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Summary 

 

This research is focused on heterogeneous catalytic oxidation of phenol 

usually found in wastewater. Active metals of Ruthenium (Ru) and Cobalt 

(Co) have been impregnated on cheap support materials such as activated 

carbon (AC), fly ash (FA), red mud (RM), natural zeolite (NZ), ZSM5 and 

MCM48. Those synthesized catalysts, Ru/AC, Ru/ZSM5, Ru/Al2O3, Ru/TiO2, 

Ru/MCM48, Co/FA, Co/RM, Co/NZ, Co/MCM48 have been tested in 

heterogeneous catalytic oxidation of phenol for waste water treatment in 

the presence of Oxone®. Particularly Ru/Al2O3 and Ru/TiO2 catalysts have 

been tested in photocatalytic oxidation of phenol under UV-light. This 

research proves that the active metals impregnated on the support 

materials have well generated sulfate radicals from peroxymonosulphate 

(PMS) which serves as an oxidant agent to remove phenol pollutant from 

aqueous solutions. The catalyst activity in oxidation of phenol follows the 

order of Co/AC = Ru/AC > Co/MCM48 > Ru/ZSM5 = Co/RM-T > Co/FA-JL. 

It is found, AC that has large pores and surface area and MCM48 which has 

a very small particle size exhibit the best results as a support. In the 

photocatalytic tests, the activation of PMS is generated by the interaction 

PMS-Catalyst and PMS-UV. The photocatalysts of Ru/TiO2 and Ru/Al2O3 

can increase the phenol removal efficiency of 10-15% comparing PMS/UV 

only. Further, it was observed that catalyst loading, phenol concentration, 

oxidant concentration and temperature are the major factors influencing 

oxidation process of phenol. It is also noted, that degradation of phenol in 

heterogeneous catalytic oxidation is a combination of oxidation and 

adsorption process. However oxidation is much faster than adsorption.  
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Chapter-1 

Introduction 

 

1.1 Some issues in water and wastewater  

 Water is a critical resource needed to sustain human life and other living 

creatures. Clean water is needed for drinking, hygiene and providing food. 

Water is also needed to produce energy and support for economic 

activities such as industry and transportation. Water in natural 

environment serves to ensure the provision of various ecosystem services 

to meet basic human needs and support economic and cultural activities.  

According to the UNESCO report by the United Nations World Water 

Development Report 2012, the use of water by humans is driven by five 

main sectors of activity. The first is food and agriculture, which globally is 

the most consumed activity in water use. The second is energy; it is well 

known that water and energy have a reciprocal relationship. They are 

intricately connected, on one hand in many energy production processes 

water is always needed such as for the extraction of raw materials, cooling 

in thermal processes, cleaning materials, cultivation of crops for biofuels, 

and powering turbines. On the other hand, the energy is required to 

produce water for human resources through pumping, transportation, 

treatment, desalination and irrigation. The third is industry; this sector is 

pretty much in using clean water. It was reported that about 20% of 

underground world freshwater is used by this sector. This sector also 

affects the quality and quantity of water sources and environment. The 
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fourth is human settlement that includes drinking water and household 

use such as cooking, cleaning, hygiene and sanitation. And the fifth is 

ecosystems which are determined by the water needed to maintain or 

restore water benefits for the people (services) that supplied by the 

ecosystem including forests, wetlands and grassland components [1] 

Water issues have been a major issue in many countries, from limited 

sources of fresh water for drinking to water pollution caused by industrial 

waste. According to the reports from the World Health Organization 

(WHO), about 13% of the world population is still consuming water from 

unprotected sources and it can be hazardous to health due to polluted 

compounds such as organic materials or toxic chemicals. About 2.5 billion 

people in the world lack access to adequate sanitation and nearly 1.2 

billion have no sanitation facilities at all [2]. It also has led to endemic 

water-related disease threats to the world's population, especially in 

underdeveloped countries and developing countries like Diarrhea 

diseases, arsenic and fluoride poisoning, intestinal nematode infections, 

malnutrition, trachoma, schistosomiasis, malaria, onchocerciasis, 

dracunculiasis, Japanese encephalitis, lymphatic filariasis and dengue [3]. 

 

In many developing countries, a rapid growth of industrialization has not 

been watched by a tight control of the toxic effluents discharged into the 

environment. So the environmental pollution often occurs directly or not, 

contaminates surface water such as rivers, lakes and sea. As a result the 

dependence on fresh underground water increases. This was confirmed by 

a WHO report that the increase of consumption of underground 

freshwater in developing countries reaches 50% compared with 

developed countries by 18% [4] 

 



 

3 
 

In the global context, water contamination with pathogens and toxic 

substances, from municipal and industrial waste is recognized as the most 

serious risk in relation to human health. Toxic effects of hazardous 

chemicals are often not realized before the effect looks real and spreads 

out in community. Further, inorganic pollutants from industrial processes 

including toxic metals such as arsenic, lead, mercury and chromium 

become serious health problems when present in the water. These 

pollutants can cause toxic effects to human body including kidney, brain, 

and lung damage. They can also poison nerve tissue and blood. Further, 

arsenic poisoning of groundwater in drinking water can cause human 

organ failure and cancer. The contamination to humans mainly through 

contaminated food, such as through crop irrigation, fish and other seafood 

[5]. 

 

Water toxication is a major risk in industrial and agricultural production 

which is mainly due to the emission of wastes. Some cases become a 

crucial issue as the wastes from industry are discarded continuously into 

the environment. For example, intensive agriculture is highly dependent 

on the pest control thus has a high risk of contamination of pesticides to 

both surface water and groundwater. The similar issue happens in the 

mining industry that has a very large risk of the occurrence of toxic mining 

waste contamination in both the material and the mining process.  

 

Industrial waste has also significantly contributed to the pollution of the 

environment through organic materials which are known as Persistent 

Organic Pollutants (POPs), which could be existed quite a long time in the 

environment, especially in the water without being able to be naturally 

degraded. These compounds can be bio-accumulated in human and animal 

tissues and cause death and disease, including endocrine disruption, 
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reproductive and immune systems, neurobehavioral disorders, and 

cancer. POPs include substances such as polychlorinated biphenyls 

(PCBs), pesticides such as DDT and pharmaceuticals and body care 

products. Further, some of the synthetic chemicals found in waste water 

are endocrine disruptors. Its effects on the endocrine hormonal system 

are disturbing because these chemicals can mimic natural hormones in 

both humans and wildlife [6].  

 

Another organic contaminant generated by industrial waste such as 

chemical, petrochemical and pharmaceutical industries is phenol, because 

it widely used in the industry as a raw material. Phenol is a white 

crystalline solid with the molecular formula of C6H5OH. It has molecular 

weight of 94.113 g mol-1, boiling point of 181.8 oC, freezing point of 40.9 oC 

and density of 1.071 g cm-3. It is flammable and has a strong odor. When it 

loses the hydrogen of the –OH group it forms the negatively charged 

phenolate ion, and resonance stabilized, considering phenol as a relatively 

strong acidic compound. In the resonance stabilization, the negative 

charge on the oxygen atom is shared with the carbon atoms in the ring [7].  

 

Phenol is moderately soluble in water, it can form hydrogen bonds with 

water and evaporates slower than water. Moreover, phenol is actually a 

phenyl derivative with a –OH group indicating that it is a hard degraded 

organic pollutant. Further, phenol is one of the important pollutants in 

waste water because of toxic effects on the environment including 

microorganisms even at very low concentrations such as above 70 ppm 

[8]. The chemical structure of phenol can be seen in Figure 1.1. 
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Figure 1.1  Phenol Structure. 

 

As mentioned above, many industries use phenol in their processes. Table 

1.1 shows the pollutants coming from phenol and its derivatives which are 

discharged into the environment [9]. As can be seen from Table 1.1, the 

huge phenol wastes produced by industry has led to the development of 

waste treatment technologies such as adsorption, incineration, wet air 

oxidation, catalytic wet air oxidation etc., to prevent the worse 

consequences experienced by the environment  

 

Adsorption and Incineration are two methods which are widely used for 

degradation of organic pollutants, including phenol. However, these 

methods have significant drawbacks. By using activated carbon, for 

example, the adsorption processes can not remove completely the organic 

pollutants such as phenol from wastewater while the incineration 

technique generates emissions of byproducts into the environment and 

also requires the use of high energy to burn organic contaminant perfectly 

[10]. Furthermore, since phenol as a water pollutant that can not be easily 

degraded by both primary and secondary treatment processes, therefore 
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it will require the application of other technologies in the removal process. 

Tertiary treatment technology such as Advanced Oxidation Processes 

(AOPs) is to be implemented. 

Table 1.1 Phenol-like pollutant release for the year of 2000 in United State   

Compound 
Emission 
(ton/year) 

Overall Ranking 

Phenol 22 35 

2,4-Dinitriphenol 11 50 

Catechol 8.3 59 

Aniline 5.8 70 

Hydroquinone 1.9 95 

Quinone 0.64 115 

Pentachlorophenol 0.55 120 

Chlorophenol 0.046 203 

2-Nitrophenol 0.026 213 

4-Nitrophenol 0.007 239 

 

Generally, AOPs include thermal oxidation, chemical oxidation, wet air 

oxidation, catalytic oxidation and some others. In principle, the treatment 

process is used to reduce the contaminants into harmless products such as 

CO2 and H2O through the oxidation process [11]. Among the various 

methods of these AOPs, heterogeneous catalytic oxidation typically has 

several advantages as it can be operated effectively at room temperature 

and normal pressure with high energy efficiency. Additionally, 

heterogeneous catalysts can be synthesized using cheap materials as 

catalyst supports such as activated carbon, zeolite, silica, red mud, fly ash, 

alumina etc., and can be regenerated for reuse in the process [12]. Thus, 
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the PhD thesis is focused on heterogeneous catalytic oxidation of organic 

compounds for wastewater treatment. 

 

1.2 Aim and Scope of Research 

The main objective of the research is to synthesize a variety of catalysts by 

impregnating several active metals such as Ruthenium (Ru) and Cobalt 

(Co) to the catalyst supports of inexpensive materials such as Activated 

Carbon (AC), Zeolite, Red mud, Fly ash, Alumina and Silica. The catalysts 

will be used in heterogeneous catalytic oxidation to degrade phenol as a 

model organic pollutant in wastewater treatment. The experiment is also 

conducted by involving photo catalytic oxidation in phenol removal.  To 

meet the target of this research, several stages of research have been done 

with specific objectives as listed below. 

1. To synthesis catalysts based on heavy metals of Ru and Co, on many 

supports such as activated carbon, redmud, flyash, zeolite (natural 

zeolite, ZSM5, MCM41 and MCM48), alumina, and titanium dioxide.  

2. To identify the activity of the synthesised catalysts.  

3. To investigate various processes with catalyst, oxidant and UV-light in 

heterogeneous catalytic oxidation of phenol for wastewater treatment 

and to identify their synergistic effect. 

4. To identify the parameters of phenol degradation particularly the 

effects of catalyst amount, phenol concentration, oxidant concentration 

and temperature. 

5. To determine the phenol degradation kinetics and activated energy of 

the synthesized catalysts in the heterogeneous catalytic oxidation 

processes.   
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1.3 Thesis Organization 

This thesis is divided into eight chapters.  Chapter 1 presents an 

introduction which consists of the background of the research including 

several issues in water and wastewater. This chapter also presents Aim 

and Scope of Research with some specific objectives and organization of 

the thesis. 

Chapter 2 deals with the literature review. This chapter presents the 

theoretical view of the research based on the studies of other researchers 

particularly about the various oxidation techniques for the treatment of 

phenol in waste water. 

Chapter 3 investigates the heterogeneous activation of 

peroxymonosulphate by supported ruthenium catalysts for phenol 

degradation in water. This chapter will focus on catalytic oxidation of 

phenol by using Activated Carbon and ZSM-5 as catalyst supports. It also 

presents the kinetic and activation energy of phenol oxidation. The study 

has been presented at Chemeca Conference in Sydney, 18-21 September 

2011 and also published in Journal of Hazardous Materials 215– 216 

(2012) 183– 190.   

Chapter 4 reports the study of Coal Fly Ash Supported Co3O4 catalysts for 

phenol degradation using peroxymonosulfate. Several fly ash (FA) samples 

derived from Australian (FA-WA) and Brazilian coals (FA-JL and FA-CH) 

were used as supports to prepare Co oxide (Co)-based catalysts. The 

experiment results have been published in RSC Advances, 2012, 2, 5645–

5650 and Catalysis Today 190 (2012) 68–72. 

Chapter 5 reveals Heterogeneous Catalytic Oxidation of Aqueous Phenol 

on Red Mud Supported Cobalt Catalysts. The pre-treatment on red mud 
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support has been evaluated in regard to catalyst activation on phenol 

removal. The kinetic study of heterogeneous catalytic oxidation of phenol 

has also been presented in this chapter.  This work has been published in 

Industrial & Engineering Chemistry Research, 51 (2012) 15351−15359. 

Chapter 6 studies phenol degradation in heterogeneous catalytic 

oxidation using natural zeolite and MCM48 supported cobalt catalysts. The 

used catalysts consist of Australia Natural Zeolite (Clipnotilolite), 

Indonesia Natural zeolite (Clipnotilolite) and MCM48. Complete kinetic 

tests using these catalysts are also presented. The results of this 

experiment have been presented in a conference of Water Congress in 

Busan Korea, 16-21 September 2012.  

Chapter 7 reports photo catalytic oxidation in phenol removal using 

Ru/TiO2 and Ru/Al2O3 catalysts. This study will compare photo catalytic 

and photochemical reaction using different power of UV-light in the 

presence of the catalysts with peroxymonosulphate. Kinetic studies of the 

phenol oxidation are also presented in this chapter.  

The last chapter, Chapter 8, comprises of the conclusions and 

recommendations for future work. This chapter presents the summary of 

the research results and some suggestions for further research in this 

area. A lot of challenging issues are addressed for development of 

heterogeneous catalytic oxidation technology.  
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Chapter-2 

Literature Review 

 

 

 

Abstract 

Major issues in environmental protection lead all aspects of waste 

management into great attention. The pollutant that contaminates water is 

one of them, where the application of technology to degrade pollutants is 

experiencing rapid growth. This Chapter focuses on the evaluation of the 

developments in wastewater treatment methods particularly in 

completely destroying of organic pollutants by oxidation. Some oxidation 

techniques are highlighted and evaluated by looking at the advantages and 

disadvantages of each process. Further, heterogeneous catalytic oxidation 

for organic pollutants such as phenol in wastewater treatments is 

discussed in a greater depth as one of the efficient and economic 

wastewater treatment process. This chapter also reviews some cheap 

materials such as Activated Carbon, Fly ash, Natural Zeolite, ZSM-5, Red 

mud, Alumina and Silica which are widely used as catalyst supports in 

heterogeneous catalysis. Impregnation process of active metals on to a 

support material is also elaborated in this chapter. 
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2.1 Introduction 

Based on the source, wastewater consists of domestic, industrial, public 

service and loss/leakage wastewater. Among them, the biggest 

contribution came from industrial and domestic wastewaters at 42.4% 

and 36.4%, respectively. Types of pollutants in the wastewater are 

suspended solids, biodegradable organic and priority pollutants such as 

carcinogeneous, pathogens, non-biodegradable organics and heavy metals 

[1]. Generally, the most reliable process to degrade the pollutants is 

through the conventional biological treatment. However, this process is 

relatively slow and for contaminants that are not biodegradable such as 

aqueous phenol solution, this method can not be applied [2]. On the other 

hand, phenol compound and its derivatives are the largest component 

existing in wastewater from industrial waste such as chemical, 

petrochemical and pharmaceutical plants which disposed of as effluent 

although it is prohibited due to environment contamination [3]. Because 

phenol is hazardous organic pollutant even at low concentrations such as 

70 ppm or more, then wastewater treatment technology particularly 

organic compound treatment should be further developed [1].   

Several methods of waste treatment which is widely used today for phenol 

removal are adsorption by using Activated Carbon (AC), thermal 

incineration and liquid phase chemical oxidation. The use of AC by 

adsorption method is very commonly used. Since AC has pores and large 

surface areas that can significantly remove phenol. However, AC can not 

exhibit complete removal of phenol through adsorption process [4]. 

Moreover, adsorption process using AC also needs extra planning and 

funding in regard to the regeneration and disposal of the adsorbent.  
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Other processes which are also widely used for removal of organic 

pollutants are incineration. With this process, organic contaminants can 

be destructed almost completely. However, the incineration of organic 

contaminants at temperatures between 1000 and 1700 oC will produce by 

products emissions into the environment in the form of dioxins and 

furans. Emissions of these chemicals have been proven to cause serious 

health problems to humans especially the workers around incineration 

plant unit [5, 6]. 

Further, another promising method is chemical oxidation. Complete 

removal of organic pollutants can be done well through this method while 

maintaining all of the components in the liquid phase. Liquid phase 

oxidation is influenced by several important factors such as type of 

oxidant, catalyst and selected operating conditions. In Wet Air Oxidation 

(WAO), the air can be used as an oxidant. Oxygen from the air can be 

dissolved in the system and assists the removal of organic pollutants 

through the process of oxidation at temperatures above 150 0C and a 

pressure of about 2 MPa [7-9]. The more effective process can also be 

obtained with a different oxidants such as hydrogen peroxide (H2O2)[10-

12] or ozone (O3) [13], but of course with a more additional cost. 

However, for waste streams that have very small concentrations of 

pollutants, both inceneration and WAO becomes uneconomical to be 

implemented. Therefore, it required other waste treatment techniques 

such as Advanced Oxidation Process (AOP). Many techniques have been 

commonly used in AOP such as Fenton oxidation, UV-based technique and 

ozonation. Fenton oxidation is very effective, but at extremely low 

concentrations of pollutants, it also has limitations because the reaction 

rate is very slow and uneconomical utilization of the oxidants due to self-

quenching. In order to be able to oxidize pollutants with very low 



 

14 
 

concentrations, it needs additional energy input which can come from UV-

light or ozonation to achieve complete oxidation. 

Furthermore, combining the use of oxidants with appropriate catalysts 

will reduce the use of high temperature and pressure in the oxidation 

process. Copper ion, for example, is a highly effective homogeneous 

catalyst to oxidize some organic pollutants by using the air as an oxidant 

[14]. Additionally, Fenton reaction that uses a combination of iron salts 

with hydrogen peroxide is also known as a very effective process to 

reduce various organic pollutants [15]. However, the use of homogeneous 

catalysts in the oxidation process causes other problems, because basically 

the catalyst metal ions are also a pollutant to water. So it will require 

additional processing to remove metal ions from water. Thus, a 

heterogeneous catalyst is quite promising to be adopted due to removal 

efficiency and no extra process to separate the catalyst from the system.  

A lot of testings have been done to develop a heterogeneous catalytic 

system in degradation of organic pollutants. The used heterogeneous 

catalyst is generally coming from a noble metal and metal oxide with 

various combinations of oxidants. In laboratory-scale, many tests showed 

a pretty significant result in removing contaminants from wastewater. The 

main concern of this heterogeneous catalyst is the catalyst stability over 

sufficiently long time use. Several facts indicate that the catalyst has 

deactivation or loses active phase (active metal) from the catalyst 

structure. This could be caused by the leaching process [16], formation of 

carbonaceous deposits [17] and also catalyst sintering [18]. Another way 

to optimize the process of oxidation is through the application of external 

energy sources such as electrical or electrochemical [19, 20], radiation 

[21, 22] and ultrasound [23]. The process is quite successful at low flow 

rate and low effluent concentration at ambient conditions. 
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Furthermore, the effectiveness and efficiency of the pollutant removal 

should also be accompanied by economic processes. One that deserves 

attention is the use of a cheap and easy-to-obtain catalyst support. For that 

reason, the use of natural minerals and residual materials such as 

Activated Carbon (AC), Natural Zeolite (NZ), Fly Ash (FA), Red Mud (RM), 

Silica, Alumina etc. as a support impregnated with the active metal become 

very important to be developed.  

 

2.2 Incineration  

Incineration is the combustion process of pollutants by raising the system 

temperature up to 800 oC  so that it is expected to form CO2 and H2O. Basic 

reactions that occur in this process are shown below [24]. 
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However, the combustion process is often not complete and produces 

exhaust gases other than CO2 and H2O such as HCl, SOx, NOx and Chlorine. 

These are toxic gases and must be removed from the waste effluent in 

range of permitted threshold before being discharged into the 

environment. Therefore, the incinerator must be complemented by air 

treatment equipment. In regard to this, various systems have been 

developed such as the rotary kiln incineration (for solid waste), liquid 

injection incineration, fluidized bed incineration, high temperature fluid-

wall destruction, advanced electric reactor, infrared incineration, plasma 

pyrolysis, etc.  
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Although the technique is widely used and successful, the fact that the 

incineration process has serious health problems for the people around 

still remains. Because, the incineration units typically emit harmful 

substances such as fine particles, acid gases and aerosols, metal and 

organic compounds. Due to a lot of problems to the environment and 

health, some incinerators in the U.S. have been shutdown in recent years. 

Research shows that the impact on human health either carcinogenic or 

non-carcinogenic is mostly caused by fine particles such as cadmium, 

mercury, chromium and arsenic which are generated by this waste 

treatment unit [25]. 

Table 2.1 Organic compounds released from the Municipal Waste 

Incineration 

Organic Products released during 
incineration at 680-1040 oC 

Concentration µg/m3 

Formic Acids 500 
Acetic Acid 2.5 
Choloro Phenols 48 
Formaldehyde 500 
Acetaldehyde 500 
PAH (Poly-aromatic Hydrocarbons) 5 
Chlorinated Benzenes 20 
Dioxins 0.038 

 

Incineration of the organic contaminants such as chlorophenol has 

produced a number of toxic compounds into the air such as 

polychlorinated dibenzo-p-dioxins (PCDD). This compound is produced 

when process temperature is decreased to 500-600 oC from recommended 

temperature of 800-900 0C. The organic compounds that are released into 

the air from incineration process are shown in Table 2. 1. 
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2.3 Wet Air Oxidation (WAO) 

It is well known that WAO is commonly used in the oxidation of organic 

contaminants. Currently there are more than 200 plants worldwide that 

use this process in wastewater treatment [27]. WAO involves waste water 

treatments at high temperature and pressure. During the process, organic 

compounds with high molecular weight split into a lower molecular 

weight such as formic acid, acetic acid, and aldehydes and subsequently 

further decomposed into CO2 and H2O. Oxidation mechanisms in parallel 

are shown in the following equation [28]. 

1) Direct oxidation to form carbon dioxide 

2
CO1

k

2
OHR         2.4 

2) Oxidation by intermediate compound  

2CO3k
COOH3CH2k

2OHR      2.5 

The kinetic equation obtained from both direct oxidation and oxidation by 

formation of intermediate compound is given below [29]  
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In principle, along the oxidation of organic compounds and the formation 

of the radical structure, there are 3 stages of the reaction: initiation, 

propagation and termination. These stages are shown in the following 

equations [30]. In each stage of the reaction, the oxidation of carboxylic 

acid controls the overall reaction rate due to its slowest reaction rate.  

Initiation  2 2R H O R HO          2.7 
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Propagation  2 2R O RO         2.8 

   2R H RO ROOH R         2.9 

Termination

 

2 2 2RO RO ROOR O     2.10 

In this WAO process, organic substances contained in wastewater whether 

dissolved or precipitation will be oxidized by oxygen. The mentioned 

oxygen can be in the form of pure oxygen or air. Operating conditions are 

commonly at a relatively high temperature between 100 and 300 oC at 

pressures of 0.5-20 MPa. WAO can easily reach 90-95% conversion [31]. 

However, this is generally not sufficient to meet effluent requirements for 

waste disposal into the environment. Therefore, WAO usually must also be 

followed by biological treatment. Moreover, the existence of homogeneous 

catalysts in catalytic WAO process also has another issue that must be 

addressed and continued by additional treatment. 

Chemical Oxygen Demand (COD) removal using WAO process can reach 75 

to 90% depending on the oxidation of intermediate compounds that are 

formed during the process [28]. Alternative processes to improve COD 

removal can be done using Supercritical Wet Air Oxidation (SWAO), but 

with higher temperature and pressure at above 500 oC and pressures in 

the range of 20-50 MPa [32]. 

In some cases, the use of pure oxygen in the WAO can also improve the 

performance of the organic pollutant oxidation in wastewater. Several 

studies have shown that the use of pure oxygen produces higher removal 

efficiency and greater profitability than the use of air as an oxidant in the 

WAO [33].  
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In general, WAO is quite successfully to degrade a variety of organic 

pollutants in waste water. Table 2.2 presents various organic pollutants 

which were successfully removed using WAO processes [14, 28, 34, 35]. 

Table 2.2  Wet Air oxidation of various pollutants 

Pollutants Operating 
Temp 0C 

Operating Pressure MPa 

Acetic Acid 270-300 2-20 
Acetonitrile 275-320 1 
Acetone 160-200 6.8-13.6 
Butyric Acid 237-257 6.8-13.6 
Black Liquor from Paper and 
Pulp unit 

40-90 
0.021 
(P-O2) 

Diethanolamine 140-240 0.39-1.38 (P-O2) 
Formic Acid 300 1 
Glucose 177-260 10.9 

Morpholine 150-240 
0.39-1.38 

(P-O2) 
Nitriteacetic Acid 200-225 5-15.2 
n-butanol 160-200 6.8-13.6 
Oxalic Acid 227-288 2-20 
Phenol 180-210 5.5-15.2 
Propionic Acid 232-287 1.72-5.17 (P-O2) 
2-Chlorophenol 204-260 3.9-7.1 
P-Cresol 150-200 3.9-7.1 (P-O2) 
Real Distillery Waste 150-210 0.1-2.5 (P-O2) 
Sec-butanol 160-200 6.8-13.6 
Sewage sludge from paper 
industry 

250-300 13 

Tetrachloro ethylene 225 13.8 
 

Some applications that have been implemented in the industry are also 

shown in Table 2.3 [11]. In general, the fundamental difference of WAO 

processes presented in the Table is related to the use of the reactor type 

and catalysts.   
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Tabel 2.3 Main Industrial Processes of Wet Air Oxidation 

Process Waste Type Reactor 
Type 

T (oC) P(MPa) Catyst 

Zimpro Sewage sludge 
spent AC industrial 

Bubble 
Column 

280-
325 

20 none 

Vertech Sewage sludge Deep Shaft <280 <11 none 
Wetox ns Stirred  200-

250 
4 none 

Kenox ns Recirculation 
Reactor 

<240 4.5 none 

Oxyget ns Tubular Jet <300 ns none 
Ciba-
Geigy 

Industrial - 300 ns Cu2+ 

LOPROX1 Industrial Bubble 
Column 

<200 5-20 Fe2+ 

NS-LC ns Monolith 220 4 Pt-
Pd/TiO
2-ZrO2 

Osaka 
Gas 

Coal Gasifier, Coke 
Oven, Cyanide, 
Sewage sladge 

Slurry Bubble 
Column 

250 7 ZrO2 or 
TiO2 

with 
nobel 
or base 
metals 

Kurita2 Ammonia ns ns >100 Suppor
ted Pt 

 ns : not specified 
1 Organic Quinone substances was used to generate hydrogen peroxide 
2 Nitrite was used as an oxidant 
As shown in Table 2.3 above, the use of heterogeneous catalysts in WAO 

process has also been done in the NS-LS, Osaka Gas and Kurita process. 

The interesting is that the third process uses temperature and pressure 

which are not much different from the WAO without heterogeneous 

catalysts. And they also use a noble metal catalyst which is relatively 

expensive. This reality is contrary to the fact that the laboratory-scale 

research has clearly proven that the use of noble metals as heterogeneous 

catalysts can run very well at room temperature and atmosphere 

pressure. 
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2.4 Catalytic Wet Air Oxidation 

Several disadvantages which were found in the WAO especially inability to 

remove organic contaminants completely have become the main reason 

for the development of methods of Catalytic Wet Air Oxidation (CWAO). In 

fact, homogeneous catalysts are relatively more efficient than 

heterogeneous catalysts. However, the presence of homogeneous metal 

catalysts in the system resulted in another pollution problem in the water 

and requires further separation unit. Since most of the dissolved metal 

catalysts are toxic to the environment so that in many cases the separation 

of the catalyst technically or economically is not feasible to be 

implemented. In contrast, heterogeneous catalytic oxidation usually has 

some advantages such as operated at room temperature and normal 

pressure and high energy efficiency. Further, heterogeneous catalysts can 

also be synthesized using cheap material supports such as activated 

carbon, zeolite, fly ash, red mud, silica, alumina etc., and can be 

regenerated for reuse easily [36]. However, some limitations are shared 

by heterogeneous processes such as slow reaction due to limitation of 

mass transfer resistance, life time of the catalyst activity and catalyst 

damage.  

In CWAO, the catalysts are usually made up of two main classifications: 

noble metal and metal oxide [37]. In the oxidation process, there are 5 

stages between heterogeneous catalyst with involved reactants, the 

diffusion of the reactants on the catalyst surface, adsorption of reactants 

to the catalyst surface, the reaction on the catalyst surface, desorption of 

products from the catalyst surface and diffusion of products from the 

catalyst surface.  
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In most catalytic reactions, reaction kinetics depends on the molecular 

transport (diffusion and adsorption) of the reaction itself so that the 

development and modification of catalysts are required. Pollutant 

oxidation in the presence of a catalyst will follow redox mechanism as 

shown below [30]. The performance of the catalyst is related to the redox 

potential of the Men+/Me(n-1)+ couple. 

 1n nROOH Me RO Me OH
         2.11 

 1

2

nnROOH Me RO Me H
        2.12 

Metal catalysts are generally a noble metal including Ru, Pt, Rh, Ir, and Pd 

[38]. The noble metal is usually loaded onto another metal oxide or 

supporting material to enhance the reactivity and stability of the catalyst. 

In certain cases the metal catalysts are also loaded onto a material that has 

the adsorption ability as activated carbon. Many studies have reported the 

effectiveness of the noble metal in the removal of organic pollutants such 

as phenol, carboxylic acids, ammonia, Kraft effluent etc., as summarized in 

Table 2.4. 

The ability of noble metal oxidation of organic pollutants in the process 

varies depending on the type of oxidized pollutants. For example, with 

acetic acid, catalytic activity increases in the order Pd <Ir <Ru [39]. While 

in the oxidation of p-chlorophenol, removal capability of the catalyst 

increases in the order of Ru <Pd <Pt [40]. Other researchers have reported 

that the oxidation of polyethylene glycol at 200 oC the activity of nobel 

metals follows Ru = Rh = Pt> Ir> Pd [41].  

 

Table 2.4 CWAO process using different noble metals. 
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Noble 
Metal 

Support Pollutant T (oC) P (MPa) Ref. 

Pt γ-Al2O3 Phenol >155 2 [42] 
Pt, Ag MnO2/CeO2 Phenol >80 0.5 [43] 
Pt-Ru C Phenol >35  [44] 

Ru C, CeO2/C Phenol >160 2 [45] 
Pt γ-Al2O3 Acetic Acid >200  [46] 

Ru, Ir, 
Pd, Ag 

CeO2, TiO2, 
ZrO2 

Acetic Acid 200 2 [47] 

Pt, Ru, 
Rh 

TiO2, CeO2, 
C 

Phenol/Acrylic 
Acid 

170 2 [48] 

Ru CeO2 Maleic Acid >160 2 [49] 
Ru TiO2 Succinic Acid >150 5 [50] 

Pt, Ru, 
Pd, Rh 

CeO2 Ammonia >150 2 [51] 

Pt-Ru C Trichoroethene >90 >0.2 [52] 
Pt C Carboxylic Acid >20 >0.1 [53] 
Ru TiO2, ZrO2 Kraft Effluent 190 5.5 [54] 
Pd C Ammonia 280 2 [55] 
Ir C Butiric Acid 200 0.69 [56] 
Ir CeO2, TiO2, C Ammonia >150 1.5 [57] 
Pt C p-chlorophenol 170 2.6 [58] 

 

Noble metal supports also significantly determine catalyst activity. Many 

noble metal supports have been tested by various researchers, such as 

alumina, ceria, titania, zirconia, and others. Activated carbon which has 

high porosity is also used as a support material. In sewage Kraft treatment 

for instance, the surface area of the catalyst support proves as an 

important factor to increase the ability of the catalyst in the oxidation 

process. While in the process of phenol removal, dispersion of the active 

phase on the support material surface has become a significant impact in 

improving the performance of the catalyst. Furthermore, the deposition of 

noble metal on hydrophobic supports such as activated carbon is very 

effective to degrade volatile pollutants such as ammonia [55].  



 

24 
 

The other type of catalyst which is often used in CWAO either in pure form 

or mixed is metal oxide. For aqueous effluent, copper oxide is very widely 

used and become the study object of many researchers. For example, 

phenol has successfully oxidized using the Harshaw commercial catalyst, 

which consists of 10% copper oxide and alumina support [59, 60]. A 

commercial catalyst CuO/ZnO was also successful in oxidizing Formic Acid 

[61, 62]. Levec et al. combined Cu, Mn and La oxides with the support of 

Al2O3 and ZnO to oxidize acetic acid [63].  

Table 2.5 Metal oxide based on CWAO 

Oxide Support Pollutant T (oC) P (M.Pa) Ref. 
Cu/Cr oxides   phenol >127 0.32 [74] 
Cu/Cr/Ba/Al 
oxides 

 phenol 127 0.8 [75] 

Co, Fe, Mn, Zn 
oxides 

γ − Al2O3 phenol 140 0.9 [76] 

CuO γ − Al2O3 phenol >120 >0.6 [77] 
CuO γ − Al2O3 phenol 140 0.9 [78] 
Cu/Ni/Al 
oxides 

 phenol 140 0.9 [79] 

CuO/ZnO/CoO cement phenol >130 7 [80] 
CuO/ZnO γ − Al2O3 phenol >105 >0.15 [81] 
CuO γ − Al2O3 phenol >113 >0.44 [82] 
CuO/CeO2  phenol 130 0.73 [83] 
K −MnO2/CeO2  phenol 110 0.5 [84] 
MnO2/CeO2  phenol >80 >0.2 [85] 
MnO2, Co2O3  phenol >170 >1.3 [86] 
CuO C phenol >160 >2.6 [87] 
MnO2, Co2O3  p-chlorophenol >170 >1.3 [86] 
CuO/ZnO γ − Al2O3 p-chlorophenol >105 >0.15 [88] 
CuO/ZnO  formic acid >200 4 [89] 
Fe2O3  acetic acid >252 >6.7 [90] 
Cu/Mn/La ZnO − 

Al2O3 
acetic acid >250  [90] 

MnO/CeO  ammonia 263 1 [14] 
MnO2/CeO2  alcohol 

distilery 
>180 >0.5 [91] 
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The other commercial catalyst consisting of CuO, ZnO and γ-Al2O3 or CoO 

is very effective to degrade phenol and substituted phenols [64-67]. 

Furthermore, Hamoudi et al. reported that CeO/MnO catalysts can be 

effectively used in phenol removal [68, 69]. Similar to that, Chen et al. 

showed that the ratio of Mn/Ce mostly affects the efficiency in phenol 

oxidation [70]. In the phenol oxidation, activity of various metal oxides 

was also reported by Kochetkova et Al. with the following order: CuO> 

CoO> Cr2O3> NiO> MnO2> Fe2O3> YO2> Cd2O3> ZnO> TiO2> Bi2O3 [71]. 

Next, some researchers showed that activated carbon has very good 

performance as a catalyst [72, 73]. Several tests based on metal oxide 

catalysts are shown in Table 2.5. 

 

2.5 Chemical Oxidation  

Chemical oxidation is a simple technique that uses a chemical oxidant to 

oxidize harmful chemicals in wastewater into harmless components. This 

technique is quite a lot used primarily for remediation of soil and 

groundwater, due to a simple application. A certain of chemical 

compounds are poured into waste water and serve as an oxidizing agent 

or better known as the oxidant. In general, the ability of the oxidation of 

chemical compounds against contaminants in the waste water is affected 

by oxidation reduction potential (redox) of each oxidant. Some frequently 

used oxidants with each potential redox standard are shown in the 

following table [92]. 
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  Table 2.6 Oxidation Potential of different Oxidants 

Oxidants Redox Potential 
Eo (eV) 

Fluorine 3.03 
Hydroxl radical  2.70 
Sulphate Radical 2.60 
Atomic Oxygen 2.42 
Ozone 2.07 
Persulphate 2.01 
Hydrogen Peroxide 1.78 
Permanganate 1.68 
Chlorine Dioxide 1.57 
Hypochlorous Acid 1.49 
Chlorine 1.36 

 

In general, the larger redox potential of the oxidant, the higher 

contaminant oxidation can be carried out. Some oxidants are very well 

known and have been widely applied in wastewater treatment include: 

Chlorine, Permanganate, Peroxide, Persulphate and Ozone. The use of 

chlorine as an oxidant in wastewater treatment is known as chlorination. 

Chlorine can destroy pathogenic organisms in water and is often used in 

drinking water treatment. However, the chorine has limited ability 

because it is only used by certain selective chemicals for mild oxidation 

process and can not be used in greater range of organic oxidation. The use 

of chlorine in high pollutant concentrations will stimulate the formation of 

intermediate compounds which are commonly harmful [93]. 

Another oxidant which is widely used in wastewater treatment, especially 

for organic compounds that cause color, taste and odor problems is 

potassium permanganate [94]. In the water, potassium permanganate will 

generate more than one type of active radicals which react with organic 

pollutants and turn them into harmless end products. Permanganate 

reactivity depends on the type of active radicals produced during 
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oxidation which was determined by the reaction conditions such as 

temperature and pH. Permanganate can form the following different 

reactive species in the waste solution. 

  


3
OH

42
H

4
H

4 MnOMnOHHMnOMnO 2  2.13 

Some researchers have reported the oxidation of benzene and alkyl 

benzene at pH greater than 2.5, oxidation is dominated by active species of 



4MnO  while at a pH less than 0.3, the active species of permanganate will 

be  dominated by HMnO4 [95, 96]. The disadvantage of this system is the 

formation of precipitation in form of magnesium oxide in end products 

which requires additional removal process [97]. 

Hydrogen peroxide is considered as an oxidant which has some 

advantages especially in its ability to produce hydroxyl radicals which is 

known as environmental friendly free radicals. Further, the oxidants can 

play as both oxidizing and reducing agents. In industry, hydrogen peroxide 

is widely used as an oxidant in the process of bleaching in textile 

industries as well as reducing permanganate to Mn2+. Peroxide is also used 

to oxidize ferrous ion (Fe2+) to ferric ion (Fe3+) in the process involving the 

formation of active hydroxyl radicals, that has high ability to oxidize 

organic contaminants with high molecular weight in waste water. The 

oxidation reactions that can produce hydroxyl radical are known as 

advanced oxidation technique.  

The next oxidant is potassium peroxydisulphate or better known as 

persulphate. This oxidant is commonly used in the processing of 

underground water and oxygen bleach in industry [98-100]. Persulphate 

has a high oxidation capacity with wider range of pH and able to generate 

highly active sulphate radicals (SO4.) at temperatures of 40-99 °C, as 

shown in the following equation [101]. 
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   4
thermal

82 2SOOS  2.14 

In the presence of divalent metal ions as active electron donor, such as 

Fe2+ ions, persulphate ion can be catalytically generated to sulphate 

radical at ambient temperature as seen in the equation below [102]. 










  2
4SO3Fe4SO2Fe8O2S  2.15 

Moreover, other popular oxidation process is ozonation which is involving 

ozone (O3) compound. Reactivity of the process is higher than the process 

using peroxide and persulphate oxidants. In principle, the inclusion of 

ozone in the wastewater treatment process begins with the formation of 

ozone from oxygen (O2) and bubbled into the waste water [103]. In the 

temperature range of 0-60 °C, ozone solubility is 10-15 times higher 

compared to oxygen [104]. Oxidation processes involving ozone can occur 

directly with ozone molecules or indirectly through the formation of 

hydroxyl radical. Usually direct ozonation process takes place at a pH less 

than 4, the combination of direct and indirect at a pH between 4 and 9 and 

indirect above pH of 9 [105]. The indirect process of hydroxyl radical 

formation in ozonation is shown in the following equation. 

23 4O2OHHOH3O                    2.16

    

2.6 Advance Oxidation Process 

Advance Oxidation Process (AOP) in wastewater treatment or also known 

as Advanced Oxidation Technique (AOT) is an oxidation method of organic 

pollutants by generating active free radicals mostly hydroxyl radicals           

( OH ) in the liquid phase and convert them into end product of H2O and 

CO2 [106]. Hydroxyl radicals are the most powerful oxidants after florine. 
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The oxidation ability of hydroxyl radical on various organic contaminants 

is much faster than the ozone (O3). Comparison between the hydroxyl 

radical with ozone in degrading different organic compounds is shown in 

Table 2.7 below [107]. 

Table 2.7 Comparison of rate constant for ozone and hydroxyl radical. 

Organic Compound 
Rate constant (M-1 s-1) 

Ozone (O3) Hydroxil radical ( OH ) 
Benzene 2 7.8 x 109 
Toluene 14 7.8 x 109 
Chlorobenzene 0.75 4.0 x 109 
Trichloroethylene 17 4.0 x 109 
Tetrachloroethylene <0.1 1.7 x 109 
n-Butanol 0.6 4.6 x 109 
t-Butanol 0.03 0.4 x 109 

 

Compared with other oxidation techniques, AOP is relatively a new 

technology and thus it has a great potential to be explored in some aspects 

such as the type of oxidant, catalyst to activate the oxidant, the optimal 

reaction conditions and many others. More recently, there has been 

considerable research involving several oxidants, mostly a sulphate based 

oxidants for applications in AOP. Some combination of the wastewater 

treatment process of organic contaminants involves Fenton reagent, 

UV/H2O2, Modified Fenton reagent, UV/Ozone, Ozone/H2O2 technique also 

known as peroxone, TiO2/UV and Co2+/Oxone.  

2.6.1 Fenton Reagent 

Fenton reagent treatment involves the addition of hydrogen peroxide and 

iron ions into the wastewater treatment system. The reaction involves the 

generation of hydroxyl radicals as shown in equations below. The free 

radicals then become an agent in the oxidation process to degrade organic 
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compounds (Eq. 2.17 and 2.18) [108]. Many studies reported that the 

organic pollutant oxidation based Fenton reagent have successfully 

oxidize alcohol, ketones, phenols, chlorophenol, benzene, nitrobenzene, 

dichlorophenol and poly aromatic hydrocarbons which are also very 

difficult to be removed by other convensional treatments [109-114]. 

  32
22 FeOHOHFeOH               2.17 

OHROHRH 2                  2.18 

Generally, the reaction of free radical using Fenton reagent consists of 3 

phases: Initiation in which the formation of active radicals, Propagation 

where additional formation of the active Radicals from the interaction and 

finally Termination which exhibits quenching of the active radical. Each 

stage takes place at varying reactions, as shown as an example in 

chlorophenol degradation in Table 2.8 below [115]. 

Table 2.8 Reaction involved in chlorophenol removal using Fenton 

Reaction 

Reaction Rate constant (k M-1s-1) 
2 3

2 2Fe H O Fe OH OH        63 

2

3 2

2 2Fe H O Fe HO H        0.01 

2 2 2 2OH H O HO H O     2.7 x 107 

2 2HO O H     1.58 x 105 

2 2O H HO     1 x 1010 
2 3OH Fe Fe OH       3.2 x 108 

2 3

2 2 2( )HO Fe H Fe H O        1.2 x 106 
3 2

2 2HO Fe Fe H O        3.1 x 105 
2 3

2 2 2( )O Fe H Fe H O        1 x 107 
3 2

2 2O Fe Fe O      5 x 107 

2 2OH OH H O    4.2 x 109 

2 2 2 2 2HO HO H O O     8.3 x 105 

2 2 2HO HO H O O     1 x 1010 
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2 2HO O HO O      1 x 1010 

2 2 2 2 2( )HO O H H O O       9.7 x 107 

( )OH p chlorophenol Cl DHCD     ~ 
3 2( ) ( )Cl DHCD Fe Fe Cl benzendiols      2 x 1010 

( )OH Cl DHCD THB Cl     ~ 
3 2( ) ( )Cl benzenediols Fe Fe Cl semiquinones     ~ 

3 2 ( )THB Fe Fe Cl benzoquinones     ~ 
3 2THCD Fe Fe THB      7 x 109 

( )OH Cl benzoquinones MA    ~ 

( )OH THB H AA    ~ 

/ ( ) ( )OH MA H AA H AA    ~ 
3 2/ ( ) / ( )MA H AA Fe Fe MA H AA       1.2 x 109 

3 3( )Fe H AA Fe organiccomplex     ~ 
DHCDCl)(  - (chloro)dihydroxycyclohexadienyl radical 

THB – trihydroxybenzene 
THCD – trihydroxycyclohexadienyl 
MA – cic muconic acid 
(H)AA – (hydroxylated) aliphatic acid 

 

Although Fenton oxidation reaction is quite effective but some conditions 

often become constrain in this process. The first, the Fe2+/H2O2 ratio, 

which influences the tendency of active hydroxyl radicals to react with the 

oxidant itself, thereby increasing the overall use of the oxidant amount. 

Therefore, the rate constant of hydroxyl radicals in the range of 108-1010 

should be considered in designing the system reaction [105]. Research 

conducted by Beltran et al. on the Fenton oxidation suggested oxidation 

rate should be increased with increasing concentrations of H2O2 from 10-4 

to 10-3 M and the amount of iron incorporated into the system in the 7.10-5 

M [116]. The second, this system requires a low pH around 3 or lower. The 

tendency of pH increase in the system during the process will result in 

additional cost for pH control [117]. The third is the quenching of the 

hydroxyl radical caused by the large anion content of pollutants in waste 

water. This causes the removal efficiency decreased with reaction time. 
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Some studies reported that the removal of organic contaminants 

significantly decreases due to the presence of phosphate anions, chloride 

and nitrate in wastewater [118, 119]. And fourth is the precipitation of 

ferric ions due to uncontrolled pH of the solution so that the Fe 3+ ions 

tend to merge into a complex oxide-hydroxide in the form of sediment that 

inhibits the regeneration of the ferrous ions. 

2.6.2 UV/Oxidant System 

To generate free radicals such as hydroxyl or sulphate radicals is not only 

by the addition of a chemical oxidant but also obtained by irradiating the 

solution using ultra violet light (UV-light). AOP is also often referred as 

photochemical Oxidation and is often used for the oxidation process in 

wastewater that has low Chemical Oxigen Demand (COD). The process 

generally also comprises initiation stage, propagation and termination. 

The reaction mechanism is shown below [120]. 

Initiation Reaction 

 2OHhνOH 22                                 2.19                                                    

Propagation Reaction 

OHHOOHOH 2222                             2.20                                                                                               

22222 OOHOHHOOH                                 2.21                                                                                  

222 OOHOHHOHO                                2.22                                                                                    

Termination Reaction 

222 OOHHOOH                         2.23                                                                                                         

22OHOHOH                                2.24                                                                                                        
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This process also requires the use of H2O2 to obtain optimal generation of 

hydroxyl radicals. Some researchers suggest that at concentration of 

hydrogen peroxide of 0.01 M, some organo-halide compounds and 

atrazine were quite successfully oxidized [121-123]. Several other studies 

have tested this system with a variety of other organic compounds such as 

phenol, chlorophenol, dichlorophenol, nitro benzene, a major 

groundwater pollutant such as hydroxy phenyl acetic acid, and even actual 

industrial waste water [124-128]. The tests on UV/oxidant system in 

removal dichlorophenol with oxidants such as persulphate, 

peroxymonosulphate and hydroxide have been done by Anipsitakis et al 

[129]. According to this research, the removal efficiency followed the 

order of UV/K2S2O8> UV/KHSO5> UV/H2O2. 

Besides, controlling the solution pH to optimize removal efficiency has to 

be noted. UV rays will be absorbed by humic acids containing in industrial 

waste. This absorption phenomenon will reduce the effectiveness of the 

UV to generate active radicals [130]. Humic acid is a major component of 

humic subtances which are found mainly in soil, peat, coal, many upland 

streams, dystrophic lakes, and ocean water. These compounds are 

produced from biodegradation of organic matters. It is not a single acid, 

but a complex mixture of many different acids containing carboxyl and 

phenolate groups. The humic acid structure is presented in the following 

Figure 2.1 [131]. 
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Figure 2.1 Humic Acid structure  

 

Another oxidant which is well known and combined with UV in the 

application is ozone (O3). UV/O3 system has been widely used in waste 

water treatment especially the waste from the agro industry effluent. This 

system has the advantage of being able to take place at alkaline pH or in 

the pH which is relatively high [132]. In principle, wastewater solution 

saturated with ozone and then irradiation with UV-light radiation. In this 

process the wavelength of UV is important. By using a wavelength lower 

than 300 nm (under UV-C radiation), the formation of hydroxyl radicals 

can be seen in Eq. 2.25-2.27 below [133]. 

222
hν

23 OOHOHO                  2.25 

 2OHOH hν
22                  2.26                                            

As for the wavelength greater than 300 nm, the ozone molecule reacts 

with the peroxide to form hydroxyl radicals by the following reaction. 
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22
hν

223 OHOOHOHO                  2.27                                        

2.6.3 Photo Fenton System 

This system combines the Fenton reaction and UV/Oxidant system so that 

the benefit from both processes can be obtained. This combination will 

result in a more active radical than conventional Fenton Reaction and 

photochemical oxidation reaction their selves thereby increasing the 

reaction rate as well. Balcioglu et al. studied the degradation of textile dyes 

using photo Fenton reaction [134]. Under the influence of UV light, 

Fe(OH)2+ ions obtained as a final product of Fenton reaction, absorbing 

radiation to change back into iron ions thereby increasing the rate of 

oxidation [135]. Several researchers reported their success in degradation 

of herbicides, nitro and di-nitro phenols, Anilines, toluene, Nitrotoluene, 

Atrizine, Effluent arising from dye industries, landfill leachate by Photo 

Fenton System. Interestingly, the sun (solar light) is quite effective as a 

light source replaces electrical power lamp [136-141]. By using this 

system dichlorophenol removal experiment with some combinations of 

active metal and oxidant removal efficiency was obtained in a sequence as 

follows: UV/Fe3+/H2O2>UV/Fe2+/H2O2>UV/Co2+/KHSO5>UV/Ag+/K2S2O8 

[129]. 

2.6.4 Photocatalytic System 

Photocatalytic treatment is an excellent technique for the degradation of 

organic pollutant compounds with a high Total Organic Carbon (TOC) 

removal compared to other conventional techniques. This technique is 

based on the addition of catalyst into the liquid waste with illumination of 

UV radiation. This system can be conducted at neutral pH. In addition, this 

process also does not form by-product of complex sediment.  
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The reaction mechanism is based on the formation of active electron-hole 

pairs on the surface of the photocatalyst. When irradiated by UV on 

photocatalyst, the light photon promotes the electrons from the 

conduction band to the valance band. The amount of energy required to 

move the electron is equal to or more than the band gap energy of the 

photocatalyst. In the presence of contaminant molecules absorbed on the 

surface of the catalyst, the pollutant will also be oxidized by the electron 

transferred from the oxidative holes. 

Many researchers have shown that a variety of halogenated compounds 

such as chlorophenols, nitrophenols, trichlorethylene, and toluene have 

been successfully removed by using both UV and combined 

photocatalyst/UV system [142-144]. Other researchers also reported the 

success of this system in reducing acids like salicyclic & t-cinnamic, dyes, 

and various biocalcitrant pesticides, and also actual industrial effluents 

and mixed pollutants [145, 146]. In the selection of catalysts for this 

system, some metal oxides such as TiO2, ZnO, ZrO2, SrO2, CdS have been 

proven as effective catalysts [147]. In the oxidation of dyes, phenolic 

compounds and also for the treatment of groundwater pollutants, ZnO is 

reported to have a better removal efficiency of TiO2, although both metal 

oxides have similar band gap of 3.2 eV [148-151].  

It is well known that any additions to the system oxidants such as 

hydrogen peroxide treatment will increases the formation of active 

hydroxyl radical. Through a combination of oxidant with photocatalyst, 

the ability of the system to remove greater variety of organic wastes will 

also increase. Research conducted by Doong et al. who used a combination 

of H2O2/TiO2/UV to degrade several pesticides reports that the surface of 

TiO2 photocatalytic system can be activated optimally thereby the reaction 

rate is also increased [152]. Other researchers, Dhanalakshmi et al. 
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reported that peroxymonosulphate has higher capability than persulphate 

for dye degradation in the application of sulphate based oxidants such as 

persulphate and peroxymonosulphate and its relation to the use of TiO2 as 

a catalyst [153]. 

AOP developments have led researchers to look for an alternative oxidant 

besides hydrogen peroxide which involved in conventional Fenton 

reaction. As an oxidant which has high standard of redox potential, the use 

of peroxymonosulphate based oxidant can become one of the alternative 

chemical that can be developed. Anipsitakis et al. reported reduction 

process of dichlorophenol and atrazine based on peroxymonosulphate 

oxidant in the presence of cobalt ions to generate active sulphate radicals. 

The mechanism of the reaction is shown in the following equation [154]. 

  OHSOCoHSOCo 4
3

5
2                2.28  

  OHSOeHSO 45                 2.29 

  OHSOeHSO 2
45                 2.30 

  eHSOHSO 55                 2.31 

  HSOCoHSOCo 5
2

5
3                2.32 

  2
4

3
4

2 SOCoSOCo                 2.33 

  44 HSORSORH                 2.34 

This technique is also used to oxidize a variety of other organic pollutants 

including dyes. The study proved that degradation of organic pollutants 

with various pH, the activity of Co/SO4- is higher than Fe/OH-. It is also 

confirmed that the presence of UV in this system strengthenes the catalyst 

performance in reducing organic contaminant from wastewater.  
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2.7 Catalyst Support 

Catalytic activity is determined by the chemical composition and some 

relevant physical properties. The catalyst support will also determine the 

effectiveness of a catalyst, as the characteristics of support material will 

affect catalyst properties. The catalyst support should be able to improve 

the mechanical properties of the catalyst. In many cases, a highly 

dispersed active phase can be stabilized by its deposition in the 

micropores of a support. Therefore, the catalyst support should be able to 

assist in the dispersion of the active phase to the surface of the support 

materials. The dispersion of active phase is defined as the ratio of the 

number of surface atoms of the active phase to the total number of atoms.  

This dispersion will determine the activity of a catalyst in the reaction 

process. For this purpose, proper preparation of catalysts is necessary. In 

general, the material as catalyst support must have certain characteristics 

such as inertness, mechanical properties (attrition resistance, hardness, 

compressive strength and flow resistance in packed bed), stability under 

reaction’s conditions, porosity (average pore size, pore radius 

distribution) and surface area [155]. In many catalytic applications, 

carbon meets the above criteria as a catalyst support. Several other 

materials feasible in trials as support material are fly ash, redmud, zeolite, 

alumina, silica, etc. 

2.7.1 Activated Carbon 

Activated carbon is a crude form of graphite with a random or amorphous 

structure, which is very porous. It has a visible range of pore sizes from 

visible cracks, crevices and slits of molecular dimensions. Powdered 

activated carbon was first produced commercially in Europe in the early 

19th century, using wood as a raw material. The use of activated carbon 
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for water treatment in the United States was first reported in 1930, for the 

removal of taste and odor of contaminated water. Activated carbon can be 

made out of coconut shell, wood char, lignin, petroleum coke, bone char, 

peat, sawdust, carbon black, rice bran, sugar, peach pit, fish waste, 

fertilizer, waste rubber tires, etc. [155]. Further, activated carbon has 

absorbing properties due to some factors such as highly surface area, 

micro-porous structure and high degree of surface reactivity. 

Preparation of activated carbon can be done physically or chemically so 

that carbon particle is filled by hole and increased pore volume and 

surface area. In the activation process, the space between the elementary 

crystallites is cleared through removal of less organized loosely bound 

carbonaceous material resulting channel in the graphitic regions and also 

space (voids) between the elementary crystallites with fissures within and 

parallel to the graphite planes producing larger porous structure on 

carbon. 

The physical activation process involves the carbonation stage at 

temperature of 500-600 °C to remove the volatile matters from carbon 

pore structure. Further, it is also made partial gasification using mild 

oxidizing gases such as CO2, steam or fuel gas at 800-1000 °C. This process 

will Increase porosity and surface area of the raw carbon. On the other 

hand, the chemical activation involves inorganic chemical additives such 

as zinc chloride (ZnCl2) or phosphate acid which was added to the 

precursor followed by a carbonization process at temperature range of 

200-800 °C. Many other chemical compounds can be used for carbon 

activation such as ammonium salts, borates, calcium oxide, ferric and 

ferrous compounds, manganese dioxide, nickel salts, hydrochloric acid, 

nitric acid and sulfuric acid, etc. [156]. 
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One gram of activated carbon can have a surface area between 500 m2 to 

2000 m2. Due to its high porosity, activated carbon is then widely used as a 

catalyst support. Adsorption using activated carbon has proven to be one 

of the most effective and reliable physicochemical wastewater treatment 

methods. If carbon is used as a catalyst then the most decisive factor is the 

chemical composition of the active phase which dispersed on to the 

surface of the carbon [157]. 

Even today, AC without adding any active phase has also been used for the 

degradation of phenol. The most important conclusion made by some 

researchers, the oxidation of phenol on activated carbon occurs through 

the formation of a carbonaceous layer on the surface of activated carbon. 

In the oxidation processes, the AC surface functional groups oxidise the 

substrate and are consequently reoxidised by oxygen in a redox cycle and 

forming the initial formation of organic deposit coke from the initial 

oxidation on the AC surface. The measurements of the total micropore 

surface area indicated that the formed coke layer completely blocked the 

micropores of AC.  It was also reported that during the process of Wet Air 

Oxidation Catalytic over Activated Carbon, it is not possible to balance the 

total carbon mass over the liquid and gas phase. Phenol removal is 

required relatively low activation energy of 40 kJ/mol compared the 

activation energy of 50 kJ/mol for phenol oxidation using, for instance, 

cuprous chloride [158].  

In some cases, the carbon impurities can poison the catalyst. Most metals, 

such as iron, zinc and copper, contained in the mineral substance of the 

precursor material, are catalyst poisons. How ever, these obstacles can be 

overcome by special treatment or by using commercial pure carbon such 

as activated carbon as a catalyst precursor to generate support. Several 

techniques were performed on AC particles such as extrusion and 
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pelleting to increase uniformity in morphology and mechanical strength. 

This will provide a suitable carbon-based catalyst for fixed and fluidized 

beds. 

2.7.2 Fly Ash 

Fly ash is a residue of solid waste generated from coal, oil, and burning 

biomass. It is well known that the main components of fly ash are SiO2 and 

Al2O3 which were produced after the combustion process at high 

temperature so that the two oxides have a very high thermal stability. In 

addition, other minor components of metal oxides containing in the fly ash 

are Fe2O3, TiO2 CaO, MgO, K2O, and Na2O. The contents of metal oxides in 

the fly ash have made fly ash as a good catalyst or catalyst support. In the 

catalytic reaction, the alkali and alkaline earth metals will serve as 

promoters and transition metal components will be in the active phase. 

Further, it should be noted that fly ash also contains some elements such 

as Hg, which can be released during the use of fly ash and cause secondary 

pollution. Several investigations have found that Hg content in fly ash is 

relatively low, varying from 0.007 to 0.64 mg/kg depending on the source 

of coal and combustion conditions [159]. Also, some leaching tests on the 

fly ash showed the slightrelease of Hg into the air or water, and under 

certain conditions fly ash can also absorb Hg from the air [160]. 

Morphology and some of the main contents of the fly ash are shown in 

Figure 2.2 [161].  
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Figure 2.2  SEM Image and EDX analysis analysis of flyash particles 

A large amount of fly ash is produced from power plants around the world 

every year. It is estimated that the world production of fly ash in 2003 was 

about 430 Mt and will continue to grow up in the future [159].  During this 

time, the large amount of fly ash has become an issue that could harm the 

environment. The fly ash disposal is usually dumped to the sea or into the 

trash, and fly ash derived from the industrial process and metal leaching, 

and contaminated organic compounds will pollute ground and surface 

water. Moreover, fly ash particles in the air are also a potential to disrupt 

human health. The huge production fly ash is also required maintenance 

and the use of spread land which will impact to economical cost for a long 

term. Because of the above reasons, reuse of fly ash to be a valuable 

product should be continued and developed. 

The data show that the reuse of fly ash into value-added products has 

increased in the last two decades. For example, some applications have 

used fly ash as building and construction materials such as cement, 

geopolymer, ceramic materials, soil amendment, zeolite synthesis, a low-

cost adsorbent for gases and water purifier, nuclear waste stabilization, 

and material recovery. However, the reuse of fly ash in the civil 
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engineering field is not able to keep the rate of fly ash regeneration. 

Worldwide fly ash recycling is estimated only about 25% of the generated 

fly ash each year, so that fly ash disposal into the sea or other landfills 

places still occurred.  In Australia, less than 10% of fly ash was used in 

2003. Compared with other countries, Australia has the lowest rate of 

utilization of fly ash so more work is needed to explore the recycling of fly 

ash [162]. 

Basically, fly ash is a heterogeneous material with various physical, 

chemical, and mineralogical properties depends on the mineralogical 

composition of burned coal and the combustion technology. Currently, the 

classification of fly ash is based on the content of CaO. Two classes of fly 

ash are defined by ASTM C618, the class F and class C. Class C fly ash refers 

to having more than 8% CaO and usually from lignite and subbituminous 

coal combustion. Class F fly ash derived from bitumen and anthracite coals 

and contain less than 8% CaO. Fly ash from subbituminous and lignite has 

high levels of CaO and MgO, but contains SiO2 and Al2O3 lower than 

bituminous coal fly ash. Fly ash particles are generally spherical with a 

size of 0.5 to 100 µm. Particle size distribution is important for the 

properties of fly ash, because the smaller particles will have a larger 

surface area and affect the interaction of fly ash with a variety of solutions 

to mobilize every element on the surface of the particles. Many studies 

showed a bimodal particle size distribution of fly ash, with a major peak in 

the particle size between 0.1 and 1 am and the other with a particle size 

greater between 10 and 200 µm [163]. 
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Table 2.9 Conversion of Fly Ash supported catalysts in reactions. 

Reaction Catalyst 
Temperature 

(0C) 
Conversion 

(%) 
Methane reforming Ni/FA 700 29.1 

Ni/FA-HNO3 700 2.3 
Ni/FA-NH3 700 50.7 
Ni/FA-Ca(OH)2 700 54.7 
Ni/FA-CaO 700 74.6 

NO Reduction Fe/FA 450 90 
Cu/FA 300 90 
Ni/FA 350 70 
V/FA 350 90 

NO Reduction Aqueous 
dye oxidation 
hydrocracking 

TiO2/FA Room Temp. 90 
FA-ZY Room Temp. 100 (2 hours) 
Ni/FA-ZY 320 30 
 320 60 

FA : Fly Ash, ZY : Zeolite Y 

 

Catalytic activity of the fly ash is highly dependent on the active 

components which are loaded onto the surface with some metal oxides 

such as Al2O3, SiO2, TiO2, and MgO and also their interaction with the 

catalyst support. Many studies have shown that fly ash supported catalysts 

showed high activity in the CO2 reforming of methane, ammonia 

decomposition, catalytic reduction of NOx and SOx, methane oxidation, 

dye decomposition, and petroleum hydrocracking. Table 2.9 shows some 

of the reactions and the activities of fly-ash supported catalyst systems 

[163]. 

 

2.7.3 Natural Zeolite 

Zeolites (consisted of corner-sharing AlO4 and SiO4 tetrahedral) are 

crystalline alminosilicate containing pores and cavities of molecular 

dimension. Many of them can be found as natural minerals but synthetic 
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zeolites are also widely used. Zeolites are also porous on a molecular scale, 

their structures revealing regular array of channels and cavities, creating a 

nanoscale labyrinth which can be filled with water or other guest 

molecules. The resulting molecular sieving ability has enabled the creation 

of new types of selective separation processes such as ion exchange, 

molecular sieving, catalysis and sorption. SEM image and XRD pattern of 

natural zeolite (clipnotilolite) can be seen below [164]. 

 

Figure 2.3 SEM Image and XRD Pattern of natural zeolite (clipnotilolite) 

Further, zeolites are one of the most important heterogeneous acid 

catalysts used in industry. Their key properties are size and shape 

selectivity, together with the potential for strong acidity. Zeolites also have 

ion exchangeable sites and highly hydrothermal stability. Because of the 

properties of zeolite and its availability in abundance throughout the 

world, the use of natural zeolite in environmental pollution control is 

always interesting to be studied. The use of natural zeolite in water and 

water treatment for instance, is always promising a new technique in their 

utilization.  
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Table 2.11  Structural properties of some natural zeolites. 

Zeolite Chemical formula Struct. 
type 

Symmetry, space 
group 

Clinoptilolite (K2, Na2, Ca)3Al6Si30O72·21H2O HEU Monoclinic, C2/m 

Mordenite (Na2, Ca)4Al8Si40O96·28H2O MOR Orthorhombic, 
Cmcm 

Chabazite (Ca, Na2,K2)2Al4Si8O24·12H2O CHA Rhombohedral or 
triclinic P1 

Phillipsite K2(Ca, Na2)2Al8Si10O32·12H2O PHI Monoclinic, P21/m 

Scolecite Ca4Al8Si12O40·12H2O NAT Monoclinic,Cc 

Stilbite Na2Ca4Al10Si26O72·30H2O STI Monoclinic, C2/m 

Analcime Na16Al16Si32O96·16H2O ANA Cubic Ia3d 

Laumontite Ca4Al8S16O48·16H2O LAU Monoclinic, C2/m 

Erionite (Na2K2MgCa1.5)4Al8Si28O72·28H

2O 
ERI Hexagonal 

P63/mmc 

Ferrierite (Na2, K2, Ca, 
Mg)3Al6Si30O72·20H2O 

FER Orthorhombic, 
Immm 
Monoclinic, P21/n 

 

Many types of natural zeolites have been identified throughout the world 

such as clinoptilolite, mordenite, phillipsite, chabazite, stilbite, analcime, 

laumontite, offretite, paulingite, barrerite and mazzite. Among the natural 

zeolite, clinoptilolite is the most abundant and widely used for various 

applications. In the structure of the zeolite, there are 3 main components: 

the aluminosilicate framework, exchangeable cations, and zeolitic water. 

The general chemical formula of zeolites is Mx/n[AlxSiyO2(x+y)]•pH2O 

where M is (Na, K, Li) and/or (Ca, Mg, Ba, Sr), n is cation charge; y/x = 1–6, 

p/x = 1–4. The structural properties of some natural zeolites are 

presented in Table 2.11 [165]. 

In the past, the use of natural zeolite was focused on removal of 

ammonium and heavy metal due to the nature of the ion exchange 

characteristics on zeolites. But lately a lot of natural zeolites have been 
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modified for the purpose of removal of anions and organic compounds in 

water and wastewater. Most applications of anions and organic 

compounds degradation in waste water using modified natural zeolite is 

involving adsorption process. Adsorption is considered as the most 

economical way due to low cost, simplicity of design, ease of operation and 

insensitivity to toxic substances. Further, due to the nature of its ion 

exchange, natural zeolite showed high performance in the absorption of 

cations in aqueous solution such as ammonium and heavy metals. 

However, these materials are not good adsorbents for adsorption of 

anionic ions and organics so that it is required a certain modifications to 

the zeolite for the removal purpose of these components. Organic 

pollutant removal process by using natural zeolite has also been used 

extensively like dye adsorption, humic substance adsorption, and other 

organic compounds which are more toxic such as phenolic compounds, 

petroleum, surfactants, pesticides, and pharmaceuticals, from various 

industrial wastes. However, for toxic organic compounds, it should use 

surfactant modification of zeolite.  

In addition, natural zeolite was also quite successfully used for humic 

substance degradation. Humic substances such as humic acid, fulvic acid 

or humin are mostly resulting from the natural process of decay. The 

presence of humic substance in surface water and groundwater will 

produce a toxic chemical during the disinfection process and it should be 

eliminated. Many techniques have been developed to remove humic 

substance including the use of natural zeolite adsorption. These 

researches reported that natural zeolites can also be good adsorbent for 

humic substance. The adsorption capacity would be depended on the 

structure and chemical composition of the natural zeolite. Table 2.12 
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shows the adsorption capacity of natural zeolite in some dye removal 

[165]. 

 

Table 2.12 Dye adsorption on natural zeolite. 

Material Dye Adsorption (mg/g) 

Clinoptilolite Methylene blue 19.9 

Clinoptilolite Rhodamine B 12.4 

Clinoptilolite Malachite green 19.7 

HTAB-clinoptilolite Reactive black 5 60.6 

HTAB-clinoptilolite Reactive red 239 111.1 

HTAB-clinoptilolite Reactive yellow 176 88.5 

CTAB-clinoptilolite Reactive black 5 12.1–12.9 

CTAB-clinoptilolite Reactive red 239 11.0–15.9 

Clinoptilolite Basic red 46 8.6 

HTAB-clinoptilolite Reactive yellow 176 13.2 

CTAB-clinoptilolite Reactive yellow 176 5.5 

Clinoptilolite Toluidine blue O 33.0–58.7 

 

Li and Bowman reported the adsorption of non-polar organic compound 

such as perchlorethylene (PCE) and the HDTMA using modified natural 

zeolite. They also tested the adsorption of ionized organic solutes, 

benzene, phenol and aniline on natural zeolite [166]. Research shows that 

the uptake of phenol on natural zeolite is strongly influenced by the pH of 

the solution. Further, various other researchers reported their research 

work on the use of natural zeolite to remove organic compounds such as 

toluene, o-xylene, and naphthalene benzene, toluene, phenol and of water 

through the adsorption process [167, 168]. Unfortunately this process can 

not completely degrade organic compounds from the water. 
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2.7.4 Zeolite ZSM-5 

ZSM-5 is a zeolite that has a high silica content with the framework code of 

MFI that has a channel dimension of [100] 10 5.1x5.5 ↔ [010] 10 5.3 x 5.6 

***. The ratio of silica to alumina in the zeolite ZSM-5 is over 25. These 

zeolites have three dimensions of the channel which is indicated with 

three numbers of asterisks and also the bold numbers indicating the 

number of T-atoms. Further, in MFI channels it can also see the presence 

of double arrows which indicate the interconnecting channel system 

[169]. Fig. 2.4 shows the structures and morphology of ZSM-5. 

ZSM-5 is often used as a catalyst in petroleum refining and petrochemicals 

for cracking, hydrocracking, isomerization, alkylation and reforming 

reaction. The morphologies and properties of ZSM-5 are related to 

crystalline structure, high internal surface area, uniform pore and good 

thermal stability resulting in the high selectivity and efficiency. Several 

variables such as silica and alumina sources, the alumina content, the 

template/silica ratio, the characteristics of cations in the synthesis 

mixture, crystallization temperature etc influence the crystallization 

process [170]. 
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Figure 2.4 Zeolite ZSM-5 structures: (A) Part of ZSM-5 structure, (B) 

Crystal morphology of ZSM-5, (C) MFI Framework and (D) 

Channel Dimension  

 

The crystallization mechanism of ZSM-5 was reported by Grieken et al. 

ZSM-5 crystals are formed in two stages. The first stage is solid-solid 

transformation of amorphous solid in homogeneous supersaturated 

solution. This amorphous solid is then becoming agglomeration and 

zeolitization until formation of the nanocrystalline ZSM-5. In the second 

stage, the initial solution which is less saturated in silicon and aluminium 

due to their consumption in the first stage, has nucleation process and 

transformed into zeolite. The second stage is running slowly compared 

with the first stage [171].  

 

 

A B 
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2.7.5 Red mud 

Red mud is red sludge generated from waste in the bauxite processing 

which is the most common aluminum ore. The main components of red 

mud contain Fe2O3, Al2O3, SiO2, TiO2, Na2O, CaO, MgO and a small number 

of constituents such as K, Cr, V, Ni, Cu, Mn, Zn, etc. Generally, iron oxide 

(Fe2O3) is the main constituent of red mud and gives the characteristic of 

brick red. In addition, the rich content of alumina has also allowed red 

mud to be reprocessed to produce alumina. Various mineralogical 

constituents were identified by X-ray analysis of the red mud between 

hematite (α-Fe2O3), gutit (FeOOH), iron hydroxide (Fe(OH)3), magnetite 

(Fe3O4), rutile (TiO2), anatase (TiO2) , bayerite (Al(OH)3), halloysite 

(Al2Si2O5(OH)4), boehmite (ALO (OH)), diaspore (ALO (OH)), gibsit 

(Al(OH)3), kaolinite (Al2Si2O5(OH)4), quartz (SiO2), calcite (CaCO3), 

perovskite (CaTiO3), Sodalite (Na2OAl2O3 1.68SiO2 1.73H2O), cancrinite 

(3NaAlSiO4 • NaOH), whewellite (CaC2O4 • H2O), katoite 

(Ca3Al2SiO2(OH)12), gypsum (CaSO4 • 2H2O), etc. [172].  

Further, red mud has low surface area with fine particle size distribution. 

Red mud has specific BET surface area in the range of 20-30 m2/g 

depending on the preparation method. Red mud surface area can be 

increased substantially by using multiple methods of treatment as shown 

in Table 2.13 [172]. 
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Table 2.13 Surface area of red mud following treatments. 

No Surface area 
before 
treatment 
(m2/g) 

Surface area 
after treatment 
(m2/g) 

Surface area 
increase (%) 

Treatment 

1 64.0 155.0 1.42 ARMa 

2 25.5 184.1 6.21 ARMa 

3 29.4 60.7 1.06 ARMa 

4 24.3 82.4 2.39 ARMa 

5 24.3 85.4 2.51 SARMc 

6 24.3 29.5 0.21 SRMc 

7 28.3 131.1 3.63 ARMa 

8 28.3 111.7 2.94 PARMb 
a ARM-HCl activated red mud, b PARM-HCl + H3PO4 activated red mud, 

c SRM-Sulphided red mud. 
 

Further, Australia is one of the world's largest producers of red mud. Many 

applications of water and waste water treatment have used redmud as an 

adsorbent such as phenol removal from the aqueous phase and heavy 

metal removal, nitrate removal, phosphate removal, color dye removal 

and others. Red mud is generally highly alkaline with a pH between 10 and 

12. This nature causes red mud highly caustic and is considered as 

hazardous to the environment and it should be neutralized. Iron oxide 

(Fe2O3) as the main component red mud, at high temperature of 400-850 

oC will be gradually reduced to be Fe. The reaction stages are presented 

below [172]. 

3Fe2O3 + H2 → 2Fe3O4 + H2O      2.35 

Fe3O4 + H2 → 3FeO + H2O      2.36 

FeO + H2 →  Fe + H2O       2.37 

3Fe2O3 + 9H2 → 6Fe + 9H2O      2.38 

SEM image and XRD pattern of red mud are shown in Figure 2.5 [173]. 

http://www.sciencedirect.com.dbgw.lis.curtin.edu.au/science/article/pii/S0926337307004468#tbl5fn1
http://www.sciencedirect.com.dbgw.lis.curtin.edu.au/science/article/pii/S0926337307004468#tbl5fn1
http://www.sciencedirect.com.dbgw.lis.curtin.edu.au/science/article/pii/S0926337307004468#tbl5fn1
http://www.sciencedirect.com.dbgw.lis.curtin.edu.au/science/article/pii/S0926337307004468#tbl5fn1
http://www.sciencedirect.com.dbgw.lis.curtin.edu.au/science/article/pii/S0926337307004468#tbl5fn3
http://www.sciencedirect.com.dbgw.lis.curtin.edu.au/science/article/pii/S0926337307004468#tbl5fn3
http://www.sciencedirect.com.dbgw.lis.curtin.edu.au/science/article/pii/S0926337307004468#tbl5fn1
http://www.sciencedirect.com.dbgw.lis.curtin.edu.au/science/article/pii/S0926337307004468#tbl5fn2
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Figure 2.5  SEM image and XRD pattern of red mud. 

2.7.6 Alumina  

Alumina is also a material that is widely used as a catalyst support because 

of relatively inexpensive and has good thermal stability, high surface area 

and porosity and enough availability for many catalytic applications. The 

texture of alumina is influenced by many factors. The predominant phase 

is believed to have important effects to determine surface area and 

porosity. Generally, the porosity will increase when the surface area 

increases. Some types of alumina with lattice geometry of α, η, γ, θ, λ, δ etc. 

have long been known. Among the various types of alumina, α-alumina is 

reported to be the most stable type of alumina.  
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The following scheme (Fig. 2.6) shows the calcinations of boehmite and 

pseudo-boehmite for  α-Al2O3 formation [174]. SEM image and XRD 

pattern of alumina are shown in Figure 2.7 [175].  

 

 Figure 2.6 Calcination Process of   boehmite and pseudo-boehmite  

 

Figure 2.7  SEM image and XRD pattern of α-alumina. 
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2.7.7 Mesoporous Silicas  

Mesoporous silicas such as MCM-41 and MCM-48 are sintetic materials 

developed by Mobil group and become popular as a research object 

particularly as a catalyst support. The high surface area owned by MCM-41 

and MCM-48 allowing a large number of highly dispersed active sites 

within the material framework is the main reason for the widespread use 

of these materials. MCM-41 with a 2-D hexagonal structure and MCM-48 

with a 3-D cubic structure can be disynthesised using n-alkyl ammonium 

salts as templates. Hydroxyl clusters contained their surface structure is 

an important characteristics which determines the performance of 

materials such as adsorption, surface modification, wetting and others. 

The particle porosity and pore wall thickness of MCM-48 is higher than 

MCM-41 [176].    

MCM-48 material is more attractive with the three-dimensional structure 

and interconnected channels, providing advantages in more rapid 

diffusion and resistance to pore blocking of molecules coming compared 

with the two-dimensional pores of MCM-41. The characteristics such as 

long-range order, large surface area, and narrow pore size distribution 

make the MCM-48 widely used as adsorbent, catalyst and catalyst support, 

sensors, as well as an inorganic template for the synthesis of advanced 

nanostructure.  Figure 2.8 presents the X-ray pattern and morphology 

images of MCM-48 and MCM-41 [177, 178]. 
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Figure 2.8 SEM Image and XRD Pattern: A) MCM48, B). MCM41 

2.8 Impregnation 

Impregnation is a very common and widely used method to synthesize a 

heterogeneous catalyst. In principle, impregnation is referred to 

dispersion of the active component to support surface so that it has a 

better reactivity in the chemical reaction process. The preparation of 

heterogeneous catalysts with a support material involves at least three 

steps: firstly, deposition of active components on the support surface 

through impregnation. This step can be done either by wet process or dry 

support impregnation [179]. For wet support impregnation, before 

impregnation process is done, support material is first wetted by liquid 

solvent where capillary forces do not come into play and the distribution 



 

57 
 

of metal in the support surface is based on diffusion and adsorption. 

Therefore this impregnation is also known as diffuse impregnation. 

On the other hand, for dry support impregnation, support material is 

soaked in a solution with the desired metal precursor. In this case, the 

solvent and the metal precursors penetrate into the support material 

mainly because of capillary forces. In this type of impregnation, sometimes 

fluid is added just to fill the pores, so that it is often referred as pore 

volume impregnation. In many reports, it is known that the dry support 

impregnation has a shorter processing time compared to the wet support 

impregnation. Further, in the impregnation process, it was found that 

composition of the impregnation solution, impregnation time, drying rate 

and the initial metal are important while the effect of temperature is not 

significant on the final metal distribution [179].  

Second step is drying which is required to vaporize solvent from material 

support. In the drying process, at least three stages of processes are 

required: preheating period, a constant-rate period and a falling-rate 

period. During drying, the liquid solvent is moving towards the outer 

surface through capillary flow while dissolved metals are transported by 

diffusion and convection of liquid [180]. Generally, it is believed that the 

quality dispersion of active metal on the material support surface is 

determined by the impregnation process. However, further research 

proved that the drying process also determines whether or not the active 

metal is well distributed within the support. The drying stages can 

significantly change the metal profile established during the impregnation 

process when adsorption between the active metal with material support 

is weak [181]. 
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And third step is reduction and calcinations. Calcinations are one of the 

most important factors that can affect the texture, specific surface area 

and morphology of the catalyst and subsequently affect the catalytic 

performance of the catalyst. At this stage, impurities are removed through 

evaporation by burning at high temperatures. The pores of the support 

material which was filled by water can be removed, so that the new 

catalyst has a pore for relatively better ability to adsorb pollutants .  

Although it typically only refers to the thermal treatment, the calcination 

is generally used to describe all process variables associated with the 

process in the furnace such as gas phase composition in the atmosphere in 

contact with the catalyst during the process of burning that led to the 

oxidizing, reducing, inert, and functionalizing and the thermal profile also 

affects catalyst such as ramp rate, hold temperature, and hold time. After 

the formation of the catalyst precursor, further heat treatment is required 

to convert the catalyst precursor to form the catalyst shape as desired. 

Calcination stage is also quite important in synthesizing heterogeneous 

catalyst because it affects the morphology, surface area, the crystallite size 

distribution and the catalytic properties. Arsalanfar et al. report the effect 

of calcination to the phase changes of the catalyst which are 

thermodynamically more stable. Scheme during the phase change process 

for some types of catalyst calcination is shown in Figure 2.9 [182]. 

 

Figure 2.9 Phase changes during calcination process 
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2.9 Summary  

As described above, phenol and its derivatives are the largest component 

in wastewater from industrial waste such as chemical, petrochemical and 

pharmaceutical plants. This compound has been disposed of as effluent 

although it is prohibited due to environmental contamination. Several 

methods have been developed to reduce the phenol pollutant from 

wastewater such as adsorption using activated carbon, thermal 

incineration and liquid phase chemical oxidation. The use of activated 

carbon is very commonly due to economical method. However, activated 

carbon can not exhibit complete removal of phenol through adsorption 

process. It also needs extra planning and funding in regard to the 

regeneration and disposal of the adsorbent. Other processes which are 

also widely used for removal of organic pollutants include incineration. 

Although this method can destroy the contaminant completely, it produces 

by-products emissions into the environment in the form of dioxins and 

furans causing serious health problems to humans. Chemical oxidation is 

another promising method including Wet Air Oxidation (WAO), Catalytic 

Wet Air Oxidation (CWAO), Heterogeneous Catalytic Oxidation and 

Advance Oxidation Process (AOP). Many techniques have been commonly 

used in AOP such as Fenton oxidation, UV-based technique and ozonation. 

These techniques are based on the formation of hydroxyl radical or sulfate 

radical as an oxidant agent to degrade phenol contaminant from aqueous 

solution. Further, combining the use of oxidants with appropriate catalysts 

will reduce the use of high temperature and pressure in the oxidation 

process. Therefore, heterogeneous catalyst is quite promising to be 

adopted due to removal efficiency and no extra process to separate the 

catalyst from the system. The used heterogeneous catalyst is generally 

coming from a noble metal and metal oxide with various combinations of 
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oxidants. One that deserves attention is the use of a cheap and easy-to-

obtain catalyst support. For that reason, the use of natural minerals and 

residual materials such as Activated Carbon (AC), Natural Zeolite (NZ), Fly 

Ash (FA), Red Mud (RM), Silica, Alumina etc. as a support for impregnation 

of the active metal become very important to be developed.  
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Chapter-3 

Heterogeneous activation of peroxymonosulphate 

by supported ruthenium catalysts for phenol 

degradation in water 
 

 

 

Abstract 

Activated carbon (AC) and Zeolite Socony Mobil-5 (ZSM5) supported 

ruthenium oxide catalysts were prepared and tested to degrade aqueous 

phenol in the presence of peroxymonosulphate. The physicochemical 

properties of ruthenium oxide based catalysts were characterised by 

several techniques such as XRD, SEM-EDS, and N2 adsorption. It was found 

that RuO2/AC was highly effective in heterogeneous activation of 

peroxymonosulphate to produce sulphate radicals, presenting higher 

reaction rate in phenol degradation compared with RuO2/ZSM-5. 

Degradation efficiency of phenol could be achieved at 100% of phenol 

decomposition and 60% of total organic carbon (TOC) removal in 1 h at 

the conditions of 50 ppm phenol, 0.2 g catalyst, 1 g Oxone® in 500 mL 

solution at  25 oC using the two catalysts. It was also found that phenol 

degradation was strongly influenced by catalyst loading, phenol 

concentration, Oxone® concentration and temperature. Kinetic studies 

proved that a pseudo first order kinetics would fit to phenol 

decomposition and the activation energies for RuO2/AC and RuO2/ZSM5 

were obtained to be 61.4 and 42.2 kJ/mol, respectively.  
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3.1 Introduction 

Phenol is one of important pollutants in wastewater due to its toxic effect 

on the environment even at very low concentration. Phenol is widely used 

as a raw material in many industries such as chemical, petrochemical, and 

pharmaceutical industries [1]. Moreover, phenol is a water pollutant 

which can not be easily degraded with primary and secondary treatment 

processes so that a tertiary treatment of wastewater has to be adopted. 

These tertiary treatments include thermal oxidation, chemical oxidation, 

wet air oxidation, catalytic oxidation etc, which are generally known as 

advanced oxidation processes (AOPs). In principle, a tertiary treatment 

process is used to reduce the contaminants to harmless products such as 

CO2 and H2O [2]. Among the methods, heterogeneous catalytic oxidation 

usually has some advantages such as operation at room temperature and 

normal pressure with high energy efficiency. Furthermore, heterogeneous 

catalysts can be synthesised using cheap materials as supports such as 

activated carbon, zeolite, silica, alumina etc., and can be regenerated for 

reuse in treatment processes [3].      

Generally, the most popular method to degrade organic compounds in 

wastewater is Fenton oxidation, which involves hydrogen peroxide and Fe 

ions (Fenton reagent) to generate hydroxyl radicals in solutions [4, 5]. 

Nowadays, this principle has been developed with some other oxidants 

such as peroxymonosulphate (PMS) and persulphate, which are found 

effective in chemically mineralising various organic pollutants [6]. Many 

researchers have proved that some heavy metals such as cobalt and iron 

can activate PMS to produce sulphate radicals for oxidation of organic 

pollutants to harmless end products. The following reactions show the 

formation of sulphate radicals in Co activation[7].  
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Co2+ + HSO5− → Co3+ + SO4−• + OH−          3.1 

Co3+ + HSO5− → Co2+ + SO5−• + H+      3.2 

 

It was reported, in comparison with the conventional Fenton reagent, the 

rate of organic oxidation by sulphate radicals is faster. Moreover, the 

oxidation by sulphate radicals is less dependent on pH of solution, 

providing an alternative route to efficiently degrade organic contaminants 

[7, 8].  However, a major issue in using heavy metal ions as catalysts is the 

toxicity of the heavy metals in the treatment system. The metal ions can 

cause many health problems to humans such as asthma and pneumonia. 

Therefore, heterogeneous catalytic oxidation has to be conducted. For this 

purpose, the heavy metals should be loaded into solid supports such as 

activated carbon (AC), zeolite (ZSM5), silica, alumina etc., via different 

methods including impregnation and ion exchange. In the past few years, 

several investigations have been attempted for supported Co catalysts in 

activation of PMS for the degradation of organic compounds [9-17]. 

Ruthenium (Ru) is one of the popular noble metals and it can also be used 

as a catalyst in chemical degradation of organic compounds. Pirkanniemi 

and Sillanp [18] reported that ruthenium has traditionally been used as a 

heterogeneous catalyst for water treatment. Oliviero et al. [19] used 

activated carbon supported Ru as a catalyst in catalytic wet air oxidation 

of phenol and acrylic acid. They found that the catalyst was very reactive 

to oxidise phenol. Further, Cybulski and Trawczynski [20] studied a 

ruthenium catalyst loaded on carbon black in catalytic wet air oxidation to 

degrade phenol solution and also concluded that this catalyst was very 

reactive for phenol removal. Similar studies in mineralising organic 

contaminants by using ruthenium based catalysts in wet air oxidation 

have been reported [21-26]. All of them reported that this heavy metal had 
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very good performance. However, the use of ruthenium based catalysts 

with the presence of PMS to generate sulphate radicals for phenol 

oxidation is less developed.   

In this research we investigate the use of ruthenium catalysts supported 

on AC and ZSM5 in heterogeneous catalytic oxidation process with the 

presence of peroxymonosulphate (using Oxone®) to generate sulphate 

radicals for chemical mineralising of phenol in aqueous solution. Several 

key parameters in the kinetic study such as phenol concentration, catalyst 

loading, Oxone® concentration and temperature were also investigated.   

 

3.2 Experimental 

3.2.1 Synthesis of ruthenium catalysts on AC and ZSM5 supports 

Catalyst synthesis was carried out following a general impregnation 

method. For ruthenium (RuO2)/activated-carbon (AC), a fixed amount of 

ruthenium chloride (Sigma-Aldrich) was added into 200 mL ultrapure 

water until the ruthenium compound was dissolved. Next, AC (Picactif) 

with particle size of 60-100 µm was added into the solution and kept 

stirring for 24 h. After that, the suspension was evaporated in a rotary 

evaporator at temperature of 50 oC under vacuum. The solid was then 

recovered and dried in an oven at 120 oC for 6 h. Calcination of the catalyst 

was conducted in a tube furnace at 550 oC for 6 h in nitrogen. For 

RuO2/ZSM5, the same method was also implemented but with a different 

calcination process. The used ZSM5 was supplied by Zeolite and Allied 

Products, Mumbai India with particle size of 500-1000 nm. The 

RuO2/ZSM5 was calcined in air. The loading of Ru on the two supports was 

maintained at 5 wt%.  
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3.2.2 Characterisation of catalysts 

The synthesised catalysts were characterised by X-ray diffraction (XRD), 

scanning electron microscopy (SEM) with energy dispersive X-ray 

spectroscopy (EDS), and N2 adsorption. The XRD (Siemen, D501 

diffractometer) was used to identify the structural features and the 

mineralogy of the catalysts. The XRD pattern was obtained using filtered 

Cu Kα radiation with accelerating voltage of 40 kV and current of 30 mA. 

The samples were scanned at 2θ from 5-100o. Scanning electron 

microscopy (SEM, Philips XL30) with secondary and backscatter electron 

detectors was used to obtain a visual image of the samples to show the 

texture and morphology of the catalysts with magnification more than 

20,000. Energy-dispersive X-ray spectroscopy (EDS) was also used to 

detect Ru particles on supported catalysts. The catalysts were also 

characterised by nitrogen adsorption-desorption (Autosorb-1) to identify 

the BET surface area and pore volume. Prior to the analysis, the catalyst 

samples were degassed under vacuum at 200 oC for 12 h. 

 

3.2.3 Kinetic study of phenol oxidation 

Catalytic oxidation of phenol was conducted in 500 mL phenol solutions at 

concentrations of 25, 50, 75 and 100 ppm. A reactor attached to a stand 

was dipped into a water bath with a temperature controller. The solution 

was stirred constantly at 400 rpm to maintain homogeneous solution. 

Next, a fixed amount of peroxymonosulphate (Oxone®, DuPont’s triple 

salt 2KHSO5KHSO4K2SO4, Aldrich) was added to the mixture until 

completely dissolved. Then, a fixed amount of catalysts (Ru/AC or 

Ru/ZSM5) was added into the reactor to start the oxidation of phenol. The 

reaction was run for 2 h and at the fixed time interval, 0.5 mL of a sample 

was withdrawn from the solution and filtered using HPLC standard filter 
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of 0.45 µm and mixed with 0.5 mL methanol as a quenching reagent to 

stop the reaction. Phenol was then analysed on a HPLC with a UV detector 

at wavelength of 270 nm. The column is C18 with mobile phase of 80% 

acetonitrile and 20% ultrapure water. For some selected samples, total 

organic carbon (TOC) was determined by a Shimadzu TOX-5000 CE 

analyser where 0.5 mL sample was withdrawn, quenched with 3M sodium 

nitrite solution, and diluted to 20 mL by ultrapure water and examined 

within 1 h.  

 

In recycling of catalysts for multiple round tests, the spent catalyst was 

recovered after each run from the reaction mixture by filtration and 

washed thoroughly with distilled water and dried at 70 oC for reuse. 

 

3. 3 Result and discussion 

3.3.1 Characterisation of ruthenium impregnated activated carbon 

and ZSM5 catalysts 

XRD patterns of RuO2/AC and RuO2/ZSM5 are presented in Fig. 3.1. It can 

be seen, ruthenium species were found in the form of RuO2 on RuO2/ZSM5 

at 2θ of 28, 35, 40 and 54.30. On the other hand, ruthenium oxide was 

found at 2θ of 280 and Ru at 38.4, 42.2, 44 and 69.40 on RuO2/AC. The 

differences in ruthenium species on the two catalysts were due to the 

different calcination processes. For RuO2/ZSM5, the calcination was done 

in air, whereas the calcination of RuO2/AC was carried out in nitrogen gas. 

Ru ions would be reduced by carbon in an inert gas to form Ru metal [27].  
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Figure 3.1 XRD spectra of RuO2/ZSM5 and RuO2/AC 

 

The texture and morphology of RuO2/AC and RuO2/ZSM5 are shown in 

Fig.3.2. Fig. 3.2A and B show SEM images of RuO2/AC analysed by a 

secondary electron detector (SE) and backscattered detector (BSE), 

respectively. It can be seen that the milled sample has different particle 

shape and size in a range of 5-60 µm. At the same area, the catalyst sample 

was also analysed using the BSE analysis and the presence of ruthenium 

specks is seen at the brighter area in the catalyst particles. It implies that 

ruthenium is well coated in the activated carbon samples. Further, in the 

SEM images, no small individual bright particles around the AC particles 

were observed suggesting that the assimilated ruthenium in the AC is not 

in the form of isolated RuO2. This is also confirmed by XRD examination 
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that RuO2 is the major species in the RuO2/AC catalyst sample. Fig. 3.2C 

and D present SEM photos of RuO2/ZSM5 with SE and BSE measurements, 

respectively. As seen, RuO2/ZSM5 presents in smaller particle size. BSE 

showed brighter area than the image in SE, suggesting a good dispersion 

of Ru on ZSM5.  

 

 
 

Figure 3.2 SEM images of RuO2/AC and RuO2/ZSM5, (A) SE Detector, 

Ru/AC, (B) BSE Detector, RuO2/AC (C) SE Detector, 

RuO2/ZSM5, and (D) BSE Detector, RuO2/ZSM5. 

 

Fig.3.3 displays EDS spectra of RuO2/AC and RuO2/ZSM5. C, Ru, O and K 

were found on RuO2/AC. The presence of K may be due to the chemical 

activation process of carbon support using KOH. However, K does not 

affect catalyst activities in reducing phenol. For RuO2/ZSM5, Si, Al, Ru, and 
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O are the major elements. Thus the EDS spectra suggest the presence of Ru 

on both catalysts, confirming XRD and SEM results. 

 

Figure 3.3 EDS spectra of Ru/AC and Ru/ZSM5. (A) Ru/AC , (B) Ru/ZSM5 

 

The catalyst samples were also characterised by N2 adsorption to identify 

pore size distribution and specific surface area (SBET). Fig. 3.4 shows N2 

adsorption/desorption isotherms and pore size distributions of RuO2/AC 

and RuO2/ZSM5. As seen in Table 3.1, RuO2/AC has a higher surface area 

(1178 m2/g) than RuO2/ZSM5 (386 m2/g). RuO2/AC also has a higher pore 

A 

B 
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volume (0.108 cm3/g) than RuO2/ZSM5 (0.085 cm3/g). However, both 

RuO2/AC and RuO2/ZSM5 have a similar pore radius of 15.6 Å and 15.7 Å, 

less than 20 Å, which means they are microporous materials. The pore size 

distribution of RuO2/AC presented two peaks, centred at 1.5 and 3.9 nm, 

respectively. RuO2/ZSM-5, however, showed a different profile with three 

peaks, which are centred at 1.5, 2.9 and 6.3 nm, respectively.  
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Figure 3.4 N2 adsorption isotherm and pore size distribution of RuO2/AC 

and RuO2/ZSM5. 
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Table 3.1. Surface area, pore volume and pore radius of Ru O2/AC and Ru 

O2/ZSM5. 

Catalyst 
Surface Area  

(SBET, m2/g) 

Pore Volume  

(cm3/g) 

Average Pore 

Radius  

(Å) 

RuO2/AC 1178 0.108 15.6 

RuO2/ZSM5 386 0.085 15.7 

 

  

3.3.2 Preliminary study of phenol oxidation 

Preliminary tests including adsorption and phenol degradation in aqueous 

solution on RuO2/AC and RuO2/ZSM5 are presented in Fig. 3.5. Generally, 

all the samples, AC, ZSM5, RuO2/AC and RuO2/ZSM5, can adsorb phenol 

compound despite of at low efficiency. Among them, AC has the highest 

efficiency in phenol adsorption with 34% removal in 2 h prior to reaching 

equilibrium. Lower adsorption efficiency of 10% in 2 h can be seen on 

ZSM5. AC has much higher surface area and pore volume than ZSM5, 

resulting in higher phenol adsorption. However, phenol adsorption on AC 

and ZSM5 was decreased when the materials were loaded by ruthenium. 

The phenol removal efficiencies on RuO2/AC and RuO2/ZSM5 were 

reduced to 27% and 6% in 2 h, respectively. The decrease in removal 

efficiency of both catalysts is caused by the decrease of surface area and 

pore volume when ruthenium was loaded covering the support surfaces.     
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Figure 3.5 Phenol reduction with time in adsorption and catalytic 

oxidation. Reaction conditions: 0.2 g catalyst loading, 1 g Oxone® in 500 

mL phenol solution of 50 ppm, 25 0C and stirring speed of 400 rpm.  

 

In oxidation tests, addition of PMS without a catalyst did not induce 

phenol oxidation reaction. Phenol removal would occur when catalysts 

(RuO2/AC and RuO2/ZSM5) and oxidant (PMS) simultaneously were 

presented in the solution. In comparison of RuO2/AC-Oxone® and 

RuO2/ZSM5-Oxone® systems for phenol oxidation, RuO2/AC-Oxone® 

exhibited much better performance producing complete removal of 

phenol in 20 min while Ru/ZSM5-Oxone® could completely remove 

phenol in 50 min. For a comparison, Co3O4/AC was also prepared and 

tested. It can be seen that Co3O4/AC catalyst exhibited faster initial rate in 
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phenol degradation, however, the efficiency was the same as RuO2/AC. 

The complete removal of phenol could be reached in 20 min. Both 

catalysts have similar synthesis condition and the active metals of Ru and 

Co were 5wt% loaded on to AC support. 

 

TOC removal in RuO2/AC-Oxone® and RuO2/ZSM5-Oxone® systems was 

also examined and the results showed that about 70% and 60% of TOC 

reductions were obtained for RuO2/AC-Oxone® and RuO2/ZSM5-Oxone®, 

respectively, within 1 h.  

 

Anipsitakis and Dionysion [28] investigated several transition metals for 

activation of H2O2 and Oxone® and found that Co(II) and Ru(III) are the 

best metal catalysts for the activation of peroxymonosulphate. The 

reaction of Ru(III) with PMS can proceed as below. 

Ru(III) + HSO5− → Ru(IV) + SO4−• + OH−           3.3 

According to XRD examination, the major species of ruthenium in 

RuO2/AC are Ru and RuO2. Meanwhile, the ruthenium species in ZSM5 is 

mainly RuO2. Thus, it is believed that they are the active sites for activation 

of peroxymonosulphate (PMS) to produce sulphate radicals in phenol 

oxidation system. The heterogeneous activation process is proposed as 

below. 

S-Ru(IV) + HSO5− → S-Ru(III) + SO5−• + H+     (S: solid surface)  3.4 

S-Ru(III) + HSO5− → S-Ru(IV) + SO4−• + OH−                                                 3.5 

C6H5OH + SO4−•  → several steps → CO2 + H2O                          3.6 

RuO2/AC exhibited higher activity than RuO2/ZSM5, which can be 

attributed to several factors. Fig. 3.5 shows that RuO2/AC presented much 

high adsorption of phenol than RuO2/ZSM5. This will promote surface 

reaction of phenol with sulphate radicals. Our previous investigation 

showed that AC could induce activation of PMS to produce SO5−• [11], 
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which can result in more reduction of phenol. In addition, the multi-valent 

Ru species (Ru and RuO2) on AC could induce fast transformation of Ru 

and promote redox reactions of Ru (Ru-RuO2) with PMS for formation of 

sulphate radicals.  
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Figure 3.6 Phenol removal in multiple use of (A) RuO2/AC and  

(B) RuO2/ZSM5at 50 ppm, at 1 g Oxone®, 0.2 g catalyst, 250C. 
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Both RuO2/AC and RuO2/ZSM5 catalysts were also tested after their 

regeneration by water washing for multiple uses. It can be seen in Fig. 3.6 

that, both catalysts showed somewhat deactivation in the second and third 

runs. However, the deactivation was not so significant. Complete removal 

of phenol could still be achieved within 1 h for RuO2/AC and 2 h for 

RuO2/ZSM5, respectively. The deactivation occurs presumably due to 

adsorption of intermediates and a small portion of loose ruthenium 

leaching from the supports of AC and ZSM5. Our previous investigations 

also showed that Co3O4/AC and Co3O4/ZSM5 presented strong stability in 

activation of PMS for phenol degradation, which is attributed to strong 

chemical binding of metal with the supports [5, 10].  

 

Table 3.2 Kinetic constants of phenol degradation at different runs. 

Catalyst Test K (min-1) R 

RuO2/AC 1st run 0.174 0.983 

 2nd run 0.130 0.990 

 3rd run 0.0928 0.987 

RuO2/ZSM5 1st run 0.0631 0.994 

 2nd run 0.0487 0.993 

 3rd run 0.0376 0.997 

 

For the reaction kinetics, a general equation of the pseudo first order 

kinetics was used, as shown in the following equation.  

                   3.7 

Where K is the first order rate constant of phenol removal, C is the 

concentration of phenol at various time (t), Co is the initial concentration 

of phenol. 
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Fig.3.6 also shows the first order kinetics fitting to experimental data and 

the kinetic constants are presented in Table 3.2. As seen, the experimental 

data were well fitted by the first-order kinetics with regression 

coefficients higher than 0.980. The rate constants (K) for RuO2/AC are 

higher than those of RuO2/ZSM5, which means RuO2/AC is able to degrade 

phenol more rapidly. Several heterogeneous Co catalysts have been tested 

in PMS activation for phenol degradation. It was found that phenol 

degradation on Co/SiO2 [15] and Co/ZSM5 [10] presented zero order 

kinetics while Co/AC showed the first order kinetics [11].  

                    

3.3.3 Effects of reaction parameters on phenol removal 

The first parameter measured in this study was phenol concentration 

which was maintained between 25 - 100 ppm. Fig. 3.7A shows variation of 

phenol concentration with time at different initial concentrations. 

Removal efficiency of phenol decreased with increasing phenol 

concentration. For RuO2/AC, 100% removal of phenol could be achieved 

within 20 min at low phenol concentrations (25 - 50 ppm). However, 

phenol removal was reduced at about 83% in 2 h for 100 ppm phenol. A 

similar trend can also be seen in Fig. 3.7B using RuO2/ZSM5. At phenol 

concentration of 25 -50 ppm, complete removal occurred within 60 min, 

but for phenol concentration of 100 ppm, removal efficiency was only 52% 

within 2 h. 

 

In phenol degradation, production of sulphate radicals is the key reaction, 

which depends on Ru catalysts and PMS (Eqs.4-5).  Under the same 

loading of catalyst and PMS, high phenol concentration would take more 

time to be degraded, resulting in lower removal efficiency of phenol. 
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Figure 3.7 Effect of phenol concentration on phenol removal. (A) RuO2/AC 

and (B) RuO2/ZSM5. Reaction conditions: 1 g Oxone®, 0.2 g 

catalyst, 25 0C. 
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Fig. 3.8 shows the effect of catalyst loading on phenol degradation. High 

catalyst loading in solution would result in higher phenol reduction. This 

phenomenon is reasonable, because increasing the amount of catalyst will 

increase the adsorption and also the available catalyst sites to activate 

PMS. Therefore, the addition of catalysts will increase reaction rate 

significantly. For RuO2/AC at 0.1 – 0.4 g/L, complete removal could be 

achieved within 60 min. For RuO2/ZSM5, phenol removal was much lower 

at 0.2 – 0. 3 g/L, but it increased significantly at 0.4 -0.6 g/L. At the loading 

of 0.4 -0.6 g/L RuO2/ZSM5 in solution, phenol removal was similar and 

complete removal could happen in 60 min suggesting an optimal loading 

of RuO2/ZSM5 to be 0.4 g/L. 

 

Further, Fig. 3.9 shows that increased concentration of PMS in a solution 

will accelerate phenol removal significantly on RuO2/AC and RuO2/ZSM5. 

For example, at 0.5 g Oxone®, complete removal of phenol could be 

achieved in about 90 min. However, an increase in phenol degradation 

would be very fast when 1 g Oxone® was used where the complete 

removal occurred within 20 min, an increase of phenol removal rate as 

high as 4 times. A similar change was seen in Fig. 3.9B for RuO2/ZSM5. 

Complete removal was not obtained within 2 h at 0.25 and 0.5 g Oxone® 

in solution. In contrast, at 1 g Oxone® in solution, complete removal of 

phenol could occur in about 60 min. The increase of reaction rate at the 

increased Oxone® concentration is attributed to higher production rate of 

sulphate radicals for reducing phenol concentration.  
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Figure 3.8 Effect of catalyst loading on phenol removal, (A) RuO2/AC and 

(B) RuO2/ZSM5. Reaction conditions: 50 ppm, 1 g Oxone®, 

250C. 
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Figure 3.9 Effect of Oxone® concentration on phenol removal, (A) 

RuO2/AC and (B) RuO2/ZSM5. Reaction conditions: 50 ppm, 

0.2 g catalyst, 25 0C. 
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Effect of reaction temperature on phenol degradation is shown in Fig. 3.10. 

As can be seen, temperature showed quite significant impact on phenol 

oxidation process using either RuO2/AC or RuO2/ZSM5. An increase in 

temperature of 10 oC would enhance the reaction rate and phenol 

degradation efficiency by about two times. For example, a complete 

removal of phenol with Ru/AC-Oxone® at temperature of 25 oC was 

achieved in about 20 min. When the temperature was raised to 35 oC, 

complete removal of phenol would be achieved in about 10 min. Similarly, 

at temperatures of 45 oC, complete removal could be achieved in about 5 

min. A same trend also occurred on Ru/ZSM5 as shown in Fig. 3.10B. At 45 

oC, phenol degradation would reach 100% at 30 min. 

 

Table 3.3 Activation energies of heterogeneous Co catalysts with PMS for 

phenol degradation. 

Catalyst  Activation energy 

(kJ/mol) 

Reference 

Co/SiO2 61.7- 75.5 [15] 

Co/SBA-15 67.4 [29] 

Co/ZSM5 69.7 [10] 

Co/AC 59.7 [11] 

Co/CX 48.3- 62.9 [30] 

RuO2/AC 61.4 This work 

RuO2/ZSM5 42.2 This work 
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Figure 3.10 Effect of temperature on phenol removal, (A) RuO2/AC and (B) 

RuO2/ZSM5. Reaction conditions: 50 ppm, 1 g Oxone®, 0.2 g 

catalyst. 
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Figure 3.11 Arrhenius plots of phenol degradation on RuO2/AC and 

RuO2/ZSM5. 

 

Fig. 3.11 displays the Arrhenius plots of rate constants with temperature 

for RuO2/AC and RuO2/ZSM5. As shown, the plots presented a good linear 

correlation and the activation energies for RuO2/AC and RuO2/ZSM5 were 

derived as 61.4 and 42.2 kJ/mol, respectively. Previously, we have 

investigated several heterogeneous Co catalysts, Co/AC, Co/CX(carbon-

xerogel), Co-exchanged ZSM5 (Co-ZSM5), and Co/SiO2 in phenol 

degradation by Oxone®. Table 3.3 lists the activation energies of those 

catalysts. It is shown that Ru/AC has the similar activation energy as 

Co/AC while Ru/ZSM5 presents lower activation energy than that of Co-

ZSM5.  
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3.4  Conclusions 

Activated Carbon (AC) and ZSM5 supported Ruthenium (Ru) catalysts 

have been successfully synthesised using impregnation method followed 

by calcination at temperature of 550 0C. Pore size distribution and specific 

surface area (SBET) have been identified that RuO2/AC has a higher surface 

area (1178 m2/g) than RuO2/ZSM5 (386 m2/g).  Further, RuO2/AC also has 

a higher pore volume (0.108 cm3/g) than RuO2/ZSM5 (0.085 cm3/g). 

However, both RuO2/AC and RuO2/ZSM5 have a similar pore radius of 

15.6 Å and 15.7 Å. RuO2/AC and RuO2/ZSM5 are effective catalysts for 

activation of PMS for the production of sulphate radicals for phenol 

degradation. RuO2/AC has better performance of removing phenols than 

RuO2/ZSM5. Phenol removal on RuO2/AC is a combination of oxidation 

and adsorption. Both catalysts also showed good performance in the 

second and third runs after regeneration for multiple uses. The 

concentration of phenol, catalyst loading, concentration of Oxone®, and 

temperature are important parameters that affect the reaction rate in 

removing phenol. Kinetic studies showed that phenol oxidation on the 

catalysts, RuO2/AC or RuO2/ZSM5, follows the first order reaction with 

activation energies of 61.4 and 42.2 kJ/mol, respectively.  
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Chapter-4 

Coal Fly Ash Supported Co3O4 catalysts for phenol 

degradation using peroxymonosulfate  

 

 

 

Abstract 

Several fly ash (FA) samples derived from Australian (FA-WA) and 

Brazilian coals (FA-JL and FA-CH) were used as supports to prepare Co 

oxide (Co)-based catalysts. These Co/FA catalysts were tested in 

peroxymonosulfate activation for sulphate radical generation and phenol 

degradation in aqueous solution. The physicochemical properties of FA 

supports and Co/FA catalysts were characterised by N2 adsorption, X-ray 

diffraction (XRD), scanning electron microscopy coupling with energy 

dispersive spectroscopy (SEM-EDS), elemental mapping, and UV-vis 

diffuse reflectance spectroscopy. It was found that FA supports did not 

show adsorption of phenol and could not activate peroxymonosulfate for 

sulphate radical generation. However, fly ash supported Co oxide catalysts 

(Co/FA) presented higher activities in activation of peroxymonosulfate for 

phenol degradation than bulk Co oxide and their activities varied 

depending on the properties of fly ash supports. Co/FA-JL showed the 

highest activity while Co/FA-WA showed the lowest activity. Activation 

energies of phenol degradation on three Co/FA catalysts were obtained to 

be 47.0, 56.5, 56.0 kJ/mol for Co/FA-WA, Co/FA-JL and Co/FA-CH, 

respectively. 
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4.1 Introduction 

Currently, large amounts of solid wastes are produced from various 

industries. Fly ash coming from coal, oil and biomass combustion is one of 

the major solid wastes and the current practice is disposal in landfills or 

dumping at sea. In the past years, fly ash has been explored for several 

applications in adsorption [1-3], material synthesis such as zeolites [4-6], 

geopolymers [7-9], ceramics [10, 11], and catalysis as supports [12-14].   

Wastewater contains many different pollutants, such as dusts, metal ions, 

and organic compounds. Removal of organic pollutants is an important 

process in water and wastewater treatments. The processes for organic 

removal include adsorption, flocculation, membrane separation and 

oxidation. In the last decades, advanced oxidation processes (AOPs) have 

emerged as effective techniques to degrade organic compounds for 

wastewater treatment. Currently, most of AOPs are based on the 

generation of very reactive species, such as hydroxyl radicals (OH•) that 

can oxidise a broad range of pollutants quickly and non selectively [15-17]. 

Apart from OH•, sulphate radicals have been attracting high interest and 

proposed as an alternative due to their higher oxidation potential [18].  

Sulfate radicals can be generated from two oxidants, persulfate and 

peroxymonosulfate (PMS). For the activation of persulfate and 

peroxymonosulfate, metal ions are generally used, as shown in the 

following equations [19, 20]. 

Mn+ + HSO5–→ M(n+1)+ + SO4•– + OH–                                               4.1 

Mn+ + S2O82– → M(n+1)+ + SO4•– + SO42–                               4.2 

For peroxymonosulfate activation to produce sulfate radicals, it has been 

found that homogeneous Co2+ is the best metal ion. However, Co2+ could 
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cause environmental problems if presence in water. Heterogeneous 

activation of peroxymonosulfate would provide a good solution. In the past 

years, several supported Co systems have been investigated and show high 

activity [21-28].  

Resource recovery is one of the effective strategies in waste management. 

Using solid wastes for other applications provides a route for solid waste 

recycle and reduction in waste disposal to landfills, bringing in 

environmental benefits and economic profits. In this chapter, we report an 

investigation of preparation of Co oxide catalysts on different sourced fly 

ash (FA) samples. We will study the effects of fly ash structure and 

property on the Co/FA catalysts in activation of peroxymonosulfate for 

sulfate radical production in phenol degradation.  

4.2 Experimental section 

4.2.1 Materials and catalyst preparation 

Fly ash samples were obtained from a coal-fired power station in Western 

Australia (WA) and two coal-fired power stations, Charqueadas Power 

Plant (CH) and Jorge Lacerda Power Plant (JL), Brazil. These fly ash 

samples were labelled as FA-WA, FA-CH, and FA-JL, respectively. Phenol, 

cobalt nitrate (Co(NO3)2•6H2O), and oxone (2KHSO5·KHSO4·K2SO4) were 

obtained from Sigma-Aldrich. A stock solution of phenol at 1000 ppm was 

prepared using deionised water. 

Cobalt oxide (Co3O4) was obtained by thermally decomposition of 

Co(NO3)2 at 500 oC for 2 h. For synthesis of Co loaded catalysts, an 

impregnation method was used. Typically, 1.23 g of Co(NO3)2•6H2O were 

dissolved in 100 mL of ultrapure water. The amount of 1.23 g of  

Co(NO3)2•6H2O is based on molecular calculation to achieve Co/FA 

catalyst ratio with Co loading of 5wt%. Then 5 g of FAs were added 
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followed by stirring continuously at 80 °C until total evaporation of H2O 

occurred. Furthermore, the sample was dried at 120 °C overnight and 

calcined at 500 °C for 4 h in air. Then the catalyst was stored in a 

desiccator until use. In the Co/FA samples, Co loading was kept at 5 wt%. 

4.2.2 Characterisation 

The crystalline structure of FA and Co/FA powders was characterised by 

an X-ray diffractometer (XRD, Bruker D8 Advance) equipped with Cu Kα 

radiation, at accelerating voltage and current of 40 kV and 40 mA, 

respectively. The surface area was measured by N2 adsorption/desorption 

analyser (Quantachrome Nova – 1200). Prior to adsorption, samples were 

degassed under high vacuum at 150 °C for 12 h. The BET surface areas 

were obtained by applying the BET equation to the nitrogen adsorption 

data. For measurements of sample pH, fly ash samples (0.1 g) were placed 

in 10 mL of deionised water and the mixture was stirred for 24 h in a 

shaker at 120 rpm. After filtration, the pH of the solutions was measured 

with a pH meter (MSTecnopon - Mod MPA 210). In cation exchange 

capacity (CEC) measurements, the samples were saturated with sodium 

acetate solution (1 M), washed with distilled water (1 L) and then mixed 

with ammonium acetate solution (1 M). The sodium ion concentration of 

the resulting solution was determined by optical emission spectrometry 

with inductively coupled plasma – ICP-OES (Spedtroflame - M120). 

The UV-visible diffuse reflectance spectra (DRS) were recorded on a V-570 

UV-visible spectrometer (Jasco, Japan) equipped with an integrating 

sphere, in which BaSO4 was used as a reference material. Scanning 

electron microscopy (SEM), performed on a Neon 40EsB FIBSEM (Zeiss, 

Germany), was used to evaluate the morphology, size and textural 

information of the samples. The integrated energy dispersive spectroscopy 
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(EDS) and elemental mapping (cobalt) were applied to analyse the 

dispersion of cobalt in the Co/FA samples.  

4.2.3 Catalytic evaluation 

Phenol degradation tests were carried out at 25-45 °C in 1 L glass vessel 

with 500 mL of phenol solution at varying concentrations (ppm) with a 

constant stirring of 400 rpm. Firstly, 0.20 g catalyst was added into the 

phenol solution for a while, then oxone was added into the solution at 2 

g/L, otherwise indicated. At certain time, water sample (1 mL) was 

withdrawn into a HPLC vial, 0.5 mL of pure methanol was injected into the 

vial to quench the reaction. The concentration of phenol was analysed 

using a Varian HPLC with a UV detector set at λ = 270 nm. A C–18 column 

was used to separate the organics while the mobile phase with a flowrate 

of 1.5 mL/min was made of 30% CH3CN and 70% water. For selected 

samples, total organic carbon (TOC) was obtained using a Shimadzu TOC-

5000 CE analyser. 

4.3 Results and discussion 

4.3.1 Characterisation of FA supports and Co/FA catalysts 

The chemical compositions of three fly ash samples (by weight%) are 

given in Table 4.1. Fly ash is mainly composed of metal oxides derived 

from inorganic compounds in coals. Major constituents for all fly ash 

samples are: SiO2, Al2O3, and Fe2O3. The contents of SiO2 and Al2O3 are 

above 70% for all samples. SiO2/Al2O3 for the three samples is in the order 

of FA-WA>FA-CH>FA-JL. Higher SiO2/Al2O3 could result in lower pH of 

solids due to acidity of SiO2. A comparison of three fly ashes shows that FA-

CH has the highest SiO2 and Al2O3 contents but the lowest content of Fe2O3. 

FA-JL has the medium contents of Al2O3 and Fe2O3, but it has the highest 
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contents of K2O, CaO, and MgO. FA-WA has the highest content of Fe2O3 but 

low contents of K2O, CaO, and MgO. 

Table 4.1 Chemical composition (wt%) of fly ash samples obtained from 

Australian and Brazilian thermal power plants 

Components FA-WA FA-JL FA-CH 
SiO2 55.0 50.3 57.5 

Al2O3 29.3 29.8 32.6 
Fe2O3 8.8 6.70 3.60 
K2O 0.4 5.30 2.00 
CaO 1.6 2.70 1.40 
TiO2 - 2.20 1.60 
SO3 0.1 1.40 0.40 

MgO 1.0 1.10 0.70 
Na2O 0.3 - - 

SiO2/Al2O3 1.88 1.69 1.76 
 

The physicochemical properties of three fly ashes are presented in Table 

4.2. FA-JL and FA-CH show much high pH, larger than 7, while FA-WA 

shows lower pH, less than 4. This suggests that FA-JL and FA-CH 

demonstrate strong basic surface and FA-WA presents acidic surface. This 

is attributed to the different chemical compositions of the FA samples. 

Table 4.1 indicates that FA-JL and FA-CH have higher contents of Al2O3, 

K2O, CaO and MgO, which are basic oxides, making them strong basicity. 

FA-JL has the highest contents of K2O, CaO and MgO and thus presenting 

the highest pH. For LOI (Loss of Ignition) and surface area, FA-JL and FA-

WA have higher values than FA-CH. In general, LOI is the indicator of 

unburned carbon content. Unburned carbons are porous materials formed 

during high-temperature processing, which will make FA having high 

surface area. For the three FA samples, CEC is much similar.  
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Table 4.2 Characteristics of coal fly ashes from Brazil and Australia 

Sample pH 
Loss on ignition(LOI) 

(%)  
SBET             

(m2/g) 
CEC          

(meq/g) 
FA-JL 8.0 15.1 9.6 0.026 
FA-CH 7.8 2.60 3.3 0.026 
FA-WA 3.7 5.2 15.6 0.029 

 

Fig. 4.1 shows XRD patterns of FA samples and their supported Co 

catalysts. Three fly ashes show very similar patterns and the crystalline 

phases were identified mainly as mullite, quartz and minors as hematite 

and magnetite, which are confirmed from their chemical compositions 

(Table 4.1). For Co/FA catalysts, Co3O4 peaks were identified on all 

samples, which is due to the decomposition of Co(NO3)2. It has been 

reported that Co(NO3)2 decomposition will produce CoO, Co2O3 and Co3O4 

and that the final product is Co3O4. XRD results thus showed that only 

Co3O4 was presented on Co/FA catalysts.  
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Figure 4.1 XRD patterns of fly ash and their supported Co 

catalysts. 
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Figure 4.2 SEM micrographs, EDS and Co elemental mapping of Co/FA 

catalysts. 

Fig. 4.2 shows SEM micrographs, EDS spectra and Co elemental mapping of 

three Co/FA catalysts. As shown, most particles of Co/FA-JL and Co/FA-

WA catalysts presented as spherical particles while the particles of Co/FA-

CH presented as irregular shape. EDS spectra of three catalysts showed the 

presence of C, O, Si, Al, Fe, Na, K, Ti, Mg, Ca, S, and Co on catalysts. Co 

loadings on three catalysts were derived as 5.4, 3.5 and 11.9 wt% on 
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Co/FA-WA, Co/FA-CH and Co/FA-JL, respectively. Elemental mapping also 

showed the distribution of Co on the catalysts. Co on Co/FA-JL was much 

homogeneously distributed on the surface. Co on Co/FA-CH also showed 

well dispersion but the intensity seemed lower than that on Co/FA-JL. 

However, Co on Co/FA-WA seemed to have some large black spots, which 

suggested that Co was not well distributed compared with other two 

catalysts.   

Fig. 4.3 shows UV-vis diffuse reflectance spectra of three Co/FA catalysts. 

One can see that Co/FA-JL and Co/FA-CH showed much similar profiles 

and Co/FA-WA presented differently. For Co/FA-WA, two strong and 

broad bands centred at 400 and 700 nm were observed, which indicate the 

formation of Co3O4. The first band at ca. 400 nm can be assigned to the 

ligand-metal charge transfer (i.e., O2 →Co2+), while the band at about 700 

nm is corresponding to the O2-→Co3+ charge transfer [29, 30]. However, for 

Co/FA-JL and Co/FA-CH, the first broad band is centred at 460 nm, which 

suggests the presence of Co2+ in tetrahedral coordination. 
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Figure 4.3 UV-vis diffuse reflectance spectra of Co/FA catalysts. 
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4.3.2 Catalytic activity 

Fig. 4.4 shows variation of phenol concentration with time for different 

solid systems in adsorption and catalytic oxidation. FA did not show strong 

phenol adsorption with about 5% reduction in phenol concentration at 90 

min. For FA/oxone systems, phenol concentration showed a slightly higher 

reduction than that of adsorption with 10% phenol removal, suggesting 

that FA could slightly but not effectively activate oxone for sulfate radical 

production and phenol decomposition.  

 

Figure 4.4 A comparison of phenol degradation on Co/FA catalysts. 

Reaction conditions: [Phenol] =30 ppm, catalyst= 0.4 g/L, 

oxone= 2 g/L, T= 25 C. 
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The activation may be due to the presence of Fe oxides in FA samples. 

Previous investigations have shown that Fe2+ could also activate PMS for 

sulfate radical generation, but the activity is quite low [19]. Co3O4/oxone 

showed gradual phenol degradation, but phenol removal efficiency was 

close to that of FA/oxone. Different from FA and Co3O4 samples, three FA 

supported Co catalysts showed much strong phenol degradation, 

suggesting that dispersive Co oxides are active for reaction with oxone for 

sulfate radical production. For Co/FA-WA, phenol concentration could be 

reduced by 40% after 90 min. Co/FA-CH showed better phenol reduction 

and achieved 56% phenol decomposition at 90 min. Co/FA-JL exhibited 

the best performance in phenol degradation with 70% phenol reduction at 

90 min. The activity of the three catalysts followed an order of Co/FA-JL > 

Co/FA-CH > Co/FA-WA. 

 

The difference in phenol degradation on three Co/FA catalysts is due to the 

varying surface properties of the catalysts. XRD and UV-vis diffuse 

reflectance spectra showed that Co3O4 is presented on three Co/FA 

samples, which will be the active species for activation of PMS. The 

heterogeneous activation of PMS can be expressed in following equations.  

S-Co(III)  + HSO5–→ S-Co(II) + SO5•– + H+     S-: support                   4.3 

  S-Co(II) + HSO5–→ S-Co(III) + SO4•– + OH–                                4.4   

C6H5OH + SO4•– → intermediates → CO2 + H2O + SO42-                         4.5 

However, bulk Co3O4 did not show strong activity in phenol degradation 

while supported Co3O4 produced high phenol removal efficiency, 

suggesting the important role of Co3O4 dispersion. EDS and elemental 

mapping show dispersion of Co3O4 on FA supports is different. EDS and 

elemental mapping (Fig. 4.2) indicate Co/FA-JL has a higher Co dispersion, 
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suggesting the more active sites for PMS activation. UV-vis reflectance 

spectra showed the presence of Co2+ in tetrahedral coordination on Co/FA-

JL and Co/FA-CH, which can lead to more SO4•– production (Eq. 4.4). In 

addition, Table 2 showed that FA-JL and FA-CH have basic surface and FA-

WA has strong acid surface. The high surface basicity of FA-JL and FA-CH 

will promote the reaction with PMS. Zhang et al. [24] investigated cobalt 

oxide catalysts immobilised on various oxides (MgO, ZnO, Al2O3, ZrO2, P25, 

SBA-15) for degradation of organic dyes in dilute solutions with PMS and 

reported that Co/MgO catalysts were the most active. They suggested that 

the alkaline MgO support helped in (i) dispersing the cobalt oxide 

nanoparticles well, (ii) minimising the leaching of cobalt ions into the 

liquid phase, and (iii) facilitating the formation of surface Co–OH complex 

which is a critical step for PMS activation. Therefore, due to higher 

dispersion of Co3O4, Co2+ tetrahedral coordination, and strong basicity of 

FA-JL, Co/FA-JL exhibited the highest activity in phenol degradation. Liang 

et al. [31] synthesised Al2O3-, SiO2- and TiO2-supported Co oxide catalysts 

and tested them for phenol degradation. They found that Co/Al2O3 

exhibited higher activity than Co/ SiO2. Table 4.1 shows the lower 

SiO2/Al2O3 on FA-CH and FA-JL, which could result in higher activity of 

Co/FA-JL and Co/FA-CH. 

Based on phenol degradation curves, a simple model, first order kinetics, 

was used to fit the data and it produced good results (Table 4.3). The 

regression coefficients suggest that phenol degradation follows the first-

order kinetics. Some supported Co catalysts have been investigated for the 

activation of PMS in phenol degradation. Kinetic studies indicated that 

phenol degradation showed first order kinetics on Co/AC [23], similar to 

Co/FA catalysts in this investigation. The first-order kinetics suggests 

phenol degradation occurred as surface reaction. HPLC analysis found the 
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intermediates of hydroquinone and p-benzoquinone. Therefore, phenol 

degradation could be described in the following scheme (Fig. 4.5).  

 

Figure 4.5 Scheme of Co/FA activation of PMS for phenol degradation.  
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Figure 4.6 Effect of oxone loading on phenol degradation. Reaction 

conditions: [Phenol] =30 ppm, catalyst= 0.4 g/L, T= 25 C, 

reaction time of 90 min. 
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Table 4.3 Kinetic parameters of first-order model for phenol degradation 

on Co/FA catalysts 

Catalyst 
           First order kinetics 

K1(min-1) R 

Co/FA-WA 0.0048±0.0004 0.980 

Co/FA-CH 0.0086±0.0006 0.982 

Co/FA-JL 0.0111±0.0006 0.990 

 

Fig. 4.6 displays phenol degradation efficiency at 90 min with different 

oxone loading in solution. Oxone concentration would affect phenol 

degradation rate and efficiency. Higher oxone loading will increase phenol 

degradation. At 0.3 g oxone, phenol degradation was about 70% and it 

could reach 99% at 1 g oxone. Phenol degradation depends on the 

generation of sulphate radicals. More oxone in solution will produce more 

sulphate radicals, leading to high phenol reduction.  
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Figure 4.7 Effect of phenol initial concentration on phenol degradation. 

Reaction conditions: catalyst= 0.4 g/L, oxone= 2 g/L, T= 25 

C, reaction time of 90 min. 
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Fig. 4.7 illustrates phenol degradation at varying initial phenol 

concentrations. As can be seen, higher initial phenol concentration will 

result in low phenol degradation efficiency. At 30 ppm, phenol degradation 

was 99% but it would reduce to 30% at 100 ppm phenol. As stated before, 

phenol degradation is dependent on sulphate radicals. At the same 

concentrations of catalyst and PMS, high amount of phenol in solution will 

require more time to achieve the same removal rate, thus lowering phenol 

degradation efficiency.  

Fig. 4.8 presents phenol degradation at varying temperatures on three 

Co/FA catalysts. In general, higher temperature results in high phenol 

degradation for the three catalysts. At 45 ºC, phenol degradation could 

achieve 100% at 90, 40 and 50 min on Co/FA-WA, Co/FA-JL, and Co/FA-

CH, respectively. Based on the first order kinetics, the reaction rate 

constants were obtained for the three catalysts at different temperatures. 

A relationship between the rate constant and temperature could be 

described by the Arrhenius plots and activation energies were obtained 

(Table 4.4). The results indicated that Co/FA-JL, and Co/FA-CH presented 

similar activation energies but Co/FA-WA showed a lower value.  

Table 4.4 Activation energies of phenol degradation on Co/FA 

catalysts. 

Catalysts Ea (kJ/mol) R2 

Co/FA-WA 47.0 0.993 

Co/FA-CH 56.0 0.999 

Co/FA-JL 56.5 0.999 

 

For PMS activation by heterogeneous Co catalysts in phenol degradation, 

few investigations have reported the kinetics and activation energies. We 
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have studied several heterogeneous Co catalysts on various supports in 

activation of PMS for phenol degradation. The activation energies obtained 

are 67.4 [25], 69.7 [22], 59.7 kJ/mol [23] for Co/SBA-15, Co/ZSM5, and 

Co/AC, respectively. As seen that Co/FAs presented lower activation 

energy than activated carbon and oxide supported Co catalysts, suggesting 

Co/FA systems could be promising catalysts. 

 

Figure 4.8 Effect of temperature on phenol degradation on Co/FA catalysts. 

Reaction conditions: [Phenol] =30 ppm, oxone = 2 g/L, 

catalyst= 0.4 g/L. 
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4.4 Conclusions 

Fly ash based catalysts of FA-WA, FA-JL and FA-CH  impregnated active 

metal Co with active species of Co3O4 have been successfully synthesized at 

calcination temperature of 500 0C. Based on the characterization, the 

contents of SiO2 and Al2O3 are above 70% for all type of FA catalysts. These 

catalysts showed higher activity than supports and bulk Co3O4 in 

activation of PMS for generation of sulphate radicals to oxidatively 

decompose phenol in aqueous solution. Co dispersion and support basicity 

strongly influence the activity of Co/FAs. Concentrations of oxone and 

phenol also influence phenol degradation efficiency. Kinetic studies 

showed phenol degradation followed a first order kinetics and the 

activation energies for Co/FA-WA, Co/FA-JL, and Co/FA-CH are 47.0, 56.5, 

56.0 kJ/mol, respectively.  
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Chapter-5 

Heterogeneous Catalytic Oxidation of 

Aqueous Phenol on Red Mud Supported 

Cobalt Catalysts 

 

 

 

 

 

 

Abstract 

 

Red mud (RM), an industrial waste from alumina refinery industry, was 

used as a support for preparation of Co-oxide-based catalysts (Co/RM). 

The samples were characterized by N2 adsorption, X-ray diffraction (XRD), 

scanning electron microscopy (SEM), energy dispersive X-ray 

spectroscopy (EDS), and UV-vis diffusive reflectance spectroscopy. The 

heterogeneous catalytic activity was evaluated in aqueous phenol 

degradation using peroxymonosulphate (PMS) as an oxidizing agent. It 

was found that Co3O4 was highly dispersed on RM surface and that pre-

treatment of red mud (RM-T) would significantly influence catalytic 

activity. Co/RM-T catalysts exhibited high effectiveness in heterogeneous 

activation of PMS to produce sulphate radicals for phenol degradation 

compared with Co/RM-NT. Phenol degradation followed first-order 

kinetics and activation energies on Co/RM-T and Co/RM-NT are 46.2 and 

47.0 kJ/mol, respectively.  
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5.1 Introduction 

Industrial activities produce large amounts of organics-containing 

wastewater, which is hazardous to the environment and has to be 

processed before discharge into natural water bodies. There are many 

types of organics in wastewater; however, one of the most important class 

of water pollutants is phenol and its derivatives due to their strong toxicity 

to many living organisms even at low concentrations [1]. These pollutants 

have been considered on the EPAs priority list since 1976 [2]. Phenol and 

its derivatives can be found from many industries as by-products such as 

petroleum refining, petrochemical, pharmaceutical, plastic and pesticide 

chemical industries [3, 4]. Among the possible technologies for wastewater 

treatment, advanced oxidation processes (AOPs) using chemicals as 

oxidants are the most suitable processes to degrade toxic organics in 

aqueous solution due to low operation cost, no need for special equipment, 

less energy consumption, and high conversion of the organic pollutants [5-

7]. 

 

Homogenous catalytic oxidation using Fenton’s reagent (H2O2 and ferrous 

ion) has been identified as an effective process to degrade toxic organics in 

aqueous solutions [8-11]. However, it needs a more process for separation 

of the catalyst [12]. Moreover, most of the dissolved metal catalysts are 

harmful to the environment. This disadvantage can be overcome by using 

heterogeneous catalysts which will be easily recoverable and reusable [13, 

14]. Furthermore, heterogeneous catalysis can completely convert 

organics to CO2 and H2O or partially oxidize the organic compounds to less 

toxic ones [6, 7]. Heterogeneous catalytic oxidation of organic compounds, 

such as dyes, phenol and its derivatives, have been widely used as a 

technology for reducing these substances in wastewater from industries 

[3, 5, 11, 15, 16].  
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Currently, most AOPs are based on the generation of very reactive species, 

such as hydroxyl radicals (OH ) that oxidise a broad range of pollutants 

rapidly and non-selectively [11, 17]. Apart from OH , sulphate radicals 

have also been recently suggested as an alternative due to their higher 

oxidation potential [18]. For sulphate radical production, the reaction 

between Co ions and peroxymonosulphate (PMS, HSO5−) has been found to 

be an effective route. The radical generation and organic degradation 

processes can be described as shown below. 

 

Co   + HSO5
  → Co   + SO4

   + OH          5.1 

Co3+ + HSO5− → Co2+ + SO 
  + H   5.2 

SO4
  + H2O → SO42− + OH  + H  5.3 

SO4
  + Organics → several steps → CO2 + H2O + SO42− 5.4 

 

In the past few years, several heterogeneous Co catalysts have been 

reported for PMS activation. Most of them are supported Co3O4 systems 

using oxides [19-24], carbons [5, 25, 26], and zeolites [27]. Red mud (RM) 

is a solid by-product from alumina refinery industry. For producing every 

ton alumina, the Bayer process plant will generate between 1 to 2 tonnes 

of RM residues [28-30]. Every year, 90 million tonnes of RM are generated 

globally and 33% of them are created in Australia [30].  RM is mainly 

composed of fine particles containing alumina, hematite, goethite, 

boehmite, quartz and gypsum [30, 31].  Furthermore, RM cannot be easily 

disposed due to its high alkalinity with pH 10-13, this waste residue can 

cause serious impacts to the environment [31, 32]. Thus, RM needs proper 

handling to minimize its negative effects on the environment. Nowadays, a 

great deal of efforts has been done to utilize RM as a coagulant, adsorbent 

and catalyst for environmentally benign processes [33-38]. Utilization of 
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industrial solids like RM for other processes can help reduce the solid 

waste in landfills and produce environmental benefits.  

 

In this chapter, we will report an investigation on the utilization of RM as a 

catalyst support. Two different cobalt oxide catalysts based on raw RM and 

water-washed RM were prepared and tested in heterogeneous activation 

of peroxymonosulphate (PMS) for generating sulphate radicals to degrade 

phenol in aqueous solution. The influences of catalyst type, oxidant 

amount, reaction temperature, and phenol concentration were 

systematically investigated.        

 

5.2 Experimental 

 

5.2.1 RM supports. 

A raw RM sample was obtained from an alumina refinery plant in Western 

Australia, in the form of highly alkaline suspension (pH >12). Prior to use 

as catalyst supports, two different RM samples were obtained. One RM 

sample was collected from the suspension by filtration and the solid was 

dried in an oven at 120 oC for 24 h. The sample was denoted as RM-NT. 

The other RM sample was obtained by washing RM-NT several times with 

ultrapure water to remove alkaline, and drying at 120 oC for 24 h. This 

sample was denoted as RM-T.  

5.2.2 Synthesis of RM supported cobalt oxide catalysts. 

 

Catalysts, Co/RM-NT and Co/RM-T, at Co 1-5 wt% loading were prepared 

by a wetness impregnation method. Cobalt nitrate was used as a cobalt 

precursor due to its better interaction with supports than other Co 

precursors [19, 39]. Typically, a fixed amount of RM-NT or RM-T was 

added into a solution of Co(NO3)26H2O (Sigma-Aldrich) and kept stirring 
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at 80 oC until total evaporation of H2O. After that the solids were dried at 

120 oC overnight and calcined at 500 oC for 4 h in air. Then the catalysts 

were stored in a desiccator until use.  

 

5.2.3 Characterization of catalysts. 

 
XRD patterns were obtained on a Bruker D8 (Bruker-AXS, Karlsruhe, 

Germany) diffractometer  using a filtered Cu Kα radiation source, with 

accelerating voltage 40 kV, current 30 mA and scanned at 2θ from 5 to 70o. 

N2 adsorption-desorption was measured on a Gemini 2360 

(Micromeritics) to obtain specific surface area using the Brunauer-

Emmett-Teller (BET) method. Prior to measurement the samples were 

degased at 200 oC for 12 h under vacuum condition. The external 

morphology and chemical compositions of the samples were observed on a 

ZEISS NEON 40EsB scanning electron microscope (SEM) equipped with an 

energy dispersive spectrometer (SEM-EDS). The UV-visible diffuse 

reflectance spectra (DRS) were recorded on a V-570 UV-visible 

spectrometer (Jasco, Japan) equipped with an integrating sphere, in which 

BaSO4 was used as a reference material. 

 

5.2.4 Kinetic study of phenol degradation. 

 

The catalytic oxidation of phenol was carried out in a 500 mL glass beaker 

containing about 25- 100 ppm of phenolic solutions, which was attached to 

a stand and dipped in a water bath with a temperature controller. The 

reaction mixture was stirred constantly at 400 rpm to maintain a 

homogenous solution. A fixed amount of peroxymonosulphate (PMS from 

oxone, DuPont’s triple salt: 2KHSO5KHSO4K2SO4, Sigma-Aldrich) was 

added into the solution and allowed to dissolve completely before 

reaction. Further, a fixed amount of catalysts was added into the reactor to 
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start the oxidation reaction of phenol. The reaction was carried on for 90 

min. At a fixed time interval, 0.5 mL of solution sample was taken from the 

mixture using a syringe filter of 0.45 µm and then mixed with 0.5 mL 

methanol to quench the reaction. Concentration of phenol was analyzed 

using a HPLC with a UV detector at wavelength of 270 nm. The column 

used was C-18 with mobile phase of 30% acetonitrile and 70% ultrapure 

water. For selected samples, total organic carbon (TOC) was determined 

using a Shimadzu TOC-5000 CE analyzer.         

 

5.3 Result and discussion 

 

5.3.1 Characterization of catalysts  

 

The composition of red mud samples has been reported previously [40, 

41]. The main components are Fe2O3 (60%), Na2O (16%), Al2O3 (15%), 

SiO2 (5%), and TiO2 (5%). XRD patterns of RM, Co/RM-NT and Co/RM-T 

are shown in Fig. 5.1.  

 

Figure 5.1 XRD patterns of red mud and their supported Co catalysts. 
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The main phases identified in the RM sample were haematite, goethite, 

quartz and calcite. Red mud supported Co catalysts have different XRD 

patterns from the RM support. It can be seen, goethite and calcite were 

significantly reduced after calcination process, because of decomposition 

at high temperature, while Co/RM-NT and Co/RM-T showed similar XRD 

patterns. Cobalt species in crystalline form were not identified on Co/RM-

NT and Co/RM-T, possibly due to low Co loading and high dispersion.  
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Figure 5.2  UV-vis spectra of RM supports and Co/RM-NT and Co/RM-T. 

 

 

UV-vis diffuse reflectance spectra of RM and RM support Co catalysts are 

displayed in Fig. 5.2. RM-NT and RM-T presented a similar pattern, 
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however, RM-T showed a low intensity. Both Co/RM-NT and Co/RM-T also 

exhibited similar patterns, but different from the supports. Two strong 

absorption bands around 400 nm and 700 nm were observed, 

characteristics of  the presence of Co2+ and Co3+ in catalysts [42-44]. These 

bands indicate the presence of Co3O4 in the catalysts. It is generally 

believed that calcination of Co(NO3)2 will result in a final product of Co3O4. 

Although XRD pattern could not display crystallites of cobalt species, UV-

vis spectra detected the presence of Co3O4 in catalysts.   

 

The BET surface area of RM, Co/RM-T and Co/RM-NT are presented in 

Table 5.1. The raw RM sample has a surface area of 21 m2/g. Co 

impregnation on treated RM has a higher surface area and pore volume 

compared with the raw material and Co impregnation on untreated RM, 

which suggests that the washing treatment could improve the porosity of 

RM by removing some impurities.    

 

Table 5.1. Surface area, pore volume and pore radius of sample 

Sample SBET (m2/g) Pore Volume (cc/g) 

Co/RM-T 32.0 0.021 
Co/RM-NT 22.5 0.011 

RM 21.0 - 

 

The morphology and composition of Co/RM-NT and Co/RM-T were 

observed from SEM images and EDS (Fig. 5.3 and Fig. 5.4, respectively). 

For SEM analyses, secondary electron (SE) and backscattered (BSE) 

images were taken to observe the dispersion of Co species on the catalysts. 

For Co/RM-NT (Fig. 5.3A), it can be seen that the milled sample has 

different particle size and shape in a range 0.5 – 20 µm. For the same 

region, the catalyst was also observed using BSE (Fig. 5.3B) and the specks 
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of cobalt can be seen as the brighter area in the catalyst particles. These 

indicate that cobalt is well coating on RM supports.  

 

 

 

Figure 5.3 SEM images and EDS spectra of Co/RM-NT, (A) SE Detector,  

(B) BSE Detector, (C) EDS spectra with inset of spectrum image 

source. 

 

Fig. 5.4A and Fig. 5.4B present SEM images of Co/RM-T with SE and BSE 

measurements. As seen, Co/RM-T has the similar particle size and shape 

with Co/RM-NT. BSE also showed bright areas than the image in SE, 

suggesting a better dispersion of Co on RM-T support. Fig. 5.3C and Fig. 

5.4C display EDS spectra of Co/RM-NT and Co/RM-T, respectively. 
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Elements of C, Ca, Fe, O, Na, Al, Si, Ti, and Co were found on Co/RM-NT. For 

Co/RM-T, C, Ca, Fe, O, Al, Si, Ti, and Co were also found except Na, probably 

due to washing process. Thus, EDS results confirm the presence of Co on 

both catalysts.     

 

 

Figure 5.4 SEM images and EDS spectra of Co/RM-T, (A) SE Detector, (B) 
BSE Detector, (C) EDS spectra with inset of spectrum image 
source. 
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5.3.2 Preliminary  study of phenol oxidation using catalysts 

 

Fig. 5.5 shows preliminary tests of adsorption and catalytic oxidation of 

phenol on RM, Co/RM-T and Co/RM-NT in aqueous solution under various 

experimental conditions. In general, RM-NT, RM-T, Co/RM-NT and Co/RM-

T are able to adsorb phenol though at low efficiency. For oxone (PMS) 

without a solid catalyst, degradation of phenol is less than 3% after 90 

min, suggesting that oxone itself could not oxidize phenol.  
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Figure 5.5 Phenol removal with time in adsorption and catalytic oxidation. 

Reaction conditions: 0.2g catalyst loading, 1 g oxone in 500 mL 

phenol solution of 25 ppm, 25 oC.  

 

Furthermore, RM-NT and RM-T particles slightly activated oxone to cause 

phenol oxidation less than 10% and 17%, respectively. Costa et al. [45] 

investigated the active sites of red mud for degradation of organic dyes 
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and  reduction of Cr (VI) and the results showed that Fe oxides on RM 

provides a very important role to generate Fe2+ active species, however 

the Fe2+ was less active compared with Co2+. RM supported Co catalysts 

could produce significant phenol degradation. In Co/RM-T-oxone, phenol 

could be removed completely from solution in 60 min. Co/RM-NT-oxone, 

however, could completely remove phenol in 90 min. TOC removal in 

Co/RM-NT-oxone and Co/RM-T-oxone systems was also measured and 

results showed that about 64% and 57% of TOC removal were obtained 

for Co/RM-NT-oxone and Co/RM-T-oxone, respectively, at 60 min. 

 

Generally, catalyst activity strongly depends on support properties. We 

previously investigated several supported Co catalysts for phenol 

degradation. Under the similar conditions, Co/RM-T presented better 

activity than Co/SiO2 [19], Co/SBA-15 [20], Co/Al2O3 [21], Co/TiO2 [21], 

Co/ZSM5 [27], Co/FA [24], and the activity is similar to that on Co/AC [5] 

and Co/CX [25].  

 

Yang et al. [23] studied cobalt species on various supports, TiO2, SiO2 and 

Al2O3, for the degradation of 2,4-dichlorophenol in solutions with oxone 

and reported that only Co3O4 crystallites were presented in all supported 

Co catalysts. Furthermore, the activity of Co3O4 on SiO2 is the highest 

among other supports due to high surface area. Liang et al. [21] 

investigated Al2O3-, SiO2- and TiO2-supported Co oxide catalysts for PMS 

activation for phenol degradation and they found that Co/TiO2 exhibited 

the highest activity due to the high dispersion of Co oxide and high basicity 

of TiO2. Zhang et al. [22] investigated MgO-, Al2O3-, ZrO2-, ZnO-, P25- and 

SBA-15 supported Co catalysts for the degradation of organic dyes in 

aqueous solution and found that MgO is the best support because it has 

abundant OH groups of sites which have an important role to promote 



 

134 
 

high dispersion Co2+. We investigated fly ash (FA)-supported Co catalysts 

in PMS activation and found that surface properties of the catalysts 

influence the activity. Higher dispersion of Co3O4, Co2+ tetrahedral 

coordination, and strong basicity of Co/FA exhibited the highest activity in 

phenol degradation [24]. 

 

In this investigation, UV-vis diffuse reflectance spectra showed that Co3O4 

is presented on two Co/RM samples. XRD indicated that Co3O4 is highly 

dispersed on RM supports. SEM images displayed that Co species showed 

better dispersion on Co/RM-T. BET measurement and adsorption showed 

that Co/RM-T has a high surface area and adsorption. Therefore, Co/RM-T 

exhibited higher phenol degradation.  

 

5.3.3 Effects of reaction  parameters on phenol degradation   

Fig. 5.6 presents phenol degradation efficiency at varying initial 

concentrations of oxone (0.2-1.0 g). As can be seen, for both Co/RM-NT 

and Co/RM-T catalysts, the degradation of phenol depended on 

concentration of oxone.  Higher concentration of oxone resulted in more 

removal efficiency of phenol. For Co/RM-NT, at 0.2 g oxone loading, 80% 

removal efficiency would be achieved in 90 min, while complete removal 

would be reached at 0.4 g oxone in 90 min. A similar observation occurred 

for Co/RM-T catalyst, higher oxone loading would increase removal 

efficiency of phenol. The complete phenol degradation could be achieved 

at 0.4 g oxone loading in 60 min. However, at higher oxone loading, no 

further increase was observed in removal efficiency of phenol. For both 

Co/RM-NT and Co/RM-T, an optimal oxone loading was achieved at 0.4 g.  
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Figure 5.6. Effect of oxone concentration on phenol removal,  

(A) Co/RM-NT and (B) Co/RM-T. Reaction conditions:  

25 ppm, 0.2 g catalyst, 25 0C. 
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Figure 5.7  Effect of catalyst loading on phenol removal, (A) Co/RM-NT and 

(B) Co/RM-T. Reaction conditions: 25 ppm, 0.4 g oxone, 25 0C. 
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The effect of Co/RM-NT and Co/RM-T loading in solution on phenol 

degradation is shown in Fig. 5.7. Similar to the effect of oxone loading, an 

increased amount in both Co/RM-NT and Co/RM-T catalysts in the 

solutions enhanced the phenol degradation efficiency.  At 0.10 g Co/RM-

NT (0.2 g/L), phenol removal would be 80% at 90 min, while removal of 

phenol would reach 100% at 90 min at Co/RM-NT loading of 0.2 g (0.4 

g/L). The addition of more catalyst would increase adsorption sites and 

also provide extra catalyst sites to activate oxone. Therefore, it will result 

in a significant increase in the rate of reaction. A similar trend occurred on 

Co/RM-T (Fig. 5.7B), higher catalyst loading could increase degradation 

efficiency of phenol in solution. At 0.15 g and 0.20 g of Co/RM-T, complete 

degradation would be achieved in 90 and 50 min, respectively.  

It is believed that phenol degradation also depended on initial 

concentration of phenol in solution. Fig. 5.8 shows phenol degradation at 

various concentrations between 25 and 100 ppm. At high phenol 

concentration, removal efficiency tended to decrease. For Co/RM-NT, 

complete degradation could be reached within 90 min at phenol 

concentration of 25 ppm, while in the same duration at phenol 

concentrations of 50, 75 and 100 ppm, degradation efficiency would only 

be achieved at 80, 50 and 40%, respectively. A similar variation could also 

be seen in Fig. 5.8B using Co/RM-T. At 25 ppm phenol concentration, 

100% degradation efficiency of phenol was achieved within 50 min. At 50 

ppm removal of phenol was obtained at about 80% after 90 min. 

Meanwhile, for phenol concentration of 75 and 100 ppm, removal 

efficiencies would be reached 60 and 50% within 90 min, respectively.  
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Figure 5.8 Effect of  phenol concentration on phenol removal, (A) Co/RM-

NT and (B) Co/RM-T. Reaction conditions: 0.4 g oxone, 0.2 g 

catalyst, 25 0C.  
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Figure 5.9. Effect of Co loading in Co/RM on phenol removal, (A) Co/RM-

NT and (B) Co/RM-T. Reaction conditions: 0.4 g oxone, 0.2 g 

catalyst, 25 ppm, 25 0C.  

(A) 

(B) 



 

140 
 

The effect of cobalt loading on RM on phenol degradation was also 

investigated (Fig. 5.9). As can be seen, cobalt loading on RM showed quite 

a significant impact on phenol degradation. Higher amount of cobalt 

loading provides additional sites for generation of active sulphate radicals, 

thus enhancing the rate of reaction. For Co/RM-NT, the increase in cobalt 

loading from 1.0 to 2.5 wt% would increase degradation of phenol in more 

than two times. However, a further increase of Co loading on RM-NT up to 

5 wt% would not enhance the rate of reaction. For Co/RM-T, at 1 wt% of 

cobalt loading, the complete phenol degradation could be achieved within 

90 min, while at cobalt loading from 2.5-5 wt%, 100% removal of phenol 

was achieved within 50 min and no significant improvement in the extent 

of reaction was observed.  The above results suggested the optimal Co 

loading on RM as 2-5 wt%. 

The reaction temperature could play a significant role in phenol removal. 

Fig. 5.10 shows the reduction of phenol concentration against time at 

various temperatures of 25 - 45 oC.  The rate of reaction would increase 

significantly with increased temperature. For Co/RM-NT, complete phenol 

degradation at temperature of 25 oC would be achieved in 90 min. Further 

increase of 10 oC, 100% degradation efficiency of phenol was achieved 

within 60 min. At temperature of 45 oC, phenol removal would reach 100% 

at 30 min.  A same profile was also obtained on Co/RM-T. Complete 

degradation efficiency of phenol at 25, 35 and 45 oC would be achieved in 

60, 40 and 25 min, respectively.  
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Figure 10. Effect of temperature on phenol removal, (A) Co/RM-NT and (B) 

Co/RM-T. Reaction conditions: 25 ppm, 0.4 g oxone, 0.2 g 

catalyst.  
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In order to estimate the kinetic rates, a general pseudo first order kinetics 

for phenol degradation was employed, as shown in equation below. 

ln  
 

  
    kt    5.5 

Where k is the apparent first order rate constant of phenol removal, C is 

the concentration of phenol at various time (t). Co is the initial phenol 

concentration. Data fitting (Fig. 5.10) showed that the phenol degradation 

could be described by the first order kinetics. Kinetic constants are 

presented in Table 5.2. As can be seen that kinetic rate of reaction would 

be increased with increased temperature. The rate constants (k) for 

Co/RM-T are generally higher than those of Co/RM-NT. Using the first 

order kinetic rate constants and the Arrhenius equation, the activation 

energies of Co/RM-NT and Co/RM-T were derived as 47.0 kJ/mol and 46.2 

kJ/mol, respectively. 

Table 5.2 Kinetic constants of phenol degradation at different 
temperatures on Co/RM-NT and Co/RM-T catalysts. 

Catalyst Temperature, oC k (min-1) R 
Co/RM-NT 25 0.0428 0.968 

 35 0.0624 0.990 
 45 0.1241 0.989 

Co/RM-T 25 0.0664 0.954 
 35 0.0882 0.936 
 45 0.2163 0.983 

 

5.3.4 Role of Co/Red mud catalyst in phenol degradation 

During catalytic oxidation of toxic organics, Co metal oxides on RM provide 

a significant role to generate Co2+ active species which will activate the 

oxone to produce sulphate radicals. Then, SO4
   and phenol can react on 

the catalyst surface to produce simple molecule compounds including CO2 

and H2O (Eqs.5.1-5.4). Liang et al. [21] investigated TiO2-, Al2O3- and SiO2- 
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supported cobalt oxide with oxone for degradation of phenol in dilute 

solutions. Studies have suggested that production of sulphate radicals is 

important for phenol degradation due to surface reaction between Co3O4 

and oxone and that phenol concentration affects its decomposition. Thus, 

it is believed that heterogeneous surface reactions are major pathways for 

phenol removal on Co/RM surface as shown in Fig. 5.11. Costa et al. [45] 

demonstrated the capability of RM and hydrogen peroxide for reduction of 

Cr(IV).  Fe phases will induce reduction of H2O2 to produce OH  radicals. 

The current study using oxone as an oxidant will be in similar 

consequences.  

 

Figure 5.11. Mechanism for degradation of phenol in Co/RM–oxone 

systems. 
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5.4 Conclusion 

 

Catalysts of Co/RM-NT and Co/RM-T have been successfully synthesized 

by dispersed active metal Co of 1-5 wt% by a wetness impregnation 

method followed by calcination at 500 oC for 4 h in air on RM supports. 

The BET surface area of Co/RM-T is 32.0 m2/g and pore volume is 0.021 

cm3/g while Co/RM-NT has surface area and pore volume of 22.5 m2/g 

and 0.011 cm3/g, respectively. Pretreatment of RM enhanced surface area, 

resulting in high Co dispersion. Co/RM-NT and Co/RM-T with active metal 

species of Co3O4 are much effective for activation of PMS to produce 

sulphate radicals for phenol oxidative decomposition. Co/RM-T presented 

better performance than Co/RM-NT. Several factors influenced the 

removal efficiency of phenol such as PMS concentration, Co loading in 

catalyst, phenol concentration, catalyst loading and temperature. Kinetic 

studies showed that the phenol degradation followed first order reaction 

and activation energies of Co/RM-NT and Co/RM-T were 47.0 kJ/mol and 

46.2 kJ/mol, respectively.   
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Chapter-6 

Removal of Phenolic Contaminants Using Sulfate 

Radicals Activated by Natural Zeolite and MCM48 

Supported Cobalt Catalysts 

 

Abstract  

Two Co oxide catalysts supported on natural zeolites from Indonesia (INZ) 

and Australia (ANZ) were prepared and used to activate 

peroxymonosulphate for degradation of aqueous phenol. The two catalysts 

were characterized by several techniques such as X-ray diffraction (XRD), 

scanning electron microscopy (SEM), energy dispersive X-ray 

spectroscopy (EDS), and N2 adsorption. It was found that Co/INZ and 

Co/ANZ are effective in activation of peroxymonosulphate to produce 

sulphate radicals for phenol degradation. Co/INZ and Co/ANZ could 

reduce phenol up to 100% and 70%, respectively, at the conditions of 25 

ppm phenol, 0.2 g catalyst, 1 g oxone, and 25 ºC. Several parameters such 

as amount of catalyst loading, phenol concentration, oxidant concentration 

and temperature were found to be the key factors influencing phenol 

degradation. A pseudo first order would fit to phenol degradation kinetics 

and the activation energies of Co/INZ and Co/ANZ were obtained as 52.4 

and 61.3 kJ/mol, respectively. In addition, Co/MCM48 catalyst was also 

prepared and tested in phenol degradation. It is found that Co/MCM48 is 

much better than the other two catalysts in sulfate radical production with 

activation energy of  80.3 KJ/mol. 
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Part A : Phenol Removal Using Co/INZ and Co/ANZ 

6.1 Introduction 

Phenolic compounds are important organic pollutants in wastewater, 

which can be produced in chemical, petrochemical, and pharmaceutical 

industries [1-2]. This type of organic contaminants will not be easily 

removed in primary and secondary treatment processes. Therefore, it is 

essential to adopt a tertiary treatment such as thermal oxidation, chemical 

oxidation, wet air oxidation, catalytic oxidation etc, which are generally 

known as advanced oxidation processes (AOPs) [3-5]. In principle, the 

AOPs will produce harmless compounds to the environment such as CO2 

and H2O. Among the AOPs, heterogeneous catalytic oxidation usually has 

some advantages such as operating at room temperature with normal 

pressure and low energy. Furthermore, heterogeneous catalysts can be 

synthesized using cheap materials as supports such as activated carbon, 

silica, alumina and zeolites [6].  

Among the materials, zeolites are important heterogeneous catalysts used 

in industry. Their key properties are size and shape selectivity, together 

with the potential for strong acidity. Zeolites also have ion exchangeable 

sites and highly hydrothermal stability, making them widely used for many 

applications in separation, ion exchange and adsorption. Natural zeolites 

are much cheaper than synthetic zeolites due to their wide availability in 

the world [7]. However, few investigations have been reported in use of 

natural zeolites for AOPs [8] Currently, most of AOPs are based on the 

generation of very reactive species, such as hydroxyl radicals (OH•), which 

will oxidize many pollutants quickly and non selectively [4, 9, 10]. 

Recently, sulphate radicals have also been proposed as alternative active 

oxidants due to their higher oxidation potential [11, 12]. For sulphate 
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radical production, peroxymonosulphate (PMS, HSO5-) reaction with Co 

ions has been found to be an effective route [13-14].  

However, the use of cobalt metal ion as a catalyst to activate PMS for 

generation of sulphate radicals raises an issue of toxicity of the cobalt ions 

in water, because Co is one of heavy metals which can cause diseases to 

animals and human beings. Thus, employing Co2+/PMS for oxidation of 

aqueous pollutants and minimizing the discharge of cobalt in wastewater 

require development of an efficient heterogeneous catalytic system by 

incorporating cobalt ions in a substrate. In addition, it is easy to recover 

the used catalysts after simple separation process. In the past years, 

several types of heterogeneous cobalt catalyst including cobalt oxides [15, 

16], cobalt composite [17] and supported cobalt catalysts have been 

investigated [18-24].  

In this chapter, we investigate cobalt based catalysts supported on 

Indonesian natural zeolite (INZ) and Australian natural zeolite (ANZ) for 

heterogeneous generation of sulphate radicals for chemical mineralizing of 

phenol in the solution. Several key parameters in the kinetic study such as 

phenol concentration, catalyst loading, oxone concentration and 

temperature were investigated. 

6.2 Materials and Methods 

6.2.1  Synthesis of natural zeolite supported cobalt catalysts  

Cobalt/Indonesian natural zeolite (Co/INZ) and cobalt/Australian natural 

zeolite (Co/ANZ) were synthesized using an impregnation method. INZ 

and ANZ samples were crushed in particle size of 60-100 µm. Cobalt 

nitrate (Co(NO3)2•6H2O, Sigma-Aldrich) was dissolved into 200 mL 
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ultrapure water. Then, INZ or ANZ was added into the solution and kept 

stirring for 24 h. The solid was dried in an oven at 120 oC for 6 h. 

Calcination of the catalysts was conducted in a furnace at 550 oC for 6 h. 

For the two catalysts, Co loading was kept at 5 wt%. 

6.2.2 Characterization of catalysts 

The synthesized catalysts were characterized by XRD, SEM combined with 

EDS, and N2 adsorption. Crystalline structure of the materials was 

analyzed by a X-ray diffractometer (Bruker D8 Advance equipped with a 

Lynx eye detector, Bruker-AXS, Karlsruhe, Germany) operated at 40 kV 

and 30 mA. SEM (Philips XL30) with secondary and backscatter electron 

detectors was used to obtain a visual image of the samples to show the 

texture and morphology of the catalysts with magnification up to 8000 

times. The catalysts were also characterized by EDS (Energy Dispersive X-

ray spectroscopy) to identify the structural features and the mineralogy. 

Furthermore, nitrogen adsorption (Micromeritics Gemini 2360) was used 

to obtain the BET surface area (SBET). Prior to the analysis, the catalyst 

samples were degassed under vacuum at 200 oC for 12 h.  

6.2.3 Kinetic study of phenol oxidation 

Catalytic oxidation of phenol was conducted in 500 mL phenol solutions 

with concentrations of 25 - 100 ppm. A reactor attached to a stand was 

dipped into a water bath with a temperature control. The solution was 

stirred constantly at 400 rpm to maintain a homogeneous solution. A fixed 

amount of oxidant of peroxymonosulphate (using oxone, DuPont’s triple 

salt 2KHSO5KHSO4K2SO4, Aldrich) was added to the mixture until 

completely dissolved. Then, a fixed amount of catalysts (Co/INZ or 

Co/ANZ) was added into the reactor for running of 3-5 h. At the fixed time 
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interval, 0.5 mL of solution sample was withdrawn and filtered using a 

HPLC standard filter of 0.45 µm and mixed with 0.5 mL methanol as a 

quenching reagent to stop the reaction. Phenol was then analyzed on a 

HPLC with a UV detector at wavelength of 270 nm. The column is C18 with 

mobile phase of 70% acetonitrile and 30% ultrapure water.  

6.3 Results and Discussion 

6.3.1 Characterization of natural zeolite supported cobalt catalysts  

XRD patterns of Co/INZ and Co/ANZ are presented in Fig. 6.1. Co3O4 peaks 

were identified on both catalysts, however, the peaks are weaker and 

broad on Co/INZ. This suggested that dispersion of Co3O4 on INZ was 

higher. N2 adsorption showed that the BET surface areas of Co/INZ and 

Co/ANZ are 17.9 and 8.1 m2/g, respectively. In general, high surface area 

of a support will result in high dispersion of active metal on the support.  
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Figure 6.1 XRD patterns of Co/ANZ and Co/INZ. 
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SEM images and EDS spectra of Co/INZ and Co/ANZ catalysts are shown in 

Fig. 6.2 and Fig. 6.3. Both secondary electron (SE) and backscattered (BSE) 

detectors were adopted to observe the dispersion of active cobalt on the 

catalyst support. From Fig. 6.2A and 6.2B, it can be seen that the BSE 

detector produces the brighter image than the SE detector at the same 

observed area. This brighter area refers to the presence of cobalt specks 

on Co/INZ particles. It also implies that cobalt was well dispersed and 

coated on the natural zeolite support. The presence of cobalt in the catalyst 

was also confirmed by EDS spectra (Fig. 6.2C).  

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

 

Figure 6.2. SEM images and EDS spectra of Co/INZ, (A) SE Detector, (B) 

BSE Detector, (C) EDS spectra with inset of spectrum image 

source 



 

156 
 

A similar observation was also obtained on Co/ANZ catalyst (Fig. 6.3). 

However, the particle size of Co/ANZ seems to be larger than Co/INZ. BSE 

image also shows a good dispersion of cobalt on Co/ANZ surface 

confirmed by EDS spectra. 

 

 

Figure 6.3. SEM images and EDS spectra of Co/ANZ, (A) SE Detector, (B) 

BSE Detector, (C) EDS spectra with inset of spectrum image 

source 
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6.3.2 Phenol oxidation 

Adsorption and oxidation of phenol on Co/INZ and Co/ANZ are presented 

in Fig. 6.4. In the presence of only oxone in phenol solution, no phenol 

degradation occurred, indicating that oxone itself could not produce 

sulfate radicals to induce phenol oxidation. Both Co/INZ and Co/ANZ 

presented low adsorption of phenol at less than 10% in 5 h. However, 

Co/INZ presented a slight higher phenol adsorption than Co/ANZ, which 

can be ascribed to higher surface area of Co/INZ.  
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Figure 6.4. Phenol reduction with time in adsorption and catalytic 

oxidation. Reaction conditions: 0.2g catalyst, 1 g oxone, 25 

ppm phenol, 25oC and stirring speed of 400 rpm. 
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In oxidation tests, Co/INZ with the presence of PMS could degrade phenol 

up to 100% in 5 h. Meanwhile, Co/ANZ could reach around 70% phenol 

removal. Significant degradation of phenol in the systems confirms that 

cobalt in both catalysts could activate PMS to generate sulphate radicals 

(SO4-• and SO5−•) for phenol decomposition in solution. XRD analyses 

showed that Co3O4 is major Co species in both catalysts, which will play the 

role for oxone activation. The reaction mechanism can be listed as below.  

NZ–Co3+ + HSO5− → NZ–Co2+ + SO5−•+ H+     6.1 

NZ–Co2+ + HSO5− → NZ–Co3+ + SO4−• + OH−      6.2 

Adsorption tests showed that Co/INZ presented a higher phenol 

adsorption than Co/ANZ. XRD also indicated that Co dispersion on Co/INZ 

is higher than Co/ANZ. For heterogeneous oxidation, high surface 

adsorption of phenol and more active Co oxide on surface will promote 

catalytic activity. Some investigations using different supported Co 

catalysts have been reported. It was reported that Co/ZSM5 could achieve 

complete degradation of phenol in 6 h [20] and that Co/SiO2 could make 

100% phenol degradation at 350 min [23]. Therefore, Co/INZ is better 

than Co/ZSM5 and Co/SiO2. 

Several variables influencing phenol degradations were also investigated. 

The effect of initial phenol concentration at 25, 50, 75 and 100 mg/L on 

phenol degradation is shown in Fig. 6.5. Phenol degradation efficiency 

decreased with increasing phenol concentration. The 100% phenol 

removal could be achieved at phenol concentration of 25 mg/L in 5 h by 

using Co/INZ catalyst. While in the same duration at phenol 

concentrations of 50, 75 and 100 mg/L, removal efficiency obtained are 

50, 40 and 30%, respectively. For phenol degradation in Co/INZ-oxone, 

phenol degradation is dependent on sulphate radicals. Due to the same 
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concentrations of Co/INZ and PMS, sulfate radical concentration produced 

in solution will be the same. Thus, high amount of phenol in solution will 

require more time to achieve the same removal rate, thus lowering phenol 

degradation efficiency. 
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Figure 6.5 Effect of phenol concentration on phenol degradation using 

Co/INZ catalyst. Reaction conditions: 0.2 g catalyst, 1 g oxone, 

25oC and stirring speed of 400 rpm. 

Phenol removal efficiency is also affected by catalyst loading in the system 

as shown in Fig. 6.6. A complete removal of phenol could be reached 

within 5 h at 0.4 g/L Co/INZ loading. While 70% and 40% removals could 

be reached at Co/INZ loading of 0.2 and 0.1 g/L, respectively. For phenol 
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degradation, increased catalyst loading would enhance phenol adsorption 

and Co oxide to activate PMS, resulting in high phenol degradation.  
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Figure 6.6 Effect of catalyst loading on phenol degradation. Reaction 

conditions: [phenol]0=25 mg/L, 1 g oxone, 25oC, 300 min. 

The effect of oxone concentration on the removal efficiency of phenol is 

presented in Fig. 6.7. For both catalysts, higher oxone concentration 

resulted in higher phenol removal. At reaction time of 3 h, the highest 

removal efficiency of phenol was obtained at 2 g/L oxone and the lowest 

was at 0.5 g/L oxone on Co/ANZ. However, phenol degradation would 

reach a similar level after oxone loading higher than 1 g/L on Co/INZ, 

suggesting the optimal loading at 1 g/L.   



 

161 
 

Oxone concentration (g/L)

0 1 2 3 4 5

P
h
e

n
o

l d
e

g
ra

d
a

ti
o

n
 (

%
)

0

20

40

60

80

100

Co/INZ

Co/ANZ

 

Figure 6.7 Effect of oxone concentration on phenol reduction. Reaction 

conditions: 0.2 g catalyst, 25 ppm phenol, 25oC and stirring 

speed of 400 rpm. 

In addition, temperature is also a key factor influencing catalyst activity 

and phenol degradation. Fig.6.8 shows the effect of temperature on phenol 

degradation. Higher phenol removal was obtained at increased 

temperature. For instance, at reaction time of 3 h, removal efficiencies of 

phenol on Co/ANZ at 25, 35, and 45 oC were 45, 75 and 100%, respectively 

(Fig. 6.8B). A similar trend is also obtained on Co/INZ catalyst and the 

removal efficiencies increased from 80% at 25 oC to 100% at 35 and 45 oC.   
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Figure 6.8 Effect of temperature in phenol reduction, (A) Co/INZ catalyst, 

(B) Co/ANZ catalyst. Reaction conditions : 0.2 g catalyst, 1 g 

oxone, 25 ppm phenol solution, and stirring speed of 400 rpm. 
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For variation of phenol degradation with time, a first order model as 

shown in equation 3.7 can be applied.  

Fig. 6.8 also shows the curves of phenol degradation kinetics from the first 

order model and it is seen that phenol degradation on Co/INZ and Co/ANZ 

catalysts could be well fitted by the model. Several heterogeneous Co 

catalysts have been tested in PMS activation for phenol degradation. It was 

found that phenol degradation on Co/SiO2 [23] and Co/ZSM5 [20] 

presented zero order kinetics while Co/AC showed the first order kinetics 

[21], Chen et al [25] also found the pseudo first-order for decolourisation 

of acid orange 7 (AO7) in aqueous Co2+/oxone system. 

Fig. 6.9 shows the relationship between rate constants (k) and 

temperatures by the Arrhenius correlation. It can be seen that a good 

relationship for both catalysts was achieved and activation energies for 

phenol degradation on Co/ANZ and Co/INZ were obtained at 52.4 and 61.3 

kJ/mol, respectively. 
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Figure 6.9 Arrhenius plots of phenol degradation on Co/ANZ and Co/INZ. 
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Part B : Phenol Removal Using Co/MCM48 and Co/INZ 

6.4  Introduction 

Many chemical industries use phenol as a raw material in their process 

and discharge the toxic substance in industrial waste streams. Phenol can 

be in water, wastewater and soil and cause serious problems for human 

health. Because of its toxic effect even at very low concentration, phenol 

should be removed completely from the industrial wastes [26]. However, 

primary and secondary processes in wastewater treatment will not 

degrade phenol completely into harmless compounds such as H2O and CO2. 

Therefore, tertiary treatment of water becomes important [27].  

Further, heterogeneous catalysts can be synthesised using cheap material 

supports such as activated carbon, zeolite, silica, alumina etc., and can be 

regenerated for reuse easily [28]. Achieving good coating and dispersion of 

active metal on a support material with a high surface area is important for 

obtaining a good catalyst for heterogeneous catalytic oxidation process 

[29]. It is reported that MCM48 is one of catalyst supports containing high 

internal surface area and large pore volume [30]. Zeolites including 

natural zeolite are also important heterogeneous acid catalysts used in 

industry. They have porous structures revealing regular array of channels 

and cavities and highly hydrothermal stability, making them promising 

catalyst supports and adsorbents [31] 

The most popular method to degrade organic compounds in wastewater is 

Fenton reaction which involves of hydrogen peroxide and Fe ion to 

generate hydroxyl radicals in the solution [32]. Currently, this principle 

has been developed with many other oxidants such as 

peroxymonosulphate (PMS) and persulphate which are found more 
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effective in chemically mineralising various organic pollutants [33-35]. It 

was reported, in comparison with conventional Fenton reagent, the rate of 

organic oxidation by sulphate radicals is higher. The sulphate radicals are 

less dependent on pH in the reaction [13].   

Several types of heterogeneous catalyst including Co-oxides [15, 36], Co-

composites [37] and Co supported catalysts have been studied [20, 23, 38, 

39, 40]. The catalyst supports used are activated carbon (AC), ZSM5, silica, 

alumina, etc. In this part, we present MCM48 and natural zeolite supported 

Co catalysts in phenol degradation using peroxymonosulphate. 

6.5  Experimental 

6.5.1 Synthesis of cobalt based catalysts 

Cobalt (Co)/MCM48 and Co/Natural-Zeolite were synthesised using an 

impregnation method. A fixed amount of cobalt nitrate (Sigma-Aldrich) 

was added into 200 mL ultrapure water. Next, catalyst supports (MCM48 

and Australian Natural Zeolite) were added into the solution and kept 

stirring for 7 h. After that, the suspension was evaporated in a rotary 

evaporator at temperature of 50 0C under vacuum. The solids were dried 

in an oven at 120 0C for 6 h and then calcined at 550 0C for 6 h in a furnace.  

6.5.2 Characterisation of catalysts 

The synthesised catalysts were characterised by X-ray diffraction (XRD), 

scanning electron microscopy (SEM) with energy dispersive X-ray 

spectroscopy (EDS), and N2 adsorption. The XRD (Siemen, D501 

diffractometer) was used to identify the structural features and the 

mineralogy of the catalysts. The XRD pattern was obtained using filtered 

Cu Kα radiation with accelerating voltage of 40 kV and current of 30 mA. 
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The samples were scanned at 2θ from 5-100o. Scanning electron 

microscopy (SEM, Philips XL30) with secondary and backscatter electron 

detectors was used to obtain a visual image of the samples to show the 

texture and morphology of the catalysts with magnification up to 8,000 

times. Energy-dispersive X-ray spectroscopy (EDS) was also used to detect 

Co particles on supported catalysts. The catalysts were analysed by 

nitrogen adsorption-desorption (Autosorb-1) to identify the BET surface 

area. Prior to the analysis, the catalyst samples were degassed under 

vacuum at 200 oC for 12 h. 

6.5.3 Kinetic study of phenol oxidation 

Catalytic oxidation of phenol was conducted in 500 mL phenol solutions at 

concentrations of 25, 50, 75 and 100 ppm. A reactor attached to a stand 

was dipped into a water bath with a temperature controller. The solution 

was stirred constantly at 400 rpm to maintain homogeneous solution. A 

fixed amount of peroxymonosulphate (using Oxone®, DuPont’s triple salt 

2KHSO5KHSO4K2SO4, Aldrich) was added to the mixture until completely 

dissolved. Then, a fixed amount of catalysts (Co/MCM48 or Co/ANZ) was 

added into the reactor to start the oxidation of phenol. The reaction was 

run for 2-5 h. At some time interval, 0.5 mL of a sample was withdrawn 

from the solution and filtered using HPLC standard filter of 0.45 µm and 

mixed with 0.5 mL methanol as a quenching reagent to stop the reaction. 

Phenol was then analysed on a HPLC with a UV detector at wavelength of 

270 nm. The column is C18 with mobile phase of 30% acetonitrile and 

70% ultrapure water. For some selected samples, total organic carbon 

(TOC) was determined by a Shimadzu TOX-5000 CE analyser.  
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6.6 Result and Discussion 

6.6.1 Characterisation of Co/MCM48 and Co/ANZ catalysts 

The XRD patterns of Co/MCM48 and Co/ANZ are shown in Fig. 6.10. For 

Co/MCM48, no Co oxide peaks were observed, probably due to fine 

particles and high dispersion of active cobalt on the support surface. On 

the other hand, cobalt oxide species were found at 2θ coordinate of 26.5, 

36.8 and 42.4 and 59.50 on Co/ANZ. 

 

Figure 6.10  XRD spectra of Co/MCM48 and Co/ANZ. 

Figure 6.11 and Figure 6.12 show the SEM image with EDS spectra of 

Co/MCM48 and Co/ANZ catalysts, respectively. It is clear that the 

morphology of Co/MCM48 is in form of sphere with a particle size below 1 

micron. The BSE image (Fig. 6.11B) is brighter than the SE one (Fig 6.11A), 

which could indicate that cobalt has been well coated on MCM48 support. 

EDS spectra also show the presence of Co on the surface of MCM48. 

 ------- Co/MCM48 

 ------- Co/ANZ 

2θ 

Co3O4
 

Co3O4
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Figure 6.11. SEM images and EDS spectra of Co/MCM48, (A) SE Detector, 

(B) BSE Detector, (C) EDS Spectra with insert of spectrum 

image source 

Figure 6.12 shows that Co/ANZ presents as larger particles in different 

sizes. The BSE image (Fig. 6.12B) is much brighter than the SE one (Fig 

6.12A), indicating the presence of Co. EDS spectra (Fig. 6.12C) shows the 

presence of several other metals such as Fe, Ca, K, Si. Al, which come from 

ANZ. Some of the EDS spectra showed that no cobalt on the surface of the 

catalyst support. This suggests a low dispersion of Co metal on ANZ 

surface due to large particle size of ANZ and small surface area.  

SBET surface areas of the two catalysts were obtained from N2 adsorption. 

Co/MCM48 has a surface area of 797 m2/g while Co/ANZ only has surface 
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area of 8 m2/g. High surface area of a support made a better dispersion of 

Co on MCM48, which can be confirmed from SEM and EDS results.  

   

Figure 6.12 SEM Image and EDS Spectra of Co/ANZ, (A) SE Detector, (B) 

BSE Detector, (C) EDS Spectra with insert of spectrum image 

source                                                                                                                                                                       

 

6.6.2  Preliminary study of phenol oxidation 

A series of preliminary tests including adsorption of phenol on Co/MCM48 

and Co/ANZ were conducted and the results are shown in Figure 6.13. 

Phenol did not show degradation with Oxone®, suggesting that Oxone® 

itself could not be activated at low temperature to produce sulfate radicals. 
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Co/MCM48 presented phenol adsorption at 19% and Co/ANZ showed 

phenol removal efficiency of 11% without the presence of Oxone®. But 

Co/MCM48 and Co/ANZ could activate Oxone® to generate sulphate 

radical (SO4-•) for the reduction of phenol in solution. Co/MCM48 could 

reduce 100% phenol to zero within 20 min while Co/ANZ could only reach 

17% phenol removal efficiency in the same time. In this experiment, the 

highest phenol removal by the Co/ANZ is 77% within 5 h. The following 

reactions show the formation of sulphate radicals.  

Co2+ + HSO5– → Co3+ + SO4•– + OH–      6.4 

Co3+ + HSO5- → Co2+ + SO5-• + H+       6.5 

SO4•− + H2O → SO42− + OH• + H+       6.6 

SO4-• + organics → several steps → CO2 +H2O + SO42–   6.7 

TOC measurements showed that TOC reductions in Co/MCM48-Oxone® 

and Co/ANZ-Oxone® were 67% and 23% at 90 min, respectively. The 

lower reduction in TOC than phenol concentration was due to the 

generation of intermediates during the reaction.  

For phenol degradation, a pseudo first order kinetics was used to describe 

variation of phenol concentration versus time (Eq. 6.3).  It can be seen (Fig. 

6.13) that the first order kinetics showed a good fit to the experiment. 

Several heterogeneous Co catalysts have been tested in PMS activation for 

phenol degradation. It was found from previous research that phenol 

degradation on cobalt based catalyst zero order and firs order kinetics [20, 

21, 23, 25].  
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Figure 6.13 Preliminary test of phenol degradation by oxidation and 

adsorption 

6.6.3 Effects of reaction parameters on phenol degradation 

The influence of phenol concentration on phenol removal was shown in 

Figure 6.14. Generally, higher concentration of phenol causes the lower 

phenol removal efficiency. For instance, at the reaction time of 20 min, 

phenol conversion for 25, 50, 75 and 100 ppm on Co/MCM48 are 100%, 

81%, 39% and 10%, respectively. Complete removal of phenol at 25, 50, 

and 75 ppm could be achieved at time of 20, 60 and 120 min, respectively, 

whereas complete removal of 100 ppm phenol could not be achieved 

within 120 min. A similar tendency also occurs in Co/ANZ-Oxone® 
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system. After 20 min, phenol removal efficiencies at the concentrations of 

25, 50, 75 and 100 ppm are 10%, 6%, 3% and 2%, respectively. Phenol 

removal using Co/ANZ is relatively slower than Co/MCM48. After 5 h, 

phenol degradation at phenol concentrations of 25, 50, 75 and 100 ppm 

are 92%, 73%, 50% and 30% respectively. 

 

 

Figure 6. 14 Phenol removal using Co/MCM48 and Co/ANZ at different 

phenol concentration 

Effect of catalyst loading on phenol degradation is shown in Figure 6.15A. 

It is shown that higher catalyst loading in solution would result in higher 

phenol reduction. This is reasonable because increased amount of catalyst 

will increase phenol adsorption and also the available catalyst sites to 

activate PMS. Therefore, more catalysts will make reaction rate much 

faster. For Co/MCM48, at loading of 0.05 g, 0.1 g and 0.2 g, phenol removal 

efficiency at 120 min are 20%, 79% and 100%, respectively. Due to low 

efficiency in phenol degradation (20% in 2 h) on Co/MCM48 at loading 

under 0.1 g in solution, an optimal loading at 0.2 g Co/MCM48 in solution 

(0.4 g/L) was selected. 
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A similar trend was occurred with Co/ANZ. For instance, at 2 h, Co/ANZ at 

0.05 g, 0.1 g and 0.2 g in solution resulted in 14%, 27% and 30% of phenol 

conversion, respectively. From the experiment data, it can be seen that 

Co/ANZ showed much slower rate in phenol degradation than Co/MCM48.   

 

 

Figure 6.15 Phenol removal using Co/MCM48 and Co/ANZ (A) Different 

amount of catalyst loading (B) Different Oxone® 

concentration 

As a source of PMS, Oxone® also plays an important role in phenol 

degradation through the heterogeneous catalytic oxidation process. The 

effect of Oxone® concentration on phenol removal is presented in Figure 

6.15B. Higher Oxone® concentration will cause the phenol removal faster. 

This is because of high generation of sulfate radicals in solution. For 

Co/MCM48, 1 g Oxone® in solution is the optimal because phenol 

conversion reaches 100% at 90 min. For Co/ANZ, phenol degradation 

increases with increasing concentration of Oxone® showing 24%, 29%, 

39% and 54% in 90 min at 0.25, 0.5, 1  and 2 g Oxone®, respectively. 

A B 
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Figure 6.16 Effect of temperature on phenol removal, (A) Co/MCM48 and 

(B) Co/ANZ 

The effect of reaction temperature on phenol degradation is shown in Fig. 

6.16. As can be seen, temperature showed quite significant impact on 

phenol oxidation process using either Co/MCM48 or Co/ANZ. From these 

experiments, complete removal using Co/MCM48 at 35 and 45oC occurred 

at 60 and 30 min, respectively. While at 25oC, complete removal could not 

be reached within 2 h. For Co/ANZ, complete removal of phenol could not 

be reached within 5 h at temperatures of 25 and 35oC, while complete 

removal of phenol could be obtained at temperature 45o C in 3 h. 
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Figure 6.17 Arrhenius plots of phenol degradation on Co/MCM48 and 

Co/ANZ 

Based on the first order kinetic model, the reaction rate constants were 

obtained for both catalysts at three different temperatures. The Arrhenius 

plots were presented in Fig. 6.17. It can be seen that a good correlation 

between rate constant and temperature for both catalysts was achieved 

and activation energies for phenol degradation on Co/MCM48 and Co/ANZ 

were derived as 80.3 and 52.4 kJ/mol, respectively. Table 6.1 shows the 

activation energies of some catalysts for phenol degradation using 

Oxone®. Compared with other supported Co catalysts, Co/MCM48 has 

higher activation energy and Co/ANZ shows a medium value of activation 

energy. 
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Table 6.1 Activation energies of heterogeneous catalysts with PMS for 

phenol degradation. 

Catalyst 
Activation energy 

(kJ/mol) 
Reference 

Co/SiO2 61.7- 75.5 [23] 

Co/SBA-15 67.4 [22] 

Co/ZSM5 69.7 [20] 

Co/AC 59.7 [21] 

Co/CX 48.3- 62.9 [41] 

Ru/AC 61.4 [42] 

Ru/ZSM5 42.2 [42] 

Co/MCM48 80.3 This work 

Co/INZ 61.3 This work 

Co/ANZ 52.4 This work 
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6.7 Conclusions  

Synthesis of zeolite and MCM48 based catalysts has been well done by 

dispersing active metal cobalt on the support material surface through 

impregnation. Characterization results by XRD and SEM-EDS confirm that 

the active metal cobalt on the support surface is in form of Co3O4. In 

oxidation tests, Co/MCM48, Co/INZ and Co/ANZ are effective catalysts for 

generating sulphate radicals in the presence of PMS to degrade phenol. 

Among these three catalysts, Co/MCM48 has the best activity in removing 

phenol than Co/INZ and Co/ANZ. Further, phenol removal is a 

combination of oxidation and adsorption processes. The concentration of 

phenol, catalyst loading, concentration of oxone, and temperature are key 

parameters affecting the reaction rate in phenol degradation. Kinetic 

studies show that phenol oxidation on the Co/MCM48, Co/INZ and 

Co/ANZ follows the first order reaction with the activation energies of 

80.3, 61.3 and 52.4 kJ/mol, respectively. 
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Chapter-7 

Photocatalytic oxidation in phenol removal 

using Ru/TiO2 and Ru/Al2O3 catalysts 

 

 
Abstract 

 

Ru/TiO2 and Ru/Al2O3 catalysts have been synthesized using impregnation 

method followed by calcination at temperature of 550 0C. The synthesized 

catalysts were characterized by XRD, SEM and EDS. Based on 

characterization results, the active phase of Ru in form of RuO2 was well 

dispersed on the support surface. The catalysts were then used in 

photocatalytic oxidation of phenol in the presence of peroxymonosulphte 

(PMS) as an oxidant and UV-light from a Mercury lamp which is 

categorized as UV-C, with wavelength in range of 200-280 nm. Both 

catalysts are effective for application of photocatalytic oxidation of phenol 

in the presence of PMS and UV.  Further, activation of PMS for the 

production of sulphate radicals for phenol degradation in this study is 

generated by the interaction PMS-Catalyst and PMS-UV. The photo 

catalysts of Ru/TiO2 and Ru/Al2O3 can increase the removal efficiency of 

10-15%. The activity in phenol removal of Ru/TiO2-PMS-UV is slightly 

higher than Ru/Al2O3-PMS-UV. Both catalysts also showed good 

performance in the second and third runs after regeneration for multiple 

uses. Kinetic studies showed that phenol oxidation on the catalysts, 

Ru/TiO2 and Ru/Al2O3 in the presence of PMS and UV follows the first 

order reaction.   
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7.1 Introduction 

 

Generally, the removal technique of pollutants from waste water using 

sunlight such as UV-light is called photolysis. In this process, wastewater 

solution is irradiated with UV to produce hydroxyl radicals which is 

playing as an oxidant agent in the degradation of organic waste in the 

water.  

Removal efficiency of these contaminants will be better with the addition 

of semi-conductors such as TiO2, ZnO, Al2O3 and others. The 

semiconductor absorbs the UV radiation more efficiently than pollutants 

to produce active hydroxyl radicals.  To date, TiO2 photocatalyst has been 

the more widely used than other metal oxides such as ZnO, ZrO2, SrO2, CdS 

etc [1]. 

 

TiO2 has been extensively used due to low cost, low toxicity, chemical and 

photochemical stability, high photocatalytic activity, and 

biocompatibility [2-3]. However, some drawbacks of TiO2 such as the low 

quantum yield of TiO2 for practical applications, a high refractive index 

and limited photoactivity have been reported [4-8]. Further, TiO2 generally 

has relatively low surface area which influences the adsorption of organic 

pollutants on the surface particle and also reduces photocatalytic activity 

[9]. 

Some works are developed to overcome the disadvantages of pure TiO2 

such as mixed-phase of TiO2, which includes anatase–rutile, anatase–

brookite, brookite–rutile, and anatase–TiO2 (B) [10-14]. One of the TiO2 

mixed phase is Degussa P25, which consists of 80% anatase and 20% 

rutile. This material exhibits higher photocatalytic activity than its pure-

phase of TiO2.  
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To enhance the photocatalytic activity TiO2 can be done in some 

modification such as TiO2 doping with other metals or noble metals [15-

16]. Another is immobilization of TiO2 over support materials which have 

high surface areas, such as activated carbon, zeolite, silica, and Al2O3 [18-

21]. By using this method, the surface area as an important factor 

influencing adsorption rate and photocatalytic efficiency, will increase 

significantly. Then the surface area determined pre-adsorbed pollutant 

molecules on TiO2 particles facilitates degradation [17]. Some researchers 

also reported that ZnO which has a band gap of 3.2 eV is an effective 

catalyst in oxidation of dyes, penolic compound and also on the treatment 

of groundwater pollutants [22-24]. In another recent study, Al2O3 was also 

found to be a sensitive photocatalyst under UV illumination [9].  

A further development is reported that the addition of small amounts of 

oxidants such as hydrogen peroxide results in the more active hydroxyl 

radical formation. The combination of oxidants and photocatalyst will have 

an excellent performance in removal of highly refractory compounds. In 

addition to hydrogen peroxide and ozone, other oxidants include 

peroxymonosulfate (PMS). The PMS can generate sulfate radicals by UV or 

catalyst and has lot of interest due to the high redox potential. Several 

studies have reported about the use of sulfate radicals in the 

photocatalytic oxidation of organic contaminants in wastewater in the 

presence of TiO2 and UV-light radiation [25-29]. 

In this chapter, we conducted photocatalytic oxidation of phenol by using 

photocatalyst of Ru impregnated TiO2 and Al2O3 in the presence of PMS as 

an oxidant and UV-light.  
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7.2 Experimental 

7.2.1 Experimental setup of photocatalytic oxidation 

The photocatalytic experiment is run in a 1 liter double jacket reactor 

which was placed in UV cupboard with a constant mixing at 400 rpm. The 

reactor was irradiated with a 500 W (max) of UV-Mercury lamp which is 

categorized as UV-C, with wave length in range of 200-280 nm from the 

lamp housing of Oriel 66905 powered by Newport 69911. The radiation 

temperature was controlled by cooling water which was flowed through 

an external jacket in the housing lamp. The cooling water was also 

circulated through the reactor jacket to control reaction temperature. An 

external tube was dipped in reactor for sample withdrawal at a certain 

time.  The experimental setup sketch can be seen in Fig. 7.1. 

 

 

Figure 7.1 Experimental setup of photocatalytic oxidation 
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7.2.2 Synthesis of ruthenium catalysts on TiO2 and Al2O3 supports 

Ru/TiO2 and Ru/α-Al2O3 catalysts were synthesized following a general 

impregnation method. A fix amount of ruthenium chloride (Sigma-Aldrich) 

was added into 200 mL ultrapure water until the ruthenium compound 

was dissolved. Next, TiO2, (Degussa P25, surface area 55.5 m2/g, obtained 

from Degussa, Germany) was added to the solution and kept stirring for 24 

h. The amount of Ru were calculated to meet the Ru loading ratio of 5 wt% 

agains TiO2. The suspension was then evaporated in a rotary evaporator at 

temperature of 50 0C under vacuum. Further, the catalyst was recovered 

and dried in an oven at 120 oC for 6 h. Calcination of the catalyst was 

conducted in a furnace at 550 oC for 6 h in air. Then the catalyst was stored 

in a desiccator until use. The same method was also conducted to 

synthesize Ru/α-Al2O3.  

 

7.2.3 Characterisation of catalysts 

Both synthesised catalysts of Ru/TiO2 and Ru/αAl2O3 were characterised 

by X-ray diffraction (XRD), scanning electron microscopy (SEM) with 

energy dispersive X-ray spectroscopy (EDS), and N2 adsorption. The XRD 

(Siemen, D501 diffractometer) was used to identify the structural features 

and the mineralogy of the catalysts. The XRD pattern was obtained using 

filtered Cu Kα radiation with accelerating voltage of 40 kV and current of 

30 mA. The samples were scanned at 2θ from 5-100o. Further, to obtain a 

visual image and identify the texture and morphology of the catalysts, SEM 

(Philips XL30) with secondary and backscatter electron detectors was 

used. Energy-dispersive X-ray spectroscopy (EDS) was also used to detect 

Ru particles on TiO2 and Al2O3 supported catalysts.  
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7.2.4 Kinetic study of phenol photocatlytic oxidation 

Phenol (Aldrich) was used to prepare a stock of 5000 ppm. From this stock 

solution four different concentrations of phenol of 25, 50, 75 and 100 ppm 

were made and used in catalytic oxidation of phenol.  The solution was 

stirred constantly at 400 rpm to maintain homogeneous solution. Next, a 

fixed amount of peroxymonosulphate (Oxone®, DuPont’s triple salt 

2KHSO5KHSO4K2SO4, Aldrich) was added to the mixture until completely 

dissolved. Then, a fixed amount of catalysts Ru/TiO2 or Ru/α-Al2O3 was 

added into the reactor. And finally, the power of UV-light which has 

different power 200, 300 and 500 W was switched on to start the 

oxidation of phenol. The reaction was run for 1 h and at the fixed time 

interval, 0.5 mL of a sample was withdrawn from the solution and filtered 

using HPLC standard filter of 0.45 µm and mixed with 0.5 mL methanol as 

a quenching reagent to stop the reaction. Phenol was then analysed on a 

HPLC consisted of isocratic pumps from Varian with a UV-Vis detector at 

wavelength of 270 nm. The column is C18 with mobile phase of 70% 

acetonitrile and 30% ultrapure water. Furthermore, the spent catalyst was 

recovered after each run from the reaction mixture by filtration and 

washed thoroughly with distilled water and dried at 70 0C for reuse. 

 

7.3 Results and Discussion 

7.3.1 Characterisation of ruthenium impregnated TiO2 and Al2O3  

The characterization of synthesized catalysts shows that the active metal 

of Ruthenium has been well dispersed and coated on the support surface 

of titanium oxide and alumina. The active phase of ruthenium is in form of 

RuO2 at XRD 2θ pattern peaks of 28, 35, 40 and 54.30 as can be seen in Fig. 

7.2 below. 
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Figure 7.2 XRD pattern of Ru/TiO2 and Ru/Al2O3 

The presence and dispersion of active metal ruthenium on the support 

surface were also confirmed by EDS spectra as can be seen in Fig. 7.3 and 

Fig. 7.4. Among five spectrum spot selected, all indicate that there are 

ruthenium on surface of titanium oxide and alumina.  

                 Ru/Al2O3 

                 Ru/TiO2 

RuO2 : 280 

RuO2 : 350 

RuO2:400 
RuO2 : 54.30 
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Figure 7.3 EDS Spectra of Ru/ α-Al2O3   

 

 

Figure 7.4 EDS Spectra of Ru/ TiO2 

Spectrum 1 
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Figure 7.5 SEM Image of Ru/TiO2, (A) SE detector, (B) BSD detector 

A 

B 
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Figure 7.6 SEM Image of Ru/Al2O3, (A) SE detector, (B) BSD detector 

A 

B 
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Further, SEM images as shown at Fig. 7.5 and 7.6 describe the morphology 

of both catalysts of Ru/TiO2 (Fig.7.5) and Ru/Al2O3 (Fig. 7.6). As seen in the 

picture, Ru/TiO2 has much smaller particle size than Ru/Al2O3. The 

presence of ruthenium on the support surface was also analysed by 

secondary electron detector (SE) and backscattered detector (BSD) of 

SEM. By using BSD detector at the same area, the presences of ruthenium 

specks are seen at the brighter area in the catalyst particles. It implies that 

ruthenium is well coated in the titanium oxide (Fig. 7.5B) and alumina (Fig. 

7.6B).  

7.3.2 Preliminary study of photocatalytic oxidation of phenol 

Preliminary tests of photocatalytic oxidation with various samples are 

shown in Fig. 7.7. The process was run at reaction conditions of 0.2 g 

catalyst loading, 1 g of Oxone ® in 500 mL phenol solution of 50 ppm, 25 

0C, stirring speed of 400 rpm and 300 Watt UV-light.  

Generally, it is seen that a process involving the catalyst and UV-light give 

better phenol removal efficiency. As shown in Fig. 7.7, complete removal of 

phenol by a combination of catalysts Ru/TiO2, Oxone and UV reaction can 

be achieved within 60 minutes. In the same time, photocatalitic oxidation 

using Ru/Al2O3, Oxone and UV provides about 90% removal efficiency. 

Similar trend is also seen using TiO2/Oxone/UV system. It can be seen that 

Ru/TiO2 showed slightly better performance than Ru/Al2O3. Another 

interesting fact is that the phenol removal efficiency can reach 85% by 

simply using UV and Oxone only. This means that the presence of a catalyst 

Ru/Al2O3 or Ru/TiO2 in the treatment system only improves phenol 

removal efficiency in the range of 10-15%. Further, it is also confirmed 

that UV-light is effective to generate sulfate radical of PMS (Oxone) to 

degrade phenol as seen in the following Eq. 7.1. 
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Figure 7.7 Phenol removal in adsorption and photocatalytic oxidation 

On the other hand, the presence of photocatalysts of Ru/TiO2 and Ru/Al2O3 

gives additional acceleration in sulfate radical production in photocatalytic 

oxidation system. As can be seen from XRD spectra that the main active 

phase of the catalyst would be RuO2 therefore, it is believed that the 

phenol removal mechanism is as presented below.  

S-Ru(IV) + HSO5− → S-Ru(III) + SO5−• + H+     (S: solid surface)  7.3  

S-Ru(III) + HSO5− → S-Ru(IV) + SO4−• + OH−                                                 7.4 

C6H5OH + SO4−•  → several steps → CO2 + H2O                          7.5 

After their regeneration by water washing, both Ru/TiO2 and Ru/Al2O3 

catalysts were also tested for multiple uses (Fig. 7.8). It can be seen that, 
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both catalysts showed somewhat deactivation in the second and third 

runs. However, the deactivation was not so significant. The deactivation 

occurs presumably due to adsorption of intermediates and a small portion 

of loose ruthenium leaching from the supports of TiO2 and Al2O3.  

 

Figure 7.8 Phenol removal in multiple use of photocatalyst (A) Ru/TiO2 

and (B) Ru/Al2O3 at  50 ppm, at 1 g Oxone, 0.2 g catalyst, 250C, 200W UV 

 

7.3.3 Effect of UV-light intensity on phenol removal  

It is well know that UV radiation is defined as the electromagnetic 

radiation with wave length range of 10-400 nm. The UV itself consists of V-

UV (vacuum UV, 100-200 nm), UV-C (200-280 nm), UV-B (280-320 nm) 

and UV-A (320-400 nm) as described in Fig. 7.9 [30]. This research used 

three different UV-light intensities of 200W, 300W and 500W.  Among 

them the 300W power of UV has the optimum result in phenol removal.  

The UV-light source is Mercury Lamp which irradiaties the UV-C light with 

wavelength in range of 200-280. This kind of UV is the UV spectral range of 

interest for the UV photolysis application [30].  

A B 
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Figure 7.9 Spectrum of the electromagnetic radiation 

 

Figure 7.10 Photocatalytic oxidation of phenol at different UV-light 

intensity, (A). Ru/TiO2 catalyst and (B). Ru-Al2O3 catalyst. 

Further, the effect of UV-light intensity on phenol removal is presented in 

Fig. 7.10. As can be seen, at 60 minutes, complete removal of phenol can be 

reached using UV power of 300W and 500W while about 75% of phenol 

removal by 200W. Similar result is presented in Fig. 7.10B using Ru/Al2O3, 

complete removal of phenol is reached within 100 minutes at 300W and 

500W of UV power while at 200W, 60% of removal efficiency is obtained.   

A B 
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7.3.4 Effects of reaction parameters on phenol removal 

The first parameter is the effect of catalyst loading on phenol degradation. 

According to Fig. 7.11, the greater of the amount of catalyst used, the 

higher of phenol reduction efficiency is. This phenomenon is reasonable, 

because increasing the amount of catalyst will increase the adsorption and 

also the availability of catalyst sites to activate oxone. The same trend also 

occurred with Ru/Al2O3 in Fig. 7.11B. For instance, at reaction time of 60 

minutes, removal efficiency of 80%, 70% and 40% can be obtained by 

catalyst loading of 0.2g, 0.1g and 0.05g respectively. However, at 120 

minutes, the removal efficiency seems not too different. It is probably due 

to low amount of remaining phenol in the treatment system.  

 

Figure 7.11 Phenol removal in different catalyst loading (A) Ru/TiO2 and 

(B) Ru/Al2O3 at  50 ppm, at 1 g Oxone, 250C, 200W UV 

 

A B 
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Figure 7.12 Phenol removal in different concentrations of phenol (A) 

Ru/TiO2 and (B) Ru/Al2O3 at  0.2g catalyst, 1 g Oxone, 250C, 200W UV 

 

 

Figure 7.13 Phenol removal in different Oxone concentration (A) Ru/TiO2 

and (B) Ru/Al2O3 at  0.2g catalyst, 1 g Oxone, 250C, 200W UV 

 

The second parameter measured in this study was phenol concentration in 

a range of 25 - 100 ppm, as shown in Fig. 7.12. Generally, removal 

efficiency of phenol decreases with increasing phenol concentration. For 

instance at 120 minutes phenol removal efficiency on Ru/TiO2 at 

A B 

A B 
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concentrations of 25 ppm, 50 ppm, 75 ppm and 100 ppm are  95.67%, 

90.16%, 68.72% and 55.88% respectively. Similar trend is also found in 

Ru/Al2O3.  

 

The third parameter investigated is oxone concentration. Figure 7.13A 

(Ru/TiO2) shows that increased concentration of oxone in a solution will 

accelerate phenol removal. By using 2g oxone, complete removal can be 

achieved in about 80 minutes. Similar trend is also observed in Fig. 7.13B 

using Ru/Al2O3 even with removal efficiency slightly lower than Ru/TiO2. 

The increase of reaction rate at the increased oxone concentration is 

caused by higher production of sulphate radical for reducing phenol.  

 

7.3.5 Phenol photocatalytic oxidation kinetics 

Phenol degradation in photocatalytic without an oxidant is occurred with 

heterogeneous reaction in the catalyst surface. Basically, phenol is directly 

oxidized on the active holes on catalyst surface. So intermediate compound 

is formed and continued with the formation of end products. However, by 

adding an oxidant such as PMS, the main process will be the formation of 

sulfate radical which is generated by interaction between PMS and the 

catalyst (Ru/TiO2 or Ru/Al2O3) or caused by interaction between PMS and 

UV-light. The phenol molecule reduction is fit with the first order kinetics. 

A general equation of the pseudo first order kinetics can be used, as shown 

in the following equation.  

  

  
                7.6 

Where k is the first order rate constant of phenol removal, C is the 

concentration of phenol at various time, Co is the initial concentration of 
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phenol. By integrating the equation above, the profile decrease in phenol 

concentration can be further elaborated in the following equation. 

                    7.7 

The Eq. 7.7 become  

ln (C/C0) = -k.t        7.8 

The rate constant can be determined by plotting of ln(C/C0) with time, as 

presented in Fig. 7.14. 

 

Figure 7.14 Pseudo first order kinetics (A). Ru/TiO2 and (B). Ru/Al2O3 

From data fitting, it is obtained that this reaction can be represented by 

the pseudo first order kinetics. This can be validated from the values of R2, 

which are above 0.9 as shown in Table 7.1. The calculated rate constants 

are also presented in Table 7.1. The rate constant (k) shows that in general 

the value of k for Ru/TiO2 is higher than Ru/Al2O3, which means the 

Ru/TiO2 is able to degrade phenol more rapidly than Ru/Al2O3. 

 

 

 

 
A B 



 

200 
 

Table 7.1 The rate constants at various concentrations of phenol 

Catalyst 
Phenol Concentration 

25 ppm 50 ppm 75 ppm 100 ppm 
k R2 k R2 k R2 k R2 

Ru/TiO2 0.0232 0.9767 0.0195 0.9809 0.01 0.9903 0.0071 0.9908 
Ru/Al2O3 0.016 0.9666 0.0108 0.9255 0.0056 0.9675 0.0011 0.9863 

 

7.4 Conclusion 

Two photocatalysts of Ru/TiO2 and Ru/Al2O3 have been successfully 

synthesized using an impregnation method. Both catalysts are effective for 

application of photocatalytic oxidation of phenol in the presence of PMS 

and UV-light. In this study, phenol can be removed within 1 hour from the 

solution.  Activation of PMS for the production of sulphate radicals for 

phenol degradation is generated by the interaction PMS-Catalyst and PMS-

UV. The photocatalysts of Ru/TiO2 and Ru/Al2O3 can increase the phenol 

removal efficiency by 10-15%. The activity in phenol removal of Ru/TiO2-

PMS-UV is slightly higher than Ru/Al2O3-PMS-UV. Both catalysts also 

showed good performance in the second and third runs after regeneration 

for multiple uses. The concentration of phenol, catalyst loading and 

concentration of Oxone® are important parameters that affect the 

reaction rate in removing phenol. Kinetic studies showed that phenol 

oxidation on the catalysts, Ru/TiO2 and Ru/Al2O3 in the presence of PMS 

and UV light follows the first order reaction.   
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Chapter-8 

Conclusions and Future Work 

 

8.1 Concluding remarks 

The main objective of this research mentioned in Chapter 1 of this thesis 

has been well achieved. Several heterogeneous catalysts based on cheap 

and easy obtained material supports such as Activated Carbon (AC), Fly 

Ash (FA, Australian: FA-WA, Brazilian: FA-JL and FA-CH), Red Mud (RM: 

treatment and non treatment), Natural Zeolite (Indonesian: INZ, 

Australian: ANZ), ZSM5 and MCM48 have been successfully synthesized 

using an impregnation method. The active metals of Ruthenium (Ru) and 

Cobalt (Co) have been well coated and dispersed on to the support 

material surface by impregnation. Further, the synthesized catalysts of 

Ru/AC, Ru/ZSM5, Ru/Al2O3, Ru/TiO2, Ru/MCM48, Co/FA, Co/RM, Co/NZ, 

Co/MCM48 have been tested in heterogeneous catalytic oxidation of 

phenol for waste water treatment in the presence of Oxone®. Particularly 

for Ru/Al2O3 and Ru/TiO2 catalysts, they have been tested in 

photocatalytic oxidation of phenol under UV-light. It is proved that the 

active metals impregnated on the support materials have been well in 

generation of sulfate radicals from peroxymonosulphate (PMS) which 

serves as an oxidant agent to degrade phenol contaminant from aqueous 

solutions. The catalyst activity in the phenol removal varies with a main 

order of Co/AC = Ru/AC > Co/MCM48 > Ru/ZSM5 = Co/RM-T > Co/FA-JL. 

In this relation, AC that has large pore volume and surface area and 
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MCM48 which has a very small particle size exhibit the best results as a 

support. In the photocatalytic system, the activation of PMS is occurred by 

the interaction PMS-Catalyst and PMS-UV. The photocatalysts Ru/TiO2 and 

Ru/Al2O3 can increase the phenol removal efficiency by 10-15% 

comparing the combination of PMS/UV. Further, it was observed that 

catalyst loading, phenol concentration, oxidant concentration and 

temperature are the major factors influencing oxidation process of phenol. 

It is also noted that degradation of phenol in heterogeneous catalytic 

oxidation is a combination of oxidation and adsorption process. However 

oxidation is much faster than adsorption.  

 

8.1.1   Activated Carbon and ZSM5 Supported Ruthenium Catalysts 

1. Activated Carbon (AC) and ZSM5 supported Ruthenium (Ru) catalysts 

have been successfully synthesized using an impregnation method. 

According to characterization by XRD, SEM and EDS, the active metal 

species of Ru and RuO2 are well coated and dispersed on to the support 

materials.  

2. Nitrogen (N2) adsorption for pore size distribution and specific surface 

area (SBET) shows that RuO2/AC has a higher surface area (1178 m2/g) 

than RuO2/ZSM5 (386 m2/g). Further, RuO2/AC also has a higher pore 

volume (0.108 cm3/g) than RuO2/ZSM5 (0.085 cm3/g). However, both 

RuO2/AC and RuO2/ZSM5 have a similar pore radius of 15.6 Å and 15.7 

Å. According to the pore radius, both catalysts are microporous 

materials. 

3. Both RuO2/AC and RuO2/ZSM5 are highly effective in heterogeneous 

activation of peroxymonosulphate to produce sulphate radicals to 

degrade phenol. Complete removal of phenol using RuO2/AC and 

RuO2/ZSM5 can be reached in 20 min and 60 min, respectively, at 
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reaction conditions of 50 ppm phenol, 0.2 g catalyst, 1 g Oxone® in 500 

mL solution at  25 0C. 

4. Kinetic studies proved that a pseudo first order kinetics would fit to 

phenol decomposition and the activation energies for RuO2/AC and 

RuO2/ZSM5 were obtained to be 61.4 and 42.2 kJ/mol, respectively.  

 

8.12  Coal Fly Ash and Red Mud Supported Cobalt Catalysts 

 
1. Three types of Fly Ashes (FA-WA, FA-JL and FA-CH) and two Red Mud 

samples (RM-NT and RM-T) impregnated active metal Co with active 

species of Co3O4 have been successfully synthesized. Based on the 

characterization, the contents of SiO2 and Al2O3 are above 70% for all 

types of FA catalysts.  

2. FA and RM supports themselves did not show adsorption of phenol and 

could not activate peroxymonosulfate for sulphate radical generation. 

However, FA and RM supported Co oxide catalysts presented higher 

activities in activation of peroxymonosulfate for phenol degradation 

than bulk Co oxide and their activities varied depending on the 

properties of fly ash and red mud supports.  

3. Generally, FA based catalysts exhibit lower activity than RM systems. 

Among FA catalysts, Co/FA-JL showed the highest while Co/FA-WA 

showed the lowest activity. On the other hand, Co/RM-T can completely 

remove phenol in 60 minutes which is better than Co/RM-NT. For both 

catalysts, phenol degradation followed the first order kinetics and the 

activation energies for Co/RM and Co/FA are 66.3 and 47.0 kJ/mol, 

respectively. 
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8.1.3 Natural Zeolite and MCM48 Supported Cobalt Catalysts 

 
1. Preparations of zeolite and MCM48 catalysts have been well done by 

dispersing active metal cobalt on the support material surface through 

impregnation. Characterization results by XRD and SEM-EDS confirm 

that the active metal cobalt on the support surface is in form of Co3O4.  

2. The three catalysts of Co/MCM48, Co/INZ and Co/ANZ are effective 

catalysts for generating sulphate radicals in the presence of 

Peroxymonosulphate (PMS) to degrade phenol. Among these three 

catalysts, Co/MCM48 has the best activity in removing phenol which 

completes removal of phenol in 40 minutes than the other two with the 

activity order of Co/MCM48 > Co/INZ > Co/ANZ.  

3. Kinetic studies show that phenol oxidation on the Co/MCM48, Co/INZ 

and Co/ANZ follows the first order reaction with the activation 

energies of 80.3, 61.3 and 52.4 kJ/mol, respectively. 

 

8.1.4 Ru/Al2O3 and Ru/TiO2 Catalyst on Photocatalytic Oxidation of 

Phenol in the present of oxidant and UV-light 

1. Photocatalysts of Ru/TiO2 and Ru/Al2O3 have been successfully 

synthesized using impregnation followed by calcination at temperature 

of 550 0C for 6 hours in air. The XRD, SEM and EDS characterizations 

confirm that the active phase of ruthenium in form of RuO2 has been 

well coated and dispersed on the supports. The catalysts are effective 

to activate PMS and generate sulfate radicals for phenol removal.  

2. This research also confirms that UVC from Mercury lamp is very 

effective to generate sulfate radical from PMS. Therefore, the activation 

of PMS for the production of sulphate radicals in this study is generated 

by the interaction PMS with Catalyst and PMS with UV. Further, 

combination of Ru/TiO2-Oxidan-UV and Ru/Al2O3-Oxidant-UV can 
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increase the phenol removal efficiency about 10-15% compared with 

Oxidant-UV system only. 

3. The activity in phenol removal of Ru/TiO2-PMS-UV is slightly higher 

than Ru/Al2O3-PMS-UV. Both catalysts also showed good performance 

in the second and third runs after regeneration for multiple uses.  

4. Kinetic studies showed that phenol oxidation on the catalysts Ru/TiO2 

and Ru/Al2O3 in the presence of PMS and UV light follows the first 

order reaction 

 

8.2 Scope of Future Work 

 
1. This research focused on impregnation of active metals of Ru and Co on 

the cheap and easily obtained material supports such as AC, FA, RM, NZ 

etc. The synthesized catalysts presented very good performance in 

phenol oxidation in the presence of PMS. For the future work, it is 

recommended to conduct the catalyst test with other oxidants such as 

peroxide, persulphate, permanganate, ozone etc. Further, the catalyst 

synthesis on similar supports using the other active metals such as Zn, 

Mn, Ce etc., is also valuable to be implemented. Further, it was also 

found that little amount of active metal was leach out into the solution.  

So that it is recommended to examine further the detail of catalyst 

leaching. 

2. In the examination of some synthesized catalysts by using SEM-EDS, it 

was observed that the dispersed active metals Ru and Co on the 

support surface was not spred evenly. EDS spectrum spot showed that 

there are much surface not coated by the active metal. As a result, the 

performance of catalysts was not optimal in oxidizing phenolic 

contaminants.  Therefore, for the future work, it is needed to improve 

impregnation method by enhancing initial concentration of active 
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metal, refine particle size support, increasing stirring and impregnation 

time, optimizing of drying rate and calcination temperature. 

3. One of the TiO2 drawbacks in relation with its activity on photocatalytic 

oxidation is its surface area which is relatively low. On the other hand, 

surface area is an important factor influencing adsorption rate, and 

photocatalysis. Therefore, for the future work, it is essential to  

immobilize TiO2 and other active metal over support materials which 

have high surface areas, such as activated carbon, zeolite, silica etc.  
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