
Zeolite Catalysts for Water Treatment: Catalytic Wet Peroxide

Oxidation (CWPO) of Phenol

A thesis submitted to The University of Sheffield for the degree of Doctor

of Philosophy in the Faculty of Science

Changyan Zhou

The University of Sheffield

Department of Chemistry

8/12/2021



I

Declaration

I, the author, confirm that the Thesis is my own work. I am aware of the University’s

Guidance on the Use of Unfair Means (www.sheffield.ac.uk/ssid/unfair-means). This work

has not been previously been presented for an award at this, or any other, university.



II

Acknowledgement

First of all, I would like to thank my supervisor, Dr. Marco Conte, sincerely for his selfless help,

guidance, and kindly encouragement throughout this project. His insight and knowledge into

this research area helped me complete this project successfully. He was always enthusiastic

to help and support in any way he could during the research process and I can not imagine a

better supervisor than him. Besides, I would also like to thank my second supervisor, Dr. Kirill

Horoshenkov and my independent advisor, Dr. Anthony Haynes for their help and advice.

Next, I would like to thank the members of our research group, Prea, Dedi, James, Baozhai,

Rebecca, Mengyuan, Mohamed, Ghadeer and Bahhaj. It is so lucky to meet you in this

foreign country, my friends, I enjoyed all the time I have spent in the UK with your

accompany.

I would also like to thank all the staff who worked for the chemistry department, especially

Rob Hanson, Dan Jackson, Neil Bramall, Heather Grievson, Craig Robertson, and Garry

Turner, who provided direct help and assistance to complete this project. Special thanks also

go to Dr. Robert Dawson from our department for the BET tests, Dr. David Morgan from the

UK catalysis Hub, Harwell, UK for the XPS analysis and Prof. Xi Liu from Shanghai Jiaotong

University for the TEM tests.

I would also like thank the Grantham Centre for Sustainable Futures for their financial support

to allow us to complete this research project.

Last but not least, I would like to thank my father, mother, and sister for their warm care and

support. They encouraged me a lot and always stood by me when I was upset and frustrated

during hard times which gave me the courage to move on.



III

Abstract

The discharge of wastewater into the environment without adequate treatment aggravates

water shortage worldwide, which prompts the development of efficient wastewater treatment

technology as an active area of research in recent years. The catalytic wet peroxide oxidation

(CWPO) based on Fenton and Fenton-like reactions, as one of the most promising

techniques, is applied in the decomposition of the aromatic pollutants in water by using

phenol as representative compound in this research.

Although some catalysts with high phenol removal efficiency in the CWPO process have

been reported in the literature, most of them emphasized the high activity, in the sense of

phenol consumption but without considering the actual degradation products (that is in some

cases can be as dangerous as phenol). Furthermore, most of the current literature is also

lacking of appropriate knowledge of the deactivation mechanism of catalysts and accordingly,

the design and development of a stable catalyst in the CWPO process. For these reasons,

the screening of active catalysts, the assessment of catalytic activity and more importantly,

the design of highly stable catalysts in the CWPO of phenol were investigated in detail in this

PhD project.

The assessment of the water purification efficiency based on the identification and

determination of phenol and the intermediate products (both aromatics and acids) formed

during the reaction process is the groundwork of this project. Fe- and Cu- supported ZSM-5

catalysts showed high activity in the CWPO of phenol, especially the Cu/ZSM-5 with high

phenol conversion (100%), complete removal of aromatic intermediates, high H2O2

consumption (>90%) and high CO2 formation (around 90%) under the reaction conditions

(initial phenol concentration 1 g·L-1, phenol: H2O2 ratio 1: 14, M: S ratio 1: 30, temperature 80

oC, endogenous pressure, time 4 h). However, all the metal-supported Cu/ZSM-5 catalysts

tested in this project suffered from low stability in the form of high metal leaching (> 50%),

which is due to their low resistance of the supported metal oxides to the acid intermediates
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(especially oxalic acid) that were formed during the reaction process.

The metal incorporated zeolite (or silica) catalyst is one of the promising solutions to the

leaching issue. In this project, the catalysts, such as Fe-ZSM-5-HTS, Cu-ZSM5/SiC, and

Cu-MCM-48, with metal incorporated into the zeolite (or silica) matrix were synthesized by

hydrothermal synthesis and were tested in the CWPO of phenol reaction with the

Fe-ZSM-5-HTS catalyst as a benchmark. The synthesized materials were characterized by

an array of analytical techniques including XRD, N2 adsorption-desorption, ATR-FTIR, TEM

and ICP-OES. The catalytic results showed that the Fe-ZSM-5-HTS(80) had high activity

(100% phenol conversion, 100% H2O2 consumption, 60% CO2 formation) and high stability (<

0.4 mg·L-1 Fe leaching) in successive 8 runs of reaction without loss of activity, indicating the

potential of the metal incorporated zeolite catalysts in the CWPO of phenol. Besides, the

Cu-containing MCM-48 catalysts were also synthesized and the synthesis parameters were

optimized to improve the metal incorporation ratio. The Cu-MCM-48 with highly ordered

structure, uniform mesopore size, and heteroatom metal loading of 0.2% (total Cu loading of

1.2%) was obtained, which showed steady phenol conversion (> 70%), H2O2 consumption (>

40%) and CO2 formation (> 30%) throughout 5 runs of reaction and more importantly, it could

be easily regenerated by calcination at 550 oC in air.
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Chapter 1. Introduction

1.1 Overview

Water covers 70% of the Earth’s surface and is critical to life and human activities. If there

was no water there would be no life on the earth as all plants and animals must have water to

survive. However, the amount and quality of freshwater available in the world continues to

decrease due to growing water demands which combined with climate change, are

threatening the survival of millions of lives. The WHO reported that, in 2019, 1 in 3 people

globally, approximately 2.2 billion, did not have access to safe drinking water service [1],

while by 2025, half of the world’s population will be living in water-deprived areas. This

situation is being worsened by global challenges such as COVID-19 [2]. On the other hand,

the generation of a large amount of wastewater from domestic use and industrial production

worldwide is another significant factor that is contributing to water shortage [3]. An estimated

2,212 km3 of water in the world (corresponding to the volume of 44 Garda lakes) is released

into the environment per year as wastewater from urban and industrial effluents as well as

agricultural drainage water, which accounts for 56% of the annual consumption of the global

freshwater [4]. More importantly, it is estimated that more than 80% of the wastewater in the

world doesn’t undergo adequate treatment before discharge, which further aggravates the

water shortage, as reported by the United Nations World Water Development Report 2021 [2].

Therefore, the reuse of wastewater to recover water is an important strategy to relieve the

stress of water shortage. Against this background, developing novel technologies to clean up

and decontaminate wastewater is crucial to guarantee water recycle and thus improve the

accessibility of more people worldwide to clean water. In this context, the aim of this project is

to develop a novel and high-efficient method for wastewater purification, especially targeted

to aromatic compounds.

1.2 General aspects of organic contaminants in water

Public’s awareness of the nature of water as a finite resource and the importance of water

purification is progressively growing, as a consequence of increasing concern on
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environmental protection in the last decades. Meanwhile, stricter wastewater discharge

standards and environmental regulations are introduced in efforts to reduce the

environmental impacts of industrial processes.

In general terms, pollutants in water from rivers, lakes or reservoirs include: suspended solids

and sediments, pathogens, nutrients and agriculture runoff, as well as organic pollutants,

inorganic pollutants (salts and metals) from industrial and domestic processes, and

radioactive pollutants. In some cases, even effluents from chemical plants at a higher

temperature than water reservoirs can also contribute to pollution, known as thermal pollution,

as it can lead to an uncontrolled proliferation of algae, with a detrimental effect on aquatic life.

Among these harmful pollutants and contaminants, organic pollutants have been a hot area

of research for years, owing to the serious impacts on human health and the ecological

environment originating from their high toxicity, strong corrosivity, unpleasant odour, slow

biodegradability and so on. Among these, the organic pollutant, phenol, has received

increasing attention as one of the priority toxic pollutants listed by US EPA since 1977 [5],

and members of pollutant substances recorded in Canada NPRI Substance List since 1995

[6]. Phenol is widely studied not only due to its toxicity and prevalence in industrial processes

but also because phenol is an intermediate or a by-product obtained during the oxidation of

higher molecular weight aromatic compounds. It has been estimated, for instance, that more

than 10 million tons of phenols are yearly discharged to the environment [7]. In view of these

factors, phenol is often selected as a model contaminant in the field of organic wastewater

abatement. For these reasons, together with its chemical nature, aromatic compounds are

known to be difficult to be removed, converted and disposed, phenol will also be at the centre

of this thesis work.

1.3 Sources and hazards of phenol in water

Phenolic compounds are a class of organic compounds containing a hydroxyl group(s)

directly bonded to one or more aromatic rings. The first member of chemicals belonging to
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this category of organic compounds is called phenol (also known as benzenol, carbolic acid,

phenylic acid, phenic acid, hydroxybenzene [8,9]), while other members are derivatives of

phenol. Phenol is a colourless crystalline solid with a sickeningly sweet and acrid odour and

is volatile. The structure and the physical and chemical properties of phenol are shown in

figure 1.1 and table 1.1, respectively. Phenol is one of the most widely used organic

compounds in existence and is a basic structural unit for a variety of synthetic organic

compounds including agricultural chemicals and pesticides [10], for example, the use of

phenols for the synthesis of carbamate (one of the main components of pesticides) was

reported [11]. The water solubility of phenol reaches over 90 g·L-1 at room temperature (in

table 1.1 [12]), indicating the potential threats of the organic compounds to water safety.

Figure 1.1. Chemical structure of phenol

Table 1.1. Physical and chemical properties of phenol [12]

Molecular formula C6H5OH

Molecular weight 93 g·mol-1

Melting point 40.9 °C

Boiling point 181.75 °C

Solubility in water (at room temperature) 93 g·L-1

pKa 9.89

Flammability limits in air 1.7 vol%

Flash point 79 °C

Autoignition temperature 715 °C
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1.3.1 Sources of phenol

Phenol is widely used in different branches of industry and is commonly found in aquatic

environments. The presence of phenol in water originates from both natural and

anthropogenic activities.

1.3.1.1 Anthropogenic sources

The most important phenol emission results from industrial production as phenol is a

significant precursor in the production of many materials, especially the manufacture of

phenolic resins [13]. For example, phenol is widely used in the manufacture of household

chemicals (such as plastics, drugs, sockets, textiles) or involved in the fuel/energy sector (like

oil, petroleum, coal processing and metallurgy, manufacture of dyes). On the other hand,

some industrial activities involving combustion processes (including wood) also produce

phenol and phenolic compounds. Besides, the use of pesticides, insecticides and herbicides,

in the form of agricultural sources, also contribute to water pollution with phenolic compounds.

In addition, household chemicals such as disinfectants, antiseptics, soaps, body lotions,

ointments, mouthwashes, oral sprays, paints and perfumes contain small amounts phenol,

for which however the cumulative effect on disposal can be large. Furthermore, effluents and

influents emanating from municipal waste treatment plants, and leachates from municipal

solid waste landfill sites, are another sources of phenolic compounds into water bodies.

Industrial processes release high concentrations (10 g·L-1 was reported in [14]) and

considerable amounts of phenol, with consequences to both atmosphere and water

resources.

1.3.1.2 Natural sources

The common natural sources of phenol in water include the degradation of organics, such as

plants and animals, synthesis by microorganisms or plants [13]. For example, the waste

generated by agro-based industries, such as empty fruit bunches, seed, fibre, shell, wood

and bagasse, is found to be rich in phenolic derivatives [15]. Besides, benzene, which widely
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exists in organic wastes, may produce phenol via metabolic degradation, as reported by

Rothman [16]. The bio-synthesis process of some plants, conversion of amino acids

contained in plants’ hemicelluloses under UV irradiation or sunlight [17], and tyrosine

transformation in mammalian (including human) digestive tract [18] are all possible natural

sources of phenol. Furthermore, phenol is also formed as a result of chemical reactions in

condensed water vapour that forms clouds, in natural fires as well as in lignin degradation.

Direct decomposition of these organics in water and/or indirect introduction from runoffs and

rainfall result in the contamination of water with phenol [13]. The effects of the phenol

produced naturally on environments are smaller than those produced in human activity due to

the much lower production.

1.3.2 Toxicology of phenol

When discussing the toxic effects of some substances, their dosages or concentrations are

priorities to be considered. The toxicity of phenol in water is closely associated with its

concentration. For example, international regulatory bodies set strict discharge limits for

phenols for a sustainable environment while the EPA set a water purity standard of lower

than 0.5 ppb (also written as μg·L-1) in potable and mineral waters, 0.5 ppm (also written as

mg·L-1) in wastewater discharge to surface waters and 1 ppm for the sewerage system [19].

The hazards of phenol in water to both aquatic life and human health are serious or even fatal

when phenol concentration exceeds the threshold value strictly limited by regulations.

Generally, the concentrations of phenol in natural water, i.e. non-contaminated sources of

water like lakes or rivers, as a consequence of metabolic processes, are in the range of

0.01-2.0 µg·L-1 [14,20], which are harmless to the environment. In comparison, the phenol

concentrations in industrial wastewater sometimes reach as high as 10 g·L-1 [14,20], i.e. more

than 100 million times higher than that in natural water thus the toxicity is considerable.

Phenol is readily soluble in water, thus its toxicology researches were mainly focused on its

effects on aquatic life and human health. Phenolic compounds reveal unpleasant odour to
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water bodies, cause damaging effects on aquatic organisms, including algae and aquatic life

and even affect the survival and reproduction of fish. In toxicological studies, LC50 and EC50

are usually used to characterize the toxicity of a chemical to a living organism. There are a

number of reviews and papers on the toxicology of phenol and its derivatives to aquatic life

[20-23], however, the LC50 and EC50 values of phenol basically varied from 0.26 to 2200

mg·L-1 due to the different test objects and test conditions. As reported, carp (Cirrhinus

mrigala) was the most sensitive freshwater organism with a 96 h-LC50 of 1.56 mg·L-1 for

phenol while opossum shrimp (Archaeomysis kokuboi) was the most susceptible marine

organisms to phenol with a 96 h-LC50 of 0.26 mg·L-1 [20]. Phenol also affected the growth of

marine microalgae with the 96 h EC50 values of Dunaliella salina, Platymonas subcordiformis,

Phaeodactylum tricornutum Bohlin, and Skeletonema costatum to phenol solutions of 72, 93,

27, and 27 mg·L-1, respectively [24]. Furthermore, phenol was also harmful to waterborne

bacteria. For example, the 14-day EC50 value of S. horneri on the basis of the specific growth

rate was 58 mg·L-1 phenol [25]. Worst of all, the organic toxins accumulating in these

organisms may affect the related food webs and indeed the entire aquatic ecosystems [20].

With the increase of phenol concentration in water, human health is also affected. This

imparts medicinal taste and objectionable odour to drinking water even at a much lower

concentration of 2 µg·L-1. In an incident of contamination of groundwater caused by spillage

of phenol in Wisconsin (US) in 1974, many villagers who consumed the contaminated water

were diagnosed as subacute poisoning [26,27]. The maximum concentration of phenol in the

contaminated water actually ingested by the victims is uncertain, while Baker et al. [27]

estimated the exposures of 10 to 240 mg/person/day. Moreover, it is reported in some

literature that the toxicity levels are in the range of 1024 mg·L-1 for humans [28] (this is the

reason why the initial concentration of phenol is 1 g·L-1 in this project). If exceeding the range,

exposure to phenol will cause various health problems. Acute effects of phenol exposure

include anorexia; eyes, nose, and throat irritation, while chronic effects include weight loss,

lassitude (weakness, exhaustion), muscle ache, and pain. Moreover, it may trigger dark urine,
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cyanosis, skin burns, dermatitis, tremor, convulsions, and twitching. In the long term, some

human organs include skin, eye, respiratory tract, liver, and kidney may get damaged if

exposed to phenol for long time. Phenolic compounds are also fatal for human by inhalation,

ingestion, skin or eye absorption, as it quickly penetrates the skin and may cause severe

irritation to the eyes, the mucous membranes, and the respiratory tract. Oral exposure to

phenol may cause severe damage to the liver and kidney and ingestion of 1 g of phenol is

reported to be lethal to an adult man [29,30], though individual tolerance for this compound is

different.

1.4 Phenol treatment and abatement methods

The increasing environmental pollution leads to progressive deterioration in our quality of life

and prompts us to develop effective technology with the aim of human health and nature

preservation. Some techniques, either aim to separate or destroy phenol from water, are

emerging in recent years and have been applied in different processes. When screening the

most appropriate technology from these methods, the concentration and nature of the

pollutants, the actual volume of wastewater, as well as economic factors need to be carefully

considered. The application of the appropriate method for the removal of phenol from water

not only eliminates possible harms associated with the pollutant but allows the attainment of

value-added phenolic compounds as by-products.

1.4.1 Separation of phenol from wastewater

Separation-based methods, compared to other technologies, are usually non-destructive and

purify phenol-containing water by moving phenol from the water phase to another phase, thus

phenol can even be recycled as high-value chemicals after treatment. In addition, separation

methods are superior to other treatments in terms of low cost, large capacity, easy operation,

and flexible design. The frequently used separation methods include adsorption [31,32],

solvent extraction [33,34], steam distillation [35,36], membrane pervaporation [37,38],

reverse osmosis [39,40], nanofiltration [41,42]. Among them, adsorption and extraction are
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most commonly applied at industrial level, as they are cheap, however they also have a few

drawbacks as briefly described in the next sections.

1.4.1.1 Adsorption

Among the separation-based techniques, adsorption is the most popular method and aims to

isolate certain compounds from water by preferentially accumulating pollutants from solution

onto the surface of adsorbents (usually solid materials). It is usually used to purify wastewater

with a wide range of phenol concentrations.

The typical adsorption mechanism of the adsorbate molecules from the bulk liquid phase into

the solid (adsorbent) phase includes four steps [43]: 1) the mass transfer of the adsorbate

molecules across the external boundary layer toward the solid particle, 2) adsorbate

molecules are transported from the particle surface into the active sites by diffusion within the

pore-filled liquid and migrate along the solid surface of the pore, 3) solute molecule

adsorption on the active sites on the interior surfaces of the pores and 4) the molecule gets

approached inside the pores of the adsorbent. The efficiency of the adsorption process

depends on a number of factors such as: the physical properties of adsorbent (e.g. functional

group composition, pore structure like pore size and its distribution, surface area, ash

content), the conditions of solution (e.g. pH, temperature, degree of polarity, ionic strength,

the concentration of the adsorbate) and the nature of the adsorbate (e.g. solubility, polarity,

size, molecular weight) [12]. Many porous materials, e.g. bentonite [31,44], clay [45,46], resin

[47,48], carbon nanotube [49,50] and zeolite [51,52], are applied in the adsorption of phenol

in water whereas the most commonly used adsorbent is activated carbon due to the high

adsorption capacity, well-developed porous structure, special surface characteristics [53]. In

addition to the commercial activated carbon, other potential alternative adsorbents derived

from other carbonaceous material, especially materials with high carbon content and low

inorganic components, are used as a precursor to produce activated carbon to further

decrease the cost of the adsorption process (table 1.2).
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However, two significant drawbacks make adsorption unfavourable as a stand-alone process.

On the one hand, the adsorption suffers easy blockage of adsorbent and incomplete

elimination of pollutants (in table 1.2). As reported by Mukherjee and his co-workers [54] the

adsorption efficiency of phenol with three carbonaceous materials (activated carbon, bagasse

ash and wood charcoal) at 24 ± 1 oC for 1 h (initial phenol concentrations of 30 and 50 mg·L-1,

adsorbent of 50 g·L-1, pH 6.8) were 98%, 90% and 90%, respectively. In fact, further

destructive post-treatment of the wastewater after the adsorption process is needed to reach

a high purification level. Besides, the adsorption process per se is a concentration process of

the contaminants from water onto adsorbent, thus the further treatment of the concentrated

contaminants brings another problem, regeneration of adsorbents (or desorption of

contaminants). The conventional regeneration of adsorbent is thermal technique [55], in

which the loaded adsorbent is heated for desorption and recovery of the pollutant. However,

heating and cooling in each of the adsorption-desorption cycles exert thermal stress on the

adsorbent which causes loss of activity [56]. Moreover, the desorbed adsorbates require

secondary treatment otherwise it would re-renter the cycle.
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Table 1.2. Various adsorbents reported in the literature for phenol removal

Adsorbent Experimental condition Adsorption capacity Ref

coconut shell-based activated carbon 100-500 mg·L-1 phenol, 30 ± 1 °C 205.8 mg·g-1 [57]

hydroxyapatite nano-powders 400 mg·L-1 phenol, 60 °C, pH 6.4 10.33 mg·g-1 [58]

beet pulp carbon 25-500 mg·L-1 phenol, 60 °C, pH 6.0 89.5 mg·g-1 [32]

rice husk-based mesoporous carbon 3.187 mmol·L-1 phenol, 20 °C, pH 2.7 0.235 mmol·g-1 [59]

chitin 300 mg·L-1 phenol, 40 °C, pH 1.0 21.5 mg·g-1 [60]

polymeric resins 100 mg·L-1 phenol 81.68 mg·g-1 (Amberlite XAD1), 96.13 mg·g-1 (Duolite S861) [61]

basic anion exchange resin 100 mg·L-1 phenol, pH 11.2 92.9 mg·g-1 [47]

polyethyleneimine/SiO2 200 mg·L-1 phenol, 20 °C, pH 7 160 mg·g-1 [62]

activated carbons from wood chips 25 °C, pH 7 667.9 mg·g-1 (ZnCW-1.5), 256.5 mg·g-1 (FeZnCW-1.0) [63]

Seaweed-based activated carbon 150 mg·L-1 phenol, 50 °C, pH 3.0 98.31% removal [64]

corn grain-based activated carbon 100 mg·L-1 phenol, 293.15 K 232 mg·g-1 (R-1/2), 185 mg·g-1 (R-1/3), 176 mg·g-1 (R-1/4) [65]

aluminium impregnated fly ash 200 mg·L-1 phenol, 34.44 °C, pH 5.65 12.67 mg·g-1 (86.4% removal) [66]

dye-affinity hollow fibres 20 °C, pH 6.0 145.9 μmol·g-1 [67]

granular activated carbon 200 mg·L-1 phenol, 30 °C, pH 8 79.9% removal [68]

HZSM-5 (SiO2/Al2O3 of 80) 100 mg·L-1 phenol, 30 °C, 30 min 50.5% removal [69]

Cu/coconut-shell based activated carbon 300 mg·L-1 phenol, 30 °C, pH 8 71.43% removal [70]
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1.4.1.2 Liquid-liquid extraction

The liquid-liquid extraction, also known as solvent extraction, is also attractive in industry not

only because it is applicable for a wide range of phenol concentrations (50-2200 mg·L-1 [28])

but also due to the characteristics of large production capacity, high selectivity and ease of

automation. In principle, the target compound can be transferred from one liquid phase to

another and then gets separated from the aqueous phase by this technique, based on its

different solubility or distributions in two immiscible liquids (usually water and an organic

solvent). The compound can be even completely moved into the organic phase when the

solubility of phenol in some selected extractants is much higher than that in water, although

more than one extraction operation is sometimes necessary.

Many factors such as extractant, the distribution ratio of phenol in water and extractant,

process conditions, affect the extraction performance, while the selection of extractant is the

key part as it defines the separation efficiency and selectivity [71]. Various solvents have

been used for the extraction of phenol from water, such as tributyl phosphate (TBP) [72],

N-octanoylpyrrolidine (OPOD) [73], methyl isobutyl ketone (MIBK) and diisopropyl ether

(DIPE) [74], in which the solubility of phenol is much higher than that in water. For instance,

Xu et al. [75] investigated the extraction of phenol in wastewater with QH-1 extractant (the

amine mixture) and annular centrifugal contactors, it is observed that the extraction rate and

the stripping efficiency of the three-stage cascade reached more than 99%. However, some

shortcomings such as: difficult or impossible regeneration of the extraction media, large use

of samples and organic extraction agent, make solvent extraction expensive, time-consuming

and environmentally unfriendly [76]. The severe drawbacks make this method a short term

solution for the removal of contaminants and not a long term since the extracting phase is

contaminated afterwards and this will also be need to be disposed.
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1.4.2 Destruction of phenol from wastewater

In comparison with separation methods, the destruction-based techniques are usually able to

effectively destroy the pollutants in an environmentally benign and cost-effective way, namely,

high conversion of pollutants to inorganic mineral constituents or harmless intermediates,

leading to a higher degree of purification. The representative methods include microbial

degradation [14,77], enzymatic treatment [78,79], advanced oxidation process [80,81],

supercritical water gasification [82,83]. Among these methods, microbial degradation and

advanced oxidation process are the most mentioned techniques due to high removal

efficiency, low cost and sustainable routes.

1.4.2.1 Microbial degradation

Biological treatment as one of the most promising and economical approaches for the control

of many organic water contaminants such as phenol, has been greatly developed in recent

years. However, conventional microbial degradation is inapplicable in highly concentrated

phenol purification processes because microorganisms generally cannot survive in the

conditions of a high concentration of phenol (> 1000 mg·L-1) and salt (5%) [33]. Therefore the

biological method that involves microorganisms is usually feasible for water containing a

medium/low concentration of phenol (5-500 mg·L-1 [84]) only.

One of the widely applied biological methods is microbial treatment, which utilizing phenol as

the sole carbon and energy source in the degradation process. Both aerobic and anaerobic

microorganisms were reported to be capable of degrading phenol, while conventional aerobic

processes are preferred because aerobic microorganisms grow faster, thus they are more

efficient for phenol degradation. A typical pathway for metabolizing phenol is to hydroxylate

the ring, by the enzyme phenol hydroxylase, form catechol, and then open the ring through

ortho- or meta- oxidation [29]. The hydroxylation reaction in phenol metabolism was the key

determinant of biodegradation velocity. Other factors such as temperature, pH, oxygen

content, substrate (phenol) concentration, microbial completion and microbial adaptation can
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also affect the degradation ability or metabolism of microorganisms by either preventing or

stimulating the growth of the organisms. The substrate concentration is particularly important

because the growth of microbial cells is inhibited by phenol itself, especially at higher

concentrations. Many microbial strains capable of degrading phenol have been studied such

as Pseudomonas putida, Pseudomonas fluoroescens, Acinetobacter, Trichosporon

cutaneum and Candida tropicalis in free and immobilized forms, using different types of

bioreactors (table 1.3). Among them, Pseudomonas putida is a rod-shaped, Gram-negative

bacterium that has been known for its ability to degrade organic solvents, especially its high

removal efficiency of phenol [85]. For example, Gonzalez and co-workers [86] introduced the

study of the biodegradation of phenolic industrial wastewaters by a pure culture of

immobilized cells of Pseudomonas putida ATCC 17484, and the bioreactor showed phenol

degradation efficiency higher than 90% after 25 h of degradation at 30 oC, even for a phenol

loading rate of 0.5 g phenol·L-1·day-1. In addition to bacteria and fungi, the capabilities of

some algae for phenol biodegradation were also confirmed. The biodegradation of phenol by

microalgae occurs only under aerobic conditions. For instance, Tepe and Dursun [87] tested

the capabilities of calcium-alginate immobilized Ralstonia eutropha for phenol degradation in

a batch stirred reactor and phenol removal of 68% was obtained after degradation time of 24

h at 30 oC and pH 7 with 100 mg·L-1 initial phenol concentration.
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Table 1.3. Various microorganisms capable of degrading phenol reported in the literature.

organism Specific name Experimental condition Degradation time Removal efficiency Ref.

bacteria

Pseudomonas putida 1000 mg·L-1 phenol, 29.9 ± 0.3 °C, pH 7.1 162 h 100% [88]

Pseudomonas putida 500 mg·L-1 phenol, 30 °C, pH 6.6 25 h >90% [86]

Acinetobacter sp. stain 500 m·L-1 phenol, 30 °C 9 h 99.6% [89]

Alcaligenes faecalis 1600 mg·L-1 phenol 76 h 100% [90]

Pseudomonas putida 1-2 mg·L-1 phenol 28 h 99% [91]

Acinetobacter sp. 800 mg·L-1 phenol 30 h 96% [92]

Acinetobacter sp. B9 47 mg·L-1 phenol, 30 °C 96 h 100% [93]

Brevibacillus sp. 200 mg·L-1 phenol, 30 °C 93.1 h 100% [94]

Acinetobacter sp. XA05 and

Sphingomonas sp. FG03

800 mg·L-1 phenol, 30 °C, pH 7.2 35 h > 95% [95]

Acinetobacter sp. BS8Y 600 mg·L-1 phenol, pH 7.2 24 h 99.2% [92]

fungi

Graphium sp.stain 10 mM phenol, 30 °C 168 h 75% [96]

Phanerochaete chrysosporium 500 mg·L-1 phenol, 30 °C 30 h 100% [97]

algae

nkistrodesmus braunii,

Scenedesmus quadricauda

400 mg·L-1 phenol, 30 °C 5 days 70% [98]

Ralstonia eutropha 100 mg·L-1 phenol, 30 °C, pH 7 24 h 68% [87]
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1.4.2.2 Advanced oxidation processes

Chemical destruction and biological degradation, as destructive techniques, both destroy

phenol completely to harmless products, however, chemical methods are usually more

efficient as they degrade phenol in hours while biological methods need days (as shown in

table 1.3). In addition, chemical destruction is usually able to oxidize non-biodegradable,

recalcitrant and toxic organic pollutants. Moreover, chemical methods are proper to high

organic loading and can partially cover the application range of biological methods, as it could,

as reported, be used in water purification with phenol concentration up to 15 g·L-1 [99]. Thus it

can be used in almost all the phenol-containing wastewater without pre-dilution as the phenol

concentration in industrial wastewater are usually lower than 10 g·L-1.

Classical chemical methods for phenol decomposition from water known as advanced

oxidation processes (AOPs), are a group of techniques with a common chemical feature:

generate and use reactive oxygen species (ROS) as strong oxidant to destroy organic

compounds efficiently. Different oxidants used in the AOPs to generate highly reactive

species (including but not limited to hydroxyl free radicals (HO·)) and their oxidation

potentials (indicates the availability of the free electrons and the oxidizing tendency) are

summarized in table 1.4. As shown, hydroxyl radical (HO·, E0 = 2.80 V) is an effective strong

oxidant with the oxidation potential second only to fluorine (F2, E0 = 3.06 V). Besides, the

hydroxyl radical is non-selective for most of the organic contaminants and the reaction rate

between HO· and organic molecules usually reaches 106-109 mol-1·s-1, which is 106–1012

times faster than ozone [100]. This high reactivity for the hydroxyl radical is a consequence of

its high instability (the half-life period is less than 1 μs [101]), thus it is usually obtained

indirectly from other sources in wastewater treatment applications.
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Table 1.4. Standard redox potential of various oxidants among them, the hydroxyl radical (HO·)

with high oxidation potential is a good choice. [102]

Oxidant Oxidation potential (V)

fluorine 3.06

hydroxyl radical 2.80

atomic oxygen 2.42

ozone 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

Given that the hydroxyl radical is such an unstable and reactive species, it must be generated

continuously ‘in situ’ through chemical reactions. Known methods form literature for the

production of ·OH include: Fenton-based reaction [103,104], ozonation [105,106],

photocatalysis [107,108], electrochemical oxidation [109,110], plasma [111,112] and so on.

Compared with other AOPs, Fenton oxidation process with Fe2+ as the catalyst and H2O2 as

the oxidant, is still a core theme of research and the most popular technique because of the
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following advantages [113]: 1) ·OH radicals are usually generated at mild temperature (T ,

100 oC) and ambient pressure, which avoids the requirement of complicated reactor facilities

or large energy consumption, 2) the simple and flexible nature of the technique as it can be

used alone or combined with other water treatment methods such as biological degradation,

3) the activation of H2O2 and the production of hydroxyl radicals are fastest among all other

AOPs due to the rapid Fenton reaction (Fe2+ and H2O2), 4) the use of the high-abundant,

high-reactive and low-toxic catalyst iron catalyst as well as efficient and the environmentally

friendly oxidant (H2O2, decompose to H2O and O2), makes the Fenton process cost-effective

and practically viable, and 5) the high efficiency of mineralization enables the transformation

of organic pollutants into non-toxic CO2 (though needs further treatments such as carbon

capture to avoid the greenhouse gas effect, it is harmless in comparison with toxic organic

contaminants).

Among various factors that influence the effectiveness of the degradation process in the

Fenton oxidation system, the operating pH (3-5), initial concentrations of the substrate and

dose of catalyst (or in other words, a molar metal to substrate, M:S, ratio), concentration of

H2O2 are the most significant [114], because these parameters determine the efficiency of

hydroxyl radical generation as well as overall reaction efficiency. For example, Inchaurrondo

[115] investigated the effects of temperature, catalyst load and hydrogen peroxide

concentration on phenol mineralization and hydrogen peroxide consumption efficiencies. The

results revealed a complete phenol removal together with final total organic carbon (TOC,

defined as the amount of carbon found in an organic compound and is often used as one of

the indicators of water quality) conversion close to 94% at optimal conditions (343 K, 25 g·L-1

of catalyst, hydrogen peroxide 3.9 times the stoichiometric ratio), indicating the high efficiency

of the Fenton oxidation method.

Overall, to choose the most appropriate technology multiple aspects, such as the applicability

(concentration of the pollutants), purification efficiency, technical cost and secondary
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contamination, must be comprehensively considered. From the above point of view, the

chemical AOPs method, especially the Fenton process, is the most appropriate option in this

research for phenol degradation if considering the criteria listed above.

1.5 Fenton and Fenton-like processes

The majority of studies for catalytic wet peroxide oxidation (CWPO) mainly focus on the

removal of reactant and TOC conversion, however, sufficient knowledge for reaction

mechanisms and pathways as well as reaction kinetics is essential as well to optimize the

reaction conditions and to develop the effective catalysts required for industrial applications.

1.5.1 Reaction mechanism of Fenton reaction

Though formally defined in 1987 by Glaze et al. [116], AOPs can be traced back to the 1890s

when Henry John Horstman Fenton published a detailed research concerning a pioneering

work on the use of a mixture of H2O2 and Fe2+ (called Fenton's reagent later) for the oxidation

of tartaric acid [117]. However, the definite mechanism of the Fenton process for pollutant

decomposition has not been fully established over the last decades thus the actual

elementary steps of the Fenton systems are still subject of study.

The traditionally proposed Fenton process includes more than 20 chemical reactions

[118-120], and its generally accepted core reaction is the “Fenton reaction” (Eq. 1.1). The

system containing hydrogen peroxide and Fe(II) salts is known as Fenton reagent, the

system involves the oxidation of ferrous to ferric ions, to decompose H2O2 into hydroxyl

radicals as follows [114,119,120]:

H2O2 + Fe2+ → Fe3+ + HO− + HO· (Eq. 1.1)

The reaction is very fast (k = 63-76 M-1s-1 at 25 oC [113]), and induces a series of chain

reactions due to the combination of ferrous iron and hydrogen peroxide and the generation of

hydroxyl radicals initiated by the conversion of hydrogen peroxide.
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The ferric ions produced in the above reaction are reduced by Eq. (1.2) [114,118-120], called

Fenton-like reaction, with excess hydrogen peroxide to form ferrous ions, allowing Fe2+

regeneration in an effective cyclic mechanism.

Fe3+ + H2O2 → Fe2+ + HOO· + H+ (Eq. 1.2)

Eq. 1.2 is associated with a two-step transformation in which the adduct [FeOOH]2+ formed in

the equilibrium reaction (Eq. 1.3) is subsequently converted into Fe2+ and hydroperoxyl

radical (HOO·) following the Eq. 1.4 [120,121]:

Fe3+ + H2O2 ↔ [FeOOH]2+ + H+ (Eq. 1.3)

[FeOOH]2+ → HOO· + Fe2+ (Eq. 1.4)

The net result of the first two equations (Eq. 1.1 and Eq. 1.2) is the formation of large

amounts of reactive radicals such as HO· and HOO·, which can attack and degrade organic

contaminants to oxygenated, and often smaller compounds or even CO2 and H2O, as shown

in figure 1.2. It is noted that the Fenton-like reaction (Eq. 1.2, k = 0.001-0.01 M-1s-1 at 25 oC

[113,119] is usually slower than Fenton reaction (Eq. 1.1, k = 63-76 M-1s-1 [113,119]) and the

hydroperoxyl radicals (E0(HOO·/ H2O2) = 1.50 V ) are less sensitive than hydroxyl radicals

((E0(HO·/H2O) = 2.73 V)) [119,121].

Figure 1.2. Mechanism of Fenton process for organic pollutant decomposition. Phenol

decomposed to intermediates under the attack of hydroxyl radicals rather than the direct effects of

the catalyst (Fe3+) or the oxidant (H2O2). Figure reproduced from [114] with permission.
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The generation of the radicals involves a complex reaction sequence in an aqueous solution

[114]:

Fe2+ + HO· → Fe3+ + HO− (Eq. 1.5)

Fe2+ + HOO· → Fe3+ + HOO- (Eq. 1.6)

Fe3+ + HOO· → Fe2+ + H+ + O2 (Eq. 1.7)

For example, when reacting with ferrous ion (Eq. 1.5 and Eq. 1.6), the free radicals formed in

Eq. 1.1 and Eq. 1.2 are scavenged and thus lead to negative effects on organic compounds

degradation. When reacting with ferric ions (Eq. 1.7), the free radicals can also reduce Fe3+

back to Fe2+.

In addition, they also react with free radicals (radical–radical reactions) and hydrogen

peroxide (hydrogen peroxide–radical reaction), as shown in Eq. 1.8-1.13 [119,120].

HO· + HO· → H2O2 (Eq. 1.8)

2HO· + 2HO· → O2 + 2H2O (Eq. 1.9)

HO· + H2O2 → HOO· + H2O (Eq. 1.10)

HOO· + HOO· → H2O2 + O2 (Eq. 1.11)

HOO· + H2O2 → HO· + H2O + O2 (Eq. 1.12)

HO· + HOO· → H2O + O2 (Eq. 1.13)

Likewise, the radicals generated from the Fenton and Fenton-like reaction react with each

other or with the excess H2O2 in an aqueous solution, which also leads to the scavenging of

the free radicals. The overall reaction is the decomposition of hydrogen peroxide to molecular

oxygen and water, as presented follows:

2 H2O2 → 2 H2O + O2 (Eq. 1.14)

It also suggests that part of H2O2 would be consumed regardless of the absence or presence

of organic molecule to be oxidized, resulting in waste of oxidant H2O2 and thus leading to an

unnecessary increase of cost.
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While in the presence of the organic substrate (here denoted R−H), the generated hydroxyl

radical degrades organic pollutant by abstracting a hydrogen atom from R−H and generates

an organic radical (R·) [113,119].

RH + HO· → R· + H2O (Eq. 1.15)

Like the hydroxyl radical, organic radical also experiences a series of chemical transformation

to form various oxidation products, as displayed in Eq 1.16 - 1.20 [119]:

R· + H2O2 → ROH + HO· (Eq. 1.16)

R· + O2 → ROO· (Eq. 1.17)

R· + R· → RR (Eq. 1.18)

R· + Fe2+ → R- + Fe3+ (Eq. 1.19)

R· + Fe3+ → R+ + Fe2+ (Eq. 1.20)

The above equations (Eqs. 1.1-1.18) demonstrate the complex mechanism of the Fenton

process. During the whole process, the formation of the hydroxyl radical is the most important

part. Hydroxyl free radicals, as the most active species for pollutants degradation in the

Fenton reaction, are generated mainly from Eq. 1.1, which is the chain initiation step. The

efficiency of the Fenton system in generating the active HO· radical oxidant largely depends

on the catalytic cycling of iron between the Fe3+ and Fe2+ states. Then the reaction system

involves the chain propagation step (Eq. 1.15): the reaction of highly reactive species with

organic compounds to generate alkyl radicals (R·) and their further transformations. During

the reaction process, reactive species can be scavenged by ferrous ions (Eq. 1.15), hydrogen

peroxide (Eq. 1.10), hydroperoxyl radicals (Eq. 1.13), and/or even maybe auto scavenged

(Eq. 1.8 and Eq. 1.9), which leads to the chain termination. Meanwhile, the foregoing analysis

indicates that hydrogen peroxide acts both as a radical generator (Eq. 1.1) and as a

scavenger (Eq. 1.10) [120].
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In the past decades, new practically acceptable and economically viable Fenton-like

processes (Fe3+/H2O2 or Mn+/H2O2 system) were also developed to generate HO· from H2O2.

For example, cupric ions show strikingly similar redox properties to ferric ions in terms of their

reactivity towards H2O2. Both the cuprous (Cu+) and cupric (Cu2+) oxidation states react easily

with H2O2 (Eq. 1.21) and 1.22), analogous to the Fe2+/H2O2 and Fe3+/H2O2 reaction systems,

as shown in the following reactions (Eq. 1.21 and Eq. 1.22) [113]:

H2O2 + Cu+ → Cu2+ + HO− + HO· (Eq. 1.21)

Cu2+ + H2O2 → Cu+ + ·OOH + H+ (Eq. 1.22)

Similarly, the reaction rate of Eq. 1.21 with a rate constant of 1.0×104 M-1s-1 (at 25 oC) [122] is

much faster than that of Eq. 1.22 with a rate constant of 1.15×10-6 M-1s-1 (at 25 oC) [122]. The

HO· radicals formed from the above two equations attack organic compounds effectively and

thus the Cu+/H2O2 system is one of the alternatives of traditional Fenton reagent. Other metal

ions such as Ce4+/Ce3+ [113,123], Mn3+/Mn2+ [113,123] are also active in the decomposition

of H2O2 to generate hydroxyl radicals.

1.5.2 Reaction pathways of phenol

Although the capability of ·OH radicals for decomposition of phenol has been well accepted

over the past decades, the actual details of the oxidation pathway is still an open question as

phenol is usually not directly oxidized to CO2 and water but via some organic intermediates,

such as aromatic compounds (e.g. hydroquinone) and short-chain acids (e.g. acetic acid).

Moreover, it is reported in the literature that the reaction pathway of phenol decomposition to

some extent depends on catalysts (e.g. active species) and reaction conditions (e.g. pH),

making the actual reaction pathways of phenol decomposition highly complex.

Various phenol oxidation routes involving different intermediates have been proposed so far

[124-127]. The reasons for different reaction pathways in the literature include the use of

different active species (Cu [124], Fe [128]), oxidants (H2O2 [124], O2 [129]) as well as
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reaction parameters (acidic medium [124], basic medium [125]), which all have influences on

the mechanism and the intermediates formed in the oxidation process. In the three

representative oxidation pathways shown in figures 1.3, 1.4 and 1.5, the involved

intermediates, as well as the precursor and product of specific compounds (e.g. maleic acid

and oxalic acid), are different. For instance, one of the phenol oxidation routes using the

classical Fenton reagent (Fe2+ salt) as catalyst is shown in figure 1.3, which indicating that

over 10 intermediates would be produced during the process of phenol decomposition to CO2

and H2O. As shown, phenol decomposition by Fenton reagent proceeds initially through

hydroxylation of the aromatic ring to yield dihydroxybenzenes, mainly catechol and

hydroquinone, which are in redox equilibrium with benzoquinones. Then ring-opening of the

aromatic intermediates results in the formation of muconic acid and maleic acid. All of the

intermediates are finally oxidized to acetic acid, formic acid and oxalic acid, thus, a pH

decrease takes place. Among these acids, formic acid can be oxidized to CO2 and H2O,

whereas oxalic acid shows quite refractory behaviour and remains in solution. The final

products based on this oxidation route are acetic acid and CO2.

Figure 1.3. Accepted pathway of phenol decomposition in water with homogeneous Fe2+ catalyst

and H2O2 oxidant [128]
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The oxidation route proposed based on Cu supported catalyst is exhibited in figure 1.4, where

phenol is decomposed to catechol and hydroquinone and the two intermediates develop two

separate pathways respectively. The formation of catechol leads to a polymerization product

and then to oxalic acid. Oxalic acid formed in the oxidation reaction is oxidized to CO2 or

complexes with Cu catalyst to form Cu oxalate, which is also one of the reasons for metal

leaching in an aqueous phase reaction [130,131]. The other direct intermediate, quinones,

contribute to the formation of various acids including maleic, fumaric, acetic, formic, malonic

and oxalic acid. Besides, it is reported that the phenol oxidation pathway at acidic [124] and

basic conditions [125] are completely different when using a commercial copper catalyst

under the same reaction conditions (except pH).

Figure 1.4. Accepted pathway of phenol decomposition in water with Cu supported catalyst [124]

Another possible oxidation pathway over noble metal catalysts like Ru, Pt and Rh is displayed

in figure 1.5. It is stated the formation of maleic acid is crucial and it acts as the bridge

between the decomposition of C6 compounds and the formation of smaller organic acids (C1,

C2 and C3). Unlike the other two samples presented in figure 1.3 and figure 1.4, the oxidation

route suggests that all intermediates can be further oxidized and CO2 is the final product

when ideal reaction conditions such as efficient catalyst are provided. .
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Figure 1.5. Accepted pathway of phenol decomposition in water with noble metal catalyst [126]

However, as it can be seen, regardless of their differences, all the reaction pathways

suggested so far, consider the hydroxylation of phenol to hydroquinone and catechol as the

first step in two parallel reactions, followed by oxidation of the dihydroxyl benzenes to

benzoquinones, while the quinone intermediates would be further decomposed to short-chain

acids such as acetic acid and formic acid, and then to CO2 and water. Within the oxidation

pathway, the details from the ring-opening of quinone intermediates to the formation of

specific acid are strongly dependent on actual reaction conditions. Furthermore, it is widely

accepted that the final products of phenol oxidation were some acids that are resistant to

further oxidation like acetic acid, formic acid and CO2. Overall, the deep understanding of the

phenol oxidation route and in particular, the identification of intermediates, are of great

importance to increase the selectivity of harmless products such as CO2 and acids, as well as

to decrease the toxic level of the reaction mixture, since some of the intermediates (like

hydroquinone and p-benzoquinone) are even more toxic than the initial reactant [132,133].

1.5 3 Homogeneous and heterogeneous Fenton reaction

Though the traditional Fenton process has been developed over the past decades, there are

still drawbacks that need to be tackled: 1) narrow range of pH [123,134]. The optimal pH for

the Fenton reaction was found to be around 3, regardless of the target substrate [118,134]. In

fact, at a pH below 2.5, the decomposition efficiency of phenol decreases due to: a) the
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formation of [Fe(H2O)6]2+ which reacts slowly with H2O2, giving rise to a less amount of ·OH

radicals; b) the significant increase of the scavenging effect of ·OH by hydrogen protons; c)

the inhibition of the reaction between Fe3+ and H2O2; and d) the formation of stable [H3O2]+ in

the presence of high concentrations of H+ which make H2O2 more stable, thereby reducing its

reactivity with Fe2+. In contrast, at pH above 4, the formation and precipitation of ferric

oxyhydroxides inhibit both the production of ·OH radicals and the regeneration of Fe2+ [113].

Besides, the oxidation potential of ·OH decreases as the pH increases and, finally, the

decomposition of H2O2 into O2 and H2O is accelerated at high pH values [121,134]. 2)

Formation of ion sludge in the form of oxyhydroxide [114,135]. The efficiency of hydroxyl

radicals generation decreases with the precipitates of Fe3+ at pH above 4, leading to the loss

of activity. 3) Difficult recovery of catalyst. In the conventional Fenton system, the catalyst,

Fe2+, added as a soluble salt, cannot be recovered after reaction and cause secondary

contamination, thus an additional separation step is required to remove or recover the metal

ions from the treated effluent, and accordingly increases operational costs and limits the

application. In this context, the use of heterogeneous catalysts offers a practical and

promising alternative to the conventional homogeneous routes, and it is precisely at the

centre of this project.
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Table 1.5. Comparison of homogeneous and heterogeneous catalyst [136]

Homogeneous Heterogeneous

Activity

Active centres All metal atoms Only surface atoms

Concentration of

substrate

Low High

Selectivity High Lower

Diffusion Practically absent Present (mass-transfer

controlled reaction)

Reaction conditions Mild Severe

Applicability Limited Wide

Activity loss Irreversible reaction with products

(cluster formation); poisoning

Sintering of metal crystallites;

poison; metal leaching

Catalyst properties

Structure/stoichiometry Defined Undefined

Modification possibilities High Low

Thermal stability Low High

Catalyst separation Sometimes laborious (chemical

decomposition, distillation, extraction)

Fixed-bed: unnecessary

Batch: filtration

Catalyst recycling Possible Unnecessary or easy

Cost of catalyst losses High Low

The main drawbacks of homogeneous Fenton reaction can be overcome by immobilizing the

active metal on a solid phase thus giving rise to heterogeneous Fenton reaction, a particular

and the most representative case of the so-called CWPO. In comparison with the

homogeneous process, using a heterogeneous catalyst in the Fenton reaction has many

advantages (table 1.5), for instance, heterogeneous inorganic catalysts are often quite

thermally robust, which makes them especially useful for chemical reactions that operate
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under hostile conditions. Owing to those merits, heterogeneous catalyst has become basic to

more than 80% of current bulk chemical processes used in the chemical and petrochemical

industries [137], especially in the Fenton process, not only can the treatment tolerate more

severe conditions (wider pH range, higher temperature), but, in principle, the catalyst can

also be easily recovered, regenerated, and reused.

Figure 1.6. General reaction scheme of phenol degradation over Fe supported catalyst, where

oxalic acid, one of the intermediates formed during phenol oxidation causes Fe leaching from the

catalyst surface into the reaction mixture. Figure reproduced from [121] with permission.

It is noteworthy that the Fenton system can be translated into a heterogeneous phase. Similar

to the classic Fenton, the CWPO process is a reaction between H2O2 and Fe in a solid matrix,

such as Fe oxide and Fe supported porous materials, to produce highly oxidizing species

(e.g. ·OH and ·OOH), as shown in Figure 1.6. The basic difference between the
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homogeneous and heterogeneous Fenton-like processes involves the different phases where

the catalytic reactions occur. In the homogeneous system, by definition the catalysis process

occurs in the whole liquid phase, while in the heterogeneous system the catalysis process

always occurs on the surface of the catalyst. Hence, the reaction mechanism begins with the

diffusion of organic pollutant in the reaction media and the adsorption of the organic pollutant

into the surface, which is further degraded by the radicals formed. Moreover, in the CWPO

process with phenol as substrate, short-chain organic acids are common reaction

intermediates and they can sometimes leach metal ions by forming metal complexes,

contributing to deactivation of heterogeneous catalyst (this will be discussed in section 4.4.2

in chapter 4), and if the leached species is also active this can contribute itself to

homogeneous catalysis.

It also follows that a heterogeneous catalyst should not be prone to metal leaching to avoid

the homogeneous reaction and catalyst deactivation. Thus it is well accepted that the most

important issue in the CWPO process is the development of a heterogeneous catalyst

capable of combining activity and long-term stability at a reasonable cost.

1.6 Catalytic wet peroxide oxidation

In comparison with homogeneous catalysts, most heterogeneous catalysts show either low

catalytic activity or unsatisfactory product selectivity or even low stability, and some of them

require complex or lengthy synthesis processes. To solve these problems, the design of

low-cost, highly active, highly selective and stable catalysts still remains the main focus of this

process. In this section, the main content is the research and development of active

heterogeneous catalysts in the CWPO process, including the constitution of a heterogeneous

catalyst, potential catalytic materials for phenol decomposition, traditional catalysts and novel

catalysts with resistance to leaching as well as catalyst preparation methods.
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1.6.1 Heterogeneous catalyst

As mentioned in section 1.5.3 homogeneous catalysts operate in the same phase as the

reactants, while heterogeneous catalysts are present in a phase different from that of the

reactants. Typically though, the reactants are in the gas or liquid phase, whereas the catalyst

is a solid material. A typical supported metal heterogeneous catalyst comprises three

components: metal active species, support (catalyst carrier) and in some cases a promoter.

Active species are typically metal clusters or active centres dispersed on the surface and/or in

the pores of supports in the form of nanoparticles (1-50 nm in diameter). Catalyst supports

are porous, usually, high-surface-area materials, having significant pore volume and capacity

for preparing and preserving stable, well-dispersed catalytic species during reactions.

Promoters are usually added in relatively small quantities (i.e., 1-5% [136]) to enhance the

texture or catalytic surface and to increase the catalytic activity and/or stability. For example,

Pd/C catalyst with the introduction of Fe2P promoter was reported as an efficient way of

improving its catalytic activity in formic acid electro-oxidation in fuel cells reactions [138]. In

this project, the research was mainly focused on the active species comprising Cu and Fe

metals and supports using an array of zeolites. We also explored the possibility to prepare

thin films of zeolites over an inert material like SiC, as well as the incorporation of Fe or Cu

centre within the framework of the zeolite rather than nanoparticles.

1.6.1.1 Metal active species

The nature of the active species, or metal active centre, is always the most important factor in

the design of a heterogeneous catalyst, whereas in the CWPO process, it is essential that the

metal used for catalyst development exists in multiple oxidation states so that it able to

transform H2O2 to hydroxyl radicals. Basically, Fe (one of the key components in the Fenton

reagent) that has the capability of activating H2O2 (as shown in Eq. 1.1) is the ideal metal

employed in the CWPO of phenol as the formation of the hydroxyl radicals controls the

pollutant degradation efficiency. Besides, other metal species (called Fenton-like reagents in

the presence of H2O2 in aqueous solution) are also potential active species in the CWPO
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process since they are able to decompose H2O2 to generate free radicals as well in

Fenton-like reactions, as illustrated in figure 1.7.

Figure 1.7. Schematic illustration of H2O2 activation mechanisms using different nonferrous

Fenton-like catalysts, figure reproduced from [119] with permission.

Common active species including Ag [139], Au [140], Ru [141], Pt [142], Ce [143], Cr [144],

Mn [145], Cu [146], are all capable of decomposing H2O2 to radicals, both in single or

combined forms [142,147] were reported. However, catalysts with precious metals (e.g. Ag,

Au, Pt) as active species show a certain tendency to deactivation by poisoning during the

oxidation [148], which together with the relatively high cost limit their application. As a

consequence, recent research in this field focused on the use of earth-abundant transition

metals and their oxides owing to their high activity and stability, low cost, and resistance of

deactivation. It is well established in the literature that many non-precious metal catalysts

including Cu, Fe, Mn, Co, and Ni catalysts are active for the complete removal of phenol from

water (as summarized in Table 1.6) in terms of phenol conversion and total organic
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conversion (TOC) conversion. All these reported catalysts displayed high activity in phenol

oxidation, and among them, those based on copper and iron, are more active and frequently

used in the classical Fenton oxidation process due to their higher capability of generating ·OH

radicals (as discussed in 1.5.1). Especially Cu, which is even superior over Fe, it presents

higher catalytic activity in the CWPO of phenol since it has a higher rate constant (as shown

in Eq.1.1 and Eq.1.21) in the decomposition of H2O2 to hydroxyl radicals. On the other hand,

it can be used in a broader reaction condition, for example, Cu(OH)2 precipitates at around

pH 6 [149], which would offer a few more advantages compared to iron (which precipitates at

around 4 [113]) in an aqueous reaction, as water at pH 4 does need pre-treatment before

reaction but water at pH 6 can be used directly. As such these metal oxides are also

investigated in this project either to further improve their activity and stability or as

benchmarks.
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Table 1.6. Summary of transition metal oxides supported catalysts for the CWPO of phenol

reported in the literature.

Active species Support Reaction condition Catalytic activity Ref.

Fe

pillared clay 70 oC XPh=100%, XTOC= 80% [150]

pillared clay 70 °C XPh=100%, XTOC= 80% [151]

activated carbon 50 °C XPh=100%, XTOC= 85% [152]

SBA-15 80 °C XPh=100%, XTOC= 66% [153]

ZSM-5 80 °C XPh=99%, XTOC= 78% [154]

MCM-41 80 °C XPh=98%, XTOC= 75% [155]

VSB-5 70 °C XPh=100% [156]

Cu

13X zeolite 60-80 °C XPh=100%, XTOC= 50% [157]

ZSM-5/PSSF 80 °C XPh=100%, XTOC= 85% [158]

γ-Al2O3 70 °C XPh=100%, XTOC= 80% [159]

MOF 70 °C XPh=99%, XCOD= 93% [160]

MFI 20 °C XPh=78%, XTOC= 61% [161]

Activated carbon 80 °C XPh=100%, XCOD= 90% [162]

HY-5 80 °C XPh=100% [163]

Silicalite-1 70 °C XPh=95% [164]

polymer 30 °C XPh=93% [165]

Au Activated carbon 80 °C XPh=100% [166]

Ag CeO2 70 °C XPh=30% [139]

Fe/Mn diatomite 90 °C XPh=100% [167]

Fe/Cr pillared bentonite 45 °C XPh=100% [168]

Ce/Zr pillared clay 25 °C XPh=100% [169]

Co-Ni -- -- XPh=94% [170]

Where XPh was denoted as phenol conversion, XTOC and XCOD meant total organic carbon (TOC)

conversion and chemical oxygen demand (COD), respectively. The higher activity of catalysts is

presented in terms of both the higher phenol conversion and/or the higher TOC conversion.
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1.6.1.2 Support

Supports in heterogeneous catalysis are fundamental, otherwise the supported metal species

would have the tendency to sinter or aggregate to a bulk form, with detrimentally low

dispersion and loss of catalytic activity, as shown in figure 1.8. Whereas using a support to

disperse the chosen metal will help to increase the surface area and extend the catalysts’

lifetime. Besides, it can also enhance metal-support interactions, which ultimately influence

catalyst performance [48]. Hence, the selection of good or appropriate support is also an

important step for catalyst development.

Figure 1.8. Schematic representation of the effect of temperature on catalyst particle size where

red points and black points are metal ions and metal oxides, the growth of the size suggests the

agglomeration of metal oxides. Figure reproduced from [171] with permission.

In addition, good catalyst supports must fulfill several criteria [172]. They need to have

physical and mechanical resistance to stand the temperature, pressure, and stresses

encountered in a reactor for a long period of time. It should interact enough with the

catalytically active species to provide good physical dispersion and mechanical support, but

should not react to the extent of degrading performance of the catalyst itself. The support

should not itself catalyse some other, undesired reaction, although it is beneficial when a
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support can further promote the reaction of interest, either by intruding geometrical

constraints, like in the case of zeolites, or providing acids or basic centres, or by stabilizing

one oxidation state of supported metal with respect to another. The support should have an

adequate surface area and porosity to provide a facile reaction with little or no diffusion

resistance in the pores. Ideally, the support should also be relatively inexpensive. In practical

terms, although tens of support can be found in literature, only a few are actually capable to

satisfy all of these criteria at the same time. Among the most relevant are: alumina [173,174],

silica [175,176], titania [177,178] pillared clays [151,179], activated carbon [162,180], zeolite

[157,181] and diatomite [182,183], which are frequently used in phenol oxidation reactions (in

table 1.6).

Figure 1.9. TEM images of Fe2O3/SBA-15 prepared by the incipient wetness method, where the

white particles on the surface of SBA-15 are supported metal oxide particles. Figure reproduced

from [142] with permission.

Among those reported materials, zeolites are one of the most widely employed supports for

phenol oxidation due to their unique properties such as: uniform and reproducible pore size

(0.3 - 2 nm range [184,185]), large specific surface area (> 200 m2·g-1), adjustable acidity,

and the possibility to incorporate transition metal ions into their framework. For example, a

larger pore size than the substrate molecular allows reaction occurs in the pore/channel of
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zeolites; the high surface area improves metal dispersion; the acid sites originated from Al

incorporation increase the activity of phenol decomposition whereas the metal species that

replacing Al sites in the framework may contribute to the better catalytic performance of

catalysts. Iron oxides, as shown in the image of metal-supported zeolite catalyst in figure 1.9,

were uniformly dispersed on the surface of the zeolite support in the form of the small white

particles (< 20 nm) owing to the large surface area, which evidencing the positive effects of

the catalyst support. Thus, zeolites are also the main supports used in our project.

1.6.2 Zeolite catalysts in the CWPO process

The name ‘zeolite’, first recognized in 1756, was termed by the Swedish mineralogist Axel

Fredrik Cronstedt to describe stilbite, the first classified zeolite mineral. ‘Zeolite’ is a

combination of the two Greek words ‘zeo’, meaning ‘to boil’, and ‘lithos’, meaning ‘a stone’

[186]. This describes the ability of zeolites to reversibly release and take up water depending

on the temperature and moisture level of the external environment.

Zeolites are hydrated crystalline aluminosilicates of natural or synthetic origin with highly

ordered structures [136]. They consist of SiO4 and AlO4 tetrahedra (written as TO4 (T = Si,

Al)), which are interlinked through oxygen atoms to give rise to building blocks that are

octagonal, hexagonal, cubic, polyhedral (pentasil for ZSM-5 zeolite), as shown in figure 1.10.

The negative charges of aluminum-oxygen tetrahedron are compensated with cations.
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Figure 1.10. The framework structures of zeolites with AlO4 and SiO4 as basic unit (O atoms -

dark grey balls, Si atoms - small red balls, Al atoms - big red balls). Figure reproduced from [187]

with permission.

The chemical composition of a zeolite can hence be represented by a formula as follows

[188]: Mn+x/n[(AlO2-)x(SiO2)y]·wH2O, where M represents the exchangeable cation and is

generally a Group I or II ion (e.g. Na+, K+, Ca2+, H+), although other metal, non-metal and

organic cations may also balance the negative charge created by the presence of Al in the

structure [189], (n) is the valence of the cation, (w) is the number of water molecules per unit

cell, (x+y) is the number of tetrahedra per crystallographic unit cell and x/y is the so-called

framework silicon/aluminium ratio, nSi/nAl (or simply Si/Al). Typically, the formula of ZSM-5

zeolite is NanAlnSi96-nO192·16H2O.

Zeolites are also called molecular sieves. Some of them occur naturally as minerals (and

identified by using a framework code to distinguish them, e.g. CHA, FAU, MOR), while most

of them are prepared synthetically (which most common frameworks identifiers are known as

MFI, BEA, LTA). At present, there are more than 200 unique zeolite frameworks identified,

and over 40 naturally occurring zeolite species are known, as recorded by International

Zeolite Association (IZA).
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1.6.2.1 Zeolite catalysts with different structural properties

Zeolites are crystalline solids with very regular porous structures which have a very

significant bearing on their applications, such as catalysis and adsorption [190]. A particular

pore system exerts a steric influence on the reaction, controls the access of reactants and

products, by shape-selectivity. Apart from the geometrical aspects related to the pore

structure, zeolites can be fine-tuned by changing the composition both of the structure itself

(changing the Si/Al ratio) and of the cations that serve as counter-ions to the structure itself

(namely by ion-exchange of these cations). The specific characteristics of zeolites are, to

some extent, responsible for their ability to catalyse chemical reactions while changing

structure and composition allows us to have zeolites with different properties. Among the

various zeolites, both natural and synthetic, have been discussed in the CWPO of phenol so

far.

For example, the effects of framework and pore size of different supports on the activity of

phenol degradation were investigated. Zeolites, in terms of pore size, are classified as

microporous (pore size less than 2 nm) and mesoporous (pore size of 2-50 nm) zeolites,

examples are ZSM-5 (pore size of 5.4−5.6 Å, namely, 0.54−0.56 nm) zeolites, and SBA-15

(pore diameter of 5-15 nm) silica respectively. The pore size and distribution of catalyst or

support sometimes play important role in chemical reactions. On the one hand, the existence

of the pores provides more surface area to disperse the active sites more uniformly, while the

metal dispersion is to some extent related to the reaction rate. On the other hand, the

distribution of pore sizes also affects the selectivity of a reaction. A microporous catalyst

might be advantageous if it is desired to react selectively to the small molecules in a complex

mixture since large molecules would have difficulty penetrating the micro-pores. Inversely, a

macro-porous catalyst might be preferred if the reactant is a large molecule. For example,

Calleja [191] studied the activity of iron supported catalysts with different structure such as

Fe-SBA-15, amorphous SiO2-Fe2O3 mixed oxide and Fe-Silicalite-1 in the CWPO of phenol

under the same reaction conditions. Among them, the Fe2O3 supported mesostructured
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SBA-15 material showed the best performance, reaching a 100% removal of aromatic

compounds with TOC reductions up to ca. 70% in only 10 min. The possible reason for this

trend is that the organic matter is more accessible to the active iron sites owing to the larger

pore size. Similarly, Vakaj [192] investigated the catalytic activity and stability of Cu/Y5 and

Cu/ZSM-5 zeolites in phenol oxidation with hydrogen peroxide as oxidant. It was found that

the activity of Cu/Y5 catalyst (phenol conversion of 99% at 60 oC) was generally higher than

that of Cu/ZSM-5 (phenol conversion of 66% at 60 oC) as it catalysed phenol oxidation more

efficiently, which is due to the lower diffusion resistance of molecules in the pore of the Cu/Y5

catalyst.

In addition, zeolite catalysts with different Si/Al ratios (either expressed as SiO2:Al2O3 or Si:Al)

were also frequently investigated. In general, silicon is the main component responsible to

maintain the framework structure of molecular sieves as it is present in much larger amount,

while alumina provides acid sites, so adjusting the Si: Al ratio often leads to different results.

Acidity is one of the most important characteristics of zeolites which makes them very useful

in catalysis. Zeolites with various Si: Al ratios have been widely investigated, even pure silica

zeolite since it always shows higher thermal stability. For instance, Chen [193] tested 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,) prepared by incipient-wetness impregnation method in the CWPO reaction of cresol at

30 oC. Among these three catalysts, the catalytic activities of all the Fe/zeolites followed the

sequence: Fe/ZSM-5-3 > Fe/ZSM-5-2 > Fe/ZSM-5-1, indicating that the Si: Al ratio is an

important parameter influencing the catalytic degradation of cresols. The authors explained

the difference by the higher ability of the zeolite with lower Si: Al ratio to accelerate

HO· generation. Moreover, Cihanoğlu [194] investigated the acetic acid degradation over

catalysts in the presence of H2O2 at 60 oC. In his study, a series of Fe/ZSM-5 zeolite catalysts

with different Si/Al ratio (12.4-42.0) were prepared by ion-exchange method. The iron content,

Brønsted acidity and catalytic activity of the catalysts were all affected by the Si/Al ratio of the

zeolites. In addition to cresol and acetic acid, the influence of Si/Al ratio of zeolite on the
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decomposition of formic acid was also proved. As reported by Taran [195], Cu-ZSM-5

zeolites (atomic Si: Al ratio of 17, 30 and 45) prepared by ion exchange showed apparently

different efficiency in formic acid removal. The highest catalytic activity is observed over

catalysts based on zeolite with Si: Al ratio of 30, the lowest with the zeolite with Si: Al of 17.

1.6.2.2 Zeolite catalysts with different metal-support interactions

A heterogeneous catalyst is a material, characterised by the relative amounts of different

components (active species, physical and/or chemical promoters, and supports), size, pore

volume and distribution, surface area and so on. The optimal catalyst is the one that provides

the necessary combination of properties (activity, selectivity, lifetime, ease of regeneration

and toxicity) at an acceptable cost. Thus, except for the structural properties of zeolite, other

aspects such as the metal-support interactions, are also important to determine the final

activity of these materials, this important aspect of a catalyst structure is briefly described

here.

Different metal-in-zeolite structures are defined according to the location of the nanoparticles

and their interactions with the zeolite support, as shown in figure 1.11. As it can be seen, the

metal species exist in the form of: (1) isolated clusters, (2) covalent metal centres and (3)

heteroatoms incorporated into the framework. Besides, the three categories of catalysts with

different metal-support configurations can be usually classified as metal-supported zeolite

catalyst (sample i and sample ii in figure 1.11) and metal-substituted zeolite catalyst ((sample

iii in figure 1.11) according to the location of the metal species.
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Figure 1.11. Possible zeolite–metal composite configurations: (i) isolated clusters/nanoparticles

on the surface (left), (ii) covalently bonded metal oxides on the surface (middle), (iii) single atom

incorporated in the framework (right), figure reproduced from [196] with permission

The different metal-support configurations could be influenced by the ways of introducing or

fixing the active phase on a pre-existing solid. The metal-supported zeolite catalysts are

usually prepared by post-synthesis method (such as impregnation, ion exchange,

deposition-precipitation, etc.), which having the advantages of easily controlled dispersion,

loading and location of metal species. Meanwhile, metal oxides are produced or aggregated

outside of the framework, which result in easy and undesired leaching of active sites in the

liquid-phase reactions.

In comparison, the metal-substituted zeolite catalysts are usually prepared by direct

synthesis (usually hydrothermal synthesis). In the direct-synthesis method, the condensation

of silicon and metal species around the organic micelles occur simultaneously, and it is likely

that some of the metal species are trapped in the silica matrix during the formation of the

silica support. However, the synthesis itself is a complicated and time-consuming process

while the metal-substituted zeolites (especially with high metal loading) prepared via direct

synthesis often exhibit morphologies and structures with a poor level of crystallinity or worse
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order. Thus, the synthesis of zeolite with heteroatoms in the framework and special

morphology poses further challenges in the catalyst preparation step.

Compared to metal nanoparticles, which are generally supported on the external surface of

solid supports, localizing metal species within the internal framework of zeolite usually leads

to improvements in the catalytic performances [197] because zeolites with heteroatom

substituted Si or Al sites in the framework exhibit quite different properties from the

conventional aluminosilicate zeolites in aspects of surface acidity, pore structures, particle

size and so on. The superior performance of a heteroatom substituted zeolite (sample iii in

figure 1.11) over the metal impregnated zeolite catalyst (sample i in figure 1.11) was proved.

For example, Yan et al [198] tested the intra-framework Fe (Fe-ZSM-5/PSSF prepared by

hydrothermal method) and extra-framework Fe (Fe2O3/ZSM-5/PSSF by incipient wetness

impregnation) catalysts for the CWPO of phenol in a fixed bed reactor. The results showed

that the Fe-ZSM-5/PSSF was far more active than Fe2O3/ZSM-5/PSSF for phenol oxidation,

as the phenol conversion and TOC conversion after 7 h reached 92% and 46% respectively

over framework Fe3+ species and < 80%, and < 20%, respectively over supported metal

oxides. In addition, the higher stability of framework Fe than extra-framework Fe2O3 catalyst

was also observed from the Fe leaching of the two catalysts. Furthermore, the higher catalytic

activity and stability of the metal-substituted zeolite (sample iii in figure 1.11) over the ion

exchanged metal zeolite catalyst (sample ii in figure 1.11) was also reported. For instance,

Valkaj [199] prepared Cu/ZSM-5 catalysts by two different methods: by ion-exchange (IE)

from the protonic form of commercial ZSM-5 zeolite, and by direct hydrothermal synthesis

(DHS). Also, it was evident that the activity of Cu/ZSM-5 catalyst prepared by direct

hydrothermal synthesis was higher than in the case when catalyst is prepared by ion

exchange method, so was the stability (4.8% for sample prepared by IE method and 3.2% for

sample prepared by DHS method).
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1.6.2.3 Zeolite catalysts with different macroscopic form

It is worth mentioning that changes of macroscopic parameters of a solid catalyst such as

size and shape may also affect the performance of a catalyst in a chemical reaction. That is,

besides the need, at industrial level, to uniformly fill up a fixed catalytic bed of a reactor with

solid catalyst in the macroscopic forms of powder, granule, pellets sphere, extrudate, coating

(figure 1.12). Macroscopic variations are also present in the CWPO process. In this thesis

work we also considered powders, pellets and coatings forms.

Figure 1.12. Typical forms of zeolite catalysts, powder (left), pellet (middle) and coating (right) on

stainless steel [200]

In a lab scale, zeolites are mostly used in powder form (examples in table 1.6), as in a lab

scale batch reactors are more common to use (and they don’t involve pressure drop that

would be present in a continuous flow reactor and catalytic bed if a fine powder is used). In

usual, in a batch reactor, the powder form benefits from a higher surface-to-volume ratio,

higher contacting efficiency and lower diffusion resistance. As illustrated in figure 1.13, where

the powder catalyst (14.4 μm) presented higher selectivity to CO2 than the extrudated

catalyst (1.3 mm) in a discontinuous stirred-tank reactor due to the enhanced internal

diffusion.
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Figure 1.13. Catalytic test over powder and extruded Fe2O3/SBA-15 for phenol treatment in a

discontinuous stirred-tank reactor. ([Ph−OH]0 = 1 g·L-1; [H2O2]0 = 5.1 g·L-1; [cat] = 0.6 g·L-1; T = 80

oC), figure reproduced from [153] with permission.

By contrast, larger size of zeolites (in pellet form) that can be obtained mechanical pressing,

granulation, extrusion, are technically more suitable for engineering applications and scale up,

because they are easy to be filtered and recycled. Meanwhile, zeolite pellets offer benefits

such as good mechanical properties, low operation cost, low-pressure drop and drawbacks

such as high manufacturing cost, easy crushing and abrasion, low contacting efficiency and

so on. In this perspective, zeolite coating on a supported foam material would be a highly

attractive material for CWPO applications as it would combine the characteristics of different

foam materials (porosity, heat conductivity, mechanical strength, chemical stability) with that

of different zeolites (porous structure, surface property, hydrothermal stability). In fact the

development of these materials is also explored in detail in this thesis (section 5.3 in chapter

5) as it would also represent a novel form of material and with the promise to show better

performance than traditional zeolites. For example, Jiang [201] reported the synthesis of

Cu-MFI zeolite coating supported on paper-like sintered stainless fibre (PSSF) and its use in

the CWPO of phenol in a batch reactor. The coating catalyst exhibited high catalytic activity
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with phenol conversion of 100% and H2O2 conversion of 99%, respectively. In particular, the

coating zeolite presented higher stability over other type of Cu/zeolite catalysts, indicating its

potential.

In addition, it should be stressed that the criteria of selection of macroscopic form might not

necessarily be identical for different applications. As mentioned above, in batch reactors,

where diffusion resistance plays an important role, powder form with small particle size is

common while in flow reactors, pellets and coating form that reduce pressure drop efficiently

are more viable options. For example, Liu [202] applied the Fe-13X catalyst (column form

with a diameter of 1.6 mm) for the CWPO of methyl orange into a batch reactor and a flow

reactor, respectively. It was found that the column form of Fe-13X zeolite catalyst showed

high activity (methyl orange over 90%) in both reactors and long-term stability in the flow

reactor with negligible loss of activity in 3 cycles of reaction.

Overall, great achievements on the CWPO of phenol over zeolite catalysts have been

reached so far: 1) High removal efficiency. Owing to the high activity of various metal-doped

zeolite catalysts, complete decomposition of phenol was reported (table 1.6). 2) High

selectivity. High TOC conversion (CO2 formation) of over 80% (table 1.6) and almost

complete removal of toxic intermediates (e.g. catechol) were widely reported [191,203] when

using metal-supported zeolite catalyst at optimal conditions. 3) Mild reaction conditions. The

high conversion of phenol over zeolite catalysts at even room temperature and atmospheric

pressure was achieved [161,204,205]. 4) Decreased cost: H2O2 is one of the important

factors that influencing the application of CWPO due to the expensive price. Much effort was

made to reduce the cost by increasing the efficiency of H2O2 in the oxidation process and

huge progress has been made. For example, different H2O2 addition modes [115,206] such

as in one go (most widely used in a batch reactor), drop by drop in a certain time interval, or in

continuous mode were used while the latter two were more effective in terms of H2O2

efficiency. 5) Continuous degradation. It was reported in the literature [153,154] that using a
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fixed bed reactor in the CWPO of phenol process enabled the treatment of high volume of

wastewater in industry continuously.

However, the suitability of a heterogeneous catalyst for an industrial process depends not

only on activity and selectivity but also on stability. Catalyst stability can be assessed by

measuring activity or selectivity as a function of time, while poor stability of catalyst usually

leads to loss of activity thus increase the operating cost. The deactivation behaviour of

conventional metal-supported zeolite catalysts in the CWPO of phenol process was reported

(as shown in table 1.7) and is a bottleneck for industrial application.

1.6.3 Catalyst deactivation

Catalyst deactivation, the loss of catalytic activity and/or selectivity with time on stream, is a

problem of great and continuing concern in the industrial applications of heterogeneous

catalysts. The catalyst replacement and process shutdown cost the industry billions of dollars

per year [207]. The causes of catalyst deactivation are basically threefold (figure 1.14):

chemical (poisoning, leaching, change of catalyst structure), mechanical (fouling,

friction/crushing), and thermal (thermal degradation, sintering) [207,208], while in the liquid

phase CWPO reaction the deactivation is usually triggered by carbonaceous deposit by

polymeric material on the catalyst [209-211], poisoning by impurities in the feed or by reaction

by-products, and leaching of active species from the catalyst into the reaction media [212]. It

is inevitable that any real catalysts will decay [207,213], while an important distinction that

needs to be mentioned between the deactivated catalysts is whether they are reversible or

irreversible, renewable or non-renewable. Thus the understanding of the deactivation

mechanism is of great importance to enhance the stability of heterogeneous catalyst in the

liquid phase reaction and accordingly, design catalyst with high reusability.

In the CWPO literature, catalyst deactivation by leaching is of prime concern. Leaching

usually refers to the dissolution of the active sites from the heterogeneous catalyst into the
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reaction medium. Unlike other deactivation processes, deactivation of catalysts by metal

leaching is usually irreversible and non-renewable [208,215], this is why the study of leaching

is so important in liquid-phase reactions. Leaching is obviously an economic as well as

environmental problem as it reduces the life of catalysts. Besides, leaching also poses

significant challenges to the purification of the downstream effluents since it, in most cases

heavy metals, requires additional separation steps.

Figure 1.14. Causes of catalyst deactivation in heterogeneous catalysis including poisoning,

fouling, thermal degradation, corrosion and leaching (sulfur atoms - solid grey balls marked S,

active sites - solid black balls, supports - solid grey balls, reactants - hollow balls). Figure

reproduced from [214] with permission.

It follows that an ‘ideal’ heterogeneous (solid) Fenton catalyst, should not be prone to metal

leaching. Unfortunately, most of the catalysts tested so far in the CWPO suffered the loss of

active species, as reported in the literature (Table 1.7). As shown, severe leaching, i.e. active

metal loss was observed in most cases, with some of the leaching even exceeding 50%,

posing significant challenges to the enhancement of the stability of the catalyst. As a result,

the catalysts must be regenerated or eventually replaced after one or two cycles of reactions.

Though this data in table 1.7 seems discouraging, there are also examples where leaching of

catalysts in phenol oxidation has not been observed or conditions for negligible leaching have

been found. Thus, it is proved that protecting the catalyst from metal leaching in the CWPO

process is possible in theory.
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Table 1.7. Metal leaching of various heterogeneous catalysts in phenol CWPO process

No. catalyst Initial reactant M: S T (oC) pH0 time phenol, H2O2, TOC Leaching Ref.

1 Cu-Silicalite-1-IE (5.29 wt%,

0.6 g·L-1)

1 g·L-1 phenol, HP/phenol ratio of 10 1:21 70 NG 2 h NG, NG, NG 86.9% [164]

2

Cu/13X (3.6 wt%, 0.5 g·L-1) 0.01 M phenol, 0.1 M H2O2 1:35 80 NG 3 h NG, NG 54% 66%

[157]
Cu/13X (3.7 wt% 0.5 g·L-1) 0.01 M phenol, 0.1 M H2O2 1:34 80 NG 3 h NG, NG, 52% 36%

Cu/13X (3.4 wt% 0.5 g·L-1) 0.01 M phenol, 0.1 M H2O2 1:37 80 NG 3 h NG, NG, 54% 68%

Cu/13X (3.6 wt%, 0.5 g·L-1) 0.01 M phenol, 0.1 M H2O2 1:35 80 NG 3 h NG, NG, 53% 19%

3 Fe/AC (4%, 500 mg·L-1) 100 mg·L-1 phenol, 500 mg·L-1 H2O2 1:2.94 70 3.0 4 h 100%, 100%, 88% 39% (7.8 mg·L-1) [216]

4 Fe/AC (2%, 500 mg·L-1) 0.1 g·L-1 phenol, 0.5 g·L-1 H2O2 1:5.96 50 3 1 h NG, NG, 86% 25% [217]

5 Cu-polymer (30% ) 1 g·L-1 phenol, Ph/H2O2 ratio of 1/14 1:14 40 6 4 h 92%, NG, 43% 13% (6.2 mg·L-1) [165]

6 Fe/AC (4%) 100 mg·L-1 phenol, 500 mg·L-1 H2O2 1:2.70 50 3.0 4 h NG, 96%, 81% 10% (2.2 mg·L-1)

[104]Fe/AC (4%) 1000 mg·L-1 phenol, 5 g·L-1 H2O2 1:2.93 50 3.0 4 h NG, 100%, 85% 16% (32.5 mg·L-1)

7

Cu/ZSM-5-IE (2.32-3.52%, 0.1

g·L-1)

0.01 M phenol, 0.1 M H2O2 1:159-

241

NG NG 3 h NG, NG, NG 4.8%

[199]

Cu/ZSM-5-IE (1.62-3.24%, 0.1

g·L-1)

0.01 M phenol, 0.1 M H2O2 1:173-

346

NG NG 3 h NG, NG, NG 3.2%

8 Cu/Al2O3 (30%,10.35 g·L-1) 1g·L-1 phenol, H2O2: ph=14 1:0.22 50 NG 3 h NG NG, NG 1.7% [218]

9 Fe-TSC-2 (5.63%, 3 g·L-1 ) 100 mg·L-1 phenol, 11.8 mM H2O2 1:0.35 60 3.0 2.5

h

98%, NG, 66% 1.25% (2.11

mg·L-1)

[219]

10 Fe/γ-Al2O3 (4%, 1250 mg·L-1) 100 mg·L-1 phenol, 500 mg·L-1 H2O2 1:1.2 50 3 8 h 100%, 81%, 78% 1.8% (0.9 mg·L-1) [174]

11 Fe/pillared clays (3.01%, 5 g·L-1) 0.5 mM phenol 0.2 mmol·h-1 H2O2 1:0.93 25 3.7 4 h NG, NG, 65% 0.13% (0.2 mg·L-1) [151]

12 Fe/pillared clays (4.9%, 10 g·L-1) 50 mg·L-1 phenol, H2O2: ph=1.2 1:0.06 70 3.5 2 h 100%, NG, 78% 0.04% (0.2 mg·L-1) [150]

NG: data not given in the literature.
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Other deactivation mechanisms such as carbonaceous deposit were also reported in the

phenol oxidation process. For instance, Delgado et al. [220] reported the loss of activity of the

Ce-Mn composite catalyst in the oxidation of phenol after reaction time of 50-100 min. The

reason for the activity loss was proved as carbonaceous deposits since a thick carbonaceous

layer (20 nm) was observed on the surface of the spent catalyst in the TEM image (as shown

in figure 1.15). Moreover, the TPO and TPD experiments over the spent catalyst also

evidenced the hydrocarbon-like nature of the deposited layer which might be due to the

oxidative polymerization of phenol.

Figure 1.15. TEM image of the used CeMn catalyst after phenol oxidation reaction, where a thick

carbonaceous layer (20 nm) is covering the entire sample. Figure reproduced from [220] with

permission.

Loss of activity due to carbonaceous deposit is usually reversible by subjecting the catalyst to

a calcination step in the presence of air or oxygen to burn the carbonaceous species

deposited onto the catalyst surface [215]. As such, the carbonaceous deposit on the Ce-Mn

catalyst reported above was fully oxidized to CO2 and H2O by calcination above 250 oC and

after this treatment, the collapsed catalyst recovered its initial catalytic activity, thus
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confirming the role of the carbonaceous deposit on the activity loss for phenol elimination.

Though it is impossible to avoid catalyst deactivation, regeneration is generally a preferred

option than replacement of catalyst from an industrial point of view. Besides, some other

similar examples were also reported [221-223].

The loss of activity in the phenol oxidation has been found to occur upon a relatively short

time on stream (from minutes to hours) thus it is well accepted that the most important issue

in the heterogeneous Fenton process is the development of a heterogeneous catalyst

capable of combining activity and long-term stability at a reasonable cost. One of the

approaches to prevent or slow catalyst deactivation in this project is to design catalysts with

specific properties to minimize these effects.

1.7 Project aims

In view of this background and context, this research project aims to develop an active and

stable catalyst for phenol decomposition based on the CWPO technique. The high activity of

the catalyst (Cu- and Fe-based catalysts for instance) was widely reported in the literature

whereas the stability of the catalyst in the CWPO process is still a challenge. Thus this project

would mainly focus on the mechanism of catalyst deactivation in the phenol oxidation process

and accordingly, enhance the stability of the prepared catalysts in this liquid phase reaction.

Meanwhile, the synthesis and design of zeolite catalysts with different metal-support

configurations would also be at the centre of this project to explore whether the

metal-substituted zeolite catalyst is a potential solution to the catalyst deactivation issue in

the CWPO of phenol reaction.
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Chapter 2. Experimental

2.1 Materials and equipment

2.1.1 Materials and reagents

The materials and chemicals used for catalysts preparation include: copper(II) nitrite

hemipentahydrate (Cu(NO3)2·2.5H2O, 98+%, Acros), iron(III) nitrate nonahydrate

(Fe(NO3)3 ��·9H2O, 99+%, Acros), cobalt(II) chloride (CoCl2, 97%, Sigma Aldrich), manganese

(II) nitrate tetrahydrate (Mn(NO3)2·4H2O, ≥ 97%, Sigma Aldrich), silver (I) nitrate (AgNO3, ≥

99.8%, Sigma Aldrich), gold(III) chloride trihydrate (HAuCl4·3H2O, ≥ 99%, Honeywell),

palladium(II) nitrate hydrate (Pd(NO3)2·xH2O, 40% Pd, Acros), sodium carbonate (Na2CO3,

Honeywell), sodium borohydride (NaBH4, ≥ 98.0%, Aldrich), tetraethyl orthosilicate

(Si(OC2H5)4, 98%, Aldrich), tetrapropylammonium hydroxide ((CH3CH2CH2)4N(OH), 25% in

water, Acros), sodium hydroxide (NaOH, ≥ 98%, VWR international), sodium aluminate

(NaAlO2), silicon carbide (SiC, SICAT), sodium silicate solution (NaSiO3, Sigma Aldrich),

Hexadecyltrimethylammonium bromide (CH3(CH2)15N(Br)(CH3)3, 99+%, Acros), ethanol

(C2H5OH, HPLC grade, VWR international), sulfuric acid (H2SO4, ≥ 97.5%, Sigma Aldrich),

buffer solution (pH 4, pH 7, pH 10, Fisher), ZSM-5 ammonia (425 m2·g-1, 23:1 SiO2: Al2O3,

Alfa Aesar), Zeolite 13X (< 60 μm, Acros), Zeolite Y hydrogen (730 m2·g-1, 5.5:1 SiO2: Al2O3,

Alfa Aeser), MCM-41 (SiO2, Aldrich), SBA-15 (SiO2, 99%, Aldrich), MCM-48 (SiO2, 15 μm

particle size, 3 nm pore size, Aldrich).

The materials and chemicals used for catalytic tests include: phenol (C6H5OH, 99%, Acros),

Hydrogen peroxide (H2O2, 30 %, VMR International), sulfuric acid (H2SO4, ≥ 97.5%, Sigma

Aldrich), nitric acid (HNO3, 68%, VMR International), hydrochloride acid (HCl, 35%,VMR

International), sodium oxalate (Na2C2O4, ≥ 99.5%, Honeywell).

The materials and chemicals used for analysis include: tests include: phenol (C6H5OH, 99%,

Acros), hydroquinone (C6H6O2, 99.5%, Acros), p-benzoquinone (C6H4O2, ≥ 99.5%, Sigma

Aldrich), catechol (C6H6O2, 99+%, Acros), oxalic acid dihydrate (C2H2O4·2H2O, ≥ 99.0%,
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Sigma Aldrich), acetic acid (C2H4O2, 100%, VMR International), formic acid (CH2O2, 99%,

Acros), malonic acid (C3H4O4, ≥ 99.95%, Aldrich), maleic acid (C4H4O4, ≥ 99.0%, Sigma

Aldrich), fumaric acid (C4H4O4, 99+%, Acros), orthophosphoric acid (H3PO4, 85%, VWR

International), acetonitrile (C2H3N, HPLC grade, Fisher), potassium permanganate (KMnO4,

99-100.5%, Fluka), sodium oxalate (Na2C2O4, ≥ 99.5%, Honeywell), potassium iodide (KI,

99%, Acros), sodium thiosulfate (Na2S2O3, 99%, Fisher), starch (Alfa Aeser), nitric acid

(HNO3, 68%, VMR International), hydrochloride acid (HCl, 35%, VMR International), sodium

hydroxide (NaOH, ≥ 98%, VWR international), dimethyl sulfoxide-[D6] ((CD3)2SO, 99.8% D,

VWR international), chloroform D (CDCl3, 99.80% D, water < 0.01%, VMR International).

2.1.2 Equipment

The equipment used for catalysts preparation is as follows: stirrer hot 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), digital

universal oven (UN30, Memmert), autoclave (YZHR-100, Shanghai Yanzheng), pH meter

(Accumet AB150, Fisher Science).

The equipment used for catalytic test was as follows: stirrer hot plate (Asynt), alumina block

(diameter of 16 cm, custom-made, figure A1 in Appendix A.1), reactor (volume of 100 mL,

custom-made, figure A2 in Appendix A.1).

The equipment used for analysis is as follows: centrifuge (SCILOGEX D1008

Mini-Centrifuges), pH meter (Accumet AB150, Fisher Science), UV-vis (PerkinElmer Lambda

35 UV-Vis Spectrometer), 1H-NMR (Bruker Advance III 400 spectrometer), HPLC (Shimadzu

Prominence Liquid Chromatograph) equipped with a C18 column (Waters XBridge C18,

4.6×250 mm) and a UV detector (Shimadzu CBM-20A), ICP-OES (Agilent 4500

spectrometer).
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2.2 Catalysts preparation

2.2.1 Principle of catalyst preparation

This section briefly describes the basic principles of catalyst preparation, in terms of

supported metal nanoparticles and microporous materials, and will mainly focus on a

combination of the two (Figure 2.1).

Figure 2.1. Possible zeolite–metal composite configurations: i) isolated metal oxide nanoparticles,

ii) ion-exchanged cations stabilized on the AlO4 tetrahedra, iii) single heteroatoms substituted into

the zeolite framework. Figure reproduced from [1] with permission

For catalysts of types (i) and (ii), metal species were doped after the synthesis of zeolite

support, while for catalyst type (iii), metal species were incorporated simultaneously with the

formation of zeolite structure. Each of these composite configurations are characterized by

specific chemical, physical, and catalytic properties. Some of the common catalyst

preparation techniques, also used in this work, including wet impregnation (WI),

deposition-precipitation (DP), ion-exchange (IE), and hydrothermal synthesis (HTS), which

are briefly discussed here and further discussed in detail when concerning the specific

preparation of materials across this thesis work.

2.2.2 Preparation of metal supported zeolite catalysts

The prepared metal-supported zeolite catalyst was denoted as x% M/support-PM, where x, M

and PM represent metal loading, metal species and preparation method respectively. For
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example, 1% Cu/ZSM-5-WI is a Cu supported ZSM-5 catalyst prepared by wet impregnation

(WI) with an expected metal loading of 1 wt%.

2.2.2.1 Pre-treatment of zeolite

A NH4-ZSM-5 zeolite precursor was calcined in a muffle oven operating in static air at a

temperature of 550 oC for 4 h (temperature ramp 20 oC·min-1) to obtain H-ZSM-5.

2.2.2.2 Catalysts preparation by wet impregnation

The desired amount of metal precursor was weighed and dissolved in deionised water (25 mL)

to prepare a solution of appropriate concentration to achieve a desired metal loading. Zeolite

powder (2 g) was then added into a metal precursor solution under stirring, the resulting

slurry was slowly heated up to 80 oC with an oil bath and evaporated to dryness. The

obtained material was further dried at 120 oC for 16 h and calcined in a muffle oven. The

calcination processes for different catalysts were as follows: for Cu and Fe, calcination at 550

oC for 4 h with the ramping rate of 20 oC·min-1), for Mn and Co, calcination at 500 oC for 4 h

with the ramping rate of 20 oC·min-1, while for Ag, Au, Pd, calcination at 180 oC for 16 h with

the ramping rate of 10 oC·min-1.

In order to obtain 1% Cu/ZSM-5-WI catalyst with 1 wt% metal loading, 0.074 g of

Cu(NO3)2·2.5H2O was dissolved in 25 mL of deionized water and mixed with 2 g of the

as-prepared H-ZSM-5 powder under vigorous stirring. The resulting slurry was heated up

slowly to 80 oC and evaporated to dryness. The solid was then completely dried at 120 oC for

16 h and calcined in muffle oven with temperature held at 550 oC for 4 h (temperature ramp

20 oC·min-1).

2.2.2.3 Catalyst preparation by deposition-precipitation

In the typical preparation of 1% Cu/ZSM-5-DP catalyst, 2 g of HZSM-5 zeolite powder was

stirred in 25 mL of deionized water, and an aqueous copper nitrate solution with 0.074 g of
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precursor (dissolved in 10 mL of water) was added dropwise over 5 min. The slurry was then

heated to 80 oC with pH adjusted to 10 [2,3] by adding dropwise a saturated Na2CO3 solution.

After reaching the desired pH the solution was stirred for 4 h. After cooling the slurry was

filtered, washed with 2 L of deionized water and dried at 120 oC for 16 h. Then the dried

zeolite powder was calcined in muffle oven, with temperature held at 550 oC for 4 h.

2.2.2.4 Catalyst preparation by ion exchange

In the typical preparation of Cu/ZSM-5-IE catalyst, 2 g of HZSM-5 zeolite powder obtained

from NH4-ZSM-5 was added into 25 mL of aqueous copper nitrate solution (1 M) under

stirring. The resulting slurry was heated in a reflux condenser at 95 oC for 24 h. After cooling,

the slurry was filtered and the solid was washed with 1 L of deionized water. The material

obtained was dried at 120 oC for 16 h and afterwards calcined in muffle oven, with

temperature held at 550 oC for 4 h.

2.2.2.5 Catalyst reduction

The 1% Cu/ZSM-5-WI catalyst was reduced by using two distinct procedures by means of H2

or NaBH4. In a typical process, 0.5 g of the Cu/ZSM-5-WI catalyst was reduced under flow of

H2/N2 (5%/95% v/v) at 300 oC for 2 h in a tubular furnace [4-7]. Alternatively 0.5 g of

Cu/ZSM-5-WI catalyst was dispersed into 20 mL of 0.1 M aqueous solution containing NaBH4

under stirring. The reduction was considered completed when no more hydrogen evolution

was observed [8]. The catalyst was then filtered, washed using 2 L of deionized water and

dried under vacuum suction filtration using a Schlenk line at room temperature for 48 h.

2.2.3 Synthesis of metal substituted ZSM-5 catalysts

The ZSM-5 catalyst prepared by hydrothermal synthesis was denoted as M-ZSM-5-HTS

(Si/M), where M, HTS and Si/M represent metal species, synthesis method (hydrothermal

synthesis, HTS) and Si to metal ratio, respectively.
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2.2.3.1 Metal substituted ZSM-5 catalysts

The ZSM-5 zeolite catalyst was prepared by hydrothermal synthesis from a zeolite synthesis

reaction mixture having the molar ratios 1TEOS: 0.112TPAOH: x NaAlO2: 111H2O [9,10],

where x varies with the Si/Al ratio of the prepared catalyst. In the synthesis of Cu- or

Fe-substituted ZSM-5, the metal precursor, sodium aluminate, was replaced by copper

nitrate and iron nitrate, respectively.

In the typical synthesis of Fe-ZSM-5-HTS(80), 2.46 g of the organic template (25% TPAOH)

and 5.63 g of silica source (TEOS) were dissolved in 50 mL deionized water under

continuous stirring, followed by dropwise addition of 4 mL of Fe nitrate solution which

containing 0.136 g Fe(NO3)3·9H2O. The mixture solution was aged 24 h at room temperature

to assure the complete hydrolysis of TEOS. The resultant clear synthesis solution was then

transferred into a 100 mL Teflon lined autoclave and treated hydrothermally at 150 °C for 48

h. The crystalline material was collected from the bottom of the autoclave and then washed

with 1 L of deionized water. The as-synthesized material was dried overnight in an oven at

120 oC and calcined at 550 oC in static air for 4 h with ramping rate of 5 oC·min-1 to remove the

organic template.

2.2.3.2 ZSM-5 coating supported SiC catalysts

The ZSM-5 coating was prepared on the surface of SiC by using secondary growth process

following the protocol developing by Yan’s group [9,10], which involves a three step

procedure.

Step 1: Pre-calcination of SiC

SiC extrudates (diameter 3 mm, 30 PPI, BET surface area 25 m2·g-1, microporous surface

area < 5 m2·g-1, pore volume 0.55 cc·g-1, information from supplier [11]) were calcined in air at

900 oC for 4 h to clean and create an oxide layer on the surface.
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Step 2: Seeding of SiC

The silicalite-1 seeds were prepared by hydrothermal synthesis from a mixture solution with

the molar ratio: 9TPAOH: 25TEOS: 500H2O: 100C2H5OH [9]. Typically, 14 g of template

(25% TPAOH solution), 10 g of silica source (TEOS), and 11.2 mL of ethanol were added

dropwise to 17 mL of deionized water under stirring. The mixture solution was aged 24 h and

treated hydrothermally in a 100 mL Teflon lined autoclave at 100 °C for 24 h. The mixture

solution was centrifuged for 4 h, the obtained precipitate was washed five times with

deionised water to achieve a neutral pH and then dried overnight at 120 °C in an oven. 2 g of

the pre-calcined SiC extrudates were dip-coated with 4 mL of the silicalite-1 in ethanol

solution (1 wt%) and then dried overnight in an oven at 120 °C to adsorb silicalite-1 seeds on

the surface of the SiC extrudates.

Step 3: Growth of ZSM-5 coating on SiC

The seeded SiC extrudates obtained from step 2, together with 10 mL of the synthesis

solution prepared with the same method described in section 2.2.2.1, were transferred to a

100 mL Teflon lined autoclave. The synthesis was conducted in an oven at 150 °C for 48 h for

the secondary growth of silicalite-1 seeds into ZSM-5 crystals. The obtained material was

filtered, washed, dried and calcined in the same manner as described in 2.2.2.1.

2.2.3.3 Acid treatment of metal substituted ZSM-5 zeolite catalysts

Batches of 1 g of the prepared metal substituted ZSM-5 catalysts, either in powder form or

pellet form, were washed with 50 mL of HCl solution (1 M) at 80 oC under stirring for 24 h to

remove the metal species deposited on zeolite surface (the principle the formation of soluble

MClx species) Then the catalysts were filtered, washed with 2 L of deionized water and dried

at 120 oC for 16 h.
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2.2.4 Synthesis of metal substituted MCM-48 catalysts

2.2.4.1 Synthesis of MCM-48

The MCM-48 catalyst was prepared by hydrothermal synthesis from a mixture with molar

composition of SiO2: CTAB: ethanol: H2O: H2SO4 = 1: 0.2: 4.3: 83: 0.1.

In a typical synthesis of MCM-48, 1.64 mL of sodium silicate was added dropwise into 10 mL

of deionized water to prepare a solution denoted as ‘solution A’. Then, 0.728 g of the organic

template (CTAB) was dissolved in a co-solvent which is composing of 2.5 mL ethanol and 3

mL H2O, to prepare a solution denoted as ‘solution B’. This solution B was then added into

solution A dropwise under continuous stirring then 0.5 mL of 2 M H2SO4 was added into the

mixture. The mixture was aged for 3 h and then transferred into an autoclave for

hydrothermal synthesis at 110 oC for 36 h. The obtained solid was washed with 1 L of

deionized water and dried overnight in an oven at 120 oC. The as synthesized catalyst was

calcined at 550 oC in static air for 6 h with a ramping rate of 5 oC·min-1 to remove the

template.

2.2.4.2 Synthesis of Cu-MCM-48 catalysts

Cu-MCM-48 catalysts were prepared by hydrothermal synthesis from a mixture with molar

composition of SiO2: Cu(NO3)2: CTAB: ethanol: H2O: H2SO4=1: a: b: 4.3: c: d, where a varies

from 0.0073 to 0.0292, b from 0.05 to 0.2, c from 83 to 332 and d from 0.05 to 0.3. Likewise,

the MCM-48 catalyst prepared by hydrothermal synthesis was denoted as

M-MCM-48-HTS(Si/M) as well, where M, HTS and Si/M represent metal species, synthesis

method (hydrothermal synthesis, HTS) and Si to metal ratio, respectively.

In a typical synthesis of Cu-MCM-48-HTS(137), 1.64 mL of the silica source (sodium silicate)

was added dropwise into 8 mL of deionized water. Then 0.017 g of Cu(NO3)2·2.5H2O was

dissolved in 2 mL of water and added into the solution to prepare solvent A. 0.728 g of the

organic template (CTAB) was dissolved in a co-solvent which composed of 2.5 mL ethanol
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and 3 mL H2O, to prepare solution B. The solution B was added into solution A dropwise

under continuous stirring then 0.5 mL of 2 M H2SO4 was added into the mixture. The mixture

was aged for 3 h and then transferred into an autoclave for hydrothermal synthesis at 110 oC

for 36 h. The obtained solid was washed with 1 L of deionized water and dried overnight in an

oven at 120 oC. The as-synthesized catalyst was calcined at 550 oC for 6 h with ramping rate

of 5 oC·min-1 to remove the template.

2.2.4.3 Acid treatment of Cu substituted MCM-48 catalysts

Each 0.1 g of the prepared Cu-MCM-48 catalysts were washed with 1 mL of aqua regia

(volume ratio HNO3: HCl = 1:3) and left overnight, to leach the metal supported on the surface

of zeolite. Then the catalysts were filtered, washed with 2 L of deionized water and dried at

120 oC for 16 h.

2.3 Catalysts characterization

2.3.1 X-ray diffraction (XRD)

Powder XRD patterns were collected by using a Bruker D8 Advance equipped with a

LynxEye detector. The instrument was operated at 40 kV and 40 mA with CuKα radiation as

X-ray source. Mesoporous materials (MCM-41 and MCM-48) were analysed in a 2θ range

from 1° to 30° with a scan time of 34 min and incident arm aperture of 0.1o. While for

microporous (zeolites ZSM-5 and Y) and metal oxide samples were analysed in the 2θ range

from 10° to 60° with a scan time of 71 min and incident arm aperture of 0.3o. A time per step

of 1.4 s and a diffraction arm aperture of 9.5 mm was used for all the samples. Analysis of the

diffraction patterns was carried out using X’Pert HighScore Plus software.

The relative crystallinity (RC) of ZSM-5 zeolite was calculated using Eq. 2.1 [12,13]:

%100RC,100% 
refI
I (Eq. 2.1)
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Where I is the area of a specific peak between 2θ of 22.5–25o of a target material, and Iref is

for a reference sample of the same material at the same 2θ range.

The particle sizes of metal oxides on the surface of zeolites were calculated by Scherrer’s

equation (Eq. 2.2) [14-16]:




cos
K

 (Eq. 2.2)

Where τ is the particle size; K is a dimensionless shape factor, with a typical value of 0.9; λ is

the X-ray wavelength with value equivalent to 0.15406 nm; β is the line broadening at half the

maximum intensity (or full width at half maximum, FWHM); θ is the Bragg angle.

The d-spacing of mesoporous zeolites was calculated based on the Bragg’s law, which was

exhibited as equation 2.3 [17-19]:




sin2
d (Eq. 2.3)

Where θ is the diffraction angle of peak and λ is the wavelength (λ = 0.15406 nm).

The unit cell parameter (a0) of MCM-48 sample was calculated with equation 2.4 [20-22]:

)()hkl( 222
0 lkhda  (Eq. 2.4)

For d(2 1 1) plane, the a0 was calculated as follows：

6)112()112()112( 222
0 dda  (Eq. 2.5)

2.3.2 Porosimetry and BET surface area

BET analysis was conducted on a Micromeritics 3Flex Gas Sorption System with liquid

nitrogen at 77 K. Sample was degassed at 120 – 180 oC for 24 h before analysis.
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The wall thickness (Wt) of the synthesized MCM-48 samples was calculated using the XRD

and porosimetry data based on equation 2.6 [22-24]:

2092.3
0

t
pDaW  (Eq. 2.6)

Where 3.092 is a constant representing the minimal surface area for the MCM-48 space

group and Dp is pore diameter of the sample.

2.3.3 Transmission electron microscopy (TEM)

Transmission electron microscopy was performed on Hitachi HF5000 in a scanning

transmission electron microscopy mode at an accelerating voltage of 200kV.

2.3.4 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was performed on a Thermo Fisher Scientific

K-alpha+ spectrometer. Samples were analysed using a micro-focused monochromatic Al

x-ray source (72 W) using the ‘400-micron spot’ mode, which provides an analysis defining

elliptical x-ray spot of ca. 400 x 600 microns. Data was recorded at pass energies of 150 eV

for survey scans and 40 eV for high resolution scan with 1 eV and 0.1 eV step sizes

respectively. Charge neutralisation of the sample was achieved using a combination of both

low energy electrons and argon ions.

Data analysis was performed in CasaXPS v2.3.24 after calibrating the data to the lowest C(1s)

component taken to have a value of 284.8 eV. Quantification was made using a Shirley type

background and Scofield cross sections, with an electron energy dependence of -0.6.

2.3.5 Attenuated total reflectance - Fourier transform infrared (ATR-FTIR)

ATR-FTIR analysis was conducted using a Bruker ALPHA-T spectrometer fitted with an

ALPHA-P platinum ATR scanned between 450-4000 cm-1 over 20 scans. The technique was

mainly used to 1) detect the presence of the organic template (such as CTAB) within the
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synthesized zeolite samples to study the conditions of template removal and 2) explore the

M-O bond in the zeolite structure to evidence the incorporation of metal into the zeolite

framework.

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

The actual metal loading of catalyst was tested by ICP-OES using an Agilent 4500 instrument

via appropriate calibration curve. The catalyst (0.1 g) was digested in 1 mL of aqua regia

(volume ratio HNO3: HCl = 1:3) and left overnight, to leach the doped metal. Prior to analysis,

the mixture was diluted with deionized water and adjusted to pH around 3 with NaOH. 5 mL of

the supernatant was submitted for ICP analysis.

2.4 Catalytic tests

In order to conduct catalytic tests, a custom-made reaction setup was designed and the

temperature of the reaction mixture heated by the reaction setup was calibrated, as displayed

and described in Appendix A.1 and Appendix A.2, respectively.

2.4.1 Oxidation of phenol

A stock solution of phenol was prepared by dissolving the desired amount of solid reagent in

deionized water and storing it in the dark. The catalytic tests for phenol oxidation were carried

out in a custom-made 100 mL stoppered glass batch reactor at a desired temperature and

stirring rate (see figure A1 and figure A2 in Appendix A.1). A known amount of catalyst,

(typical value between 0.03 and 0.1 mg) together with a volume of 50 mL phenol aqueous

solution were placed into the glass reactor and heated to controlled temperature using a

Asynt stirrer-hotplate with heating rate of 200 oC·min-1 via an aluminium block at atmospheric

pressure. Upon stabilization at the desired temperature, a known amount of H2O2 was added

into the solution to start the reaction. The reaction was quenched after reaction using an ice

bath to ensure a constant and reproducible reaction time, while for kinetic test, samples were

withdrawn from the reactor at intervals of 20 min in the first hour and with interval of 1 hour in
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the last three hours. The reaction mixture was centrifuged to separate the suspended solid

catalyst, the supernatant solution was then collected for analysis directly while the used

catalyst, after washing with deionized water and drying at 120 oC overnight, was collected for

further characterisation and/or next batch of reaction.

In a typical experiment, a certain amount of solid catalyst (0.1 g of 1% Cu/ZSM-5-WI catalyst

with M:S ratio of 34) and 50 mL of phenol (1000 mg·L-1) were placed into the reactor and

heated to 80 oC (set temperature from calibration 83 oC - see figure A3 in appendix A.2). 758

μL of H2O2 (30% (w/w) with a stoichiometric ratio of phenol and H2O2 of 1:14 was added into

the reaction mixture to start the reaction after the set temperature stabilizing at 83 oC for 10

min. The reaction was conducted for 4 h under continuous stirring rate of 500 rpm and then

quenched with ice-water bath.

A stoichiometric ratio of phenol to H2O2 was set as 1:14 for complete oxidation of phenol to

CO2 and H2O, as shown in Eq. 2.7.

C6H6O + 14 H2O2 = 6 CO2 + 17 H2O (Eq. 2.7)

2.4.2 Homogeneous contribution tests

Homogeneous tests were carried out in two ways. In the first method [25], the aim was to

establish whether small amounts of ions leached from the heterogeneous catalysts were

responsible for the observed catalytic activity. After the wet oxidation with hydrogen peroxide

the zeolite was filtered at the temperature of the catalytic tests, in order to prevent the

possible re-adsorption of the leached iron during the cooling of the solution. The substrate

and H2O2 were then added to the solution to adjust their concentrations to the same as before

the catalytic tests (typically 1000 mg·L-1 and 5600 mg·L-1 respectively). The conversion of

phenol was then measured at the same temperature of the catalytic tests as a function of time,

but in the absence of the solid zeolite. If dissolved ions were responsible for the catalytic

behaviour, a reactivity similar to that shown in the presence of the zeolite would be expected.



86

The second method to check the catalytic contribution of the leached metal from the zeolite

involved the catalytic test using homogeneous catalyst directly. 50 mL of the mixture solution

containing 1 g·L-1 of phenol and metal ions (such as Cu2+ from Cu(NO3)2 and Fe3+ from

Fe(NO3)3) with concentration corresponding to that of leached metal was prepared and

heated to 80 oC. After stabilizing for 10 min, H2O2 was added to the solution to start the

reaction. The catalytic results of the reaction were analysed and compared with that using

heterogeneous catalyst.

2.4.3 Reusability tests of catalysts

The reusability tests of catalyst in successive (sequential) reaction runs were conducted by

recovering catalyst after each run of reaction and then using it for next cycle without

regeneration. The recovery process of catalyst was as follows: the catalyst was filtered

immediately after the first cycle of reaction at a low vacuum condition, then the catalyst was

completely washed with deionized water (2 L of water per 1 g of catalyst) and dried overnight

at 120 oC. Prior to its use in the next run of the catalytic test, the recovered catalyst was

weighed and the same amount of catalyst as that used in the first run was used to ensure the

error caused by the loss of catalyst in each run of reaction. The process was repeated in the

same manner till the last reaction run.

2.4.4 Regeneration of catalysts

The catalyst was recovered by hot filtration from the solution after the catalytic test, then

washed with deionized water, dried at 120 oC overnight and then calcined in a muffle oven to

remove any organic species remaining on the catalyst. The ZSM-5 catalysts were

regenerated by calcination at 550 oC in static air for 4 h with ramping rate of 20 oC·min-1 while

the MCM-48 catalysts were regenerated by calcination at 550 oC for 6 h with ramping rate of

5 oC·min-1.
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2.5 Chemical analysis for the characterization of the reaction mixtures

The catalytic performance of a catalyst in the CWPO of phenol was mainly characterized by

phenol conversion, intermediates distribution, CO2 formation, H2O2 consumption and metal

leaching, respectively. The phenol conversion, intermediates distribution and CO2 formation

were calculated based on the HPLC results (details see Appendix A.6.3) while the calculation

of H2O2 is described in detail in Appendix A.5. The formule for calculation of these values are

given briefly here:

The phenol conversion (Xphenol,%) was calculated as Eq. 2.8:

%100
C

C-

phenol 0,

phenol f,phenol 0,
,%phenol 

C
X (Eq. 2.8)

Where C0,phenol (mol·L-1) and Cf,phenol (mol·L-1) represent the initial (time 0) and final

concentration of phenol in the reaction mixture. Phenol concentration was analysed by HPLC,

see Appendix A.6.3.

The carbon mass balance (CMB) was calculated as:
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， (Eq. 2.9)

Where nf,i is the moles of intermediates (includes phenol) remained in the reaction mixture

after reaction, NC,i is the number of C atoms in each intermediates (includes phenol) molecule,

n0,phenol is the number of moles of initial phenol in water, NC,phenol is the number of C atoms in

phenol molecule. Phenol and intermediates concentrations were analysed by HPLC, see

Appendix A.6.3.

The CO2 formation (XCO2,%) was calculated by Eq. 2.10:

%1001%2
 ）（， CMBXCO (Eq. 2.10)
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The H2O2 consumption (XH2O2,%) was calculated by Eq. 2.11:

%100
C

C-

22

2222

22
OH 0,

OH f,OH 0
,%OH  ，C

X (Eq. 2.11)

Where C0,H2O2 (mol·L-1) and Cf,H2O2 (mol·L-1) represent the initial and final concentration of

H2O2 in the reaction mixture. The concentration of the initial and final concentration of H2O2 in

the reaction mixture were determined by iodometry titration (see Appendix A.5.2).

The metal leaching (Xleaching,%) was calculated by Eq. 2.12:

%100
,

,
,%leaching 

totalmetal

leachedmetal

C
C

X (Eq. 2.12)

Where Cmetal,leached (mg·L-1) and Cmetal,total (mg·L-1) represent the metal concentration detected

in the reaction mixture after reaction and the total concentration of metal used in the reaction,

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

ICP-OES (see section 2.5.1 in chapter 2).

2.5.1 Determination of phenol and intermediates

The qualitative and quantitative analysis of the reaction mixture is a challenging task due to

the similar properties amongst the tens of potential products during oxidation and the low

concentration of some components (see section 3.2 in chapter 3). Hence several methods

including UV-vis, HNMR and HPLC were tried to determine the phenol and intermediates in

the reaction mixture (details see in Appendix A.6). HPLC was used as the main technique for

intermediates analysis in this project due to the capability of determining all the potential

products.

The HPLC analysis conditions were as follows: the sample mixture after filtration was

analysed by HPLC equipped with a UV detector, using a Waters XBridge C18 column as

stationary phase, orthophosphoric acid solution (0.1% (v/v)) as well as acetonitrile as dual

mobile phases. The flow rate was set as 1 mL·min-1 and a gradient elution program was as
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follows: 2% of acetonitrile from 0-5 min, 2% of acetonitrile at 5 min to 70% at 20 min, 2 % of

acetonitrile from 20.1 min - 30 min. A volume of 5 µL samples was injected into the sampling

system and analysed with a UV detector at different wavelengths (phenol at 270 nm, other

intermediates at 200 nm). The calibration curves of phenol (figure 3.4 in chapter 3) and

intermediates (Appendix A.6.3) were reported.

2.5.2 Determination of H2O2

Two methods, potassium permanganate and iodometry titration, were tried to determine the

concentration of H2O2 in this project (details see Appendix A.5). The iodometry titration was

selected as it is more appropriate in this reaction system, the typical titration process is as

follows:

5 mL of diluted reaction mixture solution (with dilution ratio of 100), 3 mL KI (100 g·L-1) and 1

mL H2SO4 (10%, m/m) was pipetted into the iodine flask, the mixture was then placed in a

dark place for 10 min [26] till a yellow solution was obtained. The sample solution was titrated

with Na2S2O3 (0.002 mol·L-1) till the solution becomes pale yellow. 1 mL starch solution (10

g·L-1) was added to indicate the colour change (from pale yellow to blue). More Na2S2O3

(0.002 mol·L-1) was added till the blue colour disappeared. The volume (V4) of Na2S2O3

solution at the end point of titration was recorded, then calculate the concentration of H2O2

following the formula (Eq. 2.13):
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 (Eq. 2.13)

Where CNa2S2O3 (mol·L-1) and V4 (mL) represent the concentration and the volume of Na2S2O3

solution, while VH2O2 (mL) and D2 (=100) are volume and the dilution ratio of H2O2 solution (or

reaction mixture), respectively. The determination of H2O2 and the calculation of H2O2

consumption by iodometry titration were reported in Appendix A.5.2 in detail.
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2.5.3 Determination of metal leaching

The metal leaching of catalyst during the reaction was tested by ICP-OES using an Agilent

4500 instrument which was calibrated up to 10 parts per billion (ppb) using standards

prepared by dilution from stock solutions containing 1000 parts per million (ppm) of metal

standards. The concentrations of metal ions in the samples were calculated against a

calibration graph. For the leaching tests, sample of the reaction mixture (5 mL) was taken

after the reaction.
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Chapter 3. Method development for the characterization of reaction mixtures

3.1 Overview

As well established in literature [1-7], organic pollutants in wastewater which are degraded by

using the CWPO process are not directly oxidized to CO2 and water in a single step, but this

process involves the formation of a set of intermediates. Widely reported intermediates that

are formed during the phenol oxidation process include aromatic compounds such as

hydroquinone and organic acids such as acetic acid and formic acid, though specific

intermediates and their relative amounts may vary by changing the reaction conditions

[2,5,7,8]. As a consequence, the characterization of intermediates during the phenol

oxidation process is indispensable because the objective of this project is not only to remove

phenol but to obtain an effluent of low toxicity and high biodegradability. In fact, any

abatement of pollutant process, would make little point if the degradation products of the

substrate would be more toxic that the starting material which would then require further

treatments. For example, some aromatic intermediates, hydroquinone and catechol, are

reported to present even higher toxicity than phenol [9-12], thus have to be completely

removed in the reaction process to assure a high treatment efficiency of water. On the other

hand, metal oxide catalysts may suffer deactivation during the oxidation process as a

consequence to being in contact with hot acid (>50 oC for instance) aqueous solution [13]. As

a consequence, an accurate analysis of those acids, such as oxalic acid and acetic acid, is of

significance for the study of the catalyst stability. Thus, the identification and quantification of

the product distribution of the reaction mixture in the phenol oxidation reaction is not only one

of the criteria to evaluate the performance of a catalyst in the efficiency of water treatment but

it is very relevant in the catalyst design.

Many established analytical techniques, such as ultraviolet-visible spectrophotometry (UV-vis)

[3], ion chromatography (IC) [14,15], gas chromatography (GC) [16-18] and

high-performance liquid chromatography (HPLC) [19-23] have been developed for the

analysis of degradation products from phenol oxidation, and among these methods, HPLC is
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probably the most effective method due to easy operation, wide applicability, high

reproducibility and low detection limit. However, the simultaneous determination of phenol

and all the intermediates using HPLC is still a challenging task because of the relatively large

number of intermediates (>15), as well as the similarity on their physico-chemical properties,

which makes their chromatographic separation challenging. Most of the reported

intermediates determination methods involve combination of various techniques (HPLC and

IC, or GC, UV-vis and HPLC) [3,7,14,24,25] or HPLC columns [5,26,27], often resulting in

costly and time-consuming analysis. For example, Zazo and coworkers [7] applied HPLC and

IC to determine aromatic intermediates and short chain acids, respectivel, while Quintanilla et

al. [5] used HPLC equipped with two chromatographic columns for determination of aromatic

compounds and organic acids, respectively. Despite these advances, the fast and

simultaneous determination of phenol and all the intermediates with an effective HPLC

analysis method is rarely reported.

Therefore, part of the aims of this research work were to: 1) confirm and identify all, or the

highest possible number, of the potential intermediates formed in the phenol oxidation

process, 2) obtain an effective HPLC analysis method for the simultaneous determination of

phenol and all the expected intermediates rapidly (< 30 min) both qualitatively and

quantitatively, 3) verify the feasibility of using the obtained data to reflect the extent of the

reaction and evaluate the catalytic performance of catalysts in terms of conversion and

selectivity, 4) obtain data for the calculation of carbon mass balance and H2O2 efficiency.

3.2 Analysis of phenol and intermediates

Five steps were used to develop an analysis method for the determination of phenol and

intermediates in the reaction mixture in this research: i) prepare an expected list of all the

possible intermediates in phenol oxidation based on current literature, ii) develop analysis

methods to determine phenol and the expected intermediates, by preparing a set of standard

solutions, mimicking an expected set of reaction mixtures, iii) confirm the effectiveness of the
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analysis method in the characterization of actual reaction mixtures, iv) quantitatively analyse

the concentration of phenol and all the quoted intermediates in the reaction mixture by

external standard method and v) validate the analysis method by the consistency of the

carbon concentration from carbon mass balance (CMB) and total organic carbon (TOC) in

water. In this section, more efforts are put on the steps i), ii), iii) and iv) while the step v) is

discussed in section 3.3.

3.2.1 Expected intermediates

Though the decomposition of phenol to CO2 and H2O has been developed over a number of

years, the actual details of this oxidation route is still an open question due to the diversity of

intermediates and its dependence on reaction condition (as discussed in section 1.5.2). The

various phenol oxidation routes that have been reported so far [1,2,5,7,10,28] were proposed

based on clearly identified intermediates, while the identification of intermediates themselves

somehow depends on effective determination techniques. On the other hand, the

composition of reaction mixtures can also change by changing reaction conditions such as

using different catalysts. However, all the oxidation routes suggested so far, consider the

hydroxylation of phenol to hydroquinone and catechol as the first step in two parallel

reactions, followed by oxidation of the dihydroxyl benzenes to benzoquinones, while the

quinone intermediates would be further decomposed to short-chain acids such as acetic acid

and formic acid, and then to CO2 and water. Furthermore, it is widely accepted that the final

products of phenol oxidation were some acids resistant to further oxidation like acetic acid,

formic acid, and CO2. Against this background, though the identified intermediates in different

oxidation routes were not fully the same as each other, most of the likely reaction

intermediates could still be predicted on the basis of oxidation routes proposed in the

literature.

A summary of the intermediates reported in the literature is listed in table 3.1. Species like:

hydroquinone, p-benzoquinone, catechol, formic acid, maleic acid, oxalic acid, and acetic
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acid, were identified in most of the current literature, while other intermediates like malonic

acid and fumaric acid, were occasionally reported. In comparison, the formation of resorcinol,

succinic acid, muconic acid, and acrylic acid was less frequently investigated. Therefore, the

main intermediates which are predicted to be formed in the CWPO process, based on their

frequency to be reported in the following 12 papers (in table 3.1), include hydroquinone,

p-benzoquinone, catechol, acetic acid, formic acid, oxalic acid, malonic acid, maleic acid, and

fumaric acid.
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Table 3.1. Lists of intermediates identified in reaction mixtures after phenol oxidation over different catalysts reported in the literature

Intermediates Catalyst oxalic

acid

formic

acid

malonic

acid

acetic

acid

maleic

acid

fumaric

acid

succinic

acid

acrylic

acid

muconic

acid

HQ PBQ CAT OBQ RES Ref

Identified (√)

or not

identified (×)

in the

literature

Cu-0803T √ × × × √ × × × × √ × √ × × [29]

Pt/CeO2 √ √ √ √ √ × × √ √ √ √ √ √ √ [30]

Cu/Al2O3 × × × × × × × × × √ √ √ √ × [28]

Cu-0203T √ √ √ √ √ √ × × × √ √ √ × × [2]

Fe2+ √ √ √ √ √ √ × × √ √ √ √ √ √ [7]

Cu-Ni-Al

hydrotalcite

√ √ × × √ × × × × √ √ × × × [3]

AC √ √ √ √ √ × × × × √ √ √ × √ [15]

Carbon √ √ √ √ √ √ × × × √ √ × × × [31]

CNT × × × × × × × × × √ √ √ × √ [32]

Ti/SnO2-Sb2O4 √ √ √ √ √ × √ × × × √ × × × [33]

Fe-D, Cu-Z,

Co-CX

√ √ × √ √ √ × × × √ √ √ √ × [4]

not reported × × × √ × × × × × √ √ √ √ × [6]
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3.2.2 Analysis of phenol and intermediates in standard solution by HPLC

The analysis method for the determination of phenol and the expected intermediates was

developed by means of UV-vis (see Appendix A.6.1), NMR (see Appendix A.6.2), and HPLC

(discussed below). Among them, the UV-vis and NMR are of limited use since they are only

capable of determining part of the intermediates, while the HPLC method was discussed in

this section as the main technique for phenol and intermediates analysis.

HPLC is frequently used to separate, identify, and quantify different components in a mixture

and so is a potential analytical method for the quantification of phenol and its intermediates in

the reaction mixture. In principle, each component in the mobile phase (a solvent that carries

the sample through the column [34]) interacts slightly differently with the stationary phase (the

immobile phase responsible for retaining the sample component in the column [34]), causing

different time spent by the different component in the liquid phase, which in turn will translate

to a different total time for each component to flow out the column. This time is known as

retention time (tR, defined as the time between the sample injection and the peak maximum,

as calculated by Eq.3.1 [34,35]).

MR tt  'tR (Eq.3.1)

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

the mobile phase (tM).

In addition, a high resolution (Rs, defined as the quality of separation or the ability of the

column to resolve two components into two separate peaks, as calculated by Eq. 3.2 [35,36])

of peaks in the HPLC chromatogram has also to be satisfied to charaterize a good analysis

method.

12
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s

)tt2
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R RR





（ (Eq.3.2)

Here tR1 and tR2 are the retention times of the first and the second adjacent peaks and w1 and

w2 are the width at the base of the two chromatographic peaks.
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Overall, the chromatographic separation of the intermediates is the result of different

interactions of each component in the mobile phase with the stationary phase. The

compound that presents the weakest interaction with the stationary phase elutes first, while

the component that has a strong interaction with the stationary phase has also a longer

retention time. Thus, each component in the mixture can be qualitatively analysed by its

retention time. Meanwhile, the detector generates a signal proportional to the amount of

sample component emerging from the column, hence allowing for quantitative analysis of the

sample components.

In order to develop an HPLC analysis method for the quantification and separation of phenol

and the above expected intermediates, a Shimadzu HPLC equipped with a UV detector and a

C18 column (chain length (octadecyl) of alkyl bonded phase) was used. A standard solution

of the mixture was prepared by mixing individual stock solutions of phenol and other 9

expected intermediates. The HPLC chromatogram of the standard solution is shown in figure

3.1. As can be seen, the separation of phenol and these expected intermediates is achieved

under the analysis condition (see figure 3.1) since the HPLC chromatogram of each known

standard compound in the mixture solution can be clearly identified from the retention times.

The elution order of those compounds is (shown in table 3.2): 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).

Though a small tailing is observed in the peak of maleic acid, the peaks of all the other

compounds presented a Gaussian profile. It indicated that a good resolution (Rs ≥ 1) of all of

the relative compounds in the reaction solution was achieved, especially the aromatic

compounds that showed long time interval with other substances (Rs > 4). As can be seen

from table 3.1, the separation of phenol and all the expected intermediates per sample is

achieved in merely 20 min, thus showing a highly efficient analysis method.
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Figure 3.1. HPLC chromatogram of mixed standard solution (analysis condition: H3PO4 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 µL, wavelength 200 nm)

Therefore, a comprehensive and rapid analysis method for the simultaneous determination of

phenol and 9 expected intermediates in the mixed standard solution was obtained by HPLC.

3.2.3 Analysis of phenol and intermediates in reaction mixture by HPLC

Though phenol and all the expected intermediates were detected and resolved by the HPLC

analysis method, this was obtained by means of standards; it is necessary to confirm if the

expected intermediates well replicate the actual reaction mixture and intermediates in the

reaction process. In this case, a series of HPLC chromatograms of a reaction mixture sample

were collected at the same analysis condition (a representative example is shown in figure

3.2) and compared with that of the standard solution. The identification of the intermediates

formed in the actual phenol oxidation process was performed by comparison of retention
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times of the components in standard mixture solution with those of the intermediates in actual

reaction mixture.

Figure 3.2. Comparison of HPLC chromatograms of standard solution (in black) and example

reaction mixture (in red) (reaction condition: 0.1 g 1% Cu/ZSM-5-WI, 50 mL of 2 g·L-1 phenol,

phenol: H2O2 =1: 14, P = endogenous, 80 oC, 40 min, 500 rpm)

As can be seen in figure 3.2 and table 3.2, the peaks of phenol and all the expected

intermediates were well matched by comparison of their retention times with that of standards,

indicating the formation of all those intermediates in a real reaction. However, the peak of

unreacted H2O2 partly overlapped with the peak of oxalic acid therefore an additional

deconvolution step is required to determine the concentration. It is noteworthy that, in

comparison with the HPLC chromatogram of standard solution, there are also some small

and unknown peaks observed in the chromatogram of the reaction mixture, such as the

peaks at 10.3 min and 11.6 min, which were probably caused by the formation of muconic

acid and resorcinol, as listed in table 3.1.
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Table 3.2. Retention times of phenol and the expected intermediates in mixed standards solution

and in actual reaction mixture (reaction condition: 0.1 g 1% Cu/ZSM-5-WI, 50 mL of 2 g·L-1 phenol,

phenol: H2O2 =1: 14, P = endogenous, 80 oC, 40 min, 500 rpm)

Component Retention time in mixed

standards solution / min

Retention time in actual reaction

mixture / min

Oxalic acid 2.6 ± 0.1 2.6 ± 0.1

H2O2 -- 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 4.4 ± 0.1 4.4 ± 0.1

Maleic acid 5.1 ± 0.1 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 12.2 ± 0.1 12.2 ± 0.1

Catechol 13.2 ± 0.1 13.2 ± 0.1

phenol 16.0 ± 0.1 16.0 ± 0.1

3.2.4 Quantitative analysis of phenol and intermediates by HPLC

In addition to the qualitative analysis of expected intermediates, the quantitative analysis is

also fundamental to gather information on the catalytic activity in terms of phenol conversion

and selectivity to intermediates, and particularly in this thesis work where CO2 is indirectly

quantified by carbon mass balance determination. The quantification of the various

compounds in the reaction mixture was obtained by means of calibration curves. The

calibration curve of phenol is reported in this section as an example to show how

quantification of phenol proceeded in this project while the calibration curves of other

intermediates were obtained with the same method and shown in Appendix A.6.3. The

phenol standard solutions were prepared covering a range of 200 to 1000 mg L-1, and
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analysed via HPLC. The preparation and determination process were repeated for three

times to obtain the error of the determination method. The peak areas of phenol solutions

were measured as response signals at detector wavelength of 270 nm rather than 200 nm,

while the latter is the wavelength for the determination of other intermediates. The organic

acids formed during the phenol decomposition process do not show any absorption band in

the UV spectra (in figure A13 in Appendix A.6.1) in the range of 200 nm - 700 nm but have

maximal absorbance at 200 nm, at which acids presented the strongest signal and could be

identified at low concentrations. Unlike those acids, aromatic compounds usually have

absorption bands in the UV spectra owing to the conjugated double bonds of benzene ring.

For example, phenol has two main absorption bands in the UV spectra (in figure A11 in

Appendix A.6.1), one is at 210 nm and the other is at 270 nm, resulting from the conjugated

double bonds of benzene ring as well as hydroxyl ·OH and conjugated double bond of

benzene ring, respectively. In general, the peak at maximum absorption wavelength of 270

nm is regarded as the characteristic absorption peak of phenol and the optimal wavelength

for quantification analysis. Peak areas were plotted versus phenol concentrations to obtain a

calibration curve. A linear regression y = a + b*x was used to fit the data to the formula, and

the correlation coefficient, R, was calculated using OriginLab software.

The retention time of phenol in HPLC chromatogram was at 16 ± 0.1 min and the peak height

and peak area increase proportionally with the increase of the phenol concentration, as

shown in figure 3.3. In the range of 200 - 1000 mg·L-1 the correlation coefficient was very

close to 1 (0.99996), indicating that the linear regression fits the data very well. Other 9

intermediates could be quantitatively determined in the same way at different wavelength and

all compounds presented straight-line fits in the concentration range. The calibration curves

of other 9 intermediates were plotted and showed in Appendix A.6.3. Therefore, a method for

fast qualitative and quantitative analysis of phenol and 9 intermediates were acquired by

HPLC technique.
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Figure 3.3. HPLC chromatograms of phenol solutions in the range of 2.13×10-3 – 1.06×10-2

mol·L-1 (200 mg·L-1 to 1000 mg·L-1)

Figure 3.4. Calibration curve of phenol solutions with concentrations ranging from 2.13×10-3

to1.06×10-2 mol·L-1 (200 mg·L-1 to 1000 mg·L-1)
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3.3 Carbon mass balance and CO2 formation

CO2 formation (discussed in section 3.3.2) is an important parameter used to evaluate the

mineralization efficiency of pollutant in the CWPO of phenol reaction. In this project, the CO2

formation calculation is based on the carbon mass balance (CMB, discussed in section 3.3.2)

which requires the qualitative and quantitative determination of all the intermediates formed in

the reaction process. However, as discussed in section 3.2, though phenol and 9

components based on the expected intermediates were determined, there are still some

intermediates that are not identified, as suggested by the unknown peaks in the HPLC

chromatogram of the reaction mixture in figure 3.2. Therefore three steps are used to assess

if these unknown intermediates have significant influences on the calculation of CO2

formation: 1) select a set of reaction mixtures obtained at different reaction times and

determine their concentrations of phenol and the identified intermediates, 2) calculate the

CMB and CO2 formation of these reaction mixtures based on the concentrations of phenol

and identified intermediates, 3) compare the calculated CO2 formation with the TOC

conversion (set as reference, discussed in section 3.3.3) of the reaction mixtures to assess

the error of the HPLC analysis method.

3.3.1 Intermediates distribution

The intermediate distribution is one of the parameters indicating the efficiency of catalyst in

CWPO of phenol as it not only reflects the extent of reaction and selectivity of catalyst to

different intermediates, but acts as an important evidence of the oxidation route and the

design of improved catalyst. The evolution of the concentration of phenol and the identified

intermediates are reported as a function of reaction time (table 3.3). As shown, phenol was

decomposed (> 99%) quickly (< 1 h). Besides phenol, the nine reaction intermediates were all

detected in the aqueous phase. The distribution of these intermediates can typically be

subdivided in three stages: (i) intermediates formation, (ii) a maximum of intermediates

concentration, and (iii) consumption of the intermediate and decrease of its concentration.

Among the intermediates that have been identified, the aromatic compounds (hydroquinone,
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p-benzoquinone and catechol) formed simultaneously with the decomposition of phenol and

their concentrations reached a maximum after ca. 40 min of reaction time. Afterwards the

aromatic intermediates were further oxidized, leading to the formation of an array of acids.

Among these, short-chain acids like acetic acid and formic acid were much higher than other

acids while only traces of fumaric acid were identified. The main intermediates in phenol

oxidation process, in terms of maximum concentration level in the reaction mixture, were

hydroquinone, p-benzoquinone, catechol, acetic acid and formic acid. However it should be

underlined that the concentrations versus time of these main intermediates (as well as of any

other intermediate) are strongly dependent from the experimental conditions such as:

temperature, initial phenol concentration, M:S ratio and H2O2 dosage. Furthermore, the only

intermediates remained in the reaction mixture after 4 h were some recalcitrant and

biodegradable acids (such as acetic acid and formic acid) which could be easily degraded by

a biological method such as activated sludge.

3.3.2 Calculation of carbon mass balance and CO2 formation

Carbon mass balance (CMB) was defined as the ratio between the number of moles of

carbon in the products, nC,P, and the number of moles of carbon in the reactants, nC,R, (Eq

3.3):

R

PCMB
,C

,C

n
n

 (Eq. 3.3)

Or if expressed as percentage (Eq 3.4):

%100
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,

, 
RC

PCCMB (Eq. 3.4)

For our specific case, the number of moles of carbon in products, nC,R, originates from phenol

and intermediates in the reaction mixture after reaction, therefore, it can be calculated as

follows (Eq 3.5):

  iCifP Nn ,,,Cn (Eq. 3.5)
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Where nf,i is the moles of intermediates and products (as well as unreacted phenol) present in

the reaction mixture at the end of the reaction, nC,i is the number of C atoms in each

intermediates (including unreacted phenol) molecule.

While the number of moles of carbon in reactants, nC,R, originating from initial pollutant in

water, can be calculated as follows (Eq 3.6):

phenolCphenoliRC Nnn ,,,  (Eq. 3.6)

Where ni,phenol is the number of moles of initial phenol in water, nC,phenol is the number of C

atoms in phenol molecule.

Another parameter, CO2 formation, defined as the difference of molar percentage of total

organic carbon between the initial and the final reaction organic products in the aqueous

phase, was calculated as follows (Eq. 3.7):

100%CMB)-(1%formation,2 CO (Eq. 3.7)

A typical example about the calculation of CMB and CO2 formation over the Cu/ZSM-5

catalyst after 4 h was shown below based on the above equations (Eq. 3.3-3.7).

The number of moles of carbon in reactants, nC,R, originating from initial phenol (1 g·L-1, 50

mL) in water:

moln RC
3

, 102.3605.0)94/1(  (Eq. 3.8)

Where the number of moles of carbon in products, nC,R, originates from phenol and

intermediates in the reaction mixture after 4 h (concentrations listed in table 3.3), thus
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In that case, the CMB can be calculated as follows:

%23%100
102.3
105.7,% 3-

4-





CMB (Eq. 3.10)

It is indicated that the total contribution of all the identified organics in reaction mixture after 4

h, did not exceed 25% of the carbon balance, indicating that most of the organic carbon may

be oxidized to CO2, where the CO2 formation was calculated as below:

77%100%0.23)-(1%formation,2 CO (Eq. 3.11)

The CO2 formation over the Cu/ZSM-5 catalyst after 4 h was approximately 77%, which

highlighted that about three quarters of carbon in the aqueous phase was decomposed

completely and the majority discharged into the atmosphere in the form of CO2. The high CO2

formation suggested the high pollutant removal efficiency over the Cu catalyst in the CWPO

process, which is an excellent result for a catalyst that is not optimized yet, and used as an

example for our calculations. However, the further decomposition of those acids to achieve

higher or even complete CO2 formation is theoretically feasible if the reaction time is

sufficiently long and/or a catalyst is active enough (discussed in chapter 4), while the

complete CO2 will undoubtedly increase the possibility of the application and exploitation of

CWPO of phenol in industry.
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Table 3.3. Concentration of intermediates in the example reaction mixture over 1% Cu/ZSM-5-WI

in 4 h (M: S of 1: 100, 50 mL of 1 g·L-1 phenol, phenol: H2O2 of 1: 14,P = endogenous, 80 oC, 500

rpm)

Component (molecular

formula)

Reaction time

20 min 40 min 1 h 2 h 3 h 4 h

Phenol (C6H6O) 7.8×10-3 1.5×10-3 2.4×10-4 3.9×10-5 3.1×10-5 0

Hydroquinone (C6H6O2) 4.3×10-6 1.4×10-5 2.0×10-5 6.9×10-6 4.4×10-6 3.6×10-6

p-benzoquinone (C6H4O2) 2.5×10-5 3.0×10-5 6.5×10-5 1.5×10-5 1.1×10-5 8.0×10-6

Catechol (C6H6O2) 6.5×10-5 4.3×10-5 1.2×10-5 9.0×10-6 4.0×10-6 0

Oxalic acid (C2H2O4) 1.3×10-4 3.8×10-4 5.1×10-4 6.1×10-4 6.0×10-4 5.7×10-4

Formic acid (CH2O2) 1.4×10-3 3.4×10-3 5.1×10-3 7.0×10-3 5.8×10-3 4.2×10-3

Malonic acid (C3H4O4) 4.0×10-4 6.5×10-4 7.3×10-4 8.2×10-4 9.2×10-4 7.5×10-4

Acetic acid (C2H4O2) 5.2×10-3 1.5×10-2 1.6×10-2 4.9×10-3 2.3×10-3 4.0×10-3

Maleic acid (C4H4O4) 8.1×10-5 4.6×10-4 4.0×10-4 8.7×10-5 2.9×10-5 6.4×10-6

Fumaric acid (C4H4O4) 4.8×10-5 1.5×10-4 1.3×10-4 5.3×10-5 1.6×10-5 9.3×10-6

Calculation based on phenol and intermediates concentrations

Total amount of carbon /

mola

3.0×10-3 2.4×10-3 2.2×10-3 1.1×10-3 7.5×10-4 7.5×10-4

Carbon mass balanceb 94% 75% 70% 34% 23% 23%

CO2 formationc 6% 25% 30% 66% 77% 77%

a calculated by Eq. 3.5, b calculated by Eq. 3.4, c calculated by Eq. 3.7.
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3.3.3 Validation of carbon mass balance with total organic carbon concentration

Total organic carbon (TOC), is defined as the absolute sum of organically bound carbon

present in water, either dissolved or connected to suspended matter, and it is playing a key

role in the assessment of the efficiency of a wastewater purification process [37,38]. Lower

TOC concentration usually indicates the higher water cleanliness. For example, the

concentrations of total organic carbon about 2.0 mg·L-1 in surface water and 1.5 mg·L-1 in

deep water in the Northwest Atlantic were reported [39], while China sets TOC concentration

of no more than 20 mg·L-1 as class-I criteria of the Integrated Wastewater Discharge

Standard (GB 8978-1996) [40].

Usually, TOC analysis are performed on a TOC analyser where the TOC measurement is

achieved by indirect method, namely, the TOC content is obtained by subtraction of the total

inorganic carbon (TIC) content from the total carbon (TC) content, as expressed in Eq.3.8:

TICTCTOC  (Eq.3.8)

The flow chart of the process for the determination of TOC is shown in figure 3.5 [41]. As can

be seen, the TIC components are removed from the raw sample by acidification with aqueous

H3PO4 (to pH 2-3 [38]) or sparging with gas (such as carbon-free air or nitrogen). Then the

carbon remaining in the sample is converted to an identifiable form to determine total organic

carbon, and the result is generally referred to as TOC. Usually, the TOC completely converts

into CO2 through a combustion furnace, which is filled with an oxidation catalyst and heated

to 680 oC [38]. A carrier gas flows to the combustion tube and carries the generated CO2 from

the combustion tube to a non-dispersive infrared (NDIR) detector. Sensitive to the absorption

frequency of CO2 (2346 cm1) the NDIR generates a non-linear signal that is proportional to

the instantaneous concentration of CO2 in the carrier gas [38].
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Figure 3.5. Flow chart of the process for the determination of total organic carbon (TOC) in an

aqueous liquid sample [41]. Total inorganic carbon (TIC) is removed from the sample by

acidification or sparging so dissolved CO2 is not detected.

However, though it is widely used as an effective method for TOC measurement, TOC

analysis is very lengthy (up to a few days for less than 10 samples) and costly (unavailable in

our department) thus this would be completely unfeasible in our project. As such this study

relied on HPLC data, but TOC data for a small set of samples was used to validate the

method.

For validation purposes, the values obtained by the above two methods should be consistent

with each other, when the qualitative and quantitative analysis of phenol and intermediates

are accurate and meanwhile, no significant amounts of other organic intermediates, except

for those expected, are produced in the oxidation process. To evaluate the error between the

TOC-calculated (by HPLC) and the TOC-detected (by TOC analyser), the total amount of

organic carbon from phenol and all the intermediates in the reaction mixture obtained at
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different reaction times (in table 3.3) were calculated and compared with the TOC measured

by TOC analyser, as plotted in figure 3.6.

Figure 3.6. Comparison of the TOC calculated from HPLC (in black line) with the TOC detected

by TOC analyser (in red line) in the same reaction mixtures (1% Cu/ZSM-5-WI catalyst, M: S of 1:

100, 50 mL of 1 g·L-1 phenol, phenol: H2O2 of 1: 14,P = endogenous, 80 oC, 500 rpm)

As shown, the total organic carbon, whatever the determination methods, decreased with

reaction time, which is consistent with the trend of phenol and intermediates distribution

showed in figure 3.6. Besides, in the first 1 h, the TOC-calculated was fully consistent with the

TOC-detected, while at 2-3 h, the TOC-calculated was somewhat lower than the

TOC-detected possibly due to the formation of some unidentified acid intermediates, which

supports the conclusion of figure 3.2. In particular, the TOC-calculated is close to the

TOC-detected in 4 h, suggesting that most of the final intermediates that remained in the

reaction mixture have been identified by the HPLC analysis method. Meanwhile, it also

indicates that the difference at 2-3 h may be caused by some unidentified C3-C4 acids (such
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as acrylic acid and succinic acid) that can be further degradable to detectable acetic acid and

formic acid, leading to the similar results of the TOC-calculated and the TOC-detected at 4 h.

Overall, the results obtained from both methods, though not completely coincident, gave

acceptable deviations, which confirmed that most of the intermediates were detected in the

reaction mixture and the determination method was accurate. The fairly good agreement

between the two methods made it acceptable to use the TOC-calculated, replacing the

TOC-detected, as an effective parameter in this project to assess organic removal rate and

estimate CO2 formation.

3.4 Conclusions

A rapid and efficient HPLC analysis method was established to simultaneously determine

phenol and nine of the identified and important intermediates in actual reaction mixture

including hydroquinone, p-benzoquinone, catechol, acetic acid, formic acid, oxalic acid,

malonic acid, maleic acid and fumaric acid. The characterization of phenol and intermediates

distribution by the proposed HPLC analysis method is indispensable to acknowledge the

route and extent of phenol oxidation, and furthermore, to acquire reaction mixture with low

toxicity and high biodegradability. Meanwhile, by monitoring the intermediates distribution in

the reaction mixture, data support such as CO2 formation could be provided to evaluate the

performance of catalysts and guide the selection and design of catalysts with the aim of

industrial application of the CWPO of phenol. It is noted that though some of the unidentified

compounds in the reaction mixture may induce an error to the overall carbon mass balance

and CO2 formation calculation, the error was acceptable. In summary, the qualitative and

quantitative analysis of phenol and intermediates laid solid foundation for the investigation of

the phenol oxidation research on which this project is focused.
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Chapter 4. Preparation of Cu supported ZSM-5 catalysts for the CWPO of phenol

4.1 Overview

Phenol has high toxicity [1,2], low biodegradability [3,4] as well as high prevalence in industry,

thus its thorough abatement using CWPO is of importance in both academic research and for

environmental quality control for industrial production. The stability in the CWPO process is

key point for the evaluation of the performance of a catalyst [5,6]. In fact, the deactivation of a

catalyst is still a bottleneck for the scale-up of conventional metal-supported heterogeneous

catalysts for industrial applications [7,8]. For example, the loss of activity of the

heterogeneous catalysts in the CWPO process due to the leaching of active component

caused by acid (especially oxalic acid like in our case) has been reported [9,10].

Therefore, part of the objectives of this chapter are to: 1) explore the activity of different metal

species and supports in phenol degradation to obtain high-efficient catalysts, 2) assess the

activity of the Cu/ZSM-5 catalyst comprehensively in the CWPO of phenol reaction in terms of

phenol conversion, H2O2 consumption and efficiency, intermediates distribution and CO2

formation, 3) study the stability of Cu/ZSM-5 catalysts from the perspective of metal leaching

and the investigate the causes of metal leaching in the CWPO of phenol, 4) identify and

assess preparation methods aimed to improve the stability of Cu/ZSM-5 catalysts, and 5) test

and quantify the homogeneous contribution of the metal ions that leaching from the catalyst

surface to phenol decomposition. Although all of these points are important, we would like to

draw the attention to the latter as it is often neglected even in literature [11-13].

4.2 Activity of different metal doped catalysts in the CWPO of phenol

4.2.1 Activity of different metal dopants

Active species which play a catalytic role in the formation of ·OH radicals to decompose

pollutant molecules, are the decisive factors influencing the performance of a catalyst in the

CWPO of phenol reaction. Hence, the major criteria for the selection of active metals are high

catalytic activity in phenol abatement and high selectivity towards the desired products
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(organic acids and CO2). As discussed in chapter 1, some metal species that show two

oxidation states (for example Fe3+/Fe2+, Cu2+/Cu+) are capable of decomposing H2O2 to ·OH

radicals, which are therefore potential metal dopants in the CWPO process. Thus in this

project, different metal species, including both earth-abundant transition metals and noble

metals like: Cu, Fe, Co, Mn, and Au doped zeolite catalysts were prepared by wet

impregnation (WI) method, and were tested in phenol oxidation reaction with M: S ratio of 1:

100. In addition, Ag [14-16] and Pd [17,18] as reported, were also active in the CWPO

process since a redox cycle like Ag+/Ag0 is also able to convert H2O2 to ·OH radicals [15],

therefore they were also tested.

Table 4.1. Activity of different metal doped ZSM-5 catalysts in the CWPO of phenol (50 mL of 1

g·L-1 phenol, M:S = 1:100, phenol: H2O2 = 1:14, P = endogenous, 80 oC, 4 h, 500 rpm). All metal

loading were 1wt%.

Catalyst Phenol conversion H2O2 consumption CO2 formation*

No catalyst 4% 7% 0%

1% Cu/ZSM-5-WI 100% 76% 61%

1% Fe/ZSM-5-WI 100% 91% 76%

1% Co/ZSM-5-WI 37% 16% 0%

1% Mn/ZSM-5-WI 37% 13% 0%

1% Ag/ZSM-5-WI 40% 26% 0%

1% Au/ZSM-5-WI 58% 46% 12%

1% Pd/ZSM-5-WI 40% 41% 6%

*the CO2 formation was calculated by Eq. 3.7, based on the determination of phenol and

intermediates of the reaction mixtures. The HPLC chromatogram of the reaction mixtures over the

above catalysts were shown in Appendix A.7 (figure A26).

The activity of the above catalysts in phenol decomposition was evaluated by phenol

conversion, H2O2 consumption and CO2 formation. In comparison with a blank test in the
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presence of H2O2 (phenol conversion of 4%), all those catalysts were active in phenol

decomposition as the phenol conversions (>30%) were relatively higher when catalysts were

involved, as shown in table 4.1. Among those catalysts, Co, Mn and Ag metal doped zeolites

had weak activities with phenol conversion of approximately 40% and CO2 formation of near

0%. By contrast, the Cu and Fe supported catalysts presented the highest activities with high

phenol conversions (100%), high H2O2 consumption (>70%) and high CO2 formations (>60%),

the Fe catalyst presented even slightly higher activity due to its higher CO2 formation when

the phenol consumption over the two catalysts both maintained 100%. The high activity over

Fe and Cu catalyst is because of the formation of Fenton or Fenton-like reagent when Fe ions

or Cu ions involved. In the classical Fenton reaction [19-21], the ferrous ions (Fe2+) catalyse

the decomposition of H2O2 via Eq. 4.1, resulting in the generation of ·OH radicals, while the

formed ferric ions (Fe3+) can be reduced through Eq. 4.2.

Fe2+ + H2O2 → Fe3+ + HO· + OH− (Eq. 4.1)

Fe3+ + H2O2 → Fe2+ + HOO· + H+ (Eq. 4.2)

Similarly, a Fenton-like reaction involving Cu+/Cu2+ and H2O2 also produced hydroxyl radicals

through Eq. 4.3 and Eq. 4.4. [21,22].

Cu+ + H2O2 → Cu2+ + HO· + HO− (Eq. 4.3)

Cu2+ + H2O2 → Cu+ + HOO· + H+ (Eq. 4.4)

The Mn+/M(n+1)+ cycle ensures the generation of ·OH radicals, which are very reactive and

‘engaged’ in the oxidation of phenol, as shown in Eq. 4.5 [20].

C6H5OH + ·OH → H2O + C6H5O· → further oxidation (Eq. 4.5)

Phenol and intermediates from this initial step were further decomposed to form short-chain

acids and CO2 under the attack of ·OH radicals, as described above. Thus, the catalysts with

Cu or Fe as active species were ideal options in the CWPO of phenol due to their excellent

performances. The Au and Pd catalysts showed uncompetitive activity in phenol and H2O2

decomposition possibly due to their strong dependence on the reaction conditions such as
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metal loading and particle size of metal oxides [23], which together with the higher cost

makes them lower-priority candidates in this project.

4.2.2 Activity of different supports

Zeolites are one of the widely used supports in the CWPO of phenol reaction [24-27], owing

to the uniform and reproducible pore size, large specific surface area, and the possibility to

incorporate transition metal ions into their framework [28-31]. An array of seven zeolites,

selected by considering different physicochemical properties such pore size and acidity,

including: microporous HZSM-5, NH4ZSM-5, 13X, HY, mesoporous MCM-41, MCM-48 and

SBA-15, regarding their pore sizes, or aluminosilicate (HZSM-5, NH4ZSM-5, 13X, HY) and

silica (MCM-41, MCM-48 and SBA-15) according to their composition, were studied, as

shown in table 4.2. It can be seen that all the undoped zeolites, used afterwards as supports

presented slight activity in phenol oxidation with phenol conversion of 10-30% in comparison

with the blank test whose phenol conversion was 4% (in table 4.2), which might be attributed

to the different acidity and/or the large surface area (in table 4.2) of these supports [32].

Though the difference in the activities of the six zeolite supports was observed, it is indicated

that the zeolite support, if in the absence of metal dopant active species, had low activity in

decomposing H2O2 to radicals. In fact, all these porous materials were capable of a complete

phenol decomposition to intermediates and/or CO2 after being impregnated with Cu, as

shown in table 4.2, indicating the potential of catalysts that combine Cu with zeolites as

support. Among the aforementioned zeolites, HZSM-5 and MCM-48, which showed higher

phenol conversion were mainly investigated in this research as representatives of micro- and

mesoporous zeolites, respectively.
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Table 4.2. Activity of different undoped zeolite supports in the CWPO of phenol (50 mL of 1 g·L-1 phenol, catalyst loading of 2 g·L-1, phenol: H2O2 molar

of 1: 14, 500 rpm, P = endogenous, 80 oC, 4 h)

Support Si/Al ratioa Surface areab Phenol conversionc Cu doped catalyst Phenol conversiond

HZSM-5 46: 1 425 m2·g-1 30% 1% Cu/HZSM-5-WI 100%

NH4ZSM-5 46: 1 425 m2·g-1 8% 1% Cu/NH4ZSM-5-WI 100%

13X 1.2: 1 Not available 14% 1% Cu/13X-WI 100%

HY 11: 1 730 m2·g-1 12% 1% Cu/HY-WI 100%

MCM-41 1: 0 ~1000 m2·g-1 19% 1% Cu/MCM-41-WI 100%

MCM-48 1: 0 1435 m2·g-1 20% 1% Cu/MCM-48-WI 100%

SBA-15 1: 0 750-1000 m2·g-1 * 8% 1% Cu/SBA-15-WI 100%

Notes: a data from supplier, b data from supplier, c phenol conversion over blank support, d phenol conversion over Cu impregnated support, * data from

literature [33].
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4.3 Activity of Cu/ZSM-5 catalyst in the CWPO of phenol

Activity, a key parameter for evaluation of the catalytic performance of a catalyst in a

chemical reaction is sometimes a comprehensive reflection of reaction results rather than

merely defined by conversion of the target reactant. In addition to phenol conversion, other

parameters such as H2O2 consumption, and CO2 formation are all presented in this project, to

thoroughly assess the activity of the catalysts in the CWPO of phenol reaction. Prior to fully

confirm the potential of the active species (Cu and Fe) doped zeolite (ZSM-5 and MCM-48)

catalysts in phenol oxidation, the activity of Cu/ZSM-5, the most potential catalysts tested so

far, was thoroughly investigated owing to the high CO2 formation (61%) under an incomplete

consumption of H2O2 (76%), as displayed in table 4.1.

4.3.1 Control tests in 12 h

The kinetics of phenol decomposition by considering: no catalyst, HZSM-5 only as a catalyst,

and doped Cu/ZSM-5 over a 12 h reaction time, were investigated (figure 4.1-4.6). The

results indicate the necessity of a Cu doped material to detect a high conversion of phenol.

The catalytic tests were carried out in a batch reactor with an initial phenol concentration of 1

g·L-1, phenol: H2O2 molar ratio of 1:14 and a reaction temperature of 80 oC.

4.3.1.1 Effects of hydrothermal condition on the decomposition of H2O2 and phenol

Prior to the catalytic test of the Cu/ZSM-5 catalyst, the study of the hydrothermal stability of

phenol and H2O2 was carried out in order to obtain insights into their decomposition

mechanisms for catalyst development. In this section, the tolerance of phenol and H2O2 to

hydrothermal conditions (80 oC), in the form of phenol conversion and H2O2 consumption

respectively, was assessed.
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Figure 4.1. Control test for phenol decomposotion in the absence of any catalyst: a) in presence

of H2O2, black line and b) in absence of H2O2, red line (50 mL solution, phenol concentration of 1

g·L-1, H2O2: phenol of 14, P = endogenous, 80 oC, 500 rpm). Addition of H2O2 made no difference

in the phenol conversion when no catalyst was used in the reaction.

As shown in figure 4.1, the phenol conversion was only 2% (mol%) after 12 h of reaction in

the absence of catalyst and H2O2, indicating the difficulty of removing phenol from water by

heating, or conversely the stability of phenol at such conditions. In addition, the phenol

conversion increased to only 8% over 12 h even in the presence of H2O2, suggesting that

though slightly improved the phenol removal efficiency, the addition of H2O2 had a negligible

effect on the contaminant abatement.

Compared to phenol, H2O2 was more prone to decomposition under the hydrothermal

conditions, as illustrated in figure 4.2. The H2O2 consumption reached around 13% in 12 h

without catalyst and phenol, indicating the slight degradation of H2O2 at temperature of 80 oC.
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Besides, the value was almost invariable (15%) when phenol was used in the reaction,

showing that the decomposition of H2O2 and phenol occurred almost independently and

few ·OH radicals were formed when no effective catalyst involved.

Figure 4.2. Control test for H2O2 decomposition in the absence of any catalyst: a) in presence of

phenol, black line and b) in absence of phenol, red line (50 mL solution, phenol concentration of 1

g·L-1, H2O2: phenol of 14, P = endogenous, 80 oC, 500 rpm). The H2O2 consumption kept almost

the same whether with or without phenol when no catalyst was used in the reaction. The decrease

of H2O2 consumption at 180 oC in the presence of phenol was due to experimental error.

Furthermore, the CO2 formation was close to 0% after 12 h, leading to low H2O2 efficiency

(8%, in table 4.3) and suggesting that most of the consumed H2O2 was hydrothermally

decomposed to H2O and O2, rather than active radicals ·OH. In addition, the molar sum of

aromatic compounds (hydroquinone, p-benzoquinone, catechol) which reflected the toxic

level of the reaction mixture reached approximately 7.3×10-4 mol·L-1 (table 4.3, compared to
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7% initial mol of PhOH at the start of the reaction) while the molar sum of acids intermediates

(acetic, formic, malonic, maleic, fumaric acid) maintained very low concentration (2.0×10-4

mol·L-1, table 4.3) during the reaction, which indicated that after 12 h, the main organic

components of the reaction mixture were phenol (majority) and aromatic intermediates

(minority). Based on the above analysis results, the blank test with no presence of catalyst,

had negligible activity in phenol oxidation reaction as the phenol conversion, H2O2

consumption and efficiency, CO2 formation were all very low. More importantly, though small

amount of phenol was oxidized, the main oxidation products were aromatic compounds

rather than organic acids and CO2, which means that the outflow was even more toxic than

the initial reactant solution. As a consequence a catalyst is necessary to carry out this

decomposition reaction efficiently and in a viable manner.

4.3.1.2 Effects of zeolite support on the decomposition of H2O2 and phenol

Compared to the blank test, undoped HZSM-5 zeolite used as a catalyst presented higher

activity in the CWPO of phenol with the phenol conversion (figure 4.3) and H2O2 consumption

(figure 4.4) gradually going up to 57% and 62% respectively in 12 h in the presence of an

oxidant. The low phenol conversion (4%) using HZSM-5 catalyst in the absence of H2O2, as a

control test, indicated that the 57% of phenol conversion was due to the capability of the

porous support of decomposing H2O2 to active radicals. Besides, significant CO2 formation

(30%), and the H2O2 efficiency (52%, in table 4.3) were also observed. It is implied that at

least half of the consumed H2O2 worked in the degradation of organic compounds in the form

of active radicals, though another half of it still decomposed to O2. With the decomposition of

H2O2, a proportion of phenol decomposed to aromatic compounds then further to organic

acids and CO2. The final sum of aromatic compounds (9.8×10-4 mol·L-1, table 4.3) still

accounted for 9% (table 4.3) of the total amount of aromatics (1.1×10-2 mol·L-1 phenol at the

beginning of reaction).
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Figure 4.3. Control test for phenol decomposition using undoped HZSM-5 support as a catalyst: a)

in presence of H2O2, black line and b) in absence of H2O2, red line (0.1 g HZSM-5, 50 mL 1 g·L-1

phenol, H2O2: phenol = 14, P = endogenous, 80 oC, 500 rpm). Phenol conversions in the

H2O2/HZSM-5 system were much higher than in the HZSM-5 system, indicating the importance of

oxidant (H2O2) in the phenol decomposition.

The other control test, as shown in figure 4.4, indicated that the H2O2 consumption of

HZSM-5 in the absence of phenol (86%) was higher than that in the presence of phenol

(62%), implying that more H2O2 was consumed when no pollutant existing in the solution. The

reason for the difference might be that, when there is no phenol in the solution, all the radicals

formed due to the decomposition of H2O2 react directly with each other to form O2 (chain

termination steps). By contrast, the reactions of radicals with reactants (chain propagation

steps) and with radicals (chain termination steps) both occurred when phenol was in the
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solution, while the former reaction also produces radicals (such as ·OOH) that can be

reduced to H2O2 [34].

Figure 4.4. Control test for H2O2 decomposition using undoped HZSM-5 support as a catalyst: a)

in presence of phenol, black line, and b) in absence of phenol, red line (0.1 g HZSM-5, 50 mL 1

g·L-1 phenol, H2O2: phenol = 14, P = endogenous, 80 oC, 500 rpm). More H2O2 was consumed in

the H2O2/HZSM-5 system than in the phenol/H2O2/HZSM-5 system.

Overall, the HZSM-5 catalyst was active in phenol decomposition but had unsatisfactory

performance with incomplete phenol conversion, moderate H2O2 consumption/efficiency and

CO2 formation, as well as inadequate oxidation of aromatic intermediates.

4.3.1.3 Effects of the Cu/ZSM-5 catalyst on the decomposition of H2O2 and phenol

The activity of HZSM-5 was greatly enhanced after being doped with Cu. In this case a

wetness impregnation protocol was initially investigated. A 1wt% Cu/ZSM-5-WI catalyst
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presented very high activity and efficiency in the CWPO of phenol with the phenol conversion

and H2O2 consumption rapidly reaching 99% and 63% respectively in merely 40 min (in figure

4.5), while the undoped HZSM-5 had a much lower activity with phenol conversion and H2O2

consumption of only 7% and 13% at 40 min (in figure 4.3 and figure 4.4), respectively.

Complete phenol conversion and H2O2 consumption (figure 4.5 and figure 4.6), when using

1% Cu/ZSM-5-WI as catalyst, were achieved at 1 h and 10 h, respectively, suggesting that

H2O2 are used not only for the decomposition of phenol to intermediates (aromatics and acids)

but also for the degradation of intermediates to organic acids and CO2. It indicated that the

toxic intermediates were formed with the decomposition of phenol, and then oxidized to acids

and CO2 with a continuous consumption of H2O2 (figure 4.5), and a negligible amount of

aromatic compounds (3.4×10-5 mol·L-1, 0.3% of the initial amount) was detected after 12 h

(table 4.3). Meanwhile, the amount of acids intermediates were also very low as most of them

degraded to CO2 and only a small proportion of them (3.3×10-3 mol·L-1, table 4.3) remained in

the solution after reaction. As a consequence, the main organic constituents in the reaction

mixture after reaction with the Cu doped ZSM-5 catalyst for 12 h, were organic acids only,

indicating the high efficiency of the catalyst in aromatic pollutant removal from water. What’s

noteworthy is that the Cu/ZSM-5 presented superior activity in the removal of phenol not only

because of faster phenol and H2O2 decomposition but also higher efficiency of H2O2

utilization. As displayed in table 4.3, the H2O2 efficiency in the absence of a catalyst and by

using HZSM-5 as a catalyst was 8% and 52% respectively, much lower than that over the Cu

catalyst (90%), implying the excellent performance of Cu catalyst in the generation of ·OH

radicals.
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Figure 4.5. Control test for CWPO using Cu/ZSM-5-WI catalyst. Phenol conversion: a) in

presence of H2O2, black line, and b) in absence of H2O2, red line (0.1 g Cu/ZSM-5-WI, 50 mL 1

g·L-1 phenol, H2O2: phenol of 14, P = endogenous, 80 oC, 500 rpm). Phenol decomposed

completely to intermediates and CO2 in the presence of H2O2 while the phenol conversion was

very low when no H2O2 used, if Cu/ZSM-5 catalyst was used, suggesting the positive effects of

H2O2 on phenol decomposition in a system with active catalyst.

In this context and with our methods, control tests were carried out to assess the actual need

of H2O2 as primary oxidant (figure 4.6): the phenol conversion (4%) over the Cu/ZSM-5

catalyst was as low as that over HZSM-5 and no catalyst, just due to the absence of H2O2.

The other control test, as can be seen in figure 4.6, reminded of the high capability of the Cu

catalyst of H2O2 decomposition to free radicals, which reacted with themselves and as a
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result to generate O2 (as shown in Eq. 1.8 - Eq. 1.13) due to the absence of substrate (phenol)

in the reaction media.

From all the above control tests, it is thus confirmed that both H2O2 and active catalyst were

indispensable in the decomposition of phenol and the high activity of Cu/ZSM-5 catalyst by

using H2O2 as oxidant, to simultaneously achieve: high phenol conversion, high H2O2

consumption and efficiency, and large extend of phenol degradation to CO2.

Figure 4.6. Control test for CWPO using Cu/ZSM-5-WI catalyst. H2O2 consumption: a) in

presence of phenol, black line, b) in absence of phenol, red line (0.1 g Cu/ZSM-5-WI, 50 mL 1

g·L-1 phenol, H2O2: phenol of 14, P = endogenous, 80 oC, 500 rpm). H2O2 was consumed rapidly

when Cu/ZSM-5-WI catalyst was used, regardless of with or without phenol.
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Table 4.3. Catalytic results over different reaction systems in 12 h. High phenol conversion needs both catalyst and H2O2, whereas H2O2 consumption

needs catalyst only. To obtain high H2O2 efficiency, an additional active catalyst such as Cu/ZSM-5 is required in the phenol/H2O2 reaction system.

Catalyst Reactants Phenol

conversion

Sum of aromatic

compoundsa (% of the

total amount)b

Sum of acids CO2

formationc

H2O2

consumption

H2O2

efficiency (η)*

Blank test

(no catalyst)

Phenol + H2O2 8% 7.3×10-4 mol·L-1 (7%) 2.0×10-4 mol·L-1 1% 13% 8%

Phenol 2% 5.7×10-6 mol·L-1 (0%) 1.3×10-5 mol·L-1 0% -- --

H2O2 -- -- -- -- 15% --

HZSM-5

Phenol + H2O2 57% 9.8×10-4 mol·L-1 (9%) 5.8×10-3 mol·L-1 30% 62% 52%

Phenol 4% 2.6×10-5 mol·L-1 (0.2%) 4.2×10-4 mol·L-1 2% -- --

H2O2 -- -- -- -- 86% --

1% Cu/ZSM-5-WI

Phenol + H2O2 100% 3.4×10-5 mol·L-1 (0.3%) 3.3×10-3 mol·L-1 90% 100% 90%

Phenol 4% 6.0×10-6 mol·L-1 (0%) 1.3×10-3 mol·L-1 1% -- --

H2O2 -- -- -- -- 99% --

a - the sum of hydroquinone, p-benzoquinone and catechol in mole, b - the ratio of the aromatic intermediates to the amount of phenol at the beginning

of reaction (1.1×10-2 mol·L-1 ), c - CO2 formation calculated from CMB, *η - the percentage of H2O2 decomposed to ·OH radicals used for

phenol/intermediates degradation, calculated by Eq. 4.6 [13,35-41]: H2O2 efficiency = (CO2 formation, 100%) / (H2O2 consumption, 100%)
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Table 4.4. Catalytic results over different reaction systems in 4 h. The H2O2 efficiency (95%) in 4 h was higher than that in 12 h (90%) indicating a long

reaction time (12 h) is not necessary when Cu/ZSM-5 was used as catalyst in the CWPO of phenol.

Catalyst Reactants Phenol

conversion

Sum of aromatic

compoundsa (% of the

total amount)b

Sum of acids CO2

formationc

H2O2

consumption

H2O2

efficiency (η)*

Blank test

(no catalyst)

Phenol + H2O2 4% 4.3×10-4 mol·L-1 (4%) 3.0×10-5 mol·L-1 0% 7% 0%

Phenol 2% 2.5×10-4 mol·L-1 (2%) 3.7×10-4 mol·L-1 0% -- --

H2O2 -- -- -- -- 5% --

HZSM-5

Phenol + H2O2 30% 1.8×10-4 mol·L-1 (2%) 3.0×10-3 mol·L-1 13% 35% 37%

Phenol 4% 2.6×10-5 mol·L-1 (0.2%) 9.5×10-4 mol·L-1 1% -- --

H2O2 -- -- -- -- 51% --

1% Cu/ZSM-5-WI

Phenol + H2O2 100% 4.3×10-5 mol·L-1 (0.3%) 3.8×10-3 mol·L-1 89% 94% 95%

Phenol 1% 3.1×10-6 mol·L-1 (0%) 6.8×10-4 mol·L-1 0% -- --

H2O2 -- -- -- -- 92% --

a - the sum of hydroquinone, p-benzoquinone and catechol in mole, b - the ratio of the aromatic intermediates to the amount of phenol at the beginning

of reaction (1.1×10-2 mol·L-1 ), c - CO2 formation calculated from CMB, *η - the percentage of H2O2 decomposed to ·OH radicals used for

phenol/intermediates degradation, calculated by Eq. 4.6 [13,35-41]: H2O2 efficiency = (CO2 formation, 100%) / (H2O2 consumption, 100%)
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4.3.2 Activity of Cu/ZSM-5 catalyst in the CWPO of phenol

4.3.2.1 Effects of reaction time on the activity of Cu/ZSM-5 catalyst

Owing to the HPLC analysis method we developed that allowing to identify large numbers of

intermediates, the aromatic compounds and organic acid were discussed in the form of molar

sum rather than the distribution of the specific intermediates in the reaction mixture in the

above section, to simplify the analysis of results. In addition, the reaction time (12 h) was

unnecessarily long for the reaction using 1% Cu/ZSM-5-WI catalyst, as the phenol conversion,

H2O2 consumption, CO2 formation, and intermediates concentration reached a plateau after 4

h (figure 4.7 and table 4.4). Furthermore, the H2O2 efficiency even decreased from 95% in 4 h

(table 4.4) to 90% in 12 h (table 4.3), which is due to the decomposition of unreacted H2O2 to

O2 when substrates were almost removed in the reaction mixture. As a consequence, a

reaction time of 4 h was considered more appropriate for all the reactions carried out in this

project. In this section, the activity of 1% Cu/ZSM-5-WI in 4 h is comprehensively discussed,

including the phenol conversion, H2O2 consumption, CO2 formation and the distribution of

each intermediate.

As shown in figure 4.7a, the phenol conversion, H2O2 consumption and CO2 formation

increased with reaction time, and reached 100%, 94% and 90% respectively after 4 h,

highlighting the high efficiency of the Cu catalyst. Besides, the aromatic compounds,

including hydroquinone, p-benzoquinone and catechol, though all largely produced at 20 min

with the degradation of phenol, were further decomposed within 2 h. Whereas acids such as

acetic acid and formic acid were formed after the decomposition of the aromatic compounds

and further oxidized. All the intermediates maintained at low concentrations (figure 4.7b and

4.7c) and the sum of aromatics kept at 4.3×10-5 mol·L-1 (equivalent to 0.3% of the total

aromatics, see table 4.4) after 4 h of oxidation, indicating that the reaction time of 4 h is

enough for the purification of the phenol-containing water to that of harmless as it is close the

discharge limit (1 ppm [42]).
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Figure 4.7. a) Phenol conversion, H2O2 consumption, CO2 formation, b) aromatic compounds

distribution and c) organic acids distribution in 4 h over 1% Cu/ZSM-5-WI catalyst (0.1 g catalyst,

50 mL 1 g·L-1 of phenol, H2O2: phenol molar ratio of 14, P = endogenous, 80 oC, 500 rpm)

4.3.2.2 Effects of stirring speed on the activity of Cu/ZSM-5 catalyst

The stirring speed affects the reaction efficiency as it to some extent determines the external

diffusion of reagents (and products) within the aqueous phase reaction. It is well known that

the uniform distribution of a solid catalyst in the reaction mixture as well as the diffusion of

reactant from the liquid phase to the surface of the catalyst are crucial for the improvement of

mass transfer in a heterogeneous liquid phase reaction. A low stirring rate may cause a solid
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catalyst to behave like a precipitate sitting at the bottom of a reaction flask, as well as to

potentially lead to low contacting efficiency between catalyst and reactants, hence leading to

a decrease of catalytic activity of catalyst. To optimize the decomposition rate of the pollutant,

the activity of Cu/ZSM-5 catalyst with various stirring rates (200 to 500 rpm) was studied.

Changing the stirring rate within the range of 200 to 500 rpm gave almost identical phenol

conversions and CO2 formations within the experimental error, as shown in figure 4.8,

indicating that effects of the external diffusion limitation (or diffusion regime) was insignificant

within the ranges we investigated. In this case, stirring speeds ranging from 200 rpm to 500

rpm are all acceptable and in this project, we mainly use 500 rpm.
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Figure 4.8. Activity of 1% Cu/ZSM-5-WI catalyst in the CWPO of phenol under different stirring

rate: a) phenol conversion, b) CO2 formation (50 mL 1 g·�L-1 of phenol, H2O2: phenol of 14, initial

pH of 6, M: S of 1: 30, P = endogenous, 80 oC, 500 rpm)
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4.3.2.3 Effect of initial pH on the phenol conversion and H2O2 decomposition over

Cu/ZSM-5 catalyst

As discussed in chapter 1, the pH of the reaction mixture is one of the limiting factors

influencing the application of Fenton reagent as the formation of ·OH radicals requires narrow

pH range (3-5). As the principle may remain the same even alternating the homogeneous

Fenton catalyst to a heterogeneous Fenton-like catalyst, thus the catalytic performances of

Cu/ZSM-5 catalyst under various initial pH range was investigated by changing the acidity of

the initial phenol solution with nitric acid (nitric acid was selected as Cl- and SO42- may affect

the rate of H2O2 decomposition in Fenton reaction [43]).

No significant changes of activity were observed when the initial pH was not adjusted (actual

pH of 5-6) or adjusted to ≥ 3 (figure 4.9), since the phenol conversion and H2O2 consumption

remained constant. In view of this, the heterogeneous Cu catalyst could be applied in the

CWPO process at pH range as wide as (or even wider than) classical Fenton reagent.

Furthermore, it is also clear that the activity of the catalyst decreased considerably at an initial

pH of 2. As can be seen, the phenol conversion and H2O2 consumption increased slowly to

67% and 61%, respectively in 4 h, exhibiting an overall activity only slightly higher than

undoped HZSM-5 but just at the same level as that using much lower M: S ratio (1:1600, as

shown in figure 4.11, discussed later). This is because that at pH below 2.5, the

decomposition efficiency of phenol decreases due to the slow formation ·OH radicals/the

scavenging effect of ·OH by hydrogen protons and the formation of stable [H3O2]+ in the

presence of high concentrations of H+ which make H2O2 more stable, as discussed in section

1.5.3.



137

Figure 4.9. a) Phenol conversion and b) H2O2 consumption using 1% Cu/ZSM-5-WI catalyst in

the CWPO of phenol under different initial pH (50 mL 1 g·L-1 of phenol, H2O2: phenol of 14, M: S of

1: 30, P = endogenous, 80 oC, 500 rpm). The activity of the catalyst, in terms of phenol conversion

and H2O2 consumption, decreased significantly when adjusting the initial pH to 2.
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This result was interpreted as the scavenging effect of ·OH by protons, and the formation of

stable oxonium ion [H3O2]+ [44] originating from H2O2 in the presence of high concentrations

of H+, As a consequence, the oxonium ions make hydrogen peroxide more stable and reduce

its reactivity with Cu catalyst. Therefore, a pH of 6 without any adjustment was adopted in this

project for simple operation and high efficiency. Furthermore, it could be reasonably deduced

that the formation of organic acids may result in a decrease in the activity of a catalyst in the

reaction when the pH of the reaction mixture declines below pH 3 [44-46]. Acetic acid, formic

acid, and oxalic acid are the main acid intermediates in the reaction process from the

perspective of the concentration (as proved in figure 4.7) and are more likely to cause a

significant decrease in the pH of the reaction mixture.

Besides, the influence of anion, nitrate (NO3-), needs to be eliminated as it may act as an

oxidant [47,48] and affect the catalytic result. Thus the activity of the catalyst in acidic

solutions adjusted by different acids (hydrochloric acid HCl, sulfuric acid H2SO4, and oxalic

acid H2C2O4) was further investigated to prove the decreased activity is due to the effects of

pH. The catalytic performances, in terms of phenol conversion in the four tests in figure 4.10

were different, especially the phenol conversion using oxalic acid was less than 20%, this is

probably because oxalic acid itself is an organic compound that can be oxidized in the CWPO

process [49], thus it forms competitive reaction with phenol and/or because that oxalic acid

can be used as a natural antioxidant in the Cu2+/H2O2 system [50]. The phenol conversion in

solution of HCl was higher than in other acids, which is probably because the radical

formation in the CWPO process was affected in the presence of Cl− [51]. Though the phenol

conversions varied in the presence of different anions, they all maintained at lower than 60%

after 4 h when the initial pH of the phenol solution was adjusted to 2, as shown in figure 4.10,

which proved the negative effects of low pH (< 3) on the activity of Cu/ZSM-5 catalyst in the

CWPO of phenol process.



139

Figure 4.10. Activity of 1% Cu/ZSM-5-WI catalyst with initial pH of 2, pH adjusted by nitric acid

(HNO3), hydrochloric acid (HCl), sulfuric acid (H2SO4) and oxalic acid (H2C2O4) (50 mL 1 g·L-1 of

phenol, H2O2: phenol of 14, M: S = 1: 30, P = endogenous, 80 oC, 500 rpm). The phenol

conversions were < 60% when the initial pH was adjusted to 2 no matter what acid was used.

4.3.2.4 Effects of metal to substrate ratio on the phenol conversion and CO2 formation

over Cu/ZSM-5 catalyst

The search for optimal M:S ratio is essential for several reasons: 1) increasing the M:S ratio

within a certain range sometimes translates to an increasing of reaction rate (and in turn

diagnostic of a reaction not affected by external diffusion limitations), 2) the use of an excess

of catalyst results in waste of materials. The M:S ratio varying from 1:3200 to 1:30 showed

significantly different results in the CWPO of phenol (figure 4.11). As can be seen, the phenol

conversion, though less than 100%, increased with the increase of the amount of catalyst at

the M: S ratio lower than 1:200, suggesting that the reaction is under kinetic regimes whereas

the external diffusion limitation effects (mass transfer) are negligible. Increasing the M: S ratio

from 1: 100 to 1: 30 led to constant phenol conversions (100%), which could be due to: (i)
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diffusion limitation present or (ii) the conversion is already at maximum. The former reason is

denied since the increase of CO2 formation from 59% (at M:S of 1:100) to 89% (at M:S of

1:30) was observed, indicating the few effects of the external diffusion limitation. Further

increasing M: S ratio to 1: 10, the plateau of phenol conversion, CO2 formation as well as

intermediates (both acids and aromatics) concentration were shown, indicating that it

reached an external diffusion limitation and should not be considered. To summarise the

reaction is under kinetic regime and is not affected by diffusion limitation at M: S ratio from

1:3200 to 1:30, while within this range, the M: S ratio of 1:30 led to the satisfactory catalytic

results with high phenol concentration (100%), high CO2 formation (90%), complete removal

of aromatic compounds and low acids concentration (0.0038 mol·L-1) thus was used in this

project.

Figure 4.11. Activity of 1% Cu/ZSM-5-WI catalyst in phenol oxidation with different M: S ratio:

phenol conversion in black, CO2 formation in red, total aromatics in orange, total acids in blue (50

mL 1 g�·L-1 of phenol, H2O2: phenol of 14, 4 h, 500 rpm, initial pH of 6, P = endogenous, 80 oC, 500

rpm). The reaction was under kinetic regimes and the external diffusion limitation effects (mass

transfer) were negligible when M: S ratio ranging from 1:3200 to 1:30.
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Overall, complete phenol conversion, high H2O2 consumption and CO2 formation, thorough

oxidation of toxic aromatic intermediates were obtained. Thus indicating the achievement of

high water purification efficiency from the aspect of low toxicity and high biodegradability with

the Cu/ZSM-5 catalyst under the experimental conditions (time of 4 h, stirring rate of 500 ppm,

initial pH of 6 and M: S molar ratio of 1: 30).

4.4 Stability of Cu/ZSM-5 catalyst in the CWPO of phenol

In addition to activity, stability is also a well-recognized parameter to evaluate the

performance of catalysts in a chemical reaction. In fact a stable catalyst implies a higher

durability in the long term and as such a platform for scale up or continuous usage (for

example from a batch reactor to a plug flow reactor). A stable catalyst is supposed to exhibit

steady activity throughout its lifetime, or can be easily regenerated to the initial activity level

[52,53]. However, some behaviour such as severe active metal leaching in solution (in our

case aqueous conditions), would damage the longevity of heterogeneous catalyst and

consequently cause irreversible catalyst deactivation, leading to an increase in the cost for

the water purification process or even an abandoning of catalysts. Therefore, the evaluation

and enhancement of the stability of heterogeneous Cu catalyst in phenol oxidation is of the

foremost importance after the confirmation of the high activity.

4.4.1 Stability of 1% Cu/ZSM-5 catalyst in the CWPO of phenol

Table 4.5. Leaching of 1% Cu/ZSM-5 catalyst in phenol oxidation reaction (tested by ICP-OES)

Reaction media Cu concentration in solution Cu leaching

In water (80 oC, 4 h) 0.12 mg·L-1 <1%

In reaction (80 oC, 4 h) 14 mg·L-1 81%

The stability of prepared catalysts, in this research, was characterized by the concentration of

active metal in the aqueous phase. The concentration of active species that passed from the

catalyst to the reaction medium during the reaction, as well as the actual concentration of
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active species that doped on the zeolite were measured by ICP-OES (see 2.5.3 in

Experimental). The ratio of the obtained results is known as leaching (%), as expressed in Eq.

4.7.

%100
reaction ain  used metal ofion concentrat total

metal leached ofion concentratleaching Metal  (Eq. 4.7)

The higher the leaching, the lower the stability of catalyst and the higher the toxicity of the

leached metal to the environment. In usual, a 50% loss may quickly make the catalyst

nonreusable while metal leaching over 1.3 ppm threatens the safety of drinking water [54,55].

In that case, catalyst with low leaching and high stability is required in this project. The Cu

leaching of Cu/ZSM-5-WI catalyst after an actual reaction in the phenol oxidation for 4 h was

compared with that in water without any substrate, in order to test if any leaching was present

at all (given our WI preparation method), and if leaching was presented, this was the result of

the reaction/reaction products or of the reaction media. As it can be seen (table 4.5), the

leaching of the heterogeneous Cu catalyst in water was negligible since only 0.12 ppm Cu

(corresponding to <1% Cu leaching) was detected in the aqueous phase after 4 h, suggesting

the high stability of the impregnated catalyst in hot aqueous condition. In comparison, the

Cu/ZSM-5 catalyst had low stability in phenol oxidation as over 80% of Cu (14 ppm of Cu in

solution) leaching from the surface of the catalyst to the reaction mixture. The high Cu

leaching not only highlighted the low reusability of the catalyst, but resulted in secondary

contamination due to the Cu concentration far more exceeding the permissible limit of Cu (1.3

ppm in drinking water [54,55]).

4.4.2 Causes of metal leaching in phenol oxidation reaction

The metal leaching from a heterogeneous catalyst in the CWPO process may threaten water

safety as discussed above. Furthermore, it also hampers the development of heterogeneous

catalyst in the CWPO process. In this case, a better understanding of the origin of metal

leaching is helpful for both the design of stable catalyst and the regeneration of a deactivated
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catalyst. In the following sections (4.4.2.1-4.4.2.7), all the factors that probably lead to metal

leaching of heterogeneous catalyst in the CWPO process were systematically investigated.

4.4.2.1 pH

Metal oxides (such as CuO [56,57], Fe2O3 [58,59], Co3O4 [60,61]) are vulnerable to leaching

in acidic conditions. Therefore, the investigation on the effects of pH on Cu leaching of

catalyst is necessary as the formation of acid intermediates such as acetic acid and formic

acid is unavoidable in the phenol degradation reaction [11,62], which results in a decrease of

the pH of the aqueous reaction mixture from being neutral to markedly acidic (pH around 3).

In this context, the Cu leaching of Cu/ZSM-5-IE catalyst in different acidic solutions, for which

the pH was decreased by using different inorganic acids were tested.

Figure 4.12. Leaching of Cu/ZSM-5-IE catalyst in different inorganic acid solutions (50 mL

solution, 0,1 g catalyst, P = endogenous, 80 oC, 4 h, 500 rpm). Cu leaching increased with the

decrease of pH and it was significant at pH 3.
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Three common inorganic acids, HCl, HNO3, H2SO4 were used in this section to adjust the pH

of the solution as the anions of inorganic acids may also affect the metal leaching [63]. For

example, it is reported in the literature that temperature (30-50 oC, whereas in our case 80 oC

is used) has a significant effect on the acceleration of copper dissolution with HNO3 followed

by H2SO4 while has a weak effect on the dissolution of copper with HCl.

The solutions with desired pH value were prepared by firstly calculating the expected [H+]

concentration according to their desired pH, and then by confirming the actual pH value via a

pH meter. As shown in figure 4.12, the metal leaching of catalyst increased with the decrease

of pH of the acid solution, which was especially significant when pH of solution lower than 4,

as consistent with that reported in the literature [9]. In a typical reaction in this project, the

lowest pH of reaction mixture can reach below 3 (2.7 for instance) when an active catalyst

such as Cu/ZSM-5 is used, indicating pH change is one of the reasons of catalyst

deactivation. In addition, the anions Cl-, NO3-, SO42- had no obvious effects on the Cu

leaching as the metal concentrations in HCl, HNO3 and H2SO4 solutions were at the same

level when pH kept constant. As the metal leaching at pH higher than 4 was negligible, it

would seem reasonable to deduce that by adjusting the pH of the reaction mixture to above 4

(for example with an alkaline solution such as Na2CO3) during the reaction, might be helpful

to reduce Cu leaching.
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Figure 4.13. The effects of pH adjustment (black line) of reaction mixture on metal leaching (red

line) of the Cu/ZSM-5-IE catalyst (50 mL solution, 0,1 g catalyst, P = endogenous, 50 oC, 4 h, 500

rpm). The Cu leaching kept growing with reaction time though the pH of the reaction mixture was

maintained 3-5, indicating the pH is not the only reason for metal leaching.

To verify the effects of pH adjustment on the catalyst stability, the metal leaching of

Cu/ZSM-5-IE catalyst in the phenol oxidation reaction was monitored when pH of the reaction

mixture being adjusted by Na2CO3 solution. The pH of the reaction mixture was adjusted with

Na2CO3 solution (2.5×10-2 mol·L-1) every half hour and for each time the volume of the

Na2CO3 solution was controlled within 0.1-0.2 mL to minimize the effects of the volume

change of reaction mixture (initial solution of 50 mL) on the determination of Cu ions. On the

other hand, the pH of the reaction was maintained within the range of 3-5 for several reasons:

1) the metal leaching of less than 25% (see figure 4.12) can be expected at pH above 3 if pH

is the only factor influencing metal leaching, 2) the pH range 3-6 is within the optimal reaction
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conditions which would not significantly affect the activity of Cu/ZSM-5 catalyst (as shown in

figure 4.9), 3) it is reported that Cu tended to precipitate by carbonate (CO32-) at pH > 6.4 [64]

thus pH at 3-5 may avoid the Cu leaching promoted by Na2CO3. The results are shown in

figure 4.13. For a pH of the reaction mixture decreasing from around 6 to 3.2 in 1 h, a Cu

leaching of 32% was observed, which was slightly higher than that in inorganic acid solutions

with pH of 3.0 for 4 h. It suggested that pH change might not the only reason for Cu leaching.

Besides, the Cu leaching increased gradually with time to > 80% after 4 h, even though the

pH of the reaction mixture was maintained at 3-5, suggesting that 1) pH decrease is not the

only reason for metal leaching and 2) pH adjustmenthas little help to improve catalyst stability

in the CWPO of phenol.

4.4.2.2 H2O2

Figure 4.14. Leaching of Cu/ZSM-5-IE catalyst in H2O and H2O2 solutions tested by ICP-OES

(0.1 g catalyst, 50 mL of solution, P = endogenous, 80 oC, 4 h, 500 rpm). Cu leaching maintained

constant with or without addition of H2O2.
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It is reported in some literature that the hydrogen peroxide may also contribute to the metal

leaching in the CWPO of phenol [65]. However, the leaching of Cu in H2O2 solution (0.40 ppm,

1% of loss) was as low as that in water (0.44 ppm, 1% of loss), as shown in figure 4.14, which

suggested that the influence of the H2O2 on the catalyst deactivation is insignificant for this

catalyst and under reaction conditions and as such it can be neglected.

4.4.2.3 Reaction time

Exposure of the catalyst to a reaction mixture at low pH in a batch reactor for long time may

impair the longevity of catalyst, as mentioned in literature [66,67]. Therefore, the effect of

reaction time (or contact time) [68] on the stability of catalyst in the phenol degradation

process was investigated. In our case the major investigation tool for the effect of this

parameter was ICP-OES for the detection of Cu and the determination of its concentration in

the reaction mixture at different times. As shown in figure 4.15, Cu transferred rapidly in the

reaction mixture with the highest Cu leaching (85%, 30 ppm) observed at 20 min. Based on

these data, it would be impossible to improve the stability of this catalyst in a batch reactor,

and meanwhile maintain the activity. Conversely by reducing the reaction time would not be a

viable option either, as reaction time longer than 20 min would be necessary for the complete

decomposition of phenol and aromatic intermediates. On the other hand, the curves of Cu

leaching and phenol conversion showed similar trends, suggesting that the formation of

intermediates (acids capable to form complexes with Cu) might be the main cause of leaching

(discussed below, see section 4.4.2.6).

Interestingly the Cu concentration detected in the reaction media reached a peak at 20 min

(85%, 30 ppm) and kept constant till 1 h, indicating that the metal species transferred from the

surface of the catalyst into the reaction mixture rapidly. Afterward, it decreased gradually to

55% (19 ppm) at 4 h. This means 35% of the leached Cu ‘disappeared’ from the solution.

This effect has been reported in the literature and and the possible explanations given in the
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literature were the formation/precipitation of copper oxalate [69] and/or re-adsorption of Cu by

the zeolite support [64-66].

Figure 4.15. Leaching of Cu/ZSM-5-IE catalyst in phenol oxidation reaction with time in a batch

reactor: phenol conversion in black and Cu leaching in red (0.1 g Cu/ZSM-5-IE catalyst, 50 mL 1

g·L-1 phenol solution, phenol: H2O2 = 1: 14, P = endogenous, 80 oC, 4 h, 500 rpm). The leaching

reached peak value at 20 min and decreased with time after 1 h, suggesting that Cu leaching

occurred rapidly in the reaction and whereas part of the leached Cu ions went back onto the

zeolite after 1 h.

To explain why the Cu concentration detected in the reaction mixture was decreasing after 1

h, a series of tests were conducted. Firstly, in order to assess if this was the result of the

formation of Cu/oxalate precipitates, a series of Cu concentrations as a function of oxalic acid

concentrations were plotted (Figure 4.16). In those tests, an array of Cu nitrate (Cu(NO3)2)

and oxalic acid (H2C2O4) mixed solutions were prepared; and stirred at 80 oC for 4 h to mimic

the actual reaction conditions. The Cu concentration in each mixed solution was fixed at 30

ppm, namely, the maximal Cu concentration detected in the reaction mixture when using

Cu/ZSM-5-IE catalyst, whereas the oxalic acid concentrations varying from 0 to 250 mg·L-1
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(2.8×10-3 mol·L-1, corresponding to 26% selectivity of phenol to oxalic acid and far higher than

the solubility of Cu oxalate, 1.6×10-4 mol·L-1 [70]). As shown in figure 4.16, the Cu

concentrations maintained stable with the increase of oxalic acid concentration, indicating

that Cu oxalate formation, at least at these concentration ranges, is not the reason for the

decreased Cu concentration in an actual reaction. It is concluded that Cu oxalate precipitate

occurred but the grain size of the precipitates was so small and completely dispersed in the

aqueous media thus they could be atomized by ICP-OES.

Figure 4.16. Cu concentration (Cu(NO3)3 as precursor) with function of oxalic acid concentration

(50 mL solution, P = endogenous, 80 oC, 4 h, 500 rpm). The Cu concentration determined by

ICP-OES maintained stable in the solution with oxalic acid concentrations ≤ 250 mg·L-1.

Secondly, to assess the effect of a possible re-incorporation of Cu within the zeolite [71-73],

two tests were conducted: 1) the leaching behaviour of Cu supported nonporous SiO2

catalyst in the CWPO of phenol reaction, 2) the change of Cu concentrations with time in

deionized water with the presence of HZSM-5. For the former test, the result is shown in

figure 4.17, the phenol conversion reached over 90% in 20 min and meanwhile, the Cu
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leaching (80%, 16 mg·L-1) maintained high and stable throughout the reaction. The decrease

of Cu ions with reaction time after 1 h in the reaction mixture was not observed, which is

different from the data in figure 4.15, possibly because nonporous silica has weak adsorption

capability of Cu ions [74].

Figure 4.17. Cu leaching of 1% Cu/SiO2-WI in the CWPO of phenol with time: phenol conversion

in black and Cu leaching in red (0.1 g Cu/SiO2-WI catalyst, 50 mL 1 g·L-1 phenol solution, phenol:

H2O2 = 1: 14, P = endogenous, 80 oC, 500 rpm). The Cu leaching maintained stable after the first

hour possibly due to the weak adsorption capability of nonporous silica to Cu ions.

In comparison, the effects of zeolite support on the adsorption of Cu ions in aqueous

solutions were presented in figure 4.18. The Cu concentration was monitored in solution

containing 0.1 g of HZSM-5, while the same reaction conditions kept same as that using

Cu/ZSM-5-IE catalyst. If HZSM-5 adsorbs Cu under the experimental condition (50 mL of 30

ppm Cu solution, 0.1 g HZSM-5, 80 oC, 4 h), Cu concentration lower than the initial value (30

ppm) would be detected. The Cu concentrations versus reaction time were presented in
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figure 4.18. As shown, the Cu concentration (initial concentration of 30 ppm), as expected,

decreased greatly from 20 min and maintained at lower concentration (around 10 mg·L-1)

than the initial value (27 mg·L-1), suggesting the adsorption ability of the HZSM-5 zeolite in

the condition.

Figure 4.18. Change of Cu concentration with reaction time in the mixture solution of HZSM-5

and Cu nitrate (0.1 g of HZSM-5, 50 mL of solution, 80 oC, 500 rpm). The Cu concentration

decreased in the solution with presence of HZSM-5 due to the adsorption of Cu ions onto HZSM-5

zeolite.

To sum up, the reason of the decreased Cu concentration in reaction mixture was due to the

re-adsorption of leached Cu ions by ZSM-5 zeolite.

4.4.2.4 Reaction temperature

A hydrothermal environment may also affect the leaching behaviour of metal oxide catalysts

[75-77]. As shown in figure 4.19, Cu leached out much more slowly with time at temperature

of 50 oC in comparison with that at 80 oC. However, the Cu leaching of Cu/ZSM-5 catalyst in



152

the reaction process, whether at temperature of 80 oC or 50 oC, rose simultaneously with the

phenol conversion and reached approximately 80% when complete phenol conversions were

obtained. It suggested that decreasing the reaction temperature slowed down the Cu

leaching process through decreasing the phenol degradation efficiency or slowing acid

formation but did not change the final leaching. In addition, it is also implied that the

improvement of the stability of catalyst by decreasing reaction temperature is unfeasible as it

sacrificed the phenol removal efficiency. Also, temperature affected the stability of catalyst

possibly through the formation of intermediates, which might be the true and main reason of

Cu leaching (discussed below).

Figure 4.19. Leaching of Cu/ZSM-5-IE catalyst with reaction time at different temperatures (0.1 g

Cu/ZSM-5-IE catalyst, 50 mL 1 g·L-1 phenol solution, phenol: H2O2 = 1: 14, P = endogenous, 4 h,

500 rpm). Decreasing the reaction temperature slowed down the Cu leaching process by

decreasing the phenol degradation efficiency or slowering acid formation but did not change the

final leaching.

4.4.2.5 M: S ratio
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The effect of the M: S ratio (metal to substrate ratio, where metal in this section refers to Cu)

on the leaching was also studied. As shown, changing the M: S ratio, from the trend of phenol

conversion and Cu leaching in figure 4.20, had big influence on the phenol decomposition

efficiency while less effects on the stability. As it can be seen, when the M: S ratio decreased

to 1: 200 the Cu leaching increased gradually with time and finally reached 70% at 2 h, while

at M: S ratio of 1: 20 the leaching reached 84% at 20 min. However, whether the M: S ratio

was high or low, the final leaching maintained as high as over 70% when the phenol

conversion reaching 100%, which emphasized once more that the intermediates (discussed

below) capable of forming Cu complexes are most likely reasons for metal leaching rather

than reaction conditions.

Figure 4.20. Phenol conversion and Cu leaching over Cu/ZSM-5-IE catalyst in the CWPO of

phenol with different M: S ratio (0.1 g Cu/ZSM-5-IE catalyst, 50 mL 1 g·L-1 phenol solution, phenol:

H2O2 = 1: 14, P = endogenous, 80 oC, 500 rpm)
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4.4.2.6 Formation of intermediates

The physicochemical properties of the various intermediates that are formed in the phenol

decomposition process, such as hydroquinone and acetic acid, are quite different, thus they

may result in a different influence on the metal leaching of Cu in solution. In order to

investigate the effects of the formation of aromatic and acid intermediates in the reaction

process on the catalyst stability, the Cu leaching of catalyst in solution of each of the

intermediate was studied. The reaction conditions were the same as those heterogeneous

reaction except that the initial reactant solution was pure intermediates solution but in the

absence of H2O2.

Table 4.6. Physicochemical properties of the intermediates. The pKa values of the intermediates

are correlated to the ability of these intermediates of leaching metal into the liquid phase.

Organic compound Formula pKa1

hydroquinone C6H4-1,4-(OH)2 9.96

p-benzoquinone C6H4(=O)2 --

catechol C6H4-1,2-(OH)2 9.45

acetic acid CH3COOH 4.76

formic acid HCOOH 3.75

malonic acid HOOCCH2COOH 2.85

maleic acid HOOCCH=CHCOOH 1.95

oxalic acid HOOC-COOH 1.25

The presence of aromatic compounds had no obvious effects on the stability of the catalyst.

As shown in figure 4.21, the Cu concentrations in hydroquinone (5%, 1.8 ppm) and catechol

(3%, 1.0 ppm) solutions were roughly matched up with that in water (1%, 0.44 ppm),

suggesting that the formation of hydroquinone and catechol during the CWPO process would

not aggravate Cu leaching seriously. The Cu leaching in those solutions could be explained

by their properties, as shown in table 4.6, as the hydroquinone (pKa1=9.96) solution and
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catechol (pKa1=9.45) solution presented weak acidic, which are insufficient to attack any

Cu/CuOx to a significant extent. Conversely there aren’t known or established complexes of

Cu with these compounds as ligands. While p-benzoquinone had almost no influence on the

leaching behaviour of catalyst when the Cu leaching in p-benzoquinone solution (2%, 0.68

ppm) was close to that in water (1%, 0.44 ppm).

Figure 4.21. Leaching of Cu/ZSM-5-IE catalyst in aromatic intermediates solution of a)

hydroquinone, b) p-benzoquinone, c) catechol (0.1 g Cu/ZSM-5-IE catalyst, 50 mL solution, P =

endogenous, 80 oC, 4 h, 500 rpm)

By contrast, the formation of short-chain organic acids strongly impaired the stability of metal

supported catalyst [39]. To eliminate the influence of changes in pH, the leaching tests in

solutions of acid intermediates were all studied at pH 3, and the Cu concentrations in those

acid solutions were detected by ICP-OES and compared with that in H2SO4 solution at the

same pH level. As it can be seen in figure 4.22, the Cu concentrations in the above organic
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acid solutions (30-75%, 10-25 ppm) were higher than in the inorganic acid solution (25%, 8.6

ppm), indicating that except pH, other factors were also related to metal loss, for example, the

dissociation constant and anions. All those organic acids are weak electrolytes in water,

therefore they dissociate more H+ to maintain the dissociation equilibrium after the

consumption of some H+ in the dissolution of CuO (which is formed on the surface of the

zeolite after calcination), and as a result, leading to higher leaching. Meanwhile, the most

severe leaching of Cu in the organic acid solutions was, oxalic acid (pKa1=1.25), malonic acid

(pKa1=2.85), formic acid (pKa=3.75), acetic acid (pKa1=4.76) and maleic acid (pKa1=1.95), in

this same order. The order of leaching in these acids roughly matched up with their

dissociation constant (in table 4.6), except in maleic acid which might be caused by

experimental error, or most likely the sequence also matches the capability of the anionic

form of the acid to act as a ligand to Cu2+ ions and form complexes capable to bring Cu in

solutions. In fact there are known complexes of Cu2+ and oxalic acid [70,78]. Besides, the Cu

leaching in organic acid solutions including acetic, formic, maleic and malonic acid, though

fluctuating between 30% to 36% (10-13 ppm of Cu), was only slightly higher than that in

inorganic acid (25%, 8.6 ppm). However, the Cu leaching in oxalic acid solution (74%, 26

ppm) almost tripled that in H2SO4 solution (25%, 8.6 ppm), indicating the formation of oxalic

acid was the most important reason for leaching. The net result could then be the

combination of two factors: H+ species that attach CuO to form Cu2+ which is further leached

by the formation complexes with R-COO- species.
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Figure 4.22. leaching of Cu/ZSM-5-IE catalyst in a) aromatic and b) organic acid intermediates

solutions (0.1 g Cu/ZSM-5-IE catalyst, 50 mL solution, P = endogenous, 80 oC, 4 h, 500 rpm)

Overall, the formation of all those identified acid intermediates aggravated metal leaching of

Cu catalyst to a major or to a minor extent. Among those intermediates, the formation of

oxalic acid during the oxidation reaction triggered the most severe copper leaching. To

improve the stability of Cu catalyst, the following options could be considered: a) develop Cu

catalyst with high tolerance to oxalic acid, which could involve some form of coating to protect

the metal (although this could also preclude catalytic activity), or b) have a catalyst that

decreases the selectivity to oxalic acid or c) a catalyst that consumes any oxalic acid that is

formed to CO2 and water in a fast process.



158

4.4.2.7 Effects of oxalic acid and oxalate

To further study the effects of oxalic acid on the stability of Cu catalyst in aqueous solution

and explain why oxalic acid caused far more severe leaching than other acids, the leaching of

Cu catalyst in oxalic acid solutions with concentrations ranging from 5×10-5 mol·L-1 to

8.0×10-4 mol·L-1 (namely, 4.5 mg·L-1 to 72 mg·L-1) were tested and characterized by ICP-OES.

As shown in figure 4.23a, Cu was detected at 0 min in solution of oxalic acid regardless of the

concentration, which stated that Cu catalyst suffered extraction once in contact with the oxalic

acid solution. The result was consistent with the conclusion obtained from figure 4.15

(reaction time). Against this background, improving the stability of Cu catalyst by removing

oxalic acid in the reaction process is too challenging to be applicable, because long reaction

time (several hours) from the formation to the removal of oxalic acid is required [79,80].

Besides, the Cu concentration was kept constant with time in oxalic acid solution with specific

concentration but varied with oxalic acid concentration, which implies that the amount of

leached Cu probably depended on the concentration of oxalic acid. Thus, the correlation

between concentration of oxalic acid and Cu leaching was studied, as plotted in figure 4.23b.

The Cu concentrations in the figure were obtained from the mean values of the leached Cu

detected in each oxalic acid solution to assure the accuracy. As displayed, a linear regression

was used to fit the data and a function of y = 1.07×10-5 + 0.52x was obtained. As it can be

seen, the intercept was compatible with zero, whereas the slope was compatible to a 1:2 ratio,

indicating that every two moles of oxalic acid leached out 1 mole of Cu ions, as for a

[Cu(C2O4)2]2- [70] complex thus the complexation of copper oxalate might be the direct reason

of leaching.
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Figure 4.23. a) Concentration of leached Cu from Cu/ZSM-5-IE catalyst with time in oxalic acid

solutions and b) linear relation of leached Cu concentration with oxalic acid concentration (0.1 g

catalyst, 50 mL oxalic acid solution, P = endogenous, 80 oC, 4 h, 500 rpm)
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The severe metal leaching caused by oxalic acid, though proved, was attributed to the

combined effects of an acid attack by H+ and a complexation effect by the oxalate. To

investigate the effect of oxalate straightforwardly, the Cu leaching of catalyst in sodium

oxalate solutions with concentrations of 5.0×10-5 mol·L-1 to 8.0×10-4 mol·L-1 was also detected.

In this test, the Cu leaching from Cu/ZSM-5 in sodium oxalate solution was completely due to

the effect of oxalate as the interference of pH was completely eliminated owing to the weak

alkalinity of the sodium oxalate solution. As observed in figure 4.24a, like that in oxalic acid

solution, the Cu concentration in specific sodium oxalate solution also kept constant from 0

min to 4 h and varied with concentration of oxalate. Likewise, the Cu leaching with function of

the concentration of sodium oxalate was plotted in figure 4.24b and a linear function of y =

4.00×10-6 + 0.50x was obtained with the intercept compatible with zero. The two series of

tests as shown in figure 4.23b and figure 4.24b, from the perspective of linear regressions,

were almost the same. which proved again that the pH adjustment of the reaction mixture

during the phenol oxidation process would make little improvement of the catalyst stability as

long as oxalic acid was produced in the phenol oxidation reaction. Last but not least, the

leached Cu to oxalate ratio was 0.5, corresponding to a bivalent Cu-oxalate complex, which

suggested the complexation of oxalate to copper was the reason of Cu leaching and the

formula of the complex might be Cu(C2O4)22- [70].
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Figure 4.24. a) Concentration of leached Cu from Cu/ZSM-5-IE catalyst with time in sodium

oxalate solutions and b) linear relation of leached Cu concentration with sodium oxalate

concentration (0.1 g catalyst, 50 mL sodium oxalate solution, P = endogenous, 80 oC, 4 h, 500

rpm)
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To sum up, the reaction conditions such as reaction time, temperature and M: S ratio affected

the rate of Cu leaching, but had almost no influence on the final leaching. The main reason

for Cu leaching is the formation of intermediates during the reaction process, especially the

formation of oxalic acid.

4.5 Improvements of the stability of Cu/ZSM-5 catalyst

Even if the Cu/ZSM5 catalyst presented high activity for phenol abatement, it suffered from

deactivation caused by metal leaching in an aqueous solution. From the data and data

analysis reported so far (see sections 4.4.2.1-4.4.2.5) any pH adjustment and changes in

reaction parameters like temperature, reaction time, M: S ratio, were of little help to minimize

this experimental challenge. Thus, to reduce the leaching of the Cu doped zeolite catalyst in

phenol oxidation reaction at the very root, more efforts should be put on 1) minimizing (ideally

prohibiting) the formation of oxalic acid during the reaction, 2) getting rid of the oxalic acid

once it is formed during the CWPO process, or 3) developing novel Cu catalyst with high

tolerance to oxalic acid. The first solution is unlikely to be feasible because oxalic acid is one

of the main products of the ring-opening reaction of aromatic intermediates [69], whereas to

obtain a low toxic effluent, the further oxidation of aromatic intermediates to oxalic acid is

almost indispensable. The second solution requires a rapid and efficient method for the

removal of oxalic acid, however, the CWPO method itself seems not an effective option in the

degradation of oxalic acid because this acid is quite refractory in the CWPO process, as

reported in the literature [49,81]. In this case, the combined use of CWPO with other

techniques such as ozonation [79,80,82,83] and/or photocatalytic degradation [84-86] is

necessary to achieve a fast removal of oxalic acid, which is not adopted as the first option in

this project due to the increased difficulty and cost and will be discussed in the future work

(see chapter 8). Therefore, in this project, we mainly focused on the last solution, namely,

exploiting Cu catalyst with possibly high resistance to oxalic acid, as discussed below.
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4.5.1 Characterization of metal doped ZSM-5 catalysts

As discussed, the key to obtaining an effective and stable catalyst is the development of

catalysts with high resistance to oxalic acid, whereas important efforts have been focused on

seeking for appropriate catalyst preparation method [87,88], adjusting the oxidation state of

the metal oxide [89,90], chemical modification [91,92], and so on. Against this background,

the initial test is started from the catalysts prepared by different preparation methods (WI, IE,

and DP) and catalyst with chemical reduction (Cu+ or Cu0 catalyst) in this section, to study

whether the different metal-support interactions and the reduced metal help reduce metal

leaching from Cu/ZSM-5 catalysts in the CWPO process. It is supposed that the preparation

method may affect the size of metal oxide, metal dispersion, metal loading, morphology

property of the catalysts which may in turn influence the performance of catalyst in a reaction,

while the chemical reduction process is widely used to change the oxidation state of metal

oxide on the surface of catalyst. Therefore, the catalysts prepared by different preparation

methods (WI, IE, and DP) and that treated by chemical reduction (H2 reduction and NaBH4

reduction) were characterized by an array of techniques prior to the catalytic test to study

their physicochemical properties.

4.5.1.1 X-ray diffraction (XRD)

To characterize the crystalline structure of the prepared catalysts, XRD patterns of different

Cu doped zeolite catalysts were collected. As shown in figure 4.25, all the Cu/ZSM-5

catalysts presented diffraction peaks of crystalline structure of ZSM-5 zeolite with 2θ of 7-9o

and 23-25o. Diffraction peaks for CuO facets (1 1 0), (0 0 2), (1 1 1), (-2 0 2), (0 2 0), (2 0 2)

are expected at 32.6, 35.5, 38.7, 48.8, 53.5 and 58.2o 2θ respectively [93,94]. However no

diffractions for Cu oxide were detected, which could be because of either [95]: (i) a particle

size of below 4–5 nm, (ii) a thin layered metal structure or (iii) highly dispersed metal species

with less 5% loading.
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Figure 4.25. XRD patterns of different ZSM-5 zeolite catalysts. No CuO was detected in these

XRD patterns. Facets typical for ZSM-5 zeolite were detected for all samples.
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Table 4.7. Parameters of unit cell of the Cu doped zeolite catalysts, compared to undoped HZSM-5. The expansion or contraction (ΔV/V, caculated by

Eq. 4.8) of the doped material is referred to as the undoped material, where the sign (+) stands for an expansion and the sign (-) stands for a contraction

with respect to the undoped zeolite.

Catalyst Unit cell parametersa Expansion or

contractiona (Å) b (Å) c (Å)  (o)  (o)  (o) V (Å3)

HZSM-5 20.110 ±

0.011

19.947 ±

0.010

13.433 ±

0.011

90.00 ±

0.07

90.00 ±

0.08

90.00 ±

0.09

5388 ± 6 --

1% Cu/ZSM-5-WI 20.120 ±

0.013

19.954 ±

0.012

13.432 ±

0.013

90.00 ±

0.09

90.00 ±

0.10

90.00 ±

0.11

5392 ± 7  0.07%

Cu/ZSM-5-IE 20.086 ±

0.009

19.939 ±

0.008

13.402 ±

0.007

90.00 ±

0.05

90.00 ±

0.05

90.00 ±

0.05

5367

± 5

- 0.4%

1% Cu/ZSM-5-DP 20.149 ±

0.014

19.957 ±

0.012

13.434 ±

0.015

90.00 ±

0.10

90.00 ±

0.11

90.00 ±

0.12

5402 ± 8  0.3%

The expansion or contraction of the unit cell is calculated with Eq.4.8: 100%100,/exp
5

5 







HZSM

HZSMsample

V
VV

ncontractioansion

a - unit cell parameters were obtained from X’pert Highscore software.
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In order to know the metal-zeolite interactions, it is necessary to know, apart from the

structure and bulk chemical composition, the unit cell parameter (acquired from the XRD data)

of Cu supported zeolite catalysts prepared by different preparation methods. Various studies

have shown that metal incorporated zeolites prepared by different methods may deposit

metal on the surface of zeolite or trap metal into the framework of catalyst, while the two

forms of metal-zeolite interactions lead to a different performance of catalysts to leaching

[25,96]. The substitution of metal into the zeolite matrix replacing Al sites is usually evidenced

by the expansion or contraction of the unit cell depending on the larger/smaller size of the

metal (in our case, Cu) than Al, while the percentage of expansion/contraction is to some

extent related to the number of incorporated metal atoms [97]. Owing to the larger size of the

copper relative to aluminium, volume expansion of the unit cell is one indicator of successful

incorporation of that metal into the structural sites [98]. However, no expansions of unit cell

were observed within those Cu catalysts showed in table 4.7, indicating that Cu species of

the catalysts prepared by WI, IE and DP methods were all supported on the surface or in the

pore/channel of those zeolite catalysts rather than embedded into the framework.

4.5.1.2 Porosimetry

Low-temperature nitrogen adsorption isotherms are used for assessing the pore structure of

the ZSM-5 zeolite after immobolization of Cu by different techniques (WI, IE, and DP). The N2

adsorption-desorption isotherms of all the samples, as can be seen in figure 4.26, presented

a typical type I isotherms with a hysteresis loop at a high relative pressure (0.4-1.0) as

defined by International Union of Pure and Applied Chemistry (IUPAC) classification. The

sharp increase of volume adsorbed at low relative pressure (< 0.1) was mainly due to the

volume filling of micropores, whereas the gradually increase of volume adsorbed with the

increase of the relative pressures was caused by the multilayer adsorption [99]. The specific

surface areas (SBET) of the samples were calculated from adsorption branches at low relative

pressures (<0.3) using the BET (Brunauer-Emmett-Teller) method, while the micropore area

(Smicro), external surface area (Sext), and micropore volume (Vmicro) were calculated using the
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t-plot method, as listed in table 4.8. As shown, the BET-surface area of the HZSM-5 catalyst

reached 408 m2·g-1, however, it decreased after Cu incorporation (348-380 m2·g-1), the

possible reason is that pore blockage occurred when immobilizing Cu oxide on ZSM-5 zeolite,

which is consistent with literature data [100-102] and meanwhile, was proved by the

decreased micropore area (Smicro) and micropore volume (Vmicro), as displayed in table 4.8. In

addition, a significant hysteresis loop known as symbol of hierarchical porous system [103],

was observed in the isotherms of all the samples.

Figure 4.26. N2 adsorption–desorption isotherms of the Cu/ZSM-5 catalysts prepared by different

methods

Table 4.8. Porosimetry data of the Cu/ZSM-5 catalysts prepared by different methods

Sample name SBETa (m2·g-1) Smicrob (m2·g-1) Sextb (m2·g-1) Vtotal (cm3·g-1) Vmicrob (cm3·g-1)

HZSM-5 408 375 33 0.191 0.153

1% Cu/ZSM-5-WI 380 339 42 0.184 0.138

Cu/ZSM-5-IE 380 335 45 0.199 0.137

1% Cu/ZSM-5-DP 348 308 40 0.172 0.125

a - determined using BET method.

b - determined using t-plot method.
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4.5.1.3 Inductively coupled plasma – optical emission spectroscopy (ICP-OES)

Table 4.9. Loading of Cu catalysts prepared by different methods tested by ICP-OES

Catalyst Cu leaching per 0.1 g of catalyst in aqua regia solution Actual Cu loading

1% Cu/ZSM-5-WI 16 mg·L-1 0.82%

1% Cu/ZSM-5-DP 16 mg·L-1 0.78%

Cu/ZSM-5-IE 35 mg·L-1 1.7%

Metal loading is one of the significant physical properties to characterize catalyst as it has

great influence on the decomposition of H2O2 and phenol [32]. In principle, the higher actual

loading of a catalyst, the more active species involved in reaction when the same dosage of

catalyst used, thus the higher activity could be expected. The actual metal loading of the

three catalysts prepared by WI, DP and IE methods was tested by ICP-OES after soaking the

catalysts in aqua regia for 24 under continuous stirring to assure all Cu ions were leached out

from the catalyst. Prior to analysis, the solutions were diluted and the pH of the solutions were

adjusted by NaOH solution to a pH of ca.3. The Cu concentrations in the solutions

determined by ICP-OES were listed in table 4.9. As displayed, the metal loading of the Cu

catalysts prepared by WI, IE and DP methods were 0.82%, 1.7% and 0.78%, respectively.

4.5.1.4 X-ray photoelectron spectroscopy (XPS)

The XPS spectra were collected to identify the oxidation states of Cu on the ZSM-5 zeolite

catalysts after chemical reduction. CuO is usually characterized by the satellite peaks at

around 10 eV higher binding energy (BE) than the main 2p1/2 and 2p3/2 peaks, which are

absent in the spectra for Cu2O or Cu [104-106], meanwhile the peaks of CuO are broader

than that of the Cu2O and metallic Cu which is attributed to its shake up process [104]. The

Cu2O and Cu0 can not be distinguished using Cu2p since the BEs of Cu+ generally overlap

with those of Cu0 in the Cu 2p spectra [105]. Figure 4.27 depicted the Cu2p spectra of the

Cu/ZSM-5-WI catalyst and the reduced catalysts, respectively. As it can be seen in the

spectra of Cu/ZSM-5-WI sample, a weak broad Cu 2p3/2 peak at 933.3 eV (in agreement
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with NIST-XPS database) was observed which is because that very little surface Cu was

deposited on the surface of ZSM-5 catalyst. In addition, the satellite peak was not observed

neither, which might be because it was too weak to be detected since it usually displays peak

even less intense than the main peak.

Figure 4.27. XPS spectra of Cu2p of a) 1% Cu/ZSM-5-WI, b) H2 reduced 1% Cu/ZSM-5-WI and c)

NaBH4 reduced 1% Cu/ZSM-5-WI

The Cu2p of the H2 reduced catalyst (figure 4.27) presented main peaks at 933.7 eV and

953.3 eV (without obvious shift in the binding energy in comparison with the Cu/ZSM-5

sample), which was indicative of the majority of pure CuO particles. This suggested that very

little surface reduction occurred under hydrogen even up to 300 oC. The resistance of

dispersed CuO clusters to reduction may be related to the lower intrinsic surface energies of

metal oxides versus metals, and thus preferential stabilization of small CuO particles over

their Cu analogues, as reported in the literature [107]. Moreover, the H2 reduced catalyst
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displayed a more intense peak than that without reduction, which would be explained by a

decrease in the Cu particle size because XPS is a surface technique and the signal is a

function of the surface to bulk atoms ratio [108], the percentage of Cu detected on the surface

of H2 reduced ZSM-5 catalyst is also slightly higher (table 4.10). In comparison, the shift in

the Cu 2p3/2 peaks at 933.7 eV was not observed in spectra of the NaBH4 reduced catalyst

neither. However, the NaBH4 reduced catalyst exhibited much sharper main peaks at

Cu2p3/2 of 933.7 eV and Cu2p1/2 of 953.2 eV whereas the shakeup satellite peaks were not

detected, which may imply the partly reduction of CuO to Cu2O and/or Cu0 species.

Overall, it is concluded that the expected H2 reduction process enhanced the metal

dispersion of the Cu/ZSM-5 zeolite and did not convert CuO to Cu2O and/or Cu0; in contrast

the NaBH4 reduction is more efficient at reducing CuO on the surface of ZSM-5 catalyst to

Cu0 and/or Cu2O.

Table 4.10. Surface composition of Cu/ZSM-5-WI catalysts with chemical reduction, determined

by XPS

Catalyst Elemental composition / %

Al 2p C 1s Cu 2p 3/2 O 1s Si 2p

1% Cu/ZSM-5-WI 2.83 1.70 0.06 61.58 33.84

1% Cu/ZSM-5-WI, H2 reduced 2.88 1.89 0.12 61.79 33.31

1% Cu/ZSM-5-WI, NaBH4 reduced 3.72 2.83 0.40 60.43 32.62
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4.5.2 Activity and stability of Cu/ZSM-5 catalysts with chemical reduction

Figure 4.28. a) Phenol conversion, b) H2O2 consumption, c) CO2 formation, d) Cu leaching over i)

1% Cu/ZSM-5-WI, ii) H2 reduced 1% Cu/ZSM-5-WI and iii) NaBH4 reduced 1% Cu/ZSM-5-WI in

the CWPO of phenol with time (0.1 g catalyst, 50 mL 1 g·L-1 phenol solution, phenol: H2O2 = 1: 14,

P = endogenous, 80 oC, 4 h, 500 rpm). The Cu/ZSM-5 catalysts with chemical reduction

presented lower metal leaching while their activities were almost identical.

It is widely accepted the reduction treatment has a significant influence upon the catalyst

stability [90] whereas the reduced metal (i.e. oxidation state 0) presents higher resistance to

acids than their metal oxides counterpart therefore may contribute to an enhanced stability in

treated phenolic solution, and the catalyst leaching could be suppressed with the reduced Cu

catalysts under this background. In this context, the activity and stability over the chemical

reduced catalysts were investigated, as exhibited in figure 4.28. It is evident from figure
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4.28a-c that the chemical reduction had little effects on the activity of Cu/ZSM-5 catalysts as

the phenol conversions, H2O2 consumption and CO2 formations using the catalysts with

reduction keeping similar with that using the catalyst without reduction. This can be explained

that the reduced Cu0 is also active in the decomposition of H2O2 to generate ·OH radicals, as

exhibited in Eq. 4.9 and Eq. 4.10 [109]:

Cu0 + H2O2 → Cu+ + OH− + ·OH (Eq. 4.9)

Cu+ + H2O2 → Cu2+ + OH− + ·OH (Eq. 4.10)

Hence, phenol was decomposed under the attack of ·OH radicals as described in Eq. 4.5.

Nevertheless, and despite this chemical treatment, the reduced 1% Cu/ZSM-5-WI catalysts

still suffered severe leaching (around 70% for H2 reduced and 50% for NaBH4 reduced, in

figure 4.28d), though lower than that without chemical reduction, with over 50% of Cu

leaching into the reaction mixture. This is probably resulting from the corrosive dissolution of

reduced Cu and the concurrent reduction of oxygen [110].

4.5.3 Activity and stability of catalysts prepared by different preparation methods (WI,

IE and DP)

Catalysts prepared by different methods usually present different properties such as different

metal dispersion/distribution and metal size, which finally influence the performance of

catalyst in chemical reaction [111-114]. In this study, the activity and stability of catalysts

prepared by wet impregnation (WI), ion exchange (IE) and deposition-precipitation (DP)

method were investigated and compared (in figure 4.29). The three Cu/ZSM-5 catalysts

prepared by different methods presented similar trends in phenol conversions, both per time

and maximum value, as well as for H2O2 consumption and CO2 formations, amongst the

Cu/ZSM-5-IE catalyst showed slightly higher activity. As determined by ICP-OES, the

Cu-loading in the IE catalyst was slightly higher (1.7%) than WI and DP catalyst (0.82% and

0.78% respectively), which may explain the observed trends. Based on these small

differences in catalytic activity, however, can also be a consequence of the circumstance that

the activity of Cu catalyst was so high that changing preparation method would not apparently
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affect the performance. Furthermore, it is observed in figure 4.29d that the Cu leaching for the

three above-mentioned catalysts all reached at least 80% after 40 min, implying the poor

stability of the Cu/ZSM-5 catalysts. To explain these similarities, we speculate that the Cu

species on the Cu/ZSM-5 catalysts prepared by WI, IE and DP methods are mainly

extra-framework rather than intra-framework Cu. Meanwhile, the Cu concentrations

determined in the reaction mixture, over all the three catalysts, went down gradually with

reaction time after 1 h owing to the re-adsorption of Cu ions onto the zeolite support.

Figure 4.29. a) Phenol conversion, b) H2O2 assumption, c) CO2 conversion, d) Cu leaching

over i) 1% Cu/ZSM-5-WI, ii) Cu/ZSM-5-IE and iii) 1% Cu/ZSM-5-DP in the CWPO of phenol

with time (0.1 g catalyst, 50 mL 1 g·L-1 phenol solution, phenol: H2O2 = 1: 14, P = endogenous,

80 oC, 4 h, 500 rpm). No obvious differences in the activity and stability of the WI, IE and DP

catalysts were observed as the phenol conversion, H2O2 consumption, CO2 formation and Cu

leaching over the three catalysts were almost constant.
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Overall, it is confirmed that the Cu/ZSM-5 catalysts, regardless of with or without chemical

reduction, regardless of the preparation methods, had high activity in the CWPO of phenol

reaction, but with a large leaching of Cu in solution which would prompt the question on a

homogeneous contribution of Cu2+ in solution (see section 4.6 below) to the phenol

decomposition versus a heterogeneous contribution. Unfortunately, substantial

improvements of catalyst stability were not observed on those catalysts as their Cu leaching

was still significant.

4.6 Homogeneous contribution of leached Cu

It was reported in previous literature [38,115] that metal leaching from the heterogeneous

catalyst may, as homogeneous catalyst, contribute to phenol decomposition in the reaction,

and therefore shift the reaction from being heterogeneous to homogeneous catalysis. Due to

large proportion of Cu leaching that we’ve observed, the CWPO of phenol reaction could be

either heterogeneous, homogeneous or combination of heterogeneous and homogeneous

catalysis. To address this important research question, a systematic evaluation on the

contribution of Cu in solution and in turn the leached Cu was carried out.

4.6.1 Catalytic activity of homogeneous Cu catalyst in phenol oxidation

To confirm the activity of the homogeneous Cu catalyst in solution, a series of reactions were

performed using Cu2+ (copper nitrate as precursor) with different concentrations under the

same reaction conditions as those heterogeneous experiments. As shown in figure 4.30,

‘homogeneous Cu catalyst’ that is Cu(NO3)2·2.5H2O dissolved in solution, was extremely

active in the CWPO of phenol as the phenol conversion, H2O2 consumption and CO2

formation increased rapidly with the growth of Cu2+ concentration (and incidentally also

showing the tests were carried out under kinetic regime). The homogeneous Cu catalyst

(Cu(NO3)2) presented high phenol oxidation capability even at low concentrations, since

phenol conversion (30%) with merely 0.04 mg·L-1 of Cu2+ (corresponding to M: S of 1:17000

and relevant loss of 0.25%) was achieved at 80 oC in 4 h. Besides, complete phenol
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conversion was achieved when the concentration of homogeneous Cu2+ was above 5 mg·L-1

(corresponding to M: S of 1:136 and relevant loss of 31%). That is to say, complete phenol

conversion could all be achieved with the leached Cu, since the Cu leaching of all the

heterogeneous Cu/ZSM-5 catalysts in this study so far was over 10 mg·L-1. Therefore, the

homogeneous contribution of leached Cu was a significant contributor to the observed

catalytic activity.

Figure 4.30. Catalytic activity of homogeneous Cu catalysts in the CWPO of phenol (Cu(NO3)2 as

precursor, 50 mL 1 g·L-1 phenol, phenol: H2O2 of 1:14, P = endogenous, 80 oC, 4 h, 500 rpm)

4.6.2 Homogeneous contribution of leached metal in phenol oxidation

The three most widely used methods for a comprehensive assessment of the homogeneous

contribution of metal leaching in heterogeneous catalyst are summarized from the literature

[38,71,116-121] here and they are: 1) Metal ion test. This is to test the activity of the

homogeneous catalyst (metal salt) with the concentration of metal ions equivalent to the

leaching in the reaction. 2) Hot filtration test. In this method the solid catalyst is removed from

the reaction mixture by filtration soon after reaction started (5-20 min), and the filtrate is
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monitored for continued activity. 3) Final filtrate test. The solid catalyst is removed after the

reaction is completed and the concentrations of reactants are compensated to their initial

value; then any activity present in the final filtrate is monitored in the next run of reaction. In

these homogeneous contribution tests, the 1% Cu/ZSM-5-WI catalyst was used as example

as it suffered the highest leaching among all of the Cu catalysts tested so far (figure 4.28d

and figure 4.29d).

Figure 4.31. a) phenol conversion and b) H2O2 consumption, c) CO2 formation and d)

intermediates distribution over i) 1% Cu/ZSM-5-WI catalysts, ii) 16 ppm of Cu2+, iii) filtered solution

- 4 h, iv) filtered off - 20 min (0.1 g 1% Cu/ZSM-5-WI catalyst, 50 mL 1 g·L-1 phenol solution,

phenol: H2O2 = 1: 14, P = endogenous, 80 oC, 4 h, 500 rpm). The activity of the 1% Cu/ZSM-5-WI

catalyst gave identical results to the two control tests (metal ion test and hot filtration test) and

was higher than the final filtrate test, indicating that the catalysis was a result of both contributions

of heterogeneous and homogenous catalysis.
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Firstly, the metal ion test performed with 16 ppm of Cu2+ (Cu(NO3)2 as precursor) that

corresponding to the highest Cu concentration detected in the reaction mixture using 1%

Cu/ZSM-5-WI catalyst was studied. The phenol conversion and H2O2 consumption with 16

ppm of Cu2+ catalyst were as high as that with the 1% Cu/ZSM-5-WI catalyst (figure 4.31a

and 4.31b), suggesting that the phenol decomposition might completely originate from the

effect of leached metal, and therefore in practical terms homogeneous catalysis. However, as

stated by Inchaurrondo and his co-workers [117], the homogeneous contribution was clearly

overestimated in the metal ion test, since the homogeneous catalytic contribution resulted

from the leached metal ion in a batch reactor depended on both time and reaction conditions.

Thus using Cu2+ (from Cu(NO3)2) directly as an alternative to leached Cu to investigate the

homogeneous contribution of Cu/ZSM-5 catalyst in phenol decomposition is still controversial.

At first, the first step of this reaction process is the decomposition of H2O2 to ·OH radicals in

the presence of heterogeneous Cu on ZSM-5 catalyst, then the phenol was decomposed

under the attack of radicals, thus the contribution of heterogeneous catalyst is incontrovertible

at the beginning of reaction. Secondly, in the catalytic reaction with 1% Cu/ZSM-5-WI, the Cu

ions leached into the solution gradually and reached the peak concentration at 20 min, during

this period, the phenol conversion (85% at 20 min) was attributed to both heterogeneous

catalyst and leached Cu. Thirdly, the start time of Cu leaching also matters. As discussed in

section 4.4.2.7 the main cause of Cu leaching is the formation of oxalic acid, that is to say, the

Cu leaching occurred after phenol decomposition and oxalic acid formation. Therefore, the

phenol decomposition occurred by means of ·OH radicals from H2O2, which was triggered by

heterogeneous Cu catalyst and enhanced by the leached Cu, namely, homogeneous catalyst.

On the other hand, the Cu2+ ions presented higher selectivity to CO2 and organic acid and

lower selectivity to aromatic intermediates especially within the first 1 h, as suggested by the

higher CO2 formation (figure 4.31c) and the lower total concentration of aromatic compounds

(figure 4.31d), respectively. This is because of the higher activity of homogeneous catalyst

than heterogeneous catalyst owing to its higher diffusion efficiency.



178

In order to prove that the performance of leached metal differs from that of Cu2+ catalyst

derived from Cu nitrate, either in terms of H2O2 decomposition efficiency or product

distribution, the catalytic activity of the filtrates obtained from different stage of the reaction

over 1% Cu/ZSM-5-WI were investigated and compared with that of the Cu2+ catalyst. The

reaction mixtures after 20 min (hot filtration test) and 4 h (final filtrate test) of reaction using

1% Cu/ZSM-5-WI as catalyst, after being filtered in hot conditions to remove the solid catalyst,

were denoted as ‘filtered off – 20 min’ and ‘filtered solution – 4 h’, respectively. Thereafter, the

test over ‘filtered-off – 20 min’ filtrate was carried out immediately after filtration to mimic the

reaction condition of 1% Cu/ZSM-5-WI catalyst from 20 min to 4 h while without the influence

of heterogeneous catalysis. As shown, the increasing phenol conversion and H2O2

consumption from 20 min proved that the leached Cu was active. The overall activity (phenol

conversion, H2O2 consumption, CO2 formation and intermediates distribution) over the filtrate

were slightly lower than that over 1% Cu/ZSM-5-WI, which might be explained by several

reasons: 1) the decreased M: S ratio after 20 min. The total amount of active species reduced

as there were still metal species deposit on the solid catalyst zeolite, since the Cu leaching at

20 min was 84% rather than 100%. 2) The absence of ZSM-5. The results in figure 4.3 and

figure 4.4 suggested the capability of zeolite support ZSM-5 of decomposing H2O2 to ·OH

radical and degrading phenol, thus the activity might be affected when it was removed. 3) The

fluctuation of temperature. Though the hot filtration was completed within 1-2 min, the

temperature of the reaction mixture decreased when it was filtered and transferred between

glassware, considering the volume of reaction mixture (50 mL). Whereas the temperature has

significant influence on the decomposition rate of phenol (as proved in figure 4.19).

In comparison with ‘filtered-off – 20 min’ filtrate, in the ‘filtered solution – 4 h’ solution, there

were only Cu ions, organic acids as well as Cu-acids complexes remained since phenol and

aromatic compounds were all removed and 94% of H2O2 was consumed, as evidenced in

figure 4.7. In this kind of test, phenol and hydrogen peroxide were further added into the

filtrates to return them to the initial concentrations to start a new reaction, to investigate the
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activity and homogeneous contribution of the leached Cu ions and Cu-acid complexes. If

copper ions leached from Cu/ZSM-5 are active and dominate the reaction, a homogeneous

reaction would occur and phenol decomposition as fast as that using 1% Cu/ZSM-5-WI would

be observed. However, as shown in figure 4.31, the filtered solution presented very low

activity in the first 1 h, and complete phenol conversion (figure 4.31a) was achieved in 3 h,

taking much longer time than that over 1% Cu/ZSM-5-WI (40 min). The long induction period

(more than 20 min) over filtered solution could be explained by the reduced activity of Cu

catalyst due to the complexation with acids intermediates, most likely oxalate, and the initial

pH (around 2.7) also influenced the reduced the activity, which is in agreement with the

results shown in figure 4.9 and figure 4.10. It also proved the heterogeneous contribution of

1% Cu/ZSM-5-WI as no induction period was observed in its catalytic reaction. The H2O2

consumption (figure 4.31b), CO2 formation (figure 4.31c) and intermediates distribution

(figure 4.31d) explained the same results. The results supported Inchaurrondo’s conclusion

that copper-acid complexes had lower activity than homogeneous Cu2+ catalyst [117].

To sum up, by combining all of the three control tests on the activity of leached species, it can

be concluded that the catalytic activity for Cu/ZSM5 is result of two contributions: a

heterogeneous and a homogeneous component. From the above analysis, the phenol

oxidation reaction was initiated by a heterogeneous route and the overall activity of the

Cu/ZSM-5 catalysts was due to both heterogeneous and homogeneous catalysis.

4.7 Conclusions

It is concluded in this chapter:

1) Cu and Fe were ideal catalyst in the CWPO of phenol, as they were more active than

other tested metal species (Co, Mn, Ag, Au Pd). The six commercial zeolites (HZSM-5,

NH4ZSM-5, 13X, HY, MCM-41, SBA-15) all showed weak activity and were potential catalyst

supports in phenol oxidation.
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2) In comparison with blank test and HZSM-5, the Cu doped ZSM-5 catalyst presented the

highest activity in phenol oxidation, not only in the form of high phenol conversion, but also

high H2O2 consumption/efficiency, high purification from aromatic intermediates and high CO2

formation. The final products remaining in the reaction mixture after reaction using Cu/ZSM-5

catalyst were low-toxic organic acids such as acetic, formic and oxalic acid.

3) The Cu/ZSM-5 catalyst presented poor stability in the CWPO of phenol process due to the

high metal leaching. The Cu leaching was influenced by various factors. On the one hand, the

reaction parameters like temperature and M: S ratio, on the other and, the decomposition of

phenol itself, for example, the products of phenol decomposition and the pH change caused

by the formation of those products. However, the main reason of catalyst deactivation was

the formation of intermediates, especially oxalic acid, which complexing with Cu with Cu to

oxalate ratio of 1: 2 to form Cu(C2O4)22-.

4) Chemical reduction or preparation of catalyst by different methods had little positive

effects on the improvement of the stability of Cu/ZSM-5 catalysts.

5) The leached metal from the catalyst surface to solution, as homogeneous catalyst, played

catalytic role in the CWPO reaction. The homogeneous contribution was significant due to the

large proportion of metal leaching, making the phenol decomposition a combined

heterogeneous and homogeneous reaction.
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Chapter 5. Activity and stability of metal substituted ZSM-5 catalyst in the CWPO of

phenol

5.1 Overview

The wide application of CWPO for the abatement of pollutants in wastewater requires

heterogeneous catalysts which are not only active but stable, since the activity and stability

are key factors in evaluating the effectiveness and feasibility of a heterogeneous catalyst in

industry, or more in general for scale up or exploitation. However, most of the supported Cu

and Fe catalysts reported in the CWPO of phenol reaction so far [1-4], although highly

efficient for the removal of phenol, suffer irreversible deactivation due to metal leaching in the

reaction phase. The leached metal, not only hinders the prospect of practical application of

heterogeneous catalyst in the CWPO process, but introduces secondary pollution to the

reaction mixture. Hence, the improvement of the stability of metal doped heterogeneous

catalysts for the phenol oxidation reaction is the first task to tackle after highly active catalysts

have been confirmed or identified.

Three common solutions are summarized and accepted in literature to prevent or minimize

metal leaching from heterogeneous catalyst in aqueous phase reaction [5]: (i) optimization of

reaction conditions, (ii) replacement of catalyst and (iii) change of reaction type from liquid

phase to gas phase. Among the above solutions, the optimization of reaction parameters has

often a limited applicability, in the sense it makes only limited improvement in the catalyst

stability, as proved in Chapter 4 (section 4.4). Whereas the third option is inapplicable for

wastewater treatment processes. The second one appears like the only solution, and some

successful examples have been reported by replacing routine catalysts (such as metal

impregnated catalysts) with catalysts with unique properties (such as catalysts with metal

introduced into matrix of support or catalysts with chemical modification). However, within

those successful cases [6,7], most research focused on the surface modification of

metal-supported catalyst such as pre-treatment of catalyst, acid washing, calcination

conditions and so on, while metal leaching still occurs on catalyst after modification. This is
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because that for metal-supported catalyst, most of the active species are retained to the

support only by weak Van der Waals bonds [8] and readily dissolved when exposed to the

reaction mixtures [9]. The investigation into more stable metal doped heterogeneous

catalysts is therefore still a challenge.

Figure 5.1. Schematic diagram of metal substitution into the framework of zeolite.

Considering the strong complexation of oxalate to metal ions (as shown in section 4.4.2.7),

the design of catalyst with heteroatoms substitution into framework positions of high silica

zeolites and silicates (figure 5.1) seems to be a more efficient solution to the metal leaching

as the coordination environment of the metal atoms has high stability and inherent resistance

to leaching [10]. Besides, substituted transition metal ions have outstanding catalytic

behaviour in the oxidation of organic compounds as they provide highly dispersed metal

elements within zeolite structure. A series of metal atoms, Ti [11,12], V [13,14], Cr [15,16], Mn

[17,18], Fe [19,20] and Ga [21,22] for example, were reported to be successfully incorporated

into the framework of zeolite to obtain modified catalysts with enhanced catalytic activity and

leaching resistance. As reported [19], Fe-ZSM-5 catalyst with Si/Fe ratio of 120 was prepared

by hydrothermal synthesis via introducing Fe atoms into the ZSM-5 matrix and it presented

extraordinary performance in phenol oxidation with complete phenol conversion and low

leaching (< 0.40 mg·L-1) in 7 h. Moreover, Fe substituted MCM-41 prepared by sol-gel

process also had high stability in phenol oxidation reaction in the CWPO process with only

6% of metal leached to the reaction mixture in 3 h [23].
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Thus, the aims of this chapter are to discuss and describe: 1) the synthesis of metal

incorporated ZSM-5 catalyst by hydrothermal synthesis, 2) the activity and stability of the

metal substituted zeolite catalyst in the CWPO of phenol reaction, and 3) an assessment of

the homogeneous contribution of the metal ion that leaches from the metal substituted zeolite

catalyst in the CWPO of phenol reaction, 4) a comparison of the activity and stability of the

metal substituted zeolite catalyst in the form of powder and coating, respectively.

5.2 Activity and stability of Fe substituted ZSM-5 catalyst in CWPO of phenol

As discussed in the section 4.2.1 (table 4.1) in the last chapter, both Cu and Fe catalysts

were active for phenol decomposition in the presence of H2O2. In most of the reports involving

heteroatom incorporated zeolites, the iron-containing catalyst is more frequently studied and

well-developed than the copper-containing catalyst due to its more steady catalytic

performance, more facile and controllable preparation routes. Many pieces of research

[20,24,25] evidenced that the Fe atoms could be incorporated into the framework of ZSM-5

by hydrothermal synthesis, while fewer papers [26,27] were found on the successful

synthesis of Cu substituted catalyst. In theory, the incorporation of trivalent iron into

tetravalent silicate matrixes is much easier than that of bivalent copper as Fe atoms favour

the formation of tetrahedra due to their suitable T-O bond and T-O-T angles that can stabilize

these building units [28] while this is vital for forming isolated redox centres and generating

Lewis and Brønsted acid sites [20] of the catalyst. In other words, the capability of metal

species of incorporating into the matrix decides the performance of the metal-substituted

zeolite catalyst. Therefore, a quick assessment of whether the metal-substituted zeolite

catalyst a good way forward to solve, or at least to minimize, the metal leaching could be

made when using Fe-ZSM-5 zeolite as benchmark. This approach is feasible after the high

stability of Fe-ZSM-5 was confirmed, otherwise alternative solutions have to be considered.

Against this background, the Fe-ZSM-5 catalyst, rather than Cu-ZSM-5, was preferentially

prepared by hydrothermal synthesis and then tested in the CWPO of phenol reaction.
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5.2.1 Synthesis and characterization of Fe substituted ZSM-5 catalyst

The Fe-ZSM-5 catalyst was prepared by hydrothermal synthesis following the protocol from

Zhang’s group [29]. In this protocol, a zeolite was prepared using an alkaline synthesis gel

with TEOS (tetraethyl orthosilicate, Si(OC2H5)4) as silica source, Fe nitrate (Fe(NO3)3) as

metal precursor and TPAOH (tetrapropylammonium hydroxide, (CH3CH2CH2)4N(OH)) as

template. The white powder at the bottom of a synthesis liner after hydrothermal treatment

was yielded as product after calcination. The synthesized catalysts are denoted as

M-ZSM-5-HTS(x), where M refers to metal species, HTS is the preparation method

(hydrothermal synthesis) and x represents Si/Metal ratio, for example, the Fe-ZSM-5-HTS(80)

is Fe incorporated ZSM-5 prepared by hydrothermal synthesis with Si/Fe ratio of 80.

5.2.1.1 XRD

Both commercial HZSM-5 (Si/Al of 46) and ZSM-5 prepared by hydrothermal synthesis (Si/Al

of 80 in synthesis gel) were used as blank control in this section. Figure 5.2 showed XRD

patterns of these samples. As it can be seen, similar to the commercial HZSM-5, the

synthesized HZSM-5 showed intense and characteristic peaks at 7.9°, 8.8°, 23.1°, 24.0° and

24.5°, 2θ that corresponding to the (011), (020), (051), (303) and (313) facets as according to

the JCPDS database (entry 42-0024), indicating the successful synthesis of zeolite with MFI

(Mordenite Framework Inverted zeolites, framework code used to distinguish different zeolite

structures) structure. Besides, the synthesized ZSM-5 was highly crystalline with a relative

crystallinity (RC) of 99.6% (table 5.1), defined as the ratio of integrated peak area between 2θ

of 22.5–25o of the synthesized ZSM-5 samples to the integrated peak area of the reference

ZSM-5 (commercial, RC of 100%), as shown in Eq. 5.1 [30,31],

%100(RC),100%ity crystallin relative 
refI
I (Eq. 5.1)

Where I is the area of a specific peak of a target material, and Iref is for a commercial sample

of the same material.
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The Fe-ZSM-5 catalyst was prepared under the same condition as the ZSM-5 (synthesized)

except for replacing the Al precursor with Fe precursor. All the characteristic peaks were

observed, as can be seen in figure 5.2, suggesting that the addition of Fe nitrate did not affect

the formation of the MFI structure. However, peaks expected at 24.20, 33.23, 35.68, 40.92,

49.54, 54.16, and 57.70° 2θ attributable to the (012), (104), (110), (113), (024), (116), and

(018) reflections, characteristic of pure α-Fe2O3 [32] were not observed in the XRD pattern of

the synthesized Fe catalyst, which could be due to the small size of metal oxide particles,

and/or highly dispersed metal species with less 5% loading. Furthermore, the high relative

crystallinity (94.7%, in table 5.1) of Fe-ZSM-5-HTS(80) also implied that the zeolite had a well

defined crystallined structure. In addition, the volume of the unit cell of the Fe substituted

ZSM-5 catalyst was slightly higher (0.4% of volume expansion, table 5.1) than the pure silica

counterpart (synthesized ZSM-5), which is due to the distortion of the tetrahedra caused by

the substitution of Fe. The expansion of the unit cell evidenced that part of the Fe atoms were

incorporated into the framework of zeolite.

Figure 5.2. XRD patterns of a) commercial HZSM-5, b) synthesized ZSM-5, c) Fe-ZSM-5-HTS

and d) commercial Fe2O3 (where black dots ● represent characteristic peaks of MFI structure and

black rhombi ◆ stand for peaks of Fe2O3)
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Table 5.1. Parameters of unit cell of the Cu doped zeolite catalysts. The expansion or contraction (ΔV/V, caculated by Eq. 5.3) of the synthesized metal

incorporated materials is referred to as the undoped material (silicalite-1), where the sign (+) stands for an expansion and the sign (-) stands for a

contraction with respect to the undoped zeolite.

Catalyst Relative

crystallinitya

Unit cell parametersb Expansion or

contractionda (Å) b (Å) c (Å)  (o)  (o)  (o) Vc (Å3)

Pure silica ZSM-5 (silicalite-1) 99.6% 20.029 ±

0.007

19.894 ±

0.006

13.386 ±

0.007

90.00 ±

0.07

90.00 ±

0.08

90.00 ±

0.09

5334 ± 13 --

Fe-ZSM-5-HTS(80) 94.7% 20.088 ±

0.002

19.902 ±

0.002

13.396 ±

0.002

90.00 ±

0.07

90.00 ±

0.08

90.00 ±

0.09

5356 ± 1 0.4%

Fe-ZSM-5-HTS(80)-HCl, used 91.1% 20.091 ±

0.002

19.902 ±

0.002

13.397 ±

0.002

90.00 ±

0.07

90.00 ±

0.08

90.00 ±

0.09

5357 ± 1 0.4%

Fe-ZSM-5/SiC(80) -- 20.076 ±

0.008

19.898 ±

0.007

13.388 ±

0.00

90.00 ±

0.07

90.00 ±

0.08

90.00 ±

0.09

5348 ± 5 0.3%

Cu-ZSM-5-HTS(80) 98.6% 20.092 ±

0.003

19.882 ±

0.003

13.398 ±

0.003

90.00 ±

0.07

90.00 ±

0.08

90.00 ±

0.09

5352 ± 2 0.3%

Cu-ZSM-5/SiC(80) -- 20.082 ±

0.013

19.886 ±

0.012

13.399 ±

0.012

90.00 ±

0.07

90.00 ±

0.08

90.00 ±

0.09

5351 ± 7 0.3%

a - calculated by Eq. 5.1.

b - unit cell parameters obtained from X’pert Highscore software.

c - volume of unit cell, calculated by Eq.5.2: V=a*b*c

d - calculated by Eq. 5.3 100%100,/exp
5

5 
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5.2.1.2 BET

The N2 adsorption-desorption isotherms of the commercial HZSM-5 and the synthesized

Fe-ZSM-5-HTS(80) samples, as can be seen in figure 5.3, presented typical type I isotherms

(by IUPAC classification) which are given by microporous solids having relatively small

external surfaces [33]. The steep uptake at very low p/p0 is due to enhanced

adsorbent-adsorptive interactions in narrow micropores, resulting in micropore filling at very

low p/p0 [33]. In addition, the synthesized Fe-ZSM-5-HTS(80) exhibited a high-quality

microporous structure with the BET surface area (394 m2·g-1), micropore area (368 m2·g-1)

and micropore volume (0.17 cm3·g-1) listed in table 5.2, which are almost identical with that of

the reference sample HZSM-5 (408 m2·g-1, 375 m2·g-1, 0.153 cm3·g-1, respectively). Thus it

was indicated that the Fe-ZSM-5-HTS(80) with microporous structure was synthesized

successfully. From these data it is also possible to infer that Fe-ZSM-5/SiC(80) (see section

5.3.2.2) was indeed coated on SiC because surface area and micropore volume of the material

are indeed similar to those of SiC, although an excess of SiC is likely to have been deposited and

the surface area of ZSM-5 has been completely lost.

Figure 5.3. Adsorption-desorption isotherms of HZSM-5, commercial and Fe-ZSM-5-HTS(80),

synthesized
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Table 5.2. Pore parameters of different catalysts

Sample name SBETa

(m2·g-1)

Smicrob

(m2·g-1)

Sextb

(m2·g-1)

Vtotal

(cm3·g-1)

Vmicrob

(cm3·g-1)

HZSM-5, commercial 408 375 33 0.191 0.153

Fe-ZSM-5-HTS(80), synthesized 394 368 26 0.187 0.171

SiC, commercial 27 5 22 0.092 0.002

Fe-ZSM-5/SiC(80), synthesized 21 16 5 0.024 0.007

a - determined using BET method.

b - determined using t-plot method.

5.2.1.3 ATR-FTIR

Figure 5.4. IR spectra of ZSM-5 and Fe-ZSM-5-HTS (Si/Fe of 80) prepared by hydrothermal

synthesis. The features of Fe incorporating into the framework into the zeolite structure were not

observed.
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The ATR-FTIR spectra of ZSM-5 and Fe-ZSM-5 zeolites prepared by hydrothermal synthesis

were depicted in figure 5.4 for the range of 1500-500 cm-1. The typical IR spectrum of a

ZSM-5 zeolite featured bands at around 550, 800, 1100 and 1225 cm-1 with characteristic of

TO4 (T = Si or Al) tetrahedron units. The absorption bands at approximately 1225 and 1100

cm-1 correspond to TO4 asymmetric stretching vibration, while the bands at about 800 and

550 cm-1 are assigned to TO4 symmetric stretching, double ring and bending vibrations,

respectively [24,34-36]. Both synthesized samples presented the bands characterizing

skeletal vibrations of MFI zeolite structure, indicating the successful synthesis of ZSM-5 with

high crystallinity. However, the features of Fe incorporating into the framework into the zeolite

structure were not observed in these spectra. As reported in the literature, the incorporation

of Fe species inside ZSM-5 zeolite channels would lead to the shift of absorption bands at

1225 and 1100 cm-1 to lower wavenumbers because the Fe-O bond is longer than the Al-O

bond and atomic weight of Fe>Al [24,37]. On the other hand, The band at around 3620 cm-1

associated with Fe-OH was not found as well, which is possibly due to the very low

percentage of Fe incorporation, and as such a lack of direct detection.

5.2.1.4 ICP-OES

Table 5.3. Metal loading of the synthesized Fe-ZSM-5-HTS catalyst tested by ICP-OES

Catalyst Loading of supported Fe Loading of substituted Fe Total Fe loading

Fe-ZSM-5-HTS(80) 0.11% 1.5% 1.6%

Although the theoretical loading was around 1 wt% when Si/Fe ratio of 80 was designed in

the synthesis gel, the actual loading of the Fe-ZSM-5 catalyst is uncontrollable. Hence the

actual loading of the Fe substituted ZSM-5 catalyst was determined by ICP-OES. Unlike

post-impregnated Fe catalyst with metal almost supported on the surface of the support,

hydrothermal synthesized catalyst has both metal species supported on the surface and

metal species incorporated into the framework. The loading of supported Fe was obtained by

testing the leached Fe concentration of the Fe-ZSM-5-HTS catalyst that was treated by 1 M
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of HCl solution for 24 h at 80 oC. The substituted Fe species that remained in the

Fe-ZSM-5-HTS catalyst after HCl washing, was tested by further digesting of the solid with

HF acid solution. As shown in table 5.3, the loading of supported Fe was 0.11 wt%, while the

loading of substituted Fe reached 1.5 wt%, indicating that most of the Fe was incorporated

into the framework of the zeolite.

From the above analysis, it is deduced that the synthesis of Fe-ZSM-5-HTS was successful

and most of the Fe atoms were incorporated into the framework of the catalyst.

5.2.2 Catalytic activity of Fe substituted ZSM-5 catalyst

The catalytic performance of the Fe-ZSM-5 was presented in the form of activity and stability.

The activity, as discussed in the last chapter, was defined by means of an array of

parameters: phenol conversion, H2O2 consumption, and CO2 formation, as well as the

selectivity of the distribution of intermediates. The stability of the catalyst instead was

quantified as Fe leaching and reusability. The reusability was evaluated by testing the sample

catalyst in successive runs of reactions (≥ 5 runs). For our scopes, a material with both low

leaching (such as < 5%) and high reusability (100% phenol conversion in at least 5 runs) was

regarded as a stable catalyst.

5.2.2.1 Control tests - activity of iron-free ZSM-5 catalysts

In order to assess the catalytic activity of the Fe substituted zeolite catalyst, the performance

of blank test and the iron-free ZSM-5 were studied, as they may also contribute to phenol

decomposition. Only 4% of phenol decomposed under our reaction conditions ( T = 80 oC, t =

4 h, P = endogenous, oxidant H2O2), when no catalysts used, as shown in figure 5.5. In

comparison with no catalyst, the phenol conversion increased to 18% when using

synthesized HZSM-5 as catalyst, indicating the activity of the iron-free ZSM-5 zeolite in

phenol degradation which might be due to the correlation between the surface acidity and

catalytic activity [38,39]. On the other hand, the phenol conversion over the synthesized
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ZSM-5 was slightly lower than that over commercial HZSM-5 (30%) after 4 h which is

probably because of the weaker acidity of the zeolite. The Si/Al ratio, as reported, affects

catalytic activity of catalyst in phenol oxidation through the Brønsted acid sites [40,41], while

the Si/Al ratio of the synthesized and the commercial zeolite is 80 and 46, respectively. The

results of the control tests confirmed again that the incorporation of active species into ZSM-5

zeolite is necessary to increase the activity of the catalyst in the CWPO process.

Figure 5.5. Phenol conversion over a) blank test without catalyst, b) commercial HZSM-5 catalyst

and c) synthesized ZSM-5 catalyst in the CWPO process (2 g·L-1 catalyst, 50 mL solution 1 g·L-1

phenol, phenol: H2O2 of 1: 14, P = endogenous, 80 oC, 500 rpm)
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5.2.2.2 Activity, stability and reusability of Fe-ZSM-5-HTS

Figure 5.6. a) Phenol conversion, CO2 formation and Fe leaching b) aromatic intermediates

distribution, c) organic acids distribution in the CWPO of phenol using Fe-ZSM-5-HTS(80) in 8

runs of reaction (0.2 g of catalyst, 50 mL of 1 g·L-1 phenol, phenol: H2O2 of 1: 14, 80 oC, 500 rpm)

From the catalytic results of first run of reaction (figure 5.6(a)), it is clear that the

Fe-ZSM-5-HTS(80) catalyst presented high activity in the CWPO of phenol with phenol

conversion of 100% in 4 h, much higher than that of the iron-free ZSM-5 (18%), indicating the

high activity of the heterogeneous catalyst. Additionally, the high H2O2 consumption (99%)
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and high CO2 conversion (63%) all reflected the high activity of the Fe catalyst in phenol

oxidation. Furthermore, the aromatic compounds, hydroquinone and catechol were almost

removed after 4 h of reaction, while p-benzoquinone, though remaining in the reaction

mixtures, had very low concentration (less than 3.0×10-4 mol·L-1, figure 5.6(b)). By contrast,

the concentration of acid intermediates (figure 5.6(c)), except fumaric acid (0.58 mg·L-1,

5.0×10-6 mol·L-1), was maintained high after reaction with acetic acid, malonic acid and

maleic acid of approximately 70 mg·L-1 (1.2×10-3 mol·L-1), 73 mg·L-1 (7.1×10-4 mol·L-1) and 76

mg·L-1 (6.6×10-4 mol·L-1), respectively, the concentration of formic acid even reached 500

mg·L-1 (1.1×10-2 mol·L-1). Based on these data, we can consider Fe-ZSM-5-HTS(80) a highly

efficient catalyst in phenol degradation since an effluent of low toxicity could be obtained with

the catalyst.

More importantly, a stable catalyst was obtained for the first time in this project. Firstly, the Fe

leaching of the catalyst was negligible throughout up to 8 runs of reactions with a Fe

concentration in solution ranging only from 0.070 mg·L-1 to 0.41 mg·L-1 (figure 5.6(a)).

Furthermore, the reusability of the catalyst was also high. As it can be seen, the catalytic

activity of the catalyst kept constant for 8 runs of reactions as the phenol conversion, H2O2

consumption and efficiency, and CO2 formation all remained steady, while the concentration

of intermediates in the reaction mixtures, kept roughly stable in the 8 runs of reactions. Thus

meaning that the catalyst has good reusability even without any regeneration process. Thus,

the high activity and stability of the Fe-ZSM-5-HTS(80) catalyst was confirmed.

5.2.2.3 Effect of leached Fe on the decomposition of phenol

Although the Fe leaching from the Fe-ZSM-5-HTS(80) catalyst was numerically low

(0.07-0.41 mg·L-1, figure 5.6(a)), control tests by using iron nitrate (Fe(NO3)3) precursor were

carried out to assess the effect of any leached Fe species was indeed negligible and as such

the reaction truly heterogeneously catalysed.
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Figure 5.7. Activity of homogeneous Fe3+ (Fe nitrate (Fe(NO3)3) as precursor) with different

concentrations in CWPO of phenol (50 mL 1 g·L-1 phenol, phenol: H2O2 of 1: 14, 80 oC, 4 h, 500

rpm)

The catalytic activity of Fe3+ from a Fe(NO3)3·9H2O precursor at different concentrations was

investigated. As shown in figure 5.7, just like the homogeneous Cu catalyst (in figure 4.30),

the homogeneous Fe catalyst also presented high activity even at low concentrations (2.0

mg·L-1). However, when the concentration of Fe3+ was 0.080 mg·L-1, that is in the same range

as that of Fe leaching from Fe-ZSM-5-HTS(80) catalyst, phenol conversion was only 23%.

For complete phenol conversion to be obtained, homogeneous Fe3+ concentration of at least

2.5 mg·L-1 was required, which was much higher than the maximal Fe leaching detected in

the reaction mixture using the Fe-ZSM-5-HTS(80) catalyst. Hence, it is deduced that the

phenol decomposition did not result from the homogeneous contribution.
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Figure 5.8. The activity of the Fe-ZSM-5-HTS catalyst and the Fe3+ catalyst with concentration

equivalent to the metal leaching (0.1 mg·L-1) of Fe-ZSM-5-HTS in the 8th run of reaction, a) phenol

conversion, b) H2O2 consumption, 3) CO2 formation and d) intermediates concentration (50 mL 1

g·L-1 phenol, phenol: H2O2 of 1: 14, 80 oC, 4 h, 500 rpm)

In order to further defend the above conclusion, the kinetics of phenol decomposition over

Fe-ZSM-5-HTS(80) in the 8th run of reaction was tested (figure 5.8). The results were

compared with that using homogeneous Fe3+ catalyst (Fe(NO3)3·9H2O as precursor) with the

concentration of 0.10 mg·L-1, which corresponding to the Fe leaching (0.10 mg·L-1) of the Fe

substituted zeolite catalyst in the 8th run of reaction. As exhibited in figure 5.8(a), the

Fe-ZSM-5-HTS(80) catalyst showed good performance in phenol degradation as complete

phenol conversion was reached at merely 1 h, while the homogeneous Fe3+ catalyst had
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phenol conversion of only 4% at the same reaction time. Thus, the actual phenol

decomposition efficiency of the Fe-ZSM-5-HTS(80) was more than 25 times higher than that

of homogeneous catalyst in 1 h. Even after 4 h, the phenol conversion over 0.10 mg·L-1 of

Fe3+ was only 12%.

On the other hand, the H2O2 consumption (figure 5.8(b)) and CO2 formation (figure 5.8(c))

using Fe-ZSM-5-HTS catalyst reached 100% and 60% respectively after 4 h, indicating the

strong ability of the catalyst of generating hydroxyl radicals and decomposing phenol to CO2.

In comparison, the homogeneous Fe catalyst had a far lower activity with the H2O2

consumption and CO2 formation of merely 6% and 3%, respectively. Furthermore, the toxic

intermediates (aromatic compounds, figure 5.8(d)) were almost removed with the Fe

substituted catalyst as the final concentration kept low (below 4.0×10-4 mol·L-1, corresponding

to 3.7% of initial phenol concentration), whereas a high concentration of nontoxic acids

(1.3×10-2 mol·L-1) remained in the reaction mixture. As a result, the heterogeneous Fe-ZSM-5

catalyst presented an activity that was much greater than the homogeneous - leached –

counterpart; the homogeneous contribution of the leached Fe was insignificant and the

phenol decomposition on Fe-ZSM-5-HTS(80) was a heterogeneous reaction.

Overall, the Fe substituted ZSM-5 catalyst was not only active but also stable for the CWPO

of phenol and it is an ideal heterogeneous catalyst, which is in agreement with the literature

[42,43]. It is therefore used as a benchmark in this project to evaluate the performance of

other potential catalysts.

5.3 Activity and stability of Fe substituted ZSM-5 coated SiC catalyst in the CWPO of

phenol

Zeolite coating on macro foam material is recently emerging as a novel form of catalyst with

combined properties of porous zeolite catalyst (e.g. uniform porous structure, unique surface
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property) and foam material (e.g. high porosity, high heat conductivity and low diffusion

resistance) and was widely studied in liquid phase reactions [19,44-47].

5.3.1 Preparation of ZSM-5 coated SiC catalyst

Preparation of MFI coating was recently reported [48-50] and can be broadly classified into

two categories: in situ preparation and secondary (or seeded) growth. In the in situ technique,

the synthesis of zeolite coating follows the same method as the synthesis of zeolite powder,

namely, the support surface is directly contacted with an alkaline synthesis gel and subjected

to hydrothermal conditions [51,52]. However, by this method, the growth of zeolite coating

occurs almost concurrently with the crystals nucleation in the hydrothermal process, but thus

allowing for the undesirable formation of a non-uniformly oriented MFI layer. Whereas in the

secondary growth method, the nucleation of crystals is separated from the zeolite growth

through an additional seeding step [30,53]. In this method, a suitable support is coated by a

layer of nanosized zeolite seed crystals followed by the secondary growth of these zeolite

crystals to a continuous coating on the support surface during a hydrothermal process [54,55].

Though additional steps are required, this secondary growth method is attracting wide

attention, since it offers greater flexibility in controlling the orientation of the zeolite crystals

and the microstructure of the zeolite coating.

The ZSM-5 coating supported SiC catalyst was prepared by secondary growth method

following a protocol from Fan’s group [30,56]. In this protocol, the synthesis includes

pre-treatment of SiC foam, support of seeding, and growth of coating.
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5.3.1.1 Pre-treatment of SiC

Figure 5.9. XRD patterns of a) SiC, b) pre-calcined SiC (900 oC, 4 h), the layer of amorphous

SiO2 was visible in 20-30o, 2θ after pre-treatment, marked by the black rhombic symbol

Prior to the seeding process, the pre-calcination of SiC (as received) is an important step to

remove the impurity and contaminants on the surface and to assure the successful growth of

coating on the SiC. The XRD patterns of SiC before and after calcination at 900 oC were

showed in figure 5.9. As exhibited, the SiC was characterized by the two main reflection

peaks at 2θ of 35.6 and 41.4o assigned to 111 and 200 planes, respectively [57,58]. It is

reported that a thin layer of SiO2 would be formed on the surface of SiC extrudates after

calcination at high temperature in air, as displayed in Eq. 5.4.

SiC (s) + 3/2 O2 (g) = SiO2 (s) + CO (g) (Eq. 5.4)

The conversion of surface SiC substrate to the thin SiO2 layer was confirmed by a weight gain

(by ca. 10%) of SiC extrudates after calcination, as the molecular weight of SiO2 (60.08
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g·mol-1) is higher than SiC (40.11 g·mol-1). On the other hand, XRD pattern of the calcined

SiC also showed the formation of SiO2 layer as a broad peak at approximately 2θ of 21.7o

appeared after calcination, which is the characteristic diffraction pattern of the amorphous

SiO2 phase [59] and/or as a thin layer.

The silica layer plays several important roles in the synthesis of ZSM-5 coating on SiC

extrudates. Seeds powder was more likely to be anchored on the surface of SiO2 rather than

SiC, which led to the more stable growth of coating, because the presence of the thin SiO2

layer ensures a strong interaction between the support and the seed gel [60,61]. In principle,

the SiO2 layer on the surface has intrinsic hydroxyl groups (silanols) in an aqueous solution,

which is able to hydrate with silicalite-1 seeds, hence leading to the formation of siloxanes

with strong Si-O bonds [30]. The formation of Si-O bonds is vital for bonding the zeolite seed

crystals to the substrate.

5.3.1.2 Seeds preparation

The effects of the seeding process include [62,63]: (a) increase the crystallization rate and

reduce the synthesis time, (b) suppress the formation of undesired crystal phases, (c) control

the zeolite particle size, and (d) enable the intergrowth of zeolite films on functional surfaces.

ZSM-5, ZSM-8, ZSM-11 and silicalite-1 and some other zeolite species were proved potential

crystalline seeds in the synthesis of ZSM-5 [62-65]. Among them, silicalite-1 is the most

widely used seed candidate as it is well reproduced and simply synthesized even for mass

production. Meanwhile, it can be stored and stabilized for a long time and the particle size

distribution is perfectly controlled. Furthermore, the silicalite-1 seed presented a typical MFI

structure, as can be seen in figure 5.10. Silicalite-1 is pure silica MFI zeolite and consists of

eight 5-membered oxygen rings, the similarity of its framework and building unit with ZSM-5

made it an appropriate seed crystal in the synthesis of ZSM-5 coating.
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Figure 5.10. XRD patterns of a) HZSM-5 powder and b) seeds powder

5.3.1.3 Growth of coating

The ZSM-5 coating was synthesized on a seeded SiC foam: firstly, the pre-calcined SiC

extrudates were dip-coated with the silicalite-1 seed in ethanol solution (1 wt.%) and then

dried in an oven at 120 oC to assure the pre-deposition of a seed layer of zeolite crystals on

the support surface. Then the seeded SiC extrudates, together with the synthesis gel, were

transferred to Teflon liner for the further growth of silicalite-1 seeds into ZSM-5 coating.
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Figure 5.11. XRD patterns of ZSM-5/SiC with and without seeding step

The effectiveness of the growth of ZSM-5 coating was established by two parameters: XRD

pattern and weight gain after synthesis. It is clear in figure 5.11 that well-developed MFI

coating with the characteristic peaks at 7-9o and 22-25o were nucleated and grew on the

calcined SiC extrudates after secondary growth regardless of with or without the seeding

process, indicating the success of preparation of zeolite coating. On the other hand, it was

also found that the seeding process is crucial to allow a more effective synthesis of ZSM-5

coatings on SiC substrate from the perspective of yield, as only 2 wt% of ZSM-5 coating was

produced on the surface of unseeded SiC, while 8 wt% of ZSM-5 coating was formed on the

seeded SiC. In addition, the intensities of the characteristic peaks of the ZSM-5 structure in

the XRD patterns of two ZSM-5/SiC samples also indicated more coating was formed on the

surface of seeded SiC. The necessity of the seeding process (or the secondary growth

method) is evidenced as it increased the crystallization rate greatly.
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5.3.2 Characterization of Fe-ZSM-5/SiC extrudates catalyst

5.3.2.1 XRD

Figure 5.12. XRD patterns of a) calcined SiC and b) Fe-ZSM-5/SiC

The XRD pattern (in figure 5.12) suggested that the Fe-ZSM-5(80) coating grew up on the

surface of SiC extrudates after the hydrothermal treatment as the characteristic peaks of MFI

zeolite at 2θ of 7-9o and 22-25o were all observed.

5.3.2.2 BET

The N2 adsorption-desorption isotherms of the SiC and the Fe-ZSM-5/SiC samples, as can

be seen in figure 5.13, showed typical type III isotherms which are given by the nonporous or

macroporous materials with weak adsorbate-adsorbent interactions [66,67]. As it can be seen

in table 5.2 the SiC showed low BET surface area (27 m2·g-1) and low micropore area (5

m2·g-1) and low micropore volume (0.002 cm3·g-1), which is consistent with the information
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given by the supplier [68]. Whereas the Fe-ZSM-5/SiC also displayed a low BET surface area

(21 m2·g-1), it had increased micropore area (16 m2·g-1) and micropore volume (0.007 cm3·g-1)

in comparison with the SiC, which might be due to the growth of the ZSM-5 coating.

Figure 5.13. Adsorption-desorption isotherms of SiC and Fe-ZSM-5/SiC

5.3.3 Catalytic activity and stability of Fe-ZSM-5/SiC extrudates catalyst

5.3.3.1 Control tests - activity of SiC and ZSM-5/SiC

The catalytic role of SiC in phenol degradation has to be studied to understand the activity of

zeolite coating. As shown in figure 5.14, the calcined SiC extrudates were almost inactive in

phenol decomposition with the phenol conversion in 4 h on the support of only 7%, almost

comparable with that of no catalyst (4%). The ZSM-5 coating supported SiC catalyst (without

metal substitution), in comparison with the other two materials, had phenol conversion of 20%

after 4 h of reaction due to the effect of the zeolite coating. Furthermore, the Fe leaching of

the ZSM-5/SiC catalyst in the CWPO process was less than 0.002 mg·L-1 after 4 h of reaction,

indicating that the impurity of the SiC extrudates (the SiC extrudates contain trace amount of
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Fe and Al thus the Fe leaching from the impurity of the SiC is detected) had no influence on

the phenol decomposition.

Figure 5.14. Phenol conversion over a) blank test using no catalyst, b) pre-calcined SiC and c)

ZSM-5/SiC in the CWPO process (2 g catalyst, 50 mL 1 g·L-1 phenol, phenol: H2O2 of 1: 14, 80 oC,

500 rpm)

5.3.3.2 Activity, stability and reusability of Fe-ZSM-5/SiC extrudates catalyst

It is clear that the activity of the FeZSM-5/SiC originates from Fe that is incorporated into the

coating, due to the the negligible activity of the SiC support and the iron-free ZSM-5/SiC. As

shown in figure 5.15(a), the Fe-ZSM-5/SiC(80) catalyst was active in the CWPO of phenol as

the phenol conversion (75%), H2O2 consumption (99%) and CO2 conversion (31%) in the first

run of reaction were much higher than that over ZSM-5/SiC, indicating that the introduction of

Fe into the catalysts improved the activity efficiently. However, the coated catalyst was far

less active than its powder form (Fe-ZSM-5-HTS), not only because of the lower phenol

removal efficiency but the lower selectivity to organic acids and CO2. For example, a
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proportion of aromatic intermediates (total aromatic compounds of 1.4×10-3 mol·L-1, 14% of

initial concentration) remained in the reaction mixture after the reaction (figure 5.15(c)), which

is still harmful to the environment. The higher resistance to diffusion, and in turn mass

transfer, may explain the lower activity of the coating catalyst. Hence, using the coating form

of catalyst in a fixed bed reactor instead of in a batch reaction may be a better option to

exploit these materials.

Figure 5.15. a) phenol conversion, H2O2 consumption, CO2 formation and Fe leaching, b) weight

loss of coating, c) aromatic intermediates and d) acid intermediates distributionwhen using

FeZSM-5/SiC(80) in the CWPO of phenol for 8 runs of reaction (50 mL 1 g·L-1 phenol solution,

phenol: H2O2 = 1: 14, 80 oC, 4 h, 500 rpm)

The stability of the catalyst was as high as the powder catalyst, as indicated by the low Fe

leaching and the steady performance of the catalyst. On the one hand, the Fe leaching (figure
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5.15(a)), though reaching 2.0 mg·L-1 in the first run, decreased drastically with reaction runs

and maintained a very low concentration (below 0.20 mg·L-1) from the 4th run of reaction

onwards. On the other hand, the Fe-ZSM-5/SiC(80) foam catalyst showed an almost constant

performances in the successive 8 runs of reactions with the phenol conversion and CO2

conversion maintaining at around 75% and 30%, respectively. The concentration of the

intermediates also fluctuated just within a narrow range.

One more of the outstanding advantages of the foam materials, the fastness of the coating,

also proved the stability of the new form of catalyst. In this project, the fastness of the coating

was reflected by the minimal weight loss of the coating layer in the reactions, whereas the

weight of the Fe-ZSM-5/SiC extrudates decreased only by 7% of the coating (< 1% of the

gross weight, figure 5.15(b)) after 8 runs of reactions under continuous stirring (500 rpm),

implying the potential of the new form of catalyst in actual application.

5.3.3.3 Effect of leached Fe on the decomposition of phenol

Likewise, to further confirm that the activity of the catalyst did not originate from leached Fe,

the activity of homogeneous Fe3+ catalyst (Fe(NO3)3 as precursor) with concentration

equivalent to the Fe leaching of the 8th run of reaction (0.070 mg·L-1) was tested and

compared with the activity of the Fe-ZSM-5/SiC extrudates in that reaction run, thus the

effects of the homogeneous contribution of leached Fe could be mimicked. As shown in figure

5.16(a), after 4 h of reaction, the activity of the heterogeneous catalyst with phenol

conversion of 78% was an order of magnitude higher than the homogeneous catalyst with

phenol conversion of only 7%, which proved again that the phenol decomposition on

Fe-ZSM-5/SiC catalyst was mainly attributed to heterogeneous reaction. Moreover, the huge

difference of H2O2 consumption (figure 5.16(b)), CO2 formation (figure 5.16(a)) and

intermediates concentrations (figure 5.16(d)) between the activity of coating catalyst and that

of homogeneous catalyst implied the same conclusion.



214

Figure 5.16. The activity of the Fe-ZSM-5-HTS catalyst and the Fe3+ with concentration

equivalent to the metal leaching of Fe-ZSM-5-HTS (0.070 mg·L-1) in the CWPO of phenol in the

8th run of reaction, a) phenol conversion, b) H2O2 consumption, 3) CO2 formation and d)

intermediates concentration (50 mL 1 g·L-1 phenol solution, phenol: H2O2 = 1: 14, 80 oC, 4 h, 500

rpm)

To sum up, the Fe-ZSM-5 coating supported catalyst was synthesized by secondary growth

method. The synthesized coating materials presented high and stable performances in the

phenol oxidation reaction, as a promising heterogeneous catalyst, and as such capable of

providing a robust platform for the synthesis and development of Cu based catalyst based on

the same principles.
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5.4 Activity and stability of Cu-ZSM-5/SiC extrudates catalyst in the CWPO of phenol

Since the Fe-ZSM-5 catalyst presented desirable performances, and it was confirmed that

the metal substituted zeolite catalyst can be a good solution to the catalyst deactivation in the

CWPO of phenol, thus a Cu-ZSM-5/SiC catalyst was also prepared and tested.

5.4.1 Synthesis and characterization of Cu-ZSM-5-HTS and Cu-ZSM-5/SiC catalysts

Cu-ZSM-5 catalysts, both powder form and coating form, were prepared in the same way as

preparing the Fe counterpart except for varying metal precursors.

5.4.1.1 XRD

Figure 5.17. XRD patterns of a) commercial CuO, b) Cu-ZSM-5-HTS(80) c) Cu-ZSM-5-HTS(80)

and d) Cu-ZSM-5/SiC

Like in the case of Fe-ZSM-5 catalyst, the XRD pattern of Cu-ZSM-5 (figure 5.17) also

presented MFI structure as the two characteristic peaks at 2θ of 7-9° and three peaks at

22-25° were all observed. In addition, the main characteristic peaks of Cu oxide at 2θ of 32.6,
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35.5, 38.7, 48.8, 53.5 and 58.2o that corresponding to the crystal planes of (1 1 0), (0 0 2), (1

1 1), (-2 0 2), (0 2 0), (2 0 2) [69,70] were not found in the XRD pattern. Furthermore, in

comparison with the commercial ZSM-5 (reference), the crystallinity (98.6%, table 5.1) of the

synthesized Cu catalyst implied that the ZSM-5 zeolite was also well-crystallized whereas the

unit cell parameters indicated that some Cu atoms may be incorporated into the framework

as the expansion of unit cell volume (0.3%) was observed. The patterns also indicated that

the Cu-ZSM-5 zeolite coating grew successfully on the surface of SiC extrudates.

5.4.2 Catalytic activity of Cu-ZSM-5/SiC catalyst

5.4.2.1 Activity, stability and reusability of Cu-ZSM-5/SiC catalyst

Figure 5.18. a) Phenol conversion, CO2 formation and Cu leaching, b) weight loss of coating, c)

aromatic compounds distribution and d) acid intermediates distribution when using

Cu-ZSM-5/SiC(80) in the CWPO of phenol for 5 runs of reaction (50 mL 1 g·L-1 phenol, phenol:

H2O2 = 1: 14, 80 oC, 4 h, 500 rpm)



217

The Cu substituted ZSM-5 catalyst presented higher activity in phenol degradation in

comparison with ZSM-5/SiC, especially in the first run of reaction when the phenol conversion

reached 78%, suggesting the contribution of metal species. However, as it can also be seen

in figure 5.18(a), the CO2 formation in the first run was only 9%, while the concentration of

aromatic compounds remained high in the reaction mixture without being completely oxidized

to acids and CO2, which stating that the performance of the Cu catalyst was unsatisfactory

when compared with that of Fe catalyst prepared under the same condition.

On the other hand, the stability of the Cu-ZSM-5/SiC catalyst also failed to meet the

expectations. As can be seen, only trace metal leaching was detected in the reaction mixture

after each run of reaction, with the concentration decreasing from 0.67 mg·L-1 in the first run

to 0.050 mg·L-1 in the 5th run (figure 5.18(a)). However, with the number of reaction runs, the

phenol conversion and CO2 formation also decreased greatly to 26% and 5% respectively,

which was at the same level as the ZSM-5/SiC catalyst, indicating that the Cu catalyst almost

deactivated. The low stability of the Cu-ZSM-5/SiC might be due to the failure of Cu

remaining in the tetrahedra.

Meanwhile, the trend of the phenol conversion in successive 5 runs matched up with that of

metal leaching, leading to the hypothesis that the phenol conversion was probably attributed

to the homogeneous contribution of leached metal in the solution.

5.4.2.2 Homogeneous reaction contribution

The catalytic role of the leached Cu from Cu-ZSM-5/SiC catalyst, though the metal leaching

was low (0.049-0.66 mg·L-1), was still necessary to be investigated in this research. To reflect

the effects of the leached Cu ions in phenol decomposition intuitively, the phenol conversions

over Cu-ZSM-5-HTS(80) in five reaction runs versus metal leaching was plotted and

compared with the phenol conversions over homogeneous Cu2+ catalyst (Cu nitrate as

precursor) with different concentrations, as shown in figure 5.19.
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Figure 5.19. Phenol conversion with Cu concentration in reaction mixture with Cu derived from a)

homogeneous Cu(NO3)2 catalysts and b) Cu leaching of Cu-ZSM-5-HTS catalyst (50 mL 1 g·L-1

phenol solution, phenol: H2O2 = 1: 14, 80 oC, 4 h, 500 rpm)

It can be seen that the phenol conversions on Cu-ZSM-5/SiC catalyst in five runs roughly

matched with that on the homogeneous Cu catalysts whose concentration corresponding to

Cu leaching, suggesting that the significant homogeneous contribution of the leached metal.

Therefore, the Cu-ZSM-5/SiC catalyst, just like other Cu/ZSM-5 catalysts mentioned in

chapter 4, presented low stability in the CWPO process, and the leached metal made a great

contribution to the phenol oxidation reaction.

Overall, the Cu-ZSM-5-HTS powder catalyst and the Cu-ZSM-5 coating catalyst were both

suffessfully synthesized following hydrothermal synthesis and secondary growth method,

respectively. However, the Cu-ZSM-5/SiC catalyst, unlike its Fe substituted counterpart,

failed to present steady performance in the CWPO process possibly due to the likely failure of

Cu substitution. In that case, the preparation of a more sustainable Cu catalyst is still

challenging.
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5.5 Conclusions

Metal-substituted ZSM-5 zeolite catalysts were prepared by hydrothermal synthesis. The

XRD patterns showed that the synthesized metal-free, Fe-substituted and Cu-substituted

ZSM-5 all exhibited classical MFI structure and high crystallinity. Evidence of metal

substituted into the framework of zeolite is the expansion of the unit cell of Fe-ZSM-5 (0.4%)

caused by the distortion of tetrahedra and the loading of substituted Fe (1.5wt%).

Metal-substituted zeolite catalyst is proved one of the effective solutions to the catalyst

deactivation problem in the CWPO of phenol process caused by severe metal leaching as the

Fe-ZSM-5 catalyst displayed both high activity and high stability in the phenol decomposition

process. On the one hand, high performances such as complete phenol conversion and H2O2

consumption, low selectivity to aromatic intermediates (around 5%) and high CO2 conversion

(60%) were observed when using Fe-ZSM-5 as catalyst. On the other hand, the

Fe-ZSM-5-HTS catalyst exhibited negligible (0.2 mg·L-1) metal leaching and meanwhile,

suffered no loss of activity in the successive runs of reactions. The coating form of zeolite,

though exhibiting steady performance in the phenol oxidation reaction, presented slightly

lower activity than the powder form of catalyst in the batch reactor because of the high

diffusion resistance. However, the Cu-substituted ZSM-5 catalyst that prepared under the

same conditions presented activity and stability much lower than the Fe-substituted zeolite

with unsatisfactory phenol conversion, H2O2 consumption, aromatic compounds selectivity

and CO2 formation, which may be caused by the failure of Cu incorporation into the

tetrahedral framework of zeolite.
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Chapter 6. Synthesis of Cu-MCM-48 catalysts with heteroatoms incorporated into the

silica framework

6.1 Overview

The insertion of an active metal into the framework of a zeolite, was proved one of the

efficient solutions to the metal leaching of catalyst in the heterogeneous Fenton or

Fenton-like reaction (see section 5.2 and 5.3 in chapter 5). However, the difficulty of Cu

substitution into the framework of MFI zeolite prompted a search for other potential materials

which are more prone for metal substitution into silica framework. In recent years,

mesoporous silica materials with an adjustable pore size (1.5–30 nm), tailorable interior

surfaces, and large unit cell, are potential hosts to incorporate metal species [1-3].

The synthesis of a new family of mesoporous molecular sieves with regular and constant

pore diameters from 2 to 10 nm, designated as M41S, was reported in 1992 by researchers

at Mobil Oil Corporation [4,5]. Among the members of the M41S family, MCM-41 and

MCM-48 have received particular attention due to their large pore volume, high specific

surface area, ordered pore structure array and narrow pore size distribution [6-9], and are

widely used as catalysts support and adsorbent materials. Compared to two-dimensional

MCM-41 with hexagonal symmetry, MCM-48 mesoporous silica with three-dimensional cubic

space group is preferred in catalytic reactions (such as photocatalytic reduction of CO2 [10],

ethylbenzene oxidation [11]) from a diffusional and catalytic point of view. The MCM-48

molecular sieve consists of two interpenetrating continuous networks of chiral channels,

these enantiomeric pairs of porous channels are known to be separated by an inorganic wall

that follows exactly the gyroid infinite periodic minimal surface [12,13]. The three-dimensional

channel network provides a highly opened porous host with easy and direct access for guest

species, thus facilitating more efficient mass transfer and diffusion throughout the pore

channels [8,9,14]. On the other hand, the open pore structure increases the number of

interactions between reagents and catalytic sites, resulting in higher activity.
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Figure 6.1. Structure of MCM-41 (left) and MCM-48 (right), figures reused with permission from

literature [7], American Chemical Society.

However, less attention has been paid to the synthesis of MCM-48, compared with plentiful

studies on MCM-41, probably due to the difficulty of the synthesis as it is an intermediate

stage formed during the transformation of hexagonal phases into the lamellar phase [15-21].

Usually, mesoporous MCM-48 is prepared by hydrothermal synthesis under very demanding

conditions such as strong alkali synthesis media [9,15], high concentration of surfactants

[9,22], the addition of a co-solvent [13,23], and delicated, specific, hydrothermal conditions

[18,23]. Just minor variations of the synthesis factors may lead to the absence of the cubic

mesoporous structure. Even more challenging, is the preparation of cubic MCM-48 catalyst

with the isomorphous substitution of heteroatoms into silicate framework during the

hydrothermal synthesis process. This is because the desired mesostructure and morphology

of the material may be further destroyed by the introduction of metal ions [24-26]. To the best

of our knowledge, there aren’t reports on the synthesis of Cu substituted MCM-48 with aim of

systematically increasing the percentage of heteroatoms into the framework, and this chapter

will be focused on this particular area of research.

In this chapter, the investigations are mainly focused on 1) preparation of Cu substituted

MCM-48 by hydrothermal synthesis, 2) characterization of the synthesized materials and 3)
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optimization of the synthesis conditions of Cu-MCM-48, with the aim of high ordering degree,

high metal incorporation and high yield.

6.2 Synthesis of Cu-MCM-48

Byrappa and Yoshimura [27] described the hydrothermal synthesis as any heterogeneous

chemical reaction in the presence of a solvent (whether aqueous or non-aqueous) above

room temperature and at pressure greater than 1 atm in a closed system. The preparation of

amorphous silica by hydrothermal synthesis is very complex because the system is affected

by a large number of parameters, such as the composition of the gel, pH, water content,

hydrothermal synthesis temperature, synthesis and aging time, stirring, concentration

gradients. To unravel the effects of these parameters on the synthesis of mesoporous

MCM-48 is crucial to increase the yields of these synthesis and for the understanding of the

mechanisms.

In this project, Cu-MCM-48 mesoporous silicas were prepared by using a hydrothermal

synthesis method with sodium silicate (water glass, Na2SiO3) as Si source, Cu nitrate

(Cu(NO3)2) as Cu precursor, CTAB (C19H42NBr) as organic template, water and ethanol

(C2H6O) as co-solvents and sulfuric acid (H2SO4) for pH adjustment. The synthesis process

consists of five steps (see figure 6.2), the solid materials obtained after each synthesis steps

were collected and tested via XRD to investigate the effects of each preparation steps and to

study the mechanism of MCM-48 formation.

The sample taken after each step was filtered, washed with deionized water and dried

overnight to obtain solid material. The obtained solids were analysed and gave the XRD

patterns as shown in figure 6.2.
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Figure 6.2. XRD patterns of synthesized Cu-MCM-48 samples collected from different steps

(synthesis condition: Si: Cu: CTAB: ethanol: H2O: H2SO4=1: 0.0073: 0.2: 4.3: 83: 0.1, aging time 3

h, hydrothermal synthesis temperature 110 oC, synthesis time 36 h, calcination at 550 oC 6 h)

As shown, a broad peak with low intensity at 2θ of 2-3o was observed in the pattern of sample

collected in step 1, which is assigned to the MCM-41 analogue (or an intermediate state of

mesoporous material), as reported in the literature [28,29]. It also indicates that simply mixing

all the reactants at room temperature would not form defined, mesoporous material, though

an initial precipitate was obtained. After blending all the reactants, the pH of the mixture gel

was adjusted by diluted H2SO4 solution (2 M) under continuous stirring, while the synthesis

gel was sampled immediately after the pH was adjusted to the desired value. The solid

material obtained at this step presented a sharper and narrower peak at 2-3o, suggesting the

formation of a more ordered MCM-41 analogue. If aging the synthesis gel for 3 h via constant

stirring (stirring rate of 500 rpm) at room temperature, instead of sampling it immediately, the
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material with some preliminary features of MCM-41 became the main product, as shown by

the yellow line in figure 6.2. The phenomenon shows that the formation of MCM-41 could be

achieved at room temperature, suggesting an apparent simplicity of synthesis of hexagonal

structure.

After hydrothermal treatment at 110 oC for 36 h at step 4, the phase of the obtained solid

transformed from hexagonal MCM-41 to cubic MCM-48, as the material exhibited the typical

Bragg reflections of cubic structure with six characteristic peaks at 2θ of 2-5o (figure 6.2),

especially the high (211) and its adjacent smaller (220) reflection in the range of 2-3o. Upon

calcination at 550 oC for 6 h, the sample showed a broader and yet more intense diffraction

peaks compared to the as-synthesized sample, indicating the high thermal stability of the

material and the great improvement of the pore orderings through surfactant removal. On the

other hand, the XRD patterns of the calcined samples shifted to a higher angle. Meanwhile,

the d-spacing (d211, introduced in section 6.3.1) of the samples decreased from 3.71 nm to

3.27 nm and the corresponding cubic unit cell parameter (a0, introduced in section 6.3.1)

contracted from 9.09 nm to 8.01 nm after calcination (in table 6.1), implying the occurrence of

the lattice contraction due to the condensation of silanol groups on the wall after the removal

of the surfactant.

6.3 Characterization of the Cu-MCM-48

6.3.1 XRD

MCM-48 was synthesized at the same conditions as the Cu-MCM-48 except for the addition

of metal precursor (Cu(NO3)2). The synthesized MCM-48 presented typical mesoporous

MCM-48 structure, as a strong (211) peak centred at about 2θ of 2.7o and a minor peak at 2θ

of 3.1o, corresponding to (220) plane, were all clearly observed in figure 6.3. The presence of

all the above characteristic peaks of MCM-48 confirming the formation of the cubic

mesoporous framework with uniform order, while the absence of other interferences proves

that MCM-48 formed with high phase purity.
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Figure 6.3. XRD patterns of synthesized MCM-48 and Cu-MCM-48 (synthesis condition: Si: Cu:

CTAB: ethanol: H2O: H2SO4=1: 0 (or 0.0073): 0.2: 4.3: 83: 0.1, aging time 3 h, hydrothermal

synthesis temperature 110 oC, synthesis time 36 h)

After metal incorporation, the Cu-MCM-48 retained all the obvious diffraction peaks, which

illustrated that the introduction of metal precursor did not destroy the highly ordered cubic

mesoporous structure. However, except for the appearance of the (211) and (220)

characteristic peaks, the differences in the shape and position of XRD peaks and their

relative intensities that correspond with changes in the synthesis conditions also indicate a

variation of structural properties and sample quality. As shown, the intensities of the peaks

were even higher, which is probably due to the positive effects of the ions (salt effect) on the

wall thickness of the structure [2,30,31]. Additionally, other characteristic peaks assigned to

(321), (400), (420) and (332) planes were also observed [15,32,33], which also suggested the

higher regularity of the material compared with the undoped counterpart.
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In addition to the ordered structure and the regularity of the silicate framework, the metal

incorporation is also a significant factor in this study as it decides the activity and stability of

the synthesized material in the CWPO of phenol. In principle, the d-spacing of (211) plane

and the corresponding unit cell parameter, a0 (the centre-to-centre pore distance) of MCM-48

samples are used as evidence of metal incorporation, while the two indexes are obtained

from the XRD of samples. The d-spacing was calculated using the Bragg’s law, as exhibited

in equation 6.1 [34-36]:




sin2
d_ spacing

(Eq. 6.1)

Where θ is the diffraction angle of peak and λ is wavelength (λ = 0.154 nm).

The unit cell parameter was calculated with equation 6.2 and 6.3 [7,8,16,37,38]

)()hkl( 222
0 lkhda 

(Eq. 6.2)

For d(2 1 1) plane, the a0 was calculated as follows,

6)112()112()112( 222
0 dda 

(Eq. 6.3)

Table 6.1. Properties of the synthesized MCM-48 catalysts

catalyst 2θ of (211) plane a d(211) b a0 (nm) c

MCM-48, calcined 2.68o 3.29 8.06

Cu-MCM-48, calcined 2.70o 3.27 8.01

Cu-MCM-48 as-synthesized 2.38o 3.71 9.09

a - data from XRD; b - calculated by Eq. 6.1 ;c - calculated by Eq. 6.3.

Both the d-spacing and a0 were represented by the peak shift of the sample (with blank

MCM-48 as reference) in the XRD pattern. In general, a peak shift to a lower 2θ correlates to

an increase of the interplanar distance, as a consequence of an increase in the number of

heteroatoms into the silicate framework, leading to the increase of d-spacing and unit cell

parameter (a0). This can be explained in terms of the longer M–O bond distance than the
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Si–O bond which caused by the replacement of Si atom (ionic radius = 40 pm [39]) by a larger

Cu atom (ionic radius = 71 pm [40]). In other words, the substitution of large-radius transition

metal ions (larger than Si) into the silicate matrix causes an enlargement of the cubic unit cell,

which can be considered as evidence for the incorporation of copper into the matrix [41-47].

As shown in table 6.1, no obvious peak shift toward smaller 2θ value was noticed after the

introduction of metal precursor, and the d-spacing of (211) plane and the corresponding unit

cell parameter a0 also maintained constant. Thus it was indicated that though structure of

MCM-48 was formed, few Cu species were substituted into the silica framework. It is also

worth noting that except for metal incorporation, calcination process can also lead to the

change of unit cell, as reported in [48]. Hence, the calcination process must be kept the same

when the unit cells of samples were compared, as what we did in this project.

6.3.2 Porosimetry and BET surface area

Low-temperature nitrogen adsorption isotherms are used for assessing the quality of the

synthesized mesoporous material. N2 adsorption-desorption isotherms of as synthesized

MCM-48 and Cu-MCM-48 at 77 K (figure 6.4a) were typical type IV isotherms as defined by

International Union of Pure and Applied Chemistry (IUPAC) classification, which were

diagnostic of highly ordered mesoporous materials, and consistent with the kind of materials

that we have synthesized. Furthermore, a sharp increase in the volume of N2 adsorbed at a

relative pressure of p/p0 of 0.2-0.3, which is corresponding to capillary condensation within

uniform mesopores [15], was observed. The steepness of the capillary condensation step

reflected the uniformity of pore channels and their narrow size distribution, which is in

agreement with data observed in the XRD pattern (figure 6.3). Besides, the isotherms

obtained on the two samples were reversible and no defined hysteresis loop in the adsorption

and desorption cycles upon pore condensation were observed, which can be attributed to the

small size of the particles [15]. Furthermore, the adsorbed amount of N2 decreased after

metal substitution, causing a reduction in surface area and pore volume, as listed in table 6.2.
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Figure 6.4. a) N2 adsorption-desorption isotherms and b) pore distribution of the synthesized

mesoporous Cu-MCM-48 (synthesis condition: Si: Cu: CTAB: ethanol: H2O: H2SO4=1: 0.0073: 0.2:

4.3: 83: 0.1, aging time 3 h, hydrothermal synthesis temperature110 oC, synthesis time 36 h)
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The BJH plot of the derivative of the pore volume per unit weight with respect to the pore

diameter versus the pore width was shown in Figure 6.4b. The narrow and sharp pore size

distribution curves indicated a uniform mesoporosity of the synthesized materials. As shown

in table 6.2, the average pore diameters of MCM-48 and Cu-MCM-48 of 2.59 nm and 2.66 nm

were observed, indicating that the synthesized samples are mesoporous (2 nm-50 nm)

materials.

Table 6.2. Porosimetry data of synthesized materials

Sample name SBETa (m2·g-1) Vpb (cm3·g-1) Dpa (nm) Wt (nm)

CM-1* (MCM-48) 1435 1.06 2.59 1.31

CM-23* (Cu-MCM-48) 1219 0.67 2.66 1.26

CM-16* (Cu-MCM-41) 1019 1.07 3.73 ---

CM-12* (Cu-MCM-48) 1338 1.05 2.55 1.30

a - determined using BET method.

b - determined using BJH method.

* - catalyst number see table 6.5.

Additionally, the low-temperature nitrogen adsorption isotherms also enable the calculation of

the specific surface area, pore volume, and mesopore size distribution and accordingly, wall

thickness, as displayed in table 6.2. Usually, the reduction in the pore diameter, pore surface,

and pore volume corresponds to the blockage of mesopores by metal oxides whereas no

significant differences between the two samples were observed in table 6.2, for example, the

BET specific surface area of the pure silica MCM-48 and the Cu incorporated MCM-48 kept

at 1435 m2·g-1 and 1219 m2·g-1, respectively. This shows that the introduction of metal

species into the silica matrix did not alter or harm the pore characteristics of the MCM-48

materials apparently. Besides, the wall thickness (Wt) of the samples that calculated using

the XRD and porosimetry data were also summarized in table 6.2, the formula for the pore

wall thickness calculation was based on equation 6.4 [7,16,37,42,49]
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(Eq. 6.4)

Where 3.092 is a constant representing the minimal surface area for the MCM-48 space

group and Dp is on behalf of pore diameter of the sample.

The wall thickness of the MCM-48 and the Cu-MCM-48 sample were 1.31 and 1.26 nm

respectively, which are close to those reported in the literature (1.0-1.4 nm [50], 1.2-1.9 nm

[51]).

6.3.3 TEM

TEM investigation can provide the direct observation of the morphology and distribution of

metal oxide particles in the MCM-48. TEM micrographs of a Cu-MCM-48 sample prepared by

hydrothermal synthesis were shown in Figure 6.5. It is possible to observe Cu-MCM-48

particles with well-defined edges and a spherical shape (Fig 6.5a), and a well-ordered

structure was clearly defined (figure 6.5b), indicating the high quality of the synthesized

material. The actual shape and structure of the channels which are typical for MCM-48, were

also detected (figure 6.5c) which well matched with the MCM-48 micrographs reported in the

literature [7,15,52]. It is also relevant to point out that the image in figure 6.5c showed a

well-defined hexagonal arrangement, along the plane direction a very regular pattern without

irregularities is observed, while the regularity of the material (figure 6.5d) indicated the

formation and presence of a uniform channel system. Besides, no distortion was exhibited

over the sample, suggesting that the isomorphous substitution of Cu atoms into the silica has

little influence on the morphology and the integrity of the pore structure of the MCM-48

framework, which is in good agreement with the results of XRD and N2 adsorption-desorption.

Even more, no extra phases of CuO particles were detected from this TEM analysis,

indicating the high dispersion of copper in the MCM-48 matrix.
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Figure 6.5. TEM micrographs of Cu-MCM-48 (magnification from (a) to (d): ×18k, ×80k, ×220k,

×220k) (synthesis condition: Si: Cu: CTAB: ethanol: H2O: H2SO4 = 1: 0.0073: 0.2: 4.3: 83: 0.1,

aging time 3 h, hydrothermal synthesis temperature 110 oC, synthesis time 36 h)

6.3.4 ATR-FTIR

Infrared spectra of the as-synthesized and calcined Cu-MCM-48 in the region of 500 - 4000

cm−1 were collected (Figure 6.6). As it can be seen, the as-synthesized sample exhibited

intense absorption bands at around 2926 and 2854 cm-1 which are corresponding to

asymmetric and symmetric stretching of the surfactant molecules (CTAB, C19H42BrN), while

the band at 1470 cm-1 is due to the C-H bending vibrations of the surfactant [53]. These

characteristic bands disappeared in the spectrum of the calcined sample, thus proving the

complete removal of organic template after calcination at 550 oC for 6 h.
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Figure 6.6. FT-IR spectrum of a) commercial MCM-48, b) a-synthesized Cu-MCM-48, and c)

calcined Cu-MCM-48 (synthesis condition: Si: Cu: CTAB: ethanol: H2O: H2SO4=1: 0 (or 0.0073):

0.2: 4.3: 83: 0.1, aging time 3 h, hydrothermal synthesis temperature 110 oC, synthesis time 36 h)

On the other hand, the absorption bands at approximately 1050 and 1220 cm-1 in the

commercial MCM-48 sample that are associated to internal and external asymmetric Si–O–Si

stretching modes and the bands at 800 cm-1 that is assigned to symmetric Si–O–Si stretching.

All these bands appeared in the spectrum of the calcined Cu-MCM-48 sample. In addition, a

band centred at around 960 cm-1 was also observed in the spectrum of uncalcined

Cu-MCM-48, which was taken by some authors as a proof for the incorporation of metal

atoms in the framework of mesoporous molecular sieve because the band is usually absent

in pure silicates [54-56]. However, in the case of calcined Cu-MCM-48, just like that of

MCM-48, the assignment of this band was not ambiguous, indicating that the metal

incorporation maybe very low which probably affected by the calcination. Furthermore,

compared to the MCM-48 sample, a slightly blue shift to higher wavenumber emerged in the

bands of the calcined Cu-MCM-48 sample, which could also be ascribed to a slight increase
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of Si–O distance caused by the substitution of Si atoms (ionic radius = 40 pm [39]) by Cu

atoms (ionic radius = 71 pm [40]) [43,57].

6.3.5 Active metal content - ICP-OES

Table 6.3. Properties of the synthesized Cu-MCM-48 catalysts.

Catalyst Supported metal

loading

Substituted metal

loading

Total metal

loading

CM-23* (Cu-MCM-48) 1.0% 0.0090% 1.0%

CM-2* (Si/Cu=0.0073) 1.1% 0.077% 1.2%

CM-3* (Si/Cu=0.146) 1.7% 0.36% 2.1%

CM-4* (Si/Cu=0.292) 4.3% 0.22% 4.5%

CM-12* (H2O/Si=249) 0.97% 0.014% 0.98%

CM-15* (H2SO4/Si=0.15) 0.84% 0.054% 0.89%

CM-16* (H2SO4/Si=0.3) 0.58% 0.012% 0.59%

CM-25* (time 168 h) 1.6% 0.33% 1.9%

* catalyst numbers see table 6.6.

As suggested by the XRD and IR results of the Cu-MCM-48, a few heteroatoms substitutions

occurred in the hydrothermal synthesis process. In support of it, the total metal loading,

supported metal loading and substituted metal loading of the Cu-MCM-48 catalyst were all

tested by ICP-OES. The supported metal loading was measured by soaking the synthesized

Cu catalyst into aqua regia (1 mL per 0.1 g of sample) under continuous stirring for 24 h to

dissolve all the Cu species on the support. The aqua regia-treated Cu-MCM-48 catalyst was

collected after washing and drying, then further immersed in the solution of HF acid to destroy

the framework of mesoporous phase and release the ‘trapped’ Cu species in the framework.

The Cu that was digested from the sample by the HF acid was tested by ICP-OES and

regarded as the amount of Cu that substituted into the framework. The sum of the supported

metal loading and the substituted metal loading is the total metal loading (table 6.3).
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The nominal total metal loading (1.0 wt%) of the Cu-MCM-48 (CM-23) was higher than that of

expected (0.78 wt%, calculated from the Si/Cu ratio of 137 in the synthesis gel), as displayed

in table 6.3. However, with the hydrothermal synthesis method, most of the metal species

were on the surface rather than incorporated into the framework, as the supported metal

loading (1.0 wt%) was far higher than the substituted metal loading (0.012 wt%). The

ICP-OES data corroborated the results obtained from XRD and FTIR.

6.3.6 Silica Yield

The yield of synthesized material is another important factor characterizing the efficiency of a

synthesis method, especially for expensive MCM-48 mesoporous materials. In particular, the

yield of a typical synthesis of MCM-48 is usually low (< 50%) as reported in literature [58,59],

which caused increased cost and severe waste of resources.

The yield of MCM-48 is usually defined as the ratio of the output and the input of silica in each

batch of synthesis, as shown in Equation 6.5,

%100%100
input
output

,

,sample

SiO

SiO

22

2 
iSiO

f

m
m

Yield (Eq. 6.5)

Where msample,f (g) is the amount of sample finally obtained after calcination, mSiO2,i (g) is the

amount of SiO2 initially added into the synthesis gel. Whereas in the synthesis process, the

mSiO2,i, originating from sodium silicate, is 0.6 g.

The product yield in the synthesis batch of Cu-MCM-48, as listed in table 6.4, was less than

50% on the basis of the silica recovery. Except for a slight loss of material during the transfer

of synthesis gel, about half of the Si precursor was lost as dissolved silica in the supernatant

liquid under the hydrothermal reaction condition. The value is quite close to the yield of a

typical synthesis of MCM-48 (40-50%). Meanwhile, the yield of the Cu-MCM-48 was similar

with the undoped MCM-48, suggesting that the introduction of metal precursors did not lead

to a decrease in the production of the material.
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Table 6.4. Yield of synthesized MCM-48 and Cu-MCM-48 sample (synthesis condition: Si: Cu:

CTAB: ethanol: H2O: H2SO4=1: 0.0073: 0.2: 4.3: 83: 0.1, aging time 3 h, hydrothermal synthesis

temperature 110 oC, synthesis time 36 h)

Sample name Amount of Si source

(water glass)

Amount of SiO2 in

the synthesis gel

Amount of as-synthesized

material per batch

Yield

MCM-48 1.64 mL 0.6 g 0.4667 g 42%

Cu-MCM-48 1.64 mL 0.6 g 0.5509 g 44%

Overall, the Cu-MCM-48 catalyst with fine cubic structure and high ordering, high surface

area and uniform pore size was synthesized, while the metal incorporation and yield need to

be further optimized.

6.4 Improvements of metal incorporation of Cu-MCM-48

Since the development of the first mesoporous materials in the early 1990s, one of the main

objectives has been a further rationalization of the synthesis procedure, thus maximizing

reproducibility and yield without reducing the structural order of the samples, as reported

[9,16,23,48,60,61]. However, very little attention has been paid to the optimization of

Cu-MCM-48 due to its challenging synthesis and the difficulties in heteroatom substitution,

whereas the heteroatom substitution is crucial for the performance of a metal-substituted

catalyst in the CWPO of phenol. However, the low yield and in particular, the low metal

incorporation of the synthesized material, as discussed in section 6.3, are still challenges of

the synthesis process based on the above analysis in the chapter. Hence different synthesis

parameters were investigated in order to obtain materials of defined meso-structure (highly

ordered cubic phase), superior yield and desirable morphology (high percentage of metal

substitution) in the following study. The synthesis conditions of different Cu-MCM-48 were

presented in table 6.5. The parameters, including: concentration of template, metal loading,

water content, pH of synthesis solution, aging time, synthesis time and temperature were

investigated.
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Table 6.5. Synthesis conditions of different Cu-MCM-48 catalysts. The catalyst synthesized under different conditions were denoted as CM-X,

respectively. The sample CM-1 is the blank MCM-48 without Cu species introduced into the synthesis gel. The sample CM-23 is the Cu-MCM-48

discussed in section 6.2 and 6.3, which is used for comparison in this section to evaluate if the yield and the incorporation percentage increased or not.

The variable of each sample is marked blue.

Catalyst

number

Molar ratio of the composition of synthesis gel Aging

time

Synthesis

time

hydrotherm

al synthesis

temperature

Calcination

temperatureSodium silicate Cu nitrate CTAB ethanol H2O H2SO4

CM-1
(blank)

1 0 0.2 4.3 83 0.1 3 h 36 h 110 oC 550 oC

CM-2 1 0.0073 0.2 4.3 83 0.1 3 h 72 h 110 oC 550 oC

CM-3 1 0.0146 0.2 4.3 83 0.1 3 h 72 h 110 oC 550 oC

CM-4 1 0.0292 0.2 4.3 83 0.1 3 h 72 h 110 oC 550 oC

CM-5 1 0.0073 0.15 4.3 83 0.1 3 h 36 h 110 oC 550 oC

CM-6 1 0.0073 0.1 4.3 83 0.1 3 h 36 h 110 oC 550 oC

CM-7 1 0.0073 0.05 4.3 83 0.1 3 h 36 h 110 oC 550 oC

CM-8 1 0.0073 0.2 0 83 0.1 3 h 36 h 110 oC 550 oC

CM-9 1 0.0073 0.2 4.3 (methanol) 83 0.1 3 h 36 h 110 oC 550 oC

CM-10 1 0.0073 0.2 4.3 (isopropanol) 83 0.1 3 h 36 h 110 oC 550 oC

CM-11 1 0.0073 0.2 4.3 166 0.1 3 h 36 h 110 oC 550 oC

CM-12 1 0.0073 0.2 4.3 249 0.1 3 h 36 h 110 oC 550 oC

CM-13 1 0.0073 0.2 4.3 332 0.1 3 h 36 h 110 oC 550 oC

CM-14 1 0.0073 0.2 4.3 83 0.05 3 h 36 h 110 oC 550 oC

CM-15 1 0.0073 0.2 4.3 83 0.15 3 h 36 h 110 oC 550 oC
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Catalyst

number

Molar ratio of the composition of synthesis gel Aging

time

Synthesis

time

hydrotherm

al synthesis

Calcination

temperatureCM-16 1 0.0073 0.2 4.3 83 0.3 3 h 36 h 110 oC 550 oC

CM-17 1 0.0073 0.2 4.3 83 0.1 10 min 36 h 110 oC 550 oC

CM-18 1 0.0073 0.2 4.3 83 0.1 1 h 36 h 110 oC 550 oC

CM-19 1 0.0073 0.2 4.3 83 0.1 2 h 36 h 110 oC 550 oC

CM-20 1 0.0073 0.2 4.3 83 0.1 6 h 36 h 110 oC 550 oC

CM-21 1 0.0073 0.2 4.3 83 0.1 3 h 9 h 110 oC 550 oC

CM-22 1 0.0073 0.2 4.3 83 0.1 3 h 18 h 110 oC 550 oC

CM-23 (for
comparison)

1 0.0073 0.2 4.3 83 0.1 3 h 36 h 110 oC 550 oC

CM-24 1 0.0073 0.2 4.3 83 0.1 3 h 72 h 110 oC 550 oC

CM-25 1 0.0073 0.2 4.3 83 0.1 3 h 168 h 110 oC 550 oC

CM-26 1 0.0073 0.2 4.3 83 0.1 3 h 36 h Room temp 550 oC

CM-27 1 0.0073 0.2 4.3 83 0.1 3 h 36 h 60 oC 550 oC

CM-28 1 0.0073 0.2 4.3 83 0.1 3 h 36 h 90 oC 550 oC

CM-29 1 0.0073 0.2 4.3 83 0.1 3 h 36 h 145 oC 550 oC

CM-30 1 0.0073 0.2 4.3 83 0.1 3 h 72 h 110 oC 350 oC

CM-31 1 0.0073 0.2 4.3 83 0.1 3 h 72 h 110 oC 450 oC

CM-32 1 0.0073 0.2 4.3 83 0.1 3 h 72 h 110 oC 650 oC
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6.4.1 Effects of protocol on the synthesis of Cu-MCM-48

A typical synthesis protocol for Cu substituted MCM-48 requires a minimum of four reagents:

an organic template, a silica precursor, a metal precursor, and a solvent (most often water

and/or ethanol). Depending on the protocol, some acid/base reagents maybe also needed as

the synthesis occurs in solution of certain pH range. To investigate the most favourable

conditions, the optimal dose of these reagents in the synthesis of mesoporous material was

explored. In addition, parameters varied in this protocol whereas the silica precursor was

fixed as sodium silicate (Na2SiO3, 1.64 mL, corresponding to 0.6 g of silica) as it is much

cheaper than the most commonly used Si precursor, tetraethyl orthosilicate (TEOS,

Si(OC2H5)4), in the lab.

6.4.1.1 Concentration of template: CTAB/Si

The synthesis of MCM-48 was first reported by Mobil Company in 1992 [5] and was carried

out by using quaternary ammonium surfactant compounds (CnH2n+1(CH3)3NX, X = Cl or Br) as

the templates (also called structure directing agents). However, the use of a large number of

surfactants (molar ratio of surfactant/silica > 1) significantly increased the cost of MCM-48

synthesis and was not environmentally friendly. Though some optimized ratios (for example,

0.177 [62], 0.2 [48], 0.275 [9], 0.45 [53]) were reported in the last decades, a high molar ratio

of surfactant/Si and a high concentration of surfactant are still the prerequisite conditions for

making MCM-48 catalyst.

The cationic surfactant, CTAB (C19H42BrN), was used as the organic template in this study

due to the strong ionic interactions between CTA+ ions and silicate anions. The dependence

of the structural order and output of the material on CTAB concentration was investigated in

this section. The Cu-MCM-48 samples were obtained at CTAB/Si molar ratio varying from

0.05 to 0.2 in the initial gel, with the XRD patterns plotted in figure 6.7a.
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Figure 6.7. a) XRD patterns and b) yields of Cu-MCM-48 catalysts with different CTAB/Si ratios

(synthesis condition: Si: Cu: CTAB: ethanol: H2O: H2SO4=1: 0.0073: 0.05~0.2: 4.3: 83: 0.1, aging

time 3 h, hydrothermal synthesis temperature 110 oC, synthesis time36 h)
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As shown in figure 6.7a, the sample with a CTAB/Si ratio of 0.2 presented a typical MCM-48

pattern with high regularity since the five planes (211), (220), (321), (400), (420) and (332) all

clearly appeared. Cubic MCM-48 silica was also obtained with only a slight loss of intensity

when the CTAB/Si molar ratio was reduced to 0.15 and 0.1. It means that an appropriate

decrease in the CTAB concentration would not result in an obvious loss of the ordering of the

silica material. Meanwhile, the obvious contraction and expansion of the unit cell parameter

was not observed neither (in table 6.6), indicating the minor influence of the amount of CTAB

on the structure once MCM-48 was formed. On the other hand, the yield of the sample (36%,

table 6.6 and figure 6.8b) insignificantly reduced under the optimal CTAB/Si molar ratio (0.1,

the amount of template halved). However, further lowering down the CTAB/Si molar ratio to

0.05 led to the formation of the MCM-41 analogue phase. As a result, it is concluded that the

lowest molar ratio of surfactants/Si for the successful synthesis of cubic mesostructure in this

study is just 0.1, which is much lower than the reported value in the literature. From

environmental concerns, the surfactant amount should be minimized thus the CTAB/Si ratio

of 0.1 is optimal in this synthesis route.
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Table 6.6. The characteristics of the MCM-48 catalysts synthesized at different conditions. The

sample CM-1 is the blank MCM-48 (bold) whereas the sample CM-23 (bold) is the Cu-MCM-48

used for comparison to evaluate if the yield and the incorporation percentage increased or not.

catalyst number phase 2θa d211b (nm) a0c (nm) yield

CM-1 (blank) cubic 2.68o 3.29 8.06 42%
CM-2 (Cu/Si 0.0073) cubic 2.66o 3.32 8.13 45%

CM-3 (Cu/Si 0.0146) cubic 2.70o 46%

CM-4 (Cu/Si 0.0292) cubic 2.66o 3.32 8.13 51%

CM-5 (CTAB/Si 0.15) cubic 2.72o 3.24 7.95 42%

CM-6 (CTAB/Si 0.10) cubic 2.66o 3.32 8.13 36%

CM-7 (CTAB/Si 0.05) poorly ordered -- -- -- 22%

CM-8 (without alcihol) poorly ordered -- -- -- 44%

CM-9 (with methanol) poorly ordered -- -- -- 48%

CM-10 (with isopropanol) poorly ordered -- -- -- 28%

CM-11 (H2O/Si 166) cubic 2.70o 3.27 8.01 54%

CM-12 (H2O/Si 249) cubic 2.72o 3.24 7.95 59%

CM-13 (H2O/Si 332) cubic 2.76o 3.2 7.83 66%

CM-14 (H2SO4/Si 0.05) poorly ordered -- -- -- 30%

CM-15 (H2SO4/Si 0.15) cubic 2.52o 3.5 8.58 57%

CM-16 (H2SO4/Si 0.30) hexagonal -- -- -- 91%

CM-17 (age 10 min) cubic 2.72o 3.24 7.95 45%

CM-18 (age 1 h) cubic 2.72o 3.24 7.95 45%

CM-19 (age 2 h) cubic 2.72o 3.24 7.95 45%

CM-20 (age 6 h) cubic 2.70o 3.27 8.01 44%

CM-21 (synthesis 9 h) cubic 2.76o 3.2 7.83 47%

CM-22 (synthesis 18 h) cubic 2.78o 3.17 7.78 48%

CM-23 (for comparison) cubic 2.70o 3.27 8.01 44%
CM-24 (synthesis 72 h) cubic 2.66o 3.32 8.13 44%

CM-25 (synthesis 168 h) pore collapsed -- -- -- 48%

CM-26 (20 oC synthesis) poorly ordered -- -- -- 54%

CM-27 (60 oC synthesis) poorly ordered -- -- -- 47%

CM-28 (90 oC synthesis) cubic 2.70o 3.27 8.01 43%

CM-29 (145 oC synthesis) pore collapsed -- -- -- 44%

CM-30 (350 oC calcination) cubic 2.62o 3.37 8.25 44%

CM-31 (450 oC calcination) cubic 2.62o 3.37 8.25 44%

CM-32 (650 oC calcination) cubic 2.78o 3.17 7.78 44%

a, position of 211 plane - data from XRD; b, d211 spacing - calculated by Eq. 6.1; c, unit cell

parameter (a0) - calculated by Eq. 6.3.
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6.4.1.2 Concentration of water: H2O/Si

Water is an important constituent of any hydrothermal system as it plays multiple roles in the

synthesis of porous material. On the one hand, it acts as a solvent, thus assists the

dissolution of solid components of a mixture and facilitates their transport and mixing,

meanwhile, it modifies phase equilibrium temperatures. On the other hand, it acts as space

fillers to stabilize the porous lattice. Through its presence, especially at high temperatures,

water may be incorporated into siliceous materials to hydrolyse and reform Si-O-Si bonds so

that chemical reactivity is enhanced [63].

The influence of water content on the formation of Cu-MCM-48 materials was investigated by

varying the molar composition of the synthesis gel: SiO2: CuO: CTAB: ethanol: H2SO4: H2O:

=1: 0.0073: 0.2: 4.3: 0.1: x, where 83 ≤ x ≤ 332. The samples with the similar MCM-48

structure were obtained from the gels with molar H2O/Si ratios of 83 to 332 (figure 6.8a),

whereas the intensity and width of the characteristic peaks varied. Well-ordered MCM-48 was

obtained from gels with molar H2O/Si ratios of 83 to 249 as confirmed by the presence of

well-defined peaks corresponding to (211) and (220). Furthermore, the intensity and the width

of the peaks maintained almost constant. The intensity of the peaks decreased and the width

broadened when further increasing the H2O/Si ratio to 332, which reflects the formation of a

lower-quality cubic mesostructure. The different behaviour of prepared samples with the

highest water content may be explained by the strong electrostatic interaction between the

cationic surfactant and anionic silicate species. A longer aging time is required for the

formation of well-ordered materials in the gel at higher water content [49]. On the other hand,

the d-spacing and unit parameter a0 (table 6.6) at H2O/Si ratio from 83 to 249 kept almost

constant, suggesting a constant metal incorporation, which can also be supported by their

substituted metal loading (around 0.01%, see table 6.3).
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Figure 6.8. a) XRD patterns and b) yield of Cu-MCM-48 catalysts with different H2O/Si ratios

(synthesis condition: Si: Cu: CTAB: ethanol: H2O: H2SO4=1: 0.0073: 0.2: 4.3: 83~332: 0.1, aging

time 3 h, hydrothermal synthesis temperature 110 oC, synthesis time 36 h)
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The big challenge of MCM-48 synthesis, namely, the low yield of the final products in a single

batch (around 45% in this research, see table 6.6), was efficiently tackled with an increase of

the H2O/Si ratio. As shown in figure 6.8b, the yield of MCM-48 increased by 50% (from 44%

to 66%) when the amount of water quadrupled, indicating the higher utilization of both silica

and organic template. This behaviour may be explained by an enhanced reactivity due to a

lower viscosity or decreased synthesis pH at diluted solutions [64].

Though no obvious differences were observed from the perspective of mesoporous

structures after increasing water content, the pore structures of the samples also deserved a

test to confirm the advantages of samples with higher water contents. In the N2

adsorption-desorption isotherms of materials synthesized at different H2O/Si (83 and 249)

were selected as representative, as shown in figure 6.9a. Typical type IV isotherms were

clearly observed, indicating the high quality of the mesoporous samples. The higher

adsorption capability of the sample with H2O/Si of 249 suggested that MCM-48 synthesized

at higher water content presented even slightly higher surface area (1338 m2·g-1) than the

sample with H2O/Si ratio of 83 (1219 m2·g-1), as listed in table 6.2. Besides, the pore size

distribution also indicated that changing the water content had no negative effects on the

uniformity of pore width of samples whereas the desorption pore size of Cu-MCM-48 with

H2O/Si of 83 and 249 were 2.66 and 2.55 nm, respectively.

Overall, it is concluded that an increase of water content improves the yield of MCM-48

dramatically without loss of quality of the final material.
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Figure 6.9. a) N2 adsorption–desorption isotherms and b) pore distribution of the Cu-MCM-48

with different H2O/Si (synthesis condition: Si: Cu: CTAB: ethanol: H2O: H2SO4=1: 0.0073: 0.2: 4.3:

83 or 249: 0.1, aging time 3 h, hydrothermal synthesis temperature 110 oC, synthesis time 36 h)
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6.4.1.3 Alcohol additive

With almost no exception, all of the studies in the literature for the preparation of MCM-48

silica made use of ethanol when using cetyltrimethylammonium (CTA+) surfactant molecule

as a template [23]. Ethanol is either added directly into the synthesis gel as an additive or

obtained from the hydrolysis of other Si sources (such as TEOS). In this project, the Si source

was sodium silicate (Na2SiO3) rather than the costly TEOS (Si(OC2H5)4), thus ethanol was

added into the synthesis gel from the beginning of preparation. Although ethanol was

previously found useful for the synthesis of cubic MCM-48 nanoparticles under highly basic

conditions, its role is not addressed in detail [61]. On the one hand, it acts as a co-solvent to

dissolve CTAB because CTAB is difficult to be dissolved at room temperature. On the other

hand, the role of the added ethanol in the formation of MCM-48 is in the ability to cause a

systematic rearrangement in the structure of the micelle by penetrating the micelle surface

[58]. It acts as a co-surfactant entering into the organic phase and swell micelles and drives a

mesophase transformation from.

The formation of MCM-48 depends strongly on the nature of alcohol, as shown in figure 6.10.

The sample without alcohol additive yielded a material with only a single broad peak in the

diffraction pattern, which showed that ethanol is required for the phase transformation to

occur. In comparison, the MCM-48 structure was formed, if ethanol was added. This is

because the use of ethanol as a co-surfactant increases the surfactant packing parameter

and directs mesostructure assembly to a cubic MCM-48. Another attempt was performed with

other alcohol (methanol and iso-propanol) as additives replacing ethanol but the formation of

cubic structural MCM-48 failed. The use of methanol to form cubic mesostructure was

reported in other researches [58] but it did not give MCM-48 in this study which might be

attributed to the high polarity and hydrophilicity of methanol or the inappropriate alcohol/Si

ratio.
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Figure 6.10. XRD patterns of Cu-MCM-48 catalysts: black line, without alcohol; green line, with

ethanol; blue line,with methanol; red line, with isopropanol (synthesis condition: Si: Cu: CTAB:

alcohol: H2O: H2SO4=1: 0.0073: 0.2: 4.3: 83: 0.1, aging time 3 h, hydrothermal synthesis

temperature 110 oC, synthesis time 36 h)

6.4.1.4 Cu/Si ratio

Figure 6.11a showed the XRD patterns of Cu substituted mesoporous materials prepared by

adding the required amount of Cu(NO3)2 corresponding to theoretical loading of 1, 2, and 4

wt% Cu in the synthesis gel and actual loading of 1.2%, 2.1% and 4.5% Cu in the sample

(table 6.3). As can be seen, the two intense diffraction peaks at 2θ of 2.7o and 3.1o indexed as

(211) and (220) reflections were clearly observed, indicating the maintaining of the ordered

cubic mesoporous structures. However, the peak intensity of the (211) reflection was

gradually attenuated when increasing the copper content of the samples, implying a relatively

disordered mesostructure arising from the excessive incorporation. This behaviour is possibly

attributed to the partial collapse and/or disorder of the cubic ordered phase [65-67] aroused

by the introduction of the copper salt into the synthesis gel. On the other hand, no significant
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changes were observed in the shift of peaks (figure 6.11a) and the unit cell parameter a0

(table 6.6) when the ratio of Cu/Si ratio increased from 0.0073 to 0.0292, implying that the

excess amount of copper nitrate would not lead to further enlargement in the unit cell.

Furthermore, the growth of the sample yields with the change of Cu loading is negligible (in

figure 6.11b).

Therefore, though it is more viable to prepare cubic Cu-MCM-48 materials with low loading (1

wt% Cu) under the experimental conditions in this study, the successful synthesis of

Cu-MCM-48 with high loading (such as 4%) is also achieved. Furthermore, this suggests that

the synthesis of Cu-MCM-48 with even higher metal loading would be possible as metal

loadings of 10% [25] to 20% [24] have been reported in the literature.
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Figure 6.11. a) XRD patterns and b) yield of Cu-MCM-48 catalysts with different Cu/Si ratios

(synthesis condition: Si: Cu: CTAB: ethanol: H2O: H2SO4=1: 0.0073~0.0292: 0.2: 4.3: 83: 0.1,

aging time 3 h, hydrothermal synthesis temperature 110 oC, synthesis time 72 h)
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6.4.1.5 Alkalinity

The synthesis of MCM-48 is usually carried out in a basic media while the formation of

MCM-41 is preferential at a lower pH [49]. However, the strong basic media may lead to the

precipitation of copper hydroxide [68] which is detrimental for the substitution of Cu into the

silica framework. Thus, an appropriate pH for this synthesis is necessary to balance the

formation of a cubic structure and an improvement in metal incorporation. In this section, the

effects of the alkalinity of the gel to the formation of mesoporous materials were studied. The

protocol we used for synthesis of the MCM-48 involved the use of sodium silicate (Na2SiO3,

13.4-14.4% NaOH basis) as Si source, which is a basic solution with pH around 12.5,

whereas the diluted H2SO4 (2 M) was used to adjust the pH in the synthesis process. The

samples in this section were synthesized using the procedure described in section 2.1 in

chapter 2 at the pH of the synthesis gel (10.2–12.2) adjusted to the desired value.

The powder XRD patterns of our samples were collected (figure 6.12). As shown, when the

synthesis was carried out at pH 12.2 (H2SO4/Si ratio of 0.05), the obtained material had

neither hexagonal array nor cubic structure as no relative diffraction peaks were present in

the pattern, suggesting that a decreased synthesis pH is necessary for the synthesis of

mesoporous materials. When decreasing the synthesis pH to 11.9 (H2SO4/Si to 0.1), a typical

XRD pattern of MCM-48 structure was observed, indicating that the pH of around 12 is in the

appropriate range for the synthesis of MCM-48 which is also consistent with the literature

[9,15]. The intensity of the Cu-MCM-48 characteristic peaks decreased greatly, when more

H2SO4 was added to the synthesis gel and the pH reached 11.6 (H2SO4/Si of 0.15), which

suggested the impairment of the ordered structure. This can be attributed to the production of

large depolymerization of the silica species at higher pH as compared to that at low pH [49].

Further decreasing the pH of the synthesis gel to 10.2 (H2SO4/Si of 0.3) led to the formation

of MCM-41, similar findings were reported elsewhere [13,49]. As it can be seen, an XRD

pattern with four peaks at 2.3o, 3.9o, 4.5o and 6.0o corresponding to the (1 0 0), (1 1 0), (2 0 0)

and (2 1 0) planes on hexagonal unit cell [28] was present in the sample at pH 10.2, indicating
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the formation of a highly ordered MCM-41. It is evidenced that the formation of MCM-41 is

preferential at lower pH value (around 10) and the optimal pH for the synthesis of MCM-48 is

around 12.

Figure 6.12. XRD patterns of Cu-MCM-48 catalysts with H2SO4/Si ratio of a) 0.05, b) 0.1, c) 0.15

and d) 0.30 (synthesis condition: Si: Cu: CTAB: ethanol: H2O: H2SO4=1: 0.0073: 0.2: 4.3: 83:

0.05~0.3, aging time 3 h, hydrothermal synthesis temperature 110 oC, synthesis time 36 h)

Besides the changes in peak intensities, the XRD patterns of MCM-48 at lower pH shifted to a

smaller angle, which was also reflected in the unit cell parameter and substituted Cu loading.

The values, a0 (table 6.6), increased sharply from 8.01 to 8.58 nm and the incorporated Cu

loading increased from 0.0091% to 0.054% (table 6.3) with the pH decreased slightly from

11.9 to 11.6, suggesting that the expansion of the lattice is highly sensitive to pH of the

synthesis gel. Similar results were also reported in the synthesis of B-Ge-MFI [69]. The lattice

expansion may be attributed to the metal substitution since more dissociate Cu2+ exists at

lower pH condition. Furthermore, the yield of sample increased sharply with the decline of
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synthesis pH (figure 6.13). In particular, the yield of MCM-41 was noticed, as it reached over

90%, far higher than that of MCM-48 samples, indicating the high utilization of the raw

materials.

Figure 6.13. Yield of synthesized catalysts with H2SO4/Si of a) 0.05, b) 0.10, c) 0.15 and d) 0.30

(synthesis condition: Si: Cu: CTAB: ethanol: H2O: H2SO4=1: 0.0073: 0.2: 4.3: 83: 0.05~0.3, aging

time 3 h, hydrothermal synthesis temperature 110 oC, synthesis time 36 h)

Additionally, the pore size and framework structure of the Cu-MCM-41 sample synthesized at

pH of 10.2 was further characterized by BET and TEM, respectively. As shown, the N2

adsorption-desorption isotherms and pore size distribution of Cu-MCM-41 sample are

consistent with a typical type IV isotherm (figure 6.14a). Adsorption on MCM-41 materials at

low relative pressures (p/p0 < 0.3) is assigned by monolayer adsorption of nitrogen on the

walls of the mesopores while the sharp increase in the adsorption amount of nitrogen at the

relative pressure of around 0.3 is characteristic of capillary condensation within uniform

mesopores whereas the sharpness of the step reflects the uniformity of the pores [70,71].
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The high N2 adsorption suggested a high surface area of 1219 m2·g-1 (table 6.3). Besides, the

sample had narrow pore size distribution mainly at around 3-5 nm as shown in figure 6.14b,

with an average pore size obtained at 3.73 nm.

Figure 6.14. a) N2 adsorption–desorption isotherms and b) pore distribution of Cu-MCM-41

catalyst (synthesis condition: Si: Cu: CTAB: ethanol: H2O: H2SO4=1: 0.0073: 0.2: 4.3: 83: 0.3,

aging time 3 h, hydrothermal synthesis temperature 110 oC, synthesis time 36 h)
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Hexagonal arrays of Cu-MCM-41 were imaged (figure 6.15), and these electron microscopy

patterns were in good agreement with results reported in literature [72,73].

Figure 6.15. TEM images of the synthesized Cu-MCM-41 (magnification from (a) to (d): ×26k,

×80k, ×180k, ×360k) (synthesis condition: Si: Cu: CTAB: ethanol: H2O: H2SO4=1: 0.0073: 0.2: 4.3:

83: 0.3, aging time 3 h, hydrothermal synthesis temperature 110 oC, synthesis time 36 h)

The hexagonal symmetry could be clearly identified in a TEM image (Figure 6.15a-d) which

indicated the uniform phase of the MCM-41 material. The magnification of the images further

showed that the material is structured with a highly ordered hexagonal array of pores. In

Si
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addition, several particles were observed in figure 6.15b, which might be due to the formation

of CuO particles on the surface of the sample. However, the hexagonally ordered

mesostructure of the host material MCM-41 was not affected by the presence of Cu inside the

pores. Thus it was indicated that the metal substitution does not cause significant

deterioration of the MCM-41 framework, which is consistant with the XRD and porosimetry

results.

Figure 6.16. EDX elemental mapping of Cu-MCM-41 (synthesis condition: Si: Cu: CTAB: ethanol:

H2O: H2SO4=1: 0.0073: 0.2: 4.3: 83: 0.3, aging time 3 h, hydrothermal synthesis temperature 110

oC, synthesis time 36 h), Si in blue, O in orange, Cu in red.
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An EDX analysis performed on the mesoporous region (where no CuO particles were

externally visible, figure. 6.15c) was plotted in figure 6.16, where Si, O and Cu signals were

detected. The Si and O atoms were originated from silica material (MCM-41), while the

Cu-atoms were derived from the substituted active species. The appearance of uniformly

distributed Cu atoms indicated the confinement of metal oxide nanoparticles inside the pores

of MCM-41.

6.4.2 Effects of aging process on the synthesis of Cu-MCM-48

The aging process is defined as a stirring or pre-heating process at low temperature (typically,

below 100 oC) prior to high temperature-hydrothermal treatments [74]. Aging is a nucleation

aiding step in the synthesis of porous material, which could influence the hydrothermal

synthesis process and the final properties of the product [75]. For instance, previous studies

revealed advantages of controlling the aging process such as suppression of impurity-phase

formation, reduction of synthesis time and control of particle sizes and their distribution

[75-78].

The aging process in this study was accomplished by stirring (at 500 rpm) the synthesis gel

for a certain time (0 to 6 h) at room temperature. Samples with different aging time were

assessed by XRD (figure 6.17a); as it can be seen, the XRD patterns of the MCM-48 samples

kept almost constant as the aging time increased for a fixed synthesis condition, which

indicated that the aging process had no effects on the formation of cubic mesoporous

structure when hydrothermal synthesis temperature and time were 110 oC and 36 h,

respectively. On the other hand, the yield (figure 6.17b) and lattice spacing (table 6.6) of

ordered mesoporous material remained constant, whereas the impurity phases such as

MCM-41 and MCM-50 were not found, indicating the robustness of the synthesis method.

The insignificant effect of the aging process on the structure of the final products might be

attributed to the high solubility of sodium silicate in water since one of the important steps
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occurring during the aging period is the (partially) dissolution or depolymerization of the silica

sol [63].

Figure 6.17. a) XRD patterns and b) yield of Cu-MCM-48 catalysts with different aging

time (synthesis condition: Si: Cu: CTAB: ethanol: H2O: H2SO4=1: 0.0073: 0.2: 4.3: 83: 0.1,

aging time 10 min~6 h, hydrothermal synthesis temperature 110 oC, synthesis time 36 h)
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6.4.3 Effects of hydrothermal conditions on the synthesis of Cu-MCM-48

For most of the microporous materials (pore diameter < 2 nm), the hydrothermal synthesis

temperature and the synthesis time have positive influences on their formation process, while

for mesoporous silica (pore diameter between 2 to 50 nm), the effects of the temperature and

the hydrothermal time are uncertain due to the intermediate nature of MCM-48. On the one

hand, a rise in temperature will increase both the synthesis efficiency and the linear growth

rate, hence, the ordering of samples normally increases with time [63]. Nevertheless a rise of

temperature may also destroy the structure of the mesoporous material. Besides, a certain

synthesis time is necessary for the transformation of hexagonal phase to cubic while

prolonged time may lead to the further transformation from cubic to lamellar phase [15,18,19].

As a consequence, the investigation of the hydrothermal conditions for MCM-48 synthesis is

crucial because the intended mesoporous phase can only be synthesized under a defined

range.

6.4.3.1 Hydrothermal synthesis temperature

Temperature is one of the key factors to tune the rate of mesoporous silica formation in the

hydrothermal synthesis process. With an increase of the synthesis temperature, the rate for

phase transformation from cubic MCM-48 to lamellar MCM-50 is accelerated. On the other

hand though, the rate of micelles formation is slowed down as a result of the decreased

synthesis temperature. Therefore, the effects of temperature on MCM-48 are the net results

of the two integrated factors. The effects of synthesis temperature on the formation of

MCM-48 were studied with the molar ratio of 1 Si: 0.0073 Cu: 0.2 CTAB: 4.3 ethanol: 83 H2O:

0.1 H2SO4 in this project.
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Figure 6.18. a) XRD patterns and b) yields of Cu-MCM-48 with different hydrothermal synthesis

temperature (synthesis condition: Si: Cu: CTAB: ethanol: H2O: H2SO4=1: 0.0073: 0.2: 4.3: 83: 0.1,

aging time 3 h, hydrothermal synthesis temperature of 20~145 oC, synthesis time 36 h)
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Figure 6.18a presented the XRD patterns of the Cu-MCM-48 samples synthesized at different

temperatures (room temperature, 60, 90, 110 and 145 oC) during 36 hours followed by a

post-thermal treatment at 550 oC to remove the template. The results showed poor-resolved

diffraction peaks which are assigned to MCM-41 analogue were obtained after 36 h due to

the low synthesis temperature (room temperature and 60 oC). When the synthesis

temperature increased to 90 and 110 oC, the typical MCM-48 materials were formed as the

diffraction characteristic peaks of the cubic phase were all present. Moreover, the intensity of

peaks, unit cell parameters (in table 6.6) were almost constant, indicating that the cubic

phase of MCM-48 was steadily formed within the temperature of 90-110 oC. Whereas at

higher temperature (145 oC), MCM-48 mesostructure was not formed, since all the peaks

disappeared. This is probably due to the pore structure collapses at high temperatures

caused by the poor hydrothermal stability of the mesoporous silica. In addition, the yields of

the samples, as shown in figure 6.18b, maintained at around 45% and were insignificantly

affected by the hydrothermal synthesis temperature. From the above analysis, it is indicated

that the formation of MCM-48 is sensitive to the hydrothermal synthesis temperature and

hence the hydrothermal synthesis temperature used in this project is 110 oC.

6.4.3.2 Hydrothermal synthesis time

As the formation of MCM-48 goes through a transformation of hexagonal phase, the MCM-48

with cubic phase is only a mesophase (a hybrid phase between main phases, which is also

called interphase [79]) during the hydrothermal synthesis process. Thus, the hydrothermal

synthesis time is an important parameter for the synthesis of MCM-48. In principle, a certain

synthesis time should be assured for the transformation of the hexagonal phase to the cubic

phase while prolonged time may lead to the destruction of the cubic phase. As a result, the

time needed for the hydrothermal process must be adjusted to minimize the production of

impurity while also ensure the formation of sufficient desired phase.
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The XRD patterns were collected for Cu-MCM-48 samples with synthesis time of 3 h to 168 h

(Figure 6.19a). The cubic structure was not well defined when the synthesis time was short

(in case of 3 h). The samples produced typical MCM-48 diffractions after a synthesis time of 9

h, and the difference in the regularity of the samples was significant. As shown, the intensity

of characteristic peaks of the MCM-48 phase was found to increase with the synthesis time

rising from 9 h to 36 h. However, the diffraction peaks of (420) and (332) were not seen in the

samples synthesized less than 36 h. The MCM-48 synthesized for 36 h showed the strongest

diffraction of (211), and the diffractions of (420) and (332) were all well developed. The cubic

mesostructure was stable for 72 h, though the ordering of the samples weakened. This

demonstrated that the samples were well synthesized between 36 to 72 h. Prolonged

hydrothermal treatment for over 168 h resulted in pore collapse completely.

Moreover, the synthesis time also influenced the unit cell parameter of samples. The (211)

peak of the well defined cubic samples was found to shift towards lower 2θ with the rising of

synthesis time (in figure 6.19). The calculated unit cell parameters (in table 6.6) of the

samples with a synthesis time of 9, 18, 36 and 72 h were 7.83, 7.78, 8.01 and 8.13 nm,

respectively, which is in agreement with the literature [80,81] and indicating a positive effects

of synthesis time within a certain range on the metal incorporation. The increase of unit cell

parameters demonstrated that the substitution of heteroatoms occurs with time, it was also

evidenced in table 6.3 since the substituted Cu loading went up from 0.0091% (36 h) to

0.077% (72 h) and 0.33% (168 h), respectively. Furthermore, the yield of samples maintained

stable when varying the synthesis time, suggesting the dependence of silica output on the

composition of the synthesis gel rather than on the hydrothermal conditions.
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Figure 6.19. a) XRD patterns of and b) yields of Cu-MCM-48 catalysts with different synthesis

time (synthesis condition: Si: Cu: CTAB: ethanol: H2O: H2SO4=1: 0.0073: 0.2: 4.3: 83: 0.1, aging

time 3 h, hydrothermal synthesis temperature 110 oC, synthesis time 3~168 h)
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To sum up, the temperature adversely interacts with the hydrothermal time of the synthesis

gel due to the intermediate nature of the MCM-48 material. This means that when moving

from higher levels of both temperature and time simultaneously (for example, 145 °C for 36 h),

there is no MCM-48 structure formation. Therefore, for high-temperature synthesis, the

reaction time should be reduced to form the material structure. While in the synthesis

performed at lower temperatures, a longer hydrothermal synthesis time should be assured.

On the other hand, a higher temperature and longer synthesis time both improved the metal

substitution positively. Therefore, the hydrothermal synthesis temperature of 110 °C and

synthesis time of 72 h are optimal in this study in consideration of the balance between the

higher regularity and the higher metal substitution.

6.4.4 Effects of calcination temperature on the removal of organic template

Calcination in air at high temperature (typically > 500 oC) is the most common method used

for template removal [82]. The calcination process especially the calcination temperature has

a huge impact on the porous structure. In principle, the calcination temperature should be

higher than the decomposition temperature of the organic template (> 235 oC for CTAB [83]),

whereas calcination temperature higher than 750 oC may lead to the collapse of the cubic

structure [84]. Hence the appropriate temperature for CTAB removal has to be studied to

completely remove the organic molecules and to protect the frameworks from being

destroyed.

The mesoporous Cu-MCM-48 silica prepared under 110 oC for 72 h was calcined at different

temperatures (350-650 oC) and assessed by FTIR-ATR (figure 6.20). The CTAB template

was completely removed at temperature over 350 oC, as the bands of CTAB all disappeared

in the spectra. Besides, the weight losses of the as-synthesized Cu-MCM-48 samples were

stable at around 50% after calcination, which confirmed the above conclusions.
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Figure 6.20. FTIR spectra of Cu-MCM-48 catalysts with different calcination temperatures

(synthesis condition: Si: Cu: CTAB: ethanol: H2O: H2SO4=1: 0.0073: 0.2: 4.3: 83: 0.1, aging time

of 3 h, hydrothermal synthesis temperature 110 oC, synthesis time 72 h)

In addition, the structural ordering of the calcined samples was assessed by powder XRD, as

shown in figure 6.21. All the Cu-MCM-48 silica kept their cubic structure after calcination, as

all the samples showed two intense diffraction peaks, which correspond to the planes (211)

and (220) that can be indexed to cubic structure of MCM-48. It is consistent with the literature

[84] that the cubic mesoporous material is thermally stable at no more than 750 oC. It should

be noted that, even though the structure well maintained, the intensities of the d211 peak and

the d-spacing values (see table 6.6) of different samples varied, suggesting the effects of

calcination temperature on the ordering and the structure of the material. The sample

calcined at 550 oC exhibited the highest peak intensity which is because a higher calcination

temperature promotes the silica condensation and prevents greater shrinkage of the

mesostructure. The a0 of the samples decreased with the rising of calcination temperature,
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which is due to the shrinkage of material structure during template removal [46,85,86]. The

intensity of the diffraction peaks dramatically reduced when further raising the temperature to

650 °C, indicating the optimal calcination temperature of the synthesized MCM-48 is 550 °C.

Figure 6.21. XRD patterns of Cu-MCM-48 catalysts with different calcination temperatures

(synthesis condition: Si: Cu: CTAB: ethanol: H2O: H2SO4=1: 0.0073: 0.2: 4.3: 83: 0.1, aging time 3

h, hydrothermal synthesis temperature 110 oC, synthesis time 72 h)

6.5 Conclusions

A hydrothermal synthesis method for Cu-MCM-48 preparation has been developed using

sodium silicate (Na2SiO3) as silica source, copper nitrate (Cu(NO3)2) as metal precursor,

CTAB (C19H42BrN) as template. The synthesized sample presented regular ordering, high

phase purity, high surface area and uniform pore size, however, it also suffered from low yield

(< 50%), low metal incorporation into the framework thus the synthesis parameters were

optimized. To this scope, the use of a sufficient amount of surfactant is crucial for the

MCM-48 formation and the least CTAB/Si ratio is 0.1. Increasing water content resulted in the

obvious rise in yield without loss of quality. In addition, the cubic phase was more likely to be
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formed when ethanol was used in the preparation procedure, whereas an MCM-41 alike

phase was obtained when using methanol and isopropanol instead. The alkalinity of the

synthesis gel had the most significant influence on the synthesis. On the one hand, it

controlled the type of phases of the synthesized materials as MCM-41 and MCM-48 were

obtained at pH of 10.2 and 11.6-11.9, respectively. On the other hand, the increase of both

the yield (57%) and the metal incorporation (0.0091% substituted Cu loading) of Cu-MCM-48

were achieved when lowering the synthesis pH from 11.9 (44% yield, 0.054% Cu sustitution

loading) to 11.6, respectively. Moreover, the synthesis of mesoporous materials was found to

be very sensitive to hydrothermal conditions, whereas highly ordered MCM-48 could be

acquired at 90-110 oC for 18-72 h. Throughout the optimization process, the highest yield of

MCM-48 reached around 70% while the highest metal loading of heteroatom achieved

0.36%.
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Chapter 7. Catalytic activity of Cu-substituted MCM-48 catalysts prepared by

hydrothermal synthesis in the CWPO of phenol

7.1 Overview

Various porous materials are widely reported in the literature as catalysts support (such as

MFI [1,2], LTA [3,4], FAU [5,6], BEA [7,8] and MOR [9,10] and so on) for the decomposition of

water contaminants due to their large surface area, pore volume and adjustable pore size.

Among them, mesoporous materials have attracted increasing interest for the design of

heterogeneous catalysts, being an ideal support candidate for the preparation of catalysts as

their larger pore size (2-4 nm) allows large molecular reactions (such as phenol with

molecular diameter of 0.62 nm [11,12]) to occur within the pores. In particular, the MCM-48

with attractive and unique cubic arrangement of continuous three-dimensional and

interwoven structure which can effectively reduce the chances of pore blockage by guest

molecules makes it one of most the promising catalytic materials [13,14]. Though the

MCM-48 silica has potential for catalysis applications due to its pore size range and shape, it

also has a lower activity due to the lack of obvious acid sites that in zeolites are otherwise

provided by the presence of Al centres. This factor makes the development of catalytically

active mesoporous materials necessary. Bearing this in mind, acidic functions can be

introduced by incorporating metals either as extra-framework nanoscale oxide clusters or in

their appropriate valence state as tetrahedral framework species [15]. In recent years, studies

involving the modification of MCM-48 with active species such as Mn [16,17], Fe [18,19], V

[20,21], Co [22,23], Cr [24,25] and the catalytic tests of these materials are increasingly

reported.

The catalytic performance of heterogeneous catalysts in the CWPO of phenol reaction is

highly sensitive to the interaction mode of metal species and catalyst support, thus the

preparation and control of the metal atoms with a more stable chemical environment are

decisive to obtain materials with high catalytic stability. Against this background, a series of

MCM-48 materials with heteroatom substituted into the silica matrix via the hydrothermal
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synthesis method have been reported (as shown in chapter 6). In the synthesis process, the

condensation of silicon and metal species around the organic micelles occur simultaneously,

thus it is likely that some of the metal species are incorporated in the silica matrix. This

method offers advantages like the expansion of unit cell parameter [26-28] and wall thickness

[29-31] of the material, which may contribute to a higher metal dispersion and a more stable

location of metal species into the framework of silica matrix. Despite the very attractive

structure of the MCM-48 with unique channel network, few studies of their modifications using

heteroatoms have been employed in the application of phenol oxidation and none, to our

knowledge, concerns copper.

Therefore, the aims of this chapter are to: 1) confirm the high activity of the prepared

materials, 2) assess the stability of the Cu substituted catalysts, 3) investigate the effects of

the synthesis conditions on the performance of the Cu-MCM-48 catalysts and 4) explore the

activity, stability and reusability of the Cu species that incorporated into the framework of

MCM-48.

7.2 Activity and stability of Cu-substituted MCM-48 catalysts

7.2.1 Control tests - activity of MCM-48 catalysts in the CWPO of phenol

The activity of Cu substituted MCM-48 was evaluated with undoped (commercial and

synthesized) MCM-48 as control tests, as shown in figure 7.1. It is clear that the blank

mesoporous silica exhibited low activity in both the phenol conversion (< 20%) and the H2O2

consumption (< 15%), which was just slightly higher than that without catalyst (phenol

conversion 4%, H2O2 consumption 7%, see figure 4.4). In addition, the difference between

the commercial and synthesized MCM-48 was negligible, confirming the inactivate nature of

the pure silica materials to form hydroxyl radicals due to the absence of active sites.
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Figure 7.1. a) Phenol conversion and b) H2O2 consumption over commercial MCM-48 and

synthesized MCM-48 in the CWPO of phenol (Si: CTAB: ethanol: H2O: H2SO4=1: 0.2: 4.3: 83: 0.1,

aging time 3 h, hydrothermal synthesis temperature 110 oC, synthesis time 36 h, calcination at

550 oC, 6 h)
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7.2.2 Activity of Cu-MCM-48 catalyst in the CWPO of phenol

The assessment of the activity of the Cu-MCM-48 catalyst prepared by hydrothermal

synthesis in the CWPO of phenol is necessary although the mesostructure was confirmed in

chapter 6. In this section, the reference Cu-MCM-48 catalyst with the best structure of

ordering, CM-23 (table 6.5 and table 6.6), had high activity in phenol oxidation, as shown in

figure 7.2 since a complete phenol degradation was achieved in 20 min, together with high

H2O2 consumption (82%) and high CO2 formation (88%), suggesting a strong capability of the

catalysts in the generation of hydroxyl radicals. By the way, the CO2 slightly decreased with

time due to the error of the HPLC analysis. Moreover, the aromatic intermediates were

completely oxidized to acids with the increase of reaction time to 4 h and most of the organic

acids were degraded to CO2 and H2O with the further decomposition of H2O2, leading to

complete H2O2 consumption, as well as 90% of CO2 formation, after 4 h at 80 oC. As a result,

the compounds that remained in the reaction mixture after 4 h were mainly acetic acid

(around 2.7×10-3 mol·L-1) and malonic acid (7.7×10-4 mol·L-1) whereas the concentrations of

other intermediates were negligible. The high activity of the catalyst indicated that the

Cu-MCM-48 is a promising candidate in the CWPO process with the ability to remove all the

toxic organic compounds including phenol and quinones and to achieve high CO2 selectivity.
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Figure 7.2. Catalytic activity of Cu-MCM-48 in the CWPO of phenol: a) phenol conversion, H2O2

consumption and CO2 formation and b) intermediates concentration (Si: Cu: CTAB: ethanol: H2O:

H2SO4=1: 0.0073: 0.2: 4.3: 83: 0.1, aging time 3 h, hydrothermal synthesis temperature 110 oC,

synthesis time 36 h, calcination at 550 oC, 6 h). CO2 formation maintained stable within an

acceptable error as it is calculated from CMB.
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7.2.3 Stability of Cu-MCM-48 in the CWPO of phenol

Figure 7.3. Reusability of Cu-MCM-48 in successive runs of reactions in the CWPO of phenol, a)

phenol conversion, b) H2O2 consumption, c) CO2 formation and d) Cu leaching (Si: Cu: CTAB:

ethanol: H2O: H2SO4=1: 0.0073: 0.2: 4.3: 83: 0.1, aging time 3 h, hydrothermal synthesis

temperature 110 oC, synthesis time 36 h, calcination at 550 oC, 6 h)

Though the high activity of the synthesized Cu-MCM-48 sample was confirmed, it may be

caused by the Cu species supported on the surface of the support as the ratio of the

heteroatom within the silica matrix was low according to the unit cell parameter (a0, in table

6.6), FTIR spectra (figure 6.6) and the substituted Cu loading (0.0091%) of the sample. In

that case, the activity of the catalyst may decrease after the Cu on the surface leaches out

gradually thus the catalyst may deactivate like the Cu catalysts reported in chapter 4 (section

4.5). Due to these analogies, the Cu-MCM-48 catalysts were tested in the CWPO of phenol



281

reaction in 5 runs of reactions to investigate its stability in terms of reusability and Cu

leaching.

As it can be seen in figure 7.3a, the catalyst lost most of its actvity, as the phenol conversion

decreased from 100% in the first 2 runs of reaction to 40% in the last 3 runs of reaction, which

is due to the leaching of metal on the mesoporous material. In the first run, the complete

phenol conversion, high H2O2 consumption and CO2 formation were mainly due to the

homogeneous contribution of the leached metal, evidenced by the high Cu concentration (40

mg·L-1) in the reaction mixture (figure 7.3d). While in the second run, the activity may be

enhanced by the leached Cu (2.4 mg·L-1), and after that the Cu-MCM-48 catalyst lost all Cu

species on the surface. Thus in the last three runs, the low activity was detected since the low

H2O2 consumption (12%), low CO2 formation (close to 0%), were observed. The activity of the

heterogeneous catalyst was unsatisfactory which might be attributed to the low metal

incorporation into the silica framework, as evidenced in the section 6.3 in chapter 6. Hence,

improving the activity of Cu-MCM-48 catalysts by increasing the metal into the framework is

necessary in order to increase both the activity and the stability of these materials.

7.3 Improvements of the activity of Cu-MCM-48 catalysts

Following the data reported in chapter 6, the Cu-MCM-48 samples with higher unit cell

parameter (a0, see table 6.6) were selected and tested because they are more likely to have

higher percentage of metal substitution (ranging from 0.0091% to 0.36%).
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7.3.1 Varying calcination temperature

Figure 7.4. Reusability of Cu-MCM-48 with different calcination temperature in successive runs of

reactions in the CWPO of phenol, a) phenol conversion, b) H2O2 consumption, c) CO2 formation

and d) intermediates selectivity (Si: Cu: CTAB: ethanol: H2O: H2SO4=1: 0.0073: 0.2: 4.3: 83: 0.1,

aging time 3 h, hydrothermal synthesis temperature 110 oC, synthesis time 72 h, calcination at

350~650 oC 6 h)

The unit cell parameters (a0, the centre-to-centre pore distance) of the Cu-MCM-48 samples

decreased from 8.25 nm to 7.78 nm when rising the calcination temperatures from 350 to 650

oC (calcined after hydrothermal synthesis), as displayed in table 6.6, implying that the

samples may present different activities due to their different metal substitution ratios.

However, the activity of the Cu-MCM-48 catalysts which is inconsistent with the change of a0

since the phenol conversion of the catalyst followed the order: Cu-MCM-48 (550 oC) >



283

Cu-MCM-48 (650 oC) > Cu-MCM-48 (450 oC) > Cu-MCM-48 (350 oC). The results are

contrary to expectation which is because that the change of unit cell parameter a0 of the

MCM-48 is influenced mainly by two reasons: i) metal incorporation into the silica framework

[26-28] or ii) the shrinkage of material structure during the removal of organic template [26,32].

In this case, the change of unit cell parameter a0 (from 8.25 nm to 7.78) with calcination

temperature (from 350 to 650 oC) is caused by the second reason. This indicates that the unit

cell parameter a0 can be used as evidence of metal incorporation only when the Cu-MCM-48

samples were calcined at the same temperature and this is also one of the reasons for

maintaining the calcination process (550 oC, 6 h) the same in both the catalyst activation

process and regeneration process. Moreover, the activity of the catalyst calcined at 550 oC

gave the highest activity, which is probably because it achieved the balance between the

removal of the organic template (CTAB) and the maintaining of pore structure of the sample.

7.3.2 Varying hydrothermal synthesis temperature

The Cu-MCM-48 catalysts synthesized at different hydrothermal synthesis temperatures,

showed very different unit cell parameter a0 (table 6.6), suggesting that the metal

incorporation into the framework is affected by the hydrothermal conditions. The Cu-MCM-48

synthesized at 145 oC, as shown in figure 7.5, presented higher activity in from the 3rd run of

reactions since the phenol conversion (69%) and H2O2 consumption (50%) both improved by

approximately 30% than that synthesized at 110 oC (36% and 10% respectively), indicating

that the higher synthesis temperature improves the stability of the catalyst. This behaviour is

possibly due to an increased metal incorporation with temperature, as deduced from the

increased unit cell parameter a0 (in table 6.6) of samples with higher hydrothermal synthesis

temperatures. Furthermore, the pore of the material synthesized at 145 oC collapsed, as

proved in figure 6.18a, thus it may indicate that not only the ordered structure but the

heteroatom loading of the Cu-MCM-48 catalysts makes difference in the CWPO of phenol.
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Figure 7.5. Reusability of Cu-MCM-48 with different hydrothermal synthesis temperatures in

successive runs of reactions in the CWPO of phenol, a) phenol conversion, b) H2O2 consumption,

c) CO2 formation and d) intermediates selectivity (Si: Cu: CTAB: ethanol: H2O: H2SO4=1: 0.0073:

0.2: 4.3: 83: 0.1, aging time 3 h, hydrothermal synthesis temperature 110 and 145 oC, synthesis

time 36 h, calcination at 550 oC, 6 h)

7.3.3 Varying synthesis time

Except for the hydrothermal synthesis temperature, the synthesis time also dramatically

affected the unit cell parameter a0 and the heteroatom loading, as indicated in table 6.6 and

table 6.3. The catalyst with longer synthesis time presented larger d211 and bigger a0,

indicating that a higher metal incorporation can be achieved from longer synthesis time. In

particular, the samples with synthesis time of 36 and 72 h had unit cell parameters of 8.01 nm

and 8.13 nm and substituted metal loading of 0.0091% and 0.077%, respectively, and these
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were considered for catalytic testing as they were supposed to have higher loading of

heteroatom. It should also be noted that a high heteroatom loading of 0.33% (table 6.3) was

achieved when extending synthesis time to 168 h in this study, hence the sample at 168 h,

though suffered pore collapse, was also explored.

Figure 7.6 Reusability of Cu-MCM-48 with different synthesis time in successive runs of

reactions in the CWPO of phenol, a) phenol conversion, b) H2O2 consumption, c) CO2 formation

and d) intermediates selectivity (Si: Cu: CTAB: ethanol: H2O: H2SO4=1: 0.0073: 0.2: 4.3: 83: 0.1,

aging time 3 h, hydrothermal synthesis temperature 110 oC, synthesis time 36~168 h, calcination

at 550 oC, 6 h)

By analysing the catalytic results from the catalysts synthesized at 36 h, 72 h and 168 h

(figure 7.6), it is possible to observe that the synthesis time affected the activity and stability

of the prepared Cu-MCM-48 catalysts greatly. First of all, extending the synthesis time had
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positive effects on the stability of the Cu catalyst as the catalyst of 168 h presented over 90%

phenol conversion throughout the 5 runs of reaction while the catalyst of 72 h and 36 h had

much lower phenol conversions in the fifth run (~70% and 40%, respectively). Meanwhile,

although the Cu-MCM-48 catalyst with synthesis time of 168 h, suffered pore structure

damage (just like that with temperature of 145 oC), it nevertheless showed the highest

performances among all the Cu-MCM-48 materials tested so far, which confirmed again that

except for porous structure, the metal incorporation appears to be the other relevant

structural feature dictating the catalytic activity of these materials in phenol decomposition. In

addition, the H2O2 consumption and the CO2 formation in the 3rd to the 5th run of reactions

increased with synthesis time, which is consistent with the trend of phenol conversions. It

should be noted that, the activity of the samples after 2nd run did obey the trend of unit cell

parameter a0, evidencing the feasibility of using the unit cell parameter as an index to assess

metal substitution.

7.3.4 Varying synthesis pH

As discussed in chapter 6, the pH of the synthesis gel is a crucial factor for the synthesis of

mesopore materials, since it does not only affect the ordering of the uniform structure and the

size of the unit cell of the MCM-48 but it also influences the type of the mesotructures

(hexagonal or cubic, see table 6.6 and figure 6.12). For this reason, the activity of the Cu

samples synthesized at different H2SO4/Si ratios was investigated. The Cu-MCM-48 catalyst

with the highest synthesis pH (pH of 11.9, figure 7.7), had low activity in the last run of

reaction with phenol conversion and H2O2 consumption of 41% and 17%, respectively, that is

probably because the MCM-48 sample had small unit cell parameter (a0 of 8.01 nm) and low

metal-substitution loading (0.0091%, table 6.3). Whereas the sample with the synthesis pH of

11.6 gave much higher phenol conversion (70%) and H2O2 consumption (28%) in the 5th run

owing to the higher heteroatom substitution (Cu-substitution loading of 0.054%, see table 6.3),

as expected from the higher a0 value (8.68 nm). However, further increasing the synthesis pH

to 10.2 led to the lowest stability of the catalyst with phenol conversion maintained at around
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30% after the first run of reaction, which might be explained by the formation of hexagonal

MCM-41 rather than MCM-48 whereas the MCM-41 had low Cu loading in the framework

(0.012%, see table 6.3).

Figure 7.7. Reusability of Cu-MCM-48 with different synthesis pH in successive runs of reactions

in the CWPO of phenol , a) phenol conversion, b) H2O2 consumption, c) CO2 formation and d)

intermediates selectivity (Si: Cu: CTAB: ethanol: H2O: H2SO4=1: 0.0073: 0.2: 4.3: 83: 0.1~0.3,

aging time 3 h, hydrothermal synthesis temperature 110 oC, synthesis time 36 h, calcination at

550 oC, 6 h)

7.3.5 Varying water content

Increasing the water content from 83 to 249 improved the yield of sample by 50% (figure 6.8b)

while it had no obvious effects on the regularity of the ordering (figure 6.8a), unit cell
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parameter a0 (table 6.6,), metal loading (table 6.3) and pore structures of the cubic materials

(figure 6.9). This implies that a higher yield of MCM-48 could be achieved for an increased

water content without loss of textural properties and performance. As shown in figure 7.8, the

Cu-MCM-48 with H2O/Si ratio of 83 and 249 presented almost completely the same phenol

conversion, H2O2 consumption and CO2 formation throughout the 5 runs of the reaction,

which means that the water content did not affect the distribution of metal in the framework.

Nevertheless, a higher H2O/Si is recommended in the synthesis of Cu-MCM-48 in this

research as it contributes to a higher yield without negative influences being found so far.

Figure 7.8. Reusability of Cu-MCM-48 with different water content in successive runs of reactions

in the CWPO of phenol, a) phenol conversion, b) H2O2 consumption, c) CO2 formation and d)

intermediates selectivity (Si: Cu: CTAB: ethanol: H2O: H2SO4=1: 0.0073: 0.2: 4.3: 83 or 249: 0.1,

aging time 3 h, hydrothermal synthesis temperature 110 oC, synthesis time 36 h, calcination at

550 oC, 6 h)
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7.3.6 Varying Si/Cu ratio

Figure 7.9. Reusability of Cu-MCM-48 with different Si/Cu ratios in successive runs of reactions in

the CWPO of phenol, a) phenol conversion, b) H2O2 consumption, c) CO2 formation and d)

intermediates selectivity (Si: Cu: CTAB: ethanol: H2O: H2SO4=1: 0.0073~0.0292: 0.2: 4.3: 83: 0.1,

aging time 3 h, hydrothermal synthesis temperature 110 oC, synthesis time 36 h, calcination at

550 oC, 6 h)

The synthesized Cu-MCM-48 materials suffered from the low Cu incorporation ratio in the

synthesis, though the stability of the heteroatom was proved, hence other possible methods

for improving metal substitution were investigated. In this context, the Cu-MCM-48 catalysts

with different Cu/Si ratios of 0.0073, 0.0146 and 0.0292 (corresponding to total Cu loading of

1.2, 2.1 and 4.5%, table 6.3) were evaluated. Increasing the metal loading of the Cu-MCM-48

had influence on the stability of catalysts, since the phenol conversion, H2O2 consumption,
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CO2 formation and intermediates selectivity over the three catalyst follows the trend: Cu

loading 2.1%>4.5≈1.2% (Figure 7.9), which roughly matched up with their incorporated metal

loading (0.36%, 0.22%, 0.077%, table 6.3). It is clear that only a small amount of Cu species

was substituted into the framework under the same synthesis condition whether the

concentration of Cu precursor (within the range) in the synthesis gel, which is in agreement

with the data in table 6.6.

To sum up, the activity and stability of the Cu-MCM-48 catalysts could be improved by

increasing substituted metal loading through the optimization of synthesis parameters (such

as the hydrothermal temperature, hydrothermal time and synthesis pH), which is reflected by

the activity of the catalysts after 5 runs of reactions. Although the activity and the stability

needs further improvements, the Cu-MCM-48 materials showed potential in phenol oxidation

reaction. The most promising catalyst among these synthesized materials is Cu-MCM-48

synthesized for 168 h, which presented over 90% phenol conversion in successive 5 runs of

reactions.

7.4 Regeneration of catalysts

It is clear from the above results that the activity of the Cu-MCM-48 declined significantly

throughout the five runs of reactions since the highest phenol conversion in the fifth run of

reaction was only approximately 90% using all these Cu substituted cubic MCM-48 catalysts

tested in this chapter. It is true that the metal leaching accounts for the loss of activity,

however, the activity of the synthesized Cu-MCM-48 in the last reaction run does not match

up with the substituted metal loading (in table 6.3), indicating that Cu leaching is not

necessarely the only reason for the loss of activity in the reaction. Another quite common

reason for catalyst deactivation in a liquid phase reaction is the formation of carbonaceous

deposits over the catalyst surface, which also triggers loss of activity of catalyst with the

accumulation of intermediates. The loss of activity caused by metal leaching is usually

irreversible whereas the catalyst deactivated by carbon deposit has elements of reversibility
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as often a catalyst affected by carbonacoues deposition can be regenerated at high

temperature calcination. In this section, the possibility of deactivation caused by

carbonaceous deposit is investigated in detail by using the generated Cu-MCM-48 catalysts

after calcination at 550 oC for 6 h. In principle, the deposited carbon could be removed

completely after calcination thus an improved activity could be observed.

Figure 7.10. Activity of regenerated Cu-MCM-48 catalyst with different Si/Cu ratio in successive

runs of reactions in the CWPO of phenol, a) phenol conversion, b) H2O2 consumption, c) CO2

formation and d) intermediates selectivity (Si: Cu: CTAB: ethanol: H2O: H2SO4=1: 0.0073~0.0292:

0.2: 4.3: 83: 0.1, aging time 3 h, hydrothermal synthesis temperature 110 oC, synthesis time 36 h,

calcination 550 oC, 6 h, regeneration by calcination at 550 oC, 6 h)
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Three regenerated catalysts with different Cu loadings (1.2, 2.1, and 4.5%) were tested in the

CWPO of phenol (figure 7.10). As it can be seen, the regenerated catalysts presented good

performance in phenol decomposition since over 70% of phenol was degraded in merely 20

min. Among the three regenerated catalysts, the catalyst with Cu/Si ratio of 0.0073 had

slightly lower activity since the phenol conversion 92%, the H2O2 consumption of 47% as well

as the CO2 formation of 45% were achieved in 4 h while the catalysts with Cu/Si ratio of

0.0146 and 0.0292 showed higher phenol conversion (99% and 100%), higher H2O2

consumption (54% and 54%) as well as higher CO2 formation (62% and 70%), respectively.

In particular, the concentration of aromatic intermediates kept low (1.0×10-3 mol·L-1) in the

final reaction mixture when using the regenerated Cu-MCM-48 with the highest Cu/Si ratio,

while the acids concentration was high (7.9×10-3 mol·L-1), suggesting the high activity and

selectivity of the regenerated catalyst. Overall, the regenerated Cu-MCM-48 catalysts, in

comparison with the spent counterparts, exhibited higher activity in phenol decomposition,

which suggested that carbonaceous deposit is also one of the reasons for catalyst

deactivation in the CWPO of phenol, while it can be simply solved by regeneration at high

temperature calcination.

7.5 Activity and stability of the optimized Cu-MCM-48 catalyst

As discussed in sections 7.3 and 7.4, the stability of Cu-MCM-48 could be improved by

adjusting synthesis parameters while the synthesis pH, synthesis time are of great help.

Meanwhile, the prepared catalysts could be regenerated by simply calcination in the air at

high temperatures. In order to defend the conclusion, a Cu-MCM-48 material synthesized

under the optimal conditions (hydrothermal synthesis temperature of 110 oC, synthesis time

of 72 h, synthesis pH of 11.6), denoted as Cu-MCM-48-optimized, was characterized and

tested. Moreover, the catalyst, denoted as Cu-MCM-48-aqua regia, was

Cu-MCM-48-optimized treated by aqua regia (a mixture of hydrochloric acid and nitric acid,

with HCl: HNO3 volume ratio of 3: 1) at room temperature for 24 h in order to remove the Cu

supported on the surface since aqua regia treatment is an efficient solution to extract metal
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from solid material, thus the Cu-MCM-48 catalyst was obtained with only intra-framework

metal, in principle.

7.5.1 Characterization of Cu-MCM-48 catalysts

7.5.1.1 XRD

The ordered structure of the material was achieved since the typical peaks assigned to (211),

(220), (321), (400), (420) and (332) diffraction planes were all detected, as displayed in the

XRD pattern of the Cu-MCM-48-optimized sample in figure 7.11. The intensity of the peaks of

the Cu-MCM-48 was slightly weakened in comparison to a pure MCM-48 sample, suggesting

that adjusting the synthesis parameters based on the above results had no obvious influence

on the regularity of the mesoporous materials. However, an apparent shift of the peaks to the

smaller angle was observed in the XRD pattern of the Cu-MCM-48-optimized sample,

presenting a great increase of the unit cell parameter a0 from 8.06 nm to 8.79 nm thus

indicating a higher metal incorporation (table 7.1). The XRD pattern of the Cu-MCM-48-aqua

regia in figure 7.11 showed the intensity of the characteristic peaks reduced, indicating that

the cubic structure of the sample remained though the regularity of the structure was impaired

after treatment using aqua regia. In addition, the acid treatment process had effects on the

unit cell parameter a0 since it decreased from 8.79 nm to 8.45 nm after aqua regia treatment

at room temperature for 24 h, but still higher than the a0 of the pure MCM-48 (8.06 nm). The

decrease of the peak intensity and the unit cell parameter is likely due to the effects of acid

treatment on the elution of Cu from the framework since similar examples about elution of Al

from zeolite by acid were widely reported [33-37].
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Figure 7.11. XRD patterns of MCM-48 and Cu-MCM-48 samples (synthesis condition of

Cu-MCM-48: Si: Cu: CTAB: ethanol: H2O: H2SO4=1: 0.0073: 0.2: 4.3: 83: 0.15, aging time 3 h,

hydrothermal synthesis temperature 110 oC, synthesis time 72 h, calcination at 550 oC, 6 h)

7.5.1.2 Surface area and porosimetry

Isotherms of the pure MCM-48, the Cu-MCM-48-optimized with and without acid treatment

were collected (figure 7.12a). The adsorption analysis confirmed mesopores highy uniform,

and this characteristic was further reflected by the sharp condensation step at p/p0 of 0.2-0.3

in the adsorption branch for the MCM-48 material, while the uniformity was weakened for the

metal substituted samples since the condensation step flattened. On the other hand, the

isotherms of the Cu-MCM-48-optimized sample presented a much lower N2 adsorption in

comparison with the pure silica, especially the sample after aqua regia treatment. Thus

corroborating our conclusion that the uniformity of pore channels of the mesoporous silica

was impaired by the substitution of Cu atoms into the silica and/or by the acid wash, which is

in agreement with the XRD results.
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Figure 7.12. a) N2 adsorption–desorption isotherm sand b) pore distribution of the synthesized

mesoporous Cu-MCM-48 catalysts (synthesis condition: Si: Cu: CTAB: ethanol: H2O: H2SO4=1:

0.0073: 0.2: 4.3: 83: 0.15, aging time 3 h, hydrothermal synthesis temperature 110 oC, synthesis

time 72 h, calcination at 550 oC, 6 h)
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Pore parameters were summarized in table 7.1. It should be noticed that the introduction of

the metal species led to a decrease in pore diameter, surface area and pore volume. For

example, the BET specific surface area and pore size of a pure (undoped) MCM-48 were

1435 m2·g-1 and 2.59 nm, respectively. Whereas after incorporation of Cu the BET surface

area of the Cu-MCM-48-optimized decresed to 1053 m2·g-1, this may be caused by a partial

blockage of the MCM-48 pores by copper oxide clusters existing in the channels and/or a

partial collapse of the mesoporous structure [22,31]. In comparison, the wall thickness, wt, of

the Cu samples slightly increased to 1.65 nm with MCM-48 as reference (1.31 nm) which is in

agreement with that reported in the literature [29-31] and might be due to the expansion of

pore structure caused by metal incorporation. The pore structure was negatively affected

after treatment by aqua regia with the surface area further decreasing to 696 m2·g-1.

Overall, the nitrogen adsorption/desorption isotherms clearly indicated a retain of porosity of

the samples upon metal substitution and acid treatment. Meanwhile, the analysis of the

Barret-Joyner-Halenda (BJH) pore size distributions showed the negative effects of the Cu

introduction and the treatment of aqua regia since the surface area and pore diameters

decreased after each of these steps.
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Table 7.1. Porosimetry data of synthesized Cu-MCM-48 (synthesis condition: Si: Cu: CTAB: ethanol: H2O: H2SO4=1: 0.0073: 0.2: 4.3: 83: 0.15, aging

time 3 h, hydrothermal synthesis temperature 110 oC, synthesis time 72 h, calcination at 550 oC, 6 h)

Sample name 2θ of (211) plane a d(211) b a0 (nm) c SBETd (m2·g-1) Vpe (cm3·g-1) Dpd (nm) Wtf (nm)

MCM-48 2.68o 3.29 8.06 1435 1.06 2.59 1.31

Cu-MCM-48-optimized 2.46o 3.59 8.79 1053 0.60 2.39 1.65

Cu-MCM-48-aqua regia 2.56o 3.45 8.45 696 0.26 2.38 1.54

a - data from XRD.

b - calculated by Eq. 2.3.

c - calculated by Eq. 2.5.

d - determined by BET method.

e - determined by BJH method.

f - calculated by Eq. 2.6.
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7.5.1.3 TEM

Figure 7.13. TEM micrographs of a) Cu-MCM-48-optimized (magnification from (a1) to

(a4) ×14K, ×50K, ×80K, ×200K) and b) Cu-MCM-48-aqua regia (magnification from (b1)

to (b4) ×16K, ×40K, ×70K, ×140K) (synthesis condition: Si: Cu: CTAB: ethanol: H2O:

H2SO4 =1: 0.0073: 0.2: 4.3: 83: 0.15, aging time 3 h, hydrothermal synthesis temperature

110 oC, synthesis time 72 h, calcination at 550 oC, 6 h)
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Transmission electron images of Cu-MCM-48-optimized before (figure 7.13a) and

after acid wash (figure 7.13b) indicated the effects of the treatment process on the

morphology and pore structure of the cubic mesoporous materials. The typical

structure of MCM-48 was maintained after introducing Cu atoms, as the Cu-MCM-48

sample without acid treatment exhibited ordered pore structure and uniform channel

system, though the support structure was partially collapsed when compared to those

with very low metal incorporation (figure 6.5), as slight irregularity of the framework

was seen. The results well matched up with the XRD and BET data, whereas the

slight irregularity can be explained by a distortion of the structure caused by a higher

percentage of metal substitution into cubic framework, as proved by the ICP-OES

data in table 7.2. In comparison, the mesostructured ordering was not observed in the

TEM image of samples after soaking in aqua regia for 24 h. As can be seen, the acid

treated sample showed a floc-like channel structure, indicating the ordered cubic

mesoporous inorganic framework has been destroyed after stirring in aqua regia for

one day. It suggested that some of the pores, especially those located at the edge of

the particles have collapsed due to the effects of acid treatment. The reason is that

the acid treatment causes loss of ordering and the formation of amorphous material,

which is in agreement with some conclusions from the literature [38].

7.5.1.4 Active metal content - ICP-OES

The unit cell parameter a0 (table 7.1) implied that there were heteroatoms substituted

into the silica matrix of the Cu-MCM-48 sample, thus both the Cu supported metal

loading (metal leached by aqua regia) and Cu substituted metal loading (framework

metal leached by HF acid) were tested by ICP-OES, with the results listed in table 7.2.

It is stated that the supported and substituted Cu coexisted in the sample whereas the

Cu on the surface (1.0%) accounted for 83% and the Cu substituted in the framework

(0.20%) took up 17% of the total Cu loading (1.2%). Among the Cu-MCM-48 samples
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that maintained Cu/Si ratio of 0.0073 and cubic structure (table 7.2 and table 6.3), the

Cu-MCM-48-optimized synthesized at H2SO4/Si ratio of 0.15, H2O/Si of 83, and

synthesis time of 72 h exhibited the highest substituted metal loading, suggesting that

adjusting synthesis parameters is effecient method to improve the metal incorporation

ratio, and at last would improve the activity and stability of the Cu-MCM-48 catalysts in

the CWPO of phenol reaction.

Table 7.2. Properties of the synthesized Cu-MCM-48 catalyst (synthesis condition: Si: Cu:

CTAB: ethanol: H2O: H2SO4=1: 0.0073: 0.2: 4.3: 83: 0.15, aging time 3 h, hydrothermal

synthesis temperature 110 oC, synthesis time 72 h, calcination at 550 oC, 6 h)

Catalyst Supported metal

loading

Substituted metal

loading

Total metal loading

Cu-MCM-48 1.0 wt% 0.20% 1.2%

7.5.2 Activity of Cu-MCM-48 catalyst

The Cu-MCM-48-aqua regia sample presented high activity in phenol decomposition

with complete phenol conversion achieved in only 20 min. After the decomposition of

phenol, the aromatic intermediates such as p-benzoquinone and catechol formed,

which were further degraded to acids (mainly formic acid, malonic acid and acetic acid)

in reaction time of 2 h with the continuous consumption of H2O2. Acid intermediates

were gradually oxidized to CO2 in the last 2 h with the concentration of formic acid and

malonic acid fell down, leading to the growth of the CO2 formation. At last, the phenol

conversion of 100%, H2O2 consumption of 87%, CO2 formation of 87% (oxalic acid

was not included) were achieved in 4 h, meanwhile, all the aromatic compounds were

removed from water and the main intermediates remained in the reaction mixture

were harmless acids such as acetic acid and formic acid.
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Figure 7.14. Catalytic activity of Cu-MCM-48-aqua regia in the CWPO of phenol, a)

phenol conversion, H2O2 consumption and CO2 formation and b) intermediates

concentration (Si: Cu: CTAB: ethanol: H2O: H2SO4=1: 0.0073: 0.2: 4.3: 83: 0.15, aging

time 3 h, hydrothermal synthesis temperature 110 oC, synthesis time 72 h, calcination at

550 oC, 6 h)
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7.5.3 Stability and re-usability of Cu-MCM-48-aqua regia

Figure 7.15. Reusability of Cu-MCM-48-aqua regia in successive runs of reactions in the

CWPO of phenol, a) phenol conversion, b) H2O2 consumption, c) CO2 formation and d) Cu

leaching (Si: Cu: CTAB: ethanol: H2O: H2SO4=1: 0.0073: 0.2: 4.3: 83: 0.15, aging time 3 h,

hydrothermal synthesis temperature 110 oC, synthesis time 72 h, calcination at 550 oC, 6

h)

The Cu-MCM-48-aqua regia was recycled through a filtration/washing/drying process

after 4 h reaction and reused in the next run of CWPO of phenol. The catalyst, as

displayed in figure 7.15, showed high activity in phenol decomposition since phenol

was completely removed in 20 min in the first run, while after 4 h the phenol

conversion of 100%, the H2O2 consumption of 86% and the CO2 formation of 86%

were achieved together with a low Cu leaching (2.4 mg·L-1). The used catalyst, after

the first run, presented decreased activity with the phenol conversion, H2O2
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consumption, as well as CO2 formation, maintained almost constant at around 75%,

40% and 30%, respectively, which may be due to the lower adsorption capacity of the

used catalyst [39]. Meanwhile, the metal concentration detected in the reaction

mixture using the used catalyst kept lower than 0.5 mg·L-1, suggesting the negligible

effect of leached Cu and the good performance of the metal incorporated into the

silica matrix. On the other hand, the steady performance of the used catalyst in the 2nd

to the 5th run of reaction also implied the potential of the Cu-MCM-48 catalyst although

catalyst deactivation occurred. Moreover, the Cu-MCM-48-aqua regia catalyst, after

regenerated simply at 550 oC for 6 h, exhibited performance as good as in the first run,

with phenol conversion of 100%, H2O2 consumption of 76%, CO2 formation of 74%,

whereas metal leaching of merely 1.2 mg·L-1. The activity of the regenerated catalyst

stated that the causes of deactivation of the Cu-MCM-48-aqua regia catalyst might be

carbonaceous deposit thus can be regenerated by calcination in air.

7.6 Conclusions

The Cu-MCM-48 catalyst (CM-23) synthesized by hydrothermal synthesis with the

best ordering of structure presented high activity in the CWPO of phenol since it

resulted in high phenol conversion (100%), high H2O2 consumption (82%), high CO2

formation (88%) as well as harmless reaction mixture (aromatic compounds removed

and only organic acids remained). Despite the high activity, the Cu-MCM-48 sample

suffered high Cu leaching (40 mg·L-1) in the first run of the reaction, leading to low

stability and low reusability of the catalyst as the activity of the sample drastically

reduced from the second run of reaction. In comparison, the Cu-MCM-48 samples

with higher unit cell parameters (a0), though slightly inferior in the regularity of the

mesostructure, showed improved stability as an obvious increase in the phenol

conversion, H2O2 consumption and CO2 formation was shown after the first run of the

reaction. In particular, the Cu-MCM-48 samples with longer synthesis time, higher
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hydrothermal synthesis temperature, as well as lower synthesis pH were favour of

improvement of stability. It suggests that the unit cell parameter indicates the

performance of Cu-MCM-48 samples to some extent and is evidence of metal

incorporation. The Cu-MCM-48 sample synthesized at the optimal conditions (110 oC,

72 h, pH 11.6) presented the typical cubic structure and uniform mesopores, had a

high percentage of metal incorporation as proved by the unit cell parameter (8.79 nm)

and substituted metal loading (0.2%) thus the activity and the stability were improved

as expected. Therefore, the Cu-MCM-48 catalyst with Cu substitution into the

framework is one of the efficient catalysts that presented both high activity and high

stability in the CWPO of phenol, though the further increase of the percentage of

metal incorporation should be pursued. Moreover, the used Cu-MCM-48 catalysts

could be regenerated simply by calcination at 550 oC at ambient air to recover the

activity loss caused by carbonaceous deposit, which further indicates the potential of

the catalysts in the catalytic reaction.
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Chapter 8. Conclusions and future work

Conclusions

The research project has developed on the following three areas: i) identification and

determination of phenol and intermediates formed during the abatement reaction ii)

seeking for highly efficient catalysts for complete removal of phenol and aromatic

intermediates and high selectivity to CO2/organic acids, iii) investigation of catalyst

deactivation mechanism and develop catalyst with high stability accordingly.

On this basis, the main achievements of the project are summarized as follows:

1) An efficient analysis method for the qualitative and quantitative determination of

phenol and intermediates was developed by HPLC which only took 30 min for the

analysis of each sample.

2) Almost all the expected intermediates (including hydroquinone, p-benzoquinone,

catechol, oxalic acid, formic acid, malonic acid, acetic acid, maleic acid and fumaric

acid) were identified by the HPLC analysis method which enables the calculation of

carbon mass balance and CO2 formation. And this is always neglected in current

literature.

3) The complete decomposition of phenol could be achieved under mild reaction

conditions (80 oC, endogenous pressure, 4 h) over Cu and Fe catalysts, especially the

Cu-ZSM-5-WI catalyst that exhibited 100% phenol conversion, 94% H2O2

consumption, 90% CO2 formation and complete removal of aromatic intermediates

under the experimental conditions. However, the low stability of the catalyst during the

reaction process due to high metal leaching (> 80%) limits the potential of the

industrial application of the catalyst.

4) The causes of the Cu leaching of the Cu-supported ZSM-5 catalyst were studied,

and the decreased pH of the reaction mixture with the formation of organic acids

during the reaction process led to increased Cu leacing. The Cu leaching (25% at pH

3) was severe at pH below 4, whereas adjustment of the reaction parameters (such
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pH, temperature, M: S ratio and so on) had no obvious influences on the stability of

the Cu catalyst. The formation of intermediates especially the formation of oxalic acid

was the main reason for metal leaching. The oxalate ions formed in the reaction

process complexed with Cu with 2:1 ratio, indicating that the formation of Cu oxalate

(Cu(oxa)2) was one of the direct reasons for Cu leaching. It is very likely this occurs

for many other similar catalysts reported in literature.

5) High leaching (> 50%) was observed over all the Cu-supported ZSM-5 zeolite

catalysts in this project regardless of the oxidation state of Cu and the catalyst

preparation methods (WI, IE, DP), indicating the poor stability of the metal oxides that

suported on zeolite. A factor to be considered for future catalyst development is

designing zeolite catalyst with metal incorporated into the silica matrix.

6) The Fe-ZSM-5-HTS catalyst prepared by hydrothermal synthesis showed high

activity (100% phenol conversion, 100% H2O2 consumption, 60% CO2 formation) and

high stability (leaching < 0.4 mg·L-1) in the CWPO of phenol in successive 8 runs of

reaction without loss of activity, which evidenced the potential of the metal

incorporated zeolite catalyst. The Fe-ZSM-5/SiC presented somehow similar

performances though slightly lower activity was seen due to the higher diffusion

resistance. Whereas the Cu-ZSM-5/SiC presented low activity and low stability in

phenol oxidation due to the failure of Cu incorporation which drove us to seek for

other guest for Cu substitution.

7) The Cu-MCM-48 catalysts with uniform ordering and mesopore structure were

prepared by hydrothermal synthesis and the pH adjustment and the hydrothermal

conditions were key parameters influencing the synthesis of MCM-48 and the metal

incorporation. The MCM-48 structure was formed with pH at 11.6-11.9, hydrothermal

treatment at 90-110 oC for 18-72 h, whereas the lower pH, higher temperature, longer

time within these ranges positively influenced the metal incorporation (characterized

by the unit cell parameter, a0). At last, the highest yield of 70% and the highest
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heteroatom loading of 0.36% were achieved via adjusting the synthesis parameters.

8) The Cu-MCM-48 catalysts with higher metal incorporation were assessed in the

CWPO of phenol. They all presented high activity (100% phenol conversion) in the

first run of reaction due to the metal on support surface, whereas the activity was then

decreased and stablized form the 2nd and 5th run owing to the heterogeneous

contribution of the substituted Cu species. Among those tested Cu-MCM-48 catalysts,

the samples with higher a0 and higher metal incorporation showed improved stability

and the most stable catalyst was that synthesized for 168 h which had > 90% phenol

conversion in successive 5 reaction runs. The Cu-MCM-48 catalyst synthesized at the

optimal conditions (pH 11.6, 110 oC, 72 h) showed steady activity (> 70% phenol

conversion in 5 runs), suggesting the possibility of improving activity via increasing

metal incorporation through adjusting synthesis parameters. These are excellent

results, especially if considered with the added bonus that Cu-MCM-48 could be

regenerated by simple calcination in air at 550 oC.

Future work

The future work of this project will focus on:

1) Screen catalyst rapidly with high selectivity to acids/CO2 and high efficiency of H2O2

to hydroxyl radicals based on the calculation of CMB, OMB and H2O2 efficiency;

2) Seek other potential catalysts in the CWPO process in the form of metal-free

catalysts and/or intra-framework Cu catalyst with high substituted metal loading (>

0.5%), with aims to achieve both high activity and high stability;

3) Design a catalyst with high activity in the decomposition of both phenol and oxalic

acid, such as bimetallic catalys with one metal for phenol decomposition and the other

one for decomposition of any oxalic acid when it was formed in the reaction mixture to

improve catalyst stability;

4) Apply the ideal catalysts (Fe-ZSM-5-HTS(80) and Cu-MCM-48 for instance) and
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the technique (CWPO) into the abatement of other possible water pollutants. To

confirm the efficiency of the CWPO technique and the universal applicability of the

prepared catalysts, other common organic compounds in wastewater other than

phenol, either in terms of single or combinations, will be studied. For example:

bisphenol A, quinone and 2-chlorophenol, and so on;

5) Study the possible mechanisms and the routes of phenol oxidation. The reaction

pathway of phenol oxidation under different condition or based on different catalysts,

and the oxidation mechanism of H2O2 will be proposed. On the basis of this research,

an integrated process for phenolic wastewater, or even for organic wastewater

treatment may be designed.
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Appendix

A.1 Design of reaction setup

The reaction setup for phenol oxidation reaction includes a stirrer hot plate, an

aluminium block (custom made) and four glass reactor vessels (custom made). The

hot plate is used to provide magnetic stirring and heat the reaction mixture to the

desired temperature by inserting the temperature probe into the aluminium block. The

aluminium block (in figure A1), which is placed on the top of the hot plate, has four

holes (with diameters of 40.4 mm) to place four reactor vessles. The diameter of the

block (160 mm) matches up with the diameter of the hot plate, while the height (120

mm) of the block is designed to fit the reactor, to minimize as much as possible the

difference of the temperature between the reaction setups. The reactor vessel (figure

A2) is equipped with a Young tap valve on the top, which is used to seal the

glassware during the reactions. The reactor with diameter of 40 mm and volume of

100 mL are made of transparent glass and used for conducting liquid phase reactions.

Figure A1. Sketch of the four-hole aluminium block (custom made), vertical view (left) and

sectional view (right)
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Figure A2. Sketch of the custom made glassware

A.2 Temperature calibration of the reaction setup

The difference between the actual temperature of reaction mixture, and the set

temperature deserves attention as there is heat loss between different zones of the

reactor setup, and this require a temperature calibration. Temperature calibration was

carried out by measuring the actual temperature of the deionized water (50 mL) in the

glassware. The actual temperature was tested with a temperature detector under

continuous stirring (500 rpm) with set temperatures ranging from 30 oC to 100 oC (with

increments of 10 oC). The actual temperatures of the water in the four different reactor

vessels were recorded 10 min after the reading of the temperature reaches the set

temperature. The actual temperature with function of set temperature was then

plotted (figure A3a). From the calibration curve (Tmeasured = 0.932 Tset+2.5). For

example, the actual temperature reaches 80 oC when the temperature was set as 83

oC. Besides, the actual temperature of water with set temperature of 83 oC was also

recorded every half hour to investigate its fluctuation range (figure A3b).
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Figure A3. a) The actual temperatures of water per different set temperatures ranging

from 30-100 oC, and b) the actual temperature of water with time from 0.5-4 h when

setting temperature at 83 oC (50 mL of deionized water, stirring rate of 500 rpm)
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A.3 Principle of catalyst preparation

A.3.1 Wet impregnation (WI)

Wet impregnation usually refers to contacting a solid with a liquid containing a metal

precursor and then eliminating the excess liquid (which practically acts as a solvent

for the precursor), by evaporation. This concentrates the metal precursor and

deposits metal species on the surface of the solid or within pores, if a material has a

suitable (size and polarity) pore structure [1]. The deposition of active species on the

surface of a solid by wet impregnation usually results from weak interactions such as

Coulomb force, van der Waals forces, or H-bonds [2]. A typical wet impregnation

process is shown in figure A4.

Figure A4. Schematic diagram of metal-supported catalyst preparation by wet

impregnation in three steps. The concentration of metal salts decides the metal loading of

the WI catalyst.

Despite being a quite straight forward preparation method, it is reported, however,

that this protocol leads to an uncontrolled distribution of the metal sites both inside the

pores and on the external surface due to the absence of specific metal–zeolite

interactions [3]. Besides, it also leads to large metal particles formed via

agglomeration [4]. However, it is still the most widely used due to its simplicity and
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economic advantages. This sequence of operations may then be followed by a post

reduction step (most often by H2 gas or NaBH4 in solution) to alter the oxidation state

of the deposited metal [5].

A.3.2 Deposition-precipitation (DP)

Deposition-precipitation method involves the conversion of a highly soluble metal salt

precursor into a less-soluble substance which precipitates only on the support and not

in solution [6]. Typically, this process is achieved by a change in solution pH, most

often basic, by addition of a precipitation agent (such as NaOH [7,8], Na2CO3 [9,10],

urea [11,12], ammonia [13,14] and so on), addition of a reducing agent [15,16], or

change in the concentration of a complexation agent [17]. A typical

deposition-precipitation process is shown in figure A5.

Figure A5. Schematic diagram of metal-supported catalyst preparation by

deposition-precipitation in four steps. pH adjustment is the key step in the preparation of

DP catalyst.

Catalysts prepared by DP method exhibit some advantages compared to more

conventional wet impregnation: smaller metal particles are obtained with a narrower
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size distribution. Besides, it is possible to obtain catalysts with higher metal loadings

(20 wt % for instance) in comparison with those prepared by ion exchange method as

they usually have metal loading below 5% [18,19]. In addition, the metal particles of

catalysts prepared by deposition precipitation are usually highly dispersed and do not

easily sinter because of the strong interaction with the support [6,18]. However, it also

presents some disadvantages that not all the metal ions present in solution are

deposited on the support. Indeed, the maximum metal loading is usually much lower

than the nominal amount of metal present in solution.

A.3.3 Ion exchange (IE)

The ion exchange method consists in a process when ionic species from an aqueous

solution are attracted electrostatically by charged sites on the support surface [20].

This protocol involves the replacing of an ion in an electrostatic interaction with the

surface of a support by another ion species. For example, for a support like HZSM-5,

which containing H+ ions, is mixed with an excess volume of a metal precursor

solution, metal ions gradually penetrate into the pore space of the support, while ions

H+ pass into the solution, until equilibrium is established corresponding to a given

distribution of the two ions between the solid and the solution [21]. Heating is

sometimes required to increase the ion exchange rate. A typical ion exchange

process is schematized in figure A6.
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Figure A6. Schematic diagram of metal-supported catalyst preparation by ion exchange

in four steps. The parameters including the concentration of metal salts, temperature, and

time in the first and second steps influence the metal loading of the catalyst significantly.

Ion-exchange is historically one of the first methods of introducing the transition-metal

sites inside the pores of zeolites. Furthermore, it improves the metal dispersion and

produces isolated metal species, which may positively affect the activity of the zeolite

catalysts. In addition, the ion-exchange technique normally brings about a stronger

metal-support interaction than impregnation , which may lead to a higher stability of

the zeolite catalysts. Whereas the main drawback is that catalyst prepared by this

method commonly displays a low metal loading (usually below 5% [18]) as a result of

the limited ion exchange capacity of the zeolite (depending on the molar SiO2/Al2O3

ratio) [4,22].

A.3.4 Hydrothermal synthesis (HTS)

A typical hydrothermal zeolite synthesis (in figure A7) can be described as follows [4]:

amorphous reactants containing silica and alumina (or metal oxide) are mixed

together with a cation source, usually in a basic medium (high pH over 9), the pH of
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the aqueous reaction mixture is then adjusted to optimal pH. After that the synthesis

gel is aged, which is a process defined as a stirring or pre-heating process at low

temperature (typically, below 100 oC) prior to high temperature-hydrothermal

treatments [23], to decrease the duration of crystallization (ranging from hours to days)

at a given temperature and the size of crystals in the final products [24]. After aging,

the solution is heated (for reaction temperatures above 100 °C if using water as

solvent), often in a sealed autoclave. For some time (for example several hours for

ZSM-5) after raising to synthesis temperature, the reactants remain amorphous.

Afterwards, crystalline zeolite products can be detected. Finally, some of the

amorphous materials are replaced by an approximately equal mass of zeolite crystals

(which are recovered by filtration, washing and drying).

Figure A7. Schematic diagram of metal-substituted zeolite catalyst preparation by

hydrothermal synthesis in six steps. The pH adjustment and hydrothermal synthesis steps

are crucial for the growth of the desired crystalline materials.

Unlike other metal-zeolite configurations that exclusively lead to extra-framework

species, the hydrothermal synthesis approach sometimes permits creating truly single

framework metal sites [24]. The most common heteroatom applied for the
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isomorphous substitution is obviously trivalent Al. Other trivalent elements such as B,

Fe, Ga, and La can be also introduced into the framework, resulting in an array of

lattice acidity and stability. Further, isomorphously substituted zeolites contain

catalytically active Brønsted (proton donors) and/or Lewis acid (electron acceptor)

sites that are also suitable for the coordination of highly dispersed transition metal

centres.

A.4 Principle of characterization techniques

A.4.1 XRD

X-ray powder diffraction (XRD) is a non-destructive technique used for the

determination of composition or crystalline structure of material. X-ray diffraction is

based on constructive interference of monochromatic X-rays when crossing or being

reflected by a crystalline sample. The interaction of the incident rays with the sample

produces a diffracted ray (figure A8) and a pattern from constructive interference

when conditions satisfy Bragg's Law. According to the Bragg’s law, the lattice spacing

in a crystalline sample is correlated to the wavelength of the electromagnetic radiation

used to carry out the experiment and the diffraction angle at which a diffraction peak is

detected. It follows that by scanning a sample in a range of 2θ angles, while

converting the diffraction peaks to d-spacing allows identification of crystalline

materials owing to their unique d -spacing and structure.
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Figure A8. Bragg's Law of diffraction from reflection. The diffracted X-rays exhibit

constructive interference when the distance between paths ABC and A'B'C' differs by an

integer number of wavelengths (λ).

A.4.2 Porosimetry and BET surface area

Surface area and pore size determination with the Brunauer–Emmett–Teller (BET)

method is a widely used characterization technique for micro- and meso-porous

materials. The BET theory is correlated to the adsorption of a gas on the surface of

the adsorbent material whereas the amount of the adsorbed gas on the surface of the

material is associated with the surface area. BET theory is an extension of the

Langmuir theory. The Langmuir theory is based on the assumption that gas molecules

form a monolayer adsorption which is an ideal situation. Whereas the BET theory is

based on the assumption of a multilayer adsorption and all layers are in equilibrium

(and do not interact with each other), thus the Langmuir equation is applicable for

each layer. The BET equation is expressed as Eq. A1 [25-27]:
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In the above equation, P and P0 are the equilibrium and saturation pressure of the

adsorbates at the adsorption temperature, n is the specific amount of the adsorbates

at the relative pressure P/P0, nm is the monolayer capacity (the amount of adsorbate

required to occupy all adsorption sites on the solid surface) of the adsorbed gas, and

C is the BET constant. The shape of an isotherm in the BET range is acquired from

the parameter C.

A.4.3 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is one of the most common imaging

techniques used for studying porous materials at atomic scale and has been widely

applied for characterization of zeolite structures such as pore structures of hierachical

micro- and meso-porous zeolites and analysis of metal sites in zeolites. The basic

principles behind the TEM operation is the same as the light microscope except that

the TEM uses electrons as excitation source instead of light. In principle, the

maximum resolution, d, that can be achieved with a light microscope is limited by the

wavelength of the photons (λ) that used to probe the sample and the numerical

aperture NA of the system (Eq. A2).

NAn 2sin2
d 




 (Eq. A2)

Where n is the index of refraction of the medium in which the lens is working and α is

the maximum half-angle of the cone of light that can enter the lens.
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Whereas this limitation can be overcome by using electrons and a higher resolution

(0.1 nm) can be obtained due to the smaller de Broglie wavelength of electrons. It

able to capture fine detail - even as small as a single column of atoms, which is

thousands of times smaller than a resolvable object seen in a light microscope [28].

When a beam of electrons is transmitted through a very thin specimen (50 nm), part of

the beam absorbed are scattered due to an interaction between specimen atoms and

electrons of the illuminating beam. The electrons beam is then transmitted through

objective aperture and projected by projector lens after corrected by intermediate

lenses on the fluorescence screen. The spatial variation in the image is then

magnified by a series of magnetic lenses and recorded to produce two-dimensional,

black and white images [29].

A.4.4 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is one of the most widely used surface

analysis techniques which provides both elemental and chemical state information.

When a beam of X-rays illuminate the surface of a sample, the electrons in the

surface can absorb the photon energy and be excited. In some cases, these electrons

(known as photoelectrons) can escape the host material, as shown in figure A9.
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Figure A9. Schematic of the photoelectron emission process involved in XPS surface

analysis [30]. An electron can be ejected when an atom or molecule absorbs an X-ray

photon. The surface elements and chemical states can be identified by detecting the

kinetic energy (Ek) of the emitted electrons.

The kinetic energy (EK) of the ejected photoelectrons is related to the electron binding

energy (Eb), as shown in the Einstein’s photoelectric equation (Eq. A3 [31,32]),

whereas Eb reflects the type and valence of the elements in the tested sample.

 bEhvEk (Eq. A3)

Where Ek is the kinetic energy of emitted electron; Eb is the binding energy of the

emitted electron; h is Planck’s constant; υ is the frequency of incident X-ray and φ is

the work function of the spectrometer.

In this context, the technique can be used to [32]:

1) detect all elements except hydrogen and helium.

2) detect chemical bonding states.
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3) give depth information in the nanometer region. The photoelectrons are easily

scattered and absorbed by the atoms of the sample, whereas only the photoelectrons

that originate from the top of the surface can escape from the material without either

being scattered or absorbed by the sample. Thus the typical analysis depth of XPS is

less than 10 nm.

A.4.5 Attenuated total reflectance - Fourier transform infrared (ATR-FTIR)

Attenuated total reflectance–Fourier transform infrared (ATR–FTIR) spectroscopy is a

versatile tool for measuring infrared spectra of solids and liquids. ATR–FTIR requires

a sample to be placed onto an internal reflection element (IRE), as shown in figure

A10. The IR beam from the spectrometer is directed onto the element at an angle, θ,

greater than the critical angle, θc, so that the infrared light undergoes internal

reflection. At each point of internal reflection an evanescent wave is produced, from

which, the radiation can be absorbed by a sample that is placed in direct contact with

the IRE [33,34]. As such, based on the infrared absorbance of a sample it is possible

to determine both chemical and structural information of a sample.

Figure A10. A pictorial representation of internal reflections through a high refractive

index medium, for example, ZnSe, used as the internal reflection element (IRE) [33]
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A.4.6 Inductively coupled plasma optical emission spectroscopy (ICP-OES)

ICP/OES is one of the most powerful and popular analytical tools for the

determination of multiple elements in a variety of (liquid and solid) sample matrices,

whereas the solid sample requires a digestion process (by HF acid to digest zeolite for

example) to dissolve the analytes into a liquid solution.

Plasma, which is usually produced by an argon stream, is a highly energized and

electrically neutral gas composed of ions, electrons, and neutral particles [35]. The

ICP-OES technique uses a high-frequency inductively coupled plasma as the light

source, while the principle of it involves the spontaneous emission of photons from

atoms and ions that have been excited in a radiofrequency (RF) discharge. In

principle, the sample solution is atomized and injected into a RF-induced argon

plasma, the atomized sample reaching the plasma is then quickly dried, vaporized,

and energized through collisional excitation at high temperature (over 6000 K [36]).

The analyte atoms are promoted from the ground states to excited states under the

collisional excitation within the plasma, whereas the atomic and ionic excited state

species may then relax to the ground state via the emission of a photon. These

photons have characteristic energies that are determined by the quantized energy

level structure for the atoms or ions. Thus the wavelength of the emitted photons can

be used for the qualitative analysis of the elements from which they originated, while

the number of photons which is directly proportional to the concentration of the

element in the sample is the basis of quantitative analysis [37].
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A.5 Determination of H2O2 concentration

Two traditional methods, potassium permanganate titration [38] and iodometry

titration [39], were used to determine the H2O2 concentration in the reaction mixture.

A.5.1 H2O2 determination by potassium permanganate titration

The determination of the concentration of H2O2 in the effluents by potassium

permanganate titration involves the standardization of KMnO4 and titration of H2O2:

1) Standardization of KMnO4 concentration:

5 C2O42- + 2 MnO4- + 16 H+ = 2 Mn2+ + 8 H2O + 10 CO2 (Eq.A4)

The process is used to detect the accurate concentration of the titrant (KMnO4). the

procedure is described as follows:

a) Prepare KMnO4 (0.02 M), Na2C2O4 (0.01 M) and H2SO4 (3 M) solution,

respectively. Store KMnO4 solution in brown bottle or in dark place to avoid its

decomposition under the effects of Mn2+ and/or MnO2 under sunlight.

b) Pipette 20 mL Na2C2O4 (0.01 M) solution into a 250 mL flask, and add 5 mL

H2SO4 (3 M) solution into the flask as well. Keep the temperature of the mixture at

75-85 oC for 10 min.

c) Titrate the sample mixture with prepared KMnO4 solution (0.02 M) with a slow

speed at the beginning to make sure the formation of Mn2+, which act both as product

in the reaction and as catalyst to further accelerate the reaction.

d) Continue to titrate with KMnO4 solution (0.02 M) till a pale red colour is observed

and the color doesn’t fade within 30 seconds, which indicates the end of the titration.

e) Recorded the volume of KMnO4 solution, then calculate the concentration of

KMnO4 (CKMnO4) by the following formula:
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 (Eq.A5)
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Where CNa2C2O4 (mol·L-1) and VNa2C2O4 (mL) represent the concentration and the

volume of Na2C2O4 solution, while V1 is the volume of KMnO4 solution (mL).

2) Titration of H2O2 concentration:

5 H2O2 + 2 MnO4- + 6 H+ = 2 Mn2+ + 8 H2O + 5 O2 (Eq.A6)

The concentration of H2O2 was determined with KMnO4 (accurate concentration

CKMnO4 confirmed by standardization) as titrant. The process is as follows:

a) Dilute 5 mL of the reaction mixture into 100 mL with deionized water (dilution ratio

of 20).

b) Pipette 20 mL of diluted sample solution into a 250 mL flask and add 5 mL H2SO4

(3 M).

c) Titrate the sample mixture with KMnO4 solution (with concentration of CKMnO4)

under room temperature till a pale red solution is observed and the color doesn’t fade

in 30 seconds, which indicates the end of the titration.

d) Record the volume of KMnO4 solution, then calculate the concentration of H2O2

following the formula:
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 (Eq.A7)

Where CKMnO4 (mol·L-1) and V2 (mL) represent the concentration and the volume of

KMnO4 solution, while VH2O2 (mL) and D1 (=20) are volume and the dilution ratio of

H2O2 solution (or reaction mixture), respectively.

A.5.2 H2O2 determination by iodometry titration

The determination of the concentration of H2O2 in the effluents by iodometry titration

involves the standardization of Na2S2O3 and titration of H2O2:

1) Standardization of Na2S2O3 concentration:



328

Cr2O72- + 6 I- +14 H+ = 2 Cr3+ + 3 I2 + 7 H2O (Eq.A8)

2 S2O32- + I2 = S4O62- + 2 I- (Eq.A9)

The process is used to detect the accurate concentration of the titrant (Na2S2O3). The

procedure is as follows:

a) Prepare Na2S2O3 (0.002 mol·L-1), K2Cr2O7 (0.001 mol·L-1), KI (100 g·L-1), H2SO4

(10%, m/m) and starch (10 g·L-1) solution, respectively.

b) Pipette 2 mL of K2Cr2O7 (0.001 mol·L-1) solution into the iodine flask, then add 3 mL

KI (100 g·L-1) and 1 mL H2SO4 (10%, m/m), respectively. Keep the flask in the dark for

10 min [40] to obtain a yellow solution due to the formation of I2.

c) Titrate the solution with Na2S2O3 (0.002 mol·L-1) to reduce the I2 till the solution

becomes pale yellow.

d) Add 1 mL starch (10 g·L-1) solution as indicator and a blue solution is observed.

Added more Na2S2O3 solution until the colour changed into colourless.

e) Keep titration until the solution becomes colourless, and the colorless solution

maintains for half minutes to indicate the end of the titration.

f) Record the volume (V3) of Na2S2O3 solution that consumed in the titration, then

calculate the concentration of Na2S2O3 following the formula:
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Where CK2Cr2O7 (mol·L-1) and VK2Cr2O7 (mL) represent the concentration and the

volume of K2Cr2O7 solution, while V3 is the volume of Na2S2O3 solution (mL).

2) Determination of H2O2 concentration:

H2O2 + 2 I- + 2 H+ = I2 + 2 H2O (Eq.A11)

I2 + 2 S2O32- = S4O62- + 2 I- (Eq.A12)

The concentration of H2O2 was determined with Na2S2O3 (concentration calibrated by

K2Cr2O7) as titrant. The process is as follows:

a) Dilute 0.25 mL of the reaction mixture into 25 mL with deionized water (dilution
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ratio of 100).

b) Pipette 5 mL of diluted reaction mixture into the iodine flask, then add 3 mL KI (100

g·L-1) and 1 mL H2SO4 (10%, m/m). Keep the flask in a dark place for 10 min to allow

the oxidation of I- to I2.

c) Titrate with Na2S2O3 (0.002 mol·L-1) to reduce the I2 back to I- till the solution

becomes pale yellow.

d) Add 1 mL starch (10 g·L-1) into the solution and the color of the solution changes

from pale yellow to blue.

e) Keep titration till the blue colour disappear.

f) Record the volume (V4) of Na2S2O3 solution that consumed in the titration, then

calculate the concentration of H2O2 following the formula:
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Where CNa2S2O3 (mol·L-1) and V4 (mL) represent the concentration and the volume of

Na2S2O3 solution, while VH2O2 (mL) and D2 (=100) are volume and the dilution ratio of

H2O2 solution (or reaction mixture), respectively.

A.6 Determination of phenol and intermediates

The qualitative and quantitative analysis of the reaction mixture is a challenging task

due to the similar properties amongst the tens of potential products during oxidation

and the low concentration of some components (see section 3.2 in chapter 3). Hence

several methods including UV-vis (in A.4.1), NMR (in A.4.2) and HPLC (in chapter 3)

were tried to determine the phenol and intermediates in the reaction mixture.

A.6.1 Ultra-Violet and Visible spectrophotometry (UV-Vis)

All the measurements were carried out on a PerkinElmer Lambda 35 UV-Vis

Spectrometer equipped with a 1 cm quartz cuvette. UV spectra were collected from
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700 nm to 200 nm at a scan speed of 480 nm·min-1. Absorbance measurements for

phenol, hydroquinone, p-benzoquinone, catechol and organic acids were carried out

at a fixed wavelength of 270 nm, 288 nm, 280 nm, 275 nm, and 200 nm, respectively.

The concentration of the phenol (or intermediates) was calculated by the

Beer-Lambert law, the principle behind absorbance spectroscopy. This law correlates

absorbance and concentration of substances in a linear manner, which can be

described using the following equation (Eq. A14):

A = εbc (Eq. A14)

Where A is absorbance, ε is molar absorption coefficient, b is path length of the

cuvette (1 cm), and c is the concentration of determined substance.

The UV spectra of phenol solutions with concentration of 10-50 mg·L-1 was shown in

figure A11. Two main absorption bands of phenol solution were observed at the range

of 200-700 nm, one is at 210 nm while the other is at 270 nm. The former results from

π - π* transition owing to the conjugated double bonds of benzene ring while the latter

one is caused by n - π* transition of hydroxyl OH and conjugated double bond of

benzene ring.
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Figure A11. UV spectra of phenol solution in water with different concentrations (10-50

mg·L-1)

Figure A12. Calibration curve of phenol solution with concentration of 10-50 mg·L-1

determined by UV-vis (absorbance collected at 270 nm)
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In general, the peak at maximum absorption wavelength of λmax = 270 nm is regarded

as the characteristic absorption peak of phenol. As displayed in figure A12, the

absorbance at λ = 270 nm increased proportionally with the increase of phenol

concentration, laying a foundation for quantitative analysis of phenol.

Other main aromatic intermediates, such as hydroquinone and p-benzoquinone, can

also be determined by UV-Vis spectrophotometry. As observed in Figure A13, the

spectra of hydroquinone and p-benzoquinone standard solution were determined with

maximum absorption wavelength of 347 nm and 288 nm, respectively. However, the

absorbance peaks of these substances overlapped and interfered with each other,

making it hard to analyse the concentration of a certain substance in a mixture.

Though the concentration of phenol in the mixture can be calculated after Gaussian

deconvolution analysis, this is nevertheless a reasonably complex fitting procedure,

as many peaks are involved simultaneously and of different intensity, and the

obtained concentration differed from its set value. As stated in Figure A14, the

calculated phenol concentration was 26.8 mg·L-1 after Gaussian deconvolution while

the actual concentration was 20 mg·L-1. In addition, organic acids such as acetic acid

was not identified with this method. It is concluded that the use of a sole UV-Vis

determination is a good method for rapid determination of pure phenol and aromatic

intermediates solution but inappropriate for phenol and intermediates analysis in

phenol CWPO process.
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Figure A13. UV spectra of solution of phenol (20 mg·L-1), p-benzoquinone (20 mg·L-1),

hydroquinone (20 mg·L-1), acetic acid (100 mg·L-1) and the mixture of the above solution

Figure A14. Gaussian deconvolution of UV spectrum of the mixture solution: phenol (20

m mg·L-1), p-benzoquinone (20 mg·L-1), hydroquinone (20 mg·L-1) and acetic acid (100

mg·L-1)
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A.6.2 Nuclear Magnetic Resonance (NMR)

1H NMR spectra were collected using a Bruker Advance III 400 spectrometer fitted

with a 5mm PABBO BB/19F-1H/D-GRD probe and a frequency of 400MHz. DMSO-d6

and CDCl3 was used as solvent in standard NMR tubes. All spectra were referenced

to DMSO-d6 present in DMSO-d6 solvent (2.54 ppm), or referenced to CDCl3 present

in CDCl3 solvent (7.26 ppm), as shown in Table A1.

Table A1. List of possible by-products and their peak shift in different solvent.

Products Technique Peak shift in DMSO (δ, ppm) Peak shift in CDCl3 (δ, ppm)

Phenol 1H NMR 9.30, 7.16, 6.76, 6.75 7.24, 6.93, 6.84, 5.35

Hydroquinone 1H NMR 8.59, 6.58 ---

Resorcinol 1H NMR 9.15, 6.30, 6.20, 6.21 ---

Maleic acid 1H NMR 11.0, 6.29 ---

Fumaric acid 1H NMR 13.0, 6.65 ---

Malonic acid 1H NMR 11.5, 3.26 ---

Succinic acid 1H NMR 12.2, 2.43 ---

p-benzoquinone 1H NMR --- 6.80

Formic acid 1H NMR --- 11.0, 8.06

Acetic acid 1H NMR --- 11.4, 2.10

Oxalic acid 13C NMR D2O as solvent: peak shift 162

Phenol and almost all the potential intermediates e.g. hydroquinone, p-benzoquinone,

resorcinol, maleic acid, fumaric acid, oxalic acid, acetic acid, formic acid, malonic acid

can be clearly identified and determined by this technique based on their peak shift.

The qualitative and quantitative determination of phenol by NMR technique is used as

example.
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In order to quantify the concentration of phenol, an eligible internal standard

substance, dichloromethane (Figure A15), was selected and added into phenol

solution before analysis. This compound exhibited good capability as an internal

standard substance.

Figure A15. NMR spectrum of 1g·L-1 phenol solution with dichloromethane as internal

standard

In addition, peak shift of phenol in DMSO at 7.16, 6.76, 6.75 ppm, are clearly

observed, as exhibited in figure A16, which is the fundamental of qualitative analysis

of phenol via NMR. However, 1H NMR has a limit of detection (LOD), which in this

experiment could only be used for the determination of phenol with concentration over

200 mg·L-1, since the peaks of phenol in 150 mg·L-1 and 100 mg·L-1 solution were not

detectable or not identifiable. It means that the 1H NMR is only applicable for reaction

mixtures with phenol conversion lower than 80% (the residual phenol concentration is

200 mg·L-1 then) when the initial phenol concentration in this project is 1 g·L-1 in the
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CWPO procedure. Otherwise, an additional concentration step or extraction step is

necessary to analyze the low phenol concentration. Furthermore, p-benzoquinone,

acetic acid, and formic acid are detected in CDCl3, which means the extraction of

intermediates with an organic solvent is required because CDCl3 is insoluble in water.

The additional concentration/extraction step is time-consuming and causes waste and

further contamination.

Figure A16. 1H NMR spectra of phenol solutions with different concentrations in DMSO

(peaks of phenol were marked by black dots)

Overall, 1H NMR is an optional technique for phenol and intermediates analysis,

however, the technique is limited by the relatively high detection limit and the

complicated pre-analysis condition, which makes it impractical for large number of

samples, like in the case of this research project.
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A.6.3 High-performance liquid chromatography (HPLC)

The HPLC chromatograms of intermediates are shown in figure A17-A25 and their

retention times are presented in table A2.

Table A2. Retention times of expected intermediates in standard solutions

Component Retention time / min

Oxalic acid 2.6 ± 0.1

H2O2 --

Formic acid 3.1 ± 0.1

Malonic acid 3.8 ± 0.1

Acetic acid 4.4 ± 0.1

Maleic acid 5.1 ± 0.1

Fumaric acid 6.1 ± 0.1

hydroquinone 8.9 ± 0.2

p-benzoquinone 12.2 ± 0.1

Catechol 13.2 ± 0.1

phenol 16.0 ± 0.1
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Figure A17. Calibration curve of oxalic acid solution with concentration ranging at

2.22×10-4 - 1.11×10-3 mol·L-1 (20 - 100 mg·L-1)

Figure A18. Calibration curve of formic acid solution with concentration ranging at

1.09×10-2 - 5.43×10-2 mol·L-1 (500 - 2500 mg·L-1)
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Figure A19. Calibration curve of malonic acid solution with concentration ranging at

4.81×10-4 - 2.40×10-3 mol·L-1 (50 - 250 mg·L-1)

Figure A20. Calibration curve of acetic acid solution with concentration ranging at

8.33×10-3 - 4.17×10-2 mol·L-1 (500 - 2500 mg·L-1)
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Figure A21. Calibration curve of maleic acid solution with concentration ranging at

1.72×10-4 - 8.62×10-4 mol·L-1 (20 - 100 mg·L-1)

Figure A22. Calibration curve of fumaric acid solution with concentration ranging at

8.62×10-5 - 4.31×10-4 mol·L-1 (10 - 50 mg·L-1)
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Figure A23. Calibration curve of hydroquinone solution with concentration ranging at

1.82×10-4 - 9.09×10-4 mol·L-1 (20 - 100 mg·L-1)

Figure A24. Calibration curve of p-benzoquinone solution with concentration ranging at

1.85×10-4 - 9.26×10-4 mol·L-1 (20 - 100 mg·L-1)
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Figure A25. Calibration curve of catechol solution with concentration ranging at 4.55×10-4

- 2.27×10-3 mol·L-1 (50 - 250 mg·L-1)

A.7 HPLC chromatograms of reaction mixtures over different metal supported

ZSM-5 catalysts

The HPLC chromatogram of the reaction mixtures using different metal supported

ZSM-5 catalysts were shown in figure A26. As it can be seen, phenol was completely

removed when using Cu- and Fe- supported ZSM-5 catalysts in the reaction, while it

was observed when using other metal supported catalyst. Besides, most of acid

intermediates (such as oxalic acid and malonic acid) were detected in the reaction

mixtiures over Cu and Fe catalysts, which indicated the high activity of the two metal

species in the decomposition of phenol and the high selectivity to acids. In

comparison, aromatic compounds (such as hudroquinone and catechol) were

detected in reaction mixtures using catalysts (Co-, Mn-, Ag-, Au- and Pd- supported

ZSM-5) with lower activity, which suggested that phenol was decomposed to aromatic

intermediates in these tests.
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Figure A26. HPLC chromatogram sof reaction mixtures over Cu, Fe, Co, Mn, Ag, Au, Pd

supported ZSM-5 catalysts after CWPO of phenol (50 mL of 1 g·L-1 phenol, M: S = 1:100,

phenol: H2O2 = 1:14, P = endogenous, 80 oC, 4 h, 500 rpm)
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