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Abstract 

Past and present techniques to remove toxic organic pollutants from industrial 

wastewaters have involved biological, oxidative and thermal treatment, but long 

biological degradation lifetimes and harmful emissions released via incineration type 

processes poses an environmental problem. Much of the new and emerging technologies 

have steered away from chemical treatment and progressed towards more sustainable and 

environmentally friendly processes. Wet air oxidation (WAO), being one of them, uses 

air as the oxidant mixed with the wastewater solution to oxidise the pollutants. This 

technology has evolved over the years to include catalysis (CWAO) which offers a 

greener and more cost effective form of industrial wastewater treatment. The majority of 

CWAO studies involve batch treatment in autoclave reactors, but t
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Of the catalysts screened platinum supported by silicon carbide provided the most 

successful 
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Chapter 1

Introduction 

1.1. Background and introduction to catalytic wet air oxidation  

1.1.1. Environmental concerns 

Some of the biggest threats to humanity in recent times consist of: diminishing 

energy resources, climate change and population growth. These threats are the 

consequence of burning fossil fuels for energy and with an ever growing population, the 

pressure on countries to produce clean sources of energy has increased considerably1,2. 

Clean sources of energy would not only decrease the need for the ever declining fossil 
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1.1.2. Pollution control 

Renewable energy has been the way forward in recent years to tackle the increase 

in CO2 emissions and a more stringent waste management philosophy has been adopted 

to address the issue of pollution. It is well known within modern society that recycling 

helps to decrease the amount of waste being sent to landfill and also lower the cost of 

production of materials. Recycling also reduces the need for the ea
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Other processes consist of process air being saturated into the wastewater which 

in turn activates the bacteria as part of an aerobic growth process. Once growth has 

occurred for a set number of days the sludge is again settled and taken for further 

treatment7. 

Both processes would go on and produce a final effluent of a certain quality that 
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shows that though chlorine is beneficial for human consumption it is not for aquatic life 

and means that a large degree of precaution is required when discharging to watercourses.  

1.1.3.3. Treatment of industrial wastewater 

Industrial wastewater can contain a broad range of chemicals. They can also be 

very complicated in nature and very difficult to remove. 
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content to CO2 and water15,16. It is common for BOD and COD to be proportional to each 

other in wastewater solutions17. 

Another parameter regulated is the concentration of ammonia or ammonium. 

These are measured in the form of ammoniacal nitrogen (AmmN). Ammonia is associated 

with biological waste and therefore more commonly found in municipal wastewater 

streams, unless it is a process that produces products with considerable amounts of 

ammonia in it18. It is important to control ammonia as its presence in the river is toxic to 

aquatic organisms19.  

Another threat to watercourses containing aquatic life is the discharge of 

phosphorus. Phosphorus promotes the growth of plantation in rivers through the 

eutrophication process20. This results in the sunlight being blocked by overgrown algae 
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treated to a specific standard, usually the residual chemical waste limit, they can be 

discharged for conventional treatment21,22.

The table below is an example of some of the residual wastewater limits set as 

standard by the Singapore government23. In the UK, the limits are set based on the type 

of industry and the nature of the watercourse the trader is discharging into. 

Table 1.1 List of requirements for discharge of trade effluent into the public sewers (Singapore)

S/No List of Substances
Limit in milligrams per litre 

of trade effluent

(or otherwise stated)

1
5 Day Biochemical Oxygen Demand 

(BOD) at 20oC
400

2 Chemical Oxygen Demand 600

3 Total Suspended Solids 400

4 Total Dissolved Solids 3,000

5 Chloride (as chloride ion) 1,000

6 Sulphate (as SO4) 1,000

7 Sulphide (as sulphur) 1

8 Cyanide (as CN) 2

9
Detergents (linear alkylate sulphonate as 

methylene blue active substances)
30

10 Grease and Oil (Hydrocarbon) 60

11 Grease and Oil (Non-hydrocarbon) 100

12 Arsenic 5

13 Barium 10

14 Tin 10

15 Iron (as Fe) 50
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16 Beryllium 5

17 Boron 5

18 Manganese 10

19
Phenolic Compounds (expressed as 

phenol)
0.5

20 Fluoride (expressed as fluoride ion) 15

1.1.5. Phenol as the model pollutant 

The focus of this study was on the treatment and destruction of phenol. Phenol is 

commonly found in the wastewaters of the pharmaceutical and dyeing industries and it is 

regarded as toxic21,24,25. Large quantities of phenol may be wasted over time and in 2005 

alone, 45 metric tonnes was discharged from 677 reported facilities to surface waters in 

the USA26. With it also being the chemical of choice for similar studies in the literature it 

is ideal as the model pollutant for this investigation27
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document on the toxicological overview of phenol, the toxic compound can cause: 
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Figure 1.2 Phenol oxidation pathway36
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The diagram shows, first of all, the phenol being oxidised to a group of quinone 

derivatives. The oxidation can proceed via two different pathways, one via hydroquinone 

and the other catechol. The hydroquinone pathway results in a p-benzoquinone being 

formed whereas o-benzoquinone is formed post catechol oxidation. Lastly, the oxidation 

pathway takes the reaction via a range of organic acid intermediates before mineralising 

to CO2 and water. Here, a possible 15 organic acid compounds may be formed with the 

main pathway eventually reaching CO2 and water. Alternatively, acetic or propanoic acid 

may be formed if there is not sufficient energy for total oxidation.  

The two researchers came up with this schematic after isolating most the 

compounds in the post reaction solution. Some of the compounds are thought to be too 

short lived or not produced at all as they were not found in the solution and if CO2 was 

produced early during the reaction. The acetic acid is thought to be a stable minor side 

product as only a trace of it was found compared to oxalic and formic acid. Propanoic 

acid is thought to be a side product also, but as it was not found in the post reaction 

solution, it is thought to be the product of an undesired pathway. 

Below is a similar schematic, shown in a review by Kim et al., that reinforces the 

route for the phenol oxidation pathway. 
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Figure 1.3 Another schematic of the phenol oxidation pathway28

Phenol could polymerise during the process and then get oxidised to form other 

complex molecules. This was also reported by Alejandre et al.37. It was proposed that 

phenol could react with the partial oxidation product glyoxal to form the polymer, or even 

via the polymerisation of glyoxal itself. This may also lead to molecules such as 4-

hydroxybenzoic acid (4HBA) forming as part of a partial polymerisation/oxidation 

reaction. 

Figure 1.4 Possible polymerisation from phenol oxidation37



Chapter 1 - Introduction 

Page � 12  

1.1.6. Historic treatment of toxic wastewaters 

Most organic compounds, as mentioned above, can be biologically treated via 

conventional sewage treatment-type techniques; but bactericides like phenol and difficult 

to break down inorganic salts require more advanced treatment methods.  

Historically, these relatively untreatable compounds would have to be either, 

separated via adsorption, scrubbed, or even incinerated at very high temperatures and 

pressures38. Incineration would require a substantial amount of energy not only to 

combust the pollutants but to vaporise the water they are in too. Not only is the process 

very energy intensive it also releases harmful, toxic gases like dioxins and furans as a 

consequence28,39. The European Union (EU) set a target in 2005 to reduce dioxins being 

released to the atmosphere altogether40.  

Incineration does pose some advantages over its counterpart methods as it has 

fewer legal restrictions, as opposed to landfilling or using the chemical waste in 

agriculture, and manages to perform total destruction of the organic compounds. The heat 

produced as part of the process can also be recovered and used for power and there is less 

of an impact from odour in comparison to biodegradation40. 

On the other hand, temperatures of between 1000°C and 1700°C are used to 

combust these aqueous pollutants therefore, it is not surprising to see new advanced 

treatment techniques emerging to combat the carbon footprint associated with the 

process39. Not only are the energy needs very high for incineration, the cost implications 

to industries are considerable also.  

A study carried out by Wang et al. looked at the emission output implications of 

incineration41. The study set out to evaluate the amount of polycyclic aromatic 

hydrocarbons (PAHs) being emitted in the effluent of a liquid injection incinerator from 
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a petrochemical process. It was found that large amounts of high molecular weight PAHs 

of carcinogenic potency were released through the process and highlights how 

incineration has a major environmental impact. The operating temperature of this 

particular incinerator was 850-900°C. 

As mentioned above, other ways of dealing with wastewaters is via landfilling or 

using its sludge for agricultural purposes. Sludge from more conventional domestic 

wastewaters can contain useful fertilizing properties for plant growth, but with industrial 

wastewaters the pulp is likely to contain more toxic substances such as the likes of 

phenolic compounds and heavy metals40. Another limitation is that crop growth is 

seasonal and therefore fertilisers will not be required for prolonged periods of the year. 

Although landfilling continues to be used as a waste disposal technique, the EU 

are proposing to reduce its use over time; the same as what happened to disposal of 

sewage sludge at sea. It is thought that stricter regulations are to be put on landfilling of 

more harmful wastes such as the toxic type discussed in this study. This therefore puts 

landfilling out of contention and indicates that incineration is the most feasible option out 

of the three. 

1.1.7. Advanced water treatment of toxic waters 

Historically, if the wastewater could not be treated biologically, incineration 

seemed the most favourable route, but over recent years, to minimise the impact on the 

environment and to optimise production, the need for a more cost effective, emission free 

technique was desired. To overcome the challenges presented by incineration, advanced 

oxidation technologies have been utilised as an alternative42.  
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Figure 1.5 Treatment selection process of contaminated water43

The schematic above shows the treatment selection process for dealing with 

polluted water. If the contaminants are not biodegradable then more advanced techniques 

are required.  

Below are some advanced oxidation techniques that have been used to promote 

the destruction of organics in industrial wastewaters: - 

1.1.7.1. Chlorine treatment 

The use of chlorine is widely used in the water treatment industry. It is used as a 

disinfectant in the production of potable water whereby the microbial content get 

oxidised. The chlorine oxidant comes in the form of hypochlorite, and is dosed usually 

towards the end of the treatment process8. 

Chlorine or hypochlorite is also used to treat industrial wastewaters. In the same 

way as it does for clean water disinfection, the chemical promotes the oxidation of 
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organics and inorganics44. The limitation of this process is that chloride intermediates 

might be formed as part of the reaction and can be just as toxic as the chemicals in the 

water in the first place8,45,46.  

1.1.7.2. Hydrogen peroxide treatment 

A large proportion of the advanced oxidation processes utilises hydrogen peroxide 

as an oxidant to oxidize harmful chemicals in industrial wastewaters. The oxidation 

process employs hydroxyl radicals from the peroxide to attack the organic content of the 

water42. The radicals are considered to be more effective oxidants than just the peroxide 

reagent itself but are a lot more unstable as they constantly get mopped up to form stable 

compounds. This means that the radicals need to be constantly generated, either 

chemically or via a photochemical reaction. 

1.1.7.3. Ozone treatment  

One of the ways in which these radicals can be formed is via the addition of ozone. 

Ozone by itself can generate radicals; but in combination with H2O2 it can artificially 

generate OH radicals to oxidise organic compounds more effectively47. The down side of 

this application is that large quantities of ozone is required and therefore comes with 

significant cost implications. 

1.1.7.4. Ultraviolet light (UV) 

The radical can also be formed by the incorporation of ultraviolet light (UV). The 

UV wavelength has enough energy to excite the H2O2 to form the hydroxyl radicals; a 

process known as photolysis48.  

An advantage of this technique is that it can be used for disinfection as well as for 

advanced oxidation purposes. In conventional wastewater applications it is common to 
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find low pressure mercury UV lamps for these purposes. A low pressure UV setup would 

operate at two baseline wavelengths, 254 nm and 185 nm49. The 254 nm radiation would 

provide the DNA destructing disinfection aspect of the operation and the 185 nm radiation 

would provide the energy required for advanced oxidation processes such as H2O2

activation.  

Medium pressure lamps can also be used for this application. They provide a 

wider spectrum of UV radiation, have a small footprint and a higher UV flux compared 

to low pressure UV50. The downside of medium pressure lamps, on the other hand, is that 

they have higher operating costs and the high levels of heat associated with them requires 

advanced thermal control. Low pressure systems are the most widely used systems in 

water treatment due to their lower running costs; but when the footprint capacity is small, 

the more compact medium pressure systems are preferred. A disadvantage of UV 

treatment in general is that H2O2 could create other toxic compounds in the wastewater 

stream48,51.  

1.1.7.5.
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showed the highest degree of phenol conversion. They both managed to promote 96% 

conversion whilst the regular Fenton reaction could only promote 41% destruction. The 

UV-Fenton reaction managed to mineralise the phenol within 15 minutes, whereas the 

solar equivalent took 25 minutes. This aside, the latter would be preferred as it is 

significantly cheaper to run. 

A review carried out by Esplugas et al. concluded that adding the Fenton (Fe2+) 

reagent increased the phenol conversion rate 40 times that of using just UV and H2O2

alone54. It was shown to be 5 times faster than ozonation also. However, the cost of 

ozonation is so low compared to that of the Fenton process, switching from the former to 

the latter would not be viable. 

The advantages of using this technique are: the process is very active in terms of 

wastewater organics destruction, the chemicals used are widely available and any excess 

radicals formed decompose rapidly and safely52. The disadvantages on the other hand are: 

chemicals such as H2O2 are expensive in large industrial quantities and the use of UV 

increases the cost of running the reaction significantly. 

1.1.7.6. Wet air oxidation 

Dosing with chemicals are not considered to be the most sustainable method of 

treating industrial wastewaters. They can pose an environmental pollution risk if not 

controlled properly and can be very expensive when dealing with highly concentrated 

wastewaters55,56.  

In order to avoid these issues, techniques such as wet air oxidation (WAO) have 

been developed over the years. WAO provides a more environmentally friendly method 

of treating wastewater as it only uses air as the oxidant source. The process consists of 

atmospheric oxygen dissolving in the wastewater solution to promote the ideal 
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environment for oxidation to occur21,57. The following reaction equation demonstrates the 

phenol oxidation reaction.

   Equation 1.2 

It uses the principles of oxygen interacting with water at high temperature to form 

hydroxide ions58. 

   Equation 1.3 

Oxygen is a relatively inert gas and would require significant amount of energy 

for it to be activated as an oxidant. It is common therefore to see WAO processes being 

operated at high temperature and high pressure to reach these activation levels57,59. 

WAO is often preferred over chemical treatment as it is a cheaper process to 

operate. Operating at high temperatures and pressures does come with significant cost 

implications, but nothing like what is incurred from constantly dosing with chemicals21,22. 

Another advantage is that the process requires significantly less energy compared to 

traditional techniques such as incineration21,38.   

WAO does still require enough energy to achieve good reaction rates and with 

this comes the need to apply pressure to keep the solution as a liquid at temperatures 

above the boiling point of water. It is advantageous for the wastewater to be in the liquid 

phase because it increases the flux of pollutants through the process and no energy is 

wasted through vaporisation21. Increasing the pressure also increases the amount of 

oxygen that is able to dissolve in the water, which in turn increases the rate of oxidation21. 

Below is a phase diagram that details the amount of pressure that is required to 

keep water as a liquid when the temperature increases. 
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Figure 1.6 The water phase diagram60

The rate of oxidation can be increased if the source of oxidant is changed from air 

to pure oxygen. Air only contains 21% oxygen, therefore increasing it to 100% would 

mean that more oxygen is able to dissolve in the water if the same volume is used.  

The disadvantage of using pure oxygen is that it has to be synthesised to achieve 

100% purity. Air on the other hand is readily available from the atmosphere and can be 

easily compressed to cylinders at a much lower cost. There is also a heightened fire risk 

associated with pure oxygen therefore the cost of the additional safety measures would 

have to be considered61.

WAO is often considered as an alternative process to chemical treatment but they 

can also be used in conjunction with one another; in other words take advantage of both 
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their capabilities. Chemicals such as H2O2 provides the very active radicals that are able 

to oxidise pollutants at ambient conditions therefore, if combined with WAO, less 

dependence is put on thermal oxygen activation. It is important that these chemicals are 

not over used as the cost of doing so would decrease 
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scale WAO could be installed as a secondary treatment stage to ensure the wastewater 

was fit for disposal.   

Glotvajn et al. showed that WAO could be used for sufficient removal of a drug 

used to control blood pressure63. The study was carried out using an initial concentration 

of 800 mg/l, a temperature range of 240-280°C and an oxygen partial pressure (PO2) of 

3.3-9.8 MPa. A first-order rate was observed whereby 80% DOC was removed after 120 

mins. The biodegradability of the water had increased and the toxicity decreased in 

comparison to the initial feed. Although DOC reduction was successful, a significant 

amount of energy was required to provide the required oxidation. Also, some toxicity 

remained in the final water which would mean a secondary removal stage would be 

required to meet regulations and avoid polluting water courses.   

Busca et al. on the other hand showed that the TOC of phenol could be reduced 

by 88% at 200°C and a PO2 of 3 MPa58. The review stated that a 100% TOC removal was 

impossible due to the restrictions of low molecular weight carboxylic acid removal using 

the 
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The improvements can be found in the way of using catalysis. A catalyst is able 

to reduce the energy requirements associated with WAO and in turn, dramatically reduce 

the running costs. The process of combining WAO with catalysis is known as catalytic 

wet air oxidation (CWAO); the method used for phenol removal in this project. 

1.1.8. CWAO 

1.1.8.1. Background to catalysis 

Catalysis has been used extensively over the last century to decrease the energy 

requirements of certain chemical reactions. Almost every industry that produces a product 

from chemical reactions, or tries to decrease the emissions of running a particular process, 

uses catalysis. As well as decreasing the operational costs, catalysis can be used to 

decrease pollution. It usually requires a lot of energy to oxidise or reduce certain harmful 
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In physical terms the catalyst activates one or all the reagents as they come into 

contact and allows for them to react with each other with less difficulty. During the 

reaction phase, 
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process in terms of being able to reuse the catalyst after each process, much work has 

gone into optimising the catalyst-substrate contact time to make it the most efficient 

process. One way of achieving this is by selecting a catalytic support that is of a large 

surface area; this way the number of active sites can be controlled much better when 

designing the catalyst66. 

Most catalytic reactions, to do with emission control, is done via heterogeneous 

catalysis due to the practicality of having a fixed solid catalyst that can treat polluted 

gases at a fast rate and can regenerate without any product-catalyst separation issues67.  

In terms of emission control, this type of catalysis has played a major role in the 

management of global warming. A lot of industrial processes utilise a carbon source for 

energy such as, oil, gas or coal and produce environmentally harmful gasses as a result. 

One of these gases is CO2 and much work has been carried out to create a system that 

minimises its release to the atmosphere. The process is known as carbon capture68,69. 

An example whereby emissions is a problem is in the automotive industry. Most 

vehicles use petroleum, diesel or some other type of hydrocarbon based fuel to power 

their engines and as a result, harmful gasses are emitted during the process. Carbon 

monoxide can be one of them and is highly toxic to living organisms if it enters the 

bloodstream70,71. Although the gas is highly diluted once released to the atmosphere CO 

can be dangerous at very small doses71. This would be enhanced in a busy city where 

hundreds of vehicles may release the gas to the atmosphere every day. To limit vehicle 

CO emission, a catalyst is placed on the exhaust gas stream, ideally close to the engine, 

where the temperatures would be high enough to allow for an effective catalytic reaction 

to occur. Other gases present come in the way of nitrogen oxide species (NOx). These 

gases would have to be reduced to form nitrogen and water so that no harmful species are 
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released to the general population67,72. The catalyst used for this application is described 

as a three way catalyst and would provide the platform for hydrocarbon and CO oxidation 

as well as NOx reduction. Below is an illustration of a similar catalyst system used for 

after-treatment; the NOx trap system73.  

Figure 1.8 The NOx trap catalyst mechanism 

1.1.8.2. Catalysis in CWAO 

The same concept has been developed for the catalytic oxidation of polluted water. 

The process uses air from the atmosphere as the oxidant source and a catalyst to lower 

the energy required for the oxidation reaction to take place. The equation below represents 

the total mineralisation of phenol when a catalyst is added to the wet air oxidation process.  

   Equation 1.4 

The catalyst would be either homogeneous or heterogeneous, depending on the 

technique used, and would aid the total oxidation of toxic chemicals, such as phenol, at 

conditions that are less extreme compared to incineration for example. The process 

usually relies on an increase in temperature to activate the catalysts; but there have been 

examples of where UV has been used for the activation.  

http://www.sciencedirect.com.abc.cardiff.ac.uk/science/article/pii/S092058610200384X#gr20
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Duffy et al. showed that photocatalytic oxidation could be used as a secondary 

treatment method to remove difficult to break down acetic acid after WAO74. Acetic acid 

is one of the partial oxidation products of phenol which can be difficult to break down 

compared to others. The reaction mechanism uses UV light with the aid of a 

semiconductor catalyst such as TiO2 to form reactive hydroxyl radicals from water and 

O2. These would then go on to oxidise organic compounds to CO2 and H2O. The study 

showed that photocatalysis can be used as an alternative to WAO and that the solution 

pH highly influences the promotion of acetic acid oxidation. 

TiO2 is among the most common catalyst for this type of oxidation reaction, along 

with CdS and ZnS75. The review by Pera-Titus et al. showed that photocatalysis can be 

successfully utilised to mineralise chloro-phenols which can be further improved by the 

introduction of heavy metals such as platinum. The review also confirms that pH can have 

an effect on the reaction. TiO2 for example carries a net positive charge after reducing the 

pH which means that the adsorption of the negatively charged chloro-phenol will be more 

favourable. It also reports that the temperature does not affect the oxidation rate at 

ambient conditions. One particular study showed that there was no improvement in 

activity ranging the temperature from 15 to 65°C76. 

Similarly, reactions involving the Fenton process uses UV to remove pollutants 

from wastewater. With the addition of H2O2 and activation from UV the iron component 

would act as a catalyst in their mineralisation.  Esplugas et al. showed that introducing 

UV along with H2O2 promoted wet oxidation five times more than just UV alone54. 

The focus of this study was on a thermal catalytic reaction as oppose to a 

photocatalytic one. As explained previously, CWAO can be carried out homogeneously 

or heterogeneously and both are reviewed below. 
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1.1.8.2.1. CWAO using a homogeneous catalyst 

A homogeneous catalyst would be an advantage to a particular catalytic reaction 

due to the increase in activity when the catalyst-reagent contact rate is increased. The 

reaction rate can therefore be improved with adequate mixing.  Its limitation, on the other 

hand, is that the catalyst would be lost amongst the products as it would be difficult to 

separate compounds of the same phase. Saying this, there are examples of homogeneous 

catalysis being used for CWAO.  

An example at a pilot scale is the LOPROX process22. This is a form of low 

pressure wet oxidation technology and occurs within a bubble column reactor with an 

iron ion catalyst. With a residence time of around 2 hours the process is able to oxidise 

90% of COD with 65% selectivity towards CO2.  

Another homogeneous process used is the Ciba-Geigy process22. This is used 

commercially for pharmaceutical wastewaters. It uses air as the oxidant along with a 

copper ion catalyst and is able to achieve 99% conversion of organic carbon. It is a 

relatively energy intensive process as the temperature required to achieve this was above 

300°C. 

Below are some of the studies carried out one the research scale of homogeneous 

CWAO. 

Arena et al. concluded, in their study, that a homogeneous CWAO reaction 

involving a copper, iron or manganese cation catalysts led to unselective single and 

double carbon partial oxidation products being formed from phenol77. This was down to 

the free radical mechanism involved with a homogeneous catalytic reaction. Even the 

very active Cu+ catalyst had poor selectivity towards CO2. The heterogeneous version of 
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the catalysts proved to be more active and was thought to be down to the kinetics of the 

adsorption-reaction, Langmuir-Hinshelwood mechanism. 

The free radical mechanism of the homogeneous CWAO of phenol was explained 

by Wu et al.78. It was explained that electron transfer from the copper cation catalyst to 

the phenol promoted radical formation. The reaction orders with regards to phenol, copper 

and oxidation concentrations were 1, 0.5 and 0.5 respectfully. It was also shown that 

increasing the temperature increased the phenol conversion rate. 

Pintar and Lavec proposed a mechanism for the homogeneous CWAO pathway 

of phenol79.  

The pathway highlights the formation of the activating free radicals ROH. and 

ROOH. from the reaction between phenol, catalyst and oxygen. 

Figure 1.9 Homogeneous CWAO of phenol mechanism 

Garg et al. compared two copper catalysts; one a homogeneous CuSO4 and the 

other a heterogeneous CuO-ZnO/CeO2
80. The homogeneous catalyst was tested at 90°C 

and atmospheric pressure and the heterogeneous was tested at above 160°C and 0.8MPa 

of pressure. Of the two, the homogeneous catalyst performed the best; converting 90% of 
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phenol and 83% COD. The heterogeneous catalyst managed to promote 82% phenol and 

54% COD conversion.  

Even though the homogeneous catalyst was the most active, the process can only 

be carried out in batch mode. This is down to difficulty separating the catalyst from the 

solution post reaction. A heterogeneous catalyst on the other hand can be separated and 

may be utilised continuously. Its activity can also be improved and lifetime enhanced 

with more research and, in turn, the 
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Kim et al. reiterates the problems associated with homogeneous catalysis in its 

review of CWAO processes28. As well as the need to recover the ionic metal catalyst, a 

substantial amount of cost would come with ensuring they do not elute into the final 

effluent as they can be very toxic.  This has steered developing the technology to more 

stable, easy to separate, heterogeneous catalysts.  
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1.1.8.3. CWAO operations 

 There are many ways in which the CWAO reaction can operate; mainly via the 

batch or continuous flow setups. They both present advantages and disadvantages in 

terms of cost and practicality and it usually depends on the scale of the reaction to 

determine which method should be used. 

1.1.8.3.1. Batch treatment 

Batch CWAO reactions can be carried out using either a homogeneous or a 

heterogeneous catalyst. The former would be preferred if the reac
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residence times within the reactor; which in turn would increase the probability of 

polymerisation. This review stated that only half of the converted phenol pollutant 

oxidised to CO2 and the rest formed poly-aromatic species. In contrast to fixed bed 

continuous reactors, propagation reactions are more likely to occur due to the large liquid 

to solid volumetric ratios. 

The study carried out by Stuber et al. agrees with what was found by Lavec et al.

in that polymeric compounds are likely to be formed in batch reactors during CWAO83. 

This has previously been observed during the CWAO of phenol using a copper oxide 

catalyst, but in this study it seems to be enhanced by using activated carbon. Activated 

carbon is able to strongly adsorb organics such as phenol therefore the pathway to 

oxidative coupling enhances. A batch reactor would further amplify this effect as the 

catalyst and reagents experience longer residence times. 

Yang et al. investigated the performance of phenol CWAO over a CeO2-TiO2

catalyst in a batch reactor as well as a continuous flow packed bed reactor35. The results 

showed that the catalyst promoted a 100% phenol conversion with 77% total organic 

carbon (TOC) removal in the batch reactor; whereas in the continuous flow reactor the 

results were 91% and 80% respectfully. This shows that the catalyst activity is superior 

in the batch set-up initially, but after a couple of cycles the activity dropped to 87% 65% 

respectfully. This indicates that the catalyst was deactivating in the batch reactor; whereas 

no signs of this was occurring in the continuous flow reactor. The paper suggests that it 

was the polymerisation of phenol causing the decrease in activity and hence the reason 

why the TOC conversion was always lower in the batch reactor. 

All of these studies highlight the fact that phenol polymerisation is more likely to 

occur in a batch reactor. This was put down to the long residence time the pollutant 
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solution experiences within batch reactors and therefore allows time for propagation 

reactions to occur. Due to this reason, and the lengthy stepwise nature of the batch 

reaction process, the continuous flow method was selected as the basis for this CWAO 

project. 

1.1.8.3.2. Continuous treatment 

In view of an industrial sized wastewater treatment plant being able to process 

thousands of cubic meters per day, in most cases, a continuous flow setup would be 

preferred over the batch equivalent. This method allows for better catalyst sustainability; 

as deactivation through polymeric deposition is less likely to occur. For this particular 

scaled down investigation, a continuous flow setup was developed. 

Below is an illustration of how the catalyst would be packed inside a continuous 

flow reactor. The wastewater solution would flow through the catalyst, along with air, to 

enable pollutant oxidation. 

Figure 1.11 Continuous flow packed bed reactor
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1.1.8.4. Continuous flow methods 

The continuous flow process can be set up in two different ways: the wastewater 

and air flowing co-currently to one another, or with both flowing counter-currently. These 

processes are detailed below. 

1.1.8.4.1. Co-current (concurrent) trickle bed reactor 

This continuous setup consists of the air and wastewater solution flowing 

downwards alongside one another, through the fixed bed of catalyst. The way in which 

the liquid enters the reactor can be adapted so that it mixes efficiently with the air before 

it reaches the catalyst bed. This can be carried out with the aid of spray nozzles or baffles 

so that the solution does not enter as one big droplet84. Varying the droplet size enables 

better control over catalyst wetting efficiency and in turn promotes better oxygen-to-

pollutant contact time. It also enables the air and wastewater solution to mix efficiently 

before reaching the catalyst.  

The following diagram demonstrates how the air and water would mix prior 

entering the catalyst bed: - 

Figure 1.12 The co-current continuous flow CWAO reactor
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Most of the research into continuous flow CWAO is carried out with a co-current 

flow operation. Examples of some of these studies are presented below.   

Pintar
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wastewater feed rate as this highly influences catalyst-pollutant contact time. Faster flow 

rates compromise activity; whereas slower flow rates promote activity. This means that 

activity can be fine-tuned midway through a reaction and provides a great deal of 

flexibility in comparison to running in the batch mode.   

Dudukovic et al. underlined the benefits of concurrent flow reactors by expressing 

the flexibility involved with throughput demands87. A downward flow trickle bed reactor 

allows flows to be reduced much more than in a counter current up-flow reactor, for 

example, as the force of air aids its passage through the reactor. This therefore gives the 

operator the ability to decrease the flow as much as possible to achieve the desired 

activity. The counter current flow setup is discussed further below. 

1.1.8.4.2. Counter current 

The counter current continuous flow set up requires a flow of air and pollutant 

solution going against each other through a catalyst bed. In most cases the solution would 

gravitate and trickle through the catalyst and the air would flow against it. The advantage 

of this process is that the air going against gravity would have a scouring effect on the 

catalysts bed and therefore aid the de-lodging of unwanted fines that have built up in some 

of the crevasses over time. This means that the 
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Figure 1.14 The counter-current continuous flow CWAO reactor

A catalyst in a co-current flow setup is likely to have more impurities on its surface 

and thus causes restrictions to the number of pathways the wastewater can take through 

its pores. As a result, 
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Though the counter-current setup offers its fair share of advantages in promoting 

CWAO, it is impractical for small lab-scaled investigations such as this one. At low flow 

rates, the wastewater solution would not have enough static head to gravitate against the 

upward flow of air; whereas with the co-current method this would not be an issue. Due 

to this reason the reactor was set up in the co-current manner. If the process were to be 

scaled-up for a pilot plant study the counter current process would probably be more 

favourable.  

1.1.8.5. Typical reaction conditions 

Most heterogeneous catalytic reactions require an external source of energy for 

the active components to work efficiently. This can be in the form of an increase in 

temperature or by the application of UV light. Without a catalyst in place, the kinetics 

would call for a significantly higher activation energy level for the reaction to proceed. 

Some catalysts may reduce the activation energy enough so that no external source of 

energy is required and that the reaction can proceed at ambient conditions. 

For this study, heat was applied to generate activity along with pressure to keep 

the solution in the liquid phase. The initial phenol concentration of the wastewater was 

kept consistent with what has been used in previous studies, and most importantly, what 

is typically found in industrial wastewaters. As well as the variables pointed out above, 

the phenol concentration can highly influence catalyst performance also86,88. Phenol 

conversion diminishes at high concentrations as th



Chapter 1 - Introduction 

Page � 39  

Table 1.2 Typical conditions for a phenol CWAO reaction39

Table 1.3 Typical conditions for a phenol CWAO reaction29

 Both tables give the typical reaction conditions required for a batch or continuous 

reaction and the second shows the conversion values expected (XPh) over certain catalysts. 



Chapter 1 - Introduction 

Page � 40  

The goal of this study therefore was to design an active and stable catalyst that exceeded 

the performance levels presented above.  

1.1.8.6. Catalyst shape and size 

Once a continuous process had been established, the focus turned to catalyst 

design. Before the composition could be developed it was important to identify what 

shape and size the catalyst particulates needed to be in to perform well in a continuous 

flow reactor. The particulate structure was therefore optimised in order to promote an 

effective CWAO reaction.  

One of the factors effected by the size and shape of the particulates is the ease of 

flow through the fixed catalyst bed. Large particulates encourage large voids to form 

within the catalyst bed as a result of inefficient packing and as a consequence, makes it 

easier for the liquid to travel through unhindered. On the other hand, small particulates 

would pack more efficiently and the ease of flow will become more restricted39.  

Small particulates such as from a fine powdered catalyst would amplify this effect 

as the voids would become relatively non-existent. It is therefore important to consider a 

catalyst particulate that is big enough to create the required space for the appropriate flow 

rate to get through, otherwise it would get backed up and cause a pressure drop in the 

system83.

The diagram below illustrates how catalyst packing efficiency within a reactor 

may highly influence the ease of flow. 
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Figure 1.15 Catalyst particle packing efficiency within a continuous flow reactor (Left: small 

particulates, Right: large particulates)

Both examples would be of the same composition and weight, but due to different 

particulate structures their packing efficiencies become totally different.  

Another factor affected by this is mass transfer. The particulates would have to be 

as small as possible to ensure the highest degree of pollutant-catalyst contact time is 

achieved. Having more efficient packing means that the probability of the pollutant 

coming into contact with the catalyst increases significantly. If this were to happen then 

the ease of flow through the bed would have to be sacrificed83,89. 

The graph below highlights how phenol conversion dramatically falls as the 

catalyst particulate size increases from 0.05 to 3 mm in diameter90. It also shows the effect 

on pressure drop as the particulates get smaller.
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Figure 1.16 
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Figure 1.17 An example of a monolithic catalyst92

 These monolithic setups have been developed as they are a lot more practical than 

having a fixed bed of pellets in the exhaust gas stream. The flow pattern through a bed of 

pellets would differ from vehicle to vehicle; whereas through a monolith it would be 

consistent.  A monolith would also be designed to optimise mass transfer productivity 

whilst allowing as much flow through as possible91. 

With this being said, a structure of this kind could be suitable for CWAO. It would 

provide enough void volume to allow the wastewater to trickle through with ease and 

enough surface area to achieve optimum mass transfer conditions91,93,94. On the other 

hand, developing monolithic structures for lab based studies would not be cost effective. 

Monoliths are more suited for up-scaled industrial size systems where the pollutant flux 

is more consistent and the catalyst composition optimised. For this reason only packed 

bed arrangements were investigated.  
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1.2. Literature review 
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lowers the activation energy required for regeneration as it promotes the oxidation of 

adsorbed organic matter. 

In terms of this study, the phenol would get adsorbed by the carbon support and 

then get oxidised by air with promotion from an active catalyst. The use of carbon is well 

suited for this application as one of the key issues with continuous flow operation is 

contact time. If the carbon is able to delay phenol elution, the risk of it escaping without 

being oxidised is decreased. Its increase in retention time would allow for catalytic 

oxidation to take place.  

Below are some examples whereby carbon has been used as a support for CWAO 

studies:- 

Benhamed et al. studied the effect of transition metal impregnation on the 

oxidative regeneration of activated carbon by CWAO97. They found that the inclusion of 

transition metals promoted phenol oxidation as well as oxidising the carbon support itself. 

This meant that further phenol adsorption was compromised by a deformation in the 
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Fortuny et al. concluded that activated carbon had catalytic properties without the 

need of an active metal present99. However, similar to what was reported by Benhamed 

et al., the carbon support was oxidised as well as the phenol; causing the catalyst to 

deactivate over time. This, in turn, caused phenol conversion to decrease from 100% 

initially to 48% once the reaction had finished. A non-carbon copper based catalyst was 

also tested in this study and although it had some leaching issues, it remained the better 

of the two in terms of phenol oxidation.

Another support that is widely used for CWAO is alumina. Alumina (Al2O3) has 

a proven track record and a strong reputation as a support in catalytic applications over 

time100
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Chang et al. studied the effect of introducing alumina as a support to ceria in a 

batch phenol CWAO reaction103. Replacing some of the ceria with alumina meant that 
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1 (flow rate divided by catalyst volume). This was also achieved at 160°C, as opposed to 

the 180°C used in the previous study and a starting phenol concentration of 5 g/L. This 

shows that, at low flow rates, the continuous flow CWAO reaction can be very successful 

in oxidising phenol.  

Below are examples of other supports used in CWAO: - 

As mentioned previously, TiO2 can be very useful as a catalyst in CWAO. Yang 

et al. reported on the activity of a ceria/TiO2 catalyst in both batch and packed bed 

reactors35. Interestingly, ceria with TiO2 promoted better oxidation than pure ceria or TiO2

alone. It promoted 100% COD conversion and 77% TOC removal at below 150°C in a 

batch reactor. The study also showed that its activity could be increased by increasing the 

reaction temperature and decreased by increasing the initial phenol concentration. In the 

continuous flow reactor, on the other hand, 91% COD conversion and 80% TOC removal 

could be achieved at 140°C and with a liquid flow rate of 0.5 ml/min. By calculation, the 

batch mode was able to convert all of the phenol within 2 hours; whereas the continuous 

flow mode was only able to convert it by 91% in just over 16 hours. The effectiveness of 

one technique over another would therefore come down to whole life cost analysis. TiO2

promoted similar results to alumina, but due to it being the more expensive of the two, 

the latter is usually favoured (alumina: $379-411/tonne116, TiO2: $900/tonne117). 

It was shown earlier that ceria could be used as an active catalyst in CWAO. It 

can also be used as a dopant to improve the activity of other catalytic systems118. Ceria 

has the ability to promote oxygen to regenerate active metals quickly; which is beneficial 

for catalytic systems in situations of low atmospheric oxygen concentration119,120. This is 

likely to occur in batch reactors where oxygen concentration can reach low levels.  
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There have been examples of where ceria is preferred to be doped into a catalyst 

system rather than using it in its pure form. Chen et al. showed that ceria alone was the 

poorest catalyst in terms of aiding phenol conversion in comparison to it being doped on 

SiO2, TiO2 and alumina119. 

Silicon carbide (SiC) is also an inert material, but in comparison to 
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1.2.3. Type of metals for CWAO 

Catalytic systems often contain metals as their active components. Metals are 

usually very active due to the free movement of electrons associated with their atomic 

structures. The metal would provide the electron transfer platform required for a catalytic 

reaction to occur120.  

It is common to find metallic active components in solid heterogeneous catalytic 

systems as the reaction deals with reagents in either the gas or liquid phases.  

The active components used in this project focused mainly on platinum group 

metals (PGMs). Some of these metals are renowned for their ability to aid the total 

oxidation of pollutants127
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Below is a review of some of the studies that have used platinum in their CWAO 

reactions. 

Cybulski and 
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Figure 1.18 Mechanism of the phenol oxidation reaction over a Pt catalyst on a ceria/TiO2 

support134

They reported that the phenol conversion increased with an increase in oxygen 

storage capacity (OSC), but not necessary via total oxidation to CO2. They proposed that 

the oxidation of phenol occurs via the para position as that would be the most sterically 

preferred orientation. This results in the para-benzoquinone formation, which can lead to 

polymerisation rather than total oxidation and consequentially result in coke formation 

on the surface. Increasing the number of Lewis acid sites on the surface, on the other 

hand, causes the 

http://www.sciencedirect.com.abc.cardiff.ac.uk/science/article/pii/S0920586115000322#gr6
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Nousir et al. supports the papers discussed above by presenting an example of 
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These Lewis acid sites diminish when ceria is added to platinum but remain for the 

ruthenium equivalent. This therefore explains why ceria did not cause ruthenium catalysts 

to degrade over time.  

Cybulski et al. compared ruthenium to platinum in their performance to oxidise 

phenol on silica-titania supports132. They concluded that the platinum active sites would 

promote total oxidation; whilst ruthenium would promote a route via intermediates that 

are difficult to oxidise. This better performance of platinum was also reported by Keav et 

al.133. They showed that the platinum catalyst outperformed the ruthenium equivalent 

even when both metals were of similar dispersion levels.  

Espinosa et al. also showed this but, most importantly, built on what was shown 

by Lafaye et al. 
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increasing the ceria concentration had a positive effect on catalyst activity141. The diagram 

below illustrates how adding ceria increases performance in the CWAO of succinic acid. 

Figure 1.19 The effect of ceria on the CWAO of succinic acid141

The effect ceria had on carbon deposition during oxidation was also reviewed by 

Keav et al.133. The general consensus was that with an increase in OSC comes an increase 

in the amount of substances that is able to adsorb on the surface. Although this is good 

for oxidation mass transfer, the amount of difficult to oxidise intermediates, such as 

polymers and carbonaceous material, increases as a consequence.  

1.3. Conclusion 

Platinum, ruthenium and ceria have shown to be very effective in promoting 

oxidation of unwanted pollutants in wastewater, which is why they have also been chosen 

for this investigation.  

One of the goals of this study was to develop an innovative and successful catalyst 

for CWAO. Therefore, as well as the more conventional catalytic supports, SiC was also 

investigated. It is thought that its hydrophobic nature plays an important role in 

controlling the interaction the wastewater has with the catalyst, especially in a trickle bed 

reactor.  

http://www.sciencedirect.com.abc.cardiff.ac.uk/science/article/pii/S0926337314005918#fx1
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Chapter 7

Conclusions 

In this study several catalysts were tested and screened for their performance in 

promoting CWAO of phenol in a trickle flow reactor. It was discovered from an intensive 

literature review of the relevant catalysts that there was room for improvement in terms 

of performance. The aim, therefore, was to develop a resilient and stable catalyst that was 

able to promote total oxidation of phenol without being affected by the harsh conditions 

of the reactor.  

Not only was the focus on developing a successful catalyst, much work was 

carried out on commissioning a reactor and optimising the process. Moreover, an analysis 

method was developed in the way of a HPLC with a UV detector to quantify the catalytic 

performance.  

Each of the catalysts tested were characterised to determine their structure. These 

characterisation methods consisted both of surface and bulk techniques to give the 

information required to correlate activity to structure. 

The initial screening process intended to attain the best metal and support 

combination for this CWAO reaction. It was discovered that the carbon based catalysts 

strongly adsorbed phenol and did not provide much activity in terms of oxidation. 

Platinum, on the other hand, promoted phenol oxidation to a much higher level, regardless 

of the type of support. Of the two supports tested, the more hydrophobic SiC promoted 
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the best phenol conversion result
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activity with the addition of silane and it was put down to precursor impurities (such as 

chlorine species) interfering with the oxygen activation mechanism.  

A third study was carried out on the effect of doping with ceria. It was discovered 

during the screening phase that doping with ceria promoted oxidation over Pt/SiC and 

allowed the belief that the active metal could be thrifted in order to maintain performance. 

The study showed that although this was the case, the effect of increasing ceria 

concentration was not linear. Dosing with a small amount of ceria decreased activity but 

as the concentrations got higher the activity was restored and even improved. This was 

put down to ceria needing to be in an optimum ratio to the active metal in order to achieve 

the best activity.  

To conclude, a continuous process was successfully developed for the catalytic 

wet air oxidation of phenol. Novel catalysts with unique characteristics were developed 

and could promote total phenol oxidation in a low energy intensive atmosphere. Further 

research is recommended to be carried out into CWAO as it has been shown to be an 

effective and environmentally friendly technology for treating and removing toxic 

compounds in advanced wastewaters.  
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