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Abstract

The contamination of water by synthetic dyes has become a significant
environmental issue, attracting increasing attention due to the harmful effects of
dye-contaminated wastewater on aquatic ecosystems and human health. This has
driven the development of advanced materials and technologies aimed at eftectively
removing dyes from water. Adsorption and catalytic degradation are two promising
approaches for this purpose, offering both efficiency and sustainability. To achieve
these goals, this work focuses on the synthesis of metal-organic frameworks (MOFs)
using a controlled synthesis method and a sustainable synthesis technique, followed

by their conversion into porous carbon materials for enhanced dye removal.

A novel controlled synthesis method for MOF-235 was developed to increase the
adsorption capacity for methyl orange. A yield of 166.7% was achieved compared
to conventional methods. The synthesised MOF-235 exhibits a uniform octahedral
shape with a narrow size distribution. Adsorption studies showed a maximum
capacity of 1257.7 mg-g’!, surpassing both the traditionally synthesised MOF-235
(477 mg-g") and other MOFs. Physical adsorption was confirmed as the primary

mechanism, with optimal adsorption conditions identified.

In addition, Fe@C-350, a highly porous carbon adsorbent, was obtained by
carbonisation of MOF-235 under an argon atmosphere and showed an increased

surface area and pore size. This material showed advanced adsorption efficiency for
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methyl orange over a wide pH range with a maximum adsorption capacity of 1666.7
mg-g'. Kinetic analysis revealed a fast adsorption rate with a rate constant of 0.025
g-mg ' -min’!, which can be attributed to the pore characteristics and abundant active

sites. Remarkably, Fe@C-350 retained over 98% of its initial adsorption capacity

after 10 regeneration cycles, confirming physical adsorption as the main mechanism.

To further improve the removal efficiency of methyl orange while reducing the cost
of material development, a carbon nanocomposite catalyst (PD-Fe@Cx) was
synthesised using terephthalic acid from pyrolysed PET plastic waste, which can be
used as a heterogeneous Fenton-like catalyst for methyl orange degradation. PD-
Fe@Cx exhibited optimal catalytic activity at a pyrolysis temperature of 350°C and
effectively degraded methyl orange in the presence of hydrogen peroxide. The
reaction parameters, including initial dye concentration, H.O> dosage and pH, were
optimised, with PD-Fe@C350 achieving 99.9% methyl orange degradation at a rate
constant of 1.171 min™' under optimal conditions. This approach not only utilises
the properties of MOF carbons, but also promotes sustainability through the reuse

of PET waste for environmental remediation.

In summary, this study makes an important contribution by developing highly
efficient MOF-based porous carbon materials and PET-based catalysts for the
effective removal and degradation of synthetic dyes and provides a sustainable

solution to water pollution. Further work is needed to optimise the synthesis
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processes for industrial applications, in particular to improve material stability and
scalability. In addition, the extension of this approach to other environmental

pollutants will be crucial to advance the sustainability and efficiency of these

materials in real-world applications.
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Chapter 1.

Introduction

This chapter highlights the importance of methyl orange (MO) removal and
explains the main aims and research objectives of the study. It emphasises the urgent
need for effective strategies to remove this widespread dye from wastewater. In
addition, the chapter provides a comprehensive overview of the structure of the
thesis, describing the main sections and the systematic approach of the research.
This includes a description of the experimental methods, characterisation
techniques and data analysis strategies used. The aim is to provide a clear roadmap
for the structure of the study that allows for a thorough understanding of the

research process and its contributions to the field of environmental remediation.



r University of
f B Nottingham
UK | CHINA | MALAYSIA

Water is essential for all life on Earth and is one of the features that make the

1.1. Background

planet Earth unique. Although 97.5 % of the water on the planet is found in
the oceans, only 1 % is easily accessible for extraction and utilisation. In
recent years, water consumption and pollution from various industries, such
as textile, cosmetics, leather, food, pharmaceutical, paint and paper
manufacturing, have significantly affected the quality of water resources and
exacerbated the global freshwater crisis [1]. In particular, the widespread use
of dyes, including methylene blue (MB) [2, 3], thodamine B (RhB) [4],
methyl orange (MO) [5-7], Congo red (CR) [8], methyl red (MR) [9, 10]
crystal violet [11, 12] and other type of organic dyes, is one of the main
sources of industrial pollution [13]. According to recent statistics, more than
4,500 tonnes of dyes and other pollutants with a high concentration of dyes
are discharged into waterways [14-16]. The discharge of this industrial waste
not only threatens human health, but also has a serious impact on the
environment [17, 18]. As a result, research into dye removal from wastewater
has increased. The number of scientific articles with a key word of "dye
removal" has increased significantly from 1991 to today (Aug. 2024), a trend

that can be clearly seen in Figure 1.1.
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8000 -+ 7697

Number of papers on dye removal

Figure 1.1 Frequency of publications on dye removal since 1991 to 2024

(Aug.) with the selected keyword 'Dye Removal'

Methyl orange is one of the dyes widely used in the textile industry, which is
also commonly used as a pH indicator in titration processes [19, 20]. Table
1.1 shows the detailed the chemical structure and characteristic properties of
methyl orange. As shown in Table 1.1, methyl orange has the molecular
formula of C14H14N303SNa and a molecular weight of 327.33 g-mol™!. The
presence of the azo group (N=N) in methyl orange combined with its low

biodegradability raises serious environmental concerns. This dye may have
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acute and/or chronic effects on exposed organisms, depending on the
concentration and duration of exposure. These effects may directly or

indirectly threaten human health and adversely affect the natural environment

[19].

A variety of technologies have been developed and used for the removal of
methyl orange. These include methods such as adsorption [5], coagulation
[21], advanced oxidation processes (AOPs) [22] and membrane separation
processes [23, 24]. Of these processes, adsorption is considered one of the
most efficient advanced treatment methods to treat wastewater containing
methyl orange. Adsorption offers several advantages: it is easy to handle,
highly effective, economical and offers flexibility in design and operation as
well as the production of high-quality purified products [25]. Another
important advantage of adsorption technology is that the properties of
regeneration and recovery of adsorbents, i.e. they can be reused after certain
regeneration processes [26]. Besides adsorption, Advanced Oxidation Process
technologies, including ozone [27-29], photocatalysis [30-32], Fenton [33, 34]
and photo-Fenton [35], have also attracted considerable interest in the
treatment of methyl orange-containing wastewater due to their strong
oxidising capacity, complete degradation of organic pollutants and the

advantage of not causing secondary pollution [36]. In addition, Advanced
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Oxidation Processes are also considered one of the most potential
technologies due to the problems associated with other methods. For example,
physical and chemical methods such as coagulation and flocculation produce
large amounts of sludge, while biological methods have long reaction times
that can affect process stability and lead to unreliable performance [37].
Fenton and photo-Fenton oxidation methods, characterised by their ability to
operate at ambient temperature and atmospheric pressure, as well as their
superior oxidation capabilities, have been widely used in wastewater
treatment. The advantage of this technology is that it utilises environmentally
friendly materials and can operate under different oxidation conditions —

using agents such as hydrogen peroxide, ozone or oxygen — tailored to

specific process requirements.
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Table 1.1 Characteristics of methyl orange [38-40].

Molecular Structure
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IUPAC (International Union of Pure and
Applied Chemistry) name

Sodium-4-(4-dimethylamino phenyl diazenyl) benzenesulfonate

Molecular formula

C14H14N3803Na

Molecular weight (g-mol™)

327.33

Molecular size (A)

15.8%6.5%2.6

Colour & form

Orange-yellow powder or crystalline scales

Type

Anionic dye
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1.2. Aim and Objectives

The aim of this research is to advance the sustainable production and
application of metal-organic frameworks (MOFs) and their derived porous
carbon materials for the efficient removal of methyl orange from wastewater.
In this approach, PET waste bottles are used as a sustainable raw material for
the synthesis of MOFs and MOF derivatives and their potential as adsorbents
and photo-Fenton catalysts for the remediation of organic dye impurities is
explored. The particular focus is the production of MOF-235 adsorbents using
controlled synthesis techniques that are uniform and have a narrow size
distribution, and on the production of iron-rich MOFs-derived carbons
nanomaterials using MOF-235 as a precursor through the carbonisation
process. In addition, the research explores sustainable synthesis methods for
the production of MOF-235-derived carbons using recycled PET plastic
waste as a raw material. The resulting MOFs-derived carbons will be
investigated both as a physical barrier adsorbent to isolate methyl orange and
as a Fenton catalyst that promotes methyl orange degradation. Overall, this
study aims to develop sustainable methods for environmental remediation of

methyl orange pollutants using MOF-235 and MOFs-derived carbons.

This study is structured around three principal objectives:
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1. To Investigate the effect of controlled synthesis on MOF-235s

characteristics and adsorption capacity for methyl orange.

2. To determine the suitable carbonisation temperature and investigate the
performance and mechanism of methyl orange adsorption by MOF-235-

derived MOFs-derived carbon.

3. To investigate the application of using terephthalic acid, derived from
recycled PET waste plastic bottles, as a precursor for synthesizing MOF-
235 and MOFs-derived carbon, and conducting comparative studies on
their performance in photo-Fenton oxidation reactions for methyl orange

removal.
1.3. Thesis Structure

This research is systematically organized into seven chapters, each addressing

distinct facets of the study.

The thesis begins in Chapter 1, which examines the environmental impact of
methyl orange and emphasises the urgent need for effective treatment
methods for this dye in wastewater. Chapter 2 then provides a comprehensive
overview of various dyes and dye removal technologies, focusing on
adsorption and photo-Fenton technologies, and discusses the properties and

applications of MOF materials and MOF-derived carbon materials in these
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technologies. The chapter also addresses the current challenges in dye
wastewater treatment. Chapter 3 describes the standard characterisation
techniques and tools used in this study to provide a basis for the experimental
approaches used in the study. Chapter 4 then focuses on the use of MOF-235
as an adsorbent for methyl orange and presents a novel solvothermal method
for the controlled synthesis of MOF-235 with uniform particle size and
distribution. It combines experimental and characterisation techniques to
explore the properties of MOF-235 and investigate the adsorption process and
mechanisms for the removal of methyl orange. Building on this, Chapter 5
deals with the adsorption of methyl orange by MOF carbon obtained from
MOF-235, investigating the optimal carbonisation temperature and studying
the adsorption mechanism by integrated experimental and characterisation
methods. Chapter 6 shifts the focus to the sustainable synthesis of MOF
carbon from MOF-235, specifically the use of MOF carbon from PET waste
bottles for the photo-Fenton degradation of methyl orange, and attempts to
determine the optimal reaction conditions for this process. Finally, Chapter
7 summarises the overall conclusions of the study, recognises its limitations

and suggests directions for future research in this field. The structure of the

thesis is shown in Figure 1.2.
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Figure 1.2 Thesis structure.
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Chapter 2.

Literature Review

This chapter provides a comprehensive overview of the basic principles and
recent advances in the field of dye removal from aqueous environments. In
particular, it focuses on the latest developments in the application of MOFs
and MOFs-derived carbons for the removal of methyl orange. Through a
comprehensive review of current research, the chapter addresses two primary
techniques for methyl orange removal: adsorption and heterogeneous photo-
Fenton catalysis. It provides a detailed explanation of the mechanisms
underlying these processes and the factors that influence their performance.
In addition, this chapter highlights the potential of MOFs and MOFs-derived
carbons as highly efficient adsorbents and catalysts that open new
perspectives for the sustainable practise of dye reduction. This discussion
emphasises the importance of these materials in the development of
environmentally friendly solutions for water treatment and contributes to the

advancement of environmental remediation technologies.

11
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2.1. Dye and Removal Method

In this section, the basic background of dyes and the researched removal
methods (with a focus on adsorption and photocatalytic Fenton catalysis) are
discussed in detail. This includes an overview of the dyes commonly used in
industry and their environmental impact, in particular their persistence and
toxicity in aquatic ecosystems. In addition, the principles of adsorption and
photocatalytic Fenton processes are examined and it is shown how these
methods effectively degrade or remove dyes from wastewater. By combining
theoretical knowledge with practical applications, this discussion aims to
provide a comprehensive understanding of the current challenges and

potential solutions in the field of dye pollution control.

2.1.1. Dyes
2.1.1.1. Background

Dyeing has played a decisive role in industrial civilisation for decades. It is
used to give colour to clothing, textiles and various other materials [41].
Nevertheless, the widespread use of synthetic dyes in the recent centuries led
to considerable social and ecological problems [42]. Many of these concerns
arise from the fact that synthetic colourants are often produced using toxic

chemicals that have serious effects on human health and the environment.

12
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Dyes are classified according to their chemical composition, their application
techniques and their colour properties. Direct dyes, for example, are applied
directly to the substrates, while reactive dyes form covalent bonds with their
target materials [43]. A major problem with synthetic dyes is their potential
health and environmental hazards. Many contain toxic chemicals that can
irritate the skin, cause respiratory problems and increase the risk of cancer
[44, 45]. In addition, the synthesis, application and disposal of dyes cause
considerable environmental pollution due to the high water and energy
consumption and the release of contaminating chemicals into water and soil

[46]. The development of new materials and technologies for the efficient

processing of industrial dyes is necessary.
2.1.1.2. Methyl Orange

Anionic azo dyes, which are used in the synthetic dye industry and in various
related applications, occupy a decisive position [47, 48]. Their limited
efficiency in the dyeing of natural fibres leads to a pronounced abundance in
the wastewater of textile production plants. Notable among these dyes is
methyl orange, scientifically known as sodium-4-(4-dimethylamino phenyl
diazenyl) benzenesulfonate. It is an organically produced, water-soluble dye
which, when dissolved in water, has a bright orange colour. It is not only used

in the textile industry, but also serves as a pH indicator in titration processes

13
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[19, 20]. As shown in Table 1, the molecular structure of methyl orange and
related azo dyes comprises aromatic rings and -N=N azo bonds. These
structural features make these compounds an environmental and biosafety
concern due to their potential toxicity, carcinogenicity and teratogenicity [19].
Therefore, this study focuses on methyl orange as a representative pollutant,
and the molecular dimension of methyl orange is estimated to be about 6-8
nm [49]. Various remediation techniques have been investigated for the

removal of methyl orange dye from water, which has been introduced in the

previous chapter one.

To summarise, methyl orange, a synthetic dye, has been used in many
different areas throughout history. However, its widespread use has brought
with it a number of environmental and societal challenges. Despite numerous
industrial approaches to address methyl orange, there is an urgent need for

novel materials and methods aimed at effective remediation of this dye.
2.1.2. Adsorption

To achieve dye removal from wastewater, diverse technologies have been
produced, each offering unique benefits and drawbacks. These methods can
be broadly divided into three main categories: physical, chemical and
biological approaches [50]. Previous research has investigated the potential

advantages and possible disadvantages of these methods and provides

14
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important information for the selection of suitable dye removal technologies.
The study by Salleh et al. (2011) evaluates different dye removal technologies
[47]. Membrane filtration is efficient, but leads to significant sludge
production. Ion exchange can be easily regenerated, but is less effective with
many dyes, and irradiation only works well on a laboratory scale due to the
high oxygen requirement. Electrokinetic coagulation and simple oxidation are
cost-effective, but suffer from the high amount of sludge and the need for
activating agents. The Fenton reagent is chemically suitable but also produces
sludge, while ozonation does not increase the sludge volume but is hampered
by the short half-life of ozone. Photochemical methods avoid sludge but risk
the formation of by-products. Sodium hypochlorite effectively breaks azo
bonds but releases aromatic amines. Electrochemical destruction avoids
chemicals and sludge, but loses effectiveness at higher flow rates. Biological
treatments with white rot fungus or specific microbes provide natural
degradation but are slow and sometimes ineffective for azo dyes under
aerobic conditions. Microbial biomass is selective but not consistently
effective, especially for toxic dyes. Anaerobic systems decolourise well but
emit harmful hydrogen sulphide and methane. Efficiency, cost and

environmental considerations are weighed against each technology,

highlighting the need for customised wastewater treatment solutions.

15
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Among these dye removal techniques, adsorption is a widely used process in
water treatment to remove pollutants such as dyes, heavy metals and organic
compounds [51]. Dye adsorption is a popular and cost-effective method to
remove dyes from wastewater in an environmentally friendly way. The
principle of dye adsorption is based on the affinity of certain materials for
certain dyes, which is due to the presence of functional groups on the surface
of the adsorbent that can interact with the dye molecules through various
forces. The mechanism of dye adsorption involves several steps, including
the physical and chemical interactions between the dye molecules and the
adsorbent material [52]. The efficiency of dye adsorption is influenced by
several factors, including the type of adsorption material, the concentration
of the dye in the water, the pH value of the water and the temperature. The

properties of the adsorption material, such as its surface area, pore size and

functional groups, can also influence the adsorption capacity of the material.
2.1.2.1. Factors Affecting Dye Adsorption

The effectiveness of dye adsorption depends on a number of variables, such
as the pH value, the initial dye concentration, the adsorbent dosage, the
solution temperature, and the contact time. Fine-tuning these factors is crucial

as it can significantly increase the ability of the adsorbent to absorb dyes.

16
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The initial pH value of a solution plays a decisive role in the adsorption

pH

capacity of dyes [53]. This is because the pH can change the electrostatic
charge of the dye molecules on their surface, which in turn affects how
strongly they interact with the adsorbent [54]. In the adsorption process, the
interaction between the charged surface of the dye molecules and the surface
charge of the adsorbent is important. In particular, if the pH value of the
solution is above the zero charge point of the adsorbent (pHp.c), the surface
of the adsorbent becomes negatively charged, which increases the adsorption
of cationic (positively charged) dyes due to the strong electrostatic attraction
at a high pH value. If the pH of the solution is below the pHyzc, on the other
hand, the surface of the adsorbent takes on a positive charge and thus creates
favourable conditions for the adsorption of anionic (negatively charged) dye,

as these are attracted to the positively charged surface of the adsorbent [55].

The influence of pH on MOFs for dye removal of dyes from water has been
well studied. MOF-235, for example, shows pH-sensitive behaviour in the
removal of methyl orange. Studies have shown that MOF-235 reaches its
highest adsorption efficiency for methyl orange at a pH of 4, an acidic state.
However, as the pH increases, the adsorption capacity for methyl orange

decreases. This trend is due to the fact that the surface charge of MOF-235

17



) ol Nottinghom
UK | CHINA | MALAYSIA
becomes increasingly negative at higher pH values, resulting in stronger
electrostatic repulsion with methyl orange molecules that are negatively
charged at high pH [5]. In contrast, the removal efficiency for methylene blue
(MB), a cationic dye, is the opposite. Another study showed that, under
alkaline conditions (high pH), the negatively charged surface of
Fe3:04@AMCA-MILS53(Al) increases its affinity for positively charged MB
molecules and thus improves the removal efficiency. At lower pH values, the
MOF surface becomes positively charged due to the adsorption of H' ions or
their interaction with the surface hydroxyl groups, reducing the ability to
adsorb MB [56]. This shows how the pH value has a decisive influence on
the surface charge of adsorbents and their interaction with various dye
molecules. By precisely adjusting the pH value of the solution, it is possible

to adjust the adsorption efficiency of MOFs for certain dyes and thus optimise

their removal from the water.
Initial Dye Concentration

In wastewater treatment, the initial concentration of the dye plays a decisive
role in the transfer of the dye molecules to the adsorbent. This occurs because
the dye concentration has a direct effect on the saturation of the adsorbent and
its maximum adsorption capacity, which is limited by the adsorption area and
pore size available on the adsorbent [57]. In general, the initial concentration

18
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of the dye increases, the rate of adsorption slows down due to the adsorbent's
active sites moving closer to saturation. However, under certain conditions, a
higher initial dye concentration can improve the driving force for mass
transfer and thus increase the adsorption capacity of MOFs [58]. A previous
study on the adsorption of MB by the Uio-66 MOF have shown, for example,
that an increase in the initial concentration leads to a higher uptake of MB,
which indicates a better mass transfer at higher concentrations. Nevertheless,
the efficiency of adsorption may decrease due to the repulsion between the
MB molecules and the progressive saturation of the surface of the Uio-66
adsorbent's surface. Therefore, in dye adsorption processes in wastewater,
while adsorption initially increases with increasing concentration [59].
However, as soon as the concentration reaches the point where the available
binding sites are saturated, it decreases, leading to repulsive interactions

between the adsorbed dye molecules and reducing the ability for further

adsorption.
Adsorbent Dosage

When treating dye wastewater, the amount of adsorbent used has an influence
on the rate of dye removal. In general, higher adsorbent dosages improve dye
elimination as they provide more sites for adsorption. A previous study
demonstrated this by showing that increasing the amount of Fe;Os@MIL-

19
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100(Fe) resulted in a higher rate of methyl red (MR) removal, primarily due

to the increase in surface area and available adsorption sites at higher dosages

[10].

However, it is important to note that while the total amount of dye removed
may increase with more adsorbent, the efficiency of removal per unit
adsorbent may decrease. This is because with larger amounts of adsorbent,
not all adsorption sites are effectively utilised and the diffusion of dye
molecules to these sites may slow down, resulting in less dye being adsorbed
per gramme [60]. In addition, while a higher adsorbent dose can increase the
rate of dye removal, it can also increase the cost of treatment and the amount
of sludge produced after adsorption. Determining the most efficient adsorbent
dosage is therefore essential for cost-effective and environmentally friendly
dye removal. A careful balance needs to be struck between the amount of
adsorbent used and the adsorption efficiency achieved to ensure that the

process is economically viable and environmentally responsible.
Solution Temperature

The temperature of the adsorption environment has a considerable influence
on the adsorption efficiency of adsorbents [61]. The reason for this is that the
adsorption process of dyes on MOFs can be either endothermic or exothermic,

depending on whether it involves physical or chemical adsorption [62].
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Chemical adsorption often involves the formation of strong chemical bonds.
It is an endothermic process, i.e. the adsorption efficiency increases with
temperature. This can be attributed to the increased mobility of the dye
molecules and a larger number of active adsorption sites. For example, a study
showed that the adsorption of malachite green on MIL-100(Fe) is an
endothermic process in which the adsorption capacity increases with
temperature. The principle underlying this adsorption behaviour is that the
increase in temperature causes the transfer of water molecules from the open
metal sites into MIL-100(Fe), causing them to interact with the Lewis acidic

Fe sites and the basic -N(CHs)2 groups in malachite green molecules, leading

to an increase in system entropy [63].

In physical adsorption or exothermic processes, on the other hand, the
adsorption efficiency generally decreases with increasing temperature. This
is supported by previous studies, which indicated that in exothermic
adsorption processes, an increase in temperature can weaken the interaction
forces between the dye molecules and the active sites on the adsorbent surface,
leading to a reduction in adsorption capacity [47]. The reason for this is that
higher temperatures can increase the kinetic energy between the adsorbent

and the dye molecules and thus reduce their mutual attraction.
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These results emphasise the need to consider the thermodynamic properties
of the adsorption process and the effects of ambient temperature on adsorption
efficiency when developing and selecting adsorbents for dye removal.

Understanding these factors is crucial for optimising treatment conditions and

improving dye removal efficiency.
Contact Time

The duration of the contact time required to achieve adsorption equilibrium
is a critical factor in the selection of adsorbents, as it determines the optimum
adsorption effect within the shortest possible time. This aspect is particularly
important in the development of water treatment systems, where the
processing time directly influences both the efficiency and cost-effectiveness
of operation. MOFs and MOFs-derived carbons are particularly characterised
by their ability to reach adsorption equilibrium quickly. This rapid
equilibrium capability makes them outstanding options for water treatment
and a variety of other applications, increasing their practicality and

attractiveness in environmental engineering and industrial processes.

The speed at which an adsorbent reaches equilibrium affects not only the
speed of the treatment process, but also the efficiency of regeneration and
reuse of the adsorbent. A longer equilibrium time slows down the regeneration

process and makes the adsorbent less useful for real applications. Therefore,
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fast response and short equilibrium times are essential for improving process
efficiency. In a study by Zhang et al. (2018), for example, Zn-MOF was found
to reduce the MB concentration by 98% within 60 minutes [64]. Similarly,
HeP2W18062/MOF-5 showed a removal efficiency of 97% for the same dye
and achieved this within just 10 minutes [65]. The rapid realisation of this

remarkable adsorption capacity underlines the importance of studying contact

time in the adsorption process and confirms its applicability in the real world.
2.1.3. Photo-Fenton Catalysis

With rapid economic growth, accelerated industrialisation and increasing
urbanisation, water pollution has become a serious global environmental
problem. In particular, the widespread use of synthetic organic compounds,
especially industrial dyes, poses a major challenge due to their high stability
and low biodegradability in the environment, making them difficult to remove
by conventional wastewater treatment methods and exacerbating the extent
of water pollution. Therefore, it is necessary to develop effective water

treatment methods to remove these organic dye pollutants.

To address this challenge, various water treatment technologies have been
explored in the past, including physical, biological and chemical methods
aimed at improving the efficiency of removal of these recalcitrant organic

dyes [66-68]. Among the numerous water treatment technologies, Advanced
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Oxidation Processes (AOPs) are being intensively researched and used due to
their high efficiency in removing organic dye [69]. Although the traditional
Fenton reaction is favoured due to its simple operating conditions, its
limitations, such as a narrow pH operating range and difficulties in recovering
and reusing the catalyst, limit its application. Against this background,
researchers have begun to explore the combination of the Fenton reaction
with photocatalytic technology to improve the removal efficiency of organic
pollutants through synergistic effects while overcoming the inherent
disadvantages of the Fenton reaction. In this context, MOFs, especially iron-
based MOFs (Fe-MOFs) and iron-based MOF derivatives (Fe-MOF
derivatives), have shown significant catalytic activity in photo-Fenton
systems due to their structural diversity, high specific surface area and
excellent chemical stability. Under illumination, Fe-MOFs and Fe-MOF
derivatives can generate many reactive oxygen species, which have a strong
oxidising ability and can efficiently degrade organic pollutants in water.

Therefore, the application of Fe-MOFs and Fe-MOF derivatives in

photocatalysis and Fenton reaction has attracted much attention.

This section provides an overview of the application of Fe-MOFs and Fe-
MOF derivatives in photo-Fenton systems, analyses the key factors affecting
the efficiency of photodegradation of organic dye pollutants, and discusses in

detail the mechanisms of action of Fe-MOFs and Fe-MOF derivatives in the
24
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photo-Fenton reaction. It also highlights the key issues and challenges of
current research and the potential and direction for the future development of
Fe-MOFs and Fe-MOFs derivatives in environmental remediation. By
discussing these key points, it aims to provide a theoretical basis and technical
guidance for further improving the application efficiency of Fe-MOFs and

Fe-MOFs derivatives in photo-Fenton systems and expanding their

application in environmental remediation.
2.1.3.1. Principle of Fenton Reaction

In essence, the Fenton reaction involves the decomposition of hydrogen
peroxide (H20.) by iron(II) ions (Fe**) to form hydroxyl radicals (-OH). The
hydroxyl radicals are highly reactive and can oxidise a broad spectrum of

organic pollutants, which makes them efficient for dye degradation of dyes
[8].

The primary reactions involved are:

Fe?* + H,0, > Fe3* + OH™ +- OH (1)
Fe3* + H,0, > Fe?" + O0H - +H* ()

Remarkably, the direct Fenton process faces challenges such as the need for

acidic conditions and the inefficiency of iron salt catalysts in the reaction.
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2.1.3.2. Factors Affecting Photo-Fenton Dye Degradation

The efficiency of the removal of organic dye is significantly influenced by
external environmental factors. Therefore, it is important to fully understand
these influences when developing and using iron-based catalysts and the
photo-Fenton process. To optimise the use of iron-based catalysts and ensure
the effectiveness of the Photo-Fenton process, five key categories of external

environmental factors are examined in detail in this section.
pH

In photo-Fenton systems, the pH value of the reaction medium has a decisive
influence on the catalytic process. This effect is manifested in various ways,
including changes in the surface charge properties of the catalyst, its chemical
stability, the forms of the active species present and the redox potential. pH
fluctuations have a direct influence on the formation of -OH radicals, the main
oxidising agents in the Fenton reaction, which are known for their strong
oxidative decomposition of organic pollutants. Under acidic conditions, the
redox potential of -OH radicals is increased, which promotes electron transfer
within the Fe**/Fe?" system and facilitates the dissolution of iron ions. This
not only supports the homogeneous Fenton reaction, but also improves the
efficiency of the catalyser in the degradation of pollutants [70]. Previous

research has investigated the influence of initial pH on the catalytic
26
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degradation of tetracycline (TC) by MIL-88A [71], further supporting this
hypothesis. Their results showed that the degradation efficiency was highest
at a pH of 3, which emphasises the importance of iron ion dissolution under
acidic conditions for driving the Fenton reaction. In addition, an acidic

environment promotes the effective activation of persulphate (PS), which

increases the oxidative capacity of the system.

In highly acidic environments, the structural integrity of certain catalysts can
be compromised by proton-induced decomposition, leading to a significant
reduction in the iron content of the catalyst. Such phenomena were observed
in the photo-Fenton reaction for formaldehyde remediation, where MIL-
100(Fe) showed reduced efficacy in acidic environments, as opposed to pH
6.6 [72]. This decrease in effectiveness is attributed to the interaction between
water molecules and the uncoordinated metal sites, which triggers the release
of H ions and further decreases the pH value. The carboxylic acid linkers
present in the MOF structure are susceptible to protonation, leading to
deterioration of the structure. Therefore, increasing the initial pH of the
solution from 3 to 6.6 resulted in increased structural resistance and increased
efficiency of the photocatalyst. This underlines the high susceptibility of Fe-

MOFs to destabilisation under highly acidic conditions.
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At elevated pH values, the stability of hydrogen peroxide (H20O>) decreases,
which leads to its decomposition into oxygen (O2) and water (H20). At the
same time, iron-based catalysts tend to produce less reactive iron species and
precipitate as hydroxide oxides. This scenario inhibits the conversion rate of
Fe’* to Fe?" ions [73]. As the pH rises, the binding sites of the Fe** ions
increasingly combine with OH" ions, significantly limiting the interaction
between Fe** ions and H>O,, which reduces the effectiveness of pollutant
degradation. In addition, highly alkaline conditions can jeopardise the
structural integrity of iron-based catalysts. Studies by Liu et al [74], including
X-ray powder diffraction (XRD) analyses of the M88/GO-9 composite before
and after a photocatalytic reaction at pH 11, indicate possible partial
degradation of the material under these conditions. These observations
underline the crucial importance of pH optimisation in the application of Fe-

MOFs as catalysts in advanced oxidation processes in order to maintain both

catalytic performance and material stability.
2H,0, —» 0, + 2H,0 (3)
Fe?* + H,0, - Fe0?" + H,0 4)

The pH value has a considerable influence on the surface potential of
materials, whereby the surface beyond the isoelectric point assumes a

negative charge. In earlier studies, for example, the isoelectric point of MIL-
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53(Fe) was determined at a pH value of 5.3 [75]. Below this pH, in acidic
environments, the surface of MIL-53(Fe) becomes positively charged, which
facilitates the formation of strong hydrogen bonds with H * ions. This
positive charge prevents the O==0 bond in peroxymonosulfate (PMS) from
interacting with the surface of MIL-53(Fe). In addition, pH influences the
predominant forms of contaminants; for example, tetracycline (TC) is
protonated (TCH3") at pH values below 3.3, but becomes a monoanion (TC-)
above pH 7.7 [76]. It has also been found that the adsorption efficiency of
MIL-53(Fe) for pollutants decreases at higher pH values [77, 78]. This
decrease in adsorption is attributed to the fact that chlorobenzoic acid (CA) is
mainly present in its anionic form under alkaline conditions, while the surface
of MIL-53(Fe) is increasingly negatively charged, leading to electrostatic

repulsion between the negatively charged MIL-53(Fe) and the CA anions.
Temperature

The temperature of the solution has a significant influence on the efficiency
of the catalyst-activated photo-Fenton reactions. Higher temperatures
improve the transfer rates of the reaction molecules and electrons,
accelerating the activation of the catalyst and the overall reaction. A study has
shown that the use of MIL-101(Fe) to activate persulphate for the degradation
of tri(2-chloroethyl)phosphate is more efficient at 308 K than at 288 K or 298
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K [79]. Beyond a certain temperature, however, the efficiency of the reaction
decreases, which is probably due to the exothermic nature of the Fenton
reaction, where higher temperatures can reduce the production of -OH
radicals. Previous studies have also shown that increasing the reaction
temperature during the removal of total organic carbon (TOC) with Fe/MIL-
47 reduces the efficiency of TOC removal [80]. This reduction is attributed to
the accelerated decomposition of hydrogen peroxide (H»O2) at higher

temperatures, which limits the availability of -OH radicals that are critical for

the thorough removal of organic dye contaminants.

These findings suggest that while a moderate increase in temperature can
increase the efficiency of photo-Fenton reactions, further increases could
reduce efficiency by inhibiting the formation of -OH radicals. Therefore,
controlling the optimal reaction temperature and extending the temperature
range for effective application are crucial for maximising the performance of

the catalyst-activated photo-Fenton system in the treatment of dye effluents.
Light Conditions

The performance of the photo-Fenton reaction is highly influenced by the
properties of the light source used, in particular its wavelength and light
intensity. The ability of a photocatalyst to facilitate degradation depends

largely on its specific properties, which determine which wavelengths it can
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absorb efficiently. Photocatalysts with a band gap energy above 3 eV (which
corresponds to wavelengths below 400 nm) require ultraviolet light for
activation, while those with a band gap energy below 3 eV (which
corresponds to wavelengths above 400 nm) can be activated by visible light
[81]. Iron-based catalysts, such as Fe-MOFs, are usually activated by visible
light, especially at wavelengths beyond 420 nm, and only rarely by ultraviolet
light due to their lower band gap energy [82]. However, the effectiveness of
the light source also depends on whether its wavelength matches the
absorption spectrum of the material. A previous study has shown that
GO@MIL-101(Fe) was not activated for TCEP degradation in long
wavelength visible light, but showed clear activation in short wavelength

visible light [83].

A higher light intensity increases the photon density on the catalyst surface,
providing more energy and high-energy electrons for the photo-Fenton
reaction. Higher light intensity increases the production of electron-hole pairs
and reduces the probability of their recombination, thereby improving the
efficiency of the reaction. Nevertheless, the energy requirement of the light
source in photocatalytic processes is a significant factor in energy
consumption, which poses a challenge to the advancement of photocatalytic

technology. The development of photocatalysts that are effective under
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natural sunlight is crucial to overcoming this challenge and advancing the

field.
Fenton Reagent and Catalyst

In Fenton-like processes, the reaction rate is significantly influenced by the
concentration of the catalyst and the Fenton reagent. Within an optimal range,
an increased catalyst concentration can improve the efficiency of the catalytic
reaction by providing more active sites and promoting the formation of
reactive free radicals. For example, a previous study showed that increasing
the concentration of FesO4/MIL-125 from 0.05 g-L! to 0.1 g-L! increased
the efficiency of tetracycline hydrochloride removal from 89% to 97%,
illustrating the benefits of an optimal catalyst concentration [84]. However,
increasing the catalyst concentration beyond a certain point, for example to
0.2 g-L!, proved to be counterproductive for removal efficiency. There are
two main reasons for this: A higher catalyst concentration can lead to greater
turbidity of the solution, which scatters the light and reduces the light
absorption of the system. In addition, the excessive presence of the catalyst
can trigger competitive reactions that limit the availability of effective free

radicals and thus reduce the overall catalytic efficiency.

Fenton reagents such as H>O; and PS serve as powerful electron acceptors in

photocatalytic processes that significantly improve the degradation of organic
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pollutants. These reagents function by activating MOFs to produce strong
oxidative radicals, including -OH and -SO4". Previous research [85] showed
that increasing the H>O» concentration from 0.5 mM to 5 mM significantly
improved the photo-Fenton degradation efficiency of tetracycline
hydrochloride (TC-HCI) during the first 15 minutes. After this period, the
degradation rate levelled off due to the rapid degradation of H»O,.
Furthermore, a H>O» concentration of 8 mM decreased the degradation
efficiency, possibly due to the saturation of the catalyst active sites and the
overproduction of radicals that exceeded the utilisation capacity of the system.
Excess H202 can act as a radical scavenger and convert reactive hydroxyl
radicals into less effective peroxide radicals (equation). Similarly, previous
research [71] observed that increasing the PS concentration up to 4 mM
improved the formation of -SO4 radicals and pollutant degradation. However,
increasing the PS concentration to 8 mM led to a decrease in the degradation
rate, probably due to competitive reactions and the formation of unwanted by-
products. These examples illustrate that while a moderate increase in the

concentration of the Fenton reagent can be beneficial, excessive

concentrations can impair the photocatalytic process.
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S0, + 5,05~ > SO0;~ + 5,04 (7)
S0, +S50, - 5,05~ (8)
Ions in Aquatic Environments

In the practise of wastewater treatment, the uptake of organic compounds and
various ions influences the effectiveness of the catalysts in the Photo-Fenton
system. These influences range from pH changes to the binding of free
radicals and the degradation of H>O». Although most cations have minimal
influence on the reaction dynamics, certain metal cations that can react with
H>O:> can accelerate pollutant degradation by supporting the activation of the
Fenton reagents. Conversely, anions can occupy the active sites on the
catalyst surface, act as radical scavengers or compete with free radicals for
reactive sites, thereby reducing the efficiency of the photo-Fenton reaction. A
previous study on o-FexOs.x synthesised from Fe-MOF modified with
benzimidazole has highlighted the significant influence of coexisting ions on
the a-Fe2Os.x photo-Fenton degradation pathway of MB [86]. In particular,
Cl- as -OH acceptor forms less reactive chlorinated radical anions, while the
introduction of 10 mM HCO3™ reduced the MB degradation rate to only 11%
within 40 min. This result indicates that HCO3™ not only scavenges -OH
radicals but also impairs MB removal by shifting the pH of the solution

towards alkalinity. Understanding the differential effects of different anions
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is therefore crucial for developing strategies to remove specific organic

contaminants to ensure that the Photo-Fenton system remains effective for

wastewater treatment.
2.2. Metal Organic Frameworks (MOFs)

The removal of dyes from wastewater is a critical challenge in environmental
engineering that can be effectively addressed by adsorption and
heterogeneous Fenton catalysis. These methods are highly efficient and
widely used in wastewater treatment due to their ability to handle a wide range
of contaminants. From these removal techniques, the focus shifts to the use
of MOFs, which represent a promising class of materials in this field. The
following sections look at the properties of MOFs, their widespread use in

dye removal and the potential for their sustainable synthesis.
2.2.1. Characteristics of MOF's

MOFs are known for their vast specific surface areas, sometimes exceeding
10,000 m*-g’!'. These extensive surface areas are formed by linking metal ions
with organic molecules [87]. By carefully selecting these metal ions and
organic molecules, scientists can engineer MOFs with tailored structural
properties. The choice of organic molecules is particularly important for the
heat and water resistance of MOFs and their ability to adsorb pollutants.
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Commonly used organic ligands in MOF construction include glutaric acid,
4,4'-bipy (4,4'-bipyridine), BDC (1,4-benzenedicarboxylic acid/terephthalic
acid), BTC (1,3,5-benzenetricarboxylic acid), imidazole, pyrazine, triazole,
and BPDC (biphenyl-4,4'-dicarboxylic acid) [88-90]. These ligands are
fundamental in forming the diverse and functional structures of MOFs,

significantly enhancing their adsorption capacities by creating well-ordered

porous frameworks.

The stability of MOFs in water is often undermined by the weak bonds
between metal ions and organic molecules [91]. Strengthening these bonds
can increase the water resistance of MOFs. In addition, the incorporation of
specific functional groups into the organic molecules can make the MOFs
more hydrophobic and thus increase their water stability. The choice of metal
ions in MOFs affects their structural robustness. MOFs consisting of multiple
metal ions are generally more stable as they have stronger metal-metal bonds
and are less likely to decompose. In addition, interactions such as n-n stacking
and hydrogen bonding within the molecules are crucial for improving the

resistance of MOFs in an aqueous environment.

The exceptional ability of MOFs to remove dye pollutants from wastewater
is due to their highly porous structure, which significantly improves the

interaction between pollutants and adsorption sites and thus increases the
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efficiency of the adsorption process [92]. MOFs are particularly suitable for
dye treatment of dye wastewater as the ligands in their structure provide an
abundance of adsorption sites and they are highly porous. This porosity
facilitates the effective absorption of dye contaminants from the water,

making MOFs an excellent option for the purification of dye wastewater

sources.

While MOFs are comparable to many conventional adsorbents in removal of
dye pollutants, they have different properties that offer further advantages.
Firstly, open metal sites in MOFs serve as additional adsorption points that
increase the uptake capacity for pollutants. Secondly, MOFs can be
selectively targeted at specific pollutants by functionalising their pores. This
utilises various intermolecular forces such as electrostatic attraction,
hydrogen bonding, hydrophobic interactions, acid-base interactions and n-nt
stacking. These interactions significantly improve the adsorption capacity of
MOFs. Finally, the large surface area of MOF's provides numerous active sites
for adsorption, facilitating the effective uptake and removal of more pollutant
molecules. These structural properties emphasise the great potential of MOFs

as adsorbents for the treatment of dye effluents.

The adsorption mechanism of MOFs in dye removal is similar to that of

conventional adsorbents, but has significant differences due to the embedded
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functional ligand groups and the presence of metal ions or clusters in the MOF
structure [93]. These features enable various interactions between dye
molecules and MOFs, such as electrostatic attraction, hydrogen bonding,
hydrophobic effects, acid-base interactions and =n-m stacking. These
complicated interactions significantly increase the adsorption capacity of

MOFs for dyes and show excellent efficiency in removing dye impurities

from water.
2.2.2. Controlled Synthesis of MOF's

The development of effective synthesis methods and the precise control of
reaction conditions are crucial in MOF research [94]. Several synthesis
methods, including those for HKUST-1, MIL-101, UiO-66, ZIF-8 and MOF-
5, have been explored. The discussion has shown the importance of reaction
conditions to achieve high yield and desired properties. Regulation of reactant
concentrations is critical to prevent unwanted side reactions and improve
product selectivity. Temperature and pressure are important variables that
influence the reaction rate and crystal growth. In addition, stirring speed and
reaction time have been identified as key factors influencing the morphology

and size distribution of MOFs.

Overall, the discussion highlighted the importance of understanding the

various factors that influence the synthesis of MOFs and the need to optimise
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the reaction conditions to achieve the desired properties. The synthesis

methods presented, the factors influencing MOF synthesis and the importance

of controlling the reaction conditions are discussed below.
MOF Synthesis Methods

This section covers different MOF synthesis methods, such as solvothermal
synthesis, microwave-assisted synthesis, hydrothermal synthesis,
mechanochemical synthesis, and others. Examples for each method are
provided, alongside a discussion of their benefits and drawbacks.
Hydrothermal and solvothermal syntheses are highlighted as important
subfields within inorganic synthesis [95]. In hydrothermal synthesis,
chemical compounds are produced by reactions in an aqueous solution at
temperatures above the boiling point of water, while solvothermal synthesis
takes place in a non-aqueous solution at elevated temperatures. Both methods
facilitate the chemical production, synthesis and construction of unique
compounds or substances by the solution route. By lowering the reaction
temperature, these techniques offer a gentler alternative for reactions in the
solid state. An important aspect of hydrothermal and solvothermal systems is
their non-ideal and non-equilibrium states in which water and other solvents
can be activated under high temperature and pressure conditions.

Hydrothermal and solvothermal reactions are becoming increasingly
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important for the production of various functional inorganic materials with
specialised compositions, structures and morphologies, including nano- and
ultrafine powders, sol-gels, non-crystalline states, inorganic membranes and
single crystals. These methods effectively bridge the gap between synthetic
chemistry and the physical properties of the materials produced. Compared to
other synthesis techniques, hydrothermal and solvothermal methods offer
clear advantages and enable the production of a wide range of materials and

crystals that are used in numerous technological fields. The resulting

materials often exhibit unique and superior chemical and physical properties.

Hydrothermal and solvothermal chemistry enable unique synthetic reactions
that are not possible with reactions in the solid state due to the vaporisation
of reactants at high temperatures. These methods enable the creation of new
materials with unique valence states, metastable structures, condensed and
aggregated states and materials with low melting points, high vapour
pressures and low thermal stability. In addition, these techniques facilitate the
growth of perfect single crystals with thermodynamic equilibrium defects,
controllable morphology and particle size, and direct ion doping during the

synthetic reaction.

This section provides an overview of the main synthesis techniques for MOFs,

including hydrothermal and solvothermal methods. Hydrothermal and

40



r University of
f B Nottingham
UK | CHINA | MALAYSIA
solvothermal approaches are versatile for the preparation of various
crystalline materials. The optimal technique depends on the target application
and the desired MOF properties. With these methods, the chemical and
physical properties can be adjusted by manipulating the synthesis conditions.
Overall, they offer viable options for the production of MOFs with
customised structures and functions. Further research to optimise the

syntheses will expand the scope and utility of MOFs accessible through these

platforms.
2.2.3. Sustainable Synthesis of MOF's

In today's materials science landscape, the importance of sustainability in
materials synthesis is increasingly recognised [96-98]. As the environmental
impact of conventional synthesis methods becomes ever more apparent, the
search for sustainable alternatives is becoming increasingly urgent. This is
particularly true for MOFs, which have attracted considerable interest due to
their unique properties and diverse applications. However, conventional MOF
synthesis is often associated with energy-intensive processes and the use of
harmful solvents, leading to significant environmental problems. Therefore,
the pursuit of sustainable synthesis methods for MOFs is crucial to meet the

demand for these versatile materials while protecting the environment.
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The sustainable synthesis of MOFs from polyethylene terephthalate (PET)
waste is based on the principles of green chemistry and resource recovery [99,
100]. PET, a type of polyester, consists of repeating units of terephthalic acid
and ethylene glycol. Under certain conditions, PET can be depolymerised to
recover these monomer components. Terephthalic acid in particular can serve
as an organic ligand in the formation of MOFs and thus offers a valuable use
for PET waste [101, 102]. The chemical process for synthesising MOFs from
PET waste involves several steps. First, PET waste is depolymerised under
alkaline conditions to obtain terephthalic acid and ethylene glycol. This
depolymerisation process usually requires the use of a strong base, such as
sodium hydroxide, and heat. The resulting terephthalic acid is then isolated
and purified. The purified terephthalic acid is then used as an organic ligand
in the synthesis of MOFs. This usually involves the reaction of the
terephthalic acid with a suitable metal ion or cluster under controlled
conditions. The sustainable synthesis of MOFs from PET waste has been the
focus of several innovative studies, each of which has contributed to different
applications. Recent studies have shown the potential of upcycling PET waste
into MOFs for advanced applications. In one work, a Zn-MOF or MOF-5 was
produced from PET, which is proving to be a promising material for high
performance supercapacitor application [103]. Another synthesised Ni/La

extracted Al2O3; from PET waste was found to be an efficient catalyst for
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hydrogen production [104]. Taken together, these innovations underscore the
value of PET waste as a platform for synthesising MOFs with tailored
properties for energy storage, catalysis, nanocomposites and more. Further

research utilising this strategy to sustainably convert plastic waste into

functional nanomaterials will advance the goals of the circular economy.

The sustainable synthesis of MOFs from PET waste represents a significant
advance in waste management strategies [104]. This innovative approach is
not only in line with the principles of a circular economy, but also offers a
competitive advantage over conventional MOF synthesis methods. By
converting PET waste, a common environmental pollutant, into valuable
MOFs, this method avoids the high costs associated with conventional
organic ligands, thus improving cost efficiency. In addition, MOFs derived
from PET waste exhibit promising properties, such as high surface area and
improved separation ability, making them suitable for various applications.
This approach also contributes to environmental protection by facilitating the
reduction of PET waste, a major concern in today's waste management
industry. Despite these compelling advantages, the method needs further
scientific research to fully realise its potential and solve any emerging

problems.
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2.2.4. MOFs for Dye Adsorption

The increase in industrial and agricultural activities in recent years has
contributed significantly to the widespread pollution of water bodies with
organic pollutants, highlighting the urgent need for effective and sustainable
water purification solutions [105]. Among the various methods investigated
for the treatment of organically polluted wastewater, adsorption, Advanced
Oxidation Processes (AOPs), membrane filtration and biodegradation have
been shown to reduce pollutant concentrations to levels that are safe for the
environment. Each of these methods has its own strengths and weaknesses,
which points to the need for novel materials that can improve the

effectiveness and sustainability of water treatment methods.

In this context, MOFs have attracted considerable attention as promising
materials for the removal of dyes from wastewater. MOFs offer several
advantages in water treatment, including their high porosity and surface area
for effective pollutant binding and the ability to tailor their chemical
properties to different pollutants [106]. Some MOFs also exhibit catalytic
activity that facilitates the degradation of pollutants through advanced
oxidation processes, actively removing pollutants rather than just trapping
them [107]. The structural robustness of MOFs in aqueous environments and
their potential for regeneration and reutilisation also promote their application
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for industrial water purification strategies [108]. The structural diversity of
MOFs, resulting from the wide range of possible metal and linker
combinations, gives them the flexibility to be used in various water treatment
scenarios, from selective adsorption of pollutants to catalysing their oxidative
degradation. MOFs are versatile, with potential applications in adsorption
[109], separation [110], catalysis (including photocatalysis and biocatalysis )
[111]. They can be synthesised by a variety of methods, including
solvothermal, hydrothermal, mechanochemical, sonochemical, spray drying,
sol-gel and flow chemistry techniques, demonstrating the adaptability of
MOFs to different manufacturing requirements [112]. One of the main
advantages of MOFs compared to conventional adsorbents is their efficiency
in regeneration, which requires relatively little energy [113]. This advantage,
combined with their high thermal and mechanical stability, makes MOFs
exceptionally suitable for the removal of contaminants from aquatic
environments. These properties emphasise the potential of MOFs as effective

materials for the purification of water bodies and address the urgent need for

sustainable and efficient solutions to the problem of dye effluent pollution.

In summary, MOFs have attracted considerable attention due to their potential
in addressing environmental problems in recent decades, particularly in the
purification of wastewater through the adsorption of pollutants. Dye effluents

from the textile industry dye and conventional methods have often been
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insufficient to effectively remove these pollutants from water bodies. Since
the ability of MOFs to adsorb and remove dye (MO) from water was first
reported in 2010 [114], a wealth of research has emerged investigating their
efficiency and adaptability in this context. This section provides an overview
of unmodified and modified MOFs as adsorbents for MO dye. This section
addresses the inherent properties and performance of MOFs and focuses on
recent developments in dye removal of dyes from aquatic environments using
various MOF structures. In addition, the effects of key operating parameters
such as pH, adsorbent dosage, contact time and initial dye concentration on
the effectiveness of MOFs in dye. Through this discussion, this section

highlights the advances and potential of MOFs in the purification of water

bodies from dye contaminants.
2.2.5. MOFs for Dye Photo-Fenton Degradation

Using different organic ligands, a wide range of Fe-MOFs were developed to
investigate their potential for catalytic Fenton degradation of dye

contaminants in aquatic environments [82].

By strategically combining carefully designed organic ligands with iron
sources, researchers can achieve exceptional control over the structural and
functional properties of Fe-MOFs. For example, the integration of benzene-

1,4-dicarboxylic acid (H.BDC) with octahedral FeO4(OH). chains leads to
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the flexible MIL-53(Fe) structure [115]. In addition, the MIL-88 A(Fe) series
MOFs are prepared by the association of [Fes(u3-O)(COO)s] clusters with
linear dicarboxylic acid ligands of different lengths [116], while MIL-101(Fe)

is synthesized by combining the same [Fe3(13-O)(COO)s] secondary building

units (SBUs) with terephthalic acid ligands [117].

By precisely regulating the synthesis conditions, including temperature,
reaction time and solvent type in hydrothermal methods, Viswanathan and his
team were able to produce MIL-88 A(Fe) particles with different
morphologies [116]. Their results indicated that rod-shaped particles
exhibited improved photocatalytic performance due to their smaller size and
lower electron-hole recombination rate. Nevertheless, the continuous
consumption of Fe(Il) within the material can lead to a reduction in the
reaction rate. To investigating the application of Fe-MOFs in photocatalysis,
Wu and colleagues conducted experiments on the degradation of tetracycline
hydrochloride (TC-HCI) using the MIL-101(Fe)/photo/H>0, system [118].
They discovered that visible light effectively promotes the Fe(I1)/Fe(III) cycle
in Fe-O cluster-based photo-Fenton systems, thereby accelerating the
degradation rate of TC-HCIl. Xing and his team synthesised a two-
dimensional Fe3(HITP), MOF with FeNs active sites and excellent
conductivity by incorporating specific organic linkers [119]. This design has

further accelerated the Fe(Ill)/Fe(Il) cycle and shows significant potential for
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environmental remediation. These studies not only demonstrate the
effectiveness of Fe-MOFs in degrading organic pollutants, but also highlight

the potential of optimising the Fe(III)/Fe(II) cycle through material design to

improve photocatalytic performance.
2.2.6. Research Gap

In summary, extensive literature research on MOFs has highlighted their
significant potential in the adsorption and catalytic removal of organic
pollutants, such as dyes, from aqueous solutions. The versatility and
effectiveness of MOFs emphasise their promise as robust materials for
environmental remediation technologies. However, there are still some
research gaps that should be explored further. First, the synthesis of MOFs
relies predominantly on traditional solvothermal methods, where synthesis
conditions often cannot be precisely controlled. This limitation presents a
critical opportunity for further research, particularly for the development of
synthesis techniques that allow for more precise control, thus enabling the
creation of MOFs with customised properties for specific applications.
Secondly, the high cost of raw materials such as terephthalic acid, which is
commonly used to synthesise many MOFs, remains a major challenge. A
promising approach to solve this problem is the sustainable synthesis of

MOFs, in particular through the depolymerisation of PET to obtain high-
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purity terephthalic acid. This method not only offers the opportunity to reduce
the costs associated with MOF production, but also contributes to the

recycling of plastic waste and is therefore in line with global sustainability

goals.
2.3. MOFs Derived Carbons
2.3.1. Characteristics of MOFs-derived Carbons

MOFs are a special category of materials that have attracted the attention of
the scientific community due to their unique properties, such as high porosity,
large surface area and customisable chemical functionality. However, despite
these favourable properties, MOFs face significant problems. These include
intrinsic instability, problems with stability under certain conditions (e.g. high
temperatures and high humidity) and the limitation that they only have

microporous structures, which limits their potential applications [91, 120].

To overcome these obstacles, a novel class of materials, MOF-derived carbon,
has been created. MOFs-derived carbons are formed by the carbonisation of
MOFs, a process that generally involves the pyrolysis of the MOF in an inert
atmosphere. This transformation results in a carbon material that retains the
porosity and structure of the original MOF, but also acquires new properties

characteristic of carbon materials [121, 122].
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Interestingly, MOFs can be directly converted into porous carbon materials
by pyrolysis. Considering the structured spatial arrangement and careful
metal ion framework of MOF precursors, it is plausible that porous carbon
from MOFs may exhibit superior adsorptive properties [123-125]. These
carbon materials are of great interest in analytical science, not only because
of their unique chemical properties, but also because of their versatility as
adsorbents. Among the MOFs that have been investigated for MO adsorption,
MOF-235 is characterised by its suitable adsorption sites and ideal pore
configuration for MO adsorption [5]. So far, the potential of using porous
carbon from MOF-235 for dye adsorption of dyes has not been explored.

Therefore, this study focusses on the use of MOF-235 as a starting material

for the production of porous carbon.

To summarise, MOF-derived carbon materials represent an intriguing class of
materials that combine the advantages of MOFs, including high porosity and
tunable functionality. This distinctive blend of properties paves the way for
novel applications in catalysis and adsorption. Therefore, MOFs-derived
carbons represent a promising avenue for future research in the field of porous

materials.
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2.3.2. Synthesis of MOFs-derived Carbons

Currently, there are two main methods to extract carbon from MOFs: (a)
direct carbonisation of MOF precursors and (b) incorporation of external
organic materials as a carbon source and co-carbonisation with MOFs to
produce carbonised products. Below you will find a detailed description of

the direct carbonisation of MOFs:

2.3.2.1. Direct Carbonisation of MOFs

MOFs contain a significant amount of organic ligands that can be converted
into nanostructured porous carbon or metal compounds at different
temperatures during pyrolysis. By carefully controlling the temperature and
atmosphere during the carbonisation process, the original structure and
functionality of the MOFs can be maintained, significantly improving the
specific surface area, pore volume and properties of the porous structure [126,
127]. For example, in carbonised MOF-5, which is obtained from MOF-5 and
treated at 1000°C in an argon atmosphere, the surface area increases from 477
m?/g to 1884 m?/g, as reported by Kukulka et al. [128]. MC produced from
MOF-5 carbonised at 600 and 800 °C in a nitrogen atmosphere achieves a
surface area of 1812 m?/g, which is a significant improvement according to
Hu et al. [126]. In contrast, MPC obtained from MIL-100(Fe) and carbonised

at 700°C in a nitrogen atmosphere retains a relatively lower surface area of
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132 m%/g, as found by Zhang et al. [129]. A major advantage of the direct
carbonisation method is its simplicity. The resulting carbon materials have a
more ordered and uniform pore structure than conventional commercial

activated carbon.
2.3.2.2. Co-pyrolysis of MOFs and Other Precursors

By co-pyrolysis of MOFs with other carbon-based materials, biomass or
synthetic polymers, structurally diverse carbon materials can be created. This
approach enables the modulation and functionalisation of material properties
during the carbonisation process. For example, the NPC obtained from MOF-
5 and FA at 1000°C shows that higher carbonisation temperatures correlate
with a larger specific surface area, as observed by Liu et al. [130]. Another
NPC variant from MOF-5 and FA carbonised at temperatures between 530
and 1000°C shows improved specific surface area, mesopore distribution and
conductivity, as reported by Liu et al. [131]. MOF-74-C prepared from MOF-
74 and FA at 450°C shows increased pore sizes according to Wei et al. [132].
Finally, Ni/NC derived from Ni-MOF-74 and FA at 450/600°C shows
improved dispersion of Ni particles, expanded pore size distribution and
increased pore size, as found by Ning et al. [133]. These results highlight the
significant influence of carbonisation conditions on the physical properties

and performance of MOF carbons. The structural diversity of these materials
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leads to unique properties that are suitable for different applications. Co-
pyrolysis has considerable advantages. For example, the co-pyrolysis method
increases the specific surface area and pore volume of the resulting materials

and optimises their structure and performance through the selective addition

of different precursors.
2.3.3. MOFs-derived Carbons for Dye Adsorption

Due to their unique properties, MOFs-derived carbons have proven to be
effective adsorbents for organic pollutants in water. Their high porosity and
large surface area provide ample adsorption sites and increase capacity [134,
135]. The ability to adjust the pore size and structure of MOFs-derived
carbons enables optimisation for specific pollutants and thus increases
selectivity. The incorporation of heteroatoms during carbonisation can create
active sites that increase adsorption and catalysis efficiency [136, 137]. The
durability of MOFs-derived carbons under different conditions ensures their
effectiveness in different environments. In addition, their potential for
regeneration and reuse emphasises their suitability for practical water
treatment applications [122, 138]. Therefore, MOFs-derived carbons are very
promising for the adsorption of organic pollutants from water. Recent
research has identified four main elements that significantly influence the

efficiency of MOFs-derived carbons in dye adsorption of dyes: the specific
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MOF used, the parameters of the carbonisation process, the post-synthetic
modifications made to the MOFs-derived carbons and the intrinsic properties

of the pollutant in question.

The choice of MOF precursors is crucial for the properties of the resulting
MOFs-derived carbons. Different MOFs with their unique metal centres and
organic linkers can influence the porosity, surface area and chemical
functionality of MOFs-derived carbons. For example, recent scientific studies
have shown that MOFs-derived carbons have significant potential for the
adsorption and catalysis of organic pollutants from aqueous environments.
MDC-1000, a material derived from MOF-5 (Zn) carbonised at temperatures
of 800 to 1000°C, has an impressively high surface area of 1337 m?-g"! and
is characterised by its ability to remove MB with an exceptional adsorption
capacity of 2723.88 m?-g! [139]. MPCS derived from MOF-5 (Fe) is
subjected to a two-step carbonisation process (200°C for 1 hour, followed by
500°C for 1 hour), resulting in a surface area of 104 m*-g’! and an adsorption
capacity of 113.00 m?-g"! for 4-nitrophenol [140]. Finally, ZIF-8/AG-CA,
which is produced from ZIF-8 and carbonised at an elevated temperature of
900°C, has a surface area of 516 m?-g! and is particularly effective in

adsorbing organic solvents. It can absorb 30 to 60 times its own weight [141].
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In summary, the effectiveness of MOFs-derived carbons in adsorbing organic
pollutants from aqueous environments is strongly influenced by the choice of
MOF precursors, the carbonisation parameters and the pollutant properties.
The proven versatility and high adsorption capacities of MOFs-derived
carbons emphasise their potential for practical applications in water treatment.
The importance of carbonation conditions for optimising the properties and
performance of MOFs-derived carbons was highlighted. Future research
should aim to fine-tune these parameters to further improve the performance
of MOFs-derived carbons and investigate their regeneration and reuse
potential to assess sustainability. The considerable potential of MOFs-derived

carbons for the adsorption of organic pollutants from water deserves

additional scientific attention.
2.3.4. MOFs-derived Carbons for Dye Photo-Fenton Degradation

Advanced Oxidation Processes (AOPs) are recognised as effective solutions
for the elimination of persistent organic pollutants. These methods, which
include photocatalysis and Fenton reactions, are mainly characterised by their
ability to initiate hydrogen peroxide (H20:) to form highly active hydroxyl
radicals (-OH) and to initiate peroxymonosulphate (PMS) and
peroxydisulphate (PDS) to generate active oxygen species (ROS). Compared

to traditional homogeneous Fenton methods, heterogeneous Fenton methods
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using solid catalysts have been emphasised for their extended pH spectrum,
simplified catalyst recovery and improved reusability. In this context, MOFs-
derived carbons derived from MOFs have attracted great interest. These
substances, which are produced by carbonisation of MOFs, not only retain
the porous architecture of the original MOFs, but also exhibit improved
catalytic efficiency through the integration of transition metals or metal
oxides. These advantages make MOFs-derived carbons superior catalysts for
Fenton and Fenton-like oxidation reactions, especially in the purification of

organic pollutants in wastewater treatment.

Wang and his team [142] investigated the degradation of norfloxacin (NOR)
using a novel iron-based magnetic nanoparticle catalyst embedded in
mesoporous carbon (Fe@C 700). The catalyst was prepared by pyrolysis of
MIL-101-Fe at 700°C and used in a microwave-assisted Fenton reaction with
H:0.. It improved the Fe(Ill)/Fe(Il) redox cycle, electron transfer and
hydroxyl radical (-OH) production and achieved a degradation efficiency of
95.22% under optimal conditions. The Fe@C 700 catalyst showed excellent
stability and reusability over five cycles and was effective over a wide pH
range. Similarly, Tang and colleagues [143] created a three-dimensional
flower-like catalyst (FeCu@C) embedded with bimetallic iron-copper
nanoparticles within a mesoporous carbon shell by thermal decomposition of

Fe, Cu-BDC precursors. This catalyst was tested in the Fenton-like
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degradation of sulfamethazine (SMT) and showed a complete removal of
SMT within 90 minutes and a total organic carbon (TOC) conversion rate of
72.3 % within 240 minutes at a pH of 3. This flower-like carbon structure not
only acts as a scaffold for the bimetallic nanoparticles and facilitates the
attraction of SMT molecules via m-m interactions, but also increases the
degradation efficiency of SMT. The iron and copper nanoparticles contained
therein serve as active centres in the Fenton reaction. They promote the

formation of -OH radicals and thus effectively improve the degradability of

SMT.

Due to the limitations of the conventional Fenton process, which is only
effective in a pH range of 2 to 4, there has been a remarkable shift towards
the application of Fenton-like methods based on peroxymonosulphate (PMS)
for the efficient and environmentally friendly degradation of persistent
pollutants. The conversion of MOFs containing metals such as cobalt (Co)
and iron (Fe) by pyrolysis leads to the formation of carbon-based composites
in which metal nanoparticles are embedded. The carbonaceous framework of
these composites prevents the clumping of metal nanoparticles, while the
embedded metals, especially Co and Fe, exhibit exceptional catalytic activity

in Fenton-like processes.
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By annealing bimetallic core-shell MOFs, Shao et al. [144] successfully
synthesised a novel catalyst characterised by a two-dimensional porous
carbon architecture decorated with Co-Nx sites and cobalt nanocrystals on a
graphene oxide substrate. Nitrogen-containing ligands in the MOFs were
observed to release reductive gases during the carbonisation phase,
facilitating the on-site evolution of Co2+ ions and cobalt nanocrystals in the
structure, which is further enhanced by the incorporation of Co-doped carbon
nanotubes. This catalyst proved to be highly effective in degrading various
phenyl derivatives such as bisphenol A, phenol, biphenyl and naphthalene,

utilising its unique structural properties.

Furthermore, the pyrolysis of iron-containing MOFs leads to porous carbon
materials doped with Fe/FesC, which are used for the oxidative degradation
of aqueous pollutants via Fenton-like reactions. Similarly, porous CoFe20Oa
nanocarbon catalysts derived from bimetallic Co/Fe MOFs have
demonstrated their performance in the activation of PMS for the degradation
of bisphenol A (BPA) [145]. Compared to hydrothermally synthesised
CoFe:04nanoparticles, they exhibit a significantly larger specific surface area
(60.4 m*>g') and pore volume (0.64 cm?3-g!), thereby improving the
interaction efficiency with BPA. Electron paramagnetic resonance (EPR)
analysis elucidated the key contributions of ‘OH and -SOa radicals to the

degradation mechanism. After five cycles of degradation, the catalytic
58



ﬁ University of
f B Nottingham
UK | CHINA | MALAYSIA

performance of the C-ZIF-67@ZIF-8@GO-900 catalyst decreased only

minimally, demonstrating its remarkable catalytic stability.
2.3.5. Research Gap

In summary, after reviewing the extensive literature on MOFs-derived
carbons, it is clear that these materials show promise for the adsorption and
catalytic removal of organic pollutants, such as dyes, from the aquatic
environment. MOFs-derived carbons show better performance than their
precursor MOFs in certain applications, emphasising their potential as highly
effective materials for environmental remediation. Despite these promising
properties, significant research gaps remain to be filled. In particular, targeted
MOFs-derived carbons for specific dyes, such as methyl orange, have not yet
been explored, indicating an important area for future research. This gap
emphasises the need for the development of MOFs-derived carbons tailored
for the adsorption and degradation of specific pollutant molecules, which
could improve the efficiency and specificity of pollution reduction strategies.
In addition, the sustainable synthesis of MOFs using PET as a feedstock to
produce high-purity terephthalic acid represents a cost-effective method that
could be similarly applied to the synthesis of MOFs-derived carbons. This
approach not only promises to reduce the costs associated with the production

of MOFs-derived carbons, but is also in line with environmental sustainability
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goals as PET waste is recycled. Exploring this route could potentially lead to
the development of an economically feasible and environmentally friendly

production method for MOFs-derived carbons, which would further increase

their applicability and impact in addressing global environmental challenges.
2.4. Summary

This chapter focus on the adsorption and photocatalytic Fenton catalysis of
dyes in an aqueous environment, with particular emphasis on the potential of
MOFs and MOFs-derived carbons as efficient adsorbents and catalysts. The
chapter describes in detail the high surface area, tunable pore size and
chemical functionality of these materials and highlights their potential
applications in the treatment of dyes in water. It also discusses the potential
negative impact of synthetic dyes on the environment and highlights the
importance of developing effective dye removal technologies, with

adsorption and photocatalytic Fenton catalysis being promising approaches.

The chapter also looks at the unique properties and different synthesis
methods of MOFs and emphasises the importance of precisely controlling the
synthesis conditions to optimise the performance of MOFs. In addition, a new
class of materials, MOFs-derived carbons, is introduced, which can overcome
some limitations of MOFs as adsorbents, such as insufficient pore size.

Finally, the possibility of a sustainable synthesis of MOFs and MOFs-derived
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carbons from PET waste is investigated, which not only improves the
environmental friendliness of the materials, but also promotes the recycling
of waste into valuable resources. This approach provides a holistic view of

the use of innovative materials in environmental remediation and contributes

to both pollution reduction and sustainable materials science.
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Chapter 3.
Experimental

This chapter provides an overview of the basic experimental tools and
primary characterisation methods used to analyse the materials. These
techniques are essential for the evaluation of the physical, chemical and
optical properties of the synthesised materials. In addition, they play a crucial
role in elucidating the relationship between the structural properties of the
samples and their performance. By applying these methods, researchers can
gain deeper insights into the mechanisms underlying the adsorption and
photocatalysis processes and thus improve the understanding of how material
properties influence these reactions. This comprehensive characterisation is
crucial for optimising material design and improving the effectiveness of the

developed systems in practical applications.
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MO used in this thesis is purchased from Aladdin Chemical reagent Co.

3.1. Materials

(Shanghai, China). Other chemicals, such as iron chloride hexahydrate
(FeCls * 6H20), N,N-Dimethylformamide (DMF, 99%), Ethanol (99%), p-
Phthalic acid (TPA, 99%) were purchased from Aladdin Chemical reagent Co.,
Ltd (Shanghai, China) and Shanghai Macklin Biochemical Technology Co.,
Ltd (Shanghai, China). The waste PET bottles used as feedstock in this study
were obtained from Sam's Supermarket, Wal-Mart Department Store Co., Ltd.

All chemicals used in this study were used without further purification.

3.2. Dye Removal Test

3.2.1. Oil Bath Device

The oil bath method was primarily used to produce the materials, which
makes it possible to customise the structures of the samples produced by
modifying the synthesis parameters. In a standard procedure, the precursors
were dissolved in a suitable solvent to obtain a uniform solution. This solution
was then placed in an oil bath apparatus where continuous stirring was carried
out at a controlled temperature to facilitate the synthesis process. This method
allowed precise control of the reaction conditions, such as temperature and

mixing speed, which are critical to achieving the desired material properties.
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The detailed set-up and process of this method is shown in Figure 3.1 and

illustrates its role in the production of high-quality materials with customised

properties.

Figure 3.1 Oil bath device (synthesis temperature = 80°C, synthesis time =

24 h).

3.2.2. Adsorption Test Device

The adsorption experiment serves as a crucial method for evaluating the

effectiveness of the synthesised adsorbents. In this study, a thermostatic
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oscillator was used to precisely regulate both the temperature and the
oscillation rate during the experiments. These factors are of great importance
as they strongly influence the adsorption process and ensure that the
experiments are carried out under optimal conditions to obtain accurate and
reliable results. The use of the thermostatic oscillator allows for consistent
environmental control, which is essential for replication and comparison of

experimental results. The design and function of this device is shown in

Figure 3.2 to illustrate its role in facilitating the adsorption experiments.

Figure 3.2 Adsorption test device.
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3.2.3. Photoactivity Test Device

Photoactivity tests are fundamental experiments in photocatalysis that are
crucial for evaluating the performance of photocatalytic materials. In this
study, a simple photocatalytic reactor was built to perform these experiments.
As shown in Figure 3.3, the setup included a xenon (Xe) lamp, a magnetic
stirrer and a dark metal cover. The Xe lamp served as a source of simulated
visible light and was fitted with a special filter to ensure an appropriate
wavelength. The magnetic stirrer ensured thorough mixing of the reaction
mixture and promoted uniform interaction between the photocatalyst and the
reactants. The dark metal cover shielded the reactor from external natural
light sources, preventing interference with the photocatalytic process. This
controlled setup was essential to obtain accurate and reliable measurements

of photocatalytic activity.
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Figure 3.3 Photoactivity test device.

3.2.4. Concentration Test Device

The removal of methyl orange dye by the synthesised adsorbents and catalysts
was investigated using UV spectrophotometry and batch experiments. Prior
to analysis, all materials were dried overnight at 80°C in a vacuum and stored
in a desiccator. A solution volume of 4 mL was used for the tests and a blank
sample was measured before each analysis to obtain a spectral baseline. The

adsorbent/catalyst/adsorbate mixtures were shaken with an automatic
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thermostatic shaker. The residual dye concentrations in the collected solutions

were quantified by UV-Vis spectroscopy at 465 nm.
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Figure 3.5 Principle of HPLC-MS.
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In mass spectrometric analysis, ions are generated from a sample in the
gas/liquid phase, usually by electron ionisation. The ions are separated

according to the mass-to-charge ratio (m/z) and their relative abundances are
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determined. This produces a mass spectrum that shows the intensity of the ion

signal as a function of m/z.

In this study, liquid chromatography-mass spectrometry (LC-MS) was used
to elucidate the mechanism of methyl orange treatment by the synthesised
adsorbents and catalysts. LC-MS analysis was performed on untreated methyl
orange solutions and on solutions after adsorption/catalytic treatment. After a
2-hour adsorption period, the treated and untreated samples were carefully
collected and adjusted to a pH of 6.8 with 0.01 M NaOH prior to analysis.
The mobile phase was a mixture of acetonitrile and ammonium acetate (0.01
mM, pH 6.8) (30:70 v/v) passed through a Waters ACQUITY UPLC BEH
C18 column (2.1 x 50 mm, 1.7 pm) at a flow rate of 0.2 mL-min"!. Controlled
conditions included a sample temperature of 15 + 5°C, a column temperature
of 40 + 5°C, a capillary voltage of -2.8 kV, a sampling cone of 29.0 V, a
threshold of 150°C and a desolvation temperature of 400°C. The gas flows

for the cone and desolvation were set to 50.0 and 800.0 L-h™! respectively.
3.3. Characterisation of Adsorbents and Catalysts

The adsorbents and catalysts in this study were analysed using a variety of
characterisation techniques. These techniques provided comprehensive

analyses and insights into the structure of the materials, specific surface area
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and pore size, surface chemical properties, thermal properties, molecular

structure and chemical bonding, morphology and microstructure.
3.3.1. Structural Analysis

Material phase and structural analysis was conducted utilizing powder X-ray
diffraction (XRD) on a Brucker D8 advance A25 instrument. The scan type
selected was coupled two Theta/Theta, with two Theta ranging from 5° to 100°
in steps of 0.01° and an interval of 0.1 s, following previously established
protocols. For the analysis, 1 to 2 g of the sample was loaded into the sample
holder. It was imperative to ensure that the sample was finely powdered,
presenting a flat surface, before proceeding with the testing. This
methodological approach adheres to established practices for accurate and

reliable phase characterization through XRD techniques.
3.3.2. Surface Area and Porosity Analysis

The porosity and surface area of MOFs and their derivatives were evaluated
using BET specific surface area analysis, employing the Micromeritics Tristar
IT 3020 instrument. Comprehensive adsorption and desorption profiles,
alongside BET and Langmuir surface areas, BJH pore volumes, distribution,
and porosity data were obtained from the analysed results. Samples were
prepared by weighing approximately 0.3 g and subjected to a degassing
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temperature of 150°C for 24 hours. Subsequently, the analysis was conducted

at a testing temperature of 77 K.
3.3.3. Surface Chemical Analysis

X-ray photoelectron spectroscopy (XPS) is a widely used technique for
analysing the chemical properties of the surface of materials. In this thesis,
XPS analyses were performed using an ESCALAB 250Xi spectrometer
(Thermo Scientific, USA) with a monochromatic Al Ka X-ray source. The
results obtained were then standardised by adjusting the C 1s signal to 284.8

eV.
3.3.4. Thermal Analysis

The study of MOFs by thermogravimetric analysis (TG) proves to be a crucial
way to understand their carbonisation processes. In this experimental protocol,
a sample with an initial weight of about 15-20 mg is weighed before the
carefully orchestrated heating procedure begins. In the first phase, the
temperature is gradually increased from room temperature to 105°C to drive
out the remaining moisture. Two different series of experiments are then
carried out: firstly, a temperature rise to 350°C, which is maintained for 120
minutes; secondly, a temperature rise to 500°C. The use of high purity
nitrogen (99.999%, Linde) during the intrinsic analysis in combination with
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a controlled heating rate of 20°C per minute ensures a systematic exploration
of the thermal response of the MOF. This comprehensive approach aims to
explore the intricacies of MOF carbonisation across different temperature

ranges and gain valuable insights into the thermal behaviour and potential

applications.
3.3.5. Molecular Structure and Bond Analysis

The sustainable raw materials of the MOF, as well as the MOF and its
derivative samples, underwent analysis using a Fourier transform infrared
spectroscopy (FTIR) (Brucker Vertex 70 from the United States). The FTIR
measurements were conducted with a sample scan time and background scan
time both set at 40 minutes. The wave number was configured to range from
400 to 4000 cm™'. To enable accurate and consistent measurements, all
samples were carefully prepared as a fine powder and then pressed into a
circular mould with an inner diameter of 1 cm for 5 minutes at a pressure of
3 MPa. This FTIR analysis aims to decipher the molecular composition and
structural features of the sustainable raw materials, MOFs and their
derivatives, providing valuable insights into their chemical properties and

functional groups.
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The morphology of the MOFs and the samples prepared from them was

3.3.6. Morphology and Microstructure Analysis

analysed using scanning electron microscopy (SEM) (Sigma VP device from
Zeiss, Germany). The SEM analysis was performed at a test voltage of 2 to 5
kV and a working length of approximately 7.5 mm. The SEM images were
recorded with a secondary electron detector (SE2 in the control panel). In
addition, the metal composition of the MOFs was determined by energy
dispersive X-ray spectroscopy (EDS) in conjunction with SEM observation
of the recorded images. X-ray generation during EDS analysis was performed
at a voltage of 15-20 kV. This comprehensive approach allows a detailed
exploration of the morphological features and elemental composition of
MOFs and their derivatives and provides valuable insights into their structural

properties.
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Chapter 4.
Controlled Synthesis of Uniform MOF-235 for the

Adsorption of Methyl Orange in Wastewater with

High Efficiency and High Capacity
4.1 Introduction

Wastewater from the textile industry is a major problem worldwide, as more
than 700,000 tonnes of dyes are produced every year [146]. methyl orange,
an acidic anionic azo dye [147, 148], accounts for a significant proportion of
this dye-containing wastewater and is used extensively in the textile industry
[19]. Due to their mutagenic, toxic and oncogenic properties, methyl orange
released into water pose a serious challenge to the environment and human
health [149]. It is therefore necessary to develop novel adsorbents that are

highly efficient in removing methyl orange from wastewater.

Various methods have been developed to treat dye wastewater before it is
released into the environment, including photocatalytic degradation,
electrochemical hybrid degradation and adsorption [148, 150-153]. Due to its
high efficiency and cost-effectiveness, adsorption is widely applied for the
removal of azo dyes in the aquatic environment [51, 154]. Metal-organic

frameworks (MOFs), which are known for their large surface area, adaptable
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structure and good thermal and chemical stability, have been effectively used

as adsorbents for removing azo dyes from wastewater [155].

To date, many MOFs have been used for removing methyl orange from
wastewater and have shown different adsorption capacities, for example,
PED-MIL-101 (adsorption capacity: 194 mg-g™!), ED-MIL-101 (160 mg-g™"),
MIL-101 (114 mg-g™) [114]. Most MOF materials have limited adsorption
capacity in the field of methyl orange adsorption. MOF-235 stands out from
other MOFs due to its high concentration of aromatic rings, which promote
dye adsorption through m-m structures resulting from strong hydrophobic
interactions between the dye and the MOF. The maximum adsorption capacity
of MOF-235 for methyl orange has been reported as 477 mg-g™' [5]. This
result could be further improved due to its non-uniform shape. In addition,
early studies have confirmed that the controlled synthesis process can also
significantly increase the production yield of MOF [94, 156]. Therefore, it is
necessary to develop a new method for the controlled synthesis of MOF-235
to increase the yield and significantly improve its capacity in methyl orange

adsorption.

The specific mechanism of the adsorption behaviour of MOF-235 towards
methyl orange has not been thoroughly investigated. Previous research

showed that the adsorption of methyl orange on MOF-235 is driven by
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electrostatic interactions between the surface of the adsorbents dye and dye
molecules [5]. Therefore, further research is needed to verify whether
chemical reactions are involved in the adsorption process of MOF-235. In
addition, research into the adsorption potential of MOF-235 for other organic

dyes is also of great importance.

In this study, a solvothermal method for the controlled synthesis of MOF-235
with defined morphology and size distribution was developed as an adsorbent
with improved capacity for the adsorption of methyl orange from wastewater.
The physical and chemical properties of the MOF-235 were characterised.
The adsorption kinetics and adsorption isotherms of the MOF-235 material
were investigated. Optimal adsorption conditions were investigated. In
addition, the mechanism of adsorption of methyl orange onto MOF-235 was

investigated.
4.2. Preparation of MOF-235

All  chemicals (terephthalic acid (TPA), FeCl3:6H>O, N, N-
dimethylformamide (DMF) and ethanol) reached 99% purity and were
purchased by Aladdin Chemical Reagent Co. in Shanghai, China. To
synthesise MOF-235, 0.6 g of TPA and 0.6 g of FeCl3-6H20 were dissolved
in 180 ml of DMF and sonicated for one hour. Then, 60 ml of ethanol was

added to the reaction solution and the mixture containing 240 ml of the
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solution was placed in an apparatus with oil bath and magnetic stirring before
heating at a temperature of 353 K for 24 hours. After drying in a freeze dryer,

the orange-coloured powder was washed with a mixture of DMF and ethanol

(Figure 4.1).
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Figure 4.1 Schematic of the synthesis of MOF-235 under continuous strong

stirring.

4.3. Characterisation

In order to investigate the change in the functional group, the adsorbents were
analysed using Fourier transform infrared spectroscopy (Thermo Fisher
Scientific, Nicolet iS50 FT-IR) in the wavenumber range from 4000 to 400

cm-1. Scanning electron microscopy (SEM, Regulus 8100, Japan Hitachi)
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was used to analyse the morphology of the material. The crystal structure was
determined using an X-ray diffractometer (Smart Lab (3 KW), Japan Rigaku).
The X-ray diffraction (XRD) patterns were then identified (40 kV, 30 mA,
scan step = 0.02°, 20 range was from 5 to 40°). The textural properties of the
adsorbents, such as pore volume and pore size Brunauer — Emmett — Teller
(BET, 3 Flex America Micromeritics) surface analysis of the synthesised
adsorbents were measured by nitrogen adsorption/desorption method at 77 K.
To evaluate the thermal stability, the prepared sample was heated in a nitrogen
atmosphere (50 ml'min™') at a rate of 2K min™' from 30 to 500 °C using a
thermogravimetric analyser (TGA, 3+ Switzerland Mettler Toledo).
UPLCMS (Waters Acquity UPLC Hclass-Waters SO Detector 2) was used to
investigate the mechanism of MO removal from the MOF-235 synthesised in

this study.
4.4. Adsorption Experiments

The adsorption of methyl orange on MOF-235 was analysed by UV-vis
spectrophotometry and batch tests. Prior to testing, all adsorbents were fully
dried overnight and stored in a vacuum oven. Comprehensive studies were
conducted to investigate the effects of solution pH, initial dye concentration
and adsorption temperature on methyl orange removal. The adsorbent-

adsorbate mixtures were stirred for 60 minutes using an automatic

78



r University of
f B Nottingham
UK | CHINA | MALAYSIA

thermostatic shaker. The dye concentration was then measured by UV-vis

spectroscopy at a wavelength of 465 nm.
4.4.1. Effect of pH

A range of 3 to 11 was used to investigate the effects of initial pH on the
adsorption efficiency of MOF-235. About 50 mL of 100 mg-L"! MO solution
was added to a flask containing 0.02 g of adsorbent and stirred at 150 rpm for
24 hours at a stable room temperature. 0.1 M NaOH or 0.1 M HCI solution
was used to adjust the pH of the dye solution before adsorption. After

adsorption, the adsorbent was isolated using a centrifuge.
4.4.2. Effect of Initial Concentration

To study the effect of the initial dye concentration, 100 mL amber bottles
containing 50 mL of the methyl orange solution at a concentration of 20 to
800 mg-L! were used. To each bottle, 20 mg of MOF-235 was added. The
mixture was then transferred to a shaking incubator, which was operated at 3
different temperature (15, 25, 35 °C) and 150 rpm for 24 hours. The samples
were then filtered through a centrifuge. A UV-vis spectrophotometer with a
wavelength of 465 nm was used to determine the concentration of MO before
and after adsorption. The amount of methyl orange adsorbed on MOF-235

was analysed using equation,
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©)

_ (Co—=Ce)V
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where ge: amount of methyl orange compounds adsorbed at equilibrium
(mg-g'); Co: initial dye concentrations (mg-L'); Ce: equilibrium
concentrations after adsorption (mg-L'); W: the mass of MOF-235 used in

the process (g); V: solution volume (L).
4.5. Adsorption Mechanism

Liquid chromatography-mass spectrometry (LC-MS) analysis was used in
this study to determine whether the adsorption of methyl orange by MOF-235
in this study was due to a physical or chemical process. Both the untreated
methyl orange solution and the methyl orange solution after treatment with
MOF-235 were subjected to LC-MS analysis. Samples were carefully taken
from both the untreated and adsorbed methyl orange solution after a 2-hour
adsorption period. Prior to the assay, the pH of the treated methyl orange
solution was adjusted to 6.8 with NaOH (0.01 M). The mobile phase consisted
of a 30:70 (vol-vol™!) mixture of acetonitrile and 0.01 mM ammonium acetate
(pH = 6.8) and was administered at a flow rate of 0.2 ml'min’!. A reversed
phase column, namely Waters ACQUITY UPLC® BEH C18 1.7 pm 2.1*50
mm, was used. The analysis was performed under controlled temperature
conditions, with the sample temperature maintained at 15 + 5°C and the

column temperature at 40 + 5°C. The capillary (kV) was set to 2.80, the
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sampling cone to 29.00, the threshold temperature (°C) to 150, and the

desolvation temperature (°C) to 400. The cone gas flow (L-H') and the

desolvation gas flow (L-Hr") were set to 50.0 and 800.0, respectively.

4.6. Results and Discussion
4.6.1. Characterisation.

The sample prepared in this study was also analysed by SEM to show its
morphology and particle size, as shown in Figure 4.2. It is clear that the MOF-
235 has a well-crystallised octahedral shape and a generally uniform size
distribution with few deviations, compared to Figure 4.2 (d), an SEM image
of high-purity MOF-235 from previous publications [157]. The magnified
SEM image in Figure 4.2 (a) shows that a particle size distribution of 800 nm
prevails for the MOF-235 crystals, which is much smaller and more uniform
than the MOF-235 particles prepared by the classical solvothermal approach
(Figure 4.2 (c)) and the previous study (Figure 4.2 (d)). Figure 4.2 (b) shows
that the MOF-235 synthesised during a controlled synthesis time of 24 hours
has a broader particle size distribution, ranging up to 1.3 um. This indicates
that a longer synthesis time provides sufficient time for the development and

enlargement of the crystalline structures.

This study compares the quality of products synthesised using the traditional

solvothermal method and a controlled synthesis approach under identical raw
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material and synthesis temperature conditions over different synthesis
durations. As can be seen in Figure 4.3, the controlled synthesis method,
which was facilitated by improved mass transfer through vigorous stirring,
achieved the product quality observed with the traditional solvothermal
method after 10 hours within only 4 hours of synthesis time. After 24 hours
of synthesis, the MOF-235 produced by the controlled synthesis was of 1.67
times higher quality than that produced by the traditional solvothermal

method. The SEM images confirm that the controlled synthesis results in

MOF-235 that is uniform and has a narrow size distribution.

The introduction of stirring into the synthesis process improves mass transfer,
ensures an even distribution of reactants and prevents localised fluctuations
in concentration. This promotes synchronous nucleation, leading to the
formation of more uniform nuclei and consequently particles of uniform size
and shape. Agitation also optimises nucleation kinetics by distributing heat,
preventing supersaturation and reducing the risk of explosive nucleation. This
controlled process improves particle homogeneity and reduces multimodal
size distributions. In addition, agitation facilitates sustainable crystal growth
by increasing the mass transfer rate to the crystal surface, ensuring an
adequate supply of material to each nucleus and preventing stagnation or

defects. Furthermore, agitation reduces secondary nucleation, maintaining the

82



r University of
f 3l Nottingham
UK | CHINA | MALAYSIA

monodispersity of the particles and further improving the overall yield and

quality of the product.

Synthesis time: 24 h

Figure 4.2 SEM images of MOF-235 prepared by controlled synthesis
method (a, b), MOF-235 synthesized by traditional hydrothermal method

and (d) MOF-235 SEM image reported by others [157].
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Figure 4.3 Comparison of synthesis efficiency: controlled synthesis method

and traditional solvothermal method.
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Figure 4.4 (a) XRD pattern of MOF-235 synthesized by oil bath method, (b)

FTIR spectrum of control synthesized MOF-235.

Figure 4.4 (a) illustrates that the sample has a pure MOF-235 crystal structure.
The main peaks are observed at 20 angles of 12.6°, 19° and 22°. Furthermore,
a prominent peak at 9.4° corresponds to the main peak (101) of MOF-235,
which underlines its importance for the characterisation of the crystal
structure [158]. The FT-IR spectrum of MOF-235 is shown in Figure 4.4 (b).
The FTIR spectrum of the materials prepared in this study contains main
peaks at 554 cm! (S), 750 cm™ (S), 823 cm! (m), 1014 cm™! (m), 1597 cm’!
(VS), 1390 cm™ (VS), 2935 cm™ (W), 3442 cm™! (m), which are consistent
with the values for MOF-235 from previous studies [5]. S stands for strong,
m stands for medium, VS stands for very strong and W stands for weak. As
shown in Fig. 4(b), the stretching vibrations of C==0, C—O and C—H in
terephthalic acid are responsible for the adsorption maxima at 1597 cm,
1390 cm™ and 750 cm’!, respectively. In addition, the vibrational absorption
peak of Fe—O—Fe at 554 cm™ is representative of MOF-235 in its normal
form. It can be concluded that the obtained MOF-235 has shown its unique
crystalline structure, phase properties and the special features of its chemical

composition and functional groups by controlling the synthesis process.
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The surface areas of MOF-235 were determined using the nitrogen
adsorption-desorption method. Table 4.1 shows the Brunauer-Emmett-Teller
(BET) surface area as well as the pore diameter and pore volume of MOF-
235. It is noteworthy that the surface area in this study (10.95 m?-g!) is very
low. This could be due to the high purity of MOF-235 in this study, as the
adsorption capacity for MO is significantly influenced by the purity of MOF-
235. Often synthesised MOF-235 is impure and may contain both MOF-235
and MIL-101. Previous studies have shown that higher amounts of MOF-235
lead to a lower surface area, while the presence of MIL-101 can increase it
[157]. However, the smaller pore diameter of MIL-101 (2.63 nm) leads to a
poorer methyl orange adsorption capacity (qe=232.55 mg-g™!) [159], which
explains why MOF-235 with larger surface areas showed a lower methyl
orange adsorption capacity in previous studies [160]. In contrast, the MOF-
235 from this study has a higher purity, as indicated by its low BET surface

area.

MOF 235 has pores with a diameter of 9.9 nm, which indicates that the
material is mesoporous and has a good permeation capacity for adsorption.
Since the molecular size of methyl orange is 2.6 nm [153], the mesoporous
MOF-235 prepared in this study is suitable for use as an adsorbent for methyl
orange and is expected to have a high adsorption capacity. In summary, the

MOF-235 prepared by a controlled synthesis process exhibits remarkable
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uniformity of particle size and pore distribution, which is favourable for the

adsorption of methyl orange.

88



w University of
~—~~—

Nottingham

UK | CHINA | MALAYSIA

Table 4.1 Comparison of textural properties of MOF-235 prepared in this and other studies.

MOF Synthesis Method BET surface area Average pore volume Average pore diameter (nm) Ref.
(m*g™) (em>g™)

MOF-235 Controlled synthesis 10.95 0.027 9.9 This study

MOF-235  Solvothermal method 190 0.125 2.64 [160]

MOF-235 Microwave-assisted 148 0.075 - [150]

method
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4.6.2. Adsorption of the Dye
4.6.2.1. Effect of pH Value

The influence of the initial pH value on the adsorption performance of MOF-235
was investigated in a pH range from 3 to 11. Approximately 50 mL of methyl
orange solution (100 mg-L™") was placed in a flask containing 0.02 g of adsorbent
for 24 hours at a constant stirring speed of 150 rpm at 25 £ 1 °C. Either 0.1 M
NaOH or 0.1 M HCI was used to adjust the pH of the solution. The adsorbent
was separated from the solution by a centrifuge. In most cases, the pH of the
solution played an important role in determining the adsorption of dyes [15].
Figure 4.5 shows that the adsorption efficiency of MOF-235 for methyl orange
decreases from 95.78% to 88.88% in a pH range of 3.0 to 10.0. However, at a
pH of 11.0, the adsorption rate decreased drastically to 22.77%. This indicates
that the adsorption efficiency remains relatively stable between pH 3.0 and 10.0.
Under acidic conditions, the increased positive charge density in the solution
causes the surface of MOF-235 to become positively charged, which improves
the adsorption of methyl orange. Conversely, as the pH increases, the
concentration of OH" increases, especially between pH 10 and 11, causing the
surface of MOF-235 to become negatively charged, which significantly reduces
the adsorption efficiency. The experimental data clearly show that MOF-235
exhibits optimal adsorption performance for methyl orange within an initial

solution pH range of 3.0 to 10.0.
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Figure 4.5 Influence of initial pH on adsorption (Co = initial concentration, V =
solution volume, W = adsorbent mass, t = adsorption time, T = adsorption

temperature).

4.6.2.2. Effect of Initial Concentration

Figure 4.6 illustrates the effect of the different initial methyl orange
concentrations on the adsorption of methyl orange by MOF-235 at 15°C, 25°C
and 35°C. The adsorption capacity increased with the initial methyl orange
concentration from 20 to 800 mg-L™!, which can be attributed to the higher

driving force overcoming the mass transfer resistance at higher concentrations.
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However, the capacity stagnated near 600 to 800 mg-L™! as the active sites were
saturated, indicating a limited number of active sites available for adsorption.
Equilibrium is reached when all sites are occupied. At the same initial
concentration of methyl orange, MOF-235 shows better adsorption at lower
temperatures, indicating that the adsorption process is exothermic. This indicates
that the adsorption of methyl orange by MOF-235 is primarily a physical

adsorption process. This observation is consistent with other studies [5] [148].
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Figure 4.6 Influence of initial methyl orange concentration on adsorption (V =

solution volume, W = adsorbent mass).
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4.6.2.3. Adsorption Isotherms

The adsorption isotherms provide information about the surface properties, the
adsorption processes and the efficiency of the adsorbent. In the experiments with
the adsorption isotherms, the initial concentrations of methyl orange ranged from
20 to 800 mg-L!. In addition, the initial pH was set to 6.8 and the adsorption
temperature was set to 3 different temperatures (15, 25 and 35°C). The Langmuir
and Freundlich isotherm models are shown as follows:

Ce 1 Ce

(10)

de AmaxKL dmax

lnqe=1nKF+%lnCe (11)

where Ce: equilibrium concentrations after adsorption (mg-L!), qe: amount of
methyl orange compounds adsorbed at equilibrium (mg-g™"), qmax: the maximum
adsorption capacity of the adsorbate (mg-g™!), Ki: the Langmuir constant (L-mg’

1, Kr: the Freundlich constant and 1/n: the heterogeneity factor.
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Figure 4.7 Langmuir and Freundlich models of methyl orange adsorption on

MOF-235.
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Table 4.2 Results of factors relevant to the methyl orange adsorption process at three distinct temperatures.

Adsorbent Temperature (°C) Langmuir model Freundlich model
gmax (mg-g!) K (L-mg?) R? Kr (mg-g!) (L-mg?) 1/n I/n n R?
15 1257.7 0.053 0.995 102.6 0.495 2.020 0.913
MOF-235 25 1237.1 0.023 0.969 60.7 0.544 1.837 0.935
35 1071.2 0.021 0.927 80.8 0.432 2.316 0918
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The Langmuir isotherm model showed that MOF-235 reached a maximum
adsorption capacity (qmax) of 1257.7 mg-g™! at 15°C, indicating a significant
adsorption capacity. As the temperature increased to 25°C and 35°C, Qmax
decreased to 1237.1 mg-g™' and 1071.2 mg-g™!, respectively. This decrease in
gmax Was accompanied by a decrease in the Langmuir constant (Kt), with
values of 0.053 L-mg™! at 15°C, 0.023 L-mg™! at 25°C, and 0.021 L-mg! at
35°C. This trend indicates a decrease in adsorption affinity with increasing
temperature. In general, a decrease in Kp with increasing temperature
indicates that the adsorption process is exothermic, i.e. that the process

releases heat as it occurs. This is consistent with previous studies on the

adsorption of methyl orange on MOF-235 [5].

Further analysis of the variation of K1 with temperature may shed light on its
physical significance. The decrease in Kr could be related to changes in the
surface energy of MOF-235, in particular the deprotonation of the surface
functional groups at higher temperatures. Such changes likely reduce the
adsorption affinity of MOF-235, which is confirmed by the observed decrease
In gmax at higher temperatures. In addition, temperature increases could affect
the pore structure and surface hydration of MOF-235. Higher temperatures
can reduce surface hydration and thus weaken the interaction between the dye
molecules and the adsorbent, further reducing the adsorption capacity. In
addition, temperature can cause structural changes in MOF-235, such as
changes in pore size distribution or surface functionality, which could also

contribute to the observed decrease in adsorption capacity.
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The results of this study show a significant improvement in max compared to
previous reports (see Table 4.3), indicating that the controlled synthesis
method used in this study results in a more effective methyl orange adsorption
capacity than the traditional solvothermal method. The controlled synthesis
method, which involves more stirring, likely promotes more uniform

dispersion of reactants, which improves the overall adsorption properties of

MOF-235.

The adsorption of methyl orange on MOF-235 was also evaluated using
Freundlich's isothermal model at 15°C, 25°C and 35°C. The Freundlich
parameters derived were: Kr = 102.6 and n = 2.020 at 15°C; K = 60.7 and n
=1.837 at 25°C; and Kr = 80.8 and n = 2.316 at 35°C. The relative constancy
of Kr over the temperature range indicates that the adsorption process remains
strong between 15°C and 35°C, further supporting the presence of significant
adsorption. The intensity parameter n, which remains above 1 at all
temperatures, indicates a heterogeneous adsorption surface, suggesting that
adsorption occurs at multiple sites on the MOF-235 surface. Changes in n
with temperature likely reflect variations in the nature of surface interactions
or the distribution of adsorption sites. Higher n values at higher temperatures
(2.316 at 35°C) indicate a more favourable adsorption process under these
conditions. The value of the regression coefficient (R?) emphasises the
effectiveness of the Langmuir isotherm model in describing adsorption,
especially at lower temperatures. This indicates that the adsorption of methyl

orange by MOF-235 occurs primarily by monolayer adsorption.
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Table 4.3 shows the adsorption capacities of the MOF-235 produced in this

4.6.2.3. Comparison of Adsorption Capacity

study compared to the data reported by other researchers. It can be seen that
the MOF-235 used in this study has a methyl orange adsorption capacity of
1257.7 mg-g’', which is much higher than that of other HOFs (hydrogen-
bonded frameworks), COFs (covalent organic frameworks) and MOF
materials when the synthesis and experimental conditions are carefully
controlled. As described in the previous sections, the suitability of MOF-235
for methyl orange adsorption is enhanced by its larger pore diameter, which
is why its adsorption capacity for methyl orange is much higher than that of
other MOFs, as shown in Table 4.3. In this study, the controlled synthesis of
MOF-235 further enhanced the advantage of pore diameter. This indicates
that the controlled synthesis of MOF-235 is promising for use in wastewater

treatment.
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Table 4.3 Comparison of various adsorbents in methyl orange adsorption.

Adsorbents type Adsorbents name Pore diameter gmax (mg-g') Source
(nm)

HOFs (hydrogen-bonded frameworks)  PFC-1 \ 252 [161]

COFs (covalent organic frameworks) CCOF (cationic COF) \ 196.08 [162]
ICOFs (Ionic covalent organic frameworks) 2.05 290 [163]

MOFs (metal organic frameworks) MIL-101 1.6 114 [114]
Ui0-66 2.331 83.7 [164]
MIL-100 (Fe) 2.9 211.8 [165]
MOF-235 \ 477 [5]
MOF-235 by controlled synthesis technique 9.9 1257.7 This work
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The adsorption of methyl orange (Co = 300 mg-L') on MOF-235 was

4.6.4. Adsorption Kinetics

performed for 30 minutes. Additionally, the initial pH was controlled at 6.8,

with the adsorption temperature set at room temperature (25°C).

The quantity of adsorbate adsorbed q: (mg-g!) was determined by using the

following model,

_ (Co—Cp)v
ai = —

(12)

where q: the amount of methyl orange adsorbed at a given time (mg-g™!), Cy:
the solution concentrations at the corresponding time (mg-L™), V: the solution

volume (L).

In this study, both pseudo-first-order and pseudo-second-order kinetic models
were applied to study the adsorption of methyl orange on MOF-235 with an
initial methyl orange concentration of 300 mg-L™!. The pseudo-first-order

model can be expressed by the following linearized integral equation:

t
log(qe — q) = logqe — k15

(13)
in which k; represents the adsorption rate constant (min').

The pseudo-second-order kinetic model can be represented by the following

linearized integral equation:

t 1 t

ac k22 de

(14)
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where ko represents the rate constant of the pseudo-second-order kinetic

model.

Table 4.4 provides a comprehensive summary of the kinetic model parameters,
while Figure 4.8. illustrates the plots for the pseudo-first-order and pseudo-
second-order kinetic models, highlighting the respective rate constants (ki
and k) along with their linear regression correlation coefficients (R?). The
pseudo-second-order model provides a very accurate representation of the
adsorption process with an R? value of over 0.999. Furthermore, the
theoretical equilibrium adsorption capacity (qe) predicted by this model
closely agrees with the experimentally observed qmax values at different initial
concentrations of methyl orange. These results indicate that the pseudo-
second-order kinetic model describes the adsorption dynamics of methyl

orange on MOF-235 better than the pseudo-first-order model.

Table 4.4 Parameters associated with the pseudo-first order and pseudo-

second order models at a temperature of 25 + 1 °C.

Adsorbent Dye Co pseudo-first order pseudo-second order
(mg'L~ model model
)
ki R? ko R?
MOF-235 methyl 300 0.215 0.9859 0.000533 0.9998

orange
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Figure 4.8 Results of the (a) pseudo-first-order and (b) pseudo-second-order

kinetics models at a temperature of 25 £ 1 °C.
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As shown in Figure 4.9, the sodium salt of the sulfonate in methyl orange

4.6.5. Mechanism Study

converts to sulfonic acid in an acidic solution. Therefore, a 0.1 M NaOH
solution is used during the LCMS tests to maintain a stable pH before and
after adsorption. Figure 4.10 (a) shows the ESI mass spectra of the original
methyl orange solution before adsorption, while Figure 4.10 (b) shows the
ESI mass spectra after adsorption of methyl orange by MOF-235. The
absence of intermediates after adsorption indicates that the methyl orange
molecules are not catalytically degraded during the process. Previous studies
have shown that the catalytic degradation of methyl orange leads to
fragmentation of the molecule (m/z = 304) into smaller compounds, as
evidenced by the occurrence of six intermediates with m/z values of 290, 217,
202, 113, 109, 97 and 59 [166]. The absence of such intermediates in this
study indirectly confirms that MOF-235 adsorbs methyl orange by a physical

adsorption mechanism without catalytic degradation of the dye molecule.

FTIR was used to analyse the methyl orange and its samples before and after
adsorption on MOF-235 (Figure 4.11). The FTIR spectrum showed the
presence of the azo group in methyl orange, with a characteristic peak at 1608
cm’! for the -N=N- bond, and the -C—N vibrational peak at 1120 cm™'. The
ring vibrations of methyl orange were indicated by a peak at 1006 cm™. The
peak at 816 cm™! indicated the existence of a disubstituted benzene ring,
confirming the aromatic nature of methyl orange [167]. These peaks were also

seen in the FTIR spectrum of MOF-235 after adsorption, as shown in Fig. 9.
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These results confirm that methyl orange was successfully adsorbed on MOF-

235.

Physical adsorption was further confirmed by desorption experiments in
which MOF-235 loaded with methyl orange was resuspended in deionised
water, stirred and heated to 80°C, resulting in a distinct bright orange
supernatant. The reason that physical adsorption is an exothermic process lies
in the interactions between the adsorbent and the adsorbate. If the temperature
of the solution increases, this naturally leads to a weakening of these van der
Waals forces. This weakening effect in turn promotes desorption, which is
further proof that the adsorption mechanism is indeed a physical one. At the
same time, the high adsorption capacity of MOF-235 can also be mainly
attributed to the electrostatic interactions, the conclusion of which can be

linked to previous similar studies [5].

NaOH /
|som—©— —N—@—NHI OAc” —— Na03H—©— —N—Q—N{-I

Figure 4.9 Interconversion of methyl orange under acidic and alkaline

conditions.
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Figure 4.10 ESI mass spectra of methyl orange which (a) before adsorption

and (b) after adsorption.
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Figure 4.11 FTIR spectrum of methyl orange, MOF-235 and MOF-235 after

absorbing methyl orange.
4.6.6. Regeneration Study

To evaluate the reusability of MOF-235, adsorption-desorption experiments
were performed. In this study, regeneration of MOF-235 was achieved by
ultrasonic treatment with ethanol solution until the solution became
completely transparent. The regenerated MOF-235 was then dried at a
temperature of 80 °C for 24 hours before the next regeneration cycle began.
For each cycle, 5 mg of the regenerated MOF-235 was added to a methyl
orange solution (50 mL) with a random concentration of 200 mg-L™' and

adsorbed until equilibrium was reached, which took 24 hours. According to
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the experimental results, MOF-235 retaine about 80% of its methyl orange
adsorption capacity even after four regeneration cycles. These results indicate
that the controlled synthesis of MOF-235 not only leads to high adsorption

capacity, but also lends itself to easy regeneration and subsequent use to

remove methyl orange from the natural environment.
4.7. Conclusions

This chapter concluded with the successful development of a controlled
synthesis technique for MOF-235, which is characterised by a uniform,
narrow particle size distribution and significantly improved yield. Analytical
studies confirmed that the adsorption of methyl orange by MOF-235 is
predominantly physical. Significantly, MOF-235 exhibited an exceptionally
high adsorption efficiency of 1257.7 mg-g", emphasising its remarkable
ability. These favourable properties clearly demonstrate the potential of
MOF-235 as an effective adsorbent in the treatment of wastewater
contaminated with organic dyes and represent a significant advance in

environmental remediation initiatives.
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Chapter 5.

Porous Carbon Derived from MOF-235 for the

Adsorption of Methyl Orange with High Capacity

5.1. Introduction

Organic dyes are commonly used in the industrial sectors, such as textile,
paper, and dyeing [168]. It is reported that approximately 280,000 tons of
textile dyes are discharged annually via industrial wastewater [169]. Methyl
orange (MO) is an importance dye [170]. The discharge of MO into natural
water bodies poses a substantial threat to human health and the ecosystem
[171, 172]. The adsorption method has so far attracted significant attention
due to its exceptional efficiency, cost-effectiveness, and adaptability;
rendering it an exemplary solution for addressing MO pollution [48, 168, 173].
However, the development of cost-effective adsorbents for the remediation of

dye-containing wastewater is still a challenge.

Metal-organic frameworks (MOFs) are known for their high porosity, large
surface area, and versatile functionalities, which make them highly suitable
as precursors for the synthesis of metal-carbon materials by a direct pyrolysis
method [122]. To date, MOF-235 has been extensively investigated as a
precursor for the synthesis of porous carbon materials due to its favourable
adsorption sites and ideal pore configuration [5]. However, the utilization of
MOF-derived carbon (MDC), obtained from MOF-235 as a precursor, in dye

adsorption, especially for the adsorption of MO, remains unexplored.
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Recent studies have emphasised the crucial role of the specific surface area
in the adsorption of dyes [174]. While MOF-235 has good adsorption

performance for MO [5], its specific surface area is typically only 10-20 m?.g"

1[5, 175]. In addition, previous research has shown that adsorbents with larger
pore sizes can improve adsorption capacity for dyes even with similar specific
surface area [176]. Therefore, increasing the specific surface area and pore
size of MOF-235 by carbonisation treatment is expected to increase its

adsorption capacity for MO.

In previous studies, the adsorption of MO by MOF-235 can be described by
pseudo-second-order kinetic model (k2) with a rate constant of 0.0009
g-mg !'min"! [5]. In addition, different types of carbon from MOFs have been
investigated on their potential in the adsorption of contaminants in wastewater.
For instance, previous research has shown that N-NC-800, a nitrogen-doped
nanoporous carbon synthesised by the direct carbonisation of an amino-
functionalised aluminium terephthalate MOF, was employed to adsorb MO,
showing a maximum adsorption capacity of 222.22 mg-g™' with k> = 0.0081
g-mg -min! [177]. However, the common issue of these research is that the
adsorbents showed lower adsorption capacities and slow adsorption rates for
the adsorption of MO. Thus, it is important to develop new adsorbents that

possess high capacity and fast adsorption rates for MO.

At the same time, previous MOF materials show limitations in regeneration
and poor structural stability after adsorption of azo dyes. For example,
Fe(BTC) retains about 85% efficiency for Orange II after four cycles [152],

and Fe304/Cuz(BTC); retains about 90% for MB after five cycles [178]. This
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shows the necessity of developing adsorbents with high adsorption capacity

for azo dyes and excellent structural stability.

This study aims to use MOF-235 as the precursor for the preparation of a
porous carbon adsorbent for the removal of MO from wastewater. The
structural and physicochemical properties of the porous carbon material were
characterised. Detailed investigations were carried out on various parameters
such as pH value, initial dye concentration, operating temperature and
adsorbent dosage. In order to study the maximum theoretical adsorption
capacity, adsorption rate, and adsorption mechanism, the adsorption
isotherms and kinetics were analysed. Finally, the cyclic adsorption and

desorption test of Fe@C-350 was investigated.
5.2. Chemicals

Iron chloride hexahydrate (FeCl; * 6H>0), N,N-Dimethylformamide (DMF,

99%), Ethanol (99%), p-Phthalic acid (TPA, 99%) were purchased from
Aladdin Chemical reagent Co. (Shanghai, China). All chemicals used in this

study were used without further purification.
5.3. Synthesis
5.3.1. Preparation of MOF-235

To synthesize MOF-235, 0.6 g TPA and 0.6 g FeCl; * 6H>O were first

dissolved in 180 mL DMF and sonicated for one hour. Then, 60 mL of
ethanol was added to the above-mentioned 180 ml of the reaction solution
and the mixture 240 ml of solution was placed in an apparatus with an oil

bath and magnetic stirring before being heated at a temperature of 353 K for
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24 hours. After the orange powder was dried with a freeze dryer, it was

washed with a mixed solution of DMF and ethanol (Fig. 5.2).
5.3.2. Carbonisation Procedures

MOF-235 was carbonised in a tube furnace and heated to different
temperatures for 1 hour, with a heating rate of 2 °C-min” in an argon
atmosphere. All samples are heated from room temperature. The adsorbent
prepared after carbonisation was designated as Fe@C-x (x = carbonisation

temperature).

FeCl;-6H,0

SSUBTTN Y ey 558 IO
mfP Solvothermal
EOLW 1\ method (80 °C,

24 h)

Ultrasonic treatment for 1h

o ot
Fe@C-350 ’ ’ < Carbonisation MOF-235

Ar atmosphere I

Heating rate: 2 °C/min,
Carbonization treatment: 1 h

tube furnace

Figure 5.1 Synthesis process of MOF-235 and carbonised Fe@C-350.

5.4. Characterization

To explore alterations in the functional groups of the adsorbents, Fourier

Transform Infrared Spectroscopy (FT-IR, Nicolet iS50 FT-IR, Thermo Fisher
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Scientific, USA) was utilized, covering a wavenumber range from 4000 to
400 cm™. The morphology of the materials was examined using Scanning
Electron Microscopy (SEM, Regulus 8100, Hitachi, Japan). Additionally, the
crystal structure of the adsorbents was characterized using an X-ray
Diffractometer (XRD) (Smart Lab (3 KW), Rigaku, Japan). The XRD
patterns were then identified using the 20 range from 5° to 40° (40 kV, 30 mA,
scan step = 0.02°). The textural properties of the adsorbents, such as pore
volume and pore size Brunauer-Emmett-Teller (BET, 3 Flex America
Micromeritics) surface analysis of the synthesized adsorbents were measured
by the nitrogen adsorption/desorption method with temperature of 77 K.
Thermogravimetric analyses (TGA) of the prepared particles were performed
by heating the samples in an inert gas atmosphere (50 ml-min™') at a rate of 2
K-min!, ranging from 30 °C to 500 °C, utilising a TGA instrument (3+

Switzerland Mettler Toledo) to determine the mass loss of the samples.
5.5. Adsorption

The adsorption of methyl orange by MOF-235 and its derivative porous
carbon containing adsorbents was investigated by using UV-vis
spectrophotometry and batch experiments. Prior to testing, all adsorbents
were dried overnight at 80°C under vacuum and stored in a desiccator.
Detailed studies were conducted on the effects of initial dye concentration,
contact time, solution pH value, and operating temperature on methyl orange
uptake. The mixtures of adsorbent and adsorbate were stirred for 60 minutes
using an automatic thermostatic shaker. Subsequently, the dye concentration
was measured using UV-vis at a wavelength of 465 nm.
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To find out how the initial concentration of the dye affects adsorption, nine

5.5.1. Initial Concentration Effect

100 mL amber bottles were prepared in this study, each containing 50 mL of
a solution with methyl orange concentrations between 50 and 1000 mg-L™".
For each of these solutions, 30 mg of a single adsorbent was added to the
corresponding bottle. The bottles were then placed in a shaking incubator at
room temperature (25 °C) and shaken at 150 rpm for 24 hours. The
concentrations of methyl orange after adsorption were determined using UV-
vis spectroscopy at a wavelength of 465 nm. The amounts of methyl orange

adsorbed onto Fe@C-350 were calculated using the equation (9).

5.5.2. Adsorption Isotherm

In the adsorption isotherm tests, 50 mL volumes of methyl orange solutions
with concentrations between 50 and 1000 mg-L! were utilised. 10 mg Fe@C-
350 adsorbent was added and the samples were shaken in the dark. Adsorption
was carried out at 15, 25 and 35 °C for 24 hours at 150 rpm. In general, the
models of Langmuir and Freundlich describe the basic principles of
adsorption, which takes place in single or multiple layers. The Langmuir
model shows how molecules attach to solid surfaces. It is characterised by the
fact that it focuses on adsorption at uniform sites on a single layer and
excludes the possibility of adding further layers. Normally, Langmuir's
isothermal model is illustrated by the equation (10), and the Freundlich
constants Kr and n were determined by linear regression of the

logarithmically transformed data, using the logarithmic form of the equation

(11).
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In this study, Freundlich constant Kr, the intensity parameter n and the
correlation coefficient R? together were determined. The Kr value indicates
the adsorption capacity and serves as a benchmark for different adsorbents or
different conditions within the same adsorbent. At the same time, the
parameter n provides information about the type of adsorption, with n = 1
indicating linear behaviour and n < 1 revealing cooperative adsorption, and
n > 1 reflecting typical Langmuir behaviour. In addition, a high R? value

suggests that the Freundlich model is well fitted to the experimental data,

which emphasises its relevance for the system under investigation.
5.5.3. Adsorption Kinetics

Kinetic adsorption experiments involving Fe@C-350 were performed on an
methyl orange solution with an initial concentration of 200 mg-L™!, and the
adsorption time was from 1 to 720 minutes. Only non-equilibrium adsorption
data were used in the kinetic analysis. Two kinetic models were evaluated:
the pseudo-first-order model and the pseudo-second-order model. The
pseudo-first-order model suggests that the rate of occupation of the adsorption
sites is directly proportional to the number of available sites. This is described
by the equation (13). Conversely, the pseudo-second-order model is founded
on the principle that valence forces, which enable electron exchange or
sharing between the methyl orange and iron based adsorbent, control the

adsorption rate. It is described by the equation (14).
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In this study, the pH of the dye solution was adjusted and stabilised with 1 M

5.5.4. Effect of the pH

HCIl and NaOH solutions. The effect of pH was analysed at values of 3 to 11.
To ensure a constant adsorption time of 24 hours, each 50 mL of MO solution
(initial concentration of 300 mg-L™'") was treated with 30 mg of adsorbent.
Before the UV-Vis test was performed with the solution after adsorption, the
pH was adjusted to neutral or slightly alkaline to ensure that the maximum

absorbance peak at 465 nm was maintained.

5.5.5. Effect of the Adsorbent Dosage

In this study, the dosage was set between 0.2 g * L' and 1.0 g-L™! to evaluate

the effects of adsorbent dosage on adsorption. The adsorption experiments
were performed at a constant temperature of 25°C and an adsorption time of
24 hours. For each experiment, 50 mL of the MO solution with an initial

concentration of 200 mg-L! was used.

5.6. Adsorption and Desorption Cyclic Test

During the cyclic adsorption-desorption tests, a mixture is formed by adding
30 mg Fe@C-350 adsorbent to 100 mL of a 100 mg-L"! MO solution at a pH

of 6.8.

In the first adsorption-desorption process, the mixture is maintained at 25°C
for 1 hour to allow adsorption to complete. A small portion of the solution is

tested using UV-vis to determine the adsorption capacity. The mixture is then
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heated to 60°C for 1 hour to achieve the thermal desorption of MO. This

completes the first regeneration cycle.

In the second adsorption-desorption process, the mixture obtained after the
first adsorption-desorption process is then cooled naturally to 25°C and
stirred for 1 hour so that the MO can be adsorbed again. A small portion of
the solution is taken for the UV-vis test to verify the adsorption capacity of
the second adsorption-desorption process. This adsorption-desorption process

is repeated for a total of 10 desorption-adsorption cycles.
5.7. Results and Discussion
5.7.1. Carbonisation Condition

The thermal degradation of MOF-235 is shown in Figure 5.2 (a). The initial
mass loss upon heating started at 100°C, which is probably due to the
vaporisation of moisture trapped in the MOF structure. The subsequent
degradation takes place between 330°C and 350°C, indicating the
decomposition of the hydroxyl groups [179]. Differential thermal analysis
(DTA) (Figure 5.2 (b)) shows a slow increase in the DTA curve in the
temperature range of 25-310°C, indicating the removal of moisture or other
volatile substances (such as solvent molecules in the ligands). The main
structure of the material remains stable, with no significant chemical changes
or phase transitions observed. Between 310 and 350°C, the Fe atoms in the
MOF-235 precursor are oxidized, resulting in an exothermic reaction.
Another series of TGA tests were performed to evaluate the structural stability

of Fe@C-350 at 350°C (Figure 5.3). The sample is heated from room
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temperature to 350°C at a rate of 2°C-min™! and then held at 350°C for 1 hour.
A noticeable mass reduction occurred when carbonisation stagnated at 350°C
for 10 minutes, attributed to the rapid thermal decomposition of the oxygen-
containing groups in the organic ligands of TPA and DMF within MOF-235
[180]. A steady mass loss was observed during prolonged carbonisation at a
constant 350°C, indicating an incomplete carbonisation process and an
evolving structural change. Figure 5.2 (c) shows the methyl orange adsorption
capacities at these temperatures, which shows an increase with the porous
carbon obtained at treatment temperature between 350 and 500°C. This result
is consistent with the TGA results and SEM images (Figure 5.6 and Figure

5.4). It is obvious that a larger surface area and roughness are observed

between 350 to 450°C, which favours the adsorption of methyl orange.

The adsorption capacity did not change within the carbonisation temperature
range of 350°C to 450°C. Within this temperature, further carbonisation
began probably due to the decomposition of TPA, loss of chlorine,
decomposition of aromatic rings and further fracturing of the MOF
framework [180]. Above 500°C, the adsorption effect decreased significantly
due to overpyrolysis, which led to the collapse of the structure. SEM images
show the morphological changes at different temperatures. Considering the
balance between performance and energy consumption, 350°C was
considered as a suitable carbonisation temperature, which offers similar
adsorption performance with lower energy consumption for carbonisation.
Therefore, Fe@C-350 was selected as the adsorbent for the following

experiments.
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Figure 5.2 (a) TG result (40~500 °C) of MOF-235 (b) Thermogravimetric-
differential thermal analysis (TGA-DTA) curves of the Fe@C-350 in the
range between room temperature (25 °C) and 350 °C and (c) MO adsorption

capacities for MOF-235 carbonised at 330 to 500 °C.
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Figure 5.3 TG results (40~350 °C, keep 350 °C for 1 h) of MOF-235.
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Figure 5.4 The SEM images of as-prepared (a) and (b) Fe@C-360, (c) and

(d) Fe@C-380, (¢) and (f) Fe@C-400.

5.7.2. Characterisation

XRD analysis of MOF-235 and its carbonised derivative, Fe@C-350, was
performed in a 20 range from 5 to 40°. Figure 5.5 shows the XRD patterns of
the synthesised materials. The analysis shows that maghemite predominates
in Fe@C-350, which is consistent with previous findings on iron-based
carbon materials [181]. It is noteworthy that the characteristic diffraction
peaks of the original MOF-235 structure are weakened in the Fe@C-350
pattern, indicating a transformation due to the thermal degradation of the
organic ligands and the formation of Fe;Os. This is confirmed by the peak at
20 =30.2°, which is consistent with JCPDS No. 39-1346. Despite the possible
spectral overlap between FeO3 and Fe3Os in the XRD analysis, Fe2Os3 is
confirmed in the literature as the primary phase in carbonised MOF-235 [181].
Given the carbonisation parameters used here, which are consistent with those

of previous studies, Fe2Os3 is the predominant component in Fe@C-350.

The morphological properties of MOF-235, which was carbonised at
temperatures of 330 to 400°C, were analysed using SEM. Figure 5.6 shows

that Fe@C-330, Fe@C-340 and Fe@C-350 preserve the essential structure of
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MOF-235. Carbonisation leads to a transformation of the originally uniform
and flat surface of the MOFs into a more porous and fissured state. The SEM
images in Figure 5.5 (a) and (b) indicate the onset of pyrolysis at 330°C,
where Fe@C-330 exhibits a sparse pore distribution while the integrity of the
metallic framework is preserved. At 340°C, Figure 5.5 (¢) and (d) show an
increase in porosity in Fe@C-340, confirming the thermogravimetric data. At
350°C, the complete pyrolysis of the organics is evident in Figure 5.5 (e) and
(f), resulting in Fe@C-350 with improved surface layering and complexity,
which is favourable for adsorption without affecting the structure of the MOF.
The optimum carbonisation temperature for methyl orange adsorption
capacity derived from SEM observations and thermogravimetric analysis is
350°C. Increasing the carbonisation temperature from 360°C to 400°C leads
to further structural degradation of the material, as shown by the
decomposition of the OH and Cl groups and the terephthalic acid ligands, as
shown in Fig. S3. These results demonstrate the morphological robustness
and superiority of Fe@C-350, which will be the focus of subsequent

adsorption studies in this research.
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Figure 5.5 The XRD spectrum of as-prepared MOF-235 and Fe@C-350.
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Figure 5.6 The SEM images of as-prepared (a) and (b) Fe@C-330, (c) and

(d) Fe@C-340, (¢) and (f) Fe@C-350.

As shown in Figure 5.7, the nitrogen adsorption-desorption isotherms of
Fe@C-350 display type IV behaviour with H3 hysteresis loops, suggesting a
mesoporous structure with slit-like pores. BET results, detailed in Table 5.1,
show that Fe@C-350 has a specific surface area of 30.16 m>-g’!, a pore
volume of 0.088 cm?-g™! and an average pore size of 12.5 nm, which are more
favourable for adsorption than those of MOF-235. Considering the effective
diameter of methyl orange, which is estimated to be 6-8 nm [182], the 12.5
nm pores of Fe@C-350 correspond well to the recommended 1.7 to 3 times
molecular size for optimal adsorption [183] and provide efficient dye
interaction and mass transport channels. In comparison, the finer pores of
activated carbon, despite their high surface area (1362 m?-g™!), do not match
the molecular size of methyl orange, resulting in sub-optimal adsorption as
shown in previous studies [49]. This discrepancy emphasises how important
not only the surface area but also the correct pore size is for adsorption
efficiency. The customised pore size of Fe@C-350 is therefore characterised

by superior performance in the adsorption of methyl orange, surpassing that

124



w University of
Nottingham

A
UK | CHINA | MALAYSIA
of activated carbon.

50
40
&
o
o
ﬂE —
8’ =
=
i 30 /{
g
w
2
<
: /
E =
S 20 fd
5 ==

10

G T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

00 01 02 03 04 05 06 07 08 09 10

Relative Pressure (P/Po)

Figure 5.7 The nitrogen adsorption-desorption isotherm for Fe@C-350.
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Table 5.1 BET parameters and methyl orange adsorption capacity for the carbon adsorbents and MOF adsorbents.

BET surface area

Average pore volume

MO adsorption

Adsorbent Pore size (nm) Ref
(m*g™") (cm’-g") capacity (mg-g™)
Active carbon 1362 1.27 3.73 238 [49]
Active carbon fiber 1278 0.81 2.39 357 [184]
MOF-235 10.95 0.027 9.93 1257.7 Chapter 4
5%GO/MIL-100(Fe) 1602 0.77 1.92 1189 [185]
Fe@C-350 30.2 0.088 12.51 1667 Chapter 5
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5.7.2 Adsorption Isotherm

In the detailed study of the adsorption of methyl orange with carbonised
Fe@C-350, Langmuir and Freundlich isotherm models were used to
investigate the underlying thermodynamics at different temperatures. The

detailed results are shown in Figure 5.8 and Table 5.2.
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Figure 5.8 Langmuir isotherm and Freundlich isotherm models of MO on

Fe@C-350 (V=50 mL, W = 10 mg, pH = 6.8, adsorption time = 24 h).

This study showed that Fe@C-350 reached a maximum adsorption capacity
(qmax) 0f 1666.7 mg-g! at 15°C with a Langmuir constant (Kr) of 0.012 L-mg’
!, indicating a considerable capacity and a moderate binding affinity. An
increase in temperature to 25°C resulted in a decreased qmax of 1428.6 mg g
!, while the Ky increased to 0.013 L-mg!, illustrating a temperature-induced
shift in adsorption site availability and affinity. At 35°C, the decreasing trend
continued, with qmax at 1250 mg-g! and K1 increasing slightly to 0.017 L-mg
!. These results show a clear correlation between temperature, adsorption
capacity and binding strength and emphasise the crucial role of temperature
in influencing the performance of the adsorbent in removing methyl orange
from water. In addition, a consistent decrease in adsorption capacity with
increasing temperature was observed at different initial concentrations. This

trend confirms the exothermic nature of methyl orange adsorption on Fe@C-

350, suggesting that the adsorption is primarily physical.

The adsorption of methyl orange on Fe@C-350 was evaluated using
Freundlich isotherm model at 15°C, 25°C and 35°C. The Freundlich
parameters derived were: Kr =123.5,n=2.422 at 15°C; Kr=116.6,n=2.500
at 25°C; and Kr=125.3,n =2.677 at 35°C. The relative constancy of Kr over
the entire temperature range indicates a strong adsorption process within
15°C to 35°C. The intensity parameter n, which is above 1 at all temperatures,
indicates a heterogeneous adsorption surface. Variations in n could indicate

changes in the surface properties or the interactions between adsorbate and
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adsorbent at changing temperatures. In addition, these Freundlich parameters
provide information about the underlying adsorption mechanisms. The
regression coefficient (R?) values emphasise the effectiveness of the
Langmuir model in describing adsorption dynamics, especially at lower

temperatures. However, the decrease in R? values for both models at higher

temperatures indicates complicated interactions that influence adsorption.
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Temperature (°C)

Langmuir isotherm

Freundlich isotherm

Adsorbent Kr (mg- g—l)
qmax (mg-g!)  Kp(L-mg?) R? 1/n n R?
(L,mg—l)l/n
15 1666.7 0.012 0.986 111.10 0.412 2.422 0.881
Fe@C-350 25 1428.6 0.013 0.993 109.18 0.400 2.500 0.855
35 1250 0.017 0.980 88.60 0.374 2.677 0.716
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Table 5.3 summarises the parameters associated with the kinetic models

5.7.3 Adsorption Kinetics

comprehensively, and Figure 5.9 illustrates the plots for both the pseudo-first-
order and pseudo-second-order kinetic models, highlighting the rate constants
(ki and k») and their linear regression correlation coefficients (R?). The
pseudo-second-order model fits the adsorption process exceptionally well,
with R? = 1 for samples with an initial concentration of 200 mg-L™. This
suggests that the pseudo-second-order kinetic model better characterises the
adsorption kinetics of methyl orange on Fe@C-350 than the pseudo-first-
order model. Compared to other MOF materials used for methyl orange
adsorption, Fe@C-350 has significant performance advantages. It
outperforms its MOF precursor MOF-235 (k»=0.0009 g-mg 'min ') [5], and
similar carbon materials such as N-NC-800 (k»=0.0081 g'mg !-min"") [186]

by its superior adsorption rate and larger adsorption capacity [186].
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Figure 5.9 (a) Pseudo-first-order kinetic and (b) pseudo-second kinetic
models of methyl orange on Fe@C-350 (V = 100 mL, W = 50 mg,

temperature = 25 °C, pH = 6.8).
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Table 5.3 Comparative fitting outcomes for the Pseudo-first-order kinetic and Pseudo-second-second kinetic models.

Initial concentration Pseudo-first-order model Pseudo-second-order model

(mg-L") Exp. e (mg-g™ ) ki (min) R? k2 (g'mg ''min) R?

Adsorption of methyl orange

200 368.5 0.114 0.826 0.025 1
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Figure 5.10 illustrates how different initial methyl orange concentrations

5.7.4. Adsorption Performance

affect the adsorption performance of Fe@C-350 at a constant temperature of
25°C. The adsorption capacity of Fe@C-350 is observed to rise
proportionally with initial methyl orange concentrations ranging from 50 to
1000 mg-L!. This increase is due to the higher driving force at higher methyl
orange concentrations, which increases the adsorption rate by overcoming the
mass transfer resistance between the liquid and solid phases. This trend is
consistent with the results of other adsorbent-adsorbate studies. However, a
deviation from this trend is seen as the initial concentrations approach the 800
to 1000 mg-L-! mark, where the adsorption capacity reaches a plateau. This
flattening means that the active sites on Fe@C-350 are saturated, indicating
that an equilibrium state has been reached. This behaviour illustrates the finite
number of active sites available for adsorption and shows the typical

equilibrium state for such systems when all available sites are occupied.
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Figure 5.10 Effect of (a) initial concentration, (b) pH on adsorption

performance, (c) adsorption time, (d) environment temperature and (e)

adsorbents dosage.
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The study investigated the influence of the initial pH of the solution on the
adsorption of methyl orange dyes by Fe@C-350 and revealed a complex
relationship between the acidity of the solution and the adsorption capacity of
the dye. Optimal adsorption occurred at pH 6, where methyl orange removal
peaked at 1023.8 mg-g'. It is noteworthy that the adsorption capacity
remained high between pH 6 and 10 and decreased slightly to 818.2 mg-g™! at
pH 10. At pH 11, a sharp decrease to 193.9 mg-g™! was observed, which can
be attributed to an increased hydroxyl ion concentration reducing the
electrostatic attraction between the Fe@C-350 and the methyl orange
molecules. This phenomenon is consistent with the results of previous studies
[23], which confirm that methyl orange adsorption is optimal at pH 6 and is
significantly hindered at pH 11 due to competition from hydroxide ions. In
contrast to the original MOF-235 material, which requires a highly acidic
environment (pH 3), Fe@C-350 shows robust methyl orange removal
capabilities over the typical pH range of industrial wastewater. The improved
performance of Fe@C-350 in a broader pH range reduces the need for pH
modification and thus strengthens its practical application in methyl orange

adsorption processes.

The effects of contact time and solution temperature on the removal efficiency
of methyl orange with Fe@C-350 were systematically investigated. The
results showed that Fe@C-350 adsorbs methyl orange rapidly, reaching 90%
of its maximum uptake capacity within only 3 minutes and approaching
saturation after 12 minutes when started at an methyl orange concentration of
200 mg-L! in a 100 ml solution using 50 mg of adsorbent. This rapid

adsorption is due to the many active sites on Fe@C-350 and its optimal pore
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structure, which favours the diffusion and subsequent uptake of the dye
molecules. The study also showed that the adsorption effect of Fe@C-350
decreases with increasing temperature. In particular, the maximum adsorption
capacity of Fe@C-350 was found to be more than five times higher at a cooler
temperature of 15°C than at 35°C. This confirms that lower temperatures
improve the adsorption efficiency due to the increased energetic interactions
between the dye and the adsorbent. These results demonstrate the fast
adsorption rate of Fe@C-350 and make it a promising candidate for methyl

orange decontamination in wastewater treatment processes.

Figure 5.10 (e) illustrates that increasing the adsorbent dosage from 0.2 g-L!
to 1.0 g-L! resulted in a significant decrease in the equilibrium adsorption
capacity of methyl orange, from 727.8 mg-L! to 179.9 mg-L!. This decrease
can be attributed to the aggregation of Fe@C-350 particles, which decreases
the effective surface area and increases the diffusion distance for methyl
orange molecules [187]. While the adsorption efficiency per gram of
adsorbent decreases, the overall removal efficiency of methyl orange
increased from 75.4% to 90.9%. This demonstrates that a higher Fe@C-350
dosage provides more available adsorption sites, thereby increasing the

overall removal efficiency [188].

The adsorption capabilities of Fe@C-350 for methyl orange removal were
compared with other reported methods in Table 5.5. Compared to the
previously investigated techniques, it exhibits higher adsorption capacity and
faster equilibrium time. These improvements are due to the high density of

accessible adsorption sites on the carbonised Fe@C-350 surface and pore
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sizes that are well adapted to the molecular size of methyl orange. The

combination of these structural properties significantly increases the

efficiency of methyl orange deposition.

Table 5.4 Comparison of methyl orange adsorption capacity and efficiency of

different MOF-based adsorbents.

Adsorption capacity
Dye Adsorbents Adsorption time Ref.
(mg-g™)
MIL-100(Fe)@GO 1189 48 h [185]
MIL-101(Al)-NH> 188+9 200 min [189]
PCN-222(Zr) 1022 15 min [190]
SCNU-Z1-Cl 285 26 min [191]
Methyl
orange UiO-66@Ce 639.6 24 h [192]
ZIF-67 1342.8 150 min [193]
MOF-235 501 150 min [5]
3 —10 min (90% of
Fe@C-350 1666.7 This study

adsorption capacity)

5.7.5. Cyclic Adsorption-desorption Test

For adsorbents to be used in practise, their regenerability is the key to cost-

efficient, large-scale use [194]. Fe@C-350 was tested through several methyl
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orange adsorption-desorption cycles to assess its regenerability. Figure 5.11
shows the retention of the adsorption capacity of Fe@C-350 over 10 cycles,
where the label 'x' indicates the cycle number. Remarkably, Fe@C-350
retained approximately 98% of its initial adsorption capacity after 10 cycles,
demonstrating its regenerability. An initial increase to 102% capacity in the
third cycle was noted, which was likely due to variations in adsorbent or

methyl orange concentration during sample analysis, resulting in some

experimental error.

Figure 5.12 shows the constant adsorption capacity of Fe@C-350 for methyl
orange over ten regeneration cycles by pictures. It is noteworthy that the
adsorption capacity of Fe@C-350 is almost unchanged after the tenth cycle
compared to the first cycle. UV-vis analysis shows that the concentration of
methyl orange solution after adsorption in the tenth cycle was 20.9 mg-L!,
compared to 18.3 mg-L! in the first regeneration cycle, emphasising the
durability of the adsorbent with repeated use. The consistent performance of
Fe@C-350 over multiple cycles underlines its effectiveness as a reusable
adsorbent for the treatment of methyl orange effluents and highlights its

potential for practical environmental remediation applications.
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Figure 5.11 Recyclability of Fe@C-350 after 10 cycles (x = the number of

thermal regeneration cycles).

(a) x:s:ml;iﬂg (b) Cycle1 (c) Cycle9 (d) Cycle 10

18.3mg-L* 71.6 mg-L 241 mgt? | SUERIET 209 mg-L! 88.0 mg-L*
P = | :

> = =" . = I-= M =
= 2 :E = EF i g
| . |
i i i
1 - T
l
J— l- -é:L!; -
InTtor * After After After After After
103.5 mg-L-‘ adsorption  desorption adsorption desorption adsorption desorption

Liquid-to-solid (L/S) ratio = 3.3 L-g"", pH = 6.8, adsorption time = 1 h, temperature = 25 °C.

Figure 5.12 (a) The initial methyl orange sample and the methyl orange
samples after adsorption and desorption in (b) the first regeneration cycle,

(c) the ninth regeneration cycle and (d) the tenth regeneration cycle.

FTIR was performed on Fe@C-350 before and after methyl orange
adsorption. After adsorption, the FTIR spectra showed characteristic methyl

orange peaks at 1600 cm™ and 1450 cm™ attributed to the azo bonds (-N=N-)
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and aromatic structures, respectively, as shown in Figure 5.13. These results

confirm the adsorption of methyl orange on Fe@C-350.

Desorption studies involving repeated heating of a 100 mL methyl orange
solution with Fe@C-350 indicated a physical adsorption mechanism. The
presence of the dye in the supernatant, recognisable by the orange colouration
and a prominent absorption peak at 465 nm identified by UV-vis spectroscopy,
proves the release of methyl orange from the adsorbent during thermal
treatment. After ten regeneration cycles, the methyl orange concentration in
the solution after desorption was 72% of its original level, as shown in Figure
5.14. This partial desorption at 60°C indicates that some methyl orange
molecules remained bound to the adsorbent, possibly due to the experimental
conditions. Sampling for the concentration measurements may also have led

to slight deviations.

The observed increase in methyl orange desorption at higher temperatures is
probably due to increased entropy, which weakens the interactions between
adsorbate and adsorbent. From this, it can be concluded that the adsorption
process of Fe@C-350 for methyl orange is primarily based on physical
adsorption. The preferential adsorption behaviour of Fe@C-350 is probably
due to hydrophobic interactions and electrostatic interactions between the

electron-rich dye and the porous carbon structure.
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Figure 5.14 The ratio of the desorbed methyl orange solution to the initial
concentration (100mg-L™!) after 10 cycles (x = the number of thermal

regeneration cycles).
5.8. Conclusions

In this chapter, a porous carbon adsorbent Fe@C-350. was synthesised by the
pyrolysis of the metal-organic framework MOF-235 in an argon atmosphere.
The Fe@C-350 adsorbent obtained after carbonisation has a larger surface
area and pore size, both of which are well suited for the adsorption of methyl
orange. Kinetic studies showed the fast adsorption rate of Fe@C-350 with k>
=0.114 min!'. Fe@C-350 showed a high methyl orange adsorption capacity
of 1666.7 mg-g’!. In addition, Fe@C-350 retained approximately 98% of its
original adsorption capacity after 10 adsorption-desorption cycles. The
adsorption was found to a monolayer physical adsorption. It can therefore be
concluded that the carbonaceous material Fe@C-350 derived from MOF-235
is a highly efficient adsorbent with considerable potential for wastewater
containing dyes. However, it is also necessary to investigate the application

of Fe@C-350 in the removal of a broader range of contaminants.
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Chapter 6.

Recycled PET Derived Carbon for Highly
Efficient Heterogeneous Fenton-like Degradation

of Methyl Orange

6.1. Introduction

Azo dyes are used extensively in the textile industry as well as in applications
such as food colouring and cosmetics. Current data reveal that the global
textile industry consumes more than 10,000 tonnes of dye each year, with
approximately 100 tonnes being discharged into water streams annually [195].
This situation led to severe environmental pollution that has become one of
the most pressing global problems. Methyl orange is an azo dye widely used
in the dyeing industry and is used as a typical pH indicator. Its release poses
a significant risk to human health. To ensure environmental safety and
maintain ecological balance, it is therefore necessary to effectively remove

methyl orange from water.

Advanced Oxidation Processes have recently attracted considerable attention
due to their effectiveness in dye [37]. In particular, there has been increasing
interest in heterogeneous Fenton reactions in which organic pollutants are
degraded to less toxic molecules and even mineralised to CO> and H>O [196,
197]. This method has the potential to overcome the typical limitations of
conventional Fenton reactions, such as the requirement to operate in an
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extremely low pH range (pH<3) and the generation of significant sludge.
However, the current degradation rate of methyl orange with the
heterogeneous Fenton reaction is insufficient. For example, previous studies
have shown that the Fe304/MWCNTs + H,O; system has the most significant
reduction in methyl orange concentration and achieves almost complete

removal within 40 minutes [198]. Therefore, the urgent need to develop a

more efficient catalyst is emphasised.

In recent years, metal organic framework materials consisting of metal cations
(or clusters) and organic ligands have attracted considerable attention due to
their special physicochemical properties, such as large specific surface areas,
high and uniform porosity, structural stability and tunable pore sizes/shapes
[106]. Among the various MOFs, MOF-235 is a very effective adsorbent for
methyl orange [5]. In addition, MOFs are considered as promising sacrificial
templates and precursors for the synthesis of advanced porous carbon
materials due to their high carbon content and uniform distribution of metal
clusters and organic ligands [140]. Due to their more favourable properties in
terms of structural stability, surface area, porosity, functionality and
hydrophobicity, MOF-derived porous carbon materials have shown excellent
potential for heterogeneous Fenton degradation of various organic dyes [199].
However, the use of MOF-235-derived carbon materials as catalysts in
heterogeneous Fenton reactions for the treatment of wastewater containing

methyl orange has not yet been explored.

Although MOFs and MOF-derived carbon materials offer significant

advantages, their high cost, especially due to the expensive organic ligands
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such as terephthalic acid, limits their industrial application. This problem can
be solved by replacing commercially available ligands with those recycled
from polyethylene terephthalate (PET) waste. Tertiary or chemical recycling,
which involves the complete depolymerisation of PET, is crucial to produce
high-quality terephthalic acid. Among the wvarious chemical recycling
methods — methanolysis, glycolysis, ammonolysis and hydrolysis —
alkaline hydrolysis is particularly effective for the recovery of terephthalic
acid from contaminated PET waste and yields high-purity (>99 wt%) acid
suitable for MOF synthesis. While terephthalic acid from PET has been
widely studied for MOF synthesis, its use for the synthesis of MOF-235 and

its carbonised derivatives is still unexplored.

In this study, terephthalic acid obtained from PET waste was used as an
organic base ligand for the synthesis of MOF-235, which was subsequently
carbonised in situ to produce ferrous porous carbon (PD-Fe@C350). The
photo-Fenton performance of PD-Fe@C350 was tested with methyl orange
as a target organic pollutant. The structure and physicochemical properties of
the porous carbon materials were characterised and various parameters,
including pH, initial dye concentration and H>O> dosage, were thoroughly
investigated. Kinetic analysis was performed to study the adsorption rate and
the catalytic mechanism of PD-Fe@C350 was also investigated. Meanwhile,

the mechanism of photo-Fenton process was investigated.
6.2. Chemicals

The waste PET bottles used as raw materials in this study were obtained from

Sam's Supermarket, Wal-Mart Department Store Co., Ltd. The chemical
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reagents utilized in the experimental procedures included potassium
hydroxide (KOH), ethylene glycol (AR grade, 99% purity), ferric chloride
hexahydrate (FeCl;-6H20), N,N-dimethylformamide (DMF, 99%), ethanol
(99%), terephthalic acid (BDC, 99%), hydrogen peroxide (H202, 30%), and
hydrochloric acid (HCI, 37%). All chemical reagents were sourced from
Aladdin Chemical Reagent Co., Ltd. (Shanghai, China) and used as received

without additional purification.
6.3. Synthesis
6.3.1. Depolymerization of waste PET Plastic Bottle

The method of depolymerization was followed by previous study [100]. Prior
to depolymerization, the collected PET bottles were cleaned to remove all
labels, caps, and extraneous attachments. To enhance depolymerization, the
PET bottles were fragmented into small pieces. The depolymerization process
commenced by combining 2 g of the PET fragments with 3.68 g of KOH in
46 mL of ethylene glycol (EG) inside a double-layered three-necked flask
equipped with a water-jacketed condenser. This reaction vessel was partially
submerged in an oil bath device heated to 180 °C and held at condensation
reflux for 3 hours. Then, the reacted mixture was transferred to a round
bottom flask and diluted with 80.33 mL of deionized water while maintaining
the temperature at 80 °C with constant stirring. Concurrently, SM H2SO4 was
added to adjust the solution's pH to 3, which was then sustained for a further
30 minutes. The end product was rinsed with ethanol and left to dry overnight,

yielding the terephthalic acid powder.
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The synthesis of PET derived MOF-235 was accomplished utilizing the

6.3.2. Synthesis of PD-MOF-235

conventional solvothermal technique [5]. A solution was prepared by
dissolving 0.6 g of FeCl3-6H>0 and 0.6 g of terephthalic acid (derived from
PET) in 180 mL of DMF. This solution was continuously stirred for an hour
until complete clarity of solution was achieved. Subsequently, 60 mL of
ethanol was added. The combined mixture was then transferred to a double-
layered three-necked flask with an oil bath device, maintaining in 80 °C with
constant stirring for 24 hours. The orange product was washed with a mixture
of ethanol and DMF and desiccated in a vacuum oven overnight. Upon

cooling, the resulting product was named as PD-MOF-235.

6.3.3. Synthesis of PD-Fe@C350

As illustrated in Figure 6.1, the carbonisation of PET-derived MOF-235 was
performed in a tube furnace under an argon atmosphere. The sample was
subjected to a controlled heating rate of 2 °C-min™! until it reached a final
temperature of 350 °C, where it was maintained for 2 hours. After cooling,

the carbonised product was named as PD-Fe@C350.
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Figure 6.1 Sustainable synthesis of PD-Fe@C and its application in the

Fenton reaction.

6.4. Characterisation

The crystal structures of both obtained and PET-derived BDC, PD-MOF-235
and PD-Fe@C350, were characterised using an X-ray Diffractometer (XRD)
(Smart Lab (3 KW), Rigaku, Japan). Fourier Transform Infrared
Spectroscopy (FT-IR, Nicolet iS50 FT-IR, Thermo Scientific, USA) was
employed to analyse the surface functional groups of these materials. The
surface composition and chemical states of PD-Fe@C350 were further
investigated through X-ray Photoelectron Spectroscopy (XPS) using a Kratos
XSAMSBO00 system. Scanning Electron Microscopy (SEM, Regulus 8100,
Hitachi, Japan) was utilized to ascertain the surface morphology and average
diameter of the terephthalic acid samples and both PD-MOF-235 and PD-
Fe@C350. The concentration of methyl orange was quantified via UV-vis

spectrophotometry (PerkinElmer, Lambda 365) at a wavelength of 465 nm.
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6.5. Photo-Fenton Performance Test

The photo-Fenton degradation performance of the catalysts synthesised in
this study for methyl orange was investigated [197]. This evaluation focused
on the Fenton degradation performance by examining various fundamental
physicochemical parameters. These included the initial concentration of the
dye, the initial solution pH, and the dosage of H»O,. The photo-Fenton
reaction for degrading methyl orange using PD-Fe@C nanoparticles was
conducted in a dark box, utilizing a xenon lamp (Perfectlight, PLS-SXE300+)
equipped with a steady-current power supply. The experiment commenced
with 100 ml of a 100 mg-L' methyl orange solution. Subsequently, the
solution's pH was carefully adjusted to a predetermined level using both 0.1
M and 1 M solutions of H2SO4 and NaOH. Following this, 20 mg of PD-
Fe@C particles was added into the methyl orange solution and stirred in
darkness for two hours to attain adsorption-desorption equilibrium. Once the
mixture was thoroughly homogenized, it was swiftly transferred to the dark
box. The photo-Fenton reaction was then initiated by introducing 1 ml of
H>O:> at a specific concentration, along with light of a precise wavelength.
The extent of photo-Fenton degradation was achieved by controlling the
reaction time. After completion of the reactions at different time intervals, the
samples were removed from the parallel reaction tubes and the solid particles
were separated by centrifugation. The concentration of methyl orange
remaining in the supernatant was accurately quantified using a UV-vis
spectrophotometer with a wavelength of 465 nm to determine the efficiency

of the decolourisation process.
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The degradation of methyl orange followed a pseudo-first-order reaction,

with the kinetics described by the equation,

In () = kt (15)

Ct

where k is the observed rate constant (min™'), and Co and C; (mg-L!) denote
the initial concentration after adsorption-desorption equilibrium and the

concentration after t minutes of reaction time, respectively.
6.6. Results and discussion
6.6.1. Carbonisation Condition

To determine the optimal carbonisation temperature for photo-Fenton
efficiency, this study compared the original PD-MOF-235 with its carbonised
variants, all tested under same reaction conditions. The methyl orange
degradation trends (Figure 6.2 a)) and kinetic modelling were analysed. It was
found that the catalysts carbonised at 350, 400, and 450°C exhibited similar
adsorption and catalytic performance, each achieving a 62% methyl orange
adsorption rate in the dark. Upon exposure to light and H2O», these catalysts
demonstrated a degradation efficiency of over 99% in less than 5 minutes. In
contrast, the non-carbonised PD-MOF-235 showed a lower adsorption rate of
41% in the dark and required 30 minutes to reach 99% degradation with light
and H>O. At a carbonisation temperature of 500°C, the catalytic efficiency

decreased significantly, taking 40 minutes to achieve 99% degradation.

The comparison of kinetic rates (Figure 6.2 (b) and (c)) shows that PD-

Fe@C350 has the highest photocatalytic activity among all catalysts, with a
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rate of 0.735 min’!, which is 8.17 times higher than that of its precursor PD-
MOF-235, followed by PD-Fe@C450 and PD-Fe@C400, with PD-Fe@C500
having progressively lower kinetic rates. PD-MOF-235 has the lowest overall
photocatalytic performance. It is noteworthy that the kinetic rates of PD-
Fe@C450 and PD-Fe@C400 are almost identical to those of PD-Fe@C350.
The TGA results for PD-MOF-235 (Figure 6.2 (d)) suggest that this change
in efficiency is related to the complete decomposition of the organic
components and the formation of a stable carbon structure within the 350 to
450°C range. Beyond 500°C, excessive pyrolysis compromised the material's
structure, leading to reduced dye uptake, as shown in the SEM images. Thus,
the range of 350-450°C was identified as the optimal carbonisation window.
With a focus on energy saving, PD-Fe@C350 was selected as the catalyst for

further investigations.
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Figure 6.2 (a) Comparison of the adsorption and degradation performance of
methyl orange at different carbonisation temperatures, (b)fitting kinetic
curves, (c) kinetic rates of PD-MOF-235 and its carbonised derivatives, and

(d) TGA results of PD-MOF-235.

6.6.2. Characterisation

6.6.2.1. Morphological Analysis

Figure 6.3 shows that terephthalic acid derived from the depolymerisation of
PET waste bottles (Figure 6.3 (b)) exhibits smaller particle sizes than
commercially available terephthalic acid (Figure 6.3 (a)). This phenomenon
may be due to the increased reaction rate made by the continuous stirring

during depolymerisation. The MOF-235 crystals depicted in Figure 6.3 (c)
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are spindle-shaped, uniform in size, and have a smooth surface, with an
average particle size of 800 nm. Upon processing at 350°C, these crystals
transform into Fe@C-350 particles with a distinctive, pinecone-like, flaky
surface morphology (Figure 6.3 (d)). The presence of these in-plane pores
increases the porosity of the samples, thereby providing a greater number of
active sites. Similar transformations at 400°C, resulting in the formation of
carbon flakes from the pyrolysation of organic ligands, were described in
Chapter 5. SEM analysis highlights the significant impact of carbonisation

temperature on the morphology of the synthesised MOF derived carbon

materials.

Further examination of the PD-Fe@C350's microstructure was conducted
using TEM. These tests confirmed the presence of micropores (approximately
10 nm in size) within PD-Fe@C350, as shown in Figure 6.4. Together, these
analyses validate the successful synthesis of the PD-Fe@C350 catalyst using

discarded PET plastic bottles as the raw material.
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Figure 6.3 SEM images of a) purchased terephthalic acid, b) terephthalic

acid obtained from the depolymerisation of PET waste bottles, ¢) PD-MOF-

235, d) PD-Fe@C350.

200 Am

Figure 6.4 TEM images PD-Fe@(C350.
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Powder XRD was utilized to investigate the crystallographic structures of

6.6.2.2. Phase Analysis

both waste PET bottle-derived and commercially obtained terephthalic acid,
along with the eco-friendly produced PD-MOF-235 and its carbonised
counterpart, PD-Fe@C350, within the 5 to 50° 20 range. The resulting XRD
patterns, as presented in Figure 6.5, show that the peak angles of terephthalic
acid from waste PET closely mirror those from commercial sources, with
minor variations in peak intensities. This similarity confirms the effective
extraction of high-purity terephthalic acid organic precursors from waste PET
in this research. Moreover, the XRD profiles of PD-MOF-235 and
conventional MOF-235 display notable parallels [157]. Additionally, the
XRD results for PD-Fe@C350 indicate a prominent maghemite phase,
consistent with previous studies on iron-infused carbon materials [181]. A
significant observation is the near absence of the characteristic diffraction
peaks of the original PD-MOF-235 structure in PD-Fe@C350's XRD pattern.
This phenomenon is linked to the thermal breakdown of organic ligands,
resulting in the conversion of Fe*" ions from PD-MOF-235 to Fe>O3-H>0 in
PD-Fe@(C350, identifiable by peaks at 20 = 8.1° and 26 = 24.3°. Additionally,
the presence of Fe2O3 (maghemite) in PD-Fe@C350 is verified, though its
diminished intensity at 20 = 30.2° indicates a lower concentration. While
XRD analyses often exhibit overlapping spectral signatures of Fe,O3 and
Fe304, prevailing research suggests that the dominant phase in the carbonised

PD-MOF-235 is Fe>Os, rather than Fe3O4 [181].
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FTIR analysis was utilized to perform an in-depth comparison between
terephthalic acid obtained from waste PET bottles and commercially sourced
terephthalic acid, and to elucidate the molecular structures and identify the
organic functional groups in PD-MOF-235 and PD-Fe@C350. Displayed in
Figure 6.4 (c) and (d) are the spectra resulting from this analysis. Notably, the
FTIR spectrum for PD-MOF-235 shows a pronounced broad peak at 3440
cm!, indicative of the O-H stretching vibrations typically associated with
surface-bound water molecules. A peak of lesser intensity at 2931 cm ™! is also
observed, correlating to the C—H stretching vibrations in the bonded DMF
molecules. In contrast, following the high-temperature treatment, PD-
Fe@(C350 is characterized by the significant reduction of the characteristic
DMF peaks. For the sample of PD-MOF 235, absorption peaks at 1663, 1597,
1390, 1016, and 750 cm™' were detected, which are primarily linked to
carboxylate vibrations, consistent with data found in existing literature.
Specifically, the sharp peaks at 1597 and 1390 cm ™! correspond to asymmetric
(C=0) and symmetric (C—O) vibrations of the carboxyl groups, hinting at the
presence of dicarboxylic acid esters within the framework. Additionally, the
peak at 750 cm!, which is indicative of C-H bending vibrations in the
benzene ring, confirms the compound's identification as MOF-235 [5]. The
diminished and broadened peaks seen in the PD-Fe@C350 spectrum are
indicative of the successful thermal decomposition of the organic components
from the original MOF during the carbonisation process. In conclusion, the
collective findings from XRD and FTIR analyses, reinforced by SEM
imaging, confirm that high-purity terephthalic acid was successfully derived
from waste PET bottles in this study. Furthermore, the sustainable synthesis
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of PD-MOF-235 and PD-Fe@C350 was achieved, with both materials

exhibiting high purity and uniform morphology.
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Figure 6.5 XRD patterns of a) PET derived terephthalic acid and purchased
terephthalic acid and b) PD-Fe@C350 and PD-MOF-235, FTIR patterns of
¢) PET derived terephthalic acid and purchased terephthalic acid, d) PD-

Fe@C350 and PD-MOF-235.
6.6.3. Photocatalytic Performance

The photocatalytic performance of the synthesized PD-Fe@C350 catalyst on
methyl orange was investigated under different conditions. Figure 6.6 (a)
illustrates the methyl orange degradation curve. It shows a significant
increase in degradation efficiency when the catalyst is combined with visible
light and H2O,. When the catalyst is only irradiated with visible light without
H>0:, the methyl orange removal efficiency reaches a peak value of about 80%
after 8 minutes, which is mainly due to the surface adsorption properties of
PD-Fe@C350 under dark conditions. However, the combined use of light and
H>O: significantly accelerates the degradation of methyl orange in wastewater,
reaching an efficiency of more than 99% within the same time period. This
enhanced photocatalytic degradation emphasizes the synergistic effect of
light and H>O> with the photocatalyst, which significantly improves the

degradation of methyl orange in wastewater.

Figure 6.6 (b) shows the effects of different concentrations of methyl orange
between 50 and 200 mg-L! on the removal efficiency of the PD-Fe@C350
catalyst. At a lower methyl orange concentration of 50 mg-L"!, the adsorption
efficiency under dark conditions is around 40 %, well below the efficiency of
over 80 % observed at concentrations of 100 and 200 mg-L™!. This decrease

in efficiency at lower concentrations is primarily due to the reduced mass
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transfer. Remarkably, at initial concentrations of 50 and 100 mg-L! a
degradation efficiency of 99% is achieved within only 6 minutes, with lower
concentrations showing higher reaction rate constants. In contrast, methyl
orange degradation is not complete at 200 mg-L!, resulting in a reverse
colouration effect. This phenomenon is probably due to an insufficient supply
of H2O», resulting in suboptimal decolourisation and incomplete degradation
of the chromophore in the methyl orange molecule. The efficiency of the
Fenton reaction is closely related to the pH of the solution, especially due to
the pH-dependent utilisation of H>O;. Insufficient H,O» content can lead to
ineffective pH regulation during the reaction and thus reduce the overall
efficiency. In addition, a lower pH can acidify the methyl orange stock
solution and increase its red colour. These results highlight the critical
interplay between dye concentration and pH in the Fenton process and

emphasise the need to fine-tune these parameters to maximise the efficiency

of wastewater treatment with PD-Fe@C350.

Figure 6.6 (c) illustrates the effects of different H-O> concentrations on the
photo-Fenton process for the degradation of methyl orange. First, different
dye solution samples were equilibrated for adsorption-desorption under
constant conditions. Then 1 mL of H>O> was added at different concentrations,
followed by activation of the light source. The results show significant
differences in the oxidation-removal efficiency of methyl orange at different
H>0> doses. In particular, a lower H2O2 concentration of 0.5 M leads to a peak
removal efficiency of 95%, followed by a reverse colouration over time,
similar to the phenomenon observed in Figure 23. Increasing the H>O»

concentration to 1.0 M leads to a reaction rate constant of about 0.019. If you
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further increase the H>O> concentration to 1.5 M, the time required for methyl
orange degradation decreases significantly. You achieve 99% degradation in
8 minutes with a reaction rate constant of 0.034. This observation is consistent
with previous studies indicating that higher doses of H>O» can accelerate the
degradation of organic dyes, mainly due to the increased production of free
radicals, which are essential for oxidative degradation. However, increasing
the H>O2 concentration to 2.0 M and 2.5 M paradoxically reduces the
degradation efficiency, with the reaction rate constants decreasing to 0.01 and
0.02, respectively. At these higher concentrations, excess hydrogen peroxide

can act as a scavenger of hydroxyl radicals (-OH), the primary oxidising

agents in the Fenton reaction, as explained in the following equations:

H,0, + Fe** — Fe3* +- OH + OH™ (16)
H,0, + Fe3* —» Fe** + HO, - +H* (17)

The scavenging effect inherent in the reaction environment reduces the
availability of hydroxyl radicals, which are crucial for the oxidation of dye
molecules. After careful consideration of the cost-effectiveness and kinetics
of the reaction, it was determined that the optimal dosage of hydrogen
peroxide (H202) is 1 ml of a 1.5 M solution when used together with 20 mg
of catalyst. This specific dosage is chosen to achieve a delicate balance
between maximising degradation efficiency and maintaining practical

considerations such as overall cost and operating efficiency.

As can be seen in Figure 6.6 (d), PD-Fe@C350 shows remarkable efficacy in

the Fenton oxidation process over a pH spectrum of 3 to 7, consistently
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achieving degradation rates of over 99%. Remarkably, at a pH of 3, the
degradation of methyl orange proceeds exceptionally fast and is completed
within only 3 minutes with the highest kinetic rate of 1.171 min™'. In contrast,
at a pH of 7, where the concentration at adsorption-desorption equilibrium is
only 25% of the initial value, the time to reach 99% degradation is extended
to 13 minutes (k = 0.227 min™!). This observation emphasises that PD-
Fe@C350 exhibits improved photo-Fenton catalyst performance under more
acidic conditions. It is well known that heterogeneous iron-based Fenton-like
catalysts exhibit lower efficiency in neutral environments [200]. However,
PD-Fe@(C350 is unique in that it contains Fe(III) chloride, which dissociates
into Fe*" and CI” ions when the catalyst is introduced. These Fe** ions are
hydrolysed, forming hydrated Fe** ions and releasing H* ions, which slightly
acidify the solution. This process increases the formation of hydroxyl radicals

and thus intensifies the Fenton reaction.

In addition, PD-Fe@C350 shows excellent adsorption performance for
methyl orange. Under certain conditions (CO =100 mg-L"!, W=0.2g-L'!, T
= 25°C), this material can adsorb about 80 % of methyl orange a pH of 5 to
7, which significantly increases its efficiency in the photo-Fenton catalysis
process. Consequently, PD-Fe@C350 shows excellent Fenton oxidation
capabilities under both slightly acidic and neutral conditions. The efficiency
of the catalyst in a wide pH range indicates its potential for various real-world
applications in wastewater treatment. Through a comprehensive series of
photo-Fenton experiments, this research has described the optimal conditions

for the degradation of methyl orange with PD-Fe@C350, paving the way for
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potential industrial-scale applications and significantly improving the

practicality of this method.
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Figure 6.6 Effect of key parameters on degradation the methyl orange: a)
H>0; and catalyst existence; b) initial methyl orange concentration and c)
H>0; dosage; d) initial solution pH, and (e) kinetic rates of PD-Fe@C350 in

the pH range from 3 to 7.

Table 6.1 shows the excellent performance of the photocatalyst PD-Fe@C350
in the degradation of methyl orange. At a concentration of 100 mg-L™! of
methyl orange and only 0.2 gL' of catalyst under visible light, this
photocatalyst achieved an impressive degradation rate of 99.9% in only 3
minutes. Compared to other listed photocatalysts, which required
significantly longer times (between 10 and 300 minutes) and used different
light sources such as UV or UV-B irradiation, PD-Fe@C350 is characterised

by its fast and highly efficient performance under visible light.
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Table 6.1 Comparison of the methyl orange degradation rate between the PD-Fe@C350 and other reported photocatalysts.

Photocatalyst Initial methyl orange Catalyst amount Light source Time (min) Degradation Ref.
concentration (g'L) rate (%)
Modified fly ash mixed 0.05 mM 0.4 Visible light 300 75 [201]
with TiO»
Mill scale 0.1 mM 0.5 UV irradiation 60 80 [202]
South African Ilmenite 10 mg-L"! 2.0 UV-B 45 100 [203]
Sands
Iron-modified Laponite 200 mg-L! 0.3 UV irradiation 240 100 [204]
(@diatomite composites
a-Fe>O3 nanoparticles 200 mg-L! 1.0 UV irradiation 10 99.55 [205]
PD-Fe@C350 100 mg-L™! 0.2 Visible light 3 99.9 This work
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The photo-Fenton reaction mechanism was investigated in this study by

6.7. Mechanism

comparing the XPS results of fresh PD-Fe@C350 with those of PD-
Fe@C350 after the photocatalytic reaction. As shown in Figure 6.7 (a), the
peaks at 711 eV, 532 eV and 284 eV correspond to Fe 2p, O 1s and C 1s
signals, respectively, indicating the presence of Fe, O and C elements in PD-
Fe@C350 both before and after the reaction [206]. In the Fe 2p spectrum
(Figure 6.7 (b)), two prominent peaks at about 724.5 eV and 710 eV represent
Fe 2p1/2 and Fe 2p3/2, respectively. The Fe 2p3/2 spectrum shows two broad
peaks at 710.5 eV and 712.3 eV and a small shoulder peak at 708.4 eV, which
are characteristic of Fe*" and Fe?", respectively [207]. A comparison of the Fe
ion content in PD-Fe@C350 before and after the reaction shows a significant
consumption of Fe(Il/IIT) during the photo-Fenton process. The consumed
Fe(II/IIT) and the added H20O: as reactants interact under visible light to form
a photo-Fenton reaction in which additional hydroxyl radicals (-OH) are
formed. This increased radical production enhances the efficiency of the
oxidative degradation of methyl orange. The experimental results show that
the addition of H>O2 not only facilitates the continuous generation of -OH,
but also further accelerates the degradation of methyl orange through the

photo-Fenton reaction.
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Figure 6.7 (a) XPS survey spectrum of fresh PD-Fe@C350 and
photochemical reacted PD-Fe@C350, and (b) Fe 2p spectra of fresh PD-

Fe@(C350 and photochemical reacted PD-Fe@C350.
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In this study, the photocatalytic degradation mechanism of methyl orange dye
using the PD-Fe@(C350 catalyst was investigated under the influence of H20:
and visible light. The MOF structure within the PD-Fe@C350 particles
increases the surface area and provides additional adsorption sites, improving
the adsorption of the dye and the overall degradation efficiency. The
experiments showed that the degradation process mainly occurs through
hydroxyl radicals (:OH). The mechanism takes place in several steps: First,
both H-0: and methyl orange are adsorbed onto the surface of PD-Fe@C350
(Eq (19,20)). When the catalyst is irradiated with visible light, it is activated
and generates electron/hole pairs (Eq (21)) [208]. The holes (h") oxidise
hydroxyl groups and water molecules on the surface and generate
additional -OH (Eq (22,23)) [209]. The heterogeneous Fenton-like reaction
oxidises Fe** to Fe** [210], which is then regenerated back to Fe** by photo-
induced electrons (Eq (24)), increasing the efficiency of the photo-Fenton
reaction [211]. In addition, excess H2O: traps the electrons generated by light
in the catalyser, leading to the production of further -OH or direct photolysis
(Eq (25,26)). During the photo-Fenton process, methyl orange reacts
with -OH, undergoing cleavage and oxidation, and ultimately decomposes
into carbon dioxide, water, and inorganic salts (Eq (27)). The specific

photocatalytic reaction processes are outlined by the following equations.

PD — Fe@C350 + H,0, - PD — Fe@C350. H,0, (19)
PD — Fe@C350 + MO — PD — Fe@C350. MO (20)
PD — Fe@C350 + hv » PD — Fe@C350(e~/h™) 1)

PD — Fe@(C350(e~/h*).OH™ - PD — Fe@(C350(e~) +- OH (22)

173



r University of
f B Nottingham
UK | CHINA | MALAYSIA

PD — Fe@C350(e~/h").H,0 — PD — Fe@C350(e™) +- OH + H*(23)

PD — Fe@(C350/Fe3*(e”/h*).H,0 + hv - PD — Fe@(C350/

Fe?*(e"/h*)+-OH + H* (24)
PD — Fe@(C350(e™).H,0, » PD — Fe@(C350 + OH™ +- OH (25)
H,0, +hv —> 2-0H (26)
-OH/- O0OH + MO — DegradationProducts (27)

6.8. Conclusions

In this chapter, various PD-Fe@Cx nanocomposites were prepared using
terephthalic acid from the pyrolysis of PET waste bottles as the main raw
material. The study identified 350°C as the optimum carbonisation
temperature. It was also found that the amounts of catalyst, H>O, dosage and
the initial pH of the solution significantly affect the efficiency of PD-
Fe@C350 in the catalytic degradation of methyl orange. Oxidative
degradation experiments showed that PD-Fe@C350 exhibited excellent
heterogeneous photo-Fenton catalytic performance among a wide range of
pH. Under the conditions of pH 3, with 2 mg-L™! catalyst and 1 mL of 1.5 M
H,0, it achieved a 99.9 wt% degradation rate for 100 mg-L™! methyl orange
solution, with a rate constant of k = 1.171 min’!. These results indicate that
PD-Fe@C350 is an effective high-performance photo-Fenton catalyst for the

degradation of methyl orange in water.
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Chapter 7.

Conclusions and Future Work

This chapter summarises the main findings of the study and highlights the
main conclusions drawn from the research. It also identifies possible
directions for future work and suggests areas where further research could
improve the understanding and application of the materials and techniques
investigated. These future research directions aim to build on the findings of
the current study and explore new ways to improve the efficiency and
sustainability of dye removal processes in aqueous environments. The chapter
emphasises the importance of ongoing research in advancing this field and
addressing the challenges associated with the industrial and environmental

applications of these technologies.
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7.1. Conclusions

This study investigated the feasibility and efficacy of using MOF-235 as a

precursor for the preparation of uniform size adsorbents and photo-Fenton

catalysts. Numerous reaction tests were conducted to investigate the influence

of various factors such as temperature, pH, contact time and initial

concentration on dye removal efficiency. Characterisation studies were

carried out to elucidate the possible adsorption and photo-Fenton catalyst

mechanisms. It was found that:

1)

2)

A controlled synthesis method was developed for MOF-235, which is
characterised by a uniform particle size distribution and significantly
improves the yield. Analytical studies showed that MOF-235 mainly
adsorbs methyl orange by electrostatic adsorption processes. Remarkably,
MOF-235 exhibited an adsorption efficiency of 1257.7 mg-g!, indicating
its superior performance. These properties highlight the potential of
MOF-235 as an effective adsorbent for the treatment of wastewater
contaminated with organic dyes and represent a significant advance in the

field of environmental remediation technologies.

The porous carbon adsorbent Fe@C-350 was synthesised through the
pyrolysis of MOF-235 in an argon atmosphere. This material exhibited a
rapid adsorption rate, characterised by a first-order kinetic rate constant
of 0.849 min™!, and demonstrated a notable methyl orange adsorption
capacity of 1666.7 mg-g!. Furthermore, Fe@C-350 retained
approximately 98% of its initial capacity after 10 adsorption-desorption

cycles, highlighting its robust reusability. The adsorption process was
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identified as single-layer physical adsorption. These findings underscore
the potential of this derived carbonaceous material for effective and

sustainable commercial use in environmental remediation.

The synthesis of various PD-Fe@C-x nanocomposites uses terephthalic
acid derived from the pyrolysis of discarded PET bottles, with PD-MOF-
235 serving as a precursor under argon protection. The pyrolysis
temperature plays a crucial role in determining the structure and
morphology of these nanocomposites. Additionally, the catalytic
degradation efficiency of methyl orange by PD-Fe@C350 is significantly
influenced by factors such as the catalyst and H>O2 amounts, as well as
the initial pH. Oxidation degradation experiments reveal that PD-
Fe@(C350 demonstrates optimal heterogeneous photo-Fenton catalytic
activity, with a removal efficiency of 99.9 wt% for 100 mL of'a 100 mg-L"
! methyl orange solution within 2 minutes at a pH of 4, using 2 mg-L!
catalyst and 1 mL of 1.5 M H20O,. These results underscore the efficacy of
synthesising magnetic carbon nanocomposites from PD-MOF-235 at
optimal pyrolysis temperatures as an effective approach for developing
high-performance photo-Fenton catalysts for the degradation of organic

pollutants in aqueous solutions.

7.2. Future Work

Although considerable progress has been made in the development of uniform

adsorbents and catalysts based on MOF-235 and the clarification of their

mechanisms, significant challenges still need to be overcome in further

research.
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1) Future work will include conducting zeta potential experiments for the
controlled synthesis of MOF-235 to better understand the mechanism of
change in adsorption capacity for methyl orange at different pH values. In
addition, UV-vis analysis in the photo-Fenton experiments should be
extended to a broader wavelength range to detect potential shifts around
275 nm, which may help confirm the reduction of methyl orange as photo-
induced electrons are generated. In addition, the iron leaching data in the
photo-Fenton experiments should be monitored as this is an important
indicator of the stability of the catalyst. Controlling the leaching rates will

not only prolong the life of the catalyst but also reduce treatment costs

and environmental risks.

2) The controlled synthesis techniques developed in this study can also be
applied to other MOFs such as MIL-101. These techniques can
significantly improve the yield and enhance the adsorption and catalytic
properties of MOFs and their carbon derivatives. Such improvements are
important to advance MOF applications in areas such as environmental
remediation and industrial catalysis, where high efficiency in adsorption

and catalysis is very important.

3) Density functional theory (DFT) calculations play an important role in
understanding the mechanisms and reaction pathways of active sites with
different sizes. These calculations provide useful information about the
electronic structure and catalytic behaviour of active sites. They also help
to identify the best configurations for adsorption and catalytic processes.

By studying interactions at the molecular level, DFT calculations can
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guide the design and improvement of MOF materials. This enables the
development of better catalysts with higher performance. This approach
is particularly important when tailoring the properties of MOF-235 and

its derivatives to specific industrial applications to ensure that they work

efficiently and effectively in real-world applications.

Further studies are needed to test how well MOF-235 and its derivatives
can remove various anionic dyes. These studies should focus on
understanding the adsorption mechanisms, efficiency and capacity of
these materials for different dyes. It is also important to investigate their
potential for industrial use. This includes testing their scalability, cost-
effectiveness and stability under conditions similar to those of large-scale
water treatment processes. Understanding these factors is key to deciding
whether these materials can be used in real-world applications, especially
in industries where the management of dye wastewater is a major

challenge.

In order to industrialise and commercialise the investigated adsorbents
and catalysts, future work should focus on improving synthesis methods
that are scalable and cost-efficient. It must be ensured that these materials
remain stable and durable under industrial conditions, such as resistance
to fouling, extreme pH values and mechanical stress during repeated
cycles. The development of reactors for continuous adsorption and
catalytic processes will also help to integrate these technologies into
existing wastewater treatment systems. Finally, life cycle analyses and

cost-benefit analyses will assess the environmental and economic impact
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to ensure that these technologies are sustainable and suitable for practical

use.
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