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Abstract of thesis presented to the senate of Universiti Putra Malaysia in fulfilment of
the requirement for the degree of Bachelor of Science in Industrial Chemistry with
Honours.

ASSESSING THE PHOTOCATALYTIC PERFORMANCE OF ZIF-8/GRAPHENE

TOWARDS LEVOFLOXACIN

By

CALVIN MANASSEH A/L MANIVEL

January 2025
Chairman : Alvin Lim Teik Zheng, PhD
Faculty : Humanities, Management and Science.

This study successfully demonstrates the photocatalytic degradation of levofloxacin (LVX)
using a ZIF-8/graphene (Gr) composite under simulated low-power UV light irradiation. The
ZIF-8/Gr composite outperformed its individual components, achieving superior degradation
efficiency by enhancing charge separation, increasing surface area, and improving the
production of reactive oxygen species (ROS). The optimal degradation conditions were
observed with 20 mg of catalyst applied to 5 mg/L of LVX at a neutral pH of 7.01, resulting in
a 25.70% degradation rate after 120 minutes under low-intensity UV light. The primary ROS
responsible for this degradation included hydroxyl radicals (*OH), superoxide radicals (<O,"),
and photogenerated holes (h*), which played crucial roles in the oxidative breakdown of LVX.

A 20 mg catalyst dose offered the best balance, ensuring sufficient active sites without causing



light scattering. Degradation followed pseudo-first-order (PFO) kinetics, with lower LVX
concentrations leading to faster rates due to enhanced interaction with the catalyst. Neutral
pH conditions were most favourable for ROS generation and efficient catalyst-pollutant
interactions. Gr's role in improving electron transfer and minimizing electron-hole
recombination was key to the composite's performance. In addition to its photocatalytic
performance, the ZIF-8/Gr exhibited antibacterial activity, as evidenced by an ZOI against E.
coli under dark conditions. These findings suggest that ZIF-8/Gr is a promising material for
wastewater treatment, offering both pollutant degradation under low light and antibacterial
properties in the absence of light. Overall, the ZIF-8/Gr composite presents a sustainable,
energy-efficient solution for the degradation of pharmaceutical pollutants in wastewater,

showing promise for large-scale applications.

Keywords: photocatalyst; antibiotics; ZIF-8; graphene; reactive species



Abstrak tesis yang dikemukakan kepada senat Universiti Putra Malaysia sebagai
memenuhi keperluan untuk ljazah Sarjana Muda Sains dalam Kimia Perindustrian

dengan Kepujian

Menilai Prestasi Fotokatalitik ZIF-8/Grafena Terhadap Levofloxacin

Oleh

CALVIN MANASSEH A/L MANIVEL

JANUARI 2025

Pengerusi : Alvin Lim Teik Zheng, PhD

Fakulti : Kemanusian, Pengurusan dan Sains

Kajian ini berjaya menunjukkan degradasi fotokatalitik levofloxacin (LVX) menggunakan
komposit ZIF-8/grafena (Gr) di bawah penyinaran cahaya UV berkuasa rendah yang
disimulasikan. Komposit ZIF-8/Gr mengatasi prestasi komponen individunya, mencapai
kecekapan degradasi yang lebih tinggi dengan meningkatkan pemisahan cas, memperluas
luas permukaan, dan meningkatkan penghasilan spesies oksigen reaktif (ROS). Keadaan
degradasi optimum diperhatikan apabila 20 mg pemangkin digunakan ke atas 5 mg/L LVX
pada pH neutral 7.01, menghasilkan kadar degradasi sebanyak 25.70% selepas 120 minit di
bawah cahaya UV berintensiti rendah. ROS utama yang bertanggungjawab terhadap
degradasi ini termasuk radikal hidroksil (*OH), radikal superoksida (+O,”), dan lubang
fotogenerasi (h*), yang memainkan peranan penting dalam penguraian oksidatif LVX. Dos
pemangkin sebanyak 20 mg menawarkan keseimbangan terbaik, memastikan tapak aktif
mencukupi tanpa menyebabkan penyebaran cahaya. Degradasi mengikuti kinetik tertib
pertama pseudo (PFO), di mana kepekatan LVX yang lebih rendah membawa kepada kadar

yang lebih cepat akibat interaksi yang dipertingkatkan dengan pemangkin. Keadaan pH



neutral adalah paling sesuai untuk penjanaan ROS dan interaksi pemangkin-pencemar yang
berkesan. Peranan Gr dalam meningkatkan pemindahan elektron dan meminimumkan
rekombinasi elektron-lubang adalah kunci kepada prestasi komposit ini.Selain prestasi
fotokatalitiknya, ZIF-8/Gr juga mempamerkan aktiviti antibakteria, seperti yang dibuktikan oleh
zon perencatan (ZOl) terhadap E. coli dalam keadaan gelap. Penemuan ini mencadangkan
bahawa ZIF-8/Gr adalah bahan yang berpotensi untuk rawatan air sisa, menawarkan
keupayaan degradasi pencemar di bawah cahaya rendah serta sifat antibakteria dalam
ketiadaan cahaya. Secara keseluruhannya, komposit ZIF-8/Gr mempersembahkan
penyelesaian yang mampan dan cekap tenaga untuk degradasi pencemar farmaseutikal

dalam air sisa, dengan potensi untuk aplikasi berskala besar.

Kata kunci: fotokatalis; antibiotik; ZIF-8; grafena; spesies reaktif
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Highlights

e The ZIF-8/graphene (Gr) composite demonstrated enhanced photocatalytic
degradation of levofloxacin (LVX) under low-intensity UV light compared to its
individual components.

e Optimal conditions for LVX degradation, including a catalyst dose of 20 mg, a neutral
pH of 7.01, and a low LVX concentration of 5 mg/L.

e ZIF-8/Gr composite exhibited antibacterial activity against E. coli under dark
conditions

e The generation of ROS such as hydroxyl radicals (*OH), superoxide radicals (*O,"),

and photogenerated holes (h*).
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CHAPTER 1

INTRODUCTION

1.1 General Background

Water pollution is a widespread environmental problem caused by human activities, which
leads to the contamination of various water bodies such as rivers, lakes, oceans, and
groundwater. Contamination can stem from a range of sources, such as industrial discharges,
agricultural runoff, sewage disposal, and improper waste management practices (Owa, 2014;
Santika & W, 2021). The introduction of harmful substances into water systems has a
detrimental impact on water quality and poses serious risks to both human health and
ecosystems. It is alarming to note that water pollution-related diseases claim the lives of
around 3.4 million people every year, as reported by the World Health Organization (WHO)

(Tiwari et al., 2022).

The presence of antibiotics and other pharmaceuticals in water sources further complicates
the relationship between water pollution and health. There has been a concerning rise in
antibiotic-resistant bacteria due to the excessive and improper use of antibiotics in both
agriculture and healthcare. This has resulted in the contamination of water systems, where
these bacteria can thrive and multiply (Afroz & Rahman, 2017; Edokpayi et al., 2018). These
resilient strains have the ability to infiltrate the human body via the ingestion of polluted water
or food, resulting in infections that pose a growing challenge for treatment. Studies have
shown that being exposed to these pollutants can disturb the delicate balance of the human
microbiome, which may contribute to various health problems such as obesity, diabetes, and

autoimmune diseases (Dogan et al., 2022; Jiang et al., 2022)

Levofloxacin (LVX) is a synthetic antibiotic that falls under the fluoroquinolone class. Table 1.1
depicts the chemical structure and properties of LVX. It is commonly used due to its
effectiveness in treating various bacterial infections, such as respiratory tract infections,

urinary tract infections, and skin infections. The mechanism of action involves the inhibition of



bacterial DNA gyrase and topoisomerase |V, which are crucial for bacterial DNA replication
and transcription (Abukhadra et al.., 2020; Liu et al., 2021). LVX being a third-generation
fluoroquinolone, is widely recognized for its ability to effectively combat a wide range of
bacteria, including both Gram-positive and Gram-negative strains (Varma et al., 2022). LVX
has a molecular formula of C1sH20FN304 and a unique structure with a fluorine atom, which
boosts its effectiveness against bacteria. The hydrophobic characteristics of the compound
are attributed to the presence of the fluorine atom, enabling it to bind effectively to different
environmental matrices, such as polystyrene nanoparticles (Arachchi et al., 2023). The
stability of LVX in water is a matter of great concern. It has been observed that LVX can
withstand degradation during conventional wastewater treatment processes, resulting in its
long-lasting presence in aquatic environments. The stability of this compound is due to its
unique chemical structure, which enables it to resist microbial and biological oxidation (Kumar

et al., 2018; S. Zheng et al., 2022).

Table 1.1. The structure and properties of LVX

O
F / | _COOH

O )
Chemical structure CH3/NJ O\/)\g'Hg,
Chemical formula C18H20FN304
Colour White to pale yellow crystalline powder
pH value 45t06.5
Melting point 223-225 °C

Boiling point 400 °C




Stability Stable under normal conditions but may degrade

under extreme pH or temperature.

Solubility Highly soluble in water and organic solvents such as

methanol and ethanol.

Molecular weight (g/mol) 361.37 g/mol

Half-life Approximately 6 to 8 hours in humans

(C. S. Han et al., 2023; Q. Wang et al., 2019)

Conventional wastewater treatment systems often fall short in effectively removing persistent
antibiotics, leading to their accumulation in natural water sources. This inadequacy is primarily
due to the limited efficiency of biological treatment processes, which fail to fully degrade
antibiotic compounds, resulting in their discharge into the environment (A. Huangetal.,2021;
Y. Liu et al., 2022; Oberoi et al., 2019).Consequently, the development of innovative
wastewater treatment technologies is crucial. Among the most studied methods for enhancing
antibiotic removal are adsorption, membrane filtration, advanced oxidation processes (AOPs),

and photocatalysis, with the latter showing the greatest potential.

Adsorption is one of the most widely researched techniques for removing antibiotics from
wastewater. In this method, antibiotic molecules adhere to solid surfaces, reducing their
concentration in treated water. Activated carbon and various other adsorbents have been
shown to improve the removal efficiency of antibiotics (Alvarino et al., 2018; Grandclément et
al., 2017). However, the performance of adsorption is heavily influenced by several factors,
such as the type of adsorbent used, the antibiotic concentration, and the presence of
competing substances in the wastewater (J. Wang & Wang, 2018). These factors may limit

the scalability and efficiency of adsorption in large-scale applications.

Membrane filtration is another effective strategy for separating antibiotics from wastewater.

This process uses semi-permeable membranes to selectively allow water to pass through



while retaining antibiotic molecules. Membrane filtration has been shown to achieve high
removal rates, although membrane fouling and the associated need for regular cleaning and
maintenance pose practical challenges. To overcome these limitations, membrane filtration is
often coupled with other methods, such as AOPs, to enhance overall treatment performance

(Cincinelli et al., 2015; P. Liu et al., 2014)

AOPs are characterized by their ability to generate highly reactive radicals that oxidize and
degrade organic pollutants, including antibiotics. Methods such as ozonation and UV
irradiation have been shown to effectively break down antibiotic compounds in wastewater.
Despite their effectiveness, AOPs can require significant energy inputs and may lead to the
formation of harmful by-products, necessitating careful management of these systems.
Consequently, while AOPs offer a robust method for pollutant degradation, their operational
demands and potential side effects limit their widespread application (Chen et al., 2018; P. Liu

et al., 2014).

Among the advanced treatment methods, photocatalysis stands out as the most promising
technique for antibiotic removal from wastewater. Photocatalysis utilizes light-activated
catalysts to degrade antibiotics and other organic pollutants into less harmful substances.
Studies have demonstrated that photocatalytic processes can achieve high removal
efficiencies, making them a viable option for sustainable wastewater treatment. Key
advantages of photocatalysis include its operation under mild conditions, low energy
consumption, and the absence of secondary pollutants, which make it highly attractive for
large-scale applications. Additionally, advancements in photocatalytic materials, such as
polyoxometalates, have further enhanced the performance and efficiency of these systems

(Lan et al., 2021; J. Wu et al., 2022).

ZIF-8, a metal organic framework (MOF) is a highly promising semiconductor photocatalyst,
especially in solar-driven applications, due to its many advantages. One key benefit is its
effectiveness in breaking down various contaminants in water and air using semiconducting
nanoparticles to create reactive oxygen species (ROS). Although ZIF-8 is widely utilized for

4



the photocatalytic degradation of organic pollutants, its stability in water and low photocatalytic
activity remains significant limitations due to poor adsorption efficiency and challenges
associated with the migration and separation of electron-hole pairs (X. Han et al., 2023;
Senapati et al., 2024). The stability issue arises from the tendency of ZIF-8 particles to
agglomerate in water, which can hinder their effectiveness in practical applications (X. Han et
al., 2023). Furthermore, the wide band gap of ZIF-8, approximately 4.9 eV, limits its
responsiveness to visible light, necessitating the use of UV light for activation, which is not
always feasible in natural settings (Senapati et al., 2024). This limitation is compounded by
the fact that the photogenerated electron-hole pairs can recombine before participating in the
degradation process, thereby reducing the overall efficiency of the photocatalytic reaction (R.
Guo et al., 2021). Therefore, there is a need to develop more efficient photocatalysts that can
degrade antibiotic pollutants. ZIF-8, with its unique visible light harvesting properties and
compatibility with graphene (Gr), has the potential to address these challenges. However, its
application in LVX degradation remains underexplored. This study seeks to fill this gap by

fabricating a ZIF-8/Gr and evaluating its photocatalytic performance.

1.2 Problem statement

The increasing presence of antibiotic pollutants like LVX in aquatic environments presents a
significant threat to both ecosystems and public health, exacerbated by the limitations of
conventional wastewater treatment methods in effectively breaking down these emerging
contaminants. This study addresses the urgent need for innovative and efficient approaches
to LVX degradation by exploring the photocatalytic potential of a ZIF-8/Gr composite catalyst.
Despite the promising advantages of the ZIF-8/Gr composite, the understanding of its
photocatalytic mechanisms, optimal synthesis conditions, and performance under real-world
conditions remains limited. To address these gaps, this study systematically investigates the
photocatalytic efficiency of the ZIF-8/Gr composite in degrading (LVX). By exploring the
composite's behaviour in this context, the research aims to advance the development of more

efficient and sustainable remediation technologies for environmental applications.



In addition, despite the effectiveness of photocatalysis under high-intensity light sources, the
challenge of utilizing low-intensity light for such applications remains underexplored. In this
research, we synthesized the ZIF-8/Gr composite via a hydrothermal method and
characterized its structure, morphology, and thermal stability. Under low-intensity light
irradiation, the composite demonstrated significant improvements in LVX degradation
compared to ZIF-8 alone, driven by enhanced charge separation and increased production of
ROS. This work highlights the promising role of ZIF-8/Gr composites in advancing sustainable
wastewater treatment, even under suboptimal lighting conditions, offering a powerful solution

to the pressing issue of antibiotic pollution.

1.3 Objectives

The primary goal of this thesis is to synthesize ZIF-8/Gr composite using the environmentally
friendly hydrothermal method. In addition, the study examines the physical and chemical
properties of the photocatalyst and evaluates its effectiveness in LVX photodegradation under
low intensity UV light source. Several characterization techniques were employed to analyse
the composite. To accomplish this, four key research objectives were identified and pursued

as outlined below:

i.  To synthesize ZIF-8/Gr using the green hydrothermal method.
i. To characterize ZIF-8/Gr using XRD, FTIR, SEM, and TGA.
iii. To assess the photocatalytic performance of ZIF-8/Gr towards LVX and their
antibacterial/antioxidant properties.

iv.  To predict the photodegradation mechanism of LVX.



CHAPTER 2

LITERATURE REVIEW

2.1 Photocatalysis and degradation mechanism

Photocatalysts are materials that speed up chemical reactions when exposed to light, usually
by producing ROS that can assist in different chemical transformations. Photocatalysis is
based on the absorption of photons, which leads to the excitation of electrons from the valence
band (VB) to the conduction band (CB), resulting in the formation of electron-hole pairs. The
charge carriers can actively engage in redox reactions, resulting in the breakdown of
pollutants, generation of hydrogen, or other chemical processes (Mu et al., 2024). The
effectiveness of a photocatalyst is typically assessed by its capacity to absorb light, the
duration of the excited states, and the movement of the charge carriers (X. Zeng et al., 2016).
For instance, titanium dioxide (TiO;), zinc oxide (ZnO), bismuth vanadate (BiVO4), and among
others has been extensively researched as a photocatalyst because of its exceptional

efficiency and stability when exposed to light.

The photodegradation mechanism is depicted in Fig. 2.1. Electron-hole pairs are created when
the photocatalyst absorbs photons with energy equal to or higher than its bandgap energy.
This process involves moving part of the electrons from the VB to the CB. When light is
absorbed, the photocatalyst produces electron-hole pairs. Positively charged holes (h*) are
left behind in the VB as electrons are stimulated from the VB to the CB. These highly reactive
electron-hole pairs are crucial for initiating chemical reactions on the surface of the
photocatalyst. Organic pollutants from water adsorb onto the surface of the photocatalyst due
to weak physical interactions, such as van der Waals forces or electrostatic attractions, from
the surrounding environment. Once adsorbed onto the photocatalyst surface, the organic
molecules will encounter the generated electron-hole pairs. The excited electrons (e7) in the
CB can directly reduce the organic pollutants by transferring their energy to them, breaking

chemical bonds and generating radical species. Meanwhile, the h* in the VB can oxidize water



molecules or hydroxide ions (OH") present in the surrounding medium, producing hydroxyl
radicals (*OH), which are highly reactive oxidizing species. By means of chemical bond
cleavage, hydroxylation, or dichlorination, the organic pollutants are attacked by the produced
radicals. Until the organic molecules are fully mineralized into carbon dioxide, water, and basic
inorganic ions, this breakdown process is continued. The photocatalyst itself is not consumed

by the photocatalytic process, meaning that it can be recycled for more degradation cycles.

Previously, it was found that photocatalyst such as TiO, can be effectively reused, maintaining
their photocatalytic activity over extended periods (Jafri et al., 2022; T. Zhang et al., 2014).
The continuous process of using photocatalysts is dependent on the presence of light energy.
The photocatalytic activity can continue for as long as there is enough light exposure, gradually

eliminating organic pollutants from the environment.

Conduction band
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Fig. 2.1. Schematic of photocatalytic degradation mechanism of pollutants.



There have been recent developments in the field of photocatalysis, specifically in the use of
visible light-active photocatalysts. These photocatalysts, including doped semiconductors and
other composite materials, have shown promising results in improving the efficiency of
photocatalytic reactions when exposed to sunlight (Alansi et al., 2021; Zou et al., 2021).
Several factors can affect the efficiency of degradation, such as the choice of photocatalyst,
the concentration of pollutants, and the surrounding environmental conditions like pH (Bobirica

et al., 2021; Paliwal & Shorgar, 2023).

2.2 ZIF-8 as a photocatalyst

Photocatalysts made from MOFs have attracted a lot of interest because of their distinct
structural features. These features include a large surface area, customizable porosity, and
the ability to incorporate different metal ions and organic linkers. Guest molecules can be
accommodated within MOFs due to their porous nature. This unique structural property can
have a positive impact on photocatalytic activity by either creating more reactive sites or aiding
in charge transfer processes (Nguyen, 2021; L. Zeng et al., 2016). In addition, the flexibility of
MOFs allows for adjustments to their electronic properties, resulting in improved light

absorption and enhanced photocatalytic performance (Saliba et al., 2018).

The synthesis of ZIF-8 using the co-precipitation method is recognized as a straightforward
and efficient approach that has been extensively explored for various applications. This
method involves the simultaneous precipitation of metal ions, specifically Zn ions, and organic
linkers, such as 2-methylimidazole (MelM), to form the ZIF-8 structure. The co-precipitation
technique is advantageous due to its simplicity, cost-effectiveness, and ability to produce ZIF-
8 with desirable properties tailored for specific applications. For instance, Pang et al.
demonstrated that the controlled synthesis of ZIF-8 through co-precipitation allowed for the
formation of nanocomposites with enhanced functionalities, such as magnetically separable
nano catalysts. Similarlyy, Ma and co-workers highlighted the synthesis of ZIF-8@TiO,

nanoribbon catalysts using ultrasonication, which further illustrates the versatility of the co-



precipitation method in producing composite materials with improved catalytic activity (Ma et

al., 2023; Pang et al., 2015).

The presence of certain metal ions, such as copper, can significantly accelerate the formation
of ZIF-8 crystals. These metal ions act as modulators in the reaction, influencing the
morphology and growth of ZIF-8. For instance, ZnAl-CLDH/ZIF-8 composites were created
using co-precipitation, which enhanced the photocatalytic degradation of organic dyes such

as methyl blue (Y. Wang et al., 2021).

The potential of ZIF-8 in this thesis is highlighted by its proven photocatalytic properties and
its capacity to improve the performance of other photocatalysts. ZIF-8 possesses unique
structural characteristics and can be easily functionalized, making it a highly promising option
for the creation of cutting-edge photocatalytic systems that can contribute to sustainable
energy solutions and environmental remediation. In addition, the potential to enhance ZIF-8's
optical properties through doping or composite formation makes it an intriguing area of
investigation in this study. Continued investigation into ZIF-8 and its composites will play a

vital role in advancing the development of highly effective photocatalytic materials.

2.3 Composite derived from ZIF-8

Previous studies have shown that ZIF-8 based composites have great potential in the
photocatalytic degradation of organic pollutants. The strength of these composites lies in their
enhanced photocatalytic efficiency, which can be improved through the introduction of various
substances that modify their properties. For example, the incorporation of carbon-based
materials like reduced graphene oxide (rGO) or metal oxides such as TiO, which enhances
light absorption and charge separation, leading to better photocatalytic performance (He et
al., 2020). For example, the Ag@ZIF-8/g-CsN, composite demonstrated improved
degradation of antibiotics under visible light, showcasing the effectiveness of integrating ZIF-
8 with other materials (Guo et al., 2022). Furthermore, ZIF-8/TiO, composites have shown

significant improvements in degrading organic pollutants like Rhodamine B due to the
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synergistic effects between the materials, enhancing light absorption and charge separation

(Jeon et al., 2021; W. L. Zhong et al., 2024).

One key advantage of the inclusion of ZIF-8 in composites is their ability to alter the band gap,
which is crucial for photocatalytic activity. For instance, combining ZIF-8 with Bi,MoO¢ forms
a heterojunction that facilitates the transfer of photogenerated charge carriers, improving
photocatalytic activity under visible light (Xia et al., 2019). Additionally, integrating noble metals
like silver (Ag) into ZIF-8 enhances its light-harvesting capabilities due to plasmonic effects,
promoting better separation of electron-hole pairs, which is crucial for efficient pollutant
degradation. Despite these strengths, ZIF-8 composites face challenges, particularly in terms
of durability under operational conditions. ZIF-8 can experience structural degradation in
humid environments or after prolonged exposure to light, which reduces its photocatalytic

efficiency (Bhattacharyya et al., 2020).

2.4 Graphene-based composite photocatalyst

Gr is an extremely thin film of carbon atoms that form a distinctive honeycomb pattern. It
possesses extraordinary qualities such as outstanding electrical and thermal conductivity,
impressive mechanical strength, and remarkable flexibility. The distinctive arrangement of
carbon atoms in Gr, with sp? hybridization, enhances electron mobility, which has led to its
potential use in a wide range of applications such as electronics, sensors, and catalysis

(Novoselov et al., 2012; Sanchez et al., 2012).

Gr possesses remarkable electrical conductivity, showcasing exceptional intrinsic carrier
mobility that surpasses that of conventional semiconductors (Fukidome et al., 2014). This
unique characteristic makes it an ideal material for high-speed electronic devices. When it
comes to mechanical strength, Gr boasts an impressive Young's modulus of around 1 TPa
and a remarkable tensile strength exceeding 130 GPa. This places it among the elite group of
the strongest materials known to us (Khan et al., 2017), offering great potential for reinforcing

composite materials and significantly improving their durability. The chemical reactivity of Gr
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is also important, as its surface can be modified to improve its compatibility with other

materials. This has led to the creation of a plethora of hybrid composites (Kodali et al., 2011).

One previous study has shown that when semiconductors such as ZnO is incorporated with
Gr; the photocatalytic performance improved significantly. Yang and colleagues found that he
the incorporation of rGO caused a slight red shift in the absorption peak, enhancing the visible-

light absorption capability of the composites (X. Yang et al., 2021)

Enhanced charge separation is observed as Gr facilitates electron transfer between ZIF-8 and
the substrate, resulting in reduced charge recombination and increased photocatalytic
efficiency. This is a critical aspect in the degradation of pollutants, as highlighted by previous
studies (Autreto et al., 2014; Y. Liu et al., 2012). Another benefit is the increased stability that
comes with using Gr. This enhanced the mechanical and thermal resilience of ZIF-8
composites, allowing for sustained catalytic activity even under operational (Chemello et al.,
2023; Khan et al.,, 2017; Novoselov et al., 2012). Previous studies have found that the
combination of Gr and ZIF-8 leads to a higher number of active sites for catalytic reactions,
resulting in a significant boost in overall catalytic activity. Finally, the combination of Gr led to
synergistic effects that enhanced reactant adsorption and accelerated reaction kinetics,

resulting in enhanced catalytic performance (Autreto et al., 2014; Y. Liu et al., 2012).

2.5 Hydrothermal method

The hydrothermal method is a widely recognized synthesis technique used for the
crystallization of substances from high-temperature aqueous solutions under controlled
pressure. This method utilizes the distinct characteristics of water as a solvent, specifically its
heightened capacity to dissolve various substances under high temperatures and pressures.
Under these specific conditions, the solubility of reactants is greatly enhanced, leading to the
creation of crystalline products with precisely controlled properties. The process is usually
carried out in a sealed vessel called an autoclave, where temperature and pressure are

carefully controlled to promote crystal growth and the development of nanostructures (P. Wang
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et al., 2023). One major benefit of the hydrothermal method is its ability to produce materials
with precise shapes and sizes, which is essential for applications in catalysis, electronics, and
energy storage. Previous study has reported the integration of Gr, particularly rGO, into MOFs
is achieved by mixing graphene oxide (GO) with metal precursors and ligands in a
hydrothermal setup. This process not only reduces GO but also facilitates the formation of a
composite material with enhanced properties (Saha et al., 2014). For example, Fe304/rGO
composites prepared cia hydrothermal method demonstrated excellent electrochemical
performance, while a-Fe-O3;—rGO composites show high adsorption capacity for dye removal

from water (A. Liu et al., 2015).

2.6 Photocatalytic degradation performance of MOF/Gr composite.

Table 2.1 described some selected photocatalytic performance of Gr based composites

photocatalysts towards the degradation of various pollutants.

Heu and colleagues investigated the performance of UiO-66/GO composite synthesized via
hydrothermal method for the degradation of carbamazepine, a common pharmaceutical
contaminant in wastewater (Heu et al., 2020). Their study revealed that the photocatalyst
demonstrated a remarkable degradation efficiency of 90%, primarily facilitated by superoxide
radicals (*O,~) and hydroxyl radicals (*OH). These reactive species play crucial roles in the
oxidative breakdown of carbamazepine, effectively breaking down the molecular structure of
the pollutant. The study also emphasized that the enhanced photocatalytic activity was
attributed to the synergistic effect between the MOF and GO, which improved charge carrier

separation and light absorption, resulting in a more efficient photocatalytic process.

Similarly, Yang and colleagues explored the performance of MIL-68(In)-NH2/GO composite,
prepared using a solvothermal method for the degradation of amoxicillin, another widely used
antibiotic (C. Yang et al., 2017). Their prepared catalyst achieved an impressive degradation
efficiency of 93%, leveraging *OH and <O, to effectively decompose the antibiotic. Their study

highlighted the importance of the amine functional groups in MIL-68, which not only improved
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the adsorption of amoxicillin but also facilitated the generation of reactive species under light
irradiation. Hence, the incorporation of GO into the composite not only enhanced the charge
transfer between the components but also significantly increased the surface area, allowing

for more active sites for pollutant adsorption and subsequent degradation.

Bouider and colleagues reported on the synthesis of MOF-5/GO using a modified Hummer's
method, targeting the degradation of methylene blue (Bouider et al., 2023). The results
indicated a degradation efficiency of 92%, attributed to the involvement of «O,~, «OOH, and
*OH during the photocatalytic process. Their study provided insights into the mechanism,
showing that the presence of GO facilitated the generation and stabilization of these reactive
species, leading to effective dye degradation. Additionally, the research underscored the
importance of optimizing the GO content to balance light absorption and the availability of

active sites, which directly impacts the photocatalytic performance of the composite.

Furthermore, Wu and his co-workers introduced a novel MIL-88(Fe)/GO composite,
synthesized through a facile and rapid single-step (modified hummers method) demonstrating
its effectiveness in degrading both methylene blue and rhodamine B under sunlight (Y. Wu et
al., 2014). Their synthesized catalyst achieved a remarkable degradation efficiency of 100%,
with «OH identified as the main oxidative species responsible for the dye degradation. The
study elaborated on the structural characteristics of MIL-88, which provided a robust
framework for the immobilization of GO, thus enhancing the overall stability and reusability of
the photocatalyst. Overall, previous studies on MOF/Gr contributes significantly to the
understanding of how to leverage advanced materials for effective pollutant degradation in

real-world scenarios.
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Table 2.1 Selected photocatalytic performance of Gr composited photocatalysts towards the degradation of pollutants.

No BCPs Synthesis Method Pollutant Degradation ROS involved Reference
efficiency (%)

1 MIL-68(In)-NH>/GO Solvothermal Amoxicillin 93% *OH, *O,~ (C. Yang et al,
2017)

2 MOF-5/GO Modified Hummer's Methylene blue 92% *0,7, *OO0H, h*, *OH (Bouider et al.,

method 2023)

3  NH-2MIL-125/rGO Solvothermal Methylene blue 96.70% *OOH (L. Huang & Liu,
2016)

4  MIL-88(Fe)/GO Hydrothermal Methylene blue 100%(sunlight) *OH (N. Liu et al., 2018)

and Rhodamine
B

5 UiO-66/GO Hydrothermal Carbamazepine 90% *O,7, *OH (Heu et al., 2018)

6  Ag:COs/Gr Precipitation Methyl orange 95% *OH (Chen et al., 2018)

7  ZnO/Gr Solvothermal Congo red 71.97%(6%rGO) *OH (Atchudan et al,
2017)

8  BiWOe/Gr Hydrothermal Methylene blue 88.10% *O,7, h* (Zhou & Zhu, 2012)
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9  SrTiOs/Gr Photocatalytic reduction Acid orange 88% *OH, h*, *OOH (Xian, Yang, Di, et
of GrO al., 2014)

10 LSMO/Gr Mixing and thermal Methyl red 53% *OH, h* (Xian, Yang, Wang,
drying et al., 2014)

11 BiVO4/Gr Ultrasonication Rhodamine B 87% *OH, O, (Xu et al., 2014)

12  MIL-125/Biochar One-step hydrothermal Tetracycline 94.62% h*, «O,~ (Z. Liu et al., 2022)

hydrochloride
13 ZIF-8 Slow evaporation Methylene blue 82.30% *OH (Z. Liu et al., 2022)
14 rGO/TiO; Electrophoretic 4-chlorophenol 70% *OH (Zouzelka et al.,
deposition 2019)
15 Gr/TIO2/Fe304 Mixing and evaporation Phenol 96.9% *OH (Heltina et al,

2022)
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CHAPTER 3

METHODOLOGY

3.1 Materials

2-methylimidazole (Macklin, China), methanol (HmBG, Malaysia), zinc nitrate hexahydrate
(Zn(NO3)2-6H20, (Sigma-Aldrich), and graphene oxide (GO) suspension (Nippon
Shokubai, Japan) were purchased for use in this study. Hydrochloric acid (HCI, Sigma-
Aldrich), sodium hydroxide (NaOH, Sigma-Aldrich), and levofloxacin (Tokyo Chemical
Industry, TCI, Japan) were also obtained. All chemicals were of analytical grade and used
without further purification. Solutions were prepared in deionized water (pH 6.5 — 7)

throughout the experiments.

3.2 Synthesis of ZIF-8

Nanoscale ZIF-8 is synthesized using the co-precipitation method as shown in Fig. 3.1.(a).
This method involves the simultaneous precipitation of zinc ions and organic linkers,
typically 2-methylimidazole, leading to the formation of ZIF-8 crystals. The co-precipitation
technique is favoured for its simplicity and efficiency, enabling the production of ZIF-8 with
desirable properties for various applications (Chin et al., 2018). In a typical synthesis
method, 1.78 g of Zn (NO3)2:6H20 and 5.26 g of 2-methylimidazole were dispersed in two
separate beakers containing 40 ml of methanol each. The suspension was then stirred at
room temperature for 6 h. The product was recovered by centrifugation and washed three
times with fresh methanol. It was then dried at 80 °C for 12 h, followed by activation in a

vacuum oven for an additional 12 h.
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Fig. 3.1. Synthesis of ZIF-8.

3.3 Synthesis of ZIF-8/Gr

The synthesis of ZIF-8/Gr was achieved using the hydrothermal method as shown in Fig.
3.2. (b). First, 9 g of GO was dispersed in deionized water and sonicated for 3-5 hours,
ensuring complete dispersion. Following this, 30 mg of as-synthesized ZIF-8 was added to
the GO suspension, and the mixture was stirred at 400 rpm for 1 hour using a magnetic
stirrer. The resulting mixture was then transferred into a 200 mL Teflon-lined autoclave and
subjected to hydrothermal treatment at 180°C for 18 hours. After cooling to room
temperature, the ZIF-8/Gr suspension was filtered via vacuum filtration and thoroughly
washed with ethanol and distilled water to remove any residual impurities. The filtered
product was dried in an oven at 80°C for 12 hours. Finally, the dried composite was carefully

collected, ground into a fine powder, and stored for further characterization and analysis.
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Fig. 3.2. Synthesis of ZIF-8/Gr.

3.4 Characterization

3.4.1 Chemical characterization — FTIR

Fourier Transform Infrared (FT-IR) spectroscopy was conducted to analyse the chemical
structure of the ZIF-8/Gr composite using a Agilent Cary 630 FTIR spectrometer (Agilent
Technologies, USA). The ZIF-8/Gr powdered sample was prepared using the KBr pellet
method. Approximately 1 mg of the composite powder was mixed with 100 mg of
spectroscopic-grade potassium bromide (KBr) and finely ground in an agate mortar to achieve
a homogeneous mixture. The mixture was then transferred into a pellet die and compressed
under a pressure of 3.5 tons for 15 seconds to form a transparent pellet. FT-IR spectra were
recorded in the range of 4000—400 cm™ at a resolution of 4 cm™, with 32 scans averaged for
each measurement to improve the signal-to-noise ratio. A background spectrum was obtained

using a blank KBr pellet and subtracted from the sample spectrum to account for any KBr
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matrix interference. The resulting spectra were analysed to identify functional groups and

confirm the successful incorporation of ZIF-8 into the Gr matrix.

3.4.2 Structural characterization — XRD

Powder X-ray diffraction analysis (XRD) was conducted to characterize the crystallography of
bare ZIF-8 and ZIF-8/Gr. XRD serves as a powerful analytical non-destructive technique,
allowing for the determination of crystal structure, size, and material strain through the analysis
of diffraction patterns generated. The samples were finely ground to ensure a uniform particle
size and placed in an XRD sample tray, with care taken to achieve even distribution and a flat
surface to minimize errors in the diffraction data caused by variations in sample thickness. The
analysis was performed using a Shimadzu model XRD6000 Power X-ray diffractometer at the
Faculty of Science, UPM, utilizing CuKa radiation with a maximum voltage of 60 kV and a
current of 60 mA. The scanning range was set from 26 = 2° to 80°, with a step size of 0.02°/s.
The crystallite size corresponding to each diffraction peak was calculated using Scherrer’s

formula:
D = kA/fcosO

where D represents the crystallite size, k=0.89 is the Scherrer constant, 1 wavelength (A) of

the Cu-radiation was 1.54056 A for CuKa, radiation, and B is the half-peak width.
3.4.3 Morphological characterization — SEM

The JCM-6000 Versatile Benchtop Scanning Electron Microscope (SEM) manufactured by
JEOL Ltd (Japan) was utilized to investigate the surface morphology of bare ZIF-8 and ZIF-
8/Gr. This high-resolution imaging provided valuable insights into the morphology and
distribution of the components within the synthesized materials. To improve the electrical
conductivity of the samples, a thin carbon coating was applied to the surface using a HITACHI
E-1045 ion sputtering meter for a duration of 1 minute prior to examination. The SEM analysis
was performed at an acceleration voltage of 15 kV and a magnification of 500 times, enabling

detailed observation of the surface features and structural characteristics of the catalysts.
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3.4.4 Thermal characterization — TGA

Thermogravimetric and differential thermal analysis (TGA/DTA) of the catalysts was
conducted using a Mettler Toledo thermogravimetric analyser. TGA measures the mass
change of a material as a function of temperature and time under controlled atmospheric
conditions. This analysis primarily aimed to assess the thermal stability of the synthesized
catalysts. The thermal stability tests were performed in a nitrogen atmosphere, with a nitrogen
flow rate of 100 mL/min and a heating rate of 10 °C/min, covering a temperature range from
35 °C to 800 °C. This comprehensive thermal analysis provides valuable insights into the

stability and performance of the catalysts

3.4.5 Optical characterization

The optical properties of ZIF-8/Gr were analysed using UV—vis absorption spectrophotometer
SCINCO UV-Visible Spectrophotometer model no.(S-3100). The Tauc plot is commonly used
to estimate the optical band gap energy of a semiconductor material. The band gap energy
(Eg) is an important parameter, as it dictates the range of light wavelengths that a
semiconductor can absorb, making it crucial for applications like photovoltaics, photocatalysis,

and optoelectronics. The band gap of ZIF-8/Gr, was calculated by formula below:

(ahv)? = A (hv - Eg)
where q, h, v, Aand E4 denoted the absorption coefficient, Planck constant, frequency of light,

constant and band gap, respectively.

3.5 Photodegradation of LVX

This study investigates the photocatalytic performance of bare ZIF-8 and ZIF-8/Gr composites
by examining the degradation of LVX under simulated visible light irradiation. The
photocatalytic reactions were carried out in a custom-designed wooden chamber using an
Aquarium UV-Sterilizer Lamp (13W52) as the light source. Prior to photo-illumination, the
system was maintained in the dark for 30 minutes to evaluate the contribution of the adsorption

process.
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The photodegradation experiments were conducted in 100 mL aqueous LVX solutions, with a
catalyst dosage of 100 mg of either bare ZIF-8 or ZIF-8/Gr composite. Samples were
illuminated, and 3.5 mL aliquots were collected at regular intervals to monitor the degradation
process. The concentration of LVX in each sample was determined using an iKEMELAB
UV1200 UV-Vis spectrophotometer (China), which operates in the wavelength range of 320-
1020 nm. The maximum absorbance wavelength (Amax) for LVX was set at 290 nm. The

degradation efficiency was calculated using the following formula:

Degradation efficiency = (C(’C;COXIOO%
0

where Cy represents the initial concentration of LVX, and C: denotes the concentration of the

pollutant after irradiation at time, t minutes.

3.6 Optimization studies

3.6.1 Influence of LVX concentration

For this experiment, various concentrations of 100 mL LVX were prepared at 5, 10, and 20
mg/L to assess the photocatalytic performance of the synthesized ZIF-8/Gr composite. The
photodegradation experiments were carried out in 100 mL of various concentration of LVX (10,
20 and 50 mg/L) aqueous solutions. A sample of 10mg of the ZIF-8/Gr was then added to each
solution. After the dark adsorption period, the solutions were illuminated with simulated visible
light to initiate the photocatalytic degradation process. The data gathered from these
experiments will provide insights into the optimal LVX concentration for efficient photocatalytic

degradation.
3.6.2 Influence of pH

For this experiment, aqueous solutions of 100 mL, 5 mg/L LVX were prepared at pH values of
4, 7 and 9, adjusted using 0.1 M sodium hydroxide (NaOH) and hydrochloric acid (HCI). A
sample of 10 mg of the ZIF-8/Gr was then added to each solution. The photodegradation

experiments were conducted at a specified pH level. The data obtained from these
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experiments will contribute to a deeper understanding of the photodegradation process under

varying pH conditions.
3.6.3 Influence of amount of catalyst

For this experiment, the influence of the amount of catalyst on the photodegradation of LVX
was investigated using varying quantities of the ZIF-8/Gr composite. A series of experiments
were conducted with catalyst amounts of 5 mg, 10 mg, and 20 mg, each added to
approximately 100 mL of the LVX solution at a constant concentration of 5 mg/L. The data
gathered from these experiments will provide insights into the optimal catalyst dosage required

for efficient photocatalytic degradation.
3.6.4 Radical trapping test

For this experiment, a radical trapping test was conducted to identify the reactive species
involved in the photocatalytic degradation of LVX using the ZIF-8/Gr composite. Four sets of
experiments were performed, each using different radical scavengers to capture specific ROS.
Methanol was used to capture hydroxyl radicals («OH), tert-butanol and ascorbic acid to
capture superoxide radicals (*O;7), and ethylenediaminetetraacetic acid (EDTA) to capture
photogenerated holes (h*). In each set, 100 mg of the ZIF-8/Gr was added to 100 mL of the
LVX solution (5 mg/L), followed by the addition of 4 — 5 drops of 10 mM of the respective
scavengers. The findings provided insights into the key reactive species involved in the

photocatalytic mechanism.

3.7 Antibacterial test

The disk diffusion method was employed to evaluate the antibacterial activity of the prepared
ZIF-8/Gr composite. Gram-positive Staphylococcus aureus and Gram-negative Escherichia
coli bacteria were grown in Luria Bertania (LB) broth at 37 °C overnight. The bacterial
suspensions were inoculated on Mueller-Hinton agar plates at a density of 1.5 x 106 CFU/mL
and adjusted to a turbidity of 0.5 McFarland standard. Sterile filter discs (6 mm in diameter)

impregnated with 1mg/mL of ZIF-8/Gr suspensions, dissolved in DMF as the solvent, were
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prepared separately. Standard susceptibility discs soaked in streptomycin (30 ug) and
chloramphenicol (30 pg) were used as positive controls, while discs soaked in sterile deionized
water served as the negative control. Four sample holes were made on the agar plates to
dispense the suspension of ZIF-8/Gr, streptomycin, chloramphenicol and deionized water. The
filter paper discs were placed on top of the Mueller-Hinton agar plates, which were then
incubated at 37 °C for 24 hours. The antibacterial activity of the ZIF-8/Gr was evaluated by
measuring the zone of inhibition (ZOI) (mm) using a Vernier calliper. All plates. All experiments

were carried out in triplicate and data were expressed as mean + standard deviation (SD).

3.8 Antioxidant test.

The antioxidant activity of the ZIF-8/Gr was evaluated using the DPPH (2,2-diphenyl 1-
picrylhydrazyl) radical scavenging assay. The test is crucial for determining the material's
ability to neutralize harmful free radicals, a key factor in potential environmental applications.
The ZIF-8/Gr was dissolved in two different solvents—dimethylformamide (DMF), and
methanol to assess how solvent choice influences antioxidant activity. For the DPPH assay, a
1.9 mM solution of DPPH in methanol was prepared, and 0.1 mL of each ZIF-8/Gr solution
was added to 2 mL of DPPH solution. The mixtures were incubated in the dark at room
temperature for 30 minutes to avoid light interference. The colour change is determined by

measuring absorbance with a spectrophotometer at 517 nm.
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CHAPTER 4

DISCUSSION
4.1 FTIR Characterization
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Fig. 4.1. FTIR of bare ZIF-8, Gr and ZIF-8/Gr.

The FTIR spectrum of bare ZIF-8 depicted in Fig. 4.1, reveal distinct vibrational bands
characteristic of its structure. Prominent peaks between 900-1500 cm™ correspond to the C—
N stretching and bending vibrations from the imidazole rings that form the ZIF-8 framework.
The sharp bands at 995 and 1142 cm™ correspond to the characteristic stretching vibrations
of the C—N bond in the imidazole ring, while the peaks at 1307 and 1145 cm™ are indicative
of the in-plane bending vibrations of the imidazole ring. Similarly, peaks at 1307, 1145, and
993 cm™ are assigned to the in-plane bending signals of the imidazole ring, reinforcing the
notion that these vibrational modes are integral to the structural integrity of ZIF-8 (Zhan et al.,

2020). Additionally, C-H stretching vibrations are observed around 2930-2970 cm™, indicating
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the presence of alkyl groups within the imidazole linkers. The absence of significant absorption
bands beyond 3500 cm™ suggests minimal surface hydroxylation or moisture adsorption,
confirming that the bare ZIF-8 retains its structural integrity without notable modification by
environmental exposure. Gr exhibited a broad absorption band between 3000-3500 cm™,
which corresponds to O-H stretching, likely due to the presence of residual hydroxyl groups
or adsorbed water, as noted by, The peak at 1700 cm™ corresponds to the carbonyl group,
consistent with previous findings by Zheng and co-workers, who reported similar carbonyl
stretching vibrations in their analysis of rGO (A. L. T. Zheng, Boonyuen, Li, et al., 2021; A. L.
T. Zheng, Boonyuen, Ohno, et al., 2021). Additionally, a prominent peak between 1560-1650
cm™ is attributed to C=C stretching vibrations, confirming the presence of conjugated double
bonds in the Gr structure. The weak peaks observed between 1000-1500 cm™ suggest the
existence of residual oxygen-containing groups, which could indicate incomplete reduction of
GO, showing some retained oxygen functionalities in the graphitic material, a characteristic
supported by (Fu et al., 2014). The FTIR spectrum of the ZIF-8/Gr shows a combination of
features from both ZIF-8 and Gr, confirming successful integration of the two materials. The
characteristic C—N stretching vibrations of ZIF-8 from the imidazole rings appeared to reduce
in intensity. This is likely due to the interaction between the functional groups of Gr and the
ZIF-8 framework, which can lead to a reduction in the intensity of specific FTIR peaks

associated with ZIF-8, such as those related to the imidazole linkers (Jamil et al., 2021).
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4.2 XRD Characterization
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Fig. 4.2. XRD spectra of (a) bare ZIF-8 (b) Gr (c) ZIF-8/Gr.
XRD patterns of ZIF-8, Gr, and the ZIF-8/Gr composite are presented in Fig. 4.2 The XRD
pattern of pure ZIF-8 displays sharp and intense peaks, particularly in the low-angle region
(5°-20°), indicative of its high crystallinity. The prominent diffraction peaks at 7.3°, 10.4°, 12.7°,
14.7°, and 18.0° (20) are consistent with the cubic crystal structure of ZIF-8, as reported
previously (S. Wang & Zhang, 2017). These peaks correspond to the (011), (002), (112), (022),
and (013) planes, respectively, confirming the successful synthesis of ZIF-8. The crystalline
size of ZIF-8 was estimated using the Debye-Scherrer equation, focusing on the most
prominent peak at 26=7.30. The calculation yielded a crystalline size of approximately 15.92

nm. The Gr exhibits a broad peak centered at approximately 26.3° (26), corresponding to the
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(002) plane of graphitic carbon. The broad nature of this peak is indicative of disordered
stacking of Gr layers and partial reduction of oxygen-containing groups. Additionally, a
secondary peak at 44° is observed, attributed to the (101) plane, suggesting some retained
graphitic domains (Chadha et al., 2021). This pattern confirms the presence of a partially
reduced Gr structure with a mixture of amorphous and crystalline phases. The XRD pattern of
the ZIF-8/Gr composite shows the characteristic peaks of both ZIF-8 and Gr. The peaks
associated with ZIF-8 are still present but appear slightly diminished in intensity, suggesting a
degree of interaction between the ZIF-8 framework and the Gr sheets. This could also indicate
partial coverage or alteration of the ZIF-8 crystal structure due to the presence of Gr. Notably,
the broad (002) peak of Gr at 26.3° overlaps with some ZIF-8 peaks, forming a combined
signal indicative of the hybrid nature of the composite. This suggests the successful
incorporation of ZIF-8 onto the Gr sheets without significant loss of its crystalline structure.
The XRD analysis confirms the structural integrity of ZIF-8 and its successful integration with

Gr to form the ZIF-8/Gr composite.

28



4.3 Morphological Characterization (SEM)
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Fig. 4.3. SEM micrograph of (a) Gr (b) bare ZIF-8 (c) ZIF-8/Gr.

The morphological features of Gr, ZIF-8, and ZIF-8/Gr were examined using scanning electron
microscopy (SEM), as shown in Fig. 4.3. respectively. Fig. 4.3 (a) displays the SEM image of
reduced Gr, which reveals a characteristic wrinkled and sheet-like structure (Sethumadhavan
et al.,, 2022; Viprya et al.,, 2023; Zheng et al., 2021). These morphological features are
consistent with the inherent properties of Gr-based materials, providing a high surface area
and structural flexibility. The wrinkled surface morphology of Gr facilitates the dispersion of
ZIF-8 particles and offers abundant active sites for interaction, making it an ideal substrate for
composite formation. Fig. 4.3 (b) shows the SEM image of ZIF-8, which displays irregularly
shaped aggregates with a rough and porous surface morphology. Unlike the ideal polyhedral
crystals commonly associated with ZIF-8, the observed structure indicates a deviation likely
due to synthesis parameters or agglomeration effects (Xing et al., 2022). The rough surface
and porosity suggest potential utility in adsorption and catalytic applications, as the increased
surface area can provide enhanced interaction sites. The ZIF-8/Gr composite showed a
homogeneous distribution of ZIF-8 particles on the Gr sheets as shown in Fig. 4.3 (c). The
ZIF-8 aggregates are embedded within the Gr matrix, forming a well-integrated composite
which enhanced the structural stability of the material This synergistic morphology is expected
to improve the material's functional properties, such as their photocatalytic activity, (Y. Wang

et al., 2021) and adsorption capacity. The ZIF-8/Gr composite micrograph shows a well-
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integrated hybrid structure, where ZIF-8 particles are effectively dispersed and anchored onto
the graphene sheets. This synergy combines ZIF-8's high surface area and porosity with
graphene’s conductive network, leading to enhanced electron transfer, increased stability, and
reduced agglomeration within the composite. These structural attributes are expected to
improve pollutant degradation efficiency by providing more accessible active sites and
enhanced electron flow throughout the material. The combined properties of ZIF-8's
framework stability and Gr’s conductivity suggest that the ZIF-8/Gr composite could offer
superior performance for environmental remediation, aligning well with this study’s objectives

to create an efficient, stable catalyst for the degradation of persistent organic pollutants.
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4.4 Thermal Characterization (TGA)
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Fig. 4.4. TG thermogram of bare ZIF-8, Gr and ZIF-8/Gir.

The thermal stability of ZIF-8, Gr, and the ZIF-8/Gr composite was evaluated through
TGA as shown in Fig. 4.4. The residual weight profiles for the three samples reveal
distinct thermal behaviors, which can be attributed to their inherent material properties
and interactions within the composite structure. The TGA curve of bare ZIF-8 exhibits
two maijor stages of weight loss. The initial minor weight loss, observed below 150°C,
corresponds to the desorption of physically adsorbed water and volatile organic
compounds. Following this, the significant weight loss starting around 400°C is
indicative of the thermal decomposition of the ZIF-8 framework (D. Huang et al., 2018).
This decomposition corresponds to the collapse of the MOF structure, as the organic
linkers decompose and volatilize, leaving behind residual zinc oxide. The TGA curve
for Gr shows a gradual weight loss over the entire temperature range. The absence of

significant weight loss at lower temperatures suggests minimal moisture or volatile
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organic contamination in the sample. The gradual decline in weight, particularly from
400°C to 700°C, is attributed to the thermal degradation of graphitic carbon, possibly
due to defects or edge sites in the Gr structure (lkram et al., 2020). The final residual
weight at 800°C is approximately 60%, highlighting Gr’s superior thermal stability
compared to ZIF-8. ZIF-8/Gr composite displays an intermediate thermal stability
profile between those of bare ZIF-8 and Gr. The initial weight loss below 150°C, similar
to Gr, is attributed to the desorption of physically adsorbed water. However, the
subsequent weight loss, occurring between 400°C and 600°C, is less pronounced
compared to bare ZIF-8. This reduced decomposition rate indicates enhanced thermal
stability, likely due to the interaction between Gr and the ZIF-8 framework. The Gr acts
as a stabilizing matrix, potentially mitigating the collapse of the MOF structure and
delaying the thermal decomposition of the organic linkers. The final residual weight at

800°C is approximately 50%, which is higher than that of bare ZIF-8 but lower than Gr.
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4.5 Optical Characterization

(a) (b)
—ZIF-8 —ZIF-8
Gr Gr
= —— ZIF-8/Gr —— ZIF-8/Gr
s >
8 o
= >
s £
o) 3
w N
o]
<
Eé: 3':;9 eV
Eg=323eV y y Eg;’:"'”e"
200 300 400 500 600 700 800 1.5 270 2!5 3!0 3!5 4!0 45
Wavelength (nm) Energy gap (eV)

Fig. 4.5. (a) Band gap energy estimation (b) analysis by using Tauc plot.

The UV-Vis absorption spectra and the corresponding Tauc plots of ZIF-8, Gr and the ZIF-8/Gr
composite are shown in Fig. 4.5. The absorption spectrum of ZIF-8 displays a distinct
absorption band in the ultraviolet region below 300 nm, characteristic of its electronic
transitions (Xiao et al., 2022). This is attributed to ligand-to-metal charge transfer (LMCT)
within the ZIF-8 framework. The relatively sharp absorbance peak reflects the intrinsic
properties of the ZIF-8 crystal structure. The reduced Gr exhibits a broader absorption profile,
with a peak centered around 270 nm, corresponding to the T—1T* transitions of the conjugated
sp? bonded carbon framework (Emiru & Ayele, 2017; Zheng, Boonyuen, Li, et al., 2021). The
broad nature of the spectrum across a wide range of wavelengths indicates its semiconducting
properties with some optical absorption in the visible region. For the ZIF-8/Gr composite, the
spectrum shows features from both ZIF-8 and Gr. The enhanced absorption across the UV
and visible regions suggests strong interactions between ZIF-8 and the Gr, which enhance
light absorption and broaden the composite's spectral response as shown in Fig. 4.5 (a). This

synergistic effect can be attributed to the electronic coupling and interfacial charge transfer
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between ZIF-8 and Gr. The Eg4 of the materials were calculated using the Tauc plot method,
which involves plotting (ahv)? versus photon energy (hv) and extrapolating the linear portion
of the curve to the x-axis. The calculated E4 values for ZIF-8, Gr and ZIF-8/Gr is 3.89, 3.23
and 3.49 eV, respectively as shown in Fig. 4.5 (b). The intermediate band gap of ZIF-8/Gr
reflects the synergistic interaction between ZIF-8 and Gr, likely resulting from charge transfer
at the interface, which alters the electronic structure of the composite. The UV-Vis and Tauc
plot analysis confirm the successful integration of ZIF-8 with Gr. The reduced band gap of the
composite, compared to pure ZIF-8, implies improved light-harvesting properties and

enhanced electronic interactions.

4.6 Photodegradation test

4.6.1 Comparison between bare and composite materials
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Fig. 4.6. (a) Photocatalytic degradation of LVX using various photocatalysts. (b) -In (C/Co) vs

time.

The photocatalytic degradation performance of Gr, ZIF-8, and ZIF-8/Gr was evaluated over a
120-minute period under low-intensity UV light irradiation, preceded by a 30-minute dark
phase to establish adsorption equilibrium. As shown in Fig. 4.6.(a), during the dark phase,
adsorption of LVX onto the catalyst surfaces was observed, with ZIF-8/Gr exhibiting the
highest adsorption capacity due to its enhanced surface area and abundant active sites

provided by the synergistic interaction of ZIF-8 and Gr. This adsorption phase is crucial as it
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ensures that any initial reduction in LVX concentration arises from adsorption alone, thereby
providing a baseline for distinguishing between adsorption and photocatalytic mechanisms (X.
Li et al., 2016; Samriti et al., 2022). ZIF-8/Gr demonstrated the highest degradation efficiency,
achieving a C/C, value of 0.80, followed by Gr and ZIF-8 with values of 0.81 and 0.84,
respectively. Gr, despite its remarkable electrical conductivity and high surface area, has
limited intrinsic light absorption, which restricts its direct photocatalytic performance.
Furthermore, its thin optical thickness and short-lived photogenerated carriers complicate
photocurrent formation, further reducing its light absorption efficiency. Bare ZIF-8 recorded
the lowest degradation rate and kinetic constant, a result of its poor stability in aqueous
conditions (Jafari et al., 2024). The dissolution of ZIF-8 in water leads to the formation of zinc
and imidazolate ions, which negatively impact its performance. Fig. 4.6(b) depicts the
corresponding rate constants (k) calculated using pseudo-first-order (PFO) kinetics which
follow the trend k (ZIF-8/Gr) > k (Gr) > k (ZIF-8). The superior performance of ZIF-8/Gr is
attributed to the synergistic interaction between ZIF-8 and Gr, which improves charge
separation, reduces electron-hole recombination, and facilitates the generation of ROS. While
Gr’s photocatalytic performance is inherently limited by its lack of efficient Eg, its high surface
area and adsorption capacity enhance its overall activity. ZIF-8, by contrast, suffers from poor
agueous stability, which limits its standalone utility. Integrating Gr with ZIF-8 addresses these
shortcomings by improving charge transport and providing additional active sites for pollutant

adsorption and degradation.
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4.6.2 Influence of amount of catalyst
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Fig. 4.7 (a) Influence of catalytic loading for LVX photodegradation. (b) -In (C/Co) vs time.

The amount of catalyst used in photocatalytic degradation plays a critical role in determining
the efficiency and rate of the reaction. In this study, three different catalyst loadings of ZIF-
8/Gr—5 mg, 10 mg, and 20 mg—were investigated for the photocatalytic degradation of LVX.
The results presented in Fig. 4.7.(a) indicate a direct correlation between the amount of
catalyst used and the efficiency of the photocatalytic degradation process. Increasing the
catalyst loading from 5 mg to 20 mg led to a significant improvement in degradation efficiency.
The findings aligned with existing literature, which suggests that insufficient catalyst quantities
can result in suboptimal photocatalytic performance (Kaur et al., 2017). At 5 mg, the
degradation efficiency was minimal, with a —-In(C/C,) value of 0.08 and k of 5.64 x 107* min™*
after 120 minutes. Increasing the catalyst loading to 10 mg resulted in a —In(C/C,) value of
0.18 and a rate constant (k) value of 0.00152 min™", reflecting a notable enhancement in
degradation efficiency. The highest loading of 20 mg achieved the maximum performance,
with a —In(C/C,) value of 0.23 and a k value of 0.00187 min~". This enhanced performance is
attributed to the increased availability of active sites, which facilitates greater generation of
ROS and accelerates the photocatalytic degradation process (lgbal et al., 2022). Higher
catalyst concentrations generally promote faster reactions due to more efficient utilization of

light and reactive species. However, beyond a certain threshold, further increases in catalyst
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loading may lead to diminishing returns due to excessive turbidity in the reaction mixture,
which scatters light and diminishes its effectiveness. High turbidity reduces light penetration,
thereby decreasing the effective photon absorption and limiting the overall photocatalytic
efficiency (D. Zhang et al., 2020). The degradation kinetics is depicted in Fig. 4.7(b). The
results clearly indicate that increasing the catalyst loading from 5 mg to 20 mg resulted in a
3.3-fold increase in the rate constant, underscoring the direct relationship between catalyst
loading and the rate of photocatalytic reactions.

4.6.3 Influence of initial concentration of LVX
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Fig. 4.8. (a) Influence of initial LVX concentration (b) -In (C/Co) vs time.

In this study, the influence of initial LVX concentrations on the photocatalytic degradation
efficiency was evaluated using three concentrations: 5 mg/L, 10 mg/L, and 20 mg/L. The
results presented in Fig.4.8. (a) demonstrate an inverse correlation between the initial pollutant
concentration and the degradation efficiency. At a lower concentration of 5 mg/L, the
degradation efficiency was the highest, with LVX concentration reducing to 3.686 mg/L after
120 minutes. For 10 mg/L, the degradation was moderately efficient, with the concentration
dropping to 8.126 mg/L, while for 20 mg/L, the degradation was minimal, with the
concentration stabilizing at 18.08 mg/L. This behaviour is attributed to the saturation of active
sites on the catalyst surface at higher pollutant concentrations, which limits the degradation

rate due to competitive adsorption and insufficient active sites. The degradation kinetics were
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also analysed using the PFO model, as shown in Fig .4.8. (b). The rate constant (k) values
decreased with increasing LVX concentration, reflecting reduced degradation efficiency at
higher concentrations. Specifically, the k value was 0.00219 min™" for 5 mg/L, 0.00187 min™"
for 10 mg/L, and 5.87 x 10~ min~" for 20 mg/L. These results indicate a significant 3.7-fold
decrease in the rate constant when the initial LVX concentration increased from 5 mg/L to 20
mg/L. This trend highlights the critical role of pollutant concentration in determining the
efficiency and kinetics of the photocatalytic process. The reduced efficiency at higher
concentrations may also result from the absorption of incident light by LVX molecules, which
reduces the light available for photocatalytic activation of the catalyst (Hadi et al., 2023).

4.6.4 Influence of pH

1.20 0.45 ~
a. = 401pH b. ® 4.01(K=4.73245¢10%)

1154 e 7.01pH 0.40 ®  7.01(K=0.00244)
A 9.15pH A 9.15(K=2.47084x10%)
1.104 0.35

0.30 .

1.05 o

A 025
1004 s O - .
o e P e Y Q020
9 0954 . O
[&] = u = 015
0904 I o
. 010
0,85 e ol I . m-—®
(] ™ A A
080 * 0o = | A .
0.75 - = ~ ~0.05 4

Dark Light

T T 1 T T ; T T T T T T T T T T T

-40 -20 0 20 40 60 80 100 120 140 -40 -20 0 20 40 60 80 100 120 140
Time(min) Time(min)

0.70 -0.10

Fig. 4.9. (a) Influence of solution pH on LVX photodegradation. (b) -In (C/Co) vs time.

The effect of varying pH on the degradation rate of LVX and their kinetics is illustrated in Fig.
4.9. The degradation efficiency is highly influenced by the pH level of the solution. At a neutral
pH of 7.01, the degradation rate is the highest, as the LVX concentration decreases
significantly over time as shown in Fig. 4.9. (a). For example, after 120 minutes, the C/C, of
LVX drops to 0.74, indicating effective degradation under neutral conditions. In contrast, at pH
4.01, the degradation is slower, with the C/Cy decreasing only to 0.93. Similarly, at pH 9.15,
the degradation rate is the slowest, with the C/Co stabilizing around 0.97, showing minimal

change throughout the experimental period (Tayyebi et al., 2019). The slower degradation at
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acidic and basic pH levels can be explained by the changes in the surface properties of the
ZIF-8/Gr. Under acidic conditions, the catalyst’s active sites may undergo protonation,
reducing the interaction between the catalyst and the LVX molecules (Rincén & Pulgarin,
2004). In contrast, under basic conditions, the generation of hydroxyl ions may interfere with
the formation of ROS, further impairing the photocatalytic activity (Rodriguez et al., 2011).
Additionally, at basic pH, the increased concentration of hydroxyl ions may lead to competitive

adsorption on the catalyst surface, further reducing the efficiency of the degradation process.

The degradation kinetics, as illustrated by the -In(C/C,) plot in Fig. 4.9. (b), exhibit trends that
are consistent with the concentration-time profiles. At neutral pH, the degradation process
adheres closely to pseudo-first-order kinetics, with a rate constant of 0.00283 min™", indicating
a strong linear correlation between -In(C/C,) and time. This suggests efficient degradation due
to favourable interactions between the catalyst and pollutant. In contrast, at acidic pH 4.01,
the rate constant decreases to 5.62524 x 107 min™, indicating diminished degradation
efficiency. The slowest degradation occurs under basic conditions pH 9.15, where the rate
constant is further reduced to 3.11792 x 10™* min™", highlighting a significant reduction in

photocatalytic activity.
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4.7 Radical trapping test
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Fig. 4.10. Radical trapping test on photocatalytic degradation of LVX using ZIF-8/Gr.

The role of ROS in the photocatalytic degradation of LVX by ZIF-8/Gr was investigated using
radical scavengers, as shown in Fig. 4.10. Various scavengers were introduced to assess the
involvement of (+«O,7), (*OH), and (h*) in the degradation process, following similar approaches
used in previous studies on radical trapping mechanisms (Luo et al., 2015). The baseline
degradation efficiency without any scavenger was 26%, serving as a control for comparison.
The addition of ascorbic acid, a known scavenger of *O,", led to a notable decrease in the
degradation rate to around 10%, indicating that <O, play a significant role in the degradation
of LVX, consistent with findings from related work on the photocatalytic degradation of similar
pollutants. EDTA, which effectively scavenges h*, caused the most dramatic reduction in
degradation, down to about 5%, suggesting that h* are a major contributor to the reaction
mechanism. These findings aligned with prior studies emphasizing the importance of h* in

catalytic degradation processes (Yu et al., 2022). On the other hand, the introduction of
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methanol and tert-butyl alcohol, which are scavengers for *OH, resulted in more moderate
reductions in degradation rates, approximately 10% and 15%, respectively. This suggests that
*OH are involved in the degradation process but are not the primary reactive species
compared to *O,~ and h*. The results of the radical trapping experiments indicated that the
degradation of LVX is primarily mediated by the following reactive species: h* > «O,™ > «OH.
These findings provide a basis for optimizing photocatalyst designs to enhance ROS

production and improve overall degradation efficiency.

4.8 Regeneration test
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Fig. 4.11. Reusability and regeneration test of ZIF-8/Gr towards LVX degradation.

The reusability and stability of the ZIF-8/Gr composite catalyst were evaluated through three
successive photocatalytic degradation cycles of LVX, as shown in Fig. 4.11. The initial LVX

concentration was controlled at 5 mg/L, and the reaction conditions were kept constant to
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assess the consistency of the photocatalytic degradation performance. After each ftrial, the
catalyst was centrifuged at 4000 rpm to separate it from the water, washed with ethanol three
times, and dried for 12 hours at 80°C to ensure reusability in subsequent trials. The initial
degradation efficiency was 23.92% in the first cycle but decreased to 10.04% and 5.71% in
the second and third cycles, respectively. This decline in performance can be attributed to
potential catalyst deactivation caused by several factors, including the accumulation of
residual by-products on the catalyst surface, incomplete regeneration during washing and
drying, and structural degradation due to repeated use (Piera et al., 2002). Ethanol washing,
while effective for initial cleaning, may have altered the surface structure of the ZIF-8/Gr
composite, reducing its active sites and photocatalytic activity (Ataee Khorrami et al., 2024).
Additionally, photo-corrosion or leaching of active components, commonly observed in some
MOFs, could contribute to the observed reduction in catalytic performance over multiple cycles
(Muelas-Ramos et al., 2021). Despite the decrease in degradation efficiency, the ZIF-8/Gr
composite demonstrated adequate reusability for practical applications, as the catalyst
retained a portion of its activity after three cycles. Further optimization of catalyst regeneration
methods, such as alternative washing techniques or surface reactivation treatments, may
improve its long-term stability. These findings highlight the importance of addressing catalyst

durability to ensure sustained performance in large-scale photocatalytic applications.
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4.9 Possible photodegradation mechanism of LVX
A potential photocatalytic degradation mechanism for the ZIF-8/Gr composite under low-power

intensity UV light irradiation can be proposed as shown in Fig. 4.12.

UV light § €O, +H,0

Fig. 4.12. Proposed LVX degradation mechanism.

A potential photocatalytic degradation mechanism for the ZIF-8/Gr composite under low-power
intensity UV light irradiation can be proposed as shown in Fig.4.12. When exposed to UV light,
electrons in the VB of ZIF-8 are excited to the CB, generating electron-hole pairs (e/h*). The
presence of Gr plays a crucial role in this process, acting as an electron percolation network
(Tiong et al., 2015). This facilitates efficient electron transfer and enhances charge separation
by suppressing the recombination of electron-hole pairs. The improved charge separation
promotes the generation of ROS, which are essential for the photocatalytic degradation
process. Specifically, the photogenerated holes (h*) can interact with water molecules or
hydroxide ions (OH™) to produce *OH, which are highly reactive species capable of breaking
down organic pollutants. According to radical trapping experiments, the primary ROS involved

in the photocatalytic degradation were identified as «OH and h*, indicating their dominant role
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in the degradation mechanism. The degradation of LVX via this mechanism can be expressed

through the following sequence of reactions:

1. Photoexcitation:
ZIF-8/Gr+ hv (UV light) — ZIF-8/Gr (e” + h*)
2. Charge separation enhancement by Gr:
Gr reduces electron-hole recombination, improving the efficiency of charge carriers.
3. Reactive species formation:
h* + H,0 — «OH
e +0, — 0,
4. Degradation of LVX:

LVX + h*/sOH /*O,”— Oxidized intermediates — CO, + H.O

The photogenerated electrons in the CB may also contribute by reducing O, into <O, further
enhancing the formation of ROS that degrade LVX. Thus, the synergy between ZIF-8 and Gr
plays a role in amplifying the efficiency of photocatalytic degradation under low intensity UV
light. The possible degradation pathway of LVX during the photocatalytic reaction is also
proposed based on literature and theoretical understanding (Prabavathi et al., 2021; Rameel
et al., 2023). The degradation process begins with the excitation of ZIF-8/Gr under UV light,
generating ROS that interact with the LVX; initiating oxidative breakdown at specific functional
groups. The degradation starts with the decarboxylation of the methylmorpholine group in LVX
resulting in a fragment with a molecular ion peak close to m/z = 336, indicating the loss of a
carboxyl group. The degradation is followed by oxidation of the piperazine ring in which the N-
methyl piperazine ring undergoes oxidation, forming a stable intermediate. Subsequently, de-
alkylation reactions, defluorination and hydroxylation were predicted. The intermediates will
undergo further oxidative cleavage, breaking down into small organic acids and eventually

mineralizing into carbon dioxide and water. This hypothesized pathway highlights the stepwise
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transformation of LVX into smaller intermediates, driven by the synergistic effects of ZIF-8/Gr.
One previous study using visible-light-driven peroxymonosulfate activation over CulnS2/g-
CsN4 proposed four distinct LVX pathways (e.g., hydroxylation, fluorine removal, piperazine
cleavage, and C-N bond cleavage) (X. Zhong et al., 2023). The proposed mechanism provides
insights into how LVX undergoes oxidative degradation, emphasizing the role of ROS in
breaking down complex structures into simpler, environmentally benign products. Although no
LC-MS or GC-MS analyses were conducted in this study, a potential sequence of intermediate

transformations is hypothesized to elucidate the degradation mechanism.

4.10 Antibacterial test
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Fig. 4.13. Antibacterial activity against (a) E. coli and (b) S. aureus using ZIF-8/Gr.

The antibacterial activity of ZIF-8/Gr dissolved in DMF was evaluated against two bacterial
strains: E. coli and S. aureus. The results, as depicted in Fig.4.13. and summarized in Table
1, indicate that ZIF-8/Gr exhibited a moderate antibacterial effect, particularly when compared
to standard antibiotics such as chloramphenicol and streptomycin. The mechanical damage
is a primary mechanism by which Gr exerts its bactericidal effects, as demonstrated by the
ability of Gr nanospikes to physically rupture bacterial membranes and induce oxidative stress,
which together enhance their antibacterial efficacy (A. L. T. Zheng, Farrag, et al., 2021).

Previous study posited that the excellent antibacterial activity of GO based Co-MOF is linked
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to synergistic effect of sharp edges of the GO sheets and the toxic effect of cobalt ions Co?*

which are released from their surfaces (Hatamie et al., 2019).

For E. coli, the ZIF-8/Gr composite exhibited notable antibacterial activity, with a ZOI
measuring 1.4 £ 0.85 cm. This result indicates the material's potential to inhibit the growth of
this Gram-negative bacterium. While the ZOlI is smaller compared to conventional antibiotics
like chloramphenicol and streptomycin, the results indicate that ZIF-8/Gr is still effective to
some degree against E. coli. In contrast, for S. aureus, the ZIF-8/Gr results are considered
negative in terms of antibacterial activity, with a ZOl of 0.9 £ 0.85 cm, which is quite low. This
suggests that the material has little to no significant antibacterial effect against this Gram-
positive bacterium (P. Li et al., 2019). The ZOl is much smaller compared to those of the control
antibiotics, indicating that ZIF-8/Gr is not effective against S. aureus. The differential
antibacterial activity of ZIF-8/Gr against E. coli and S. aureus can be attributed to several
factors, including the structural differences between Gram-negative and Gram-positive
bacteria, the specific properties of the ZIF-8/Gr, and the mechanisms of action involved. E.
coli has an outer membrane that can act as a barrier to certain antibacterial agents, whereas
S. aureus, lacks this outer membrane but has a thicker peptidoglycan layer (P. Li et al.,
2019). It is important to note that DMF employed as a solvent control, exhibited minimal to no
antibacterial activity, with ZOlIs of 1.5 £ 0.80 cm for E. coli and 0.90 £ 0.85 cm for S. aureus.
These findings reinforce the hypothesis that the observed antibacterial effects are attributable
to the ZIF-8/Gr material itself, rather than the solvent (Chauhan et al., 2014). Overall, while
ZIF-8/Gr shows potential as an antibacterial agent, further optimization may be required to

enhance its effectiveness, particularly in comparison to established antibiotics.
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Table 4.1: ZOI of ZIF-8/Gr towards E. coli and S.aureus

Staphylococcus
Escherichia coli
Sample aureus
(E. coli)
(S. aureus)
ZIF-8/Gr 1.4+0.85 0.9+0.85
Streptomycin 1.7+0.80 3.8+0.8
Chloramphenicol 2.2+0.85 3.5+0.7
Dimethylformamide 1.5+0.80 0.90 £ 0.85

411 Antioxidant test

The DPPH assay was further used to evaluate the antioxidant activity of the ZIF-8/Gr
composite, specifically its ability to scavenge free radicals, which are reactive species capable
of causing cellular and tissue damage. As illustrated in Fig. 4.14. (a) and (b), no observable
colour change was detected in the DPPH assay, indicating that ZIF-8/Gr does not effectively
donate electrons to neutralize the DPPH radical. This result suggests that the material lacks
significant antioxidant activity. In the context of photocatalytic applications, particularly in
wastewater treatment, the absence of antioxidant properties in nanomaterials can be
advantageous. A lack of electron-donating activity implies that the material will not neutralize
ROS, which are essential for the degradation of organic pollutants. Therefore, the limited
antioxidant activity of ZIF-8/Gr may enhance its photocatalytic efficiency by allowing the
material to fully participate in ROS-driven reactions, which are critical for the breakdown of

pollutants

47



Fig. 4.14. Dose dependent decolorization of DPPH (20%, 40%, 60%, 80%, 100%) by ZIF-

8/Gr dispersed in (a) DMF and (b) methanol.

Although Gr has previously been reported to exhibit antioxidant behaviour, this property is
highly dependent on its surface chemistry. The antioxidant capabilities of Gr are closely tied
to the presence of functional groups, such as hydroxyl or carboxyl groups, which facilitate
interactions with free radicals (Demianenko et al., 2023). However, these functional groups
were likely absent or reduced in the ZIF-8/Gr composite due to the hydrothermal treatment
employed during synthesis, which may have significantly reduced oxygenated functional
groups on the surface. These functional groups play a key role in the physical adsorption of
superoxide anion radicals, thereby enhancing Gr’s antioxidant capacity, ZIF-8, on the other
hand, is primarily recognized for its catalytic and adsorption properties rather than its
antioxidant potential. The Zn ions in ZIF-8, along with its imidazolate linkers, are not
structurally equipped to engage in electron donation or free radical scavenging, which are
typical mechanisms involved in antioxidant processes. Moreover, the structural stability of
MOFs under oxidative conditions can be a limiting factor. For instance, Mn-based MOFs have

demonstrated oxidative degradation under such conditions, which could compromise their
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functionality (Khramenkova et al., 2018). Therefore, the absence of antioxidant properties in
ZIF-8/Gr aligns with its design and purpose in photocatalysis rather than radical scavenging.
4.12 Cost analysis

The cost analysis for the synthesis of ZIF-8/Gr composite was conducted to evaluate its
economic viability for potential large-scale applications. The synthesis of ZIF-8/Gr was
evaluated for cost efficiency, yielding approximately 4.5 grams of the catalyst at a total
production cost of RM 242.95, which corresponds to RM 53.99 per gram as shown in Table 2.
This analysis considered the cost of all raw materials, including Zn(NO;),-6H,0, 2-
Methylimidazole and GO. The calculations were based on current market prices and the
quantities of each material used in the optimized synthesis procedure. The total raw material
cost is at RM 217.18. A key observation from this analysis is the significant contribution of Gr
to the overall cost. While ZIF-8 synthesis itself is relatively inexpensive due to the readily
available and affordable precursors, the incorporation of Gr substantially increases the final
product cost. This cost increase is attributed to the more complex production processes and
higher market value associated with Gr materials. This finding highlights a critical trade-off in
the development of ZIF-8/Gr composites. While graphene imparts desirable properties such
as improved stability, and increased surface area, its inclusion comes at a considerable
economic premium. It is also important to note that economies of scale could potentially
reduce the cost per gram in larger production runs. The hydrothermal method employed for
synthesizing ZIF-8/Gr is energy-intensive (RM 6.48) but offers high yields and superior
material properties, such as controlled crystallite size and phase purity. The operational costs
associated with maintaining a reaction temperature of 180°C for 15 hours are a significant
factor. The operational energy requirement for photocatalytic applications is notably low due
to the catalyst’s ability to function under low-intensity UV light. Using a low-power (13 W) UV
lamp significantly reduces electricity costs, making this catalyst ideal for low-energy,

environmentally friendly applications.
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Table 4.2: Estimated costs involved in the synthesis of ZIF-8/Gr.

Total
Unit Cost
Item Quantity (per batch) Cost Notes
(RM)
(RM)
Raw Materials
Zn(NO3),6H,0 1.78 ¢ 0.196/g 0.34 ZIF-8 framework
2-Methylimidazole 5.26¢g 1.87/g 9.84 Organic linker
Graphene Oxide
9.00 g 23.00/g 207.00
(GO) suspension
Total Raw Material
217.18
Cost
Synthesis Process
Energy cost for
Hydrothermal 1.5 kWh X 18 hours = RM 0.24
A 6.48  ZIF-8/Gr
heating (180°C) 27.0 kWh per kWh
synthesis
0.23 kWh X5 hours = RM 0.24
Sonication . 0.27
1.15 KWh per kWh
For dissolving
Deionized water 200 mL RM0.01/mL  2.00 reagents and
washing catalyst
Methanol (for RM 0.15/ Used for ZIF-8
20 mL 3.00
washing) mL washing
Methanol (for RM 0.11/ Used for ZIF-
20 mL 2.20
washing) mL 8/Gr washing
1.5 kWh X 24 hours = RM 0.24 Energy cost for
Drying 8.64
36.0 kWh per kWh* oven operation
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for ZIF-8 and
ZIF-8/Gr drying

Energy cost for

3.0 kWh X 4 hours = 12.0 RM 0.24
Calcination 2.88  box furnace
kWh per kWh*
operation
Total Process Cost 25.47
Equipment Depreciation
Based on
estimated
Teflon-lined
- 0.20 equipment
autoclave usage
depreciation per
batch
Equipment  for
Centrifuge/filtration
- 0.10  recovery and
setup
filtration
Total Equipment
0.30
Cost
Per batch (4.5 g
Overall Synthesis
242.95 photocatalyst
Cost
yield)

Notes: *refer to Sarawak Energy tariff rate.
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CHAPTER 5
CONCLUSION AND FUTURE WORKS
5.1 Conclusion

This study successfully demonstrated the photocatalytic degradation of LVX using a ZIF-8/Gr
composite under low-intensity UV irradiation. The ZIF-8/Gr outperformed its individual
components, achieving the highest degradation efficiency through improved charge
separation, and superior production of ROS. The optimal degradation was achieved with 20
mg of catalyst applied to a 5 mg/L solution of LVX at neutral pH (7.01), resulting in a 25.70%
degradation rate after 120 minutes of low-intensity UV exposure. Key ROS responsible for this
enhanced degradation included *OH, *O,", and h*, all of which contributed significantly to the
oxidative breakdown of LVX. The degradation followed PFO kinetics, with lower pollutant
concentrations enabling faster degradation rates due to improved interaction between the ZIF-
8/Gr and LVX. Gr’s role in enhancing electron transfer and minimizing electron-hole
recombination was crucial to the composite’s superior performance. The ZIF-8/Gr composite
not only effectively degraded pollutants under low-intensity UV light but also exhibited
antibacterial properties in the dark, as evidenced by the ZOI against E. coli. This dual
functionality highlights the material’s broader applicability, making it a promising candidate for
wastewater treatment and environmental remediation. This study provides valuable insights
into the development of advanced photocatalytic materials, advancing the potential for

improved wastewater treatment technologies.
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5.2 Future works

1. Optimization of synthesis conditions:

Hydrothermal conditions: Investigate the optimal hydrothermal time and temperature

to achieve the highest photocatalytic activity

Precursor ratio: Explore different ratio of ZIF-8: Gr to control the distribution and

dispersion of the photocatalysts

N

. Catalyst Characterization:

Structural Analysis: Conduct more detailed structural characterization using
techniques like transmission electron microscopy (TEM), and Raman spectroscopy to

elucidate the relationship between ZIF-8: Gr and the catalyst's structural properties.

o Electronic Properties: Investigate the electronic properties of ZIF-8/Gr, such as
bandgap and charge carrier mobility, to gain a deeper understanding of its

photocatalytic mechanism.

3. Performance Evaluation:

o Different Pollutants: Evaluate the performance of ZIF-8/Gr in degrading other antibiotic

pollutants

e Real-World Applications: Test the catalyst in real-world wastewater treatment

scenarios to assess its practical applicability and durability.

4. Mechanism Investigation:

e In-Situ Techniques: Employ in-situ techniques (e.g., electron paramagnetic resonance,
transient absorption spectroscopy) to directly observe the formation and behaviour of

reactive oxygen species during the degradation process.
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