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ABSTRACT

Wastewater treatment plants are increasingly recognised as secondary sources of emerging
contaminants due to the limitations of conventional treatment technologies. This study assessed
the physicochemical characteristics of influent and effluent from the Kality Municipal
Wastewater Treatment Plant (KMWWTP) in Ethiopia and evaluated its performance in
removing nutrients, heavy metals, and selected pharmaceuticals. Influent and effluent analyses
were conducted following APHA standard methods, while heavy metals were quantified using
ICP-MS. The plant demonstrated partial compliance with the WHO and USEPA standards, with
low removal efficiencies for total nitrogen, total phosphorus, and several heavy metals. Notably,
concentrations of Ni, Cd, Pb, and As increased after treatment. Pharmaceuticals detected in the
effluent using LC-MS/MS - including amoxicillin (2.54 pg L), ciprofloxacin (2.43 pg L™),
ibuprofen (8.21 pg L"), carbamazepine (0.82 nug L), and caffeine (1.24 pg L™')-confirmed

the persistence of emerging contaminants in treated wastewater.

To address these challenges, a visible light—-active triple KBN—doped TiO2 nano photocatalyst
was synthesised via the sol-gel method and optimised operation parameters using the Box—
Behnken design (BBD). Boron (B) — to titanium (Ti) molar ratio, calcination temperature, and
calcination time were selected as synthesis variables, while potassium (K) and nitrogen (N)
doping ratios were kept constant at 2%K and 5%N, respectively. Characterisation using XRD,
FTIR, BET, SEM-EDX, XPS, and UV-Vis revealed that calcination temperature and boron
doping concentration significantly influenced the crystallinity, surface area, electron transfer
properties, and photocatalytic activities of the materials. The optimised photocatalyst achieved
a surface area of 66.48 m? g! and 84.3% ciprofloxacin (CIP) degradation, with the quadratic

regression models showing high predictive accuracy (R* > 0.98).

Building on this optimisation, a novel KNB@TiO>@rGO nano photocatalytic composite was
synthesised through sol-gel processing, followed by hydrothermal deposition of TiO»
nanoparticles on reduced graphene oxide. Comprehensive characterisation, including XRD,
FTIR, XPS, SEM-EDS, UV-Vis, and photoluminescence (PL), confirmed successful
composite formation with enhanced charge separation efficiency. The composite achieved
99.21% CIP degradation and 75.09% total organic carbon (TOC) removal under visible light
(950 W m™). The influence of co-existing ions showed mild inhibition by Mg** and Ca?",
enhancement by C1, NOs , and HCO;3 and suppression by SO4>", PO4** and humic acid (HA).

Electron spin resonance and radical scavenging tests confirmed the formation of *OH, O>", and

XiX



10, reactive oxygen species, and using UPLC — MS/MS identified the intermediate byproducts

and proposed the plausible degradation reaction pathways

To further enhance performance, peroxymonosulfate (PMS) activation was integrated with the
photocatalytic process, forming the KBN@TiO@rGO/PMS system. This ternary system
achieved complete (100%) CIP degradation and 74.23% TOC removal within 90 minutes,
outperforming TiO2/PMS and pristine TiO,. The improved activity was attributed to synergistic
effects from ternary (K, B, N) doping, rGO-mediated electron transfer, and PMS activation,
which collectively promoted the generation of both radical (*OH, O>", SO4™) and non-radical
('02) species. Response Surface Methodology optimised operational conditions (pH 8.17,
101.2 min reaction time, 0.13 g L' catalyst, and 9.99 mg L' CIP), predicting 100% CIP
degradation and 75.91% TOC removal with 100% desirability.

Overall, this work highlights the inadequacy of conventional wastewater treatment plants for
removing persistent pollutants in Kality municipal wastewater treatment plant effluents and
demonstrates the strong potential of advanced photocatalytic systems, particularly the
KBN@TiO>@rGO/PMS composite, for efficient and sustainable degradation of emerging

contaminants across diverse water matrices.

Keywords: Advanced oxidation; Antibiotic degradation; Catalyst Characterisation; Composite

photocatalysts; Doping Technology; Emerging pollutants; Municipal Wastewater; optimisation
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CHAPTER ONE
INTRODUCTION

1.1 Background

Water is fundamental to life and sustainable development, yet its availability is increasingly
constrained. Rapid industrialisation, urbanisation, population growth, and socioeconomic
expansion have contributed to deteriorating water quality and escalating contamination [1, 2].
Concurrently, climate change has intensified the frequency and severity of droughts, further

diminished freshwater resources and posed serious environmental and economic challenges

[3].

In recent decades, contaminants of emerging concern (CECs) - including pharmaceuticals and
personal care products (PPCPs), artificial sweeteners, endocrine-disrupting chemicals (EDCs),
flame retardants, fuel additives, and various industrial organic compounds have attracted
significant global attention due to their widespread occurrence and potential adverse effects on
ecosystems and public health [4]. These substances enter aquatic systems primarily through
municipal, hospital, and industrial wastewater discharges, sewage leakage, and agricultural or
urban runoff. Wastewater treatment plants (WWTPs) are major pathways through which CECs
are released into the environment, as many of these compounds are detected in influent and
effluent at concentrations ranging from ng L' to ug L', and they may transform into by-

products that are even more persistent or toxic [5, 6, 7, 8].

Conventional municipal wastewater treatment plants are not designed to effectively remove
CECs, resulting in their continuous discharge into receiving water bodies. This poses a range
of ecological and human health risks, including antibiotic resistance, endocrine disruption,
feminisation of aquatic organisms, neurotoxicity, and potential carcinogenicity [9]. In Ethiopia,
wastewater generation has increased due to rapid population growth, unplanned urbanisation,
inadequate sanitation infrastructure, and poorly regulated industrial activities. Moreover,
current environmental legislation does not specify permissible limits for most ECs [10]. In
Ethiopia, rapid population growth, inadequate sanitation infrastructure, poorly regulated
industrial activities, and the absence of regulatory limits for most emerging contaminants have

exacerbated water quality challenges [11].

Rivers and streams passing through major urban centres often become heavily polluted. The

Kality Municipal Wastewater Treatment Plant (KMWWTP), the country’s largest municipal



treatment facility, treats more than 34 million m?® of septic wastewater annually and discharges
effluent into the Little Akaki River, which supports downstream irrigation. Despite growing
international concern, the occurrence, fate, and removal efficiency of CECs in Ethiopian
wastewater remain largely unexplored. Thus, generating baseline data on their presence and
behaviour in municipal wastewater systems is critical for ensuring safe and sustainable

wastewater reuse.

Advanced oxidation processes (AOPs), particularly heterogeneous photocatalysis, offer
promising approaches for degrading recalcitrant organic pollutants due to their strong oxidising
capability, low sludge production, and compatibility with solar energy [10, 11]. Titanium
dioxide (TiO) is one of the most studied photocatalysts owing to its low cost, non-toxicity,
photostability, and high catalytic potential [13,14]. However, practical applications are
hindered by its wide band gap (3.2 eV for anatase), which restricts activation to UV light, and
the rapid recombination of photogenerated electron—hole pairs [15,16]. To overcome these
limitations, extensive research has explored metal and non-metal doping, heterojunction

formation, and composite fabrication with graphitic materials [17, 18].

Doping with elements such as K, B, and N can significantly narrow the band gap, enhance
charge separation, and improve visible-light response [19]. Metal-doped photocatalysts, such
as those modified with silver (Ag) [20], iron (Fe) [21], potassium (K) [22], and boron (B) [23],
exhibit superior photocatalytic performance due to the localised surface plasmon resonance
(LSPR) and the electron-accepting capabilities of the metal dopants. These dopants capture
electrons due to the altered Fermi level in the metallic oxide, facilitating the separation of
photogenerated electron—hole pairs [24]. Similarly, non-metal doping involves the introduction
of heteroatoms, such as nitrogen (N) [25], carbon (C) [26], and phosphorus (P) [27], into the
metal oxide lattice by partially replacing oxygen atoms. The incorporation of non-
metal dopants enhances charge carrier separation, creates non-metallic energy levels, and
facilitates electron capture, thereby lowering the bandgap. Moreover, co-doping with multiple
heteroatoms (C/N) [28] and (B/N) [29] can suppress the recombination of charge carriers by
leveraging the electron-accepting properties of non-metals, further reducing the bandgap of
bare TiO> by creating new energy levels. Additionally, ternary doping (KHB) [30] can
significantly enhance photocatalytic activity, particularly for the degradation of antibiotics.
Additionally, integrating TiO, with reduced graphene oxide (rGO) enhances photocatalytic

activity due to rGO’s high conductivity, superior surface area, and strong adsorption properties
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[18,31]. The adsorption of organic contaminants onto rGO is facilitated by the presence of
carboxylic acid (COOH) at the edges and hydroxyl (—~OH) and epoxide (C—O—C) groups on
the basal plane [32].

Recent advances have highlighted the potential of the co-doped TiO»-graphene system for
degrading emerging contaminants [30]. However, the combined use of triple metal-non-metal
doping (KBN) with rGO, particularly using sol—gel-assisted hydrothermal synthesis, remains
underexplored. Furthermore, coupling photocatalytic nanomaterials with oxidants such as
peroxymonosulfate (PMS) can generate multiple reactive oxygen species (ROS), promote
synergistic degradation pathways, suppress charge recombination, and significantly improve
antibiotic removal performance. Due to the generation of highly reactive species, AOPs are
considered an effective strategy for removing emerging contaminants from wastewater as well.
Peroxymonosulfate (PMS)/Peroxydisulfate (PS)- based AOPs exhibited superior antibiotic
removal performance due to the generation of reactive oxygen species (ROS) upon activation
by a heterogeneous catalyst [30]. Activation of the oxidants (PMS or PS) by photocatalyst
materials proceeds through both non-radical and radical pathways mediated by electron transfer,
which is fundamentally distinct from the homogeneous photocatalysis activation mechanism.
The ROS generated could break the bonds in pollutants and proceed to the mineralisation

process. PMS is a powerful oxidant widely applied in AOPs for surface water treatment and
groundwater remediation [33]. PMS activation produces sulfate radicals ( SO; ), which

effectively oxidise both organic and inorganic pollutants present in water. PMS is activated
through multiple approaches, such as thermal treatment, photocatalysis, ultraviolet (UV)

irradiation, and the involvement of transition metal ions, among others [34, 35]. During PMS
activation, there is a broken O-O bond, producing (SO; ) and (*OH) radicals, which abstract

electrons from organic contaminants, leading to their oxidation [36, 37]. Additionally, PMS
can also be activated using carbon catalysts, including graphite, activated carbon, biochar, and

photocatalytic nanomaterials [38, 39]. Consequently, organic pollutants are degraded because
of the generation of *OH and/or SO; radicals, while non-radical pathways are likewise
substantially engaged in the PMS-photocatalytic nanomaterial system [40]. The non-radical
pathways mainly involve: (1) the activation of PMS occurs through transfer of electrons from
organic pollutants (donors) to PMS (acceptor), facilitated by graphitic structures, defects, and

heteroatoms in photocatalytic materials, and (2) the generation of singlet oxygen (0,) from



SO;” and at reactive sites such as C=0 groups [41]. Compared with *OH based AOPs, SO,

based AOPs have received greater attention because SO, is reactive over a broader pH range,

exhibit extended half-life, and possess a higher redox potential. Many studies have confirmed
that TiO>@rGO, metal-doped TiO2, non-metal-doped TiO>, and co-doped TiO>@rGO
composites hold great potential for the efficient remediation of emerging contaminants, due to

the outstanding properties of graphene and doping elements [42, 43, 44].

Recently, we developed a metal-non-metal-doped TiO2@rGO photocatalyst, which efficiently
decomposes antibiotic organic pollutants under visible light irradiation [44], but unfortunately,
the catalyst dose, reaction time, and accumulation of intermediates during the antibiotic
photodegradation process have been observed to lower the overall performance of the
KBN@TiO>@rGO system. To overcome this issue, the addition of PMS not only generates
multiple free radicals and non-radical species that synergistically enhance the photocatalytic
degradation of emerging pollutants but also improves charge separation efficiency. Despite
their promise, the synergistic interactions between KBN@TiO2@rGO photocatalysts and PMS,
as well as the dominant factors influencing system efficiency and deactivation, have not been
systematically investigated. Therefore, it is meaningful to study in detail the synergistic impact
of the KBN@TiO2@rGO/PMS system and the dominant factors influencing photocatalyst
deactivation, as well as to optimise the operating parameters. This is, to the best of our
knowledge, the first study addressing the use of a triple metal-nonmetal (KBN)-doped TiO>
composite integrated with rGO (KBN@TiO@rGO) as a photocatalyst for CIP
photodegradation via PMS activation. The photocatalytic conditions were optimised to achieve
maximum performance in natural wastewater, highlighting its potential to outperform

conventional composites.

This study aimed to evaluate wastewater quality and treatment performance at the Kality
MWWTP while establishing baseline data on emerging contaminants. It also focused on
synthesising and characterising modified KBN-doped TiO> and KBN@TiO@rGO
photocatalysts using sol—gel and hydrothermal methods. In addition, the research investigated
the adsorption behaviour and visible-light-driven photocatalytic degradation of CIP, alongside
optimising key operating parameters for both photocatalyst synthesis and CIP removal through
response surface methodology (RSM) and the Box—Behnken design (BBD). Furthermore, the

study explored the role of reactive oxygen species in the KBN@TiO,@rGO/PMS system to
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clarify the underlying degradation mechanisms, and assessed the reusability and performance

of the photocatalyst in different water matrices to determine its practical applicability.

Overall, this work provides the first comprehensive investigation of a triple metal-non-metal-
doped TiO> composite with KBN@TiO@rGO for PMS activated photocatalysis for
degradation of emerging contaminants in municipal wastewater and optimisation of the key
operating parameters. The findings offer valuable insights into developing sustainable and
highly efficient treatment strategies for emerging organic contaminants in real-world

conditions.

1.2 Statement of the Problem

Due to increasing concern about the potential risks emerging contaminants (ECs) pose to
aquatic ecosystems and human health; there is a growing emphasis on developing cost-
effective treatment technologies. In many developing countries, ECs remain unregulated, and
their available treatment options are not well documented [45]. The widespread occurrence of
ECs in surface water, groundwater, and municipal wastewater has prompted the tightening of
regulatory standards for emerging contaminants [46]. Despite the guidelines established by
local authorities, unregulated discharges continue to occur, largely due to weak legislation and

insufficient ecotoxicity data on ECs [10].

The continuous release of emerging contaminants (ECs) into aquatic environments, primarily
due to their inadequate removal by conventional wastewater treatment technologies, has
intensified global research efforts to identify viable mitigation strategies. Most ECs are
resistant to traditional treatment processes, allowing them to persist in effluents and
subsequently enter natural water bodies. Once released into the environment, these
contaminants can induce significant toxicological effects. For example, studies have shown
that fish exposed to environmentally relevant concentrations of the lipid-lowering drug
gemfibrozil and the non-steroidal anti-inflammatory drug diclofenac exhibit glutathione S-
transferase (GST) inhibition, increased lipid peroxidation (LPO), and DNA damage. Such
impacts highlight the urgent need for more advanced and effective treatment solutions to
address this growing global concern [47]. Continuous discharge and chronic exposure to these
chemicals may pose a risk to human health, even at trace levels [47]. Another concern is that
the presence of ECs, such as antibiotics and antimicrobial agents, can result in the development

of antibiotic resistance genes (ARGs) and bacteria, which reduce the therapeutic potential of

5



antibiotics against human and animal pathogens. For these reasons, the collection of
information on the environmental occurrence and fate of ECs in the environment allows an
accurate evaluation of the environmental risk associated with these chemicals, which target
aquatic organisms as well as humans [48]. In Addis Ababa, a major potential source of
emerging contaminants is the effluent discharged from the Kality Wastewater Treatment Plant
(WWTP) into nearby aquatic environments, particularly the Little Akaki River, which
ultimately flows into the Aba Samuel Reservoir. Communities surrounding these areas rely on
the river and reservoir for irrigation, raising concerns about potential exposure to untreated or
partially treated contaminants. However, the presence, concentration, and removal efficiency
of emerging pollutants in this system have not been thoroughly identified or quantified, limiting
the ability to implement corrective measures. To date, the issue has received insufficient
attention in Ethiopia, and no comprehensive studies have examined the occurrence of emerging
contaminants in the influent and effluent of the Kality WWTP or assessed the plant’s capacity

to remove them.

Emerging contaminants, including pharmaceuticals and personal care products, are difficult to
remove using conventional water treatment methods because they occur at very low
concentrations and are often chemically stable. Physical-chemical treatments, such as
adsorption and filtration, typically move these pollutants to another medium, like sludge or
filter material, rather than eliminate them, while coagulation and flocculation are generally
ineffective for small dissolved organic compounds, and chlorination may not fully degrade
them. Moreover, many of these compounds are resistant to biological treatment, so processes
like activated sludge cannot efficiently break them down. Disinfection can also produce toxic
by-products that may be as harmful as, or even more harmful than, the original contaminants
[49]. However, advanced oxidation processes (AOPs) have been shown to effectively degrade
trace organic contaminants in wastewater. Unlike conventional treatment methods, AOPs
generate highly reactive species, such as hydroxyl radicals (*OH) and sulfate radicals (SOae—),
which can non-selectively oxidise and break down a wide range of persistent organic pollutants.
This capability allows AOPs to mineralise emerging contaminants that are otherwise resistant
to biological or physicochemical treatment. Moreover, AOPs can be applied under various
operational conditions, making them a versatile and promising solution for improving
wastewater quality and reducing the environmental and health risks associated with emerging

pollutants.



For these reasons, there is a pressing need to develop effective and practical technologies that
can be implemented to improve wastewater effluent quality, such as composite photocatalyst-
based advanced oxidation processes (AOPs). Titanium-based photocatalysts are commonly
used in advanced oxidation processes (AOPs); however, their application is limited by a large
bandgap and rapid electron—hole recombination, which reduces photocatalytic efficiency. To
address these limitations, this study employs metal-nonmetal-doped TiO: integrated with
reduced graphene oxide (rGO) and activated with peroxymonosulfate (PMS) to enhance
photodegradation efficiency. This composite system is expected to improve charge separation,
extend light absorption, and generate reactive species more effectively, thereby increasing the

removal of emerging contaminants from wastewater.

1.3 Scope of the Study

The scope of this study is to conduct experimental research on a photocatalytic advanced
oxidation process for the degradation of emerging contaminants in municipal wastewater.
Within this framework, the main investigative components include: physicochemical
characterisation of wastewater from the Kality Municipal Wastewater Treatment Plant and an
assessment of its treatment performance, synthesis and characterisation of a composite
photocatalyst, optimisation of the operating parameters for the synthesised KBN-doped TiO»
photocatalyst, evaluation of its photocatalytic performance in the degradation of selected
antibiotics, Investigation of the synergistic effects of multiple radical species involved in the
degradation process, and final optimization of the operational parameters governing the

photocatalytic degradation of antibiotics.

1.4 Limitation of the Study

One limitation of this study is that its emphasis on selected antibiotics as emerging
contaminants reduces the applicability of the findings to other pharmaceutical or industrial
pollutants. Since the research utilised wastewater solely from the Kality Municipal Wastewater
Treatment Plant, the results may not be generalisable to other treatment facilities or regions
with different wastewater characteristics. The photocatalytic experiments were also conducted
under controlled laboratory conditions, which may not accurately reflect real environmental
settings. Furthermore, the study did not provide a comprehensive assessment of the formation
or potential toxicity of intermediate degradation by-products. Lastly, economic feasibility,
energy requirements, and scale-up considerations were not examined, although these factors

are essential for practical implementation.



1.5 Research Hypothesis

The composite photocatalytic process activated with peroxymonosulfate (PMS) can serve as
an efficient and cost-effective advanced oxidation process (AOP) for municipal wastewater
treatment. It is hypothesised that this integrated system will enhance the removal or
mineralisation of emerging contaminants while reducing catalyst dosage and reaction time
compared to using photocatalysis or PMS activation independently. The combined composite
photocatalyst-PMS process generates both radical and non-radical oxidative species that
synergistically improve contaminant degradation performance. The optimised operational
parameters (e.g., Initial pollutant concentration, photocatalyst dose, pH, and reaction time)
significantly influence the efficiency of emerging contaminant removal using the composite

photocatalytic PMS system.

1.6 Objectives of the Study

1.6.1 General objective of the study

The overall objective of this study is to synthesise, characterise, and optimise photocatalytic
composite nanomaterials and evaluate their advanced oxidation process—driven performance
for the photodegradation of selected emerging contaminants in wastewater effluents.

To achieve this primary objective, four secondary specific objectives were formulated as

follows:

1.6.2 Specific objectives of the study
The specific objectives of the study include:

e To assess physicochemical characteristics and emerging contaminant profiles of
wastewater from the Kality wastewater treatment plant, Ethiopia

e To synthesise, characterise, and optimise the parameters of a triple KBN-doped TiO:
photocatalyst for efficient ciprofloxacin degradation

e Synthesis and characterisation of highly efficient KBN@TiO2@rGO composite for
photodegradation of antibiotics under visible light irradiation.

e Peroxymonosulfate activation by KBN-Doped TiO>@rGO for the multi-site radical and
non-radical degradation of antibiotics: synergistic effects and optimisation of

operational parameters.



1.7 Expected Significance and Implications of the Study

The present investigation focuses on experimentally evaluating the effectiveness of novel,
sustainable composite photocatalysts for degrading emerging contaminants in wastewater. It
also aims to develop low-cost and efficient catalytic materials (KBN@TiO. and
KBN@TiO:@rGO) to enhance the photocatalytic degradation of these pollutants, contributing
to sustainable environmental remediation.

The study's conclusions are generally expected to be advantageous to several significant
stakeholders:

A. Academia. Future studies on sophisticated oxidation processes, novel contaminants,
and photocatalysis can use the results of this work as a scientific foundation. The
synthesis, characterisation, and optimisation of the KBN@TiO: and KBN@TiO@rGO
composites may facilitate the development of new materials and inspire further
investigation into environmental remediation techniques.

B. Policymakers/regulatory bodies. The study provides essential insights for
environmental policymakers on the presence and persistence of emerging pollutants in
municipal wastewater. It underscores the vulnerability of natural water bodies and
highlights the need to revise regulatory policies, strengthen discharge standards, and
promote the use of advanced treatment technologies to protect both the environment
and public health.

C. Industrialists and Treatment plant operators. The findings offer valuable guidance
for industries that generate complex effluents and for wastewater treatment plants. By
revealing the limitations of current treatment methods and demonstrating the
effectiveness of sustainable photocatalytic technologies, the study encourages operators
to implement more efficient, environmentally friendly, and socially responsible
treatment practices that support long-term sustainability objectives.

D. Community. The community benefits indirectly through enhanced environmental
protection, reduced exposure to harmful emerging contaminants, and improved water
quality. The advancement of affordable and sustainable photocatalytic technologies
promotes cleaner ecosystems, healthier living conditions, and broader efforts toward

long-term environmental sustainability.

1.8 Organisation of Dissertation
This dissertation work is organised into seven major chapters, each addressing a key component

of the study. The structure is designed to guide the reader from the introductory background
9



and research objectives through experimental methods, results, discussions, and finally, the
conclusions and recommendations. A brief overview of each chapter is provided below to

illustrate the logical flow and interconnectedness of the research.

Chapter One serves as the opening section of the general introduction. It outlines the
background of the study, explains the rationale for focusing on the removal of emerging
contaminants from municipal wastewater, and describes the scope and limitations of the
research. It also presents the study’s objectives along with the anticipated significance and

broader implications of the work.

Chapter Two presents a comprehensive review of relevant literature conducted before
initiating any experimental work. This review examines existing studies to identify related
research and establish the current state of knowledge. With particular emphasis on the
principles of both conventional and advanced wastewater treatment technologies, it also
highlights global trends in photocatalytic advanced oxidation processes for the removal of
emerging contaminants. The chapter provides valuable insights into contemporary
environmental remediation technologies and concludes with a summary of the key findings

from the literature.

Chapter Three presents the published work on a comprehensive physicochemical
characterisation study conducted to identify and quantify selected pharmaceutical pollutants
and other major contaminants in the effluents of the Kality Municipal Wastewater Treatment
Plant. This assessment evaluates the treatment plant’s performance and offers critical insight

into the types and levels of emerging pollutants currently present in the system.

Chapter Four presents a submitted study on the synthesis of a metal-non-metal-doped
photocatalyst designed to reduce the band gap energy and enhance light absorption. The
synthesised material was further optimised using Response Surface Methodology (RSM)
employing a three-level Box—Behnken Design (BBD). Finally, a comprehensive
characterisation of the optimised photocatalyst was conducted to evaluate its structural, optical,

and functional properties.

Chapter Five presents a published study in which the optimised KBN@TiO: nano catalyst
developed in Chapter Four was further enhanced by compositing it with rGO to produce a
highly efficient composite photocatalyst. The material was synthesised using a sol—gel method
followed by hydrothermal treatment. A comprehensive characterisation of the composite was

10



conducted, and its performance was evaluated against various synthetic antibiotic contaminants

as well as real wastewater samples.

Chapter Six presents a detailed investigation of the KBN@TiO:@rGO composite
photocatalyst activated by PMS, highlighting the synergistic multi-radical and non-radical
reaction pathways responsible for contaminant degradation. Key operational parameters were
systematically optimised using CIP and TOC removal as response variables, providing insights
into both the mechanism and practical application of the advanced oxidation process for

wastewater treatment.

Chapter Seven constitutes the final section of the dissertation, summarising the study’s
conclusions and providing recommendations and future perspectives for further research.
Following this chapter, the bibliography section lists all references cited throughout the
dissertation. Additionally, the document includes extensive supplementary material related to

experimental studies, which can be accessed in the List of Appendices.
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CHAPTER TWO
LITERATURE REVIEW

2.1 Wastewater and Contaminants

In recent decades, urbanisation and industrialisation have led to high production, consumption
and disposal of a variety of chemicals with complex and diverse structures that offer
improvements in industry, agriculture, medical treatment and household conveniences [50]. An
increased volume of municipal or industrial wastewater has compounded concerns regarding
the environmental impact of these chemicals. Little is known about the extent of environmental
occurrence, transport and ultimate fate of many of these synthetic chemicals after their intended

use [51].

2.2 Emerging Contaminants

Conventional wastewater treatment processes are effective in improving the quality of treated
water; however, these technologies are only partially effective at removing certain organic
contaminants, resulting in their discharge into natural water streams. Development of new
analytical equipment and robust extraction techniques has allowed the detection of low-
concentration organic contaminants in natural waters and wastewater at different stages of the
treatment process. A growing concern over the last few years has been focused on the presence
of chemicals now designated emerging contaminants (ECs), also known as chemicals of
emerging concern (CECs), including pharmaceuticals, personal care products, hormones and

pesticides in municipal wastewater effluents [52].

The main sources of these emerging contaminants are municipal wastewater, hospital effluents,
chemical manufacturing plants where any of the classes of ECs are manufactured or used,
leakages and leachates from landfills, storm water runoffs and wastewater from livestock and

agriculture [52].

Typically, the concentration of these emerging contaminants in treated wastewater, surface
water and groundwater is in the range of 0.1 - 20 pg/L [53]. A study on concentrations of ECs
in treated wastewater effluents reported a range of 1.0 ng/L to 1.0 pg/L [54]. Antibiotics are
among the most frequently detected emerging contaminants in a wide range of water matrices,
including surface water, groundwater, municipal wastewater, hospital effluents, and even

treated wastewater [55]. Figure 2.1 illustrates the keyword co-occurrence network associated
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with research on antibiotic removal in aquatic systems, with photocatalysis emerging as one of

the most prominent focal areas.
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Figure 2.1 Overview of research trends in antibiotic removal: adsorption, wastewater treatment,

and photocatalysis [56].

2.2.1 Impact of emerging contaminants

The effects of emerging contaminants (ECs) on animals are well documented, whereas their
direct impacts on human health are still under investigation. Even at low concentrations, ECs
pose significant potential risks to humans. The primary route of human exposure to endocrine-
disrupting chemicals (EDCs) is through ingestion of food and beverages contaminated via soil,
water, microorganisms, plants, and animals. Bioaccumulation and biomagnification are
particularly concerned for species at the top of the food chain. However, data on the toxicity of
heavy metals, EDCs, and bisphenol-A (BPA) originating mainly from surface runoff, WWTP

effluents, seepage, and landfills remain limited [57].
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EDCs can disrupt the endocrine system by mimicking, suppressing, or altering natural hormone
functions. Even at low concentrations, these exogenous compounds interfere with normal
hormonal activity. Human health effects include reduced male sperm counts, reproductive
malfunctions, and increased risks of cancers such as testicular, prostate, ovarian, and breast
cancer [58]. In children, exposure has been associated with delayed brain development and
reduced intelligence quotient (IQ) [59]. Eliminating these contaminants is challenging due to
their occurrence at trace levels, yet it is crucial given their chronic toxicity and endocrine-

disrupting potential [60].

Evidence from animal studies shows that substances such as estradiol, estrone, estriol, and
ethinyl estradiol can disrupt reproductive tissues and impair growth, reproduction, and
development [4]. Pharmaceuticals and personal care products further influence species’ growth,
reproduction, and evolutionary patterns. The complex physicochemical properties of these
pollutants across air, water, and soil hinder a comprehensive understanding. Researchers are
working to trace these contaminants from their sources to receptors to better predict their long-

term environmental and health impacts [61].

2.3 Wasteawter treatment

Various activities, including agricultural practices, domestic usage, and industrial discharges,
introduce undesirable pollutants into water bodies, posing significant threats to biodiversity
and aquatic ecosystems [7]. These hazardous waste streams often contain toxigenic
microorganisms, suspended solids, heavy metals, and inorganic salts. In this context,
wastewater treatment plants play a crucial role in removing such contaminants and improving
effluent quality. Moreover, rapid population growth and increasing urbanisation have resulted
in large volumes of sewage requiring treatment before discharge. In Europe, regulations have
become progressively stricter, mandating that all municipal wastewaters be treated prior to
release into the environment. Consequently, diverse treatment approaches must be considered

to achieve optimal purification and decontamination outcomes [62].

2.3.1 Conventional wastewater treatment technologies

The main goals of conventional wastewater treatment facilities are to remove suspended
particulates, easily degrade organic components, nutrients, and metal contaminants from
wastewater. These purification systems often function through numerous phases that integrate
physical, chemical, and biological processes, including coagulation, flocculation, ion-exchange,

membrane filtration, and other electrochemical approaches [63]. However, conventional
14



wastewater treatment processes are often unable to fully eliminate persistent pollutants,
allowing these compounds to pass through the system and enter the environment. Consequently,
pharmaceuticals, one prominent group of recalcitrant contaminants, are frequently detected in
surface waters receiving effluent treatment [64]. Numerous studies have reported the presence
of various drugs in the outputs of traditional treatment methods. Several studies have examined
the occurrence of pharmaceuticals in conventional wastewater treatment plants serving heavily
populated urban areas and surrounding hospitals. These studies reveal a range of
pharmaceutical residues in influent and effluent streams, underscoring the limitations of

conventional treatment methods in completely removing these pollutants [65,66,67].

Monitoring results showed that conventional biological treatment techniques accomplished
total or partial elimination for only roughly 50% of the detected pharmaceutical chemicals. The
remaining half persisted throughout the treatment process, demonstrating insufficient removal
and highlighting the ineffectiveness of conventional techniques for these recalcitrant
contaminants [68]. Indeed, most pharmaceutical compounds possess low hydrophobicity, high
water solubility, and typically carry a negative charge at neutral pH, resulting in minimal
adsorption onto biological sludge. Because these characteristics hinder their removal by
traditional treatment systems, significant attention has shifted toward advancing alternative,
high-efficiency treatment technologies designed to fully eliminate such emerging contaminants
[69]. In summary, wastewater treatment plants play a critical role within urban infrastructure,
acting as the primary barrier for treating contaminated water. Conventional pollutants tend to
be larger molecules and are typically more biodegradable, allowing them to be effectively
removed through standard treatment stages. In contrast, emerging contaminants occur at much
lower concentrations and often display strong resistance to these traditional processes [70].
This limitation highlights the importance of integrating advanced oxidation processes with

existing WWTP systems to achieve comprehensive elimination of all pollutants.

2.3.2 Advanced oxidation processes for wastewater treatment

The persistence of hazardous and recalcitrant pollutants, even at trace concentrations, renders
conventional treatment methods largely ineffective [71]. Over recent decades, various
alternative strategies have been explored to address pollution caused by these resilient
compounds. Among them, advanced oxidation processes (AOPs) have proven to be highly
efficient and environmentally friendly approaches for degrading a broad range of organic

contaminants in wastewater. AOPs are commonly employed to enhance biodegradability,
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reduce overall organic content, and dismantle specific pollutant structures. These processes
operate through the generation of reactive oxygen species (ROS), which oxidise contaminants
and ultimately convert them into carbon dioxide (CO:) and water. The hydroxyl radical (*OH),
a primary ROS produced in AOPs, reacts rapidly and non-selectively, effectively eliminating a
wide spectrum of pollutants [72]. Other reactive species, such as the sulfate radical (¢SO4),
have gained considerable attention as potential alternatives in advanced oxidation processes
due to their effectiveness over a broad pH range (2.0-8.0), high oxidation potential (2.5-3.1
V), and relatively long half-life (30—40 ps) [68].

2.3.2.1 Catalytic advanced oxidation processes

Catalytic advanced oxidation processes (CAOPs) have become a strong and efficient option for
removing both newly discovered and persistent pollutants from wastewater [73]. In these
systems, oxidants like hydrogen peroxide, ozone, persulfate, and peroxymonosulfate are
activated by catalysts like metal oxides, doped semiconductor materials, carbon-based
structures, and hybrid nanocomposites to produce reactive oxygen species that can degrade
persistent organic pollutants. By stimulating both radical and non-radical oxidation
mechanisms, cAOPs deliver faster degradation rates, increased mineralisation, and greater
operational stability than conventional AOPs[74]. Their adaptability also facilitates integration
with membrane filtration, photocatalysis, and adsorption processes, thereby enhancing overall
efficiency. cAOPs are becoming recognised as sustainable, scalable, and cutting-edge
technology for contemporary wastewater as industrial growth contributes to water pollution
and increases the presence of pharmaceuticals, hormones, and other emerging
contaminants[75]. To improve the production of *OH radicals, various catalysts have been
incorporated into pollutant treatment systems. Among catalytic AOPs, homogeneous photo-
Fenton reactions and heterogeneous photocatalytic processes are the most widely studied and

applied approaches [76].

Homogeneous photo-Fenton process: Fenton-based technologies rely on the reaction
between Fe?* and H20: to produce *OH radicals, typically under acidic conditions. In the photo-
Fenton process, exposure to UV or visible light accelerates the direct generation of *«OH
radicals and facilitates the regeneration of Fe** from Fe*" (Eqgs. 2.1— 2.4). This leads to the
formation of additional *OH species and an increase in Fe*" concentration, thereby improving
the overall oxidation efficiency. Consequently, these methods can achieve complete

mineralisation of pharmaceutical contaminants [68].
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Fe?* + H,0, — Fe3* + « OH + OH™ 2.1)

Fe3* + H,0, — Fe?*HO} + H* 2.2)
Fe(OH)?* + hv — Fe?* + « OH (2.3)
H,0, + hv — 2(s OH) 2.4)

Heterogeneous photocatalysis process: This process can operate under UV or visible light,

as well as natural solar irradiation. Upon illumination, a series of redox reactions are initiated
on the surface of the photocatalyst, leading to the degradation of persistent pollutants [77].
Among advanced oxidation methods, heterogeneous photocatalysis is currently regarded as
one of the most promising and environmentally friendly technologies for wastewater treatment
[78]. Numerous studies have highlighted the effectiveness of advanced oxidation processes
(AOPs) in treating wastewater and eliminating a wide range of emerging contaminants. The
incorporation of catalysts such as TiO: is particularly important in these systems. In
photocatalysis, TiO; significantly enhances reaction performance by facilitating the generation
of reactive species, especially hydroxyl radicals under UV irradiation, which subsequently
degrade pollutants. Its use not only accelerates contaminant removal but also provides
environmental and economic advantages by lowering energy demands and operational costs
[79]. In photo-Fenton processes, TiO2 also plays a critical role, acting as a photocatalyst within
the modified Fenton system that employs iron ions and hydrogen peroxide under UV or visible
light. Overall, the presence of TiO; is indispensable due to its catalytic efficiency and its
contribution to improved treatment outcomes.

2.3.3 Advanced oxidation processes limitations

Advanced oxidation processes (AOPs) are highly effective for degrading a wide range of

persistent contaminants; however, several limitations hinder their widespread industrial

application [80]. Many AOPs require significant energy input, especially those that rely on UV
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irradiation, resulting in high operational costs. Processes such as Fenton and photo-Fenton are
strongly pH-dependent and typically require acidic conditions, making pH adjustment
necessary and adding complexity to treatment [42]. Additional challenges include catalyst
deactivation, sludge generation, difficulties in catalyst recovery, and the formation of
potentially harmful intermediate by-products [76]. Furthermore, real wastewater matrices
containing inorganic ions, natural organic matter, or high turbidity can suppress radical
formation and decrease treatment efficiency. Despite these drawbacks, AOPs have progressed
into promising technologies capable of removing a broad spectrum of organic pollutants
without generating secondary pollution [81]. They can be classified into two main categories:
homogeneous and heterogeneous systems, each employing different activation pathways

Figure 2.2.

As AOPs continue to advance, evaluating their economic and energy performance has become
essential. Costs vary widely depending on the type of process, catalyst, oxidant, and equipment
requirements, which is particularly important when considering full-scale implementation [82].
Improving energy efficiency is also critical for identifying sustainable treatment strategies.
Integrating renewable and environmentally friendly energy sources such as solar, wind, and
hydropower can significantly reduce both operational costs and environmental impact. Solar
energy, for example, can directly power photocatalytic systems, reducing dependence on
conventional electricity, while wind and hydropower can support other energy-intensive AOP

configurations [80, 81].

Overall, the performance of AOPs is influenced by operational conditions, chemical
consumption, and energy requirements. To address these challenges, combined or hybrid AOPs
have been widely investigated and shown to enhance treatment efficiency while reducing
drawbacks associated with single processes. Continued research is therefore needed to develop
greener, simpler, and more cost-effective catalysts, as well as more sustainable treatment
configurations. Among the various AOPs, heterogeneous photocatalysis remains one of the
most promising technologies, particularly for the degradation of pharmaceutical compounds,
due to its high efficiency, low secondary pollution, and strong potential for integration with

renewable energy sources.
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Figure 2.2 Schematic overview of the most used treatments based on AOPs.

2.4 Photocatalytic oxidation processes

In recent years, heterogeneous photocatalysis has gained significant attention as a promising
approach to address water pollution. When applied in water treatment plants, this technology
can effectively break down persistent organic pollutants into more biodegradable and less toxic
compounds. The process relies on the synergistic action of light energy and semiconductor
photocatalysts to degrade contaminants. Additionally, photocatalysis is recognised as an
efficient, cost-effective, and environmentally friendly method, particularly using visible or
solar light. Owing to these advantages, it has become a key technology within advanced
oxidation processes (AOPs) for the removal of pharmaceuticals, dyes, pesticides, and other

emerging contaminants [13, 32, 67].

2.4.1 Principle

The fundamental mechanism of semiconductor-based heterogeneous photocatalysis begins
when the photocatalyst is exposed to light with a wavelength equal to or greater than its band
gap, as illustrated in Figure 2.3. The absorbed photons excite electrons (e) from the valence
band to the conduction band, leaving behind positive holes (h*) in the valence band. These

photogenerated holes can oxidise water or hydroxide ions adsorbed on the catalyst surface to
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produce highly reactive hydroxyl radicals (*OH). Simultaneously, the excited electrons reduce
dissolved oxygen molecules to form superoxide radical (*O2"). Both *OH radicals and *O.~
radicals are powerful oxidising agents capable of attacking and breaking down a wide range of

organic pollutants present in wastewater, including pharmaceuticals, dyes, and other persistent

contaminants.
Reduction
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Figure 2.3 The fundamental process through which photocatalysis degrades pollutants [68]

The radicals react with the pollutants by abstracting electrons, breaking chemical bonds, and
ultimately converting them into harmless end products such as carbon dioxide (CO.), water
(H20), and mineral acids. This sequence of reactions, light absorption, electron-hole generation,
radical formation, and pollutant degradation, forms the core of photocatalytic wastewater
treatment, making it an effective method for removing recalcitrant and toxic compounds from
water [25]. The detailed reactions are typically represented by Eqs (2.5-2.10), which illustrate

the specific pathways for radical generation and contaminant mineralisation.

Photocatalyst + hv — e~ + h* (2.5)
e”+0, 50, (2.6)
h* +H,0 -« OH+H™ 2.7)
¢ 0?" + e  +2H" - H,0, (2.8)
H,0, + e~ -« 0OH+ OH™ (2.9)
e OH + organic pollutant + intermediates — CO, + H,0 (2.10)
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2.4.2 Parameters affecting the mechanism of photocatalysis

The conditions required to achieve high photocatalytic removal efficiency can vary widely and
are influenced by several key factors, including the type of semiconductor used, the pH of the
solution, the characteristics of the light source, and the ratio of catalyst to pollutants. Each of
these parameters plays a critical role in determining the overall performance of the

photocatalytic process [82].

2.4.2.1 Semiconductor

In photocatalytic wastewater treatment, the choice of catalyst material is one of the most critical
factors determining the efficiency of contaminant removal. A suitable photocatalyst must have
an appropriate band gap that allows it to absorb light energy and generate electron-hole pairs.
These photogenerated electrons and holes then react with water and oxygen to produce highly
reactive species such as hydroxyl radicals (*OH) and superoxide radicals (*O2"), which can
break down a wide range of organic pollutants, including pharmaceuticals, dyes, and other
emerging contaminants [39]. The photocatalyst must also maintain chemical and
photochemical stability in aqueous conditions, since wastewater contains various dissolved
ions and molecules that can deactivate or degrade the catalyst. Strong adsorption capacity is
important because pollutants must first attach to the catalyst surface to be effectively degraded.
Additionally, a high quantum yield, the efficiency of converting absorbed light into reactive

species, is desirable for faster and more complete degradation [83].

To make the process sustainable and cost-effective, the photocatalyst should absorb as much
of the visible light spectrum as possible, since sunlight is an abundant and free energy source.
Most traditional catalysts, like pure TiO2, primarily absorb ultraviolet (UV) light, which makes
up less than 5% of sunlight. Modifying the catalyst to extend its light absorption into the visible
range can greatly enhance its performance under natural sunlight, reducing the need for

artificial light sources and lowering operational costs [84].

In short, an ideal photocatalyst for wastewater treatment should be stable, efficient, capable of
pollutant adsorption, and able to utilise sunlight effectively to generate reactive species that

degrade contaminants into harmless products.

Titanium dioxide (TiOy) is a widely used semiconductor for heterogeneous photocatalysis due
to its chemical stability, low toxicity, and high oxidation efficiency, enabling the mineralisation

of a broad range of organic contaminants, including pharmaceuticals. However, its practical
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application under visible light is limited by the rapid recombination of photogenerated electron-
hole pairs and its wide band gap of 3.2 eV. TiO; primarily absorbs ultraviolet (UV) light, which
constitutes less than 5% of the total solar spectrum. Consequently, numerous studies have
focused on modifying TiO> to suppress electron-hole recombination and extend its light

absorption into the visible region, enhancing its photocatalytic performance under sunlight [92].

2.4.2.2 pH

The efficiency of photochemical reactions is strongly influenced by solution pH, which affects
both the surface charge and the oxidation potential of the photocatalyst. Additionally, pH
affects the formation of *OH radicals through the interaction of photogenerated holes with
surface hydroxide ions on titanium dioxide. At acidic conditions, the photogenerated holes
serve as the primary oxidising species, whereas at neutral or alkaline pH *OH radicals become
the dominant reactive oxygen species [86]. Recent studies have highlighted the significant role
of pH in controlling the photocatalytic performance of TiO2-based systems. The effect of the
initial solution pH on the photocatalytic degradation of paracetamol was investigated over a
pH range of 2.5-10 using TiOz as the photocatalyst. The highest photodegradation was
observed at pH 8, which is attributed to the abundance of hydroxyl radicals on the TiO> surface.
However, the degradation rate decreased at a more alkaline pH of 10. This reduction is due to
electrostatic repulsion between paracetamol, which exists predominantly in its anionic form at
this pH (pKa = 9.5), and the negatively charged TiO; surface, leading to reduced adsorption

and lower degradation efficiency [87].

2.4.2.3 Light intensity

The light source plays a crucial role in photocatalytic processes because it drives the generation
of electron-hole pairs in the semiconductor. When the semiconductor absorbs light of a suitable
wavelength, electrons are excited from the valence band to the conduction band, leaving behind
positively charged holes [88]. These photogenerated electrons and holes then react with water
and oxygen molecules to produce reactive oxygen species (ROS), such as hydroxyl radicals
and superoxide anions, which are responsible for breaking down contaminants. The intensity
of the light directly affects the number of electron-hole pairs generated; higher light intensity
produces more charge carriers, leading to increased ROS formation and improved degradation
of pollutants. Therefore, both the wavelength and intensity of the light are critical parameters

for achieving optimal photocatalytic performance [89].
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2.4.2.4 Catalyst/ Pollutant ratio

The initial concentration of contaminants significantly influences the removal kinetics, in
addition to the optimal catalyst loading. At optimal catalyst dosing and low pollutant
concentrations, enough radicals ensure complete mineralisation of organic compounds.
However, when the pollutant concentration exceeds the optimal level, the limited availability
of *OH radicals leads to incomplete removal. Excess reactant molecules adsorbed on the
catalyst surface can hinder light absorption and reduce *OH radical generation, as fewer active
sites are available for hydroxyl ion adsorption. Therefore, maintaining an appropriate catalyst-

to-pollutant ratio is essential for achieving optimal degradation efficiency [90].

2.4.2.5 Other parameters

The performance of TiO;-based photocatalysis is influenced by several key factors. For
instance, solutions with high ionic strength can reduce photocatalytic efficiency, as the
abundance of ions competes with pollutants for active sites on the TiO> surface. Similarly,
natural organic matter in water can lower efficiency by occupying adsorption sites and, in some
cases, acting as scavengers for the reactive species generated during photocatalysis. Conversely,
higher temperatures generally enhance photocatalytic activity by increasing molecular kinetic
energy and accelerating reaction rates. However, the effect of temperature is context-dependent,
varying according to the specific reaction and catalyst type. Extremely high or low
temperatures may also compromise the stability of the catalyst, potentially diminishing the

overall effectiveness of the process [81].

2.5 Latest development in TiO2xbased photocatalysts for antibiotic degradation

In the last five years, notable advancements have been achieved in engineering and refining
TiO2«-based photocatalysts, spanning from basic doping approaches to sophisticated
hierarchical ternary heterojunction designs. Table 2.1 summarises major studies, detailing the
targeted antibiotics, photocatalyst formulations, synthesis techniques, and performance
indicators, thereby providing a basis for examining current trends and progress in this research
area. Various approaches have been explored, either to modify pristine TiO2 by introducing
oxygen vacancies (Oy) or to synthesise TiO2x directly from raw precursor materials.

The most frequently used techniques for producing TiO».x include annealing under reducing
conditions, chemical reduction, and solvothermal synthesis. Among these, annealing in
reducing oxygen-deficient atmospheres, such as N>, H», Ar, or vacuum, is widely employed to

introduce oxygen vacancies (Ov) [91]. This method is valued for its ability to yield high-purity
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TiO2.x with well-controlled stoichiometry. However, its major drawbacks are high energy

requirements and lengthy processing durations, which hinder large-scale applications.

A variety of modification strategies have been applied to TiO2.x to improve its photocatalytic
activity. Non-metal and metal doping enhances visible light absorption and charge transport
[92], while magnetic and plasmonic doping enable easy recovery and stronger visible light
activation. Composite and mineral-based TiO> systems provide synergistic improvements in
stability and reactivity. Quantum dots increase surface area and accelerate charge transfer, and
advance heterojunctions (S-scheme, Z-scheme, type-II, p-n-n), promoting efficient charge
separation [93]. Core- shell, hierarchical, graphene—based, and MOF—coupled structures
further enhance electron mobility and suppress recombination. Together, these approaches

significantly boost the overall photocatalytic efficiency of TiO2.
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Table 2.1: Overview of antibiotic photocatalytic degradation by TiO>-x based photocatalysts.

Antibiotic Concentration | Type of | Catalyst loading | SBET Degradation PFO k (min~ | Mineralisation | Reference
(mg L) photocatalyst | (mg L) (m? g) | (%)/time (min) | 'x10-3) (%)/ time (min)
Ciprofloxacin 10 TiO2x 30 - 90/90 23.00 - [94]
Amoxicillin 20 TiO2« 25 90.21 100/720 6.09 75/280 [95]
Ciprofloxacin 4.5 N-TiO2-x 100 100.56 | 70/90 13.20 61/90 [96]
Gatifloxacin 10 Au-TiO2x - - 95/150 20.10 66.7/150 [97]
Norfloxacin 30 Ti**TiO»- 30 103 40/30 33.50 61.15/30 [98]
/Ar-Fex O3
Sulfamethoxazole | 20 TiO2.x/Fe 40 52.22 90/60 36.00 53/120 [99]
Sulfathiazole 10 C-TiO2x 20 97 70/360 3.89 -/- [35]
Tetracycline 10 TiO2x 20 - 66.2/240 4.50 29.6/240 [24]
Tetracycline 10 Ag/La-TiO2x | 10 78.56 98/90 39.00 39/90 [100]
Tetracycline 10 TiO2x/Agl 30 - -/40 35.50 52.70/40 [101]
Tetracycline 15 TiO2x - - 91.52/360 6.79 53/360 [102]
Tetracycline 30 (QDs)TiOx- 100 193 100/30 11.60 72/30 [103]
xCuzMo0209

- Data not reported or not applicable

SgeT Specific surface area.

PFO k Pseudo-first-order rate constant.
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2.6 Knowledge gap and research opportunities

In municipal wastewater treatment plants (WWTPs), influent characteristics vary widely
depending on community lifestyle and fluctuate over time, resulting in non-uniform inputs that
complicate plant operation and compliance with stringent effluent standards [104]. Improper
operation can cause environmental and public health issues by discharging contaminated water.
At Kality WWTP, emerging contaminants remain largely unidentified and unquantified,
highlighting a critical knowledge gap. Predictive tools based on operational parameters could
improve plant performance and safety.

Despite considerable progress in TiO>-based advanced oxidation processes (AOPs), several
challenges hinder their practical application, particularly in real-world wastewater treatment.
A major limitation is the poor visible-light activity of TiO2 [105]. While modifications such as
metal-nonmetal doping, defect engineering, surface sensitisation, and composite formation
with carbon-based supports can enhance light absorption, controlling band-gap narrowing
without promoting electron—hole recombination or compromising stability remains difficult
[106]. Rapid recombination of photogenerated charge carriers reduces quantum yield and slows
reaction kinetics, while TiO>’s wide band gap (3.2 eV for anatase) restricts radical generation

to UV light, increasing energy consumption [107].

Existing studies on AOPs for emerging contaminant removal often fail to achieve complete
degradation in secondary effluents [108]. The efficiency of photocatalytic reactions depends
on electron—hole recombination rates and light absorption capacity, and hybrid systems (e.g.,
TiO2 + PMS) remain poorly understood in terms of radical generation, selectivity, reaction
kinetics, and interactions with pollutants in complex water matrices [109]. Real wastewater
adds further challenges, including salts, natural organic matter, and competing species, which
can inhibit radical production, cause catalyst fouling, or alter by-product formation as shown

in Figure 2.4.

Despite these advances, composite photocatalyst systems, such as KBN-TiO; integrated with
rGO-activated PMS, have been insufficiently studied, particularly regarding their effects on
treated water quality and by-product formation. Moreover, there is a lack of systematic research
on operational optimisation, long-term stability, pilot-scale performance, and environmental
risk assessment, all of which are essential for translating laboratory advances into real-world

applications [110].
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Overall, these gaps underscore the need for developing robust, visible-light-responsive TiO»-
based catalysts with controlled doping, defect engineering, and optimised morphology,
integrated with carbon-based supports or heterojunctions. Future research should include
mechanistic studies of hybrid AOPs, systematic evaluation of operational parameters, long-
term stability, catalyst recovery, by-product toxicity, and nanomaterial fate. Pilot-scale studies,
techno-economic analyses, and life-cycle assessments are also critical to enable safe, scalable,
and sustainable wastewater treatment solutions [68].
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Figure 2.4 Overview of the challenges and research gaps in the photocatalytic degradation of
antibiotics [58]
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Table 2.2: Research Gaps and Proposed Questions/Hypotheses in Advanced Oxidation
Processes Using Modified TiO».

No.

Research Question/hypothesis

Underlying rationale, current

gaps, and uncertainties

References

How do dopant level, dopant type,
and synthesis method influence
charge-

band-gap narrowing,

carrier behavior, and radical
generation under visible light?

How do interfacial interactions in
TiO» composites or

heterojunctions influence charge

Although doping improves visible-
light activity, comparative data on
dopant types, concentrations, and
their impacts on quantum yield and
radical generation remain scarce.

Although hybrids enhance charge
separation and light absorption,

mechanistic insights under realistic

separation,  adsorption, and light and water conditions remain
radical generation under limited and charge-transfer
visible/solar light? pathways are still unclear.

[115]

[111]
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How do TiO-PMS/PS AOPs
perform under visible/solar light,

and what mechanisms control the

degradation of  real-world
micropollutants?

How do real wastewater
conditions (salts, NOM, pH,

competing ions) affect modified
TiO, AOPs in terms of radical
yield, pollutant degradation, by-
products, and catalyst fouling?
Do modified TiO2-PS/PMS or
hybrid AOPs achieve full
mineralisation or only degrade
parent compounds, and what
intermediates form benign or
potentially more toxic?

How do pH, ions, hardness, and
NOM affect efficiency and radical
formation in modified TiO;
photocatalysis or AOPs?

How do co-existing contaminants

affect modified TiO2 AOP
efficiency, synergistically or
antagonistically?

Hybrid PS/PMS photocatalysis
produces strong radicals, but their
radical profiles, reaction kinetics,
and pollutant degradation pathways
remain unclear.

Most lab studies use clean water,
but real wastewater components
can suppress radicals, block active

sites, or scavenge reactive species,

factors rarely examined
systematically.
Many studies target pollutant

removal or decolourisation but
rarely assess intermediates or TOC,
leaving by-product risks largely

unexamined.

Water chemistry impacts radicals,
adsorption, and surface charge, but
is rarely studied systematically
under real conditions.

Real wastewater contains multiple
pollutants, where competition, site
blocking, or quenching can alter
degradation and

by-product

formation.

[74]

[89]

[112]

[86]

[85]
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CHAPTER THREE
Physicochemical Characterisation and Emerging Contaminant Analysis in

Wastewater: A Case Study from Kality Treatment Plant, Ethiopia
Abstract

Wastewater treatment plants are increasingly recognised as sources of emerging pollutants due
to the limitations of conventional treatment technologies. This study evaluated the
physicochemical characteristics of municipal wastewater and the treatment performance of the
Kality Municipal Wastewater Treatment Plant (KMWWTP) in Ethiopia, with a focus on
emerging contaminants. Influent and effluent samples were analysed for pH, BOD, COD, TSS,
VSS, TOC, total nitrogen, total phosphorus, phosphate, ammonium-N, nitrate, and selected
pharmaceutical compounds using APHA standard methods. Heavy metals in the effluent,
determined by ICP-MS, were Mn (0.63 + 0.03 mg L"), Fe (0.72 + 0.04 mg L'), Ni (0.02 +
0.0l mg L"), Cu (0.12+0.01 mg L"), Zn (0.17 £ 0.02 mg L), Cd (0.004 + 0.00 mg L),
Hg (0.030 £ 0.00 mg L"), Pb (0.073 £ 0.01 mg L), As (0.033 = 0.06 mg L!), Cr (0.011 +
0.01 mg L), and Se (0.072 £ 0.01 mg L"). Notably, Ni, Cd, Pb, and As increased after
treatment, while removal efficiencies for other metals ranged from 2% to 63%. Pharmaceuticals
quantified using LC-MS/MS included amoxicillin (2.54 ug L"), ciprofloxacin (2.43 pg L"),
carbamazepine (0.82 pug L), ibuprofen (8.21 ug L"), and caffeine (1.24 pg L™!). Overall,
KMWWTP only partially complies with the WHO and USEPA effluent standards, particularly

showing deficiencies in removing heavy metals, total phosphorus, and total nitrogen.

3.1 Introduction

Water is essential for the survival of all species and sustainable development, yet its availability
is increasingly limited. Industrialisation, urbanisation, socioeconomic growth, and other human
activities have led to declining water quality and contamination [1, 2]. Population growth and
climate change have further reduced freshwater resources, increasing the frequency and
severity of droughts over the past three decades. This trend is projected to continue, raising

global concern and posing serious environmental and economic challenges [3].

In recent decades, growing attention has focused on contaminants of emerging concern (CECs),
such as pharmaceuticals and personal care products (PPCPs), artificial sweeteners (ASs),
endocrine-disrupting chemicals (EDCs), flame retardants, fuel additives, and various industrial

organic products. This concern arises from their widespread occurrence and potential adverse
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health impacts [4]. CECs enter aquatic environments through municipal, hospital, or industrial
discharges, sewage leakage, and surface runoff from urban or agricultural areas [4, 5].
Wastewater treatment plants (WWTPs) are major sources, as CECs are detected in both influent
and effluent at concentrations ranging from ng L! to pg L'[5,9,10]. During treatment or in
natural systems, they may transform into by-products that are even more persistent or toxic
[10,11]. The limited removal efficiency of CECs in WWTPs poses a significant challenge to

the safe and sustainable reuse of wastewater, particularly for irrigation.

Conventional municipal wastewater treatment plants (MWWTPs) are not designed to
effectively remove emerging contaminants (ECs). Consequently, these pollutants are released
into the environment, exposing all living organisms to various risks such as bacterial resistance,
endocrine disruption, feminisation of aquatic organisms, neurotoxicity, and even carcinogenic
effects [9]. In Ethiopia, wastewater generation has increased due to rapid population growth,
unplanned urbanisation, inadequate sanitation infrastructure, and poorly regulated industrial
activities. Moreover, current environmental legislation does not specify permissible limits for
most ECs [10]. Consequently, many rivers and streams become highly polluted as they pass

through major urban areas and settlements [11].

The Kality WWTP, Ethiopia’s only and largest municipal wastewater treatment facility, treats
over 34 million m® of septic wastewater annually and discharges effluent into the Little Akaki
River, which supports downstream irrigation. Despite global concern over emerging
contaminants (ECs), little attention has been given to this issue in Ethiopia. To date, no studies
have reported on the occurrence of ECs in municipal wastewater entering or leaving the Kality
WWTP, and the plant’s performance regarding the removal of these contaminants remains
unexplored. Therefore, this study aimed (a) to evaluate the treatment performance of the Kality
MWWTP using main wastewater quality indicators, (b) to identify and quantify common
emerging pharmaceutical organic compounds, and (c) to generate baseline data for evaluating

the performance of the municipal wastewater treatment plants.

3.2 Materials and Methods

3.2.1 Study area and description of Kality WWTP
Kality WWTP receives 100,000 m*/d of MWW, serving only a portion of Addis Ababa city.
The facility consists of a grit chamber, UASB, trickling filters, and a secondary settling tank.
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A schematic diagram of the facility (treatment plant) and the sampling points is shown in Figure

3.1.
100,000 m*/d [n‘!l . T m— . l T
- ¢ BN Coarse Perforated Aerated Grit & Trickling ___
Chamber Screen Band Screen Grease — Filters
Removal System % o
k| z0
Excess Sludge | 2 El
9 @
, Treated Water Chlorination & ok Secondary |,
>| Sewerage Dechlorination System | ¢ Clarifier
——>| Garbage
Latrine Wat Percolated water
= Gases * Influent sample point S;:]nifati:ner mmmmmd  Dry Bed
** Effluent sample point
Sludge

Figure 3.1 Schematic diagram of the Kality municipal WWTP.
3.2.2 Chemicals and Standards

LC-MS grade acetonitrile, methanol, and formic acid 98% were supplied from Merech
(Darmstadt, Germany). Glass microfiber 47 mm GF/D (2.7um) and 0.45um were purchased
from Neway PLC laboratory suppliers in Ethiopia. Caffeine > 99.5 %, pharmaceutical
standards such as ciprofloxacin, amoxicillin, carbamazepine, diclofenac, and ibuprofen, purity
> 98% were obtained from Ethio pharma Share Company, Ethiopia. Ultrapure water and
analytical grade reagents were used. Individual standards 30 mg L~' were prepared in
appropriate solvents and diluted to a mixed stock (10 mg L) with 1:1 methanol/ water (v/v),

stored at +4°C in the dark.

3.2.3 Sample collection and preparation

Four 24-hour composite samples were collected weekly from November 16 to December 9,
2023, at the Kality municipal WWTP from two sampling points: the influent (inlet to the coarse
screen) and the effluent (outlet from the secondary clarifier). Figure 3.1. Samples were
collected in 1-L glass bottles pre-rinsed with methanol and rinsed with distilled water. All
samples were stored at 4 °C until preparation and extraction. Sample preparation and extraction
were completed within 24 hours, following established procedures and standards as described

elsewhere [113].

31



3.2.4 Physicochemical analysis

The physicochemical analysis included pH, electrical conductivity (EC), total suspended solids
(TSS), volatile suspended solids (VSS), total Kjeldahl nitrogen, total phosphorus, total organic
carbon, biological oxygen demand, and chemical oxygen demand (COD). The pH and EC of
the wastewater samples were measured on-site using a portable pH and EC digital measuring
instrument. Other measurements were conducted using conventional techniques as per APHA
1999. COD levels were determined using a WTW brand spectrophotometer and ready kits [114].

Table 3.1 summaries the methods/ instruments used.

3.2.5 Heavy Metal Analysis

Samples were analysed using a PerkinElmer Optima 800 ICP-OES (PerkinElmer, USA) with
radial plasma observation. A Spectro Arcos optical emission spectrometer (32 CCD detectors)
measured elements across 130-770 nm. The samples were nebulised into an argon plasma, and
emitted intensities were used to determine concentrations from linear calibration curves (R>
>0.998). Optimal digestion was achieved using 50 mL of water, 4 mL of HNO3, and 1 mL of
HCl at 250 °C for three hours. Limits of detection (LOD) were determined from three digested
blanks. Analysed elements included Mn, Fe, Ni, Cu, Zn, Cd, Hg, Pb, As, Cr, and Se, with
standard concentrations ranging from 1.4 to 4 mg L™'. Removal efficiency was evaluated using
Equation (3.1) [115].

Removal Efficiency (%) = C‘JC—;Cf %100 3.1)

where Co = mean concentration of heavy metal in influent, Ct = mean concentration of heavy

metal in effluent.
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Table 3.1: Instruments/methods used for the determination of Physicochemical Parameters.

No. Parameters Abbreviations Method of Analysis

1 pH Digital Multi-parameter Analyser

2 Chemical Oxygen Demand COD spectrophotometer/open reflux

3 Biological Oxygen Demand BOD 5-day method/ BOD Sensor

4 Volatile suspended solids VSS Gravimetric Method

5 Total Suspended Solids TSS Gravimetric Method

6 Electrical Conductivity EC Direct measurement by digital
benchtop

7 Total Kjeldahl nitrogen TN 4500-N(Org) C. Semi-Micro-
Kjeldahl

8 Total Phosphorous TP APHA4500-P.C colorimetric

9 Heavy Metals HMs Acid digestion + ICP-OES

10 Total Organic Carbon TOC Shimadzu TOC-LCSH analyser

(Kyoto, Japan)

3.2.6 Solid Phase Extraction of Emerging Contaminants

Solid phase extraction (SPE) was performed with Oasis hydrophilic-lipophilic balance (HLB)
cartridges (6 mL, 200 mg). The four phases of the SPE method were conditioning, loading,
washing, and elution. Cartridges were preconditioned with methanol, followed by ultrapure
water, and then loaded at a flow rate of approximately 10 mL min~! using an SPE vacuum
manifold (Supelco, Bellefonte, PA, USA) and dried in a vacuum for 5 minutes. After drying,
the cartridges were cleaned with ultrapure water and further dried under vacuum for 10 minutes
before elution. All eluted extracts were evaporated in a stream of nitrogen at 40 °C and
reconstituted with 1 mL of H2O/ACN 80/20 (v/v), followed by filtration through a 0.2 pym

cellulose acetate syringe filter before injection into the LC-MS/MS apparatus.

3.2.6.1 LC-MS/MS analysis of selected emerging organic contaminants

Pharmaceuticals were analysed using liquid chromatography coupled with a triple quadrupole
mass spectrometer (LC-MS/MS) (Xevo TQS, Acquity H-Class, Waters, and Milford, CT, USA).
Chromatographic separation was performed on a CORTECS T3 column (100 mm 2.1 mm,
particle size 1.6 mm, Waters). Based on optimised conditions from previous studies [116], the

mobile phase consisted of 0.1% formic acid in water (A) and 0.1 % formic acid in acetonitrile
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(B). Gradient elution started at 95% A and 5% B, reaching 60% B in 7 min, 50% B in 12 min,
and 100% B at 15 min, held for 3 min, then re-equilibrated to initial conditions for 5 min. The
flow rate of 0.3 mL min™! with a 5 pL injected volume. Most analytes were detected in positive
electrospray ionisation (ESI") mode. The dissolution temperature was 350 °C, with desolation
gas flow and cone gas flows of 900 and 150 L h™!, respectively. Data acquisition and processing

were performed using MassLynx v4.1 [117].

3.2.6.2 Quality assurance
Calibration was performed using five calibration points in MeOH: Milli-Q® water (10:90, v/v)

with an Internal standard mixture (ISM) at 0.25 ug L' across a concentration range of 0.01 -1
ng pL!. Pharmaceutical recoveries were evaluated by spiking wastewater samples at 4 pg L!
with a mixture of target analytes. Five pharmaceutical internal standards were used for
extraction and analytical control, while external calibration provided enhanced responses for
specific compounds. The instrumental detection limit (IDL) was defined as the lowest amount
of analyte concentration yielding a single - to - noise (S/N) ratio of 3. The method detection
limit (MDL) and limit of quantification (LOQ) were determined using spiked wastewater
samples (4 ug L) corresponding to S/N ratios of 3 and 10, respectively. Method precision was
evaluated from the intra-day assays expressed as relative standard deviation (% RSD) based on
five replicate injections of 0.1 ng pL™!' standards. Matrix effects (ME) were calculated from
signal area ratios in spiked wastewater using Equation (2); ME values of 100 %, > 100%, and
< 100% indicate no effect, ion enhancement, and ion suppression [118].

ME(%) = == * 100 (3.2)
where A4 represents the peak area of each analyte in spiked wastewater samples, B represents
the peak area of each analyte in non-spiked wastewater, and C represents the peak area of each
analyte in the standard solution. The calculated matrix effect (ME) values, along with other

quality assurance parameters, such as recovery precision, IDL, MDL, and LOQ, are

summarised in Table 3.2.
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Table 3.2: Quality parameters obtained for six selected pharmaceutical compounds.

Compounds Linearity IDL  Intra day % MDL LOQ Matrix
(ugL™) R’ (pg) Precision RERSD (ngl- (ngL- Effect
(%) (ww) . . (%)

Amoxicillin 10-1000 0.9982 2.82 12 101+4 8 14 98
Ciprofloxacin ~ 10-1000 0.9985 1.58 12 78+12 15 54 55
Carbamazepine 10-1000 0.9925 0.68 5 118+11 2 9 85
Caffeine 10-1000 0.9924 1.11 11 52+4 9 19 78
Ibuprofen 10-1000 0.9971 2.08 2 100+7 13 48 121
Diclofenac 10-1000 0.9954 2.26 2 73+11 2 4 154

R?: coefficient of determination, IDL: instrumental detection limit, RSD: relative standard

deviation, MDL: method detection limit, ME: matrix effect, LOQ: limit of quantification

3.2.7 Statistical Analysis

All analyses were performed in triplicate, and the mean and standard deviation values were
used to calculate the final concentrations of each element. Correlations among EC
concentrations were evaluated using linear statistical analysis in Microsoft® Office Excel,
expressed as Pearson or Spearman correlation coefficients as appropriate. Graphical

illustrations were generated using Microsoft Excel and SPSS software.

3.3 Results and discussion

3.3.1 Investigation of physicochemical variables

3.3.1.1 pH and total suspended solids (TSS)

The pH of wastewater is a critical factor in treatment, as it influences biological activity and
treatability [119]. Controlling pH is important to reduce contaminants and ensure effluent
safety for the environment and public health [120]. In this study, the average pH of Kality
municipal WWTP influent and effluent was 7.6 = 0.2 and 8.3 £ 0.5, respectively, both within
WHO and USEPA permissible limits (Table 3). Similarly, studies in Cape Town, South Africa,
and Delhi, India, reported pH values of influent and effluent within recommended discharge
limits, ranging from slightly acidic to alkaline conditions, highlighting comparable

physicochemical characteristics across different wastewater treatment systems [112, 121].

Total suspended solids represent the dry weight of material retained on a standard filter from a

measured water volume, including both organic and inorganic solids, expressed in mg L.
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Samples are dried at 105 °C to remove liquid and absorbed moisture, and the mass difference
reflects the suspended solids. In this study, the treatment process reduced TSS from 280 + 61.3
mg L' in the influent to 29 + 5.3 mg L~! in the effluent (Table 3.3 and Figure 3.2),

corresponding to an overall removal efficiency of 89.6%.

3.3.1.2 BOD and COD analysis

Biological oxygen demand (BOD) represents the amount of oxygen required by
microorganisms to decompose organic matter under aerobic conditions. It is determined by
measuring the remaining oxygen dissolved over time [122]. Typically, 95-99% of organic
matter is oxidised within 20 days, while approximately 70% is degraded during the first 5 days
(BODs) [114]. As shown in Table 3. 3 and Figure 3.2, the wastewater treatment processes were
highly efficient in reducing BOD, from 410 +21.6 mg L', in influent wastewater to 23.5 + 6.0
mg L' in effluent. This meets WHO and US EPA guidelines, which recommend BOD levels
below 30 mg L~'. Overall, the BOD removal efficiency was 94.4%.

Chemical oxygen demand (COD) measures the oxygen required to chemically oxidise organic
materials in a sample [123]. COD analysis revealed a reduction from 896.5 + 102.5 mg L™ in
influent to 88.3 + 12.5 mg L' in effluent, corresponding to a 90.2 % removal efficiency. While
COD removed at the Kality municipal WWTP is below the US EPA discharge limit, the

treatment effectively reduces most organic pollutants, as shown in Table 3.3 and Figure 3.2

3.3.1.3 Nitrate and Electrical Conductivity

Nitrate is the final product of aerobic nitrogen compound stabilisation and is believed to be the
most stable oxygen-containing chemical in water [114]. Surface water nitrate primarily
originates from large discharges of sewage and wastewater, which exceed groundwater
concentrations [120]. In this study, nitrate levels decreased during treatment Table 3.3, but
remained above WHO and US EPA standards, with a removal efficiency of 72.5% at the Kality
municipal WWTP. Wastewater conductivity was high in both influent (949.5 = 52.4 ps cm™)
and effluent (1044 + 25 ps cm™), Table 2.3, reflecting elevated ionic concentrations and
turbidity. The effluent slightly exceeded the WHO guideline, like higher values reported in
Uganda (1021.17 ps cm™') [123]. High conductivity in treated sewage likely results from
residual dissolved ions, indicating limited removal efficiency of inorganic compounds and

heavy metals during treatment [124,26].
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Table 3.3: Physicochemical characterisation of wastewater sample from Kality MWWTP.

Experimental Values Permissible limits

Parameters Influent Effluent RE (%) WHO (2006) USEPA (2012)
pH 7.6 +0.2 83+0.5 - 6.5-8.5 6-9
COD 896.5+102.5 883=+13 90.2 - 79
BODs 410+ 21.6 23.5+6.0 94.4 30 30
VSS 2448 £74.77  23.5+£5.2 90.6 - 30
TSS 280+ 61.3 29+£53 89.6 30 30
EC 949.5 +£52.4 1044 + 25 - - 1000
TN 55.6+01.7 513+ 1.8 7.7 15 10
TP 7.63 +£0.62 7.23+£0.6 5.2 2 1
TOC 430.3 £30.7 76.3+18 82.3 30 100
NH} — N 25.06 +2.7 36.8+6.5 - 0.5 0.2-4
NO; — N 40.21 £3.1 11.57+£2.5 72.5 9 3-10
PO;3 —P 1447+2.4 85+1.2 42.8 5 2

All values presented mean (n=3) £ SD in mg L~ except electrical conductivity (us cm™), n-

replicate experiments, RE, Removal Efficiency

3.3.1.4 Analysis of Total Phosphorus, Nitrogen, and Carbon

Phosphorus is a key constituent in wastewater effluents, and its monitoring is essential as
discharge limits become increasingly stringent [125]. In this study, the mean total phosphorus
(TP) concentration exceeded the permissible limits set by WHO and USEPA (Table 2.3),
suggesting that conventional biological treatment at KMWWTP is ineffective, possibly due to
the limited phosphorus uptake of microbial biomass [126]. Effluent TP standards depend on
site sensitivity; for instance, the EU specifies 2 mg L for plants serving 10,000 -100,000
population equivalent (PE) and 1 mg L for larger facilities, with at least 80% removal
efficiency [125]. Recent studies [127] indicate that such stringent standards are promoting the

adoption of advanced phosphorus removal technologies.

Similarly, total nitrogen (TN) concentrations exceeded WHO and USEPA limits, decreasing
marginally from 55.6 + 1.7 mg L~! in influent to 51.3 + 1.8 mg L! in effluent, indicating poor
nitrogen removal efficiency. Elevated TN, composed of organic, ammonium, and nitrate forms,
contributes to eutrophication and water quality degradation[128,31]. Total organic carbon

(TOC) results also indicated persistent organic pollution after treatment.
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Figure 3.2 Physicochemical characterisation of Kality Municipal WWTP.

3.3.1.5 Heavy Metal Levels in Influent and Effluent Samples

Table 3. 4 and Figure 3. 3 present the concentrations of selected heavy metals (Mn, Fe, Ni, Cu,
Zn, Cd, Hg, Pb, As, Cr, and Se) detected in both influent and effluent samples. The average
concentrations in influent ranged from 0.002 to 1.95 mg L', while effluent values varied
between 0.004 to 0.72 mg L~'. Except for iron and zinc, all heavy metals exceeded the
maximum permissible limits recommended by the WHO and the USEPA. Although wastewater
treatment is designed to reduce metal concentrations, metals such as Ni, Cd, Pb, and As can
appear higher in the effluent in the influent. This is primarily due to desorption from sludge
particles, transformation into more soluble chemical forms, and corrosion of system
components, all of which release additional metals into the water. Such increases do not
necessarily indicate treatment failure but reflect the dynamic behavior of metals within the
system, highlighting the need to consider both chemical transformations and operational factors
when evaluating treatment efficiency. Arsenic, which occurs in both organic and inorganic

forms, is particularly difficult to remove and often accumulates in treatment plants [129].

Among the analysed metals, Fe was the most abundant, with mean concentrations of 1.95 mg
L~!in influent and 0.72 mg L~! in effluent- below the USEPA effluent limit (1.03 mg L), but

higher than the surface water guideline (0.07 - 0.3 mg L™!). Similar findings were reported by
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Agoro et al. [115] in South Africa and Bahiru [130] in central Ethiopia. Elevated Fe levels may
cause soil acidification and nutrient depletion, while excessive human intake can lead to tissue

damage, anaemia, and neurological effects [131].

The mean Pb and As concentrations in influent and effluent were 0.065 — 0.073 mg L~! and
0.025 - 0.033 mg L, respectively, both exceeding WHO (0.01 mg L") and USEPA (0.015 mg
L) limits. These values were also higher than those reported in Kenya (0.0153 mg L") [132].
Lead and arsenic are highly toxic, causing neurological, metabolic, and carcinogenic effects
even at trace levels. Other significant metals included Zn and Ni, with influent and effluent
concentrations of 0.40 — 0.17 mg L~ and 0.01 — 0.02 mg L', respectively. Ni levels exceeded
standard limits, whereas Zn remained below threshold values. Nonetheless, both can
bioaccumulate and pose ecological and health risks- Ni being linked to dermatitis, organ

damage, and cancers, and Zn toxicity affecting aquatic organisms [133,135].

Overall, the results highlight the inefficiency of the treatment system in fully removing heavy
metals and underscore the need for strict discharge control, regular monitoring, and improved

treatment processes to mitigate potential environmental and health impacts.

Table 3.4: Heavy metal analysis and percentage removal from the Kality Municipal WWTP.

Heavy Heavy metals Concentration (mg L) (n=3)
metals Influent Effluent % RE WHO USEPA [141]
Limit[134]

Mn 0.640 + 0.08 0.630 £ 0.03 2 0.4 0.05
Fe 1.950 £ 0.02 0.720 £ 0.04 63 2 1.03
Ni 0.010 £ 0.06 0.020 £0.01 - 0.02 0.013
Cu 0.130 £0.03 0.120£0.01 8 0.25 0.2
Zn 0.400 £ 0.07 0.170 £0.02 56 3.00 2.00
Cd <0.002 0.004 +0.00 - 0.003 0.005
Hg 0.032 +0.02 0.030 £0.01 6 0.001 0.003
Pb 0.065 £0.01 0.073 £0.01 - 0.05 0.015
As 0.025 £0.02 0.033 £0.01 - - 0.05
Cr 0.019£0.012 0.011 £0.01 42 0.05 0.01
Se 0.085 +0.06 0.072 £0.01 15 0.01 0.02
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All values presented mean (n=3) + SD in mg L~ except removal percentage, n-replicate

experiments, RE, Removal Efficiency
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Figure 3.3 Selected heavy metals analysis from Kality MWWTP.

3.3.2 Analysis of Emerging Contaminants

3.3.2.1 Identification of Emerging Contaminants from KMWWTP

Emerging contaminants (ECs) in Kality Municipal WWTP were identified using mass
spectrometry (MS) by detecting specific mass — to — charge (m/z) values of targeted compounds:
amoxicillin (m/z 377), ciprofloxacin (m/z 33), carbamazepine (m/z 231), caffeine (m/z 149),

ibuprofen (m/z 209), diclofenac (m/z 305), and tetracycline (m/z 409) Figure 3.4. The mass

spectra of influent and effluent samples were nearly identical Figure 4b,4d; Table S1, figure S3,

indicating that the WWTP was largely ineffective at removing ECs, consistent with reports that

conventional treatment plants poorly remove persistent pollutants like carbamazepine and

ciprofloxacin [137,138]. Other detected compounds included acetaminophen (m/z 117),

metoprolol (m/z 158), sulfamethoxazole (m/z 247), phenol (m/z 133), and clozapine (m/z 177),

with caffeine (m/z 149) being the most abundant.
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Figure 3.4 LC-MS/MS analysis (a, ¢) Standard solution of each 10mg L' amoxicillin,
ciprofloxacin, and tetracycline, (b) influent; (d) effluent from Kality municipal wastewater. LC-
MS Conditions: ESI (+/-), Source Tem: 150, Capillary voltage: 4 kV, Cone Voltage: 40V, Mass
range: 50-500, Column: BEH 2.1(2.7X50mm 1.8um), Column Tem: 40, Flow:0.2mL/min
mobile phase: 0.1% formic acid: MeOH (2:8) for amoxicillin, 70% is 1% formic acid 30% of

acetonitrile for others.

3.3.2.2 Quantification of Selected Organic Pharmaceutical Compounds

The average concentrations of pharmaceutical compounds in the Kality municipal wastewater
effluent are shown in Table 3.5. All targeted pharmaceuticals were detected, with Ibuprofen
being the highest (8.21 ug L), followed by Amoxicillin (2.54 pug L) and Ciprofloxacin
(2.43 ug L), while Carbamazepine (0.82 pg L~!) and Caffeine (1.24 ug L-!) were lowest.
These findings indicate that antibiotic and non-steroidal anti-inflammatory drugs persist at
significant levels, reflecting the plant’s limited removal efficiency. Seasonal, regional, and
socioeconomic factors affect pharmaceutical concentrations, which are typically higher in

winter[139,140]; this study was conducted in winter.

Municipal WWTPs, while effective at removing biodegradable carbon, nitrogen, phosphorus,

and pathogens, are largely ineffective against persistent micropollutants, resulting in
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continuous discharge into aquatic environments [141,142]. Additional treatment processes at

KMWWTP are therefore needed to reduce these emerging contaminants Table 3.5.

Table 3.5: Average values of selected pharmaceutical pollutants reported by previous studies.

Present study US EPA WHO Previous

Pollutants Kality Recommended recommended study
WWTP Value [134] value [135] [143,136]

Amoxicillin 2.54 £0.01 1.0 0.1 1.2
Ciprofloxacin 2.43+0.03 1.0 0.1 0.6
Carbamazepine  0.82 + 0.01 70.0 10 0.9
Cafteine 1.24 +0.06 400.0 70 46.7
Ibuprofen 8.21+0.12 120 10 3.1
Diclofenac 1.86 £0.02 1 0.1 0.833

All present work values presented mean (n=3) = SD in ug L', others also describe an average
value in ug L™
Table 3.6: Concentrations and ranges in (ug L) of treated effluent from large-scale WWTPs

in different areas.

present Literature Values

Target ECs research  Asia  North America  European References
Amoxicillin 2.54 1.67 0.18 0.19 [7,145]
Ciprofloxacin 2.43 1.52 0.62 1.69 [7,145]
Carbamazepine 0.82 0.90 0.55 0.60 [7,143]
Caffeine 1.24 4.35 5.76 3.90 [37,146]
Ibuprofen 8.21 22.71 11.23 18.6 [7,137]
Diclofenac 1.86 1.14 0.36 0.16 [38.,45]

Among the analysed pharmaceutical compounds, ibuprofen, amoxicillin, ciprofloxacin, and
diclofenac showed the highest concentrations in the KMWWTP effluent. Compared with
wastewater from the USA, Europe, and Asia Table 3.6, Figure 3.5, concentrations in Kality
MWWTP were higher [148], likely due to frequent prescriptions in Addis Ababa and
differences in treatment technologies. In contrast, caffeine, though not a medicinal, was

prevalent due to widespread coffee and soft drink consumption [147]. Pharmaceutical
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discharges from WWTPs vary with consumption patterns, treatment design, and operation

conditions [48].

25
[ Present Study
B Asia
- 20 1 | North America
= I European
£
215-
=
£
-
=
£ 10-
D
b1
-
S
5

AMX cIp CBZ CAF IBP DCF

Targeted Compounds

Figure 3.5 Regional comparison of target pollutants in WWTP eftluents [144,148].

3.4 Conclusions

This study evaluated the performance of the Kality Municipal Wastewater Treatment Plant
(KMWWTP) through a physicochemical assessment of key wastewater quality parameters,
including COD, BOD, TSS, TOC, TP, TN, and VSS. Targeted pharmaceutical residues were
also identified and quantified in both influent and effluent samples. The results revealed that
all investigated pharmaceuticals were detected in the effluent, with concentrations ranging
from 0.82-8.21pg L-!. The average concentrations of Mn, Ni, Cu, Cd, Hg, Pb, As, and Se in
the wastewater effluent exceeded the permissible limits set by the World Health Organisation
(WHO) and the United States Environmental Protection Agency (US EPA). Overall removal
efficiencies for nutrients, heavy metals, and emerging pollutants were below 50%. Notably, Ni,
Cd, Pb, and As exhibited higher average effluent concentrations than influent levels, indicating
inadequate treatment efficiency. These findings suggest that municipal WWTP effluents are a
major source of aquatic pollution due to residual heavy metals, nutrients, and pharmaceuticals.
Therefore, incorporating an additional tertiary treatment stage is essential. The data generated
in this study provides baseline information for future investigations on emerging pollutants and

their ecological and toxicological impacts on downstream irrigation and the aquatic system.
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CHAPTER FOUR

Response Surface Methodology-Based Optimisation of Triple KBN-Doped

TiO: Synthesis Parameters for Ciprofloxacin Degradation

Abstract
The Box—Behnken design (BBD), a type of response surface methodology, was employed to

determine the optimal parameters for synthesising active visible light-modified doped KBN-
TiO; via the sol-gel process. The boron-to-titanium molar ratio, calcination temperature, and
calcination time were considered as the synthesis parameters, with the doping molar ratios of
potassium and nitrogen held constant. The crystalline structure, specific surface area,
morphology, and optical properties of the synthesised photocatalyst were examined using X-
ray diffraction, Brunauer—Emmett—Teller analysis, scanning electron microscopy, ultraviolet-
visible spectroscopy, and Fourier-transform infrared spectroscopy. The performance of the
synthesised photocatalyst was evaluated through ciprofloxacin degradation. A test of 15
samples showed varying photoactivity performance under visible light conditions. Furthermore,
analysis of variance was applied to investigate the influence of the synthesis parameters on the
surface area and ciprofloxacin degradation efficiency. The calcination temperature and boron
concentration strongly influenced the surface area, photoactivity, and crystal phase
composition of the synthesised photocatalysts. Regression analysis and model adequacy tests
revealed that the quadratic model equations provided an excellent fit with the findings. Strong
agreement was observed between the model predictions and actual experimental results, with
surface area and ciprofloxacin degradation showing variability of 98.60% and 99.44%,
respectively. The optimal BBD-based experimental values were 66.476 m? g ! surface area and
84.3% ciprofloxacin degradation under a B/Ti of 5%, a calcination temperature of 500°C, and
a calcination time of 2.5 h. Finally, TiO; and modified TiO, were synthesised under optimal

conditions, and their physical and chemical characteristics were evaluated.
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4.1 Introduction

Response surface methodology (RSM) is a statistical approach used to explore the correlations
between multiple explanatory variables (factors) and one or more response variables [ 148, 149].
It combines experimental design, regression analysis, and optimisation techniques to enhance
or optimise the performance of a process or product [150]. By enabling a detailed
understanding of how various factors affect the response variable, including the interaction
effects at different levels, RSM provides a robust framework for process optimisation [150]. It
is an effective strategy for optimising complex processes more conveniently, significantly
reducing costs, labour, and time[151]. One specific type of RSM, the Box—Behnken design
(BBD), is used to develop second-order response models and highly effective response surface
designs, providing insights into the impact of experimental variables and associated errors in
the fewest possible runs [162]. BBD combines efficiency, practicality, and accuracy, making it
a valuable choice for response surface optimisation studies. Furthermore, unlike other
statistical methods such as central composite design (CCD) and full factorial design analysis,
BBD requires fewer experimental runs and eliminates extreme combinations (e.g., highest and

lowest values), which can lead to unreliable results [4,152].

Among photocatalytic semiconductors, titanium dioxide (TiO>) is a promising material widely
used as a heterogeneous photocatalyst [153]. Its main applications include organic and
inorganic pollutant degradation [154], microorganism inactivation in water, wastewater [155],
and air, and dye degradation [156]. TiO2, an n-type semiconductor, is commonly used as a
photocatalyst due to its high oxidising activity, low cost, non-toxicity, availability, biological
safety, photostability, and flat band potential [148-158]. The rutile and anatase polymorphs of
TiO; are reported to have band gap values of 3.0 eV and 3.2 eV, respectively [158], with anatase
Ti0O, exhibiting superior photocatalytic activity. Despite rutile TiO, having a narrower band gap,
the anatase phase is preferred for its lower recombination of photogenerated electron—hole pairs
and higher reduction potential. Most significantly, its catalytic capability enables frequent
application over time [11,158]. However, a fundamental limitation of TiO; is that it can only
be stimulated by UV light, which accounts for just 3—5% of the solar energy reaching the
Earth’s surface due to its high energy band gap (3.2 eV) [106]. Furthermore, the high
recombination rate of radicals has been identified as another factor limiting its practical

application in industrial settings. Modifying the TiO2 photocatalyst structure with foreign
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elements could reduce its band gap energy and expand the visible region’s absorption,

potentially enhancing photocatalytic efficiency [159].

Doping the TiO, lattice with metal and non-metal atoms reduces the electron—hole
recombination and narrows the energy band gap, thereby enhancing its reactivity to sunlight
[160,161]. Numerous studies have demonstrated that doping TiO> with metal and non-metal
elements, such as Fe [162], N [170], B [163], C[164], and K [165] can extend its absorption
spectrum into the visible light region. Furthermore, co-doping with multiple metal and non-
metal elements, such as N and C [164], N and B [165,166], Cuand K [167],and KBN [168 ,169]
has been shown to improve photocatalytic performance by reducing carrier charge
recombination. The ionic radius of N atoms closely matches that of O atoms in the TiO: lattice,
causing the N2p orbital to merge with the O2p states [169]. This alters the electron
configuration of the valence band, enabling easier charge carrier transfer. Additionally, B atoms,
similar to N atoms, can replace O atoms in the TiO; lattice, reducing the band gap. Xinyu et al.
[170] found that the surface was changed by a K" layer of passivation that partially crystallised
TiO, increasing the photocatalytic degradation efficiency for methylene blue under both
visible and UV light. More recently, Dapeng et al. [171] developed a Titania photocatalyst
capable of functioning under visible light through co-doping with boron and nitrogen. The
photocatalyst activity was evaluated via phenol degradation, revealing that co-doping with
boron and nitrogen significantly reduced the band gap and enhanced photocatalytic
performance. Similarly, Zhang et al. [172] reported that TiO» co-doped with boron and nitrogen
exhibited superior photocatalytic activity compared to undoped TiO> under visible and UV
light. This enhancement was attributed to its narrower band gap, which effectively suppressed

photo-generated electron—hole recombination.

Metal- and non-metal-doped TiO> can be synthesised using various techniques, including
implantation, sputtering, ball milling, hydrothermal, and sol-gel methods [173]. The sol-gel
process is often considered more advantageous than other alternatives [174], owing to its low-
temperature requirements, cost-effectiveness, and ease of controlling dopant levels and crystal
size without the need for specialised equipment [157]. The doping of non-metals during the
sol-gel process is influenced by several synthesis factors, including the type and amount of
dopant, solvent, solution pH, calcination temperature, and calcination time [166]. These
parameters significantly affect dopant incorporation and properties of the final nanoparticle.

Previous studies have focused on the impact of sol-gel synthesis parameters on KBN-doped

46



TiO> preparation, typically employing a one-factor-at-a-time method [176]. Despite being
widely accepted, this method has a drawback in evaluating the effect of interaction components
and lacks predictive potential. While TiO> photocatalysts have been extensively studied for air
and water purification, less attention has been dedicated to their use in removing emerging
pollutants from municipal wastewater [177]. Recently, some researchers investigated metal and

non-metal doping for transforming emerging pollutants into less harmful compounds [178].

In light of this, the current study focused on the following objectives: a) the synthesis and
characterisation of modified KBN-TiO> photocatalysts; b) evaluation of the effectiveness of
the synthesised KBN-TiO: for ciprofloxacin (CIP) degradation; ¢) optimisation of the operating
conditions for synthesising the modified KBN-TiO> nanomaterials; and d) assessment of
modified TiO2’s effectiveness in degrading CIP in different water matrices. The study
considered the boron-to-titanium (B/Ti) molar ratio, calcination time, and calcination
temperature as operating parameters for synthesising modified KBN-TiO2, while specific
surface area (Sger) and CIP degradation efficiency under visible light were selected as response
variables. This study highlights the potential of modified KBN-TiO: as a sustainable solution
for emerging organic contaminants, offering new opportunities for addressing environmental

challenges.

4.2 Experimental

All chemicals used in the experiments were of reagent grade and did not require further
purification. KBN triple-doped TiO2 nanoparticles were synthesised using potassium nitrate
(KNOs3, 99%), boric acid (H3BO3, 99.5%), ammonia (NH3, 28%), titanium tetra-isopropoxide
(C12H2804T1, 97%), absolute ethanol (C2HsOH, 99%), and ciprofloxacin (C17H1sFN3O3, 99 %).

All chemicals were purchased from Sigma-Aldrich (Greece and the Republic of Korea).

4.2.1 Synthesised catalyst

The BBD approach was adapted to synthesise KBN-TiO> using the sol-gel method, with
specific amounts of boric acid (H3;BO3) (2wt.%, Swt.%, and 8wt.%: B-T1) and potassium nitrate
(KNO3) (2wt.% % K-Ti). The required quantities of potassium nitrate and boric acid were
dissolved separately in a mixture of 10 mL of absolute ethanol and 3 mL of water, and sonicated
in an ultrasonic bath for 30 min to form Solutions 1 and 2, respectively. Subsequently, 17 mL
of titanium (IV) isopropoxide was slowly added to 47 mL of anhydrous ethanol, followed by

14 mL of ultrapure water (UPW), under vigorous stirring to form Solution 3. Solutions 1 and
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2 were then slowly added dropwise to Solution 3, and the required amount of ammonia (NH3)
was gradually introduced into Solution 3 (5wt.% N-Ti). After being aged for 24 h at room
temperature to promote hydrolysis, the mixture was dried in an oven set at 50 °C to remove the
solvents. The resulting product was ground and calcined in a muffle furnace with air heating at
a rate of 5 °C per minute. Three calcination times (2, 3, and 4 h) and three calcination
temperatures (300, 400, and 500 °C were used. A total of 15 experimental runs were performed
using BBD. After optimisation, both doped and undoped samples were synthesised using the
optimised parameters. In this case, X, y, and z represent the B-Ti molar ratio, calcination
temperature, and calcination time, respectively, and the KBN-doped and undoped TiO; were

labelled as x%B (TiO) yz.

4.2.2 Characterisation of synthesised catalyst

The characteristics of the photocatalysts were determined using the following methods: (a) The
specific surface area (SSA) was measured via nitrogen physisorption at 77 K on a
Micromeritics Gemini III (2375, Norcross, GA, USA) using the Brunauer—Emmett—Teller
(BET) method. Before measurement, the sample was outgassed for 2 h at 250 °C under a
dynamic vacuum. (b) The crystalline structure was analysed through X-ray diffraction (XRD).
Powder XRD patterns were obtained using a Brucker D8 Advance (Billerica, MA, USA)
equipped with a 40 kV, 40 mA Cu Ka source. Data were collected over a 20 range of 2° to 85°
with step intervals of 0.015° and a scan rate of 0.05° s™!. The phases were identified using
JCPDS reference cards. (c¢) Scanning electron microscopy (SEM) images were captured, and
an energy dispersive spectrometer (EDS) integrated with a JEOL 6300 scanning electron
microscope (Peabody, MA, USA) was used to examine the materials’ elemental distribution
and chemical composition. (d) UV-Vis diffuse reflectance spectroscopy (DRS) was employed
to evaluate the optical characteristics of the materials. Diffuse reflectance spectra were obtained
using a UV-Vis spectrophotometer (Varian Cary 3, 3E Palo Alto, CA, USA) equipped with an
integrating sphere and BaSOj4 as a reference. Spectra in the 200—-800 nm wavelength range
were recorded at room temperature after the catalyst powder was placed into a quartz cell. The
Kubelka—Munk function was applied to diffuse reflectance, which measures the reflection of
light scattered in multiple directions, converting it into equivalent absorption coefficients [179].
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where F represents the Kubelka—Munk function, R indicates the diffuse reflectance of an
infinitely thick sample layer, K and S denote the absorption and scattering coefficients,
respectively, and A represents the wavelength of light. The optical band gaps of the

semiconductors were determined using the following formula[180]:

(ahv)" =K (hv—E,,) (4.2)

where o (cm™) is the absorption coefficient, v (eV) is the incident photon energy, Evg (V) is
the energy of the band gap, K is a variable that depends on the type of optical transition
associated with photon absorption, and # is a constant related to the effective masses of charge
carriers in the valence and conduction bands. The energy of the band gap (absorption threshold)
was determined based on the assumption that the synthesised materials are indirect
semiconductors and that F(R) (reflectance to the absorption and scattering coefficients of the
material) values are proportional to the optical absorption coefficients, with » = 2. The band
gap energy values were obtained by plotting [F(R) hv]'? against 4v (Tauc plot) in the region of
high absorption and extrapolating the linear region to the horizontal axis at zero F(R). The
average crystallite size (designated as D) was determined using Debye—Scherrer’s formula,
stated as follows [180]:

Do 0.91 (4.3)
fcosb

where D denotes the average size of crystallites, 4 represents the wavelength of the X-rays used,
p indicates the full width at half maximum (FWHM) of the diffraction peak, and 6 denotes the
diffraction angle. Erlangshen CCD Camera (Gatan Model 782 ES500 W, Pleasanton, California,
USA).

4.2.3 An adsorption—photocatalytic degradation experiment

The adsorption and photocatalytic activities of modified KBN@TiO2 nanomaterials were
investigated using CIP as a model antibiotic pollutant in batch adsorption and photodegradation
under visible light irradiation, respectively. Typically, 0.25 g L™! of photocatalyst was added
to 150 mL of UPW containing 10 mg L™! of CIP. The mixture was then agitated for 15 min in
the dark until it attained adsorption—desorption equilibrium. Photodegradation experiments
were conducted using an Oriel solar simulator (LCS-100 model), with a 100 W Xenon ozone-
free lamp as the light source, producing an incidence intensity of 1.3 x 10~* Einstein m 2 s,

At predefined intervals, 3 mL samples were collected and filtered using a PVDF Whatman

uniflow syringe filter with a polypropylene over-mould housing (0.2 pm, Whatman, UK). CIP
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concentration was measured using a Hach DR 5000 portable spectrometer, which measures

absorbance at a wavelength of 278 nm. Detailed procedures and additional information

are provided in the supplementary material, Fig. S1. The CIP degradation efficiency (R) was

calculated using the following equation [153]:

R(%) = SoC, 100 (4.4)
CO

where Co and Cr represent the concentrations of CIP before and after adsorption and

degradation under visible light irradiation.

4.2.3.1 Box—Behnken experimental design

Experiments were conducted using the BBD approach, with the three primary sol-gel synthesis
parameters previously defined. The response parameters were optimised by analysing the
effects of individual parameters and their interactions. The factors and their levels are provided
in Table 4.1. The variables, namely the B-Ti molar ratio, calcination temperature, and

calcination time, were designated as x1, x2, and x3, respectively.

Table 4.0-1: Experimental variables and levels were determined for BBD based on an initial

investigation.
Factor Name of Factor levels
Abbreviation Variables Units -1 (Low) 0 (Medium) 1 (High)
X1 x%B/Ti (5%N and 2%K) Molar ratio 2 5 8
X2 Calcination Temp °C 300 400 500
X3 Calcination Time h 2 3 4

Based on the BBD method, the total number of experiments (N) can be estimated as follows:
N=K’>+K+CR 4.5)
where K represents the number of factors, and CR indicates the central replication point [165].

The 15 experimental runs, arranged according to BBD, are presented in Table 4.2.
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Table 4.2: Actual and predicted BBD values for specific area (Sger) and CIP degradation
efficiency (R%)

Run X1 x2 X3 Sger (m? g) R (%)
Actual Predicted Actual Predicted

1 2(-1)  300(-1) 3(0) 69.67 69.76 85.76 84.71
2 8(1) 300(-1) 3(0) 46.01 47.59 54.45 54.43
3 2(-1)  500(1) 3(0) 55.76 54.18 51.23 51.25
4 8(1) 500(1)  3(0) 42.74 42.65 68.32 69.40
5 2(-1)  4000) 2(-1) 67.77 67.89 82.89 83.45
6 8(1) 400(0) 2(-1)  48.89 47.51 80.55 80.05
7 2(-1)  400(0) 4(1) 58.45 59.83 74.74 75.24
8 (1)  400(0) 4(1) 46.63 46.51 77.02 77.55
9 5(0) 300(-1) 2(-1)  65.19 64.98 84.12 84.64
10 5(0) 500(1) 2(-1) 51.35 52.82 88.92 88.34
11 5(0) 300(-1) 4(1) 60.01 58.58 86.12 86.70
12 5(0) 500(1)  4(1) 49.98 50.19 65.02 64.50
13 5(0) 400(0)  3(0) 48.24 48.29 79.45 77.57
14 5(0) 400(0)  3(0) 47.62 48.29 77.02 77.57
15 5(0) 400(0)  3(0) 49.02 48.29 76.24 77.57

x1: Molar ratio (B to Ti)
x2: Temperature of calcination (°C)
x3: Time of calcination (h)

The relationship between the independent variables and the outcome was determined using a

second-order polynomial equation. The equation for the three factors is expressed as follows:

2 2 2
Y, =B+ Bix, + Box, + Bix; + BoxiX, + Biyxi Xy + B XoXy + fX) + P Xy + By + & (4.6)
where Y; (i =1, 2, and 3) represents the responses (Sger (m? g ') and R (%)), f is a constant, x1,
x2, and x3, are the independent variables, fis indicates linear interaction, f;s represents cross-

product interaction, fjs refers to quadratic interaction, and ¢ denotes random error. Regression
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analysis and coefficient estimation were performed using Design-Expert® version 13.0 (Stat-

Ease, Inc.).

4.3 Results and Discussions

4.3.1 Best synthesis conditions for modified KBN@TiO: catalyst.

Fifteen experimental runs were performed to evaluate the process’s stability and inherent
variability based on the BBD. The relationships outlined in Table 4.1 were applied during these
experimental runs. The experimental responses were derived from the BET characterisation
results and R values listed in Table 4.2. Model analysis revealed high significance for the
responses, with F-values of 39.00 for Sger and 98.51 for R, both exhibiting p-values < 0.0001.
Additional details, including comprehensive ANOVA results for both selected responses, are

provided in Tables S4.1 and S4.2.

The model’s adequacy was further investigated by examining the coefficient of determination
(R?) values for the two responses (Sger and R). The R? values for surface area (Sger) and CIP
degradation efficiency (R) were calculated as 0.9860 and 0.9944, as shown in Tables S4.3 and
S4.4, respectively. These results indicate that the models accurately forecast the response
parameters within the experimental range, with variability of 98.60% and 99.44%, respectively.
Table 4.2 and Figure S4.2 highlight a strong agreement between the predicted and measured
values. The predicted R? values indicate that the Sger and R model equations provide accurate
forecasts, with variability of 76.79% and 95.30%, respectively. Furthermore, the adjusted R?
values for Sger (96.07%) and R (98.43%) demonstrated satisfactory agreement with the
predicted R? values, as detailed in Table S3. This level of reliability and accuracy can be
attributed to the low coefficient of variation (CV) values, 6.52 for Sger and 1.92 for R.
Moreover, the reasonable precision values for the responses were calculated as 19.69 for Sget
and 31.71 for R. When considering the statistically significant terms (refer to Tables S4.1 and
S4.2 of the supplementary information), all aforementioned values can be altered. Furthermore,

‘Prob > F’ values of less than 0.05 indicate that the model terms are significant.

The significant variables identified by regression analysis can be considered when developing
the quadratic model equations for the two responses, Sger and R, based on actual values, as

expressed as follows:

Sy (mg g7')=48.29-8.42x, —5.13x, —2.27x, +2.66x,x, +3.22x; +5.11x] (4.7)

52



R(%) =177.57—3.03x, - 4.62x, — 5.44x, +12.11x,.x, — 6.48x,x, — 8.68x> —3.94x> + 7.42x (4.8)

The experimental performance of the synthesised photocatalyst was evaluated using a catalyst
dose of 0.25 g L', an unadjusted pH of 5.65, and a CIP concentration of 10 mg L™!, as shown
in Table 4.2. Furthermore, as illustrated in Figure 4.8b, the performance assessment with
various operational parameters revealed that the modified KBN-TiO> photocatalyst achieved a

99.59% removal efficiency under optimum conditions.

4.3.2 Crystal phase composition

The XRD patterns of the KBN-doped TiO» samples, synthesised with varying boron-to-
titanium molar ratios (2%, 5%, and 8%) under constant calcination temperature, potassium and
nitrogen dopant concentrations, and calcination times, are displayed in Figure 4.1. The crystal
phases were effectively characterised using reference card (JCPDS) No. 21-1272 for anatase
and No. 96-201-6173 for boron oxide. Notably, the rutile phase does not occur at calcination
temperatures below 500 °C [148-156]. None of the XRD patterns showed peaks corresponding
to nitrogen and potassium. This absence of peaks could be attributed to the uniform distribution
of the dopant within the TiO: crystal structure, occupying either interstitial or substitution sites.
Additionally, the anatase peak became sharper and more intense as the calcination temperature
increased from 300 °C to 500 °C, as shown in Figure 4.1. The average crystal size of all samples
increased with rising calcination temperature due to enhanced crystallite aggregation at higher
temperatures [181]. Compared to the effect of calcination temperature, dopant (boron)
concentration significantly influenced the crystal structure and particle size of all samples.
However, the findings indicate that calcination time had no noticeable effect on modified TiO2

for CIP degradation efficiency.
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Figure 4.1 XRD patterns of KBN-doped TiO> samples calcined at 500°C for 3 h under a fixed

concentration of 5 mol% N and 2 mol% K, with varying B - Ti molar ratio of 2mol%B, 5mol%B,

and 8mol%B.

4.3.3 Specific surface area

Figure 4.2 displays the adsorption and desorption isotherms for KBN-doped and undoped TiO2
under optimal conditions. In general, the Sget of all KBN-doped TiO: samples was greater at
lower calcination temperatures and smaller at higher calcination temperatures. This trend can
be attributed to the expansion of mesopores and the formation of larger pores with increasing
calcination temperature and time, as reported by He et al. [182]. Furthermore, as illustrated in
Figure 4.2(a), the specific surface area of the synthesised TiO2 decreased when the boron
dopant concentration increased from 2% to 8%, compared to the 2%B dopant concentration.
Similarly, Figure 4.2(b) shows a decline in specific surface area with increasing calcination

temperature and time.
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Figure 4.2 Three-dimensional interaction plots showing the effects of (a) calcination
temperature and B/Ti molar ratio on surface area, (b) calcination temperature and calcination
time on surface area, (c) calcination temperature and B/Ti molar ratio on CIP degradation

efficiency, and (d) calcination temperature and calcination time on CIP degradation efficiency
for the KBN@TiO; system.

4.3.4 Adsorption and photocatalytic degradation tests

All synthesised KBN-doped TiO, samples were evaluated for photocatalytic performance
under visible light (A > 400 nm) in degrading or removing CIP from a synthetic solution. To
identify the most effective catalyst among those synthesised under various conditions
(calcination temperature, calcination time, and dopant concentration), adsorption and
photocatalysis investigations were conducted concurrently, with the results presented in Figure

4 3. The optimal catalyst was determined based on its strong photocatalytic contribution to CIP
degradation and minimal adsorption effect.
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Figure 4.3a illustrates the adsorption of CIP, achieving a removal efficiency of 75.6% using 2%
B-TiO» synthesised at 300 °C for 3 h, with a high absorbance removal ratio C(t)/Co compared
to 5%B and 8%B-TiO,. Additionally, Figure 4.3b shows the significant degradation
effectiveness of 2% B-TiOy, attributed to the combined effects of adsorption and photocatalytic
degradation. The adsorption and photocatalytic activity of CIP at 400 °C and 500 °C,
respectively, are depicted in Figure 4.3(c—f). As the temperature increases, the photocatalytic
degradation of CIP improves. This is likely due to the temperature-induced changes in the
crystalline structure and particle size, which enhance photocatalytic activity [182]. However,
at temperatures exceeding 500 °C, a phase shift from anatase to rutile occurs in the KBN-doped
TiO», which is unfavourable for photocatalysis [183]. As shown in Figure 4. 4a and 4.4b, there
was also a slight variation in the calcination times (2, 3, and 4 h) in the CIP photocatalytic
degradation experiments (81.4%, 78.8%, and 72.6%, respectively). The primary factors
contributing to enhanced photoactivity in this study were the calcination temperature and the
amount of boron dopant. Charge recombination, associated with lower crystallinity and
extremely small particle sizes, may result in lower photoactivity [184]. The optimal
photocatalytic activity of the KBN-doped TiO; sample can be attributed to its large specific

surface area, boron content (with constant K and N dopants), and enhanced anatase crystallinity.
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Figure 4-3 Catalyst performance was evaluated through adsorption and photocatalysis at

various dopant concentrations and calcination temperatures. Adsorption performance (a, b, and
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c) and photocatalytic oxidation performance (d, e, and f) were compared under identical
conditions. (Experimental conditions: catalyst dosage = 0.25 g L ™!, Initial pH 5.56 (unadjusted),
and [CIP] =10 mg L™").

The 5%B-TiO2 sample, synthesised at a calcination temperature of 500 °C for 2 h, demonstrated
the best photocatalytic properties among samples with a constant composition of 2% K-5 % N-
TiO>. This sample was selected for further investigation due to its high CIP degradation

efficiency.

4.3.4.1 Effect of B doping on the KN-doped TiO:2
Figure 4.3f illustrates the photocatalytic degradation of CIP solutions under visible light by

TiO; catalysts with varying boron dopant concentrations. The experiment used 150 mL of a 10
mg L' CIP solution and a catalyst concentration of 0.5 g L™!. The results indicate that KBN-
doped TiO> exhibits higher photocatalytic efficiency than undoped TiO». The first-order
degradation rate constants for 2%B-TiO2, 5%B-TiO-, and 8%B-TiO; are 0.03885, 0.07813, and
0.06326 min !, respectively, at a calcination temperature of 500 °C and a calcination time of

3h.

Zhang et al. [36,37] reported that under UV light irradiation, the photocatalytic activity of 4%
B-doped TiO; is 2.87 times greater than that of undoped TiO,. In the current study, boron
doping at a concentration of (5%B-Ti0O) increased the degradation rate from 57.9% to 78.8%,
reaching an optimum point before declining to 65.0%. Therefore, 5% boron doping has been
identified as the optimal concentration for enhancing the photocatalytic performance of TiO,.
Both synthesis cost and catalyst degradation efficiency were considered while using 5%B-TiO>
in photocatalytic investigations. Compared to undoped TiO», the improved performance of
5%B-TiO; can be attributed to its narrower band gap, higher specific surface area, and smaller
particle size, as confirmed by XRD, BET, and UV-Vis characterisation. However, some
adsorption activity was observed, as illustrated in Figure 4.4a, with the adsorption process
reaching saturation after 15-20 min. This finding suggests that the synthesised material
primarily functions as a photocatalyst, with CIP degradation or removal predominantly driven

by the photocatalytic process rather than adsorption.
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Figure 4.4 Effect of calcination time on (a) adsorption and (b) photocatalytic activity, and
Effect of calcination temperature on (c) adsorption and (d) photocatalytic activity of 5%B-
doped KN@TiO, nanocomposite. (Experimental Condition: [CIP]p = 10 mg L', Catalyst
dosage = 0.5g L', and pH =5.65 (Unadjusted)).

4.3.4.2 Effect of calcination time and temperature

Figure 4.4b shows photocatalytic activity at different calcination times. However, the
calcination time variation does not affect the CIP degradation, and the fitting curves are closely
associated. Once calcination is performed at 500 °C, extending the calcination time from 2 to
4 h has no significant effect on degradation. Consequently, a calcination time of 3 h was chosen
as the empirical data value. Thus, the 5%B-TiO, catalyst, prepared with constant K-N doping

by calcination at 500 °C for 2.5 h, was selected for the subsequent experiments. These values

58



were chosen based on the optimal values of specific surface area and CIP removal efficiency
Figure 4. S2.

As shown in Figure 4.4d, the CIP degradation efficiency for the 5%B-TiO> photocatalyst
reaches 84.8% at a calcination temperature of 500 °C, demonstrating the highest degradation
performance. However, when the temperature exceeds 500 °C, the rutile phase begins to appear,
leading to a decline in catalytic efficacy. The experimental results and XRD characterisation
confirm the formation of high-activity anatase at 500 °C. The initial investigation revealed that
the degradation rate significantly decreases at 200 °C and 700 °C. At 200 °C, a brookite phase
forms, while at 700 °C, a rutile phase is formed. Notably, both excessively low and high
temperatures negatively impact the photocatalytic activity of 5%B-TiO> with constant 2% K
and 5% N doping. Specifically, particle sintering occurs at excessively high calcination

temperatures [12,22,17].

4.3.5 Model verification and optimisation

The intended set of variables for the sol-gel synthesis was determined by optimising the
outcomes of the two quadratic models using the desirability function of the Derringer technique
for multiple outcome processes (Eqgs. 7 and 8). Consequently, a 0.987 desirability value to
anticipate a 100% anatase weight fraction, a 65.276 m? g ! BET surface area, and 84% CIP
degradation efficiency led to the selection of a B-Ti molar ratio of 5, a calcination temperature
of 500 °C, and a calcination time of 2.5 h (5BT52.5). The predicted values were likewise
confirmed on a sample prepared under optimal conditions Table 4.3. The findings indicate that
the fitted model equations for each response can be employed to forecast sol-gel synthesis
parameters in similar preparation procedures. Figure S4.3 provides detailed information for

model diagnostics.

Table 4.3: Doped and undoped TiO> model validation results were established under optimal

conditions.
Sample Crystal phase Crystal Sper (m? g')  UV-Vis (eV) R (%)
composition (%) size (nm)
KBN-TiO> 100 (WA) 19.0 65.27 2.42 84.3+1.02
Only-TiO2 86.2 (WA) 17.4 50.34 3.21 14.7+0.8

Note: WA: anatase weight percentage, Sger: BET specific surface area, R: ciprofloxacin

degradation efficiency, UV-Vis: optical property (band gap energy), experimental conditions

[CIP] = 10 mg L, catalyst dose = 0.25 g L™!, natural pH = 5.65, and reaction time = 120 min.
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4.3.6 Characterisation of the synthesised catalyst under optimum
conditions.

4.3.6.1 XRD Analysis

Figure 4.5a displays the XRD patterns of the synthesised photocatalysts, KBN-TiO; and BN-
TiOz. According to the American Society for Testing and Materials (ASTM) 21-1272 anatase
card, there was little difference between the modified sample and anatase TiO». Trace amounts
of the rutile phase were observed in the undoped TiO, samples. However, doping with N, K,
and B inhibited rutile formation. The XRD patterns of the boron-doped TiO> samples revealed
a single, weak peak at approximately 27.8°, corresponding to the presence of B2O3 on the TiO>
surface [197]. Compared to the undoped condition and other doping ratios, the most noticeable
<101> peak of anatase appeared broader in the KBN-TiO; samples, suggesting a reduction in
particle size. At a boron weight percentage of 8%, the BoO3 phase begins to form, consistent
with the XRD results shown in Figure 4.1. This indicates that the doped boron ions separate

and form a layer of B2Os outside of the anatase structure.

The XRD patterns of KBN-TiO2 and BN-TiO samples are displayed in Figure 4.5a. The
anatase phase of TiO» is characterised by a strong peak at approximately 25°, designated as
(101). Other peaks, including (004), (200), (105), (204), (211), (116), and (312), are indicative
of a well-crystallised anatase structure in KBN-TiO», with prominent and sharp peaks
suggesting high crystallinity. The BN-TiO2 sample exhibits similar peaks, although at lower
intensities, which suggests that potassium may enhance the KBN-TiO> sample’s crystallinity
or more effectively sustain the anatase phase. Compared to the BN-TiO2 sample, the (103) and
(112) peaks in the KBN-TiO2 sample are sharper and more intense, indicating fewer defects,
larger crystallite sizes, and higher crystallinity in KBN-TiO; [170]. The improvement is most
likely due to the presence of potassium in KBN-TiO;, which enhances the stability of the
anatase phase and promotes crystal growth [44]. Overall, the higher peak intensities in KBN-
TiO; indicate larger crystallite sizes or improved crystallinity. The anatase phase of TiO> is
represented by peaks in both samples, although KBN-TiO> seems to be more crystalline. Both
KBN-TiO2 and BN-TiO; primarily exhibit the anatase phase, as indicated by the XRD patterns
in Figure 4.5a, with no noticeable peaks suggesting the presence of rutile or brookite phases.
Supplementary data for undoped TiO2 and doped KBN@TiO; are also provided in Tables S4.5
and S4.6.
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4.3.6.2 FT-IR Analysis
Fourier-transform infrared (FT-IR) spectra of undoped and KBN-TiO2 samples are presented

in Figure 4.5b. Peaks around 3425 and 1632 cm™! correspond to the bending and stretching
modes of the catalyst’s surface hydroxyl groups and adsorbed water, respectively [182]. A
strong band between 400 and 500 cm™!, particularly at 427 cm ™, is attributed to the Ti—-O-Ti
stretching vibration. This peak, consistent across all samples, shows the basic TiO2 structure
[164]. Other functional groups identified in Figure 4.5b include Ti—O stretching or O-Ti-O
bending vibrations, O—H, and C=N at 811, 1632, and 2158 cm " respectively. Notably, the
BN- and KBN-doped TiO> samples exhibit a new peak at 1395 cm!, attributed to the
introduction of B-N atoms into the TiO> lattice structure, which is absent in pure TiO> [185].
The Brunauer—Emmett-Teller (BET) surface area measurements Figure 4.5¢ showed that pure
TiO2 possessed a specific surface area of 50.34 m? g”', whereas the KBN@TiO2 composite
synthesised under optimised conditions exhibited an increased surface area of 65.27 m? g™,
reflecting the beneficial effect of KBN triple-doping on pore development and particle

dispersion.
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Figure 4.5 Characterisation of the optimised synthesised samples: (a) X-ray diffraction (XRD)
patterns of BN-TiO> and KBN-TiO», (b) FT-IR spectra of TiO,, BN@TiO, and KBN@TiO»,
(c) N2 adsorption-desorption isotherms (BET), (d) SEM image of Only TiO, (¢) SEM image
of KBN@TiO2, and (f) SEM-EDX elemental mapping of KBN@TiOx.
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4.3.6.3 SEM Analysis
Figure 4.5d and Figure 4.5¢ display the SEM images and elemental mapping of undoped TiO>

and KBN-Ti0,, respectively. The SEM micrographs reveal that the prepared photocatalysts
consist of agglomerated particles. The elemental composition of the 2% K-5 % B-5 % N-TiO>
sample, as determined by EDX analysis, is presented in Table S4.8. The EDX results indicate
that the undoped TiO, microstructure consists entirely of TiO», with Ti and O comprising 35.31
wt.% and 64.69 wt.%, respectively. For the KBN-doped TiO, sample, the analysis revealed
elemental compositions of 50.32 wt.% Ti, 47.10 wt.% O, 0.75 wt.% B, 0.45 wt.% N, and 0.69
wt.% K, as shown in Table S4.8. Images of elemental mapping on KBN-TiO> nano-catalyst
are displayed in Figure 4.5f. The consistent dispersion of Ti, O, K, B, and N elements
throughout the sample is evident from these images, suggesting that the KBN nano-catalyst is
well dispersed throughout the TiO2 nano-catalyst. Based on these findings, the sol-gel method
proved effective for synthesising the KBN-TiO>-modified Nano-catalyst. A trace amount of

carbon was detected, which might have originated from the calcination process.

4.3.6.4 Modified KBN@TiO: analysis using XPS

The overall XPS scan survey spectrum displayed in Figure 4.6a shows individual peaks
corresponding to Ti 2p (458.19 eV), Ols (529.70 eV), C 1s (284.31 eV), K 2p (295.16 eV), B
Is (191.55 eV), and N 1s (401.1 eV). These peaks provide some preliminary details about the
material composition of the composites by indicating the existence of Ti, O, K, B, N, and C
elements. The Ti 2p configuration of Ti*' 2p*? and Ti*" 2p"? double peaks at 458.19 eV and
463.89 eV are revealed by the appropriate spikes in Figure 4.6b, which offer information on
the coordination environments and chemical states of titanium inside the nanocomposites [204].
A double peak at 531.49 eV and 529.7 eV in the O 1s spectra Figure 4.6¢ indicates the existence
of oxygen in different chemical conditions. These peaks’ locations and forms provide details
regarding the kinds of oxygen species that contribute to the surface chemistry of the
nanocomposites, including metal oxides and functional groups. The C 1s + K 2p spectrum
revealed in Figure 4.6d had recognizable peaks at 284.31 eV, confirming the existence of Sp3
carbon (C=C) and K 2p3/2 (292.41 eV), K 2P1/2 (295.16 eV), respectively, confirming the
presence of carbon during calcination time, K from potassium doping and also displays O
relating units over the surface [186]. These characteristics influence the electrical structure and
surface reactivity of nanoparticles. The B 1s spectra in Figure 4.6e show a single spike at
191.55 eV (B-O-N), suggesting the presence of boron and its functional groups and

influencing the chemistry at the surface by reducing the band gap energy of modified TiO>
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[206]. The last N 1s spectra in Figure 4.6f shows two spikes at 400.08 eV and 401.1 eV,
indicating the presence of distinct nitrogen functions. These peaks reveal details about the
species that contain nitrogen, including amino groups and graphitic nitrogen, which affect the

electrical structure and catalytic capabilities of the nanomodified TiO»>.
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Figure 4.6 XPS analysis of KBN@TiO> nanoparticles (a) Overall survey, (b) Ti 2p, (c) O Is,
(d)C 1s+ K 2p, (e) B Is, and (f) N 1s.

4.3.6.5 Band structures and optical properties
The diffuse reflectance spectra of TiO; and 5%B-2%K-5%N-TiO; are displayed in Figure 4.7.

The light absorption edge of TiO: is approximately 395 nm, indicating its limited catalytic
activity under visible light. As shown in Figure 4.7a, the light absorption edge, represented by
a blue line, shifts to the dual visible light regions at 435 nm and 686 nm due to KBN doping in
the TiO> lattice structure. This redshift in the light absorption band, particularly around the
coarse crystal substance, can be attributed to changes in the band structure and reduced energy

level spacing caused by increased internal particle stress[115].
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Figure 4.7 (a) UV—Vis DRS and (b) Tauc-plot of undoped TiO> and 5%B- 2%K-5%N-TiOx.

Figure 4.7b illustrates the graphs of hv against (athv)? for TiO, and KBN-TiO», with the band
gap energies of semiconductors calculated using the Tauc-plot method. In this case, the hv-
(athv) 2 schematic corresponds to the direct band gap of anatase-phase TiO,. The intersection
of the abscissa axis and the line starting from the linear region of the graph indicates the
absorption onset. TiO; exhibits a wide band gap of 3.21 eV, which is reduced to 2.35 eV after
KBN doping. detail results for all synthesised materials are presented in Table S4.7. The Tauc
curve analysis and UV-Vis spectroscopy revealed that KBN-doped TiO» exhibits enhanced
visible light absorption. Moreover, the band gap of 5% B-2 % K-5 % N-TiO: is reduced,
broadening the range of TiO2’s light absorption to include visible light [ 187]. This characteristic
enables the catalyst to absorb sunlight at long wavelengths efficiently, enhancing its

photoconversion effectiveness [188].

4.3.7 Effects of operational parameters on CIP degradation

Catalyst loading and pollutant concentration at the initial stage have a strong mutual
dependence. A higher catalyst dose, as previously mentioned, provides many active sites for
adsorption and facilitates the formation of free radicals, thereby enhancing the degradation rate.
However, this is only true up to a specific optimal level [189]. Beyond this point, the
experimental solution becomes more turbid, hindering uniform light irradiation [119]. Figure
4.8a illustrates the effects of different catalyst loadings on CIP degradation. The
highest removal efficiency, 89.32%, was achieved using 0.75 g L' after 120 min of reaction
time, closely followed by 88.24%, 85.18%, and 27.9% for 0.5 g L', 1 g L', and 0.1 g L',

respectively.
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In this study, more rapid degradation occurred as the initial concentration decreased. This can
be attributed to the higher availability of reactive radicals relative to organic molecules in the
solution [50]. For a given catalyst loading, the formation of radicals is inhibited by the
increased adsorption of contaminants on the active sites as concentration rises. Therefore, it is
important to optimise the pollutant concentration of the available surface area and active sites
[51]. With a natural pH of 5.65 (unadjusted), the initial CIP concentration varied between 5 mg
L' and 20 mg L', and the results are shown in Figure 4.8b. An increase in the initial CIP
concentration at a specific catalyst loading leads to a decrease in removal efficiency. After 120
min, 99.59% removal was observed for an initial CIP concentration of 5 mg L. However, as
the concentration increased from 5 mg L! to 20 mg L', the degradation rate decreased from

99.59% to 62.83%.
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Figure 4.8 Effects of (a) catalyst dosage, (b) initial [CIP], (c) initial pH, and (d) water matrices
via photocatalytic degradation of CIP on the KBN@TiO: system.
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Factors such as surface charge and agglomeration tendencies are influenced by the pH of the
solution [190]. Additionally, pH level controls the quantity of hydroxyl radicals produced in
the reaction. Neutral pH conditions are favourable for CIP degradation. According to Kumar et
al.[191], the optimal surface charge of TiO; particles at natural pH values facilitates the
adsorption of contaminants onto the catalyst surface, enabling more efficient degradation.
Figure 4.8c demonstrates the effect of pH on CIP degradation. For pH values of 3, 5.65
(unadjusted), 7, and 9, the reduction of 10 mg L' CIP was approximately 46.40%, 97.02%,
98.78%, and 60.84% after 120 min, respectively. Finally, a different water matrix was tested,
as shown in Figure 4.8d, and neither chloride nor bicarbonate ions significantly affected the
CIP degradation. This suggests that KBN@TiO: exhibits good performance in the presence of

co-existing ions and substances.

4.3.8 Reusability and degradation of other antibiotics

To investigate the reusability and stability of KBN@TiO», the modified photocatalyst was
recycled five times under the same conditions. The photocatalytic performance results are
displayed in Figure 4.9a and Figure 4.9b. After five cycles, the degradation efficiency was only
decreased by 8.12%, which indicates that the KBN@TiO: catalyst has excellent stability and

reusability.
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Figure 4.9 (a) reusability of KBN@TiO,, (b) reaction rate constants, (c¢) degradation of
different antibiotics, and (d) TOC removal by the KBN@TiO2 system. (Experimental
conditions: CIP =TC = NORF = 10 mg L, catalyst dose = 0.5 g L'!, pH = 5.65 (unadjusted)).

The performance of KBN@TiO> was further evaluated for the degradation of a couple of
antibiotics, i.e., norfloxacin (NORF) and tetracycline (TC). They are among the most prevalent
antibiotics and cause a variety of concerns to different aquatic life forms, such as fish, bacteria,
algae, plants, and crustaceans [176]. The removal percentage for TC was the fastest, followed
by CIP and NORF Figure 4. 9c. The k value was 0.1336, 0.0344, and 0.0339 min’!, while the
removal at 120 min was 100%, 90.18%, and 86.83% for TC, CIP, and NOREF, respectively.
Moreover, the TOC removal % of TC, CIP, and NORF were 73.26%, 63.39%, and 56.00%,
respectively, Figure 4. 9d. These results strengthen the modified KBN@TiO> catalyst's ability

to degrade different antibiotics apart from CIP. Finally, a comparison of the synthesised
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KBN@TiO> nanoparticles' photocatalytic effectiveness with reported research was presented

in a detailed Table S4.9.

4.3.9 CIP degradation mechanism

Figure 4.10 presents a schematic illustration of the CIP adsorption—photodegradation
mechanism under visible light irradiation. When adsorption occurs, as shown in Figure 4.10,
the pollutants (in this case, CIP) adhere to the surface of the KBN-TiO> catalyst. This is a
surface phenomenon where the pollutant is present on the catalyst [97]. However, in
photocatalytic studies, entirely different conditions occur. When incident photons with
sufficient energy are absorbed by 5%B-5%N-2%K-TiO2, they cross the photocatalyst’s band
gap energy and excite e~ from the valence band to the conduction band [175]. Concurrently, h*
is generated in the semiconductor’s valence band. One mechanism by which the strong
reducing capacity of e in the conduction band is utilised involves the reduction of the
physically adsorbed O: to form superoxide radicals ("O2"). These radicals can further combine
with H" to yield H>O, and O». Subsequently, H>O> can be broken down into ‘OH and OH .
Additionally, h* in the catalyst can react with H2O or OH™ to produce "OH, which exhibits a
strong oxidising effect [187]. The reactive radical species formed during the reaction process
can degrade organic contaminants (in this case, CIP) and facilitate their mineralisation to CO.,
H>O, and more stable inorganic molecules. The formation of these radicals improves the
lifetime of charge carriers, efficiently blocks electron—hole pair recombination, and facilitates
the carriers’ efficient migration to the catalyst surface. This improved photo-generated charge
carrier separation ability results in higher degradation efficiency[192]. A detailed description
of the reaction mechanisms of the modified KBN-TiO> photocatalyst for CIP degradation is

provided in the supplementary information, Text S4.2.
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Figure 4.10 Schematic diagram of the CIP removal mechanism (adsorption—photocatalysis) by

triple-doped KBN-TiO».

cip
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4.4 Conclusions

This study aimed to optimise the conditions of the sol-gel synthesis for preparing modified
KBN triple-doped TiO> employing the BBD RSM. The results demonstrate that this
experimental approach is effective in evaluating the interaction effects between different sol-
gel preparation conditions. The optimum synthesis conditions for modified KNB-TiO> using
the sol-gel method were determined to be a 5%B/Ti molar ratio, with constant 2%K and 5%N
doping, a calcination temperature of 500 °C and a calcination time of 2.5 h. Moreover,
additional experiments could provide further insights into the synthesis technique. Compared
to undoped TiO2 (15%) and BN-doped TiO2 (44%), the triple-doped KBN-TiO exhibited a
significant enhancement in photocatalytic activity, reaching 84.3%. The crystal structure of the
anatase phase was observed in the XRD patterns, and the composite 2%K, 5%B, and 5%N-
TiO showed an improvement of grain size from 17.4 nm to 19.0 nm compared to the undoped
TiO> nano-catalyst. The SEM image revealed that the addition of potassium, boron, and
nitrogen resulted in uniform doping or composite formation, which can enhance TiO:
properties. Under optimal processing conditions, the system achieved 84.3% CIP degradation
efficiency, a 100% anatase crystalline phase, and a specific surface area of 66.476 m? g"!. Each
characterisation method employed in this work confirmed the effective synthesis of active
visible light KBN-doped TiO», with increased Sger, smaller crystal size, larger pore space,
improved crystallinity, and a dominant anatase phase. The modified KBN-TiO; photocatalyst
successfully degraded the antibiotic organic pollutants, suggesting that modified TiO: is an
effective and environmentally friendly technology for degrading recalcitrant emerging

pollutants in wastewater.
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CHAPTER FIVE
Highly efficient KBN@TiO:@rGO composite for photodegradation of

antibiotics under visible light irradiation

Abstract

Antibiotic pollution in surface and groundwater systems raises significant concerns for both
ecological and human health, necessitating the development of efficient remediation strategies.
To address this challenge, a novel composite material, KBN@TiO>@rGO, was synthesised
through a two-step procedure: 1) the sol-gel method was employed to prepare KBN-doped TiO>
nanoparticles, and ii) these particles were subsequently dispersed onto reduced graphene oxide
(rGO) via hydrothermal treatment for ciprofloxacin (CIP) photooxidation applications. The
synthesised nanomaterials and photocatalytic composites were characterised using diverse
analytical techniques, including X-ray photoelectron spectroscopy, scanning electron
microscopy with energy-dispersive X-ray spectroscopy, optical spectroscopy, and
photoluminescence. The KBN@TiO2@rGO composite exhibited outstanding photocatalytic
activity, achieving 99.21% degradation of CIP and a 75.09% reduction in total organic carbon
during illumination (950 W m~2). Notably, this corresponds to a 3.3-fold increase in the CIP
removal efficiency compared to simple TiO», highlighting the synergistic effect of ternary atom
(B, N, and K) doping and rGO integration. Divalent cations, including Mg** and Ca?*, slightly
inhibited the CIP removal. In contrast, anions such as Cl~, NOs;~, and HCOs3;~ enhanced CIP
degradation, while SO4*~, PO4>~, and humic acid exerted inhibitory effects. Furthermore, the
degradation performance of the prepared photocatalyst was investigated across different water
matrices, showing slightly lower efficiency due to the presence of natural radical quenchers
and organic materials. The formation of reactive oxygen species, including *OH, O, and 'O,
was verified through electron spin resonance spectroscopy and chemical scavenger
experiments. Finally, possible CIP degradation pathways were elucidated using UPLC-MS/MS
analysis. These findings highlight the promising potential of the KBN@TiO@rGO

photocatalytic system for CIP degradation in various water matrices.
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5.1 Introduction

Pharmaceuticals and personal care products (PPCPs) are frequently detected in aquatic
environments and have emerged as a global environmental concern [193]. In 2024, global
pharmaceutical consumption was estimated at 3.8 trillion daily doses [194]. Since the discovery
of penicillin by Alexander Fleming in 1928, antibiotics have been extensively used to treat
bacterial infections [195]. Due to the substantial rise in global antibiotic consumption in recent
years, these compounds have been detected in natural water bodies and raw sewage at
concentrations ranging from nanograms per litre (ng L~!) to micrograms per litre (ug L"), and
even milligrams per litre (mg L) in some pharmaceutical wastewaters [196]. The proliferation
of antibiotics and their metabolites has been associated with the emergence of antibiotic-
resistant genes and antibiotic-resistant bacteria. Moreover, the presence of PPCPs and

antibiotics in wastewater can disrupt the natural microbial communities and the ecosystem.

Ciprofloxacin (CIP) is a widely used antibiotic belonging to the broad-spectrum
fluoroquinolone class. It is frequently detected in wastewater treatment plants at concentrations
ranging from 0.013-104.2 pg L~! [195] and even at high-level concentrations of mg L' in
effluents from pharmaceutical companies [197]. CIP is commonly used to treat both human
and animal bacterial infections. Due to its high chemical stability and low biodegradability,
approximately 70% of administered CIP remains unmetabolized and is excreted via the renal
system in both humans and animals [198]. Physicochemical treatment techniques, including
membrane filtration, adsorption, and electrocoagulation, are expensive, energy-intensive, and
generate undesirable by-products (such as sludge and organic intermediates), which limit their
widespread application in the degradation of antibiotics. Additionally, conventional biological
treatment processes are often ineffective in eliminating emerging organic contaminants, such
as antibiotics, which may persist in treatment effluents as refractory residues and pose risks to
human health, animal life, and aquatic ecosystems [199,8]. Therefore, developing cost-
effective, environmentally friendly, and highly efficient remediation strategies is imperative.
Photocatalysis has emerged as a promising technique for the degradation of antibiotics, owing
to its outstanding redox performance, zero-sludge output, and solar energy utilisation

capabilities [200].

Advanced oxidation processes, such as heterogeneous photocatalysis, are considered effective
treatment methods, especially for recalcitrant organic pollutants [10,112]. Among these,

titanium dioxide (TiO2)-based photocatalysis is the most widely employed method due to its
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operational simplicity, significant chemical stability, affordability, relative availability, and
eco-friendliness. This approach offers several distinct advantages: (1) tailored morphologies
provide abundant active sites for various applications; (2) the ionic radius of Ti*" closely
matches that of many metal cations, facilitating the incorporation of heteroatom dopants; (3)
the flexible energy band structure promotes efficient storage of free electrons in the conduction
band; and (4) defect engineering, such as the introduction of oxygen vacancies, creates a new-
fangled band gap in the prohibited band, thereby improving the absorption of visible light [14].
Therefore, TiO»-based photocatalysis shows strong potential for the efficient degradation of
recalcitrant organic pollutants and other substances resistant to conventional biological
treatment methods [13,14]. Nevertheless, several critical limitations hinder the practical
application of TiO2 in commercial settings [13]. First, due to its high band gap energy (3.20
eV), TiO, must be exposed to Ultraviolet A radiation (UVA) to become photoactivated.
However, its solar utility is severely limited, as UVA constitutes only approximately 5% of the
solar spectrum [16]. Additionally, the rapid recombination of photogenerated electron—hole
pairs and the low adsorption capacity for hydrophobic pollutants lead to reduced photonic
efficiency when TiO; photocatalysts are applied for water treatment. In recent years, extensive
research has focused on overcoming these limitations to enhance the photocatalytic
performance of TiO2 [17]. Strategies such as metal and non-metal doping, formation of
composites with other photocatalysts, and the development of heterojunction photocatalysts

have been explored to address these limitations [18].

Doping TiO> with metal and non-metal to enhance its photocatalytic efficacy has been the
subject of extensive research [201]. The incorporation of dopants can modify the electronic
structure of TiO2, thereby improving its visible light irradiation efficiency. Metal-doped
photocatalysts, such as those modified with silver (Ag) [20], iron (Fe) [21], potassium (K) [22],
and boron (B) [23], exhibit superior photocatalytic performance due to the localised surface
plasmon resonance (LSPR) and the electron-accepting capabilities of the metal dopants. These
dopants capture electrons due to the altered Fermi level in the metallic oxide, facilitating the
separation of photogenerated electron—hole pairs [24]. Furthermore, metal doping-induced
LSPR can lower the bandgap and introduce new energy levels between the valence and
conduction bands, thereby enabling photocatalytic activation under visible light. Similarly,
non-metal doping involves the introduction of heteroatoms, such as nitrogen (N) [25], carbon

(C) [26], and phosphorus (P) [27], into the metal oxide lattice by partially replacing oxygen
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atoms. The incorporation of non-metal dopants enhances charge carrier separation, creates non-
metallic energy levels, and facilitates electron capture, thereby lowering the bandgap.
Moreover, co-doping with multiple heteroatoms (C/N) [28] and (B/N) [29] can suppress the
recombination of charge carriers by leveraging the electron-accepting properties of non-metals,
further reducing the bandgap of bare TiO2 by creating new energy levels. Additionally, ternary
doping (KHB) [14] can significantly enhance photocatalytic activity, particularly for the
degradation of antibiotics.

It has been widely reported that combining TiO> with graphitic materials, characterised by a
higher specific surface area and superior charge carrier mobility compared to pristine TiO», is
among the most effective approaches for enhancing its photocatalytic activity. Specifically,
reduced graphene oxide (rGO) and graphene oxide (GO) have recently been used as substrates
for loading TiO; particles due to their enhanced mechanical, electrical, and chemical properties,
as well as their high surface conductivity and outstanding absorptivity [18,19]. The adsorption
of organic contaminants onto rGO is facilitated by the presence of carboxylic acid (~COOH)
at the edges and hydroxyl (—~OH) and epoxide (C—O-C) groups on the basal plane [202].

To the best of our knowledge, sol—gel-assisted hydrothermal synthesis of KBN@TiO@rGO
for single and multi-antibiotic degradation under solar simulator irradiation has not yet been
reported in the literature. Accordingly, the novelty and objectives of the present study include:
(a) fabrication of KBN@TiO>@rGO composite using a sol-gel method followed by
hydrothermal treatment and characterise its physicochemical and structural properties; (b) to
evaluate the adsorption capacity and photocatalytic degradation efficiency of the
KBN@TiO>@rGO system for CIP; (c) to systematically examine the effects of key variables,
including initial CIP concentration, catalyst loading, and solution pH, on the photocatalytic
mechanism and overall performance; (d) to investigate the generation of reactive oxygen
species (ROS) and elucidate the mechanisms underlying photocatalytic activity in the
KBN@TiO,@rGO system; and (e) to assess the reusability of the KBN@TiO,@rGO
photocatalyst and examine its performance across different water matrices (river water,

groundwater, and municipal water) to determine its practical applicability.

5.2 Materials and Methods
5.2.1 Materials

The details of chemical reagents and instruments used for characterisation are provided in Text
S5.1 and Text S5.2 in Supplementary Information, respectively.
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5.2.2 Synthesis of KBN@TiO:

A KBN@TiO; photocatalyst was synthesised using a simple and effective sol-gel method,
incorporating specific amounts of boric acid (H3BO3) (5 wt.% B-Ti) and potassium nitrate
(KNO3) (2 wt.% K-Ti) [14]. To prepare the dopant solutions, the required quantities of
potassium nitrate and boric acid were dissolved separately in a mixture of 10 mL of absolute
ethanol and 3 mL of water, followed by sonication in an ultrasonic bath for 30 min to form
solutions 1 and 2, respectively. Subsequently, 17 mL of titanium (I'V) isopropoxide was slowly
added to 47 mL of anhydrous ethanol, after which 14 mL of double-distilled deionised (DDI)
water was added under vigorous stirring to form Solution 3. Solutions 1 and 2 were then added
dropwise to Solution 3. Thereafter, ammonia (NH3) was gradually introduced (5 wt.% N-Ti),
and the mixture was stirred continuously for 4 h. The resulting solution was aged at room
temperature for 24 h to promote hydrolysis, then dried in an oven at 50 °C to remove residual
solvents. The dried product was subsequently ground, placed in a silica boat, and calcined in a
tubular furnace at 500 °C for 2 h, with a heating rate of 5 °C min ™! in air. BN@TiO; and undoped

TiO2 were synthesised using a similar method.

5.2.3 Synthesis of GO and rGO

Graphite powder was converted into GO using a modified Hummers' approach at low
temperatures [203]. Initially, 2 g of graphite, 1 g of NaNOs, and 50 mL of H2SO4 were mixed
in an ice bath for 1 h using a magnetic stirrer. Subsequently, 6 g of KMnO4 was gradually
added over 1 h at 40 °C under continuous stirring. Next, 250 mL of DDI water was added to
the solution, followed by the dropwise addition of 30% H>0O; (12.5 mL) until the solution
turned yellow-brown. The resultant GO powder was washed five times with DDI water, then
treated with 10 mL of 0.1 M HCI and left to settle overnight. After repeatedly washing the
suspension until a neutral pH was achieved, the GO powder was isolated through centrifugation.

Finally, the powder was dried overnight at 60 °C in a vacuum oven.

Using ultrasonication, a 2.8 g GO aqueous suspension was prepared in 100 mL of DDI water
for subsequent reduction via the ascorbic acid method. Following this, 1.0 g of ascorbic acid
was added, and the mixture was stirred for 30 min. To improve colloidal stability through
electrostatic repulsion, 0.5 g of NaOH was introduced to adjust the solution pH to a basic range.
After further agitation, the reaction mixture was heated at 90 °C for 1 h. Upon completion, the
resulting reduced black product was separated by centrifugation and thoroughly washed with

water to remove any residual unreacted components. Finally, the synthesised rGO was
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dried overnight at 50 °C, followed by an additional 4 h at 60 °C in a vacuum oven, yielding 2.15
g of rGO.

5.2.4 Synthesis of KBN@TiO:@rGO composite

The KBN@TiO@rGO composite photocatalyst was synthesised through dispersion and
thermal treatment techniques. Specifically, 0.9 g of modified KBN@TiO> and 0.1 g of rGO
were dispersed in 100 mL of DDI water and stirred for 2 h. The resulting suspension was then
transferred to a Teflon-lined autoclave and subjected to hydrothermal treatment at 150 °C for
3 h. After cooling, the mixture was washed three times with DDI water to remove impurities,
centrifuged at 3000 rpm, and dried overnight at 50 °C to obtain the KBN@TiO@rGO
nanocomposite. The BN@TiO2@rGO and TiO>@rGO composites were synthesised using the

same method. Figure 5.1 illustrates the procedure used to synthesise the composite

photocatalyst.
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Figure 5.1 Schematic illustration of the synthesis process for the KBN@TiO>@rGO

nanocomposite.
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5.2.5 Photocatalytic degradation experiments

The photocatalytic degradation tests were conducted in batch mode using a cylindrical quartz
photocatalytic reactor (open at the top) with a total volume of 250 mL (radius: 5 cm; height: 10
cm). A 500 W Xenon lamp, positioned 20 cm above the upper edge of the reactor, served as the
UV-visible light irradiation source (wavelength range: 400-780 nm). In each degradation
experiment, a sample amount of the photocatalyst was dispersed in 100 mL of CIP solution and
stirred in the dark for 20 min until absorption—desorption equilibrium was achieved before
exposing it to UV-visible light. The photocatalytic degradation performance of
KBN@TiO>@rGO was evaluated in comparison to that of synthetic TiO,, BN@TiO,, and
BN@TiO>@rGO. Additionally, the effects of initial pH (3—11), catalyst dosage (0.025-0.25 g),
and initial CIP concentration (1-10 mg L~!) on the photocatalytic degradation efficiency were
examined through a series of experiments. After each experiment, a 3 mL aliquot of the reaction
solution was collected and filtered through a 0.2 um syringe filter (Whatman, cellulose nitrate
membrane, @ = 25 mm) before analysis. To identify the ROS involved in the photocatalytic
process, scavenger experiments were conducted, followed by real water matrix experiments to
evaluate the practical applicability of the catalyst. The concentration of CIP was quantified
using high-performance liquid chromatography (HPLC; Agilent Technologies, 1200 series,
USA) at a detection wavelength of 277 nm (Table S5.1). The reusability of the photocatalyst
was assessed by repeating the experiment five times. Detailed analytical procedures are
provided in Text S5.3. All experiments were conducted at least in duplicate under ambient
temperature and atmospheric pressure.

The CIP removal efficiency (%) was calculated using Eq. (5.1):

Removal efficiency (%) = G =G %100
0
(5.1)
The first-order kinetic rate constant (ky, min~') was defined by Eq. (5.2) [225].
In & =—kt (5.2)

0
where Co and C; represent the initial and time-dependent concentrations of the antibiotic (mg
L), respectively; ¢ is the reaction time (min); and k. denotes the rate constant (min~') for

adsorption (kags) or photocatalytic degradation (kdeg).
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5.3 Results and Discussions

5.3.1 Characterisation of synthesised KBN@TiO:@rGO

5.3.1.1 XRD and FTIR analysis of synthesised composites

XRD analysis was employed to determine the crystal structures of TiO>, KBN@TiO,
KBN@TiO,@rGO, and recycled KBN@TiO>@rGO. The TiO> nanoparticles exhibited an
anatase crystalline phase. Characteristic diffraction peaks are observed in Figure 5. 2a at 20
angles 25.69°, 38.40°, 48.80°, 54.78°, 55.94°, 63.74°, 69.95°, 71.48°, and 75.38°,
corresponding to the (101), (004), (200), (105), (211), (204), (116), (220), and (107) planes of
TiO2, respectively (JCPDS 21-1272) [35, 36]. As can be observed, the KBN@TiO>
nanocomposite displayed 20 values corresponding to the (101), (004), (200), (105), (211), (204),
(116), (220), and (107) crystal planes, respectively, of 25.69°, 38.40°, 48.80°, 54.78°, 55.94°,
63.73°, 69.95°, 71.48°, and 75.38° (JCPDS 21-1272). Additionally, a few rutile phases were
detected in the undoped TiO2 sample (JCPDS 21-1276) [204]. Compared to pure TiO2, doping
with potassium (K), boron (B), and nitrogen (N) expanded the most intense (101) peak of the
anatase. The KBN@TiO@rGO nanocomposite presented spikes at 20 angles of 24.77°,37.38°,
46.89°, 53.13°, 53.74°, 61.44°, 67.69°, 68.48°, and 73.02°, corresponding to the (101), (004),
(200), (105, (211), (204), (116), (220), and (107) planes, respectively. The average crystallite
size of the nanoparticle was 19.04 nm. The absence of additional diffraction peaks confirms
the successful synthesis of KBN@TiO@rGO nanocomposites. However, the XRD spectra of
the KBN@TiO2@rGO nanocomposite do not show any clear peaks for B2O3 or rGO, which is
attributed to their trace concentrations. First, the composite's peaks may be too weak to be seen
or distinguished over the background noise because boron doping and rGO were utilised at
their optimal levels (5% B and 10% rGO). Moreover, the characteristic peaks of rGO and TiO>
may overlap, making it challenging to distinguish them in the XRD spectra; therefore, peak

overlay cannot be ruled out [205].

Figure 5. 2b presents the FT-IR spectra of TiO2, KBN@TiO2, KBN@TiO>@rGO, and the used
KBN@TiO>@rGO (Figure S5.1) nanocomposite photocatalysts. In the TiO> spectrum, a broad
band between 3427 and 3102 cm™! corresponds to the O—H stretching vibrations of surface
hydroxyl groups and adsorbed water molecules. This is further supported by the band observed
at 1636.18 cm ™!, which is attributed to the bending vibrations of molecular water and Ti-OH
groups [ 19]. This band also reflects the vibrational modes of aromatic rings in the rGO structure
within the composites. The reduced intensity of the band at 1720 cm™! suggests that the
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composites primarily include hydroxyl groups instead of ketone or carboxylic groups [206].

Furthermore, the weakened signal at 1239 cm™! in the FT-IR spectra indicates the presence of

C-O functional. The bands observed at 809.32 and 460.19 cm™! in the spectra of both TiO, and

the composites are ascribed to the vibration of Ti—O—Ti linkages in TiO>. In the composite, the

chemical interaction of TiO, with rGO usually produces broad absorption bands below 1000

cm!, indicating a combination of Ti—-O—C and Ti—O-Ti vibrations. When hydrothermally

treated, Ti—-O—C connections demonstrate how rGO, which possesses residual carboxyl groups,

interacts effectively with the surface hydroxyl groups of TiO» nanoparticles to form chemical

bonds in the composites [207]. The significant reduction or disappearance of absorption peaks

corresponding to oxygenated functional groups, such as C=0 (1636.18 cm™'), -OH (1353.35

cm™!), and C-O-C (1035.23 cm™!), in the nanocomposites further confirms the strong binding
of TiO to rGO at these reactive sites [208].
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Figure 5.2 Characterization of the synthesized materials: (a) XRD patterns; (b) FTIR spectra;
(¢) N2 adsorption-desorption isotherms; FE-SEM images of (d) KBN@TiO2 and (e)
KBN@TiO,@rGO; (f) TEM image of KBN@TiO2@rGO composite; EDX spectra of (g)
KBN@TiO; and (h) KBN@TiO>@rGO;and (i) elemental mapping of KBN@TiO@rGO.

5.3.1.2 BET and SEM analysis

As shown in Table 5.1, nitrogen adsorption—desorption isotherms were employed to estimate
the BET surface areas of the synthesised rGO, as well as the fresh and used KBN@TiO>@rGO
samples. Compared to pristine TiO> and KBN@TiO,, KBN@TiO>@rGO displayed a
significantly high specific surface area of 71.35 m? g~!, which is attributed to the successful
incorporation of rGO into the KBN@TiO [229]. This high surface area is expected to facilitate
adsorption and electron transfer capability of the KBN@TiO@rGO composite [227].
Although the surface area of the used KBN@TiO>@rGO decreased from 71.35 m? g~! to 50.91
m?2 g~!, this reduction did not result in a marked decline in photocatalytic activity. The pore size
distributions of the three materials, based on the nitrogen adsorption—desorption method, are
presented in Figure 5.2c and S5.2. The rGO sample (black squares) exhibited strong mesopores,
characterised by a broad pore size distribution ranging from 2 nm to 30 nm and a very high
pore volume, with a sharp peak near 4 nm. This porosity is typically attributed to the ragged
and wrinkled sheet-like morphology of rGO [19]. The fresh KBN@TiO@rGO (red circles)
displayed a narrower pore size distribution, primarily centred around 3—5 nm, and exhibited a
greater total pore volume.

Table 5. 1: Surface area and pore size distribution of prepared samples.

Samples Surface area Average pore Pore volume
(m2g™) size (nm) (em3g™)
rGO 60.615 3.407 0.060
KBN@TiO>@rGO fresh 71.354 4.301 0.117
KBN@TiO>@rGO used 50.911 3.054 0.134

The SEM images in Figures 5.2d and 5.2¢ reveal the morphological properties of KBN@TiO»
and KBN@TiO>@rGO, respectively. As shown in Figure 5.2d, the KBN@TiO:> structure is

larger, rougher, and irregularly shaped. In contrast, Figure 5.2e shows that the particles in
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KBN@TiO>@rGO appear smaller and more evenly distributed. A smoother, layered region
observed beneath or surrounding the nanoparticles is attributed to rGO. The aggregation of
rGO sheets was invisible as a result of the chemical interaction between KBN@TiO- and rGO.
Furthermore, the TEM image of KBN@TiO@rGO in Figure 5.2f indicates that the
incorporation of rGO provides a conductive platform for the photoactive material, enabling
these particles to be more uniformly distributed. The chemical functionalities in rGO improve
interfacial adhesion and prevent the aggregation of KBN@TiO», which is beneficial for surface
catalytic reactions.

The elemental composition of the KBN@TiO>@rGO photocatalysts was determined using
EDX, as presented in Figures 5.2g and 5.2h. The quantitative data, summarised in the inset
tables of these figures, indicate that the photocatalysts were primarily composed of boron (B),
carbon (C), nitrogen (N), oxygen (O), potassium (K), and titanium (Ti). As shown in the inset
table of Figure 5.2g, the elemental composition of the KBN@TiO> sample was 97.42% Ti and
O, with small amounts of B (0.75%), C (0.53%), N (0.62%), and K (0.69%). In contrast, the
composite sample comprised 43.74% Ti, 51.35% O, 2.56% B, 2.14% C, 0.12% N, and 0.10%
K, as shown in Figure 5.2h. Overall, KBN@TiO>@rGO exhibited a much more sophisticated
structure that combined the positive properties of rGO (conductivity and dispersion) with the
active site generation provided by KBN doping on TiO; (Figure 5.21). Compared to
KBN@Ti0, the observed structural and elemental changes suggest that KBN@TiO>@rGO

possesses superior photocatalytic, electronic, and adsorption capabilities.

5.3.1.3 Analysis of synthesised composites using XPS

The XPS survey spectrum displayed in Figure 5.3a reveals distinct peaks corresponding to Ti
2p (458.19¢eV), O 15 (529.48 eV), C 15 (283.90 eV), K 2p (292.40 eV), B 15 (191.60 eV), and
N 15 (402.23 eV). These peaks provide preliminary details about the elemental composition of
the composites, confirming the presence of Ti, O, K, B, N, and C. As shown in Figure 5.3b, the
Ti 2p spectrum displays distinct peaks at 458.19 eV and 463.89 eV, corresponding to the Ti**
2p32 and Ti** 2p1s2 states, respectively. These features offer information on the coordination
environments and chemical states of titanium inside the nanocomposites [186]. Additionally,
the O 1s spectrum in Figure 5.3c displays two peaks at binding energies 529.48 and 531.45 eV,
indicating the presence of oxygen in different chemical coordination. The combined C 1s and
K 2p spectrum shown in Figure 5.3d displays distinct peaks at 283.9, 286.1, 286.6, 288.1, and
292.4 eV. These are attributed to sp? carbon (C=C), C-N/C-OH, C-O-C, C=0, and K 2p3/,
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respectively, confirming the presence of rGO and K, as well as oxygen-containing functional
groups distributed across the nanocomposite surface [209]. These characteristics influence the
electrical structure and surface reactivity of the nanocomposites. On comparison, the binding
energies of Ti*" 2ps» and 2pi1» in KBN@TiO@rGO are slightly shifted to higher values
relative to those in KBN@TiO» (Figure S5.2), indicating strong interactions between Ti species
and the oxygen-containing functional groups of rGO. The B 1s spectrum in Figure 5.3 exhibits
a distinct peak at 191.1 eV, attributed to B—O-Ti, which indicates the presence of interstitial
boron [210]. This bonding configuration is known to influence the surface chemistry by
reducing the band gap energy of modified TiO2 [14]. The peak at 191.9 eV stem from B203
surface species. The N 1s spectrum in Figure 5.3f shows two prominent peaks at 399.76 eV
and 400.8 eV, corresponding to different nitrogen functionalities. These peaks provide
information about nitrogen-containing species, such as amino groups and graphitic nitrogen.
The identification of K, B, and N elements by XPS affirms their successful incorporation in the
prepared composite. The co-doping of B and N has been widely reported to synergistically
enhance the visible light activation ability of TiO> by modulating its electronic structure and
suppressing charge recombination compared to B or N doping [210]. Whereas the K doping
that was observed in Figure 5.3d primarily contributes to the improvement of the TiO;
crystalline structure stability and strengthens the catalytic properties of the nanocomposites,
which is more evident from the high photodegradation ability of KBN@TiO>@rGO than
BN@TiO2@rGO, which is described in section 3.2.
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Figure 5.3 XPS analysis of KBN@TiO2@rGO NCs: (a) Overall survey, (b) Ti 2p, (c) O 1s,
(d)C1s+K2p, (e) B Is, and (f) N Is.

5.3.1.4 Evaluation of optical, photoluminescence and electrochemical
properties

DRS can be used to determine the band gap energy (£g) of materials by analysing their light
absorption performance and applying relevant transformation equations. As illustrated in
Figure S5.3, the absorption edge of TiO; is limited to wavelengths below 400 nm. However,
the absorption edges of KBN@TiO; and KBN@TiO,@rGO demonstrate a significant redshift,
as shown in Figure 5.4a. This enhancement is likely attributed to KBN doping within the TiO>
lattice and the interfacial interaction between rGO and TiO; following hydrothermal treatment
[79]. The introduction of rGO into KBN@TiO: further increases light absorption in both the
visible and ultraviolet regions, suggesting that KBN@TiO>@rGO can absorb more visible light.
The band gap energy (E;) values for TiO2, rGO, KBN@TiO,, and KBN@TiO2@rGO were

calculated using Tauc's equation (Eq. 5.3):

(ahv)" = A(hv—E,) (5.3)

where A4 is a constant, while 4, a, v, and E; denote the Planck constant (eV-s), absorption
coefficient (cm™'), photon’s frequency (s~!), and band gap energy (eV), respectively. The

transition characteristics of the semiconductor establish n (TiO2, n = 4) [211]. The calculated

82



band gap energies (E;) for TiO2, rGO, KBN@TiO», and KBN@TiO@rGO were 3.21, 0.76,
2.87, and 2.11 eV, respectively, as shown in Figures S5.3 and 5.4b. Compared with TiO; and
KBN@TiOz, the KBN@TiO>@rGO composite exhibits the lowest bandgap energy, indicating

its enhanced capability to harvest solar light for photocatalytic applications.

PL spectra of the modified TiO, (KBN@TiO2) and KBN@TiO@rGO photocatalysts are
presented in Figure 5.4c. The PL spectrum’s peak intensity reflects the recombination rate of
photo-generated electron—hole pairs [24]. A lower PL intensity corresponds to a reduced
recombination rate, enabling more efficient charge separation and transport. The highest
intensity was observed at an excitation wavelength of 458 nm, with a prominent emission peak
in the 380480 nm range. Notably, the PL intensity of KBN@TiO@rGO was significantly
lower than that of KBN@TiO-, indicating that the incorporation of KBN dopants and rGO
suppresses the recombination of photo-induced holes and electrons, thereby improving the

photocatalytic activity of the nanocomposite.

Electrochemical impedance spectroscopy (EIS) analysis was performed for TiO>, KBN@TiO»,
and KBN@TiO2@rGO samples at open circuit potentials under dark conditions (Figure 5.4d).
The Nyquist plot results display no semi-circle region at high frequencies for all three tested
materials, which indicates the charge transfer kinetics at these interfaces are extremely fast.
Similarly, the Warburg impedance at the low-frequency region showed a straight line and their
angles were > 45°,>60°, and >70° for TiO2, KBN@TiO,, and KBN@TiO>@rGO, respectively.
These features represent that ion diffusion becomes limited upon doping and exhibited a finite-
length diffusion for KBN@TiO>@rGO due to the more porous nature of rGO. Mott-Schottky
(M-S) analysis for TiO2, KBN@TiO2, and KBN@TiO@rGO modified electrodes was
conducted at an applied frequency of 1000 Hz (Figure 5.6€) to understand the nature of the
semiconductor. Only TiO; exhibited the n-type semiconductor characteristics in the tested
potential window. Whereas, KBN@TiO2, and KBN@TiO>@rGO reveal both n-type and p-
type semiconductor features upon doping [238]. These unique M-S features suggest that the
crystal structure of the TiO> contains these doped elements. Furthermore, the intercept of these
positive slopes shifted to smaller values for KBN@TiO> and KBN@TiO>@rGO compared to
TiOz. The negative shift observed in the flat band potential (Ef) of these materials indicates
that these materials exhibit higher donor density, which is associated with the defects created

by the B, N, and K atoms in the TiO».
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Figure 5.4 UV-Vis diffuse reflectance spectra of (a) rGO, KBN@TiO2, and KBN@TiO>@rGO,
(b) Tauc plots of rGO, KBN@TiO>, and KBN@TiO>@rGO, and (c) PL spectra of KBN@TiO>
and KBN@TiO@rGO. (d) EIS Nyquist plot and (e) Mott-Schottky plot for different materials.

5.3.2 Effect of rGO content and photocatalytic activity of the composite

A high surface area in the TiO2@rGO nanocomposite primarily depends on the weight
percentage of GO [226]. As shown in Figure S5.4a-b, increasing the weight ratio of rGO from
5% to 15% led to a rise in adsorption efficiency from 12.10% to 34.32%, primarily due to the

increased surface area. However, the photocatalytic performance decreased slightly from 94.29%

to 91.15% (Figure S5.4¢), accompanied by a reduction in the reaction rate constant from 0.0206
t0 0.0167 min~! (Figure S5.4d). This can be explained by the possibility that a high rGO loading
(Wt.%) can inhibit the active sites of KBN@TiOz [230]. The 10% rGO loading in KBN@TiO>
provides an effective compromise between maintaining active sites and boosting photocatalytic
activity. This composition achieved a notably high degradation efficiency under visible light
irradiation. A 5% decrease in the rGO level leads to a slight increase in photocatalytic activity.
Thus, 10% rGO was identified as the optimum mass ratio for compositing with modified

KBN@TiOz, achieving the maximum photocatalytic performance for antibiotic degradation.

5.3.2.1 Catalyst selection

CIP adsorption performance was evaluated using both undoped and doped TiO> under dark
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conditions for 60 min until adsorption—desorption reached equilibrium. As shown in Figure
5.5a, the rGO modified KBN@TiO> composite exhibited improved CIP adsorption efficiency
except for TiO>@rGO. A lower adsorption capacity often suggests enhanced photocatalytic
performance, as more active sites remain available for photodegradation reactions [234]. In
contrast, KBN@TiO2@rGO achieved a CIP degradation efficiency of 99.21% within 120 min
(Figure 5.5¢), with a corresponding degradation rate constant (kaeg) of 0.0337 min~' (Figure
5.5d). These findings confirm that the KBN-doped TiO>@rGO photocatalyst exhibited
excellent CIP degradation efficiency compared to both undoped TiO>@rGO and BN-doped
TiO2@rGO.
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Figure 5.5 Evaluation of catalyst performance (a) adsorption, (b) pseudo-first-order rate
constants for adsorption, (c) photocatalytic degradation, and (d) pseudo-first-order rate
constants for photocatalytic degradation system. (Experimental conditions: [CIP]o=10 mg L',

catalyst dose = 0.2 g L~!, unadjusted pH = 5.23, at controlled temperature = 23°C).
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The first-order kinetic model further supported the reaction rate analysis. As shown in Figures
5.5b and 5.5d, the first-order rate constant for the adsorption process (kags) was 3.7x10~> min™!
for KBN@TiO»@rGO, while for degradation, the ke value was 3.37x10~2 min~! (Tables 5.2
and 5.3). Furthermore, BET analysis confirmed that KBN@TiO>@rGO possesses a higher
number of active sites (Figure 5.2c). This photocatalyst also exhibited a narrow band gap
energy (Figure 5.4b) that enables more ROS generation that readily oxidise antibiotics [202].
As shown in Tables S5.2a and S5.2b, the CIP removal performance of KBN@TiO»@rGO
surpasses that of many reported TiO> derivatives and metal oxide systems (e.g., MoS2, ZnO,
WO3, Bi-O). The composite achieves a CIP removal of 99.21% at lower catalyst dosage and
within shorter irradiation times, reflecting its superior catalytic efficiency. This improvement
is mainly attributed to ternary B/N/K doping, which enhances visible-light utilisation and

charge separation, together with rGO providing an efficient electron transport pathway.

Table 5.2: Effect of adsorption on CIP removal by the synthesised catalysts.

Catalyst type Removal (%) kadgs (min~')  #12 (min) R?

TiO, 15.59 £0.032 0.0010 693.00 0.5909
TiO2/rGO 25.34 +0.022 0.0016 433.13 0.6199
BN@TiO; 11.57 £0.053 0.0006 1155.00 0.4598
BN@TiO2/rGO 18.85 £0.008 0.0018 385.00 0.8090
KBN@TiO> 16.16 £0.030 0.0010 693.00 0.7267
KBN@TiO2/ rGO 23.41 +£0.011 0.0037 187.30 0.9135

kaas = Adsorption pseudo-first-order kinetic rate constant (min~'), 1, = Half-life of the

reaction (min~').

Table 5.3: Effect of photocatalysis on CIP degradation by the synthesised catalysts.

Catalyst type Removal (%) kdeg (min™')  #12 (min™") R?

TiO, 31.57£0.016 0.0024 288.75 0.5307
TiO2/rGO 74.46 +0.027 0.0096 72.19 0.8813
BN@TiO; 76.92 +0.037 0.0110 63.00 0.9422
BN@TiO2/rGO 84.30 +0.020 0.0145 47.80 0.9874
KBN@TiO» 85.04 +£0.029 0.0156 44.42 0.9338
KBN@Ti0,/rGO 98.10 + 0.023 0.0337 20.56 0.9627
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kaeg = Pseudo-first-order degradation rate constant (min™!), ¢, = Half-life of the reaction

(min").

5.3.2.2 Effect of catalyst dosage
Figure 5.6a and Table S5.3 present the effect of KBN@TiO>@rGO concentration on CIP

degradation efficiency. When the catalyst dosage was increased from 25 mg L~! to 200 mg L1,
the KBN@TiO>@rGO system exhibited a significant enhancement in the photodegradation
efficiency of CIP, with the removal percentage rising from 76.23% to 99.59% within 120 min.
Correspondingly, the kdeg value increased from 0.0113 min~! to 0.0325 min~!, as shown in Table
S5.3. This can be attributed to the continuous increase in the active radical’s generation with
KBN@TiO>@rGO dosage. However, when the photocatalyst dosage was further increased to
250 mg L', the degradation efficiency decreased slightly to 97.33%, and the corresponding
kaeg value decreased to 0.0275 min~'. This reduction in performance is attributed to the
obstruction of light caused by the increase in photocatalyst dosage [212]. Therefore, a catalyst
dosage of 200 mg L~! was identified as optimal KBN@TiO@rGO concentration for further

studies.

5.3.2.3 Effect of initial CIP concentration

Figure 5.6b illustrates the impact of varying initial CIP concentrations (1-10 mg L!) on the
photocatalytic degradation efficiency of the KBN@TiO2@rGO system. As the initial CIP
concentration increased, a gradual decline in CIP degradation efficiency, with removal rates of
100%, 100%, 99.09%, 98.84%, and 96.08% corresponding to initial concentrations of 1, 3, 5,
7, and 10 mg L', respectively. These findings indicate that KBN@TiO>@rGO maintains a
high level of photocatalytic activity even at elevated CIP concentrations (10 mg L.
Furthermore, as presented in Table S5.3, the k4eg value decreased from 0.1807 to 0.0337 min~!
as the initial CIP concentration increased from 1 to 10 mg L-! respectively. The
plausible reasons for this phenomenon are outlined as follows: (1) Higher concentrations of
CIP may result in a photon-shielding effect between the molecules, reducing the number of
photons that reach the catalyst surface [213]; (2) the increased antibiotic concentration leads to
extensive coverage of the catalyst surface by CIP molecules, hindering the generation of free

radicals and electron—hole pairs due to limited available active sites [214].
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Figure 5-6 Effects of (a) catalyst dose, (b) initial CIP concentration, (¢) initial pH, (d) point of
zero charge (pHpcz) for KBN@TiO>@rGO, (e) cation effects, and (f) anion effects on
photocatalytic degradation of CIP using the KBN@TiO>@rGO system. (Experimental
conditions: [CIP]o = 10 mg L~!, catalyst dose = 0.2 g L~!, [cations]o = [anions]o = 200 mg L,
unadjusted pH = 5.23, at controlled temperature = 23°C).

5.3.2.4 Effect of initial pH values
The initial solution pH highly influences photodegradation, as it directly alters the catalyst’s

surface charge characteristics. Therefore, the photodegradation efficiency of
KBN@TiO0,@rGO was evaluated at pH values of 3, 5.23 (unadjusted), 7, 9, and 11. As shown
in Figure 5. 6c, the initial pH was varied while other operational parameters were held constant.
When the initial solution pH was adjusted to 3, 5.23, 7, 9, and 11 before the reaction, the
corresponding photocatalytic degradation efficiencies were 83.60%, 99.21%, 99.99%, 99.94%,
and 97.96%, respectively, within 120 min, as shown in Figure S5.5¢c. The kqeg at these pH values
was 0.0130, 0.0363, 0.0711, 0.0590, and 0.0345 min~!, respectively (Table S5.4). The
photodegradation efficiency was notably lower at pH 3, primarily due to the strong acidity of
the solution. The excess H' ions likely consumed the generated "OH radicals, thereby hindering
their reaction with CIP and slightly suppressing the overall photodegradation efficiency.
Furthermore, CIP possesses pKa values of 5.9 and 8.9, which indicate that it exists as a cation
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below pH 5.9, a zwitterion between pH 5.9 and 8.9, and an anion above pH 8.9 [89]. As
illustrated in Figure 5.6d, the pHpzc of the KBN@TiO2@rGO nanocomposite was determined
to be 7.3. Accordingly, the catalyst surface becomes negatively charged at pH values above 7.3,
favouring the adsorption of cationic species (CIP"), while it remains positively charged at pH
values below this threshold, promoting the attraction of anionic species (CIP~) to the surface.
Photodegradation activity increased progressively as the pH was raised from 3 to 7, with 99.99%
photodegradation achieved within 120 min at pH 7. However, in the high pH conditions, the
photodegradation efficiency declined only slightly. This reduction is primarily attributed to
electrostatic repulsion occurring above pH 8.9, where CIP exists predominantly as an anion,
and the surface of KBN@TiO@rGO was also negatively charged (Figure 5.6d). This like-
charge interaction hinders the adsorption of CIP onto the photocatalyst surface. Despite this, a
significant CIP degradation was observed at pH 11 after 1 h. These results demonstrate that the
KBN@TiO>@rGO nanocomposite exhibits robust photocatalytic performance across a broad

pH range (3—11), highlighting its strong potential for environmental remediation applications.

5.3.2.5 Effects of cations, anions and Humic Acid

The treatment of real wastewater is often complicated by the presence of inorganic ions, which
compete with target pollutants for ROS [55]. Figure 5.6¢ illustrates the effects of various
inorganic cations on the photodegradation efficiency of CIP using the KBN@TiO@rGO
system. The presence of Na*, K*, Mg?*, and Ca®" slightly inhibited photodegradation activity,
resulting in efficiencies of 94.96%, 91.88%, 93.59%, and 88.47%, respectively, compared to
97.24% 1n the control (Table S5.5). All measurements were taken after 120 min of irradiation.
Both wastewater and natural water contain inorganic salts that affect the photocatalytic activity
of photocatalysts. Therefore, the effects of various inorganic anions such as C1-, SO4*~ NOs ",
HCO;", and PO4>~ on the photodegradation effectiveness of CIP were examined. As shown in
Figure 5.6f, the introduction of 200 mg L~! of each anion exhibits different inhibitory effects
on CIP photocatalytic efficiency, following the order: PO4* > SO4*~ > HCOs™ >Cl™ > NO;3~
(Figure S5.5). After 120 min of exposure to PO4*", only 72.81% of CIP was degraded, and the
kaeg significantly decreased from 0.0325 min! to 0.01 min!, as shown in Table S5.5. This
reduction in photocatalytic efficiency can be attributed to: (1) phosphate ions (PO4>") inhibit
radical formation that adsorb onto the surface of photocatalysts such as TiO2 [243]. As a result,
fewer active sites are available for photocatalytic processes; (2) the efficacy of the

photocatalytic process may be diminished by the potential of phosphate ions to promote the
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recombination of photogenerated electron—hole pairs.

The degradation efficiency of CIP also slightly decreased in the presence of HCO3~, dropping
from 97.24% to 92.97%, while ks declined from 0.0325 to 0.0183 min ™', indicating a slight
inhibitory effect of HCOs~ (Table S5.5). In addition, the carbonate ion scavenges h" and *OH
to generate CO3*~, which reduces the oxidation potential (Egs. (5.7) and (5.8)). The addition of
HCO;™ to the CIP solution increases the pH to 12, leading to stronger electrostatic repulsion
between the negatively charged KBN@TiO2@rGO nanoparticles and the anionic form of CIP.
This repulsion inhibits adsorption onto the catalyst surface, thereby reducing degradation

efficiency compared to the KBN@TiO>@rGO system alone [216].

CI"+'0OH - *Cl+0OH" (5.4)
Cl +h" > Cl (5.5)
*Cl+ClI” = °Cl; (5.6)
CO¥ +°OH — CO;” +OH~ (5.7)
CO* +h* — CO;~ (5.8)
SO; +*OH — SO;” + OH~ (5.9)
SO;” +h" — SO;” (5.10)
NO; + H,O+hv— NO; +OH + "OH (5.11)
NO; +h" — NO; (5.12)

Interestingly, the presence of Cl~ and SO4>~ did not significantly impede the photocatalytic
degradation of CIP. The degradation efficiencies were 96.20% and 92.82%, with corresponding
kdeg values of 0.0226 and 0.0164 min!, respectively. The minor inhibitory effect of these anions
on CIP photodegradation with the KBN@TiO>@rGO system is primarily attributed to the
formation of less reactive species (*Cl and *Cl,™) compared to *OH, as shown in Eqgs. (5)— (10).
Additionally, the influence of NO3~ions on the photocatalytic degradation of CIP was examined.
The introduction of nitrate ions had a negligible effect on the degradation efficiency, which
remained essentially unchanged, increasing only slightly from 97.24% to 97.40%. This
marginal increase may be attributed to the generation of additional reactive radicals (Egs. 11
and 12), despite a decrease in kdeg from 0.0325 to 0.0251 min~'. Nitrate ions can also act as
electron acceptors, which lowers the recombination of photogenerated electron—hole pairs,
promotes synergistic effects of active radicals (see Eqgs. 5.11 and 5.12) and enhances

photocatalytic efficiency. Thus, in the KBN@TiO>@rGO system, cations and anions did not
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significantly inhibit CIP photodegradation, except for phosphate ions.

Considering that humic acid (HA) is a major constituent of natural organic matter (NOM)

commonly present in both groundwater and surface water, it was selected as the model organic

compound to investigate the effects of NOM on CIP degradation. As shown in Figure 5.7a, the
photodegradation of CIP decreased markedly from 97.24% to 87.57%, 73.07%, 68.24%, and
20.13% as the HA concentration increased from 0 mg L' to 25, 50, 100, and 200 mg L',
respectively. The kdee value also decreased from 0.0325 min~! to 0.0112, 0.0081, and 0.0016

min~', respectively, as shown in Figure 5.7b. This reduction can be attributed to the interaction

between HA and *OH [216]. Moreover, TiO> can also interact with humic substances, including

HA, through adsorption to produce surface complexes. The functional groups present in HA,

such as carboxyl (~COOH) and hydroxyl (—OH) groups, commonly bind to the surface of TiO>

particles to form these complexes [217].
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Figure 5.7 Effects of (a) humic acid, (b) rate constants at different concentrations of HA, (c)

effects of water matrix, (inset) corresponding rate constant values, (d) quenching experiments,

ESR spectra using (¢) TEMP and (f) DMPO spin-trapping agents. (Experimental conditions:

[CIP]o =10 mg L, catalyst dose = 0.2 g L~!, [scavenger]o = 5 mM, and unadjusted pH = 5.23,

at controlled temperature = 23 °C).
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5.3.2.6 Effect of water matrix
The photocatalytic performance of the synthesised KBN@TiO@rGO composite for CIP

degradation was further evaluated in various water matrices, such as mineral water, tap water,
municipal wastewater, ground water, and river waters. As shown in Figure 5.7c, the CIP
degradation efficiency varied across these matrices with KBN@TiO@rGO. The order of
degradation efficiency was as follows: DDI water > mineral water (MW) > tap water (TW) >
municipal wastewater (MWW) > river water (RW) > groundwater (GW), with corresponding
values of 99.46%, 96.66%, 95.22%, 93.28%, 89.59%, and 89.37%, respectively, (Figure S5.5).
The respective kqeg values were 0.0375, 0.0244, 0.023, 0.0211, 0.0195 min~!, and 0.0082 min™!
as presented in Figure 5.7c and Table S5.6. Notably, the overall degradation efficiency of
KBN@TiO>@rGO in all water samples decreased by approximately 10.09% compared to the
control (DDI water). This finding indicates that the KBN@TiO>@rGO composite nanomaterial
exhibited robust photocatalytic performance across different water matrices, consistent with
the observed influence of anions. The reduced photodegradation efficiency of CIP in
groundwater is attributed to the high concentrations of dissolved chloride (CI7), sulfate (SO4>°),
and bicarbonate (HCO;3") ions, which can act as scavengers for ROS [227]. This explanation is

further supported by the experimental results presented in Table S5.7.

"OH +CO;” - OH +05 , k=3.9x10°M's™" (5.13)
‘OH +SO;” - OH ™ + 805, k=3.5x10°M"'s"" (5.14)
*OH +CI- — CIOH®* +Cl;, k=4.31x10°M s (5.15)

5.3.2.7 Identification of ROS KBN@TiO:@rGO system
Quenching experiments were performed to identify the ROS ("OH, '02, and O,™) generation

in the KBN@TiO>@rGO system (Figure 5.7d). Totally four reagents, triethanolamine (TEOA;
for e ‘OH), furfuryl alcohol (FFA; for !0,), isopropyl alcohol (IPA; for h*), and benzoquinone
(BQ; for O2™ ) were used as radical and non-radical trapping agents [218]. The addition of each
scavenger showed a varying degree of inhibition for CIP degradation. Among these, "OH
exhibited the strongest inhibitory effect, followed by 02", 10, and h*. In the presence of TEOA,
only 55.76% (6.12 x 10~ min~!) of CIP was degraded, highlighting the pivotal role of "OH in
the KBN@TiO2@rGO-mediated degradation process. Interestingly, non-radical, singlet
oxygen ('0,) also contributed to CIP degradation. The CIP removal efficiency decreased from

99.21% to 86.38%, and the corresponding k value declined from 0.0363 to 0.0130 min~! when
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FFA was added as a scavenger. This result indicates that the CIP/KBN@TiO2@rGO system
under visible light irradiation generates non-radical 'O>. The ROS generation rates (Eq. S5) of
"OH, !0z, h*, and 02", were found to be 2.76 x 102 mg min~!, 2.07 x 10~ mg min~', 1.82 x
102 mg min~!, and 2.50 mg min~' in the KBN@TiO>@rGO system, respectively (Text S5.7,
Table S5.8). These findings confirm that the hydroxyl radical ("OH) played a dominant role in
the photocatalytic degradation of CIP within the KBN@TiO,@rGO system.

H,0—OH +H"* (5.16)
O,+e — 0, (5.17)
h"+OH — ‘OH (5.18)
*0; +2H,0 — 'O, + H,0, +20H "~ (5.19)
‘O, +"OH +2H" — 'O, +OH"~ (5.20)
Radicals + CIP+ KBN @ TiO, @ rGO — products (CO, + H,0O) + intermidates (5.21)

The role of ROS in CIP degradation by the KBN@TiO2@rGO system was further validated by
ESR analysis, as presented in Figures 5.7¢ and 5.7f. 5,5-Dimethyl-1-pyrroline N-oxide (DMPO)
was employed as a spin-trapping agent for the radical species ("OH and O>™), while 2,2,6,6-
tetramethylpiperidine (TEMP) was used for the non-radical 'O.. As shown in Figure 5.7f, weak
ESR signals corresponding to “OH and comparatively stronger signals for O>™ were observed.
Additionally, ‘OH can react with O>™ to form 'O (Eq. 20). Although hydroxyl radicals (‘OH)
were identified as the most actively generated radicals and played a dominant role by scavenger
experiments, the ESR analysis revealed only weak ‘OH signals. This is attributed to the
extremely short lifespan of "OH, which makes it difficult to capture its formation at a specific
reaction time during the photocatalytic process. A triplet signal with a 1:1:1 spin-splitting
pattern was observed when TEMP was used as a spin-trapping agent in the KBN@TiO2@rGO
system, indicating the formation of 'O2, as shown in Figure 5.7e. Singlet oxygen ('O,) is a non-
ionic, non-radical species generated from the lowest excited state of O>" [21]. The ESR signal
intensity for the TEMP + catalyst + light combination was higher than that of TEMP alone,

further confirming the involvement of 'O in CIP degradation.

5.3.3 Adsorption kinetics and isotherms

To examine the adsorption characteristics and mechanism of KBN@TiO>@rGO for CIP
removal, the impact of adsorption time on removal efficacy was investigated using pseudo-
first-order (PFO) and pseudo-second-order (PSO) adsorption kinetic models (Figure S5.6a,
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Figure S5.6b, and Table 5.4). The equations for the PSO and PFO models are provided in Text
S5.6 (Egs. S5.1 and S5.2). The PFO model (ki = 0.2626 min!) suggested a moderate initial
adsorption rate; however, the calculated adsorption capacity (gecar)) significantly exceeded the
experimental value, implying poor model accuracy. Moreover, the low correlation coefficient
(R? =0.8063) further confirmed that the PFO model did not adequately describe the adsorption
process. In contrast, the PSO model (k2= 0.0285 g mg~' min~!) demonstrated a better fit, as
evidenced by a higher correlation coefficient (R? = 0.9988), indicating that the adsorption
process followed chemisorption and was more accurately described by the PSO model.
Furthermore, the equilibrium adsorption capacity calculated from the PSO model (ge(can =
25.77 mg g~!) closely matched the experimental value (ge(exp) = 25.06 mg g~!), indicating strong
agreement. Based on the overall evaluation, the PSO kinetic model provided a more accurate
representation of the CIP adsorption process on KBN@TiO@rGO than the PFO model. This
suggests that the adsorption mechanism is chemisorption, which primarily involves the sharing

or exchange of electrons between the adsorbent and the adsorbate [215].

Table 5.4: The fitting constant of adsorption kinetics for CIP removal on KBN@TiO>@rGO.

(e(exp) (Mg g‘l) Pseudo-first order Pseudo-second order
25.06 ki (min~!) = 0.2626 k> (g mg~' min~!) = 0.0285
e(cal) (mg g~1) = 48.53 Ge(cal) (mg g~1) =25.77
R?=0.8063 R?=0.9988

ge(exp): Equilibrium adsorption capacity was directly calculated using experimental data,
ge(can): Equilibrium adsorption capacity was directly calculated using fitted model, k1: Pseudo-
first-order rate constant, k»: Pseudo-second-order rate constant, R?: Coefficient of

determination.

The adsorption characteristics of KNB@TiO»@rGO towards the antibiotic CIP were examined
in the study at various initial concentrations, ranging from 1 to 20 mg L~'. The two most
common models, Langmuir and Freundlich, were used to fit the experimentally generated data
(Figures S5.6¢ and S5.6d), and applicable parameters are presented in Table 5.5. The Langmuir
adsorption isotherm model appears to represent the adsorption process better, as evidenced by
its relatively high coefficient of determination, R*> = 0.9876, based on the fitting parameters.
The maximum adsorption capacity of 29.56 mg g~! indicates that the adsorption of CIP onto
KBN@TiO0,@rGO material occurs via a monolayer adsorption process [247]. The predicted
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(1/m) values (0.4239) of the Freundlich model are less than 1, indicating that CIP may absorb
favourably onto KBN@TiO>@rGO [215].

Table 5.5: The isothermal adsorption parameters for CIP on KBN@TiO>@rGO.

Langmuir Freundlich
gm=29.5596 (mg g ) 1/n =0.4239
Ki=1.4203 (L mg™) Kr=13.5119

R?=0.9876 R*=0.8972

gm: Maximum adsorption capacity, Ki: Langmuir constant,1/n: non-uniform factor, Kf:

Freundlich constant, and R?: Coefficient of determination.

5.3.4 CIP degradation mechanisms and pathways

CIP degradation by photocatalysis is a complex process that produces several intermediates
[220]. The main photodegradation by-products of CIP were discovered using UPLC-MS/MS
in both detector types, ESI (—) and ESI (+), to investigate possible degradation mechanisms
and intermediates. The relevant mass spectra in (a) ESI (-) and (b) ESI (+) are shown in Fig.
S5.7. During the CIP photodegradation process, at least 22 intermediates were produced. After
60 min of irradiation, various degradation intermediates were present, and CIP was completely
degraded after 120 min. Based on experimental data and previous studies [221,58], five
potential degradation pathways were proposed, as illustrated in Figure 5. 8. The primary
hydroxylation of the quinolone ring takes place initially in the degradation pathway (1). The
structural formula for CIP (P1) "OH targets the C2 site’s hydroxylation, converting it to P2 (m/z
377.10). The piperazinyl moiety is initially oxidised by O2", leading to the formation of
intermediates P3 and P4. Subsequent oxidation of P4 results in the removal of alkylamine or
aniline, yielding product P5. Further defluorination and cleavage of the piperazinyl structure
led to the formation of P6. In pathways (2) and (3),OH and h" oxidatively eliminate the
piperazine ring of CIP, producing intermediates P7/P12 (m/z361.11) [250]. Through piperazine
ring splitting and decarboxylation in the aniline or alkylamine’s N 14 site, pathway (2) produces
P8 (m/z333.11) from P7 [222]. Simultaneously, in pathway (3), P12 undergoes direct oxidation
by photogenerated holes (h") to produce P13 [21]. After the hydroxylation process, P10 is
formed, while P13 or P8 lose the formaldehyde group (P9) as a result of further oxidation by
h" and O™ Defluorination of P10 results in P11 [59, 20]. Furthermore, h* directly oxidises
P10 to eliminate the carbonyl (C=0O) group, producing P14. P19 is also generated through

defluorination. In pathway (5), P18 (m/z 315.12) is produced via oxidation of the piperazine
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ring, accompanied by the elimination of carbonyl groups and F atoms. After that, P18
undergoes N-dealkylation and decarboxylation to transform into P19 [223]. In pathway (4),
P20 (m/z 347.13) was initially obtained through a different piperazine ring hydroxylation
mechanism. By adding OH™ to the amine group after photocatalytic oxidation, P20 was further
degraded to P21 [224]. During oxidation, a carbonyl group and P22 (m/z 345.11) are added to
the piperazine ring [221]. Finally, the intermediates described above may undergo
mineralisation into small inorganic molecules such as CO», H>O, and F".
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Figure 5-8 Possible degradation pathways of CIP in photocatalytic oxidation over the

KBN@TiO>@rGO system.

It is evident from the by-product analysis that the oxidative attack occurs predominantly at the
substituent sites, however, the quinolone moiety of CIP is mostly unaffected. Since the system
achieves only 75 % of total organic carbon (TOC) removal, the environmental toxicities of
these by-products were assessed using ECOSAR toxicity analysis (Table S5.9). The acute
toxicity caused by these CIP-degraded by-products on Fish, Daphnid, and green algae falls in
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the not-harmful category. In contrast, the chronic toxicity analysis revealed that only the P15
and P21 species are harmful to Daphnid and fish, and green algae, respectively. The
corresponding toxicity values are 87.2 mg L' (Daphnid) for P15 and 32.8 (Fish), 24.0
(Daphnid), 68.3 (green algae) mg L~! for P21. Since the initial concentration of CIP (10 mg L~
1) employed in our study were well below these toxicity limits, the impact will be negligible in

the reported system.

5.3.5 Reusability and stability of the KBN@TiO:@rGO system

To fully assess the effectiveness of photocatalysts for practical applications, evaluating their
reusability is essential. After use, the KBN@TiO2@rGO was recycled by vacuum filtration,
thoroughly washed with DDI water, dried at 50 °C, and then quickly added to a new CIP
solution to evaluate its reusability. As illustrated in Figure 5.9a, the KBN@TiO@rGO
nanocomposite exhibited a satisfactory reusability performance, with the CIP photodegradation
efficiency decreasing slightly from 99.21% to 90.81% after five consecutive cycles.
Correspondingly, the kqeg value declined from 0.0337 min! to 0.0126 min ™!, as shown in Figure
5.9b. This decrease may be attributed to the accumulation of intermediate products during
photocatalysis and residual CIP molecules, which can block the active sites of the
KBN@TiO2@rGO nanocomposite.

Finally, instrumental analysis was conducted to investigate the stability of the
KBN@TiO>@rGO photocatalyst. During CIP degradation, the photocatalyst maintained its
initial photodegradation performance over five consecutive cycles (Figure 5.9a). The
recycled material was examined using XRD (Figure S5.1a), FTIR (Figure S5.1b), BET (Figure
S5.1¢), and XPS (Figure S5.8 and Table S5.10). After five cycles, the physicochemical
properties remained largely unchanged except for the BET surface area and BJH pore size
distribution, suggesting that KBN@TiO2@rGO has decent stability. The loss in BET surface
area from 71.35 to 50.91 m? g ! after the reusability test and the decrease in differential pore
volume between 0 and 150 nm after the reaction were attributed to pore blocking after
continuous reaction, as evident from the BJH pore distribution curves (Figure S5.1d). In the
case of XPS, the slight changes in composition and binding energy provided hints regarding
surface interactions in the catalyst. These findings indicate that the KBN@TiO@rGO

nanocomposite remained stable even after five reuse cycles.

5.3.6 Other antibiotic degradation and TOC removal
The photocatalytic performance of KBN@TiO>@rGO towards other antibiotics, i.e.,
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norfloxacin (NORF) and tetracycline (TC), was further evaluated (See Table S5.11) for their
physicochemical properties. These antibiotics are among the most widely used and pose
significant threats to various aquatic life forms, such as bacterial resistance, algae growth
inhibition, harm to fish, crustaceans, and plant toxicity [225]. As presented in Figure 5. 9c and
Table S5.12, the removal efficiency of these antibiotics followed the order: TC (100%) > CIP
(99.46%) > NORF (95.56%), with corresponding kdee values of 0.0636 min~!, 0.0379 min~!,
and 0.0221 min~!, respectively. In addition to single-antibiotic systems, a binary-antibiotic
system (CIP/NORF) was investigated to evaluate the synergistic effect of multiple antibiotics
on KBN@TiO>@rGO performance. The kdeg values were 0.0292 min~! and 0.0257 min~! while
the photocatalytic degradation removal efficiencies at 120 min were 98.80% and 97.50% for
CIP and NOREF, respectively. Furthermore, single and binary antibiotic systems showed 75.09%,
73.31%, and 81.82% TOC removal (%) for CIP, NORF, and TC, respectively (Figure 5.9d).
According to these results, the synthesised KBN@TiO2@rGO photocatalyst has a high
mineralisation performance, produces ROS, and degrades a variety of antibiotics across classes

other than CIP alone.
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Figure 5-9 (a) Reusability and stability, (b) rate constants of five cycles, (¢) the effect of multi-
antibiotics, and (d) multi-antibiotics and TOC removal efficiency, degradation on the
KBN@TiO2@rGO system, and (e) schematic illustration of the photocatalytic degradation of
the CIP process. (Experimental conditions: [CIP]o = [NORF]p = [TCJo = 10 mg L',
[CIP/NORF]o = 5 mg L' for each, catalyst dose = 0.2 g L', and unadjusted pH = 5.23, at

controlled temperature = 23°C).
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5.3.7 Photocatalytic process in KBN@TiO:@rGO

The photocatalytic mechanism of the KBN@TiO>@rGO composite was proposed based on the
radical scavenging experiments illustrated in (Figure 5.9¢). Upon light exposure, an electron
transfer occurs from the O 2p orbital to the Ti 3d orbital, generating holes in the O 2p orbital
with a very high redox potential [226]. These photogenerated holes can immediately react with
air and water molecules to generate hydroxyl radicals. Simultaneously, photogenerated
electrons are transferred from the conduction band of TiO2 to rGO due to its lower work
function (—4.4 eV) compared to that of the conduction band (—4.2 eV) [226]. It efficiently
suppresses electron—hole recombination and separates the charge carriers. The planar =-
conjugated two-dimensional rGO structure offers excellent electrical conductivity, and it may
also serve as an electron acceptor and transporter [227], absorbing photogenerated electrons
emitted on the TiO2 surface and reacting with O to produce O>", close to the conduction band
(CB). Compared with bare TiO», the incorporation of metal and non-metal dopants, along with
rGO, allows contaminant particles to accumulate near the photocatalyst surface. The CIP
molecules adsorbed on the photocatalyst can be directly oxidised to fluoroquinolone
derivatives and eventually be mineralised into smaller molecules such as CO2 and H>O through
the action of strong oxidising radicals, including ‘OH and O2", and non-radical singlet oxygen
('02). Furthermore, the formation of new chemical bonds (Ti—O—C), facilitated by the rGO
coating on the outer surface of KBN@TiO., offers a new channel for the flow of electrons and

improves the material's carrier migration rate.

5.4 Conclusions

In summary, a novel binary composite photocatalyst, KBN@TiO@rGO, was successfully
prepared using the sol-gel-assisted hydrothermal method. The synthesis of the KBN-doped
TiOz nanoparticles and their integration with rGO nanosheets were characterised by XPS, XRD,
UV-DRS, FT-IR, SEM-EDX, PL, and BET techniques. The reported KBN@TiO2@rGO
composite exhibited excellent physicochemical properties, such as low band gap energy (2.11

eV), high surface area (71.35 m? g!), and average pore size (4.3 nm) compared to simple TiO..
Additionally, the composite demonstrated superior photocatalytic performance compared with
TiO2, TiO2@rGO, BN@TiO2, BN@TiO2@rGO, and KBN@TiO:. The removal efficiencies of
CIP, NORF, and TC reached 99.21%, 95.56%, and 100%, respectively. Notably, the
photodegradation efficiency of CIP using KBN@TiO@rGO was approximately twice that of
KBN@TiO2 and 14 times greater than that of bare TiO.. The enhanced photocatalytic
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performance of the KBN@TiO@rGO composite can be attributed to the synergistic
interactions among TiO2, co-doping with metal and nonmetal (KBN), and the incorporation of
rGO. Doping TiO; and integrating rGO significantly enhanced the photocatalytic removal
efficiency of the composites. Furthermore, the effectiveness of KBN@TiO>@rGO was
examined in the actual wastewater matrix, demonstrating over 70% mineralisation of TOC and
over 80% degradation efficiency for CIP. These results, along with their decent photocatalytic
activity, stability, and reusability, suggest that KBN@TiO>@rGO nanocomposites hold strong

potential for practical applications in photocatalysis and wastewater remediation.
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CHAPTER SIX

Peroxymonosulfate Activation by KBN-Doped TiO2@rGO: Multi-Site Radical and Non-
Radical Degradation of Antibiotics

Abstract

The effective synthesis of advanced composite photocatalysts for wastewater treatment
remains a major challenge in attaining sustainability goals. In this study, a KBN-doped
TiO2@rGO composite was developed to activate proxymonosulfate (PMS) for enhanced
photocatalytic degradation of emerging pollutants. The KBN@TiO@rGO/PMS system
achieved complete ciprofloxacin (CIP) degradation (100%) and 74.23% total organic carbon
(TOC) removal under optimal conditions (CIP: 10 mg L', catalyst: 0.1 g L', PMS: 0.5 mM,
90 min, and 950 W m), outperforming TiO2/PMS (45.53%). The superior performance was
attributed to enhanced electron transfer and generation of both radical (*OH, Oz¢~, and SOa.¢")
and non-radical ('O2) reactive oxygen species, facilitated by structural defects, O—C=0 groups,
and Ti-oxide sites. CIP degradation efficiency increased 6.6- and 2.1-fold compared with
pristine TiO2 and KBN@TiO>@rGO, respectively, indicating strong synergistic effects of
ternary (K, B, N) doping, rGO integration, and PMS activation. Co-existing substances such
as HPO+*~ and HCOs™ enhanced CIP degradation, while CI~ and SO+* had negligible influence;
conversely, SO+*", PO+*", and high humic acid levels inhibited performance. The photocatalyst
maintained high performance across various water matrices, with only a slight reduction due
to natural quenchers. ESR and scavenging experiments confirmed reactive species formation,
while UPLC-MS/MS revealed degradation pathways. Response Surface Methodology (RSM)
optimisation identified optimal conditions (pH 8.17, time 101.2 min, photocatalyst 0.13 g L™,
and [CIP] 9.99 mg L"), achieving predicted 100% CIP degradation and 75.91% TOC removal
with 100% desirability. This system shows strong potential for sustainable removal of

pharmaceuticals from water.
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6.1 Introduction
6.2 Materials and methods
6.2.1 Materials

The details of the materials and chemicals are provided in the supporting information, Text
S6.1. The chemical and physical characteristics of ciprofloxacin (CIP) are summarised in our

previous work [44]. The analytical methods and the characterisation of KBN@TiO-@rGO are
described in Texts S6.2 and S6.3.

6.2.2 Design and preparation of the KBN@TiO:@rGO composite nanoparticle

The KBN@TiO2@rGO nanocomposite photocatalyst was prepared via dispersion and
hydrothermal treatment. Briefly, 0.9 g of modified KBN@TiO> and 0.1 g of rGO were
dispersed in 100 mL of double-deionised (DDI) water and stirred for 2 h. The suspension was
then transferred to a Teflon-lined autoclave and subjected to hydrothermal treatment at 150 °C
for 3 h. After cooling to room temperature, the product was washed three times with DDI water,
centrifuged at 3000 rpm, and dried overnight at 50 °C to yield the KBN@TiO@rGO

nanocomposite. The detailed synthesis procedure is described in our previous work [44].

6.2.3. Characterisation of the KBN@TiO:@rGO nanocomposite

The synthesised materials were comprehensively characterised using X-ray diffraction (XRD),
Fourier-transform infrared spectroscopy (FT-IR), Brunauer-Emmet-Teller (BET) surface area
analysis, scanning electron microscopy (SEM) equipped with energy-dispersive spectroscopy
(EDX), X-ray photoelectron spectroscopy (XPS), UV-visible diffuse reflectance spectroscopy
(DRS), and photoluminescence (PL) spectroscopy. The PL spectra were recorded on a
FluoroMax-4 spectrofluorometer (Horiba, Japan) with an excitation wavelength of 320 nm.

Detailed characterisation methodologies are provided in Text S6.2.

6.2.4. Photocatalytic degradation experiments

Photocatalytic degradation was conducted in batch mode within an open-top cylindrical quartz
reactor (250 mL total volume; radius: 5 cm; height: 10 cm). Simulated visible light was
supplied by a 500 W xenon lamp positioned 20 cm above the reactor, emitting in the UV-visible
range (400-700 nm). Selected process parameters, including solution pH, reaction time,
photocatalyst loading, and initial pollutant concentration, were systematically varied using the
Box-Behnken Design (BBD) experimental methodology, as displayed in Table 6.1. In the CIP
photocatalytic degradation test, 0.1g L' of catalyst was suspended in a 100 mL quartz glass
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reactor. This was followed by the simultaneous addition of 10 mL of CIP and 1 mL of PMS
solution (0.5 mM), along with exposure to simulated visible light. For the photocatalytic
degradation experiments, a freshly synthesised PMS stock concentration was used in the
KBN@TiO,@rGO system. At a predetermined time interval, 2 mL samples were collected and
immediately treated by adding 2 mL of 20 mM sodium thiosulfate to stop the reaction. The
samples were then filtered through a 0.2 pm syringe filter (¢ = 13 mm, Whatman, USA) and
subsequently analysed using HPLC, as detailed in Table S6.1. Furthermore, TOC analysis was
conducted to evaluate the extent of CIP mineralisation Text S6.3. The CIP photocatalytic
removal results were analysed based on the pseudo-first-order kinetic model (Eq.6.1), and the
photodegradation (%) was calculated from (Eq.6.2)

In [%j =—kt (6.1)

0

Photo deg rdation(%) = (@} x100 (6.2)
0
where Co and C(t) represent the CIP concentration

(mg L) at the initial time and at reaction time t (min), respectively, while k denotes the pseudo-

first-order rate constant (min').

Table 6.1: Experimental key study factors and levels.

Factors Name Unit Study range

Minimum Maximum

A Solution pH - 3 11

B Irradiation time min 30 150

C Catalyst loading gLt 0.05 0.15

D Initial contaminant mg L 5 15
concentration

6.2.5 Experimental design via response surface methodology (RSM)

RSM is a combined statistical and mathematical modelling approach employed to elucidate the
relationships between dependent and independent variables [206]. RSM maximises
information extraction from limited experimental data, offers predictive capability through a

sequential experimentation framework, facilitating the development and optimisation of
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empirical models. As summarised, experiments listed in Table 6.2 were conducted using a fully
randomised design that involved four main factors: solution pH, reaction time, photocatalyst
loading, and initial pollutant concentration, with each factor tested at three levels and

measuring two responses: CIP photodegradation and TOC removal efficiency

Table 6.2: Experimental design matrix generated using BBD-RSM.

Runs Factors Responses
A: B: C: Catalyst D: Initial CIP CIP TOC
Solution Irradiation  loading (g L~ concentration degradation removal
pH time (min) 1) (mg L) efficiency efficiency

(%) (%)

1 7 90 0.15 5 94.29 74.41

2 7 30 0.15 10 89.47 69.57

3 3 150 0.1 10 99.82 68.75

4 11 30 0.1 10 89.28 66.45

5 11 90 0.1 15 97.1 75

6 7 90 0.1 10 99.1 72.05

7 3 30 0.1 10 82.3 58

8 7 90 0.1 10 99.96 71.41

9 7 150 0.1 5 100 75.51

10 7 150 0.05 10 100 71.12

11 3 90 0.05 10 88.14 59.9

12 7 30 0.1 15 82.66 67.92

13 11 90 0.05 10 96.18 66.65

14 7 150 0.1 15 97.9 68.23

15 7 30 0.1 5 82.66 57.63

16 7 90 0.15 15 97.93 74.25

17 7 30 0.05 10 77.89 57.87

18 3 90 0.15 10 97.13 69.84

19 3 90 0.1 15 90.27 62.36

20 11 150 0.1 10 100 71.7

21 7 90 0.1 10 100 70.74

22 7 90 0.1 10 100 72.09

23 7 90 0.05 15 85.47 65.77

24 7 150 0.15 10 100 75.78

25 11 90 0.15 10 96.82 74.23

26 7 90 0.05 5 93.56 63.42

27 11 90 0.1 5 94.5 65.63

28 7 90 0.1 10 100 71.9

29 3 90 0.1 5 94.23 66.54

A second-order polynomial model was used to represent the relationship between independent
variables and the response. For the four selected key experimental factors, the general equation

is given by:
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Y=p4+ i BX + i BXI+D D BXX +¢ (6.3)

I<i<j

where Yis the experimental response, with X;and Xjrepresent the experimental variables,
enotes a constant value, 3;, f;i, and f;; are the regression coefficients corresponding to the
o denot tant val i» Bii, and B;; are the reg fficient ponding to th

linear, quadratic, and interaction (cross-product) effects, respectively, and € represents the
random error. The regression analysis and estimation of these coefficients were performed
using the Design-Expert version 13.0.1.0 (Stat-Ease, Inc.) was used for statistical modelling,
and ANOVA was applied to evaluate the adequacy of the model equations. The quality of fit
and statistical significance of the model was assessed using the F-test, the coefficient of
determination (R?), adjusted R? (adj-R?), predicted R? (Pred R?), and the coefficient of variation
(CV).

6.3 Results and discussion

6.3.1 Characterisation of prepared photocatalyst

6.3.1.1 Structural and functional characterisation of the prepared nanocomposite

X-ray diffraction (XRD) was employed to identify the crystalline phases and examine the
photocatalytic behavior of KBN@TiO0@rGO and KBN@TiO». As can be observed in Fig.1a,
the XRD pattern of the KBN@TiO:> displayed diffraction peaks at 20 values of 25.69°, 38.40°,
48.80°, 54.78°,55.94°, 63.73°, 69.95°, 71.48°, and 75.38°, which can be attributed to the (101),
(004), (200), (105), (211), (204), (116), (220), and (107) crystal planes of anatase TiO> (JCPDS
No. 21-1272). Moreover, a few rutile phase peaks were observed in the undoped TiO> sample
(JCPDS No.21-1276). Compared with pure TiO2, doping with potassium (K), boron (B), and
nitrogen (N) resulted in a slight expansion and broadening of the most intense anatase (101)
peak, indicating lattice distortion due to dopant incorporation. The KBN@TiO,@rGO
displayed diffraction peaks at 20 values of 24.77°, 37.38°, 46.89°, 53.13°, 53.74°, 61.44°,
67.69°, 68.48°, and 73.02°, corresponding to the (101), (004), (200), (105), (211), (204), (116),
(220), and (107) crystal planes, respectively. The average particle crystallite size of the
nanoparticles was calculated to be approximately 19.04 nm. The KBN@TiO>@rGO showed a
slight decrease in diffraction peak intensity due to the incorporation of rGO sheets, which
reduced the crystallinity of TiOz. The lack of a distinct rGO peak in the range of 24-26° further
indicates that the graphene oxide layers were effectively exfoliated and homogeneously

distributed within the TiO; framework. In addition, the rGO phase is likely to exist in an
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amorphous form, which typically does not produce sharp diffraction peaks but appears as a
broad hump or remains undetectable under certain conditions. Furthermore, the characteristic
peaks of rGO may overlap with those of TiO2, making it difficult to distinguish them in the
XRD spectra clearly. Thus, the possibility of peak overlap cannot be excluded [237].

FT-IR spectroscopy exploits the molecular vibrations associated with each absorption band to
provide information regarding the chemical composition and structural characteristics of
compounds. The FT-IR spectra of KBN@TiO> and KBN@TiO>@rGO nanocomposite
photocatalysts are depicted in Figure 6.1b, highlighting the characteristic vibrational bands of
their functional groups. The TiO2 FT-IR spectrum exhibits a wide absorption band at 3375 —
3219 ecm!, associated with the O — H stretching vibrations of hydroxyl groups on the surface
and physically adsorbed water molecules, as depicted in Figure 6.1b. Further evidence is
provided as indicated by the band at 1356 cm™!, which was attributed to the bending vibration
of water molecular and Ti — OH groups [238]. This band corresponds to the aromatic ring
vibrations in the rGO structure within the composites. The reduced intensity of the band at
1629 cm™ suggests that hydroxyl groups, rather than ketone or carboxylic groups,
predominantly exist in the composites [239]. Additionally, a weakened signal at 1238 cm™!
indicates the presence of functional groups that are oxygenated, like C-O. The band observed
at 815 cm™ in the composite spectra is attributed to O-Ti—O vibrations. In the composites,
chemical interactions between TiOz and rGO typically generate a wide absorption band under
1000 cm™, reflecting a combination of Ti—O-Ti and Ti—O—C vibrations. Upon hydrothermal
treatment, Ti—O—C linkages illustrate how rGO, containing residual carboxyl groups, interacts
with the surface hydroxyl groups of TiO; nanoparticles to form chemical bonds within the
composites. The significant reduction or absorption peak disappearance associated with
functional groups that are oxygenated, like C=0O (1240 cm ™), —OH (1356 cm™), and C-O-C
(1035 cm™), further confirms strong binding of TiO> to rGO at the reactive sites [240, 25].
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Figure 6-1 XRD patterns of the synthesised (a) KBN@TiO2 and KBN@TiO@rGO, (b) FTIR
spectra of KBN@TiO2 and KBN@TiO2@rGO, (c) N2 adsorption-desorption isotherms of rGO,
fresh KBN@TiO@rGO and used KBN@TiO2@rGO, (c) pore size distribution curves for rGO,
fresh KBN@TiO2@rGO, and used KBN@TiO@rGO, (d)FE-SEM images of the synthesised
KBN@TiO2@rGO composite, () EDX spectra of KBN@TiO@rGO, and (f) Tauc plots of
rGO, KBN@TiO@rGO, and KBN@TiO>@rGO

6.3.1.2. Investigation of surface area and porosity using BET analysis
As revealed in Table 6.3, the BET analysis of the samples shows that the synthesised rGO has

the surface area of 65.615 m? g'!, an average pore size of 3.207 nm, and a pore volume of 0.050
cm?/g, indicating that it is primarily mesoporous and provides moderate surface area and pore
volume for interaction with TiO> nanoparticles. Upon forming the KBN@TiO@rGO
nanocomposite, the surface area increases to 73.354 m?/g, the average pore size rises to 4.201
nm, and the pore volume reaches 0.116 cm?®/g, suggesting that the incorporation of rGO
prevents aggregation of TiO: nanoparticles and introduces additional mesopores, thereby
enhancing the accessibility of active sites. After use, the surface area slightly decreases to
67.911 m?/g and the average pore size reduces to 3.034 nm, while the pore volume slightly
increases to 0.124 cm?®/g, as shown in Figure 6.1c; these changes may be attributed to partial

pore blockage, agglomeration, or deposition of reaction by-products, along with minor
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structural rearrangements, yet the material retains significant mesoporosity favorable for
adsorption and catalytic performance. This enhancement is ascribed to the effective integration
of rGO into the KBN@TiO: matrix, which prevents nanoparticle aggregation and introduces
additional mesopores [44]. The enhanced surface area and adsorption capacity of the
KBN@TiO@rGO composite are expected to promote more efficient electron transfer, leading
to improved photocatalytic performance [44].

Table 6.3: Investigation of surface area and pore size distribution in synthesised samples.

Samples Surface area Average pore Pore volume
(m2g " size (nm) (em?*g )
rGO 65.615 3.207 0.050
KBN@TiO2@rGO fresh 73.354 4.201 0.116
KBN@TiO2@rGO used 67911 3.034 0.124

6.3.1.3. Investigation of surface structure and morphology
The SEM image of KBN@TiO2@rGO Figure 6.1d shows that incorporating 10 wt.% rGO

significantly alters the morphology of KBN@TiO:. The nanoparticles appear smaller and more
uniformly distributed, with smoother, layered regions ascribed to the rGO sheets. The absence
of visible rGO aggregation indicates strong interfacial interactions between rGO and
KBN@TiO,. This modification enhances the dispersion of TiO2 nanoparticles, increases the
specific surface area, and prevents particle agglomeration. Consequently, the
KBN@TiO2@rGO composite with 10 wt.% rGO exhibits improved porosity and surface

uniformity, which are beneficial for catalytic and surface-related applications.

Energy-dispersive X-ray spectroscopy (EDX) was used to analyse the elemental composition
of the KBN@TiO2@rGO photocatalyst, as revealed in Figure 6.1e. The quantitative results,
summarized in the inset table, reveal that the photocatalyst primarily consists of nitrogen (N),
boron (B), potassium (K), carbon (C), oxygen (O), and titanium (Ti). The detection of these
elements confirms the successful incorporation of rGO and dopant elements into the
KBN@TiO; framework, validating the formation of the intended composite structure. The
nanocomposite sample comprised 51.35% O, 43.74% Ti, 2.56% B, C, 0.12%, 2.14% N, and
0.10% K, as displayed in Figure 6.1e. These results confirm the successful incorporation of

boron, nitrogen, and potassium dopants, along with rGO, into the TiO; framework. Overall, the
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KBN@ TiO@rGO composite exhibits a more sophisticated and integrated structure that
combines the high electrical conductivity and excellent dispersion characteristics of rGO with

the enhanced active site generation provided by KBN doping in TiO».

6.3.1.4. Examination of photoluminescence and optical characteristics

Diffuse Reflectance Spectroscopy (DRS) is widely used to determine the band gap energy (Eg)
of materials by analysing their light absorption behavior and applying suitable transformation
equations. As illustrated in Figure S6.2, the absorption edge of TiO> is confined to wavelengths
below 400 nm. However, the absorption edges of KBN@TiO: and KBN@ TiO>@rGO exhibit
a pronounced redshift, as shown in Figure 6.1f. The improvement is likely attributed to KBN
doping within the TiO lattice and the strong interfacial coupling between rGO and TiO> formed
during the hydrothermal treatment [95]. The incorporation of rGO into KBN@TiO: further
enhances absorption of light in the visible and ultraviolet spectrums, indicating that
KBN@TiO>@rGO can utilise a greater portion of the visible spectrum. To determine the values
of the band gap energy (Eg) of KBN@TiO>@rGO, KBN@TiO2, and rGO, Tauc’s equation was
employed (Eq. 6.4):

(ahv)" = A(hv—E,) (6.4)

where A4 1s a constant, and a, 4, v, and E, represent the absorption coefficient (cm™), Planck
constant (eV-s), photon’s frequency (s™!), and band gap energy (eV), respectively. The
semiconductor transition characteristics determine the value of n(for TiO2, n = 4) [241], and
the calculated band gap energies for KBN@TiO>@rGO, KBN@TiO», and rGO were 2.11 €V,
2.87,0.76, and, respectively, Figures 6.1f and S6.2a. Notably, the modified KBN@TiO>@rGO
exhibits the lowest band gap energy, confirming its superior ability to absorb solar light

compared with KBN@TiO,.

The KBN@TiO; and KBN@TiO>@rGO PL spectra in Figure S6.2b show that the lower peak
intensity corresponds to reduced electron—hole recombination and improved charge separation
[44]. A prominent emission was observed at 380—480 nm, and KBN@TiO@rGO exhibited
significantly lower intensity than KBN@TiO2, indicating that KBN doping and rGO

incorporation effectively enhance photocatalytic performance.

6.3.1.5. XPS study of synthesised nanocomposites
As shown in Figure 6.2a, the XPS survey spectrum displays well-defined peaks assigned to Ti

2p (458.19 V), O 1s (529.48 eV), C 1s (283.5 eV), K 2p (291.9 €V), B 15 (191.0 eV), and N
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Is (400.6 eV), confirming the presence of these elements in the composite. These peaks
confirm the presence of O, Ti, N, B, K, and C elements in the composite, indicating successful
formation of the designed nanomaterial. As illustrated in Figure 6.2b, the Ti 2p spectrum
displays two characteristic peaks at 458.19 eV and 463.98 eV, corresponding to the Ti** 2ps/2
and Ti*" 2pi/> states, respectively. These features provide insights into the coordination
environment and oxidation state of titanium within the nanocomposite [95]. The O 1s spectrum,
as shown in Figure 6.2c, exhibits two distinct peaks at 529.48 eV and 531.45 eV, indicating the
presence of oxygen in different chemical environments. These are typically associated with
lattice oxygen in Ti—O bonds and surface hydroxyl or adsorbed oxygen species, reflecting the
complexity of the surface chemistry. As shown in Figure 6.2d, the B Is peak at 191.6 eV is
attributed to B-O—N bonding, confirming the incorporation of boron and its related functional
groups into the structure. The N 1s spectrum, as depicted in Figure 6.2e, presents two main
peaks at 399.7 eV and 400.6 eV, corresponding to graphitic nitrogen and amino-type nitrogen
species, respectively, which play a significant role in tuning the electronic and catalytic
properties of the nanocomposites. As shown in Figure 6.2f, the combined C 1s and K 2p
spectrum displays peaks at 283.5, 286.2, 286.6, 288.5, and 291.9 eV, assigned to sp? carbon
(C=C), C-N/C-OH, C-0-C, C=0, and K 2ps/2, respectively, confirming the presence of rGO,
potassium, and oxygen-containing functional groups uniformly distributed across the
nanocomposite [33, 34]. Such bonding configurations are known to modulate the surface
chemistry and electronic structure, thereby reducing the band gap energy and enhancing the
photocatalytic activity of the modified TiO2 [243, 30]. Furthermore, Table S6.7 presents the
XPS peak fitting results for fresh and used KBN@TiO:@rGO catalysts.
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Figure 6-2 XPS analysis of KBN@TiO2@rGO Nanocomposite: (a) Overall survey, (b) Ti 2p,
(c)O 1s,(d) B 1s, (e) N 1s, and (f) C 1s + K 2p.

6.3.3 Evaluation of PMS activation performance and photocatalytic oxidation

6.3.3.1 Selection of the best photocatalyst
The CIP in the wastewater contamination was selected as the target antibiotic contaminants to

investigate the photocatalytic performance of the KBN@TiO@rGO for PMS activation. CIP
adsorption and photocatalytic degradation performance were evaluated with and without metal-
nonmetal, a modified TiO», as displayed in Figure S6.3 and Figure 6.3a. In the control system,
without light, oxidant and photocatalyst, the degradation of CIP was < 15% over 120 min. As
revealed in Figure 6.3b, the percentages of self-decomposition and PMS consumption
progressively rose to 87.07% and 48.2%, respectively, over 120 min. Nearly 45.2% and 100%
of CIP photocatalytic degradation were achieved in the TiO2 and KBN@TiO2@rGO with PMS,
respectively, as seen in Figure 6.3a within 90 min. The degradation kinetics were found to
conform to the pseudo-first-order kinetic model (PFOKM), as shown in Figure S6.4a and
Figure S6.4. For KBN@TiO>@rGO/PMS, the PFOKM k reaction rate constant (66.25 x 103
min™), was 11.83-fold higher than that of TiO»/PMS (5.6 x 107 min™') with oxidant, Figure
S6.4a. It shows that KBN@TiO2@rGO/PMS's more colloidal nature had more active sites,
which readily interacted with PMS and produced ROS [117]. Therefore, KBN@TiO@rGO

was selected as the photocatalyst for the degradation of antibiotics in the wastewater.
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6.3.3.2 PMS concentration’s effect
The effect of oxidant concentration was investigated using KBN@TiO@rGO with PMS

concentrations ranging from 0.125 to 1 mM. As shown in Figure 6.3b, only ~13.5% of CIP
removal was achieved by adsorption (KBN@TiO@rGO in the absence of light), while
photocatalytic degradation accounted for ~43.9% of CIP removal. The degradation efficiency
of CIP was significantly enhanced by the addition of PMS in the presence of KBN@TiO(@rGO.
In the KBN@TiO:@rGO/PMS system under visible light, the photocatalytic degradation
efficiency of CIP increased markedly from 13.5% to 100% as the PMS concentration rose from
0.125 to 0.5 mM. However, the photodegradation efficiency slightly decreased to 96.4% when
the PMS concentration was increased to 1 mM. The k value of the PFOKM increased from
3.16 X 102 min! to 4.74 x 102 min' as the PMS concentration increased from 0.0125 to 1
mM. At a higher PMS concentration (1 mM), however, the k value of the PFOKM decreased
again to 3.01 x 10 min™!, as revealed in Figure S6.4b. This indicates that a self-quenching
reaction occurred when the PMS concentration increased in the KBN@TiO@rGO/PMS
system (Egs. (6.5) — (6.10)). A similar observation was reported by Al Masud et al.[244] who
found that CIP degradation efficiency decreased at excessive PMS concentrations in the
seaweed kelp biochar (KBCBM)/PMS system. Consequently, 0.5 mM PMS was determined as

the optimum oxidant concentration for CIP photodegradation in this study.

KBN @TiO, @rGO — surface+ HSO; — HO™ + SO, + KBN @TiO, @rGO —surface® (6.5)

KBN @TiO, @ rGO — surface + HSO; — HO ¢ +SO; + KBN @TiO, @rGO — surface” (6.6)

HSO; +S0O;” - HSO, +SO;" (SO;5 less reactive toward CIP) (6.7)
HSO; + HO® — H,0+SO;” (HOe quenched) (6.8)
SO;” +80O;” — S,0; (radical -radical recombination) (6.9)
250! - 5,07 +0, (6.10)

6.3.3.3 Effect of KBN@TiO2@rGO concentration
The CIP photodegradation efficiencies were approximately 95.67 %, 100 %, 98.39 % and

97.09 % at photocatalyst dosages of 0.05, 0.1, 0.15, and 0.2 g L', respectively, within 120 min
of the photooxidation, as presented in Figure 6.3c, in the KBN@TiO@rGO/PMS system. The
photodegradation rate constants (k) were 2.73x102 min!, 4.90x102 min!, 3.71x102 min™!, and
3.01x102 min’!, respectively, Figure 6.3c inset. There are several possible reasons for the slight

decrease in CIP photodegradation efficiency observed at higher catalyst dosages. Excessive
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photocatalyst loading raises the suspension’s turbidity, which limits photon penetration to the
catalyst surface due to shielding and light scattering effects [245]. Moreover, a high
concentration of photocatalyst particles can promote aggregation, reduce the available active
surface area and facilitate the recombination of photogenerated electron-hole pairs or reactive
radicals [93]. Once the optimal photocatalyst dosage is exceeded, the number of active sites
surpasses the available pollutant molecules, resulting in either no further improvement or a
slight decline in photodegradation efficiency [37, 38]. Considering both performance and
economic efficiency, a photocatalyst dosage of 0.1 g L' KBN@TiO>@rGO was identified as
the optimal condition, achieving complete (100 %) photodegradation of CIP in the
KBN@TiO>@rGO/PMS. Consequently, this dosage was adopted for all subsequent
photocatalytic experiments. Compared to other documented PMS-based photocatalytic
systems in the literature Table S6.2, the KBN@TiO>@rGO/PMS system revealed markedly
enhanced photodegradation performance, achieving higher removal efficiency of both CIP and

TOC at relatively low catalyst dosage and irradiation time.
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Figure 6.3 Effects of (a) catalyst type, (b) PMS dose, (c) catalyst dose, (inset) corresponding
rate constant values, (d) initial CIP concentration, (e) initial pH, (inset) corresponding final pH
values and (f) anion effects on photocatalytic degradation of CIP wusing the

KBN@TiO@rGO/PMS system. (Experimental conditions: [CIP]o = 10 mg L-!, [PMS]o
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=0.5mM, catalyst dose = 0.1 g L™!, [anions]o = 200 mg L', unadjusted pH = 5.23, at controlled

temperature = 23°C).

6.3.3.4 Effect of initial CIP concentration

As illustrated in Figure 6.3d, increasing the initial CIP concentration from 5 to 20 mg L' led
to a gradual decrease in removal efficiency from 100 % to 95.39 %. This decline may be
attributed to the higher pollutant loading, which requires more reactive species for complete
degradation. Nevertheless, these findings indicate that the KBN@TiO@rGO/PMS system
retains a high degree of photocatalytic activity even when CIP concentrations were high (20
mg L™'). However, as shown in Table S6.4, the apparent photodegradation rate constant k
decreased from 0.0676 to 0.0265 min! as the starting concentration of CIP rose from 5 to 20
mg L, respectively. The reduction in rate constant can be ascribed to the limited availability
of reactive species relative to the higher number of pollutant molecules at increased
concentrations, as well as possible light attenuation effects that reduce photon absorption by
the catalyst. The following is a summary of the likely causes of this occurrence. (1) At higher
CIP concentrations, a photon-shielding effect may occur due to the increased number of
pollutant molecules in the solution, thereby reducing the number of photons that can reach the
catalyst surface [246]. (2) The higher antibiotic concentration can also lead to extensive
adsorption of CIP molecules on the catalyst surface, which limits the availability of active sites
and subsequently hinders the generation of reactive radicals and photogenerated electron—hole
pairs [247]. Consequently, as the initial CIP concentration increases, both photodegradation
efficiency and the apparent rate constant decrease, indicating that photocatalytic activity was

more effective at lower pollutant loading.

6.3.3.5 Effect of pH
As shown in Figure 6.3e, the influence of the starting pH 3.0 to 11.0 on CIP photodegradation

was investigated in the KBN@TiO2@rGO/PMS system. The photodegradation efficiency
increased from 93.27 to 100 % as the starting pH rose from 3.0 to 9.0, and then slightly declined
to 96.29 % when the pH increased to 11.0. The apparent rate constant (k, min') for CIP
degradation in the KBN@TiO@rGO/PMS obeyed the order: pH 5.23 (0.0490) > pH 7.0
(0.0425) > pH 9.0 (0.0421) > pH 11.0 (0.0259) > pH 3.0 (0.0245) (Table S6.5). This trend
indicates that near-neutral and slightly alkaline conditions are more favourable for CIP
photodegradation in the KBN@TiO:@rGO/PMS system. As shown in Figure 6.3e (inset), as
the initial pH increased from 3.0 to 9.0, the final pH showed a slight increase from 3.0 to 3.8
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and further rose to 9.3 when the initial pH was 11. The decrease (as compared to the initial pHs)
in the final pHs observed after the reactions can be attributed to the generation of H* ions during
the hydrolysis of PMS [74]. The decreased CIP photodegradation efficiency in an acidic
environment (Egs. 6.12) can be attributed to the generation of H" ions. Initially, the presence
of H" promotes hydrogen bonding with the oxygen atoms of HSOs™, thereby stabilising HSOs~
by introducing a positive charge [248]. This stabilisation effect suppresses the activation of
PMS and the subsequent formation of sulfate radicals. Secondly, the generation of reactive
species that are surface-bound (i.e., PMS* [34]) on KBN@TiO:@rGO may be hindered due to
the lowered contact between PMS and the catalyst surface under acidic conditions. As a result,
the interaction between HSOs  and KBN@TiO@rGO is weakened, leading to lower
photocatalytic efficiency. As well, the interaction between KBN@TiO2@rGO and CIP can also
be decreased because CIP is primarily found as CIP" at pH values lower than its pKal (5.90),

Figure S6.5. Thirdly, reactive species could scavenge by H, i.e., HO e and SO; (Egs. (6.11),

(6.12) [81].

«OH +H" +¢” — H,0 (6.11)
SO, +H" +e — HSO," (6.12)
2HSO; +20H™ — 280> +0, + H,0 (6.13)

In contrast, CIP photodegradation was slightly suppressed at pH 11.0. In pH values below and
over the pKa2 of 8.89, PMS is present as both a divalent ion (SOs>” and a monovalent ion
(HSOys"), respectively [249]. At high pH (> 8.89), PMS exists predominantly as SOs*>-, which
has lower photooxidation capacity than HSOs [249]. Furthermore, PMS’s the self-
decomposition into O: and SO+>" is accelerated under high OH~ concentrations (Eq. 6.13).
Consequently, CIP degradation is slightly inhibited at pH 11.0, and the inhibition is more
pronounced than under acidic conditions, indicating that the speciation of PMS has a greater
impact on catalyst activation than the reduced contact between PMS/CIP and
KBN@TiO:@rGO under low pH. Overall, these findings show that the
KBN@TiO:@rGO/PMS system's CIP photodegradation was best suited for near-neutral to
slightly alkaline conditions, which balance photocatalyst—pollutant interactions, PMS

activation, and radical production.
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6.3.4 Feasibility of practical application

6.3.4.1 Effect of anions and HA
In the KBN@TiO@rGO/PMS system, the degradation of CIP may be inhibited by the

presence of anions and organic matter (such as humic acid, or HA) in municipal wastewater.
The impact of these compounds on the performance of the KBN@TiO@rGO/PMS system

was thus assessed. The impacts of anions are shown in Figure 6.3f. The presence of C/™, NO;

had a negligible impact on CIP removal compared with the control, whereas SO+2~ and PO4*>

caused a slight inhibition. Because the SO;” / SO;  redox pair has a lower oxidation-reduction
potential at high SO, concentrations, PMS activation may be inhibited [109]. Interestingly, the

presence of HCO; and HPO; slightly promoted CIP photodegradation of synthetic
wastewater within the CIP/KBN@TiO>@rGO/PMS system.

Humic acid (HA) was used as a model organic chemical to examine the impact of organic
matter in nature on CIP degradation because it is a significant component of NOM, which is
frequently present in both surface and groundwater. The HA concentration was increased from
0 to 25, 50, 100, and 200 mg L', respectively, the photodegradation efficiency of CIP
dramatically dropped from 100% to 98.94%, 79.72%, 72.85%, and 30.53%, as illustrated in
Figure 6.4a. Accordingly, as Figure 6.4b illustrates, the degradation rate constant (kdeg) dropped
from 0.0490 min! to 0.0256, 0.0099, and 0.0021 min™'. The interaction between HA and
hydroxyl radicals(*OH) is responsible for this decrease [250]. Furthermore, TiO2 can create
surface complexes by interacting through adsorption with humic compounds, such as HA.
These complexes are created when the hydroxyl (-OH) and carboxyl (-COOH) functional
groups found in HA easily attach to the TiO> particle surface [251]. The coexistence of anions
had no significant effect on the photodegradation efficiency of CIP in the
CIP/KBN@TiO@rGO/PMS system, suggesting that singlet oxygen ('O2) generation and

electron transfer reactions were involved in the reaction pathways [252].
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Figure 6.4 Effects of (a) humic acid, (b) rate constants at different concentrations of HA, (c)
effects of water matrix, (inset) corresponding rate constant values, (d) reusability and stability
on the degradation of ciprofloxacin, (e) different pollutants, (inset) corresponding rate constant
values, and (f) TOC removal from different pollutants on the KBN@TiO2@rGO/PMS system.
(Experimental conditions: [CIP]o = 10 mg L~!, [PMS]o =0.5mM, catalyst dose = 0.1 g L~!, and
unadjusted pH = 5.23, at controlled temperature = 23 °C).

6.3.4.2 Application and reusability of KBN@TiO:@rGO/PMS
The CIP degradation performance of the KBN@TiO@rGO/PMS system was further evaluated

in groundwater, river water, and municipal wastewater collected from a local site in Daegu,
Republic of Korea. The water quality parameters for these samples were reported in our
previous study [44]. The CIP degradation efficiencies of the KBN@TiO@rGO/PMS system
were 100% in deionised water (DIW) and 97.22%, 98.15%, and 96.03% in groundwater, river
water, and municipal wastewater, respectively, as shown in Figure 6.4c. These results
demonstrate the versatility and potential applicability of KBN@TiO@rGO composites in
various water treatment scenarios. In particular, the composites show significant promise for

the remediation of contaminated wastewater.
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Investigating the reusability of photocatalysts is essential for evaluating their overall
performance in practical applications, particularly from an economic perspective. To assess
reusability, KBN@TiO-(@rGO was recovered after each cycle by filtration, washed thoroughly
with deionised water, and then reused in a fresh CIP/PMS solution. As shown in Figure 6.4d,
the CIP removal efficiency gradually decreased with successive cycles. The CIP removal
efficiency in the fifth cycle remained as high as 93.75%. These results indicate that the
synthesised KBN@TiO@rGO composite exhibits excellent reusability and stability,

demonstrating its potential for multiple uses in practical wastewater remediation applications.

6.3.4.3 Degradation of other pharmaceutical pollutants
The KBN@TiO@rGO/PMS system's performance was further assessed for the degradation of

other pharmaceuticals, such as sulfamethoxazole (SMX), CIP, tetracycline (TC), norfloxacin
(NORF), and diclofenac (DCF), as revealed in Figure 6.4e. Among the most widely used
antibiotics and anti-inflammatory medications, these substances can harm aquatic life,
including bacteria, algae, fish, crabs, and plants [47, 48]. According to Figure 6.4e, the highest
removal efficiency was observed for TC, followed by DCF, SMX, CIP, and NORF. After 60
minutes of irradiation reaction, the removal efficiencies for TC, DCF, SMX, CIP, and NORF
were 100%, 99.68%, 98.99%, 97.98%, and 68.13%, respectively, with corresponding kinetic
rate constants (k) of 0.0729, 0.0833, 0.0530, 0.06625, and 0.0103 min"'. In addition, the TOC
removal efficiencies for TC, DCF, SMX, CIP, and NORF were 77.79%, 56.78%, 52.07%,
70.29%, and 39.88%, respectively, Figure 6.4f. These results demonstrate the strong potential
of the synthesised KBN@TiO:@rGO photocatalyst in activating PMS for the efficient

degradation of diverse antibiotics and anti-inflammatory drugs beyond CIP.

6.3.5 Mechanisms of photocatalytic degradation in KBN@TiO2@rGO/PMS
6.3.5.1 Quenching experiments
The CIP removal in the KBN@TiO@rGO/PMS system was examined with different reactive

species quenchers employed, since the activation of PMS can generate both radical species, as
SOs¢~, *OH, and O:*", and non-radical species, like 'O [117]. In this study, t-butyl alcohol
(TBA), methanol (MeOH), furfuryl alcohol (FFA), 1,4-benzoquinone (p-BQ), and isopropanol
(IPA) were employed as agents that quench *OH, *OH + SOa¢~, 'Oz, O2¢", and the transfer
electron, respectively [253]. The photodegradation of CIP was most significantly inhibited by
MeOH, moderately suppressed by TBA, FFA, and p-BQ, and slightly affected by IPA as, shown
in Figure 6.5(a-b). Since MeOH and TBA are known scavengers of sulfate (SOs*”) and
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hydroxyl (*OH) radicals, these results suggest that both species were the primary reactive
oxidants responsible for CIP degradation. The noticeable inhibition observed with FFA and p-
BQ further indicates that singlet oxygen ('O2) and superoxide radicals (O2¢") also contributed
to the photodegradation process, although to a lesser extent. The degree of inhibition was
inversely related to the rate at which each ROS is produced when scavengers are present, as
calculated using Eq. (S6.1) (Text S6.6) [244]. Upon the addition of MeOH, TBA, p-BQ, FFA,
and IPA, the corresponding ROS generation rates were 5.77 x 102, 5.23 x 102, 5.54 x 102,
5.56 x 1072, and 4.44 x 102 mg. min™!, respectively, Table S6.6.

The KBN@TiO2@rGO/PMS system CIP photodegradation was facilitated by both *OH and
SO4+~ radicals, with SO+~ having the most significant contribution, as indicated by the
inhibition observed with MeOH and TBA. The strong suppression by FFA further confirms the
production of 'O: in the system. The interactions of O2+~ with *OH or H-O, which are created
through PMS activation (Egs. (6.14) and (6.15)), can produce singlet oxygen ('O2). A sequence
of reactions involving HSOs~, *OH, H>0:, and HO:*~ yields O.¢" itself (Egs. (6.16) — (6.19))
[109]. The recombination of SOs*~ (Eq. (6.20)), the reaction of SOse~ with H>0O (Eq. (6.21) and
the self-decomposition of PMS (Eq. (6.22) can also produce 'O2 [94]. However, the inhibition
from quenching 'O: (using FFA) was somewhat stronger than that from scavenging Oz*~ (using
p-BQ), indicating that O2¢ is the primary source of 'Oz in the KBN@TiO@rGO/PMS system.
Due to its strong electron-donating ability and negative redox potential (- 0.81 V), Oz* serves
as a precursor for the potent non-radical oxidant 'Oz (Eo =2.2 V) in catalytic oxidation systems
[94]. Consequently, scavenging O2¢~ leads to a decrease in 'O:-mediated oxidation, as observed
in this study, which is displayed in Figure 6. 5(a and b). Moreover, the significant reduction in
CIP removal upon addition of IPA suggests the presence of electron-transfer routes between
CIP and PMS, which were potentially facilitated by TiO>@rGO and/or the doped KBN species
[36, 56].

0 +*OH — OH™ +' O, (6.14)
205" +2H,0 - 20H +' O, (6.15)
HSO; + H,0 — HSO;, + H,0, (6.16)
«OH ++OH — H,0, (6.17)
H,0, +sOH — HO; + H,0 (6.18)
HO;, —»O0; +H* (6.19)
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HSO; +S0;” — HSO, +S0O; +' O, (6.20)
280; + H,0 — 2HSO; +S0; +1.5'0, (6.21)

SO +80; — 8,08+ 0, (6.22)

6.3.5.2 Electron Spin Resonance (ESR) study
The presence of ROS in the CIP/KBN@TiO2@rGO/PMS system was further verified using

electron spin resonance analysis, and the corresponding results are presented in Figure 6.5(c
and d). For radical species (*OH and SOa+") and non-radical species ('O-), respectively, DMPO
and TEMP were used as spin-trapping agents. In the presence of DMPO, a distinctive septet
spin-splitting pattern was seen within the CIP/KBN@TiO@rGO/PMS system Figure 6.5c,
confirming the generation of both *OH and SOa¢~ radicals during the oxidation process [81].
The spin-splitting pattern with an intensity ratio of 1:2:1: 2:1:2:1 corresponds to the DMPO-X
adduct. The signal intensity of DMPO—x slowly decreased over time, indicating the transient
nature of the radical species. In addition, a strong triplet (1:1:1) spin-splitting signal was seen
when TEMP was exploited as a spin-trapping agent Figure 6.5d, confirming the generation of
singlet oxygen ('O2) in the KBN@TiO2@rGO/PMS system. The combined findings from the
chemical scavenger experiments, ROS generation rate analysis, and ESR measurements
revealed that radicals (*OH, SO+, and O:*") and singlet oxygen ('O:) were the dominant
reactive oxygen species in the CIP/KBN@TiO@rGO/PMS system.
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Figure 6.5 Effects of (a) CIP degradation with the addition of various scavengers, (b) First-rate
constants of in the CIP@ KBN@TiO>@rGO/PMS system, (c) DMPO as a spin-trapping agent,
(d) ESR spectra using TEMP, (e) LSV analysis, and (f) i-t curve experiment for Light/
KBN@TiO>@rGO/PMS system. (Experimental conditions: [CIP]o = 10 mg L~!, [PMS]o =0.5

mM, catalyst dose = 0.1 g L™!, [scavenger]o = 5 mM, and unadjusted pH = 5.23, at controlled
temperature = 23 °C).

6.3.5.3 Electrochemical studies

The exchange of charges between PMS molecules and the KBN@TiO@rGO photocatalyst
was examined through an electrochemical study. An electrode system coated with
KBN@TiO:@rGO was used to perform linear sweep voltammetry (LSV) measurements,
Figure 6.5e. Notable variations in the present responses from LSV measurements were
observed among the systems containing only the catalyst, KBN@TiO@rGO/PMS,
KBN@TiO:@rGO/PMS/light, and KBN@TiO@rGO/PMS/ light /CIP in Figure 6.5e. The
increased current response in the KBN@TiO@rGO/PMS/light/CIP system suggests that
efficient electron transfer occurred between the photocatalyst and the reactive species.
Furthermore, the i—t curve experiment provided additional evidence of electron transfer in the

KBN@TiO:@rGO/PMS/light/CIP system. As presented in Figure 6.5f, the current response
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was steady at first. Upon turning on the light at 350 s, a slight increase in current was observed,
indicating the formation of metastable (light-KBN@TiO-@rGO*) complexes. Following the
addition of CIP/PMS at 700 s, the response of current increased further, suggesting electron
flow from CIP to the metastable complexes of the system [74]. Finally, when catalyst/light/CIP
was introduced at 1050 s, a sharp increase in current was observed, confirming enhanced
electron transfer from CIP to the metastable complexes. Overall, the electrochemical
investigations demonstrated that electron transfer took place between KBN@TiO:@rGO, light,
PMS, and the CIP aqueous system.

6.3.5.4 Reaction mechanisms
The KBN@TiO>@rGO/PMS system's suggested reaction mechanism for ciprofloxacin (CIP)

photodegradation combines the advantages of advanced oxidation and photocatalysis. The
KBN@TiO2@rGO nanocomposite improves the efficiency of TiO2 by lowering electron-hole
recombination and boosting visible light absorption, while PMS acts as an extra activator to
produce more potent ROS. The degradation of CIP in the KBN@TiO@rGO/PMS system
occurs via a synergistic combination of photocatalysis and advanced oxidation, as presented in
Figure 6.6. Under light irradiation, TiO> is excited, generating electron—hole pairs (e” / /"),
while KBN enhances visible-light absorption and rGO facilitates electron transfer, suppressing
recombination. Electrons and holes, along with PMS, produce reactive oxygen species (*OH ,

SO;, 05, and '0O,) which attack CIP at electron-rich sites such as the piperazine ring,

cyclopropyl group, and carboxylic acid group [284]. This leads to defluorination, ring-opening,
and dealkylation, forming various intermediates that are further oxidised and ultimately
mineralised into CO;, H»O, NH.", and F~ [92]. The combined action of light,
KBN@TiO:@rGO, and PMS thus drives efficient CIP degradation through multiple oxidative
pathways.
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Figure 6-6 Schematic illustration of the proposed reaction mechanism for ciprofloxacin (CIP)

photodegradation over the KBN@TiO2@rGO/PMS catalyst under solar light irradiation.

6.3.5.5 Analysis of intermediate and proposed mineralisation pathways
To better understand the mechanism of CIP degradation in the KBN@TiO2@rGO/PMS system,

the photodegradation intermediates of CIP were found using UPLC-MS/MS. Twelve various
main intermediates were seen after 120 min of oxidation and were correspondingly labelled P1
- P12, as revealed in Figure 6.7. The protonated CIP was the predominant species in the mass
spectrum, with a ratio of mass to charge (m/z) 332, Figure S6.6a. Several intermediates were
detected in the CIP/KBN@TiO@rGO/PMS system, including m/z values of 401, 377, 288,
263,219,179, 175,150, 113, and 62, which have been reported in previous studies [53, 54, 55]
as shown in Figure S6.6b. The proposed mechanism for the photocatalytic removal of CIP is
demonstrated in Figure 6.7. In general, *OH and SOas¢~ radicals can degrade CIP through three
main pathways: defluorination, piperazine ring oxidation, or quinolone ring opening [255]. In
pathway 1, CIP's electrophilic sites reacted with *OH radicals to produce a mono-hydroxylated
result, causing the formation of m/z =348 (P2) [256]. Subsequent piperazine ring cleavage and
dihydroxylation led to the development of P4 (m/z = 291) [254]. In pathway 2, *OH and SOa4*~
radicals attack the CIP molecule, producing intermediate products PS5 (m/z = 331) and P6 (m/z
= 288) through defluorination [91]. Additionally, the intermediate P7 (m/z = 219), P8 (m/z
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=150), and P9 (m/z =62) are generated via quinolone ring-opening and decarboxylation
processes [84]. In pathway 3, P10 (m/z=377), P11 (m/z=263), and P12 9m/z=179) are formed
because of decarboxylation at the P1 quinolone group [256]. Further oxidation transforms P4,
P9, and P12 into minor organic intermediates. Fluoride (F~) ions released in the effluent after
CIP degradation were detected by ion chromatography (IC), with a measured concentration of
0.39 mg L. In the following processes, the CIP intermediates may mineralise into CO2, H20,

NH4*, NOs’, and F~ or undergo additional degradation into tiny molecules.
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Figure 6.7 Proposed photodegradation pathway of CIP in aqueous solution using the

KBN@TiO2@rGO/PMS system.

6.3.6 Statistical analysis using RSM
Tables 6. 4 and 6.5 show the results of the analysis of variance (ANOVA) for TOC removal

and CIP photodegradation. The models are very significant for both CIP photodegradation and
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TOC removal efficiency, as shown by the model F-values of 171.49 and 108.17, respectively.
P-values below 0.05 indicate the significance of the relevant model terms in both ANOVA
tables. Accordingly, the significant model terms for CIP photodegradation and TOC removal
were identified as A, B, C, D, AB, AC, AD, BC, CD, A?, B2, C? and D? for CIP, and A, B, C,
D, AB, AD, BC, A?, B?, C?, and D? for TOC removal. In contrast, terms with p-values above
0.05 were considered insignificant, specifically, BD for CIP photodegradation and AC and CD
for TOC removal in this study

Table 6.4: ANOVA of the response surface model for CIP photodegradation.

Source Sum of df Mean F- value P-value
Squares Square
Model 1213.21 14 86.66 171.49 <0.0001 Significant
A-pH 38.56 1 38.56 76.30 <0.0001
B-Time 727.74 1 727.74 1440.15 <0.0001
C-Cat. dose 97.07 1 97.07 192.10 <0.0001
D- Initial [CIP] 4.26 1 4.26 8.43 0.0116
AB 11.56 1 11.56 22.88 0.0003
AC 17.43 1 17.43 34.49 <0.0001
AD 9.55 1 9.55 18.89 0.0007
BC 33.52 1 33.52 66.34 <0.0001
BD 1.11 1 1.11 2.20 0.1599
CD 32.83 1 32.83 64.97 <0.0001
A? 25.47 1 25.47 50.40 <0.0001
B? 162.25 1 162.25 321.09 <0.0001
C? 62.59 1 62.59 123.87 <0.0001
D? 95.97 1 95.97 189.91 <0.0001
Residual 7.07 14 0.5053
Lack of fit 6.44 10 0.644 4.06 0.0947 Not significant

Pure Error 0.6349 4 0.1587
Cor Total 1220.29 28

The lack-of-fit test evaluates how accurately the model describes the experimental data at
points excluded from the regression analysis [257]. As presented in Tables 6.4 and 6.5, the lack
of fit F- and p-values were 4.04 and 0.0947 for CIP photodegradation and 1.63 and 0.3385 for
TOC removal, respectively. The lack of fit was not significant because the p-values were higher
than 0.05, suggesting that both responses within the examined range are sufficiently described
and predicted by the model equations. The regression models of CIP photodegradation and
TOC removal had coefficients of determination (R?) of 0.9942 and 0.9908, respectively, based
on the RSM results. These results show that the models accounted for 99.42% and 99.08% of

the total variability within the experimental range, as summarised in Table S8. Moreover, the
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predicted R? values 0of 0.9688 and 0.9548 confirm that the model equations can reliably forecast
the responses (CIP degradation and TOC removal) even outside the tested conditions. Overall,
in a well-fitted model, both R? and predicted R? values should approach 1, indicating a high
level of agreement between the experimental results and the model’s predictions. Equations
(6.23) and (6.24) show the model equations that correlate the responses with the process
variables stated in terms of actual values and eliminating the insignificant term

Table 6.5: ANOVA of the response surface model for TOC removal.

Source Sum of df Mean F- value P-value
Squares Square
Model 811.94 14 58.00 108.17 <0.0001 Significant
A-pH 97.87 1 97.87 182.53 <0.0001
B-Time 248.98 1 248.98 464.36 <0.0001
C-Cat. dose 234.79 1 234.79 437.90 <0.0001
D- Initial [CIP] 7.79 1 7.79 14.53 0.0019
AB 7.56 1 7.56 14.10 0.0021
AC 1.39 1 1.39 2.60 0.1294
AD 45.90 1 45.90 85.61 <0.0001
BC 12.39 1 12.39 23.11 0.0003
BD 68.56 1 68.56 127.87 <0.0001
CD 1.25 1 1.25 2.34 0.1484
A? 53.81 1 53.81 100.37 <0.0001
B? 42 .81 1 42 .81 79.85 <0.0001
C? 3.12 1 3.12 5.83 0.0300
D? 16.30 1 16.30 30.41 <0.0001
Residual 7.51 14 0.5362
Lack of fit 6.02 10 0.6024 1.63 0.3385 Not significant
Pure Error 1.48 4 0.3706

Cor Total 819.45 28

CIP Photodegradation Efficiency (%) = 30.20 + 3.09 A + 0.54B + 350.71C — 1.43D —
001 xAXB—-1044xAXC+0.08xAXxD—-097xBxC+ 1146 xCxD —
0.12A*2 — 0.001B*2 — 1242.57C*2 — 0.15D"2 (6.23)
TOC Removal Efficiency (%) =11.83 + 2.35A4 + 0.44B + 239.84C + 1.71D — 0.01 X 4 X
B+017xXAXD—-059%xBxC—0.01xBxD-0.184"2 - 0.001B"2 — 277.6C"2 —
0.06D"2 (6.24)
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6.3.6.2 Effects of process variable interactions on CIP degradation

Figures 6.8a—e illustrate the interactive impacts of the operational variables on CIP
photodegradation as functions of solution pH, reaction time, photocatalyst dosage, and initial
pollutant concentration. As shown in Figure 6.8a, the removal efficacy increased with longer
irradiation times and peaked in moderately acidic to neutral conditions (pH 6-7). Conversely,
highly acidic and alkaline environments reduced performance due to variations in CIP
speciation and a reduction in reactive oxygen species (ROS) generation. Increasing the catalyst
dosage enhanced CIP degradation because there were more active sites and more ROS
generated, as depicted in Figure 6.8b, with the optimum once again being observed around
neutral pH. The combined impacts of catalyst dose and irradiation time demonstrated a
synergistic effect, as revealed in Figure 6.8c, where both longer irradiation times and larger
catalyst loading boosted photocatalytic efficiency. As seen in Figure 6.8d, near-neutral pH
circumstances encouraged higher performance, whereas raising the initial CIP concentration
resulted in decreased degradation efficiency, perhaps because there were fewer active sites and
oxidising radicals available in comparison to pollutant molecules. Similarly, Fig. 8e shows that
CIP removal efficiency increased with increasing catalyst dosage but decreased at higher
pollutant concentrations, indicating that high contaminant levels impede catalytic activity. In
conclusion, the response surface plots show that near-neutral pH, longer irradiation times,
moderate-to-high catalyst dosages, and lower initial pollutant concentrations resulted in
optimal CIP degradation, confirming the significant interactive and nonlinear effects among

the parameters under investigation.
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Figure 6.8 3D surface plot of CIP photodegradation efficiency as a function of (a) Solution pH
and reaction time, (b) Solution pH and catalyst dosage, (c) reaction time and catalyst dosage,
(d) Initial CIP concentration and pH, and (e) catalyst dosage and Initial concentration of CIP

in the KBN@TiO2@rGO/PMS system.

6.3.6.3 Interaction effects of process parameters on TOC removal

The effects of operational parameter interactions on TOC removal are shown in Figure 6.9 (a—
d). As seen in Figure 6.9a, TOC removal increased with reaction time until it reached an
optimum, after which it somewhat decreased. Near-neutral pH (approximately 6—7) was found
to have the maximum effectiveness. Extreme pH conditions adversely affected the removal
efficiency of TOC, likely resulting from decreased PMS activation and catalyst instability.
According to Figure 6.9b, TOC removal declined as the starting pollutant content increased,
with intermediate pH values producing the best results. Catalyst dose and reaction time showed
a synergistic effect in Figure 6.9c, with longer reaction times and larger catalyst loading
increasing TOC removal. However, using more catalyst than the optimal amount,
approximately 0.15 g L', only slightly decreased TOC removal, possibly due to particle
agglomeration and light scattering. Figure 6.9d shows that while longer reaction times
enhanced TOC removal, higher initial concentrations led to lower efficiency, indicating that

reactive oxygen species were insufficient at elevated pollutant loads. Overall, the highest TOC
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removal occurred under moderate pH and initial concentration, together with increased

photocatalyst dosage and extended reaction time, demonstrating synergistic and inhibitory

effects among the variables.
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Figure 6.9 3D surface plot of TOC removal as a function of (a) solution pH and reaction time,
(b) solution pH and Initial concentration of CIP, (c) reaction time and catalyst dosage, and (d)

reaction time and Initial concentration of CIP in the KBN@TiO@rGO/ PMS system.

6.3.6.3 Model optimisation and verification
The optimum process conditions for photocatalytic degradation were determined using a

numerical optimisation approach based on Box—Behnken Design (BBD)-RSM. The main
objective was to maximise ciprofloxacin photocatalytic degradation and total organic carbon
removal efficiencies. Derringer's desirability function, which has a range of 0 to 1, was used to
evaluate the optimal conditions predicted by BBD-RSM in order to determine how effectively

the selected conditions achieved the desired results. The initial pollutant concentration was set
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at 10 mg L', and the solution pH, reaction time, and catalyst dose were limited within the study
range of 3—11, 30—150 min, and 0.05-0.15g L', respectively, to maximise CIP degradation and
TOC removal.

The optimisation forecasted a CIP photodegradation efficiency of 100% and a TOC removal
efficiency of 75.91% at an optimum solution pH of 8.17, a reaction time of 101.15 min, a
catalyst dose of 0.13 g L'!, and an initial contaminant concentration of 9.99 mg L™, with a
desirability of 1. To validate the predicted optimum, experiments were conducted in triplicate
under the corresponding conditions. The observed CIP photodegradation and TOC removal
efficiencies were 99.98 = 1.23% and 74.68 + 1.04 %, respectively, exhibiting a high degree of

agreement with the predicted values.

6.4 Conclusions

The ability of the PMS-modified KBN@TiO2@rGO photocatalyst to degrade antibiotics in
wastewater was successfully demonstrated. The KBN@TiO>@rGO/PMS system showed
excellent photodegradation performance toward the degradation of antibiotics (TC, CIP, NORF,
and SMX) as well as non-steroidal anti-inflammatory drugs (DCF). Under optimal conditions-
catalyst dose of 0.1 g L', PMS concentration of 0.5 mM, and solution pH of 5.23, complete
degradation (100%) of CIP was achieved within 90 min. Chemical quenching and ESR
experiments confirmed the generation of ROS under exposure to visible light in the
KBN@TiO>@rGO/PMS system. The photocatalytic degradation of pharmaceutical pollutants
was mainly governed by radical species, while electron-transfer mechanisms and non-radical
pathways also played supportive roles in the overall degradation process. In addition,
intermediate degradation products were determined, and tentative photodegradation pathways
were proposed. Overall, the findings demonstrate that KBN@TiO>@rGO is a novel and highly
efficient photocatalyst in combination with PMS for the photodegradation of emerging
pollutants in contaminated wastewater. RSM optimisation identified the optimal conditions
(pH = 8.17, irradiation time =101.2 min, catalyst dose = 0.13 g L"!, and Initial [CIP] = 9.99 mg
L), achieving predicted 100% CIP degradation and 75.91% TOC removal with 100%
desirability. The RSM model demonstrated excellent predictive accuracy, as evidenced by high

correlation coefficients between the experimental and predicted values.
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CHAPTER SEVEN
CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

This study provides a holistic evaluation of existing municipal wastewater treatment
performance and the development of advanced photocatalytic technologies to address
emerging contaminants. The assessment of the Kality Municipal Wastewater Treatment Plant
(KMWWTP) revealed that the current treatment system is inadequate for effectively removing
nutrients, heavy metals, and widespread pharmaceutical pollutants, as evidenced by low (<
50%) removal efficiencies and effluent concentrations of several contaminants- such as Ni, Cd,
Pb, and As exceeding effluent concentrations and surpassing WHO and USEPA permissible
limits. These results highlight the urgent need for incorporating a robust tertiary treatment stage

to protect downstream aquatic ecosystems and agricultural systems reliant on treated effluent.

To address this challenge, the study successfully synthesised and optimised advanced
photocatalytic materials using sol-gel and hydrothermal treatment methods. The triple-doped
KBN-TiO: photocatalyst, optimised through Box-Behnken response surface methodology
(BBD-RSM), exhibited significantly improved photocatalytic activity compared with undoped
and binary-doped TiO», achieving 84.3% CIP photodegradation efficiency and enhanced
structural characteristics such as increased surface area, refined crystal size, and a dominant
anatase phase. Building on this, the composite KNB@TiO2@rGO nanomaterial demonstrated
even greater improvements in optical, structural, and surface properties, including a low band
gap (2.11 eV), high surface area (71.35 m? g-1), and superior photocatalytic degradation of CIP,
NORF, and TC, achieving up to 100% removal. Its enhanced performance stems from
synergistic interactions between KBN doping, TiO2, and rGO, which collectively promote

visible light activity, charge separation, and ROS generation.

Further enhancement was achieved by integrating proxymonosulfate (PMS), resulting in the
KBN@TiO>@rGO/PMS system, which exhibited rapid and complete photodegradation of
antibiotics, including CIP, NORF, SMX, and TC, as well as non-steroidal anti-inflammatory
drugs like DCF. ESR and quenching experiments confirmed that the radical pathways
dominated the photodegradation mechanism, with additional contributions from electron-

transfer and non-radical species. RSM optimisation of operational parameters further
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demonstrated excellent predictive reliability, achieving 100% CIP photodegradation and 75.91%

TOC removal under optimised conditions.

Overall, the findings clearly demonstrate that while conventional wastewater treatment systems
remain insufficient for removing persistent emerging pollutants, the engineered KBN-based
photocatalytic materials, particularly KBN@TiO>@rGO and its PMS-activated variant, offer
highly efficient, stable, and environmentally friendly alternatives to remediation. These
advanced composite photocatalysts show strong potential for practical application in aquatic

and agricultural environments.

7.2 Recommendations and Future Outlooks
Based on the overall results of this study, some recommendations and future directions are
proposed to advance the development of wastewater treatment technologies, enhance

environmental protection, and guide future scientific research.

e Public Awareness and Pharmaceutical Waste Management: Coordinated efforts are
needed to reduce pharmaceutical contamination. In order to reduce pollutant loading at
the source, technological and policy initiatives should be accompanied by public
awareness campaigns about the appropriate disposal of unwanted medications,
decreased antibiotic overuse, and ecologically responsible consumer patterns.

e Catalyst immobilisation and Recovery Strategies: Research should look into
immobilisation techniques, including coating photocatalysts on inert substrates (glass,
ceramics, membranes), fixed-bed reactors, or magnetic support materials to reduce
operating costs and improve catalyst reusability. These tactics will permit recurrent use
and enhance catalyst removal from treated effluents.

e Economic Feasibility and Sustainability Evaluation: Comprehensive cost-benefit
analysis, energy assessments, and life-cycle evaluations should be carried out to
facilitate large-scale adoption. These investigations will aid in determining the
suggested photocatalytic technologies' long-term operational feasibility, environmental
sustainability, and economic feasibility.

e Comprehensiveness, Toxicity and Environmental Safety Assessment:
Pharmaceuticals are efficiently degraded by photocatalysis, but long-term

environmental effects, possible nanoparticle leaching, and the ecotoxicity of
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intermediates are still major issues. To ensure safe implementation, future research
should incorporate environmental risk studies, life-cycle assessments, and toxicity tests.
Mechanistic Insight and Radical Pathway Clarification: Using methods like LC—
MS/MS, EPR spectroscopy, and transient photoluminescence analysis, more
investigation of photocatalytic reaction pathways is advised to determine dominating
ROS, electron-transfer processes, and degradation intermediates. These investigations
will enhance comprehension and facilitate catalyst optimisation.

Strengthening Monitoring and Policy Frameworks: Authorities should implement
regular monitoring programs for heavy metals, antibiotics, and developing
pharmaceuticals in influent and effluent streams due to the insufficient removal
effectiveness of traditional WWTPs. Regulatory bodies ought to think about
encouraging the use of cutting-edge treatment technology and revising discharge
limitations.

Pilot-Scale and Full-Scale Application: While the KBN-doped TiO> and
KBN@TiO2@rGO photocatalyst exhibited excellent performance at laboratory scale,
future studies should focus on pilot-scale, continuous-flow, and real wastewater
environments to evaluate long-term performance, operational stability, and scalability

for practical applications in municipal and industrial wastewater treatment plants.
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LIST OF APPENDICES

Appendix A. Supplementary Information for Chapter Three

The experiments presented demonstrate the presence of the most commonly prescribed
medications in samples of municipal wastewater (influent and effluent) from Kality. As
the sample point as seen in Figure S3.1, shows, all specified chemicals were detected in

influent and effluent samples taken from the Kality municipal wastewater treatment plant.

Table S3.1: Targeted emerging contaminants for this study.

Molecular Precursor Fragment
Compounds formula ? Charge MW ? theoretical theoretical

m/z[258]  m/z[147]

Amoxicillin CisHioN30sS  [M+H]" 365.4 g/mol 365.1 349.1, 208.1
Ciprofloxacin ~ Cj7Hi1sFN3Os  [M+H]"™ 331.3 g/mol 332.1 314.1,231.1
Carbamazepine CisH12N>O [M+H]" 236.3 g/mol 237.1 194.1,192.1
Caffeine CsH10N4O» [M+H]" 194.2 g/mol 195.1 138.1,110.1
Ibuprofen Ci3Hi1302 [M+H]" 206.3 g/mol 207.1 161.1,119.1
Diclofenac CisH11CpNO, [M+H]" 296.1 g/mol 296.0 214.0, 250.0
Tetracycline CnHN>Os  [M+H]™ 444.4 g/mol 445.2 410.2,154.1

Data are taken from “https.://pubchem.ncbi.nlm.nih.gov

The theoretical m/z values for the above-listed compounds and their common fragments when
they lose common fragments: amoxicillin has two common fragment values (m/z=349.1 and
208.1) when it loses NH3 and CgHoNOs, respectively. Similarly, ciprofloxacin also has two m/z
values of 314.1 and 231.1 when it loses H>O and CsHsNOz, respectively. Caffeine also has
138.1 and 110.1 theoretical m/z values when its loss of C;H4N2O and C3HsN2O, respectively.
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Table S3.2 High-performance liquid chromatography detection details.

Detection Retention
Compounds Mobile phase wavelength time (min) Temperature R?
(nm) (°O)
Amoxicillin 30% Methanol, 80% 228 1.05 40 0.9983
Formic acid 1%
Ciprofloxacin ~ 70% is 1% formic acid. 278 222 40 0.9982
30% of acetonitrile
Carbamazepine 70% is 1% formic acid. 285 3.90 40 0.9925
30% of acetonitrile
Caffeine 70% is 1% formic acid. 273 1.53 40 0.9924
30% of acetonitrile
Ibuprofen 70% is 1% formic acid. 220 341 40 0.9971
30% of acetonitrile
Diclofenac 70% is 1% formic acid. 275 2.03 40 0.9954

30% of acetonitrile

Table S3.3 LC-MS/MS identified pollutants based on mass-to-charge (m/z) values

Compounds m/z Value Uses

Paracetamol 117 A common pain reliever and
fever reducer.

Cafteine 149 A stimulant is found in
coffee, tea, and various
energy drinks.

Metoprolol 158 A beta-blocker isused to
treat high blood pressure and
heart conditions.

Sulfamethoxazole 186 An antibiotic used to treat
bacterial infections.

Ibuprofen: 205 A nonsteroidal anti-

inflammatory drug is used to
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reduce fever and treat pain or
inflammation.
Dibutyl phthalate 279 A plasticizer used in various
industrial applications
Diclofenac 305 Used to treat mild to

moderate pain

Carbamazepine 231 Used to manage and treat
epilepsy, trigeminal
neuralgia.

Amoxicillin 377 Used to treat Dbacterial
infections

Ciprofloxacin 325 Used to treat many bacterial
infections

Tetracycline 409 Used to treat infections

caused by bacteria
Doxorubicin 393 A chemotherapy medication
used to treat cancer.
Verapamil 425 A medication used to treat
high blood pressure and
control angina (chest pain)
Rituximab 651 A monoclonal antibody
isused to treat certain
autoimmune diseases and

types of cancer.

These identifications are tentative and based on common m/z values for fragment ions in mass

spectrometry.
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Figure S3.1. Calibration curves of selected Pharmaceutical organic compounds, Experimental

conditions: Concentration range 10-1000pum L' of each sample with 0.3mL methanol.
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Figure S3.2 Calibration curve of selected heavy metals, Experimental conditions 1000 mg L!
stock solution for each metal in 50 mL volumetric flask, with concentration range (0.001-10
mg L1y 12% nitric acid dilution and analysis by ICP-OES. Based on the above calibration curve,

the concentrations of all heavy metals were calculated accordingly.

Target identification of emerging pollutants based on mass spectra LC-MS/MS results
Emerging pollutants, particularly pharmaceutical compounds, were detected in both
wastewater samples. Samples for the influent and effluent were taken before the coarse
screening and chlorination process, respectively. As an illustrative example, Figure S3 shows
the detection and identification of the antibiotic’s amoxicillin, ciprofloxacin, and tetracycline
confirmed with the reference standard. These compounds were found at the expected retention
time (1.07, 2.22, and 3.6), respectively, as seen in Figure S3.

Anti-inflammatory/ analgesics, like diclofenac and ibuprofen, were also found as well as the

main metabolites of the analgesic metamizole. The presence of the anti-hypertensive losartan
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and the anti-epileptic and mood-stabilizing drug carbamazepine was confirmed in the

wastewater samples.

In addition to the wide group of pharmaceuticals, other compounds were also identified in the
samples: caffeine and its main human metabolite, paraxanthine, and the sweeteners sucralose
and saccharin. All these findings reveal the impact of the ineffectiveness of conventional

municipal wastewater treatment technologies on the quality of discharged wastewater.
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Figure S3.3. Mass spectra of Influent and Effluent of municipal wastewater to identify
emerging pollutants from Kality municipal wastewater using m/z ratio and standard solutions,
experimental conditions: 5mg L' of each (amoxicillin, ciprofloxacin, Tetracycline,
carbamazepine, Ibuprofen, and diclofenac in (a)), caffeine, amoxicillin, ciprofloxacin in (d)

and amoxicillin, ciprofloxacin, and Tetracycline (g).

Biological treatment, advanced oxidation, coagulation/flocculation, advanced filtration, and
hybrid technologies are some of the technologies commonly used in WWTPs to treat water
effluents [259]. Several global environmental indicators, including chemical and biological
oxygen demands, follow the efficiency of WWTPs. Although these metrics typically indicate
high organic matter removal efficiency in WWTPs (>85%), there was limited information

available on molecular composition [162]. Numerous studies have shown that while the
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majority of common WWTP treatments are inefficient in removing pharmaceuticals, some of

these treatments contribute to the production of transformation products.

Based on the m/z values, researchers may identify the pollutants from the mass spectra diagram
by comparing them with known values for common contaminants. Some possible matches for
the m/z values are provided under. As an example, as indicated in Figure (S3a, S3d, S3g), the
standard solution mass spectra value at m/z:333 approximately for the ciprofloxacin, ibuprofen
(m/z:207), tetracycline, and (m/z: 393). The above-specified indicators to be present in the
influent and effluent of the Kality municipal wastewater treatment plant (Figure S3b and S3c)

can be compared to these mass spectra in the actual wastewater.

Appendix B. Supplementary Information for Chapter Four

Text S4.1: Doping technique to modify TiO2

The photocatalytic activity of titanium dioxide (TiO>) is greatly affected by doping K, B, and
N elements. Let’s examine the rationale behind the wide selection of potassium (K), boron (B),
and nitrogen (N) dopants: By adding energy levels close to the conduction band, nitrogen (N)
doping enables TiO> to absorb visible light [214]. The practical applications of pure TiO> are
constrained by its main reaction to ultraviolet (UV) light and rapid charge recombination.
Enhanced Photocatalysis: For processes such as CO: reduction and water splitting, N-doped
TiO2 shows enhanced photocatalytic activity [260]. N-doping and surface heterojunctions work
together to improve electron hole separation and performance [105].

Boron (B) Doping: Enhanced Charge Separation: By improving the separation of
photoinduced electron-hole pairs, B-doping boosts the photocatalytic activity [202] and
decreases the band gap energy. Applications of B-doped TiO: include the degradation of
organic pollutants and photocatalytic water and air purification [163].

Potassium (K) Doping: Surface Modification: K-doping alters the surface properties of TiO>
thereby influencing its interactions with reactants. Decreased recombination by trapping
electrons generated by advanced oxidation process (AOPs): K-doping improves photocatalysis
more efficiently by lowering charge carrier recombination [42]. Applications: K-doped TiO; is
used in self-cleaning surfaces, antimicrobial applications, and organic pollutant degradation
[261].

In conclusion, incorporating these dopants improves the photocatalytic performance of TiO2
by modifying its electrical structure, surface characteristics, and light absorption capabilities.

Ongoing research continues to explore new dopants and techniques to optimise TiO, for various
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applications. The detailed synthesised modified TiO> procedure and analysis information are

presented in Figure S4.1.
Text S4.2: Reaction Mechanism

Under visible light, photocatalysis using KBN-TiO: (potassium boron nitrogen-modified TiO>)
can enhance the breakdown of organic pollutants by triggering a series of oxidative and
reductive reactions. The reaction mechanism describes how the process typically performs and
the various reactions that could occur.

Visible Light Activation: The modification of KBN effectively reduces the bandgap of TiO»,
thereby facilitating its capacity to absorb visible light. Visible light stimulates the excitation of
electrons (e) from the valence band (VB) to the conduction band (CB), which leads to the
formation of holes (h") within the VB:

KBN @TiO, +hv— e (CB)+h" (VB) (S4.1)
The KBN modification enhances charge separation, reducing the recombination of € and h™.
Reactive oxygen species (ROS) are produced when electrons and holes interact with water,

oxygen, or hydroxide ions:

h"+H,O0— "OH+H" (S4.2)
e +0, 505 (54.3)
Again O} + H" — H,0, and with a high possibility of ‘OH is formed (S4.4)

Organic pollutants are attacked by the generated ROS, which reduces them to smaller
molecules such as CO2, H2O, and other harmless by-products. The stepwise possibility of

degradation of ciprofloxacin in this study is described below:

Oxidation of ciprofloxacin by hydroxyl radicals (‘OH ): The aromatic and heterocyclic rings

are attacked by hydroxyl radicals, resulting in ring cleavage and the production of intermediates.

C,HFN,O +"OH — Intermediates that have been oxidised (S4.5)

Breakdown of functional Groups: The amine groups (NH) and fluorine atom (F) initiate

oxidisation.
F—>F (S4.6)
NH —> NH; or NO; (S4.7)

Mineralisation: Water and carbon dioxide are generated by further breaking down the organic

intermediates.
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Intermediates + *OH + O, — CO, + H,O (S4.8)

In general, the final proposed reaction equation can be described as follows:
C,,H,,FN,O, + "OH + H, ——=2*517CO, +9H,0+ F~ + NH, + NO; (S4.9)

KBN@TiO,

Table S4.1 ANOVA of the Sger characterisation

Source Sum of df Mean F-value p-value
Squares square
Model 997.63 9 110.85  39.00 0.0004 Significant
X1 567.51 1 567.51  199.67 <0.0001
X2 210.64 1 210.69 74.11 0.0003
X3 41.09 1 41.09 14.46 0.0126
Xi1Xa 28.30 1 28.30 9.96 0.0252
Xi1X3 12.46 1 12.46 4.38 0.0905
X2X3 3.63 1 3.63 1.28 0.3098
Xi2 15.17 1 15.17 5.34 0.0689
X2 38.39 1 38.39 13.51 0.0144
X132 96.59 1 96.59 33.98 0.0021
Residual 14.21 5 2.84
Lack of Fit 13.23 3 4.41 8.96 0.1021 Not significant
Pure Error  0.98 2 0.49
Cor Total 1011.84 14

The model F-value of 39.00 indicates that the model is significant, with only a 0.04%
probability that such a large F-value could occur due to noise. P-values less than 0.0500 suggest
that the corresponding model terms are significant. In this case, x1, X2, X3, X1X2, X22, and X3 are
significant model terms. Conversely, P-values exceeding 0.1000 indicate that the model terms
are not significant. If a model contains numerous insignificant terms (excluding those required
to support hierarchy), model reduction could enhance its performance. The lack of fit F-value
of 8.96 implies that the lack of fit is not significant relative to the pure error, with a 10.21%
likelihood of such a high F-value occurring due to noise. For a model to fit well, a non-

significant lack of fit is desirable.

Table S4.2 ANOVA of the ciprofloxacin degradation efficiency
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Source Sum of df Mean F-value P-value

Squares square
Model 1819.25 9 202.14 98.51 <0.0001 Significant
X1 73.63 1 73.63 35.88 0.0019
X2 171.03 1 171.03 83.35 0.0003
X3 236.97 1 236.97 115.48 0.0001
Xi1X>2 586.37 1 586.37 285.76 <0.0001
X1X3 7.13 1 7.13 3.47 0.1214
X2X3 167.70 1 167.70 81.73 0.0003
Xi2 278.11 1 278.11 135.53 <0.0001
X2 57.43 1 57.43 27.99 0.0032
X32 203.22 1 203.22 99.03 0.0002
Residual 10.26 5 2.05
Lack of Fit 4.65 3 1.55 0.5535 0.6980 not-significant
Pure Error  5.61 2 2.80

Cor Total 1829.51 14

The model F-value of 98.51 indicates that the model is significant, with only a 0.01%
probability that such a large F-value could occur due to noise. P-values less than 0.0500 suggest
that the corresponding model terms are significant. In this case xi, X2, X3, X1X2, X2X3, X12, X22,
and x3? are significant model terms. Conversely, P-values exceeding 0.1000 indicate that the
model terms are not significant. If the model contains numerous insignificant terms (excluding
those required to support hierarchy), the model reduction could improve its performance. The
lack of fit F-value of 0.55 suggests that the lack of fit is not statistically significant compared
to the pure error, with a 69.45% probability that a lack of fit F-value of this magnitude could

occur due to random variation. A non-significant lack of fit is desirable when aiming for a good

fit of the model.
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Table S4.3 Fit Statistics model for specific surface area (Sser)
Std. Dev. 1.69 R? 0.9860
Mean 25.81 Adjusted R? 0.9607
C.V. % 6.52  Predicted R? 0.7887
Adeq Precision  19.6925

The predicted R* of 0.7887 is in reasonable agreement with the adjusted R? of 0.9607, with a
difference of less than 0.2. Adeq Precision measures the signal-to-noise ratio. A ratio greater
than 4 is desirable, and the obtained ratio of 19.693 indicates an adequate signal. This model

can be used to navigate the design space.

Table S4.4 Fit Statistics models for Ciprofloxacin degradation (R%)
Std. Dev. 1.43 R? 0.9944
Mean 74.79  Adjusted R? 0.9843
C.V. % 1.92 Predicted R? 0.9524

Adeq Precision  31.7104

The predicted R? of 0.9524 is in reasonable agreement with the adjusted R? of 0.9843; i.e. the
difference is less than 0.2. Adeq Precision measures the signal-to-noise ratio. A ratio greater
than 4 is desirable, and the obtained ratio of 31.71 indicates an adequate signal. This model can

be used to navigate the design space.
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Table S4.5 Peak List Only TiO2

No 20 FWHM (left Area (cts*20) d-Spacing Height
20) (A) (cts)
1 2543 0.2362 28.13 3.50 120.74
2 38.03 0.4723 13.53 2.37 29.04
3 48.51 0.2326 14.50 1.88 62.22
4 54.31 0.5314 23.00 1.69 43.88
5 55.39 0.5904 23.64 1.66 40.59
6 63.07 0.4323 19.13 1.47 41.05
7 69.03 0.4323 8.05 1.36 17.29
8 70.68 0.5904 10.18 1.33 17.48
9 75.31 0.5904 14.77 1.26 25.35
10 76.44 0.4723 3.52 1.25 7.55
Table S4.6 Peak List 5%B-2%K-5%N-TiO:2
No 20 FWHM (left Area (cts*20) d-Spacing Height
20) (A) (cts)
1 25.52 0.3247 46.11 3.49 143.96
2 27.95 0.1771 16.22 3.19 92.83
3 38.01 0.3542 14.59 2.37 41.76
4 48.42 0.4133 28.60 1.88 70.15
5 54.21 0.4327 25.54 1.69 54.81
6 55.29 0.4327 25.80 1.66 55.47
7 62.96 0.4327 20.60 1.48 44.20
8 69.03 0.7085 10.50 1.36 15.03
9 70.55 0.7085 11.58 1.34 16.56
10 75.32 0.4723 16.42 1.26 35.24
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Table S4.7 BET, UV-Vis, and CIP removal results

Run x1 (%) x(°C) x3(h) Sgerm%g UV-Vis(eV) R%

1 2 300 3 69.67 3.21 85.76
2 8 300 3 46.01 3.22 54.45
3 2 500 3 55.76 3.28 51.23
4 8 500 3 42.74 3.14 68.32
5 2 400 2 67.77 3.15 82.89
6 8 400 2 48.89 3.32 80.55
7 2 400 4 58.45 3.16 74.74
8 8 400 4 46.63 3.37 77.02
9 5 300 2 65.19 2.82 84.12
10 5 500 2 51.35 2.42 88.92
11 5 300 4 60.01 3.08 86.12
12 5 500 4 49.98 2.86 65.02
13 5 400 3 48.24 2.67 79.45
14 5 400 3 47.62 2.68 77.02
15 5 400 3 49.02 2.64 76.24
Only TiO2 0 500 2 50.56 3.21 56.12

Table S4.8 Elemental distribution of the synthesised photocatalyst estimated using SEM-EDS

elemental mapping.

Catalysts Elements Atomic % Intensity corn.

Ti 35.31 0.2263
Undoped -TiO2 O 64.69 0.9282

Ti 50.32 0.886

O 47.10 0.2936
Doped-TiO: B 0.75 0.2089

N 0.45 0.4211

K 0.69 1.1986

Table S4.9 Comparison of the synthesised KBN@TiO2 nanoparticles' photocatalytic

effectiveness with reported research.
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Photocatalyst ~ Catalyst Concentration  Irradiation Degradation Kinetic coefficient Ref.
dose (g/L) (Co) (mg/L) time (min) efficiency (%) (min™)

BN@TiO2 0.5 ACT (10) 180 99.0 0.0132 [264]
p-BNMF/TiO> 0.1 OFL (20) 120 99.8% Not given [265]

N, S-TiOz 0.5 CIP (30) 150 78.7 0.0065 [266]
N-TiO2/PCN 0.5 CIP (10) 120 89.6 0.0142 [267]
Ce/N-AC/TiO2 0.2 TC (10) 120 93.1 0.0687 [268]
KHB-TiO» 0.1 Methylene (10) 120 91.4 Not given [13]
KBN@TiO2 0.5 CIP (10) 120 98.2 0.1336 This study

Table S4.9 presents some of the earlier efforts that addressed photo-degradation in comparison

with the present study. While comparing the degradation efficiency and kinetic coefficient

obtained for the current system, it is worthwhile to point out that modified KBN@TiO-

exhibited excellent photocatalytic performances, thereby providing a better platform for highly

efficient and affordable organic pharmaceutical removal.
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Appendix C. Supplementary Information for Chapter Five

Text S5.1. Chemicals and reagents

Titanium tetra-isopropoxide (TTIP, > 97.0%), ciprofloxacin (CIP, CisHisFN3O3, 98%),
norfloxacin (NORF, CisHisFN303, >98%)), tetracycline hydrochloride (TC, C22H24N2Os-HCI,
>99%), humic acid (sodium salt), monobasic sodium phosphate (>99%), 5,5-dimethyl-
pyrroline N-oxide (DMPO, 99%), and 4-amino-2,2,6,6-tetramethylpiperidine (TEMP, 98%)
were purchased from Sigma-Aldrich (USA). Water (HPLC grade) and acetonitrile (HPLC
grade, LiChrosolv®, Germany) were used as mobile phases. Sodium chloride (NaCl, 99%),
sodium bicarbonate (NaHCOs3, 99%), sodium sulfate anhydrous (Na>SOs, 99%), dibasic
sodium phosphate (NaH2POs, 99%), sodium nitrate (NaNO3, >99%)), potassium nitrate (KNOs,
99%), ascorbic acid (C¢HgOs, 298%) were supplied by Duksan Pure Chemicals, Korea.
Benzoquinone (CsH4O2, 98%) and ammonium solution (NH3, 28%) were purchased from
Junsei Chemical Co., Ltd, Japan. Boric acid (Hs:BOs, 99.5%), triethanolamine (CsHi5NOs3,
99%), absolute ethanol (CoHsOH, 99%), furfuryl alcohol (CsHeO2, 298%), and isopropyl
alcohol ((CH3).CHOH, 99.5%) were obtained from Daejung Chemicals and Metal Co., Ltd.,
Korea. Potassium permanganate (KMnO4, >99%), hydrogen peroxide (H202, 30%), and
sulfuric acid (H2SO4, 98%) were purchased from DC Chemical Co., Ltd, Korea. Sodium
hydroxide (IN NaOH) and hydrochloric acid (IN HCI), used to adjust the pH of the reaction
solutions, were purchased from Duksan Pure Chemicals Co., Ltd., Korea. All reagents used in
this study were of at least ACS grade and were utilized without further purification. All

chemical solutions were prepared using double-distilled and de-ionized (DDI) water (Millipore
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Sigma TM Synergy TM Ultrapure Water Purification System, Thermo Fisher Scientific, USA,
resistivity >18.25 M).

Text S5.2. Material characterization
The morphological properties of the samples were examined using scanning electron
microscopy (SEM) (Zeiss Evo 18-20-45). The elemental composition and distribution of the
catalyst were determined through energy-dispersive X-ray (EDX). A Micromeritics ASAP
2020 physisorption analyzer (Norcross, USA) was employed to calculate the Brunauer—
Emmett—Teller (BET) surface area and pore size distribution of the catalysts using the N>
adsorption—desorption isotherm. X-ray diffraction (XRD) patterns were recorded using a
Rigaku D/Max-B (High-Power) powder diffraction equipment to investigate the crystalline
structure of the synthesized KBN@TiO2@rGO composite and other materials. The Senterra 11
(Bruker, Billerica, USA) confocal Raman microscope was stimulated with a 10 W laser source
set to 532 nm to produce the Raman spectra. Furthermore, X-ray photoelectron spectroscopy
(XPS; Thermo Fisher Scientific, USA) was used to obtain surface elemental data. The point of
zero charge (pHpzc) was determined using the method proposed by Appel et al. [270], which
is briefly explained in Text S5.5.

Text S5.3. Analytical methods

A high-performance liquid chromatography (HPLC) system (Agilent Technologies, 1200 series,
USA), equipped with an ultraviolet diode array detector (DAD, G1315B) and a Zorbax-eclipse
XDB-C18 column (Agilent Technologies, 5 um particle size, 4.6 x 150 mm, USA), was used
to analyze aqueous solutions containing the antibiotics ciprofloxacin (CIP), norfloxacin
(NORF), and tetracycline (TC). The mobile phase comprised acetonitrile, formic acid (1%),
and phosphoric acid (1%), with a flow rate of 1.0 mL min™!

a column temperature of 30 °C (Table S5.2). Standard calibration curves for CIP, NORF, and

, an injection volume of 20 pL, and

TC are presented in Figure S5.1, and their physicochemical properties are summarized in

Table S5.3.

Total organic carbon (TOC) was measured using a Shimadzu TOC analyzer (ASI-L series,
Japan). For UPLC-MS/MS analysis, the electrospray ionization (ESI) method was employed
in both positive and negative ionization modes (ESI +/-) between 50 m/z and 500 m/z. The
mobile phase, comprising 0.1% formic acid and acetonitrile in a 1:1 ratio (v/v), was delivered

at a flow rate of 0.2 mL min".
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Text S5.4. Electron spin resonance (ESR) spectroscopy

ESR spectroscopy (Bruker BioSpin GmbH, Germany) was performed using a microwave
frequency of 9.424 GHz, microwave power of 2.000 mW, field sweep of 100 G, modulation
amplitude of 4.00 G, conversion time of 30.000 ms, time constant of 163.840 ms, and receiver
gain of 5.64 x 10?>. DMPO and TEMP were employed as spin-trapping agents for ‘OH and O,™,
and 'Oy, respectively. A 1.0 mL sample was collected from the reactor (40 mL amber vial) and
mixed thoroughly with 1.0 mL of either DMPO or TEMP, which were prepared using 10 mM
phosphate buffer (pH = 7.02) (5.8 mM Na,HPO4 and 4.2 mM NaH>POy).

Text S5.5. Determination of point of zero charge (pHrzc)

The point of zero charge (pHpzc) was determined using the method proposed by Appel et al.
[270]. Briefly, 0.1 g of the KBN@TiO@rGO was added to 40 mL polypropylene conical tubes
(SPL Co., Korea). The pH of the solution was adjusted from 2 to 12 using 0.1 M HCl or 0.1 M
NaOH, followed by the addition of 30 mL of deionised (DI) water. The samples were then
shaken for 24 hours at 200 rpm and 25 °C to reach equilibrium. The final solution pH was

measured after incubation.

Text S5.6. Adsorption mechanism analysis

The rate of adsorption is described by adsorption kinetic models such as the pseudo-first-order
and the pseudo-second-order models. The equilibrium relationship between the concentration
of adsorbate in solution at a constant temperature and the amount adsorbed is described by
isotherms. The most common isotherm models used for adsorption isotherms are the Langmuir

and the Freundlich isotherms.

Typically, the pseudo-first-order kinetic model and the pseudo-second-order kinetic model are

described by Eqgs. (S5.1) and (S5.2), respectively.

q, =q,(1-exp(-k1)) (S5.1)

qezkzt

=—= S5.2
T 0 gk (532)

where ¢, (mg g') and g. (mg g!) represent the adsorption capacity at time  and at equilibrium,
respectively; ki (min~!) and k> (g mg~! min~!) denote the reaction rate constants of the pseudo-

first-order and the pseudo-second-order kinetic models, respectively.
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Langmuir and Freundlich adsorption isotherm models are commonly used to analyze the

adsorption thermodynamics, as expressed in Egs. (S5.3) and (S5.4), respectively.

g= % (S5.3)
where ¢ (mg g~') is the amount of adsorbate adsorbed per unit mass of adsorbent, C (mg L")
is the equilibrium concentration of adsorbate in the solution, gm (mg g') is the maximum
adsorption capacity, and K (L mg™') is the Langmuir constant.

g=K.C" (S5.4)

where Kr [(mg g~')/(mg L~")""] is the Freundlich constant, and 1/n (-) is the non-uniform factor.

Text S5.7. Generation rate of reactive oxygen species (ROS)

Based on Eq. S5.5, ROS quantification during oxidation was performed as follows:

Generation rate of ROS (mgmin ™) = (k — k)xCgpxV (S5.5)

where Ccrp (mg L™!) is the CIP concentration, ¥ (L) is the volume of the reactor, and k and s
(min ') are the first-order rate constants for CIP degradation without and with a scavenger,

respectively.

Text S5.8. Total organic carbon (TOC)

TOC was measured to estimate CIP mineralisation (%) using Eq. (S6):

[TOC], -[TOC],
[70C],

Mineralization (%) = x100 (S5.6)

where [TOC); and [TOC]y are the initial and final TOC concentrations in the KBN@TiO>@

rGO system, respectively.
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Table S5.1. High-performance liquid chromatography detection details.

Compound Molecular structure  Mobile phase Detection Retention  Column R?
wavelength Time (min) Temperature
(nm) (°C)
Ciprofloxacin FPyRoH Formic acid (1%) = 70% 277 1.7+0.1 30 0.9989
RN Acetonitrile = 30%
Norfloxacin Fdﬁﬁ o Phosphoric acid (1%) =40% 278 1.3+£0.1 28 0.9983
HN@ Nk A
Acetonitrile = 60%
Tetracycline COA Phosphoric acid (1%) = 80% 360 3.6=0.1 30 0.9999

O“‘I NH,
‘aH H oH
o
o NH,

Acetonitrile = 20%
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Table S5.2(a). Comparisons of the efficacy of various modified (metal and non-metal) doped TiO»/rGO composite catalysts in the degradation

of organic pollutants.

Photocatalysts [CIP] Catalyst Light Reaction Removal Reaction rate Reference
materials (mg dosage Source time (min) efficiency constant (min)
L™ (L™ (%)
KBN@TiO>@rGO 10 0.2 500W Xenon lamp 120 99.21 0.0337 This study
(A >420)
KBN@TiO» 10 0.2 500W Xenon lamp 120 85.04 0.0156 This study
(A>420)
TiO2/y-Fe203/GO 10 0.4 300W Xenon lamp 140 99.00 0.015 [271]
(A>420)
Bi;Ti207/TiO2/rGO 10 0.1 500W Xenon lamp 180 95.00 0.0158 [272]
(A >420)
Au-rGO/TiO2 0.2 0.5 35W mercury lamp 180 96.93 - [273]
Ag-TiO2/rGO/HNT 20 0.1 UV irradiation 300 90 0.0013 [274]
N/Ti02/rGO 10 0.25 1266.6W UVA 120 98.01 0.0407 [275]
lamp
Ag-BN/HNT-TiO2 10 0.5 Halogen linear 120 99.00 0.0346 [276]
lamp
rGO/T102/g-C3N4 20 0.05 500W  Tungsten 120 98.5 0.00015 [19]
(MB) lamp

MB = methylene blue pollutant
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Table S5.2(b). Comparison of photocatalytic performance of various non-TiO»-based catalysts for CIP degradation.

Photocatalysts [CIP] (mg Catalyst Light Reaction Removal Reference
materials L dosage Source time (min) efficiency
gL™ (%)
KBN@TiO2@rGO 10 0.2 500W Xenon lamp 120 99.21 This study
(A >420)
KBN@TiO» 10 0.2 500W Xenon lamp 120 85.04 This study
(A >420)
Zn0O/g-C3Ny 10 0.5 32W compact fluorescent 120 89.00 [277]
bulb
Zn0O/GO 10 0.1 Natural sun light 80 95.00 [278]
ZnO NPs 10 8 UV irradiation 120 ~90.00 [279]
2-C3N4/Bi0Cl 20 0.3 300W  Xenon lamp 90 86.50 [280]
(visible region)
ZnO/CD NCs 12 0.6 30W UV light (A = 365 110 98.00 [281]
nm)
Bi203/(Bi0),CO3 10 0.5 300 W Xenon lamp 30 93.40 [282]
WO3/CdWO4 20 0.57 500 W Xenon lamp 90 93.40 [283]
g-C3N4/MoS; 10 0.5 8 x 8 W LED lamps (465 90 90.00 [214]

+ 40 nm)
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Table S5.3. Effect of catalyst dosage and initial [CIP] on CIP degradation performance.

Dosage Removal kaeg t1/2 (min) R?
efficiency (%) (min™)
0.025 76.23 0.0113 61.33 0.9179
Catalyst dosage 0.05 82.10 0.0123 56.34 0.9435
(gL™ 0.1 95.79 0.0208 33.32 0.9401
0.15 97.04 0.0238 29.12 0.9140
0.2 99.59 0.0325 21.32 0.9720
0.25 97.33 0.0275 25.20 0.8254
CIP conc. 1 100 0.1807 3.84 0.9266
(mg L) 3 100 0.1652 4.19 0.9575
5 99.09 0.0897 7.73 0.9198
7 98.84 0.0352 19.69 0.9653
10 96.03 0.0337 20.56 0.9321

Table S5.4. Effect of pH on CIP removal in the KBN@TiO>@rGO system.

pH Removal kaeg t12 (min) R?
efficiency (%)  (min™)

3 83.60 0.0130 53.31 0.9820

Unadjusted 5.23 99.21 0.0363 19.09 0.9280

7 99.99 0.0711 9.75 0.9567

9 99.94 0.0590 11.75 0.9444

11 97.96 0.0345 20.09 0.9190
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Table S5.5. Effect of cations and anions on CIP degradation in KBN@TiO>/rGO system.

Types Ions Removal kdaeg (min~!)  #12 (min) R2
efficiency (%)

Control 97.24 0.0325 21.32 0.9740
Na* 94.96 0.0221 31.36 0.9577

Cations K* 91.88 0.0179 38.72 0.9541
Mg?* 93.59 0.0204 33.97 0.9903
Ca*" 88.47 0.0158 43.86 0.9298
Cl- 96.20 0.0226 30.66 0.9589
S04 92.82 0.0164 42.26 0.7260

Anions NOs~ 97.40 0.0251 27.61 0.9563
HCOs3~ 92.97 0.0183 37.87 0.7145
PO4*- 72.81 0.0100 69.3 0.9527

Table S5.6. Effect of water matrix and multi-pollutants on CIP degradation in KBN@TiO2/rGO

system.
Types Removal kdeg (min~")  t12 (min) R?
efficiency (%)

Water Distilled water 99.46 0.0375 18.48 0.9628

matrix Mineral water 96.66 0.0244 28.40 0.8163
Tap water 95.22 0.0230 30.13 0.8252
Municipal wastewater  93.28 0.0211 32.84 0.8337
Ground water 89.37 0.0195 35.54 0.8103
River water 89.59 0.0082 86.45 0.8520
CIP 99.46 0.0379 18.28 0.9655
NORF 95.56 0.0221 31.36 0.8746

Multi- TC 100 0.0636 10.90 0.9228

pollutants CIP/NORF 98.30 0.0292 23.73 0.9079

NORF/CIP 97.50 0.0257 26.96 0.9274
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Table S5.7. Physicochemical characterisation of wastewater used in this study.

Source pH TOC HCOs~ CI NO;~ S04~ HPO4*
(mgL") (mgL') (mgL') (mgL') (mgL?') (mgL™

Municipal 735 10.94 76.24 3.09 36.62 0.56 4.23
River 7.75 19.86 82.56 20.28 13.91 100.16 1.76
Groundwater 7.54  20.37 121.03 20.31 20.27 50.55 1.43

Table S5.8. First-order rate constants calculated from the data in Fig. 9d.

Removal kdeg

First-order rate constant Generation of ROS (mg min')
efficiency (%)  (min™)

k 99.21 0.0337 0

ktEOA 55.56 0.0061 2.76 x 1072

krra 86.38 0.0130 2.07 x 1072

kpa 89.69 0.0155 1.82x 1072

kp-BQ 75.52 0.0084 2.50 x 102

Generation of reactive oxygen species (ROS) (mg min~!): calculated from Eq. S5.5.
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Table S5.9. Estimated acute and chronic toxicity of CIP and its byproducts using ECOSAR

program.
Acute toxicity (mg L) Chronic toxicity (mg L)
Compounds | Fish 96 h | Daphnid | Algae 96 | Fish Daphnid | Algae
(LC50) 48 h h (ChV) (ChV) (ChV)
(LC50) (EC50)

CIP 1.71E+05 | 8.05E+04 | 2.79E+04 | 1.34E+04 | 4.69E+03 | 4.85E+03
P2 2.61E+06 | 1.10E+06 | 2.36E+05 | 1.79E+05 | 4.63E+04 | 3.16E+04
P3 2.85E+07 | 1.07E+07 | 1.46E+06 | 1.72E+06 | 3.34E+05 | 1.53E+05
P4 7.36E+06 | 2.65E+06 | 2.98E+05 | 4.20E+05 | 7.23E+04 | 2.28E+04
PS5 6.84E+04 | 3.36E+04 | 1.36E+04 | 5.63E+03 | 2.17E+03 | 2.56E+03
P6 4.93E+03 | 2.43E+03 | 1.02E+03 | 409 161 195
P7 2.30E+05 | 1.08E+05 | 3.59E+04 | 1.79E+04 | 6.11E+03 | 6.10E+03
P8 4.36E+06 | 1.78E+06 | 3.40E+05 | 2.89E+05 | 6.95E+04 | 4.28E+04
P9 1.01E+06 | 4.40E+05 | 1.08E+05 | 7.21E+04 | 2.03E+04 | 1.56E+04
P10 1.04E+04 | 5.53E+03 | 3.14E+03 | 942 449 710
P11 1.48E+04 | 7.71E+03 | 4.05E+03 | 1.31E+03 | 595 880
P12 4.01E+05 | 1.83E+05 | 5.50E+04 | 3.02E+04 | 9.69E+03 | 8.85E+03
P13 9.36E+04 | 4.54E+04 | 1.76E+04 | 7.60E+03 | 2.86E+03 | 3.25E+03
P14 1.06E+04 | 5.59E+03 | 3.10E+03 | 950 447 694
P15 1.50E+03 | 861 679 149 87.2 183
P16 4.51E+05 | 2.03E+05 | 5.85E+04 | 3.36E+04 | 1.05E+04 | 9.18E+03
P17 5.76E+05 | 2.58E+05 | 7.20E+04 | 4.26E+04 | 1.30E+04 | 1.11E+04
P18 1.34E+05 | 6.38E+04 | 2.29E+04 | 1.06E+04 | 3.81E+03 | 4.06E+03
P19 1.49E+04 | 7.73E+03 | 3.98E+03 | 1.31E+03 | 588 854
P20 1.16E+04 | 6.20E+03 | 3.57E+03 | 1.06E+03 | 508 812
P21 299 187 210 32.8 24 68.3
P22 1.88E+04 | 9.83E+03 | 5.16E+03 | 1.67E+03 | 758 1.12E+03
Toxicity Very toxic Harmful
levels Toxic Not harmful
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Table S5.10. XPS spectra peak results of fresh KBN@TiO@rGO and wused
KBN@TiO2@rGO.

Nam KBN@TiO:@rGO (Fresh) Nam KBN@TiO2@rGO (used)
e B.E (eV) Content FWHM (eV) e B.E (eV) Content FWHM (eV)
(%) (%0)

Bls 191.6 1.08 0.67 Bls 190.72 0.67 0.53

Cls 2839 28.61 33 Cls 283.45 35.56 2.70

K2p 2924 0.2 1.29 K2p 2915 0.18 1.08

Nl1s  400.76 0.37 1.92 Nl1s 399.24 0.89 3.14

Ols  529.48 49.91 1.44 Ols 529.52 4491 1.43

Ti2p 458.19 19.83 1.24 Ti2p 45821 17.79 1.24

B.E: Binding Energy (eV), and FWHM: Full Width at Half Maximum (eV)

Table S5.11. Physicochemical properties of antibiotics.

Parameter Ciprofloxacin Norfloxacin Tetracycline

OH O HO { O

Molecular structure ¥
HN/\\/N]I:(ﬁ)(OH K\Nw O“‘ OH

HN- o=
Molecular formula ¥ Ci17H1sFN303 Ci6H1sFN303 C22H24N>0s
Molar mass (g mol~!) ¥ 331.34 319.33 444 .4
pKa® 5.9,8.8 6.3, 8.8 3.3,7.8,9.6
Solubility in water (mg L") 35 280 231
a)
log Kow ¥ 0.28 -0.5 -1.37

Data are from @ https://pubchem.ncbi.nlm.nih.gov and ® http://www.chemspider.com/.
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Table S5.12. Effect of multi-pollutants on CIP degradation in KBN@TiO2/rGO system.

Types Removal efficiency k (min™) t1/2 (min) R?
(%)
CIP 99.46 0.0379 18.28 0.9655
NORF 95.56 0.0221 31.36 0.8746
TC 100 0.0636 10.90 0.9228
CIP/NORF 98.30 0.0292 23.73 0.9079
NOREF/CIP 97.50 0.0257 26.96 0.9274
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Figure S5.1. XRD patterns of the synthesised (a) TiO2, KBN@TiO», fresh KBN@TiO>@rGO,
and used KBN@TiO@rGO, (b) FTIR spectra of TiO2, KBN@TiO;, fresh KBN@TiO>@rGO,
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and used KBN@TiO>@rGO, (c) N> adsorption—desorption isotherms, and (d) pore size
distribution curves for rGO, fresh KBN@TiO>@rGO, and used KBN@TiO>@rGO.
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Figure S5.2. XPS analysis of used KBN@TiOz: (a) Ti 2p, (b) O 1s, (¢c) C 1s + K 2p, (d) B 1s,
and (e) N 1s.
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Figure S5.4. Effect of x% rGO (x = 5, 10, and 15) composite with modified KBN@TiO»
nanoparticles on CIP removal efficiency in the KBN@TiO@rGO system. Adsorption
performance (a), Pseudo-first-order rate constants (b), Photocatalytic performance (c), Pseudo-
first-order rate constants (d). Experimental conditions: catalyst dosage = 0.2 g L~!, [CIP]p = 10
mg L', unadjusted pH = 5.23.
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Adsorption isotherm models: (¢) Langmuir, (d) Freundlich.

(a) CIP:ESI(-) ss  (b) CIP: ESI (+)
150
< 175 =
= =
= 113 179 S 102
£ |62 / £
147 123
263 i o
257 | 201
57 419 94
69 285/ 33736, 01/ 447 47983 74 82 191
10, ‘ ‘ l 54 126 15[8 J.thfs
L haote b L i Ly
100 200 300 400 500 100 200 300 400
m/z siilz

Figure S5.7. Mass spectra of CIP compounds (a) ESI (-) detector, and (b) ESI (+) detector
after 120 min oxidation using UPLC-MS/MS analysis in the KBN@TiO@rGO system.
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Appendix D. Supplementary Information for Chapter Sex

Text S6.1. Chemicals and Reagents

Titanium tetra-isopropoxide (TTIP, > 97.0%), potassium peroxymonopersulfate
(2KHSO5-KHSO04-K2S04,>4.0% active oxygen basis), ciprofloxacin (CIP, CisHisFN3O3, 98%),
norfloxacin (NORF, CisHisFN303, >98%)), tetracycline hydrochloride (TC, C22H24N20s-HCI,
>99%), humic acid (sodium salt), monobasic sodium phosphate (=99%), 5,5-dimethyl-
pyrroline N-oxide (DMPO, 99%), and 4-amino-2,2,6,6-tetramethylpiperidine (TEMP, 98%)
were purchased from Sigma-Aldrich (USA). Water (HPLC grade) and acetonitrile (HPLC
grade, LiChrosolv®, Germany) were used as mobile phases. Sodium chloride (NaCl, 99%),
sodium bicarbonate (NaHCO3, 99%), sodium sulfate anhydrous (Na>SO4, 99%), dibasic
sodium phosphate (NaH2PO4, 99%), sodium nitrate (NaNO3, >99%)), potassium nitrate (KNOs,
99%,), ascorbic acid (CsHsOs, > 98%) were supplied by Duksan Pure Chemicals, Korea.
Benzoquinone (CsH4O2, 98%) and ammonium solution (NH3, 28%) were purchased from

Junsei Chemical Co., Ltd, Japan. Boric acid (H:BOs, 99.5%), triethanolamine (CsHisNOs3,

200



99%), absolute ethanol (CoHsOH, 99%), furfuryl alcohol (CsHeO>, >298%), and isopropyl
alcohol ((CH3).CHOH, 99.5%) were obtained from Daejung Chemicals and Metal Co., Ltd.,
Korea. Potassium permanganate (KMnOas, >99%), hydrogen peroxide (H202, 30%), and
sulfuric acid (H2SO4, 98%) were purchased from DC Chemical Co., Ltd, Korea. Sodium
hydroxide (IN NaOH) and hydrochloric acid (IN HCl), used to adjust the pH of the reaction
solutions, were purchased from Duksan Pure Chemicals Co., Ltd., Korea. All reagents used in
this study were at least ACS grade and were utilised without further purification. All chemical
solutions were prepared using double-distilled and de-ionised (DDI) water (Millipore Sigma
TM Synergy TM Ultrapure Water Purification System, Thermo Fisher Scientific, USA,
resistivity >18.25 M).

Text S6.2. Material characterisation

The morphological properties of the samples were examined using scanning electron
microscopy (SEM) (Zeiss Evo 18-20-45). The elemental composition and distribution of the
catalyst were determined through energy-dispersive X-ray (EDX). A Micromeritics ASAP
2020 physisorption analyser (Norcross, USA) was employed to calculate the Brunauer—
Emmett—Teller (BET) surface area and pore size distribution of the catalysts using the N>
adsorption—desorption isotherm. X-ray diffraction (XRD) patterns were recorded using a
Rigaku D/Max-B (High-Power) powder diffraction equipment to investigate the crystalline
structure of the synthesised KBN@TiO>@rGO composite and other materials. The Senterra II
(Bruker, Billerica, USA) confocal Raman microscope was stimulated with a 10 W laser source
set to 532 nm to produce the Raman spectra. Furthermore, X-ray photoelectron spectroscopy

(XPS; Thermo Fisher Scientific, USA) was used to obtain surface elemental data.

Text S6.3. Analytical methods

A high-performance liquid chromatography (HPLC) system (Agilent Technologies, 1200 series,
USA), equipped with an ultraviolet diode array detector (DAD, G1315B) and a Zorbax-eclipse
XDB-C18 column (Agilent Technologies, 5 um particle size, 4.6 x 150 mm, USA), was used
to analyze aqueous solutions containing the antibiotics ciprofloxacin (CIP), norfloxacin
(NORF), and tetracycline (TC). The mobile phases and working conditions for ciprofloxacin
(CIP), tetracycline (TC), norfloxacin (NORF), diclofenac (DCF), and sulfamethoxazole (SMX)
are presented in Table S6.1. Standard calibration curves for CIP, NORF, DCF, SMX, and TC

are presented in Figure S6.1.
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Total organic carbon (TOC) was measured using a Shimadzu TOC analyser (ASI-L series,
Japan). For UPLC-MS/MS analysis, the electrospray ionisation (ESI) method was employed
in both positive and negative ionisation modes (ESI +/—) between 50 m/z and 500 m/z. The
mobile phase, comprising 0.1% formic acid and acetonitrile in a 1:1 ratio (v/v), was delivered

at a flow rate of 0.2 mL min~".

Text S6.4. Electron spin resonance (ESR) spectroscopy

ESR spectroscopy (Bruker BioSpin GmbH, Germany) was performed using a microwave
frequency of 9.424 GHz, microwave power of 2.000 mW, field sweep of 100 G, modulation
amplitude of 4.00 G, conversion time of 30.000 ms, time constant of 163.840 ms, and receiver
gain of 5.64 x 10°. DMPO and TEMP were employed as spin-trapping agents for ‘OH and 0>,
and '0,, respectively. A 1.0 mL sample was collected from the reactor (40 mL amber vial) and
mixed thoroughly with 1.0 mL of either DMPO or TEMP, which were prepared using 10 mM
phosphate buffer (pH = 7.02) (5.8 mM Na;HPO4 and 4.2 mM NaH;POs).

Text S6.5. Electrochemical Analysis

An electrochemical electrode was developed. Approximately 10 mg of KBN@TiO2@rGO was
mixed with 120 uL of a 5.0 wt.% Nafion® solution, and the resulting mixture was diluted with
I mL of deionised water (DW) obtained using a cyclone ultrapure water still (WSCO44 MH3 4,
Fistreem International, UK). The mixture was then ultrasonicated for 30 min to create a
suspension. Next, the drop-casting method was used to coat the mixture onto a glassy carbon
(GC) electrode. The catalyst-coated GC electrode was then allowed to dry at 25 °C overnight
(approximately 9h). After drying, it was employed as the working electrode. In contrast, a
silver/silver chloride (Ag/AgCl) electrode. This study utilised 0.1 M Na>SOy as the supporting
electrolyte. Chronoamperometry analysis was performed using a Corrtest potentiostat (CS350,
Wuhan Corrtest Instruments Corp., Ltd., China). The current was measured under open-circuit
potential conditions, and the current response was measured by adding an oxidant (PMS) and
pollutant CIP at specific time intervals. Linear sweep voltammetry (LSV) was measured with

a potential sweep ranging from 0 to 1.6 vs. Ag/AgCl at a scan rate of 50 mVs™.

Text S6.6. Generation rate of reactive oxygen species (ROS)
Based on Eq. S1, the ROS quantification during oxidation was performed as follows:

Generation rate of ROS (mgmin ') = (k—k,)xC,,, xV (S6.1)
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where Ccrp is the CIP concentration (mg L™!); 7 is the volume of the reactor (L); k and s are
the first-order rate constants (min ') for CIP degradation without a scavenger and with a

scavenger, respectively.

Text S6.7. Total organic carbon (TOC)
TOC was measured to estimate CIP mineralisation (%) using Eq. (S2):
[TOC], -[TOC],

Mineralization (%) =
[TOC],

100 (S6.2)

where [TOC); and [TOC]y are the initial and final TOC concentrations in the KBN@TiO>@
rGO system.
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Table S6.1. High-performance liquid chromatography detection details.

Compound Molecular structure Mobile phase Detection Retention | Column R?
wavelength (nm) | Time Temperature (°C)
(min)
Ciprofloxacin /F:@%)OLOH Formic acid (1%) =70% | 277 1.7+0.1 30 0.9989
LSRN Acetonitrile = 30%
Tetracycline LI - Phosphoric acid (1%) = 360 3.6 £0.1 30 0.9999
Acetonitrile = 20%
Norfloxacin Fj@ﬁoﬁi o Phosphoric acid (1%) 278 1.3+£0.1 28 0.9983
W7 40%
Acetonitrile = 60%
Diclofenac 7 o Phosphoric acid (1%) 276 45+0.1 30 0.9998
@ 9 40%
Acetonitrile = 60%
Sulfamethoxazole Formic acid (1%) = 70% 259 1.5+0.1 28 0.9991

Acetonitrile = 30%
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Table S6.2. Comparisons of the efficacy of various modified (metal and non-metal) doped TiO@rGO/PMS composite catalysts in the

degradation of organic pollutants.

Photocatalysts [CIP] Catalyst Light Reaction Removal Reaction rate Reference
materials (mg dosage  Source time (min) efficiency constant (min~!)
L) (gL™ (%)
KBN@TiO2@rGO/PMS 10 0.1 500W Xenon lamp 90 100 0.06625 This study
(A >420nm)
KBN@TiO>@rGO 10 0.2 500W Xenon lamp 120 99.21 0.0337 [44]
(A >420nm)
Ti02@CuCo0204/PMS 5 0.25 500W Xenon lamp 180 80 0.10 [284]
(SMX) (A >300nm)
CoTiOs/TiONTs/Ti/PMS 10 0.1 UV irradiation 720 95.2 0.0158 [84]
CTF-TiO2/rGO 10 0.05 100W LED 120 99.83 0.0188 [285]
(A >400nm)
TiOy/ y-Fe,03/GO 10 0.1 UV irradiation 140 99 - [285]
N/Ti02/rGO 10 0.25 1266.6W UVA lamp 120 98.01 0.0407 [275]
Ag-BN/HNT-TiO2 10 0.5 Halogen linear lamp 120 99.00 0.0346 [278]
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Table S6.3. Effects of different catalysts on CIP degradation efficiency.

Oxidation Catalyst Type Removal (%) k (min™) #2 (min!) R?
TiO2/PMS 24.35+0.05 0.0037 187.30 0.3384
TiO@rGO/PMS 32.31+0.02 0.0047 147.45 0.3617

Chemical BN@TiO2/PMS 28.92 +0.05 0.0045 154.00 0.3823

Oxidation BN@TiO@rGO/PMS 31.84 +£0.02 0.0060 115.50 0.4684
KBN@TiO2/PMS 25.42 +0.05 0.0056 123.75 0.4838
KBN@TiO2@rGO/PMS 35.44 £ 0.04 0.0063 110.00 0.4811
TiO2/PMS 51.11 £0.04 0.0056 47.14 0.9080
TiO2@rGO/PMS 63.09 +0.01 0.0074 37.06 0.9167

Photo BN@TiO2/PMS 81.13 £0.01 0.0139 35.54 0.8598

Oxidation BN@TiO2@rGO/PMS 96.10 = 0.04 0.0276 23.33 0.8650
KBN@TiO2/PMS 98.15+0.01 0.0330 23.33 0.8821
KBN@TiO>@rGO/PMS 100.0 = 0.00 0.0490 14.14 0.9278

Table S6.4. Effect of catalyst dosage and initial [CIP] on CIP degradation performance.
Dosage Removal kaeg t1/2 (min) R?
efficiency (%) (min™)

Catalyst dosage (g 0.05 95.67 0.0273 25.38 0.9865

L) 0.1 100 0.0490 14.14 0.9278

0.15 98.39 0.0371 18.68 0.9306
0.2 97.09 0.0301 23.02 0.8499
CIP conc. 5 100 0.0676 10.25 0.9494
(mg L) 10 100 0.0490 14.14 0.9213
15 96.82 0.0326 21.26 0.9137
20 95.38 0.0265 26.15 0.9719
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Table SS. Effect of pH on CIP removal in KBN@TiO@rGO/PMS system.

pH Removal Kdeg t12 (min) R?
efficiency (%)  (min™)

3 93.27 0.0245 28.29 0.9720
Unadjusted 5.23 100 0.0490 14.14 0.9213
7 100 0.0425 16.31 0.9692
9 100 0.0421 16.46 0.9740
11 96.29 0.0259 26.76 0.7787

Table S6.6. First-order rate constants calculated from the data in Fig. Sa.

First-order rate constant Removal % k (min™') Generation of ROS (mg min")
k 100.00 0.06625 0

k meon 65.14 0.0086 577 x 1072

k tBA 83.02 0.0140 5.23 x 1072

k 80 75.42 0.0109  5.54x 102

k Fra 80.34 0.0107  5.56x 1072

k 1pa 91.57 0.0226 4.44 x 1072

The generation of ROS quantified using equation Eq. S1.

Table S6.7. XPS spectra peak results of fresh KBN@TiO2@rGO and used KBN@TiO@rGO.

Nam KBN@TiO:@rGO (Fresh) Nam KBN@TiO2@rGO (used)
e B.E (eV) Content FWHM (eV) e B.E (¢V) Content FWHM (eV)
(%) (o)

Bls 191.6 1.08 0.67 Bls 190.72 0.67 0.53

Cls 2839 28.61 33 Cls 283.45 35.56 2.70

K2p 2924 0.2 1.29 K2p 2915 0.18 1.08

Nl1s  400.76 0.37 1.92 Nl1s 399.24 0.89 3.14

Ols 52948 49.91 1.44 Ols 529.52 4491 1.43

Ti2p 458.19 19.83 1.24 Ti2p 45821 17.79 1.24

B.E: Binding Energy (eV), and FWHM: Full Width at Half Maximum (eV)
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Table S6.8. Fit statistical values

CIP removal

TOC removal

Std.Dev. 0.7109
Mean 94.05
C.V. % 0.7559
R? 0.9942
Adjusted R? 0.9884
Predicted R? 0.9688
Adequate Precision 44.0719

Lack of fitness (P-value) 0.0947

0.7322
68.39
1.07
0.9908
0.9817
0.9548
34.5417
0.3385

The predicted R? value for CIP removal (0.9688) shows good agreement with the adjusted R?

(0.9884), as their difference is less than 0.2. Adequate precision represents the signal-to-noise ratio,

where a value greater than 4 is considered desirable. The obtained ratio of 44.072 indicates a strong

signal, confirming that the model is suitable for navigating the design space.
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Figure S6.1. HPLC standard calibration curves for (a) ciprofloxacin, (b) tetracycline, (c)

norfloxacin, (d) diclofenac, and (e) sulfamethoxazole.
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Figure S6.2. UV-Vis diffuse reflectance spectra of (a) TiO2, rGO, KBN@TiO2, and
KBN@TiO>@rGO, and (b) PL spectra of KBN@TiO>@rGO.
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Figure S6.3. CIP removal by (a) adsorption, (b) First-order rate constants comparison of common
catalysts on PMS activation. (Experimental conditions: [CIP] = 10 mg L-! [catalyst
concentration]o = 0.1 g L-!, [PMS] = 0.5 mM, pH unadjusted = 5.23).
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Figure S6.4. CIP removal based on (a) first-order constants of photocatalytic degradation and (b)
first-order rate constants under varying PMS doses. Experimental conditions: [CIP]o = 10 mg L',

[catalyst concentration]o = 0.1 g L~!, [PMS]o = 0.5 mM, pH unadjusted = 5.23).
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Figure S6.5. Distribution of CIP speciation with pH range values.
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Figure S6.6. UPLC-MS/MS mass spectra of ciprofloxacin compounds recorded (a) before and (b)
after photooxidation in the KBN@TiO@rGO/PMS system.
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