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Abstract

This research has investigated the effects of conjugation on the visible light
absorption capacity of polyene modified TiO> nanoparticles as well as the efficiency
of these nanoparticles for the mineralisation of acetaminophen (APAP), a non-
antibiotic and chloramphenicol (CAP), an antibiotic pharmaceutical compound (PC)
which are commonly used worldwide. The efficiency of polyene modified TiO, (CPE-
TiO2) compared with bare TiO2 was further assessed for the mineralisation of the
selected PCs under visible light.

To achieve this aim, the synthesised nanoparticles were appropriately characterised
and tested for the photocatalytic degradation of acetaminophen (APAP) and
chloramphenicol (CAP), under visible light. Furthermore, the mechanism and the
kinetics of photocatalytic degradation of the PCs were investigated by using high-
performance liquid chromatography (HPLC) to monitor the photodegradation

intermediates, e.g. Hydroquinone, p-nitrophenol and oxamic acid.

The DRS UV-vis spectra result of the CPE-TiO: indicated that it has a lower band-
gap than bare TiO2 nanoparticles and demonstrated a better absorption ability in the
wavelength range of 400-800 nm. This result was further confirmed by other optical
analyses, such as electrochemical impedance spectrometry (EIS) and
photoluminescence (PL). The analysis indicated a less recombination rate of
electron/hole pairs in CPE-TiO2 compared to TiO2. Notably, CPE-TiO2
nanocomposite exhibited higher photocatalytic properties for both pollutants,

compared to bare TiO2 under visible light.

Importantly, photocatalytic degradation experiments demonstrated that the CPE
modified nanoparticles were significantly more efficient for PCs degradation (94.21
% for APAP and 80.47% for CAP) compared to bare TiO2 (27.12% for APAP and
36.12% for CAP). The role of CPE-TiO2 photocatalysis in degrading APAP and CAP
was examined by varying experimental parameters such as PC concentrations,
catalyst loading and solution pH. All the parameters were observed to influence the
degradation of the PCs to some extent, albeit, at optimum conditions, most of these

PCs were degraded within 210 minutes of visible light irradiation.




A significant relationship between the ionic state (+ve or -ve based on the pH) of the
solution and CPE-TiO2 photocatalytic process was observed. For the mineralisation,
CPE-TiO2 photocatalysis led to higher oxidation rates compared to direct photolysis
and bare TiO2 photocatalysis. The results confirm that the co-existence of multiple
bonds in poly-conjugated carbon chains with a reduced band-gap in CPE-TiO2
composite were able to enhance charge separation and migration as well as improve

the photocatalytic efficiency.

This study has clearly demonstrated that polyene modified TiO2 nanoparticles can be
applied to degrade PCs in aqueous solution and offers an attractive option for small-
scale pharmaceutical wastewater treatment. However, the complex nature of real
effluents with co-existing pollutants and higher levels of organic and inorganic matter
may call for possible coupling of a biological process as pre- or post-treatment to
improve their biodegradability.
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Chapter 1: General Introduction and Research Overview

This chapter presents an overview of the research study. It provided the facts on the
prevalence of pharmaceutical compounds as water pollutants. The theoretical
background of some of the treatment methods is given. A brief description of
photocatalysis as a method of water treatment is explained. The rationale behind this

study is clarified and the aims and objectives are stated. The scope of the study is
also outlined.
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1.1 Introduction

The world is faced with a number of environmental challenges such as contaminated
air, soil and water, which are great health concerns. These problems are a result of
advanced industrialisation and anthropogenic activities in different fields of human
endeavor. They have led to drastic increases in the production of different types of
waste (Mandloi, 2014). The insufficient waste management in many developing
countries, the waste produced often being uncontrollably discharged into the
environment, thus leading to serious impact on human health (Teh et al., 2017).
Organic waste originating from industrial, hospital and urban sewages contains many
hazardous compounds, such as pharmaceuticals, herbicides, detergents, phenol and
their derivatives, estrogens and contraceptives (Shahidi et al., 2015).

Among many other organic contaminants, pharmaceutical compounds (PCs) are
emerging as new unregulated pollutants that are an environmental source of
concern. Interestingly, these newly emerging pharmaceutical pollutants mainly come
from products used in large quantities worldwide and in everyday life (Liu et al.,
2015; Ashfaq et al., 2017). The prevalence of PCs mainly in the aquatic
environment, via waste water, has become a universal issue of growing

environmental concern.

In the last few decades, PCs have been considered probable contaminants of
negative health consequence in the aquatic systems throughout the world (Yang et
al., 2010; Kaur et al., 2016). The occurrence of PCs in the environment is detrimental
to aquatic and human life due to their adverse health impact, such as hormonal
disruption (Zhang et al., 2018; An et al., 2010), particularly on an untargeted human.
Other adverse health effects of PCs include their genotoxicity, ability to promote
antibiotic resistance in both animal and man, toxicity in aquatic environments and
hormonal disturbance (Yang et al., 2009; An et al., 2010).

Antibiotics and non-antibiotic PCs are used to treat diseases and to relieve pain in
both humans and animals worldwide (Jin et al., 2018; Nie et al., 2014). As a
prominent antibiotic, chloramphenicol (CAP) has been widely used to inhibit bacterial

infections (Jin et al., 2018), while acetaminophen (APAP) has been one of the most




popularly used pain relievers (Glavanovic et al., 2016). However, due to its chronic
side effect of aplastic anaemia and bone marrow suppression, CAP has been
banned in some developed countries such as the USA (Jin et al., 2018). Although
CAP is not banned in South Africa, but it's usage is a point of concern. On the other
hand, the toxic effects of APAP have been identified in some studies (L6pez Zavala
& Estrada, 2016; Ayanda et al., 2017). Therefore, the existence of these PCs, even
at a low concentration in the environment for a prolonged duration is undesirable and
their removal is of utmost importance, particularly from aquatic systems (Chatzitakis
et al., 2008; Klavarioti et al., 2009). Figure 1.1 illustrates the chemical structures of
APAP and CAP.

OH

Ir=

Acetaminophen Chloramphenicol

Figure 1.1: The chemical structures of acetaminophen and chloramphenicol

Most PCs co-exist in a mixture with several other contaminants in the environment,
which makes their removal a bit challenging. Also, some of the active pharmaceutical
ingredients (APIs), which are commonly used by pharmaceutical industries to
produce desired drugs, are not only pharmacologically active, but they are also toxic
(Chelliapan et al.,, 2006). In addition, most of the APIs are unaffected by
biodegradation, thereby are persistent in the environment (Kaur et al., 2016).
Besides, there are no legally permissible limits for these pharmaceuticals in

wastewater, possibly because their exact impact of chronic exposure of PCs on the




aquatic environment remains unidentified (Rivera-Utrilla et al., 2013). Therefore, an
urgent need for their removal from the ecological system is necessary.

Treatment of pharmaceutical containing wastewater is essential to decontaminate
the environment and protect living beings from several water-borne diseases (Kaur
et al., 2016). Various conventional treatment approaches such as coagulation,
sedimentation, precipitations, filtrations as applied in municipal wastewater treatment
plants (MWWTPs) and adsorption have their limitation in the removal of active PCs
(Radjenovic et al., 2007). The efficiency of natural (Biological) treatment procedures
also are limited to effluents containing biodegradable compounds, which must not be
harmful to the biological culture (Elmolla & Chaudhuri, 2010).

However, in a further quest for lasting solutions to this real threat to animal and
human lives, many commendable efforts have again been directed towards the
remediation of water sources contaminated with recalcitrant organic pollutants
(Baccile & Babonneau, 2008; Mohan et al., 2014). Several other methods have been
applied for the treatment of water. These methods include adsorption,
phytoremediation, chemical oxidation and biological treatment (Atul et al., 2013).
Although these methods have some useful applications, they have disadvantages
such as slow operations and they do not remove many organic pollutants (Atul et al.,
2013), such as recalcitrant APIs. For instance, activated carbon adsorption only
involves a transfer of pollutants onto the solid phase, without their destruction hence,
the introduction of a new pollution challenges. Conventional chemical oxidation is
also unable to mineralise all organic substances and is only economical if the
pollutants are at high levels of concentration. In the case of biological treatment, the
main disadvantages have been slow rates of reactions, and challenges associated
with unsafe disposal of the sludge and the necessity for strict control of pH,

temperature and some other environmental conditions.

Lately, it has been demonstrated that advanced oxidation processes (AOPs) shows
outstanding features for superior, robust and multifunctional treatment processes
that can enhance pollutant treatment efficiency (Chakma et al., 2015). Past studies
confirmed the effectiveness of AOPs, which are far more efficient in the removal of
various API contaminants (He et al., 2016; He et al., 2018). However, all AOPs

operate based on the same principle of generating highly reactive species such as
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O’2, HO2 and hydroxyl radicals (OH"), which are non-selective and have the potential
to oxidise many recalcitrant pollutants, in the process converting them to harmless
end-products. Hydroxyl radicals are one of the most potent oxidants with an
extraordinary ability to oxidise most organic contaminants with less or no
discrimination. However, as a result of their high reactivity and very low selectivity,
OH' are quickly used up therefore, they must be continuously generated
simultaneously as the process proceeds.

Heterogeneous photocatalysis, a form of AOP technology has gained prominence in
its applications as an improved environmentally remediation method. The
mineralisation of hazardous and outlawed organic contaminants is being achieved by
their conversion from toxic to non-toxic forms via this method (lbrahim et al., 2016).
In heterogeneous photocatalysis, both the pollutant and the catalyst are usually not
in the same phase. Typically, while the pollutants are in the aqueous phase, the
applied catalyst is commonly in the form of a solid. The solid catalyst enhances the
continuous generation of the rapidly used-up reactive radicals during heterogeneous
process. This process can be achieved using metal oxide semiconductor (Liu et al.,
2015).

The application of metal oxide semiconductors as photocatalysts have gained much
interest in heterogeneous photocatalytic processes, for continuous generation of the
required reactive species. Various metal oxides have been used as photocatalysts

for the degradation of many organic pollutants.

Ideally, an efficient photocatalyst should be stable, durable under constant irradiation
and have good electron transfer with a long-distance transmission (Teh et al., 2017;).
Consequently, among other materials, TiO. based photocatalysis has been
commonly used. Its application in organic pollution control technology is based on its
simple preparation method, good catalytic activities, stability and non-toxicity (Luo et
al., 2016; Wei et al., 2017). Nevertheless, the photocatalytic activity of TiO2 under
visible-light is meager, due to its poor visible-light absorption ability and relatively
high recombination rate of the generated electron-hole pairs (Wang et al., 2015;
Vignesh et al., 2014), Including poor recoverability after use. However, alternatives
that have the advantages regarding versatility, economics, stability and abundance

and non-toxicity possessed by TiO. are rare (Wei et al., 2017).
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Therefore, the search for new and functional photocatalytic materials with activities
exceeding titanium-based photocatalysts is critical for economical and effective
environmental pollution control. Hence, the choice of improving TiO2 using various
approaches seems to be the most feasible and practical means to obtain a
photocatalyst suitable for real-life applications even at a large scale (Teh et al.,
2017).

Several attempts have been made by researchers to modify photocatalysts for
effective mineralisation of recalcitrant pollutants like some PCs. Some of such
approaches include doping with metallic (Wang et al., 2015) or non-metallic species
(Warkhade et al., 2017), combining with different metal oxides and the formation of
mesoporous-base structures (Akhundi & Habibi-Yangjeh, 2017). All these methods
are usually aimed at promoting the separation of photo-generated electrons and
holes through interfacial charge transfer (ICT) (Zhang et al., 2016). However, the
photocatalytic activity and versatility of TiO2 photocatalyst could be enhanced under
visible light, if combined with band-gap narrowing poly-conjugated molecules (Xu et
al., 2017a).

Poly-conjugated molecules are a peculiar class of molecules or polymers that
interact with light. They have band-gap energy in the range of 1 eV to 3 eV, that is, in
the range of visible light. For example, metal porphyrin contains an aromatic
conjugation system with central lone pairs of electrons capable of binding metal
(Fe/Co) to improve the magnetic recoverability in the photocatalytic aparatus. Others
include polyene, a linear poly-conjugated polymer (CP). Although CPs have proven
to be good photo-sensitizers, they are underutilised for this purpose. Under
irradiation, poly-conjugated polymers can produce electron-hole pairs that are
delocalised (Hwang & Scholes, 2011), therefore, coupling TiO. photocatalysts with
these photosensitive polymer molecules could be a better alternative and more

efficient way to improve their photocatalytic performance (Xu et al., 2017b).

Capping of TiO> with appropriate photo-sensitizers may allow for the extension of its
absorption spectra into the visible region as well as enhance the production of
reactive species. In this approach, a conjugated molecule can absorb visible light to
produce a singlet or triplet state, which then releases an electron into the conduction

band (energy level) of the semiconductor. The released electron can reduce surface
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adsorbed oxygen molecule to produce more oxidising radicals such as OH*, which
can oxidize any organic pollutant. Therefore, the fabricated photocatalysts should
possess the following properties: High photocatalytic rate, low cost, high
environmental stability and mechanical strength, which could improve the
performance of the catalyst in the photodegradation process.

1.2 Problem statement and justification

Sustainable water supply is in increasing demand in today’s world. Besides the
enormous amount of water needed for agricultural purpose, the amount of quality
water supply is inadequate for human sustenance. Among various challenges
concerning water, the reduction of contaminants is a major issue. Therefore, the
removal of environmentally-threatening chemicals, particularly PCs in water is a
matter of concern that requires urgent attention. For example, methotrexate (MTX),
an API classified as an antineoplastic drug is normally detected in wastewater, and
been reported for its damaging effect on the human liver and kidney; it causes renal
failure when tested on rats (Armagan et al., 2015). Among other adverse effects of
these APIs are hepatic and pulmonary toxicity while high dosage may result in renal
failure (Kivity et al., 2014). In an aquatic medium, Triebskom et al. (2004)
demonstrated the toxic cytological effects of diclofenac in liver, kidney, gills and the
intestine of rainbow trout, in their studies. Nevertheless, the environmental

remediation of all these harmful pharmaceuticals can be a great challenge.

Considering the fact that these contaminants in the waste sources are usually
resistant to natural removal and degradation, they tend to accumulate in the
environment and eventually become a hazard to living organisms (Tremblay et al.,
2011). An appropriate technology suggested for their removal is photocatalysis using
an appropriate semiconductor. Also, most available semiconductor photocatalysts
have a relatively wide bandgap (e.g. TiO2 = 3.2eV and ZnO = 3.2eV) and cannot be
optimally utilise in the visible light range, which is about 46% of the available solar
energy, for the effective degradation of PCs. Besides, separation of used
photocatalysts from the treated systems for reuse, is another major problem for

photocatalytic processes using the common photocatalysts.




To mitigate these challenges posed by pollutants due to rapid industrialisation and
urbanisation, there is a need to develop a robust and efficient technology (Islam et
al., 2012), for organic pollutant treatment. Furthermore, since water quality
management is the key to a healthy human population and a vibrant economy,
research focusing on developing alternatives for wastewater treatment is necessary.
There has been some exploratory research in the area of doping and immobilisation
of semiconductors to improve their photocatalytic performances. Nonetheless, to the
best of our knowledge, hardly any studies have been reported on the modification of
TiO2 and other photocatalysts by coupling them with poly-conjugated molecules such
as polyene, and their application in the removal of PC’s and in particular APAP
including CAP..

1.3 Aim and objectives of the study
1.3.1 Aim of the study

The aim of this study was to synthesise and characterise a conjugated-polymer
modified TiO2 photocatalyst and investigate its photocatalytic activities in the
photodegradation of selected pharmaceutical compounds in aqueous systems under

visible light irradiation.

1.3.2 The objectives of the study

% To synthesise pure titania (TiO2) nanoparticles

% To prepare conjugated-polyenef/titania (CPE-TiO2) nanocomposites using
polyvinyl alcohol (PVA) as a precursor for polyene photosensitizer

% To characterise the synthesised photo-catalysts using SEM, TEM, XRD, EDS,
FTIR, UV-Vis DRS, PL, CV, EIS and TGA

% To investigate the photocatalytic efficiency for the degradation of acetaminophen

(a non-antibiotic) and chloramphenicol (an antibiotic), using the prepared

photosensitizer modified catalysts as compared with unmodified TiO2 under

visible light irradiation




% To investigate the reusability of the synthesised nano-composites for pollutant
degradation in a photocatalysis process

% To investigate the degradation kinetics of the organic contaminants (PCs) using
Langmuir-Hinshelwood (L-H) kinetic models

% To Iinvestigate the mechanism and photodegradation by-products of

acetaminophen and chloramphenicol.

1.4 Project scope and delineation of the study

This work covers the synthesis of pure TiO2 nanoparticles using a homogenised sol-
gel method and from an isopropoxide organic precursor, preparation of conjugated-
polyenef/titanium oxide photocatalysts from dehydrated polyvinyl alcohol to obtain
CPE-TiO2 hybrid nanocomposites. It also covers both structural and optical
characterisation, as well as photocatalytic degradation studies.

The dissertation consists of five chapters:

Chapter 1 gives the background and the introduction to the study. It highlights the

problem statement, aim and the objective and the scope of the work.

Chapter 2 gives the details of the literature review on the area of the study. It
identifies some of the studies that have been carried out in heterogeneous

photocatalysis using TiO> photocatalyst and the results obtained.

Chapter 3 gives the details of the research methodologies on material synthesis,

characterisation and instrumental analysis for the data generated.

Chapter 4 presents the results obtained, the detailed discussion and the sub-
conclusions. This chapter is divided into four sections: Section A gives the results
and the discussion on structural and morphological characterisation. Section B
presents the results and the discussion on electrochemical and optical
characterisation. Section C presents the results obtained and the discussion on
photocatalytic degradation and parameter investigations. While section D presents
the results and the discussion on the kinetics, the mechanisms of the photocatalytic

degradations, and the intermediate by product identification.
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Chapter 5 gives a general conclusion and the recommendations for further studies.
This chapter summarises all the findings and the challenges encountered during the
project execution. It clearly and unambiguously highlights the contribution of the

project to the body of knowledge in photocatalysis and wastewater treatment.
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Chapter 2: Literature review

This chapter presents the literature survey on the area of the study. It summarises
the concepts and the theory of photocatalysis and its application in wastewater
decontamination. It identifies some of the studies that have been carried out in
heterogeneous photocatalysis using TiO> photocatalysts and the results obtained.
The application of polymer molecules in TiO> modification for an effective
photocatalysis is also discussed. Some of the intermediates of the selected
pharmaceutical compounds used for photocatalytic degradation are listed and
reviewed.
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2.1 Introduction

Water, being an essential component of life, is vital for the existence of humans.
Currently, there are major concerns worldwide on the issues of water pollution as the
most critical ecological problem (Kshirsagar et al., 2017). The water contaminants
are mostly because of improper treatment of domestic and industrial effluent, as well
as inappropriate sewage planning and management (Soon & Hameed, 2011). These
pollutants commonly consist of hazardous mixtures of chemicals such as
pharmaceuticals, phenols, dyes and endocrine-disrupting compounds that come
from chemical and pharmaceutical industries (Al-Hamdi et al., 2017). These mixtures
of chemical contaminants have adverse effects, particularly on aquatic life as well as
on human health (Boukhatem et al., 2017).

Earlier studies show that more than 25 percent of the total world population suffers
from health and hygienic problems associated with water pollution (Pera-Titus et al.,
2004; Mezohegyi et al., 2010). Among the numerous pollutants, pharmaceutical
products, as emerging micro-pollutants, have been frequently detected in surface
water, effluents, as well as in drinking water (Kaur et al., 2016; Zhang et al., 2017,
Slamani et al., 2018). Owing to their daily and high consumption rate as animal and
human medicine (Yan et al.,, 2013), pharmaceutical compounds (PCs) are

continuously and extensively released into the environment (Chen et al., 2018).

Among various pharmaceuticals used as human and animal medications, antibiotics
and non-antibiotic drugs have been commonly studied (Leung et al., 2012; Yang et
al.,, 2013; Liu et al., 2014). Due to antibiotic abuse, their concentration in the
environment has steadily increased, which influences bacterial transcription (Liu et
al., 2018). Despite many of these pharmaceuticals being categorised as priority
pollutants by the US Environmental Protection Agency (USEPA) and European
Union of Water Framework Directive (EUWFD) (Dong et al., 2014), the available

removal methods are inefficient.

However, continuous efforts have been made to reduce pharmaceutical content in
the environment, to forestall further contamination of surface and groundwater.
These efforts involve the application of various techniques such as sedimentation,

adsorption, flocculation, filtration and reverse osmosis. Most of these drugs are

19



resistant to degradation offered by conventional methods, due to the presence of
aromatic groups combined with several other functional groups (Boreen et al., 2003).
Hence, the demand for an efficient and environmentally-benign pollution control and

removal technology, has increased worldwide.

In recent years, advanced oxidation processes (AOP) have been widely investigated
and considered as viable, environmentally-benign and economical technologies for
the removal of toxic and hazardous contaminants (Jyothi et al., 2016). The AOPs are
primarily based on the generation of active oxidative agents, largely reactive
oxidative species, which can degrade and mineralise a wide range of chemical
compounds (Kosera et al.,, 2017). The end-products of complete organic pollutant
treatment are usually carbon dioxide, water and a trace amount of inorganic ions that
can easily be removed (Qiao et al., 2014). Other significant advantages of AOPs
include relatively mild reaction conditions and proven capability to degrade several
toxic refractory pollutants. Based on the reactive phases, AOPs are classified into
homogeneous and heterogeneous types, both of which have been successfully used
as water purification processes, particularly for the removal of pharmaceutical
pollutants (Loaiza-Ambuludi et al., 2014; Kosera et al., 2017).

Considering the current global environmental challenges involving wastewater
treatment technologies, heterogeneous photocatalysis has received appreciable
consideration, even for industrial applications (Tong et al., 2018). More recently,
much attention has been given to heterogeneous photocatalysis as one of the major
and promising AOPs (Kosera et al., 2017; Khataee et al., 2017). This keen interest
may be due to the simple and environmentally-friendly approach to the technique
(Qiu et al., 2018). It also possesses the merit of a rapid recovery and ultimate reuse
of the stable chemical reagents applied as a catalyst for the treatment process (Li et
al., 2015).

In the heterogeneous process, materials with high photocatalytic activities are used
as the catalysts to absorb light radiation from UV or visible light energy source.
Hence, the photosensitive property of semiconductors results in their significant roles
in heterogeneous photocatalytic processes for environmental pollution control and
waste water treatment (Bijanzad et al., 2015). Consequently, a wide range of

semiconductor materials such as TiO2, SnO», ZnO, CdS, Fe»,03 and WO2 have been
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used in photo-induced degradation of many organic contaminants in aqueous
systems (Tong et al, 2018). Among these conventional semiconductor
photocatalysts, TiO: is the most researched and applied as an efficient catalyst for
photodegradation of organic pollutants (Oseghe & Ofomaja, 2018).

Ideally, semiconductor photocatalysts are applied either in aqueous form or
immobilised on a support. However, heterogeneous photocatalytic processes using
catalysts as suspended nanoparticles are reported to be more efficient because they
offer a highly active catalyst surface area (Diez et al., 2018). Particularly,
semiconductors are more photo-active at nano-size level, due to their higher
absorption coefficient with an increased reactive surface area (Ghosh et al., 2017).

In recent years, researchers have made significant progress in the field of
nanotechnology, particularly as it applies to water purification processes (Al-Hamdi
et al.,, 2015). Different TiO> based nano-materials such as doped and polymer
modified TiO2 have been prepared using different methods (Xu et al., 2017). These
synthetic methods include hydrothermal (Lassoued et al., 2018; Ma & Chen 2018),
thermal decomposition (Unni et al., 2017), microwave irradiation (Oseghe & Ofomaja
2018) and sol-gel (Nassar et al., 2014; Hou et al., 2017; Talane et al., 2018)
synthetic methods. Some of these methods such as the sol-gel method have
advantages such as the possibility of obtaining stable materials with a high purity
and compositional homogeneity at moderate temperatures using simple laboratory

methods and equipment for their synthesis (Nassar et al., 2014).

Considering the prospect of large-scale industrial applications, heterogeneous
photocatalysis using TiO: is a viable technique. However, the apparent limitation of
this process is the recombination of generated electrons and holes, as well as the
wide band-gap (3.2 eV) of TiO2 as a semiconductor (Daghrir et al., 2013). Several
attempts have been made to reduce the electron/hole recombination rate in TiO2 by
modifications, for more extensive photocatalytic applications. Nevertheless, with
renewed and progressive efforts to overcome these challenges, TiO, and its
modified forms are potential catalysts for eventual large-scale industrial applications
(Zhang & Jaroniec, 2018).
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Organic polymer molecules (OPM) appear to be a suitable alternative method for
effective modification of TiO> due to their properties and improved photocatalytic
efficiency (Wang et al., 2017a; Sojié-Merkulov et al., 2018; Li et al., 2018). The
modification of TiO> with OPM is basically to enhance its photocatalytic efficiency
through an improved adsorption and photosensitisation. They have been recently
used as adsorbent/photocatalysts for the removal of several organic pollutants,
including some pharmaceutical contaminants (Zhao et al. 2017; Jallouli et al.,
2017a). These organic polymer molecules range from non-conjugated to conjugated
polymers (CP), which are particularly useful to enhance and extend the activity and
stability of TiO2 photocatalyst into the visible region.

On the other hand, many studies on environmental pollutants are focused on
antibiotics and non-antibiotics because they are commonly produced and
increasingly used. This continuous application leads to their permanent presence in
the environment as they are regarded as "pseudo-persistent” pollutants (Li, 2014).
The application of other technologies such as biological technique (Tiwari et al.,
2017), plasma treatment (Magureanu et al., 2015) and electrochemical separation
(Sires & Brillas, 2012) techniques for the removal of pharmaceuticals from
wastewater have been comprehensively reviewed. Very few reviews (Kaur et al.,
2016) with adequate information on the application of polymer conjugated-TiO, as
photocatalysts for the removal of these pharmaceuticals are in the literature.
Consequently, this literature review focuses on the recent studies on the use of
polymer-TiO for photo-catalytic removal of pharmaceutical compounds as well as a

few other organic pollutants.

In this chapter, we first summarised the general principles of heterogeneous
photocatalysis as a form of AOP as compared to other types of AOPs. We then
discussed the applications of TiO> and polymer-TiO> for the photocatalytic
degradation of pharmaceuticals. Various forms of polymer-TiO2, their applications
and the mechanism of their photodegradation process for pharmaceuticals are
discussed. The kinetics of heterogeneous photocatalysis using TiO2 semiconductor
and the photocatalytic intermediate products of selected pharmaceutical pollutants

are also illustrated.
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2.1.1 Pharmaceutical pollutants

Lately, some emerging unregulated contaminants have become an environmental
source of concern. These chemicals mainly originate from products used in large
guantities in everyday life, such as pharmaceuticals or therapeutic compounds (TCs)
(Liu et al., 2015; Ashfaq et al., 2017). Pharmaceutical compounds, which could be
analgesic, anti-inflammatory, or antipyretic in actions (Yu et al., 2011), are an
essential group of chemicals, which are useful as drugs for curing various human
diseases (Marsoni et al., 2014; Hammad et al., 2018). However, among emerging
environmental contaminants, TCs have become one of the most significant and risky
groups of pollutants, due to their prolonged half-life in living beings (Kaur et al., 2015;
Ahmed, 2017).

Therapeutic compounds used by humans can be toxic to certain organisms in the
aquatic environment and their bioaccumulation in living cells usually results in
modified character traits especially both in humans and animals (Balakrishna et al.,
2017; Hassani et al., 2017). Among other pharmaceuticals, antibiotics and non-
steroidal anti-inflammatory drugs (NSAIDs), are the most common water
contaminants (Hernandez-Uresti et al.,, 2016) due to their worldwide usages for
clinical purposes. Some undesirable human and animal health effects such as
genotoxicity, and endocrine disruption, have been attributed to the human and
animal exposure to NSAID contaminants (Kaur et al., 2015; Hassani et al., 2017).
Moreover, on over usage of analgesics such as acetaminophen had been reported
to cause nephrotoxicity, hepatic necrosis and in some cases, death to humans and
animals (Olaleye & Rocha, 2008).

Regardless of these adverse environmental and human health effects, a vast
number of pharmaceuticals are still widely consumed globally, which makes them
prevalent in the environment (Thi & Lee, 2017; Hammad et al., 2018). They make
their way to the surroundings through direct dumping of expired and wasted drugs in
the household (Hammad et al., 2018), excretion by human and animals (Yu et al.,
2011) and the insufficient treatment of industrial and domestic effluents (Ashfaq et
al., 2017). The presence of remnant drug molecules in human and animal excreta is
as a result of their partial metabolic activities in body systems (Hammad et al., 2018).

A large quantity (95%) of administered dose of drugs was reported to be excreted as
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parent compounds, (Calamari et al., 2003; Yu et al., 2011), particularly the
antibiotics, of which about 30-90% of the administered dosage is excreted through
urine (Yu et al.,, 2011). Due to their hydrophobic nature and structural stability,
NSAIDs can persist in effluent for an extended period without disintegration.
Consequently, the literature affirms their existence in surface water at significant
levels of concentration in the environment (Manzo et al., 2014).

Many antibiotics have also been considered very stable or form harmful
intermediates such as halo-nitromethane from chloramphenicol, during the
photodegradation process (Dong et al., 2017). The residue, either metabolised or
not, results in the development of microbial resistance to antibiotics (Hassani et al.,
2017). Untargeted human consumption of PC-contaminated water or food can cause
severe liver problems, leading to the damage of vital organs, ultimately, causing
death. Therefore, researching for an effective technique to eliminate pharmaceutical
pollutants (PP) in the environment and in wastewater is critical. Hence, much
attention has been given to advance oxidation processes (AOPSs) as a proven viable
method for the purification and decontamination of wastewater contaminated with

various pharmaceutical compounds (Mirzaei et al., 2016).

2.1.2 Basis of advanced oxidation process (AOP)

AOP, is a water treatment process usually performed at ambient temperature and
pressure. AOPs are driven by the in-situ generation of highly reactive transitory
oxidising agents i.e., reactive oxidation species (such as hydroxyl radicals (OH") and
others (i.e., H202, 02, Ogz)). These reactive species are released at sufficient
concentrations to effectively decontaminate wastewaters (Oturan & Aaron, 2014; Jin
et al., 2018). Advanced oxidation processes have been long useful and are still
relevant till date, for water purification, as justified by the number of recent research
outputs (He et al., 2016; Fagan et al., 2016; Hassani et al., 2017; Trandafilovi¢ et al.,
2017; Teh et al., 2017; Zhang & Jaroniec, 2018).

The reactions between the reactive radical (OH") and organic molecules are uniquely
rapid and nonspecific and the reaction rate is ordered by the production of the

oxidising species. Most AOP are preferred to the conventional biological process use
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for organic matter degradation because they are swift and highly efficient, unlike the
biological degradation process, which requires long periods of treatment prior to the
observation of sufficient degradation (Eibes et al., 2005). These make AOP a
preferred, an effective and reliable water treatment method for wastewaters that are
difficult to be handled by conventional methods. AOPs have been successfully
applied to decompose many toxic and recalcitrant organic pollutants to a
considerable level with little or minimal production of additional hazardous by-
products (Kaur et al., 2016).

The generated reactive oxidising agents, such as hydroxyl radical, attack pollutants
and degrade them to simpler substances. These OH® radicals are characterised by
little or no selectivity for water contaminants (Atul et al., 2013). Once they are
generated, they can oxidise and mineralise virtually every organic molecule in an
aqueous system, yielding environmentally-friendly carbon dioxide (CO3), water (H20)
and some inorganic ions (Kaur et al., 2016). Many review articles have detailed the
efficiency of AOP processes (Akpan & Hameed, 2009; Al-Hamdi et al., 2017).

However, in summary, the AOPs can be classified into four broad groups:

I. Chemical advance oxidation process, which basically involves redox reactions
of chemical reagents to produce reactive radicals. Common examples
include Fenton reactions (H.O. +Fe?* to generate OH") (Liu et al., 2018)
and peroxonation (i.e., coupling H202 with ozone Os in other to generate
OH' radicals).

Il. Photochemical advance oxidation which involves a chemical reaction induced
by light radiation. This type can be subdivided into homogeneous photo-
oxidation and heterogeneous photo-oxidation (Wankhade et al., 2013).

lll. Electrochemical advance oxidation which is based on the application of
electrochemistry (involving electron transfer) for in situ generation of
hydroxyl radicals (OH") for the destruction of organic pollutants (Oturan &
Aaron, 2014)

IV. Sonochemical advance oxidation which involves the application of
ultrasounds in an aqueous medium. The sonochemical process is based

on the sonication (direct) and homolytic fragmentation of water and
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dioxygen at high frequency (indirect) to produce OH*, HO>" and O" radicals
(Zhang & Jaroniec, 2018; Oturan & Aaron, 2014)

These general classifications are based on the reagents involved and the reaction
mechanisms. Figure 2.1 presents the summary for the mechanistic classification.
However, for this review, attention is focused on photochemical processes
(photocatalysis), due to their adaptability for modifications and universal applications

as a useful environmental and water remediation method.

AOP

Chemical Photochemical Electrochemical Sonochemical
oxidation oxidation oxidation oxidation

. [_|

Fenton reaction Peroxonation Homogeneous Heterogeneous

Figure 2.1: The proposed classifications of advanced oxidation processes (AOP)

based on reaction mechanisms

2.2 Photocatalysis

Photochemical oxidation involves the chemical oxidation of pollutants in the
presence of light, i.e. visible and ultraviolet light radiation. Photocatalysis is a
process in which the rate of photoreaction is accelerated in the presence of a
catalyst (Zhang & Jaroniec, 2018). However, photolysis is the degradation or splitting
of chemical compounds by light irradiation. Although photolysis itself usually takes

place in the presence of light, the addition of chemical reagents (solids or aqueous
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solutions) only enhances the process. In other words, the chemical reagents act as
catalysts to increase the rate of photolysis. Photocatalysis can be categorised into

homogeneous and heterogeneous photocatalysis, based on reaction phases.

2.2.1 Homogeneous photocatalysis

Homogeneous photocatalysis refers to photo-oxidative reactions in the same phase.
The application in water purification involves the use of a chemical oxidant such as
hydrogen peroxide (H202) (liquid/liquid) and ozone (O3) to generate reactive radicals,
which attack the pollutants to trigger oxidation. These procedures have found
general applications in wastewater purifications and are widely used in several

oxidation research studies (Dong et al., 2017; Li et al., 2018; Slamani et al., 2018).

From the literature, many photosensitive chemical materials have been used either
individually or in various combinations for homogeneous oxidation reaction
processes. These materials include hydrogen peroxide with ultraviolet radiation
(UV/H202) (Zuorro et al., 2014), ozone in solution with ultraviolet radiation (UV/O53)
(ozonation) (Liu et al., 2014) and the application of a mixture of hydrogen peroxide
and ozone in combination with UV or visible light (UV/H202/03) (Qin et al., 2015). An
improvement in the rate of photo-oxidative degradation of pharmaceuticals has been
reported when a combination of H.O2/UV and Os/UV processes were used (Qin et
al., 2015). Furthermore, Fenton reagents (Fe** and H20) are used in the presence
of light radiations such as Photo-Fenton (PF) (Li et al., 2018) as well as electro
Fenton (EF) reactions (Liu et al., 2018). Hydrogen peroxide, due to the ease of
splitting to generate OH radicals, is a common oxidising reagent used in most of the
homogeneous oxidative processes. Although, the relative oxidising strength of
hydrogen peroxide alone is insufficient, nevertheless, the presence of light and other
oxidising agents in the oxidation system increases the strength and the rate of

oxidation. Consequently, the rate of OH*® radicals’ production is accelerated.

Homogeneous photocatalysis is known for considerable efficiency especially for the
removal of recalcitrant pharmaceuticals (Pourakbar et al., 2016). However, many of
these processes have some disadvantages such as the challenge of post-treatment

separation of used reagents, the cost of H202, environmental effects of ozone and
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the contamination effects of the treated water with free Fe?*in Fenton processes. For
the Fenton process, the optimal dosage of H2O: is strictly determined by the
concentration level of the pollutants to be oxidised. Also, the removal of the total
organic carbon (TOC) in waste water is rarely satisfactory (Liu et al., 2018). These
issues tend to limit the application of homogeneous oxidation processes. Hence, the
introduction of heterogeneous photocatalysis which seems to be a better available
alternative to circumvent the challenges associated with homogeneous oxidation

system.

2.2.2 Heterogeneous photocatalysis

More recently, heterogeneous photocatalysis has emerged as an innovative and
effective decontamination technology for the treatment of wastewater and the
transformation of hazardous chemicals into non-toxic forms (Zeghioud et al., 2016;
Diez et al., 2018). Heterogeneous photocatalysis refer to a system in which the
reactants and the applied catalyst are present in two or more different phases. This
technique has been generally applied to wastewater purification with the aim of
reuse, due to its ability to achieve complete mineralisation of the targeted organic
pollutants (Shokri et al., 2016; Kosera et al., 2017). At present, this is the most
applicable industrially, because of its efficiency, relative ease of recovery, recycling
and adaptability of the material being used which can withstand varying process
conditions (Atul et al., 2013). Solid/aqueous catalysis also presents the possibility for
various modifications, including alteration with polymeric materials, for improved and

sustainable performances.

The basis of hetero-photocatalysis can be explained by photoexcitation of a given
semiconductor solid (e.g., TiO2) because of its absorption of rays during irradiation
(Zhang & Jaroniec, 2018), mostly from the near-ultraviolet region of the light
spectrum. Under light illumination, a suitable semiconductor solid material can be
excited by sufficient energy photons (Kosera et al., 2017), resulting in the production
of conduction band electrons and valence band holes. These charge carriers
(electron and hole pairs) can induce reduction or oxidation respectively, while

reacting with both water and organic contaminants. The holes are extremely
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oxidants, thus are able to react with available oxygen and water (Figure 3), resulting
in the formation of hydroxyl radicals including other reactive oxygen species (Alhaji
et al., 2017; Diez et al., 2018).

2.2.2.1 Mechanism and kinetics of heterogeneous process using

semiconductors

The generation of electron and positive hole pairs (e/h*) by UV irradiated
semiconductor nanoparticles (e.g., TiO2), is a critical and major step in photocatalytic
processes (Kosera et al., 2017; Tong et al., 2018). Generally, photon absorption by a
semiconductor material results in the promotion of an electron from the valence band
(VB) to the conduction band (CB). This process leaves a ‘hole’ (electron vacancy) in
the valence band and an excess of negative charges in the CB (Figure 2.2). These
charge carriers can either recombine within the particle or move to its surface, where
they initiate chemical redox reactions with adsorbed organic molecules (Hoffmann et
al.,1995; Diez et al., 2018). These molecules could be an acceptor or a donor of
electrons, depending on whether their redox potentials lie within the bandgap of the
applied photocatalyst (Zeghioud et al., 2016). Because of this mechanistic process,
wastewater could be decontaminated by the reductive or oxidative decomposition of

the pollutants by a modified or unmodified semiconductor photocatalyst.

However, various stages are involved in photochemical mechanisms using TiO2 and
its polymer-modified forms. First, when photon energy (hv), greater than the
bandgap energy (Eng) incident on the surface of the catalyst, electron (e°) is excited
and transferred from VB to CB. The hole left on VB reacts with water while the
excited electron attacks molecular oxygen, hydrogen peroxide or any other oxidising
agent available in the solution or on the catalyst surface, to produce reactive radicals
(Figure 2.2). These reactive radicals serve as the oxidant in the photocatalytic
system, majorly responsible for the breakdown of organic pollutants. This process
indicates that the mechanisms of photocatalysis are mostly based on the radical
attacks on organic pollutants (Turchi & Ollis, 1990; Augugliaro et al., 2012). The OH*
radicals have been considered with proven implicating evidence to be the major

active species responsible for many photocatalytic oxidation reactions (Turchi &
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Ollis, 1990; Xiang et al., 2012). Therefore, the formation rate and the quantity of OH*
radicals generated during photocatalysis processes, determine the oxidative and the
degradation performances of the photocatalyst. The formation rate of hydroxyl
radicals generated and the OH*-index, which is expressed as a percentage of P25
TiO2, are presented in Table 2.1.

Table 2.1: Formation rate of OH®* on some metal oxide photocatalysts and their OH*-

index values

Photocatalysts Rate (K (uM/h)) OH*-Index (% of P25)
P25 5.88 100

TiO2 (anatase) 4.28 72

TiO3 (rutile) 0.27 4.2

ZnO 0.94 16.3

SnO; 0.08 1.4

The photocatalytic oxidation reaction kinetics provides the necessary information
about the reaction rates as well as the mechanisms by which the products are
formed. This reaction rates can be expressed in a form of a generic reaction rate law

as shown in Equation 2.1:

Rate = dc/d; = K[C]"! Equation 2.1

where k is the rate constant, [C] is the concentration of the pollutant in wastewater
and n represents the order of the reaction. This information suggests that the rate of
photocatalytic degradation of organic pollutants can fundamentally be treated

empirically, which can invariably involve the application of kinetic models.
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However, the photocatalytic oxidation kinetics of many organic molecules have been
successfully modelled using the Langmuir-Hinshelwood (L-H) equation (Behnajady
et al., 2006; Yang et al., 2008) as illustrated in Equation 2.2:

The L-H kinetic model generally becomes an accepted expression in photocatalytic
oxidation, relating photocatalytic degradation rate with the initial concentration of the
pollutant (Mohapatra & Parida, 2012). The model was developed based on the
Langmuir adsorption isotherm with the following set of assumptions:

(1) The number of adsorption sites on the surface is constant,

(2) A site can hold only one molecule per time,

(3) Insignificant interaction takes place between adsorbed molecules, and
(4) Adsorption equilibrium is always assumed to be established.

Rate (r) = % = 1fi§ Equation 2.2

where, r is the oxidation rate of the reactant (mg/L min), C the concentration of the
reactant (mg/L), t the irradiation time, Kk is the reaction rate constant (mg/L min) and
K the adsorption coefficient of the reactant (L/mg). L-H model represents a

mechanism for the surface.

When the concentration (Co) is relatively small or very low, the equation L-H kinetic
model can be simplified to an apparent first-order equation (Eqn. 2.3). In this first-
order kinetic equation, the logarithm graph of the pollutant concentration with varying
catalyst concentrations versus irradiation time should give a linear decomposition
profile. This plot is an indication of a pseudo-first order (PFO) reaction (Behnajady et
al. 2006). Sometimes, first-order kinetics are appropriate for the whole concentration

range up to a few mg/L:

c
In (?“) = kK, = kgt Equation 2.3
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In the case of concentration higher than 5 mM, with the Kc much larger than unity, a

zero-order kinetic may be used:

Usually, the photocatalytic process using some semiconductors and their modified
form, more often than not are applied to degrade pollutants with low concentrations
ranging from ppb to few ppm (Behnajady et al., 2006). Therefore, the first-order
kinetics may be applied to simulate the degradation of organic pollutants (Chen &
Jenq, 1998) at a low level of concentration, particularly using TiO> photocatalyst and
its modified forms (Ananpattarachai et al., 2016) such as polymer-TiO2. The
graphical illustration of In(Co/C) against irradiation time (t) yields a straight line of
which the slope is the rate constant describing the rate at which a pollutant is

decomposed (Kim Phuong et al., 2016).

Many experimental results indicate that the photocatalytic degradation rates of many
organic contaminants over UV-irradiated semiconductors agree with PFO kinetic
(Mohapatra & Parida, 2012; Kim Phuong et al., 2016). This model is subject to the
light intensity as well as the contaminant concentration. However, according to a
reported investigation, the OH* radicals formed at the interface of modified TiO are
in proportion to the light intensity irrespective of the concentration, obeying zero-

order kinetic reaction rate profile (Ananpattarachai et al., 2016) (Equation 2.4).

A new concept was recently introduced, which is the application of OH®-index, to
relate and compare the formation rate kinetics of OH® radicals on different
photocatalysts (Bubacz et al., 2013). This OH-index value presents the formation
rate as the percentage of reference material (P25). The OH*-index was expressed

as:

OH — index = — x 100 Equation 2.4
o

Where r represents the OH*® formation rate on a semiconductor photocatalyst and ro
representing the OH* formation rate on the reference material. In general, catalysts

with a higher OH*-index show higher photocatalytic activity (Ananpattarachai et al.,
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2016), shown in Table 2.1. For the OH*-index value determination under visible light

irradiation, Degussa P25 was used as a reference material (Bubacz et al., 2013).

The mechanism of photo-oxidation of organic pollutants by semiconductors generally
follows a similar scheme (Figure 2.2). However, the mechanism and the initial
process of the oxidative photocatalytic reactions using TiO. are suggested to be
based on any one or more of the four possibilities. First, when the reaction occurs
while both species are adsorbed on the surface of the photocatalyst. Secondly, when
a free radical reacts with an adsorbed organic molecule. Thirdly, when an adsorbed
radical reacts with a free organic molecule arriving at the catalyst/solution interface.
Lastly, the possibility of when the radicals are released and the reaction occurs while
the two species are free in the aqueous solution. Whichever becomes the initial
process, the mechanism of photocatalytic reactions using TiO> still follows a similar
route. The summarised mechanistic route for TiO. photocatalytic process is

illustrated in Figure 2.3.

H,O + O, + & —> 20H + O

2 Be— CB Xe— KOH
- hv

o WOH
e- O:N NH/o
Cl Cl
e SC o Chlorggfphenicol
- o
0
H,O + h* ——> "OH
[X h+ VB Eﬁm NH,", HCI, CO,, H,0
h+

Figure 2.2: The scheme of redox process mechanism of semiconductor (SC)

photocatalyst in the presence of light.
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Figure 2.3: The flow chart of the mechanistic route for semiconductor (TiO>)
photocatalysis.

Although, the high rate of charge carrier generation and separation should enhance
TiO. photocatalyst performance, the system, however, suffers the possibility of
electron/hole recombination. This recombination tendency hinders an optimum
performance of TiO. photocatalyst for the degradation of pollutants in aqueous

solution.

2.3 Limitations of TiO, photocatalyst and improvement with polymer

modifications

The application of TiO2 photocatalyst suffers drawbacks because of high photo
generated electron-hole recombination rate and wide band-gaps (3.0-3.2 eV)
(Daghrir et al., 2013; Oseghe & Ofomaja, 2018). Other conventional photocatalysts
with similar band-gaps include ZnO and SnO> with 3.2 eV and 3.6 eV, respectively
(Al-Odaini et al., 2011). The challenge of wide band-gap makes TiO: inefficient for
visible light applications, which is about 45% of naturally available sunlight (Zhang et
al., 2014). Considering the overall environmental applicability of TiO, photocatalyst,

extending its optical response to the visible region is indispensable.
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Various materials have been employed in the modification of TiO> for photolytic
application (Jia et al., 2017) to improve its visible light absorption properties for an
extended photocatalytic performance. Several modification efforts on TiO2 have
been made using different materials, particularly for enhanced degradation of
pharmaceutical and other organic pollutants (Abdel-Wahab et al., 2017; Oseghe &
Ofomaja, 2018). Among these materials, various polymer organic molecules have
been found more useful as efficient TiO2 photosensitisers for photodegradation of

pharmaceutical pollutants (Zhao et al., 2017b; Soji¢-Merkulov et al., 2018).

2.3.1 TiO, modifications and polymer-TiO;, photocatalysts

Studies into the development of environmentally-friendly solar and visible light active
photocatalysts have significantly increased (Fagan et al., 2016). This growing
interest can be attributed to solar energy as a cheap and readily available natural
source of irradiation. To improve visible light suitability of TiO> photocatalyst, efforts
such as doping with metals, non-metals and by functionalising with various materials,
have been made (Fagan et al., 2016; Zhang et al., 2012; Jia et al., 2017). The
dopants have proven to enhance the photocatalytic efficiency of TiO, under visible
light through the reduction of the band-gap and serve as electron trapping agents,

thereby reducing the recombination rate of electrons and holes (Saud et al., 2015).

For example, Liu et al., (2008) investigated the effect of boron and nitrogen-doping
on the visible-light photocatalytic activity of TiO> for the degradation of rhodamine B
(Liu et al., 2008). The photocatalytic degradation of pollutant shows a considerable
enhancement for boron and nitrogen-doped TiO> as compared to the undoped TiOo.
The introduction of extraneous dopants into the lattice structure creates some
intermediate energy levels within the band-gap, which allows for visible light
absorption through the electronic transition between the band and the impurity level
(Zhang et al., 2014). Coupling TiO2 with other narrow bandgap semiconductors such
as CdS, W03 and CuO (Zhang et al., 2014) has also been used. However, the
effective activity of non-metal doped TiO> mostly depends on some other factors
such as dopant concentration, dopant energy level, dopant distribution and the

oxygen vacancy on the lattice surface (Nasirian et al., 2018).
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More recently, organic molecule sensitizers such as organic dyes, which can
themselves absorb light, have been used to synthesis composite materials to
enhance the visible light absorption capacity of inorganic semiconductors such as
TiO2 (Zhang et al., 2014). The application of a dye sensitizer was able to extend the
spectral response of TiOz to the visible-light region (Yao et al., 2015). Nevertheless,
most dye molecules are toxic, which could aggravate environmental problems
thereby, constitute a further threat to aquatic and human lives (Yao et al. 2015). On
the contrary, many polymer organic molecules are non-toxic, light-sensitive and
applicable as a photosensitizer for TiO2> modification with little or no environmental
consequences (Muxika et al., 2017; Zhao et al., 2019) due to their biodegradability.

2.4 Photocatalytic applications of polymer-TiO;

Polymer-inorganic hybrid materials are attractive because of their relatively high
electron mobility and their excellent physical and chemical stability of polymer-
inorganic nanocrystals (Lin et al., 2009). In the field of environmental ecotoxicology
and management, application of polymer-TiO, for enhanced photocatalytic
processes have contributed significantly to pollutant degradation. Among the
polymer-TiO2 that have been prepared and used as composite material for both the
adsorption and photocatalytic degradation of organic pollutants are cellulose-TiO>
(Zhao et al., 2019) and polypropylene carbonate-TiO, (Li et al., 2018). Others include
chitozan-TiO2 (Zhao et al., 2017b) as well as conjugated polymers, such as
polypyrrole-TiOz (Sun et al., 2013) and polyaniline-TiO2 (Sojié-Merkulov et al., 2018).
The conjugated pie-bond (1-bond) in conjugated polymer improves light absorption
unto the surface of the catalyst. Moreover, the multifunctional groups can provide the
pollutants with reaction site on the surface of the photocatalyst, thereby, enhancing

the degradation by the polymer-TiO. photocatalyst (Zhao et al., 2019).

Cellulose-TiO2 nanocomposite as a modified TiO. photocatalyst is an important
adsorptive and photocatalytic material. Cellulose is an organic polysaccharide, which
is made of a linear chain of several thousands of 3(1—4) links through D-glucose
units. It contains multiple hydroxyl groups on a chain to form hydrogen bonds,

responsible for its adsorptive properties (Tan et al., 2016). Several methods have
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been used to synthesise cellulose-TiO2 nanocomposite, which includes the sol-gel
method and polymerisation (Zhao et al., 2019). The well-prepared cellulose-TiO>
nanocomposite offers a high sorption capacity (2.1 pgcm2) toward a model pollutant
(methyl orange) with remarkable photocatalytic degradation under UV and visible
light (Zhao et al., 2019). A prepared cellulose-TiO2/Ag was also applied as an
efficient photocatalyst for the degradation of 4-chlorophenol which was mineralised
into small molecules (Zhang et al., 2018).

Polypropylene carbonate-TiO> nanocomposite is another useful polymer integrated
TiO2 photocatalyst. The prepared film composite was applied for the photocatalytic
removal of methyl orange with a performance of up to 85.06% removal of the dye (Li
et al., 2018). Similarly, Chitosan-TiO2 nanocomposite is also known as a functional
material for the removal of organic pollutants from aqueous solutions. Chitosan is a
polymer produced from the N-deacetylation of chitin, which is a naturally occurring
polysaccharide. It is one of the most abundant biopolymers in nature and has proven
to be an efficient adsorbent because of its unique properties such as
biocompatibility, biodegradability, non-toxicity and low cost (Igberase and Osifo,
2015; Muxika et al., 2017). Chitosan-TiO2 is a useful polymer-TiO, composite
photocatalyst due to its ability to act as a good support for effective dispersion of
TiO2 nano-particles (Wiacek et al., 2018) for the photodegradation of pharmaceutical
pollutants. According to a recent study, chitosan-AgO/TiO, photocatalyst film
demonstrated an enhanced activity for photocatalytic degradation of ampicillin (an
antibiotic) with 100% removal from aqueous solution (Zhao et al., 2017b). Metal ion
incorporation into the Chitosan-TiO: fibre has also been confirmed to be an effective
and a way to easily retrieve the catalyst for photocatalytic removal of other organic
pollutants (Ali et al., 2018; Zhao et al., 2019) such as methyl orange (Li et al., 2008).

Ali and co-workers (2018) in their investigations, indicated that metal modified
Chitosan-TiO2> composite fibres demonstrated a good photocatalytic ability for
various types of organic pollutants (Figure 2.4). A report published by Jallouli et al.
(2017) also indicated an effective photocatalytic property of TiO2-cellulosic fibre for
the removal of paracetamol i.e acetaminophen (APAP). This material allows for easy
separation of the photocatalyst from the treated solution, although, the application of

TiO2 P25 was found more efficient (90% removal) than the use of cellulose-TiO>
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under UV irradiation of paracetamol (Jallouli et al., 2017). Nevertheless, many of
these polymer-modified TiO> nanocomposites and nanofibers have proven as good
photocatalytic and absorptive materials for the removal of organic pollutants,

particularly pharmaceuticals.

(S-TiO, nanocomposite

Figure 2.4: The scheme of chitosan-TiO> composite fibre treated with different metal

salt solutions. Source: Ali et al. (2018)

Currently, there is a growing interest and increasing research focus on using
conjugated polymer (CP) as a sensitizer, to stimulate photon absorption and
increase electron generation. Various types of CP have been used, which include
polyaniline (Li et al., 2004), polypyrrole (Sun et al., 2013; Schartel et al., 2015),
polythiophene (Xu et al., 2012), to enhance the photocatalytic activity of TiO2. The
efficiency of polythiophene polymer as a visible light absorbent is due to its short
band-gap (2.02 eV) (Lan et al., 2011), between the lowest unoccupied molecular

orbital (LUMO) and the highest occupied molecular orbital (HOMO). The proposed
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mechanistic scheme for CP modified TiO2> for an enhanced visible-light
photodegradation of chloramphenicol is presented in Figure 2.5. Although CP-TiO2
hybrid materials are mostly used to produce solar cell for power conversion due to

enhanced electron mobility, this property is also useful in photocatalysis.

Recent studies conducted by Soji¢-Merkulov et al. (2018) on the photocatalytic
decomposition of both propranolol (a drug for high blood pressure) and amitriptyline
(a tricyclic antidepressant) using polyaniline-TiO2, show an enhanced decomposition
compared to bare TiO2. The result indicates that 34% of propranolol and 45.4% of

amitriptyline were degraded after an hour (Soji¢-Merkulov et al., 2018).

According to the literature, hetero-junction plays a significant role in an enhanced
photodegradation capacity of TiO> nanocomposite. A silver oxide/titania modified
chitosan polymer (Chitosan-Ag-O/TiO2) shows a wide visible light adsorption band
with lower band-gap (2.4 eV), due to the synergistic effect of the nano-components
(Zhao et al., 2017b). Therefore, the synergetic behaviour due to strong interfacial
interaction between the two components in polymer-TiO2 nanocomposite is an
important factor for enhanced photocatalytic ability of the material. The applications
of TiO2 and polymer-TiO2 as photocatalysts for some pharmaceuticals and other

organic pollutants from past research work are presented in

Table 2.2 and Table 2.3 respectively.

Table 2.2: Application of TiO2 photocatalyst for pharmaceutical degradation in

solution
Photocatalyst ~ Contaminant Light Removal efficiency % Reference
source Removal
TiO2(Three Ibuprofen uv Increase in degradation 97 (Tran et al.,
forms) efficiency as 2017)
Anatase>Brookite>Rutile
TiO2/Fe203/Vis  Paracetamol Visible Shows degradation efficiency 99 (Abdel-Wahab et

of 99% al., 2017)
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Photocatalyst ~ Contaminant Light Removal efficiency % Reference
source Removal
Pure TiO2 Ibuprofen UV/LED It was efficient to remove IBU 100 (Jallouli et al.,
and the acute toxicity reduced 2018)
by 40%
Doped Tetracycline Visible 83% performance 83 (Oseghe &
TiO2/Vis Ofomaja, 2018)
Pure TiO2 Ciprofloxacin uv Rapid release of OH with - (An et al., 2010)
reaction rate constant 8.04 x
10° M1S? and efficient
degradation of in aqueous
solution
Pure TiO2 Acetaminophen UV 95% of 2.0mM degraded in 95 (Yang et al.,
1hr: 20min 2008)
Immobilised Diclofenac uv 100% degradation in 96 hrs 100 (He et al., 2016)
TiO2

Table 2.3: Photodegradation of pharmaceuticals and other pollutants using polymer-

TiO, catalysts

Photocatalyst Contaminant Light Removal Removal Reference
source Efficiency (%)

Chitosan- Ampicillin Visible-  Efficient in the 100 (Zhao et al.,

TiO2/Ag20 light reduction of the 2017b)
concentration in 3 hrs

Polyaniline-TiO2  Amitriptyline uv Better degradation  45.4% (Soji¢-Merkulov
efficiency than bare et al., 2018)
TiO» In1hr

Celulose-TiO2 Paracetamol uv TiO2 P25 shows 90% (Jallouli et al.,

(C-TiO) fibre greater efficiency 2017b)
than C-TiO2

And TiO2 P25

Polyaniline-TiO2  Propranolol uv Better degradation  34% (Soji¢-Merkulov
efficiency than bare et al.,, 2018)

After
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Photocatalyst Contaminant Light Removal Removal Reference
source  Efficiency (%)
TiO2 60min
Chitosan-TiOz Methyl Orange UV Excellent removal 85.06 (Li et al., 2008)
rate
Polypyridazine- MO Sunlight The degradation 94.8 (Wang et al.,
TiO2 efficiency is 4.39 2017b)
times more than
that of pure TiO2
Celulose- 4-Chlorophenol UV Efficiently - (Zhang et al.,
TiO2@Ag mineralised 2018)

2.4.1 Electron generation mechanism of polymer-TiO, composite under visible
light

The mechanism of the electron generation process, in polymer sensitised TiO2 under
visible light irradiation, is different from the pathway obtainable under UV light
illumination (Kumar & Devi, 2011). Although the fate of the generated electrons was
suggested to be the same for both modified and unmodified TiO2, however, the
number of electrons increased since there are other sources of electron generation
in polymer sensitised TiO.. Considering the conjugated polymer (CP) modified TiO2
(CP-TiO2) nanocomposite for example, extra electrons can be produced from the
photosensitive CP. Figure 2.5 illustrates the photodegradation mechanism scheme
for polymer (CP) sensitised TiO2 catalyst in the presence of light: (1) electron transfer
to the CB of the semiconductor and the acceptor (oxidants) after CP excitation. (2)

the excitation of the CP sensitizer by visible light generates electrons.
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Figure 2.5: The mechanism of CP modified TiO, photocatalyst under light

irradiation.

The sensitisation process is suggested to involve indirect electron addition, from the
polymer sensitizer, through the intermediate of TiO2 conduction band (CB). Under
the visible light irradiation, conjugated polymer gets excited and electrons are
released and transferred to CB energy level of TiO2, which then reacts with adsorbed
O2 molecules (Daghrir et al., 2013). The O2 molecule on the TiO2 surface, acts as an
electron scavenger, takes up an electron to produce highly reactive oxidising species
such as OH*, Oz and HO>*. Thus, the generated species are involved in oxidative
degradation of the pharmaceutical organic pollutants. The proposed
photodegradation mechanism of pharmaceutical pollutants (PP) using conjugated
polymer-modified TiO2> (CP-TiO2) under visible light irradiation is as presented

(Equations 2.5 to Equation 2.11):

CP+hv —- CP° Equation 2.5

CP"+ TiO, — CP*" + TiO,(e™) Equation 2.6
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Tio,(e™)+ 0, — 07 Equation 2.7

0; + H® — HO, Equation 2.8
0; + H,0 — HO, + OH Equation 2.9
03 (or HO, or OH + PP) — Intermediates Equation 2.10

Intermediate + 03 (or HO, or OH') — CO; + H,0 Equation 2.11

2.5 Photocatalytic intermediates for selected pharmaceuticals using TiO

Usually, photolysis involves the breaking down of a target molecule by the
absorption of light, leading to its decomposition into intermediate products, which is
further degraded, ultimately, to give mineralised end products (Kaur et al., 2015;
Kaur et al., 2016; Thi & Lee, 2017). Limited studies have reported the behaviour of
pharmaceuticals and their photochemistry in aquatic environments (Kaur et al.,
2016), for clear identification of their common photolytic by-products. However, the
photochemistry of pharmaceutical compounds in aqueous solution has revealed the

formation of new compounds (Gao et al., 2017), which may also be harmful.

Some investigations have identified few intermediates that are produced during
photocatalytic degradation of some pharmaceuticals and have established their
concentrations during the time (Boreen et al., 2003; Kaur et al., 2015; Thi & Lee,
2017). For example, the potential intermediates of paracetamol photocatalytic
degradation under visible light irradiation were identified to include aliphatic butyric
acid and Oxamic acid (Thi & Lee, 2017). It was also reported that the
photodegradation of paracetamol using TiO> catalyst under UV irradiation, shows
several other intermediates, which include aromatic benzoquinone and phenols, as
monitored by HPLC and GC-MS, (Moctezuma et al., 2012).

Kaur et al., (2015), in their review article, summarised the mineralisation process of
various pharmaceutical compounds during heterogeneous photocatalysis. The study

revealed that ibuprofen under UV irradiation and TiO> catalyst, produces formic acid
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and acetic acid, among other intermediates, as identified by LC-MS (Kaur et al.,
2015). The study also reported the formation of four transitional compounds, which
were identified as the intermediate formed from the photocatalytic degradation of

diclofenac under simulated solar light irradiation using TiO> catalyst.

In summary, the whole process of pharmaceutical photodegradation may be
simplified as the conversion of the primary compounds into CO2 and H2O, through
three major stages. First, the formation of aromatic intermediates; secondly, the
production of aliphatic intermediates; lastly, the formation of the final products (i.e.
CO2 and H20). These stages are clearly illustrated in Figure 2.6, showing the
pathway and the general intermediate products for photo degraded pharmaceuticals.
For further illustration, paracetamol (APAP) and chloramphenicol (CAP) are used as
models in this discussion, representing analgesics and antibiotics pharmaceuticals,

respectively.

-
i
A

-

Pharmaceutical . Aromatic Aliphatic C0, +4,0

intermediate intermediate

_/ / . / ~ -

Figure 2.6: The summary of intermediates and final degradation products of

pharmaceuticals

2.5.1 Acetaminophen and its photodegradation intermediate products

Acetaminophen (N-4-hydroxyphenyl-acetamide) (APAP) is a conventional anti-
inflammatory pharmaceutical that is widely used, without the necessity of
prescription, for the relief of headache, migraine, neuralgia, backache and rheumatic
pains (Ziylan-Yavas & Ince, 2018). Consequently, APAP and its harmful metabolites
have been detected in surface waters and drinking water (Slamani et al., 2018). Its

toxic effects on aquatic organisms have also been reported (Antunes et al., 2013;
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Lépez-Zavala & Estrada, 2016; Slamani et al., 2018). APAP is one of the PCs that
are normally resistant to biodegradation (Cheshme et al., 2018). However, advanced
oxidation processes (AOPs) have been used to degrade such recalcitrant
contaminants (Cheshme et al.,, 2018; (Tobajas et al., 2017), including APAP
(Moctezuma et al., 2012). During the process of photocatalytic degradation, some
intermediate compounds have been identified for APAP (Autbnoma et al., 2011,
Moctezuma et al., 2012). These intermediate compounds, such as succiric and
oxamic acids are suggested to evolve from the cleavage of the benzene ring present
in their structure (Thi & Lee, 2017; Kaur et al., 2016).

To date, several other intermediate molecules have been identified and reported for
the photocatalytic oxidation of APAP (Moctezuma et al., 2012; Gao et al., 2017)
using TiO catalyst. Table 2.4 presents a summarised proposed scheme and the

intermediate compounds for APAP photodegradation.

Table 2.4: Paracetamol photodegradation intermediates and products

Acetaminophen

(Before OH

radical attack on \ OH
APAP) O HN

Primary OH OH OH
intermediates HO

(After OH"
radical attack on
APAP)

HO

OKNH O:<NH OH

Acetamide N-(2,4-hydroxyphenyl)

Acetamide N-(3,4hydroxyphenyl) 4-HydroxyPhenol
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Secondary

O
intermediate H OH HO ‘ H
: HO I OH HO
(After OH \
radical attack on O . _ (@)
benzene ring) Succiric acid Hydroxy-acetic acid Oxamic acid
End Products NH4*, NO3', COy, H>O

2.5.2 Chloramphenicol and its photodegradation intermediate products

Chloramphenicol (CAP) is a chlorinated nitro-aromatic antibiotic. The IUPAC
nomenclature of CAP is (2,2-dichloro-N-[(1R,2R)-2-hydroxy-1-(hydroxymethyl)-2-(4-
nitrophenyl) ethyl] acetamide). This drug was the first synthetic antibiotic to be
applied on a large scale (Liang et al., 2013; Martelli et al., 1991), as an effective
antimicrobial. However, owing to the fatal toxicity of CAP and its potential
carcinogenicity to humans (Feder & Osier, 2016), the US Food and Drug
Administration (USFDA) banned its use in food-producing animals (Martelli et al.,
1991). Despite this restriction, CAP is still used in low-income countries due to its low
production cost and wide availability (Liang et al., 2013). In Asian countries including
China, CAP concentrations ranging 26—2430 ngL* in the influent and 3-1050 ngL*
in the effluent of sewage treatment plants were noted (Peng et al., 2006; Xu et al.,
2007; Minh et al.,, 2009; Leung et al., 2012). On exposure, CAP resistant
bacteria/genes have been found in numerous water streams (Xi et al., 2009; Zhang
et al.,, 2009; Parsley et al., 2010). However, photocatalytic degradation has been

applied as a remediation method to remove CAP from agueous medium.

The chemistry of photodegradation products using TiO2 photocatalyst suggests that
CAP in water under irradiation undergoes oxidation, reduction and condensation
reactions (Shih, 1971). The common identified intermediates of CAP
photodegradation are illustrated in Table 2.5. These intermediates include aromatic
compounds such as p-nitro benzaldehyde, p-nitrobenzoic acid, 4,4-azoxybenzoic
acid and p-aminophenyl-2-acetamido-1,3-propnediol. Identified intermediates also
include aliphatic acids such as hydrochloric acid and the final products (CO2 and
H20).
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The mechanism of the photo-degradation of pharmaceutical using TiO> catalysts
shows that OH" radicals attack the phenyl ring to yield aromatic intermediates (Kaur
et al., 2016; Thi & Lee, 2017). In the case of chloramphenicol, it breaks down to form
intermediate  molecules such as Indole-3-lactic acid (Ci1H11NO3) and
Dihydroxylphenylanaline (CoH1:NO4) (Gao et al., 2017). The phenyl rings in these
compounds subsequently break up to give malonic acid and other short-chain
aliphatic molecules such as chloroacetamide (C2H4CINO) as presented in Table 2.5.

Table 2.5: Chloramphenicol photodegradation intermediates and products

Chloramphenicol OH
(Before OH' radicals attack) OH
A
NH o
Cl Cl
Primary intermediate OH OH

(After OH" radicals attack on OH OH
@]
CAP) \\N NH O

: T
O
O Cl

Secondary intermediate ) cl
HO Cl HaN Cl | /

(After OH" radical attack on a >_< }_/ cl

benzene ring) O Cl O

End products NHyg, HCl, COy, H,O
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Conclusion

Chapter 2 discussed the significance of modified TiO> photocatalyst with a focus on
polymer-TiO2 nanocomposite for water purification and remediation. Quite many
other studies have focused on the development of a new TiO> based photocatalyst
that can utilise visible light. The limitations of bare TiO> to UV light absorption ability
and its high recombination rate of photo-generated electron and hole, necessitated
this development of polymer-TiO2 composites. It is of great interest to discover a new
technique, which utilises the optical and electronic properties of polymer-TiO2
materials to overcome the prevailing limitation of TiO2, by forming a composite with a
polymer-TiO. interface. The coupling of TiO2 with various polymer materials has
significantly enhanced the visible light absorption of TiO. photocatalysts. This
technique has also improved the concentration of organic pollutants TiO> interactions

at the surface for a faster reaction, as discussed in the review.

The application of modified TiO> photocatalysts, from reported researches, was
demonstrated to significantly reduced the occurrence of pharmaceuticals in
wastewater, particularly wastewater for reuse. Although, several of these harmful
compounds are not immediately converted into final harmless products since other
potentially harmful intermediates are formed during catalysis. However, continuous
irradiation in the presence of the photocatalysts under steady state conditions used,
has been reported to result in complete mineralisation of the by-products of the
pharmaceutical organic pollutants in the agueous phase. Hence, three distinctive
stages were identified during photocatalytic degradation of pharmaceuticals, using
paracetamol and chloramphenicol as models. These stages include the formation of
primary intermediates, which mostly are aromatic organic compounds. The second
stage is the formation of secondary intermediates, which are basically aliphatic
organic compounds. The final stage is the formation of the end products such as
CO., H>O and other ionic inorganic by-products. However, little or no studies have
been carried out on the modification of TiO> and other photocatalysts by coupling
them with poly-conjugated molecules (Polyene) and their application in the removal

of pharmaceutical contaminants, hence, this study.
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Chapter 3. Materials and methods

This chapter presents materials and methods, the list and properties of the materials
used, including the pharmaceutical (model) pollutants and the materials used for the
synthesis of the catalysts. The overview of all the experimental methodologies is
clearly stated. The synthetic methods, different analytical techniques used for the
characterisation of the catalytic materials and the analysis of sample solutions are
detailed. Finally, the various experimental designs and set-ups in the study are
described and their operational parameters are detailed.
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3.1 Photocatalytic materials and model pharmaceuticals

The study was carried-out with two pharmaceutical pollutants, namely an antibiotic
drug, chloramphenicol, and a non-antibiotic drug, acetaminophen (paracetamol).

Visible light was applied for the photodegradation and two different catalytic
materials were used to treat these pollutants in an aqueous system via the
photocatalytic process. The list of the materials is as follows:

- Titanium IV oxide (TiO>),
- Conjugated polyene (CPE) as a modifier and
- CPE-TiO2, nanocomposite for photodegradation.

The characteristics, properties and justifications of selecting the two organic

compounds as model pollutants used for this study, are presented below.
3.1.1 Acetaminophen (paracetamol)

Acetaminophen, known as paracetamol (APAP), is an analgesic non-antibiotic
compound with a unique aromatic structure, selected in this work to represent the
family of non-antibiotic pharmaceuticals. Acetaminophen is a common antipyretic

drug, which is widely used worldwide in many branded medicine (Thi & Lee, 2017).

The selection of this compound was motivated by its potential health effects from
long-term ingestion and overdose as reported in the literature (Slamani et al., 2018).
It is one of the most consumed therapeutic compounds around the world, which
results in its widespread pesence in the environment. However, its overdose can
result in fatal liver damage and its toxic effects on microorganisms have been

reported elsewhere (Ayanda et al., 2017; LOpez Zavala & Estrada, 2016).

3.1.2 Chloramphenicol

Chloramphenicol is a therapeutic antibiotic compound. It is a phenolic compound that
consists of an aromatic ring with various functional groups such as OH (Hydroxyl), Cl

(chloro), NO2, (nitro) C=0 (amide) and NH (secondary amine group).
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Due to aquatic toxicity, development of bacteria strains and antimicrobial resistance,
antibiotics are problematic emerging pollutants frequently found in the environment
(Agarwal et al.,, 2017). Chloramphenicol, as a model antibiotic organic pollutant,
results from its occurrence in the residual waters coming from different
pharmaceutical industries and hospital wastewater. It is also one of the most
commonly prescribed thus used aromatic antibiotic drugs (Zhang et al., 2010)
representing the phenolic group type pharmaceutical. The physicochemical

properties of chloramphenicol and paracetamol are summarised in

Table 3.1.

Table 3.1: Physicochemical properties of chloramphenicol and acetaminophen

Properties | Chloramphenicol Acetaminophen (Paracetamol)
IUPAC 2,2-dichloro-N-[(1R,2R,3-dihydroxyl-1-(4-nitrphenyl) propan- | N-(4-hydroxyphenyl) acetamide
name 2-yl] acetamide

Symbol CAP APAP

Molecular | C11H12C2N20s CgHoNO2

formula

Molecular | 323.1320 151.165

Weight

(g/mol)

Chemical OH

(o]
o )J\

N -

(@]

Acetaminophen

structure

N
H

Cl
Chloramphenicol

Water 25 14
solubility at

25°C (g/L)

Density 15 1.3
(g/cmd)

Elimination | 4.0 25
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Properties | Chloramphenicol Acetaminophen (Paracetamol)
half-life (h)

UV-max 275 250

(nm)

Boiling Sublimes in high vacuum >500

point (°C)

Melting 105.5 170

point (°C)

Log Kw 1.14 0.46

PKa 7.49 9.38

Heat Stable Stable

stability (Emits toxic NOx when decomposed) (only under recommended condition)
% 15% as whole and 75% as metabolites (in Urine) 5% as whole (in Urine)
Excretion

3.2 Materials and methods for experimental studies

All chemicals used in the study were of analytical grade standard, purchased from
Sigma Aldrich chemical company in South Africa and applied without further
purifications. These include chloramphenicol (>99% purity), paracetamol (>99%
purity), 99% hydrolysed polyvinyl chloride (PVA), 98% methanol (CH3OH), titanium
(IV) isopropoxide (97%), acetonitrile and hydrochloric acid (32%). All reagents were
prepared in solutions using milli-Q water from a milliporemilli-Q ultrapure gradient

A10 purification system.

3.2.1 Synthesis of titania (TiO;) nanoparticles

The sol-gel method was used to obtain pure crystal nanoparticles of titania (TiO2)
from isopropoxide precursor according to a modified procedure adopted from the
literature (Xu et al., 2017).

A 50 ml mixture of methanol and isopropoxide in a ratio of 3:2 was transferred into a
250 ml two necked, round bottom flask fixed with a condenser. The mixture (the sol)
is refluxed at about 80°C under rigorous stirring with a magnetic bar stirrer and 10 mi
of distilled water was introduced dropwise into the mixture with continuous refluxing
and stirring for 8 h to obtain whitish dispersed particles called a gel. The mixture (sol

and gel), was transferred into a 400 mL beaker and then set under a homogeniser
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stirrer working at 2000 rpm for 20 min and the resulting solution was allowed to seed
for 30 min before being taken for centrifugation at 4000 rpm for 10 min. The wet
particles were removed and washed three times with ultrapure water and ethanol
sequentially and then centrifuged before drying in an oven at 110°C for 2 h to obtain
a dried powder. This was further subjected to calcination at 400°C for 3 h. The
experimental setup is illustrated in Figure 3.1.

Isopropoxide + | s
Methanol

2000 rpm/5min

High speed homogenizer

Figure 3.1: Homogenised sol-gel synthesis set up; (A) Refluxing (B) Homogenising

3.2.2 Thermal dehydration of polyvinyl alcohol (PVA)

The initial stage of thermal dehydration of polyvinyl alcohol (PVA) is the removal of
water molecules, which involves the cleavage of hydroxyl groups and hydrogen
atoms from the polymer in an elimination reaction. This elimination process results in
the formation of a PVA/polyethylene copolymer and water is liberated as illustrated in
Scheme 3.1.
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OH OH
Conc.HCl
E E AN / + nHZO
m m-n n
PVA

PVA/Polyene unit
- OH N
o oo ok Conc.HClI P b mH,0
m-n n K 0
. PVA/Polyene unit / Conjugated polyene

Scheme 3.1: Proposed reaction mechanism for the formation of conjugated polyene
from PVA

The polyvinyl alcohol and polyene units are represented by {.....(CH2-CHOH)m-n .....
(CH=CH)n....} units. The added HCI| acts as catalysts to enhance thermal
dehydration of PVA and H20 is a by-product.

3.2.3 Preparation of polyene from polyvinyl alcohol (PVA)

About 0.2%, 0.4%, 0.6% and 0.8% (g/v) solutions of PVA were prepared by
dissolving exactly 0.2 g, 0.4 g, 0.6 g and 0.8 g of PVA respectively in 100 mL
ultrapure water. 2% conc. Hydrochloric acid (HCI) was added to the PVA solutions to
obtain PVA (polymer unit) to HCL ratio 50:1, with stirring on a magnetic stirrer. The
solutions were heated at 110°C for 45 min for thermal dehydration to obtain linear

conjugated polyene (CPE) molecule as illustrated in Scheme 3.1.
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3.2.4 Synthesis of conjugated polyenef/titania (CPE-TiO;) nanoparticles

The procedure used is the same as described above for the homogenised sol-gel
synthesis of TiO2. However, 10 ml of the PVA derived conjugated polyene was
added dropwise during the process instead of ultrapure water to form the CPE-TiO>
particles. The solution was centrifuged and decanted. The obtained particles were
then dried in an oven at 110°C for 2 h and calcined at much lower temperature of
250°C for 2 h compared to pure TiO2 (400°C) to avoid the thermal decomposition of
the polyene modifier.

3.3 Analytical techniques and equipment
3.3.1 Characterisation of synthesised materials

Characterisations of the prepared catalysts were carried out using different analytical
techniques, which include powder X-ray diffraction (PXRD) analysis, transmission
electron microscopy (TEM), scanning electron microscopy (SEM) and Fourier
transform infrared spectroscopy (FT-IR). Others include UV-vis diffuse reflectance
spectrophotometer (UV-Vis DRS), photoluminescence spectroscopy (PLS), cyclic
voltammetry (CV), electrochemical impedance spectroscopy (EIS), energy dispersive
X-ray spectroscopy (EDX) as well as thermal gravimetric analysis (TGA-DSC). The
TGA was applied to estimate the mass degradation and water/volatile material

evolution.

The crystalline nature of the as-prepared samples of TiO, nanoparticles and CPE-
TiO2 nanocomposites were obtained using X-ray diffraction (XRD). The XRD patterns
were recorded in the 20 range of 5-90° with a scan rate of 0.02° s using a Bruker-
D8-AXS diffractometer system equipped with a Cu Ka radiation (A = 0.15406 A)
(Bruker Co., Germany). Fourier transforms infrared (FT-IR) spectra were recorded
using an FTIR analyser (Perkin-Elmer, Spectrum 400), where KBr served as the
reference sample. The morphologies of the obtained product materials were
inspected by a JEM-2100 plus transmission electron microscopy (TEM) operating at
10 kV. Optical absorption properties of the samples were assessed by an ultraviolet
and visible (UV-Vis DRS) spectrophotometer (Lambda 17, Perkin-Elmer) and UV-Vis
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spectrophotometer (UV- 1700, Shimadzu). The photoluminescence spectroscopy
(PLS) spectra of photocatalysts were recorded wusing a fluorescence
spectrophotometer (FP-6500, Japan) equipped with a xenon lamp using an
excitation wavelength of 240 nm with an emission wavelength range from 220 to 800

nm.

About 1.0 g of the prepared materials, pure titania (TiO2), conjugated polyene
modified titania (0.2% CPE-TiO2, 0.4% CPE-TiO, 0.6% CPE-TiO, and 0.8% CPE-

TiO2) were separately weighed.

Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX)

The scanning electron microscopy (SEM) is an electronic-microscopy technique
based on the interactions of electrons and materials to produce images of the
material surface. The principle of SEM is based on the re-emission of a certain
particle when an electron beam bombards the surface of the sample to be analysed.
These patrticles are analysed by the detector, which gives a three-dimensional image
of the surface. Due to the excited state of the atoms in the sample through
interaction with the incident electrons, photons are emitted (de-excitation process).
The emission volume of the photon X (um?) depends on the energy of the incidental
electrons, the atomic number of the elements in the sample and their initial energy

levels.

The EDX (energy dispersive X-ray) chemical analysis involves the detection of the
emitted photons with the aid of solid detector Si-Li (detection by energy dispersion).
The energy of this photon X is a characteristic of its atoms, thus makes it possible to
achieve the elemental analysis of the sample. A spectrum consists of various lines
(peaks) that will be obtained, each representing a photon X of a given energy, thus
corresponds to a given element. This analysis is also quantitative in the sense that
the intensity of with each peak in the spectra obtained gives the relative amount of
the corresponding element in the material volume. The instrument has detection limit
of about 0.1-1% concentration. This limit is for elements having relatively light atomic
weight. However, the detector permits the detection of light elements such as carbon

(C), oxygen (O), nitrogen (N) and boron (B), but to a limited degree.
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Thermogravimetric analysis (TGA)

The thermogravimetric analysis (TGA) was carried out to determine the heat stability
of the material. The TGA response gives the weight change under heat treatment
and the amount of the volatilised species as the samples are heated. Samples
(about 20 .mg) were subjected to heat set at 100°C to 900°C under nitrogen flow at a
heating rate of 10°C mint in an SDT Q600 (TA Instruments) thermobalance.

Cyclic voltammetry (CV) and electrochemical impedance spectrometry (EIS)

Cyclic voltammetry (CV) was applied to measure current flow as a function of
electron transfer in the synthesised materials (TiO2 and CPE-TiO2). The cyclic
voltammograms were recorded at room temperature on a potentiostat (SP 240) with
a glassy carbon working electrode (WE), Ag/AgCl reference electrode (RE) and
platinum-wire counter electrode (CE). The experiments were carried out in
ferrocyanide solution and measurements were taken at the scan rate of 50 mVs in
the potential region between -0.8 and 1V. As the potential is scanned across a
specified potential range, the resulting current from each of the materials (TiO2 and
CPE-TiO,) at the WE were measured. The current generated is then plotted against
potential to produce a CV graph that provides insights on the materials based on the
anodic peak current (lpa) from oxidation process and cathodic peak current (Ipc) from
reduction process that occurs on the WE. The potentials at which the peak currents
occur are known as peak potentials (Ep). These peak potentials allow us to analyse
the electrochemical reversibility of the reaction at the electrode surface by increasing

the rate of scanning during experiments.

Electrochemical impedance spectroscopy (EIS) was measured in the frequency
range of 0.5 Hz-105 KHz, with AC voltage amplitude of 10 mV in a 0.5 M
ferrocyanide solution. For photocurrent density against potential curve, the WE with
an area of 1 x 1 cm® was immersed in 0.5 M ferrocyanide solution and illuminated

using a 300 W Xe-lamp with a light density of 100 mWcm™.
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3.3.2 Analytical monitoring techniques for solutions
3.3.2.1 UV-Vis spectroscopy

Ultraviolet-visible (UV-Vis) spectroscopy is one of the most common analytical
techniques in the chemical laboratory. It was used in the study for both qualitative
and quantitative purposes. It is a preferred technique because of its fast quantitative

determination of various organic compounds in solution.

UV-Vis spectroscopy works based on the Beer-Lambert Law. This law states that
when a beam of monochromatic light is passed through a solution containing an
absorbing substance, the rate of decrease in the light intensity along with the path-
length of the solution is proportional to the concentration of the solution. The

mathematical expression is as follows (Equation 3.1):

A =log G—“) = ECL Equation 3.1

where A is the absorbance, |q is the intensity of incident light, | is the intensity of light

leaving the solution, L is the length of the sample cell and E is the molar absorptivity.

UV spectroscopy techniqgue was used to monitor change (decrease) in the
concentration of the pollutants during the degradation process. A Shimadzu UV-3600
spectrophotometer was used at a specified wave-maximum (Amax) for each of the
pollutants (chloramphenicol at Amax = 275 nm and 250 nm for acetaminophen
(paracetamol)). Carefully prepared standard solutions (5, 10, 15, 20, 25, 30, 35, 40

and 50ppm) of the pollutants were used for calibration curves.

3.3.2.2 High-performance liquid chromatography (HPLC)

The high-performance liquid chromatography (HPLC) is an analytical technique for
the separation, identification as well as quantification of constituents in a liquid
sample. HPLC was used in the study to monitor the degradation by-products as well
to observe the continuous decrease in the concentration of the pollutants with

irradiation time.
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The HPLC analysis was performed using phenomenex Cig (100 mm x 4.6 mm x 5
pm) column with a UV detector. The mobile phase consists of a mixture of 98%
methanol and 0.1 M ammonium acetate solution (prepared with 5% acetic acid) for
chloramphenicol and a mixture of acetonitrile and water for acetaminophen. The
instrument was operated in isocratic mode with methanol: ammonium acetate (40%
60%) and water acetonitrile ratio for chloramphenicol and acetaminophen
respectively. The column temperature condition was 25°C with 10puL injection volume
at a flow rate of 0.5 ml mint. The UV detector was set at 275 nm for one analyte
(chloramphenicol) and at 250 nm for the other analyte (acetaminophen).

Figure 3.2 presents the schematic diagram for the HPLC instrument. Prior to the
running, the instrument was purged for 30 min for proper column equilibration. The

method and the instrument operating conditions are summarised in Table 3.2.

Table 3.2: Summarized methods of separation by HPLC for the pollutants during

photocatalytic process

Condition
Analyte measured
Chloramphenicol Acetaminophen
Column Phenomenex Ciscolumn (100 mm X 4.6mm X 5um)
Detector uv
Mobile phase Methanol and ammonium Water and acetonitrile
acetate (40:60% v/v)
(40:60% v/v)
Method applied Isocratic elution Isocratic elution
Column 25
temperature(°C)
Injection volume 10
(uL)
Flow rate 0.1
(ml min™)
Wavelength (nm) 275 250
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Figure 3.2: The schematic diagram for HPLC analytical technique: Source; Cruzan,
(2012)

3.4 Photocatalytic degradation experiments
3.4.1 Photoreactor

All photocatalytic oxidation reactions of the pollutants were carried out under visible
light source irradiation set up, equipped with 72 W LED lamp (rated voltage was DC
12 V, A >400 nm), with the lampshade, beaker reaction vessel with a magnetic

stirrer.
3.4.2 Photocatalytic procedures

Batch experiments were carried-out using 400 mL glass beakers at room
temperature (25 = 1°C). Before each test, the lamp was turned on and warmed up
for 10 min to establish a constant light output. Batch tests were performed as follows:
known masses (5 mg, 10 mg, 15 mg and 20 mg) of the catalysts were weighed and
used for 200 mL solution of the pharmaceuticals of varying concentrations. Just
before irradiation, the mixture (solution and catalyst) was magnetically stirred for 40
min in the dark to allow for adsorption equilibrium of the pharmaceuticals on the

catalyst surfaces. The solution was subsequently exposed to visible light irradiation
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under magnetic stirring at 450 rpm, which marks the starting point of
photodegradation test. An air diffuser pump was connected to the reactor to
uniformly disperse air into the solution mixture, with a low rate of 0.2 m3h1. At regular
intervals, 3 mL samples were withdrawn, filtered using an acrodisc premium 25 mm
syringe (APS) filter with GxF/0.45 um GHP membrane, to separate the photocatalyst
suspensions. The filtrate was then taken for further analysis.

The concentration of the filtrate was determined by measuring the absorption
intensity at a predetermined maximum absorbance wavelength of 275 nm (for
chloramphenicol) and 254 nm (for acetaminophen) wusing a UV-Vis
spectrophotometer (UV- 1700, SHIMADZU) with a 1 cm path length spectrometric
quartz cell. The corresponding concentration of the measured absorbance was
determined using the calibration curve (R? = 0.999 for chloramphenicol and 0.998 for
acetaminophen). The degradation efficiency for the two pharmaceuticals was

determined according to Equation 3.2.

Degradation Efficiency (%) = % % 100 Equation 3.2

where Co was the initial concentration of chloramphenicol before the degradation
experiment and C; was the concentration of chloramphenicol at certain degradation
time t (min) during irradiation. The summary of the experimental set-up and

conditions is given in Table 3.3.

Table 3.3: Experimental set-up and conditions for the photocatalytic process

Set - up Batch experiment under visible light
Light source LED

Catalyst material TiO, and CPE-TIO»

Mass of catalyst (mg) 5,10, 15, and 20

pollutants Chloramphenicol and acetaminophen
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Set - up Batch experiment under visible light

Solution concentrations (ppm) 25, 30, 35, 40 and 45

Volume of solution (mL) 200

Stirring Magnetic
Temperature Ambient
Pressure Atmospheric

3.4.3 Preparation of solutions

The stock solutions used in separate photocatalysis experiments were prepared by
dissolving an accurately weighed amount of each of the analytes in ultrapure water.
Further dilution was made from the stock solutions, with ultrapure water to obtain the
required initial and standard concentrations ranging from 5 ppm to 60 ppm for
calibrations. Although further analysis was not carried out on the prepared solution,
however, the calibration curve with R? = 0.9995 confirms the accuracy. The
photocatalytic degradation efficiency of the modified and pure unmodified catalysts

was investigated under visible light.

3.4.4 Optimisation of photocatalysis parameters

Some of the operational experimental-parameters that were optimised for the
photocatalytic degradation experiment (Table 3.4) include the catalyst loading (i.e.
the relative amount of the catalyst used in the experiment), the pH of the aqueous

solution, concentration of the organic pollutant and percentage of the modifier.

Table 3.4: Variable experimental parameters

PARAMETERS VARIABLES
Amount of catalyst (loading) (mg/200ml) 5, 10, 15, 20
Concentration of organic pollutants (ppm) 25, 30, 35,40, 45.
pH 4,7,8,9,10.
Percentage modifier (%) 0.2,0.4, 0.6, 0.8.
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3.4.5 Preliminary experimental design

Several experiments were carried out to set the background for the photocatalytic
process and the optimisation of experimental conditions, based on the design

(generated by central composite design method (CCD)) as presented in

Table 3.5. All experimental setups follow the procedure earlier described above.

Table 3.5: Preliminary experimental design for condition optimisation

Experimental Initial concentration Catalyst dosage Catalyst dosage Solution
runs (mg/L) (mg 200 m/L) (mg/L) Initial pH
1 25 15 75 7

2 30 15 75 7

3 35 15 75 7

4 40 15 75 7

5 45 15 75 7

6 25 5 25 7

7 25 10 50 7

8 25 15 75 7

9 25 20 100 7

10 25 15 75 4

11 25 15 75 7

12 25 15 75 8

13 25 15 75 10

3.4.5.1 Investigation of effects of pH

Five different solutions with the same concentration of 25 mg/L were prepared from
the stock solution (100 mg/L). The pH of the sample solutions was adjusted with 0.2
M HCL and 0.2 M NaOH to various pH values ranging from 4 to 10 while keeping

other parameters (catalyst dosage and initial concentration) constant. Each solution
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(200 mL), in turn, was transferred into 400 mL capacity photoreactor equipped with
visible light source for irradiation. 15 mg of the catalyst was weighed and transferred
into the solution, then the irradiation and sampling at time intervals were carried out

following the procedures described earlier for photocatalysis.
3.4.5.2 Investigating the effects of initial concentrations

Various concentrations were prepared in the range of 5 ppm — 50 ppm to investigate
the effect of initial concentrations on the degradation percentage, to select the
optimum initial concentration, while other parameters were kept constant. 200 mL of
each solution of varying concentrations were taken for irradiation, using 15 mg of
catalysts and pH of 7 (CAP) and 8 (APAP).

3.4.5.3 Investigation of catalyst loading

The investigation on the effect of mass:volume ratio (catalyst:solution) on
degradation percentage was carried out by weighing varying masses (5, 10, 15 and
20 mg) of the catalysts into 200 mL of 25 mg/L solution. The pH of the solutions was

kept constant.

3.4.6 Photocatalytic activities of modified and unmodified TiO, catalysts

compared

Following the photocatalytic procedure described earlier, 15 mg of each of modified
and unmodified catalyst was separately applied for photocatalytic degradation of the
pharmaceuticals. The irradiation was allowed for 210 min, during which samples
were taken 10 times at different time intervals to compare the photocatalytic

degradation efficiency for the two catalysts (TiO2 and CPE-TiOy).
3.4.7 Total organic carbon (TOC) measurement during photodegradation

The concentration of total organic carbons (TOC) in the solutions was measured
using a TOC analyser (Shimadzu TOC-VcsH). The TOC is a measure of the carbon
content present in an aqueous solution. As a precautionary measure, it is necessary
to eliminate any inorganic carbon sources, such as COs%, HCO3; and H2COs3, present
in the solution to assess the TOC. Therefore, some drops of concentrated

hydrochloric acid could be added to samples, to release CO2 and then followed by
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degassing by a current of nitrogen gas. However, since the standard solutions were
prepared for the organic pollutants using ultrapure water, this precautionary step was
not necessary. During photodegradation process, sampling was carried out at time

intervals and was taken for TOC analysis.
3.4.8 The reusability test for the catalyst

The recyclability test was carried out for the synthesised catalyst (CPE-TiO2) to
assess its photochemical stability. The photocatalytic experiments were repeated
with the used catalyst for many cycles of oxidation, to evaluate its transformations
due to use. After the initial 210 min of irradiation in the solution, the composite was
washed with ultrapure water to be cleansed of any adsorbed pharmaceutical on the
surface, which permits for more adaptability in its use without cross-contamination.

The washed composite was then filled with fresh pharmaceutical solutions.
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Chapter 4: Result and Discussion

This chapter presents the results obtained from the study and the discussion. It is
divided into four sections of different parts of the results with an independent

conclusion for each:
Section A: The structural and morphological characterisation.
Section B: The electrochemical and optical characterisation.

Section C: The photocatalytic parameters investigation for the degradation of APAP,

CAP and the durability test of the catalyst materials.

Section D: The kinetics and mechanisms of APAP and CAP photocatalytic

degradations.
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Section A: Structural and morphological characterisation

Introduction

This section presents the results obtained from the characterisation in terms of the
structural and morphological properties of the synthesised materials. The methods
used for the preparation of the materials were discussed in Chapter 3. Usually,
materials for an efficient photocatalytic degradation of organic pollutants in aqueous
solution must possess a good balance of properties, such as structural,
morphological and compositional characteristics. The most commonly useful
TiO2 morphology is that of mono-dispersed nanoparticles in which the shape and the
diameter are well controlled. The controlled shapes and sizes enable to maximise
the benefits of the small crystallite size such as high reactive surface area and
reduced bulk recombination (Wang et al., 2015).

4.1 Structural characterisation
4.1.1 Fourier transforms infrared (FTIR) analysis

Surface functional groups and chemical states Fourier transform-infrared (FTIR)
analysis were carried out to identify the functional groups on the surface of the
materials. Figure 4.1A and 4.1B presents the FTIR spectra of the synthesised
materials. The FTIR spectra of PVA and CPE, as shown in Figure 4.1A, present the
percentage transmittance at varying wavelengths for the materials. A sharp peak
between 1600 cm™ and 1640 cm* was observed on the CPE spectrum. This
prominent peak at around 1630 cm™ represents C=C stretching vibration, an
indication of the presence of the polyene group (Merah et al.,, 2013). The linear
polyene with C=C conjugated bonds (formed from thermal dehydration of PVA) is a
conductive polymer that possesses electrical and optical abilities (Sun et al., 2013).
The conjugated system could serve as an electron carrier for TiO2 for better

photocatalytic performance.
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Figure 4.1: The FTIR spectra of (A) conjugated polyene (CPE) and PVA and (B)
CPE, TiO2and CPE-TiO, materials

To understand the functional impact of CPE on TiO2, the FT-IR spectra of TiO2 and

CPE-TiO2 nanocomposite were taken in the range of wavenumber 500-3900 cm
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(Figure 4.1B). The appearance of a strong absorption band on TiO2 spectrum, with
no shoulder peaks at around 460-900 cm?, is attributed to stretching vibration of T-O
and T-O-T and confirms the presence of titanium oxide (Zhang et al.,, 2010). A
distinguished bonding peak located around 1620 cm? - 1640 cm? attributed to
conjugated C=C was observed on the CPE spectrum (Tretinnikov and Sushko,
2015). A similar peak at 1630 cm™ was observed on CPE-TiO,, which was not
present on bare TiO2 spectrum. This implies that the conjugated (C=C) bonds from
CPE were well integrated onto TiOo. It is therefore, anticipated that the CPE on TiO2
should improve the optical property of the catalyst.

4.1.2 Powder X-ray diffraction (PXRD) analysis

To obtain information on the phases and crystallite sizes, powder X-ray diffraction
(PXRD) analysis was carried out on the material samples. The diffractograms of the
samples are presented in Figure 4.2A and 4.2B. It was observed from the
diffractogram that all the materials possess peaks typical for polycrystalline
materials. However, the crystalline nature of the peaks for CPE modified materials
was observed to decrease with an increase in CPE percentage (%) modifications
following 0.8% CPE-TiO2< 0.6% CPE-TiO2< 0.4% CPE-TiO02<0.2% CPE-TiO2. This
could be due to an increase in the amount of organic carbon in the composite

material that resulted in a more amorphous end-products.
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Figure 4.2: Powder X-ray diffraction (PXRD) of (A) TiO. and CPE-TiO2 at varying
CPE modifications and (B) synthesised TiO2 and 0.6% CPE-TiO,

The PXRD patterns diffractogram of TiO2 and CPE-TiO2 samples at varying CPE
percentages are as shown in Figure 4.2A. The sharp diffraction lines appearance
can be related to the crystalline anatase phase of TiO2, according to the JCPDS
database 00-021-1272 peaks reflection annotation (Oseghe et al., 2019). Similar set
of peaks are observed on the CPE modified TiO2 nanocomposites. The crystalline
sizes of all the materials were calculated using Debye-Scherrer's equation, from the
[101] diffraction peak, as shown in Equation 4.1:

_ Ka
fCos8

Equation 4.1

where D is the crystalline size, A represents the Cuka 1 radiation wavelength (A) =
1.54060 A, K is the crystalline shape factor with an approximate value (K) = 0.9. g is
equal to the full width of the peak at an intensity equal to half of the maximum peak

(FWHM), measured in radians and 28 is the diffracted angle at the maximum peak
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intensity. Figure 4.2B compares the X-ray diffraction patterns for both the prepared
pure TiO> and 0.6% CPE-TiO2 (optimal modification). It indicates that there are
several crystalline reflection peaks particularly for pure TiO2 at 26 values of 25°
(101), 38° (004) and 48° (200). Since these peaks, at various 26 and the
corresponding reflections, match the anatase phase (Abdullah et al., 2016), it then
implies that only anatase existed in the synthesised materials. It was noticed that the
composite material (0.6% CPE-TiO2) shows less crystalline peaks, however, this
does not affect the original phase (anatase) of the material as indicated by the peaks
represented at various 26. Hence, it is envisaged that the catalyst performance may
not in any way be undesirably affected. The crystallite sizes were calculated and
were found to be in the range 3 - 3.5 nm for bare TiO2 and 7 - 9.16 nm for CPE
modified TiO> materials. The calculated crystallite particle sizes for the synthesised
materials are presented in Table 4.1.

Table 4.1: The estimated crystallite sizes of the materials from PXRD plots

Materials FWHM  2theta Theta Theta B Crystallite
B) (26) (@) (8) in (in size (D)

radians radians) (nm)

TiO> 2.2757 25.5059 12.753 0.22258 0.3972 341
0.2% CPE-TiO,  10.7509 25.2166 12.753 0.22258 0.1876 7.51
0.4% CPE-TIO, 11.5723 25.2166 12.753 0.22258 0.1241 8.37
0.6% CPE-TiO, 11.8259 25.2166 12.753 0.22258 0.1221 8.39
0.8% CPE-TIO, 12.6718 25.2166 12.753 0.22258 0.0975 9.16

Optimisation of material modifications

For further applications, optimisation experiments were carried out to identify the
material of best performance among the modified TiO; at varying CPE percentages.
It was observed that photocatalytic performances increase with an increase in
percentage modification until 0.6%. Further increases in CPE percentage resulted in
decreasing performance. This trend could be because of an increase in

agglomerations as the amount of CPE further increases leading to a drastic
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reduction in the reactive surface area thus blockage of reactive sites of the
nanoparticles. Since the surface area is an important factor that affects the
photocatalytic performance of materials (Wang et al., 2015; Wang et al., 2016). The
photocatalytic degradation of the tested pharmaceuticals (acetaminophen and
chloramphenicol) indicated that 0.6% CPE-TiO> gave the highest degradation
percentage (Figure 4.3). Consequently, 0.6% CPE-TiO2 was chosen as an optimal

synthesised catalyst for further photocatalytic experiments.
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Figure 4.3: Optimisation of CPE modified TiO2 for photodegradation of

acetaminophen and chloramphenicol

4.1.3 Thermogravimetric analysis (TGA)

Thermogravimetric analysis was carried out to determine the weight loss for both the
bare TiO2 and the optimised CPE-TiO2 (0.6% CPE-TiO2) materials, to compare their
percentage loss in weight at varying heating temperatures. The gravimetric analysis
was also necessary to evaluate the stability temperature for the prepared material
and to determine the calcination temperatures, particularly for CPE-TiO2. The TGA
and DTA curves obtained for both materials are given in Figure 4.4A and 4.4B,

respectively.
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Figure 4.4: (A) The thermal gravimetric analysis (TGA) (B) the derivative thermal
analysis (DTA) of TiO2 and CPE-TiOa.

Four distinct temperature regions are identified for CPE-TiO2, while three regions
were for TiO2. The first region between 45°C and 85°C characterised by low weight
loss (between 1-5% for both materials), may be attributed to the loss of some
physically adsorbed volatile impurities on the surface of the materials. In the
temperature range of 110°C to 230°C, was the second weight loss phase due to the
liberation of chemically bonded water molecules as often reported in the literature
(Audichon et al., 2017). This very low (<1%) loss in weight is accompanied by a

clearly defined endothermic peak at about 110°C on the DTA spectral Figure 4.4B.
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After this, at the range of 280°C to 350°C, the combustion of hydrocarbon polymer
takes place, leading to a weight loss of approximately 25% for CPE-TiO2 and about
just 2% for the pure TiO2. The loss in weight due to the combustion of hydrocarbon
implies that at a temperature above 280°C, the CPE-TiO2 becomes unstable. The
broad exothermic peak observed from 450°C to 620°C can be attributed to the
combustion of remnant carbon atoms on the surface of CPE-TiO2, while such was
not observed on the DTA of pure TiO». Finally, above 620°C the TGA for both

catalysts remain unchanged, indicating a constant weight.

4.2 Morphological and compositional characterisation

4.2.1 Scanning electron microscopy (SEM) Images

The morphology of the materials was examined using scanning electron microscopy
(SEM). Figure 4.5 presents the SEM micrograph confirming the spherically shaped
particles of regular size. Pure TiO2 indicates a more separated circularly shaped
nanoparticles, which appear more distinct with increase CPE percentage
modification. However, slight agglomeration of the nanoparticle was observed at
0.6% CPE and more pronounced as the percentage CPE modification further
increases. The slight clustering observed is understandable to be a result of the
amount of polymer organic molecule modification, which may lead to an increase in
particle aggregation. This observation is well supported in the literature, which
confirms that organic molecules play an important role in the agglomeration of

nanoparticles (Li et al., 2016).
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Figure 4.5: Scanning electron microscopy (SEM) images of (A) TiO2 (B) 0.2% CPE-
TiO2 (C) 0.4% CPE-TiO2 (D) 0.6% CPE-TiO2 (E) 0.8% CPE-TiO2

4.2.2 Transmission electron microscopy (TEM) images

The morphology of the materials was further confirmed using transmission electron
microscopy (TEM) and the images obtained are presented in Figure 4.6. The TEM
micrograph further confirms that the particles are mostly circular in shapes with few
other irregularly shaped particles. Pure TiOz indicates a more separated circularly
shaped nanoparticles, while for the CPE-TiO2> nanocomposite, a few agglomerated
particles were observed as was observed with SEM image. This slight clustering, is
due to the presence of organic polymer in the composite material, as indicated by

the presence of carbon atoms in the EDS spectrum.
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Figure 4.6: Transmission electron microscopy (TEM) analysis for (A) TiO2 (B) 0.2%
CPE-TiO2 (C) 0.4% CPE-TiO (D) 0.6% CPE-TiO2 and (E) 0.8% CPE-TiO>

4.2.3 Energy-dispersive X-ray spectroscopy (EDS/EDX) analysis

For the identification of the atomic compositions in the synthesised materials, the
EDX chemical analysis was performed. The analysis involves the detection of the
excitation photons from the composite elements with the aid of solid detector Si-Li
(detection by energy dispersion). The energy of photons is a characteristic of its
atoms, which is a mean to achieve the elemental analysis of the samples. A
spectrum consisting of various lines (peaks) was obtained (Figure 4.7); each
corresponds to a photon of given energy (KeV), thus represents a given element.
The analysis was also done quantitatively to illustrate percentage compositions.
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Figure 4.7: Energy dispersive X-ray spectroscopy (EDS) analysis of (A) TiO2 (B)
0.2% CPE-TiO: (C) 0.4% CPE-TiOz (D) 0.6% CPE-TiO

The intensity of each peak in the spectra obtained is proportional to the
concentration of the corresponding element in the material volume. Figure 4.7
presents the EDX results for pure TiO, and CPE-TiO. at varying polyene
percentages. It was observed that the materials composed of Ti and O for pure TiO2
(Figure 4.7A), and Ti, O and C for the composite materials (Figure 4.7B-D). This
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observation shows the purity of the sample as an indication of the suitability of the
method used in the preparation.

4.2.4 Particle size, shape and composition of the materials

It was suggested that when particle’s surface area increases by reducing the particle
size, especially down to a nano-size range, photocatalytic characteristics could be
considerably improved (Kim et al., 2004). It then implies that the size and the shape
of photocatalyst have a direct influence on its performances. Gaussian fit particle
size distribution from TEM micrographs images was used to estimate the average
particle size and size count distribution of the materials. Figure 4.8 illustrates the
average particle sizes and size count distributions for bare and modified TiO». The
average particle sizes obtained for the materials were in the nanosized range,
indicating a high reactive surface area, which is beneficial to improve photocatalytic
activity. As reported, a high surface to volume ratio of photocatalysts would increase
surface oxygen content defect, which prevents electron/hole recombination and

improves visible light photocatalytic activity (Wang et al., 2016).
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Figure 4.8: Gaussian fit particle size distribution plots from TEM micrograph for (A)
TiO2, (B) 0.2% CPE-TiO2, (C) 0.4% CPE-TIO>, (D) 0.6% CPE-TiO2, (E) 0.6% CPE-
TiO2.

It was observed that TiO> gave the smallest average or mean particle size, which
was measured to be 4.1 nm (Figure 4.8A) with a standard deviation (W/2) of 0.43,
giving an average patrticle size of 4.10+0.43 nm and that the particle sizes increase
with CPE-TiO2 as the polyene percentage modifications increases (Figure 4.8B-E),
giving average patrticle sizes of 5.0 nm, 5.2 nm, 5.8 nm and 6.9 nm for 0.2% CPE-
TiO2, 0.4% CPE-TiO2, 0.6% CPE-TiO2 and 0.8% CPE-TiO. respectively. This

observed trend agrees with SEM and TEM results and is due to polymer capping on
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the TiO2 nanoparticles, which grow in layers as the quantity of CPE increase and

lead to increase in the particle size.

Conclusion

Pure TiO2 and CPE-TiO2> composite nanoparticles were synthesised using a facile
homogenised sol-gel synthesis procedure. The materials were appropriately
characterised for structural and morphological properties using various analytical
techniques. The powder X-ray diffraction studies showed that the TiO> nanoparticles
are in anatase phase with an average crystallite size of 3.41 nm and 7.51 nm for the
modified form (CPE-TiO.). Scanning electron micrographs (SEM) and transmission
electron micrographs with energy dispersion spectroscopy (TEM-EDS) results
showed a well interactive polymer/TiO2 nanocomposite material. The SEM showed
that the particles are mostly circularly shaped of an average size of 4.1 nm for bare
TiO2 and 5.8 nm for CPE-TiO2 composite. The EDS spectra show a well dispersed
elemental composition with three different peaks, representing Ti, O and C, which is
an indication of the degree of purity of the materials. The height of carbon peak in
the composite was observed to increase as the CPE percentage modification
increased. The synthesised materials showed a good structural and morphological
properties suitable for efficient photocatalysis. However, there is a need to check the
electronic properties of the materials in order to investigate their electron/hole pair

generation efficiency.
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Section B: Optical and electrochemical characterisation

Introduction

In this section of the work, we present the results obtained and the discussion on the
characterisation in terms of the optical and electrochemical properties of the
synthesised materials. The optical and electronic properties of a photocatalyst play a
crucial role in its photocatalytic activity. Hence, different materials such as metals
and non-metal and organic polymers have been employed to tune the electronic
structure of photocatalysts to enhance the photocatalytic performance of TiO2 (Yu et
al., 2009).

4.3 Optical characterisation
4.3.1 UV-Vis electronic absorption of PVA and CPE

Since the conjugated polyene (CPE) material was derived from polyvinyl alcohol
(PVA), following the scheme illustrated in Chapter 3, the UV-vis absorption spectra
of polyene and PVA were then compared at the visible light region of absorption. The
first stage of thermal degradation of polyvinyl alcohol (PVA) usually involves the
cleavage of the hydroxyl group and hydrogen atoms from the polymer in an
elimination kind of reaction. This elimination process results in the formation of
polyene and water molecules (Tretinnikov and Sushko, 2015). Figure 4.89 presents

the UV-Vis absorption spectra of PVA and CPE over a range of 900 to 350 nm.
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Figure 4.9: UV-Vis electronic absorption spectra of PVA and CPE

It was observed that PVA has no absorption peaks at the visible light region while
the prepared CPE shows intense peaks, particularly at 393, 410 and 490 nm. These
visible absorption peaks indicate a new chromophore (C=C), which is expected in
the polyene molecule as supported by the FTIR spectra. Linear polyene with greater
or equivalent to eight conjugated double bonds (C=C = 8) is characterised by intense
electronic absorption bands (EAB) that lie in the visible region of the light spectrum
(Tretinnikov and Sushko, 2015).

4.3.2 UV-Vis, UV-Vis DRS electronic absorption and Tauc plots of bare TiO;
and CPE-TiO, composites

The light absorption capacity of semiconductors is an important characteristic for the
evaluation of its optical property and photocatalytic performance (Dong et al., 2014).
Consequently, ultraviolet-visible diffused reflectance and fluorescence spectroscopic
studies were carried out to investigate the optical characteristics of the synthesised
materials. The UV-Vis DRS spectra and the Tauc plot for the materials are presented
in Figure 4.10A and 4.10B.
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Figure 4.10: (A) Uv-vis DRS spectra of bare TiO2 and 0.6% CPE-TiO2and (B) Tauc
plot for bare TiO2 and 0.6% CPE-TiO>

A redshift in the absorption edge was observed for all the materials in the sequence
of 0.2% CPE-TiO2< 0.4% CPE-TiO2< 0.6% CPE-TiOx. It is well known that pure TiO>
lacks effective visible light (>400 nm) absorption. However, the composite presents a
significant increase in light absorption within a wide range of wavelengths (400 nm —
700 nm) at the visible region. This increase in absorption indicates that CPE-TiO>
has a better UV-Vis light absorption capacity as compared to that of bare TiO2, which
also implies that at the visible light region, CPE-TiO, composite possesses a better
photon absorption, thus better ability to maintain pollutant degradation in wastewater

after treatment systems.

Tauc plot was constructed from the UV- Vis DRS spectra and used in estimating the
direct bandgap energy of the materials. Tauc's relationship for estimating the

bandgap energy of the materials is presented in Equation 4.2.

(< hv)* = A(hv— Ebg) Equation 4.2
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Where a, hv, A and Eny represent the absorption coefficient, photon energy,

relationship constant and energy band-gap, respectively. If the straight line for
equation 5.1 is extrapolated (Figure 4.10B), the band-gap energy can be obtained.
The estimated band-gap energies for the materials obtained from the Tauc plot is
given in Table 5.1. The absorbance and bandgap energy of materials are subject to
factors such as particle size, oxygen deficiency and crystallite sizes (Huang et al.,
2000; Soitah et al., 2010). These properties are often determined and influenced by

synthetic methods.

Table 4.2: The crystallite sizes and bandgaps for bare TiO2 and CPE-TiO>

Materials Crystallite size (D) (nm) Bandgap Energy
(eV)
TiO2 3.41 3.18
0.2% CPE-TIO: 7.51 3.02
0.4% CPE-TIO: 8.37 2.80
0.6% CPE-TIO: 8.39 2.40

A correlation was observed between the crystallite size of the materials and the
bandgap energy. Though the crystallite sizes increase with percentage modification,
the bandgap was observed to decrease. Theoretically, the redshift in absorption as a
result of decreased bandgap energy of CPE-TiO2 implies that it will absorb more
photons under visible light compared to bare TiO2. This observation agrees with a
report that stated; coupling TiO2 with a conjugated molecule resulted in a redshift
(decrease in bandgap) in absorption value due to the formation of new energy state
levels (Yang et al., 2018). In this case, the coupling of CPE with TiO, showed a
decrease in bandgap value of bare TiO> by 0.78 eV (Figure 4.10B), which

corroborates a better perforce of CPE-TiO> catalysts under visible light.

The photodegradation efficiency of a semiconductor was established to largely
depend on good light absorption and rapid transfer of charge carriers to the surface
for redox reaction (Yang et al., 2013; Yi et al., 2017). It then implies that CPE-TiO>
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has a better visible light absorption capacity and more rapid electron transfer. This
fact is also well supported by a reduced electron-hole recombination rate as

presented in photoluminescence spectra measured.

4.3.3 Photoluminescence (PL) measurement of bareTiO, and CPE-TiO;

Application of photoluminescence (PL) is an efficient method to study the migration,
separation and recombination activities of photogenerated electron-hole pairs in
semiconductor photocatalysts (Guo et al., 2018; Mou et al., 2018). The emission
signal in PL is established to have originated from the recombination of the induced
charge carrier. Hence, the charge generation, separation and recombination
properties of bare TiO, and CPE-TiO2 composite were explored by the PL
measurement of the materials. Figure 4.11A and 4.11B illustrate the PL spectra of
TiO2 and CPE-TiO2 with two emission peaks of both centred at shorter wavelength

520 nm and longer wavelength around 560nm measured at room temperature.
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Figure 4.11: The photoluminescence (PL) spectra of (A) TiO2> and CPE-TIO, at
varying polyene percentage modification (B) TiO2 and 0.6% CPE-TiO>

The bands originated from the recombination transition of free electrons and holes.
However, the emission maximum at about 560 nm is relatively stronger than other
emission peaks with CPE-TiO> composite presenting a lower emission peak. The
relative peak heights of the spectra are usually compared to examine a change in
the recombination rate. When the PL intensity is higher, it indicates a higher
electron-hole recombination rate. The reverse is the case when the intensity is lower
(Parayil et al., 2012). Carbon, particularly in a conjugated molecule has been
reported to reduce the electron-hole recombination rate in TiO2 by acting as electron
sinks and promotes the formation of oxygen vacancies, which also supports electron
sinks (Shao et al., 2015). From the literature, the lower photoluminescence signal
intensity shows a more efficient charge separation in the photocatalyst (Yi et al.,
2017; Hou et al., 2014).

For the CPE-TiO2 composite, the PL emission intensity at longer wavelength is lower
compared to that of TiO», indicating that the incorporation of CPE favours the
separation of photogenerated charge carrier, which then prevents the recombination
of electron-hole pairs. This increase in electron transfer can be attributed to the pie-

conjugated unit provided by CPE (Hwang & Scholes 2011).
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4.4 Electrochemical characterisation
4.4.1 Cyclic voltammetry analysis

To further investigate the electrochemical property of the materials, cyclic
voltammetry (CV) was applied to measure current flow as a function of electron
transfer. Figure 4.12A and 4.12B illustrate the cyclic voltammograms recorded on a
potentiostat with a glassy carbon working electrode (WE), Ag/AgCl reference
electrode (RE) and Pt.-wire counter electrode (CE). The redox-peak potentials
enable us to analyse the electrochemical reversibility of the reaction at the electrode
surface by increasing the scan rates during experiments. It was observed that the
CPE modified materials gave higher current (0.04 mA) flow as compared to bare
TiO». (0.026 mA). The higher current flow is an indication of better electron transfer

in CPE-TiO2, which is essential in photocatalytic processes.
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Figure 4.12: CV curve for (A) TiO2 and CPE-TIiO. at varying polyene percentage
modification (B) bare-electrode, TiO2 and 0.6% CPE-TiO>

4.4.2 Electrochemical impedance spectroscopy

The electrochemical impedance spectroscopy (EIS) Nyquist plots were also
employed to provide an insight, regarding the available distinctive electronic
properties of the CPE-TiO2 as compared to the bare TiO.. The charge generation
and transfer properties of the materials were evaluated. Figure 4.13A and 4.13B
present the Nyquist plots for the transport process of photogenerated electron/hole
pairs. The comparative sizes of the arc radius correspond to the interface layer
resistance at the surface of the electrode, thus smaller radius usually represents
lower charge transfer resistance (Deng et al.,, 2015). A much smaller arc was
observed for CPE-TiO2 as compared to that of pure TiO: (inset of Figure 4.13B).
This indicates less impedance or resistance to the flow and transfer of generated
electrons in CPE-TiO2 during the photo-excitation process (Zhang et al., 2014). This
smaller arc further confirms the fast charge transfer and more effective charge
separation in CPE-TiO2> composite compared to that which occurs in bare TiO> (Han
et al., 2015; Chen et al., 2018).
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Figure 4.13: The EIS Nynguist plots of (A) TiO> and CPE-TiOz at varying polyene
percentage modification and (B) TiO2 and 0.6% CPE-TiO>

Conclusion

The optical property revealed an improvement in the visible light absorption capacity

of the polyene sensitised TiO> over bare TiO,> with an excellent enhancement of
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electron-hole separation, as indicated by UV-Vis DRS and photoluminescence
results respectively. A significant reduction in the synthesised TiO2 band gap (3.18
eV) was observed with the CPE-TiO2 band gap (2.4 eV) as estimated from Tauc plot,
which implies a better light absorption at the visible region of the light spectrum. The
cyclic voltammetry and electrochemical impedance spectroscopy measurement for
the materials show a good electronic property that is appropriate for the
photocatalytic process. The observed optical and the electrochemical properties of
the synthesised materials indicate an effective electron release, thus can serve as a
good photocatalyst for the degradation of organic pollutants in wastewater. Hence,
the following chapter discussed the photocatalytic ability of the materials for the
degradation of APAP and CAP at varying experimental conditions.
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Section C: The photocatalytic parameters investigation for
the degradation of APAP, CAP and durability test of the

photocatalyst

Introduction

This section presents the results obtained and the discussion on the studies on the
effects of operating parameters on the photocatalytic degradation of acetaminophen
(APA) and chloramphenicol (CAP) using the catalysts prepared in Chapter 3.
Various factors have been identified to influence the photodegradation of organic
pollutants in aqueous solution. Among these factors, pH of the solution to be
remediated, catalyst dosage (loading) and the initial concentration of the pollutants
are essential, which are usually set as environmental parameters for effective

photocatalytic degradation process.

4.5 Effects of catalyst dosage

Figure 4.14 and 4.15 present the results obtained for the investigation of catalyst
dosage effects on the degradation efficiency. Based on the preliminary experimental
results, 25 mgL™* initial concentration was used to investigate the effect of the
catalysts (CPE-TiO2 and TiO2) dosage on the removal efficiency of APAP and CAP
in aqueous solutions. As shown in Figure 4.14A, it was observed that APAP removal
percentage increased from 80% to 94.21% for CPE-TiO2 and from 20% to 27.12%
for TiO2, when the catalysts dose was increased from 5 mg to 15 mg per 200 mL
solution. Further increase of the catalysts dose (from 15 mg to 20 mg per 200 mL of
the solution) did not improve APAP removal (94.21%) after the 210 min of
photocatalytic degradation. By contrast, the removal dropped to 92.13% when the
catalyst dose was further increased from 15 mg. The same trend of catalysts dose

effects was observed for the removal of CAP by the two photocatalysts.
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Figure 4.14: Visible light degradation of APAP by(A) bare TiO, and CPE-TiO; at
various catalysts dosages (pH 8) and (B) the corresponding degradation rate (using

CPE-TiOy) with respect to time
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Figure 4.15: Visible light degradation of CAP by (A) pure TiO2 and CPE-TiO; at
various catalysts dosages (pH 8) and (B) the corresponding degradation rate (using

CPE-TiO2) with respect to time

The drop in the removal percentage, when excess catalyst (>15 mg) was added to
the system might have resulted in decrease of light penetration. Although higher
catalyst dose was useful to provide more available active sites, shielding effects of

the suspended catalysts could reduce photocatalytic degradation rates (Chiou et al.,
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2008). Also, agglomeration and aggregation of nanoparticles may occur if a high
catalyst to solution ratio is used, which could reduce its photocatalytic ability. Past
studies showed that aggregation of nanoparticles does influence the optical
properties of materials, consequently, their absorption ability and photocatalytic
activity (Park et al., 2013; Pap et al., 2011, Pellegrino et al., 2017).

Also, aggregation may decrease the available surface sites for photon absorption.
The photolysis of the two pollutants under visible light irradiation without catalyst was
used as a control, which gave 5.32% APAP removal and 7.78% CAP removal. The
comparison of the degradation results, in the presence of catalysts and without
catalyst indicates that a small amount (5 mg) of the catalyst used gave a
considerable removal of the pollutants. The instantaneous concentrations of the two
pollutants over their initial concentrations (C/Co) were also monitored and plotted
against the time as presented in Figure 4.14B and 4.15B. Decreasing trends of the
concentration can be clearly seen with different catalysts (CPE-TiO2) dosages,
however, the lowest final concentration is achieved with the application of 15 mg

catalyst dosage in 200 mL of the pollutant concentration.

4.6 Effects of initial concentration

The effects of varying initial concentrations on degradation efficiency were also
investigated using 50, 40, 30 and 25 mgL* solutions of APAP and CAP. Figure 4.16
and 4.17 present the decreasing trends of the four initial concentrations for APAP
and CAP respectively. The highest removal percentage was achieved for both
pollutants when the lowest initial concentration of 25 mgL' was applied. This
observation may be due to the fact that a high concentration of the pollutants can
result in competition for active reaction sites and photons on the surface of the
catalyst. At high initial concentrations, the pollutants would occupy a greater number

of catalyst surface reactive sites, which could inhibit reactive oxidant generation.
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Figure 4.16: Visible light degradation of APAP by (A) bare TiO, and CPE-TIO; at

various initial concentrations and (B) the corresponding degradation rate (using

CPE-TiO2) with respect to time
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Figure 4.17: Visible light degradation of CAP by (A) bare TiO, and CPE-TiO; at
various initial concentrations and (B) the corresponding degradation rate (using

CPE-TiO2) with respect to time

Since the pollutant molecules are capable of photon absorption, the higher initial
concentration would likely absorb more photons. The more photons that are

absorbed by the pollutants, the less available photons to activate the catalysts. An
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activated catalyst is required for the conversion of the photon energy into chemical
energy by redox reaction for pollutant degradation (Yasmina et al., 2014). Therefore,
the inability to activate the surface of the catalyst due to insufficient photons would

result in hindered pollutant degradation at higher concentrations.

Figure 4.16B and 4.17B illustrate the plots of the instantaneous concentrations over
the initial concentrations (C/Co) of the pollutants. The five initial concentrations were
observed to show decreasing trends and the highest pollutant removal was achieved
at the end of the monitoring (after 210 min) when the lowest initial concentration (25

mgL1) was used for the two pollutants.

4.7 Effect of the solution pH

Studies showed that the solution pH is an important factor that influences the
formation of hydroxyl radicals during photodegradation of organic molecules in
wastewater treatment (Jeong & Yoon, 2005; Moussavi et al., 2017). Also, the pH of
solution determines the surface charge properties of TiO2 photocatalyst, the charge
of organic molecules and adsorption of organic molecules onto TiO2 surface (Jallouli
et al., 2017). Thus, the photodegradation of APAP and CAP was studied in the pH
ranging from 4 tol0 and the results are as presented in Figure 4.18 and 4.19
respectively. The results indicated that acidic medium does not favour the

photodegradation of APAP, as the degradation efficiency is lower at lower pH value.
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Figure 4.18: Visible light degradation of APAP by (A) bare TiO2> and CPE-TIO: at
various pH and (B) the corresponding degradation rate (using CPE-TiO2) with

respect to time
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Figure 4.19: Visible light degradation of CAP by (A) bare TiO> and CPE-TiO: at
various pH and (B) the corresponding degradation rate (using CPE-TiO2) with

respect to time

Studies established that photodegradation efficiency is associated with the charge
on the TiO: surface based on the pH of the solution medium (Jallouli et al., 2017). In
the acidic media (pH<7), the APAP is in its no charge form and at this state, its water
solubility is reduced and the adsorption onto catalyst surface is maximised. As
shown in Figure 4.18A, an increase in the pH of the solution enhanced the
photodegradation efficiency untii pH 8.0, when the degradation reaches the
maximum. This observation can be attributed to enhanced formation of hydroxyl
radicals (OH), since at high pH, more OH groups are available on the TiO2 surface,
which can then be easily oxidised to form more OH' radicals (Galindo et al., 2000).

Thus, the efficiency of APAP degradation is increased in the process.

However, a decrease in the photodegradation was observed as the pH further
increased to 10. This could be attributed to charge attraction between negatively
charged APAP molecules and positively charged TiO: particles, which enhances the
adhesion of APAP molecules to TiO: particles surface. On the other hand,

paracetamol tends to carry a negative charge (anions form) when pH>pKapap. Such
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anions have extremely high solubility in solution and will not be adsorbed
significantly. Thus, increasing pH (pH>8) gradually increases the electrostatic
repulsion between TiO> surface and APAP (Yang et al., 2008). As such, it is
anticipated that the degradation rate of APAP would decrease at pH higher than 8
(Figure 4.18B).

The results obtained for the effect of pH on the photocatalytic degradation of CAP
are presented in Figure 4.19A and 4.19B. It can be clearly seen that the pH of the
solution has a significant effect on the removal of CAP from solution. At pH 4 and 7,
the removal percentage was maintained at 80.39% and 80.47%, respectively. It
reduced to 74.81% at pH of 8 and further to 74.29% at a pH of 10. The previous
study showed that the degradation rate of CAP is highly dependent on solution pH
and that the degradation rate constants in acidic medium are higher than that in
alkaline medium (Nie et al., 2014). This observation may be due to the electrostatic
interactions between the charged TiO: particles and pollutants, since TiO2 is
positively charged below 6.5 (point of zero charges for TiO2) and negatively charged
above pH 6.5 (Friedmann et al., 2010).

4 .8 Effect of irradiation time

As presented in Figure 4.20A and 4.21A for APAP and CAP respectively, the
mineralisation efficiency in terms of percentage degradation for the two
pharmaceuticals obviously improved with the increase in irradiation time. The
percentage of degradation increases from 10.8% at 20 min to 94.21% at 210 min for
APAP using CPE-TiO2 and 2.1% at 20 min to 27.12% at 210 min using bareTiO2.The
instantaneous concentration over the initial concentration (C/Co) of the
pharmaceuticals was also monitored with respect to time, as presented in Figure
4.20B and 4.21B for APAP and CAP respectively. A decreasing trend of C/Co can
be seen and the maximum removal was attained for the two pollutants at the end of

the monitoring period.
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Figure 4.20: Visible light degradation of paracetamol by (A) pure TiO2 and CPE-TiO>

at different irradiation time and (B) the corresponding degradation rate
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Figure 4.21: Visible light degradation of chloramphenicol by (A) pure TiO2 and CPE-

TiO, at different irradiation time and (B) the corresponding degradation rate

4.9 Photocatalytic degradation at optimum conditions

The evaluation of photocatalytic performance was carried out at optimum conditions

of 25 mgL ! initial concentration, 15 mg catalyst dosage, pH 8 for APAP and pH 7 for
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CAP. Figure 4.22A and 4.22B present the absorption spectra of APAP and CAP
respectively, during the photocatalytic degradation in aqueous solution. The
maximum absorbance (Amax) at around 250 nm for APAP is attributed to the
electronic transition of C=0 functional group found on acetaminophen structure
(Jallouli et al., 2017). This peak was observed to have gradually reduced with time
as photocatalysis continued. A similar trend was observed during the photocatalytic
degradation of CAP, where the intensity of the peak around 275 nm (Amax) was

observed to diminish with time of visible light irradiation.
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Figure 4.22: UV-Vis absorption spectra during photocatalytic degradation monitoring
of (A) APAP (B) CAP using CPE-TiO; as a catalyst
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A similar experiment was performed and under identical conditions using both TiO>
and CPE-TiO2 as catalysts, for comparison purposes. Figure 4.23A and 4.24A
present the photocatalytic degradation kinetics of APA and CAP respectively, at the
optimum conditions. Direct photolysis without catalyst in the control experiment
shows insignificant reduction in the initial concentration of the acetaminophen
solution. This observation demonstrates the photostability of acetaminophen under
visible light (Lin & Yang, 2014), within the irradiation period. A noticeable, though
very low, removal (7.78%) of CAP was observed after 210 min during photolysis

(visible light without catalyst).
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Figure 4.23:. Visible light photodegradation of APAP; (A) degradation rate with
respect to time and (B) Relative % degradations (with no catalyst, pure TiO, and

CPE-TiO2) at optimum conditions
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Figure 4.24: Visible light photodegradation of CAP; (A) degradation rate with respect
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at optimum conditions

This slight decrease in the concentration after irradiation without the catalyst might
be due to the presence of a light-absorbing chromophore (C=C), in the structure of

CAP. The adsorption experiment of the catalysts in 25 mgL™? solutions of the
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pollutants was then conducted in the dark after adding 15 mg of the catalyst. No
significant amount of the pharmaceuticals adsorbed was observed after 40 min of
the equilibration experiments. It could be clearly seen that CPE-TiO: is more efficient
in the photodegradation of the pharmaceuticals as compared to bare TiO2 under
visible light. A better photocatalytic activity of CPE-TiO2 over bare TiOzis anticipated,
since it possesses a relatively lower band-gap (2.4eV), resulting in a high activation
of the catalyst under visible light irradiation.

Figure 4.23B and 4.24B present the relative percentage degradation of APAP and
CAP, respectively, after 210 min of irradiation. The photocatalytic activity of CPE-
TiO2 was 94.21%, and much higher than of bare TiO», which was 27.12% for APAP
photocatalytic degradation. But for CAP photocatalytic degradation, CPE-TiO.gave
80.47% removal, which was also higher than 36.12% removal was observed for the
bare TiO..This observed improvement in the photocatalytic degradation efficiency
under visible light, was suggested to be due to the presence of the conjugated

system in the CPE-TiO: structure.

4.10 The total organic carbon (TOC) removal for the pharmaceuticals

The total organic carbons (TOCs) is a common indicator for the assessment of the
degree of organic pollutant mineralisation and its measurement could be a
demonstration of the elimination of the pollutants (Barhoumi et al., 2016). Figure
4.25 illustrates the relative percentage TOC removal by CPE-TiO, and bare TiO>
during photocatalytic degradation monitoring of the pharmaceuticals. A significant
reduction in percentage TOC was achieved for both APAP (80.31%) and CAP
(64.45%) within 210 min of photocatalytic degradation.
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Figure 4.25: Total organic carbon (TOC) removal percentage for (A) CAP and (B)
APAP photocatalytic degradation after210 min of visible light irradiation

However, since the TOC removal percentage was less than 100%, it then suggests
that some organic intermediates that are difficult to mineralise might have been
formed in the process. Recent studies reported that the degradation of
pharmaceuticals such as APAP and CAP is accompanied by the production of some

aromatic organic intermediates (Jallouli et al., 2017; Gao et al., 2017; Gao et al.,
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2017). This generated intermediate takes a longer time (possibly beyond the set
irradiation time) to degrade.

4.11 The durability and reusability test for the catalyst

Since the application of solar energy in water purification processes has become the
trend of scientific research in the field of photocatalysis, reusability without
depreciation then should be the central feature of TiO2 based photocatalysts. The
photodegradation of APAP was used (having a higher removal percentage of
94.21%) for the usability test of the composite material catalyst. After the initial 210
min of irradiation in the pharmaceutical solution, the CPE-TiO., composites were
washed with ultrapure water to be cleansed of any adsorbed pharmaceutical on the
surface. The thorough washing of the photocatalysts permits for more adaptability in
their use without cross-contamination. The composites were then filled with fresh

pharmaceutical solutions.

As llustrated in Figure 4.26, each attempt at photocatalytic degradation only
resulted in a slightly lower percentage removal of the organic pollutants. However,
after three attempts the CPE-TiO2 composites were performing slightly worse than in
the original state. A similar result was reported after four attempts with cellulose-
polymer modified TiO2> nanomaterial in the degradation of methylene blue (Snyder et
al., 2013). The first degradation run for APAP gave 94.31% removal and that of the
third time gave 91.21%, indicating that CPE-TiO> composite had good stability and

could be reused several times.
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Figure 4.26: Recycled photocatalytic degradation of acetaminophen in aqueous

solution using CPE-TiO2 nanocomposite

Conclusion

Integration of conjugated polyene with TiO2 exhibited an enhancement in the
photocatalytic degradation of acetaminophen and chloramphenicol under visible light
irradiation due to high surface area, small crystallite size and reduced bandgap. The
highest degradation efficiency of the CPE-TiO2 catalyst was observed with an
optimum dosage of 15 mg, at the lowest possible initial concentration of 25 mgL™!
and pH 8 for acetaminophen and pH7 for chloramphenicol. The reusability test for
the material catalyst shows that it is durable for three to four photocatalytic cycles

before any observable drop in the performance.
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Section D: The kinetics and mechanisms of APAP and CAP

photocatalytic degradations

Introduction

A clear understanding of the kinetics and mechanism of photocatalytic oxidation of
pharmaceutical pollutants such as acetaminophen (APAP) and chloramphenicol
(CAP) is a crucial aspect of environmental risk assessment. The kinetics and
mechanism can enable us to clarify the photocatalytic process efficiency. However,
the trend of kinetic data from photoreactors is frequently concealed by the fact that
light distribution is not always homogenous in the reaction solution. Unlike the
concentration gradient that normally levels out by simple mixing, the field of local
volumetric rate of photon absorption (ea) is non-homogeneous (Motegh et al., 2012).
This is because of the gradient in photon adsorption in many photoreactors, from
high rate close to the lamp side to low rate far from the lamp and deep into the
solution. Hence, evaluating the kinetics of the overall degradation of the pollutants

becomes necessary.
4.12 Kinetics of photodegradation

Photocatalytic degradation kinetics of the chosen pharmaceuticals were modelled
under different conditions of pH, initial concentrations and CPE-TiO2> composite
dosages, for photo reactor operation. Two reaction kinetic models, PFO and pseudo

second order (PSO) were tested.

Since the degradation of many organic pollutants in heterogeneous photocatalysis is
surface controlled, the reaction on the catalyst surface then plays a significant role in
the determination of the degradation rate. L-H kinetic model has been successfully
used for the interpretation of photocatalytic degradation of many organic compounds
(Rizzo et al., 2009; Lee et al., 2016; Lee et al., 2016; Falah et al., 2016; Ling et al.,
2018; Sun et al., 2018).

Generally, heterogeneous photo reactions involve two consecutive steps, first, the
adsorption of the reactants on the surface of the photocatalysts and secondly, the

commencement of the photocatalytic reaction. The rate of the first step involving
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adsorption is generally slower than the photocatalytic second step. So, the overall
photocatalytic reaction rate is mainly dominated by the second step. Furthermore,
the adsorption rate can be consistently expressed using the coverage ratio of the
absorbed reactants on the surface of the photocatalyst (Chen et al., 2017; Dong et
al., 2010). Therefore, the photocatalytic reaction rate r can be expressed as given in
Equation 4.3 (Golshan et al., 2017; Deng et al., 2017), which is widely known as the
original L-H model.

r—= _g = k(p)o Equation 4.3

where c is the concentration of the reactant, t is photocatalytic reaction time, 0 is the
coverage ratio of pollutants on the CPE-TiO. surface, kp is the photoreaction
coefficient.

According to Langmuir adsorption theory, the coverage ratio is related to adsorption
capacity and the concentration of the reactants. K. was defined as the adsorption
equilibrium constant to measure the adsorption capacity of CPE-TiO, and coverage
ratio 6 can be expressed as in Equation 4.4 according to adsorption theory
(Langmuir, 1916).

KLI:'

1_—_:{“: Equation 4.4

input 8 from Equation 4.4 to Equation 4.3, the photoreaction rate r can then be

expressed as Equation 4.5.

Equation 4.5
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equation 3 is a much-known expression of L-H model and has been widely used in
investigating the kinetics of photocatalytic reactions, representing the PSO reaction
model (Sun et al., 2018).

However, the PFO rate equation can be derived from Equation 4.6 (Lin et al., 2016)

dc kK .
r=—= 2 Equation 4.6
At 1-K,g.c

where k; is the intrinsic rate constant and kags is the adsorption equilibrium constant.

equation 7.4 may be rearranged as follows (Equation 4.7):

Equation 4.7

Provided that the concentration of targeted pollutant is relatively low (between 0.1-
0.5 M as in this work) or the adsorption is relatively weak, the two constants (k: and

Kads) may be incorporated (Lin et al., 2016) as one (Kapp) as presented in Equation

4.8:

In (:—u) = —k K 4.t = kgt Equation 4.8

This allows equation 4.7 to be expressed in a simplified form of PFO kinetics

(equation 4.8), which then clarified why it fits well and better than the other type.

These kinetic models were used to describe the photocatalytic degradation rate of

APAP and CAP by plotting the graph of In(C/Co) against time for varying (1) Initial
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concentrations, (Il) catalyst dosage and (Il) pH of the solutions. In addition, the
observed rates of the degradation using CPE-TIO. catalyst were estimated from
Equation 4.9 (Moussavi et al., 2017). The photocatalytic half-life of each of the

pollutants was calculated using Equation 4.10.

app _knppt Equation 4.9

In2  0.69309
k k

ti =In2

Equation 4.10

I3 |

app app

The results of the kinetic studies are presented in Table 4.3 and
Table 4.4 for acetaminophen and chloramphenicol respectively.
Table 4.3: Acetaminophen % removal, half-life, rate constants (kapp) and R? values

for pseudo first order (PFO) kinetic model in the photocatalytic experiments using
CPE-TiO2

Initial Catalyst Solution Removal  Kapp I app Half life R?
concentration dosage pH Efficiency (x 102 (ti)

(mgL) (mg ) (%) minty MY miny  PFOPSO

min-)

Optimum 25 15 8 94.21 2.61 0.653  26.55 0.989 0.884
30 15 8 76.81 2.31 0.693  32.85 0.935 0.876
35 15 8 50.36 2.01 0.704  34.48 0.855 0.697
40 15 8 40.16 1.78 0.712 55..89 0.917 0.847
45 15 8 34.22 1.61 0.726  57.28 0.918 0.799
25 5 8 78.91 2.12 0.531  32.69 0.946 0.784
25 10 8 81.64 2.42 0.605  28.64 0.976 0.852
25 15 8 94.21 2.61 0.653  26.55 0.988 0.883
25 20 8 91.53 2.43 0.608  28.52 0.986 0.694
25 15 4 60.23 2.09 0.523 33.16 0.798 0.877
25 15 7 65.42 2.09 0.523 33.16 0.818 0.865
25 15 8 94.21 2.58 0.645 26.86 0.989 0.784
25 15 10 91.56 2.46 0.615 28.17 0.936 0.856
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Table 4.4: Chloramphenicol % removal, rate constants (Kapp) and R? values for
pseudo first order (PFO) kinetic model in the photocatalytic experiments using CPE-
TiO2 bear

Initial Catalyst Solution Removal Kapp rapp  Half-life R?
concentration dosage pH Efficiency (x 107 (mgL- (t1r2) PEFO PSO
(mgL) (mg) (%) min?) ey (min)
Optimum: 25 15 7 80.47 241 0.603 28.76 0.973 0.779
30 15 7 68.32 2.10 0.631 33.004 0.963 0.874
35 15 7 58.23 1.99 0.696 34.83 0976 0.784
40 15 7 51.28 1.98 0.792 35.01 0.969 0.659
45 15 7 50.18 1.96 0.882 3536 0.982 0.877
25 5 7 63.52 2.01 0.503 34.48 0.979 0.894
25 10 7 77.11 2.12 0531 32.69 0.968 0.873
25 15 7 80.47 2.28 0.571 3040 0.974 0.798
25 20 7 74.85 2.12 0.531 32.69 0.977 0.768
25 15 4 80.39 241 0.603 2852 0.893 0.876
25 15 7 80.41 2.23 0.558 31.08 0.847 0.798
25 15 8 74.81 2.12 0.532 32.69 0.921 0.864
25 15 10 74.29 2.12 0.532 32.69 0.870 0.785

From the kinetic model tested, the photocatalytic data for the two pollutants does not
fit well into PSO kinetic model. However, PFO kinetic, as noted from the R? and the
kinetic rate constant values, found to fit well the experimental data with R? values

close to 1.

4.12.1 Kinetics based on various pollutants concentrations

Figure 4.27 and Figure 4.28 are the kinetics plots based on various initial
concentrations of pollutants in the photocatalytic degradation experiments at pH 8,
catalyst dose 15 mg and room temperature. When the initial concentration was
reduced from 45 mgL™? to 25 mgL, the degradation efficiency of APAP increased
from 34.22% to 94.21%, while that of CAP increased from 50.18% to 80.47% in 210
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min of irradiation. The PFO rate constant was obtained from the slope of the straight-
line plot of In(C/Co) against time. It is worth noting that the lowest concentration (25
mg) for both APAP and CAP exhibits the highest rate constant of 0.061 min-* and

0.041 min-trespectively.
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Figure 4.27: The rate plot for photocatalytic degradation of APAP with respect to

time at varying initial concentrations
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Figure 4.28: The rate plot for photocatalytic degradation of CAP with respect to time

at varying initial concentrations

These values are about three times higher than what was obtained for the highest
concentration (45 mgL™) for both pollutants. This indicates that the rate constant
decreases at higher concentration of the pollutants. A similar result was reported for
other pharmaceuticals, where the degradation rate constant was found to decrease
with increase in the concentrations of metoprolol and propranolol (Yang et al., 2010).
However, based on the information provided in Tables 4.3 and 4.4, the observed
degradation rate (rapp) of both pollutants calculated from Equation 4.17 increases

with increase in the initial concentrations.

This observation is contrary to the results obtained for the percentage degradation,
where the highest removal (94.21% for APAP and 80.12% for CAP) was achieved at
the lowest initial concentration (25 mgL™?) of the pollutants after the irradiation time.
As it was explained in the previous chapter, increased amounts of the
pharmaceuticals may occupy a greater number of the CPE-TiO2 active sites, at
higher concentration. The covering of the catalyst active sites could subsequently
suppress the generation of oxidants and result in lower percentage degradation

(Yang et al., 2008) after a long period of irradiation.

4.12.2 Kinetics based on varying catalyst dosages

Based on the preliminary experimental results, 25 mgL™ initial concentration was
used to investigate the effect of catalysts as was mentioned previously. To further
give an insight on degradation trend and rate during the monitoring periods, In(C/Co)
was plotted against time for various catalyst dosages (Figure 4.29 and Figure 4.30).
It was observed that as the catalyst dose was increased from 5 mg to 15 mg, the
degradation efficiency of APAP increased from 78.91% to 94.21%, while that of CAP
increased from 63.52% to 80.47% in 210 min of irradiation. A CPE-TiO, dosage over

15 mg could not further increase the degradation efficiency (Tables 4.3 and 4.4).
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Figure 4.29: The rate plot for photocatalytic degradation of APAP with respect to

time at varying catalyst dosages
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Figure 4.30: The rate plot for photocatalytic degradation of CAP with respect to time

at varying catalyst dosages

In terms of linearity of the plots, PFO kinetic model is more fitted with the highest R?
values, for the same reason given earlier. The reaction rate increased with

increasing catalyst dosage and the fastest rate was for 15 mg (rapp = 0.988 mgL*min-
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! for APAP and 0.973 mgL'min! for CAP), further increase to 20 mg leads to
decrease in degradation rate (rapp = 0.961 mgL*min for APAP and 0.957 mgL*min-!
for CAP).

The digression coefficients of the results obtained for the kinetic of degradation for
various catalyst dosages are provided in Tables 4.3 and 4.4. Expectedly, increasing
catalyst loading resulted in an increase in the photodegradation efficiency and rate of
both the APAP and CAP. This result could be attributed to an increase in the number
of CPE-TiO. active sites that are available for photocatalytic reactions. This trend
continues up to a point (at 15 mg dosage per 200 mL) where all the catalysts
particles are fully illuminated (Yang et al., 2008; Hapeshi et al., 2010). At higher
catalyst dosage (20 mg dosage per 200 mL), screening effect of excess particles
occurs, which tends to mask part of the photosensitive area of the surface (Hapeshi
et al., 2010). Consequently, the penetrating photons are blocked or reflected away
from the surface of the catalyst. As a result, a drop in the photocatalyst performance

was observed at higher dosage for APAP and CAP degradation.

4.12.3 Kinetics based on various solution pH

The initial pH of a solution is an important parameter that can affect photocatalytic
reaction rate. In this view, the photocatalytic degradation of APAP and CAP was
investigated at different pH and the kinetics of the photodegradation at various pH
was evaluated. The initial pH of APAP and CAP was adjusted to alkaline or acidic
conditions by the addition of NaOH or HCI solutions respectively. Figure 4.31 and
Figure 4.32 illustrate the plots of In(C/Co) against degradation time at different initial
pH for APAP and CAP respectively. The better linear relationship model obtained
was still PFO. Therefore, for investigating the kinetics at various pH of solution, the
experimental data generated was fitted into PFO model and the results are illustrated
in Tables 4.3 and 4.4.
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Figure 4.31: The rate plot for photocatalytic degradation of APAP with respect to

time at varying pH.

Time (min)

02 (|1 \__ 50 100 150 200 250
0.4 -
0.6 -
o
J 0.8 -
S
: 1.2 - R?=0.8701
= 44 R? = 0.9206
-1.6
i R2=0.9417
18 R2=0.8933
-2 -

Figure 4.32: The rate plot for photocatalytic degradation of CAP with respect to time
at varying pH.

From the evaluated percentage degradation as was discoursed in the previous

chapter, the degradation efficiency changes with pH and is different for each of the
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pollutants. For APAP, the degradation efficiency increased from 60.23% at pH 4 to
94.21% at pH 8, further increase in the initial pH led to reduction in the degradation
efficiency after 210 min of irradiation.

However, the observed influence of initial pH on degradation efficiency of CAP is
different. The degradation efficiency of CAP remains approximately constant as the
initial solution pH was increased from 4 up to 7. A drop in the degradation efficiency
was observed as the initial pH was further increased to 10. For the removal kinetics,
the rapp values for both APAP and CAP vary for different solution pH. The fastest
removal rate at the maximum rap, = 0.985 mgL*min* was observed for APAP at pH
8 and rapp = 0.0893 mgL'min' was observed for CAP at pH 4. An increase in pH
from 4 shows continuous increase in rapp Value until the pH of 8, it then decreases as
the pH further increased to 10. Change in rapp values at varying solution pH can be
attributed to the effect of electronic interaction between the reactants and the
catalyst surface (Jallouli et al., 2017). Decrease in the solubility of (no charge state)
APAP enhances its adsorption onto the surface of CPE-TIO, leading to a faster rate

of oxidation at lower pH.

Acetaminophen (APAP) tends to carry a negative charge when pH>pKapap. Thus,
increasing pH (pH>8) gradually increases the electrostatic repulsion between TiO2
surface and APAP (Yang et al., 2008). For CAP, as the pH increased continuously to
10, the rapp further decreased to the minimum value of 0.870 mgL*mint at pH 10,
indicating lower rate of degradation at a high solution pH. The surface ionisation of
CPE-TiO2 could be responsible for the decrease in rapp, since TiO2 is negatively
charged at alkaline medium (Friedmann et al., 2010), leading to repulsion of

negatively charged chloramphenicol at high pH.

4.12.4 Degradation kinetics at optimised conditions

After all the influencing parameters were optimised, the photodegradation was
carried out at optimum conditions and the degradation kinetics was evaluated for
APAP and CAP. The kinetics for visible light photocatalytic degradation using CPE-
TiO2 at optimum conditions of pH, catalyst dosage and initial concentrations were

studied. From the plot of In C/Co versus irradiation time in Figure 4.33 and Figure
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4.34, the photocatalytic degradation data for both the pollutants fitted well into the
first-order rate model. The degradation rate constant was at highest (Kapp = 2.61 X
102 for APAP and 2.41 x 102 for CAP) at the optimum conditions. The
corresponding reaction rate are listed in Tables 4.3 and 4.4. PFO kinetics gave R?
values of 0.989 for APAP and .0.973 for CAP. The half-life (t12) of the photocatalytic
degradation of the pharmaceuticals were calculated and the values at the optimum
conditions are 26.55 min for APAP and 28.76 min for CAP for 25 mgL ™ solutions.
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Figure 4.33: The rate plot for photocatalytic degradation of APAP with respect to
time at optimum conditions (pH = 8, Initial conc. = 25 mgL%, catalyst dosage = 15 mg
200mgL™1).
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Figure 4.34: The rate plot for photocatalytic degradation of CAP with respect to time
at optimum conditions (pH = 8, Initial conc. = 25 mgL!, catalyst dosage = 15 mg 200
mgL?) .

4.13 Possible photodegradation mechanism and intermediate identifications

Generally, there are many reactive species that could be responsible for an effective
photo oxidation of organic molecules in aqueous solution. These reactive species
contribute at various levels of degradation and influence the product of photocatalytic
degradation. To investigate the degradation mechanism involved in the
photocatalytic oxidation process for the degradation of APAP and CAP, as well as to
detect the presence of any intermediate product, chromatographic techniques were

employed.

4.13.1 Evaluation of reactive species contributions and mechanism

The degradation of many organic compounds is considered to proceed through ionic
or free radical mechanism (Skoumal et al.,, 2006). To find out the underlying
contributions of different reactive species such as h*, e, O2- and OH', that are
involved during the photocatalytic degradation process, several reactive radical

trapping experiments were carried out. Different scavenging reagents such as
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potassium iodide (KI), tert-butanol (TB), benzoquinone (BQ) and isopropanol (IPA)
were employed to trap h*, e, O2~ and OH' respectively, in the presence and absence

of scavenging reagents (Table 4.5).

Table 4.5: The photo-oxidation reactive species and the scavenging reagents

Reactive species Scavenger
OH Isopropanol (ISP)
H* Potassium iodide (KI)
e Tert-butanol (TB)
O~ Benzoquinone (BQ)

Figure 4.35 illustrates the degradation percentages of APAP and CAP with or
without the addition of different scavengers using the CPE-TiO2 catalyst. The
percentage degradation for both pollutants was observed to be at maximum (APAP
=94.12% and CAP= 80.47%) in the absence of scavenger after 210 min. A drop in
the percentage degradation was noticeable for both pollutants in the presence of
different scavengers. This observation indicates that all the reactive species play a
role in the oxidation of APAP and CAP using CPE-TiO,. However, a significant
decrease in percentage degradation (APAP =20.2% and CAP = 19.4%) was
observed with the use of ISP as the scavenger, indicating that OH" played a major
role in the photocatalytic degradation of both APAP and CAP pollutants. This
experimental result agrees with the study reported in the literature (Oseghe et al.,
2019).
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Figure 4.35: Effect of scavengers on the photocatalytic degradation of paracetamol

and chloramphenicol using CPE-TiO>

4.13.2 High performance liquid chromatography (HPLC) analysis and

intermediate identification

It was noted in the results of the total organic carbon measurement that the TOC
removal for APAP and CAP is lower compared to the removal efficiency recorded.
This then indicates that intermediates may be generated during degradation.
Consequently, a high-performance liquid chromatography (HPLC) was employed to
monitor and identify the likely intermediates that may be formed during
photochemical degradation. It also allowed for the probing of the likely degradation
mechanism for the pharmaceutical oxidation. Photodegradation experiments were
carried out at the optimum operating conditions of pH. Concentration and CPE-TiO>
catalyst dosage. Samples were taken just before the start of the experiment at 100

min and 210 min of irradiation for HPLC analysis.

Figure 4.36 presents the HPLC chromatograms obtained for the separations of
APAP sampled solutions during photocatalytic degradation experiments. It is clearly

shown that the main peak at the retention time tr = 9.24 min, due to APAP
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separation, decreases gradually and reduced to the minimum intensity after 210 min
of irradiation. The observed gradual reduction in APAP is as indicated in Figure
4.36A, B and C, which represent the chromatograms at 0 min. 100 min and 210 min
irradiation time respectively. Besides APAP, other peaks were observed emanating

at various retention times.
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Figure 4.36: HPLC of APAP solution during photocatalytic degradation of 25mgL*

initial concentration at different irradiation times (min): at (A) 0, (B) 100 and (C) 210

These emerging peaks observed particularly after 100 min of irradiation can be
ascribed to the formation of organic intermediates from APAP degradation. The
intermediates are most like to be benzoquinone, hydroquinone p-nitrophenol and
124-trihydroxybenzen, as compared with the standards form HPLC peaks. These
sets of intermediates are already identified in similar studies (Andreozzi et al., 2003;
Skoumal et al., 2006; Moctezuma et al., 2012). Other intermediates from APAP

photodegradation are as shown in table 2.4.

In the case of CAP as shown in Figure 4.37, gradual reduction in the peak intensity
was also noticed at the retention time tr = 5.5 min due to chloramphenicol elution.
Similar to what was observed for APAP degradation monitoring. At 100 min of
sample analysis, other peaks were observed appearing, indicating the formation of
intermediate compounds. The peaks at the retention time tr = 2.65 min and 2.21 min
are suspected to be due to the formation of oxamic acid and succiric acid
respectively. From the literature, other intermediates from CAP photodegradation are

shown in table 2.5.

Notably, as the original peak at tr = 5.5 for CAP decreases, the height of new
emerged peak was drastically reduced after 210 min of photocatalytic degradation.

This peak reduction indicates a further degradation of the intermediate during the
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process. All the peaks that appeared on the chromatogram were identified by
comparison of their retention time with the standard HPLC peaks (Table C 1: Detected
Intermediate products and their retention time during photocatalytic degradation.
Appendix C)
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Figure 4.37: HPLC of APAP solution during photocatalytic degradation of 25mgL*
initial concentration at different irradiation times (min): at (A) 0, (B) 120 and (C) 210

Conclusion

In this section, the L-H model has been used to investigate the kinetics of
photocatalytic degradation of acetaminophen and chloramphenicol under visible light
at varying conditions of pH, concentration and catalyst dosage. Experimental result
data showed that the PFO rate model fitted better between the two tested models.
The observed degradation rates increased with increase in initial concentrations.
However, the photoreaction coefficient Kapp (rate constant) was observed to increase
with the decrease in the concentration and increase in the mass of catalyst dosage
for both reactants. Also, the effect of the solution pH on Kapp was found to depend on
the nature of electronic charge interaction between the solution and the reactant.
The half-life (t12) of the photodegradation for the pharmaceuticals, as calculated from
the PFO rate model, was 26.55 min and 28.76 min for acetaminophen and
chloramphenicol respectively, at the optimum conditions. The mechanism of
photocatalytic degradation showed that OH free radicals are mostly responsible for
the oxidation of the reactants. The HPLC monitoring of photocatalytic degradation

showed the production of some intermediates during the process.
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Chapter 5: General conclusion and recommendations

This is the final chapter, which summarises the work done and the findings from
each phase of the research project. It highlights the contribution of the project to the
body of knowledge in photocatalysis and water purification. The chapter presents
recommendations for further studies in this area of research.
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5.1 General conclusion

This research work aimed at synthesising and characterising pure titania and a
hybrid material, in the form of conjugated-polyene modified titania photocatalysts. In
addition, the prepared catalysts were to be evaluated for the photodegradation of
acetaminophen and chloramphenicol as chosen non-antibiotic and antibiotic
pharmaceuticals under visible light irradiation. An intricate technique has been
applied to synthesise both TiO> nanoparticles and polyene/TiOz2nanocomposites,
which possess conjugated polymer chains covalently grafted onto the ceramic
nanoparticle. The polyene was cheaply prepared from polyvinyl alcohol using a facile
acid dehydration process and the synthesis of the bare TiO2> and polyene/TiO>

nanocomposites was achieved by sol-gel coupled with homogenisation techniques.

To monitor the morphological properties, structural architecture, particle sizes,
electronic and optical properties, several characterisation techniques were
employed. Among these techniques are powder X-ray diffraction (PXRD) analysis,
transmission electron microscopy (TEM), scanning electron microscopy (SEM),
Fourier transform infrared spectroscopy (FT-IR) and thermal gravimetric analysis
(TGA-DSC). Others include UV-vis diffuse reflectance spectrophotometer (UV-Vis
DRS), photoluminescence spectroscopy (PLS), cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS), as well as energy-dispersive X-ray

spectroscopy (EDX).

The FTIR revealed the presence of a C=C conjugated surface functional group on
both the polyene and polyene modified TiO2, which is an indication of a successful
grafting of polyene into TiO2 nanoparticles. The PXRD flaunted the presence of
sharp diffraction peaks, which are typical of the crystalline anatase phase of TiO: for
both the modified and unmodified materials with calculated crystallite sizes of 3.41
nm and 7.5 nm respectively. In addition, the SEM images displayed circularly shaped
particles at nano-size level with a well interactive polymer/TiO> structural morphology
for the composite. The particle sizes, which were calculated from TEM images,

revealed particle distribution of average sizes within nano-range. However, the
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particle sizes for the composites were observed to increase with an increase in
polyene percentage modifications due to polymer layers grafted on nanoparticles.
The nano-size anatase phase of TiO2 is well known as an efficient photocatalyst.
The EDS spectra presented the presence of Ti and O in the unmodified and Ti, O
and C in the composite materials for elemental composition.

Regarding the problem of the lack of effective activation of TiO2 by visible light, the
optical property revealed a great improvement in the visible light absorption capacity
of the hybrid composite material. The composite material provides an excellent
enhancement of electron-hole separation over bare TiO2. A significant reduction in
the synthesised TiO2 band gap (3.18eV) was achieved with the CPE-TiOzhybrid
material bandgap (2.4eV), which implies a better light absorption at the visible region
of the light spectrum. The cyclic voltammetry and electrochemical impedance
spectroscopy measurement for the materials exhibited a good electronic property
that is appropriate for the photocatalytic process. Therefore, the coexistence of
multiple bonds in the poly-conjugate carbon chain with a reduced bandgap and TiO2

in the hybrid materials enhanced charge separation and migration.

The results from the photocatalytic degradation under visible light revealed that
conjugated polyene/TiO2  structure exhibits excellent mineralisation of
acetaminophen at 94.21% removal and chloramphenicol at 84.12% removal. This
performance could be due to a reduction in the bandgap energy value, which
enables the composite to be readily activated under visible light irradiation. It was
demonstrated that the hybrid materials could act as efficient photocatalysts under
visible light irradiation and it is thermally stable for a certain degree of temperature

rise during the process of irradiation.

Experimental studies were performed on both materials using one-factor-at-a-time
experimental design to investigate and evaluate the removal performance at varying
experimental conditions. The kinetics and reaction mechanistic studies show the
fitness of the degradation data into PFO rate kinetics with the highest rate constant
and the lowest half-life obtained at the lowest concentration of the pollutants. The
mechanism of the photodegradation indicated that OH" radical species are mostly
responsible for the oxidation of both pollutants and that the degradation process

involves the production of some intermediate organic compounds. Hydroquinone,
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benzoquinone p-nitrophenol and 2,4-trihydroxy-benzene are some of the
intermediate compounds identified during acetaminophen degradation. While oxamic
acid and succiric acid were identified for chloramphenicol. Photocatalytic degradation
experiments revealed that the modified titania achieved higher mineralisation of
acetaminophen compared to chloramphenicol.

In summary, the following milestones were achieved in this work as a contribution to

the body of knowledge:

®,

% For the first time, a linear polyene material was applied to alter and improve
the bandgap reduction of titania photocatalyst with up to 76% percent
reduction. This is a huge improvement compared to what has been reported
and available in the literature.

% By conjugating polyenes to the surface of TiO, the achievement of a 75%
reduction in bandgap ultimately led to an increase of 71.2% and 55.5% in the
conversion of acetaminophen and chloramphenicol respectively. This feat is
commendable as compared to many past works on TiO2 application in
photocatalysis.

% Polyene/TiO. hybrid material was found to be highly effective in visible light

absorption, a good initiative for low-cost solar light application in water

purification technology, particularly at industrial scale.
5.2 Recommendations

All the objectives set for this research work were accomplished. However, more
advances could have been made during this research work, particularly to resolve
some of the challenges encountered, but for the constraints of time and resources.

Therefore, future work in this area of study should include the following:

% Because of the improvement that was observed in the electrochemical and
optical properties of the material, we suggest that other conjugated polymers
like polypropylene and monomer organic molecules such as porphyrin could

be explored.

e

» The mechanistic of the chemical interaction between conjugated polymers
and TiO> to adjust the band structure to improve its visible light activation and

the transfer of the generated charge carriers should be innovative.
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Further research should be carried out to explore other synthesis techniques
yielding different structures and to fully understand the structural relationship
in polymer/TiOz2nanocomposite.

For future research, we recommend that LC-MS should be used to confirm
the identity of the intermediate products for photocatalytic degradation of the
pharmaceuticals.

The design of experimental methods such as central composite design
(CCD), factorial and Box-Behnken should be considered to investigate further
the interactive effects of the variable parameters on the mineralisation
efficiency of pharmaceutical pollutants.

Future research should be focused on a novel modification for large-scale
industrial applications. The achievement in this respect will provide for
broader applications of polymer/TiO, composites in water remediation

technology.
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Apendices

APPENDIX A: The electrochemical behaviour of bare TiO2 and the modified TiO, at

varying polyene percentages
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Figure A 1: CV curve for (A) TiO2 and CPE-TiO- at varying polyene percentage modification
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Figure A 2: The EIS Nynguist plots of TiO> and CPE-TiO; at varying polyene percentage

modification and
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APPENDIX B: Optical behaviour of bare TiO2 and the modified TiO. at varying

polyene percentages

—— TiO>

S —— 0.2% CPE-TiO»

S 1.5+ 0.4% CPE-TiO»

S 0.6% CPE-TiO»

wn

o 1.0m=

<<
0.5 = \
0.0 = ——:==-——-_-'-‘-‘-..‘-.‘--.-‘-‘-“.‘q“-“m‘""k

460 560 660 760 800
Wavelenght (mn)

Figure B 1: The EIS Nynguist plots of TiO> and CPE-TIO; at varying polyene percentage

modification
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Figure B 3: The photoluminescence (PL) spectra of (A) TiO2 and CPE-TiO2 at varying polyene

percentage modification
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APPENDIX C: HPLC photocatalytic degradation monitoring.

Table C 1. Detected Intermediate products and their retention time during

photocatalytic degradation.

Molecule Retention time tr
(Min)
Paracetamol 9.8
Hydroquinone 5.6
benzoquinone 6.9
p-nitrophenol 10.9
1,2,4-trihydroxybenzene 29.2
Acetaminophen 5.6
Oxamic acid 2.2
Succiric acid 2.7
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