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Abstract
The objective of this study was to investigate the removal mechanism of betrixaban, an oral
anticoagulant drug approved by the United States Food and Drug Administration (U.S. FDA),
and hexazinone, a broad-spectrum triazine herbicide, at oxidation and adsorption stages of
water/wastewater treatment. Their N-nitrosodimethylamine (NDMA) formation potential in
the presence of monochloramine (NH2Cl), free chlorine, ozone (O3) and ultraviolet (UV)-based
oxidation with/without hydrogen peroxide (H2O2) was also investigated. The novel analytical
method for simultaneous detection and identification of betrixaban and hexazinone by liquid
chromatography/tandem mass spectrometry (LC-MS/MS) using multiple reaction monitoring
(MRM) in positive electrospray ionization (ESI) mode was also developed, optimised, and
validated.
The oxidative degradation results revealed that an increase in NH2Cl dosage, contact time,
and pH significantly increased betrixaban degradation and NDMA formation, which exceeded
1% at basic pH upon chloramination. Moreover, betrixaban showed a complete degradation
with 5 mM free chlorine over seven days with 0.01% NDMA yield. The degradation of
betrixaban, in the presence of 0.3 mM O3, increased from 40% after 1 minute to almost
complete degradation after 6 minutes of contact time, with no observed NDMA formation. The
kinetic studies revealed that the reaction of betrixaban with NH2Cl and O3 followed pseudofirst-order reaction kinetics, while no reaction kinetics was obtained for chlorination of
betrixaban due to its complete removal within the initial two minutes of the reaction.
Monochloramination of betrixaban also led to the formation of other disinfection by-products
(DBPs) such as dichloroacetonitrile (DCAN) and dimethylformamide (DMF). DMF was also
detected as a prominent DBP of chlorination and ozonation of betrixaban. As the use of
betrixaban will widen, leading to its increased presence in the environment, wastewater and
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surface waters, its DBPs’ formation risks in the environment will also increase. None of the
above-mentioned oxidants could form NDMA from the oxidation of hexazinone.
UVC irradiation (3 J cm¯2), in combination with H2O2 (0.5 mM), led to >90% degradation
of betrixaban and hexazinone at pH 7. A comparison between various irradiation sources,
visible, UVA, UVB, and UVC, revealed the highest degradation rate of betrixaban and
hexazinone under UVC in the presence of H2O2. An increase in the initial H2O2 dosage, light
intensity, and contact time enhanced the degradation rates of betrixaban and hexazinone. The
kinetic studies showed that the degradation of these compounds followed pseudo-first-order
reaction kinetics. Experiments using different scavengers demonstrated hydroxyl radicals
(•OH) as the major reactive species involved in degradation during the UV/H2O2 process.
In the last phase of the study, photocatalytic degradation of hexazinone, resistant to
photolysis, was investigated using ferric chloride (FeCl3) and a conducting polymer, poly(3, 4ethylenedioxythiophene) (PEDOT). Enhanced degradation of hexazinone was observed under
irradiation by increasing the concentrations of FeCl3. Moreover, PEDOT was successfully
immobilised on the surface of carbon fibre cloth through electrochemical polymerisation. The
photocatalyst demonstrated approximately 80% removal of hexazinone through a combination
of adsorption and photocatalysis. The reaction mechanism was elucidated using methanol,
showing the important role of •OH in photodegrading hexazinone in the presence of FeCl3 and
immobilised PEDOT individually. Finally, it was revealed that the addition of FeCl3 could
boost up the performance of PEDOT on the photodegradation of the contaminant due to its
additive effect.
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CHAPTER 1
Introduction

CHAPTER 1: Introduction

1.1 Background
1.1.1 Pharmaceuticals and pesticides
Pharmaceuticals and personal care products (PPCPs) and pesticides have been recognised
as contaminants of emerging concern (CECs) due to their toxic and hazardous impacts on
human and wildlife health (Mena et al. 2017). In recent years, pharmaceuticals have been
detected in different aqueous environments such as surface water, groundwater, wastewater
effluents, and even drinking water in trace or ultra-trace levels (Wilkinson et al. 2017).
Pesticides, according to their targeted usage, are divided into subgroups, including herbicides,
fungicides, insecticides, and bactericides (Houtman 2010). Pesticides are widely used to
control diseases, weeds, and insects in agriculture. They can migrate to different parts of the
environment as a source of contamination through spillages, cleaning, leakages, and runoff
(Cara et al. 2017). Globally as well as in New Zealand, the application of pesticides as an
efficient solution for pest control is increasing owing to intensive agricultural practices
(Dehghani et al. 2017, Garrett et al. 2015). Therefore, the spillage of effluents containing high
concentrations of pesticides in water has been considered as one of the serious environmental
problems. There is a need to reduce dependency on herbicides for forest management due to
their detrimental effects on water quality (Neary and Michael 1996). Therefore, these two
classes of organic contaminants are a major concern for the environment, and there is a need
to research their effective removal technologies. The focus of this study was on the degradation
of betrixaban (pharmaceutical) and hexazinone (herbicide) by oxidation with different
conventional and advanced oxidation processes (AOPs). Betrixaban and hexazinone were
selected because of their potential to form nitrogenous disinfection by-products (N-DBPs) due
to the presence of aryl amidinyl moiety with dimethylamine (DMA) group in their structure.
Both of these compounds have not been studied for their N-DBPs formation potential (FP) as
well as their fate in the engineered water system is still not mechanistically investigated.
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Results obtained from this study will be helpful for treatment utilities in understanding the fate
of these contaminants through their advanced oxidation/disinfection treatment units.

1.1.1.1 Betrixaban
Betrixaban, approved by the United States Food and Drug Administration (U.S. FDA) in
2017 as an oral anticoagulant, is used on patients who are at risk of venous thromboembolic
(VTE) in adult patients hospitalised for an acute medical illness (Chan et al. 2015). The FDA’s
approval of this pharmaceutical is a huge step forward for the treatment of the prophylaxis for
VTE in patients (Chan et al. 2015, Traynor 2017). The environmental fate and toxicity of
betrixaban are still unknown and unexplored. The fact that betrixaban has the potential of being
used in wide-scale applications in the treatment, leading to its environmental presence due to
its high water solubility (2.7 mg mL-1), generates a need to understand its fate in the
environment. Furthermore, significant release of betrixaban in the aquatic environment is
expected, considering its increased use through an increasing number of prescriptions, its low
bioavailability, longest half-life within the human body among all anticoagulants, excretion
through urine as well as feces, and the high dosage requirements for patients (80–160 mg/day
for 35–40 days) (Skelley et al. 2018). Indeed, it is expected to be present in surface water bodies
based on European Medicines Agency (EMA 2018). Therefore, similar to other
pharmaceuticals, betrixaban will also be of particular concern owing to its future ubiquity in
the aquatic environment, which affects not only human health but also aquatic organisms. This
compound was chosen in this thesis since it contains an aryl amidinyl moiety with DMA group
which is capable of NDMA formation and may serve as an NDMA precursor. Therefore, it is
important to explore effective treatment processes for the removal of betrixaban. The structure
of betrixaban is presented in Figure 1.1.
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Figure 1. 1. Chemical structure of betrixaban
(the structure in the circle is related to NDMA formation)

1.1.1.2 Hexazinone
Hexazinone

[3-cyclohexyl-6-(dimethylamino)1-methyl-1,3,5-triazine-2,4

(1H,

3H)-

dione], a broad-spectrum triazine herbicide, is the most common herbicide to control forest
weeds in New Zealand and around the world (Mei et al. 2012). Hexazinone is mobile in soil
and, hence, can be transported to groundwater and surface water and contaminate water
resources, most probably owing to its high water solubility (33 g L-1) (Ganapathy 1996, Martins
et al. 2015). It was first registered by the United States Environmental Protection Agency (U.S.
EPA) in 1975 for weed control, and it is classified as Group D carcinogen, not classifiable as
to human carcinogenicity. Nonetheless, it can cause eye, throat and nose irritation (Martins et
al. 2014). It is unsusceptible to hydrolysis, photolysis, and microbial degradation, adding to its
persistence in the environment and, therefore, its serious environmental concern (Bouchard et
al. 1985, Mei et al. 2012, Yao et al. 2019). It is relatively persistent in soils with a reported
half-life between one and six months (mean of 90 days). Its half-life in water also varies from
several days to more than nine months (Tu et al. 2001). Its concentrations in water resources
have been reported to be ranging from ~15 ng L-1 to 400 µg L-1 (Calegari et al. 2018). It is
reported that the growth of green algae, duckweed, and diatoms was 50% inhibited due to being
sensitive to hexazinone with concentrations between 0.01 to 0.6 mg L-1 (Peterson et al. 1997).
Its maximum acceptable value for drinking water in New Zealand is 400 µg L-1, consistent with
that used by the World Health Organisation (WHO) (Rolando et al. 2013). Similar to
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betrixaban, hexazinone also contains an aryl amidinyl moiety with the DMA group and may
have the potential for NDMA formation. The structure of hexazinone is shown in Figure 1.2.

Figure 1. 2. Chemical structure of hexazinone
(the structure in the circle is related to NDMA formation)

1.1.2 Removal of pharmaceuticals and pesticides
A wide range of processes has been proposed for the removal or degradation of
pharmaceuticals and pesticides, including conventional treatments using disinfectants, AOPs,
adsorption, biological processes, or a combination of these methods. In this study, disinfection
and AOPs have been investigated for the degradation of betrixaban and hexazinone.
1.1.2.1 Conventional oxidation processes
Disinfection is practised during water and wastewater treatment to remove, kill, or
deactivate pathogenic microorganisms. Moreover, to prevent the unwanted regrowth of
microbes and recontamination, the disinfectant residual should be maintained at a sufficient
level in the water distribution system (Ding et al. 2019). Free chlorine, monochloramine
(NH2Cl), chlorine dioxide (ClO2), and ozone (O3) are the most common chemical disinfectants
used around the world. They can generate undesirable disinfection by-products (DBPs) due to
their reaction with various dissolved constituents in water (Ding et al. 2019), including organic
precursors, such as natural organic matters (NOMs), and inorganic precursors, such as bromide
(Br-), nitrite (NO2-), and nitrate (NO3-). The formation of DBPs is influenced by water quality
and treatment conditions (WHO 2000).
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In order to meet drinking water regulations and minimise the formation of chlorine DBPs,
such as trihalomethanes (THMs) and haloacetic acid (HAA), many drinking water treatment
plants have switched from free chlorie to NH2Cl as a residual disinfectant (Symons and
Carswell 1977). Although chloramines generate less amount of conventional DBPs, they can
yield a higher amount of N-DBPs due to the presence of nitrogen (Mitch et al. 2003a, Roux et
al. 2012, Xu et al. 2012). While the concentrations of detected N-DBPs are significantly lower
than carbonaceous DBPs (C-DBPs), N-DBPs have higher toxicity, carcinogenicity, and
mutagenicity (Kristiana et al. 2013, Muellner et al. 2007, Plewa et al. 2008, Qian-Yuan et al.
2016, Richardson et al. 2007). In recent years, N-nitrosamines (NAs), a class of aqueous NDBPs, have drawn considerable attention due to their occurrence, various precursors, and
toxicity (Padhye 2010). NDMA is the most studied NA as a DBP, and it was the first to be
discovered in drinking water. NDMA has been categorised as a probable human carcinogen
with a 10−6 lifetime risk of cancer at a concentration of 0.7 ng L-1 (U.S. EPA, 2006). It is
reported that NDMA mainly induces tumors in different mammalian species. Furthermore,
NAs, especially NDMA, can cause considerable damage to the liver's structure, as well as
dystrophy and necrosis of the liver parenchyma. Vascular tumours, benign adenomas and/or
malignant neoplasms of the liver arise at the later stages of carcinogenesis (Rudneva and
Omel’chenko, 2021).
Studies over the last two decades have established that the final disinfection process of
drinking water and wastewater is the main source of aqueous NAs (Nawrocki and
Andrzejewski 2011). Although NDMA might be a minor component of the total NAs, it is the
most frequently detected nitrosamine in chloraminated drinking waters among the seven
specific aqueous NAs targeted by U.S. EPA method 521 (McCurry et al. 2015, Padhye et al.
2011, Zeng et al. 2016a, Zeng et al. 2016b). NDMA has been regulated in drinking water by
the WHO (100 ng L-1) (WHO 2000) and is also listed in the U.S. EPA’s Contaminant Candidate
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List 4 (U.S. EPA 2006). The maximum concentrations of NDMA, N-nitrosodiethylamine
(NDEA), and N-nitrosodi-n-propylamine (NDPA) in drinking water have been regulated at 10
ng L-1, with a public health goal of 3 ng L-1 for NDMA (California State Water Resources
Control Board 2018). The Ontario Ministry of the Environment has established the maximum
concentration of 9 ng L-1 for NDMA in drinking water (Government of Ontario 2002). Since
NAs’ occurrence in some drinking waters (Planas et al. 2008), groundwaters (Mitch et al.
2003b), and surface waters (Chen et al. 2021) has been reported to be above their regulatory
levels, it is critical to understand factors responsible for NA formation and control.
1.1.2.1.1 Chlorination and chloramination
Chlorine, in the form of hypochlorite or gaseous chlorine (Cl2), has been applied to disinfect
drinking water as a cost-effective method since the early 1900s (Deborde and von Gunten
2008). Chlorination is used for pre-oxidation as well as post-treatment for the disinfection
process. The following reactions occur due to the hydrolysis of chlorine gas:
Cl2 + H2O ⟶ HOCl + Cl- + H+

(1.1)

Hypochlorous acid (HOCl), which is a weak acid, will dissociate in the aqueous solutions
as indicated in the following reaction:
HOCl ⇋ ClO- + H+

(1.2)

During this treatment process, as can be seen from reactions 1.1 and 1.2, the main chlorine
species formed are HOCl and hypochlorite (ClO-) (Deborde and von Gunten 2008). The
dissociation of HOCl depends mainly on the pH and temperature of the water with ~100%
HOCl at pH 5 and ~100% ClO- at pH 10. However, their concentrations are almost equal at pH
7.5 and 25 °C. These chlorine species form halogenated organic compounds with low
molecular weight known as DBPs such as THMs and HAAs that have carcinogenic activity
(Singer and Reckhow 1999). Apart from these C-DBPs, chlorination of nitrogen-containing
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precursors can lead to the formation of NAs. HOCl is a much stronger disinfectant than OCl-,
and hence, acidic pH is preferred for effective disinfection with chlorine.
Chloramination or combined residual chlorination is performed by the addition of ammonia
(NH3) to chlorinated waters to form inorganic chloramines, which are less effective
disinfectants than HOCl and ClO- but more stable (Symons and Carswell 1977). Chloramines
are often used as a disinfectant to reduce the formation of C-DBPs (Le Roux et al. 2011). The
chloramine, which is produced in the reaction, depends on the pH and the ratio of ammonia to
HOCl. Monochloramine (NH2Cl) predominates at pH ≥8 and HOCl: NH3 ratio less than 5:1
(by weight). Furthermore, NH2Cl not only maximises microbial inhibition but also minimises
the formation of C-DBPs (Carlson and Hardy 1998, Johnson et al. 2002). However,
dichloramine (NHCl2) and trichloramine (NCl3) predominate at lower pH and a higher HOCl:
NH3 ratio according to the following reactions (Symons and Carswell 1977):
NH3 + HOCl ⟶ NH2Cl + H2O

(1.3)

NH2Cl + HOCl ⟶ NHCl2 + H2O

(1.4)

NHCl2 + HOCl ⟶ NCl3 + H2O

(1.5)

Although chloramines form less amount of conventional DBPs, it has been reported that
their NDMA FP is highest among commonly used disinfectants for water/wastewater treatment
(Sgroi et al. 2018).
1.1.2.1.2 Ozonation
Ozone is an excellent oxidant (oxidation potential = 2.1V) and is applied in drinking water
treatment as a disinfectant throughout the world. Organic contaminants can be oxidised in two
different ways during ozonation: first, a direct reaction between an O3 molecule and
contaminants; second, by the formation of secondary oxidants, such as hydroxyl radical (•OH),
through O3 decomposition (Rosenfeldt et al. 2006). Ozone is an unstable oxidant in water with
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a half-life from seconds to hours depending on the water quality and matrix such as pH,
alkalinity, the type and content of NOMs, temperature, etc. NOMs can directly react with O3
and or through indirect pathways via scavenging of •OH (von Gunten 2003).
1.1.2.2 Advanced oxidation processes (AOPs)
AOPs have been widely studied at the lab scale for CECs remediation (Kwon et al. 2015).
These processes are fast, clean, and effective for detoxification of contaminated water
containing pharmaceuticals, pesticides, and other organic pollutants (Agüera and FernandezAlba 1998). Yang et al. (2017b) reviewed the removal of PPCPs in Sewage Treatment Plants
(STPs) and Water Treatment Plants (WTPs). They found a large variation in PPCPs’ removal,
which is dependent on compound characteristics and the factors affecting the processes. The
results revealed that among all removal technologies, AOPs are the most effective process for
the removal of PPCPs. However, due to the presence of intermediates or degradation products,
it is usually impossible for all AOPs to mineralise the parent compounds (Agüera and
Fernandez-Alba 1998).
An important aspect of AOPs is the formation of •OH, one of the strongest oxidants, which
reacts rapidly with many organic pollutants and has excellent efficiency for their degradation
(Rosenfeldt et al. 2006). In AOPs, •OH are formed by the addition of oxidising agents. Due to
being unselective and one of the most powerful oxidising agents, •OH can degrade the organic
contaminants and mineralise those into carbon dioxide and water and, therefore, reduce their
toxicity (Chen et al. 2011). The other radicals, such as hydroperoxyl radical (HO2•) and
superoxide anion radical (O2-•), are also involved in degradation treatments; however, these
radicals are less reactive than •OH (Agüera and Fernandez-Alba 1998).
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1.1.2.2.1 UV/H2O2
Ultraviolet (UV) irradiation is applied as one sub-set of AOPs to activate different oxidants
such as H2O2 and titanium dioxide (TiO2) in UV/H2O2 and UV/TiO2 processes, respectively
(Autin et al. 2012). The UV-based AOPs can transform contaminants in two different ways:
first, by the destruction of chemical bonds in organic contaminants directly by UV light;
second, by the generation of •OH (Katsoyiannis et al. 2011, Rosenfeldt et al. 2006), which react
rapidly with many organic pollutants and has excellent efficiency for their degradation
(Rosenfeldt et al. 2006). In the UV/H2O2 process, two •OH are formed per photon absorbed at
254 nm. Furthermore, •OH is generated in the liquid phase, which can directly react in the
solution (Autin et al. 2012, Martins et al. 2014).
Hydrogen peroxide (H2O2), a powerful oxidising agent, can form •OH. It is a preferable
pollution control agent as its decomposition yields only water and/or oxygen. It may react
directly or after its ionisation or dissociation into free radicals. In the presence of stronger
oxidising agents such as chlorine, potassium permanganate, and potassium dichromate, H2O2
can also act as a reductant (Kang et al. 1999). The following reactions are related to the H2O2
oxidation in the presence of UV light (Martins et al. 2014):
➢ Initiation:
H2O2 + ℎⱱ ⟶ 2 •OH (k= 5.3×109 M-1s-1)

(1.6)

H2O2 ⇋ OH2- + H+ (pKa= 11.6, k= 2×10-2 M-1s-1)

(1.7)

➢ Propagation:
OH• + H2O2 ⟶ HO2• + H2O (k= 2.7×107 M-1s-1)

(1.8)

H2O2 + O2- ⟶ O2 + OH- + •OH (k= 0.5 M-1s-1)

(1.9)

HO2- + O2 ⟶ HO2• + O2-

(1.10)
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➢ Termination:
•

OH + HO2• ⟶ H2O + O2 (k= 6.6×109 M-1s-1)

(1.11)

•

OH + •OH ⟶ H2O2 (k= 5.5×109 M-1s-1)

(1.12)

1.1.2.2.2 UV/ferric ions
•

OH may also be generated through the simple photochemical reaction between water and

ferric ions (Fe (III)) based on the following equation (Larson et al. 1991, Machulek Jr et al.
2012):
Fe (III) + H2O hv

Fe (II) + H+ + •OH

(1.13)

Although this reaction is not considered a powerful source of •OH compared with the
formation of these oxidant species using H2O2, it constitutes an essential and cost-effective
source of •OH.
Iron salts can efficiently improve some photoreactions (Larson et al. 1991). The most
common photoreactive ions are Fe (III) ions which can produce •OH under irradiation (Yao et
al. 2017).
1.1.2.2.3 Conducting polymers-based photocatalysis
Photocatalysis is also one of the AOPs, which degrades contaminants via the generation of
strong reactive oxygen species (Kumar et al. 2021). This technique has attracted great interest
in the last few years due to its low operation cost, high efficiency in contaminants remediation,
and nontoxicity (Kar et al. 2020). In photocatalysis (Figure 1.3), charge carriers (electrons (e-)
and holes (h+)) are generated upon light absorption in a semiconductor (Bello and Raman 2018,
Kar et al. 2020, Kumar et al. 2021). The e- can be excited from the valence band (VB) to the
conduction band (CB). The charge carriers are involved in redox reactions, leading to the
formation of highly reactive oxidative species (Ong et al. 2018). To understand the role of the
involved oxidative species in this technique, radical scavengers can be used to trap their

11

CHAPTER 1: Introduction
specific target radical, leading to a decrease in the photocatalytic degradation rate (Kumar et
al. 2020).
Recently, the development of novel photocatalysts with enhanced photocatalytic activities
has drawn the researchers’ attention. Oxide-based semiconductors, such as TiO2, silicon
dioxide (SiO2), and zinc oxide (ZnO), have been extensively used for photocatalytic
applications (Kratofil Krehula et al. 2019, Liu et al. 2013, Podporska-Carroll et al. 2017). In
addition, conducting polymers (CPs), typical organic semiconductors, are of interest to be used
in photocatalysis owing to their low cost, room temperature operation, ease of synthesis and
unique electrochemical properties such as reversible oxidation/reduction, pseudocapacitance,
swelling/de-swelling, and electrochromism (Taccola et al. 2013, Le et al. 2017). Some of the
common types of CPs are poly(3,4-ethylenedioxythiophene) (PEDOT), polyaniline (PANI),
polypyrrole (PPy), polyacetylene (PA), polyfuran (PF), polythiophene (PTh), and poly(pphenylenevinylene) (PPV) (Kumar et al. 2020). A wide band gap of some semiconductors can
result in a low separation of e- and h+ pairs, which could hinder the extensive applicability of
the photocatalysts. A band gap is the energy required to excite an e- from the VB to the CB of
a semiconductor (Makuła et al. 2018). Therefore, a narrow band gap is important to increase
the photocatalytic activity of a semiconductor by inhibiting the recombination of e- and h+
pairs. Further, having a low band gap makes CPs able to absorb a wide range of wavelengths
(visible and UV) and thus excellent photocatalysts (Kumar et al. 2021). PEDOT with a narrow
band gap (E= 1.69 eV) has previously revealed great photocatalytic activity towards organic
contaminants degradation (Ghosh et al. 2015b, Kumar et al. 2021). The structure of PEDOT
has been shown in Figure 1.4.
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Figure 1. 3. Photocatalysis

Figure 1. 4. Structure of PEDOT
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1.2 Problem statement
Considering the importance of emerging contaminants due to their toxic and hazardous
impacts on human and wildlife health, it is required to develop cost-effective technologies for
their treatment. Contaminants with higher water solubility can spread in the environment easier
and hence increase the contamination of water resources. Therefore, the overall aim of this
thesis is to achieve a better understanding of the roles of different oxidants in the degradation
of emerging contaminants with high water solubility, betrixaban and hexazinone, as well as
identify the by-products formed during their oxidative degradation. There is no prior research
conducted on the fate of betrixaban in the environment. There are also limited studies on
hexazinone fate in the aqueous solution. In this study, different conventional and advanced
oxidation processes have been considered for the removal/degradation of these compounds
from aqueous solutions to fill the research gap.

1.3 Research objectives
The specific research objectives are as follows:
1. Develop a method for simultaneous detection of betrixaban and hexazinone
2. Investigate oxidative degradation of betrixaban and hexazinone by different
disinfectants, including monochloramine, chlorine, ozone, as well as advanced oxidation
processes, including UV/H2O2, UV/Fe, and UV/PEDOT.
3. Investigate kinetics and reaction mechanisms for oxidative degradation of betrixaban
and hexazinone under different disinfection and oxidation processes.
4. Propose possible transformation pathways and identifying NDMA and other DBPs
formation from the oxidative degradation of betrixaban and hexazinone.
5. Develop an immobilised photocatalyst using PEDOT for removal of hexazinone.
6. Investigate the role of iron alone and in combination with PEDOT as a photocatalyst for
the removal of hexazinone.
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The following hypotheses for this study are based on the information available in the literature:
1. It is possible to develop an analytical method for simultaneous detection and
quantification of betrixaban and hexazinone.
2. Conventional and advanced oxidation processes are effective in the degradation of
betrixaban and hexazinone, which contain aryl amidinyl moiety with DMA group in
their structure, but lead to the formation of NDMA and/or other N-DBPs.
3. The UV/H2O2 process is efficient in the degradation of betrixaban and hexazinone.
4. The immobilised PEDOT on carbon fibre cloth prepared through electrochemical
polymerisation is an effective photocatalyst for the degradation of hexazinone.
5. Iron (III) and PEDOT have a synergetic effect on the photocatalytic degradation of
hexazinone.

1.4 Research design
Besed on the research objectives and hypotheses, the literature review is first required to
understand the current research on the identification and fate of betrixaban and hexazinone
during the oxidation processes. After finding the research gap and before investigating the
research questions by carrying out the experiments, an analytical method for simultaneous
detection and quantification of betrixaban and hexazinone is required. The overview of the
research design is shown below.
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1.5 Thesis framework
This thesis consists of seven chapters. These chapters may have some repetitions,
particularly in the introduction, materials and methods sections. The following is the outline of
the thesis chapters:
CHAPTER 1: Introduction
Chapter 1 includes the research background, divided into some subsections and research
objectives. This chapter provides an overview of pharmaceuticals and pesticides; particularly,
betrixaban and hexazinone, different oxidation processes, photolysis, photocatalysis, and
disinfection by-products with a focus on N-nitrosodimethylamine (NDMA).
CHAPTER 2: Literature review
Chapter 2 is a literature review. It summarises past literature focussing on the oxidative,
photo- and photocatalytic degradation of pharmaceuticals and pesticides in an aqueous
environment. The occurrence and degradation of betrixaban and hexazinone have also been
discussed. Finally, this chapter has been reviewed the formation of DBPs, in particular NDMA
and other nitrosamines from organic contaminants.
CHAPTER 3: Simultaneous analysis of betrixaban and hexazinone using liquid
chromatography/tandem mass spectrometry in aqueous solutions
This chapter explains the analytical method that has been developed, optimised, and
validated for simultaneous detection and identification of betrixaban and hexazinone by liquid
chromatography/tandem mass spectrometry (LC-MS/MS).
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CHAPTER 4: Oxidation of betrixaban to yield N-nitrosodimethylamine by water
disinfectants
This chapter discusses the oxidation of betrixaban by common disinfectants used in water
and wastewater treatment plants and its NDMA formation potential during oxidation by
monochloramine, chlorine, and ozone. However, since the screening experiments found no
NDMA generation from hexazinone’s reactions with these oxidants, further experiments for
its oxidative degradation have not been performed. Hence, the focus of this chapter is on the
oxidation of betrixaban only.
CHAPTER 5: Removal of aqueous betrixaban and hexazinone using adsorption,
photolysis, and UV/H2O2: efficiency, kinetics, and mechanisms
Chapter 5 aims to explain the degradation of betrixaban and hexazinone under irradiation
and hydrogen peroxide (H2O2) individually and their combination in UV/H2O2 process.
Moreover, their adsorption on coconut shell-based granular activated carbon was discussed,
although this was beyond the scope of this study. This chapter also discusses the efficiency of
these treatments on the degradation rate of betrixaban and hexazinone, reaction kinetics, and
mechanisms.
CHAPTER 6: Photocatalytic removal of hexazinone with iron and PEDOT: mechanistic
investigation
This chapter provides the results from the degradation of hexazinone in three sections. First,
the role of iron alone under irradiation has been discussed. Second, the photocatalytic activity
of immobilised PEDOT polymer on carbon fibre cloth has been discussed. Finally, the effect
of iron and PEDOT together was tested in aqueous hexazinone solutions. In this chapter, the
photocatalytic degradation of betrixaban was not considered because compared to hexazinone,
betrixaban is more susceptible to photolysis and also an expensive compound.
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CHAPTER 7: Summary, conclusions, and future research
Chapter 7, the final chapter of the thesis, contains conclusions and suggestions for future
research.
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2.1 Overview of the research
The rapid population growth, development of industrialisation, and long-term droughts have
become a global concern and caused a growing demand for clean water. With this increasing
demand, a variety of practical strategies and solutions have been implemented to provide more
viable water supplies. Moreover, the contamination of water resources is increasing owing to
the massive discharge of micropollutants into the water supplies. Therefore, it is desirable to
develop advanced, efficient, and low-cost water treatment techniques to minimise water
contamination and improve water quality (Chong et al. 2010). Different processes are involved
in a common water treatment plant. Large objects can be removed through pretreatment by
screening. The removal of suspended particles and/or hardness can be done through
coagulation and/or softening. Filtering through sand beds is to eliminate any fine particles that
have remained in the water. The sorption of any dissolved organic matter can be through an
activated carbon filter. Disinfection is for the removal of pathogens, and finally, the disinfected
water can be stored before distribution to the consumers (Karapanagioti, 2016). However, the
process employed for the treatment of water depends on the water quality. There are various
effective methods for the removal or degradation of pharmaceuticals and pesticides reported in
the literature. This chapter covers the literature review on different conventional and advanced
oxidation processes for the removal/degradation of these classes of emerging contaminants.
The formation of by-products during the oxidative degradation of pharmaceuticals and
pesticides have also been discussed.

2.2 Oxidative degradation of pharmaceuticals and pesticides during
disinfection processes
During water treatment, effective disinfection is needed to inactivate pathogenic
microorganisms. Moreover, a sufficient disinfectant residual requires to be maintained in the
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water distribution system to prevent the regrowth of unwanted microorganisms in finished
water (Ding et al. 2019). Moreover, disinfection processes play a relatively important role in
the removal of organic contaminants by their oxidation/mineralisation in conventional
treatment plants. However, the disinfectants can generate undesirable DBPs due to their
potential reaction with organic and inorganic constituents in water (Ding et al. 2019). In this
section, the oxidation of pharmaceuticals and pesticides during disinfection processes is
discussed.
2.2.1 Chlorination and chloramination of pharmaceuticals and pesticides
The most common disinfection process is chlorination, where free chlorine, a low-cost
disinfectant, is globally used for the disinfection of drinking water and wastewater (Cai et al.
2017). Chlorine reactivity depends on its speciation as pH function (Deborde and von Gunten
2008) with ~100% HOCl at pH 5 and ~100% ClO- at pH 10. HOCl and OCl- not only have
biocidal properties but also can act as oxidants that selectively react with certain functional
groups on organic contaminants (Pinkston and Sedlak 2004). Furthermore, NH2Cl is applied
as an alternative disinfectant to chlorine due to being less reactive towards NOMs and hence
lower C-DBPs formation (Qiang et al. 2014). This section reviewed the effect of chlorine and
chloramines on the degradation of pharmaceuticals and pesticides. Nonetheless,
chloramination was extensively studied for N-DBPs formation, NDMA in particular, and a few
studies reported the effect of chloramination on the degradation of organic contaminants.
In a study conducted by Lin (2011), ≥ 90% removal of several pharmaceuticals, including
atenolol, atorvastatin, ciprofloxacin, and sulfamethoxazole, was observed during conventional
water treatment processes with chloramine. In another study, ranitidine, doxylamine,
nizatidine, and carbinoxamine were effectively removed by increasing the dosage of Cl2 during
chlorination. However, ranitidine and nizatidine revealed more sensitivity towards Cl2 than
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carbinoxamine and doxylamine (Wang et al. 2015b). The reaction of several sulphonamides
with NaOCl showed approximately 65% degradation of sulfapyridine, sulfamethazine,
sulfamerazine, and sulfadiazine in the presence of 2 mg L-1 NaOCl after 2 h at pH 6-7. In
comparison, only 20% of sulfamethoxazole and sulfathiazole could be degraded under the
same conditions (Gaffney et al. 2016). It was also found that chlorination is an effective
removal option for organophosphorus pesticides having phosphorothioate group but ineffective
for pesticides with phosphate moiety. For example, 2.5 mg L-1 chlorine could completely
oxidise chlorpyrifos and diazinon, while it was not enough to degrade chlorfenvinfos (Acero
et al. 2008). In another study, the reactivity of chlorpyrifos, diazinon, and malathion, the most
common organophosphorus pesticides, with HOCl was higher than that with chloramines. In
this study, the reactivity of the pesticides with NHCl2 was also higher than that with NH2Cl
(Duirk et al. 2010).
The pH of the solution could play a key role in the chlorination of organic compounds. A
high reaction rate was observed for chlorination of amoxicillin in pH range from 3-12 and
naproxen in low pH range from 2-4, while slow and intermediate reaction rates were observed
for phenacetin in pH range from 2.5-12, metoprolol pH range from 3-10 and naproxen pH range
from 5-9 (Acero et al. 2010). The chlorination of aminopyrine using active NaOCl species such
as chlorine monoxide (Cl2O), Cl2, and HOCl was also found to be strongly pH-dependent (Cai
et al. 2017). The degradation rate of several pharmaceuticals with 20 µM initial concentration
during the chlorine disinfection process was enhanced by decreasing the pH from 10 to 7
(Pinkston and Sedlak 2004). The oxidation rate of some antibiotics with chlorination showed
that the removal rate of sulfamethoxazole decreased by an increase in the pH from 5.5 to 8.5.
Nonetheless, this increase in pH was favourable for the removal of norfloxacin, roxithromycin,
ciprofloxacin, and anhydro-erythromycin (Li and Zhang 2012).
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The degradation of pesticides was also found to be pH-dependent. Acero et al. (2008) stated
a decrease in degradation rates of some pesticides, chlorpyrifos, chlorfenvinfos, and diazinon,
by increasing the pH from 5 to 9 during chlorination. In contrast, decreasing the pH had a
negative effect on the degradation rate of diazinon (Zhang and Pehkonen 1999). The
chlorination of chlortoluron was also pH-dependent with maximum reactivity at pH 3, medium
at alkaline conditions and minimum at pH 6 (Xu et al. 2011).
The degradation of chlortoluron by monochloramination was maximum at pH 6 and
minimum at pH 4, proving that chloramination is also pH-dependent (Xu et al. 2012). The
degradation of methiocarb by monochloramination showed a quick decrease in the rate
constant of methiocarb degradation with either decreasing the molar ratio of chlorine to
ammonia or increasing pH (Qiang et al. 2014). Generally, the reactivity of NH2Cl towards a
chemical pollutant enhances as the pH of water decreases (Qiang et al. 2014).

2.2.2 Ozonation of pharmaceuticals and pesticides
Ozonation is one of the promising technologies for oxidation of contaminants in water and
wastewater. It showed to provide high removal levels for pharmaceuticals (Benitez et al. 2011,
Hassani et al. 2018, Vogna et al. 2004, Yargeau and Danylo 2015) and pesticides (ChelmeAyala et al. 2011, Farré et al. 2005). In aqueous solutions, O3 decomposes to form a range of
highly reactive radical species, such as •OH, which can react with organic contaminants and
degrade them (Myllykangas et al. 2000). Ozonation showed 32% mineralisation of diclofenac
within 90 min oxidation (Vogna et al. 2004). Moreover, Benitez et al. (2011) investigated the
degradation of metoprolol, naproxen, amoxicillin, and phenacetin during ozonation and found
that the presence of any second oxidant such as TiO2 (O3/TiO2 process) could increase the
degradation rate. Hassani et al. (2018) compared photocatalytic ozonation, ozonation and
photocatalysis processes using TiO2/montmorillonite nanocomposite for ciprofloxacin
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degradation. According to their results, 90% ciprofloxacin degradation can be achieved in 30
min by photocatalytic ozonation process, whereas individually ozonation and photocatalysis
processes showed about 68% and 22.1% removal, respectively. Generally, catalytic ozonation
can reduce the time required for pollutant removal and greatly enhance mineralisation as
compared to O3 treatment alone (Wang and Bai 2017). Similarly, photocatalytic ozonation of
N,N-diethyl-meta-toluamide (DEET) using tungsten trioxide (WO3) showed a complete
degradation with •OH being the main species involved in the process. There was complete
removal of initially formed large intermediates within 60 min reaction (Mena et al. 2017).
In addition, it was reported that hybrid technologies based on O3 followed by biological
activated carbon treatment were significantly efficient in pharmaceuticals’ removal (Ahmed et
al. 2017). A decrease in the concentrations of micropollutants was observed in a municipal
wastewater treatment plant (WWTP) in Germany equipped with full-scale ozonation units
(Deeb et al. 2017). The combination of non-thermal plasma with ozonation was also used for
the degradation of 2,4-dichlorophenoxyacetic acid (2, 4-D). This combination system was two
times faster than the individual use of ozonation. In this O3 system, 50% removal was achieved
after about 8 min, while it took only 4 min for the same to happen in O3/plasma system (Bradu
et al. 2017). Furthermore, the addition of H2O2 to the ozonation process could improve the
degradation of pesticides, bromoxynil and trifluralin (Chelme-Ayala et al. 2011).

2.3 Degradation of pharmaceuticals and pesticides during AOPs
2.3.1 Photodegradation of pharmaceuticals and pesticides in UV/H2O2 process
UV-based AOPs have been considered as an efficient method for the degradation of
pharmaceuticals, pesticides and other organic pollutants in aqueous solutions (Autin et al.
2012). It was found that pharmaceuticals and β-blockers could be completely removed by
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AOPs such as O3/H2O2, UV/H2O2 and photo-Fenton processes (Ahmed et al. 2017). In these
processes, radical species play an important role in the degradation of contaminants.
UV alone was found to be inefficient in the degradation of some organic compounds, and
hence the addition of oxidants to the irradiation system is required (Kim et al. 2009, Wang et
al. 2017). For example, the photodegradation of cyclophosphamide and 5-fluorouracil was
dramatically enhanced by the addition of H2O2 (Zhang et al. 2017b). In another study, the
UV/H2O2 process was compared with UV/Persulfate (S2O82-) process, which operates via the
formation of sulfate radical (SO4−•), for photodegradation of ibuprofen. While there was only
38% degradation of ibuprofen by direct irradiation, an enhancement in degradation was
observed by the addition of the oxidants due to radical’s formation (Kwon et al. 2015). In
addition, UV alone with 1,750 mJ cm-2 dose showed only 2% degradation of metaldehyde
which could be efficiently removed in the UV/H2O2 process (Autin et al. 2012). Al Momani et
al. (2004) studied the removal of 2,4-dichlorophenol using UV, UV/H2O2, Fenton and photoFenton treatments and found that UV photolysis was less efficient for complete degradation of
2,4-dichlorophenol in comparison to AOPs.
Furthermore, by increasing the oxidant dosage, the UV photons absorption can increase,
leading to the formation of more radicals. Therefore, higher degradation of pollutants may
occur. The degradation of ibuprofen was reported to be increased by an enhancement in the
dosage of H2O2 and persulfate from 0.2 to 2 mM in UV/H2O2 and UV/S2O82- processes (Kwon
et al. 2015). Similarly, the degradation of thiamphenicol was enhanced by increasing the dosage
of oxidants from 0.2 to 3 mM for the same processes (Wang et al. 2017). This improvement in
degradation can be explained by an increase in the formation of radicals by increasing the
dosage of oxidant in UV-based AOPs (Wang et al. 2017). However, high levels of oxidants
may show a negative impact on the degradation rate of target compounds owing to the
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scavenging effect of oxidants on radicals (Daneshvar et al. 2008, Wang et al. 2017). Although
the addition of H2O2 increased the photodegradation of metaldehyde, an increase in the
concentrations of H2O2 from 8 to 100 mM did not result in improving the rate of degradation
(Autin et al. 2012). In addition, Chen et al. (2017) showed an increase in the degradation of
tetracycline by increasing the dosage of H2O2 alone from 29 to 580 mM in the dark. About
97% tetracycline (400 mg L-1) was removed by 174 mM H2O2 without light exposure in an
alkaline aqueous solution.
It has been found that solution pH has a significant impact on the reactivity of target
compounds and, hence, the overall effectiveness of AOPs. Wang et al. (2017) stated that the
favourable pH for degradation of thiamphenicol in the UV/H2O2 process was neutral and acidic,
while for UV/S2O82- process was acidic and alkaline. Ao and Liu (2017) also investigated the
removal of sulfamethoxazole using medium pressure UV-assisted H2O2, S2O82- and
peroxymonosulfate (HSO5-) and found the maximum removal efficiency of these processes to
be at pH 5, 3 and 11, respectively. They stated that the degradation rate was in the following
order: UV/HSO5- > UV/S2O82- > UV/H2O2.
Moreover, an increase in the initial concentration of contaminants can cause a decrease in
their degradation. Ao and Liu (2017) found that the degradation of sulfamethoxazole decreased
with increasing its initial concentrations from 5.92 to 35.5 µM with a fixed dose of 1 mM H2O2.
Wang et al. (2017) observed similar results for the degradation of thiamphenicol. This decrease
in the degradation can be owing to the competition for the activated •OH by the target
compounds (Sharma et al. 2016). It was reported that the degradation of higher concentrations
of target compounds could be improved by optimising the reaction conditions, for example, by
increasing the H2O2 dosage or UV irradiance. This can be explained in two ways: 1) the
photolysis efficiency is inhibited due to decreasing penetration of photons with an increasing
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concentration of the target compound. Furthermore, there is a reduction in the dissociation of
H2O2, which means fewer radicals produced for reaction with the target compounds; 2) there
is a larger amount of by-products formed as a result of oxidation of higher concentration of
target compound by H2O2. These by-products can further react with •OH leading to a decrease
in the radical concentration (Ao and Liu 2017).
The important role of UV intensity in the degradation of target compounds is due to the
formation of high amounts of radicals from oxidants, which are responsible for compound
degradation (Daneshvar et al. 2008). By increasing the UV intensity, the degradation of
different organic compounds can be increased in UV-based AOPs (Liao et al. 2016, RosarioOrtiz et al. 2010, Yuan et al. 2009). Rosario-Ortiz et al. (2010) showed that by increasing the
UV fluence from 300 to 500 mJ cm-2, the oxidation of several pharmaceuticals increased.
Semitsoglou-Tsiapou et al. (2016) investigated the degradation of Mecoprop, clopyralid, and
metaldehyde using a low-pressure UV/H2O2 system. Mecoprop showed a rapid degradation
kinetic, achieving 99.6% removal rate with 800 mJ cm-2 UV fluence and 5 mg L-1 H2O2
concentration, while clopyralid showed the lowest degradation by the system. However, in the
same system, 97.7% removal of metaldehyde was achieved with 1000 mJ cm-2 UV fluence and
15 mg L-1 H2O2 concentration. Shah et al. (2013) found that endosulfan degradation can be
achieved at a rate of 64%, 91% and 86% in UV/H2O2, UV/S2O82- and UV/HSO5- processes,
respectively, with UV fluence of 480 mJ cm-2.
The different degradation rates have been reported for various organic compounds during
UV/H2O2 technique for different contact times. Kim et al. (2009) reported that more than 60
min was required for 90% degradation of some PPCPs. Kondrakov et al. (2014) also found that
the UV process was able to remove bisphenol A completely after 130 min. The removal of
bisphenol A using UV/H2O2 and UV/S2O82- processes was about 95% and 85% after 240 min
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in UV/S2O82- (1.26 mM persulfate) and UV/H2O2 (11.76 mM H2O2) processes, respectively
(Sharma et al. 2015). Kim et al. (2009) investigated the photodegradation of PPCPs in
biologically treated water spiked with 30 PPCPs using UV and UV/H2O2 processes. Most
PPCPs were degraded (> 90%) for 30 min in the UV/H2O2 process with a UV dose of 691 mJ
cm-2. Moreover, about 40% mineralisation of diclofenac was observed during the UV/H2O2
process after 90 min (Vogna et al. 2004). The degradation of several micropollutants in
municipal wastewater treatment plant effluent using UV, UV/H2O2, and UV/H2O2/Fe (III)
processes showed > 80% removal rate by UV/H2O2 process at a very low reaction time (De la
Cruz et al. 2013). In addition, complete degradation of chlorpyrifos, cypermethrin and
chlorothalonil in UVA/TiO2/H2O2 system with 1.5 g L-1 TiO2 and 100 mg L-1 H2O2 within 30
min has been reported (Affam and Chaudhuri 2013).

2.3.2 Photodegradation of pharmaceuticals and pesticides in UV/Fe process
Several studies showed photodegradation of different contaminants from aqueous solutions
using ferric salts. The addition of Fe (II) and Fe (III) on photodegradation of tetracycline under
Vacuum UV (VUV/UV) and sole UV radiation was found to be effective. The maximum
degradation rate of tetracycline was observed at 20 µM Fe (III), corresponding to 1:1 molar
ratio of Fe (III) to tetracycline. The Fe (III)-promoted degradation of tetracycline under UV
irradiation was initiated by the production of Fe (III)-tetracycline complexes, after which ligand
to metal charge transfer led to the oxidation of tetracycline and the reduction of Fe (III) to Fe
(II) (Yao et al. 2017). In addition, tetracycline antibiotics could be removed by Fe (III) ions in
the dark with maximum degradation with 1:1, 1:1, and 1:2 molar ratio of Fe (III) to tetracycline,
oxytetracycline and chlorotetracycline, respectively (Wang et al. 2015a). Larson et al. (1991)
reported a significant enhancement in photodegradation of some triazines (atrazine, prometon,
ametryn, and prometryn) due to the formation of •OH as an active reactant by the addition of
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20 to 300 µM of ferric sulfate or ferric perchlorate. The presence of 100 µM Fe (III) also
showed a remarkable increase in chlortetracycline photodegradation at pH 7.3 (Chen et al.
2012). However, no significant photodegradation of some pharmaceuticals, including
metoprolol, naproxen, amoxicillin, and phenacetin, was observed by enhancing the
concentrations (from 7 to 10 µM) of Fe (II) and Fe (III) (Benitez et al. 2011).
The addition of Fe (II) to the UV/H2O2 process significantly improved the degradation of
2,4-dichlorophenol (DCP) (Al Momani et al. 2004). In another study, the degradation of
endosulfan, a chlorinated insecticide, using iron-mediated oxidative processes was
investigated. The results showed that by the addition of iron (17.8 mM) under 360 mJ cm-2 UV
fluence, the degradation of endosulfan (2.45 µM) reached 52.4% and 32% by UV/Fe (III) and
UV/Fe (II) processes, respectively. These two processes showed an enhanced removal
efficiency by the addition of H2O2, S2O82- or HSO5- (Shah et al. 2015). However, the addition
of iron to the UV/H2O2 reactor did not improve the degradation of micropollutants in municipal
wastewater treatment plant effluent (De la Cruz et al. 2013). More research is required to
investigate the role of iron as a cheap source of oxidant on the mineralisation of other organic
compounds under irradiation, especially visible light. Generally, UV/Fe process, as a costeffective method, can be applied for the treatment of water and wastewater.

2.3.3 Photocatalytic degradation of pharmaceuticals and pesticides using PEDOT
The energy required to excite an e- from the VB to the CB is described as the band gap
energy of a semiconductor (Makuła et al. 2018). CPs can be used as photocatalysts due to
having a low band gap which makes them able to absorb a wide range of wavelengths (Kumar
et al. 2021). Some of the common types of CPs are PEDOT, polyaniline (PANI), polypyrrole
(PPy),

polyacetylene

(PA),

polyfuran

(PF),

polythiophene

(PTh),

and

poly(p-

phenylenevinylene) (PPV) (Kumar et al. 2020). One of the most promising CPs is PEDOT with
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a wide range of applications such as capacitors, antistatics, organic lightemitting diodes, touch
panels, printed electronics and organic solar cells (Lövenich 2014). This polymer has a narrow
band gap which makes it suitable for photocatalysis processes (Ghosh et al. 2015b). A few
studies tried to immobilise PEDOT on the surface of different substrates through various
synthesis methods. For instance, Kumar et al. (2021) successfully immobilised PEDOT on an
electrospun fibre mat by oxidative chemical polymerisation method and used it for
photocatalytic degradation of metformin. In another study, PEDOT was grafted on TiO2
immobilised on waste fly ash composite by the same polymerisation method and its
photocatalytic activity was tested for the degradation of reactive red 45 azo dye (Katančić et
al. 2018). The immobilisation of PEDOT polymer in the photocatalysis field for the removal
of contaminants from aqueous solutions requires more investigation due to its advantage over
powder photocatalysts, which require to be separated from water through filtration.
During photocatalysis, charge carriers such as e- and h+ are formed. These charge carriers
and their catalytic reactions are involved in photocatalysis. Significant photocatalytic activity
is highly related to the effective separation of photoexcited e- and h+ pairs produced after
excitation of photocatalyst (Ghosh et al. 2015b). In a study conducted by Gao et al. (2018),
ternary metal sulfide ZnIn2S4 was modified by PEDOT. This combination could suppress the
recombination of e- and h+ pairs in the pristine ZnIn2S4 system. The separation and transfer of
the photogenerated e- and h+, on the other hand, were improved due to the presence of PEDOT.
Khan and Kumar Narula (2019) designed a novel ternary photocatalyst with PEDOT doped
functionalised multiwall carbon nanotubes (MWCNTs) decorated with nanorods of ZnO
(PEDOT@ZnO@MWCNTs) using chemical polymerisation method. They found that the
addition of PEDOT into the ZnO@MWCNTs composite could change the physicochemical
properties of the composite. Due to the presence of PEDOT on the composite surface, the
recombination of e- and h+ pairs could be inhibited and hence, the transfer rate of these charge
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carriers was enhanced (Khan and Kumar Narula 2019). In another study, TiO2-PEDOT
photocatalyst displayed a lower band gap and recombination rate of e- and h+ than TiO2-P25
(Katančić et al. 2020). Ghosh et al (2015b) stated that PEDOT nanospindles revealed a great
photocatalytic activity with complete degradation of phenol and methyl orange dye after 240
min and 180 min under visible light irradiation. Zhang et al (2015) found higher degradation
efficiency of methylene blue (MB) dye in the presence of pure PEDOT under natural sunlight
(54.7%) than under UV light (21.2%). This was explained by absorbing the visible light by
PEDOT which can later form e-, promoting the charge separation and the generation of
oxyradicals. The authors also tested the photocatalytic activity of several PEDOT composites
and reported their degradation efficiency for MB to be in the following order:
PEDOT/graphene oxide (GO)/MnO2> PEDOT/MnO2> PEDOT/GO> pure PEDOT (Zhang et
al. 2015). Liu et al. (2016) found an improvement in the photocatalytic activity of PEDOT
infused TiO2 nanofibers during degradation of phenazopyridine in comparison with their nonPEDOT infused counterparts. This was explained by the introduction of h+ transport layer of
PEDOT that could lead to an enhanced h+ transfer from TiO2 nanofibers to PEDOT. However,
phenazopyridine could not be degraded in the presence of PEDOT itself. In another study, only
11.5% degradation of methyl violet dye was reported by PEDOT alone during 300 min
irradiation with a xenon lamp (Yang et al. 2017a).
The use of iron ions can be helpful in the degradation of contaminants during photocatalysis
(Lu et al. 2018a, Lu et al. 2018b, Lu et al. 2020, Zhang et al. 2015). The synthesis of a
photocatalyst by PEDOT and Fe2O4 using silver (Ag) as a noble metal (Z-scheme imprinted
ZnFe2O4/Ag/PEDOT) through microwave polymerisation and surface imprinting methods
showed approximately 72% degradation of tetracycline up to 120 min simulated sunlight
illumination (Lu et al. 2018a). Moreover, the introduction of Fe3O4 into PEDOT/CdS
heterojunction increased the transfer of photoexcited e-, which could greatly enhance the
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photocatalytic activity of the heterojunction to about 85% removal of danofloxacin mesylate
(Lu et al. 2020). The significant role of iron ions was also found in the matrix of poly (EDOT–
pyridazine– EDOT) polymer. The ions could improve the photocatalytic performance of the
polymer. The highest photodegradation efficiency with about 95% degradation of methyl violet
dye was observed with 8:1 ratio of ferric chloride (FeCl3) to polymer under visible light
irradiation. This could be explained by narrowing the band gap of the polymer and hence
postponing the e- and h+ pair recombination, which is beneficial for the photocatalytic
performance of the polymer (Yang et al. 2017a). In another study, Huo et al. (2011)
immobilised the iron ions on the catalyst (TiO2/fly-ash cenospheres) surface by the ion
imprinting method. They found a mutual transformation between Fe (III) and Fe (II), which
could lead to an increase in the separation rate of e- and h+ in the cycling system and, therefore,
improve the performance of the photocatalyst (Huo et al. 2011). Moreover, magnetic
PW@PEDOT imprinted photocatalyst, with zinc ferrite as the carrier, showed good
reproducibility, good light response ability, and good magnetic separation activity (Lu et al.
2018b).
To understand the role of the reactive species in the photocatalysis process, the addition of
scavengers into the system can be helpful. Magnetic PW@PEDOT imprinted photocatalyst
showed the key role of h+ in the photocatalytic degradation of tetracycline compared to •OH
and O2•- under 120 min irradiation by xenon lamp. These results were achieved by the use of
different scavengers including triethanolamine (quencher for h+), tert-butyl alcohol (quencher
for •OH), and benzoquinone (quencher for O2•-) (Lu et al. 2018b). In another study, the addition
of different scavengers such as tert-butyl alcohol (•OH quencher), potassium iodide (•OH and
h+ quencher), ethylenediaminetetraacetic acid (h+ quencher), potassium dichromate and
nitrogen (e- and O2•- quencher) into the solution of metformin in the presence of PEDOT,
synthesised via oxidative chemical polymerisation, remarkably decreased the degradation rate
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of metformin in the presence of PEDOT photocatalyst. Hence, this study suggested the
important role of charge carriers (e- and h+) and radicals (•OH and O2•-) in the photocatalytic
mechanism (Kumar et al. 2021). Furthermore, the addition of Cu (II) (e- scavenger) to the
PEDOT system in Ghosh et al (2015b) study led to a decrease in the photocatalytic degradation
of phenol under visible irradiation. This decrease verified the role of excess e- in the process of
photocatalysis.
The role of initial pH can be critical in the photocatalytic degradation of organic
compounds. Changing the pH of a solution can significantly affect the surface properties of
photocatalysts and the formation of main reactive species (Kumar et al. 2021). The effect of
initial pH on the photocatalytic activity of PEDOT, synthesised through oxidative chemical
polymerisation of EDOT and FeCl3, revealed almost complete degradation of metformin at
acidic pH. This result indicated the role of h+ in the formation of radical species under these
conditions (Kumar et al. 2021). Moreover, 56% of tetracycline was mineralised using
PEDOT:PSS decorated ZnIn2S4 photocatalyst under neutral conditions. In this system, the
photocatalytic performance of the photocatalyst was attributed to the separation and lifespan
of the photogenerated e-/h+ pairs (Gao et al. 2018). The photocatalytic activity of
PEDOT@ZnO@MWCNTs photocatalyst was evaluated by the degradation of azo dye methyl
orange. The optimum pH for the photodegradation of the dye (75%) under visible light
irradiation was found to be 3.5. This could be due to the photogenerated e-/h+ pairs as well as
the physical state of the photocatalyst (Khan and Kumar Narula 2019).

2.4 Occurrence and degradation of betrixaban and hexazinone during
oxidation processes
Although there are many studies on betrixaban in the medical field and detection methods,
there is not any study conducted on its occurrence and fate in the environment. According to
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EMA, it is likely to be detected in surface waters, and a detailed environmental risk assessment
is required to determine whether betrixaban poses a potential risk to the environment (EMA
2018).
The literature review on the occurrence of the other anticoagulant drugs can speculate the
occurrence of newly approved anticoagulants, such as betrixaban, in the future. Anticoagulants
can reach wastewater through urinary excretion when administered as a human drug (GómezCanela et al. 2014). Gómez-Canela et al. (2014) studied the occurrence of different
anticoagulants and found that warfarin was the most ubiquitous compound detected in influent
waters. Chan et al. (2014) mentioned in their study on pharmacology, dose selection and
clinical studies of betrixaban that the recently introduced oral anticoagulants were shown to be
at least as effective and safe as monitored warfarin therapy for the treatment of VTE and stroke
prevention. In another study, warfarin was detected in 89% of the inflow samples with varying
concentrations between <10 and 120 ng L-1 (Vymazal et al. 2017). In Moldovan (2006) study,
the detected concentration of another anticoagulant, pentoxifylline, was between 126 and 300
ng L-1. The authors found the main probable source to be the University Hospital of ClujNapoca, the department of cardiovascular diseases and also untreated wastewater.
Hexazinone concentrations from 15 ng L-1 to 408 µg L-1 in water resources was reported
(Calegari et al. 2018). Davis et al (2008) monitored some pesticides, including hexazinone, in
waterways within the agriculturally developed floodplain of a river in Australia and reported
that hexazinone was one of the pesticides found at the highest levels during low flow
conditions. In another study, Santos et al (2015) could detect hexazinone in the samples
collected from semi-artesian wells. Furthermore, according to Cerdeira et al (2005),
hexazinone was one of the main herbicides used on a recharge area of the Guarany aquifer,
Brazil.
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Hexazinone has been studied to be degraded or removed by different methods such as the
photo-Fenton process (Martins et al., 2015), photocatalytic degradation by TiO2 (Mei et al.,
2012), oxidation in O3/H2O2 process (Ran et al., 2014), and photolysis (Martins et al., 2014).
Martins et al. (2014) studied the degradation of 7 mg L-1 hexazinone under the UV/H2O2
process at pH 2.8 and found that its complete degradation required 7 mM H2O2. According to
their results, the UV/H2O2 process was more efficient than UV alone. In addition, the complete
degradation of hexazinone in the photo-Fenton process was reported by Martins et al. (2015).
They determined the best dosages of Fe (II) and H2O2 to be 0.291 mM and 2.91 mM,
respectively. In another study conducted by Mei et al. (2012) on photocatalytic degradation of
hexazinone using mixed-phase crystal nano-TiO2, hexazinone was completely degraded within
40 min under neutral pH. The degradation of hexazinone in the O3/H2O2 process was also
investigated by Ran et al. (2014). The authors found higher degradation of hexazinone in the
O3/H2O2 process (97.5%) than that in ozonation alone (~75%), due to the contribution of more
•

OH in O3/H2O2 process. Almost complete electrochemical degradation of hexazinone was also

reported with a Bi-doped PbO2 electrode (Yao et al. 2019).

2.5 Formation of NDMA and other DBPs during oxidation of
pharmaceuticals and pesticides
2.5.1. Pharmaceuticals and pesticides as precursors of NDMA and other nitrosamines
It is believed that NDMA precursors are mostly anthropogenic, in contrast to other
conventional DBPs such as THMs and HAAs (Zeng et al. 2016b). Nitrosamines detected in the
aqueous environment include NDMA, NDEA, NDPA, N-nitrosodibutylamine (NDBA), Nnitrosodiphenylamine (NDPh), N-nitroso-N-methylethylamine (NMEA), N-nitrosopyrrolidine
(NPyr), N-nitrosopiperidine (NPIP), and N-nitrosomorpholine (NMor) (Kristiana et al. 2013).
The oxidation of amine-containing organic compounds has been identified as the main pathway
36

CHAPTER 2: Literature Review
of aqueous nitrosamine formation. Secondary amines, such as DMA, are considered as direct
precursors of NAs (Spahr et al. 2017). To date, many studies have been conducted on the
oxidation of NAs’ precursors, including pharmaceuticals and pesticides.
Pharmaceuticals have been detected in various aqueous environments, including surface
water, groundwater, wastewater effluents, and even drinking water in trace or ultra-trace levels
(Kumar et al. 2019, Padhye et al. 2014, Wilkinson et al. 2017). Pesticides also have been
frequently detected in source waters (Chen and Young 2009). Hence, the research on NA
formation during disinfection of pharmaceuticals (Hanigan et al. 2015, Lv et al. 2017, Shen
and Andrews 2011, 2013, Song et al. 2017, Wang et al. 2015b, Zhang et al. 2014) and pesticides
(Chen and Young 2008, Le Roux et al. 2011, Padhye et al. 2013), containing DMA moieties,
is expanding. The overall NAs FP of these precursors depends on the parent compounds, their
transformation products, and metabolites (Alaba et al. 2017).
Le Roux et al. (2011) reported higher NDMA FP from some pharmaceuticals and pesticides
with DMA moiety than DMA, demonstrating the role of structural characteristics of tertiary
amines for higher molar conversion to NDMA. The higher NDMA yield for some compounds,
such as ranitidine, suggested that these tertiary amines may yield NAs without proceeding via
a secondary amine intermediate (Krasner et al. 2013). Shen and Andrews (2011) found that
among all twenty studied pharmaceuticals with DMA group, eight showed NDMA FP of more
than 1%. Considering the higher yield of NDMA formation from some PPCPs and pesticides
than from DMA, it is critical to remove these trace contaminants from source waters to reduce
NDMA formation risk during disinfection.
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2.5.2 Proposed pathways for NDMA formation
2.5.2.1 NDMA formation pathway during chlorination and chloramination
A number of past studies have proposed NDMA formation pathways from the disinfection
of organic-nitrogen precursors. These formation pathways have been reviewed extensively in
the literature (Alaba et al. 2017, Bian et al. 2019, Krasner et al. 2013). Figures 2.1 and 2.2
represent the proposed pathways for NDMA formation from DMA during chlorination and
chloramination, as suggested in the literature.

+ DMA
- HCl

+ O2

Figure 2. 1. Proposed pathways for NDMA formation from DMA during chlorination
(Choi and Valentine 2003, Kadmi et al. 2015, Jasemizad et al. 2021).

Figure 2. 2. Proposed pathways for NDMA formation from DMA during chloramination
(Choi and Valentine 2003, Le Roux et al. 2012, Jasemizad et al. 2021).

Aqueous NDMA formation pathway was first suggested (Choi and Valentine 2002, Mitch
and Sedlak 2002b) for chlorination of waters containing DMA and in the presence of ammonia.
The proposed mechanism involved the generation of unsymmetrical dimethylhydrazine
(UDMH) intermediate, with its subsequent oxidation to NDMA. Later, this pathway was
38

CHAPTER 2: Literature Review
revised by Schreiber and Mitch (2006), suggesting a nucleophilic substitution reaction between
secondary amines and NHCl2, formed via disproportionation of NH2Cl, forming chlorinated
UDMH (Cl-UDMH) and subsequent NDMA formation from oxidation of Cl-UDMH with
dissolved oxygen. Although dichloramine is not intentionally applied for disinfection, it has
been reported that the presence of NHCl2 could significantly enhance NDMA formation from
DMA (Schreiber and Mitch 2006) and tertiary amines, regardless of its relatively minor
fraction (Mitch et al. 2005). At pH less than 8, dichloramine can be formed due to the selfdecomposition of NH2Cl (Valentine and Jafvert 1988).
The chloramination of several pharmaceuticals containing amine groups, including
ranitidine, was examined by Shen and Andrews (2011) to understand the mechanism of NDMA
formation. Authors found an increase in the molar conversion rate to NDMA (as high as 77%)
with increasing Cl2:N mass ratio, indicating that dichloramine played a significant role in
NDMA formation (Shen and Andrews 2011). In contrast, Le Roux et al. (2011) indicated that
NHCl2 was not the major oxidant involved in NDMA formation from monochloramination of
ranitidine (3 µM) as the highest NDMA yield was observed at pH 8, rather than at pH 4 when
NHCl2 was the dominant species. This observation was consistent with the study of Selbes et
al. (2013) that showed ranitidine and other compounds with electron-withdrawing groups
(EWG) prefer to react with NH2Cl to yield NDMA while compounds with electron-donating
groups (EDG) such as DMA are more reactive to NHCl2. However, the re-examination study
by Huang et al. (2018) showed that chloramination of N,N-dimethyl-α-arylamines compounds,
including ranitidine, yields NDMA mainly through reactions with NHCl2. This, therefore, has
critical implications for treatment so that for the same total chloramine dosage, NDMA
formation can be reduced by limiting the exposure of NHCl2.
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Moreover, Choi and Valentine (2003) proposed the HOCl-enhanced nitrosation pathway
that involved a reaction between DMA and nitrite. They hypothesized that the oxidation of
nitrite to nitrate by HOCl led to the generation of a very effective nitrosating intermediate,
dinitrogen tetroxide (N2O4), which subsequently reacted with DMA to yield NDMA according
to the following Equations (Choi & Valentine, 2003):
HOCl + NO2− ⇄ NO2Cl + OH−

(2.1)

NO2Cl + NO2−⇄ N2O4 + Cl−

(2.2)

NO2Cl + OH− ⟶ NO3− + H+ + Cl−

(2.3)

H+ + NH2Cl + NO2−⇄ NO2Cl + NH3

(2.4)

(CH3)2NH + N2O4 ⟶ (CH3)2NNO + HONO2

(2.5)

It was reported that the formation of NDMA by the HOCl-enhanced nitrosation pathway
could be inhibited very quickly in the presence of ammonia. Increasing the amount of ammonia
could yield a higher amount of NH2Cl, which could simultaneously reduce the availability of
HOCl to react with nitrite. However, the typical amount of DMA and nitrite present in real
drinking water can limit the real-world importance of this mechanism (Choi & Valentine.
2003).
2.5.2.2 NDMA formation pathway during ozonation
Figure 2.3 shows the proposed pathways for NDMA formation from DMA during
ozonation, as suggested in the literature.

Figure 2. 3. Proposed pathways for NDMA formation from DMA during ozonation
(Padhye et al. 2011, Sgroi et al. 2014, Jasemizad et al. 2021).
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Andrzejewski and Nawrocki (2007) hypothesised that the formation of NDMA from
ozonation of DMA followed a multi-step reaction based on the nitrosamine formation pathway
proposed by Keeper and Roller (1973). They reported that formaldehyde and nitrites were
formed in the first stage, and their reactions with DMA led to NDMA. Later, Andrzejewski et
al. (2008) proposed formaldehyde-catalysed nitrosation as a possible NDMA formation
pathway from ozonation of DMA for net O3/DMA molar ratio lower than 9. The ratio higher
than 9 led to the mineralisation of DMA while the reaction could be ceased at lower molar
ratios, resulting in partial oxidation of DMA to form intermediates such as nitrite. Thereafter,
the remaining DMA could eventually react with nitrite and or the other nitrosation agents (such
as N2O4) to form NDMA. They reported an increase in NDMA formation at basic pH.
Padhye et al. (2011) rejected the formaldehyde-catalysed nitrosation pathway proposed by
Andrzejewski et al. (2008) for NDMA formation from DMA ozonation at circumneutral pH in
the presence of formaldehyde and nitrite, the products of DMA ozonation. According to Padhye
et al. (2011), the enhancement in NDMA yield by increasing the pH could not be explained by
this pathway since NDMA formation stopped when DMA, formaldehyde, and nitrite were all
present in the solution after O3 depletion. Similarly, by the addition of nitrite, no enhancement
in NDMA formation was observed during DMA ozonation at circumneutral pH, indicating the
minimum contribution of the nitrosation pathway.
Yang et al. (2009) proposed the hydroxylamine (NH2OH) pathway that could explain
NDMA formation from the ozonation of DMA under neutral or basic conditions. In this
proposed pathway, hydroxylamine could form due to the oxidation of DMA in the initial stage
and then form UDMH intermediate due to the nucleophilic substitution between NH2OH and
DMA, resulting in NDMA formation. In the Yang et al. (2009) pathway, more hydroxide ions
(OH−) accelerated the formation of •OH from O3 decomposition as pH increased. Subsequently,
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the oxidation of DMA into more hydroxylamines could occur due to •OH, thus resulting in
more NDMA. Yang et al. (2009) suggested that enhanced nitrosation may contribute to the
yield of NDMA from ozonation of DMA due to the transformation of nitrite to N2O4, the more
potent nitrosating agent, under the oxidation conditions.
Later, Andrzejewski et al. (2012) proposed a three-stage reaction based on the studies by
Yang et al. (2009) and Padhye et al. (2011). This reaction starts with the formation of
hydroxylamine (HA) due to partial oxidation of DMA (via N-dimethylhydroxylamine
(DMHA) and N-methylhydroxylamine (MHA)), followed by the formation of UDMH owing
to the reaction between DMA and HA. Finally, the oxidation of UDMH through ozonation
leads to the formation of NDMA. However, Andrzejewski et al. (2012) observed no increase
in NDMA formation from ozonation of DMA in the presence of DMHA or MHA, but the
presence of HA enhanced the NDMA yield.

2.5.3 Nitrosamine formation potential
2.5.3.1 Chlorine-based oxidation
The NA FP experiments, especially using chloramine in the presence of model compounds,
have been conducted by many researchers in different water matrices (Table 2.1). Formation
potential tests use high concentrations of disinfectants and the precursors that are unlikely to
be important in real water matrices. Similar to full-scale studies, FP studies have also reported
a higher formation of NAs from their precursors during chloramination than chlorination
(Kristiana et al. 2013, Lee et al. 2007, Wang et al. 2013, Chen and Young 2008, Najm and
Trussell 2001, Pehlivanoglu-Mantas et al. 2006). Generally, two main factors determine the
formation of NDMA: the chloramine species present (NH2Cl or NHCl2) and the precursor
species present form (i.e., non-protonated or protonated amines, pH-pKa relevant). NH2Cl is
dominant at neutral and basic pH, whereas NHCl2 is dominant at acidic pH, where a higher
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formation of NDMA is expected. On the other hand, the non-protonated form of amines, with
higher NDMA formation, would be present at basic pH (pH>pKa), while more protonated
amines are present at acidic pH. Therefore, there are two competing issues: at higher pH values,
there are less NHCl2 but more non-protonated amines. At lower pH, there is more NHCl2 but
less non-protonated amines. Based on the results from Shen and Andrews (2013) study, the
maximum NDMA yield generally occurs at a pH of approximately 1.2-1.6 units lower than the
pKa of the precursor amine group. The role of pH dependency on the NDMA formation from
chloramination

of

ranitidine

and

sumatriptan

(Shen

and

Andrews

2013),

dimethyldithiocarbamate (DMDTC), diethyldithiocarbamate (DEDTC) (Padhye et al. 2013),
and tetracycline (Cai et al. 2020) has been reported.
The other factors affecting the formation of NAs are the contact time and the dosage of the
oxidant. Generally, NDMA concentration can increase with time and dosage of oxidants during
disinfection processes. For example, NDMA formation from chlortoluron gradually elevated
from about 4 to 23.3 µg L-1 with up to 240 h reaction with 2 mM NH2Cl (Xu et al. 2012).
Similar results were observed from chlorination of diuron (Chen and Young 2008). However,
the high concentration of NDMA observed in these studies is due to having excess oxidants
(~2 mM) that is unlikely to apply for water and wastewater treatment under real conditions.
Low dosages of NaOCl (0.1-1.5 mg L-1) and NH2Cl (1 and 2.5 mg L-1) have been used in a
study by West et al. (2016), in which NAs formation increased through the oxidation of their
precursors by increasing the oxidants’ dosages. The authors found <1% NDMA formation
under chlorination and an increase in NDMA concentration from 759 to 1,180 ng L-1 under
chloramination.
Pre-oxidation is shown to be an effective technique in the control of NAs formation,
presumably due to the destruction of the precursor molecules (Bond and Templeton 2011,
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Charrois and Hrudey 2007, Chen and Valentine 2008, Selbes et al. 2014, Shah et al. 2012, von
Gunten 2003, Zou et al. 2018). The reduction in NDMA formation by pre-ozonation of
ranitidine followed by chloramination was probably due to the generation of oxidation products
with less NDMA yield than parent compounds (Zou et al. 2018). The precursors with a carbon
atom between the DMA group and the cyclic ring showed higher NDMA formation. This
carbon atom could promote the release of UDMH (Le Roux et al. 2012).
2.5.3.2 Ozonation
Ozonation, as an alternative disinfectant, is capable of destroying the precursors of NAs. In
water, O3 decomposes to produce a range of radical species, including •OH, which is a highly
reactive radical and can react with organic compounds (Myllykangas et al. 2000). Therefore, it
is expected to reduce NAs formation compared to chloramination. The ozonation of PPCPs,
including ranitidine, doxylamine, nizatidine, and carbinoxamine, demonstrated that 6 mg L-1
O3 could effectively decrease about 90% NDMA FP of the PPCPs (Wang et al. 2015b).
However, several types of precursors, e.g. dithiocarbamate pesticides (Padhye et al. 2013),
N,N-dimethylsulfamide (DMS) (Schmidt and Brauch 2008), minocycline (Lv and Li 2018),
and ranitidine (Lv et al. 2017), were reported to form NAs during ozonation. Table 2.1 provides
the details and outcomes of various studies on NAs formation through ozonation.
Similar to chlorine-based disinfectants, different factors play a role in nitrosamine formation
during ozonation. The most important factors are pH, contact time, O3 dosage, the presence of
radical scavengers, and NOM. At high pH, more NDMA formation occurred during ozonation
of ranitidine due to the release of more •OH, whereas it was inhibited under acidic conditions
attributed to the protonation of amines (Lv et al. 2017). The highest NDMA formation from
ozonation (1 mg L-1) of daminozide was observed at pH 8 (Qi et al. 2020). However, Liao et
al. (2019) stated higher NDMA yield at pH 7 for daminozide which may be due to the higher
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O3 dose (2 mg L-1) used in their study. In addition, an increase in NDMA formation was
observed in the first 5 min of ranitidine ozonation, followed by a decrease in NDMA
concentration with time due to the degradation of NDMA by O3. This proved that a higher dose
of O3 is beneficial for the control of NDMA formation and ranitidine removal (Lv et al. 2017).
Moreover, the presence of •OH scavengers, such as tert-butyl alcohol (TBA), demonstrated
higher NDMA formation during ozonation of ranitidine. This exhibited a higher NDMA molar
conversion of ranitidine with O3 alone than with a combination of O3 and •OH (Zou et al. 2018).
Molecular O3 was also found to be the main oxidant involved in NDMA yield from
ozonation of several precursors as compared to •OH (Marti et al. 2015). On the other hand, the
role of •OH in NDMA formation from the ozonation of DMA was reported in Andrzejewski et
al. (2008) study. The authors found an increase in NDMA formation at higher pHs, which could
be due to the destruction of DMA in its non-protonated form by •OH, followed by the formation
of NDMA. However, the addition of tert-butyl alcohol (TBA), •OH scavenger, reduced NDMA
formation at pH above 8, showing the critical role of radicals in NDMA formation
(Andrzejewski et al. 2008). The role of NOM is also important to understand its interaction
with oxidants and the precursors and, therefore, NDMA formation in practical applications.
NOMs might affect the formation of NDMA by competition for oxidants. The stability of O3
can be influenced by NOM through a direct reaction of NOM with O3 molecules (Zou et al.
2018). An increase in NDMA formation during the oxidation of several precursors in the
presence of NOM has been reported (Selbes et al. 2013, Shen and Andrews 2011, Zou et al.
2018).
2.5.3.3 Advanced oxidation processes
The AOPs are promising technologies in water and wastewater treatment plants for the
control of NAs’ precursors and other organic compounds. Most studies on AOPs have focused
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on the degradation and control of NAs. In AOPs, oxidative free radicals, such as •OH, are
generated by the addition of oxidising agents. Due to being unselective and one of the most
powerful oxidising agents, •OH can degrade and mineralise the organic contaminants into
carbon dioxide and water, thereby reducing their toxicity (Chen et al. 2011). However, several
studies have found an enhancement in NAs FP of the precursors or the regeneration of NDMA
during AOPs, in which UV irradiation was used (Harvey 2009, Radjenovic et al. 2012, Xu et
al. 2009) (Table 2.1). Zhao et al. (2008) investigated the yield of NAs from seven surface waters
in North America with 11 disinfection treatments and showed that the addition of OCl− after
UV irradiation and AOPs increased the generation of NDMA. The authors assumed that
NDMA formation during the subsequent chlorination might be due to the formation of NDMA
precursors during the UV treatment. In another study, nitrosamine formation under UV
irradiation in pool water was hypothesised to occur through the reaction of nitric oxide or
peroxynitrite (photolysis products of NH2Cl) with the secondary aminyl radical (photolysis
products of chlorinated secondary amines) (Soltermann et al. 2013).
Moreover, several researchers showed an enhancement in NDMA formation by the addition
of H2O2 to UV irradiation, followed by chloramination. This increase could be owing to the
formation of precursors with higher NDMA FP than the parent compounds; therefore, further
oxidation of NDMA precursors does not necessarily result in a reduction in their potential for
NDMA formation (Farré et al. 2012, Radjenovic et al. 2012, Sgroi et al. 2015). However,
sometimes prolonged oxidation by •OH in the UV/H2O2 process led to a reduction in NDMA
formation at the end of the treatment due to the mineralisation of more reactive by-products
(Chen et al. 2011, Radjenovic et al. 2012). On the contrary, inadequate oxidant dosage and
contact times may lead to an increase in the formation of DBPs in the early stages of UV/H2O2
reactions (Chen et al. 2011).
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A comprehensive evaluation of all the conditions such as type of precursors, pH, type and
dosage of disinfectants, contact time, the presence of radical scavengers and NOM could help
better understand the effect of those on NAs formation during disinfection processes and allow
prevention measures. Table 2.1 summarises selected studies on NAs formation during different
oxidation processes.
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Table 2. 1. Summary of selected publications on NAs formation during different oxidation processes
Precursor and matrix
Chlorine-based oxidation
Diuron

Amitriptyline, diuron, doxepin,
isoproturon, mifepristone,
minocycline, ranitidine, trifluralin

Doxylamine, sumatriptan,
chlorphenamine, nizatidine,
diltiazem, carbinoxamine,
tetracycline, ranitidine,
amitriptyline, azithromycin,
clarithromycin, DEET,
diphenhydramine, erythromycin,
escitalopram, lidocaine,
metformin, roxithromycin,
tramadol, venlafaxine

Experimental Parameters

DBPs formed

Outcome

Reference

[Diuron]0= 0.09 mM (20 mg/L)
[NaOCl]0= 3.45 mM (245 mg L-1)
[NH2Cl]0= [NHCl2]0= 0.35 mM
(24.5 mg L-1)
pH= 8
t Chlorination= 2 h
t Chloramination= 5 d
[Precursors]0=3 µM
[NH2Cl]0= 200-300 mg L-1
pH=8.5
t= 5 d

Nitrosamines: NDMA

- Dichloramination of diuron using low NHCl2
concentration formed 170 ng L-1 NDMA, while it was
negligible during monochloramination and chlorination.

(Chen and
Young
2008)

Nitrosamines: NDMA
Other DBPs:
Haloacetonitriles
(DCAN,
trichloronitromethane
(TCAN),
Trichloronitromethane
(TCNM)) haloketones
(1,1-DCP, 1,1,1-TCP)
Nitrosamines: NDMA,
NDEA

- Among precursors, ranitidine revealed the highest
molar conversion to NDMA.
- Higher pH (~8) formed a higher concentration of
NDMA.
- Lower level of dissolved O2 significantly reduced
NDMA yield.

(Le Roux et
al. 2011)

- For eight pharmaceuticals, NDMA molar yield was >
1% (e.g. 18.5 ng L-1 of NDMA and 25.5 ng L-1 of
NDEA) during chloramination.
- Ranitidine showed the highest NDMA FP during
chloramine disinfection.

(Shen and
Andrews
2011)

[PPCPs]0=25 nM
[NH2Cl]0=2.5 and 28.4 mg L-1
pH= 7
t= 24 h
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Chlortoluron

[Chlortoluron]0= 94 µM
[NH2Cl]0=[HOCl]0= 0.05– 2 mM
pH=4-9
t= 12-240 h

Nitrosamines: NDMA
Other DBPs: DCAN,
1,1-dichloropropanone
(1,1-DCP), 1,1,1trichloropropanone
(1,1,1-TCP), TCNM,
Chloroform
Nitrosamines: NDMA

Ranitidine

[RAN]0= 12, 120 μM
[NH2Cl]0= 1, 2.5, 10 mM
pH= 8
t= 2 h- 5 d

DMDTC and DEDTC

[Precursors]0= 50 µM
[NH2Cl]0=[NaOCl]0= 0.1 mM
pH= 5-9
t= 24 h

Nitrosamines: NDMA,
NDEA

Ranitidine, sumatriptan

[Precursors]0= 25 nM
[NH2Cl]0=[NHCl2]0= 2.5 mg L-1
pH= 6-9
t= 0-72 h

Nitrosamines: NDMA

Oxytetracycline

[Oxytetracycline]0= 0.04 mM
[NH2Cl]0= 2 mM
pH= 4-9
t= 2 h, 7 h, 1-7 d

Nitrosamines: NDMA
Other DBPs: DCAN,
TCNM, Chloroform
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- Higher level of NDMA was formed during
chloramination of chlortoluron than during its
chlorination at pH 7 and 9.
- NDMA level enhanced gradually with time and
reached its maximum (23.3 μg L-1) up to 240 h contact
time.

(Xu et al.
2012)

- Chloramination of ranitidine formed a maximum yield
of NDMA at pH ~ 8 after 5 d.
- In the excess amount of NH2Cl, nucleophilic
substitution between NH2Cl and ranitidine resulted in
by-products, the main intermediates involved in NDMA
formation.
- NDMA formation yield from DMDTC during
disinfection by NH2Cl and NaOCl was 0.008% and
0.003%, and that of NDEA from DEDTC was 0.002%
and 0.001%.
- NAs yield increased with NH2Cl dosage during
chloramination of the precursors.
- The maximum NDMA formation was observed at pH
7 to 8.
- NDMA formation was limited at lower pH and higher
pH owing to the lack of non-protonated amines and lack
of dichloramine, respectively.
- DBPs yield increased by an increase in time and NH2Cl
dosages at pH 7.
- An increase in the bromine substituted DBPs was
observed in the presence of bromide.

(Roux et al.
2012)

(Padhye et
al. 2013)

(Shen and
Andrews
2013)

(Tian et al.
2015)
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1,1-dichloropropanone
(DCP), 1,1,1trichloropropanone (TCP)
Lake water and wastewater
effluent spiked with ranitidine

DMA, chlordimeform,
chlortoluron, pirimicarb

Ranitidine

[Ranitidine]0 = 30 nM, 2 and 10
µM
[NH2Cl]0=1 mM
[Free available chlorine
(FAC)]0/[Ranitidine]0= 0-20
[O3]0/[Ranitidine]0= 0-6
[FAC]0 Lake water= 0-50 µM
[FAC]0 Wastewater= 0-300 µM
[O3]0 Lake water= 0-20 µM
[O3]0 Wastewater= 0-50 µM
pH= 7
t Chloramination= 1 d
t Pre-Chloramination= 1 h
t Pre-Ozonation= 30 min
[Precursors]0= 100 µM
[NaOCl]0= [NH2Cl]0= 300 µM
pH= 8
t Chlorination= 10-120 min
t Chloramination= 4 h, 1 and 7 d
[Ranitidine]0= 1 µM
[NH2Cl]0= 20 mg L-1
[pre-ozonation]0= 0-2 mg L-1
pH= 6-9
t= 5 d
t pre-ozonation= 30 min

Nitrosamines: NDMA

- NDMA concentration enhanced with a rise in NH2Cl
concentration.
- The peak level of NDMA was 41.2 µg L-1 at pH 7
during chloramination.
- The reaction of Cl2 with the tertiary amine moiety of
ranitidine can decrease NDMA FP of ranitidine.
- Chlorine could deactivate the potent precursors of
NDMA for waters with low levels of ammonia.
- O3 could effectively deactivate ranitidine.
- The rapid reaction of O3 with the tertiary amine and
furan moieties of ranitidine resulted in the complete
removal of NDMA FP.

(Jeon et al.
2016)

Nitrosamines: NDMA

- Compared to DMA and chlordimeform, pirimicarb and
chlortoluron showed higher NDMA formation during
sequential
chlorination
process
than
during
monochloramination.

(Li et al.
2018)

Nitrosamines: NDMA

- Addition of 0.5 mg L-1 of O3 effectively controlled the
formation of NDMA (from 40% to 0.8%) from
subsequent chloramination of ranitidine.

(Zou et al.
2018)
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Tetracycline

[Tetracycline]0=112.5 µM
[NH2Cl]0= 1.94 mM
UV intensity = 0.420 mW cm-2
pH= 6-8
t= 72 h

Nitrosamines: NDMA
Other DBPs:
trichloromethane (TCM),
dichloroacetic acid
(DCAA) and
trichloroacetic acid
(TCAA)

Amines and amine-based
pesticides (DPA,
methyldipropylamine, trifluralin,
oryzalin, vernolat)

[Precursors]0= 1-10 µM
[NH2Cl]0= 10 mM
[NH2Cl]0: [Precursors]0= 10-1000
pH= 3-11
t= 1-168 h
[Precursors]0= 1 mg L-1
[NH2Cl]0= 6 mg L-1
[O3]0= 10 mg L-1
[Cl2]0= 100 mg L-1
[ClO2]0= 50 mg L-1
pH= 7
t Chloramination= 24 h
t Chlorination= 2 h
t Ozonation= 10 min
t ClO2= 2 h
[Precursors]0= 10 µM
[NH2Cl]0= 0.2 mM
pH= 7.8
t= 24 h

Nitrosamines: NDPA

Isoproturon, chlorotoluron,
diuron, fluometuron

Ranitidine and 26 micropollutants

- NDMA formation was observed during chloramination
and UV/NH2Cl process.
- NDMA yield from tetracycline chloramination
increased from about 10 to 23 µg L-1 by increasing the
pH from 6 to 8.
- NDMA generation was enhanced from about 18 to 33
µg L-1 by increasing pH from 6 to 8 under UV/NH2Cl
process.
- > 10% NDPA yield was observed from chloramination
of all precursors after 24 h.
- The maximum concentration of NDPA for all the
precursors was achieved at pH 9.

(Cai et al.
2020)

Nitrosamines:
NDMA

- NDMA FP significantly increased during preozonation with subsequent chloramination.
- NDMA FP from residual herbicides after oxidation
with O3 and ClO2 (only for chlorotoluron and
isoproturon) demonstrated that the intermediates formed
during oxidation facilitated NDMA FPs.
- The chlorination products generated from the
precursors offered little to NDMA FPs.

(Wang et al.
2021)

Nitrosamines:
NDMA, NDEA, NMEA

- For individual solutions, ranitidine showed the highest
NDMA molar yield (50–60%).
- In precursor mixtures, compounds such as
diethylhydroxylamine (DEHA) and triethanolamine
(TELA) decreased the NDMA FP of ranitidine by
scavenging either oxygen or DMA functionalities.

(Seid et al.
2021)
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Ozonation
DMS

DMDTC and DEDTC

Ranitidine, nizatidine,
doxylamine, and carbinoxamine
in a drinking water treatment
plant in Jinan, Shandong
Province, China

UDMH and daminozide (DMZ)

Ranitidine

Minocycline

[DMS]0= 0-2 µg L-1
[O3]0= 6 mg L-1
pH= 7.4
t= 0-30 min
[Precursors]0= 50 µM
[O3]0=0.1 mM
pH= 5-9
t= 30 min

Nitrosamines: NDMA

- ~ 30–50% conversion of DMS to NDMA occurred
during ozonation.

(Schmidt
and Brauch
2008)

Nitrosamines: NDMA,
NDEA

(Padhye et
al. 2013)

[PPCPs]0=25 µM
[O3]0= 20.8-125 µM (1-6 mg L-1)
(62.5 µM for natural waters)
[NH2Cl]0= 140 mg L-1
pH= 7
t Ozonation= 2 h
t Chloramination= 10 d
[Precursors]0= 0-500 µM
[O3]0= 0-70 µM
pH= 3-9

Nitrosamines: NDMA

- NDMA formation yield from ozonation of DMDTC
was 0.008%, and that of NDEA from DEDTC was
0.003%.
- NAs formation was enhanced with an increase in O3
dosage in ozonation of the precursors.
- The best oxidant for NDMA formation reduction was
O3.
- Ozonation products showed little contribution to
NDMA Formation.

(Lim et al.
2016)

[Ranitidine]0= 2–20 mg L-1
[O3]0= 7.5-24.8 mg L-1
pH= 7.6
t= 0-30 min
[Minocycline]0= 2–20 mg L-1
[O3]0= 22.5-74.4 mg min-1
pH= 5-9
t= 0-30 min

Nitrosamines: NDMA

- High reactivity of O3 with UDMH and DMZ led to a
high yield of NDMA (>80%).
- The reaction of UDMH and DMZ with •OH was
moderate and resulted in <2% NDMA yield.
- There was a high reactivity between ranitidine and O3.
- The oxidation of ranitidine formed DMA and NDMA.
- NDMA formation was higher at basic pH, while under
acidic pH, it was inhibited, owing to amines protonation.
- By increasing the O3 dosage and pH, the degradation
significantly enhanced but led to higher NDMA
formation.

Nitrosamines: NDMA

Nitrosamines: NDMA
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Daminozide

AOPs
DMA, dibutylamine (DBA),
DEA, methylethylamine (MEA),
morpholine (MOR), piperidine
(PIP), DPA, pyrrolidine (PYR),
polyDADMAC,
tetramethylthiuram disulfide
(Thiram)
Atrazine, caffeine,
dimethylaminopropyl
methacrylamide (DMAPMA),
diltiazem, histamine, TEA

Doxylamine

[Daminozide]0=10 μM
[O3] =1 mg L-1
[Humic acid]0= 0.1 mg L-1
pH= 5-9

Nitrosamines: NDMA

- Without humic acid, the maximum NDMA yield
reached 7.35 % at pH 8.
- With 0.1 mg L-1 humic acid, the formation of NDMA
increased from 3% to 23% with an increase in O3 dose
from 0.5 to 4 mg L-1.
- Low levels of humic acid (≤0.6 mg L-1) facilitated
NDMA formation during ozonation of daminozide
while its high levels (>0.6 mg L-1) showed an inhibition
effect.

(Qi et al.
2020)

[Amines]0= 4 µg L-1, 1 mg L-1,
0.0023 mM
UV/H2O2
[H2O2]0= 1-15 mg L-1
UV dose= 100-1000 mJ cm-2
pH= 8
t= 24 h
Medium-pressure (MP) and LP
UV/H2O2
UV dose= 40 mJ cm-2
[H2O2]0= 0.33 and 3.26 mM
pH= 5.5-8
t= 0-60 min
[NH2Cl]0= 2 mM
pH Chloramination= 6.8
t Chloramination= 7 d
[Doxylamine]0= 20 mg L-1
UV alone (254 nm)
UV/NH2Cl

Nitrosamines: NDMA,
NDBA, NDEA, NMEA,
NMOR, NPIP,
NPRO, NPyr

- NDMA formation from irradiation of polyDADMAC
initially decreased by increasing the dose of UV and
then rapidly enhanced.
- The dose of UV in UV/H2O2 process was found to have
a more significant impact than the dosage of H2O2.
- Increasing the dose of UV in UV/H2O2 process reduced
NDMA formation from thiram.
- DMA and NDMA from caffeine, atrazine, atrazine,
and TEA were not detected after treatment with
UV/H2O2 process.
- Diltiazem and DMAPMA showed NDMA FP after
treatment with UV/H2O2 process.

(Harvey
2009)

- NDMA FP showed >30% increase by the addition of
H2O2 to UV irradiation, while it was halved during UV
irradiation in the presence and absence of NH2Cl.

(Farré et al.
2012)

Nitrosamines: NDMA
Other DBPs: THMs,
HAAs

Nitrosamines: NDMA
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Tramadol

DMF

Ranitidine

UV/H2O2/NH2Cl
UV dose= 250-2250 mJ cm-2
[NH2Cl]0= 20 mg L-1
[H2O2]0= 50 mg L-1
pH= 7
t= 0-45 min
7 d NH2Cl (2 mM, pH 6.8)
[Tramadol]0= 20 mg L-1
UV alone (254 nm)
UV/NH2Cl
UV/H2O2/NH2Cl
UV dose= 250-2250 mJ cm-2
[H2O2]0= 50 mg L-1
pH= 7
t= 5-45 min
[NH2Cl]0= 20 mg L-1
t Chloramination= 7 d
[DMF]0= 34 µM
UV/H2O2
UV dose= 250-1000 mJ cm-2
[H2O2]0= 3 mg L-1
[NH3]0= 4 mg L-1
[NaOCl]0= 4 mg L-1
pH= 8
t= 3 h
UV/chloramine process
[Ranitidine]0= 50 mg L-1
pH= 6-8
[NH2Cl]0= 1500 µM

Nitrosamines: NDMA

- An approximately three-fold increase in NDMA
formation from tramadol with the addition of H2O2 to
the system was observed.
- A steady increase in the yield of NDMA (up to four
times) from tramadol was observed by increasing the
UV dose from 250 to 2250 mJ cm-2.

(Radjenovic
et al. 2012)

Nitrosamines: NDMA

- Addition of H2O2 into UV oxidation enhanced the
concentrations of NDMA (~22 ng L-1) while decreased
the efficiency of NDMA photolysis during secondary
chloramination.
- NDMA formation from DMF increased during
chloramination after treatment with UV/H2O2 process.

(Sgroi et al.
2015)

Nitrosamines: NDMA

- Compared with chloramine alone, UV/NH2Cl process
could effectively decompose ranitidine.
- During chloramination alone and UV/NH2Cl process,
NDMA showed higher formation at pH 7 and 8.

(Wu et al.
2021)
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t chloramination= 24 h
t irradiation= 5-10 min

- Although reactive nitrogen species were responsible
for NDMA generation from ranitidine decomposition in
UV/NH2Cl process, UV irradiation and increasing the
photolysis time (from 5 to 10 min) degraded NDMA and
its precursors.
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2.6 Research gaps
Based on the literature review, the environmental occurrence, fate and toxicity of
betrixaban are still unknown and unexplored due to being a new drug approved by the U.S.
FDA. There is no prior research conducted on the fate of betrixaban in the environment. As
such, its removal or degradation during water/wastewater treatment has not been studied. By
anticipating an increase in patients at risk of VTE all over the world, the global use of
betrixaban is expected to steadily increase. This is the first study reporting the treatment
efficiency of betrixaban by oxidation processes used in water/wastewater treatment plants.
Compared to betrixaban, hexazinone, approved in 1975, has been extensively studied;
particularly in soil. However, there are limited studies on its fate in the aqueous solution under
oxidation processes. Its degradation in the UV/H2O2 process has been only investigated under
very acidic pH (<3) (Martins et al. 2014), but information regarding its photolysis under
environmental conditions has been lacking. Moreover, although hexazinone contains an aryl
amidinyl moiety with DMA group and has been mentioned as a potential NDMA precursor
(Bond et al. 2017), there is no study on its N-DBPs FP.
There are several studies on PEDOT-based photocatalysis for photocatalytic degradation
of organic contaminants. However, only a few tried to immobilise the polymer as a
photocatalyst on the surface of different substrates (Kumar et al. 2021; Katančić et al. 2018).
Because hexazinone has been found to be resistant to photolysis alone, this study also tried to
test its photocatalytic degradation by PEDOT-based photocatalysis. The mechanistic
investigations for photocatalytic removal of hexazinone were also carried out.
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3.1 Introduction
PPCPs and pesticides have been recognised as CECs due to their toxic, hazardous impacts
on human and wildlife health (Mena et al. 2017). In recent years, PPCPs have been detected in
different aqueous environments such as surface water, groundwater, wastewater effluents, and
even drinking water in trace or ultra-trace levels (Wilkinson et al. 2017). Pesticides, according
to their targeted usage, are divided into subgroups, including herbicides, fungicides,
insecticides, and bactericides (Houtman 2010). Pesticides are widely used to control diseases,
weeds, and insects in agriculture. They can migrate to different parts of the environment as a
source of contamination through spillages, cleaning, leakages, and runoff (Cara et al. 2017).
The application of pesticides as an efficient solution for pests’ control is increasing globally,
owing to intensive agricultural practices (Dehghani et al. 2017, Garrett et al. 2015). Therefore,
the spillage of effluents containing high concentration levels of pesticides in water has been
considered as one of the serious environmental problems. There is a need to reduce dependency
on herbicides for forest management due to their detrimental effects on water quality (Neary
and Michael 1996).
Hence, the above-mentioned two classes of organic contaminants are a significant concern
for the environment, and there is a need to improve their detection in environmental matrices.
Betrixaban, recently approved by the U.S. FDA as an oral anticoagulant in 2017, is used on
patients who are at risk of thromboembolic events (Chan et al. 2015). The fact that betrixaban
has the potential of being used in wide-scale applications in the treatment, leading to the
environmental presence, generates a need to understand its fate in the environment.
Hexazinone, a broad-spectrum triazine herbicide, is the most common herbicide to control
forest weeds, especially in New Zealand (Garrett et al. 2015). Therefore, it is important to
develop a suitable method for their detection in environmental samples. This study fills these
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research gaps through the development of a suitable method for the detection of betrixaban and
hexazinone.
The aim of environmental analysis is to develop new analytical methods, including liquid
chromatography (LC) and gas chromatography (GC) coupled mass spectrometry (MS) or
tandem mass spectrometry (MS/MS). These chromatography techniques are of interest due to
their ability in detecting contaminants in ng L-1 level (Caban, et al. 2012). Moreover, since LCMS/MS enables thermo-labile, non-volatile, polar and non-polar compounds to be determined,
it is a technique of choice for the determination of pharmaceuticals and pesticides (VallsCantenys et al. 2016, Grujić et al. 2009, Dujaković et al. 2010).
However, it is essential to extract the analytes from complex samples such as wastewater
through liquid-liquid extraction (LLE) or solid-phase extraction (SPE) before their analysis by
analytical instruments. Due to the disadvantages of LLE, which consumes a large volume of
toxic solvent and requires a long extraction time (Majzik-Solymos et al. 2001, Astuti et al,
2021), SPE was selected as a proven effective technique for extraction, concentration, and
clean-up of trace amounts of the analytes based on the literature. SPE not only reduces the
required time for extraction, especially if an automated technique is used, but also can handle
a small volume of samples (Huck and Bonn, 2000). Moreover, the removal of interfering
compounds is one of the objectives of SPE (Huck and Bonn, 2000).

3.2 Method Details
The analytical method developed in this study is a modification of the method developed
by Foerster et al. (2018) for betrixaban on patient plasma samples. This method was
successfully developed using LC-MS/MS for the analysis of betrixaban and hexazinone in
aqueous solutions. This is the first method reported in the literature which can be applied for
the detection of betrixaban in environmental samples. The novelty for simultaneous hexazinone
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detection lies with the combination of the LC column and the eluents used which have never
been used for the quantification of hexazinone before.

3.3 Materials
Betrixaban and hexazinone were purchased from Medkoo Biosciences Inc., U.S., and
Sigma-Aldrich, New Zealand, respectively. Acetonitrile and methanol (Sigma-Aldrich, New
Zealand) were of HPLC/MS grade (99.9% purity). Ammonium formate (Sigma-Aldrich, New
Zealand; ≥99% purity) was used to prepare the aqueous UPLC-MS/MS eluent. Ultra-pure
water was obtained from a Milli-Q water purification system. All other chemicals used in this
study were of analytical grade and commercially available.

3.4 Sample preparation
Glassware was cleaned using a laboratory detergent, then rinsed with tap water and ultrapure water and finally baked at 300 ℃ for about 3 h. Betrixaban and hexazinone stock solutions
were prepared by dissolving 22.6 and 12.6 mg betrixaban and hexazinone powder in 50 mL
methanol, respectively, to give concentrations of 452 and 253 mg L-1, representing 1 mM of
each compound. The stock solutions were stored in amber glass bottles in the freezer (-20 ºC)
until use. The samples and calibration standards were diluted from the stocks in water and
methanol, respectively.

3.5 LC–MS/MS instrumentation
The quantification step was performed with LC-MS/MS (Shimadzu Co., Japan) using
multiple reaction monitoring (MRM). MRM parameters for betrixaban and hexazinone are
shown in Table 3.1. The tandem mass spectrometer was operated in a positive electrospray
ionisation mode (+ ESI) using external standards. Compounds were separated using a 2.1 ×
100 mm, 3.5 µm, Eclipse Plus C18, Agilent column. The eluents consisted of 95% of 5 mM
ammonium formate in water with 5% acetonitrile (mobile phase A) and 100% acetonitrile
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(mobile phase B). The injection volume was two µL, and retention times were 7.8 and 7.6 min
for betrixaban and hexazinone, respectively. The LC-MS/MS chromatograms for betrixaban
and hexazinone are shown in Figures 3.1 and 3.2, respectively. Moreover, to show the clear
separation of target compounds, the chromatogram of both compounds together is presented in
Figure 3.3. The mass spectra for betrixaban and hexazinone are also presented in Figures 3.4
and 3.5, respectively.
The gradient program for the identification of compounds was performed at a flow rate of
0.2 mL min-1 and started with 100% A and 0% B. Then, the ratio was changed to 10% A and
90% B within 8 min. Within the next 2 min, the system returned to its initial conditions. The
chromatographic gradient is shown in Table 3.2. The total run time was 15 min.

Table 3. 1. MRM parameters for betrixaban and hexazinone
Compound

Retention Time (min)

Precursor Ion (m/z)

Betrixaban

7.8

452.20

Hexazinone

7.6

253.15
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Product Ion (m/z)

Collision Energy (eV)

324.20

-22

279.2

-38

171.05

-16

71.10

-32
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Figure 3. 2. Hexazinone chromatogram
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Figure 3. 3. Combined chromatogram of betrixaban and hexazinone
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Figure 3. 4. Mass spectrum of betrixaban
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Figure 3. 5. Mass spectrum of hexazinone

Table 3. 2. Chromatographic gradient
Time (min)

Solvent B (%)

0.01

0

1

0

8

90

10

0

3.6 Method validation
The validation of the method was performed by the limit of detection (LOD), the limit of
quantification (LOQ), the linearity of correlation coefficient (R2), precision, accuracy, matrix
effect (ME), and recovery. The LODs and LOQs were calculated as the concentrations of
analyte required to produce signal-to-noise (S/N) ratios of 3:1 and 10:1, respectively
(Shrivastava and Gupta 2011). The LODs and LOQs of spiked samples in a pure solvent
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(without any concentration factor) were estimated to be 0.3 and 0.9 µg L-1 for betrixaban and
0.2 and 0.8 µg L-1 for hexazinone, respectively. Furthermore, LODs and LOQs in spiked
extracts of wastewater influent were estimated to be 1.6 and 4.9 µg L-1 for betrixaban and 0.5
and 1.4 µg L-1 for hexazinone, respectively.
The results from the LODs and the LOQs showed that the proposed method is sensitive,
accurate, and reproducible for the determination of these two organic compounds in aqueous
samples. Furthermore, in this thesis, it has been used for the degradation studies of betrixaban
and hexazinone in aqueous samples and has been found to be an effective analytical method.
The calibration curves for both compounds were obtained by injecting standards at
concentrations of 3.9, 7.8, 15.63, 31.25, 62.5, 125, 250, 500 and 1,000 µg L-1 (Figures 3.6 and
3.7). These external standards were made from the stock solutions as described above. The
calibration by the method proposed in the present study is more affordable compared with
methods that use expensive internal standards. For each analysis, a new calibration curve was
generated. Good linearity and correlation coefficients (R2>0.99) were achieved for the ninepoint calibrations.
The retention time and area precision of the method were tested by the intra- and inter-day
precisions. For the intra-day precision, different concentrations of standards (n=7) ranged from
0.01 to 0.7 mg L-1 were analysed on the same day with six replicates. The inter-day precision
was determined at seven concentrations by preparing and analysing at four different days. The
results are presented in Table 3.3.
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Figure 3.7. Calibration curve for hexazinone in pure solvent
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Table 3. 3. Calibration data, repeatability and inter-day precision of the target compounds
analysed by LC-MS/MS
a

Relative standard deviation of retention time and peak area; Y= detector response; X= concentration (µg L-1)

Compound

Calibration data
2

Inter-day precisiona

Intra-day precisiona

(R.S.D., %)

(R.S.D., %)

Equation

R

tR

Peak area

tR

Peak area

Betrixaban

Y=17836.8X

0.9986

1.25

11

0.087

5

Hexazinone

Y=4526.35X

0.9951

0.8

10

0.072

7.8

The robustness of the method was examined during the method development by testing
different columns, mobile phases, and injection volumes for the analysis of both target
compounds in standards. The C18 (2.1 × 100 mm, 3.5 µm) and Ascentis RP-Amide (10 cm×
2.1 mm, 3 µm) columns were tested and finally, C18 column with better peak intensities and
lower retention times (7.8 and 7.6 min vs 11.25 and 8.11 min for betrixaban and hexazinone,
respectively) was chosen for further experimentation. Moreover, the removal of ammonium
formate from mobile phase A did not influence significantly the peaks of hexazinone while it
negatively affected the intensities of the betrixaban peak. Therefore, the rest of the experiments
were carried out in the mobile phase (A) containing ammonium formate. Lastly, since 1, 2, and
3 µL injection volumes did not change the performance of the method significantly, 2 µL was
chosen as an injection volume for further experimentation.
The developed method was applied to raw wastewater samples collected from an urban
wastewater treatment plant in the North Island of New Zealand for recovery experiments. The
treatment plant serves a population of < 100,000. The raw sewage contains mainly domestic
wastewater with a small contribution from industries such as dairy, meat processing, and waste
management (Kumar et al. 2019). The parameters of the wastewater have been mentioned in
Table A1 in the appendices. The experiments were carried out on raw wastewater as it is the
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extreme environmental water matrix with a very high concentration of dissolved organics and
represents maximum interference to test the validity of the method.
The wastewater samples required to be extracted with SPE method. The optimisation of
SPE starts with the selection of suitable sorbent by considering the physico-chemical properties
of the target analyte and the matrix, as well as their potential interactions with the sorbent. For
example, dissociation constant and octanol-water partition coefficient (log Kow) are analytes’
properties that can help to predict the interactions between the analyte and the sorbent (Čizmić
et al. 2017). In this thesis, the Oasis HLB cartridges suggested in the literature (Čizmić et al.
2017, Grujić et al. 2009, Dujaković et al. 2010), was tested since it showed to yield high
recovery values for numerous analytes with various physico-chemical properties. This
cartridge has been found to be effective for the extraction of both polar and non-polar analytes
simultaneously owing to its chemical composition, which contains hydrophilic Nvinylpyrrolidone and lipophilic divinylbenzene units. HLB cartridge is also efficient in
extracting organic compounds in a wide range of pH (Čizmić et al. 2017). In addition, the
adequate eluent that can effectively break the bonds between the analyte and the sorbent is
important. Therefore, methanol (10 mL) was chosen according to Čizmić et al. (2017), who
found methanol and acetonitrile as the most efficient eluents for the extraction of different
pharmaceuticals in wastewater using Oasis HLB cartridge compared to other eluents (ethanol,
acetone, and ethyl acetate).
Matrix effect should be taken into account, especially if the ion source in the LC-MS/MS
is ESI, since the sources of ME in wastewater samples can decrease or increase the ionisation
of the analytes (Čizmić et al. 2017, Caban et al. 2012). The interferences can co-elute with the
analytes and reach the ion source of MS at the same time, resulting in suppression or
enhancement of the analytes’ signal. If ME= 100%, >100%, and <100%, there is no matrix
effect, a signal enhancement, and signal suppression, respectively (Čizmić et al. 2017). The
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experiments were carried out at pH 2 as aqueous samples are almost always acidified before
extraction of pharmaceuticals and pesticides (Kumar et al. 2019, Padhye et al. 2014).
Matrix effect and recovery in wastewater samples were calculated with the following
formulas (Caban et al. 2012):

ME (%) =

𝐵
𝐴

× 100

Recovery (%) =

𝐶
𝐵

(3.1)

× 100

(3.2)

Where A, B, and C are the average peak areas in the standard, the wastewater sample spiked
after SPE, and the sample extract spiked before extraction, respectively.
The recovery experiments on Milli-Q water were also carried out. The recovery in Milli-Q
water due to the lack of matrix effect was calculated with the following equation (Caban et al.
2012):

Recovery (%) =

The average peak area of analyte sample spiked before extraction
The average peak area of analyte external standard in pure solvent

(3.3)

However, it should be noted that for a complete evaluation of matrix effects of betrixaban
and hexazinone in aqueous solutions, matrix effect should be evaluated for different aqueous
matrices, including drinking water, natural waters, surface waters, effluent, and influent
wastewater. However, it was not within the scope of the current study.

3.7 Extraction experiments
Before SPE, the wastewater was vacuum filtered through a 0.7 µm glass microfiber filter
of 47 mm diameter (Whatman, China) using a Bücher funnel and filter flask and vacuum pump
to remove the solids. The filtered wastewater (200 mL) was transferred into amber glass bottles
and spiked with 1 mL of 100, 500, and 1,000 µg L-1 of betrixaban or hexazinone in respective
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bottles. The extraction experiments in Milli-Q water were carried out in duplicates, and 200
mL of unspiked wastewater was used as control. For SPE in Milli-Q water, the filtration step
was not required.

3.8 Extraction procedure
1) The Oasis HLB (500 mg 6 mL-1) cartridges (Waters, Ireland) were placed into a 12-port
vacuum manifold and were subjected to the vacuum of 5'' Hg.
2) The cartridges were conditioned with 10 mL methanol and 10 mL of Milli-Q water.
3) The wastewater sample (200 mL) was loaded through the cartridges under vacuum at a
flow rate of 1.2 mL min-1
4) The cartridges were dried under vacuum for 30 min.
5) The pump was switched off, and centrifuge tubes were placed under the cartridges to collect
all elution solvent.
6) 10 mL methanol was applied under vacuum.
7) The extracts were evaporated to 1 mL using a rotary evaporator concentrator (Thermo
Scientific, Savant RVT5105).
8) The samples were analysed using LC-MS/MS.
HLB cartridge used in this study showed the excellent capability of concentrating
betrixaban and hexazinone. The recovery results from influent samples spiked at levels of 0.5,
2.5, and 5 µg L-1 for betrixaban and hexazinone are shown in Table 3.4. Moreover, these
compounds were not detected for control samples. The recovery of hexazinone has been
previously studied in different water matrices, including natural waters, surface waters, and
wastewater effluent samples, and showed different recovery results (>70%) (Beale et al. 2010,
Nurmi and Pellinen 2011, Robles-Molina et al. 2014). In the present study, spiked influent
wastewater samples showed slightly lower recoveries (53% - 61%). However, in Milli-Q water
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samples, high recovery (>98%) was achieved for hexazinone. Figure 3.8 shows the spectra of
betrixaban and hexazinone after extraction from wastewater. According to a study by Jordan
et al. (2009), lower recovery in the real-world matrix, compared to the ultra-high pure water
matrix, is due to the matrix interferences. Moreover, the substances in wastewater may prevent
the analytes of interest from retaining to the sorbent. In a study conducted by Čizmić et al
(2017), the recovery values for wastewater influent were lower than those for wastewater
effluent. The higher extraction efficiency in effluent samples was because the quantity of
interferences in effluent was lower compared to that in influent. However, these interferences
could occupy free spaces on the sorbent and hence decrease the extraction of the analytes of
interest (Čizmić et al. 2017). The use of other cartridges may improve the recovery of
hexazinone in wastewater influent samples, but optimising SPE was not within the scope of
this study.
In contrast, there is no SPE method in the literature that has been reported for betrixaban.
However, similar to hexazinone, betrixaban extraction results showed higher recovery
(>100%) for Milli-Q water matrix than the recovery (>90%) obtained for influent wastewater
samples. While the recovery in Milli-Q water samples was very high at pH 2, recovery obtained
at pH 7 was low (results not shown here). Therefore, pH is assumed to play an important role
in recovery experiments by HLB cartridges for betrixaban. However, since acidification of
wastewater samples is considered as the first step for analysis of PPCPs, recovery values at pH
2 are most relevant, and the discussion here is limited to pH 2 results.
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Table 3. 4. Recoveries and matrix effects at pH 2
Matrix effect (%) in

Recovery (%) in

Recovery (%) in ultra-

wastewater influent

wastewater influent

high pure water

100 (µg L-1)

70 (± 1)

91 (± 3)

127 (± 5)

500 (µg L-1)

82 (± 2)

96 (± 38)

125 (± 10)

1,000 (µg L-1)

80 (± 7)

114 (± 46)

100 (± 5)

100 (µg L-1)

45 (± 16)

53 (± 5)

124 (± 24)

500 (µg L-1)

55 (± 1)

57 (± 6)

113 (± 18)

1,000 (µg L-1)

60 (± 11)

61 (± 2)

98 (± 9)

Compound
Betrixaban

Hexazinone
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Figure 3. 8. Mass spectrum of betrixaban (a) and hexazinone (b) after recovered from wastewater
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4.1 Introduction
The disinfection process is practised during water treatment for inactivation of pathogenic
microorganisms. Furthermore, the disinfectant residual should be maintained at a sufficient
level in the water distribution system to prevent unwanted microbial regrowth (Ding et al.
2019). However, most commonly used disinfectants, such as NaOCl, NH2Cl, chlorine dioxide,
and O3, can generate DBPs due to the reaction with various dissolved constituents in water
(Ding et al. 2019). To minimise the formation of DBPs, such as THMs and HAA, and to meet
drinking water regulations, many drinking water treatment plants have switched from NaOCl
to NH2Cl as a residual disinfectant. Although chloramines yield less amount of conventional
DBPs, they can form N-DBPs at a higher yield than other disinfectants due to the presence of
nitrogen in their structures (Mitch et al. 2003a, Roux et al. 2012, Xu et al. 2012).
In the last two decades, considerable attention has been drawn to NAs and other N-DBPs
due to their carcinogenicity, mutagenicity, and teratogenicity (Padhye et al. 2011). N-DBPs
have also been found to exhibit more toxicity than C-DBPs (Plewa et al. 2008, Qian-Yuan et
al. 2016). NDMA, the most commonly detected member of the NAs group, can be formed
during chlorination, chloramination, and ozonation of drinking water and wastewater (Lv et al.
2017, Padhye et al. 2011, Spahr et al. 2017). The guideline value for NDMA in drinking water
was set at 100 ng L-1 by WHO (Hatt et al. 2013). NDMA is also listed in the U.S. EPA’s
Contaminant Candidate List 4 (Su et al. 2017).
The oxidation of amine-containing organic compounds has been identified as the main
source of NDMA (Spahr et al. 2017). Hence, many studies have been conducted on NDMA
precursors, including their screening, identification, and characterisation (Krasner et al. 2013).
There are various nitrosamine precursors, such as secondary, tertiary, and quaternary amines
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(Leavey-Roback et al. 2016), among which secondary amines, such as DMA, are considered
as the direct nitrosamine precursors (Spahr et al. 2017). Different sources of NDMA precursors
including PPCPs (Mitch and Sedlak 2002b, Shen and Andrews 2011, 2013, Song et al. 2017,
Wang et al. 2015b, Zhang et al. 2014) and pesticides (Bei et al. 2016, Padhye et al. 2013) have
been already studied. Recently, the focus on PPCPs containing DMA moieties is expanding
(Lv et al. 2017) as more and more PPCPs are frequently detected in all compartments of the
aqueous environment (Padhye et al. 2014). In this study, betrixaban was selected due to its
recent approval by the U.S. FDA and because of its molecular structure, which contains an aryl
amidinyl moiety with DMA group.
Betrixaban was approved in 2017 by the U.S. FDA as an anticoagulant drug to be used in
the treatment and prevention of VTE in adult patients hospitalised for an acute medical illness.
The FDA’s approval of this pharmaceutical is considered as a huge step forward for the
treatment of the prophylaxis of VTE in patients (Chan et al. 2015, Traynor 2017). The fact that
betrixaban has the potential of being used in wide-scale applications in treatment, leading to its
environmental presence, generates a need to understand its fate in the environment. Its high
water solubility (2.7 mg mL-1) and established stability under light and heat mean that it will
persist longer in the aqueous environment and during conventional water and wastewater
treatments (EMA 2018). Further, significant release of betrixaban in the aquatic environment
is expected, considering its increased use through an increasing number of prescriptions, its
low bioavailability, longest half-life within human body among all anticoagulants, excretion
through urine as well as feces, and the high dosage requirements for patients (80–160 mg/day
for 35–40 days) (Skelley et al. 2018). According to the EMA, it is predicted that betrixaban
will be detected even in surface waters, and the detailed environmental risk assessment is
required (EMA, 2018)
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There is no prior research conducted on the fate of betrixaban in the environment. As such,
its removal or degradation during water/wastewater treatment has not been studied. However,
considering its increased use through an increasing number of prescriptions and the high dosage
prescribed for patients, it is expected to be present in the aqueous environment and particularly
in surface waters (EMA 2018). The primary aim of this study was to investigate the fate of
betrixaban during the disinfection process in the presence of commonly used water and
wastewater disinfectants and to investigate its NDMA FP. The secondary objective was to
investigate reaction kinetics and reaction mechanism of NDMA formation during
chloramination as NH2Cl was found to yield the highest amount of NDMA upon oxidation of
betrixaban.

4.2 Materials and methods
4.2.1 Chemicals and reagents
Betrixaban was purchased from Medkoo Biosciences Inc. (U.S). NDMA (99.9% purity),
methylamine (MA) solution in methanol (2 M), DMA hydrochloride (99%), dichloromethane
(GC-MS grade), benzenesulfonyl chloride, acetonitrile, sodium bromide (NaBr), sodium nitrite
(NaNO2), and methanol (HPLC/MS grade) were purchased from Sigma-Aldrich (New
Zealand). Ammonium formate (Sigma-Aldrich, ≥99% purity) was used to prepare the LCMS/MS eluent. Ammonium chloride (NH4Cl) (Sigma-Aldrich, 99.5% purity), sodium
hypochlorite (NaOCl) solution (Sigma-Aldrich, reagent grade, available chlorine 4-4.99%),
and sodium hydroxide (NaOH) (Sigma-Aldrich, 98%, pellets) were used for the preparation of
NH2Cl. Disodium hydrogen phosphate (Na2HPO4) and potassium dihydrogen phosphate
(KH2PO4), both from Sigma-Aldrich, were used to prepare phosphate buffer solutions.
Ascorbic acid (Sigma-Aldrich) was used to quench excess NH2Cl, and the excess chlorine and
O3 were quenched by sodium thiosulfate (Na2S2O3) (Sigma-Aldrich). Milli-Q water was
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obtained from a Millipore Milli-Q® water system (resistivity 18.2 MΩ.cm). All other chemicals
used in this study were of analytical grade and commercially available.
4.2.2 Experimental procedure
A stock solution of betrixaban (1 mM) was prepared in methanol and stored in an amber
glass bottle in the freezer (-20 ºC) until use. The samples were diluted to 8.5 µM of the initial
concentration of betrixaban. The experiments were conducted with 6, 12, 60, 120, 240, and
600-fold excess of NH2Cl, at a pH range of 5-9, and reaction times of 3 h to 10 days,
respectively, for studying the effects of concentration, pH, and contact time of
monochloramination reactions. The effects of bromide and nitrite ions on NDMA formation
were investigated by adding 1 mM sodium bromide and nitrite before monochloramination.
These concentrations were selected to form detectable levels of DBPs and hence, to better
understand reaction mechanisms.
Experiments were conducted in 200 mL amber-colored borosilicate glass bottles to exclude
potential light interference. To prevent betrixaban loss through hydrolysis, the diluted solution
of betrixaban was freshly prepared for each experiment. The desired volume of NH2Cl stock
solution was spiked in buffered Milli-Q solution to initiate the reaction. All bottles were on the
shaker (140 rpm) for the duration of the reaction. At pre-selected time intervals, the residual
oxidant was quenched with excess ascorbic acid or sodium thiosulfate. All batch experiments
were conducted at room temperature (25 ºC). From each sample, 1 mL aliquot was analysed
by LC-MS/MS to quantify betrixaban concentration. Two mL aliquot was also used for
quantification of MA and DMA by gas chromatography/mass spectrometry (GC-MS). The rest
of the sample was used for NDMA analysis by GC-MS. All experiments were carried out in
duplicates. Error bars in all the figures indicate the maximum and minimum measurements.
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4.2.3 Chlorination and monochloramination experiments
Chlorination samples were prepared by dilution of the 4-5% NaOCl stock solution and
stored at 4 ºC for use within 24 h. NH2Cl stock solution was prepared freshly before each
experiment by dropwise addition of hypochlorite aliquots to freshly prepared NH2Cl solutions
at a Cl:N molar ratio of 0.8 with continuous stirring at pH 8 as per the Standard Methods
(Clesceri et al. 2005). Then it was stirred for 30 min in the amber bottle and stored in a dark
place. This stock solution was used for experiments within one day (Padhye et al. 2013). As
specified in the Standard Methods, the final concentrations of NaOCl and NH2Cl were
determined by N,N-diethyl-p-phenylenediamine-ferrous ammonium sulfate (DPD-FAS)
titration prior to each experiment (Clesceri et al. 2005).
4.2.4 Ozonation experiments
Ozone was generated by a Corona Discharge N-300 Ozonator (Novozone, Auckland, New
Zealand) fed by ultra-high purity oxygen. A stock solution of dissolved O3 was prepared in 200
mL Milli-Q water in an amber borosilicate bottle with a Teflon-lined cap for immediate use.
The O3 concentration was determined by the indigo colorimetric method specified in Standard
Methods (Clesceri et al. 2005). UV-Vis spectrophotometer (Shimadzu, UV-2700) at 600 nm
was used to measure the absorbance owing to the decolorisation of indigo trisulfonate resulting
from its reaction with O3. After knowing the exact concentration of the stock of the ozonated
water, it was diluted to the desired concentration immediately as O3 decays rapidly.
4.2.5 Analysis of betrixaban and other reaction by-products
The residual concentrations of betrixaban were analysed using LC-MS/MS (Shimadzu,
Japan). The separation was done on a 2.1 × 100 mm, 3.5 μm, Eclipse Plus C18, Agilent column.
The eluents consisted of 95% of 5 mM ammonium formate in water with 5% acetonitrile
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(mobile phase A) and 100% acetonitrile (mobile phase B). The tandem mass spectrometer was
operated in a positive electrospray ionisation mode (+ESI) over a mass scan range of m/z 40–
600. The LOD and the LOQ for betrixaban were estimated to be 0.3 and 0.9 μg L-1, respectively
(Jasemizad and Padhye 2019).
Concentrations of NDMA in samples were analysed following the U.S. EPA method 521
(Clesceri et al. 2005, Munch and Bassett 2004a, Munch and Bassett 2004b) with some
modifications. Samples were first pre-concentrated by SPE using Superclean Coconut charcoal
cartridges 2 g/6 cm3 (Supelco). The recovery efficiency of the cartridges was calculated with
the following equation, and ~100% was verified through external standards, using different
concentrations of NDMA in pure solvent:

Recovery (%)=

Concentration of analyte after SPE
Concentration of analyte added in spiked sample

× 100

(4.1)

After preconditioning of the cartridges with 10 mL dichloromethane and 10 mL Milli-Q
water, the samples (200 mL) were passed through the cartridges. These cartridges were then
eluted with 10 mL dichloromethane. The eluents were concentrated to 1 mL in a rotary
evaporator concentrator (Thermo Scientific, Savant RVT5105) and analysed using GC-MS
(Shimadzu, Japan) with a capillary column (HP 5, 30 m× 0.25 mm I.D., 0.25 µm film thickness,
U.S.). Helium was used as a carrier gas. Split injections of 1.5 µL were used with an injection
port temperature of 260 ℃. The temperature gradient program for the GC-MS oven was:
starting temperature of 33 ℃, raised to 70 ℃ at 3 ℃/min, followed by 20 ℃/min to 140 ℃,
and finally, increased by 30 ℃/min to 260 ℃ and held for 10 min. For each analysis, a new
calibration curve was generated. Target and quantitation ions for NDMA were m/z 74 and m/z
42, respectively. The LOD and the LOQ for NDMA were estimated to be 14 ng L-1 and 42 ng
L-1, respectively.
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NDMA molar yield (%) was calculated using the initial molar concentration of betrixaban,
[Betrixaban]0, following equation (Le Roux et al. 2011, Selbes et al. 2018):
NDMA yield (%) =[NDMA Formed] (nM)/[Betrixaban]0 (nM)×100

(4.2)

MA and DMA were analysed by a method involving derivatisation with benzenesulfonyl
chloride and then GC-MS analysis (Padhye et al. 2009). First, 2 mL of sample aliquot was
adjusted to pH 9 using 10 mM borate buffer. The samples then received 0.01 mL of
benzenesulfonyl chloride as a derivatising agent and were stirred for 2 h using a magnetic stir
bar. The samples were then extracted by liquid-liquid extraction (LLE) with 2 mL of
dichloromethane for 2 min (Padhye et al. 2009). Derivatised amines were then analysed by the
GC-MS with 1 µL injection volume. The temperature gradient program for the GC-MS oven
was: starting temperature of 40 ℃, held for 1 min, followed by 30 ℃/min to 180 ℃, and finally,
increased by 20 ℃/min to 260 ℃ and held for 10 min. The target ions for DMA and MA were
m/z 185 and m/z 171, respectively, and quantitation ions for both amines were m/z 77 and m/z
141.
To identify the reaction intermediates and other end products, the samples at different
contact times, pH, and NH2Cl dosages were analysed in the MS scan mode on LC-MS/MS.
Furthermore, remaining by-products were identified by injecting the samples into the GC-MS
and analysing in the TIC mode.

4.3 Results and discussion
4.3.1 Effect of monochloramine dosage
Betrixaban has not been evaluated for NDMA FP by water disinfectants; however, previous
studies have reported that monochloramination of some organic compounds, with secondary
amine moieties, can form NAs (Padhye et al. 2013, Roux et al. 2012, Shen and Andrews 2011).
80

CHAPTER 4: Oxidation of Betrixaban to Yield N-nitrosodimethylamine by Water
Disinfectants

The formation of NDMA as a function of NH2Cl dosage at a fixed betrixaban concentration
was assessed to evaluate NDMA FP of betrixaban upon monochloramination. NDMA
formation from betrixaban, equilibrated at pH 7.5 at 25˚C for seven days, increased from 2.3
to 25.2 nM upon increasing the NH2Cl concentration from 0.05 to 5 mM (Figure 4.1). Results
revealed that NDMA FP was correlated with NH2Cl dosage. This observation is in accordance
with the results of similar studies on monochloramination of NDMA precursors such as DMA
(Choi and Valentine 2002), trimethylamine, diethylamine, dipropylamine, ethylmethylamine,
3-(dimethylaminomethyl) indole, 4-dimethylaminoantipyrine (West et al. 2016), chlortoluron
(Xu et al. 2012), and dithiocarbamate pesticides (Padhye et al. 2013). Choi and Valentine
(2002) also observed an enhanced NDMA formation by increasing the concentration of NH2Cl
to a secondarily treated wastewater at neutral pH, demonstrating that this is indeed an
environmentally relevant NDMA formation pathway.
Correspondingly, the final betrixaban concentration (percentage of betrixaban remaining in
the system) after seven days decreased from approximately 4 µM (50%) to 1 µM (14%) by
increasing the dosage of NH2Cl from 0.05 to 5 mM (Figure 4.1). The formation of NDMA and
degradation of betrixaban appeared to reach an apparent plateau after the addition of 2 mM
NH2Cl. The results indicated that at higher NH2Cl concentration, NDMA formation only
slightly increased from 0.25% with 2 mM NH2Cl to 0.3% with 5 mM NH2Cl, which was
consistent with the observed low residual betrixaban concentrations. Results were also
consistent with 24 h monochloramination of DMA, where NDMA formation was also shown
to reach a plateau at a higher NH2Cl: DMA ratio (2: 0.1) (Choi and Valentine 2002). Moreover,
Wang et al. (2013) observed a similar effect upon the chloramination of raw water containing
3.21 mg L-1 of dissolved organic carbon (DOC) at pH 8 when NH2Cl concentration was greater
than 15 mg L-1. The authors suggested that this phenomenon can be due to the complete
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exhaustion of the NDMA precursors in the raw water after reaction with more than 15 mg L-1
NH2Cl.
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Figure 4. 1. Effect of NH2Cl concentration on NDMA formation (experimental conditions:
[Betrixaban]0=8.5 µM, contact time= 7 days, pH= 7.5).

4.3.2 Effect of chloramination time
To study the influence of monochloramination time on the formation of NDMA from
betrixaban, 2 mM preformed NH2Cl was added to betrixaban solutions at pH 7.5. Figure 4.2a
shows the effect of different contact times on NDMA formation and betrixaban degradation.
NDMA concentrations increased rapidly at the beginning of the reaction and slowed down after
five days, whereas the concentration of betrixaban levelled off after seven days. Approximately
23 nM NDMA was formed after ten days from the reaction of betrixaban and NH2Cl. As can
be seen from Figure 4.2a, there was no change in the concentration of betrixaban, and no
NDMA formation was observed in control samples at different contact times.
Chen and Young (2008) investigated the formation of NDMA from the reaction of diuron
(0.09 mM) with NaOCl (3.45 mM) and NH3 (4.1 mM). They found a steady increase in NDMA
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concentrations at the beginning of the reaction up to 10 days at pH 8. The authors stated that a
higher NDMA formation in their study was the result of a longer contact time. Similarly, Xu
et al. (2012), who investigated chloramination of chlortoluron (94 µM) with 2 mM NH2Cl,
reported an increase in the formation of NDMA from approximately 4 to 23 µg L-1 by
increasing the reaction time from 12 h to 10 days, respectively.
Residual concentrations of NH2Cl were also measured at the end of the reaction, and the
trend of NH2Cl depletion was found to be consistent with NDMA formation (Figure 4.2b).
NH2Cl concentration decreased from 2 mM to about 0.015 mM after 10 days. Similar
chloramine decay was observed for control samples. The results showed that having excess
NH2Cl (2 mM) causes a relatively rapid NDMA formation. Roux et al. (2012) investigated the
degradation of 12 μM ranitidine in the presence of an excess of NH2Cl (2.5 mM) at pH 8 over
48 h and found that NDMA yield was maximum under such conditions.

83

CHAPTER 4: Oxidation of Betrixaban to Yield N-nitrosodimethylamine by Water
Disinfectants

25

8
NDMA

20

6
15

4
10

Betrixaban
2

5
NDMA control

0
0

40

80

(a)

120
160
200
Chloramination time (h)

0
240

280

0.5

2.5

0.4

2

0.3

1.5

NDMA

0.2

1

0.1

0.5

Monochloramine

0

Residual Chloramine (mM)

NDMA Yield (%)

10

Betrixaban control

Betrixaban Concentration (µM)

NDMA Concentration (nM)

30

0
0

(b)

40

80

120
160
200
Chloramination time (h)

240

280

Figure 4. 2. Effect of contact time on (a) NDMA formation and betrixaban degradation, and (b)
NDMA yield (%) and residual NH2Cl; (experimental conditions: [Betrixaban]0=8.5 µM, [NH2Cl]0= 2
mM, pH= 7.5).

4.3.3 Kinetic studies
Many studies have shown that the reaction between NH2Cl and organic compounds follows
pseudo-first-order kinetics (Chamberlain and Adams 2006, Spahr et al. 2017, Wan et al. 2013).
In the presence of excess (about 6 to 600-fold) of NH2Cl, the reactions exhibit a pseudo-first84
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order kinetic dependence on the precursor concentration. Figure 4.3 represents the pseudo-firstorder kinetics for betrixaban degradation with 2 mM NH2Cl at pH 7.5. As can be seen, there
was strong linearity (R2 = 0.99) for the log curve, which indicated a first-order reaction. The
pseudo-first-order rate constant kobs (0.01 h−1) was found from the slope of the plot in the C/C0
vs time coordinates, according to the equation (Lv and Li 2018):
ln (C/C0) = - kobs t

(4.3)

Where C0 and C are the initial and current concentrations of betrixaban, respectively, while
kobs is the pseudo-first-order rate constant of betrixaban degradation.
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Figure 4. 3. Pseudo-first-order reaction kinetics of betrixaban degradation (experimental conditions:
[Betrixaban]0=8.5 µM, [NH2Cl]0= 2 mM, pH= 7.5).

4.3.4 Effect of pH
To assess the influence of pH on the NDMA formation, experiments were conducted with
betrixaban and 2 mM NH2Cl with a contact time of seven days, and the results are presented
in Figure 4.4. Results revealed that NDMA concentration increased from ~7 nM to ~88 nM by
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increasing the pH from 5 to 9. Furthermore, the observed degradation of betrixaban increased
from ~53% at pH 5 to ~95% degradation at pH 9. Betrixaban degradation and NDMA
formation were both favored at basic pH. Hence, NDMA formation was found to be correlated
with betrixaban decomposition. NDMA formation from monochloramination of betrixaban
exhibited a maximum yield of 1.1% at pH 9. This is higher than with the majority of the NDMA
precursors studied to date (Table A2, Appendices).
The observed NDMA yield trend with pH was found to be different than in most of the
studies reported with NDMA precursors. Mitch and Sedlak (2002b) showed that the maximum
NDMA formation rate from DMA was between pH 7 and 8. Similarly, Padhye et al. (2013)
found that NDMA formation from monochloramination of dithiocarbamates was highest near
pH 7.5 to 8. Le Roux et al. (2011) investigated the formation of NDMA from several tertiary
amines. Ranitidine (3 µM) revealed the highest molar conversion to NDMA upon
monochloramination with 2.5 mM concentration of NH2Cl at pH ~8 and five days of contact
time. In another study, Shen and Andrews (2013) investigated the role of pH dependency on
the NDMA formation from 25 nM ranitidine and sumatriptan by 2.5 mg L-1 chloramine. They
found that pH affected the NDMA formation and the reaction kinetics. Furthermore, the
maximum formation of NDMA was near pH 7 – 8. In contrast, Chen and Young (2008)
demonstrated that NDMA formation from chloramination of diuron had a maximum yield at
pH 4. It is reported that the maximum NDMA yield generally occurs at a pH approximately
1.2-1.6 units lower than the pKa of the precursor amine group (Shen and Andrews 2013).
Consistent with that hypothesis, the chloramination of betrixaban with pKa of 11.63
(Harshalatha et al. 2018) yielded the highest NDMA formation at most basic pH used in this
study (pH=9).

86

CHAPTER 4: Oxidation of Betrixaban to Yield N-nitrosodimethylamine by Water
Disinfectants

According to Valentine and Jafvert (1988), monochloramine’s self-decomposition through
hydrolysis at pH less than 8 leads to the formation of NHCl2 , which is considered responsible
for the formation of NDMA from DMA (Schreiber and Mitch 2006). In the present study,
NHCl2 does not seem to play a role in the formation of NDMA since, at pH lower than 7 when
NHCl2 dominates, the formation of NDMA is not significant. NDMA formation from
betrixaban at pH 9, when NH2Cl dominates, was an order of magnitude higher than at pH 5
when NHCl2 dominates, indicating that the formation of NDMA can be strongly correlated to
NH2Cl concentration in the solution. The study by Le Roux et al. (2011) had a similar finding,
which led them to conclude that NHCl2 was not responsible for NDMA formation from
ranitidine.
NDMA

Betrixaban
100
80

1

60
40

0.5

20
0

Betrixaban degradation (%)

NDMA yield (%)

1.5

0
4

5

6

7
pH

8

9

10

Figure 4. 4. Effect of pH on NDMA formation (experimental conditions: [Betrixaban]0=8.5 µM,
[NH2Cl]0= 2 mM, contact time= 7 days).

4.3.5 Effect of bromide and nitrite on NDMA formation
Bromide and nitrite influence on NDMA formation has been studied in the literature as these
are commonly occurring anions in drinking water and wastewater. In this study, the influence
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of bromide (1 mM) and nitrite (1 mM) on the yield of NDMA was assessed by performing the
experiments at 8.5 µM of betrixaban and 2 mM NH2Cl at pH 7.5 for 24 h contact time. Figure
4.5 presents the resulting NDMA yield (%) and concentrations (nM) from monochloramination
of betrixaban in the presence and the absence of these anions.
In the absence of NH2Cl, for control samples, no NDMA formation was observed.
Moreover, compared to the results obtained in the absence of bromide (0.13% yield or 10.8 nM
NDMA), monochloramination of betrixaban in the presence of bromide resulted in a sevenfold increase in the concentration of NDMA (0.92 % yield or 78 nM). A significant amount of
DMA (~ 3.4% or 300 nM) was detected after monochloramination of betrixaban in the absence
of the bromide. The increase in the concentration of DMA suggested the degradation of
betrixaban, releasing DMA. In comparison, only a trace amount of DMA (~0.45% or 40 nM)
was detected in the presence of bromide. Meanwhile, in the presence of bromide, the
concentration of MA during chloramination of betrixaban was almost double (~6.2% or 500
nM) than that in the control samples without bromide (2.9% or 250 nM). Moreover,
monochloramination of betrixaban revealed an almost similar level of degradation for
betrixaban (~82%) in the presence and absence of bromide (Figure 4.6).
Hence, it is hypothesised that in the presence of bromide, most of the released DMA could
be converted to NDMA. The higher NDMA formation in the presence of bromide can be
explained by the generation of bromochloramine (NHBrCl) with a higher electronegativity of
the brominated nitrogen atom than that in NH2Cl, which results in the rapid nucleophilic
substitution with DMA (Beita-Sandí et al. 2020). Luh and Mariñas (2012) found that the
presence of bromide enhanced NDMA formation at the relatively high pH (8 and 9) after 24 h
reaction time by monochloramination of DMA. However, NDMA formation from DMA was
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lower at pH 6-7 in the presence of bromide compared to that in the absence of bromide. In
another study, Valentine et al. (2005) showed that in the presence of 0.2 mM bromide and 0.1
mM NH2Cl, an enhancement in NDMA formation from DMA was observed at pH ranging
from 3.5 to 11 after 24 h contact time, with a maximum yield at pH 8.5.
Opposite to the bromide effect herein, NDMA formation decreased in the presence of nitrite.
The concentration of NDMA (~0.01% or 1 nM) was reduced by an order of magnitude by the
addition of nitrite. Moreover, a reduced amount of DMA (~1.2% or 100 nM) was detected
during chloramination of betrixaban in nitrite-containing samples. This can be explained by the
observed lower degradation of betrixaban in the presence of nitrite (~65%) than in its absence
(~82%) (Figure 4.6). Furthermore, MA concentration in chloraminated samples with nitrite
was higher than in the absence of NH2Cl. The observed reduction in NDMA formation by
nitrite is hypothesised to be partly due to the loss of significant amounts of NH2Cl, since nitrite
is expected to react with NH2Cl and generate nitrate and ammonium ions in stoichiometric ratio
and, therefore, acts as an inhibitor of NDMA formation reactions during monochloramination
(Choi and Valentine 2003, Seid et al. 2018). Xu et al. (2012) and Seid et al. (2018) had reported
a similar inhibitory effect of nitrite on NDMA formation during monochloramination of
chlortoluron and ranitidine, respectively.
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Figure 4. 5. Effect of bromide and nitrite ions on DMA and NDMA formation (experimental
conditions: [Betrixaban]0=8.5 µM, [NH2Cl]0= 2 mM, [Br-/NO2-]0= 1 mM, pH= 7.5, contact time=
24 h).
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Figure 4. 6. Effect of bromide and nitrite ions on degradation of betrixaban (experimental
conditions: [Betrixaban]0=8.5 µM, [NH2Cl]0= 2 mM, [Br-/NO2-]0= 1 mM, pH= 7.5, contact time=
24 h).
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4.3.6 By-products of betrixaban monochloramination
Samples of the monochloramination of betrixaban were analysed by GC-MS for the
identification of by-products. The results are shown in Table 4.1. No other NAs, apart from
NDMA, were detected during monochloramination of betrixaban. Two other by-products were
identified from the reaction of betrixaban with NH2Cl: DMF and DCAN. Furthermore,
bromoform (CHBr3) was detected for samples with bromide.
The generation of DMF (Le Roux et al. 2011, Mitch and Sedlak 2002b) and DCAN (Xu et
al. 2012, Yang et al. 2010) has been reported previously during chlorination and
monochloramination of organic compounds. Le Roux et al. (2011) reported DMF and DCAN
as by-products of the monochloramination of diuron and ranitidine. In another study, the
formation of DCAN by tetracycline, oxytetracycline, chlortetracycline, and doxycycline
degradation was found to be higher for chloramination than chlorination (Zhou et al. 2014).
Yang et al. (2010) also found DCAN formation during chloramination of several nitrogenous
organic compounds, including cysteine, cytosine, glutamic acid, and tryptophan. Likewise, the
formation of brominated species of THMs such as bromoform during chlorination or
chloramination of bromide-containing waters has been reported in the literature (Hua and
Reckhow 2008, Le Roux et al. 2012, Zhang et al. 2016). The GC-MS chromatogram of NDMA,
DCAN, and DMF are shown in the Appendices Figure A1. Spectra of the by-products
monitored by GC-MS are presented in the Appendices Figure A2.
The concentration of betrixaban decreased gradually during monochloramination as
betrixaban transformed into reaction intermediates and end products, including NDMA. The
samples were analysed for unknown m/z peaks through LC-MS/MS for hydrophilic
intermediates and end products. Table 4.1 summarises the detected m/z of the intermediates on
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LC-MS/MS from the reaction of betrixaban with NH2Cl under different conditions. The LCMS/MS spectra of the monochloraminated betrixaban solution at pH 9 after seven days of
contact time (at 1.87, 1.25 and 1.32 min retention time) are shown in Figure A3 in the
Appendices.
Table 4. 1. Betrixaban reaction by-products identified by GC-MS and LC-MS/MS.
Betrixaban monochloramination reaction by-products under different conditions detected by GC-MS
Compound

m/z

RT

Trends for

(min)

pH

Trends for contact time (h)

Trends for NH2Cl

Structure

dosages (mM)

NDMA

74

4.2

9>8>7.5>6>5

3>12>24>48>120>168>240

0.05>0.1>0.5>1>2>5

DMF

73

5.1

9,8>5>7.5,6

12>240,120, 48>24,168>3

1>0.1>0.5>5>
0.05, 2

DCAN

108

3.9

7.5>8>5>9>6

120>240>48>168>24>12, 3

5>2>1>0.5,
0.1>0.05

CHBr3

252

8.8

In the presence of bromide ion

Major LC-MS/MS by-products identified during betrixaban monochloramination under different conditions
m/z

425.10

485.10

RT (min)

1.249

1.32

Trends for

Trends for contact

Trends for NH2Cl

pH

time (h)

dosages (mM)

9> 8, 7.5> 6>

240, 168> 120> 48,

5, 2, 1> 0.5 >0.1,

5

24, 12, 3

0.05

9> 8> 7.5> 6,

240, 168, 120> 48,

5> 2, 1> 0.5> 0.1,

5

24> 12, 3

0.05
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4.3.7 NDMA formation pathways from betrixaban during monochloramination
Betrixaban molecule possesses a N,N-dimethylbenzamidinyl, two aryl amide, and a 3chloropyridinyl moieties, all of which could be a source of nitrogen for the eventual formation
of NDMA upon betrixaban’s hydrolysis and chloroamination-induced degradation. The N,Ndimethylbenzamidinyl group belongs to arylimidamides with somewhat lower pKa values than
many typical aromatic amidines with pKa values as high as 11 and above (Oszczapowicz and
Krawczyk 1989, Soeiro et al. 2013). Hence, it is generally less charged and exhibits better
bioavailability, which rationalises its presence in betrixaban. Nevertheless, this group is quite
prone to the hydrolytic reactions under mild aqueous conditions. Clearly, the pathway of the
reactive alkyl/arylaminidinyl group degradation, typically producing N-alkyl/arylamine
depending on the amidinyl structure, is likely to dominate the NDMA-producing degradation
routes of betrixaban (Halliday and Symons 1978). The hydrolytic degradation with
concomitant monochloramination of betrixaban is depicted in Figure 4.7. Chloramine reacts
with the dimethylamidine group via nucleophilic substitution reaction (Calvo et al. 2007) and
the resulting intermediate undergoes facile hydrolysis with the formation of DMA which
consequently results in the NDMA detected in the experiments of this thesis. Mechanistic
aspects of the amidine hydrolysis have been studied in detail in the literature (Jia et al. 2017).
Dimethylchloramine (the product of the amidinyl group hydrolysis) is likely to rapidly
exchange chlorine with the amide product of betrixaban (Darwich et al. 2009, Higuchi and
Hasegawa 1965) forming DMA. Facile formation of NDMA from DMA upon chloramination
is well documented (Mitch and Sedlak 2002a). Of note, hydrolysis of betrixaban in the absence
of NH2Cl within the range of pH studied is retarded, whereas the nucleophilic attack of H2O
on the C=N’ double bond (Jia et al. 2017) is promoted by the presence of NH2Cl.
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m/z 451.91

m/z 485.10

m/z 425.10

Figure 4. 7. Schematic of betrixaban degradation to NDMA via chloramination and hydrolysis.

The formation of NDMA can be further augmented by the chloramination-induced
formation of hypochlorite ion, which is known to N-chlorinate the aromatic amides, leading to
the Orton rearrangement, ring chlorination, and subsequent N-C scission, chloramination, and
oxidation. These processes can eventually produce NDMA, especially when NH2Cl is present
in excess. During chloramination, NH2Cl can serve as another N source. The presence of amide
groups explains the observed higher yield of NDMA from betrixaban compared to the values
reported in the literature for DMA.
The possible NDMA formation pathway, from the oxidation of DMA, was suggested by a
reaction between NH2Cl and organic amine precursors (Choi and Valentine 2002, Mitch and
Sedlak 2002b). The revised NDMA pathway proposed by Schreiber and Mitch (2006)
suggested the reaction of secondary amine precursors with traces of NHCl2 formed via
disproportionation of NH2Cl, followed by a chlorinated unsymmetrical dialkylhydrazine
intermediate (Cl-UDMH) generation due to nucleophilic attack of unprotonated secondary
amines on NHCl2. Subsequently, the oxidation of Cl-UDMH in the presence of dissolved
oxygen yields NDMA and other by-products.
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The possible reaction pathway in the presence of bromide, as proposed by Le Roux et al.
(2012) and Chen et al. (2010), is the reaction of DMA moiety of betrixaban with bromaminated
oxidant species such as NHBrCl, and therefore, the formation of UDMH-Br, which would
subsequently oxidise into NDMA and other by-products such as bromoform. The larger amount
of NDMA formed in the presence of bromide can be attributed to the formation of NHBrCl
with higher reactivity than NH2Cl and also a weaker N-Br bond in UDMH-Br than N-Cl bond,
which leads to the higher amount of the UDMH-Br intermediate as compared to Cl-UDMH.
This increase in NDMA formation is more significant at high pH values and in waters
containing elevated concentrations of bromide (≥ 500 µg L-1) (Sgroi et al. 2018).
In the presence of nitrite, NH2Cl available for reaction with DMA reduces due to reacting
with nitrite, and hence, reduced available NH2Cl results in lower NDMA formation (Seid et al.
2018). NO2- may intervene not only with the initial attack of NH2Cl and the reaction
intermediates formation but also with the further transformation of the reaction intermediates.
Similarly, Mitch and Sedlak (2002b) also reported a decrease in NDMA formation from
monochloramination of DMA, in the presence of nitrite.
4.3.8 Chlorination and ozonation
The degradation of betrixaban with 8.5 µM initial concentration at pH 7.5 was observed to
be approximately 100% by chlorination with 5 mM NaOCl over seven days. The concentration
of NDMA formed under chlorination was only 1.2 nM (yield = 0.014 %). Hence, NDMA yield
from monochloramination was found to be an order of magnitude higher than under
chlorination, which is in agreement with the results reported in the literature for most NDMA
precursors. The higher yield of NDMA during monochloramination can be explained by the
presence of one more N in monochloramine’s structure, which provides an additional nitrogen
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atom for the nitroso group in NDMA (Xu et al. 2012). The other by-product detected during
the chlorination of betrixaban was DMF (Jasemizad and Padhye 2020). The degradation of
betrixaban was also studied by high (2 mM) and low (0.1 mM) dosages of chlorine and
exhibited almost 100% degradation even after a brief contact time of lower than two minutes.
This indicated that the reaction between chlorine and betrixaban occurred almost
instantaneously.
For ozonation, the degradation of betrixaban with ~15 mg L-1 O3 concentration at pH 7.5
increased from about 40% after 1 min to almost complete degradation after 6 min (Figure 4.8a).
This indicated that O3 is also effective in the removal of betrixaban at fairly low values of
residual disinfectant concentration × disinfectant contact time (C.T). Due to the fast reaction
between betrixaban and O3, the reaction kinetics was studied from 1 to 6 min, which fitted well
with pseudo-first-order reaction (R2> 0.98) (Figure 4.8b). Similar reaction kinetics during
ozonation of organic compounds have been reported (Lv and Li 2018, Lv et al. 2017, Lv et al.
2015). However, NDMA was not detected during the ozonation of betrixaban. The only
product detected by ozonation of betrixaban was DMF (Jasemizad and Padhye 2020).
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Figure 4. 8. Ozonation of betrixaban (experimental conditions: [Betrixaban]0=8.5 µM, [O3]0= 15
mg L-1, pH= 7.5) (a) Effect of contact time on betrixaban degradation, (b) Data fitted to pseudofirst-order reaction kinetics

Formation of NDMA from the degradation of different precursors during chlorination (Chen
and Young 2008, Wang et al. 2015b) and ozonation (Lv and Li 2018, Lv et al. 2017) has been
investigated in the literature. These oxidants have also been reported as options to control NAs
formation through precursor deactivation or physical removal of precursors (Krasner et al.
2013). Jeon et al. (2016) investigated the efficiency of chlorination and ozonation in the
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transformation of ranitidine and the elimination of its NDMA FP. They found that O3
deactivates ranitidine completely by its reaction with the tertiary amine or furan moiety of
ranitidine. In another study conducted by Selbes et al. (2014), 10 to 50% reduction in NDMA
formation was observed from most studied precursors by pre-oxidation with O3 and chlorine.
Selbes et al. (2014) demonstrated that 0.5 mg L-1 O3 could effectively control the formation of
NDMA from subsequent chloramination. The findings of this study also indicated that NDMA
formation was significantly reduced or eliminated through the use of chlorination and
ozonation. However, some studies showed NDMA formation in the presence of some ions
during ozonation. In Gunten et al. (2010) study, NDMA was found to be formed only in the
presence of bromide during ozonation of waters containing N,N-Dimethylsulfamide.
Moreover, Sgroi et al. (2014) found a significant increase in NDMA yield from DMA in the
presence of ammonia and bromide owing to the generation of hydroxylamine and brominated
nitrogenous oxidants.

4.4 Conclusions
Betrixaban was found to be a potent NDMA precursor, and its potential to form NDMA
was examined in depth in this study with respect to NH2Cl dosage, NH2Cl exposure time, and
pH. Betrixaban degradation and NDMA formation were enhanced by increasing each of the
above-mentioned parameters. Consistent with the literature, the results of this study also
showed that the presence of bromide enhanced the formation of NDMA during betrixaban
monochloramination, whereas nitrite inhibited its formation. Other by-products generated
during monochloramination were DMF and DCAN, while bromoform was detected in the
presence of bromide.
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Betrixaban may be removed or degraded by different treatment mechanisms in conventional
drinking water or wastewater treatment facilities. Therefore, the potential removal of
betrixaban must be taken into account before disinfection treatment in order to correctly
determine its health risk in terms of NDMA FP. However, some betrixaban is expected to pass
through conventional water and wastewater treatment, especially considering its high water
solubility and resistance to photolysis, or may come in contact with oxidants in effluents from
medical facilities. In such cases, the results of this study demonstrate that even small amounts
of betrixaban can lead to significant NDMA formation upon monochloramination, given its
relatively high yield. Environmentally relevant concentrations of betrixaban are still not
ascertained, and since there is not enough information about the environmental fate of
betrixaban, it is difficult to predict overall NDMA contribution by betrixaban in the current
environment. However, as the use of betrixaban will widen, and its presence in surface waters
and wastewaters will increase, NDMA formation risks in the environment will also increase.
This study highlights these risks and, through the detailed study of contributing factors,
kinetics, and reaction mechanism, provides useful information to mitigate such risks.
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5.1 Introduction
Advanced water treatments are widely used to degrade or remove trace-level contaminants,
such as PPCPs and pesticides, from water and wastewater. Treatments including AOPs,
adsorption, catalysis, and biological processes are deployed as many utilities around the world
are experiencing water stress (Kwon et al. 2015). Adsorption onto activated carbon (AC) and
AOPs are widely studied for the removal of emerging contaminants from aqueous solutions
(Kwon et al. 2015, Salman and Hameed 2010). Compared to other granular activated carbons,
coconut shell-based granular activated carbon (CSGAC), with a high surface area, demonstrate
a larger adsorption capacity. Therefore, it can be considered as a preferred adsorbent for the
adsorption of many organic contaminants from water (Ignatowicz 2011). Different market
prices for GACs have been reported in the literature. However, Paredes et al. (2018) reported
only a slight difference in costs for CSGAC and bituminous carbon-based GAC. They used
these GACs for organic micropollutants removal and found similar adsorption capacities.
However, since CSGAC has a more environmentally friendly production process, it showed a
lower carbon footprint than bituminous carbon-based GAC (Paredes et al. 2018). During
adsorption, adsorbates accumulate on the surface of AC and are removed from the aqueous
phase (Salmani et al. 2019). Hence, the capacity of the adsorbent decreases over time due to its
saturation with the adsorbates. After the adsorbent is exhausted, it can be either disposed into
landfills or reactivated for its reuse (Jeswani et al. 2015). The life span of the carbon materials
depends on their adsorption capacity, the concentration of contaminants, and flow rate
(Huggins et al. 2016).
AOPs, relying on •OH, are considered fast, clean, and effective techniques for detoxifying
contaminated water through the mineralisation of contaminants (Jasemi Zad et al. 2018).
However, it is usually impossible to completely mineralise the parent compounds during AOPs
due to the formation of intermediates and/or degradation products (Agüera and Fernandez-Alba
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1998). A major sub-set of AOPs is UV irradiation coupled with H2O2 as a UV/H2O2 treatment
(Autin et al. 2012). In the UV/H2O2 treatment, the degradation of organic contaminants can be
through direct photolysis, indirect photolysis, and/or oxidation by H2O2 (Liao et al. 2016, Yao
et al. 2013). The target compounds are broken down by UV alone in the direct photolysis, while
for the indirect photolysis, formed •OH oxidise the target compounds. In the UV/H2O2 system,
two •OH are generated per photon absorbed by H2O2 at 254 nm (Autin et al. 2012, Martins et
al. 2014). Due to a rapid reaction with many organic contaminants, •OH exhibits excellent
efficiency for contaminant degradation (Rosenfeldt et al. 2006).
Betrixaban was approved by the U.S. FDA in 2017 as an anticoagulant drug for the
treatment and prevention of VTE in adult patients hospitalised for an acute medical illness
(Chan et al. 2015, Traynor 2017). Betrixaban can persist in the environment due to its high
water solubility (2.7 mg mL-1) and its potential to be used in the wide-scale treatment of VTE
(EMA 2018). Betrixaban is predicted to be detected even in surface waters, and hence, there is
a need to understand its environmental fate (EMA 2018). Furthermore, the potential of
betrixaban to form NDMA and other DBPs in the presence of commonly used water and
wastewater disinfectants has been reported (Jasemizad et al. 2020, Jasemizad and Padhye
2020).
Hexazinone, a globally used broad-spectrum triazine (Mei et al. 2012, Yao et al. 2019), is
considered the most water-soluble triazine herbicide (33 g L-1) and is transported to
groundwater and surface water near agricultural areas, where it is widely applied (Ganapathy
1996, Martins et al. 2015). It was first registered by the U.S. EPA in 1975 for weed control and
classified as a group D carcinogen. It can also cause throat, eyes, and nose irritation (Martins
et al. 2014). It is unsusceptible to photolysis, hydrolysis, and microbial degradation, adding to
its persistence in the aquatic environment and resulting in serious environmental concerns
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(Bouchard et al. 1985, Mei et al. 2012, Yao et al. 2019). Its concentrations in the aquatic
environment have been reported to range from ~ 15 ng L-1 to 400 µg L-1 (Calegari et al. 2018).
The aim of this study was to investigate the fate of betrixaban and hexazinone during
advanced water treatment processes, including photolysis with UV/H2O2 and adsorption onto
commercial CSGAC. In this study, betrixaban was chosen because its fate in the environment
has not been studied so far and because of its demonstrated potential to form DBPs in
engineered water systems. Similarly, the fate of hexazinone under AOPs and CSGAC has not
been mechanistically investigated previously. This study also examined the effect of various
environmental parameters on the removal of betrixaban and hexazinone, with a focus on
understanding the kinetics and reaction mechanisms of their removal during advanced
oxidation and adsorption.

5.2 Materials and methods
5.2.1 Chemicals
Hexazinone and betrixaban were purchased from Sigma-Aldrich, New Zealand, and
Medkoo Biosciences Inc., U.S., respectively. Acetonitrile and methanol (Sigma-Aldrich, New
Zealand) were of HPLC/MS grade (99.9% purity). Ammonium formate (Sigma-Aldrich, New
Zealand) was used to prepare the aqueous UPLC-MS/MS eluent (≥99% purity). Sodium
hydroxide (NaOH) and H2O2 (30 wt. % in H2O, ACS reagent) were obtained from SigmaAldrich, New Zealand. TBA (99.5%) and potassium iodide (KI, 99%) were both from Sigma–
Aldrich, New Zealand. CSGAC (Acticarb GC1200, 4 × 8 mesh) was purchased from Activated
Carbon Technologies, New Zealand. Milli-Q water was obtained from a Millipore Milli-Q®
water system (resistivity 18.2 MΩ.cm). All other chemicals used in this study were of analytical
grade and commercially available.
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5.2.2 Experimental procedure
A stock solution of betrixaban (1 mM) was prepared in acetonitrile and stored in amber
glass bottles in the freezer (-20 ºC) until use. The stock solution of hexazinone was prepared in
water and stored in the refrigerator (4 ºC). Photolysis and adsorption experiments were
conducted using 0.5 µM of betrixaban and hexazinone. All batch experiments were carried out
at room temperature (25 ºC). The secondary wastewater effluent was collected from Mangere
wastewater treatment plant (WWTP), Auckland, New Zealand. The effluent was first filtered
through a 0.22 µm membrane and stored at 4 ºC prior to use. The effluent samples were spiked
with 0.5 µM betrixaban and hexazinone. The pH was adjusted using 0.1 N NaOH and HCl and
measured with a pH meter (HACH, HQ40d) calibrated with buffer solutions at pH 4, 7, and
10. Reactions for UV irradiation were carried out from 8 s to 23 min, corresponding to 0.05 to
9 J cm¯2 UV fluence, respectively. H2O2 stock with 500 mM initial concentration was daily
prepared. Sodium sulfite (100 mM) was added at the end of the reaction to quench the residual
H2O2 (Zhou et al. 2012). All experiments were carried out in duplicates. Error bars in all the
graphs illustrate the maximum and minimum measurements.

5.2.3 UV photolysis experiments
All the UV-based experiments were performed in a UV chamber (Opsytec Dr. Grobel,
Germany) equipped with eight low-pressure lamps (15 W) (Philips Co., Japan), which emit
light primarily at 254 nm (UVC), 313 nm (UVB), and 352 nm (UVA). Radiometric sensors
were used to measure the intensity of each lamp. The fluence was calculated using the
following equation:
UV fluence (mJ cm-2)= UV intensity (mW cm-2) × exposure time (s)

(5.1)

For the UV/H2O2 process, H2O2 was added just prior to the irradiation. The sample
solutions were continuously mixed with a magnetic stirrer during the experiments.
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5.2.4 Adsorption experiments
The coconut shell-based GAC was used as an adsorbent to perform the adsorption tests.
The characterisations of the adsorbent have been presented in the previous work and are as
follows: BET surface area (984 m2 g-1), micropore volume (0.39 m3 g-1), mesopore volume
(0.029 m3 g-1), elemental analysis for carbon (85.9%), oxygen (10.7%), hydrogen (0.8%),
nitrogen (<0.3%), sulfur (<0.3%), and total ash content (2.6%) (Astuti et al. 2021).
The commercial adsorbent, as purchased, was first washed with Milli-Q water to remove
fine particles and then dried at 110 °C in an oven for 24 h (Yu et al. 2016). After being cooled
at ambient temperature, the adsorbent was contacted with 100 mL of 0.5 µM betrixaban and
hexazinone solutions separately at pH 7.5. The samples were taken at predetermined intervals
of time to be analysed for the final concentrations of betrixaban and hexazinone. Betrixaban
samples were not being filtered since cellulose acetate and PTFE filters adsorbed
approximately 100% and 70% of betrixaban, respectively. However, hexazinone samples were
found unaffected by filtration.
The amounts of betrixaban and hexazinone adsorbed (µg g¯1) at time t, ‘qt’ and at
equilibrium, ‘qe’ were calculated using the following equations:
𝑞𝑡 =
𝑞𝑒 =

(𝐶0 −𝐶𝑡 ) 𝑉

(5.2)

𝑊
(𝐶0 −𝐶𝑒 ) 𝑉

(5.3)

𝑊

Where C0, Ct, and Ce (µg L¯1) are the concentrations of betrixaban and hexazinone at initial,
time t, and equilibrium, respectively; W (g) is the amount of adsorbent used, and V (L) is the
volume of the solution.
The kinetic studies were carried out at different contact times ranging from 2 min to 32
h in the presence of 0.1 g CSGAC. For the isotherm studies, different dosages of CSGAC from
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3.12 to 200 mg were used during 24 h contact time. All experiments were carried out in
duplicates.

5.2.5 Analytical methods and quantification of aqueous betrixaban and hexazinone
The quantification of aqueous betrixaban and hexazinone was performed with LC-MS/MS
(Shimadzu, Japan). The separation was done on a 2.1 × 100 mm, 3.5 μm, Eclipse Plus C18,
Agilent column. The details of LC-MS/MS conditions were described previously (Jasemizad
and Padhye 2019).

5.3 Results and Discussion
5.3.1 Photodegradation of betrixaban and hexazinone with and without H2O2
Figure 5.1 shows the effect of the H2O2 addition at neutral pH on the degradation of
betrixaban and hexazinone by visible, UVA, UVB, and UVC photolysis. As can be seen, a low
degradation rate for betrixaban (23% to 34%) and hexazinone (0.4% to 17%) was observed
under photolysis alone. Previously, hexazinone has been shown to be resistant to the photolysis
alone at pH 2.8 (Martins et al. 2014), but any information regarding betrixaban’s and
hexazinone’s photolysis under environmentally relevant conditions has been lacking.
The addition of H2O2 can enhance the degradation of organic contaminants due to the
generation of reactive •OH under irradiation (Kim et al. 2009, Wang et al. 2017, Wols et al.
2015, Zhang et al. 2017b). Indeed, the degradation of betrixaban and hexazinone was
significantly enhanced in the presence of H2O2, under UVB and UVC, ranging from 80 - 100%
(Figure 5.1). Visible and UVA light irradiation displayed comparable results for betrixaban
degradation in the presence and absence of H2O2, while visible light did not degrade
hexazinone with or without H2O2. Furthermore, the highest removal for betrixaban and
hexazinone was observed under UVC, which was expected based on the analysis of UV-visible
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absorption spectra of betrixaban and hexazinone using a UV spectrometer (Shimadzu, UV2700). Therefore, the rest of the experiments were carried out under UVC (254 nm).
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Figure 5. 1. Visible/UV irradiation with and without H2O2 (experimental condition:
[betrixaban/hexazinone]0 = 0.5 µM, pH = 7, H2O2 = 0.5 mM, irradiation dose for visible light = 14,
UVA = 24, UVB = 30, and UVC = 9 J cm-2).

5.3.2 The effect of contact time and UV fluence
Betrixaban and hexazinone degradation by UV and H2O2 alone, and their combination in
the UV/H2O2 process at different contact times from 8 s to 23 min (corresponding to UV
fluence from 0.05 to 9 J cm-2) is shown in Figure 5.2. Under UV irradiation alone and H2O2
alone, less than 50% degradation of betrixaban was observed over time. The degradation of
betrixaban in the UV/H2O2 process increased from about 16% to 100% (Figure 5.2a) with the
increase in the UV fluence. Betrixaban degradation under UV/H2O2 increased exponentially up
to 7.7 min, after which it appears to reach a plateau. Hexazinone showed very low (< 20%)
degradation by UV and H2O2 alone. Similar to betrixaban, its degradation increased to 100%
by increasing the UV exposure time from 8 s to 23 min in the UV/H2O2 process (Figure 5.2b).
As can be seen from Figure 5.2b, hexazinone degradation reached the plateau slightly earlier
(3.8 min) than betrixaban.
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As evident from the results, the indirect photolysis through •OH, is essential for the
complete removal of betrixaban and hexazinone in the UV/H2O2 process. Moreover, it can be
seen from Figure 5.2a that direct photolysis had the least contribution to the degradation of
betrixaban. In the system with H2O2 but without UV irradiation, betrixaban degradation was
less than 50% while hexazinone degradation was less than 20% of that in the UV/H2O2 process.
It is possible to achieve the complete oxidation of such organics by H2O2 alone in the presence
of higher concentrations of H2O2, but such high concentrations of H2O2 would be unreasonable
for real-world applications. Hence, the results of this study indicate that direct photolysis and
H2O2 oxidation alone is impractical for the degradation of betrixaban and hexazinone (Figure
5.2b).
The high UV intensity in indirect photolysis results in the generation of high concentrations
of •OH from H2O2, responsible for the degradation of organic compounds (Daneshvar et al.
2008). In this study, as can be seen in Figure 5.2, the UV fluences increased from 50 to 9,000
mJ cm¯2 by increasing the contact time from 8 s to 23 min under 6.5 mW cm¯2 UV intensity.
This increase in UV fluence correlated with an improvement in the degradation of betrixaban
and hexazinone. Similar results have been reported with other trace organics in water
(Daneshvar et al. 2007, Liao et al. 2016, Rosario-Ortiz et al. 2010, Yuan et al. 2009). However,
considering the required UV fluence in WWTPs in the range of 40 to 140 mJ cm¯2 for typical
disinfection (Kim et al. 2009), and 540 mJ cm-2 for control of organic contaminants in the
presence of 6 mg/L (0.18 mM) H2O2 in WWTPs (Kruithof et al. 2007), betrixaban and
hexazinone are to be considered as recalcitrant compounds. These results demonstrate that they
will be removed only partially under real-world conditions.Rosario-Ortiz et al. (2010) showed
that by increasing the UV fluence from 300 to 500 mJ cm¯2, the oxidation of some
pharmaceuticals increased. Wols et al. (2013) reported that a range of UV fluence from 20 mJ
cm¯2 to more than thousands of mJ cm¯2 (up to 60,000 mJ cm¯2) is required for at least 90%
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degradation of most of the studied pharmaceuticals. In another study, UV fluence of 400 J m¯2
showed insignificant degradation of studied pharmaceuticals (Canonica et al. 2008). Almost
complete degradation of the herbicide, mecoprop, was observed under 800 mJ cm¯2 UV fluence
and 0.15 mM H2O2. Similarly, a pesticide, metaldehyde, required 1,000 mJ cm¯2 UV fluence
and 0.45 mM H2O2 for 98% of degradation (Semitsoglou-Tsiapou et al. 2016). Based on these
results, UV fluence required for more than 95% removal of betrixaban and hexazinone,
observed in this study is within the range reported in the literature.
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Figure 5. 2. Effect of contact time on degradation of (a) betrixaban and (b) hexazinone (experimental
condition: [Betrixaban and hexazinone]0= 0.5 µM, pH=7, H2O2 dosage= 0.5 mM, UV intensity= 6.5
mJ cm-2)
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5.3.3 The matrix effect and kinetic studies
The decay rate of betrixaban and hexazinone in the UV/H2O2 process for Milli-Q water and
secondary effluent matrices is shown in Figure 5.3 and Figure A4 in Appendices. The rate of
betrixaban and hexazinone degradation was found to be lower in the secondary wastewater
effluent (k= 0.061 and 0.0596 min-1, respectively) than in Milli-Q water (k= 0.2405 and 0.5212
min-1, respectively). Organic and inorganic compounds present in wastewater react with •OH
and decrease their efficiency for a specific contaminant removal (Kumar et al. 2021, Yuan et
al. 2011). By increasing the contact time to 23 min, the degradation efficiency of betrixaban
and hexazinone in the effluent was found to only increase up to 73% and 64%, respectively.
To determine the kinetics of photodegradation of betrixaban and hexazinone, the
relationship between Ln (C/C0) and time was plotted in both Milli-Q water and wastewater
matrices (Figure 5.3). It was found that the degradation of these compounds with the UV/H2O2
followed the pseudo-first-order reaction kinetics:
𝐶

Ln (𝐶 ) = - kobs.t

(5.4)

0

Where C0 is the initial concentration of betrixaban/hexazinone, and C is their concentration
after degradation at time t (min). Kobs is the pseudo-first-order reaction rate constant (min-1).
In the present study, the molar ratio of H2O2: betrixaban/hexazinone in the UV/H2O2
process was 1000:1; therefore, the Kobs can be assumed independent of the H2O2 concentration
and •OH. The plot of Ln (C/C0) versus time for the UV/H2O2 was linear in nature for betrixaban
and hexazinone degradation, with regression coefficient (R2) > 0.96. Most degradation studies
on the UV/H2O2 treatment of organic contaminants reported the pseudo-first-order kinetic (Al
Momani et al. 2004, Amalraj and Pius 2015, Ao and Liu 2017, Benitez et al. 2011, Gar Alalm
et al. 2015, Glaze et al. 1995, Ji et al. 2020, Luo et al. 2015, Shah et al. 2013). The pseudo-
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first-order kinetic was also found to be valid for the degradation of hexazinone in the UV/TiO2
process (Mei et al. 2012).
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Figure 5. 3. The pseudo-first-order kinetic for (a) betrixaban, and (b) hexazinone
(experimental condition: [Betrixaban and hexazinone]0= 0.5 µM, pH=7, H2O2 dosage= 0.5 mM, UV
intensity= 6.5 mJ cm-2)

5.3.4 The effect of varying H2O2 dosages
The effect of different dosages of H2O2 with/without UV irradiation is shown in Figure 5.4.
The results show that by increasing the dosage of H2O2 from 0.01 to 0.5 mM, the degradation
increased from approximately 7% to 70% for betrixaban (kH2O2= 2.22 mM-1) and from 50% to
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92% for hexazinone (kH2O2= 3.29 mM-1) under 1,500 mJ cm¯2 UV fluence. Moreover, the
results confirmed that H2O2 alone is not suitable for the degradation of hexazinone, with the
highest observed degradation of only 11%. By increasing the dosage of H2O2 in UV/H2O2
process, the absorption of UV photons increases, leading to the generation of more radicals
and, therefore, higher degradation of the aforementioned compounds. Similar to these results,
Kwon et al. (2015) found that by increasing the dosage of H2O2 from 0.2 to 2 mM, the
degradation rate of ibuprofen in the UV/H2O2 process improved. Some studies observed a
negative impact of H2O2 dosage on the degradation rate of target compounds at a very high
level (>3 mM) due to the scavenging effect of H2O2 on •OH (Daneshvar et al. 2008, Wang et
al. 2017). However, in this study, this decline was not observed since the dosages of H2O2 used
were below the scavenging points reported in the literature.
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Figure 5. 4. Effect of the H2O2 dosage on degradation of (a) betrixaban and (b) hexazinone
((experimental conditions: [betrixaban and hexazinone]0= 0.5 µM, pH=7, UV fluence= 1.5 J cm-2,
H2O2 alone contact time= 30 min, UV/H2O2 process contact time= 3.8 min).

5.3.5 The effect of pH
It has been found that pH of the solution has a significant effect on the reactivity of
contaminants and, therefore, the overall effectiveness of AOPs. In this study, the degradation
of betrixaban and hexazinone was evaluated at a fixed dose of H2O2 (0.5 mM), fixed UV
fluence of 1 J cm¯2, and at different pHs (3-11). As shown in Figure 6, betrixaban showed the
highest degradation (84%) at alkaline pH, while hexazinone degradation (91%) was highest at
acidic pH.
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The increase in betrixaban degradation at higher pH values might be related to its pKa
value. Considering the pKa values for betrixaban (pKa1= 10.91 and pKa2= 11.63) (Harshalatha
et al. 2018), this compound exists mainly in its neutral form under alkaline conditions. It is
reported that in the neutral form, molecules have strong light absorption and high
photochemical reactivity, which results in high removal efficiency (Borowska et al. 2015). A
higher degradation of betrixaban at alkaline conditions (pH= 9) has also been reported for
chloramination (Jasemizad et al. 2020).
In contrast, hexazinone has a pKa of 2.2 and is a neutral form for the pH range tested.
Hence, the decrease in the degradation of hexazinone under alkaline conditions can be
explained by two competing processes: the generation of •OH and the scavenging of •OH
(Sharma et al. 2015). The formation of hydroperoxide anion (HO2¯) (Eq. 5.5), which is
favourable at higher pH values, can enhance the generation of •OH in the UV/H2O2 process
(Eq. 5.6). On the other hand, HO2¯ can also act as a scavenger of •OH (Eq. 5.7) with a faster
reaction rate than H2O2 (Eq. 5.8). Furthermore, H2O2 loses its characteristics as an oxidant due
to its reaction with HO2¯ (Eq. 5.9) (Narayanasamy and Murugesan 2014, Xiao et al. 2016).
H2O2

HO2- + H+ (pKa= 11.6)

HO2- + H+

(5.5)

2 •OH

(5.6)

HO2- + •OH

HO•2 + OH- (k=7.5×109 M-1s-1)

(5.7)

H2O2 + •OH

HO•2 + H2O (k=2.7×107 M-1s-1)

(5.8)

HO2- + H2O2

H2O + O2 + HO-

(5.9)
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Figure 5. 5. Effect of pH (experimental conditions: [betrixaban and hexazinone]0= 0.5 µM, H2O2
dosage= 0.5 mM, UV fluence = 1 J cm-2).

5.3.6 The effect of scavengers
In this study, the effect of a fixed concentration of 0.1 M TBA, MeOH, and KI in the
UV/H2O2 process was evaluated to distinguish the contribution of •OH to the degradation of
betrixaban and hexazinone. TBA, MeOH, and KI were used to scavenge •OH (An et al. 2011,
Pelaez et al. 2016). As evident from Figure 5.7, the UV/H2O2-induced degradation of
betrixaban and hexazinone was enhanced with time from 8 s to 23 min, corresponding to 0.05
to 9 J cm¯2 UV fluence, without the addition of any scavengers, while the photodegradation
was hindered by the addition of these scavengers to either of these compounds. The degradation
rate of betrixaban in the presence of TBA (k= 0.0197 min-1) and KI (k= 0.0241 min-1) was
almost similar as H2O2 alone (k= 0.0247 min-1). Furthermore, the degradation of betrixaban
was inhibited considerably by the addition of methanol (k= 0.0115 min-1) and exhibited a
similar trend as UV alone (k= 0.0157 min-1) (Figure 5.7a and Figure A5a in Appendices). The
degradation of hexazinone in the presence of KI (k= 0.0068 min-1) and TBA (k= 0.0062
min-1) also displayed a degradation rate similar to H2O2 alone (k= 0.004 min-1). In addition,
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methanol (k= 0.0009 min-1) showed the highest inhibitory effect on hexazinone degradation in
the UV/H2O2 process (Figure 5.7b and Figure A5b in appendices). Results demonstrate the
important role •OH play in the degradation of hexazinone and betrixaban during AOPs.
Ran et al. (2014) had previously demonstrated that TBA could effectively scavenge the
•

OH in the O3/H2O2 process studied for hexazinone. The inhibitory effect of TBA and KI on

•

OH has also been observed in UV/TiO2 systems for the degradation of organics such as

lamivudine (An et al. 2011) and bisphenol A (Kondrakov et al. 2014) and in the UV/H2O2
process for the degradation of methylene blue dye (Gupta et al. 2020). Methanol is also shown
to be an efficient •OH scavenger for many organics (Paul et al. 2007).
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Figure 5. 6. (a) betrixaban and (b) hexazinone degradation kinetics in UV/H2O2 process
(experimental conditions: [betrixaban and hexazinone]0= 0.5 µM, pH=7, H2O2 dosage= 0.5 mM,
scavengers Conc.= 0.1 M, UV intensity= 6.5 mJ cm-2).
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5.3.7 Proposed photodegradation pathways in the presence of H2O2
The irradiated samples of betrixaban and hexazinone were analysed by LC–MS/MS for
identification of the photolysis by-products, using the MS full scan and spectra (Figure A6 and
A7 in Appendices). The oxidation of 10 µM betrixaban and hexazinone was carried out at
different exposure times from 30 s to 20 min under 6.5 mW cm¯2 UVC intensity at neutral pH
and in the presence of 0.1 mM H2O2. By increasing the irradiation time, the signal of betrixaban
and hexazinone dramatically decreased, revealing the adequate degradation of the compounds
from an aqueous solution. The following M+ peaks of betrixaban fragments in the MS/MS
were observed and identified: m/z 436, 279, 192, 176, 149-151 (Figure 5.8). Fragments at m/z
391 and 338 were also observed, but the by-products were not identified.
The proposed photodegradation pathway via cleavage of the amide bonds and partial Ndealkylation and demethylation by the •OH resulting from H2O2 photolysis (Figure 5.8) has not
been previously reported for betrixaban but is generally well-known for amides and
pharmaceuticals of various chemistries (Kim et al. 2008, Sharkey and Mochel 1959) and is
well supported by the mass spectroscopy.
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Figure 5. 7. Betrixaban degradation pathway under photooxidation with H2O2 added. Numbers
indicate m/z of the main M+ fragments identified in LC-MS/MS.

The photodegradation by-products from hexazinone were detected as m/z 267 and 239,
which were previously identified by photocatalytic degradation of hexazinone in the UV/TiO2
process (Mei et al. 2012). Although smaller intermediates (m/z 241, 223, 147, 102) have not
been detected in the present study, the possible photodegradation of hexazinone can be
expected to be similar to the pathway presented by Mei et al. (2012). In Mei et al (2012) study,
about 20 µM hexazinone was completely degraded within 40 min of exposure to UV irradiation
in the presence of TiO2 under neutral pH. In addition, the possible intermediates from 70 min
electrochemical degradation of hexazinone were identified as follows: m/z 305, 301, 267, 261,
255, 253, 241, 239, 237, 225, 223, 217, 91, 74 and 60 (Yao et al. 2019).
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5.3.8 Adsorption of betrixaban and hexazinone on CSGAC
The adsorption on CSGAC was carried out to understand its efficiency towards the removal
of betrixaban and hexazinone compared with the UV/H2O2. The results demonstrated that the
removal improved with contact time. Initially, the adsorption increased significantly and then
gradually reached equilibrium at 10 h for betrixaban and 24 h for hexazinone (Figure 5.9) with
~95% adsorption. This can be explained by the larger surface area available on the adsorbent
at the initial stages of the adsorption process than the later stages in which the pores of CSGAC
are fully saturated with betrixaban and hexazinone molecules. It can also be due to the repulsive
forces between the molecules on the adsorbent and the molecules in the solution at the later
stages (Njoku et al. 2014, Salman et al. 2011).
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Figure 5. 8. Effect of contact time on the adsorption rate of betrixaban and hexazinone (experimental
conditions: [betrixaban and hexazinone]0= 0.5 µM, CSGAC= 0.1 g, pH 7.5

5.3.8.1 Adsorption kinetics
Adsorption kinetics are strongly related to the physical and or chemical properties of the
adsorbent (Tan et al. 2015). To understand the mechanism of betrixaban and hexazinone
adsorption on CSGAC, the commonly used kinetic models for organic contaminants, pseudo-
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first order (Eq. 5.10) and pseudo-second order (Eq. 5.11) models (Chen and Wang 2007), were
investigated (Figure A8 in Appendices).
Ln (q e − q t ) = Ln q e − k1 t
t
qt

=

1
k2 q2e

(5.10)

1

+q t

(5.11)

e

Where k1 (min¯1) and k2 (g µg¯1 min¯1) are the rate constants of pseudo-first order and the
pseudo-second-order reactions, respectively, and t (min) is the contact time. The kinetic model
parameters are listed in Table 5.1. The pseudo-second-order model best describes the
adsorption kinetics of betrixaban and hexazinone onto CSGAC based on the R2 values
presented in the Table. Although it is difficult to decide which kinetic model represents
experimental data best only based on R2 values, the agreement between the experimental qe
value and the calculated qe value in pseudo-second-order kinetic confirms the suitability of this
kinetic model, suggesting that the adsorption rate depends more on the availability of the
adsorption sites on the adsorbent rather than betrixaban and hexazinone concentration in the
solution (Njoku et al. 2014, Salman et al. 2011). A similar observation has been reported for
the adsorption of some pharmaceuticals and pesticides onto GAC (Salman and Hameed 2010),
coconut fronds AC (Njoku et al. 2014), activated carbon prepared from agricultural byproducts (Baccar et al. 2012), and banana stalk AC (Salman et al. 2011). Moreover, the pseudosecond-order kinetic may suggest that the rate-limiting step is controlled by chemisorption,
resulting in the chemical bonding between betrixaban/hexazinone molecules and the functional
groups on the surface of CSGAC (Tan et al. 2015).

121

CHAPTER 5: Removal of Aqueous Betrixaban and Hexazinone using Adsorption, Photolysis, and
UV/H2O2: Efficiency, Kinetics, and Mechanisms
Table 5. 1. Comparison of the pseudo-first order and pseudo-second-order adsorption rate constants
Compound

Betrixaban
Hexazinone
*

*

C0
(µg L¯1)

qe exp
(µg g¯1)

302.4
240.16

288.2
229

Pseudo-first order
qe cal
k1 (min -1)
R2
(µg g¯1)
*

262.4
187.2

0.008
0.005

0.99
0.98

Pseudo-second order
R2
qe cal (µg
K2 (g mg¯1
min¯1)
g-1)
303
0.05
0.99
243
0.046
0.99

qe exp and qe cal (µg g¯1) are experimental and model-predicted adsorption capacity at time t

5.3.8.2 Adsorption isotherms
To better understand the adsorption behavior of betrixaban and hexazinone onto CSGAC,
two typical isotherm models, Freundlich (Eq. 5.12) and Langmuir (Eq. 5.13) were investigated
(Table 5.2 and Figure A9 in appendices) (Foo and Hameed 2010).
1⁄
𝑛

𝑞𝑒 = 𝐾𝑓 𝐶𝑒
𝑞𝑒 =

(5.12)

𝑞𝑚 𝐾𝐿 𝐶𝑒

(5.13)

1+ 𝑘𝐿 𝐶𝑒

Where qe is the amount of betrixaban and hexazinone adsorbed per g of CSGAC (μg g-1),
and Ce is the equilibrium concentration (μg L-1). Kf and KL are the Freundlich constant (μg
g-1) (L μg-1)1/n, and the Langmuir constant (L μg-1), respectively. The parameter qm is the
maximum adsorption capacity (μg g-1), and n is a measure of adsorption linearity.
The adsorption of betrixaban and hexazinone onto CSGAC was best described by the
Freundlich model with the highest R2, suggesting that the adsorption of the compounds onto
CSGAC involves multi-layer adsorption with interactions of the adsorbates’ molecules with
the heterogeneous surface of adsorbent (Foo and Hameed 2010, Salman et al. 2011). Moreover,
this can be confirmed by the n values (n>1) in the Freundlich model, representing higher
intensity and favourable for chemisorption (Foo and Hameed 2010, Sumaraj et al. 2020).
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Table 5. 2. Sorption isotherm parameters of betrixaban and hexazinone onto CSGAC
Compound

Freundlich

Langmuir

Kf (µg g-1) (L µg-1)1/n

n

R2

KL (L µg-1)

RL

qm (µg g-1)

R2

Betrixaban

81.34

1.95

0.984

0.015

0.21

1,667

0.845

Hexazinone

62.52

2.03

0.987

0.041

0.165

714.3

0.95

5.3.8.3 Possible adsorption mechanisms
The plausible adsorption mechanism for betrixaban could be due to the presence of ̶ Cl
group, having more pronounced electron-withdrawing properties. The ̶ Cl group causes π
electrons to be withdrawn from the aromatic rings, which constitutes an electron-acceptor
group, of CSGAC resulting in an increase in adsorption affinity (Salman et al. 2011).
Moreover, betrixaban might be adsorbed on the surface of CSGAC through electrostatic
interactions. Betrixaban with pKa>10 exists in the protonated state at pH<10. Furthermore,
since the surface of the adsorbent, with pHzpc= 6.9 <pH of the solution=7.5, was oppositely
charged, there was likely electrostatic interactions between cations produced from betrixaban
in the solution and anions formed on the surface of the activated carbon (Sumaraj et al. 2020).
The mechanism of hexazinone adsorption could be attributed to the interactions between
CSGAC surface functional groups, confirmed through FTIR analysis, and hexazinone's triazine
ring through π–π electron donor-acceptor (EDA) interactions. The adsorption of several
pesticides onto activated carbon-cloth had been attributed to the dispersion forces between the
π electrons in pesticide structure and π electrons in the adsorbent. Moreover, the aromatic ring
in the structure of the pesticides was assumed to enhance the probability of such interactions
owing to the delocalisation of π electrons over the ring (Ayranci and Bayram 2005).
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5.4 Conclusions
This is the first study showing the fate of hexazinone and betrixaban at the advanced
treatment/polishing stages of water treatment for AOPs and GAC filtration. The results of this
study showed that UV and H2O2 individually are not efficient for the degradation of betrixaban
and hexazinone. However, the addition of H2O2 into the irradiation system could improve their
degradation rates, especially under UVC irradiation, as it generates more •OH from H2O2.
Furthermore, an increase in the UV fluence, H2O2 dosage, and contact time could significantly
enhance the degradation rate. The kinetic studies followed the pseudo-first-order reactions for
betrixaban and hexazinone degradation in the UV/H2O2 process. The effect of scavengers
including KI, TBA, and methanol showed that •OH played a significant role in betrixaban and
hexazinone degradation during AOPs. Moreover, almost complete adsorption of betrixaban
and hexazinone was observed by 0.1 g of CSGAC within 24 h. The adsorption of both
compounds followed the pseudo-second-order kinetic and Freundlich isotherm. Chemisorption
was found to be the main adsorption mechanism of betrixaban and hexazinone on CSGAC.
The adsorption through electrostatic interactions might also be possible for the adsorption of
betrixaban. The mechanistic insights provided in this study would be useful to the researchers,
practitioners, and utilities for understanding effective removal strategies for these two
emerging contaminants.
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6.1 Introduction
Hexazinone, a world-wide applied broad-spectrum triazine herbicide, has caused serious
concerns for the environment due to its potent and heavy use to control a variety of grasses and
woody plants in agriculture and on highways, railroads, and industrial plant sites (Mei et al.
2012, Yao et al. 2019). Due to its high water solubility (33 g L-1), hexazinone can be mobile in
soil and permeate into water resources (Jasemizad and Padhye 2021). In addition, owing to
being unsusceptible to microbial degradation and photolysis, hexazinone’s overuse has raised
serious concerns regarding its hazardous impacts towards the aquatic environment and
organisms, as well as human health (Bouchard et al. 1985, Yao et al. 2019). Hence, it is
important to explore effective treatment processes for the removal of hexazinone.
A wide range of processes has been proposed for the removal or degradation of organic
contaminants from water and wastewater, including conventional treatments, adsorption,
AOPs, and biological processes (Kwon et al. 2015). AOPs are widely studied due to being fast,
clean, and effective for detoxification of contaminated water containing organic pollutants
(Agüera and Fernandez-Alba 1998). UV irradiation in combination with oxidants, as one subset of AOPs, has been considered as an effective and practical method to decompose organic
compounds in the aquatic environment over the past decade. The photodegradation of
hexazinone has been previously reported under irradiation alone and in combination with H2O2
(Martins et al. 2014) (chapter 5), and TiO2 (Mei et al. 2012) as well as with transition metals
capable to initiate photo-Fenton processes (Martins et al. 2015).
Photocatalysis is also one of the AOPs where harnessing of light energy by a semiconductor
can excite the electrons from the valence band to the conduction band and relies mainly on the
strong oxidative power of radical species (Bello and Raman 2018, Kar et al. 2020, Kumar et
al. 2021). This technique has attracted great interest in the last few years due to its low operation
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cost, high efficiency in contaminants remediation, and nontoxicity (Kar et al. 2020). Recently,
the development of novel photocatalysts that can effectively remove contaminants from water
and wastewater has drawn environmental researchers’ attention.
Conducting polymers, typical organic semiconductors are interesting as photocatalysts
owing to their low cost, room temperature operation, ease of synthesis and unique
electrochemical properties (Taccola et al. 2013). Having a low bandgap makes CPs able to
absorb a wide range of wavelengths and thus excellent photocatalysts (Kumar et al. 2021).
PEDOT is one of the CPs which has previously revealed great photocatalytic performance
towards organic contaminants degradation (Ghosh et al. 2015b, Kumar et al. 2021).
Furthermore, it is reported that the presence of a small amount of iron ions in the matrix of
polymers can significantly enhance the polymer photocatalytic activity (Yang et al. 2017a). By
absorbing visible light, polymers create an e-/h+ pair, where the e- transfers to the conduction
band of iron ion, leading to an increase in charge separation and the generation of •OH and O2•and therefore, higher photodegradation of organic pollutants may occur (Yang et al. 2017a).
Iron, naturally abundant, inexpensive, and non-toxic, has been extensively examined for
catalytic decomposition of peroxides, which subsequently lead to the enhancement in the
degradation of organic contaminants in water due to the formation of reactive species (Shah et
al. 2015). In the aquatic environment, Fe (III) and Fe (II) are the most prevalent metal ions in
the aquatic environment (Wang et al. 2015a).
Herein, the effect of PEDOT and iron, individually and in combination, were systematically
investigated on photodegradation of hexazinone for gaining mechanistic insights on their
photocatalytic mechanisms. Methylene blue (MB), a model organic compound, was also tested
in parallel for ease of analysis. Moreover, PEDOT was immobilised on carbon fibre cloth
through an electrochemical reaction to explore its photocatalytic efficiency for the removal of
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hexazinone and MB. Finally, the effect of iron on the performance of PEDOT has been
investigated.

6.2 Material and Methods
6.2.1 Chemical reagents
Hexazinone and MB were purchased from Sigma-Aldrich, New Zealand. Acetonitrile and
methanol (MeOH) (Sigma-Aldrich, New Zealand) were of HPLC/MS grade (99.9% purity).
Iron (III) chloride hexahydrate (FeCl3.6H2O), iron (III) nitrate nonahydrate (Fe(NO3)3.9H2O),
3,4-Ethylenedioxythiophene (EDOT, 97%), lithium perchlorate (LiClO4), sodium hydroxide
(NaOH) (98%, pellets) and hydrochloric acid (HCl) were obtained from Sigma-Aldrich, New
Zealand. Carbon fibre (ELAT Hydrophilic) was purchased from the Fuel Cell Store. Milli-Q
water was obtained from a Millipore Milli-Q® water system (resistivity 18.2 MΩ.cm). All other
chemicals used in this study were of analytical grade and commercially available.

6.2.2 Electrodeposition of PEDOT on carbon fibre cloth
For the electrochemical polymerisation of PEDOT, EDOT was used as a monomer in the
polymerisation process in a three-electrode set-up (Gamry). Silver/silver chloride (Ag/AgCl)
electrode and stainless-steel sheet were used as reference and counter electrodes, respectively.
The working electrode was a carbon fibre cloth that was cut in pieces and cleaned in acetonitrile
solution for 15 min in a sonicator (Elma S 100 Elmasonic, bio-strategy). Thereafter, 0.05 M of
EDOT monomer was dissolved in 0.1 M LiClO4 electrolyte solution (acetonitrile), which was
purged with N2 for 15 min. The polymerisation was conducted in chronoamperometry mode
with an applied potential of 1.1 V for 30 min. A roughly homogenous coating on both sides of
the electrode was obtained (Figure 6.1). After the reaction, the PEDOT electrode was washed
several times with ethanol and Milli-Q water and dried under ambient conditions. Then, they
were cut in 15 × 5 mm (width × length) size prior to photocatalysis experiments.
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Figure 6. 1. PEDOT strips prepared through electrochemical polymerisation.

6.2.3 Photolysis and photocatalysis experiments
A stock solution of hexazinone (1 mM), MB (1 mM), and FeCl3 (1 M) was prepared in
Milli-Q water and stored in amber glass bottles in the fridge (4 ºC) until use. A 10 mL reaction
solution containing 5 µM hexazinone or 15.6 µM MB with and without PEDOT strips and
FeCl3 were used for experiments. All batch experiments were carried out at room temperature
(25 ºC). Most of the experiments were performed without pH adjustment (pH ∼ 6.5 similar to
environmental conditions) except for the effect of pH experiments in which pH was adjusted
using 0.1 N NaCl and HCl and measured with a pH meter (HACH, HQ40d). Each experiment
was carried out in duplicate except for pH experiments which were performed in triplicate.
Error bars in all the graphs illustrate the maximum and minimum measurements for replicates.
All the irradiation experiments were carried out in a UV chamber (Opsytec Dr. Grobel,
Germany) equipped with eight 15-W low-pressure lamps (Philips Co., Japan) that emit light
primarily at 254 nm (UVC), 313 nm (UVB), and 352 nm (UVA). The intensity of each lamp
was measured by radiometric sensors. The highest light intensity for UVC, UVB, UVA, and
Visible is determined to be approximately 20, 16.80, 13.60, and 8 mW cm-2, respectively. For
photocatalysis experiments, PEDOT strips (15×5 mm) were dipped in the compounds’ solution
(10 mL) just prior to the irradiation while continuously mixed with a magnetic stirrer. In
addition, adsorption experiments were carried out under similar conditions as photocatalysis
but in the absence of light. To understand the role of iron alone and together with PEDOT,
various concentrations of FeCl3 have been added to MB and hexazinone solutions under
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different light sources. Finally, the samples were taken at predetermined intervals of time to be
analysed for the residual concentrations of hexazinone and MB.

6.2.4 Analytical methods
The quantification of aqueous hexazinone by taking 150 µL aliquot was performed with
LC-MS/MS (Shimadzu, Japan). The separation was done on a 2.1 × 100 mm, 3.5 μm, Eclipse
Plus C18, Agilent column. The details of LC-MS/MS conditions were described previously
(Jasemizad and Padhye 2019) (Chapter 3). Moreover, MB concentrations, by taking 2 mL
aliquot at certain time intervals, were quantified by UV-Vis spectrophotometer (UV-2700,
Shimadzu) using a photometric method at 664 nm. Microwave plasma atomic emission
spectrometers (MP-AES, Agilent Technologies 4210) was also used to measure the residual
amount of iron in samples.

6.3 Results and discussion
6.3.1 Effect of ferric chloride on the degradation of MB and hexazinone
In this study, the effect of FeCl3 was tested on the degradation of MB and hexazinone under
different irradiation sources. The control experiments were performed in the presence of FeCl3
in the dark and in the absence of FeCl3 under irradiation. Very low degradation (< 5% for
hexazinone and <20% for MB) was observed under 3 h irradiation alone, while no degradation
was observed in the presence of FeCl3 in the dark. However, the degradation of tetracyclines
in the presence of Fe (III) without irradiation has been reported previously that could be
possibly due to the complexation of tetracyclines and their oxidation by Fe (III) (Wang et al.
2015a).
Approximately 37% degradation of MB was observed under 5 min UVA, UVB, and UVC
irradiation in the presence of 0.05 mM FeCl3 with a slight increase in degradation from 5 to 60
min. Whereas the degradation rate of MB under visible light irradiation and 0.05 mM FeCl3
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was less than 10% (Figure 6.2a). In the presence of a higher concentration (0.5 mM) of FeCl3,
>95% degradation of MB was observed at 5 min under all types of irradiation sources except
for visible light. However, degradation enhanced from ∼20% to 81% under visible light
illumination by increasing the contact time from 5 to 60 min (Figure 6.2b).
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Figure 6. 2. Effect of FeCl3 on photodegradation of MB, (experimental conditions: [MB]0= 15.6 µM,
[FeCl3]0= 0.05 mM (a) and 0.5 mM (b), pH∼ 6.5).
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It is known that •OH can be generated through the simple photochemical reaction between
Fe (III) and water according to the following equation (Larson et al. 1991, Machulek Jr et al.
2012):
Fe (III) + H2O

hv

Fe (II) + H+ + •OH

(6.1)

To verify the role of •OH, the experiments were conducted by photodegradation of
hexazinone in the presence of 0.05 mM FeCl3 using methanol, a well-known •OH scavenger
(Paul et al. 2007). The results are displayed in Figure 6.3. The photodecomposition of
hexazinone was completely inhibited by 0.5 mM methanol under all irradiation sources,
verifying the important role of •OH in the photodegradation of the contaminant. The results
were further verified by changing the source of ferric salt (iron nitrate nonahydrate
(Fe(NO3)3.9H2O)) used in this study. The same results were observed (the results are not
presented here). However, Park and Choi (2003) found no inhibition effect on
photodegradation of acid orange dye in the presence of Fe (III) by the addition of 2-propanol,
•

OH scavenger, indicating the ineffective role of •OH in degradation. The authors proposed the

degradation mechanism of the dye through the formation of a complex between the dye and Fe
(III) followed by visible-light-induced e- transfer from the azo chromophoric group to the Fe
centre in the complex (Park and Choi 2003).
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Figure 6. 3. Effect of FeCl3 in the presence and absence of MeOH on photodegradation of
hexazinone (experimental conditions: [hexazinone]0= 5 µM, [FeCl3]0= 0.05 mM, MeOH= 0.5 mM,
pH∼ 6.5).

Fenton (Fe(II)/H2O2), and Fenton-like (Fe(III)/H2O2) processes have demonstrated a
significant efficiency in the removal of contaminants. However, their drawbacks are significant
production of iron sludge, effective at a narrow range of pH, and ferric ions’ slow reduction by
H2O2. To minimise the limitations of Fenton processes, UV irradiation has been suggested. UV
light is capable to photoreduce different ferric species, which contribute to the formation of
radical species and ferrous ions (Fe (II)) (Benitez et al. 2011). There are some studies that
investigated the photodegradation of different contaminants from aqueous solutions using
ferric salts without using other oxidants such as H2O2. For instance, acid orange could be
successfully photodegraded in the presence of Fe (III) (0.1 to 0.5 mM) under visible light
illumination, in particular at acidic pH (Park and Choi 2003). Larson et al. (1991) reported a
significant increase in photodegradation of some triazines, such as atrazine, prometon, ametryn,
and prometryn by the addition of 20 to 300 µM of ferric sulfate or ferric perchlorate and
explained the results as possibly due to the formation of •OH as an active reactant. The presence
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of 100 µM Fe (III) also revealed a significant increase in photodegradation of chlortetracycline
at pH 7.3 (Chen et al. 2012). Recently, the degradation of tetracycline under UV irradiation in
the presence of FeCl3 was investigated by Yao et al. (2017). The maximum degradation rate of
tetracycline was observed at 20 µM Fe (III), corresponded to a 1:1 molar ratio of tetracycline
to Fe (III). The Fe (III)-promoted degradation of tetracycline under UV irradiation was initiated
by generation of Fe (III)-tetracycline complexes, after which ligand to metal charge transfer
resulted in the oxidation of tetracycline and the reduction of Fe (III) to Fe (II). However, in the
present study, only 7% photodegradation was observed with 1:1 molar ratio of FeCl3:
hexazinone (5 µM) (Figure 6.4).
As can be seen from Figure 6.4, an increase in the rate constants of hexazinone
photodegradation was observed by increasing the concentration of Fe (III). To calculate the
degradation rate constant (k (h-1)), a pseudo-first order kinetic model was used (Eq 6.2) with
regression coefficient (R2) > 0.85 (Figure A10 in Appendices) and the results for different ratios
of FeCl3: hexazinone are shown in Figure 6.4.
𝐶

Ln (𝐶 ) = - kobs.t

(6.2)

0

Where C0 is the initial concentration of contaminants and C is their concentration after
degradation at time t (min). Kobs is the pseudo-first-order reaction rate constant (min-1).
Benitez et al. (2011) found no significant effect in photodegradation of some
pharmaceuticals, metoprolol, naproxen, amoxicillin, and phenacetin, by increasing the
concentrations of Fe (II) and Fe (III) from 0.007 to 0.01 mM under irradiation with 1.81
µEinstein/s UVC intensity and 5.09 cm lamp’s optical path. However, higher degradation of
endosulfan with 2.45 µM initial concentration was observed in the presence of Fe (III) (52%)
than Fe (II) (32%), under 360 mJ cm-2 UV fluence (Shah et al. 2015). The results of this study,
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along with the literature suggest the use of ferric salts under irradiation as a cost-effective
technique for the degradation and mineralisation of organic contaminants.
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Figure 6. 4. Effect of different ratios of FeCl3: hexazinone on photodegradation of hexazinone
(experimental conditions: [hexazinone]0= 5 µM, pH∼ 6.5, exposure time= 5 to 30 min, UVC
intensity= 20 mW cm-2).

6.3.2 Effect of PEDOT immobilised on carbon fibre cloth on photocatalytic degradation
of hexazinone and MB
Prior to photocatalytic experiments, adsorption (4 h) and desorption (24 h) studies were
performed with 15.6 µM (5 mg L-1) MB at pH ∼ 6.5 in the dark. About 70% mass of MB was
adsorbed onto PEDOT during 4 h. Subsequently, ∼ 20% mass of MB was desorbed from
PEDOT into fresh Milli-Q water in 3 h. After that, slight adsorption (10% mass of MB) was
observed in 24 h. Due to the insignificant desorption, the sample was sonicated for 1 h in MilliQ water, however, still only showing 18% mass of MB desorbed into the solution (Figure A11a
in Appendices).
Similar experiments were carried out for 0.2 µM (0.05 mg L-1) hexazinone with 24 h
adsorption followed by 24 h desorption. The results revealed that about 97.5% mass of
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hexazinone was adsorbed onto PEDOT after 24 h adsorption. Only 16% mass of hexazinone
desorbed from PEDOT into Milli-Q water after 3 h desorption experiments. Thereafter,
PEDOT started to adsorb 6% mass of hexazinone in the solution up to 24 h (Figure A11b in
Appendices). This low desorption can be owing to a strong adsorption bonding between the
pollutant and PEDOT, which makes adsorption somewhat irreversible.
To investigate the performance of the immobilised PEDOT, the photodegradation
performance of PEDOT under UVC irradiation with 10 mW cm-2 intensity was performed. The
adsorption efficiency of PEDOT was also monitored under identical conditions but in the dark.
The PEDOT strips were first dipped into 5 µM hexazinone solution at different pHs. The results
for pseudo-first order kinetic models at different pHs are demonstrated in Figure 6.5.

136

CHAPTER 6: Photocatalytic Removal of Hexazinone with Iron and PEDOT: Mechanistic
Investigation

0

Ln(C/C0)

-0.1
-0.2
UV alone
UV/PEDOT
Dark/PEDOT

-0.3
-0.4
0

(a)

20

40
60
Time (min)

80

100

40
60
Time (min)

80

100

0

Ln(C/C0)

-0.1
-0.2
UV alone
UV/PEDOT
Dark/PEDOT

-0.3
-0.4
0

(b)

20

0

Ln(C/C0)

-0.1
-0.2
-0.3
-0.4

UV alone

-0.5

UV/PEDOT
Dark/PEDOT

-0.6
0
(c)

20

40
60
Time (min)

80

100

Figure 6. 5. Hexazinone degradation kinetics at different pHs; (a) pH= 3, (b) pH∼ 6.5, and (c)
pH= 10 (experimental conditions: [hexazinone]0= 5 µM, time= 5 to 60 min, UVC intensity= 10
mW cm-2).

137

CHAPTER 6: Photocatalytic Removal of Hexazinone with Iron and PEDOT: Mechanistic
Investigation

The degradation rate constant (k (h-1)) of hexazinone at different pHs (Figure 6.6) were
calculated using a pseudo-first order kinetic model (Eq 6.2) with regression coefficient (R2) >
0.9 (Figure 6.5). As shown in Figure 6.6 and Figure A12 in Appendices, the photodegradation
of hexazinone in the absence of photocatalyst (UV alone) was favoured under acidic pH. While
the differences in photodegradation between different pHs in UV/PEDOT system were not
significant, the trend is clear with 33.7% ± 4.6 degradation under alkaline conditions compared
to 28% ± 2.6 and 25% ± 3.3 at pH 6.5 and pH 3, respectively. Whereas the adsorption behaviour
of PEDOT in the dark was higher at pH 6.5 (22% ± 0.6) compared with that at pH 3 (16% ±
2.5) and pH 10 (19.5% ± 2.5).
The role of initial pH is critical in the degradation of organic compounds. It can determine
the compound dissociation (e.g. ionic form of a compound might be favourable for degradation
in some cases). In addition, surface interaction phenomena can be influenced by pH, which
depend on point of zero charge of material. For example, catalyst charge may promote the
adsorption of contaminants, leading to their decomposition at the surface of catalyst where h+
and or reactive oxygenated species are generated (Katančić et al. 2020). The effect of initial
pH on the photocatalytic performance of PEDOT powder, synthesised through oxidative
chemical polymerisation of EDOT and FeCl3, was investigated by Kumar et al (2021). The
authors found >99% degradation of metformin at acidic pH, indicating the role of h+ in radical
species formation (Kumar et al. 2021). In contrast, the electrochemically polymerised PEDOT
in this study displayed the lowest photocatalytic degradation of hexazinone at acidic pH.
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Figure 6. 6. Effect of solution pH on hexazinone photocatalytic degradation in the presence of
PEDOT strips (experimental conditions: [hexazinone]0= 5 µM, UVC intensity= 10 mW cm-2)

Later, to distinguish the difference between adsorption in dark and photocatalysis
degradation, the process was modified by conducting the adsorption experiments prior to
photocatalysis experiments as well as using higher UV intensity. Therefore, the adsorption in
the dark was first carried out for 3 h to evaluate the adsorption performance of the PEDOT
strips. After 3 h adsorption, the dark tests were continued under the same conditions as
photocatalysis tests but in the absence of UV illumination. The results are shown in Figure 6.7.
Approximately 30% adsorption occurred in the first 3 h and reached about 53% after another
3 h in the dark (k= 0.13 h-1). However, the photocatalytic degradation of hexazinone increased
from 30% to 85% after 3 h irradiation (k= 31 h-1). Hence, 19%-32% degradation of hexazinone
can be considered as photocatalytic activity of PEDOT by increasing the exposure time from
1 to 3 h. The control experiments on the effect of UV on the adsorption properties of PEDOT
was conducted by 3 h irradiation of PEDOT strips in Milli-Q water, followed by dipping in 10
mL hexazinone solution (5 µM) for different contact times in the dark. No change was observed
on the adsorption behaviour of PEDOT.
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Liu et al. (2016) found an improved photocatalytic activity in PEDOT infused TiO2
nanofibers for degradation of phenazopyridine compared to non-PEDOT infused counterparts.
This could be due to the introduction of h+ transport layer of PEDOT, resulting in an enhanced
h+ transfer from TiO2 nanofibers to PEDOT, whereas no degradation of phenazopyridine was
observed with PEDOT alone. Moreover, only 11.5% reduction in methyl violet dye degradation
was reported by PEDOT itself under 300 min illumination by a xenon lamp (Yang et al. 2017a).
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Figure 6. 7. Hexazinone adsorption and photocatalytic degradation in the presence of PEDOT
strips (experimental conditions: [hexazinone]0= 5 µM, pH∼ 6.5, UVC intensity= 20 mW cm-2).

Recently, the combination of adsorption and photocatalysis received wide attention and has
been reported in the literature as an alternative approach for the removal of recalcitrant organic
contaminants from wastewater (Bello and Raman 2018). Semiconductor photocatalysts with
heterogeneous nature are capable of adsorbing contaminants on their surface. Hence,
adsorption can be involved with photocatalytic degradation. Although photocatalytic
degradation is usually the dominant mechanism, the percentage of the effectiveness of these
mechanisms depends on the composites applied for photocatalyst preparation (Bello and
Raman 2018, Zhang et al. 2017a). For instance, about 60% adsorption and 93.1% adsorption
and photodegradation of rhodamine blue were observed using Bi2WO6 3D (Huang et al. 2017).
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In another study, Ag-TiO2/graphene oxide nanocomposite showed 99.5% adsorption and
photocatalysis for rhodamine blue (Zhang et al. 2017a).
The adsorption of aromatic compounds, such as hexazinone and methylene blue, generally
depends on π–π bond interactions between their aromatic rings and the surface of the adsorbent,
in this case PEDOT (Katančić et al. 2020, Liu et al. 2016). Since adsorption mechanisms and
characterisation of PEDOT were beyond the scope of this study, further experiments on the
adsorption of organic contaminants on electrochemically prepared PEDOT are suggested with
the focus on characterisation studies in order to understand the adsorption mechanisms.
Photocatalysis involves the formation of charge carriers (e- and h+) and their catalytic
reactions. A great photocatalytic performance is highly related to the effective separation of
photoexcited e-/h+ pairs produced after excitation of photocatalyst (Ghosh et al. 2015b). Due
to the involvement of many reactive species in the photocatalytic oxidation process, it is useful
to examine the effect of scavengers on photocatalytic degradation of contaminants to elucidate
the involved reactive mechanisms (Ghosh et al. 2015a). In this study, the effect of methanol as
•

OH scavenger on PEDOT efficiency for degradation of hexazinone was investigated owing to

the critical role of this radical (Figure 6.8). The experiments were conducted by adsorption
experiments for 3 h in the dark followed by photocatalytic degradation under irradiation up to
3 h. The degradation rate of hexazinone was about 10% lower in the presence of 0.5 mM
MeOH, highlighting the role of •OH involved in the photodegradation by PEDOT. Similar
results were observed using MB (data are not shown here). However, the role of other reactive
species in photodegradation should not be ignored.
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Figure 6. 8. Effect of MeOH on photodegradation rate of hexazinone (experimental conditions:
[hexazinone]0= 5 µM, [MeOH]0= 0.5 mM, pH∼ 6.5, UVC intensity= 20 mW cm-2).

The effect of different scavengers on photocatalytic degradation of metformin by PEDOT
was conducted by Kumar et al. (2021) who indicated the key role of radicals as well as charge
carriers in the degradation process. Based on their hypothesis, by irradiation of PEDOT, e- and
h+ were produced. O2•- was formed via the reaction between e- and O2 while •OH was generated
via a series of reactions with h+ (Kumar et al. 2021). The role of h+ was also more critical in
the photodegradation of tetracycline by magnetic PW@PEDOT imprinted photocatalyst than
•

OH and O2•- (Lu et al. 2018b). In addition, •OH, O2•-, and h+ were all involved in photocatalytic

degradation of phenol under visible light irradiation using PEDOT nanospindles synthesised
through chemical oxidative polymerisation (Ghosh et al. 2015b).

6.3.3 Effect of ferric chloride on the performance of PEDOT strips
To understand the role of iron in the photocatalytic degradation efficiency of PEDOT, the
experiments were carried out with two different methods. First, FeCl3 was added to hexazinone
solution in the presence of PEDOT at pH ∼ 6.5. For these experiments, the samples were kept
in the dark for 3 h containing two different concentrations of iron (Figure 6.9 and Figure A13
in Appendices). The control experiments showed that the addition of iron had no effect on the
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adsorption of hexazinone onto PEDOT in the dark (Figure A13 in Appendices). Moreover,
under irradiation, an additive effect on hexazinone degradation was observed between PEDOT
and Fe in UV/PEDOT/Fe system, demonstrating a combination effect of UV/PEDOT and
UV/Fe systems. Hence, enhanced degradation in UV/PEDOT/Fe process can be attributed to
the presence of more reactive species, in particular, •OH, produced separately from PEDOT
(adsorption + photocatalysis) and Fe (III) under illumination. In a study conducted by Katančić
et al. (2020), higher overall degradation of bisphenol A was observed when PEDOT in the TiO2
composite was obtained using FeCl3 as an oxidant on the polymerisation, compared with the
PEDOT obtained using ammonium persulfate as an oxidant. Yang et al. (2017a) stated the
formation of e- and h+ by irradiation of poly(EDOT–pyridazine– EDOT) polymer and Fe (III)
in the solution of contaminants followed by their conversion to Fe (II) and Fe (IV), which can
finally form •OH and O2•- as well as Fe (III).
In this study, the concentration of iron after treatment was measured by MP-AES and found
to be the same as its initial concentration in the solution. However, the conversion of Fe (III)
to Fe (II) or vice versa has not been investigated. Based on the assumption by Yao et al. (2017),
Fe (III) may complex with hexazinone and MB after which the complex undergoes the ligand
to metal charge transfer process under illumination, affording Fe (II) and the compounds’
oxidised products. Subsequently, Fe (II) could be oxidised to Fe (III) by dissolved O2.
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Figure 6. 9. Effect of FeCl3 in the presence and absence of PEDOT under irradiation
(experimental conditions: [hexazinone]0= 5 µM, [FeCl3]0= 0.015 mM, pH∼ 6.5, irradiation time= 60
min, UVC intensity= 20 mW cm-2).

In a separate experiment, PEDOT strips were dipped in 1 M FeCl3 solution, washed by
immersion in Milli-Q water for 5, 10, 20, and 30 min to eliminate unbound salt, and then used
for experiments with MB in the dark and under irradiation from 5 to 90 min. Approximately
10% and 30% removal of MB was observed in the dark and under illumination up to 90 min,
respectively. After treatment, the residual FeCl3 was measured in MB solutions (Table 6.1).
The average residual concentrations of FeCl3 under irradiation and in the dark were 0.006 and
0.001 mM, respectively. A higher amount of FeCl3 leached out of the strip under irradiation
than that in the dark can be due to the exposure of PEDOT strips to the irradiation. About 30%
removal under irradiation can be explained by the effect of iron and PEDOT together.
However, the decrease in the adsorption behaviour (only 10% after 90 min) of PEDOT
dipped in FeCl3 solution requires further investigation. Ghosh et al (2015a) investigated the
dark adsorption test for the removal of phenol and methyl orange dye by PEDOT, prepared
through chemical oxidative polymerisation, prior to photocatalysis test. They reported
insignificant adsorption behaviour of PEDOT. Similarly, Kumar et al (2021) found
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insignificant removal of metformin in dark in the presence of PEDOT, prepared via chemical
oxidative polymerisation.
Table 6. 1. The average concentrations of residual iron (µM) leached from PEDOT strips
dipped in 1 M FeCl3 in MB solutions after 90 min treatment.
Wash time (min)

UV irradiation

Dark

5

8

2.8

10

4.7

1

20

5.4

1.1

30

5.5

0.74

Several studies developed novel photocatalysts using ferric salts for degradation of organic
contaminants from aqueous solution (Ghosh et al. 2015b, Kumar et al. 2021, Lu et al. 2018a,
Lu et al. 2018b, Lu et al. 2020, Zhang et al. 2015). However, if iron ions are not immobilised,
they may leach into the solution. A new procedure of ion imprinting method, which could
efficiently immobilise the iron ions on the catalyst (TiO2/fly-ash cenospheres) surface, was
introduced by Huo et al. (2011). The mutual transformation between Fe (III) and Fe (II) could
be efficiently promoted by this method, leading to an increase in the separation rate of e- and
h+ in the cycling system and, hence improving the photocatalytic performance (Huo et al.
2011). The synthesis of a photocatalyst using Fe2O4 and PEDOT (Z-scheme imprinted
ZnFe2O4/Ag/PEDOT) via microwave polymerisation technique and surface imprinting method
demonstrated ∼ 72% degradation of tetracycline under 120 min simulated sunlight irradiation
(Lu et al. 2018a). Moreover, Fe3O4 introduction into PEDOT/CdS heterojunction enhanced the
transfer of photoexcited electrons; thereby, the photocatalytic activity of the magnetic
imprinted PEDOT/CdS heterojunction was greatly enhanced up to about 85% (Lu et al. 2020).
Yang et al. (2017a) stressed the significant role of Fe ions, present in the matrix of poly
(EDOT–pyridazine– EDOT) polymer in improving the polymer photocatalytic activity.
Moreover, 8:1 ratio of FeCl3 to polymer displayed the highest photodegradation efficiency
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(∼ 95%) for methyl violet dye under visible irradiation for 300 min. This phenomenon was
explained by narrowing the band gap of the polymer by a small amount of Fe and hence
postponing the e-/h+ pair recombination, beneficial for the photocatalytic performance of the
polymer (Yang et al. 2017a). The immobilisation of iron ions on the surface of
electrochemically prepared immobilised PEDOT in this study is proposed as an efficient
method for the degradation of contaminants from water and wastewater. In this study, the
presence of iron could assist the PEDOT system in the degradation of hexazinone and MB
under irradiation due to the formation of more •OH in the solution.

6.4 Conclusion
In this study, MB and hexazinone were photo-chemically degraded in the presence of FeCl3
under irradiation with various visible and UV sources. The use of ferric salts under irradiation
is suggested for the treatment of water and wastewater as a cost-effective process for the
degradation and mineralisation of pollutants. Moreover, conducting polymer PEDOT was
successfully immobilised on the surface of carbon fibre via electrochemical polymerisation.
This study indicates the potential use of the immobilised PEDOT in the photocatalytic
degradation of organic contaminants resistant to photolysis with a superior adsorption capacity.
The use of methanol as an •OH quencher revealed the significant role of •OH in both scenarios.
Furthermore, the external addition of iron to the photocatalyst system could assist the
degradation of contaminants under irradiation. For example, by dipping the PEDOT strips in 1
M FeCl3 solution followed by their immersion in Milli-Q water at different times, the enhanced
photocatalytic activity of PEDOT was observed. This increase could be due to the presence of
iron leaching into the solution from PEDOT strips, since a higher concentration of iron in the
solution was observed under irradiation than that in the dark. It can be explained by the
exposure of PEDOT strips to irradiation. Characterisation of PEDOT strips and adsorption
mechanisms are suggested for future studies.
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7.1 Conclusions
The focus of this study was on the oxidative degradation of betrixaban, a recently approved
pharmaceutical by the U.S. FDA, and hexazinone, a globally used broad-spectrum triazine
pesticide, and their FP for DPBs, especially NDMA. Although it was announced that
betrixaban’s manufacturer (Portola Pharmaceuticals) would be discontinuing the anticoagulant
after failing to find a buyer amidst the company’s sale in April 2020 (Hiatt et al. 2021), this
study showed the necessity of the environmental risk assessment of new drugs prior to their
approval.
At the first stage of the study, a new analytical method for simultaneous detection and
identification of betrixaban and hexazinone in aqueous media by LC–MS/MS was developed,
optimised, and validated. The method was found to be repeatable, robust, and accurate and can
be expanded to include the detection of other pharmaceuticals and pesticides in aqueous media.
The oxidation of betrixaban and hexazinone under different disinfectants such as NH2Cl,
chlorine, and O3 showed NDMA FP only for betrixaban. Therefore, the oxidation of
hexazinone was not further examined. Betrixaban, as a potent NDMA precursor, requires to be
potentially removed before disinfection treatment, especially with NH2Cl. As the use of
betrixaban is expected to be widened, resulting in its presence in surface waters and
wastewaters, its risk of persistence in water/wastewater and eventual NDMA formation will
also increase. This research highlighted these risks and provided useful information to decrease
such risks.
The results of this thesis demonstrated an increase in the degradation of betrixaban and its
NDMA formation yield by enhancing NH2Cl concentration, reaction time, and pH. NDMA FP
of betrixaban during its oxidation by monochloramination and chlorination was >1% at basic
pH and 0.014% at semi-neutral pH, respectively. The formation of other DBPs such as DCAN
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and DMF during chloramination and DMF under chlorination and ozonation of betrixaban was
also observed. In the presence of bromide ion, NDMA FP of betrixaban was enhanced during
monochloramination. In contrast, the presence of nitrite inhibited its NDMA FP. The
degradation of betrixaban during chlorination even by a low concentration of NaOCl (0.1 mM)
after a short contact time was almost complete, indicating an instantaneous reaction between
the pharmaceutical and NaOCl. Ozone (15 mg L-1) was also found to be effective in the
degradation of betrixaban with complete degradation after 6 min at pH 7.5. Consistent with the
literature, the degradation of betrixaban during monochloramination and ozonation followed
pseudo-first-order reaction kinetics. However, due to the complete removal of betrixaban
within the initial two minutes of the reaction, no reaction kinetic was obtained for its
chlorination.
This study also comprehensively investigated the fate of betrixaban and hexazinone at the
advanced treatment/polishing stages of water treatment, such as UV/H2O2 process. The
involved degradation mechanisms, useful to the researchers, practitioners, and utilities for
understanding effective removal strategies for these two emerging contaminants, were studied.
Neither betrixaban nor hexazinone formed NDMA during irradiation alone and the UV/H2O2
process. The degradation of betrixaban and hexazinone remarkably improved by the addition
of H2O2 into the irradiation system due to the generation of more •OH. This was verified by the
addition of •OH quenchers, including KI, TBA, and methanol, to the UV/H2O2 process. These
•

OH scavengers inhibited the degradation rates of betrixaban and hexazinone in this process.

Moreover, a significant enhancement in the degradation rate of betrixaban and hexazinone was
observed by an increase in the UV fluence, H2O2 dosage, and contact time. Based on the results,
betrixaban and hexazinone can be considered as recalcitrant compounds since their treatment
by the UV/H2O2 process required a higher dose of UV and H2O2 compared with those used in
the real WWTPs. Hence, the cost of their treatment in the UV/H2O2 process is expected to be
149

CHAPTER 7: Conclusions and Recommendations for Future Research
high in real applications. In addition, considering the time required for >90% degradation of
these compounds, the size of the reactor for their treatment will be significantly larger, resulting
in extra cost. On the other hand, it should be taken into account that the concentrations of
betrixaban and hexazinone used in this study were higher than those that may occur in the real
world. Indeed, this high concentration requires a higher dose of UV and H2O2 for efficient
degradation. The high cost associated with betrixaban and hexazinone treatment during this
process can be overcome by the removal of the compounds from wastewater with cost-effective
techniques, such as adsorption on GAC, prior to treatment by the UV/H2O2 process. Moreover,
the kinetic studies followed the pseudo-first order reactions for betrixaban and hexazinone
degradation in the UV/H2O2 process.
Photo-chemical degradation of hexazinone in the presence of ferric salts under irradiation
with different sources of light was investigated. The results confirmed the effectiveness of this
cost-effective process in the degradation of hexazinone due to the formation of •OH from the
salts under irradiation. The use of ferric salts under irradiation is proposed for water and
wastewater treatment to mineralise the contaminants.
Recently, there are some studies on the photocatalytic degradation of different
contaminants by CPs. Finding novel photocatalysts with great photocatalytic activity for the
removal of contaminants from water and wastewater has been attracted the attention of
researchers. The immobilisation of catalysts on a solid surface, providing a large surface area,
is one possible way to overcome the limitations of powder photocatalysts, which are required
to be filtered. Due to less information available in the literature on the immobilisation of CPs
for photocatalytic applications, this thesis designed a CP-based photocatalyst using PEDOT
immobilised on carbon fibre for the removal of hexazinone to fill the knowledge gaps. High
removal efficiency for hexazinone (approximately 83%) was observed using the catalyst under
irradiation by UVC. The addition of methanol demonstrated an inhibitory effect on the
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photocatalytic degradation of hexazinone by PEDOT. This confirmed the role of •OH in this
system. The role of other reactive species needs to be further studied by the addition of different
scavengers. The photocatalyst in this study can be applied for the removal of a wide range of
contaminants.
In this study, the effect of iron on the removal efficiency of PEDOT was also investigated
by performing the experiments in two different ways. First, the external addition of iron to the
PEDOT system showed an increase in photodegradation of hexazinone without any effect on
the adsorption properties of PEDOT. Second, dipping the PEDOT strips in FeCl3 solution
revealed an increase in photocatalytic activity of PEDOT that can be attributed to the presence
of Fe (III) leaching into the solution from PEDOT strips. This thesis showed that even washing
these strips with ethanol and water several times cannot completely eliminate the ferric
chloride, usually used as an oxidant and dopant, from the strip. This source of iron could lead
to an increase in the degradation of hexazinone. However, these findings could not prove the
hypothesis of this study that iron has a synergetic effect with PEDOT in photocatalytic
degradation of hexazinone. Iron showed only an additive role in the photocatalytic activity of
PEDOT. It should also be noted that a higher amount of iron can leach out of the strips exposed
to irradiation than those in the dark.

7.2 Future recommendations
Although this thesis comprehensively studied the oxidative degradation of betrixaban and
hexazinone through different disinfection and AOP processes, along with the photocatalytic
activity of the PEDOT-based photocatalyst, further information is required and recommended
from future study to fill in the research gaps.
•

In this work, the adsorption of betrixaban and hexazinone by activated carbon was

investigated along with oxidation processes. However, the use of other types of adsorbents
should be considered for the removal of these compounds from aqueous solutions. The
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research on other removal processes may be extended to find cost-effective methods for the
removal of the above-mentioned compounds, especially for betrixaban as an emerging
contaminant.
•

This thesis investigated the degradation of betrixaban and hexazinone in the real

wastewater samples in UV/H2O2 process. Research is required on the degradation of
betrixaban and hexazinone in real-scale applications during various degradation techniques to
understand the effect of real water and wastewater matrices on their degradation rate. Future
study is required to investigate the cost-effective techniques in minimising the concentration
of betrixaban and hexazinone, as recalcitrant compounds before wastewater enters the
UV/H2O2 process.
•

According to the results of this study, hexazinone may not be able to form NDMA by

its oxidation through chloramination, chlorination, ozonation and UV/H2O2 processes;
however, the presence of ions such as bromide in the solution of hexazinone may lead to its
N-DBPs FP and is recommended for the future study.
•

The fate of hexazinone, which has been applied for a long time, particularly in

agriculture, has been widely investigated in soil. Nonetheless, there is not enough information
on its fate during oxidation in aqueous solutions and needs to be further explored.
•

The occurrence studies for betrixaban in the environment, especially for the places

where it is still used for treatment, are also proposed since this new drug is expected to be
extensively used in the future.
•

In this study, PEDOT could be successfully immobilised on the surface of carbon fibre

cloth which was used as a photocatalyst under UVC irradiation. However, it is recommended
to modify the photocatalyst to be suitable for the degradation of contaminants under visible
light as an inexpensive source of irradiation.
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•

Based on the results of this study, the PEDOT-based photocatalyst revealed high

adsorption efficiency for hexazinone but more research is required to understand the
photocatalytic removal of adsorbed hexazinone on its surface.
•

Although the characterisation, reproducibility and adsorption mechanisms of the

PEDOT-based photocatalyst were beyond the scope of this thesis, they are recommended for
future study to better understand the role of the involved reactive species, the adsorption and
photocatalytic efficiencies of the photocatalyst.
•

The research on the applications of CP-based photocatalysts in real-scale is highly

recommended.
•

The role of iron should be taken into account if the photocatalysts are prepared in ferric

chloride, as oxidant and dopant, because iron might leach into the solution, especially during
irradiation. Hence, it is suggested to measure the concentrations of iron in aqueous solutions
after photocatalysis. In addition, the immobilisation of iron ions on the surface of
photocatalysts, e.g. via the ion imprinting method, is recommended to eliminate the possibility
of iron leaching to the solution.
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Table A1 shows the parameters of the wastewater used for method development (Kumar et al.
2019).

Table A1. Parameters of the influent wastewater
Parameters

Results
Alkalinity (mg CaCO3/L)

135-220

Carbonaceous biochemical oxygen demand (cBOD5) (mg/L)

104-218

Chemical oxygen demand (COD) (mg/L)

281-481

Chemical oxygen demand (mg/L)

1.5-4.3

NH4 (mg/L)

20-38

Nitrite (mg/L)

<0.01-1

pH

~7

Total Kjeldahl nitrogen (TKN) (mg/L)

29-57

Oxidized nitrogen (TOxN) (mg/L)

0.013-0.34

Total phosphorus (mg/L)

2.6-6.3

Total suspended solids (TSS) (mg/L)

180-280

Turbidity (mg/L)

90-196
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Table A2 demonstrates the comparison of NDMA formation by monochloramination of different precursors.

Table A2. NDMA formation from compounds investigated by monochloramination (Comparisons with literature).
NH2Cl Conc.

Precursor

Contact

NDMA

(mM)

Conc. (µM)

time (hr)

Yield (%)

DMA

2

1.6

6.8

240

0.5

(Mitch et al. 2003a)

Ranitidine

2

0.2

7.5

120

90

(Selbes et al. 2018)

2

0.2

7.5

120

40

(Selbes et al. 2018)

Ranitidine

0.05

0.025

7

15

90

(Shen and Andrews 2013)

Sumatriptan

0.05

0.025

8

48

4.3

(Shen and Andrews 2013)

Dimethylbenzylamine

2

0.1

7

240

64

(Kemper et al. 2010)

Cocamidopropyl betaine

2

10

7

240

0.16

(Kemper et al. 2010)

Benzyldimethyldodecylamine

2

10

7

240

0.28

(Kemper et al. 2010)

Benzyldimethyltetradecylamine

2

10

7

240

0.26

(Kemper et al. 2010)

Benzyltributylamine

2

10

7

240

0.26

(Kemper et al. 2010)

Choline

2

10

7

240

0.16

(Kemper et al. 2010)

Cetyltrimethylamine

2

10

7

240

0.03

(Kemper et al. 2010)

Tetrabutylamine

2

10

7

240

0.09

(Kemper et al. 2010)

Ranitidine

2.5

14.76

8.5

120

40.2

(Le Roux et al. 2011)

Minocycline

2.5

2.82

8.5

120

8.2

(Le Roux et al. 2011)

Amitriptyline

2.5

3.5

8.5

120

1.15

(Le Roux et al. 2011)

Compound

N,N-dimethylbenzylamine

156

pH

Ref.

APPENDICES
Doxepin

2.5

1.7

8.5

120

2.32

(Le Roux et al. 2011)

Mifepristone

2.5

3.17

8.5

120

0.39

(Le Roux et al. 2011)

Isoproturon

2.5

5.3

8.5

120

0.34

(Le Roux et al. 2011)

Trifluralin

2.5

0.8

8.5

120

0.18

(Le Roux et al. 2011)

4

16.56

8.5

120

0.15

(Le Roux et al. 2011)

Doxylamine

0.55

0.025

7

24

8-9.7

(Shen and Andrews 2011)

Sumatriptan

0.55

0.025

7

24

6.1

(Shen and Andrews 2011)

Chlorphenamine

0.55

0.025

7

24

5.2-5.5

(Shen and Andrews 2011)

Nizatidine

0.55

0.025

7

24

4.5-4.8

(Shen and Andrews 2011)

Diltiazem

0.55

0.025

7

24

2.1-2.6

(Shen and Andrews 2011)

Carbinoxamine

0.55

0.025

7

24

1-1.4

(Shen and Andrews 2011)

Tetracycline

0.55

0.025

7

24

0.8-1.2

(Shen and Andrews 2011)

Ranitidine

0.55

0.025

7

24

89.9-94.2

(Shen and Andrews 2011)

2

94

7

240

0.33

(Xu et al. 2012)

Dithiocarbamate pesticides

0.1

50

5

24

0.018

(Padhye et al. 2013)

Chlorhexidine hydrochloride

20

100

6,7,8

168

<0.09

(Piazzoli et al. 2018)

Metformin dihydrochloride

100

500

6,7,8

168

<0.09

(Piazzoli et al. 2018)

5

500

8

168

0.56

(Piazzoli et al. 2018)

100

500

6,7,8

168

<0.09

(Piazzoli et al. 2018)

2

8.5

9

168

1.05

Present study

Diuron

Chlortoluron

Benzalkonium chloride
Cetyl trimethyl ammonium chloride
Betrixaban
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Figure A1. The chromatogram of NDMA from (a) external standard of NDMA, (b) the control
sample of betrixaban solution, and (c) the reaction of 2 mM NH2Cl and betrixaban at pH 9 after 7
days.
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Figure A2. The GC-MS spectrum of (a) NDMA 4 µM (external standard), (b) NDMA in sample, (c) NDMA from library,
(d) DCAN in sample, (e) DCAN from library, (f) DMF in sample, (g) DMF from library (Sample: 2 mM NH2Cl, pH 7.5,
8.5 µM Betrixaban over 7 days).
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Figure A3. LC-MS/MS spectra of the monochloraminated betrixaban solution at pH 9 after 7 days at
retentions time of (a) 1.87 min, (b) 1.249 min, and (c) 1.32 min.
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Figure A4. Effect of Milli-Q water and secondary effluent matrices on degradation of (a)
betrixaban and (b) hexazinone ([Betrixaban and hexazinone]0= 0.5 µM, pH=7, H2O2 dosage= 0.5 mM,
UV intensity= 6.5 mJ cm¯2)
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Figure A5. Effect of scavengers in UV/H2O2 process on degradation of (a) betrixaban and (b)
hexazinone ([betrixaban and hexazinone]0= 0.5 µM, pH=7, H2O2 dosage= 0.5 mM, scavengers
Conc.= 0.1 M, UV intensity= 6.5 mJ cm¯2).
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Figure A6. LC-MS/MS spectra of oxidation of betrixaban in UV/H2O2 process
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Figure A7. LC-MS/MS spectra of oxidation of hexazinone in UV/H2O2 process
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