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ABSTRACT

This thesis investigates the removal of organic contaminants and the deactivation of E. coli, a
common bacterium in waterborne diseases, using indium (III) porphyrins immobilized on carbon-
based supports. Various carbon-based support materials, including activated carbon-related
supports, granular activated carbon (GAC), oxygen-functionalized activated carbon (ACO), and
polyacrylonitrile/activated carbon (PAN/AC) composites, were evaluated, along with indium-
metalated porphyrin-loaded samples (1a and 2a). The study found that the physicochemical nature
of these materials significantly influences their efficiency in dye removal through adsorption and
combined adsorption-photodegradation processes. The addition of porphyrins improved the

photoactivity of the composites without significantly affecting their surface area.

Hydrogen peroxide enhanced the photodegradation of methylene blue (MB) and the deactivation
of E. coli, especially with colloidal activated carbon (CAC) and porphyrin-loaded CAC samples
(1a, 2a, and 3a). Higher activities were realized with the porphyrin samples, although porphyrin
aggregation, as seen with porphyrin 3a, can interfere with these activities. The study also found
that natural sunlight was more effective than a Xe lamp for degrading ciprofloxacin. The effect of
porphyrin charge on antimicrobial photodynamic therapy (aPDT) activities was significant, with
positively charged porphyrins showing higher antimicrobial efficacy compared to neutral
porphyrins. Additionally, the study highlighted the importance of porphyrin functional groups and
symmetry in enhancing performance in photodegradation and antimicrobial applications. The
antimicrobial potential of the indium metalated pyridinyl-based trans-A2B> porphyrin complexes
(4a, 4b, Sa, and Sb) was investigated. The dicationic porphyrins, 4b and 5b, exhibited remarkable

aPDT efficacy against both S. aureus E. coli and planktonic forms and biofilms.

v



Further experiments focused on the photodegradation of MB and methyl orange (MO) using
porphyrins 1a, 2a, 3a, and Sb loaded on PAN/nitrogen-doped carbon quantum dot (NCQD) fibers.
Overall, the porphyrin-loaded PAN/NCQD composites were effective, especially those loaded
with cationic indium porphyrin Sb, which exhibited higher aPDT effects for E. coli and in MB
degradation experiments. The unsymmetrical indium porphyrin 3a showed good activity in both
MO and MB, making it the overall better performer during the degradation experiments. The
findings reveal that the symmetry of porphyrins can significantly influence their effectiveness in

photodegradation and antimicrobial applications.
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PREAMBLE

The contamination of water sources by organic pollutants and pathogenic bacteria remains a major
environmental and public health concern. Conventional water treatment methods frequently face
significant challenges such as toxic by-product formation or reliance on costly equipment and
processes. Consequently, it is imperative to explore alternative and innovative strategies, such as
photocatalysis which involves the use of light and catalysts that absorb light. Solar-driven
photocatalysis, particularly when integrated with adsorbent materials, presents a sustainable and
highly effective method for water purification. This technology supports global sustainability goals
and offers a practical solution to the rising water pollution problem. Porphyrins, with their unique
photochemical properties, stand out as highly effective photocatalysts due to their strong
absorption of visible light and ability to generate reactive oxygen species. Additionally, their
tunable electronic properties and adaptability in various catalytic systems enhance their potential

for sustainable and efficient environmental remediation.

This study presents a more promising approach that entails immobilizing novel indium (III)
porphyrins onto carbon-based supports. These hybrid materials exhibit dual functionality:
adsorption capacity and enhanced photocatalytic activity. As a result, they can efficiently remove
organic pollutants—such as dyes and pharmaceutical compounds—and effectively inactivate
bacteria in water. By leveraging the synergistic properties of porphyrins and carbon-based

matrices, this strategy offers a sustainable and highly effective solution for water purification.



CHAPTER 1: Introduction

This chapter offers a detailed overview of the current water purification technologies, focusing
on the role of porphyrin photocatalysts and the unique benefits of carbon-based supports. It
underscores the importance of incorporating photocatalysts with antibiofilm properties to
enhance the removal efficiency of pathogenic microbes alongside organic pollutants, thereby

improving the longevity and effectiveness of water purification systems.




1.1 Background

1.1.1 Mitigating organic contaminants in water

Water contamination by organic pollutants poses a significant threat to the health and ecosystems.
Organic pollutants, such as dyes, pharmaceuticals, and pesticides, enter water bodies through
industrial, agricultural, and domestic activities [1]. These contaminants often resist conventional
water treatment methods, leading to their persistence in the environment. Pharmaceuticals, for
example, can disrupt the endocrine system and cause long-term ecological damage, while dyes
from textile industries are toxic to aquatic life [2]. Additionally, as agricultural practices intensify,
the use of pesticides becomes more prevalent. These chemicals often find their way into water

sources, posing significant risks to both human and animal health [2,3].

Most treatment methods today mainly focus on removing solid particles and suspended solids and
deactivating microbes. Generally, less focus is placed on emerging pollutants such as
pharmaceuticals and organic dyes [4]. Due to their low biodegradability and high solubility in
water, organic pollutants are usually not removed by conventional water treatment methods, such
as coagulation and flocculation, sedimentation, filtration, and disinfection. This, therefore, calls
for the development of alternative approaches to improve the outcome of the water treatment
processes. Methods such as photolysis and the degradation of organic pollutants using sunlight are
reasonably less expensive but very slow [5,6]. Various conditions must be monitored periodically
to achieve good results, such as solar intensity, turbidity, pH, and oxygen content. Moreover, most
pollutants in water can undergo photolysis but only to a varying degree, depending on their
chemical structures [5]. Some organic pollutants can absorb a photon and become excited when

illuminated with solar radiation. Meanwhile, the molecules can undergo chemical transformations



in the higher energy excited state, generating one or more degradation products [5,7,8]. Generally,
photolysis is the primary documented mechanism for removing pharmaceuticals and some dyes at

low concentrations from the aquatic environment [6,8].

In some cases, photodegradation of organic pollutants in water can also occur by indirect
photolysis- the process where a substance is broken down by light, but not directly. Instead, it
involves photosensitizers that absorb solar radiation and, in the process, generate reactive oxygen
species (102, HO', ROO", O27) or transfer the energy to the target substances, leading to their
breakdown in water. Photosensitizers, such as humic substances and nitrates, typically found in
surface water bodies at low concentrations, can enhance indirect photolysis of the organic
compounds in secondary effluent [9]. For instance, nitrate in an aqueous environment can absorb

radiation in the UV range and react, as shown in Scheme 1.1, to produce hydroxyl radicals [9-11].

_ hv
NO; — = NO; —™ » NO; + 0~ —°»> NO, +OH + -OH

Scheme 1.1: Photogeneration of hydroxide radicals from nitrates in water

The reactive species can also interact with biomolecules in microbes such as bacteria, fungi, and
viruses, leading to cell death [9]. However, relying solely on direct and indirect photolysis for
degrading organic compounds in wastewater treatment has several limitations, including limited
efficiency for resistant compounds, dependence on specific light conditions, incomplete
degradation leading to potentially toxic by-products, and scalability challenges. These drawbacks
highlight the need for an integrated process involving adsorption, photolysis, and photocatalysis
to enhance the effectiveness of wastewater treatment. This work explores the approach that
combines absorption and photodegradation mechanisms using novel organic photocatalytic

adsorbents for water purification. In addition to removing organic pollutants, the advanced



oxidation approach has also demonstrated the ability to control pathogenic microorganisms, such

as antibiotic-resistant bacteria, in water [12].

1.1.2 Antibiotic-resistant bacteria in aquatic ecosystem

The global issue of antibiotic-resistant bacteria (ARB) is a significant public health concern, with
aquatic ecosystems acting as reservoirs for these bacteria, which can eventually contaminate water
supplies [13]. The rising concentration of antibiotics in sewers contributes to the proliferation of
ARB. Unlike other bacteria, ARB is unaffected by most antibiotics. This resistance facilitates the
spread of antibiotic resistance by mixing, interacting, and transferring resistant genes to the local
microbial community [13,14]. Sludge from water treatment, often used as fertilizer, can release
resistant bacteria that survive standard sewage treatment. Consequently, elevated levels of
resistance genes have been detected in bacteria downstream of wastewater treatment plants,
emphasizing the need to improve water treatment methods to reduce the load of resistant bacteria,
particularly from hospitals and farms [15,16]. Incorporating advanced oxidation processes can
enhance the effectiveness of water treatment by efficiently eliminating antibiotic residues,

pathogenic microbes, and resistance genes without harming humans.

This work addresses a range of pollutants with significant environmental implications. This
comprehensive approach helps develop effective strategies for water purification and ensures

public health and safety.

1.1.3 Target Pollutants in this study

Methylene blue (MB), methyl orange (MO), ciprofloxacin (CIP) Staphylococcus aureus (S.

aureus) and Escherichia coli (E. coli) were chosen for this study due to their significant



environmental and health impacts, as well as their relevance in water contamination research. MB
is extensively used in textile and paper industries, and its high visibility in water makes it an
excellent candidate for evaluating the efficiency of removal processes [17]. Additionally, MB is
known for its toxicity to aquatic organisms [17,18], highlighting the importance of its removal
from wastewater. MO, another widely used dye in the textile industry, is an anionic dye, which
contrasts with the cationic nature of MB [19], allowing for the study of different removal
mechanisms. The environmental persistence of MO and its potential health hazards make MO a
significant pollutant to address [20]. Conversely, ciprofloxacin is a fluoroquinolone antibiotic
frequently detected in water bodies due to its extensive use in human and veterinary medicine [21].
It is primarily excreted in an unmetabolized form, which can lead to the development of antibiotic-
resistant bacteria, posing a severe public health risk [22]. Removing ciprofloxacin from water is
crucial to prevent ecological and health impacts. Pathogenic bacteria are common in water sources
[23], contaminating through sewage discharge, agricultural runoff, and improper waste disposal.
This leads to waterborne disease outbreaks [24,25]. Consequently, this necessitates studying
effective disinfection methods, such as photocatalysis, which ensures water safety by addressing

microbial contaminants and effectively degrades organic pollutants.

1.1.4 Solar-driven photocatalysis and photocatalyst adsorbents

Photocatalysis, which uses light-activated catalysts to break down organic pollutants, such as
pesticides, dyes, and pharmaceuticals, is considered a viable alternative for water treatment method
[26]. This approach offers higher efficiency in mineralization and minimizes the production of
potentially harmful degradation products, all while utilizing sunlight [27,28]. Solar energy, a

renewable and abundant resource, makes this method particularly cost-effective for water



purification because it involves harnessing natural sunlight to activate a photocatalyst, which aids

in breaking down organic pollutants and deactivating harmful bacteria in water.

Commonly used photocatalysts include semiconductor materials like titanium dioxide (TiO2) and
zinc oxide (ZnO). These materials absorb light and generate electron-hole pairs, initiating reactions
that degrade contaminants. However, the main drawback, especially for solar-driven systems, is
their limited efficiency under natural sunlight. Many photocatalysts, such as TiO: and ZnO, often
require UV light to perform optimally, but UV light constitutes only a small portion of the solar
spectrum. This limitation necessitates the utilization of porphyrin photocatalysts since they can
efficiently utilize visible light. A significant advancement in this field is the combination of
photocatalysts with adsorbents, resulting in materials known as photocatalyst adsorbents [29].
These advanced materials integrate the properties of both photocatalysts and adsorbents to enhance
water treatment efficiency, capturing and degrading contaminants under light exposure. Examples
of adsorbents integrated with photocatalysts include carbon materials, zeolites, and clay [29].
These hybrid materials offer enhanced efficiency, broad-spectrum activity, and reduced
byproducts, making them ideal for water treatment, environmental remediation, and air

purification applications.

In this work, the photocatalyst adsorbents studied are based on porphyrin as the photocatalyst and
carbon materials, such as activated carbon, as one of the adsorbents supports. This combination
leverages the unique photochemical properties of porphyrins and the high adsorption capacity of

carbon materials to improve water purification processes.



1.2 Porphyrins: Versatile photocatalysts and photosensitizers

Porphyrins are a group of heterocyclic macrocycle compounds that play significant roles in
biological systems, including photosynthesis, oxidation, and reduction reactions. For example,
porphyrins are part of haemoglobin and myoglobin, which aid in oxygen transfer in vertebrates.
The porphyrinic macrocyclic structure, featuring four pyrrole rings connected by methine units,
was proposed over a century ago and is remarkably stable (Fig. 1.1). The nitrogen atoms within
the structure create a central pocket ideally suited for incorporating metal atoms in a tetradentate
manner, with iron, cobalt, or magnesium being common in biological systems [30]. These anionic
centres are coordinatively unsaturated sites for charge transfer and adduct ligation, which involve
reversible changes in electronic configuration, such as oxidation or spin states. Additionally, the
structure allows for extensive modification, with a wide range of substituents that can be attached

to the pyrrolic B sites or linked to the meso-positions at the methine bridges (Fig. 1.1).

R

meso

Fig. 1.1: The f and meso positions in porphyrins.

When exposed to light, porphyrins can generate reactive oxygen species (ROS), such as singlet
oxygen and superoxide radicals. These ROS are highly reactive and play a pivotal role in the

degradation of organic pollutants and the inactivation of harmful microorganisms in water. The



ability to produce ROS under light irradiation makes porphyrins particularly suitable for
environmental remediation applications as photocatalysts. Another significant advantage of
porphyrins as photocatalysts is their tunable electronic properties. By altering the peripheral
substituents or incorporating different central metal ions into the porphyrin ring, researchers can
enhance their photophysical and photochemical behaviours, consequently improving their

photocatalytic efficiency [30].

Metalloporphyrins, which incorporate central metal ions such as iron, zinc, gallium, indium, and
copper, form stable complexes due to the perfect fit of these ions within the porphyrin ring [31,32].
These metalloporphyrin complexes exhibit high catalytic activity compared to their metal-free
counterparts because the central metal significantly influences the electronic properties of the
porphyrinato moiety, with both components jointly affecting their electronic levels. This can be
observed in the UV-Vis spectra of porphyrins, as illustrated in Fig. 1.2, which reveals
characteristic absorption bands. The Soret bands (400-450 nm) are strongly allowed n-m*
transitions within the porphyrin ring, while the Q-bands (520-700 nm) are quasi-allowed
transitions. Upon metalation, the Q-band shows two distinct bands due to the interaction between
the central metal ion and the porphyrin ring, which alters the electronic distribution and symmetry

of the complex [33].



Fig. 1.2: The characteristic absorption spectra (1) of a free-base porphyrin and (2) the
metaloporphyrn derivative, Source:[34].

1.2.1 Synthesis of porphyrins

Rothemund first synthesized Porphyrin by reacting benzaldehyde and pyrrole in a sealed bomb for
24 h in pyridine at about 150 °C [35]. Because the yield was relatively low, the Rothemund method
was later modified by Adler and Longo by allowing pyrrole and benzaldehyde to react in the open
air for just a few minutes (30 min) at around 141 °C with an increased yield of about 20% [36,37].
The Alder-Longo method likewise has its demerits, such as the reaction conditions being relatively
harsh, especially when dealing with aldehydes that bear the sensitive functional groups; a high
amount of tar is also produced during the reaction and, in most cases, makes the purification
process rather tedious, especially for those porphyrin that do not precipitate [37]. Lindsey and co-
workers [37,38] showed that porphyrins could be synthesized by condensing aldehydes and
pyrroles under argon using a chlorinated solvent such as chloroform or dichloromethane. A Lewis
acid such as trifluoroacetic acid (TFA) is the catalyst used. The porphyrinogen intermediate

formed is then oxidized to porphyrin by the addition of an oxidant such as 2,3-dichloro-5,6-
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dicyanobenzoquinone (DDQ) (Scheme 1. 2). After the addition of the oxidant, refluxing for one

hour is needed to yield approximately 40-60% [38].

R R
H
N TFA Oxidant
N/ * R-CHO ———> R R —> R R
R R

R= Subtituents

Scheme 1.2: Synthesis of tetraphenyl porphyrin by Lindsey method.

Although Lindsey’s one-flask two-step method yields high amounts of porphyrins, it requires large
quantities of chlorinated solvents and an expensive oxidizer, 2,3-dichloro-5,6-
dicyanobenzoquinone (DDQ), making it costly and less suitable for industrial-scale production.
The need for an industrial-scale, cost-effective synthesis of porphyrins is evident, as it would
enhance their commercial relevance. To address this, Mondal and co-workers [39] recently
proposed a synthesis method based on the concept introduced by Koszarna and Gryko [40], which
utilizes a water-methanol (H>O-MeOH) mixture catalyzed by hydrochloric acid (HCI) to
synthesize corroles with high yields. Koszarna and Gryko identified tetrapyrrane as an important
intermediate for porphyrin synthesis, which helps reduce the formation of undesired aldehyde—
pyrrole oligo-condensates. The first step of this method involves condensing pyrrole and aldehyde
in a H,O-MeOH mixture with HCI. The resulting precipitate is then dissolved in
dimethylformamide (DMF) and refluxed, followed by stirring at room temperature in open air [39]
and purification through column chromatography or crystallization yields pure porphyrins. This
method is advantageous as it does not require expensive oxidizing agents like DDQ, p-chloranil,

or large volumes of dry-chlorinated solvents. Additionally, it is effective for gram-scale production
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of porphyrins, addressing a significant limitation of previous methods [39]. In this thesis, the
Alder-Longo method was employed to synthesize the tetra- and mono-substituted porphyrins,
while the modified Koszarna and Gryko method was utilized to synthesize the trans-A>B»-

porphyrins.

1.2.2 Mechanism of the use of porphyrins as photocatalysts and photosensitizers

Photodegradation of pollutants and antimicrobial photodynamic therapy (aPDT) involves the use
of a combination of light and a light-sensitive material (dye), usually referred to as a
photosensitizer (PS) or photocatalyst [41]. aPDT, in particular, is known to be efficient against
multi-antibiotic-resistant planktonic and biofilm strains of bacteria with very minimal mutagenic
response from bacteria [42]. PS alone usually have a negligible antibacterial effect and must be
activated by light. Upon irradiation, photosensitizers transition from the singlet ground state (So)
to a short-lived singlet excited state (S1) upon absorbing light of a specific wavelength (Fig. 1.3).
They then undergo intersystem crossing (ISC) to the long-lived triplet excited state (T1), where
two types of chemical reactions, Type I and Type II, occur to generate reactive oxygen species
(ROS) [43]. These ROS are the primary agents responsible for degrading organic pollutants and
deactivating microbes [44]. ROS cause DNA damage and cytoplasmic membrane damage in
microorganisms, leading to the leakage of cellular contents and, ultimately, cell death [45,46]. In
the degradation process, ROS attack the chemical bonds of pollutants, breaking them down into

less harmful substances.
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Fig. 1.3: Jablonski diagram indicating Type I and Type II reaction, Source: [43]

In the case of aPDT, ionic photosensitizers (PS), particularly cationic PS, are more effective at
inactivating gram-negative bacteria such as E. coli than neutral and anionic PS. Gram-negative
bacteria have another intricate outer membrane besides the peptidoglycan layer, impervious to
most antimicrobial agents [47]. Therefore, to inactivate the gram-negative bacteria using the
anionic PS effectively, there is a need to pre-treat the bacteria with CaClz, polymyxin B
nonapeptide, or ethylenediaminetetraacetic acid (EDTA) to disrupt the outer membrane, unlike the
case of gram-positive bacteria such as S. aureus [32,48]. For this reason, this research aims to
synthesize cationic porphyrins and neutral porphyrins to be utilized as PS. The efficacy of some
of the porphyrins against planktonic bacteria and biofilms was enhanced by introducing positive
charges through methylation of the pyridinyl meso-substituents to make them cationic ionic

[32,45].
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1.2.3 Antimicrobial photodynamic therapy (aPDT) in water treatment

The application of aPDT in water treatment is not a recent concept. For instance, rose bengal bound
to polystyrene beads and methylene blue bound to polystyrene were found to be a lethal
antimicrobial agent, killing up to 99.99% of E.coli under natural sunlight [49,50]. Bonnet and co-
workers [51] further industrialized this concept by formulating photosensitizing surfaces of
polymeric chitosan membranes bound to 10,15,20-tetrakis(p-aminophenyl) porphyrin, (p-TAPP)
,5,10,15,20-tetrakis(p-hydroxyphenyl)porphyrin  (p-THPP) and zinc (II) phthalocyanine
tetrasulfonic acid (ZnPcS), Fig 1.4. They were then applied to a large-scale water flow system to
reduce E. coli viability [51]. Although they successfully demonstrated the concept of using
immobilized photosensitizers for aPDT, their findings indicated that the photomicrobicidal activity
achieved was insufficient for practical applications, where a 5-log reduction in microbial levels
would be ideal [51]. To make this approach viable for real-world applications, further

modifications are necessary to improve and enhance the performance of such systems.
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NH, OH

p-TAPP p-THPP ZnPcS

Fig. 1.4: 10,15,20-tetrakis(p-aminophenyl) porphyrin, (p-TAPP),5,10,15,20-tetrakis(p-
hydroxyphenyl) porphyrin (p-THPP) and zinc (II) phthalocyanine tetrasulfonic acid (ZnPcS)

The aPDT effect of porphyrins can be highly beneficial in water purification systems due to their
ability to deactivate biofilms [52]. Biofilms are complex structures of microorganisms, including
bacteria, fungi, and algae, that adhere to surfaces in aqueous environments [53]. These
microorganisms produce a slimy, protective matrix that helps them stick together and to surfaces
such as pipes, tanks, and filters [53]. Biofilms can contaminate water in various ways: They
harbour pathogenic microorganisms, increasing the risk of waterborne diseases [54]. Additionally,
biofilms can alter the chemical composition of water, resulting in reduced dissolved oxygen levels,
altered taste and odour, and harmful by-products. Physically, biofilms can clog pipes and filters,
reducing the efficiency of water distribution and treatment systems [55]. Furthermore, they
contribute to the corrosion of metal surfaces, which can release metals into the water, further

contaminating it [53].

Integrating photocatalysts with antibiofilm properties to support water purification is crucial for

several reasons. The antibiofilm properties of these photocatalysts are essential in preventing and
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disrupting biofilm formation on supports. The ROS generated by photocatalysts can penetrate
biofilms, killing the microorganisms within and preventing their regrowth. This significantly
reduces the presence of waterborne pathogens, including bacteria, viruses, and protozoa,
enhancing public health. In this work, the antibiofilm properties of some porphyrins were studied,

and the best compound was further investigated as a photocatalyst for water purification.

1.2.4 Supported porphyrin photocatalysts

Porphyrins can easily be distinguished from other photoactive compounds, such as TiOz, from their
high light absorption across a broad spectrum. As discussed previously, this property enables them
to generate ROS through a spin-forbidden intersystem crossing mechanism, making them suitable
for various catalytic processes. However, their use as homogeneous catalysis faces challenges such
as deactivation due to agglomeration/ aggregation, low reusability, and recovery issues [56]. To
address these limitations, researchers have explored immobilizing porphyrins on solid supports
made from organic and inorganic materials. Commonly used supports include zeolites, polymers,
photoactive oxides, and carbon-based materials [57]. Carbon-based materials are increasingly
favoured for their availability, biodegradability, and biocompatibility, making them safe and

sustainable options for various applications [58]. Consequently, they were employed in this thesis.

1.3 Carbon-based supports and porphyrins for water treatment: A literature study

Carbon-based materials have gained significant attention in water treatment due to their unique
properties and versatility [29]. These materials, which include activated carbon, carbon nanotubes
(CNTs), graphene, carbon quantum dots (CQD), and nitrogen-doped carbon quantum dots (N-
CQD), are preferred for several reasons [59,60]. Firstly, they possess a high surface area, which

enhances their adsorption capacity, allowing them to effectively capture a wide range of
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contaminants, including dyes and microbial pathogens. Secondly, their chemical stability ensures
they remain effective in various environmental conditions, making them suitable for long-term use
[61,62]. Additionally, their ability to be functionalized with different chemical groups allows for

tailored applications, further enhancing their efficiency in water purification [59].

Beyond serving as mere supports, carbon-based materials have been shown to significantly
improve the performance of photocatalysts [63,64]. For instance, when used as support for
photocatalysts, these materials can enhance the photocatalytic activity by promoting better
dispersion of the photocatalyst and improving light absorption [63]. This synergy between the
carbon support and the photocatalyst leads to more efficient degradation of organic pollutants and
inactivation of microbial contaminants. Moreover, carbon-based supports can facilitate the transfer
of photoelectrons, reducing the recombination of photogenerated electron-hole pairs, a common
issue in photocatalysis [64]. Even though porphyrin-carbon nanomaterial composites have
demonstrated utility in solar energy conversion, catalysis, and biological applications [65-68],

their use in water treatment remains underexplored.

Table 1.1 [69-78] presents the porphyrins on carbon materials studied for the photodegradation of
water pollutants and aPDT. The primary carbon materials studied with porphyrins include
graphene, graphene oxide (GO), graphitic carbon nitride, and multi-walled carbon nanotubes.
Exploring additional, especially low-cost, carbon materials is crucial to expand the scope. This
study introduces activated carbon and carbon quantum dots for use as support for porphyrins for

the first time.
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Table 1.1: Porphyrins Supported on Carbon Materials for Photocatalytic Degradation of Water

Pollutants
Carbon Application and
Porphyrin complex Material and Target Ref

interactions | pollutants/Microbes
Graphitic [69-73]
carbon nitride Photodegradation
(g-C3Na), Rhodamine B (Rh-B)
Graphite, TiO»- Methyl orange
Graphene (MO), Phenol
Covalent
bonding and n—
n stacking
interaction
Carboxylic Photodegradation | [74]
functionalized Rh-B and
multi-walled Rhodamine-G (RhG)
carbon
nanotubes  (o-
MWCNTs)

R = CO,H, NH,

Covalent
bonding and n—
7 stacking
interaction
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graphene oxide [75]
(GO) Photodegradation
Rh-B
n—7 stacking
interaction
GO [76]
Photodegradation
Rh-B
n—m stacking
interaction and
electrostatic
interactions
GO Photodegradation | [77]
Crystal violet
Covalent
bonding and n—
© stacking

interaction




Reduced
graphene oxide
(rGO)

n—7 stacking
interaction and
electrostatic
interactions

Photodegradation
Congo red

aPDT

Candida albicans,
Enterococcus faecali
s, and
Staphylococcus
aureus

[78]

1.4 Carbon-based supports used in this work

An exciting advancement in this field, also explored in this work, is the development of

photocatalyst-adsorbent composites. These composites merge carbon-based supports' adsorption

capabilities with porphyrins' photocatalytic properties. This dual-function approach to water

purification allows contaminants to be initially adsorbed onto the carbon support and subsequently

degraded by the photocatalyst under light irradiation. This integrated method enhances the overall

efficiency of water treatment and offers a comprehensive solution for removing both organic

pollutants and microbial contaminants.

This study examines activated carbon in three forms: granulated, powdered (immobilized on

polyacrylonitrile fibers), and colloidal forms. Additionally, nitrogen-doped carbon quantum dots

immobilized on polyacrylonitrile fibers, are investigated as supports for porphyrins, focusing on

their photocatalytic and aPDT properties.
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1.4.1 Activated carbon

Activated carbon is a highly porous material with a large surface area, making it ideal for water
purification, air filtration, and industrial applications. Its preparation involves two main steps:
carbonization and activation. Carbonization converts organic materials (such as coconut shells,
wood, coal, and agricultural waste) into carbon by heating them in the absence of oxygen,
removing volatile compounds, and leaving a carbon-rich residue [79]. Coconut shells are often
preferred due to their high density and hardness, which result in activated carbon with a high
surface area and mechanical strength [80]. Activation, which can be physical or chemical,
increases the porosity and surface area of the carbonized material. Physical activation uses
oxidizing gases like steam or carbon dioxide at high temperatures (800—1100 °C) [81], while
chemical activation involves impregnating the carbonized material with chemical agents like
potassium hydroxide, phosphoric acid, or zinc chloride before heating. Chemical activation
generally takes place at lower temperatures (< 800 °C ) compared to physical activation and leads

to an increased surface area and pore volume [82].

Activated carbon is particularly effective at removing micropollutants, such as pesticides and
pharmaceuticals, and is commonly used in drinking water and wastewater treatment. It can be
prepared in various forms, including granulated activated carbon (GAC), powdered activated
carbon (AC), and colloidal activated carbon (CAC). CAC comprises very fine carbon particles (1-
100 nm) dispersed in a liquid medium, forming a stable colloid [83]. These different forms
influence their specific applications and effectiveness in removing various contaminants from
water. In this study, oxygen-functionalized granulated activated carbon (ACO), powdered
activated carbon (AC), and colloidal activated carbon (CAC) were investigated as potential

porphyrin supports for water treatment. For practical application, powdered activated carbon (AC)
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was immobilized on polyacrylonitrile (PAN) fibers to form composite fibers, designated as

PAN/ACI and PAN/AC2, with 50% and 100% weight compositions of AC in PAN, respectively.

1.4.2 Carbon quantum dots

Carbon quantum dots (CQD) are tiny carbon nanoparticles, typically less than 10 nm in size,
renowned for their unique optical and electronic properties. These properties make CQD highly
valuable for sensing, bioimaging, drug delivery, and energy storage [84,85]. The synthesis of CQD
can be broadly divided into two main approaches: top-down and bottom-up methods (Fig. 1.5)
[86]. Top-down methods involve breaking down larger carbon structures into CQD, including arc
discharge, laser ablation, and electrochemical oxidation. Bottom-up approaches, on the other hand,
involve assembling CQD from smaller molecules and include hydrothermal/solvothermal

synthesis, microwave-assisted synthesis, and pyrolysis [87,88].

Fig. 1.5: Illustration of top-down and bottom-up CQD synthetic approaches; Source: [86]
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Studies have shown that doping CQD with heteroatoms such as nitrogen, sulfur, phosphorus, or
boron can significantly enhance their properties. These heteroatoms create active sites on the
surface of CQD and introduce new energy levels within their bandgaps, resulting in enhanced
photoluminescence, improved catalytic activity, tunable properties, and increased solubility and

stability [85].

The synthesis methods for doped CQD are similar to those for undoped CQD but involve adding
dopant sources [89]. Hydrothermal/solvothermal synthesis involves heating organic precursors
with dopant sources (e.g., urea for nitrogen doping) in a solvent under high pressure. Microwave-
assisted synthesis subjects organic precursors and dopant sources to microwave irradiation, rapidly
forming doped CQD [84]. Pyrolysis involves the thermal decomposition of organic materials
mixed with dopant sources, such as using citric acid and urea to produce nitrogen-doped CQD
[90]. Electrochemical synthesis oxidizes carbon electrodes in the presence of dopant-containing
electrolytes to produce doped CQD [91]. Chemical vapour deposition involves the deposition of

carbon and dopant atoms onto a substrate at high temperatures, forming doped CQD [92].

In this thesis, nitrogen-doped carbon quantum dots (NCQD) were prepared using a bottom-up
approach. The NCQD was then supported on polyacrylonitrile (PAN) fibers, and the final

composite fibers were used as porphyrin supports.

1.4.3 Immobilization of carbon supports on polyacrylonitrile fibers for improved

photocatalytic activity.

Polyacrylonitrile (PAN) fibers were selected for this work to immobilize powdered activated
carbon (AC) and nitrogen-doped carbon quantum dots (NCQD) because PAN is chemically stable

in water, which ensures that the immobilized AC and NCQD remain intact and functional over
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extended periods. PAN also exhibits excellent mechanical strength and durability, further
contributing to the longevity and reliability of the immobilized photocatalysts. Moreover, PAN is
relatively inexpensive and readily available, making it a cost-effective option for large-scale

applications.

PAN fibers are typically prepared using the electrospinning method, which utilizes a high-voltage
electric field to draw a polymer solution containing the photocatalyst into fine, porous fibers with

a high surface area, thereby enhancing photocatalytic activity [93,94].

Combining smaller-sized carbon supports with porphyrin photocatalysts on PAN fibers creates a
synergistic effect. AC increases the surface area of the PAN composite support, enhancing the
loading capacity of the photocatalyst. Additionally, NCQD improves light absorption and energy
transfer to the loaded porphyrins, leading to a higher production of reactive oxygen species (ROS)
within the composite. This synergy results in a more efficient photocatalytic process, making the
porphyrin-PAN composite fibers highly effective for water purification and antimicrobial
treatments. Additionally, the immobilized supports enhance the chemical and thermal stability, as

well as the reusability of the fibers, ensuring consistent performance over multiple cycles.

1.5 Metalloporphyrin complexes in this thesis

This work details the synthesis of indium-metalated porphyrins with various meso-meso-
substituents, preparing selected supports, and their applications in this study (Table 1.2). indium
was chosen as the central metal to enhance intersystem crossing to the triplet state, thereby
improving singlet oxygen production, which is crucial for aPDT and dye photodegradation.
Quaternization of the complexes containing pyridinyl groups enhanced their photophysical

properties, improving photocatalytic and aPDT efficiencies. Additionally, quaternization
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introduced electrostatic interactions with nitrogen carbon quantum dots (NCQD), complementing

the existing -m interactions.

Table 1.2: Indium-metalated porphyrins and the support materials in this thesis

Complex structure used with respective support

material(s), names, and precursor names

Support materials

Application

1a: Chloroindium (III) 5,10,15,2-tetrakis (4-
acetamidophenyl) porphyrin (NEW)

1: 5,10,15,20-tetrakis(4-aminophenyl) porphyrin
(NOT NEW) [95]

e ACO

Adsorption
MB

Photodegradation
MB

e CAC

Photodegradation
of MB

aPDT
E.coli planktonic
cells

e PAN/NCQD

fibers

Photodegradation
MB and MO

aPDT
E.coli planktonic
cells

ni-1t stacked and electrostatic interactions

e CAC

Photodegradation
MB

aPDT
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2a : Chloroindium (III) 5,10,15,20-tetrakis[4-(prop-2-

yn-1lyloxy) phenyl] porphyrin (NEW)

2 :5,10,15,20-tetrakis[4-(prop-2-yn-1yloxy) phenyl]

porphyrin (NOT NEW) [96]

E.coli planktonic
cells

PAN/AC2

fibers

Adsorption
MB

Photodegradation
Ciprofloxacin and
MB

PAN/NCQD

fibers

Photodegradation
MB

aPDT

E.coli planktonic
cells

ni-1t stacked and electrostatic interactions

3a : Chloroindium (III) 5,10,15-tri-4-acetamidophenyl

20-(pyren-1-yl) porphyrin

CAC

Photodegradation
MB

aPDT
E.coli planktonic
cells

PAN/NCQD

fibers

Photodegradation
MB, MO

aPDT
E.coli planktonic
cells
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3:5,10,15-tri-4-aminophenyl 20-(pyren-1-yl) porphyrin
(ALL NEW)

nt-1t stacked and electrostatic interactions

aPDT
S. aureus and E.
None coli
planktonic cells
4a : Chloroindium (III) 5,15-bis(4-(tert-butyl)phenyl)-
10,20-di(pyridin-4-yl) porphyrin
4 : 5,15-bis(4-(tert-butyl)phenyl)-10,20-di(pyridin-4-yl)
porphyrin
(ALL NEW)
aPDT
S. aureus and E.
None :
coli
planktonic cells and
biofilms

4b: Chloroindium (III) 5,15-bis(4-(tert-butyl)phenyl)-
10,20-bis(N-methylpyridinyl) porphyrin iodide
(NEW)
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aPDT
S. aureus and E.

None coli
5a: Chloroindium (III) 5,15-di(pyridin-4-y1)-10,20- planktonic cells
di(thiophen-2-yl)porphyrin
5 : Chloroindium (III) 5,15-di(pyridin-4-y1)-10,20-
di(thiophen-2-yl)porphyrin
(ALL NEW)
aPDT
S. aureus and E.
None .
coli
planktonic cells and
biofilms
e PAN Photodegradation
MB, MO
e PAN/NCQD
fibers aPDT
E.coli planktoni
5b: Chloroindium (IIT) 5,15-bis (N-methylpyridiny!)- 0 ’fei‘ll: o

10,20-di(thiophen-2-yl) porphyrin iodide
(NEW)

nt-it stacked and electrostatic interactions
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1.6 Research gap and justification carbon-based supports

1.6.1 Research gap

Water treatment technologies utilizing photocatalytic systems, especially metal oxides like TiO:
and ZnO, have been widely studied. These materials are effective in UV-light-activated pollutant
removal and antimicrobial applications. However, critical limitations hinder their efficiency and

scalability:

e Light absorption range: TiO2 and ZnO exhibit weak activity under visible light due to their
wide band gaps, restricting their use in natural sunlight.

e Photo-corrosion: Metal oxides face chemical degradation under prolonged exposure to
photocatalytic conditions, reducing operational stability.

e Limited efficiency due to aggregation: Dut to aggregation, their catalytic performance is
constrained under real-world water treatment scenarios where diverse pollutants and

conditions exist.

As emerging contaminants such as dyes, pharmaceuticals, and antibiotic-resistant bacteria persist
in water, the need for visible-light-active photocatalysts becomes increasingly urgent. Current
research trends emphasize multifunctional systems capable of pollutant removal and microbial

deactivation under environmentally relevant conditions.

This study addresses these challenges by leveraging the synergistic properties of indium (IIT)
porphyrins immobilized on carbon-based supports. These hybrids enable efficient pollutant
degradation under visible light while offering dual functionality through enhanced antimicrobial

activity. This research stands out by integrating:
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e Porphyrins, known for their exceptional visible light absorption and catalytic ability.
e Carbon-based supports, with characteristics such as high surface area, high conductivity,

chemical stability, and customizable morphology.

This approach not only expands the operational range of photocatalytic materials into the visible-
light spectrum but also tackles the dual challenges of organic pollutant removal and microbial
contamination. By addressing limitations of previous works, this study demonstrates the potential

for practical water treatment solutions that combine adsorption and photocatalysis mechanisms.

1.6.2 Justification for carbon-based supports

Carbon-based supports are strategically chosen for this study due to the following advantages:

e Superior photostability: Carbon materials resist photo-corrosion, improving operational
longevity compared to metal oxide counterparts.

¢ Reduced electron-hole recombination: Carbon supports facilitate rapid electron transfer
and minimize charge recombination, critical for enhancing photocatalytic efficiency.

e Multifunctional design: Carbon-based materials have high surface area and allow
seamless immobilization of organic photosensitizers such as porphyrins through n-n

stacking.

This study therefore establishes carbon-based materials as viable supports demonstrating enhanced

performance and versatility in modern water treatment applications.
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1.7 Trends in this thesis

% Effect of Support Materials:

v' MB Removal by Adsorption and Photodegradation: Investigated using activated
carbon-related supports, GAC, ACO, PAN/ACI1, PAN/AC2, and porphyrin-loaded
coposites, 1a(ACO) and 2a(PAN/AC2).

v' Hydrogen Peroxide Addition: Enhanced photodegradation of MB and deactivation
of E. coli using CAC and porphyrin-loaded CAC samples (porphyrins 1a, 2a, and
3a).

% Effect of Light Sources:

v Degradation of ciprofloxacin: Compared under Xe lamp and sunlight using

porphyrin 2a loaded on PAN/AC2 support fibers.
% Effect of Porphyrin Properties:

V' Porphyrin Charge: Studied aPDT activities of 4a, 5a, and their cationic forms 4b
and Sb against planktonic cells of S. aureus and E. coli.

V' Porphyrin Functional Groups: Compared 4b and 5b in the deactivation of biofilms
of S. aureus and E. coli and in photodegradation of MB and MO studies in water
using porphyrins 1a, 2a, 3a, and 5b loaded on PAN/NCQD fibers.

v’ Porphyrin Symmetry: Investigated MB and MO removal using porphyrins 1a and

3a loaded on PAN/NCQD fibers.
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1.8 Aim and objectives

1.8.1 Aim of the study

The main objective of this study is to synthesize composite materials based on indium porphyrin
linked to carbon supports, aimed at enhancing water treatment processes for the removal of organic

pollutants and microbial contaminants.

1.8.2 Specific objectives

The specific objectives of this study are:

1.  To design, synthesize, and characterize novel porphyrin-based ligands and their

corresponding meso-indium metallated porphyrin complexes

ii.  To synthesize and characterize the carbon supports of interest and non-covalently

conjugate (n-m stacking) indium-porphyrins to them.

iii.  To examine the photophysical properties of the synthesized porphyrins, the carbon-based
supports, and their respective porphyrin/carbon support hybrids

iv.  To evaluate the aPDT activity of the pyridinyl-based trans-A>B> porphyrins on the S.

aureus and E. coli planktonic and biofilm cells

v.  To evaluate the photocatalytic efficiency of porphyrin-carbon support hybrids in degrading
methylene blue dye, and selectively methyl orange dye and ciprofloxacin, and to assess
their antibacterial activity against E. coli (where applicable), for potential application in

water treatment systems under visible light irradiation
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CHAPTER 2: Experimental

This chapter details the experimental procedures, synthetic methods, and characterization

techniques employed for all porphyrins and support materials utilized throughout the study.
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2.1 Materials

2.1.1 Solvents

All the organic solvents used were of analytical grade and used as received. Dichloromethane
(DCM), chloroform, deuterated chloroform (CDCIs), diethyl ether, dimethyl sulfoxide (DMSO),
deuterated dimethyl sulfoxide (DMSO-ds), N, N-dimethylformamide (DMF), ethyl acetate,

toluene, methanol, ethanol, octanol, were purchased from Sigma-Aldrich.

2.1.2 Reagents

1-Pyrene  carboxaldehyde,  p-nitrobenzaldehyde,  2-thiophenecarboxaldehyde,  4-fert-
butylbenzaldehyde, pyrrole, sodium acetate, propionic acid, glacial acetic acid, hydrochloric acid
(32%) , acetic anhydride, potassium hydroxide, pyridine, glutaraldehyde, triethylamine (TEA),
sodium hydrogen carbonate, indium (III) chloride, tin (II) chloride, Zn tetraphenyl porphyrin
(ZnTPP), and methylene blue (MB), methyl orange (MO), ciprofloxacin, Polyacrylonitrile (PAN,
Mw = 150,000), 9,10 dimethylanthracene (DMA), iodomethane, resazurin sodium salt, citric acid
and urea were purchased from Sigma-Aldrich. Ammonia (25%) was purchased from Minema
Chemicals. Coconut shell waste was collected from the coastal regions of Kenya. E. coli (ATCC
25922) and S. aureus (ATCC 25923) were purchased from Microbiologic USA. Glucose, agar
bacteriological BBL Muller-Hinton broth and nutrient agar were obtained from Merck. Phosphate
buffer saline (PBS, 10 mM, pH 7.4) was prepared using appropriate amounts of NaHPOu,
KH;POs4, NaCl and KCI. The ultrapure water (18.2 MQ) used in the experiments was obtained

from ELGA, Veolia water PURELAB, Flex system (Marlow, UK).
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II.

II1.

IV.

VL

VIL

VIIL

2.2 Equipment

The ground-state electronic absorption spectra of the porphyrin samples were measured
with a Shimadzu UV-2550 spectrophotometer.

Varian Eclipse spectrofluorimeter equipped with a 360-1100 nm filter was used to conduct
the fluorescence excitation and emission measurements in solution.

Diffuse reflectance spectra (DRS) were obtained using Perkin Elmer Lambda 950 UV—-Vis
NIR spectrophotometer from 200 nm to 800 nm.

FT-IR spectra were acquired using a Bruker® ALPHA FT-IR spectrometer with a universal
attenuated total reflectance (ATR) sampling accessory.

Raman spectra were recorded with Bruker vertex 70-Ram II Raman spectrometer (1064
nm Nd:YAG laser and liquid nitrogen cooled germanium detector).

Mass spectral data were collected with a Bruker AutoFLEX III Smartbeam TOF/TOF Mass
spectrometer. The instrument was operated in negative ion mode using an m/z range of
400-3000 amu. The voltage of the ion sources was set at 19 and 16.7 kV for ion sources 1
and 2, respectively, while the lens was set at 8.50 kV. The reflector 1 and 2 voltages were
set at 21 and 9.7 kV, respectively. The spectra were acquired using a-cyano-4-
hydroxycinnamic acid as the MALDI matrix.

Proton nuclear magnetic resonance ('"H NMR) spectra were obtained using Bruker
AVANCE 400 MHz NMR spectrometers.

Elemental analysis data were collected from a Vario-Elementar® Microcube ELIII CHNS

instrument.
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IX.

XI.

XIIL.

XI1II.

XIV.

The thermal decomposition profiles of the synthesized material were obtained using a
Perkin Elmer TGA 8000 Thermogravimetric Analyzer over a temperature range of 50—800
°C while purging with nitrogen.

Dynamic light scattering (DLS) Malvern Zetasizer Nanoseries, Nano-ZS90 particle
distribution samples were investigated using dynamic light scattering (DLS) to provide
information about the average size distribution in solution

Scanning electron microscope (SEM) images were obtained using a JEOL JSM-840
scanning electron microscope (SEM) operating at an accelerating voltage of 2 kV. An
energy-dispersive X-ray spectrometer (EDS, INCA PENTA FET coupled with a
VAGA TESCAM operated at 20 kV) was used to determine the elemental
compositions qualitatively.

X-ray powder diffraction (XRD) patterns were recorded on a Bruker D8 Discover equipped
with a Lynx Eye Detector, using CuK, radiation (A= 1.5405 A, nickel filter). Data was
collected at 20 range of 10—100° scanning at 1° min~! with a filter time constant of 2.5 s
per step and a slit width of 6.0 mm. Samples were placed on a zero-background silicon
wafer slide. The XRD data were treated using Eva (evaluation curve fitting) software.
Nitrogen adsorption/desorption isotherms were carried out at 77 °K using a Micrometrics
ASAP 2020 Surface area and Porosity analyzer. Before each measurement, degassing was
carried out at 150 °C for two days. The Brunauer—-Emmett-Teller (BET) method was
employed to determine surface area and porosity. The micropore volumes (Vtplor) and
micropore surface areas were obtained directly from the t-plot tabular report.
Fluorescence lifetimes were measured using a time-correlated single photon counting

(TCSPC) setup (PicoQuant FluoTime 300). The excitation sources were diode lasers
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(LDH-P-C-420 and LDH-P-375, driven by PDL 800-B 20 MHz repetition rate, 44 ps pulse
width, Picoquant GmbH). The luminescence decay curve was measured at the maximum
emission peak, and the lifetime was obtained by deconvolution of the decay curve using

the FluoFit software program (PicoQuant GmbH, Germany). Fig 2.1

Fig. 2.1: Schematic diagram of TCSPC set-up of PicoQuant FluoTime 300

XV. Triplet state quantum yields were determined using a laser flash photolysis system
consisting of an LP980 spectrometer (Edinburgh Instruments) with a PMT-LP detector and
an ICCD camera (Andor DH320T-25F03). The signal from a PMT detector was recorded
on a Tektronix TDS3012C digital storage oscilloscope. The excitation pulses were
produced by a tunable laser system consisting of an Nd: YAG laser (355 nm, 135 mJ/4-6
ns), with a pump beam of 427 nm provided by an Ekspla NT-342B laser (2.0 mJ / 7 ns, 20

Hz) fitted with an OPO. The schematic representation of the setup is shown in Fig.2.2. The
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triplet lifetimes were then determined by exponential fitting of the kinetic curves using the

program OriginPro 8.0.

Fig. 2.2: Laser flash photolysis system- Edinburgh Instruments LP980 Spectrometer

XVL

XVIL

XVIIL

To determine the singlet oxygen production of the compounds, photo-irradiations were
done using a Spectra-Physics Quanta Ray Indi-40-10 (118 mJ @ 355 nm, 7 ns, 10 Hz)
Nd:YAG laser to pump a Spectra-Physics PrimoScan OPO (405-2855 nm, 39 mJ @
430 nm). The irradiation wavelength was determined to be the crossover wavelength
between the respective samples, and the ZnTPP was used as the standard.
Time-of-flight-secondary ion mass spectrometer (ToF-SIMS) data were recorded with an
ION TOF GmbH TOF SIMS 5 run in positive ion imaging mode using a bismuth ion cluster
gun.

Thermo Oriel Xe lamp (Model 66902) and Halogen lamp were used as white light beam

sources during the photocatalytic degradation experiment.
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XIX.

XX.

XXI.

XXII.

XXIIIL.

XXIV.

The sterilization and autoclaving of nutrient broth, nutrient agar and phosphate buffer, as
well as various apparatus for aPDT studies, was done using an Autoclave RAU-530D
The homogenization of the bacteria suspension was done using PRO VSM-3 Lab plus
Vortex mixer, while a thermostatic oven was used for incubation processes.

The optical density of the bacteria was determined using a Ledetect 96 scanner from
Interscience.

Scan® 500 automatic colour colony counter was used to evaluate the colony-forming units
CFU/mL of the bacteria, and the BMG CLARIOstar® Plus microplate reader was used
during Fluorescence measurements for biofilm assay.

Irradiation of porphyrins during the aPDT studies was conducted using Modulight 7710
medical laser system fitted with 415 nm Thorlabs LED (M415L4) of 2.2 mW cm™ for 30
and 60 min, i.e., 3.9 and 7.7 J cm?, respectively.

The Gaussian 09 software package [97] was used for quantum computations to derive
information about the electronic structures of the synthesised porphyrins. Optimized
geometries were generated using density functional theory (DFT) at the B3LYP/SDD level
of theory with no added solvation so that trends across the series of complexes can be
identified. The CAM-B3LYP functional was used with SDD basis sets to calculate time-

dependent DFT (TD-DFT) UV-visible absorption spectra [98,99] , since it contains a long-

range correction.
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2.3 Synthesis

2.3.1 Synthesis of indium metalated porphyrins

This thesis reports eight new indium porphyrin complexes for the first time, along with six out of
eight of their precursors. The synthesis of the known porphyrin precursors, 5,10,15,20 tetrakis- (4-
aminophenyl) porphyrin (1) and 5,10,15,20-tetra-(4-propargyloxy phenyl) porphyrin (2), was
conducted according to literature sources [95,96]. The synthesis of 5-(4-pyridyl) dipyrromethane,

used in the preparation of trans-A;B; porphyrin, has also been documented in the literature [100].

2.3.1.1 Synthesis of chloroindium (III) 5,10,15,20-tetrakis(4-acetamidophenyl) porphyrin

(1a), Scheme 3.1

A mixture of glacial acetic acid (80 mL) and 1 (700 mg, 1.04 mmol) was stirred and brought to
reflux. InCl3 (690 mg, 3.12 mmol) and sodium acetate (2 g, 25 mmol) were added, and the mixture
was allowed to reflux for 72 h. UV-visible absorption spectroscopy and thin-layer chromatography
(TLC) were used to monitor the completion of the reaction. The reaction mixture was cooled to
room temperature and added to a separating funnel containing dilute ammonia solution and ethyl
acetate. The organic layer was collected and evaporated to obtain the crude 1a. The crude product
was dried and then purified by column chromatography using silica gel and a mixture of
methanol/chloroform (2:1) to yield 1a as green-purple. Yield: 895mg (87%): 'H NMR (400 MHz,
DMSO-ds) 6 9.60 (d, J = 5.2 Hz, 4H, amide), 8.10 (s, 8H, B-pyrrole), 7.23 (d, J = 8.2 Hz, 8H,
phenyl-ortho), 7.16 (d, J = 8.3 Hz, 8H, phenyl-meta), 1.33 (s, 12H, methyl carbonyl). MALDI-
TOF-MS m/z calcd: 990.19, Found [M-CI1]” 956.72. calcd: 1022.827 [M- Cl]. Anal. Calculated

Cs2H40ClInNgO4: C 63.01 %, H 3.91 %, N 11.30 %. Found: C 63.11 %, H 4.01%, N 11.34%.
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Jmax/nm , DMF (log €): 427 (5.41), 559 (4.1), 600 (4.1) . IR [vmax/cm™']: 3401(N-H), 1666(C=0)

and 1588(C=C).

2.3.1.2 Synthesis of chloroindium (III) 5,10,15,20-tetrakis[4-(prop-2-yn-lyloxy) phenyl]

porphyrin (2a), Scheme 3.2

A mixture of glacial acetic acid (100 mL) and 2 (720 mg, 1.08 mmol) was stirred and brought to
reflux. InCl3 (719 mg, 3.25 mmol) and sodium acetate (2 g, 25 mmol) were then added, and the
mixture was allowed to reflux for 72 h. The completion of the reaction was monitored by thin-
layer chromatography (TLC) and UV-Vis spectroscopy. Upon completion, the reaction mixture
was cooled to room temperature and added to a separating funnel containing a mixture of distilled
water and diethyl ether (500 mL). After a thorough shaking, the separating funnel was left to stand
for 30 min, and the organic layer was drained and washed several times with water. The organic
layer was then collected, and the solvent evaporated to obtain the crude product, which was later
purified by column chromatography using silica gel with chloroform/methanol (4:1) mixture as
the eluent to yield 2a as a green-purple product. Yield: 986 mg (93%). 'H NMR (80 MHz, CDCI;)
0 9.10 (s, 8H; H-porph), 8.11 (dd, 8H; H-Aromatic), 7.40 (d, J = 9.0 Hz, 8H; H-Aromatic), 5.01
(d, J=2.4 Hz, 8H; OCH>), 2.71 (t, J = 2.4 Hz, 4H; C=CH). Calc. for TOF-MS m/z calcd: 979.20,
Found, [M-C1]"=943.904, [M]"=978.85. Anal. Calculated CssH39CI1InN;O: C 68.69 %, H3.71 %,
N 5.72 %. Found: C 67.78 %, H 3.66%, N 5.62%. Amax/nm , DMF (log €): 432 (5.7), 563 (4.2), 606

(4.1). IR [Vmax/em™']: 3283, 2849 and 2119 and 1600.
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2.3.1.3 5,10,15-Tri-4-aminophenyl-20-(pyren-1-yl)porphyrin (3), Scheme 3.3

A mixture of p-nitrobenzaldehyde (8.1 g, 54 mmol), 1-pyrene carboxaldehyde (4.8 g, 21 mmol)
and acetic anhydride (6 mL, 64 mmol) in 150 mL of stirring propionic acid was brought to a reflux.
Freshly distilled pyrrole (2.5 ml, 37 mmol) was added dropwise, and the mixture was refluxed for
3 h with stirring. The resultant dark brown solution was allowed to cool overnight, and the
precipitate was collected by filtration, washed with 300 mL of water and dried. The powdery solid
was dissolved in 40 mL of pyridine and refluxed with stirring for 1 h. Afterwards, the reaction
mixture was cooled to room temperature and overnight in an ice bath. The precipitate was filtered
and washed several times with acetone to obtain a dark purple crude product, which was dried in
vacuo. The crude product was redissolved in concentrated HCI solution (50 mL) and stirred while
heating at about 75 °C for 2 h in a water bath, followed by the slow addition of a solution of
SnCl2-2H>0 (9.0 g, 40 mmol) in concentrated HCI. The solution was heated further at about 75
°C for 2 h, then allowed to cool at room temperature, and then placed in an ice bath. The reaction
mixture was neutralized with ammonia solution (100 mL, 25%), and the obtained greenish
precipitate was filtered and washed with water. The product was extracted from the crude product
by Soxhlet using 250 mL of chloroform, and the solvent evaporated to obtain a dark purple crude
product, which was purified by column chromatography using silica gel with
dichloromethane/methanol (3:1) mixture as the eluent to yield complex 1 as a dark-purple product.
Yield: 879 mg (18%). 'H NMR (600 MHz, CDCl3) § 8.96 — 8.79 (m, 7H, pyrene), 8.52 — 8.31 (m,
8H, B-pyrrole), 8.10 — 7.99 (m, 7H, phenyl and pyrene-ortho), 7.68 (d, J = 9.4 Hz, 1H, phenyl-
meta), 7.45 (d, J = 9.4 Hz, 1H, phenyl-meta), 7.09 — 7.01 (m, 5H, phenyl-meta), 4.01 (s, 6H,
amino), —2.50 (s, 2H, inner porphyrin ring). MALDI-TOF-MS m/z calcd: 785.3, found: 785.6

[M+H]". Anal. Calculated (Cs4H37N7).2H20: C 79.10 %, H 5.04 %, N 11.96 %. Found: C 79.60 %,
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H 4.95%, N 11.57%. Amax/nm , DMF (log €): 430 (4.9), 520 (3.2), 558 (3.1), 600 (3.2), 654 (3.8)
in DMF. IR [vmax/cm']: 3329-3422 (NH; -symmetric and asymmetric stretching), 1583(NHa -

scissoring) and 1663 (C=C).

2.3.1.4 Chloroindium (III) 5,10,15-tri-4-acetamidophenyl 20-(pyren-1-yl) porphyrin (3a),

Scheme 3.3

A mixture of glacial acetic acid (50 mL) and complex 1 (300 mg, 0.38 mmol) was stirred and
brought to a reflux. InCl3 (270 mg, 1.14 mmol) and sodium acetate (351 mg, 8.7 mmol) were then
added, and the mixture was allowed to reflux for 72 h. The completion of the reaction was
monitored by thin-layer chromatography (TLC) and UV-Vis spectroscopy. The reaction mixture
was then cooled to room temperature and added to a separating funnel containing a mixture of
distilled water and diethyl ether (250 mL). After a gentle shaking, the separating funnel was left
to stand for 30 min, and the organic layer was drained and washed several times with concentrated
sodium hydrogen carbonate and water solution. The organic layer was then collected, and the
solvent evaporated to obtain the crude product, which was later purified by column
chromatography using silica gel with dichloromethane/methanol (10:1) mixture as the eluent to
yield complex 2 as a green-purple product. Yield: 328 mg (81%). 'H NMR (600 MHz, DMSO) §
10.70 (s, 3H, amide), 9.15 — 8.93 (m, 9H, pyrene), 8.55 (d, 4H, B-pyrrole), 8.21 (d, 4H, B-pyrrole),
8.10 (d, 6H, phenyl-ortho), 7.20 (d, J = 13.5 Hz, 2H, phenyl-meta), 7.12 (d, J = 13.9 Hz, 2H,
phenyl-meta), 7.03 (d, J = 13.9 Hz, 2H, phenyl-meta), 1.18 (d, J = 7.3 Hz, 9H, methyl carbonyl).
MALDI-TOF-MS m/z caled: 1058.30, found: 1057.841 [M]" ; caled: 1022.827 [M- Cl]. Anal.

Calculated (CsoH41CIInN7). H20: C 66.96 %, H 4.03 %, N 9.11 %. Found: C 66.74 %, H 4.27 %,
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N 9.01%. Ama/nm , DMF (log ¢): 433 (5.1), 567 (4.2), 612 (4.4). IR [Vma/em ']: 3246 (N-H

stretch), 1670 (C=0) and 1598(N-H bending).

2.3.1.5 General Procedure for synthesis of the A2B: porphyrins (4 and 5), Scheme 3.4

The two porphyrins (4 and 5) were synthesized by adding 5-(4-pyridyl)dipyrromethane and each
aldehyde (1 mmol equivalent) to methanol (200 mL) contained in a round-bottomed flask,
followed by stirring for 5 min. Separately, 50 mL acid solution was prepared by adding 5 mL of
concentrated HCI to 45 mL of water in a beaker, which was then transferred to the round-bottomed
flask containing 5-(4-pyridyl)dipyrromethane and the aldehydes. The mixtures were stirred
overnight. The mixtures were then neutralized with triethylamine (10 mL) and extracted with
chloroform. The extracted products were evaporated, redissolved in DMF (100 mL), and refluxed
for 6 h while stirring. After cooling, the mixtures were transferred to a beaker and stirred at room
temperature for 12 h in the air. UV-visible absorption spectroscopy was used to monitor the
completion of the reaction, after which the solvent was evaporated to dryness, and the crude

product was purified by silica gel column chromatography.

5,15-bis(4-(tert-butyl)phenyl)-10,20-di(pyridin-4-yl)porphyrin (4): Following the general
procedure and using 5-(4-pyridyl)dipyrromethane (1.2 g, 5.4 mmol) and 4-tert-butylbenzaldehyde
(850 uL, 5.4 mmol), compound 4 was obtained as a dark purple solid, Yield: 826 mg (42%): 'H
NMR (400 MHz, DMSO-dg) 6 8.56 (d, J=59.2 Hz, 2H, B-pyrrole), 8.44 — 8.30 (m, 6H, B-pyrrole),
7.44 (d, J = 8.5 Hz, 4H, -ortho), 7.35 (d, J = 4.9 Hz, 4H, -ortho), 7.22 (d, J = 8.2 Hz, 4H, -meta),
6.51 (d, J = 13.7 Hz, 4H, -meta), 0.93 (s, 18H, t-butyl), -3.40 (s, 1H, N-H). MALDI-MS m/z:
calcd: 728.94, Found [M+2H] 730.42. Anal. Calculated CsoH44Ns : C 82.39 %, H 6.08 %, N

11.53 %. Found: C 81.69 %, H 6.13 %, N 11.31%. Ama/nm (log ¢) 418 (5.13), 515 (4.32), 551
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(3.13), 592 (3.67), 648 (3.22). IR [vma/cm ']: (CH) 2951-2860, (C=N, C=C) 1698-1591, 1464

(CHs), (C-H) 1406 , (C-C) 1278, (C-H) 791.

5,15-di(pyridin-4-yl)-10,20-di(thiophen-2-yl)porphyrin (5): Following the general procedure
and using 5-(4-pyridyl)dipyrromethane (2.0 g, 9.0 mmol) and 2-thiophene carboxaldehyde (846
uL, 9.1 mmol), compound 5 was obtained as a dark purple solid, Yield: 1.3 g (46%):, 'H NMR
(400 MHz, DMSO-dg) 6 8.84 — 8.09 (m, 8H, B-pyrrole), 8.03 —7.84 (m, 4H, pyridinyl-ortho), 7.75
(d, J = 53.9 Hz, 2H, pyridinyl-meta), 7.31 (d, J = 45.2 Hz, 2H, pyridinyl-meta), 6.63 (d, J = 5.7
Hz, 1H, thienyl), 5.80 (d, J = 8.2 Hz, 2H, thienyl), 5.62 (d, J = 5.6 Hz, 1H, thienyl), 5.10 (d, J =
7.0 Hz, 2H, thienyl), -3.31 (s, 1H, N-H). MALDI-MS m/z: caled: 627.16, Found [M+2H] 629.32.
UV-vis (DMSO). Anal. Calculated C3sH24NgS : C 72.59 %, H 3.85 %, N 13.37 %. Found: C
71.38 %, H 3.67 %, N 13.09 %. Amax/nm (log €) 421 (5.66), 518 (4.36), 554 (3.10), 592 (3.31), 650
(3.33). IR [Vmax/cm '] (CH) 2916-2848, (C=N, C=C) 1601-1509, (C-H bend) 1464, (C-N) 964,

(C-H) 797.

2.3.1.6 General synthesis of chloroindium (III) porphyrins (4a and 5a), Scheme 3.4

Mixtures of glacial acetic acid (100 ml) and porphyrins 4 and 5 (0.38 mmol) were stirred and
brought to reflux at 120°C. InCl; (3 equivalent) and sodium acetate (8.7 mmol) were added, and
the mixtures were refluxed for 36 h. UV-visible absorption spectroscopy and thin-layer
chromatography (TLC) were used to monitor the completion of the reactions. The reaction
mixtures were cooled and added to a 500 mL separating funnel containing saturated sodium
hydrogen carbonate solution and chloroform. After a thorough shaking, the separating funnel was

allowed to stand for 30 min, and the organic phases were collected and evaporated to dryness. The
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resulting crude products were then purified by column chromatography using silica gel with

chloroform as the eluent.

Chloroindium (III) 5,15-bis(4-(tert-butyl)phenyl)-10,20-di(pyridin-4-yl) porphyrin (4a):
Following the general procedure and using 4 (277 mg, 0.38 mmol), InCl3 ( 270 mg, 1.14 mmol)
and sodium acetate (351 mg, 8.7 mmol), compound 4a was obtained as a dark purple solid, Yield:
280 mg (84%): 'H NMR (400 MHz, DMSO-ds) & 8.67 — 8.66 (m, 6H, B-pyrrole), 8.35 (s, 2H, -
pyrrole), 7.88 — 7.84 (m, 4H, -ortho), 7.76 — 7.74 (m, 4H, -meta), 7.42 — 7.37 (m, 2H, -ortho), 7.31
—7.27 (m, 2H, -ortho), 7.17 (d, J = 7.5 Hz, 2H, -meta), 6.46 (d, J = 13.3 Hz, 2H, -meta), 1.14 (s,
18H, t-butyl). MALDI-MS m/z: calcd: 877.20, Found [M+H]. 878.72. UV-vis (DMSO), Anal.
Calculated (CsoH42ClInNe): C 68.46 %, H 4.83 %, N 9.58 %. Found: C 67.06 %, H 4.96 %, N 9.39
%. Amax/ nm (log €) 428 (4.85), 563 (3.28), 604 (2.91). IR [vmax/cm—1]: (C-H) 2959-2850, (C=N,

C=C) 1721-1594, 1460(CH3 ), (C-C) 1276, (C-N) 1007, (C-H) 797.

Chloroindium (III) 5,15-di(pyridin-4-yl)-10,20-di(thiophene-2-yl)porphyrin (5a): Following
the general procedure and using 5 (239 mg, 0.38 mmol), InCl3 ( 270 mg, 1.14 mmol) and sodium
acetate (351 mg, 8.7 mmol), compound 5a was obtained as a dark purple solid, Yield: 268 mg
(92%): '"H NMR (400 MHz, DMSO-de) & 8.99 — 8.54 (m, 8H, B-pyrrole), 7.90 (s, 4H, pyridinyl -
ortho), 7.77 (d, J= 57.1 Hz, 4H, pyridinyl-meta), 7.38 — 7.20 (m, 2H, thienyl-H), 6.61 (d, /=43.8
Hz, 2H, thienyl-H), 6.41 (s, 2H, thienyl-H). MALDI-MS m/z: caled: 776.04, Found [M-CI|
741.29. UV—vis (DMSO), Anal. Calculated (C3sH22ClInNsSz): C 58.74 %, H 2.85 %, N 14.78 %.
Found: C 59.43 %, H 2.78 %, N 14.64 %. Amax/ nm (log €) 429 (5.02), 565 (3.97), 604 (3.32). IR

[Vma/em™']: (C-H) 2918-2848, v(C=N, C=C) 15901505, (C-H) 1404, (C-N) 1011, (C-H) 791.
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2.3.1.7 General procedure for N-methylation of porphyrins 4b and Sb, Scheme 3.4

An excess of iodomethane was added to a solution of each porphyrin, 4a and 2a, in anhydrous
DMF (10 mL per 50 mg of porphyrin) under a nitrogen atmosphere and then stirred at room
temperature for 24 h with a magnetic stirrer. The solutions were evaporated under vacuum, and
the desired products (reddish brown precipitate) were washed with diethyl ether (100 mL) and

recrystallized in acetone.

Chloroindium (III) 5,15-bis(4-(tert-butyl)phenyl)-10,20-bis(N-methylpyridinyl) porphyrin
iodide (4b): Following the general procedure and using 4a (60 mg, 68 pmol) and iodomethane
(43 uL, 0.7 mmol), compound 4b was obtained as a reddish brown crystalline product, Yield: 57
mg (72%): 'H NMR (400 MHz, DMSO-de) & 9.20 (s, 4H, B-pyrrole), 9.03 (d, J = 4.7 Hz, 4H,
pyridinyl-ortho), 8.91 (d, J = 4.6 Hz, 4H, -ortho), 8.75 (s, 4H, B-pyrrole), 7.73 — 7.56 (m, 8H,
pyridinyl -meta), 4.47 (s, 6H, CHz3), 1.34 (s, 18H, t-butyl). MALDI-MS m/z: calcd: 1161.07, Found
[(M-CD-IT" 998.71. UV-vis (DMSO) Ama/ nm (log e) 433 (4.55), 564 (3.15), 616 (2.78). IR
[Vmax/cm ™ 1]: (CH) 2956-2806 m, (N*-CH) 2750 m, (N*-C) 2413, (C=N, C=C) 1705-1576, 1460

(CHs), (C-C) 1255, (CN) 1013, (CH) 852.

Chloroindium (III) 5,15-bis(N-methylpyridinyl)-10,20-di(thiophen-2-yl) porphyrin iodide
(5b): Following the general procedure and using 5a (60 mg, 77 umol) and iodomethane (50 pL,
0.8 mmol), compound 5b was obtained as reddish brown crystalline product, Yield: 76 mg (92%):
"H NMR (400 MHz, DMSO-de) § 9.53 (d, ] = 5.9 Hz, 4H, B-pyrrole), 9.36 (d, ] = 34.5 Hz, 6H,
pyridinyl-ortho and thienyl), 9.06 (d, J = 6.0 Hz, 4H, B-pyrrole), 7.71 (s, 3H, thienyl-H), 6.81 (s,
4H, pyridinyl-meta), 5.75 (s, 1H, thienyl-H), 4.75 (s, 6H, CH3). MALDI-MS m/z: calcd: 1061.90,

Found [(M-CI)-I]* 898.71. UV-vis (DMSO) /max/ nm (log ¢) 437 (4.83), 568 (3.44), 613 (3.03).
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IR [Vmax/em']: (CH) 2957-2811 m, (N*-CH) 2747 m, (N*-C) 2412, (C=N, C=C) 1698-1505 m,

(CHs) 1462 m, (C-H) 1405 m, (CN) 1013 m, (C-H) 848 m.

2.3.2 Synthesis of granulated activated carbon and porphyrin 1a conjugate

2.3.2.1 Preparation of coconut-based granulated activated carbon (GAC and ACO)

Note: Granulated activated carbon (GAC) was used to prepare oxygen-functionalized granular

activated carbon (ACQO), without combining it with porphyrin.

To prepare GAC, coconut shells were carbonized using the traditional way of making charcoal in
a drum under limited oxygen conditions [101]. After carbonization, the pyrolyzed coconut shells
were sorted to remove the partially carbonized shells and then crushed into smaller pieces to a

maximum of 50 mm.

Chemical activation was employed using KOH as the activating agent [102] as follows: granular
carbon samples (500 g) were washed with 0.1 M HCI to neutralize the ash (formed during
carbonization) and then rinsed with Millipore water until the rinse water reached pH 7. Afterwards,
the samples were dried in the oven for 12 h at 110 °C. Separately, 500 mL of 50% KOH solution
was prepared and then added to a separate 1000 mL beaker containing 300 g of dry carbon
granules. The mixture was allowed to soak for complete impregnation of KOH into the inner parts
of the carbon granules. After 12 h, the carbon samples were removed from the solution, placed in
a nitrogen-purged furnace, and then heated continuously at 800 °C for 4 h under a limited oxygen
supply. The samples were allowed to cool overnight and soaked in 0.1 M HCI the next day before
washing with Millipore water until the rinse solution reached pH 7. The now-activated carbon
granules (GAC) were then placed in an oven to dry for 24 h at 110 °C and finally stored in an

airtight container.
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Chemical surface modification of activated carbon granules (GAC) to form oxygen-functionalized
carbon granules (ACO) was performed as follows: GAC (200 g) was added to 500 mL nitric acid
(70%) and refluxed for 4 h. After cooling, the ACO granules were filtered from the acid solution
and washed with warm Millipore water until the pH of the rinse water reached the 6—7 range. The
ACO granules were then dried in an oven at 110 °C for 48 h and later stored in a sealed glass

container.

2.3.2.2 Immobilization of porphyrin 1a on ACO

The porphyrin solution was prepared in a 250 mL flask by dissolving 1a in ethanol to a final
concentration of 0.5 mM. Then, ACO (2 g) was added, followed by refluxing until the solution
turned clear (about 45 min). The granules were filtered from the solution, washed several times
with water, and dried in the oven overnight at 110 °C. The dried conjugate (represented as 1a

(ACO)) granules were finally stored in an airtight glass container.

2.3.3 Preparation of PAN electrospun fibers decorated with powdered activated carbon

(AC) and porphyrin 2a-immobilized composite
Note: Porphyrin was only combined with PAN/AC2.

Powdered activated carbon (AC) was prepared by powdering granulated activated carbon (GAC).
Homogeneous solutions for electrospinning were then prepared by mixing and sonicating (for 24
h) polyacrylonitrile (10 wt %) with different amounts of activated carbon powder (5% for
PAN/ACI1 and 10% for PAN/AC2) separately in DMF (20 mL). A separate homogeneous solution
was also prepared by sonicating (for 24 h at room temperature) a mixture of PAN (10% wt), AC
(10% wt), and 2a (200 mg) (for 2a(PAN/AC2) in DMF (20 mL). Unmodified PAN fibers were

prepared as described above but without AC or 2a. Electrospun fibers were obtained under the
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following conditions: 0.9 mL/h flow rate, +35 kV applied voltage, and 15 cm tip-to-collector
distance. The resulting PAN, PAN/AC1, PAN/AC2, and 2a(PAN/AC?2) fibers were deposited on

the collector to form a fibrous mat.

2.3.4 Preparation of colloidal activated carbon (CAC) and porphyrin/CAC composites

AC (2 g) was transferred to a 250 mL flask containing DMF (200 mL) and sonicated for 6 h. The
undissolved powder was removed by centrifugation at 4000 rpm for 15 min, and the supernatant
was drawn from the centrifuge tubes. Subsequently, the DMF solution was evaporated, and the
precipitate was resuspended in DMF to make 150 mL (1 mg/mL) of CAC suspension. The
porphyrin/CAC composite solutions of complexes 1a, 2a or 3a were prepared by dissolving them
in DMF (10 mL) to make a final concentration of 0.5 mM. To each flask, 20 mL of CAC
suspension (1 mg/mL in DMF) was added, followed by sonication for 60 min. The porphyrin/CAC
composites were then separated from the DMF solution by centrifugation at 15,000 rpm for 15
min and washed with DMF until the solution became clear after centrifugation, indicating the
removal of the unbound porphyrin. The precipitates were then dried in the oven, resuspended in

DMEF, and separately in water.

2.3.5 Preparation of PAN fibers decorated with nitrogen-doped carbon quantum dots and

their porphyrin-immobilized composites

2.3.5.1 Synthesis of nitrogen-doped carbon quantum dots (NCQD and NCQD1)

The nitrogen-doped carbon quantum dots (NCQD and NCQD1) was synthesised by varying the
quantities of urea and citric acid. This method followed a bottom-up approach involving

carbonising organic precursors [ 103]. Briefly, a 10 mL mixture containing 0.38 g (1 mmol) of citric
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acid (CA) and 0.6 g (5 mmol) of urea in water at a ratio of 1:5 was prepared. The mixture was
heated on a hot plate at 120 °C until all the solvent evaporated, resulting in a dark brown solid
product. After cooling to room temperature, the solid was washed with ethanol, and the resulting
brown material (NCQD) was dried in an oven. A similar method was employed to synthesize

NCQD1, but with a citric acid to urea ratio of 1:3, yielding a dark brown product.

2.3.5.2 Preparation of PAN and PAN/NCQD electrospun fibers and their porphyrin-loaded

composite forms.

Note: Porphyrins were only combined with NCQOD.

NCQD at 0.5% wt were dispersed in DMF using magnetic stirring for 1 h. PAN powder was
dissolved at 10 wt.% in the NCQD/DMF dispersion by stirring and sonication for 24 h at room
temperature. A separate homogeneous solution was also prepared by sonicating (for 24 h at room
temperature) only PAN (10% wt) powder in DMF. The dispersions were loaded into 20 mL plastic
syringes. The applied voltage was kept constant at +35 kV, the flow rate used was 0.9 mL/h, and
the distance between the needle and the collector was 15 cm during the electrospinning process.
After the stable jet formation, electrospun PAN and PAN/NCQD nanofibrous membranes were

collected on aluminium foil, which was removed for fiber characterization.

The porphyrin-loaded PAN/NCQD composites were prepared by first dissolving porphyrins (1a,
2a, 3a, and 5b) in 50 mL of ethanol, followed by stirring to ensure homogeneity. The PAN/NCQD
fibers were then placed in a round-bottom flask containing the porphyrin-ethanol solution, which
was refluxed overnight at 80°C to encourage interaction between the porphyrin and PAN/NCQD
fibers. After refluxing, the mixtures were cooled and sonicated for 1 h to disperse the porphyrins

evenly throughout the fibers. Subsequently, the composites were washed using a Soxhlet setup
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with ethanol and water to remove unattached porphyrin. Additionally, porphyrin 5b was explicitly
used to dye PAN fibers and served as a control material, using a similar method used for all
porphyrin (PAN/NCQD) to form Sb(PAN) composites. Finally, the composites were dried in an

oven at 90°C and characterized.

2.4 Photophysical and photochemical parameters

The photophysicochemical properties of the excited states of porphyrins are influenced by their
chemical structures, including factors such as the nature of the central metal ion, peripheral
substituents, axial ligands, and nonplanar distortions [104]. These properties include fluorescence
quantum yields, fluorescence lifetimes, triplet quantum yields, triplet lifetimes, and singlet-oxygen

quantum yields.

The porphyrin complexes' fluorescence quantum yields (@r) were calculated in DMF using a
comparative method, Eq. 2.1 by comparing the area of integrated fluorescence of the samples (Fy)
with that of a reference (F,) with known ®r, the absorbance values of the sample (As) and
reference (A,) at the excitation wavelength (spectral crossover wavelength between the standard
and the sample) and refractive indices of the solvents used with the sample (ny) and reference (#e)

solutions. ZnTPP (®r = 0.034) standards in DMF [105].

Fs Arern 2

Op= QFf (2.1)

| Fref As Eef
The singlet oxygen quantum yields (®a) of the porphyrin complexes alone were calculated in DMF
using a comparative method, Eq. 2.2.
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Where ijtd is the singlet oxygen quantum yield of the standard; B and BSY represent the
photobleaching rates of the sample and the standard, respectively; I and I8 represent the rates of

light absorption by the sample and standard, respectively. DMA was used as the singlet oxygen

quencher in DMF and ZnTPP (@} = 0.53 in DMF) [106].

2.5 Antimicrobial photodynamic therapy (aPDT) Studies

2.5.1 Antimicrobial assays on planktonic bacteria

The aPDT studies were carried out against planktonic cells of Gram-(+) S. aureus (ATCC®
25923TM) and Gram-(-) E. coli bacteria (ATCC® 25922TM) strains. S. aureus and E. coli bacteria
strains were grown anaerobically on agar plates to obtain colonies of each by following the
manufacturer's specifications. A single colony of each strain to be studied was inoculated into a 5
mL freshly prepared Lura nutrient broth. The culture mixture was vortexed and incubated at 37 °C
with agitation (ca. 200 rpm) in a rotary shaker incubator for 18h and 48 h for S. aureus and E. coli,
respectively. Aliquots from the bacteria culture mixtures were taken regularly to measure their
optical densities until the bacterial growth reached a mid-logarithmic phase (OD 620 nm, 0.6-0.8).
The bacteria pellets were then harvested through centrifugation for 15 min at 3000 rpm and washed
three times with sterile PBS to remove residual nutrient broth. The bacteria pellets were re-
suspended in 4 mL PBS and diluted to 1:1000 (v/v) in PBS to obtain the working bacteria culture
stock solutions. The viable colonies count of the freshly prepared S. aureus and E. coli bacteria
stock cultures were determined by serial dilution of the bacteria culture stock solutions by factors
of 104,107,107, 107and 10®. 100 pL aliquots of each sample solution were aseptically inoculated
on the agar plates in triplicate and incubated at 37 °C for 24 h to determine the optimum bacteria

count. The viable bacteria colonies were counted on a Scan 500® series Automatic Colony Counter.
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Optimized bacteria solutions of colony-forming units (CFU/mL) about 2.9 x 10® and 1.6 x 10°

CFU/mL for S. aureus and E. coli, respectively, were used in the subsequent studies

The disk diffusion method was used to investigate the bactericidal activity of CAC and the
porphyrin/CAC (1a, 2a and 3a) composites. Only the gram-negative E. coli was used in the
experiments to evaluate the aPDT activities of the colloidal suspensions with and without 0.5 %
H>0O; solutions. Agar plates were prepared in triplicates for both dark and light experiments. 100
uL of bacterial solution were inoculated on each agar plate, and the CAC and porphyrin/CAC
composites (50 pL in water) were individually placed in the respective pre-labelled wells. Plates
for light studies were irradiated using a broad-spectrum halogen lamp (range 350 nm to 3500 nm,
centred at 552 nm) for 30 min, while the plates for the dark experiment were placed in a dark for
the same amount of time. Afterwards, all the plates were incubated for 24 h at 37 °C, and the

diameters of the zones of inhibitions were determined.

The colony counting method was used to investigate the aPDT activities of trans-A2B2 porphyrins
(4a, 5a, 4b and 5b). 5 mL bacteria suspension (= 108 CFU/mL) of S. aureus or E. coli bacteria
strains in 1% DMSO/PBS solution was incubated with appropriate concentrations of the porphyrin
dyes at 37 °C in a rotary shaking incubator at 200 rpm for 30 min in the dark. Half (2.5 mL) of the
dye-incubated bacteria suspension was transferred into a 24-well plate for light studies, and the
remaining half (2.5 mL) was kept in another 24-well plate in the dark for in vitro dark cytotoxicity

studies.

During light studies, the porphyrin-treated bacteria suspensions were irradiated with M415L4
Thorlabs LEDs mounted onto a Modulight 7710-680 medical laser system housing for 30 min.

2.5, 5,10, 20, and 40 uM of the dye concentrations were administered against S. aureus and E.
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coli bacteria suspensions. After light and dark treatments, a 100 puL aliquot of the samples was

aseptically inoculated on the agar plate and incubated for 18 h at 37 °C.

Viable bacteria colonies were counted with a Scan 500® series Automatic Colony Counter to
determine colony-forming unit (CFU/mL) values. The controls were S. aureus and E. coli bacteria
suspensions (colony-forming units =~ 108 CFU/mL) with no porphyrin dye. The cell survival
fractions were calculated by comparing the porphyrin-treated bacteria with the control. The logio

reductions were calculated using Eq. 2.3
Log reduction = Log (A) - Log (B) (2.3)

A and B are the number of viable colonies (CFU/mL) of bacteria for the untreated and treated
samples. All the experiments were carried out in three independent triplicates, and data were

analyzed statistically using student #-tests and ANOVA.

The colony counting method was also used to evaluate the bacteriocidal and aPDT activities of the
PAN, PAN/NCQD and porphyrin/NCQD composite fibers (1a, 2a, 3a and 5b). Bacterial cell
solutions (50 pL) were dropped to the surface of two 24-well plates containing PAN composites
and incubated for 30 min. One plate was placed under a halogen lamp for 30 min, while the other
plate remained in darkness (dark treatment) for the same duration. Pure PAN fibers served as
control samples. After the treatment, each sample was placed into a 1.5 mL centrifuge tube
containing 950 uL PBS. The tubes were subjected to vigorous shaking followed by vortexing in
the dark for 3 min to facilitate cell release. Ten-fold serial dilutions were made in PBS (pH 7.4) to
test viable cell numbers, and the cells were aseptically inoculated triplicate on the agar plates. The
colony numbers were counted after 18 h at 37 °C using the Scan 500® series Automatic Colony

Counter.
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2.5.2 Anti-biofilm Assay

Antibiofilm activity was evaluated exclusively for the cationic trans-A>B; porphyrins (4a and 5b).
Freshly prepared planktonic S. aureus and E. coli bacteria cultures were diluted to 1 x 10° CFU/mL
in Mueller—Hinton broth with 1% glucose to stimulate biofilm formation. The nutrient broth-
supplemented bacteria cultures (200 uL/well) were added to sterile 96-microwell plates and
incubated for 18 h (37 °C, 200 rpm). Following the incubation, the planktonic solution was
discarded, and the wells were rinsed with sterile PBS to remove the residual broth and the non-
adherent planktonic bacteria cells. The biofilms were then treated with porphyrin samples (4 pL)
of different concentrations (25, 50, 100 and 200 pM). Two sets of 96-well plates were prepared
for light and dark studies, and untreated samples of only biofilm were also included. In the light
studies, 96-well plates were exposed to a 415 nm light from a Thorlabs LED (M415L4) at constant
irradiance levels of 2.2 mW cm for 30 and 60 min, i.e., 3.9 and 7.7 ] cm™, respectively. The light
was integrated into the housing of a Modulight 7710 medical laser system. In contrast, the dark
study sets were kept in the absence of irradiation (in the dark) for 30 or 60 min to assess the effect
of porphyrins under dark conditions or explore their inherent antimicrobial properties. Afterwards,
nutrient broth (196 pL/well) was added to the wells and then incubated for 18 h (37 °C, 200 rpm).
Following the incubation, the solution was discarded, and the wells were rinsed with sterile PBS
to remove the residual dissolved porphyrin, broth, and non-adherent planktonic bacteria cells. 200
pL of resazurin solution (20 pM/ well) was added to the biofilm plate and incubated for 20 min
until the controls were evenly pink (Fig 2.3). Fluorescence measurements were taken (Aex = 560
nm, Aem= 590 nm) using the BMG CLARIOstar® Plus microplate reader. Triplicate measurements

were made to ensure accuracy, and the results were compared using a 3-way factorial ANOVA.
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The data were presented as means + standard deviation (SD) of cell survival for the biofilms. A p-

value of 0.05 was considered statistically significant.

Fig. 2.3: Biofilm photoinactivation studies using modified resazurin method

The cell morphology of E. coli biofilms on treated and untreated glass slides was assessed by
scanning electron microscopy (SEM). Before observations, biofilm samples were fixed using
3% wt—glutaraldehyde in phosphate buffer pH 7.2 for 8 h at 4°C. After extra washing, the samples
were incubated using an increasing percentage of ethanol in water (25, 50, 75, 90, and 100% v/v)
for 10 min and dried at room temperature. Finally, the materials were coated with Au-Pd and

examined under a JSM 840 scanning electron microscope (JEOL, Tokyo, Japan).

57



CHAPTER 3: Synthesis and characterization

This chapter details the experimental procedures, synthetic methods, and characterization

techniques for all porphyrins and support materials studied in this thesis.
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3.1 Synthesis and characterization of the target porphyrins

The precursors 1, 2 and 5-(4-pyridyl) dipyrromethene used during the synthesis of the trans-A>B»
porphyrins have been previously reported [95,96,100], and their characterization will thus not be
discussed in this work. The characterization of the rest of the new 10 porphyrin and porphyrin
complexes is discussed in detail in the following subsections. The respective spectra can be found

in the APPEDICES section.

3.1.1 Synthesis and characterization of 1a

The procedure to add the acetyl groups along with the In (III) central metal ion to 1 was carried
out as illustrated in Scheme 3.1. From the '"H NMR spectral data of 1a, the characteristic broad
singlet peak at 9.60 can be ascribed to amide groups. The singlet signal at 8.10 was assigned to the
protons on the B-position of the pyrrolic groups, and the doublets signals at 7.16 and 7.23 were
assigned to the protons on ortho and meta-positions of the benzene rings, respectively. Mass
spectra showed M-Cl peak at m/z = 956.72. In the infrared spectra for 1a, the peak at 3401 cm™!
is assigned to stretching vibrations of the N-H groups on the amide groups, while the peaks at 1666
cm ! were assigned to C=0 stretching modes of the secondary amide groups of the 1a. The

vibration band at 1588 cm ™! was assigned to the C=C stretching modes of the cyclic alkene groups

of the porphyrin. (See the respective spectra in Appendix A)
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InCly, CH;COOH, CH,00Na  o=(
H, >  HN
Reflux, 24 h

Scheme 3.1: Synthetic route for 1a

3.1.2 Synthesis and characterization of 2a

Synthesis of 2a was carried out as illustrated in Scheme 3.2. From the 'H NMR spectral data of
2a, the triplet peak at 2.71 was assigned to the alkyl proton, while the peak doublet peak at 5.01
was assigned to the protons attached to the oxygen group. The singlet signal at 9.10 was assigned
to the protons on the B-position of the pyrrolic groups, while the doublets signals at 8.11 and 7.40
were assigned to the protons on ortho and meta-positions of the benzene rings, respectively. Mass
spectra showed [M]" peak at m/z = 978.85. In the infrared spectra for 2a, the appearance of the
strong, distinct vibration band at 2849 cm™! corresponds to the C-O-C [107], while the peak at
2119 cm™ ! is assigned to the carbon-carbon triple bond stretch. The peak at 3283 cm ™! was assigned
to C—H stretch of the C—H bond adjacent to the carbon-carbon triple bonds, indicating the presence

of terminal alkyne groups on porphyrin [108]. The vibration band at 1600 cm™!

was assigned to
the C=C stretching modes of the cyclic conjugated alkene groups on the porphyrin. (See the

respective spectra in Appendix B)
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InCl;, CH;COOH, CH;00Na
Reflux, 24 h o

Scheme 3.2: Synthetic route for 2a

3.1.3 Synthesis and characterization of 3 and 3a

The procedure for porphyrin 3 and complex 3a is illustrated in Scheme 3.3, with the respective
NMR and infrared spectra shown in Appendix C. From the '"H NMR spectral data of 3, the peaks
at 8.79—8.96 ppm are assigned to the protons of the pyrene group, while the peaks at 8.52—8.31
ppm are assigned to the protons on the B-positions of the pyrrolic groups. The peaks between
7.99—8.10 ppm are assigned to the protons ortho to the benzene rings and position 2 of the pyrene,
while the peaks between 7.01—7.68 ppm are assigned to protons meta-positions of the benzene
rings. The characteristic broad peak at 4.01 ppm is assigned to the NH» protons, while the peak at

—2.50 ppm is assigned to N-H protons within the porphyrin core.

The disappearance of the N-H protons in the 'H NMR spectrum for complex 3a is due to the direct
bonding of indium metal with the nitrogen groups within the porphyrin core. For complex 3a, the
peak at 10.70 ppm is assigned to the N-H proton of the amide group, while the peaks around

9.15-8.93 ppm are assigned to the pyrene moiety. The peaks between 8.21—8.55 ppm are assigned
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to the B-positions of the pyrrolic groups. The peaks at 8.10 ppm are assigned to protons ortho to
the phenyl groups, while those between 7.03—7.20 ppm are assigned to protons meta-positions of
the benzene rings. The singlet peak at 1.18 ppm is assigned to the protons on the acetyl groups.
The overall down-field shift of the chemical shifts for complex 3a relative to 3 can be attributed
to the electron-withdrawing effect of the acetyl groups on complex 3a. The mass spectra of 3
showed [M+2H]" peak at m/z = 785.62, while complex 3a showed [M]" peak at m/z = 1057.84
and fragmentation peaks form [M—CI]" at m/z= 1022.83. Elemental analysis confirms that

porphyrins are isolated as hydrates [109].

In the infrared spectrum for 3, the characteristic strong peak at 1583 cm™! is attributed to the in-
plane NH; scissoring vibration modes, while the vibration band at 1663 cm™! is assigned to the
C=C stretching modes of the cyclic conjugated alkene groups on the porphyrin. The vibrational
due to the N-H within the porphyrin rings (usually around 3327 cm™!) are masked by the stronger
vibrations around 3422 and 3329 cm !, attributed to the symmetric and asymmetric vibrations of
NH; groups. In the infrared spectra for 3a, the peak at 3246 cm ™! is assigned to stretching vibrations
of the N-H groups of the amide groups, while the characteristic strong peak at 1670 cm™! is

assigned to C=0 stretching modes of the secondary amide groups of the 3a. The vibration band at

1598 cm ™! is assigned to the N-H bending modes of the amide groups.
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NO,
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(/ \) reflux, 3 h

LY ¢ S,
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CHO CHO 75°C,2 h

Scheme 3.3: Synthetic route for 3 and 3a

3.1.4 Synthesis and characterization of the trans-A:B:z porphyrins (4, 5, 4a, 4b, 5a, 5b)

The free-base pyridinyl-based A>B> porphyrins were synthesized using the green synthesis

approach [39], with few modifications for improved yields. The primary step involved the

condensation of 5-(4-pyridyl)dipyrromethane with the appropriate aldehyde in water—methanol

mixture in the presence of HCI. The mixture was neutralized with TEA, extracted with chloroform,

and dried under vacuum. The crude product was then redissolved dimethylformamide (DMF), and

refluxed for 6 h, followed by stirring overnight (12 h) in air at room temperature to obtain the

respective A2B: porphyrins. Purification of porphyrin was done using column chromatography,
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and the porphyrin was obtained in high yields, 46% and 42%, for porphyrin S and 4, respectively.
Their indium metal complexes and the methylated forms were synthesized using literature methods

[110,111]. Scheme 3.4 summarizes the synthesis procedure used and the reaction conditions.

(i) H,0, CH;0H, HCI

(ii) DMF, Reflux 6 h, Air 12 h

5§=R=
’
< |
N
1
I N
~
CHgl, DMF
R, R,
‘2z
|

5b=R, = /(/_\)

S

Scheme 3.4: Synthesis of the Indium metalated meso-substituted frans-A;Bz-Porphyrins

The compounds were characterized by NMR, IR, UV-Vis and MALDI-TOF MS (See the
respective spectra in Appendix D), and the acquired data were consistent with the predicted

structures. From the "TH NMR, the anticipated protons can be readily assigned for all the complexes.
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For the free base porphyrins, the inner protons did not integrate properly. These protons are

sometimes not even seen on NMR spectra because of the fast exchange with deuterated solvents.

The B-pyrrole and aromatic protons are for the synthesised porphyrins and the aromatic protons
lie between 7.84 to 9.53 ppm. The 'H NMR spectrum of 4, 4a, and 4b have additional peaks in
the aliphatic region between 0.93-1.34 ppm from the -CH3 groups on the ters-butyl groups, while
the cationic porphyrins 4b and 5b displayed additional peaks between 4.76-4.25 ppm due to CH3
groups on the pyridinyl groups. The mass spectral data observed closely matched the expected
parent peaks. The MALDI-TOF MS data for compounds 4a,b, and 5a,b aligned with their

respective target structures.

The FTIR spectra of all porphyrins showed strong absorption bands around 2960 -2850 cm’!,
which were assigned to CH stretching modes of the aromatic and aliphatic groups, while vibration
bands around ~1405 are due to CH bending vibrations [112]. Additionally, the intense bands
observed around ~852-791 cm ! were attributed to the C-H bonds on the pyrrolic rings and more
specifically due to vibrations involving deformation of the pyrrole ring with a contribution from
the in-plane bending of pyrrolic CH [113]. The spectra were also characterized by the several
overlapping bands related to the porphyrin rings modes (C=C, C=N) of the phenyls and pyrrolic
groups between ~1721-1490 cm ™! [114-116]. The important differences noted included the spectra
for cationic porphyrins 4b/5b which displayed additional strong absorption around 2750 cm’!
assigned to N"C-H. In contrast, porphyrins 4 and 4a displayed intense absorption bands around

4278 cm™!, assigned to C-C stretching vibrations of the tert-butyl groups [116].
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3.1.5 Ground state absorption and fluorescence spectra of the synthesised porphyrins

Fig. 3.1 presents the UV-visible absorption spectra of free-base porphyrins (1-5), their metalated
counterparts (4a-5a), and the metalated-cationic forms (4b and Sb). The corresponding data are
summarized in Table 3.1. The collapse of the four Q-bands of the free base porphyrins into two Q
bands (Fig. 3.1) following the metalation confirms the successful insertion of indium metals into
the porphyrin core. The spectra of the complexes reveal prominent bands between 418 and 437
nm (the Soret or B band) and weaker absorp tions (the Q or a bands) in the 515-654 nm range,
Table 3.1. The Soret and Q bands are distinctive signatures in porphyrin absorption spectra
[33,117]. Methylation of porphyrins 4a and 5a to yield 4b and 5b resulted in a noticeable red shift
of their Soret and Q (0,0) bands, Table 3.1. This spectral alteration can be attributed to the
increased nonplanar structural deformation within the porphyrin macrocycles after the

quaternization of nitrogen groups [118].

The fluorescence emission spectra of the porphyrins (Fig. 3.2) exhibit two distinct bands: a
generally intense Q(0,0) band at higher energy and a weaker Q(0,1) band at lower energy. Notably,
porphyrin 2a displayed a more intense Q(0,0) band compared to the Q(0,1) band, in contrast to the
other porphyrins, where the Q(0,1) bands were more intense, indicating enhanced vibrational
relaxation and internal conversion processes in porphyrin 2a. All porphyrins showed reduced
Stokes shifts upon metalation with indium, suggesting stabilization of the excited states.
Acetylation of porphyrins resulted in the highest reduction of Stokes shifts and blue-shifted
emissions, highlighting the stabilizing effect of electron-withdrawing groups. Quaternization of
4b and 5b led to increased Stokes shifts, attributed to the electron-donating and withdrawing

effects of thiophene, tert-butyl, and pyridinium groups [119].
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Fig. 3.1: UV-Vis spectra of the synthesised porphyrins

(a)

-
o
1
-
o
1

Normalised intensities (a.u.)
&
L

Normalised intensities (a.u.)
o
o

0.0 ===

Wavelength / nm Wavelength / nm

Fig. 3.2: Fluorescence spectra of the synthesized porphyrins
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Table 3.1: Photo-physicochemical parameters of synthesized porphyrins in DMF

Compounds

1a

2a

3a

4a

4b

Sa

Sb

B-bands (nm)
Aabs (nm)
426
427
423
432
430
433
418
428
433
421
429

437

Q-bands (nm)
AAbs (nm)
522,564, 596, 654
559, 600
518, 555, 599, 651
566, 606
520, 558, 600, 654
567,612
515, 551, 592, 648
563, 604
564,616
518, 554, 592, 650
565, 604

568, 614

AEm
676, 715sn
567, 614
660, 721
669,712
660, 720
625, 673
654,717
614, 667
638, 703sh
692, 759sh
617, 664

647, 714sn

Stokes shifts
(em™)
8681
5783
8489
8200
8104
7095
8633
7078
7421
9302
7103

7427

Gouterman’s four-orbital model [33,120] can be used to explain trends in the electronic excitation

spectra of porphyrins. In this case, the model is applied to the indium metalated trans-A>B>

porphyrins (4a and 5a) and their quaternized complexes (4b and 5b), using a four-orbital

arrangement with angular nodal properties (Fig. 3.3-3.4), to investigate the effects of

quaternization. The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular

orbital (LUMO) have My values of £4 and +5, resulting in four and five angular nodal planes,

respectively. The model predicts allowed B transitions (AML = #1) at high energy and forbidden
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Q transitions (AML = £9) at lower energy. Michl's comparison of MOs [121] uses a and -a for n-
MOs with nodal planes on the y-axis and s and -s for corresponding MOs with significant

coefficients on the y-axis.

The porphyrin orbitals in complexes 4a and 5a resemble the widely recognized four Gouterman
orbitals that are delocalized across all four pyrrole rings. In the case of complexes 4b and 5b, the
s and -a orbitals are distributed over the four pyrrole rings and extend to the ters-butyl and

thiophene groups and on the two-opposing methyl-pyridinyl rings, respectively (Fig. 3.3-3.4).

Fig. 3.3: The angular nodal patterns of the a, s, -a and -s MOs of 4a,b at an isosurface value of

0.022 a.u.

71



Fig. 3.4: The angular nodal patterns of the a, s, -a and -s MOs of 5a,b at an isosurface value of

0.024 a.u

In the context of the TD-DFT calculations, the frontier 7-MOs of 4b/5b were more stabilized than
those of 4a/5a (Fig. 3.3-3.4). In the context of the 4a/5a, the average HOMO—-LUMO gap energies
based on a consideration of the a, s, -a, and -s MOs associated with the Q and B transitions are
reasonably similar (approximately 4.6 eV) (Fig. 3.5). The values for 4a/5a were also similar to
that of the chloroindium (III) tetraphenyl porphyrin (InNTPP). The choice of InNTPP as a model
complex is due to its similarity to zinc tetraphenylporphyrin (ZnTPP), a widely used benchmark
molecule in various photochemical studies due to its ease of synthesis and structural resemblance

to chlorophyll [122].

In the 4a and Sa (Fig. 3.6, Table 3.2), the calculated Q and B band maxima are very similar while
the main spectral bands of the 4b/5b are red-shifted compared to those of 4a/5a in a manner

consistent with the experimental UV-Vis spectra. This shift can be attributed to their lower
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HOMO-LUMO gap energies. Additionally, the slightly more intense Q bands observed in
complexes 4b and Sb are attributed to a slight relative destabilization of their s molecular orbitals
(Fig. 3.5). This results in a larger AHOMO value (the energy gap between the a and s MOs in
Michl's terminology [121]), leading to a slight mixing of the allowed and forbidden properties of
the B and Q bands. The appearance of charge transfer bands around 30,000 cm™ (Fig. 3.6) in the
4b/5b porphyrins aligns with the experimental UV-Vis spectra. Studies conducted by Cai and
coworkers have revealed that non-Gouterman transitions are remarkably responsive to chemical
environments, including solvents [123]. The solvent environment significantly modulates the
electronic structure and transition energies associated with non-Gouterman transitions, providing

valuable insights into the spectroscopic behavior of such complex molecular systems.

Fig. 3.5: MO energies of (a) InTPP and 4a and 5a, and (b) relative MO energies with the LUMO
set to 0 eV for 4b and 5b. The AHOMO—-ALUMO gap energies are highlighted with red diamonds

and are plotted against a secondary axis.

73



Fig. 3.6: TD-DFT spectra for InNTPP, 4a,b and 5a,b using the CAM-B3LYP functional with SDD
basis. Red diamonds highlight the Q and B bands of Gouterman's 4-orbital model [33,120].
Spectral simulations were carried out using the Chemcraft software package with a fixed

bandwidth of 1500 cm ™. Details of the spectra are provided in Table 3.2.
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Table 3.2: Electronic excitation bands of 4a,b and Sa,b porphyrins at the TD-DFT level of theory
using the CAM-B3LYP functional with SDD basis sets.

Calc. Exp.¢
v A v A
Band* #° @10’cm™) (nm) f (10 cm™) (nm) Wave Function ¢
o 1 17.6 567 0.03 16.6 604 s—-a(61%),a— -s (37%); ...
4 2 18.0 563  0.02 s — -5 (57%), a — -a (41%); ...
a
B 3 27.0 371 1.55 23.4 428 a— -a (55%),s — -s (40%); ...
4 27.2 368 191 a— -5 (60%),s — -a (36%); ...
o 1 17.6 569 0.03 16.6 604 s — -a(60%),a — -s (39%); ...
2 17.7 566  0.01 s — -5 (53%), a — -a (45%); ...
5a a — -s (34%),a — -a (23%),s — -a
B 3 26.9 372 1.35 23.3 429 (22%),s — -s (19%); ...
a—-a(31%),s — -s (26%),a — -s
4 27.0 371 143 (25%), s — -a (16%); ...
o 1 15.7 638 0.29 16.2 616 s —-a(77%),a — -s (17%); ...
b 2 16.8 595  0.01 a — -a (64%),s — -s (29%); ...
B 4 23.5 425 0.61 23.1 433 a—-s(33%),s —-a (17%); ...
5 23.8 419 0.63 s — -5 (49%),a — -a 31%); ...
o 1 15.6 639 0.23 16.3 613 s—-a(75%),a — -s (20%); ...
2 16.7 600 0.00 a— -a(59%),s — -s (36%); ...
5p a— -s (34%),s — -a (16%),a — -a
B 4 23.5 425 0.85 22.9 437 (11%), s — -s (14%); ...
s — -8 (37%),a — -a (27%), a — -s
5 23.6 423 0.76 (13%); ...

2 Band assignment referred to in this work. ? Energy states are assigned in ascending order within

the TD-DFT calculation. Band energies (v), wavelengths (A), and oscillator strengths are in

brackets (f). ¢ The wave functions are based on the eigenvectors predicted by TD-DFT. One-

electron transitions between the a, s, -a, and -s MOs are highlighted in bold. Only contributions

greater than 10% are provided.



3.2 Synthesis and characterization of supports and their porphyrin-loaded composites

This section discusses the synthesis and characterization of carbon-based supports and their
porphyrin-loaded composites. The focus will be on the methods used to create these support
materials and the processes and techniques employed to functionalize carbon supports with
porphyrin molecules, primarily through n-m stacking. The analysis techniques used are also

discussed.

3.2.1 Anchoring of porphyrin 1a on activated carbon granules

The coconut shells were washed with water to remove the dirt and mud and dried under the sun.

The dry shells were carbonized and then crushed into granules (Fig. 3.7).

Fig. 3.7: Transformation stages of coconut shell starting from (a) the raw coconut shells to (b)

carbonized shells and (c) the granulated form

The granules were transformed into activated carbon by chemical activation to form GAC and
afterwards oxidized using nitric acid to increase the amount of oxygen surface groups (to form
ACO) and introduce hydrophilic sites on the hydrophobic activated carbon structure, which was

deemed essential for improving the adsorption properties of the activated carbon supports.
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The synthesized metalloporphyrins were then anchored to the ACO and analyzed. Since the bulk
composition of ACO is carbon, hydrophobic interaction (n-n interactions) with the hydrophobic
groups of the porphyrin is anticipated for surface adsorption (Fig. 3.8). Functionalization of the
granulated activated carbon with oxygen groups created hydrophilic centers, presumed essential

for anchoring porphyrins through hydrogen bonding.

Fig. 3.8: Schematic representation of the possible interactions aiding in the anchoring of 1a

porphyrins

3.2.1.1 Scanning electron microscopy (SEM) and Energy-dispersive X-ray spectrometer

(EDS) analysis

Scanning electron microscopy (SEM) was used to study the surface morphology of the activated
carbon supports and the porphyrin hybrids. Fig. 3.9 shows the detailed surface characteristics of
the samples. The GAC sample images display different pore structures, including tube-like

structures along the surface and the cross-sectional areas of GAC that reveal the porous
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characteristics of the GAC structures, Fig. 3.9(A). When GAC samples were oxidised with the
acid to form ACO, there was a collapse of most macropores due to the prodding / degrading effects
of the acid, which then transformed the GAC surface into a more rugged texture with even more
micropore formations, Fig. 3.9(B). The increase of the oxygen peaks (Fig. 3.10) and estimated
atomic percentage (Table 3.3) in the EDS analysis for ACO samples compared to GAC illustrate
the successful oxidation process during the oxygen functionalization process. Additionally, the
presence of porphyrin molecules is shown by the appearance peaks for elements such as Cl (axial

ligand) and In in the 1a(ACO) spectrum.

Fig. 3.9(C) shows no noticeable changes in the SEM images of ACO samples loaded with 1a

except for some dispersed crystalline clusters around the ACO surface.

e —

SEM MAG: 601 x SEMHV:2000kv  SEWMAG:534x
Det SE 20 pm WD: 23,00 mm DetSE 20pm

i
VKV SEM MAG: 606X
X W

i Date(midiy): 10119121 Rhode SEMMAG:S36x  Dats(midhy: 0311121 po——

Det: SE 20 pm nm
ix Date(midh): 08/11/21 Rhodes 01 x

Fig. 3.9: SEM images of the (A) GAC, (B) ACO and (C) 1a(ACO)
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Table 3.3: EDS semiquantitative analysis of samples: GAC, ACO, and 1a(ACO)

Samples
Atomic % GAC ACO 1a(ACO)
C 95.01 77.75 83.54
(0] 4.07 22.25 15.4
In - - 0.69
Cl - - 0.37

Fig. 3.10: EDS spectra of the samples: GAC, ACO, and 1a(ACO)

3.2.1.2 Surface Area Analysis

The Brunauer-Emmett Teller (BET) analysis technique was used to monitor the surface changes
in surface area (Fig. 3.11). The presence of low-pressure hysteresis loops for all the samples, at
P/Pog < 0.2, is attributed to possible void-like structures within the carbon structures coupled with
narrow pore constrictions that interferes with outgassing [124]. Likewise, the nitrogen adsorption-

desorption isotherms displayed blended hysteresis characteristics of H3 and H4 types for all the
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samples. The H4 type observed in the GAC is primarily due to nano-porosity, which is common
with most activated carbon adsorbents [125]. The acid treatment of GAC introduced oxygen
functional groups and increased pore structures, as evidenced by changes in the isotherm plot (Fig.
3.11). This plot also shows a slight shift from H4 to H3-type hysteresis loops as the material
transitions from AC to functionalized ACO granules. The increased pore structures for ACO also

resulted in increased BET surface area, as shown in Table 3.3.
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Fig. 3.11: BET Isotherms plots for GAC and ACO granules. P = partial pressure, Py = saturation

pressure

The BET isotherm plots in the presence of porphyrin did not differ much from the ACO (figure
not shown). With the addition of porphyrins, there was an increase in the external surface area and
a reduction in the micropore volume (Table 3.4). The porphyrin molecules might occupy most of

the micropores, thus reducing the micropore volumes and the total surface area of 1a(ACO).
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Table 3.4: BET surface area analysis of GAC, ACO, and 1a(ACO)

BET Total Microbore
Surface P Micropore Area External Surface Area
Volume

Area

(m*/g) (em*/g) (m*/g) (m*/g)
GAC 369.0 0.15 285.3 83.7
ACO 502.5 0.25 4751 27.4
1a(ACO) 342.6 0.12 242.5 100.1

3.2.1.3 FTIR Analysis

The Fourier transform infrared (FT-IR) spectroscopy determined the samples' functional groups.
The appearance of the strong, distinct absorption peaks around 1716, 1180 and 1080 cm™! (Fig.
3.12), corresponding to C=0 and C-O and C-O-C groups, respectively [112,126], on the ACO
samples confirmed the successful oxygen-group functionalization of GAC, which was also
observed on the porphyrin attached-ACO samples. No noticeable changes were observed in
respective FTIR spectra of 1a(ACO), possibly due to the masking of the respective porphyrin
functional groups (such as the -NH>) by the much stronger peaks from the bulkier activated carbon

supports.
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Fig. 3.12: FTIR spectra of AC, ACO, and 1a(ACO)

3.2.1.4 Raman spectra Analysis

Raman spectroscopy is highly sensitive to structural changes in carbon-based materials, producing
characteristic Raman peaks that typically range from 800 to 1200 cm™' [127,128]. Only one first-
order graphite band (G band) at ~1580 cm™ is generally observed for highly oriented pure
polycrystalline graphitic samples. This band corresponds to the graphitic lattice vibration mode or
zone centre phonons of E»; symmetry, involving the in-plane stretching motion of carbon sp? atom
pairs. However, in disordered graphitic structures, the first-order spectra usually display additional
defect bands (D bands) [129]. The D1 band, typically around 1350 cm™, corresponds to the K-

point phonons of Aig breathing mode symmetry and is only active when disorder arises. Other
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bands observed in this region include the D2 peak near 1620 cm™!, the D3 peak near 1500 cm™,

and the D4 peak near 1180 cm™ [130].

As shown in Fig. 3.13, upon deconvolution of each spectrum, a set of four Lorentzian-shaped
bands, denoted by G, D1, D2, and D4) at ca. 1580, 1325, 1610 and 1200 cm !, respectively, were
obtained. In the GAC and 1a(ACO) spectra, the additional D3 bands (ca. 1500 cm™!) were also
observed, which characterizes first-order Raman spectra for most amorphous carbon. In the ACO
spectrum, however, the D3 band seemed masked by the more broadened G band. As anticipated
for most amorphous carbon, other peaks around 1400—1500 and 1100—1200 cm ™' were also
observed in individual Raman spectra. These peaks have recently been associated with other sp?-
bonded configurations with much lower band gaps, such as the trans-polyacetylenes types, as

opposed to other sp>-bonded phases [129].
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Fig. 3.13: The Raman spectra for (a) GAC, (b) ACO and (c) 1a(ACO)

The oxygen functional groups introduced some sp’ (C-O) and sp’ (C=0) sites, which eventually
increased IR Raman activity when moving from GAC to ACO, notably by the increased intensities
of the D and G peaks in ACO. Computation calculations have demonstrated that introducing
carbonyl groups disrupts electron distribution across aromatic ring systems, constraining the Aig

breathing modes of adjacent carbons at ca. 1350 cm™!. The significance of such constrictions in
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Raman spectra for carbon is the emergence of stronger secondary D peaks and the broadening of
the D1 band [131], as observed in this work, where the D2 and D4 peaks are much more intense
in the ACO when comparing the intensities. Raman spectrum for porphyrin attached to activated
carbon granules showed reduced intensities of D2 and D4 relative to those of ACO. With the
introduction of porphyrin compounds, increased disordering was observed, notably from the

increased D1/G intensity ratios of Fig. 3.13c, attributed to the increased sp? sites.

Moreover, since the D mode is solely connected to the presence of six-fold aromatic rings, its
intensity is directly proportional to the probability of finding the six-fold aromatic rings in a cluster.
The occurrence of other folds results in a broadening of the D mode and a decrease in its intensity
[128]. In this case, both events are observed simultaneously: increased intensity and broadening
of the D1 mode. These observations are attributed to the increased probability of finding six-fold

rings and five-membered rings in the porphyrin compounds.

3.2.1.5 X-ray diffraction (XRD) analysis

XRD analyzed the crystallization degrees of the activated carbon support and porphyrin-loaded
activated carbon supports. As expected [132], the two characteristic diffraction peaks of GAC
appeared at 20 = 22° and 43°, corresponding to 002 and 100 surface planes (Fig. 3.14). The weak
broad 002 peak of the GAC indicated the amorphous nature of its structure. The shift of the 002
diffraction of ACO to higher angles may be attributed to uniform stresses and strains caused by
the oxygen functional groups on ACO, which then affect the lattice parameters. The introduction
of porphyrin molecules reduced existing strains on the ACO surface because of the interactions
between the 1a porphyrin and ACO supports, as noted in the improved peak symmetry of

1a(ACO).
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Fig. 3.14: XRD spectra for GAC, ACO, and 1a(ACO)

3.2.2 Activated carbon-decorated polyacrylonitrile electrospun fibers and their porphyrin-

immobilized composites

For application purposes and to eliminate any secondary contamination, all the materials selected
to prepare the fibers were insoluble in water, including the photocatalyst porphyrin (2a), to prevent
leaching or any possible secondary contamination. The electrospinning process of the fibers used
in this study was done as shown in Fig. 3.15, and the resultant fibers were dried in the oven at
120°C overnight. The 2a(PAN/AC2) fibers were washed further using chloroform in a Soxhlet

setup for 24 h (to remove the unbound porphyrin dye) and then dried in the oven.
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Fig. 3.15: Representation of the electrospinning of PAN, PAN/AC1, PAN/AC2 and

2a(PAN/AC2) fibers

The PAN fibers displayed the characteristic white colour; however, the ones with activated carbon
were grey, with the PAN/AC2 showing a darker shade of grey due to the higher activated carbon
percentage. On the contrary, the 2a(PAN/AC2) displayed a dark green due to the indium porphyrin

(2a), bound firmly by @-x interactions.

3.2.2.1 SEM and BET Surface area analysis

Scanning electron microscopy (SEM) was used to study the surface morphology of the PAN
composites (Fig. 3.16). The fibers were generally unbranched, smooth, and cylindrical. From SEM
images of the PAN fibers with activated carbon (Fig. 3.16b,c¢), the individual spherical activated
carbon particles were nested tightly within the PAN fibers, leaving out large surface areas of

exposed surfaces of the activated carbon. The fact that the individual carbon particles are held up
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tightly explains why no residual AC particles came off the fibers at any point. For 2a(PAN/AC2),
no visible evidence of the presence of porphyrin molecules was observed in the SEM images due
to the small size of the porphyrin, and other characterization techniques were further explored and

discussed.

Fig. 3.16: SEM images of the (a) PAN fibres, (b) activated carbon decorated PAN fibres
(PAN/AC2) and (c) 2a(PAN/AC2) fibres

The Brunauer-Emmett Teller (BET) analysis technique was used to determine the surface area and
pore sizes (Fig. 3.17). Notably, the AC isotherm exhibited a steep increase at relative pressure
P/P0 <0.02, typical of type II - type IV combination of isotherms and H3 hysteresis loop,
characteristic of particles with both well-developed micropores and mesopores (Fig. 3.17). The
PAN, PAN/ACI1, PAN/AC2, and InP(PAN/AC2) samples (Fig. 3.17) displayed type IV isotherms
with high-pressure H1 type-hysteresis loops at P/Po >0.7, as typical of materials with spherical

structures and cylindrical pore geometry.
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Fig. 3.17: BET Isotherms plots for (a) AC, (b) PAN fibers, (c) PAN/ACI, (d) PAN/AC2 and (e)
2a(PAN/AC?2) fibers. P = partial pressure, PO = saturation pressure

The activated carbon powder (AC) sample displayed the highest surface area (Table 3.5). BET
surface area of the PAN fibers increased drastically when activated carbon powder was
incorporated within the PAN fabric, Table 3.5. The values for BET surface area followed the
order: AC > PAN/AC2 > PAN/AC1 > 2a(PAN/AC2) > PAN. The direct effect of AC powder
incorporation is seen by increasing the surface area of PAN/AC composites with increasing

activated carbon composition (Table 3.5).

The average pore diameters for the materials are as follows: AC powder (2.5 nm), PAN (28.8 nm),
PAN/ACI (16.1 nm), PAN/AC2 (12.1 nm), and 2a(PAN/AC2) (16.1 nm), Table 3.5. The average
pore sizes for the materials show significant variations, with AC powder having the smallest
average pore size and PAN the largest. The large pore size in PAN is attributed to interfiber
distances. The composite materials, PAN/AC1 and PAN/AC2 have intermediate average pore

sizes, reflecting the impact of AC powder on PAN. Notably, PAN/AC2, which contains double
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the amount of AC compared to PAN/ACI, has a slightly lower average pore size. The
2a(PAN/AC2) sample shows a similar average pore diameter to PAN/AC1 despite having double

the amount of AC, suggesting that porphyrin is present within the AC pores.

Table 3.5: Specific surface areas (Sger) and pore parameters of PAN, PAN/ACI, PAN/AC2 and
2a(PAN/AC2)

AC PAN PAN/ACI  PAN/AC2  2a(PAN/AC2)
Surface area, Sper/ m’g ! 681.6 12.7 110.0 199.0 91.3
Average pore diameter/nm 2.5 28.8 16.1 12.1 16.1

3.2.2.2 UV-Vis diffuse reflectance analysis.

From the UV-Vis diffuse reflectance spectra of the PAN and composite fibers (Fig. 3.18), all
samples exhibited absorption in the UV region, at 274 nm, due to polyacrylonitrile polymer [133].
The PAN/AC samples showed weak broad absorbances between 200-650 nm, characteristic of
most carbon samples [134]. In contrast, the 2a(PAN/AC2) sample exhibited strong absorption
bands in the visible region, similar to porphyrin spectra, which is evidence of the presence of a
high concentration coating of 2a on the 2a(PAN/AC2 fibers for efficient visible light

photocatalysis application.
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Fig. 3.18: Diffuse reflectance (DR) spectra of PAN, PAN/AC2 and 2a(PAN/AC?2) fibers

3.2.2.3 FT-IR and Raman spectra Analysis

The FTIR spectra of PAN fibers are shown in Fig 3.19(a), with the characteristic peaks at 2938
cm ! (-CH, asymmetric stretch), 2243 cm™! from the stretching vibrations of the nitrile group of
acrylonitrile, and 1453 cm™! (-CH; bending) of the aliphatic vibrations of acrylonitrile [135]. A
strong IR band at 1730 cm™!, was also observed, primarily from the carbonyl groups of the methyl
acrylate units in the polyacrylonitrile [135,136]. These bands mainly dominated the FTIR spectra
of all the PAN composites due to the PAN fiber polymer, which masked all other vibrations from

the AC and porphyrin.

The Raman spectrum for AC has been discussed before (Section 3.2.1.4). The Raman spectra pure
PAN fiber displayed the characteristic strong peak at 1453 cm™!, which is assigned to CH, bending
(scissoring), while the peak at 1302 cm™! is assigned to CH» twisting mode, thus indicating the

1

presence of a polymer chain (Fig 3.19b). The peak at 1357 cm™ is assigned to CH3 bending

(umbrella), while the peaks at 1602 cm ™! and 1520 cm ™! are assigned to C-C stretching bands. The
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characteristic peak around 1114 cm ' is mainly associated with the C-C skeletal stretching

[137,138].

As seen in Fig 3.19b, the Raman spectra of the PAN/AC2 composites are shifted compared to AC
and PAN. For PAN/AC2 sample, the peak at 1583 cm ! is assigned to the G-band peaks, while the
characteristic bands at 1342 cm™!and 1280 cm™ are assigned to the carbon disorder bands (D1 and
D4) of AC [139]. The peak at 1476 cm™! is assigned to the C=C stretches, and the 1149 cm™! band
is assigned to the nanocrystalline structures with sp® -diamond bonding [140,141], which are
sparsely distributed within the PAN fibers. The presence of porphyrin compounds in the
2a(PAN/AC?2 is evidenced by the porphyrin ring modes; 1594 cm™!, 1483 cm™!, 1373 cm’!
[142,143]. According to Parthasarathi and coworkers, the dominant peak at 1373 cm ! is attributed
to v4 mode (C-N breathing mode), while the bands at 1594 cm™! and 1483 cm™! are attributed to
the v>and v; symmetric (A1) modes [143]. So intense are these peaks that all other peaks have
been masked, thus supporting the idea of the possibility of complete porphyrin coverage over the

PAN/AC2 support.
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Fig. 3.19: FTIR and Raman spectra of PAN, PAN/AC2 and 2a(PAN/AC2)

3.2.2.4 X-ray Diffraction analysis (XRD)

The crystal structures of the activated carbon powder, the PAN fibers, and the composites were
analyzed by XRD, where the AC powder sample displayed the diffraction pattern with two strong-
broad bands at 20 =23°, 43° and 78° (Fig. 3.20), characteristic of (002), (100) and (110) graphite-
type reflections, respectively, of amorphous carbon structure [144,145]. The strong diffraction

peaks from the AC sample are due to more disordered graphitic crystallites [146].

The pure PAN fibers diffractograms displayed a strong peak at 20 = ~17°, characteristic of the

pan (100) crystallographic plane of PAN fibers [147]. Moving from PAN/ACI to 2a(PAN/AC2)

through PAN/AC2, the respective AC and PAN XRD diffraction peaks diminish to total
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disappearance. At the same time, the amount of background scattering increases due to increased

amorphization, particularly with 2a(PAN/AC2) fibers.
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Fig. 3.20: XRD spectra for AC, PAN, PAN/ACI, PAN/AC2 and 2a(PAN/AC2

3.2.2.5 Thermogravimetric (TGA) analysis

TGA analysis was used to determine the ideal pre-oxidation temperatures and the overall thermal
stability of the PAN composites. The TGA curve Fig. 3.21 shows that the chemical and thermal
properties of the PAN fibers were unchanged after impregnation with activated carbon powder and
porphyrin. The starting degradation temperature of the PAN fibers and the respective composites
ranged from ~289 to ~323 °C. The residual weights of PAN/AC1 (65%), PAN/AC2 (72%), and

2a(PAN/AC2) (76%) were much higher than the PAN (55%) fibers at 500 °C due to the presence
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of the more thermally stable activated carbon. The weight loss between 50 and 150 °C by the

activated carbon powder (AC) was mainly due to moisture loss, with a similar trend also observed

with the PAN/AC composites.
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Fig. 3.21: TGA curves for PAN, AC, PAN/ACI, PAN/AC2 and 2a(PAN/AC2)

3.2.3 Colloidal activated carbon (CAC) and porphyrin-loaded CAC

The CAC and the porphyrin-loaded CAC were prepared as described in the previous chapter
(Chapter Two). The CAC and the porphyrin/CAC suspension generated from the AC were very
stable in DMF after more than 48 h (Fig. 3.22). There was no noticeable change in colour between
the unloaded CAC and the porphyrin-loaded CAC samples. The porphyrin composition was
determined using UV-Vis spectroscopy by comparing the initial porphyrin solutions with the
supernatants. The percentage composition of porphyrins loaded (w/w) on the composites was thus

calculated as 1.0%, 1.4%, and 1.2% in 1a/CAC, 2a/CAC and 3a/CAC, respectively. UV-Vis
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spectra for the porphyrin/ CAC showed no differences in the Soret band maxima of the three

complexes in DMF, Fig 3.22b.

Fig. 3.22: (a) CAC and Porphyrin/CAC suspensions in DMF after 48 h, and (b) absorption
spectra of CAC, 2/CAC, 3/CAC, and 4/CAC suspended in DMF

The surface morphology of the CAC composites was studied using scanning electron microscopy
(SEM) (Fig. 3.23a,b). The colloidal activated carbon particles had irregular forms because of the
numerous micropores and cracks within their structures. Due to the small size of the porphyrin, no
visible indication of their presence was seen in the SEM of porphyrin/CAC composites (figure not
shown). SEM analysis revealed that the particle sizes of CAC were mainly less than 1 pum (Fig.
3.23a,b). The dynamic light scattering (DLS) analysis further corroborated the SEM results, which
revealed that the particle size distribution of CAC and porphyrin/CAC composites had an average
of 140 nm. The polydispersity indexes (PDI) of CAC, 1a/CAC, 2a/CAC and 3a/CAC were
determined as 0.25, 0.18, 0.21 and 0.19, respectively, indicating a broad particle size distribution

of the colloids [148].
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Fig. 3.23: SEM images of CAC on a glass substrate; (a) wider view, (b) expanded view (samples
for SEM prepared as explained in the Supporting Information), and (c) DLS particle size
distribution of the CAC, 1a/CAC, 2a/CAC, and 3a/CAC suspended in water.

3.2.4 Anchoring of porphyrins on polyacrylonitrile fibers containing carbon quantum dots

(PAN/NCQD)

3.2.4.1 Synthesis and characterization of nitrogen-doped carbon quantum dots

The N-doped carbon quantum dots, NCQD and NCQD1, was synthesised using a bottom-up
synthesis method as demonstrated in Fig. 3.24, using citric acid as a source of carbon and urea as

a nitrogen source.
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Fig. 3.24: Representation the bottom-up synthesis of nitrogen-doped carbon dots (NDCQD)
employed in this work. EtOH = ethanol

The X-ray diffraction (XRD) pattern of N-doped carbon quantum dots (NCQD and NCQD1)
exhibited broad peaks centred around 20 = ~27° (002 plane) [149]. These peaks correspond to the
coherent and parallel stacking of graphene-like sheets. The broadness of these peaks confirms the
amorphous nature of NCQD and NCQDI. Generally, heteroatom (N) doping in graphene
introduces defect sites and disrupts the carbon lattice, reducing crystallinity [150]. Consequently,
the XRD peak associated with NCQD is less intense than NCQDI1 due to the higher concentration

of nitrogen atoms within the carbon core lattice of the former (as observed in Fig. 3.25a).

The Raman spectrum of NCQD and NCQD1 (Fig. 3.25¢) reveal distinct sp? carbon characteristics
with notable disorder. The disordered D band appears prominently at 1379 cm™! for NCQD and
NCQD1, while the crystalline G bands are observed at 1581 cm™ and 1585 cm™! for NCQD and
NCQDI, respectively. The intensity of the G band is not affected by defects, whereas the defects
enhance the D band, increasing the intensity ratio between D and G (Ip: I ratio). The Ip: I ratio
for NCQD is 5.2, while the value is 2.1 for NCQD1. As stated above, introducing heteroatom (N)
in graphene introduces defect sites; hence, NCQD with more N atoms has more defects. Nitrogen

doping of carbon compounds results in the appearance of additional peaks [151], as observed in
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Fig. 3.25¢. According to Ayiana and coworkers, heteroatoms induce active vibrations in the region
between 1400 and 1550 cm™!, explaining the presence of Raman peaks at 1480-1496 cm™ in both
NCQD and NCQDI. The region between 1250 and 1320 cm™ is fundamentally associated with
the breathing mode of defective polycyclic aromatic hydrocarbons (PAHs) [151]. These vibrations
are typically intense in the presence of functional groups like graphitic nitrogen, which accounts
for the observed peaks at 1270-1280 cm™ in both NCQD and NCQD1. Specifically, the Raman
bands at ~1270 cm™ have been attributed to trans-polyacetylene and N-doped polyacetylene-like
systems [129,152]. These bands exhibited higher intensities in NCQD than NCQD1, suggesting a
greater presence of m-conjugated units in NCQD. Additionally, NCQD exhibited an intense Raman
band at approximately 1167 cm™, attributed to the breathing mode of §-membered-like nitrogen-

containing rings, which typically appear between 1150 and 1200 cm™ [151].

The chemical and structural characteristics of the NCQD (NCQD and NCQD1) were further
elucidated using Fourier-transform infrared (FTIR) spectroscopy. Several key vibrational modes
were observed in the FTIR spectrum (Fig. 3.25b): Peaks centred near 3433 cm™ correspond to the
stretching vibrations of —OH and —NH groups. The peaks around 3008-3184 cm™ are due to the
C—H stretching vibrations of sp? hybridized carbons, while peaks at 2772 cm™" correspond to C—H
stretching vibrations of sp® hybridized carbons. The successful surface passivation and nitrogen
doping were confirmed by C-N/N-O stretching vibrations at 1360 cm™'. Additionally, vibration
peaks at 1701, 1582, and 1184 cm™ are assigned to C=O vibration, C=C stretching/N-H bending

of a primary amine, and C—-O stretching of an ester or ether, respectively.
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Fig. 3.25: (a) XRD, (b) FT-IR and (¢) Raman spectra of NCQD and NCQD1

Fig. 3.26. shows the UV-visible absorption, emission, and excitation spectra for NCQD (Fig.
3.26a-b) and NCQD1 (Fig. 3.26¢c-d), which differ according to the citric acid to urea ratio (Fig.
3.24). The spectra reveal two distinct absorption peaks at ~335 nm and ~430 nm, corresponding
to the n—n* transitions of C=0 and C=N bonds, respectively [153]. Additionally, a shoulder peak
at ~270 nm is characteristic of n—m* transitions of the graphitic core (C=C or C—C) of sp*> domains
in the sp’ environment [90]. Increasing the nitrogen content in NCQD by adding a larger quantity
of urea during the synthesis process resulted in the absorption spectrum becoming dominated by
the C=N bond transitions. The changes in the chemical compositions cause significant changes in
the photoluminescence emission, resulting in the transition from blue (~450 nm) to green (~532
nm) wavelengths, as illustrated in Fig. 3.26. These findings are consistent with the previous work

by Xue and colleagues, who investigated similar effects in nitrogen-doped quantum dots [154].
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Fig. 3.26: Absorption and fluorescence analysis of NCQD: (a) NCQD and (c) NCQD1, and
excitation-dependent photoluminescence (PL) spectra: (b) NCQD and (d) NCQDI1, measured

using excitation wavelengths in the range of 300 to 500 nm.

3.2.4.2 Preparation of PAN/NCQD and porphyrin-loaded PAN/NCQD electrospun fibers

The fabrication of fibers was carried out by electrospinning. Incorporating NCQD rather than
NCQDI1 into the PAN matrix was based on their distinct absorption properties within the visible
spectrum of the electromagnetic spectrum (Fig. 3.26). This property makes NCQD particularly
suitable as a photosensitizer, including application under sunlight as an inexpensive light source.
The PAN/NCQD fibers exhibited a light brown colour, while the porphyrin-loaded PAN/NCQD

fibers (loaded with porphyrins 1a, 2a, 3a and 5b) displayed a yellow-green colour (Fig. 3.27)
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under normal white light. Notably, the fluorescence emission properties of the quantum dots
(NCQD) were well-preserved within the PAN/NCQD solid fibers, as demonstrated in Fig. 3.27
for the PAN/NCQD composites under UV (365 nm) illumination. This observation signifies a

uniform dispersion of the NCQD within the PAN fabric.

Fig. 3.27: Digital photos of the PAN/NCQD and porphyrin-loaded PAN/NCQD fluorescent fibers
under white (normal) and UV light (365 nm)

3.2.4.3 SEM analysis

Scanning electron microscopy (SEM) was employed to investigate the surface morphology of the
PAN and PAN/NCQD composite fibers (Fig. 3.28). PAN fibers exhibit unbranched and cylindrical
structures (Fig. 3.28a) while PAN/NCQD fibers had some branched fibers. Some fibers also
exhibit rough aggregated coatings, attributed to the presence of NCQD (Fig. 3.28b). No visible
evidence of porphyrin molecules was detected in the SEM images of any PAN composites due to

the small size of the porphyrins, hence the SEM image is not shown.
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Fig. 3.28: SEM micrographs obtained for (a) PAN fibers (b) PAN/NCQD, and (c) close view
image of the PAN/NCQD fibers

3.2.4.4 UV-Vis diffuse reflectance analysis

Distinct absorption features emerge in the UV-Vis diffuse reflectance spectra of PAN and the
PAN/NCQD composite fibers (Fig. 3.29). The pure PAN fibers exhibit UV absorption band at
~274 nm (Fig. 3.29a) due to polyacrylonitrile polymer [133]. However, in PAN/NCQD and its
porphyrin composites, acrylonitrile absorption is slightly blue-shifted (to around =266 nm).
Porphyrin-loaded PAN and PAN/NCQD composites possess prominent porphyrin peaks, which
are more pronounced in 5b, followed by 2a, 3a, and 1a (Fig. 3.29b). When comparing the Soret
band values of porphyrins in DMF with those on the PAN/NCQD composites in the solid state

(Table 3.6), we observe red-shifted spectral bands, typical of porphyrins in the solid state [155].
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Fig. 3.29: The UV-Vis diffuse reflectance (DR) spectra of the following samples: (a) PAN and
P(PAN) and (b) PAN/NCQD and its porphyrin composites

Table 3.6: Solid state spectral data (spectra of the porphyrin alone in DMF in brackets) of
porphyrin (PAN) and porphyrin (PAN/NCQD) composites

Composites AAbs (Soret-bands)/nm Aabs (Q-bands)/nm
1a(PAN/NCQD) 433 (433) -
2a(PAN/NCQD) 434 (432) 567, 611
3a(PAN/NCQD) 437 (433) 567, 611
S5b(PAN/NCQD) 441 (437) 569, 614
5b(PAN) 441 (437) 568, 614

3.2.4.5 FT-IR and Raman spectra analysis

The Fourier-transform infrared (FTIR) spectra of polyacrylonitrile (PAN) fibers were analyzed
(Fig. 3.30). In FT-IR PAN alone has been discussed in section 3.2.2.3. When examining
PAN/NCQD and porphyrin-loaded composites, their FTIR spectra primarily show bands from
PAN and NCQD (discussed earlier). In the porphyrin-loaded composites, the porphyrin bands are

entirely masked by the PAN and NCQD peaks (Fig. 3.30b).
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Apart from the 1453 cm™! peak due to CHz bending observed in pure PAN fiber (Fig. 3.19, 1100-
1700 cm ™), the full Raman spectra (between 1000-3500 cm™!) of pure PAN fiber shows additional
strong peaks at 2916 cm™!, 2244 cm™!, and 1093 cm™!, corresponding to CH stretching, C=N mode,
and C-C skeletal stretching, respectively (Fig. 3.31a) [137,138,156,157]. These characteristic
peaks were also observed in all PAN composites (Fig. 3.31b). In the PAN/NCQD composites (Fig.
3.31a), previously discussed, the characteristic Raman peaks due to quantum dots (NCQD) were
observed in the full Raman spectra. These include the D band at 1379 cm™! and the G band at 1581
cm™'. Additionally, other peaks were observed at 2403, 2200, 2125, 1986, 1780, 1685, 1470-1480,
1270, 1165, and 1065 cm’!, assigned to N-H stretching, N=C=0, C-N, C=C, C=O(ketone),
C=0O(amide), C=N stretching, C=C in trans-polyacetylene-like systems, C-O, and C-C bonds,
respectively [156,158-162]. Similar to the FTIR spectra, no new Raman peaks were observed in

the spectra for porphyrin PAN/NCQD composites (Fig. 3.31b).

Fig. 3.30: FTIR spectra of (a) PAN, Sb(PAN), NCQD (as powder), and PAN/NCQD, and (b)
porphyrin-loaded PAN/NCQD fibers
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Fig. 3.31: Raman spectra of (a) PAN, Sb(PAN), NCQD, and PAN/NCQD, and (b) porphyrin-
loaded PAN/NCQD fibers

3.2.4.6 X-ray Diffraction analysis (XRD)

The pristine polyacrylonitrile (PAN) fibers and the PAN/NCQD composites diffractograms
exhibited distinct peaks at 26 = 17° (Fig 3.32), corresponding to the (100) crystallographic plane
of PAN fibers [147]. The porphyrin-loaded PAN and PAN/NCQD composites displayed additional
broad and weak amorphous peaks centered at 20 = 27° (002 plane) due to the presence of
porphyrins. In the X-ray diffraction (XRD) spectra of the PAN composites, the intense diffraction
peaks from PAN gradually decreased with the addition of NCQD and porphyrins, attributed to

increased background scattering caused by enhanced amorphization.
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Fig. 3.32: XRD spectra of (a) PAN, Sb(PAN), NCQD, and PAN/ NCQD, and (b) porphyrin-loaded
PAN/ NCQD fibers

3.2.4.7 Thermogravimetric (TGA) analysis

We utilized thermogravimetric analysis (TGA) to evaluate the overall thermal stability of the PAN
composites. As shown by the TGA curve in Fig. 3.33, the thermal properties of PAN fibers
improved upon impregnation with NCQD and porphyrin. The degradation for both PAN fibers
and their respective composites started near 310 °C. At 700 °C, the residual weight of PAN/NCQD
(21%) significantly exceeded that of pure PAN fibers (2%), thanks to the presence of the more
thermally stable NCQD (as powder). In comparison to PAN, NCQD (as powder) exhibited a higher
residual weight (38%) at 700 °C, resulting in the improved thermal stability of PAN/NCQD
composites. Furthermore, the increased thermal stability observed in porphyrin-loaded composites

is attributed to porphyrins. Among the porphyrins loaded samples studied, Sb(PAN) displayed the
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highest residual weight at 700 °C (61%), followed by Sb(PAN/NCQD) (52%), 2a(PAN/NCQD)

(48%), 3a(PAN/NCQD) (43%), and 1a(PAN/NCQD) (39%), in that order.

Fig. 3.33: TGA curves for (a) PAN, 5b(PAN), NCQD (powder), PAN/NCQD, and (b) porphyrin
(PAN/NCQD) composite fibers

3.2.4.8 TOF-SIMS analysis

Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) was employed to assess the
uniformity of NCQD and porphyrin distribution on the surfaces of PAN composite fibers (Fig.
3.34). The analysis revealed distinct chemical compositions among the individual fibers. In the
TOF-SIMS overlays, the positive mass signals C3HoN™ (Red), C4H;iN" (Green), and C¢Hs" (Blue)

were attributed to porphyrin Sb, PAN, and NCQD, respectively.

The distribution of NCQD on the surface of PAN is shown by overlays of NCQD (Blue) ion
fragments on PAN (Green) ion fragments. Similarly, the distribution of porphyrin 5b on the
surface of Sb(PAN/NCQD) fibers is depicted by overlays of porphyrin Sb (Red) ion fragments on
PAN/NCQD ion fragments (Fig. 3.34). The green ion signals corresponding to PAN were
observed in both the PAN and PAN/NCQD sample images, respectively, confirming their presence

in both samples. The blue signal, corresponding to NCQD, was the dominant signal in the
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PAN/NCQD sample image. This signal dominance indicates a significant degree of coverage of
the PAN fibers by the NCQD. In the Sb(PAN/NCQD) sample image, the red signal, corresponding
to porphyrin 5b, is the only dominant signal present, signifying complete coverage of the

PAN/NCQD fibers by porphyrin 5b.

Fig. 3.34: Red-Green-Blue TOF-SIMS mass ion overlay images showing distribution of positive
ions on the PAN, PAN/NCQD and 5b(PAN/NCQD) fibers, obtained with Bi liquid metal ion gun

(LMIG) source.

3.3 Closing remarks

This chapter details the synthesis and characterization of various materials. The indium complexes
1a, 2a, 3a, 4a, 4b, 5a, and 5b were successfully synthesized and characterized using mass
spectrometry, UV-Vis, FT-IR, NMR spectroscopy, and elemental analysis. The FT-IR, NMR, and
mass spectra, along with elemental analysis, confirmed the structure, composition, and

functionality of the target complexes.

Activated carbon supports in the form of granular (GAC), oxygen-functionalized GAC (ACO),

powdered (AC), and colloidal activted carbon (CAC), as well as PAN-based composites consisting
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of AC and NCQD, were also prepared and characterized. Their porphyrin composites were
characterized using additional techniques such as UV-Vis, FT-IR, Raman, XRD, and TGA. FT-IR
and XPS confirmed the successful anchoring of photosensitizers to the supports for some
conjugates. SEM was used to confirm the porous nature of the AC samples, while their solid-state
UV-Vis spectra confirmed photosensitizer immobilization. Additionally, TOF-SIMS was used to
analyze the porphyrin-loaded PAN/NCQD sample, providing insights into the porphyrin coverage

on the support.
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CHAPTER 4: Photophysical and Photochemical Properties

This chapter discusses the photochemical and photophysical properties of the synthesized

porphyrins and their composites
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4.1 Fluorescence quantum yields (®s),

The fluorescence quantum yields (®y) of all the indium porphyrins obtained using Eq 2.1 were
very low, that is (<0.01) compared to the Zinc tetraphenyl porphyrin (ZnTPP), which is commonly
used as a standard [105], hence were not shown in Table 4.1. This low quantum yield is attributed
to the heavy atom effect of the In(III) central metal atom, which promotes non-radiative electronic

relaxation mechanisms, such as intersystem crossing to the triplet states.

4.2 Fluorescence lifetimes (tr)

Due to the low fluorescence of indium porphyrins and the non-fluorescent nature of the carbon
supports, except for the nitrogen-doped carbon quantum dots, lifetime experiments were not
conducted for these samples. The fluorescence lifetimes for NCQD and NCQD1 were measured
using Time-Correlated Single Photon Counting (TSCPC), and fluorescence decay curves were
obtained at an excitation wavelength of 375 nm (Fig. 4.1). The average fluorescence lifetimes were
determined as very close, 7.58 and 7.84 ns for NCQD and NCQD1, respectively. Subsequently,

NCQD was selected for the application because of their strong absorption in the visible region.

Fig. 4.1: TCSPC spectra of NCQD and NCQD1 in water
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4.3 Triplet lifetimes (t71) and singlet oxygen quantum yields (PA)

The triplet lifetime decay kinetics of porphyrins 1a-5a followed simple exponential models (Fig.
4.2), with porphyrin 2a exhibiting the longest triplet lifetime (t1) of 44 us (Table 4.1) compared
to the rest of the porphyrins within the 1a-5a series. This observation can be attributed to enhanced
internal conversion processes, as evidenced by the intense Q(0,1) emission bands relative to the
Q(0,0) bands in porphyrin 2a (Fig. 3.2). However, the triplet lifetime curves of complexes 4b and
5b exhibited biexponential decay profiles (Fig. 4.2), where the Tr2 triplet state lifetimes were
significantly longer than the Tri. This can attributed to the push-pull effect, which modifies the
electronic distribution and molecular geometries of these porphyrins, creating intramolecular
charge transfer (ICT) states that mix with locally excited (LE) states, resulting in multiple singlet
excited states, which lowers the energy gap between the ground and excited states, leading to red-
shifted emission spectra. The evidence of this is the observed broadened emission spectra of 4b

and 5b , attributed to multiple low-energy emission bands from ICT states [119], Fig. 4.2b.

The singlet oxygen quantum yield values were determined using DMA as a quencher in DMF,
with ZnTPP as the standard. Fig. 4.3 illustrates the spectral changes observed during the
degradation of DMA by the ZnTPP standard and complexes 4a and 4b (as examples). The Soret
band intensities remained unchanged, while the peaks corresponding to DMA decreased with
irradiation, demonstrating that the porphyrins remained stable during the photoirradiation process

used for singlet oxygen detection.

The high singlet quantum yield of complex 2a (0.55) using Eq 2.2, which also displayed the
longest triplet lifetimes, highlights its efficient photophysical properties. For complex 1a, the good

singlet oxygen-generating ability is likely due to the stabilizing properties of the acetyl substituent.
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Although complex 3a also contains acetyl groups, its lower singlet oxygen generation is likely due
to aggregation effects. Pyrene molecules are known to display a strong tendency for self-
association through an excited-state process known as excimer formation, which strongly limits
energy conversion capabilities and migration [163,164]. Thus, although pyrene derivatives have

strong light-harvesting abilities [165], their applications are limited by aggregation.

Despite having longer triplet lifetimes, the cationic porphyrins 4b and 5b exhibited slightly lower
singlet oxygen quantum yields than their unquaternized precursors, 4a and 5a. The quenching of
singlet oxygen is likely due to its reaction with iodide anions (I") introduced into the solution by

cationic porphyrins [166,167].

For the porphyrin-loaded CAC samples, 2a/CAC exhibited the highest singlet oxygen quantum
yields (Da), followed by 1a/CAC and 3a/CAC, respectively. The conjugates showed higher singlet
oxygen quantum yields than the porphyrins in solution, likely due to the reduced rate of
recombination of electron-hole pair upon conjugation. Additionally, no fluorescence emission
peaks were observed for 1a/CAC, 2a/CAC, and 3a/CAC at an excitation wavelength of 432 nm,
confirming the interactions between the porphyrins and the CAC, similar to other carbon-related

materials [168—170].
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Table 4.1: Photo-physicochemical parameters of synthesized indium porphyrins and the CAC

conjugates in DMF
Complexes Aabs (B-band) LOJN TTI 2
nm us us
la 427 0.51 16 -
2a 432 0.55 44 -
3a 433 0.40 17 -
4a 428 0.46 17 -
4b 433 0.41 8 37
S5a 429 0.46 8 -
5b 437 0.44 12 83
1a/CAC 433 0.78 - -
2a/CAC 432 0.94 - -
3a/CAC 433 0.54 - -

Fig. 4.2: Representative triplet-state lifetimes decay curves of (a) Sa and (b) 5b in nitrogen-

saturated DMF
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Fig. 4.3: Representative absorption spectral changes during the determination of singlet oxygen

quantum yield of complex (a) ZnTPP standard, (b) 4a and (c) 4b in DMF

4.4 Closing remarks

This chapter highlights the distinct photophysical properties of indium porphyrins and their
composites. The low fluorescence quantum yields of indium porphyrins are attributed to the heavy
atom effect of the In(I1I) central metal atom, which promotes non-radiative relaxation mechanisms.
The fluorescence lifetimes of NCQD and NCQD1 were measured, with NCQD selected for further
applications due to its strong visible absorption. The triplet lifetimes and singlet oxygen quantum
yields of the porphyrins were also investigated, revealing efficient photophysical properties,
particularly for complex 2a. The porphyrin-loaded CAC samples displayed higher singlet oxygen
quantum yields than in solution, indicating successful conjugation and reduced recombination of
electron-hole pairs. These provide valuable insights that can guide the design and application of

porphyrin-based materials in a wide range of photophysical and photochemical applications
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CHAPTER 5: Indium metalated pyridinyl-based trans-A:B: porphyrin in

solution as novel aPDT agents against planktonic cells and biofilms

This chapter presents the activity of novel pyridinyl-based trans-A>B> porphyrin photosensitizers
(PS) with antimicrobial photodynamic therapy (aPDT) properties against both planktonic and
biofilms of S. aureus and E. coli, highlighting their potential for use in both medical and

environmental applications.
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5.1 The effect of charge on antimicrobial photodynamic therapy (aPDT)

The 4 and 5 series of porphyrin complexes investigated in this study were deliberately designed to
incorporate pyridinyl moieties. Upon methylation, these moieties are known to enhance water
solubility and bioavailability within bacterial cells, thereby augmenting the overall antimicrobial

photodynamic activity, particularly against gram-negative bacteria

5.1.1. In vitro antibacterial activity on planktonic cells of S. aureus and E. coli bacteria

Fig. 5.1 displays the cytotoxicity plots of S. aureus and E. coli bacteria treated with gradient doses
of 4a-5a and 4b-5b in the dark and under 30 min of illumination using a 415 nm LED (2.2 mW
cm?, i.e., 3.9 J cm™). Table 5.1 summarizes the log reduction and cell viability values for 4a-5a
and 4b-5b at the lowest concentration (2.5 uM) in the dark and under light. Antimicrobial PDT
activity data also show that the quaternized forms (4b-5b) had a higher aPDT activity than the
neutral complexes (4a and 5a) against both S. aureus and E. coli. Notably, Gram-(-) E. coli
bacteria have a permeability barrier that prevents photosensitizer dyes from entering the cells and
his behavior is expected in the context of neutral photosensitizer dyes toward Gram-(-) E. coli

[171,172].

Hurst et al. examined the impact of charge in cationic porphyrin on photodynamic inactivation
(aPDT) of E. coli [173]. They tested photosensitizers with varying positive charges (14 charges)
and found a correlation between number of charges and aPDT effectiveness. The study highlighted
differences in aPDT mechanisms, particularly with the tetra-cationic porphyrin. Live-cell
microscopy showed varied interactions: porphyrins with 1-3 charges bound to the cell membrane,
while the tetra-cationic version penetrated the membrane [173]. This suggests distinct inactivation

mechanisms for cationic porphyrins. In a separate study, Alves and co-workers [174] found that,
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apart from charge distribution, adding meso-substituent groups possessing inherent antimicrobial
properties to pyridinyl porphyrins can significantly influence the aPDT activity of porphyrins.
Their study revealed that the tri-cationic porphyrin, 5-(pentafluorophenyl)-10,15,20-tris(1-
methylpyridinium-4-yl)porphyrin, exhibited higher aPDT activity compared to the tetra-cationic
5,10,15,20-tetrakis(1-methylpyridinium-4-yl) porphyrin [174]. Dicationic compound 4b, which
features tert-butyl groups, and compound Sb, which features thiophenyl groups, exhibit high
efficacy in aPDT. Sb showed significant antimicrobial properties even without light, against both
E. coli and S. aureus, Table 5.1. These findings illustrate the influence of different meso-aryl

substitutions on the aPDT effectiveness of A2B> cationic porphyrins.

Moreover, it is evident that both hydrophilic and amphiphilic interactions play essential roles, and
any imbalance can significantly affect the activity of photosensitizers, as demonstrated by the
aPDT results of the cationic porphyrins (4b/5b), which exhibit both properties. This phenomenon
corresponds to similar findings in similar studies, highlighting that moderately hydrophobic
molecules can sometimes exhibit an increased propensity to accumulate within cell membranes.
Consequently, this enhanced accumulation facilitates improved cellular uptake, leading to elevated
intracellular concentrations of the photosensitizer [175—177]. However, it is important to note that
highly hydrophobic molecules are prone to aggregation in an aqueous environment, which can

negatively impact cellular uptake [178,179].

As stated above, 4b displayed remarkable aPDT activity compared to 5b against the planktonic
cells of E. coli and S. aureus. This enhanced activity can be attributed to the presence of tert-butyl
groups, which increase the hydrophobicity of the porphyrin and reduce the tendency of the
molecules to aggregate due to steric effects [180]. This reduction in aggregation enhances the

solubility, bioavailability, and uptake of the porphyrins, ensuring their aPDT effectiveness. While
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the singlet oxygen studies indicated lower singlet oxygen production with cationic porphyrins, it

is evident that enhanced uptake upon quaternization leads to improved activity. This improvement

arises from increased interaction between the bacteria and porphyrins, resulting in higher

concentrations of ROS at the cellular level.
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Fig. 5.1: The cell viability plots for planktonic cells of (a) E. coli and (b) S. aureus upon treatment

with gradient concentrations of 4a,b and 5a,b after illumination with 415 nm LED light at a

constant irradiance for 30 min.
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Table 5.1: Log reduction and cell survival values at 2.5 uM concentrations of 4a,b and Sa,b
against planktonic cells of S. aureus and E. coli in DMSO/PBS (1 : 99 v/v) after illumination

with 415 nm LED light at a constant irradiance for 30 min.

E. coli S. aureus

Complex | Log Reduction | Cell Survival (%) Log Reduction Cell Survival (%)

(Dark) (Light) | (Dark) (Light) (Dark) (Light) | (Dark)  (Light)

4a <0.01 0.10 99.9 79.3 0.22 0.65 61.2 11.5
Sa 0.03 0.35 92.8 38.9 1.34 1.59 5.2 24
4b 0.62 8.14 21.9 <0.1 2.25 8.12 0.5 <0.1
Sb 0.71 1.52 18.5 2.8 3.32 341 <0.1 <0.1

5.1.2. In vitro antibacterial activity on biofilms of S. aureus and E. coli bacteria

In an in vitro study, the antimicrobial against E. coli and S. aureus was investigated using cationic
porphyrins 4b and S5b. These porphyrins were chosen due to their demonstrated effective
antimicrobial properties, as observed during the study involving planktonic cells. The preparation
of the biofilm bacteria cells was performed as reported in the literature [181] and is outlined in the
experimental section. The studies were conducted with gradient concentrations of 10, 20, 40, 80

and 160 uM of 4b/5b porphyrins for both S. aureus and E. coli biofilms.

Metabolically active cells reduce resazurin, causing it to transition from a blue, nonfluorescent
state to a highly fluorescent pink compound known as resorufin (Fig. 2.3). This transformation
primarily occurs within live cells, specifically in the mitochondria [182]. Fluorescence
technique was employed to determine the percentage metabolism based on the resorufin
fluorescence. Since metabolic activity is closely linked to cell viability, the experimental results

revealed that both 4b and Sb exhibited substantial activity at concentrations of 160 uM, Fig. 5.2.
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From the dose-response bar graphs (Fig. 5.2), complex 5b showed an increase in aPDT activity
with an increase in concentration with E. colil bifilms, while in 4b, there was a slight reduction
and then an increase in aPDT activity with an increase in concentration. The underlying
mechanism likely involves an intricate interplay involving biofilm structure, photosensitizer (PS)
penetration, and bacterial physiology [183,184]. The PS efficiently penetrates the outer biofilm
layers at very low concentrations, impacting matrix integrity. When bacteria within biofilms are
exposed to high concentrations of the photosensitizer, they can persist and re-establish a more
resistant biofilm, hindering penetration [185,186], hence the observed irregular variation of %
metabolism in the E. coli biofilms, in this case at 10-20uM with porphyrin 4b Fig. 5.2. Under light
conditions or extremely high PS concentrations, disruption of the extracellular matrix takes place
which exposes bacterial cells, enhancing aPDT activity. Based on aPDT percentage contribution,
compound 5b demonstrated the highest activity against both E. coli (61%) and S. aureus (87%)
biofilms at a low concentration of 10 uM, Table 5.2. Compound 4b also showed significant
efficacy against S. aureus biofilms, achieving a 72% reduction and extending the irradiation time

to 60 min enhanced aPDT activity for both porphyrins (4b and 5b), as detailed in Table 5.2.
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Fig. 5.2: Biofilm viability of (a/b) E. coli and (¢/d) S. aureus upon treatment with gradient
concentrations of 4b and Sb, and after illumination with 415 nm LED light at a constant irradiance
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122



Table 5.2: Cell survival (%) values and aPDT activity for 10 uM concentrations of 4b and Sb
against biofilms of S. aureus and E. coli after illumination with 415 nm LED light at a constant

irradiance for 30 min and 60 min (the latter in brackets).

E. coli S. aureus
Cell Cell aPDT Cell Cell aPDT
survival survival Contribution survival survival Contribution
Complex  pypk Light Dark Light
0, (1)

(%) (%) (%) (%) (%) 7%
4b 56 34 (5.7) 22 79 6 (2.4) 72
5b 88 27 (2.5) 61 95 8(0.9) 87

aPDT Contribution (%) = % Cell survival in dark — % Cell survival in the presence of Light (30 min)

5.2. Investigating the effects of aPDT on E. coli biofilms using SEM

To investigate the effects of aPDT on biofilms, the cell morphology of untreated E. coli biofilms
was studied on glass slides, those treated with complex Sb (10 uM) alone, and those treated with
5b (10 uM) under 60 min of light exposure using SEM. The SEM images in Fig. 5.3 depict treated
and untreated E. coli biofilm samples. The untreated sample (Fig. 5.3a) shows clusters of E. coli
cells attached to the surface, connected via an extracellular polysaccharide matrix, with some cells
stacked on each other. After treatment with Sb, E. coli biofilms exhibit intricate interconnected
networks of cells (Fig. 5.3b). These patterns reflect the biofilm's adaptive response [185], which
is mediated by the quorum-sensing molecules such as autoinducer-2 (AI-2) [187]. Chemotaxis-
driven aggregation enhances Al-2-mediated signalling, providing physical protection against
oxidative stress and contributing to surface-attached biofilm development [187]. When E. coli
biofilms were treated with a photosensitizer and exposed to light, they exhibited a remarkable
change in morphology, with cells appearing flatter due to their disrupted cell membranes and
altered matrix. Similar observations have also been made elsewhere [188]. Notably, from this

study, aPDT emerges as an attractive strategy for controlling biofilms, particularly in cases of

123



recurrent and chronic biofilm-related issues. Thus, Sb displayed potent aPDT activity, leading to
significant changes in E. coli cell shape, as evidenced by SEM images. These alterations are likely

attributed to the disruption of cell membranes.
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Fig. 5.3: SEM images of E. coli biofilms illustrating the effect of aPDT: (a) untreated sample, (b)
treated with only Sb (in the dark) and (c) treated with 5b and light (irradiation time = 60 min).
Concentration of 5b at 10 uM.

5.3. Closing remarks

This chapter explored the activity of novel pyridinyl-based trans-A>B> porphyrin photosensitizers
with aPDT properties. The work demonstrated the significant effect of charge, particularly positive
charges, in deactivating gram-negative bacteria. Additionally, aPDT proved effective in
eradicating biofilms. Consequently, this chapter highlights the potential applications of cationic
porphyrin photosensitizers in medical treatments for antibiotic-resistant infections, environmental

remediation, and, within this thesis, antimicrobial decontamination of water.
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CHAPTER 6: Removal of organic pollutants in water using porphyrin-loaded
composite carbon materials and their antimicrobial activity against

planktonic E. coli bacteria

This chapter presents the results of studies on the removal of organic pollutants from water
through adsorption, photodegradation, or a combined process and the antimicrobial properties of

selected composite materials against E. coli bacteria
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6.1 Methylene blue (MB) removal in water

6.1.1. The effect of support material on MB adsorption

From this work, the nature of the support material for removing organic pollutants is a key
determinant when choosing the appropriate support. A crucial factor to consider is the surface area,
which affects the removal efficiency through enhanced adsorption, where pollutants interact
favourably with the adsorbent support. Additionally, support with a higher surface area will likely
result in higher porphyrin loading. This thesis focuses on developing integrated photocatalyst
adsorbents, and for this reason, the activated carbon composite supports and their porphyrin-loaded

composites were investigated.

Methylene blue (MB) adsorption studies were conducted in a darkroom for 5 h at 20 °C in 30 mL
glass vials. Each vial contained approximately 20 mL of 20 mg/L MB solution. For these studies,
200 mg of either 1a(ACO), GAC, or ACO, and 15 mg of either PAN, PAN/ACI1, PAN/AC2, or
2a(PAN/AC2) fibers were separately added to the vials. Samples of 3 mL were taken at 30-min
intervals, and the residual MB concentration was determined using a UV-Vis spectrometer by
monitoring the absorbance at 664 nm. The adsorption capacities (O, mg/g) were calculated using

Eq. 6.1 [189], and plot of O, vs time (min) obtained (Fig. 6.1 and 6.2).

_ (Co=CoV
m

Qe (6.1)

Where: Cy and Care the initial MB concentration (mg/L)and MB concentrations at time ¢ (mg/L),

respectively, in water, '= MB volume and m = mass of adsorbent (g) (sample).
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As shown in Fig. 6.1 and 6.2, the adsorption capacity () of methylene blue was significantly
higher with the fibers compared to the granulated samples. For the granulated samples, the
adsorption capacities were higher with the ACO supports and 1a(ACO) than with GAC, Fig. 6.1.
This observation has been corroborated by several researchers, who attribute it to the increased
interactions between methylene blue and the oxygen-functionalized carbon surfaces
[102,190,191]. Oxygen functionalization also increased external surface area (Table 3.4), which
likely contributed to the enhanced adsorption capacity of ACO. Similarly, 1a(ACO) exhibited

excellent adsorption properties, presumably due to the ACO support.

In the case of the fibers, the adsorption capacity (Q;) of methylene blue was much higher with
PAN/AC2 (10% AC). The 2a(PAN/AC2) fibers with the porphyrin dye, also displayed remarkably
high methylene blue dye adsorption capacity, followed by the PAN/AC1 samples (5% AC).
Considering that 2a(PAN/AC2) was essentially obtained by completely dyeing PAN/AC2 with
the 2a dye, there was only a slight loss in the adsorption capacity of the resultant composite, as
shown in Fig. 6.2. Notably, PAN fibers exhibited appreciable adsorption properties. However,
fibers with activated carbon demonstrated superior methylene blue adsorption capabilities
compared to pure PAN fibers. Equilibrium adsorption was achieved with pure PAN fibers after
approximately 3 h. In contrast, the composite fibers (PAN/ACI1, PAN/AC2, and 2a(PAN/AC2))
continued to increase their adsorption capacities even after 6 hours, and by 12 h, all the methylene

blue was removed from the solutions with PAN/AC1, PAN/AC2, and 2a(PAN/AC2), but not from
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the solution with pure PAN fibers (Fig 6.2b). This may be attributed to two different but competing

adsorption processes, given the varying physicochemical properties of PAN and AC.

Fig. 6.1: GAC, ACO, and 1a(ACO) adsorption capacities. Experimental conditions, pH = 6.5,

(m) mass photocatalyst used = 200 mg, MB solution (~20 mg/L, 20 mL) temperature= 20 °C

Fig. 6.2: (a) Adsorption capacities for PAN, PAN/AC1, PAN/AC2 and 2a(PAN/AC2),
Experimental conditions, pH = 6.5, (m) mass photocatalyst used = 15 mg, MB solution (~20 mg/L,
20 mL) temperature= 20 °C. (b) Photograph of MB solution after 12 h in the dark, (i) PAN, (ii)

2a(PAN/AC2), (iii) PAN/AC2, and (iv) PAN/ACI and (v) MB dye alone.
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To further study the adsorption process, the data were fitted using the two common adsorption
kinetic models: pseudo-first-order kinetic and pseudo-second-order kinetic models. The best
model was evaluated based on the correlation coefficient (R?). The pseudo-first-order kinetic
model (Eq. 6.2) assumes that diffusion primarily controls adsorption, and adsorption rates are thus

proportional to the number of methylene blue molecules remaining in the solution [192].

ln(Qe - Qt) =In Qe — klt (62)

where k; = rate constant for adsorption (min"), O; and Q. = are the adsorption capacities per unit
mass of sorbent (mg/g) at any time (t), and equilibrium (where very minimal changes in
concentration are observed), respectively. Q. was obtained by calculating O, when the equilibrium
concentration was reached; in this case, after about 3 h for PAN fibers which had reached
equilibrium at this time. The rest of the fibers did not attain the equilibrium concentration, and by
12 h all the MB dye had been completely removed from the water. The pseudo-second-order
kinetic model was also used to explain the adsorption of methylene blue. The pseudo-second-order
kinetic model mainly assumes the chemisorption steps to control adsorption. Therefore, adsorption

rates are proportional to the concentrations of two reactants, as expressed by (Eq. 6.3) [102,117].

t 1 t
a w2t (6.3)

The fitting parameters are summarized in Table 6.1, with the representative plots shown in Fig.
6.3. The first-order model was more effective in explaining the adsorption process for the
granulated samples (GAC, ACO and 1a(ACO)) and the PAN composites with the activated carbon
and porphyrin (PAN/AC1, PAN/AC2, and 2a(PAN/AC2)), judging by the calculated correlation
coefficients (R?) values obtained from the fittings. In contrast, the second-order model was more

effective in explaining the adsorption process for the pure PAN samples, from the R? values (Table
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6.1). Similar observation has been reported for PAN-based activated carbon fibers by Ibupoto and
co-workers who studied the efficiency of methylene blue removal by pyrolyzed PAN fibers for
their removal in water, where they suggested that the adsorption process is mainly due to chemical

interaction between MB and the adsorbent [193].

Even though these studies indicate that the second-order model best explains methylene blue (MB)
adsorption on pure PAN (Table 6.1), the PAN-AC composites are better described by the first-
order model due to the presence of AC. The fit to the second-order model decreases with increasing
amounts of AC in the PAN/AC composite samples. This suggests that PAN fibers favour the
second-order model, as indicated by the R? values, while the activated carbon-related samples

predominantly followed the first-order model, Fig 6.3 and Table 6.1.

Fig. 6.3: (a) Pseudo-First-Order model and (b) Pseudo-Second-Order model for methylene blue
adsorption on PAN, PAN/ACI1, PAN/AC2, and 2a(PAN/AC2), pH = ~7, T =20 °C. (Used as an

example)
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Table 6.1: Pseudo-First-Order model and Pseudo-Second-Order model for methylene blue
adsorption by AC, ACO, 1a(ACO), PAN/ACI1, PAN/AC2 and 2a(PAN/AC2).

Pseudo-First Order Model Pseudo-Second Order Model
ki (min™") Qe Exp Oe, cal K> (g mg”! min")
Samples R? R?
x 107 (mgg') (mggh x 107
GAC 53 0.994 0.9 3.0 3.9 0.893
ACO 4.1 0.996 1.2 33 3.6 0.917
1a(ACO) 3.9 0.991 1.1 1.2 45.0 0.973
PAN 4.0 0.897 7.8 8.4 22.0 0.997
PAN/ACI1 4.8 0.998 - 133 7.7 0.994
PAN/AC2 6.1 0.998 - 314 1.0 0.957
2a(PAN/AC2) 52 0.994 - 27.8 1.1 0.982

6.1.2. The effect of support material on the photodegradation of MB

Photocatalytic degradation experiments of methylene blue were conducted using both granular
(GAC, ACO, and 1a(ACO)) and fiber (PAN, PAN/ACI1, PAN/AC2, and 2a(PAN/AC2) samples
under a white light source provided by a halogen lamp (set at approximately 70 W). The percentage

removal (photodegradation) efficiencies, Re (%), were calculated using Eq. 6.4 [194].

% Removal = (% X 100) (6.4)
0
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Where C; is the dye concentration in solution at time #, C, is the initial dye concentration. The
kinetics of the degradation experiments were then evaluated using the first-order model (Eq. 6.5)

[195,196].

Co_k

In 2 = Koppt (6.5)

where Cy = The starting concentration of methylene blue at the beginning of the experiment, C; =

the concentration of methylene blue at a given time t, ky,, = apparent rate constant

For the granulated samples, after 5 h of irradiation, 1a(ACO) exhibited high photocatalytic
activity, resulting in a much lighter solution compared to the other samples (Fig. 6.4a). The linear

plots of In(Cy/C;) versus time were obtained (Fig. 6.4b). In terms of k GAC showed relatively

app’
high catalytic activity (Table 6.2), considering that the adsorption capacity of ACO, as discussed
above, is much higher than that of GAC. The increased methylene blue (MB) removal rate is thus
most likely due to photodegradation. A similar observation was made by Velasco and co-workers
when studying the degradation of phenol using TiO> anchored on activated carbon, where they

also observed the formation of different degradation intermediates with activated carbon compared

to those formed with just TiO photocatalysts [197].

On the other hand, the functionalization of GAC with oxygen groups to form ACO resulted in a
significant reduction in the apparent reaction rate constant (k4p) (Table 6.2). However, 1a(ACO)
showed more than a 100% increase in photocatalytic activity. Additionally, all the R’ values were
higher than 0.99, indicating that the degradation of methylene blue by 1a(ACO), ACO, and GAC

1s consistent with the first-order model.
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Fig. 6.4: (a) Photograph of MB solution after 5 h of irradiation with filtered visible light. (i) MB
alone, (i1)) MB with GAC, (iii)) MB with ACO, and (iv) MB with 1a(ACO), (b) kinetic linear

simulation curves for degradation of methylene blue.

When comparing the granulated and fiber samples, the composite fibers samples displayed
superior photocatalytic activity, judging by the k., values in Table 6.2, despite only 15 mg of the
fiber samples being used. Conversely, among the fibers, 2a(PAN/AC2) exhibited the highest
methylene blue (MB) removal efficiency (~93%), followed by PAN/AC2 (~90%), PAN/ACI
(~87%), pure PAN (~41%), and photolysis (due to photodegradation by light without a

photocatalyst) at ~12% (Table 6.2)

Overall, PAN fibers alone exhibited the lowest photocatalytic activity and removal efficiency
compared to all the samples (Table 6.2, Fig. 6.5a). All the activated carbon-based PAN composites
(PAN/AC2 and PAN/AC1) showed high methylene blue (MB) removal efficiency during the first
cycle (Fig. 6.5b) due to their high adsorptive properties. To further verify this, the fibers were

rinsed with water, dried in the oven, and reused in subsequent cycles. There was a drastic reduction
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in activity for all the fibers, likely due to clogging of the active sites, except for 2a(PAN/AC2),
which remained high. By the 5th cycle, the photocatalyst-adsorbent retained 75% of its
photocatalytic activity compared to the rest of the fibers, which lost more than 25% of their activity
(Fig. 6.5b). Thus, the photocatalyst adsorbents based on 2a(PAN/AC2) are much more reusable

under light, as they seem to regenerate during photocatalysis.

The final products of photocatalytic degradation of methylene blue have been identified elsewhere
as CO2, SO4*, NOs™ and NH4" [198], which are generally non-toxic to humans but are also readily
adsorbed by AC [199-202], thus making complete elimination of MB through the sequential

adsorption/photocatalysis process feasible.
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Fig. 6.5: (a) kinetic linear simulation curves for degradation of methylene blue and (b) Reusability

studies of removal of MB dye by PAN, PAN/AC1, PAN/AC2 and 2a(PAN/AC2) under light

[Experimental conditions: volume of solution (20 mL), time (4 h), adsorbent dosage (15 mg),
temperature (298 K), agitation rate (200 rpm), concentration (~20 mg/L), pH(6.5)]. Photolysis =

administering light to MB without any photocatalysts.
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Table 6.2: First-order Kinetic parameters of methylene blue degradation.

Samples % Removal efficiency Kapp (min 1) x 1073 R?
GAC 69.0 3.7 0.996
ACO 61.5 3.2 0.999
1a(ACO) 87.4 6.7 0.996
PAN 41.1 24 0.985
PAN/ACI1 86.5 9.2 0.997
PAN/AC2 89.9 9.9 0.994
2a(PAN/AC2) 93.4 11.5 0.998
Photolysis (No photocatalyst) 11.8 0.6 0.995

6.1.3. The effect of hydrogen peroxide on photodegradation of MB using carbon-based and

porphyrin-loaded materials

This study examined the impact of hydrogen peroxide on the photodegradation of methylene blue
using carbon-based and porphyrin-loaded materials. Experiments were conducted with colloidal
activated carbon and porphyrin-loaded colloidal activated carbon to evaluate their photocatalytic
efficiency. The selection of colloidal activated carbon was based on its small size and unique

optical properties, which contribute to an enhanced photodegradation process.

The experiments were conducted as follows: 200 pL of CAC and porphyrin/CAC suspensions (1
mg/L in water) were added to 3 mL of methylene blue solution (20 mg/L) in the cuvette. In a

separate system, H>O2 (50 pL of 30% H>0O:) was added to the similarly prepared mixture to
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evaluate the effect of peroxide in the photodegradation process. It has been shown elsewhere that
H>O: displays high catalytic activity (as a Fenton-like catalyst) in degrading organic compounds
in the dark by forming free radicals such as ‘OH [203,204]. The spectral changes observed are
shown in Fig. 6.6 with 1a/CAC, as an example, and the kinetics of the degradation experiment are
then evaluated using the commonly used first-order model. After 1 h of irradiation, 1a/CAC
showed the highest photocatalytic activity with 31.8 % removal efficiency, followed by 2a/CAC

(30.2 %), CAC (27.0 %) and lastly 3a/CAC (24.0 %), Table 6.3 (Fig 6.7 and Fig. 6.8).

Fig. 6.6: UV-visible absorption spectral changes observed during degradation of MB using

1a/CAC. [MB] =20 mg/L, [catalyst] = 1 mg/L in water.
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Fig. 6.7: Percentage removal efficiency of methylene blue (under Xe lamp), and with no

photocatalyst in water (labelled as photolysis). [MB] = 20 mg/L, [catalyst] = 1 mg/L in water.

The higher efficiency of 1a/CAC compared to 2a/CAC does not agree with the singlet oxygen
quantum yield values (Table 6.3). The differences will be explained below using zeta potential.
Overall, in the presence of hydrogen peroxide, all the composites displayed very high
photocatalytic activity (ca. 89 %). However, the 1a/CAC displayed slightly higher photocatalytic
activity at 89.3 % efficiency, followed by 2a/CAC (89.0 %), CAC (88.9%) and lastly, 3a/CAC
(88.8%), Table 6.3 (Fig. 6.7, 6.8), and follow the same trend as observed in the absence of
hydrogen peroxide. The current study affirms that porphyrin aggregation is detrimental to
photocatalytic activity, and aggregation overrides the advantages of low symmetry. The kg, values
were also lowest for 3a/CAC, for reasons given above. The increased removal efficiency in the
presence of H2O: peroxide, both in the presence and the absence of photocatalysts, in comparison

to the peroxide-free experiment, is attributed to the action of the hydroxyl radicals [205].
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Fig. 6.8: Kinetic plots for degradation of methylene blue (under Xe lamp) and with no

photocatalyst in water (labelled as photolysis). [MB] = 20 mg/L, [catalyst] = 1 mg/L in water.

Table 6.3: First-order kinetic parameters of degradation of methylene blue, [MB] = 20 mg/L,

[catalyst] = 1 mg/L in water.

‘P % Removal
efficiency (%)?
CAC - 27.0 (88.9)
1a/CAC 0.78 31.8 (89.3)
2a/CAC 0.94 30.2 (89.0)
3a/CAC 0.54 24.0 (88.8)
Dye (alone) - 7.1(72.7)

MB Degradation under = MB degradation using 1.5

Xe lamp

kApp(min_l) X 10_3 (RZ)b

5.0 (0.998)
5.9 (0.984)
5.7 (0.987)
4.3 (0.988)
1.1 (0.995)

% H20:2 and under Xe
lamp Kapp(min™) x 1073
(R?®

35.6 (0.998)
36.8 (0.998)
36.3 (0.998)
35.2 (0.998)
22.3 (0.999)

®Values in brackets are in the presence of H,O»; °R? values in brackets.Values in DMF

The degradation experiments were carried out at neutral pH 7 in water since this provides the ideal

photodegradation conditions, as reported in the literature [206]. Fig. 6.9 shows the Zeta potentials

versus the material tested at a pH of ~7. A negative zeta potential indicates that the dispersed
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particles in the suspension are negatively charged. It has been demonstrated that activated carbon
contains negative dissociative groups at pH > 4 due to carboxyl groups that are often present on
the surface [207]. Zeta potential indicates the stability of colloidal dispersion [208], high zeta
potential (positive or negative) as an indication of stability and the ability of the dispersion to resist
aggregation [208]; low values indicate that attractive forces exceed repulsion, which results in
aggregation. 1a/CAC had the highest negative zeta potential (—22.1), followed by CAC (—20.6),
3a/CAC (—19.4), and finally 2a/CAC (—16.9). The high photocatalytic performance of 1a/CAC
(31.8% removal efficiency without H>O, Table 6.3, Fig. 6.7a), in comparison to 2a/CAC (30.2%
removal efficiency without H,O2, Fig. 6.7a) can be attributed to the zeta potential. This
observation indicates that the presence of 1a on CAC results in the formation of a more stable
colloidal dispersion. Moreover, the increased propensity for aggregation observed for 3a/CAC is

in accordance with the findings from UV-visible spectroscopy analysis.
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Fig. 6.9: Zeta potential measurements at pH ~7 in water.
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6.2 Removal of ciprofloxacin in water using 2a(PAN/AC2) fibers under Xe lamp and

sunlight irradiation

The combined adsorption/photocatalysis process for removing organic pollutants, such as
pharmaceutical compounds like ciprofloxacin, using activated carbon fibers with deposited TiO>
has been studied under UV light irradiation by Triquet and co-workers [209]. They demonstrated
that the combined process is more efficient and only releases non-toxic aliphatic acids as
degradation products, along with a significant amount of dissolved fluorine produced during a
photochemical reaction on the surface of the adsorbent with the already adsorbed ciprofloxacin

molecules.

This study aimed to evaluate whether similar or improved results could be achieved by using
2a(PAN/AC2) fibers under visible light. Photodegradation was investigated using a Xe lamp (set
at ~70 W) as the light source, with measurements taken at 30-min intervals for 5 h. Additionally,
the effects using the Xe lamp were compared with those of sunlight irradiation. The sunlight
irradiation was conducted to assess the practicality of using porphyrin-loaded PAN/AC fibers for
the removal of organic pollutants, including pharmaceuticals such as ciprofloxacin, under real-life
conditions. The studies were thus repeated under sunlight irradiation to demonstrate the viability
of the porphyrin photocatalyst supported on PAN/AC fibers for the degradation of

fluoroquinolones in water and to compare the effects of the two light sources.

Initially, 2a(PAN/AC2) fibers were soaked in two separate vials containing ciprofloxacin solution,
where one vial was placed in the dark and another under the Xe lamp or sunlight. A control vial
with only ciprofloxacin solution (no photocatalyst) was sequentially added to the experiment under
the Xe lamp or sunlight. Fig 6.10 shows the experimental setup under sunlight irradiation (between

10.00 a.m. to 3.00 p.m., South Africa Time) on a bright sunny day.
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Fig. 6.10: Ciprofloxacin removal experimental setup in water under sunlight irradiation: (i)
photolysis experiment, (ii) Photocatalytic degradation experiment [Experimental conditions:
volume of solution (20 mL), time (5 h), Photocatalyst-adsorbent dosage (15 mg), drug
concentration (20 mg/L), pH (6.5)].

All the ciprofloxacin degradation experiments were done under a neutral natural pH of ~7 in
water since this provides the ideal photodegradation conditions as reported in the literature [210],
and the changes of ciprofloxacin absorbance were recorded using UV-visible spectroscopy at 60
min intervals. Fig. 6.11 shows the UV-Vis spectra obtained during the ciprofloxacin removal
experiments by adsorption in the dark, photolysis, and photocatalytic degradation under Xe lamp
and sunlight irradiation. The maximum wavelength of ciprofloxacin (Amax 276 nm in water) was
used to obtain measurement values from the spectra, which were then used to calculate the

percentage removal efficiency (%0Re) using Eq. 6.4.
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Fig. 6.11: Ciprofloxacin removal in water using 2a(PAN/AC2) fibers: (a) photocatalysis
experiment under sunlight irradiation, (b) adsorption experiment in the dark and (c) photolysis

experiment (under solar irradiation and with no photocatalyst).

Fig. 6.12 (a) shows that after 5 h and using 2a(PAN/AC2), ciprofloxacin removal efficiencies of
~14% in the dark (via adsorption) and ~42% and ~41% under Xe lamp and sunlight, respectively,
were obtained (after 300 min). Removal efficiencies of ~4% and ~15% were obtained using Xe
lamp and sunlight alone, respectively, without the photocatalyst adsorbent. Notably, adsorption
equilibrium was reached after 3 h during the dark studies, as evidenced by the plateauing curve for
the dark experiment curve. Conversely, both photocatalysis (using 2a(PAN/AC2) with light) and
photolysis (using light only) processes continued after 3 h. Fig. 6.12b illustrates the degradation
kinetics for 2a(PAN/AC2), with data plotted after omitting the first 60 min. The adsorption rate
during this initial period was significantly higher than in subsequent intervals, hence the omission.
According to the first-order model kinetics for the degradation, the apparent rate constant (Kapp) of
degradation under sunlight was ~2 times higher compared to Xe lamp due to the high photolysis
rate (~3 times higher) of ciprofloxacin under sunlight irradiation than under UV -filtered light from

the Xe lamp Table 6.4.
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Fig. 6.12: (a) Percentage removal efficiency and (b) kinetic plots for degradation of ciprofloxacin

in the presence of 2a(PAN/AC2) (in the dark, under Xe lamp, and under sunlight) and with no

photocatalyst (labeled as photolysis). Re (%) = % Removal efficiency.

Table 6.4: First-order kinetic parameters of ciprofloxacin degradation.

Ciprofloxacin Ciprofloxacin
degradation under Xe degradation under
Samples lamp sunlight
kApp(min-l) X 10-4 R2 kApp(min-l) X 10-4 R2
2a(PAN/AC2) 9.5 0.996 14.9 0.982
Photolysis (No photocatalyst) 1.8 0.975 5.9 0.992

According to this study, high photolysis of ciprofloxacin occurs under sunlight irradiation. Other

researchers have made similar observations under simulated sunlight irradiation [5]. Photocatalysis

of ciprofloxacin utilizing a porphyrin photocatalyst under both Xe lamp and sunlight conditions

exhibited significantly higher removal rates (k4py) of 9.5 and 14.9, respectively, compared to

photolysis values of 1.8 under Xe lamp and 5.9 under sunlight. This demonstrates that the
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photocatalytic process is approximately 5 times more efficient under Xe lamp irradiation and 2.5
times more efficient under sunlight irradiation than photolysis,Table 6.4. Thus, indium porphyrin
photocatalysts immobilized on PAN/AC2 composites are promising candidates for removing
pharmaceutical compounds like ciprofloxacin from water through photocatalytic degradation.The
higher removal rate under sunlight irradiation might be attributed to the broader spectrum of light

from the sun, which includes ultraviolet (UV) radiation.

6.3 Optimizing nitrogen-doped carbon quantum dot-loaded polyacrylonitrile fibers
with porphyrins for removal of MB and MO dyes in water: The effect of porphyrin

functional groups and symmetry

This study investigates the interactions and photodegradation of cationic-methylene blue (MB)
and anionic-methyl orange (MO) dyes with composite materials, specifically polyacrylonitrile
(PAN) fibers embedded with nitrogen-doped carbon quantum dots (NCQD) and loaded with
porphyrins. The unique properties of these composites offer a dual-benefit approach to water
remediation, combining light-harvesting for photocatalysis and high adsorption capacity. By
examining the effects of various porphyrin functional groups and their symmetry, this research
aims to optimize the performance of these materials for environmental applications, enhancing

their efficiency and sustainability in water purification processes.

The photodegradation experiments were conducted using a 70 W halogen lamp at various time
intervals for 4 h. The main spectral changes observed are shown in Fig. 6.13 for PAN, 5b(PAN),
PAN/NCQD, and 5b(PAN/NCQD). The degradation kinetics were assessed using the first-order
model. For methylene blue (MB) removal studies, 3a(PAN/NCQD) gave the highest efficiency at

46%, followed by 1a(PAN/NCQD1) (43%), 2a(PAN/NCQD) (40%), PAN (34%), PAN/NCQD
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(30%), Sb(PAN) (27%), and Sb(PAN/NCQD) (22%) Fig. 6.14, Table 6.5. The highest activity
(high ky4pp and removal efficiency, Table 6.5) was obtained for 3a(PAN/NCQD). This can be
attributed to the presence of low-symmetry porphyrin 3a and its favourable interaction with MB.
Photolysis refers to the process by which the dye is broken down or transformed by light without
a catalyst. In the case of methylene blue, removal efficiency through photolysis was 11%, Table
6.5. The high removal efficiency of PAN composites with porpyrin 1a, 2a and 3a can be attributed
to their strong adsorption properties and favourable interactions with MB, which is cationic.
Cationic porphyrin Sb on these supports reduced MB removal efficiency in the PAN and
PAN/NCQD composite materials due to electrostatic repulsion between the porphyrin and MB

molecules.

From the methyl orange (MO) removal studies, the Sh(PAN/NCQD) fibers exhibited the highest
removal efficiency (56%), followed by Sb(PAN) (32%), 3a(PAN/NCQD) (21%),
2a(PAN/NCQD) (9%), 1a(PAN/NCQD) (6%), PAN (4%), and PAN/NCQD (0.8%), Fig 6.15,
Table 6.5. Thus, the PAN/NCQD composite, without porphyrin, exhibited very low photocatalytic
activity compared to those with porphyrin photocatalysts. This low activity is attributed to high
electron-hole recombination. Similar observations were reported by Xue and colleagues, where
related quantum dots (nitrogen-doped graphene quantum dots) also exhibited minimal
photocatalytic activity [154]. However, when combined with TiO», a significant improvement was
achieved, up to 16 times more than TiO; alone [154]. The removal of MO dyes by photolysis was

only 0.7%, compared to 11% for MB, indicating that MO is more photostable than MB.

The high activity of porphyrin Sb for MO removal, as demonstrated by the apparent rate (k4pp)
values (Fig. 6.13, Table 6.5), but not for MB, can be attributed to charge interactions. MO, being

negatively charged, interacts closely with the positively charged porphyrin Sb, resulting in better
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photocatalytic activity. The PAN and PAN/NCQD composites exhibited very low adsorption of

MO in dark studies, in contrast to the high adsorption observed during the MB studies (Fig. 6.13).

This may be attributed to the low interaction with the MO dye.
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Fig. 6.13: UV-Vis spectral changes observed at the beginning and end of the (a,b) methylene blue

and (c,d) methyl orange removal experiments using PAN, S5b(PAN), PAN/NCQD and

Sh(PAN/NCQD).
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Fig. 6.14: (a) Percentage removal efficiency and (b) kinetic plots for degradation of MB in the
presence of PAN composites, under a Halogen lamp and with no photocatalyst (labelled as
photolysis). [Experimental conditions: volume of solution (20 mL), time (4 h), adsorbent dosage
(15 mg), temperature (298 K), agitation rate (200 rpm), concentration (20 mg/L), pH(6.5)].
Photolysis = administering light to MB without any photocatalysts.
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Fig. 6.15: (a) Percentage removal efficiency and (b) kinetic plots for degradation of MO in the
presence of PAN composites (in the dark, under Xe lamp, and under sunlight) and with no
photocatalyst (labelled as photolysis). [Experimental conditions: volume of solution (20 mL), time
(4 h), adsorbent dosage (15 mg), temperature (298 K), concentration (20 mg/L), pH = (6.5)].

Photolysis = administering light to MO without any photocatalysts.
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Table 6.5: First-order Kinetic parameters of methylene blue and methyl orange degradation with

the prepared PAN composites.

MB Degradation MO degradation
Samples % Removal | Kapp (min™) R? % Removal | Kapp (min™) R
efficiency x 1073 efficiency x 1073

1a(PAN/NCQD) 43 2.30 0.995 6 0.28 0.971
2a(PAN/NCQD) 40 2.09 0.993 9 0.42 0.964
3a(PAN/NCQD) 46 2.60 0.999 21 1.01 0.999
PAN 34 1.72 0.998 4 0.17 0.864
S5b(PAN) 27 1.28 0.998 32 1.66 0.999
PAN/NCQD 30 1.40 0.999 0.8 0.05 0.606
Sb(PAN/NCQD) 22 0.98 0.981 56 3.31 0.997
gﬁgfgiﬁi;g; 11 054 | 0.995 0.7 0.04 | 0.792

6.4 Antimicrobial efficacy testing

6.4.1 Antimicrobial efficacy of CAC and porphyrin-loaded CAC Composites with and

without hydrogen peroxide

To investigate the antimicrobial effects of CAC and porphyrin-loaded CAC composites, both with
and without H>O», the zone of inhibition technique (Fig. 6.16) was used. This approach allowed
further exploration of the potential of these systems in disinfection and sterilization processes,
ultimately contributing to improved public health and environmental safety. From these studies,
no inhibition zones were formed in the peroxide-free experiments. This is not surprising since
Gram-negative bacteria are less susceptible to photodynamic inactivation than Gram-positive

bacteria when using neutral or negatively charged photosensitizers [211]. The wells with only
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0.5% H20; showed antimicrobial activity in both dark and light (under 415 nm light) studies
against Escherichia coli. However, the zone of inhibition of the light studies was slightly higher
than that of dark studies, Fig. 6.16B. The dark toxicity in Fig. 6.16B is due to the antimicrobial
effects of hydrogen peroxide. The inhibition diameters from the light studies with the CAC and
the porphyrin/CAC samples and with peroxide were larger than those with just peroxide alone.
3a/CAC showed a slightly lower diameter in the light than the rest due to aggregation.
Interestingly, 2a/CAC has a higher antibacterial activity than 1a/CAC, yet the latter had better
photocatalytic activity against MB. This could be due to the antibacterial activities of alkynyl

groups [212].

Fig. 6.16: (A) Illustrative images of bacterial culture plates of E. coli; (i) Composites suspension
(without H202), (i1) Composites plus 0.5% H20O, and (iii) blank wells with only 0.5% H20>
solution, (B) Bar graph showing diameters of the zone of inhibitions. The circles in (A) represent

the zone of inhibition.
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6.4.2 Antimicrobial efficacy of PAN/NCQD and porphyrin-loaded PAN/NCQD composites

To investigate the antimicrobial and photodynamic therapy (aPDT) properties of the PAN/NCQD
composites, including those loaded with porphyrins, Gram-(-) E. coli bacterial cells were subjected
to treatment with the composites. This treatment occurred either under illumination for 30 and 60

min or in darkness.

The pure PAN fibers, without NCQD, did not exhibit significant alterations in viable cell numbers
after 30 min of treatment, suggesting that PAN alone (control) lacks inherent antimicrobial activity
against E. coli cells), Fig. 6.17. This behaviour underscores the need for additional antimicrobial
agents to enhance the efficacy of PAN-based materials. In contrast, PAN/NCQD composites
demonstrated appreciable antimicrobial efficacy. This effect was observed both in the presence
and absence of light. Nitrogen-doped carbon quantum dots (NCQD) within the composite likely
contributed to this enhanced antimicrobial activity. Previous studies have highlighted the inherent
antimicrobial properties of CQD [213,214], making them promising candidates for bioactive

materials.

The effect of different porphyrins (1a, 2a, 3a, and Sb) on the antimicrobial and aPDT activities of
PAN/NCQD composites was also investigated (Fig 6.17 and Table 6.6). All porphyrin-loaded
composites showed lower dark toxicity than PAN/NCQD. 5b(PAN/NCQD showed high aPDT
activity. It effectively inactivated E. coli cells, achieving 10% and 2% cell viability at 30 min and
60 min irradiation, respectively, highlighting the potent antimicrobial effect of this specific
composite. The high aPDT activity of PAN/NCQD in the absence of porphyrins is due to high

dark toxicity. The excellent performance of complex Sb is due to its positive charge. Positively
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charged porphyrins can electrostatically interact with the negatively charged bacteria cell wall

[215,216], improving aPDT effects

Fig. 6.17: Antibacterial and antimicrobial photodynamic therapy properties of PAN/NCQDI1 and
Sb(PAN/NCQD1) fibers against E. coli: (Right) Cell viability plot with data presented as mean
values of triplicate measurement with SD bars, (Left) Sample of E. coli colonies obtained during

the experiment.

Table 6.6: % Cell survival values using 0.5 mg/mL of PAN, PAN/NCQD, and porphyrin-loaded
PAN/NCQD composites against E. coli in water in the dark and after irradiation with white light
for 30 and 60 min.

Sample % Cell survival
Dark for 30 min Light for 30 min Light for 60 min

Control (PAN) 99 98 96
PAN/NCQD 51 48 37
1a(PAN/NCQD) 81 76 70
2a(PAN/NCQD) 95 88 81
3a(PAN/NCQD) 91 82 79
Sb(PAN/NCQD) 89 10 2

151



6.5 Proposed degradation mechanisms of pollutants

The proposed degradation mechanism by the activated carbon-based supports is illustrated in Fig.
6.18. When illuminated with visible light, the porphyrins generate electron-hole pairs [72,217],
which are dispersed on the surface of the activated carbon (ACO). This dispersion minimizes
recombination, increasing the lifetimes of the charge carriers and enhancing the formation of
singlet oxygen and hydroxyl radicals. Dye molecules are degraded on the porphyrin(ACO) surface
by active species, such as hydroxyl radicals (-OH) and singlet oxygen ('O:), formed through
reactions between photogenerated electrons and dissolved oxygen, as well as photogenerated holes

and water (OH— or H20) [72].

Fig. 6.18: Possible mechanism of the photocatalytic degradation of MB by 1a(ACO) photocatalyst,
used as an example.

For the porphyrin-loaded (PAN/NCQD) composites, a different degradation mechanism is
proposed due to the fluorescent nature of the composite fibers, Fig 6.19. Both porphyrins and
nitrogen-doped carbon quantum dots (NCQD) are involved in the photocatalytic process. When
exposed to visible light, they generate electron-hole pairs. The excited electrons within the NCQD
are transferred to the porphyrins, preventing charge recombination. Reactive oxygen species

(ROS), including hydroxyl radicals (‘OH) and superoxide radicals (O:"), as well as
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photogenerated holes, degrade MB/MO/ciprofloxacin molecules on the surface porphyrin
(PAN/NCQD) fibers. Additionally, sensitized porphyrins produce singlet oxygen ('O2), effectively
degrading water dyes. The combination of NCQD and porphyrins enhances photocatalytic activity,

making the composite material efficient for visible-light-driven pollutant degradation.

Fig. 6.19: Possible mechanism of the photocatalytic degradation of MB and MO dyes by
Sb(PAN/NCQD), used as an example.

6.6  Closing remarks

The porphyrin-loaded composite carbon materials have demonstrated significant potential in
removing organic pollutants from water. Their enhanced photocatalytic activity and antimicrobial
properties against E. coli bacteria, particularly in the presence of hydrogen peroxide, highlight the
effectiveness of these materials in disinfection and water treatment applications. The synergistic
effect from the combination of porphyrins and carbon-based supports, especially nitrogen-doped
carbon quantum dots (NCQD), not only improves pollutant degradation but also offers a promising

approach to addressing microbial contamination.
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CHAPTER 7: Conclusions and recommendations

This chapter presents the conclusions and the future perspectives of this work
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7.1 General conclusions

In this thesis, porphyrin-loaded carbon-based support materials, including activated carbon-related
supports and nitrogen-doped carbon quantum dots (NCQD), were evaluated for removing organic
pollutants in water. Their bactericidal and antimicrobial photodynamic therapy (aPDT) properties
were also assessed, mainly using E. coli, the most common bacterium associated with waterborne

diseases.

The activated carbon-related supports included oxygen-functionalized granular activated carbon
(ACO), colloidal activated carbon (CAC), and polyacrylonitrile/activated carbon (PAN/AC)
composites, as well as those loaded with porphyrins (1a, 2a, and 3a). These materials were
evaluated for their efficiency in dye removal through adsorption and combined adsorption-
photodegradation processes, using methylene blue (MB) as a model dye. The findings demonstrate
that the physicochemical properties of the activated carbon support materials significantly
influence their efficiency in dye removal. Notably, adding porphyrins did not significantly affect

the surface area of the composites but markedly improved their photoactivity.

Adding hydrogen peroxide enhanced the photodegradation of MB and the deactivation of E. coli,
mainly when using CAC and porphyrin-loaded CAC samples (porphyrins 1a, 2a, and 3a). This
highlights the role of hydrogen peroxide in improving the effectiveness of the photodegradation
process. Higher activities were realized with the porphyrin samples, although porphyrin
aggregation, as seen with porphyrin 3a, can interfere with these activities. The study also compared
the degradation of ciprofloxacin under different light sources, specifically a Xe lamp and natural
sunlight, using porphyrin 2a loaded on PAN/AC2 supports. The findings indicate that removal in

natural sunlight was higher than under the Xe lamp, with significant implications for practical
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applications. Both MB and ciprofloxacin were used to represent organic compounds in these

experiments.

Furthermore, the effect of porphyrin charge on antimicrobial photodynamic therapy (aPDT)
activities was investigated. The activities of porphyrins 4a and 5a and their cationic forms 4b and
5b were tested against planktonic cells of S. aureus and E. coli. The results indicate that the charge
of porphyrins plays a crucial role in determining their antimicrobial efficacy. Additionally, the
effect of porphyrin functional groups was studied by comparing the deactivation of biofilms of S.
aureus and E. coli using porphyrins 4b and 5b. Further experiments focused on the
photodegradation of MB and methyl orange (MO), as well as the deactivation of E. coli in water,
using porphyrins 1a, 2a, 3a, and 5b loaded on PAN/nitrogen-doped carbon quantum dot (NCQD)
fibers. Overall, the porphyrin-loaded PAN/NCQD composites were effective, especially those
loaded with cationic indium porphyrin 5b, which exhibited higher aPDT effects for E. coli and in
MB degradation experiments. These studies underscore the importance of functional groups in

enhancing the performance of porphyrins as photocatalysts in water treatment applications.

Finally, the effect of porphyrin symmetry on the removal of MB and MO was investigated by
comparing the activities of porphyrins 1a, 2a, 3a, and Sb loaded on PAN/NCQD fibers. The
unsymmetrical indium porphyrin 3a showed promising activity in MO and MB removal studies,
making it a better performer during the degradation experiments. The findings reveal that the
symmetry of porphyrins can significantly influence their effectiveness in photodegradation and

antimicrobial applications
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7.2 Recommendations and future perspectives

To build on these findings, future research should optimize support materials by exploring various
options, including novel composites and hybrid materials. Investigating the optimal concentrations
and application methods of hydrogen peroxide and exploring alternative oxidizing agents and
competing ions could provide more effective and sustainable options for enhancing
photodegradation and antimicrobial activities, particularly for treating industrial and hospital
effluents. Additionally, it would be beneficial to test the most promising materials and methods
under real-world conditions. This could involve using flow systems that combine granulated
samples and fibers in natural water bodies or industrial wastewater. Such testing will help evaluate

the practical applicability and effectiveness of these materials on a larger scale.
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APPENDICES
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Appendix A: MS, 'H NMR and FTIR spectra of Chloroindium (I1I) 5,10,15,20-tetrakis(4-

acetamidophenyl) porphyrin (1a).
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Appendix B: MS, '"H NMR and FTIR spectra of chloroindium (I1I) 5,10,15,20-tetrakis[4-(prop-

2-yn-lyloxy) phenyl] porphyrin (2a).
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FTIR spectrum for 2a
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Appendix C: MS, 'H NMR and FTIR spectra of
5,10,15-Tri-4-aminophenyl-20-(pyren-1-yl)porphyrin (3) , and Chloroindium (III) 5,10,15-tri-4-

acetamidophenyl 20-(pyren-1-yl) porphyrin (3a).

NH,
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Mass spectrum for 3

"H NMR spectrum for 3
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"H NMR spectrum for complex 3a

FTIR spectrum for 3 and 3a
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Appendix D: MS, 'H NMR and FTIR spectra of 5,15-bis(4-(tert-butyl)phenyl)-10,20-di(pyridin-
4-yl)porphyrin (4), Chloroindium (III) 5,15-bis(4-(tert-butyl)phenyl)-10,20-di(pyridin-4-yl)
porphyrin (4a), Chloroindium (III) 5,15-bis(4-(tert-butyl)phenyl)-10,20-bis(N-methylpyridinyl)
porphyrin iodide (4b), 5,15-di(pyridin-4-yl)-10,20-di(thiophen-2-yl)porphyrin (5),
Chloroindium (III) 5,15-di(pyridin-4-yl)-10,20-di(thiophen-2-yl)porphyrin (5a), Chloroindium

(IIT) 5,15-bis(N-methylpyridinyl)-10,20-di(thiophen-2-yl) porphyrin iodide (Sb).
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Mass spectrum for 4a

"H NMR Spectrum for 4a
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"H NMR Spectrum for 5b
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FTIR spectra for 4, 4a, 4b, 5, Sa and 5b
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