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In the 1950s, anyone who experienced the Arabian Gulf must have lived through a water
scarcity crisis at that time. Therefore, they might have come across a poem by the Kuwaiti poet
Fahad Boursli that begins with the line, "If only this abundant oil could turn into Ghadeer* (the
meaning of the name Ghadeer in the Arabic language fresh water). This poem is expressive
and reflects the reality of a country situated above an ocean of oil but lacking an adequate

supply of fresh water.

The lines from the poem by the Kuwaiti poet Fahad Boursli can be translated as follows:
"If only this abundant oil could turn into Ghadeer (fresh water),

We don't want oil and its wealth; we've become a source of trouble for the world.

Its people died of thirst, lost in the confusion of poverty.

Since the morning, they've been carrying its burden, but it needs a path to be poured into.
Its oil flooded Europe, and the thirst within it continues to swirl."

In these verses, the poet is lamenting the paradox of having vast reserves of oil but facing a
severe shortage of fresh water in the region. He expresses the desire for the valuable oil
resources to be transformed into the essential resource of water to alleviate the suffering of the
people. The poem highlights the socioeconomic and environmental challenges faced by a

region rich in oil but lacking in essential resources like water.
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Abstract

Water shortages worldwide are exacerbated by wastewater discharge into the environment
without adequate treatment, thus requiring developments in water treatment technologies, an
area of research that has gained increasing attention in recent years and it is one of the
sustainable energy development goals (SDG6) to be achieved by 2030. One of the most
promising approaches to tackle and remedy this fundamental environmental issue, we will
apply catalysis and the development of new materials to the abatement of toxic pollutants. In
this work, we will exploit an emerging catalytic technology known as catalytic wet peroxide
oxidation (CWPO) based on Fenton and Fenton-like reactions, to degrade aromatic pollutants
in water under mild conditions by targeting phenolic compounds as the representative of
pollutants. The scope to develop new iron-activated carbons and zeolites capable of degrading
phenol-like compounds to CO> and water is to have materials that are applicable for large-scale
applications. Also, to be durable as expected for the treatment of large volumes of water, by
having materials with a diminished amount of metal leaching in solution and thus to increase

the catalyst reusability and diminish the environmental impact.

Fe-supported activated carbon catalysts were prepared by using a wetness impregnation
protocol with a Fe loading fixed at 12wt%. in all our catalytic tests the amount of phenol to
consume was set at 1 g-L™! and reaction times for 1 to 4 h. A peculiarity of this study was the
pre-treatment of the carbon matrices with HCI and HNO3 to induce structural changes on Fe
centres and in turn on the catalytic activity of these materials. A comparative analysis was done
to study the effect of these pre-acid treatments (using HCl and HNO3). It was observed that
that Fe/AC catalysts can show high phenol conversion (100%), but the high Fe leaching (up to
50%) affects the stability of the catalysts. Elemental analysis, XPS and XRD methods were
employed to provide ground for structure/activity correlations. We found that the active species
was Fe2O3, and most active catalysts were those with a FeoO3 diameter less than 40 nm whereas
those least affected by leaching were those with a diameter greater than 120 nm. Fe leaching
though could be reduced to about 12% by the activated carbons doping with S and N. Catalytic
activity results show that, the Fe-S-N/AC, prepared by AC pre-treated with HCI and HNOs,
catalysts are the most active and stable catalysts when they were applied for phenolic

compound oxidation.

In view of these results, we then extended our investigation in the use of Fe-doped zeolites. Fe-

ZSM-5 was prepared by wetness impregnation method and shows a high phenol conversion



(100%), 12% residual intermediates%, and H>O> consumption (100%) under the reaction
conditions However, the Fe-ZSM-5 catalyst suffers poor stability due to high metal leaching
losses (> 50%). Fe-ZSM-5 was also synthesized by an innovative wetness impregnation under
vacuum method. However, no difference in the catalytic activity between the two catalysts for

phenol oxidation by the CWPO reaction at an array of reaction temperatures from 40 to 80 °C.

Based on the extreme catalytic activity of Fe-S-N/AC catalysts, we have applied the same
doping protocols for the preparation of zeolites, a novelty in this area. The Fe-S-N-Zeolite-Y
catalyst was identified as the most efficient catalyst for this reaction in terms of complete
phenol oxidation and mineralization (100% and 0% for phenol conversion and residual
intermediates, respectively). The Si:Al molar ratio though was able to influence the final Fe-
S-N-Zeolite catalyst performance. However, the materials despite being very active, were
affected by high Fe-leaching (ca 50%) Fe leaching at a high level affects the stability of these
catalysts. The activity of species besides Fe, like Ag, was also considered and Ag as well as
Ag/Fe-doped were synthetised and investigated. A strong synergistic effect from these two

metals were identified, and this was irrespective of Si:Al ratios or Zeolite types.

Then this study concluded by expanding the application of the selected heterogeneous catalysts
prepared in this project to oxidise phenolic compounds further than phenol. The catalysts: Fe-
S-N-ZSM-5, Fe-Ag-ZSM-5, and Fe-S-N/AC derived from pre-acid-treatment of AC by HCI-
HNOs; were identified as the most active when used for the abatement of substrates like: 4-
chlorophenol (4CP), 4-bromophenol (4BrP), 3-methoxyphenol (3MOP), 4-cresol (4MP) and
2,4 dimethylphenol (DMP), thus showing the applicability of our methods and materials to an
array of compounds which abatement is at the centre of environment application for water

purification.
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Chapter 1: Introduction

1.1 Overview: water pollution and sustainability

In an era defined by globalization and shared responsibilities, the Sustainable Development
Goals (SDGs) emerge as a beacon of collective aspiration and commitment. These goals, set
forth by the United Nations, constitute a resounding call to action that crosses borders and
ideologies. They encapsulate the profound urgency to transform our world into a realm where
poverty is eradicated, the planet is safeguarded, and the prospects of every individual,
regardless of location, are elevated. In a historic milestone of global collaboration, the year
2015 witnessed the unanimous adoption of the 17 Sustainable Development Goals (SDGs) by
every member state of the United Nations. This pivotal moment marked the inception of a
visionary blueprint known as the 2030 Agenda for Sustainable Development a resolute
commitment to guide humanity’s journey toward a more equitable, resilient, and thriving
future. Among these goals, Goal number 6: clean water and sanitation (Figure 1.1) is at the
centre of this thesis work. Having access to clean water, and sanitation is essential to human
health and wellbeing. These basic services will not be available to billions of people in 2030
only if the current rate of progress is quadrupled. A growing requirement for water has arisen
due to rapid population growth, urbanization and increasing water demands in agriculture,
industry, and the energy sector. By achieving these goals, we will save about 1 million lives
annually, who die due to diseases caused by contaminated water and poor sanitation.'*
Therefore, the objective of this project is the development of novel catalysts able to carry out

highly efficient wastewater purification in a durable manner.

QUALITY

EDUCATION

DECENT WORK AND
ECONOMIC GROWTH

1

1 0 :;E‘Dumwll"m

@

T O A Bl -
S SUSTAINABLE

@ bpating ! @ DEVELOPMENT
1 GCOALS

Figure 1.1: The 17 Goals of the Sustainable Development Agenda. Goal number 6, clean water and sanitation is

at the centre of this thesis work.*



1.2 Water pollution by industrial waste

One of the main solutions to minimize waste would be to improve the quality of water through
pollution reduction in itself, like enhancing the disposal waste into appropriate treatment
facilities, minimizing the discharge of hazardous chemicals and significantly reducing the
amount of untreated wastewater. In general, industrial waste water contain harmful organic
materials such as phenolic compounds, aromatic substances and intermediates, volatile organic
compounds, halogenated species and heavy metals like Pb, Hg, Pb, Cd, Cr, Cu, Ni and Hg.’
Due to its toxicity, even at low concentrations, phenol and its substitute derivatives are among

the most common organic water pollutants.®

The use of phenolic compounds is widespread in a wide range of industries, including
petroleum refineries, gas and coke oven industries, pharmaceuticals, explosive manufacture,
phenol—formaldehyde resin manufacture, plastic and varnish industries. The presence of phenol
in water occurs throughout the manufacturing and production stages of these processes. In
wastewater, phenol concentrations usually range from 200 to 1500 mg-L~!. While, the
Environmental Protection Agency’s maximum for wastewater elimination discharge is 0.5
mg.L™! for surface water and 1 mg.L™! for sewerage water.” 8 Phenol and its substitutes are
among the most common organic water pollutants due to their toxicity, even at low
concentrations. They are poisonous and potentially carcinogenic; even in concentrations of
ug.L~!. Phenol is listed as one of 11 among 126 chemicals as hazardous by the United States
Environmental Protection Agency (EPA, 2002).°

1.3 Source of phenol

Phenolic compounds are organic compounds that contain a hydroxyl group attached to one or
more aromatic rings. Among this category the best known is phenol; other names include
benzenol, carbolic acid, phenylic acid, phenic acid, hydroxybenzene.!% ! Phenol is a colourless
crystalline solid with a sickeningly sweet and acrid smell, and it is volatile. Chemical structure

is presented in Figure 1.2. and their chemical and physical properties are listed in Tablel.1.
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Figure 1.2: Chemical structure of different phenolic compounds.

A common moiety is a hydroxyl group directly bonded to the aromatic ring.

Table 1.1: Physical and chemical properties of phenol.!?

Molecular formula C¢HsOH
Molecular weight 93 g'mol™!
Melting point 40.9 °C
Boiling point 181.75 °C
Solubility in water (at room temperature) 93 g-L!
pKa 9.89
Flammability limits in air 1.7 vol%

The existence of phenolic compounds in water is due to both natural and anthropogenic
sources. In nature, these compounds are found in organic matter resulting from dead animals
and plants that decompose. Furthermore, aquatic plants synthesize them and microorganisms.
The anthropogenic causes of phenolic water pollution come from industries, household, and
farming activities. A brief description of these sources will be given in the following

paragraphs.

1.3.1 Natural sources

1.3.1.1 Biodegradation of organic matter

The decomposition of deceased plants and animals can produce phenolic compounds in bodies
of water, causing organic materials to break down and be washed into water. Various plant
varieties produce phenolic compounds, both terrestrial and aquatic. For example: tea (camellia
sinensis), tea leaves are rich in phenolic compounds, including catechins and flavonoids. These
compounds contribute to the flavour and health benefits of tea. Also, grapes (vitis vinifera),

grapes contain phenolic compounds such as resveratrol, flavonoids, and tannins, which are



important for wine production and have antioxidant properties. Phenolic macromolecules are
also found in green and red marine algae.!® The internal organs of humans and animals produce
phenol, then release it into the environment. Consequently, both humans and animals produce
waste products metabolites that contain phenol, which is formed in mammals’ gastrointestinal
tracts as a result of tyrosine digestion.!* In addition, phenolic compounds, particularly
hydroxybenzoate, is produced by microorganisms from natural substrates.!® In the presence of
glucose and nitrogen, Debaryomyces hansenii produce phenolic compounds from ferulic acid.
The study, by Max et al. reports about Debaryomyces hansenii metabolizing ferulic acid into

4-vinylguaiacol used in the food industry as a flavouring agent.!®

1.3.1.2 Produced from plants

Plants are known to produce phenolic compounds and derivatives in large quantities. The
formation of these compounds takes place in chlorophyll under the influence of ultraviolet
radiation from the sun, microbial infections, and chemicals (cations, pesticides). Plants produce
phenolics from phenylalanine as a precursor. Deamination of phenylalanine to cinnamate is
usually catalysed by ammonialysase. Cinnamate is transformed into coumaric acid by
hydroxylation through cinnamate-4-hydroxylase; this enzyme was called Lentinus edodes,
which produced ellagic acid. A precursor for the preparation of stilbenes, flavonoids,
furanocoumarines, and other compounds. A group of phenolic compounds catalysed by various
enzymes.!” The above compounds are found in various parts of plants, such as roots, stems,
and leaves. In addition, exudates from roots and leaves contain these phenolics, which are then
introduced into the soil by exudates. Finally, these compounds drain into nearby bodies of

water.

1.3.2 Sources from human activity

1.3.2.1 Waste from industry

Various products used in everyday life contain phenolic compounds. Phenol is commonly used
in a wide range of industries, for example for the bulk chemical used (bulk chemicals refer to
chemicals that are produced and traded in large quantities, these are typically commodities and
are manufactured or processed on a large scale). Examples of bulk chemicals and products that
are produced from or contain phenol include bisphenol-A (BPA) which is a major derivative
of phenol. It is used in the production of polycarbonate plastics, epoxy resins, and other
materials commonly found in consumer products like water bottles, food containers, eyeglass

lenses, and dental sealants. Phenolic resins also are synthetic polymers made by condensing



phenol with formaldehyde. They are used as adhesives, coatings, and in the manufacture of
melded products such as circuit boards, automotive parts, and countertops. Furthermore,
caprolactam is a chemical compound produced from phenol and is used as the primary raw
material in the production of nylon 6, a versatile synthetic polymer used in textiles, engineering
plastics, and various consumer goods. Among the by-products of this process are alkylphenols,
cresols, aniline, and resins.'® The oil, gas, and coal industries also produced it extensively.!”
The explosives industry, colourants, and fabric factories use phenol in their manufacture. As
well, phenolic compounds-such as bisphenol A are essential ingredients for polycarbonate
plastics, epoxy resins, and polymer extracts. Additionally, polycaprolactam is used to
synthesize nylon-6 (polycaprolactam) and some other fibres (synthetics).?’ Phenolic
compounds are also found in some pesticides and insecticides. Processes used in various
industries, including wood distillation, chlorine decontamination of water bodies, and cookery
procedures chlorophenols are also produced during the manufacturing of paper.?! Pollution of
water bodies is caused by industrial processes discharge effluents that contain phenolic
compounds. Additionally, many of these compounds or derivatives are released into the

atmosphere through automobile emissions, entering water systems through rain.

1.3.2.2 Waste from agriculture

One of the main causes of water pollution by phenolic compounds is agricultural pesticides,
insecticides, and herbicides. In the aquatic environment, phenol and chlorophenols such as 2,4-
dichlorophenol and catechols are caused by the biodegradation of some pesticides. As part of
these pesticides, 2,4,5-trichlorophenoxyacetic acid, 2,4-dichlorophenoxyacetic acid, and 4-
chloro-2-methylphenoxyacetic acid are included.?? Ultimately, breaks down to chlorophenols
which contain less chlorine than herbicides, fungicides, and pesticides.?* These by-products are

washed away into water sources.

1.3.2.3 The domestic waste

There are many household chemicals containing phenol, for example disinfectants, antiseptics,
and slimicides. Medical and pharmaceutical products can also contain it, for instance lotions,
creams, mouthwashes, and mouth sprays that are used for anaesthetic purposes or to treat throat
infections. As well as polish, fragrances, soaps, toys, paints and nail paint removers, it has been
found in numerous other domestic products. Through drainage systems and basins, household
water waste contains traces of aforementioned products that pollute neighbouring water

systems.*
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1.3.2.4 Waste generated by municipalities

Effluents from municipal waste recycling industries and leachates from landfills are also major
sources of phenolic compounds entering water bodies. The p-cresols found in municipal waste
landfill leachates are thought to originate from the residues of incinerated materials (coal tar or
petroleum). Fly ash has also been found to contain 2,4,6-trichlorophenol, 4-tert-butylphenol,
and bisphenol A in leachates. In landfill leachates, 4-tert-octylphenol is mainly derived from
combustibles. Several chlorophenols, 4-nonylphenols, and phenols have been found in
municipal waste landfills.>> When crude leachates from landfills are discharged into adjoining
water bodies along with incineration residues (solid fly ash), phenolic compounds pollute the

environment.?®
1.4 The reactivity of phenolic compounds in aquatic environments

1.4.1 Microorganism interaction

Non-ionic surfactants have been found to be broken down by certain bacteria within aquatic
environments into other, more harmful, phenolic compounds such as alkylphenols. For
instance, bacteria degrade nonylphenol polyethoxylate, used in laundry detergents and
automotive detergents, creating nonylphenol. The nitrophenol pollutant has been found to form
nonylphenoxyacetic acid after microbial degradation, which is even more toxic than the
original pollutant. Whenever designing or setting up a degradation process, these experimental
observations are very relevant since they should lead to less toxic (or ideally non-toxic) final
degradation products and/or effluents. Bacteria can also convert nonylphenol polyehoxylaes
into other intermediate forms in certain environments. For example; under anaerobic
conditions, nonylphenol polyehoxylae are typically transformed into nitrophenols.?’
Alternatively, when an aerobic environment is present, an additional conversion of nitrophenol
by iso- substitution occurs.?® By reacting with 4-chlorophenoxyacetic acid, 4-chlorophenol is
produced. Bacteria degrade pentachlorophenol to produce tetrachlorocatechol, which can be
further degraded to produce chlorinated catechols. Moreover, chlorocatechol is a by-product

of microbial interactions with chlorobenzenes.!®

1.4.2 Inorganic compound interactions
It is possible for phenol to react with nitrite ions in an aquatic habitat under the ultraviolet
radiation from the sun, forming 2-nitrophenol and 4-nitrophenol.? When nitric ions are

available, phenol is converted to nitrophenol. Photolysis of phenol forms hydroquinone along
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with charge transfer complexes, while chlorophenol is formed by chlorinating aromatic

compounds in water.*

1.5 The consequences of the toxicity of phenolic compounds on human health

The majority of phenolic compounds are able to penetrate the skin very quickly, and in turn be
quickly enter the blood stream. They are then metabolized into numerous reactive
intermediates, efficiently forming quinone moieties in the tract. Proteins can be covalently
bound with quinones, which also have toxic effects on humans.>? Chlorophenols,
aminophenols, chlorocatechols, nitrophenols, methylphenols, and other phenolics are toxic to
humans.*} Bisphenol A and some alkylphenols, which alter the development of the mammary
gland in animals, have also been found to have endocrine-disrupting effects on humans.** In
addition, delayed puberty in girls can also be attributed to exposure to bisphenol A.* Drinking
water or liquids containing high levels of phenol can cause severe complications in the
gastrointestinal tract. Moreover, it can cause muscle tremors and difficulty walking. High-
phenol content containing products cause blisters when they come into contact with the skin.
Additionally, they cause burns to vital organs like the heart, kidneys, liver, and lungs.!®
Furthermore catechols, which are intermediates generated during phenol degradation, can
cause DNA damage by oxidizing rapidly into quinone radicals, which destroys some important
proteins of the body.*? More specifically, chlorophenol intoxication leads to mouth and throat
burns, necrotic lesions in the mouth, stomach and oesophagus. In the presence of chlorophenol,
convulsions, fluctuations in pulse and temperature, as well as feeble muscles, are some of the
symptoms of this illness. This may involve malfunction in the lungs, digestive tract, liver, and
kidneys.*® Hydroquinone damages chromosomes, while p-cresol and 2,4-dimethyl phenol may
cause cancer.’’ In light of the hazardous effects of phenol and phenol derivatives, it is crucial
to develop improved water treatment technologies and implement sustainable water usage

methods.

1.6 Current methods for removing phenolic compounds from water

Wastewater generated by a variety of industries requires cost- and time-effective treatments.
These can be physical, biological, chemical, or a combination of them. Any methodology will
have both benefits and drawbacks depending on a variety of assessment criteria like the
chemical point of view, its applicability or economic viability, regardless of the specific context

of our research. Here is a brief description of these methods.
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1.6.1 Physical methods

Comparatively to chemical and biological methods, these methods are quite commonly used to
remove phenol.®® In general, three physical methods are used: adsorption technology,
membrane filtration, and nano-filtration. There are a number of advantages of physical
processes, such as: simple design, straightforward procedure, relatively high effectiveness to
removal, no side effects due to toxic materials, and relatively cheap. These advantages make
physical processes one of the possible wastewater treatment methods. Aside from the small
amount of chemicals needed, this process is also environmentally friendly. There is high
performance in phenol compound removal from wastewater using adsorption techniques. In
addition to being simple, it is also in principle eco-friendly.** Adsorption involves the
adsorption of toxic substances on adsorbent materials, typically (solid materials) such as:
charcoal and activated carbon. These solid materials must be porous and have a large surface
area, be selective for the desirable pollutant, and be hydrophobic. Several factors impact
adsorbent performance: the nature of the adsorbent, the construction of the functional groups,
and pore volume distribution and surface area. Moreover, their performance is influenced by
pH, temperature, polarity degree, the possibility of other elements competing for the
adsorbent’s surface area, and the concentration of the adsorbate. The properties of the
adsorbate, as well affect the adsorption performance, include their solubility in water,
hydrophobicity, and amount of molecular weight.*’ Thus, these factors determine how efficient

this technique is.

However, despite these positive aspects there are also a number of drawbacks. Adsorption is
generally not highly selective, meaning that it can remove a wide range of pollutants, including
both harmful and beneficial substances. This lack of selectivity can lead to the removal of
essential nutrients or other compounds that may be present in the wastewater. Adsorption
media (such as activated carbon) have a finite adsorption capacity. Once the adsorption sites
are saturated with pollutants, the media need to be regenerated or replaced. Regeneration
processes can be energy-intensive and may require additional chemicals. In fact, the removal
of pollutants by adsorption generates secondary waste in the form of spent adsorbent materials.
In many cases, spent adsorbent materials are considered hazardous waste because they contain
concentrated pollutants. Disposal involves properly managing and disposing of these materials
in compliance with environmental regulations, which can be costly and have environmental
implications. Whether the spent adsorbent is disposed of or regenerated, it generates secondary

waste from contaminated materials or waste streams. For disposal, this waste may require
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specialized handling and disposal methods to prevent environmental contamination. For
regeneration, the waste generated can include concentrated pollutant solutions or waste
chemicals used in the regeneration process. Proper disposal of these materials can be a
challenge, and if not managed correctly, it could lead to additional environmental concerns.
Adsorption may not be effective for removing certain types of pollutants, such as dissolved
gases or pollutants that are present at very low concentrations.*! The membrane filtration
method can also be used to remove phenol; it can be isolated quickly and with a high degree
of selection. However, it has two disadvantages: membrane fouling and incapacity to treat large
volumes.*? Polymeric membranes have temperature restrictions; their properties cannot be
managed at temperatures above 100 °C. In this system, nano-filtration uses membranes whose
pores range in size from 1 to 10 nano-meters.*> As an example, NF-97, NF-99, and DSS-
HRO8PP have the highest phenol removal efficiency. However, it requires high filtration costs,

while reverse osmosis requires high pressure.**

1.6.2 Biological methods

Biological processes involve oxidation, which transforms contaminants into a simpler and
harmless form by the action of microbes or enzymes. Biological oxidation of phenols can be
categorized into two types: microbial decomposition and enzymatic oxidation.*® Microbial
reactions can take either aerobic (with oxygen) or anaerobic (without oxygen) forms: activated
sludge processes and aerated lagoons have been used to treat phenol compounds in wastewater.
Most commonly, activated sludge treatment is used.*> Activated sludge consists of sludge
molecules that are crowded with microorganisms, which are formed in wastewater by growing
organisms like bacteria under aeration. Although activated sludge has been used to eliminate
phenol the lack of success of these processes has been caused by high concentrations of phenol
compounds for a long time.*® Wastewater pollution can be treated easily with aerated lagoons
(aerated ponds). Using a pond with synthetic aeration the biological oxidation of wastewater
improves.*’ Despite this, Peitz in his study reported that effluent from kraft pulp mills was
treated with aerated lagoons, but only 18% of phenol compounds were removed.* In anaerobic
reduction, phenols are reduced without oxygen. As for the reduction time, phenol concentration
determines the reduction time, a high phenol concentration increases oxidation time
significantly.’® An enzyme reduction involves the use of enzymes obtained from a variety of
sources. Polyphenol oxidases are the most widely used enzymes. To remove phenol from

wastewaters, Jadhav and co-workers applied polyphenol oxides enzyme extracted from banana
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peels. In the case of small concentrations of phenol, complete reduction was achieved after one

day and after two days in the case of high concentrations of phenol.*’

In comparison with the other two main alternatives (physical and chemical treatment)
biological treatment is one of the cheapest. Design and maintenance of microorganisms for
biodegrading organic contaminants are simple.>® The method is economically attractive and
can be applied on a large scale. Nevertheless, this method has some disadvantages, such as the
need for an ideally suitable environment to contain and conserve microorganisms, low
decolorization efficiency, and production of biological sludge and out-of-control degradation
products.>! Biological degradation processes can be relatively slow compared to some chemical
oxidation methods. The rate of phenolic compounds removal depends on the growth and
metabolic activities of the microorganisms or the enzymatic activity, which might not always
be rapid enough to meet stringent treatment requirements. In addition, phenol, as well as
intermediate degradation products, can exhibit toxicity to the microorganisms responsible for
biodegradation. High phenol concentrations or the accumulation of toxic intermediates can
inhibit the microbial activity, slowing down the degradation process. Transitioning from
laboratory-scale studies to larger-scale industrial applications can be challenging. Maintaining
consistent and controlled conditions at a larger scale can pose difficulties. High initial
concentrations of phenol (1000 mg-L!') in wastewater may overwhelm the microbial

degradation capacity, leading to reduced efficiency or incomplete removal.>?

1.6.3 Chemical oxidation processes

Chemical oxidation process is similar to biological processes in that organic contaminants are
destroyed and transformed into simpler compounds. Chemical oxidation has an advantage over
biological oxidation because it is generally faster and does not produce solid residues. The use
of these technologies, however, has not been widely accepted due to their high capital and
operating costs. Additionally, heavy sludge collection creates an elimination issue and the
potential for secondary pollution due to severe chemical use. Chemical reagent consumption is
a common problem. Industrial wastewater has been treated with a variety of oxidizing agents,

including chlorine, chlorine dioxide, ozone, and advanced oxidation processes (AOPs).

1.6.3.1 Oxidation by chlorine and chlorine dioxide
Chlorine is a strong oxidising agent that can effectively oxidise phenolic compounds, breaking
them down into less harmful substances. Chlorine oxidation reactions are generally fast,

leading to changing them into potentially less toxic materials. Chlorine dosing equipment is

15



widely available and relatively easy to operate, making it suitable for various treatment
facilities. Many dyebaths can be effectively decoloured with chlorine as sodium hypochlorite.
In combination with other treatment processes, chlorine can be used at the treatment plant at a
low cost.> Nevertheless, chlorine oxidation can lead to the formation of potentially harmful
disinfection by-products (DBPs) if organic precursors are present in the wastewater. Treatment
by chlorine generates chlorinated compounds, which can have negative environmental impacts
if not appropriately managed. The release of chlorinated substances can harm aquatic
ecosystems and human health. The efficiency of chlorine oxidation is pH-dependent, and
optimal conditions must be maintained for effective phenol removal. It is corrosive and can
damage equipment and infrastructure if not handled properly. Handling and dosing chlorine
require careful safety measures due to its toxic and reactive nature. Accordingly, the use of this
chemical has decreased.>* It is reported that chlorine dioxide generates fewer health and safety

concerns than chlorine because it is less reactive than chlorine.”?

Chlorine dioxide is a selective oxidizing agent, often targeting specific organic compounds like
phenols without forming as many harmful by-products as chlorine. Compared to chlorine,
chlorine dioxide generally produces fewer and less harmful disinfection by-products. A wider
pH range between pH 4 and pH 10. makes chlorine dioxide more effective in varying
wastewater conditions. Chlorine dioxide is less corrosive than chlorine, potentially reducing
equipment maintenance requirements.> The production and dosing of chlorine dioxide require
specialized equipment, making its implementation more complex than chlorine. Chlorine
dioxide can be more expensive to produce and dose compared to chlorine. In summary, both
chlorine and chlorine dioxide oxidation methods have their advantages and disadvantages for
phenol removal. While effective, the potential formation of harmful by-products and
environmental concerns associated with chlorine must be carefully considered. Chlorine
dioxide offers some advantages in terms of selectivity, pH tolerance, and reduced by-product

formation, but its production and implementation complexity should also be weighed.>*

1.6.3.2 Ozonaolysis process

Ozonation is an effective method for treating wastewater. A large number of organic
compounds can be reacted with ozone (O3), which is a very strong oxidant (E° = +2.07 V).
Nevertheless, some chemicals, such as chlorinated alkanes, react slowly with ozone. Unlike
conventional wastewater treatment methods, this method is capable of treating coloured and
organochlorine compounds in wastewater. Furthermore, phenolic pesticides promptly react

with ozone.’® In spite of this, the short lifetime of ozone and its limited solubility in water at
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atmospheric pressure make the process unattractive and expensive. its solubility increases with
decreasing temperature and increasing pressure.’’” Moreover, ozonation has a poor selectivity
of the hydroxyl radicals and is mostly used to treat wastewater that contains low amounts of

organic compounds.® This issue can be overcome with catalytic ozonation.>®

1.7 The theory of advanced oxidation processes (AOPs)

1.7.1 Oxidation principles of AOPs

Taking on from ozone oxidation, this lead to a new class of treatments know as: advanced
oxidation process (AOP) is an innovative way to degrade organic compounds or convert them
into biodegradable ones.>® The AOPs are chemical oxidation processes that generate and utilise
the hydroxyl radical ‘OH as an oxidant. Following fluorine, hydroxyl radicals are the most

reactive oxidizing agents commonly used (see Table 1.2).5°

Table 1.2: The standard redox potential of different oxidants that could be used for water

treatment applications, with emphasis to the hydroxyl radical.®!

Oxidant Oxidation potential (V)
fluorine 3.06
hydroxyl radical 2.80
atomic oxygen 2.42
0zone 2.08
persulfate 2.01
perbromate 1.85
hydrogen peroxide 1.78
perhydroxyl radical 1.70
hypochlorite 1.49
bromate 1.48
chlorine 1.36
dichromate 1.33
chlorine oxide 1.27
permanganate 1.24
oxygen (molecular) 1.23
perchlorate 1.20
bromine 1.09
iodine 0.54

In general, the rates of reaction of *OH and organic compounds range from ~10° to 10° M!s

1.62 In comparison to O3, its nearly ten times higher.®* Furthermore, AOPs are well-known for
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their comprehensive reactions, making them ideal for wastewater treatment and pollution
control. Due to their non-selective nature, hydroxyl radicals degrade organic pollutants,
including those resistant to conventional oxidation processes like ozonation and chlorination.%*
"OH radical’s mechanism with different materials involves a series of chain reactions resulting
in carbon dioxide, water and inorganic salts. As a result, this technique can be considered clean
technology.®® In AOPs, hydroxyl radicals are produced in a variety of ways, giving it its unique
properties. There are three main classes of AOPs, categorized by their oxidants (oxygen Oz,
hydrogen peroxide H>O2 and O3). In addition, photocatalytic methods are reported as a fourth
type. Although the AOPs are more numerous, they can be combined in more ways, for example
using both H,O, and O, or Os, or H,O,/light.?® Photocatalysis in heterogeneous systems
involves using a narrow-bandgap semiconductor irradiated with UV—Vis light, resulting in the

release electrons from their valence band and creating holes.5¢

The performance of AOPs this process can be improved with the use of a catalyst, resulting in

a decrease in relative costs that by:®

I.  Anincrease in reaction rate.
II.  Reactors capable of operating in milder conditions.
III.  Minimization of by-products: reduction of harmful by-products, and improved
pollution degradation efficiency.
IV.  Enhanced selectivity for the oxidizing agents to alter target chemicals. While different
compounds exist in wastewater, when AOPs are used for wastewater pre-treatment, the
cost of pre-treatment must be monitored by selectively removing only the desired

chemicals (almost not biodegradable, inhibitors and ecotoxic substances).

There are several applications for catalytic AOPs, including the treatment of wastewater from:
(1) textile dyeing, (ii) bleaching of Kraft pulp, (iii) petrochemicals, (iv) milling olives, (V)
production of acids, and (vi) pyrolysis of wood and cooking plant, although commercial

applications are still restricted.’

Due to their high reactivity, hydroxyl radicals can interact with a wide range of organic and
inorganic reagents. Different AOPs saw different ways to generate hydroxyl radicals from a
variety of resources (H20, Oz, H2O2, O3). The generation rate of hydroxyl radicals (as well as
other radical species like HO") plays a crucial role in determining the reaction conditions and
the type of feed that can be processed. Although the photocatalytic method is a fascinating way

to treat water, it has its limitations when it comes to feeds with low organic content (less than
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100 mg-L!). Feeding a concentrated stream along with photocatalysts to other AOPs, for

instance hydrogen peroxide with iron salts, also known as photo-Fenton processes.5’

The ozonation method is among the most AOPs widely used, however its solubility in water is
limited at atmospheric pressure, it is estimated that 0.7 grams of ozone are soluble in water at
atmospheric pressure and 20 degrees Celsius (68 degrees Fahrenheit), as well as its short
lifetime. Consequently, this raises the cost of the procedure, furthermore, it can only be applied
to diluted solutions, ranging from 1 to 100 milligrams per litre mg-L™! or parts per million
(ppm).®® When organic compounds are present in medium to high concentrations in water, for
example in agricultural or industrial wastewater, wet air oxidation or wet hydrogen peroxide
oxidation is preferred. This discussion will focus on the utilization of solid catalysts in the wet
hydrogen peroxide catalytic oxidation (WHPCO) followed by a brief discussion of its

advantages and disadvantages compared to wet air catalytic oxidation (WACO).

1.8 The comparison of WHPCO with WACO systems

It does worth to immediately highlight that based on the comparison of WACO and WHPCO
methods, no unambiguous conclusion can be drawn. In fact, the comparison of the AOPs
techniques is mainly based on the efficiency of removal, while a more accurate comparison
would take into account a number of factors, including: (i) the safety of operation (ii)
application and management of specific operations (iii) effectiveness in actual waterbodies,
(iv) a reduction in post-treatment requirements (to eliminate some remaining substances or
metal ions) (v) preventing secondary contamination, (vi) maintaining minimal toxicity of
emissions (vii) There is minimal corrosion, plugging, process-control parameters that are

sensitive, and (viii) operating costs.®

Literature data cannot be used to draw a reliable conclusion regarding the comparison of
WACO and WHPCO technologies, nor regarding the comparison of their eco-techno-
economics with alternative AOPs processes. In any case, comparing WACO and WHPCO

technologies is beneficial in general.

1.8.1 Wet air catalytic oxidation processes (WACO)

The wet air oxidation process (WAO) primarily operates under oxygen pressure (5-200 bar)
and at a high temperature (125-320 °C). In general, residence times range from 15 to 120 min,
however, longer residence times are necessary for high organic loading or high levels of

chemical oxygen demand (COD) elimination (between 75 and 90%). Low-weight oxygenated
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substances, including acetic, propionic acids, methanol, ethanol and acetaldehyde, exhibit high
resistance to oxidation, thus WAO is often unable to mineralize the waste stream completely.
As an example, at temperatures below 300 °C, acetic acid is only partially removed. Under
WAO conditions, organic nitrogen compounds can simply change to ammonia. Therefore,
WAQO is pre-treats liquid wastes which require further treatment of the liquid and gas streams.
More than 100 treatment plants are in operation, treating wastewater from petrochemical,
chemical, and pharmaceutical industries, as well as sludge left over after wastewater
treatment.® Appling catalysts (WACO) allow milder reaction conditions, specifically for
increasing the conversion of intermediate products (for example, acetic acid and ammonia) that

are usually difficult to convert without a catalyst.”® 7!

There are two major drawbacks to WACO technology, aside from metal leaching and
deactivation of catalysts, which is a common problem with multi-phase methods using solid

catalysts:"?

I.  Using high temperatures or pressures consumes a large amount of energy (oxidation of
organic materials is exothermic), nevertheless, it is only partly possible to recover the
heat of reaction in batch autoclaves.

II.  Cost of the reactor (special materials, such as titanium, must be used in the autoclave
reactor, due to corrosion issues caused by low molecular weight acids formed in high
concentrations as reaction results. Furthermore, it is common that the actual streams to
be treated contain large amounts of ions, such as chlorine, which is oxidized under wet
oxidation conditions, resulting in corrosive reaction mediums). In addition, high-
pressure reactors require specialized staff and accept all safety procedures required for
high-pressure autoclave devices, increasing operational costs. In spite of the,
transferring technology from one place to another is difficult due to safety concerns.
NOx, CO, and smelling odour are other problems associated with the handling of

dismissed gaseous emissions.

1.8.2 Wet hydrogen peroxide catalytic oxidation processes (WHPCO)

In general, WHPCO operates between 20 and 80 °C and at atmospheric pressure. Therefore,
stainless steel or autoclave reactors are not needed and even basins could be used. The
formation of foam and smelling odours is not as critical as with WACO processes. There is

only one safety issue related to the storage of H>O», although it is not considered a significant
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problem, special handling procedures are required. The technology can be transferred from one
place to another without requiring specialized staff. In contrast, H2O> is more expensive than
air. Even so, in terms of overall costings and health and safety consideration keeping away
from high pressures and long reaction times which are required with the O> makes WHPCO a
preferred and more environmentally friendly abatement method. The storage of oxygen
requires controlled pressure or low temperature, and marketing costs cannot be ignored.
Conversely, H>O» has gradually become cheaper over time, therefore, its use in environmental

protection applications has increased.®®

In light of these considerations, it appears that WHPCO methods are more desirable than
WACO under the following conditions:”® Early pre-treatment of the stream before delivering
it to the biological step requires selectively converting harshly biodegradable or hazardous
compounds with a relatively low level of total organic carbon (TOC) removal, less than 30%
(for example, in the pre-treatment of flow coming from agriculture and food manufacturing).
The other case also preflare WHPCO with the treatment of wastewater containing medium to

low organic content (1-30 g.L~! of TOC) and low levels of suspended solids (1-100 m?/day).®
The CWPO can be incorporated into the water purification procedure in several ways:”*

I.  Improvements should be made to the quality of industrial wastewater effluent. In the
last step of wastewater treatment, CWPO can remove residual contaminants like
hazardous or refractory materials to produce a high-quality effluent capable of being
reused or disposed of safely.

II. It is important to increase the biodegradability of industrial wastewater. Before the
biological process, it is recommended that the CWPO be applied first so the
biodegradability of resistant compounds is enhanced, thus making them suitable for
biological treatment.

III.  CWPO is most suitable for wastewaters that are non-biodegradable. In the following
Through the use of CWPO, the effectiveness and commercial viability of biological

processes can be enhanced.

1.9 Perspectives regarding solid catalysts in the WHPO
There is no doubt that hydrogen peroxide is a powerful oxidant which upon decomposition

ultimately generate water the greenest of the solvent and by-products; nonetheless, to generate
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hydroxyl radicals at the rate that is needed to carry out large scale abutment of pollutants, it
needs UV radiation or a catalyst. During the late 19" century, Fenton, when investigating the
oxidation of tartaric acid, discovered that Cu and Fe can catalyse the reaction.”> Eventually, 40
years later, during the early 1900s, Haber and Weiss indicated hydroxyl radicals were the actual

oxidative agents in the Fenton reaction.”®

1.9.1 Fenton reagent

Fenton’s process produces active oxygen species by reacting H>O, with Fe ions, HO" radicals
capable of oxidising organic and inorganic compounds. The chemist Henry Fenton discovered
the reaction and demonstrated that Fe?* salts could activate H,O> to oxidize tartaric acid.”” As
a result, Fenton reactions have gained a lot of attention for their application in biochemistry,
natural water, synthesis and the treatment of hazardous waste. Fenton reactions are considered
possible methods of generating oxidation species for chemical waste treatment economically
and conveniently. In the Fenton process, the reagents, H>O> and Fe, perform beneficial

functions.

Fe?* + H,0, > Fe3* + HO™ + HO"

1.9.1.1 Hydrogen peroxide

Compared to other oxidants for large scale or bulk oxidation, hydrogen peroxide is safe,
limitedly to non-toxic and poses no environmental risk since it breaks down to H>O and O». It
is used as the main agent in Fenton reactions, discovered in 1818 by Thenard and was produced
when barium peroxide (BaO,) reacts with nitric acid. As a powerful oxidant, hydrogen peroxide
can oxidise across the pH range, with high oxidation potential (+ 2.8 eV atpH=0and +2.0 V
at pH = 14) and H>O as the only by-product.”® Inorganic and organic materials are oxidized by
hydrogen peroxide when liquid in mild conditions. Industrially, chlorine-containing agents
have been replaced by H>O: to bleach materials more efficiently. Furthermore if scaled to its
low molecular weight, hydrogen peroxide is an effective oxidizing agent compared to sodium

hypochlorite and nitric acid.”

1.9.1.2 Chemistry of Fe
Several transition metals can be used as catalysts for Fenton-like reactions, but iron (Fe) is
often preferred for several reasons. However, other transition metals like Cu, Mn, Co, Ni and

Ti can also be employed depending on the specific application and requirements. Chemically,
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iron has the atomic number 26 and it belongs to the first transition series and group 8 of the
periodic table. By mass, Fe is among the most abundant elements (ca. 5% of the Earth’s) crust
as well as contributing to the Earth’s core. It can also be found by meteorites in native form.
Nowadays, alloys of iron, including steel, stainless steel and special steels, are commonly used
in industry because of their low cost and mechanical properties. Therefore, the iron and steel
industry are crucial economically since iron is the least expensive metal, costing only a few
dollars per pound. It is easy for Fe to react both with oxygen and with water to form dark brown
hydrated iron oxides, also known as rust. Adult human bodies contain approximately 4 grams
(0.005% of their weight) of iron, mainly in haemoglobin and myoglobin. These proteins play
a crucial role during vertebrate metabolism, specifically in the transport of oxygen through the
blood and in the storage of oxygen in muscles. To maintain the required levels, the diet must
contain a minimum amount of iron. Many important redox enzymes are also based on iron,

involved in cellular respiration, oxidation, and reduction.®

In chemistry, the most common oxides of iron are Fe?* and Fe**. Iron has similar properties to
other transition metals, such as ruthenium and osmium. Among the elements in its group, iron
is the highest reactive element. The compound is pyrophoric upon fine division and readily
dissolves in diluted acids. Nevertheless, it reacts with concentrated nitric acid or other oxidizing
acids by forming Fe2Os on its surface, which however may form a protective layer, and can
react with hydrochloric acid.®! In industry, the iron compounds produced most frequently are
Fe?* sulphate (FeSO4-7H>0) and Fe** chloride (FeCls). The first source provides a readily
available source of Fe?" but it is less stable than Mohr’s salt (NH4)2Fe(SO4)2-6H20). It is

common for Fe?* compounds to be oxidized to Fe** compounds in the air.

In view of all of these factors, iron is eco-friendly, safe, inexpensive, and abundant. Under the
appropriate reaction conditions though Fenton processes can convert organic compounds into
COz, H20, and inorganic compounds. To accomplish this, excessive chemicals are required,
increasing the cost, and typically only partial degradation occurs. The incomplete degradation
of pollutants can reduce the toxicity of the pollutants and thus enhance their biodegradability.
However, there is, on occasion, the possibility that reactions produce products with the same

toxicity or even more than the starting materials.*?

1.9.1.3 Phenol reaction mechanisms by Fenton reaction
Although the ability of "OH radicals to decompose phenol has been widely accepted in recent

years, the exact mechanism for oxidation is uncertain because phenol is generally not converted

23



directly into carbon dioxide and water but involves organic intermediaries, for example,
aromatics (e.g. hydroquinone) and acids with short chains (e.g. acetic acid). In addition, studies
have shown how the pathway of phenol oxidation, in part, is determined by catalysts (e.g.
reactive species) and process conditions (e.g. pH), which makes the actual pathway of phenol

degradation complicated.?*

The oxidation of phenol can take place in a variety of ways, with a variety of intermediates.>-
8 There are several reasons for the different reaction pathways described in the literature,
including different catalysts Cu,® Fe,® and different oxidant agents H>02,% 0,,%° and also
reaction conditions like an acidic medium,® or an alkaline medium,® all of which have an
impact on the mechanisms involved as well as intermediates produced during oxidation.
According to the three illustrated oxidation routes presented in Scheme 1.1, 1.2 and 1.3,
intermediates, precursors, and products (e.g. maleic acid, oxalic acid) are different. As an
example, the oxidation of phenol with the classical Fenton catalyst (Fe*" salt) as a catalyst is
demonstrated in the Scheme 1.1, which indicates that more than ten intermediates were
generated through the oxidation of phenol conversion to CO; and H>O. Accordingly, the
decomposition of phenol in the Fenton reaction starts with hydroxylation of the aromatic ring
to produce dihydroxybenzenes, mostly catechol and hydroquinone, both in redox equilibrium
with benzoquinones—afterwards, opening the ring of the aromatic intermediates ends with the
formation of muconic acid and maleic acid. Ultimately, the intermediates undergo oxidation to
acetic acid, formic acid and oxalic acid; consequently, the pH decreases. In these acids, formic
acid decomposes to CO2 and H>O, while oxalic acid exhibits great resistance to decomposition.

Ultimately, the products of this oxidation process are acetic acid and carbon dioxide.
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OH A OH o malonic acid acetic acid
OH 0
T H
2 cooH COO
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condensation phenol

Scheme 1.1: The pathway for the decomposition of phenol using a homogeneous Fe?* catalyst and H20; as an
oxidant. Hydroxyl radicals (*OH) attack the phenol molecule, leading to the oxidation of phenol and the
formation of intermediate products. The hydroxyl radicals abstract hydrogen atoms from the phenol molecule,
resulting in the formation of phenoxyl radicals (*CsHsO¢). The phenoxyl radicals (¢CsHsO*) can undergo
additional reactions, such as further oxidation and cleavage of the phenolic ring. These reactions result in the

formation of smaller, less toxic organic compounds and, ultimately, carbon dioxide (CO-) and water (H-0).%

An oxidation pathway dependent on a Cu-supported catalyst appears in Scheme 1.2, as phenol
oxidizes to catechol and hydroquinone, and these intermediates follow different pathways.
Catechol formation results in a polymerization byproduct and oxalic acid. In the oxidation
reaction, oxalic acid is oxidized to CO; or forms Cu oxalate, which is also responsible for the
leaching of metals in aqueous solutions.”> > Other important intermediates, quinones,
contributes to forming several acids, among them maleic, fumaric, acetic, formic, malonic and
oxalic acids. Furthermore, studies have shown that phenol oxidations under acidic,® as well as
basic conditions,®® differ significantly with the use of copper catalysts in the same reaction

conditions excluding pH.
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Scheme 1.2: The pathway of phenol oxidation in water using a Cu-supported catalyst.®

There is also another possible phenol oxidation mechanism using noble metal catalysts such as
Ru, Pt and Rh as shown in Scheme 1.3. Maleic acid formation plays a crucial role, serving as
a link between the degradation of C6 organic molecules and the generation of shorter organic
acids (C1, C2 and C3). In contrast to the two examples given in Scheme 1.1 and Scheme 1.2,
the oxidation pathway predicts that all intermediates are capable of further oxidation, and CO>

is the end product under ideal reaction conditions, which include an effective catalyst.

COOH /// COOH
COOH > < ——» CH;COOH

catechol o-benzoquinone muconic acid / COOH COOH acetic acid

acrylic acid malonic acid
COOH
COOH
phenol \
COOH
maleic acid
oo g __ 5 HCOOH —» CO, +
HOOC-COOH HCOOH %
oxalic acid formic acid

hydruqumune p-| benzoqumnne 2,5- dioxo-3-| hexenedlmc acid

Scheme 1.3: Accepted pathway for the decomposition of phenol in water using noble metal catalysts, like: Pt,

Pd and Au.?’
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Even so, it is evident that, despite their differences, all the reaction routes proposed up to this
point include the hydroxylation of phenol to hydroquinone and catechol as a first step in two
independent reactions, then the conversion of the dihydroxyl benzenes to benzoquinones. At
the same time, the quinone-like intermediates will be broken down further to short-chain acids
like acetic acid and formic acid and finally to CO> and water. In the oxidation process, details
ranging from the ring-splitting of quinone compounds to the production of different acids are
heavily influenced by the reaction conditions. In addition, it is commonly accepted that the end
product of phenol oxidation includes acids that resist degradation, including acetic acid, formic
acid and COx. In general, a thorough understanding of the reaction route for phenol oxidation,
especially intermediate identification, is essential for improving the selectivity of less toxic
byproducts like CO> and acids and decreasing the toxicity in the reaction solution because some
of the intermediates such as hydroquinone and p-benzoquinone have even higher toxicity than

the initial reactant.”? 4

1.9.2 Fenton reaction types
There are two types of Fenton reactions: homogeneous and heterogeneous reactions. Due to
their importance and the need to distinguish them, more details are provided in the next

sections.

1.9.2.1 The homogeneous Fenton reaction

A homogeneous Fenton reaction occurs when all the Fenton reagents have been present in the
solution phase. Precipitation of some insoluble species and metal hydroxides is also possible
as part of the reaction although it is not an essential part of the process itself. There are four
main reagents involved in homogeneous Fenton reactions: H,O,, Fe?*, Fe**, light (UV) and

inorganic or organic species.”

Fenton’s reaction can be summarized as follows:
M + H,0, » M0+ £ HO- + HO! (eq. 1.1)

M is a transition metal such as Fe or Cu, H>O» is most likely to decompose in acid homogeneous
aqueous solution produces hydroxypropyl (HO,'/0>"”)) and hydroxyl radicals *OH. In solution,
the "OH radical reacts with all organic compounds. Regeneration of metal may occur in a

variety of ways following are the major recognized schemes for Fe*:%
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Fe** + H,0, » Fe3* + HO™ + HO® (eq. 1.2)
Fe3t + H,0, » Fe?* + HO; + H*  (eq. 1.3)
Fe?t + HO® — Fe3* + HO™ (eq. 1.4)
HO®* + H,0, - HO; + H,0 (eq. 1.5)
Fe3t + HO; » Fe?*t + HY + 0, (eq. 1.6)
Fe3*t + 02°(_) - Fe?t + 0, (eq. 1.7)
Fe*t + HO; - Fe3* + HO,; (eq. 1.8)

In the homogeneous Fenton reactions, if the reaction starts with Fe**/H,O, rather than
Fe*'/H>0,, it will be slower, as Fe** needs to be reduced to Fe** before hydroxyl radicals can
be produced. In the literature, this type of reaction is called a Fenton-like reaction.
Theoretically, it can be distinguished from Fenton’s process. However, Fe*" and Fe*" ions are
eventually present simultaneously in the chain reaction, regardless of the initial oxidation state

and the starting material.”’

According to the reaction sequence above, the Fenton reaction depends on H>O» concentration
and Fe, and the pH value significantly influences the reaction. Ideally, the pH level should be
around 3.5, as it is near this pH level that the reaction rate reaches its maximum. Additionally,
at high pH values, iron precipitates as Fe(OH)3, leading to a preference for hydrogen to be
decomposed into oxygen and water. A further drawback of homogeneous iron salts in WHPCO
reactions is that, in many cases, substances in the feed solution and the products of the reaction
bind to the Fe ions, inhibiting their activity and accelerating H>O» side reactions. Therefore, the
efficiency of H>O> utilization will decrease, and the reaction rate will become slower. As a
means of controlling this negative effect, progressive dosages are used for both H2O» and Fe
in the reaction. Using ligands does not solve the issue of iron remaining in solutions after

treatment.

1.9.2.2 The heterogeneous Fenton processes
According to our previous discussion, a major disadvantage to using homogeneous Fenton
processes for wastewater treatment is that, after the reaction is over, Fe must be extracted from

the water, a process that could be carried out easily on a large scale using a higher pH to
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precipitate Fe(OH)3, which required further adjustment to neutral, which increased the process’
overall cost. Due to this issue, heterogeneous Fenton processes are used, in which, Fe supported
in a solid state and can be recovered after water treatment. Homogeneous Fenton reactions have
an additional drawback, which requires a pH between 2-4 during water treatment. As a result

of overcoming these challenges, supported Fenton catalysts are becoming more popular.

The use of solid catalysts can eliminate or reduce deficiencies by:

(1) Enhancing the reaction rate, adsorption of organic compounds on solid surfaces
increases reactivity; thereby, increasing radical species concentration near the
catalyst’s surface can improve — the concentration of radical species is crucial to the
performance of the reaction.

(i)  Managing effective local pH (in microporous systems, local pH within the pores
may differ from the pH of the bulk solution) and preventing precipitation of iron
hydroxide (in response to an electric field, for instance, within zeolite channels).

(iii))  Protecting active sites (such as Fe and Cu) from complex formation and
deactivation (assuming the active sites lie within channels of zeolite and not easily
accessible by larger compounds in solution).

(iv)  Allows selective attack of desired molecules (thereby improving the effectiveness
of H»0»). 1t is still to be explored in the literature, but it is essential selectively

removing certain compounds.

An additional reason to use solid catalysts, albeit unstudied, is suggested in relation to
equations (2) — (8) indicating the role of the redox Fe*/Fe*" or Cu?*/Cu” cycle in Fenton
mechanism, stating in view of the stability of the reduced oxidation state it would be desirable
to start with Fe** or Cu" ions directly involved in producing HO" (eq 2).”® It is possible to
stabilize the reduced transition metal oxidation states by stabilizing highly dispersed Fe or Cu
ions in appropriate microporous supports. Zecchina has reported that Fe?" ions could be

stabilized by interacting with the ZSM-5 zeolite framework.”®

Figure 1.3a illustrates the differences between homogeneous and heterogeneous Fenton
catalysts from the efficiency perspective. A comparison is made between homogeneous (Fe**
-salt) and heterogeneous catalysts (Fe-ZSM-5) in Total Organic Carbon (TOC) removal over
oxidation of p-cumaric acid. The removal of TOC, mg C L™! (mg of carbon per L) is a reliable

indication of p-cumaric acid conversion due to the rapid and comparable reaction rates in
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homogeneous and heterogeneous processes. A clear result shows that TOC conversion occurs
within 1 h of the reaction (corresponding to 5 mmol H>O> added). The TOC conversion for the
homogeneous Fenton catalyst is stopped, unlike the heterogeneous Fenton catalyst (Fe-ZSM-
5). In contrast, the homogeneous reaction’s initial rate tends to be higher than the
heterogeneous reactions. Consequently, this occurs due to the complexation of Fe ions in
solution with the reaction products (oxalic acid) and/or the reduction in the rate of Fe*'

generation (eq 1.3, 1.6 and 1.7).

Fe3t + H,0, - Fe?* + HO; + H*  (eq. 1.3)
Fe3t + HO; » Fe?t + HY + 0, (eq. 1.6)

Fe3*t + 02°(_) - Fe?t + 0, (eq. 1.7)

As shown in Figure 1.3a, H>O; is sequentially added to increase its utilization efficiency. A
linear relationship between TOC removal and H>O; addition is expected under conditions
where H>O; remains constant. The gradual decrease in the slope indicates a decrease in H2O»
efficiency, dropping from 90-95% (initially) to less than 50% after several hours. There is a
slower slope in the homogeneous reaction in comparison with the heterogeneous reaction one
hour later (approximately 5 mmol of H,O> added) indicating that homogeneous systems use
H»0; less efficiently.* WHPCO reactions rely on H,O; efficiency. Despite this, little thought
was given to the possibility that the solid catalyst might cause H>O> to decompose into H.O
and Oa.

It is important to under lien though that the efficiency of using H>O> is mainly determined by
the reaction parameters, in particular, the amount of H>O> added and the ratio between catalyst
amount and volume of solution, due to the competition between HO® formation and organic
compound attack, as illustrated in Figure 1.3b. Using either an extremely low catalyst/solution
ratio or an extremely high addition rate of H>O>. In these cases, there will be a significant drop
in H,O; efficiency, resulting in a reduction in TOC removal.% * Thus, choosing the right
conditions is crucial to success. Using heterogeneous Fenton-type catalysts for wastewater

treatment requires experimental and correct reactor design.
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Figure 1.3: (a) Comparison of homogeneous catalysts (Fe(NO3); salt) with heterogeneous catalysts (Fe-ZSM-5)
Fenton-type, based on the WHPCO removal of TOC from p-coumaric acid. Using the given parameters: 70 °C,
pH = 4.8, H>0 addition rate = 5.15 mmol- h!, the volume of solution for p-coumaric acid = 100mL (TOC initial
=330 mg C L), Fe-ZSM-5 (1g) with 1.2% iron loading or a similar molar amount of iron ions (iron-nitrate).
(b) using H20> addition rate (mmol-h™) to determine the efficiency of H20: to achieve 60% of TOC

elimination. In addition, the catalyst/solution ratio (mg catalyst/cc solution). With permission.

In WHPCO processes, extending the pH range of the applicability of the degradation method
may be possible with solid catalysts. In the homogeneous process, at a narrow pH value, the

maximum activity was observed. Compared to the homogeneous process, catalytic activity
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showed less sensitivity to the pH parameter. Using pH levels lower than 2.5 or above 5.5 is
possible, in contrast to the homogeneous process. Therefore, solid, heterogeneous, specifically
Fenton catalysts, can provide a wider pH range.!? Then again, there is a major challenge to
heterogeneous Fenton systems. Ideally, Fenton catalysts would not leach iron, but most of
heterogeneous catalysts show evidence that iron is leached during reaction. As a result, this
problem accounts for the decrease in efficiency over time and results in metal ion pollution.>’

This project specifically aims to tackle and ideally solve this issue.

In the design of heterogeneous catalysts, the nature of the active species, or metal active center,
is always the primary consideration. Meanwhile, in the CWPO process, multiple oxidation
states of metal are required to produce hydroxyl radicals from H20.. Fe (a key component in
the Fenton reagent), which can activate H.O, (see Eq.2), controls the efficiency of pollutant
degradation in CWPO through the formation of hydroxyl radicals. In addition, metal species
(referred to as Fenton-like reagents in the presence of H>O; in aqueous solution) can also be

active species due to their ability to decompose H20; to generate free radicals (Figure 1.4).!%!

Many common active species, including Ag,'%? Au,!® Ru,'" Pt,!19 Ce,!% Cr,!%7 Mn,!%® and
Cu,'” can decompose H>O» to radicals, individually or in combination have been reported.''°
However, precious metal catalysts (like Ag, Au, Pt) are susceptible to poisoning during
oxidation, in addition to their high cost, limiting their use.!!! Therefore, earth-abundant
transition metals and their oxides have been the focus of recent research because of their high
activity and stability, economic cost and mining availability, and resistance to deactivation.
The literature confirms that phenol can be completely removed from water by many non-
precious metal catalysts, including Cu, Fe, Mn, Co, and Ni. In the phenol oxidation process,
all of these catalysts demonstrated high activity. In particular, copper and iron-based catalysts
are more active and often used in Fenton oxidation due to their higher ability to generate
hydroxyl radicals.®* Fe is often considered superior to Cu as a catalyst for Fenton-like reactions
because Iron is considered more environmentally friendly than copper, which can be toxic to
aquatic life in elevated concentrations. The EPA has established an action level of 1.3 mg.L™!
for copper in drinking water.!!'? This is not a regulatory limit but rather a level at which water
utilities must take action to control copper corrosion in distribution systems to prevent copper
levels from exceeding this value at consumers’ taps. in contrast, Fe is an essential nutrient for
humans and most living organisms. The use of iron-based catalysts in Fenton reactions is often
preferred in environmental remediation and wastewater treatment to minimize the potential for

adverse ecological impacts. Furthermore, Fe is more abundant and cost-effective than Cu,
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making it a practical choice for large-scale applications in water treatment and pollutant

removal.

An important factor that determines catalytic activity is the support type. In this regard, a
comprehensive discussion of using zeolites and activated carbon compared to others as solid

catalysts for the Fenton reaction is presented.

1.10 Solid catalysts for Fenton reaction

Heterogeneous catalysis relies on supports because, without them, supported species may sinter
and aggregate into bulks, resulting in low dispersion causing reduced catalytic performance, as
schematised in Figure 1.4. At the same time, using support for dispersing the metal increases
the surface area and extends the lifetime of the catalyst. Furthermore, metal-support
interactions can be enhanced, thus impacting catalyst efficiency.!!* Therefore, selecting

suitable support plays an important role in catalyst design.

Bulk catalyst .... {
0ve®

Supparted catalyst M

Figure 1.4: A schematic illustration showing how temperature affects catalyst particle size. Since the red points
and black points represent metal ions and metal oxides respectively, their growth indicates aggregation of metal

oxides.!'* With permission.

Additionally, an effective catalyst support needs to meet a number of criteria.!'> Physical and
mechanical resistance is required to maintain their performance under high temperatures,

pressures, and stresses over time. The catalyst should interact sufficiently with the active
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species to guarantee the best physical dispersion and mechanical stability. However, generally
speaking it should not react in a way that results in the catalyst losing its effectiveness or by
promoting undesired parallel reactions. Nonetheless, it is advantageous if the support can
enhance the desired reaction, for example, by imposing geometrical constraints, like in zeolites,
by supplying acid centres of different nature, or by stabilizing one metal oxidation state over
another. Other factors to be considered are the textural properties like porosity and surface area
of the support should be sufficient to facilitate a facile reaction. The pores in the support should
be minimally resistant to diffusion. If possible, it would be beneficial if the support was

relatively inexpensive as well.

Generally speaking, though, despite the existence of tens of support articles in literature,

relatively few of them meet all of these criteria simultaneously. There are different types of

116, 117 118,119 78,120

catalyst support, including zeolites, activated carbon, pillared clays, and metal
oxides,'?!> 122 they are used in practice for the heterogeneous Fenton reaction. Zeolites are well
known for their unique properties, which include large surface areas, controllability of the
number and strength of acid sites, high adsorption capacities, and selective adsorption of
organic compounds that are smaller in size. Several studies have shown that iron-containing

zeolites exhibit strong catalytic activity in the oxidation of phenol.!?

1.10.1 Zeolite catalysts for the CWPO reaction

1.10.1.1 Structure

Zeolite, first identified in 1756, was coined by the Swedish scientist Axel Fredrik Cronstedt to
define stilbite, the first categorized zeolite mineral. ‘Zeolite’ is a Greek word composed of
‘zeo’, which means ‘to boil’, and ‘lithos’, referring to ‘a stone’.!?* Essentially, this refers to
zeolites' ability to release and absorb water according to the temperature and humidity of their
surroundings.3* Zeolites consist of microporous aluminosilicate frameworks, ultimately
forming crystals, which consist of intertwined silica [SiO4]* and alumina [AlO4]> connected
by oxygen atom bridges, resulting in a three-dimensional structure with equally sized pores
(0.3 < diameter < 1.2 nm for the micro-pour range).'?> Even though silicon tetrahedra possess
a neutral charge, Al tetrahedra possess a negative charge within the zeolite framework, which
is subsequently balanced through cations outside the framework, such as K*, Mg?", Na* and
NH4*, in addition to H". In zeolites, the proton shows strong Brensted acidity, comparable to

the acidity of 100% H>SO4 (Figure 1.5).1%
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Figure 1.5: The structure of the zeolite and the formation process of the Brensted acidity due to adding Al into

the framework.!2¢

According to the International Union of Pure and Applied Chemistry (IUPAC), materials have
the following pore sizes:

* Microporous (with a diameter less than 2 nm).
* Mesoporous (diameters of 2-50 nm).

* Macroporous (diameter greater than 50 nm).

Zeolites can cover all of these ranges depending on the micropore dimension, zeolites can be
classified as small, medium, and large based on the number of oxygen atoms 8§, 10 and 12
respectively. Different pore sizes show different properties of zeolite. Zeolite frameworks of
various pore structures and densities can be produced by optimizing reaction conditions

regarding the reaction temperature, Si:Al (or alternatively SiO2:Al20O3) ratio, and template type.

Chemically, zeolites can be described as follows:

M} [(Al03)(Si05), ] .wH,0

Assuming that M represents the exchangeable cation typically belonging to Group I or II (like
Na*, K*, Ca?*, H"), however, other metal, organic, and non-metal cations can also balance the

negative charge created by Al, (n) represents the valence of the cation, (w) is the quantity of
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water per unit cell, (x + y) represents the number of tetrahedra per unit cell, and x/y is the
framework silicon/aluminium ratio simply Si:Al or in the alternative, the SiO2:Al,O3 ratio,

which should be greater than 1 or 2 respectively.'?’

By modifying the Si:Al ratio of the zeolite, certain properties can be altered, including
hydrophilicity, acidity, and density. Due to their adjustable properties, they can be used for a
variety of industrial applications, for example, remediation systems for the environment, water

and wastewater treatment, soil remediation, and air filtration.!?®

Additionally, adsorption
properties in zeolites can be used to remove heavy metal cations such as Cd, Pb, Ni, Mn, Zn,
Fe and Cu.!?° Most commonly, they are used in heterogeneous catalysts as well as ion exchange
materials for decontaminating wastewater and water.!** The term molecular sieve is also used
to describe zeolites. Some minerals occur naturally (identified by a framework of codes to
distinguish them, e.g. CHA, FAU, MOR). Meanwhile, most frameworks are synthesized (for
example, MFI, BEA, and LTA). In this project two types of zeolites have been used, ZSM-5,
framework code: MFI and Zeolite-Y their framework FAU. Currently, over 200 unique zeolite

frameworks are identified, while over 40 natural zeolite types exist, according to the

International Zeolite Association (IZA).!3!

Figure 1.6: The framework of a) zeolite-Y and b) ZSM-5.!3!
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1.10.1.2 General properties of zeolites

In the first place, zeolites have a large surface area. Fundamentally, increasing the surface area
of solid catalysts while reducing metal particle size leads to improved catalytic performance.!
Moreover, the surface area of the catalyst corresponds to the production of catalysts when an
adsorbent serves as the catalyst support substrate. Due to the fact that it provides a larger
surface area per unit mass of catalyst.!*> According to Satterfield, zeolites have a surface area
that is roughly 500-800 m?.g"!.13* Vermuelen reported the amount of surface area between 600
to 700 m2.g 1.1*3 The porous structure of zeolites makes them ideal for applications like
catalysis and adsorption.!*> Shape-selective pores control the access of reactants and products
by exerting steric influence as well as an orientation effect to reagents, products or
intermediates and in turn on the reaction. As well as changing the geometry of the pore
structure, it is also possible to fine-tune zeolites by modifying the structure’s composition by
modifying the Si:Al ratio and cation composition by ion exchange of cations. Zeolites’ specific
properties are, in part, responsible for their catalytic properties, and modifying their
composition and structure makes it possible for different properties to be obtained. The various
types of zeolites, including natural and synthetic, have been investigated in the CWPO of
phenol.!3® For instance, zeolites with different frameworks and pore sizes were investigated for
their ability to degrade phenol.!*” Depending on their pore size, zeolites can be categorized as
microporous as described above (pores smaller than 2 nm) and mesoporous (pores between 2
and 50 nm) zeolites; these include ZSM-5 (pore diameter of 5.4-5.6 A, that is, 0.54—0.56 nm)

zeolites, as well as SBA-15 (pore size of 5-15 nm) respectively.

In chemical reactions, pore size and distribution of catalyst or support can have a significant
impact. Aside from this, the pore structure allows for more surface area for the active sites to
disperse uniformly, whereas the metal dispersion is somewhat dependent on the reaction rate.
In addition, pore size distribution also affects reaction selectivity. Microporous catalysts may
be useful for selectively reacting with small molecules mixed with larger molecules because
larger molecules are incapable of passing through the micro-pores. Conversely, macro porous
catalysts would be more suitable for large reactant molecules. As an example, Calleja examined
different iron-supported zeolites in the CWPO of phenol under the same reaction conditions,

including Fe-SBA-15, amorphous Si0,-Fe>O3 mixed oxide and Fe-Silicalite-1.

According to these literature data, the Fe>Os-supported mesostructured SBA-15 catalyst
achieved the best results, eliminating aromatic compounds completely 100% with TOC

decreases of 70% within 10 minutes.!*® This could be explained by the larger pore size, making
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organic matter more accessible to iron sites. As well, Vakaj studied the performance and
stability of Cu-Y5 and Cu-ZSM-5 zeolites in the oxidation of phenol using hydrogen peroxide.
A study found that Cu-Y5 catalyst activity gives 99% phenol conversion at 60 °C, which was
more efficient than that of Cu-ZSM-5 produces 66% phenol conversion at 60 °C) due to its
ability to catalyse phenol oxidation more effectively, which is because molecules in the Cu-Y5

catalyst have a lower resistance to diffusion/mass transfer.!®

Moreover, different ratios of Si:Al in zeolite catalysts, in the form of Si02:Al>03 or Si:Al, have
been investigated extensively. Accordingly, silicon is mostly responsible for maintaining the
molecular sieve framework since it makes up most of the framework. Meanwhile, alumina
offers acid sites, so varying the Si:Al ratio can result in different results. The acidity of zeolites
is one of their key properties, making them useful for catalysis. A wide range of Si:Al ratios
have been investigated in zeolites, including pure silica zeolites since they are always more
thermally stable. Among them, Chen evaluated the three catalysts, Fe-ZSM-5-1 (Si:Al of 181),
Fe-ZSM-5-2 (Si:Al of 37), Fe-ZSM-5-3 (Si:Al of 21,) which were synthesized by incipient-
wet impregnation and used as a catalyst in the CWPO reaction of cresol at 30 °C. As a result,
among these three catalysts, Fe-zeolites showed the following catalytic activities: Fe-ZSM-5-
3 > Fe-ZSM-5-2 > Fe-ZSM-5-1, which suggests an important role for Si:Al ratio in cresol
degradation. According to the authors, the difference is explained by the lower Si:Al ratio of
the zeolite accelerating HO" generation.!*® In addition, Cihanoglu examined the degradation of
acetic acid over catalysts using H2O: at 60 °C. In his study, Fe-ZSM-5 zeolite catalysts with
various Si:Al ratios (12.4-42.0) were synthesized using an ion exchange process. The different
Si:Al ratios of the zeolite catalyst affected all properties, including the iron content, Brensted
acidity and catalytic activity. Besides cresol and acetic acid, formic acid decomposition was
also influenced by the Si:Al ratio of zeolite.!*° Based on Taran’s findings, Cu-ZSM-5 zeolites
(Si:Al ratio of 17, 30 and 45) produced by ion exchange exhibited different performances in
formic acid elimination. Optimal catalytic activity occurs with catalysts based on zeolite with

a Si:Al ratio of 30, while the lowest activity occurs with a Si:Al ratio of 17.14!

As a result, zeolites have attracted considerable attention, particularly in the field of
heterogeneous catalysts. This is due to their unique properties. Zeolite Y, as an example, plays
an important role in heterogeneous catalysis, such as fluid catalytic cracking.!** Additionally,

ZSM-5 shows promise for wet oxidation of phenol by H,O; in Fenton reactions.!% 143
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ZSM-5 and Zeolite Y are commercially available, making them easily accessible for
researchers. This availability facilitates experimentation and testing in various applications. In
addition, ZSM-5 and Zeolite Y exhibit versatile properties that make them suitable for a broad
range of applications. Both ZSM-5 and Zeolite Y are known for their catalytic activity. They
have been extensively studied for their use as catalysts in various chemical reactions, including
those in petrochemical and refining industries. These zeolites are acidic, making them effective
catalysts in acid-catalysed reactions. This characteristic is valuable in processes such as
cracking and isomerization. ZSM-5, in particular, is known for its shape-selective catalysis,

which means it can discriminate between molecules based on their size and shape.

1.10.2 Activated carbon for the CWPO reaction

1.10.2.1 Structure

Another class of materials that can be used as a support for our catalysts for the abetment of
phenol is activated carbon. Charcoal, the predecessor of modern activated carbon, was the first
adsorbent to purify water. Scheele first discovered the adsorptive properties of charcoal in 1773
for the treatment of gases, which led to the first systematic account of charcoal's adsorptive
power in liquids. During the following years, from 1789 to 1790, Lowitz developed the
charcoal technique for removing bad taste and odour from water. For introducing activated
carbon to the world, the credit belongs to a Swedish chemist, von Ostreijko; in 1900 and 1901,
he was granted two patents concerning the chemical and thermal (or physical) activation of

carbon, first with metal chlorides and then with carbon dioxide and steam.!#*

Activated carbon can be manufactured in two ways: through chemical and physical processes.
For example, carbon burn-off improves the primary pore structure of the precursor material,
resulting in the gasification of the carbon material and forming a porous graphitic network
containing oxide groups. During the chemical activation of carbon, raw elements are activated
between 600 and 800 °C. As an activator, H3PO4 or ZnCl; could be added before heating the
raw material. In contrast, physically activated carbon is derived from the thermal
decomposition of a carbonaceous precursor at temperatures between 600 and 800 °C while

steam and/or CO; are present.'*?

The term activated carbon (here abbreviated as AC) refers to carbon-based materials containing
pore structures. Carbonaceous materials produce AC, including wood, coal, lignite, and

coconut shells. AC has a high surface area, large porosity, well-developed internal pore
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structure composed of micro-, meso- and macropores, as well as a wide spectrum of functional
groups present on its surface, making it an extremely versatile material with numerous
applications in many areas, but primarily in the field of environmental science.'*> A typical AC
structure contains oxygen, hydrogen, sulphur, and nitrogen as functional groups or chemically
bonded atoms. Several functional groups in the carbon structure generally account for the
catalytic activity, including carboxyl, carbonyl, phenols, lactones, and quinones. A carbon
surface's functional groups are mainly the result of the activation process, the precursor(s), the
thermal treatment, and the post-chemical treatment. Surface functional groups can be modified
through thermal or chemical treatments to enhance AC performance in removing specific
contaminants.'¢ Specific considerations on these groups will be done in chapter 3, section

3.1.1.

1.10.2.2 General properties of activated carbon

The CWAO has recently introduced activated carbon-based catalysts with promising results.!4”
148 in particular, AC has been widely used as a solid catalyst support of the CWPO oxidation
reaction for phenol.!!® 14%-151 The most distinguishing attributes of activated carbons (AC) are
their large surface area and porosity, compared to other supports such as AlOs, TiOz, and
CeOs, in addition to oxygen groups on their surfaces, which may play a role in catalysis.!>> AC

has an exceptionally high surface area, typically 800 to 1200 m?-g1.133

This large surface area
provides ample sites for catalytic reactions, allowing for better contact between reactants and
catalysts. In addition, AC is highly porous, with a complex network of micropores and
mesopores. Pore volume distribution typically ranges between (0.9-1.3 mL-g!).!>* This
porosity enhances its adsorption capacity and can help trap and concentrate reactants near the
catalytic sites, improving reaction efficiency. The surface of AC can be modified to introduce
various functional groups, such as -COOH, -OH, or -NH>, enhancing its catalytic activity and
selectivity for specific reactions. Also, the ability to be stable in both acidic and basic
conditions is another crucial factor.!>> AC has strong adsorption properties can benefit certain

catalytic processes, especially those involving gas-phase reactions. It can adsorb reactants and

products, helping to shift the reaction equilibrium and improve yield.

Despite carbon's reputation as an inert material compared to other catalyst supports though,
heteroatoms on its surface create active sites, making it not as inert as expected (O, H, N). In
the preparation of catalysts, oxygen-containing groups are of particular interest. According to

the literature, surface functional groups influence AC-supported catalyst activity.!3% 152 156
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Furthermore, it is relatively inexpensive compared to other support materials, making it an
attractive choice for industrial applications. AC is environmentally friendly and can be easily
regenerated and reused, reducing waste and environmental impact. By burning carbon support,
they can recover metal active particles, though at the cost of re-introducing CO: to the
environment. The performance of AC can be modified, and often improved by using different
chemical treatment methods.'*” It is possible to change the physical and chemical properties of

AC through various methods.!®

Literature reports describe different methods for modifying
AC surfaces.!®192 For example, oxidation treatment of AC is primarily used to produce
surfaces rich in oxygen-containing surface groups, increases the acidity, reduces mineral
content, and enhances hydrophilicity. Indeed, these oxygen surface functional groups may be
beneficial to our case to prevent metal active species leaching, which is the main issue

associated with the heterogeneous catalyst. The most widely studied acids are nitric acid and

sulfuric acid.!®3

Surface chemistry modifications resulted in significant changes in loading capacity and
catalytic efficiency.'® To reduce the mineral matter content of activated carbons, non-oxidant
acids such as HCI and HF are frequently used.!%> 16 According to the amount and nature of
minerals and their distribution within the carbon matrix, the demineralization step alters the
sample's surface area and porosity because the minerals block a part of the pores. Nevertheless,
acid treatment may modify the surface area and porosity of the sample independent of changes
induced by mineral removal. This is a method extensively used in this thesis work (see chapter

3, sections 3.1.1).

The study conducted by Rey and his team reported that the CWPO of phenol has been tested
using different activated carbon-supported Fe catalysts. The porous structure and surface
composition of these catalysts have influenced their performance in CWPO in terms of oxygen
groups and Fe distribution. In comparison to catalysts with an internal or external distribution
of Fe, those with a more uniform distribution displayed higher oxidation activity. In less than
2 hours, the best catalyst achieved complete phenol conversion and almost 80%

mineralization.'!®

Another study by Messele report that iron-supported activated carbon
catalysts enhanced the catalytic activity towards phenol degradation. It is possible to convert
phenol above 95 % using this catalyst for 120 minutes of reaction with stoichiometric hydrogen
peroxide. The Fe load strongly affects phenol conversion and TOC removal. Moreover, the
recycling and subsequent reutilization of the catalyst resulted in nearly the exact phenol

167

conversion as with fresh catalysts.'®” To expand the scope of this synthesized catalyst, further
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studies are needed with done in this work. As a drawback though, they may already naturally
contain traces of metals (alkali especially). As a result, there is the possibility that some batches
of carbon will behave differently, which means some may work well for one application, but
another might behave differently. That is in some cases a limited reproducibility due to

inconsistencies in the carbon precursor structure. '3

1.10.3 Pillared clays

In wastewater treatment, pillared clay minerals, or pillared interlayered clays (PILCs), have
found a number of applications in the literature as heterogeneous catalysts.?6 168 169 Barrault
found that 80% of phenol was converted through 120 minutes of use of Al/Fe-PILCs in CWPO
for phenol elimination from wastewater.!® Clays are considered eco-friendly solid catalysts
and they have many benefits, they are largely available, cheap, simple to recover, and highly
ion exchangeable. although with a limited surface area of 134 - 362 m?.g1.!7? Pillaring agents,
such as Aluminum polycations (e.g. Al3O clusters) Pillaring with aluminum polycations can
improve the thermal stability, acidity, and catalytic activity of clay minerals. These materials
are catalysts in hydrocracking, isomerization, and other petrochemical processes. Pillared clays
with zirconium oxide nanoparticles (ZrO:) exhibit enhanced adsorption properties and are used
to remove heavy metals and organic contaminants from wastewater, can be used to improve
natural clay minerals has emerged as a promising method for opening clay layers, producing
high resistance and thermal stability, and increasing the porosity and surface area.?’ During the
pillaring process, inorganic particles are incorporated into clay minerals in the interlayer
region, resulting in oxides strongly bonded between layers. Al, Fe, Zr, Cr and Ti are inorganic
pillaring agents (hydroxyl polycations) extensively studied.!”! However, a major disadvantage
of employing PILCs is that they can be attacked by using high levels of H>O, and they suffer
from a low batch-to-batch reproducibility Because of this, commercialization at the industrial

scale has been limited so far.

Furthermore, pillared clays typically have lower acidity and catalytic activity compared to
zeolites, which are known for their strong acid sites.!”> This limitation can affect their
performance in acid-catalysed reactions. As in our case, the acidity of the zeolite can influence
the reaction pathway, kinetics, and selectivity. Hence, the acidity of Fe-ZSM-5, for example,
provides active sites on the catalyst’s surface. These acid sites can facilitate the activation of
H>0O> molecules, leading to the generation of “OH. In addition, the acidity of Fe-ZSM-5 can
influence the reaction pathway for phenol oxidation. Depending on the strength and distribution

of acid sites, different reaction pathways may be favoured. For instance, strong acid sites may
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promote the formation of hydroxyl radicals, while milder acid sites may facilitate the formation
of other intermediates. The specific pathway can impact the selectivity of the reaction,
determining which by-products are formed. The strength and density of acid sites can affect
the reaction kinetics. Catalysts with a higher acidity may exhibit faster reaction rates due to
more efficient H>O: activation and phenol adsorption. This can impact the overall efficiency
of the catalytic process. The other drawback is that Pillared clays can be sensitive to reaction
conditions, such as temperature and pressure, limiting their applicability in certain catalytic

processces.

Zeolites, on the other hand, are often more robust under varying conditions. Regarding
diffusion limitations, the pillaring process can sometimes lead to mesopores and macropores
in the clay structure, resulting in diffusion limitations for reactants and products. Zeolites, with
their well-defined microporous structure, generally have limited diffusion effects. While
pillared clays can have tenable pore sizes to some extent, they may not offer the same precise
control over pore size distribution as zeolites.!”® Zeolites are known for their uniform and well-
defined pore structures. Further, Pillared clays can be prone to catalyst deactivation due to
factors like pore blockage or coke formation. Zeolites, instead depending on the specific type,

may exhibit better resistance to deactivation.!”

In view of all these factors, pillared clays will not be considered any further in this thesis work,
though it was important to present a perspective of the materials that can be potentially used

for our projects and, as such, describe them by weighing their pros and cons.

1.10.4 Metal oxides

In many reactions, notably heterogeneous catalysts, metal oxides are widely used either as
catalysts, both in bulk or nanoparticulate over a support, or as a support themselves.!”> Metal
oxide has also been used as a catalyst in CWPO of phenol in several studies.!”®!78 This because
metal oxides, if belonging to earth abundant materials, are relatively less expensive than noble
metals, and their catalytic activity often relies on the mobility of oxygen atoms within their
structures. This property is known as "oxygen mobility," and it plays a crucial role in several
catalytic processes.!”® Metal oxides with oxygen mobility are used in a wide range of catalytic

I catalytic

reactions, including the oxidation of hydrocarbons,!8® water-gas shift reactions,!8
combustion,!8? and various redox reactions,'®. In these reactions, oxygen mobility enables the
efficient transfer of oxygen species between the catalyst and reactants. Metal oxides consist of

metal cations (positively charged ions) and oxygen anions (negatively charged ions). Oxygen
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mobility creates vacancies. locations within the crystal lattice where oxygen atoms are missing.
These vacancies can occur due to the reduction of the metal oxide or as a result of catalytic
reactions. Oxygen mobility allows for redox (reduction-oxidation) reactions to take place on
the catalyst's surface. In catalytic processes, reactant molecules can adsorb onto the metal oxide
surface, and oxygen atoms from the oxide lattice can migrate to the surface to participate in
reactions.!®* This oxygen migration facilitates the transfer of electrons between reactants,
enabling the conversion of reactants into products by enhancing the adsorption and activation
of reactant molecules. During the catalytic reaction, oxygen atoms can migrate from oxygen
vacancies to the reacting species and then return to oxygen vacancies when the reaction is

t,18> with an overall

complete. This cyclic process allows the metal oxide to act as a catalys
process though that is often temperature-dependent. In our case, we expected to form Fe>O;

and FeO due to the wetness impregnation catalyst’s preparation method.

1.11 Aim of the project

In this project, zeolites and activated carbon will be used as support for active iron species to
carry out the decomposition of phenolic compounds using a catalytic wet hydrogen peroxide
oxidation (CWPO). This is to obtain materials capable of mineralizing phenol and phenolic
compounds up to CO2 and water under mild conditions (endogenous pressure and T around 80
°C) and, notably obtaining materials capable of retaining Fe over the catalyst surface and, in

turn, having durable and reusable catalysts.

During the past few years, activated carbon (AC) has become more popular as a catalyst support
material because of its unique properties, including its stability in acidic and basic media.
Moreover, AC is easily used to stabilise precious or heavy metals,'®! due to its high thermal
stability, low cost, and wide availability, as well as its porosity, which allows Fe centres, radical
species, and substrates to be brought into proximity. Having the latter property is crucial for
maximizing the performance of Fenton systems. Additionally, they exhibit both hydrophilic
and hydrophobic features.!** 182 These properties might prove helpful in systems like ours,
where there is an organic substrate (partially hydrophobic) and a water medium (hydrophilic).
The drawback of activated carbon as catalyst support, though, is the existence of minerals
formed during its preparation or derived from its sources (e.g. coal, coconut shell, wood).
Furthermore, activated carbons often contain a high level of ash (the presence of ash is a
property of activated carbon). High levels of ash reduce the effectiveness of AC, which must

be washed before catalytic application.>® 183 184 Non-oxidant acids such as HCl and HF are
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commonly used to reduce the mineral content of activated carbon.!>® 135 In this work, HCI has

been used.

When preparing catalysts, oxygen-bearing groups are crucial for depositing heavy metals.
Catalysts supported on AC exhibit significant activity depending on their surface functional
groups.!?7- 186, 187 A carbon surface's acidic and essential characteristics determine its surface
chemistry, which can be altered by treating it with oxidizing agents. Oxidation of activated
carbons with HNOs oxidant acid is expected to result in generating a large number of surface
functional groups such as carbonyl, carboxyl, and nitrate groups.!>’ This may enhance the Iron
binding and increase the wettability of AC which is more advantageous to the reaction in water
media, which will enhance the catalyst's durability and effectiveness. Surface chemistry and

porosity can also be affected, in addition to removing metals, !88-1%

For this reason, Fe/AC catalysts prepared via three different types of AC (NORIT 1240; SA2;
DARCO, G60) to understand the changes in surface chemistry that occur as a result of pre-acid
treatments with HC1 and HNO3, as well as their extended effect on catalytic activity for phenol

oxidation.

Several recent studies have demonstrated that N and S doping enhances Fe/AC catalyst stability
and catalytic activity.!”!!”> N and S atoms may enhance catalytic activity by increasing Fe**
on the iron oxide surface, thereby preventing Fe leaching.!”! Doping N or S can generate
complexes with Fe species and form new active sites on the carbon surface. These sites
influence acidity, hydrophilicity, and electron transfer properties. Consequently, this work
modified Fe/AC catalysts by doping S and N. Wet impregnation methods to prepare Fe-S-
N/AC catalysts using three different kinds of AC (NORIT 1240, SA2, G60) under raw-AC and
pre-treated by acids.

Then, we moved from activated carbon as catalyst support for Fe species to zeolites. Both are
well-known supports and widely used in water treatment.!3® 19419 In general, the most
attractive properties of zeolite are having a high surface area, a high adsorption capacity,
shape-selective properties, and strong acidity containing both Brensted and Lewis acid sites.
Further, it is adjustable in terms of hydrophobicity and hydrophilicity by different Si: Al molar
ratios. It is believed that zeolites, which include transition metals, are the most efficient CWPO
catalysts. In recent years, considerable research has been carried out on Fe-containing ZSM-5

catalysts that are very active at a wide pH range for oxidising organic pollutants using peroxide.
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In Fenton reactions, ZSM-5 is a promising catalyst for wet oxidation of phenolic compounds

by H20x.

The primary problem with these catalysts arises from the leaching of the Fe active phase during
the oxidation process. As a solution to this problem, and since heterogeneous catalysts have
different catalytic properties depending on the particular technique used to prepare them, the
project will study preparation methods of Fe-ZSM-5: incipient wetness impregnation and
vacuum wetness impregnation technique. The effects of the preparation method and different
variables including different zeolite types (ZSM-5 and Zeolite-Y) and different Si:Al molar
ratios (80, 50 and 23) on catalytic performance will be discussed with the aim of obtaining
higher stability and catalytic activity for phenolic compounds oxidation. Ultimately, in order
to expand applications for these catalysts, they were applied to the oxidation of five different

phenolic compounds.

Furthermore, a characterization of the catalysts will be carried out with the aim to identify
structure activity correlations with respect to: (i) phenol conversion, (ii) extent of H>O»
decomposition, (iii) mineralization to CO2 and H20, and importantly (iv) Fe leaching. in this
project using various techniques, such as XRD for crystal structure, XPS to determine the
oxidation state of supported metal ions and BET for the surface area as well as elemental
analysis which is valuable for studying the changes in catalyst composition and structure during

preparation and the reaction.
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Chapter 2: Experimental methods and techniques

This section will provide experimental details about the materials used for: catalyst preparation,
catalytic tests and analysis. Also, it will explain the catalysts synthesis method used in this
thesis work. In addition, it will summarise the principle for the main instrumental methods used
for characterising reaction mixtures (determination of reagent’s concentration and their
intermediates) and instruments used to detect the metal leaching. In addition, privet principles

for techniques used for catalyst characterisation were synthesised during this project.

2.1 Chemical reagents

2.1.1 Reagents for catalysts preparation

Chemicals and materials utilised for the synthesis of the catalysts were: iron (III) nitrate
nonahydrate (Fe(NO;);-9H,0, 99+%, Acros), iron(Il) sulfate heptahydrate (FeSO4 7H20,
99+%, Acros), ammonium iron (II) sulfate hydrate (NH4)2Fe(SO4)2(H20)s, 99.99%, Alfa
Aesar), iron (IIT) oxide, 99.98%, Sigma Aldrich), silver (I) nitrate (AgNO3, > 99.8%, Sigma
Aldrich), silver (I) oxide (Ag20, 99%, Honeywell), silver (I) acetate (AgC2H302, 99%, SLS),
zeolite ZSM-5 ammonium (425 mz.g_l, 23:1 Si0,:Al,0;, Alfa Aesar), zeolite ZSM-5
ammonium (425 m g_l, 50:1 Si0,:AL,0;, Alfa Aesar), zeolite ZSM-5 ammonium (425 m g

1, 80:1 SiO,:AL,O;, Alfa Aesar), zeolite Y hydrogen (730 mz-gfl, 5.1:1 Si0,:AL, 05, Alfa
Aesar), activated charcoal: NORIT GAC 1240 ( 12 — 40 mesh, Acros), NORIT SA 2, (Acros),
DARCO G60 (Acros), hydrochloride acid (HCI, 12M, VMR International), nitric acid (HNOs3,
14M, VMR International).

2.1.2 Reagents for catalytic tests

The materials and chemicals used for catalytic tests were: phenol (C¢HsOH, > 99%, Sigma
Alorich), 2,6-dimethylphenol ((CH3).C¢H3OH, > 99.5%, Sigma Alorich), m-cresol
(CH3CgH4(OH), Fluorochem), 3-methoxyphenol (C7HgO2, 97%, Alfa Aesar), 4-chlorophenol
(CeH4CIOH, > 99%, Sigma Alorich), 4-bromophenol (C¢H4sBrOH, Fluorochem), hydrogen

peroxide (H,O,, 30% (w/w), VMR International).
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2.1.3 Reagents for characterisation of reaction mixtures

The following chromatographic standards were used: phenol (C6H50H, > 99%, Sigma
Aldrich), 2,6-dimethylphenol ((CH3)2C6H30OH, > 99.5%, Sigma Aldrich), m-cresol
(CH3C6H4(OH), fluorochem), 3-mthoxyphenol (C7H802, 97%, Alfa Aesar), 4-chlorophenol
(C6H4CIOH, > 99%, Sigma Aldrich), 4-bromophenol (C6H4BrOH, Fluorochem),
hydroquinone (C6H602, 99.5%, Acros), p-benzoquinone (C6H402, > 99.5%, Sigma Aldrich),
catechol (C6H602, 99+%, Acros), oxalic acid dihydrate (C,H,04:2H,0, > 99.0%, Sigma
Aldrich), acetic acid (C,H40,, 100%, VMR International), formic acid (CH,0,, 99%, Acros),
malonic acid (C3H404, > 99.95%, Sigma Aldrich), maleic acid (C4H4O4, > 99.0%, Sigma

Aldrich), fumaric acid (C4H404, 99+%, Acros).

For determination of H2O> concentration: potassium permanganate (KMnO4, 99-100.5%,
Fluka), sodium oxalate (Na2C204, > 99.5%, Honeywell), potassium iodide (KI, 99%, Acros),
sodium thiosulfate (Na,S,03, 99%, Fisher), starch (Alfa Aeser), sulfuric acid (H2SO4 > 97.5%,
Sigma Aldrich).

For determination of activated carbon’s acidity: hydrochloride acid (HCI, 35%, VMR
International), sodium hydroxide (NaOH, > 98%, VWR international).

For the analysis by high-performance liquid chromatography (HPLC): the mobile phase was
orthophosphoric acid (H3PO4, 85%, VWR International), acetonitrile (C2H3N, HPLC grade,
Fisher).

2.2 Experimental apparatus

2.2.1 Equipment for catalyst synthesis

The equipment used for catalysts preparation was: hot stirrer plate (Asynt), centrifuge
(SCILOGEX D1008 Mini-Centrifuges), drying oven (Genlab Mino 30/F/DIG), muffle oven
(Carbolite CWF 11/14), tubular furnace (Carbolite MTF 12/38/250), universal digital oven
(UN30, Memmert), RE100-Pro Rotary evaporator.

2.2.2 Equipment for the catalytic test

The tools used for the catalytic test were: a hot stirrer plate (Asynt), an Alumina block (diameter
of 16 cm, custom-made) it is a multi-sample holder (four) for testing various materials, and a
glass batch reactor (volume of 100 mL, custom-made) which was equipped with a young tap

to allow both reagent addition and closing the system.
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2.2.3 Equipment for the analysis of reaction mixtures

The instruments used for analysis are a centrifuge (SCILOGEX D1008 Mini-Centrifuges) to
separate the catalyst from the solution and solution recovery, HPLC (Shimadzu Prominence
Liquid Chromatograph) with a C18 column (Waters XBridge C18, 4.6x250 mm) include a UV
detector (Shimadzu CBM-20A) to determine the concentration of reagents and their

intermediates, [CP-OES (Agilent 4500 spectrometer) for determination of metal leaching.

2.3 Synthesis of catalysts

2.3.1 Supported metal catalysts preparation

The catalytic properties of heterogeneous catalysts’ activity, selectivity and stability may
strongly depend on the preparation method used to synthesise the catalyst.! For this purpose,
the active phase (the metal) must be dispersed sufficiently to yield a large specific surface area
and, as a result, maximum specific activity. A highly porous and thermostable support (with a
large surface area and suitable mechanical strength) is usually used to deposit the active metal
component on its surface to achieve this goal. This material is capable of dispersing the metal

and increasing its thermal stability, thus increasing the life of the catalyst.?

A. Blending of the metal precursor

There are many ways to blend the metal precursor on the support, such as deposition
precipitation, sol immobilisation and impregnation; this study will mainly focus on the
impregnation method, which can divide into (i) wetness impregnation and (ii) incipient wetness

impregnation.?

e Impregnation methods (WI)
This catalyst preparation method involves mixing a metal salt precursor dissolved in a solution
(often water) with solid catalyst support. After an appropriate mixing time, the resulting slurry
is aged for a short time, approximately 1 h, dried and finally calcined. According to the volume
of added solution, two types of impregnations have been reported: (i) incipient wetness or dry

impregnation; and (ii) wet impregnation.> 4

e Incipient Wetness impregnation
This procedure uses equivalent amounts of the volume of metal precursor solution to fill the
volume of the pores of the support. Therefore, this technique is also called 'dry impregnation'.
This process uses a pore-filling method suitable for fewer additive loadings. A volume equal

to the support’s pore size is used to introduce the desired quantities of constituents. Upon
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drying and calcinating, a stable catalyst is obtained. This technique is appropriate for depositing
species that weakly interact (weak interactions) with the surface and for depositing particles
with excellent adsorption sites, weak interactions (e.g., Co/SiO) with the support. It will be
challenging for small metal precursor particles to redistribute on the surface if they are
adsorbing inside the pores, for example, with a Pd/C catalyst. As the surface oxygen group
concentration increased, the Pd dispersion increased. The catalytic activity, however, did not
improve proportionally, probably because Pd particles were distributed more uniformly inside

the smaller pores.®

e Wet Impregnation
In this variant, an excess volume of solution is used compared to the volume of the pores in
the support. The resulting slurry is stirred for a set period of time; then, it is filtered and dried.
A significant interaction between the precursor and the support is required for this method's
strong interactions (e.g., Co/AlbO3) with the support instead of incipient wetness
impregnation.’ So, the concentration of metal precursors within or on the support is determined
by the concentration of the solution, its pore volume, and adsorption sites.? It is possible to
decrease the surface area through this process. Due to the larger volume of impregnating
solution, less active metal may be deposited into the support. As a result, usually, the
impregnated metals aren't deposited uniformly on the support surface because of this inner

deposition process.

Because the impregnation process, compared to other protocols, is relatively simple and cheap,
waste in the synthesis process is kept to a minimum, and its robustness, by changing from one
experimentalist to another, is well known. Even so, being largely dominated by gradient effects,
it gets uncontrolled, and the impregnated material will not be deposited uniformly on the
support. Besides, during the drying step, precursors may travel to the pore's tip, emphasising
non-uniformity. Furthermore, it results in the formation of large metal particles through

agglomeration.” Despite some severe disadvantages, this method is still widely used.®

B. Drying step

To evaporate the solvent and promote the deposition of a metal centre over or within the
support, slurries leading to heterogeneous catalysts are usually dried between 80 °C and 200
°C. Several parameters can affect the final catalyst’s morphology or oxidation state, such as

the heating rate, optimum temperature, duration and kind of atmosphere.? This should be taken
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into account when choosing it. With prolonged drying, the solvent is evaporated, allowing the

salt dispersion to reach deeper pore liquids by penetrating the surface.

This will lead to a high solution concentration in the internal consistency (only applies to
porous or reasonably porous materials). As a result of precipitation, the metal precursor is
primarily found in the pores' inner walls. On the other hand, higher drying rates will create
temperature gradients, pushing the solution to the surface of the particles, where it precipitates.
It is necessary to dry the solution more frequently than to homogenise it to achieve uniform

dispersion. The porous system complicates the process.?

C. Calcination

During this stage, a previously deposited active species onto or within support is heated in an
air atmosphere (either statically or underflow) at comparatively high temperatures (typically >
500 °C). During the calcination step, metal precursors are decomposed into metal oxides, and
water, gases, and counterions such as NH*" or NO*~, common in many metal precursors, are
eliminated as NOx. In addition to decomposition, calcination may cause unwanted sintering of
metal precursors or oxides and their reaction with supports. As a consequence, this step often

requires lots of trial and error to find the optimal conditions.?

\_—/
1-  Metal salt solution 2- The solvent is heat to 80°C 3- Dry and calcination.
impregnated with and evaporate to dryness.

supported solid

Figure 2.1: The Schematic shows three steps for preparing a metal-supported catalyst using wet impregnation.
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2.3.2 Supported metal catalysts- actual preparation procedures

In this project, iron (Fe), silver (Ag), sulfur (S) and nitrogen (N) metals were used to dope solid
porous materials, either zeolites or activated carbon (AC). NHs-ZSM-5 with different
Si0,:Al,05 ratios (1:23, 1:50 and 1:80) and Zeolite Y in its acidic, hydrogen form with a 5.1:1
Si0,:Al,0; have been used.’!?

For the activated carbons, three different kinds of ACs were used as support: NORIT GAC
1240, NORIT SA 2 and DARCO G60, either considering an array of various pre-treatments or

not like washings or activations with HCI, HNO3, or both.!3-16

Figure 2.2: Schematic diagram summarizing the zeolite catalysts that were synthesized in this study. A wetness
impregnation protocol was used to synthesise all catalysts in this scheme. Fe loading is 1 wt% for Fe/ZSM-5

and Fe-S-N/Zeolite catalysts, while Fe-Ag/Zeolite is 0.5 wt%.
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Figure 2.3: Schematic diagram summarising the activated carbon catalysts prepared in this study. All catalysts
are synthesised using wet impregnation protocol using three different kinds of AC (NORIT, 1240, GAC,
NORIT, SA2 and DARCO, G60) at different conditions. Fe/AC and Fe-S-N/AC catalysts have a Fe expecting to
load 12 wt%.
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A. Fe/AC

Fe/AC catalysts loadings of 12wt% of Fe were synthesised via an incipient wetness
impregnation technique with different kinds of activated carbon (NORIT GAC 1240, NORIT
SA2, DARCO G60) at various conditions (AC as it, AC washed with HCIl, AC treated with
HNOj3 and AC treated with both HCI and HNOs3) as shown above in Figure 2.3. A solution was
prepared by dissolving 2 g of Fe(NO3)3-9H>O in deionised water (25 mL). After adding AC (2
g) to a metal precursor solution, the resulting slurry was slowly heated and evaporated to

dryness by using an oil bath at 80 °C.

After drying at 120 °C for 16 hours, the material/catalysts were thermally treated in a tubular
furnace in the presence of 10 mL.min! N, flow up to a temperature of 650 °C for 3h with a

ramping rate of 20 °C-min’!

I. Pre-treatment of AC with HCI
To eliminate Na, Fe, and Cu, which are known contaminants, from the AC, the carbon matrices
were treated with diluted aqueous HCI (1 mol-L™!) for 5h at 70 °C to remove them.!” After

filtering and washing the carbon with distilled water (2 L of water per 1 g of AC), it was dried
for 24 h at 120 °C in an oven.!®

II.  Pre-treatment of AC with HNO;
The AC was treated with (0.5 mol.L™") HNOs for 10 h at room temperature (for each flask, 1 g
of AC and 100 mL of (0.5M) HNOs; solution was added). Then, the AC was washed with
distilled water till pH neutrality of the supernatant solution (3 L of water per 1 g of AC) and
dried in the GC oven at 110 °C for 24 h.!3

III.  Pre-treatment of AC with HCl and HNOQO3
The same procedure described in the two above paragraphs was used for the simultaneous use

of HCl and HNO:j as pre-treatments for AC, initially with HCI and then after drying with HNOs.

B. Fe-S-N/AC

Incipient wetness impregnation was used to synthesise N, S, and Fe-tri-doped AC catalysts
with Fe expected to load 12wt%. Fe-S-N/AC catalysts were prepared with three types of AC
under different conditions (raw AC, AC washed with HCI, AC treated with HNO3, and AC
washed with both HCl and HNOs). Two iron precursors have been used: 0.1 mol.L™! of Fe
(NO3)3.9H20 (1 g) and 0.1 mol.L™! of (NH4):Fe (SO4)2.6H20 (0.98 g) was added into 2 g of
AC; these dissolved in 25 mL of distilled water. As a next step, the slurry was heated to 80 °C
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and evaporated to dryness; then, it was dried at 110 °C for 16 h in a gas chromatography (GC)
oven. The catalyst was thermally treated in the tubular furnace at 650 °C for 3 h (temperature

ramp 20 °C.min ") in the presence of N flow.

C. Fe-ZSM-5

The catalyst was prepared by dissolving 0.1446 g of Fe (NO3);.9H20 in 25 mL of deionised
water and mixing it vigorously with 1.98 g of NH4-ZSM-5 and H-ZSM-5 powder. Using 80 °C
as a heat source, the resulting slurry was evaporated until dry. It was then dried thoroughly at
120 °C for 16 h and then calcined at 550 °C for 4 h in a muffle oven (temperature ramp 20

°C-min).

I.  Pre-treatment of zeolite
To obtain H-ZSM-5, an NH4-ZSM-5 zeolite precursor was calcined for 4 h in a muffle oven

operating in static air at 550 °C (temperature ramp of 20 °C.min!).

II. Fe-ZSM-5 (under vacuum)
Fe-ZSM5 with 1 wt% Fe loading was prepared by mixing 0.1446 g of Fe (NO3)3.9H,O with
1.98 g of NH4-ZSM-5 dissolved in 25 mL of deionised water. The water was then dried in a
rotary evaporator (10 min) under a mild vacuum at 80 °C and in an oven for 16 h at 120 °C
overnight. After that, calcination is carried out for 4 h at 550 °C (temperature ramping 20

°C-min'). This technique expects high Fe dispersion.!®

D. Fe-S-N-Zeolites (ZSM-5 (23,50 and 80), Zeolite-Y)

Three different Fe-S-N-ZSM-5 catalysts were prepared using the wet impregnation method:
Si02:Al,03 molar ratio is 23, 50, and 80, and Fe-S-N-Zeolite-Y (5.1:1 SiO2:Al>03). An
ammonium iron (II) sulphate hydrate of 0.16 g, 1.98 g of zeolite, and 25 ml of deionised water
mixed, drying at 80 °C, followed by 16 h at 120 °C, and calcination at 550 °C, temperature
ramping 20 °C.min"! for 4 h.

E. Ag-ZSM-5

To prepare 1 wt% Ag-ZSM-5 (Si0,:Al, O3 molar ratio is 23), 0.036 g of AgNO3 was added to
1.98 g of NH4-ZSM-5 dissolved in 25 mL of deionised water and mixed under vigorous stirring.
The resulting slurry was heated to 80 °C and evaporated to dryness. The solid was then
completely dried at 120 °C for 16 h and calcined in a muffle oven with a temperature held at

550 °C for 4 h (temperature ramp 20 °C-min).
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F. Fe-Ag- Zeolites (ZSM-5 (23,50 and 80), Zeolite-Y)

The typical preparation of Fe-Ag-ZSM-5 catalysts consists of three different Fe loadings of
0.5, 1 and 2wt%, prepared by an incipient wet impregnation using NH4-ZSM-5 at varia
Si0,:Al,03 ratio (23, 50 and 80), also 0.5wt% Fe-Ag-Zeolite-Y (5.1:1 Si02:AlL03).

Fe-Ag-ZSM-5-WI catalysts with 0.5wt% Ag and 0.5wt% Fe loading were prepared by
dissolving 0.07 g of Fe(NO3)3.9H>0 in 25 mL of deionised water and adding 0.0157 g of
AgNO3 under vigorous stirring to 1.98 g of NH4-ZSM-5, SiO2:AlLO3 ratio 23, 50 and 80
powder. Heat the slurry to 80 °C and evaporate until it is dry. After drying at 120 °C for 16 h,

the solid was calcined in a muffle oven at 550 °C for 4 h (temperature ramp 20 °C-min™!).

To synthesise the Fe-Ag-ZSM-5-WI catalyst with 1wt% Fe and 1wt% Ag, 0.144 g of Fe
(NO3)3.9H,0 and 0.036 g of AgNO3; were mixed with 1.98 g NH4-ZSM-5, Si02:Al,O3 ratio
1:23, in 25 mL of deionised water. After this, the slurry was heated to 80 °C and evaporated to
dryness. Afterwards, the solid was dried at 120 °C for 16 h and calcined at 550 °C for 4 h

(temperature ramp 20 °C-min!).

To prepare Fe-Ag-ZSM-5-WI (using NH4-ZSM-5, Si02:Al203 ratio 1:23) catalyst with 2 wt%
Fe and Ag, a mixture of 0.28 g of Fe(NO3)3.9H,0 and 0.073 g of AgNO3 in 25 mL of deionised
water containing 1.98 g of NH4-ZSM-5 (23) dissolved in the mixture. Then, it was heated to
80 °C and evaporated until dry. Following complete drying at 120 °C for 16 h, the solid was
calcined at 550 °C for 4 h (temperature ramp of 20 °C-min™?).

2.4 Analytical methods for the characterisation of catalysts and reaction mixtures
2.4.1 Characterization of catalysts (principle of techniques)

A. X-ray powder diffraction (XRPD)

X-ray powder diffraction (XRPD) is a non-destructive method for determining a material's
composition or crystal structure.!” X-ray diffraction patterns are used to measure the
arrangement of atoms in a unit cell, their positions, and their spacing angles because of the

relation between wavelength and atomic size.?°

Crystallised structures consist of regular and repeated arrangements of atoms. A unit cell is the
smallest repeating element in a crystal. The length of the three axes (a, b, ¢) and the angles

between them (a, B, y) describe the size and shape of the unit cell (Figure 2.4).%!
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When an X-ray hits an atom in a solid, the electrons part of the material scatters the X-rays.
Depending on the position of the atoms, constructive or destructive wave interference may
occur.?? If the atomic structure of the solid is ordered, constructive interference occurs and may
be detected. Crystallographic diffraction patterns are strongly correlated with periodic atomic
structures. Short repeated distances lead to diffraction at high angles, while long repeated
distances cause diffraction at small angles.?? Unit cells determinations for shape and size are
done using diffraction peak positions, while atomic positions and atomic numbers are
determined by diffraction peak intensities.>* The diffraction of monochromatic X-rays from a
single crystal was explained and measured by William Bragg.?* In Bragg's analysis (Figure
2.5), layers or atomic planes produced reflections when incident light or X-rays impinged on
the planes of atoms.?® At the lattice plane, the incident beam makes an equal angle with the
diffracted beam. Bragg's diffraction is satisfied if n is equal to the path difference lengths. By
scanning a sample from two angles and converting the diffraction peaks to d-spacings,

crystalline materials can be identified by their unique d-spacings.

pN

Figure 2.4: Vector of three-dimensional units. Unit cells are defined by length and angle between the three axes

(a, b, ¢).*® With permission.
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Figure 2.5: Diffraction from reflection according to Bragg’s Law. To determine inter-layer spacing, d takes the

angle between the incident beams and the normal lattice.?* With permission.

X-ray powder diffraction (XRPD) patterns were collected by using a Bruker D8 Advance
diffractometer that was equipped with a LynxEye detector. The specimens were placed onto a
sample holder composed of amorphous silicon. The apparatus was operated at a voltage of
40 kV and a current of 40 mA, with the CuKa radiation (wavelength of 1.5406 A) selected as
the X-ray source. The samples underwent analysis within the 20 range of 5-80°, with a scan

period of 70 minutes. Analysis of the patterns was carried out with X-Pert Pro software.

The evaluation of the agreement between experimental and simulated X-ray powder diffraction

t,27 t 28

(XRPD) patterns was carried out using a y>-test,?” employing Rietveld refinement 28 as a full-
pattern fitting algorithm. The initial atomic coordinate values for the fit were acquired using
crystallographic information files (CIF) provided from the Data-base of Zeolite Structures

(IZA-SC).»

Using the Scherrer equation to determine the particle size of supported metal oxides is common
practice in place of XRD methods.!?!-1%% In the Scherrer equation, which is used to estimate the
average crystallite size of a material from X-ray diffraction data. 2-theta (20): This represents
the diffraction angle. In X-ray diffraction experiments, X-rays are directed at a crystalline
material, and when they interact with the crystal lattice, they are diffracted at various angles.

The 20 angle is the angle between the incident X-ray beam and the diffracted X-ray beam. It is
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a key parameter in X-ray diffraction experiments and is used to determine the diffraction
pattern of a material. FHW (Full Width at Half Maximum): This refers to the width of a
diffraction peak at half of its maximum intensity. In an X-ray diffraction pattern, crystalline
materials produce diffraction peaks at specific 20 angles. The FWHM is a measure of how
broad or narrow these peaks are. A narrower FWHM indicates a more well-defined and
crystalline material, while a broader FWHM suggests a more disordered or amorphous
material. Inst B (Instrumental Broadening): This term accounts for the broadening of the
diffraction peaks due to limitations of the X-ray diffraction instrument itself. Instrumental
broadening can occur due to imperfections in the X-ray source, detector, or other components
of the X-ray diffractometer. It is important to account for instrumental broadening when using
the Scherrer equation to calculate crystallite size because it affects the measured FWHM. d A
(Average Crystal Size): This is the parameter we were trying to calculate using the Scherrer
equation. It represents the average size of the crystalline domains within the material. The
Scherrer equation relates the FWHM of a diffraction peak, the wavelength of the X-rays used,

the 20 angle, and the average crystal size. The Scherrer equation is as follows:

k.2

dAd = —
B .cos @

Where:
e dA is the average crystal size (in nanometers).
e K is the Scherrer constant, typically around 0.9.
e /1is the wavelength of the X-rays used.
e Bisthe FWHM of the diffraction peak (corrected for instrumental broadening).

e 0 1is the diffraction angle (20).

B. X-ray photoelectron spectroscopy (XPS)

One of the most widely used surface analysis techniques is X-ray photoelectron spectroscopy
(XPS), which provides both elemental and chemical state information. The photon energy from
an X-ray beam can dislocate electrons up to the surface of a sample and cause them to be
excited (photoelectrons). Occasionally, these electrons can escape the host material, as shown

in Figure 2.6.
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Figure 2.6: An XPS surface analysis diagram shows the photoemission process.’® A molecule or an atom can
release an electron when it absorbs an X-ray photon. Electrons' kinetic energy (Ex) is a valid indicator of surface

elements and chemical states (Ex).

Einstein’s photoelectric equation (Eq. 2.1)%%3! describes the relationship between
photoelectron kinetic energy (Ex) and electron binding energy (Ep). Alternatively, Eb reflects

the type and valence of the elements in the sample.
Ex =hv— E,—¢ (Eq.2.1)

There are five terms in this equation: Ex 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, and ¢ is the work function of the spectrometer.
Some practical applications of this technique are:*

I.  Determine the presence of elements at the surface level except for hydrogen and
helium.
II.  Determine the oxidation state of elements.
II.  The local environment (e.g. ligands) next to a metal centre chemical bonds.

IV.  Provide information on the composition of a material at a nano-meter depth.
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The photoelectron is immediately scattered and absorbed by the sample's atoms if the
photoemission process occurs within the bulk of the material. Conversely, only photoelectrons
originating at the top of the surface can escape from the model without being scattered or

absorbed. Therefore, XPS usually has an analysis depth of less than 10 nm.

X-ray photoelectron spectroscopy (XPS) analysis was carried out using a Kratos Axis Ultra
DLD spectrometer. The spectrometer employed a monochromatized Al Ka X-ray source with
a power output of 120 W. For survey scans, an analyser pass energy of 160 eV was utilised,
while for detailed elemental scans, a pass energy of 40 eV was employed. The binding energies
are standardised with respect to the C(1s) binding energy of carbon, which is conventionally

assigned a value of 284.7 eV >3

C. Brunauer-Emmett-Teller (BET)

The Brunauer-Emmett-Teller (BET) builds on Langmuir's theory,** is a model for measuring
surface area and pore size is widely used for characterising micro- and mesoporous materials.
BET theory describes how a gas adsorbs on adsorbent surfaces, and from the amount of gas, it

is possible to extrapolate the surface area of a material or the characteristics of its porosity.

A monolayer adsorption of gas molecules is assumed to be ideal under Langmuir's theory. In
contrast, the BET theory assumes multilayer adsorption and equilibrium between all layers
(and no interaction between them). As a result, the Langmuir equation applies to every layer.

The BET isotherm can be expressed as follows Eq. 2.2.3% 33

PO 1 C_]_

-4 (—) (Eq.2.2)
n(1=L) € Ry q
Po

According to the equation above, n represents the specific amount of adsorbates at the relative
pressure P/Po, P and Py are the equilibrium and saturation pressures of the adsorbates at the
adsorption temperature, nm is the monolayer capacity (the amount of the adsorbate necessary
to occupy all of the adsorption sites) of the adsorbed gas, and C is the BET constant. It is a
function of the enthalpies of adoption and liquefaction of the gas under consideration. As such,
C can be used to determine the shape, pore size and pore volume of an isotherm in the BET

range.36-3%
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The BET analysis was performed using a Micromeritics 3Flex Gas Sorption System. The
sample was degassed at 180 °C for 24 h before examination, and the adoption step was carried

out by using N> as a gas probe at its liquefaction temperature of 77K.

2.4.2 Principles of the techniques used for the characterisation of reaction mixtures

A. High-performance liquid chromatography (HPLC)

In analytical chemistry, high-performance liquid chromatography separates (or resolves), and
in turn, can identify and quantify the compounds that are part of a mixture. In this method, a
liquid solvent containing a sample mixture is pumped through a column containing a solid
adsorbent using pumps. Different compounds interact differently with the stationary phase.
Therefore, each analyte or compound, by spending a different amount of time bound to a
stationary phase, will result in a different elusion time needed to reach the end of a
chromatographic column (also known as retention time), resulting in a separation process as
the components exit the column. An HPLC instrument with some primary features is shown in
Figure 2.7: reservoirs for storing the mobile phase; a pump for pushing it through the
chromatographic column; an injector for injecting the sample; a packed column for resolving
the sample into constituents; and a detector for detecting eluent coming from the column. Every

component of this system will be discussed.*
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Figure 2.7: Displays the pump used to move the mobile phase and the plumbing used to inject the sample into

the mobile phase of high-performance liquid chromatography. An autosampler is included with this instrument.

Manually injected samples are injected through loop injection valves with a different type of flow control.*

Two columns may be present in an HPLC: an analytical column (always present) to separate
the sample and a guard column positioned before the analytical column to protect it against
contamination.’* HPLC columns are usually stainless-steel tubes with an internal radius of 2.1
to 4.6 mm and a length of 30 to 300 mm. There are generally 3—10 um porous silica units in
the column that have irregular or spherical shapes. The efficiency of a column can range from
4-10* to 6-10° theoretical plates/m (Number of Theoretical Plates N). This is a mathematical

relationship that can be calculated using the following equation 2.3:340

N = 5.545 (V"“V—';)2 (Eq. 2.3)

Analytical columns are limited in their lifetime by two factors. The interaction of primary
solutes with the stationary phase irretrievably reduces the column's efficiency by reducing its
ability to segregate its components. The analytical column could also be blocked by particulate
substances introduced with the sample. So, the mixture before analysis is centrifuged to

separate the catalyst. This constraint is mitigated by placing the guard column before the
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analytical column. The packing and stationary phases of guard columns are the same as those
of analytical columns, but they are smaller and less expensive. This column is typically 7.5 mm
long and costs one-tenth as much as an analytical column. A guard column is also frequently
substituted.*! The guard columns used in the analysis are Phenomenex Security Guard Gemini-

NX C18 (4 mm x 3 mm id).

A liquid film is used in liquid-liquid chromatography to plate a stationary phase, typically 3 to
10 um of silica particles. A loss, or even a partial loss, of the stationary phase, can lead to a
shorter column lifetime since the stationary phase partially dissolves in the mobile phase; it
may dissolve or be eluted from the column over time. Because of this, silica particles are
covalently bound to the stationary phase. A bond between stationary phases and silica particles
is formed by the reaction between the silica particles and an organochlorosilane with the
general formula Si(CH3)2RCl, where R stands for an alkyl group or substituted alkyl. The alkyl
group (or groups) bound to an organosilane determines stationary phases; for example, polar
phases are determined by R. A common HPLC method utilises polar stationary and nonpolar
mobile phases, referred to as reversed-phase chromatography in this study. The most widely
used non-polar stationary phases are organochlorosilanes where R is an n-octyl (C8) or n-octyl

decyl (C18) hydrocarbon chain.

In this analysis, a C18 column was used with 5 pm, 4.6 mm x 250 mm length. In reversed-
phase separations, a buffered solution is applied to a polar mobile phase or other polar solvents;
in this study, acetonitrile and 1% orthophosphoric acid solution with a ratio of 30%/70% (V/V)
were used as a mobile phase with a flow rate of 1 mL-min!. Due to the hydrolysis potential of
silica substrate in eluted solutions, the pH of the mobile phase must be lower than 7.5. In
reversed-phase chromatography, polar compounds, such as benzoic acid, will not interact with
the stationary phase surface, so they stay in the mobile phase for a long time. This will result
in faster elution. Contrary to this, substances like p-ethyl phenyl methanol with alkyl chains
and high hydrophobicity will interact strongly with the stationary phase, leading to increased
retention time and subsequent elution. Solvents are typically stored in 1-4 reservoirs on
standard HPLC equipment. During this study, two reservoirs were used, one for distilled water
and the other for the mobile phase. In most cases, one or more pumps are needed to drag the

solvent from its reservoirs.*?

The loop injector is used to inject samples. Sample loops ranging in size from 0.5 pL to 5 mL

are exposed to the atmosphere as they are separated from the mobile phase. The loop volume
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used in this study was 5 pL. Syringes of many folds larger than the sample loop are used to fill
the loop and remove different samples via the waste line. Following sample loading, the
injector is moved to the injected spot, guiding the mobile phase through the sample loop to the
column.?® Various detectors are used to examine HPLC separations; spectroscopic detectors

are the most common ones.*

In our case, a sophisticated HPLC detector utilised the analyte's UV/Vis absorption spectrum
(cantered to a wavelength of a maximum or relative maximum of absorption). Monochromators
are included in these detectors. Flow cells range in volume from 1 to 10 pL and path length
from 0.2 to 1 cm. The chromatogram of a UV/Vis detector represents absorbance as a function
of elution time. One important constraint is associated with employing absorbance as a
parameter to assess concentrations: the mobile phase need not absorb at the desired

wavelength.¥

B. Inductively coupled plasma optical emission spectroscopy (ICP-OES)

The ICP/OES procedure is one of the most powerful and popular methods for determining
multiple elements in various samples (liquids and solids). The plasma produced by argon
streams is a highly energetic, electrically neutral gas comprising ions, electrons, and neutral
particles.** ICP-OES uses a high-frequency inductively coupled plasma as a light source. As a
consequence, it involves the spontaneous emission of photons from atoms and ions that have
been excited by radiofrequency (RF) discharges. An RF-induced argon plasma is used to
atomise the sample solution; once atomised, the sample is dried, vaporised, and energised at
high temperatures (over 6000 K) through collisional excitation.*> In a plasma, collisional

excitation promotes analyte atoms from the ground state to the excited state.

Through photon emission, excited atomic and ionic species may relax to the ground state.
Quantized energy levels within atoms or ions determine photons’ characteristic energies. A
qualitative analysis of the elements from which the photons originated can be carried out by
measuring the wavelength of the emitted photons. Quantitative analysis is based on the number

of photons directly proportional to the concentration of the sample component.*®

The detection of iron metal leaching from the catalysts in the solution mixtures was tested by
ICP-OES using an Agilent 4500 instrument via an appropriate calibration curve and by directly

using our reaction mixtures as samples for ICP analyses.
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2.5 Catalytic tests
A custom-designed reaction setup was used to heat the reaction mixture for catalytic tests (see

section 2.2.2).

2.5.1 Phenolic compounds oxidation by wet hydrogen peroxide catalytic oxidation
reaction (WHPCO)

Stock solutions containing phenol, 2,3 dimethyl phenol DMP, 3-methoxy phenol, m-cresol, 4-
chlorophenol and 4-bromophenol were prepared by dissolving the desired amount of standard
in deionised water and stored in volumetric flasks. The catalytic tests for phenolic compounds
oxidation were carried out in a custom-made 100 mL stoppered glass batch reactor at a desired
temperature and stirring rate under atmospheric pressure. The catalyst (M:S 1:100) and an
aqueous reagent solution of 50 mL were placed in the glass reactor, which was heated via an
Asynt stirrer-hotplate with a heating rate of 200 °C-min~! via an aluminium block at

atmospheric pressure.

A stoichiometric amount of H>O; to achieve complete mineralisation of the organic substrate
to CO; and H>O was added to the solution already containing a catalyst after stabilisation of
the temperature at 80 °C. Ice baths were used to quench the reaction after the reaction to ensure
a constant and reproducible reaction time. During the kinetic test, samples were removed from
the reactor every 30 minutes in the first hour and every 1 hour in the last three hours. For
analysis, the supernatant solution was collected from the centrifuged reaction mixture after

separating it from the suspended solid catalyst.

Typically, a certain amount of solid catalyst (30 mg of 1wt% Fe/ZSM-5-WI or 1 wt% Fe-S-
N/Zeolite, 60 mg of 0.5 wt% Fe-Ag-Zeolite and 3 mg of 12 wt% Fe-S-N/AC or 12 wt% Fe/AC
catalysts with M:S ratio of 1:100) and 50 mL of phenol (1000 mg-L™') was placed into the
reactor and heated to 80 °C (set temperature from calibration 85 °C) 844 uL of H>O; (30%
(w/w) with a stoichiometric mole ratio of phenol and H,O» of 1:14 was added into the reaction
mixture to start the reaction after the set temperature stabilising at 85 °C for 10 min. The
reaction was conducted for 4 h under the continuous stirring rate of 500 rpm and then quenched

with an ice-water bath.

For the complete oxidation of phenol to CO, and H>O, the stoichiometric ratio of phenol to

H>0; was set at 1:14.

CeHeO + 14 H,0, = 6 CO, +17 H20 (Eq.2.4)
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In a typical experiment, a certain amount of solid catalyst (20 mg of 1wt% Fe/ZSM-5-WI or
1 wt% Fe-S-N/Zeolite 50 mg of 0.5 wt % Fe-Ag-Zeolite and 2 mg of 12 wt% Fe-S-N/AC or
12 wt% Fe/AC catalysts, M:S ratio of 1:100) and 50 mL of 2,3 dimethylphenol DMP (1000
mg-L ") was added into the reactor and heated to 80 °C, 908 uL of H,O, (30% (w/w) with a
stoichiometric ratio of DMP and H>O> of 1:20 was added into the reaction mixture to start the
reaction after the set temperature stabilising at 85 °C for 10 min. The reaction was conducted

for 4 h under the continuous stirring rate of 500 rpm and then quenched with an ice-water bath.

A stoichiometric ratio of DMP to H>O; was set at 1:20 for the complete oxidation of DMP to
CO; and H>0O, as shown in Eq. 2.5.

CsHi100 + 20 H202= 8 CO; + 25 H20 (Eq.2.5)

According to a typical experiment, a certain amount of solid catalyst (30 mg of 1wt% Fe/ZSM-
5-WI or 1 wt% Fe-S-N/Zeolite, 60 mg of 0.5 wt % Fe-Ag-Zeolite and 3 mg of 12 wt% Fe-S-
N/AC or 12 wt% Fe/AC catalysts with M:S ratio of 1:100) and 50 mL of 3-methoxyphenol
(1500 mg-L") were placed into the reactor and heated to 80 °C, 1090 uL of H,O> (30% (w/w)
with a stoichiometric ratio of 3-methoxyphenol and H>O; of 1:16 was added into the reaction
mixture to start the reaction after the set temperature stabilising at 85 °C for 10 min. The
reaction was conducted for 4 h under the constant stirring rate of 500 rpm and then quenched

with an ice-water bath.

A stoichiometric ratio of 3-methoxyphenol to H>O; was set at 1:16 for the complete oxidation

of 3-methoxyphenol to CO2 and H20, as shown in Eq. 2.6.
CH;0C¢H4OH + 16 H202 =20 H20 + 7 CO2 (Eq.2.6)

Typically, a precise amount of solid catalyst (25 mg of 1 wt% Fe/ZSM-5-WI or 1 wt% Fe-S-
N/Zeolite, 50 mg of 0.5 wt % Fe-Ag-Zeolite and 2.5 mg of 12 wt% Fe-S-N/AC or 12 wt%
Fe/AC catalysts with M:S ratio of 1:100) and 50 mL of m- cresol (1000 mg-L™") were placed
into the reactor and heated to 80 °C, 888 uL of H>O> (30% (w/w) with a stoichiometric ratio of
m- cresol and H>O» of 1:17 was added into the reaction mixture to start the reaction after the
set temperature stabilising at 85 °C for 10 min. The reaction was conducted for 4 h under the

constant stirring rate of 500 rpm and then quenched with an ice-water bath.
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A stoichiometric ratio of m-cresol to H2O> was set as 1:17 for the complete oxidation of m-

cresol to CO; and H>0O, as shown in Eq. 2.7.
C7H;0H + 17 H2 O, =7 CO2 + 21 H,0 (Eq.2.7)

In a typical experiment, a specific amount of solid catalyst (20 mg of 1wt% Fe/ZSM-5-WI or
1 wt% Fe-S-N/Zeolite, 40 mg of 0.5 wt% Fe-Ag-Zeolite and 2 mg of 12 wt% Fe-S-N/AC or
12 wt% Fe/AC catalysts with M:S ratio of 1:100) and 50 mL of 4-chlorophenol (1000 mg-L~
) were placed into the reactor and heated to 80 °C, 1181uL of H,O, (30% (w/w) with a
stoichiometric ratio of 4-chlorophenol and H>O» of 1:27 was added into the reaction mixture to
start the reaction after the set temperature stabilising at 85 °C for 10 min. The reaction was
conducted for 4 h under the continuous stirring rate of 500 rpm and then quenched with an ice-

water bath.

A stoichiometric ratio of 4-chlorophenol to H>O> was set as 1:27 for the complete oxidation of

4-chlorophenol to CO> and H>O, as shown in Eq. 2.8.
2CsHsOCl + 27 H202 =12 CO2 + 32 H2O + 2 Cl (Eq.2.8)

According to a typical experiment, a clear amount of solid catalyst (20 mg of 1wt% Fe/ZSM-
5-WI or 1 wt% Fe-S-N/Zeolite, 40 mg of 0.5 wt% Fe-Ag-Zeolite and 2 mg of 12 wt% Fe-S-
N/AC or 12 wt% Fe/AC catalysts with M:S ratio of 1:100) and 50 mL of 4-bromophenol (1300
mg L") were placed into the reactor and heated to 80 °C, 1135 pL of H>O2 (30% (w/w) with a
stoichiometric ratio of 4-bromophenol and H2O; of 1:27 was added into the reaction mixture to
start the reaction after the set temperature stabilising at 85 °C for 10 min. The reaction was
conducted for 4 h under the continuous stirring rate of 500 rpm and then quenched with an ice-

water bath.

A stoichiometric ratio of 4-bromophenol to H>O> was set as 1:27 for the complete oxidation of

4-bromophenol to CO; and H>O, as shown in Eq. 2.9.
2CsH4OHBr + 27 H,02 = 12 CO2 + 32 H20 + 2 Br (Eq.2.9)

2.5.2 Homogeneous phase control tests
Control tests, by using a homogeneous catalyst, the catalytic test determine whether leached
metal contributes to the catalytic reaction (zeolite and activated carbon). 50 mL of the mixture

solution containing 1 g-L™! of reagent and metal ions (such as Ag* from AgNOs and Fe*" from
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Fe(NOs)3) with concentrations corresponding to leached metal was prepared and heated to 80
°C. To start the reaction, HO2 was added to the solution after stabilising it for 10 minutes. It
compared the catalytic results obtained with heterogeneous catalysts to those obtained with a

homogeneous catalyst.

2.5.3 Tests of catalyst reusability

The reusability of the catalyst was tested by successive catalyst reactions by recovering the
catalyst after each run and reusing it without regeneration. Following the first reaction cycle,
the catalyst was filtered and washed with deionised water (2 L per 1 g of catalyst) and dried at
120 °C overnight. The recovered catalyst was weighed before being used in the next run of the
catalytic test. To ensure that no catalyst was lost, the exact amount of catalyst was used. Until

the last reaction run (fourth run) the same process was repeated.

2.6 Characterization of reaction mixtures by chemical analysis

In CWPO of phenolic compounds, the catalytic performance of a catalyst was mainly
determined by the conversion of phenolic compounds, the distribution of intermediates, the
consumption of H>O:, and the metal leaching loss. Based on HPLC results, phenolic compound
conversion and intermediate distribution were calculated.*” The formulas for calculating these

values are given in this part:

The phenolic compounds conversion (Xppenolic compound,2) Was calculated as:

Co,phenolic compound — Cf,phenolic compound X 100% (Eq 210)

Xphenolic compound,% — C ,
0,phenolic compound

Where Co, phenolic compound (mol-L~1) represents the concentration at the initial time (time 0) and
Ct, phenolic compound (mol-L71) is the final concentration, at the end reaction time, of the phenolic

compound in the reaction mixture.'3
The mass carbon balance (CMB) was calculated as follows:

Xnp; X Ng;

nO,phenolic compound X Nc,phenolic compound

The CMB, % =

x 100% (Eq2.11)

Where ng; is the moles of intermediates (includes phenolic compound) remained in the reaction

mixture after reaction, Nc;; is the number of C atoms in each intermediate (contains phenolic
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compound) molecule, no, phenolic compound 18 the number of moles of initial phenolic compound in

water, N¢, phenolic compound 18 the number of C atoms in the phenolic compound molecule.!?
The H20; consumption (Xu202,%) was calculated by:

CO'Hz 0z — Cf'Hz 0,

x 100% (Eq.2.12)

XH,0,% =
2 Co.n,0,
Where Co, 1202 (mol-L™) and Cr, 202 (mol L) represent the initial and final concentration of
H>0» in the reaction mixture. The initial and final concentration of H>O» in the reaction mixture

was determined by iodometry titration. '3
The metal leaching loss (Xieaching,%) Was calculated as follows:

Cmetal,leached

Xieaching% = x 100% (Eq.2.13)

Cmetal,total
Where C metal, leached (Mg L) and C metal, wotal (mg-L 1) represent the metal concentration detected
in the reaction mixture after the reaction and the total concentration of metal used in the

response, respectively. The metal concentration in the reaction mixture was determined using

ICP-OES.

2.6.1 Qualitative determination of phenolic compounds and their intermediates

Due to the similar properties among tens of potential products during the phenol oxidation and,
at the same time, the relatively low concentration of some components, qualitative and
quantitative analysis of the reaction mixture is challenging. Due to its ability to determine all
potential products, HPLC was used as the primary technique for intermediate analysis in this

project.

In the HPLC analysis conditions, the sample mixture, after filtering, was analysed with a UV
detector using a Waters XBridge C18 column as the stationary phase and orthophosphoric acid
(0.1% (v/v)) as a dual mobile phase. The flow rate was set at 1 mL-min~!, and a gradient elution
program was as follows: isocratic acetonitrile 2% in water from 0 to 5 min, 2% of acetonitrile
at 5 min to 70% at 20 min that to clean the column, 2% of acetonitrile from 20.1 min - 30 min.
A volume of 5 pL samples were injected into the sampling system and analysed with a UV

detector at different wavelengths (phenol 270 nm; DMP 271 nm; m-cresol 273 nm; 3-

81



methoxyphenol 274 nm; 4-chlorophenol; and 4-bromophenol 281 nm, other intermediates 200

nm).
e An analysis of phenol and its intermediates

To determine the amount of phenol and intermediates in the reaction mixture, five steps were
followed. Based on current literature, created a list of all the possible intermediates involved
in phenol oxidation, ii) Prepared standard solutions mimicking a reaction mixture expected to
be used to determine phenol and the expected intermediates, iii) Analyse the effectiveness of
the method in the characterization of actual reaction mixtures, iv) Use an external standard
method, quantify the concentration of phenol and all intermediates mentioned in the reaction
mixture, and v) Use carbon mass balance (CMB) in water, verify that the analysis method is

consistent.

e Using HPLC to analyse phenol and intermediates in standard solutions

HPLC, commonly used to separate, identify, and quantify mixture components, can be used to
quantify phenol and its intermediates. Accordingly, the mobile phase components interact
slightly differently with the stationary phase (the solvent carries the sample through the
column). There is a slight difference in how the stationary phase interacts with it (the immobile
phase retains the sample component). Consequently, each component will take a different
amount of time to flow out of the column if the column is filled with different components.
The retention time (tr) is the amount of time between the injection of the sample and the peak

maximum, as calculated by equation 2.14.

ty =ty+t,, (Eq.2.14)

Thus, the retention time is the total time the solute spends in the stationary phase (tr’) and in

the mobile phase (twm).

The HPLC chromatogram of the standard solution is shown in figure 2.8. As can be seen, the
separation of phenol and the expected intermediates occurred under the analysis condition (see
figure 2.8). Based on the HPLC chromatogram, retention times can be used to identify each

known standard compound in the mixture solution.
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Figure 2.8: HPLC chromatogram of mixed standard solution (analysis condition: H;PO,
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 20.1-30 min, injection volume 5 pL,

wavelength 200 nm).

The elution order of those compounds is (shown in table 2.1): oxalic acid (2.6 = 0.1 min),
formic acid (3.1 = 0.1 min), malonic acid (3.8 = 0.1 min), acetic acid (4.4 £ 0.1 min), maleic
acid (5.1 = 0.1 min), fumaric acid (6.1 + 0.1 min), hydroquinone (8.9 + 0.2 min), p-

benzoquinone (12.1 + 0.1 min), catechol (13.2 &+ 0.1 min) and phenol (16.0 + 0.1 min).

Based on table 2.1, phenol and all the expected intermediates can be separated per sample in

just 20 minutes, demonstrating a highly efficient analysis method.
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Table 2.1: Retention times of phenol and expected intermediates in mixed standards solution

(reaction condition: 0.1 g 1% Fe/ZSM-5-WI, 50 mL of 1 g-L! phenol, phenol: H,O,=1: 14, 80

°C, 40 min, 500 rpm).

Component Retention time in mixed Retention time in actual

standards solution / min reaction mixture / min
Oxalic acid 26 £0.1 26 £ 0.1
H,0, -- 2.7 0.1
Formic acid 3.1 £0.1 3.1 £0.1
Malonic acid 3.8 £ 0.1 3.8 £0.1
Acetic acid 44 £ 0.1 44 + 0.1
Maleic acid 5.1 x0.1 5.1 £0.1
Fumaric acid 6.1 £ 0.1 6.1 £0.1
hydroquinone 8.9 £ 0.2 8.9 £0.2
p-benzoquinone 122 £ 0.1 12.2 £ 0.1
Catechol 13.2 £ 0.1 13.2 £ 0.1

2.6.2 The determination of H>O>

In the laboratory, iodometry is usually the ultimate calibration method for H>O, standards, so
it was decided to use it instead of one of the alternatives.*3->° Although the method is not quite
as accurate as permanganate titration, it is less susceptible to interference from organic
compounds. In addition, it is more appropriate for measuring levels of HO, mg-L1.5! Tt is
more appropriate to perform iodometry titration in this reaction system; the typical titration

procedure is as follows.

A diluted reaction solution of 5 mL (with a dilution ratio of 100), 5 mL KI (100 g-L!), and 1
mL H>SO4 was pipetted into the flask; the mixture was allowed to sit for 10 minutes in a dark
until a yellow solution was obtained.>? The sample solution was titrated with Na>S>03 (2 mM)
till the solution became pale yellow. 1 mL starch solution (10 g-L™!) was added to indicate the
colour change (from pale yellow to blue). More Na;S>03 (2 mM) was added till the blue colour
disappeared (Figure 2.9). The volume (V4) of Na»S>03 solution at the end point of titration was

recorded, and then calculate the concentration of H,O, followed the formula (Eq. 2.15):
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C X V,
Na;S,03 4 X Dz — 10 X CNQZSZO?, X V4 (Eq.z.ls)

1
C == X
Where Cnaz2s203 (mol-L1) and V4 (mL) represent the concentration and the volume of Na>S>03
solution, while Vi202 (mL) and D> (=100) are volumes and the dilution ratio of H>O> solution

(or reaction mixture).

Na;S;0; (2 mM)

5 mL diluted reaction
solution +5 mL KI + 1
mL H2804

starch

solution

Figure 2.9: The reaction scheme of H>O> determination by iodometry titration.

2.6.3 Determination of metal leaching
ICP-OES was used to test the metal leaching of the catalyst during the reaction by a calibration
dilution method of standards prepared from stock solutions containing 1000 parts per million

(ppm) of metal standards, calibrated to 10 parts per billion (ppb). A calibration graph was used
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to calculate the concentrations of metal ions in the samples. After the reaction, a sample of the

reaction mixture (5 mL) was taken for the leaching tests.

2.6.4 AC acidity measurements

In carbon materials, the surface chemistry is determined by their surface’s acidic and essential
nature. The total surface acidity and basicity of the surfaces were determined by titrating them
with NaOH and HCL.>® According to Boechm (1966) and Fabish and Schleifer (1984), titration
using alkalimetric procedures. The activated carbon sample (5 g) was dried in a vacuum oven
at 120 °C for 24 h before titration. In a series of test tubes containing a given amount of
activated carbon, 25 ml of NaOH (0. I N) solution was added. The sample was mixed at 100
rpm and 25 °C for 24 h. The supernatant was then withdrawn from the test tubes and back-
titrated with HCI (0. 1 N).>*

The mean of acid-base back titration will measure the acidity of AC in (mmol.g™!). Typically,
100 mg of AC is stirred with 10 mL of standardised NaOH with a concentration of 0.13 M at
40 °C overnight. The solutions were washed with 10 mL of deionised water and filtrated; the

filtrate was titrated with 0.128 M of standardised HCI using methyl orange as an indicator.

To calculate the acid sites in mol per gram:

The acid sites mol. g™t = —xeactedNaoH_ . 10 (Eq. 2.16)

massof ACing

Where n reacted, Naon 18 the number of moles of reacted NaOH that can be calculated as:

Nreacted NaoH = MiNaoH — Mcipack (EQ. 2.17)

. . . CxV .

As the n;yqop 18 the initial concentration in mol of NaOH ( 130 ), 11 Back, Hel 1s the
. . CxXV

concentration of HCl in mol ( 00 )

The second way has been used to determine the acidity of AC was by using a pH meter

calibration measurement.
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2.7 Statistical analysis of data

2.7.1 Significance testing

The validity of significance testing has recently gained much interest.’® It is, therefore,
appropriate to report this section to emphasise the importance of ensuring that the data and
research questions are compatible. Statistical analysis should be interpreted in accordance with
the data and not taken to mean more than it implies.’® As part of the analytical chemistry
process, significance testing is often used in conjunction with exploratory data analysis (Is there
a reason to suspect that the two analytical methods are different when applied to the same
sample?) or inferential data analysis (Is there any reason to assume that these two independent
measurements are related?). In these questions, a statistically significant result generally leads
to the design of additional experiments that can make suggestions or clarify cause-and-effect
relationships more clearly. A significance test is the first step toward a better understanding of

an analytical problem, but it does not provide the final answer.

A. The Construction of a Significance Test

The aim of a significance test is to identify if the difference between two or more results is
significant and that it cannot be justified by indeterminate errors. A significance test is created
by stating the problem in terms of yes or no answers. A null hypothesis and an alternative

hypothesis describe the two potential answers to the yes or no question.

The null hypothesis, Hy, is that indeterminate errors are sufficient to explain any differences
between the results. The alternative hypothesis, HA, assumes that the differences in results are
too significant to be explained by random error. Tests the null hypothesis, which is either
retained or rejected. If it rejects the null hypothesis, then it must agree with the alternative
hypothesis and conclude that the difference is significant. Null hypotheses are retained rather
than accepted when they are not rejected. Null hypotheses are retained whenever the evidence
is insufficient to prove that they are incorrect. Null hypotheses cannot be proven true due to

how significance tests are conducted.

Once the alternative and null hypotheses have been outlined, in the second step, a significance
level is determined for the analysis. The significance level is a measure of the probability that
the null hypothesis will be incorrectly rejected or a measure of the confidence level in the null
hypothesis. A significance level is expressed in the former case as a percentage (e.g., 95%),

whereas in the latter, as a, where o is defined as
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confidence level (%)
100

a=1 - (Eq2. 18)

Thus, for a 95% confidence level, a is 0.05.

The third step is to calculate the test statistic and compare it to a critical value. The test statistic's
critical value provides a limit between values that leads to rejecting or retaining the null
hypothesis. Calculating the test statistic depends on the comparison. Finally, it is either to retain

the null hypothesis or reject it and accept the alternative hypothesis.

B. One-Tailed and Two-Tailed Significance Tests

For example, it might want to determine whether a new analytical method is accurate. This
method could be used to analyse a Standard Reference Material that contains a known
concentration of analyte, y. By analysing the standard several times, a mean value, X, is
obtained for the concentration of the analyte. Null hypothesis: There is no difference between

X and
Hy:X =u  (Eq2.19)

The null hypothesis is retained if the significance test is conducted at a = 0.05, and a 95%

confidence interval around X contains p if the alternative hypothesis is
Hy:X #u (Eq2.20)

The null hypothesis is rejected, and the alternative hypothesis is accepted if n lies in the shaded
areas at either end of the distribution curve of the sample (Figure 2.10 a). Shaded areas account
for 2.5% of the probability distribution curve, totalling 5%. This is a two-tailed significance
test since it rejects the null hypothesis for values of  at either end of the probability distribution

curve for the sample. It could write the alternative hypothesis in two different ways
Hy: X > u(Eq2.21)
Hy:X <p(Eq222)

In Figure 2.10 b or Figure 2.10 c, reject the null hypothesis if n falls within the shaded areas.
For each case, the shaded area corresponds to 5% of the area under the probability distribution

curve. One-tailed significance tests are illustrated in these examples.
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Figure 2.10: Examples of (a) two-tailed and (b, c) one-tailed significance tests of X and n. The probability
distribution curves, called normal distributions, depending on the sample’s mean and standard deviation. For a =
0.05, the shaded areas cover 5% of the curve’s area. If n falls within the shaded areas, it rejects the null
hypothesis and accepts the alternative hypothesis. The null hypothesis is retained if the value of n falls within

the unshaded area of the curve.

A two-tailed significance test with a fixed confidence level is more conservative since rejecting
the null hypothesis requires a larger difference between the parameters. When comparing two
parameters, it is reasonable to expect one to be larger (or smaller). As an example, when
evaluating the accuracy of a new analytical method. In most cases, it is appropriate to use a

two-tailed significance test.

2.7.2 Statistical methods for normal distributions
A normal distribution is the most common distribution for results. Constructing and evaluating
significance tests on normal distribution curves is simple because the area between their limits

1s well-defined.
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A. Comparing X to u
Analysing a sample containing a known amount of analyte, n, is one way of validating a new
analytical method. A significance test is used to compare X to p, the average amount of analyte
in the sample, to judge the method's accuracy. According to the null hypothesis, the difference
between X and u can be explained by indeterminate errors that affect the calculation of X. An
alternative hypothesis is that the difference between X and u is too large to be explained by

indeterminate errors.

The equation for the test (experimental) statistic, Zexp , 1S derived from the confidence interval
for u

p=X+ te’j’; (Eq 2.23)
Rearranging equation
toxp= LE2N (g0 24

N

When u is either at the right or left edge of the sample's confidence interval, it gives the value
of fexp. The null hypothesis is retained or rejected by comparing the value of 7., to its critical
value, #(a, v), where a is the confidence level, ¢#(a, v) is the number of degrees of freedom for
the sample. A critical value #(a, v) defines the maximum confidence interval that can be
accounted for by indeterminate errors. If z.x, > #(, v), then the sample’s confidence interval is
significantly larger than that explained by indeterminate errors. The null hypothesis is rejected
in this case, and the alternative hypothesis is accepted. If zexp < #(, v), a null hypothesis retains

a confidence interval lower than the indeterminate error.

This significance test, is known as a t-test of X to u. The t-test compares two mean values to

see if there is a large difference between them that cannot be explained by indeterminate error.

B. Comparing S%to ¢*
If it analyses a particular sample regularly, it may be able to establish an expected variance,
o2, for the analysis. A few replicate analyses of a single sample give a sample variance, S2,

whose value is differences may or may not be significant from o2.

The statistical comparison of S? to a2, indicates whether the analysis is under “statistical
p y

control.” The null hypothesis is that S? and o2, are identical, and the alternative hypothesis is

90



that they are not identical. The test statistic for evaluating the null hypothesis is called an F-

test, and is given as either

Feyp = f,—zz if (s? > 0°) or Feyp = ‘S’—ZZ if (> > %) (Eq2.25)

Based on when S? is greater or smaller than o2. The value of F.y, is determined by ensurin
g P y g

its value is above or equal to 1.

Assuming the null hypothesis is true, then Fexp should equal one; despite this, due to
indeterminate errors, Fexp usually is much higher than one. A critical value, F(&, Vyum» Vaen)s
is the largest value of Fexp that it can give to indeterminate error based on its significance level,
a, and the degrees of freedom for the variance in its numerator, v, and the variance in the
denominator, V4,,,. The degrees of freedom for 62 is n—1, where 7 is the number of replications
to calculate variance, and the degrees of freedom for o2 is defined as infinity, c. Critical values
of F for a= 0.05 are listed in Appendix 5 for both one-tailed and two-tailed F-tests. So, F-test:
Statistical test for comparing two variances to see if their difference is too large to be explained

by indeterminate error.

C. Comparing two sample variances
The F-test can be modified to compare variances for two samples, A and B, by rewriting the

equation as

2
Fap=35  (Eq2.26)

where A and B are defined such that S3 is greater than or equal to S3.

D. Comparing two sample means
Three factors influence the results of analysis: the method, the sample, and the analyst. It is
possible to study the influence of these factors by conducting two experiments where only one
factor is changed. For example, the same analyst can compare two methods by applying them
to the same sample and examining their means. Similarly, two analysts or samples can be

compared.
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According to the source of the data, significance testing for comparing two mean values can
be divided into two categories. An unpaired data set is one derived from the analysis of several
samples taken from the same source. Data pairs are encountered when analysing samples from

different sources.

Unpaired Data Consider two samples, A and B, for which the mean values, X and Xp, and
standard deviations, sa and sg, are known. For both samples, confidence intervals for

Ua and pp can be calculated.

A =K, + % (Eq 2.27)

g =Xp + % (Eq 2.28)

Where na and np are the number of trials replicated on samples A and B. Comparing the means
is based on a null hypothesis that X, and Xy are identical and an alternative hypothesis that the

means are significantly different.

A test statistic is derived by letting pa equal ps,

S tsa o tsg
+ —== + — )
I e (Eq 2.29)

Solving for | X, — X| and using a propagation of uncertainty, gives

— — 2 2
X, —Xgl=t x |4+ |2£  (Eq2.30
q
ny ng

Finally, solving for 7, which we replace with #xp, leaves us with

|X4—-XBl

lexp = 77— (Eq 231)

2 2
s s
< 2A L _B>
na np
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The value of fexp is compared with a critical value, #(a, v), based on the significance level, a,
the degrees of freedom in the sample, v, and whether the significance test is one-tailed or two-

tailed.’”- %8
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Chapter 3: Catalytic wet peroxide oxidation of phenol using catalyst-
supported and acid-pre-treated Fe-activated carbon catalysts

3.1 Fe doping activated carbon catalysts Fe/AC

3.1.1 Introduction

The Fenton reaction is a highly convenient, economical, and effective way of treating phenolic
compounds in wastewater.!"> In the Fenton process, Fe**/Fe*" species can be used under acidic
conditions (below pH 2.5/3, H,O, can decompose, and Fe** can be inhibited/destabilised) as a
catalyst to generate "OH radicals, thus removing high pollutants.* However, the direct use of
Fe salt is made difficult because of the non-straightforward recovery from effluents resulting
in the formation of iron sludge, and as such, its use in wastewater treatment is limited.>-’
Therefore, much research has been devoted to iron being immobilised on supports to overcome
these problems to turn it into a heterogenous catalyst, resulting in catalytic wet peroxide
oxidation CWPO.® Furthermore, CWPO can be carried out under mild conditions without using
complex equipment.” In CWPO, catalyst support improves the dispersion of Fe, prevents
sintering, and increases chemical and thermal stability, leading to enhanced pollution
degradation by a longer catalyst lifetime and recovery.!? Catalysts for the CWPO process are
often based on bonding Fe onto porous surfaces, such as activated carbon,!! carbon xerogel,'?

alumina, '3 pillared clays or zeolites,'* and TiO,.'

In recent years, activated carbon (AC) has gained popularity as a catalyst support material due
to its unique properties, such as stability in both acidic and basic media, the ease of stabilising
precious or heavy metals when supported on AC,” and its high thermal resistance, the cheap
cost and at the same time large availability, and importantly its porosity so that it can bring Fe
centres, radical species and substrates all at close range. The latter is an essential property for
the exploitation of Fenton systems. In addition, they have both hydrophilic and hydrophobic

16,17 which might be useful in systems like ours where we have an organic substrate

properties.
(partially hydrophobic) and a water media (hydrophilic). One of the drawbacks of activated
carbons as catalyst support, though, is the presence of minerals during the preparation process
or arising from its sources (e.g. coal, coconut shell, wood). As well as the fact that many
activated carbons contain high levels of ash (ash is one of the properties of activated carbon.
Higher ash in the activated carbon reduces its effectiveness), especially those made from coal,

and such need to be washed before any catalytic application.!8 19 20
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Carbon is considered an inert material compared to other catalyst supports (it should be noted,
though, that the inertness or not is also reaction dependent), but its surface is not as inert as
expected because of the presence of heteroatoms, which may serve as both active sites for a
reaction or conveniently as ‘anchoring’ sites when doping the carbon with a metal. As such,
the surface chemistry of carbon materials is fundamentally dependent on the heterogeneity of
the surface composition.?! The term heteroatom refers to an atom other than carbon in a parent
matrix, such as O, N, H, S, and P. Activation methods and precursors determine the nature and
amount of these elements.??>* It has been proposed that heteroatoms can generate surfaces with
acidic or basic properties by combining surface functionalities with delocalised electrons in

aromatic carbon.

Quite importantly, among all these hetero-species, the primary one is mostly oxygen which
leads to oxygen-containing functional groups.?>’ These are generally located on the external
surfaces or edge regions of the carbon and plays a major role in controlling carbon’s chemical
nature. In these specific outer positions, oxygen concentrations play a significant role in
determining the adsorption capabilities of carbon due to their primary use as adsorption sites.
Researchers have found that many groups containing oxygen atoms are located on carbon
surfaces, including carboxylic, chromene, lactone, phenol, quinone, pyrone, carbonyl and
ethers. Surface acidity is usually attributed to functional groups containing carboxylic groups
(Figure 3.1).2%3! There are also anhydrides, lactones, and phenolic hydroxyls present on the

surface.

If nitrogen species are considered instead, activated carbon is characterised by two features: (i)
delocalised electrons within fused aromatic structures and (i) nitrogen-enriched functionalities
that can bind protons.’?34 It has also been demonstrated that certain functional groups
containing oxygen, such as chromene, ketone, and pyrone, contribute to the acidity/basicity of
carbon (Figure 3.1), with oxygen generally contributing to acidity and mostly a Bronsted like
acidity. In this case, the oxygen atom, with lone pairs of electrons, can serve as a site for proton
acceptance, (an acid, according to Lewis, is a substance with a vacant orbital capable of
accepting electron pairs while Bronsted defines an acid as donating a proton or H" to another
compound and forming a conjugate base. As a result, Bronsted acids donate H', while Bronsted
bases accept H" and compounds that donate electrons are Lewis bases, while compounds that
accept electrons are Lewis acids) and nitrogen to basicity. However, extensive studies have
revealed that the basicity of activated carbons is derived from delocalised electrons. That is, n-

electrons in carbon layers behave like Lewis basic sites. A survey conducted by Leon y Leon
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et al. showed that oxygen-free activated carbon surfaces could adsorb protons efficiently from
aqueous media.* Those sites on the basal plane of carbon crystallites which are electron-rich,
account for the excellent adsorption properties, which are highly needed by the charged metals
in this case, indicating the good choice of activated carbon as a support. Therefore, these
regions are Lewis basic.’® Nitrogen groups usually induce basic character so that they can
improve interactions between carbon surfaces and acidic species by dipole-dipole interactions,

hydrogen bonding, and covalent bonding.?”- 38

In catalyst preparation, like in our case, where we aim to deposit heavy metals as dopants,

oxygen-bearing groups play a crucial role. According to the related literature, surface

functional groups have a significant impact on the activity of AC-supported catalysts.>*** A

few studies have proposed that the surface chemistry of the support affects the

precursor/support interaction and, consequently, the reducibility of the catalyst.*?

Acidic groups

Basic groups
\ Lactol /
(@]
Ketones
Carboxyl Pyrones
Lactone
Q. OH (@]
(@]

Phenol

Figure 3.1: Typical representation for an acidic and basic surface functionality is observed on the carbon basal

plane.®

As mentioned, carbon surfaces’ acidic and essential characteristics determine their surface
chemistry, which can be changed by treating an AC with oxidising agents (but not directly
using molecular oxygen; otherwise, this would burn the carbon). These treatments produce

oxygen surface complexes containing seven types of surface groups that can be formed on AC,
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including carboxylic acid, lactone, phenol, carbonyl, anhydride, and ether and quinone
groups,* (Figure 3.2). That makes the carbon material more hydrophilic and acidic, lowering
the pH of their point of zero charges (the pH of point zero charges (PZC) is the pH value where
the components of surface charge equal zero under certain conditions, including temperature,
pressure, and components of the aqueous solution. However, it does not mean there are no
charges on the surface of PZC, as there are equally positive and negative charges) increasing
their surface charge density.’® *-5% In addition, changes in surface chemistry resulted in
significant improvements in loading capacity and catalytic activity.?” Various oxidising agents
can be used in aqueous solutions to form oxygen surface complexes, such as nitric acid,
hydrogen peroxide, and ammonium peroxydisulfate.* It has been reported that not all of these

ACs behave in the same manner.>!- 32

Q/Ko Carboxylic
0\04 o
Lactone |
- Ether

OH
©/ Phenol

Quinone =

Anhydride

(0]

Carbonyl

2

Figure 3.2: Types of groups expected to be formed by oxidation treatment of AC.
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Activated carbons are commonly treated with non-oxidant acids such as HCI and HF to reduce
their mineral content.>® 37 The demineralisation process can change the surface area and pore
texture of the sample depending on the amount and nature of the mineral matter and its
distribution within the carbon matrix. In addition, surface area and porosity may be modified
by acid treatment independently of the change introduced by mineral removal. Also, it has been
reported that this treatment causes a relative increase in single-bonded oxygen functional

groups such as phenols, ethers, and lactones. A possible reaction is illustrated in Figure 3.3.5®

A

Figure 3.3: Possible reactions that could occur on the surface of AC after washing with HCI. There are two
possible reactions: the first (A) is ether formation; the second (B) is dehydration.*® Note: The aromatic groups
are considered independent for easy drawing, but they should be considered merged and part of the carbon

matrix.
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On the other hand, the oxidation of activated carbons with oxidant acids, such as HNOs, is
expected to significantly damage the matrix itself, resulting in generating a large number of
surface functional groups such as carbonyl, carboxyl, and nitrate groups.>® This can promote
the binding of Fe as well as increase the wettability of AC which is preferable to the reaction
in water media, so these will contribute to a more durable and effective catalyst. Besides
removing metals, it can change the surface chemistry and affect the surface area and porosity.*”
60-62 Oxidation of activated carbon surfaces is particularly susceptible to aliphatic side chains.

These are illustrated in Figure 3.4.5%

A
+ 5HNO; — 3= + 5 HNO, +H,0
COOH
COOH

B
+2HNO,4 +2 HNO, +
: H,0
CH2 |C

(0]

NO,
+HNO; —)@ +I.O
2

Figure 3.4: Possible reactions that could occur on the surface of AC after washing/treatment with HNOs. The
oxidation by HNOs generates many surface functional groups, such as carbonyl (A), carboxyl (B), and nitrate

groups (C).>®

Even though there are many reports involving the partial oxidation of AC for the formation of
oxygenated functional groups, conclusions are usually challenging to draw due to the

differences in carbon types and oxidising agents used, as well as different oxidation
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conditions.®*%® As an example, Kuzin and his team reported no changes in adsorption capacity
when AC was oxidised with HNOs, but their other studies reported an increase in pore volume

(probably due to some pore walls collapsing).®’

Others reported a decrease in the micropore
volume (probably because of brittle properties).%> Depending on the structural and surface
properties of AC, they can be oxidised differently under the same conditions. Therefore, to
gain a deeper understanding of the changes occurring in the surface chemistry of AC by the
pre-acid treatments with HCl and HNO3 and their extended effect on the catalytic activity with
varying degrees of activation, three different kinds of AC (NORIT 1240 GAC; SA2; DARCO,

G60) been used and labelled as GAC, SA2 and G60 respectively.

GAC is derived from various raw materials, such as bituminous coal, lignite coal, coconut
shells, wood, peat, sawdust, and nut shells.”® The carbon materials consist of small, irregularly
ordered layers (like graphene, which is oriented parallel to the particle surface).>® The process
of activating carbon particles involves high-temperature steam (between 900 °C and 1100 °C)
and chemical treatment (in chemical activation, raw material is mixed with an activating agent,
such as phosphoric acid, which increases cellulose's volume and opens up its structure. A paste
of raw material and phosphoric acid dries and carbonizes, usually in a rotary furnace. A
relatively low temperature of 400 °C to 500 °C is used for this process). As a result of thermal
activation, the internal porosity increases and the layered stacks separate, resulting in an
increase in surface area. There are a variety of pore sizes in the internal porosity, including
micropores ( <2 nm in diameter), mesopores (2-50 nm), and macropores (> 50 nm in diameter)

which affect the diffusional access of contaminants and reagents during oxidation.

Carbon activation affects the formation of functional groups on graphene plane edges in the
GAC. In terms of oxygen content and acidic surface oxide (ASO), these functional groups can
be divided into four types: carboxyls, lactones, phenols, and carbonyls.’® These groups are
oxygen-rich, have a high cation exchange capacity, and are non-reactive with H,0,.”! GAC’s
surface polarity is increased by ASOs, causing its carbon surface affinity to decrease. A basic
surface oxide (BSO) functional group, such as one with pyrone or chromene structure (Figure
3.1), has a low oxygen content, a high anion exchange capacity, and is reactive with H20».
Surface chemistry, contaminant adsorption, and H>O: reactivity are influenced by the

distribution of ASOs and BSOs in GAC.5! 6% 72

The raw materials used to produce GAC can differ significantly in their metal content,

including iron and manganese. Pre-acid treatment by HCl and HNO; of the GAC reduces the
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inner metal content (especially alkali metals) and ash. In addition, as a result of these processes,
the final GAC product can exhibit a variety of physical and chemical properties, such as particle
size (mesh size), pH,”® metals content, surface area, pore volume, pore size distribution, and
surface functionality. It’s been reported that GACs were manufactured for water treatment
applications, derived from various raw materials, and activated and processed under various
conditions.” There are 31 kinds of GACs commercially available. GAC has been used with
this study; their mesh size is 12 to 40, been activated via steam, raw materials bituminous coal
and has 0.5 g'mL! apparent density,’* and the surface area (BET) reported to be up to 1400
m?2.g 173

SAZ2 is well reported to use for water treatment applications.’s’® SA2 is obtained from peat rich
in organic carbon. In addition, it does not contain any substances that can harm the
environment, and it cannot be dissolved in water. Their apparent density is 0.46 g.mL" and

the surface area (BET) is 950 m?.g ! particle size is 20-140 pum and contains 9% ash.”®

G60 raw materials, Bitumen coal tar, amorphous black granules or fine powders. The specific
surface area is 600 m?-g " the density is 0.7 g-mL"!. Particle size is 100-325 mesh, contains
3.5% ash and is not soluble in water, the pH is 6-8.” Raw materials used in this strain include
charcoal, fruit shells, and high-quality coal. Raw materials are crushed, sieved, activated, and
rinsed through physical and chemical methods for raw materials. Porous and loose substances
with strong adsorption capacity are produced through processes such as drying and screening.

According to their physical and chemical properties, they can be used for water applications.®

Three sets of Fe/AC catalysts were prepared by an incipient wet impregnation method using
three different kinds of AC: GAC, SA2, G60 and by considering both raw and pre-treated
activated carbon by acid washing and the insertion of heteroatoms like N and S, as discussed

in Chapter 2. In all catalysts, Fe loading was kept fixed at 12 wt%.

The working hypotheses of the acid pre-treatments are

1- Acid-washing by HCI. Three effects of washing the AC with HCI are expected: (i)

the AC not be structurally affected (but for the removal of alkali metal species) as
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HCI doesn’t have any parodically oxidising properties. (ii) ether groups may form,
as according to scheme B in Figure 3.3 and 3.4. If this is the case, a water molecule
will be released, and some loss of oxygen may occur, which is, however, dependent
form the extent of any etherification, which, however, is not expected to be
dominant. Then (iii) possibility is a dehydration reaction (as in scheme B Figure
3.3). According to the scheme, this will lead to the release of a water molecule that
will be washed away and, in turn, loss of oxygen, and the same considerations for
the formation of ether apply.

However, washing with HCl is essential for removing metal contaminants from an
AC. In addition, treating with HCl will then provide a blank/background, thus
making it more reproducible. The latter is an important factor in catalyst
development. In terms of catalytic activity (the CWPO reaction for phenol), HCI
should not lead to any significant effect; and with regard to the O content was
expected to decrease slightly or any changes not be detected by analysis of the
elemental content.

2- Acid washing by HNOs. Given that HNO3 has some oxidising properties, we
would expect to increase the formation of oxygen surface groups like hydroxyl,
ketone and acid. In addition, some double bonds may form by dehydration.
Consequently, the increase in the O bonds will increase AC’s hydrophilicity, which
should increase its catalytic activity by promoting interactions with the reaction
media, as well as change O’s quality to lead to functional groups capable of being
better binders with Fe and thus preventing or limiting Fe leaching. And in turn, lead
to a catalyst that is both more active and more durable. This change was expected
to be detected by increasing the O contents by elemental analysis. In addition, the
dehydration reaction led to material with more crystalline, which may be detected
by XRD. Furthermore, both dehydration and increased oxygen content could also
be detected by XPS analysis.

3- Combining HCI-HNOs. A Fe/AC catalyst prepared by using both these acids as a
form of pre-treatment should then lead to more reproducible, active and durable
catalysts, as these should be free from inner contaminants, more hydrophilic and

less prone to leaching, respectively.

Elemental analysis, XPS and XRD were used to gather quantitative information for the bulk

and surface of heteroatoms and carbon content, as well as to identify if any changes in the
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amorphous state of carbon could have occurred after these treatments. The catalytic activity for
phenol degradation, the ability of H>O> decomposition, carbon mass balance CMB (residual

intermediates) and Fe leaching were tested over the catalysts.

3.1.2 Results and discussion

A comprehensive analysis of catalyst activity implies more than just the conversion of the
target reactant and is an essential parameter for assessing a catalyst’s performance in a chemical
reaction. Besides phenol conversion, other parameters, such as H>O> consumption, residual
intermediates and Fe leaching, are all investigated and quantified within this PhD experimental
and data analysis work. Furthermore, in order to accurately account for the evolution of phenol
removal over different catalysts, the adsorption capacity of AC and the oxidation of H>O> were
also considered. In addition, the contribution of pure adsorption with AC and oxidation with

H>O: alone to the removal of phenol was also evaluated.

3.1.2.1 Catalytic test for the CWPO using Fe/AC catalysts prepared by raw-AC

A. Control tests for the evaluation of the adsorption ability of three types of raw-AC
Carbon materials’ adsorption capacity depends on their pore structure and surface chemistry.8!
The phenol removal, by considering: no iron doping and only raw-AC (GAC; SA2; G60) over
a 4 h, was investigated (Figure 3.5). The results indicate that phenol removal increases by
increasing the amount of the AC, but Fe-doped and H>O, are required for high phenol
conversion. This implies that both Fe and H>O; are needed to carry out the oxidation process
and that the apparent decrease in phenol, when only AC is present, is due to some adsorption

of phenol by the carbon itself.

Regarding this adsorption effect, though, this should not be seen as entirely detrimental.
Actually, it proves that carbon can promote a proximity effect by bringing the organic substrate
and the reactive free radicals to a close distance, thus promoting the decomposition process.
Although the adsorption of phenol to the carbon surface is beneficial to promote a proximity
effect between phenol, the active metal centre, and “OH radicals to increase the rate of the
reaction (the latter is very important as the free mean path in aqueous solution is just a few
angstroms),? it is important to note that strong adsorption is detrimental as this may preclude

phenol from reacting in analogy to expected trends as for the Sabatier’s principle.®’
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Figure 3.5: Control test using raw- AC (GAC, SA2, G60) without iron doping to determine the phenol removal

by adsorption of the AC, initial phenol concentration of 1 g-L!, reaction temperature of 80 °C for 4 h.

The largest amount of phenol removal was for the SA2, when using 60 mg of the AC. We
estimated the phenol removal by absorption of raw-AC to be about 5% for all raw-AC’s
catalysts at all reactions when 3 mg of catalysts were used, and this has been accounted as a
correction factor for the tests in the presence of Fe and H>O». The catalytic tests were conducted
in a batch reactor with an initial phenol concentration of 1 g-L™! and a reaction temperature of

80 °C.

B. Control test to evaluate the phenol removal by adsorption ability of raw-AC in the
presence of H>O:

The phenol removal was assessed by considering: no iron doping, only raw-AC (GAC, SA2,
G60) and adding H>O». This was done with the aim to assess phenol oxidation and the possible

generation of reactive free radicals without a catalyst. The tests were conducted in a batch
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reactor with an initial phenol concentration of 1 g-L!, a phenol:H>O» molar ratio of 1:14, a

reaction temperature of 80 °C and a reaction time was 4 h (Figure 3.6).
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Figure 3.6: Control test using AC and H>O> without Fe doping to determine the phenol removal by adsorption
of the AC (GAC, SA2, G60) and the oxidation of H202, phenol:H,0O, molar ratio of 1:14 and a reaction
temperature of 80 °C for 4 h.

The results indicate that phenol removal increases by increasing the amount of the AC and
adding the oxidising agent H,O» which can be explained as the AC has residual metals in their
framework,?* 8 including Fe, so these metals could play a catalytic role with H>O> increasing

the phenol oxidation. Still, doping Fe in AC is essential for full phenol conversion.

C. Elemental analysis for raw-AC

The three types of AC were submitted for elemental analysis as they were received without any
modification of pre-treatment to determine the amount of O. This is to assess the change that
could occur on the surface of AC because of the pre-acid treatments. As shown in Figure 3.7,

the results show that GAC has the highest O mol%, followed by SA2, and G60 has the lowest.
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Figure 3.7: Elemental analysis results by mol% for O in the raw-AC (GAC, SA2, G60).

Based on these data, GAC has the highest oxygen content, which in turn should also make it
the most hydrophilic, and, according to one of our working hypotheses (see section 3.1.1),
inherently more active because of a better interaction with the reaction medium. In fact, if the
amount of carbon is sufficiently high, this effect can be detected (Figure 3.6), and this carbon
is indeed the most active (though due to the presence of residual metals in this matrix). As the
latter is not reproducible, this also explains why the trend is not neat for the other AC at lower

carbon amounts.

D. Catalytic activity, metal leaching and H2O: consumption results for metal-doped
raw-AC

Phenol conversion reaching 100% indicates that all the phenol has been transformed into other
products, suggesting an efficient catalytic process, The high phenol conversion across all
catalysts (100%) implies that the catalysts are effective in facilitating the breakdown of phenol
into other compounds.and residual intermediates% is only 20% and 13% with GAC and SA2

catalysts (Figure 3.8). Meanwhile, with Fe/AC catalysts prepared by G60, residual
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intermediates % was relatively high, about 40%. With catalysts from GAC, SA2 and G60, the
consumption of H>O» was 75%, 76% and 60%, respectively. These results of H»O:
consumption are compatible with the phenol conversion and residual intermediates; in the case
of GAC and SA2, phenol conversion reaches 100% and 20, 13% residual intermediates at the
same. The H>O» consumption time comes to 75 — 76% +£5, so 20% is left from H>O», which
matches the residual intermediates. All catalysts, however, exhibited high Fe leaching% (the
leaching is a relative leaching% with respect to the total Fe content), which is the main
challenge associated with heterogeneous catalysts. In this project, catalysts are being developed
to solve the problem. The first step was to wash the AC with HCI and then dope the Fe. To

assess the effect of this treatment, the catalyst was tested for phenol oxidation, as will show in

the next part.
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Figure 3.8: Catalytic activity, in terms of phenol conversion, CMB, Fe leaching and H202 consumption result
for phenol oxidation by CWPO, using three types of Fe/AC catalysts (GAC, SA2, G60). All catalysts have
12wt% Fe loading (the leaching is a relative leaching% with respect to the total Fe content), 4 h reaction time at

80 °C and 1:100 M:S.
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Carbon mass balance (CMB% in our case) basically refers to stoichiometric considerations;
it’s a measure of carbon content in water and is the result of the sum of organic compounds
remaining in solution (see the experimental chapter 2, section 2.6). Low CMB% means high
mineralization of phenol (Mineralization of phenol refers to the process by which phenol, is

broken down and converted into simpler inorganic substances, and formation of CO; and H20).

E. Elemental analysis for Fe/AC by raw-AC

Comparing the results in Figure 3.9 with the elemental analysis of raw-AC without iron doping
in Figure 3.7, find that O mol% is consistent for GAC. However, it is observed that SA2 and
G60 increase their O mol% content from 0.17 and 0.05 mol to 0.3 and 0.2 mol for SA2 and
G60, respectively. We speculate this is a consequence of the catalyst preparation process that

ultimately involves the formation of Fe.O, species (most likely Fe>O3 see section 3.3.1) as the

active phase.
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Figure 3.9: Elemental analysis results reported in mol% for O content in the Fe/AC by raw-AC (GAC, SA2,
G60).
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3.1.2.2 Catalytic test for the CWPO using Fe/AC catalysts prepared by AC washed by
HCI1

As mentioned above, the purpose of HCI treatment is to wash out the metal contaminants
(mostly alkali metals) within AC, though this can induce the formation of some groups or some
dehydration (see hypothesis 1, section 3.1.1 introduction). To study the impact of the HCI
washing process on the surface and catalytic activity of AC, three types of AC (GAC, SA2,
G60) were washed by HCI before doping with Fe. These three sets of catalysts, Fe/AC, HCI-
AC, were applied for phenol conversion by CWPO.

A. Control test to evaluate the adsorption ability of three types of AC washed with HCI-
AC

The phenol removal by considering: no iron doping, only HCI-AC (GAC, SA2, G60) to assess
phenol adsorption by the HCI-ACs without iron doping. The same experimental conditions as

in section 3.1.2.1 (A).
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Figure 3.10: Control test using HCI-AC (GAC, SA2, G60) washed from iron to determine the phenol removal
by adsorption of the AC, initial phenol concentration of 1 g-L™!, reaction temperature of 80 °C for 4 h.
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Comparing these results in Figure 3.10 with Figure 3.5 (raw-AC), the phenol adsorption
generally increases with HCI-ACs. Removing residual metals from the AC framework might
free up adaption sites for phenol in the AC, increasing the adsorption capacity. There is no
significant difference between the three kinds of AC at 3 mg of AC (M:S, 1:100). Increasing

the amount of AC increases the adsorption of phenol.

B. Control test to evaluate the phenol removal by adsorption ability of HCI-AC in the
presence of H>O:

The phenol removal by considering: no iron doping, only HCI-AC (GAC, SA2, G60) and
adding H>O; to assess phenol oxidation without iron doping. The same experimental conditions

as in section 3.1.2.1 (B).
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Figure 3.11: Control test using AC washed with HCI and H20: no iron doping to determine the phenol removal
by adsorption of the AC-HCI (GAC, SA2, G60), and the oxidation of H2O», phenol:H,0, molar ratio of 1:14 and

a reaction temperature of 80 °C for 4 h.

Based on the results in Figure 3.11, increasing the amount of the AC and adding H>O: increases

phenol removal, which is explained by the fact that the AC contains many metals, including
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Fe, so these metals could act as catalysts, with H2O» increasing phenol oxidation. A comparison
of HCI-AC with raw-AC phenol removal in the presence of H,O» (Figure 3.6) shows a decrease

due to the reduction of minerals capable of acting as active species with H2Oz in the HCI-AC.

C. Elemental analysis for HCI-AC

The data in Figure 3.12 show that the O mol% slightly decreases for the GAC after washing
with HCI. While SA2 and G60 pre-treated by HC1 have a steady amount of O content compared
with the AC without pre-treatment Figure 3.7.
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Figure 3.12: Elemental analysis results by mol% for O in the HCI-AC (GAC, SA2, G60).

This means that our HCI treatment does not induce any significant ether or dehydration
reactions (at least at the bulk level), and it serves only as a medium to have a metal-free
background in activated carbon. This is important. It matches one of our working hypotheses
and expectations, and it will help to discriminate between effects induced by HNO;3 or pre-

treatments with HCI and HNOs, thus providing a good base for quantitative comparisons.
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D. Catalytic activity, metal leaching and H>O: consumption results for metal-doped HCl-
AC

Applying Fe/AC, HCI-AC catalysts for phenol oxidation by CWPO shows that pre-acid
treatment of AC by HCl led to a dramatic drop in the catalytic activity. For all Fe/AC prepared
by HCI-AC, phenol oxidation is 55, 66 and 50% with GAC, SA2 and G60, respectively.
Furthermore, residual intermediates % is unchanged at 100% with all catalysts, thus meaning
that although there is a consumption of phenol, this doesn’t proceed to mineralization to CO2
and H>O, but it stops to longer chain intermediates (from previous studies within the group,
malonic acid).®® Fe leaching decreases as a consequence of a residual metal removal process
by HCl wash. The H>O> consumption validated the phenol oxidation results; since the
stoichiometric amount of phenol to H>O> was used 1:14, the consumption of H>O, was 34%,
32% and 23% for GAC, SA2 and G60, respectively. The phenol conversion is in the range of
60%, but residual intermediates un change at 100% which is compatible with the H>O»
consumption results. That means there was a small amount of *OH that probably attacked

phenol but did not reach the full oxidation, so there was no mineralization in these reactions.
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Figure 3.13: Catalytic activity, in terms of phenol conversion, CMB, Fe leaching and H202 consumption result
for phenol oxidation by CWPO, using three types of Fe/AC catalysts prepared by AC-HCI (GAC, SA2, G60).
All catalysts have 12 wt% Fe loading (the leaching is a relative leaching% with respect to the total Fe content), 4
h reaction time at 80 °C and 1:100 M:S.

If taken as a whole (Figures 3.12, 3.13), these results support our first working hypothesis
(section 3.1.1) that HCI pre-treatment of AC is an initial process to eliminate elements and ash
from AC but does not chemically affect the AC. So, to affect the surface of AC chemically
could be done by using an oxidation acid like HNO3, which is expected to significantly increase
the oxygen surface groups increasing the catalytic activity, which will be discussed in the next

section.

E. Elemental analysis for Fe/AC by HCI-AC

The data in Figure 3.14 show that Fe/AC, HCI-AC for GAC and G60 have a steady amount of
oxygen content compared with the Fe/AC, raw-AC Figure 3.9. For SA2, the O mol% decreased
as a result of the dehydration process. Due to the heat treatments, O mol% increased slightly
after doping Fe. In other words, the treatment with HCI does not affect the O content, and the

increased O amount compared to the raw material is due to the Fe deposition process.
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Figure 3.14: Elemental analysis results reported in mol% for O content in the Fe/AC by HCI-AC.

3.1.2.3 Catalytic test for the CWPO using Fe/AC catalysts prepared by AC washed by
HNO;

As described in section 3.1.1, HNOs3 treatment generates many surface functional groups, such
as carbonyl, carboxyl and nitrate; it is also possible to form some double bonds. As a result,
the expectation would be that an increase in the O bonds will increase AC’s hydrophilicity and
catalytic activity, and change O’s quality to better binders with Fe, preventing Fe from

leaching.

A. Control test to evaluate the adsorption ability of three types of HNO3- AC
The effect of the HNOs treatment on carbon surface area is not apparent. Gomez-Serrano ef al.
observed a slight increase in surface area, while Mazet et al. observed a significant increase.>®
The phenol removal by considering: no iron doping, only HNOs;-AC (GAC, SA2, G60) to
assess phenol adsorption by the HNO3-ACs without iron doping. The same experimental

conditions as in section 3.1.2.1 (A).
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Figure 3.15: Control test using HNO3-AC (GAC, SA2, G60) no iron doping to determine the phenol removal
by adsorption of the AC, initial phenol concentration of 1 g-L!, reaction temperature of 80 °C for 4 h.

Comparing these results in Figure 3.15 with Figure 3.5 (raw-AC), there is no significant
difference (considering the experimental error of 5%) using 3 mg of HNOs-AC in phenol
adsorption after oxidation by HNOs. The three kinds of AC at 3 mg of AC (M:S, 1:100) have
5% adsorbed phenol. However, with 30 and 60 mg of HNO; - AC, the phenol adsorption was
slightly decreased compared with the raw-AC. This slight decrease could be explained by
treating AC with HNOs in two ways the carbon may lose some porosity, resulting in a reduction

of surface area.>?

B. Control test to evaluate the phenol removal by adsorption ability of HNO3-AC in the
presence of H>O:
The phenol removal by considering: no iron doping, only HNO3;-AC (GAC, SA2, G60) and

adding H>O; to assess phenol oxidation without iron doping. The same experimental conditions
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as in section 3.1.2.1 (B). Based on the results of Figure 3.16, increasing the amount of the AC
and adding H>O: increases phenol removal, which is explained by the fact that the AC contains
many metals including Fe, Al, K, Li, Ca, Ni, Cu, Cr, Co, Na,¥ so that these metals could act
as catalysts towards H,O, decomposition to ‘OH free radicals and in turn with H>O» increasing

phenol oxidation.
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Figure 3.16: Control test using AC treated with HNO3 and H202 no iron doping to determine the phenol
removal by adsorption of the AC- HNO3 (GAC, SA2, G60), and the oxidation of H202, phenol:H,0, molar ratio

of 1:14 and a reaction temperature of 80 °C for 4 h.

A comparison of HNO3;-AC with raw-AC phenol removal in H2O: (Figure 3.6) shows increased
phenol removal for all HNO;-AC. As mentioned previously, this treatment is expected to
increase the O surface functional group leading to an increase in the affinity of the support for
the reaction media, H»O», the substrate with a small but appreciable dipole moment (ca 1.4 D)

and, in turn, catalytic activity.
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C. Elemental analysis for HNO3-AC

Surprisingly though, the O mol% for the GAC (Figure 3.17) didn’t increase after washing with
HNO:s, if compared to Figure 3.7 regarding the raw carbon materials. In particular, for GAC,
there is actually a decrease in O mol% (from 0.35 to 0.16), whereas, for SA2, it is nearly the
same (from 0.16 to 0.15) and for G60, a slight increase (from 0.05 to 0.07). These results are
in part unexpected and could be interpreted as such: for GAC, the acid treatment with HNO3
promotes there and dehydration (that would lead to a lower O content); for SA2, there is
practically no tangible effect; for G60, however, some oxidation is occurring. So, with HNO;
oxidation, different AC behaved differently, and all in all, in some cases opposite to our

expectations.
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Figure 3.17: Elemental analysis results by mol% for O in the HNO3-AC (GAC, SA2, G60).

D. Catalytic activity, metal leaching and H20: consumption results for metal-doped
HNO3-AC

The use of Fe/AC, HNOs-AC catalysts for phenol oxidation by CWPO shows that a pre-
treatment of AC by HNOs increases the catalytic activity. Phenol conversion for all catalysts

is 100%; however, this is also the upper limit for the conversion, an assessment of the residual
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intermediates% (Figure 3.8) Fe/AC by raw-AC, and in turn, the mineralization to CO2 and H>2O
is a better indicator, in this case, of the catalytic performance. residual intermediates% is 10,
17 and 19% for GAC, SA2 and G60, respectively. Comparing the residual intermediates%
results when using Fe/AC by raw-AC, there is an increase of catalytic activity (mineralization)
by the HNOs pre-treatment. With catalysts from GAC the consumption of H>O2 was 65% and
71% for SA2 and G60 catalysts, compared with (Figure 3.8) Fe/AC by raw-AC showing there
was no significant difference in the H2O2 consumption considering the experimental error 5%.
Noteworthy though, these results indicated that the HNO; treatment increased the efficiency
toward the *OH increasing the mineralization. Fe leaching in the range of 60% for all catalysts

was slightly decreased from 80% compared with raw catalysts.
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Figure 3.18: Catalytic activity, in terms of phenol conversion, CMB, Fe leaching and H202 consumption result

for phenol oxidation by CWPO, using three types of Fe/AC catalysts prepared by AC-HNOs (GAC, SA2, G60).

All catalysts have 12wt% Fe loading (the leaching is a relative leaching% with respect to the total Fe content), 4
h reaction time at 80 °C and 1:100 M:S.
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E. Elemental analysis for Fe/AC by HNO3-AC

The data in Figure 3.19 show that by comparing Fe/AC, HNO3-AC and Fe/AC, raw-AC Figure
3.9, there were no significant differences in the O mol% for all catalysts prepared by different
AC. These results could be that oxidation via HNOs is expected to increase oxygen content
significantly; however, the conditions used to carry out the selective oxidation of carbon
centres process may play a crucial role. Based on these results, the conditions used during the
pre-acid treatment were insufficient to increase the O mol% as desired. However, from the
residual intermediates% reported in Figure 3.18 there is an increase in the catalytic activity
compared with Fe/AC, raw-AC Figure 3.8. also, iron leaching slightly decreased. It appears
that AC surface properties were affected by the HNOs.
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Figure 3.19: Elemental analysis results reported in mol% for O content in the Fe/AC by HNO3-AC.

Still, Fe leaching is very high for all the catalysts, about 60%. To solve Fe leaching
simultaneously and increase the catalytic activity (high phenol conversion and low residual
intermediates%), the following sets of catalysts were then prepared with sequential acid pre-

treatments by using both HCI and HNO:s.
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3.1.2.4 Catalytic test for the CWPQO using Fe/AC catalysts prepared by AC pre-acid
treatment by both HCl and HNO3

The combination of both treatments, firstly washing the AC with HCI to have a stable
background and then followed by HNOs to increase the hydrophilicity and probably durability
of the catalysts, was carried out. In addition, it was anticipated that the elemental analysis could
detect increases in the O mol%. To evaluate the effect of HCI-HNOs treatments on the surface
and catalytic activity of AC, three types of AC (GAC, SA2, G60) were washed with HCI and
then oxidized by HNOs3 before doping Fe. These three sets of catalysts, Fe/AC, HCI-HNOs-
AC, were applied for phenol conversion by CWPO.

A. Control test to evaluate the adsorption ability of three types of HCI-HNOs- AC
Control tests for the degradation of phenol by considering: no iron doping, only HCI-HNO:3-
AC (GAC, SA2, G60) with no Fe, were preliminarily carried out to assess phenol adsorption

and any residual activity. The same experimental conditions as in section 3.1.2.1 (A).
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Figure 3.20: Control test using HCI-HNO3-AC (GAC, SA2, G60) without iron doping to determine the phenol

removal by adsorption of the AC, initial phenol concentration of 1 g-L!, reaction temperature of 80 °C for 4 h.
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Comparing these results, Figure 3.20, with Figure 3.5 (raw-AC), there is no difference in
phenol adsorption after pre-acid treatments by HCl and HNOs. The three kinds of AC at 3 mg
of AC (M:S, 1:100) have about 5% adsorbed phenol. However, with 30 and 60 mg of HCI-
HNOs-AC, the phenol adsorption was slightly decreased compared with the raw-AC. It was
reported that inorganic acids such as HCl and HNO3 have small molecular weights that may
prevent they are being adsorbed by organic functional groups in carbons. Therefore they may

not significantly change the surface area of ACs.*®

B. Control test to evaluate the phenol removal by adsorption ability of HCI-HNO3-AC in
the presence of H>0;

The phenol removal by considering: no iron doping, only HCI-HNO;-AC (GAC, SA2, G60)
and adding H2O: to assess phenol oxidation without iron doping. The same experimental

conditions as in section 3.1.2.1 (B).
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Figure 3.21: Control test using HCI-HNOs — AC (GAC, SA2, G60) in the presence of H2O2 without iron doping

to determine the phenol removal by adsorption and the oxidation of H20z, phenol:H,O, molar ratio of 1:14 and a

reaction temperature of 80 °C for 4 h.
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Based on the results, increasing the amount of the AC and adding H>O; increases phenol
removal. A comparison of HCI-HNO3-AC with raw-AC phenol removal in H>O> (Figure 3.6)
shows a decrease of phenol removal using 3 mg (M:S, 1:100) for all ACs. As mentioned
previously, this treatment was expected to increase the O surface functional group leading to
an increase in the affinity of H2O» and catalytic activity. The decrease that happened may be
because the raw-AC is expected to have many metals increasing the oxidation of phenol in the
presence of H,O». These pre-acid treatments were expected to decrease these residual metals

contents dramatically.

C. Elemental analysis HCI-HNOs-AC

The data in Figure 3.22 show that was comparing Fe/AC, HCI-HNOs-AC, and Fe/AC, raw-AC
Figure 3.7, different types of AC behave differently. For GAC, O mol% was decreased due to
the HCI washing process, which was expected to drop the O mol%. However, HNO; oxidation
was supposed to increase oxygen surface content; but, the conditions during the oxidation
process played a crucial role, as mentioned above. SA2 has a constant amount of oxygen after

the acid oxidations. While the O mol%, as desired, increased for G60 after the treatments.

0.25
0.20 T

5 0.15 4 T

X

5 |

£

O 0.10 T
0.05 -
0.00 : . : . :

NORIT 1240 GAC NORIT SA2 DARCO G60

AC- HCI-HNO,

Figure 3.22: Elemental analysis results by mol% for O in the HCI-HNOs-AC (GAC, SA2, G60).
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D. Catalytic activity, metal leaching and H>O: consumption results for metal-doped HCl-
HNO3-AC

Fe/AC, HCI-HNOs-AC catalysts for phenol oxidation by CWPO shows that pre-acid treatment
of AC by HCl and HNO3 dramatically dropped the Fe leaching% (from 90-60% to 20%), which
was indeed one of the desired targets, thus showing the goodness of our working hypotheses
for this parameter (leaching of Fe). However, the catalytic activity decreased from 100% to
80-90% range. Although generally speaking, this is an undesired effect; this is a small decrease
in phenol degradation if compared to a much larger decrease in leaching, as a relatively minor
10% loss in catalytic activity by our treatments leads simultaneously to a three-fold reduction

(relative to ca. 200%) in leaching.

The residual intermediates% were high with all catalysts, though, implying that the materials
retain Fe and degrade phenol but not up to mineralization with catalysts from GAC, SA2, and
G60; the consumption of H202 was 65%, 86%, and 70%, respectively. This means there was
consumption of H202 but not all OH radicals involved in the oxidation process. These results
so far support the first hypothesis that HCI pre-treatment of AC is an initial process to eliminate
elements and ash from AC but not to affect chemically on the AC. So, to affect chemically on
the surface of AC could be done by using an oxidation acid like HNO3, which was expected to
significantly increase the oxygen surface groups increasing the catalytic activity. However,
based on these results, both acid pre-treatments for AC was insufficient to increase the catalytic

activity and simultaneously prevent the Fe leaching.
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Figure 3.23: Catalytic activity, in terms of phenol conversion, CMB, Fe leaching and H202 consumption result
for phenol oxidation by CWPO, using three types of Fe/AC catalysts prepared by HCl- HNOs -AC (GAC, SA2,
G60). All catalysts have 12wt% Fe loading (the leaching is a relative leaching% with respect to the total Fe
content), 4 h reaction time at 80 °C and 1:100 M:S.

Given this body of data and to reach these goals, all of the materials presented so far were
doped with S and N, as will be discussed in the next sections. The rationale of this doping will

be explained in detail in section 3.2.

E. Elemental analysis for Fe/AC by HCI-HNO3-AC
The data in Figure 3.24 show that comparing Fe/AC, HCI-HNO3-AC and Fe/AC, raw-AC
Figure 3.9, O mol% for both GAC and G60 stay steady, but for SA2 decreased. These results

were applied to the catalytic activity results.
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Figure 3.24: Elemental analysis results by mol% for O in the HCI-HNO03-AC (GAC, SA2, G60) and their
catalysts Fe/AC.

Table 3.1: Summary for the phenol adsorption capacity by the three types of AC (GAC, SA2

and G60) and phenol removal (AC+ H203) at different conditions (untreated AC and pre-acid

treated AC).
AC Fresh AC HCI-AC HNOs-AC HCI-HNO3-AC
Massof | Phenol Phenol Phenol Phenol Phenol Phenol Phenol Phenol
AC mg | adsorption | removal | adsorption | removal | adsorption | removal | adsorption | removal
only AC | AC+tH,0, | only AC | AC+H;0; | only AC | AC+H,0, | only AC | AC+Hy0,
GAC 3 4 15 9 11 5 20 5 10
30 9 26 16 16 13 34 10 22
60 16 52 27 33 23 53 21 34
SA2 3 5 15 7 11 4 27 4 11
30 15 23 11 19 9 46 9 25
60 27 26 18 30 15 50 17 37
G60 3 4 23 8 19 4 27 5 9
30 8 23 14 25 13 33 10 19
60 15 33 25 30 20 44 22 31
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Table 3.2: Comparison analysis between Fe/AC catalysts prepared at different AC conditions

regarding Fe leaching%.

Fe/AC Fresh AC HCI-AC HNO;3-AC HCI-HNOs3-AC
Fe/GAC 80 19 62 19
Fe/SA2 90 20 62 20
Fe/G60 60 9 63 18

Table 3.3: Comparison analysis between Fe/AC catalysts prepared by different AC conditions

in terms of phenol conversion%.

Fe/AC Fresh AC HCI-AC HNOs-AC HCI-HNOs-AC
Fe/GAC 100 58 100 80
Fe/SA2 100 68 100 80
Fe/G60 100 50 100 80

Table 3.4: Comparison analysis between Fe/AC catalysts prepared by different AC conditions

in terms of residual intermediates%.

Fe/AC Fresh AC HCI-AC HNOs-AC HCI-HNOs-AC
Fe/GAC 20 100 10 90
Fe/SA2 13 100 17 80
Fe/G60 40 100 19 70

Table 3.5: Comparison analysis between Fe/AC catalysts prepared by different AC conditions

in terms of oxygen mol%.

Fe/AC Fresh AC HCI-AC HNO;3-AC HCI-HNOs3-AC
Fe/GAC 0.29 0.30 0.29 0.30
Fe/SA2 0.30 0.20 0.25 0.10
Fe/G60 0.20 0.20 0.19 0.20
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In the summary as can be seen by tables 3.1, 3.2, 3.3, 3.4 and 3.5, all three types of AC without
pre-treatment by the control test demonstrate the same phenol adsorption capacity of 5%. In
the WHPCO reaction, Fe/AC raw-AC catalysts have high catalytic activity for phenol
oxidation; they have full phenol oxidation, but Fe leaching is high, approximately 80%.

The HCI washing process slightly increased the phenol adsorption capacity for all the AC. This
pre-acid treatment dramatically decreased the catalytic activity as well as decreased Fe leaching
with the WHPCO reaction for phenol. Different kinds of AC react differently with the HCl acid
pre-treatment; elemental analysis results indicated a decrease in O mol% for SA2, but not for
GAC, or G60. These results confirmed the first hypothesis HCI washing process is essential
for any AC to extract metals from AC but not to affect chemically in the AC.

The HNO; oxidation for AC finds not to affect the adsorption capacity for phenol at all ACs
5%. The catalytic activity increased for all catalysts by reducing the residual intermediates %,
and Fe leaching slightly decreased. However, the elemental analysis did not detect any change
in the O mol% inverted what was expected. That could be explained as the conditions that were
used during the HNO3 oxidation were insufficient to increase the oxygen surface groups.
However, the increase in the catalytic activity and the decrease in the iron leaching could mean
the oxidation by HNOj3 introduce different types of O surface groups that are better bounder
with Fe without affecting the O mol% content. Based on these results, the second hypothesis

doesn't satisfy.

The combination between HCl and HNO; pre-acid treatment did not affect the phenol
adsorption capacity of the AC, remaining at 5%. These treatments decreased the catalytic
activity and Fe leaching. The elemental analysis did not detect a change in the O mol% for

GAC and G60 but decreased in the O mol% for SA2. These results failed the third hypothesis.

Fe/AC, HCI-HNOs-AC catalysts exhibit improvement in terms of Fe leaching, but the catalytic
activity needs to enhance at the same time, so, S and N were added for the catalysts Fe-S-

N/AC, at different conditions, which will be discussed in the next section.
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3.2 S, N and Fe tri-doped activated carbons

3.2.1 Introduction

The rationale for the addition of heteroatoms to our carbons to enhance the catalysis activity
and reduce leaching is as follows: in materials science, metallic systems’ properties can be
significantly enhanced by combining elements in the formation of alloys and intermetallic
compounds. Often, alloys improve specific properties through combined influences, and
alloys’ rich compositions, structures, and properties have led to widespread application in
electronics, engineering, and catalysis.®® In recent years, there has been increased interest in
bimetallic and trimetallic nanoclusters, which are referred to as alloy nanoclusters or
nanoalloys, because of their ability to fabricate nanoscale materials with well-defined,

controllable properties and structures.®

Recent studies demonstrated that the catalytic activity and stability of Fe/AC catalysts were
enhanced by N and S doping.?*? The S and N dopants form S- and N-containing groups on
the carbon surface, which are expected to have a favourable effect on catalytic activity. The
increased catalytic activity caused by N and S atoms may increase the relative amount of Fe?*
on the iron oxide surface and prevent Fe leaching.® It has been reported that dopants of metals
and N generate new active sites on carbon surfaces. In this way, donor-acceptor properties are
enhanced, thereby improving interfacial electron transfer, which can be beneficial for our
reaction.”® N species can improve carbon activity by adjusting their surface acidity. A
combination of N and S doping can enhance the hydrophilicity of a final N, S-co-doped porous
carbon.”* A Fe-S complex on the catalyst surface acts as an active site to promote electron
transfer between the oxidant and iron oxide.”> ¢ It reported that the high performance of the
catalyst in the degradation of Acid Red 73 was due to the combined effect of Fe3-C and Fes-
N.”7 In addition, graphite N dispersed in the carbon matrix and FeN species were responsible
for higher tetracycline degradation.”® Another study reported that, based on DFT calculations,

graphitic N and Fe-N4 complex sites had a higher reactivity in active carbon surrounding sites.”

As mentioned above, doping N or S can generate complexes with Fe species and form new
active sites on the carbon surface. These sites affect the acidity, hydrophilicity, and electron
transfer properties. Nevertheless, there is a lack of research on N, S, and Fe-tri-doped carbon

catalysts, and there is no conclusive evidence linking surface species to catalytic activity.®

In this work, the Fe/AC catalysts have been modified by doping S and N. Fe-S-N/AC were
prepared by a wet impregnation method using three different kinds of AC (GAC , SA2, G60)
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under different conditions (raw AC and modifying AC), described in chapter 2. In all catalysts,

Fe loading was kept fixed at 12wt%.

Working hypothesises for this section:

1-

Doping with S. The addition of this element into the Fe/AC catalyst is expected to
make it more catalytically active by increasing its Fe*" content and preventing Fe
leaching. To verify this, we compared Fe/AC and Fe-S-N/AC catalysts in terms of
phenol conversion%, residual intermediates%, and Fe leaching%.

Doping with N. Though activated carbons contain some N, to increase its amount, into
Fe/AC catalyst is expected to enhance the hydrophilicity of the catalyst surface and
promote donor-acceptor properties as an alternative to O. The increase in hydrophilicity
led to a strong affinity for H2O». To assist that, it needs to compare H2O> consumption
with Fe/AC and Fe-S-N/AC catalysts.

Effect of acid pre-treatment in the presence of S and N. Considering the three
hypotheses in the first part of this chapter, it was expected that Fe-N-S/AC (AC washed
with HCl and HNO3) could be the most effective catalyst for phenol removal by the
WHPCO reaction in terms of phenol conversion%, residual intermediates%, H>O»

consumption% and Fe leaching%.

In order to determine if different preparation methods had an effect on the catalyst structure,

both in terms of the effect on the framework and the actual deposition of Fe and in which form,

the catalysts, besides the very useful elemental analysis reported so far, were also characterised

by an array of tools like BET to evaluate effects on the surface area, XPS to quantify and

determine species on the surface of the catalysts, and XRD to gather information on the

formation of Fe-oxide clusters and if there were any effects on the structure of the materials,

both for carbons and zeolites support (for the latter, see chapters 4, section 4.3.1). Then, if there

were an effect on the structure, we were interested in assessing if this also influenced the

reaction parameters like phenol conversion, H2O2 consumption, and residual intermediates, as

well as on the durability of the catalyst by determining the effect of these different synthesis

sand doping protocols on Fe leaching.

132



3.2.2 Results and discussion

3.2.2.1 Catalytic test for phenol oxidation by the CWPO using Fe-S-N/AC catalysts
prepared by raw-AC

Three sets of Fe-S-N/AC, Fe loading 12wt%, prepared by wetness impregnation method using
raw-AC (GAC, SA2, G60) without pre-treatment. These catalysts were applied to phenol
oxidation by CWPO reaction.

A. Catalytic activity, metal leaching and H>O: consumption

To assess the catalytic activity for Fe-S-N/AC from raw-GAC (Figure 3.25), it compared with
Fe/AC from raw-GAC as shown in Table 3.6, Fe-S-N/AC raw-GAC gives phenol conversion
100% as with Fe/AC raw-GAC. Without doping S and N, a catalyst had a residual
intermediates% of 22%, while a catalyst with doping S and N had a residual intermediates %
of 30%. The H>O> consumption rate was not significantly different from 75% to 77% after 4
h, Suitable for phenol conversion and residual intermediates results. The amount of Fe leaching
decreased by 50% from 80% to 40%. In relative terms, this is a strong improvement as we have
reduced the leaching by half, though this is still quite high and still affects the durability of the
catalyst.

Table 3.6: Comparative analysis of Fe-S-N/AC raw-GAC and Fe/AC from raw-GAC

Fe-S-N/AC from raw-GAC Fe/AC from raw-GAC
Phenol conversion% + 5 100 100
CMB% =+ 5 30 22
H>0: consumption% + 3 77 75
Fe leaching% =+ 1 40 80

To assess the catalytic activity for Fe-S-N/AC from raw-SA2 (Figure 3.25), it compared with
Fe/AC from raw-SA2 as shown in Table 3.7, Fe-S-N/AC by SA2 catalysts produced 100%
phenol oxidation, the same as with Fe/AC, while 12% of the residual intermediates percentage
remained unchanged. As well, the consumption of H20O remains steady at 75%. Fe leaching
remains high at 80%. Based on these results, Fe-S-N/AC and Fe/AC catalysts did not show a

significant difference.
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Table 3.7: Comparative analysis of Fe-S-N/AC from raw- SA2 and Fe/AC from raw-SA2

Fe-S-N/ AC from raw-SA2

Fe/AC from raw-SA2

Phenol conversion% + 5 100 100
CMB% + 5 12 13

H>0> consumption% =+ 3 75 76
Fe leaching% =+ 1 80 90

To assess the catalytic activity for Fe-S-N/AC from raw-G60 (Figure 3.25), it compared with

Fe/AC from raw- G60 as shown in Table 3.8; the phenol conversion rate decreased slightly

from 100% with Fe/AC to 80% with Fe-S-N/AC from raw-G60 catalysts. Additionally, the

residual intermediates % increased to 61% from 40%. There was a 65% consumption of H>O>

compared to Fe/AC catalysts at 60%; the difference was not significant considering the

experimental error 5%. Fe leaching percentage is the same as Fe/AC catalysts at a difference.

As a whole these results indicate that raw-G60 Fe-S-N/AC catalysts exhibit the same or a

slightly reduced catalytic activity.

Table 3.8: Comparative analysis of Fe-S-N/AC from raw-G60 and Fe/AC from raw-G60

Fe-S-N/AC from raw-G60

Fe/AC from raw-G60

Phenol conversion% + 5 83 100
CMB% + 5 61 40

H>0> consumption% + 2 65 60
Fe leaching% =+ 1 50 60
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Figure 3.25: Catalytic activity, in terms of phenol conversion, CMB, Fe leaching and H202 consumption result
for phenol oxidation by CWPO, using three types of Fe-S-N/AC, raw-AC (GAC, SA2, G60). All catalysts have
12 wt% Fe loading (the leaching is a relative leaching% with respect to the total Fe content), 4 h reaction time at

80 °C and 1:100 M:S.

B. Elemental analysis for raw-AC and their catalysts

Comparing the raw-AC without doping Fe species, raw- SA2, has the highest S mol% (0.004
mol%), (Figure 3.26) while there was no significant difference between GAC and G60. Doping
Fe in the AC by impregnation protocol should not change the S mol% with reference to the
raw material. However, that could be explained as different AC batches having different
amounts of residual metals in the matrix before washing which causes unexpected behaviours.
Some metals can act as catalysts, influencing chemical reactions on the surface of the activated
carbon. This can impact the material's performance in applications like catalysis or adsorption
of specific substances. Residual metals can affect the adsorption capacity of activated carbon
for specific pollutants or substances. The nature of these effects may vary depending on the

type and concentration of metals present.
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Variability in the amount and type of residual metals can result in batches of activated carbon
with different characteristics. These differences may lead to unexpected or inconsistent
performance in industrial or environmental applications. For example, in water treatment,
activated carbon is often used to remove impurities, and the presence of certain metals may
interfere with or enhance its adsorption capabilities. So washing the AC with HCl is an essential

process to extract these metals and avoid unexpected behaviour by the catalysts.

The S, N and Fe tri-doped AC catalysts, compared with other catalysts Fe/AC, are expected to
have a higher S mol%, with values up to 0.01 mol% whereas starting from nearly zero (Figure
3.26) so expected to prevent Fe leaching more than other catalysts (Fe/AC) and increase the
catalytic activity. Tables 3.6, 3.7 and 3.8 show that this is not the case. So, the first hypothesis
is that the binding of Fe with S to prevent metal leaching is mostly not satisfied in the case of
Fe-S-N/AC catalysts by raw-AC, as they have high iron leaching. The Fe-S-N/AC catalysts
prepared by different AC have similar S mol% (0.01 mol%). However, this S mol% of Fe-S-
N/AC raw-AC catalysts are more than expected. The calculation to calculate the expected mol
of Fe, S and N in the Fe-S-N/AC catalysts, which are 0.002 mol of Fe by the first precursor
Fe(NO3)3-(H20)9 and 0.002 mol of Fe by the second precursor (NH4)2Fe.SO4, and 0.002 mol
of S by (NH4)2Fe-SOs. So, the ratio between Fe:S was expected to be 2:1, as indicated in the
results shown in Table 3.9. This increase in the S mol% could be explained as the raw-AC

framework has initially some S.
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Figure 3.26: Elemental analysis results by mol% for S in the raw-AC (GAC, SA2, G60) and their catalysts
Fe/AC and Fe-S-N/AC.

Table 3.9: Comparative analysis of Fe-S-N/AC and Fe/AC from raw-AC catalysts in terms of

Fe:S and Fe:O molar ratio

Fe:S mol Fe:O mol
Fe/ raw-GAC 18 0.08
Fe/ raw-SA2 32 0.08
Fe/ raw-G60 53 0.03
Fe-S-N/ raw-GAC 2 0.06
Fe-S-N/ raw-SA2 2 0.09
Fe-S-N/ raw-G60 2 0.1
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The Fe:S molar ratio for Fe-S-N/AC raw-AC and Fe/AC raw-AC catalysts; it is clear that
doping S significantly improve the Fe:S mol% than Fe/AC catalysts (Figure 3.26). The greater
the S doping the smaller the ratio, it was decreased to be 2 mol. So, the protocol successfully
worked and doped S in the catalysts; these catalysts were supposed to prevent Fe leaching and
increase catalytic activity. However, based on the iron leaching results, that was not the case;
it was decreased compared with Fe/AC but still, the metal leaching was high, affecting the
stability of the catalyst. That could be justified as might not be enough S to bind Fe (Fe:S, 2:1)
to form clusters like FeS> for example. For the Fe:O ratio, there was no statistical difference
comparing the Fe-S-N/AC raw-AC and Fe/AC raw-AC catalysts probably because of the
relatively large excess of O with respect to Fe, in all catalysts the molar ratio between the Fe:O
was approximately 0.1 mol. On the other hand, this relative large excess of O with respect to
Fe, this is expected to contribute to the formation of FexOy species (as confirmed by XRD

sections 3.3.1).
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Figure 3.27: Elemental analysis results by mol% for N in the raw-AC (GAC, SA2, G60) and their catalysts Fe-
S-N/AC.
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Comparing the raw-AC without doping Fe species, raw-GAC has slightly lower N mol% (0.001
mol%). While there was no significant difference between SA2 and G60 (0.002 mol%). Doping
N was expected to increase N mol%, as illustrated (Figure 3.27) with Fe-S-N/AC catalysts,
except for raw-GAC, was no difference between the Fe-S-N/AC and Fe/AC catalysts in the N
mol%. The highest N mol% is with the catalysts Fe-S-N/AC prepared from raw-G60 (0.006
mol %). Then, Fe-S-N/AC was prepared from raw-SA2 (0.005 mol%). The lower N mol% was
for catalysts by GAC (0.003 mol%). Also, their catalysts Fe/AC (0.004 mol%) have more N
than Fe-S-N/AC (0.003 mol%). See section 3.2.1, the second hypothesis that doping N should
increase the hydrophilicity led to a strong affinity for H>O2, comparing the H>O> consumption
in Tables 3.6, 3.7 and 3.8 shows that this is not the case, though this might be due to the
relatively small amount of N that was eventually correlated with a limited or negligible effect

due to its small amount and not for any adverse structural considerations due to the carbon.
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Figure 3.28: Elemental analysis results by mol% for O in the Fe-S-N/AC raw-AC (GAC, SA2, G60) catalysts.
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Fe-S-N/AC raw-GAC has the highest O mol% compared with other Fe-S-N/AC catalysts. This
result translates to a material preserving high catalytic activity, and at the same time, decreasing

metal leaching by 50% (Figure 3.25).

3.2.2.2 Catalytic test for phenol oxidation by the CWPO using Fe-S-N/AC catalysts
prepared by HCI-AC

According to the catalytic activity results reported in section 3.1.2.2 D, Figure 3.13. The
catalysts were prepared by a washing pre-treatment with HCI, Fe/AC HCI-AC catalysts; their
catalytic activity decreased significantly. Accordingly, for the Fe-S-N/AC, HCI-AC catalysts
were expected to exhibit decreased catalytic activity as well. Still, when compared Fe-S-N/AC
HCI-AC catalysts with Fe/AC, HCI-AC were expected to exhibit higher catalytic activity due
to S and N doping. In terms of Fe leaching, it was expected to decrease dramatically by the

HCI washing process in addition to S and N doping.

A. Catalytic activity, metal leaching and H>O: consumption

The catalytic activity for Fe-S-N/AC from HCI-GAC (Figure 3.29) was compared with those
from Fe-S-N/AC raw-GAC and Fe/AC from HCI-GAC as shown in Table 3.10. For the Fe-S-
N/AC HCI-GAC, the phenol conversion slightly decreased from 100% with the Fe-S-N/AC
raw-GAC to 88%, but compared with Fe/AC HCI-GAC, where it was 55%, the phenol
conversion increased. Residual intermediates % slightly increased from 30% with the Fe-S-
N/AC raw-GAC to 57%; however, compared with Fe/AC HCI-GAC, where it was 100%
indicated the increase of catalytic activity. In other words, it appears that if the activity
(conversion of phenol) decreases, then the residual intermediates increases as a result of the
slightly smaller mineralization of CO2 and H20. According to these results, the presence of
additional S and N in the carbon matrices was beneficial to an increase in catalytic activity.
The H>0, consumption after was 35% for the Fe-S-N/AC HCI-GAC, which was similar to
Fe/AC HCI-GAC catalysts; still, the H>O> consumption decreased compared to the raw
catalysts Fe-S-N/AC raw-GAC 77% which explained the decrease in the phenol oxidation. The

amount of Fe leaching drastically decreased from 40% to 13%.
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Table 3.10: Comparative analysis of Fe-S-N/AC raw-GAC, Fe-S-N/AC from HCI-GAC, and
Fe/AC from HCI-GAC:

Fe-S-N/AC Fe-S-N/AC from Fe/AC from
from raw- HCI-GAC HCI-GAC
GAC
Phenol conversion% + 5 100 88 55
CMB% £ 5 30 57 100
H>0 consumption% + 3 77 35 34
Fe leaching% =+ 1 40 13 15

To assess if the catalytic activity for Fe-S-N/AC from HCI-SA2 (Figure 3.29), compared with
the Fe-S-N/AC raw-SA2 and Fe/AC from HCI-SA2 these were compared in Table 3.11. Fe-S-
N/AC from HCI-SA2 catalysts produced 40% phenol oxidation, so the catalytic activity
significantly decreased compared with Fe-S-N/AC from raw-SA2, where the catalytic activity
was 100%. Also, there was a slight difference in the phenol conversion between Fe-S-N/AC
from HCI-SA2 catalysts and Fe/AC 66%. With Fe-S-N/AC HCI-SA2 catalysts, the residual
intermediates also significantly increased to 66% from 12% with Fe-S-N/AC raw-SA2
catalysts. But compared with Fe/AC HCI-SA2 100%, there was more mineralisation. The
consumption of H,O» was 22% with Fe-S-N/AC HCI-SA2 and 32% for Fe/AC from HCI-SA2
catalysts, which is compatible with the catalytic activity results. There was a significant
decrease in Fe leaching of 22%, as predicted; as a comparison this was 80% with catalysts
using raw carbon. Based on these results, Fe-S-N/AC HCI-SA2 and Fe/AC HCI-SA2 catalysts
did not show a significant difference. On the other hand, the lesser the amount of H>O;
consumed, the lesser the number of short-chain acids that will eventually lead to CO; and H>O.

It might be that these short acids are also playing a role in the leaching of iron species.3¢
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Table 3.11: Comparative analysis of Fe-S-N/AC from raw-SA2, Fe-S-N/AC from HCI-SA2,
and Fe/AC from HCI-SA2

Fe-S-N/AC Fe-S-N/AC from Fe/AC from
from raw- HCI-SA2 HCI-SA2
SA2
Phenol conversion% + 5 100 40 66
CMB% =+ 5 12 66 100
H>0, consumption% + 3 75 22 32
Fe leaching% + 1 80 22 21

To assess if the catalytic activity for Fe-S-N/AC from HCI-G60 (Figure 3.29), compared to the
one of Fe-S-N/AC raw-G60 and Fe/AC from HCI-G60 results were reported in Table 3.12. Fe-
S-N/AC from HCI-G60 catalyst has a phenol conversion of 71%. There was no significant
difference in the phenol conversion between catalysts prepared with Fe-S-N/AC raw-G60,
where the conversion reached 83%. With Fe/AC HCI-G60 catalysts, the phenol oxidation was
50%, indicating that doping S and N increased the catalytic activity. Compared to raw and HCl
Fe-S-N/AC catalysts, residual intermediates% remained steady at 63%. But decreased from
94% with Fe/AC from HCI-AC catalysts. There was no significant difference in the H>O»
consumption between Fe-S-N/AC HCI-G60 and Fe/AC HCI-AC catalysts, but compared to Fe-
S-N/AC raw-G60 catalysts was 65%. The relative Fe leaching percentage decreased from 50
to 32% to Fe-S-N/AC raw-G60 and Fe-S-N/AC HCI-G60, respectively. Taken as a whole,
these results indicate that there was no significant difference in the catalytic activity between a
pre-treated Fe-S-N/AC HCI-G60 and a raw Fe-S-N/AC raw-G60, though iron leaching was
reduced as expected, which is still a valuable result from the perspective of catalyst design as
decreased leaching translates to increased durability of the catalyst. However, doping with S
and N increased the catalytic activity when compared Fe-S-N/AC with undoped Fe/AC HCI-
G60 catalysts, thus showing that the combined effect of acid pre-treatment and the
incorporation of heteroatoms can indeed lead to higher hydrophilicity and, in turn, reactivity,

a higher reproducibility, and lower leaching.
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Table 3.12: Comparative analysis of Fe-S-N/AC from raw-G60, Fe-S-N/AC from HCI-G60,
and Fe/AC from HCI-G60

Fe-S-N/AC Fe-S-N/AC from Fe/AC from
from raw-G60 HCI-G60 HCI-G60
Phenol conversion% =+ 5 83 71 50
CMB% £ 5 61 63 94
H>0; consumption% =+ 3 65 22 23
Fe leaching% =+ 1 50 32 5
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Figure 3.29: Catalytic activity, in terms of phenol conversion, CMB, Fe leaching and H202 consumption result
for phenol oxidation by CWPO, using three types of Fe-S-N/AC catalysts prepared from AC-HCI (GAC, SA2,
G60). All catalysts have 12 wt% Fe loading (the leaching is a relative leaching% with respect to the total Fe
content), 4 h reaction time at 80 °C and 1:100 M:S.
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B. Elemental analysis for HCI-AC
Comparing the HCI-AC without doping Fe species, HCI-GAC has slightly higher S mol%
(about 0.002). While there was no significant difference between SA2 and G60 (0.001mol%).

Fe doping in AC should not affect S mol%. According to the data shown in Figure 3.30, tri-

doped AC catalysts with S, N, and Fe have a significantly higher, about a 5-fold increase, S
mol% (0.01, 0.09 and 0.08 mol% for Fe-S-N/AC from GAC, SA2 and G60 respectively) than

other Fe/AC catalysts. This should increase catalytic activity while preventing Fe leaching.

Tables 3.10, 3.11 and 3.12 show that in the absence of N and S, the leaching was higher, and

the catalysts were not as active as in the presence of S and N.
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Figure 3.30: Elemental analysis results by mol% for S in the HCI -AC (GAC, SA2, G60) and their catalysts.
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Table 3.13: Comparative analysis of Fe-S-N/AC and Fe/AC from HCI-AC catalysts in terms

Fe:S and Fe:O molar ratio

Fe:S mol Fe:O mol
Fe/ HCI-GAC 17 0.08
Fe/ HCI-SA2 n. a.* 1.8
Fe/ HCI-G60 22 0.1
Fe-S-N/ HCI-GAC 2 0.1
Fe-S-N/ HCI-SA2 2 0.1
Fe-S-N/ HCI-G60 3 0.04

e 1n.a.=not applicable (no S detected).

Table 3.13 shows the Fe:S molar ratio for Fe-S-N/AC and Fe/AC catalysts; it is clear that
doping S significantly improve the Fe:S mol ratio than Fe/AC catalysts, it was decreases from
17 to 2 mol. Accordingly, the protocol is successfully doping S with the AC. It was therefore
expected that these catalysts would prevent Fe leaching and increase catalytic activity.
However, based on the iron leaching results, that was not the case; it was decreased compared
with Fe/AC but still, the metal leaching was high, affecting the stability of the catalyst. In
addition, washing the AC with HCI decreased the catalytic activity even with S and N doping
catalysts. Regarding the Fe:O ratio, no difference was observed between the Fe-S-N/AC HCI-
AC and Fe/AC HCI-AC catalysts in all catalysts. In general, for Fe:O, this is always smaller
than 1, so there is a large amount of O to bind Fe. However, it is worth noting that it is not only
the amount of O per se that will dictate the final binding of the Fe, its form, and, in turn, its
catalytic activity. For example, COOH groups are expected to bind Fe better than OH ones,
with the result that the ‘quality’ of these induced oxygen species will also be important and not

just their quantity.
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Figure 3.31: Elemental analysis results by mol% for N in the HCI-AC (GAC, SA2, G60 ) and their catalysts.

HCI-AC is expected to have lower N mol%; comparing these results with Figure 3.27, N mol%
for AC without treatment shows no significant change in the N mol% at the majority of HCI-
AC and their catalysts. However, the unsteady percentage of N mol% between the HCI-ACs
and the catalysts for SA2 could explain as a different batch of the same AC has different metals
containing this result detected previously with another sample. In this perspective, although
there are many advantages to the use of AC in catalysts listed in section 1.1, a lack of batch

reproducibility is a major drawback that will need to be considered with the aim of future

catalyst development.
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Figure 3.32: Elemental analysis results by mol% for O in the Fe-S-N/AC HCI-AC (GAC, SA2, G60) catalysts.

From Figure 3.32, all Fe-S-N/AC from HCI-AC catalysts have the same O mol% (0.2 mol%).
A comparison of the data from Figure 3.32 and Figure 3.28 O mol% at Fe-S-N/AC by raw-
ACs, shows that HCI-GAC and HCI-SA2 catalysts decreased O mol% from 0.4 and 0.3 mol%
for Fe-S-N/AC from HCI-GAC and HCI-SA2 respectively to 0.2 mol% of O for both, whereas
Fe-S-N/AC HCI-G60 catalysts remained constant (see section 3.1.1) the first hypothesis is that
washing AC with HCI caused a water molecule to be released, and some loss of oxygen may

occur, as confirmed by these results.

3.2.2.3 Catalytic test for phenol oxidation by the CWPO using Fe-S-N/AC catalysts
prepared by HNO;-AC

A. Catalytic activity, metal leaching and H202 consumption
As shown in Table 3.14, the catalytic activity of Fe-S-N/AC from HNOs;-GAC (Figure 3.33)
was compared with Fe-S-N/AC raw-GAC and Fe/AC by HNO3;-GAC. Fe-S-N/AC from HNO:;-

GAC has 100% phenol conversion, the same for all catalysts. residual intermediates% was very
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low at 11% as with Fe/AC catalysts, which decreased compared with the Fe-S-N/AC raw
catalysts indicating the effect of pre-acid treatment by HNO3. The H2O2 consumption rate, 88%
after 4h, is compatible with the catalytic activity with no significant difference to raw catalysts
having a 77% rate though this is slightly higher than the H>O> consumption rate observed for
Fe/AC at 63%. Importantly though, the Fe leaching decreased by 50% by doping S and N for
both catalysts raw and HNO3, according to these results doping S and N decreased Fe leaching
but did not affect the catalytic activity, which is still, however, a valuable outcome. The HNO;

oxidation process slightly increases catalytic activity by decreasing residual intermediates %.

Table 3.14: Comparative analysis of Fe-S-N/AC raw-GAC, Fe-S-N/AC from HNO3-GAC,
and Fe/AC from HNOs;-GAC

Fe-S-N/AC from | Fe-S-N/AC from Fe/AC from

raw-GAC HNOs;-GAC HNO3;-GAC
Phenol conversion% + 5 100 100 100
CMB% =+ 5 30 11 10
H>0, consumption% + 3 77 88 63
Fe leaching% =+ 1 40 31 63

To assess how the catalytic activity for Fe-S-N/AC from HNO3-SA2 (Figure 3.33), compared
with the Fe-S-N/AC raw-SA2 and Fe/AC from HNO3-SA2 as shown in Table 3.15, phenol
conversion reaches 83%, was slightly decreased compared with the Fe-S-N-AC raw-SA2 and
Fe/AC catalysts (100%). Also, residual intermediates % increased from 17% for both Fe-S-
N/AC raw- SA2 and Fe/AC from HNO3-SA2 to 33% for Fe-S-N/AC from HNO3-SA2. There
was no significant difference in the H2O2 consumption values. The combination between both
treatments doping S and N and pre-acid HNOs oxidation, decreased the metal leaching from
60-80% to 28%. Although this is strong and promising progress though more work will be
needed to decrease this value further. Therefore, according to these results, the catalytic activity

and metal leaching decreased with Fe-S-N/AC from HNO:s.
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Table 3.15: Comparative analysis of Fe-S-N/AC from raw-SA2, Fe-S-N/AC from HNOs-SA2,
and Fe/AC from HNO3-SA2

Fe-S-N/AC Fe-S-N/AC from Fe/AC from

from raw-SA2 HNO3-SA2 HNOs- SA2
Phenol conversion% =+ 5 100 83 100
CMB% =+ 5 12 33 17
H>0; consumption% =+ 3 75 70 65
Fe leaching% =+ 1 80 28 63

According to the data reported in Table 3.16, we compared the catalytic activity of Fe-S-N/AC
from HNO3-G60 (Figure 3.33) with the Fe-S-N/AC raw-G60 and Fe/AC from HNO3-G60. As
compared to the raw-G60 catalyst, the Fe-S-N/AC from HNO3-G60 catalyst achieves 100%. A
significant reduction in residual intermediates % was also observed when compared with Fe-
S-N/AC raw and HNOs catalysts from 61% to 15%; in contrast, it was not significant when
compared with Fe/AC (19%). These results were in agreement with H>O» consumption values
since the stoichiometric amount of H>O» to phenol was used 1:14, the consumption of H>O>
ranged between 65, 82 and 71% for Fe-S-N/AC raw-G60, Fe-S-N/AC from HNO;-G60 and
Fe/AC from HNOs3-G60 respectively their phenol conversion reached 100%, but residual
intermediates still 15% which is compatible with the H2O2 consumption results. as well as for
the Fe/AC phenol conversion 80% and residual intermediates 61% which is in agreement with
the H2O results. Approximately 40% of the Fe was leached. As a result of the outcomes, there
was no significant difference between Fe-S-N/AC from HNO3-G60 and Fe/AC from HNO:;-
G60, but there was a decrease in the metal leaching rate from 60% to 40%. Compared to raw
catalysts, Fe-S-N/AC HNO;-G60 increased catalytic activity and no difference in the Fe

leaching, which results in the way to catalysts with the desired characteristic for this reaction.
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Table 3.16: Comparative analysis of Fe-S-N/AC from raw-G60, Fe-S-N/AC from HNO3-G60,

and Fe/AC from HNO3-G60.

Fe-S-N/AC Fe-S-N/AC from Fe/AC from
from raw-G60 HNO3-G60 HNOs-G60
Phenol conversion% =+ 5 83 100 100
CMB% =+ 5 61 15 19
H>0; consumption% + 3 65 82 71
Fe leaching% =+ 1 50 40 60
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Figure 3.33: Catalytic activity, in terms of phenol conversion, CMB, Fe leaching and H202 consumption result
for phenol oxidation by CWPO, using three types of Fe-S-N/AC catalysts prepared from AC- HNOs (GAC,
SA2, G60). All catalysts have 12 wt% Fe loading (the leaching is a relative leaching% with respect to the total

Fe content), 4 h reaction time at 80 °C and 1:100 M:S.
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B. Elemental analysis for HNO3;-AC

Comparing the HNO3-AC without doping Fe species, HNO3-GAC, has slightly higher S mol%.
While there was no significant difference between SA2 and G60. It should not affect the S
mol% if Fe is doped in the AC. As shown in Figure 3.34, tri-doped AC catalysts with S, N, and
Fe have dramatically higher S mol% (0.008, 0.01 and 0.009 mol% for Fe-S-N/AC AC1, SA2
and G60, respectively) than other Fe/AC catalysts. This corroborated that the doping of S was
successful by our protocol, so they were expected to prevent Fe leaching more than other

catalysts (Fe/AC) and increase catalytic activity. These findings a summarised in Tables 3.15,

3.16 and 3.17.
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Figure 3.34: Elemental analysis results by mol% for S in the HNO3-AC (GAC, SA2, G60) and their catalysts.
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Table 3.17: Comparative analysis of Fe-S-N/AC and Fe/AC from HNO3-AC catalysts in

terms Fe:S and Fe:O molar ratio

Fe:S mol Fe:O mol
Fe/ HNOs-GAC 24 0.08
Fe/ HNO3-SA2 58 0.09
Fe/ HNO3-G60 34 0.1
Fe-S-N/ HNO3-GAC 3 0.15
Fe-S-N/ HNO3-SA2 2 0.04
Fe-S-N/ HNO3-G60 3 0.1

Table 3.17 shows the Fe:S molar ratio for Fe-S-N/AC and Fe/AC catalysts; it is clear that
doping S significantly improve the Fe:S mol (2-3 mol) than Fe/AC catalysts (24,58 and 34
mol), as mentioned before this mol ratio was expected to be 2 mol. It was therefore expected
that these catalysts would prevent Fe leaching and increase catalytic activity. Based on the
results, there were improvements in the catalytic activity, including phenol conversion and
residual intermediates; also, iron leaching was decreased compared with Fe/AC but still, the
metal leaching was high, affecting the stability of the catalyst. Based on the Fe:S table above,
it would seem that despite the amount of S increasing, either: the amount of S is not sufficient
to bind all the Fe that would be needed, or the possible Fe-S bridges/bonds are not as strong,
under reaction conditions, as originally thought. Also, it seems that when this particular carbon
is used, the results are also, in part, AC-dependent. For the Fe:O ratio, there was no static
difference comparing the Fe-S-N/AC raw-AC and Fe/AC raw-AC catalysts in all catalysts. for
Fe:O, this is always (and by far) smaller than 1, so there is a lot of O to bind Fe (but the aspect
of the ‘quality of these O as binder with Fe may cause the leaching).
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Figure 3.35: Elemental analysis results by mol% for N in the HNO3-AC (GAC, SA2, G60) and their catalysts.

As anticipated HNOs-AC is expected to have more N mol%; comparing the results reported in
Figure 3.35 with Figure 3.27, N mol% for AC without treatment shows an increase in the N
mol% for HNO3;-GAC (from 0.001 to 0.005 mol%) and HNO3-G60 (from 0.0.002 to 0.004
mol%), while for HNO3-SA2 the N mol% stays steady (0.002 mol%). Despite this, the unsteady
percentage of N mol% between the HNOs3-ACs and their catalysts Fe/AC and Fe-S-N/AC for
GAC and SA2 could explain this because a different batch of the same AC contains different
metals that were detected previously for this result. However, with the data gathered so far,

there was no evidence to support the second hypothesis of N doping in this study.
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Figure 3.36: Elemental analysis results by mol% for O in the Fe-S-N/AC HNOs-AC (GAC, SA2, G60)

catalysts.

A comparison of the data in Figure 3.36 with those in Figure 3.28 shows that the O mol% for
Fe-S-N/AC from raw-ACs, shows no significant difference in the O mol% in contrast to what
was expected by HNOs3 treatment to increase the O functional groups. This means that the
HNO:s; pre-treatment didn’t induce any significant pre-oxidation and, in turn, any appreciable
increase in the number of oxygen surface groups. However, not changing the amount of O
(which was indeed one of our expected results) doesn’t necessarily mean not changing the AC
properties. In fact, HNO3; may not oxidize AC (though this would have been expected, maybe
this is due to our treatment conditions). Still, HNO3 could oxidize C-OH groups to COOH
groups, and these are still better binders for Fe. In turn, even if there is no quantitative effect,
there might still be a qualitative effect, which could still reduce the leaching, as shown in Tables

3.14, 3.15 and 3.16.
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3.2.2.3 Catalytic test for phenol oxidation by the CWPO using Fe-S-N/AC catalysts
prepared by HCI-HNOs-AC

A. Catalytic activity, metal leaching and H>O: consumption

To evaluate the catalytic activity of Fe-S-N/AC from HCI-HNO;-GAC (Figure 3.37), the
results were compared with Fe-S-N/AC raw-GAC and Fe/AC from HCI-HNO;-GAC reported
in Table 3.18. Fe-S-N/AC HCI-HNO:; catalyst has 100% phenol conversion as the raw catalyst.
In comparison to Fe/AC HCI-HNO3, where phenol conversion was 80%, S and N enhanced
catalytic activity. Additionally, residual intermediates results confirmed that S and N doping
increased catalytic activity (phenol conversion and residual intermediates), HCI-HNO; and raw
Fe-S-N/AC did not show a significant difference. However, residual intermediates decreased
significantly from 80% with Fe/AC HCI-HNOs3 to 30% with S and N doping. H>O»
consumption was compatible with the catalytic activity results and did not differ between Fe-
S-N/AC, either raw or pre-treated catalysts (80%), but slightly increased in comparison to
Fe/AC (65%). Fe leaching was lowest for Fe-S-N/AC HCI-HNOs at 15%, which was
significantly lower than raw catalysts at 40%, but there was no difference if compared to Fe/AC
catalysts. It should also be noted that the decrease of leaching paired with a decrease in catalyst
activity is contrary to Fe-S-N/AC HCI-HNOs. These results indicated that pre-acid treatment
with HCI-HNOs and S and N increased catalytic activity and decreased metal leaching.

Table 3.18: Comparative analysis of Fe-S-N/AC raw-GAC Fe-S-N/AC from HCI-HNOs-
GAC, and Fe/AC from HCI-HNO3-GAC

Fe-S-N/AC | Fe-S-N/AC from | Fe/AC from HCI-
from raw- | HCI-HNO3-GAC HNO3-GAC
GAC
Phenol conversion% + 5 100 100 80
CMB% =+ 5 30 30 85
H>0; consumption% =+ 3 77 80 65
Fe leaching% =+ 1 40 15 18

The catalytic activity of Fe-S-N/AC from HCI-HNO3-SA2 (Figure 3.37) was compared with
the Fe-S-N/AC raw-SA2 and Fe/AC from HCI-HNO3-SA2, as shown in Table 3.19. Fe-S-
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N/AC from HCI-HNO3-SA2 has full phenol conversion as the raw catalyst and is compared
with the Fe/AC from HCI-HNOj3, where the phenol conversion of 80% confirms the increased
catalytic activity when doping S and N. Despite the residual intermediates increase from 12%
to 29% for Fe-S-N/AC from HCI-HNO; compared with the raw catalysts, it was significantly
lower (that is, more mineralization) if compared with catalysts without doping S and N 75%.
Compared to Fe/AC, Fe-S-N/AC consumption of H>O2 compatible with catalyst activity was
not different, whether the catalysts were raw or pre-treated. The Fe leaching for Fe-S-N/AC
HCI-HNOs3 was 30%, which was significantly lower than raw catalysts at 80%. Contrary to Fe-
S-N/AC HCI-HNQOg, the decrease in Fe leaching at Fe/AC appeared to be paired with a decrease
in catalyst activity. In summary the result of the pre-acid treatment with HCI-HNO;3 and S and
N, is: an increased catalytic activity followed by a simultaneous decrease of the Fe leaching,

which is exactly one of the major aims of this research project.

Table 3.19: Comparative analysis of Fe-S-N/AC from raw-SA2, Fe-S-N/AC from HCI-HNOs-
SA2, and Fe/AC from HCI-HNO3-SA2

Fe-S-N/AC Fe-S-N/AC from | Fe/AC from HCI-
from raw-SA2 | HCI-HNQO3-SA2 HNO3-SA2
Phenol conversion% + 5 100 100 80
CMB% =+ 5 12 29 75
H>0; consumption% + 3 75 72 86
Fe leaching% =+ 1 80 30 20

As a way to assess the catalytic activity of Fe-S-N/AC from HCI-HNO3-G60 (Figure 3.37),
comparisons were made with Fe-S-N/AC raw-G60 and Fe/AC from HCI-HNO3-G60 as shown
in Table 3.20. Fe-S-N/AC from HCI-HNOs3 has 100% phenol conversion, which was increased
in comparison with both Fe-S-N/AC raw-G60 and Fe/AC from HCI-HNOs catalysts 80%.
residual intermediates results were also significantly decreased with Fe-S-N/AC from HCI-
HNO;3 catalyst relative to others from 61-70% to 15%. H>O2 consumption was compatible with
the phenol degradation, and there was no significant difference between all catalysts. Fe
leaching dropped to 10% with Fe-S-N/AC from HCI-HNOj3; compared to the raw catalysts 50%,
while there was no difference from the Fe/AC from HCI-HNOs; however, there was a decrease

in the leaching and catalytic activity in contrast with the Fe-S-N/AC from HCI-HNO; catalyst.
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Based on these results, catalytic activity increased, and iron leaching decreased by pre-acid

treatment and doping S and N.

Table 3.20: Comparative analysis of Fe-S-N/AC from raw-G60, Fe-S-N/AC from HCI-HNOs-
G60, and Fe/AC from HCI-HNO3-G60

Fe-S-N/AC Fe-S-N/AC from | Fe/AC from HCI-
from raw— HCI-HNO3-G60 HNOs-G60
G60
Phenol conversion% =+ 5 83 100 80
CMB% =+ 5 61 15 70
H>0; consumption% + 3 65 77 70
Fe leaching% =+ 1 50 10 15
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Figure 3.37: Catalytic activity, in terms of phenol conversion, CMB, Fe leaching and H202 consumption result
for phenol oxidation by CWPO, using three types of Fe-S-N/AC catalysts prepared from HCIl- HNOs -AC
(GAC, SA2, G60). All catalysts have 12 wt% Fe loading (the leaching is a relative leaching% with respect to the
total Fe content). 4 h reaction time at 80 °C and 1:100 M:S.
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B. Elemental analysis for HCI-HNOs-AC
Comparing the HCI-HNO3-AC without Fe species doping, there was no significant difference
in S mol% between all ACs (0.001 mol%). According to Figure 3.38, tri-doped AC catalysts
with S, N, and Fe have significantly higher S mol% than other Fe/AC catalysts, starting from
near zero and increasing to 0.01 mol%, so they were expected to prevent Fe leaching more than
other catalysts (Fe/AC) and increase catalytic activity. These results validate Tables 3.18, 3.19
and 3.20 results.
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Figure 3.38: Elemental analysis results by mol% for S in the HCI-HNOs -AC (GAC, SA2, G60) and their

catalysts.
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Table 3.21: Comparative analysis of Fe-S-N/AC and Fe/AC from HCI-HNO3-AC catalysts in

terms of Fe:S and Fe:O molar ratio

Fe:S mol Fe:O mol
Fe/ HCI-HNO3-GAC 34 0.08
Fe/ HCI-HNO3-SA2 n. a.* 0.12
Fe/ HCI-HNO;-G60 34 0.1
Fe-S-N/ HCI-HNO3-GAC 2 0.12
Fe-S-N/ HCI-HNOs-SA2 2 0.03
Fe-S-N/ HCI-HNO3-G60 2 0.18

e n.a. =not applicable (no S detectable).

Table 3.21 shows the Fe:S molar ratio for Fe-S-N/AC and Fe/AC catalysts; it is clear that the
doping by S significantly improve the Fe:S mol%, by decreasing the molar ratio, than Fe/AC
catalysts (from 34 to 2 mol). The greater the S doping the smaller the ratio. It was therefore
expected that these catalysts would prevent Fe leaching and increase catalytic activity. These
were approved by the catalytic activity results and iron leaching illustrated above in Tables
3.18, 3.19 and 3.20. On the contrary, for Fe:O, this is always (and by far) smaller than 1, so

there is a large excess of O available to bind to Fe.
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Figure 3.39: Elemental analysis results by mol% for N in the HCI-HNO03-AC (GAC, SA2, G60) and their

catalysts.

Based on these results, the N mol% for all HCI-HNO;-AC in Figure 3.39 is slightly greater
than the N mol% for AC without treatment in Figure 3.27, for GAC-HCI-HNO3; N mol% raised
from 0.001 to 0.0036 mol%, SA2-HCI-HNO3 from 0.002 to 0.004 mol% and for G60-HCI-
HNO3 from 0.0028 to 0.003 mol %. For Fe-S-N/AC N increased their N mol % for all catalysts;
however, Fe/AC and Fe-S-N/AC by G60 showed no significant difference. As explained
different batch of the same AC could contain different metals and the raw-AC framework has
initially some N that were detected previously for this result, which could explain the unsteady
proportion of N mol% between the HCI-HNO;-ACs and catalysts for G60. In this study, there

was no clear trend supporting the second hypothesis of doping N.
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Figure 3.40: Elemental analysis results by mol% for O in the Fe-S-N/AC HCI-HNO3-AC (GAC, SA2, G60)

catalysts.

There is no significant difference in O mol% between the data reported Figure 3.40 and Figure
3.28 at Fe-S-N/ACs from raw-ACs. Accordingly, if the HCI-HNOs3 treatment did not change
the amount of O, but leaching decreased, this could indicate the possible formation of CO
groups versus OH groups, with CO groups being a better binder (a full COOH would be even

better, but in this case, the amount of O also increased).

3.3 Characterization

Different preparation methods were used to determine whether they affected the catalyst
structure, both in terms of modifying the framework and in terms of the actual Fe deposition,
apart from the elemental analysis reported so far, the catalysts were also characterized with a

variety of tools, including BET to measure surface area, XPS to quantify and determine species
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on the catalyst surface, and, XRD was used to determine if Fe-oxide clusters were formed and

if they affected the structure of the carbon materials.

3.3.1 X-ray diffraction (XRD)

With the aim to gather information on the possible formation of Fe-oxide clusters following
our catalyst preparation methods, powder XRD patterns for collected for selected and raw
materials of catalysts are shown in Figures (3.41, 3.42, 3.43) for Fe/AC and Fe-S-N/AC
catalysts by GAC, SA2 and G60, respectively. The typical diffraction peaks of carbon expected
for the graphitic structure were observed at 26.5° from the catalysts. The 26 angles at about
30.1°, 35.4°, 43.1°, 54.16, 57.70 and 62.5°, assumed to be 90% of these peaks refer to the
characteristic diffraction peaks of iron oxide (FexOy). These peaks for iron oxide corresponded

to both (FesOs PDF # 19-0629) and (Fe;O3 PDF # 39-1346).100
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Figure 3.41: XRD patterns of different activated carbon (GAC) catalysts, including the raw material and
support. All catalysts have 12 wt% Fe loading. (Where the black start for peaks of Fe-oxide).
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Figure 3.42: XRD patterns of different activated carbon (SA2) catalysts including the raw material and support.
Fe loading fixed at 12 wt% for all catalysts. (Where the black start for peaks of Fe-oxide).
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Figure 3.43: XRD patterns of different activated carbon (G60) catalysts including the raw material and support.
The loading of Fe is 12wt% with all catalysts. (Where the black start for peaks of Fe-oxide).

According to the data reported in Table 3.22, it is clear that for all cases, the phase present in
the higher amount, and probably also the one contributing to the catalytic activity, is Fe20s.
This phase always contributes in excess of 50% of those capable of leading to a diffraction
pattern. Then, in the presence of graphic carbon, which might be naturally present or enhanced
by acid treatment, small amounts of Fe;O4 in the range of ca. 3% are detected. Then other
species that, according to the literature, could have formed, like CFes3, FeN, and FeS, are not
detected, either meaning they are not present or they are not in a highly crystalline state to lead
to a detectable signal. From the elemental analysis data, the first hypothesis is the most
probable. For the catalysts prepared by GAC, the weight percentage of FeoO3 ranging between
44 to 69%. Doping Fe in the raw AC (Fe/AC) catalyst has the highest Fe,O3 active species at
69%, while the lower active species belongs to Fe/AC catalysts prepared by AC pre-treated
with HNOj at 44 %. Still, there was no difference in these active particles for other catalysts.
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For catalysts prepared by SA2, the amount of Fe,O3 active phase ranges between 82% with Fe-
S-N/AC (raw-AC) to 32% for Fe/AC by (HNO3-AC). The reduction in the percentage of Fe>Os
active phase in Fe/AC catalysts prepared by pre-treating AC with HNOs in both catalysts GAC
and SA2 can be attributed to several factors: surface chemistry changes as HNOs is a strong
oxidizing agent, and it can modify the surface chemistry of AC by introducing oxygen-
containing functional groups (such as carboxyl, hydroxyl, and carbonyl groups) onto its
surface. These functional groups can interact with the iron species, possibly leading to the
formation of different iron compounds or complexes on the surface of the AC. These new
surface groups can compete with the formation of Fe>Os, reducing its percentage. In addition,
the pre-treatment with HNO3 can also alter the surface area and pore structure of the AC.
Changes in these properties can affect the dispersion of Fe species on the carbon surface and
influence the phase formation. A lower surface area or different pore structure may lead to less
favourable conditions for the formation of Fe>Os. Intriguingly, G60 catalysts have significantly
higher amounts of Fe,O3 active phase than those prepared by other ACs. Active species ranged
between 99% and 87%. This is in agreement with the catalytic activity results (see section
3.2.2.4, Figure 3.37) where the Fe-S-N/AC HCI-HNO; catalyst has higher catalytic activity in

terms of residual intermediates% (15%) than others and simultaneously lower Fe leaching 10%.
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Table 3.22: wt% of the phase below in the sample

Catalysts | Fe;03 | FesO4 | C-graph | CFes; | FeN | FeS
GAC catalysts
Fe/AC 69 <1 31 0 0 0
Fe/AC (HC) 63 2 35 0 0 0
Fe/AC (HNQO3) 44 1 50 4 0 0
Fe/AC (HCI-HNO:3) 61 2 37 0 0 0
Fe-S-N/AC 60 2 38 0 0 0
Fe-S-N/AC (HCI-HNO3) 65 3 22 0 0 0
SAZ2 catalysts
Fe/AC 42 <1 55 0 2 0
Fe/AC (HC) 74 4 22 0 0 0
Fe/AC (HNQO3) 32 <1 65 0 2 0
Fe/AC (HCI-HNO:3) 51 <1 46 0 3 0
Fe-S-N/AC 82 2 12 0 5 0
Fe-S-N/AC (HCI-HNQO3) 54 2 44 0 <1 <1
G60 catalysts
Fe/AC 87 23 9.8 <1 0 0
Fe/AC (HC) 91 4.2 4.8 0 0 0
Fe/AC (HNQO3) 99 1 <1 0 0 0
Fe/AC (HCI-HNO:3) 97 3 <1 0 0 0
Fe-S-N/AC 97 3 <1 0 0 0
Fe-S-N/AC (HCI-HNQO3) 97 3 <1 0 0 0

The lattice parameters obtained from X-ray diffraction (XRD) analysis provide valuable
information about the crystal structure of a material, including the likely active species in the
catalysts, Fe2Os. The lattice parameters provide the dimensions of the unit cell, which is the
smallest repeating structural unit of the crystal. These dimensions include the lengths of the
cell edges (a, b, c) as shown in the Table 3.23. These values can help determine the volume of
the unit cell and the relative positions of the atoms within it. No actual change in crystal lattice
parameters for Fe;Os (as well as d-spacing) for all catalysts with different AC was 5 A,

implying no intercalation of hetero species in the Fe,Os lattice.
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Table 3.23: lattice parameters unit cell for Fe;O3 active phase.

Catalysts a(A) b(A) c(A) V(&%) d(A)
GAC
Fe/AC 8.354 8.354 25.117 1752 +2 5.91
Fe/AC (HC)) 8.394 8.394 25.209 1776 £ 2 5.94
Fe/AC (HNO3) 8.358 8.358 25.08 1751 +£2 5.91
Fe/AC (HCI-HNOQO3) 8.39 8.39 25.213 1774 £ 2 5.93
Fe-S-N/AC 8.393 8.393 25.171 1773 £2 5.93
Fe-S-N/AC (HCI-HNOs) | 8.398 8.398 25.205 1777 +£2 5.94
SA2
Fe/AC 8.34 8.34 25.126 1747 £ 2 5.90
Fe/AC (HC)) 8.366 8.366 25.187 1762 +2 5.92
Fe/AC (HNO3) 8.354 8.354 25.112 1752 +2 5.91
Fe/AC (HCI-HNOQO3) 8.356 8.356 25.16 1756 £ 2 5.91
Fe-S-N/AC 8.379 8.379 25.166 1766 + 2 5.92
Fe-S-N/AC (HCI-HNOs) | 8.389 8.389 25.183 1772 +£2 5.93
G60
Fe/AC 8.368 8.368 25.187 1763 +2 5.92
Fe/AC (HC)) 8.393 8.393 25.192 1774 £ 2 5.93
Fe/AC (HNO3) 8.352 8.352 25.094 1750 £ 2 5.91
Fe/AC (HCI-HNOQO3) 8.383 8.383 25.209 1771 +£2 5.93
Fe-S-N/AC 8.377 8.377 25.198 1768 +2 5.92
Fe-S-N/AC (HCI-HNOs) | 8.389 8.389 25.189 1772 +£2 5.93
dA = LThe
B .cos @
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Table 3.24: Fe;Os3 active phase particle size from Scherrer equation.

Catalysts 2- FHW(°) | Inst B(°) dA Diameter(nm)
theta(®)
GAC
Fe/AC 35 0.5 0.019 167 17
Fe/AC (HCI) 35 0.02 0.019 458 46
Fe/AC (HNO3) 35 0.4 0.019 205 21
Fe/AC (HCI-HNO:3) 35 0.2 0.019 405 41
Fe-S-N/AC 35 0.1 0.019 745 75
Fe-S-N/AC (HCI-HNO:3) 35 0.1 0.019 878 88
SA2
Fe/AC 35 0.5 0.019 145 15
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Fe/AC (HCI) 35 0.08 0.019 1245 125
Fe/AC (HNO3) 35 0.3 0.019 274 27
Fe/AC (HCI-HNOs3) 35 0.1 0.019 652 65
Fe-S-N/AC 35 0.2 0.019 366 37
Fe-S-N/AC (HCI-HNO3) 35 0.2 0.019 316 32
G60
Fe/AC 35 0.2 0.019 343 34
Fe/AC (HCI) 35 0.1 0.019 609 61
Fe/AC (HNO3) 35 0.3 0.019 252 25
Fe/AC (HCI-HNOs3) 35 0.2 0.019 411 41
Fe-S-N/AC 35 0.2 0.019 479 48
Fe-S-N/AC (HCI-HNO3) 35 0.2 0.019 451 45

An analysis of the relationship between the size of the particles and their catalytic activity is
presented in the following Figures. Figure 3. 44 a) shows the correlation between phenol
conversion and particle size. In general, smaller particles provide higher catalytic activity, as
expected. Due to their large surface area, small nano-partials increase catalytic activity. It is
possible to observe a broad correlation between Fe>O; particle size and activity. The catalysts
are active or more active for an estimated Fe;Os particle size below 40 nm from 15 to 40 nm.
Beyond this threshold, they were less active. Also , if below 40 nm, theH>O2 consumption does
not change significantly (Figure 3. 44 b) show the correlation between H>O» consumption and
particles size. However, the residual intermediates does, for much smaller particle that is more
mineralization (Figure 3.44 c) show the correlation between the residual intermediates and
particle size. This means the leaching was a consequence of either low pH during the reaction
or acidic intermediates due to the reaction, and not attack by H>O,. From the data in Figure
3.44 d) show the correlation between the Fe leaching and the particle size of catalysts,
suggested that, the products of the final catalysts are carbon-dependent after all, means that the
type of carbon catalyst used can significantly influence the outcomes or products of a chemical
reaction. In our reaction, the choice of activated carbon can be crucial in determining the end
result. The least leaching is for the G60 (pH 6.8); that the specific preparation method of the
carbon catalyst may not be as critical as the choice of the right type of carbon. This means that
regardless of how the catalyst is prepared, if it is G60 with a neutral pH and non-graphitic

properties, it is effective in reducing leaching. That is, a neutral and non-graphitic carbon would
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seem desirable because from the formation of an active Fe phase perspective. Conversely, as

long as the carbon has limited graphite and is not basic, using N and S can reverse the leaching.
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Figure 3. 44: a) The correlation between phenol conversion and the particle size of catalysts prepared by the

three types of AC. b) The correlation between the H>O2 consumption and the particle size of catalysts. ¢) The
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correlation between the CMB and the particle size of catalysts. d) The correlation between the Fe leaching and

the particle size of catalysts.

3.3.2 X-ray photoelectron spectroscopy (XPS)

XPS was also used to gather information on the distribution of Fe species and other possible
clusters not datable from XRD. In fact, XRD is a bulk method. This is important because,
unless leaching phenomena are present, and in our case in part they are, it is only the metal of
the surface of the support that is expected to be reactive and not the one in potentially deeper

layers of the support or inside the porous of a microporous material.

From the data in Table 3.25, the samples have a large variation in surface Fe amount(that is
Fe that dispersed on the surface of the carbon), which does not seem to correlate with the phenol

conversion data in the Figure 3.45 a.

This lack of correlation can still be used for data interpretation. It means that it does not matter
where Fe is located if on the surface of the catalyst or inside the pore; both it will react (or not
react) in the same manner regardless of their location. This could also imply that the rate
determining step of the reaction if the decomposition of H,O» to form "*OH radical that will

attack phenol and not the attack of the radical to phenol.

It does worth noting though that While some surface iron species may be active for the catalytic
conversion of phenol, others might be inert or less active. The nature of these species (Fe20s3,
Fe;04, iron oxides, or iron complexes) and their accessibility to reactants can vary and impact
the catalytic activity differently. Even if the total surface iron content varies among samples,
the distribution and availability of active catalytic sites on the surface can vary significantly.
Some samples may have a higher concentration of accessible active sites, while others may

have a lower concentration despite similar overall iron content.

In this context the surface area of the catalyst may vary among samples, affecting the number
of active sites available for catalysis. A higher surface area could result in more active sites,
leading to better catalytic performance, but this relationship isn't always straightforward.
Various factors, including the reaction mechanism, surface interactions, and kinetics, can
influence the conversion of phenol. These factors may not be accounted for in the XPS analysis

but can impact the phenol conversion. There is also no correlation between surface iron and
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leaching of Fe (Figure 3.45 b) still from the XRD data see section 3.3.1, there is correlation

with particle size, leaching and activity.
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Figure 3. 45: a) XPS correlation between phenol conversion and surface Fe. b) Surface Fe and Fe leaching

correlation.

Table 3.25: An XPS measurement of the atomic percentage (at%) of elements on catalyst
surfaces.

Catalysts | C1s | O1s | Fe2p | Ni1s | S2p
GAC
Fe/AC 86 10 1 - -
Fe/AC (HCI) 88 9 0.3 - -
Fe/AC (HNO3) 83 12 2 - -
Fe/AC (HCI-HNO3) 75 17 6 - -
Fe-S-N/AC 86 9 0.3 0.4 1
Fe-S-N/AC (HC) 88 7 0.8 0.5 1.7
Fe-S-N/AC (HNO3) 90 6 0.3 0.3 1.7
Fe-S-N/AC (HCI-HNO3) 78 13 4 0.8 2
SA2
Fe/AC 69 21 3 - -
Fe/AC (HCI) 85 11 1 0.4 -
Fe/AC (HNO3) 90 7 1 - -
Fe/AC (HCI-HNO3) 92 6 0.5 0.5 -
Fe-S-N/AC 77 15 1.6 0.5 1.9
Fe-S-N/AC (HCI) 85 9 1.5 1 1.7
Fe-S-N/AC (HNO3) 85 10 1.7 0.9 1.5
Fe-S-N/AC (HCI-HNO3) 85 9 1.9 0.7 1.8
G60
Fe/AC | 90 | 7 | 1 | -- | -
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Fe/AC (HCI) 88 8 2 — —
Fe/AC (HNO3) 88 8 2 _ _
Fe/AC (HCI-HNO;) 91 7 0.9 0.5 —
Fe-S-N/AC 84 10 1.7 1 1.7
Fe-S-N/AC (HCI) 86 8 1 0.8 2
Fe-S-N/AC (HNO3) 84 11 0.2 1.5
Fe-S-N/AC (HCI-HNO3) 93 5 0.6 0.3 1.4

However, each time the carbon is treated with HCI, the amount of O surface decreases
(experimental errors can easily affect this, though). This effect, however, suggests that HCI is
actually dehydrating alcoholic groups, resulting in less oxygen and larger Fe.O; particles
(which are in line with hypotheses and XRD data), meaning less activity and less leaching.
Regarding any effects of HNOs, they are difficult to detect. From high-resolution data, there is
often a tiny peak at 533.2 eV, which could correspond to a R- C = OO- R group as opposed to
an R-O-R group. However, as can see from the catalytic data (see section 3.2.1.5), the effect
on the reaction is minuscule. As shown in the table above, whenever the Fe-S-N/AC protocol
is used, the carbon contains S and N, so the protocol is working however, the effect of this on
the catalytic reaction seems to be negligible. It also seems that the catalysts treated with HNO3
have the smallest Fe>Os clusters, while the catalysts from the Fe-S-N/AC protocol have the
least leaching. As a result, S reduces leaching. Therefore, surface S is helping to reduce
leaching, but a compromise would be to reduce the carbon before this protocol. Catalysts are
definitely low-oxidation Fe when they are prepared, but when they are analysed or used, they

are Fe;Os.

3.3.3 Measurement of porosity

Table 3.26 displays the results of the textural and chemical properties of the support AC (G60)
and the catalysts Fe-S-N/AC by (HCI-HNOs). Sger is often determined using gas adsorption
techniques, such as nitrogen adsorption, and it provides information about the material's
external and accessible internal surface area. The parent activated carbon G60 exhibited a high
specific surface area (Sgetr, 781 m?.g ™) and micropore surface area, micropores are very small
pores with diameters less than 2 nm Smicro provides insight into the surface area within these
tiny pores, (460 pore volume m2.g!). The external surface area, the surface area of the material
that is accessible from the outside, excluding the surface area within pores (321 m?.g™!). The
total pore volume is (Vi, 0.42 cm?.g™!) and the micropore volume is (0.21 cm?.g™!). It was noted
that Fe-S-N/AC catalyst showed a decrease in specific surface area (Sget), micropore surface

area (Smicro) and total pore volume (Vi) compared to G60. It is likely that these results were
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caused by the N and S doping which resulted in blockages of the pores. Other studies have
reported similar results.®”- 1% Further, pre-treatment acids with HC1 and HNOs for AC could
affect both pore and surface areas, suggesting oxygen groups were introduced by modification

of the surface.

Table 3.26: Porosimeter data of the Fe-S-N/AC catalysts prepared from G60 pre-treated with
both acid HCI and HNO:s.

Sample SBET Smicro Sext Vtot(cm:‘ . g_l)(b) Vmicro
(g )@ | (m2gH® | (g (cm-g)®
Raw-G60 781 £20 | 460 +22 321+ 15 0.42 +0.05 0.21£0.02
Fe-S-N/AC 758 £22 | 430+21 327+ 16 0.35+0.03 0.22 +£0.02
(G60- HCVHNO3)

(a) Values obtained from the adoption branch of the adsorption isotherms using Brunauer—-Emmett-Teller (BET) theory.
(b)Value obtained at the absorption—desorption point using a Barret-Joyner—Halenda (BJH) method.

3.4 Diffusion control tests

As in heterogeneous catalytic systems, mass transfer limitations may occur, and if so, they are
critical to reaction rates, conversion rates, and product (selectivity) formation, it was
appropriate to verify whether diffusion (mass transfer) limitations were affecting our
measurements or not. Catalysed reactions occur when reactant molecules come into contact
with the active sites, which, in our case, are usually located within the pores of the catalyst, but
they may also be present on the external surface. Thus, the catalytic reaction occurs when
molecules react within a catalyst particle after diffusing through a fluid layer (external

diffusion) and then through its pores (internal diffusion).

There are a number of processes that can affect the overall rate of heat and mass transfer
between the fluid and the solid or inside the porous solid. Solid-catalyzed reactions are affected
by transport limitations in the following ways: firstly, effects of mass transfer region one;
external transport occurs when the reactant diffuses through the stagnant boundary layer
surrounding a particle. Region two: internal transport, where the reactant diffuses into the pores
of the particle. Secondly, the effects of heat transfer. However, in porous catalysts, internal
molecule diffusion is highly dependent on the pore network’s dimensions. Micropore: <2 nm;

changing the pore size to those typical of AC results in a dramatic decrease in diffusivity.
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Furthermore, internal diffusion is more likely to occur with gas. This study does not expect to

be affected by heat transfer as the application is in water which has a high heat capacity.!%>-1%

1& * 7 External

1 4 Diffusion
A B
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_______ gy ———

Catalytic Surface

Figure 3.46: Catalytic reactions in heterogeneous systems. 1. The mass transfer (diffusion) of reactant(s) (e.g.
species A) from the bulk liquid and a separate liquid film covering each particle of the catalyst to the surface of
the catalyst particles. 2. The reactant diffuses from the pore mouth through the pores of the catalyst to the
opposite side of the internal surface of the catalyst. 3. The adsorption of reactant A to catalyst surfaces. 4.
Reaction on the catalyst surface (e.g. A—B). 5. Release of the products (e.g. B) from the surface. 6. Diffusion of
the products from the pellet interior to the pore mouth at the external surface. 7. Mass transfer of products from

external pellet surfaces to bulk fluids.!%

3.4.1 External diffusion tests:

A. Using different stirring rates

There are two possible cases: firstly, the conversion increases per stirring rate increase. As
mixing reduces diffusion, the reaction is affected by diffusion limitations (also known as
diffusion regimes). Alternatively, diffusion could contribute (or even be) to the rate

determining step of the process. Secondly, the conversion doesn't change per stirring rate
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change. This means that diffusion phenomena do not apply, and the reaction rate is determined

by the reaction at the surface (also known as the kinetic regime).

I.  Fe-S-N/AC (AC1) (HCI-HNO:3):
According to Table 3.27, as the stirring rate changed, the conversion did not change. As a
result, diffusion phenomena were irrelevant with Fe-S-N/AC from GAC pre-treated with HCI
and HNOs. However, while this doesn’t change the conversion (that is, the attack of "OH to
phenol), it does slightly change the CMB (that is, selectively). In other words, whereas the

attack of *OH is not affected by diffusion, the mineralization is.

Table 3.27: External diffusion tests using the different the stirring rate for the Fe-S-N/AC
from GAC pre-treated with HC1 and HNO:s:

M:S RMP/ Phenol residual
min | conversion% | intermediates% %5
+5
1:100 0 94 36
1:100 200 96 36
1:100 300 99 8
1:100 500 100 9
1:100 700 98 12

II.  Fe-S-N/AC (SA2) (HCI-HNO3):
According to Table 3.28, as the stirring rate changed, the conversion did not change. In
addition, no effect on the residual intermediates. As a result, diffusion phenomena were
irrelevant with Fe-S-N/AC from SA2 pre-treated with HCl and HNOs. It is important to note
that the two carbons are different, though; in general, the smaller the grains, the smaller (often)

the diffusion limitation effect.
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Table 3.28: External diffusion tests using the different the stirring rate for the Fe-S-N/AC

from SA2 pre-treated with HCI and HNOs:

M:S RMP/ Phenol residual
min | conversion% | intermediates% =+ 5
+5
1:100 0 98 15
1:100 200 98 9
1:100 300 99 8
1:100 500 100 2
1:100 700 100 5

I11. Fe-S-N/AC (G60) (HCI-HNO3)

According to Table 3.29, as the stirring rate increased, conversion increased. Mixing reduced

diffusion, so diffusion limitation affected the reaction with Fe-S-N/AC from G60 pre-treated

with HCI and HNO:s.

Table 3.29: External diffusion tests using the different the stirring rate for the Fe-S-N/AC

from G60 pre-treated with HC1 and HNOs:

RMP/

min

Phenol
conversion%

+£5

residual

intermediates% =+ 5
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1:100 0 38 70
1:100 200 47 60
1:100 300 46 62
1:100 500 100 11
1:100 700 38 67

Diffusion phenomena were irrelevant with Fe-S-N/AC from GAC pre-treated with HCl and
HNO:s. Although this does not change the conversion, the residual intermediates is slightly
altered. Also, diffusion phenomena were irrelevant with Fe-S-N/AC from SA2 pre-treated with
HCI and HNOs. However, diffusion limitation influenced the reaction with Fe-S-N/AC by G60
pre-treated with HCI and HNO:s.

B. Using different M:S

There are two cases: firstly: the conversion increases per increase in the amount of catalyst: the
reaction will be under a kinetic regime, kinetic laws can be determined, and it will be needed
to determine the best amount of catalyst in terms of compromise considering the amount of
catalyst and yield of the product. Secondly: the conversion doesn't change with increasing the
catalyst amount. There are two possible explanations: (i) there’s a diffusion limitation, or (ii)
the conversion is already at 100% maximum. In this case, doubling the catalyst amount will

not impact the conversion since it's already at maximum.
Fe-S-N/AC (GAC) (HCI-HNO:3):

According to Table 3.30, an increase in conversion is caused by increasing the amount of
catalyst: the reaction was under a kinetic regime, kinetics law can be determined, and the best
Fe-S-N/AC (GAC) (HCI-HNO3) catalyst amount is 1:100 taking into account the amount of

catalyst and yield of the product, and residual intermediates reached zero.

Table 3.30: External diffusion tests using the different M:S for the Fe-S-N/AC from GAC pre-
treated with HC1 and HNOs:

M:S RMP/ Phenol residual
min conversion% | intermediates% =5

£5
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0.1:100 500 28 79
0.5:100 500 58 54
1:100 500 100 9
15:100 500 100 0
20:100 500 100 0

I1. Fe-S-N/AC (SA2) (HCI-HNO3):

According to Table 3.31, an increase in conversion is caused by increasing the amount of
catalyst: the reaction was under a kinetic regime, kinetics law can be determined, and the best
Fe-S-N/AC (SA2) (HCI-HNO3) catalyst amount is 1:100 taking into account the amount of
catalyst and yield of the product also, residual intermediates significantly decreased to zero%

considering the experimental error.

Table 3.31: External diffusion tests using the different M:S for the Fe-S-N/AC from SA2
pre-treated with HCI and HNOs:

M:S RMP/ Phenol residual
min conversion% | intermediates%
+5 +5
0.1:100 500 36 73
0.5:100 500 79 39
1:100 500 100 18
15:100 500 100 5
20:100 500 100 0

II1. Fe-S-N/AC (G60) (HCI-HNO3)

According to Table 3.32, an increase in conversion is caused by increasing the amount of
catalyst: the reaction was under a kinetic regime, kinetics law can be determined, and the best
Fe-S-N/AC (G60) (HCI-HNOs3) catalyst amount is 1:100 taking into account the amount of
catalyst and yield of the product.
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Table 3.32: External diffusion tests using the different M:S for the Fe-S-N/AC from G60
pre-treated with HCI and HNOs:

M:S RMP/ Phenol residual
min | conversion% | intermediates% +5
+5

0.1:100 500 10 90
0.5:100 500 28 75

1:100 500 100 12
15:100 500 97 6
20:100 500 100 0.3

From the interpretation of these data, catalytic tests are not affected by external diffusion

limitations. As such, the reported data are validated and can be used.

3.5 Conclusion

Iron-doped activated carbon (Fe/AC) and iron, sulphur and nitrogen-tri-doped activated carbon
(Fe-S-N/AC) were prepared using three different kinds of AC at different conditions,
characterised and tested as catalysts or support for CWPO of phenol. Doping N and S improved
the catalytic activity of activated carbon by increasing electron density on the surface. Besides,
N and S dual-doped Fe/AC significantly enhanced its catalytic performance and prevented Fe
leaching. With Fe-S-N/AC raw-GAC, phenol oxidation was 100% and 30% residual
intermediates and reduced the iron leaching by 50% to 40% compared to Fe/AC raw-GAC.
Doping S and N into raw-SA2 (Fe-S-N/AC raw-SA2) gives high catalytic activity at 100%
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and 12% for phenol conversion and residual intermediates, respectively. However, compared
to Fe/AC raw-SA2, there was no significant difference since the Fe leaching was still high at
80%. With the G60 catalysts adding S and N for Fe/AC raw-G60, the catalyst exhibited slightly
reduced catalytic activity (phenol conversion reduced from 100% to 80%, and residual
intermediates became 60% while was 40% with Fe/AC). Also, there was no difference in the
Fe leaching results. Elemental analysis results for these catalysts show doping S significantly
increased S mol% with all Fe-S-N/AC catalysts by different AC. Accordingly, the protocol
successfully worked as expected. N mol% for these catalysts increased, but for GAC. However,
there was no correlation between N mol% and H>O, consumption, which does not agree with

the second hypothesis doping N enhance H>O; attacks (see section 3.2.1).

Pre-acid treatment with HCl, then doping S and N, for Fe-S-N/AC HCI-GAC shows increased
catalytic activity than Fe/AC HCI-GAC (phenol oxidation from 55% rise to 88% as well
residual intermediates reduced from 100% to 57%). Also, Fe leaching was 13%. HCI-SA2
catalysts did not show an effect by S and N doping. On the other hand, HCI-G60 indicated the
enhancement of S and N on the catalytic activity of Fe-S-N/AC HCI-G60 catalysts. However,
these catalysts did not reach the target full phenol oxidation and simultaneously maintain
stability. Elemental analysis results detected a reduction in the O mol%, which was expected
and explained as a dehydration process. The reduction in the catalytic activity, in general, is
associated with catalysts prepared by HCI-AC, either Fe/AC or Fe-S-N/AC catalysts,
interpreted via XRD results where the particle size of the active species was considerably large
compared to others. Again, for these catalysts, S mol% dramatically increased, as N mol%, but

for SA2, there was no correlation between H>O, Consumption and N mol%.

Oxidation of AC using HNOs3 for Fe-S-N/AC HNOs;-GAC maintains high activity (full phenol
conversion and 11% residual intermediates). Furthermore, it reduced leaching by 50% (from
63% to 50%). Fe-S-N/AC HNO;-SA2 slightly decreased the activity for phenol conversion
(from 100% for Fe/AC HNO3-SA2 to 83% by Fe-S-N/AC HNOs-SA2), but the leaching was
50% less (from 60-80% to 28%). Fe-S-N/AC HNO;-G60 keeps the catalytic activity while
dropping the leaching from 60% to 40% compared with Fe/AC HNOs-G60. Elemental analysis
results detected a significant increase in the S mol%, but there was no difference in the O mol%.
Nevertheless, keeping the amount of O the same does not mean keeping the surface of the AC
the same. Therefore, HNO3 may not oxidize AC but C-OH to COOH, which appears better to
bind Fe.
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For all cases, XRD clearly shows that Fe2O; is present in the highest amount and probably
contributes to catalytic activity. The contribution of this phase to diffraction patterns is always
greater than 50%. Then, when graphic carbon is present, either naturally or as a result of acid
treatment, there is a small amount of Fe;O4 present in the range of ca. 3%. Furthermore, other
species that, based on the literature, could exist, like CFes, FeN, and FeS, have not been
detected, suggesting that they are not present or are not crystalline enough to be detected. It
appears that the first hypothesis is most likely based on the elemental analysis data. The weight
percentage of Fe2Os varies between 44 and 69% for catalysts prepared by GAC. Fe doping in
raw AC (Fe/AC) catalyst has the highest Fe>O3 active species at 69%, while Fe/AC catalysts
prepared by AC pre-treated with HNOj3 have the lowest active species at 44%. The amount of
Fe»Os active phase in catalysts prepared by SA2 varies from 82% with Fe-S-N/AC (raw-AC)
to 32% with Fe/AC (HNO3-AC). G60 catalysts contain significantly more Fe>Os active phase
than other ACs. The percentage of active species ranged from 99 to 8§7%. It is consistent with
the catalytic activity results showing that Fe-S-N/AC HCI-HNOj has higher catalytic activity

(15% residual intermediates) and lower Fe leaching (10%) than others.

For all catalysts with different AC, the lattice parameters obtained from X-ray diffraction
(XRD) show no change in crystal lattice parameters (as well as d-spacing) for Fe>O3, indicating
no intercalation of hetero species. Furthermore, it is clear that HCI pre-treatment does affect
the intrinsic properties of the catalyst. HCI-AC with GAC, SA2 and G60 makes Fe>Oj3 particles
larger 46, 125 and 61 nm for Fe/AC. Since no intercalation occurred, this implies that HCI
operates a dehydration reaction on carbon, reducing Fe anchoring points and increasing Fe>Os.
In light of these results, it is easy to understand why these catalysts prepared by HCI-AC have
low activity. HNOs had no discernible effect on the XRD pattern.

In the XPS data, the samples have a large variation in surface Fe amount (Fe dispersed on the
carbon surface) that does not seem to correlate with phenol conversion. When the carbon is
treated with HCI, the amount of O surface decreases. It is likely, however, that HCI dehydrates
alcoholic groups, resulting in less oxygen and larger Fe>Os3 particles (according to hypotheses
and XRD data), resulting in less activity and less leaching. In terms of HNO5's effects, they are
hard to detect. Based on high-resolution data. In spite of this, the catalytic data show that the
effect is negligible. When the Fe-S-N/AC protocol is used, S and N are present in the carbon.
Catalysts treated with HNO; also appear to have the smallest Fe2Os clusters, while catalysts
from Fe-S-N/AC have the least leaching. Therefore, S reduces leaching. This way, surface S

reduces leaching, but reducing carbon before this protocol would be a compromise. When
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catalysts are prepared, they are definitely low-oxidation Fe, but when they are analysed or used,

they are Fe2Os.

Pre-acid treatments by both acids HC1 and HNOs3 and doping S and N, Fe-S-N/AC HCI-HNOs-
AC1 expressed high catalytic activity (phenol conversion 100% and residual intermediates
30%). They reduced Fe leaching to the lowest level (15%) compared to other catalysts by GAC.
Fe-S-N/AC HCI-HNOs-SA2 gives 100% phenol oxidation and 29% residual intermediates and
reduces the leaching to 30%. Fe-S-N/AC HCI-HNO3-G60 confirmed these results, which
showed complete phenol oxidation and high mineralization of 15% residual intermediates and
only 10% Fe leaching. Consequently, it can be concluded by saying that the doped Fe-S-N/AC
prepared by AC pre-acid treatments by HC1 and HNOj catalysts were quite stable and more
active for CWPO of phenol than Fe/AC. N and S atoms enhance catalytic performance. Fe-S-
N/AC prepared by AC pre-acid treatments by HCl and HNO3 catalysts were an effective and
stable catalyst in the CWPO of phenol. As a result, it may be useful for treating phenol-

containing wastewater.
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Chapter 4: Iron-doped zeolites ZSM-5 and Y for phenol oxidation via
CWPO

4.1 Introduction

The main objective of this part of the project is to produce and improve the well-known Fe-
ZSM-5 catalysts to be durable catalysts with high catalytic activity (complete phenol
conversion) for phenol oxidation by CWPO reaction. In this context, with reusability and
durability, we mean a material that can be reused about 5 times. Although this is not a
convention, it is common practice for this and other catalytic studies '*? This chapter moves
from activated carbon (AC) as catalyst support for Fe species to zeolites. Both are well-known
supports and widely used for water treatment applications.> ACs are frequently employed as
supports for heterogenous, solid catalysts in the CWPO method for phenol oxidation,”!°
because of their features, for example, a large surface area (800-1200 m2.g™!), large pore size
around (0.9-1.3 mL.g!) as well as the low cost,'! which have been comprehensively discussed
in the present thesis work (see the entire chapter 3). Compared to zeolites, ACs are also cheaper
(1 kg of AC costs approximately 60-80 £, while the same amount of zeolite ranges between
500 £ and 700 £ ). On the other hand, despite the many advantages of AC reported both in this
thesis work (Chapter 3) and the specialized literature, zeolites are, generally speaking, more
reusable than AC, as they suffer from a much lower batch-to-batch reproducibility during
manufacturing, unlike ACs which although undergoing synthetic treatments they all start from
natural products caused by varying structures of carbon precursors.'? As discussed, in part, in
Chapter 3, ACs may already contain some metal residue; therefore, if not pre-treated, it is likely
that a particular batch of carbon may behave differently, meaning that the batch may perform
very well for an application under consideration, while another set may behave differently. In
addition, zeolites also have a large surface area, typically between 500 to 800 m?.g1.13 A
textual parameter that, generally increases the catalytic activity.!? By virtue of these properties,
under mild working conditions, the system using Fe-ZSM-5 zeolite with MFI structure
achieved total elimination of phenol and significant removal of total organic carbon (TOC).

Furthermore, Fe-ZSM-5 remains active after repeated runs. Besides that, zeolites have a
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microporous structure.'* A strong acidity is another advantage of zeolites for a large class of
reactions; like alkane conversion!® and fructose dehydration reaction,'® have Bronsted and
Lewis acid sites, typically hydroxyl groups and unsaturated cations, respectively. In some
cases, both Bronsted and Lewis acidity can predominate, depending on the chemical reaction,
the crystal structure, the post-synthesis treatment, as well as the state of hydroxylation below
the reaction circumstance. The acidity properties of zeolites play a crucial role in their catalytic
activity for phenol oxidation using CWPO. The catalytic activity of zeolites in this reaction is
may dependent on the presence and strength of acid sites within the zeolite framework. Zeolites
possess Bronsted acid sites (protonic acid sites) and Lewis acid sites (non-protonic acid sites).
These acid sites can act as active centres for the adsorption of phenol and the activation of
hydrogen peroxide. The presence of Bronsted acid sites in zeolites can facilitate the activation
of H20», generating ‘OH. In addition, phenol molecules can be adsorbed onto the surface of
zeolites through interactions with the acid sites. The adsorbed phenol molecules are then more
accessible to the activated hydrogen peroxide species, promoting the phenol oxidation reaction.
The type and strength of the acid sites can influence the reaction pathways and selectivity of
the phenol oxidation reaction. Different acid sites may lead to the formation of different
intermediate species, affecting the overall reaction results. To determine the correlation
between zeolites’ acidity properties and their catalytic activity, it must provide information
about their acidic sites' quantity, nature, location, and strength.!” Also, hydrophobic and
hydrophilic properties can be adjusted by controlling zeolite’s Si:Al ratio. For example, high
Si:Al zeolites are relatively hydrophilic; these Si-rich zeolites demonstrate excellent
performance for carbon dioxide capture in moist atmospheres.!® The other benefits include
their availability and environmentally safe materials.!” Therefore, thanks to their unique
properties, zeolites have received much attention as support or heterogeneous catalysts or as
catalysts themselves. Zeolite Y, for instance, plays an essential role in heterogeneous catalysis,
like, catalytic cracking.?%-2! Also, ZSM-5 is a promising catalyst for the wet oxidation of phenol

by H,O; in the Fenton reaction.!# 2224

A zeolite with ten oxygen rings usually has a sizeable crystalline framework which means that
it has a relatively large and well-defined structure composed of interconnected tetrahedral units
(the zeolite crystals are relatively large in size, which can be advantageous for certain
applications. Larger crystals may provide better mechanical stability and ease of handling
during industrial processes), exhibiting other essential properties, such as its high activity and

hydrothermal stability. From the family of oxygen ring zeolites with 10 members, the MFI type
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ZSM-5 zeolite probably has the most significant application.”> Incorporating the ZSM-5
framework with atoms other than Si and Al can significantly alter the catalytic and acid-base
properties.?-2% In most of these reactions, the reactivity of Fe-ZSM-5 catalysts is caused by the
presence of particular extra framework iron-containing cationic species within the micropores
of ZSM-5 zeolite or on the external surface of the zeolite crystals.>* In other words, the extra-
framework iron species in Fe-ZSM-5 can include: Iron oxides, such as Fe;O3 (hematite), can
form on the external surface of the zeolite or within its pores. These iron oxides may act as
active sites for specific catalytic reactions. Some iron ions may aggregate and form dinuclear
iron sites, where two iron ions are in close proximity to each other. These dinuclear iron sites
can exhibit unique catalytic properties. Iron oxyhydroxide species, such as FeOOH (goethite)
or Fe(OH); (ferrihydrite), may aggregate and form clusters on the zeolite surface. These
oxyhydroxide clusters can also contribute to the catalytic activity of Fe-ZSM-5.3!-32 However,
the nature of the active sites for the different reactions that Fe-ZSM-5 catalyses is still

debatable.

As mentioned, transition metal zeolites are among the most efficient CWPO catalysts.?3-3

Several studies have examined the properties of ZSM-5 zeolites containing Fe.?* 3742 Over a
wide pH range, these catalysts are highly efficient at oxidising organic substrates with
hydrogen peroxide. Several studies have shown that Fe improves zeolite's ability to catalyse
organic oxidation, and the synthesis procedure of Fe-zeolite can affect its catalytic activity.*>
43 According to the literature, Fe-zeolite activity and hydrothermal stability (Hydrothermal
stability, in the context of Fe-zeolites, refers to the ability of the material to maintain its
structure and performance under high-temperature and high-pressure conditions in the presence
of water. A hydrothermally stable Fe-zeolite would demonstrate minimal degradation or
structural changes when exposed to elevated temperatures and pressures in the presence of
water. The stability is essential for maintaining the catalytic activity of the material over
extended periods, as well as for preventing structural collapse or loss of performance during
practical applications), these properties are affected by several factors, such as: (i) zeolite
topology, (zeolite topology refers to the specific arrangement and connectivity of atoms within
the framework structure of a zeolite mineral. Zeolites are crystalline aluminosilicates with a
well-defined three-dimensional framework composed of interconnected tetrahedral units,
usually involving silicon, aluminum, and oxygen atoms. The arrangement of these tetrahedral
units determines the overall structure and porosity of the zeolite, which is critical to its unique

properties and applications. It is often described in terms of its framework type, which is
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assigned a specific code based on its crystal structure. The International Zeolite Association
(IZA) has established a framework type classification system that assigns a three-letter code to
each unique zeolite topology. For example, the most common natural zeolite, clinoptilolite, is
designated as the framework type "CHA," while synthetic zeolites like ZSM-5 are identified
as "MFL."), (ii) the synthesis method, (iii) the amount of metal dopant, and (iv) any post-
synthesis treatment (are often performed to modify or enhance the properties of the material
for specific applications for example ion exchange is a common post-synthesis treatment used
to replace some of the cations within the zeolite framework with other cations). The catalyst
may also contain a number of iron species and iron oxide clusters.** However, different iron
species in the zeolite structure may have different activities based on their structure, location,

and electronic environment.*

The objective of this part of the work is to develop and apply zeolite-based catalysts, mainly
based on Fe doping over ZSM-5 by:

(i) investigate the effects of different synthesis methods of Fe-ZSM-5 on their catalytic activity
using different iron precursors, different forms of ZSM-5 (H-ZSM-5 and NH4-ZSM-5) and
varying iron loading. The criteria for assessment to determine the best catalyst from these
changes in synthesis parameters is to compare these catalysts in terms of phenol conversion via

CWPO.

(i) to study the effect of different preparation methods, Fe-ZSM-5 was prepared by two
different procedures, incipient wetness impregnation and vacuum impregnation methods. A
comparative study of the structural characteristics was made between the two impregnated Fe-
ZSM-5 catalysts, especially aimed at enhancing the durability (i.e. limiting leaching effects) of

these materials.

(iii) S and N were doped with Fe-Zeolite with the aim of enhancing their stability and
durability. In addition, ZSM-5 with different Si: Al molar ratios (23, 50, and 80), Zeolite-Y was

also used.

(iv) investigate the role of Ag species as a potential metal dopant for CWPO. Current literature
would suggest that Ag could be an efficient promotion of H>O> decomposition to reactive ‘OH
species. Therefore, Ag was added for different zeolite frameworks ZSM-5 with different Si:Al
ratios (23, 50, and 80), and considering zeolites of different morphology like Zeolite-Y.
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Various catalysts are assessed based on their phenol conversion. Different methods of
characterization were used, like XRD, XPS and BET techniques and associated with catalytic

efficiency.

4.2 Results and Discussion

4.2.1 The effects of preparing Fe-ZSM-5 with different iron precursors and ZSM-5
counterions, and study the effect of increasing Fe loading Swt.% Fe/ZSM-5 and 10
wt%Fe-ZSM-5 on CWPO of phenol

The Fe precursor to carrying out the metal doping plays an important role in controlling the
distribution of Fe species in the Fe-ZSM-5 catalyst prepared by the wetness impregnation
method, the different precursors resulting in different catalytic activities.*® Study conducted by
Kim and his team to examine the partial oxidation of CH4 with hydrogen peroxide in water
using Fe-ZSM-5. For the preparation of Fe-ZSM-5 catalysts, the effect of Fe precursors on
catalytic performance was investigated. Moreover, two preparation methods were used: wet
impregnation (WI) and ion exchange (IE). Fe-ZSM-5 derived from FeCl, was found to perform
better than the Fe-ZSM-5 catalysts derived from FeSOs, Fe(CH3CO2)2, FeCls, Fea(SO4)3,
Fe(CsH70,)3, and Fe(NO3); obtained by the WI method. In Fe-ZSM-5 catalysts prepared by
the IE method, low-valent Fe precursors, like FeSOa, FeCla, and Fe(CH3CO»)», exhibit greater
catalytic activity than trivalent Fe precursors, like Fe2(SO4)3, FeCls, and Fe(NO3)3.46

In addition, over the last decade, investigations into the mechanism and kinetics of H2O»
decomposition by Fe?* and Fe** species have been carried out extensively.*’->° In the Fenton
process, H2O» reacts with Fe ions to produce active oxygen species, which oxidize organic and
inorganic compounds.®! Reagents that can be involved in the Fenton reaction are H>O», Fe?*,
Fe** and organic or inorganic ligands.’?> As mentioned in Chapter 1, in the Fenton reactions, if
the reaction is started using Fe*'/H,O, rather than Fe?*'/H,0,, the reaction will be slower
because Fe** should be reduced to Fe?" prior to the production of hydroxyl radicals (see
equations chapter 1).°* To investigate this effect, in this study, in the presence of zeolites as a
support, two precursors have been selected, Fe(NO3)3-9H,0 (Fe**) and FeSO4-7H20 (Fe?"), to
prepare Fe-ZSM-5.

Interestingly to observe a survey conducted by Delahay et al.>* 3> found that when the Fe
loading in the zeolite is low, monoatomic iron-oxo cations are the most common and have high
reduction potential (Eo). In contrast, by increasing the Fe loading, binuclear iron-oxo species

and iron oxides can form fewer active compounds. Binuclear oxo-complexes are active in SCR
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reactions >° and the direct decomposition of N>O.3” In light of this, we conducted a study where
Fe-ZSM-5 were prepared at various iron loading 1, 5 and 10 wt%. As a first step, though, and
similar to how ACs were studied in Chapter 3, homogeneous catalytic tests without the zeolite
as a kind of control and blank tests were carried out. The aim was to compare the effect of Fe?*
and Fe*" towards the Fenton system and in case of leaching. For these tests 50 mL of the mixture
solution containing 1 g-L! of phenol and metal ions (Fe** from Fe(NO3); or Fe?" from FeSO4)
M:S ratio was 1:100, a stoichiometric amount of H>O> to phenol (1:14) was added to the
solution to start the reaction 80 °C heating degree was used for 4 h. The results showed that in
both precursors, phenol conversion reached 100%, and the CMB% was approximately the same
with both Fe?" and Fe**, 46% and 40%, respectively, considering the experimental error of 5%.
There is no difference between Fe?* and Fe* as starting a homogeneous catalyst with our
reaction conditions where the reaction continues for 4 h, and the difference between them is

negligible.

In view of this result, we have selected Fe(NO3)3.9H>0 as a main precursor for the synthesis
of our catalytic materials and synthesised 1 wt% Fe-ZSMS5 using as a support the ammonium
NH4-ZSM-5 and acidic form H-ZSM-5, and here abbreviated as A-1 and A-2 samples
respectively. In addition, we have prepared these same materials by using FeSO4.7H>0O, here
denoted B-1 and B-2 for the ammonium and acidic forms, respectively. All these catalysts were
used for phenol oxidation by CWPO. Phenol concentration 1 g-L~!, M:S was 1:100, and a

stoichiometric amount of H20O» to phenol was used at 1:14 at 80 °C for 4 h.
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Figure 4.1: Catalytic activity test for phenol oxidation by CWPO using various catalysts: (A-1) 1wt% Fe-ZSM-
5 that catalyst synthesized via Fe(NO3)3:.9H20 and NH4-ZSM-5; (A-2) 1wt% Fe-ZSM-5 that catalyst
synthesized via Fe(NO3)3.9H20 and H-ZSM-5; (B-1): 1wt% Fe-ZSM-5 that catalyst synthesized via

FeS04.7H20 and NH4-ZSM-5 ; (B-2) 1wt% Fe-ZSM-5 catalyst synthesized via FeSO4.7H20 and H-ZSM-5. All

reactions were conducted using 50 ml of phenol, a concentration of 1 g-L™!, M:S was 1:100, and 1:14 molar

ratios of phenol:H202 at 80 °C for 4 h.

In a comparison of catalysts: 1wt% Fe-ZSM-5 (A-1) and (A-2), despite having the same
precursor but a different counterion for the zeolite, NH** for (A-1) and H for (A-2), it appears
that (A-1), gives complete phenol oxidation as well as high mineralization, where the CMB%
was 18%. In contrast, the catalytic activity of 1wt% Fe-ZSM-5 (A-2) for phenol conversion
and residual intermediates were very low, 40% and 70%, respectively. Also, H>O> consumption
confirms these results; it was 100% for 1wt% Fe-ZSM-5 (A-1) but only 50% for the other
catalyst where an H* counterion was used. Iron leaching is high for both catalysts, though, thus
affecting their durability. Still, the leaching with 1wt% Fe-ZSM-5 (A-1) (84%) was much
larger than Fe-ZSM-5 (A-2) (55%); these could be a result of an increase in short-chain acids

in solution, for example, oxalic acid, which is the main reason for leaching as reported
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frequently.® > Therefore, when Fe doping in NH4-ZSM-5 is more active than using H-ZSM-

5 for phenol conversion via CWPO reaction.

Comparing 1wt% Fe-ZSM-5 (B-1) that prepared by NH4-ZSM-5 and FeSO4.7H>0 and (B-2)
produced by H-ZSM-5 and FeSO4.7H,0 (Figure 4.1), there is a significant difference in the
catalytic activity for phenol oxidation and residual intermediates,. Iwt% Fe-ZSM5 (B-1) gives
71% phenol conversion and 47% residual intermediates, while for 1wt% Fe-ZSM-5 (B-2), the
catalytic activity dropped to 35% phenol oxidation and 70% residual intermediates. H>O»
consumption was 60% and 45% for 1wt% Fe-ZSM-5 (B-1) and 1wt% Fe-ZSM-5 (B-2),
respectively compatible with the catalytic activity results, justified that not all H>O- has been
decomposed to form *OH other ways more phenol oxidation and mineralization will reach. The
results regarding iron leaching show there was no significant difference between both (B-1)
and (B-2). Still, both catalysts suffered from high iron leaching. These results were compatible
with the above catalysts using iron nitrate precursor, where doping Fe in the form of NHa-
ZSM-5 increased the catalytic activity more than using the form H-ZSM-5. In summary, if the
phenol conversion is taken as a parameter to assess these various catalysts, the best is the one

prepared by using Fe(NO3); precursors and zeolite ZSM-5 in the ammonium form.

As previously explained, metal loading can also influence the catalytic activity as it solely
affects the metal dispersion, the same materials described in section(4.2.1) were prepared with
a metal loading of 5 and 10 wt%. These catalysts (A-1), (A-2), (B-1) and (B-2) applied for

phenol conversion by CWPO reaction at the same condition.
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Figure 4.2: Catalytic activity test for phenol oxidation by CWPO using various catalysts. The first catalyst (A-
1) 5wt% Fe-ZSM-5 that catalyst synthesized via Fe(NO3)3.9H20 and NH4-ZSM-5; (A-2) S5wt% Fe-ZSM-5 that
catalyst synthesized via Fe(NO3)3.9H20 and H-ZSM-5; (B-1) 5wt% Fe-ZSM-5 that catalyst synthesized via
FeS04.7H20 and NHs-ZSM-5; (B-2) Swt% Fe-ZSM-5 catalyst synthesized via FeSO4.7H20 and H-ZSM-5. All

reactions were conducted using the same condition as section 4.2.1.

Comparative analysis between Figure 4.1 and 4.2, when iron loading was increased from 1 to
5 wt% for Fe-ZSM-5 (A-1) catalysts, phenol oxidation activity was significantly decreased
from 100 to 45% and mineralization (residual intermediates was elevated from 18% to 100%).
On the other hand, increasing the loading of Fe from 1wt% to Swt% within (A-2) catalysts do
not affect their catalytic activity for phenol oxidation—however, both these catalysts (A-2)
either 1wt% or 5wt% Fe loading, has a low activity for phenol conversion (40-60%) and low
mineralization (residual intermediates between 70 and 100%). The opposite effect of increasing
the Fe doping from 1 to Swt% was observed for (B-1) and (B-2) catalysts. where the rises in
the Fe loading result in higher catalytic activity in both (B-1) and (B-2) to reach approximately

full phenol oxidation at 95% and 28% of residual intermediates.
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Figure 4.3: Catalytic activity test for phenol oxidation by CWPO using various catalysts. The first catalyst is
10wt% Fe-ZSM-5 (A-1) that catalyst synthesized via Fe(NO3)3.9H20 and NH4-ZSM-5, the second catalyst
10wt% Fe-ZSM-5 (A-2) that catalyst synthesized via Fe(NO3)3.9H20 and H-ZSM-5, the third catalyst 10wt%
Fe-ZSM-5 (B-1) that catalyst synthesized via FeSO4.7H20 and NH4-ZSM-5 and the final one 10wt% Fe-ZSM-5
(B-2) that catalyst synthesized via FeSO4.7H20 and H-ZSM-5. All reactions were conducted using the same

reaction parameters as in section 4.2.1.

The same trend is observed here; increasing the iron loading to 10wt% for catalysts prepared
by iron nitrate dramatically dropped the catalytic activity of Fe-ZSM-5 (A-1) and (A-2) for
phenol oxidation by CWPO. Phenol conversion from 100% to 20% and residual intermediates
from 18% to 100% for 1wt% and 10wt% (A-1) respectively. Additionally, the activity was
reduced by 50% (phenol oxidation from 40% to 23% and residual intermediates from 70 to
95%) for 1wt% and 10wt% (A-2) in that order. Alternatively, the opposite effect was noted for
the catalysts prepared by the iron sulphate precursors, where the increase in the metal loading
caused a substantial increase in activity, resulting in enhanced mineralization from 27% for
S5wt% (B-1) and (B-2) to be 16% and 9% for 10wt% (B-1) and (B-2), respectively. In summary,
comparing all the 10wt% Fe-ZSM-5 catalysts, (B-1 and B-2) catalysts have higher catalytic

activity.
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Figure 4.4: Phenol oxidation by CWPO using various catalysts at different Fe loading. The black line is for
Iwt% Fe-ZSM-5 (A-1), (A-2), (B-1) and (B-2). The red line is for 5wt% Fe-ZSM-5 (A-1), (A-2), (B-1) and (B-
2). The blue line is for 10wt% Fe-ZSM-5 (A-1), (A-2), (B-1) and (B-2). Where (A-1) that catalyst synthesized
via Fe(NO3)3.9H20 and NH4-ZSM-5, the second catalyst (A-2) that catalyst synthesized via Fe(NO3)3;.9H20 and
H-ZSM-5, the third catalyst (B-1) that catalyst synthesized via FeSO4.7H20 and NHs-ZSM-5 and the final one
(B-2) that catalyst synthesized via FeSO4.7H20 and H-ZSM-5.

Increasing the iron loading for the Fe-ZSM-5 catalyst prepared by Fe(NO3)3.9H>0 precursor
decreases the catalytic activity (both phenol conversion and mineralization) for phenol
oxidation by CWPO according to the results in Figure 4.4; the best catalyst is 1 wt% Fe-ZSM-
5 (A-1) where phenol conversion reaches 100%. On the other hand, increasing the iron loading
for Fe-ZSM-5 that is synthesized via FeSO4.7H>0 (10 wt% Fe-ZSM-5 (B-1and B-2)), catalysts
resulted in to increase in the catalytic activity for phenol conversion. That can explain as a
result of the Fenton reaction effect, where Fe?" in the FeSO4.7H,O initiate the reaction
immediately, but Fe*" in the Fe(NO3)3.9H20 need to transform to form Fe?* and then start the
reaction, so if the iron loading increases, the particles get bigger the exposed fraction gets
lower, the total area with the low Fe loading is bigger, so that means less dispersion metal

resulting in less capability to do the reaction with less amount of Fe?*. However, FeSO4.7H>0
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can initiate the Fenton reaction directly. As a result, it is expected that the higher amount of Fe
leads to a higher number of initiator species. Therefore, more iron loading leads to higher
activity. Still, these high metal loading catalysts have a limitation due to the limited number of

Fe?* species that can decompose with time.

4.2.2 Study the effect of different preparation methods by synthesis of Fe-ZSM-5 under
vacuum method

The properties of catalysts prepared by different methods differ, including dispersion and
distribution of metals and metal size, which affect their performance in chemical reactions.®*
62 Dispersion of a metal dopant, as we have also seen in our own experiments when using ACs,
is particularly important. In view of this, we wanted to export and extend these results to the
zeolite by using a vacuum impregnation protocol. Based on current literature, a vacuum
impregnation method produces highly dispersed active species, which results in an active
catalyst. Mandal reported that the vacuum treatment after incipient wetness impregnation
appears to enhance the dispersion of cobalt on the SBA-15 catalysts because of the decrease in
the metal crystallite size.”® Using vacuum impregnation, a pressure difference occurs between
the support and the external atmosphere, enhancing both rate of impregnant diffusion and

63 Researchers studied vacuum-impregnated Fischer-Tropsch

support micropore activity.
synthesis (FTS) catalysts to produce light olefins for gasoline and diesel, and Fe/Cu/K/AC
(activated carbon) catalysts were prepared. It was found that there was a strong interaction
between catalyst precursors and support, as well as higher stability and H, adsorption ability.%*
When AC was impregnated with metal cobalt under vacuum conditions, CO conversion and

stability of the catalysts improved compared with catalysts that were prepared under normal

conditions.®

In view of the literature evidence, Fe-ZSM-5 catalysts were synthesised by vacuum
impregnation (VI) and a wetness impregnation (WI) sample for comparison at the same

conditions as the (VI) sample but without vacuum.
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Iron was doped in the ZSM-5 in two ways wetness impregnation under normal conditions (25
°C and 1 atmospheric pressure), and the other catalyst was prepared by wetness impregnation
under vacuum. Iron loading was fixed to be 1wt% for both catalysts. They were applied for
phenol conversion by the CWPO reaction using the same reaction conditions of phenol

concentration 1 g-L~! , M:S 1:100 at 40, 60 and 80 °C for 4 h.
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Figure 4.5: Temperature effect on the degradation of phenol by the CWPO reaction using a) 1wt% of Fe-ZSM-
5 (WI) and b) 1wt% Fe-ZSM-5 (VI). The black line belongs to the kinetic reaction for the catalyst at 80 °C, the
red line for the catalytic activity test at 60 °C and the blue one for the catalytic reaction at 40 °C. Phenol
concentration 1g.L™! and M:S 1:100, 1:14 H>O: at 40, 60 and 80 °C for 4 h.

Figure 4.5 illustrates the temperature effect on the catalytic activity of Fe-ZSM-5 (WI) and Fe-
ZSM-5 (VI) to phenol oxidation by CWPO reaction. The activity increased by increasing the
T as at 80 °C, H20 started to be consumed by Fe ions to form *OH, thus lowering the activation
energy and leading to better phenol oxidation.%® Still, there was slight H>O» consumption at
lower T, but 80 °C is the optimal heat degree for this reaction. A similar observation was made
by Zazo, who found that increasing the temperature of the catalytic oxidation process increased
phenol degradation.’” Comparing the catalytic activity of both catalysts, the Fe-ZSM-5 (WI)
and the Fe-ZSM-5 (VI) for phenol oxidation at 80 °C show there was no significant difference
between both catalysts that were prepared by different methods. There was full phenol
oxidation after 3h and high mineralization of 10% as well as complete H>O» consumption. In
view of this, due to the high differences in catalytic acidity between these two catalysts, the

reaction temperature was decreased to 60 °C.
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The catalytic activity for both catalysts was identical also at 60 °C. Fe-ZSM-5 (WI) and (VI)
oxidized phenol by 48% and 42%, respectively; residual intermediates was 70% with both
catalysts and 50% of H2O» was transformed after 4h. However, phenol conversion dramatically
decreased by 60% by decreasing the reaction temperature from 80 to 60 °C. That can be
explained as the minimum reaction temperature that needs to substantially catalyse H2O> and
produce "OH radicals is 80 °C, that compatible with what was reported in many previous
studies. On the other hand, to tentatively attempt to discern any difference between the two
materials, the reaction temperature was further decreased to 40 °C to confirm this result. After
decreasing the reaction temperature to 40 °C. Results show that the conversion by Fe-ZSM-5
(WI) was slightly higher (ca. 25%) activity than Fe-ZSM-5 (VI) (ca. 15%). However, phenol
oxidation and mineralization dramatically dropped with the decrease in the reaction
temperature from 80 °C to 40 °C. For Fe-ZSM-5 (WI), phenol oxidation was only 24%, and
residual intermediates was 81% after 4 h, the consumption of H>O> decreased significantly to
19%. In addition, Fe-ZSM-5 (VI) has low catalytic activity at lower temperatures (40 °C),

converting phenol 15%, residual intermediates 19%, and consuming H>O> 14%, respectively.

According to these results, there is no difference in the catalytic activity between the two
catalysts Fe-ZSM-5 (WI) and Fe-ZSM-5 (VI) for phenol oxidation by the CWPO reaction. This
may also be because of the high activity of the Fe-ZSM-5 catalyst that changing preparation
methods did not seem to affect performance. In addition, possibly, this is caused by the
generation and existence of equivalent FexOy species. Overall, it is confirmed that the Fe-ZSM-
5 catalysts, irrespective of the preparation methods, had high activity in the CWPO of the

phenol reaction.
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4.2.3 Adding S and N to Fe-zeolite catalysts

As demonstrated in Chapter 3, and further corroborated by recent studies, ! %% ¢° The deposition
of heteroatoms like N and especially S, on activated carbons for Fe doping generally leads to
catalysts with enhanced activity and the highest resistance to leaching. N and S doping
enhanced Fe/AC catalyst activity and stability. This might be due to the formation of nucleation
centres based on Fe?".! In addition, improving interfacial electron transfer, which can benefit

our reaction.’”® 7172

The zeolite topology has significant effects on the stabilization of cations within the micropores
system,”®, which may impact the activity.”* So, zeolites' activity depends on their properties.
Various Si:Al molar ratios produce different morphologies and crystallite sizes in ZSM-5.
Furthermore, Si:Al ratio is one of the key factors that control the reactivity of zeolite; the
number of charges on zeolites is almost equal to the number of aluminium atoms. A more AlO4~
is a negative charge that needs to be balanced by more positive counterions. These positive
ions have a crucial role in the reactivity of zeolites because they are located outside of the Al-
O-Si framework. In addition, zeolite acidity is determined by the nature of these cations. For
instance, a higher Bronsted acidity of a zeolite can be achieved if the extra framework cation
is hydrogen H". Acid site strength and concentration are correlated with zeolite type and Si:Al
molar ratio.” The acid site strength and concentration in zeolites can play a significant role in
catalytic reactions like our reaction. The zeolite type and Si:Al influence these properties,
which, in turn, can impact the reaction kinetics and selectivity. Different zeolites have distinct
structures and compositions, leading to variations in their acid site characteristics. For instance,
zeolites such as ZSM-5, Beta, and Y have different pore structures and acid site distributions.
The choice of zeolite type can influence the accessibility of reactants to the active sites and the
strength of the acid sites. The Si:Al molar ratio in a zeolite framework affects its acidity. A
higher Si:Al ratio generally leads to a lower concentration of acid sites and weaker acidity, as
silicon atoms are less acidic than aluminum atoms. Zeolites with a high Si:Al ratio are often
called "non-acidic" zeolites. Conversely, zeolites with a lower Si:Al ratio are more acidic due

to aluminum, which can serve as strong Lewis acid sites.”

The acidity of zeolites can enhance the catalytic activity in phenol oxidation reactions. Strong
acid sites can facilitate the protonation of phenol, making it more reactive with hydrogen
peroxide. This can lead to improved reaction rates and higher phenol conversion. Furthermore,
a higher concentration of acid sites can increase the number of active sites available for the

reaction. This can lead to higher catalytic activity and improved phenol conversion rates.
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Different zeolite types may offer varying degrees of selectivity in the phenol oxidation reaction.
Some zeolites may promote the desired product formation, while others may favour unwanted
by-products. For most applications, zeolites’ acidity and basicity play a key role. In spite of
this very important practical role, there are still many questions regarding how zeolites behave,
with different reactions.”® ZSM-5 samples with different Si:Al ratios have different acidity.
There is a nonlinear decrease in Bronsted acid sites when the Si:Al ratio rises in ZSM-5.7
Moreover, Si:Al ratio strongly influences the zeolite affinity towards water. The higher the
Si:Al ratio more hydrophobic the zeolite, while decreasing the Si:Al ratio increases the
hydrophilicity of zeolite, which increases its affinity towards water,’® which could be beneficial

for this reaction water is used as a solvent.

During this part of the project, three different Si:Al ratios (23, 50 and 80) ZSM-5 were used to
prepare Fe-S-N-ZSM-5. In addition, Zeolite-Y (5.1) has been used. All catalysts have 1wt%
Fe loading and all of them synthesised by wetness impregnation method. These catalysts were
applied for phenol oxidation by the CWPO reaction at the same reaction conditions as section

4.2.1.

In section 4.2.2 the Fe-ZSMS5 (23) was used for the CWPO reaction to oxidize phenol and
resulted in 100% phenol conversion and 7% residual intermediates after 4h. In this case, the
deposition of Fe was accompanied by the presence of S and N. It was possible to observe
(Figure 4.6) that phenol oxidation by Fe-S-N-ZSM-5 gradually accelerated over time to reach
80% after 4h. Compared with Fe-ZSMS5 (23), the catalyst's activity slightly decreased, with
phenol conversion from 100 to 80% and residual intermediates from 7 to 30%. Interestingly,
doping S and N, as desired, dramatically decreased the iron leaching by 50% from 80% to 40%
after 4h with Fe-ZSM-5 and Fe-S-N-ZSM-5 (23), respectively. There was no significant
difference in the H2O2 consumption between both catalysts. The minor reduction in the

catalytic activity could be ignored against increasing the catalyst’s durability.
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Figure 4.6: Kinetic reaction of the catalytic activity for the Fe-S-N-ZSM-5 (23) at different reaction times for

phenol oxidation by CWPO. The catalyst gives 80% phenol oxidation and 40% Fe leaching.

There is no doubt that the total acid sites of ZSM-5 decrease with higher levels of Si:Al molar,

zeolites have a well-defined pore structure with acidic sites associated with aluminum (Al)

atoms. This can affect the adsorption and activation of reactants on the catalyst surface based

on the literature.”” 7 However, by increasing the Si:Al molar ratio, the specific surface area

and pore volume of ZSM-5 zeolites increase slightly.” still, it well known that the Fenton

system is pH-dependent after all. To examine the effect of different zeolite properties, S, N and

Fe were doped for ZSM-5 (50) and applied for the reaction, then compared to the performance

of Fe-S-N-ZSM-5 (23).
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Figure 4.7: Kinetic analysis of Fe-S-N-ZSM-5 (50)’s catalytic activity in the CWPO oxidation of phenol. The

reaction was conducted using the same reaction parameters as in section 4.2.1.

As indicated by Figure 4.7, the performance of the catalyst was improved considerably when
compared to a catalyst prepared using a lower Si:Al molar ratio (Figure 4.6). By the second
hour of the reaction, full phenol conversion had been achieved, along with high mineralization
to give 6% residual intermediates. The stability of the catalyst was reduced due to high Iron
leaching; for the Fe-S-N-ZSM-5 (23), Iron leaching was 40% while, for the Fe-S-N-ZSM-5
(50) increased to 90% at 4 h. Consequently, a higher Si:Al molar ratio leads to an increase in
the catalytic activity of the Fe-S-N-ZSM-5 catalyst; this effect is specific to this case of a

reaction.
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Figure 4.8: Analysis of the kinetic reaction of Fe-S-N-ZSM-5 (80) during CWPO oxidation of phenol. The
reaction was applied using 50 ml of mixer solution containing 1 g.L"! phenol, 1:100, Fe:phenol molar ratio and
stochiometric amount of H20z, 1:14 at 80 °C for 240 min. The catalyst gives 100 % phenol oxidation by 120

min of time reaction.

Comparing Figure 4.7 and 4.8, there was no significant difference in the catalytic activity by
increasing the Si:Al ratio from 50 to 80. Both catalysts have high activity for this reaction. At
120 min of the reaction time (Figure 4.8), phenol oxidation reaches 100% and 9% residual
intermediates using Fe-S-N-ZSM-5 (80). Furthermore, there was full mineralization after 4h.
Still, the catalyst suffers from high metal leaching. Accordingly, it was decided to change the
zeolite type to use Zeolite-Y to incorporate Fe, S and N. This zeolite is known to have a large
pore size (~7.4 A), called faujasite.’* Thus, it is suitable for applications that involve larger
molecules (for example, the MFI pore diameter is 5.5 A). In terms of their Si:Al ratio, faujasites
are classified as X (Si:Al = 1-1.5) and Y (Si:Al >2) despite having the same topological
framework.®! In recent years, zeolite Y has become one of the most widely used molecular

83-85

sieves,®, particularly in the petrochemical, fine chemical industry and water treatment due

to its high stability and activity.%
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In our case, we examined this catalyst Fe-S-N-Zeolite-Y to study the effect of different zeolite
morphology (bigger pore size) and if that will impact the activity and durability of the catalyst.
Their morphology can vary significantly, and it plays a crucial role in their properties and
applications. The morphology can affect the size and distribution of the pores within the zeolite
structure. Some zeolites have large pores, while others have smaller ones, and this can influence

their adsorption and activity properties.
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Figure 4.9: The kinetic reaction of the catalytic activity for the Fe-S-N-Zeolite-Y in phenol oxidation by
WCPO. The same reaction conditions were used in Figure 4.8. The catalyst reaches full phenol oxidation within

60 min of reaction time.

The Fe-S-N-Zeolite-Y has extremely high activity for the reaction. It gives 100% phenol
oxidation for the first 60 min, as well as complete mineralization over time. Interestingly seems
to be the bigger pore size of the zeolite impact in a positive way on the catalyst stability, where
the iron leaching decreased to 50% compared to 90 and 80% with the MFI catalysts. Possibly,
the larger pore size of the support provides more space to be hosted and accommodation for

the active metal species reducing the metal leaching. In addition, increasing the accessibility
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of the zeolite Y micropores for the organic molecules present in the water. It has been reported
that with zeolites, conversion rate and selectivity may be greatly affected by the time the
substances remain inside the zeolite crystal.®” Even H2O> consumption was 100% since the
second hour. Due to these catalytic results, a zeolite-Y framework will also serve as a basis for

the oxidation of homologues of phenol (see Chapter 5).
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Fig 4.10: Catalytic activity results for different zeolite catalysts Fe-S-N-ZSM5(23, 50 and 80) and Fe-S-N-
Zeolite-Y (5.1) for phenol oxidation by the CWPO reaction. a) phenol conversion, b) CMB, c¢) H202
consumption and d) Fe leaching. Phenol concentration 1g.L™! and M:S 1:100, 1:14 H20> at 80 °C for 4 h.

Comparative analysis for the catalytic activity of these catalysts is demonstrated in Figure 4.10.
As discussed above, the catalytic activity for Fe-S-N-ZSM-5 catalysts increased with the
increase of the Si:Al molar ratio from 23 to 50 and 80. Phenol conversion increased from 80%

to 100% with Fe-S-N-ZSM-5 (23) and Fe-S-N-ZSM-5 (80), respectively. The Fe-S-N-Zeolite-
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Y catalyst was found to be the most efficient catalyst for this reaction in terms of full phenol
oxidation and mineralization, as well as H> O, consumption; moreover, the leaching of Fe is
less (50%) than Fe-S-N-ZSM-5 catalysts (ranging between 80-90%). These results indicate that

the zeolite type and the molar ratio of Si:Al influence the performance of the final catalysts.

4.2.4 Fe-Ag-Zeolites
As in the CWPO of phenol reaction, active metal species, which generate free radicals *OH to
decompose pollutants, play an important role in determining a catalyst’s performance.®® and as

recent literature Ag showed that Ag can have some activity in the CWPO process, %

we
investigate this metal for our model reaction. In fact, a redox cycle such as Ag*/Ag® can also
convert H>O> to "OH radicals,®°!-°2 furthermore, Ag and H>O» have earned their reputation as
universal eco-friendly disinfectants for bacteria. Both silver and hydrogen peroxide exhibit
broad-spectrum antimicrobial activity, meaning they are effective against a wide variety of
bacteria, viruses, fungi, and even some parasites. This versatility makes them valuable for
various disinfection applications. One reason why these disinfectants are considered eco-
friendly is their minimal environmental impact. When used in appropriate concentrations and
under controlled conditions, they break down into harmless by-products, reducing the risk of
long-term environmental pollution. Khan and co-workers demonstrated that AgPd/TiO»
bimetallic catalysts were used to produce H>O» and break it down into reactive oxygen species,
they reported that stabilizers and activators are both functions of Ag.”® In addition, there some

examples in the use of Ag-Fe-ZSM-5 for the oxidation of volatile organic compounds.’*°

In this part of the work, Fe and Ag-doped zeolite catalysts were prepared by the wetness
impregnation (WI) technique as expected that the combination of both active metals will
enhance the catalytic activity for phenol conversion and mineralization by reducing the reaction
time as well as improve the durability. Various variables were studied, including different Fe
loading, different Si:Al ratios with ZSM-5 and different zeolite types Zeolite-Y(5.1). These
catalysts were tested for phenol oxidation by CWPO reaction using 1 g-L~! phenol with an M:S
ratio of 1:100 at 80 °C for 4 h.

4.2.4.1 Effect of Fe and Ag loading to CWPO activity
As can be seen in Figure 4.11 the catalyst Ag-Fe-ZSM-5 (1wt% Fe and 1 wt% Ag loading) has
high catalytic activity for the degradation of phenol by H>Ox. It reached full phenol conversion,

mineralization and H>O2 consumption within the first 60 min of the reaction time. Iron leaching
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decreased by 30% compared to Fe-ZSM-5 (80%). However, these results were shown with the
previous catalyst Fe-S-N-Zeolite-Y (Si:Al 5.1). To approve if the Ag-Fe-ZSM-5 catalyst is a
better catalyst, we decided to reduce the metal loading to 0.5wt% for both Ag and Fe. So the
following catalyst is Ag-Fe-ZSM-5 (Si:Al 23) (0.5wt% Ag, 0.5wt% Fe loading).
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Figure 4.11: Kinetic reaction for the catalytic activity tests of Fe-Ag-ZSM-5 catalysts at 1wt.% Fe and Ag
loading. Phenol concentration 1g.L! at 50 ml reaction mixture, M:S 1:100, 1:14 H202 at 80 °C for 4 h. By 60
minutes of reaction time, 1 wt% Fe-Ag-ZSM-5 catalyst converts 100% of the phenol.

Doping Ag with Fe bimetallic nanoparticles has been approved to significantly increased
catalytic activity, including complete phenol conversion, low residual intermediates as well as
full H2O> consumption, even with less amount of metal loading (0.5 wt%) as seen in Figure
4.12 Furthermore, dramatically prevented Fe from leaching; only 30% of the Fe was leaching
over the reaction time. To correlate the metals loading with the catalytic activity Fe-Ag -ZSM-
5 (23) with (2wt% Fe and 2 wt% Ag loading) was prepared and applied for the phenol

oxidation Figure 4.13.
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Figure 4.12: Reaction kinetics studies of Fe-Ag-ZSM-5 catalysts at 0.5wt% Fe and Ag loading. The same
reaction conditions were used in Figure 4.11. After 60 minutes of reaction time, the Fe-Ag-ZSM-5 catalyst

converts 100% phenol.

As can be seen in Figure 4.13, phenol conversion reached 100% as well as full mineralization
and H>O; consumption by the reaction over time; also, the metal leaching remained steady at
30%, emphasizing the stabilization properties of the Ag. However, increasing the iron loading
to 2 wt% decreased the catalytic activity in terms of the reaction time, where the full
mineralization and phenol conversion reached after 4 h, compared to the lower metal loading
catalysts, where they reduced the reaction time to 60 min, this means reducing the consumption

of energy and the cost of the whole process as a result.
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Figure 4.13: An analysis of the kinetics used in the catalytic activity tests of Fe-Ag-ZSM-5 catalysts at 2wt% Fe
and Ag loading. Using the same reaction parameters as Figure 4.11. The catalytic activity of Fe-Ag-ZSM-5 was
reduced by increasing the loading of the catalyst from 0.5 to 2 wt% for both metals Ag and Fe.

It is observed in Figures above 4.11, 4.12 and 4.13, that combined Fe and Ag in the ZSM-5
extremely enhance the catalytic activity irrespective of the metals loading (the loading of metal
changed but the M:S ratio kept constant at 1:100). For all Fe-Ag-ZSM-5 catalysts, complete
phenol oxidation, mineralization and H>O> consumption were reached. The highest Fe loss was
60% after 240 min for 1wt% Fe-Ag-ZSM-5, implying the poor stability of the catalysts. While
0.5 wt% and 2wt% Fe-Ag-ZSM-5 are more durable catalysts with 30% iron loss after 240 min.
Meanwhile, the Fe concentrations determined in the reaction mixture over 0.5 wt% Fe-Ag-
ZSM-5 catalyst went down gradually with reaction time after 1 h owing to the re-adsorption of
Fe ions onto the zeolite support. In general, to explain these similarities in the iron loss for all
three mentioned catalysts, we speculate that the Fe species on the Fe-Ag-ZSM-5 catalysts

prepared by the WI method are mainly extra-framework rather than intra-framework Fe.5®
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Due to its high catalytic activity and durability, as well as its ability to reduce the reaction time
to only one hour, 0.5wt% Fe-Ag-ZSM-5 was selected as the best catalyst in terms of effect of

a low metal loading for this reaction.

4.2.4.2 Effect of different Si:Al ratios on the activity of 0.5wt% Fe- 0.5wt% Ag doped
zeolites ZSM-5 and Y

Given, however, the effect that changes in Si:Al ratios may have on the CWPO reaction (see
sections 4.2.3), we have invented the most promising catalyst so far, 0.5wt% Fe-Ag-ZSM-5,
by evaluating the effect of changes in Si:Al ratios. As demonstrated with previous catalysts,
Fe-S-N-ZSM-5, increasing the Si:Al ratio improved the catalytic activity for this reaction
which could be as the lowering in the relatively hydrophilicity of the catalyst leading to
protection of the catalyst from deactivation by the water. However, as different doping metals
can respond differently to these kind of effects, different Si:Al ratios were tested towards Fe

and Ag.

By comparing Ag-Fe-ZSM-5 Si:Al 23 with Si:Al 50 (Figure 4.14), there was no noticeable
difference in the activity results. Even with the higher Si:Al ratio, the catalyst has high catalytic
activity for the reaction, achieving complete phenol oxidation and mineralization, as well as
H>O> consumption over the reaction time. However, increasing the Si:Al ratio negatively
impacts the catalyst durability and increases the iron loss from 30% to 90% with Ag-Fe-ZSM-
5 Si:Al 23 and Ag-Fe-ZSM-5 Si:Al 50, respectively. This trend is difficult to interpret and it
might relate to the circumstance of Fe and Ag competing for a lower number of binding sites
in the zeolite material in the assumption that these binding sites are next to AI** centres.”” When
the Si:Al ratio was further increased to 80 it was also giving 100% phenol oxidation (Figure
4.14). Consequently, the catalysts have high catalytic activity for this reaction, irrespective of
the array Si:Al ratios. Still, the more Si:Al catalysts exhibit greater metal leaching, affecting its
stability.

The same changes in Si:Al ratio were considered for zeolite Y doped with Ag and Fe. Baek et
al.®® studied Mn, Fe, Co, Ni, Cu, Zn and Ag over Zeolite-Y for catalytic oxidation of toluene
and methyl ethyl ketone; their results show that Ag gives the best activity. Based on that, the

combination of Ag and Fe in the Zeolite-Y is supposed to be very active for phenol oxidation.
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Fig 4.14: Catalytic activity results for different zeolite catalysts Ag-Fe-ZSM-5(23, 50 and 80) and Ag-Fe -

Zeolite-Y (5.1) for phenol oxidation by the CWPO reaction. a) phenol conversion%, b) CMB%, c) H202

consumption%, d) Fe leaching%, and e) Ag leaching%. Phenol concentration 1g.L! and M:S 1:100, 1:14 H20:
at 80 °C for 4 h.
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An overview of these data (Figure 4.14) shows the extreme activity of bimetallic Ag-Fe-
Zeolite catalysts for phenol oxidation by the CWPO reaction regardless of Si:Al ratios or
Zeolite types. Figure 4.14a) illustrates full phenol conversion for all catalysts, b) extensive
mineralization with all catalysts, furthermore, residual intermediates reached 0% with most
catalysts Ag-Fe-ZSM-5 (23, 50) and Ag-Fe-Zeolite-Y(5.1). In addition, 4.14c) shows the
complete H2O> consumption for the majority of the catalysts except for Ag-Fe-ZSM-5 (80),
which is a bit lower than others (90%). On the other hand, a significant difference was shown
by the iron leaching Figure d), where Ag-Fe-ZSM-5 (50) was less durability based on the high
Fe loss (90%), then, Ag-Fe-ZSM-5 (80) was suffering as well from less stability (70%). While
both Ag-Fe-ZSM-5 (23) and Ag-Fe-Zeolite-Y (5.1) are more stable, 30% and 20%,
respectively. Ag leaching% in 4.14e) the highest Ag losing was with Ag-Fe-Zeolite-Y 40%,
but more Si:Al increased the Ag stability to be the Ag leaching less than 10% for Ag-Fe-ZSM-
5(50) and (80). The catalytic activity of the catalyst is not affected by changing the morphology
of the zeolite from ZSM-5 to Zeolite-Y (Figure 4.14). Zeolite-Y increased the durability and
stability of the catalyst (20% iron leaching) while maintaining high catalytic activity.

For investigating whether the extreme activity of Ag-Fe-Zeolite catalysts comes from a
synergistic effect of the two metals Ag and Fe on the support or if these are independent, 1wt%
Ag-ZSM-5 Si:Al 23 catalyst was prepared under similar conditions and used in the reaction, as

physical mixtures of the two zeolites were prepared and tested.

4.2.4.3 Ag-ZSM-5 1wt% metal loading

It was observed that sole Ag-ZSM-5 had no activity for the conversion of phenol (Figure 4.15)
After 4 h, phenol oxidation was 24% and residual intermediates 81% also, low H20:
consumption was 26%. These results. Compared with the results of using Fe-ZSM-5 which
gives 100% phenol removal and 18% residual intermediates (see section 4.2.1), this confirms

a synergistic effect between Ag and Fe.
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Fig 4.15: A CWPO reaction using Ag-ZSM-5 to oxidise phenol. The reaction was carried out in a 50 ml
reaction vessel, with a solution containing 1 g.L.™! phenol concentration and a catalyst concentration of 1:100. A
molar ratio of 1:14 of H202 was used at 80 °C for 240 minutes. The catalyst has no activity in oxidizing phenol;

after 240 minutes, only 24% of the phenol was oxidized.

To further corroborate these results a physical mixture of Fe-ZSM-5 and Ag-ZSM-5 was

prepared and tested.
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Figure 4.16: This is a kinetic reaction by which phenol is oxidized through the CWPO reaction, and this
reaction is performed using a physical mix of both catalysts 1 wt% Fe-ZSM-5 (23) and 1 wt% Ag-ZSM-5 (23).

This mixture gives full phenol conversion and mineralization after 4h (Figure 4.16) with results
similar to those of Fe-ZSM-5 catalysts only (see section 4.2.1) and concerning the activity of
these materials. However, the leaching of Fe was as high as 84% with Fe-ZSM-5 catalysts,
whereas now, this is reduced to about 24%. This result is counterintuitive as in a physical
mixture Fe and Ag are not in contact. On the other hand, it may suggest that tint the presence
of the two metals Ag" may be attacked faster than Fe**. That said, the most active material is
the one when both Ag and Fe are simultaneously supported, though if these data are combined
with the peck mixture data, it would also suggest that these two metals, when simultaneously
present, are also segregated and behave independently with respect to each other.”

Furthermore, it prevented Fe from leaching (30%).
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4.3 Characterisation of the catalysts

4.3.1 X-ray diffraction (XRD)

As a way to characterize the crystalline structure of the prepared catalysts, XRD patterns were
collected for different metals-doped zeolite catalysts. The similar XRD patterns of the pure
NH4-ZSM-5 support and the different catalysts in Figure 4.17 and 4.18 also pure Zeolite-Y and
their catalysts in Figure 4.19 and 4.20 indicate that the original structure of NH4-ZSM-5 and
Zeolite-Y did not distort during the wetness impregnation process. In the Fe-Ag-ZSM-5
catalysts, patterns are attributed only to zeolite structure; mainly, no iron and silver species
were detected, and XRD patterns did not differ significantly from NH4-ZSM-5 support in
Figure 4.17. However, it was expected to detect two peaks of iron oxide at (1 0 4) and (1 1 0)
planes at 20 of 33.0° and 35.6° respectively.?? The silver oxide phase was expected at 20 =
32.28°.190 Ag stated in Li's report,'®! the intensity of XRD peaks depends on crystal size and
dispersion on supports. A number of previous studies also found that a weak peak of crystalline
phase could be attributed to good dispersion of the crystalline phase accompanied by a small

102, 103

crystal size. It can be concluded from this that the Iron and Ag particles dispersed over

the zeolite during preparation were well distributed.

ZSM-5 support and Fe-ZSM-5 catalysts are illustrated in Figure: 3.18. In all samples,
diffraction peaks were observed at 20 of 7-9° and 23-25°, in agreement with ZSM-5’s standard
pattern.!%* For the Fe-ZSM-5 catalyst, There is a decrease in peak intensity of the Fe-ZSM-5
catalyst that may be related to increased X-ray absorption caused by Fe cations and decreases
in zeolite crystal size.?* X-ray analyses of all Fe-zeolites catalysts (Figure 4.18, 4.19 and 4.20)
did not show patterns associated with iron oxide clusters. It is possible that iron oxide particles,
greater than 3-5 nm in size, do not exist on Fe-ZSM-5, F-S-N-Zeolite and Fe-Ag-Zeolite
catalysts. There are no discernible reflections of any extra element or its oxide; so in case any
Fe;O3 or Ag20 are present, they have to be rather small (less than 5 nm). However, unlike
activated carbons, zeolites have tens of reflections, which also overlap with the expected
positions for Fe;O2 and Ag>O. Overall, the preparation did not significantly affect the lattice

parameters, nor did any metal dopant if present in the form of small particulate (Table 4.1).
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Figure 4.17: X-ray diffraction patterns of different Fe-Ag—ZSM-5 catalysts with various Si:Al ratios (23, 50 and
80) and pure NH4-ZSM-5. All catalysts were compatible with the ZSM-5 patterns. Doping metals did not affect

the zeolite crystal structure.
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Figure 4.18: XRD patterns for Fe-ZSM-5 catalysts prepared by vacuum wetness impregnation and the second

one via wetness impregnation method.
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Figure 4.19: XRD patterns for Fe-S-N-Zeolite catalysts using both ZSM-5 and Zeolite-Y, in compaction with

blank Zeolite-Y.

Intensity (a.u.)

Fe-Ag-Zeolite-Y

Zeolite-Y

10 20 30
2 theta /°

Figure 4.20: XRD patterns for Fe-Ag-Zeolite-Y and the pure zeolite-Y without doping metals. They are

40

50

60

identical, indicating that all the patterns are linked to the Zeolite-Y framework, and there was no pattern to

Fe20:2 or Ag0.
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Table 4.1: Parameters of a unit cell of the Fe-doped zeolite catalysts, compared to undoped

ZSM-5 and Zeolite-Y.

Catalysts Unit cell parameters
a b ¢ \4

Zeolite-Y (5.1) 24511+ 0.004 | 24.511 £0.004 | 24.511 £0.004 | 14725+5
Fe-Ag-Zeolite-Y(5.1) 24.507 £0.003 | 24.507 £0.003 | 24.507 +£0.003 | 14718 +3
Fe-S-N-Zeolite-Y(5.1) 24.496 £0.004 | 24.496 = 0.004 | 24.496 £ 0.004 | 14700 + 4
ZSM-5 (23) 20.104 £0.008 | 19.940 +0.008 | 13.430+0.006 | 5384 +4
Fe-Ag-ZSM-5(23) 20.132+£0.007 | 19.957+0.007 | 13.444 £ 0.006 | 5401 +3
Fe-Ag-ZSM-5 (50) 20.121 £0.002 | 19.919+0.002 | 13.404 +£0.002 | 5372+1
Fe-Ag-ZSM-5 (80) 20.096 £0.003 | 19.909 £0.002 | 13.392+0.002 | 5358 +£1
Fe-S-N-ZSM-5 (23) 20.125+0.005 | 19.944 £ 0.004 | 13.430+0.004 | 5391 +2
Fe-ZSM-5 (23) VI 20.122 £0.004 | 19.945+0.004 | 13.433 £0.004 | 5391 <+2
Fe-ZSM-5 (23) W1 20.127+0.013 | 19.952+0.012 | 13.427+0.010 | 5392 +6

a, b, ¢ in Angstroms, V in Adall angles constrained to be 90°.
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4.3.2 Porosimetry

The catalyst preparation protocol does not affect much the total surface area see Table 4.2.
Regarding the protocol used, there is, however, a significant difference between the use of
zeolite ZSM-5 and zeolite-Y. When the impregnation protocols are applied over zeolite ZSM-
5, there is a strong decrease in the microporous surface and practically a collapse of the
microporous volume. This would imply that most of the deposited metal is inside the pores of
the zeolite. For zeolite-Y, instead, the trend is the opposite, and most of the dopants are
associated with the external textural properties of the zeolite, thus suggesting that of this

material, Fe deposition is on the other side of the zeolite crystals.

Table 4.2: Porosimetry data of the Fe-ZSM-5, Fe-Ag-ZSM-5, Fe-S-N-ZSM-5 and Fe-S-N-

Zeolite-Y catalysts prepared by wetness impregnation method

Samples SeeT Smicro Sext Vot V micro

(m*ghH® | (m*ghH® (m*-g H® (cm®-gH)® (cm’-gH)®

H-ZSM-5 408 + 12 275+ 14 133+ 7 0.19+0.01 0.15+0.01

Fe-Ag-ZSM-5 438 +13 67+4 371 £ 19 0.31+£0.02 0.03+£0.01

(Fe 0.5 wt%)

Fe-S-N-ZSM-5 433+ 12 162 +8 271 £13 0.20 +£0.01 0.08 £0.01
(Fe 1wt%)

Zeolite-Y 797 + 24 297+ 15 500 + 24 0.34 +£0.02 0.26 +0.02

Fe-S-N-Zeolite-Y 727 +£22 345+ 12 382+19 0.30+£0.02 0.16 £0.01
(Fe 1wt%)

(a) Values obtained from the adoption branch of the adsorption isotherms using Brunauer-Emmett-Teller (BET)

theory. (b)Value obtained at the absorption—desorption point using a Barret-Joyner—Halenda (BJH) method.
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4.4 Diffusion test

As reported in Chapter 3, mass transfer limitations may occur in heterogeneous catalytic
systems, affecting reactions and conversions. A verification of diffusion limitations (mass
transfer) was necessary. Due to the fact that diffusion depends on the support and that different

metals in the same support will not influence diffusion, two catalysts were examined Fe-ZSM-

5 and Fe-S-N-Zeolite-Y.

4.4.1 External diffusion tests

A. Varying the stirring rate

Two possible scenarios exist: First, a higher stirring rate increases conversion. Since mixing
reduces diffusion, diffusion limitations affect the reaction. As a result, diffusion may contribute
to the process rate-determining step. Second, the stirring rate does not affect conversion.
Therefore, diffusion phenomena do not exist, and the reaction at the surface determines the
reaction rate. As shown in Table 4.4, the phenol conversion and residual intermediates did not
change with the stirring rate for Fe-ZSM-5. Thus, mass transfer limitation did not take place

when using Fe-ZSM-5.

Table 4.3: External diffusion tests using the different the stirring rate for the Fe-ZSM-5:

M:S RMP/ Min Phenol conversion% residual
=5 intermediates %
+5
1:100 0 100 1
1:100 200 100 7
1:100 300 100 8
1:100 500 100 7
1:100 700 100 8

The same can be concluded for Fe-S-N-Zeolite-Y (Table 4.4).
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Table 4.4: External diffusion tests using the different the stirring rate for the Fe-S-N-Zeolite-
Y:

M:S RMP/ min Phenol conversion% =+ 5 residual
intermediates%

+5

1:100 0 100 10

1:100 200 100 9

1:100 300 100 8

1:100 500 100 3

1:100 700 100 5

B. Implementing different M:S

There are two possible cases that by changing M:S ratios may affect the conversion of a
reaction: firstly: as the amount of catalyst increases, and the conversion also increases: this
implies a kinetic regime during the reaction and thus negligible diffusion; secondly: as the
catalyst amount increases, the conversion does not change. In this case, there are two further
possibilities: (i) there is a diffusion limit, or (ii) conversion has already reached 100%
conversion or the maximum conversion compatible with the thermodynamics of the reaction if
this is an equilibrium one. Consequently, double catalyst amounts have no effect on conversion
as it is already at maximum (although it should shorten the time it takes to detect 100%

conversion). The M:S ratio changed by chaining the amount of catalyst only.

For Fe-ZSM-5 (Table 4.5), the reaction followed a kinetic regime; that is, the observed kinetics
or decay of phenol is due to the catalyst activity and not to diffusion. Moreover, considering
the experimental error, residual intermediates decreased to zero within the experimental error,

which is a highly valuable result.
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Table 4.5: External diffusion tests using the different M:S for the Fe-ZSM-5

M:S RMP/ Min Phenol conversion% residual
+5 intermediates%
+5

0.1:100 500 4 94
0.5:100 500 13 88

1:100 500 100
15:100 500 100 4
20:100 500 100

Similar considerations can be done also for Fe-S-N-Zeolite-Y.

Table 4.6: External diffusion tests using the different M:S for the Fe-S-N-Zeolite-Y:

M:S RMP/ min Phenol conversion% residual intermediates%
+5 +5
0.1:100 500 40 75
0.5:100 500 80 40
1:100 500 100 0
15:100 500 100 0
20:100 500 100 0

Based on these data, external diffusion limitations did not affect our catalytic tests. Thus, the

reported data are validated.
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4.5 Conclusion

Fe-ZSM-5 was prepared using various iron precursors and ZSM-5 frameworks (H-ZSM-5 and
NH4-ZSM-5) with differing Fe loading. Fe-ZSM-5 by FeNO3.9H,0 and NH4-ZSM-5 at 1wt.%
iron doping results in higher activity. This catalyst also has high catalytic activity for phenol
oxidation by the CWPO reaction regardless of the preparation methods studied, that is there
was no significant difference between wetness impregnation either under normal conditions or
under vacuum. Then, doping S and N with Fe-Zeolite significantly enhances the catalytic
activity and stability of this reaction, resulting in 100% phenol conversion and 0% residual
intermediates within 60 minutes, while Fe-ZSM-5 gives 100% and 20% residual intermediates
in 4 hours. In addition, the durability of the catalyst improved by 50%. Iron leaching was 80%
for Fe-ZSM-5 and dropped to 40% with Fe-S-N-ZSM-5. Increasing Si:Al ratios increase the
catalytic activity. Moreover, Fe-S-N-Zeolite-Y was found to be an active and durable catalyst.
Finally, material preparing by containing simultaneously Ag and Fe, and as such to be classed
as bimetallic zeolites, presented multiple features. the coexistence of the two metals reduced
the reaction time from 4h to 1h, leading to a reduction in the cost and energy consumption of
the process. In addition, good stability is another feature associated with these catalysts 20%

and 30% Fe leaching for Fe-Ag-Zeolite-Y and Fe-Ag-ZSM-5 Si:Al 23 respectively.

For characterizing the crystalline structure of zeolite catalysts, XRD patterns have been
collected from zeolite catalysts doped with various metals. It appears from the XRD patterns
of pure NH4-ZSM-5 support and the different catalysts, as well as pure Zeolite-Y and their
catalysts, suggesting that their original structures did not alter during wetness impregnation. In
the Fe-Ag-ZSM-5 catalysts, only zeolite structures are responsible for the patterns; in
particular, no iron or silver species were detected, and XRD patterns were not significantly
different from NHs-ZSM-5 support. Crystal size and dispersion on the support affect the
intensity of XRD peaks. In previous studies, good dispersion of crystalline phase accompanied
by a small crystal size was also found to be related to weak peaks of crystalline phase. This
indicates that the iron and silver particles dispersed over the zeolite during preparation were

highly distributed.

Iron oxide clusters were not detected in any of the Fe-zeolites catalysts analysed with X-rays.
It is possible that Fe-ZSM-5, F-S-N-Zeolite, and Fe-Ag-Zeolite catalysts do not contain iron

oxide particles larger than 3—5 nm. There are no discernible reflections of any extra elements
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or their oxides; so in case any Fe>O3 or Ag>O are present, they have to be rather small (less
than 5 nm). Zeolites, however, have tens of reflections, which overlap with Fe;O; and Ag,O’s
expected positions, unlike activated carbons. In general, neither the preparation nor a metal

dopant presents as small particles affected the lattice parameters.

These catalysts provide excellent results and reach the target full phenol oxidation and
mineralization. The stability of these catalysts was enhanced significantly by adding the S, N
and Ag. However, still these catalysts suffer from metals leaching affecting their durability
More efforts are required to solve this challenge. Accordingly, these results become a
motivation to apply selected of the best catalysts for another phenolic compound oxidation, as

will be studied in the next chapter.
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Chapter 5: Oxidation of phenolic compounds and homologues

5.1 Introduction

The results obtained so far and described in chapters 3 and 4 prompted us to apply the most
promising activated carbon and zeolite based iron catalysts for the oxidation of phenolic
compounds. This is with the aim of expanding the applicability of our materials and gathering
structural information on which kinds of phenolic based compounds can be better degraded by

using an approach based on the catalytic wet peroxide decomposition.

It is well known that the composition of industrial organic wastewater is extremely complex,
so the chemical structure of pollutants plays a crucial role to the efficiency of the degradation
process. Furthermore, for the selection of advanced oxidation processes, the cooperative effect
of different active oxygen species such as hydroxyl radical ("OH), or ozone (O3), the catalysts
used can also change the degradation mechanism. As a result, different conclusions will be

obtained based on different starting reaction mixture’s compositions.!

It has been reported that the electron-interaction between benzene rings and their substituents
influences the resistance to degradation in many organic compounds.? In phenolic compounds,
substituent number, position and the types of substituent group either donating or withdrawing
electrons have a significant impact on reactivity.> For example, in the case of substituted
phenols, degradation rates of phenols that contain ortho or para substituent take a long time
because of steric hindrance.* > The degradation rates of phenols with ortho-substituents can
indeed be influenced by steric hindrance, but whether the substituents donate or withdraw
electrons can also play a significant role. Both factors steric hindrance and electronic effects
can impact the reactivity of ortho and para-substituted phenols in degradation reactions. Ortho-
substituents on phenolic compounds can lead to steric hindrance, which hinders the approach
of reactants (such as oxidants or other molecules involved in degradation reactions) to the
reactive sites on the phenol ring. This may slow down the reaction rate and result in longer
degradation times. The electronic nature of the substituents also influences the degradation
rates. Ortho-substituents can be classified as electron-donating or electron-withdrawing based
on their effect on the phenol ring's electron density. These electronic effects impact the stability
of the phenol's intermediate radicals during oxidation reactions. Electron-donating substituents
(e.g., 'OH) can stabilize radicals and enhance reactivity, potentially counteracting the steric
hindrance effects. On the other hand, electron-withdrawing substituents (e.g., -NOz) can

interfere with radicals and pending the nature of the attacking radical species, either slow down
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or accelerate a reaction. Therefore, the combined influence of steric hindrance and electronic
effects can lead to varied degradation rates for ortho and para-substituted phenols, depending
on the specific substituent and reaction conditions. In some cases, the steric hindrance effect
will dominate, thus resulting in slower degradation rates regardless of whether the substituent
donates or withdraws electrons. In other cases, the electronic effects will outweigh steric
hindrance, leading to more complex reactivity patterns. Regarding the number of substituents,
with a higher electron-withdrawing group number, the degradation rate decreases. On the other
hand, as "“OH radical is electron deficient and as such practically bearing like-if bearing a small
positive charge, it would be expected that degradation rates would increase with the presence

of electron donating groups.’ The same expectation applies to para-substituted phenols.””

The electronic structures of the target molecules are expected to influence the reaction. In the
case of our reaction, *OH usually attacks aromatic compounds by an electrophilic-like
substitution meaning that *OH will mainly attack directly the aromatic ring. In this assumption,
the decomposition rate is determined by this same step,'°, which also occur to be the first step
in the radical oxidation reaction mechanism.!! As a consequence, substitutions on the ring will
be able to induce a control of the position of ‘OH addition, with ortho- and para-hydroxylation
usually predominating due to the electrophilic nature of "OH.!>!* An additional oxidation in
the dihydroxy compound occurs by removing a hydrogen atom, resulting in benzoquinones;

aliphatic acids can then be formed by cleaving the ring.'*

As mentioned above, the electron-donating or electron-withdrawing effect of a substituent in
an aromatic ring plays a significant role in controlling the reactivity of phenolic compounds
towards the catalyst.!>-!® However, an atom or functional group within a compound may exhibit
electronic effects known as resonance or inductive effect. Electronegativity determines the
inductive effect of an atom or functional group. An atom or functional group that is
electronegative compared to H such as the halogens, oxygen and nitrogen. The term resonance
refers to the bonding or sharing of electrons between more than two atoms (nuclei).!” Scheme
5.1 show that phenol can withdraw electron density via the inductive effect (a) and donate

electrons via the resonance effect (b).
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OH

Inductive effect Resonance effect

Scheme 5.1: The electron density of phenol can be withdrawn by its inductive effect (a) as well as donated by

its resonance effect (b).

Two groups of phenolic derivatives were determined according to their ability to accept or give
electrons from or to the aromatic ring: (a) These include phenols with electron-donating
substituents. Since electronic delocalisation in the ring is favoured, they are expected to be
more easily oxidised.?’ (b) Other phenol derivatives that are electron-withdrawing and they are
expected to be more complicated to oxidise.?! Electron donors contain at least one pair of non-
bonded electrons on the atom participating in resonance (-OH, -OR, -NR», -SR). Therefore,

donating electrons promote reactions.

Electron-withdrawing groups consist of atoms or functional groups that possess a higher
electronegativity compared to the surrounding atoms in a molecule. These groups tend to pull
electron density away from the rest of the molecule, particularly from conjugated systems like
aromatic rings. As a result, they exhibit a deactivating effect on the reactivity of the aromatic

ring. The following examples Scheme 5.2 illustrate this:
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Scheme 5.2: Electron withdrawing groups, consist of atoms lacking electrons attached to a conjugation site.

That deactivated reactivity on the aromatic ring.

Five phenol derivatives were chosen for discussion of the influence of the structure of phenolic
compounds on degradation performance and possible expand the applicability range of our
catalysts. Table 5.1, show the formula of these phenolic compounds, they are mainly industrial

chemicals and pharmaceuticals found in wastewater.??
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Table 5.1: The five phenolic compounds involved in this study.

Phenolic compounds

Chemical formulas

4-chlorophenol (4CP)

O

Cl

4-bromophenol (4BrP)

O

Br

3-methoxyphenol (3MOP)

Qg

OCHjg

4-Cresol (4MP)

O

CHj

2,4 di methyl-phenol (DMP)

OH

CHj

O

CHj

240



Their reactivity is predicted by the following factors:

I1.

I11.

The 4-clorophenol (4CP) is expected to exhibit five effects: (i) chlorine is withdrawing-
electron group by inductive effect since Cl more electronegative than C which is
expected to negatively impact on the oxidation rate. (ii) On the other hands though,
chlorine is at the same time a donating-electron functional group via resonance affect,
since it could share electron with conjugation (in an electronic configuration, the bonds
alternate between single bonds and double bonds pi bonds), which is expected to
enhance the degradation process. However, (iii) chlorination may involve for the
reaction by generation Cl’ radicals which has very high oxidation potential, which could
increase the reaction’s rate. (iv) a scavenger function by CI radicals, according to some
literature studies CI’ radicals could prevent the oxidation by scavenge "OH radicals.?*
26 Consequently, inhibit the degradation of 4CP. In addition, (v) the effect of the
substituent position, as mentioned above, para substituted phenols are supposed to be

difficult to oxidise as the provided position for electrophilic attack will be limited.

In 4-bromophenol (4BrP), the same five factors (i)-(v) described for 4CP are present.
Bromine is withdrawing electron group by inductive effect so could negatively impact
on the oxidation of 4BrP. However, bromine is donating electron to aromatic ring via
resonance that promotes the oxidation. Still, a debromination step is one of the possible
mechanisms may occur during the oxidation of 4BrP. Br" radicals could play role in the
oxidation process increasing the efficiency of the 4BrP conversion. On the other hand,
as for CI', these free Br* radicals may be scavenger of hydroxyl radicals effecting on
both Br" free radicals’ sufficient amount to oxidation reaction and "“OH radicals that
need to attack the target. Finally; the position of Br substituent is important and para

are not preferable.

The 3-methoxyphenol (3MOP) oxidation procedure is influenced by four variables:
firstly; 3MOP could be considered as a withdrawing functional group by inductive
effect That will decrease the oxidation rate. Meanwhile, 3MOP could behave as a
donating-electrons to the phenolic ring enhancing the degradation that by resonance.
The third possibility; ‘"OCHjs could enhance the oxidation of 3MOP as another oxidising
agent. Moreover, the impact of meta position which expected to increase the rate of

oxidation by providing more electrophilic sites on the ring.
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IV.

VI

4-methylphenol (4MP), for this species, oxidation may be influenced by two factors.
First; the presence of the phenolic ring suggests the possibility of resonance effects.
However, the methyl group (CH3) attached to the ring does not participate in resonance
due to the sp® hybridization of the carbon atom. In 4-methylphenol, the methyl group
(CH3) is electron-donating due to its inductive effect, which means it donates some
electron density to the rest of the molecule. This makes the electrons in the ring more
accessible, and the aromatic system becomes more electron-rich. As a result, makes

phenols more susceptible to oxidation.

2,4 dimethylphenol (DMP) in this compound only one position will be available to
electrophilic attacks. Steric hindrance occurs when large substituents obstruct the
approach of other molecules or groups. Due to the arrangement of the methyl groups,
the electrophilic attack on the phenolic ring becomes challenging. On the other hands,
the methyl groups (-CHs) at the 2 and 4 positions are electron-donating in nature due to
their inductive effect. This means they donate electron density to the aromatic ring. The
presence of the electron-rich system increases the potential for electrophilic attacks, as

the ring is more capable of sharing its electron density.

It is important to note that the residual intermediates calculation was estimated for these

phenolic compounds based on the calibration curves of phenol’s intermediates.

The inductive and resonance effects are essential in explaining the behaviour of phenolic

compounds degradation. The study report in this thesis work delves into the intricate between

these effects produced by electron-donating and electron-withdrawing groups. An example

explaining these effects is shown in Scheme 5.3.
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Scheme 5.3: Inductive and resonance effects by either electron donating or electron withdrawing groups.

Due to the array of factors involved in the degradation process, some promoting the oxidation
process and some impeding it, no clear prediction will be possible unless only one of these
factors is largely dominant with respect to the others. It is also due to this, that despite many
studies aiming to enhance the removal of hazardous organic compounds, degradation

mechanisms remain unknown due to their inner complexities.?’

5.2 Characterization of phenolic compounds

In analogy to the methodological approach described for phenol (Chapter 2), these phenolic
compounds were analysed at the first optimal wavelength for the characterization of these
various compounds, and the identification of their retention times by means of standards was

carried out (Table 5.2).

Table 5.2: Peak position and the optimal wavelength for the maximum absorption of phenolic

compounds separated by HPLC:

Compound Abbreviation Wave length (4) / nm | Retention time / min
3-methoxyphenol 3MOP 274 16.8
4-Cresol 4MP 273 18.3
4-chlorophenol 4CP 281 19.4
4-bromophenol 4BrP 281 19.7
2,6 di methyl-phenol DMP 271 20.3

Reversed-phase chromatography was used, the stationary phase is non-polar (n-octyldecyl

(C1g) hydrocarbon chain), and the mobile phase is polar (acetonitrile), so the molecules that are

243



polar will elute first elution order from shorter to longer retention time as reported in Table

5.2 1s:
3MOP < 4MP < 4CP < 4BrP < DMP

3MOP has a methoxy group (-OCH3) in the meta position to the phenolic -OH group, whereas
4MP has a methyl group (-CH3) in the para position to the -OH group. The methoxy group in
3MOP is more polar than the methyl group in 4MP, which makes 3MOP less retained on the
non-polar stationary phase, resulting in a shorter retention time. Then, 4CP and 4BrP, halogens
are more electronegative than carbon, and their presence in an analyte molecule can increase
its overall polarity. In a reversed-phase system, compounds with higher polarity tend to interact
less strongly with the non-polar stationary phase, resulting in shorter retention times. So, 4CP
and 4BrP elute earlier than DMP. Halogens, have significant dipole moments due to their
electronegativity. This can lead to electric dipole-dipole interactions with polar functional
groups in the stationary phase, further affecting retention times. Compounds with halogens
may exhibit stronger or weaker interactions depending on the specific conditions. If the analyte
contains halogens with a negative charge (e.g., chloride ions), they might interact with
positively charged groups in the stationary phase, potentially affecting retention times. This is
less common but can be a factor in some cases. Lastly, DMP has two non-polar groups that

interact more strongly with the non-polar stationary face, prolonging their retention.

It is well known that electronic transitions in the UV involve n, § and m molecular orbitals.
The transition of an electron from § — §* need A <200 nm, for example, C-C, C-H. n — 6~
use A between 160 - 260 nm ex: CH30H, CH3Cl. m = ©* used A from 200 to 500 nm, such as:
C=C,C= 0. n— n" their A from 250 to 600 nm like for C= 0 and C= N. So, Cl and Br will
induce a shift A to 281 nm for 4CP and 4BrP, then 3MOP at 274 nm because of the OCHs.
Flowing by 4MP and DMP at 273 and 271 nm, respectively.

5.3 Oxidation of phenolic compounds by selected AC and zeolite based catalysts

5.3.1 Chlorophenol (4CP) decomposition

Chlorophenols (CPs) are extremely toxic, non-biodegradable, and most of them have
carcinogenic properties.?® There is evidence that the intermediates of such compounds are more
toxic and refractory than their parent compounds.?” Among all CPs, (4CP) has been chosen to

serve as a model substrate as it is one of the most widely used agrochemicals worldwide. 4CP,
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used in pesticides, disinfectant agents, wood preservatives and dyes.?* 3! Because of their
extensive use and resistance to degradation, these compounds accumulate extensively in soil
and water.’? 33 Consequently, these compounds pose a serious threat to human health as they

pass through the food chain and eventually enter the human body.3* %

It is important to establish a degradation mechanism model in order to understand the
degradation reaction better.*® Based on many studies, there is a strong correlation between *OH
concentration and pollutant degradation in an aqueous Fenton system.3”° The most direct
pathway for 4CP degradation is through hydroxylation, which will then lead to a ring opening,
and mineralisation afterwards if to completion to the most thermodynamically stable products.
The expected oxidation mechanism of 4CP is illustrated in Scheme 5.4.%° Fenton’s oxidation
of 4CP produced benzoquinones and hydroxyquinone as intermediates (compounds (1) and (2)
in Scheme 5.4).4!-4? The formation of non-chlorinated compounds confirms that the chlorine
group does not inhibit *OH interaction with the ring. However, "‘OH attacks occurred more
readily at positions without chlorine groups because de-chlorination occurs via a different
mechanism, such as hydrogenolysis. In the presence of a hydrogen source (such as molecular
hydrogen or hydrogen gas), de-chlorination can occur through a hydrogenolysis mechanism.
The hydrogen reacts with the chlorine atom, breaking the carbon-chlorine bond and forming
hydrogen chloride (HCl) as a by-product. This process replaces the chlorine atom with a
hydrogen atom; perhaps this reaction is less efficient than non-dechlorinating reactions.*’
Evidence shows that benzoquinones can accelerate iron's redox cycle.** 4> As the reaction
progresses, aromatic rings open and decompose to shorter chains, and organic acids, including
muconic, oxalic and acetic acid, are formed.!* Noteworthy to this project, it has been noted that
there might be a detrimental role from these acids; as they could deactivate iron by forming

stable complexes with it.446-48
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Scheme 5.4: The proposed reaction pathway of 4CP oxidation with Fenton's reagent system by CWPO reaction.
(1) Hydroquinone and (2) benzoquinone are the main intermediates; by the reaction time, the aromatic ring (not

shown) will then open to produce acid groups.*’

The conversion of 4CP in the Fenton system by CWPO reaction was investigated in an aqueous
solution in Figure 5.1. For this purpose, nine novel heterogenous catalysts were applied and
labelled as that the first group is three zeolite catalysts A, B and C. (A) for 1 wt% Fe-ZSM-5,
(B) for 0.5 wt% Fe loading, Fe-Ag-ZSM-5, (C) for 1 wt% Fe loading, Fe-S-N-Zeolite-Y. The
second group of catalysts Fe/AC, 12 wt% iron doping three different kind of activated carbons,
D, E and F. (D) for Fe/AC raw-GAC, (E) for Fe/AC raw-SA2, (F) for Fe/AC raw-G60. The
third group of catalysts 12 wt% Fe doping, Fe-S-N/AC, G, H and I. (G) for Fe-S-N/AC HCI-
HNO;-GAC, (H) for Fe-S-N/AC HCI-HNO3-SA2 and (I) for Fe-S-N-AC HCI-HNO3-G60.

Using 1 g.L_1 of 4CP in 50 mL solution, 1:27 molar ratio 4CP to H>O» for 4 h at 80 °C.

246



100 - H %
< ] % /é H
° 80_ % \
604 w
L/ A ¥
1 v
v
20 v é A
'A B C DEF G H I
Catalysts

‘+ 4CP Conversion%, @ CMB%, —&— H,0, Consumption%, — ¥ Fe leaching%

Figure 5.1: Catalytic activity results for 4CP conversion by the WCPO reaction using multiple catalysts the first
group of catalysts, zeolite catalysts (A) for Fe-ZSM-5, (B) for Fe-Ag-ZSM-5, (C) for Fe-S-N-Zeolite-Y. The
second group of catalysts, iron-doped different AC, (D) for Fe/AC raw-GAC, (E) for Fe/AC raw-SA2, (F) for
Fe/AC raw-G60. The third group of catalysts (G) for Fe-S-N/AC HCI-HNO3-GAC, (H) for Fe-S-N/AC HCI-

HNOs3-SA2 and (I) for Fe-S-N-AC HCI-HNOs-G60. Using 1 g.L71 of 4CP in 50 mL solution, 1:27 molar ratio
4CP to H20: for 4h at 80 °C.

The catalytic activity for all these catalysts shows extremely high activity for 4CP oxidation.
The results give almost full 4CP conversion at 100% but with catalyst (F) Fe/AC raw-G60,
90%. Also, complete mineralisation of organic compounds was observed for most of the
catalysts. In terms of H2O2 consumption, almost with all catalysts, there was no complete H>O»
consumption, it was found that the *OH had a significant degradation effect on the oxidation of
4CP, but there are possible other effects that might be taking part in the process. For example:
CI’ could contribute to the oxidation of 4CP when it remains high 100% even with low H>O>
consumption. though it is expected to be ‘OH to play a major role in the oxidation of 4CP.

Furthermore, as for all the Fenton based processes, the reaction follows a pH dependence and
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is most efficient in the pH range of 2-3, for this reaction a lower pH could either be obtained
from the formation of organic acids or the formation of HCI from H-abstraction reactions by
CI".** It had been reported that chlorine accelerated the decomposition of phenol, and evidence
for this was found when phenolic compounds were oxidised by “OH over clay-based catalysts.
The degradation of phenol with CI" has been confirmed through analytical methods such as
mass spectroscopy MS suggesting that the rate-limiting step has been accelerated with CI°
present.*” This observation has been confirmed by several studies. Maria reported that under
high salinity conditions, the photo-Fenton reaction has been tested for its ability to oxidize
imidacloprid and methomyl as commercial formulations. Contrary to what is described in some
literature though, the halogen radicals has been shown to enhance pesticide degradation.’®! A
study by Naresh investigating the addition of simple additives like salt (NaCl) and carbon
tetrachloride showed an increase of process intensification to reduce the treatment times and,
in turn, operating costs. It has been observed that the phenol degradation process is
accelerated.’! The degradation of phenolic compounds may be enhanced by CI" by forming
chlorinated intermediates that act as electron carriers.*> > Mic6 and co-workers explained an
enhancement in phenol derivatives degradation by the participation of CI' in the reaction,
whose activity for the reaction is comparable to that of “OH.>° In contrast, a study by Mahamuni
and Pandit reported that NaCl was transferring the phenol to an organic/water interface (phase
transfer process), promoted by the salting out effect and did not participate in the chemical
reaction.”! In view of these data, there is no doubt that Cl-species plays a complex role in the
CWPO reaction of phenol, although their mechanism is not fully understood, probably in part

due to the coexistence of different radical species in solution.*

Based on these findings, a mechanism including CI" as a promoter for the decomposition of
phenol derivatives is proposed in Scheme 5.5. The oxidation reaction of 4CP by chlorine
involves de-chlorination of Cl atom in the para position of the phenolic ring. In this reaction,
chlorine acts as the oxidizing agent. The mechanism of this reaction involves several steps:
starting with an initiation the reaction is initiated by a Cl radical abstraction. This forms a
phenoxyl carbon centred radical intermediate. Then follows a canonical pattern involving
propagation and termination, with a propagation, where 4CP reacts with another CI" that can
indeed lead to the opening of the phenolic ring followed by termination: eventually, two
radicals may combine to form Cl> which unless it is dissociated would stop the reaction.
According to the residual intermediates results (0%) there was complete mineralisation to CO>

and H>O which meaning that either HCI or Cl, are the most possible products could form at
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the end of the reaction (residual intermediates was estimated based on the phenol’s

intermediates).
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Scheme 5.5: Oxidation of 4CP by chlorin radicals. the first step contains de-chlorination from 4-cholorophenol

to form phenoxyl radicals. Then CI" attack 4CP in the para position. The phenolic ring will break down forming

chlorinated products. The migration of H was not shown or implicitly assumed, and we are giving weight to the
product in meta. Note: R1 is only an initiating step and that the reaction is not balanced because the aromatic

residue from R1 can take part in a number of other reactions or decomposition pathways.
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Regarding the stability of the catalysts, the results show Fe-Ag-ZSM-5 and Fe-S-N-Zeolite-Y
are less durable and have higher Fe leaching at 50% and 70%, respectively, compared to the
results reported in chapter 4, when these same materials were applied for phenol oxidation
and leaching in the range of 30% and 50% respectively were detected. This higher leaching
could be the result of a pH variation associated with acid released (HCI formation) or the
formation of Fe-chlorinated species.>® Still, Fe-S-N/AC catalysts are more stable than others,

particularly Fe-S-N/AC HCI-HNOs3, G60, which has 0.4% Fe leaching.

5.3.2 Bromophenol (4BrP) decomposition

The majority of bromophenols (BrPs) are toxic and non-biodegradable substances. Due to their
genotoxic, mutagenic, and carcinogenic properties, they are considered major pollutants and
their abatement a priority.>* As stated by both the United States Environmental Protection
Agency (EPA) and the European Union (EU),> ¢ there is widespread use of BrPs as pesticides
in agriculture and as a precursor to resorcinol.’’ In addition a waste stream from electronic
waste can also release these compounds into the environment.>® Because of the extreme toxicity
of these compounds, they have been chosen as further target substrates for CWPO by using our

catalysts, as well as from the promising results obtained in the degradation of 4CP.

Scheme 5.6 shows one of the currently postulated mechanisms for the oxidation of 4BrP,>
where a para-substituted bromo phenol can be degraded via either of two pathways A first
route involves the formation of 4-hydroquinone and benzoquinone; a second way, instead, the
formation of 4-bromocatechol by "OH attack.®® Due to a stronger para-directing from the -OH
and -Br substituents the ‘OH radical can attack the para position of 4BrP, releasing bromide
ions and forming 4-hydroquinone. 4BrP then oxidises to 4-benzoquinone.®' The 4-
benzoquinone further reacts with “OH to undergo opening of the aromatic ring to form various
short-chain aliphatic acids, which can further degrade to smaller chain organic acids, including

malonic acid, maleic, oxalic, acetic, formic and finally CO,.5% 63
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Scheme 5.6: The possible reaction pathways for the degradation of 4-bromophenol by CWPO reaction. The first
pathway formation of (1) 4-hydroquinone and (2) 4-benzoquinone. The second pathway formation of (3)
bromocatechol, (4) hydroxyl hydroquinone and (5) 4-hydroxybenzoquinone through the "OH attack. The

degradation continues into shorter-chain organic acids, including (6) maleic acid, (7) malic acid, (8) oxalic acid,

(9) acetic acid and (10) formic acid.”®

Similarly, to 4CP, there are a few factors contributing to the degradation of 4BrP. By inductive
effect, bromine would withdraw electrons, which could negatively affect 4BrP’s oxidation. In
contrast, bromine donates electrons to aromatic rings via resonance, which promotes the
oxidation/degradation. It is possible that debromination happens during 4BrP oxidation. The
Bre radicals could contribute to the abatement of the compound, thus enhancing 4BrP
conversion or conversely could work as scavenger for ‘OH which could then inhibit the

reaction.

Figure 5.2 shows the catalytic activity for 4BrP degradation via the CWPO method, by using
nine novel heterogenous catalysts were applied and labelled as that the first group is three
zeolite catalysts A, B and C. (A) for 1 wt% Fe-ZSM-5, (B) for 0.5 wt% Fe loading, Fe-Ag-
ZSM-5, (C) for 1 wt% Fe loading, Fe-S-N-Zeolite-Y. The second group of catalysts Fe/AC, 12
wt% iron doping three different kind of activated carbons, D, E and F. (D) for Fe/AC raw-
GAC, (E) for Fe/AC raw-SA2, (F) for Fe/AC raw-G60. The third group of catalysts 12 wt%
Fe doping, Fe-S-N/AC, G, H and L. (G) for Fe-S-N/AC HCI-HNO3-GAC, (H) for Fe-S-N/AC
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HCI-HNO3-SA2 and (I) for Fe-S-N-AC HCI-HNO3-G60. At the same reaction conditions

reported in Section 5.2.1, using 1 g.L_l of 4BrP and 1:27 4BrP to H20:.
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Figure 5.2: The analysis of the catalytic activity for multiple catalysts was used to convert 4BrP the first group
of catalysts, zeolite catalysts (A) for Fe-ZSM-5, (B) for Fe-Ag-ZSM-5, (C) for Fe-S-N-Zeolite-Y. The second
group of catalysts, iron-doped different AC, (D) for Fe/AC raw-GAC, (E) for Fe/AC raw-SA2, (F) for Fe/AC
raw-G60. The third group of catalysts (G) for Fe-S-N/AC HCI-HNO3-GAC, (H) for Fe-S-N/AC HCI-HNO:s-

SA2 and (I) for Fe-S-N-AC HCI-HNO3-G60. Using 1g.L! of 4BrP in 50 mL solution, 1:27 4BrP to H20: for 4h

at 80 °C.

As shown in Figure 5.2 the oxidation include conversion and mineralization of 4BrP is lower
than that of 4CP at the same reaction conditions, using the same catalysts. With Fe-doped
zeolite catalysts, catalyst (A) Fe-ZSM-5 gives 80% of 4BrP conversion, (B) Fe-Ag-ZSM-5
raised the conversion to 90% and (C) Fe-S-N-Zeolite-Y enhanced the conversion of 4BrP to
reached 100%. In addition, the estimated residual intermediates was almost equivalent for both
A and B catalysts at 25% while slightly higher for C at 35%. The consumption of H>O> was
high and compatible with results between 85-100%. A second trend regarding 4BrP abatement
is for Fe/AC catalysts, where the conversion was poor at 30% with both (D) Fe/AC by raw-
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GAC and (E) Fe/AC raw-SA2 and 50% for (F) Fe/AC raw-G60. Moreover, the mineralisation
with these catalysts was low; the estimated residual intermediates detected roughly in the range
of 70% for these catalysts. The consumption of hydrogen peroxide was 60%, 50%, and 55%
for D, E, and F, respectively. In the case of Fe-S-N/AC HCI-HNOs catalysts, the results show
that a high oxidation for 4BrP reached 95% with G, H and I (Fe-S-N/AC) catalysts. Thus,
implying that the doping by S and N enhances the catalytic activity of Fe/AC for oxidation of
4BrP from 30-50% to 95%. In spite of this, the catalysts exhibit poor mineralisation, 75%, 85%
and 50% residual intermediates, for G, H and I catalysts, respectively, which could, in principle

lead to the generation of toxic brominated by-products.®

In this wider context, the assessment of the toxicity of the major transformation products of
debromination degradation, which may be higher than that of the original molecule, is
essential.> This because there are only a few reports available regarding the toxicity of the
intermediates generated during BrP degradation.®® The same low hydrogen peroxide
consumption here with almost 50% consumption which is clearly compatible with the catalytic
activity results as the fact that half the amount of *OH has been used to partly oxide the 4BrP.
However, these processes were inhibited, as there was no complete oxidation of the high
aromatic intermediate based on the estimated residual intermediates results. These results could
be explained by a lower H-abstraction capability from Br" compared to CI'. Bromine is larger
than chlorine due to its higher atomic number and a greater number of electron shells. The
larger atomic radius of bromine means that the hydrogen atom bonded to it is relatively farther
away from the bromine radical compared to the hydrogen bonded to a chlorine radical. This
greater distance results in a weaker hydrogen-bromine bond compared to the hydrogen-chlorine
bond. As a result, chlorine radicals are generally more reactive than bromine radicals due to
their smaller size and higher electronegativity. Chlorine radicals have a stronger tendency to
abstract hydrogen atoms from other molecules, making them more aggressive in radical
reactions like our reaction condition hydrogen abstraction. However, as for CI, free Br" radicals
may also scavenge hydroxyl radicals, thus preventing or inhibiting the oxidation process. Also,
the presence of a bromine atom in the ortho- or para-position of the phenolic ring may
negatively influence the reactivity of 4-bromophenol. The bromine substituent can stabilize the
phenoxyl radical formed during the Fenton reaction, making it less susceptible to further
oxidation. As a result, the rate of degradation may be slower compared to other phenolic
compounds without bromine substituents in the para position. However, to confirm this other

position for 4BrP have to be tested.
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Regarding the catalyst’s stability and durability based on the Fe leaching results by ICP-MS, it
appears that the zeolite catalysts A, B and C have higher metal leaching at 55%, 50% and 68%,
respectively. Nonetheless, the Fe/AC catalysts have a metal loss about 30%, and ultimately,
the Fe-S-N/AC catalysts show greater durability at 11%, 5%, and 4% metal leaching. The best
catalyst’s performance for 4BrP oxidation is Fe-S-N-Zeolite-Y with 100% conversion and 30%
residual intermediates. Even so, the toxicity of intermediate compounds negatively affects the
degradation of 4BP like (4-Bromocatechol, 4-Bromoresorcinol, 4-Bromoquinone can be an
intermediate if the oxidation process continues and 4-Bromobenzoquinone) particularly for
poor mineralisation, which is confirmed by the high estimated residual intermediates results
(60% to 90% for AC’s catalysts), although with a high 4BrP conversion in the range of 85-
100%.

5.3.3 Decomposition of 3-methoxy phenol (3MOP)

Methoxyphenols represent a substantial proportion of emissions from biomass burning caused
by natural fires, human-initiated vegetation burning, and residential wood burning.®”-% The
study conducted by Tourneur was concerned with the reaction of *OH radicals with 2-methoxy
phenol and other related compounds, such as 3-methoxy phenol, 4-methoxy phenol, 2-
methoxy-4- methyl phenol, and methoxybenzene, their outcomes find that the meta isomers,
3-methyl phenol and 1,3-dimethylbenzene, are the most reactive of the methyl phenols and
dimethyl benzenes, respectively.”® The explanation for these matters of fact is based on the

number of aromatic ring sites that are activated toward the electrophilic addition of *OH.

Figure 5.3 illustrates the activation sites of the —OH and —OCH3 groups in methoxyphenol
isomers. Electron density is transferred to both ortho and para positions by both substituents.
In 3-methoxy phenol, three positions on the aromatic ring are activated by both the -OH and -
OCHs groups, thus being doubly activated, while the other two isomers, 2- and 4-methoxy
phenol, contain four singly activated positions. Consequently, for other disubstituted aromatics,
meta isomer, that is, 3-methoxy phenol, is the one expected to be the most reactive. In spite of
the fact that the experimental data support this hypothesis, there is only a relatively small
difference between 3-methoxy phenol and 4-methoxy phenol in terms of reactivity, suggesting

that reactivity may also be influenced by other factors, such as steric effects.”
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Scheme 5.7: Methoxy aromatics, the sites that are activated by the hydroxyl (), methoxy ( *®), and methyl
(A) groups to attract electrophiles.” (1) 2-methoxyphenol, (2) 3-methoxyphenol, (3). 4-methoxyphenol, (4)
methoxybenzene and (5) 2-methoxy-4-methylphenol.

According to this, 3MOP has been chosen as a further model for CWPO reaction by multiple
heterogeneous catalysts at the same experimental conditions as reported in the sections above.
Furthermore, given the reason explained in section 5.1 about substituent effects it was expected

for our catalysts to be highly active for this substrate.

The proposed reaction mechanism for methoxy phenol oxidation by "“OH radicals is reported
in Scheme 5.8.7! An important reaction pathway for ortho position involves adding "OH to a
carbon atom with an attached OH group, followed by the formation of phenoxy species after
H>O elimination. That said, for ortho-methoxy phenols, there may be two different H-
abstraction pathways. The first is H-abstraction from the OH group, resulting in phenoxyl
radical intermediates. The other route is H-abstraction from the methoxy group. This pathway
generates phenoxyl radicals. For meta- and para-methoxy phenols, instead, “OH addition will
form catechol species and, still for meta- and para-methoxyl phenols, it was found that only
the H-abstraction pathway from the OH group is probably to occur. These differences can be
explained by the steric hindrance effect and/or the intramolecular hydrogen bond due to ortho-

methoxy substitutions.”!
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Scheme 5.8: The overview of the proposed major reactions involving ‘OH radicals and methoxylated phenols.
For clarity, the para-species are shown in the lower line. In this reaction, the dominant step is the addition of
*OH to the carbon position with an attached OH group, resulting in the formation of phenoxy species (1). For

meta- and para-methoxylated phenols, "OH-addition occurs at the carbon position next to the ‘OH group,
forming catechol species (2).”! The migration of H was not shown or implicitly assumed, and we are giving

weight to the product in meta.

The catalytic activity results for the 3MOP oxidation by CWPO reaction using 9 different
heterogenous catalysts are shown in Figure 5.4. the first group is three zeolite catalysts A, B
and C. (A) for 1 wt% Fe-ZSM-5, (B) for 0.5 wt% Fe loading, Fe-Ag-ZSM-5, (C) for 1 wt% Fe
loading, Fe-S-N-Zeolite-Y. The second group of catalysts Fe/AC, 12 wt% iron doping three
different kind of activated carbons, D, E and F. (D) for Fe/AC raw-GAC, (E) for Fe/AC raw-
SA2, (F) for Fe/AC raw-G60. The third group of catalysts 12 wt.% Fe doping, Fe-S-N/AC, G,
H and I. (G) for Fe-S-N/AC HCI-HNO3-GAC, (H) for Fe-S-N/AC HCI-HNO3-SA2 and (I) for
Fe-S-N-AC HCI-HNO3-G60. At the same reaction conditions reported in section 5.2.1, using
1 g.L ! of 3MOP and 1:20 3MOP to H>0».
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Figure 5.4: The analysis of the catalytic activity for multiple catalysts was used to convert 3MOP. the first
group of catalysts, zeolite catalysts (A) for Fe-ZSM-5, (B) for Fe-Ag-ZSM-5, (C) for Fe-S-N-Zeolite-Y. The
second group of catalysts, iron-doped different AC, (D) for Fe/AC raw-GAC, (E) for Fe/AC raw-SA2, (F) for
Fe/AC raw-G60. The third group of catalysts (G) for Fe-S-N/AC HCI-HNO;-GAC, (H) for Fe-S-N/AC HCI-
HNO3-SA2 and (1) for Fe-S-N-AC HCI-HNO3-G60. Using 1g.L™! of 3MOP in 50 mL solution, 1:20 3MOP to

H20: for 4 h at 80 °C.

As expected, with the catalyst are very active towards this substrate and can complete 3MOP
oxidation up to 100% conversion for all catalysts and mineralisation except for catalysts Fe-
ZSM-5 (A) and Fe-Ag-ZSM-5 (B) were 33% and 15%, respectively. The consumption of H>O>
was 100% for both A and B catalysts and 60% for the rest. ‘OH radicals play an essential role
in pollutant oxidation and mineralisation. However, the full 3MOP oxidation, including
conversion and mineralisation in the case of 60% H>O> consumption, could be explained as
there was another oxidant in the solution involved in the reaction, which in the case of 3MOP
oxidation, could be *OCH3 species. Scheme 5.9 shows this possible oxidation path way by
‘OCH3 radicals. The methoxy radical ‘OCH3 abstracts a hydrogen atom from the 2-
methoxyphenol molecule to form a phenoxyl radical and a methanol molecule. Then the

phenoxyl radical can then react with molecular oxygen ‘OH to regenerate the methoxy radical
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and form various products, including quinones and other aromatic compounds. This chain

reaction continues as long as there are 2-methoxyphenol and methoxy radicals present.”?

OH OH
I RI
~ .
OCHg OCH;
OH OH
H H,CO
CH;0 > + CH,0H R2

OCH,

OCH,

Scheme 5.9: Possible oxidation path way of 3MOP by ‘OCHj3 radicals. First step include remove *OCH3 from
the phenol ring. Then in the second reaction step this ‘OCHj3 radical attack ortho position to form 3,5 di
methoxyphenol. The migration of H was not shown or implicitly assumed, and we are giving weight to the
product in meta. Note: R1 is only an initiating step in both cases and that the reaction is not balanced because

the aromatic residue from R1 can take part in a number of other reactions or decomposition pathways.

The durability of catalysts is the same trend that was observed previously, Zeolite catalysts are
the lesser stable catalysts compared to others. The Fe leaching was 85%, 50% and 90% for (A)
Fe-ZSM-5, (B) Fe-Ag-ZSM-5 and (C) Fe-S-N-Zeolite-Y, respectively. The second trend was
for Fe/AC catalysts ranging between 40% to 60%; finally, Fe-S-N/AC they more durable
catalysts at 40% to 20%; still, these catalysts become less stable compared with other phenolic

compounds such as 4CP (~0.4%).

These catalytic results match an expected enhanced reactivity when a substrate like 3MOP is
used due to the enhanced reactivity by the contribution form *OCHj3 radicals, to propagate the

reaction, and if in meta position.”% 173

5.3.4 Cresol (4MP) decomposition
Cresol is often used as a model for studying water purification from phenol compounds.”7¢ p-

cresol was chosen because, although p-cresol is not commonly found in wastewater effluent,
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its chemical structure and reactivity with *OH are similar to that of p-nonylphenol, an endocrine
disruptor frequently found in wastewater.”” Alkylphenols are surfactants that are non-ionic and
utilised to produce, like cleaning agents, dyes, dispersants, pesticides, and greases.”® This

79,80 oroundwater,?! and industrial wastewater,®?, and

compound is present in surface waters,
marine sediments.®® In addition, the most frequently identified substance, p-nonylphenol,
promotes breast cancer cell growth,® and disrupts endocrine function.®> Due to this, a full

oxidation of these compounds and their removal from the wastewater is very important.

A model for the oxidation of p-cresol by "OH is presented in Scheme 5.10.7” First, "OH radicals
are added to the ring to form 4-methylcatechol.!# The hydroxylation can be explained by two
different pathways. ‘OH radicals attack phenolic rings, producing a cyclohexadienyl radical,
followed by the production of 4-methylcatechol. Alternatively, “OH radicals attack phenolic
rings and abstracted H atom, creating a phenoxyl radical capable of reacting with another ‘OH
radical. Even so, the H abstraction reaction of a methyl H atom ¥’ is much slower compared to
the one of a hydroxyl group and as such the generation of a cyclohexadienyl radical, although
possible in principle is practically disfavoured kinetically.®® It is possible to convert 4-
methylcatechol to the intermediates by further hydroxylation; nevertheless, a small yield is
obtained.!* There are two steps involved in the oxidation of 4-methylcatechol to 4-
methylbenzoquinone: 4-methylcatechol semi-quinone is formed by the attack of the ‘OH
radical ¥, and 4-methylbenzoquinone is formed by oxidising the semi-quinone radical.”® Upon
forming 4-methyl-benzoquinone, the ring is forced to fission by ring tension and oxidising
agents. During the chain reaction, the C-C bond between oxygen atoms and carbons in the ring
is cleaved, giving out 3-methyl-muconic acid.”! Then, since a-hydrogen adjacent to the double
bond has a higher acidity, it can more easily be abstracted by the *OH radical, thus promoting

the oxidation process.”> 3

From this point on the oxidation carries on like in the previous case
by producing organic acids with low molecular weights, including lactic, oxalic acids acetic
and formic acids.”* Ultimately, as described in the previous sections, acetic acid, formic acid,

and oxalic acid are oxidised by "OH radicals into CO,.%> %
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Scheme 5.10: The proposed reaction pathway for oxidising of p-cresol by hydroxyl radicals (WCPO).
(1) p-Cresol, (2) 4-methylcatechol, (3) 4-methylbenzoquinone, (4) 3-methyl-muconic acid, (5) lactic acid, (6)

acetic acid, (7) formic acid, (8,10) oxalic acid, (9) oxalate radical.”’

Figure 5.5 shows the catalytic activity results for 9 heterogeneous catalysts for MP oxidation
by CWPO reactions. The first group is three zeolite catalysts A, B and C. (A) for 1 wt% Fe-
ZSM-5, (B) for 0.5 wt% Fe loading, Fe-Ag-ZSM-5, (C) for 1 wt% Fe loading, Fe-S-N-Zeolite-
Y. The second group of catalysts Fe/AC, 12 wt% iron doping three different kind of activated
carbons, D, E and F. (D) for Fe/AC raw-GAC, (E) for Fe/AC raw-SA2, (F) for Fe/AC raw-
G60. The third group of catalysts 12 wt% Fe doping, Fe-S-N/AC, G, H and 1. (G) for Fe-S-
N/AC HCI-HNO3-GAC, (H) for Fe-S-N/AC HCI-HNO3-SA2 and (I) for Fe-S-N-AC HCI-
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HNO3-G60. At the same experimental conditions as used with previous phenolic compounds
see 5.2.1 in the above sections and with the same catalysts, 1 g.L ! of 4MP and 1:17 4MP to
H>0o.
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Figure 5.5: Catalytic activity for multiple catalysts was used to convert 4MP. the first group of catalysts, zeolite
catalysts (A) for Fe-ZSM-5, (B) for Fe-Ag-ZSM-5, (C) for Fe-S-N-Zeolite-Y. The second group of catalysts,
iron-doped different AC, (D) for Fe/AC raw-GAC, (E) for Fe/AC raw-SA2, (F) for Fe/AC raw-G60. The third
group of catalysts (G) for Fe-S-N/AC HCI-HNO3-GAC, (H) for Fe-S-N/AC HCI-HNO3-SA2 and (I) for Fe-S-N-
AC HCI-HNO3-G60. Using 1 g.L"! of MP in 50 mL solution, 1:17 4MP to H20: for 4 h at 80 °C.

For zeolite catalysts (A) Fe-ZSM-5, (B) Fe-Ag-ASM-5 and (C) Fe-S-N-Zeolite-Y, 4MP
conversion was 100% for B and C but 80% for A. Also, the residual intermediates was 0% for
B and C, while 14% for A catalyst. These results confirm the modification that has been done
for the Fe-ZSM-5, either by doping Ag for catalyst (B) or doping S and N for catalyst (C), that
enhances the catalytic activity, including conversion and mineralisation. For Fe/AC catalysts
D, E and F, the oxidation of 4MP was 100% with both D and E but slightly decreased to 80%
for the F catalyst. Moreover, complete mineralisation for their intermediates with D and E

while the estimated residual intermediates was 20% for the F catalysts. Accordingly, Fe/AC by
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raw-G60 is a slightly lower activity for 4MP oxidation than the other Fe/AC catalysts. For the
last three catalysts, for all Fe-S-N/AC HCI-HNOs catalysts, 4MP conversion reached 100%,
and residual intermediates was 3%, 10% and 7% for G, H and I, respectively. These outcomes
confirm the enhancement in the catalytic activity compared to Fe/AC catalysts because of the
doping of S and N and the pre-acid treatments of the AC. The overview indicates the high H,O»
consumption between 85% to 100%. These results are similar to those of 4MP oxidation where
nearly complete conversion and mineralisation were observed, but not a complete H>O»
consumption. For example, it was 70% with F catalyst (Fe/AC raw-G60); as a result, there was

no complete oxidation at 80%, and residual intermediates was 20%.

The Fe leaching results show that the zeolites catalysts have lower stability of 70% and 88%
iron leaching for A and C catalysts, respectively; still, doping Ag significantly decrease the
metal leaching to 35% for B (Fe-Ag-ZSM-5). The second trend is for Fe/AC. However, these
catalysts suffer from leaching affecting their durability metal leaching at 27%, 47% and 15%
for D, E and F, respectively. Fe-S-N/AC catalysts, as they are usually more durable catalysts,
the leaching decreased dramatically for these catalysts to 16% and 4% for G, and I still high
40% for H catalyst.

The most probable reason for the high oxidation rate of 4-methyl phenol by hydroxyl radicals
could be the electron-donating effect; the methyl group in 4-methyl phenol donates electrons
to the phenolic ring, making the phenolic hydrogen more labile and facilitates hydrogen atom

abstraction by hydroxyl radicals.

5.3.5 Decomposition of 2,4 dimethylphenol (DMP)

Wastes from agriculture and urban areas contain alkyl dimethylphenols, which are toxic
pollutants.’” Due to its extensive use in pesticides, treating obesity, dyes, wood preservatives,
and phytochemicals and explosives, 2,4-dimethylphenol (DMP) is considered significant.”®
Despite this, DMP’s practical applications face challenges due to persistent secondary
pollution, which is a health hazard that is non-biodegradable. Therefore, DMP pollution of

water resources must be eliminated.!0%: 101

The proposed degradation mechanism of DMP is reported in Scheme 5.11.1°2 The para and
ortho positions of the phenolic ring are attacked by hydroxyl radicals, resulting in 2,4
dihydroxymethyl phenol. More oxidation by °‘OH radicals produce 2-hydroxy-5-
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formylbenzaldehyde and 4-hydroxy isophthalic acid then phenol. The following steps are the

same as discussed above for p-cresol section 5.2.4.
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Scheme 5.11: The proposed reaction pathway for oxidising of DMP by hydroxyl radicals (CWPO). (1) 2,4-
DMP, (2) 2,4 di hydroxymethyl phenol, (3) 2-hydroxy-5-formylbenzaldehyde, (4) 4-hydroxyisophthalic acid,

(5) phenol, (6) hydroquinone, (7) benzoquinone, (8) oxalic acid, (9) maleic acid and (10) formic acid.!®? Note:

the "OH is not reported in a stoichiometric amount in this scheme.
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Results showing the catalytic activity of the nine selected heterogeneous catalysts are reported
in Figure 5.6. The first group is three zeolite catalysts A, B and C. (A) for 1 wt% Fe-ZSM-5,
(B) for 0.5 wt% Fe loading, Fe-Ag-ZSM-5, (C) for 1 wt% Fe loading, Fe-S-N-Zeolite-Y. The
second group of catalysts Fe/AC, 12 wt% iron doping three different kind of activated carbons,
D, E and F. (D) for Fe/AC raw-GAC, (E) for Fe/AC raw-SA2, (F) for Fe/AC raw-G60. The
third group of catalysts 12 wt% Fe doping, Fe-S-N/AC, G, H and I. (G) for Fe-S-N/AC HCI-
HNO;3-GAC, (H) for Fe-S-N/AC HCI-HNOs3-SA2 and (I) for Fe-S-N-AC HCI-HNOs-G60. At
the same experimental conditions as used with previous phenolic compounds see 5.2.1 in the

above sections and with the same catalysts, 1 g.L! of DMP and 1:20 DMP to H,O».
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Figure 5.6: The catalytic activity of various catalysts was analysed for DMP conversion the first group of
catalysts, zeolite catalysts (A) for Fe-ZSM-5, (B) for Fe-Ag-ZSM-5, (C) for Fe-S-N-Zeolite-Y. The second
group of catalysts, iron-doped different AC, (D) for Fe/AC raw-GAC, (E) for Fe/AC raw-SA2, (F) for Fe/AC
raw-G60. The third group of catalysts (G) for Fe-S-N/AC HCI-HNO3-GAC, (H) for Fe-S-N/AC HCI-HNO:s-
SA2 and (1) for Fe-S-N-AC HCI-HNO3-G60. Using 1 g.L! of DMP in 50 mL solution, 1:20 DMP to H2O: for
4h at 80 °C.
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Firstly, in zeolite catalysts, with the conventional Fe-ZSM-5 (A), the oxidation of DMP was
low at 33% and 66% residual intermediates. Doping Ag for these catalysts increases their
catalytic activity for DMP by about 50% to be the conversion 63% and 38% residual
intermediates. Notably, Fe-S-N-Zeolite-Y was capable of complete oxidation and
mineralisation. Further, A, B, and C catalysts consumed high levels of H>O> at high levels
between 90% and 100%. In the case of A and B catalysts, the low catalytic activity results
could be explained due to the steric hindrance effect of these two alkyl groups as expected to

prevent the "OH radicals from attacking the target pollution.

In the second group of catalyst those supported on AC, Fe doping, three different types of AC;
D, E and F (Fe/AC), the DMP conversion was in the range of 35%, and residual intermediates
was roughly 65%. H,O> consumption was approximately matching these conversions and there
aren’t extra species that contribute to oxidation. As supposed, adding S and N for these Fe/AC
catalysts enhanced their performance. Still, there was a poor level of both DMP conversion and

residual intermediates, which was almost 60% and 40%, respectively.

It is important to note that all these catalysts applied for DMP oxidation express high stability
where the Fe leaching is almost less than 2% but 45% for the Fe-S-N-Zeolite-Y, which gives
significant results that may be a because of the high mineralisation for intermediates which is
at some points of the reaction form small chain acidic groups such as oxalic acid causing a high

metal leaching.

In summary, the steric hindrance caused by the two methyl groups in the ortho and para
positions can make the phenolic hydrogen less accessible to hydroxyl radical attack. In
addition, the bulkiness of the methyl groups can hinder the approach of the hydroxyl radical to
the phenolic hydrogen, thus reducing the reaction rate. However, Fe-S-N-Zeolite-Y gives
extreme results for DMP oxidation by the CWPO reaction. Zeolite-Y, are known for their
acidic properties. The presence of acidic sites on the Fe-S-N-Zeolite-Y surface can enhance the
adsorption of 2,4-dimethylphenol and facilitate its reaction with hydroxyl radicals, leading to

improved catalytic activity.
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5.4 Conclusion

The CWPO reaction was applied to an array of phenolic compounds, including: 2,4 DMP,
4MP, 4CP, 4BrP and 3MOP, by using a series of catalyst labelled as that the first group is three
zeolite catalysts A, B and C. (A) for Fe-ZSM-5, (B) for Fe-Ag-ZSM-5, (C) for Fe-S-N-Zeolite-
Y. The second group of catalysts Fe/AC, iron doping three different kind of activated carbons,
D, E and F. (D) for Fe/AC raw-GAC, (E) for Fe/AC raw-SA2, (F) for Fe/AC raw-G60. The
third group of catalysts Fe-S-N/AC, G, H and 1. (G) for Fe-S-N/AC HCI-HNOs-GAC, (H) for
Fe-S-N/AC HCI-HNOs3-SA2 and (I) for Fe-S-N-AC HCI-HNOs-G60. The use of these
materials and methodology, applied to these substrates is showing some promise for the

degradation of these pollutants.

For 4CP interestingly though, despite a complete degradation of the substrate, there was
incomplete consumption for H>O». This apparently counterintuitive trend could be explained
CI' could be another hydrogen abstractor involved in the degradation process. The results
confirm that the donating-electron functional group for chlorine via resonance affect is the

dominate which enhance the degradation process.

When 4BrP was used as a substate, instead, the catalytic activity of zeolite catalysts was higher
than that of AC catalysts. Zeolite catalysts converted between 80% and 100%, while AC
catalysts converted between 50% and 60% of 4BrP. residual intermediates with zeolite
catalysts has a 30%, but 50-90% with AC catalysts. The best catalyst for 4BrP oxidation is Fe-
S-N-Zeolite-Y, which gives 100% and 30% conversion and residual intermediates,
respectively. The combination of Fe, S, and zeolite components in Fe-S-N-Zeolite-Y creates a
synergistic effect that enhances the catalytic activity for 4BrP oxidation. The presence of
multiple active components contributes to a more efficient and effective oxidative process.
However, there are several factors that could contribute to the poor oxidation of 4-BrP with the
other catalysts. It is important to note that for the bromine atom is situated in the para-position
of the phenolic ring significantly affects the reactivity of the 4-bromophenol. It is possible for
the bromine substituent to stabilize the phenoxyl radical formed, preventing further oxidation.
In this way, they may degrade more slowly than other phenolic compounds. Also, the electron-
withdrawing effect of bromine on the phenolic ring by inductive, seems to be the controlling
affect . This effect reduces the electron density at the reaction site, making it less favourable
for the attack of ‘OH. Br’ radicals as previously mentioned can act as scavengers for ‘OH,

prevents further degradation of the substances.
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For 3MOP oxidation, all the catalysts show extreme activity in full conversion and
mineralisation for their intermediates. H>O> consumption in some cases does not reach 100%,
which could be justified as there is another oxidant than hydroxyl radicals to play a role in the
oxidation process, in this case, “'OCHs. The most significant results can be explained by the
reasons given above, where -OH and -OCHj3 activated twice three sites on the aromatic ring on

3MOP.

The process of oxidation and mineralization of 4MP is almost always complete in all catalysts.
It was complete consumption for the H2O», which corresponds to the catalytic activity results.
The possible reason for the high oxidation rate of 4MP by *OH maybe because it provides an

electron-donating effect.

When moving to DMP, this substrate was expected to be difficult to oxidise as the methyl
substituents in this aromatic compound are located in the ortho, para position (2,4 di methyl
phenol), which is not optimal for an electrophilic attack mechanism. That was confirmed by
the detection of a conversion - less than 60% - for most catalysts and poor mineralisation
residual intermediates 40% to 70%. It was observed that for all catalytic activity results, the
H>O> consumption value was always higher than the conversion results, which could mean
there were sufficient "OH radicals but could not attack the target due to steric effects and the
type and locations of these alkyl groups. However, Fe-S-N-Zeolite-Y was capable of 100% and

0% conversion and residual intermediates, respectively.

In light of the results obtained, phenol substitutes’ position and their types either (electron-
donation or electron-withdrawing groups) both give significant results with these selected
catalysts especially modified novel catalysts (Fe-Ag-ZSM-5 1wt% Fe loading, Fe-S-N-Zeolite-
Y 0.5 wt% Fe loading and Fe-S-N/AC 12 wt% Fe loading). Moreover, metal leaching depends
on reaction time and mineralisation of intermediates. In other words, a high level of
mineralisation and acids group formation, including oxalic acid, which is the main cause of
metal leaching, decreases the stability of catalysts and vice versa. Fe-S-N/AC (G60-HCI-
HNO:s3) has shown good stability and reusability in all phenolic oxidation reactions (Fe leaching
< 4%). Its structural integrity and active sites can be maintained through multiple reaction

cycles, making it a possible and practical catalyst for scale up and in turn pollutant degradation.
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Chapter 6: Conclusions and future work

6.1: Conclusions

Recently, wastewater compounds containing phenol or phenol derivatives have attracted
increasing attention due to their toxic effects and nowadays ubiquitous presence in the
environment as restudies from building blocks for the polymer sector.! 2 It is one of the most
common contaminants found in wastewater. There are several traditional approaches for
treating wastewater, namely physical, biological, and chemical processes, that are not always
effective, particularly in the case of highly concentrated and non-biodegradable organic
substances like phenolic compounds. In addition, most of these methods used large amounts of
chemicals, creating an excessive consumption of chemicals. In addition, these technologies are
expensive, adding to their disadvantages. Due to this, they are not widely used to remove
phenolics. Treatments for phenolic compounds in wastewater, wet air oxidation (WAO) as well
as catalytic wet air oxidation (CWAQ) have been used in recent years. Nevertheless, high
pressure (20 - 200 bar) and high temperatures (200 — 320 C°) are required, which increases the

cost of the abatement treatment.

Alternatively, in order to lower the costs of these reactions, hydrogen peroxide H>O- is used as
the oxidizing agent, referred to as catalytic wet hydrogen peroxide oxidation (CWPO).? This
methodology exploits the principles of the Fenton chemistry, where iron species, like Fe?*, but
also Fe** can break down H2O:s to generate hydroxyl radicals as powerful oxidants for organic
compounds. In principle, the Fenton’s process is a promising technique to wastewater
treatment, due to the availability of Fe, it is a relatively safe process to run, cost-effective, and
importantly it allows to be scaled up and in turn to be applicable for large scale applications
like those expected in water purification. Furthermore, the final decomposition of H>O»
produces water and oxygen, both safe and environmentally friendly. Numerous studies have
shown that Fenton's oxidation method is the most economical wastewater treatment method
due to its ease of installation and mild operation.* Still, it has some shortcomings due to the
high H>O> consumption and Fe contamination, requiring removal after treatment, adding to the
overall costs of the treatment. Heterogeneous catalysts can overcome these drawbacks, also
known as Fenton heterogeneous catalysts. A variety of transition metals, primarily iron, have
been used in porous matrices such as activated carbon,> ¢ clay-based,” ® metal oxides,” ! and
zeolites.! 12 A supported catalysts in CWPO help to uniformly distribute and stabilize metal

active species at the surface, eliminating agglomeration and enhancing thermal and chemical
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stability, thus accelerating pollutant elimination, as well as promoting its recovery. However,
in general, the main issue associated with heterogenous catalysts is metal leaching, affecting

the catalyst’s durability and raising the contamination by metals.

6.1.1 Supported Fe activated carbons and zeolites for CWPO

This thesis work contributes to the advancement of science and technology into the water
purification by catalytic oxidation of phenolic compounds using wet hydrogen peroxide
oxidation reactions involving heterogeneous catalysts (CWPO). During this research project, a
comprehensive study on the synthesis and develop novel catalysts to meet the requirements for
full phenolic compounds conversion and complete mineralization simultaneously while
maintaining their stability. Two supported catalysts been involved in this study activated
carbon and zeolites. Due to their unique properties, they have been selected. Large surface
areas are characteristic of zeolites,'* roughly between 500 to 800 m?-g1.14 Zeolites are ideal
for adsorption and catalysis because of their porous structure.!> By exerting steric influence on
the reaction, shape-selective pores control reactant and product access. Besides modifying the
geometry of the pores, it is also possible to fine-tune zeolites by modifying the Si:Al ratio and
the cation composition through ion exchange. The specific properties of zeolites are, partly,
responsible for their catalytic activity, with different properties being obtained by altering their
composition and structure. Several types of zeolites have been investigated in CWPO of
phenol, including natural and synthetic ones.!¢ For this work ZSM-5 at different Si:Al molar

ratios 23, 50 and 80, also Zeolite-Y have been used as a supported catalyst for Fe active species.

6.1.2 AC and N/S doping and effect of pre-acid treatments

Recently, the CWAO introduced activated carbon-based catalysts with encouraging results.!”
18 Particularly, AC is widely used as catalyst support for phenol oxidation via CWPQO.?: > 1%-20
The most notable features of activated carbons (AC) are the large surface area and porous
nature in comparison to other supports like Al,O3, TiO2, and CeO», plus oxygen groups on their
surfaces, which may contribute to catalysis.>! ACs have a large surface area, ranging from 800
to 1200 m2.g'.2? Various functional groups can be introduced on the surface of AC, such as -

COOH, -OH, or -NH, by pre-acid treatments improving its catalytic activity. Stability in both

acidic and basic environments is another essential characteristic.??

The catalysts were based on activated carbon in this work, expressed various modifications
were made to enhance their performance for phenol oxidation. Three different kinds of AC

been used: NORIT 1240 GAC, NORIT SA2 and DARCO G60, they were labelled as GAC,
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SA2 and G60, respectively. The main findings and key points of this part of study are as

follows:

There were three types AC used to prepare iron-doped activated carbon (Fe/AC) and iron,
sulphur, and nitrogen-tri-doped activated carbon (Fe-S-N/AC), which were characterized and
tested as catalysts for CWPO of phenol. Adding N and S to activated carbon increased its
catalytic activity by increasing its electron density. Furthermore, Fe/AC dual-doped with N and
S significantly enhanced its catalytic performance. With Fe-S-N/AC raw-GAC, phenol
oxidation was 100 % and 30 % residual intermediates and reduced the iron leaching by 50 %
to 40 % compared to Fe/AC raw-GAC. Doping S and N into raw-SA2 (Fe-S-N/AC raw-SA2)
results in high catalytic activity of 100 % and 12 % in phenol conversion and residual
intermediates, respectively. Since Fe leaching was still high at 80 %, there was no significant
difference between Fe/AC raw-SA2 and Fe/AC raw-SA2. G60 catalysts that contain S and N
for Fe/AC raw-G60 exhibited a slight decrease in catalytic activity (phenol conversion reduced
from 100 % to 80 %, and residual intermediates became 60 % while was 40 % with Fe/AC).
Leaching results for Fe were also similar. Using different ACs, all Fe-S-N/AC catalysts showed
significant increases in S mol% following S doping. Therefore, the protocol worked
successfully. There was a slight increase in N mol% for these catalysts but not for GAC. N
mol% was unrelated to H2O> consumption, contradicting the second hypothesis that doping N

enhances H2O> degradation of the pollutant.

Pre-acid treatment with HCI, then doping S and N, for Fe-S-N/AC HCI-GAC exhibits higher
catalytic activity than Fe/AC HCI-GAC (phenol oxidation from 55 % rise to 88 % as well
residual intermediates reduced from 100 % to 57 %). The leaching of Fe was also 13 %. The
doping of S and N did not affect HCI-SA2 catalysts. In contrast, Fe-S-N/AC HCI-G60 showed
enhanced catalytic activity with S and N. However, both stability and full phenol oxidation
were not achieved with these catalysts. Based on the results of the elemental analysis, there
was a reduction in the O mol%, consistent with dehydration. The decreased catalytic activity
is generally associated with catalysts prepared by HCI-AC, either Fe/AC or Fe-S-N/AC
catalysts, indicated by XRD results where the particle size of the active species was

considerably larger than other catalysts.

Pre-treatment of AC via HNOs oxidation then doped metals leads to high activity. Fe-S-N/AC
HNOs3;-GAC showed complete phenol conversion and 11% residual intermediates.

Additionally, leaching was reduced by 50% from 63% to 50%. The second catalyst, Fe-S-N/AC
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HNOs-SA2 slightly decreased the activity for phenol conversion comparing to Fe/AC HNO:;-
SA2, from 100% to 83%, but the leaching was 50% less from 60-80% to 28%. The third
catalyst, compared with Fe/AC HNO3-G60, Fe/S-N/AC HNO3-G60 keeps the catalytic activity
while reducing leaching from 60% to 40%. Results of the elemental analysis showed a
significant increase in S mol% but no difference in O mol%. However, keeping the amount of
O the same does not mean keeping the AC’s surface the same. Therefore, HNO3; may not

oxidize AC, but C-OH to COOH, which appears to bind Fe better.

Using both acids HCl and HNO;j as pre-acid treatments and doping both S and N. For GAC,
high catalytic activity was demonstrated phenol conversion of 100% and residual intermediates
conversion of 30%. They reduced Fe leaching to the lowest level 15% compared to other
catalysts by GAC. Fe-S-N/AC HCI-HNO3-SA2 produces 100% phenol oxidation and 29%
residual intermediates and reduces the leaching to 30%. Then for Fe-S-N/AC HCI-HNOs- G60
supported these results, demonstrating complete phenol oxidation and high mineralization of
15% residual intermediates and only 10% Fe leaching. Therefore, doped Fe-S-N/AC prepared
by AC pre-acid treatments by HCI and HNOj catalysts were quite stable and more active for
CWPO of phenol than Fe/AC. Catalytic performance is enhanced by N and S atoms. In the
CWPO of phenol, Fe-S-N/AC prepared by AC pre-acid treatments by HCI and HNOs catalysts
was an effective and stable catalyst. Consequently, it may be useful in the treatment of

wastewater containing phenol.

XRD analysis shows that for all catalysts Fe-O3 contributes the most to catalytic activity. This
phase contributes more than 50% to diffraction patterns. In addition, other species that could
exist based on the literature, such as CFes, FeN, and FeS, were not present, indicating that they
either do not exist or are not crystallized enough to be detected. Based on the elemental analysis
data, the first hypothesis seems most likely. All catalysts with different ACs show the same
lattice parameters (and d-spacing) for Fe>Os, indicating that hetero species are not intercalated.
In addition, the intrinsic properties of the catalyst are affected by HCI pre-treatment. HCI-AC
with GAC, SA2 and G60 makes Fe>O; particles larger at 46, 125 and 61 nm for Fe/AC. No
intercalation occurred, so HCI dehydrates carbon, reducing Fe anchoring points and increasing
Fe»0s. HCI-AC catalysts have low activity based on these results. In terms of the XRD pattern,
HNO:; had no discernible effect.

Based on the XPS analysis, there is a large variation in surface Fe of samples (Fe dispersed on

the carbon surface) independent of phenol conversion. The O surface of carbon decreases when
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it is treated with HCl. Based on hypotheses and XRD data, it is likely that HCIl dehydrates
alcoholic groups, resulting in less oxygen and larger Fe,Os3 particles, which result in decreased
activity and leaching. Regarding HNO3's effects, there are no noticeable effects. Catalytic data
indicate that the effect is negligible. HNOs-treated catalysts also appear to have the most minor
Fe,0s clusters, whereas Fe-S-N/AC catalysts have the least leaching. As a result, S reduces
leaching. Surface S reduces leaching, but reducing carbon before this protocol would be a
compromise. Catalysts are low-oxidation Fe when they are prepared, but Fe;O3 when they are

analysed or used.

6.1.3 Fe and Ag- doped zeolites for CWPO

Zeolite material with iron incorporated into its framework is a well-known catalyst. Fe-ZSM-
5 demonstrated significant catalytic activity for the oxidation of phenol compounds, but the
high Fe leaching affected their durability. For meeting the required complete phenol oxidation
and maintaining the catalyst’s stability, variable techniques were considered. These are the

following outcomes:

Various forms of ZSM-5 zeolite catalysts and their performance in phenol conversion using
different iron precursors were studied. It was found that Fe-ZSM-5 (A-1) prepared by NHy-
ZSM-5 and Fe(NO3)3.9H,0 achieved 100% phenol conversion. Fe-ZSM-5 (A-2) produced
from H-ZSM-5 and Fe(NO3)3.9H>0 converted 40% of the phenol. Fe-ZSM-5 (B-1) obtained
by NH4-ZSM-5 and FeSO4.7H,0 gives 70% phenol conversion. Fe-ZSM-5 (B-2) prepared by
H-ZSM-5 and FeS04.7H,0 gives 30% phenol conversion, all these catalysts have 1 wt% Fe
loading. These results suggest that the choice of support (NHs-ZSM-5 or H-ZSM-5) and the
iron precursor (Fe(NO3)3.9H,O or FeS04.7H,0) significantly influence the -catalytic

performance of the Fe-ZSM-5 catalysts in phenol conversion.

This study also demonstrated the significant influence of iron loading and precursor choice on
the catalytic activity of Fe-ZSM-5 catalysts in phenol conversion. 1 wt% iron loading Fe-ZSM-
5 catalysts prepared by Fe(NO3);.9H,O precursor obtained 100% phenol conversion.
Increasing the iron loading to 5 wt% Fe-ZSM-5 dramatically reduce the phenol conversion to
be 40%. As well as 10 wt% Fe-ZSM-5 produced 20 % phenol conversion. In this case, it is
observed that as the iron loading increases, the catalytic activity of the Fe-ZSM-5 catalyst
decreases. The highest phenol conversion is achieved with 1 wt% Fe-ZSM-5, indicating that
lower iron loading is more effective for this specific precursor. In contrast, Fe-ZSM-5 catalysts

prepared by FeSO4.7H20 precursor: 1 wt% Fe-ZSM-5 gives 70% phenol conversion, while,
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increasing the iron loading for Fe-ZSM-5 increased the catalytic activity to 98% and 100%
phenol conversion for Swt% and 10wt% Fe-ZSM-5, respectively. when using FeSO4.7H20 as
the precursor, increasing the iron loading leads to an improvement in catalytic activity. The
highest phenol conversion is achieved with 10 wt% Fe-ZSM-5, suggesting that higher iron

loading is more beneficial.

The comparison between Fe-ZSM-5 prepared by wetness impregnation (WI) and Fe-ZSM-5
(VI) prepared by wetness impregnation under vacuum was investigated; there is no difference
in the catalytic activity between the two catalysts for phenol oxidation by the CWPO reaction
at an array of reaction’s temperatures 40, 60 and 80 °C. Changing preparation methods seems
not to have affected the performance of Fe-ZSM-5 due to its high activity. It is confirmed that
Fe-ZSM-5 catalysts had high activity in the CWPO of the phenol reaction, regardless of the

preparation method.

The present study delves into the synthesis and characterization of Fe-S-N-ZSM-5 catalysts,
specifically focusing on the influence of Si:Al (23, 50, and 80) molar ratios and the
incorporation of Zeolite-Y (5.1). All catalysts contain 1wt.% Fe loading and were synthesized
by wetness impregnation. The objective of this study is twofold: first, to assess the impact of
Si:Al ratios on the catalytic performance of Fe-S-N-ZSM-5 catalysts, and second, to evaluate
the catalytic potential of Fe-S-N-ZSM-5 in comparison to Zeolite-Y (5.1) under similar
conditions. The catalytic activity of Fe-S-N-ZSM-5 catalysts increased with increasing Si:Al
molar ratios. Phenol conversion improved from 80% to 100% with Fe-S-N-ZSM-5 (23) and
Fe-S-N-ZSM-5 (80), respectively. The Fe-S-N-Zeolite-Y catalyst was found to be the most
efficient catalyst for this reaction, both in terms of full phenol oxidation and mineralization
(100% and 0% for phenol conversion and residual intermediates, respectively). Furthermore,
Fe leaching is lower (50%) than Fe-S-N-ZSM-5 (between 80 and 90%). According to the
results, zeolite type and Si:Al molar ratio influence the final Fe-S-N-Zeolite catalyst

performance.

Fe and Ag-doped zeolite catalysts were prepared using wet impregnation method, different Fe
loadings, Si:Al ratios with ZSM-5, and zeolite types Zeolite-Y (5.1) were studied. There was
extreme activity for bimetallic Ag-Fe-Zeolite catalysts in CWPO oxidation of phenol
irrespective of Si:Al ratios or Zeolite types. Still, Fe-Ag-ZSM-5 (Si:Al, 23) with 0.5 wt% Fe
loading appeared to be the most effective catalyst for this reaction that considering its high

catalytic activity and durability, along with the ability to reduce reaction time to only one hour,
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Overall, with full phenol oxidation and 0% residual intermediates. Also, these catalysts have

good stability (30% Fe leaching).

XRD patterns collected from zeolite catalysts doped with various metals have been used to
characterize the crystalline structure of zeolite catalysts. The XRD patterns of pure NH4-ZSM-
5 support and its catalysts, and of pure Zeolite-Y and their catalysts, indicate that their original
structures did not change during wetness impregnation. In the Fe-Ag-ZSM-5 catalysts, only
zeolite structures are responsible for the pattern; no iron or silver species were detected, and
the XRD patterns did not differ significantly from those of NH4-ZSMS. The intensity of XRD
peaks is affected by crystal size and dispersion on the support. Weak peaks of crystalline phase
are also related to good dispersion of crystalline phase accompanied by small crystal sizes,
according to previous studies. As a result, the iron and silver particles dispersed over the zeolite
during preparation were highly dispersed. X-ray analyses of Fe-zeolites catalysts did not reveal
iron oxide clusters. There is a possibility that Fe-ZSM-5, F-S-N-Zeolite, and Fe-Ag-Zeolite
catalysts do not contain iron oxide particles larger than 3-5 nm. There is no discernible
reflection of any extra elements or their oxides; hence, if Fe>O3 or Ag,O exist, they must be
small (less than 5 nm). However, unlike activated carbon, zeolites have tens of reflections that
overlap with Fe2O; and AgxO’s expected positions. Overall, neither the preparation nor the

metal dopant in the form of small particles affected the lattice parameters.

6.1.4 Extension of catalytic properties of our materials to phenol homologues

This study expanded the application of the selected modified heterogeneous catalysts for the
oxidation of phenolic compounds; the following key findings have been established:
Modifying heterogeneous catalysts is pivotal in enhancing their catalytic performance for
phenolic compound oxidation. Introducing specific elements, such as sulphur (S), nitrogen (N),
silver (Ag) and iron, led to active sites facilitating the oxidation process. The modified catalysts
like Fe-S-N-ZSM-5, Fe-Ag-ZSM-5, and Fe-S-N/AC prepared via the pre-acid treatment of AC
by HCI-HNOs3 exhibited improved oxidation efficiency compared to their unmodified
counterparts like Fe-ZSM-5 and Fe/AC. The synergistic effects of different modifications
contributed to enhanced phenolic compounds conversion and mineralization, offering
promising solutions for tackling phenolic pollutants. In this work, the CWPO reaction was
applied to a variety of phenolic compounds, which included 4-chlorophenol (4CP), 4-
bromophenol (4BrP), 3-methoxyphenol (3MOP), 4-cresol (4MP) and 2,4 dimethylphenol
(DMP).
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In the case of (4CP) oxidation, significant results are obtained with complete oxidation of 4CP
and its intermediates. It is interesting to note that only partial oxidation of H2O2 occurred,
suggesting that C1" may be another oxidant involved. This outcome confirms that chlorine has
a dominant donating-electron functional group through the resonance effect, which enhances
degradation. For oxidising of (4BrP), the catalytic activity of zeolite catalysts is higher than
AC catalysts. Zeolite catalysts (Fe-ZSM-5, Fe-Ag-ZSM-5 and Fe-S-N-Zeolite-Y) converted
80% to 100% of 4BrP, while AC (Fe/AC and Fe-S-N/AC, HCI-HNO3) catalysts converted 50%
to 60%. residual intermediates with zeolite catalysts has a 30 %, but 50-90 % with AC catalysts.
Fe-S-N-Zeolite-Y is the best catalyst for oxidizing 4BrP, achieving 100% conversion and 30%

residual intermediates.

In the case of (3MOP) oxidation, all catalysts are highly active in full conversion and
mineralization of their intermediates. In some cases, H>O> consumption does not reach 100%,
indicating that another oxidant, in this case ‘OCH3, might be involved in the oxidation process.
Activation of three aromatic ring sites on 3MOP by both -OH and -OCH3 accounts for the most
significant results. For (4MP) is almost always oxidized and mineralized completely by all
catalysts. The H>O2 was consumed completely as well, consistent with the catalytic activity.
4MP's high oxidation rate by ‘OH can be attributed to the electron-donating effect. Finally;
(DMP) found to be difficult to oxidize due to its ortho, para position, which does not favour
electrophilic attack. In most catalysts, conversion was less than 60%, and mineralization was
between 40% and 70%. Meanwhile, Fe-S-N-Zeolite-Y achieved significant results of 100%

and 0% for DMP oxidation and residual intermediates, respectively.

Considering the results obtained, all the selected phenolic compounds yield significant results
with these selected catalysts, especially modified novel catalysts (Fe-Ag-ZSM-5, Fe-S-N-
Zeolite-Y and Fe-S-N/AC). In addition, the rate of metal leaching depends on the reaction time
and the mineralization of intermediates. Therefore, the stability of catalysts is decreased when
there is high mineralisation and formation of acids groups, including oxalic acid, which is the
main cause of metal leaching. Fe-S-N/AC (G60-HCI-HNO3) showed good stability and
reusability (Fe leaching < 0.4 mg-L™!). This catalyst's active sites and structural integrity can
be maintained through multiple reaction cycles, making it an effective and sustainable

pollutant-degrading catalyst.
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6.2 Future research directions:

This study can serve as a foundation for future research endeavours. Further investigations

could delve into the mechanistic understanding of the catalytic oxidation process and the

optimization of modification methods. These potential research directions include:

IIL.

Reaction mechanism studies. In the pursuit of comprehending the intricacies of the
oxidation mechanism for various phenolic compounds, a fundamental requirement
emerges to identify their intermediates for each phenolic compound. In this study, this
was done for phenol and their intermediates but it could be enhanced and studied in
detail for other phenolic compounds, including 4CP, 4BrP, 3MOP, 4MP and DMP, by
means of kinetic studies, also considering the use of inhibitors to slow down some of
the reaction steps and as such to allow to better monitor them by using techniques like
HPLC. In addition to analysing the intermediates qualitatively, quantitative analysis is
crucial for determining the catalytic activity regarding phenolic conversion and the
selectivity for intermediates, especially in this thesis work, which indirectly quantifies
CO; by carbon mass balance (CMB) determination. This could involve, for example
the monitor of CO: on gas phase by IR methods to be complemented with trapping like

carbonates in the liquid phase.

Characterization of the zeolites. The promising results obtained with Fe-S-N-Zeolite
catalysts open up several avenues for future research and exploration. To understand
the underlying mechanisms of the enhanced catalytic activity and stability of Fe-S-N-
Zeolite catalysts, it has to investigate the interactions between Fe, S, and N species and
their roles in promoting the reaction. This could involve characterization techniques
such as infrared (IR) spectroscopy. When IR is applied to Fe-S-N-Zeolite catalysts it
can reveal the presence of specific functional groups within the Fe-S-N-Zeolite
catalysts. For example, different peaks in the IR spectrum correspond to characteristic
vibrational modes of bonds, such as C-H, N-H, S-H, and metal-oxygen bonds. This
helps identify the types of species and chemical groups present on the catalyst surface.
IR spectroscopy can detect metal-oxygen bonding, which is particularly relevant for
Fe-S-N-Zeolite catalysts. Peaks associated with metal-oxygen vibrations can indicate
the coordination of iron (Fe) with the zeolite framework or other species. Also, it can
reveal the presence of sulphur species, including sulphur-containing functional groups

like thiol (-SH) and sulphide (-S-) bonds. Changes in sulphur bonding patterns can
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IV.

provide insights into the interaction of sulphur with iron and the zeolite framework.
Furthermore, it can identify nitrogen-containing functional groups, such as amine (-
NHb») and nitrile (-C=N). This can help determine the incorporation of nitrogen into the
catalyst and its potential role in catalytic activity. In addition, IR spectra can provide
information about the zeolite framework itself, including vibrations related to Si-O-Si
and Si-O-Al bonds. Changes in these vibrations could indicate alterations in the zeolite
structure due to the incorporation of Fe, S, and N species. Overall, this characterization
technique offers a wealth of information about the surface chemistry, active sites, and
interactions within Fe-S-N-Zeolite catalysts. By analysing the IR spectra, it can gain a
deeper understanding of the catalyst’s composition and behaviour, contributing to the

optimization of catalytic processes and catalyst design.

Reusability tests. Performing a reusability test for a catalyst involves subjecting it to
multiple reaction cycles and evaluating its performance over time. After the first cycle,
regenerating the catalyst is necessary. Regeneration methods might include washing,
calcination, or other treatments to restore the catalyst’s activity. Reusability tests
provide insight into the catalyst's stability and durability over multiple reaction cycles.
This helps identify catalyst deactivation mechanisms and predict its lifetime under
practical conditions. For economic considerations determining if a catalyst can be
reused without significant activity loss is crucial for cost-effective processes. Reusing
catalysts reduces the need for frequent replacement, saving both material and
operational costs. It helps develop effective catalyst regeneration strategies. In addition,
monitoring changes in catalyst behaviour over time can provide insights into reaction
mechanisms, intermediate formation, and kinetic profiles. For example; Fe-Ag-ZSM-
5, which demonstrated extrema catalytic activity, there is a possibility of silver (Ag)
leaching from the catalyst into the reaction medium over multiple cycles. This could
lead to a decrease in catalytic activity and changes in selectivity. Monitoring Ag
leaching and its impact on catalytic performance is essential. The activity of Fe-Ag-
ZSM-5 may evolve over time due to changes in the distribution of active sites, the
formation of intermediates, and potential catalyst deactivation. This could influence the

types and amounts of products formed.

Alternative metal centres. Search for other catalysts that could be used in the CWPO

process for phenolic compound oxidation to achieve both high activity for phenolic
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compounds oxidation and avoiding high metal leaching, in other words, high stability.
For example, applying different metals rather than Fe with Ag-ZSM-5 to find an
optimal catalyst for the oxidation of phenolic compounds by the WCPO reaction.
Oxides of the first transition metal series provide a good possibility that could be
investigated (V, Cr, Mn, Co, Ni, Cu and Zn). The choice of metal can significantly
influence catalytic activity, selectivity, and stability. Different metals have varying
catalytic properties, and their choice can directly impact the overall activity of the
catalyst. Some metals may exhibit higher catalytic activity than others due to their
ability to facilitate specific reaction pathways or to activate peroxide molecules
effectively. The mechanism of the CWPO process can be influenced by the type of
metal used. Different metals may promote distinct reaction pathways, leading to
variations in intermediate species and final products that could be beneficial in the case
of 4BrP oxidation, for example, when was poor mineralization with most of the
catalysts. In the context of this study, applying different metals to Ag-ZSM-5 for
phenolic compound oxidation is a logical step. Conducting comparative studies with
various metals, investigating their effects on reaction kinetics, selectivity, and stability,
and understanding the mechanistic insights behind their performance can provide

valuable insights for designing efficient and sustainable catalytic systems.

Expanding the application of Fe-S-N-ZSM-5 and Fe-Ag-Zeolite-Y catalysts to other
phenolic compound pollutants, such as 2-chlorophenol (2CP), 3-chlorophenol (3CP),
2,4,6 tri chlorophenol (2,4,6 CIP), and 3-bromophenol (3BrP), can provide valuable
insights into the catalytic performance and mechanisms of these catalysts for a broader
range of phenolic compounds. Furthermore, these specific phenolic compounds
selected to understand the effect of substituent position and numbers on phenolic

compound oxidation by comparing with this study outcomes (4CP and 4BrP oxidation).

Scale-up. Liaising with process chemists or chemical engineers to test our materials
under other reaction conditions, for example, by first exploring the kinetics of plug-
flow reactors or a continuous stirred tank reactor as it would be expected in a non-
laboratory water treatment context. As a consequence, besides changes in reaction
parameters, the catalyst's activity, stability and leaching behaviour under diverse

conditions would also need to be assessed.
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