp and well-defined

indicating that ImZe and its unmodified variant have a high crystalline structure.

80 — ImZe
— NZe

)
3

Intensity (a.u.
i
o

\_LJ_—JL—L el

N
o

10 20 30 40 50 60 70 80 90
28

Figure 4.5: X-ray diffractograms of NZe and ImZe

XRD analysis-derived Miller indices identified clinoptilolite as the main phase (79.38%), with
quartz (14.27%) and kaolinite (6.35%) as minor phases of the sorbents. The distinct peaks
observed at specific 20 values of 7, 10, 14, 25 and 40° and their corresponding Miller indices are
all characteristic of clinoptilolite (Mansouri et al., 2013). Clinoptilolite is the most abundant
natural zeolites and has been previously reported in Kenya (Ngeno et al., 2019; Shikuku et al.,

2015). The marked increase in peak intensities at 20 values of 25° and 40° in the ImZe pattern
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suggests the successful impregnation of iron into the zeolite structure (Kragovi¢ et al., 2013).
The lack of significant peak shifts in the ImZe diffractogram compared to that of NZe indicates
that the modification process did not alter the structural integrity of the zeolite, supporting the
findings previously observed through FTIR spectroscopy. This highlights NZe’s quality in

preserving its structural properties even after functional modifications.

4.1.6. Scanning Electron Microscope analysis

Figure 4.6 shows the SEM images of the NZe and ImZe at x500 and x1000 magnifications.

Figure 4.6: SEM micrographs of NZe A .x500 & B. x1000 and ImZe C. x500 & D. x1000
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Micrographs A and C reveal aggregated particles with noticeable voids between them, whereas
B, which a greater magnification of micrograph A, displays a more granular, porous, and densely
packed structure, and D (a higher magnification of micrograph B) features flaky-like particles with
well-defined edges. The rough and irregular surface observed in the micrographs indicates
apparent porosity, which is essential to the material's ability to adsorb molecules (Kikuvi et al.,
2025). The micrographs of both sorbents clearly show crystal aggregates and reveal the presence
of macropores within the zeolite structure. The alteration of the ImZe surface can be attributed to
the modification, resulting from the precipitation of iron complexes on the zeolitic surface

(Mockovciakova et al., 2006).

4.1.7. Thermogravimetric analysis

The Thermogravimetric and Derivative Thermogravimetric analyses (TG-DTG) curves for the
sorbents is as shown in Figure 4.7. The thermogravimetric (TG) curves exhibited significant
similarities with only minor differences. These negligible variations in mass loss can be
attributed to the conservation of the zeolitic framework even after iron modification of NZe.
The TG curve depicts the percentage of weight loss relative to temperature, allowing the
assessment of mass reduction over a specific temperature range (Kikuvi et al., 2025). The TG
plots start slightly below 100% due to initial nitrogen purging, which removes potential volatile
impurities, causing minor weight loss before recording begins (Bottom, 2008). The notable
observations include a little mass loss of 0.62% and 0.98% for NZe and ImZe respectively in the
temperature range of 50-200 °C corresponds to the desorption of weakly sorbed water molecules
in the pores. This was followed by greater mass losses of 7.54% and 6.37% for NZe and ImZe
respectively as indicated by a sharp decline in the TG curve in the range 200-700 °C. This

observation is ascribable to the dehydration of silanol hydroxyl groups and the release of
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chemisorbed water (Alver et al., 2010). The high energy requirement for this process reflects the
strength of the bonds binding the water molecules to the zeolitic framework. Beyond 700 °C, the
curve flattens range suggesting that no further structural degradation or decomposition occur

beyond this temperature indicating the thermal stability of the basic zeolitic structure (Zvereva

etal., 2022).
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Figure 4.7: TG-DTG curves for NZe and ImZe

On the other hand, the DTG curve shows the rate of weight loss versus temperature, with peaks
indicating the temperature ranges where significant weight loss occurs (Bottom, 2008).
Distinctive and sharp peaks observed within the 400-600°C range for both NZe and ImZe
indicate that the maximum weight loss event occurred in this range. There are no additional
observable peaks beyond 600°C suggesting that there is no further decomposition of the sorbents
thereby highlighting their thermal stability at higher temperatures (Wan Ngah et al., 2012). The
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similarities observed in the TG-DTG curves of the two sorbents indicate a retained framework
even after iron modification. This suggests that modification does not compromise the integrity
of the adsorbent supporting earlier findings (Ivanova & Knyazeva, 2013). These findings
underscore the thermal stability of both sorbents, with negligible variations in weight loss

attributable to the incorporation of iron into the zeolitic framework for ImZe.

4.2 Adsorbates’ quantum chemical properties

The frontier orbitals for the optimized molecular structures of Ciprofloxacin, Diclofenac
potassium, and Chloramphenicol, obtained through molecular simulations, are presented in
Figure 4.8. The atoms in white, grey, red, blue, green color represent hydrogen, carbon, oxygen,
nitrogen and halogen respectively. Blue and yellow regions correspond to negative and positive

values of the orbital.
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Figure 4.8: (a) Optimized structures of Ciprofloxacin, Diclofenac and Chloramphenicol (b)

Frontier molecular orbitals of Ciprofloxacin, Diclofenac and Chloramphenicol
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The LUMO energy (ErLumo) corresponds to a molecule’s electron-accepting capacity while

HOMO energy (Enomo) pertains to its electron-donating ability from which the global hardness
(n) can be calculated. The energy gap between LUMO and HOMO elucidates the electrical
properties and chemical behavior of molecules, with lower energies indicating lower stability and
therefore higher reactivity (Mebi, 2011). Observably, the HOMO of Diclofenac is localized on

benzene ring and around N- and OH- groups, resembling the LUMO but with less intensity.

While the LUMO in Ciprofloxacin is on the higher phenyl ring, which has nitrogen in the ring
that extends to the -OH group and O-, which are connected to the phenyl ring, the HOMO is
centered on the dinitro-phenyl ring. For Chloramphenicol, the HOMO is concentrated on the
lower part of the molecule, around the benzene ring, OH group, and acetamide group, with a
d-interaction bonding system forming a semicircle on the ring, while the LUMO is primarily
located on the nitro-phenyl ring (Wanyonyi et al., 2020). Table 4.2 shows the quantum
chemical descriptors of the three adsorbates.

Table 4.2: Key quantum chemical descriptors obtained for the adsorbates

Chemical hardness Chemical potential Chemical softness
Pharmaceuticals (eV) (eV) (eV)
Chloramphenicol 1.15 -1.62 0.87
Ciprofloxacin 0.36 -3.86 2.80
Diclofenac 1.36 -3.28 0.74

Calculations of electron orbital energy levels enabled quantification of HOMO and LUMO
energies, with Diclofenac exhibiting the lowest HOMO energy (-4.64 eV) and chloramphenicol
the highest (-2.77 eV). A larger HOMO-LUMO energy gap indicates a harder, more stable, and
less reactive molecule (Mebi, 2011). The study revealed that Diclofenac exhibits the highest

chemical hardness of 1.3609 eV, indicating greater stability and resistance to charge transfer.
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Conversely, Chloramphenicol and Ciprofloxacin, with smaller HOMO-LUMO gaps, are highly
polarizable and thus more reactive (Al-Sehemi et al., 2016). These descriptors determine the

interactions of the adsorbates with the binding sites on the adsorbent.
4.3. Batch Studies
4.3.1. Effect of Dosage

Figure 4.9 illustrates the impact of adsorbent dosage on the removal efficiency of the three

pollutants, investigated within the range of 0.01 to 1.0 g/L.
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Figure 4.9: The effect of adsorbent dosage on the removal efficiency of the pollutants

The removal efficiency improved with the rise in adsorbent dosage. At dosage of 0.4 g/L,
optimal removal efficiency was attained, as shown in Figure 4.9, beyond this point, the
efficiency for Chloramphenicol plateaued, while it slightly declined for Ciprofloxacin and
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Diclofenac potassium. The initial increase in efficiency is linked to increase in number of active
sites and surface area as the adsorbent dosage increases, creating more room for adsorption of
the pollutant molecules. However, beyond the optimum dosage, the adsorbent particles
aggregate, due to increased particle-particle collisions in the crowed suspension thereby
reducing the total effective surface area accessible and therefore lowers the overall adsorptive
removal effectiveness removal effectiveness (Nethaji et al., 2010). Therefore, a dosage of 0.4

g/L was used for all subsequent adsorption reactions.

4.3.1. Effect of Contact Time

Figure 4.10 illustrates how contact time influences the removal efficiency of Chloramphenicol,
Ciprofloxacin, and Diclofenac potassium through adsorption onto NZe and ImZe. The
adsorbate removal percentage surged rapidly with increasing contact time up to 45 minutes for
the two adsorbents. This is ascribed to the numerous vacant sites of adsorption on the
adsorbents available initially (Parlayici & Pehlivan, 2019). This was followed by a plateau
phase where removal efficiency showed no significant change, indicating that equilibrium
conditions were attained at this point. During this phase, the adsorption of adsorbates slowed
down, likely due to a reduction in available active sites and repulsion between adsorbed
pollutant molecules on the sorbents and those in the solution (Shikuku et al., 2018). A paired t-
test at a 95% confidence level demonstrated that ImZe markedly surpassed NZe in pollutant
removal efficiency, with removal rates of 90% for Chloramphenicol, 74% for Ciprofloxacin,
and 63% for Diclofenac potassium, compared to NZe’s 32, 22, and 27%, respectively,

supported by p-values of 0.00472 and 0.00944, confirming statistical significance.
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Figure 4.10: Removal efficiencies of NZe and ImZe for (A.) Chloramphenicol, (B.)

Ciprofloxacin and (C.) Diclofenac potassium

Furthermore, ImZe demonstrated a greater ability to adsorb the pollutants than NZe. For

Chloramphenicol, Ciprofloxacin, and Diclofenac potassium, ImZe's adsorption capacities were

22.49, 18.43, and 15.70 mg/g, respectively, compared to NZe's 7.71, 4.35, and 5.19 mg/g. The

impact of iron modification on the zeolite was substantial, resulting in an enhanced adsorption

capacity which agrees with other studies (Jannat Abadi et al., 2019). This is due to the

impregnation of iron species into the zeolite structure, which not only creates additional active
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sites but also shifts the pHp,c toward pH 7.0. This results in a positively charged zeolite surface
over a wider pH range, thereby improving its organic pollutant adsorption capacity (Wang &
Peng, 2010). It should be noted that the study was an exception to the rule of the Hard and Soft
Acids and Bases (HSAB) theory, which predicts stronger interactions between hard-hard or soft-
soft species (Pearson, 1963). The Fe** species, employed to modify the sorbent, is classified as a
hard acid (Kiprono et al., 2023). In contrast, the adsorbates; Chloramphenicol and Diclofenac
are softer bases, exhibiting pKa values of 5.5 and 4.0, respectively. Ciprofloxacin is a soft
basic zwitterionic molecule with pKa values of 6.09 and 8.62. The strong and favorable
interactions observed between the hard and soft species can be explained by the high polarizability
of the soft species and the presence of half-filled d orbitals in the Fe*" species, which facilitate

enhanced bonding.

Figure 4.11 shows a comparison of ImZe’s adsorption capacities for Chloramphenicol,
Ciprofloxacin and Diclofenac potassium. The order of the adsorption capacity from highest to
lowest is: Chloramphenicol > Ciprofloxacin > Diclofenac potassium. This can be attributed to
the differences in their molecular structures and weights. Chloramphenicol with a molecular mass
0f323.132 g/mol is the least bulky of the three pollutants characterized by its additional functional
groups being attached to the core benzene ring (Figure 2.4). Ciprofloxacin whose molecular mass
is 331.346 g/mol contains a fused bicyclic core and a piperazine ring (Figure 2.5). Diclofenac
potassium is the bulkiest with a molar mass of 334.24 g/mol consists two phenylic rings linked
by an amine group (Figure 2.3). According to Muir et al. (2017), the adsorption of organic
pollutants onto zeolites is characterized by pore filling and therefore adsorption capacity increases

with decreasing molecular weight.
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Figure 4.11: Comparative adsorption capacities for the adsorbates onto ImZe

Additionally, Diclofenac potassium has the highest chemical hardness value of 1.36 eV (Table
4.2) meaning it is the least polarizable and opposes charge transfer thereby not allowing strong
interactions with adsorbent surface and therefore lowest uptake. Chloramphenicol and
Ciprofloxacin have lower chemical hardness values of 1.15 and 0.36 eV, respectively therefore
are more polarizable allowing for stronger interactions with ImZe. Despite its higher chemical
hardness than Ciprofloxacin, Chloramphenicol was better adsorbed onto ImZe since it has more
hydrogen bonding sites (i.e., 8 compared to Ciprofloxacin’s 6) in addition to its small molecular

weight.

4.3.3. Effect of Initial Pollutant Concentration
Figure 4.12 illustrates the effect of initial pollutant concentration, examined within the range

of 2 to 20 mg/L, on the removal efficiency of the three pollutants.
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Figure 4.12: The effect of initial pollutant concentration on the removal efficiency

The results showed that increase in initial pollutant concentration corresponded with decreased
removal efficiencies. For Chloramphenicol, efficiency dropped from 95.3% to 78.7%; for
Ciprofloxacin, it fell from 95.6% to 56.4%; and for Diclofenac potassium, it declined from
95.8% to 48.5%. This suggests that the removal process becomes less effective at higher
concentrations, possibly due to saturation (Hassan Ibrahim et al., 2024). Within the examined
concentration range, Chloramphenicol was most effectively removed while Diclofenac’s

remediation was the least effective.

4.3.4. Effect of Temperature
Figure 4.13 illustrates the impact of temperature on the adsorptive removal efficiency of ImZe
for the three pollutants. According to the findings, Chloramphenicol and Diclofenac potassium

removal efficiency declined from 89.9 to 75.4% and 64.7 to 53.6% respectively as the temperature
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rose suggesting that their adsorptive uptake onto ImZe is an exothermic process. Conversely,
Ciprofloxacin’s adsorption onto ImZe is an endothermic process as the removal increased from
74.2 to 87.2%. At a temperature of 305 K, both Chloramphenicol and Ciprofloxacin are removed

adsorptively with the same efficiency, specifically 78%.
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Figure 4.13: The effect of temperature on the pollutants’ removal efficiency

In contrast to this study, the adsorption of Chloramphenicol onto porous carbon was marked by
increased uptake from 1079 to 1240 mg g! with increase in temperature from 298 to 318 K (Dai
et al., 2018). The adsorptive uptake of Ciprofloxacin by pretreated oat hulls increased from 50 to
90 mg g! as the temperature rose from 288 to 318 K (Movasaghi et al., 2019) thus corroborating
the findings of this study. Similarly, adsorption of Diclofenac onto pine wood biochar decreased

from 142.82 to 75.34 pg g! as the temperature rose from 283 to 323 K (Lonappan et al., 2018).
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4.3.5. Effect of pH

The pH of a solution significantly influences the adsorption of organic pollutants by determining
the electrical charges on both the adsorbate and the adsorbent's surface. As illustrated in Figure
4.3, ImZe has pHp,c of 6.9, meaning below this pH the surface carries a net positive charge and
is negatively charge above it. The influence of pH on the adsorption capacity of the three

pollutants examined across a pH range of 2 to 10, is shown in Figure 4.14.
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Figure 4.14: Effect of pH on the pollutants’ adsorption onto ImZe

ImZe’s adsorptive capacity for Chloramphenicol increased with increasing pH showing a peak
of 22.4 mg g'at pH = 6, it drops greatly to 6.5 mg g'lat pH = 10. Ciprofloxacin’s removal
increased steadily with increasing pH reaching an optimum of 18.4 mg g'at pH = 7.0 and
significantly declines to 4.3 mg g'at pH = 10. At pH 2 to 5, ImZe’s adsorptive potential for
Diclofenac potassium remains relatively same from pH 2 — 5 i.e., 6.2 mg g!; beyond pH 5.0 it

increases climaxing at pH =7 having a capacity of 15.7 mg g 'at pH =7and greatly reduces to an
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average 3.9 beyond the neutral pH. Further details on the effect of pH on adsorption are discussed

under the adsorption mechanism.

4.4. Adsorption Kinetics

Studies on adsorption kinetics are essential for comprehending how fast and effectively adsorbate
molecules adsorb to the adsorbent surface. These studies offer insights into the rate-limiting steps
and possible adsorption mechanisms such as physisorption or chemisorption. The experimental
kinetic data was fitted using non-linear regression models of pseudo-first-order, pseudo-second-
order, Elovich, and intraparticle diffusion kinetic models. The obtained data and the corresponding
best fit plots are presented in Figure 4.15, while the calculated parameters of the models are

provided in Table 4.3.
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Figure 4.15: Adsorption kinetics fitting of (A) Chloramphenicol, (B) Ciprofloxacin and (C)

Diclofenac onto ImZe
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Table 4.3: Calculated parameters from the different kinetic models on the adsorption of the pollutants onto ImZe

Model Parameters | Chloramphenicol Ciprofloxacin Diclofenac Potassium
Pseudo-first | ki(min™) 0.0569 = 0.007 0.0652 + 0.007 0.1966 + 0.033
order Qexp (Mg/g) 22.2924 +0.972 18.4345 £ 0.608 15.6997 £ 0.324
Qcal (Mg/g) 21.2857+0.715 16.9090 = 0.445 14.6493 + 0.402
(Rag))? 0.9739 0.9766 0.9518
X2 1.4708 0.8113 1.0740
RMSE 1.7836 0.7308 1.1131
Pseudo- k2 (g/mg min) | (3.50+0.05)x107 (5.40 £ 0.08)x107 (2.629 % 0.05)x107
second order Qcal (Mmg/g) 23.6136 + 0.048 18.5304 = 0.036 15.1546 £ 0.019
(Ragi)? 0.9720 0.9676 0.9358
X2 0.5114 0.3367 0.1921
RMSE 0.3657 0.1954 0.0842
Elovich o (mg/g min) | 5.5037+0.143 6.1405 + 0.189 289.3695 + 34.149
B (g/mg) 0.2329 £ 0.0017 0.3154 +£0.0025 0.6635 +0.0094
(Radj)2 0.9696 0.9619 0.8435
X2 0.7607 0.5434 0.6399
RMSE 0.6635 0.4005 0.5119
Intraparticle | Kaisr 1.3142+0.01142 0.9862 + 0.0091 0.4909 + 0.0058
diffusion (mg/g-min'?)
C 7.3126 £ 0.1033 6.5376 £ 0.0819 9.8026 + 0.0522
(Radj)2 0.9299 0.9225 0.8799
X2 1.6302 1.0235 0.4154
RMSE 2.0814 1.0355 0.2678
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As depicted in Figure 4.15, during the initial 20 minutes, the pseudo-first order, pseudo-second
order, and Elovich curves for the three pollutants closely matched and effectively aligned with the
experimental data. After 20 minutes, however, nonconformities from the experimental findings
were noted. The time required to reach equilibrium varied among the pollutants: Diclofenac
potassium attained it fastest, in 30 minutes, followed by Chloramphenicol at 45 minutes, and
Ciprofloxacin took the longest, at 60 minutes. The variation in the time required for the substances
to attain equilibrium is attributable to their distinct physicochemical characteristics, specifically
their hydrophobicity (Schwarzenbach et al., 2016). Diclofenac potassium, exhibiting the highest
log P value of 4.5 and therefore being the most hydrophobic, is likely to adsorb more readily onto
the hydrophobic ImZe surface. Conversely, Ciprofloxacin possesses the lowest log P value of
1.54, indicating it is the least hydrophobic. Furthermore, its zwitterionic nature contributes to
weaker interactions with the hydrophobic sorbent material, thereby extending the contact time

needed to attain equilibrium.

The pseudo-first order kinetic model is descriptive of physisorption in which the rate of adsorption
is directly proportional to the number of available sites (Wang & Guo, 2020). In this model,
Diclofenac potassium exhibited the highest k1 value (0.1966 min™') suggesting a much faster initial
adsorption rate and a shorter time required to reach equilibrium as compared to Chloramphenicol
(0.0569 min) and Ciprofloxacin (0.0652 min™!). This can be attributed to Diclofenac’s lowest
water solubility (2.37 mg/L at 25 °C) compared to Chloramphenicol (2500 mg/L) and
Ciprofloxacin (36000 mg/L). Lower solubility reduces the inclination to remain in the aqueous
phase, promoting faster partitioning onto the solid adsorbent phase, thus increasing k1 value and
reducing equilibration time (Oyege et al., 2024).

However, Diclofenac potassium also showed a relatively lower equilibrium adsorption capacity
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(14.65 mg g, indicating a poorer overall adsorption capacity compared to the other two
pollutants. This model was characterized by high (Ragj)* values exhibited by Chloramphenicol,
Ciprofloxacin and Diclofenac potassium (0.9739, 0.9766, and 0.9518) and their correspondingly
low RMSE values (1.7836, 0.7308, and 1.1131) respectively. This indicates pseudo-first order
kinetic model can describe the initial adsorption stage for the pollutants however, compared to
pseudo-second order model, it recorded higher values of %> showing that it cannot satisfactorily

describe the kinetics for the whole process.

The pseudo-second order kinetic model describes chemisorption where adsorption rate is
proportional to the square of available adsorption sites (Bujdak, 2020). Diclofenac potassium
exhibited the fastest adsorption rate, shown by its k2 value of 2.63x1072 g/mg min!, which was
higher than Chloramphenicol's 3.5x107 g/mg min™ and Ciprofloxacin's 5.40x107> g/mg min"
!, This faster rate indicates Diclofenac attained adsorption equilibrium sooner than the other
two pollutants. The relative equilibrium capacities of the three pollutants follows the order
earlier discussed (vide supra i.e., Section 4.3.2). All pollutants demonstrated a better fit to the
pseudo- second order model than to the pseudo-tirst order model, as evidenced by low error
analysis parameters and the convergence of experimental adsorption capacities and the model’s
calculated values despite having relatively lower (Raqj)* values of 0.9720, 0.9676 and 0.9358.
The calculated y* values were 0.5114 for Chloramphenicol, 0.3367 for Ciprofloxacin and
0.1921 for Diclofenac potassium and the corresponding RMSE values for these chemicals were
0.3657, 0.1954, and 0.0842, respectively. This indicates that chemisorption limits the
adsorption rate of the pollutants onto ImZe. The findings corroborate an earlier study reporting
that the pseudo-second order model more precisely characterizes the adsorption of hydrophobic

molecules onto hydrophobic surfaces (Xu et al., 2019).
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While pseudo-first and pseudo-second order models are premised on empirical data they lack a
theoretical deductions founded in physical principles (Simonin, 2016) the Elovich model
elucidates chemisorption kinetics by highlighting surface heterogeneity and the exponential
decrease in available adsorption sites as the adsorption process progresses (Elovich & Larinov,
1962). According to the Elovich model, Diclofenac potassium portrayed a notably high initial
adsorption rate (o) value of 289.37 mg/g min which indicates a rapid initial adsorption rate. This
corroborates the observations from the pseudo-first order and pseudo-second order models.
Additionally, Diclofenac potassium had the highest desorption constant () value of 0.6635 g/mg
compared to 0.2329 for Chloramphenicol and 0.3154 for Ciprofloxacin suggesting that it
experiences the weakest adsorption forces among the three pollutants. The Chloramphenicol’s 3
value was the lowest, indicating that it experiences the strongest adsorption forces (Obayomi et
al., 2023). The high initial adsorption rates of the pollutants are indicative of a favourable and fast
initial adsorption process, catalysed by strong pollutant-ImZe interactions and plenty of adsorption
sites (Khalfaoui et al., 2024). The relatively low desorption values indicate that the adsorption
for the pollutants decelerates as the adsorption sites are occupied, leading to decrease in overall
adsorption rate. This indicates significant surface heterogeneity, allowing continuation of
adsorption thereby rendering the system resistant to effects of saturation (de Vargas Brido et al.,
2023). Diclofenac potassium showed a poor fit to the Elovich model as shown by (Ragj)* value of

0.8435 compared to Chloramphenicol’s 0.9696 and 0.9619 of Ciprofloxacin.

The intraparticle diffusion model specifically examines the physical movement of the adsorbate
moves through the pores of an adsorbent, rather than the surface adsorption itself (Weber Jr
& Morris, 1963). Chloramphenicol had the highest diffusion constant (Kaifr) value of 1.3142

mg/g-min'?, indicating the fastest intraparticle diffusion, while Diclofenac potassium exhibited

70



the slowest as shown by the value of 0.4909. Diclofenac potassium exhibited the highest C value
9.8026, reflecting the greatest boundary layer effect among the three pollutants. This results to
increased resistance to mass transfer across the external surface, highlighting that surface
adsorption is more dominant in its adsorption process than intraparticle diffusion compared to
the other pollutants. This is further corroborated by the (Rad)* values with 0.8799 for Diclofenac
potassium showing the least fit to the experimental data compared to 0.9299 and 0.9225 for

Chloramphenicol and Ciprofloxacin respectively.

4.4.1. Comparison of kinetics with other adsorbents

Diclofenac’s adsorption onto various adsorbents including activated carbon (Petrovi¢ et al.,
2020), modified clays (Sousa et al., 2022), composite materials (Rigueto et al., 2021), and
metal-organic frameworks (Zhuang et al., 2020) has been described by pseudo-second order
model. A study comparing Ciprofloxacin adsorption’s onto activated carbon, bentonite,
pumice and zeolite found that the pseudo-second order model provided a good fit for all these
adsorbents (Gen¢ & Dogan, 2015). A review indicated pseudo-second order model’s
applicability in describing Chloramphenicol adsorption onto a variety of adsorbents (Nguyen
et al., 2022).

According to the findings, Diclofenac potassium exhibits a very fast initial adsorption rate
(high k1, k2 and o) but a low overall equilibrium adsorption capacity (low Qc). This indicates
that Diclofenac potassium quickly binds to readily available adsorption sites, but then
encounter limitations, possibly due to steric hindrance. The Elovich model fits poorly,
suggesting chemisorption might not be the dominant mechanism for Diclofenac. Ciprofloxacin
exhibits intermediate adsorption capacity in all the three kinetic models. Chloramphenicol

consistently showed high equilibrium adsorption capacities across the different models. It has
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the highest intraparticle diffusion constant, indicating a more efficient movement within the

zeolitic pores; this can be attributed to its relatively small size (Kohay & Gazit, 2024).

4.5. Adsorption isotherms

Adsorption isotherms provide insight on the interaction of adsorbate with the adsorbent.
Isothermal studies play an important role in optimization processes. Isothermal models are
classified on the number of parameters namely: one-parameter, two-parameter and three-
parameter models (Ayawei et al., 2017). This work was studied by applying three 2-parameter
models i.e., Langmuir, Freundlich and Temkin owing to their ability to describe adsorption
mechanism with fewer assumptions. The fittings of the experimental data to the different models

is as presented in Figure 4.16 while the calculated parameters of the models are provided in Table

4.4.
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Figure 4.16: Non-linear isothermal fitting of (A) Chloramphenicol, (B) Ciprofloxacin and (C)
Diclofenac
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Table 4.4: Calculated parameters from the different isotherm models on the adsorption of the pollutants onto ImZe

Isotherm Model | Parameter Chloramphenicol | Ciprofloxacin | Diclofenac
Langmuir K. (L mg™) 0.9241 + 0.2243 1.0815 £ 0.4968 | 0.4859 + 0.2689
Rr 0.5197-0.0513 0.3161 —0.0442 0.5072 —0.0933
Qumax (mg g 46.6711 + 3.8539 28.2278 £2.9680 | 27.7209 + 4.4876
X2 4.0504 7.06581 6.8357
(Radj)2 0.9815 0.9185 0.8918
RMSE 8.1516 18.7820 17.8721
Freundlich Kr (L min™) 21.5590 + 0.0704 15.0282 £ 0.0721 | 10.2696 + 0.0585
ny 0.4178 +£0.0031 0.2725 £ 0.0029 0.3738 £0.0031
X2 2.4176 1.6195 1.0595
(Radj)2 0.9693 0.9285 0.9601
RMSE 3.7589 2.0609 1.0906
Temkin ALgh 14.7736 + 0.4056 223766+ 0.4941 | 7.0270 +0.1590
B mol'l) 8.91395 +£0.0723 4.9540 +0.0249 5.3903 £0.0361
X2 4.6656 0.4483 1.01753
(Radj)2 0.9384 0.9754 0.9571
RMSE 10.0777 0.3002 1.0264
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From Figure 4.16, it is observed that for all the pollutants, there is an increase in equilibrium
adsorption capacity with increasing equilibrium concentration. This is due to the increase in
the driving force of the concentration gradient, with increase in the initial pollutant
concentration (Shikuku et al., 2018). For Chloramphenicol all three isothermal models seem to
align with the experimental data reasonably well, but the Freundlich and Temkin models exhibit
a slightly better fit at lower equilibrium concentration (Ce) values. In contrast, Ciprofloxacin
exhibits deviations between the models and experimental data, particularly at higher Ce values.
The Langmuir and Temkin models seem to underestimate the equilibrium adsorption capacity

values for Diclofenac potassium at higher Ce values.

4.5.1. Langmuir isotherm model fitting

The Langmuir isotherm is premised on the assumption that adsorbate adsorption forms a
monolayer onto a homogeneous adsorbent surface characterized by energetically identical
binding sites with no further lateral interactions between the adsorbed molecules (Langmuir,
1916). It is characterized by two parameters i.e., maximum adsorption capacity (Qmax) and
Langmuir constant (K;). Among the three pollutants, Chloramphenicol exhibited the highest
Qumax (46.67 mg g') compared to 28.23 and 27.72 mg g for Ciprofloxacin and Diclofenac
potassium respectively indicating it has the greatest adsorption capacity. Ciprofloxacin had the
highest K (1.08) indicating it has a stronger affinity to ImZe as compared to Chloramphenicol
and Diclofenac. The R. values for the three pharmaceutical products fell in the range of 0 to 1
signifying a favourable adsorption process of all the three adsorbates onto ImZe (Musah et al.,
2022). The Langmuir model could not satisfactorily describe the adsorption of

Chloramphenicol, Ciprofloxacin and Diclofenac onto ImZe. Although (R.q)* values ranged
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between 0.8918 and 0.9815 indicating good correlation with the experimental data when
adjusted for degrees of freedom, this was outweighed by the other statistical parameters
indicating a poor fit. The relative higher ¥* values i.e., 4.05, 7.07 and 6.84 for Chloramphenicol,
Ciprofloxacin and Diclofenac potassium along with large RMSE values i.e., 8.1516, 18.7820,
and 17.8721, respectively confirm the model’s inadequacy. Langmuir model’s unsuitability for
describing the adsorption of these pharmaceutical products, likely due to the heterogeneous
nature of the ImZe surface or interactions between adsorbed molecules, which violate the

model’s assumptions (Langmuir, 1916).

4.5.2. Freundlich isotherm model fitting

The Freundlich isotherm is an empirical model that describes adsorption on a heterogeneous
surface with adsorption sites of varied energies. Unlike the Langmuir, the Freundlich model allows
for multilayer adsorption and lateral interactions between the adsorbed molecules (Freundlich,
1907). Kr and ny are Freundlich parameters indicative of the relative adsorption capacity and the
surface heterogeneity of the sorbent, respectively. Chloramphenicol displayed the highest Kr
value 21.56 L min’!, indicating a higher adsorption capacity compared to Ciprofloxacin’s 15.03
L min 'and Diclofenac’s 10.27 L min™'. The adsorptive potential of ImZe for these pollutants
decreases in the order Chloramphenicol > Ciprofloxacin > Diclofenac potassium as indicated by
their Kr values. Value of 1/ny < 1 suggests favorable adsorption, while 1/ns > 1 as reported for
the pharmaceuticals suggests cooperative adsorption involving several mechanisms (de Souza et
al., 2021). The statistical analysis point to this model’s fitness to describe the adsorption of the
three pharmaceutical products onto ImZe. This is supported by their low calculated ¥ values
ranging between 1.06 and 2.42 in addition to low RMSE values ranging between 1.09 and 3.76.

The high (Radj)* values of 0.9693 for Chloramphenicol, 0.9285 for Ciprofloxacin, and 0.9601 for
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Diclofenac potassium strongly support a good correlation with the experimental results.
The model’s suitability to describe adsorption followed the order: Diclofenac potassium >
Chloramphenicol > Ciprofloxacin. The Freundlich model’s superior fit suggests that the

adsorption of these pollutants occurs on a heterogeneous ImZe surface with multilayer coverage.
4.5.3. Temkin isotherm model fitting

This isothermal model relates the amount of adsorbate on the adsorbent after equilibrium to its
concentration. It is premised on the supposition that the adsorption heat (AHads) declines linearly
with coverage due to adsorbate interactions on the adsorbent’s surface (Obaid, 2020). This
contrasts with the Langmuir isotherm, which assumes a homogeneous surface and no interactions

between adsorbed molecules.

Among the three pharmaceutical products, Ciprofloxacin demonstrated the strongest binding
affinity as evidenced by its A value of 22.38 L g! which is the highest. Additionally,

Ciprofloxacin exhibited the least change in AHadgs with surface coverage, a characteristic

highlighted by its B value of 4.95 J mol!, the lowest recorded. In comparison,
Chloramphenicol has an A value of 14.77 L ¢! and a B value of 8.91 Jmol™!, while Diclofenac's
A and B values are 7.03 L g' and 5.39 J mol™! respectively. The Temkin model can reasonably
describe Ciprofloxacin and Diclofenac potassium adsorption onto ImZe owing to their
favourable statistical parameters. They showed %> values of 0.45 and 1.02 respectively along
with low RMSE values of 0.30 and 1.03. Whereas Chloramphenicol had good statistical
metrics (a high (Raq)? and low %?), it’s RMSE value of 10.08 indicates that the model is less
suitable for Chloramphenicol due to the higher RMSE. Temkin’s suitability in describing
Ciprofloxacin adsorption onto ImZe is demonstrated by the low value of the error parameters

(x> and RMSE). This suggests that as more Ciprofloxacin molecules are adsorbed, the heat of
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adsorption decreases, indicating that the process is dominated by chemisorption involving

strong interactions (Atkins et al., 2023).

4.6. Adsorption Thermodynamics

Chloramphenicol adsorption onto ImZe decreased from 89.9 to 75.4 % as the solution
temperature rose from 298 to 313 K. Ciprofloxacin’s removal efficiency increased from 74.2
to 87.2 % while Diclofenac’s removal decreased from 64.7 to 53.6 % in the same temperature
range as shown in Figure 4.12 (earlier discussed). Consequently, the ImZe’s adsorption
capacity reduced from 22.5 to 18.8 mg/g and 16.2 to 13.4 mg/g for Chloramphenicol and
Diclofenac potassium respectively as indicated in Table 4.5. This is an indication of an
exothermic process and therefore temperature increase disfavours adsorption (Atkins et al.,
2023); which further aligns with their negative AH values. On the other hand, ImZe’s
adsorptive capacity for Ciprofloxacin increased from 18.5 to 21.8 mg/g as the temperature
was varied from 25 to 40 °C which is indicative of an endothermic process further corroborated
by positive AH value obtained (Atkins et al., 2023). The observed decline in the removal
efficiency for Chloramphenicol and Diclofenac is due to the weakening of the ImZe-Diclofenac
and ImZe—Chloramphenicol interactions with increasing temperature thus favouring
desorption. Moreover, elevated temperature results to increase in the mobility of adsorbate
molecules, leading to decreased affinity of the pollutant for the sorbent’s surface. Resultantly,
Chloramphenicol and Diclofenac potassium molecules desorb from the ImZe surface back into
the solution phase (Shikuku et al., 2018). Increase in adsorption capacity and consequently the
removal efficiency for Ciprofloxacin with increasing temperature indicates that the sorbate
requires energy to break existing interactions between the pollutant and the solvent and to

facilitate the diffusion of the pollutant into the zeolite’s microporous structure, leading to
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stronger binding interactions at higher temperatures as reported for malachite green adsorption
onto natural zeolite (Han et al., 2010).
Van’t Hoff plots (Figure 4.17) were used to ascertain key thermodynamic parameters (AG, AH

and AS) for the adsorption process. The results obtained are tabulated in Table 4.5.
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Figure 4.17: Van't Hoff plots for the pollutants’ adsorption onto ImZe
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Table 4.5: Thermodynamic parameters calculated from Van’t Hoff plots

Pharmaceutical Temp Adsorption % AG (kJ AH (kJ AS (J mol'' K1)
(K) capacity (mg/g) | Removal mol) mol)

Chloramphenicol | 298.15 22.469 89.90 -7.6795 -55.0072 -148.0522
303.15 19.759 79.04 -5.6514
308.15 19.381 77.50 -5.5168
313.15 18.846 75.38 -5.2967

Ciprofloxacin 298.15 18.546 74.18 -4.7221 44.5475 165.2511
303.15 19.294 77.18 -5.5483
308.15 20.438 81.75 -6.3746
313.15 21.807 87.23 -7.2009

Diclofenac 298.15 16.177 64.71 -3.7603 -23.7078 -66.9041
Potassium 303.15 15.173 60.70 -3.4258
308.15 14.302 57.21 -3.0913
313.15 13.407 53.63 -2.7568
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From Table 4.5, all the AG were negative indicating that the adsorption of all the three pollutants
is spontaneous and thermodynamically favourable (Atkins et al., 2023). The negative AG values
obtained in this study validates a feasible and spontaneous adsorption process of all the pollutants
onto the ImZe (Avci et al., 2019; Cherik et al., 2015; Nguyen et al., 2022). It was also noted that
increase in temperature corresponded with the value of AG becoming less negative for
Chloramphenicol and Diclofenac potassium. This implies that at lower temperatures, the
decreasing entropy penalty making the reaction more favourable. Contrariwise, Ciprofloxacin’s

adsorption onto ImZe is marked by increased spontaneity as the temperature rises.

Enthalpy (AH ) describes the energy barrier that must be overcome by the sorbate molecules during
the adsorption process. The negative AH values obtained for Chloramphenicol and Diclofenac
potassium suggests that their adsorption process onto ImZe is exothermic in nature whereas the
positive value reported for Ciprofloxacin depicts an endothermic process (Han et al., 2010).
Barracco et al. (2024), notes that AH values in the range of 40—120 kJ/mol as reported for
Ciprofloxacin are indicative of chemisorption mechanism, whereas lower AH values of -55.00
kJ/mol for Chloramphenicol and -23.71 kJ/mol for Diclofenac potassium are characteristic of
physisorption. These findings align with kinetic studies which indicated a physisorption and

chemisorption as mechanisms.

The negative AS values obtained for Chloramphenicol and Diclofenac potassium suggests an
increased order at the solid/solution interphase while a positive AS value as reported for Diclofenac
potassium points to increased randomness at the solid/solution interface during the adsorption
process (Shikuku et al., 2015). The increased orderliness results from adsorbate molecules

moving from the disordered bulk solution phase to the ordered sorbent surface during
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adsorption. Conversely, the reduction in order is due to sorbed molecules desorbing from the

sorbent surface back into the disordered bulk phase.

4.7. Adsorption Mechanism

Adsorption mechanisms provide insights on the interactions between adsorbate and the
sorbent’s surface. Determining the adsorption mechanism involves analysis of the functional
group interactions, the sorbent properties, and the effect of solution’s pH and their influence
on the adsorption process (Natarajan et al., 2022). Pollutant’s adsorption onto adsorbent
involves either physical or chemical interactions or a combination of both (Ogbeh et al., 2025).
Modification of zeolite with iron has also been reported to increase zeolite’s hydrophobicity,
thereby further enhancing its capacity for non-polar molecules but also increase the sorbent’s
pHpze (Zhang et al., 2022).

The molecular structures of the pollutants have a variety of functional groups which allow
many interactions with the ImZe surface. Chloramphenicol's molecular structure (Figure 2.4)
has hydroxyl, nitro, chloride, and amide functional groups. Ciprofloxacin (Figure 2.5), a
quinolone antibiotic, features cyclopropyl, carboxylic acid, fluoro, and piperazin-1-yl groups.
Diclofenac (Figure 2.3), an analgesic, is composed of phenylacetic acid and a dichlorophenyl
amino groups. These diverse functional groups in each compound facilitate various interactions
with the ImZe surface during adsorption.

The adsorption of solutes onto an adsorbent can occur through electrostatic attractions,
electron- donor-acceptor interactions and hydrogen bonding (Nguyen et al., 2022).
Additionally some adsorbates’ adsorption mechanism is characterized by pore filling (Binh &
Kajitvichyanukul, 2019) and complexation with the metal sites (Huang et al., 2019) in the

sorbent’s surface. Hydrogen bonding is a likely mechanism for the adsorption of all the three
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pollutants onto ImZe. This is so because hydrogen bonding which is a special type of dipole-
dipole interactions that occur between hydrogen and small electronegative atoms like oxygen,
nitrogen or fluorine (Grabowski, 2006). The adsorbates’ electronegative atoms can interact
with Brensted acid sites present on the ImZe’s surface which are partially positive.

Complexation with iron species of is another likely mechanism. Ciprofloxacin has been
reported to form complexes with iron through interaction with its -keto and carboxyl groups
(Turel et al., 1996). Chloramphenicol, on the other hand, forms complexes with iron through its
electronegative amido group (Al-Khodir & Refat, 2016). Diclofenac potassium chelates with

iron via the 2,2'- bipyridine (Agrawal & Shivramchandra, 1991).

The pH of solution plays a key role in the adsorption of pollutants onto sorbents as it determines
the electrical charge of the adsorbate and the surface of the adsorbent. The pHpzc of ImZe was
determined to be 6.9 (Figure 4.14). When the pH is below the sorbent’s pHpzc the surface is
positively charged. The surface becomes negatively charged when the solution pH is above the
point of zero charge. ImZe exhibited the highest adsorption capacity for Chloramphenicol at
pH = 6. At this pH Chloramphenicol is deprotonated as the pH>pKa as illustrated in Figure
4.18 and the ImZe’s surface is positively charged allowing electrostatic attractions. At pH 10
the sorbate experiences electrostatic repulsions with the surface as they are all negatively charged

and the sorption capacity drops drastically.

Diclofenac potassium showed maximum uptake at pH 7.0. At this pH the Diclofenac molecule
was negatively charged (Figure 4.19), while the ImZe surface was positively charged. Above this
pH, uptake reduced greatly, indicating electrostatic interactions play a great role in its adsorption

onto ImZe.
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Figure 4.18: Ionic forms of Chloramphenicol based on the pKa (Babi¢ et al., 2007)
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Figure 4.19: Ionic forms of Diclofenac based on the pKa (Babi¢ et al., 2007)

Ciprofloxacin is a unique organic molecule with two pKa values i.e., 5.90 and 8.89. It therefore

exhibits three different ionic forms; a cationic species pH < 5.90; zwitterionic form 5.90 <

pH < 8.89and the anionic species pH > 8.89 as presented in Figure 4.20. The Zwitterionic species

most readily adsorbs onto ImZe compared to the other ionic forms suggesting that electrostatic

interactions play a key role in its adsorption and is complemented by mechanisms.
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Figure 4:20: Ionic forms of Ciprofloxacin based on its pKa values (Carabineiro et al., 2012)

4.8. Comparison with other zeolitic adsorbents

A comparison with other zeolitic sorbents for the adsorption of the pollutants is compiled in
Table 4.6. While all the modified zeolite variants followed the Freundlich model in describing
the adsorption of Diclofenac potassium, indicating multilayer adsorption, and the acid-treated
ones were equally well-described by the Brunauer-Emmett-Teller (BET) isotherm model,
which assumes multilayer adsorption on a homogeneous surface without lateral interactions
(Adamson & Gast, 1967). Adsorption onto natural zeolite aligned with the Dubinin-
Radushkevich (D-R) isotherm model, signifying a pore-filling mechanism within micropores
rather than layer-by-layer adsorption (Dubinin, 1960). Adsorption onto ImZe was best
described by the Temkin model, which reflects chemisorption and surface heterogeneity. This
distinctive mechanism increases ImZe’s adsorption capacity by enabling stronger interactions
with the surface across a range of energies, thereby contributing to its relatively high Qmax.
Increase in the sorbent’s surface area corresponds with an increase in adsorption capacity as
observed by Pefafiel et al. (2024). Plasma-activated zeolite showed no significant changes in
the bulk properties of the natural zeolite (Garcia et al., 2019) which explains why its adsorption

capacity remained largely similar to that of the natural zeolite.
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Zeolite-modified seaweed demonstrated the highest Qmax (93.65 mg/g) for Ciprofloxacin
among the zeolite-based sorbents. This results from increased surface area, functionalization
of the sorbent’s surface with hydroxyl and carboxyl groups which enhance interactions with
the Ciprofloxacin molecule (Mohammad B Ahmed et al., 2017). Turkey clinoptilolite followed
with a capacity of 40.8 mg/g, while South African clinoptilolite exhibited the lowest adsorption
at 5.48 mg/g. The adsorption mechanism of calcium-rich zeolite species primarily involves ion
exchange and electrostatic interactions (Kovo et al., 2017). Coating zeolite with magnetite
improves its performance by combining magnetite’s magnetic properties with zeolite’s
inherent adsorption capabilities (Maharana & Sen, 2021). Similarly, modifying zeolite with
iron enhances its adsorption by incorporating iron’s magnetic properties.

Chloramphenicol adsorption onto cobalt-based zeolitic-imidazolate framework is facilitated by
n-7 interactions between the sorbate’s phenyl groups and the sorbent’s imidazole linkers, along
with electrostatic attractions between cobalt and Chloramphenicol’s polar groups (Jalil et al.,
2024), making it to outperform ImZe, which mainly depends on electrostatic interactions.
Conversely, ionic liquid-modified zeolite exhibited the lowest Qmax of 8.40 mg/g for
Chloramphenicol, as its adsorption occurs primarily via partitioning and is limited to its surface
sorption sites since accessibility of interlayer sites is reduced, resulting in a surface-dominated
interaction mechanism only (Sun et al.,, 2017). This suggests that the adsorption of
chloramphenicol onto zeolitic adsorbents is predominantly driven by an electrostatic

interaction mechanisms.
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Table 4.6: Comparison of zeolitic adsorbents capacity for the pollutants

Adsorbent Surface | pHpzc | Contact | Kinetics | pH | Temp Conc Isotherm | Dosage | Qmax Reference
Area time (°O) range (g/L) | (mg/g)
(m?/g) (min) (mg/L)
Diclofenac potassium
Plasma-treated 60-2160 10-50 Freundlich | 100 4.2 (Garcia et al.,
zeolite 2019)
Natural zeolite | 41 7.6 2-120 PSO <6.0 | 20 5-50 D-R 2.0 5.1 (Pefiafiel et al.,
2024)
Nitric acid | 89 4.2 2-120 PSO <6.0 |20 5-50 BET & |04 11.0 (Pefiafiel et al.,
treated zeolite Freundlich 2024)
Citric acid | 61 4.9 2-120 PSO <6.0 | 20 5-50 BET & |1.0 7.5 (Pefiafiel et al.,
treated zeolite Freundlich 2024)
ImZe 6.9 0-180 PSO 2-10 | 25-40 | 2-20 Temkin & | 1.0 15.70 | This study
Freundlich
Ciprofloxacin

Turkey 990 0-60 PSO 55 |22 20 0.25 40.8 (Geng¢ & Dogan,
clinoptilolite 2015)
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Calcium-rich 5-60 PSO 5.0 | 10-20 | 15-75 Langmuir | 4 17.30 | (Kalebi¢ et al.,
clinoptilolite 2021)
Magnetite- 2.0 5-60 PSO 5.0 | 10-20 Langmuir | 4 14.25 | (Kalebi¢ et al.,
coated 2021)
clinoptilolite
Zeolite- 124359 | 1.0 1-1440 | PSO & | 6.5- |35-45 |2.5-150 | Langmuir | 0.5 93.65 | (Atugoda et al.,
modified Elovich | 8.0 & 2021)
seaweed Freundlich
South-African 7.5 5-45 PSO 2.0- | 25-65 | 2.0-10 Langmuir |2 5.48 (Ngeno et al.,
clinoptilolite 12 2019)
ImZe 6.9 0-180 PSO 2-10 | 25-40 | 2.0-20 Temkin & | 1.0 18.43 | This study
Freundlich

Chloramphenicol
Cobalt-based 3-9 0-120 PSO 3-9 0.16-1.62 | Langmuir | 0.1-1.0 | 25.73 | (Jalil et al,
zeolitic- 2024)
imidazolate
framework
Ionic  liquid- 120 50 8.40 (Sunetal., 2017)
modified
zeolite
ImZe 6.9 0-180 PSO 2-10 | 25-40 | 2.0-20 Freundlich | 1.0 22.49 | This study
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

5.1. Conclusions

The natural zeolite (NZe) was successfully modified with iron to form iron-modified zeolite
(ImZe) as confirmed by EDS and XRD. The structural integrity of NZe was not compromised
upon modification with iron as confirmed by the TGA-DTG and XRD. ImZe adsorption
capacities for Chloramphenicol, Ciprofloxacin and Diclofenac were 22.49 mg/g, 18.43 mg/g
and 15.70 mg/g respectively outperforming NZe’s 7.71 mg/g, 4.35 mg/g and 5.19 mg/g
respectively.

All the pollutants’ adsorption was well described by the pseudo-second order kinetic model
indicating chemisorption is the rate limiting step. Chloramphenicol and Ciprofloxacin were
equally well described by the Elovich kinetic model indicating the ImZe’s surface
heterogeneity. Chloramphenicol exhibited the fastest intraparticle diffusion rate while
Diclofenac showed the slowest indicating its adsorption is largely restricted to surface
adsorption.

Freundlich isotherm model well described the experimental data generated from the
equilibrium studies of the three pollutants. This is to indicate that the pollutants’ adsorption
forms a multilayer and the sorbed molecules have lateral interactions. ImZe adsorptive capacity
reduced in the sequence Chloramphenicol > Ciprofloxacin > Diclofenac largely due to
molecular size. Temkin model revealed Ciprofloxacin binds most strongly onto ImZe.

The adsorption of the three pharmaceutical products onto ImZe was feasible and spontaneous
as characterized by negative AG values. The adsorption of Chloramphenicol and Diclofenac

onto ImZe was an exothermic process confirmed by a negative AH values. Contrary,
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Ciprofloxacin’s adsorption was endothermic and characterized by increased randomness at the
sorbent/solution interphase as evidenced by positive AS value.
The adsorption of these pollutants onto ImZe can be described by electrostatic interactions,
hydrogen bonding and complexation with the iron species on the ImZe surface.
5.2. Recommendations
I would like to recommend:
e A competitive adsorption study involving all pharmaceuticals to demonstrate the
adsorbent’s selectivity in a competitive environment.
e A column adsorption study to uncover adsorption kinetics, breakthrough curves, and
capacity under dynamic flow, offering practical insights for continuous flow systems.
e Batch adsorption studies of other pharmaceuticals onto ImZe to obtain essential data on
adsorption capacity, equilibrium, and affinity for individual pharmaceuticals, valuable

for preliminary screening.
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APPENDICES

Appendix 1: EDS layered mapping of NZe
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Appendix 2: EDS layered mapping of ImZe
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Appendix 3: EDS elemental distribution mapping of NZe
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Appendix 4: EDS elemental distribution mapping of ImZe
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Appendix 5: Calibration Curves of the adsorbates
Standard calibration curves of Chloramphenicol, Ciprofloxacin and Diclofenac potassium
(Appendix 5) were prepared by different concentrations starting from 1 to 20 ppm with at 10-

point calibration in triplicates.
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Appendix 5: Calibration curves for A. Chloramphenicol B. Ciprofloxacin C. Diclofenac

The R? values were 0.9995 (Chloramphenicol), 0.9973 (Ciprofloxacin) and 0.9999 (Diclofenac
potassium) demonstrating an excellent fit of the data with a negligible deviation of 0.049 %
for Chloramphenicol, 0.27% for Ciprofloxacin and 0.006% for Diclofenac potassium. Diclofenac
potassium exhibited the lowest molar absorptivity with Ciprofloxacin showing the highest. This
is to be attributed to a more extended conjugation in Ciprofloxacin owing to its quinoline
structure and aromatic ring thus contributing to its higher molar absorptivity while Diclofenac

potassium has the lowest overall conjugation. The linearity of the calibration curves indicated
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their applicability in accurate determination of unknown concentrations by correlating the

absorbance to concentration.

Appendix 6: Raw Kinetic data

Time Chloramphenicol Ciprofloxacin Diclofenac
(min) Adsorption capacity (mg/g)
NZe ImZe NZe ImZe NZe ImZe
0 0 0 0 0 0 0
5 2.954975 | 6.972259693 | 1.4020825 | 5.60832618 | 1.831058 10.32423208
10 5.3235175 | 10.5735175 | 2.2100525 | 8.84020619 | 2.62969275 | 11.51877133
20 | 6.50060675 | 14.09246283 | 3.0541225 | 12.2164948 | 3.74232075 | 12.96928328
30 7.30722 | 16.39358228 | 3.96649475 | 13.8659794 | 4.57764505 | 13.3105802
45 7.7064825 | 18.09232797 | 4.34536 | 14.7938144 | 5.1902725 | 14.76109215
60 7.8148 20.23439721 | 4.68685575 | 15.7474227 | 6.461604 14.84641638
120 8.092 21.9187005 | 5.21417525 | 16.8556701 | 6.5255975 | 15.10238908
180 8.092014 22492375 | 5.3386645 | 17.3546584 6.7424 15.6996587
240 8.091991 22492401 | 5.3386729 | 18.4345461 | 6.819965 15.6996590
Appendix 7: Raw Equilibrium data
Ci Chloramphenicol Ciprofloxacin Diclofenac
(mg/L) | Ce (mg/L) | Qe (mg/g) [Ce(mgL) |Qe(mgg) |Ce(mgL) |Qe(mglg)
2 0.09457 4.763575 | 0.087010309 | 4.782474228 | 0.08498294 | 4.78754265
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5 0.33271 11.668225 | 0.528865979 | 11.17783505 | 1.003993174 | 9.990017065
10 1.0123944 | 22.469014 | 2.62618156 | 18.4345461 | 3.72696246 | 15.68259385
15 2.71879 30.703025 | 5.791600315 | 23.02099921 | 6.563139932 | 21.09215017
20 4.26354 39.34115 8.72365172 | 28.1908707 | 10.29351536 | 24.2662116
Appendix 8: Raw Thermodynamics data
Temperature Chloramphenicol Ciprofloxacin Diclofenac
O Adsorption capacity (mg/g)
298.15 22.468571 18.5461 16.1766225
303.15 19.759025 19.29381443 15.1728175
308.15 19.3808525 20.43814433 14.3020475
313.15 18.84553875 21.80670103 13.4069965
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