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Abstract

Antibiotics are increasingly recognized as emerging pollutants due to their continual
release into aquatic environments, where they contribute to antimicrobial resistance and
generate transformation products with uncertain toxicity. This study investigated the
degradation behaviour of three representative antibiotics, Penicillin G, Amoxicillin, and
Ciprofloxacin, under an oxidative treatment, with an initial assessment of UV irradiation
and a detailed investigation of treatment sodium hypochlorite solution, a widely used

water disinfectant.

Preliminary experiments tested UV irradiation on both solid and solution forms of the
antibiotics using spectroscopic means (FTIR and NMR), but no measurable structural
changes were observed under the experimental conditions. Based on these findings, the
study focused on oxidation using sodium hypochlorite solution, which showed clear and

measurable degradation for the target antibiotics.

A dual analytical approach combined 'H, *Cand '""F Nuclear Magnetic Resonance
(NMR) spectroscopy with High-performance liquid chromatography/ Mass spectrometry
(HPLC/MS) to provide complementary insights into the degradation process. Initially,
FTIR spectroscopy (ATR mode) was also employed as a supporting technique to
characterise the pristine antibiotics and their oxidised forms after UV and sodium
hypochlorite solution treatment. The FTIR spectra revealed notable band shifts and
intensity changes, suggesting functional group modifications in case of modified versions
through sodium hypochlorite solution treatment, though the information was limited and

could not conclusively resolve specific degradation pathways.

The NMR spectroscopic analyses revealed real-time functional group changes, including
B-lactam ring opening, side-chain rearrangements, and piperazine ring oxidation, while
HPLC/MS identified and tracked the parent compounds and their key transformation
products over time. For the B-lactam antibiotics, Penicillin G and Amoxicillin, NMR and
HPLC/MS together confirmed rapid and extensive degradation, with the parent ions (m/z
365 and m/z 364) disappearing quickly and products such as penicilloic acid, penilloic
acid, and other lower-mass fragments forming sequentially. In contrast, Ciprofloxacin
showed partial, slower degradation, where the piperazine ring was oxidised (producing m/z
306 and 362), but the parent ion (m/z 332) persisted after 24 hours, and the cyclopropyl

ring remained intact.



By correlating NMR and LC/MS data, this thesis provides a detailed picture of antibiotic
behaviour under sodium hypochlorite solution treatment, demonstrating that -lactams
degrade readily, while fluoroquinolones are more resistant. These findings have important
implications for water disinfection strategies, highlighting both the effectiveness of
sodium hypochlorite solution for some antibiotic classes and the need for further

treatment processes for more persistent compounds.
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CHAPTER 1: INTRODUCTION

This chapter, predominantly, discusses the relevant literature precedents pertaining to the
thesis in detail. Here, firstly, the subject matter of the PhD programme is introduced,
followed by an in-depth analysis of its various facets, which include: different ways to
disinfecting wastewater in general and advanced oxidation processes, in particular. This
has led to identifying some research gaps, and their respective rationale Finally, the

overall aim and the individual objectives of the research programme are described.



1. General background and literature review

1.1 Introduction
It is now well recognized that the discovery of antibiotics is one of the greatest achievements

that led to effective treatments against bacterial infection, and thus improving the quality of life
of patients worldwide. However, over time, a serious problem has emerged, mainly through the
widespread use, and often misuse, of antibiotics. Over the decades, this has resulted in the
emergence of antibiotic-resistant pathogens. The development of antibiotic resistance is a
major problem for humans and has resulted in serious and fatal consequences on a daily basis
across the globe (Elder et al., 2016, Manaia et al., 2018(Sanganyado and Gwenzi, 2019, Shah,
2009, Manaia, 2017, Levy and Marshall, 2004)

Antibiotic resistance is generally referred to the ability of bacteria to survive in the presence of
antibiotics (Wang et al., 2020). Resistance to antibiotics is determined in segments of DNA
called antibiotic-resistance genes (ARGs), which enable bacteria to fight antibiotics by
employing different mechanisms, such as modifying the cellular target, degrading, or
modifying the antibiotic and preventing uptake of the cell (Levy and Marshall, 2004). The main
problem here is that antibiotic-resistant bacteria can survive and multiply better than those
usually fail in the presence of antibiotics, thus resulting in the proliferation of the populations

of resistant strains during the course of treatment (Manaia et al., 2018, Pruden, 2014).

As stated above, especially, in recent years the enhanced prevalence of antibiotic resistance has
become a major problem for humans and has resulted in fatal consequences on a daily basis
across the globe (Elder et al., 2016, O'Neil, 2015, Le Page et al., 2017). The resistant strains
of antimicrobial pathogens are always referred to as ‘superbugs’ and they are a growing concern
worldwide (Alpert, 2017). ‘Superinfections’, also known as secondary infections, is the
condition whereby an individual is infected by a secondary bacterial infection while the person
is being treated for a primary infection, usually caused by a virus, which is increasing now-a-
days. Secondary bacterial infections, especially in older adults can be potentially fatal (Jones
et al., 2008). Worldwide, it is estimated that there are more than 700,000 deaths annually caused
by antimicrobial resistance infections and predicted that this figure could reach 10 million by
2050 if no action will be taken (O'Neil, 2015, Sanganyado and Gwenzi, 2019). This growing
threat has drawn attention not only to the clinical misuse of antibiotics but also to the
environmental pathways through which resistance can emerge and spread (O'Neil, 2015)(L.

Riaz, 2020, Manaia et al., 2018, Neth et al., 2019).



The use of antibiotics in animal husbandry, poultry, and other areas has been also associated in
increasing the emergence of resistant strains of pathogenic bacteria that is capable in impacting
human health (Bound and Voulvoulis, 2004). One of the main concerns for the release of
antibiotics into the environment is related to the development of antibiotic-resistance genes
(ARGs) and antibiotic-resistance bacteria (ARB) (Rizzo et al., 2013). Most effluents from
urban wastewater treatment plants (UWTPs) are the main anthropogenic sources for the spread
of bacterial resistance into the environment (Manaia et al., 2018). As a consequence, the
increasing environmental problem of antimicrobial resistance can compromise the therapeutic
effectiveness of commonly used drugs for the treatment of human and animal infections (Rizzo
et al., 2013). A recent study by the World Health Organization (WHO) reported the speed at
which bacteria develop antimicrobial resistance overtakes the discovery and development of
the drugs resulting in untreatable infections (Venter, 2019). This highlights the need to consider
not only clinical antibiotic use but also the environmental pathways, particularly wastewater

systems, that facilitate the persistence and spread of resistance.

The significant effects of antibiotic resistance are beginning to play out worldwide (O'Neil,
2015, Venter, 2019). The WHO, the US Centre for Disease Control and Prevention, and many
other global and national agencies have recognized antibiotic resistance as a crucial challenge
of our time (Venter, 2019, Alpert, 2017). The global rate of resistance among many disease-

causing bacteria continues to rise (Venter, 2019, Pruden, 2014).

There are several contributing factors to this growing crisis, including the increased movement
of people through international travel and health tourism, as well as the overuse of antibiotics
and the inappropriate or ineffective use of antimicrobial drugs in both human and veterinary
medicines (Elder et al., 2016). Recent studies have also shown that sub-inhibitory
concentrations of antibiotics may have more extensive and complex effects on bacterial
populations than previously understood, owing to the adaptive capacity of bacterial
communities (Santos-Lopez et al., 2019). This also gradually leads to a decrease in the general
efficiency of antibiotics, and that in return threatens their ability to fight infectious diseases.
Therefore, when it becomes more difficult to treat a pathogen, the possibility of emergence of

a newer-type of antibiotic-resistant bacterium is also enhanced (Elder et al., 2016).

Moreover, antibiotic concentrations have also been detected in various aquatic environments,
such as surface water and wastewater (Keen and Linden, 2013). Urban wastewater treatment
plants (UWTPs) are commonly designed to cleanse urban wastewater so that the treated

wastewater satisfies the quality requirements for recycled water and controls urban water



pollution (Michael et al., 2013). UWTPs can be considered as hotspots for antibiotic resistant
bacteria, spread of genes and the associated gene transfer into the environment (Michael et al.,

2013).

This happens as UWTPs holds several favorable factors, such as: a high cell density sustained
by a nutrient rich environment and a regular contamination with both antibiotics and resistant
bacteria (Michael et al., 2013). Furthermore, UWTPs normally involves many different
processes, such as mechanical, biological, physical, and chemical. These processes affect the
fate of antibiotics, Antibiotic Resistance Bacteria (ARB) and Antibiotic Resistance Genes
(ARGsS) in different ways (Michael et al., 2013, Rizzo et al., 2013). As a result, resistant strains
and resistance genes may persist through treatment and ultimately be released into the

environment (Sanganyado and Gwenzi, 2019, Michael et al., 2013).

The method for the classification and evaluation of ARB, ARGs and genes transfer are well
documented in the literature in a comprehensive way to enable the understanding of the effect
of wastewater treatment processes on ARB and ARGs (Michael et al., 2013, Ferreira et al.,
2020, Yuksek et al., 2016). Apparently, it is very clear now that human activities, including
WWTPs, have a strong impact on the distribution of ARGs in the aquatic environment (Allen
et al., 2010, Pruden, 2014). This growing awareness has led to increased research into
wastewater discharges from different sources within the sewerage system. Hospital effluents
typically enter municipal wastewater treatment plants and can contribute to the overall presence
of antibiotic-resistant bacteria and resistance genes in treated wastewater. As a result, studies
have examined both the effectiveness of disinfection processes in reducing microorganisms
and the role of advanced treatment processes in addressing antibiotic residues that are not

removed by disinfection alone (Alpert, 2017).

Additionally, hospital effluents are known to contain high concentrations of antimicrobial-
resistant bacteria and residual antibiotics, which are discharged into aquatic and soil
environments following wastewater treatment (Berendonk et al., 2015). These effluents,
primarily resulting from antibiotic use by patients, contribute significantly to the environmental

load of resistance genes and compounds (Berendonk et al., 2015, Rizzo et al., 2013).

Wastewater treatment plants are considered the primary systems responsible for treating these
effluents before environmental release. However, treating hospital wastewater that contains
antimicrobial agents can itself promote the development of resistant bacterial strains, especially
if the treatment is incomplete, or suboptimal (Rizzo et al., 2013). In Fact, a number of studies

have been performed that supports the connection between wastewater treatment plants’
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effluent discharge and the presence of antibiotic-resistant micro-organisms in the environment
(Rizzo et al., 2013, Manaia et al., 2018, Wang et al., 2020, Herraiz-Carbon¢ et al., 2021, Elder
et al., 2016). These findings highlight the need for advanced treatment strategies to minimize

the release of both parent antibiotics and their resistant derivatives from hospital sources.

Several processes for the degradation or removal of antibiotics from the environment have been
investigated in order to mitigate the associated environmental risks. Existing approaches for
the treatment of antibiotics in aqueous media include conventional wastewater treatment
processes, such as primary and secondary biological treatment, chemical oxidation using
sodium hypochlorite, advanced oxidation processes, adsorption and membrane separation
techniques, as well as combinations of these methods (Homem and Santos, 2011). All the
above-mentioned methods can be only considered as a partial solution bringing about only a
limited degree of mitigation. Therefore, there remains an urgent need to develop more effective

and environmentally sustainable treatment solutions.

Excluding the antibiotics that are known to be present in wastewater, other active compounds
with antibacterial activity could be formed when antibiotics undergo chemical reactions during
wastewater treatment process (Kennedy Neth et al., 2017, Kennedy Neth et al., 2019). Most of
the chemical transformations occurring during wastewater treatment arise from the exposure of
antibiotics to disinfectants; however, it is important to recognise that other biological and physical
processes can also contribute to their transformation.It is now known that photosensitized
processes during wastewater disinfection might well explain the reasons behind creating anti-
bacterially active transformation products from some common antibiotics (Keen and Linden,
2013, Kennedy Neth et al., 2017). This will even pose more threats as the transformed
derivatives make the microbes more resistant and virulent. Even trace levels of antibiotics in
treated wastewater effluents can certainly pose a definite risk factor to humans and could
potentially result in the rise of anti-bacterial activity in our immediate environment (Bound and
Voulvoulis, 2004). Although advanced oxidation technologies show promise in degrading trace
antibiotic residues, the residual or enhanced antibacterial activity of the transformation products

remains a critical concern (Kennedy Neth et al., 2017, Krasner et al., 2006).

Advanced oxidation processes (AOPs) have gained considerable attention as promising
treatment technologies for the removal of organic pollutants, including antibiotics, from
wastewater (Elder et al., 2016, Chen et al., 2021). These processes involve the generation of
highly reactive oxidative species, primarily hydroxyl radicals (- OH), which are capable of non-
selectively degrading a wide range of organic contaminants (Chen et al., 2021). Unlike

conventional treatment methods, AOPs are designed to achieve complete mineralisation, or
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transformation of pollutants into less harmful compounds. A variety of AOP techniques exist,
including photolysis (UV-based), ozonation when combined with additional oxidants or
catalysts that enhance hydroxyl radical generation, such as UV/H20., Os/H20:, or catalytic

ozonation, Fenton and photo-Fenton reactions.

In addition to these, other oxidation treatments, such as hydrogen peroxide alone and sodium
hypochlorite solutions, although not strictly classified as AOPs, are commonly employed in
wastewater treatment and can still lead to significant oxidative transformation of antibiotics.
(Chen et al., 2021). These methods are increasingly applied in both pilot and full-scale water
treatment facilities due to their high efficiency in degrading micropollutants (Chen et al., 2021).
The following sections provide an overview of key AOPs, with a focus on their mechanism,

applicability to antibiotic degradation, and limitations.

1.2 Advanced oxidation processes (AOPs)

Advanced oxidation process is now considered to be an effective wastewater treatment method

in the environmental research field (Ezeuko et al., 2021).

OXIdatlon

Figure 1. Classifications of advanced oxidation process (Adapted from Mishra N. S, 2017).

The advanced oxidation processes (AOPs) can be defined as oxidation technologies based on
the production of large amounts of highly reactive species that are directly involved in the
destruction of target pollutants (Venieri et al., 2020). Hydroxyl radicals are among the most
powerful oxidants (standard electrode potential, E° = +2.86 V) and can non-selectively attack
a wide range of intractable organic compounds and microorganisms found in wastewater
effluents. In wastewater treatment applications, advanced oxidation processes are primarily
employed as tertiary or quaternary treatment steps to remove contaminants of emerging
concern, including antibiotics, thereby reducing their release into the receiving environment
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(Ezeuko et al., 2021).

Advanced oxidation processes (AOPs) are commonly classified as homogeneous or
heterogeneous based on the phase of the catalyst or reactive components involved in the process
(Kamali et al., 2023). Homogeneous AOPs involve the formation of radicals from fully
dissolved chemical species within the effluent, while heterogeneous AOPs rely on solid

catalysts to initiate radical production.

Additionally, AOPs may also be grouped based on whether UV irradiation or other external
energy sources are required to drive the reaction. (Kamali et al., 2023, Ezeuko et al., 2021,

Chen et al., 2021).

For disinfection purposes, hydrogen peroxide (H202) been mainly used as it is a powerful
oxidant (E% +1.78 V) (Garcia-Munoz et al., 2023). It is considered as a cleaner reagent since
H»0» is usually decayed in oxygen and water, avoiding the generation of unwanted by-products
(Herraiz-Carboné et al., 2021). Depending on the initial concentration, the bactericidal effect
can be limited, and therefore the activation of H.O> with other oxidants, or catalysts, to improve
the processes efficiencies has been extensively tried and are reported in the literature (Chen et
al., 2021, Liu et al., 2018, Herraiz-Carboné et al., 2021). The combined effect of H>O» and
ozone (Os3) enhances the generation of reactive oxygen species, particularly hydroxyl radicals
(- OH) and superoxide radical anions (O ), which play a key role in microbial inactivation and
contaminant degradation (equation 1) (Nahim-Granados et al., 2020). This process (H202/03)
has been intensely investigated for the disinfection of water and wastewater (MishraN. S, 2017,

Garcia-Munoz et al., 2023) (Nahim-Granados et al., 2020).
O3 +H2O+hv - H202+ O (1)

Several classes of AOPs are also known to generate powerful oxidative agents capable of
degrading persistent organic pollutants and microbial contaminants. These agents include
Fenton and Fenton like oxidation, photo catalytical oxidation, electrochemical advanced
oxidation, ozonation and sonolysis (Chen et al., 2021, Herraiz-Carboné et al., 2021, Prada-

Vasquez et al., 2021).
1.2.1 Fenton and Fenton-like processes

The Fenton oxidation process (H202/Fe*") is one of the most extensively studied advanced
oxidation processes for water and wastewater treatment, with applications reported primarily

at laboratory and pilot scales rather than widespread full-scale implementation (Chen et al.,
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2021, Herraiz-Carboné et al., 2021, Cheng et al., 2018, Ziembowicz and Kida, 2022). It is based
on the generation of highly reactive hydroxyl radicals (*OH) through the activation of hydrogen
peroxide in the presence of ferrous iron (Fe?") acting as a catalyst. The core reaction proceeds
via a redox cycle where Fe?" reacts with hydrogen peroxide to form ferric iron (Fe**), hydroxide
ions, and hydroxyl radicals, as shown in the reaction below (equation 2) (Chen et al., 2021,
Herraiz-Carboné et al., 2021, Neyens and Baeyens, 2003, Pignatello et al., 2006, Ziembowicz
and Kida, 2022).

Fe’" + H0; — Fe** + OH + *OH............. #))

The process is sustained through further reactions, where Fe*" is reduced back to Fe** by
reacting with additional hydrogen peroxide and its reactive intermediates (Chen et al., 2021,

Gamarra-Giiere et al., 2022).

Fe3+ + H202 — FeZ+ + H02 + H+ .................................... (3)

Fe3+ 4 H02 N FeZ+ + OZH+ .................................................. (4)

These reactions allow continuous generation of hydroxyl radicals, ensuring high oxidation
efficiency for the degradation of organic contaminants (Chen et al., 2021, Herraiz-Carboné et

al., 2021)

Catalytic efficiency in the Fenton process is affected by mobile operating parameters including
H,0, concentration, Fe*" concentration and temperature (Chen et al., 2021). The method is
known for its high degradation efficiency and relatively simple operation. However, its
practical application is limited by the requirement for a strictly acidic environment (optimal at
pH = 3) as well as the formation of large volumes of iron-containing sludge, which can result

in secondary pollution and increase operational costs (Chen et al., 2021, Hodges et al., 2018).

In contrast, persulfate-based advanced oxidation processes (SR-AOPs), which function via

sulfate radicals, are considered Fenton-like reactions that can operate over a broader pH range

(Chen et al., 2021, Xiao et al., 2020, Wang and Wang, 2018, Wang and Wang, 2022). Solid-
8



phase oxidants such as peroxydisulfate (PDS) are often used in these systems. Compared to
H»>0,, PDS is more stable, safer to transport, and more cost-effective, making it suitable for on-

site storage and use (Wang and Zhuan, 2020, Wang and Wang, 2022).

In addition to the above-mentioned chemical oxidation method, photochemical-based AOPs

have also gained increasing attention, especially due to their ability to generate reactive species

using light, offering a more environmentally friendly and catalyst-driven approach for the

breakdown of pollutants (Chen et al., 2021).

Despite their proven effectiveness, Fenton and Fenton-like processes still face several practical
restrictions that limit large-scale implementation, including sensitivity to water matrix
composition and the need for careful control of operating conditions. These challenges
highlight the need for continued research into oxidation strategies that are effective under
milder, environmentally relevant conditions and that minimise secondary waste generation and
chemical consumption. Such considerations support the motivation for investigating alternative

oxidants and treatment approaches in this thesis.

1.2.2 Photochemical oxidation

Photochemical oxidation-based AOPs have attracted considerable attention due to their
effectiveness in degrading organic pollutants in water, while also being considered more
environmentally friendly (Ezeuko et al., 2021, Vallejo et al., 2015). These processes typically
rely on semiconductor catalysts that, upon irradiation, generate reactive oxygen species (ROS)
through photocatalytic reactions. Commonly reported ROS include hydroxyl radicals (- OH),
superoxide radical anions (O2") formed via one-electron reduction of dissolved oxygen, and,
in some cases, singlet oxygen ('Oz), all of which contribute to the oxidation and degradation of

organic contaminants (Chen et al., 2020b, Chen et al., 2020a).

Although there are numerous catalysts with photocatalytic properties (i.e., TiO2, WO3 or ZnO),
research has mainly concentrated on using the TiO: catalyst. In this context, TiO2 is a
benchmark photocatalysts used in water treatment, owing to its low cost, high oxidative
potential, high photostability, and chemical strength (Chen et al., 2021). However, its use also
presents some limitations. The high recombination rate of electron—hole (e7/h") pairs
significantly reduce its photocatalytic efficiency, and its wide bandgap 3.2 €V also restricts
photoactivation to the ultraviolet region of the electromagnetic spectrum (Varma et al., 2020,
Linsebigler et al., 1995, Etafa Tasisa et al., 2024, Mao, 2007). Although hundreds of

photocatalytic materials have been developed, TiO: remains widely used as a UV-active
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benchmark material against which the performance of alternative and modified photocatalysts

is commonly evaluated (Mao, 2007).

In addition to photocatalytic systems, electrochemical advanced oxidation processes (EAOPs)
have also emerged as an effective and flexible AOP strategy for degrading persistent organic

pollutants in wastewater.

1.2.3 Electrochemical advanced oxidation

Electrochemical oxidation (EO) refers to a process in which harmful substances are
transformed into harmless compounds through the application of electrical potential (Wang and
Zhuan, 2020, Chen et al., 2021). In the context of wastewater disinfection, EO operates via two
primary mechanisms: indirect oxidation, involving the electrochemical generation of reactive
oxygen species (ROS), and direct oxidation, which involves charge transfer at the electrode
surface (Chen et al., 2021, Sirés et al., 2014, Vecitis et al., 2011). In direct oxidation,
microorganisms are adsorbed onto the anode, where they undergo electron loss, ultimately
resulting in their inactivation (Chen et al., 2021). This two-step mechanism interrupts
transmembrane electron transport and induces oxidative stress, leading to microbial cell
damage (Vecitis et al., 2011, Chen et al., 2021). Alternatively, indirect oxidation relies on
specific electrode materials to generate highly reactive ROS, such as chlorine radicals (e.g. CI
or Cl>7) (and hydroxyl radicals (‘OH), which contribute to efficient microbial inactivation in

treated water (Chen et al., 2021).

The main advantages of the electrochemical advanced oxidation process (EAOP) include high
energy efficiency, minimal secondary pollution, simple operational requirements, a compact
system footprint, and environmentally safe operating conditions due to the use of mild reaction
parameters (Chen et al., 2021). Despite these strengths, several limitations exist. These include
concerns about the long-term stability of the process, the potential formation of harmful
disinfection by-products (DBPs), the high cost of electrode materials, and restricted mass
transfer between the bulk solution and electrode surface, all of which can compromise overall

treatment performance (Hodges et al., 2018, Chen et al., 2021, Herraiz-Carboné et al., 2021).

Another widely researched AOP technique for wastewater treatment is ozonation, which has
demonstrated strong oxidative capabilities and broad-spectrum antimicrobial efficacy (Issaka

et al., 2022).

1.2.4 Ozonation
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Ozone (0O3), also known as trioxygen, is an inorganic molecule widely recognised for its strong
oxidative properties and effectiveness as a disinfectant (Prado and Esplugas, 1999, Prada-
Vasquez et al., 2021). Ozonation-based oxidation mechanisms can generally be categorised
into two types: direct and indirect. In the direct pathway, ozone molecules react directly with
micropollutants. In contrast, the indirect mechanism involves the formation of hydroxyl
radicals (*OH), that are generated during the decomposition of ozone in water and are
responsible for the secondary radical-mediated oxidation of contaminants (Von Sonntag and

Von Gunten, 2012).

The treatment efficiency of ozone in wastewater applications is influenced by several factors,

including ozone concentration, contact time, pH, temperature, and the presence of carbonates

(Chen et al., 2021, Zhuang et al., 2015). However, conventional ozonation is associated with
several limitations, such as ozone’s low solubility in water, limited utilisation efficiency, high
operational cost, and the potential for incomplete oxidation of certain organic pollutants.
Additionally, this process may result in the formation of toxic disinfection by-products (DBPs).
To address these challenges, catalytic ozonation has been developed as an advanced alternative
to enhance disinfection performance (Chen et al., 2021). The use of catalysts facilitates the
decomposition of ozone into highly reactive free radicals, thus improving the mineralisation of
organic matter (Yang and Wu, 2019). A variety of materials, such as metal oxides, minerals,
activated carbon, and other metallic catalysts, have been explored to improve pollutant removal
efficiency (Chen et al., 2021, Issaka et al., 2022). Overall, catalytic ozonation is regarded as a
more environmentally friendly and effective method for wastewater treatment (Wang and Bai,

2017, Issaka et al., 2022).

In addition to chemical-based AOPs like ozonation, physical methods such as sonolysis have

also been explored for their potential in degrading organic pollutants in wastewater.

1.2.5 Sonolysis

Sonolysis is a physical AOP technique that utilises the mechanical effects of ultrasound,
specifically audio cavitation, to generate reactive species. In systems where iron is present, these
conditions may also promote the formation of iron oxide nanoparticles (Torres-Palma and Serna-
Galvis, 2018, Chowdhury and Viraraghavan, 2009). The cavitation bubbles collapse under
ultrasonic irradiation, generating extreme local conditions (high temperature and pressure) that
facilitate the formation of hydroxyl radicals (OH), which are capable of degrading persistent
organic pollutants in water. Because of this, ultrasound-based treatment is considered an

advanced oxidation process. Sonolysis is currently being explored as an alternative AOP for
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tertiary wastewater treatment, although reported treatment efficiencies are generally low,
particularly when applied as a standalone process for the removal of chemical and
microbiological contaminants. This technique offers several benefits over other AOPs,
including simple operation, no chemical additives, and the ability to selectively degrade

compounds based on their physicochemical properties (Xiao et al., 2014, Chen et al., 2021).

The above technique makes use of high-frequency ultrasound waves, typically in the range of
20 kHz to 10 MHz, to induce cavitation and generate highly reactive species in solution. One
of the main advantages of sonolysis is that it does not require any hazardous chemical
mediators, making it a clean and environmentally friendly process (Chowdhury and

Viraraghavan, 2009, Joseph et al., 2009). Studies have shown that ultrasonic treatment can

target the active nucleus of B-lactam antibiotics, leading to their structural transformation and
reducing their antimicrobial activity. As a result, this method may also help lower the risk of
developing antibiotic-resistant bacteria (Joseph et al., 2009, Torres-Palma and Serna-Galvis,

2018, Chen et al., 2021).

Despite these advantages, sonolysis also presents several limitations that restrict its practical
application. These include relatively low energy efficiency, limited treatment volumes, high
electrical power consumption and reduced effectiveness in complex water matrices where
radical sifting can occur. In addition, sonolysis alone often provides incomplete
mineralisation of organic contaminants, meaning it is frequently more effective when
combined with other oxidation processes. These limitations highlight the need for continued
research into alternative oxidation approaches that are more energy-efficient and suitable for

large-scale wastewater treatment.

While AOPs offer advanced and often highly effective strategies for degrading pollutants,
conventional and widely practiced disinfection methods still remain central to wastewater
management specifically for the inactivation of microorganisms and the reduction of pathogen

loads.

1.3 Disinfection of wastewater through conventional methods

Apart from advanced oxidation technologies, conventional disinfection methods continue to
play a crucial role in wastewater treatment systems. During water treatment processes,
disinfection techniques and their mechanisms are always considered to be an essential pathway,
as it reduces the risk of pathogen transmission and the number of bacteria in wastewater

(Ezeuko et al., 2021). Commonly, the disinfection of wastewater is achieved using different
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methods, including physical (for example, ultraviolet radiation); chemical (for example,
chlorination, ozonation); and biological (for example, detention lagoons) methods (Pichel et

al., 2019, Krasner et al., 2006, Yuksek et al., 2016, Voukkali and Zorpas, 2015).

Among these, chlorine remains the most widely used chemical disinfectant worldwide
(Kennedy Neth et al., 2017). Chlorine is used to disinfect wastewater in either the hypochlorite
salts/solutions or the gaseous form (Clz). Its disinfection action primarily involves the
oxidation, or inactivation, of key functional sites on microbial cell surfaces and disruption of
cell wall integrity, ultimately leading to cell lysis and death (Fan et al., 2010, Kennedy Neth et
al., 2017). The overall effectiveness of chlorine disinfection depends on both the dosage and

the contact time, typically expressed as “chlorine exposure” (Hiller et al., 2019).

However, it is now well recognised that chlorine can also react rapidly with pharmaceuticals
and other organic micropollutants present in wastewater, often resulting in the formation of a
wide range of disinfection by-products (DBPs)(Simazaki D, 2008, Kennedy Neth et al., 2017,
Kennedy Neth et al., 2019). For example, studies have shown that chlorination of quinolone
antibiotics leads to the generation of genotoxic by-products (Li et al., 2016). Similarly,
chlorination of levofloxacin was reported to produce transformation products more toxic than

the parent compound itself (El Najjar et al., 2013). In addition, a recent study by researchers

from USA showed that the transformation of doxycycline (a common pharmaceutical pollutant
in wastewater effluent (see for examples, (Kennedy Neth et al., 2017) and (Keen and Linden,
2013)), resulted in the emergence of anti-bacterially active products during water disinfection
using chlorine gas that raises concerns over the potential contribution of such by-products to

the development of antimicrobial resistance.

Another widely used chemical disinfectant is ozone (O3) (Von Sonntag and Von Gunten, 2012).
As discussed in the previous section, the oxidative mechanisms of ozonation have been
described in detail and are not repeated here (Voukkali and Zorpas, 2015, Huber et al., 2005,
Juarez, 2021). While ozonation is often more effective than chlorine against viruses and
bacteria, its efficiency is influenced by operational conditions such as ozone dosage, pH,
temperature, and the presence of competing compounds (Chen et al., 2021). Major limitations
of ozonation include its low solubility in water, high operational costs, and the potential
formation of toxic or persistent oxidation by-products (Dodd et al., 2009, Gomes et al., 2017).
Previous studies also have demonstrated the main disadvantage of ozonation, as their
decomposition controls the formation of low molecular by-products with stronger behavioural
activity towards radical degradation or towards further ozone oxidation (Gomes et al., 2017).

Similar conclusions were reached with other study as when sulfamethoxazole was used as a
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target molecule (Willach et al., 2017). This may be a disadvantage of ozone application in
wastewater treatment while the products formed might present stronger toxic characteristics

than the initial pollutants (Willach et al., 2017, Gomes et al., 2017, Zhuang et al., 2015).

Ultraviolet (UV) radiation is also commonly used as a physical disinfection method (Chen et
al., 2021). It is widely implemented in water treatment plants due to its ability to inactivate
pathogens without producing chemical by-products, being environmentally friendly and the
easy operation parameters (Zhuang et al., 2015, Keen and Linden, 2013). Ultraviolet irradiation
is a disinfection method that uses short-wavelength ultraviolet light to deactivate or kill
microorganisms by damaging the nucleic acids and interfering their DNA, causing them
incapable of performing important cellular functions (Cutler and Zimmerman, 2011, Ashok
and Khedikar, 2016). High-energy UV lamps are used to irradiate wastewater as it flows past
the source. UV is broadly effective against most waterborne pathogens (Hijnen et al., 2006b),
and studies have shown its potential for inactivating Escherichia coli and Bacillus subtilis
spores, particularly when using pulsed UV light (Uslu et al., 2015). The major
disadvantage of UV disinfection is the cost efficiency, energy consumption, short wavelength
and the ability to recover and repair damaged DNA to prevent the reactivation of antibiotic-
resistance bacteria (ARB) (Chen et al., 2021). In contrast, UV/H20: systems are advanced
oxidation processes designed primarily for the degradation of chemical contaminants rather
than for disinfection. Recent studies have shown that UV-based AOPs may not always
effectively eliminate antibiotics and, in some cases can transform them into active by-products

with retained or altered antibacterial properties (Keen and Linden, 2013).

In conclusion, antibiotics are increasingly recognised as emerging pollutants due to their
continual release and persistence in aquatic environments, even at low concentrations (Homem
and Santos, 2011). Growing evidence indicates that wastewater effluents are often enriched
with antibiotics, antibiotic-resistant bacteria (ARB), and antibiotic resistance genes (ARGs),
potentially contributing to the global rise of antibiotic resistance in human infections (Pruden,
2014). Several processes to degrade/remove antibiotics have been identified to prevent this
contamination. Some of the current state of knowledge regarding the degradation and removal
processes of antibiotics from aqueous media include, chlorination, advanced oxidation
processes, ozonation, semiconductor and photocatalysis (Homem and Santos, 2011). However,
these methods generally provide only partial mitigation and may themselves generate
transformation products with unknown or enhanced toxicity (Kennedy Neth et al., 2019). This
highlights the urgent need for more effective and environmentally sustainable treatment

strategies.
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In recent years, the combined use of Nuclear Magnetic Resonance (NMR) spectroscopy and
high-performance liquid chromatography—mass spectrometry (HPLC/MS) has become a
powerful approach in the analysis of pharmaceutical degradation. In this context, NMR
spectroscopy, particularly 'H and '°F NMR, allows for real-time, non-destructive monitoring
of molecular structures, enabling the identification of functional group changes, ring cleavage
events, and intermediate formation (Branch et al., 1987, Vafaei et al., 2020). Its ability to
provide detailed structural information makes it invaluable in tracking the breakdown pathways
of antibiotics, especially for detecting transformations such as B-lactam ring opening and side
chain rearrangement (Dr. Holzgrabe, 2010, Holzgrabe, 2015). In parallel, HPLC/MS offers
high sensitivity and selectivity for detecting low-concentration degradation products (Aldeek
et al., 2015). It is particularly useful for identifying small or transient fragments that may not
be visible in NMR spectra. The use of quadrupole-based mass spectrometry allows for precise
determination of mass-to-charge (m/z) ratios, facilitating the identification of transformation
products even at trace levels (Pérez-Parada et al., 2011(Petrovic et al., 2005, Matta et al.,
2018)). When used together, NMR and HPLC/MS provide complementary and comprehensive
insights into both structural and compositional changes during oxidative treatment, forming the
core analytical platform applied in this study to investigate the degradation of selected

antibiotics under sodium hypochlorite exposure.

Several studies have reported the successful application of NMR spectroscopy for investigating
pharmaceutical degradation pathways and identifying major transformation products formed
during oxidation and photolytic processes (Petrovic et al., 2005, Branch et al., 1987, Dr.
Holzgrabe, 2010, Mitsumori et al., 1977, Holzgrabe, 2015, Daletos et al., 2017). However, a
known limitation of NMR with comparatively lower sensitivity, which can restrict detection of
low-abundance or short-lived intermediates. Accordingly, the integration of NMR with LC/MS
is widely recognised as an effective strategy, whereby LC/MS provides sensitive detection and
molecular mass information, while NMR offers definitive structural elucidation (Zigba et al.,
2004, Samanidou et al., 2007). This combined approach supports comprehensive characterisation

of pharmaceutical breakdown products and strengthens confidence in product identification.

Given the persistence of antibiotics and their transformation products in aquatic environments,
along with the limitations of existing treatment strategies, there is a clear need for detailed
investigations into their chemical fate under realistic disinfection strategies. The
complementary strengths of NMR spectroscopy and HPLC/MS analysis provide a unique
opportunity to address this knowledge gap. The following section presents the rationale for the
present study, which is grounded in the environmental urgency to mitigate antimicrobial

resistance and supported by the analytical precision of these techniques.
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1.4 Rationale behind the current programme

As discussed in the previous sections, advanced oxidation techniques have demonstrated
promising potential for the treatment of trace levels of antibiotics in wastewater effluents.
However, the formation of residual or newly generated antibacterial transformation products
remains a significant concern. These by-products may contribute to the spread of antimicrobial

resistance and pose additional environmental and health risks.

The current study was therefore designed to systematically investigate the chemical
transformations of selected antibiotics under oxidative disinfection conditions. This was
primarily achieved through detailed investigations using high-field NMR spectroscopy and
HPLC/MS techniques, which together provide superior capability for confident identification
of unknown transformation products. NMR offers definitive structural information, while
HPLC/MS provides high sensitivity and selectivity, enabling detection of degradation products
down to trace concentrations where quantification is required. The results obtained through
these analyses were then correlated with a view to identifying the by-products of oxidative
transformations and to monitor their phenomenological evolution and fate. It was anticipated
that the insights gained from this work will contribute to broader efforts to mitigate the
consequences of antibiotic resistance and support the development of more informed water

treatment strategies.
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1.5 Overall aim of the project

The overall

aim of the project is to systematically investigate the chemical

transformations occurring in selected common antibiotics belonging to the B-

lactam and fluoroquinolone classes, specifically Penicillin G, Amoxicillin, and

Ciprofloxacin, as a result of oxidative disinfection of effluent water, and to

generate new knowledge on potential degradation pathways and transformation

products that

may affect antimicrobial activity and antimicrobial resistance.

1.6 Individual objectives

In order to realize the overall aim of this project, we have systematically

broken down the overall programme into the following individual objectives:

1))

2)

Selection of key antibiotics (for example, Penicillin G,
Amoxicillin and Ciprofloxacin). Penicillin G and Amoxicillin
were selected as representative -lactam antibiotics due to their
common detection in wastewater, widespread clinical use and
well-documented susceptibility of the B-lactam ring to oxidative
and hydrolytic transformations. Ciprofloxacin was selected as a
representative  fluoroquinolone antibiotic because of its
environmental persistence, extensive prescription and structural
features known to influence degradation behaviour. Together,
these compounds represent different antibiotic classes with
contrasting chemical structures and reactivities, allowing

comparative assessment of oxidative transformation behaviour.

Implementation of laboratory-scale oxidative disinfection
treatments, using sodium hypochlorite solution and UV
irradiation.

Sodium hypochlorite solution and UV irradiation were selected
because they represent widely used disinfection processes in
conventional wastewater treatment. These treatments were

implemented at laboratory scale to allow controlled investigation
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of antibiotic transformation under clear conditions, including
known reagent concentrations, analytical monitoring and exposure
times. A laboratory-scale approach was implemented to ensure
experimental reproducibility and to enable detailed mechanistic

interpretation of degradation behaviour.

3) Development of analytical methodologies for detecting both the
parent antibiotics and their transformation products, using
nuclear magnetic resonance (NMR) spectroscopy, high-
performance liquid chromatography coupled to mass

spectrometry (HPLC/MS).

4) Identification and identification, where possible, use of major
degradation products through the protocol developed by using
NMR and HPLC/MS

5) Elucidation of degradation mechanisms by integrating the
spectral and chromatographic data to propose plausible

transformation pathways under oxidative treatment conditions.

The above objectives were expressed based on a combination of existing research gaps
identified in the literature, practical limitations related to time and resources, and the
availability of analytical instrumentation and expertise. The selection of antibiotics was guided
by their widespread use, environmental relevance, and representation of different antibiotic
classes. The choice of sodium hypochlorite and UV irradiation reflects their common
application in wastewater disinfection practices. The importance on NMR and HPLC/MS
analysis was driven by their complementary capabilities for structural elucidation and sensitive
detection of transformation products. Together, these objectives provide a focused and

achievable framework for addressing the overall aim of the study.
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CHAPTER 2: MATERIALS AND
METHODS

Chapter 2 predominantly describes the sources and chemical natures of the antibiotics that were
employed in the present study, as well as other laboratory reagents and chemicals used for
oxidative transformations and for instrumental analyses (NMR and HPLC/MS studies).
Initially, the solubility tests on the antibiotics were carried out to identify suitable solvents and
solvent systems for sample preparation in NMR and HPLC/MS analyses and to ensure
complete dissolution prior to oxidative treatment experiments. This was followed by the
development of procedures for oxidative transformations (i.e. treatment with sodium
hypochlorite solution and UV irradiation). This section also narrates the instrumentation,
experimental parameters, including typical operating conditions of the NMR and HPLC/MS

instruments.



2.1 Materials

All antibiotics were obtained as certified reference materials with stated purities from
Aldrich® Chemical Company, and all reagents and solvents were of analytical or LC/MS
grade and used as received. The antibiotics that were used for the present study included
Penicillin G (B-lactam antibiotic, sodium salt), Amoxicillin (B-lactam antibiotic,
trihydrate form), and Ciprofloxacin (fluoroquinolone antibiotic), all supplied as certified
reference materials with stated purities. The solvents used for chromatographic studies
were of ultra-high purity LC/MS grade, including LC/MS-grade water, methanol, and

acetonitrile. The chemical structures of the antibiotic are given in Figure 2.

a. Penicillin G

NH2 H
|
I
HO

COOH

L

w!

b. Amoxicillin

o o

OH

HN

|/\j |
c. Ciprofloxacin.

Figure 2.1. Chemical structures of: a. Penicillin G, b. Amoxicillin and c. Ciprofloxacin (adapted from
PubChem).
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2.2 Methods

2.2.1 Solubility tests for the antibiotics

The solubilities of the chosen antibiotics were first tested using different including
deionised water; dipolar-aprotic solvents (dimethyl sulfoxide, dimethylformamide,
acetonitrile); protic solvents (methanol, ethanol); chlorinated aliphatic solvent
(dichloromethane); aromatic solvents (toluene, xylene); and carboxylic acid (acetic acid).
The main impetus behind these tests was to identify possible solvent/mixtures for the
chromatographic (HPLC/MS) and to record NMR spectra. The tests were carried out as
follow follows: ca. 0.05 mg of the antibiotic sample was placed in 1.5 mL vials and
different solvents (ca. 1.00 mL) were added and the resultant mixtures were shaken

vigorously. The table below shows the test results (Table 1).

Table 2.1. Results from the solubility tests

Solubility was assessed qualitatively based on visual observation, with results recorded as soluble,

partially soluble, or insoluble under the tested conditions. The test results are summarised in Table 1.

Solvents Penicillin G Amoxicillin Ciprofloxacin
Deionised water Slightly soluble Partially soluble Partially soluble
Acetonitrile Soluble Soluble Not soluble
Methanol Soluble Slightly soluble Not soluble
Ethanol Soluble Slightly soluble Not soluble
Dimethyl sulfoxide Soluble Soluble Partially soluble
Dimethyl formamide Soluble Soluble Partially soluble
Dichlomethane Soluble Soluble Slightly soluble
Toluene o o Not soluble
Xylene . . Not soluble
Acetic acid o o Soluble
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2.2.2 Procedures for oxidative transformations of the antibiotics

In this set of experiments, the antibiotics (i.e. Penicillin G, or Amoxicillin, or
Ciprofloxacin) were irradiated with UV rays within the germicidal range (200—280 nm,
centred at 254 nm),, or were treated with sodium hypochlorite solution (12.5 vol%), as

follows:

a. Procedure for irradiation with UV rays

The required amount of the antibiotic samples (ca. 50 mg each of Penicillin G,
Amoxicillin and Ciprofloxacin) was taken in separate quartz cuvettes. The cuvettes were
then placed in an accelerated weatherability chamber (Heraeus SUNSET CPS ®), which
was used as a controlled UV irradiation source. UV exposure was applied at different
irradiance levels controlled by the chamber settings. As absolute UV intensity was not
directly measured, irradiance is reported in arbitrary units to indicate relative exposure
levels Prior to use, the accelerated weatherability chamber was verified in accordance
with the manufacturer’s operating procedures. Lamp performance and irradiance output
were checked using the instrument’s internal monitoring system to ensure stable and
reproducible operation. Routine maintenance and lamp replacement were conducted by
technical staff according to scheduled service intervals The test samples were taken

through the following cycle (Table 2).

Table 2.2. Accelerated weatherability test regime

Sl Irradiance level Exposure time- Exposure time-
No. |(arbitrary units) duration (hours) cumulative (hours)

1 0 0 0

2 3 8 8

3 3 24 33

4 3 23 56

5 5 47 152

6 7 48 200

In addition to the above, another route for UV-irradiation was employed using the internal
UV light source of a Shimadzu® UV-Visible spectrophotometer (UV-1900). In this
procedure, antibiotic solutions were placed in quartz cuvettes and irradiated in situ within
the spectrophotometer sample compartment over the wavelength range 190450 nm for
defined exposure periods (as specified in Table 2.3). The spectrophotometer was
wavelength-calibrated using the manufacturer’s internal calibration routines prior to

analysis, ensuring wavelength accuracy and reproducibility. This approach enabled
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controlled low-intensity UV exposure while simultaneously allowing spectral monitoring
of the samples. For UV irradiation experiments, antibiotic solutions were prepared by
dissolving a fixed mass of compound in solvent and exact solvent volumes were not
recorded and therefore concentrations are reported on a mass basis. Here a reference
sample with Deuterium oxide (D20O) (with and without 0.1% formic acid, as the case may
be) was used in conjunction with the solution of the antibiotic in D>O (it may be noted
that 0.1 % of formic acid was also used in the cases of Ciprofloxacin and Amoxicillin to
ensure complete dissolution). The details such as the applied UV irradiance, exposure
duration, and irradiated area (spot size) were defined and quantified, with full

experimental parameters reported in Table 2.3.

Table 2.3. Irradiation using a UV-Visible spectrophotometer

SIL. | Antibiotic Reference Sample (mg) Wavelength | Duration of UV

No (nm) exposure (min)

1 | Penicillin G | DO D>0/30 mg 190- 300 30; 60; 120

2 | Amoxicillin | D,O/methanol (5 D>O/methanol/30 mg 250- 450 30; 60; 120
drops)

3 Ciprofloxacin | D,O/formic acid (9 D,O/formic acid/30 mg | 275- 430 30; 60; 120
drops)

Once the samples were irradiated to the required time intervals, the solutions were
immediately transferred into NMR tubes, and the proton spectra were run in each case
(for Ciprofloxacin, '°F were also recorded). In all cases, after the irradiation interval of
120 minutes, the NMR spectra of the samples were run after ca. 16 hours (without any
further irradiance). Here it is relevant to note that the ensuing NMR spectra (‘H, '3C and
19F, as the case may be). did not reveal any discernible changes in chemical shift, signal
intensity, or peak pattern. These observations indicated that, under the UV irradiation
conditions employed in this study, no detectable structural transformations had occurred.
On this basis, the UV-treated samples were not subjected to further analysis by
HPLC/MS, and subsequent degradation studies were focused on oxidation using sodium

hypochlorite solution.
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b. Procedure for oxidation using sodium hypochlorite

It should be noted that, in the oxidation experiments using sodium hypochlorite described
below, the oxidant was applied at a nominal level based on volume addition of a
commercial stock solution. The free chlorine concentration was not independently
quantified, and the experiments were therefore designed to assess qualitative oxidative

transformation rather than precise dose/response behaviour.

Prior to sample analysis, the NMR spectrometer was locked on the deuterium (*H) signal
of D>O to ensure magnetic field stability. Standard tuning and shimming procedures were
performed before each batch of measurements to optimise spectral resolution and
reproducibility. Chemical shift referencing for 'H spectra was performed using the
residual HDO/H>O signal of the solvent. Here, an in-situ of sodium hypochlorite used for
oxidation method just to prior to the NMR runs was carried out as follows: Initially, ca.
10 mg of the antibiotics were run as neat in 0.75 mL and 0.25 mL of D20 and deionized

water (DI) respectively (note: for Amoxicillin and Ciprofloxacin about two drops of

formic acid were added for better dissolution). This was followed by NMR runs, where
0.25 mL of sodium hypochlorite solution (12.5 vol%) added with 0.75 mL of
ca.10 mg of each antibiotic, and the solution were run over two days to check the effect

of the sodium hypochlorite on the three different antibiotics.

The pH was not controlled during the in-situ addition of sodium hypochlorite chlorination
experiments; however, commercial sodium hypochlorite solutions are typically strongly
alkaline (pH > 11), under which conditions hypochlorite (OCl") predominates over
hypochlorous acid (HOCI). Consequently, the degradation observed is considered to arise

mainly from hypochlorite-driven oxidation.

For the HPLC/MS analyses, a stock solution was first prepared by dissolving 10 mg of
Penicillin G in 100 mL of commercially supplied LC/MS-grade water. To initiate
oxidative degradation, two drops of sodium hypochlorite solution (12.5 vol%) were added
to the solution under gentle stirring. Subsequently,] mL of this reaction mixture was then
diluted with 99 mL of commercially supplied LC/MS-grade water, yielding a final
concentration of 1 ppm, which was identified to provide optimal chromatographic and

spectrometric responses.
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Chromatographic separation was performed using a Waters Acquity ® UPLC BEH C18

column (100 x 2.1 mm, 1.7 pm particle size). The mobile phase consisted of:

Solvent A: commercially supplied LC/MS-grade water with 0.1% (v/v) formic acid and
Solvent B: commercially supplied LC/MS-grade acetonitrile with 0.1% (v/v) formic acid

The gradient began with 1% solvent B, creating a highly aqueous environment suitable
for retaining polar degradation products. The injection volume was 1 pL, with a flow rate
of 0.2 mL/min and a total run time of 7 minutes per sample. The prepared sample was
analysed using an LC/MS system operating in negative ionisation mode. A total of six
sequential runs were conducted at 1-hour intervals, followed by a final run at 24 hours to

monitor longer-term degradation of Penicillin G under oxidative conditions.

The oxidative degradation of Amoxicillin by sodium hypochlorite solution was also
investigated using HPLC/MS in negative ion mode. For this, a stock solution was
prepared by dissolving 10 mg of Amoxicillin in 100 mL of LC/MS-grade water, followed
by the addition of two drops of methanol to assist with solubility. The solution was then
sonicated for 10 minutes to ensure complete dissolution and for achieving Amoxicillin
final concentration of 0.1 ppm. To initiate the degradation process, two drops of sodium
hypochlorite solution (12.5 vol%) were added to the solution. This mixture was
subsequently and serially diluted to a final concentration of 0.1 ppm: i.e. first, | mL of
the treated solution was added to 99 mL of LC/MS-grade water; then, 1 mL of that diluted
solution was added to 9 mL of LC/MS grade water. This final concentration was selected
based on preliminary trial injections, which showed that it provided optimal peak
intensity, signal-to-noise ratio, and chromatographic resolution without detector
saturation This final concentration was selected as it produced the most consistent and
informative chromatographic results. The chromatic procedure was repeated as it was

done in case of Penicillin G.

The HPLC/MS runs were performed hourly over the first 6 hours after the addition of
sodium hypochlorite solution, with a final run at 24 hours. Each run was conducted over
a total of 7 minutes, but the retention time window was cropped to 0—2.5 minutes for
analysis and figure presentation, as all significant peaks appeared within this timeframe.
This adjustment improved visual clarity and allowed for more focused comparison of
changes in the early eluting regions. Prior to analysis, the HPLC/MS system was

calibrated and tuned using manufacturer-recommended procedures to ensure accurate
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mass assignment, stable ionisation, and consistent chromatographic performance.

For following the oxidative degradation of Ciprofloxacin by sodium hypochlorite, the
HPLC/MS analyses were done in a positive ion mode. As before, the analyses were aimed
to characterize degradation behaviour over time and identify transformation products

resulting from the treatment with sodium hypochlorite solution.

Firstly, a stock solution was prepared by dissolving 10 mg of Ciprofloxacin in 100 mL of
a pre-sonicated standard solution consisting of 500 mL of commercially supplied LC/MS-
grade acetonitrile and 0.5 mL of formic acid. Two additional drops of formic acid were
added to assist the solubility, and the solution was sonicated for 10 minutes to ensure full
dissolution. The degradation reaction was initiated by adding two drops of sodium
hypochlorite solution (12.5 vol%). Following this, a serial dilution was performed to
achieve a final concentration of 1 ppm (i.e. by adding 1 mL of the treated solution to 99

mL of the standard solution), which provided optimal chromatographic results.

Chromatographic separation was carried out using a Waters Acquity ® UPLC BEH C18
column (100 x 2.1 mm, 1.7 um), with solvent A as LC/MS-grade water (0.1% formic
acid) and solvent B as LC/MS-grade acetonitrile (0.1% formic acid). The gradient began
at 20% solvent B, favouring retention of polar degradation products. The injection volume
was 2 puL, with a flow rate of 0.4 mL/min, and each sample run lasted 6 minutes. Samples
were analysed at 1-hour intervals during the first 6 hours after the addition of sodium
hypochlorite, followed by a final run at 24 hours to monitor time-dependent degradation

trends.

2.2.3 Analytical instrumentation and tests

All analytical instruments used in this study were operated in accordance with manufacturer-
recommended procedures and were verified to be fit for purpose prior to sample analysis. The FTIR
spectrometer was checked using standard polystyrene film to verify wavenumber accuracy,

resolution, and signal response across the mid-infrared region. Background spectra were collected

prior to each batch of measurements to ensure baseline stability.

The NMR spectrometer was calibrated using the residual solvent signal of deuterium oxide (D20)
as an internal chemical shift reference. Routine tuning, matching, and shimming procedures were
performed prior to data acquisition to ensure optimal magnetic field homogeneity, reproducibility

and spectral resolution. The HPLC/MS system was calibrated and tuned using manufacturer-

26



supplied calibration solutions to ensure accurate mass assignment across the relevant m/z range.
System suitability was verified through test injections to confirm stable retention times, consistent
peak shape, and sensitivity prior to analysis of samples. These procedures ensured that all
instruments were operating within acceptable performance limits and were suitable for the analytical

objectives of this study.

c. Fourier-transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy was initially employed in the present study with a view to interpreting
information regarding specific functionalities in the antibiotic molecules. A Perkin
Elmer® spectrometer was used, and the spectra were recorded in the attenuated total
reflectance mode (ATR). Through these analyses the important function groups in the
antibiotics and the transformed versions were identified. This is expected to provide
complementary information regarding the functional group transformations
accompanying oxidative disinfection processes. The other operating parameters included:

number of scans: 32; resolution: 4 cm™'; range: 4000 to 400 cm™.

d. Nuclear Magnetic Resonance spectroscopy (NMR)

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful analytical technique that
i1s very commonly used to investigate molecular structures, chemical reactivities, and
dynamic processes in a non-destructive and non-invasive manner (Daletos et al., 2017,
Acosta). The technique is widely applied in chemical, environmental, pharmaceutical and
biomedical research due to its ability to provide detailed information about atomic

environments in molecules.

Modern high-field NMR spectrometers contain three primary hardware components: the
console, which controls pulse sequence generation and data acquisition; the probe, which
emits radiofrequency pulses and detects the resulting signals; and the superconducting
magnet, which generates a strong, stable magnetic field to polarize nuclear spins. When
nuclei are placed in this magnetic field and exposed to specific radiofrequencies, they
resonate and emit detectable signals. Analysis of these signals yield detailed molecular

insights(Acosta, Daletos et al., 2017).

In this study, a Bruker 600 MHz NMR instrument was used to investigate the structural
changes in three antibiotics-Penicillin G, Amoxicillin, and Ciprofloxacin- where these
compounds underwent oxidative transformations. Deuterium oxide (D>O) was used as the
primary solvent for all samples. Due to solubility limitations, a drop of 0.1% ammonium
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hydroxide was added in the case of Amoxicillin, and a few drops of 0.1% formic acid
were added to Ciprofloxacin, to ensure dissolution. Penicillin G dissolved readily in D>O
and required no additives. Here, apart from the routine 'H and !*C spectra, two-dimensional
(homo-and hetero-nuclear) correlation spectra were also recorded. In addition, °F

spectral recording was carried out.

Generally, for each run, ca. 30 wt.% solution was used, and the spectra were collected at
ambient-temperature probe conditions. The raw spectra were then processed using a
proprietary software (Bruker TopSpin 4.0.10), and the residual solvent signals were used
to calibrate the spectrum. In the case of spectra that were recorded in D0, a ‘water peak

suppression’ was affected through an appropriate spectral editing technique.

In summary, the NMR experiments on each of the three antibiotics (Penicillin G,
Amoxicillin and Ciprofloxacin) can be given as follows:

"H water suppression;
'H-'H correlation spectroscopy (COSY);
13C with proton decoupling;

'H-13C COSY (Heteronuclear Single Quantum Coherence
(HSQC)

Here, COSY runs showed coupling patters between protons (as cross peaks), and this is
often referred to as homonuclear correlation spectroscopy, whereas, the HSQC stands for

Hetero-nuclear Single Quantum Coherence, that shows the proton-carbon coupling.

The effect of the oxidant, sodium hypochlorite solution, was also studied on the three
chosen antibiotics over time, using an in-situ method. In order to achieve this, 10 mg of
both Amoxicillin and Ciprofloxacin were treated with ca. 0.75 cm® of D20 and 0.25 cm?
of DI water and two drops of formic acid. However, formic acid was not needed for

complete dissolution when preparing the Penicillin G solution for the NMR runs. The

three antibiotics were run first as neat (i.e., without addition of sodium hypochlorite or
other oxidants), followed by the versions treated with the hypochlorite solution, with
repeated runs over a specified time interval (i.e. 30 min, 40 min, 50 min, 60 min, 120 min,
etc.). The chlorinated samples of each of the antibiotics were run for approximately two

days with a view to studying the effect of chorine on these antibiotics over time.
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e. High Performance Ligquid Chromatography / Mass Spectrometry (HPLC/MS)

Liquid Chromatography Triple Quadrupole Mass Spectrometry HPLC/MS instrument
(Shimadzu) was used for analysing the chosen antibiotics and their treated versions. A
maximum pressure of 9000 psi, at an operating temperature of 35°C, was set during the
runs. The eluent (i.e. the mobile phase) for Penicillin G, Amoxicillin and Ciprofloxacin
consisted of HPLC grade water with 0.1% formic acid and HPLC grade acetonitrile with
0.1% formic acid (50%/50% by volume). Injection volume for Penicillin G and
Amoxicillin was 1pl, and 0.2 mL/min was the flow rate, whereas in case of Ciprofloxacin
and its treated samples, 2pul sample was used with a flow rate of 0.4 mL/min. A C18

Acquity ® UPLC BEH 100 x 2.1 mm, 1.7 um, column was used for all the analysis.

All the three antibiotics and their treated samples (i.e. chlorinated and UV irradiated) were
tested using HPLC/MS by employing the above-mentioned method. Each aliquot from
the treated samples was run through the high-performance liquid chromatography
instrument (HPLC) coupled to a Shimadzu® ion trap mass spectrometer (MS) with a view
to determining the residual concentrations of the parent antibiotics and the major
transformed products. The mass spectra obtained will be analysed using known
degradation pathways, and the detailed information will be retained in the Shimadzu®

LabSolutions ® mass spectral database’ of the instrument.
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CHAPTER 3: RESULTS AND
DISCUSSION

This chapter reflects the main thrust of the PhD programme, where the complementary
information from the two main analytical techniques (i.e. HPLC/MS and NMR) are collated, and
correlations are drawn with a view to identifying the main products formed through oxidative
transformations of the chosen antibiotics. Subsequently, the plausible pathways leading to the

formation of these products are deduced, and where possible, the actual mechanisms are sought.



3.1 Fourier-transform Infrared spectroscopy (FTIR)

Fourier-transform infrared (FTIR) spectra were acquired using a Perkin Elmer®

spectrometer was used, and the spectra were recorded in the attenuated total reflectance mode
(ATR). During the initial phases of the investigations, FTIR spectroscopic runs were performed
on both the pristine and those samples that underwent UV-irradiation. In these experiments, the
antibiotics were exposed to ultraviolet radiation using the accelerated weatherability chamber
described in the Materials and Methods section, operating as a controlled UV source. The
primary purpose was to follow the changes in vibrational frequencies of the individual antibiotics
upon UV-irradiations. Prior to sample analysis, FTIR wavenumber accuracy and instrument
performance were verified using a standard polystyrene film, and background spectra were
collected to ensure baseline stability. The corresponding FTIR spectra are presented in Figures

3.1-3.6, allowing direct comparison between untreated and UV-irradiated samples.
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Figure 3.1. FTIR spectrum of Penicillin G (ATR mode)
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Figure 3.2. FTIR spectrum of Penicillin G, after UV irradiation in the solid-state
(ATR mode)
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Figure 3.3. FTIR spectrum of Amoxicillin (ATR mode)
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Figure 3.4. FTIR spectrum of Amoxicillin, after UV irradiation in the solid-state
(ATR mode)
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Figure 3.6. FTIR spectrum of Ciprofloxacin, after UV irradiation in the solid state (ATR mode)

In all cases, it is very clear that that there are discernible changes, especially, the in region
of —C-H stretching region (where broader peaks possibly owing to water present in the
sample), it is not very straight forward to interpret the changes in the fingerprint region.
It is, therefore, to be concluded that FT-IR spectra of only very limited use in the context
of overall identification of chemical species owing to oxidative transformations of the
compounds in question. When the FTIR spectra of the three antibiotics following solid-state UV
irradiation were compared with those of the corresponding pristine samples, no significant
spectral differences were observed under the specific UV wavelength and irradiance conditions

employed in this study, as described in the Materials and Methods section. It should be noted that
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the extent of UV-induced photochemical transformation is strongly dependent on the irradiation
wavelength and intensity. Therefore, the absence of detectable structural changes in the FTIR
spectra reflects the particular UV exposure conditions applied rather than a general lack of
photochemical reactivity. Hence, the focus of the program was shifted to NMR and
HPLC/MS investigations, where a smaller scale in situ oxidative transformations was

tried out.

3.2 Nuclear Magnetic Resonance (NMR) analyses of Penicillin G, Amoxicillin and
Ciprofloxacin

Nuclear Magnetic Resonance (NMR) spectroscopy was employed as an analytical
technique to investigate structural changes in the selected antibiotics following oxidative
treatment. In contrast to FTIR analysis, which showed limited sensitivity to indirect
molecular alterations, NMR enabled detailed examination of changes in the chemical
environments of key functional groups. The NMR results presented below provide insight
into oxidative transformation pathways of penicillin G, amoxicillin, and ciprofloxacin

under the experimental conditions applied.

For each sample, 'H and '*C NMR spectra were recorded, and optionally two-dimensional
experiments such as '"H-'"H COSY and 'H-"*C HSQC analyses were also carried out.
Additionally, "F NMR runs were used to monitor structural changes in Ciprofloxacin,
which contains a fluorine atom. Prior to sample analysis, the NMR spectrometer was
calibrated using the residual solvent signal of deuterium oxide (D:0) as an internal
chemical shift reference, and routine tuning, matching, and shimming procedures were
performed to ensure optimal field homogeneity and spectral resolution. As given earlier,
an approximately 30 wt.% solutions were used, and all spectra were recorded at ambient

probe temperature, in all cases.

Spectra were processed using Bruker® TopSpin 4. 4.10, and chemical shifts were
automatically calibrated as described in Section 2.2.3. Water suppression was achieved
using standard pre-saturation pulse sequences provided within the TopSpin software,

where required.

The NMR methodology in this study was designed to monitor chemical degradation
resulting from environmental treatments. Two oxidative reagents were employed: UV
irradiation and sodium hypochlorite solution. The UV exposure experiments were carried
out in both solid and solution states using irradiation conditions selected for each compound

based on published photochemical studies and implemented as described in the Materials and
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Methods section, with antibiotic solutions prepared by dissolving approximately 10 mg of
antibiotic in 1.0 mL of solvent (Ou et al., 2016, Jung et al., 2012, Han et al., 2024, Zhang
et al., 2019, Uslu et al., 2015). The NMR spectra were recorded at intervals and carried

over up to overnight exposures to assess any structural changes.

In parallel, time-resolved NMR experiments were performed to assess the effect of
sodium hypochlorite solution, a disinfectant widely used in water and wastewater treatment.
As detailed in the experimental section, Amoxicillin and Ciprofloxacin (ca. 10 mg each)
were dissolved in 0.75 mL D,0O and 0.25 mL DI water, with added formic acid as needed
due to their solubility issue. Penicillin G was dissolved directly in D>O without additives.
The parent compounds were first recorded as untreated, followed by repeated NMR scans
after the addition of sodium hypochlorite. Spectra were collected at various time points

(e.g., 30 min, 60 min, 120 min, etc.) for up to two days.

This approach enabled real-time observation of molecular changes under oxidative
conditions, including the appearance, disappearance, and evolution of characteristic
proton signals associated with specific functional groups. The NMR results were used to
identify time points at which significant spectral changes occurred and to indicate which
regions of the molecule were most affected by oxidation. These observations were then
used to select appropriate sampling times and to target specific mass-to-charge (m/z)
values during further HPLC/MS analyses for the detection and identification of

corresponding transformation products.

In summary, this chapter presents the detailed NMR analyses of, Penicillin G,
Amoxicillin, and Ciprofloxacin under two oxidative conditions (i.e. UV irradiation and
sodium hypochlorite solution treatment). As mentioned earlier, time-resolved 'H, °C, and
F NMR spectra were also used to monitor degradation processes and identify major
structural changes. The findings provided molecular-level insight into the stability and
reactivity of these antibiotics and served as a foundation for the complementary

HPLC/MS analyses, that are presented in the follow-on chapter.
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3.2.1 Penicillin G

eI L

Figure 3.7. Detailed structure of Penicillin G
(structure drawn by the author)

The generic structure of penicillins consists of a thiazolidine ring (i.e. a five-membered
ring), connected to a B-lactam ring (a four-membered ring) to which an aminoacyl side
chain is attached, and end-tethered with an aromatic ring (Padfield and Kellaway, 1974).
The peak assignments of protons, which are of particular interest in the current study were

investigated using the Nuclear Magnetic Resonance spectrometry instrument.

a. Nuclear Magnetic Resonance (NMR) spectra for Penicillin G

A range of NMR spectra of Penicillin G in water were run as follows, 'H water
suppression; 'H-'H correlation spectroscopy (COSY); '*C with proton decoupling; 'H-
13C (Heteronuclear Single Quantum Coherence (HSQC) that can be seen below in Figures

3.8to03.11.
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Figure 3.8. 'H NMR of Penicillin G in D,O (with water suppression NMR spectra)
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Figure 3.9. 'H-'H COSY NMR spectra of Penicillin G in D20 (with water suppression)
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Figure 3.10. 3C NMR spectra of Penicillin G in DO
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Figure 3.11. 'H-1*C COSY (HSQC) NMR spectrum of Penicillin G in D,O

Figure 3.8 shows various signals of all the protons found in Penicillin G structure.
Generally, signals from protons on the beta-lactam ring, the side chains, the thiazolidine
ring and the aromatic ring are clearly distinguishable. In Penicillin G, the main features
include, the protons of the methyl group usually depending on the environment can be
seen as singlets or sometimes as doublets. The amide hydrogens always appear as singlets.
Aromatic protons that can always be seen around 7 to 8 ppm due to the magnetic induction
of the aromatic ring, and finally the methylene and the methine protons that usually appear

as multiples due to coupling.

Figure 3.9 shows the Correlation Spectroscopy (COSY) of Penicillin G. This is a two-
dimensional (2D) NMR spectroscopy that is used for studying and analyzing the
structures of different compounds like Penicillin G. In the 'H - "H COSY spectrum, both
the horizontal and vertical axes represent 'H chemical shifts. The diagonal peaks
correspond to the conventional one-dimensional 'H spectrum, while the off-diagonal
cross-peaks indicate scalar (through-bond) coupling between protons. This experiment
therefore enables identification of coupled proton pairs and enables the assignment of spin
systems within complex molecules such as Penicillin G (Andersen et al., 1988, Sawa et
al., 1994, Deimel et al., 2023). Furthermore, it helped in identifying the protons that are
coupled to each other, which provides useful information regarding the connectivity of

hydrogen atoms in the molecule.

Moreover, Figure 3.10 shows various peaks of the signals of all the carbon atoms found
in Penicillin G structure. Generally, peaks for the carbons in beta-lactam ring, the side
chains, the thiazolidine ring and the aromatic ring are distinguishable. In Penicillin G, the

main features include, the aromatic carbons usually appear between 120 -140ppm, the

39



carbonyl carbons appearing between 170-180 ppm in the downfield region and the
aliphatic carbons that can be seen around 0-50 ppm in the upfield region of the molecule

depending on the environment.

Finally, Figure 3.11 shows the Heteronuclear Single Quantum Coherence, or HSQC,
Spectroscopy of Penicillin G. This is a two-dimensional (2D) NMR spectroscopy that is
used for studying and analysing the structures of different compounds like Penicillin G.
This helped in identifying the protons that are bonded directly to carbon atoms, which

provides useful information when assigning the carbons in Penicillin G.
After running NMR spectroscopy of Penicillin G using different methods, it was possible
to assign the peaks for both the hydrogens and the carbons in Penicillin G and that can be

seen in the tables, 3.1 and 3.2, given below.

Table 3.1. Assignments of protons NMR peaks for Penicillin G

Assignments Protons in Penicillin G (8
ppm)
Aromatic protons (19-23) 7.28 -7.20
Methine protons of the lactam ring (2 54-53
and 6)
Methine proton of the thiazolidine ring 4.12
4)
Benzylic protons (17) 3.54 -3.57
Methyl protons attached to the 1.46 — 1.36
thiazolidine ring (10 and 11)
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Table 3.2. Assignments of '*C peaks for Penicillin G

Assignments Carbons in Penicillin G (6
ppm)
Carbonyl carbon of amide (13) 174.6
Carbonyl carbon 174.59

of the lactam ring (7)

Carbonyl carbon of the carboxylate 174.36
group (8)
Aromatic carbons (18-23) 134.45 -127.38
Methylene carbon of the thiazolidine 72.93
ring (4)
Methine carbon common to the 66.54

lactam and thiazolidine ring (2)

Quaternary carbon of the thiazolidine 64.19
ring (5)
Methine carbon of the lactam ring 58.07

adjacent to the amide group (6)

Methylene carbon adjacent to the 41.73

aromatic ring (17)

Methyl carbons attached to the 26.28 — 30.39
thiazolidine ring (10 and 11)
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Penicillin G has been studied extensively using NMR spectroscopy (Daletos et al., 2017,
Chang and Hem, 1979, Branch et al., 1987, Degelaen et al., 1979, Kan et al., 1973). In
case of 'H NMR of Penicillin G, the frequency ranges of 'H resonances are observed in
the range of chemical shifts from 0 to 8ppm. Obvious functionalities, such as the aromatic
protons (~7-8 ppm), methyl (~1-2 ppm) and methoxy (~3.5-4 ppm) ones were identified.
Whereas, in case of *C NMR spectrum of Penicillin G the frequency shifts range from 0
to 220 ppm. Due to '3C inherent low sensitivity and the low isotopic abundance, the
signals are obviously weaker than those of 'H, and therefore more time for spectra

acquisition was needed (Daletos et al., 2017).

Obvious functionalities such as carbonyl, methoxy, aromatic, and methyl groups were
identified. The tables above show all the peak assignments of the protons and the
carbons in Penicillin G. The NMR data was consistent with that previously reported
(Ben Salem et al., 2016, Padfield and Kellaway, 1974, Chang and Hem, 1979), confirming
the structural integrity of the parent compound. Minor variations in chemical shift values
were observed, which are attributed to differences in concentration, solvent systems, and

experimental conditions; however, no opposing structural features were identified.

b. The effect of UV irradiation on Penicillin G in the solid state

The effect of UV light on Penicillin G (solid state) was studied in order to determine if it
causes degradation of the antibiotic. Penicillin G in quartz cuvettes was left in a UV
irradiation chamber (300-800 nm) using an accelerated weatherability instrument for 2
days. This wavelength range corresponds primarily to UVB and UVA radiation rather
than UVC, which is more commonly employed for photolysis and disinfection processes.
An 'H NMR spectrum was then run on the irradiated sample in order to determine if any

degradation had occurred (Figure 3.12).
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Figure 3.12. 'H NMR spectra of Penicillin G after UV irradiation using accelerated

weatherability chamber over 2 days.

The 'H spectrum of Penicillin G after irradiation using the UV source was identical with
that of the pure antibiotic which clearly indicated that under the applied UVB/UVA
irradiation conditions, no significant degradation of penicillin G was detected, indicating
photostability of the compound within this spectral range with no observable degradation

had occurred.

Given that no degradation was observed using the Penicillin G when it was irradiated with
UV in the solid state, the primary focus of this research shifted to investigation of
penicillin G under aqueous conditions that is more relevant to wastewater treatment

employing UV irradiation.

¢. The effect of UV irradiation on Penicillin G in solution

As described earlier, UV irradiation is widely used as a disinfection method in water
treatment when applied at germicidal wavelengths (Pullerits et al., 2020). Furthermore,
unlike other disinfection methods, such as ozonation, or chlorination, UV irradiation
requires no addition of chemicals, and generally low-pressure UV produces
insignificant amounts of unwanted byproducts (Hijnen et al., 2006a, Reckhow et al.,

2010).

Moreover, UV irradiation is also an attractive method for efficient disinfection of water,
given that this method is more environmentally friendly (Kim et al., 2022). Even though,

many studies have been conducted on the removal of antibiotics using Advanced
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Oxidation Processes (AOPs) (i.e. using UV in combination with other reagents), there are

no reports on degradation of Penicillin G using UV radiation alone.

In this experiment, the UV irradiation of Penicillin G in solution was conducted using the
internal UV light source of a UV-visible spectrophotometer (wavelength range of 190-
300 nm). Penicillin G (30 mg) was dissolved in D20 and irradiated under UV radiation
for up to 24 hours. It should be noted that spectrophotometer-based UV irradiation
involves relatively low light intensity and a limited irradiated area, defined by the optical
path and beam dimensions. Consequently, the experiment represents low-fluence UV
exposure conditions, and the observed effects reflect the response of penicillin G under
these specific irradiation constraints rather than high-intensity UV disinfection scenarios.
'H NMR spectra of the sample were run at intervals of: 30 minutes, then after one hour,

two and 24 hours of UV irradiation (Figure 3.13).
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Figure 3.13. '"H NMR spectra of Penicillin G under UV irradiation using the UV visible
spectrophotometer instrument with wavelength ranging from 190-300 nm over time.
(Blue line showing the standard Penicillin G, red 30 minutes after irradiation, brown 1 h,
green 2 h and teal 24 h after irradiation)

The '"H NMR spectra were unchanged at each of the time periods and were identical to
that of the pure Penicillin G. Here again, the obvious functionalities, such as the aromatic
protons (~7-8 ppm), methyl (~1-2 ppm) and methoxy (~3.5-4 ppm) protons in Penicillin
G remained effectively the same even after 24 hours of irradiation. This clearly shows
that no measurable degradation of penicillin G occurred after 24 hours of irradiation under
the low-irradiance conditions of the spectrophotometer-based experimental setup

employed.
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In conclusion, given that no observable degradation of Penicillin G was identified in both
solid form and in solution after UV irradiation using different instruments, wavelengths
and exposure times, it was decided to study the effect of sodium hypochlorite on Penicillin
G. Sodium hypochlorite is widely employed as a disinfectant in wastewater treatment for
microbial inactivation rather than for the removal of organic contaminants. This
investigation of hypochlorite-induced transformations of penicillin G is environmentally
relevant in the context of wastewater disinfection practices. This observation is consistent
with previous studies reporting that UV irradiation alone often results in limited
degradation of B-lactam antibiotics in the absence of additional oxidants or radical-
generating systems. Conversely, some studies have reported enhanced UV-driven
degradation when higher irradiance, combined UV—-oxidant processes or germicidal
wavelengths are employed, highlighting that photodegradation efficiency is strongly
dependent on irradiation conditions. The present results therefore reflect the limitations

of the UV systems employed in this study rather than opposing the broader literature.

d. The effect of sodium hypochlorite on Penicillin G

Sodium hypochlorite solution, or bleach, is a relatively strong oxidizing agent that has
been widely applied for microbial inactivation during water and wastewater disinfection. While
oxidation using sodium hypochlorite is not employed with the primary objective of degrading
organic contaminants, previous studies have shown that antibiotic compounds can undergo
chemical transformation when exposed to hypochlorite-based oxidants during disinfection
processes (Zhang et al., 2017b, Daletos et al., 2017); however, to the best of our knowledge
no studies have been reported on its use for the degradation of Penicillin G. In order to
monitor the degradation of Penicillin G, 10 mg of Penicillin G was dissolved in 0.75 mL
of deuterium oxide (D20), followed by the addition of 0.25 mL of sodium hypochlorite
solution. '"H NMR spectra of the Penicillin G solution were recorded at regular intervals

(Figure 3.14).
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Figure 3.14. '"H NMR of Penicillin G in 0.75 cm?® of D>O and 0.25 mL of sodium
hypochlorite solution (with water suppression NMR spectra) over two days (blue is the
standard prior to addition of sodium hypochlorite, starting from red that shows half an
hour after the addition of sodium hypochlorite, brown 1 h, green is 7 h, teal 19 h and
purple 27 h).

The 'H NMR spectra of the solution after the addition of sodium hypochlorite under the
nominal conditions described in the Materials and Methods section shows pronounced
differences compared to the untreated reference spectrum, with significant changes
between 1-2 ppm and 5-5.5 ppm (Figure 3.14). These spectral changes reflect time-
dependent chemical transformation of the compound under hypochlorite oxidation
conditions, rather than a defined dose-response associated with a quantified free or
residual oxidant concentration. Interestingly, an immediate change can be observed upon
addition of the hypochlorite solution, indicating a very rapid degradation of the antibiotic.
TFhe signals in the aromatic region remained the same as did the peak due to the benzylic

protons at 3.5 ppm.

It is also clear from the NMR analysis that more than one product is formed during the
degradation process as evidenced by the new peaks appearing at 1.2 and 1 ppm (Figure
3.15). Almost immediately after the addition of the hypochlorite a peak appears at 1.2
ppm indicating the formation of a degradation product and then after 5 hours a second

peak appears at 1ppm indicating the formation of a second degradation product.
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Figure 3.15. NMR spectra of the methyl region of Penicillin G after the reaction with
sodium hypochlorite solution (blue is the standard prior to addition of sodium
hypochlorite solution, and the others show the respective spectra after specific time

periods).

Figure 3.15 shows the peaks of methyl protons attached to the thiazolidine ring (within a

range 0- 2 ppm) and the degradations products formed after the addition of sodium

hypochlorite solution.
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Figure 3.16 Penicillin G main degradation products/derivatives (structure drawn by the author)

Previous studies have reported that exposure of penicillin G in aqueous solution can lead to
structural transformation and cleavage of the PB-lactam ring. Depending on experimental
conditions, reported transformation products include penicilloic acid, penilloic acid and
penicilloaldehyde formed through oxidative and hydrolytic pathways rather than
intentional contaminant removal. (Figure 3.16) (Lima et al., 2020, Batchelor et al., 1965,
Weltzien and Padovan, 1998, Ariza et al., 2015, Li et al., 2008a, Hou and Poole, 1971,
Aldeek et al., 2016, Szabo et al., 2016, Kheirolomoom et al., 1999, Branch et al., 1987).

It is likely that exposure of penicillin G to sodium hypochlorite induces oxidative
transformation rather than simple degradation. It should be noted that oxidation using
sodium hypochlorite may also lead to the formation of chlorinated transformation
products under certain conditions. However, within the resolution and sensitivity of the
NMR analysis employed in this study, no distinct signals attributable to chlorinated
derivatives were clearly identified. The observed spectral features therefore most likely
reflect non-chlorinated oxidative transformation pathways of penicillin G under the

experimental conditions applied.

Based on the '"H NMR data, the initial transformation is consistent with formation of

penicilloic acid, followed by further rearrangement to penilloic acid. The peak which
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appears atl.2 ppm is consistent with the methyl group of penicilloic acid which has a
reported chemical shift of 1.185 ppm. (Mitsumori et al., 1977). The secondary degradation
product which appears at 1 ppm has previously been assumed to be penilloic acid although
this was not confirmed (Mitsumori et al., 1977). Other work (Degelaen et al., 1979) has
reported that the methyl group of penilloic acid appears at 1.5 ppm. In addition, the

formation of penicilloaldehyde degradation product is very unlikely to take place in this

case as strong oxidising agent was used for Penicillin G reaction. Further analysis is

needed for confirmation of this identity of the second degradation product.

Reaction of Penicillin G with sodium hypochlorite solution also resulted in changes to the
signals from protons of the B-lactam ring (5-6 ppm) that is due to the opening of the -
lactam ring (Figure 3.17). Immediately after exposing Penicillin G to the hypochlorite
solution, a new peak at 5.0 ppm appears in the NMR spectra. This peak is between the
reported peaks for penicilloic acid (5.3ppm) and penilloic acid (4.8ppm) (Mitsumori et
al., 1977, Degelaen et al., 1979). Based on the analysis of the methyl groups (Figure 3.15),
it is expected that this peak at 5 ppm could be due to penicilloic acid and the difference
in chemical shift is likely to arise owing to differences in the pH of the NMR solution, as
this study was conducted in aqueous as opposed in an acidic solution (Mitsumori et al.,

1977, Degelaen et al., 1979).
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Figure 3.17. '"H NMR of Penicillin G in 0.75 mL of D,O and 0.25 mL of sodium
hypochlorite solution (with water suppression, section between 4-6 ppm) (blue is the
standard prior to addition of sodium hypochlorite)
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e. Analysis of the rate of degradation of Penicillin G

The 'H NMR time series (Figure 3.17) indicated a rapid degradation process and in order
to investigate the rates of degradation further, the signal intensity versus time of selected
"H NMR peaks were analysed. Using the data from the NMR spectra shown in Figure
3.15, the heights of the peak at 1.18 ppm, due to the methyl group of penicilloic acid, and
0.98 ppm, thought to be due to the methyl group of penillic acid, were plotted against
reaction time (Figure 3.18). The benzyl proton peak appearing between 3.54-3.57 ppm

was used as a reference as it does not change due to the addition of sodium hypochlorite

solution.
1 H NMR signals of methyl group of Penicillin G after oxidation
versus time (0-2 ppm)
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Figure 3.18. Time-dependent changes in '"H NMR signal intensities of methyl group
resonances of penicillin G following exposure to sodium hypochlorite, showing the peak
at 1.180 ppm (blue) and the peak at 0.9871 ppm (orange)

The data clearly indicate the rapid formation of penicilloic acid (1.18ppm) with significant
amounts present after 30 minutes and a steady state concentration reached after 5 hours. As
expected, penilloic acid is not formed until 1-5 hours after the addition of sodium
hypochlorite and continues to be formed at a steady rate throughout the reaction period.
This is consistent with the penilloic acid being a secondary degradation product.
Interestingly, the penicilloic acid does not decrease in concentration as the penilloic acid
is formed, even though penilloic acid is reported to be a degradation product of penicilloic
acid. This may indicate that the penicilloic acid is being formed from penicillin G at the

same rate it is being degraded to penilloic acid.
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A study by Degelean et al. showed the concentration of Penicillin G degradation products
after different time intervals under acidic conditions. Penicilloic acid is formed
immediately under acidic conditions and significant concentration is present after 80
minutes which slowly declines over time and is not detectable after 2 days whilst penilloic
acid increases in concentration over this time, indicating its formation from penicilloic
acid. Whilst there are similarities with the present study with the immediate formation of
penicilloic acid and the subsequent formation of penilloic acid, the concentration of

penicilloic acid is not observed to decrease over the reaction time period.

Using the data from the NMR spectra shown in Figure 3.17, the area under peaks at 5.35
ppm and 5.40 ppm, due to the protons on the lactam ring of penicillin G were plotted
against reaction time (Figure 3.19). The benzyl proton peak appearing between 3.54-3.57
ppm was used as a reference as it does not change due to the addition of sodium

hypochlorite.

1H NMR signal of the lactam group of Penicillin G after

oxidation versus time (5-6 ppm)
4.5

3.5

2 —&— 5.35 ppm

relative intensities

1.5 5.40 ppm

Time (Hours)

Figure 3.19. Time-dependent changes in 'H NMR signal intensities of penicillin G
following exposure to sodium hypochlorite solution, showing resonances at 5.35 ppm
(blue) and 5.40 ppm (orange), corresponding to chemically distinct proton environments
of penicillin G discussed in the main text

After Penicillin G reaction with sodium hypochlorite, an immediate change is observed
as both peaks decrease in intensity and cannot be detected after 10 hours. The decrease in

concentration of both peaks implies the complete degradation of Penicillin G. This is
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consistent with the degradation of Penicillin G under acidic conditions after 100 minutes

all of the Penicillin G had been degraded (Degelaen et al., 1979).

The NMR analysis of the degradation of Penicillin G upon reaction with sodium
hypochlorite indicated that the reaction is almost immediate, and that no penicillin G was
present in solution after 10 hours and that by-products including penicilloic acid and
penilloic acid were formed under these conditions that is consistent with the well-known
instability of B-lactam antibiotics, which readily undergo ring-opening reactions and
oxidative transformations in aqueous environments. These findings therefore support
previously reported behaviour of B-lactam antibiotics under oxidative or aqueous
conditions and confirm that Penicillin G is highly susceptible to rapid structural

transformation. (Canzani and Aldeek, 2017, Berkani et al., 2022)

3.2.2 Amoxicillin

s L

Figure 3.20. Detailed structure of Amoxicillin (structure drawn by the author)

Amoxicillin is a beta-lactam antibiotic belonging to the penicillin class. Its structure
consists of B-lactam ring, a thiazolidine ring and hydroxylated phenyl group, and an amino

group (-NH:) and an amide group exo to the cyclic structures.

a. Nuclear Magnetic Resonance (NMR) spectra for Amoxicillin

A range of NMR spectra of Amoxicillin in D20 using an approximately 10 mg mL-
Isolution and were run as follows: 'H water suppression; 'H-'H correlation spectroscopy
(COSY); *C with proton decoupling; 1H-'>C Heteronuclear Single Quantum Coherence
(HSQC) that can be seen below in Figures 3.21 - 3.24.
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Figure 3.21. '"H NMR of Amoxicillin in DO (with water suppression NMR spectra)
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Figure 3.22. '"H-'H COSY NMR spectra of Amoxicillin in DO (with water suppression)
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Figure 3.24. 'H-13C COSY (HSQC) NMR spectrum of Amoxicillin on DO

After running NMR spectroscopy of Amoxicillin using different methods, it was possible
to assign the peaks for both the protons and the carbons in Amoxicillin and that can be

seen in the tables below.
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Table 3.3. Assignments of proton NMR peaks for Amoxicillin

Assignments Protons in Amoxicillin
Aromatic protons (20-24) 7.16 —6.75
Methine protons of the lactam ring (2 5.34-5.31

and 6)
Methine proton of the thiazolidine ring 4.48

“4)
Methine attached to amino group (17) 4.05
Methyl protons attached to the 1.38-1.32

thiazolidine ring (10 and 11)

*The signal from the hydroxyl proton is expected to appear in the region of 10 ppm and
amide proton about 8 ppm- these are not detected as D>O was used as the solvent

The table below (Table 3.4) show the peak assignments of the protons and the carbons in

Amoxicillin. In case of 'H NMR of Amoxicillin, the chemical shift frequencies ranging

from 0 to 8ppm was observed. Obvious functionalities, such as the aromatic protons (~7-

8ppm) and methyl protons (~1-2ppm) were identified. The 'H and '*C NMR data were

consistent with that previously reported (Bisson-Boutelliez et al., 2010, Gozlan et al.,

2013).
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Table 3.4. Assignments of *C peaks for Amoxicillin

Assignments Carbons in Amoxicillin
Carbonyl carbon of amide (13) 175.3
Carbonyl carbon of the lactam ring (7) 174.4
Carbonyl carbon of the carboxylate 174.3

group (8)
Aromatic carbons (19-24) 130.3-115.9
Methylene carbon of the thiazolidine 73.0

ring (4)
Methine carbon common to the lactam 66.5

and thiazolidine ring (2)

Quaternary carbon of the thiazolidine 64.0
ring (5)
Methine carbon of the lactam ring 57.8

adjacent to the amide group (6)

Methylene carbon adjacent to the 573

aromatic ring (17)

Methyl carbons attached to the 30.2-263
thiazolidine ring (10 and 11)

The tables above show the peak assignments of the protons and the carbons in
Amoxicillin. In case of "H NMR of Amoxicillin, the chemical shift frequencies ranging
from 0 to 8ppm was observed. Obvious functionalities, such as the aromatic protons (~7-

8ppm) and methyl protons (~1-2ppm) were identified. The 'H and '*C NMR data were
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consistent with that previously reported (Bisson-Boutelliez et al., 2010, Gozlan et al.,

2013).

b. The Effect of UV irradiation on Amoxicillin in the solid state

The effect of UV light on Amoxicillin was studied in this experiment to determine if it
causes degradation of the antibiotic. Amoxicillin in quartz cuvettes was left under UV
irradiation(300-800nm) using an accelerated weatherability chamber for 2 days. A 'H

NMR spectrum was run to determine if any degradation had occurred (Figure 3.25).

"Amoxicillin solid UV" 1 1 D:

8 6 4 2
Figure 3.25. 'TH NMR spectra of Amoxicillin after UV irradiation using accelerated

weatherability chamber over 2 days.

The 'H spectrum of Amoxicillin after irradiation using the UV light was identical with
that of the pure antibiotic (Figure 3.21) which clearly indicates that under these conditions

no degradation had occurred.

Given that no degradation was observed using the Amoxicillin in solid form, it was
considered to test Amoxicillin in solution as this is a more common way of wastewater

treatment practices using the UV irradiation.
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c. The Effect of UV irradiation on Amoxicillin in solution

The UV irradiation of Amoxicillin in solution was conducted by employing a UV-visible
spectrophotometer, where Amoxicillin in solution was irradiated under UV light for 24
hours. "H NMR spectra of the samples were run at intervals of: 30 minutes, then after one

hour, two and 24 hours of UV irradiation (Figure 3.26)
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Figure 3.26. '"H NMR spectra of Amoxicillin under UV irradiation with wavelength
ranging from 200- 450 nm over time (Blue 30min, red 1 h, brown 2 h and green 24 h)

The UV irradiation showed no effect on Amoxicillin as there are no shifts, or changes, to
the signals of the protons in the spectra. This indicates that, under the low-irradiance UV
exposure conditions provided by the spectrophotometer-based setup employed in this
study, no detectable photochemical transformation of amoxicillin occurred. This is
consistent with a previous study that showed UV irradiation alone had an insignificant
effect on Amoxicillin degradation, while the addition of persulfate, or hydrogen peroxide,
increased the degradation of Amoxicillin significantly due to the generation of hydroxyl

radical and sulfate (Zhang et al., 2019).

In conclusion, given that no degradation of Amoxicillin was observed in both solid form
and in solution (approximately 10 mg mL™) after UV irradiation using different

instruments, wavelengths and exposure times, that is consistent with reports in the literature
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indicating that Amoxicillin exhibits limited photodegradation under certain UV conditions used in
this experiment and therefore, it was decided to study the effect of sodium hypochlorite on
Amoxicillin, as it’s the most common disinfectant product used in wastewater treatment

practices.

d. Effect of Sodium hypochlorite on Amoxicillin

In this experiment, in order to monitor the degradation of Amoxicillin, sodium
hypochlorite solution was added to an aqueous solution of Amoxicillin (approximately
10 mg mL') and 'H NMR spectra were recorded at regular intervals as shown in Figure
3.27. Here, it is to be noted that a couple of drops of formic acid were added to the solution

to effect complete dissolution.
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Figure 3.27. 'H NMR of Amoxicillin in 0.75 mL of D20 and 0.25 mL of sodium
hypochlorite solution (with water suppression NMR spectra) over two days (blue is the
standard prior to addition of sodium hypochlorite, starting from red that shows half an
hour after the addition of sodium hypochlorite, brown 1.5-h, green is 7 h, light blue 19
hand purple 28 h)

The initial spectrum (blue trace) represents the intact structure of Amoxicillin, followed
by spectra taken at 0.5 hours (red), 1.5 hours (brown), 7 hours (green), 19 hours (light
blue), and 28 hours (purple) after oxidant addition. Two drops of formic acid were

included to ensure complete dissolution. Obvious differences were observed almost
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immediately following the addition of sodium hypochlorite (Figure 3.27). Significant
changes occurred in the methyl region (1-2 ppm), B-lactam region (5-5.5 ppm), and the

aromatic region (6.5-7.5 ppm), indicating rapid degradation of Amoxicillin. This is
similar to the behaviour seen with Penicillin G in earlier experiments. The most immediate
observation after the addition of sodium hypochlorite, was the rapid disappearance of the
B-lactam proton signals (~5.3—-5.5 ppm) within the first 30 minutes, suggesting cleavage
of the B-lactam ring. Likewise, the singlet near 1.5 ppm, assigned to methyl groups on the
thiazolidine ring, began to shift and decrease in intensity. These changes demonstrate

early-stage degradation of both the -lactam and thiazolidine rings.

Notably, a new peak emerged at 4.51 ppm almost immediately after the addition of
sodium hypochlorite, suggesting the formation of an early degradation product. After
approximately 7 hours, a second new peak appeared at 3.48 ppm, indicating the formation
of additional degradation products. Based on their timing and chemical shifts, they are
consistent with Amoxicillin penicilloic acid (4.51 ppm) and Amoxicillin penilloic acid
(3.48 ppm), both of which are common degradation products reported in literature
(Gozlan et al., 2013). These findings suggest that B-lactam ring hydrolysis is the first
degradation step, followed by further rearrangement of the molecule. These newly
emerging peaks are also consistent with intermediates such as compounds 1 and 3 in
Figure 3.29, which represent hydrolytic cleavage products of the B-lactam ring and early-

stage degradation derivatives of Amoxicillin(Siciliano et al., 2021).

Another significant transformation was observed in the aromatic region between 6.5-7.5
ppm. Initially, the untreated Amoxicillin spectrum displayed two distinct doublets,
characteristic of the symmetrical substitution on the phenyl ring. After the addition of
sodium hypochlorite, these signals split into four doublets, suggesting that substitution
reactions had taken place on the ring. By 6 hours post-treatment, these aromatic signals
disappeared entirely, pointing to further degradation or transformation of the aromatic

ring.

Although earlier interpretations suggested possible oxidation of the phenol group, this is
not supported by the data. Instead, the changes observed are more consistent with chlorine
substitution on the aromatic ring. This interpretation aligns with the type of reactivity
expected from sodium hypochlorite and with the appearance of new NMR signals,

particularly the loss in the aromatic protons.
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These findings are consistent with degradation pathways reported in the literature. Gozlan
et al. (2010, 2013) and Lamm et al. (2009) identified penicilloic acid and penilloic acid
as primary degradation products of Amoxicillin, resulting from B-lactam ring hydrolysis.
In this study, the disappearance of B-lactam-associated signals (5-5.5 ppm) and the
emergence of the 4.51 ppm signal suggest the formation of penicilloic acid, while the 3.48

ppm signal is likely attributable to penilloic acid.

Previous studies show that the main products that are formed by degradation of
Amoxicillin in solution are Amoxicillin penicilloic acid, Amoxicillin penilloic acid,
diketopiperazine amoxicillin and hydroxyphenylglyl amoxicillin (Lamm et al., 2009,
Gozlan et al., 2013, Gozlan et al., 2010, Deshpande et al., 2004b, Connor et al., 1994b,
Yang et al., 2020, Pérez-Parada et al., 2011, Bisht et al., 2024) (Figure 3.28). However,
the distribution of degradation products reported in the literature is not always consistent,
as several studies indicate that the products formed depend strongly on experimental
conditions such as pH, oxidant type, irradiation conditions, and analytical technique
employed. In the present study no evidence was found in the NMR data for more complex
degradation products such as diketopiperazine Amoxicillin, although these have been
detected in other analytical studies (Lamm et al., 2009). By 28 hours, all the original
Amoxicillin peaks had disappeared from the spectrum, which suggests that the parent
compound had fully broken down. However, there were still some small, broad signals
present, most likely from the degradation products. These were difficult to interpret due

to their low intensity and overlapping nature.
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HO Amoxicillin

4-hydroxyphenylglyl amoxicillin

Amoxicillin penicilloic acid \

HO
Diketopiperazine amoxicillin

Amoxicillin penilloc acid

Figure 3.28. Suggested degradation pathway of amoxicillin in aqueous medium

(according to (Gozlan et al., 2010, Gozlan et al., 2013))
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Although phenol oxidation was considered, no clear evidence supported this pathway.
Instead, the shifts and eventual disappearance of these signals are more possibly attributed
to substitution reactions, likely involving chlorine. This interpretation is strongly
supported by the oxidation transformation products identified in Figure 3.29, which
outlines 16 possible oxidative by-products of Amoxicillin following treatment with
sodium hypochlorite (reproduced from Siciliano et al., 2021). Figure 3.29 is reproduced
to provide literature context for the observed NMR trends and does not imply direct
identification of these transformation products in the present study. For example,
chlorinated compounds such as structures 9 and 10 (chlorophenols), and structure 16 (a
highly oxidised, multifunctional degradation product), correlate well with the observed
shifts and eventual disappearance of the aromatic proton signals in the NMR spectra.
Moreover, structures 1 through 5 represent hydrolysed or rearranged products of the B-
lactam and thiazolidine rings, aligning with the early loss of key proton signals in those
regions (1.3—1.5 ppm and ~5.3 ppm). The NMR data thus directly supports the presence
of several degradation pathways, including B-lactam hydrolysis, chlorine substitution on

the aromatic ring, and advanced oxidative fragmentation.
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Figure 3.29. Proposed degradation pathway of Amoxicillin in aqueous solution following

sodium hypochlorite treatment, showing 16 possible by-products (reproduced from

Siciliano et al., 2021). Numbered compounds correspond to transformation products as

assigned in the original publication

Legend: Numbered compounds (1-16) correspond to transformation products of amoxicillin
as identified and labelled by Siciliano et al. (2021)
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In conclusion, the 'H NMR analysis in this case clearly demonstrates that Amoxicillin
undergoes rapid and extensive degradation upon exposure to sodium hypochlorite. The
earliest transformations involved the loss of B-lactam and thiazolidine ring protons, along
with emergence of new peaks indicating specific degradation products. Changes in the
aromatic region suggest substitution reactions, most likely involving chlorine. These
experimental findings are consistent with previously reported degradation pathways,
confirming the molecule’s high sensitivity to oxidative treatment (Siciliano et al., 2021).

Although NMR provided valuable structural information, the inability to establish a

reliable internal standard limited the use of this technique for kinetic analysis. The
degradation products identified here will be explored further and validated using
HPLC/MS in the next section.

e. Analysis of the rate of degradation of Amoxicillin

Due to the rapid and extensive degradation of Amoxicillin after the addition of sodium
hypochlorite, and the absence of a stable internal reference to compare other peaks with,
accurate quantification of degradation kinetics via 'H NMR was not feasible in this study.
While in case of Penicillin G a consistent reference signal allowed semi-quantitative

tracking, the same approach could not be applied for Amoxicillin.

Initially, the intensity of the aromatic proton signal at 7.16 ppm (precisely measured at
7.1646 ppm) was considered for degradation monitoring. However, this peak did not
diminish consistently over time and never approached baseline, making it unsuitable for
quantification. While a signal near 8 ppm was also visible, this was confirmed to originate

from formic acid (used to aid dissolution) and was thus not usable as a reference.

Peak intensities were initially assessed using the Bruker® TopSpin 4.4.10 software, where
hovering over each peak displayed its height. However, because of the shifting baselines,
spectral overlaps and the complexity of degradation products forming over time, none of

the peaks proved stable or consistent enough to be used for reliable intensity plotting.

As a result, while qualitative observations clearly indicate rapid degradation that is
evidenced by the disappearance and shifting of peaks in key regions such as the methyl
(1-2 ppm), B-lactam (5-5.5 ppm), and aromatic (6.5—7.5 ppm) zones and therefore, a

quantitative degradation curve could not be constructed from the NMR data.

64



In this experiment, and consistent with previous studies, it can be concluded that
Amoxicillin undergoes rapid degradation immediately upon chlorination (Gozlan et al.,
2013; Siciliano et al., 2021), with no significant further transformations observed over
extended time periods. The disappearance of key NMR signals and the eventual absence
of any measurable spectrum after 28 hours suggest complete molecular breakdown. As
NMR provides only limited structural detail on the complex mixture of degradation
products, a more detailed mass spectrometric analysis is required to identify and

characterise the major by-products formed. This is addressed in the following chapter

through LC/MS analysis.
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3.2.3 Ciprofloxacin
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Figure 3.30. Detailed structure of Ciprofloxacin (structure drawn by the author)

Ciprofloxacin consists of 1-cyclopropyl-6-fluoro-1,4-dihydro-4-oxo-7-(1-piperazinyl)-3-
quinolinecarboxylic acid. The peak assignments of protons, which are of particular

interest in the current study were studied using NMR.

a. Nuclear Magnetic Resonance (NMR) spectra for Ciprofloxacin

A range of NMR spectra of Ciprofloxacin in water were run as follows, 'H water
suppression; 'H-'H correlation spectroscopy (COSY); '*C with proton decoupling; 'H-
13C (Heteronuclear Single Quantum Coherence (HSQC) and '°F NMR of Ciprofloxacin

can be seen below in Figures 3.31 — 3.35.
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Figure 3.31. '"H NMR of Ciprofloxacin in D>O (with water suppression)
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Figure 3.32. 'H-'H COSY NMR spectra of Ciprofloxacin in D>O (with water suppression)
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Figure 3.33. 3C NMR spectra of Ciprofloxacin in DO
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Figure 3.34. 'H-13C COSY (HSQC) NMR spectrum of Ciprofloxacin in DO
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Figure 3.35. "F NMR of Ciprofloxacin in DO (with water suppression)

After running NMR spectroscopy of Ciprofloxacin using different methods, it was
possible to assign the peaks for both the hydrogens and the carbons in Ciprofloxacin and

that can be seen in the tables below.

Table 3.5. Assignments of proton NMR peaks for Ciprofloxacin

[rel]

15

10

Assignments Protons in Ciprofloxacin

Vinyl proton (2,3) 8.2

Aromatic protons (5,8) 7.19 - 6.97

Methine protons of the diaza ring 344 -3.34
(10,11,13,14)

Methylene protons attached to the 1.25-0.96
cyclopropyl ring (15,16,17)
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Table 3.6. Assignments of '*C peaks for Ciprofloxacin

Assignments Carbons in Ciprofloxacin
Vinyl carbons (2,3) 147.8 +106.1
Carbonyl carbon of the ketonic group (4) 175.2
carbonyl carbon of the carboxylic group 166.0
(18)
Aromatic carbons (5a,5,6.7,8,8a) 152 +144.4+138.0+ 118 +110+
106.0
-CH; of the piperazine group (10,14) 46.0
-CH; of the piperazine group (11,13) 43.0
-CH of cyclopropyl group (15) 35.96
-CHz of cyclopropyl group (16,17) 7.4

The tables above show all the peak assignments of the hydrogens and the carbons in
Ciprofloxacin. In case of 'H NMR of Ciprofloxacin, the chemical shift frequencies
ranging from 0 to 8.5 ppm were observed. Obvious functionalities, such as the aromatic
protons (~7-8ppm) and the protons of the piperazine ring (~2-4 ppm) were also identified.
Furthermore, in case of 3C NMR spectrum of Ciprofloxacin the frequency shifts range
from 0 to 200 ppm. The NMR data was consistent with that previously reported (Trefi et
al., 2007) (Zigba et al., 2004, Dr. Holzgrabe, 2010).

b. The effect of UV irradiation on Ciprofloxacin in the solid state

The effect of UV light on Ciprofloxacin (solid state) was studied in order to determine if
it causes degradation of the antibiotic. Ciprofloxacin in quartz cuvettes was left in a UV
irradiation chamber (300-800 nm) using an accelerated weatherability instrument for 2
days. An '"H NMR spectrum was then run on the irradiated sample in order to determine

if any degradation had occurred (Figure 3.36).
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Figure 3.36. 'H NMR spectra of Ciprofloxacin being irradiated using accelerated

weatherability chamber over 2 days.

The "H NMR spectrum of ciprofloxacin following UV irradiation was identical to that of
the pure compound, indicating that no observable photochemical transformation occurred
under the applied exposure conditions. This outcome is consistent with the fact that the
accelerated weatherability chamber used in this study does not emit UVC radiation and
primarily provides UVB/UVA wavelengths. Moreover, effective UV-induced
degradation requires absorption of photons by the compound, and the absence of
detectable changes suggests limited overlap between the emission spectrum of the UV
source and the UV—Visible absorption characteristics of ciprofloxacin under the

conditions employed.

Given that no degradation was observed using the Ciprofloxacin in the solid state, it was
considered to test Ciprofloxacin in solution as this is more common with wastewater
treatment employing UV irradiation. The UV irradiation experiments were investigative
in nature and confirmed that direct UV exposure under the low-fluence conditions
employed was insufficient to induce measurable transformation of the compound. This
outcome, while expected, provided a useful comparative baseline and supported the
importance on hypochlorite-based oxidation, which is more relevant to wastewater

disinfection.
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c. The Effect of UV irradiation on Ciprofloxacin in solution

The UV irradiation was repeated in solution by employing UV-visible spectrophotometer

(wavelength ranging from 430-275 nm) where, Ciprofloxacin in solution was irradiated

under UV light for 24 hours. '"H NMR spectra of the sample were run at intervals of: 30

minutes, then after one hour, two and 24 hours of UV irradiation (figure 3.37).
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Figure 3.37. '"H NMR spectra of Ciprofloxacin under UV irradiation run at intervals of:

30 minutes (blue), then after one hour (red), two (brown) and 24 hours (green) using the

UV visible spectrophotometer instrument with wavelength ranging from 275 - 400 nm

It may be noted here that the UV irradiation under the applied UV exposure conditions,

specifically within the 275-400 nm wavelength range and at the low irradiance associated

with the spectrophotometer-based irradiation setup, no detectable changes in the

resonance frequencies of the structural groups of ciprofloxacin were observed. This

indicates that, at the UV dose and wavelengths employed in this study, no measurable

photochemical transformation occurred andtherefore, no degradation has taken place and

hence, UV irradiation is not appropriate for Ciprofloxacin degradation.

In conclusion, given that no observable degradation of Ciprofloxacin was identified in

both solid form and in solution after UV irradiation using different instruments,

wavelengths and exposure times, it was decided to study the effect of sodium hypochlorite

solution on Ciprofloxacin, as it is the most common disinfectant product used in

wastewater treatment practices (Lee et al., 2007, Kim et al., 2020).
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d. Effect of Sodium hypochlorite on Ciprofloxacin

In order to monitor the degradation of Ciprofloxacin, sodium hypochlorite solution was
added to an aqueous solution and '"H NMR spectra of the Ciprofloxacin solution were

recorded at regular time intervals (Figure 3.38).
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Figure 3.38. 'H NMR of Ciprofloxacin in 0.75 mL of D,O and 0.25 mL of sodium
hypochlorite solution (with water suppression NMR spectra) over two days (blue is the
standard prior to addition of sodium hypochlorite, starting from red that shows half an
hour after the addition of sodium hypochlorite, brown 1 h, green is 7 h, baby blue 20 h and
purple 29 h).

To monitor the degradation of Ciprofloxacin, sodium hypochlorite solution was added to
an aqueous solution of the antibiotic, and '"H NMR spectra were recorded over a two-day
period (Figure 3.38). The reference spectrum was recorded prior to treatment, followed
by spectra collected at 30 minutes, 1 hour, 7 hours, 20 hours, and 29 hours after the

addition of sodium hypochlorite.

Immediately after exposure, significant changes were observed in the 'H NMR spectra.
The CH: signals of the piperazine ring (~3.0-3.6 ppm) broadened and gradually

disappeared, indicating oxidative degradation or cleavage of the ring structure. Aromatic



proton signals in the 7—8 ppm range also diminished and eventually vanished, suggesting
substitution or modification of the quinolone ring. In addition, new peaks appeared
between 5 and 7 ppm, which may be attributed to polar degradation products such as
chlorinated intermediates. These signals are unlikely to represent aldehydes, as such
species would typically appear further downfield and would be expected to undergo rapid

oxidation under bleach treatment.

The effect of sodium hypochlorite on Ciprofloxacin was also studied using '°F NMR.
(Figure 3.39)
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Figure 3.39 NMR spectra of °F Ciprofloxacin in 0.75 cm® of D>O and 0.25 cm® of sodium
hypochlorite solution over two days (blue is the standard prior to addition of sodium
hypochlorite, starting from red that shows half an hour after the addition of sodium

hypochlorite, brown 1 h, green is 7 h, baby blue 20 h and purple 29 h).

The'’F NMR (Figure 3.39) provided further evidence of structural changes in
Ciprofloxacin. A small shift in the fluorine signal was detected shortly after sodium
hypochlorite was added, followed by a gradual drop in intensity. After extended exposure,
the 'F signal disappeared completely. This suggests that the fluorine atom was no longer

bound within the quinolone ring and was likely released as free fluoride ion in solution.

In the current study, 'H NMR spectra of Ciprofloxacin recorded prior to the addition of
sodium hypochlorite revealed characteristic aromatic proton signals between ~7.0-7.5

ppm (Figure 3.38) and can be attributed to the quinolone ring. After treatment with
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sodium hypochlorite, these signals progressively diminished and eventually disappeared
over time, particularly in the 7.0-8.5 ppm region. Simultaneously, new downfield signals
appeared, indicating the formation of polar oxidative byproducts, such as hydroxylated
derivatives. The '’F NMR spectra showed a gradual loss of the fluorine signal until it
became undetectable, suggesting cleavage of the C—F bond at the C-6 position of the

quinolone ring.

The '"H NMR data also showed that the piperazine ring was significantly affected. Before
the addition of sodium hypochlorite, the piperazine -CH: protons appeared as broad
multiplets around 3.0-3.6 ppm. After chlorine treatment, a notable reduction in intensity
was observed in this region, and a new signal emerged at approximately 4.2 ppm,
suggesting oxidative ring cleavage and possible formation of carboxylic acid-containing
degradation products. This pattern supports the conclusion that the piperazine ring is a

primary site of oxidative attack during the degradation process.

In contrast, the cyclopropyl group remained unaffected. The corresponding protons
consistently appeared as multiplets between 0.9—1.5 ppm throughout the experiment, with
no noticeable change in chemical shift or intensity. This suggests that the cyclopropyl ring
1s stable under the oxidative conditions applied in this study and does not participate in the

degradation pathway.

These findings align with previously reported degradation pathways of Ciprofloxacin
under oxidative conditions using sodium hypochlorite. Several studies have demonstrated
that sodium hypochlorite can induce transformations such as hydroxylation of the
quinolone ring, cleavage of the C—F bond at C-6 (Kim et al., 2020, Holzgrabe, 2015), and
piperazine ring opening (Gou et al., 2021, Kim et al., 2020). The observed defluorination
and aromatic signal loss are consistent with known mechanisms of oxidative degradation.
Although many studies involve combined treatments such as UV/sodium hypochlorite to
enhance degradation efficiency (Figure 3.39) (Keen and Linden, 2013, Deng et al., 2019,
Jia et al., 2021, Kim et al., 2020), the current results confirm that sodium hypochlorite
alone is sufficient to induce key structural changes in Ciprofloxacin. These include
piperazine ring oxidation, modification of the quinolone core, and removal of the fluorine

atom, all of which contribute to the formation of structurally altered byproducts.
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Although the degradation pathway illustrated in Figure 3.40 was proposed under
UV/chlorine conditions, many of the structural transformations, such as piperazine ring
cleavage, carboxyl removal, and defluorination, are also consistent with the degradation

patterns observed in this study using sodium hypochlorite alone.

Byproduct A1 (m/z 362.11)

Piperazine
+0; cleavage

Byproduct A2 (m/z 306.12)
O O Aziridine
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- C2HsN
Piperazine
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Piperazine
cleavage Ciprofloxacin (m/z 332. 14)
-CsH/N

Carboxyl
Byproduct A3 (m/z 289.10) -COO/cleavage
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Byproduct A4 (m/z 288.15) (\ Quinolone
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Further
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Nitrate
Carbon dioxide
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Figure 3.40 Proposed degradation pathways of ciprofloxacin during combined UV-LED
irradiation and chlorine exposure, employing UVC-LED light (~275 nm) under the
fluence conditions reported by Kim et al. (2020)
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The degradation pathways illustrated in Figure 3.40 provide further context for the
transformations observed in this study. Although the conditions described in Kim et al.
(2020) involved UV-enhanced chlorination, many of the proposed byproducts, such as
those formed through piperazine cleavage (A1, A2), quinolone core breakdown (B1, B2)
and carboxyl group removal (A4), are all consistent with the NMR evidence reported here
(Kim et al., 2020). The observed loss of piperazine signals, disappearance of aromatic
protons, and defluorination all support the likelihood of similar intermediate structures

forming under sodium hypochlorite treatment alone.

In conclusion, 'H and '"F NMR analyses clearly demonstrate that Ciprofloxacin
underwent extensive structural degradation following exposure to sodium hypochlorite.
The complete disappearance of piperazine -CH: signals, loss of aromatic proton
resonances, and the eventual absence of the fluorine signal all indicate that the parent
compound was no longer intact. These spectral changes reflect the cleavage of the
piperazine ring, substitution or breakdown of the quinolone core, and defluorination at
the C-6 position. The emergence of new downfield signals also supports the formation of
highly polar degradation products. The cyclopropyl group remained unchanged,
consistent with its chemical stability under oxidative conditions (Kim et al., 2020). While
several studies similarly report significant degradation of Ciprofloxacin under oxidative
conditions, the extent and pathways of transformation are known to vary depending on
factors such as oxidant concentration, reaction time and pH, and some reports describe
only partial structural modification rather than complete loss of key functional groups.
Overall, the NMR evidence in the present work suggests near complete degradation of
Ciprofloxacin over the two-day period. These findings will be further explored in the

following chapter using LC/MS to help identify the resulting byproducts.

e. Analysis of the rate of degradation of Ciprofloxacin

Although the original intention was to monitor the intensity of selected NMR signals over
time and plot their changes following sodium hypochlorite treatment, this approach
proved to be unreliable in this experiment. Due to the absence of a stable internal reference
and the progressive loss or overlap of key analytical peaks, the spectral data could not

support accurate quantitative tracking of signal intensities.

Nevertheless, qualitative assessment of the NMR spectra provided clear time-dependent

insights into the degradation of Ciprofloxacin. For example, the '°F signal decreased

rapidly and had completely disappeared by the fourth spectrum in Figure 3.39, which
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corresponds to 8 hours after sodium hypochlorite addition. This indicates that

defluorination occurred relatively early in the degradation process

Similarly, 'H NMR signals associated with the piperazine ring and aromatic protons

diminished in intensity or vanished completely over time, confirming progressive

structural degradation. These visual spectral changes reflect the ongoing oxidative
breakdown of the molecule, consistent with the degradation patterns discussed earlier in

this chapter.

The NMR findings presented in this section provide clear evidence that Ciprofloxacin
undergoes extensive structural degradation upon exposure to sodium hypochlorite. Key
functional groups such as the piperazine ring and fluorinated quinolone core were
particularly affected, while the cyclopropyl ring remained intact. Although the precise
structures of the resulting transformation products could not be fully determined using
NMR alone, the progressive disappearance of the signals and emergence of new
resonances strongly support ongoing oxidative degradation. To further investigate the
identities of these degradation products and validate the proposed pathways,

complementary analysis using LC/MS was conducted, as detailed in the following section.

3.2.4 Some concluding remarks for NMR studies

a. The effect of UV irradiation on the three antibiotics:

To assess the photostability of Penicillin G, Amoxicillin, and Ciprofloxacin, two UV
irradiation methods were used: solid-state exposure in a UV-visible weatherability
chamber, and solution-state irradiation via a UV-1900 spectrophotometer. The irradiation
wavelength ranges applied for each antibiotic were selected based on the operational
output ranges of the respective UV sources and on conditions commonly reported in
previous UV exposure studies, rather than on compound-specific absorption spectra. For
the purposes of this study, only wavelengths within the ultraviolet region (<400 nm) are
considered relevant. Antibiotic-specific wavelength ranges based on literature values
were applied: Penicillin G (190-300 nm), Amoxicillin (200450 nm), and Ciprofloxacin
(275430 nm). Samples were exposed for 30 minutes, 1 hour, 2 hours, and overnight,

followed by '"H NMR analysis at each time point.

The NMR spectra of all three antibiotics showed virtually no changes after UV exposure.
This indicated that the chemical environments of their key functional groups remained
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largely unaffected, even after extended irradiation. It is recognised that effective
photochemical transformation requires absorption of incident photons, and therefore the
absence of observable UV-induced changes under the applied conditions likely reflects
limited spectral overlap between the UV sources employed and the basic absorption
characteristics of the antibiotics, rather than definitive photostability. As a result, UV
irradiation alone was not considered a significant degradation pathway for these

compounds, and further analysis by LC/MS was not pursued.

b. The effect of sodium hypochlorite solution on the three antibiotics:

In contrast, treatment with sodium hypochlorite induced clear and time-dependent
chemical changes in all three antibiotics, as observed by NMR. For Penicillin G, the
disappearance of characteristic methyl resonances (0—2 ppm) and the emergence of new
peaks at ~3.3 and 5.0 ppm suggested major structural changes, likely involving B-lactam
ring opening. These findings warranted further investigation by LC/MS to confirm

degradation products.

Amoxicillin showed rapid and extensive degradation. Major spectral changes were
observed in the aromatic region and P-lactam-associated signals. After 48 hours of
exposure, no identifiable "H NMR peaks of the parent compound remained, indicating
complete breakdown and supporting a detailed LC/MS study to track resulting
byproducts.

Ciprofloxacin also demonstrated clear evidence of oxidative degradation. Loss of signals
associated with the piperazine and aromatic regions, the appearance of new resonances,
and the disappearance of the '°F signal after 8 hours confirmed significant transformation,
including defluorination. Notably, the cyclopropyl ring remained intact. These NMR
changes reflected structural changes in the quinolone and piperazine rings and were

consistent with known degradation patterns under oxidative conditions.

While UV light had little effect on the stability of these antibiotics, sodium hypochlorite
triggered extensive chemical transformation across all three structures. These findings
highlight the importance of understanding oxidant-antibiotic interactions in
environmental and water treatment contexts. As noted by Cheng et al. (2022), deeper
insight into such degradation mechanisms is essential for evaluating the broader

implications of chlorine-based disinfection practices (Cheng et al., 2022).
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Overall, NMR spectroscopy proved highly valuable in monitoring the chemical
transformations of each antibiotic, allowing for real-time tracking of structural
changes(Kan et al., 1973, Holzgrabe, 2015, Daletos et al., 2017). These insights form the
basis for the detailed LC/MS investigations that follow, which aim to identify and
characterize the resulting degradation products more specifically (Choudhury et al., 2017,
Aldeek et al., 2016).

3.3 High-performance liquid chromatography/Mass spectrometry (HPLC/MS)
analysis of Penicillin G, Amoxicillin and Ciprofloxacin

As stated earlier, sodium hypochlorite (NaOCl) is widely used as a water disinfectant due
to its broad-spectrum biocidal activity and strong oxidizing agent (da Cruz Nizer et al.,
2020). In practice, NaOCl is the most common chlorinating agent used in wastewater and
drinking water treatment, however, NaOCl disinfection can form various toxic by-
products and degradation intermediates (Luongo et al., 2020). Regarding antibiotics,
NaOCl can oxidize B-lactam antibiotics and other drug residues that contributes to their

transformation in treated waters (Luongo et al., 2020).

In this study, High-performance liquid chromatography/mass spectrometry (HPLC/MS)
was employed as another analytical approach to detect and characterize antibiotics and
their transformation products. In this experiment HPLC/MS (triple-quadrupole) been used

to study the effect of sodium hypochlorite on Penicillin G and its degradation.

3.3.1 HPLC/MS analysis of Penicillin G

As described in the experimental section, a stock solution was prepared by dissolving 10
mg of Penicillin G in 100 mL of commercial LC/MS-grade water. This concentration is
higher than typically reported levels of antibiotics in real wastewater effluents, which are
generally in the ng/L to low pg/L range, but was selected to enable reliable detection and
characterisation of transformation products under controlled laboratory conditions. To
initiate oxidative degradation, two drops of 12.5% sodium hypochlorite (NaOCl) solution
were added to the solution under gentle stirring. The oxidant was applied at a nominal level
based on volumetric addition of the commercial stock solution, and free or residual chlorine
concentrations were not independently quantified. For LC/MS analysis, 1 mL of this reaction
mixture was then diluted with 99 mL of LC/MS-grade water, yielding a final
concentration of 1 ppm, which was determined to provide optimal chromatographic and

spectrometric response.
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Chromatographic separation was performed using a Waters Acquity® UPLC BEH C18

column (100 % 2.1 mm, 1.7 um particle size). The mobile phase consisted of:
e Solvent A: commercial LC/MS-grade water with 0.1% formic acid
e Solvent B: commercial LC/MS-grade acetonitrile with 0.1% formic acid

The gradient began with 1% solvent B, creating a highly aqueous environment suitable
for retaining polar degradation products. The injection volume was 1 pL, with a flow rate

of 0.2 mL/min and a total run time of 7 minutes per sample.
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Figure 3.41. Total ion chromatograms (TICs) of Penicillin G before and after sodium
hypochlorite b(NaOCIl) solution treatment, monitored over a 24-hour period. The
chromatograms are shown in sequential order: top trace: Penicillin G only (2:00 pm,
untreated), second: 0 h post NaOCIl addition, third: 1 h, fourth: 2 h fifth: 3 h sixth: 4 h
bottom trace: 24 h analyzed using HPLC/MS in negative ion mode
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The prepared sample was analysed using an HPLC/MS system operating in negative
ionisation mode. A total of six sequential runs were conducted at 1-hour intervals,
followed by a final run at 24 hours to monitor longer-term degradation of Penicillin G

under oxidative conditions.

The first figure above (3.41) presents the Total Ion Chromatograms (TICs) obtained
across all timepoints (Figure 3.41), demonstrating the progressive formation of
degradation products. Each chromatogram shows total ion current plotted against
retention time for a given run, highlighting time-resolved changes in signal intensity and
peak profile. A noticeable decline in the intensity of the main parent peak with RT of 0.8
minutes, accompanied by the emergence of new peaks at 0.65 minutes and 0.75 minutes,
clearly indicates the time-dependent degradation of Penicillin G following the addition of

sodium hypochlorite solution.

The dominant peak at around 0.80 minutes in the untreated sample (Figure 3.41)
represents the intact Penicillin G compound before any degradation has occurred. After
the addition of sodium hypochlorite, the intensity of this peak gradually decreases over
time, which clearly shows that Penicillin G is breaking down. By the 3-to-4-hour
timepoints, the peak has almost completely disappeared, and by 24 hours, it is fully gone,
confirming that the parent compound has been fully degraded. During this process, the
shape of the peak becomes broader, and some small new peaks begin to appear nearby,
suggesting the formation of degradation products. These small changes, along with slight
variations in total ion signal, reflect the instability of the intermediates and the ongoing
breakdown process. By the end of the 24 hours, the original peak is no longer visible, and
instead, new peaks appear at earlier retention times, likely corresponding to smaller, more
polar breakdown products that can possibly be from hydrolysis, ring opening, or oxidative

modifications (Aldeek et al., 2016, Mitsumori et al., 1977).

The HPLC/MS chromatographic data strongly support the hypothesis that sodium
hypochlorite acts as a potent oxidizing agent, initiating multiple breakdown pathways.
These findings align with previous reports of Penicillin G degradation under chlorination
and oxidative stress (Li et al., 2008b, Wang et al., 2021, Canzani and Aldeek, 2017, Dexter
and van der Veen, 1978).

To gain a more detailed understanding of Penicillin G degradation under sodium
hypochlorite treatment, five key ions were selected and monitored across all timepoints

during the LC/MS analysis. These ions, m/z 365, 307, 289, 202, and 157, were chosen
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based on their consistent detection, reported relevance in the literature, and alignment
with proposed degradation pathways. Each transition ion corresponds to a specific
structural transformation, ranging from p-lactam ring opening (m/z 365 and 289) to side-
chain cleavage (m/z 307), thiazolidine ring breakdown (m/z 202), and formation of low-
mass, likely chlorinated terminal fragments (m/z 157). By tracking their presence and
intensity over time, it becomes possible to reconstruct the degradation sequence of
Penicillin G and distinguish between temporary intermediates and stable end-products.
The following sections present the time-resolved extracted ion chromatograms (EICs) for
each ion, along with detailed interpretations based on their detection patterns, structural

implications, and correlation with NMR findings.

The ion m/z 365 corresponds to the deprotonated form of Penicilloic acid, which forms
through B-lactam ring hydrolysis of Penicillin G. It is commonly identified in both NMR
and LC/MS studies as a key intermediate in the degradation of B-lactam antibiotics
(Mitsumori et al., 1977, Aldeek et al., 2016) (Figure 3.42). In this study, m/z 365 was

monitored across all timepoints following sodium hypochlorite addition.

NH
COO_

Penicilloic acid

Figure 3.42. Structure of Penicilloic acid, formed by B-lactam ring hydrolysis of Penicillin
G. It corresponds to the detected ion at m/z 365(Aldeek et al., 2016)
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Detected ion m/z 365
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Figure 3.43. Extracted ion chromatograms (EICs) of m/z 365 (Penicilloic acid) collected
during HPLC/MS monitoring of Penicillin G degradation after addition of sodium
hypochlorite solution. The traces are shown in chronological order as follows: first trace:
Penicillin G only (no NaOCl), second: 0 h after NaOCIl addition third: 1 h, fourth: 2 h, fifth: 3
h, sixth: 4 h, seventh: 24 h. All runs were recorded in negative ion mode, with intensity plotted
against retention time (0.00—2.50 min)
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Visual inspection of the extracted ion chromatograms revealed that m/z 365 was absent
in the baseline (Penicillin G only) and in the early timepoints (0-2 h). It was detected only
at the 3-hour timepoint and disappeared again by the 4-hour and 24-hour marks. This
transient detection supports its identity as a short-lived intermediate rather than a stable
byproduct. The delayed appearance of Penicilloic acid suggests that B-lactam hydrolysis
occurs as a mid-stage event in the overall degradation process. Its disappearance after 3
hours may be due to further oxidation or ring cleavage, leading to smaller fragments such
as m/z 289 or m/z 202. The NMR data supports this assignment, as Penicilloic acid—like
structures were also observed during intermediate stages of degradation, particularly after

the B-lactam proton signal had vanished.

Following the disappearance of the parent ion at m/z 365, a new fragment ion emerged at
m/z 307, indicating a subsequent stage in the degradation sequence and reflecting further

breakdown of the Penicilloic acid—like structure.
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Detected ion m/z 307
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Figure 3.44. Extracted ion chromatograms (EICs) of m/z 307 collected during HPLC/MS
monitoring of Penicillin G degradation after sodium hypochlorite addition. The traces are
shown in chronological order as follows: first trace: Penicillin G only (no NaOCI), second: 0
h after NaOCI addition third: 1 h fourth: 2 h, fifth: 3 h, sixth: 4 h, seventh: 24 h. All runs were
recorded in negative ion mode, with intensity plotted against retention time (0.00—2.50 min)
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The ion m/z 307 is a characteristic fragment associated with the early-stage degradation
of Penicillin G and is believed to result from partial side chain cleavage, or the loss of
water from Penicilloic acid like structures (Aldeek et al., 2016). It was not detected in the
baseline chromatogram of Penicillin G alone, confirming that m/z 307 is not a native
fragment of the intact parent compound under neutral conditions. Following the addition
of sodium hypochlorite, the ion appeared immediately at the 0-hour timepoint, indicating
rapid onset of degradation. It remained consistently present throughout the first four
hours, suggesting that m/z 307 represents a relatively stable intermediate formed during
the oxidative breakdown of the molecule. By the 24-hour mark, however, the ion was no
longer detectable, implying that it had been further degraded into smaller species such as
penilloic acid (m/z 202) or terminal fragments like m/z 157. This behaviour aligns with
previously reported chlorination pathways in which Penicillin G undergoes side-chain and
B-lactam ring modifications under oxidative stress, resulting in intermediate products such
as m/z 307 that gradually degrade into smaller, possibly chlorinated, low-mass fragments

like m/z 157(Canzani and Aldeek, 2017, Aldeek et al., 2016).

As the degradation progressed, another prominent ion, m/z 289, began to emerge,
indicating continued structural breakdown beyond the stage represented by m/z 307 and

reflecting further cleavage of the Penicillin G framework.
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Detected ion m/z 289
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Figure 3.45. Extracted ion chromatograms (EICs) of m/z 289 collected during LC/MS
monitoring of Penicillin G degradation after addition of sodium hypochlorite (NaOCl)
solution. The traces are shown in chronological order as follows: first trace: Penicillin G
only (no NaOCl), second: 0 h after NaOCl addition third: 1 h fourth: 2 h, fifth: 3 h, sixth:
4 h, seventh: 24 h. All runs were recorded in negative ion mode, with intensity plotted
against retention time (0.00—2.50 min)
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The ion m/z 289 is widely reported in the literature (Canzani and Aldeek, 2017) as a key
intermediate in the oxidative degradation of Penicillin G (Aldeek et al., 2016). It is
typically associated with B-lactam ring opening, resulting in Penicilloic acid like
structures where further loss of side chains or minor rearrangements may generate this
fragment. In the present study, m/z 289 was not detected immediately after sodium
hypochlorite addition; however, this was first observed at 1 hour and persisted through to
the 4-hour timepoint. Its delayed appearance, relative to penilloic acid (m/z 202), may
reflect either differences in ionisation efficiency, or slightly slower structural
rearrangement pathways. Nevertheless, its consistent presence during the intermediate
phase of degradation and disappearance by 24 hours strongly support its identity as a
transient but significant intermediate. The formation of m/z 289 provides further evidence
for B-lactam ring hydrolysis, in agreement with the NMR findings, and confirms that this
ion plays a central role in the progression of Penicillin G degradation under chlorination

conditions (Li et al., 2008b, Timm et al., 2019).

Following the formation of m/z 289, the appearance of m/z 202 marked a further stage of
degradation, representing more extensive fragmentation of the Penicillin G backbone and

the possible formation of penilloic acid derivatives (Figure 3.46).

O

NHg\)J\O

COOH

S

Penilloic acid

Figure 3.46. Structure of penilloic acid, a stable terminal degradation product of Penicillin

G, corresponding to m/z 202 (Aldeek et al., 2016)
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Detected ion m/z 202
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Flgure 3.47. Extracted ion chromatograms (EICs) of m/z 202 collected during LC/MS
monitoring of Penicillin G degradation after addition of sodium hypochlorite (NaOCl).
The traces are shown in chronological order as follows: first trace: Penicillin G only (no
NaOCl), second: 0 h after NaOCI addition third: 1 h fourth: 2 h, fifth: 3 h, sixth: 4 h,
seventh: 24 h. All runs were recorded in negative ion mode, with intensity plotted against

retention time (0.00-2.50 min)



The ion m/z 202 was not present in the untreated Penicillin G sample but appeared
immediately following the addition of sodium hypochlorite at the 0-hour timepoint. It
remained consistently detectable across all following chromatograms, including the 24-
hour timepoint, indicating its stability and persistence throughout the degradation process.
This ion corresponds to penilloic acid, a well-documented degradation product formed
through cleavage of the thiazolidine ring following PB-lactam ring hydrolysis. Its
immediate formation suggests that structural breakdown of Penicillin G begins rapidly
after exposure to sodium hypochlorite, and that penilloic acid forms early and remains
unchanged over time, likely due to its chemical stability under oxidative conditions. The
continued presence of m/z 202, even after the complete disappearance of intermediate
ions such as m/z 365 and 289, highlights its role as a major terminal degradation product.
This observation is fully consistent with 'H NMR findings (Degelaen et al., 1979, Aldeek
et al.,, 2016), where penilloic acid like signals remained prominent throughout the
degradation experiment supporting a shared structural pathway across both HPLC/MS
and NMR analyses.

While 'H NMR observations suggest that penicilloic acid forms prior to penilloic acid
through a stepwise degradation pathway, HPLC/MS data revealed that m/z 202, attributed
to penilloic acid, appeared immediately following sodium hypochlorite addition and was
consistently present at all different timepoints. This suggests that penilloic acid may form
via multiple simultaneous routes, some of which do not rely on the prior accumulation of
Penicilloic acid. One possible explanation is that penilloic acid is generated rapidly in
small quantities through direct cleavage mechanisms, such as B-lactam and thiazolidine
ring opening under strong oxidative conditions (Aldeek et al., 2016, Postigo and
Richardson, 2014). In contrast, penicilloic acid (m/z 365) may accumulate later in the
process and be less efficiently ionised under HPLC/MS conditions, making it appear only
briefly in the chromatographic profile (Aldeek et al., 2015, Ho et al., 2011, Aldeek et al.,
2016). This highlights a key difference between NMR and HPLC/MS that indicates, while
NMR captures the structural development of the bulk mixture, HPLC/MS is more
sensitive to low concentration and early forming polar species. Overall, the two methods
offer complementary perspectives on the degradation pathway, revealing penilloic acid as
a persistent and a major end product, regardless of the specific intermediates formed along

the pathway.
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While m/z 202 reflected ongoing fragmentation of the core structure, the appearance of
m/z 157 marked the formation of stable, low-mass chlorinated structure, likely indicative

of final-stage degradation products in the HPLC/MS profile.

OH

Figure 3.48. Proposed structure of 2-chlorobenzoic acid, a terminal chlorinated

degradation product of Penicillin G corresponding to m/z 157.

93



Detected ion m/z 157
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Figure 3.49. Extracted ion chromatograms (EICs) of m/z 157collected during HPLC/MS
monitoring of Penicillin G degradation after addition of sodium hypochlorite
(NaOCl)solution. The traces are shown in chronological order as follows: first trace:
Penicillin G only (no NaOCI), second: 0 h after NaOCl addition third: 1 h fourth: 2 h,
fifth: 3 h, sixth: 4 h, seventh: 24 h. All runs were recorded in negative ion mode, with
intensity plotted against retention time (0.00—2.50 min)
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The ion m/z 157 was not observed in the untreated Penicillin G sample but appeared
immediately after the addition of sodium hypochlorite at 0 hr. It persisted at all following
timepoints and increased steadily in intensity, becoming one of the most prominent ions
by the 24-hour run. The early appearance and sustained accumulation of m/z 157 suggest
that it is a stable terminal degradation product, likely resulting from extensive oxidative
cleavage of both the B-lactam and thiazolidine rings. This ion may originate from highly
polar or chlorinated fragments formed during late-stage breakdown of penilloic acid, or
other intermediates. Its consistent presence and progressive dominance support the idea
that m/z 157 represents a final chlorinated end-product, particularly under continued
oxidative exposure. These results complement the NMR findings (Degelaen et al., 1979),
which showed general signal loss and broadening over time, consistent with full

molecular breakdown.

The persistence and increasing intensity of m/z 157 over time suggest that it may represent
a terminal chlorinated degradation product. Given that sodium hypochlorite is a strong
oxidizing and chlorinating agent, it is reasonable that m/z 157 corresponds to a
halogenated fragment, potentially derived from the aromatic ring of Penicillin, G or from
byproducts owing ring cleavage. Such chlorinated species have been widely reported in
the oxidative degradation of -lactam antibiotics, particularly under advanced oxidation
or disinfection conditions (Ali and Maafa, 2024, Zhang et al., 2017a, Aldeek et al., 2016).
The persistence of this ion at later timepoints supports its classification as a final,
environmentally stable transformation product, emphasizing the need to identify and

assess such compounds in water treatment research.
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A further indication of oxidative transformation was obtained by closely monitoring the

isotopic distribution of the ion m/z 157, particularly its relationship with m/z 155 and m/z

159. In the early timepoints following the addition of sodium hypochlorite, both m/z 157

and m/z 155 were observed as singlets, with m/z 155 consistently appearing alongside

m/z 157 at comparable retention times. However, in the 24-hour post-treatment run, a

different isotopic pattern was evident, where m/z 155 and 157 formed a well-defined

doublet with an intensity ratio of approximately 3:1. This ratio corresponds to the natural

abundance of chlorine isotopes (**Cl: ¥’Cl), strongly indicating the formation of a

monochlorinated degradation product (Figure 3.50). Additionally, the occasional

appearance of m/z 159 further supports the presence of multiple chlorinated species.

Together, these findings offer considerable HPLC/MS evidence of chlorination occurring

as a result of sodium hypochlorite treatment and align with expected degradation

pathways under oxidative conditions.

0000000 ] :Penicllin G TICE-

5000000+

0y

Time

0.030 Scan¥ 2

Inten. 6,305,350

200000 J1:penicilin G 157.0000(-

100000 J ‘\

0 ™

200000

100000+

0
100000

50000

[
0,

Time

0129 Scan¥ 8

Inten.

17,643

—

1:penicillin G 155.0000(-)

058 Sca¥ G4

1:penicilin G 159.0000(-)

Time (0901 Scan# 55 Inten. 9,868

/\N“M/\«/\/WW\‘W

Inten.

12,660

0 025 050 075 100

T
125

T
200

225

Figure 3.50. Extracted ion chromatograms of Penicillin G, 24 hours post oxidation with
sodium hypochlorite solution, showing the appearance of m/z 155 and 157 as a doublet
at the same retention time. The observed intensity ratio (~3:1) corresponds to the natural
isotopic distribution of **C1 and 3’Cl, confirming the presence of a monochlorinated
degradation product. All runs were recorded in negative ion mode, with intensity plotted

against retention time (0.00—2.50 min)

min

While the HPLC/MS data clearly demonstrate the time-dependent degradation of

Penicillin G, it is essential to relate these findings back to the structural transformations

previously identified via NMR. In the above NMR section, the formation of penicilloic

acid and penilloic acid was strongly supported by the emergence of characteristic signals

at 1.18 ppm and 1.0 ppm, respectively. The detection of m/z 289 in the HPLC/MS results
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aligns with the formation of Penicilloic acid, a primary B-lactam ring opened product,

reinforcing the correlation between both techniques (Zhang et al., 2017a, Degelaen et al.,

1979).

Interestingly, while penilloic acid was clearly detected in NMR, it appeared even earlier
in HPLC/MS as m/z 202, with immediate and sustained presence across all timepoints.
This suggests penilloic acid may form through multiple degradation routes, potentially
bypassing Penicilloic acid in certain pathways. The difference in timing between NMR
and HPLC/MS likely reflects their respective sensitivities such as, NMR captures the
main species in solution, while HPLC/MS can detect transient or low-abundance

fragments (Petrovic et al., 2005, Branch et al., 1987).

Moreover, no distinct ion could be confidently assigned to penillic acid, despite its
identification in the NMR spectra. Its absence may be due to rapid degradation, poor
ionisation, or overlap with other fragments. However, the detection of smaller ions such
as m/z 229, 192, and 157 supports the hypothesis of progressive cleavage of the
thiazolidine ring, sulfur elimination, and aromatic ring chlorination, all of which are
consistent with known degradation routes under oxidative conditions (Li et al., 2008b,

Aldeek et al., 2016).

The HPLC/MS chromatographic data (Figure 3.41) clearly demonstrate that Penicillin G
undergoes rapid and extensive degradation following the addition of sodium hypochlorite
solution. In the untreated control sample (top chromatogram), a sharp and intense parent
peak appears at an early retention time of approximately 0.80 minutes, corresponding to
the intact Penicillin G molecule. This peak significantly diminishes within the first hour
after oxidant addition, reflecting the compound’s rapid susceptibility to oxidative
degradation. By the 24-hour timepoint, the original peak is either completely absent or
significantly reduced, and a series of smaller peaks begins to appear throughout the
chromatographic window, suggesting the formation of various degradation products.
These changes indicate a multi-step degradation pathway involving B-lactam hydrolysis,
thiazolidine ring cleavage, and sulfur oxidation, consistent with previously reported
mechanisms for the oxidative transformation of B-lactam antibiotics (Deshpande et al.,
2004a, Li et al., 2008b). The reduction in parent peak intensity, coupled with the
appearance of multiple low-intensity peaks at similar or slightly earlier retention times,
confirms the breakdown of Penicillin G and the emergence of more polar, lower-mass

fragments over time.
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Mass spectrometric fragmentation data further supports this transformation as, m/z 365
(penicilloic acid) appeared transiently, the m/z 307 was consistently detected in early to
mid-stage degradation, the m/z 289 remained prominent as a stable intermediate, and m/z
202 persisted throughout, consistent with penilloic acid. The persistent detection of m/z
157, thoughtfully identified as 2-chlorobenzoic acid, suggests terminal chlorinated

products may also form under continued oxidative stress.

Taken together, these results confirm that sodium hypochlorite induces irreversible, multi
-step and rapid degradation of Penicillin G, involving different transformations by-
products, including B-lactam ring opening, thiazolidine ring cleavage, oxidation, and
chlorination. The combination of HPLC/MS and NMR data provides a complementary
and comprehensive understanding of Penicillin G’s degradation behaviour, highlighting
the potential of sodium hypochlorite as a powerful oxidant in advanced oxidation

processes (AOPs) used for pharmaceutical removal from water.

3.3.2 HPLC/MS analysis of Amoxicillin

As mentioned earlier, the oxidative degradation of Amoxicillin by sodium hypochlorite
solution was investigated using HPLC/MS in negative ion mode. For this, a stock solution
was prepared by dissolving 10 mg of Amoxicillin in 100 mL of HPLC/MS-grade water,
followed by the addition of two drops of methanol to assist with solubility. The solution
was then sonicated for 10 minutes to ensure complete dissolution. To initiate the
degradation process, two drops of 12.5% sodium hypochlorite were added to the solution.
This mixture was subsequently serially diluted to a final concentration of 0.1 ppm: first,
I mL of the treated solution was added to 99 mL of HPLC/MS-grade water; then, 1 mL
of that diluted solution was added to 9 mL of water. This final concentration was selected

as it produced the most consistent and informative chromatographic results.

Chromatographic separation was carried out using a Waters Acquity® UPLC BEH C18
column (100 x 2.1 mm, 1.7 pm particle size). The mobile phase consisted of Solvent A:
LC/MS-grade water with 0.1% formic acid, and Solvent B: LC/MS-grade acetonitrile
with 0.1% formic acid. The gradient started at 1% B, creating a highly aqueous
environment ideal for retaining polar degradation products. Each sample was injected at

1 uL, with a flow rate of 0.2 mL/min and a total run time of 7 minutes.

The HPLC/MS runs were performed hourly over the first 6 hours after sodium

hypochlorite addition, with a final run at 24 hours. Each run was conducted over a total
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of 7 minutes, but the retention time window was cropped to 0—2.5 minutes for analysis
and figure presentation, as all significant peaks appeared within this timeframe. This
adjustment improved visual clarity and allowed for more focused comparison of changes
in the early eluting regions. The resulting chromatograms are presented in Figure 3.51,
showing the gradual degradation of Amoxicillin and the emergence of new transformation

products following sodium hypochlorite treatment.
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Figure 3.51. Total ion chromatograms (TICs) of Amoxicillin before and after addition
sodium hypochlorite (NaOCl) solution, monitored over a 24-hour period. The
chromatograms are shown in sequential order: top trace: Amoxicillin only (untreated),
second: 0 h post-NaOCl addition, third: 1 h, fourth: 2 h fifth: 3 h, sixth: 4 h and bottom trace:
24 h analyzed using LC/MS in negative ion mode
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Figure 3.51 presents the Total lon Chromatograms (TICs) of Amoxicillin before and after
the addition of sodium hypochlorite (NaOCI), monitored over a 24-hour period. The
chromatograms are arranged in chronological order, beginning with the untreated
Amoxicillin sample (Amoxicillin only, no oxidant), followed by sequential runs taken
hourly after NaOCIl addition, and concluding with the 24-hour sample collected the next

day.

Each trace represents the total ion current (TIC) plotted as a function of retention time,
recorded under negative ion mode. In the untreated control, a sharp and dominant peak
appears at approximately 0.54 minutes, corresponding to the intact Amoxicillin molecule.
Upon NaOCI addition, this peak drops sharply, showing that the parent compound is
rapidly degraded. At the same time, new peaks emerge at later retention times (1.0-1.5

minutes), indicating the formation of less polar transformation products.

By 1 hour post NaOCI addition, the parent ion is almost completely absent, and by 24
hours, it has fully disappeared. The peaks seen at later retention times reflect stable
intermediate products rather than very early, highly polar fragments. These HPLC/MS
observations align with the '"H NMR findings, which showed near-instant p-lactam ring
cleavage and a shift toward new degradation products after exposure to sodium

hypochlorite.

In order to gain a clearer picture of how Amoxicillin breaks down after the addition of
sodium hypochlorite solution and building on the NMR findings for Amoxicillin (Figures
3.28 and 3.29 from the NMR section), which confirmed penicilloic acid and penilloic acid
as major degradation products and outlined up to 20 possible transformation pathways from
the literature, the HPLC/MS analysis was designed to target ions representing these and
other reported products (Table 3.7). A comprehensive screening was carried out for all
expected ions, including those linked to B-lactam ring hydrolysis, rearrangements,
aromatic ring breakdown, cyclisation (diketopiperazine, reported in literature) and

chlorinated phenol formation (Table 3.7).
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Table 3.7. Targeted ions for Amoxicillin in negative ion mode HPLC/MS, showing
proposed compounds, degradation pathways, and rationale for inclusion. These ions were
selected based on NMR findings (Figures 3.28-3.29) and published literature on
Amoxicillin oxidation and B-lactam degradation pathways

Ion Proposed compound Source/pathway Rationale

(m/z)

364-365 | Amoxicillin [M—H] - Parent molecule Confirms  presence
and disappearance
of intact drug

382-383 | Penicilloic acid [M—H] - B-lactam ring hydrolysis Major NMR

(DPI) products

37 Penilloic acid [M—H] - Rearrangement product | Expected in NMR

pathway and
(DP2) Confirmed in
LC/MS runs

340-341 | Diketopiperazine [M—H] -~ | Cyclisation product (DP3) | Reported in
Literature (Ali and
Maafa, 2024, Gozlan
et al., 2010, Gozlan et|
al., 2013)

152 Hydroxybenzaldehyde Aromatic breakdown Reported in

(DP6) Literature (Ali and
Maafa, 2024, Gozlan
et al., 2010, Gozlan et|
al., 2013)
138 Hydroquinone Aromatic breakdown Minor NMR by-
(DP7) product

127/158 | 4- Chlorinated aromatic Seen in chlorination

chlorophenol/chlorophenol | fragments (DP9-DP10) studies

89 Oxalic acid Final oxidation product Indicates extensive

(DP12) oxidation

While the full group of ions listed in Table 3.7 was examined, only four degradation-

related ions-- m/z 364 (Amoxicillin), 383 (penicilloic acid), 371 (penilloic acid), and 341

(diketopiperazine), were consistently detected across the runs. These ions therefore form

the basis of the HPLC/MS interpretation for Amoxicillin, providing a clear picture of its

major degradation pathways under sodium hypochlorite treatment. By monitoring these

ions across all timepoints using extracted ion chromatograms (EICs), the progression from

the parent compound to intermediate and final degradation products could be followed.
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These results also support the NMR findings discussed in earlier where Amoxicillin
showed rapid and extensive degradation after the addition of sodium hypochlorite, and
are in good agreement with previously reported chlorination studies (Ali and Maafa, 2024,

Gozlan et al., 2010, Gozlan et al., 2013).

Furthermore, to explore these findings in more depth, each of the four detected ions was
examined individually across all timepoints. Extracted ion chromatograms (EICs) were
generated for m/z 364 (Amoxicillin), 383 (penicilloic acid), 371 (penilloic acid), and 341
(diketopiperazine) to track their appearance, retention times, and intensity changes over
the 24-hour degradation period. This ion-specific approach allows a step-by-step
reconstruction of Amoxicillin’s degradation sequence, highlighting which products form

immediately, which persist, and which disappear as oxidation progresses.
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Detected ion m/z 364
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Figure 3.52. Extracted ion chromatograms (EICs) of m/z 364 collected during HPLC/MS
monitoring of Amoxicillin degradation after addition of sodium hypochlorite
(NaOCl)solution. The traces are shown in chronological order as follows: first trace:
Amoxicillin only (no NaOCl), second: 0 h after NaOCI addition, third: 1 h, fourth: 2 h,
fifth: 3 h, sixth: 4 h, seventh: 24 h (next day). All runs were recorded in negative ion
mode, with intensity plotted against retention time (0.00—2.50 min)
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The ion m/z 364 represents the deprotonated molecular ion [M—H] ~ of intact Amoxicillin,
In the untreated sample, it appeared as a sharp and intense peak at ~1.10 minutes,

confirming the presence of the parent compound prior to degradation.

Following the addition of sodium hypochlorite, m/z 364 was still detected at the 0-hour
and 1-hour timepoints, but the retention time shifted slightly, and the signal intensity was
noticeably reduced. This change indicates the presence of an isomeric or rearranged
species with the same mass-to-charge ratio or may suggests that some of the parent

compound persisted briefly after oxidant exposure (Yang et al., 2020).

From the 2-hour timepoint onwards, m/z 364 disappeared entirely, consistent with rapid
oxidative breakdown of the B-lactam structure (Ali and Maafa, 2024). This disappearance
is fully aligned with the '"H NMR findings in the above NMR section, where the
Amoxicillin signature signals vanished shortly after the addition of sodium hypochlorite
confirming the parent drug’s inherent instability under oxidative conditions (Siciliano et

al., 2021).

As the parent Amoxicillin signal (m/z 364) diminished and ultimately disappeared, new
ions began to emerge that reflect the initial stages of B-lactam ring opening. The most
prominent of these was m/z 383, corresponding to Amoxicillin penicilloic acid which is the

first major hydrolysis product of Amoxicillin (Gozlan et al., 2013, Gozlan et al., 2010).

105



Detected ion m/z 383
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Figure 3.53. Extracted ion chromatograms (EICs) of m/z 383 collected during HPLC/MS
monitoring of Amoxicillin degradation after addition of sodium hypochlorite (NaOCl)
solution. The traces are shown in chronological order as follows: first trace: Amoxicillin
only (no NaOCl), second: 0 h after chlorination, third: 1 h, fourth: 2 h, fifth: 3 h, sixth: 4 h,
seventh: 24 h (next day). All runs were recorded in negative ion mode, with intensity plotted
against retention time (0.00—2.50 min)
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The ion m/z 383 corresponds to the deprotonated molecular ion [M—H] ~ of penicilloic
acid, the primary B-lactam ring-opened product formed upon hydrolysis (Gozlan et al.,
2010). This ion was absent in the untreated Amoxicillin chromatogram and at 0 hours
after NaOCl addition. It first appeared at the 1-hour timepoint (Figure 3.53), showing a
distinct peak at ~0.19 minutes, but then disappeared in all the following runs. This brief
detection suggests that penicilloic acid formed rapidly after sodium hypochlorite addition
but was highly unstable, quickly breaking down into further degradation products. The
detection of m/z 383 provides direct mass spectrometric confirmation of the f-lactam ring
cleavage also evidenced by the 'H NMR data, where the B-lactam proton signals
disappeared, and new downfield resonances were attributed to ring-opened species.
Together, these findings highlight penicilloic acid as a short-lived but critical intermediate

in Amoxicillin’s degradation pathway (Siciliano et al., 2021, Gozlan et al., 2010).

Figure 3.54. Chemical structure of penicilloic acid, a primary degradation product of
Amoxicillin. Formation of Amoxicillin penicilloic acid (detected as m/z 383 in
HPLC/MS) results from p-lactam ring hydrolysis after the addition of sodium
hypochlorite solution, consistent with NMR findings (Siciliano et al., 2021)

As penicilloic acid (m/z 383) appeared briefly and then diminished, another key product

began to dominate the profile, the m/z 371, corresponding to Amoxicillin penilloic acid,

which formed quickly and persisted as the most stable degradation product in this study.
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Detected ion m/z 371
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Figure 3.55. Extracted ion chromatograms (EICs) of m/z 371 collected during HPLC/MS
monitoring of Amoxicillin degradation after addition of sodium hypochlorite (NaOCl)
solution. The traces are shown in chronological order as follows: first trace: Amoxicillin
only (no NaOCl), second: 0 h after chlorination, third: 1 h, fourth: 2 h, fifth: 3 h, sixth: 4 h,

seventh: 24 h (next day). All runs were recorded in negative ion mode, with intensity plotted
against retention time (0.00—2.50 min)
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The ion m/z 371 corresponds to the deprotonated molecular ion [M—H] ~ of penilloic acid,
a rearrangement product formed from penicilloic acid (Gozlan et al., 2013). A very
low-intensity signal for m/z 371 was already detectable immediately after sodium
hypochlorite addition (0 hr), but a sharp, well-defined peak emerged at the 1-hour
timepoint and persisted through all subsequent runs, including the 24-hour sample (Figure
3.55). This detection pattern suggests that penilloic acid begins forming almost
immediately but becomes the dominant and most stable degradation product within the
first hour of oxidation. The persistence of m/z 371 aligns closely with the NMR results
discussed earlier, where penilloic acid resonances became prominent after initial f-lactam
ring opening. Together, these findings confirm Amoxicillin penilloic acid as the primary
long-lived product of Amoxicillin degradation under sodium hypochlorite treatment

1(Gozlan et al., 2013, Siciliano et al., 2021).

Figure 3.56. Chemical structure of Amoxicillin penilloic acid, a secondary degradation
product of Amoxicillin. Penilloic acid (detected as m/z 371 in HPLC/MS) is formed
through rearrangement following initial B-lactam ring hydrolysis

Alongside these ring-opened products, a minor cyclisation product was also observed, the
m/z 341, associated with the formation of diketopiperazine, though its appearance was

brief and limited.
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Detected ion m/z 341

Figure 3.57. Extracted ion chromatograms (EICs) of m/z 341 collected during HPLC/MS
monitoring of Amoxicillin degradation after addition of sodium hypochlorite (NaOCI)
solution. The traces are shown in chronological order as follows: first trace: Amoxicillin
only (no NaOCl), second: 0 h after NaOCIl addition, third: 1 h, fourth: 2 h, fifth: 3 h, sixth:
4 h, seventh: 24 h (next day). All runs were recorded in negative ion mode, with intensity
plotted against retention time (0.00—2.50 min)
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The ion m/z 341 is associated with diketopiperazine, a cyclisation product of Amoxicillin
reported in the literature (Gozlan et al., 2010, Siciliano et al., 2021, Gozlan et al., 2013,
Lamm et al., 2009). In this study, m/z 341 was not present in the untreated Amoxicillin
sample or at 0 hours after the addition of sodium hypochlorite. It first appeared at the
1-hour timepoint as two broad, diffuse peaks (Figure 3.57). Although these signals were
large, they lacked the sharp definition of a typical chromatographic peak and were absent
in all the other following runs. This behaviour suggests that m/z 341 may represent a
transient or unstable intermediate, or possibly overlapping low-intensity signals from
minor products, forming briefly during the early stages of oxidation (Siciliano et al., 2021,
Pérez-Parada et al., 2011). Its brief appearance indicates that, under the conditions used
here, diketopiperazine formation is minimal and not a major degradation pathway for
Amoxicillin. Importantly, diketopiperazine was not observed in the NMR data either,
further supporting the conclusion that its formation is minimal and not a major

degradation pathway for Amoxicillin under the conditions used here.

In summary, HPLC/MS analysis of Amoxicillin after the addition of sodium hypochlorite
revealed a rapid and largely sequential degradation pathway. The parent ion (m/z 364)
disappeared within two hours, confirming the rapid breakdown of the intact molecule. A
short-lived signal for penicilloic acid (m/z 383) was detected only at 1 hour, while
penilloic acid (m/z 371) emerged almost immediately and persisted as the dominant and
most stable product throughout the 24-hour study. Diketopiperazine (m/z 341) was
observed only briefly as diffuse peaks at 1 hour, indicating that cyclisation is a minor and

transient side reaction under these conditions.

Moreover, these findings support the NMR observations, where Amoxicillin underwent
rapid B-lactam ring opening and rearrangement and confirm that penilloic acid is the
primary long-lived degradation product of Amoxicillin in the presence of sodium
hypochlorite. Together, the HPLC/MS and NMR results support the conclusion that
Amoxicillin is highly reactive under oxidative conditions, breaking down into a mixture

of smaller, more polar, and possibly rearranged fragments over time (Gozlan et al., 2013).

While many studies have proposed chemical structures for the degradation products of
Amoxicillin under oxidative conditions that includes the B-lactam ring opening, side-
chain loss, and chlorine substitution (Siciliano et al., 2021, Yang et al., 2020, Gozlan et
al., 2013), only partial structural identification was possible in the present study.
Penicilloic acid and penilloic acid were confirmed as key degradation products, supported

by both HPLC/MS and NMR data. However, for many of the other fragment ions
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detected, structural assignment was not feasible with the available data. This reflects the
more complex and challenging degradation profile of Amoxicillin compared to Penicillin
G, and highlights the need for further targeted analyses to fully characterise all breakdown
products (Gozlan et al., 2010).

3.3.3 HPLC/MS analysis of Ciprofloxacin

The oxidative degradation of Ciprofloxacin by sodium hypochlorite solution was
investigated using high-performance liquid chromatography/mass spectrometry
(HPLC/MS) in positive ion mode. The analysis aimed to characterise degradation
behaviour over time and identify transformation products resulting from treatment using

sodium hypochlorite solution.

As described earlier, a stock solution was prepared by dissolving 10 mg of Ciprofloxacin
in 100 mL of a pre-sonicated standard solution consisting of 500 mL of HPLC/MS-grade
acetonitrile and 0.5 mL of formic acid. Two additional drops of formic acid were added
to assist with solubility, and the solution was sonicated for 10 minutes to ensure full
dissolution. The degradation reaction was initiated by adding two drops of 12.5% sodium
hypochlorite solution. Following this, a serial dilution was performed to achieve a final
concentration of 1 ppm (by adding 1 mL of the treated solution to 99 mL of the standard

solution), which provided optimal chromatographic results.

Chromatographic separation was carried out using a Waters Acquity® UPLC BEH C18
column (100 % 2.1 mm, 1.7 um), with solvent A as LC/MS-grade water (0.1% formic
acid) and solvent B as LC/MS-grade acetonitrile (0.1% formic acid). The gradient began
at 20% solvent B, favouring retention of polar degradation products. The injection volume
was 2 puL, with a flow rate of 0.4 mL/min, and each sample run lasted 6 minutes. Samples
were analysed at 1-hour intervals during the first 6 hours after the addition of sodium
hypochlorite, followed by a final run at 24 hours to monitor time-dependent degradation
trends. The total ion chromatograms (TICs) shown in Figure 20 demonstrate the

progressive degradation of Ciprofloxacin after exposure to sodium hypochlorite.
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Figure 3.58. Total ion chromatograms (TICs) of Ciprofloxacin before and after addition
of sodium hypochlorite (NaOCI) solution, monitored over a 24-hour period. The
chromatograms are shown in sequential order: top trace: Ciprofloxacin only (untreated),
second: 0 h post NaOCl addition, third: 1 h, fourth: 2 h fifth: 3 h, sixth: 4 h and bottom trace:
24 h analyzed using HPLC/MS in positive ion mode
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The HPLC/MS chromatograms in Figure 3.58, show the degradation profile of
Ciprofloxacin following sodium hypochlorite treatment, tracked over a 24-hour period.
The top trace represents Ciprofloxacin alone (untreated), which shows a strong and sharp

peak at ~0.70 minutes, corresponding to the intact parent compound.

After the addition of sodium hypochlorite, the 0-hour chromatogram (second trace) shows
a slightly shifted peak at ~0.6 minutes, indicating a potential immediate chemical
response or rearrangement triggered by the oxidant. Despite this shift, a dominant peak
remains visible across all timepoints, suggesting that the parent compound, or a closely

related transformation product persists.

From 1 to 4 hours post-treatment, the main peak remained prominent, with only minor
variations in shape and intensity, indicating limited and gradual degradation. By the
24-hour mark, the peak was still present, though slightly broader and of reduced intensity,

consistent with partial oxidation or the formation of stable by-products.

These results from this study suggest that Ciprofloxacin is more resistant to degradation
by sodium hypochlorite than the B-lactam antibiotics examined. The persistent parent
peak throughout the 24-hour period supports the interpretation that much of the parent
compound remained intact, or that degradation produced structurally similar fragments
with comparable retention and ionisation behaviour. This observation is consistent with
the 'H NMR data (NMR section), which also showed gradual changes rather than
complete breakdown, and aligns with reports in the literature where fluoroquinolones,
including Ciprofloxacin, demonstrate slower and less extensive chlorination reactivity

compared to B-lactams (Kennedy Neth et al., 2019, Matta et al., 2018, Wang et al., 2017).

To gain a deeper understanding of the degradation process, the HPLC/MS data were
examined by tracking fragment ions that correspond to degradation products proposed in
the NMR study (Figure 3.40) and reported in the literature (Dodd et al., 2005, Deng et al.,
2019). All relevant masses were screened, but only seven ions including, m/z 332, 306,
362, 324, 298, 288, and 263, were consistently detected across the runs and therefore

selected for interpretation.

These ions represent a combination of the intact parent compound (m/z 332) and likely
transformation products arising from the opening of the piperazinyl, oxygen insertion,
and other oxidative modifications. Monitoring the retention time and behaviour of these

ions at each timepoint provided clearer insight into how Ciprofloxacin transforms after
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the addition of sodium hypochlorite. The interpretation of these ions, linked to both NMR

findings and published degradation pathways, is presented in the following section.
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Figure 3.59. Extracted ion chromatograms (EICs) of m/z 332 collected during HPLC/MS
monitoring of Ciprofloxacin degradation after addition of sodium hypochlorite (NaOCl)
solution n. The traces are shown in chronological order as follows: first trace:
Ciprofloxacin only (no NaOCl), second: 0 h after NaOCI addition, third: 1 h, fourth: 2 h,

fifth: 3 h, sixth: 4 h, seventh: 24 h (next day). All runs were recorded in positive ion mode,

with intensity plotted against retention time (0.00-2.50 min)

115



The ion m/z 332, corresponding to the [M+H] * protonated parent ion of Ciprofloxacin,
was consistently detected across all timepoints, including in the untreated sample. In the
Ciprofloxacin only chromatogram, it appeared as a sharp, intense peak at approximately
0.70 minutes, confirming the presence of the intact molecule. Following the addition of
sodium hypochlorite, the m/z 332 signal remained visible at all timepoints, though with a
slightly earlier retention time of ~0.60 minutes and minor changes in peak intensity and

shape (Figure 3.59).

This consistent detection suggests that either the parent compound is relatively stable
under oxidative conditions, or that structurally similar transformation products with the
same nominal mass are being formed. The slight shift in retention time suggests that the
addition of sodium hypochlorite altered the sample matrix, for example, by changing pH
or ionic strength, which in turn could have slightly influenced the chromatographic

behaviour and shifted the peak retention time (Deng et al., 2019).

Ciprofloxacin’s parent ion (m/z 332) was consistently detected across all timepoints,
gradually decreasing in intensity over the 24-hour period but never fully disappearing.
This persistence reflects the stability of Ciprofloxacin’s core structure (the quinolone ring
system with its attached cyclopropyl group) which resisted oxidative attack under
treatment with lower strength sodium hypochlorite solution used (12.5 vol%). While the
more reactive piperazine ring underwent fragmentation, generating products such as m/z
362, 306 and 289, the central quinolone structure stayed largely intact, explaining why
m/z 332 continued to be detected throughout the experiment. The persistence of m/z 332
across all timepoints supports the idea that Ciprofloxacin degrades more slowly than (-
lactam antibiotics. Its partial resistance to oxidation under the conditions used aligns with
previous reports in the literature that describe fluoroquinolones as more chemically stable,
often requiring harsher oxidative conditions for full breakdown (Sayed et al., 2016, Matta
et al., 2018, Gou et al., 2021, Kim et al., 2020, Keen and Linden, 2013, Kennedy Neth et
al., 2019, Wang et al., 2017, Zhou et al., 2011).

Although the parent ion (m/z 332) remained the dominant peak, the first clear evidence
of molecular alteration was the emergence of m/z 306, indicating the early stages of

piperazine ring oxidation and fragmentation.
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Figure 3.60. Extracted ion chromatograms (EICs) of m/z 306 collected during HPLC/MS
monitoring of Ciprofloxacin degradation after addition of sodium hypochlorite (NaOCI)
solution. The traces are shown in chronological order as follows: first trace: Amoxicillin
only (no NaOCl), second: 0 h after NaOCIl addition, third: 1 h, fourth: 2 h, fifth: 3 h, sixth:
4 h, seventh: 24 h (next day). All runs were recorded in positive ion mode, with intensity
plotted against retention time (0.00—2.50 min)
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The ion m/z 306 was one of the earliest transformation products detected following
sodium hypochlorite addition. It appeared immediately after treatment and was present
across most following timepoints, though generally at lower intensity than the parent ion.
Its consistent presence suggests that it represents a primary oxidative modification rather

than a minor by-product (Figure 3.60).

In the literature, m/z 306 has been linked to partial cleavage or oxidation of the piperazine
ring in Ciprofloxacin (Kennedy Neth et al., 2019, Deng et al., 2019). The HPLC/MS
detection of m/z 306 is consistent with the 'H NMR findings, which indicated disruption
of the piperazine ring. Literature reports also describe m/z 306 as resulting from the loss
of C2H> from the parent molecule (Kim et al., 2020, Kennedy Neth et al., 2019), reflecting
partial piperazine ring cleavage. The formation of m/z 306 therefore likely reflects an
early step in Ciprofloxacin’s degradation pathway, where the more reactive piperazine
ring undergoes oxidative attack, while the quinolone core remains largely intact (Kennedy
Neth et al., 2019). Its detection throughout the experiment indicates that m/z 306 may
serve as a relatively stable intermediate formed during the first stages of breakdown. The

proposed structure of this fragment is shown below in Figure 3.61.

Figure 3.61. Proposed structure of the m/z 306 degradation product of Ciprofloxacin,
redrawn based on NMR data obtained in this study and literature-reported fragmentation pathways (Kim
et al., 2020, Kennedy Neth et al., 2019). The fragment corresponds to the parent molecule
following the loss of C2H> from the piperazine ring

In addition to m/z 306, another key fragment detected after the addition of sodium
hypochlorite was m/z 362, which appeared shortly after exposure and provides further

evidence of early oxidative changes to the piperazine ring.
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Detected ion m/z 362
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Figure 3.62. Extracted ion chromatograms (EICs) of m/z 362 collected during HPLC/MS
monitoring of Ciprofloxacin degradation after addition of sodium hypochlorite (NaOCI)
solution. The traces are shown in chronological order as follows: first trace: Ciprofloxacin
only (no NaOCl), second: 0 h after NaOCl addition, third: 1 h, fourth: 2 h, fifth: 3 h, sixth:
4 h, seventh: 24 h (next day). All runs were recorded in positive ion mode, with intensity
plotted against retention time (0.00—2.50 min)
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The extracted ion chromatogram (EIC) of m/z 362 revealed that this oxidised
ciprofloxacin product appeared immediately after the addition of sodium hypochlorite
solution and reached its highest intensity at the 1-hour timepoint. This early and
noticeable peak indicates that oxidation of ciprofloxacin occurs rapidly once sodium

hypochlorite solution is introduced (Figure 3.62).

Following this peak, the signal intensity progressively declined at later timepoints,
confirming that m/z 362 is a transient intermediate rather than a stable end product. By
the 24-hour run, the EIC trace displayed only a low-intensity, irregular peak, indicating
that most of this oxidised species had further degraded or transformed into secondary

products (Figure 3.62).

The ion at m/z 362 was observed following the initial piperazine cleavage event (m/z 306)
and corresponds to an oxidised ciprofloxacin product. Kim et al. (2020) through NMR
studies have characterised this transformation and assigned it to the structure shown in
Figure 3.63, where the piperazine ring undergoes further oxidation, incorporating two
oxygen atoms (+0O2) with loss of two hydrogens (-H), resulting in a +30 Da mass shift
from the parent ciprofloxacin ion (m/z 332) (Kim et al., 2020, Kennedy Neth et al., 2019).
This modification indicates that after sodium hypochlorite initiates cleavage of the
piperazine bond, it rapidly promotes N-oxide formation or hydroxylation on the

remaining piperazine ring (Kennedy Neth et al., 2019).

Figure 3.63. Redrawn proposed structure of the m/z 362 degradation product of
Ciprofloxacin as reported by Kim et al. (2020)

The consistent but short-lived presence of m/z 362 across the time-series runs supports its
role as a transient but significant intermediate in the degradation process, which then
enables downstream reactions, including the formation of further sodium hypochlorite-

derived products such as m/z 324(Kennedy Neth et al., 2019, Kim et al., 2020).
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Detected ion m/z 324
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Figure 3.64. Extracted ion chromatograms (EICs) of m/z 324 collected during HPLC/MS
monitoring of Ciprofloxacin degradation after addition of sodium hypochlorite (NaOCI)
solution. The traces are shown in chronological order as follows: first trace: Ciprofloxacin
only (no NaOCl), second: 0 h after NaOCl addition, third: 1 h, fourth: 2 h, fifth: 3 h, sixth:
4 h, seventh: 24 h (next day). All runs were recorded in positive ion mode, with intensity
plotted against retention time (0.00—2.50 min)
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The ion m/z 324 was not detected in the Ciprofloxacin-only sample and did not appear
during the early stages following sodium hypochlorite treatment. It first appeared after 3
hours of NaOCI addition and remained present in the 24-hour sample, showing a

consistent retention time of approximately 0.58 minutes (Figure 3.64).

Its delayed appearance suggests that m/z 324 is a later-stage degradation product, most
likely formed through the gradual transformation of either the parent compound or earlier
intermediates. Its persistence and stable retention time indicate that, once formed, it is a

stable byproduct of the oxidation process (Kennedy Neth et al., 2019).

In support of this, a study by Kennedy Neth et al. (2019) proposed a degradation pathway
where the piperazinyl ring of Ciprofloxacin undergoes ring opening and addition of a
double-bonded oxygen, forming an intermediate with m/z 334, which can then undergo
chlorine substitution at the carboxyl group to yield a product with m/z 324 (Figure 3.65).
While this exact structure cannot be confirmed from the present data, the timing and
persistence of m/z 324 observed here are consistent with this proposed degradation

mechanism (Kennedy Neth et al., 2019).
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Detecte

Kennedy et al. developed this pathway under different experimental parameters, but it

provides a valuable framework for interpreting the present study’s HPLC/MS findings.

Alongside these transformations, another notable fragment ion, m/z 298, was also
detected. Its appearance indicates a further breakdown step in the ciprofloxacin structure,
building upon the earlier intermediates and by-products already identified.

d ion m/z 298

200000

100000+

(I

P=ry
=)
=
I==
il

TCp 296.0000(7) Tie 2304 Scank 2,002 Mien.

o b, Wv iy a \’\M\/\/Wm\f\f /\f\/\/\/\ﬁm\fﬂm\/\/\ ™y }”’\Ww%ﬂwm ”\A W

100000

500004

1:Cip+cl 298.0000(+) Time Scank lnten

B TS o ,
s ATy RV VTR AN ATANANAA

200000 J1:Cip+< 298.0000(+) Tme 2206 Scan 1% Wen. 23549

100000

200000 1390‘ DCCCU‘ ‘ﬁme 2280 Scan# 137 Inten 8762

100000+

/\w S ,_/\_/\/\/\p\/»_/-\rw ,,/\_/\h S NN Al f‘\— mwﬁ/\fvf\_

Ve ""\"‘/\\ﬂ/\dh\"’_“’"‘/\/ _\\‘—\/"”‘”\—/\/\-\ NS ST N i

200005. 1:Cip+cl 298.0000(+) Time Sean¥ Infen.

100000+

M
100000 J1:Cip+cI298.0000(+) Time Scant iten.
50000 \'g

.{/m-wmv/\/ \/\A/\J \ \ J/\\ /\/.ﬂ_/\f\_/ﬂ,ﬁ/\ //\/\ ST /_p_/\\/ \/\/\/\JJ\ /\,-f

M

p———————————————

200000 J1:Cip+cl 298.0000(¢) \ ) Tme 2030 Scané 122 Infen. 32,867
100000-

’bw*wxh\/ﬂ\_/-v\_,ﬁwiwmmx_ff Mgy e n |

/ﬂ- "\-x_/\/\_,/\/‘ it /\/\\’" M \/‘«J"'—/ N ,_._f'v’\,x_/\/\u’\f\/\«_/ \““-_m/—\—/\‘f/\#

ol s s o 15 1% 455 2w 2% m
Figure 3.66. Extracted ion chromatograms (EICs) of m/z 298 collected during HPLC/MS
monitoring of Ciprofloxacin degradation after addition of sodium hypochlorite (NaOCI)
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solution. The traces are shown in chronological order as follows: first trace: Ciprofloxacin
only (no NaOCl), second: 0 h after NaOCl addition, third: 1 h, fourth: 2 h, fifth: 3 h, sixth:
4 h, seventh: 24 h (next day). All runs were recorded in positive ion mode, with intensity
plotted against retention time (0.00—2.50 min)

The ion m/z 298 was not detected in the Ciprofloxacin-only chromatogram, nor in the
early timepoints after sodium hypochlorite was added. It only began to appear after 4
hours of NaOCI addition, showing up as a peak at around 0.58 minutes, and remained

visible in the 24-hour run (Figure 3.66).

Because this ion appears relatively late in the degradation timeline, it likely represents a
secondary or later-stage product, possibly forming after continued oxidation or
transformation of earlier intermediates. Its consistent presence from the 4-hour mark
onwards suggests that once it forms, it is stable enough to persist, but it does not form

immediately after oxidation begins.

The fact that m/z 298 was not seen in the untreated sample, or in the first few hours,
supports the idea that it is not a simple fragment of the parent compound, but more likely
a distinct degradation product formed further along the pathway. While some studies
(Kennedy Neth et al., 2019) suggest this ion may be associated with cleavage of the
piperazine ring or side-chain modifications, no structural confirmation could be made in

this study, and no clear correlation with NMR results was observed.

Interestingly, Kennedy Neth et al. (2019) also reported the detection of an ion with m/z
298 during chlorination of fluoroquinolones. Their study also suggested that it forms from
a further transformation of m/z 297, where the primary aromatic amine is substituted by
a hydroxyl group, resulting in a more oxidised structure (Kennedy Neth et al., 2019). This
proposed pathway helps explain the late appearance of m/z 298 in the current results,
supporting the idea that it likely forms after multiple transformation steps from the
original Ciprofloxacin molecule. Although the exact structure could not be confirmed, its
detection aligns well with progressive oxidative degradation, as described in the literature

(Figure 3.65) (Kennedy Neth et al., 2019, Zhou et al., 2011).

Following the detection of m/z 298, a further minor fragment, m/z 288, was observed,
indicating continued structural breakdown of the ciprofloxacin framework beyond the

initial oxidation and piperazine cleavage events.
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ion m/z 288
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Figure 3.67. Extracted ion chromatograms (EICs) of m/z 288 collected during HPLC/MS
monitoring of Ciprofloxacin degradation after addition of sodium hypochlorite (NaOCI)
solution. The traces are shown in chronological order as follows: first trace: Ciprofloxacin
only (no NaOCl), second: 0 h after NaOCIl addition, third: 1 h, fourth: 2 h, fifth: 3 h, sixth:
4 h, seventh: 24 h (next day). All runs were recorded in positive ion mode, with intensity
plotted against retention time (0.00—2.50 min)
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The ion m/z 288 was not detected in the Ciprofloxacin-only sample, indicating that it is
not an in-source MS fragment of the parent molecule but rather a product formed only
after oxidative treatment. It was first observed immediately after sodium hypochlorite was
added, appearing as a clear peak at around 0.42 minutes, and it continued to be detected
throughout the oxidation timeline. The peak was still visible at 1 hour, 2 hours, and was
most prominent at 3 hours, suggesting it may be an intermediate product formed relatively
early during the degradation process. By 24 hours, the peak was still present but
noticeably reduced in intensity, indicating that this product may begin to break down

further over time (Figure 3.67).

The delayed appearance and gradual decline in signal intensity point to m/z 288 being a
transient degradation product, possibly formed from one or more earlier intermediates
(Kennedy Neth et al., 2019). In support of this, Kennedy Neth et al. (2019) proposed that
m/z 288 may originate from a precursor ion m/z 306, which results from the loss of two
carbon and two hydrogen atoms from the piperazinyl ring (Figure 3.65). The product m/z
306 can then undergo defluorination, where the fluorine atom is lost, yielding m/z 288
(Figure 3.65). Although structural confirmation of this product was not possible in the
current study, the observed timing and consistent retention of m/z 288 support its
formation via this sequential oxidative pathway (Kennedy Neth et al., 2019, Wang et al.,
2017).

Beyond m/z 288, the chromatograms revealed the emergence of m/z 263, signifying an
additional step in the breakdown sequence and pointing to further fragmentation of the

ciprofloxacin structure after the addition of sodium hypochlorite.
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Detected ion m/z 263
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Figure 3.68. Extracted ion chromatograms (EICs) of m/z 263 collected during HPLC/MS
monitoring of Ciprofloxacin degradation after addition of sodium hypochlorite (NaOCI)
solution. The traces are shown in chronological order as follows: first trace: Ciprofloxacin
only (no NaOCl), second: 0 h after chlorination, third: 1 h, fourth: 2 h, fifth: 3 h, sixth: 4 h,
seventh: 24 h (next day). All runs were recorded in positive ion mode, with intensity plotted
against retention time (0.00-2.50 min)
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The ion m/z 263 was not detected in the untreated Ciprofloxacin sample or during the first
two hours after sodium hypochlorite addition. It first appeared at the 3-hour timepoint as
a clear peak but was absent in all subsequent runs, suggesting it is a transient degradation

product formed during the intermediate stages of oxidation (Figure 3.68).

The formation of m/z 263 is well supported in the literature. Kennedy et al. (2019) and
other studies of fluoroquinolone chlorination report this ion as a key byproduct arising
from stepwise piperazine ring cleavage and partial quinolone core modification (Kennedy
Nethetal., 2019, Kim et al., 2020). Similarly, the proposed degradation pathway in Figure
3.40 from the NMR section identifies m/z 263 as a fragment produced after the combined

loss of piperazine substituents and subsequent oxidative rearrangement.

Moreover, the brief detection of m/z 263 in this study indicates that it may be a short-lived
intermediate that either rapidly transforms into smaller products or other species not
resolved under the conditions used here. Its transient nature aligns with NMR
observations, where piperazine ring degradation signals were strong, but complete

disassembly of the quinolone core remained limited.

The sequential transformations described above are visually summarised in Figure 3.65,
adapted from Kennedy et al. (2019). While Kennedy et al.2019 conducted their work
under different experimental parameters and observed their products at different retention
times, their pathway provides valuable context for interpreting the suite of degradation

products identified in this study.

In conclusion, the HPLC/MS analysis of Ciprofloxacin following the addition of sodium
hypochlorite solution revealed a multi-step degradation sequence involving both transient
intermediates and stable by-products. The parent compound, m/z 332, disappeared rapidly
after treatment, confirming immediate structural reactivity. Early fragmentation produced
m/z 306, linked to piperazine ring cleavage and corroborated by NMR evidence
(Figure 3.40). Oxidation yielded m/z 362, a transient but significant intermediate peaking

at one hour, which subsequently declined as further breakdown occurred.

Later in the sequence, m/z324 emerged as a stable sodium hypochlorite-derived by-
product, persisting through the 24-hour period. Additional lower-mass fragments, the m/z
298, m/z 288, and m/z 263, were also detected, indicating continued molecular

disintegration as ciprofloxacin underwent complete oxidative degradation.

The pathway proposed by Kennedy et al. (2019) (Figure 3.65) provides valuable context
for these findings. Although Kennedy’s study employed different experimental conditions
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and retention times, the overall sequence of transformations they describe, from
piperazine ring cleavage, through oxidation, to the appearance of stable by-products,
aligns closely with the degradation products detected here. Together, the LC/MS data and
supporting NMR evidence highlight ciprofloxacin’s susceptibility to rapid and extensive

breakdown following sodium hypochlorite addition.

It is also worth noting that the extent of degradation observed in this study may be
influenced by the relatively mild oxidative conditions applied. Previous research has
shown that more aggressive or prolonged chlorine exposure can lead to greater structural
breakdown, including defluorination and further ring transformations (Zhou et al., 2011,
Kennedy Neth et al., 2019). The partial degradation and absence of certain expected
fragments, particularly those involving the fluorine group or cyclopropyl ring, could
reflect the limitations of the current treatment conditions. However, the ions detected
provide valuable insight into the early and intermediate stages of Ciprofloxacin

degradation, even under moderate oxidative stress.

3.4 Correlations of analytical findings using the NMR and HPLC/MS techniques

Understanding the degradation behaviour of pharmaceutical compounds under oxidative
treatment requires multiple analytical techniques to capture both structural and
compositional changes (Postigo and Richardson, 2014). In this study, two complementary
analytical tools namely, Nuclear Magnetic Resonance (NMR) spectroscopy and high-
performance liquid chromatography/mass spectrometry (HPLC/MS), were applied to

capture these changes during treatment with sodium hypochlorite solution.

The NMR spectroscopic analyses provide real-time, direct and non-destructive analysis
of proton and carbon environments, making it ideal for detecting changes in key
functional groups (i.e., loss of B-lactam rings, loss of methyl groups and etc) and the
formation of intermediate product during degradation processes (Daletos et al., 2017,
Branch et al., 1987). It also enables the identification of ring-opening events, structural
substitution and new group insertions that occur under oxidative stress (Dr. Holzgrabe,
2010, Vafaei et al., 2020, Mitsumori et al., 2006, Padfield and Kellaway, 1974, Kan et al.,
1973, Holzgrabe, 2015, Connor et al., 1994a, Acosta, Branch et al., 1987).

On the other hand, HPLC/MS runs confirmed the degradation trends observed by NMR with
greater sensitivity and specificity, while also provided the detection of very low-concentration
with high-sensitivity degradation products including polar and halogenated fragments

that
130



NMR could not easily resolve (Samanidou et al., 2007, Matta et al., 2018, Choudhury et
al., 2017). By following the appearance and disappearance of selected m/z values over
time, it was possible to link these signals to specific structural breakdown events seen in

NMR.

Therefore, the combined application of 'H NMR and LC/MS techniques offered a
comprehensive view of the oxidative degradation behaviours of Penicillin G, Amoxicillin,
and Ciprofloxacin following the addition of sodium hypochlorite solution. This chapter
integrates the data for all three compounds, aligning NMR-observed structural changes
with HPLC/MS-detected fragments and assessing how both techniques complement one
another. Each method provided different, but complementary information regarding the
degradation mechanisms and the identification of shared and different transformation

pathways.

Moreover, by comparing the specific transformation products formed and the degradation
trends through each technique, a more integrated understanding of the underlying
chemical transformation pathways can be developed under controlled laboratory
conditions. In this chapter the combined interpretation of both techniques used highlights
not only the sequence of degradation events for each molecule but also demonstrates the
oxidative behavioural effect of sodium hypochlorite on B-lactam antibiotics versus
fluoroquinolones under the experimental conditions employed, without implying direct

correspondence to behaviour in real environmental matrices

3.4.1 Correlation between NMR and LC/MS findings: Penicillin G

The degradation of Penicillin G was monitored using both NMR and HPLC/MS
techniques to provide a complementary understanding of the molecular transformations
using NaOCl. The combined interpretation of these results reveals a high degree of

agreement between the structural changes shown by NMR and the fragmentation patterns

observed in HPLC/MS.

The 'H NMR analysis clearly demonstrated that Penicillin G undergoes rapid and
significant degradation upon exposure to sodium hypochlorite solution. Key analytical
signals included the methyl peaks at 1.18 ppm and 0.98 ppm, and the B-lactam proton
signal around 5.0-5.3 ppm which underwent substantial changes. The immediate
formation of new peaks at 1.18 ppm was assigned to penicilloic acid, while the delayed
emergence of a peak at 0.98 ppm was allocated to penilloic acid, consistent with prior

literature (Mitsumori et al., 1977, Degelaen et al., 1979). These findings support a two-
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step degradation pathway where the initial step is the hydrolysis of the B-lactam ring

followed by further rearrangement.

These observations were directly confirmed by HPLC/MS analyses, which showed the
disappearance of the parent ion m/z 365 over time, accompanied by the emergence of
degradation fragments. The emergence of four key ions over time: m/z 307, 289, 202, and
157, suggest secondary degradation processes involving oxidation of the thiazolidine ring
and ring cleavage. Each ion associates with a specific stage in Penicillin G’s breakdown,
where the m/z 365 represents the intact parent molecule before major structural changes,
the m/z 307 reflects side-chain cleavage events following B-lactam hydrolysis, the m/z
289 is associated with the formation of penicilloic acid that matches the NMR peak at
1.18 ppm, the m/z 202 indicates thiazolidine ring breakdown, that is consistent with those
arrangements in the ring region detected using NMR, and finally the m/z 157 represents
low-mass chlorinated oxidative fragments formed in the later stages of degradation. These
key ions detected in this study, align with the chemical shifts observed in the NMR of -
lactam and methyl regions, and supports the interpretation that multiple degradation

products are formed sequentially (Zhang et al., 2017a).

More importantly, the m/z 289 fragment was identified as penicilloic acid, in agreement
with the peak at 1.18 ppm in the NMR spectra. Although penilloic acid was identified
from the NMR data, its corresponding mass ion could not be confidently identified in the
HPLC/MS spectra. This absence can be due to its low ionization efficiency, instability
under electrospray conditions, or overlapping fragmentation patterns with other

degradation products.

In summary, both NMR and HPLC/MS techniques in this study confirm the degradation
of Penicillin G through rapid B-lactam ring cleavage and other transformations, including
the loss of methyl groups, thiazolidine ring disruption, and eventual production of smaller
oxidative fragments. The early appearance of penicilloic acid is a common feature
detected by both methods, while the later-stage formation of penilloic acid was observed
primarily through NMR. The minor differences between the techniques reflect their
complementary nature, where NMR provides detailed structural insights for intact and
early-stage degradation products, while HPLC/MS detects fragmentation patterns and
provides precise mass-based identification of transformation products (Dr. Holzgrabe,
2010, Branch et al., 1987, Postigo and Richardson, 2014). Together, the two methods used
in this study provided a clearer and complimentary picture of Penicillin G degradation

pathways under oxidative conditions.
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The degradation behaviour observed for Penicillin G in this study is consistent with
established literature pathways for B-lactam breakdown. Several studies have shown that
sodium hypochlorite solution rapidly hydrolyses the B-lactam ring of Penicillin G,
producing penicilloic acid as the primary product, followed by further rearrangements to
penilloic acid and other derivatives (Mitsumori et al., 1977, Degelaen et al., 1979, Zhang
et al.,, 2017a). The NMR findings here confirmed both penicilloic and penilloic acid
formation, while HPLC/MS detected key ions such as m/z 289 that align with these
intermediates, along with lower-mass fragments (m/z 202, 157) suggesting thiazolidine
ring breakdown and secondary oxidation. Although HPLC/MS did not allow structural
confirmation of every fragment detected, the combination of NMR and HPLC/MS
findings supports the conclusion that B-lactam antibiotics are highly susceptible to
oxidative treatment using sodium hypochlorite solution (Gozlan et al., 2013, Zhang et al.,

2017a, Simazaki D, 2008, Mitsumori et al., 1977).

3.4.2 Correlation between NMR and LC/MS findings: Amoxicillin

The degradation of Amoxicillin under sodium hypochlorite treatment was examined using
NMR spectroscopy and HPLC/MS to provide complementary insights into its breakdown
pathway (Gozlan et al., 2013, Gozlan et al., 2010, Branch et al., 1987). Both techniques
showed that Amoxicillin was highly unstable upon exposure to sodium hypochlorite, but

they revealed this instability in different ways.

The degradation patterns observed for Amoxicillin using HPLC/MS generally support the
structural changes identified through NMR analysis. Both techniques indicate rapid
hydrolysis of the B-lactam ring, evidenced by the loss of the characteristic B-lactam
signals in the '"H NMR spectra and the disappearance of the parent ion in HPLC/MS

within the first hour of sodium hypochlorite exposure.

In addition, "H NMR analysis demonstrated that Amoxicillin degraded immediately after
the addition of NaOCI. The disappearance of the B-lactam proton signal (5.0-5.5 ppm)
and significant changes in the aromatic region indicated rapid B-lactam hydrolysis and
rearrangement of the molecule. Two new indicative peaks were observed, one at
4.51 ppm, assigned to amoxicilloic acid (i.e. a derivative of penicilloic acid), and another
at 3.48 ppm, assigned to amoxicillinoic acid (i.e. a derivative of penilloic acid). These
findings are consistent with degradation pathways reported in the literature stating that

penicilloic acid and penilloic acid identified as primary degradation products of
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Amoxicillin resulting from the hydrolysis of the B-lactam ring (Gozlan et al., 2010,
Gozlan et al., 2013, Lamm et al., 2009). The NMR data from this study match these
reports closely, confirming penicilloic acid formation immediately after the addition of

sodium hypochlorite, and penilloic acid as a later-stage degradation product.

Furthermore, HPLC/MS analysis strongly supported and complimented the NMR
findings. The parent ion m/z 364 diminished rapidly within the first hour after the addition
of sodium hypochlorite solution, indicating immediate structural disruption. Several
major ions were then detected (i.e., m/z 383, 371 and 341), providing further insight into
Amoxicillin’s breakdown. The first ion m/z 383, was identified as Amoxicillin penicilloic
acid, the primary product of f-lactam ring hydrolysis and its early appearance correlates
directly with the NMR peak at 4.51 ppm, confirming the formation of this intermediate.
The m/z 371 ion identification is associated with Amoxicillinpenilloic acid, a
rearrangement product of penicilloic acid. Its delayed but clear detection confirms the
later-stage NMR signal at 3.48 ppm. Finally, the m/z 341 ion, that is assigned to
diketopiperazine, a well-documented degradation product of Amoxicillin that forms via
intramolecular cyclisation (Lamm et al., 2009, Gozlan et al., 2010) and Its detection
suggests that in addition to hydrolysis, ring-closure reactions also play a role in the

molecule’s degradation.

The above-mentioned HPLC/MS results provided a time-resolved profile of
Amoxicillin’s degradation that complements the NMR data. While NMR clearly tracked
the structural rearrangements, HPLC/MS identified specific ions and confirmed the

molecular masses of the key intermediates.

In addition, minor Amoxicillin by-products detected by NMR were not clearly visible in
HPLC/MS, likely due to their low ionisation efficiency or instability under electrospray
conditions. However, the alignment between the major NMR-detected products
(penicilloic and penilloic acid) and the LC/MS ions (m/z 383 and 371) demonstrates

strong agreement between the two techniques.

The proposed degradation pathways of Amoxicillin (Figures 3.28 and 3.29, NMR section)
show the range of potential by-products that can form under sodium hypochlorite
treatment, including B-lactam ring hydrolysis products, phenyl derivatives, and other
oxidative fragments (Siciliano et al., 2021, Gozlan et al., 2013). The NMR data obtained
in this study align closely with this pathway, showing clear evidence for the formation of

Amoxicillin penicilloic acid and Amoxicillin penilloic acid as major intermediates.
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In summary, NMR and HPLC/MS results align in confirming Amoxicillin’s extreme
susceptibility to oxidative degradation under sodium hypochlorite treatment.
Additionally, NMR highlighted the rapid B-lactam ring cleavage and formation of
Amoxicillin penicilloic acid and Amoxicillin penilloic acid, while LC/MS tracked the
loss of the parent ion (m/z364) and identified the major by-products (m/z 383, 371, and
341) that form during breakdown. Together, the two methods provide a comprehensible
interpretation of Amoxicillin’s degradation pathway, demonstrating that [B-lactam
antibiotics rapidly undergo hydrolysis and rearrangement under oxidative conditions

(Postigo and Richardson, 2014, Zhang et al., 2017a, Siciliano et al., 2021).

3.4.3 Correlation between NMR and HPLC/MS findings: Ciprofloxacin

The combined use of 'H and '"F NMR, and HPLC/MS techniques provided
complementary insights into the degradation behaviour of Ciprofloxacin under NaOCl
treatment. Both techniques showed evidence of transformation, but together they confirm

that Ciprofloxacin was far less reactive than the B-lactam antibiotics studied.

NMR analysis of Ciprofloxacin revealed slow but clear chemical changes. The 'H NMR
spectra showed diminishing aromatic signals between 7.0-8.5 ppm after the addition of
sodium hypochlorite, indicating oxidative modification of the quinolone ring. The
piperazine -CHb protons (3.0-3.6 ppm) also lost intensity, with the emergence of a new
peak around 4.2 ppm, suggesting oxidative ring opening and formation of polar
degradation products. On the other hand, the cyclopropyl ring remained unchanged, with
no shift or intensity loss in its 0.9—1.5 ppm multiples. The "F NMR spectra showed a
gradual reduction of the fluorine signal over time, suggesting that defluorination may

occur slowly under the experimental conditions.

In addition, HPLC/MS analysis supported and complimented these observations while
providing a clearer timeline for the breakdown process. The parent ion, m/z 332
(Ciprofloxacin [M+H] *), persisted across all timepoints, including after 24 hours,
showing only a slight decrease in intensity that highlights Ciprofloxacin’s relative

stability.

Furthermore, seven ions were consistently detected and selected for interpretation:
m/z 332, 306, 362, 324, 298, 288, and 263. These represent the intact parent compound
and a series of transformation products, where m/z 306 was detected immediately after

the addition of sodium hypochlorite solution and this fragment reflects piperazine ring
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cleavage, a finding strongly supported by NMR (Figure 3.29), where significant

piperazine signal loss was observed.

The m/z 362 ion shows an oxidised ciprofloxacin intermediate, formed through the
incorporation of two oxygen atoms (+0O:) and the loss of one hydrogen atom (-H). It
peaked at 1 hour, then declined, behaving as a transient but significant intermediate. The
m/z 324 ion that appeared later in the time series and persisted through to 24 hours.
Literature (Kennedy Neth et al., 2019) connects this ion with further structural
modification of the quinolone core, and its stability here suggests that it is a late-stage

oxidation by-product.

The m/z 298 and m/z 288 ions that are lower-mass fragments indicate further breakdown
of the piperazine side chain and the quinolone ring. Their delayed appearance, and lower
intensity, point to a gradual oxidative fragmentation process (Kennedy Neth et al., 2019).
The final detected ion, m/z 263, relates to the smallest major fragment observed,
consistent with piperazine ring cleavage and advanced stages of oxidative breakdown

(Figure 3.64) (Kennedy Neth et al., 2019).

These HPLC/MS results complement the NMR findings, showing that the piperazine ring
is the primary site of attack, while the cyclopropyl ring remains unaffected, and NMR
confirms that the fluorine atom is gradually removed. Significantly, in this study the
cyclopropyl group remained unchanged in the '"H NMR spectra, and no corresponding
LC/MS fragments were identified that suggest cleavage or transformation of this ring.
This confirms its chemical stability under oxidative conditions, consistent with previously
reported findings in the literature (Zhou et al., 2011, Wang et al., 2017, Kennedy Neth et
al., 2019). The persistent parent ion m/z 332 and the continued presence of structurally
related fragments suggest that degradation is partial, producing intermediates that remain

chemically similar to Ciprofloxacin even after 24 hours.

Overall, the combined NMR and HPLC/MS data provide a comprehensive picture of
Ciprofloxacin degradation. The degradation pathway of Ciprofloxacin observed in this
study aligns with published literature on fluoroquinolone oxidation using sodium
hypochlorite solution but reflects the milder conditions applied here. Previous studies
(Kennedy Neth et al., 2019, Wang et al., 2017, Zhou et al., 2011) have shown that
Ciprofloxacin undergoes piperazinyl ring opening, quinolone core modifications, and
chlorine substitution, producing ions such as m/z 324 (Kennedy Neth et al., 2019). The

same ion was detected in this study, supporting the idea that similar pathways are
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occurring. The NMR analysis also confirmed that defluorination occurred over time,

evidenced by the gradual loss of the fluorine signal, whereas HPLC/MS did not capture

fragment ions that could confirm this process. The persistence of the parent ion (m/z 332)

and structurally similar intermediates suggests that degradation was only partial under the

Table 3.8. Summary of correlations between NMR and HPLC/MS findings for Penicillin
G, Amoxicillin and Ciprofloxacin following the addition of sodium hypochlorite solution.
The table highlights the parent ions, key HPLC/MS-detected fragments, NMR
observations, and overall interpretations for each antibiotic

Antibiotic Parent Ion | Key HPLC/MS | Key NMR Overall Interpretation
(HPLC/MS) | Ions Detected Observations
Rapid disappearance of | Immediate B-lactam ring
B-lactam proton signal; | hydrolysis followed by
Penicillin G m/z 365 m/z 307, 289, new peaks at 1.18 ppm | side-chain cleavage and
202, 157 (penicilloic acid) and thiazolidine ring
0.98 ppm (penilloic | breakdown, producing
acid); thiazolidine ring stable low-mass
changes oxidative fragments
Immediate loss of Highly unstable, rapid
B-lactam signal; peaks at | B-lactam hydrolysis with
Amoxicillin m/z 364 4.51 ppm (penicilloic formation of
w2383, 371, 341 acid) and 3.48 ppm penicilloic/penilloic acids
(penilloic acid) detected | and diketopiperazine,
near complete
breakdown after sodium
hypochlorite addition
Gradual loss of Partial degradation;
piperazine ring (3.0— piperazine ring is main
Ciprofloxacin | m/z 332 m/z 306, 362, 3.6 ppm); new peak site of attack, parent
324, 298, 288, ~4.2 ppm (oxidation); compound persists after
263 slow defluorination in | 24 h, showing

F NMR; cyclopropyl

ring unchanged

Ciprofloxacin is more

resistant than B-lactams
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conditions tested. Taken together, the combined NMR and HPLC/MS findings confirm
that while Ciprofloxacin is susceptible to sodium hypochlorite oxidation, mainly at the
piperazine ring with associated defluorination; however, it remains significantly more

resistant to full structural breakdown than the B-lactam antibiotics studied.

3.5 Summary

As summarised in Table 3.8., the combined use of 'H and '°F NMR spectroscopy and
HPLC/MS provided a comprehensive, complementary perspective on the oxidative
degradation of Penicillin G, Amoxicillin, and Ciprofloxacin under sodium hypochlorite
treatment. By correlating structural information from NMR with compositional data from
LC/MS, this study was able to track both how these molecules change at the functional

group level and what molecular fragments emerge during the process.

For the B-lactam antibiotics, Penicillin G and Amoxicillin, both NMR and LC/MS
confirmed their high susceptibility to sodium hypochlorite oxidation. NMR revealed
almost immediate B-lactam ring opening, side-chain rearrangements, and the formation
of penicilloic and penilloic acid derivatives. The HPLC/MS data approved these
observations, showing the rapid disappearance of the parent ions (m/z 365 for Penicillin G
and m/z 364 for Amoxicillin) and the emergence of key degradation fragments. For
Penicillin G, ions such as m/z 307 and 289 reflected p-lactam hydrolysis and thiazolidine
ring breakdown. For Amoxicillin, LC/MS confirmed m/z 383 (penicilloic acid), m/z 371
(penilloic acid) and m/z 341 (diketopiperazine), supporting the NMR findings while
adding time-resolved evidence for these transformations. Together, these results show that
the B-lactam core is highly vulnerable to oxidative stress, with sodium hypochlorite
causing almost complete breakdown into smaller, often more polar fragments within just

a few hours (Hou and Poole, 1971, Deshpande et al., 2004a).

In contrast, Ciprofloxacin showed noticeable different behaviour. Furthermore, NMR
showed gradual changes in the quinolone ring and significant attack on the piperazine
ring, while the cyclopropyl ring remained intact. The 'F NMR spectra confirmed
defluorination, with the fluorine signal gradually diminishing and ultimately disappearing
over the 24-hour period. In addition, the HPLC/MS findings supported these observations,
but also highlighted Ciprofloxacin’s relative stability where the parent ion m/z 332
persisted throughout the experiment with only slight loss of intensity. Seven key ions were

tracked, m/z 306, 362, 324, 298, 288, and 263, which together represent partial
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oxidation and fragmentation, particularly at the piperazine ring. However, the absence of
deeper fragmentation signals and the continued presence of the parent ion confirm that
Ciprofloxacin is far more resistant to sodium hypochlorite degradation than theB-lactams

(Zhou et al., 2011, Wang et al., 2017, Kennedy Neth et al., 2019).

Overall, these correlations highlight both the power and necessity of combining NMR and
HPLC/MS. Here, the NMR provided real-time insight into functional group changes,
intermediate formation and bond cleavage, while LC/MS tracked the molecular fragments
and end products, even those too small or too transient for NMR detection. The two
methods reinforced each other’s findings, where NMR verified the structural changes
suggested by HPLC/MS fragment ions, while HPLC/MS provided additional

confirmation of NMR-identified products such as penicilloic acid and penilloic acid.

From a laboratory perspective, these findings provide useful insight into the relative
oxidative reactivity of different antibiotic classes toward sodium hypochlorite. The [-
lactam antibiotics degraded rapidly under sodium hypochlorite treatment, suggesting that
common disinfection processes could effectively break down this class of antibiotics in
water systems (Postigo and Richardson, 2014, Deshpande et al., 2004a). However, it is
acknowledged that such behaviour may differ significantly in real or simulated
wastewater effluents, where high chlorine demand and the presence of competing organic

and inorganic elements would likely influence transformation efficiency.

Nevertheless, Ciprofloxacin’s persistence, even after 24 hours, indicates that
fluoroquinolones may remain intact or transform into stable intermediates under similar
treatment conditions, consistent with reports that prolonged exposures are required for
complete breakdown (Kennedy Neth et al., 2019, Zhou et al., 2011). This partial
degradation means that some structurally related transformation products could persist in
treated water, raising questions about their potential environmental impacts (Kennedy

Neth et al., 2019).

In conclusion, integrating the NMR and HPLC/MS data offered a detailed and
comprehensive understanding of the antibiotic degradation pathways. For -lactams, both
methods confirmed rapid breakdown and identified shared transformation products. For
Ciprofloxacin, the combined data revealed slower, incomplete degradation, with partial
modification of the piperazine ring, retention of the cyclopropyl ring, and evidence from
NMR that defluorination occurred over time. These findings highlight how using both
techniques together can resolve complex degradation patterns, offering valuable insights

for analytical chemistry as well as for developing effective water treatment strategies.
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CHAPTER 4: MAIN CONCLUSIONS AND SUGGESTIONS
FOR FUTURE WORK

In this chapter, some preliminary conclusions (i.e. the summary of the research
programme) is provided. This is followed by a section on some suggestions for further

work.



4.1 Main Conclusions

This thesis investigated the oxidative degradation behaviour of three representative antibiotics,
Penicillin G, Amoxicillin, and Ciprofloxacin, using a combined analytical approach of high-

field NMR spectroscopy and HPLC/MS technique.

In the early stages of the study, UV irradiation experiments were conducted on both solid and
solution forms of the antibiotics in order to assess potential photochemical effects under the
irradiation conditions available. However, no measurable structural changes were observed
under the conditions tested, as revealed by NMR analyses. This outcome is attributed to the
relatively low irradiance and wavelength ranges employed, which limited effective photon
absorption by the antibiotics and therefore did not favour photochemical transformation. This
finding led the focus of the research to shift toward oxidation using sodium hypochlorite
(NaOCl) solution, which produced clear, quantifiable transformations, through both the

techniques.

The NMR spectroscopic analyses provided real-time structural information, revealing key
molecular events such as B-lactam ring opening in Penicillin G and Amoxicillin, piperazine
ring oxidation in Ciprofloxacin, and the appearance of intermediates like penicilloic and
penilloic acids. Furthermore, HPLC/MS analyses complemented these findings, in several
relevant places, by tracking the loss of parent ions and the emergence of identifiable

degradation products over time.

The combined evidence confirmed that f-lactam antibiotics (Penicillin G and Amoxicillin)
degrade rapidly and extensively under NaOCI treatment, with almost complete breakdown into
smaller, more polar fragments within hours. In contrast, Ciprofloxacin displayed slower, partial
degradation: the piperazine ring was attacked, forming transient intermediates and later-stage
by-products, but the cyclopropyl ring remained intact and the parent ion persisted even after 24

hours.

By correlating NMR and HPLC/MS data, this work provides one of the most comprehensive
analyses to date of antibiotic transformation of the selected compounds under sodium
hypochlorite treatment, showing that B-lactams are highly susceptible, while fluoroquinolones
are significantly more resistant. These findings have clear implications for water treatment
practices, as while sodium hypochlorite effectively degrades certain antibiotic classes, better
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or combined approaches may be required to address persistent compounds like Ciprofloxacin.

4.2 Suggestions for Future Work

If further time and resources were available, several avenues could expand and deepen this

research:

UV Irradiation: re-evaluation

While initial UV experiments under the tested conditions produced no measurable
structural changes, further work using longer exposure times, different wavelengths, or
combined UV-oxidant treatments could clarify whether UV plays a role in antibiotic
breakdown. Careful control and reporting of wavelength, irradiance, and dose would be

critical to ensure meaningful comparison with operational water treatment systems.

Structural confirmation of minor by-products

Use high-resolution MS/MS and isotopic labelling to confirm the identities of low-
abundance fragments (say, for example, penilloic acid in HPLC/MS).

Comparative oxidation studies

Examine other oxidants (UV/H20:, 0zone, etc.) alongside sodium hypochlorite solution

to evaluate their efficiencies and formation of by-product profiles.

Extended antibiotic scope

Include additional antibiotic classes with known antimicrobial resistance properties
(such as, sulfonamides, macrolides, etc) to compare degradation behaviour across

structures.

Toxicological assessment

Investigate whether intermediates (particularly from Ciprofloxacin) retain antibacterial

activity, or present ecotoxicological risks.

Real-world testing

Simulate municipal wastewater treatment conditions (temperature, variable pH and

chlorine residuals) to identify the environmental implications.
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