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Summary 

	

This research is focused on catalytic oxidation of toxic organics in aqueous solution 

for wastewater treatment. Active metals, manganese (Mn), cobalt (Co) and Iron (Fe) 

have been used to synthesize several catalysts such as α-, β-, γ-MnO2, MnO, α-

Mn2O3, γ-Mn3O4, α-Mn2O3@α-MnO2 core/shell, Mn/AC, Mn/GO, Co3O4, Fe3O4, 

using  hydrothermal, solvothermal, sol-gel, and impregnation methods. Those 

synthesized catalysts have been characterized and tested in heterogeneous activation 

of peroxymonosulfate for phenol degradation in aqueous solutions. They showed 

varying activities in activation of peroxymonosulfate to generate sulfate radicals for 

phenol degradation, depending on surface area, crystalline structure, and oxidation 

states. Further, it was observed that adsorption may increase the probability of 

reaction between peroxymonosulfate and phenol, and phenol degradation on all 

heterogeneous catalysts followed the first-order kinetics. Moreover, it was also found 

that several parameters such as the concentration of phenol, catalyst loading, 

peroxymonosulfate loading, and temperature are key factors affecting the phenol 

oxidation process. 
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1.1 Wastewater management 

Worldwide attention to the problem of clean water is increasing day by day. This is 

because of the increasing need for clean water with the increase in population and 

economy[1]. The main concern in this case is not due to depletion of fresh water, but 

the damage done by industrial and human activities. Thus, fresh water is one of the 

most challenges for health, agriculture, energy and urbanization [2]. 

Water resources available today are not abundant as it seems before, because only a 

very limited amount of available water resources can be used without any treatment. 

Based on current estimation, the total volume of water in the Earth is about 1.4 billion 

cubic kilometers (km3). However, almost 97.5% or 1.36 billion km3 are saline water 

and only 2.5% is fresh water. Approximate 69% of the total fresh water are in the 

form of ice or snow found in Antarctica and in the mountainous regions. Only a small 

fraction at about 0.26% can be used for human purposes, which are located in lakes, 

reservoirs and rivers (Figure 1.1).  Furthermore, the use of fresh water can be divided 

into three main activities, agriculture, industry and domestics. Agriculture is the 

biggest user at around 70% of the total fresh water, followed by industry at 25% and 

5% by domestics [3]. In agriculture, water is used for irrigations to maximize food 

supply for humanity, so that the intensive development of irrigation can be found in 

almost every country [4]. While in industry, water is used for various purposes such 

as cooling, transport and cleaning, as solvents, as well as the raw materials for the 
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production of products. Thus agriculture and industry are major polluters of natural 

bodies of water [5]. 

 

 

 

 

 

 

 

 

 

 
Figure 1.1 Total volume of water in the Earth. (A) total global water, (B) total global 

fresh water [5]. 

 

In most cases, the main contaminants originated from agriculture are pesticides 

(insecticides and herbicides) [6], while from the industry they are  by-products of the 

activities [7]. Since only a small amount of water is available for human needs, 

therefore it is important to preserve water resources for future generations by the 

ways of not being discharged of pollutants into water bodies. 

In order to manage environmental pollution, many countries have designed 

environmental regulations regarding the maximum threshold allowed for a variety of 

toxic organics that can be disposed of in the environment,  for instance, 0.5 mg/L of 

phenol in water stream for Australia wastewaters [8, 9]. Thus, the environment can be 

protected and maintained properly. However, even with the strict regulations the 

water resources are still a major problem. Therefore, it is important to develop a 
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OR

waste treatment technology that can destroy pollutants into non-toxic compounds or 

biodegradable end products.  

In general, contaminants are categorized into two broad classes which are organic and 

inorganic. Some organic pollutants in water include a wide spectrum of chemicals 

such as pesticides, food processing wastes, volatile organic compounds (VOCs), 

dense non-aqueous phase liquid, petroleum hydrocarbon, detergents, dyes, acidity 

caused by industrial discharge, etc. [10].  As seen, there are so many different types 

of organic waste in wastewater, however one of the most important classes is phenol 

and derivatives due to their strong toxicity to many living organisms even at low 

concentrations [11]. These pollutants have been considered on the EPAs priority list 

since 1976 [12]. Phenol and its derivatives can be found from many industries as by-

products such as petroleum refining, petrochemical, pharmaceutical, plastic and 

pesticide chemical industries, etc. [13, 14]. 

Phenol is a monohydroxy derivative of benzene, colourless, crystalline substance. 

The compound has a molecular formula of C6H5OH, and a molecular weight of 94.1 

g/mol. The chemical structure of phenol can be seen in Figure 1.2. Phenol's solubility 

in water is variable between 0-65 oC, but it is highly soluble in most organic solvents 

[15]. Furthermore, colorless and easily soluble in water causes this compound 

difficult to detect in water that has been contaminated. Based on data from EPA the 

phenol wastes discharged into the environment has increased in 2000 and 2005 and 

was ranked 21 (Table 1.1) [16]. 

 

 

 

 

 

Figure 1.2 Phenol structure 
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Thus water pollution is a problem that continues to emerge from the industry and 

human activities despite being restricted by environmental regulations. For this 

reason, the phenol and derivatives are usually used as a model compound for studies 

of wastewater treatment, as in this study. Since, only a small amount of water 

available for human needs, therefore it is important to preserve water resources for 

future generations by way of advanced process in an appropriate manner before being 

discharged into water bodies. One of the promising methods for degradation of 

organic pollutants in wastewater is advanced oxidation process (AOP) being able to 

completely degrade organic compounds into simple compounds, CO2 and H2O. 

Advanced oxidation processes (AOPs) using chemicals as an oxidant is most suitable 

to degrade toxic organics in aqueous solutions such as phenol and derivatives due to 

lower operating costs, no need of special equipment, less energy consumption, and 

high conversion of organic pollutants. 

 
Table 1.1 Annual release of toxic phenol-like pollutants in the USA [16]. 

Compound Emission in 2000, ton.year-1 Emission in 2005, ton.year-1 Overall ranking
Phenol 21.3 45.8 21 
2,4-dinitrophenol 10.6 0.20 143 
Catechol 8.3 18.1 32 
hydroquinone 1.9 4.9 66 
Quinone 0.64 0.0 362 
pentachlorophenol 0.31 0.24 134 
p-cresol 0.18 0.12 157 
Chlorophenol 0.045 0.025 192 
2-nitrophenol 0.025 0.027 191 
2,4,5-trichlorophenol 0.023 1.6 97 
2,4-dichlorophenol 0.023 0.012 205 
m-cresol 0.019 0.247 132 
4-nitrophenol 0.007 0.212 139 
o-cresol 0.006 0.056 177 
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1.2 Aim and scope of research 

The main objective of the research is to synthesize different types of manganese-

based catalyst for wastewater treatment. The catalysts will be used in heterogeneous 

catalytic oxidation to degrade phenol, a model organic pollutant in wastewater 

treatment. To achieve the goals of this research, several stages of research conducted 

with specific objectives are listed below. 

1. To synthesize catalysts based on transition metal of Mn, on a support or without a 

support.    

2. To investigate the activity and stability of the synthesised catalysts.  

3. To investigate various processes with catalyst, oxidant in heterogeneous catalytic 

oxidation of organic compounds for wastewater treatment and to identify their 

synergistic effect. 

4. To identify the parameters of organic pollutant degradation particularly the effects 

of catalyst amount, organic pollutant concentration, oxidant concentration, and 

temperature. 

5. To determine the kinetic constant and activation energy of the catalytic reaction 

of phenol degradation in aqueous solution. 

 

1.3 Thesis Organization 

 
The thesis is divided into nine chapters, including introduction, literature review, 

results and discussion, conclusions and suggestions. 

Chapter 1 ― Introduction ― presents an introduction consisting 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. 
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Chapter 2 ― Literature Review ― 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 and catalyst preparation and synthesis with 

a variety of methods.  

Chapter 3 ― Catalytic Oxidation of Toxic Organics in Aqueous Solutions Using 

MnO2 and Peroxymonosulfate. Catalysis Communications, 26 (2012) 144-148 and 

Environmental Science & Technology 47 (2013) 5882-5887 ― describes the study of 

catalytic oxidation of phenol in aqueous solution using α-MnO2 catalyst with 

different phase. The study shows that the α-MnO2 catalysts have different activities in 

activation of peroxymonosulfate, which depend on structure and morphology. 

Crystalline structure of catalyst is more important than porous structure in influencing 

the activity of catalyst. In addition, this chapter also describes the study of the 

removal of phenol from aqueous solution in heterogeneous catalytic system using 

different crystallographic phase of MnO2 (α-, β-, γ-MnO2) as catalysts for 

environmentally benign process. The kinetic rate and activation energy of phenol 

oxidation are also presented.  

Chapter 4 ― Manganese Oxides at Different Oxidation States for Heterogeneous 

Activation of Peroxymonosulfate for Phenol Degradation in Aqueous Solution. 

Applied Catalysis B: Environmental 142-143 (2013) 729-735 ― describes the study 

of a series of manganese oxide with different oxidation states for phenol degradation 

using peroxymonosulfate. The study revealed that the reactivity of Mn oxide catalysts 

associated with the capacity of manganese to form various oxidation states (redox 

reaction and oxygen mobility) in the oxide lattice. The kinetic study of heterogeneous 

catalytic oxidation of phenol has also been presented in this chapter. 

Chapter 5 ― Synthesis of Mn3O4, Co3O4 and Fe3O4 Nanoparticles and Their 

Catalytic Performances in Oxidation of Phenolic Contaminants in Aqueous Solutions. 

Journal of Colloid and Interface Science 407 (2013) 467-473 ― describes the study 

of the removal of phenol from aqueous solution in heterogeneous catalytic systems 

using Mn3O4, Co3O4 and Fe3O4 catalysts. The study revealed that Mn3O4, Co3O4 are 
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effective catalysts for generating suphate radicals in the presence peroxymonosulfate. 

The kinetic rate and activation energy of phenol oxidation are also presented. 

Chapter 6 ― Synthesis of α-Mn2O3@α-MnO2 Core/Shell Nanocomposite and 

Catalytic Oxidation of Phenoloc Contaminats in Aqueous Solutions ― describes the 

study of a Core/Shell Nanocomposite catalyst for phenol degradation using 

peroxymonosulfate. The study shows that the catalyst has high activity for oxone 

activation in producing sulfate radicals for phenol degradation. The kinetic study of 

heterogeneous catalytic oxidation of phenol has also been presented in this chapter. 

Chapter 7 ― Carbon Supported Manganese Catalysts  for phenol degradation in 

aqueous solutions ― describes the study of the removal of phenol from aqueous 

solution in heterogeneous catalytic system using Mn/Carbon catalysts. This chapter 

investigated the utilization of carbon materials as a catalyst support for 

environmentally benign process. The kinetic rate and activation energy of phenol 

oxidation are also presented. 

Chapter 8 ―  Metal Free Catalytic Degradation of Aqueous Contaminants by 

Activated Carbon. RSC Advances (2013), in press and 5th international syposium on 

carbon for catalysis, CARBOCAT-V, 2012, Brixten-Italy ― describes the study of 

activated carbon catalysts for phenol degradation using peroxymonosulfate. The 

study revealed that activated carbon could activate PMS, which previously could only 

be achieved by metals ions, heat, and light. The kinetic study of heterogeneous 

catalytic oxidation of phenol has also been presented in this chapter. 

Chapter 9 ― 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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Abstract 
 
 
Over the last decades, water treatment plays an important role in our lives, because 

of the fresh water crisis and the increasing awareness of health and human 

ecological systems as a result of industrial waste pollution. Industrial activities 

generate large amounts of hazardous substances which are discharged into the 

environment. It is important to dispose of wastewater in a proper way after treatment 

to comply with environmental regulations. The organics containing wastewater from 

chemical and related industries cannot be treated by conventional processes because 

degradation of these pollutants is often very slow or ineffective and not 

environmentally compatible. Therefore, various efficient wastewater treatment 

technologies have been developed as an alternative to the conventional processes to 

degrade wastes into non-toxic or biodegradable end products. This chapter will focus 

on the evaluation of water treatment technologies that have been proven effective in 

removal of organic compounds into simple compounds, CO2 and H2O. In this 

chapter, we will also explain the advantages and limitations of the technologies for 

degradation of organics. In addition, some conventional processes and recent 

advances in the preparation and synthesis of solid catalysts will be reviewed. Finally, 

a short summary will be given in the last section. 

 

 

 

 

 

Chapter 	2 			
Literature Review  
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2.1 Introduction 
 
 
One of the greatest challenges in the twenty-first century is the shortage of fresh 

water supply for millions of living beings around the world. The main concern in this 

case is not due to the depletion of the fresh water but the damage done by industrial 

and human activities. Wastewater from various industrial processes and households 

contains many organic compounds. Most of the organic compounds are toxic to the 

environment and human beings. One of the most important classes 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]. In many countries, the maximum 

threshold allowed for phenol in water streams is less than 1 mg/L, for instance 0.5 

mg/L for Australia wastewaters [5, 6]. Therefore, the wastewaters have to be treated 

before discharged into the environment in order to comply with environmental 

regulations.  

 
Among the variety of physical, and biological technologies for water treatment, each 

has inherent limitation in applicability, effectiveness and cost [7]. Physical processes, 

such as adsorption, only transfer of pollutants from the liquid to the solid phase, but 

the pollutants are still present and not degraded to organic compounds which are less 

toxic [8, 9]. Furthermore, the biological processes are very sensitive to the process 

conditions, and also generate large amounts of sludge that may require further 

treatment and disposal. In addition, some organic compounds can be a severe 

problem in the biological treatment system because of their resistance to 

biodegradation and/or toxic effects on microbial processes [10, 11].  

 
Some well-known water treatment technologies, such as wet air oxidation, 

supercritical water oxidation, catalytic wet air oxidation, have been widely used for 

toxic organic degradation in industrial wastewater. These technologies are viable for 

highly concentrated effluents (COD concentration > 40,000 mg/L), however they are 

limited by the solubility of oxygen in water and high operation cost [12, 13]. Other 
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technologies of AOPs (Advanced oxidation processes), such as cavitation, 

photocatalytic oxidation, Fenton chemical oxidation, can be operated at ambient 

conditions and have potentially either partially or fully degrade the toxic organics, 

bio-refractory compounds, and pesticides etc. [14-16].  

 
AOPs are based on the generation of reactive species (hydroxyl radicals, OH•), that 

have an oxidation potential of 2.33 V and exhibit faster of oxidation compared with 

conventional oxidants such as potassium permanganate. Hydroxyl radicals can react 

with most organics and inorganics into simple compounds, CO2 and H2O. Chemical 

oxidation processes constitute the use of oxidizing agents, such as hydrogen peroxide 

and ozone, for generating hydroxyl radical. Hydrogen peroxide (H2O2) is a more 

powerful oxidant compared to ozone and its application in the treatment of various 

inorganic and organic pollutants is well established. However, the use of individual 

oxidant is not efficient in oxidizing more complex and recalcitrant materials due to 

mass transfer resistance between the pollutant and the oxidizing agents. 

Improvements can be achieved by using transition metal salts (homogeneous 

catalysts) or energy that can activate H2O2 to form hydroxyl radicals. Apart from 

hydroxyl radicals, sulphate radicals have also been recently suggested as an 

alternative due to their higher oxidation potential.  

 
Homogeneous catalysts are commonly more efficient compared to solid or 

heterogeneous catalysts because every single catalytic entity can act as a single active 

site. This characteristic makes the catalyst intrinsically more active and selective [17]. 

However, recovery needs further process for separation of the homogeneous catalyst. 

Moreover, most of the dissolved metal catalysts are harmful to the environment. This 

disadvantage can be overcome by using heterogeneous catalysts, in which the 

catalysts will be easily recoverable and reusable [18]. Because of these advantages, 

many researchers focus on the study of solid catalysts as well as on the improvement 

of existing and development of new catalysts [19-21]. 

 
Catalysis is a well-established scientific discipline, dealing not only fundamental 

principles or mechanism of catalytic reactions but also with preparation, synthesis 

and modification of various catalysts [22]. Up to now, catalysts have been played a 
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key role in the production of chemicals and materials. It can be seen from the fact that 

more than 80% of today's large-scale chemical processes, such as chemical, 

petrochemical and biochemical industries, as well as in the production of polymers 

and in environmental protection, depend on catalysts [19, 23]. In development of new 

catalysts, preparation, synthesis, and modification processes can influence of physical 

and chemical properties of catalysts in particle size, surface area, phase, catalytic 

activities, and thermal durability etc. [24]. 

 

Thus, wastewater treatment has many facets that need to be attended to in order to 

cleanse the wastewater as pure as possible. Therefore, it is necessary to select the 

proper process which can increase the effectiveness and efficiency of toxic organic 

degradation and should be economical. 

 
 

2.2 Wet Air Oxidation 
 
 
Wet Air Oxidation (WAO) is the most successful technology which has been studied 

and applied in wastewater treatment. WAO is a hydrothermal treatment which is used 

to treat the organic toxic and non-biodegradable wastes either too dilute to be 

incinerated and too concentrated for biological treatment. The WAO technique was 

first patented in 1991 by Strehlener for the treatment of sulphite liquor. However, 

WAO technology was first successfully applied in industry in the late 1950s by 

Borregaard for the treatment of sulphite liquor [25]. WAO, involving oxidation at 

high temperature (125 - 320oC), pressure (0.5-20 MPa), which use either air or pure 

oxygen as a source of oxidants [25-27]. For achieving the optimum results, WAO is 

preferred at chemical oxygen demand (COD) ranges between 20,000 and 200,000 

mg/L[28]. During the oxidation process, the toxic organics which have high 

molecular compound, are converted to simple molecular compounds including 

carboxylic acids, acetaldehydes, alcohols, water and carbon dioxide during the 

oxidation  process [26, 29]. If the toxic organics contain emission such as NO , SO , 

chlorine, dioxin and furans, then these emissions are usually reacted toNH , PO , 

Cl , SO  ,respectively [30].  
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(2.3) 

Based on mechanic reaction, the overall WAO system includes two steps. One is 

chemical reaction between organic compounds and dissolved oxygen in the liquid 

phase. Typically, the reaction mechanism follows the combination of two reactions 

occurring simultaneously [26, 27, 31]. 

1. First step, direct oxidation of organic compounds to end product 

R H 	O → 		x	CO  (2.1) 
 
2. Another oxidation of organic compounds with the formation of intermediates 

product of group of carboxylic acid  

R H 	O → 	 	H C O → 	 	CO  (2.2) 

The global kinetic expression based on two reaction schemes above is shown below.	

R H 	H C O
R H 	H C O

	 		
k

k k k
	e 	

k k
k k k

	e  

The sequence of reaction steps based on free radical reaction could be divided into 

three steps, which are initial, propagation, termination reactions. The first step is 

initiation in which free radicals are produced by the bimolecular reaction of oxygen 

with the organic compounds. Another reaction is propagated by the further reactions 

of other organic, inorganic radicals and oxygen, as shown below [32]. 

 

Initiation reaction;               R H 	O →	R• 	HO•   (2.4) 

Propagation reaction;  R• 	O →	ROO• (2.5) 

 R H 	ROO• 	→	ROOH• 	R•  (2.6) 

Termination reaction; 2	ROO• 	→	ROOR• 	O       (2.7) 

The other one is a physical step which is mass transfer of oxygen from the gas phase 

to the liquid and the mass transfer of carbon dioxide from the liquid to the gas. In 

general, the gases diffuse rapidly into gas phase. Therefore, the only significant 

influence is mass transfer of oxygen which is located at gas-liquid phase. The 

equation rate of mass transfer of a component between gas-liquid phase can be seen 

below [33, 34]. 
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, 	 	
	 ⁄

	 	 (2.8) 

	  = 	  (2.9) 

In some cases, the WAO technology could achieve 99+% conversion of toxic 

organics. For example, in the cases of oxidation of phenol almost 100% waste can be 

removed [28], however this technique cannot degrade wastewater completely into 

water and carbon dioxide. Therefore, the WAO often requires additional treatment 

process in order to achieve complete removal of toxic organics e.g. biological process 

is often used for final treatment. The basic treatment system of a WAO plant can be 

seen in Figure 2.1, which consists of a high pressure feed pump, an air compressor, a 

heat exchanger, a reactor and a separator.  The reactor is usually a co-current bubble 

column reactor with or without internal baffling, which has a geometry ratio of a 

height-to-diameter in the range of 5-20 [35, 36].  

The waste is pumped by a high pressure feed pump to the reactor continuously 

through a heat exchanger. The oxygen for oxidation is given by an air compressor and 

is combined with the waste in the mixing point. Further, the mix effluents pass 

through a heat exchanger where the fluid is heated to near reaction temperatures. 

After heating, the fluid flows to the lower section of reactor where the exothermic 

reaction takes place. The common residence time of the fluid in the reactor is 20 to 

240 minutes [29]. The usual oxygen flow rate is less than 110% of the inlet COD 

flow rate [37]. After reaction, the effluent then passes through a vertical column 

separator for separating of the liquid and gas. Typically, the WAO unit is combined 

with conventional biological facilities where a post-treatment is carried out before 

returning into the environment.     
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Figure 2.1 Basic Wet Air Oxidation (WAO) process flow sheet 

 

The WAO waste treatment has wide range application spectrum, therefore more than 

200 WAO treatment plants have been installed around the world. Wastewater 

including sludge waste, petrochemical waste, textile waste, petroleum refining waste, 

spent caustic wastewaters containing phenolic compounds can be treated using WAO. 

The results of wet air oxidation of various pollutants in industrial wastewater are 

summarized in Table 2.1. 

The major drawbacks of WAO are the high capital costs of the process which are 

almost entirely used for power to compress air and high pressure liquid pumping. 

WAO becomes economical when the concentration of oxidant material in the range 

1-20 % by weight with water because the sufficient materials reach with oxygen to 

generate sufficient heat to keep the desired operation conditions in the reactor without 

external energy source [38].      
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Table 2.1 Wet air oxidation of organic compounds 

Compounds 
Treatment 
conditions 

Removal Refs. 

Polyethylene glycols T = 110-240 oC,  
P = 2-3 MPa 

TOC, 80% (240 oC, 2 Mpa, 240 min) 
COD, 77% (240 oC, 2 Mpa, 120 min) 

[39] 

Alkylbenzene 
sulfonate 

T = 200-240 oC 
P = 1.5 MPa 

TOC, 60%  (240 oC, 120 min) 
COD, 70% (240 oC, 120 min) 

[40] 

m-xylene T = 225-240 oC  
P = 6.89-10.3 MPa  

m-xylene > 99% (240 oC, 10.3 MPa, 
66 min) 

[41] 

Lubricating oil T = 200-350 oC 
P = 14-20 MPa 

Greases, 99.5% (200 oC, 20 MPa, 40 
min) 
COD, 91.1% (200 oC, 20 MPa, 40 
min) 

[42] 

Cyanide T = 225-250 oC 
P = 2-15 MPa 

Cyanide, 99.99% (230 oC, 4 MPa, 
120 min) 

[43] 

Fuel-oil T = 200-350 oC 
P = 20 MPa 

Oil, 99.9% (350 oC, 20 Mpa, 40 min) 
COD, 87.5% (200 oC, 20 MPa, 40 
min) 

[42] 

Ammonium 
thiocyanate 

T = 225-250 oC 
P = 2-15 MPa 

liquor, 98% (230 oC, 43MPa)  [40] 

Methyl alcohol, 
ethyl alcohol, diethyl 
malonate 

T = 220 oC 
P = 3 MPa 

TOC, 30-38% (120 min); COD, 29-
38 (120 min) 

[44] 

Formaldehyde, 
dioxane 

T = 220 oC 
P = 3 MPa 

TOC, 43-54% (120 min); COD, 58-
61 (120 min) 

[44] 

Black liquor T = 187-227 oC TOD, 93% (227 oC, 213 min) [45] 
Phenol T = 150-180 oC 

P = 0.3-1.15 MPa 
Phenol, 99.9%; COD > 90 [36] 

Bleaching earth T = 140-200 oC 
P = 0.1-0.5 MPa 

Bleaching earth, 99.9% (200 oC, 0.5 
MPa, 120 min) 

[46] 

Propionic acid T = 150-315 oC 
P = 7-13 MPa 

Propionic acid, 95% (260 oC, 3.5 
MPa) 

[47] 

Azo dye Orange II T = 130-190 oC 
P = 0.5-1.5 MPa 

Azo dye Orange II, 100% (190 oC, 1 
MPa, 60 min)  

[48] 

Tetrachloroethylen T = 225-275 oC 
P = 13.8-17.2 MPa 

Tetrachloroethylen, 90% (275oC, 
13.8 MPa, 95ks)  

[41] 

PEG T = 110-240 oC 
P = 2-3 MPa 

TOC, 55% (240 oC, 60 min) [49] 

2,4-dinitro-toluen T = 275-320 oC 2,4-dinitro-toluen, 99.74% (275 oC) [50] 
Monoazo dye 
Orange II, 
C16H11N2NaO4S 

T = 180-240 oC 
P = 1 MPa 

TOC, 70% (230 oC, 90 min) [51] 

Basilen Brilliant 
Blue P-3R 

T = 200 oC 
P = 3.3 MPa 

TOC, 20% (120 min); COD, 35% 
(120 min) 

[52] 

Acenaptene T = 275-320 oC Acenaptene, 99.99% (275 oC) [50] 
Acrolein T = 275-320 oC Acrolein, 99,05% (275 oC) [50] 
Acrylonitrile T = 275-320 oC Acrylonitrile, 99% (275 oC) [50] 
Tert-butyl alcohol T = 220 oC,  

P = 3 MPa 
TOC, 915 (120 min) 
COD, 83% (120 min) 

[44] 
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2.3 Supercritical Water Oxidation 

 
 
Supercritical Water Oxidation (SCWO) is a technology that takes advantage of the 

special properties of supercritical condition of water with the temperature and 

pressure above critical point (T 374	 , P 22.1	MPa). In this region (Figure 

2.2), the values of density, dielectric constant and ionic of water decrease, 

consequently, the solubility of gases and organic compounds become dramatically 

increased while inorganic compounds become nearly insoluble [53, 54]. During the 

SCWO process, the organic compounds will react with an oxidant, mostly	O , and 

produces a simple compound. In the single-phase reaction, carbon dioxide and water 

is a final product from SCWO process. The hetero-atoms such as sulphur, chlorine or 

phosphorus are transformed into the mineral acids, HCl, H2SO4, or H3PO4. When 

organic waste contains nitrogen, it will convert to molecular nitrogen (N2). 

Meanwhile, for incomplete reaction, it leads to the formation of nitrous oxide (N2O), 

ammonia (NH3), nitrogen dioxide (NO2), nitric acid (HNO3) and hydrazine (N2H4) 

[54, 55].  

 

 

 

 

 

 

 

 

 

 
Figure 2.2  Phase diagram of water [56]  
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Typical process conditions of SCWO are at a temperature of 500-700 oC and a 

pressure of 24-50 MPa. Commonly, the rate of reaction for complete removal occurs 

several minutes only or less [53, 54, 57]. Further, the effluent of SCWO can be 

discharged into the water body without requires additional treatment process. The 

SCWO technology for wet oxidation of organic substances was first patented in late 

1970 and research on SCWO has been growing rapidly in 1980s [58, 59]. Currently, 

there are many SCWO technologies that have been set up around the world and this 

technology has been successfully applied for removing of a wide variety of organic 

wastes. Some applications involving the SCWO includes sludge, dyes, sewage, fuels 

as solvent, cutting and/or contaminated oils, soils, ground water, polycyclic aromatic 

hydrocarbons, chloride hydrocarbons, PCBs, paint, oil, wastewater from chemical, 

petroleum waste, pulp and paper, textile, medical waste, chemical warfare agents, 

waste from solid rocket propellants, human waste, recycle of vital materials in space 

application and ship board hazardous materials [38, 60-77].  

The basic treatment system of a SCWO plant is shown in Figure 2.3. The aqueous 

contaminant is pumped through feed heater by a high pressure pump that can deliver 

the feed between 24 and 50 MPa. Further, the contaminant is combined with 

pressurised O2 and then heated to the reactor temperature condition.  After heating, 

the fluid flows to the top section of the reactor where the exothermic reaction takes 

place. After reaction in the reactor, the outlet stream is cooled down by exchanging 

heat in the feed heater and the heat recovery, and then the fluid flows to the vertical 

separator through the pressure release valve. Two streams are obtained in the gas 

separator which is CO2, unreacted O2 and N2. 
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Figure 2.3  Basic flow diagram Supercritical Water Oxidation (SCWO) [78] 
 

In case of SCWO, the rate of reaction is complex even for simple molecules. 

According to Kruse and Dinjus [79] for investigating the rate of reaction in 

supercritical conditions, physicochemical and transport properties have significant 

roles which could affect reaction. These properties are miscibility, dielectric constant, 

ionic product, diffusion, viscosity, collision frequencies, dipole moment, and 

hydrogen bonds. When the reaction occurs, all of properties of reactant as mentioned 

above will affect the reaction. Although, the rate of reaction is not simple, for 

engineering purpose, it is often sufficient to develop a global rate of reaction models 

to express the reduction of organic compounds waste in SCWO [80-83]. The 

following Table 2.2 provides a summary showing that the global rate of reaction is 

the simple and suitable model for studying rate of degradation of almost all types of 

pollutants. 
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Table 2.2 Reaction rate models of various pollutants in SCWO system  

Pollutants 
Treatment 
conditions 

Removal 
Rate of reaction 
model 

Refs. 

Municipal solid waste T = 400-550 oC,  
P = 28 MPa 

Dog food, 99.99+ % (550 oC, 30 
min) 

First-order kinetic, 
R2 = 0.999) 

[83] 

Municipal sewage 
sludge 

T = 400-500 oC  
P = 30 MPa  

Sewage sludge, 99.99+ % (500 
oC, 1 min) 

First-order kinetic, 
R2 = 0.965 

[84] 

Alcohol distillery T = 400-500 oC  
P = 30 MPa 

Alcohol distillery, 99.99+ % 
(500 oC, 1 min) 

First-order kinetic, 
R2 = 0.975 

[84] 

Phenol T = 300-500 oC 
P = 25 MPa 

Phenol, 82.9 % (300 oC, 67.7 s)  Pseudo-first order 
kinetic, R2 = 0.979

[85] 

Pyridine T = 426-525 oC,  
P = 27.6 MPa 

Pyridine, 95 % (523 oC, 6.57 s) First-order kinetic, 
R2 = 95  

[86] 

Olive oil mill T = 380-500 oC 
P = 25 MPa 

COD, 99.9 % (500 oC, 1 min) First-order kinetic 
[87] 

LCD manufacturing 
wastewater 

T = 396-615 oC 
P = 25-29 MPa 

COD, 99.99 % (615 oC, 10 s) First-order kinetic, 
R2 = 95  

[88] 

Oily wastwater T = 380-430 oC 
P = 22.5-40 MPa 

COD, 97.7 % (430 oC, 40 MPa,
150 s) 

First-order kinetic, 
R2 = 0.9857 

[89] 

Oily sludge T = 390-450 oC 
P = 23-27 MPa 

COD, 92 % (450 oC, 25 MPa,
10 min) 

Zero-order kinetic, 
R2 = 95   

[90] 

Aroclor 1248 T = 450-550 oC 
P = 25.3 MPa 

Aroclor 1248, 99.95 % (550 oC,
54,4 s) 

Second-order 
kinetic 

[91] 

Dyehouse T = 400-600 oC 
P = 25 MPa 

TOC, 100 % (550 oC, 10 s) First-order kinetic, 
R2 = 95 

[62] 

Orange 25 T = 400-600 oC 
P = 25 MPa 

TOC, 98,5 % (550 oC, 6.1 s) First-order kinetic, 
R2 = 95 

[72] 

2-Chlorophenol T = 300-420 oC 
P = 19-30 MPa 

2-Chlorophenol, 99% (380 oC,
28.17 MPa, 58.6 s) 

First-order kinetic, 
R2 = 95 

[82] 

O-cresol T = 350-500 oC 
P = 25.3 MPa 

O-cresol, 98.3 % (499.7 oC, 
25.3 MPa, 4.3 s) 

First-order kinetic,  
95% confidence 
interval 

[92] 

Aliphatic nitro 
methane 

T = 390-430 oC 
P = 22.5-32.5 
MPa 

nitro methane, 99.3 % (391 oC,
27.5 MPa, 490 s) 

First-order kinetic [93] 

Aliphatic nitro 
ethane 

T = 390-430 oC 
P = 22.5-32.5 
MPa 

nitro methane, 75.34 % (391 oC,
27.5 MPa, 290 s) 

First-order kinetic [93] 

Aliphatic nitro 
propane 

T = 390-430 oC 
P = 22.5-32.5 
MPa 

nitro methane, 50.34 % (391 oC,
27.5 MPa, 160 s) 

First-order kinetic [93] 

2,4-Dichlorophenol T = 380-420 oC 
P = 23-28 MPa 

2,4-Dichlorophenol, 99.99 %
(420 oC, 23 MPa, 90 s) 

First-order kinetic,  
95% confidence 
interval 

[80] 

 

Compared with WAO and incineration technology, the installing cost of SCWO is 

approximately 15% and 10% less than WAO and incineration. In this comparison, the 

initial concentration of effluent was 50000 ppm and the water flow rate was 10 gpm. 

For the operating cost, SCWO system is approximately more than 50% less expensive 
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than incineration [94]. This indicates that SCWO treatment is better alternatives for 

wastewater treatment. The comparison of costs is shown in Table 2.3. 

Table 2.3 Comparison of installed and operating cost for alternative treatment 

technologies [94].  

Method of treatment 
Total Cost, $ 
million 

Operating Cost, 
$/gal 

Catalytic supercritical water oxidation (air as the oxidant) 1.65 0.09-0.4 
Incineration 1.92 0.26-1.17 
Supercritical water oxidation (air as the oxidant) 2.01 0.18-0.46 
Wet air oxidation (oxygen as the oxidant) 2.35 n/a 
Fluidized bed thermal oxidation 6.35 n/a 
 

 

2.4 Catalytic Wet Air Oxidation 
 
 
Catalytic Wet Air Oxidation (CWAO) technology is a further development of Wet 

Air Oxidation (WAO) process to achieve “Zero Discharge”. The use of a catalyst in 

CWAO, the Zero Discharge is possible to reach because the intermediate products, 

such as acetate acid and ammonia are very difficult to convert in the absence of a 

catalyst, but they could be react under a catalyst into CO2 and H2O [95]. Compared 

with WAO, CWAO has several advantages,  low energy requirements, reduced gas 

emission, low operating condition and low footprint requirements [96]. The first 

development of CWAO to commercial application was started by DuPont in the mid-

fifties in the United State. The process used a heterogeneous system with Mn-Zn-Cr 

as a catalyst at temperatures in the range of 120-200 oC [97]. While, in Japan, CWAO 

technologies have been developed since mid-eighties using precious metals deposited 

either on titania or titania-zirconia [98]. Typical process conditions of CWAO are at a 

temperature of 80-180 oC and a pressure of 1-5 MPa [99].  

The basic flow diagram of a CWAO plant can be seen in Figure 2.4. As can be seen, 

CWAO technology consists mainly of a fixed bed column reactor, a high pressure 

pump, an air compressor, a heat-exchanger and a gas/liquid separator. CWAO uses 

air as an oxidant, which is mixed with the aqueous contaminants and passed over a 

catalyst at required temperature and pressure. The effluent from outlet reactor was 

cooled through heat exchanger. A high pressure separator was used to separate two-
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phase mixture into gas and liquid phase. The off gas as top outlet separator was 

passed to chimney. A catalytic unit for the treatment of the off gas is also typically 

necessary. CWAO technology is particularly cost-effective for effluents that are 

highly concentrated having a range COD of 10,000 to 100,000 mg/L [100, 101] . The 

type of a reactor is commonly a trickle bed reactor suitable for CWAO because this 

reactor will provide a plug flow pattern and high liquid-solid interfacial area 

improving the effectiveness of mass transfer and reaction [102].  

The catalytic agents that have been employed in CWAO can be classified into three 

classes: metal, metal oxides and metal salts. Metal salts and their complexes, which 

are well known as homogeneous catalytic oxidation, are commonly more efficient 

compared to that of solid catalysts or heterogeneous catalytic oxidation. However, 

recovery needs a more process for separation of the catalyst [103]. Moreover, most of 

the dissolved metal catalysts are harmful to the environment. This disadvantage can 

be overcome by using heterogeneous catalysts, in which the catalysts will be easily 

recoverable and reusable [104, 105]. Nevertheless, heterogeneous catalysts have 

several crucial issues related to chemical and physical stability of catalysts in terms of 

leaching, loss of surface area of the support and catalyst deactivation.  

 
Several characteristics of the catalyst for water-phase oxidation which have to be met 

in order to be applied in industry are [106]; 

1. Exhibiting high oxidation rate or activity; in many cases, the reaction is 

diffusion limited and under such condition the rate should be enhanced by 

better contact between the phases. 

2. Resistance for poisoning and stability in prolonged use at elevated 

temperature. 

3. Mechanical stability and resistance to attrition. 

4. Non-selectivity in most cases. 

5. Physical and chemical stability in various conditions. 
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Figure 2.4 Basic flow diagram of Catalytic Wet Air Oxidation (CWAO) [95]  

In the heterogeneous catalytic reaction, commonly several steps will determine rate of 

degradation reaction, the overall process can be decomposed into seven independent 

steps [107-109]: 

1. Film diffusion or interphase diffusion. 

2. Pore diffusion or intraparticle diffusion. 

3. Adsorption of a least one of the reactants. 

4. Reaction in the adsorbed phase. 

5. Desorption of the product(s). 

6. Intraparticle diffusion. 

7. Diffusion of the products through the external boundary layer into the bulk 

fluid phase. 
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Figure 2.5 Steps in heterogeneous catalytic reaction [109] 

 
In Adsorption, surface reactions, as well as desorption are sequential steps, these 

constitute the chemical transformation. Interphase and intraparticle diffusion also 

occur in a serial manner. The net kinetics for overall reaction from steps 1 to 7 is 

usually called effective kinetics. In the most of catalytic reaction, the rate of reaction 

is highly relying on the molecular transport (steps 1-3) rather than the reaction itself 

[109]. Therefore, intensive research is needed on the development and engineering of 

catalysts.  

The heterogeneous catalyst that have been employed in CWAO technique can be 

divided in three main group which are supported noble metals, metal oxides, and 

active carbon without any deposited active phase. Pd, Pt, Ir, Rh and Ru are noble 

metals which have been effective in the treatment of different pollutants such as 

phenol, substitute phenol, carboxylic acid, Kraft bleaching effluents and olive oil mill 

wastewater [110-114]. Among the noble metals catalyst used for the CWAO of 

phenol, Ru is one the most active catalyst based on the removal of phenol and TOC 

conversion [115]. Although noble metals show excellent catalytic activities, the major 

drawbacks of these metals are expensive and vulnerable to poisoning by halogen-, 

sulphur-, and phosphorus-containing compounds, affecting tremendously the 

economics of corresponding processes [116]. Studies on the CWAO of phenol using 
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noble metal catalysts are listed in Table 2.4. The activity order of CeO2 supported 

noble metals for CWAO of phenol as shown below [113].  

Ru/CeO2 > Pd/CeO2 > Pt/CeO2 

Table 2.4  Summary of CWAO of phenol over noble metal catalysts [116]. 

Nobel Metal Support Reactor T (oC) P MPa 
Ru TiO2 Fixed-bed reactor 55-250 0-1.0 
Ru ZrO2, graphite, AC Stirred-tank reactor 140 2.0 
Ru, Pd, Pt CeO2 Stirred-tank reactor 120-230 - 
Pt CeO2, CexZr1-x Stirred-tank reactor 160 2.0 
Pt, Pt-Ce γ -Al2O3 Stirred-tank reactor 155-200 5.05 
Pt, Pd, Ru CNF Fixed-bed reactor 180-240 1.0 
Pt Graphite, TiO2, Al2O3 AC Stirred-tank reactor 120-170 1.7 
Ru-CeO2 γ -Al2O3 Fixed-bed reactor 155-200 5.05 
Ru, Ru-CeO2 C Stirred-tank reactor 160 2.0 
Ru CeO2, ZrO2- CeO2 Fixed-bed reactor 140 4 
 

The other broad family of catalysts used in CWAO is the pure or mixed metal oxides. 

Metal oxide catalysts are mainly one or several of Cu, Mn, Co, Cr, V, Ti, Ni, Bi, Zn 

and other metals. These metals can be classified according their physico-chemical 

properties. The most stable oxides in the high oxidation state (∆H° 15.5 of	O) 

are of metals such as Ti, V, Cr, Mn, Zn and Al. The second is the group which have 

intermediate stability of high oxidation state oxides (∆H° 9.5 15.5 of	O) 

which are Fe, Co, Ni, and Pb.  In terms of electrical conductivity, metals oxides can 

be divided into three groups which are n-type metal oxides, p-type metal oxides and 

insulator. Among them the p-type metal oxides have the highest activity for catalytic 

oxidation due to the electron deficient lattice. The n-type and insulator have low 

electron mobility, and therefore their catalytic activity is generally poor [117]. 

Catalytic activity of metal oxide catalysts during phenol oxidation shows the 

following order [118]. 

CuO > CoO >Cr2O3> NiO >MnO2 > Fe3O3 > YO2 > Cd2O3 > ZnO > TiO2 > Bi2O3 

Studies on the CWAO of phenol over various metal oxide catalysts are summarized 

in Table 2.5. 
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Table 2.5  Summary of studies on CWAO of phenol over metal oxides catalysts 
[116]. 

Nobel Metal Support Reactor T (oC) P MPa 
Cu, Ni, Co, 
Fe, Mn 

γ-Al2O3 Stirred-tank reactor 150 5.05 

1-25 wt% 
CuO 

γ -Al2O3 Stirred-tank reactor 150 5.05 

Cu, Ni, Co, 
Fe, Mn 

Ce0.65Zr0.35O2 Stirred-tank reactor 150 5.05 

CuCeOx - Stirred-tank reactor 150 0.73 
Cu MCM-41 Stirred-tank reactor 150 2.0 
CeO2 - Stirred-tank reactor 95-180 0.5-1.0 
CeO2 γ -Al2O3, SiO2, TiO2, 

CeO2, AlPO4-5 
Stirred-tank reactor 140-180 1.5 

CeO2 γ -Al2O3 Stirred-tank reactor 180 0.5-2.0 
Cu, Mn, Co, 
Cr, Fe, Mo, 
Ni 

γ -Al2O3, CeO2 Stirred-tank reactor 140-180 1.5 

MnCeOx - Stirred-tank reactor 110 0.5 
Fe AC Fixed-bed reactor 100-127 0.8 
 

The last type of catalyst used in CWAO is active carbon. The most remarkable 

characteristics of activated carbons are their high surface area and porosity compared 

to other materials such as Al2O3, TiO2, CeO2 and the presence of oxygen surface 

groups, which affects the catalytic activity. There are several particularities which 

should be considered when an activated carbon is used as a catalyst in CWAO 

processes. The condition of CWAO process should be performed at temperature and 

pressure less than 423 K and 10 atm (mild conditions), in order to minimize oxidation 

of the activated carbon [119]. Studies on the CWAO of phenolic using activated 

carbon catalysts are listed in Table 2.6.  
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Table 2.6 Summary of studies on CWAO of phenolic over activated carbon catalysts 
[120]. 

Substrate Operating conditions Origin SA (m2/g) X (%) XCOD (%) 
Phenol (5 g/L) TBR 

120-160 oC, 0.1-0.9 MPa 
τ = 0.05-0.6 h, 7 g of AC 

Wood 
Wood 
Coco 

Mineral 

1000 
1000 
600 
960 

>99 
40 
15 
8 

85 

Phenol (0.27-7 g/L) Slurry batch reactor 
100-160 oC, 0.35-0.95 MPa 
τ = 6 h, 1-4 g of AC 

Wood  1000 50-99  

Phenol (1 and 5 g/L) Fixed bed reactor (upflow) 
160 oC, 1.6 MPa, pH = 3.5 
τ = 0.03-0.3 h, 3.5-7 g of AC 

IndReact 
Centaur 
RTA180 

745 
931 
1333 

>99 
>99 
88 

 
85 

Phenol 
2-amino phenol 
Salicylic acid 
5-sulfo salicylic acid 
(all 5g/L) 

TBR 
125-175 oC, 1-7 MPa 
VLHSV = 1-20 h-1 

Charcoal 1049 >99 
>99 
40 
40 

 

Phenol (5 g/L) Slurry batch reactor 
110-160 oC,  
3-5 MPa 
tR = 3 h, 0.1-1 g of AC 

Chezacarb 
Charcoal 

950 
1049 

>99  

Phenol (5 g/L) TBR 
110-160 oC, 5-8 MPa 
FAIR/FL

  = 400m3/m3 
τ = 2.0 h,  
Liquid holduap = 0.05-0.065 

CBC 70.1 >99 85 

Phenol (20 g/L) Fixed bed reactor (upflow) 
400 oC, 25 MPa 
τ = 2.6 s, 0.9 g of AC 

Coconut  
Bamboo 

Coke  
Graphite 

Fibre 

430 
42.7 
12.4 
0.003 
0.6 

63 
30 
38 
22 
40 

50 
18 
28 
17 
29 

 

Heterogeneous catalysts are capable of activation of an oxidant into active radicals. 

The catalyst directly activates reactant molecules, facilitating their decomposition 

into radicals. The catalytic cycle would follow the reduction-oxidation reactions as 

shown below [121].   

ROOH + M ⟶	ROOH• 	M 	H  (2.10) 

ROOH + M ⟶	RO• 	M 	OH  (2.11) 

The solid catalysts enhance the free radical propagation through the formation of 

alkyl peroxy radical (2.10) and then the decomposition of hydroperoxide (2.11). The 

efficiency of the catalyst is related to the redox potential of the Mn+/M(n-1)+ couple. 

Catalyst may also involve an oxygen-transfer  mechanism in which the role of 
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catalyst is to transfer an oxygen atom to aqueous reactant molecule through 

complexation and activation [122].  

To date, the main disadvantage of CWAO technology is the problem of the catalyst 

deactivation which occurred during reaction process. This may occur mainly due to 

active phase leaching or formation of carbonaceous deposits, during the oxidation 

process. Among the most promising catalysts, activated carbon offers a less 

expensive alternative with a proven activity in the abatement of several phenols like 

compounds. 

 

 

2.5 Advanced Oxidation Processes (AOPs) 
 

 
Advanced oxidation processes (AOPs) are defined as near ambient temperature and 

pressure water treatment processes which are based on generation of very reactive 

species, such as hydroxyl radical (OH•) that has a high standard oxidation potential 

and reacts non-selectively. The concept of this technique was first introduced by  

Glaze et al. [123]. The redox potential of hydroxyl radical (2.08) is the highest after 

fluorine (3.03), followed by that of atomic oxygen (2.42), H2O2 (1.77), and then 

permanganate (1.67). Thus, hydroxyl radicals have emerged as effective species to 

completely degrade organic compounds in aqueous media. The complete 

mineralization of an organic pollutant will produce H2O, CO2 as seen in the 

mechanism reaction below. 

C H X + mOH ⟶ aCO2 + 	H2O + X ‾ (2.12) 

All the carbon and hydrogen atom are completely oxidized to CO2 and H2O, while the 

X gives		X ‾. X ‾ is an inorganic ion which is depending with the molecular 

composition of that pollutant. Recently, sulphate radicals SO •  have been proposed 

as an alternative to hydroxyl radical for organic degradation due to higher oxidizing 

potential (1.82 V) and in many cases more efficiency of oxidation than that of 

hydrogen peroxide [124, 125].  
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2.5.1 Cavitation 
 

First reported in 1895 by Thornycroft and Barnaby, cavitation is defined as the 

phenomena of the formation, growth and subsequent collapse of micro-bubbles or 

cavities occurring in extremely small interval of time (milliseconds), releasing large 

magnitudes of energy [126-128]. Cavitation events occur at multiple locations in the 

reactor simultaneously and hence the overall effects are spectacular. There are some 

important effects of cavitation  during the events occur, namely the generation of hot 

spots, release of highly reactive free radicals, continuous cleaning as well as increase 

in the surface area of the solid catalyst and also enhancement in the mass transfer 

rates due to turbulence generated as a result of acoustic streaming [129-131]. The 

ambient conditions of the reaction system can greatly influence the intensity of 

cavitation, which directly affects the rate of reaction or yield. These conditions 

include the temperature of reaction, pressure of hydrostatic, irradiation frequency, 

acoustic power, and ultrasonic intensity. There are other factors which significantly 

influence the cavitational intensity, namely the presence and nature of dissolved 

gases, sample preparation, choice of buffer and solvent [130]. The cavitation 

technique can be divided into several types based on the mode of generation, which 

are hydrodynamic cavitation, acoustic cavitation, optic and particle cavitation. 

Among the types of cavitation, hydrodynamic and acoustic cavitation has been 

proven as efficient technique in bringing about the desired chemical changes. Others, 

optic and particle cavitation are typically used for single bubble cavitation, which 

fails to induce chemical change in the bulk solution [12]. In the case of caustic 

cavitation, cavitation is affected using the high frequency sound waves in the range of 

16 kHz-100MHz, usually ultrasound. Alternate compression and rarefaction cycles of 

the sound waves results in various phase of cavitation such as generation of the 

cavity/bubble, growth phase and finally collapse phase releasing large amount of 

energy locally [127]. The most common device used for acoustic cavitation can be 

shown in Figure 2.6.  
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Figure 2.6 Schematic representation of the equipment based on acoustic cavitation 

[12]. 

Typically, the devices with higher dissipation area give larger efficiency at similar 

levels of the supplied input energy. It is also has been reported that using a device 

with multiple frequencies transducers is more beneficial compared with the use of a 

single frequency [132, 133]. Moreover, another technique with promising future has 

been developed for large-scale applications is ultrasonic horns vibrating in radial 

directions, which also gives additional benefit of better energy dissipation due to 

larger irradiating area [134], however more investigation is needed in terms of testing 

this device for operation at high frequency and high power dissipation.  

The other technique is hydrodynamic cavitation, as an alternative process, is the use 

of hydraulic devices to generate cavitation by the passage of the liquid through a 

constriction such as valve, orifice and plate venturi [135]. When the liquid passes 

through the orifice, the kinetic energy/velocity of the liquid is increased at the 

expense of the pressure. Some of the equipment used for the generation of 

hydrodynamic cavitation can be seen in Figure 2.7. 
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Figure 2.7 Schematic representation of the equipment based on hydrodynamic 

cavitation [12]. 

The cavitation intensities generated in the hydrodynamic equipment is lower 

compared to the acoustic equipment. Design of a reactor, in terms of the operating 

and geometric conditions, must be customised to the particular application. There are 

not many publications that describe the use of hydrodynamic cavitation in the area of 

wastewater treatment [136]. However, hydrodynamic cavitation technologies offer a 

simple process, higher energy efficient, low cost for reactor maintenance, and relative 

flexible for scale-up as compared to acoustic techniques [137].    

 
 

2.5.2 Photocatalytic oxidation  

 
Photocatalytic oxidation (PCO) processes are gaining importance in the area of 

wastewater treatment, since these techniques result in high total organic carbon 

removal with operation at mild conditions of temperature and pressure. A 

photocatalyst is defined as a species that induces photochemical reactions, as a result 

of activations of a semiconductor material, for instance TiO2, by the radiation of ultra 

violet light (UV-light) with a specific wave length. The activation is achieved with 
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the absorption of photons by a semiconductor material promoting the electrons from 

its valence band to conduction band, thereby creating a hole and an electron (Figure 

2.8). The holes will act as oxidizing agent, while the electron is reducing agent [138]. 

Furthermore, the hole will react with water to produce the powerful oxidizing agents 

(hydroxyl radical, OH•) which are responsible for removal of hazardous components 

from aqueous solution [139]. The mechanism of the reduction and oxidation reaction 

is shown in the following equations [140]. 

 

TiO2  TiO2 ( 	 ) (2.13) 

TiO2 ( 	 ) 	   TiO2 + heat (2.14) 

H2O ⟶	OH 		+		H 	 (2.15) 

hole  + OH  ⟶  OH• (2.16) 

O2 +   ⟶  O • (2.17) 

O • + 	2OH  ⟶	H2O2	 	O2	 (2.18) 

OH• + Organic compound + O2 ⟶ products (CO2, H2O2, etc.) (2.19) 

 

 

 
Figure 2.8. Illustration of the oxidation and reduction reactions in a semiconductor 

exposed to UV light [141]. 
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Semiconductor materials such as titanium dioxide, zinc oxide, cadmium sulphide, 

bismuth oxide, ferric oxide, and tungsten oxide have been investigated in different 

studies for degradation of organic pollutants in aqueous solution [142-145]. However, 

among the semiconductors used in photocatalysis, titanium dioxide only has the best 

photocatalytic performance with maximum quantum yields. In addition, Degussa P-

25 catalyst is the most active form among the several of TiO2 that are available and 

usually give better degradation efficiencies [12]. However, photocatalytic oxidation is 

expensive to run because it is slow rate of degradation leading to high power 

consumption (electrical energy) and in some cases leading to incomplete 

mineralization of organics [146]. 

 
Generally, the rate of photocatalytic degradations is influenced by several factors, 

such as illuminations intensity, photocatalyst type, pH value, oxygen concentration, 

presence of inorganic ions, and the concentration of organic reactant. Among them, 

the pH value has a dominant effect on the photocatalytic reaction because many 

properties are strongly pH dependent, such as the semiconductor’s surface state, the 

dissociation of organic contaminants, and the flat-band potential [147]. The rate of 

photocatalytic degradation has been modelled by different kinetic models. Langmuir-

Hinshelwood (L-H) kinetics seems to describe many of reactions fairly well. The L-H 

expression in low solute concentration can be reduced to a pseudo first order 

equation, as can be seen below [148]. 

 
K K C kC (2.20) 

 
Where k is a pseudo first-order rate constant of organic pollutant, C is the bulk 

solution concentration of pollutants at various time (t). This equation has been applied 

to many photocatalytic reactions. Table 2.7 lists the aqueous toxic organics that can 

be mineralized using PCO. 
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Table 2.7 List of the aqueous pollutants mineralized by photocatalysis [12] 

Class of organics Examples 
Haloalkanes/haloalkenes Chloroform, trichloroethylene, perchloroethylene, 

tribromomethane, dicloromethane, CCl4 
Aliphatic alcohols Methanol, ethanol, 1-octanol, 2-propanol 
Aliphatic carboxylic acids Formic, glycolic, citric 
Amines  Alkylamines, alkanolamines, heterocyclic and 

aromatic N-compounds 
Aromatics Toluene 
Halophenols 2-,4-chlorophenol and 2,4-dichlorophenol 
Aromatic carboxylic acids Malic, chlorobenzoic acids, phenoxy acetic acid, 

2,4-dicholorophenoxyacetic acid 
Amides Benzamide, 4-hydroxybenzamide 
Surfactants Sodium dodecyl benzene sulfonate, trimethyl 

phosphate 
Herbicides Atrazine, S-trizine herbicides, bentazone 
Pesticides/fungicides Fenitrothion, metalaxyl 
Dyes  Methylene blue, Rhodamine B, methyl orange, 

fluorescin, SBB dye, reactive black 5 
Sulphides  Trimethylene sulphide, propylene sulphide, 

thiophene, methy disulphide 
 
 
 
 
 
2.5.3 Fenton chemistry  

 
The Fenton process was discovered about 100 years ago by Fenton, but its application 

as an oxidizing technique for degradation of organic pollutants was not applied until 

the late 1960s [13]. Fenton reaction involves hydrogen peroxide and ferrous ions 

(Fe2+) in aqueous acidic medium. Furthermore, hydrogen peroxide decomposes into 

hydroxyl radical and hydroxyl ion and the oxidation of Fe2+ to Fe3+. The Fe3+ ions 

may further catalyze hydrogen peroxide and generates again hydroxyl radicals. 

Hydroxyl radicals will oxidize organic pollutants by abstraction of protons producing 

organic radical (R•), which can be further oxidized into H2O and CO2. The Fenton’s 

reaction is as follow [149]. 

Fe 	H O  ⟶		Fe 	 	OH 	OH•					 (2.21) 

OH• 	 		Fe 	⟶		Fe 	 	OH 	 (2.22) 

Fe  	H O  ↔ Fe⋯OOH 	H 	 (2.23) 
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Fe⋯OOH  ⟶ Fe  +HO•  (2.24) 

HO•  	Fe  ⟶		Fe 	 	HO 	 (2.25) 

Fe 	 	HO•⟶ Fe 	O 	H 	 (2.26) 

OH•	 	H O 			⟶	H O	+HO•  (2.27) 

RH 	OH• ⟶ 	R• 	H O ⟶ further oxidation (2.29) 

 
Some investigations showed that the Fenton’s reagent has successfully used for the 

remediation of colour from textile industries, diesel-contaminated soil, and removal 

of organics such as phenol, alcohol, ketones, chlorophenol, benzene, nitrobenzene, 

dichlorophenol, and poly aromatic hydrocarbon [150-154]. However, common 

problems that are often encountered in the process are acidic condition, large quantity 

of chemical reagents, very slow catalysis of the ferrous ions generation and large 

production of ferric hydroxide sludge [155].   

 

 

2.5.4 Chemical oxidation methods 
 
 
There has been considerable interest in the use of chemical oxidants for destruction of 

organic contaminants present in the wastewater. This technique is fairly simple and 

widely used for the remediation of soil and ground water [156, 157]. An oxidant can 

be defined a substance that can remove electrons from other reactants in a redox 

chemical reaction. In general, the ability of a chemical compound oxidizing the 

organic pollutants in the water can be affected by oxidation reduction potential of the 

oxidant itself. In the wastewater treatment applications, there are several commonly 

oxidants, some of them are presented in Table 2.8 below [158]. In general, a oxidant 

which has a high redox potential, can achieve the faster rate of the oxidation reaction 

[159]. 
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Table 2.8 Standard reduction potential of some oxidants in acidic media 

Oxidant Redox Potential Eo (eV) 
Fuorine (F2) 3.03 
Hydroxyl radical (OH•) 2.80 
Atomic Oxygen 2.42 
Ozone (O3) 2.07 
Hydrogen peroxide (H2O2) 1.77 
Potassium permanganate (KmnO4) 1.67 
Hypobromous acid (HbrO) 1.59 
Chlorine dioxide (ClO2) 1.50 
Hypochlorous acid (HClO) 1.49 
Chlorine (Cl2) 1.36 
Bromine (Br2) 1.09 

 

Some of the popular oxidants commonly used in wastewater treatment processes 

include ozone, hydrogen peroxide, potassium permanganate, and peroxymonosulfate 

[160, 161].  

Ozone is the triatomic state of oxygen which simply means that the ozone molecule 

contains three oxygen atoms having the chemical symbol of O3. At ambient 

conditions, it always exists in the gas phase. Ozone is the most powerful known 

oxidizing agent (2.07 eV) and can react with most species containing multiple bonds 

such as C=C, C=N, and N=N [12]. In practical scale, ozone has been widely applied 

and can be used for treatment of effluents from various industries relating to dye 

manufacture, pulp and paper production, shale oil processing, production of 

pesticides, textile dyeing, pharmaceutical production [162-167]. The solubility of 

ozone depends on the water temperature. In the temperature range of 0 to 60 oC, 

solubility of ozone is 10 to 15 times higher compared with oxygen [168]. Because 

ozone is very reactive in an aqueous environment, ozone can oxidize materials 

between 10 to 1000 times faster than most oxidants used in water treatment [169]. 

However, the molecule is unstable thus it cannot be compressed and stored. 

Therefore, ozone must be generated close to the point of application and used 

immediately. Usually the decomposition rate of ozone follows a pseudo first-order 

kinetic model [170]: 
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 (2.30) 

 

Where k’ is a pseudo first-order constant at given pH value. Molecular ozone can 

oxidize water impurities via direct, selective reactions or can undergo decomposition 

via a chain reaction mechanism resulting in the production of free hydroxyl radicals 

(Figure 2.9). The decomposition proceeds through the five-step chain reaction, as 

shown in Table 2.9 [170]:    

 
Table 2.9 Ozone decomposition proceeds 

Reaction Rate constant (M-1s1-) 
O3 + H2O ⟶ 2HO• + O2 1.1 x 10-4 
O3 + OH¯ ⟶ O2

•‾ + HO2
• 70 

O3 + HO• ⟶ O2 + HO2
• ↔ O2

•‾ + H+ - 
O3+ HO2

• ↔ 2O2 + HO• 1.6 x 109 
2HO2

• ⟶ O2 + H2O2 - 
  

Ozone reacts in aqueous solution with various organic and inorganic compounds, 

either by a direct reaction of molecular ozone or indirect reaction through hydroxyl 

radicals induced by the ozone decomposition in water. In general, the decomposition 

of ozone is significantly influenced by the pH of the solution because it can affect the 

formation of hydroxyl radicals (OH•). The hydroxyl radical is the most important 

intermediate because it leads to an indirect attack on organic compounds, which is 

faster than a direct attack by molecular ozone. Direct reaction usually occurs at pH 

less than 3, while the combined reaction occurs at pH between 7 and 10, and indirect 

at a pH above 10 [147, 170, 171].  

 
 
 
 
 
 
 
 
 
 
 

Figure 2.9  Reactivity of ozone in an aqueous solution [172]. 
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Hydrogen peroxide is another oxidant that has been well-known as a strong oxidant 

which is effective in degradation of organic contaminants or in the treatment 

wastewater requiring less stringent oxidation condition [173], which was found by 

Thenard in 1818 as the product of the reaction of barium peroxide with nitric acid 

[174]. Hydrogen peroxide is a versatile oxidant that is effective over the whole pH 

range, which has a standard reduction potential of  2.8 eV in acidic media, and would 

be able to oxidize almost all organic compounds to carbon dioxide and water, except 

for some of the simplest organic compounds, such as acetic, maleic and oxalic acids, 

acetone or simple chloride derivatives [175].  Hydrogen peroxide is an oxidant which 

has environmentally benign profile, because it can decompose to water and oxygen 

only. Therefore, H2O2 is widely used as a bleaching agent in textile industry, pulp and 

paper, and home laundry application. However, there are some major problems 

encountered with the application of hydrogen peroxide alone for wastewater 

application which are: hydrogen peroxide is unstable and has a tendency to 

decompose, so that stabilizing agents have to be added, very sensitive to rise in 

temperature, and limited effectiveness due to mass transfer limitations [150, 176, 

177].  

 
Furthermore, another oxidant which is different with all oxidants, which do not rely 

on generating hydroxyl radicals to oxidize organic pollutants in AOPs, is potassium 

permanganate. Permanganate (MnO4
–) compounds is one of the most famous 

oxidants utilized to oxidize inorganic and organic pollutants such as cyanide, 

hydrogen sulfide, and phenols. Permanganate has also been used to oxidize iron, 

manganese, and compounds associated with taste and odor.  Permanganate obtained 

from potassium permanganate, which can be stored dry in crystalline form [178]. In 

addition, reactive species of permanganate depend on the reaction conditions, such as 

pH. For instance in acidic medium, potassium permanganate will generate several 

active radicals such as HMnO4, H2MnO4
+, HMnO3, and Mn2O7 which react with toxic 

organic into less toxic compounds [179], while in basic medium, the reactive species 

is MnO4
2- [180]. A study has reported that pH has an impact in generating reactive 

species and it can be seen from the intermediate products of oxidation of 

benzaldehyde in aqueous solution. At pH 4 half products dominated by formic acid, 
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whereas at pH 6 to 8 the dominated species are oxalic acid and glyoxylate and then 

the organic acids are subsequently oxidized to carbon dioxide [181]. The drawback of 

this system is the formation of precipitation in form of magnesium oxide in end 

products which requires additional removal process [182]. 

 
Moreover, another popular oxidatant has come forth recently for degradation of non-

biodegradable compounds, which is peroxymonosulphate. Peroxymonosulphate is a 

triple salt consisting of 2KHSO5•KHSO4•K2SO4•KHSO5, which is best known under 

the commercial name of Oxone® (DuPont). In aqueous solution, the active 

component of oxone® which is potassium peroxymonosulfate (KHSO5) leads to the 

formation of SO4
•- and SO5

•- radicals which are known as sulfate radicals. The active 

component of oxone has a short oxygen-oxygen bond (1.460 Å) compared with H2O2 

(1.497 Å) with a hydrogen atom on left side and SO3 group on right side, which is 

capable of providing a sulfate group [183]. The schematic representation of KHSO5 

structure can be seen in Figure 2.10. 

 

 

 

 

 
 

Figure 2.10 Schematic representation of KHSO5 structure [184]. 
 
 

Peroxymonosulfate is known to be among the strongest oxidant, which has standard 

reduction potential (E0) of HSO5
-/HSO4

- = 1.82 V and generally oxidizes faster than 

hydrogen peroxide which has standard reduction potential (E0) of H2O2/H2O = 1.76 V 

[185]. In addition, the oxidant is stable at pH < 6 and at pH 12. At pH 9, 

peroxymonosulfate will reach a point of minimum stability where concentration of 

HSO5
- and SO5

2- are equal. While at pH less than 1, HSO5
- hydrolyzes to hydrogen 

peroxide [183]. Based on half-life, a sulfate radical has a longer half-life than the 

hydroxyl radical, because the tendency of the sulfate radical is for electron transfer 

reactions, while the hydroxyl radicals can participate in a variety of reactions with 

equal tendency [186, 187]. In addition, the sulfate radical (SO4
•-) has stability and 
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high oxidation efficiency, thus making them very effective for degradation of organic 

and inorganic compounds such as cyanide, the reduced sulphur compounds, ketone, 

phenolic and aldehydes. The advantage of this system is that the oxidation process 

may not require pH adjustment because peroxymonosulfate provokes pH dropping, 

which can be controlled by optimizing experimental parameter [188].  

 
All oxidant as mentioned above are strong oxidants that can be used to degrade 

organic contaminants present in aqueous solution. However, the use of individual 

oxidant is not that efficient in oxidizing more complex and recalcitrant materials due 

to mass transfer resistance between the pollutant and the oxidizing agents [12]. 

Therefore, these oxidants require some other metal salts or energy which is capable of 

dissociating oxidant to generate radical species [141]. 

 
Recently, many investigations have reported that sulphate radicals are superior to 

hydroxyl radicals in oxidation for water treatment. In most previous investigations, 

Co2+/peroxymonosulphate (oxone®, HSO5¯) has been found to be an effective route 

of AOP for sulphate radical production and oxidation of various organics [189-194] 

[189]. Anipsitakis and Dionysiou [124] investigated homogeneous activation of 

oxone® by several metal ions, Fe2+, Fe3+, Co2+, Mn2+, Ni2+, Ru3+, Ce3+, and Ag+, for 

2,4-dichlorophenol degradation. They found that Co2+ is the best metal catalyst for 

the activation of peroxymonosulfate. They also found that Co2+, Ru3+, and Fe2+ 

interact with PMS to produce freely diffusible sulfate radicals while Mn2+, Ni2+, and 

Ce3+ with oxone® generate caged or bound to the metal sulfate radicals. The radical 

generation and organic degradation processes can be described as shown below. 

 

Co  + HSO  → Co  + SO • + OH   (2.31) 

Co3+ + HSO5
− → Co2+ + SO •+ H   (2.32) 

SO •+ H2O → SO4
2− + OH• + H  (2.33) 

SO •+ Organics → several steps → CO2 + H2O + SO4
2− (2.34) 
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However, a major issue in using Co metal ions is the toxicity which can cause health 

problems to humans, such as asthma and pneumonia, and secondary pollution [195]. 

Therefore, alternative catalysts with less toxicity and environmental benign for 

peroxymonosulphate activation are highly required. In the past few years, several 

heterogeneous Co catalysts have been tested in our lab and reported for oxone®  

activation, such as Co3O4 [155], Co exchanged zeolites [125], supported Co3O4 [14, 

196-200], and CoFe2O4 [201, 202] for phenolic degradation and proposed that both 

CoO and Co2O3 contained in Co3O4 are responsible for oxone® activation.  

 
In the past decade, manganese oxides have attracted much attention because of their 

physical and chemical properties and wide potential applications as heterogeneous 

catalysts [203-205], adsorbents [206-208], enhanced luminescence [209, 210], battery 

materials [211-213], biolabeling [214, 215] and supercapacitor [216, 217]. In the 

most previous investigations in water treatment, MnOx was usually used for Fenton-

like reaction for production of hydroxyl radicals from H2O2 and oxidation of organic 

compounds. Manganese oxide has several different phases and oxidation states, such 

as MnO, MnO2, Mn2O3 and Mn3O4, with varying structures. Using nano structured 

manganese oxide instead of supported Co oxide will be a promising for advance 

oxidation process. For this purpose, the use manganese oxides are an alternative to be 

developed because of their widely presence in nature and low toxicity to the 

environment. 

 
 
2.6 Preparation and Synthesis of Solid Catalysts 
 
2.6.1 Solid synthesis  

Developments of new methods to obtain more efficient catalysts have increased. 

There are various methods that are commonly used in making catalysts, one of which 

is solid to solid method. The solid to solid route is a direct reaction of corresponding 

solid compounds in certain circumstances to obtain the desired material. In general 

there are two popular methods that can be used in the solid state reaction which are 

ceramic method and mechanical milling. Both techniques will be described further 

below. 
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2.6.1.1 Ceramic method  

Many inorganic solid materials have been synthesized by reacting solid with another 

solid. The most common and widely used method for preparation of solid materials is 

the ceramic method, which is a direct reaction of two non-volatile solids to form the 

desired product at high temperature. This method is widely used in industry and the 

laboratory, and can be used to synthesize the whole range of materials such as mixed 

metal oxides [218]. Since, solid-state does not react at low temperature, therefore 

high temperature (>1000 oC) is necessary to complete the reaction [219]. Thus, 

thermodynamics and kinetics are very important factors in solid-state reaction. In 

order to get better understanding about ceramic method, it is considered the thermal 

reaction of two single crystals compound, A and B, with a contact across one face 

(Figure 2.11).   

 

 

 

 

 

 
Figure 2.11 Schematic illustration of a solid to solid reaction [220, 221] 

 

It is seen from Figure 2.11, the first stage of reaction occurs at the interface between 

A and B, when no melt is formed during the reaction, to form nuclei of product phase. 

Nucleation is commonly difficult when phase of product is different from the one of 

the reactant phases due to structural reorganization of the lattice. Next, the reactants 

diffuse from the bulk to the product phase. After the nuclei of product C have formed, 

there are two reaction interfaces at this stage: one between A and C interface, and 

another is C and B interface. At the growth stage of product layer, counter diffusion 

of reactant ions (A and B) have to occur through the product layer C towards the new 

reaction interface. Further reaction causes the growth of the product layer, which 

results in a longer distance for diffusion paths, as consequently the rate of reaction 
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gradually becomes slower with the time. This phenomenon occurs because the 

product layer between A and B acts as a barrier. It is difficult for ions to move to 

adjacent sites because they are normally regarded as being trapped in their respective 

lattice sites. Therefore, the high temperatures are required in order that the ions have 

sufficient energy to diffuse through the crystal lattice [221]. The rule of thumb 

suggests that a temperature of about two-thirds of the melting temperature of the 

reactant is required to enable the solid-state reaction. In the ceramic method, diffusion 

is often the limiting step in the whole reaction step. Therefore, using small particle 

size could maximise the surface contact area and minimise the distance that the 

reactants have to diffuse [222]. 

Although the ceramic method is a simple technique and has been used widely, this 

technology has some drawbacks such as large energy consumption due to high 

temperature reaction, the desired product may be unstable or decompose at high 

temperatures, chemical inhomogeneity, coarser particle size, and introduction of 

impurities during ball milling, and also difficult to process further purification for end 

product due to solid phase product [223-225].  

In a manganese-cobalt-based material, the starting reactants usually used are metal 

oxides. To assist researchers in developing new material a phase diagram is usually 

used as a practical reference in material synthesis for particular interest, such as Co3-

xMnxO4 spinel phase diagram, as can be seen in Figure 2.12. Typically, starting 

materials, Co3O4 and Mn3O4 in different proportions are mixed together. The mixed 

oxide-based material were pressed into pellet at 3500 kg/cm2, and  heated at 1000 oC 

in air with flow rate 6 to 8 cc/sec. After the heat, they were cooled and crushed and 

ground into powder. Using this method, a single phase cubic spinel could be 

synthesized in the composition range x ≤ 0.1 [226]. For application, Co3-xMnxO4 

spinel catalyst is widely used in Fischer-Tropsch process for synthesis of gaseous, 

liquid, and solid (waxes) hydrocarbons from carbon monoxide and hydrogen reaction 

[227-229].  
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Figure 2.12 Diagram showing phase relations in the system manganese oxide-cobalt 

oxide under air [230]. 

 
 
 
2.6.1.2 Mechanical Milling Method  

 
Mechanical milling has been used long time ago in producing ultra-fine powders in 

the range of a sub-micron to a nanometer with a high concentration of lattice defects. 

The synthesis of materials using high energy ball milling of powders was first 

developed by John Benjamin in 1970 [231]. The aim of milling is to reduce the 

particle size and blending of particle in new phases. Typically, this technique uses 

mechanical action from the balls and then transfers the kinetic energy into the powder 

during milling processes. The balls may roll down the surface of the chamber in a 
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series of parallel layers or the balls may fall freely and impact the powder and balls 

beneath them. The basic process of mechanical milling is presented in Figure 2.13. 

These actions would increase the surface area, surface energy and number defects of 

material. The increased surface energy can result in mechano-chemical activation if 

alterations in structure, chemical composition or chemical reactivity occurred 

throughout milling [232, 233].  

 

 
 
  

 

 

 

 

 

Figure 2.13 Schematic illustration of the high-energy ball milling 

 
In general, there are several important parameters influencing significantly in the 

success of catalyst synthesis using mechanical mill process, such as size of milling 

ball, number of milling balls, temperature during milling, milling speed and time 

[234-236]. The large size and high density of milling balls is useful since the larger 

density of the balls will transfer more impact kinetic energy to powder particle. 

Furthermore, the number of milling balls has linear correlation with yield due to the 

linear correlation between mass (m), moment of inertia I and kinetic energy of the 

system Ekinetic (Eqn. 1) [237].  

 
	 rot	or	osc 0.5 2  (2.35) 

 
Where I, , and	  are the moment of inertia, angular velocity and angular frequency, 

respectively. The temperature during milling will affect the phase of final product 

because heat treatment can facilitate a solid diffusion and defects of lattice in the 

material. Moreover, at higher temperature, milling process produced a fully 
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amorphous phase product, while a partially amorphous phase was produced on 

milling at lower temperature [238]. In addition, mill speed and time will affect 

specific surface area of final product. with using same speed of milling, fine particle 

will be obtained in short time of milling process, while specific surface area will 

decrease with increasing the milling time due to change of powder phase [239]. 

There are many solid state mechano-chemical studies on the synthesis of alloys, 

transition-metal nano powder, and nano-phase material [240-244]. Of course, many 

materials have been synthesized using this method for a wide range of applications, 

such as Mn-Zn spinel ferrites, Mn-Fe, Ni-Fe, LaMnO3, La0.7Ca0.3MnO3, LiMnO4, 

graphene nanosheet, carbon scrolls, carbon nanotubes, and  activated carbon [245-

255]. For example, β-MnO2 nano-crystalline catalyst was synthesized with starting 

material manganese salt. Further, the starting material is placed in high-energy ball 

milling which is equipped with 2 balls for 16 hours. After the process, the average 

particle was obtained in the range of 88-500 nm and surface area between 61.5-4 m2g-

1 [256].  

 
The solid state mechanochemical process is relatively promising because it is a 

simple and effective method to prepare materials for various purposes. However, 

there are several disadvantages which have to overcome during the ball milling, such 

that the particles produced tend to be non-uniform size and shape, and have a wide 

range distribution of particle sizes. In addition, the products are easily contaminated 

due to erosion of the milling material [257-259]. 

 

 

2.6.2 Liquid to solid synthesis  

 
Liquid to solid synthesis is one route for the preparation of heterogeneous catalysts. 

This method has a major difference  compared to solid to solid method, in which it do 

not require high temperature heating or high mechanical energy for preparation stages 

into the catalyst. Synthesis of solid catalysts in solution state is powerful because the 

nucleation and growth process can be easily controlled by adjusting the reaction 

parameters, such as the concentrations of reactants, the mole ratio between surfactant 
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and precursors, the reaction time and temperature [260]. There are several methods 

concerning this route that will be described further below. 

 
 
 
2.6.2.1 Precipitation and co-precipitation method   

 
The synthesis of materials using precipitation routes was first introduced by Marcilly 

[261]. The aim of this technique is to precipitate an insoluble compound from a liquid 

solution. The term precipitation is usually reserved for preparation of individual 

component precipitates, while co-precipitation for multicomponent precipitates. The 

precipitate usually composed of fine particles or very small particles. For instance, 

manganese or cobalt-based fine particle can be synthesized using the reaction of 

aqueous solution of inorganic manganese salt or cobalt salt (Mn(NO3)2, MnCl3, 

MnSO4, CoCl) with an alkali solution (NaOH, NH4OH, (NH2)2.H2O) or sodium 

carbonate [262-267]. Usually, products of precipitation, such as metal hydroxides, 

need to be calcined to obtain the metal oxide as heterogeneous catalysts. 

 
Most precipitates are crystalline or amorphous precipitates. Getting one of 

precipitates is depending on the precipitation conditions. If the supersaturation setting 

is very high, the aggregation rate can exceed the orientation rate and the solid 

obtained is amorphous [268, 269]. Further, by ripening in the presence of the mother 

liquor, the amorphous solid can be turning to crystalline [270].  

 
Precipitation involves three distinct processes, namely supersaturation, nucleation and 

growth. Supersaturation solution can be obtained in several ways, including raising 

the concentration of the solution by evaporation (A to C), lower temperature (A to B) 

or raising the pH. More details on the three parameters that affect supersaturation are 

presented in Figure 2.14 [270]. Typically, this last approach is more commonly used 

in the preparation of metal hydroxides by adding the solution containing active 

component to the precipitating solution, or vice versa [271]. However, this approach 

has the disadvantage of lack of control on particle size, and morphology. This occurs 

due to the rapid change of the concentration of the mother liquor and disconnected 

nature of the precipitate formation [272-274]. 
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Figure 2.14 Supersaturation dependence on concentration, temperature and pH [270]. 

 
 
Therefore, another method of homogenous precipitation has been developed to 

overcome this disadvantage. By this technique, a better control is possible to obtain 

precipitate simultaneously and uniformly throughout the solution. This can be 

occurred by using the controlled release of the reaction-participating ligands with 

another source of chemical in the solution [273]. For example, urea or NH3·H2O as 

the ligand source slowly decompose to yield ammonia by heating at 60 oC. Using this 

method, Fe3O4@MnO2 as shown in Figure 2.15 with narrow size distribution has 

been synthesized [71]. 
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Figure 2.15 Transmission electron images of Fe3O4@MnO2 core-shell particles 

prepared by the homogeneous precipitation [71]. 

 
 
 
2.6.2.2 Sol-gel method   

 
The sol-gel process is a very useful technique for preparing many materials in a 

variety of shapes and forms. Applying the sol-gel process, it is possible to fabricate 

ultrafine oxide material at relatively low temperatures. In general, the sol-gel process 

involves the transition of a system from a liquid “sol” (colloidal) into a solid “gel” 

phase. The term sol refers to a stable colloidal suspension of solid particles in liquids. 

The particle, which can be crystalline or amorphous and particle aggregation, is 

prevented by electrostatic repulsion. The sol particles are connected by covalent 

bonds, Van der Waals force or hydrogen bonds. A gel can be interpreted to be 

consisting of continuous solid and liquid phases of colloidal dimensions [275]. 

 
The sol-gel technique has the drawback similar to precipitation method because the 

stoichiometry of the precipitates may not be exact if one or more ions left in solution. 

In the sol gel process, the reactants are never precipitate out.  After the sol is formed, 

which then interact to form a continuous network of connected particles called gel. 

This homogeneous gel is then dried by evaporating the interstitial liquid and gives 

rise to capillary forces causing the gel shrink to form the product known as a xerogel 

[222]. The main steps in sol-gel process outlined above can be seen in Figure 2.16.
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Figure 2.16 Step in the sol-gel synthesis route [222]. 

 

In the sol-gel method, the starting materials for the preparations of metal oxides 

usually use a class of metal organic compounds known as metal alkoxides [276], 

which have the following general formula: 

M(OR)n      (2.36) 

Where M is a metal such as Si, Ti, Al, Zr, while R is an alkyl group such as -CH3, - 

C2H5, or -C4H9 [277, 278]. The metal organics are generally dissolved in a solvent, 

usually an alcohol (methanol, ethanol, or iso-proponal) [279-281] and addition of 

water causes hydrolysis of metal alkoxides because a hydroxyl ion becomes attached 

to the metal atom, as in the following reaction: 

M(OR)n + n H2O ⟶ M(OH)n + n ROH (2.37) 

This is followed with a series of condensation reaction between hydroxide group, and 

the complete reaction is shown by the following reaction: 

M(OH)n ⟶ MO  +  H2O (2.38) 

Based on the reactions above, it can be seen that sol-gel technique can produce mixed 

gels easily by mixing of their alkoxides solutions prior to hydrolysis [277, 282]. In 

theory, almost all metal oxides can be synthesized via a sol-gel method, such as TiO2, 

Fe2O3, Fe3O4, SnO2, ZrO2, CeO2-ZrO2, BaTiO3, BaZrO3,  BaTi0.5Zr0.5O3, Y3Al5O12 

[283-288]. In addition, α, β and γ-MnO2 and Co3O4 nano size with uniform size 

diameter also can be prepared by a sol-gel process [289-292]. For example, 
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manganese acetate was dissolved in n-propyl alcohol and citric acid. Further, the pH 

was adjusted with ammonium hydroxide to get a base solution at 8.5. This solution 

was heated at 80 oC to induce etherification and distill out excess n-propyl alcohol. 

When the solution changed to a transparent viscous sol, then dried in air at 80 C for 2 

hours and calcined at 400 oC. Applying this method, α-MnO2 particle of nanowires 

shape with a narrow size distribution have been prepared [289]. Thus all porous oxide 

materials used in heterogeneous catalysis as catalyst supports or precursors of catalyst 

supports can be synthesized using this method. 

 
 
 
2.6.2.3 Hydrothermal and solvothermal methods  

 
The hydrothermal term came from the geology science, where it refers to any 

heterogeneous reaction in the presence of aqueous solvents or mineralizers under high 

temperature and pressure in order to dissolve and recrystallize under ordinary 

conditions [293, 294]. The hydrothermal synthesis has been an interesting technique 

to prepare materials with different nanostructures, such as nanowires, nanorods, 

nanobelts, and nanoflowers [295-298]. The solvothermal method is almost identical 

to the hydrothermal method except the solvent used. If water is used as the solvent, 

the method is called “hydrothermal synthesis”. The synthesis under hydrothermal 

conditions is usually performed below the supercritical temperature of water (374 oC) 

in a closed bomb [299, 300]. The high-pressure acid-digestion vessel that is usually 

used in a hydrothermal process can be seen in Figure 2.17.  

 
In the solvothermal, the temperature can be elevated much higher than that in 

hydrothermal technique, since variety of organic solvent with high boiling point can 

be chosen. There are several solvents that are usually used in solvothermal such as 

glycol, ammonia, urea and some organic solvents. The solvothermal route takes the 

benefits of both the sol-gel and hydrothermal technique [301, 302]. Thus 

solvothermal synthesis allows for the precise control over the size, shape distribution, 

and the crystallinity of the products. These characteristics can be altered by changing 

certain experimental parameters, including reaction temperature, reaction time, 

solvent type, surfactant and precursor. 
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Figure 2.17 High-pressure acid-digestion vessel (Parr Instrument Co. Model 4748) 

[303]. 

 
preparationof fine particles of organic metal oxide by using the hydrothermal 

technique is believed to occur in two-step process [304]. First, the metal salt solution 

will be hydrolyzed to metal hydroxides. After that, the hydroxides will dehydrate, 

yielding the metal oxide desired.  The rate of the overall reaction is affected by the 

temperature, pressure, water, and the dielectric constant of the solvent. The hydroxide 

of the metal salt is favored by a high dielectric constant, while the dehydration of the 

metal hydroxide is favored by a low dielectric constant [304, 305].  

 
In preparing manganese oxide or cobalt oxide, there are several precursors that can be 

used as starting materials such as manganese nitrate, manganese oxalates, manganese 

acetates, and cobalt nitrate. Usually the hydrothermal method is carried out as 

follows. An amount of precursors is added to distilled water, stirred at room 

temperature to form a homogeneous solution. Then the solution is transferred into a 

Teflon-lined autoclave and hydrothermally treated at 90-200 oC for several hours. 

The autoclaves are quenched and the crystalline powder products are washed and 

dried [296, 306, 307]. Using the hydrothermal synthesis, a number of manganese 
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nanoparticle have prepared as summarized in Table 2.10. The particle size clearly 

depends on the reaction temperature and starting materials used.  

 
Table 2.10. Synthesis condition and diameter crystalline size of hydrothermal 

crystallized manganese-based materials. 

Sample Starting 
material 

Oxidant Solvent T/oC Diameter, 
nm 

Morphology Ref. 

δ-MnO2 MnSO4.H2O KMnO4 H2O 160 - nanorods [290] 
β-MnO2 Mn(NO3)2 - H2O 170 - nanowire [306] 
α-MnO2 MnSO4.H2O KClO3 H2O 150 150-200 Sea urchin [308] 
γ-MnO2 MnSO4.H2O (NH4)S2O8 H2O 90 20-40 nanowire [307] 
Na-OMS-
2 

MnSO4·H2O, 
Na2-Cr2O7 

- H2SO4, 
H2O 

100 200 nano-urchins [309] 

Pyrolusite MnSO4·H2O, 
Na2-Cr2O7 

- H2SO4, 
H2O 

180 2-4 3D urchinlike [309] 

OMS-2 MnSO4·H2O, 
K2Cr2O7 

- H2SO4, 
H2O 

120 2 nanorods [310] 

OMS-7 MnSO4·H2O KMnO4 H2O 180 150-250 rodlike [311] 
OMS-2 MnSO4·H2O KMnO4 H2O 120 150-250 wirelike [311] 
H-KOMS-
2 

MnSO4·H2O KMnO4 H2O 120 150-250 nanowire [311] 

K-OMS-2 MnSO4·H2O KMnO4 H2O 120 150-250 nanobelts [311] 
MnxZnyFe3-

x-yO4 
Mn(NO3)2.xH2O, 
Fe(NO3)3.9H2O, 
and Zn(NO3) 

- H2O 95 11 - [312] 

γ-MnS Mn(CH3COO)2, 

thioacetamide 
- H2O 60 - wurtzite  [313] 

α-MnS MnCl2·4H2O, 
N2H4·H2O, Na2S 

- H2O 180 170–200 nanooctahedrons [314] 

SmMnO3 MnCl2, 
Sm(NO3)3, KOH 

KMnO4 H2O 240 - orthorhombic [315] 

DyMnO3 MnCl2, 
Dy(NO3)3, KOH 

KMnO4 H2O 240 - orthorhombic [315] 

TbMnO3 MnCl2, Tb4O7 
KOH 

KMnO4 H2O 240 - - [315] 

 

 

2.6.2.4 Electrochemical method  

 
Electrochemical synthesis is a well-known and promising technique for preparing 

metal oxide, hydroxides and ceramic thin film because it provides several benefits, 

such as low energy consumption, low cost, high purity, as well as high degree of 

stability of the synthesized nanoparticles [316-319].  The electrochemical synthesis of 
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oxide particle requires an electrolytic cell, generally consisting of two electrodes, 

which are anodic (redox change) and cathodic (base generation). In anodic oxidation, 

a metal ion or complex in a lower oxidation state is oxidized to a higher oxidation 

state anodically at the electrode surface. The pH value of the solution or electrolyte is 

adjusted so that the initial oxidation state is stable, and then the electrogenerated 

higher oxidation state experiences hydrolysis to a metal oxide or hydroxide [317, 

320]. The reaction of anodic oxidation scheme can be seen below.  

 

M2+ ⟶  M(z+Δ)  +  Δe-	 (2.39) 

 

M(z+Δ) + (z+Δ) OH¯ ⟶ M(OH)z+Δ ⟶	MO 	∆ + 
∆ 	H O   (2.40) 

 
In the cathodic method, cathodic currents are used to generate a base at an electrode 

surface, and the electrogenerated base then hydrolyses metal ions or complexes. The 

pH value at the electrode surface is considerably higher than that of the bulk solution 

[321].  One example of base electrogeneration can be seen below. 

 
2H O 2e 	→ 	H 2OH  (2.41) 

 
NO H O 2e 	→ 	NO 2OH  (2.42) 
 

metal ion  metal hydroxide ⟶ metal oxide (2.43) 

 
Manganese dioxide (MnO2) nanowires with an average particle size of 30-70 nm 

have been prepared by the cathodic electrodeposition technique. The electrochemical 

cell uses the cathodic substrate centered between two co-planar graphite counter 

electrodes. Cathodic deposits were obtained on a steel electrode (316 L, 100 mm x 50 

mm x 0.5 mm) by the galvanostatic mode deposition at the current density of 2 mA 

cm-2 (deposition time was 10 min) and without stirring using an Autolab 302 

electrochemical workstation system [319]. 
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2.6.2.5 Impregnation method  

 
Impregnation method is used for preparing catalysts that species in solution are 

deposited on the high-surface of the support. The most attractive feature of this 

technique is its simplicity in practical execution on both laboratory and industrial 

scales [322, 323]. Furthermore, by using impregnation technique, the metal species 

can be easily dispersed on the support. Usually, the synthesis of catalysts using the 

impregnation technique involves three steps: First, contacting the support with the 

aqueous precursors for a certain period of time. After that, the support is dried to 

remove the imbibed liquid. Finally, the catalyst is activated by calcination, reduction 

or other appropriate treatment [270, 324]. Using this method, Ag/TiO2 as shown in 

Figure 2.18 with highly dispersion on the catalyst has been synthesized. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.18 TEM image of distribution of Ag species on TiO2 support [325]. 
 
 
In practice, two methods of contacting may be distinguished in catalyst synthesis 

using impregnation technique, depending on the total amount of solution that used. 

Incipient wetness impregnation methods, also called dry impregnation, are a 

procedure whereby a certain volume of the metal-containing solution is added to a 

catalyst support containing the same or less pore volume as the volume of the 

solution that was added [326-328]. If excess volume of solution is used, the technique 

is referred to as wet impregnation or dipping [14, 329]. 
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Manganese oxide nanoparticles and its supported Co3O4 nano particles have been 

prepared according to the wet impregnation to investigate their effects on stability, 

activity of the catalysts for phenol degradation in aqueous solution. This catalyst has 

a significant synergistic effect in reaction because a highly dispersion can be obtained 

[330].  

 
 
2.6.2.6 Ion exchange method  

 
Term of ion exchange is used to describe all processes where ionic species from 

aqueous solution are attracted electrostatically by charge sites on the support surface 

[331]. Ion exchange is the reversible interchange of ions between a solid and a liquid 

in which there is no permanent change in the structure of the solid, which is the ion-

exchange material [332]. The method of ion exchange allows for the introduction, in 

a controlled way, of a precursor from aqueous solution onto the support and is usually 

followed by drying, calcination and reduction [333].  

 
In preparing the catalyst, the most common material suitable for ion exchange 

method, include zeolite, cationic clay, and double layered hydroxides [334-336]. 

These are ideal ion exchangers because they have crystalline lattice bearing electric 

charges which is a prerequisite for stability of the crystalline structure [337]. 

 
Zeolites are cationic exchangers. One of most important properties of zeolites is 

having a high ion exchange capacity, crystalline structure, and uniform pore sizes. 

The structure of zeolite is a 3 dimensional framework structure composed of Al2O3 

tetrahedrons (trivalent cations, Al3+) and SiO4 (quadrivalent, Si4
+) as the building 

block, which are connected with one another by sharing an oxygen atom. The anionic 

framework charge is filled by cations, and these cations are often accessible to ion-

exchange through the zeolite pore system [338]. 

 
Preparation of zeolite supported metals by ion exchange technique is simple. A fixed 

amount of zeolite sample were added to Mn (II) nitrate solution in solid to liquid ratio 

of 1:67 and stirred for 5 hours at 85 oC, and then the mixture was aged for 16 hours. 

The solution was filtered and washed with de-ionized water. The collected solid was 
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dried and then calcined. Using this method Mn-containing catalyst has been 

synthesized [339]. Although ion exchange technique is usually used to prepare zeolite 

supported metals, there are virtually no advantages to the method except familiarity 

[338]. 

 
 
 
2.6.3 Gas to solid synthesis  

 
A wide variety of gas-phase techniques have been developed for the fabrication of 

solid catalysts for a variety of applications. Currently, some different techniques, 

inert-gas condensation (IGC) and chemical vapor deposition (CVD) have been 

employed for developing catalysts which have nanoparticle size and uniform 

morphology [340, 341]. To date, intensive research activities to improve the synthesis 

methods and conditions, product quality and productivity are still continuing [342]. 

Both methods IGC and CVD routes will be explained further below. 

 
 
2.6.3.1 Inert gas condensation method  

 
The inert gas condensation (IGC) is the most commonly used technique of gas to 

solid synthesis involving the condensation of a vapour phase produced by the heating 

of a solid or liquid starting material. This method has been widely used in the 

synthesis of ultrafine metal particles since the 1930s [343]. The process is commonly 

used to synthesize nanoparticles and thin film material and  consists of three main 

steps [344, 345]:  

a. Generating a vapor phase by evaporation or sublimation of the material 

b. A rapid controlled condensation, and 

c. Formation of the particle and/or film by nucleation and growth. 

 

A model of a typical apparatus used is shown in Figure 2.19. It consists of an 

ultrahigh vacuum chamber, which is equipped with a liquid nitrogen-cooled finger, 

scraper and collector. The vacuum chamber is first pumped to a vacuum by a turbo-

molecular pump (< 10-5 Pa). In the case of nano material synthesis, the chamber is 
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then back-filling with a low-pressure high-purity inert gas, at pressure of typically a 

few hundred Pa. The starting material, mostly a metal, is vaporized by resistive 

heating in a crucible. Some alternative energy sources can be used such as 

radiofrequency heating, sputtering, electron beam heating, laser/plasma heating or ion 

sputtering [343, 346-348].   

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
Figure 2.19 Schematic of the gas condensation chamber for the synthesis of 
nanostructured materials [347]. 
 
 
In the fabrication process of fine particles, the metal atoms are evaporated, as a result 

of heating, collide with the inert gas atoms inside the chamber. Vapor from the hot 

source migrates into a cooler gas by a combination of convective flow and diffusion. 

The vaporized species then lose their energy kinetics via collusion with inert gas 

molecules. At high supersaturation, the vapors rapidly nucleate, forming large 

number of clusters that grow via coalescence, agglomeration and result in the 

formation of particles. The formed powder particles are collected on the surface of 

the cold finger [345, 349, 350]. The advantage of IGC technique is the products have 

high quality crystalline structure due to particle formation in a quasi-thermal 

equilibrium state. However, the product cannot be obtained continuously due to semi-
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batch process leading to low production rates. Further, the technique also cannot be 

used for producing multicomponent materials [343, 351]. 

 
Metal oxide nanoparticles such as manganese oxides have also been produced by the 

controlled oxidation of metal nanoparticles synthesized by evaporation of the metal. 

Manganese oxide-base catalysts, β-Mn, MnO, Mn3O4, Mn5O8, Mn2O3 nanoparticles, 

have been prepared by this technique with average particle size of about 43 nm [352, 

353]. 

 
 
 
2.6.3.2 Chemical vapor deposition method  

 
Chemical vapor deposition (CVD) is a chemical process, in which volatile 

compounds react and/ or decompose on the substrate surface to produce the desired 

deposit. Frequently, volatile by-products are also produced, which are removed by 

gas flow through the reaction chamber. CVD technique is a widely used route to 

produce high-purity, high-performance materials, which first patented by de 

Lodyguine in 1893 [354-356].  

The starting materials used in CVD process are usually metal precursors such as 

metal hydrides, metal chlorides, and metal compounds [357-359]. In the case of metal 

compounds, the process is generally referred to as metal-organic chemical vapor 

deposition (MOCVD) [360]. The starting materials are introduced into a reactor with 

the aid of a carrier gas, heated by irradiation of UV light or electrical plasma in a 

process chamber and then decompose. 

There are a number of CVD processes used for the formation of nanoparticles such as 

the classical (thermally activated/pydrolytic), metal-organic, plasma-assisted, and 

photo CVD methodologies [355, 361]. Among them, thermal CVD is the most 

generally used technique. The advantages of this methodology are producing 

uniform, pure, high yield, and reproduce nanoparticles and films [362-364]. Of 

course, nanostructured particles of manganese oxide have been synthesized using this 

method by some arrangement of the equipment. The equipment was used to produce 

the MnOx nanostructured consisting of the following three parts; a precursor 
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evaporator, a hot-wall reactor, and a particle trap (collector), as can be seen in Figure 

2.20. The precursor was stored in a bubbler placed in an oil bath at 90 °C. The sorbent 

precursor was introduced into the system by bubbling argon. The bubbler was 

wrapped with heating tape (90 °C) to prevent any losses due to condensation. An 

additional inlet was connected to the reactor to supply air. All the precursor and 

carrier gases (air and argon) passed through an alumina tube placed in the hot-wall 

reactor (electric furnace). The synthesis temperature was controlled by a temperature 

controller and was varied from 500 to 1500 °C. After synthesis, the nanoparticles 

were collected outside the reactor tube, where the temperature was held at room 

temperature using a water-cooled jacket [365]. Using this method, MnO2, Mn2O3, 

Mn2O3/Mn3O4, and Mn3O4, as shown in Figure 2.21 with particle size from 10 to 30 

nm,  have been synthesized. 

 

 
 
 

   
 
 
 
 
 
 
 
 
 
 

Figure 2.20 Schematic diagram of the CVD technique apparatus [365]. 
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Figure 2.21 Transmission electron images of MnOx particles prepared by the CVD 

technique [365]. 

 

 

 

2.7 Summary 
  

Among all the water treatment technologies described above, advanced oxidation 

processes (AOPs) are the promising technology that can be used as an effective 

process to completely degrade organic compounds and also can be operated at 

ambient conditions. Cavitation is defined as the phenomena of  the formation, growth 

and subsequent collapse of micro-bubbles or cavities occurring in extremely small 

interval of time. This technology has been shown to be feasible on a small scale, but 

the commercialization of cavitation technology is still a challenge, due to the high 

energy requirement of the process. Photocatalytic oxidation is based on the activation 

of semiconductor materials by the action of radiation with an appropriate wavelength. 

Photocatalytic oxidation technique has been proven for removal of toxic organics in 

aqueous solution, but this technique is expensive to run because it is slow rate of 

degradation leading to high power consume (electrical energy). Fenton chemistry is a 
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promising technique, using ferrous ions (Fe2+) in aqueous acidic medium, and can 

degrade organic pollutants completely. However, a common problem that is often 

encountered in the process is requiring acidic condition, large quantity of chemical 

reagents, very slow catalysis of the ferrous ions generation and large production of 

ferric hydroxide sludge. Chemical oxidation processes constitute the use of oxidizing 

agents, such as hydrogen peroxide and ozone, for generating hydroxyl radicals. 

Hydrogen peroxide (H2O2) is the most powerful oxidant compared to ozone and its 

application in the treatment of various inorganic and organic pollutants is well 

established. However, the use of individual oxidant is not that efficient in oxidizing 

more complex and recalcitrant materials due to low rate of reaction. Further, 

combining the use of oxidants with a suitable catalyst will effectively enhance rate of 

reaction. Apart from hydroxyl radicals, sulphate radicals have also been suggested as 

an alternative because it has standard reduction potential (E0) of HSO5
-/HSO4

- = 1.82 

V and generally oxidizes faster than hydrogen peroxide which has standard reduction 

potential (E0) of H2O2/H2O = 1.76 V. Heterogeneous catalyst is quite promising to be 

applied because no need for process separation unit. Heterogeneous catalysts used in 

the water treatment process are generally from noble metals or metal oxides in 

supported or unsupported mode. One that should be considered is the use of 

environmentally benign materials and easy to obtain. For this purpose, the use of Mn 

oxide is an alternative to be developed because Mn oxides are widely presence in 

nature and has low toxicity to the environment. Thus, advanced oxidation processes 

(AOPs) using chemicals as an oxidant is the most suitable to degrade toxic organics 

in aqueous solutions such as phenol and derivatives due to lower operating costs, no 

special equipment, less energy consumption, and high conversion of organic 

pollutants. 
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Abstract	
 

Several α-MnO2 catalysts in the forms of nanosphere, nanorod and nanowire were 

synthesized, characterized and tested in heterogeneous activation of 

peroxymonosulfate for phenol degradation in aqueous solutions. The α-MnO2 

materials exhibited varying activities in activation of peroxymonosulfate to produce 

sulfate radicals for phenol degradation depending on structure and morphology. 

Crystalline structure of MnO2 is more important than porous structure in influencing 

the activity because crystalline α-MnO2 exhibited higher phenol degradation. 

Nanowired α-MnO2 presented the highest activity with stable performance while the 

mesoporous α-MnO2 nanosphere with amorphous structure presented the lowest 

activity and stability. In addition, Three one-dimensional MnO2 nanoparticles with 

different crystallographic phases, α-, β- and γ-MnO2, were also synthesized, 

characterized, and tested in heterogeneous activation of oxone for phenol 

degradation in aqueous solution. The α-, β- and γ-MnO2 nanostructured materials 

presented in morphologies of nanowires, nanorods, and nanotubes, respectively. They 

showed varying activities in activation of oxone to generate sulfate radicals for 

phenol degradation depending on surface area and crystalline structure. α-MnO2 

nanowires exhibited the highest activity and could degrade phenol in 60 min at 

phenol concentrations ranging in 25-100 ppm. It was found that phenol degradation 

on α-MnO2 followed first order kinetics with activation energy of 21.9 kJ/mol.    

 

 

Chapter 	3 		
Catalytic Oxidation of Toxic Organics in Aqueous
Solution Using MnO2 and Peroxymonosulfate 
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Part A: α-MnO2 Activation of Peroxymonosulfate for Catalytic 
Phenol Degradation in Aqueous Solutions  
 

3.1. Introduction 

 

Wastewater from various households and industrial processes contains many organic 

compounds. Most organic compounds are toxic to the environment and human 

beings. Complete degradation of organic pollutants in wastewater is one of the 

focuses in water treatment. In the last decades, advanced oxidation processes (AOPs) 

have emerged as effective processes to completely degrade organic compounds in 

aqueous media. Currently, most AOPs are based on the generation of very reactive 

species, such as hydroxyl radicals (OH•) that oxidize a broad range of pollutants 

quickly and non-selectively [1-4]. 

 
Recently, MnO2 nanomaterials have attracted much attention because of their 

physical and chemical properties and possess a great potential as heterogeneous 

catalysts[5-8], adsorbents[9-11], and battery materials[12, 13]. However, few studies 

have been conducted on the catalytic properties of MnO2 materials in water treatment. 

Watts et al. [7] investigated amorphous and crystalline MnO2 as catalysts for the 

Fenton-like decomposition of hydrogen peroxide and found the amorphous and 

crystalline β-MnO2 at near-neutral pH resulted in significant carbon tetrachloride 

degradation. Zhang et al. [6] reported the synthesis of β-MnO2 nanorods and the use 

in the oxidation of methylene blue in the presence of H2O2. Xu et al. [14] investigated 

the oxidative removal of steroid estrogens from water by MnO2 and the factors 

influencing the reactions. They found MnO2 exhibited a promising chemical agent 

under optimized conditions for estrogen removal from water. Ai et al. [5] used 

microwave irradiation to synthesize MnO2 and tested catalytic degradation of 

Rhodamine B in aqueous solution. Dong et al. [15] also evaluated the catalytic 

properties of β-MnO2 nanowires for the degradation of phenol and revealed good 

separability and remarkable catalysis for the degradation of phenol on β-MnO2 

nanowires. Sui et al. [16] prepared α/β-MnO2 by a molten salt route and found that 

they showed excellent catalytic performance in the Fenton-like reaction. 
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In most previous investigations in water treatment, MnO2 was usually used for the 

Fenton-like reaction for production of hydroxyl radicals from H2O2 and oxidation of 

organic compounds. Recently, sulfate radicals produced by Co2+/Oxone have 

attracted intense attention in degradation of organic compounds for water treatment 

[17-19]. However, Co2+ is highly toxic and will cause secondary pollution. Therefore, 

alternative metals, like Fe2+, have been proposed, but Fe exhibited much lower 

activity. Anipsitakis and Dionysiou [20] studied nine transition metal ions for the 

activation of three oxidants and the generation of sulfate, peroxymonosulfate, and 

hydroxyl radicals. They suggested that the conjunction of Ce3+, Mn2+, and Ni2+ ions 

with peroxymonosulfate (PMS, HSO5
-) also showed the generation of sulfate radicals. 

However, no further work has been reported for solid MnO2 for activation of 

peroxymonosulfate to generate sulfate radicals. 

 
MnO2 has several different phases such as -, β-, -, -, -, and -MnO2 with varying 

structures. Using MnO2 instead of Co oxides for heterogeneous activation of 

peroxymonosulfate will be an alternative technique for advanced oxidation process. 

In this chapter, we first report the synthesis of several -MnO2 with different porous 

structures and morphologies and evaluate their performance in activation of 

peroxymonosulfate for sulfate radical generation to decompose phenol in aqueous 

solution. 

 

3.2. Experimental section  

3.2.1. Material synthesis 

 

A mesoporous MnO2 sample was first prepared by reduction of KMnO4 with maleic 

acid reported earlier by Hong et al. [21]. In this synthesis, potassium permanganate 

was dissolved in distilled water and mixed with a maleic acid solution. The molar 

ratio of the mixture was KMnO4: Maleic acid =1:3. The resulting solution was mixed 

thoroughly and aged for 24 h at room temperature. After that, brown precipitates were 

filtered and washed with water several times. The precipitates were dried at room 

temperature for 24 h and calcined at 300 C for 4 h at the rate of 3 C/min. This 
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sample was referred as MnO2-300. The second sample was obtained by calcination of 

the precipitates at 500 C for 4 h, which was referred as MnO2-500. 

Another MnO2 was obtained by a hydrothermal method reported by Wang and Li 

[22]. Typically, MnSO4H2O (0.008 mol) and an equal amount of ammonium 

persulfate ((NH4)2S2O8) were put into distilled water at room temperature to form a 

homogeneous solution, which was then transferred into a 40 mL Teflon-lined 

stainless steel autoclave, sealed and maintained at 140 ºC for 12 h. The resulting solid 

product was filtered, washed with distilled water, and finally dried in air at 100 ºC 

overnight. This sample was referred as MnO2-140. 

 

3.2.2.  Characterization 

 

Surface area and pore size measurements of various MnO2 samples were carried out 

by N2 adsorption analysis at -196 ºC using a Micromeretics Tristar 3000. The MnO2 

samples were degassed at 200 ºC for 24 h prior to adsorption analysis. The surface 

area and pore size distribution were obtained by the BET and BJH methods, 

respectively. The crystal structure of the synthesized MnO2 powders was 

characterized by an X-ray diffractometer (XRD, Bruker D8 Advance) equipped with 

Cu Kα radiation (λ = 1.54178 Å) operated at 40 kV and 30 mA. The particle 

morphology was examined from transmission electron microscopy (TEM) using a 

JEOL JEM1010 electron microscope. 

 
3.2.3.  Catalytic activity test 

 
Phenol degradation tests were carried out at 25 °C in 1 L glass vessel with 500 mL of 

phenol solutions at 30 ppm with a constant stirring of 400 rpm.  Firstly, 

peroxymonosulfate (PMS using Oxone, 2KHSO5·KHSO4·K2SO4, obtained from 

Sigma-Aldrich) was added into the phenol solutions at 2.0 g/L and then 0.20 g MnO2 

catalysts were added in. At certain time intervals, a water samples (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 analyzed using a Varian HPLC 

with a UV detector set at λ = 270 nm (Detection limit < 50 ppb). A C–18 column was 

used to separate the organics while the mobile phase made of 30% CH3CN and 70% 
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water was passed at a flow rate of 1.5 mL/min. For a comparison, some control tests 

using either MnO2 or PMS were also conducted. For some samples, total organic 

carbon (TOC) was obtained using a Shimadzu TOC-5000 CE analyzer. For the 

measurement of TOC, 5 mL sample was extracted at a fixed interval and quenched 

with 5 mL of 3M sodium nitrite solution and then analyzed on the TOC analyzer. 

 
For multiple uses of MnO2 catalysts, the reacted MnO2 after each run was collected 

by filtration followed by thoroughly washing with distilled water several times, and 

then it was dried at 80 °C for 2 h for reuse again. 

 
 

3.3. Result and discussion  

Figure 3.1 shows XRD patterns of three synthesized MnO2 samples. The three MnO2 

samples present similar crystalline peaks at 2θ = 12.8, 18.1, 28.6 and 37.5º, which 

was identified as -MnO2. The as-synthesized MnO2-300 did not show strong 

crystalline peaks while the other two MnO2 presented strong XRD diffraction. This 

means that MnO2-300 is not fully crystallized with large extent as an amorphous 

phase. The other two MnO2 catalysts are in well-developed crystalline phase. 

 
Figure 3.2 shows TEM images of three MnO2 samples. As seen, the synthesized α-

MnO2-300 particles presented in an aggregated amorphous phase with spherical shape 

and porous structure. The particle size is about 5-10 nm. After calcination at 500 ºC, 

most amorphous α-MnO2 nanoparticles were transformed into nanorods with a 

diameter of 10-40 nm and particle size differs in the range of 50-200 nm. MnO2-140 

showed as well-defined nanowires with a diameter of 10-20 nm. 

 
Figure 3.3 shows N2 adsorption isotherms and pore size distributions of three MnO2 

samples. As can be seen, three samples showed quite different N2 adsorption 

isotherms. MnO2-300 showed a hysteresis loop at p/p0=0.4, indicating a typical 

mesoporous structure. MnO2-140 also showed a hysteresis loop but at lower pressure 

of p/p0=0.2-0.4, suggesting the presence of smaller mesopore size. Meanwhile the 

pore size distributions indicate that MnO2-300 and MnO2-140 have a typical 

mesoporous structure profile with a peak centred at 3.5 and 3.0 nm, respectively. 
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However, MnO2-500 seems to be a nonporous material based on adsorption isotherm 

and pore size distribution. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.1. XRD patterns of MnO2 catalysts. 
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Figure 3.2. TEM photos of MnO2 catalysts. (a) MnO2-300 (b) MnO2-500 (c) MnO2-

140 
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Figure 3.3. N2 adsorption isotherms and pore size distribution of MnO2 catalysts. (a) 

Adsorption isotherm (b) pore size distribution. 
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The BET surface area and pore volume are given in Table 3.1. MnO2-300 has the 

highest BET surface area while MnO2-500 has the lowest BET surface area. MnO2-

140 has the medium value of BET surface area. From XRD results, it is seen that 

MnO2-300 presents in amorphous phase with low crystalline structure. TEM also 

showed that MnO2-300 has many pores, which contributes to higher surface area. 

Meanwhile, MnO2-500 presented in crystalline phase with nanorod morphology, thus 

it has the lowest surface area. MnO2-140 is also in crystalline phase, however, the 

nanowires have micropores and the interwoven could produce pores among the wires.    

 
Table 3.1. Porous structure and reaction rate constants of three α-MnO2 catalysts. 

Catalyst SBET(m2/g) V (cm3/g) Rate constant (min-1) TOC reduction (%) R2  
MnO2-300 179 0.187 0.0457 90.5 0.938
MnO2-500 23 0.151 0.0873 98.9 0.999
MnO2-140 146 0.918 0.359 99.8 0.999
 
 

Figure 3.4 displays phenol degradation profiles with time on three α-MnO2 samples. 

Some control tests were also conducted with either peroxymonosulfate (PMS) or 

MnO2. As seen, no phenol degradation occurred with the presence of only PMS, 

indicating no activation of PMS for sulfate radical generation. However, there was a 

slow reduction in phenol concentration to 18% at 40 min on MnO2-140, which could 

be attributed to minor adsorption of phenol on MnO2-140. With the presence of PMS 

and MnO2, phenol degradation occurred. MnO2-300 presented a low rate of phenol 

degradation with 100% phenol decomposition occurring at 150 min. MnO2-500 

showed a faster phenol degradation rate than MnO2-300 with 100% phenol 

decomposition at 60 min. MnO2-140 exhibited the highest reaction rate with 100% 

phenol decomposition at 20 min. For the three MnO2 catalysts, measurements of TOC 

reduction showed that the TOC reductions at 90 min are 90.5, 98.9 and 99.8% for 

MnO2-300, MnO2-500 and MnO2-140, respectively, suggesting much higher 

degradation of the organics in this reaction.  
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Figure 3.4. Phenol degradation profiles versus time on various MnO2 catalysts. 

Reaction conditions: [phenol]0 = 30 ppm, catalyst loading = 0.4 g/L, oxone loading = 

2.0 g/L. 

 
 
BET surface area (Table 3.1) of three α-MnO2 followed the order of MnO2-300 > 

MnO2-140 > MnO2-500, which is different from the order of their activity in phenol 

degradation. This suggests that porous structure is not the dominating factor 

influencing MnO2 catalytic activity. XRD and TEM showed that MnO2-140 and 

MnO2-500 were fully crystalline materials in nanowires and nanorods, respectively. 

MnO2-140 presented high crystallinity and low crystal diameter. Thus, it is deduced 

that crystallinity of MnO2 is more important in their catalytic activity.  

 
For phenol decomposition, a first-order kinetic model was employed to fit the 

variation of phenol concentration against time. The rate constant and regression 

coefficients are given in Table 3.1. It was found that the model fit well to the 

experiments with high regression coefficients. Previously, MnO2 has been 

investigated for activation of H2O2 to produce hydroxyl radicals for several organics 

oxidation and it showed effective activity. Watts et al. [7] investigated oxidative and 

reductive pathways in manganese-catalyzed Fenton's reactions and found that 
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reductants were generated by crystalline and amorphous manganese oxide-catalyzed 

decomposition of H2O2. In this investigation, MnO2 can catalyze the decomposition 

of peroxymonosulfate and produce sulfate radicals as shown in the following 

equations. 

 
HSO5

-  + 2MnO2   SO5
2-  + OH- + Mn2O3                                          (3.1) 

HSO5
-  + Mn2O3   SO4

2- + H+ + 2MnO2                                             (3.2) 

SO4
2- + H2O   OH + H+ + SO4

2-                                                         (3.3) 

C6H5OH + SO4
2-  several steps  CO2 + H2O + SO4

2-                      (3.4) 

 
Anipsitakis and Dionysiou [20] studied homogeneous activation of 

peroxymonosulfate with Mn2+ for 2,4-dichlorophenol (2,4-DCP) oxidation and found 

that transformation of 2,4-DCP in 4 h of reaction time was 24% at 50 ppm 2,4-DCP 

and 1.244 mM HSO5
-. Several heterogeneous cobalt systems have also been tested in 

activation of peroxymonosulfate for oxidation of organics in water. Anipsitakis et al. 

[23] used CoO and Co3O4 with peroxymonosulfate for 2,4-DCP degradation at 20 

ppm. Complete destruction of 2, 4-DCP on CoO took place within 30 min while 74% 

transformation was obtained using Co3O4. Chen et al. [24] used nano-Co3O4 with an 

average size of 20 nm to activate peroxymonosulfate for degradation of Acid Orange 

7 (AO7). They found that 98% decomposition of AO7 could be achieved in 30 min at 

the conditions of 0.2 mM AO7, 0.5 g/L nano-Co3O4 and 2 mM HSO5
-. Yang et al. 

[25] used Fe-Co mixed oxide (CoFe2O4) nanocatalysts for the heterogeneous 

activation of peroxymonosulfate to generate sulphate radicals targeting the 

decomposition of 2,4-DCP. About 50-80% 2, 4-DCP decomposition in 50 ppm could 

be obtained in 2 h on various Fe-Co mixed oxides. Therefore, it is seen that MnO2 

presented higher activity in phenol degradation than Mn2+ and heterogeneous Co 

systems. 

 
Figure 3.5 shows the catalytic performance of MnO2-300 and MnO2-140 in multiple 

uses. For MnO2-300, significant reduction of phenol degradation was observed in 

three runs, suggesting a deactivation of the catalyst. In the third run, phenol 

degradation was 70% at 100 min compared with 100% in the first run. For MnO2-

140, phenol degradation was still much high with 100% degradation at 20 min, same 
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as that in the first run. This suggests that MnO2-140 is much stable and can be 

recycled for multiple uses.  
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Figure 3.5. A comparison of phenol degradation at different runs on MnO2. Reaction 

conditions: [phenol]0 = 30 ppm, catalyst loading = 0.4 g/L, oxone loading = 2.0 g/L. 

(a) MnO2-300  (b) MnO2-140 
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Several heterogeneous Co systems have been tested for the stability in activation of 

peroxymonosulfate for organic decomposition. Chen et al. [24] have found that nano-

Co3O4 presented a long-term stability in the degradation of AO7. Shukla et al. [26] 

tested cobalt exchanged zeolites for heterogeneous catalytic oxidation of phenol in 

the presence of peroxymonosulfate and found that Co-ZSM-5 presented stable 

performance for phenol degradation. They further tested activated carbon (AC) 

supported cobalt catalysts for advanced oxidation of phenol in aqueous solution. 

Co/AC exhibited stable performance after several rounds of regeneration[27]. 

Compared with Co/AC, MnO2-140 in this work showed higher activity and stable 

performance. Therefore, it can be a promising catalyst replacing toxic Co2+ for 

activation of peroxymonosulfate to produce sulphate radicals for organic oxidation. 

 

3.4. Conclusions  

Three α-MnO2 catalysts with different morphologies were synthesized and they 

showed high activity in heterogeneous activation of peroxymonosulfate for sulfate 

radical generation to decompose phenol in aqueous solution. Crystalline MnO2 

demonstrated high activity. Nanowired MnO2-140 produced the highest phenol 

degradation with 100% phenol degradation and 99% TOC reduction in 90 min and it 

also exhibited high stability. However, amorphous MnO2-300 with mesoporous 

structure gave the lowest activity and less stability. Phenol degradation on MnO2 

could be described by the first-order kinetics. 
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Part B: Different Crystallographic One-dimensional MnO2 
Nanomaterials and Their Superior Performance in Catalytic 
Phenol Degradation 
 

3.5. Introduction  

Organic compounds are important pollutants in water and they come from various 

sources including natural processes, households and industrial waste discharge. These 

organic compounds are usually toxic to the environment and humans, and should be 

removed from water. Several techniques have been developed for removal of organic 

contaminants from water. The oxidative degradation of organic pollutants in 

wastewater is one of the focuses in water treatment. In the last decades, advanced 

oxidation processes (AOPs) have emerged as a viable strategy to degrade a wide 

range of organic compounds in aqueous media. Currently, most of AOPs are based on 

the generation of very reactive species, such as superoxide radicals (O2
-•) and 

hydroxyl radicals (OH•) that oxidize a broad range of pollutants quickly and non-

selectively [1-4]. Apart from those oxygen radicals, sulfate radicals are also important 

and have been recently explored [17, 28, 29].  

 
Mn oxides are widely used in catalysis. However, few studies have been conducted 

on the catalytic properties of manganese dioxide materials in water treatment and 

most of the investigations focused on Fenton-like reaction using H2O2. Zhang et al. 

[6] synthesized β-MnO2 nanorods for methylene blue oxidation with H2O2. Watts et 

al. [7] investigated Fenton-like decomposition of H2O2 into oxidants and reductants 

on amorphous and crystalline MnO2 and found that significant carbon tetrachloride 

degradation at near-neutral pH. Xu et al. [14] studied the oxidative removal of steroid 

estrogens from water by MnO2 and reported that MnO2 exhibited as a promising 

chemical agent under optimized conditions for estrogen removal from water. Dong et 

al. [15] also evaluated the catalytic properties of β-MnO2 nanowires for the 

degradation of phenol and revealed good separability and remarkable catalysis for the 

degradation of phenol on β-MnO2 nanowires. Sui et al. [16] prepared α- and β-MnO2 

single-crystalline nanostructured particles by the molten salt route. The prepared α- 

and β-MnO2 nanoparticles exhibited excellent catalytic performance in the Fenton-
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like reaction of dye degradation. Cao et al.[8] also reported excellent catalytic 

performance of α-MnO2 and β-MnO2 nanorods in the Fenton-like reaction of removal 

of methylene blue.  

 
Previously, Fenton reagents (Fe2+/H2O2) are commonly used in AOPs[3]. For sulfate 

radical production, Co2+/oxone has been found to show high activity [17, 20]. 

Anipsitakis and Dionysiou [20] tested nine transition metal ions for the homogeneous 

activation of oxone and found that Co(II), Ru(III), and Fe(II) interact with oxone to 

form freely diffusible sulfate radicals while Ce(III), Mn(II), and Ni(II) with oxone 

generate caged or bound to the metal sulfate radicals. However, Co2+ in water is toxic 

and can induce various health problems. Thus, several heterogeneous Co oxide 

catalysts have been investigated for sulfate radical production [26, 27, 30-34]. In 

addition, Ru-based catalysts were also found to be highly effective [35]. However, 

few other heterogeneous metal oxide systems including MnO2 have been investigated 

[36, 37].  

 
It is believed that MnO2 is much abundant in the nature and it has been widely used 

for many applications in catalysis and energy storage as electrode and 

supercapacitors. In nature, MnO2 can be found in different crystalline structures such 

as α-, β-, γ-, δ-, η-, and ε-MnO2 and they may show different behaviour in 

catalysis[22]. Compared with Co ions, Mn ions have low toxicity. Thus, MnO2 can be 

a promising alternative to Co3O4 in oxone activation; however, no such a work has 

been reported. In this section, we report an investigation of the synthesis of different 

MnO2 phases in 1D structure and evaluation of their performance in activation of 

oxone to generate sulfate radicals for phenol degradation. 

 

3.6. Experimental section  

3.6.1. Synthesis of  α-, β-, γ-MnO2 

All chemicals were obtained from Sigma-Aldrich. Synthesis of α-, β- and γ-MnO2 

followed the hydrothermal method with some modifications based on the redox 

reactions of Mn2+ ions with persulphate [22]. Typically, MnSO4H2O (0.008 mol) and 
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an equal amount of ammonium persulfate ((NH4)2S2O8) were put into distilled water 

at room temperature to form a homogeneous solution, which was then transferred into 

a 40 mL Teflon-lined stainless steel autoclave, sealed and maintained at different 

temperatures for 12 h. For α- and β-MnO2, the temperature was set at 140 ºC while 

for γ-MnO2, the temperature was set 90 ºC. After the reaction was completed, the 

resulting solid product was filtered, washed with distilled water to remove ions 

possibly remnant in the final products, and finally dried in air. 

 
3.6.2. Characterization of α-, β-, γ-MnO2 

 
The crystal structure of the synthesized materials was characterized by an X-ray 

diffractormeter (XRD, Bruker D8 Advance) equipped with Cu Kα radiation at 

accelerating voltage and current of 40 kV and 40 mA, respectively. The particle 

morphology was examined from scanning electron microscopy (SEM) obtained using 

a JEOL JEM1010 electron microscope. The optical absorption of the samples was 

determined by UV-Vis absorbance spectroscopy using the diffuse reflectance method 

(JASCO V-670 Spectrometer). The particle surface area and pore size measurement 

were carried out by N2 adsorption analysis at -196 ºC using a Micromeretics AS-1. 

Samples were degassed at 200 ºC for 24 h prior to adsorption analysis. The surface 

area and pore size distribution were obtained by the BET and BJH methods. 

Thermogravimetric analysis (TGA) was conducted on a TGA/DSC1 STARe system 

(METTLER TOLEDO). MnO2 samples were loaded into a pan and heated to 900 ºC 

at a rate of 15 ºC/min. The N2 gas flow rate was maintained at 20 mL/min. 

 
3.6.3. Catalytic activity test  

Phenol degradation tests were carried out at 30 °C in 1 L glass vessel with 500 mL of 

phenol solution at 25-100 ppm with a constant stirring of 400 rpm. Firstly, a catalyst 

at varying amounts (0.05-0.20 g) was added into the phenol solution for a while, then 

oxone (2KHSO5·KHSO4·K2SO4, PMS) was added into the solution at 0.04-2.0 g/L. 

At certain time, water sample (1 mL) was withdrawn into a HPLC vial, 0.5 mL of 

pure methanol was then injected into the vial to quench the reaction. The 

concentration of phenol was analyzed 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 
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phase with a flow rate of 1.5 mL/min was made of 30% CH3CN and 70% water. For 

the recycle tests of the catalyst, after each run, the catalyst was obtained by filtration 

and thoroughly washed with distilled water several times, then dried at 80 °C for 2 h. 

 

3.7. Result and discussion  

3.7.1. Characterization of MnO2 materials 

Figure 3.6 shows XRD patterns of various MnO2 nanostructured materials 

synthesized. XRD patterns of the three MnO2 particles are different, but they are 

corresponding to the structures of α-, β- and γ-MnO2, respectively [22], and no other 

phases were found. Figure 3.7 shows SEM images of the three MnO2 samples. As 

can be seen, three materials presented different morphologies. α-MnO2 showed to be 

ribbon-like nanowires with diameters of 5-20 nm and lengths ranging between 0.4 

and 5 μm. β-MnO2 was observed to be as nanorods with diameters 5-100 nm and 

lengths ranging between 0.4 and 1.2 μm. γ-MnO2, however, presented in quite 

uniformed as nanotube with diameters of 30 nm. This is different from the previous 

report, in which γ-MnO2 nanorods were produced [22].   

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. XRD patterns of various MnO2 catalysts. 
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 α-MnO2 

 β-MnO2 

 γ-MnO2 
 

Figure 3.7. SEM images of various MnO2 catalysts. 
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Figure 3.8 shows UV-vis diffuse reflectance spectra of three MnO2 samples. They 

show similar profiles with a broad and strong absorption at 400-700 nm, however, α- 

and γ-MnO2 presented a stronger absorption intensity than β-MnO2. Normally, the 

absorption in the visible light range can be attributed to the d-d transitions of Mn ions 

in the MnO2 nanostructures [38]. 
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Figure 3.8. UV-vis profiles of various MnO2 catalysts. 

 

Figure 3.9 shows N2 adsorption/desorption isotherms and pore size distributions of 

three MnO2 materials. The BET surface area and pore volume are given in Table 3.2. 

It seems that β-MnO2 has the highest BET surface area and γ-MnO2 shows the lowest 

surface area. Three materials presented a mesoporous characteristic. The pore size 

distributions also showed that three materials have different pore sizes. α-MnO2 has 

two larger pore ranges centered at 5.3 nm and 15 nm, respectively. β-MnO2 has a 

single lower pore size peak centered at 2.6 nm while γ-MnO2 showed two pore sizes 

centered at 2.4 and 6.2 nm, respectively.  
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Figure 3.9. N2 adsorption/desorption isotherms and pore size distributions of MnO2. 
 
 
 

Figure 3.10 shows weight loss profiles of three MnO2 samples. Three MnO2 samples 

presented quite different thermal stability profiles. β-MnO2 showed a much strong 

thermal stability with only one sharp weight loss occurring at 600 ºC, which refers to 

the transformation of MnO2 to Mn2O3 [39]. α-MnO2 presented three stages in weight 

loss. The first weight loss occurred before 300 ºC, which is attributed to loss of 

surface adsorbed water. The second weight loss occurred between 400-570 ºC, which 

is due to the loss of lattice oxygen and reduction of MnO2 to Mn2O3. The third weight 

loss occurred at 700-800 ºC, which is referred to further lattice oxygen and reduction 

of Mn2O3 to Mn3O4. γ-MnO2 presented two weight losses. The first weight loss 

appeared before 300 ºC and the second weight loss occurred at 400-560 ºC, 

representing surface water loss and reduction of MnO2 to Mn2O3, respectively. 
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Figure 3.10. TGA profiles of various MnO2 catalysts. 

 

Table 3.2. Physicochemical properties of MnO2 and their activities in phenol 

degradation.  

Catalyst Tunnel [39] Size [39] 
(Å) 

SBET 

(m2/g) 

V 
(cm3/g) 

First-order rate 
constant 
(min-1) 

R2 

α-MnO2 (1× 1), (2× 2) 1.89, 4.6 148 0.282 0.359 0.999 
β-MnO2 (1× 1) 1.89 194 0.238 0.0723 0.993 
γ-MnO2 (1× 1), (1 × 2) 1.89, 2.3 83 0.210 0.224 0.999 
  

 

3.7.2. Phenol degradation on MnO2 

The adsorption and degradation profiles of phenol against time on various MnO2 

materials are shown in Figure 3.11. Without MnO2, oxone could not induce strong 

phenol degradation, suggesting no thermal activation of oxone for production of 
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sulfate radicals. Without the presence of oxone, three MnO2 materials showed little 

adsorption of phenol at less than 10% after 120 min. α-MnO2 presented higher 

adsorption than β-MnO2 and γ-MnO2, which is due to higher BET surface and pore 

volume. With the presence of both MnO2 and oxone, phenol degradation was much 

fast and the activities of three MnO2 were significantly different. For β-MnO2, phenol 

degradation achieved 100% at about 50 min. For γ-MnO2, phenol degradation was 

faster and could reach 100% at 30 min. Meanwhile, α-MnO2 exhibited the highest 

reaction rate with 100% phenol degradation at 20 min. Based on the profiles, first 

order kinetics was used for data simulation and it was found that phenol degradation 

followed the first order kinetics with much high values of regression coefficients 

(>0.99) as presented in Table 3.2. 
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Figure 3.11. Phenol degradation on different MnO2 samples. Reaction conditions: 

[phenol]0 = 25 ppm, catalyst loading = 0.4 g/L, oxone loading = 2.0 g/L, T=25 ºC. 
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Previously, Anipsitakis and Dionysiou [23] tested various commercial Co3O4 for 

heterogeneous activation of oxone for 2,4-dichlorophenol degradation. At the 

conditions of 20 mg/L 2,4-DCP, 0.19 g/L Co3O4, 72-99% conversion of 2,4-

dichlorophenol could be achieved in 30 min. Shukla et al. prepared several supported 

Co3O4 catalysts for phenol degradation and found Co3O4/carbon exhibited higher 

activity. At the similar conditions to this investigation, 100% decomposition and 80% 

TOC removal could be achieved in 60 min, higher than homogeneous Co2+/oxone 

[27]. Very recently, Liang et al. [37] reported that Co3O4/MnO2 could also 

demonstrated higher activity for phenol degradation. At the conditions of 25 ppm 

phenol, 0.5 gcat/L and 2.0 goxone/L, phenol conversion could reach 100% at 20 min on 

1 wt%Co/MnO2. Therefore, α-MnO2 nanowires in this report presented much better 

activity than Co3O4-based systems. 

 
In general, MnO2 forms the framework of “octahedral molecular sieve” (OMS) 

structures. The building blocks of these structures are columns of edge-sharing MnO6 

octahedra. Because these structures differ in the way MnO6 octahedra are interlinked, 

they possess tunnels or interlayers with gaps of different magnitudes [22, 39]. α-

MnO2 consists of double chains of edge-sharing MnO6 octahedra with (2 x 2) and (1 

x 1) tunnels. β-MnO2 is composed of single strands of edge-sharing MnO6 octahedra 

with (1 x 1) tunnel. γ-MnO2 forms in random intergrowth of ramsdellite (1 x 2) and 

pyrolusite (1 x 1) structure [39]. Table 3.2 presents the crystallographic parameters of 

different MnO2 forms. 

 
It has been proposed that activation of peroxymonosulfate (PMS) was induced by 

redox reactions. Transition of Mn4+/Mn3+ involving a single electron transfer is 

responsible for catalytic reaction. For MnO2/oxone, MnO2 can induce the 

decomposition of peroxymonosulfate and produce sulfate radicals as shown in the 

following equations. 

 
HSO5

-  + 2MnO2   SO5
-  + OH- + Mn2O3                                          (3.5) 

HSO5
-  + Mn2O3   SO4

- + H+ + 2MnO2                                            (3.6) 

SO4
- + H2O   OH + H+ + SO4

2-                                                         (3.7) 

C6H5OH + SO4
-  several steps  CO2 + H2O + SO4

2-                      (3.8) 
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Devaraj and Munichandraiah [39] investigated electrochemical capacitance properties 

of different MnO2 crystallographic structures, namely, α, β, γ, δ, and λ structures. The 

specific capacitance (SC) measured for α-, β-, γ-MnO2 was found to decrease in the 

following order:  α > γ > β. A wide (~4.6 Å) tunnel size and large surface area of α-

MnO2 are ascribed as favorable factors for its high SC. 

 
Cao et al. [8] studied decomposition of methylene blue (MB) with H2O2 on α-MnO2 

and β-MnO2 nanorods and found that, after 90 min of reaction, the decoloration 

efficiencies of MB dye for α-MnO2 and β-MnO2 nanorod catalysts were about 50% 

and 95%, respectively. The differences in their catalytic activities between the α-

MnO2 and β-MnO2 nanorod catalysts may be resulted from the difference of their 

surface areas and active sites. Liang et al. [40] synthesized α-, β-, γ-, and δ-MnO2 

nanorods for CO oxidation. The activity for CO oxidation was mainly predominated 

by the crystal phase and channel structure of the MnO2 nanorods in the order of α- ≈ 

δ- > γ- > β-MnO2. Wang et al. [41] prepared nanosized rod-like, wire-like, and 

tubular α-MnO2 for toluene oxidation. They found the presence of surface Mn ions in 

multiple oxidation states (e.g., Mn3+, Mn4+, or even Mn2+) and the formation of 

surface oxygen vacancies. The activity decreased in the order of rod-like α-MnO2 > 

tube-like α-MnO2 > wire-like α-MnO2. 

 
In this investigation, three crystallographic MnO2 nanostructures also showed 

different activities in activation of oxone for phenol degradation, which can be related 

to the variation in structure and other physicochemical properties. Anipsitakis and 

Dionysiou [20] reported that Mn(II) activation of oxone would generate caged or 

bound to the metal sulfate radicals. For heterogeneous activation of oxone by MnO2, 

sulfate radicals would be bounded to MnO2 surface and phenol oxidation would occur 

on the solid surface. Adsorption tests showed that α-MnO2 exhibited higher phenol 

adsorption, which promoted the reaction between sulfate radical and phenol. TGA 

analysis showed that α-, β-, and γ-MnO2 presented different oxygen loss potentials. α-

MnO2 could have oxidation transformation processes of Mn4+→Mn3+→Mn2+, while 

β-, and γ-MnO2 could only have one process of Mn4+→Mn3+, but this reduction 

process occurs easily on γ-MnO2. Compared with structure of α-, β-, and γ-MnO2, 
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two-tunnel structured α-, and γ-MnO2 will show higher activity than the single-tunnel 

structured β-MnO2.  

 

Further investigations were conducted to understand the effect of reaction conditions 

on phenol degradation using the most effective α-MnO2. Figure 3.12 presents phenol 

degradation efficiencies at varying initial phenol concentrations. With increased 

phenol concentration, phenol degradation efficiency would decrease. At 75 or 100 

ppm phenol, phenol degradation at 100% would take 90 min.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.12.  Effect of phenol concentration on phenol degradation on α-MnO2. 

Reaction conditions: catalyst loading = 0.4 g/L, oxone loading = 2.0 g/L, T=25 ºC. 

 
 

Figure 3.13 shows the effect of α-MnO2 loading on phenol degradation. It is seen that 

high α-MnO2 loading in solution would significantly increase phenol degradation. At 

0.05 g α-MnO2, phenol degradation at 100% would require 60 min. However, when 

α-MnO2 loading was increased to 0.1 g, 100% phenol degradation would be reached 

at 30 min. Further enhancement of α-MnO2 loading resulted in much less time to 

reach 100% phenol degradation. At 0.2 g, 100% phenol degradation would be 
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reached at 15 min. The higher of α-MnO2 loading in solution would increase the 

reaction between α-MnO2 and oxone for production of more amounts of sulfate 

radicals, resulting in high phenol degradation efficiency. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.13.  Effect of catalyst loading on phenol degradation on α-MnO2 at varying 

time. Reaction conditions: [phenol]0 = 25 ppm, oxone loading = 2.0 g/L, T=25 ºC. 

 
 

Figure 3.14 shows the effect of oxone loading on phenol degradation. As can be 

seen, higher amount of oxone in solution will also result in higher phenol degradation 

rate and efficiency. At 0.2 g oxone, phenol degradation can reach 100% at 90 min, 

but it will reach 100% at 30 min at 1.0 g oxone. 

 
 
 
 
 
 
 
 



120 
 

Time (min)

0 20 40 60 80 100 120

P
he

no
l d

e
g

ra
d

a
tio

n 
(C

/C
0
)

0.0

0.2

0.4

0.6

0.8

1.0

Oxone, 0.2 g
Oxone, 0.4 g
Oxone, 0.8 g
Oxone, 1.0 g

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14. Effect of oxone loading on phenol degradation on α-MnO2 at varying 

time. Reaction conditions: [phenol]0 = 25 ppm, catalyst loading = 0.4 g/L, T=25 ºC. 

 

Table 3.3. Activation energies of heterogeneous Co-based catalysts and α-MnO2 with 

oxone for phenol degradation. 

 
Catalysts Ea (kJ/mol) References 
Co3O4/ZSM5 69.7 [26] 
Co3O4/SBA-15 67.4 [33] 
Co3O4/SiO2 61.7-75.5 [34] 
Co3O4/Fly-ash 47.0-56.5 [42] 
Co3O4/Red-mud 46.2-47.0  [43] 
Co3O4/Activated-carbon 59.7 [27] 
Co3O4/Carbon-aerogel 62.9 [44] 
Co3O4−rGO 26.5 [45] 
CoFe2O4−rGO 15.8 [46] 
α-MnO2 21.9 This work 
 

Figure 3.15 shows the effect of temperature on phenol degradation. In general, higher 

temperature will enhance the reaction rate and it is seen that phenol degradation can 

reach 100% at 15 min at 45 ºC. Based on the first order kinetics, reaction rate 
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constants were determined and the correlation between the constant and temperature 

was fitted by the Arrhenius relationship as shown in an inset of Figure 3.15. The 

activation energy was thus calculated to be 21.9 kJ/mol.  

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.15. Phenol degradation on α-MnO2 at varying temperatures. Reaction 

conditions: [phenol]0 = 25 ppm, catalyst loading = 0.4 g/L, oxone loading = 2.0 g/L. 

 

Previously, no investigation has been reported in MnO2 activation of oxone for 

phenol degradation. However, some investigations have been reported in 

heterogeneous activation of oxone by Co catalysts for phenol degradation. The 

activation energies of phenol degradation in Co catalysts with oxone are presented in 

Table 2. As can be seen that the activation energies of supported Co catalysts are 

about 40-70 kJ/mol. The lower activation energy of reduced graphene oxide (rGO) 

supported Co catalysts is due to the active support, graphene, which can also activate 

oxone for sulfate radical generation [36]. Thus, α-MnO2 presented much lower 

activation energy than those of supported Co catalysts. 
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Figure 3.16 shows the activity of regenerated α-MnO2 by simple water washing in 

phenol degradation. One can see that α-MnO2 presented similar activity in second and 

third runs. Phenol degradation efficiency could also be at 100% in 20 min, suggesting 

high stability of α-MnO2 and its usability. 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3.16. Phenol degradation on α-MnO2 at different runs after recycling. 

Reaction conditions: [phenol]0 = 25 ppm, catalyst loading = 0.4 g/L, oxone loading = 

2.0 g/L, T=25 ºC. 

 

3.8. Conclusions  

In summary, different crystallographic phases of MnO2 materials were synthesized 

and they presented varying structures and morphologies. α-MnO2 presented as 

nanowires and showed the highest activity in activation of oxone for phenol 

degradation due to high surface area and double tunneled structure. β-MnO2 had a 

nanorod form but showed the lowest activity attributed to single tunnel and stable 
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oxygen reduction. γ-MnO2 presented in nanotube and showed intermediate activity. 

Further investigations indicated that phenol degradation rate was affected by MnO2 

and oxone loadings, phenol concentration and temperature and that the degradation 

followed the first order kinetics with the activation energy of 21.9 kJ/mol. The high 

activity, low activation energy and stable performance of α-MnO2 make it as a 

promising alternative to the toxic Co3O4. 
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Abstract 

 

A series of manganese oxides (MnO, MnO2, Mn2O3 and Mn3O4) were synthesized and 

tested in heterogeneous activation of peroxymonosulfate (PMS) for phenol 

degradation in aqueous solutions. Their properties were characterized by several 

techniques such as X-ray diffraction (XRD), thermogravimetric analysis (TGA), 

scanning electron microscopy (SEM), and N2 adsorption/desorption isotherms. 

Catalytic activities of Mn oxides were found to be closely related to the chemical 

states of Mn. Mn2O3 is highly effective in heterogeneous activation of PMS to 

produce sulfate radicals for phenol degradation compared with other catalysts (MnO, 

MnO2, and Mn3O4). The activity shows an order of Mn2O3 > MnO > Mn3O4 > MnO2. 

Mn2O3 could completely remove phenol in 60 min at the conditions of 25 ppm phenol, 

0.4 g/L catalyst, 2 g/L PMS, and 25 oC. After heat regeneration, the activity could be 

fully recovered. A pseudo first order model would fit to phenol degradation kinetics 

and activation energy was obtained as 11.4 kJ/mol. 

 

 

 

 

 

Chapter 	4 			
Manganese Oxides at Different Oxidation 
States for Heterogeneous Activation of  
Peroxymonosulfate for Phenol Degradation in 
Aqueous Solution 
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4.1. Introduction 

 

Over the last decades, water treatment plays an important role in our lives, because of 

fresh water crisis and the increasing awareness of human health and ecological 

systems as a result of industrial waste pollution. Industrial activities generate large 

amounts of organic hazardous substances discharged into the environment. The 

organic wastes can be found in many industries as by-products such as petroleum 

refining, petrochemical, pharmaceutical, plastic, pesticides, chemical industries, 

agrochemicals, and pulp and paper industries [1, 2]. The organic pollutants e.g. 

phenol, are toxic and cause considerable damage and threat to the ecosystem in water 

bodies and to the human health even at low concentrations [3]. It is important to 

dispose of wastewater in a proper way in order to comply with environmental 

regulations. However, the organics in wastewaters from chemical and related 

industries cannot be well treated by conventional processes due to degradation of 

these pollutants being very slow or ineffective and not environmentally compatible 

[4, 5]. The most promising method for degradation of organic pollutants in 

wastewater is advanced oxidation processes (AOPs). AOPs are based on generation 

and utilization of reactive species, such as hydroxyl radicals (OH•) that have a high 

standard oxidation potential and react none selectively [6, 7]. Heterogeneous catalytic 

oxidation systems have recently attracted much interest due to easily recovery and 

reuse of the catalysts [8]. 

 
Lately, manganese oxides, such as MnO, MnO2, Mn2O3 and Mn3O4, have attracted 

much attention due to their physical and chemical properties for being used as 

catalysts, adsorbents, supercapacitors, and battery materials [9-15]. Kim and Shim 

[16] have conducted a study on the catalytic combustion of aromatic hydrocarbons 

(benzene and toluene) on manganese oxides. The results indicated that the catalysts 

showed high activity in the oxidation of hydrocarbons at temperatures below 300 oC. 

Furthermore, the reactivity of catalysts exhibited an order of Mn3O4 > Mn2O3 > 

MnO2, which was correlated with oxygen mobility on the catalysts. Rames et al. [17] 

have studied CO oxidation over a series of manganese oxide catalysts and found that 

Mn2O3 is the best catalyst, with the sequence of catalytic activity as MnO ≤ MnO2 < 

Mn2O3. Santos et al. [18] reported the synthesis of manganese oxide nanoparticles for 
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ethyl acetate oxidation. Complete oxidation of ethyl acetate was achieved at 

temperature below 300 oC.  However, few investigations have been conducted in the 

activity of a series of manganese oxides at different valence states in water treatment.  

 
In the most of previous investigations in water treatment, MnOx was usually used for 

Fenton-like reaction for production of hydroxyl radicals from H2O2 and oxidation of 

organic compounds. Recently, sulfate radicals produced by Co2+/oxone or Ru3+/oxone 

have attracted intense attention in degradation of organic compounds for water 

treatment. However, Co2+ or Ru3+ may generate a secondary pollutant [19, 20]. 

Therefore, alternative metal such as Fe2+, has been proposed by Zazo et al. [21]. They 

found that Fe2+/H2O2 have a high catalytic activity for degradation of phenol. In 

contrary, a recent study by Watts et al. [22] revealed that Mn2+/H2O2 was 

significantly more reactive than Fe2+/H2O2. Moreover, they found that catalytic 

activity was influenced significantly by pH. Saputra et al. [19] reported the oxidative 

removal of phenol from water by MnO2 and studied the factors influencing the 

reactions. They found that MnO2 exhibited as a promising chemical agent under 

certain conditions for phenol removal from waste water. However, no further 

investigation has been reported for solid MnOx for the activation of 

peroxymonosulfate to generate sulfate radicals.    

 
In this research, we investigate the performance of a series of manganese oxides at 

varying valence states for heterogeneous generation of sulfate radicals for chemical 

mineralization of phenol in the solution. These catalysts will be an alternative for 

advanced oxidation process. Several key parameters in the kinetic study such as 

phenol concentration, catalyst loading, oxone concentration and temperature were 

investigated. Regeneration of used catalysts was also investigated. 

 

4.2. Experimental methods  

4.2.1 Preparation of Mn catalysts 

A manganese dioxide (MnO2) was purchased from Sigma-Aldrich Company and used 

without further treatment. Mn2O3 was obtained by treating the MnO2 at 550 oC in air 

for 5 h. In addition, MnO2 was calcined at 950 oC in air for 2 h to get Mn3O4. Another 
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catalyst (MnO) was obtained by a two-step method. First, MnCO3 was synthesized by 

a hydrothermal method [23] and then calcination was made. Typically, KMnO4 (3 

mmol) and an equal amount of glucose were put into distilled water at room 

temperature to form a homogeneous solution, which was transferred into a 45 mL 

Teflon-lined autoclave. The autoclave was sealed and maintained at 150 oC for 10 h, 

and was then cooled down to room temperature naturally. The resulted solid product 

(MnCO3) was filtered, washed with distilled water and dried in air at 100 oC 

overnight. Finally, MnO catalyst was obtained by calcination of MnCO3 at 500 oC 

under argon flow at the rate 60 mL/min for 2 h.     

 
 
4.2.2 Characterization of catalysts 

Catalysts were characterized by X-ray diffraction (XRD), N2 adsorption/desorption 

isotherm, scanning electron microscopy (SEM) and thermogravimetric analysis 

(TGA). XRD patterns were obtained on a Bruker D8 (Bruker-AXS, Karlsruhe, 

Germany) diffractometer using a filtered Cu Kα radiation source (λ = 1.54178 Å), 

with accelerating voltage 40 kV, current 30 mA and scanned at 2θ from 5 to 70o. N2 

adsorption/desorption was measured using a Micromeritics Tristar 3000 to obtain 

pore volume and the Brunauer-Emmett-Teller (BET) specific surface area. Prior to 

measurement the samples were degased at 120 oC for 5 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). 

 

4.2.3 Kinetic study of phenol oxidation 

The catalytic oxidation of phenol was carried out in a 500 mL glass beaker containing 

25-100 ppm of phenol 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 peroxymonosulfate 

(Oxone, Dupont’s triple salt, 2KHSO5•KHSO4•K2SO4 (PMS), Sigma-Aldrich) was 

added into the solution and allowed to dissolve completely before reaction. Further, a 

fixed amount of catalyst was added into the reactor to start the oxidation reaction of 
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phenol. The reaction was carried on for 120 min and at a fixed time interval, 0.5 mL 

of solution sample was taken from the mixture using a syringe with a 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 a mobile phase of 30% acetonitrile and 70% ultrapure 

water. For selected samples, total organic carbon (TOC) was obtained using a 

Shimadzu TOC-5000 CE analyzer.      

 
For recycled catalyst tests, two regeneration methods were used. One is simple 

washing treatment and the other is high-temperature calcination. In general, Mn 

oxides were collected by filtration after reaction, washing with water and drying at 80 

ºC overnight for reuse test. Some dried samples were further calcined at 500 ºC in air 

for 1 h and then reused for test again. 

 

4.3. Result and discussion  

4.3.1 Characterization of manganese oxide catalysts  

 
MnO2 and MnCO3 were studied by TGA under air and argon atmosphere, 

respectively (Figure 4.1). The TGA pattern of MnO2 (Figure 4.1A) shows 5% 

weight loss below 300 oC, which corresponds to a loss of surface adsorbed water, 

organic and trace amount of oxygen. At around 550 oC, weight loss of about 8% 

corresponds to the loss of oxygen from MnO2 lattice resulting in the phase 

transformation to Mn2O3. Another 5% weight loss at around 950 oC corresponds to 

continuous loss of oxygen resulting in further phase transformation from Mn2O3 to 

Mn3O4. For MnCO3, TGA pattern in Figure 4.1B shows 10% weight loss below 350 
oC, which corresponds to a loss of water, organic and trace amount of carbon dioxide, 

and another 29% weight loss at around 450 oC corresponds to loss of carbon dioxide 

from MnCO3 lattice resulting in the phase transformation to MnO. The nature of 

TGA and different phase transitions are agreement with the previous reports for 

MnO2 and MnCO3 [24, 25]. 



133 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. TGA curves of (A) MnO2, (B) MnCO3
 recorded in air and argon, 

respectively, at a heating rate of 10 oC min-1. 
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Figure 4.2 shows XRD patterns of four manganese oxides. The four samples present 

different crystalline peaks. In Figure 4.2A, the diffraction peaks occurred at 22.43o, 

34.46o, 37.12o, 38.78o, and 57.36o, corresponding to the diffractions of γ-MnO2 

(JCPDS No. 14-0664, a = 6.360Å). The diffraction peaks in Figure 4.2B occurred at 

34.94o, 40.57o, 58.72o, 70.19o, and 73.81o, confirming the structure of MnO (JCPDS 

No. 75-0626, a = 4.444Å). In Figure 4.2C, the diffraction peaks occurred at 28.91o, 

30.99o, 32.38o, 36.08o, 38.09o, 44.40o, 50.83o, 53.86o and 59.90o, corresponding to γ-

Mn3O4 (JCPDS No. 80-0382, a = 5.749Å) while in Figure 4.2D the diffraction peaks 

occurred at 23.08o, 32.84o, 38.14o, 45.05o, 49.22o, 55.04o, and 65.16o, confirming the 

crystalline structure of α-Mn2O3 (JCPDS No. 89-4836, a = 9.406Å). Those XRD 

results show the successful synthesis of MnO, Mn2O3 and Mn3O4 compounds from 

thermal decomposition of MnCO3 and MnO2. 

 
SEM images show that MnO2, Mn2O3 and Mn3O4 present as spherical particles with a 

small particle size of 50 nm while MnO presents in cubic form with a large particle 

size of 1 µm.  

 
Table 4.1. Surface area, pore volume and pore radius of a series of manganese 

oxides.  

Catalyst Structure Coordination Surface area  
(SBET, m2.g-1) 

Pore volume  
(cm3.g-1) 

Average pore radius 
(Å) 

Mn3O4 Spinel 4,6 157.0 0.237 30.1 
Mn2O3 “C” bixbyite 6(Octahedral) 95.4 0.336 70.4 
MnO2 Rutile 6(Octahedral) 104.1 0.191 36.6 
MnO Rock salt 6(Octahedral) 57.7 0.169 22.5 

 

 
Figure 4.3 shows N2 adsorption/desorption isotherms and pore size distributions of 

manganese oxides. The BET surface area, pore volume and average pore size are 

given in Table 4.1 Mn3O4 has higher surface area (157 m2g-1) than others while 

Mn2O3 has higher pore volume and pore radius. MnO shows the lowest surface area, 

pore volume and pore radius. Furthermore, all catalysts have pore radius between 20 

Å and 80 Å, which means they are mesoporous materials. The pore size distribution 

profiles show that MnO, Mn3O4, and MnO2 present a single mode of pore size, which 

is centred at 37.2, 26.3, and 29.1 Å, respectively. Mn2O3 shows two modes, centred at 
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18.2 and 32.7Å, respectively, indicating that Mn2O3 is a typical micro and 

mesoporous material 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.2. XRD patterns of manganese oxide catalysts. (A) MnO2, (B) MnO, (C) 

Mn3O4, and (D) Mn2O3 
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Figure 4.3. N2 adsorption isotherm and pore size distributions of manganese oxide 

catalysts. (A) N2 isotherm and (B) pore size distributions. 
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4.3.2 Preliminary study of phenol oxidation  using catalysts  

Figure 4.4 shows phenol degradation efficiency on a series of Mn oxides at varying 

oxidation states. Adsorption tests showed that Mn oxides presented minor adsorption 

of phenol, giving less than 10% in 120 min, which is due to low surface area[19]. In 

catalytic oxidation tests, addition of PMS without the presence of a catalyst did not 

induce phenol oxidation reaction. Phenol degradation would only occur when Mn 

oxide catalyst and oxidant (PMS) were simultaneously present in the solution. In a 

comparison of all catalyst performances, Mn2O3 is most effective in activating PMS 

to generate sulfate radicals. Mn2O3-PMS exhibited much better performance, 

producing complete removal of phenol in 60 min while the other three showed low 

phenol degradation. The results also showed that about 90%, 66.4%, and 61.5% of 

phenol concentration reduction were obtained for MnO-PMS, Mn3O4-PMS and 

MnO2-PMS, respectively, within 120 min. Thus, the order of the catalytic activity of 

the series of catalysts is as follows: Mn2O3 > MnO > Mn3O4 > MnO2, according to 

the conversion profiles. This reveals that the catalytic activity is apparently dependent 

on the oxidation state of manganese. In addition, TOC removal in Mn2O3-PMS 

system was also examined and about 86.39% of TOC removal was obtained within 

120 min. 

 
Previously, Mn2+ has been investigated for the activation of ozone or H2O2 to produce 

hydroxyl radicals for several organics oxidation and it showed effective activity. Lie 

at al. [26] investigated homogeneous activation of ozone with Mn2+ for 2-chloro-2’6’-

diethyl-N-methoxymethyl acetanilide oxidation and found that Mn2+ is an effective 

metal ion for the activation of ozone. Anipsitakis and Dionysiou [27] studied Mn2+ 

for activation of H2O2 and PMS to found that Mn2+ could activate H2O2 and PMS to 

produce hydroxyl radicals and sulfate radicals, respectively, although the rate of 

reaction was still low.  

 
Several heterogeneous cobalt systems have also been tested in activation of 

peroxymonosulfate for oxidation of toxic organics in water. Shukla et al. used Co3O4-

SiO2 [28] and Co-SBA-15 [29] with peroxymonosulfate for phenol degradation at 30 

ppm. Co3O4-SiO2 could achieve complete degradation of phenol in 190 min while 



138 
 

Type of catalysts

Mn3O4 Mn2O3 MnO2 MnO 

P
he

no
l c

o
nv

e
rs

io
n 

(%
)

0

20

40

60

80

100

Co-SBA-15 could achieve 100% phenol degradation within 180 min. Yang et al. used 

Co-Fe mixed oxide (CoFeO4) nanocatalyst for heterogeneous activation of 

peroxymonosulfate to generate sulfate radicals targeting the decomposition of 2,4-

DCP. Co-Fe oxide could achieve 80% 2,4-DCP degradation in 120 min. Anipsitakis 

and Dionysiou [27] studied homogeneous activation  of peroxymonosulfate with 

Mn2+ for 2,4-DCP oxidation. It was reported that 24% of 2,4-DCP removal could be 

achieved at 2,4-DCP concentration of 50 ppm in 240 min of reaction time. Therefore, 

it is seen that Mn2O3 presented a higher activity in phenol degradation than Mn2+ and 

most of reported heterogeneous Co systems. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4.  Phenol removal in catalytic oxidation using a series of manganese 

oxides. Reaction conditions:  [Phenol] = 25ppm, catalyst = 0.4 g/L, PMS = 2g/L, and 

T = 25 oC. 
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In this investigation, Mn oxides at different oxidation states can activate 

peroxymonosulfate to produce sulfate radicals (SO4
- and SO5

-) for phenol 

degradation as shown in the following equations. 

HSO5
- + 2 MnO2 ⟶ Mn2O3 + SO5

- + OH-                                                      (4.1) 

HSO5
- + Mn3O4 ⟶ Mn2O3 + SO4

- + H+                                                                                        (4.2) 

HSO5
- + Mn2O3 ⟶ 2 MnO2 + SO4

- + H+                                                         (4.3) 

HSO5
- + 2 MnO ⟶ Mn2O3 + SO4

- + H+                                                (4.4) 

HSO5
- + 3 Mn2O3 ⟶ 2 Mn3O4 + SO5

- + OH-                                             (4.5) 

SO4
-  + H2O ⟶ OH + H+ + SO4

2-                                                                     (4.6) 

C6H5OH + SO4
-  ⟶ several steps ⟶ CO2 + H2O + SO4

2-                               (4.7) 

C6H5OH + SO5
-  ⟶ several steps ⟶ CO2 + H2O + SO4

2-                                 (4.8) 

 

The reactivity of MnO, Mn2O3, Mn3O4 and MnO4 is likely associated with the 

capacity of manganese to form various oxidation states, e.g., redox reaction of 

Mn2+/Mn3+ or Mn3+/Mn4+, and ‘‘oxygen mobility’’ in the oxide lattice. In general, 

Mn3+ tends to undergo disproportionation reaction under the influence of H+ and OH-, 

thus, Mn2O3 can activate PMS via reactions (4.3) and (4.5) to produce SO4
- and SO5

-

, respectively. MnO2 and MnO, however, will activate PMS via reactions (4.1) or 

(4.4) to generate SO5
- and SO4

-, respectively. Due to the higher activity of SO4
- 

than SO5
-, MnO presents a higher phenol degradation rate. Mn3O4 will produce SO4

- 

via reaction (4.2). But due to lower redox potential, Mn3O4 is less active than MnO. 

Therefore, the activities of MnO, Mn2O3, Mn3O4 and MnO4 present in the order of 

Mn2O3 > MnO > Mn3O4 > MnO2. 

 

4.3.3 Effect of reaction parameters on phenol degradation on Mn2O3  

Due to high activity of Mn2O3, further investigations on Mn2O3 were carried out to 

understand the effects of operating conditions. The effect of initial phenol 

concentration at 25, 50, 75 and 100 mg/L on phenol degradation is presented in 
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Figure 4.5 Phenol degradation efficiency decreased with increasing phenol 

concentration. The complete phenol removal could be achieved at phenol 

concentration of 25 mg/L in 60 min while at phenol concentration of 50, 75 and 100 

mg/L, removal efficiency obtained in 120 min are 98, 91 and 75%, respectively. Due 

to the same concentration of Mn2O3 and PMS, sulfate radical concentrations 

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.   

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5.  Effect of phenol concentration on phenol removal. Reaction conditions: 

catalyst (Mn2O3) = 0.4 g/L, PMS = 2g/L, and T = 25 oC. 

 

Phenol removal efficiency is also affected by Mn2O3 loading in the system as shown 

in Figure 4.6. A complete removal of phenol could be reached within 60 min at 0.4 

g/L Mn2O3 loading. While 97.7, 93.3, and 68% removals could be reached in 120 min 

at Mn2O3 loading of 0.30, 0.20, and 0.10 g/L, respectively. For phenol degradation, 

increased catalyst loading would enhance the rate of activation of PMS to generate 

the active sulfate radicals, resulting in an increase in the rate of phenol removal. 
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Figure 4.6. Effect of catalyst loading (Mn2O3) on phenol removal. Reaction 

conditions: [Phenol] = 25 ppm, PMS = 2 g/L, and T = 25 oC. 

 

Figure 4.7 illustrates the effect of oxone concentration on phenol oxidation. As 

expected, phenol degradation rate was increased when PMS concentration was 

increased from 0.8 to 2 g/L. However, further increase in PMS concentration would 

decrease phenol degradation efficiency, suggesting the optimal loading at 2 g/L. 

 
In addition, the temperature is also a key factor influencing catalyst activity on phenol 

degradation. Figure 4.8 shows the effect of temperature on phenol degradation. 

Higher phenol removal was obtained at increased temperature. For instance, at 

temperature of 25 oC, the complete removal of phenol was achieved in 60 min while 

at 35 and 45 oC, complete removal of phenol could be achieved in 40 and 30 min, 

respectively. 
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Figure 4.7  Effect of oxone concentration on phenol removal. Reaction conditions: 

[Phenol] = 25 ppm, catalyst (Mn2O3) = 0.4 g/L, and T = 25 oC. 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

             
Figure  4.8  Effect of temperature on phenol removal. Reaction conditions: [Phenol] 

= 25 ppm, catalyst (Mn2O3) = 0.4 g/L, and PMS = 2 g/L. 
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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  (4.9) 

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 (Figure 4.8) showed that phenol degradation could be described by the first 

order kinetics. Kinetic constants are presented in Table 4.2. As can be seen that 

kinetic rate of reaction would be increased with increasing temperature. Furthermore, 

the Arrhenius plot of rate constants with temperature for Mn2O3 presented a good 

linear correlation and the activation energy for Mn2O3 was derived as 11.4 kJ/mol. 

Yao et al. [30] very recently reported a Mn3O4/Graphene system in activation of PMS 

for Orange II degradation and found the activation energy at 49.5 kJ/mol. Our 

previous investigations on Co3O4-based systems for phenol degradation showed that 

activation energies of supported Co3O4 catalysts are in the range of 47 – 70 kJ/mol 

[28, 31-33]. Therefore, Mn2O3 presents much lower activation energy than other 

catalysts and would be a promising material. 

 
Table 4.2. Kinetic constants of phenol degradation at different temperatures on 
Mn2O3 catalyst. 

Catalyst Temperature, oC k (min-1) R2 
Mn2O3 25 0.087 0.97 

 35 0.122 0.96 
 45 0.154 0.99 
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Figure 4.9. Arrhenius plot of phenol degradations on Mn2O3 catalyst. 

 

 

4.3.4 Reactivity of spent Mn2O3 catalyst and reusability  

Figure 4.10 shows the catalytic activity of recycled α-Mn2O3 for phenol degradation. 

As can be seen, the catalytic activity was significantly reduced in the second use if 

the catalyst was recovered by simple water washing, suggesting a deactivation of the 

catalyst. In the second use, phenol degradation was 27% at 120 min compared with 

100% in the first use. However, after heat treatment at 500 oC for 1 hour, the activity 

of α-Mn2O3 was fully recovered and complete degradation of phenol can be achieved 

at 120 min as the same as the first use.  

 
Deactivation of α-Mn2O3 could be attributed to intermediate deposition on the surface 

and chemical phase change [34]. XRD analysis showed that no phase change 

occurred after reaction. This suggests that the intermediate deposits on the catalyst 

surface plays important role for catalyst deactivation and they can be removed by heat 

treatment.  
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Figure 4.10. Phenol degradation in tests of recycled Mn2O3 catalyst. Reaction 

conditions: [Phenol] = 25 ppm, catalyst = 0.4 g/L, PMS = 2 g/L, and T = 25oC. 

 

 

4.4. Conclusions  

Different oxidation states of manganese oxide were synthesized and tested for 

catalytic oxidation of phenolic contaminants with PMS. Among them, Mn2O3 is the 

most effective catalyst for generating sulfate radicals to degrade phenol. The catalytic 

activity followed the trend of Mn2O3 > MnO > Mn3O4 > MnO2, which is related to 

redox potential. Several reaction factors influenced the removal efficiency of phenol 

such as PMS concentration, phenol concentration, catalyst loading and temperature. 

Kinetic studies showed that the phenol degradation followed first order reaction and 

activation energy of Mn2O3 were obtained to be 11.4 kJ/mol. Although deactivation 

occurred on Mn2O3, the activity could be fully recovered by high temperature 

calcination.   
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Abstract 

 

Nanosized Mn3O4, Co3O4 and Fe3O4 particles were prepared, characterised, and 

tested in degradation of aqueous phenol in the presence of peroxymonosulphate. It 

was found that Mn3O4 and Co3O4 nanoparticles are highly effective in heterogeneous 

activation of peroxymonosulphate to produce sulphate radicals for phenol 

degradation. The activity shows an order of Mn3O4 > Co3O4 > Fe3O4. Mn3O4 and 

Co3O4 could completely remove phenol in about 20 min, at the conditions of 25 ppm 

phenol, 0.4 g/L catalyst, 2 g/L oxone®, and 25 oC. A pseudo first order model would 

fit to phenol degradation kinetics and activation energies on Mn3O4 and Co3O4 were 

obtained as 38.5 and 66.2 kJ/mol, respectively. In addition, Mn3O4 exhibited high 

catalytic stability. 

 

 

 

 

 

 

 

Chapter 	5 			
Synthesis of Mn3O4, Co3O4 and Fe3O4  
Nanoparticles and Their Catalytic Performances 
In Oxidation of Phenolic Contaminants in  
Aqueous Solutions
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5.1. Introduction 

 

Phenol and its derivatives are important water pollutants due to their strong toxicity to 

many living organisms even at low concentrations [1]. These chemicals can be 

discharged from many industries as by-products such as petroleum refining, 

petrochemical, pharmaceutical, plastic and pesticide industries [2, 3]. In many 

countries, the maximum threshold allowed for phenol in water streams is less than 1 

mg/L, for instance 0.5 mg/L for Australia wastewaters [4, 5]. Therefore, the phenol 

containing wastewaters have to be treated before discharged into the environment. 

 
Currently, conventional wastewater treatment technology has been proven to be 

limited in treating toxic organic compounds because degradation of various pollutants 

is often very slow or ineffective and not environmentally compatible [6, 7]. One 

promising technology that can be used as an effective process to completely degrade 

organic compounds in aqueous media is advanced oxidation processes (AOPs). AOPs 

are based on the generation of reactive species, such as hydroxyl radicals, that have a 

strong oxidizing potential for mineralizing organic pollutants into simple compounds, 

CO2 and H2O [8, 9]. Apart from hydroxyl radicals, sulphate radicals have also been 

recently suggested as an alternative due to their higher oxidation potential. 

 
Homogeneous catalysts are commonly more efficient compared to solid or 

heterogeneous catalysts because every single catalytic entity can act as a single active 

site. This characteristic makes homogeneous catalysts intrinsically more active and 

selective [10]. However, recovery of the catalysts needs further processes for 

separation of the homogeneous catalysts. Moreover, most of the dissolved metal 

catalysts are harmful to the environment. This disadvantage can be overcome by 

using heterogeneous catalysts, in which the catalysts will be recoverable and reusable 

[11]. 

 
In most previous investigations, homogeneous Co2+/peroxymonosulphate (PMS, 

HSO5¯) has been found to be an effective route of AOP for sulphate radical 

production and oxidation of various organics [12-17]. However, a major issue in 

using Co2+ metal ions is the toxicity and health problems to humans such as asthma 
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and pneumonia [18]. Therefore, metal oxide catalysts for activation of PMS, such as 

Co3O4 [19, 20], Co exchanged zeolites [21], supported Co3O4 [22-30], and CoFe2O4 

[31, 32] have been proposed to overcome this drawback. Recently, α-MnO2 has also 

been reported to be effective for phenol degradation [33]. 

 
Co3O4, Fe3O4, and Mn3O4 are important oxides with spinel structure consisting of 

M2+ and M3+ ions. They are active in generating hydroxyl radicals via Fenton reaction 

for advanced oxidation processes. However, no comprehensive investigation has been 

reported in their application for PMS activation. In this research, three metal oxides, 

Mn3O4, Co3O4, Fe3O4, were synthesized in two ways, hydrothermal and solvothermal 

methods. Their physicochemical properties were characterized. The prepared metal 

oxide materials were then employed as catalysts for heterogeneous generation of 

sulphate radicals for phenol mineralization in solution. Several key parameters in the 

kinetic study such as phenol concentration, catalyst loading, PMS concentration and 

temperature were investigated. 

 

5.2. Experimental methods  

5.2.1 Material synthesis 

A nano-sized Mn3O4 sample was prepared by a solvothermal method reported by 

Zhang et al. [34]. In this synthesis, 1.0 g potassium permanganate was dissolved in 60 

mL aqueous ethanol (60%) at room temperature to form a homogeneous solution. The 

solution was transferred into a 125 mL Teflon-lined stainless steel autoclave, sealed 

and maintained at 120 oC for 8 h. The resulting precipitates were filtered and washed 

with distilled water and dried in air at 80 oC overnight. The second sample, 

nanostructured Co3O4, was prepared by a hydrothermal method [35]. Typically, 

Co(NO3)2•6H2O (5 mmol) and CO(NH2)2 (25 mmol) were dissolved in 50 mL of 

distillate water under stirring. The d solution was transferred into a 125 mL Teflon-

lined stainless steel autoclave, sealed and maintained at 120 oC for 5 h. The resulted 

precipitates were filtered and washed with water and dried in air at 80 oC overnight. 

Then, the dried solid was calcined at 400 oC under air for 4 h. Fe3O4 nanoparticles 

were obtained by a solvothermal method [36]. Typically, ferric sulfate (0.45 g), 
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sodium acetate anhydrous (1.2 g), and poly(vinylpyrrolidone) (average Mw = 40,000) 

(0.3 g) were dissolved in ethylene glycol (25 mL) under stirring. The mixture was 

then transferred into a 45 mL Teflon-lined stainless steel autoclave, sealed and 

maintained at 200 oC for 8 h. The resulting precipitates were filtered and washed with 

water and dried in air at 80 oC for 24 h. 

 

5.2.2 Characterization catalysts 

Catalysts were characterized by XRD, N2 adsorption/desorption, and SEM. XRD 

patterns were obtained on a Bruker D8 (Bruker-AXS, Karlsruhe, Germany) 

diffractometer using filtered Cu Kα radiation source (λ = 1.54178 Å), with 

accelerating voltage 40 kV, current 30 mA and scanned at 2θ from 5 to 100o. N2 

adsorption/desorption was measured using a Micromeritics Tristar 3000 to obtain 

pore volume and Brunauer-Emmett-Teller (BET) specific surface area. Prior to 

measurement the samples were degassed at 120 oC for 5 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). 

 

5.2.3 Catalytic activity test  

Phenol degradation tests were carried out in a 1-L glass beaker with 500 mL 

containing 25, 50, 75 and 100 mg/L of phenolic solutions. The reaction mixture was 

stirred constantly at 400 rpm. Firstly, a fixed amount of peroxymonosulphate 

(oxone®, DuPont’s triple salt: 2KHSO5KHSO4K2SO4, Sigma-Aldrich) was added 

into the solution for a while, then a catalyst was added into the solution to start the 

oxidation reaction of phenol. At certain time, 0.5 mL of water sample was withdrawn 

from the mixture using a syringe filter of 0.45 µm and then mixed with 0.5 mL of 

pure methanol to quench the reaction. The concentration of phenol was analysed 

using a Varian HPLC with a UV detector at λ = 270 nm. The column used was C-18 

with mobile phase of 30 % CH3CN and 70% ultrapure water. For selected samples, 

total organic carbon (TOC) was obtained using a Shimadzu TOC-5000 CE analyser. 
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5.3. Result and discussion  

5.3.1 Characterization of oxide catalysts  

Figure 5.1 shows the XRD patterns of Mn3O4, Co3O4 and Fe3O4 catalysts. The three 

samples present different crystalline peaks. The peaks in Figure 5.1a match well with 

those from the JCPDS card (19-0629) for magnetite Fe3O4. The diffraction peaks in 

Figure 5.1b match well with those from the JCPDS card (24-0734) for Mn3O4. 

Meanwhile, the diffractions in Figure 5.1c match with those from the JCPDS card 

(43-1003) for Co3O4. 

 

 

 

 

 

 

 

 

 

Figure 5.1. XRD patterns of metal oxide catalysts. (a) Fe3O4, (b) Mn3O4, and (c) 
Co3O4 

 

Figure 5.2 shows N2 adsorption/desorption isotherms of oxide catalysts. As seen 

from Table 5.1, Mn3O4 has higher surface area (184.6 m2.g-1) and pore volume (0.772 

cm3.g-1) than others. Co3O4 and Fe3O4 have the similar surface area. In addition, 

Mn3O4 has the smaller pore radius at 8 Å, less than 20 Å while others catalysts have 

the radius more than 20 Å, which means Mn3O4 is mainly microporous and Fe3O4 and 

Co3O4 are mesoporous materials. 

(a) 

(b) 

(c) 
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Table 5.1  Surface area, pore volume and pore radius of oxide catalysts.  

Catalyst SBET, m2.g-1 Pore volume (cm3.g-1) Average Pore radius (Å) 
Fe3O4 21.4 0.096 180
Mn3O4 184.6 0.772 8
Co3O4 20.0 0.120 240
 

 

 

 

 

 

 

 

 

 
Figure 5.2. N2 adsorption isotherms of Fe3O4, Mn3O4, and Co3O4. 

 

Figure 5.3 presents SEM images of three oxide catalyst samples. As seen, the 

morphology of Fe3O4 particles in the uniform size with spherical shape. The particle 

size is about 0.05-0.2 µm. Mn3O4 shows a larger particle size varying in a range of 

0.15-2.5 µm. Another oxide (Co3O4) shows the particle size at about 0.02-0.25 µm.  
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Figure 5.3. SEM photos of oxide catalysts. (a) Fe3O4, (b) Mn3O4, and (c) Co3O4. 
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5.3.2 Preliminary study of phenol oxidation using catalysts  

The degradation of phenol and adsorption on Fe3O4, Mn3O4, and Co3O4 are presented 

in Figure 5.4. In adsorption tests, all catalysts can adsorb phenol compound at low 

efficiency. Among the catalysts, Mn3O4 has the highest efficiency in phenol 

adsorption with 15% removal in 90 min prior to reaching equilibrium. Meanwhile, 

Co3O4 has lower adsorption efficiency with 10% removal in 90 min. Mn3O4 has much 

higher surface area and pore volume than others, resulting in higher phenol 

adsorption. In the presence of oxone® without a catalyst, no phenol degradation 

occurred, indicating that oxone® itself could not produce sulfate radicals to induce 

phenol oxidation.  

In catalytic oxidation tests, phenol degradation would only occur when catalyst and 

oxidant were simultaneously present in the solution. In a comparison of three catalyst 

performances, Co3O4 and Mn3O4 are effective in activating oxone® to generate 

sulfate radicals. Co3O4-oxone® system exhibited similar efficiency to Mn3O4-oxone® 

presenting complete phenol removal in 20 min. In contrary, Fe3O4-oxone® system 

presented much low degradation of phenol at less than 15% in 90 min. Thus, the 

order of catalytic activity of the catalysts is as follows, Co3O4 ~ Mn3O4 > Fe3O4.  In 

addition, TOC removal in Co3O4-oxone® and Mn3O4-oxone® systems were also 

examined and about 68% and 50% of TOC reduction were obtained within 60 min, 

respectively.  

The heterogeneous activation of PMS by Co3O4 has been proposed in Eqs.(5.1‒5.2) 

[19]. Due to the similar chemical structure of Fe3O4 and Mn3O4 to Co3O4, activation 

of PMS by Mn3O4 and Fe3O4 will follow the same routes as shown in Eqs.(5.3‒5.6). 

As shown in the reactions, redox reactions are involved in sulfate radical generation 

and the redox potential of M2+/M3+ will be important. The standard reduction 

potentials (E0) of Co3+/Co2+, Mn3+/Mn2+, and Fe3+/Fe2+ are 1.92, 1.54, and 0.77 V, 

respectively [37]. Due to higher value of E0, Mn3O4 and Co3O4 exhibit high activity. 

In addition, Mn3O4 has high surface area and phenol adsorption, which makes it more 

active in phenol degradation.  
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HSO  + Co O ⟶  SO • + OH  + 2CoO (5.1) 

HSO  + 	2CoO ⟶  SO • + H  + Co O  (5.2) 

HSO  + Mn O ⟶  SO • + OH  + 2MnO (5.3) 

HSO  + 	2MnO ⟶  SO • + H  + Mn O  (5.4)  

HSO  + Fe O ⟶  SO • + OH  + 2FeO                                                      (5.5) 

HSO  + 	2FeO ⟶  SO • + H  + Fe2O3                                                         (5.6) 

Anipsitakis and Dionysiou [37] investigated homogeneous activation of PMS by 

several metal ions, Fe2+, Fe3+, Co2+, Mn2+, Ni2+, Ru3+, Ce3+, and Ag+, for 2,4-

dichlorophenol degradation. They found that Co2+ and Ru3+ are the best metal 

catalysts for the activation of peroxymonosulfate. Co2+, Ru3+, and Fe2+ interact with 

PMS to produce freely diffusible sulfate radicals while Mn2+, Ni2+, and Ce3+ with 

PMS generate caged or bound to the metal sulfate radicals. They also tested various 

commercial Co3O4 for heterogeneous activation of PMS for 2,4-dichlorophenol 

degradation and proposed that both CoO and Co2O3 contained in Co3O4 are 

responsible for PMS activation [19]. At the conditions of 20 mg/L 2,4-DCP, 0.19 g/L 

Co3O4, 72-99% conversion of 2,4-dichlorophenol could be achieved in 30 min.  

 
Some other investigations using unsupported Co oxide heterogeneous catalysts have 

been carried out in activation of PMS for oxidation of organic toxics in water. Liang 

et al. [38] studied a nanostructured  Co3O4 which was synthesized by solution 

combustion for heterogeneous activation of oxone® to generate sulphate radical 

(SO •, and SO •) for phenol degradation. They found that Co3O4 could achieve 

50% phenol removal at phenol concentration of 25 ppm within 240 min. Ding et al. 

[39] used nano-Co3O4 with oxone® for a dye (methylene blue, MB) degradation at 20 

µmol/L. The nano-Co3O4 could achieve 40% MB removal in 30 min. Chen et al. [40]  

studied Mn3O4 nanoparticles with ozone for phenol degradation at 100 mg/L. It was 

reported that 80% phenol removal could be achieved in 60 min. Previously, we tested 

a mesoporous MnO2 for activation of oxone® to degrade phenol and 100% phenol 

decomposition occurred in 150 min under the similar conditions in this investigation 
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[33]. Therefore, it is seen that synthesised Co3O4 and Mn3O4 with oxone® in this 

investigation presented higher activity in phenol degradation. Due to their high 

activity, further investigations on Co3O4 and Mn3O4 were carried out to understand 

the effects of operating conditions. 

 
 

 

 

 

 

 

 

 

 

Figure 5.4. Phenol reduction with time in adsorption and catalytic oxidation. 

Reaction conditions: [Phenol] = 25 mg/L, catalyst = 0.4 g/L, oxone = 2 g/L, and T = 

25 oC. 

 

5.3.3 Effect of reaction parameters on phenol degradation  
 

The first parameter investigated in this study was phenol concentration, which was 

maintained at 25, 50, 75 or 100 mg/L. The effect of initial phenol concentration on 

phenol degradation is shown in Figure 5.5. Overall, removal efficiency of phenol 

decreased with increasing phenol concentration. For Mn3O4, 100% degradation 

efficiency of phenol was achieved within 30 min at phenol concentration 25 mg/L, 

while in the same duration at phenol concentration of 50, 75 and 100 mg/L, 

degradation efficiency would only achieved at 96, 93 and 89%, respectively.  A 
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similar variation could also be seen in Figure 5.5b using Co3O4. At 25 mg/L phenol 

concentration, complete degradation of phenol was achieved within 20 min, while in 

the same duration at phenol concentration of 50, 75 and 100 mg/L, removal 

efficiencies obtained are 82, 58 and 51%, respectively. For phenol degradation in 

Mn3O4-oxone® and Co3O4-oxone®, phenol degradation is dependent on sulfate 

radicals. Due to the same concentrations of catalyst and oxidant, sulfate radical 

concentration produced in solution will be the same. Thus, high concentration of 

phenol in mixture will require more time to obtain the same removal rate, thus 

lowering phenol degradation efficiency. 

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  (5.7) 

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. 

Using this model to draw plots of ln(C/Co) versus time produced a straight line for 

three different phenol concentrations as shown in Figure 5.5 (inset). Based on 

regression coefficients, it is clear that phenol degradation followed the first order 

kinetics.  The rate constants at varying phenol concentrations for the two systems are 

shown in Table 5.2. As seen, rate constants will decrease as the concentration of 

phenol increases and Mn3O4 presented higher rate values.  

Table 5.2.  Rate constants at different feed concentration of phenol 

Catalyst Initial phenol concentration (mg/L) Rate constant (min-1) R2 
Mn3O4 25  0.171 0.98 
 50  0.102 0.99 
 75  0.073 0.99 
 100  0.068 0.96 
Co3O4 25  0.092 0.91 
 50  0.080 0.99 
 75  0.053 0.98 
 100  0.038 0.99 
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Figure 5.5.  Effect of phenol concentration on phenol removal. (a) Mn3O4 and (b) 

Co3O4. Reaction conditions: catalyst = 0.4 g/L, oxone = 2 g/L, and T = 25 oC. 

 

(a) 

(b) 
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Figure 5.6 presents phenol degradation efficiency at varying initial concentrations of 

oxone® in the solution. As can be seen, for both Mn3O4 and Co3O4 catalysts, the 

degradation of phenol depended on concentration of oxone®. Higher concentration of 

oxone® resulted in more removal of phenol. For Mn3O4, at 1.6 g oxone® loading, 

complete removal would be achieved in 50 min, while at 2.0 g oxone® loading, 

100% removal efficiency would be achieved in 30 min. However, a further increase 

of oxone® loading in solution up to 2.4 g would not enhance the rate of reaction. In 

contrary, For Co3O4, the phenol degradation rate was increased when oxone® loading 

was decreased from 2.4 to 1.6 g/L. At 2.4 g oxone® loading, 84 % removal efficiency 

would be achieved in 15 min, while in the same duration at 1.6 g oxone® loading, 

removal efficiency obtained is 99 %. For both Mn3O4 and Co3O4, an optimal oxone® 

loadings were achieved at 2.0 and 1.6 g, respectively. Based on stoichiometric 

reaction between phenol and oxone® (Eq. 5.8), the amount of oxone® needed for 

total mineralization of phenol is 2.2 g/L at 25 mg/L phenol. However, due to 

incomplete oxidation of phenol, optimal oxone® in this study seems to be lower than 

that in complete phenol mineralization. 

C6H6O + 28	HSO  ⟶ 6 CO2 + 17 H2O + 28 SO  (5.8) 

 

The effect of Mn3O4 and Co3O4 loading in solution on phenol degradation is shown in 

Figure 5.7. Similar to the effect of oxone loading, an increased amount of catalysts in 

the solutions enhanced phenol degradation efficiency. For Mn3O4, a complete 

removal of phenol could be reached within 30 min at 0.4 g/L catalyst loading. While 

in the same duration, 74, 63, and 50% removal could be reached at Mn3O4 loading of 

0.3, 0.2, and 0.1 g/L, respectively. For Co3O4, phenol degradation rate was increased 

when catalyst loading was increased from 0.1 to 0.3 g/L. For instance, at 0.1 g/L 

catalyst loading, 48% degradation efficiency of phenol was achieved within 20 min 

while in the same duration, 70 and 100% removal efficiency could be reached at 

Co3O4 loading of 0.2, and 0.3 g/L, respectively. However, a further increase in Co3O4 

loading in solution up to 0.4 g/L would not enhance the rate of reaction. 
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Figure 5.6.  Effect of oxone concentration on phenol removal. (a) Mn3O4 and (b) 

Co3O4. Reaction conditions: [phenol] = 25 mg/L, catalyst = 0.4 g/L, and T = 25 oC. 

 

 

Time (min)

0 20 40 60 80 100

P
he

no
l d

e
g

ra
d

a
tio

n 
(C

/C
o

)

0.0

0.2

0.4

0.6

0.8

1.0

2.0 g oxone
2.4 g oxone
1.6 g oxone
0.8 g oxone

(a) 

(b) 



163 
 

Time (min)

0 20 40 60 80

P
he

no
l d

e
g
ra

d
a
tio

n 
(C

/C
o
)

0.0

0.2

0.4

0.6

0.8

1.0

0.4 g catalyst 
0.3 g catalyst 
0.2 g catalyst 
0.1 g catalyst 

Time (min)

0 20 40 60 80 100

P
he

no
l d

e
g

ra
d

a
tio

n 
(C

/C
o

)

0.0

0.2

0.4

0.6

0.8

1.0

0.4 g catalyst 
0.3 g catalyst 
0.2 g catalyst 
0.1 g catalyst 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7  Effect of catalyst loading on phenol removal. (a) Mn3O4 and (b) Co3O4. 

Reaction conditions: [phenol] = 25 mg/L, oxone = 2 g/L, and T = 25 oC. 
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In addition, the temperature is also a key factor influencing catalyst activity and 

phenol degradation. Figure 5.8 shows the effect of temperature on phenol 

degradation. As can be seen, the rate of reaction would increase with temperature. For 

Mn3O4, complete phenol degradation at 25 oC would be achieved in 30 min. Further 

increase of 10 oC, 100% degradation efficiency of phenol was achieved within 20 

min. At 45 oC, phenol removal would reach 100% at 10 min. A same profile was also 

obtained on Co3O4. Complete degradation efficiency of phenol at 15, 25, and 35 oC 

would be achieved in 40, 20 and 10 min, respectively. Using the first order kinetic 

rate constants and the Arrhenius equation, the activation energies of Mn3O4 and 

Co3O4 were derived as 38.5 and 66.2 kJ/mol, respectively. Compared with the 

activation energies of supported Co3O4 catalysts, Co/SiO2 (61.7- 75.5 kJ/mol) [27], 

Co/AC (59.7 kJ/mol) [41], Co/Fly-ash (66.3 kJ/mol) [23] and Co/Red-mud (47.0 

kJ/mol) [23], Co3O4 has the similar value while Mn3O4 has a much lower value. 

 

5.3.4 Reactivity of spent Mn3O4 and Co3O4 catalysts and reusability  

Figure 5.9 presents the performance of Mn3O4 and Co3O4 in phenol degradation after 

catalyst recycling with filtration and water washing. As can be seen, both catalysts, 

showed slight deactivation in the second and third runs. However, the deactivation 

was not significant. In the second run, phenol degradation was still much high with 

100% degradation at 40 min for Mn3O4 and 30 min for Co3O4. This suggests that 

Mn3O4 and Co3O4 are much stable and can be recycled for multiple uses.    
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Figure 5.8.  Effect of temperature on phenol removal. (a) Mn3O4 and (b) Co3O4. 

Reaction conditions: [phenol] = 25 mg/L, catalyst = 0.4 g/L, and oxone = 2 g/L. 
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Figure 5.9.  Degradation of phenol in multiple use of catalyst. (a) Mn3O4 and (b) 

Co3O4. Reaction conditions: [phenol] = 25 mg/L, catalyst = 0.4 g/L, and oxone = 2 

g/L. 
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5.4. Conclusions  

Different metal oxide catalysts, Mn3O4, Co3O4 and Fe3O4, were synthesized and 

tested for catalytic oxidation of phenol contaminant in water. Among them, Mn3O4 

and Co3O4 are effective catalysts for generating sulfate radicals in the presence of 

oxone® to degrade phenol. The catalytic activity follows the trend of Mn3O4 > Co3O4 

> Fe3O4. For the reaction, higher catalyst and oxone® loading would increase phenol 

degradation. Kinetic studies showed that phenol degradation followed first order 

reaction and activation energies on Mn3O4 and Co3O4 were obtained to be 38.5 and 

66.2 kJ/mol, respectively. Mn3O4 also presented strong stability in catalytic 

performance in three runs, suggesting it can be used as a promising catalyst.   
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Abstract	

 

A α-Mn2O3@α-MnO2 core/shell nanocomposite was prepared in a hydrothermal 

process and tested in catalytic advanced oxidation of phenol in aqueous solution 

using oxone®. The properties of the composite were characterized by several 

techniques such as X-ray diffraction (XRD), N2 adsorption, and scanning electron 

microscopy (SEM). The core/shell material is highly effective in heterogeneous 

activation of oxone® to produce sulfate radicals for phenol degradation. The 

catalytic activity depends on catalyst loading, oxone® concentration, phenol 

concentration, and temperature. α-Mn2O3@α-MnO2 core/shell demonstrated much 

better activity than homogeneous Mn2+ in phenol degradation, achieving 100% 

phenol degradation efficiency and 78% TOC removal in 50 min at the condition of 25 

ppm phenol, 0.4 g/L catalyst, 2 g/L oxone®, and 25 oC. The catalyst also shows stable 

activity in several cycles. Kinetic study showed that phenol degradation followed first 

order reaction and activation energy of α-Mn2O3@ α-MnO2 core/shell was obtained 

as 39.9 kJ/mol. 

 

 

 

 

Chapter 	6 		
Synthesis of α‐Mn2O3@α‐MnO2 Core/Shell 
Nanocomposite and Catalytic Oxidation of 
Phenolic Contaminants in Aqueous Solutions
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6.1. Introduction 

 

In the 21st century, wastewater treatment for its recycling is an important issue in 

social, economic and politic areas. It causes the research of wastewater treatment 

rapidly growing. One of the promising methods for degradation of organic pollutants 

in wastewater is advanced oxidation process (AOP), being able to completely degrade 

organic compounds into simple compounds, CO2 and H2O. Currently, most AOPs are 

based on generation of very reactive species, such as hydroxyl radicals (OH•) that 

have a high standard oxidation potential for reaction non-selectively [1-3]. 

In the past decade, core-shell-structured nano-materials have attracted much attention 

because of their physical and chemical properties and wide potential applications as 

heterogeneous catalysts [4-6], adsorbents [7-9], enhanced luminescence [10, 11], 

battery materials [12-14], biolabeling [15, 16] and supercapacitor [17, 18]. Recently, 

some core-shell-structured manganese oxides have been synthesized, such as γ-

MnO2@α-MnO2, Co3O4@MnO2, and Fe3O4@MnO2 [19-22]. However, few studies 

have been conducted on the catalytic properties of manganese oxides with different 

oxidation states in water treatment. Xing et al. [23] investigated Fe3O4@FeMnOx 

nanoparticle as a catalyst for heterogeneous activation of H2O2 to generate hydroxyl 

radical targeting the decolourisation of methylene blue. They found Fe3O4@FeMnOx 

nanoparticles exhibited a promising performance as a chemical agent under optimized 

conditions for methylene blue (MB) removal from water. They [24] also prepared 

Fe3O4@MnOx by redox reaction between metal cations (Mn2+) and MnO4
- and found 

that they showed excellent catalytic performance in MB and 2,4-

dichlorophenoxyacetic acid degradation with H2O2. Park et al. [25] used a facile route 

to synthesize stable core-shell structured silica-Mn nanocomposites and tested 

catalytic degradation of MB in aqueous solution in the presence of H2O2. Cao et al. 

[20] reported the synthesis of a new type of core/shell structure, γ-MnO2@α-MnO2 

and used it as an adsorbent to remove organic pollutants and heavy metal ions in 

water. 

Recently, many investigations have reported that sulphate radicals are superior to 

hydroxyl radicals in oxidation for water treatment. In most previous investigations, 

Co2+/peroxymonosulphate (oxone®, HSO5¯) has been found to be an effective route 
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for sulphate radical generation [26]. However, a major issue in using Co metal ions is 

the toxicity and secondary pollution. Therefore, alternative catalysts with less toxicity 

and environmental benign for peroxymonosulfate activation are highly required. We 

have recently reported the excellent performance of α-MnO2 [27] and α-Mn2O3 [28] 

in activation of oxone® for phenol degradation. Using α-Mn2O3@α-MnO2 oxide 

core-shell structured will be a promising alternative material for advance oxidation 

process. Manganese oxide has several different phases and oxidation states, such as 

MnO, MnO2, Mn2O3 and Mn3O4, with varying structures. In this study, α-Mn2O3@α-

MnO2 core/shell structure was synthesized for the first time by using a hydrothermal 

method. Their physicochemical properties were characterized. The prepared metal 

oxide core/shell materials were then employed as catalysts for heterogeneous 

production 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 also investigated. 

 

6.2. Experimental section  

6.2.1 Material synthesis 

A α-Mn2O3@α-MnO2 was obtained with two-step preparation. First, MnCO3 was 

synthesized by a hydrothermal method reported by Li et al. [29]. Typically, potassium 

permanganate (3 mmol) and an equal amount of glucose were put into 60 mL distilled 

water at room temperature, and then 0.1 M tartaric acid was added to the above 

mixture and continually stirred to form a homogeneous solution, which was then 

transferred into a 125 mL Teflon-lined autoclave. The autoclave was sealed and 

maintained at 150 oC for 10 h, and then cooled down to room temperature naturally. 

The resulted solid product (MnCO3) was filtered, washed with distilled and dried in 

air at 100 oC overnight. Later on, α-Mn2O3@α-MnO2 was prepared using a modified 

method from Cao et al. [20]. The as-synthesized MnCO3 (0.1 g) were put into 

distilled water (50 mL) at room temperature, and then KMnO4 (0.05 g) was added to 

the mixture and sealed. The mixture was stirred vigorously for 15 min and then 

allowed to stand for 17 h at room temperature. The resulted solid product 

(MnCO3@MnOx) was filtered, washed with distilled and dried in air at 100 oC 
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overnight. After that, the product was calcined at 400 oC in air for 2 h to form α-

Mn2O3@α-MnO2. 

 
 
6.2.2 Characterization catalysts 

Catalysts were characterized by XRD, N2 adsorption/desorption, and SEM, . XRD 

patterns were obtained on a Bruker D8 (Bruker-AXS, Karlsruhe, Germany) 

diffractometer using filtered Cu Kα radiation source (λ = 1.54178 Å), with 

accelerating voltage 40 kV, current 30 mA and scanned at 2θ from 10 to 80o. N2 

adsorption/desorption was measured using a Micromeritics Tristar 3000 to obtain 

pore volume and Brunauer-Emmett-Teller (BET) specific surface area. Prior to 

measurement the samples were degased at 120 oC for 5 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). 

 
 
6.2.3 Kinetic study of phenol oxidation  

Phenol degradation tests were carried out in a 1-L glass beaker with 500 mL 

containing 25, 50, 75 and 100 mg/L of phenolic solutions. The reaction mixture was 

stirred constantly at 400 rpm. Firstly, a fixed amount of peroxymonosulfate (oxone®, 

DuPont’s triple salt: 2KHSO5KHSO4K2SO4, Sigma-Aldrich) was added into the 

solution for a while, then a catalyst was added into the solution to start the oxidation 

reaction of phenol. At certain time, 0.5 mL of water sample was withdrawn from the 

mixture using a syringe filter of 0.45 µm and then mixed with 0.5 mL of pure 

methanol to quench the reaction. The concentration of phenol was analysed using a 

Varian HPLC with a UV detector at λ = 270 nm. The column used was C-18 with 

mobile phase of 30 % CH3CN and 70% ultrapure water. For comparison, a 

homogeneous oxidation with manganese ions and oxone was also conducted by 

addition Mn(NO3)2.4H2O of the chemicals into the phenol solution simultaneously. 

The Mn2+ concentration was kept as the same as the catalyst loaded in solution. For 

selected samples, total organic carbon (TOC) was obtained using a Shimadzu TOC-

5000 CE analyzer. 
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6.3. Result and discussion  

6.3.1 Characterization of manganese oxide core/shell catalysts  

Figure 6.1 show XRD pattern of α-Mn2O3@α-MnO2, including thermal treatment of 

MnCO3 precursor at 400 oC in air for 2 h. The two samples present different 

crystalline peaks. In Figure 6.1A, the diffraction peaks occurred at 23.13o, 32.95o, 

35.68o, 38.23o, 45.17o, 49.34o, 53.27o, 55.18o 64.07o, and 65.08o, confirming the 

formation of α-Mn2O3
 (JCPDS No. 41-1442). A small amount of α-MnO2 could also 

be detected. The diffraction peaks in Figure 6.1B occurred at 12.78o, 18.10o, 25.71o, 

28.84o, 36.69o, 37.52o, 41.25o, 41.96o, 49.86o, and 60.27o, confirms the formation of 

α-MnO2 (JCPDS No. 44-0141). Figure 6.1B also shows the diffraction peaks of α-

Mn2O3, suggesting the presence of mixed two phases of α-MnO2 and α-Mn2O3.  This 

is different from the report of Cao et al, who obtained a γ-MnO2@α-MnO2 composite 

[20]. The difference in material structure is due to the varying preparation conditions. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. XRD patterns of manganese oxide catalysts. (A) α-Mn2O3 (direct 

calcination of MnCO3 precursor), (B) α-Mn2O3@α-MnO2. 
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Figure 6.2 shows N2 adsorption/desorption isotherm and pore size distribution of α-

Mn2O3@α-MnO2 core/shell composite. It was found that BET surface area and pore 

volume of the catalyst were 37.2 m2/g and 0.266 cm3/g, respectively. The sample has 

an average pore radius of 28 nm, which means α-Mn2O3@α-MnO2 is a mesoporous 

material. The pore size distribution of the composite presented multiple peaks, 

majorly centred at 1.3, and 3 nm. 

Figure 6.3 presents SEM images of α-Mn2O3@α-MnO2 core/shell catalyst. The 

morphology of the composite presents in the uniform ellipsoid structure (Figure 

6.3A). The particle size varies in a range of 1-2 µm. As can be seen from the high 

magnification SEM image of α-Mn2O3@α-MnO2, the ellipsoid is actually composed 

of an inside core (α-Mn2O3) and an outside shell (α-MnO2)  (Figure 6.3B), similar to 

the core/shell γ-MnO2@α-MnO2 structure [20]. The image also shows that some 

hollow interior space is present between the core and the shell, probably attributing to 

core shrinkage during the transformation from MnCO3 to α-Mn2O3 [20]. 
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Figure 6.2.  N2 adsorption isotherm and pore size distribution of α-Mn2O3@α-MnO2 
catalyst. 
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Figure 6.3.  SEM images of α-Mn2O3@α-MnO2 catalyst. 

 

6.3.2 Preliminary study of phenol oxidation  using manganese oxide 

core/shell catalysts  

Figure 6.4 shows the preliminary tests of adsorption and catalytic oxidation of phenol 

using α-Mn2O3@α-MnO2 core/shell catalyst. The α-Mn2O3@α-MnO2 showed little 

adsorption of phenol at less than 5% removal efficiency. From the figure, it is also 

seen that phenol removal would not change significantly in the presence of oxone® 

without a catalyst, indicating that oxone® itself could not produce sulfate radicals to 

induce phenol oxidation. Phenol degradation would occur when catalyst and oxidant 

were simultaneously present in the solution. α-Mn2O3@α-MnO2 core/shell catalyst 

could degrade phenol at 100% in 30 min in the presence of oxone®. The high 

degradation rate was due to the activation of oxone® by α-Mn2O3@α-MnO2 

core/shell catalyst to produce sulfate radicals. Compared with the efficiency of 

homogeneous oxidation, Mn2+/oxone® system, the heterogeneous system exhibited 

(A) 

(B) 
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much higher activity. The homogeneous system could result in removal of phenol at 

97% in 120 min. In addition, TOC measurements indicated that TOC removal in α-

Mn2O3@α-MnO2/oxone® system was about 78% within 60 min. The reaction 

mechanism for heterogeneous phenol oxidation can be proposed as below. 

HSO  + 2MnO ⟶  SO • + OH  + 2Mn O  (6.1) 

HSO  + 	2Mn O ⟶  SO • + H  + 2MnO  (6.2) 

SO •  	H O  ⟶ 	OH• H SO  (6.3) 

C H OH  	SO •  ⟶ several	steps	 ⟶ CO H O SO  (6.4) 

Several investigations have been reported for heterogeneous core/shell catalysts for 

organic decomposition using different oxidants. Xing et al. [23] studied 

Fe3O4/FeMnOx core/shell nanoparticles for methylene blue discoloration with H2O2. 

The Fe3O4/FeMnOx core/shell nanoparticles could achieve 90% colour removal at dye 

(methylene blue) concentration of 25 mg/L within 240 min. Park et al. [25] used 

silica-Mn core-shell structured nano-composites with H2O2 for methylene blue 

degradation at 5 mg/L. The silica-Mn core-shell composite could achieved 82% 

methylene blue degradation within 120 min. Xing et al. [24] studied the magnetic 

core-shell nano-composite (Fe3O4@MnOx) for heterogeneous activation of H2O2 to 

generate hydroxyl radicals (OH•), targeting the decomposition of 2,4-

dichlorophenoxyacetic acid. They found that Fe3O4@MnOx could activate H2O2 to 

achieve 86% removal at 2,4-dichlorophenoxyacetic acid concentration of 20 mg/L in 

150 min. Thus, it appears that α-MnO2@Mn2O3 core/shell catalyst presented higher 

activity in the degradation of phenol in the presence of oxone®.  
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Figure 6.4.  Phenol reduction with time in adsorption and catalytic oxidation. 

Reaction conditions:  = 25 ppm, catalyst = 0.4 g/L, oxone = 2 g/L, and T = 25 oC. 

 

6.3.3 Phenol degradation kinetics at varying reaction conditions 

Further investigations on the performance of α-MnO2@Mn2O3 core/shell catalyst at 

different reaction conditions were carried out. Effect of phenol concentration at 25-

100 ppm on phenol degradation is presented in Figure 6.5. As can be seen, phenol 

degradation efficiency decreased with increasing initial phenol concentration. At 25 

ppm, 100% phenol removal could be achieved in 30 min while at phenol 

concentrations of 50, 75 and 100 ppm, complete phenol removal could be obtained in 

50, 90 and 120 min, respectively. Due to the same amounts of catalyst and oxone® in 

solution at varying phenol concentration, higher phenol concentration would requires 

a longer time to achieve 100% degradation efficiency. 
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Figure 6.5.  Effect of phenol concentration on phenol removal. Reaction conditions: 

catalyst = 0.4 g/L, oxone = 2 g/L, and T = 25 oC. 

 
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  (6.5) 

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. 

Using this model by plotting ln(C/Co) versus time, straight line should be produce as 

shown in Figure 6.5 (inset). Based on regression coefficients, it is clearly 

demonstrated that phenol degradation followed the first order kinetics. The rate 

constants at varying phenol concentrations are shown in Table 6.1. As can be seen, 

the rate constant will decrease as the concentration of phenol increases.  
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Table 6.1.  Rate constant at different feed concentration of phenol. 

Initial phenol concentration Rate constant min-1 R2 
25 ppm  0.1237 0.99 
50 ppm  0.0937 0.99 
75 ppm 0.0670 0.99 
100 ppm 0.0489 0.99 

 

Several researchers have investigated the kinetic rate of toxic organic degradation in 

the presence of oxone®. Hu et al. [30] reported a pseudo first order degradation of 

dye (Rhodamine B) in aqueous solution induced by CoMg/SBA-15-oxone®. Su et al. 

[31] studied heterogeneous activation of oxone® with CoxFe3−xO4 for decolourisation 

of Rhodamine B. They found that the degradation of Rhodamine B followed the first 

order kinetics. Saputra et al. [27] used α-MnO2 nanocatalyst-oxone® system for 

phenol removal, α-MnO2 nanocatalyst-oxone®  also presents the first order kinetics. 

Therefore, α-Mn2O3@α-MnO2 core/shell catalyst with oxone® shows the similar 

result to the previous investigations.   

Phenol removal efficiency is also affected by α-Mn2O3@α-MnO2 core/shell loading 

in the system as shown in Figure 6.6. Higher α-Mn2O3@α-MnO2 loading in solution 

resulted in higher phenol degradation efficiency. At 0.1 g/L of α-Mn2O3@α-MnO2, 

phenol degradation efficiency would achieve at 88% in 120 min while at 0.2, 0.3, and 

0.4 g/L of catalyst loading, phenol degradation could be reached 100% within 120, 

60, and 50 min, respectively. The increased catalyst loading would enhance the active 

sites in solution for reaction with oxone® thus generating more amounts of active 

sulfate radicals (SO •	and	SO •), resulting in an increase in the rate of phenol 

removal. 
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Figure 6.6.  Effect of catalyst loading on phenol removal. Reaction conditions: 
[phenol] = 25 ppm, oxone = 2 g/L, and T = 25 oC. 

 

Figure 6.7 shows oxidation of phenol on α-Mn2O3@α-MnO2 at different oxidant 

loadings. In general, increased concentrations of oxone® in solution will increase 

phenol degradation. However the influence was not as significant as catalyst loading. 

At 0.4 g/L oxone®, complete phenol removal could be achieved in about 60 min 

while at 0.8 and 1.6 g/L of oxone® loading, phenol degradation could reach 100% 

within 50 and 30 min, respectively. However, further increase in oxone® 

concentration at 2.0 g/L would slightly decrease phenol degradation efficiency. 

Shukla et al. [32] studied the effect of concentration of oxone® with Co-SBA-15 

catalyst for removing phenol from aqueous solutions. They found that high oxone® 

concentration can reduce the rate of oxidation of phenol when oxone® loading was 

increased from 2 to 4 g/L. A higher concentration of oxone® would consume the 

active	SO •, resulting in a lower degradation rate, according to the mechanism as 

follows. 
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HSO  + 	SO • 	⟶  SO • + 	SO  +  H  (7.6) 

HSO  + 	OH• 	⟶  SO • + H O (7.7) 

SO • has a low oxidation rate than SO •. Therefore, the current study using α-

Mn2O3@α-MnO2  heterogeneous catalyst for activation of oxone to generate sulfate 

radicals shows the same observation and optimum loading of oxone® should be 

determined. 
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Figure 6.7.  Effect of oxone concentration on phenol removal. Reaction conditions: 

[phenol] = 25 ppm, catalyst = 0.4 g/L, and T = 25 oC. 

 
Figure 6.8 shows the reduction of phenol concentration against time at various 

temperatures of 25 - 45 oC. As can be seen, the reaction temperature plays a 

significant role in phenol degradation. The rate of reaction would increase 

significantly with increasing temperature. At 25 oC, degradation efficiency of phenol 

would reach 100% at 30 min. Further increase by 10 oC, complete phenol removal 

was achieved within 20 min while complete phenol degradation at 45 oC would be 

achieved in 15 min. Based on first-order kinetic model of the reaction, the rate 

constant with temperature variation was obtained and the relationship followed the 
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Arrhenius equation (Inset Figure 6.8). The Arrhenius plot presented a good linear 

correlation and the activation energy of phenol degradation on α-Mn2O3@α-MnO2 

core/shell was derived as 39.9 kJ/mol. This value is much great than that of the 

effective α-MnO2 [27] and α-Mn2O3 [28] catalysts. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8.  Effect of temperature on phenol removal. Reaction conditions: [phenol] 

= 25 ppm, catalyst = 0.4 g/L, and oxone = 2 g/L. 

More importantly, Figure 6.9 presents the performance of α-Mn2O3@α-MnO2 

core/shell composite in phenol degradation after the catalyst recycling with filtration 

and water washing for reuse. In the second and third runs, phenol degradation profile 

is much similar to the first test. This suggests that α-Mn2O3@α-MnO2 core/shell 

catalyst has high stability in heterogeneous catalytic oxidation and is a promising 

material for other applications.  
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Figure 6.9.  Degradation of phenol in multiple use of α-Mn2O3@α-MnO2 composite 

catalyst. Reaction condition: [phenol] = 25 ppm, catalyst = 0.4 g/L, and oxone = 2 

g/L. 

6.4. Conclusions  

A α-Mn2O3@α-MnO2 core/shell composite was successfully synthesized by a shape-

controlled method. The particle shows as uniformed ellipsoid and it exhibits high and 

stable activity in heterogeneous activation of oxone® for oxidation of phenol in 

water. The kinetic studies showed that phenol degradation followed first order 

reaction and activation energy of α-Mn2O3@α-MnO2 core/shell was obtained to be 

39.9 kJ/mol. This value is much great than that of the effective α-MnO2 [27] and α-

Mn2O3 [28] catalysts. 

  

 

 

 

Time (min)

0 20 40 60 80 100 120 140

P
he

no
l d

e
g

ra
d

a
tio

n 
(C

/C
o

)

0.0

0.2

0.4

0.6

0.8

1.0

1st run 
2nd run 
3rd run



187 
 

References 

 
1. Bautista, P., et al., An overview of the application of Fenton oxidation to 

industrial wastewaters treatment. Journal of Chemical Technology and 
Biotechnology, 2008. 83(10): p. 1323-1338. 

2. Wang, S., A comparative study of Fenton and Fenton-like reaction kinetics in 
decolourisation of wastewater. Dyes and Pigments, 2008. 76(3): p. 714-720. 

3. Pignatello, J.J., E. Oliveros, and A. MacKay, Advanced Oxidation Processes 
for Organic Contaminant Destruction Based on the Fenton Reaction and 
Related Chemistry. Critical Reviews in Environmental Science and 
Technology, 2006. 36(1): p. 1-84. 

4. Yang, X., et al., Hydrolytic dehydrogenation of ammonia borane catalyzed by 
carbon supported Co core–Pt shell nanoparticles. Journal of Power Sources, 
2011. 196(5): p. 2785-2789. 

5. Zhang, M., et al., Synthetic core-shell Ni@Pd nanoparticles supported on 
graphene and used as an advanced nanoelectrocatalyst for methanol 
oxidation. New Journal of Chemistry, 2012. 36(12): p. 2533-2540. 

6. Li, P., et al., Core-shell structured mesoporous silica as acid-base 
bifunctional catalyst with designated diffusion path for cascade reaction 
sequences. Chemical Communications, 2012. 48(85): p. 10541-10543. 

7. Yao, Y., et al., Fabrication of Fe3O4/SiO2 core/shell nanoparticles attached to 
graphene oxide and its use as an adsorbent. Journal of Colloid and Interface 
Science, 2012. 379(1): p. 20-26. 

8. Park, M., et al., Functionalized Ni@SiO2 core/shell magnetic nanoparticles as 
a chemosensor and adsorbent for Cu2+ ion in drinking water and human 
blood. Analyst, 2010. 135(11): p. 2802-2805. 

9. Emadi, M., E. Shams, and M.K. Amini, Removal of Zinc from Aqueous 
Solutions by Magnetite Silica Core-Shell Nanoparticles. Journal of Chemistry, 
2013. 2013: p. 10. 

10. Zhang, H.-J., et al., ZnO@silica core-shell nanoparticles with remarkable 
luminescence and stability in cell imaging. Journal of Materials Chemistry, 
2012. 22(26): p. 13159-13165. 

11. Ansari, A.A., et al., Luminescent mesoporous LaVO4:Eu3+ core-shell 
nanoparticles: synthesis, characterization, biocompatibility and their 
cytotoxicity. Journal of Materials Chemistry, 2011. 21(48): p. 19310-19316. 

12. Luo, Y., et al., Seed-assisted synthesis of highly ordered TiO2@-Fe2O3 
core/shell arrays on carbon textiles for lithium-ion battery applications. 
Energy & Environmental Science, 2012. 5(4): p. 6559-6566. 



188 
 

13. Zhang, H.P., et al., Core-shell structured electrode materials for lithium ion 
batteries. Journal of Solid State Electrochemistry, 2009. 13(10): p. 1521-
1527. 

14. Lee, H. and J. Cho, Sn78Ge22@Carbon Core−Shell Nanowires as Fast and 
High-Capacity Lithium Storage Media. Nano Letters, 2007. 7(9): p. 2638-
2641. 

15. Liu, F., et al., Synthesis of stable carboxy-terminated NaYF4: Yb3+, 
Er3+@SiO2 nanoparticles with ultrathin shell for biolabeling applications. 
Nanoscale, 2013. 

16. Aldeek, F., et al., Enhanced Photostability from CdSe(S)/ZnO Core/Shell 
Quantum Dots and Their Use in Biolabeling. European Journal of Inorganic 
Chemistry, 2011. 2011(6): p. 794-801. 

17. Wang, Y., et al., Core-shell TiN@SrTiO3 structure for grain boundary barrier 
layer capacitor. Materials Letters, 2012. 74(0): p. 191-193. 

18. Wen, H., et al., Modeling of the core-shell microstructure of temperature-
stable BaTiO3 based dielectrics for multilayer ceramic capacitors. Journal of 
Electroceramics, 2008. 21(1-4): p. 545-548. 

19. Lee, K.S., et al., Seed Size-Dependent Formation of Fe3O4/MnO Hybrid 
Nanocrystals: Selective, Magnetically Recyclable Catalyst Systems. 
Chemistry of Materials, 2012. 24(4): p. 682-687. 

20. Cao, J., et al., Fabrication of -MnO2/-MnO2 hollow core/shell structures 
and their application to water treatment. Journal of Materials Chemistry, 
2011. 21(40): p. 16210-16215. 

21. Liu, J., et al., Co3O4 Nanowire@MnO2 Ultrathin Nanosheet Core/Shell 
Arrays: A New Class of High-Performance Pseudocapacitive Materials. 
Advanced Materials, 2011. 23(18): p. 2076-2081. 

22. Zhao, Z., et al., One pot synthesis of tunable Fe3O4-MnO2 core-shell 
nanoplates and their applications for water purification. Journal of Materials 
Chemistry, 2012. 22(18): p. 9052-9057. 

23. Xing, S., et al., Characterization and reactivity of Fe3O4/FeMnOx core/shell 
nanoparticles for methylene blue discoloration with H2O2. Applied Catalysis 
B: Environmental, 2011. 107(3–4): p. 386-392. 

24. Xing, S., et al., Fabrication of magnetic core-shell nanocomposites with 
superior performance for water treatment. Journal of Materials Chemistry A, 
2013. 1(5): p. 1694-1700. 

25. Park, J.-H., et al., Formation of manganese oxide shells on silica spheres with 
various crystal structures using surfactants for the degradation of methylene 
blue dye. Materials Research Bulletin, 2013. 48(2): p. 469-475. 



189 
 

26. Anipsitakis, G.P. and D.D. Dionysiou, Degradation of Organic Contaminants 
in Water with Sulfate Radicals Generated by the Conjunction of 
Peroxymonosulfate with Cobalt. Environmental Science & Technology, 2003. 
37(20): p. 4790-4797. 

27. Saputra, E., et al., α-MnO2 activation of peroxymonosulfate for catalytic 
phenol degradation in aqueous solutions. Catalysis Communications, 2012. 
26(0): p. 144-148. 

28. Saputra, E., et al., Manganese oxides at different oxidation states for 
heterogeneous activation of peroxymonosulfate for phenol degradation in 
aqueous solutions. Applied Catalysis B: Environmental, 2013. 142–143(0): p. 
729-735. 

29. Lei, S., et al., Preparation of α-Mn2O3 and MnO from thermal decomposition 
of MnCO3 and control of morphology. Materials Letters, 2006. 60(1): p. 53-
56. 

30. Hu, L., et al., Heterogeneous activation of oxone with CoMg/SBA-15 for the 
degradation of dye Rhodamine B in aqueous solution. Applied Catalysis B: 
Environmental, 2013. 134–135(0): p. 7-18. 

31. Su, S., et al., Heterogeneous activation of Oxone by CoxFe3−xO4 
nanocatalysts for degradation of rhodamine B. Journal of Hazardous 
Materials, 2013. 244–245(0): p. 736-742. 

32. Shukla, P., et al., Co-SBA-15 for heterogeneous oxidation of phenol with 
sulfate radical for wastewater treatment. Catalysis Today, 2011. 175(1): p. 
380-385. 

 

 



 

 

 

 

 
 
 
 
 
 
 
 
 
Abstract	

 

Manganese oxide supported on activated carbons (2.5% Mn/AC-P and 2.5% Mn/AC-

N) and graphene oxide (2.5% Mn/GO) were prepared and tested to degrade aqueous 

phenol in the presence of peroxymonosulphate. The physico-chemical properties of 

manganese oxide based catalysts were characterized by several techniques such as 

N2 adsorption, X-ray diffraction (XRD), scanning electron microscopy (SEM), and 

energy dispersive X-ray spectroscopy (EDS). It was found that 2.5% Mn/AC-P was 

highly effective in heterogeneous activation of peroxymonosulphate to produce 

sulphate radicals in higher rate compared with other catalysts. Degradation 

efficiency of phenol could be achieved at 100% of phenol decomposition and 90% of 

total organic carbon (TOC) removal in 90 min at the condition of 75 ppm phenol, 0.2 

g catalyst, and 1 g peroxymonosulphate in 500 mL solution at 25oC. Phenol 

degradation followed first-order kinetics and activation energy on 2.5% Mn/AC-P is 

15.0 kJ/mol. 

 

 

 

 

 

Chapter 	7 		
Carbon Supported Manganese Catalysts 
For Phenol Degradation in Water 
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7.1 Introduction 

 

Since the beginning of the 21st century, wastewater treatment is becoming a more 

and more important issue in social and politic areas and the research in water 

purification is rapidly growing. The effluents from industry or domestics have to be 

treated in a proper way to achieve a certain minimum level to comply with 

environmental regulations. 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]. In many 

countries, the maximum threshold allowed for phenol in water streams is less than 1 

mg/L; for instance 0.01 mg/L for Indonesian wastewater [3, 4]. Therefore, due to the 

strict regulations, complete degradation of organic pollutants in wastewater is one of 

the focuses in water treatment.  

In the last decades, advanced oxidation processes (AOPs) have emerged as effective 

processes to completely degrade organic compounds in aqueous media. AOPs are 

based on generation and utilization of reactive species, such as hydroxyl radicals 

(OH•) in Fenton reaction with a high standard oxidation potential and reacting non-

selectively [5, 6]. However, Fenton oxidation suffers from the requirements of acidic 

pH, large quantity of chemical reagents, very slow catalysis of the ferrous ion 

generation and large production of ferric hydroxide sludge [7].   

Currently, sulphate radicals SO •  produced by peroxymonosulfate have been 

proposed as an alternative to hydroxyl radicals for organic degradation due to the 

higher oxidizing potential (1.82 V) than that of H2O2 (1.76 V). In most previous 

investigations in water treatment, Co ions and peroxymonosulphate (PMS, HSO5
−) 

has been found to be an effective route [8-10]. However, Co2+ is highly toxic and will 

cause secondary pollution. Thereby, alternative ion metals, such as Mn2+, have been 

proposed. Anipsitakis and Dionysiou [11] investigated some transition metal ions and 

three oxidants. They found that Mn2+ ions can activate peroxymonosulfate to generate 

sulphate radicals. However, no further investigation has been reported for manganese 

oxide for the activation of peroxymonosulfate to generate sulphate radicals. In this 
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research, we investigate the supported manganese catalysts for heterogeneous 

activation of sulphate radicals for chemical mineralizing of phenol in the solution. 

These catalysts will be an alternative technique for advanced oxidation process. 

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

loading, PMS concentration and temperature were investigated. 

 

7.2 Experimental section  

7.2.1 Carbon support materials 

Two commercial activated carbons in powder were purchased from Pancasari Puspa 

Company, Indonesia (AC-P) and Sigma-Aldrich, Australia (AC-N), respectively. AC-

P and AC-N were used as received. Another carbon support, graphite oxide (GO) was 

prepared using a modification of Hummers and Offeman’s method from graphite 

powders (Bay carbon, SP-1), and a detailed procedure can be found in the literature 

[12]. In a typical reaction, 0.5 g of graphite, 0.5 g of NaNO3, and 23 mL of H2SO4 

were stirred together in an ice bath. Further, 3 g of KMnO4 was slowly added. All 

chemicals were purchased from Sigma-Aldrich and were used as received. Once 

mixed, the solution is transferred to a 35 ± 5C water bath and stirred for about 1 h, 

forming a thick paste. Moreover, 40 mL of water was added, and the solution was 

stirred for 30 min while the temperature was raised to 90 ± 5 oC. Finally, 100 mL of 

water was added, followed by the slow addition of 3 mL of H2O2 (30%), turning the 

colour of the solution from dark brown to yellow. The warm solution was then 

filtered and washed with 100 mL of water, and the solids were collected by filtration 

and dried at 50 oC. 

 

7.2.2 Synthesis of manganese based catalysts 
 

Catalyst synthesis was carried out following a general impregnation method. For 

manganese (MnOx)/AC-P, a fix amount of manganese nitrate (Sigma-Aldrich) was 

added into 100 mL ultrapure water. AC-P was then added into the solution and kept 

stirring at 60 oC until total evaporation of H2O. After that the solids were dried at 120 
oC overnight and calcined at 450 oC for 3 h in nitrogen. For other two supports (AC-N 
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and GO), the same method was also implemented. The loading of Mn on the three 

supports was maintained at 2.5 wt%.  

 

7.2.3 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. XRD pattern was obtained on a Siemen, D501 diffractometer using 

filtered Cu Kα radiation with accelerating voltage of 40 kV and current of 30 mA. 

The samples was scanned at 2θ from 10-80o. N2 adsorption-desorption was measured 

on a TriStar II 3020 (Micromeritics) to obtain specific surface area using the 

Brunauer-Emmett-Teller (BET) method. Prior to measurement the samples were 

degased at 120 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). 

 

7.2.4 Catalytic activity test  

Phenol degradation tests were carried out at 30 °C in 1 L glass vessel with 500 mL of 

phenol solution at 25-100 ppm with a constant stirring of 400 rpm. Firstly, a catalyst 

at varying amounts (0.05-0.20 g) was added into the phenol solution for a while, then 

oxone (2KHSO5•KHSO4•K2SO4, PMS) was added into the solution at 0.04-2.0 g/L. 

At certain time, water sample (1 mL) was withdrawn into a HPLC vial, 0.5 mL of 

pure methanol was then injected into the vial to quench the reaction. The 

concentration of phenol was analyzed 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 flow rate of 1.5 mL/min was made of 30% CH3CN and 70% water. For 

the recycle tests of the catalyst, after each run, the catalyst was obtained by filtration 

and thoroughly washed with distilled water several times, then dried at 80 °C for 2 h. 
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7.3 Result and discussion  

7.3.1 Characterization of supported Mn catalysts  

Figure 7.1 shows XRD spectra of supported Mn catalysts prepared from three 

different carbon supports. In general, a large broad peak at 2θ=20-30° was observed, 

indicating an amorphous structure of the supports. For 2.5% Mn/AC-N catalyst, the 

peaks of manganese oxide were observed. The profile showed the presence of MnO2 

crystallites with the major peaks at 20.84, 26.61, 50.14, 68.06, and 77.09o.Minor 

Mn3O4 was also found at 32.38, 36.10, and 59.91o. For 2.5% Mn/AC-P catalyst, the 

presence of Mn3O4 crystallite was found with the peaks at 28.92 o, and 36.10 o. 

However, manganese species in crystalline form were not identified on 2.5% Mn/GO 

catalyst, possibly due to high dispersion. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1. XRD pattern of supported manganese catalysts. (a) 2.5% Mn/AC-N, (b) 

2.5% Mn/AC-P, and (c) 2.5% Mn/GO 

 

 

(a) 

(b) 

(c) 
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Figure 7.2 shows N2 adsorption/desorption isotherms and pore size distribution of 

Mn/AC-P, Mn/AC-N and Mn/GO catalysts. As seen in Table 7.1, Mn/AC-P has a 

higher surface area (870.2 m2/g) than others. In addition, Mn/AC-P also has the a 

lowest pore radius (22.0 Å). The pore size distribution of Mn/AC-P presented three 

peaks, centred at 24.5, 30, and 35 Å, respectively while Mn/GO presented two peaks, 

centred at 20.5 and 30 Å, respectively. However, Mn/AC-N showed a different 

profile with one peak, which is centred at 30 Å.   

Table 7.1.  Surface area, pore volume and pore radius of catalysts 

Catalyst SBET, m2.g-1 Pore volume (cm3.g-1) Average pore radius (Å) 
2.5% Mn/AC-P 870.2 0.478 22.0 
2.5% Mn/AC-N 495.6 0.331 26.7 
2.5% Mn/GO 154.4 0.612 158.6 

 

 

7.3.2 Preliminary study of phenol oxidation using catalysts 

Figure 7.3 shows the preliminary tests of adsorption and catalytic oxidation of phenol 

using 2.5% Mn/AC-P, 2.5% Mn/AC-N and 2.5% Mn/GO catalysts in aqueous 

solution under various experimental conditions. As can be seen, AC-P presented low 

adsorption of phenol at 53% in 90 min prior to reaching equilibrium while 2.5% 

Mn/AC-P has the highest efficiency in phenol adsorption with 67.5 % removal in 90 

min, which can be ascribed to manganese oxides on the support. Zhang et al. [13] 

investigated Mn3O4 with nano size for adsorption of pentachlorophenol from aqueous 

solution and found that Mn3O4 has a good ability to adsorb pentachlorophenol. The 

complete pentachlorophenol removal could be achieved at pentachlorophenol 

concentration of 20 mg/L in 50 min. Therefore, 2.5% Mn/AC-P catalyst has the 

highest phenol adsorption efficiency than AC-P catalyst. In the presence of only 

oxone® in phenol solution, no phenol degradation occurred, suggesting that oxone® 

itself could not produce sulphate radicals to induce phenol oxidation. In oxidation 

test, AC-P, AC-N and GO supported Mn catalysts could produce significant phenol 

degradation. 2.5% Mn/AC-P in the presence of oxone® could degrade phenol at 

100% in 30 min while in the same duration, 2.5% Mn/AC-N and 2.5% Mn/GO  could 

reach around 97% and 28% phenol removal, respectively. 
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Figure 7.2. N2 adsorption isotherms and pore size distribution of Mn/AC-P, Mn/AC-

N and Mn/GO catalysts. (a) N2 Isotherms and (b) pore size distributions. 
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In addition, AC-P with oxone® could degrade phenol at 91% in 30 min. Saputra et al. 

[14] studied the powder active carbon for heterogeneous activation of oxone® to 

generate sulphate radical (SO •, and SO •) targeting the decomposition of phenol. 

They found that the powder activated carbon could activate oxone®, which 

previously could only be achieved by metal ions, heat and light toxicity [15-17]. 

However, Mn/AC-P catalyst presented higher phenol degradation than AC-P, 

suggesting a synergistic effect of AC-P support and Mn oxides.  

In addition, TOC removal in 2.5% Mn/AC-P- oxone® system also examined and the 

result showed that about 90% of TOC were obtained within 30 min. Significant 

degradation of phenol in the systems confirms that manganese oxide and activated 

carbon could activate oxone® to generate sulphate radicals for phenol decomposition 

in solution. The activation reaction could be expressed as below. 

AC + HSO  ⟶	AC  + SO • + OH      (7.1) 

AC  + HSO  ⟶ AC +SO • + H     (7.2) 

S Mn III 	HSO ⟶ 	S Mn IV 	SO • 	H 	 S support   (7.3) 

S Mn IV 	HSO ⟶ 	S Mn III 	SO • 	OH 	 S support   (7.4) 

 

Previously, several heterogeneous cobalt systems have been tested in activation of 

oxone® for oxidation of organic toxics in water. Saputra et al. [17] used Co/Red mud 

and Co/Fly ash with oxone® for phenol degradation at 30 ppm. The both catalysts 

could achieve 100% and 40% degradation of phenol in 90 min, respectively. Shukla 

et al. used Co3O4/SiO2 [18] and Co/SBA-15 [19] for heterogeneous activation of 

oxone® to generate sulphate radicals targeting the decomposition phenol. Co3O4/SiO2 

could achieve 100% phenol degradation at 30 ppm in 190 min while Co/SBA-15 

could achieve complete degradation of phenol in 190 min. Anipsitakis and Dionysiou 

[11] studied homogeneous activation  of  oxone® with Mn2+ for 2,4-DCP oxidation. 

They found that Mn2+ could achieve 24% degradation of phenol at 2,4-DCP 

concentration of 50 ppm in 240 min of  reaction time. Therefore, 2.5% Mn/AC-P 

presented higher activity in phenol degradation than some heterogeneous Co systems 

and Mn2+. 
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Figure 7.3. Phenol reduction with time in adsorption and catalytic oxidation. 

Reaction conditions: [Phenol] = 75 ppm, catalyst = 0.4 g/L, oxone = 2 g/L, and T = 

25 oC. 

 

7.3.3 Effects of reaction parameters on phenol degradation 

The first parameter measured in this study was phenol concentration which was 

maintained between 50 to 100 ppm. The effect of initial phenol concentration on 

phenol degradation is shown in Figure 7.4. Removal efficiency of phenol decreased 

with increasing phenol concentration. Phenol removal at 100% could be achieved at 

phenol concentration of 50 ppm within 10 min. Meanwhile, at phenol concentration 

of 75 and 100 ppm, completed phenol removal could be achieved in 30 and 90 min, 

respectively. In phenol degradation, production of sulphate is the key reaction, which 

depends on 2.5% Mn/AC-P catalyst and oxone®. Under the same concentration of 

catalyst and oxone®, high concentration of phenol will require more time to achieve 

the same removal rate, resulting in lower phenol removal efficiency.     
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Figure 7.4.  Effect of phenol concentration on phenol removal. Reaction conditions: 

catalyst = 0.4 g/L, oxone = 2 g/L, and T = 25 oC. 

  

In order to estimate the kinetic rate constants, a general pseudo first order kinetics for 

phenol degradation was employed, as shown in the equation below. 

ln 	 kt  (7.5) 

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. 

Using this model showed that ln(C/Co) versus time produced a straight line for three 

different concentrations as shown inset of Figure. 7.4. Based on regression 

coefficient, it is clear that phenol degradation followed the first order kinetics.  The 

rate constants at varying phenol concentrations are shown in Table 7.2. As seen, rate 

constant will decrease as the concentration of phenol increases.  
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Table 7.2.  Rate constant at different feed concentration of phenol 

Initial phenol concentration Rate constant min-1 R2 
50 ppm  0.4570 0.99 
75 ppm 0.2065 0.99 
100 ppm 0.0603 0.96 

 

 

Figure 7.5 shows the effect of catalyst loading on phenol degradation. An increase in 

amount of catalyst in solution would result in higher phenol degradation efficiency. 

This occurs because increased amount of catalyst will increase the adsorption as well 

as the availability of catalyst active sites for generation of active sulphate radical 

(SO • and	SO •), resulting in high phenol degradation. At 0.1 g/L 2.5% Mn/AC-P, 

phenol removal would be 28% at 90 min, while in same duration at 0.2, and 0.3 g/L, 

removal efficiency were 68, and 98%, respectively. The complete phenol degradation 

could be achieved at 0.4 g/L loading of 2.5% Mn/AC-P in 30 min.  

 

 

 

 

 

 

 

 

 

 

 
 
Figure 7.5.  Effect of catalyst loading on phenol removal. Reaction conditions: 

[phenol] = 75 ppm, oxone = 2 g/L, and T = 25 oC. 
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Figure 7.6 presents phenol degradation efficiency at varying initial concentrations of 

oxone® in solution. As can be seen, degradation of phenol depended on initial 

concentration of oxone®. Higher concentration of oxone® in solution resulted in 

higher phenol degradation rate. However, the influence was not as significant as the 

case of catalyst loading. The change in oxone® loading from 0.2 to 2 g/L would only 

result in 20% increase in phenol degradation efficiency.  

 

 

 

 

 

 

 

 

 

 

 
Figure 7.6.  Effect of oxone concentration on phenol removal. Reaction conditions: 

[phenol] = 75 ppm, catalyst = 0.4 g/L, and T = 25 oC. 

 

Figure 7.7 shows the effect of manganese loading on AC-P on phenol degradation. 

As can be seen, manganese loading on AC-P showed a quite significant impact on 

phenol degradation. The increase in manganese loading from 1.5 to 2.5 wt% would 

increase degradation of phenol. However, a further increase of manganese loading on 

AC-P up to 10% would not enhance the rate of reaction, suggesting the optimal 

manganese loading on AC-P at 2.5%.  Higher amount of manganese loading provides 

additional sites for generation of active sulphate radicals, thus enhancing the rate of 

reaction. 
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Figure 7.7.  Effect of metal loading on catalyst on phenol removal. Reaction 

conditions: [phenol] = 75 ppm, oxone = 2 g/L, and T = 25 oC. 

 

Figure 7.8 shows that phenol degradation also depended on reaction temperature. 

The rate of reaction would increase with increased temperature. Complete phenol 

degradation at 25 oC would be achieved in 30 min. Further increase of 10 oC, 100% 

degradation efficiency of phenol was achieved within 20 min while at 45 oC, phenol 

degradation would be achieved at 100% in 15 min. Figure 7.8 (inset) shows the 

Arrhenius plots of rate constants with temperature. As shown, the plot presented a 

good linear correlation and the activation energy of 2.5% Mn/AC-P was derived as 

15.0 kJ/mol. In the past few years, several heterogeneous carbon supported Co and 

Ru catalysts synthesised by impregnation method have been reported for oxone® 

activation and the activation energies obtained are presented in Table 7.3. As can be 

seen, that 2.5% Mn/AC-P presented lower activation energy than oxide supported Co 

and Ru catalysts. 
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Table 7.3. Activation energies of various catalysts with oxone® for degradation of 

phenol. 

Catalyst Activation energy (kJ/mol) Reference 
Co/AC  59.7 [20] 
Co/CX-1 48.3 [21] 
Co/CX-G 62.9 [21] 
RuO2/AC 61.4 [22] 
2.5% Mn/AC-P 15.0 This work 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.8.  Effect of temperature on phenol removal. Reaction conditions: [phenol] 

= 75 ppm, catalyst = 0.4 g/L, and oxone = 2 g/L. 
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7.3.4 Reactivity of spent 2.5% Mn/AC-P catalyst and reusability 

Figure 7.9 shows the catalytic activity of recycled 2.5% Mn/AC-P for phenol 

degradation. As can be seen, the catalytic activity significant reduced in the second 

use, suggesting a deactivation of the catalyst. In the second use, phenol degradation 

was 38% at 90 min compared with 100% in the first use. Furthermore, for 2.5% 

Mn/AC-P second use after heat treatment at 500 oC for 1 hour, it appears that the 

catalyst activity increased again and 80% degradation of phenol could be achieved at 

90 min. This suggests that the carbon deposits on the catalyst during the reaction 

process can be removed by heat treatment.  

 

 

 

 

 

 

 

 

 

 

 
 
Figure 7.9. Degradation of phenol in multiple use of Mn/AC catalyst. Reaction 

conditions: [phenol] = 75 ppm, catalyst = 0.4 g/L, and oxone = 2 g/L. 

 

7.4 Conclusions  

Several types of carbon supported manganese catalysts, 2.5% Mn/AC-P, 2.5% 
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contaminants 2. Among them, 2.5% Mn/AC-P is an effective catalyst for generating 
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sulphate radicals in the presence of PMS to degrade phenol. Several factors 

influenced the removal efficiency of phenol such as PMS concentration, Mn loading 

in catalyst, phenol concentration, catalyst loading and temperature. Kinetic studies 

showed that phenol degradation followed first order reaction and activation energy of 

2.5% Mn/AC-P was obtained to be 15.0 kJ/mol. 
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Abstract	

 

In this study, activated carbon (AC) was used as a catalyst for degradation of a toxic 

organic compound, phenol, in the presence of different oxidants, H2O2, 

peroxydisulphate (PDS) and peroxymonosulphate (PMS). It was found that AC is 

effective in heterogeneous activation of PMS to produce sulphate radicals for 

degradation of phenol. The complete phenol removal could be achieved at 0.4 g AC/L 

in 15 min. It was also found that phenol degradation is significantly influenced by 

amount of PMS loading and particle size of AC.    

 

 

 

 

 

 

 

 

 

Chapter 	8 		
Metal Free Catalytic Degradation of Aqueous 
Contaminants by Activated Carbon		
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8.1 Introduction 

 

Nowadays, conventional wastewater treatments have been proved to be limited in 

treating toxic organic compounds. One of the promising methods for degradation of 

organic pollutants in wastewater is advanced oxidation process (AOP) which can 

completely degrade organic compounds into carbon dioxide and water. AOPs are 

based on generation and utilization of reactive species, such as hydroxyl radicals 

(OH•) that have a high standard oxidation potential and react non-selectively [1, 2]. 

Among the AOP methods, heterogeneous catalytic oxidation systems have attracted 

much attention because of economics and easy recovery of catalysts [3]. In the 

heterogeneous systems, the solid catalysts play an important role in achieving a 

highly efficient oxidation process, not harmful to the environment. Therefore, many 

studies have concentrated on developing new and effective catalysts but most of them 

are metal-based systems [4-6].    

 
Activated carbons (AC) have been widely used in heterogeneous catalysis either as 

supports or catalysts due to their porous structure, high specific surface area and pore 

volume, inexpensiveness and environmentally friendliness [7-10]. A number of 

studies have shown that activated carbons are active in the degradation of some 

dissolved organic pollutants such as 4-chlorophenol, trichlorophenol, trichloroethane, 

methyl tert-butyl ether, methylamines and dimethylamines  in the presence of H2O2 

[11-13]. It was shown that AC can promote hydrogen peroxide decomposition 

through the formation of hydroxyl radicals as shown in the following equations. 

 
AC + H2O2 ⟶	AC  + OH  + OH•  (8.1) 

AC  + H2O2 ⟶	AC + H  + HO•   (8.2) 

 
Reactions (Equation (8.1) and (8.2)) are commonly known as electron-transfer 

catalysis similar to the Haber-Weiss mechanism, following the Fenton reaction 

mechanism involving the oxidized (AC+) and reduced (AC) catalyst states [14]. 

However, AC exhibits much low activity in such a reaction. Recently, sulphate 

radicals SO •  have been proposed as an alternative to hydroxyl radicals for organic 

degradation due to the higher oxidizing potential (1.82 V) than that of H2O2 (1.76 V).  
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Sulphate radicals can be produced from persulphate (PS) or peroxymonosulphate 

(PMS). Up to now, activation of PS or PMS was only achieved by metal ions, heat 

and light, which either requires high energy input or produces metal toxicity [15-17]. 

However, no investigation has been reported using carbonaceous materials for 

production of sulphate radicals. We recently found that graphene could be a good 

catalyst for PMS activation. In this paper, we report that AC powder can be a green 

catalyst in effective activation of PMS, showing an excellent capability of degrading 

phenol. Several factors influencing the phenol degradation with PMS oxidation were 

studied at varying phenol concentration, AC and PMS loading and also temperature. 

 

8.2 Experimental section  

Two activated carbons were obtained in powder and granule from Pancasari Puspa 

Company, Indonesia. Powder activated carbon (PAC) was used without further 

treatment. Granular activated carbon (GAC) was crushed into small particles and 

seperated according to their sizes into two sections: 60-90 µm (GAC-1) and 90-120 

µm (GAC-2). The oxidant peroxymonosulphate (KHSO5
-, PMS) derived from the 

triple salt Oxone (2KHSO5KHSO4K2SO4) was supplied by Sigma-Aldrich, 

Australia. Phenol solution of the required concentrations (i.e. 25, 50, 75 and 100 

ppm) were prepared from phenic acid (C6H5OH, 99% purity, Sigma-Aldrich) by 

mixing with ultrapure water. Methanol as a quenching reagent (CH3OH, 100% purity) 

for HPLC analysis was purchased from Perth Scientific, Australia. Sodium nitrite for 

quenching the reaction for the total organic carbon (TOC) analysis was purchased 

from Sigma-Aldrich. H2O2 (30 wt%) and peroxydisulphate (PDS) were also obtained 

from Sigma-Aldrich. 

The AC surface area and pore size measurements were carried out by N2 adsorption 

using Autosorb-1, Quantachrome (USA). The AC samples were degassed at 100 oC 

for 24 h prior to adsorption analysis. The surface area and pore size distribution were 

obtained by the Brunauer-Emmett-Teller (BET).  

The catalytic oxidation of phenol was carried out in a 500 mL glass beaker containing 

25, 50, 75 and 100 ppm of phenolic solutions, which was attached to a stand and 
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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 PMS 

was added into the solution and allowed to dissolve completely before reaction. 

Further, a fixed amount of catalysts was added into the reactor to start the oxidation 

reaction of phenol. The reaction was carried on for 90 minutes and at a fixed interval 

time, 0.5 ml of solution sample was taken out from the mixture using a syringe filter 

of 0.45 µm and then mixed with 0.5 mL methanol to quench the reaction. A few other 

tests were carried out with different oxidants, hydrogen peroxide and 

peroxydisulphate (PDS). Concentration of phenol was analysed using a HPLC with a 

UV detector set at λ = 270 nm. The column used was C-18 with mobile phase of 30% 

CH3CN and 70% water. 

 

8.3 Result and discussion  

8.3.1 Characterization of activated carbons catalysts  

 
The BET surface area, pore volume and pore radius for the carbons are shown in 

Table 8.1. It can be observed that there is a significant difference in the surface area 

and pore volume. PAC has the higher surface area (824.7 m2g-1), pore volume (0.470 

cm3/g) and pore radius (22.8 Å) than others. For both granule AC particles (GAC-1 

and GAC-2),  GAC-1 has slightly higher surface area, pore volume and pore radius 

due to smaller particle size.               

 
Table 8.1. Surface area, pore volume and pore radius 

Catalyst SBET (m2/g) V (cm3/g) Pore radius (Å) 
PAC 824.7 0.470 22.8 
AC-1 586.9 0.250 17.0 
AC-2 560.9 0.236 16.9 
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8.3.2 Preliminary study of phenol oxidation using catalysts 
 

Figure 8.1 shows the preliminary tests of adsorption and catalytic oxidation of phenol 

using different AC samples. It is generally accepted that AC has a good adsorption 

capacity. As can be seen, all ACs are able to adsorb phenol though at low efficiency. 

Both GAC-1 and GAC-2 showed low adsorption of phenol at less than 20% in 90 

min. While PAC presented phenol adsorption efficiency doubled in 90 min, which 

can be ascribed to higher surface area of PAC. Inset of Figure 8.1 displayed 

oxidation of phenol by PMS and negligible change in phenol concentration was 

observed. Less than 3% in phenol concentration reduction was found after 90 min, 

suggesting that PMS itself could not produce sulfate radical to induce significant 

oxidation of phenol. In oxidation tests, PAC with PMS in the heterogeneous system 

could degrade phenol up to 85% in 90 min. Meanwhile, GAC-1 and GAC-2 could 

only reach around 30 and 25% phenol removal, respectively. The experimental results 

show that surface area of heterogeneous catalysts influencing significantly of phenol 

degradation. Phenol degradation is dependent on sulfate radicals	 SO •	and	SO •) 

due to the same concentrations of PMS, sulfate radical concentration produced will 

depend on active sites on surface area of catalyst. Thus, the catalysts with a high 

surface area can provide more active sites to produce more sulfate radical, resulting in 

high phenol degradation. In addition, TOC removal in PAC/PMS system was also 

examined and the result showed that about 75% TOC removal was obtained within 90 

min. The reaction mechanism for heterogeneous phenol oxidation can be proposed as 

follows.  

 

AC + HSO  ⟶	AC  + SO • + OH    (8.3) 

AC  + HSO  ⟶	AC +SO • + H    (8.4) 

SO •+ H2O → SO4
2− + OH• + H  (8.5) 

SO • C H OH ⟶ several	steps	 ⟶ CO H O SO  (8.6) 

 

Several investigations have been reported for heterogeneous activated carbon 

catalysts for organic decomposition using different oxidants. Santos et al. [18] studied 

the modified activated carbon (100-300 µm) for heteregoneous activation of H2O2 to 
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generate hydroxyl radical targeting the decolorourisation of reactive red 241. 

Modified activated carbon could achieve 65% colour removal at reactive red 241 

concentration of 50 ppm within 150 min. They also found that the catalytic activity 

influenced significantly by pH. Yao et al. [19] used reduced graphene oxide (rGO) 

nanoparticle with peroxymonosulfate for phenol degradation at 20 mg/L. rGO could 

achieve 20% phenol degradation within 60 min. Shukla et al. [8] studied activated 

carbon with peroxymonosulfate for phenol degradation at 25 mg/L. The activated 

carbon could achieve 48% phenol degradation within 60 min. Therefore, it is seen 

that PAC with peroxymonosulfate presented higher activity in phenol degradation 

than other activated carbon and rGO.     

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8.1.  Prelimenary study of phenol at different size of catalyst. Reaction 

conditions: [Phenol] = 50 ppm, catalyst = 0.2 g/L, PMS = 6.5 mmol/L, and T = 25 oC. 

 

8.3.3 Effect of reaction parameters on phenol degradation 
 

Figure 8.2 shows a comparison in oxidation of phenol on PAC with different 

oxidants (PMS, PDS, and H2O2). As can be seen, PAC could activate all three 

oxidants although the removal efficiency of phenol is different. PAC with 
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peroxymonosulphate resulted in complete degradation of phenol in less than 20 min. 

PAC with PDS could achieve 100% removal of phenol in 90 min while PAC with 

H2O2 could achieve only 50% phenol removal in 90 min. In addition, this 

experimental results indicating that the catalytic activity is apparently dependent on 

the oxidation potential of oxidants. The catalytic activity shows an order of 

PAC/H2O2 < PAC/PDS < PAC/PMS in phenol degradation. Anipsitakis and 

Dionysiou [20] studied homogeneous activation of PMS, PDS and H2O2 with Mn2+ 

for 2,4-DCP oxidation. It was reported that Mn2+/PMS is the highest of 2,4-DCP 

removal, followed by Mn2+/PDS and Mn2+/H2O2. Thus, it would be expected a 

similar reaction rate for heterogeneous systems in this investigation.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.2.  Phenol trasfomation by the interaction of PAC and three different 

oxidants. Reaction conditions: [Phenol] = 25 ppm, catalyst = 0.2 g/L, oxidant = 6.5 

mmol/L, and T = 25 oC. 
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Figure 8.3 presents the variation of normalised phenol concentration as function of 

PMS concentration in the solution. As can be seen, the degradation of phenol by 

PAC/PMS depended on initial concentration of PMS. Higher concentration of PMS 

resulted in more removal efficiency of phenol. The complete phenol degradation 

could be achieved at 6.5 mmol PMS loading in 15 min, while in the same duration at 

PMS concentrations of 5.5, 2.6, and 1.3 mmol, removal efficiency were obtained at 

98, 94, and 87%, respectively.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.3.  Effect of PMS concentration on phenol removal. Reaction conditions: 

[Phenol] = 25 ppm, catalyst = 0.2 g/L and T = 25 oC. 

 
 

 
 A general pseudo first order kinetics for phenol degradation was employed to 

estimate the kinetic rates, as shown in equation below. 

ln 	 kt  (8.7) 

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. 

Using this model ln(C/Co) versus time produced straight lines as shown in Figure 
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8.4. The rate constants at varying PMS concentrations are shown in Table 8.2. As 

seen, rate constant will decrease as the concentration of PMS decreases.  

 
Table 8.2.  Rate constant at different feed concentration of PMS 

Initial PMS concentration Rate constant min-1 R2 
6.5 mmol  0.3943 0.967 
5.2 mmol 0.2661 0.991 
2.6 mmol 0.1921 0.952 
1.3 mmol 0.1409 0.982 
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Figure 8.4. Ln (C/Co) versus time in phenol degradation at different oxidant 

concentration. 

 
 
It is believed that phenol degradation also depended on initial concentration of phenol 

in solution. Figure 8.5 shows phenol degradation at various concentrations between 

25 and 100 ppm. At high phenol concentration, removal efficiency tended to 

decrease. At 25 ppm, phenol removal is very fast and achieves 100% degradation 

within 15 min, whereas at phenol concentrations of 50, 75 and 100 ppm, the 
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degradation rate is slower and phenol removal will achieve at only 85, 62, and 42%, 

respectively in 90 min. 
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Figure 8.5.  Effect of phenol concentration on phenol removal. Reaction conditions: 

catalyst = 0.2 g/L, PMS = 6.5 mmol/L, and T = 25 oC. 

 

The effect of PAC loading in solution on phenol degradation is shown in Figure 8.6. 

An increase in PAC amount in the solution increased the phenol degradation 

efficiency. A complete removal of phenol could be reached within 15 min at 0.2 g/L 

PAC loading. Whereas 70.5% and 40% removals could be reached at PAC loading of 

0.1 and 0.06 g/L, respectively. For phenol degradation, increased catalyst loading 

would enhance adsorption and provides additional sites for generation of active 

sulphate radicals, thus enhancing phenol degradation. 

 
Furthermore, temperature is also a variable influencing catalyst activity and phenol 

degradation. Figure 8.7 shows the reduction of phenol concentration versus time at 

various temperatures of 25 - 45 oC. As seen that the rate of reaction would increase 

with increased temperature. At temperature of 25 oC, phenol removal would reach 

85% at 50 ppm in 90 min. While in the same duration and phenol concentration at 

temperatures of 35 and 45 oC, removal efficiency obtained are 91, and 95%, 
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respectively. Using the first order kinetic rate constant, the activation energy for this 

heteregeneous phenol decomposition was found to be 17.6 kJ/mol. It should be noted 

that phenol degradation in PAC-PMS system would be ascribed to adsorption and 

oxidation. 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

Figure 8.6.  Effect of catalyst loading on phenol removal. Reaction conditions: 

[Phenol] = 25 ppm, PMS = 6.5 mmol/L, and T = 25 oC. 

 

In this study, it would be difficult to distinguish the contribution of each part 

(adsorption and oxidation). Thus, the activation energy value obtained would refer to 

the combined processes. Previously, we have investigated several heterogeneous 

carbon supported Co and Ru, such as Co/AC, Co/CX (carbon-xerogel) and RuO2/AC, 

in activation of PMS for phenol degradation and the activation energies obtained are 

presented in Table 8.3. As can be seen, that PAC presented lower activation energy 

than AC supported Co and Ru catalysts.   
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Table 8.3. Activation of heterogeneous catalysts with PMS for phenol degradation. 

Catalyst Activation energy (kJ/mol) Reference 
Co/AC  59.7 [8] 
Co/CX-1 48.3 [21] 
Co/CX-G 62.9 [21] 
RuO2/AC 61.4 [22] 
PAC 17.6 This work 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.7.  Effect of temperature on phenol removal. Reaction conditions: [Phenol] 

= 50 ppm, catalyst = 0.2 g/L, and PMS = 6.5 mmol/L. 

 

8.3.4 Reactivity of spent PAC catalyst and reusability 
 

Figure 8.8 shows the catalytic activity of recycled PAC for phenol degradation. As 

can be seen, the catalytic activity significantly reduced in the second use, suggesting 

deactivation of the catalyst. In the second use, phenol degradation was 34% at 15 min 

compared with 100% in the first use. Furthermore, for PAC second use after thermal 

treatment at 500 oC for 1 hour, it appears that the catalyst activity increases again 

although unlike the first use and 62% phenol degradation can be achieved at 15 min. 
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Figure 8.8.  Phenol removal in tests of recycled PAC catalyst. Reaction conditions: 

[Phenol] = 25 ppm, catalyst = 0.2 g/L, and PMS = 6.5 mmol/L. 

 

8.3.5 Role of powder activated carbon catalyst in phenol degradation  
 

During catalytic oxidation of toxic organics, powder activated carbon primarily acted 

as an adsorbent for phenol, as shown in Figure 8.1. This may increase the probability 

of a reaction between peroxymonosulphate and phenol. Powder activated carbon also 

catalyses the decomposition of peroxymonosulphate into free radicals, such as 

sulphate radicals. These sulphate radicals are very active in oxidation reactions in the 

aqueous phase. Then, sulphate radicals and phenol can react on the catalyst surface to 

produce simple molecular compounds including CO2 and H2O (Eqs. 8.3 ‒ 8.6). 

Although the peroxymonosulphate decomposition mechanism is not completely 

understood, the electron transfer from the surface of powder activated carbon has 

been suggested to take place during the reaction. According to the mechanism, the 

reaction might be initiated by a reducing site transferring an electron to  

Time (min)

0 20 40 60 80 100

P
he

no
l d

e
g

ra
d

a
tio

n 
(C

/C
o

)

0.0

0.2

0.4

0.6

0.8

1.0

1st use 
2nd use 
2nd use after thermal treatment 



221 
 

peroxymonosulphate to produce sulphate radicals. Moreno-Castilla et al. [23] 

investigated activated carbon cloth with H2O2 for the removal of amitrole from 

aqueous solution. The studies have suggested that a basic site on carbon surface 

promotes H2O2 decomposition into hydroxyl and perydroxyl radicals, thereby 

enhanching the oxidation of organic compounds in liquid. They also found that the 

surface sites may be delocalized π electrons from the graphene layers (C-π), which 

transfering electrons according to the mechanism as follows: 

 
C π +	 H2O2 ⟶	C π	  + OH  + OH•  (8.8) 

 
C π	 + H2O2 ⟶	C π  + H  + HO•   (8.9) 

 
Thus, the current study using peroxymonosulphate as an oxidant will be in similar 

consequences. The reaction initiated by the activation of peroxymonosulphate by a 

reducing site in a Fenton like reaction to produce a SO • radical. This sulphate radical 

can then react with phenol as shown in Figure 8.9. 

 
 
 

 
 
Figure 8.9. Mechanism for phenol removal during powder activated carbon (PAC) 

enhanced peroxymonosulphate. 
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8.4 Conclusions  

PAC can be a cheap, green and effective catalyst in activation of H2O2, PDS and PMS 

to produce hydroxyl and sulphate radicals for phenol degradation. PAC exhibited 

higher activity than GAC and higher activity in PMS activation. Phenol degradation 

can be achieved in a short time with PAC/PMS. High PAC and PMS concentrations 

in solution will make high phenol degradation efficiency. Phenol degradation 

followed the first-order kinetics and activation energy of the catalyst was obtained as 

17.6 kJ/mol. 
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Abstract	

 

The work presented in this thesis focused on catalytic oxidation of toxic organics 

using peroxymonosulfate as an oxidant in the presence of manganese oxides or 

activated carbon catalysts. Both catalysts were selected due to low toxicity to the 

environment. Manganese oxides with several different phases and shapes have been 

synthesized and tested for degradation of phenol as a model compound for 

wastewater treatment and both catalysts are very promising materials for replacing 

toxic Co2+ for activation of peroxymonosulfate to produce sulfate radicals for organic 

oxidation. All kinetic studies presented in this thesis suggest that the degradation of 

phenol in manganese oxide followed first-order kinetic model. 
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9.1. Conclusions 

 
In general, the main objectives of the research described in the previous chapters have 

been achieved satisfactorily. Some manganese oxide catalysts with different phases, 

shapes and morphologies have been successfully synthesized, such as MnO, MnO2, 

Mn2O3, and Mn3O4, using hydrothermal, solvothermal and sol-gel methods. In 

addition, other manganese oxide catalysts supported on Activated Carbon (AC), and 

Graphene Oxide (GO) also have been successfully synthesized using an impregnation 

method. Furthermore, the synthesized catalysts of α-, β-, γ-MnO2, MnO, α-Mn2O3, γ-

Mn3O4, α-Mn2O3@α-MnO2 core/shell, Mn/AC, and Mn/GO have been characterized 

and tested for adsorption and heterogeneous oxidation reaction for phenol 

degradation in aqueous solution. Further, it was observed that adsorption may 

increase the probability of reaction between peroxymonosulfate and phenol, and 

phenol degradation on all heterogeneous catalysts followed the first-order kinetics. 

Moreover, it was also found that several parameters such as the concentration of 

phenol, catalyst loading, loading peroxymonosulfate, and temperature are key factors 

affecting the phenol oxidation process. 

9.1.1 Catalytic oxidation of phenolics using MnO2 and peroxymonosulfate 

 
1. Three different types of α-MnO2 with crystalline and amorphous structure 

(α-MnO2-300, α-MnO2-500 and α-MnO2-140) have been synthesized using 

hydrothermal and sol-gel method. Based on XRD pattern and TEM images, 

α-MnO2-300 is an amorphous phase with a spherical shape, while α-MnO2-

500 and α-MnO2-140 are a crystalline with nanorods and nanowires, 

respectively. In phenol oxidation reaction, crystalline MnO2 demonstrated 

high activity. Nanowired MnO2-140 produced the highest phenol 

degradation with 100% phenol degradation and 99% TOC reduction in 90 

min and it also exhibited high stability. MnO2-300 with mesoporous 

structure gave the lowest activity and less stability. The activity shows an 

order of α-MnO2-300 < α-MnO2-500 < α-MnO2-140. The reaction rate was 

observed to follow the first-order kinetics with the rate of reaction 

increasing with temperature. 
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2. Three one-dimensional MnO2 nanoparticles with different crystallographic 

phase, α-, β-, γ-MnO2 have been successfully synthesized using 

hydrothermal method. Characterization results by SEM confirm that α-, β 

-, γ-MnO2 are in morphologies of nanowires, nanorods and nanotubes, 

respectively. The α-, β-, γ-MnO2 are effective catalysts for the activation 

of peroxymonosulfate to generate sulfate radicals for phenol degradation 

depending on surface area and crystalline structure. Among them, α-MnO2 

nanowires has the highest activity in removing phenol which completes 

removal of phenol in 60 min at phenol concentrations ranging in 25-100 

ppm. The activity shows an order of α-MnO2 > γ-MnO2 > β-MnO2. 

Kinetic studies show that phenol degradation on the α-MnO2 follows the 

first-order kinetics with the activation energy of 21.9 kJ/mol. 

 

9.1.2 Manganese oxide catalysts at different oxidation states  

 
1. Four different types of manganese oxide at different oxidation states (MnO, 

MnO2, Mn2O3, and Mn3O4) have been synthesized using thermal and 

hydrothermal methods. Based on XRD pattern and SEM images, MnO is a 

rock salt structured, while MnO2, Mn2O3, and Mn3O4 are a rutile, “C” 

bixbyite and spinel, respectively.  

2. In phenol oxidation reaction, catalytic activities of Mn oxides were found 

to be closely related to the chemical states of Mn. Mn2O3 is highly effective 

in heterogeneous activation of PMS to produce sulfate radicals for phenol 

degradation compared with other catalysts (MnO, MnO2, and Mn3O4). The 

activity shows an order of Mn2O3 > MnO > Mn3O4 > MnO2. The reaction 

rate was observed to follow first order kinetics and activation energy was 

obtained as 11.4 kJ/mol. 

3. One of the Mn2O3 disadvantage in relation with its activity on phenol 

oxidation is reduced catalytic activity of catalyst in the use of a second if 

the catalyst was recovered by simple water washing. Deactivation of 

Mn2O3 could be attributed to intermediate deposition on surface and 

chemical phase change.  
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9.1.3 Metal oxide catalysts with spinel structure.  

 
1. Spinel structure samples, Mn3O4, Co3O4, and Fe3O4, have been 

successfully synthesized using hydrothermal and solvothermal methods. 

The redox reactions were observed to follow redox potential of catalysts.  

2. Among the catalysts, Mn3O4 and Co3O4 are highly effective in 

heterogeneous activation of peroxymonosulfate to generate sulfate radicals 

with the activity order of Co3O4 ~ Mn3O4 > Fe3O4. 

3. Kinetic studies show that phenol degradation on the Mn3O4 and Co3O4 

follows the first-order kinetics with the activation energies of 38.5 and 66.2 

kJ/mol, respectively. 

 

 
9.1.4 α-Mn2O3@α-MnO2 core/shell nanocomposite catalysts.  

 
1. α-Mn2O3@α-MnO2 core/shell nanocomposite catalyst has been 

successfully synthesized using a hydrothermal method. Characterization 

results by SEM confirm that α-Mn2O3@α-MnO2 core/shell is in 

morphology of uniform ellipsoid structure. The ellipsoid is actually 

composed of an inside core (α-Mn2O3) and an outside shell (α-MnO2).  

2. The core/shell material is highly effective in heterogeneous activation of 

peroxymonosulfate to produce sulfate radicals for phenol degradation. 

Catalyst loading, peroxymonosulfate concentration, phenol concentration, 

and temperature are key factors affecting the phenol oxidation process. 

3. Kinetic studies show that phenol degradation on the α-Mn2O3@α-MnO2 

core/shell follows the first-order kinetics with the activation energy of 39.9 

kJ/mol. 

 

9.1.5 Carbon supported manganese catalysts.  

 
1. Two types of manganese oxide supported on commercial activated carbons 

(AC-P and AC-N) and graphene oxide (GO) have been successfully 

synthesized using an impregnated method. Characterization results by 
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XRD and SEM-EDS confirm that the active metal manganese on the 

activated carbons is in form of MnO2 and Mn3O4, while manganese species 

in graphene oxide were not identified.  

2. The three oxide catalysts supported on AC-P, AC-N, and GO are effective 

for generating sulphate radicals in the presence of peroxymonosulfate. 

Among them, AC-P has the highest activity in removing phenol which 

completes removal of phenol in 60 min at phenol concentrations ranging in 

75-100 ppm. 

3. Kinetic studies show that phenol degradation on the Mn/AC-P follows the 

first-order kinetics with the activation energy of 15.0 kJ/mol. 

 

 

9.1.6 Activated carbon catalysts.  

 
1. The same type of commercial activated carbon with different particle size 

which are powder (PAC) and granular (GAC-1 and GAC-2), is effective 

catalyst for degradation of a toxic organic compound, phenol in the 

presence of peroxymonosulfate. Among these three catalysts, Powder 

Activated Carbon (PAC) with the highest surface area, has the highest 

activity in removing phenol which completes removal of phenol in less 

than 20 min at phenol concentrations of 25 ppm. The catalysts with a high 

surface area can provide more active sites to produce more sulfate radical, 

resulting in high phenol degradation. 

2. Comparisons were conducted for three different oxidants such as H2O2, 

peroxydisulfate (PDS), and peroxymonosulfate (PMS) in the presence of 

PAC catalyst for degradation of a toxic organic compound, phenol. The 

activity shows an order of PAC/H2O2 < PAC/PDS < PAC/PMS in phenol 

degradation. This experimental results indicating that the catalytic activity 

is apparently dependent on the oxidation potential of oxidant. 

3. Kinetic studies show that phenol degradation on AC-P follows the first-

order kinetics with the activation energies of 17.6 kJ/mol. 
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9.2. Scope of Future Work 

 
1. This research focused on manganese oxides and activated carbon catalysts for 

catalytic phenol degradation in aqueous solutions. These catalysts presented 

very good performance in phenol degradation in the presence of 

peroxymonosulfate. However, these catalysts need to be tested for other 

pollutants, such as polycyclic aromatic hydrocarbon, dyes, chloride 

hydrocarbons, etc. It is also recommended to conduct the tests of catalysts 

with other oxidants, such as hydrogen peroxide, peroxydisulfate, and 

potassium permanganate.   

   
2. In the current thesis the focus was to explore the activity and stability of 

catalysts for phenol oxidation reaction. However, further study on the 

mechanism reaction need to be done to investigate intermediate products 

which are resulted from the phenol oxidation reaction.   

 
3. In this study, catalytic oxidation of phenol conducted in a batch process has 

been successfully carried out. However, further study on a continuous process 

needs to be done to investigate several parameters such as flow rate of feed, 

residence time, kinetic constants etc. in order to scale up this technology to 

pilot scale and finally to industrial scale.   
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