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Abstract

This research made an extensive use of Catalytic Wet Peroxide Oxidation (CWPO) techniques
by using recycling glass as a catalyst for the abatement of organic pollutants namely phenol,
ibuprofen, benzyl alcohol and 1-phenylethanol to CO;, and water or by selectively oxidizing
them.

Based on the composition of recycled glass, other than main compositions, it also contains
metal compounds such as MnO; or Cr.Os and Fe,Os about 1 wt.%, which fall in the range of
other metal-doped catalysts. Experiments showed that Fe® has the largest activity in
triggering the generation of -OH in comparing to Cr®* and Mn?*. ICP showed negligible
fluctuations between samples made it a robust catalyst system, and the glass colour and
feedstock variability will not influence the catalyst performance. XPS results revealed that
more Fe is distributed at the surface (0.5 at.%) rather than the bulk (0.1 at.%), this reflects the
iron propensity to readily oxidize facilitates migration of Fe from the bulk to the surface as

Fe,Os over time.

This study successfully demonstrated the concept of using of recycled glass (green and brown)
containing Fe®* centres as a heterogeneous catalyst for phenol and ibuprofen oxidation by
CWPO. The results have indicated that decreasing the size of the glass particles leads to
increased phenol conversion and carbon dioxide production with the size range of 0.1 - 0.5
mm showing the best catalytic activity. It enables the possibility of a scale-up application in
the industry. As a result, the performance of recycled glass can be comparable and promising
(i.e., 100% phenol and ibuprofen conversion and 20% CMB, low metal leaching (less than 0.2
wt.%)) to industrial catalyst, namely Fe/ZSM-5 under appropriate reaction conditions
(increased mass and longer reaction time) for an overall much lower (about 3000 times) cost.
This approach closes the material loop through high-value recycling, further extending the life
cycle of these resources and as such reduces the need of new input of energy demanding

raw materials.

Although the selective oxidation of benzyl alcohol and 1-phenylethanol was not fully achieved,
these results represent a valuable fundamental investigation, providing key insights to guide

future optimisation of reaction conditions and improvements in selectivity.

This research marks a significant step forward in sustainable water treatment technologies by
using waste materials in innovative ways. This approach not only addresses critical

environmental issues but also aligns with the global shift towards a circular economy. The
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findings have promising implications for both water management and chemical manufacturing
industries, offering a cost-effective, sustainable, and scalable solution to some of the most
pressing environmental challenges of our time.
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Chapter 1 Introduction

1.1 Global freshwater deficiency crisis

Water is fundamental for life on Earth. It is essential to sustainability in energy and food
production, healthy ecosystems, and the survival of the human race. However, the world’'s
freshwater supplies are becoming increasingly limited due to the growing human population
and, in turn, the increase in demand for the use of natural resources. This poses a challenge
as society must balance commercial demands with the need to conserve water resources to
satisfy a growing global population.! The disposal of large amounts of untreated wastewater
into rivers, lakes, aquifers and coastal waters is causing a deterioration in the quality of
freshwater resources. According to the United Nations (UN), 2 million metric tonnes of sewage
and other effluents are discharged into water bodies every day. Freshwater shortage has been
reported for approximately one-sixth of the world’s population.? This resource deficiency
promotes the spread of serious human diseases and affects water quality. Therefore, it has
become one of the main challenges that our society is facing in the 215t Century. Urgent action
is required, especially when human health is threatened, food production is limited, ecosystem
functions are weakened, and even economic growth is hampered or impeded. Providing safe
fresh water for all is a complex task that has been extensively researched for decades. Various

processes and measures have been developed to address this issue.®

Ranked second only to fresh drinking water, access to a secure food supply is crucial.
Agriculture is undeniably a core part of the global economy. Crops and livestock farming
provide a significant amount of nutrients for humanity. However, their production requires
substantial resources such as water, energy, and land.* The current world population exceeds
7.8 billion and is increasing by more than 330 thousand per day. The United Nations has
projected a global population of approximately 10 billion people by 2057.° Due to this
population growth, there will be a further and considerable reduction in water availability per
person, which will cause stress to the biodiversity of the universal ecosystem. The Food and
Agriculture Organization (FAO) reports that despite an increase in production every year, food
supplies (cereal grains) per capita have declined due to the growth in human population and
the lack of fresh water and cropland. Agriculture is the largest consumer of clean water
resources, using approximately 70% of fresh water worldwide.® For comparison, producing 1
kg of cereal grain requires about 1000 litres of water, while 1 kg of beef requires up to 40,000

litres of water.*

In light of these challenges, an increasing number of countries are turning to regenerated
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water, which is treated wastewater that has been deemed suitable for a new use, as an
alternative means of securing and enhancing agricultural yields. Regenerated water offers an
opportunity to replace finite freshwater resources for uses that do not require the same level
of quality as drinking water. To reduce the cost of high-quality water treatment, the 'fit-for-
purpose' approach has been established, which involves setting water-quality objectives
based on the end user's requirements. Reused water applications have the potential to benefit
agricultural and landscape irrigation, industrial regeneration, ground water recharge, and
ecological purposes. ’ This approach aligns with various legislations and guidelines, such as
the WHO’s guidelines for using wastewater in agriculture and aquaculture.® Agriculture
remains the most common application for regenerated water.®> Therefore, a reliable water
supply is essential to alleviate the pressure and uncertainties of clean water scarcity. As an
example, in Australia, the benefits of reusing water have become apparent in the agricultural
sector despite the scarcity of freshwater.® Another example is Singapore’s water purification
program includes five "NEWater" purification plants that meet approximately 40% of the

nation's water needs.®

Despite the benefits of regenerated water for food supply, to have sustainable agriculture
remains a significant challenge. Agriculture must maintain adequate food supply while also
addressing potential environmental, socioeconomic, and human health impacts in accordance
with national plans. The terrestrial ecosystem plays a crucial role in the water cycle (Figure 1.1)
by vegetation transpiring into the atmosphere. This accounts for approximately 64% of all
precipitation that returns to the land globally.!* Additionally, the water absorbed by plants
eventually returns to the atmosphere as surface or ground water, despite some loss through
evaporation. In summary, agriculture can both contribute to and suffer from water pollution.
However, poor agricultural practices can lead to the transfer of toxic contaminants and the
deposition of pollutants into surface and subterranean water sources. This can result in soil
degradation, salinization, and waterlogging of irrigated land. It is then important to implement
sustainable agricultural practices to prevent these negative impacts on the environment as
agriculture relies on a symbiotic relationship between land and water. As the FAO (1990a)
makes quite clear, "... appropriate steps must be taken to ensure that agricultural activities do
not adversely affect water quality so that subsequent uses of water for different purposes are

not impaired".®
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Figure 1.1 Schematic of water cycle. Reproduced from Freepik with permission!? It is a continuous
process in which water evaporates from the Earth's surface, condenses in the atmosphere as clouds
and returns to the surface as precipitation, while also moving through living organisms and groundwater.

1.2 Organic contaminants of emerging concern

Despite the critical scarcity of freshwater resources, the practice of irrigation is further
complicated by concerns over the use of regenerated water. This water often contains organic
contaminants that pose significant threats to human health and environmental integrity.
Emerging organic contaminants (EOCs) have been identified in groundwater sources
impacted by agricultural and urban activities. These contaminants include a wide range of
compounds, including pesticides and their degradation products, pharmaceuticals, industrial
chemicals, personal care products, fragrances, water treatment by-products, flame retardants,
surfactants, and lifestyle substances such as caffeine and nicotine. Wastewater containing
inadequately treated chemicals, which are identified as being of high concern under the
European chemicals regulation REACH,*® contribute to the contamination of crops. These
chemicals can accumulate in the edible parts of fruit and vegetables when used for irrigation,
posing a risk to both consumers and agricultural workers.'*'® The increasing recognition of
these substances, previously undetected or considered insignificant, as significant threats to
aguatic ecosystems and human health, underlines the urgent need for preventive measures
to prevent their entry into the food chain. As a result, there is an urgent need for strict regulation
of agricultural irrigation practices to mitigate chemical hazards. This scenario places water
managers in a challenging position, with the dual objectives of increasing food production and

reducing water waste and pollution, all in the context of adapting to climate change.

With increasing concern about water quality, particularly in the context of agricultural irrigation,
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the detection of emerging organic contaminants (EOCs) such as anti-inflammatory drugs
(ibuprofen and diclofenac), caffeine and phenol has become more widespread. These
substances are of particular concern because of their high toxicity, strong corrosivity,
unpleasant odours and slow biodegradability, which have significant adverse effects on both
human health and ecological systems. This situation highlights the urgent need for effective
management strategies to manage the presence of EOCs and minimise their adverse effects
on irrigation water quality and the overall health of ecosystems. Furthermore, in anticipation
of new environmental standards being introduced for an expanded list of EOCs in the near
future, it is crucial to deepen our understanding of their environmental behaviour. Such
knowledge is essential for the development of informed policies and practices to protect water
resources and ensure sustainable agricultural practices in the face of these emerging
challenges.

Phenol, an organic pollutant, has received considerable attention as a priority toxic pollutant,
recognised by the US Environmental Protection Agency (EPA) since 1977 and listed as a
pollutant in Canada's National Pollutant Release Inventory (NPRI) since 1995. Its prominence
in scientific and regulatory studies is due not only to its inherent toxicity and widespread
occurrence in industrial activities (plastics and resins production, petrochemicals,
pharmaceuticals, herbicides and pesticides, dyes and pigments), but also to its role as an
intermediate (petroleum refining, coal gasification, chlorinated phenols) or by-product in the
oxidation of higher molecular weight aromatic compounds (polycyclic aromatic
hydrocarbons).® It is estimated that over 10 million metric tonnes of phenol are released into
the environment each year.'” In view of these considerations, phenol is often used as a model
pollutant in research focused on organic wastewater treatment strategies. Its chemical
properties, particularly its stability and persistence due to its aromatic nature, pose challenges
in its removal, transformation and disposal. Consequently, in this thesis, phenol is used as a
benchmark contaminant for initial studies, which will form the basis for subsequent
investigations of other organic contaminants such as ibuprofen, benzyl alcohol and 1-

phenylethanol (Figure 1.2).

OH
COOH OH

phenol ibuprofen benzyl alcohol 1-Phenyl ethanol

Figure 1.2 Molecular structures of phenol, ibuprofen, benzyl alcohol and 1-phenylethanol.



Chapter 1 Introduction

1.3 Methods of removing organic contaminants in wastewater

Plants are often used to concentrate and isolate contaminants due to their widespread growth
and ability to absorb chemicals from the atmosphere, water, and soil. However, consumption
of contaminated plants either by humans or animals or other species may pose a potential
health risk that has not yet been fully understood. Therefore, due to a rapidly increasing
population and prolonged droughts and floods caused by the depletion of water resources,
freshwater has become a scarce resource in many parts of the world. There is a pressing
need to develop cost-effective and efficient materials and methods to remove contaminants
from wastewater in order to address the challenge of supplying an adequate amount of clean
water. This section outlines some widely used technologies that have been introduced in
recent decades for water purification.

1.3.1 Biological treatment technologies

Biodegradation is the process by which microorganisms, fungi, and enzymes break down
pollutants in the environment into smaller, and most often fewer toxic compounds. This
process occurs naturally, but in recent decades it has also been applied deliberately in
wastewater treatment to ensure clean water resources. Biological methods have received
more attention than chemical and physical methods due to their apparent economic and
ecological advantages.’® The effectiveness of biodegradation, however, depends on the
nature of the contaminants.'® However, persistent organic pollutants (POPs) and xenobiotic
organic contaminants, such as heterocyclic compounds and pharmaceuticals, are resistant to
most biological treatments due to their high bioaccumulation and bio-toxicity properties. These
substances can only be degraded chemically; either aerobically anaerobically.2°

1.3.1.1 Aerobic biodegradation

On the other hand, organic pollutants can be efficiently degraded under aerobic conditions
with the help of aerobic bacteria. These bacteria use enzymes which are part of the oxygenase
family to oxidize pollutants and produce energy during cellular respiration. The activated
sludge reactor and membrane bioreactor (MBR) are common types of aerobic biodegradation

reactors.?

Activated sludge is a wastewater treatment process that utilises air and a biological floc
consisting of bacteria and protozoans. It is important to note that this process should be
objectively evaluated for its effectiveness in treating sewage and industrial wastewater. This
technique can efficiently eliminate organic, nitrogenous substances and phosphate from

polluted water sources when sufficient oxygen is introduced with proper hydraulic retention
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time. However, wastewater often lacks oxygen or has a limited amount of it, leading to a
common issue known as sludge bulking. This issue can have a negative impact on the quality
of the effluent after treatment.?2 While the addition of oxygen through aeration equipment can
improve the oxidation efficiency of biological treatment systems, the capital and operating
costs associated with such equipment may outweigh its benefits, especially for smaller
treatment facilities. In addition, the excess biomass produced by an activated sludge process
requires proper handling and disposal, which can be a significant economic burden. Sludge
management, including dewatering, stabilisation and final disposal or reuse, is often a major
part of the total operating costs of wastewater treatment plants. If not properly managed, the
accumulation and disposal requirements for this excess sludge can reduce the feasibility and
sustainability of activated sludge systems.

Compared to the sludge technique, MBR is less dependent on oxygen in the water. It is widely
used for industrial wastewater treatment. MBR has similarities to activated sludge, but the use
of a membrane makes the whole process significantly more effective.?®> However, membrane
fouling during the treatment process adversely impacts the performance of MBR.2* This leads
to a significant increase in trans-membrane pressure, prolonging the hydraulic resistance time
and increasing energy consumption. Eventually, the treatment and replacement of uncleaned

membranes will result in increased operational costs.?®

1.3.1.2 Anaerobic biodegradation

Anaerobic digestion is a process in which microorganisms decompose biodegradable
substances without the presence of oxygen. These processes have often been criticised for
being slow and inefficient.2¢ However, it is important to note that they can regenerate energy
when reducing Chemical Oxygen Demand (COD) and Biological Oxygen Demand (BOD). In
addition, organic contaminants (e.g., polycyclic aromatic hydrocarbons and diethylhexyl
phthalate?’28) with high molecular weight are difficult to decompose using aerobic processes,
but can be decomposed using anaerobic bacteria. Anaerobic treatments are highly effective
in addressing high loads of small degradable organic molecules, such as effluents from sugar,
food, and paper industries.?® Therefore, research and applications of anaerobic mineralization

remain important for contaminated water treatment.

1.3.2 Physical treatment technologies

Adsorption technology has been applied to wastewater treatment as a cleaner purification and
separation technique with high efficiency. This process is mainly achieved through the
contaminant (adsorbate) in the effluent and its solid adsorbent, which then physically removes

the pollutant from the contaminated water matrix. The effectiveness of adsorption is highly
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dependent on the performance of the material used as adsorbent, which has to be porous,
possess large surface areas (200-2000 m? g1 %) and can selectively retain molecules on the
solid surface. Adsorption has been widely used for removing metals (lead, cadmium, and
mercury)332 and both coloured (textile dyes)®* and colourless (phenolic compounds,

pesticides, and pharmaceutical residues)** organic contaminants.

Adsorption can be classified into two types: physisorption and chemisorption. The main
difference between them is that physisorption involves van der Waals forces, while
chemisorption involves a stronger interaction in the energy range of chemical bonds.
Physisorption does not involve electron exchange and occurs quickly due to the easy working
conditions, requiring, practically, no activation energy. In contrast if chemisorption occurs the
process may be irreversible.

Activated carbon (AC) is the most used material for wastewater treatment. It can be prepared
from various sources, including peat, black ash, and charcoal. Different preparation methods
result in two main physical forms of activated carbon: granular or powder, which are used in
adsorption columns or during batch filtration, respectively.>3 The high internal surface area
and pore volume of AC make it an excellent adsorbent, as well as a good catalyst, or

support. ¥’

Some disadvantages of AC are its high regeneration costs,® non-selectivity, and lower
thermal stability. Zeolites, a large group of minerals that contain hydrated aluminosilicates of
sodium, potassium, calcium and barium, are a valid alternative as a substitute adsorbent.*®
They can be easily dehydrated or rehydrated and are widely used in applications such as
adsorbents, ion-exchangers, molecular sieves or catalysts. The exceptional adsorptive
properties of zeolites are due to their chemical composition, which provides a vast effective
surface area.*® Some commonly used synthetic zeolites include MCM-22, ZSM-5,4142 BETA*
and Y#4. Synthetic zeolites have been shown to outperform natural zeolites in eliminating ink,

dyes and contaminants from wastewater.*>4¢

1.3.3 Chemical treatment technologies

Although biological processes work in certain context, the efficiency of the processes, such as
activated sludge and MBR, in removing a broad range of emerging organic contaminants from
effluents after treatment has been called into question.*’=*® Treatment technologies such as
activated carbon oxidation, nanofiltration, and reverse osmosis membranes, which were
originally introduced, are not sufficient for treating synthetic and complicated contaminated
water containing personal care products, pharmaceuticals, surfactants, various industrial

additives, and multiple chemicals. Furthermore, studies have shown that physicochemical
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processes such as flocculation,*® coagulation,®® or lime softening®? though effective for the
removal of metals, are ineffective in removing pharmaceuticals. Therefore, traditional water
treatment technologies are outdated for efficiently removing a wide range of toxic organic

contaminants.

Chemical oxidation technologies are a more advanced method compared to previous ones.
This methodology uses oxidants such as H>O2, Os, ClIO2, and KMnO4 to decompose organic
pollutants into less hazardous compounds or transform them into forms that are easier to treat.
However, the degradation effectiveness of processes that use oxidants like hydrogen peroxide
without a catalyst is low. Advanced oxidation processes (AOPS) use the principle of utilizing
the greater reactivity of hydroxyl radicals to boost the overall efficiency of the oxidation process.
AOPs hold great promise for the development of technologies for wastewater treatment. For
instance, they have been utilised in applications to degrade and mineralise organic
contaminants, such as pharmaceuticals (e.g. carbamazepine, benzocaine, diclofenac, and
ibuprofen),>® agrochemicals (e.g. triallate, triclosan, and oxadiazon),> and phenolic
substances (e.g. phenol and chlorophenols).>=*" These processes are considered sustainable
as long as they are less expensive than those that require demanding reaction conditions and
additional post-treatment for used catalysts, such as contaminated activated carbon.>® Several
technologies fall into this category, including Fenton and derived reactions, photo-Fenton, wet

oxidation, ozonation, and photocatalysis, which all use different sources of radicals.®¢-5%-2

1.3.3.1 Wet Air Oxidation and Catalytic Wet Air Oxidation

Wet air oxidation (WAO) is a technique for reducing pollutants that involves using air or pure
oxygen as an oxidant to treat contaminated water. This method is used when the water is
either too dilute in contaminants for incineration or too concentrated for biological treatment.
The Zimmermann-designed WAO was first introduced in the late 1950s, with initial
applications at Zimpro (now Siemens Water Solutions).®® The oxidation reactions typically
occur at temperatures ranging from 150 °C to 320 °C and at pressures of 10 to 220 bar. The
working conditions are determined by the targeted contaminations; for example, higher
temperatures require higher pressure to maintain a liquid phase in the system. These
demanding conditions result in increased treatment costs. In addition, the WAO process alone
cannot completely mineralise organic pollutants. Small molecular intermediates, such as
methanol, ethanol and acetic acid, are resistant to further oxidation. Therefore, an additional
step after pre-treatment WAOQ is necessary. Catalytic wet air oxidation not only requires milder
operating conditions, but also facilitates further mineralisation of the intermediates with the
help of catalysts. Although the cost of the process depends on the wastewater conditions,

catalytic wet air oxidation is generally less expensive than non-catalytic WAO (50% less).64-%¢
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Heterogeneous catalysts, including metal oxides containing noble metals, have received

significant attention for reducing the cost of post-treatment separation steps.5’:

1.3.3.2 Oxidation using hydrogen peroxide

Hydrogen peroxide is an environmentally friendly oxidant that can effectively oxidise organic
contaminants in a cost-effective manner, it can decompose to ultimately generate water, the
greenest solvent and by-product. It acts as a powerful oxidation reagent during a reaction,
where -OH has a standard reduction potential of 2.80 V (Eq. 1.1) which is higher than H,O;
itself (Eg. 1.2). Direct oxidation of many organic substances in waste effluents is possible.
Hydrogen peroxide is an effective disinfectant and pre-oxidising agent for drinking water due
to its slow decomposition rate under mild processing conditions. This allows the hydrogen
peroxide to remain active and effective for a longer period, thus enabling a prolonged activity
and gradual oxidation throughout the treatment process. H.0> can decompose into highly
reactive hydroxyl radicals (-OH) as shown in Equation 1.3. However, this same slow
decomposition rate can be disadvantageous when attempting to remove organic substances
from wastewater, as the goal is to rapidly degrade organic pollutants. Therefore, a faster
decomposition rate of hydrogen peroxide is preferred to ensure efficient and effective oxidation
and removal of organic substances. In order to generate hydroxyl radicals at the requisite rate
for the large-scale abatement of pollutants, it is hecessary to employ either UV radiation or a
catalyst. The Catalytic Wet Peroxide Oxidation process is then employed, which involves
catalysing the oxidation process with catalysts. Reactions can occur at mild conditions like at

atmospheric pressure within a temperature range of 20-80°C.

.OH + e — OH" (2.80 V) (Eq. 1.1)
H>O, + 2H* + 2e- — 2H,0 (1.78V) (Eq 1.2)
H,0, — 2-:OH (Eqg. 1.3)

1.3.3.3 Fenton reaction

Fenton oxidation process with Fe?* as the catalyst and H,O- as the oxidant, is a core theme
of research and the most popular technique. This process is attractive due to the abundance
of non-toxic iron and the ease of handling and decomposition of H>O; into environmentally
friendly products, namely water and oxygen. As compared to other AOPs, Fenton's reagent
requires relatively milder operating conditions (100°C, ambient pressure) and a simple
experimental set-up compared to other oxidation techniques. Therefore, the degradation of
refractory organic compounds such as drugs has always been considered to be most

sustainable and ideal through this process.”®

The generation of hydroxyl radicals in situ from the decomposition of hydrogen peroxide is the
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key to the Fenton reaction, as these radicals are highly unstable and reactive oxidising agents
capable of oxidising organic and inorganic compounds. Fenton's reagent has been extensively
studied in recent decades since its proposal in 1894.%° Fenton discovered that ferrous ions
have interesting oxygen transfer properties that promote the oxidation of tartaric acid by
hydrogen peroxide. This process produces hydroxyl radicals with high oxidation ability through
catalytic H.O. decomposition with the assistance of Fe(ll). Fenton's process (Figure 1.3)
involves the reaction between the oxidant H.O, and the catalyst iron ions, resulting in the
formation of highly active radicals, primarily the -OH radicals with a reduction potential of 2.8 V.

-OH+ 0 FE('" H202

fast slow

H20; Fe(ll ‘OOH + H+

Figure 1.3 Fenton’s process involves the fast reaction between the oxidant H.O2 and the Fenton’s
reagent Fe?*, resulting in the formation of highly active radicals, primarily the -OH radicals with an
oxidation potential of 2.8 V. A slower reaction between Fe3* with an extra H20:2 to regenerate Fenton’s
reagent: Fe?*

Equation 1.4 and Equation 1.5 demonstrate this process. The catalyst iron (ll) is regenerated

at the end of the process.

H,0, + Fe?* — Fe¥* + HO™ + -OH  (Eq. 1.4)
Fe*" + H,O, — Fe** + -O0OH + H* (Eg. 1.5)

The reaction occurs at a very high rate (k = 70 M* s1)7° at 25 °C and triggers a series of chain
reactions. This is due to the interaction between ferrous iron and hydrogen peroxide, which

leads to the formation of hydroxyl radicals as hydrogen peroxide is converted.

The Fenton-like reaction (Eq. 1.5,""®) reduces the ferric ions produced in the reaction by
excess hydrogen peroxide, regenerating ferrous ions and maintaining an efficient cyclic
mechanism. Large amounts of reactive radicals such as -:OH and -OOH are produced as a
result of the first two reactions (Eq. 1.4 and Eq. 1.5). Organic pollutants can be attacked by
these radicals, and broken down into smaller molecules, oxygenated chemicals or even CO»
and H;O. It is worth noting that the Fenton reaction (Eq. 1.4, k = 63-76 M's 7274) js generally
faster than the Fenton-like reaction (Eq. 1.5, k = 1.0x1073 - 1.0x1072 Ms! 7274), Furthermore,
hydroperoxyl radicals (E°(:OOH/H.0,) = 1.50 V) are less reactive than hydroxyl radicals
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((E°(-OH/H,0) = 2.73 V)).727475

When free radicals react with ferric ions (Eq. 1.6), they can reduce Fe®*" back to Fe?*, creating
a cycle between these two ion forms and indicating a potential Fenton-like process (Fe**/H.0:
system). However, ferrous ions can also react with the free radicals produced in Equation 1.4

and Equation 1.5, which reduces the number of available free radicals (Eg. 1.7 and Eq. 1.8).

Fe¥ +.00H - Fe* + H* + 0,  (Eq. 1.6)
Fe?* + .OH — Fe® + HO (Eq. 1.7)
Fe? + .OOH — Fe3* + HOO (Eq. 1.8)

Furthermore, the radicals produced by the Fenton and Fenton-like reactions can react with
each other or with excess hydrogen peroxide in the solution. This further reduces the number
of free radicals by scavenging. The overall result of these reactions is the decomposition of
hydrogen peroxide into molecular oxygen and water, as shown below:

2 HO, - 2 H,O + 0O (Eq 19)

Moreover, the model indicates that a proportion of H,O, would be consumed, irrespective of
the presence or absence of an organic molecule to be oxidised. This would result in the

wastage of oxidant H.O, and, consequently, an unnecessary increase in cost.

For our aims, the production of hydroxyl radicals is essential throughout the entire process.
The chain initiation phase is where most of these hydroxyl radicals, the most active species
for pollutant degradation in the Fenton reaction, are created (Eq. 1.4). The catalytic cycling of
iron between its Fe®* and Fe?* forms is a major factor in the Fenton system's ability to produce

extremely potent -OH radicals.

1.3.3.4Homogeneous and heterogeneous Fenton reaction

Conventional Fenton reactions using H20: together with iron (II) salt, soluble in water,
produce -OH as a homogeneous catalytic reaction. However, the pH range is narrow (optimum
pH ca. 3), and has to be controlled strictly. A lower pH (pH=2.5) may cause a scavenging
of -OH radicals available for substrate due to the presence of H* and the formation of
[Fe(H20)e)?*. Moreover, a more stable ion [H3O]" can form and reduce the reactivity of H.O>
with Fe?*. At a higher pH (>4) Fe?* will be precipitated out of the reaction system in the form
of FeO(OH), inhibiting both the production of -OH radicals and the regeneration of Fe?".™
Besides, oxidation potential of -OH will decrease with increasing pH.”” Also, decomposition of
H.O. into O, and H»O is accelerated at extreme pH values (highly acidic or highly alkaline)

where it is more susceptible to dissociation and subsequent decomposition.”"® Furthermore,
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additional separation procedures would be necessary for the removal of residual iron following
treatment, which could potentially result in the leaching or discharge of iron into the
environment. This would result in an increase in the overall treatment cost due to the high

consumption of hydrogen peroxide and the necessity for iron removal steps. This would

increase the treatment cost due to the high consumption of hydrogen peroxide.”

Table 1.1 Comparison of homogeneous and heterogeneous catalyst.8%8

Aspect

Homogeneous Catalysts

Heterogeneous Catalysts

Catalyst Recovery

Operational pH
Range

Reaction rate

Cost

Environmental
Impact

Application
Flexibility

Catalyst Stability

Selectivity

Ease of Handling

Scale-up Potential

Difficult to separate from the
reaction mixture.

Optimal activity at acidic conditions
around pH 3.

Generally faster due to better
solubility and reactivity of the
catalyst.

Lower upfront cost but may require
more reagents to maintain pH.

Generates more sludge and
requires disposal of used catalyst.

Limited by the need for strict pH
control and catalyst recovery
challenges.

Catalysts can degrade over time,
requiring replacement.

High selectivity in reactions due to
controlled conditions.

Handling and operation can be
challenging due to corrosive
conditions.

Scale-up can be challenging due
to the need for specialized
equipment.

Easier to recover and reuse due
to their solid form.

Can operate over a broader pH
range, including near-neutral pH
conditions.

May be slower due to mass
transfer limitations and lower
surface area activity.

Higher upfront cost but more
cost-effective in the long term
due to catalyst reuse.
Generates less waste and the
catalysts are often more
environmentally friendly.

More versatile, can be used in a
wider range of applications
including those with higher pH
levels.

Typically more stable and can
be used for extended periods.
Selectivity can be engineered by
modifying the catalyst surface.
Generally safer and easier to
handle due to solid form and
less corrosive nature.

Easier to scale up due to
robustness and ease of catalyst
separation.

To overcome the inherent drawbacks of homogeneous systems for our intended applications,
heterogeneous catalytic Fenton reactions were and are considered as a practical and
promising alternative. Immobilizing the active metals like transition metal cations, mainly Fe
ions, have been investigated and developed as heterogeneous catalysts. Nevertheless,
depending on specific applications and requirements, other transition metals such as Cu, Mn,
Co, Ni, and Ti can also be utilized. Compared to homogeneous processes, employing a
heterogeneous catalyst in the Fenton reaction offers several advantages (Table 1.1). These
include ease of recovery and reuse, as well as the stabilization of active sites, making them
particularly valuable for chemical reactions in hostile environments. Due to these benefits,

heterogeneous catalysts are fundamental to over 80% of current bulk chemical processes in
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the chemical and petrochemical industries. 8 Specifically, in the Fenton process, they enable
operations under more extreme conditions (broader pH range, higher temperatures) and allow

for the straightforward recovery, regeneration, and reuse of the catalyst.

The preparation of solid catalysts requires a deliberate choice of support. Currently, the most
ideal candidates are zeolites.?3% Other supports, such as pillared clays,® activated carbon,?’
alumina,® silica,®® and mesoporous molecular sieves,® have also been investigated
previously. However, these catalysts have limitations, such as the leaching process of the
active phase, which is common during oxidation at the optimum pH of 3 for homogeneous
Fenton reactions. In the case of zeolites, the leaching phenomenon of iron was detected below
a pH value of 5. An inverse correlation between pH and leaching was observed. However, no
significant increase in activity was observed under neutral conditions. Although pillared clays
showed a similar leaching trend, they are more stable with high total organic carbon (TOC)
reduction even at an operating pH of 5.9

1.4 Phenol as a benchmark contaminant

Phenolic compounds are a diverse group of organic chemicals characterised by the presence
of one or more hydroxyl groups (OH) directly attached to one or more of its aromatic ring
structure. Phenol, the simplest member of this category, serves as the foundation for all
subsequent homologues within this group. Each variant is essentially a modification or
extension of the basic phenolic structure. For example, bisphenol, 4-tert-octylphenol, and
2,4,6-trichlorophenol are all well-studied to be present in aquatic environments. Phenols are
important in household products and as intermediates in industrial synthesis processes. For
example, hydroquinone, which is synthesised from phenol, acts as a reducing agent in
photographic developers. This process converts exposed silver bromide crystals into black

metallic silver.

Phenols are structurally similar to alcohols, but they can form stronger hydrogen bonds,
making them more soluble in water (over 90 g L at room temperature) and resulting in higher
boiling points (>180 °C). This highlights the potential risks it poses to water safety. They can
exist as either colourless liquids or white solids at room temperature and are known for their

potential toxicity and caustic properties.

1.4.1 Sources of phenolic compounds in water

The presence of phenol in water can be attributed to two main sources: natural occurrences
and anthropogenic (man-made) activities. Naturally occurring phenol comes from the

decomposition of dead plants and animals in water. This process, which is part of the natural
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carbon cycle, contributes to the background levels of phenol found in aquatic environments.
On the other hand, anthropogenic activities contribute, and to a much larger extent, the
presence of phenol in water through discharges from various sources, including industrial
operations, agricultural practices, domestic and municipal wastewater. These anthropogenic
contributions significantly increase phenol levels in aquatic environments above natural

background levels, posing potential risks to water quality and ecosystem health.

1.4.1.1 Natural sources

Many terrestrial and aquatic plant species contain phenolic chemicals. Some are created in
plant hemicellulose by irradiating amino acids with UV light. For instance, it is well known that
willow bark has a specific concentration of salicylic acid.®? In addition, benzene, commonly
found in organic wastes, can undergo metabolic degradation to produce phenol.®® Phenol is
produced as a metabolic waste product, mainly through the conversion of tyrosine in the
digestive tract, in the human body and animals.®** Moreover, microbial fermentation of plant
extracts can lead to the production of various phenolic compounds, as demonstrated in a study
where Lentinus edodes fermented cranberry pomace, resulting in the formation of ellagic
acid.® These are all the possible ways that directly and/or indirectly introduce phenolic
compounds into the water bodies eventually. However, the environmental impact of naturally
occurring phenol is minor compared to man-made phenol due to much lower production levels,

which will be discussed in the next session.

1.4.1.2 Anthropogenic sources

Phenolic compounds play diverse roles in everyday human activities. Phenol is widely used
in various industries, particularly in the chemical sector for the synthesis of derivatives such
as alkylphenols, cresols, aniline and resins.®® Phenol is also used in the oil, gas and coal
industries.®” Moreover, phenolic resins are primarily used in the construction, woodworking
and appliance industries to meet a wide range of requirements.%° Industrial processes such
as wood distillation, chlorine-based water disinfection, cooking and paper production all
contribute to the formation of chlorophenols.'® In addition, some of these chemicals are
released into the atmosphere by vehicular activities and subsequently washed into water
bodies by rainwater, further contributing to pollution. Thus, industrial activities that directly or

indirectly discharge phenol-containing effluents into water bodies contribute to water pollution.

Besides industrial waste, the use of pesticides, insecticides and herbicides in agriculture is a
major source of water pollution with phenolic compounds. Due to the biodegradation of some
pesticides, phenol and some chlorophenals like 2-chlorophenol, 2,4-dichlorophenol and some

catechol are normally detected in the aquatic environment.°1°2 Herbicides, fungicides and
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pesticides, as well as their degradation by-products, are transported into water bodies via

agricultural run-off.

In addition to the industrial and agricultural sectors, domestic and municipal sources also
contribute to the discharge of phenol into water.24103194 Phenol is used in a wide range of
products, from disinfectants to medical supplies. Household products such as soaps,
perfumes, paints and varnishes are often discharged directly into municipal sewers, resulting
in phenol contamination of nearby waterways.%>1% Municipal waste is a significant contributor
to phenol emissions, mainly through wastewater treatment plants and landfill leachate. For
example, p-cresol is known to originate from incineration residues, while compounds such as
bisphenol A and 4-tert-butyl-phenol have been identified from the fly ash produced during the

incineration process.’

The direct or indirect release of effluents and/or discharges from anthropogenic activities into
water bodies and atmosphere results in their significant contamination with phenolic
compounds (10 g L1).108

1.4.2 Impact of phenol on health and environment

The release of phenol into the environment poses a range of risks to human health, animal
welfare, plant life, and aquatic organisms. Normally, the concentrations of phenol in
uncontaminated natural water sources, such as lakes or rivers, resulting from metabolic
processes, range from 0.01 to 1.0 pg L™ which is not harmful to the environment. In contrast,
in industrial wastewater, phenol concentrations can reach levels as high as 10 g L%, which is
over 100 million times higher than those found in natural water bodies.'%'%° Upon entering the
environment, phenol rapidly degrades in the air within 1-2 days (half-life about 15 h), yet
persists for at least a week in water and biodegrades in soil rapidly (half-life generally < 5
days).!° This indicates significant toxicity and phenol has been listed as one of the priority
pollutants by US Environmental Protection Agency (USEPA) and Canada National Pollutant
Release Inventory (NPRI), i.e., the concentration of phenol in surface water must not exceed
1 ppb (also known as pg L) according to the water purity regulations established by the
USEPA. ! However, the toxicity threshold for phenol exposure in both humans and animals
has been found to range between 9 and 25 mg L2.1*? The high standard of phenol discharge
was mainly due to its high reactivity where it is easily interact or react with compounds like
inorganic matter or microorganism present in water body.'* Moreover, there is also concern
that certain bacteria capable of degrading non-ionic surfactants may transform phenol into
derivative compounds, such as alkyl phenol, which are more harmful than the original

substance, i.e., under anaerobic conditions, nonylphenol polyethoxylated, a type of surfactant,
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degrades into nonylphenol or nitro phenol.'*

Phenol is classed as a hazardous material that can cause acute and chronic health effects.
Prolonged exposure may result in symptoms such as abnormal breathing, tremors, and coma.
Lethal doses, estimated based on body weight, can cause respiratory arrest.'*>116 For an adult
with 70 kg body weight, range of 1024 mg L are considered lethal.!!” Some chronic effects
including sudden weight loss, vertigo and anorexia are reported as well.?* When phenol enters
the human body, it undergoes metabolic processes that result in the formation of reactive
intermediates, such as quinone moieties.!'811° These intermediates can form covalent bonds
with proteins, which may affect human health.'?® Phenol derivatives, including chlorophenols,
chlorocatechols, and methylphenols, have been found to have toxic effects (concentration
dependent) on humans. Bisphenol A and alkylphenols are compounds that have the potential
to disrupt the endocrine system, affecting the mammary glands in both humans and
animals.'? Long-term exposure to phenol through inhalation and dermal contact can cause
cardiovascular diseases. Phenol is known to cause significant irritation to human skin, eyes,
and mucous membranes. Acute toxicity symptoms include irregular breathing, muscle
weakness, tremors, loss of coordination, convulsions, coma, and potentially respiratory arrest
at lethal doses. Ingestion of liquid products containing concentrated phenol can result in

severe gastrointestinal damage, which may be fatal.'??

The toxicity of a chemical substance to living organisms is commonly characterized by the
median lethal concentration (LC50) and median effect concentration (EC50) values. Across
all organisms, the LC50 and EC50 values for phenol ranged from 0.26 to 2200 mg L7,
representing 3 orders of magnitudes or more of difference.®® For example, a freshwater fish
like a carp, has been identified as highly sensitive to phenol, with a 96-hour LC50 value of 1.6
mg L 1.2 The opossum shrimp was found to be the most susceptible to phenol among marine
organisms, with a 96-hour LC50 of 0.3 mg L.1?* In addition, phenol has been shown to have
a negative impact on growth. For instance, fish exposed to pentachlorophenol have
experienced disrupted growth, resulting in reduced weight.'*® Feeding was significantly
reduced at phenol concentrations ranging from 3 to 4 mg L. This reduction may have
contributed to the observed decrease in weight gain in fish exposed to phenol. A study on fish
embryo development found that 2,4-dichlorophenol and pentachlorophenol (at concentrations
of 8 and 24 mg L™, respectively) impeded the development of fathead minnow fish embryos
when the phenol level in the surrounding medium exceeded the stipulated amount.'?® The
build-up of organic toxins in these organisms presents a considerable risk to associated food

webs and can have a negative impact on the entire aquatic ecosystem.
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1.4.3 Reaction pathways of phenol mineralization

The reaction pathway for phenol decomposition is influenced by catalysts (e.g., active species)
and reaction conditions (e.g., pH), resulting in highly complex actual reaction pathways.

Numerous routes for phenol oxidation have been proposed.’?12-131 Variations in reaction
pathways in the literature stem from different active species (e.g., Cu,'?’ Fe'®), oxidants (e.g.,
H.0,,*?7 0,'%?), and reaction conditions (e.g., acidic medium*?” or basic medium??®), all of
which impact the mechanism and intermediates formed during oxidation. Often proposed
methods begin with the hydroxylation of phenol to hydroquinone and catechol in tandem, and
then these dihydroxybenzenes are oxidized to benzoquinones. After that, the quinone
intermediates break down into short-chain acids like formic and acetic acids, which finally form
CO; and water. Reaction circumstances have a significant impact on the details of the
oxidation pathway, specifically the ring-opening of quinone intermediates and the subsequent
generation of acid. It is well acknowledged that acids like acetic and formic acids, as well as
COg, are the end products of phenol oxidation and are resistant to further oxidation. To
improve the selectivity for innocuous products like CO; and lower the toxicity of the reaction
mixture, it is essential to understand the phenol oxidation route and identify intermediates.
This is because some intermediates, such hydroquinone and p-benzoquinone, are more

hazardous than phenol itself.}33134
1.5 Ibuprofen as arepresentative of pharmaceutical contaminant

As introduced in Section 1.2 of this chapter, there is a growing concern regarding 'emerging
micropollutants', such as pharmaceuticals and personal care products (PPCPs). These
contaminants appear in effluent at low concentrations (ug L™ or ng L) and are highly toxic to
the environment despite their low concentrations. More attention has been paid to groups of
analgesics and nonsteroidal anti-inflammatory drugs (NSAIDs) because of their massive
consumption, which results in their high presence in surface and ground waters.** Among
these drugs, ibuprofen (which will be abbreviated as IBU in this thesis work, Figurel.4), is one
of the most popular and widely prescribed drugs for fever, headache, muscle pain, and is the
second most frequently detected pharmaceutical in the environment worldwide.**¢ Ibuprofen
inhibits the enzyme cyclooxygenase, which converts arachidonic acid into cyclic
endoperoxides. These endoperoxides are then transformed into prostaglandins and
thromboxanes, which act as mediators of inflammation. By inhibiting cyclooxygenase activity
and the subsequent synthesis of prostaglandins, ibuprofen effectively reduces the release of
substances and mediators involved in inflammation. This inhibition prevents the activation of

nociceptors, which are responsible for the perception of pain.*” The daily dosage of ibuprofen
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ranges from 600 to 1200 mg per day. In the USA, UK and Poland, approximately 300, 160

and 60 metric tonnes of ibuprofen are consumed annually respectively.**813° The World Health

Organization (WHO) marked ibuprofen as an 'Essential Drug' in 2010.14°

COOH COOH

S(+)-Ibuprofen R(-)-Ibuprofen
(effective) (ineffective)

Figure 1.4 Structural formula of Ibuprofen enantiomers. Ibuprofen is a racemic mixture of two
enantiomers, S(+)-ibuprofen and R(-)-ibuprofen. The majority of the effects of racemic ibuprofen are
elicited by S(+)-ibuprofen. The drug is sold as a 50:50 mixture of the two forms as it is the easiest way
to manufacture this compound.

Ibuprofen has a very low solubility in water (20 mg L) with a chemical structure of 2-(4-
isobutylphenyl) propanoic acid. Like all other NSAIDs, it is administered as a racemic mixture
of R(-)- and S(+)-enantiomers (Figure 1.4). It contains an aromatic ring as does phenol, with
isobutyl substitutions and propanoic acid. The pharmacologic activity is largely due to the S(+)-
IBU! enantiomer, however, in the liver, the enzyme a-methylacyl-coenzyme A racemase
can convert about 50-65% of R(-)-IBU to S(+)-IBU via an acyl-CoA thioester.142143

1.5.1 The presence of ibuprofen in the environment

In Great Britain, ibuprofen has a predicted no-effect concentration of 0.01 ug L.}4* Reports
suggest that its concentration levels vary across different countries and depend on the type of
environmental sample analysed. In aquatic environmental samples, ibuprofen concentrations
are typically measured in yg L. Various concentrations of these substances have been
detected in effluents in China, Korea, Sweden, and the UK, ranging from 0.004 to
600 ug L 1.1 Ibuprofen concentrations in wastewater samples have been reported at varying
levels: of 45, 1, 6 or 700-1700 pg L in Canada, South Africa, Belgium, and Pakistan,
respectively.1#6147 In surface waters, average concentrations were 1, 8, 1400. 1-67, and 15-
410 ug L? for Canada, France, China, Greece, and Korea, respectively.'#>148 In Europe, the
concentration of ibuprofen in groundwater has been found to range from 3 ug L?! to
400 yg L-1 .19

The concentrations of Ibuprofen in environmental sludge samples vary significantly between
South Africa (9 ug kg?t) and Pakistan (2000-6000 ug kg™),'*° indicating the impact of each

country's management or regulatory practices on their ecosystems and toxicity levels.
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Additionally, soil samples had widely varying ibuprofen concentrations ranging from 320-
610 ug kgtin particular, a concentration of 0.2 ug L™ was detected in agricultural soil that had

been irrigated with to wastewater containing pharmaceuticals.%%15!

Furthermore, transformation products of ibuprofen have been identified in influents of
wastewater treatment plants, with concentrations about 20 yg L for carboxyibuprofen,
1100 ug L* for 1-hydroxyibuprofen, and 8 ug L? for 2-hydroxyibuprofen (Figure 1.5).1%2 A
wastewater treatment plant in Girona, Spain reported maximum influent concentrations of
14 pg L* for ibuprofen, 6 pug L* for 1-hydroxyibuprofen, 94 ug L™? for 2-hydroxyibuprofen, and
40 ug L? for carboxyibuprofen, while effluent samples showed maximum levels of 2 ug L for
ibuprofen, 1ug L* for 1-hydroxyibuprofen, 6 ug L* for 2-hydroxyibuprofen, and 11 ug L? for
carboxyibuprofen. The Ter River was found to contain high concentrations of certain
compounds, including carboxyibuprofen up to 4 pug L1153

COOH
HO COOH COOH

HO

COOH
1-OH ibuprofen 2-OH ibuprofen Carboxy ibuprofen

Figure 1.5 Chemical structures of 1-hydroxyibuprofen (1-OH ibuprofen), 2-hydroxyibuprofen (2-OH)
ibuprofen and carboxyibuprofen.

1.5.2 Contamination routes of ibuprofen to the environment

The high usage of ibuprofen is considered an environmental risk due to the vast annual
production of NSAIDs in the world (annual prescriptions in the United States are estimated to
be around 70 million, in Canada around 10 million and in the UK around 20 million).*>*
Ibuprofen can be introduced into the environment through two main pathways, leading to its
accumulation in different environmental matrices: 1) ibuprofen that is metabolized by humans
or animals is primarily expelled into community water systems, resulting in its accumulation in
aquatic ecosystems or soil substrates; 2) unused or expired medications. These are often
disposed of in domestic or industrial waste containers and subsequently find their way into

municipal waste systems, posing a latent risk of soil contamination.

1.5.2.1 Metabolized ibuprofen

Ibuprofen can enter the environment in its original form or as a modified derivative resulting
from the organism's metabolism. The modified forms of ibuprofen are released into the

environment through excretion in urine or faeces after consumption by humans or animals.
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The main route for eliminating ibuprofen from humans involves a two-step process that
produces a glucuronic acid conjugate. This is achieved through the formation of carboxyl IBU
and hydroxyl metabolites of R(-)- and S(+)- IBU via oxidative metabolism in the hepatocyte
with the aid of cytochrome P450 enzymes (CYPs).}4! The major primary metabolites found in
urine are 17 carboxyl IBU and hydroxyl metabolites 2-hydroxyibuprofen (2-OH IBU), which
account for approximately 37% and 25% of the administered dose, respectively. In addition to
ibuprofen, 1-hydroxyibuprofen (1-OH IBU) and 3-hydroxyibuprofen (3-OH IBU) have been
identified, although in very small concentrations (Figure 1.6). The carboxyl and hydroxyl
metabolites of IBU do not appear to have any pharmacological activity. Therefore, IBU is
almost entirely metabolized, with little unchanged drug detected in the urine. The human body
metabolizes IBU (10%-15% of an IBU dose) through a direct one-step route to form glucuronic
acid conjugate. This process occurs via the uridine 5'diphosphoglucuronosyltransferases
(UGTSs), resulting in the formation of IBU-acyl glucuronides.*®® Up to 15% of IBU (24 metric
tonnes per year in the UK) is excreted from the body as either its original form or its metabolites,
which are released into the environment. Figure 1.6 illustrates the accepted biotransformation
pathway of IBU in the human body.'*® However, ibuprofen in wastewater is transformed into
more toxic intermediate compounds during chlorination process in treatment plants,®’
including 1-(4-isobutylphenyl)-1-ethanol, 4-isobutyricbenzaldehyde, %8 2-[4-(1-
hydroxyisobutyl)phenyl]  propionic acid, 1-ethyl-4-(1-hydroxy) isobutylbenzene, 4-
ethylbenzaldehyde, and 4-ethylphenol.**°

In addition, ibuprofen’s use in veterinary medicine contributes to environmental dispersion.
After being ingested, the substance is excreted onto the land through animal urine or faeces,

thus increasing its presence in the environment.
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Glucuronic acid conjugate Glucuronic acid conjugate

|

COOH1t
HO

1-OH ibuprofen 2-OH ibuprofen

/

(+/-) ibuprofen ——— > Glucuronic acid conjugate

COOH 1t

COOHt
3-OH ibuprofen - COOH carboxy ibuprofen
Glucuronic acid conjugate Glucuronic acid conjugate

Figure 1.6 Biotransformation of ibuprofen. T = sites of glucuronidation. Primary elimination route is to
form carboxy IBU and hydroxy metabolites (2-hydroxyibuprofen) via oxidative metabolism as major
products, and then to form glucuronic acid conjugate; secondary elimination route is direct
glucuronidation to IBU-acyl glucuronides.

1.5.3 Impact of ibuprofen on environment

The widespread use of ibuprofen and other pharmaceuticals has raised concerns about their
impact on the environment. Research on the toxicity of ibuprofen in living organisms has been
limited, with most studies focusing on its potential harm to aquatic life.1%° Ibuprofen’s properties,
including its high lipophilic degree and low biodegradability, make it likely to accumulate in the
environment.!®* Furthermore, the biological activity of the substance suggests that it may have

harmful effects on various aquatic species.

Exposure to ibuprofen at concentrations harmful to organisms results in a variety of effects.

Acutely, high concentrations of ibuprofen above 100 mg L may cause damage. Sub-lethal
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effects can occur at concentrations between 10 and 100 mg L. In natural ecosystems,
concentrations of ibuprofen range from 0.2 to 8.0 ug L. Chronic exposure of aquatic animals
to ibuprofen over long periods can have serious consequences, including cytotoxic and
genotoxic effects, increased oxidative stress at the cellular level, and negative effects on
growth, reproductive capacity and behaviour. These phenomena have been documented

using both in vivo and in vitro experiments that mimic ibuprofen-contaminated ecosystems.¢°

Studies have shown that ibuprofen, when biotransformed in organisms, can produce
intermediates that are more toxic than ibuprofen itself.**° For example, ibuprofen can disrupt
cell division and chromosome pairing.’%? In zebrafish exposed even to environmental
concentrations (0.1-11 pg L?), ibuprofen altered antioxidant systems, affected liver proteins
and altered blood protein and enzyme levels.®® Bivalve molluscs, indicators of water quality,
showed biochemical and cellular changes after 14 days at 0.8 ug L*ibuprofen.®* In oryzias
latipes, a fish common in rice paddies, marshes and tide pools in Asia, a concentration of
0.1 ug L* affected reproduction and induced vitellogenin in males,®® whereas the water flea
daphnia magna exposed to 1-4 ug L ibuprofen throughout their life cycle showed changes in

growth, maturation and reproduction.5®

The toxic effects of ibuprofen have also been observed in plant species; for example, in the
legume cowpea exposure to ibuprofen resulted in reduced shoot and root lengths, reduced
fresh and dry weights, reduced leaf area and reduced levels of chlorophyll a and b, carotenoids,
total chlorophyll, minerals (K and Mg), glutathione reductase and soluble proteins. At the same
time, there was an increase in Ca and Mn concentrations, increased sodium translocation
from roots to shoots and increased levels of H,O2, malondialdehyde and antioxidant enzymes

such as superoxide dismutase, catalase and ascorbate peroxidase.®’

The toxicity of ibuprofen affects a wide range of organisms, highlighting the need for vigilant
monitoring of ibuprofen-contaminated environments to accurately assess its toxicological
effects on communities. This information is essential for the development of regulatory
measures or innovative technologies aimed at reducing the presence of ibuprofen and

minimising its environmental impact.

1.5.4 Mineralization pathway of ibuprofen

Persistent pollutants have adverse effects on plant and aquatic environments, 165168169
Ibuprofen is one such pollutant that cannot be fully removed from sewage using traditional
biological treatment methods. As a result, wastewater treatment plants (WWTPs) mainly use
advanced oxidation processes (AOP) to treat effluent containing emerging and non-

biodegradable contaminants (Table 1.2). However, these processes result in the formation of
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various metabolites that may have higher or indefinite toxicity compared to the parent
compounds. e.g., 4-isobutylphenol, hydratropic acid, 4-(1-carboxyethyl) benzoic acid, 4-
ethylbenzaldehyde, 2-[4-(1-hydroxy-2-methylpropyl) phenyl] propanoic acid, 1-(4-
isobutylphenyl)-1-ethanol, 4-acetylbenzoic acid, 1-isobutyl-4-vinyloenzene and 4-
isobutylacetophenon.®® Therefore, it is important to develop more efficient processes that can
either mineralise Ibuprofen to a maximum extent or to by-products/intermediates of reduced
toxicity compared to the parent ibuprofen molecule.

Table 1.2 Selected advanced treatment methods used in Ibuprofen removal.

Treatment IBU decomposition % Ref
Coagulation-flocculation 12 e
Ozonation/AOP 34 145
. 100(20 min), e
Ozonation/AOP 100 (30 min)
Membrane processes 7 145,171
Membrane processes > 99 145,172
Membrane bioreactor (MBR) ~100 145,173
Membrane bioreactor (MBR) 97 et
Activated sludge with high nitrifying 76 s
activity in sequencing batch reactor (SBR)
Fenton oxidation 97 176
Photo-Fenton 93 177

1.6  Potential application of glass in fine chemical synthesis

Besides total oxidation applications, selective oxidation plays a central role in organic
synthesis,'’® and there is a high demand in the chemical industry for environmentally friendly,
efficient and selective oxidation methods.'” In particular, the selective oxidation of alcohols is
a key transformation in the production of fine chemicals.® In this thesis work we considered
the applicability of glass in the oxidation of phenol and ibuprofen-like compounds. Alcohols
such as benzyl alcohol and 1-phenylethanol, both of which have a single aromatic ring, were
chosen as initial subjects. The focus is on their oxidation products, specifically benzaldehyde
and acetophenone (Figure 1.7), to assess the effectiveness of glass-based catalysts in these

reactions.
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Figure 1.7 The oxidation of a) benzyl alcohol to benzaldehyde and b) 1-phenylethanol to acetophenone
using molecular oxygen shows their structural similarity to phenol and ibuprofen, both of which have an
aromatic group.

Benzaldehyde (BzH) occupies a prominent position within the family of aromatic aldehydes
due to its wide range of uses as a raw material. It is used in a wide range of industries as a
basic component in the manufacture of perfumes, beverages, pharmaceutical intermediates

and many other products. 81183

Traditionally, the synthesis of benzaldehyde (BzH) has been achieved through the hydrolysis
of benzyl chloride or the vapour/liquid phase oxidation of toluene. The hydrolysis route often
resulted in the production of chlorinated by-products and toxic acids, which posed significant
challenges for industrial applications.*®*18 Meanwhile, the vapour-liquid oxidation method
faced limitations due to harsh reaction conditions and low selectivity.'®® In recent years, the
industry has increasingly adopted benzyl alcohol oxidation as a method for BzH production,

attracted by its controllable conditions and high yield.18418

Acetophenone, also known as methylphenyl ketone, acetylbenzene or hypnone, is the
simplest ketone with both aromatic (phenyl) and aliphatic (methyl) functional groups.
Characterised by a sweet, pungent aroma, acetophenone is widely used as a fragrance
component in soaps, detergents and perfumes. It is also used as an industrial solvent and as

a key intermediate in manufacturing processes in the pharmaceutical and resin industries.*®’

The oxidation of alcohols to aldehydes or ketones, which serve as intermediates in the

synthesis of pharmaceuticals, agrochemicals or perfumes, is a key reaction in synthetic
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organic chemistry. Potassium permanganate (KMn0Q,)*® and dichromate (K2Cr.0y7),*®° known
for their strong oxidising properties, are commonly used as oxidants in this process. However,
these oxidants are not without drawbacks, as their use can lead to environmental problems
and increased costs. Green oxidants, particularly H.0.'%° and 0,°71® have attracted
considerable interest for their environmentally friendly properties in oxidation reactions.
Despite their appeal, it's important to note that O, and H.O- inherently have minimal activity
and require activation by additional materials to effectively enhance their oxidative
performance. This need for activation underlines the ongoing research and development
efforts to identify and utilise catalysts or systems that can efficiently harness the potential of

these green oxidants in various chemical processes.

Recognised for their non-toxicity, abundance and biocompatibility, iron-based metals have
attracted considerable interest from the scientific community.'°*1% A series of iron catalysts,
including FeBrs, Fe;O3 and Fe»(S0.)s, have been reported by Zhang et al.*® to exhibit effective
catalytic performance in the oxidation of benzylamine to imine under air atmosphere,
highlighting the potential of these iron-based catalysts in facilitating environmentally friendly

chemical transformations.

As a result, the structural similarity and importance of alcohol oxidation products led to an

extension of research into the use of Fe-containing glass in this area.

To understand what makes glass potentially a good heterogeneous catalyst in water treatment
applications and selective oxidation in fine chemical synthesis, the next section introduces the

properties of glass, in particular its composition and chemical durability.
1.7 Glass as a potential catalyst in oxidation reactions

Glass is one of the most useful materials in manufacturing industries because of its versatility
in producing a variety of items for household and industrial use. The presence of glass in
modern day-to-day life is very common. It is used for the manufacture of lenses, glasses,
windowpanes, and containers for the packaging sector like bottles, jars, and much more. It is
a transparent material produced by melting a mixture of materials such as silica (SiO-), soda
ash (Na;COs3), and limestone (CaCOs) at high temperature (1400°C) followed by cooling
where solidification occurs without crystallization. The first glass was said to be discovered by
accident where cooking pots melted with sand from the beach, a clear liquid was formed. By
another definition of the American Society for Testing and Materials dated 1945, “Glass is an

inorganic product of fusion which has been cooled to a rigid condition without crystalizing.”*®’

25



Chapter 1 Introduction

1.7.1 Vitreous silica (SiO2)

Vitreous silica (SiO) is the simplest silicate glass composed of silicon and oxygen, the two
most ubiquitous elements in the earth’s crust (Table 1.3).1% The properties such as hardness,
optical properties can be used as foundation of other silicate glasses. Properties like viscosity
and thermal expansion, electrical conductivity are strongly dependent on glass compositions.

Table 1.3 The relative abundance of elements in the earth’s crust illustrates the common availability of
Vitreous silica.

Rank Element % of Earth’s crust
1 Oxygen 46.1
2 Silicon 28.2
3 Aluminium 8.2
4 Iron 5.6
5 Calcium 4.1
6 Sodium 23
7 Magnesium 2.3
8 Potassium 2.0
9 Titanium 0.5
10 Hydrogen 0.1

Other elements 0.5
total 100.0

Vitreous silica is one of the purest materials that can be purchased commercially. It is
sometimes referred to as silica glass, fused quartz, or just quartz. It is used in the fabrication
of furnaces and crucibles for high-temperature operations, especially semiconductor
manufacturing. Moreover, it finds application in the manufacturing of lamp envelopes,
electrical transducers, insulators, and optical parts such as prisms, lenses, and telescope
mirrors. The remarkable qualities of the material, such as its high purity, outstanding thermal
stability, low susceptibility to thermal shock, low electrical conductivity, good chemical

durability, and broad optical transparency, are responsible for these applications.

Silicon tetrachloride (SiCls) is hydrolysed or oxidized in the vapour phase to produce very pure
vitreous silica. It is placed on a revolving air-cooled aluminium mandrel or a substrate of

heated sand after being combined with oxygen and natural gas in a burner.

Like all silicates, vitreous silica is mostly composed of silicon-oxygen tetrahedra. A three-

dimensional network is created by connecting these tetrahedra at their corners with additional
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tetrahedra (Figure 1.8). There is no long-range order in the structure beyond a few tetrahedra,
but it does have order on the short range (one or two tetrahedral coordination spheres around
a central one). In macroscopic terms, silica is an amorphous solid, and the best way to

represent this structure is as a random network.

Crystalline Silica Vitreous Glass

Figure 1.8 Structure of crystalline silica and vitreous glass.*®8 It has a basic structure unit of vitreous
silica is the silicon-oxygen tetrahedron, as in all silicates Unlike crystalline silica, however, there is no
long range order to these silica tetrahedra, hence it is referred to as being in the glassy, or vitreous
state.

1.7.2 Multicomponent commercial glasses

Synthetic glass, which has a history of at least 5,000 years, is made from a mixture of sand,
ash and limestone heated to around 1400°C to form soda-lime glass. By incorporating various
oxides into the melt, a wide range of commercial glasses can now be produced, including
Pyrex borosilicate, potash-soda-lead, lime-magnesia aluminosilicate, sodium borosilicate and
E-glass. Soda-lime glass is widely used for containers, windows, lamps, lenses and tableware.
Pyrex borosilicate is used in car headlights, cookware and laboratory equipment. Potash-
soda-lead glass is used in lamp tubes and seals, while lime-magnesia aluminosilicate is used
in cookware and for sealing molybdenum. Sodium borosilicate glass is used to seal tungsten

and molybdenum and E-glass is used for insulation, polymer composites and fabrics.

These glasses contain mainly silica (SiO2: 54-81%) with varying amounts of other oxide
components like boric oxide (B2Os: 5-24%), sodium oxide (Na»O: 1-15%), calcium oxide (CaO:
7-21%), aluminium oxide (Al.Os: 1-17%), as well as minor oxide species such as lead oxide

(Pb0O), potassium oxide (K20) and magnesium oxide (MgO) incorporated into the overall glass
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matrix composition, rather than present as discrete phases (Table 1.4). These additives adjust
specific properties but exist in different forms to the glass network. Sodium, for example, is
introduced as Na-O but exists as dispersed Na* ions, requiring charge balancing by disrupting
the network bonds. This modification reduces network connectivity, affects melting point,
viscosity and electrical conductivity, introduces 'non-bonding oxygen' and significantly affects
glass properties.

Table 1.4 Average composition of some representative commercial silicate glasses (wt.%). They mainly

contain Silica, soda and aluminium oxide, with many minor additions to improve the properties of melting
and forming.

Glass type SiO, B203; Na,O KO MgO CaO PbO AlOs
Soda-lime 73 15 4 7 1
Pyrex borosilicate 81 13 14 2
potash-soda-lead 62 7 7 22 2
lime-magnesia 61 1 7 8 17
aluminosilicate
sodium borosilicate 68 24 6 2
E fibre glass 54 8 1 1 21 15

Figure 1.9 Modified network by intermediates, where ions randomly dispersed throughout the glass-
forming network, network bond is then disrupted resulting in non-bonding oxygen.1°®

Soda-lime glass, pyrex borosilicate glass and vitreous silica glass are the most common types
of glass, available in various shapes and sizes for retail purchase. Of these, soda-lime silicate
(sodium-calcium silicate) glass is the predominant form, accounting for 90% of all glass
applications and representing the most common type of glass produced historically and in
modern times. Ancient glass compositions always included oxides of sodium, calcium and
silicon due to their affordability, chemical durability and ease of melting and forming. The basic

composition of soda-lime glass is typically about 70% silica (SiO,), 15% soda (Na;0O), 10%
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combined calcium oxide (CaO) and magnesium oxide (MgO), and 5% other oxides. Various
minor additions improve the melting and forming properties (Figure 1.9): soda acts as a flux,
lime as a stabiliser, alumina increases chemical resistance and reduces crystallisation,
borates facilitate processing and reduce thermal expansion, zinc oxide lowers melting
temperatures, and arsenic and antimony oxides are used for fining, i.e. removing bubbles.
Due to its relatively low softening temperatures, soda-lime glass is often referred to as 'soft'
glass.

1.7.3 Chemical durability of glass

Silicate glasses are among the most chemically inert materials commercially available. At
temperatures below 300 °C they exhibit negligible reactions with liquids or gases, but they can
react with water. Only at elevated temperatures do they react with gaseous hydrofluoric acid,
producing volatile SiF,4. In addition, at temperatures above 1200°C, silicate glasses can react

with strong reducing agents such as hydrogen or graphite.

The interaction of alkali silicate glasses with water is complex and involves at least two distinct
processes: ion exchange between alkali ions in the glass and hydronium ions from the water,
and dissolution of the glass in the liquid water. Consequently, the rate at which water corrodes
silicate glass is influenced by several factors, including the pH of the solution (significant
increase of dissolution rate at pH >8),2%° the volume of solution in contact with the glass, the

concentration of the solution and the composition of the glass itself.

At extreme pH (pH >8), when exposed to water, alkali silicate glass undergoes ion exchange,
whereby alkali ions from the glass exchange with hydronium ions in the water, resulting in the
formation of NaOH, which dissolves and increases the alkalinity of the water. The rate of this
exchange is also determined by the rate at which ions interdiffuse within the glass matrix, a
process that is highly dependent on the composition of the glass. For example, the addition of
calcium oxide to sodium silicate glass increases its durability. This process is negligible
especially at pH 3-5. At elevated temperatures of approximately 500°C in the presence of an
aqueous solution or overheated steam, the surface of glass undergoes dissolution through a
series of hydrolysis reactions that break down the silicon-oxygen (Si-O) network. Initially, a
gel-like layer forms on the glass surface due to the hydrolysis of Si-O bonds by water
molecules. As the hydrolysis reactions continue, the glass network structure is progressively

degraded, ultimately leading to the formation of silicic acid (Eq. 1.10 H4SiO.):

2 H0 + SiO, — HiSi0s  (Eq. 1.10)

The hydrated surface of alkali silicate glass can either retain the structure of its dry counterpart,
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thereby improving durability, or it can transform into a less dense structure that allows faster
ion transport. The inclusion of alumina in the glass mitigates this transformation tendency,
which correlates with its ability to minimise bulk phase separation. Binary alkali silicate glasses,
characterised by a higher sodium content, are particularly susceptible to water attack,
necessitating the addition of lime or magnesium to improve durability. As a result, commercial
soda-lime glasses containing these additives retain their unaltered surfaces and exhibit
improved durability.

Commercial soda-lime glass often contains alumina (Al.Os), which is known to improve the
durability of the glass. The optimum addition of a few percent of alumina significantly increases
durability by minimising the tendency to develop a transformed layer. Similarly, the addition of
higher-value oxides such as titanium dioxide and zirconium dioxide further improves durability.
Incorporating a second alkali oxide, such as calcium, into sodium silicate glass also improves
durability, particularly when the molar ratio of alkali ions approaches equality. This
improvement is due to the 'mixed alkali' effect, which reduces the mobility of one alkali ion in

the presence of another, thereby increasing the durability of the glass.

1.7.4 Glass recycling

The surge in demand for glass products has led to a significant increase in waste glass, which
is an ideal candidate for recycling.2°! Recycling glass not only saves energy, but is also in line
with growing environmental awareness, highlighting the importance of integrating waste glass
into various applications. As a result, post-consumer waste glass has become a significant
component of the solid waste stream, putting additional pressure on landfills burdened with
waste glass. Despite the growth of glass container recycling in many countries, logistical
challenges, such as the cost of transporting collected glass to recycling facilities, hinder its
efficient reuse in new products.?°> According to UK Statistics on Waste, as of 2020, the UK
produced 2.4 million metric tonnes of glass packaging waste in 2017, achieving a recycling
rate of 68%, slightly above the EU target of 60% and an increase of 0.6% on 2016.2° Recycled

glass is used in construction materials such as mortar, cement, concrete and blocks.204.205

However, a significant proportion of waste glass remains either in landfill or in storage,
awaiting economically viable recycling opportunities. The potential of glass recycling to reduce
energy consumption, raw material uses and wear and tear on production machinery underlines

the urgent need to increase recycling efforts and meet current demand.
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1.7.5 Glass in Fenton reaction

As mentioned in Section 1.3.3.3, the Fe?* and Fe®" ions have an excellent ability to promote
the decomposition of hydrogen peroxide into hydroxyl radicals, which is critical to ensure the
efficiency of an overall Fenton reaction. Zeolites, often analysed as catalyst supports in CWPO,
are characterised by their hydrated crystalline aluminosilicate composition, derived from either
natural or synthetic sources.??® In contrast, soda-lime glass, which is inherently amorphous,
often contains a small percentage of Al.Osto increase its durability. With similar composition
to zeolite, green beer glass bottles with ferric oxide content (more than 0.1 wt.% loading) could
potentially be used as a heterogeneous catalyst, and they could help to remove various
NSAIDs such as ibuprofen in wastewater. The total iron content of the glass was analysed by
inductively coupled plasma optical emission spectroscopy (ICP-OES). The working hypothesis
in this thesis work is that glass containing iron can be used as a substitute for iron-containing
zeolite, which gives excellent performance in the Fenton reaction,?°’-2%° because a small
amount of iron ion is able to generate the hydroxyl radical responsible for the oxidation of
pollutants. This is because although iron-containing zeolite has been shown to be efficient as
a catalyst in the Fenton reaction, it is rather expensive to scale up. An alternative is needed to
offset the cost. Several studies have reported the synthesis of zeolite from waste materials
containing silica and alumina,?%2' and one reported synthesis from glass used in LCD
panels.?'? Waste glass (£20 per tonne for green glass?'®) is much cheaper than zeolite (£700
per kg) because it comes from packaging such as beer bottles.

Recycled glass is available in large quantities and is relatively inexpensive, so recycling the
used glass after the catalyst can be achieved at a lower cost than post-treating the zeolite. It
can also form part of the circular economy (Section 1.8). In addition, experiments within the
research group on similar organic pollutants, which are often treated by the Fenton reaction,
have shown some promise. The use of ferrous glass, especially in the range of 4 mm to 0.1
mm, for water treatment applications has not been widely explored. Therefore, with the
abundance in the waste sector, recycled ferrous glass could become a more economical and

sustainable heterogeneous catalyst.
1.8 Waste management - Circular Economy

This concept utilises a circular economy approach. Approximately 2,500 million metric tonnes
of waste were generated from household and economic activities in the EU. Of this waste, 47%
was landfilled, 37% underwent recycling, and 10% was backfilled and the rest was
incinerated.?** In 2019, the European Union's ecological footprint exceeded the planet's

ecosystems’ capacity, as commented by a French member of the Green group. This suggests
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that if global consumption matched the level of the EU, it would require the resources of 2.8
Earths to sustain such consumption.?!® The report highlights the prevalence of built-in product
obsolescence and the lack of access to spare parts, warranty information, and repair options.
This encourages consumers to buy new products instead of repairing existing ones. i.e., 59%

of consumers are unaware that the legal minimum warranty period in the EU is two years.

1.8.1 Importance and Benefits of Circular Economy

The circular economy (CE) is a model of production and consumption that prioritises sharing,
leasing, reusing, repairing, refurbishing, and recycling existing materials and products to
extend their life cycle as much as possible and ultimately closing the loop of materials through
high-value recycling efforts.?5-21° |n practice, this model involves the minimisation of waste.
When a product reaches the end of its life, its materials are recycled and reused, generating
additional value within the economy. This approach represents a notable departure from the
traditional linear economic model, which follows a take-make-consume-dispose pattern and

relies on the abundance of low-cost, readily available resources and energy

Recent initiatives in South Korea, China, the United States, and Europe are promoting circular
economies through remanufacturing and reuse. The EU Horizon 2020 program's 2014
circular-economy call for proposals and the European Commission's Circular Economy
Package are significant steps towards this goal. The Ellen MacArthur Foundation has been
raising awareness of this issue since 2010. Examples of circular economy implementation
include eco-industrial parks like Kalundborg Symbiosis in Denmark and companies such as
Xerox and Caterpillar. These companies are moving towards a model of selling services over

goods, which aims for broader market adoption.

Adopting a circular economy provides three main benefits: environmental protection, reduced
dependence on raw materials, and job creation while saving consumers money. Firstly,
sustainable resource use practices can reduce biodiversity loss by minimizing the exploitation
of natural resources and reducing disruptions to landscapes and habitats. Furthermore,
prioritising the development of more efficient and sustainable products from the outset can
lead to a reduction in total annual greenhouse gas emissions. Industrial processes and waste
management contribute to 9% and 3% of the EU’s greenhouse gas emissions, respectively.
The design phase of a product is crucial as it influences over 80% of the product's
environmental impact. For instance, in Europe, each individual generates 180 kg of waste

packaging, emphasising the necessity for enhanced design and production processes.

Secondly, recycling raw materials can help to mitigate supply risks, including price volatility

and import dependency. This is particularly crucial for critical raw materials required in

32



Chapter 1 Introduction

producing technologies vital for achieving climate goals, such as batteries and electric engines.
The expanding global population increases the demand for raw materials, which poses a
challenge due to the finite supplies available. This leads to some EU countries depending on
imports for these essential resources. According to Eurostat data, the EU imports
approximately half of the raw materials it consumes. Although the total trade value of raw
materials with the rest of the world has almost tripled since 2002, the EU still has a trade deficit
of €36 billion in 2021 as it imports more than it exports.??°

Thirdly, transitioning to a circular economy is projected to enhance competitiveness, foster
innovation, stimulate economic growth, and generate employment opportunities.?!® It is
estimated that this transition will create 700,000 jobs within the European Union by 2030.
Redesigning materials and products for circular use is expected to catalyse innovation across
various economic sectors. Furthermore, this transition offers the potential for consumers to
access more durable and innovative products, which could enhance their quality of life and

result in long-term financial savings.

1.8.2 Difficulties in Waste Management towards Circular Economy

Conventional linear economic models, which are characterized by a 'take-make-dispose'
approach, generate approximately two billion metric tonnes of municipal waste worldwide
annually. The global material footprint has increased by 70% over the past two decades,
indicating a significant escalation in resource consumption. Given these circumstances, it is
evident that there is an urgent need to transition to a circular economy. However, currently,
the global economy is estimated to be less than 10% circular,??:?22 with linear material flows
being the prevailing mainstream approach.?!®2!°® Recent research has shown that there has
been only a slight shift from a linear and moderately recycling system towards a more circular
use of materials.??>-22* However, current waste management practices do not fully support the
concept of a Circular Economy, and there is a need to identify new solutions for treating and
utilizing waste effectively.??>22¢ Waste management is acknowledged as a crucial factor in the
transition towards a Circular Economy.'?3124 The key principles of CE involve using design to
eliminate waste, regenerating biological materials, and restoring technological materials,

which are at the heart of this research project.??’

1.8.3 Application of Circular Economy in Water Purification

The application of circular economy principles to water purification involves creating systems
that maximise water reuse, minimise waste, and enhance resource recovery. This approach
redefines traditional water treatment processes, focusing on the recovery and regeneration of

water, energy, and materials. Advanced treatment technologies can convert wastewater into
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high-quality water suitable for various purposes, including agricultural irrigation, industrial
processes, and even potable water supply. These systems can also recover valuable by-
products such as phosphorus and nitrogen, which can be used as fertilisers, and capture
energy through biogas production from organic matter in the wastewater.?28-231 Additionally,
to minimize waste from water purification via CWPO, recycled glass can be included in the
loop as a potential catalyst (Section 1.7.5), which can also be reused after purification process
in construction or packaging. By integrating these principles, water purification is transformed
from a process of removing contaminants to a platform for resource recovery. This aligns with
the circular economy's goal of closing loops, reducing environmental impact and benefiting
agricultural irrigation. The result is a more sustainable, efficient, and resilient water

management system that conserves precious water resources.
1.9 Project aims

With the background and context outlined, the research presented in this thesis is aimed at
the development of an innovative catalyst derived from recycled glass, which contains Fe®*
centres within the particle size range of 4 mm to 0.1 mm. This catalyst will be used to efficiently
remove contaminants, specifically phenol and ibuprofen, from water via catalytic wet peroxide
oxidation. In addition, the project will investigate the catalyst’s effectiveness in the selective
oxidation of fine chemicals, including benzyl alcohol and 1-phenylethanol. The overall aim is
to embody the principles of the circular economy by reusing abundant waste materials, thereby
increasing their value and lifetime through application in water purification. This approach not
only promotes the reuse of treated water for irrigation, but also closes the material loop through
high-value recycling initiatives, further extending the life cycle of these resources and as such

diminishes the need of new input of energy demanding raw materials.
The aims for this research project are:

(i) to evaluate the feasibility and efficiency of using recycled glass containing Fe®* as a
heterogeneous catalyst for the decomposition of phenol. This study considers the effect of
variation of several parameters, including the size of the glass beads, the molar ratio of metal

to substrate (M:S), and the reaction time of this abatement process.

(ii) to develop a straightforward method for identifying all, or most, intermediates formed during
the oxidation of ibuprofen, with particular emphasis on toxic aromatic intermediates. This
evaluates the effectiveness of the catalyst in removing toxic water contaminants by Catalytic
Wet Peroxide Oxidation (CWPO) using High Performance Liquid Chromatography (HPLC), in

order to extract parameters like conversion selectivity and carbon mass balance that are
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needed to explore the potential of using recycled glass as a heterogeneous catalyst for the

removal of ibuprofen using the CWPO technique.

To reach these aims it was necessary to identify a suitable *H-NMR technique for the analysis
of benzyl alcohol and 1-phenylethanol, together with their potential oxidation products. This
will facilitate the investigation of the effectiveness of recycled glass as a catalyst in the partial
oxidation of benzyl alcohol and 1-phenylethanol, using either air or molecular oxygen. Within
this scope, the study will use different systems, including a plug flow reactor and a static
pressurised reactor.
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Chapter 2 Experimental

This chapter explains the experimental framework, including the materials and equipment
used for testing and analysing catalysts, the synthesis (zeolites) and characterization of the
catalyst (zeolites and glass), the execution of catalyst tests, and the chemical analysis used

to characterize reaction mixtures.
2.1 Materials and methods

All reagents were used as received without any further purification, unless otherwise specified
in the text. For all purity values, it refers to mass % unless otherwise specified in the text.

2.1.1 Preparation of inorganic catalysts
2.1.1.1 Zeolites

The materials and chemicals used for catalysts preparation include zeolite NHs-ZSM-5
(surface area 425 m?g?, SiO2: Al,O3 mole ratio 23:1, Alfa Aesar), Iron (l11) nitrate nonahydrate
(Fe (NO3)3-9H20, 99+9% purity, Acros).

2.1.1.2 Recycled glass

The recycled glass comes from two main sources (Table 2.1): glass recycling company,
namely GTS (Rotherham, UK), and consumer-level recycling from grocery stores. The glass
recycled from stores includes a variety of brands and colors, such as Green and Brown glass

from brands like Thirsty and Becks, and Transparent glass from Vinho Verde.

Table 2.1 Sources of recycled glass samples with their glass code, respective iron content (wt.%) and
their colours. Iron content measured by ICP-OES (section 2.3.2).

Iron content

Glass code Wt.% Source of glass Colour of glass
G1 0.23 GTS green
G2 0.33 Becks green
G3 0.25 Thirsty brown
G4 0.07 Vinho Verde transparent
G5 0.05 Gallo transparent

2.1.2 Materials for catalyst tests

Phenol (CeHsO, MW: 94.11 g mol?, 99%, Acros), iron(ll) sulfate heptahydrate (FeSQ4-7H:0,
MW: 278.01 g mol?, >99.0%, Acros), benzyl alcohol (C;HsO, MW:108.14 g mol?, 99%, Acros),
iron (111) nitrate nonahydrate (Fe(NOs)s-9H,0O, MW: 404.00 g mol?, >99%, for analysis, Acros),
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TEMPO (CoH1sNO, MW:156.25 g mol?t, 98%, Merck), ibuprofen (IBU, C;3H;50,, MW:
206.28 g mol?, 99.1%, ApexBio), hydrogen peroxide 30% w/w (H.O2, MW: 34.01 g mol?,
VWR), 1-phenylethanol (CsH100, MW: 122.167 g mol*, 97%, Alfa Aesar), Pressurized oxygen
(O2, MW: 16 g mol?, 99.5% v/v, BOC), SNOOP® Liquid Leak Detector (Merck).

2.1.3 Materials for analysis
2.1.3.1 For the quantification and identification of phenol and its degradation products

Acetonitrile (C2HsN, MW: 41.05 g mol?, HPLC grade, Sigma-Aldrich), p-benzoquinone
(CsH40O2, MW: 108.10 g mol?, =2 99.5%, Sigma-Aldrich), oxalic acid dihydrate (C,H.04-2H.0,
MW: 126.07 g mol?, = 99.0%, Sigma-Aldrich), malonic acid (C3HsO4, MW: 104.06 g mol?,
> 99.95%, Sigma-Aldrich), maleic acid (C4H404, MW: 116.10 g mol™, = 99.0%, Sigma-Aldrich),
hydroquinone (CsHsO2, MW:110.11g mol?, 99.5%, Acros), catechol (CsHsOx,
MW: 110.11 g mol?, >99%, Acros), formic acid (CH2O,, MW: 46.03 g mol?, 99%, Acros),
fumaric acid (C4H4Os, MW:116.07g molt, >99%, Acros), acetic acid (C:H4O,
MW: 60.05 g mol?, 100%,VMR), orthophosphoric acid (HsPO4, MW: 98.00 g mol?, 85%,
VWR).

2.1.3.2 Quantification and identification of ibuprofen and its degradation products

Trifluoroacetic acid (TFA, C:HFs0,, MW: 114.02 g mol?!, HPLC grade, Sigma-Aldrich),
acetonitrile  (CoHsN, MW: 41.05 g mol?, Sigma-Aldrich) and 2-[4-(1-hydroxy-2-
methylpropyl)phenyl]propionic acid (CisH1s0s, MW: 222.28 g mol?t, >98%, HPLC grade,
Sigma-Aldrich), 4-isobutylacetophenone (4-IBAP, C12H160, MW: 176.27 g mol?t, >97%, Alfa
Aesar), (+)-2-phenylpropionic acid (CoH1002, MW: 150.17 g mol?, >98%, Alfa Aesar). 4-
acetylbenzoic acid (CoHsO3 MW: 164.16 g mol?, 96%, Fluorochem), 4-iso-butylbenzoic acid
(C11H1402 MW: 178.23 g mol?, 95%, Fluorochem), 4-ethylbenzaldehyde (Ci11H1402 MW:
134.17 g mol?, 95%, Fluorochem), 1-(4-iso-butylphenyl)ethanol (C12H1s0, MW: 178.27 g mol !
297%, Fluorochem) and 4-Ethylbenzaldehyde (CoH100, MW: 134.18 g mol*, Fluorochem), 1-
oxo-ibuprofen (Ci3H1603, MW: 220.3 g mol?, = 98%, Cayman), oxalic acid (C.H,O4, MW:
90.03 g mol?, Sigma-Aldrich).

2.1.3.3 For the determination of the concentration of H,O: in the aqueous samples by
iodometry

Potassium iodide (KI, MW:166 g mol?, 99+%, Acros). Sodium thiosulfate (Na>OsS;, anhydrous,
for analysis, MW: 158.1 g mol?, 99%, Fisher Scientific), starch soluble (Alfa Aesar, CsH10OsX),
sulfuric acid (H2SO4, MW: 98.08 g mol?, conc: 297.5%), potassium dichromate (K.Cr.O7, MW:
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294.18 g mol?, 299.0%, Sigma-Aldrich).

2.1.3.4 For the quantification and identification of benzyl alcohol, 1-phenylethanol and

their oxidation products

Benzaldehyde (C;HsO, MW: 106.12 g mol?, 99.5%, Fluorochem), benzoic acid (C7HsO2, MW:
122.12 g mol?, 99%, Acros), dimethylsulfoxide-ds (C2DsOS, MW: 84.17 g mol?, 99.8%,
Eurisotop). 2-Propanol (CsHgO, MW: 60.1 g mol?, HPLC grade, 99.9%, Sigma Aldrich),
Acetophenone (CgHsO, MW: 120.15 g mol?, 99%, Sigma Aldrich).

2.1.4 Experimental apparatus for catalyst test

The following apparatus were used for catalyst preparation: stirrer hotplate (Asynt, IKA RCT)
drying oven (Genlab, Mino 30/F/DIG,) from, muffle oven (Carbolite, CWF 11/14), universal
oven (Memmert, UN30), ball miller (Retsch, PM100, milling balls: steel, 20 mm).

The following in part custom made experimental apparatus was used for the catalytic tests via
Fenton reaction: glass reactor (custom-made, volume: 100 mL, A in Figure 2.1), stirrer hotplate
with a thermocouple (D&E in Figure 2.1, Asynt), custom-made alumina block (diameter: 16 cm,

Cin Figure 2.1).

Figure 2.1 Batch reactor used for Fenton reaction under endogenous pressure. A: custom-made glass
reactor (volume: 100 mL), B: side arm C: four-holes aluminum block; D: stirrer/hotplate; E: calibrated
thermometer.

The following equipment were used for aerobic catalyst tests: stirrer hotplate (Asynt, IKA RCT) ,
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25 mL two-neck round bottom flask, equipped with condenser, steel needles, thermal mass
flow controller (Brooks instrument Figure 2.2), Radley reactor (Figure 2.3) equipped with 50
mL ACE round bottom flasks (diameter: 50 mm), air compressor (OL197/10RC ProTech
06254, SIPUK), pump tube ( L/S 25, 15.2 m, Master Flex®).

Figure 2.2 The aerobic reactions were conducted in a batch reactor under endogenous pressure,
allowing for the flow of air or oxygen. A: condenser with a 25 mL two-neck glass reactor with a stirring
bar, substrate, and catalyst, B: mass flow controller, C: stirrer hotplate, D: steel needle to feed of reagent.
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Figure 2.3 Radley set up was used for pressurized aerobic reaction at a pressure gauge up to 2 bar.
A: Air or molecular oxygen source, B: pump tube, to the C: 50 mL round bottom flask (ACE) which
contains substrate, catalyst and a stirrer.

The following equipment were used for sample analysis: Mini-Centrifuges (SCILOGEX D1008),
'H-NMR (Bruker Advance 11l 400 spectrometer) equipped with a probe (5 mm PABBO BB/19F-
1H/D-GRD), pH meter (Accumet AB150, Fisher Science), HPLC (Shimadzu, prominence
Liquid Chromatograph) equipped with a C18 Waters XBridge column (C18, 4.6x250 mm) and
a Shimadzu UV detector (CBM-20A), ICP-OES (Agilent, 4500 spectrometer).
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2.2  Synthesis and preparation of catalysts

2.2.1 Zeolite Fe/ZSM-5

Wet impregnation protocol was used for the preparation of iron supported zeolite catalyst. It is
a process that involves bringing a solid into contact with a liquid phase containing a metal
precursor, followed by the removal of the excess liquid through evaporation. This process
results in the concentration of the metal precursor, which facilitates the deposition of metal
species either on the surface of the solid or within its pores, depending on the material’s pore
structure. The anchoring of active species onto the solid’s surface via wet impregnation, during
the deposition, is generally attributed to intermolecular forces, such as Coulomb forces, van
der Waals forces, or hydrogen bonds.! A typical wet impregnation process is shown in

Figure 2.4.
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Figure 2.4 Schematic diagram of metal-supported catalyst preparation by wet impregnation in three
steps. The concentration of metal salts decides the metal loading of the WI catalyst. Adopted from?2 with
permission.

This protocol is known for its robustness to changes of preparation parameters, as well as its
simplicity as it requires no complex equipment or procedures, making it cost-effective for
various laboratories. Furthermore, it enables an accurate control over metal content by
adjusting its concentration. However, reports indicate that it may results in an uncontrolled
distribution of metal sites within the pores and on the external surface of the framework. This
is primarily due to the lack of specific interactions between the metal and the zeolite.?
Additionally, this technique often leads to the formation of large metal particles due to
agglomeration.* Despite these limitations, wet impregnation makes it a preferred method for
synthesising Fe/ZSM-5 catalysts and its widespread adoption due to the simplicity and cost-
effectiveness it offers. Typically, this procedure is supplemented by a post-reduction step,
which commonly employs H> gas or NaBH, in solution to modify the oxidation state of the

deposited metal species.®
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Iron supported zeolite catalyst (1 wt.% loading for the metal dopant) was prepared by using
wet impregnation protocol with Fe(NO3)s-9H,O as the precursor. NH4/ZSM-5 was calcined
prior to use to obtain H/ZSM-5 (temperature ramping rate of 20 °C min?, calcination
temperature of 550 ‘C, and calcination time of 4 h). A solution of 25 mL Fe(NQOz)3-9H.0 was
prepared, the mass of Fe(NOs3)3-9H,0 calculated according to a loading of 1 wt.% for 2 g of
catalyst was added into an aqueous slurry containing H/ZSM-5 under stirring, and heated in
an oil bath at 80 °C until dryness. The sample was then transferred into a drying oven at 120 °C
for 16 h, recovered and calcined by using the same calcination process as described above.

2.2.2 Preparation of recycled glass for catalytic tests

Recycled glass bottles were washed with a detergent (Alconox, Sigma-Aldrich) and rinsed
with de-ionised water; they were then dried in the oven before being calcined in a muffle oven
operating in static air at a temperature of 550 °C for 4 h (temperature ramp rate: 20 °C min™?)
to burn any residual contaminant. Glass samples were initially crushed between diameters of
7 and 2 mm. The pieces of glass were milled into seven size-fraction by using mechanical

sieves: <0.1 mm, 0.1-0.2 mm, 0.2-0.5 mm, 0.5-1 mm, 1-1.4 mm, and 1.4-2 mm, and > 2 mm.
2.3 Characterisation of the recycled glass

The following analytical techniques, including X-ray photoelectron spectroscopy (XPS), and
inductively coupled plasma optical emission spectroscopy (ICP-OES), are suitable to

determine the elemental composition of the recycled glass at surface and bulk level.

2.3.1 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is one of the most widely used near surface analysis
techniques (penetration depth 1-10 nm) which provides both elemental and chemical state
information. When a beam of X-ray crosses a sample, some rays pass through while others
are absorbed, causing interactions at the atomic level. This absorption leads to phenomena
such as scattering, electron release, the production of fluorescent X-rays and photoelectrons

emission (Figure 2.5).
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Figure 2.5 Schematic of the photoemission process involved in XPS surface analysis.® An electron can
be ejected when an atom or molecule absorbs an X-ray photon. The surface elements and chemical
states can be identified by detecting the kinetic energy (Ek) of the emitted electrons.

The kinetic energy (Ex) of the ejected photoelectrons is related to the electron binding energy
(Eb), as shown in the Einstein’s photoelectric equation (Eq. 2.187), whereas Ej reflects the type
and valence of the elements in the tested sample.

E,=hv-E -9 (Eqg. 2.1)
Where:
E} is the kinetic energy of emitted electron
E, is the binding energy of the emitted electron
h is Planck’s constant
v is the frequency of incident X-ray

@ is the work function of the spectrometer

Within this framework, the technique is capable of: 1) identifying all elements except hydrogen
and helium; 2) determining chemical bonding states; and 3) providing depth information on
the nanometer scale.® The mechanism by which this is achieved involves the behavior of
photoelectrons, which are susceptible to scattering and absorption by the atoms that make up
the sample. In particular, only those photoelectrons originating near the surface of a material
are able to escape the material without being back-scattered or absorbed. As a result, the
typical depth of analysis provided by X-ray photoelectron spectroscopy (XPS) is limited to less
than 10 nanometers. This characteristic makes the technique exceptionally sensitive not only

to surface layers but also to any contamination present.

XPS analyses were performed using a Kratos Axis Ultra-DLDspectrometer. Samples were
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examined using a micro-focused monochromatic Al X-ray source operating at 72 W in the '400
micron spot' mode. This mode produces an elliptical X-ray spot approximately 400 x 600
microns in size. Data acquisition was performed using pass energies of 150 eV for survey

scans and 40 eV for high resolution scans, with step sizes of 1 eV and 0.1 eV respectively.

Data analysis was performed using CasaXPS version 2.3.24, following calibration of the data
set against the lowest binding energy component of carbon (C 1s), which was assigned a
value of 284.8 eV.

2.3.2 Inductively coupled plasma optical emission spectroscopy (ICP-OES)

ICP-OES is an analytical technique that can be used to accurately determine the amount of
elements in trace amount in a range of ppb (part per billion) or ppt (part per trillion) from both
liquid and solid sample matrices. The technique is based on the detection of photons emitted
by atoms and ions excited in a radiofrequency (RF) discharge. Solid samples are often pre-
treated with acid for a digestion process into liquid solution before analysing.® The samples
are first ionised by a plasma, which itself is an ionised gas composed of positive-charged ions
and unbounded electrons.1® Unlike other type of ionisation sources such as electrospray,
where only small amount of energy is imparted to the samples, ICP technique is able to
practically atomize a sample. The so-called ICP torch is usually an assembly of three
concentric fused-silica tubes (Figure 2.6).1! These are frequently referred to as the outer,
intermediate, and inner gas tubes. A water-cooled, three-turn copper coil, called the load coil,
surrounds the end of the torch and is connected to an RF generator. Argon gas (0.5-1.5 L min’
1) delivers the sample aerosol to the central channel of the plasma. High-voltage discharge is
applied to generate a portion of argon ions and electrons which are then accelerated and
collide with other argon atoms to produce further ions and electrons. This propagation is called
ICP, a large amount of heat will be released which is able to reach 10,000 Kelvin.*! Once
within the plasma, samples undergo desolvation, vaporisation, atomisation and ionisation. The
extent of ionisation depends on both: temperature of the plasma and the ionisation potential
of the element. As argon has almost the highest first ionisation potential (15.7 eV),*? which
makes ICP able to measure most of the elements. The relaxation of these excited states
results in the emission of photons, the wavelength of each photon being specific to the type
of atom or ion, allowing elemental identification. The number of photons is directly related to

the concentration of the element in the sample.
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Figure 2.6 Schematic diagram of an ICP assembly showing the three concentric tubes composing the
torch, the RF coil, the different plasma regions the carried by the inner argon flow. Regenerated from.!!

Multielement metal content determinations were carried out using HP/Agilent 5800 ICP-OES
instrument via appropriate calibration curves. Glass samples (0.1 g) were dissolved in HF and
aqua regia (volume ratio HNOs: HCI=1:3) within Teflon autoclaves and left the sample to
mineralize overnight. Prior to analysis, the mixture was diluted with deionized water and

neutralised to pH around 3 with NaOH. 5 mL of the supernatant was submitted for ICP analysis.

2.4  Catalytic tests

2.4.1 Phenol oxidation by Fenton reaction as benchmark

A phenol stock solution (1 g L'Y) was prepared by dissolving a specified amount (1 g) of the
solid reagent in deionised water (1 L). Catalytic tests for phenol oxidation were carried out in
a 100 mL stoppered glass batch reactor (Figure 2.1) at specified temperature and stirring
conditions. The reactor was charged with a specified amount of catalyst (typically 1 to 3 mg)
and 50 mL of phenol solution, then heated to the target temperature at a rate of 200 °C min
using an Asynt stirrer-hotplate inside an aluminium block at atmospheric pressure. Upon
reaching the desired temperature, H,O, was introduced to initiate the reaction, which was later
stopped using an ice bath to maintain consistent reaction times. The mixtures were centrifuged
to remove the solid catalyst from the liquid phase, followed by HPLC analysis to assess phenol

degradation and identify reaction by-products.

In a typical experiment, a certain amount of catalyst (recycled glass, 0.1 g, Fe content: 0.07-
0.3 wt.%, with metal to substrate molar (M:S) ratio of 100) was added in 50 mL of phenol
solution (1 g L?) in a glass batch reactor. When the reaction mixture, with continuous stirring
(500 rpm), reached and stabilized at a temperature of 80 °C, a stoichiometric amount of H>O-

(phenol:H>0, molar ratio of 1:14, 844 uL, H.O2 30% w/w) was added into the solution to start
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a Fenton reaction. Catalytic tests were carried out for 30 min to 12 h with a 4 h reaction time
typically used unless otherwise specified under endogenous pressure, and then the reaction

was quenched by inserting the reactor in an ice-water bath.

A stoichiometric ratio of phenol to H.O, was set as 1:14 for complete oxidation of phenol to

CO; and H;0, as shown in Equation 2.2.

CeHsO + 14 H20, — 6 CO, + 17 H,0  (Eq. 2.2)

2.4.2 Ibuprofen oxidation by Fenton reaction

An ibuprofen stock solution (20 mg L) was prepared by dissolving a specified amount (20 mg)
of the solid reagent in deionised water (1 L).

In a typical experiment, a certain amount of catalyst (recycled glass, 0.1 g, Fe content: 0.07-
0.3 wt.%, with M:S of 100) was added in 50 mL of ibuprofen solution (20 mg L?) in a glass
batch reactor. When the reaction mixture, with continuous stirring (500 rpm), reached and
stabilized at a temperature of 80 °C, a stoichiometric amount of H,O; is needed to start
mineralizing ibuprofen to CO and H2O (ibuprofen:H>O> molar ratio of 1:33, 17.4 pL, H>O, 30%
w/w) was added into the solution to start a Fenton reaction. Catalytic tests were carried out
from 4 to 24 h, with a 4 h reaction time typically used unless otherwise specified under

endogenous pressure. The post-treatment of reaction mixture follows Section 2.4.1.

A stoichiometric ratio of ibuprofen to H,O, was set as 1:33 for complete oxidation of ibuprofen

to CO2 and H;0, as shown in Equation 2.3.

Ci13H1802 + 33 H,O2 — 13 COz + 42 H,O (Eq. 2.3)

2.4.3 Benzyl Alcohol oxidation by Fenton reaction

A benzyl alcohol stock solution (1 g L'!) was prepared by dissolving a specified amount (0.5

g) of the liquid reagent in deionised water (0.5 L).

In a typical experiment, a certain amount of catalyst (recycled glass, 0.02 g, Fe content: 0.07-
0.3 wt.%, M:S of 100) was then added into 10 mL benzyl alcohol (1 g L?) in a glass batch
reactor (Figure 2.1). H.O. was added to start the reaction (molar ratio: 17, volume: 180 pL,
H.0, 30% w/w) for 4 to 24 h at 80°C. Post reaction treatment follows Section 2.4.1 with *H-

NMR as characterization method.

A stoichiometric ratio of benzyl alcohol to H.O, was set as 1:17 for complete oxidation of

55



Chapter 2 Experimental

ibuprofen to CO; and H-0O, as shown in Equation 2.4.

C/HsO + 17 H,O, — 7 CO, + 21 HO (Eq. 2.4)

2.4.4 Mechanistic study investigation in the oxidation of benzyl alcohol

A certain amount of recycled glass (G3, Fe content: 0.2 wt.%, 0.02 g, glass size: <0.1 mm,
0.1-0.2 mm, 0.2-0.5 mm, 0.5-1 mm, M:S ratio 1:100) was added into 10 mL of BnOH (1 g L™?)
and TEMPO (BnOH: TEMPO 1:100, 1:10 and 1:4) in the glass batch reactor (Figure 2.1), and
heated with continuous stirring until 80°C, after stabilization was achieved, different amount
of H20, (BNOH:H20> molar ratio 1:1, 1:2, 1:20 and 1:40) was then added and the reaction
continued for 24 hours. Post reaction treatment follows Section 2.4.1 with 'H-NMR as
characterization method.

2.4.5 Benzyl alcohol oxidation by molecular oxygen
2.4.5.1 Aerobic oxidation by using a pressurised system

A certain amount of recycled glass catalyst (G1to G4, 0.01to 0.4 g, Fe content: 0.07-0.3 wt.%,
glass size: <0.1 mm M:S 1:100 to 1:5) was introduced into 10 mL of BnOH water solution
(1 g L) in a 50 mL ACE round bottom flask. The reaction vessels were then pressurized at 1
or 2 bar of molecular oxygen (A pressure gauge is a pressure measured as a difference with
respect to the surroundings) by using a Radley set-up (Figure 2.3). The sealed system was
tested from gas leakage by using snoop liquid before increasing to desired temperature (80 to
100°C). When the system was stabilised at the set temperature and pressure, the reaction
was then carried out for 24 hours with continuous stirring, and cooled down to 30 °C before
disconnecting from the set up. Post reaction treatment followed 2.4.1 with 'H-NMR as

characterization method.

2.4.5.2 Aerobic oxidation by insufflating O-

A certain amount of recycled glass catalyst (G1 to G4, 0.01to 0.4 g, Fe content: 0.07-0.3 wt.%,
glass size: <0.1 mm M:S 1:100 to 1:5) was introduced in 8 mL of BnOH water solution (1 g L)
in a 25 mL two-necked round bottom flask. The flask was fitted with a condenser and sealed
at the neck with a rubber stopper (Figure 2.2). Oxygen was then introduced into the solution
by insufflation, using a mass flow controller with the flow rate set at 5 mL min. A needle was
used to introduce the oxygen into the solution through the neck of the flask. The reaction was
started when the temperature was stabilised at the desired temperature (80 to 100°C) and
was then carried out for 4 h. The post reaction treatment follows Section 2.41 with 'H-NMR as

the characterisation method.
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2.4.6 1-phenylethanol oxidation by Fenton reaction

A 1-phenylethanol stock solution (1 g L'*) was prepared by dissolving a specified amount of
the liquid reagent in deionised water and storing it away from light.

Reaction set-up, condition, post reaction treatment all follow Section 2.4.3, with a
stoichiometric amount of H20> (molar ratio: 20, 186 pL) added.

A stoichiometric ratio of 1-phenylethanol to H>0O2 was set as 1:20 for complete oxidation of
ibuprofen to CO; and H20, as shown in Equation 2.5.

CgH100 + 20 H,O>, — 8 CO> + 25 H,0 (Eq. 2.5)

2.4.7 1-phenylethanol Oxidation by molecular oxygen

As per Sections 2.4.5.1 and 2.4.5.2.
2.5 Characterization of reaction mixtures

In order to determine the performance of the catalyst, reaction mixtures at selected reaction
times t, were characterized via different techniques. For mixtures that can lead to a large
number of intermediates and unknown products, a characterization method capable of both
resolution of the single components and quantification of these components is necessary. To
this scope, high performance liquid chromatography (HPLC) was chosen to quantify the extent
of phenol and ibuprofen decomposition, as well as to identify any potential products or by-
product that could be generated. In the case of benzyl alcohol and 1-phenylethanol, proton
nuclear magnetic resonance (NMR) was a faster and yet appropriate methodology for both

gualitative and quantitative purposes.

For all Fenton reactions where H,O, was used as oxidizing or mineralizing agent, iodometry

was used to determine the amount of H.O: after any reaction.

2.5.1 High Performance Liquid Chromatography (HPLC)

High performance liquid chromatography (HPLC) is an analytical technique used to separate
(or in chromatographic terms: resolve), identify and possibly quantify each component in a
mixture. It is known as one of the most common methods used in environmental applications
such as detection of phenolic compounds and bio-monitoring of pollutants.**!4 As HPLC is a
tool that can be used for both separation and purification of compounds, a number of studies

have applied HPLC as their primary step for the study and identification of phenol and
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ibuprofen containing mixtures.*>1°

The separation principle of HPLC is based on the distribution of the analyte (sample) between
a mobile phase (eluent: typically, a mixture of solvents e.g., water, acetonitrile) and a
stationary phase (column packing material: typically, a granular substance made of solid, or a
liquid supported on a solid i.e. silica, polymers). Depending on the chemical structure of the
analyte, the molecules are slowed down as they pass through the stationary phase.? The
specific intermolecular interactions between the molecules of a sample and the packing
material define their time "on-column”. Therefore, different components of a sample will be
eluted at different times (retention time). This results in the separation of the sample
components. A detection unit (e.g. UV/Vis detector in this case) detects the analytes after
leaving the column. The signals converted and recorded by a data management system
(computer software) and then and then displayed in a chromatogram (Figure 2.8). After
passing through the detector unit, the mobile phase can be subjected to additional detector

unit, a fraction collection unit or to the waste.

There are two main modes of liquid chromatography: normal phase and reversed phase. In
normal phase, the stationary phase is polar and the mobile phase is non-polar. In reversed
phase, which is more commonly used, the stationary phase is non-polar and the mobile phase
is polar/agueous. For the analysis in this thesis, which are predominantly aqueous, reversed

phase chromatography will be employed using a C18 non-polar stationary phase.

In general, an HPLC system contains the following modules: a solvent reservoir, a pump, an
injection reservoir, an injection valve (most often via a loop), a column, a detector unit and a
data processing unit (Figure 2.7). The analyte (sample) is delivered to the eluent by the
injection valve. The solvent (eluent) is pumped through the system at high pressure (up to 400
atmospheres ?!) and constant speed (range of a few mL min). To minimise drift and noise in

the detector signal, a constant and pulseless flow from the pump is essential.
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Figure 2.7: Diagram of HPLC instrument,?° it includes a pump to pressurize solvent mixtures which act
as the mobile phase, a sample injector (syringe, sampling loops or autosampler system) to introduce
the sample to the column, an HPLC column to separate the components, and a detector for identify
these products based for example on their absorbance. The data was transferred to a workstation on
computer for data acquisition.
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Figure 2.8: A chromatogram of ibuprofen degradation with stoichiometric amount of H2O2 and iron
nitrate (metal to substrate ratio (M:S) of 100), data collected at 250 nm. y-axis represent the signal
(mAU) collected by UV detector, x-axis represents retention time (min). Several products were identified
based on the standard sample numbered according to their retention time. Some of the identified
products (green) are 2: 4-acetylbenzoic acid (10.1 + 0.1 min), 4: 1-oxo IBU (14.2 + 0.1min), 5: ibuprofen
(17.7 £ 0.2 min), 6: 4-isobutylacetophenone (19.00 + 0.2 min). Two unknown products (orange) were
detected at 1: 9.7 £ 0.1 min; 3 11.01 + 0.1 min. One uncertain substance was detected at 12.9 + 0.1min
(red star).
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A representative chromatogram (for the specific case of ibuprofen degradation) is shown in
Figure 2.8. The x-axis refers to the retention time, typically expressed in minutes, which
indicates the time taken for each component to pass through and exit the column. The y-axis
is in milli-absorbance units (mAU) when a UV-vis detector has been used. From this
chromatogram, the components can be identified by comparing the retention time with a
sample used as a reference standard (most often the pure component), and the concentration
of each component is obtained by integrating the areas of the chromatographic peaks based

on the use of calibration curves to determine response factors.

Before any calibration curve is made, it is important to first determine a suitable wavelength to
be used for the UV detector, as different compounds may have their highest absorbance at
different wavelengths depending on their own structure, which will severely affect the response
factor of the calibration curve. The response factor (RF) is the slope of a calibration curve,
also corresponds to the sensitivity of a method, and it is defined as the ratio of the detector
response (usually a signal in mV or mA) to the amount (concentration) of analyte in the
calibration curve and standard. It should be noted though that if the UV detector is coupled to
a chromatograph than the signal is generally taken as the peak area for that compound. The
steeper the slope of this ratio, the higher the response factor, and the better and more sensitive

the calibration curve.

The typical HPLC conditions used in this thesis is as follows: HPLC chromatograph
(SHIMADZU prominence LC-20AD XR) equipped with a UV-vis photo diode array detector at
a wavelength of 270 nm for phenol and a range from 200 nm for ibuprofen. The column used
was a WATERS XBridge® C18 column 5 um, 4.6 mm x 250 mm. For phenol and its products,
acetonitrile and 0.1% orthophosphoric acid solution with ratio of 30%/70% (V/V) were used as
mobile phase with a flow rate of 1 mL min, the injection volume was 5 uL. For ibuprofen and
its products, the flow rate was 1 mL min* and the injection volume was 50 uL by a loop. The
gradient used was: 20 min = 95% B, 5% A, 30 min = 95% B, 5% A, 31 min = 5% B, 95% A,
40 min = 5% B, 95% A, where A is 0.1% trifluoroacetic acid (TFA), and B is acetonitrile.

After a catalytic test was completed, about 1.5 mL of reaction mixture was transferred into an
HPLC sample vial. Once the instrument was ready for injection (stabilisation of the pump under
the chosen method at around 2.5k psi for 10 mins), a blank test without sample would be done
before any samples. When all analysis were completed, data analysis (see Section 4.2) for

gualification and qualification was carried out.

2.5.2 Quantification of compounds by means of calibration curves

In order to carry out reliable quantification of analytes by HPLC analysis, accurate calibration
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using standards is required. There are two commonly used quantitation methods: 1) External
Standard Method (ESTD): A series of calibration standards at different known concentrations
are analysed. The instrument response (e.g. peak area) is plotted against a concentration to
generate a calibration curve, which is then used to determine unknown sample concentrations.
2) Internal Standard Method (ISTD): A known amount of an internal standard compound is
added to both the samples and calibration standards. The ratio of analyte signal to internal

standard signal is used for quantitation, thus allowing to correct for injection errors.?2-24

For HPLC applications, either the external standard method or internal standard method can
be used as required to ensure reliable quantification of the samples, though the internal

standard approach can improve accuracy by accounting for variations in injection volume.

Regardless of which calibration is used, it should also be noted that quantitative information
in chromatography is obtained by integration of chromatographic peaks: the peak height, and
the peak area. Both types of signals provide a measurement of the response of the detector
for a given compound. Though peak highest can practically be used only in the presence of
highly sharp and symmetric peaks. In this thesis, peak areas were chosen as a consistent

guantification measurement method.

As summarized in Figure 2.2, the external standard method was chosen for chromatographic
analysis in this work. Due to the high number of samples required for analysis, the external
standard approach is much faster than the internal standard method, which requires identifying
and adding a suitable internal standard compound to each sample - a tedious process. While
the internal standard method can provide higher accuracy by accounting for any injection
inconsistencies, this advantage is less critical for the chromatographic analysis. However, for
the NMR data analysis (Section 2.5.3.2), the internal standard method was employed to
improve quantitative accuracy by using an internal reference to correct for potential variations
during NMR measurements. Overall, the external standard method was more practical for
efficient chromatographic analysis of the numerous samples, while the ISTD approach was

beneficial for the NMR quantification.
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Table 2.2 Comparison of two different calibration methods: External Standard (ESTD) and the Internal
Standard (ISTD) method.

Calibration method Advantages Disadvantages
It is greatly affected by the stability of the
chromatographic detector system and

1. Simple to perform

External Standard 2. Can be applied to a

(ESTD) wide variety of methods 2" potential chromatographic impurities
y in the injection.
Selection requirements are strict, hence

1. Commonly used for it's both _time consuming and high

highly complex matrices demanding: .

where the matrix itself 1. Must be different than the sample,

can affect the detection well resolved and must not elute where

Internal Standard system (e.g. food any sample peak_s (.:OUIq be expected.

(ISTD) extracts or petroleum 2. Must have a similar linear response as

the sample (Inject a fixed
volume/concentration)

3. Available in a high purity form from
multiple commercial sources.

4 Must be stable and not react with the
sample or mobile phase solution.

mixtures)

2. Compensate for any
losses during filtration or
extraction

2.5.3 Nuclear Magnetic Resonance (NMR)

2.5.3.1 Theory of NMR

Nuclear magnetic resonance is a spectroscopy that relies on the interaction between an
external electromagnetic radiation and atomic nuclei to generate information regarding the
nature of these nuclei, their amounts and the neighbouring surrounding atoms or functional
groups.?® A nucleus with an odd atomic number contains a half-integer nuclear spin (1), for
instance: 'H, 3C, '*N, **F and *'P. A nucleus with both an odd proton number and odd neutron
number contains a whole-integer nuclear spin (1), for instance: ?H, 1°B and *N. By virtue of

spin selection rules, only when | # 0, atomic nuclei can be detected by NMR spectroscopy.?®

L8

Figure 2.9 A graphical depiction of a spinning nucleus along its own axis, possessing an angular
moment P and a magnetic moment [.

The spinning charged nucleus generates its own magnetic field, and possess an angular

momentum, P and a magnetic moment, u (Figure 2.9), where y is the gyromagnetic ratio,
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value depends on the isotope (Eq.2.6).
u=yxP (Eg.2.6)

NMR-active nuclei with [ =%wi|l align with an external magnetic field Boin 2 orientations:

parallel (lower energy level) or anti-parallel (highest energy level) the applied field Bo. The
different between the two energy levels, AE, depends on the external magnetic field that
applied and the gyromagnetic ratio, and will in turn impacts the detection capabilities of the
technique (Figure 2.10). When the nuclei are irradiated with a radio wave (in MHz range) with
appropriate frequency, transitions between two spin levels will be triggered, so as the

orientation change of nuclear spins, this energy absorption is called the magnetic resonance.?’

A
Spin=--—
. hyB() u Where:
= AE = 2 h=Plank’s constant
§ TE y=gyromagnetic ratio
i BO=Magnetic Field Strength
in< 1
Spin= p

»
»

Magnetic Field Strength, BO

Figure 2.10 Left: a plot showing the correspondence between the energy different, AE between the two
spin states and the magnetic field strength, Bothat applied to this NMR-active nuclei. Right: in an applied
magnetic field Bo, a nucleus is spinning along its own axis as the same time performing a processional
motion (orbit) along the direction of Bo.

AZ AZ

BO BO

K, Pulse

Figure 2.11 A simplified scheme showing the transformation of magnetization (green) from z direction
to the xy plane with the introduction of a magnetic pulse (dark blue) with a similar frequency but a
perpendicular orientation as the applied magnetic field Bo (blue). A relaxation process will then be
observed and recorded as NMR signal.

The precession movement creates a parallel () and a perpendicular (ux) component of
magnetic vector associated with the nuclear magnetic dipoles, in the absence of extra
disturbance, px=0. Moreover, y, cannot be accurately measured due to the strong applied

magnetic field in the same direction. Hence, a magnetic pulse (with similar frequency but
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perpendicular direction to Bo) is always introduced to reach resonance and transfer p, to pyy
(Figure 2.11). Afterwards, a relaxation process can be observed, energy emitted as
radiofrequency will be recorded as free induction decay by detector. An NMR spectrum with

intensities vs frequencies will be generated by the technique.

sample tube
=
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é transmitter
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Figure 2.12 A simplified schematic diagram of a classic NMR instrument. The sample tube (orange)
was inserted into a magnetic field Bo generated by the magnet around it (light blue). A radiofrequency
(RF) transmitter introduces pulses to create magnetization transformation as demonstrated in Figure
2.11. a detector records the absorption from the relaxation process and transfer it into NMR signal. An
NMR spectrum will then be generated with intensity in the y axis and chemical shifts in the x axis (Figure
2.13).

A simplified schematic diagram of a classic NMR instrument is shown in Figure 2.12, where
the sample tube was inserted into a magnetic field that aligns with the nuclear spins of the
atoms in the sample tube. Moreover, there is another series of magnetic coils around the
sample tube which are used to provide the radiofrequency pulses and then NMR signal will

be detected and collected by the recorder.
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Figure 2.13 Benzaldehyde: *H-NMR (400 MHz, DMSO-d6), a: & ppm 9.99 (s, 1H), b: 7.90 (d, 2H), d:
7.70 (t, 1H), c: 7.60 (t, 2H)

Figure 2.13 is a typical *H-NMR spectrum of benzaldehyde. The y-axis is the intensity of the
signal, the x-axis is the chemical shifts of the peaks and it relates to the chemical environment
of the protons. The peaks area corresponds to the number of atomic nuclei that form this
signal, this means peaks from protons b and ¢ should have two times the peak area of those

for protons a and d.

2.5.3.2NMR analysis protocol

200 pL of reaction mixture was mixed with 15 pL of diluted 2-propanol (0.2 mol mL* in DMSO-
d6) as internal standard and 500 pL of DMSO-d6 as NMR solvent into a small vial for through
mix, it was then transferred into NMR sample tube for analysis. Analysis was carried out by
using a Bruker Advance Il HD spectrometer at 400MHZ. The *H-NMR was optimized by using

a water suppression method and collecting an average of around 128 scans per spectrum.

With internal calibration method (ISTD) used, the concentration of any analyte (Cy) will be as

follows Equation 2.7:

Ay X Cig

65



Chapter 2 Experimental

where:

Cx is the concentration of analyte

Ay is the peak area of the analyte

C,s is the concentration of the internal standard
A;s is the peak area of the internal standard

RF is the response factor of the analyte

2.5.4 H202 determination in reaction mixtures

A number of methods can be used to determine the amount of H20> in a mixture, especially
aqueous. This is either at the beginning of a reaction or at its end, and in turn to determine
also the H2O; conversion as complementary to the conversion or degradation of an organic
substrate.?® These may include: titanium oxalate?® (spectrophotometric), peroxidase enzyme
catalyzer,® cobalt bicarbonate method,® permanganate titration® and iodometric back-
titration.>®* While some techniques like permanganate and cobalt bicarbonate assays have
seen use in water treatment applications, iodometric back-titration is less susceptible to

interference from organic compounds.

2.5.4.1 Theory of iodometric back-titration

The amount of H,O, was quantified by iodometry.®334 This approach relies on the quantitative
reduction of H,O; by iodide under acidic conditions (Eq. 2.8), with the liberated iodine being

titrated against a thiosulfate solution (Eq. 2.9).

H>O5 + 2KI + H,SO4— |r + K;SO4 + 2H,0 (Eq 28)
I + 2NaxS,03 — NaS406 + 2Nal (Eq 29)

1 or 2 mL of reaction mixture solution, 1 mL KI (100 g L!) and 1 mL H,SO4 (10%, m/m) was
pipetted into the iodine flask, the mixture was then placed in a dark place for 10 min 353 until
a yellow solution was obtained. The sample solution was titrated with Na,S,03 (0.001 mol L)
until the solution became pale yellow. A few drops of starch solution (10 g L) was added to
indicate the colour change (from pale yellow to blue). More Na,S,03 (0.001 mol L) was added
until the blue colour disappeared. The volume (Vna2s203) 0f Na>S203 solution at the end point
of titration was recorded, then the concentration of H>O, calculated following the formula
(Eq. 2.10):

C(corrected Na,S,03) X (V(Na25203)—V(Blank)) X RD
2% V(Hzoz)

X,0,) = molL™!  (Eq. 2.10)

where:

X(u,0,) 1S the concentration of hydrogen peroxide in the reaction mixture.
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Cicorrected Na,s,05) 1S the concentration of standard sodium thiosulfate used for titration after
standardization (Appendix Al.1)

Vina,s,04) IS the volume of Na.S:0Oz used for titration
V(Biank)iS the volume of Na,S,0Os used for blank titration (Appendix A1.2)
Ry is the dilution factor

V(n,0,) is the volume of reaction mixture
2.5.4.2 Preparation of reagents

For 10 g L* starch solution: 0.5 g of soluble starch was weighed and mixed with 5 mL of water
thoroughly. After that, 100 mL of boiled water was slowly added into the mixture and kept
boiling for another 2 min before it was cooled down naturally to room temperature for later use.

The starch solution was made freshly on the titration day.

For 100 g L Kl solution: 10.00 g of KI was weighed precisely and dissolved and then made
up to 100 mL by deionized water in volumetric flask.

For 10 % H>SO4 (m/m) solution: 60 mL of H.SO, was measured and poured into a beaker,
700 mL of water was slowly added with constant mixing. When the mixture was cooled down
to room temperature, it was made up to 1000 mL using volumetric flask.

For 0.1 M of Na>S,0s3 standard solution: 16 g of sodium thiosulfate was mixed with 0.2 g of

sodium carbonate in 1000 mL recently boiled and cooled water in volumetric flask.

2.5.5 Determination of metal leaching

Through the use of a calibration dilution procedure with standards made from stock solutions
containing 1000 ppm of metal standards, calibrated to 10 ppb, ICP-OES was utilized to test
the metal leaching of the catalyst during the reaction. The concentrations of metal ions in the
samples were computed using a calibration graph. A 5 mL sample of the reaction mixture was

obtained for the leaching tests following the reaction.

2.5.6 Acidity measurements

The final acidity of reaction mixtures was measured via a pH meter after each catalyst tests,

the result was used as a supplementary data to monitor the extent of water purification.

The electrode of the pH meter (Accumet AB150, Fisher Scientific) was first calibrated for more
accurate pH determination using standard buffer solutions of pH 4.01, 7.00 and 10.01. The
electrode was first rinsed with deionised water and wiped dry before immersion in each buffer

solution to allow the readings to stabilise for 3 minutes before accepting each calibration step.
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This procedure was critical to the accuracy of subsequent pH measurements of the sample
solutions. After calibration, the electrode was rinsed again, dried and then immersed in the
sample and readings taken once stabilised. Each sample reading was taken three times to

minimise errors.

2.5.7 Calculation of conversion and selectivity

The performance of the catalyst in both Fenton reaction for phenol and ibuprofen and aerobic
oxidation for benzyl alcohol and 1-phenylethanol are mainly based on substrate conversion,
extent of mineralization, observed selectivity and yield of the products.3"~*°

Absolute conversion is defined as the ratio (usually expressed in percentage) between the
numbers of moles of reactant that has been consumed during the reaction versus the initial
amount of reagent. It is used to monitor the degradation extent of phenol and ibuprofen at
each stage of the reaction, therefore we can determine how much of the organic pollutant is

converted to intermediate products. It can be calculated by the following Equation 2.11:

__ Npr o
Caps = —— % 100% (Eq. 2.11)
Ngo

where:
C,ps iS absolute conversion
ng g is the number of mole of reactant consumed during the reaction

ng o IS the initial number of mole of reactant at reaction time zero.

Mineralization is defined as the fraction of the reactant that is completely oxidized to CO; and
H2O. It is calculated by carbon mass balance (Eqg. 2.12). This value, is useful at it helps to
assess if there is any unknown intermediate formed or gives the amount of CO; formed at

each stage of the reaction.

xnP;

CMB =
ZnRJ

X 100% (Eg. 2.12)

where:

CMB is carbon mass balance

n is the number of carbon in one molecule

P; is different degradation products detected

nR; is the initial number of carbon present in the reaction at time zero and corresponding to
the number of carbon moles per mole of reagent.

The H20- consumption (Xy,,) can be calculated as:
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Xpy0, = 2202 CLH202 5 10 (Eg. 2.13)

Co,Hp0,

where:

Xu,0, 1S H202 consumption during the reaction

Co,n,0, and Cr .0, is the initial and final concentration of H>O in the reaction mixture
determined by iodometry titration (see Section 2.5.4).

The observed, molar, selectivity (S;) is defined as the molar ratio between the number of mole
of the interested product n; and the sum of all the number of mole of all the products detected

in the reaction mixtures:

n;

an

S;==—x100% (Eq. 2.14)

where:
S; is the observed selectivity of the interested product
n; is the number of mole of the interested product

n; is the sum number of mole of all the products present in the final reaction mixture.
The yield Y;, of an interested product is calculated by combining Equation 2.11, Equation 2.12

and Equation 2.14 to form Equation 2.15 as follows:

S, _CMB
Y = Cabs X 755 X 155 % 100% (Eqg. 2.15)
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Chapter 3 Phenol oxidation by catalytic wet peroxide oxidation

3.1 Overview

Since the mid-1970s, phenol was listed by US Environmental Protection Agency and Canada
National Pollutant Release Inventory,! as one of the major toxic pollutants from rivers, lakes
or reservoirs. Due to its wide use in industrial processes like pharmaceuticals, chemicals,
textiles, wood, automotive and personal care products,?® the existence of phenol, phenol
intermediates or by-products during oxidation of higher molecular aromatic compounds has
resulted in more than 10 million tons of phenol discharge per year in the environment.” This
discharge of phenol without proper treatment poses a significant risk to aquatic life and human
health, even at very low concentrations (2 pg L™).8 Rivers or lakes around chemical industries
can even reach up to 10 g L that largely exceeds the restricted limit by regulation (ranging
from 0.5 ppb to 0.5 ppm).®° In addition phenol can also occur naturally in water bodies
through the decomposition of organic matter with a range of 0.01-1 pg L* Addressing this
issue is crucial to safeguarding the health of our water resources and the well-being of both

aqguatic life and humans.

While chemical degradation provides an efficient option for removing high levels of phenol,
there are trade-offs to consider. For example, these methods can rapidly break down phenol
even at concentrations up to 15 g LY. However, chemical degradation relies on the use of
harsh oxidizing agents, which can be hazardous and require careful handling. As such, more
research is needed to refine chemical degradation approaches to be greener and more

sustainable for large-scale use.

Among chemical methods, advanced oxidation processes (AOPSs) are rapid and effective for
decomposing organic pollutants in wastewater. These processes use reactive oxygen species
to destroy pollutants. Hydrogen peroxide generates reactive hydroxyl radicals (-OH), which
degrade organic compounds like phenolic compounds, pesticides, herbicides,
pharmaceuticals, and personal care products. The hydroxyl radical has a high reduction
potential of 2.80V and a short half-life of 10° s, primarily utilizing a radical decomposition
route.!! The Fenton reaction, using Fe?* to activate hydrogen peroxide, is a widely used AOP
due to its affordability and low operating requirements, such as ambient pressure and

temperatures below 100°C.*2

With its aromatic structure being difficult to be degraded and decomposed to less or nhon-toxic
species, phenol is often selected as a model aromatic pollutant for the studies of water

purification.®*¢ In view of this, we will also consider the degradation of phenol in order to
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compare the efficacy of new catalytic materials, or the innovative use of materials not currently
used for catalysis like recycled glass, for the degradation of this compound and to have a large

literature data set to compare with.

In this context, and in the search for sustainable catalysts for the catalytic AOPs of organic
pollutants, iron-modified zeolites such as Fe/ZSM-5 have attracted substantial attention due
to their high activity, selectivity, thermal stability, and eco-friendly properties.***” However,
these materials are expensive (around £1,000 per kg). Recycling and regeneration of spent
zeolite catalysts is laborious, often requiring high temperature treatment to burn residues that
would quench the microporous activity of these catalysts, thus motivating the exploration of
alternatives such as recycled waste glass, which naturally contain also Fe active centres.

In fact the well-established nature of Fenton reaction, which dates back to 1894, and the
significant amount of research conducted on its degradation capabilities'®>® together with
research within the group shows this is a potentially efficient route for the abatement of

organics.?*

In view of these factors, this chapter will: 1) describe and assess hydrogen peroxide thermal
decomposition under our experimental conditions by iodometry; 2) carry out control tests of
phenol oxidation using CWPOQOs; 3) assess the feasibility of the using of ferric and ferrous ions
towards phenol decomposition by changing different parameters such as glass bead sizes,
metal to substrate (M:S) molar ratio and reaction time; 4) propose a plausible phenol
decomposition pathway compatible with our and literature data; 5) investigate the efficiency of
Fe3* containing recycled glass heterogeneous catalyst for phenol oxidation; 6) provide a
comparison between the capabilities of recycled glass versus established zeolite based

catalysts for phenol oxidation.
3.2 Hydrogen peroxide thermal decomposition

Hydrogen peroxide can provide -OH radicals during Fenton reaction, in fact ultimately it is due
to these -OH species that the decomposition of the organic substrate occurs. However,
undesired thermal decomposition of hydrogen peroxide under heating can occur and will
produce water and molecular oxygen.?® The latter can also serve as a source of molecular
oxygen, which may oxidize organic compounds. However, we did not detect decomposition of
phenol under reaction conditions studied (reaction time of 4 hours at 80 °C, endogenous
pressure and a stirring rate of 500 rpm). These tests are of relevance because if the
decomposition of H2O2 is uncontrolled it can cause this oxidising agent to be depleted without

attacking the organic substrate. This would hence result in an overestimation of H.O-
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consumption towards the organic degradation, or in other terms, not all H.O, would be used
for the degradation of the organic contaminant but would result in a non-fruitful thermal
degradation unless the molecular O, generated in the process can also oxidise the organic
compound (see control tests Section 5.6 in Chapter 5 for this important reactivity aspect).
Therefore, it is important to obtain accurate H.O» consumption and thus correctly evaluate the

efficiency of H,O, and performance of the catalyst.

In this context, there are three common titrimetric methods, namely: iodometry,
permanganometry and cerimetry that are often used for batch-to-batch testing since 2000 to
date to measure the concentration of hydrogen peroxide in reaction mixtures.?-2% Jodometry
is one of the most used method for hydrogen peroxide quantification (about half of the
literature is related to this method), which is due to its high accuracy in detecting H.O, at
relatively low concentration (< 0.4 mM).?° In iodometry, H.O, typically oxidises iodide ions to
form Iz, which is titrated with a standard solution of thiosulfate (Eg. 3.1 and Eq. 3.2).

H20, + 2Kl + H2SO04 — |7 + K;SO4 + 2H,0 (Eqg. 3.1)
I, + 2Na;S,03 — NaS406 + 2Nal (Eqg. 3.2)

This sequence of reactions represents a back-titration, as such it is important to accurately
control the amount of potassium iodide (KI) and reaction time for this redox reaction, which in
turn will result in complete reduction of H,O; in the first step and ensure the correct estimation
of H,O, concentration.®® Therefore, we will: 1) investigate how KI concentration and titration
time in the redox reaction (Eq. 2.7) effect the iodometry accuracy in determining H>O»
concentration in water; and 2) Determine the extent of H.O, thermal decomposition under the

our experimental conditions.

3.2.1 Effect of Kl concentration on iodometry method accuracy

Aqueous solutions at a known concentration of H.O5 (3 mM) were prepared to mimic the actual
reaction mixture. Two distinct concentrations in excess of Kl (20 and 100 g L) were used for
redox step to investigate and isolate the impact on the iodometry results at a designed redox

reaction time (10 mins) in darkness.
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Figure 3.1 H20: detected (%) in H202 water solution, before and after 4 h thermal treatment (80 °C)
determined by lodometry, with two different KI concentrations (20 and 100 g L) and different H2O2 —KI
redox reaction time (2 min to 30 min). Before thermal treatment: 20 g L2 KI: m, 100 g L2 KI: A. After
thermal treatment: 20 g L1 Kl: m, 100 g L1 KI: . Orange area (=): comparison of H202 detected during
current reaction time (10 mins); Yellow area ( ): H202 detected after 20 min redox reaction; Green area
(»): H202 detected after 300 min redox reaction. Kl concentration of 100 g L! gave an accurate titration
result after 5 min, while 20 g L'* needs 20 mins. The thermal decomposition of H20O2 was not significant
after 4 hours thermal treatment and can be neglected.

The results in Figure 3.1 illustrate that when 100 g L of KI were used (before A and after

thermal treatment), a 10 mins time was sufficient for the redox reaction between H-0, and KI
to reach completion at room temperature. It is important to conduct the reaction in the
darkness to avoid photolysis of iodine which may lead to side reactions and altering the
concentration of iodine. This can disrupt the redox equilibrium and accuracy of the titration
results. In contrast, after 10 min reaction between H»O, and Kl, H,O, detected using 20 g L*
of KI (85%) was significantly lower than that using 100 g L (97%) of KI, despite a 30 times
molar ratio excess amount of Kl as compared to H202 being used in both case (Figure 3.1
orange area). This observation could be attributed to the lower concentration of Kl (30 times
molar ratio excess) in the solution, which might affect the rate of the reaction between H>0»
and KI. Hence, 10 mins redox reaction in dark resulted in a solution containing residual H2Ox.
This hypothesis could be supported by the circumstance of the solution turning back to dark
blue within 30 seconds after the endpoint, indicating the formation of more I, (and hence I5),?°
the formation of starch-iodine complex at a longer time (longer than 30s) will also cause a dark
blue formation. As a result, for a 10-min reaction time, the amount of |, formed and later

determined with Na>S>03 will be less than expected, leading to a negative discrepancy. In
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contrast, using the higher concentration of Kl (30 times molar ratio excess), the solution
remained transparent for at least 1 minute after the endpoint indicating a complete conversion
of H.O2. However, reaction time is also another factor to be considered for complete reaction.
Hence, 100 g L* KI allows for accurate detection of H.O, within 10 mins, while 20 g L KI
results in an underestimate under the same conditions. But longer titration reaction times may
improve results at lower Kl levels. Due to the large amount of sample to be tested, 100 g L*
KI was chosen to reduce the reaction time to 10 min.

3.3  Effect of reduction time on iodometry method accuracy

To test the assumption, various reaction times ranging from 2 minutes to 30 minutes were
investigated for each Kl concentration. For the concentration at 100 g L (Figure 3.1 grey
curves), the amount of H,O, detected reached a plateau after approximately 5 minutes, with
results that were compatible with 100%, indicating that all the H.O, was completely converted
to H,O. As expected, the plateau was only reached at around 20 minutes when using 20 g L°
1 of Kl (blue curves), with a value compatible with 100%. Hence, the complete reaction of H,O-
required 20 minutes for the 20 g L concentration.

Within a set time frame (10 mins in our case), the completeness of the redox reaction between
H.O, and Kl is largely affected by changing Kl concentration. Adequate reaction time of at
least 20 minutes can compensate for any concentration differences in the results. However,
considering the large number of H,O, determinations required for this thesis work, a higher K
concentration and shorter reaction time are preferred to enhance efficiency. Therefore, a
trade-off parameter for the first step of iodometry method will be excess amount of 100 g L*

of KI and a redox reaction time of 10 minutes to achieve an accurate result.

3.3.1 Relevance of H202 thermal decomposition in water

To verify the effect of thermal treatment on H20: after 4-hour reaction at 80 °C, and in turn its
possible decomposition, blank tests of H.O water solutions (endogenous and 500 rpm) were
performed. lodometry titration was done with two different KI concentrations at their respective
appropriate redox reaction time. Regardless of the Kl concentration used, the detected
amounts of H,0- (or H>.0O, consumption) were found to be statistically (98% vs 100%) identical
that is within the experimental error with the initial amount of H.O, that was introduced into the
batch system. As can be seen in Figure 3.1: grey/yellow and orange/blue, that is, compare
H,O. consumptions before and after a 4-hour thermal treatment. This indicates that the
consumption of H,O, due to thermal decomposition was negligible which will not affect the

degradation reaction in the absence of a catalyst.
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3.4  Effects of Fe centres on phenol catalytic wet peroxide oxidation

The standard Fenton process uses Fe?* and H,O, as oxidant to form -OH radicals that is
effective for most of the organic contaminants with a reaction constant as fast as
10° - 10°mol? st (10%-10%? times faster than ozone, which is another commonly used
oxidant).3! Fenton reaction with Fe?* and H,O: is regarded as a powerful technique for water
purification in this section work. In fact, under the reaction conditions employed in this study,
Fe?" can be oxidized to the most stable oxidation state as Fe®*". However though at a much
lower rate Fe®* can be converted to Fe?* (Eq. 3.3 and Eqg. 3.4), thus forming a catalytic cycle.
In view of this, the Fenton system allows that either Fe?* or Fe®* theoretically initiate the
reaction. For this reason subsequent, investigations will be performed on heterogeneous
catalysts such as Fe/ZSM-5 and iron-containing recycled glass, where Fe** will be present in
the form of Fe,Os. Thus, using Fe*" in homogeneous phase (aquo complex form dissolved
Fe(NO3)s) will provide some insights into the reactivity of this species. Though as of now
disregarding the potential effects that leached species from the catalysts at this stage of the
project.

FeZ* + H,O, — Fe3 + HO + -OH ki =70 Mis?t (Eq 33)
Fe3* + H,0, —» Fe? + -OOH + H*  k» = 0.001-0.01 Ms? (Eg. 3.4)

3.4.1 Comparison between Fe?* and Fe3* as catalyst

In this view, the effect of using Fe?" or Fe® was investigated by alternating M:S ratio.
Specifically, two iron salts, FeSO,-7H,0 (Fe?*) and Fe(NO3)s-9H.0 were chosen to conduct
the comparison tests with different M:S molar ratios (1:50, 1:100 and 1:200) under identical
reaction conditions, with all other parameters held constant: 50 mL (1 g L) of phenol water
solution, p = endogenous, 80°C, reaction time: 4 h, M:S molar ratio of 1:100, phenol:H.O>

molar ratio = 1:14.
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Figure 3.2 Comparison of (A) phenol conversion; (B) carbon mass balance; (C) CO:z formation and; (D)
H202 Decomposition; for phenol oxidation reactions catalysed by differing metal salts at different M:S
ratios. Reaction conditions: 50 mL of phenol (1 g L), FeS04-7H20 (Fe?* ) and Fe(NO3)3-9H20 (Fe3*
e), M:S=1:50, 1:100 and 1:200, PhOH:H20.=1:14 (stoichiometric amount towards mineralization),
p = endogenous, 80°C, 4 h, 500 rpm.

The results of the three different M:S ratios (1:50, 1:100 and 1:200) in Figure 3.2 reveal
disparities in the carbon mass balance (CMB%) and hydrogen peroxide consumption of the
two iron catalysts, FeS0,-7H,O (Fe?") and Fe(NOs)3-9H.0O (Fe®"). Despite achieving 100%
phenol conversion in all three M:S ratios, Fe*" leads to higher hydrogen peroxide consumption
with lower CO; formation (lower CMB%) compared to Fe?*. This difference could be due to
the fact that Fe3" does not generate hydroxyl radicals directly, thereby requiring additional
steps (Eg. 3.3 and 3.4) and consumption of H,O, to convert to Fe?* for the formation of
hydroxyl radicals in the Fenton-like reaction, thus lower mineralization was achieved. Hence,
during the 4-hour reaction period, a minor variation was observed with respect to the formation
of CO and consumption of H,O,. However, over a longer reaction time, this discrepancy may
become negligible. These considerations are important because in the Fenton scheme, the
metal catalyst (Fe species in our case) is not responsible for the attack of the organic substrate
and mineralization but for the attack on H>O> to generate -OH species that then lead to the
attack of the organic substrate and mineralization. As such, it was proved that only minor
variance was discovered when using Fe®* to initiate Fenton reaction as compared to traditional

Fe2* within the current time frame (4 h). These promising and convincing results provided a
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strong basis to start further investigation on the Fenton system by using Fe(NOs)s-9H,0 (Fe®*)
as catalyst, and in turn to explore the possibility application of heterogeneous catalysts

containing Fe20s.

3.4.2 Control tests on the active centres for phenol oxidation by Fenton
reaction

Control experiments were performed under the same conditions (500 rpm, 80°C, 4 h) to
evaluate the individual effects of the Fe® catalyst (Fe(NOs)s-9H,0 at M:S ratio 1:100) and the
H.0- oxidant (stoichiometric amount with respect to mineralization Equation 3.5) (i.e., Fe**and
H20., as catalyst and oxygen source to form CO; and H2O, respectively) on phenol oxidation.
This was done to understand the mechanism of the Fenton reaction by investigating the

contributions from each component separately, before studying their combined effect.

CeHsOH + 14 H,0, — 6 CO, +17 H.O  (Eq. 3.5)

To assess the extent of the reaction, quantitative and qualitative analysis of the reaction
mixtures were performed using HPLC, which was used to determine potential aromatic and
aliphatic intermediates. Additionally, the absolute conversion, that is the one relying on the
consumption of phenol only, regardless of any product that may be formed, and carbon mass
balance were calculated to quantitatively evaluate the reaction (Figure 3.3).
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Figure 3.3 Phenol Conversion (¢) and Carbon Mass Balance (m) of three different blank tests and one
Fenton reactions were quantified using HPLC. Reaction conditions: 50 mL of phenol (1 g L) water
solution, Fe(NOs)3-9H20, M:S=1:100, PhOH:H20.=1:14, p = endogenous, 80°C, 4 h, 500 rpm. The
colour of the reaction mixtures in the figure indicates the extent of the reaction, with the samples
progressing from left to right as follows: phenol only, phenol with Fe(NOz)3-9H20, phenol with H20z,
and phenol with both Fe(NOs)s:9H20 and Hz0x.
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No significant phenol conversion was observed in the control tests containing either phenol
alone (0 £ 1%) or Fe(NO3)3-9H0 and phenol (1 + 1%). This result highlights the difficulty in
initiating phenol oxidation through the Fenton reaction without H,O». The correspondent HPLC
chromatograms (Figure 3.4 a, b) showed no detectable product detected under our HPLC
conditions in the presence of phenol only and only trace amounts of oxalic acid observed in
the presence of Fe(NO3)3-9H-0. This also consistent with the corresponding reaction mixture
colours displayed in Figure 3.3.

When a stoichiometric amount of hydrogen peroxide was added to phenol under the same
reaction conditions, but in the absence of Fe species, a slight increase in phenol conversion
(4 £ 1%) was observed. HPLC analysis revealed the presence of only a few aromatic
intermediates, including hydroquinone, p-benzoquinone, catechol, and a small amount of
maleic acid, as well as residual hydrogen peroxide (Figure 3.4 c). This residual activity is
attributed to the thermal decomposition of hydrogen peroxide into hydroxyl radicals (-OH) at
80°C via homolytic cleavage, which initiates the oxidation of phenol.*?*® However, as
previously discussed in Section 3.2.1, hydrogen peroxide is relatively stable under these
reaction conditions with a maximum of 3% decomposition, which may have contributed to the

trace phenol conversion and formation of the three aromatic intermediates.

Last but not the least, the presence of Fe(NO3)3-9H,0 led to activation of hydrogen peroxide
and subsequent full conversion of phenol (100 + 3%) and low CMB% (8 + 2%) into a variety
of end products. This observation highlights a high level of selectivity mostly towards CO-
formation with the formation of intermediate carboxylic acids such as oxalic acid, formic acid,
malonic acid, maleic acid, and fumaric acid (Figure 3.4 d). This outcome supports the
proposed hypothesis of the Fenton process, wherein ferric ions (Fe*') in the presence of
hydrogen peroxide generates ferrous ions (Fe?*), which in turn drives the decomposition of
hydrogen peroxide and the formation of hydroxyl radicals, resulting in an increased rate of

phenol oxidation, hence an efficient mineralization of the reactant.
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Figure 3.4 Chromatograms of four control tests collected at a wavelength of 200 nm. a) only phenol
was present (e) peak at 16.0 mins; b). phenol with Fe(NO3)3-9H20 (e); c). phenol with H202 (¢) and d)
phenol with both Fe(NO3)3-9H20 and H20: (e). Reaction conditions: 50 mL (1 g L ‘1) of phenal,
Fe(NOs3)3-9H20, M:S=1:100, PhOH:H202=1:14, p = endogenous, 80°C, 4 h, 500 rpm. Only a phenol
peak was detected at 16.0 min. HPLC condition: HsPOa4 solution (0.1% (v/v)) and acetonitrile as dual
mobile phases with acetonitrile percentage of 2% from 0-5 min, 2%-70% from 5-20 min, 2 % from 20-
30 min and injection volume 5 pL.

The presence of a stoichiometric amount of hydrogen peroxide, led to a nearly a full
mineralization of phenol was achieved as indicated by the CMB value (8 = 2%), that is more
than 92% of phenol was converted into CO2 and H2O. This result is also evidenced by HPLC
chromatogram and highlights no phenol (expected retention time 16 mins) was detected.
However, in order to have a complete mineralization the reaction time should be incremented
and inefficiencies in the oxidation ability of H.O, were also attributed to concurrent undesired
side reactions, that result in the formation of hydroperoxyl radicals (-OOH) that diminish the
oxidizing capabilities of the system. Additionally, the self-termination of the generated radicals
(Eg. 3.6 and Eq. 3.7) results in radical scavenging, further reducing the efficacy of H.O- as an

oxidant, thereby incurring increased costs for the corresponding process.

-OH + -OH — H.0, (Eq. 3.6)
-OOH + -OOH — H,0, +0,  (Eq. 3.7)

On the other hand, the introduction of ferric ions (Fe®*) greatly enhances the production of
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hydroxyl radicals leading to a marked increase in the rate of phenol oxidation and thus
demonstrating the efficacy of the Fenton system. It has been observed that utilization of
stoichiometric amounts of hydrogen peroxide does not result in full mineralization of the
substrate, this has also to do with the oxidation efficiency of H,O,, as not all -OH radicals will
attack the substrates but may invariably terminate on the wall of the reaction vessel, or as

explained above, not all HO, decomposition processes lead to -OH.
3.5 Proposed phenol degradation pathway

The focus of research in CWPO studies primarily centres on the removal of pollutants and
high total organic carbon total organic carbon degradation. However, a thorough
understanding of reaction mechanisms and pathways is equally indispensable for the
optimization of reaction conditions and the development of catalysts that are highly efficient
and especially if to be suitable for industrial applications. As investigated by Zhou,** the
traditionally proposed Fenton process involves over 20 chemical reactions, with the widely
recognised central reaction being the "Fenton reaction" (Eq. 3.3). The generation of hydroxyl
radicals is a critical component throughout the process. These hydroxyl free radicals,
recognised as the most reactive species for the degradation of pollutants in the Fenton
reaction, are primarily generated from Eq. 3.3, which serves as the chain initiation step. The
effectiveness of the Fenton system in producing the active -OH radical oxidant is significantly
influenced by the catalytic cycling of iron between its Fe®* and Fe?* states. The reaction system

then proceeds to the chain propagation step for the organic substrate R-H (Eq. 3.8).

RH +-:OH —- R- + H,O (Eqg. 3.8)

In the initial stage of the phenol oxidation process, -OH radicals can attack the phenol
molecule at either the ortho or para positions, resulting in the formation of catechol and
hydroquinone, respectively. Subsequent oxidation without ring-opening leads to the
production of p-benzoquinone and o-benzoquinone, which contribute to the characteristic
brownish colour observed. As the oxidation process continues, the formation of carboxylic acid
by-products such as maleic acid, fumaric acid, oxalic acid, formic acid, and acetic acid occurs
through ring-opening reactions at various positions (Figure 3.5). These findings are consistent
with previous studies by Zhu et al.*® Liotta et al.*® and Gerginova et al.®” However, it is worth
noting that some of the potential intermediate products may not have been detected or
guantified due to their short lifetimes or low concentrations, leading to a degree of uncertainty

in the calculation of carbon mass balance.

Additionally, examining the resulting toxicity of the solution is imperative, as incomplete

oxidation can exacerbate environmental impacts. The aromatic intermediates exhibited higher
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toxicity than phenol itself, with hydroquinone being most toxic.*® Furthermore, interactions
between copper leached from catalysts and intermediates like catechol, hydroquinone, and p-
benzoquinone can induce synergistic effects, amplifying overall toxicity and warranting careful
evaluation.®® High oxalic acid concentrations are also undesirable because insoluble
complexes formed with metal catalysts may cause leaching, reducing heterogeneous catalyst
reusability.>*4° Therefore, to mitigate unintended consequences, complete conversion of
aromatics to carboxylic acids, followed by total mineralization, is highly recommended to avoid
catalyst deactivation, metal leaching, and toxic or acidic effluents.
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Figure 3.5 Reaction intermediates®¢4! of phenol degradation via CWPO. Phenol is oxidised to several
hydroxylated aromatic intermediates: (aromatics, top) catechol, hydroquinone, p-benzoquinone and o-
benzoquinone, which are further oxidised to a complex mixture of carboxylic acids (ring opening,
bottom): maleic acid, fumaric acid, oxalic acid, formic acid, and acetic acid, before final mineralization
to carbon dioxide and water.
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3.6 Recycled glass as heterogeneous catalysts on phenol catalytic wet

peroxide oxidation

The utilization of iron salts, FeSO.-7H,O and Fe(NO3)s-9H.0, as catalysts in the Fenton
reaction previously discussed is referred to as a homogeneous Fenton process, because
these salts are soluble in the reaction medium, water, in our case and has been proven to be
effective. The iron ions in the reactions are readily accessible in water, that promotes the
degradation of phenol in wastewater to occur quickly.*> However, the Fenton reaction,
regardless of whether it is homogeneous or heterogeneous, requires strict pH control, typically
within a range of 2.5 to 4.0.434 |f the pH falls below 2.5, especially if in the presence of
inorganic acids, e.g. HCI these may form covalent Fe species that inhibits the Fenton cycle,*>46
Furthermore, the presence of high concentration of H*, an increased scavenging effect of -OH
and H* will occur, also, the more stable intermediate like H:O>" will be produced, making it
challenging to react with Fe?*, up to the point the Fenton process is completely inhibited.
Conversely, if the pH exceeds 5-6, precipitation or formation of Fe(OH)s sludge may occur,
impeding the recovery and recyclability of the catalyst, leading to an increase in the operational
cost,*’ thus, this is inherently a major challenge to have a Fenton process at neutral pH.

The strict dependency on pH can, to some extent be mitigated by the use of heterogeneous
Fe species. For example, catalysts Fe;03, Fe/ZSM-5, ZnFe,04-C3N4, have been shown to be
effective in mediating Fenton-like reactions within a broader pH range of 3.0 to 5.0.%4° Some
studies have even reported successful reactions at pH values as low as 2°° and as high as 7°!
the latter a real challenge in this area of research. The immobilization of Fe3* species within
the catalyst structure and pore/interlayer space prevents, or at least mitigate, the precipitation
of iron hydroxide and allows the catalyst to maintain its ability to generate hydroxyl radicals
from H.O.. The major advantage in the use of heterogeneous catalyst though is that, the solid
catalyst materials can be easily recovered. Other than the conventional heterogeneous
catalysts, like Fe doped zeolites, a new material, recycled glass that containing essential Fe*
for Fenton reaction was studied to aim for a greener (circular economy) and cheaper

alternative.

Therefore, the work in this section will: 1) describe and assess the properties of recycled
glasses that related to Fenton reaction; 2) identify the active species participating in the phenol

decomposition process by conducting metal activity control tests.

3.6.1 Advantages of recycled glass for the Fenton reaction

Glass is utilized for various purposes such as packaging, container glass, and bulb glass. The
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high demand for glass products has resulted in a substantial amount of waste glass, which
represents a significant portion of the solid waste stream. While recycled glass has been
effectively used for construction materials, such as mortar, cement, concretes, and blocks,%>>3
a significant amount of the waste glass is either stockpiled or landfilled, awaiting a more
profitable use in a robust recycled glass market, which is not currently being met. Recycling
glass can help eliminate the energy consumption, raw materials, and machinery wear and tear
associated with the production of new glass. The typical composition of glass for packaging
consists of about 70% silica (SiO2), 13% sodium oxide (Na»O), and 10% calcium oxide (CaO),
which account for 93% of its overall composition.>* Other metal compounds, such as Fe,Os,
MnO: and Cr203, constitute the remaining 7% of the composition which is within the range of
other metal-doped catalysts (1%). The most noticeable characteristic of a glass object is its
colour, which is determined by the metal compounds that absorb different wavelengths of light
(Figure 3.6). Table 3.1 summarizes the metal compounds responsible for the various coloured
glasses.

Recycled glass from packaging (mostly the brewage sector) was chosen as a potential catalyst
for the following reasons: 1) it contains iron oxide, which is a highly efficient metal for promoting
Fenton or Fenton-like processes as discussed previously. The iron content varies based on
the glass colour, and it is comparable (0.1 to 1 wt.%) to other reported catalyst materials.>® 2)
In addition, waste glass, which is derived from products like beer bottles, is much less
expensive (ca. £15-25 per tonne for green glass) than zeolite (e.g., H/ZSM-5 at £700-1000
per kg). 3) Recycled glass is readily available in large quantities and is relatively inexpensive,
making it more cost-effective to recycle used glass after it has served as a catalyst than to
post-treat used zeolite. 4) The used/spent glass can always be recycled again for other
applications. 5) Prior preliminary lab-scale experiments conducted within the research group
have demonstrated promising performance of iron-containing recycled glass for water
treatment, especially with particle sizes ranging from 4 mm to 0.1 mm. This provides
motivation to further explore the potential of recycled glass as a sustainable catalyst in the

bench scale experiments undertaken in this work.

The use of recycled glass for water decontamination exemplifies a circular economic model,
whereby the waste from one industry is utilized as an input for another, generating value and
reducing environmental impacts. Specifically, recycled glass serves as an inexpensive and
sustainable catalyst for water treatment, while the purified water helps alleviate scarcity,
enabling productive use for agriculture. This approach embodies key circular economy
principles including waste valorisation, resource optimization, and regeneration of natural

systems. Overall, repurposing recycled glass to catalyse water purification closes material
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loops, creates economic value, and benefits the environment - core aims of a circular system.
Therefore, it is of great potential to investigate recycled iron-containing glass that is abundant,
sustainable, and cost-effective for applications like CWPO, something which to be best of our

knowledge has never been attempted before this current study.

Table 3.1 Metals or elements used to impart colour to glass sorted according to visible light spectral
except brown as an exception. Adapted from56

Species Colour
Selenium Oxide Reds

Sulphur Yellow-Amber
Cadmium Sulfide Yellow

. . Fluorescent Yellow.
Uranium Oxide ’

Green
Iron Oxide Greens and Browns
Chromic Oxide Emerald Green
Cobalt Oxide Blue-Violet
Nickel Oxide Violet
Manganese Dioxide Purple
Carbon Oxides Amber-Brown
Blue-Violet Red

400 nm 500 nm

VIOLET BLUE CYAN GREE YELIOW ORANGE RED
Violet Emerald Green
Purple Greens

Figure 3.6 Colours of glass imparted to different metals sorted according to visible light spectral except
brown as an exception. Adapted from>6

Recycled glass bottles are typically subjected to a washing process with detergent (sodium
dodecyl sulphate) before being heated at 550 °C in static air for 4 h to remove any organic
contaminants and then crushed or milled and afterwards sieved to isolate into desired sizes

for use in further reactions.
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With regard to the selection of a calcination temperature of 550 °C, this is selected mainly on
the ground to burn any organic contaminant®’ it should be noted that although pure SiO; has
a melting point in the range of 1200 °C, the presence of Na,O and CaO to form soda-lime
glass networks with tetrahedral structures introduces ionic bonds that disrupt the rigid SiO-
covalent structure, which reduces the melting point of glass but also make it a soft and
malleable material from ca.700°C Which is then a further reason to select calcination
temperatures below this threshold.

3.6.2 Characterization of recycled glasses

It is well known that compositional aspects can exert a profound influence on catalytic
outcomes.®®%° In view of this glasses of different colours underwent comprehensive
characterization employing inductively coupled plasma analysis (ICP-OES: Table 3.2) to
determine their bulk composition, and X-ray photoelectron spectroscopy (XPS: Table 3.3 to
analyse their surface composition. It is important to highlight that, to the best of our knowledge,
there has been no prior investigation into such characterizations conducted within recycled
glass matrices. This unexplored area of research holds significant potential in facilitating the
utilization of recycled glass as a catalyst, thereby opening new routes for this kind of innovative

applications.

Table 3.2 Elemental analysis (wt.%) of pre-recycled coloured glasses. Glass pre-treated with a two-
step protocol involving HF and aqua regia. Mineralized mixture analysed via ICP-OES.

Sample Fe Cr Mn Si Na Ca Mg K 6]
Green 0.27 0.14 0.10 28.3 8.6 6.8 1.2 0.63 59.7
Amber 0.23 0.03 0.03 28.2 8.1 6.7 1.0 0.58 53.9
Brown 0.26 0.03 0.03 32.6 8.5 6.9 1.1 0.62 48.6

Table 3.3 Surface Composition Analysis (at.%) of Recycled Green, Brown, and Transparent Glasses
via X-ray Photoelectron Spectroscopy.

Sample Fe Si Ca Na Mg K @]
Recycled GTS Green 0.49 39 3.8 9.6 0.9 0.6 46
Recycled GTS brown 0.39 37 4.7 10 1.3 1.0 46

NBIELICIR 0.23 39 25 93 0.4 22 47
transparent

Elemental analysis was performed on 12 samples across three colours (green, amber and
brown), revealing a consistent composition (Table 3.2). Silicon was present at 30 wt.%,
followed by sodium (8 wt.%) and calcium (7 wt.%), with no significant variations above 0.01

wt.% observed between batches of different colours.
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The reproducible glass composition, devoid of major fluctuations between samples, is an
important attribute for a robust catalyst system. The minimal elemental variations imply
consistent performance can be expected independent of glass colour or feedstock variability,
though this requires experimental validation. Overall, the preliminary elemental analysis
indicates recycled soda-lime glass is a promising sustainable catalyst in terms of

compositional reliability.

XPS confirm the presence of Fe as Fe;Os equivalent like component at the surface of the
recycled glass samples, with green glass exhibiting the highest Fe content. Consequently,
green glass would be expected to demonstrate the greater and reproducible catalytic activity
batch-to-batch. It is important to note the different scales used - elemental analysis in wt.%
and XPS in at.%. By converting wt.% to at.%, the bulk glass contains approximately 0.1 at.%
of Fe, while the surface shows 0.5 at.% of Fe. Considering the maximum possible surface Fe
concentration is 1 at.% if all Fe resided exclusively at the surface, the bulk and surface

measurements align well in this case.

The relatively larger abundance of Fe species on the surface rather than in the bulk, reflects
the iron propensity to readily oxidize facilitates migration of Fe from the bulk to the surface as
Fe,O3 over time. In contrast, Cr and Mn did not exhibit surface enrichment, remaining
undetectable by XPS (Table 3.3).

While Fe?* has been established as an effective Fenton catalyst, other transition metals like
Mn and Cr that exhibit multiple oxidation states have also shown catalytic promise under
certain conditions.**®1 Notably, the green glass contains minor MnO and Cr,O3 equivalent like
components in the bulk. However, the lack of detectable Mn and Cr by XPS does not
definitively indicate their absence at the glass surface, in the sense that this could be below a
relative detection limit for this technique. Though this observation is true for any experimental

method.

As recycled glass contains a variety of metal oxide components, it is important to assess how
compositional variations between different glass sources may affect their catalytic
performance. While iron is expected to play a dominant role due to its known activity, the
potential contributions or interactions of other metals such as manganese and chromium
cannot be ignored. Control experiments using metal salts would help to investigate the effects

of different metal cations present in the Fenton reaction.

3.6.3 Metal activity control tests for recycled glasses

As mentioned above, control tests were performed using three other metal salts, namely
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FeSO,-7H,0, Cr(NOs)3-9H.0 and Mn(NOs)2-4H.0, the activity of them were then compared
with the result with Fe(NO3)s:-9H-.0 as a reference. The results of phenol conversion, carbon
mass balance, and hydrogen peroxide consumption were recorded and presented in Figure
3.7.

100} ——= )
= 50}
T 1
1
.
= 1
0 N
Phenol conversion CMB H,0, Consumption

Figure 3.7 Comparison of phenol conversion, carbon mass balance and H202 consumption for phenol
oxidation reactions catalysed by differing metal salts. Reaction conditions: 50 mL of phenol (1 g L),
FeS04-7H20 (Fe?*: ), Fe(NO3)3-9H20 (Fe3*: o), Cr(NO3)3-9H20 (Cr3*: o) and Mn(NO3)2-4H20 (Mn2*:
e), M:S=1:100, PhOH:H202=1:14 (stoichiometric amount towards mineralization), p = endogenous,
80°C, 4 h, 500 rpm.

As shown in previous experiments, both FeSO4-7H,O and Fe(NOs)s;-9H,O rapidly and
effectively catalysed phenol oxidation, achieving full conversion within 4 hours under the
specified conditions (80°C, stoichiometric H20z). This further verifies iron’s efficacy in
activating the Fenton process and enabling the interconversion between Fe?* and Fe3*
(Eqg. 3.3 and 3.4).

In contrast, the alternative metals, Mn(NOs),-4H,O, exhibited negligible activity and
Cr(NOs)3-9H.0 exhibited much lower activity under identical conditions. The minimal reactivity
of Mn and Cr suggests that despite their presence in recycled glass, these species do not
substantially contribute to catalytic performance, which in this case is a desired properties thus
meaning that even if the amount of these metals should change, this should not have an

appreciable effect of the final catalytic activity.

90



Chapter 3 Phenol oxidation by catalytic wet peroxide oxidation

This is a significant finding in terms of recycled glass as a practical catalyst. Despite batch-to-
batch variability in glass feedstock, the consistently high activity of iron across all samples
implies compositional fluctuations in minor components have minimal impact on performance.
This reproducibility and apparent insensitivity to changes in non-essential metals are critical
attributes that distinguish recycled glass as a robust sustainable catalyst versus an
unpredictable waste material. The reliability provides a foundation for implementation and
process scale-up.

This indicates that the recycled glass catalyst activity is primarily dictated by the iron content,
with other metals playing a minimal role. The reliability despite variability in glass feedstock
enhances the viability of recycled glass as a sustainable catalyst for scaled-up water treatment
processes.

3.6.4 Activity control tests for mixed recycled glasses

As recycled glass is selected at random from a recycling facility, and it could not be otherwise,
this may have the implication of a non-uniform chemical composition of the starting material,
with potential implications for batch-to-batch variability and thus scaling up recycled glass as

a catalyst and, in turn, our approach.

To evaluate the effects of any disparities in recycled glass composition, a randomized

selection of glass containers was sampled from diverse batches, colours, and manufacturers.

Five different physical mixtures (M1 to M5) of GTS green glass (G1 as a representative) with
a diameter range of 0.1-0.2 mm were prepared. In each case, the physical mixture contains

glass particles from three different pieces of G1 with a mass ratio of 1:1:1 (Figure 3.8).
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Figure 3.8 Comparison of the phenol conversions (m) observed, carbon mass balance (e), selectivity
to CO2(A), H202 consumption (V) and selectivity to acids (¢) in reaction solutions for phenol oxidation
reactions catalysed by differing physical mixtures of G1 glass prepared by ball milling. For each mixture,
the reaction was repeated 4 times. Reaction conditions: 50 mL of phenol (1 g L), G1 recycled glass
(Fe: 0.2 wt%), 0.1-0.2 mm, five physical mixtures M1 to M5, M:S=1:20, PhOH:H202=1:14
(stoichiometric amount towards mineralization), p = endogenous, 80°C, 4 h, 500 rpm.

The negligible impact of varying the physical composition of green GTS glass is evidenced by
the constancy of key phenol oxidation parameters across all mixtures tested. Specifically,
phenol conversion (90 * 3%), carbon mass balance (64 + 5%), H.O, consumption (76 + 2%),
selectivity to CO; (82 £ 4%), and selectivity to acids (2 £ 2%) remained statistically unchanged
despite the differences in glass component ratios between batches. This compositional
robustness was further validated by ANOVA analysis, which indicated no significant variation
(at 0.05 level) in phenol conversion between batches of distinct physical mixtures (Appendix
A2.1).

The results depict that Cr(NO3)3-9H.0O exhibited a greater phenol conversion and hydrogen
peroxide consumption compared to Mn(NOs).-4H,O, despite a similar level of carbon mass
balance. This suggests that, while Cr3* can generate more hydroxyl radicals than Mn?*, these
radicals only attack phenol to form other aromatic compounds but don’t process further. In
both cases though the number of hydroxyl radicals produced is insufficient to achieve

mineralization.

This demonstrates recycled glass as a robust sustainable catalyst, achieving reliable

performance regardless of the precursor glass feedstock. For example, the coefficient of
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variance for phenol conversion was just 3% across all recycled glass mixtures tested. This is
comparable to the benchmark Fe(NO3)s-9H,O and Cu/ZSM-5, which exhibits a conversion

variance of 2-3%.%*

Additionally, the 90% phenol conversion achieved aligns with typical values for industrial acid
zeolite catalysts, which range from 80-100%.%2%® Thus substantiating recycled glass as a
viable sustainable alternative and its robustness and reliability provide a promising foundation
for practical large-scale implementation in water treatment and other applications.

3.7  Effect of changes of parameters on phenol oxidation via Fenton reaction

To improve and assess the performance of glass, the effect of these parameters on the phenol
oxidation activity of glass with different colours and, consequently, different iron content was
investigated. The coloured glass included G1 (Fe wt.%: 0.2 %), G2 (Fe wt.%: 0.3%), G3 (Fe
wt.%: 0.2%), and G4 (Fe wt.%: 0.1%).

3.7.1 Effect of glass particle size on the catalytic activity

A difference in particle size of a catalyst, is widely acknowledged to be a parameter often
affecting the catalytic activity as it leads to a considerable change in the overall surface area
(Figure 3.9), besides possible changes in diffusion next to the catalyst surface. As such, this
parameter holds critical implications for the level of activity exhibited by the material, thereby
influencing its potential for scale-up and practical applications. When the quantity of catalyst
its mass is fixed, a reduction in particle size, per constant total mass leads to a corresponding
increase in surface area, resulting in a greater number of active sites available for substrate

adsorption and subsequent reaction.

In order to illustrate this important concept, we simplified the glass beads as particles of a
specific shape and the substrate to have an accessibility of roughly 10 um depth into the bulk
(Figure 3.9) as the part of the catalyst grain capable of actually leading to a chemical reaction

(the internal part would be shielded and not accessible).
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Figure 3.9 lllustration the correlation between the size and surface area of recycled glass (assuming a
sphere shape with 10 um of the surface is active), where a decrease in glass size results in an increase
in surface area for the same mass of glass. Diameters are a) 2 mm, b) 1.4 mm, ¢) 1.0 mm, d) 0.5 mm,
e) 0.2 mm, f) 0.1 mm. In this case, and assuming uniform distribution of Fe across the entire beads

Table 3.4 Comparison between the size and surface area of recycled glass (assuming a sphere shape
with 10 um of the surface is active), where a decrease in glass size from 2 mm to 0.1 mm results in an
increase in surface area up to 16 times for the same mass of glass.

. : total vol of relative
diameters  external layer V relative ratio external layer at .
entry no. of grains at fixed mass ratio
mm - fixed mass -

a) 2 1.37x 10* 1 0.12 1
b) 1.4 6.51x 1072 3 0.18 1
C) 1 3.08x 102 8 0.25 2
d) 0.5 7.54% 1073 64 0.48 4
e) 0.2 1.14x 103 1000 1.14 9
f) 0.1 2.56x 104 8000 2.04 16

As a means of example, we report a calculation (Table 3.4) about the effect that a reduction

in grain size has on the actual surface that is in contact with the external environment.

Assuming a uniform Fe distribution just by reducing the particle size from 2 mm to 0.1 mm
increases the actual external contact area by about 16 times. That is more than one order of
magnitude. That is why particle size and surface area are such important parameters in
catalysis.

In our case, an increased quantity of Fe®* ions are expected to facilitate the decomposition of
H-O., leading to the generation of -OH radicals and to promote the oxidation of phenol.
Therefore, an elevated concentration of Fe®* is likely to enhance the efficiency of phenol
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oxidation by increasing the availability of these highly reactive radicals. In addition, the shape
of the glass beads prepared (spherical or truncated) may also affect the activity level. However,
the latter being well in the domain of chemical engineering will not be considered in detail in

the current work.

To investigate the effects of particle shape and size on catalytic performance, GTS green
glass samples were mechanically processed via ball-milling or hydraulic pressing to produce
two sets of size fractions ranging from <0.1 to 2 mm. Ball-milling was expected to yield rounded
particle edges, while hydraulic pressing would create sharper edges. Smaller diameters were
anticipated to provide higher surface area and active site exposure, potentially improving
contact with reactants. Meanwhile, sharp edges were hypothesized to enhance surface
interactions versus smooth rounded shapes. The two preparation methods allowed evaluation
of how size and shape influence phenol oxidation activity. Phenol oxidation screening was
conducted with a nominal M:S ratio of 1:20 and stoichiometric hydrogen peroxide using the
different sized glass particles.
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Figure 3.10 Phenol conversion of phenol oxidation with recycled glass prepared by two different

methods: ball mill (e) and hydraulic press (m). Reaction conditions: 50 mL of phenol (1 g L), G1
recycled glass (<0.1-2 mm), M:S=1:20, PhOH:H202 =1:14, p = endogenous, 80°C, 4 h, 500 rpm.

These results revealed an approximate inverse relationship between the size of the glass
beads and the overall phenol conversion in both cases with the smallest size of glass (<0.1
mm) showing the highest phenol conversion of 90 £ 3% (Figure 3.10). The results obtained in

the current study are consistent with the proposed hypothesis, which confirms that smaller
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glass particles possess a greater number of active sites available for the decomposition of
H.O. by Fe®*" ions (Table 3.4). As a result, a higher degree of phenol conversion is anticipated
with decreasing particle size, this in turn provided further evidence that the Fenton reaction is

initiated and accelerated by the concentration of iron ions present.

In addition to the size trend, glass beads prepared by ball milling demonstrated consistently
high activity up to 0.5 mm, whereas hydraulic pressed samples declined above 0.1 mm. The
wider effective size range for ball milled glass simplifies catalyst preparation, as strict size cut-
offs are not required. However, from a processing standpoint, hydraulic pressing was
considerably easier than ball milling in terms of operation, though fractionation to remove

oversized particles was more difficult.

The activity observed with larger recycled glass beads is advantageous, as it enables effective
catalysis without stringent size requirements. This simplifies preparation and expands the
feasible applications for recycled glass catalysis. However, the discrepancy in conversion
between 0.1-0.5 mm glasses prepared via ball-milling versus hydraulic pressing warrants
future morphology analysis by SEM to understand the relationships between particle shape

and performance.

Overall, this initial data demonstrates several promising attributes of recycled glass as a
sustainable catalyst: 1) Phenol conversion reached 90% under mild conditions (80°C, 4 h),
rivalling common industrial catalysts; 2) Activity was maintained with larger bead sizes up to
0.5 mm, improving practicality in catalyst recovery. Combined with the abundant supply of
waste glass, these results provide a preliminary validation of recycled glass as an active,
selective, and environmentally friendly catalyst that warrants further optimization and

implementation.

3.7.2 Effect of M:S ratio on the catalytic activity

As previously discussed, in a reaction system with an M:S molar ratio of 1:100, the average
conversion of phenol was found to be approximately 65%, while the CMB was 80%. This
suggests that only a limited extent of mineralization was achieved, even with the use of the
smallest size of glass. Given the toxicity of phenol and its intermediates, it is necessary to
maintain a maximum contaminant level of 0.6 mg L for phenol in drinking water, as prescribed
by the US Environmental Protection Agency.®* This implies that a phenol conversion of 99.94%
is required to meet this standard. Thus, it is necessary to conduct further optimization of the
reaction conditions to improve the extent of phenol conversion and achieve a higher degree
of mineralization. Furthermore, the scope of the application was expanded to encompass a
series of glass colours, namely G1 (Fe wt.%: 0.2%), G2 (Fe wt.%: 0.3%), G3 (Fe wt.%: 0.2%),
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and G4 (Fe wt.%: 0.1%). To compare the performance, comparative reactions were conducted
using four different glass types, each with particle sizes smaller than 0.1 mm, employing both
a M:S (molar ratio) of 1:50 and 1:100.
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Figure 3.11 Phenol conversion of phenol oxidation with two green glasses, a brown glass and a blue
glass as catalyst at two different M:S molar ratio. Reaction conditions: 50 mL of phenol (1 g L), G1 (Fe
wt.%: 0.2%), G2 (Fe wt.%: 0.3%), G3 (G3 Fe wt.%: 0.2%) and G4 (Fe wt.%: 0.1%), <0.1 mm, M:S=1:100
(w) and 1:50 (e), PhOH:H202=1:14, p = endogenous, 80°C, 4 h, 500 rpm.

The results, as presented in Figure 3.11, indicate that a doubling of the quantity of iron used
as a catalyst in the reaction system led to an increase in phenol conversion from 65% to 85%,
while also resulting in a decrease in CMB from 80% to 60% (Table 3.5). These observations
suggest a direct correlation between the amount of iron content (M:S 1:100, 1:50) employed
and the degree of conversion achieved. Furthermore, the consumption of hydrogen peroxide
was found to increase from 35% to 55% (Table 3.5) in proportion to the quantity of iron present,
consistent with the principle that the presence of iron promotes hydrogen peroxide
decomposition. Overall, as expected, these findings demonstrate a significant improvement in

both phenol conversion and mineralization when using higher amounts of iron catalyst.
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Table 3.5 Phenol conversion, CMB and H20:2 conversion of phenol oxidation with two green glasses, a
brown glass and a blue glass as catalyst at two different M:S molar ratios. Reaction conditions: 50 mL
of phenol (1 g L), G1 (Fe wt.%: 0.2%), G2 (Fe wt.%: 0.3%), G3 (G3 Fe wt.%: 0.2%) and G4 (Fe wt.%:
0.1%), <0.1 mm, M:S=1:100 and 1:50, PhOH:H202=1:14, p = endogenous, 80°C, 4 h, 500 rpm. Phenol
residual and intermediates of the reaction was reported with their HPLC concentration (Phenol was
collected at 270 nm, the rest intermediates are collected at 200 nm). Overall phenol conversion and
CMB was calculated with an error of 5%.

M:S Phenol _
Glass Molar Conversion CMB H202 conversion
: % %
ratio %
G3 1:100 = 69 -
G3 1:50 5E 50 e3
G4 92 50 50

3.7.3 Effect of reaction time on the catalytic activity

The use of a higher M:S molar ratio has resulted in a significant increase in phenol conversion
to 85%. However, the consistency between the relatively high CMB (60%) and incomplete
consumption of H20, (55%) further indicates that the reaction conditions have not yet reached
the optimal point where there is still potential for generating more -OH species. Therefore,
although important, the molar M:S cannot be considered the sole determining factor in this
reaction, and other factors must be evaluated. The reaction time of 4 hours appears to be the

limiting factor, which means that longer reaction times might help to achieve higher efficiency.

To investigate the impact of reaction time, the reaction was prolonged to 12 hours while
maintaining an M:S of 1:100, and all types of glass with diameters less than 0.1 mm were
employed as catalysts. Being the most active glass composition, the G2 (Fe: 0.3 wt.%) results
serve as a conservative benchmark, with the trends extending qualitatively to the other glasses

(full data in appendix A.2.2).
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Figure 3.12 Phenol conversion (m) and CMB (m) of phenol oxidation with, G2 (<0.1 mm) as catalyst at
4 and 12 h. Reaction condition: 50 mL of phenol (1 g L), G2 (Fe: 0.3 wt.%), <0.1 mm, M:S=1:100,
PhOH:H202 molar ratio=1:14, p = endogenous, 80°C, 4 and 12 h, 500 rpm.

As depicted in Figure 3.12, utilizing an M:S ratio of 1:100 and extending the reaction time
provides ample opportunity for the efficient reaction between Fe®*" and H,O to take place, and
thus decomposition of phenol by -OH radicals. Furthermore, there was a marked reduction in
CMB with longer reaction times, which suggests that the system generates sufficient hydroxyl
radicals (-OH) to further degrade its intermediates, and ultimately achieve mineralization. It
was shown that extending the reaction time while utilizing an M:S ratio of 1:100 resulted in the
same level of hydrogen peroxide (H20) consumption as that observed when M:S of 1:50 was
used, namely 49% and 42% (Table 3.6). At the same time, longer reaction times resulted in a
considerable improved mineralization. These findings emphasize the significance of contact
time and catalyst regeneration capacity within the system, which enable the continued
degradation of phenol and its intermediates. Thus, a potential 16 hours reaction time could be

suggested for a full mineralization.
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Table 3.6 Phenol conversion, CMB and H202 conversion of phenol oxidation by G2 recycled glass (<0.1
mm) as catalyst with two reaction time of 4 and 12 h with two different M:S molar ratios. Reaction
conditions: 50 mL of phenol (1 g L), G2 (Fe: 0.3 wt.%), <0.1 mm, M:S=1:100 and 1:50, PhOH:H20>
molar ratio=1:14, p = endogenous, 80°C, 4 and 12 h, 500 rpm. Phenol residual and intermediates of
the reaction was reported with their HPLC concentration (Phenol was collected at 270 nm, the rest
intermediates are collect at 200 nm). Overall phenol conversion and CMB was calculated with an error
of 5%.

M:S Time CoFr:}:/eer::ilon CMB H>O, conversion
molar ratio h % % %
1:100 4 58 83 33
1:100 12 98 21 49
1:50 4 78 71 42

3.8  Activity of recycled glass compared with Fe/ZSM-5 on phenol oxidation

Fe/ZSM-5 is a commonly utilized heterogeneous catalyst for the catalytic wet peroxide
oxidation (CWPO) of organic pollutants in wastewater due to its high activity, selectivity, and
thermal stability, as well as its environmentally friendly properties. Zeolite ZSM-5, which is
used as a support, is known for its high surface area (300-500 m? g*) and pore size (0.54 -
0.56 nm), which enables efficient metal species dispersion and effective adsorption of phenol.
Therefore, in this part of the research, Fe/ZSM-5 was selected as a reference material or

benchmark of our studies.

Four recycled glass samples (<0.1 mm) and Fe/ZSM-5 (1 wt.% Fe) were evaluated as
catalysts at a 1:100 M:S molar ratio. Phenol conversion and carbon mass balance (CMB) were
assessed at two reaction times, 4 hours and 12 hours, to compare the temporal evolution of

products over Fe/ZSM-5 versus the recycled glasses.
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Figure 3.13 Phenol conversion of phenol oxidation with four different recycled glass and Fe/ZSM-5 for
4 and 12 h. Reaction conditions: 50 mL of phenol (1 g L), G1: (Fe wt.%: 0.2% m), G2 (Fe wt.%: 0.3%
m), G3 (Fe wt.%: 0.2% m) and G4 (Fe wt.%: 0.1% m), and Fe/ZSM-5 (1 wt.% m), <0.1 mm, M:S=1:100,
PhOH:H202 =1:14, p = endogenous, 80°C, 4 and 12 h, 500 rpm.

The use of Fe/ZSM-5 as a reference catalyst for CWPO of phenol in wastewater has shown
that it has a higher initial rate of reaction and reaches complete phenol conversion within 4
hours of reaction, whereas the most active glass catalyst only achieves 80% conversion under
the same conditions (Figure 3.13). However, increasing the reaction time narrows the gap in
phenol conversion between the two catalysts, and after 12 hours of reaction with M:S of 1:100,
complete phenol conversion can be achieved with both catalysts. The 20% CMB, while not
full mineralization, represents promising activity given the low cost of the recycled glass
precursor. Optimizing the reaction protocol and increasing the M:S ratio could promote further
mineralization while remaining economically favourable compared to zeolite catalysts. On the
other hand, minimal iron leaching from the recycled glass (0.7-1.2% determined by ICP-OES,
section 2.5.5) contrasts sharply with substantial leaching observed for Fe/ZSM-5 (26%) under
the same conditions. This enhanced stability results from the glass network strongly retaining
iron in the structure, avoiding loss of active sites and associated catalyst degradation. This
leaching is believed to be caused by the complexation of Fe with oxalic acid, where it acts as
a chelating ligand and thus has a stronger binding affinity than other acid formed, resulted in

a limited lifetime of the catalyst.
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While recycled glass demonstrated lower activity than Fe/ZSM-5 under the conditions tested,
optimization studies revealed phenol conversions over 90% could be attained at longer
reaction time (12 h) and with smaller glass sizes (<0.1 mm). However, an advantage of
recycled glass is avoidance of the high temperature (>500°C) calcination required to combust
coke and regenerate spent zeolite catalysts, apart from its first cleaning step. Furthermore, in
the case of a catalyst deactivation, recycled glass can simply be re-melted and enter
aggregates for construction.

Considering the comparable performance achieved after optimization along with its
operational simplicity and low precursor cost, recycled glass presents a promising sustainable
catalyst for catalytic wet peroxide oxidation and water decontamination.

3.9 Conclusion

Phenol, a paradigm for water pollution, has been used as a benchmark to explore the potential
of recycled glass as a heterogeneous catalyst in catalytic wet peroxide oxidation.

The effect of thermal decomposition of hydrogen peroxide under the current reaction
conditions was found to be negligible. Surface and bulk characterizations of the glass samples
have revealed the presence of various metal ions, mostly Fe, Cr, and Mn, which however only
Fe has shown potential activity in the oxidation of phenol. Though this is an apparent drawback,
it is actually a positive occurrence because it improves the batch-to-batch reproducibility of
recycled glass samples of different compositions. This finding underlines the importance of Fe

as the key active species in the catalytic oxidation of phenol using the studied glass materials.

The use of a Fe®* aquo species salt in blank tests of phenol oxidation highlighted the crucial
role played by both the iron catalyst and hydrogen peroxide in the catalytic wet peroxide
oxidation (CWPOQO) system. The observations suggest that the indirect activation of hydrogen
peroxide by Fe*' requires time-wise about the double of the time than Fe?*, at initial reaction

rate (ca. 4 h), but the difference is expected to become negligible over a longer reaction period.

The present study successfully demonstrated the concept of using of recycled glass (green
and brown) containing Fe®*" centres as a heterogeneous catalyst for phenol oxidation by
catalytic wet peroxide oxidation (CWPO). The excellent reproducibility of a mixed batch of
recycled glass leads to great reduce in the effort of separating during recycling, further reduce

the cost of reaction.

In addition, results have indicated that decreasing the size of the glass patrticles leads to

increased phenol conversion and carbon dioxide production with the size range of 0.1-0.5 mm
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showing the best catalytic activity. It enables the possibility of a scale-up application in the
industry. Additionally, optimization of the glass M:S molar ratio and reaction time can enhance
catalyst performance. As a result, the performance of recycled glass can be comparable and
promising (i.e., 100% phenol conversion and 20% CMB) to industrial catalyst, namely Fe/ZSM-
5 under appropriate reaction conditions (increased mass and longer reaction time) for an

overall much lower (about 3000 times) cost.

Based on these promising findings, there is a strong basis for further exploration into using
recycled glass as a sustainable catalyst for other water pollutants like ibuprofen.
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Chapter 4 Recycled glass as a catalyst for CWPO of ibuprofen

41 Overview

Agriculture is the single greatest consumer of clean water resources, using about 70% of fresh
water worldwide.* To grow crops, substantial water for irrigation is needed - for instance, 1 kg
of corn and 1 kg of wheat require about 500 litres and 1000 litres of water to grow respectively.
Beef production is even more intensive, needing 43,000 L of water per kilogram of forage crop
needed.? Currently, there is an increasing concern of “emerging micropollutants” like
pharmaceuticals and personal care products (PPCPs).2 Although the contaminations are in
the effluent with apparently low concentrations (ug L™ or ng L?), they are more toxic than one
might expect to the environment.* For example, PPCPs can have toxic effects on aquatic life,
including endocrine disruption in fish, reduced reproductive success, and behavioural
changes.>’ Attention has recently been paid to groups of non-medical prescribed analgesics
and nonsteroidal anti-inflammatory drugs (NSAIDs) due to the very large consumption that
leads to their high presence in surface water and ground waters.® In England, the annual
usage of ibuprofen and diclofenac amounts to approximately 37 tons and 22 tons,

respectively.1°

In Germany, around 60-80% of the 16,000 tons of pharmaceuticals prescribed and over-the-
counter, originating from human medical care, are discarded annually.’® Among them,
ibuprofen, one of the most popular and widely used drugs for fever and muscle pain, is one of
the second most frequently detected pharmaceuticals (carbamazepine, sulfamethoxazole,
ibuprofen and naproxen) in the environment after diclofenac that has been detected in 50
countries.® For samples taken from aquatic environments, the concentrations are typically
measured in pg L. Different concentrations of ibuprofen have been detected in wastewater
treatment plants in China, Korea, Sweden and the UK ranging from 4 x10- and 600 pg L*.1
Concentrations in wastewater samples have been reported as 45 ug L in Canada, 1 ug Ltin
South Africa, 6 ug L in Belgium, and between 700 to 1700 ug L*in Pakistan.21314 However,
the concentration of 0.2 ug L' of ibuprofen was detected for soil that is irrigated with
pharmaceutical containing wastewater.'® They are persistent pollutants that have adverse
effects on plant and aquatic environments. For instance, ibuprofen exposure resulted in
decreased shoot and root lengths, fresh and dry weights, and leaf area of cowpea.® Exposure
to ibuprofen at a concentration of 0.1 yg L in Oryzias latipes led to reproductive impairment,
induction of vitellogenin in males, a reduction in the number of broods per pair, and an increase

in the number of eggs per brood.}’*° Since the traditional biological treatment is not able to
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fully remove Ibuprofen from sewage, nowadays, in wastewater treatment plants (WWTPS)
effluents including emerging and non-biodegradable contaminants are mainly treated with the

catalytic wet peroxide oxidation (CWPO) process.?°

Having an aromatic skeleton like phenol, the decomposition of ibuprofen with recycled glass
as a heterogeneous catalyst has also been taken into consideration, and assessing the

feasibility of recycled glass for this reaction is one of the main scopes of this thesis work.

However, it is useful to note that organic pollutants in wastewater that are degraded by using
the CWPO process are not directly oxidized to CO; and water in a single step, but this process
involves the formation of various intermediates with higher or indefinite toxicity compared to
the parent compound.?* Several aromatic intermediates have demonstrated higher intrinsic
toxicity than ibuprofen itself, including 4-isobutylphenol, hydratropic acid, and 4-
isobutylacetophenone.?? However, the overall risk depends on both the inherent toxicity and
the amount present. The final reaction mixtures should contain a minimal amount of more toxic
intermediates and maintain safe exposure thresholds to avoid any health concerns. While
parent ibuprofen exhibits minimal acidity, oxidation can produce highly acidic intermediates
like maleic, fumaric, acetic acids, and other carboxylic acids. The number of acids generated
depends on the degradation pathway and mineralization degree. High residual organic acid
content creates an acidic effluent unsuitable for irrigation without further processing or
neutralization due to adverse impacts on plants.? Thus, exploring acid generation and
managing the acidity (ideal pH between 6 and 7.5) arising from ibuprofen oxidation
intermediates is an integral consideration when evaluating potential water reuse applications,
along with toxicity. Therefore, in order to assure a high treatment efficiency of water, the

characterization of all the possible more toxic intermediates and acids is necessary.

Typical environmental concentrations of ibuprofen range from 10 ng L™ to 2,400 ng L™, with
direct effluents from drug manufacturing containing higher concentrations.?* Ibuprofen has a
relatively low solubility in water (21 mg L™ at 25 °C), but is highly soluble in organic solvents
such as ethanol (660 g L at 40 °C for 90% EtOH), methanol (490 g L*at 27 °C), acetone (610
g Lt at 27 °C), and acetonitrile (420 g Lt at 27 °C).?® There is, however, a large variation in
solubility values reported in the literature ranging from 10%%-28 or 202°*° mg L™, to 50 or even
180 mg L1313 |n this context, a catalyst demonstrating efficacy at 20 mg L' model
concentrations implies feasible operation at any real-world values below solubility that may
actually persist in wastewaters. Considering the large number (thousands) of reaction samples
requiring analysis, HPLC protocols were selected as the primary characterization technique
given the capability for high throughput measurements and accurate quantification of multiple

samples. HPLC also enables convenient comparison with existing ibuprofen degradation
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studies with recycled glass across the literature.®*3° In addition, initial ibuprofen
concentrations of 20 mg L™ were chosen for practical detection purposes and to ensure any
potential toxic intermediates formed would be present above instrument detection limits for
reliable identification and quantification. However, with a wide solubility range spanning nearly
an order of magnitude, rather than relying on disparate literature values, that could in turn

affect our results, the solubility was estimated in this current work.

Therefore, this research reported in this chapter aims to: 1) confirm the solubility of ibuprofen
in water using HPLC, 2) identify intermediates via HPLC analysis and GC-MS method for
ibuprofen decomposition via CWPO, 3) conduct a control test on H.O, dosage for ibuprofen
mineralization without catalyst via CWPO, and 4) investigate the feasibility of using recycled
glass as a heterogeneous catalyst for removing ibuprofen via CWPO.

4.2 Characterization of ibuprofen and intermediates in reaction mixtures

The characterization of ibuprofen and intermediates includes five steps: 1) based on the
literature research, prepare a list of potential intermediates of ibuprofen oxidation via CWPO,
2) develop a HPLC protocol for mimicking mixtures using standard solutions of expected
intermediates, 3) qualitative analysis for the identification of ibuprofen intermediates in the
reaction mixture by HPLC, 4) quantitative analysis of ibuprofen and its intermediates by HPLC
external standard methods, 5) attempt to identify any other intermediates by GC-MS and
extraction/concentration protocols 6) propose an ibuprofen decomposition pathway based on

the identified products and the literature.

4.2.1 Expected intermediates

Due to the nature of CWPO, the radical mechanism of ibuprofen mineralization yields a
diversity of products (Table 4.1) depending on different reaction conditions and the
effectiveness of different detection techniques. It is fundamentally necessary to predict the
reaction pathway and quantify the products that are formed. As mentioned earlier, the
presence of some more toxic intermediates may lead to a higher toxicity of the treated sample.
However, some studies only reported the degradation of ibuprofen itself without worrying
about the more toxic intermediates.*? It is important to identify the reaction by-products formed
during the ibuprofen oxidation. Most of the reaction pathways suggested have hydroxylation
of ibuprofen to form 1-hydroxy-ibuprofen and 2-hydroxy ibuprofen as the first step in several
parallel reactions, followed by decarboxylation and demethylation to form other by-products
such as 1-oxo ibuprofen and 2-(4-Formylphenyl)propanoic acid (Figure 4.1). The

hydroxylation, decarboxylation and demethylation repeatedly occurs, resulting in numerous
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by-products until they are further decomposed into short-chain acids such as acetic acid,
pyruvic acid, formic acid and oxalic acid and finally reach complete mineralization to form
water and carbon dioxide. Therefore, by studying the available proposed reaction pathway
from the literature, predictions of likely intermediates will be made to act as a basis for

guantitative and qualitative analysis in this study.

?H
R OH Hydroxylati R OH
- \n/ y ylation - \n/
—_—
(o] o
(,)H D b lati oH
_R on Decarboxylation I,? . CO,
TR
o
?H Demethylation ?H
/R\ /R

Figure 4.1 General schematics (not balanced) of three general reaction pathways: hydroxylation,
decarboxylation and demethylation of ibuprofen degradation via CWPO. Proposed reaction pathway
followed these three steps based on literature and experiment results are shown in Figure 4.4.

The most commonly identified intermediates (that is reported with a frequency = 3 times out
of 16 papers) from the literature were listed in Table 4.1. Species like 1. 2-[4-(1-Hydroxy-2-
methylpropyl)phenyl]propanoic acid, 3. 2-hydroxyibuprofen, 8. 1-(4-isobutylphenyl)-1-ethanol,
9. 1-oxo-ibu and 10. 4-isobutyleacetophenone (4-IBAP) were identified in most papers while
other intermediates like 2. 1-ethyl-4-(1-hydroxy)isobutylbenzene, 4. 2-hydroxy-2-[4-
(2methylpropyl)phenyl]propanoic acid, 5. 4-isobutylphenol, 6. dihydroxy ibuprofen, 7. 2-
methyl-1-phenylpropane, 11.  1-(4-acetylphenyl)-2-methyl-1-propanone, 12. 2-(4-
Formylphenyl)propanoic acid, and 13. 4-isobutylphenol, 14. 4-isobutylbenzoic acid are less
frequently reported. As previously detailed in Chapter 3, it is of fundamental importance to
evaluate not only the ibuprofen degradation but also its mineralization to CO; and H2O. Indeed,
the reaction could degrade ibuprofen forming secondary compounds and the nature of these
compounds is crucial in the evaluation of the process. Therefore, depending on their
commercial availability, standards of all the intermediates that are reported were purchased
as blank reference to develop an HPLC method and compare them with the reaction mixtures

for the identification of intermediates.
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Table 4.1 Lists of intermediates identified in reaction mixtures after ibuprofen oxidation over different catalysts reported in the literatures. Fe2* (Fenton reagent)
based catalyst Fe2SO4 was most effective and commonly used catalyst.

Intermediates Catalyst 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Ref
not reported \ NN NN \ \ \ \ 35
not reported \ \ NN \ 32
Fe/ZSM-5 v v ol ol i
FeS04 7H20 v ol 36
Fe (I)-acid NN V v 22
not reported \ N oA \ 37
FeSOq v 38
Identified (V) in FeSO,-7H,0O N N N 39
the literature.
Cu/ZrO; or Fe/ZrO; V \ 26
no catalyst \ \ \ 40
no catalyst \ \ \ \ v v 41
FeSOs v v 42
Fes04 Y 34
Fe (Il \ NN N A 43
not reported NN \ V N N 44
not reported SR N oA \ 45
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4.2.2 Qualitative analysis of intermediates in reaction mixture by HPLC

A Shimadzu HPLC chromatograph equipped with a UV detector was used to resolve and
characterize ibuprofen containing mixtures. Representative HPLC chromatograms of a real
reaction mixture of ibuprofen decomposition using the UV detector at fixed wavelengths of 223
nm and 250 nm at the same chromatographic condition are reported below (Figure 4.2). The
identification of the intermediates formed in the actual ibuprofen oxidation process was
performed by comparison of retention times of the components in standard solution with those
of the intermediates in actual reaction mixture. The chromatogram parameters of ibuprofen
and intermediates determined from HPLC are resented in Table 4.2.
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Figure 4.2 HPLC chromatograms of ibuprofen decomposition mixture collected at 223 nm (e) and 250
nm (e).Reaction condition: 50 mL of 40 mg L* ibuprofen, Fe(NOs):-:9H.O M:S=1:20,
ibuprofen:H202=1:33, p = endogenous, 80 °C, 4 h, 500 rpm, Three intermediates determined at 223 nm:
(1. 2-[4-(1-Hydroxy-2-methylpropyl)phenyl]propanoic acid, 14. 4-Isobutylbenzoic acid, 8. 1-(4-
isobutylphenyl)-1-ethanol) were determined together with ibuprofen itself at 17.8 min.Four
intermediates determined at 250 nm: 15. 4-acetylbenzoic acid, 12. 4-ethylbenzaldehyde, 9. 1-oxo-ibu,
10. 4-isobutyleacetophenone. There are 5 unknowns (U1 to U5) which are not yet identified.
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Table 4.2 Chromatogram parameters of ibuprofen and intermediates determined from HPLC collected
at 223 and 250 nm, products were determined by comparing with literature, sorting in terms of retention
times (t). Unknown compounds detected as small peaks (response factor dependent) were not
discussed. Entry: code of the intermediates.

it\/46
b Entry Polarity name Molecular structure
(min) D
o)
18.9 10 0.5 4-isobutyleacetophenone /(@)J\
COOH
17.8 IBU 1.0 ibuprofen /(@)\
OH
17.4 8 1.1 1-(4-isobutylphenyl)-1-ethanol /(©)\
o]
o OH
16.8 14 1.2 4-1sobutylbenzoic acid /<©)‘\
COOH
14.2 9 3.0 1-ox0-ibu oj:©)\
COOH
2-[4-(1-Hydroxy-2-
12.8 1 4.0 methylpropyl)phenyl]propanoic acid  HO
COOH
111 12 5.5 2-(4-Formylphenyl)propanoic acid
(U
o]
10.1 15 6.0 4-acetylbenzoic acid oﬁ/©/k

(@)
I

Note: t; means retention time

When the analyte detection was collected at 223 nm, three intermediates 1. 2-[4-(1-Hydroxy-

2-methylpropyl)phenyl]propanoic acid, 14. 4-Isobutylbenzoic acid, 8. 1-(4-isobutylphenyl)-1-
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ethanol) were determined together with ibuprofen itself at 17.8 min.

When the chromatogram was collected at 250 nm, four intermediates were determined at 250
nm: 15. 4-acetylbenzoic acid, 12. 4-ethylbenzaldehyde, 9. 1-oxo-ibu, 10. 4-
isobutyleacetophenone. Some of the small peaks were not considered. Intermediates were

identified by comparing retention times with corresponding standard chemicals purchased.

As radical reactions are non-selective, in the sense they are difficult to control as driven purely
by statistics, so after attacked by -OH radical, isomers of 1 might be formed as well, one of the
unknowns is at around 13 min which is closed to 1 at 12.8 min, it might be 2-hydroxyibuprofen

according to findings from literature.3

4.2.3 Qualitative analysis of intermediates in reaction mixture by GC-MS

GC-MS analysis was used to identify some of the unknowns from HPLC chromatograms by
determining their molecular mass. As mentioned earlier (Section 4.1), ibuprofen and its
degradation products are relatively insoluble in water as compared to organic solvents.*’
Ibuprofen decomposition reaction mixtures were extracted with DCM and hexane and
concentrated by using a rotary evaporator before analyzing them by GC-MS (Figure 4.3). The
chromatographic parameters of ibuprofen and intermediates determined from GC-MS are

presented in Table 4.3.

ibuprofen __

3 17

c

@©

o

6

3 13 16 1
< | |10 |

1 1 " 1 1 1 " 1 1 1 L 1 " 1 "
5 6 7 8 9 10 1 12 13

Retention time (min)

Figure 4.3 Representative GC chromatogram of an ibuprofen decomposition mixture. Reaction
conditions: 50 mL of 40 mg L* ibuprofen, 0.1 wt.% Fe/ZSM-5 M:S=1:2, ibuprofen:H202=1:30, p =
endogenous, 80 °C, 4 h, 500 rpm. The reaction was repeated four times and mixtures were combined
and extracted with DCM and hexane and concentrated by rotary evaporator before analyzing them by
GC-MS. Four new intermediates (13. 4-Isobutyl phenol, 16. 4-Isobutylbenzaldehyde, 11. 1-(4-
acetylphenyl)-2-methyl-1-propanone, 17. 4-Ethylbenzoic acid) were determined, one intermediates
detected in HPLC, 10. 4-isobutylacetophenone.
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Table 4.3 Chromatographic parameters of ibuprofen and intermediates determined using GC-MS,
products were determined by comparing the mass spectrum with literature, and sorting in terms of
retention times (t). Some unknown compound peaks detected as small peaks (response factor
dependent) were not considered.

Molecular MW

formula g mol* name Molecular structure

Product  t/(min)

1-(4-acetylphenyl)-2-

11 11.2 C12H1402 190 methyl-1-propanone*

4-
isobutylacetophenone*

(o)
OIQA

)i©i

17 8.3-8.4 CoH1002 150 4-Ethylbenzoic acid OpA

OH

o)

£©)

POH

10 9.3 Ci12H160 176

4-
16 8 C11H140 162 Isobutylbenzaldehyde

13 7.7 C10H140 150 4-1sobutyl phenol*

Note: * are intermediates matching with literatures.3®

GC-MS analysis of the ibuprofen decomposition mixture detected 13. 4-isobutyl phenol, 16.
4-isobutylbenzaldehyde, 11. 1-(4-acetylphenyl)-2-methyl-1-propanone, 17. 4-ethylbenzoic
acid one intermediates detected in HPLC, 10. 4-isobutylacetophenone, and some unknown
products were also detected but unidentified. Among these four products, 11 and 13 match

with literature® while 16 and 17 are not found in the literature yet.

In addition, peaks were noticed between 11-13 minutes exhibiting higher molecular weights
around 250-500 m/z*. These species potentially indicate condensation products formed

through acid-base reactions. For instance, electrophilic addition across the double bond could
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yield alcohols and then ether dimers covalently linked at that site (Eq. 4.1 to 4.2):

+

R-CH=CH-COOH+ H,0 —— R-CHOH-CH,-COOH (Eq. 4.1)

2 R-CHOH-CH,-COOH — R-CH(CH,-COOH)-O-CH(CH,-COOH)-R + H,0  (Eq. 4.2)

So far, eleven main products were determined from the ibuprofen degradation reaction via
Fenton reaction. The use of the HPLC method identified in total seven of the intermediates
with three determined at a detection wavelength of 223 nm: 1. 2-[4-(1-Hydroxy-2-
methylpropyl)phenyl]propanoic acid, 14. 4-isobutylbenzoic acid, 8. 1-(4-isobutylphenyl)-1-
ethanol and four determined at a detection wavelength 250 nm: 15. 4-acetylbenzoic acid, 12.
4-ethylbenzaldehyde, 9. 1-oxo-ibu, 10. 4-isobutyleacetophenone. GC-MS identified four more:
13. 4-isobutyl phenol, 16. 4-lIsobutylbenzaldehyde, 11. 1-(4-acetylphenyl)-2-methyl-1-
propanone, 17. 4-ethylbenzoic acid. Some of the unknowns might be isomers of the detected
products due to the nature of radical reaction. By determining eleven intermediates, most of
the main products detected can be identified. As compared to the literature, most of the current
studies determine around 8-14 intermediates depending on different reaction mechanisms. As
such our determinations can be considered acceptable for the experimental work that has

been carried out.

4.2.4 Proposed Ibuprofen degradation pathway

By comparing the degradation pathway and products of ibuprofen oxidative treatments
suggested in the literature with the identified products in the previous section, a proposed
ibuprofen degradation pathway including all the possible intermediates is suggested in
Figure 4.4. Out of these products, 1 is the very first product and most common detected
intermediate following -OH attack. Another two important intermediates are 8 and 10 due to
their higher toxicity over ibuprofen (Ibuprofen as an emerging organic contaminant in the

environment, distribution and remediation).

Nine determined aromatic intermediates from ibuprofen degradation are highlighted in green
in Figure 4.4. Out of these products, compounds 10, 13, and 23 (circled in red) require
particular focus as they were previously identified as more toxic intermediates.?? Due to
exceeding the toxicity of the original ibuprofen target, these three compounds necessitate
further breakdown. Additionally, product 22 (highlighted in orange), another aromatic
intermediate, likely undergoes ring opening after its formation. This ring cleavage enables the
subsequent production of aliphatic acids prior to their ultimate mineralization into carbon

dioxide and water.
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Figure 4.4 Possible degradation pathways and products of ibuprofen from oxidative and thermal
treatments are suggested. Only aromatic intermediates are listed, carboxylic acids are not shown. The
IUPAC name of the possible products are as follows: (1) 2-[4-(1-hydroxy-2-
methylpropyl)phenyl]propanoic acid; (2) 2-(4-isobutylphenyl)propanoic acid; (3) 2-[4-(2-hydroxy-2-
methylpropyl)-phenyl]propanoic acid; (4)1-ethyl-4-(1-hydroxy)isobutylbenzene; (5) 1,2-
hydroxyibuprofen; (6) 4-ethyl-a-(1-methylethyl)benzenemethanol; (7) 2-methyl-1-phenylpropane; (8) 1-
(4-isobutylphenyl)-1-ethanol; (9) 1-oxo Ibuprofen; (10) 4'-isobutylacetophenone; (11) 1-(4-
acetylphenyl)-2-methyl-1-propanone; (12) 2-(4-formylphenyl)propionic acid; (13) 4-isobutylphenol; (14)
4-isobutylbenzoic acid; (15) 4-acetylbenzoic acid; (16) 4-isobutylbenzaldehyde; (17) 4-ethylbenzoic
acid; (18) 4-isobutylstyrene; (19) 1-[4-(1-hydroxy-2-methylpropyl)phenyllethenone; (20) 4-
ethylbenzaldehyde; (21) 4-carboxy-a-methylbenzene acetic acid; (22) benzosemiquinone; (23) 2-
phenylpropionic acid; (24) hydroquinone; (25) 4-(2-methylpropyl)-1,2-benzenediol. Determined
products (e): 1, 8, 9, 10, 12, 13, 14, 15 and 23; toxic than ibuprofen (e):10, 13, and 23. Intermediates
before ring opening and mineralization (e): 22.
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4.2.5 Quantitative analysis of intermediates in reaction mixture by HPLC

After identifying all the potential degradation products, quantification of products 1, 8, 9, 10,
12, 14, 15 as determined from HPLC are therefore carried out by external standard methods.
Standard solutions of these products mimicking the expected concentration reaction range
were prepared and analysed by HPLC for calibration curves for quantitative purposes (that
will be afterwards used for catalytic tests).

Before any calibration curve is made, it is important to first determine a suitable wavelength to
be used for the UV detector, as different compounds may have their highest absorbance at
different wavelengths depending on their own structure, which will severely affect the response

factor of the calibration curve.

First, a UV spectrum was used to identify the best absorbance wavelength for each of the
interested intermediates including ibuprofen itself. Three representative UV-spectra of
ibuprofen and its intermediates are shown in Figure 4.5, demonstrating different absorbance
maxima at wavelengths of 196, 223 and 250 nm (UV-spectra of other intermediates in
Appendix A3.1).

Intensity (a)
(A.U)

wavelength (nm)

Intensity b .
(AU (b) Intensity (A.U.) (c)

250 nm |\
TN 196 nm

.
S

wavelength (nm) wavelengtlﬁnm]

200.0 2250 250.0 2750 300

2250 2500 2750 3000

Figure 4.5 UV spectrum of (a) ibuprofen, (b) 9. 1-oxo-ibuprofen and (c) 14. 4-isobutylbenzoic acid
solutions showing the highest absorbance wavelength at 223, 250 and 196 nm respectively.
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Calibration curves were built, and RFs were calculated based on three best absorbance
wavelengths 196, 223 and 250 nm (Table 4.4). By looking at these RF of each compound,
although it would be more convenient if the chromatographs were collected under the same
wavelength, it was undeniable that the best RF was generated by using wavelengths of 196,
223 and 250 nm respectively (Table 4.4 green values). It follows that to choose a different
wavelength could severely affect the determination of the remaining compounds, as the
difference in the response factor is at least one order of magnitude (Table 4.4). Therefore, by
considering each RF, 223 was selected as a compromise wavelength (Figure 4.6) for
calibration curves building for ibuprofen, intermediates 1, 8 and 14 while calibration curves for

intermediates 9, 10, 12 and 15 were built based on chromatograms collected at 250 nm.

Table 4.4 Response factor for ibuprofen and its potential intermediates at A =196, 233 and 250 nm.

Response factors at different detection wavelength A

Product Entry (mUAxmin)/(mg L")

196 nm 223 nm 250 nm

Ibuprofen - 1x10° 3x104

1 - 2x1010 5x108

8 4-10"0 2x1010 4x108

9 - 5x10* 3x10°

10 - 2x104 2x10°

12 - 3x10* 3x10°

14 5-1010 2x1010 3x10%

15 - 4x104 3x10°

100 |
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108 F

107

Response factor

108 F
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Figure 4.6 Response factors calculated for ibuprofen (e) and its intermediates (1:e; 8:9; 9:e; 10:0; 12:¢;
14:e and 15:¢) at 196, 223 and 250 nm.
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Figure 4.7 Calibration curve of (a) ibuprofen collected at 223 nm with an intercept of 4x10* + 2x104, a
sensitivity slope of 1x10% + 5x10? and a R? of 0.9996, (b) 1-oxo IBU collected at 250 nm with signal
intercept of -5x10°% + 4x103, a slope of 3x10% + 1x10° and a R? of 0.9999.

Calibration curves were built at 223 and 250 nm for ibuprofen and intermediates (Figure 4.7).
A representative calibration curve of 1-oxo-ibuprofen was shown (other calibration curves at
Appendix A3.2). A linear regression analysis showed that, the R? value of the lines are nearly
1. The correlation coefficient, R, is a measure of the strength of the degree of correlation,
between the dependent (signal) and independent (concentration) values. It should be noted
that this is a measure of correlation not a measure of linearity, but the more it closes to 1, the

better the correlation by using a linear regression model. It is worth noting though, that a good
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R value (>0.95) could lead to statistical significance which only indicates some evidence for
correlation, the uncertainty associated to it may be prohibitively large. Hence it does not
necessarily mean that the data would be appropriate for calibration. On the other hand, R? is
often used to describe the fraction of the total variance in the data that is contributed by the
line that has been fitted. Ideally, if there is a good linear correlation, most of the variability can
be accounted for by the fitted line, R? should therefore be close to 1. In this case, the calibration
lines all had a good linear correlation.

Furthermore, ideally, the calibration line should be expected to go through the origin of the
axis as when no chemical was added, no signal should appear, and the intercept should not
be significantly different from zero. As shown in Figure 4.7, considering the errors (standard
deviations,o), the intercept for calibration curves is compatible with zero within 1 or 2o, this
could be further confirmed by the confidence interval for the interception shown in Figure 4.7.
It was believed the confidence interval included origin, which meant the intercept is not
statistically different from zero. The p-value represents the probability of obtaining the
observed data or more extreme values, assuming the null hypothesis is true. Here the null
hypothesis is no difference from a flat calibration curve with zero slope and intercept.
Therefore, higher p-values indicate decreasing evidence to reject this ineffective calibration
scenario due to lower statistical significance. Typically, p>0.05 is considered inadequate to

reject the null case with enough confidence.

In addition to p-values, t-values quantify how many estimated standard deviations each
coefficient falls from zero. For the small sample sizes here, t<2.6 aligns with p>0.05 indicating

insignificant difference from a horizontal line, affirming properly proportional calibrations.

Consequently, the five calibration curves were considered accurate for quantitative
determination for our catalyst tests. It will then be important that the concentrations that will
be detected for the intermediates and ibuprofen fall within the range of the calibration curves.
Hence, the appropriate range for ibuprofen calibration curve in terms of linearity so far to
determine ibuprofen conversion and CMB was from 0.5 mg L to 72 mg L where the usual

concentration for the reaction mixtures fall between 0 and 21 mg L.
4.3 Ibuprofen solubility estimate

From literature, by using different preparation methods and analytical tools, ibuprofen solubility
values in water vary within a wide range from 10 to 180 mg L™ (Table 4.5). Our solubility study
considered an initial concentration of 20 mg L at lab temperature (25°C) with constant stirring.

Ibuprofen was not soluble for the range from 0.5 to 21 mg L™ after 48 hours of stirring under
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room temperature even with the aid of sonication. The samples were then heated at 80°C
with stirring to promote dissolution, and then centrifuged at 5000 rpm for 15 minutes to
separate any remaining undissolved solids. The ibuprofen concentration in the supernatant

was then quantified by HPLC to determine the dissolved amount.

An appropriate amount of ibuprofen (0.03 to 50 mg) was weighed and dissolved in deionized
water to obtain aqueous solutions with concentrations from 0.05 to 103 mg L. In order to
verify the correctness of these concentrations, analysis via HPLC was conducted.

Table 4.5 Literature data for ibuprofen solubility in pure water and their respective determination
methods. lbuprofen solubility values vary within a wide range from 10 to 180 mg L, the solubility
determined in this report (72 mg L) is within the literature range.

ibuprofen

T Time Separation .
“C amount Ref h method Analytical method
mg L
25 10 26-28 -* - -
25 20 29,30 - - -
25 56 e 48 Filtration 0.2 ym HPLC-UV-vis
25 83 49 >08 Centrifugation UV-vis
27 49 50 24 Centrifugation UV-vis
27 80 51 48 Filtration 0.2 um HPLC-UV-vis
- 180 e - - -
21 72 This report 48 Centrifugation HPLC-UV-vis
*”-"not known
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Figure 4.8 Calibration curves of ibuprofen solutions collected at A=223 nm with concentrations from
0.05 to 103 mg L. Figure of peak areas (AU*min) against respective concentrations (mg L) ranged
from 0 mg L1 to 72 mg L1, R2=0.9993. Beyond this range, signals deviate towards lower values.
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A linear interpolation of the data points shows linearity up to 72 mg L (Figure 4.8). Above this
limit, the HPLC signal deviates to values lower than expected. This bending effect occurs
when the ibuprofen solution becomes saturated. In fact, if the solution is saturated, the HPLC
signal will only detect the ibuprofen present in soluble form, leaving the remainder as a solid
and non-detectable residue. This, in turn, will result in a signal and concentration in the solution

that are lower than expected.

This estimate is compatible with literature data reporting a solubility of around 60 mg L. As

such, our solutions were prepared at a maximum concentration of 60 mg L.
4.4  Effect of the H202: IBU molar ratio (H202dosage) on oxidation efficiency

Having estimated the solubility of ibuprofen, it is important to investigate how different doses
of H.0: affect the oxidation efficiency of ibuprofen, as it plays a crucial role in the Fenton
reaction. As explained in the previous Chapter 3, while increasing the initial concentration of
H.O. enhances the organic contaminant degradation rate, it may also increase the rate of
undesired H.O, scavenging. That is, beyond a certain point, increasing the initial H2O-
concentration does not improve the conversion efficiency and can even result in a detrimental

effect, which has been reported in various studies.5?-5

Although with respect to mineralization, the stoichiometric ratio H,O- to ibuprofen is 33 (Eg.
4.3), the literature reports a wide range of H,O, dosages from 0.4 to 505 (Table 4.6) and

varying effects on the reaction under different conditions.

Ci13H1502 + 33 H202 — 13 CO» + 42 H20 (Eq 4.3)

In previous research on Fenton oxidation of ibuprofen, complete conversion has been
achieved by using elevated amounts of hydrogen peroxide beyond stoichiometric levels.
Multiple studies (Table 4.6) have demonstrated nearly 100% ibuprofen decomposition with
H.O.: ibuprofen molar ratios up to 505:1, while adjusting reaction conditions such as
temperature and catalyst selection. However, this does not necessarily imply a 100%
selectivity to CO, and H,O due to radical termination processes, which may actually result in

lower mineralization levels when there is a large excess of oxidant.

This ability to drive full conversion even with different conditions implies excess peroxide likely
continuously generates hydroxyl radicals that overwhelm losses from radical recombination
side reactions. However, reducing the H>O, amount required would be economically and
environmentally beneficial. Further optimization of reaction parameters would enable the

maintenance of high ibuprofen conversion at significantly lower and more sustainable
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hydrogen peroxide levels.

Therefore, it is critical to determine the optimal H,O, dosage under the specific reaction
conditions employed in our study to ensure optimal ibuprofen conversion and minimize the

impact of H.O, scavenging.

Table 4.6 H20: dosage used in other studies for ibuprofen (IBU) degradation in different reaction
conditions.

IBU IBU

amount F:ZB?JZ*: Catalﬁt N,LS Catalyst o-{: conversion Mlnez/aliiatlon Ref
mg L™ mg % °
10 505 12.5 4  CulzrO, 70 100 53 2
20 66 75 1 FeSOs 25 100 40 55
20 66 75 1 FeSO, 25 100 10 55
10 206 50 16 Xlzcgs rt. 08 63 27
10 505 12.5 5  FelzZrO, 70 97 40 2
50 14 430 32  FeSO, rt. 93 90 56
20 66 163 30 TeMFl g 88 27 57
zeolite
10 5 2 FeSO,  rt. 85 3 28
10 5 o Fe(OHIO 80 30 28
goethite
180 0.4 67 1 FeSOs 30 80 40 22
60 31 25.2 2 FeSO; 20 80 15 36
Zervo
10 5 2 valent r.t. 79 41 28
Iron
180 0.4 67 1 FeSO, 30 60 10 2

* H20> to ibuprofen molar ratio
**M:S molar metal to substrate ratio
*** as determined by total organic carbon

To cover the range of H,O, to ibuprofen molar ratios reported in the literature, control
experiments were conducted on a 50 mL aqueous solution of ibuprofen (20 mg L?) with a
molar ratio up to 800, including the stoichiometric value of 33. This was initially done in the
absence of a catalyst, and as such, the only way to form -OH radicals would be through

thermal decomposition.
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Figure 4.9 Trends of Ibuprofen conversion (E) and carbon mass balance (®) for ibuprofen oxidation
with different hydrogen peroxide addition. Reaction conditions: 50 mL of ibuprofen (20 mg L),
ibuprofen:H202 molar ratio=1:0, 33, 80, 100, 400 and 800, p = endogenous, 80 °C, 4 h, 500 rpm. The
slope of the curve became less and less steep until a plateau at a ratio of 400, the conversion reached
a limit at about 62%, the carbon mass balance matched the trend of the conversion, and it decreased
up to about 40%.

As discussed, increased initial concentration of H>O: increases the degradation rate or organic
pollutants, this matched the trend in ibuprofen conversion and a positive correlation between
the ibuprofen conversion and the initial amount of H,O, was observed. It was also noticed that
the slope of the curve (Figure 4.9) became less and less steep until a plateau at a ratio of 400,
the conversion reached a limit at about 62%, the carbon mass balance matched the trend
observed the conversion, in the sense that the higher the conversion the higher the
mineralization and in turn the lower the mass balance, up to a value of ca. 40%. Our data are
consistent with the fact that a high initial concentration of H.O, also leads to undesired -OH

scavenger effects.%®

Therefore, by the addition of H,O- alone, the larger the initial concentration does not lead to a
higher conversion and mineralization. To circumvent this detrimental effect, a multiple addition
method instead of single addition of H.O, can be considered. This is to control the interaction
between -OH and H>O3, preventing the formation of the less reactive -OOH and ensuring that
the reaction is primarily between -OH and the pollutant. According to a study by Prasad,®®
approximately 23% more of mineralization of stripped sour water was observed. More -OH are

available for oxidation and less portion of H.O- will participate to form non-active species.
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In any case though, either single or multiple additions, catalysts are necessary to be added to
increase the H,O, decomposition rate to -OH and at the same time reduce the unnecessary

dosage of H20..
4.5  Activity of Fe3* and Fe?* in the CWPO of ibuprofen

It should be recalled that (Chapter 3, Section 3.4.1) from a comparison of two metal precursors
Fe3* and Fe?" as active species for the Fenton reaction has shown a difference for phenol
decomposition activity only at the beginning of the reaction (24 h with respect to a total 72 h
reaction) and different M:S molar ratio. In view of these results, and that the sole thermal
decomposition of H»O; is not able to achieve full ibuprofen mineralization, we carried out the
same type of control test prior to the statistical study of recycled glass containing Fe3* in the
CWPO of ibuprofen as a necessary benchmark.

As well as by considering the effects of both Fe?* or Fe*" which can both theoretically initiate
the reaction (Eq. 3.3 and 3.4).

4.5.1 Control tests of using Fe®* and Fe?*

As discussed in section 4.2, seven ibuprofen decomposition intermediates: 4-acetylbenzoic
acid, 2-(4-Formylphenyl)propanoic acid, 1-oxo-ibu, 4-isobutyleacetophenone), 2-[4-(1-
Hydroxy-2-methylpropyl)phenyl]propanoic  acid, 4-Isobutylbenzoic acid and 1-(4-
isobutylphenyl)-1-ethanol) are determined by HPLC together with some unknown peaks.
Furthermore due to the complexities of the chromatograms from ibuprofen decompositionfive
different H,O; to ibuprofen molar ratio were selected, in order to gradually lead to a larger
amount of products and so facilitate the identification of the compounds in the reaction mixture.
Ibuprofen decomposition with IBU:H>O, molar ratio of 0, 10, 30 (less than), 33 (stoichiometry
value with respect to mineralization) and 40 (more than) of with and without Fe(NO3)s-9H,O
and FeSO.;7H.O to as catalyst were conducted to study the activity on ibuprofen
decomposition (Figure 4.10) in terms of: ibuprofen conversion (mol%), CMB% and H.0O-

consumption.
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Figure 4.10 Control tests for the comparison between the use of Fe(NO3)3-9H20 and FeSO4-7H20 as starting catalyst on ibuprofen decomposition via Fenton
reaction. Catalyst activity is evaluated in terms of: a) ibuprofen conversion (mol %), b) CMB (mol%) and c) actual consumed H20:: ibuprofen (molar ratio). In
the presence of different amount of H202 only (m); in presence of different amount of H202 and Fe(NOz)3-9H20 (@) and in presence of different amount of H202
and FeSO4-7H20 (A). Reaction conditions: 50 mL of ibuprofen (20 mg L), M:S=1:20, ibuprofen:H202=1: 0, 10, 30, 33, 40, p = endogenous, 80 °C, 4 h, 500
rpm. The addition of FeSO4-7H20 as starting catalyst showed a significant higher activity on ibuprofen decomposition as compared to the addition of no catalyst
and Fe(NOz3)3-9H20 at all different amount of H20x.
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Control tests in the absence of catalyst and H>O, showed a 1 £ 1 mol% of ibuprofen conversion,
that is compatible with zero, after 4 h of reaction, showing the resistance of ibuprofen being
decomposed by heating only in the absence of catalyst or conversely the stability of ibuprofen
at such conditions. From the stability tests of H.O, reported in Chapter 3 (Section 3.2), only
3% of H.O, was decomposed after 4 h without the presence of substrate and catalyst at 80°C,
indicating only a negligible degradation under the reaction conditions. This is consistent with
literature data; for example, studies have noted substantial variability in hydrogen peroxide
half-life spanning 6 mins to 6 days depending on temperature, pH, and solution
components.>°60-65 Nonetheless, the stability tests and literature comparisons give evidence
that negligible H,O, decomposition should occur within the 4-hour CWPO reaction time frame
used in this work. In addition, the ibuprofen conversion increased to only 5% over 4 h (a short
reaction time) even in the presence of H.O: (stoichiometric ratio 1:33), suggesting that though
slightly improved the ibuprofen removal efficiency, the addition of H.O, formed a few -OH
radicals via hydrothermal decomposition when no effective catalyst involved, hence, it had a

negligible effect on the contaminant abatement.

A control test in the absence of H2O; but in the presence of Fe(NO3)3;-9H,0 and FeSO4-7H,0
showed a limited ibuprofen conversion (3% practically comparable with 0%), indicating that
both H,O, and Fe species are required to degrade ibuprofen . The addition of Fe(NO3)3-9H0
and FeS0O,-7H,0 significantly increased the ibuprofen conversion (24% and 38% respectively)
when IBU:H.O, molar ratio of 40 was added. This result was better than the reaction

performance (23%) when IBU:H>O, molar ratio of 100 was added without catalyst.

Similar to the decomposition of phenol, the conversion of ibuprofen after 4 hours using Fe2*
(FeS04-7H,0) as catalyst is higher than that using Fe3* (Fe(NOs)s-9H20). This is further
evidenced by the greater amount of products detected by HPLC for FeSO,-7H,0O (7 products)
than FeSO4-7H,0 (6 products). This difference might be due that unlike the classical Fenton
process, Fe*" ion required an additional step to react with H,O- to generate Fe?* ion and -OOH
at the beginning of the reaction, for every centre of Fe** a molecule of H,O; reacts to form
Fe?*. Less active -OOH will be formed instead of -OH during this essential step which largely
decreases the oxidation activity in ibuprofen decomposition. As a result, some more H;O-
(though small) was always consumed by every converted ibuprofen while a smaller conversion
was observed for each different dosage of H.O.. This result further confirmed the theory and
highly matched with phenol decomposition observation. However, it was suggested when the
reaction time is prolonged, after all the initial Fe®* ions are converted to Fe?* this difference
will be minimised and eventually, no significant difference will be noticed. This assumption can

be further confirmed by increasing the reaction time to 72 h.
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4.5.2 Kinetic study on Fe3" and Fe?* as catalyst in the CWPO of ibuprofen
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Figure 4.11 Kinetic study for the comparison between the use of Fe(NO3)3-9H20 (@) and FeSO4-7H20
() as starting catalyst on ibuprofen decomposition via Fenton reaction. Catalyst activity is evaluated
in terms of: a) ibuprofen conversion (mol %) and b) CMB (mol%) (solid) and H202 consumption (%)
(dotted). Reaction conditions: 50 mL of ibuprofen (20 mg L), M:S=1:20, ibuprofen:H202=1:33,
p = endogenous, 80 °C, reaction time: 0, 4, 8, 17, 20, 24 and 72 h, 500 rpm. The initial rate of ibuprofen
decomposition by FeSO4-7H20 as starting catalyst is twice as fast as Fe(NO3)3-9H20.

A longer reaction time allowed to detect an increased the activity of Fe(NOs3)s-9H,O and
FeSO.-7H,0 towards H»O, decomposition and in turn on ibuprofen degradation leading to a
complete ibuprofen molar conversion within 24 and 16.5 h respectively (Figure 4.11). The rate
of reaction by using FeSO4-7H;0 is nearly twice as fast as Fe(NOs)3-9H,0 at early stage of
the reaction (5-10 h), after 24 h of reaction, the reaction reached completion in both cases

Thus, showing that indeed Fe?*/Fe®" act as a catalyst cycle.

Furthermore, the CMB% reveals a clear trend of both Fe3* and Fe?* (Figure 4.11b solid line),
the gradually decreasing CMB showed an increasing CO; formation with increasing in reaction
time. When Fe?" was used a much faster ibuprofen mineralisation occurred. The H,O:
consumption data also revealed the same trend (Figure 4.11b dotted line), the amount of H20-
consumed per unit ibuprofen converted were higher for Fe®* due to extra step up to 20 h where
the consumption values were statistically similar. However, for both catalysts, even after 72 h
reaction, fully mineralization was not achieved proved by a 93 % H,O, consumption and
potential scavenging effect discussed previously (Section 4.4). Even though, the most toxic
ibuprofen intermediates were not detected at this stage, showing a success in pollutant
abatement so far. From Figure 4.11b (solid line), the steep decrease of CMB is detected,
suggesting a fast production of CO,. This further proved the hypothesis that extra step by
Fe(NO3)3-9H,0 is needed than FeSOa4-7H.0 in order to trigger the redox cycle in classical
Fenton process, and this difference in H,O, decomposition activity between this two ions

cannot be denied.
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This result supports the working hypothesis of Fe** centre, like that presence in a glassy matrix
can be active for the catalytic decomposition of ibuprofen by using a Fenton system. In the
next section, GTS green glass of different diameters will be used as a benchmark to
investigate the effect of different parameters on heterogeneous reaction via the Fenton

reaction.

4.6 Use of recycled glass for the abatement of ibuprofen via Fenton

reaction

In order to make sure our catalytic tests were carried out under the kinetic regime and to
assess the feasibility of this material for this reaction, a set of different reaction conditions were
taken into account by changing reaction time, stirring rate, M:S molar ratio, H.O, amount and
catalyst size.

4.6.1 Effect of reaction time and grain size on the activity of GTS green glass

Reaction time is a crucial parameter for evaluating catalyst performance, as both conversion
and selectivity are time-dependent. If equilibrium or completion are reached, neither

conversion nor selectivity will change in an observable manner.

Furthermore, as the size and, to some extent, the shape of a catalyst can also affect both
conversion and selectivity, a range of reaction times and particle sizes were considered to

investigate the feasibility of recycled glass as a catalyst for the absorption of ibuprofen.

These included reactions between 0 and 24 h for the oxidation of ibuprofen with three different
sizes of G1 recycled glass: <0.1 mm, 0.1-0.2 mm and 0.2-0.5 mm. Extending the reaction time
from 4 hours to 24 hours resulted in improved ibuprofen conversion for all sizes of recycled
glass tested, increasing from approximately 30% to 100%. This aligns with the timescale
expected for efficient contaminant decomposition via hydroxyl radical oxidation from the data
gathered in Chapter 3. The longer catalytic test duration enabled improved mineralization as

well, evidenced by increasing CO; selectivity and decreasing carbon balances (Figure 4.12 b,

c).

Glass particles <0.1 mm demonstrated a remarkable enhancement, enhancing ibuprofen
conversion from 35% to 100% after just 3 hours, along with notable improvements in H.O-
consumption (Figure 4.12 c). This indicated that the -OH radicals generated from H,O; readily
converted ibuprofen to intermediates and the formation CO, that matched the CMB% value.
Whereas glass with diameters of 0.1-0.2 mm and 0.2-0.5 mm, had approximately half the rate

and only achieved a complete ibuprofen conversion and a good CO. after 24 h reaction. The
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smaller sizes probably provide more exposed catalytic sites interacting with hydrogen
peroxide to support hydroxyl radical generation. Approximately 4 times larger in terms of outer

layer at fixed mass assuming 10 um catalyst depth accessible to the surroundings.

At 6 h reaction time, grains of <0.1 mm, led to 100% ibuprofen conversion, while 75% of the
H.O, was consumed, as the added H.O, was calculated after complete mineralisation of
ibuprofen. Therefore, at this stage, the reaction mixture contains only intermediates, as
evidenced by a largely positive CMB% (Figure 4.12b). The resident toxic intermediates were
fully converted with <0.1 mm diameter after 6 h, so the 6 h reaction can be considered a good
starting point for optimization.
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Figure 4.12 Effect of reaction time (up to 24 h) and grain sizes (<0.1 mm (m), 0.1-0.2 mm (e) and 0.2-0.5 mm (e)) on ibuprofen decomposition with GTS green
glass as catalyst via Fenton reaction. Catalyst activity is evaluated in terms of: a) Ibuprofen conversion (mol %), b) CMB (%) and (c) H202 consumption (%).
Reaction conditions: 50 mL of ibuprofen (20 mg L), G1 recycled glass (Fe: 0.2 wt.%), <0.1 mm, 0.1-0.2 mm and 0.2-0.5 mm, M:S=1:5, ibuprofen:H202=1:33,
p = endogenous, 80 °C, reaction time: 0, 4, 6, 7, 8, 16, 20 and 24 h, 500 rpm. The rate of ibuprofen decomposition by G1 recycled glass (<0.1 mm) as starting
catalyst is the fastest due to the higher surface area as compared to the other diameters.
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4.6.2 Effect of stirring rate on the activity of GTS green glass (G1)

The external diffusion is the phenomenon of mass transfer of a reagent from a fluid phase to
the surface of the catalyst. It is an ever-present phenomenon for any heterogeneous catalyst
and especially when the fluid phase is a liquid rather than a gas, and when the reaction is
carried out in a batch reactor rather than a fluid catalytic bed. The stirring rate can significantly
affect external diffusion and, therefore, affect reaction efficiency in a batch-to-batch
reaction.®®5” A low stirring rate can lead to reduced mixing of the reacting species, including
the catalyst surface. Additionally, glass beads may settle at the bottom of the reaction flask,
further reducing mass transfer. The combined result of these effects could be a decrease in
the reaction rate. Vice versa, if an increase in stirring rate increases the conversion, and hence
reduces the diffusion, the external diffusion may contribute (or even to be, as in an ideal case)
the rate determining step in ibuprofen decomposition process. If, instead, no changes in the
reaction-defining parameters (as in our case conversion and CMB) are detected by changing
the stirring rate, this means that the reaction is not affected by mass transfer limiting
phenomena, and therefore the reaction is in a kinetic regime.®%’ To determine whether our
tests operate in a kinetic or diffusion regime, the activity of the G1 recycled glass catalyst was
studied at different stirring rates (300 to 800 rpm). A patrticle size of less than 0.1 mm was
chosen because of their larger surface area, also for the same M:S ratio, a larger number of

glass beads are required, making the effect of varying the stirring rate more observable.
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Figure 4.13 Effect of different stirring rates on activity of G1 recycled glass (<0.1 mm) as catalyst in
ibuprofen decomposition via the Fenton reaction. Catalyst activity is evaluated in terms of: ibuprofen
conversion (mol % m), CMB (% e) and H.O2 consumption (% A) was recorded and presented. Reaction
conditions: 50 mL ibuprofen (20 mg L), G1 recycled glass (Fe: 0.2 wt.%), <0.1 mm, M:S=1:5,
ibuprofen:H202=1:33, p = endogenous, 80 °C, 4 h, 300-800 rpm.
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The ibuprofen conversion and CMB% with changing in stirring rate (300 to 800 rpm) were
statistically identical within the experimental error (Figure 4.12). H,O, consumption also
showed a constant value under different stirring rate. This implies the effects of the external
diffusion limitation can be neglected when stirring speeds ranging from 300 rpm to 500 rpm
are applied, and the reaction is under kinetic regime, thus reflecting the acceleration rate

operated by Fe centres for our reaction.

4.6.3 Effect of initial H2O2 Concentration

Given the results reported in Section 4.6.2, a grain size of <0.1 mm and a stirring rate of 500
rpm, were selected for the investigation of the optimal amount of H.O, to achieve high

ibuprofen conversion.

The use of HO; is essential during CWPO, the theoretical minimum and stoichiometric
amount of H>O- required for compete ibuprofen mineralization is 33 times of ibuprofen added.
However, stoichiometric amount did not normally lead to a full mineralization due to undesired
scavenging effects of H,O2,%® therefore, more H,O, for the mineralization of this substrate is
always in need. However, it was explained previously that, higher amount of H,O, may lead
to an opposite result where too much free radicals are present.®® Hence, the identification of
an appropriate range for H,O. to be used without being affected by the undesired side-

reactions is important when designing this kind of experiments and tests.

With catalyst diameter less than 0.1 mm, the increase for H.O, from 1:33 to 1:40 resulted in a
sharp increase of the ibuprofen conversion from approximately 35% to around 85%, with the
CO; selectivity increased accordingly shown by the decreasing trend of CMB%. Whereas
further increase in H>.O, amount to 1:160 only resulted in a slightly increase of ibuprofen
conversion to 95 % (Figure 4.14 a). Thus, it will not be worth to increase the amount of H>O>
beyond 1:40, as this will just lead to a slight improvement only in the ibuprofen conversion.
The consumed H»0;:IBU ratio gradually increased to 28 (Figure 4.14 c) after the total H.O»
was added into the reaction, this matched with the ibuprofen conversion and CMB% as a
complete mineralization was not observed. It re-enforced the result from section 4.4 whereby
changing only the H,O, dosage is hard to achieved mineralisation due to potential scavenging

effects.
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Figure 4.14 Effect of initial ibuprofen to H202ratio (1:33-1:160) in ibuprofen decomposition with G1 recycled glass as catalyst (<0.1 (m), 0.1-0.2 (e) and 0.2-0.5
(A)) mm via Fenton reaction. Catalyst activity is evaluated in terms of: a) Ibuprofen conversion (mol %), b) CMB (%) and (c) H202 consumption (%). Reaction
conditions: 50 mL of ibuprofen (20 mg L1), G1 recycled glass (Fe: 0.2 wt.%), <0.1, 0.1-0.2 and 0.2-0.5 mm, M:S=1:5, p = endogenous, 80 °C, 4 h, 500 rpm.
Activity of glass with diameter <0.1 mm is a higher than the other two diameters before ibuprofen to H202ratio of 1:100, after this ratio, the difference between
three diameters is negligible.
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For catalyst with diameters 0.1-0.2 and 0.2-0.5 mm, a plateau of ibuprofen conversion (98 +
4%) was only observed after further increasing of the H,O, dosage to 1:100 (Figure 4.16 a).
The difference in conversion across glass bead diameters can be attributed to the change in
surface area for a fixed catalyst mass. Assuming (Section 3.7.1) an interaction of the catalyst
surface with the surroundings equal to a penetration depth of 10 um and spherical shape, the
relative surface areas for 0.1 mm, 0.2 mm and 0.5 mm beads are estimated to be 16:9:4. Thus,
the smaller 0.1mm size presents the greatest surface area and associated iron content,
enabling a faster activation of H2O: into hydroxyl radicals to drive ibuprofen decomposition.
However, with increasing H.0> dosage, the slower reaction rates for larger diameters can be
observed. This suggests that by tuning conditions like oxidant amounts, the different sizes can

eventually achieve similar mineralization, albeit with slower kinetics for larger beads.

In conclusion, an ibuprofen:H,O; ratio of 1:40 appears a good compromise amount for G1
recycled glass diameter less than 0.1 mm for further reaction condition. Whereas with diameter
0.1-0.2 and 0.2-0.5 mm, an ibuprofen:H>O: ratio of 1:100 (accounting for the experimental

error) showed a promising performance in ibuprofen.

4.6.4 Effect of metal to substrate molar ratio (M:S)

In addition to stirring rate, the amount of catalyst used also affects reaction efficiency. In a
batch reactor system, increasing the amount of catalyst while keeping other parameters
constant should result in an increase in conversion if there are no mass transfer limitations.
This however as long as the reaction has not reached completion or its equilibrium value yet.
This is because there would be more catalytic active sites available to facilitate the reaction
with the reactants. However, if the addition of more catalyst does not lead to an increase in

rate this means the rate determining step is the diffusion control.

These tests may help to determine the minimum optimum catalyst (M:S molar ratio) required
to ensure that the system achieves kinetic rather than diffusion control, while avoiding waste
from excess catalyst. As a result, effect of catalyst amount was then studied with M:S from
1:40 to 10:1 (Figure 4.15).
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Figure 4.15 Effect of M:S ratio (1:40 — 10:1) on ibuprofen decomposition with G1 recycled glass (<0.1
mm) as a catalyst via the Fenton reaction. Catalyst activity is evaluated in terms of: a) ibuprofen
conversion (mol %m) and CMB (% A) and (b) H202 consumption (%m). Reaction conditions: 50 mL of
ibuprofen (20 mg L), G1 recycled glass (Fe: 0.2 wt.%), <0.1 mm, M:S=1:40-10:1, ibuprofen:H202=1:33,
p = endogenous, 80 °C, 4 h, 500 rpm. lbuprofen conversion reached a peak value at M:S=1:1 where
inefficient mixing start to affect the reaction. The normal M:S ratio is 1:5, which lies well in the kinetic
regime, where diffusion is negligible. Yellow area: kinetic regime, pink area: diffusion regime.

As shown previously, the diffusion effect is negligible when we use M:S ratio of 1:5 by changing
the stirring rate. When the M:S ratio was lower than 1:1 (Figure 4.15: yellow area), an
increasing amount of catalyst led to an increase in ibuprofen conversion to about 50%,
implying that the reaction is under kinetic regimes and diffusion limitation effects can be
neglected. However, when the catalyst amount was increased above 1:1 (Figure 4.15: pink
area), an opposite trend was observed. Ibuprofen conversion decreased sharply and reached
a plateau about 5%. It is expected to reach a plateau instead, but due to the practicality on
how the experiments were done, this sudden drop in conversion could be due to the lack of
physical mixing. The amount of catalyst added is too much (Table 4.7) and preclude the mixing,
making the oxidation in a batch-to batch reaction much inefficient. Although this is a challenge
for a preliminary study using a batch-to batch reactor, this will not be an issue with a fixed-bed
reactor and will be considered for future studies. Moreover, these results show that it is not
always the more the catalyst, the better.

Furthermore, despite the M:S ratio exceeding 3:1, the consumption of H,O, was observed to
be as high as 50%, while the conversion of ibuprofen was only 5%. This suggests that
although -OH radicals were generated; they were not utilized to react with the organic

substrates and may have terminated each other during the process.
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Table 4.7 Actual mass of catalyst added according to different M:S ratio from 1:40 to 10:1 to study the
effect of M:S ratio of G1 recycled glass (<0.1 mm) on ibuprofen decomposition via Fenton reaction.
Reaction conditions: 50 mL ibuprofen (20 mg L), G1 recycled glass (Fe: 0.2 wt.%), <0.1 mm,
M:S=1:40-10:1, ibuprofen:H202=1:33, p = endogenous, 80 °C, 4 h, 500 rpm. The normal M:S ratio is
1:5, which lies well in the kinetic regime, where diffusion is negligible.

R . . M:S Catalyst amount
eaction regime M .
olar ratio g
1:40 0.005
Negligible diffusion 1:10 0.02
/Kinetic regime 1:5 0.04
1:2.5 0.07
Turning point 1:1 0.2
1.5:1 0.3
2:1 0.4
Non-negligible diffusion 3:1 0.6
[Diffusion regime 4:1 0.7
5:1 0.9
10:1 1.9

To summarize, without changing the stirring rate, the diffusion effect is negligible for reactions
with M:S ratios less than 1:1, when the catalyst amount is over this threshold, diffusion
limitation will dominate and be the rate determining step, causing an opposite effect on overall
conversion and a waste of resources. Therefore, the chosen M:S ratio of 1:5 or even 1:2.5

can be an ideal amount in terms of catalyst activity and experimental preparation for our set
up.

Overall, complete ibuprofen conversion, high H,O, consumption and CO, formation, thorough
oxidation of toxic intermediates was obtained. Thus, indicating it is possible to achieve a water
purification efficiently from the aspect of low toxicity and high biodegradability with the recycled
GTS green catalyst under the experimental conditions. Therefore, with appropriate choice of
reaction parameters, full mineralization within a reaction time of 4 h can be achieved. As a
reference, this time is comparable with using zeolite of the decomposition of aromatic

compounds.®®

With different reaction condition and decreased cost, high water purification can be achieved.
Decomposition of ibuprofen with other colour of recycled glass that contain Fe3** was then
conducted to investigate the possibilities Fenton-like reactions in ibuprofen purification with

the above reaction condition as a start.

4.7 Activity of various types of glass as heterogeneous catalyst in the

CWPO of ibuprofen

Based on the results from G1 recycled glass, other recycled glasses with various colours like
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other green (G2), brown (G3) and transparent (G4) that contain iron (0.3, 0.2 and 0.07%
respectively) were considered to have the ability to trigger the Fenton reaction of ibuprofen.
Considering potential post-treatment operations to the catalyst, sizes larger than 0.1 mm are
preferred for ease of recovery. Therefore, in this section, the investigation of various types of
recycled glasses with diameters of 0.1 to 1 mm toward their catalytic activity in the
decomposition of ibuprofen was conducted based on the optimum conditions derived from 0.1
mm GTS green glass. The goal was to assess the trade-off between increased surface area
and ease of recovery, and in turn reuse, for the different glass bead sizes.

For each type of glass -although with different iron content - an increased ibuprofen conversion
was observed while decreasing in diameter. That said, within the ranges that have been
explored (<0.1 to 0.5 mm), particle size is more important than the Fe content. This is expected
as a fixed M:S molar ratio resulted in the same amount of catalyst required for each diameter.
Therefore, the smaller the diameter, the higher the surface area, indicating a higher amount
of iron available for -OH generation. In contrast, at different diameters, different iron content
associated with the glass demonstrated no clear effect in ibuprofen conversion, implying that
if the M:S ratio and diameter were determined, the type of recycled glass for desired ibuprofen
conversion only varied by the mass required due to different iron amount possessed. Moreover,
although different recycled glass demonstrated different activity, diameters larger than 0.1 mm
showed relatively better activity through all type of glasses and showing a promising ibuprofen
conversion, low CMB%, relatively high H,O, consumption (17%) (Figure 4.16 b, c¢) and low
metal leaching (less than 0.2 wt.% measure by ICP-OES), therefore, can be the second better
choice. This highlights that possibility that recycled glasses can be collected and cleaned
without proper separation in terms of colour; a simplified pre-treatment of the glassed can be
achieved by controlling a diameter range of 0.1-0.5 mm for brown and green of any brand with
reasonable iron content. This idea can be tested in the future experiments. The post-treatment
of filtering out the catalyst is easier with this range of diameter as compared to those with less
than 0.1 mm. This further reduced the cost of using recycled glass and at the same time

contributing to circular economy.
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Figure 4.16 Activity of four different types of recycled glass, G1, G2, G3, G4 (Fe content 0.2, 0.3, 0.2 and 0.07 wt.% respectively) in ibuprofen decomposition

with three catalyst sizes:<0.1, 0.1-0.2 and 0.2-0.5 mm via the Fenton reaction. Catalyst activity is evaluated in terms of: a) Ibuprofen conversion (mol %), >95%
(@), 80-95% (e) and 71-80% (). b) CMB (%) >30% (e), 15-30 % (¢) and 0-15 % () and (c) H202 consumption (%, max consumption 23%): >15 % (e), 13-15%
(®) and 12-13 % (=). Reaction conditions: 50 mL of ibuprofen (20 mg L), ibuprofen:H202=1:140, p = endogenous, 80 °C, 4 h, 500 rpm.
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4.8 Conclusion

Agriculture is the largest large scale consumer of fresh water globally, with particularly high
usage in European nations.”® However, the presence of recalcitrant micro pollutants such as
pharmaceutical residues poses threats to both crop cultivation and connected ecosystems. %72
Ibuprofen, a frequently detected anti-inflammatory drug, has shown phytotoxic impacts that
inhibit plant growth at concentrations as low as 40 ug L ®’ Conventional wastewater
treatment methods can be insufficient in fully removing ibuprofen as explained in Chapter 1.
Catalytic Wet Peroxide Oxidation (CWPO) has recently shown promise as an alternative
advanced technology for ibuprofen mitigation.” Drawing inspiration from glass-catalysed
phenol degradation (Chapter 3), this work investigates recycled glass for ibuprofen removal.
The use of waste glass embodies the concept of the circular economy, where materials are
reused to reduce the overall cost of wastewater treatment, which in turn benefits the irrigation
of the plant. The benefits generated may affect other sectors, thus resulting in a net saving of
resources.

The solubility of ibuprofen in water is relatively low, with an estimated value of 72 mg L*
determined by High-Performance Liquid Chromatography (HPLC). This value sets an upper
limit for use in investigating the degradation of ibuprofen. Additionally, the presence of
potentially more toxic intermediates, such as 4-ethylbenzaldehyde, necessitated the
characterization of the eleven detected intermediates during the Catalytic CWPO process
using both HPLC and GCMS methods. This step was taken to ensure the complete removal

of both ibuprofen and any more toxic intermediates generated during the CWPO process.

In CWPO processes, hydroxyl radicals play a crucial role in oxidation. However, it has been
observed that, in the absence of any catalyst, an excessive dosage of H.0- (H.0- to ibuprofen
molar ratio of 400) can lead to severe scavenging effects, resulting in a waste of resources.
Moreover, it has been found that achieving complete ibuprofen conversion is difficult without
the presence of a suitable catalyst. In this regard, a comparison between the use of Fe? and
Fe®" as catalysts was investigated. The study revealed that the rate of reaction with of Fe®*
was as twice slower than Fe?* at the early stage of the reaction (5-10 h out of 24 h), but due
to the redox cycle, the difference in reaction rate becomes negligible over time (over 24 h).
This finding provides a basis for exploring the use of other heterogeneous catalysts containing

Fe3*, which is the most stable oxidation state of iron.

To ensure that our catalytic tests were carried out under the kinetic regime using G1 recycled
glass as a representative, a range of different reaction parameters were studied. These
parameters included reaction time (4-24 h), stirring rate (300-800 rpm), M:S (1:40 to 10:1),
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ibuprofen to H,O- ratio (1:33-1:160), and catalyst size (<0.1 mm, 0.1-0.2 mm and 0.2-0.5 mm).
The findings suggested that, with an appropriate choice of reaction parameters, full
mineralization of ibuprofen within 4 hours could be achieved. Building on these promising
results, other types of recycled glass G2, G3, G4 with iron content ranging from 0.3, 0.2 and
0.07 wt.% respectively and three different glass diameters (0.1-0.2, 0.2-0.5, and 0.5-1 mm)
were investigated. Irrespective of the iron content, it was found that the smaller the diameter
of the recycled glass catalyst, the higher the ibuprofen conversion due to the higher surface
area, and in turn the supposed fraction of Fe in contact with the surroundings and the solution.
In addition, a low metal leaching (less than 0.2 wt.%) of all types of recycled glass ensures
that the catalyst can be reused.

In summary, the application of recycled glass as a catalyst in the removal of ibuprofen has
been extensively studied, and promising results have been obtained. The use of recycled
glass as a catalyst not only provides a greener approach to ibuprofen removal but also enables
the application of circular economy principles such as waste valorisation. For example,
recycled glass materials are used in construction applications as a substitute for sand in
concrete, allowing diversion from landfills and reducing raw material needs.’® Other efforts
have investigated converting waste glass into supplemental cementitious materials, again
displacing traditional concrete formulations.”” This work mirrors these concepts by utilizing
recycled glass waste as a catalyst instead of conventional manufactured catalysts, allowing
demonstration of circular principles where materials are recovered at their highest value to
reduce the need for new resource inputs. Additional future circular applications could
investigate reusing any post-process glass material as construction fillers, embodying the
reducing, reusing, and recycling system mind-set. The success of this study provides a strong
basis for exploring other potential applications of recycled glass catalysts, including the

synthesis of fine chemicals.
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51 Introduction

Benzyl alcohol (BnOH) is an important aromatic alcohol used as a solvent in inks, paints, glues,
and resins,! in household cleaners and detergents,? and as a food additive like almond
products.® Because of its organoleptic properties, it is a member of the fragrance structural
group aryl alkyl alcohols, being frequently used as a fragrance ingredient in several consumer
products such as shampoos, soaps, and cosmetic products.? Noteworthy, it has bacteriostatic
and antiseptic properties with however a modest toxicity, which increases its versatility.>? The
oxidation of benzyl alcohol to benzaldehyde — together with the oxidation of benzyl alcohol
homologues - is also an important process, both in industry and academia.*® In industry it is
used as the raw material for a large number of products, including perfume, beverage,
pharmaceutical intermediates.5®° They are also of interest as a replacement source of fine
chemicals due to the future limited supply of petroleum remaining, as this decreasing supply
is leading to a continual rise in petroleum price. Therefore, it made benzyl alcohol an important
chemical that has been produced extensively. In the industrial production process, its
wastewater contains a significant amount of benzyl alcohol, with concentrations ranged from
0.5 to 21 g L1101 From the promising results described Chapters 3 and 4 concerning the
degradation of phenol and ibuprofen, this prompted us to investigate the possibility to apply

recycled glass via Fenton reaction for the removal or the selective oxidation of benzyl alcohol.

In fact, in academia, BnOH can be considered as a model compound for the investigation and
development of novel catalysts.'>12 This is because the oxidation of benzyl alcohol is expected
to lead to one product only, benzaldehyde (unless additional oxidation of the aldehyde to the
benzoic acid: Figure 5.1) and, as such, it is possible to probe acid properties by reaction with
the OH group of the molecule or by activating the C-H bond in alpha to the hydroxyl one.
Furthermore, this partial oxidation may be carried out at a relatively mild conditions which is a
further advantage for our study and to assess the capability of iron centres in recycle glass to

carry out such an oxidation reaction.

[o]
|
OH [O] [O] OH [O]
©/\ > — y» H20 +COp

Benzyl alcohol Benzaldehyde Benzoic acid

Figure 5.1 General schematics for the oxidation of benzyl alcohol to benzaldehyde, benzoic acid, and
ultimately water and carbon dioxide. [O] is an arbitrary oxidant containing oxygen.
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Traditionally, benzaldehyde is synthesized by hydrolysis of benzyl chloride or vapor/liquid-
phase oxidation of toluene. In the former method, the chlorinated by-products and
corresponding toxic acidic would be generated, which is undesirable for scale-up and industrial
application,*> while the vapor/liquid oxidation of toluene was also limited because of the
harsh reaction conditions (120-150 °C and at 10 atm)® and low selectivity (5%).17:8
Benzaldehyde production from benzyl alcohol oxidation is widely adopted in industry.*® As
explained above, this has resulted in benzyl alcohol being chosen as a model compound for
catalytic oxidation reactions, allowing the screening of new catalysts and helping benchmark

the catalyst’s activity.

However, this is achieved by using oxidants with a strong oxidizing property such as potassium
permanganate (KMnO4)* and dichromate (K.Cr.O7).?° However, a series of environmental
issues are present, like heavy metal residues that also need to be disposed of, which besides
a high environmental impact also needs a higher treatment cost, making them non-ideal for
industry aimed for cleaner production. Therefore, the use of green oxidants such as H,O,%

and 0, %2226 has attracted extensive attention for many years.

It is noted that, in the absence of a catalyst neither O, nor H.O, have appreciable activity.
Therefore, the choice of catalyst is important to exploit these green oxidants. In the past
decade, heterogeneous precious metals catalysts, like Au,?”?® Pt,?® Ru,*® and Pd* were
employed for the selective oxidation of benzyl alcohol to benzaldehyde, based on their
excellent performances. However, the high cost and limited resource of noble metals hindered
their practical application on a large scale (unless very small amount <0.3 wt.% of precious
metal is used). Therefore, non-toxic, Earth abundant, and low environmental impact Fe-based

catalysts as among the most environmentally friendly have been a focus of attentions.?-36

Based on this and the properties of recycled glass described so far, the use of recycled glass
as a catalyst for the oxidation of benzyl alcohol is considered. Although the potential for
complete mineralisation of benzyl alcohol via the Fenton reaction will be investigated on the
basis of previous results, the primary objective of this chapter is to explore the applicability of
using recycled glass as a catalyst for the selective oxidation of benzyl alcohol to benzaldehyde,

a valuable intermediate in fine chemical synthesis.

Therefore, in this chapter the following aspects will be investigated: 1) development of a *H-
NMR method with a suitable internal standard for benzyl alcohol and its oxidation products,
particularly benzaldehyde; 2) evaluation of recycled glass catalysis for selective oxidation of

benzyl alcohol to the valuable benzaldehyde intermediate; 3) exploration of the potential for
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complete mineralization of the pollutant benzyl alcohol using recycled glass catalysis and H20-

as the oxidant.
5.2 Development of an *H-NMR benzyl alcohol quantification method

In the case of phenol and ibuprofen mineralization a large number of intermediates could be
detected (Sections 3.5 and 4.2), and for those compounds HPLC coupled with UV-Vis was
used to separate and identify the compounds. Benzyl alcohol oxidation, on the other hand, is
expected to lead to two main oxidation products only, benzaldehyde and benzoic acid before
being further degraded to acids from ring opening and ultimately water and carbon dioxide.
(Figure 5.1) In this case, NMR, which allows rapid and cheap analysis of samples, is preferred,
as this allows the screening of a large number of samples in a relatively short time if compared
to chromatographic methods.

A flow chart (Figure 5.2) clearly explains the steps required to validate the NMR method. In
order to accurately quantify the reaction components, it is essential that the *H-NMR spectra
and characteristic peaks of each individual compound (benzyl alcohol, benzaldehyde, and
other potential intermediates/products) are fully characterised and identified before the
method is applied to actual reaction mixtures. Next, an appropriate internal standard need to
be chosen (Section 5.2.2). Once the determination of the carbon mass balance calculation is
compatible with 100% (and it must be because the mixture for quantification is prepared, so

no decarboxylation can occur), the method is then validated for further use.
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Benzyl alcohol oxidation
NMR method development

Individual NMR Adjust analysis
ELENS ] Spectrum method: scan
BnOH, BzH resolved? number, water
and BA suppression
Criteria:
1. Chemical shift: well-defined < Yes
and distinct.
2. Minimalinterference from other - :
nterna :
3 Sty standard cceptable? iy \otuicvle
.. . selection
4. Non-reactivity during
experiment and NMR analysis.
5. Strong NMR sensitivity.
6. Solubility in NMR solvent.

Check NMR data
process software

—_— Mimic
mixtures CMB: 100 £10?

setting: baseline,

preparation integration correction

Method validated

Figure 5.2 Schematic of Benzyl alcohol oxidation *H-NMR development.3’
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5.2.1 'H-NMR analysis of standards

Standards of benzyl alcohol (99 wt.% purity), benzaldehyde (99.5 wt.% purity) and benzoic
acid (99 wt.% purity) were used for developing quantification and qualification methods. The
known purity levels were accounted for in the calculations to accurately identify and quantify
our reaction mixture compounds via direct *H-NMR measurements, in addition to literature
data available for these compounds. Due to the low solubility of these three chemicals in water
(ca. 40, 2.9 and 3.4 g L respectively®®3°), standard solutions of three chemicals with
concentration in the range of 1 g L™ were prepared separately using co-solvent (volume ratio
of water and methanol 95 : 5) to ensure all of the chemicals were fully dissolved. Hence, this
guaranteed an accurate theoretical value for discrepancy calculation, which is crucial to apply
as correction factor in later section. 'H-NMR analysis of benzyl alcohol (Figure 5.3),
benzaldehyde (Figure 5.4) and benzoic acid (Figure 5.5) were performed with DMSO-d6 as
solvent as well as using a water suppression algorithm?®4! to minimize the interference of

water peak (6 4.76 - 4.66 ppm), as water is the solvent for our abatement reactions.

Generally speaking, to assess if a chosen NMR method is suitable for the simultaneous
analysis of multiple chemicals, it is important to ensure that high-quality spectra can be
obtained in the first instance. This implies: 1) a clear resolution of peaks without significant
overlap for precise chemical shift measurement and accurate compound identification, 2) a
high signal-to-noise ratio (SNR) to enhance the detection limit detection enabling a resolved
peak integration and quantitative analysis, 3) a stable baseline that is free of artifacts, drift
effects or impurities that could compromise the area integration process, 4) accurate and
reproducible positioning of peaks on the chemical shift scale ensures the spectrum's precision,
5) well-defined peak shapes and appropriate intensities reflect sample purity and
concentration relationships, 6) during the analysis of the spectra, proper phase adjustment

further enhancing peak intensity and symmetry.*?

The obtained spectra (Figure 5.3 to Figure 5.5) of three chemicals satisfy these
comprehensive criteria. Therefore, the current method is acceptable for further method

development for a dependable results, informed analysis, and insightful interpretation.
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b a

c ©/\OH
b d b
C

Benzyl alcohol a

6 74 72 7.0 68 66 64 62 60 58 56 54 52 50 4.8 46 4.4 4
Chemical Shift (ppm)

Figure 5.3 Benzyl alcohol: *H-NMR (400 MHz, DMSO-d6), c: & ppm 7.35 (d, 2H), b: 7.30 (m, 2H), d:
7.23 (dd, H), a: 4.50 (d, 2H).

b I b c
c a
a d b
c
Benzaldehyde d

" 100 98 96 94 92 90 88 86 84 82 80 7.8 76 7.
Chemical Shift (ppm)

Figure 5.4 Benzaldehyde: 'H-NMR (400 MHz, DMSO-d6), a: & ppm 9.99 (s, 1H), b: 7.90 (d, 2H), d:
7.70 (t, 1H), c: 7.60 (t, 2H)
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0]
a
b OH
a c a
b b
Benzoic acid
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Figure 5.5 Benzoic acid *H-NMR (400 MHz, DMSO-d6): a: & ppm 7.92 (d, 2H), c: 7.58 (t, 1H), b: 7.47
(t, 2H). H on OH is not visible due to rapid proton exchange effect with water or other H in benzoic acid,
leading to broad or weak signals that are often not detected in the NMR spectrum

[o] [s]
I c ©/\on
[+ OH
d b
c

I ,m;f\i L:L

o0 7.90 7.80 7.70 7.60 7.50 7.40 7.30 7.20 7.

Lilk | .

%0 1.0 100 90 80 70 60 50 40 3.0 20 1.0 0
Chemical Shift (ppm)

Figure 5.6 Stacked 'H-NMR spectra of benzyl alcohol (e) and two oxidation products benzaldehyde (e)
and benzoic acid (e). The main figure highlights the full spectral ranges, while the inset focuses on the
regions containing the diagnostic, characteristic peaks for each compound. Using this stacked spectrum
with highlighted regions allows straightforward identification and quantification of the reaction
components.
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After accurately characterizing individual spectra of these standards, it was essential to find
the characterization peaks used in the reaction mixture that are not overlapping with each
other, thus ensuring an accurate guantitative result. A stacking of the three individual spectra
of the three chemicals (Figure 5.6), shows that although some of the peaks of benzaldehyde
and benzoic acid are overlapped, peak a, b and c, from benzyl alcohol, peak ¢ and d from
benzoic acid and benzaldehyde respectively are well resolved and distinct from other peaks,
and can be used as characteristic peaks for qualification purposes.

However, and in practice, NMR signals can be influenced by various factors, such as: sample
concentration, temperature, and magnetic field homogeneity of the spectrometer. Hence,
gNMR (quantitative NMR) analysis is widely performed by adding a known amount of an
internal standard (IS) to the sample solution to normalize these variations for more accurate
quantification of the components. In a *H-NMR spectrum, the integral area of a resonance due
to the analyte protons (nuclei) is directly proportional to its molar concentration and to the
number of nuclei that give rise to that resonance.*? Therefore, analyte concentration (Ca) can
be determined by comparing peak areas between IS (Ais) and analyte (A.) (Eqg. 5.1).

C,=22% (g (Eq. 5.1)

Ars

As a result, the choice of an appropriate internal standard is a critical step for the overall
accuracy of the method. The selection of an appropriate internal standard for benzyl alcohol

oxidation reaction will be discussed in next section.
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Table 5.1 A summary of TH-NMR data of benzyl alcohol and its corresponding potential oxidation
products benzaldehyde and benzoic acid with the characteristic chosen for the calculation of conversion
and CMB%.

Compound Characteristic peak

5 (ppm)
Benzyl alcohol
2 1
3 OH 7.23 (ta, H), 7.30 (t2, 2H), 7.35 (t3, 2H)
4 2
3
Benzaldehyde
0
>
3 1
7.70 (t4, 1H)
4 2
3
Benzoic acid
o
1
2 OH 7.47 (t3, 2H)
3 1
2

5.2.2 Choice of internal standard

As shown in Figure 5.2 in Section 5.2, there are a few requirements that a suitable internal
standard should meet: 1) The chosen internal standard should have a well-defined and distinct
chemical shift in the NMR spectrum that is easily distinguishable from other signals in the
sample. For example, it should be located in a region of the spectrum where there is minimal
interference that is in our case overlap, with signals of interest (characteristic peaks of other
chemicals) in the sample, as this could lead to inaccurate quantification or interpretation of the
NMR data. 2) The internal standard should be highly soluble in the NMR solvent used for the
sample, ensuring it is evenly distributed throughout the sample solution. 3) The selected
internal standard should be stable and not react with the sample components (analyte or
solvent) under the NMR instrument's operating conditions. 4) The internal standard should
have a strong NMR signal or at least comparable with the analyte, which aids in accurate
concentration determination and reduces the measurement's overall uncertainty. 5) Of
particular importance for this work, an appropriate internal standard should be soluble in both

reaction solvent and the chosen NMR solvent.
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By considering the above criteria as a whole, six potential internal standards were identified
and selected for further tests: 1,1,2,2-tetrachloroethane (1,1,2,2-TCE), 1,2-dichloroethane
(1,2-DCE), dichloromethane (DCM), heptane, triethanolamine (TEA) and 2-propanol. Their
physical properties and discrepancy on three chemicals are listed in Table 5.2 Based on the
selected internal standard and reaction solvent (water), DMSO-d6 that is able to dissolve all

of the standards and at the same time miscible with water was chosen as NMR solvent.

When internal standards were used to quantify the concentrations of benzyl alcohol,
benzaldehyde and benzoic acid, the relative deviation between the measured and expected
values was calculated using the formula ((measured value-expected value)/expected value)
x100%. A deviation value greater than O indicates a positive deviation, i.e. the detected
amount of the compound exceeds its actual presence. Conversely, a deviation value less than
0 indicates a negative deviation, i.e. the compound was detected in lower amounts than
expected. A deviation within £ 5% is considered acceptable from error propagation from the
measurement integration peaks of both the compound and the internal standard. It may be
worth noting that 1,1,2,2-TCE exhibits a high viscosity of 1.77 cPs at 20°C. In comparison,
water has a viscosity of 1.002 cPs at the same temperature and 1.79 cPs at 0.01°C. This
characteristic of high viscosity may result in a loss of chemical during transfer, causing less
internal standard to be used and ultimately leading to a positive deviation in the analytical
results. Similarly, 1,2-DCE and DCM possess low boiling points of 83.5°C and 39.6°C,
respectively. The low boiling points can contribute to a loss of chemical during transfer, leading
to a positive deviation in the final analytical outcomes. Heptane, on the other hand, exhibits
low solubility in water at 3.4 mg L at 20°C. Consequently, when 15 uL of heptane is mixed
with 200 pL of water in DMSO-d6 (with an expected concentration of 51 g L?), less standard
is dissolved than anticipated, resulting in a positive deviation. TEA, due to its structure having
a low dipole moment of 0.68 D at 25°C (in contrast to water with a dipole moment of 1.85 D),
is unlikely to be miscible with water. This characteristic may lead to a high positive deviation
in the analytical results when TEA is used as a solvent or internal standard. While 2-propanol
shows a deviation within an acceptable range of 10%, although it is worth noting that it has a
relatively lower boiling point of 82.5°C, which may need to be considered in certain analytical

applications.
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Table 5.2 Physical-chemical properties of six selected internal standards for benzyl alcohol oxidation
NMR analysis with DMSO-d6 as solvent. H-NMR were performed under water suppression method.
Each analysis was repeated 3 times. Deviation of each chemical is listed based on various characteristic
peaks.

Solubility  Dipole
in water moment
at 20 °C D at

Boiling Viscosity Deviation Deviation Deviation
point cPsat forBnOH for BzH for BA

mg L o5 oC °C 20°C % % %

water - 1.85 100 1.002 - - -
Internal
standard
1,1,2,2-

TCE 2.86 1.31 146.7 1.77 87 -9 122
1,2-DCE 8.7 1.83 83.5 0.84 207 45 340
DCM 20 1.14 39.6 0.44 2 -40 17
Heptane 0.0034 0 98.4 0.376 848-781 267-1200 970-2470

TEA 112.4 0.68 89.3 0.363 80 27 27
2.05

2-propanol miscible 1.66 82.5 2 -21 0-9

(25 °C)

Among all the six potential internal standards, 2-propanol showed an acceptable deviation for
all three compounds. Accordingly, to verify the reproducibility of NMR instrument when using
2-propanol as internal standard and water suppression method, at least seven separate NMR
samples for all three compounds were prepared without changing other parameters in our

protocol.

Table 5.3 Relative deviation % and standard deviation (SD) of NMR quantitative result for benzyl
alcohol, benzaldehyde and benzoic acid when using 2-propanol as internal standard. Each NMR
sample includes 500 pyL of DMSO-d6, 200 pL of analyte and 15 uL of 2-propanol solution.

. Expected Measured RSD Deviation
Chemical
mol mol % %
Benzyl alcohol 2.05x10% 2.14x10° 2 4
Benzaldehyde 1.95%x10® 1.60x10® 1 -18
Benzoic acid 1.64x10° 1.84x10° 3 12

2-propanol produced consistent and reproducible results (RSD less than 3%), allowing for
reliable calibration and comparison between different NMR experiments (Table 5.3). the
results of repeated analysis on the same sample showed the overall reproducibility of NMR
technique on the selected chemicals thus providing vital information for method development
decision making. Moreover, in the investigation of repeated analysis for BnOH, a
commendable deviation of 4% was achieved, falling within an acceptable range (= 5%). In the
case of benzaldehyde, however, a notable negative discrepancy of -18% was observed.
However, as this appeared to be systematic, it could be treated as a systematic error, and as

such to can be taken into account as a correction factor for our calculations. In principle, the
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detection of any by-product (benzoic acid) would indicate the preliminary presence and then
conversion of benzaldehyde, while the absence of evident by-products may be attributed to
the trace amount of the product, making it challenging to be observed in the NMR spectrum.
For benzoic acid, although the % accuracy is 12%, surpassing the 5% threshold previously
reported. This is also considered acceptable if accounting for multiple repetitions on different

times for succeeding application.

As a result, 2-propanol was proved an appropriate internal standard in the quantitative analysis
of benzyl alcohol, benzaldehyde and benzoic acid when they are prepared separately.
Afterwards, mimic mixtures of different stages of benzyl alcohol oxidation would be prepared
to verify if 2-propanol is suitable when multiple chemicals are present.

5.2.3 Application of 2-propanol as internal standard on mimic mixtures

As 2-propanol as internal standard showed an accurate and consistent results on individual
chemical, it is also important to validate if the use of 2-propanol is applicable on mixtures
containing all three compounds at different stages of the oxidation process. To this scope, five
different mixtures of standard solution of benzyl alcohol, benzaldehyde and benzoic acid were
prepared by using different molar ratio to mimic different stages of the reaction (Table 5.4).
Calculation of CMB% for each mixture was done with correction factor to validate the method

where all the products are known.

Table 5.4 Five mimic mixtures of benzyl alcohol, benzaldehyde and benzoic acid were prepared in
terms of different molar ratio between benzyl alcohol, benzaldehyde and benzoic acid. The accuracy in
terms of the ratios are calculated, and the CMB% is calculated with correction factor from previous
section. Each NMR sample includes 500 pyL of DMSO-d6, 200 uL of analyte and 15 pL of 2-propanol
solution.

BnOH: *Deviation on Deviation on

Mixture BzH:BA BzH BA CLZ', B
Molar ratio % %
#1 6:1:2 40 5 94
#2 3:2:1 .30 0 95
#3 1:1:1 .30 A 95
#4 1:5:2 .31 3 97
#5 1:3:4 -26 3 97

*relative deviation= ((measured value-expected value)/expected value) x100%, with the value of
BnOH as a standard.

When analysing the molar ratios of benzyl alcohol, benzoic acid and benzaldehyde in five
different mimic mixtures, a consistent pattern of deviation emerged despite the compounds
having different initial molar ratios. To facilitate comparison, the molar ratio of benzyl alcohol

was taken as the standard reference, as it had the smallest individual deviation among the
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three compounds. The analysis showed that for benzyl alcohol and benzoic acid the measured
molar ratios were within an acceptable range of 3% accuracy compared to the expected values
for all five mixtures. However, a systematic underestimation of about 30% was observed for
the measured molar ratio of benzaldehyde in all five mixtures. This 30% underestimation for
benzaldehyde is consistent with the individual deviations observed when benzaldehyde (18%
lower than expected) and benzoic acid (12% higher than expected) were analysed separately,
further supporting the presence of a systematic error in the benzaldehyde measurements. The
consistency of this deviation for benzaldehyde across different mimic mixture compositions
allowed to use this error as systematic and therefore used as a correction factor.

By applying correction factors of 4%, -18% and 12% (deviation for individual chemical in
Table 5.3) for benzyl alcohol, benzaldehyde and benzoic acid, respectively, the CMB% for the
five mimic mixtures is approximately 95%, which is compatible with 100% when considering
the random experimental error of the sample of data. Therefore, this sufficiently validate our
methodology for the quantification of our compounds in this reaction mixture. However, this
as long as we use a co-solvent during standard solution preparation to ensure accuracy, we
select appropriate standards based on different physical properties, dilute the internal
standard to match the sample magnitude in NMR analysis, correct for phase and baseline
changes when interpreting NMR spectra, and the considering the error propagation when

analysing discrepancies.
5.3 Benzyl alcohol mineralization tests via Fenton reaction

As detailed in Chapters 3 and 4, recycled glass as a heterogeneous catalyst showed promising
performance for the degradation of phenol and ibuprofen via the Fenton reaction, offering a
more environmentally friendly and cost-effective alternative to conventional wastewater
treatment. Building on the successful *H-NMR analysis protocol developed, we investigate the
potential of recycled glass catalysts for the mineralisation of benzyl alcohol, another common

aromatic industrial pollutant.

5.3.1 Catalytic Control tests

Similar to previous chapter, an important step is to perform control tests to investigate the role
of catalyst and oxidant in a new reaction system. Hence, benzyl alcohol (1 g L) degradation
reaction with both homogeneous iron catalyst (Fe(NO3)s-9H,0) and green recycled glass (G2,
Fe content 0.3 wt.%) were conducted. To fully mineralise a mole of benzyl alcohol via Fenton

reaction, a stoichiometric amount of H.O, was initially used (BnOH:H»0O; 1:17 Equation 5.2).
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Reactions were conducted with iron catalyst (M:S molar ratio of 1:100) at 80 °C for 24 hours

under endogenous pressure.

C7/HsO + 17 H,0O, — 7 CO2 + 21 H,O (Eq. 5.2)

110
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30}
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Figure 5.7 Control tests of BhOH conversion in the presence and absence of catalysts and in the
presence and absence of oxidizing agent. Reactions conditions: 50 mL of BnOH (1g L%),
Fe(NO3)3-9H20, G2 recycled glass (Fe: 0.3 wt.%) M:S=1:100, <0.1 mm, BnOH:H20:=1:17
(stoichiometric amount towards mineralization), p = endogenous, 80 ‘C, 24 h, 500 rpm. Both catalyst
and H20: are important in triggering Fenton reaction.

The negligible benzyl alcohol conversion (2 + 2%) observed after 24 hours in the absence of
H.O- (Figure 5.7) can be attributed to the absence of hydroxyl radicals (-OH), which are central
to the Fenton reaction mechanism. This observation emphasises that the catalyst alone does
not directly oxidise the organic compound. Consequently, sole thermal oxidation without H2O-
is insufficient for the decomposition of benzyl alcohol under current conditions, highlighting the
importance of the Fenton mechanism facilitated by H,O,. Upon the introduction of a
stoichiometric quantity of H,O, a marked enhancement in BnOH conversion was observed,
reaching 80 £+ 3% and 100 + 3% when utilizing recycled glass and various iron salts,
respectively (Figure 5.7). Fe centres proved their important role in facilitating the generation
of -OH radicals, thereby yielding enhanced conversion rates. Additionally, in the catalyst’s
absence, the thermal decomposition of HO. (ca. 3%, as studied in Section 3.2.1,
Section 3.3.1) yielded a limited extent of BnOH conversion. Benzyl alcohol conversion can

certainly be improved with the addition of catalyst. This observation correlated well with the
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Fenton reaction of phenol and ibuprofen, demonstrating the underlying hypothesis that organic
pollutants, particularly aromatics, can be effectively degraded by an analogous reaction
mechanism using recycled glass. This provides another green and environmentally friendly
alternative to conventional wastewater treatment methods or catalytic systems, which may

involve the use of hazardous chemicals, toxic materials or energy-intensive processes.

5.3.2 Effect of H202 dosage

At a dosage of stoichiometric amount of H2O>, control tests using recycled glass showed a
promising benzyl alcohol conversion of 80 + 3% after 24 hours. As previously investigated, a
stoichiometric amount of H,O: is unlikely to lead to complete mineralization to CO, and H,O
due to some undesired side reactions (Eq. 5.3 and 5.4) which will affect the overall degradation
efficiency of H.0,. To achieve a more complete mineralization, benzyl alcohol oxidation with
double the amount of H.O, was doubled using green recycled glass (Fe: 0.3 wt.%) of four
different sizes (<0.1, 0.1-0.2, 0.2-0.5 and 0.5-1 mm).

H20, + -OH — H,O+ -O0H (Eq. 5.3)
:OOH + -OH — H,0 + O3 (Eq. 5.4)

Upon the introduction of twice the stoichiometric equivalent of H,O, (towards H>O and CO,),
an unfavourable observation emerges wherein the conversion of BnOH experiences a
diminishment (Figure 5.8). This showed that the excess of hydroxyl radical (-OH) inhibited
BnOH oxidation process, attributing to the pronounced scavenging effect exerted by extra
H20.. In addition, it is worth to note that the scavenging effect gets smaller when the glass
sizes get larger, probably because less Fe centres available in total on the surface of the glass
beads. This emphasizes the importance of the iron species in generating hydroxyl radical in
Fenton reaction, thus implying the reaction is indeed undergoing a radical pathway via Fenton

reaction, as observed for ibuprofen oxidation.
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Figure 5.8 Effect of H202 dosage on BnOH conversion using four different average diameters of glass
beads. Reaction conditions: 10 mL of BnOH (1g L), G2 recycled glass (Fe: 0.3 wt.%) M:S=1:100, <0.1,
0.1-0.2, 0.2-0.5 and 0.5-1 mm, BnOH:H20,=1:17 (stoichiometric amount towards mineralizatione) and
1:34 (e), p = endogenous, 80 ‘C, 24 h, 500 rpm. H202 scavenging effect were observed when extra
H202 were added.

An increase in glass beads size should correspondingly reduce the exposed fraction of Fe®*
centres to H,O, thereby leading to a decline in reactivity. This expected trend is matched in
all cases but one when the glass used changed from below 0.1 mm to 0.1-0.2 mm with a
stoichiometric amount of H,O, used (Figure 5.8). This unexpected deviation might be
attributed to an uncontrollable alteration in the shape of the glass grains upon milling. A sharply
fractured surface, as opposed to a smooth one, demonstrates augmented reactivity,

consequently resulting in an elevated BnOH conversion.*344

5.3.3 Effect of initial concentration of BnOH

However, as in the kinetics study, alterations in the quantity of reactants may exert a direct
influence on the rate of a chemical reaction based on the order of the reaction with respect to
each.*% Besides changes in H.O, concentration, changes in BnOH amount were also
considered. The doubling the amount of H,O; did not result in a desired result, thus, the initial
BnOH concentration was then increased from 1 g L to 12 g L™*. Reaction was conducted with
G2 recycled glass (Fe 0.3 wt.%) as catalyst (M:S 1:100, less than 0.1 mm) and BnOH:H,0, of

1:17 (stoichiometric amount w/t mineralization) and 1:34 for 24 hours at 80 °C.
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Figure 5.9 Effect of changes of initial concentration on conversion were studied with two different H202
dosage. Reaction conditions: 10 mL of BnOH (1 g L1), G2 recycled glass, M:S=1:100, <0.1, 0.1-0.2,
0.2-0.5 and 0.5-1 mm, BnOH:H202=1:17 (e) and 1:34 (¢); 10 mL of BnOH (12 g L'Y), BnOH:H202=1:17
(e) and 1:34 (e), p = endogenous, 80 °C, 24 h, 500 rpm. No notable disparity emerges between the two
initial concentrations, suggesting that the reaction tends towards a zero-order kinetic profile with respect
to BnOH concentration, H202 decomposition rate dictate the rate of the process.

H,O, consumed

1:17 1:34
BnOH:H,0, added

Figure 5.10 H202 consumption for two initial BhOH concentrations. Reaction conditions: 10 mL of
BnOH (1 g L (e) and 12 g L (e)), G2 recycled glass, M:S=1:100, <0.1mm as representative,
BnOH:H202=1:17 and 1:34, p = endogenous, 80 °C, 24 h, 500 rpm. While maintaining similar BhnOH
conversion, the increased initial concentration (in both H202 dosage) led to no notable alterations in
H202 consumption.
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Regardless of whether a concentration of 1 g Lt or 12 g L is employed, a twofold increase
of H2O- content did not yield substantial alterations in BnOH conversion (Figure 5.9). Moreover,
no notable disparity emerges between the two initial concentrations, suggesting that the
reaction tends towards a zero-order kinetic profile with respect to BnOH concentration. This
would imply that any of the BnOH decomposition step are not taking part in the rate
determining step of the reaction, or the attack of -OH spices to the alcohol, and as such it is
the H202 decomposition rate that will eventually dictate the rate of the process. Consequently,
the changing of BnOH concentration is evidently unnecessary to achieve complete conversion.

Moreover, while maintaining similar BhOH conversion, the increased initial concentration (in
both H,O, dosage) led to no notable alterations in H.O, consumption (Figure 5.10). Therefore,
the decreasing CMB and benzaldehyde selectivity (Table 5.5 and Table 5.6) implies an
increase in rate of reaction towards the formation of CO, thus a greater extent of
mineralization. Furthermore, the emergence of benzaldehyde signals the occurrence of

oxidation reaction.

Therefore, the change in initial concentration of BnOH will not lead to a significant increase in
BnOH conversion, but a notable change in selectivity change from benzaldehyde towards CO
can be observed, a better mineralization is resulted. This is probably due to the formation of
reactive acyl radicals that can also take part in the decomposition process towards a current
benzyl alcohol species, for example, abstraction of hydrogens from benzyl alcohol to generate
oxidizable benzyloxy radicals (CéHsCH20-), undergo decarboxylation to produce phenyl ethyl
radicals (CsHsCH(-)OH) that re-initiate alcohol oxidation, and directly oxidize benzyl alcohol

via H-atom transfer and, in turn, promote mineralization.

Table 5.5 BnOH (12 g L?) conversion, CMB%, benzaldehyde (BzH), benzoic acid (BA) and formic acid
selectivity. Reaction condition: G2 recycled glass (Fe: 0.3 wt.%), M:S = 1:100, <0.1, 0.1-0.2, 0.2-0.5
and 0.5-1 mm, BnOH:H202 molar ratio of 1:17 and 1:34, p = endogenous, 80 ‘C, 24 h, 500 rpm.

Selectivity )

Catalyst size BnOH : H;0; % conv;rswn C(I,\/’IB
BzH BA  formic acid ° °
<0.1 mm 1:17 8 13 12 60 51
0.1-0.2 mm 1:17 8 16 14 52 59
0.2-0.5mm 1:17 7 13 10 29 77
0.5-1 mm 1:17 8 16 14 36 72
<0.1 mm 1:34 3 18 8 68 44
0.1-0.2 mm 1:34 4 21 9 45 65
0.2-0.5mm 1:34 3 17 7 37 70
0.5-1 mm 1:34 3 15 7 35 71

163



Chapter 5 Benzyl alcohol selective oxidation using recycled glass

Table 5.6 BnOH (1 g L1) conversion, CMB%, benzaldehyde (BzH), benzoic acid (BA) and formic acid
selectivity. Reaction conditions: G2 recycled glass (Fe: 0.3 wt.%), M:S=1:100, <0.1, 0.1-0.2, 0.2-0.5
and 0.5-1 mm, BnOH:H202 molar ratio of 1:17 and 1:34, p = endogenous, 80 ‘C, 24 h, 500 rpm.

Selectivity
0,

Catalyst size BnOH : H.02 /o Conversion cmB

BzH BA formic acid Yo Yo

<0.1 mm 1:17 19 2 47 64 51

0.1-0.2 mm 1:17 19 4 36 81 39
0.2-0.5mm 1:17 18 0 40 27 78
0.5-1 mm 1:17 15 4 33 17 87

<0.1 mm 1:34 18 2 30 53 58

0.1-0.2 mm 1:34 17 1 24 35 72
0.2-0.5mm 1:34 16 3 22 22 82
0.5-1 mm 1:34 12 3 19 18 85

5.4 Benzyl alcohol oxidation towards benzaldehyde using H202 as oxidant

From the data reported in the section above, full mineralization of BnOH towards water and
carbon dioxide is not achieved under the current reaction conditions. However, the presence
of benzaldehyde as a product suggested that the synthesis of fine chemicals by changing the
H.O., dose might be possible. Moreover, as studied in previous chapters, thermal
decomposition of H.O, will lead to the formation of O, and H.O (Eg. 5.5). This was considered
as an undesired side reaction for wastewater decomposition reaction via Fenton reaction.
However, H>O, could be used as an in situ source of molecular oxygen to mimic the oxidation

of benzyl alcohol catalysed by molecular O, (Figure 5.11).

H,O, — 0.5 O+ HO (Eq 5.5)

The molecular oxygen formed can then be activated and abstract hydrogen atom from benzyl
alcohol molecule, mimicking the key steps of the molecular O, oxidation pathway. This allows
the selective oxidation to benzaldehyde to be studied in a manner analogous to molecular O;
activation, while avoiding the direct use of gaseous O.. As a result, mimic oxidation of BnOH
towards benzaldehyde production was designed to investigate the possibility of BnOH
selective oxidation using H.O, as oxidant. Therefore, benzyl alcohol oxidation with a small
BnOH:H>O, molar ratio of 1:1 and 1:2 was conducted to study the possible oxidation reaction
mechanism towards benzaldehyde. Effect of HO- dosage, initial BnOH concentration towards

benzaldehyde selectivity and effect of time was studied in this section.
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Figure 5.11 Formal reaction scheme of benzyl alcohol to form benzaldehyde, benzoic acid and benzyl
benzoate.

5.4.1 Effect of H202 dosage and initial concentration on selective oxidation of

BnOH towards benzaldehyde

In previous section, zero order with respect to BnOH concentration was concluded. That said,
although a change in the initial concertation of BnOH is not expected per se to change the
rate of the reaction, intermediates from the decomposition of BnOH, like benzyl radicals, could
interfere with or trap the generation of -OH radicals from H.O.. So that changes in
concentration of BnOH could eventually affect the reaction via termination processes.
Furthermore, as we were also interested to estimate the productivity of our materials, we
therefore increased the amount of BnOH to 12 g L. Therefore, selective oxidation of 10 mL
BnOH (1 g L'*and 12 g L) towards the formation of benzaldehyde with a BnOH:H.O; ratio of
1:1 and 1:2 was conducted with four different sizes of G2 recycled glass (Fe: 0.3 wt.% M:S

1:100) for 24 hours at 80°C under endogenous pressure.
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Figure 5.12 Effect of initial concentration on conversion were studied with two different H202 dosage.
Reaction conditions: 10 mL of BnOH (1 g L'Y), G2 recycled glass (Fe: 0.3 wt.%), M:S=1:100, <0.1, 0.1-
0.2, 0.2-0.5 and 0.5-1 mm, BnOH:H202=1:1 (e) and 1:2 (¢); 10 mL of BnOH (12 g L'Y), BhOH:H202=1:1
(¢) and 1:2 (), p = endogenous, 80 ‘C, 24 h, 500 rpm.

With an initial BhOH concentration of 1 g L, a twofold increase of hydrogen peroxide content
(from 1:1 to 1:2) yielded a noteworthy enhancement in BnOH conversion, enhancing it from
50% to 80% Figure 5.12). Moreover, the BnOH conversion for the four different sizes remain
constant after the 24-hour reaction. This trend suggests that, within this timeframe, the
reaction may have attained its maximum conversion. Therefore, to identify potential variations
in conversion attributable to different glass sizes, shorter reaction durations, such as 4 hours,

can be employed as a further work.

On the other hand, with an initial BnOH concentration of 12 g L, the doubling of hydrogen
peroxide content yielded marginal alterations in BnOH conversion. This effect could potentially
be attributed to the diffusion constraints arising when employing a substantial quantity of glass,
wherein solely the surface-adjacent glass particles are exposed to BnOH. Consequently, an

anticipated decrease in conversion was observed with the augmentation of glass particle sizes.

When a BnOH to H.O» ratio of 1:1 was used, changing different initial BhOH concentration
showed no different between 1 g L™ and 12 g L for all 4 sizes at a 24-hour reaction. Hence
under this reaction condition, zero order of BnOH concentration with respect to overall

conversion was confirmed, thus, it is not necessary to change the initial concentration to get
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a higher conversion. This unchanged BnOH matched with the observation where BnOH to
H>Ozratio of 1:17 and 1:34 were used.

In contrast, when a BnOH to H.O, ratio of 1:2 was used, significant decrease in BnOH
conversion was observed when initial BnOH concentration was increased 10 times. This might
be due to the trapping of -OH radical from acyl or acyl-like species thus inducing a termination
reaction pathway (Eq. 5.6) and in turn a lower conversion. A further decreasing trend of BnOH
conversion was observed when the size of glass is increasing. Both phenomena indicate a
radical pathway where the extent of BnhOH conversion is related to the amount of catalyst
available. On the other hand, by considering the selectivity of benzaldehyde, initial
concentration of 12 g L™ with 1:2 ratio of hydrogen peroxide will be relatively high: 25-35%
(Figure 5.7), however, it was still not ideal, but provides us an indication that the synthesis of
benzaldehyde is possible. Further pressurized system could be an option worth to try.

-OH + PhC(-)O — PhCOOH (Eq. 5.6)

An increased H;O, consumption data (for 1:1 and 1:2 ratios) was observed with increasing
H.O, concentration (Figure 5.12). This observation suggested the presence of non-radical
pathway (Figure 5.13 ab), with radical reactions playing a subsidiary role (Eq.5.7- 5.12). This
aligns well with the notable increase in BnOH conversion. This phenomenon is further
corroborated by the product selectivity favouring benzaldehyde over those associated with the
1:17 and 1:34 ratios.

Propagation:
PhCH,0OH + -OH — PhCH-0- + H,0O (Eq. 5.7)
PhCH0- +PhCH20H — PhCH,0OH + PhC(-)HOH (Eq. 5.8)
PhC (-)HOH + H,02, — PhCHO + H;O + -OH (Eq. 5.9)

Termination:
2 :OH — H20, (Eq. 5.10)
-OH + PhCH20- — PhCHO + H,0 (Eq. 5.11)
2 PhCH20-— PhCHO + PhCH,OH (Eq. 5.12)
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Figure 5.13 Suggested possible benzyl alcohol H-abstraction pathway: a) acid-base pathway, b) radical
H-abstraction pathway to form benzaldehyde and water if M is an oxygen species or anhydride if M is
a metal.

In conclusion, when limited amount of H.O, was used, H,O, scavenging was not presence,
and a direct correlation between H>O. dosage and BnOH conversion was observed
(Figure 5.14), suggesting a dominant non-radical pathway: H-abstraction pathway. Only slight
increase benzaldehyde selectivity (25-35%) was resulted when increasing initial BnOH
concentration (Table 5.7 and Table 5.8), hence, systems using additional pressure might be

worth to be considered.
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Figure 5.14 H202 consumption for two initial BhOH concentrations. Reaction conditions: 10 mL of
BnOH of 1 g L (e) and 12 g L (o), G2 recycled glass, M:S=1:100, <0.1mm as representative,
BnOH:H202=1:1 and 1:2, p = endogenous, 80 °C, 24 h, 500 rpm.

Table 5.7 BnOH (12 g L) conversion (Con%), CMB%, benzaldehyde (BzH), benzoic acid (BA) and
formic acid selectivity with four different sizes of catalyst. Reaction conditions: G2 recycled glass (Fe:
0.3 wt.%), M:S=1:100, <0.1, 0.1-0.2, 0.2-0.5 and 0.5-1 mm, BnOH:H202 ratio of 1:1 and 1:2,
p = endogenous, 80 °C, 24 h, 500 rpm.

Selectivity
Catalyst size BnOH : H;0; % C.,‘/’" C.',‘/"B

BzH BA formic acid ° °

<0.1 mm 1:1 25 8 21 57 60
0.1-0.2 mm 1:1 39 7 40 60 67
0.2-0.5 mm 1:1 33 6 38 47 71
0.5-1 mm 1:1 21 4 33 43 68
<0.1 mm 1:2 31 8 27 73 54
0.1-0.2 mm 1:2 29 3 32 52 64
0.2-0.5mm 1:2 25 5 30 44 69
0.5-1 mm 1:2 22 7 32 42 70
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Table 5.8 BnOH (1 g L) conversion (Con%), CMB%, benzaldehyde (BzH), benzoic acid (BA) and
formic acid selectivity with four different sizes of catalyst. Reaction conditions: G2 recycled glass (Fe:
0.3 wt.%), M:S=1:100, <0.1, 0.1-0.2, 0.2-0.5 and 0.5-1 mm, BnOH:H20: ratio of 1:1 and 1:2,
p = endogenous, 80 °C, 24 h, 500 rpm.

Selectivity

catalyst size BnOH : H.02 % Co? n C‘I)\/II B
BzH BA formic acid 0 0
<0.1 mm 1:1 16 1 39 46 63
0.1-0.2 mm 1:1 17 1 35 50 60
0.2-0.5 mm 1:1 16 1 36 52 58
0.5-1 mm 1:1 14 2 33 56 54
<0.1 mm 1:2 18 3 45 71 46
0.1-0.2 mm 1:2 16 3 41 83 35
0.2-0.5mm 1:2 19 3 40 81 39
0.5-1 mm 1:2 19 3 38 84 37

5.4.2 Kinetic studies

In order to better understand the trend in the effect of reaction time on BnOH conversion and
benzaldehyde selectivity, experiments were carried out using reactions with three different
BnOH:H>O, molar ratios (1:1, 1:2 and 1:4). In these reactions, four different types of recycled
glass (particle size less than 0.1 mm) were used for different reaction times (4, 12, 16, 20 and

24 h) at a temperature of 80 °C.
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0 4 8 12 16 20 24
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Figure 5.15 Kinetic study of BnOH (1 g L) oxidation after 4, 12, 16, 20 and 24 hours reaction. Reaction
conditions: G2 recycled glass (Fe: 0.3 wt.%), M:S=1:100, <0.1 mm as a representative, BhOH:H20:>
molar ratio of 1:1 (e), 1:2 (¢) and 1:4 (e), p = endogenous, 80 °C, 24 h, 500 rpm.
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The conversion of BnOH reaches a plateau (95 + 3%) after 16 hours when BnOH:H-O, ratio
of 1:4 was used. while for the other two H,O;, dosages (1:1 and 1:2), it was achieved 4 hours
earlier and kept as 70 + 3% and 40% respectively. Notably, the increase in the H,O- has led
to a greater initial rate of reaction and a higher BnOH conversion within the same reaction
time (Figure 5.15). These results showed a direct proportion between H,O, dosages and the
BnOH conversion. Unlike the cases where scavenging effect observed when extra H,O;, were
added, the plateau in this case was likely due to the finishing consumption of the H2O..
Moreover, as compared to previous scenario where H.O, dosages of 1:17 was used, BnOH
conversion is higher (95 + 2%) than before (60 + 2%), this showed the negative effect of
scavenging effect and thus implies an existence of radical pathway in the reaction dominating
where higher H>0; was utilised.

Moreover, with a smaller amount of H,O; (1:1), the size (amount of iron present) of the glass
beads did not make a significant difference on BnOH conversion considering the experimental
error. When the amount of hydrogen peroxide increased (1:2 and 1:4), the difference in
conversion appears evident (Appendix A4.1). The initiation of this variation was facilitated by
the presence of iron on the catalyst, thus emphasizing the radical pathway as the predominant
mechanism for the conversion. This is evidenced by the direct proportionality observed
between the conversion rate and the concentration of radicals. The kinetic study further
confirmed that the conversion results are time dependent relative data, as given enough time,
no matter what sizes of glass is used, the conversion will be stable at certain level. Though for
catalytic purposes and abatement of pollutants it is important this time to be the shortest
possible. In addition, the benzaldehyde yield, remained low as 10% at different stage and

condition of our reaction (Table 5.9), thus showing an intermediate like behaviour.

In conclusion, this kinetic study clearly showed the existence of both non-radical and radical

pathways in the reaction up to a BnOH:H,O ratio of 1:4.
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Table 5.9 Benzyl alcohol (BnOH: 1g L) conversion% (Con%), CMB%, and selectivity% of
benzaldehyde (BzH), benzoic acid (BA) and formic acid of BhOH oxidation. Reaction conditions: G2
recycled glass (Fe: 0.3 wt.%), M:S=1:100, <0.1 mm, as a representative, BnOH:H202 molar ratio of 1:1,
1:2 and 1:4, p = endogenous, 80 °C, 24 h, 500 rpm.

Reaction Selectivity Yield
time BnOH: % : Coon C!)WB % :
h H202 BzH BA fOl‘ITIIC %o %o BzH BA forr.nlc

acid acid

1:1 33 0 27 40 72 10 0 8

4 1:2 38 0 31 38 75 11 0 9
1:4 36 2 38 49 69 12 1 13

1:1 22 0 41 50 53 6 0 11

12 1:2 25 4 43 76 47 9 1 15
1:4 23 4 48 85 41 8 1 17

1:1 31 0 38 41 72 9 0 11

16 1:2 19 3 44 75 44 6 1 14
1:4 12 5 56 95 27 3 1 14

1:1 19 1 36 49 62 6 0 11

20 1:2 20 3 45 77 43 7 1 15
1:4 11 5 56 96 25 3 1 13

1:1 16 0 39 46 63 5 0 11

24 1:2 18 3 45 71 46 6 1 15

1:4 8 0 55 97 17 1 0 9

5.5 Benzyl alcohol oxidation and degradation pathways determination tests

of using H202 as oxidant

From the previous experimental results, other than the expected oxidation products such as
benzaldehyde, benzoic acid and formic acid, it was noticed that yellow-brownish product was
formed where none of the expected products are coloured. This product did not seem to be a
result of neither H-abstraction pathway nor a radical pathway. In an acidic reaction condition
containing alcohol, an ester and a conjugated product (Figure 5.16 and Figure 5.17) can be
resulted from esterification and dehydration respectively. In addition, formic acid is always the
first product and comprises the highest selectivity, also indicating a radical dominating reaction.
Therefore, in order to figure out what are the possible reaction pathways of BnOH reaction

with H2O,, radical termination tests using TEMPO were designed to have a clear observation.
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Figure 5.16 Esterification in acidic condition of benzyl alcohol and benzoic acid to form benzyl benzoate.
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Figure 5.17 Condensation product formation from benzyl alcohol in acidic condition.

55.1 Use of TEMPO as inhibitor

In order to directly illustrate the hydroxyl radical produced by iron catalyst and estimate the
proportion between the two pathways, a well-known radical, 2,2,6,6-tetramethylpiperidine-1-
oxyl (TEMPO) shown in the Figure (Figure 5.18 left), that can serve as a radical scavenger or

oxidant was added to interfere the reaction. If oxidation reaction with alcohol using H2O-
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contains radical pathway, TEMPO may terminate the active -OH species (Figure 5.18).
Moreover, it may also undergo redox reaction to form RNO* which can oxidise benzyl alcohol
to benzaldehyde (Figure 5.19).*” The switch between the two is usually amount-dependent.
By studying how reaction would be affected upon adding different amount of TEMPO (BnOH:
TEMPO of 1:100, 1:10 and 1:4) will provide valuable indication about reaction pathway.
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Figure 5.18 Reaction of 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) radical, a strong oxidant (left)
with neutral radical, R- is a radical.
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Figure 5.19 Tempo (RNO-) can undergo one-electron oxidation to give the oxoammonium salt (RNO*)
which can oxidise benzyl alcohol to benzaldehyde and itself being reduced to hydroxyammonium cation.
In a basic medium, a comproportionation reaction occurs when a mixture of hydroxyammonium cation
and oxoammonium salt is converted back to TEMPO.47:48

Therefore, BnOH oxidation were conducted with and without TEMPO addition (TEMPO to
BnOH 1:100, 1:10 and 1:4). Reactions were carried out with recycled glass G2 (Fe: 0.3 wt.%,
<0.1, 0.1-0.2, 0.2-0.5 and 0.5-1 mm) as catalyst (M: S ratio of 1:100) with BhOH:H>O, molar

ratio of 1:2. All reactions last for 24 hours at 80 ‘C, p = endogenous.
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Figure 5.20 BnOH oxidation were conducted with and without TEMPO (e) addition (TEMPO to BnOH
1:100(e), 1:10(e) and 1:4(#)). Reaction conditions: G2 recycled glass (Fe: 0.3 wt.%), M:S=1:100, <0.1,
0.1-0.2, 0.2-0.5 and 0.5-1 mm, BnOH:H202 molar ratio of 1:2, p = endogenous, 80 °C, 24 h, 500 rpm.

Without the addition of TEMPO, BnOH conversion has an average value of ca. 60%, with 100%
H.0O- conversion for all different glass sizes (Figure 5.20). As discussed earlier in Section 5.4.1,
this plateau region indicates that the reaction has reached the maximum achievable

conversion due to a finished consumption of the available H,O; provided after 24 hours.

In contrast, a positive correlation was observed between the amount of TEMPO added and its
effect on BnOH conversion at all three TEMPO dosages. As the TEMPO to BnOH molar ratio
increased from 1:100 to 1:4, there was an average decrease of 5% in BnOH conversion
(Figure 5.23). The decrease in BnOH conversion may be due to two possible factors. Firstly,
since both TEMPO and hydroxyl radicals are free radicals, they may undergo termination
reactions with each other, thereby reducing the availability of -OH radicals required for the
Fenton reaction. Secondly, it might also due to the redox reaction (+ 0.61 V) between TEMPO
and Fe?* produced from Fe?'/Fe3" interconversion (Eq. 5.13), thus limiting the availability of
Fenton agent in the reaction, and in turn inhibiting the production of hydroxyl radical. Therefore,

this lacking of hydroxyl radical will in turn led to a reducing in overall BnOH conversion.4’

RNO- + Fe?* + H* — RNOH + Fe?*  (Eq. 5.13)
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Figure 5.21 H202 consumption with 1:2 of H202 addition for BnOH oxidation (1 g L'1) with (e) and without
(e) TEMPO addition. Reaction condition: G2 recycled glass (Fe: 0.3 wt.%), M:S=1:100, <0.1mm,
BnOH:H202 molar ratio of 1:2, TEMPO to BnOH molar ratio 1:100, p = endogenous, 80 °C, 24 h, 500
rpm.

In order to corroborate the results reported above, H.O, consumption was measured after the
reaction (Figure 5.21). As compared to reactions free from TEMPO radicals, all of the H,0O-
was consumed to either hydroxyl radicals or oxygen and water. With the addition of TEMPO,
the consumption of H,O, was inhibited. The observation indicates that the Fe catalyst is
deficient in generating hydroxyl radicals under the current reaction conditions, as hydrogen
peroxide is not being effectively decomposed. Consequently, the first hypothesis seems
unlikely. If it were true, the restriction on BnOH conversion would not affect H.O, consumption,
as the inhibition should occur after the production of -OH. Therefore, as proposed in the
second hypothesis, by impeding the Fe?*Fe®* interconversion, both the consumption of H20.
and the conversion of BnOH are likely to be affected. This phenomenon was also observed
by Fenggiang Shi where EPR and fluorescence spectroscopies were used to show direct
evidence that TEMPO inhibited hydroxyl radical production from the Fenton-like reaction of
iron(ll)-citrate with hydrogen peroxide by up to 90%.%*" Therefore, the fact that TEMPO
inhibits -OH production from Fenton-like reaction with Fe** as catalyst was proved, and thus

emphasizing a radical dominating pathway.

In addition, the inhibition effect of TEMPO gradually increased when glass size increased, this
because of less iron ion was exposed to H.O to form hydroxyl radicals (Figure 5.20). Besides,
larger decrease in formic acid selectivity and thus yield can also be observed (Table 5.10).

Thus implying that not only TEMPO is quenching -OH radicals, but it is also scavenging acyl

176



Chapter 5 Benzyl alcohol selective oxidation using recycled glass

carbon-centred radicals, and thus suggesting that the oxidation process from the aldehyde to

the acid is also radical, as would be expected by McElroy et al.*°

However, despite being a quencher, TEMPO can also act with a nearly opposite nature; that
is, it can be an oxidiser and, as such, accelerate reaction pathways instead. For the latter, this
occurs when TEMPO interconverts to a salt known as oxoammonium salt (Figure 5.198). For
this latter role, TEMPO can be used to selectively oxidize primary alcohols to aldehydes and
secondary alcohols to ketones.*® However, similarity to activity/concentration dependency
observed for H»O, (Section 4.4) with the larger amount of TEMPO added, it doesn'’t
necessarily trigger further radical/oxidation reaction (hydrogen-abstraction). Therefore, the
TEMPO radical concentration may still be insufficient to undergo both redox reaction with iron,
and alcohol to have a notable increase in benzaldehyde yield (Table 5.10).

Very importantly though, no matter the amount of TEMPO that was added in the reaction
media, the conversion of alcohol always ended up between 10 and 20%. This can be
explained by the existence of a non-radical pathway involving molecular oxygen activation and
probably an acid-base reaction to take away an H in alpha to the COH group of the alcoholic
group and then an H-abstraction from the alcoholic group (Figure 5.13).5°-°2 Therefore, a

realistic estimate of ratio between radical and non-radical pathway could be 9:1.

In conclusion, dehydration test of 1-phenylethanol confirmed the absence of cationic pathway.
Together with the TEMPO test of, the termination of BhOH oxidation reaction largely implied
a radical reaction pathway that is dominating the Fenton reaction pathway and a small extent
of H-abstraction pathway by molecular oxygen were observed. This result shows
demonstrated that by applying BnOH oxidation via the Fenton reaction is unlikely to achieve
fine chemical synthesis. As such, in order to increase the selectivity of benzaldehyde, aerobic
oxidation with air or molecular oxygen is necessary. Thus, in the next section, investigation on

aerobic oxidation of BnOH with both static and dynamic systems is discussed.
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Table 5.10 BnOH conversion, CMB, selectivity and yield of benzaldehyde (BzH), benzoic acid (BA) and formic acid of BhnOH oxidation. Reaction conditions:
G2 recycled glass (Fe: 0.3 wt.%), M:S=1:100, <0.1, 0.1-0.2, 0.2-0.5 and 0.5-1 mm, BnOH:H20> molar ratio of 1:2, TEMPO to BnOH molar ratio of 1:100, 1:10
and 1:4, p = endogenous, 80 °C, 24 h, 500 rpm.

Selectivity ) yield
Tgrl\]llgl_(l) Catalyst sizes % . . Convozrsmn C‘I,\/I(I)B % . .
BzH BA formic acid BzH BA formic acid
less than 0.1 mm 12 1 39 61 48 4 0 11
0.1-0.2 mm 3 0 10 46 64 1 0 3
no TEMPO

0.2-0.5mm 10 0 34 64 43 3 0 9
0.5-1 mm 10 0 31 67 49 3 0 10
less than 0.1 mm 16 0 39 52 58 5 0 12

] 0.1-0.2 mm 10 2 30 30 74 2 0 7
1:100 0.2-0.5mm 8 2 21 22 81 1 0 4
0.5-1 mm 4 3 2 17 84 1 0 0

less than 0.1 mm 7 0 26 26 77 1 0 5

) 0.1-0.2 mm 8 2 23 22 80 1 0 4
1:10 0.2-0.5mm 12 0 22 49 58 3 0 6
0.5-1 mm 5 3 9 13 88 1 0 1

less than 0.1 mm 7 0 18 65 41 2 0 5

_ 0.1-0.2 mm 17 1 16 14 89 2 0 2

14 0.2-0.5mm 11 0 15 53 53 3 0 4
0.5-1 mm 9 5 1 10 92 1 0 0
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5.6  Selective benzyl alcohol oxidation using different gas-liquid catalytic

reactor

The investigation of the reaction pathway for benzyl alcohol oxidation with H2O: illustrated the
concurrent existence of both radical and the likely presence of an oxygen activation pathways.
Although the formation of oxygen activated products was confirmed, the reaction was
predominantly radical-dominated, with only approximately 10% of the total conversion
attributable to the non-radical molecular oxygen activation. Consequently, the selectivity and
yield of benzaldehyde remained low (less than 10%) when using H.O, as the oxygen source.
As such to improve benzaldehyde selectivity, aerobic oxidation of BnOH (Eq. 5.14) utilizing
air or pure O as the oxygen source was examined. Three different systems were investigated:
open air, static pressurized, and dynamic bubbling, insufflating air or molecular oxygen. This
was done to evaluate the potential for achieving selective benzaldehyde synthesis from BnOH
over recycled glass catalysts under these conditions.

PhCH,0H + 0.5 O, — PhCOH +H,0  (Eq. 5.14)

5.6.1 Aerobic oxidation with open air

It is important to consider whether externally provided molecular oxygen might be a limiting
reagent due to its poor solubility in the reaction medium (Figure 5.22), unlike the in situ formed
oxygen from the thermal decomposition of H.O,. The in situ oxygen generated within the
system is likely more accessible and reactive compared to the externally supplied O: gas.
Molecular oxygen has a very low solubility in pure or fresh water (about 4 to 24 mg L™, 1.0 atm

at room temperature).>4°¢
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Figure 5.22 Solubility of oxygen from air in water with increasing in temperature. At our reaction
conditions (80°C), this (black circle) is roughly 3 time lower than that at room temperature.>®

For a reaction with 10 mL of BnOH water solution (1 g L) at 80°C and 1 atm, the
stoichiometric amount of oxygen needed for complete conversion from benzyl alcohol to
benzaldehyde is 4.6 x 10™° mol where only 9.4 x10 mol (Table 5.12) of O, can be dissolved.

To increase the contact between BnOH and O, external support such as pressurized systems
and continuous oxygen bubbling system were considered. Pressurized systems can increase
the solubility of O, and reduce the mass transfer limitation effect, while bubbling system that
continuously provides a supply of O, which is vented at the same time after mixing can provide

a better mixing with a higher local O, concentration (Table 5.11).

Table 5.11 Pros and cons of using static pressurized system and open flow system for aerobic

benzaldehyde synthesis from benzyl alcohol.57-5°

Static Pressurized System

Open flow System

- Higher reaction rates due to
increased oxygen solubility.
- Enhanced mass transfer of

- Simple setup and equipment
requirements.

- Better mixing of reactants and

Pros )(;Ql/gsen leads to improved product oxygen through bubbling.
- Suitable for reactions requiring - Generally safer due to lower
higher oxygen concentrations. pressure.
- Requires specialized equipment - Reaction rates may be limited by
and safety precautions. oxygen transfer rate.

Cons - Higher energy consumption. - Longer reaction times compared to

- Potential for side reactions due
to high pressure and temperature.

pressurized systems.

- Lower oxygen concentration in the
reaction mixture.
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5.6.2 Aerobic oxidation with pressurized systems

To increase the solubility of oxygen, a Radley set-up with a 50 mL ACE round bottom flask
was used. A gauge pressure, which is the pressure relative to ambient atmospheric pressure,
was set from 1 to 3 bar (1 to 3 bar above the ambient atmospheric pressure) with air as the
source of oxygen.

The amount of oxygen and nitrogen dissolved in water can be calculated with Henry's law (Eq.
5.15). The concentration is proportional to the partial pressure of the gas. Therefore, the
solubility of oxygen at 1, 2 and 3 bar at 80°C are 1.9x10%, 2.8x10* and 3.7x10* mol L*
respectively (Table 5.12).

c=pgkn (Eg.5.15)

Where:

c= solubility of dissolved gas

kn= proportionality constant depending on the nature of the gas and the solvent
pg= partial pressure of gas

Table 5.12 Solubility of oxygen at 80 °C and the no. of mole of oxygen required and actual dissolved at
difference pressure (1 atm, Pg 1, 2 and 3 bar).

Solubility of Solubility of .
. . 0. dissolved .
Gauge oxygen in water oxygen in water from air O2 required
pressure at 80 °C at 80 °C mol mol
mg L mol L
0* 3 9.4x10° 9.4x10”7 4.62x10°
1 6 1.9x104 1.9x106 4.62x10°
2 9 2.8x10* 2.8x106 4.62x10°
3 12 3.7x10* 3.7x10° 4.62x10°

*Py=0 correspond to an atmosphere pressure of 1 atm.

Control experiments were conducted with benzyl alcohol alone and with added
Fe(NO3)3-9H,O at M:S molar ratios of 1:100, 1:10, 1:5, and 1:3 at 80°C and 100°C. No
conversion of BnOH was observed under these conditions (Table 5.13). Although the
calculated number of moles of oxygen dissolved in the initial 10 mL of reaction solution was
less than the stoichiometric amount required (4.62x10° mol, as shown in Table 5.12), the
continuous 24-hour supply of air should have provided a total of approximately 4.0 x 10 mol
of oxygen, which is sufficient to meet the reaction requirements. Furthermore, even when
using an oxygen cylinder setup, ensuring a constant supply of oxygen from the open cylinder

would prevent oxygen from becoming a limiting reagent during the 24-hour reaction period.
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In addition, although the 10 mL reaction volume and continuous stirring can reduce mass
transfer limitations, the externally supplied molecular oxygen still needs to displace the solvent
molecules from the catalyst surface to participate in the reaction. This process requires energy
and could create an additional diffusional barrier, even in the small-volume, well-mixed system.
Therefore, assuming negligible diffusional effects may not be accurate, as oxygen must

overcome the solvation shell around the catalyst to reach the active sites.

The reaction temperature of 100°C approached the upper limit employed in other aerobic
BnOH oxidation studies.'? A commonly used upper temperature limit of around 100°C aims to
prevent undesirable side reactions (over-oxidation, decarboxylation), or degradation of
reactants and products that may occur at higher temperatures. Moreover, as demonstrated in
other reports,® directly supplying molecular oxygen improves benzaldehyde yields compared
to using air due to higher partial pressure. It is implied that one of the elementary steps in the
reaction mechanism is bimolecular with respect to oxygen. This is because the rate of a
bimolecular reaction depends on the partial pressure or concentration of the reactants. Hence,
applying molecular oxygen should increase dissolved O, concentrations and enhance
benzaldehyde synthesis.

Table 5.13 BnOH conversion (con%) and CMB% results for of BhOH oxidation. Reaction conditions:
10 mL BnOH (1 g L), Fe(NO3)3-9H20, M:S=1:100, 1:10, 1:5 and 1:3, molecular oxygen provided by
pressurized system, p = 1, 2 and 3 bar, 80 and 100 °C, 24 h, 500 rpm. There is no reaction observed
after 24 hours.

Pg Catalyst Temperature

bar M:S 1:100 M:S °C con% CMB%
1to 3 ; . 80 0 100
1to 3 Fe(NOz)s9H.0  1:100 80 1 99
1to 3 Fe(NO3)39H:0 1:10 80 1 99
1to 2 Fe(NO3)3-9H:20 110 100 1 99
2 Fe(NO3)3-9H20 1:5 100 1 99
2 Fe(NOs3)3"9H,0 13 100 0 100

The oxygen source was replaced with molecular oxygen, with a reaction temperature 100 °C,
at a M: S molar ratio of 1:5 and gauge pressure of 2 bar, no conversion was observed with
Fe(NOs)3:'9H.0 as catalyst. The use of recycled glass with Fe*" showed no conversion
(Table 5.13). On the other hand, formation of benzaldehyde was observed with FeSO4-7H,0
at an M:S molar ratio of 1:10 and 1:5 (Table 5.14). This result implied that at the reaction

condition of M:S of 1:10 at 100 °C, Fe?* can successfully activate molecular O,.%*

Moreover, the interconversion between Fe?' and Fe®' plays a crucial role in the aerobic
oxidation mechanism. It involves Fe?" donating an electron to O, thereby converting Fe?* to

Fe®* (Eq. 5.16 to 5.17). However, this Fe?*/Fe®* interconversion does not propagate as a full
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redox cycle, unlike the case with H.O, where Fe®* needs to be reduced back to Fe?". As a
result, once all Fe?* is converted to Fe®*, the reaction may be quenched due to insufficient

activated oxygen supply.5?

Fe?* + O, — Fe3* + Oy (Eg. 5.16)
2H* + Fe?* + O, — Fe¥* + H,0,  (Eq. 5.17)

Literature reports a dynamic flow of molecular oxygen which has successfully achieved a
benzaldehyde yield of 36% at 80°C with Fe®* as the catalyst (M:S 1:33) after 24 hours of
reaction.® For further investigation, a set-up with a mass flow controller supplying molecular

oxygen was used.
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Table 5.14 BnOH conversion (con), CMB, selectivity and yield towards benzaldehyde (BA) synthesis. Reaction conditions: 10 mL BnOH (1 g L'1), Fe(NO3)3-9H20,
FeS04-7H20 and G2 recycled glass (Fe: 0.3 wt.%), M:S=1:100, 1:10 and 1:5 <0.1, 0.1-0.2, 0.2-0.5 and 0.5-1 mm, molecular oxygen provided by pressurized
system, p = 2 bar, 100 °C, 24 h, 500 rpm.

Selectivity Yield
Catalyst M:S C‘,Z" C",‘/’(')B % %
BA formic acid BA formic acid
- - 0 100 0 0 0 0
Fe(NOs);-9H20 1:10 0 100 0 0 0 0
Fe(NO3);-9H20 1:5 0 100 0 0 0 0
G2 1:5 -2 102 0 0 0 0
FeS047H20 1:100 0 100 0 0 0 0
FeS047H.0 1:10 9 92 11 0 9 0
FeS04:7H.0 1:5 19 85 24 2 40 3
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5.6.3 Aerobic oxidation with flow of Oz by mass flow controller

Aerobic oxidation of BhOH was conducted with molecular oxygen provided at a flow rate of 5
mL min. Fe(NOs)3-9H.0 and FeS0O,4-7H.0 catalyst were used as control tests before recycled
glass (Fe: 0.3 wt.%) was used. Control tests were carried out and showed that O, was not the

limiting reagent (Appendix A4.2).

At 100°C, both Fe®** (Fe(NO3)s-9H.0 ) and Fe?* (FeSO47H.0) led to approximately 20%
conversion of benzyl alcohol at M:S molar ratios of 1:100 and 1:10 (Table 5.15). However,
selectivity favoured carbon dioxide formation over benzaldehyde. Recycled glass was used at
an M:S molar ratio of 1:5, with successive oxidation reactions conducted using freshly
prepared glass. After 5 reaction cycles, 52% BnOH conversion to mostly formic acid was
attained. Gas chromatography-mass spectrometry could be suggested to identify any reaction

intermediates based on mass fragmentation patterns if further investigation is interested.

Nevertheless, these results demonstrate the ability of both Fe3* and Fe?* ions to activate
molecular oxygen and catalyse benzyl alcohol oxidation. This study can be viewed as a
preliminary investigation, laying the groundwork for further exploration into glass modification
to enhance selectivity towards benzaldehyde. With additional development, this approach
could enable a greener and more environmentally friendly method for selective benzaldehyde

synthesis.
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Table 5.15 BnOH conversion, CMB results for BnOH oxidation by molecular oxygen. Reaction
conditions: 8 mL BnOH (1 g L1), Fe(NOz)3-9H20, FeSO4-7H20 and G2 recycled glass (Fe: 0.3 wt.%),
M:S=1:100, 1:10 and 1:5, <0.1 mm, molecular oxygen provided by a mass flow controller, flow rate of
5 mL mint, p=2 bar ,100 °C, 4 h, 500 rpm. Reaction mixture with recycled glass was recycled and
repeated with same reaction condition using fresh prepared glass beads for another four runs. Only
reaction with reactivity towards formic acid was observed for all reaction.

Catalyst M:S Convozrsion ClI;I)B
- - 4 96
Fe(NO3)39H,0 1:100 18 82
Fe(NO3)3-9H20 1:10 16 84
FeSO4+7H.0 1:100 9 94
FeSO4+7H.0 1:10 16 84
G2 1:5 30 70
2" run 1:5 36 64
3 run 1:5 40 60
4 run 1:5 44 56
5% run 1:5 52 48

57 Conclusion

Benzaldehyde is an important aromatic aldehyde used as additives in perfumes, beverages,
and a as a platform chemical for the synthesis of pharmaceuticals. Traditionally synthesized
from benzyl chloride and toluene, these methods generate toxic chlorinated by-products under
harsh conditions. Thus, benzaldehyde production via benzyl alcohol oxidation has become
prevalent in industry due to facile control and high yields. The resulting growth in benzyl
alcohol demand and in turn its manufacturing has led to contaminated wastewater, motivating
the use of a greener oxidant. Recently, benzyl alcohol mineralization was explored via Fenton
reactions along with aerobic oxidations using air or O after elucidating the reaction pathways.
This work examined recycled glass as a catalyst for more environmentally friendly

benzaldehyde synthesis from benzyl alcohol oxidation with molecular oxygen.
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The *H-NMR method for analysing benzyl alcohol oxidation was validated using 2-propanol
as an internal standard and DMSO-d6 as the NMR solvent, and extensively utilized for

guantitative analysis in this work.

Hydrogen peroxide scavenging effects observed during benzyl alcohol mineralization
indicated the presence of a radical pathway. Varying the initial benzyl alcohol concentration
did not increase mineralization but improved benzaldehyde selectivity, suggesting the
concurrent existence of a radical and non-radical pathway. The H-abstraction pathway was

more pronounced under mimicked benzaldehyde synthesis conditions using H2O..

Pathway determination experiments using O deficiency or inhibitors like TEMPO
demonstrated the reaction with H,O, proceeded via a Fenton-like mechanism, which was
predominantly radical-mediated with approximately 10% attributable to a molecular oxygen

activation pathway.

Due to the low aqueous solubility of oxygen, different experimental set-ups were employed to
increase dissolved or local O, concentrations for aerobic benzaldehyde synthesis based on
the findings. However, Fe®" and thus recycled glass did not exhibit significant selectivity

towards benzaldehyde formation under the conditions tested.
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Chapter 6 1-phenylethanol selective oxidation using recycled glass

6.1 Introduction

1-Phenylethanol (1-PEA) is a simple aromatic secondary alcohol which is an important raw
material for spices, aromatic agents, and chemical intermediates such as the nonsteroidal
anti-inflammatory drug lIbuprofen, and possesses versatility across chemical syntheses.!
Optically active phenyl ethanol derivatives, which per se is also chiral, serve as chiral synthetic
building blocks and intermediates within various industries including pharmaceuticals,
agrochemicals, flavours, and fine chemicals.?® In particular, (R)-1-phenylethanol finds
specialized use as a fragrance, solvatochromic dye, ophthalmic preservative, and inhibitor of
cholesterol intestinal adsorption in pharmaceutical, cosmetic, and chemical applications.?
Additionally, the esterified derivatives of racemic 1-phenylethanol hold roles in perfumeries,
soaps, detergents, cosmetics, room sprays, deodorants, and flavours.® Consequently,
demand of 1-PEA continues to rise and is expected to reach 100 metric tons annually,

primarily driven by its use as a fragrance additive.*

In addition to its use in the pharma sector, 1-PEA serves as an intermediate by-product in the
petrochemical industry during the coproduction of propylene oxide and styrene monomer
(POSM). However, 1-PEA was (and still is) mostly discharged into aquatic systems mainly
through industrial emissions.>® POSM production processes generate 1-PEA in wastewater
effluents at concentrations ranging from 114-240 mg L™, it accounts for 12 wt.% of the styrene
and propylene oxide (SPO) wastewater’=® and is considered to be hazardous to human health

and may cause many acute effects such as skin irritation and transient corneal injury.°

Toxicity studies on freshwater organisms show a 96-hour median lethal concentrations (LC50)
of 100 mg L in zebrafish,!* 48-hour LC50 values of 345 mg L? in golden orfe,'? 48-hour
median effective concentrations (EC50) of 45.32 mg L in invertebrates, and 72-hour EC50
of 200 mg L in aquatic algae and cyanobacteria.!! In recent decades, POSM plants have

proliferated globally,*® substantially escalating the likelihood of 1-PEA release into nearby
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waterways and marine environments. The extensive utilization of 1-PEA coupled with the rise
in POSM facilities warrants concern regarding potential ecological impact, which the current

work aims to address within a circular economy framework.

The removal of 1-PEA from petrochemical wastewaters is a significant challenge. Research
has shown that conventional wastewater treatment methods, such as activated sludge
processes or aerobic biological treatment, are ineffective due to the compound's recalcitrant
nature and resistance to biodegradation.'* In addition, existing advanced oxidation processes
wastewater treatment technologies are costly, require high-energy consumption and are not
environmentally friendly due to the use of oxidants like Clz, ClIO2, which will lead to production
of by-products that need further treatment.?>*6 With recycled glass to replace conventional
catalyst, the cost are highly reduced, since the used glass beads can be further reused.
Consequently, selecting the most appropriate advanced treatment method with H,O. as
oxidant is more environmentally friendly and has become an urgent task in the field of

environmental protection.

Moreover, as mentioned in Chapter 5, the conversion of alcohols to carbonyls via oxidation
has been extensively studied due to the importance of ketones and aldehydes in biomass
conversion!’ and fine chemical synthesis.'®° So the current work could potentially open up

new routes to these important applications.

In fact, stoichiometric oxidants typically, KMnO4 and K>Cr.O7 for benzyl alcohol have been
widely used in the fine chemicals industry.?%2* However, as explained in Chapter 5, using
these oxidants has its limitations due to the toxicity of the produced waste or the spent
transition metal left!®2223, The main oxidation product of 1-PEA, acetophenone (AP), is also
an important compound used in spices, flavours and pharmaceutical industries.'®24% As a
result, the primary scope for this chapter will include investigating the possibility of AP

synthesis by aerobic oxidation using recycled glass.

By using the same scheme used and described in Chapter 5, in this chapter, we will describe
1) the identification of a *H-NMR method for the quantification of 1-phenylethanol oxidation
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products; 2) the feasibility and effectiveness of acetophenone synthesis from 1-phenylethanol
oxidation with recycled glass using air or molecular oxygen; 3) the feasibility and effectiveness
of using the Fenton reaction with recycled glass in removing 1-phenylethanol from wastewater

in place of a partial oxidation.

6.2 Identification of an *H-NMR 1-phenylethanol oxidation quantification

method

As previously discussed in Chapter 5, unlike phenol and ibuprofen decomposition via the
Fenton reaction where a very large number of intermediates were normally detected (Chapter
3 and 4), oxidation process of 1-phenylethanol is expected to lead to acetophenone
(Figure 6.1). Therefore, 'H-NMR quantification method was then developed based on the
validated method of benzyl alcohol where 2-propanol was applied as internal standard and

DMSO-d6 as NMR solvent.

OH o
[O] [O] H.0 + CO
. +H,0 — 2 2

1-Phenyl ethanol Acetophenone Mineralization

Figure 6.1 Oxidation of 1-phenylethanol to acetophenone and ultimately water and carbon dioxide. [O]
is an arbitrary oxidant containing oxygen.

6.2.1 'H-NMR analysis of standards

Firstly, standard solutions of 1-phenylethanol and acetophenone were used to have an
appropriate starting point to develop quantification and qualification via *H-NMR. Although 1-
phenylethanol and acetophenone have a relatively high solubility in water (17.5gL*and 6 g
L? respectively), to maintain a consistency with previous experiments, co-solvent was still
used for standards making. 1 g L of 1-phenylethanol was prepared by dissolving ca. 0.1 g of
1-phenylethanol and 1 g L' of acetophenone were prepared by dissolving ca. 0.1 g of

acetophenone using co-solvent (volume ratio of water and methanol 95:5) to ensure all the

193



Chapter 6 1-phenylethanol selective oxidation using recycled glass

chemicals were fully dissolved. *H-NMR analysis of 1-phenyl alcohol (Figure 6.2) and
acetophenone (Figure 6.3) were performed with deuterated DMSO-d6 as solvent under water

suppression to avoid the interference of water peak (6 ppm 4.76-4.66).

As discussed in Chapter 5, several criteria must be met to ensure a reliable and informative
characterization via spectroscopy. These include clear peak resolution, a high signal-to-noise
ratio, and a stable baseline, precise and consistent peak positioning, well-defined peak shapes,
and appropriate signal intensity. The NMR spectra obtained for the two chemicals under study
(Figures 6.2 and 6.3) fulfil these requirements. The spectra exhibit sharp, narrow peaks with
high signal intensity relative to the baseline noise. The baseline is in phase without distortions.
Peak positions are consistent between samples with £ 0.05 ppm. Therefore, the NMR
methodology employed here satisfies the essential prerequisites for robust method

development.

OH
Cc
C b a
d c
C
o 1-phenyl ethanol
a
Solvent
residual
d peak
b
J W

74 70 66 6.2 58 54 50 46 42 38 34 30 26 22 18 14 10 0
Chemical shift (ppm)
Figure 6.2 1-phenylethanol: *H-NMR (400 MHz, DMSO-d6), c: & ppm 7.33 (m, 4H), d: 7.30 (m, 1H), b:

4.72 (g, 1H), a: 1.32 (d, 3H).
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acetophenone

82 78 74 7.0 66 62 58 54 50 46 42 38 3.4 30 26 2
chemical shift (ppm)

Figure 6.3 Acetophenone: *H-NMR (400 MHz, deuterated DMSO-d6), b: & ppm 7.92 (dt, 2H), d: 7.58
(tt, 1H), c: 7.47 (tt, 2H), a: 2.58 (s, 3H).

0 OH

81 80 79 78 77 76 75 714 713 7.2 74

| L

20 110 100 90 80 70 60 50 40 30 20 10 0
chemical shifts (ppm)

Figure 6.4 Stacked 'H-NMR spectra of 1-phenylethanol (e) and its oxidation product acetophenon (e).
The main figure highlights the full spectral ranges, while the inset focuses on the regions containing the
diagnostic, characteristic peaks for each compound. Using this stacked spectrum with highlighted
regions allows straightforward identification and quantification of the reaction components.
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After properly characterizing the individual NMR spectra of the chemicals, it is crucial to
identify non-overlapping characteristic peaks for each compound when present in a reaction
mixture. This ensures accurate quantification of each analyte. By overlaying the spectra of 1-
phenylethanol and acetophenone (Figure 6.4), suitable distinct peaks were determined for
each as follows: 1-phenylethanol: & ppm 7.3 (m, 5H) and acetophenone: & ppm 7.95 (d, 2H)
(Table 6.1). Using these isolated peaks, a quantitative NMR calculation was used to determine
the molar concentration of each component in a mixture.

Table 6.1 A summary of NMR data of 1-phenylethanol and its corresponding potential dehydration
products acetophenone with the characteristic chosen for the conversion and CMB%.

Characteristic peak

Compound
P 5 (ppm)
1-phenylethanol
OH
C
c cand d: 7.33-7.30 (m, 5H)
d c
c
Acetophenone
(o)

b: 7.92 (dt, 2H)

Given the similar chemical shift regions for 1-phenylethanol, acetophenone, benzyl alcohol,
and its products, 2-propanol, previously validated as a suitable internal standard for benzyl
alcohol oxidation, is also a good choice for the current system. To verify instrumental
reproducibility using 2-propanol as the internal standard and water suppression, a minimum

of five distinct NMR samples were prepared for each compound according to a fixed protocol.

For 1-phenylethanol, the deviation was determined to be -3% for sample preparation and 1%

for the NMR instrument, which fall within acceptable ranges (+ 5%) using the co-solvent
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method. For acetophenone, a slightly larger deviation of -8% was observed for sample
preparation. However, given that quantification relies on two distinct peaks only, this
discrepancy is deemed acceptable, and was subsequently incorporated as a correction factor

in subsequent CMB% calculations given the standard deviation was in a range of 1% or less.

6.2.2 Application of 2-propanol as internal standard on the mimic mixture

While 2-propanol demonstrated accurate and consistent results as an internal standard for the
individual chemicals, it is useful to further validate its applicability for mixtures containing all
three compounds at varying stages of oxidation. As such, five distinct model mixtures of 1-
phenylethanol and acetophenone standard solutions were prepared, encompassing different
molar ratios to mimic progressive reaction stages (Table 6.2). CMB% calculations for each
mixture were performed incorporating the previously determined correction factor, thereby
validating the quantitative methodology for systems where all product concentrations are
known.

Table 6.2 Five mimic mixtures of 1-phenylethanol (1-PEA) and acetophenone (AcP) were prepared in
terms of different molar ratio. The discrepancy between expected and measured ratios is calculated as

relative deviation, and the CMB% is calculated with correction factor from previous section. Each NMR
sample includes 500 L of DMSO-d6, 200 pL of analyte and 15 pL of 2-propanol solution.

. 1-PEA: AcP *Deviation on Acp CMB
Mixture : o )
molar ratio %o %o
#1 7.4:1 9 101
#2 1.9:1 -2 102
#3 1.2:1 -5 102
#4 1:1.4 -3 99
#5 1:3.8 0 98

*relative deviation= ((measured value-expected value)/expected value) x100%, with the value of
1-PEA as a standard.

Except for mixture #1, where a limited acetophenone was added, (in relative terms) both
compounds exhibited similar deviation patterns across the four model mixtures. For simplified
comparison, the molar ratio of 1-phenylethanol was set as the standard due to its lower
inherent variance. Analysis of the four mimic mixtures revealed the % deviation of the
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measured versus expected molar ratios for 1-phenylethanol and acetophenone fell within an
acceptable range (-3%). This aligned with the previously observed discrepancy between the
two compounds (-5%). Given acetophenone's larger intrinsic quantification inaccuracy (-8%),
the greater divergence noted when smaller amounts were added is acceptable, if taking into
account that a small integration error will have larger effect on a small peak rather than a large
one. The consistency within this comprehensive data set demonstrates reliable, coherent

results.

Incorporation of the correction factor resulted in CMB% values of approximately 101% for the
five model mixtures, compatible with 100% when accounting for experimental error. Thus
validating also the use of a co-solvent during standard solution preparation to ensure accuracy.
Noteworthy the internal standard concentration was diluted to match sample magnitude for

NMR analysis.

Consequently, the NMR method for 1-phenylethanol oxidation has been successfully validated,

providing a robust and reliable approach for future analyses in this chapter.

6.3 1-Phenylethanol mineralization via the Fenton reaction

Based on the attempted mineralization of benzyl alcohol to carbon dioxide and water via the
Fenton reaction, although full mineralization was not achieved (50%), an analogous study was
still worth to be applied to explore the capabilities of recycled glass to oxidize, either partially

or in full 1-phenylethanol.

6.3.1 Control tests

A critical initial step is the performance of control experiments to elucidate the roles of the
catalyst and oxidant within the novel reaction system. Accordingly, 1-phenylethanol (1 g L)
abatement reactions were carried out, like in the case of benzyl alcohol utilizing two different
unsupported iron salt catalysts, Fe(NO3)3-9H,0 and FeSO4-7H-0. In the first instance, based
on the stoichiometric reaction (Eq. 6.1), the complete mineralization of one mole of 1-
phenylethanol via the Fenton reaction requires 20 moles of H»O,. To investigate the effect of
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H.O- concentration, gradually increasing dosages from a 1-phenylethanol:H.O, molar ratio of
1:1 up to 1:400 was applied. The reactions proceeded with an iron catalyst at a M:S molar

ratio of 1:100, at 80°C for 4 hours under endogenous pressure.

CgH100 + 20 H.O — 8 CO2 + 25 H,O (Eq. 6.1)

$ 120
N—r
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2 100 |
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= 80
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S 60 |
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£ 40r
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Figure 6.5 1-phenylethanol oxidation conversion of different control tests: blank, Fe(NOs)3-9H20 and
FeS04-7H20 only (e), different amount of hydrogen peroxide only(e), and Fe(NOz3)3-9H20 (e) and
FeS0O4:-7H20 () with four different amount of hydrogen peroxide. Reaction conditions: 10 mL of 1-PEA
(1 g L1), Fe(NO3)3-:9H20 and FeS0O4-7H20, M:S=1:100, 1-PEA:H20.=1:1, 1:10, 1:20 and 1:400,
p = endogenous, at 80°C, 4 h, 500 rpm.

As expected, negligible 1-phenylethanol conversion (2 £ 1%) was observed after 4 hours in
the absence of H,O, (Figure 6.5). The lack of hydroxyl radical (-OH) generation effectively
prevent oxidation of 1-phenylethanol under these conditions. Upon introduction of up to
stoichiometric quantities of H.O, without catalyst, 1-phenylethanol conversions remained
below 20%, with only a more than 30% increase to 33% observed with excess H,O, due tothe
limited amount of hydroxyl radical generated from thermal decomposition of H.O, (ca. 3%, as
studied in Section 3.2.1). However, with the addition of two different iron salts, Fe(NO3)s-9H.O

and FeSO.-7H;0, a significant enhancement in conversion from 10% to 100% at the
199



Chapter 6 1-phenylethanol selective oxidation using recycled glass

stoichiometric level was achieved. This highlights, also for this substrate, the vital role of iron

salts in catalysing hydroxyl radical formation and thereby promoting the Fenton reaction.

It is also notable that the addition of excess H.O: led to an unfavourable 20% decrease in 1-
phenylethanol conversion (Figure 6.5). This observation suggests that the generation of
surplus hydroxyl radicals inadvertently inhibited the 1-phenylethanol oxidation process. The
decreased conversion can be attributed to radical scavenging by the excess H2O>, lowering

the overall -OH availability (Eq. 3.6 and 3.7).

The inhibitory effect of excess hydrogen peroxide is consistent with previous observations in
Fenton reactions involving other aromatic pollutants such as phenol, ibuprofen, and benzyl
alcohol, and suggests that the quenching is probably due to the excess of H,O; rather than a
specific substrate. In view of these data, we then move on to the investigation on the

application of recycled glass in this reaction mechanism.

6.3.2 Effect of different recycled glasses

Four different coloured recycled glass samples (Fe wt.%: 0.07 to 0.3) with varying particle
diameters were chosen for catalytic testing. It was evident that the catalytic efficiency of
recycled glass was lower compared to pure iron salts though by using a same molar M:S ratio
of 1:100. Hence, an initial reaction time of 24 hours was selected for the recycled glass
experiments. Reactions were conducted using a stoichiometric amount of hydrogen peroxide

(1-PEA:H.0,1:20) at 80°C under endogenous pressure.
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Figure 6.6 1-phenylethanol oxidation conversion with 4 different types of recycled glass beads.
Reaction condition: 10 mL of 1-PEA (1 g L'Y), Fe(NOz3)3-9H20 and FeSOa4-7H20, G2 recycle glass (Fe:
0.3 wt.% ), G3 recycle glass (Fe: 0.2 wt.% ), G4 recycled glass (Fe: 0.2 wt.% ), and G5 recycled
glass (Fe: 0.07 wt.% e). (<0.1, 0.1-0.2, 0.2-0.5 and 0.5-1 mm, M:S=1:100, 1-PEA:H202=1:20
(stoichiometric amount), p = endogenous, at 80°C, 24 h, 500 rpm.

Given the free-radical mechanism we elucidated in the case of benzyl alcohol (see sections
5.3.2 and 5.3.3), the reactivity trend observed for 1-phenylethanol degradation using recycled
glass catalysts of varying sizes is anticipated to follow the principles previously outlined.
Specifically, increasing the glass particle size is expected to decrease the exposure of Fe®*
sites to H.0O,, thereby reducing hydroxyl radical generation and resulting in lower overall
reactivity (Figure 6.6). This confirms the possibility of application of recycled glass in removing

1-phenylethanol from wastewater, if an appropriate bead size is selected.
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Table 6.3 1-phenylethanol (1 g L) conversion, CMB%, acetophenone (AcP) and formic acid selectivity
with 4 different types of recycled glass beads. Reaction conditions: 10 mL of 1-PEA (1 g L), G2 recycle
glass (Fe: 0.3 wt.%), G3 recycle glass (Fe: 0.2 wt.%), G4 recycled glass (Fe: 0.2 wt.%), and G5 recycled
glass (Fe: 0.07 wt.%), <0.1, 0.1-0.2, 0.2-0.5 and 0.5-1 mm, M:S=1:100, 1-PEA:H20:=1:20
(stoichiometric amount), p = endogenous, at 80°C, 24 h, 500 rpm.

(IC:::_ ts\:ﬁ/: ) Diameter Conversion CMB Sele;:wﬂy
mm % %
AcP formic acid

<0.1 98 16 9 44

G2 0.1-0.2 86 36 22 28

(0.3) 0.2-0.5 70 51 27 25

0.5-1 72 50 22 23

<0.1 100 19 0 48

G3 0.1-0.2 93 20 9 36

(0.2) 0.2-0.5 93 23 12 44

0.5-1 78 38 17 30

<0.1 94 21 12 35

G4 0.1-0.2 95 20 13 19

(0.2) 0.2-0.5 93 23 17 2

0.5-1 53 64 29 23

<0.1 83 33 15 33

G5 0.1-0.2 70 46 21 8

(0.07) 0.2-0.5 42 68 21 29

0.5-1 44 68 23 27

It is notable that after a 24-hour reaction, high mineralization of 1-phenylethanol was achieved
with the smallest glass size (M:S 1:100 at 80 °C), as evidenced by the low carbon mass
balance (Table 6.3, CMB < 20%). In contrast, reactions with the other glass sizes typically
resulted in ca. 40% CMB. This is a surprising result since previous substrates like phenol and
benzyl alcohol, with simpler structures, struggled to reach full mineralization under identical
conditions. On the other hand, the H in alpha position with respect to the carbon of the hydroxyl
group can easily be abstracted by free radical species?®?’ that is the ionization step for this
substrate would be much more favourable than for benzyl alcohol and much more favourable
than phenol. This could explain the lower CMB we detect. Nevertheless, a rigorous
interpretation of the data indicates that the lower CMB may involve non-chemical or non-
entirely chemical factors. 1) The inability of NMR to detect all intermediates, for example if
decarboxylation occurs, this could lead to methanol, which due to its high volatility by the time
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an NMR sample is collected. 2) The formation of precipitates. 3) Potential reactor leakage.

As a consequence, some control experiments were undertaken: 1) Reduction the reaction
time and temperature to minimize evaporation of volatile by-products although this may also

inhibit catalyst efficacy. 2) Use of closed systems, like pressurized reaction vessels.

6.3.3 Control tests on intermediates formation

To investigate potential volatile intermediates formed during the 24-hour 1-phenylethanol
degradation reaction, two modifications were made to the original conditions. First, the
temperature was lowered from 80°C to 60°C (Table 6.4), despite the possibility of reduced
catalyst efficacy. Second, the reaction time was shortened to 6 hours, in an effort to detect
intermediates before further decomposition. G1 recycled glass beads (Fe: 0.23 wt.%) with four
particle size ranges (<0.1, 0.1-0.2, 0.2-0.5, and 0.5-1 mm) was chosen as a representative
catalyst. Reactions were performed at an M:S ratio of 1:100, with the stoichiometric quantity
of hydrogen peroxide (1-PEA:H.0O; 1:20) under endogenous pressure.

Table 6.4 1-phenylethanol (1 g L) conversion (con), selectivity and yield of acetophenone (AcP) and
formic acid. Reaction conditions: 10 mL of 1-PEA (1 g L), G1 recycled glass (Fe: 0.23 wt.%), <0.1,
0.1-0.2,0.2-0.5 and 0.5-1 mm, M:S=1:100, 1-PEA:H202 =1:20 (stoichiometric amount), p = endogenous,
at 80°C, 24 h; 60°C, 24h; 80°C, 6 h, 500 rpm. Despite the reduction on either reaction temperature or

time, no clear intermediate peak other than acetophenone was observed, any minor losses would be
under the detection limit of NMR and can be considered insignificant.

T Time Diameter Con CMB Sele;: Ivity YLZId

o 0, o,

c h mm % % AcP formic acid AcP formic acid
<0.1 64 47 12 46 4 14
0.1-0.2 46 63 14 35 4 10

60 24 0.2-0.5 33 73 15 34 4 8
0.5-1 30 76 16 37 4 8
<0.1 73 52 17 29 6 11

80 6 0.1-0.2 39 70 21 20 6 5
0.2-0.5 33 72 10 49 2 12
0.5-1 33 75 30 21 7 5
<0.1 98 16 9 44 1 7
0.1-0.2 86 36 22 28 7 9

80 24 205 70 51 27 25 10 9
0.5-1 72 50 22 23 8 8

The 'H-NMR spectra of the reaction mixtures under milder conditions revealed no clear
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intermediate peak other than acetophenone in any sample. As a result, under the current
reaction conditions (80°C, 24 h), any minor losses would be under the detection limit of NMR

and can be considered insignificant.

Furthermore, under the milder reaction conditions, two sets of reactions (Figure 6.7, grey,
orange lines) exhibited an overall 40% decrease in 1-phenylethanol conversion compared to
the standard conditions (Figure 6.7, blue), as anticipated. Despite the lower conversions, the
decreasing reactivity trend with increasing catalyst particle size from <0.1 to 1 mm persisted.
As for all these substrates smaller particles expose more Fe®* sites to interact with H,O, to
generate the hydroxyl radicals required for 1-phenylethanol decomposition. The consistency
of this reactivity trend demonstrates that, for a fixed H>O» dosage, the availability of hydroxyl
radicals depends on the accessible Fe®' sites, which in turn governs the ultimate 1-

phenylethanol conversion.
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Figure 6.7 1-phenylethanol (1 g L!) conversion (con). Reaction conditions: 10 mL of 1-PEA (1 g L),
G1 recycled glass (Fe: 0.23 wt.%), <0.1, 0.1-0.2, 0.2-0.5 and 0.5-1 mm, M:S=1:100, 1-PEA:H202=1:20
(stoichiometric amount), p = endogenous, at 80°C, 24 h (e); 60°C, 24h (#); 80°C, 6 h (e), 500 rpm.
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In conclusion, no obvious intermediate was detected within the limits of *H-NMR, indicating
negligible carbon loss through volatilization. However, conjugated products may also form
under acidic conditions (Figure 6.8), which may contribute to the loss of carbon. Further work
with more sensitive analytical techniques such as HPLC can be applied to comprehensively

close the carbon balance and fully account for reaction intermediates and products like ethanol.

R'

H—O»
i ®
RYOH H®—> R—lCHCHg, + H,0

R—CH—O—CH—R' * H;0

'

R—CH—O—CH—R' + H0
Figure 6.8 Acid catalysed condensation product formation from 1-phenylethanol to diethyl phenyl ether.

6.4 1l-phenylethanol partial oxidation with H202

Although the promising result of a high mineralisation (>75%) of 1-phenylethanol by H,O, was
achieved, a high selectivity to formic acid is undesirable as it results in acidic water. Therefore,
an increased selectivity to acetophenone via oxidation of 1-phenylethanol was then

investigated.

As the previous reaction conditions have led to a high selectivity towards formic acid, water
and carbon dioxide, to study if a shorter reaction will increase the selectivity of acetophenone,
a kinetic study was undertaken using 1-phenylethanol (1 g L*) aqueous solutions. G2 recycled

glass containing (Fe: 0.3 wt.%) and four particle size ranges.
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Table 6.5 Selectivity, yield of acetophenone (AcP) and formic acid, conversion (con) and CMB% of 1-
phenylethanol oxidation with of kinetic study of 1-phenylethanol oxidation with G2 recycled glass as
catalyst (Fe: wt.0.3%). Reaction conditions: 10 mL of 1-PEA (1 g L%), G2 recycled glass (Fe: 0.3 wt.%),
<0.1, 0.1-0.2, 0.2-0.5 and 0.5-1 mm, M:S=1:100, 1-PEA:H20:=1:20 (stoichiometric amount),
p = endogenous, at 80°C, 4, 8, 24 h, 500 rpm.

Selectivity Yield
Time diameter % % Con CvB
h mm AP formic AP formic % %
acid acid

<0.1 18 9 5 3 49 60

4 0.1-0.2 19 6 3 1 21 83
0.2-0.5 27 8 4 1 15 90

0.5-1 20 6 4 1 21 83

<0.1 16 10 4 2 86 29

18 0.1-0.2 22 8 7 2 71 45
0.2-0.5 25 8 8 3 50 63

0.5-1 23 6 6 2 38 71

<0.1 15 31 4 8 89 28

24 0.1-0.2 20 29 6 9 86 35
0.2-0.5 19 29 6 8 88 33

0.5-1 21 25 7 8 78 41

Selectivity trends over reaction time provide insight into opportunities to improve the
acetophenone yield. With shorter reaction times (Table 6.5, less than 18 h), acetophenone
selectivity exceeded that of formic acid, however yields remained low. This trend supports
acetophenone as a likely intermediate toward the production of formic acid, which can then
undergo mineralization to carbon dioxide and water (Figure 6.9). The kinetic profiles indicate
that smaller glass particles catalyse faster reaction rates initially, yet ultimately achieve similar
1-phenylethanol conversion. This aligns with previous results emphasizing the role of
accessible iron ions in governing Fenton reaction kinetics. Thus, for optimized 1-phenylethanol
mineralization, the particle size, dosage, and specific type of recycled glass catalyst are not
critical factors, provided sufficient reaction time is allowed, given appropriate reaction
conditions. However, at present achieving selective acetophenone synthesis requires milder

conditions, which simultaneously limits achievable yields.
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@)‘\ [0] ©)J\OH

Oxidative cleavage of the methyl group

0
[O]
OH
— HCOOH

Oxidative Decarboxylation

Figure 6.9 General schemetics of acetophenone as an intermediate of 1-phenylethanol towards formic
acid and then water and carbon dioxide. [O] is an arbitrary oxidant containing oxygen.

As discussed in Chapter 5, the investigation of benzyl alcohol oxidation pathways in the
presence of H>O> demonstrated the concurrent occurrence of both radical and H-abstraction
mechanisms. The overall transformation was predominantly radical-mediated (Eq. 6.2-6.3),
with only approximately 10% of benzyl alcohol conversion proceeding through the H-
abstraction pathway (Figure 6.10). This aligns with the observations for 1-phenylethanol
oxidation, wherein limited yields of the oxidation product acetophenone were attained from

both radical and non-radical routes:
Propagation:
:OH + PhCH(OH)CH3 — PhCH=CH, + H,O + -:OH (Eq. 6.2)

Termination:

2 PhCH(CH3)O- — PhCH=CH, + PhCH(CH3)OH+ H.0, (Eg. 6.3)

H
O/J (o)
/)/‘)
H :I? - + H/M~H
1-Phenylethanol acetophenone

Figure 6.10 Possible H-abstraction pathway of 1-phenylethanol to form acetophenone and water if M
is an oxygen species or anhydride if M is a metal.
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6.5 Aerobic selective 1-phenylethanol oxidation using molecular oxygen

6.5.1 Aerobic oxidation using air at atmospheric pressure

To improve acetophenone selectivity, aerobic oxidation of 1-phenylethanol (Eq. 6.4) was
explored utilizing atmospheric air or pure molecular oxygen as the oxidant. In contrast to the
possible in situ generated oxygen from H>O- thermal decomposition, it is critical to ascertain
whether the externally supplied molecular oxygen acts as a limiting reagent owing to its poor
water solubility (about 4 to 24 mg L™, 1.0 atm at room temperature).?®=*° For a reaction
containing 10 mL of 1 L™ 1-PEA aqueous solution at 80°C and 1 atm, the stoichiometric
guantity of oxygen required for complete conversion from 1-phenylethanol to acetophenone is
4.1x10° mol. However, only 9.4x107 mol of O, can be dissolved in 10 mL of 1 L™ 1-PEA
aqueous solution under these conditions. Apparently, no detectable conversion was observed
in this case. However, considering the continuous stirring provided, the open system, with
enough time provided, mass transport limitations are unlikely in effect. Consequently, oxygen
should not act as a limiting reagent. However, the lack of effective interaction precludes
definitive evaluation of the selectivity towards acetophenone production through aerobic

oxidation in this system.
PhCH(OH)CHs + 0.5 O, —» PhCOCHs + H,O  (Eg. 6.4)

One of our potential goals for this chapter is to test if aerobic oxidation can produce
acetophenone in a selective manner. As a result, in order to enhance the contact between 1-
phenylethanol and molecular oxygen, techniques including the use of pressurized system and

continuous stirring by bubbling molecular O, were explored.

6.5.2 Aerobic oxidation with pressurized system

Similar to benzyl alcohol oxidation, the solubility of oxygen was increased using a pressurised
reactor of the Radley setup and a 50 mL ACE round bottom flask. Air was used as the supply

of oxygen, and the gauge pressure was set at 1, 2 and 3 bar.

The amount of air dissolved in water was calculated in Chapter 5 according to Henry's law
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(Eqg. 5.15). The concentration is proportional to the partial pressure of the gas. Therefore, the
solubility of oxygen at 1, 2 and 3 bar at 80°C are 1.9x10%, 2.8x10* and 3.7x10* mol L*

respectively (Table 5.12).

It is crucial to emphasise, however, that the studies were conducted in such a way that an
oxygen source (either air or molecular oxygen) was always accessible. In other words,
cylinders delivered oxygen by keeping regulators open when connected to reaction flaks. This
eliminates any quantity constraints and allows O, to continually supply the catalyst as the
reaction uses it. Previously, pressurized reactors with air were explored for selective
benzaldehyde synthesis but did not achieve benzyl alcohol conversion even at higher M:S
ratios (1:5) or temperatures (100 °C). Given the similarities between benzyl alcohol and 1-
phenylethanol, negligible 1-phenylethanol conversion under pressurized air is expected. Thus,
only preliminary tests were conducted to verify this result. Blank tests were then conducted

with 1-PEA alone and with Fe(NO3)3-9H.0 and FeSO.-7H,0 (M:S 1:100), at 80°C.

As anticipated, no 1-PEA conversion was observed under pressurized air (Table 6.6), despite
oxygen availability not being limited. While the calculated amount of dissolved O, was below
stoichiometric needs (4.62x10~° mol), the continuous 24-hour air feed should have provided
sufficient oxidant. Additionally, the small 10 mL reaction volume, continuous stirring, and
extended reaction time were expected to minimize mass transport effects. This lack of
reactivity under oxygen-rich conditions further implies that oxygen quantity is likely not to be
the reason for the lack of conversion. Instead, higher temperatures may be essential to

activate the oxidation reaction and enable aerobic pathways.

This requirement for higher temperatures aligns with the findings of Chen et al., wherein
negligible 1-PEA conversion was attained below 100 °C. The catalytic activity was minimal at
low temperatures but exhibited a sharp increase above 100 °C.3! probably due to the relatively
high activation energy barrier of 72 kJ mol?.3? Although they enhanced O; solubility, the
alcohol oxidative dehydrogenation (towards acetophenone) rate still declines remarkably at

lower temperatures due to kinetic limitations. Hence, using both molecular oxygen and higher
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temperatures (up to 160 °C) will be essential to further optimise the reaction as future work.

Table 6.6 Conversion and CMB% results for 1-phenylethanol oxidation under pressurized system.
Reaction condition: 10 mL of 1-PEA (1 g L1), Fe(NOz)3-9H20, FeS04-7H20, G2 recycled glass (Fe: 0.3
wt.%), <0.1 mm, M:S=1:5, p = 1, 2 and 3 bar, air and molecular oxygen, at 80 and 100 °C, 24 h, 500
rpm. The increase in temperature from 80 to 100°C successfully activate molecular oxygen to convert
1-phenylethanol. Therefore, temperature has a larger effect than pressure.

Gauge .
Pressure Catalyst Tempoerature Oxygen conv;arsmn C‘I)VIB
Cc source %o %o
bar
1,2,3 - 80 air 0 100
1,2,3 Fe(NO3)3-9H.0 80 air -2 102
1,2,3 FeSO04-7H20 80 air 0 100
2 ) 100 Molecular 2 102
oxygen
2 Fe(NOs)s9H20 100 Lol lcls 18 82
oxygen
2 FeS047H20 100 Molecular 29 71
oxygen
G2 Molecular
2 (Fe: 0.3 wt.%) 0L oxygen e &

Replacing the oxygen source with pure molecular O, and increasing the temperature to 100°C
at a M:S molar ratio of 1:5 and 2 bar gauge pressure still showed negligible 1-PEA conversion
without a catalyst present. Comparative testing revealed higher reactivity with Fe?* than Fe®*,
consistent with prior observations for benzyl alcohol oxidation. Recycled glass with surface
Fe3** demonstrated slightly lower but comparable conversion trends versus Fe(NO3)s-9H,0
under identical conditions (Table 6.6). This marginal difference is reasonable considering the
total iron content was used for the recycled glass amount, while only surface sites contribute

to catalysis.

However, acetophenone was not detected in any reactions. Since no volatile intermediates
were discovered (as discussed earlier), the incomplete carbon balances suggest undetected
intermediates like conjugated products that may precipitated out of the system or most likely
carbon dioxide formation accounting for the missing carbon which are all what was desired
(Table 6.6). While modifying the temperature enabled oxygen activation with iron catalysts in
the pressurized system, selective aerobic oxidation to acetophenone was not realized under

these conditions. Consequently, a mass flow controller set-up for controlled molecular oxygen
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delivery was employed for further study into the potential for selective acetophenone synthesis.

6.5.3 Aerobic oxidation by insufflating Oz

Aerobic oxidation of 1-PEA was investigated by supplying molecular oxygen at a flow rate of
5 mL min? by insufflating it into the reaction mixture. Fe(NOs)s-9H.O and FeSO47H.0 (M:S
1:100) were initially employed as control catalysts, followed by G2 recycled glass (0.3 wt.%
Fe, <0.1 mm) with higher M:S ratio (M:S 1:5) Control tests were carried out that O, was not

the limiting reagent (Appendix A4.2).

Notably, 40% 1-PEA conversion was observed (Table 6.7) with molecular oxygen at 100°C
without a catalyst present. This conversion exceeds that achieved with catalysts in the
pressurized system (30%), confirming insufficient oxygen activation below 100°C, consistent
with the pressurized reactor findings. While pressurized systems generally improve oxygen
solubility and mass transfer kinetics, enabling faster oxidation rates and higher alcohol
conversions, the performance here surprisingly exceeded expectations. Although both
systems were stirred, the constant replenishment of the gas-liquid interface and enhanced
mixing from insufflation may provide additional mass transfer benefits beyond relying solely
on dissolved oxygen diffusion. Ultimately, the simplicity and absence of solubility constraints
make bubbling systems could suit for lab-scale set-ups, potentially outweighing the mass

transfer advantages of pressurization.

Adding iron salt catalysts (M:S 1:100) increased conversion by 20% beyond the 40% baseline,
while recycled glass (M:S 1:5) enhanced conversion by an additional 15%. Comparable 57%
1-PEA conversion was achieved using recycled glass samples with varying iron contents,
highlighting the promise of this approach. However, selectivity remained directed unfavourably
toward carbon dioxide over the desired acetophenone product, thus showing similarities with

previous observations for benzaldehyde synthesis.
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Table 6.7 Conversion and CMB% results for 1-phenylethanol oxidation by stirring-bubbling system.
Reaction condition: 10 mL of 1-PEA (1 g L), Fe(NOs)s-9H20, FeSO47H20, G1 (Fe: 0.2 wt.%), G2 (Fe:
0.3 wt.%), G3 (Fe: 0.2 wt.%), G4 (Fe: 0.07 wt.%) recycled glass, <0.1 mm, M:S=1:5, 1:100, p = 2 bar,
molecular oxygen supplied rate 5 mL min-1, introduced by mass flow controller, at 80 and 100 °C, 4 h,
500 rpm. The increase in temperature from 80 to 100°C successfully activate molecular oxygen to
convert 1-phenylethanol.

Catalyst M:S Tempoeé'ature conv:/eorsion C‘I)\/I(I,B

- - 80 0 100
- - 100 41 59
Fe(NOs);-9H20 1:100 100 65 35
FeS047H20 1:100 100 57 44
G1 1:5 100 53 47
G2 1.5 100 60 40
G3 1:5 100 57 43
G4 1:5 100 38 62

Repeated reuse of freshly prepared recycled glass (0.3 wt.% Fe) yielded 90% 1-PEA
conversion after 4 cycles without notable by-product formation. Although sufficient oxygen was
supplied theoretically for complete mineralization to carbon dioxide, direct single-step
conversion of 1-PEA to CO, seems unlikely based on prior selectivity results. Gas
chromatography-mass spectrometry could enable product identification by characteristic

fragmentation patterns as a future work.

The reaction rate decreased with each successive cycle (Figure 6.11) as starting 1-PEA
concentration decreased. After four repetitions, conversion reached 90 + 5% with a 9 =+ 3%
CMB. Given the slowing kinetics, additional cycling provided diminishing returns. However,
considering the low cost of recycled glass, attaining 95% conversion in just 4 cycles represents
a very promising result. Overall, these findings demonstrate the efficacy of both Fe** and Fe?
in activating molecular oxygen and catalysing 1-phenylethanol oxidation, despite unselective
behaviour. While the desired acetophenone product was not obtained, this study provides
groundwork for future explorations into glass modifications to enhance selectivity. With further
development, this approach may enable a greener, sustainable process for selective

acetophenone synthesis.
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Figure 6.11 Conversion () and CMB% (e) results for 1-phenylethanol oxidation by stirring-bubbling
system. Reaction condition: 8 mL BnOH (1 g L), Fe(NO3)3-9H20, FeSO4-7H20 and G2 recycled glass
(Fe: 0.3 wt.%), M:S = 1.5, <0.1 mm, molecular oxygen provided by mass flow controller, flow rate of
5mL min?, p =2 bar ,100 °C, 4 h, 500 rpm. Reaction mixture with recycled glass was recycled and
repeated with same reaction conditions using fresh prepared glass beads for another four runs. Only
reaction with reactivity towards formic acid was observed for all reaction.

6.6 Conclusion

1-Phenylethanol (1-PEA) is extensively utilized as a fragrance additive in cosmetics and
flavoring agent in foods and beverages. It is also generated as an intermediate by-product
during the coproduction of propylene oxide and styrene monomers (POSM) in the
petrochemical industry. The widespread use of 1-PEA in consumer products combined with
proliferation of POSM facilities has substantially increased the likelihood of 1-PEA release into
aquatic environments via industrial wastewater effluents. Removal of these aromatic
compounds from petrochemical wastewaters is an important environmental issue, as
conventional treatment methods have proven ineffective. Fenton oxidation using recycled
glass catalysts represents a promising green, sustainable approach for 1-PEA remediation,

as demonstrated in this work.
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In addition, the transformation of 1-PEA to acetophenone is a useful reaction in organic
synthesis, given acetophenone's role in perfumes, pharmaceuticals, and as a chemical
intermediate. To avoid toxic waste generation, greener alternatives to traditional potassium
permanganate and potassium dichromate oxidants have been suggested, including aerobic

oxidation mediated by hydrogen peroxide or molecular oxygen.

A robust and reliable *H-NMR quantification method was successfully validated for 1-
phenylethanol oxidation, providing a sound analytical foundation for this work based on prior

findings with benzyl alcohol.

In summary, the oxidation of 1-phenylethanol occurred predominantly through the hydroxyl
radical pathway, as evidenced by declining reactivity with increasing recycled glass particle
size. Recycled glass was demonstrated to be an effective sustainable catalyst for complete 1-
phenylethanol degradation, providing an alternative green approach for 1-PEA removal from

wastewater.

However, incomplete carbon balances indicate additional undetected intermediates or most
likely carbon dioxide may have formed. Further analysis using more sensitive techniques like
HPLC should be explored to fully close the mass balance and elucidate all products. While an

oxygen activation pathway was active, only negligible acetophenone yields were obtained.

Aerobic oxidation was investigated using three systems - open to air, pressurized, and gas-
insufflating - with air or oxygen as the oxidant. Despite achieving 0, 15 and 60% 1-PEA
conversion respectively, acetophenone was not generated even after repeated cycling to 95%

conversion.

Although selective synthesis of fine chemicals was not entirely achieved, these results
represent a valuable foundational investigation, providing key insights to guide future

optimization of reaction conditions and improvements in acetophenone selectivity.
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Chapter 7 Conclusions and Future Work

7.1 Conclusions

Water pollution from organic wastewater has become a significant global problem. Treatment
of organic wastewater containing persistent and toxic pollutants, such as phenolic compounds
and pharmaceuticals, is essential for sustainable development as traditional methods
including physical, biological and chemical approaches are often ineffective. Advanced
Oxidation Processes (AOPs) such as photochemical, wet catalytic, sonochemical, Os,
electrochemical and Fenton oxidation offer effective solutions for mineralising pollutants or
improving biodegradability. Among those, catalytic wet hydrogen peroxide oxidation (CWPO)
stands out due to its mild reaction conditions (20-80°C, atmosphere pressure), which lowers
the operational costs by using a green oxidant like H.O, and at least in principle leading to
H,O and CO: as byproducts. The Fenton process that uses iron species (Fe?* or Fe3*) to break
down H.O to generate -OH radicals as oxidant stands out for its versatility, robustness,
simplicity and rapidity in degrading pollutants. However, despite being a promising technique
for wastewater treatment, post-treatment of Fe contamination became a concern, as a result,
heterogeneous catalysts with active metal species (e.g., Fe, Cu) on different supports (e.g.,
zeolites, activated carbons) are used to overcome the drawbacks. Supports can stabilize metal
active species at the surface, thus promoting performance and recovery. Although iron-
containing zeolite has been shown to be efficient as a catalyst in the Fenton reaction, it is
rather expensive to scale up. Recycled soda-lime glass (green beer glass bottles), with similar
elemental composition as zeolite, with ferric oxide (more than 0.1 wt.% loading) could
potentially be used as a heterogeneous catalyst due to the availability in large quantities, and
it is cheaper (£20 per metric tonne for recycled green glass?!) than zeolite (E700 per kg). To
the best of our knowledge, the use of ferrous glass, especially in the range of 4 mm to 0.1 mm,
for water treatment applications has not been explored. Therefore, with the abundance in the
waste sector, recycled ferrous glass could become a precious resource to be introduced and

used as a sustainable heterogeneous catalyst.
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As such, using recycled glass as a catalyst in water treatment fully encapsulates circular
economy principles, when a product reaches the end of its life, its materials are recycled and
reused, generating additional value within the economy. The recovered glass can also be
reused after the purification process in construction or packaging. By integrating these
principles, water purification is transformed from a process of removing contaminants to a
platform for resource recovery. This aligns with the circular economy's goal of closing loops,
reducing environmental impact and benefiting agricultural irrigation. The result is a more
sustainable, efficient, and resilient water management system that conserves precious water

resources.

As a result, this thesis contributed to the advancement of abatement reaction by integrating
the principles of the circular economy through the innovative reuse of abundant waste
materials - specifically recycled glass - for water purification, targeting contaminants such as
phenol and ibuprofen. This method not only facilitates the reuse of treated water, particularly
for irrigation purposes, but also creates a closed-loop material cycle that adds value and
extends the life of these materials. In addition, the research is exploring the utility of recycled
glass in the field of fine chemical synthesis, investigating its efficacy in the oxidation processes
of benzyl alcohol and 1-phenylethanol, thereby broadening the potential applications of

recycled materials in environmental sustainability and chemical manufacturing processes.

7.1.1 Water purification by CWPO using recycled glass as catalyst.

Phenol, a paradigm for water pollution, has been used as a benchmark to explore the potential

of recycled glass as a heterogeneous catalyst in catalytic wet peroxide oxidation.

Hydrogen peroxide can provide -OH radicals during the Fenton reaction, which in turn

decompose the organic substrate.

Theoretically, in the Fenton process, both Fe?* and Fe®* can initiate the reaction, as a catalytic
cycle will be formed between them. To get some insights into activity of Fe** which will be
present in recycled glass, comparisons between Fe?* and Fe®** as catalyst in phenol

mineralization were conducted (M:S 1:100, PhOH:H.0> 1:14 (stoichiometric towards
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mineralization), 4 h, 80 °C, p = endogenous, 500 rpm). The observation that the Fenton-like
reaction involving indirect activation of hydrogen peroxide by Fe®* requires time-wise about
double the time of Fe?" at the early stage of the reaction (5-10 h), suggests a relatively
comparable performance between the two iron oxidation states, and due to the redox cycle,
the difference in reaction rate becomes negligible over time in CWPOQO. Consequently, this
provides a solid basis for further exploration of the use of glass materials embedded with Fe**
centres, offering promising avenues for environmental applications, particularly in pollutant

degradation processes where the Fenton-like reaction plays a crucial role.

Characterization of recycled glass was done to study the composition, as it can influence the
catalytic outcomes. ICP-OES and XPS were done to determine the bulk and surface
composition respectively. Elemental analysis (ICP-OES) on 12 samples showed a consistent
composition: silicon (30 wt.%), sodium (8 wt.%) and calcium (7 wt.%), negligible fluctuations
between samples made it a robust catalyst system, and the glass colour and feedstock
variability will not influence the catalyst performance. Thus, this result indicates recycled soda-
lime is a reliable and sustainable catalyst in terms of composition. XPS results revealed that
more Fe is distributed at the surface (0.5 at.%) rather than the bulk (0.1 at.%), this reflects the
iron propensity to readily oxidize facilitates migration of Fe from the bulk to the surface as

Fe,Osover time.

In addition, minor amounts of transition metals in the form of MnO and Cr,O3 were detected,
and they are known to possess catalytic activity in the Fenton reaction. Therefore, metal
activity control tests using FeSO4-7H>0, Cr(NO3)3-9H>0 and Mn(NOs3),-4H,0 was conducted.
Phenol conversion, CMB and H»O, consumption results indicate that the recycled glass
catalyst activity is primarily dictated by the iron content, with other metals playing a minimal
role. The reliability despite variability in glass feedstock enhances the viability of recycled glass

as a sustainable catalyst for scaled-up water treatment processes.

As non-uniform chemical composition for glass recycled from recycling facility, glass

performance may not be consistent. Activity control tests for mixed green recycled glasses
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from diverse batches and manufacturers were conducted. Results on conversion, CMB, H.0;
consumption, selectivity to CO,, and selectivity to acids all showed a variance of 3% which is
an excellent result in terms of reproducibility, especially considering the source of the raw
material This demonstrates recycled glass as a robust sustainable catalyst, achieving reliable
performance regardless of the precursor glass feedstock, thus providing a promising

foundation for practical large-scale implementation in water treatment and other applications.

The present study successfully demonstrated the concept of using of recycled glass (green
and brown) containing Fe®" centres as a heterogeneous catalyst for phenol oxidation by
catalytic wet peroxide oxidation (CWPQO). The excellent reproducibility of a mixed batch of
recycled glass leads to a great reduction in the effort of separating during recycling, further
reduce the cost of reaction. In addition, results have indicated that decreasing the size of the
glass patrticles leads to increased phenol conversion and carbon dioxide production with the
size range of 0.1-0.5 mm showing the best catalytic activity. It enables the possibility of scale-
up application in industry. Additionally, optimization of the glass M:S molar ratio and reaction
time can enhance catalyst performance. As a result, the performance of recycled glass can
be comparable and promising (i.e., 100% phenol conversion and 20% CMB) to industrial
catalyst, namely Fe/ZSM-5 under appropriate reaction conditions (increased mass and longer

reaction time) for an overall much lower (about 3000 times) cost.

Based on these very promising findings, the application of recycled glass as a sustainable

catalyst for ibuprofen was studied.

To ensure the complete removal of both ibuprofen and any more toxic intermediates generated
during the CWPO process, characterization of the eleven detected intermediates during the
catalytic CWPO process was conducted using both HPLC and GCMS methods. The presence
of  potentially more toxic intermediates such as 1.  2-[4-(1-hydroxy-2-
methylpropyl)phenyl]propanoic acid, 14. 4-isobutylbenzoic acid, 8. 1-(4-isobutylphenyl)-1-
ethanol and four determined at a detection wavelength 250 nm: 15. 4-acetylbenzoic acid, 12.

4-ethylbenzaldehyde, 9. 1-oxo-ibu, 10. 4-isobutyleacetophenone were identified by HPLC and
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13. 4-Isobutyl phenol, 16. 4-lIsobutylbenzaldehyde, 11. 1-(4-acetylphenyl)-2-methyl-1-
propanone, 17. 4-Ethylbenzoic acid were identified by GCMS which enables the calculation of
carbon mass balance and CO; formation. The number of identified products is well above the
average compared to the current literature, and so for better calculations, more work is needed

for unidentified products awaiting further identification.

The complete decomposition of ibuprofen could be achieved under mild reaction conditions
(ibuprofen:H,0- 1:140, 80 °C, p = endogenous, 4 h, 500 rpm) with recycled glass (Fe: 0.07 to
0.3 wt.%) as catalyst. Especially recycled glass (Fe: 0.3 wt.%, M:S 1:1) with diameters 0.1-0.5
mm, which showed 100% ibuprofen conversion, 90% CO, formation, low metal leaching (less
than 0.2 wt.%) under the experimental conditions, demonstrating the capability of reusing the

catalyst.

The work was extended to the mineralization of alcohols. Mineralization of benzyl alcohol with
recycled glass (Fe: 0.3 wt.%, M:S 1:100) was also conducted (BnOH:H.0O, = 1:17, 80 °C,
p = endogenous, 24 h, 500 rpm). Despite an increase in H,O», benzyl alcohol concentration,
at a relative long reaction time (24 h), BnOH conversion was limited to at 60%, and varying
the initial benzyl alcohol concentration did not increase mineralization but improved
benzaldehyde selectivity, suggesting the concurrent existence of a radical and non-radical

pathway and a zero-order kinetic profile with respect to BnOH concentration.

The mineralization of 1-phenylethanol occurred predominantly via the hydroxyl radical
pathway, as evidenced by the decreasing reactivity with increasing recycled glass particle size.
High mineralization of 1-phenylethanol was achieved with the smallest glass size (M:S 1:100,
24 h 80 °C), as evidenced by the low carbon mass balance (CMB < 20%). However, further
analysis using more sensitive techniques such as HPLC should be explored to complete the

mass balance and elucidate all products.

7.1.2 Potential application of glass in fine chemical synthesis

The selective oxidation of benzyl alcohol to benzaldehyde and of 1-phenyl ethyl alcohol to

acetophenone were investigated.
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Due to the low aqueous solubility of oxygen, different experimental set-ups - open air,
pressurised and gas insufflating - with air or oxygen as the oxidant were employed to increase
dissolved or local O2 concentrations for aerobic benzaldehyde and acetophenone synthesis
based on the findings. A maximum of 52% conversion of BhOH was achieved at 100 °C with
recycled glass (Fe: 0.3 wt.%, M:S 1:5) after 4 more repeated cycling and no benzaldehyde
was formed. Similarly, despite achieving 60% conversion of 1-PEA, acetophenone was
unexpectedly not produced even after repeated cycling with recycled glass up to 95%
conversion. Fe®* and thus recycled glass did not exhibit significant activity towards

benzaldehyde formation under the conditions tested.

To explain these results catalytic tests in the presence of radical inhibitors like TEMPO were
carried out. The results demonstrated that the reaction with H,O. primarily follows a Fenton-
like mechanism. This pathway is mainly radical mediated, with approximately 10% of the
reaction activity attributable to the activation of molecular oxygen. This finding highlights the
predominance of radical mechanisms in the process, while also indicating a notable
contribution from a molecular oxygen activation pathway, underscoring the complexity and

efficiency of the catalytic reaction under study.

Although the selective synthesis of fine chemicals was not fully achieved, these results
represent a valuable fundamental investigation, providing key insights to guide future

optimisation of reaction conditions and improvements in acetophenone selectivity.

7.2 Future work

The future work of this project will focus on:

1) Characterization of glass: To understand the discrepancies in phenol conversion
observed with glass beads of different morphologies (sharp edges from hydraulic pressing
and rounded edges from ball milling), a detailed morphological analysis is essential.
Comprehensive studies using scanning electron microscopy (SEM) can elucidate the
correlation between particle morphology and catalytic performance. SEM can reveal

detailed surface structures, including shape, roughness, texture, and particle distribution.
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2)

3)

Additionally, SEM equipped with energy-dispersive X-ray spectroscopy (EDS) can
produce elemental maps to show the spatial distribution of iron (Fe) on the glass surface.
This will provide valuable insights into the uniformity and localization of iron centers and
quantitative data on Fe concentration. Such analysis will enable us to better understand
the impact of different preparation methods and select the most appropriate technique

based on specific needs.??

Surface modification: In order to increase the surface area of non-porous glass beads
beyond that achievable through mere alteration of their size, surface roughening can be
employed. Chemical etching using strong bases, such as sodium hydroxide (NaOH) and
hydrofluoric acid (HF), has been demonstrated to effectively enhance the surface
properties of non-porous glass beads.*® These bases react with the silica network, forming
Na.SiO3 and SiF4, respectively. This results in a textured surface with an increased surface
area. Furthermore, the application of coatings through techniques such as sol-gel can
facilitate the enhancement of the surface concentration of metals, including iron and
copper. The sol-gel method is a versatile technique for the creation of transition metal
oxide coatings (e.g., Cu, Zn) on glass substrates. This technigue results in the formation
of a porous structure, which increases the surface area and the accessibility of catalytic
sites. Subsequent treatments, including calcination, enhance the adhesion and stability of
metal oxides on the glass surface, thereby ensuring their efficacy during catalytic
processes. These coating methods ensure a uniform distribution of metal oxides, thereby
providing a greater number of active sites for catalytic reactions. Consequently, such
surface modifications could significantly enhance the efficiency of glass beads in catalytic

wet peroxide oxidation (CWPQO) processes.

Scale-up: To effectively integrate into the circular economy, scaling up the reactor is
essential for industrialization. Preliminary studies with batch reactors have highlighted
challenges with inefficient mixing at higher catalyst levels. To address these issues and
support potential scale-up efforts, future investigations should consider using fixed bed
reactors or plug flow reactor configurations. These reactor types are more advantageous
in non-laboratory water treatment contexts due to their ability to maintain high catalyst
concentrations and deliver efficient catalytic performance. They offer efficient catalyst
utilization, scalability, and effective heat and mass transfer management, making them

suitable for continuous and large-scale operations.
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4)

5)

Circular economy practice: Previous results showed negligible variance in catalytic
performance when mixing green recycled glass from diverse batches and manufacturers,
simplifying the glass pre-treatment process in CWPO. To further streamline the separation
of green and brown glass, it is recommended to evaluate the catalytic capabilities of mixed-
colour glass (specifically brown and green) within the 0.1-0.5 mm diameter range and
containing significant amounts of iron. This research could lead to the development of a
cost-effective glass pre-treatment process, increasing the feasibility of using recycled
glass in various catalytic applications. If promising results are obtained, outreach activities
can be organized to promote the recycling of green and brown glass bottles within the
community. This would not only reduce the overall cost of this green project but also
engage the community in the circular economy, fostering a collaborative effort towards
sustainable practices.

To confirm the efficiency of the CWPO technique and the universal applicability of the
prepared catalysts, it is important to study other common organic compounds found in
wastewater, beyond phenol and ibuprofen. Potential targets include diclofenac,®’
bisphenol A2 and chlorophenols,® either individually or in combination. Additionally, testing
with real wastewater samples is recommended to identify any practical issues that may
arise before scaling up. This comprehensive approach will validate the effectiveness of the
CWPO technique and the prepared catalysts across a broader range of pollutants,

ensuring their suitability for diverse water treatment applications.
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APPENDIX

Al.1 Na,S.Oszstandardization

KIOs standard solution was used for Na,S,03 concentration standardisation:

Fundamental principle:

105 +51" + 6H > 31, + 3H,0 (Eq. A.1)
I, + 2Na,S,05 - Na,S,04 + 2Nal  (Eq. A.2)

Therefore, the molar ratio of /05 and Na,S,05 is as follows:

_to9) 1 (Eq.A3)

N(Nays,03) 6

Al.2 Method standardization procedure:

1) Known concentration of H,O- solution was added into glass stopped flask, 1 mL of HSO4

solution and 1 mL of KIOs; were added into the flask, and the mixture was mixed thoroughly,

sealed with the glass stopper.

2) The mixture was titrated with Na,S,03 immediately after step 1. The flask was gently stirred

for sufficient reaction between iodine and sodium thiosulfate and prevent iodine loss.

About 0.5 mL of starch indicator was added in the final stages of the titration (after the

solution has reached a pale yellow colour) as an indicator to turn the solution into blue. A

few more drops of Na,S,03; was added until the mixture turned transparent and stayed for

about 30 second. The Na;S>03 volume (V(yq,s,0,)) Used was recorded.

3) The concentration of Na»,S>03 can be calculated using the following formula:

Cuo3z)

———=2=XV 1071X6
MW(IO;) (I103)

X(Nays,05) = VNass0m M (Eq. A.4)

X(Nay,s,05) 1S the molar concentration of Na.S;Og in the reaction mixture.
Cuosy s the concentration of standard KIOs used for titration
Mw(0;y is the molecular weight of KIOs

Viiosy is the volume of KIOs used in reaction
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Vina,s,04) 1S the volume of Na.S:Oz used for titration

Determination of H,O»

1)

2)

3)

4)

5)

Solution of Na>S.03 with a concentration of 0.001 M was diluted from the 0.1 M Na>S:03
standard solution using 100 mL volumetric flask for H.O titration.

H>0O- solution (1 or 2 mL depending on concentration) was added into glass stopped flask,
1 mL of H2SO,4 solution and 1 mL of Kl were added into the flask, the mixture was mixed
thoroughly, sealed with the glass stopper and placed in a dark place for 10 min.

The mixture after reaction under darkness was titrated with Na>S.0s. The flask was gently
stirred for sufficient reaction between iodine and sodium thiosulfate and prevent iodine
loss. About 0.5 mL of starch indicator was added in the final stages of the titration (after
the solution has reached a pale yellow colour) as an indicator to turn the solution into blue.
A few more drops of Na,S,03 was added until the mixture turned transparent and stayed
for about 30 second. The Na.S203 volume used was recorded.

For each sample, the measurement was repeated three times for accuracy and an average
volume of Na»S>03 consumed was used for calculation of H,O, concentration using the
formula above.

A blank test without any sample using step 2 to 4 should be done, the Na»S,03; column

(Voiank) Was reduced from the titration results.

227



Appendix

A2.1 ANOVA tests in Origin:

A one-way ANOVA test was performed in Origin for the phenol conversions obtained for the
reactions catalysed by different physical mixtures of green GTS glass (0.1-0.2 mm), the details

of which are shown below:

Table A.1 Descriptive statistics.

N analysis N missing Mean Standard deviation Standard error of mean

Mix 1 4 0 80.68 0.296 0.148
Mix 2 4 0 81.39 0.971 0.485
Mix 3 4 0 80.24 3.189 1.595
Mix 4 4 0 79.92877 3.29299 1.64649
Mix 5 4 0 82.37431 2.13849 1.06925

Table A.2: Overall ANOVA.

DF Sum of squares Mean square Fvalue Prob>F

Model 4 15.35067 3.83767 0.72086 0.59095
Error 15 79.85573 5.32372
Total 19 95.2064

At the 0.05 level, the population means are not significantly different.
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A2.2 Kinetic study of phenol oxidation

Table A.3 Phenol oxidation by different recycled glasses (G1 to G4, Fe: 0.07- 0.3 wt.%) with M:S 1:100
and 1:50, at 80°C for 4 and 12 hours. A stoichiometric amount of hydrogen peroxide was added as
source of radicals. Phenol residual and intermediates of the reaction were reported with their
concentration. Overall phenol conversion and CMB and hydrogen peroxide consumption was calculated
with an error of 5%.

H20>

Glass M:S Time Conversion CMB conversion H.O,/PhOH
' h % % % Molar ratio
G1 64 95 39 9
G2 58 83 33 8
1:100 4
G3 73 69 37 7
G4 61 79 36 8
G1 97 17 58 8
G2 92 31 49 7
1:100 12
G3 96 21 55 8
G4 98 15 58 8
G1 86 63 53 9
G2 78 71 42 8
1:50 4
G3 92 50 53 8
G4 92 50 50 8
A3.1 UV-vis spectrum of ibuprofen oxidation intermediates
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Figure A.1 UV spectrum of ibuprofen oxidation intermediates standard solutions obtained for (a) 1, 1-

hydroxyibuprofen/2-[4-(1-hydroxy-2-methylpropyl)phenyl]propanoic

acid; (b) 8, 1-(4-iso-

butylphynel)ethanol; (c) 10, 4-isobutylacetophenone; (d) 12, (2RS)-2-(4-formalphel) propionic acid;.(e)
15, 4-acetylbenzoic acid and (f) 23, 2-pheylpropionic acid.

A3.2 Calibration curves ibuprofen oxidation intermediates
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Figure A.2 Calibration curves of ibuprofen oxidation intermediates standard solutions obtained for (a)
1, 1-hydroxyibuprofen/2-[4-(1-hydroxy-2-methylpropyl)phenyl]propanoic acid; (b) 8, 1-(4-iso-
butylphynel)ethanol; (c) 10, 4-isobutylacetophenone; (d) 12, (2RS)-2-(4-formalphel) propionic acid;.(e)
14. 4-isobutylbenzoic acid (f) 15, 4-acetylbenzoic acid and (g) 23, 2-pheylpropionic acid.
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Table A.4 The chosen wavelength, interception, slop and R? of the ibuprofen intermediate calibration

curves in Figure A.2.

Intercept Slope Statistics
Product entry
Value SD Value SD Adj R?
223 8764 7749 1.97E+10 5.98E+08 0.99632
8 223 -149 3714 2E10 2E8 0.99976
10 250 5984 15433 178655 1784 0.9997
12 250 -407 8049 4.79E+10 4.98E+08 0.99957
14 223 19 851 2E10 4E7 0.99998
15 250 -2761 3781 308151 1309 1
23 223 -7 4997 5.06E+09 2.37E+07 0.99991

A4.1 Kinetic study of BhOH oxidation with different H.O, dose
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100
90
80
70
60
50
40
30
20
10

0 4 8

12

16 20 24

Reaction time (h)

Figure A.3 Kinetic study of BhOH (1 g L) oxidation after 4, 12, 16, 20 and 24 hours reaction. Reaction
conditions: G2 recycled glass (Fe: 0.3 wt.%), M:S=1:100, <0.1 (e), 0.1-0.2(e), 0.2-0.5(¢) and 0.5-1(*)
mm, BnOH:H202 molar ratio of 1:1, p = endogenous, 80 °C, 24 h, 500 rpm. 1gL"! BnOH conversion
after 4, 12, 16, 20 and 24 hours reaction with four different sizes of G2 glass, with M:S ratio of 1:100,
and molar ratio BnOH:H20: of 1:1, at 80 °C.
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Figure A.4 Kinetic study of BnOH (1 g L'!) oxidation after 4, 12, 16, 20 and 24 hours reaction. Reaction
conditions: G2 recycled glass (Fe: 0.3 wt.%), M:S=1:100, <0.1 (e), 0.1-0.2(e), 0.2-0.5(¢) and 0.5-1(#)
mm, BnOH:H202 molar ratio of 1:2, p = endogenous, 80 °C, 24 h, 500 rpm. 1gL* BnOH conversion
after 4, 12, 16, 20 and 24 hours reaction with four different sizes of G2 glass, with M:S ratio of 1:100,
and molar ratio BhOH:H20: of 1:2, at 80 °C.
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Figure A.5 Kinetic study of BnOH (1 g L) oxidation after 4, 12, 16, 20 and 24 hours reaction. Reaction
conditions: G2 recycled glass (Fe: 0.3 wt.%), M:S=1:100, <0.1 (e), 0.1-0.2(e), 0.2-0.5(¢) and 0.5-1(*)
mm, BnOH:H202 molar ratio of 1:4, p = endogenous, 80 °C, 24 h, 500 rpm. 1gL! BnOH conversion
after 4, 12, 16, 20 and 24 hours reaction with four different sizes of G2 glass, with M:S ratio of 1:100,
and molar ratio BnOH:H20: of 1:4, at 80 °C.
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A4.2 Calculation of reaction time for aerobic oxidation

As stirring-bubbling system is a dynamic system, reaction time and flow rate are important

factor to consider when design an experiment so that oxygen will not be a limiting reagent.

With the current set-up (25 mL round bottom flask), 8 mL of BnOH water solution (1 g L) were

used to start the reaction. The minimum reaction time required will be calculated as follows:

If standard conditions and first-order reaction are assumed:

Required volume of O, for benzyl alcohol to benzaldehyde

_05><8mL+1000><1gL‘1><24000 L mol-1
o 108.14 g mol~1 memo

= 0.888 mL

Max volume of 0, can dissolve in 8 mL

3 -1 8
i gL X)L
_ (tom0) (o00) X 24000 mL mol ™~
32 g mol™1
= 0.018mL

For first order reaction:

In2
1 T —
t /2 TxTo3:1 700 s

~ 12 min
t =24 min

If oxygen can be activated, with the current reaction condition and a flow rate of 5 mL min*, a
minimax of 24 min should be needed. However, based on the previous performance on iron
catalyst with pressurized, a longer time such as 4 h was considered for the investigation to

make sure that oxygen is not a limiting reagent.
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