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ABSTRACT 

Fenton oxidation is classified into two processes, homogeneous and heterogeneous. Homogeneous 

Fenton oxidation process, have been shown to be efficient in the degradation of organic pollutants. 

However, it was shown to have limitations which can be addressed by the heterogeneous Fenton 

oxidation. Despite the high efficiency of the heterogeneous Fenton oxidation process in the 

degradation of recalcitrant organic pollutants, the currents synthesis trends of the heterogeneous 

Fenton catalyst have been proven to be time and energy constraining, since it involves the multi-

step were the activated carbon have to be prepared first then co-precipitate the iron oxide on the 

activated carbon. However, as much as the heterogeneous Fenton catalyst has been proven to have 

high catalytic activity towards degradation of organic pollutants, these catalysts have some 

limitations, such limitations include metal ions being leached from the catalyst support into the 

treated water causing catalyst deactivation and a secondary pollution to the treated water.  

In this thesis, these catalysts have been applied in the degradation of recalcitrant organic pollutants 

such as methylene blue and phenols. This study focuses on the single step synthesis of iron oxide 

nanoparticles supported on activated carbon, were carbonaceous material is impregnated with iron 

salt then pyrolysed via microwave heating. Microwave power and the amount of iron salt were 

optimized. The prepared activated carbon-iron oxide composites were applied to the degradation 

of 2-nitrophenol (2-NP) and methylene blue (MB). Methylene blue was used as a model compound 

due to the fact that it is easier to monitor the degradation process with UV-Vis as compared to 2-

nitrophenol . 2-nitrophenol the additional step for the adjustment of pH is required since 

nitrophenols are colorless in color at lower pH.   

The characterization showed that the microwave power and the amount of the iron precursor have 

an influence on the porosity and surface functional groups of the activated carbon. Further it was 
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observed that microwave power and iron precursor influnces the amount of iron oxide formed on 

the surface of the support. It was also observed that the activated carbon-iron oxide composite 

have the catalytic effects on the Fenton oxidation process of MB and 2-NP. The parameters such 

as H2O2, pH, catalyst dose, initial concentration, temperature affect the degradation of both MB 

and 2-NP.  

Kinetics studies showed that Fenton is a surface driven reaction since the results fitted the pseudo 

first order model. The thermodynamics parameters also showed that the reaction is endothermic, 

spontaneous and is randomized. This implies that the reaction of the degradation of MB and 2-NP 

is feasible and the catalysts prepared have high catalytic activity. MB and 2-NP were degraded to 

smaller organic molecules (carboxylic acids). The stability of the catalyst observed to decrease as 

the number of cycles increased, this is due to the leaching of iron ions from the support material. 

Hence it was concluded that the activated carbon-iron oxide composite was successfully 

synthesized and had the high catalytic activity for the degradation of MB and 2-NP.  
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OUTLINE 

The study is divided into nine chapters 

Chapter 1: 

The chapter covers the introduction, problem statement, aim, objectives and hypothesis of the 

research 

Chapter 2: 

The literature review of the pollutants in industrial wastewater and methods of their removal is 

dealt with in this chapter. The heterogeneous Fenton oxidation process is introduced as an 

alternative technique for the degradation of the pollutants. An in-depth review on the activated 

carbon-iron oxide composites as heterogeneous Fenton catalyst, its merits and limitations are also 

discussed together with their synthesis methods. 

Chapter 3: 

The experimental procedures for the synthesis, characterization, and application of the activated 

carbon iron oxide composite as catalyst for the Fenton oxidation of 2-nitrophenol and methylene 

blue 

Chapter 4: 

This chapter describes the first part of the results and discussion. The chapter focuses on the 

characterization of the synthesized PCP-AC-Iron oxide composites using various techniques. 
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Chapter 5: 

The chapter describes the second part of the results. It focuses on the effect of experimental 

conditions for the degradation of methylene blue and 2-nitrophenol by Fenton oxidation process. 

It reports the following details: effect of H2O2, the effect of pH, catalyst dose, stirring speed, the 

effect of initial concentration of the pollutant, and effect of temperature.    

Chapter 6: 

This chapter discusses part three of the results. It focuses on  fitting the data to the pseudo-first-

order, pseudo-second-order model, and Langmuir-Hinshelwood model and it is presented together 

with the error functions. 

Chapter 7: 

It describes and discusses the fourth part of the results and discussion. It focuses on the discussion 

of the thermodynamic parameters of the degradation process of 2-NP. The temperatures were 

varied during the degradation of 2-NP so that rate constants and activation energies were 

calculated. The thermodynamics parameters such as Gibbs free energy (ΔG), change in enthalpy 

(ΔH), and change in entropy (ΔS) were also determined. 

Chapter 8: 

This chapter presents and discusses the fifth part of the results. It presents and discusses the 

degradation mechanism, catalyst stability and degradation products of MB and 2-NP by Fenton 

oxidation process. It reports on the effect of radical scavenging on the degradation, the amount of 

iron oxide leached during catalyst reuse. 
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Chapter 9 

This chapter presents conclusion and recommendations of the study 
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CHAPTER 1: INTRODUCTION 

1.1 Background 

The interest will be shown to water due to the fact that it is one of the essential elements on which 

all forms of life depends on. In the 21st century, the major problem humanity is facing is water 

quality. Water researchers have approximated that by the year 2025 the world will be facing water 

crisis (KULSHRESHTHA, 1998, RIJSBERMAN, 2006).  More than one-third of earth’s 

freshwater is utilized for domestic, agricultural and industrial purposes. Consequently, these 

activities lead to enormous water pollution with different synthetic and geogenic natural chemicals 

at different concentrations (COSGROVE and RIJSBERMAN, 2000). Chemical pollution of 

natural water has become one of the major problem in all parts of the world. Due to an increase in 

urbanization and industrialization as the results of population growth, resulting putting on the 

depletion of freshwater in many parts of the world.  

Traces organic pollutants such as pharmaceutical and personal care products (PPCPs) and other 

effluents have been reported in wastewater and aquatic system (RIJSBERMAN, 2006, 

SCHWARZENBACH et al., 2006). These compounds are usually introduced to water bodies 

through a number of ways but primarily from untreated wastewater and inadequately treated 

sewage (KUMAR et al., 2007). Due to the increasing environmental and health concerns, these 

organic pollutants of have been of particular interest due to the fact that a long-term exposure, even 

at low levels could have serious effects on both aquatic and terrestrial ecosystems including human 

health (UNESCO, 2009).  

The occurrence of these organic pollutants results in two major problems in water management, 

which are a source of water protection and the potential reuse of industrial and municipal 
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wastewater. The long term of water sustainability solely depends on the management of water 

resources, protection of water sources and the efficiency of the wastewater treatment techniques 

for various pollutants (FATTA-KASSINOS et al., 2015). However, the traditional method of 

wastewater treatment cannot completely remove many of these contaminants of emerging 

concerns. An alternative process for wastewater treatment in order to degrade these contaminants 

has been of interest recently (TIZAOUI and GRIMA, 2011). Advanced oxidation processes 

(AOPs) are the extensively studied processes. They employ the use hydroxyl radical to oxidize 

contaminants to smaller and less polluting molecules or mineralize them to carbon dioxide, water 

and inorganic ions (NOGUEIRA et al., 2014).  

1.2 Problem statement  

Rapid increase in industrialization has led to the disposal of toxic chemicals into water bodies,the 

effectsare considered harmful to both plants and animals. Treatment of contaminated wastewater 

is a challenge since they contains a variety of pollutants such as heavy metals and organic 

compounds, at different concentrations. There have been efforts by researchers from all over the 

world to produce several efficient and cost effective treatment techniques to combat the issue of 

an ever-increasing disposal of contaminated effluents into water bodies.  

Heterogeneous Fenton’s degradation has been proven to be effective for the removal of recalcitrant 

organic compounds in wastewater by many researchers but this process has some limitations, such 

as, the current synthesis trends demand high energy. The synthesis trends are also time consuming 

due to the fact that it requires multiple steps. Activated carbon is used as a support but 

commercially activated carbon is usually expensive. The conventional heating when preparing 

activated carbon is not favorable because is time-consuming and demands high temperatures 

which leads to high cost due to the consumption of high energy. 
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As much as heterogeneous Fenton catalyst  have shown to be efficient in the degradation of 

recalcitrant organic pollutants, the catalysts faces some chagellenges such as, some metal ions 

being leached from the support into the treated water causing another secondary pollution problem 

in the water and also causing catalyst deactivation, due to their multi steps synthesis process. 

1.3 Aim and objectives 

The aim of the study is to prepare low-cost and non-toxic heterogeneous Fenton catalyst from an 

iron oxide nanoparticle supported on activated carbon that is produced from an agricultural waste 

material for 2-nitrophenol (2-NP) and methyelene blue degradation (MB). 

 

The research aim was achieved through the following objectives: 

a. To prepare activated carbon-iron oxide composite from agricultural waste by microwave 

pyrolysis  

b. To utilize iron chloride hexahydrate as a chemical activator and source of iron oxide 

c. Catalyst characterization  

d. To study the influence of microwave power and iron loading on the degradation of MB and 

2-NP by Fenton-like oxidation process 

e. To study the influence of iron loading and microwave power on the amount of leached iron 

f. To study the degradation mechanism and kinetics 

g. To study the degradation products 
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1.4 Hypothesis 

There has been efficient catalyst before but some catalysts were experiencing catalytic leaching, 

which caused contamination to the treated water and the catalytic degradation. This affected the 

activity of the catalyst. It can be hypothesized by adding iron during the activated carbon formation 

would yield a catalyst which has a greater metal oxide support interaction leading to a decrease in 

the leaching of the iron oxide. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Wastewater 

Water is essential to all living creatures. There is approximately over 1 × 109 km3 of water on 

earth. Although the majority of the planet is covered by water, the vast majority is unavailable to 

the terrestrial and freshwater system. Less than 3% water is fresh enough to drink or irrigate crops 

and of that total, more than two-thirds are locked away in glaciers and ice caps. Freshwater lakes 

and rivers hold 100 000 km3 globally, which is less than 0.01% of water on earth (JACKSON et 

al., 2001). The consumption of fresh water has increased globally by 1 % since the 1980s. The 

demand for potable water has increased due to the increasing urbanization and rising living 

standards. Kulshreshtha and Rijsberman projected that by 2025 the world will be facing water 

crisis(KULSHRESHTHA, 1998, RIJSBERMAN, 2006).   

Wastewater is any water that has been contaminated by organic/inorganic chemicals, 

microorganisms, or any substance that deteriorates its quality. Effluent containing pollutants like 

heavy metals, pharmaceuticals, pesticides, dyes are a major threats to our water quality (OLLER 

et al., 2011). These pollutants enter the water bodies either directly (effluents from industries to 

water streams) or indirectly (when pollutants are released into the air or land) (DEBLONDE et al., 

2011). Some of these pollutants found in the wastewater especially industrial wastewaters are 

synthetic dyes and phenols. 

2.1.1 Synthetic dyes  

Synthetic dyes are a group of organic pollutants found in industrial wastewaters. They are used in 

textile, paper, plastic, pharmaceutical, leather, paint, food packaging, and other industries to color 

products. These organic molecules, when released into the aquatic systems, cause coloration of the 
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water and the view of the public on water quality is greatly influenced by color (CHOY et al., 

2004).  There are more than 100 000 commercial dyes with more than 7 × 108 kg being produced 

annually (PEARCE et al., 2003, RAMAN and KANMANI, 2016). Wastewater containing dyes is 

very difficult to treat since they are highly soluble, recalcitrant organic molecules, resistant to 

aerobic digestion and are stable to light, heat and oxidizing agents (SUN and YANG, 2003). This 

is due to their complex chemical structure, xenobiotic nature and synthetic organic origin (CRINI, 

2006). Disposal of wastewater containing dyes without proper treatment causes myriad of 

problems to the aquatic environment, such as reducing gas solubility, light penetration, and 

photosynthesis. Dyes may also be toxic to some aquatic life due to the presence of aromatics, 

metals, chlorides and other elements (FU and VIRARAGHAVAN, 2001). Traditional biological 

wastewater treatment techniques based on aerobic and anaerobic digestion are not efficient at dye 

removal from wastewater since dyes are toxic to the organisms being used (KUSIC and BOZOIC, 

2007). According to Greluk and Hubicki (2010), dyes can be classified into three categories: (1) 

Anionic- (Methyl Orange), (2) Non-ionic (Eriochrome Black T), (3) Cationic (Methylene Blue) 

dyes. 

2.1.1.1 Methylene Blue 

Methylene blue is an inexpensive and common dye used in textile industries (OLEJNIK et al., 

2016). It is a cationic dye   with chemical structure (Figure 2.1): 
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NS+N

N

 

Figure 2. 1: Structure of Methylene Blue (MB) 

Methylene Blue is known to cause irritation to gastrointestinal tract with symptoms of nausea, 

vomiting, diarrhea if swallowed and also methemoglobinemia, cyanosis, convulsion and etc. 

(RAMAN and KANMANI, 2016). 

Physical and chemical techniques such as coagulation, adsorption, ultrafiltration and reverse 

osmosis are usually used to remove these dyes efficiently from wastewater. However, these 

processes may transfer the dyes from liquid phase to solid waste. As a result, the technique for the 

degradation of dyes and many other organic molecules in wastewater is essential.    

2.1.2 Phenols 

One of the organic contaminants that have attracted interest is phenols and substituted phenols. 

Phenols and substituted compounds  have been put as the priority of pollutants (KUMAR et al., 

2007). Phenolic compounds are major pollutants that are produced from industries like 

petrochemical, pharmaceuticals, petroleum, and food processing industries. These phenol and 

derivatives are usually detected in the surface water, agricultural and industrial water due to their 

low biodegradability, high solubility, low vaporization pressure and weak ionization capacity. 

According to World Health Organization (WHO)(UNESCO, 2009), the allowed limit of detection 

for the phenolic compounds in tap water is 1 ppb.  
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N+

O

O-

OH

2-nitrophenol  

Figure 2. 2: Structure of 2-nitrophenol 

2-nitrophenol which is a phenol derivative is highly toxic to organisms even at low concentration, 

hence it has been classified by the United State Environmental Protection Agency (USEPA) as a 

priority hazardous pollutant. Clean Water Act (CWA), has listed 2-nitrophenol within the 126 

priority of organic pollutants under the permissible limit of 20 ppb in the environment (TEH and 

MOHAMED, 2011). This pollutant is biorecalcitrant, meaning it cannot be biodegraded easily. 

Stronger chemical degradation processes are thus required to degrade these pollutants to smaller 

molecules that can be removed easily (BELTRAN et al., 2005). 

 

Due to the toxic and carcinogenic properties of this organic pollutant, it is necessary to treat 

polluted water before releasing into the environment. Despite its presence at low concentrations, 

this pollutant poses serious threats to freshwater supply, living organisms, and public health 

(BREZONIK and ARNOLD, 2012). This pollutant is produced in large quantities especially in 

developed countries therefore, good reliable methods are necessary to treat effluents before 

discharge. Hence it has been selected as the targeted organic pollutant. 

2.2 Wastewater Treatment Technologies 

There are several methods available to decompose organic pollutants in water. These methods 

include adosption, fltrattion, advanced oxidation processes (AOPs). AOPs are defined as a process 

that involves the production of highly reactive radicals required for the oxidation of organic 
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pollutants present in wastewater (ANASTASIOU et al., 2009). These treatment processes have 

shown to be very promising in the treatment of wastewater that has bio-recalcitrant pollutants. 

These AOPs are shown to be better alternatives for the degradation of the toxic organic pollutants 

which are based on the production of hydroxyl radicals. The hydroxyl radicals are non-selective 

and powerful oxidizing agent which reacts faster than ozone and hydrogen peroxide (MARTÍNEZ-

HUITLE and BRILLAS, 2009). 

Table 2. 1: oxidizing agent potential 

OXIDIZING AGENT OXIDATION POTENTIAL (V)  

 Hydroxyl radicals 2.80 

Oxygen (atomic) 2.42 

Ozone 2.08 

Hydrogen peroxide 1.78 

Oxygen (molecule) 1.23 

(HABER and WEISS, 1934) 

 AOPs have the ability to completely degrade an organic pollutant to CO2, H2O and mineral 

salts(GUO et al., 2017). AOPs are suitable for effective degradation of dissolved organic 

contaminants such as halogenated hydrocarbons, aromatics, phenols, pesticides, and several toxic 

pollutants. Therefore, AOPs are promising technologies for the degradation of toxic organic 

pollutants in water. AOPs are attracting attention due to their potential as a successful solution to 

water pollution and friendliness to the environment.  Among the AOPs, Fenton oxidation process 

has been recognized as a low-cost technology, since it operates at mild conditions and requires 

simple installations.  
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2.2.1 Catalytic wet peroxide oxidation/ Fenton oxidation process 

Catalytic wet peroxide oxidation (CWPO) is also known as Fenton oxidation process. It is the 

process whereby hydrogen peroxide decomposes in the presence of a catalyst to produce hydroxyl 

radicals that are a strong oxidant that is further used for the oxidation and the degradation of 

organic pollutants (SUN et al., 2007). The first published work on the oxidation of organic 

molecules using Fe2+ and H2O2 was done by the British researcher H.J Fenton in 1894, where he 

reported on the oxidation of tartaric acid based on the mixture of H2O2 and Fe2+ (FENTON, 1894). 

The Fenton process is efficient when the optimum pH of the aqueous solution is around 2.8-3.0.  

Typical conditions are room temperature and atmospheric pressure (ZAZO et al., 2006). The use 

of Fenton’s process has been widely employed because iron is low in cost, less toxic and the easy 

handling of the hydrogen peroxide due to the fact that it decomposes into molecules that are 

friendly to the environment. Some advantages of Fenton’s process compared to other oxidation 

techniques are that it needs simple installation and it has mild operating conditions (PEREZ et al., 

2002).  

2.2.1.1 Homogeneous Fenton’s reaction 

Several industries use the homogeneous Fenton’s reaction in wastewater purification processes. 

Homogeneous CWPO is the process where the mixture of iron (II) salt and H2O2 know as Fenton 

reagent is used for oxidation of organic pollutants. Reseachers proposed a reaction mechanism 

where Fe2+ decomposes H2O2 in an acidic and dark condition in the absence of the organic 

compound that consists of a sequence of reactions. According to the study, the combination of Fe2+ 

and H2O2 induces series of chain reactions initiated by the consumption of hydrogen peroxide to 

hydroxyl radicals, the reaction can be summarized as follows(Equations 1 – 6) (SUN et al., 2009):  
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Fe2+ + H2O2 Fe3+ + OH- + OH˙     1 

Fe3+ + H2O2  Fe2+ + H+ + HOO˙     2 

H2O2 + OH˙ HOO˙ + H2O     3 

Fe2+ + HO˙ Fe3+ + HŌ       4 

HOO˙ + H2O2  H2O + HO˙ + O2     5 

HOO˙ + HOO˙  H2O2 + O2      6 

The Fenton process has been efficient in the degradation and oxidation of various organic 

pollutants. It has also been applied in the wastewater treatment, industrial dyes discoloration 

(GOGATE and PANDIT, 2004) and also degrading toxic and recalcitrant organic compounds 

(HOU et al., 2016b, WAN et al., 2017, YANG et al., 2016). The efficiency of the Fenton process 

depends on factors such as temperature, H2O2, pH, and catalyst concentration. However some 

drawback can be attributed to the homogeneous Fenton reaction, which includes high cost and risk 

due to the transportation and storage of hydrogen peroxide, the need for significant chemicals for 

acidifying the effluent at the pH before degradation, accumulation of iron sludge that has to be 

also treated at the end of the reaction leading to additional treatment step and increasing treatment 

cost (GUO et al., 2017). Nevertheless, this drawback can be overcome by the heterogeneous 

process, which most of them are operated in close to neutral pH range and also precipitation of 

Fe3+ in the form of sludge can be avoided by using a solid iron-containing catalyst.  

2.2.1.2 Heterogeneous Fenton reaction 

Heterogeneous Fenton reaction is a process whereby a mixture of a solid iron-containing catalyst 

and H2O2 are applied for the oxidation and degradation of organic pollutants. Several iron-based 
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materials such as alumina, zeolites, activated carbon, clays, silica and ion exchange resins have 

been studied in the heterogeneous Fenton reaction for the removal of recalcitrant organic pollutants 

(OTURAN and AARON, 2014). Heterogeneous Fenton-type of a catalyst has been used based on 

porous supports such as activated carbon, silica, alumina, and clays in the degradation of organic 

compounds such phenols and other organic pollutants. The oxidation of phenols using ion-

exchange medium pore zsm-5 was studied and also the effect of pH and iron leaching was explored 

(FAJERWERG and DEBELLEFONTAINE, 1996). Ovejero et al studied the different iron-

containing zeolite and they found out that the amount of iron leaching depended on the synthesis 

route, concentration and strength of the acids sites present and the iron environment in the zeolites 

(OVEJERO et al., 2001). Most of the iron oxides which are formed are inherently in the Nano size, 

this fact makes iron hydroxides suitable catalyst that is why they have been applied mostly in 

catalysis. The application of natural and synthetic iron oxide/hydroxide as a catalyst in waste water 

treatment like the Fenton-like process has been studied (PEREIRA et al., 2012). Guimaraes et al 

degraded quinoline in an aqueous solution using modified goethite surface by thermal treatment 

with hydrogen to produce the active Fenton-like catalyst. The controlled thermal treatment resulted 

in the reduction of Fe3+ to Fe2+ thus increased the catalyst efficiency (GUIMARAES et al., 2008). 

Nevertheless, the perfect solid Fenton catalyst should not be vulnerable to iron leaching but most 

of the Fenton-like heterogeneous catalyst developed still suffer this problem up until now. Iron 

ions are leached from the surface of the catalyst during the reaction thus reducing the catalytic 

activity and also causes iron pollution to the treated water, this is still why the development of 

heterogeneous Fenton-like catalyst with high activity and not vulnerable to leaching is still a 

challenging approach.  
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2.3 Catalytic leaching 

Catalytic leaching is when the catalyst from the support material is released due to the dissolution 

of minerals and complexation processes (Pio and Luca 1999). The process itself is universal, any 

material exposed to contact with water will leach its components from its surface or interior 

depending on the porosity of the material considered (PIO and LUCA, 1999). The concept of 

leaching is important for four reasons (a) since homogeneous catalyst are known to be effective 

catalyst for the liquid phase oxidation, dissolved metal ions must be responsible for 

homogeneously catalysed reactions and homogeneous-heterogeneous reaction (b) an 

implementation of additional step such as membrane separation be needed to remove the leached 

metal (c) continuous leaching of catalyst would result in the degradation of the catalyst which will 

affect the catalyst activity and stability (d) pollute the environment (PIO and LUCA, 1999). 

2.3.1 Chemical, physical and kinetic aspects of catalyst deactivation 

The knowledge of the chemical and physical aspects of catalyst deactivation is of pivotal 

importance for the design of deactivation-resistant catalysts, the operation of industrial chemical 

reactors, and the study of specific reactivating procedures. Deactivation can occur by a number of 

different mechanisms, both chemical and physical in nature. Other mechanisms of deactivation 

include masking and loss of the active elements via volatilization, erosion, and attrition (GAYA 

and ABDULLAH, 2008, MOULIJN et al., 2001). 

2.3.2 Poisoning 

Chemical aspects of poisoning. Poisoning is the loss of activity due to the strong chemisorption 

on the active sites of impurities present in the feed stream. The adsorption of a basic compound 

onto an acid catalyst (e.g isomerization catalyst) is an example of poisoning. A poison may act 

simply by blocking an active site (geometric effect) or may alter the adsorptivity of other species 
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essentially by an electronic effect. Poisons can also modify the chemical nature of the active sites 

or result in the formation of new compounds (reconstruction) so that the catalyst performance is 

definitively altered (MOULIJN et al., 2001).  

As the result, it is important to develop a highly efficient heterogeneous catalyst, where the adverse 

impact of metal leaching in aqueous environments is minimized and the catalyst can be recovered 

after its application (ANIPSITAKIS et al., 2005). The solid iron catalyst in the advanced oxidation 

technologies may undergo some degradation that is caused by the deposition and strong adsorption 

of a polymeric carbon layer and from leaching of the active species of the catalyst (FAJERWERG 

and DEBELLEFONTAINE, 1996, GUO and AL-DAHHAN, 2006, LIOU et al., 2005, ZAZO et 

al., 2006).  

If the problem of the catalyst leaching can be solved, the advanced oxidation technologies would 

be widely applied. Many studies have revealed that iron oxides clusters, which are held to the 

support by the weak Van der Waals bonds, are easily leached out into the liquid phase during 

reaction, whereas the iron cations that are incorporated into the support, which is bonded by the 

covalent bonds are stable towards leaching (CROWTHER and LARACHI, 2003, FAJERWERG 

and DEBELLEFONTAINE, 1996, WANG et al., 2002).    

The use of iron precursor salts as chemical activators during the production of activated carbon 

may lead to good iron oxide support interaction leading to minimized leaching. Therefore this 

option will be investigated as an alternative to impregnation of the iron salt after the production of 

activated carbon.  
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2.4 Types of catalyst 

The application of Nano-sized particles as a catalyst materials has drawn the attention of the 

scientific community due to their intrinsic properties, which makes them better as compared to 

their microscopic counterparts. These materials exhibit a different behavior as compared to the 

bulk materials, owing to their high surface area, enhanced chemical, mechanical, magnetic, optical, 

and electrical properties (POURAN  et al., 2014). Various nano-sized catalyst has been widely 

applied in the AOPs, such as TiO2, Ag/AgCl, ZnO and iron oxides. Hence iron oxides has shown 

interest in the degradation of organic pollutant due to their low toxicity. 

2.4.1 Iron oxide nanoparticles 

Several types of iron magnetic particles such as Fe2O3 (HOU et al., 2016b), maghemite (EL-

QANNI et al., 2016), Fe3O4 (HOU et al., 2016a) and FeOOH (MESQUITA et al., 2016) have been 

explored for potential catalyst for degradation of organic pollutants from water. Iron magnetic 

particles have gained popularity in recent years for numerous applications (Jiang et al., 2011). 

According to Rakhshaee and Panahandeh (2011), these magnetic particles contain zerovalent iron 

Fe0 nano-iron material (Fe0 NPs) which are active for remediating contaminants that are 

susceptible to reductive transformation like dyes, and halogenated organics (YANG and LEE, 

2005). Nanomagnetic materials have the advantage of being easily synthesized, environmentally 

friendly, and manipulated through coating and functionalization (GUPTA and NAYAK, 2012). 

 

One major issue in the use of nanoparticles is agglomeration which occurs primarily by direct 

interparticle interactions via Van der Waals forces and magnetic interaction (CUSHING et al., 

2004). This phenomenon of agglomeration causes a reduction of specific surface area, interfacial 
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free energy and ultimately particle reactivity (RAKHSHAEE and PANAHANDEH, 2011). Iron 

magnetic nanoparticles especially, Fe3O4, are also known to show poor stability under acid 

conditions (LIU et al., 2012). Surface modification using a stabilizer is therefore of great 

importance in determining the nanoparticle stability under physiochemical conditions. These 

stabilizers are capable of increasing dispersion of the nanoparticles by electrostatic repulsion and 

steric hindrance (YANG and LEE, 2005). Hence activated carbon has been widely used as a 

catalyst support. 

2.5 Activated carbon as catalytic support 

Both the catalyst and the support play important roles in catalysis (ZHAO et al., 2009). The use of 

carbonaceous materials as a catalytic supports continues to increase because of the high versatility 

of this material (FUENTE et al., 2001). The most important carbon support material is activated 

carbon followed by carbon black and graphite materials (AUER et al., 1998). Based on its porous 

structure and surface functional groups, activated carbon exhibits the most favorable physical and 

chemical characteristics (SYCH et al., 2012).  

 

Among many carbonaceous materials activated carbon have been widely used in catalytic 

ozonation because of its favorable properties, which are: 

 Large surface area, (BELTRÁN et al., 2002, RIVERA-UTRILLA and SÁNCHEZ-POLO, 

2002) (Beltran et al., 2002; Utrilla et al., 2002) 

 Good adsorption capacity (BELTRÁN et al., 2002, RIVERA-UTRILLA and SÁNCHEZ-

POLO, 2002)(Beltran et al., 2002; Utrilla et al., 2002) 

 It is stable under acidic and basic conditions, (RODRIGUEZ-REINOSO, 1998). 

  Its surface chemistry can be modified to provide controlled metal loading sites,  
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 It is stable at high temperatures (RODRIGUEZ-REINOSO, 1998). 

  It can be combusted to recover spent catalysts (RODRIGUEZ-REINOSO, 1998). 

 Very good microwave absorbents, allowing it to be modified by microwave pyrolysis 

(MENENDEZ et al., 2010). 

 It also can act as an adsorbent, a reactive support and radical initiator (MENENDEZ et al., 

2010). 

Disadvantages of carbon supports include combustion in the presence of oxygen and a potential 

loss of selectivity from metal impurities in ash (RODRIGUEZ-REINOSO, 1998). An ideal support 

is highly influenced by carbon material properties such as metal impurities, acidic oxygenated 

groups, basic active sites and, textural and structural features. 

2.6 The influence of carbon material properties on the efficiency of the Fenton oxidation 

process 

2.6.1 Metal impurities 

In the carbonaceous materials, the presence of metal impurities such as iron as a consequence to 

their origin or synthesis origin or synthesis procedures has shown to improve the catalytic activity. 

Hence it is natural to consider ash content as one of the most important factors on the carbonaceous 

materials that affect the CWPO activity. Dominguez et al investigated on the carbonaceous 

materials that have different structural, textural and surface chemical properties and reported that 

the presence of metal impurities particularly iron increases the catalytic activity. However it should 

be noted that the high decomposition of H2O2 does not mean the high generation of hydroxyl 

radicals which leads to high degradation of organic pollutants by CWPO. In some cases, H2O2 

decomposes to water and oxygen which are not as efficient as the hydroxyl radical. 
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2.6.2 Surface chemistry 

Another factor that plays an important role in the catalytic activity is the availability of the active 

sites on the surface of the carbonaceous material. Furthermore, the catalytic activity has been 

linked to the surface chemistry of the catalyst. 

2.6.2.1 Acidic oxygenated groups 

In CWPO oxidation process, H2O2 decomposes to form hydroxyl radicals with the help of the 

active sites on its surface. However for this process to happen. The electron has to move from the 

active sites to the H2O2 molecule. Nevertheless, the acid oxygenated groups on the surface of the 

carbonaceous materials limit the catalytic activity of the CWPO process due to the fact that they 

have electron withdrawing capacity (RIBEIRO et al., 2016, SERP and FIGUEIREDO, 2009). 

2.6.2.2 Basic active sites  

As it is reported in literature the basicity of the carbonaceous material is mainly made up by the 

presence of the oxygen containing functional groups such as chromene, pyrone, quinones and non-

heteroatomic Lewis base site characterized by regions of ᴨ-electron density on the carbon basal 

planes. However, it should be clearly stated that the overall basicity of the carbonaceous material 

has not been clearly explained. In contrast with the acidic oxygenated groups, the basic groups are 

electron donating species, which is a necessary condition to improve the hydroxyl radical 

generation (PAPIRER et al., 1987, RIBEIRO et al., 2013).  
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2.6.3 Textural and Structural features  

Any ideal carbonaceous material suitable for catalysis should exhibit adequate properties in order 

to guarantee diffusion limitations and the deactivation or leaching is reduced. Factors that affect 

the catalytic activity are mainly nature, accessibility of active sites. 

2.6.3.1 Surface area and Porosity 

The porous and texture of the most heterogeneous solid catalyst are determined by the preparation 

method. The area of the catalyst is expected to strongly influence the catalytic activity due to the 

fact that the catalytic reactions occur on the surface of the catalyst. Furthermore, in order to reach 

the active sites, the reactants must diffuse into the pores of the carbon material, then the products 

desorb from the catalyst. For example, the catalyst active sites will be well dispersed in the 

carbonaceous material with a high surface area, in that way it will improve the decomposition rate 

of H2O2. Therefore the balance between the chemical and structural properties is of importance in 

the synthesis of highly efficient catalyst for CWPO (LEOFANTI et al., 1998). Activated carbon 

have been widely prepared from two primary sources such as coal and wood. However, due to the 

environmental constraints, there has been a need to look for locally, readily available and 

inexpensive alternative source of activated carbon. 

2.7 Pine as source of activated carbon 

Pinecone is an agricultural by-product from the pine plantations grown for the timber, wood, pulp 

and paper industries. Pines are softwood trees in the genus Pinus, in the family Pinaceae, order 

Pinales, class Pinopsida, division Pinophyta and kingdom Plantae (RYAN, 1999). The pine tree is 

mostly monoecious; having the male (microsporangium) and female (megasporangium) cones on 

the same trees, though few species are sub-dioecious with individuals predominantly, not wholly 
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single sex. At maturity, the cones open to release seeds depending on their dispersal mechanism. 

The scales of the mature cone are composed of epidermal and sclerenchyma cells which contains 

cellulose, hemicelluloses, lignin, rosin (mixture of resin acids) and tannins in their cell wall which 

contain polar functional groups such as alcohols, aldehydes, ketones, carboxylic acids, phenolic 

and ether groups (ROBBINS et al., 1957, SAKGAMI et al., 1992). Their use as the carbonaceous 

material might reduce the problem of environment disposal, and produce an alternative precursor 

for the activated carbon.   

Commercial activated carbons that are prepared from coal, coconut shells and wood are usually 

costly (ABDULLAH et al., 2011). But the need for low cost, readily available and renewable 

materials as a potential precursor in the production of activated carbon has initiated an interest of 

many researchers. Pinecone, a well-known agricultural waste, has been studied for its potential 

application as a biosorbent in its raw form, modified form and as a source of activated carbon. Pine 

cones compose of mostly lignin and resins that contain most organic compounds (MOMČILOVIĆ 

et al., 2011). 

 

The proximate and the ultimate analysis of raw pine on a percentage dry-ash-free basis as 

determined by Haykiri-Acma and Yaman (2007) are shown in Tables 1 and 2. Table 1 shows the 

pine cone had a moisture content of about 9.4% and a high volatile matter content of 69 %. The 

wt. % fixed carbon content on pine cone is as high as 20.9 % and ash content of pine cone is 0.7 

% (HAYKIRI-ACMA and YAMAN, 2007). The ultimate analysis presented in Table 2 shows a 

low value of nitrogen indication that the protein content of pine cone is low. The carbon content 

is as high as 44.1 % confirming the high percentage of fixed carbon. The oxygen content is 50 % 

indicating a lot of oxygenated groups on the pine cone. Table 3 shows that pine cone is mainly 
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composed of lignin, hemicelluloses, cellulose. The extractives include resin acids, tannins, simple 

sugars, and other soluble organic substances. Some of the extractives have been found to have 

medicinal effects (HAYKIRI-ACMA and YAMAN, 2007) 

 

Table 2.2. Proximate analysis of and gross calorific value for pine cone (on original basis) 

Moisture volatile matter fixed carbon Ash gross calorific value  

9.4 wt. % 69.0 wt.% 20.9 wt.% 0.7 wt.% 18.6 MJ k/g 

 

Table 2.3. Ultimate analysis results for pine cone (% on dry ash basis) 

Carbon Hydrogen Nitrogen Oxygen 

44.1 5.9 0.01 48.8 

 

Table 2. 2: Main constituents of pine cone (% on a dry weight basis) 

Lignin Hemicelluloses Cellulose Extractives 

24.9 37.6 32.7 4.8 

 

2.7.1. Lignin 

Lignin is a branched, three dimensional, complex polymer that occurs in the plant cell walls. The 

molecule has apparent infinite molecular weight and is covalently linked with xylans in the case 

of hardwood and galactoglocomannans in softwoods (DEMIRBAS, 2008). It consists of both 

aliphatic and aromatics constituents, built mainly with the p-hydroxycinnamoyl alcohols with 

different degrees of methoxylation (CHUAQUI et al., 1993). The structure of lignin is not known 
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completely but various molecular models have been proposed (FAULON and HATCHER, 1994). 

Lignin offers structural and mechanical support to plant cells. 
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Figure 2. 3: Structure of Phenylpropane 

Figure 2.3 shows the main phenylpropane units which are linked together by ring-ring, side-chain-

side and ring-side chain bonds forming a complex three-dimensional structure of lignin. This 

makes lignin to be highly insoluble and unreactive towards common chemical reagents. The 

sequence of the repeating monomer units is not homogeneous a lignin lacks a primary structure.   
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Figure 2. 4: Structure of Lignin 

2.7.2. Cellulose  

Cellulose is a carbohydrate homopolymer consisting of β-D-glucopyranose (anhydroglucose) 

monomer units joined together by β-1.4-glycosidic linkages forming a cellobiose dimmer units 

(GURGEL et al., 2008, QIN et al., 2008). Unlike starch, the glucose units in the cellulose are 

oriented with –CH2OH groups alternating above and below the plane of rings, thus producing long 

and unbranched chains. The absence of side chains allows cellulose molecules to form organized 

stacked structure. The linear cellulose chains are linked to by inter and intra-chain hydrogen bonds 

making it highly crystalline and insoluble. Cellulose chains can be orientated in parallel and in 

antiparallel conformation: the two forms are called cellulose I and II respectively (TAKACS et al., 

2000). 
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Figure 2. 5: Structure of Cellulose  

2.7.3. Hemicelluloses 

Hemicelluloses are a group of plant-derived heteropolysaccharides with much lower 

polymerization degree as compared to cellulose. They possess five and six-membered rings. They 

contain side chains which prohibit the formation of intermolecular hydrogen bonds and the 

stacking conformation making them amorphous and thus reactive and soluble in dilute acids, in 

comparison to cellulose. Hemicelluloses have different sugar monomers but all have two structural 

features in common which bear importantly on their biological function: (1) they have straight flat 

β-1.4-linked backbones. Any side chains attached to their backbone are short, usually, just one 

sugar long and stick out to the side of the backbone. (2) All some features which prevent the chains 

from extended self-aggregation of the type which exists between the β-1.4-linked glucan chains of 

cellulose. Most common hemicellulose are xylan, glucuronoxylan, arabinoxylan, glucomannan, 

galactoglucomannan, and xyloglucan.   
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Figure 2. 6: Structure of Xylan 

2.8 Synthesis of activated carbons via microwave heating 

Lately, microwave pyrolysis has been a point of interest for many researchers for the preparation 

of activated carbon (YUEN and HAMEED, 2009). Microwave use electromagnetic radiation of a 

wavelength that ranges from 0.001 m to 1 m, and it can be used to heat dielectric materials. 

Microwave pyrolysis offers that are different from the furnace heating, because the heat is 

generated directly in the interior of the sample via the interaction of the molecules of the sample 

with the electromagnetic field (THOSTENSO and CHOU, 1999). The application of microwave 

pyrolysis has few advantages as compared to the furnace heating, which are: 

 The temperature rises quickly (FOO and HAMEED, 2012b). 

 The temperature is distributed uniformly, (FOO and HAMEED, 2012b). 

 Less consumption of time and energy (FOO and HAMEED, 2012a). 

 Modifies the surface chemistry and pores (YAHMUR et al., 2008). 

 Preserves pore structure (ANIA et al., 2005). 

 Doubles the yield (DUAN et al., 2011). 

Although microwave heating in the preparation of activated carbon is being used at the laboratory 

scale level, it shows a great potential for industrial production because of its number of advantages 

over the conventional heating method. 
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2.9 Parameters influencing the physical, chemical properties and percentage yield of 

activated carbon 

Table 2. 3 shows the effects of each parameter on the chemical, physical properties and percentage 

yield of activated carbon. According to literature at optimum, those properties shown in Table 2.3 

are most desirable. It is shown that power below the optimum level there could be incomplete 

charring due to the no reaction between the biomass the activating agent (FOO and HAMEED, 

2011a). However, at the power above the optimum level, the carbon burns and the pores get 

destroyed leading to a lower percentage yield due to the greater gasification (FOO and HAMEED, 

2011a). When time increases, the activation stage also increases but up to a certain point beyond 

that point, radiation time destroyed the pore leading to a lower adsorption capacity (DENG et al., 

2009). The impregnation ratio also affects the physical and chemical properties of the activated 

carbon. The excess of the activating agent could lead to blockage of the pores and lead to less 

adsorption capacity due to the less accessible area (FOO and HAMEED, 2011b). 
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Table 2. 3 :optimum condition of the preparation of activated carbon by chemical activation 

from agricultural waste and their adsorption capacity  

Biomass Activating 

agent 

Power 

(W) 

Activat

ing 

time 

(min) 

IR iodine 

number 

(mg/g) 

MB 

number 

(mg/g) 

Reference 

Pomelo 

skin 

NaOH 500 5 1:1,25 444.45 501.10 (FOO and HAMEED, 

2011a) 

Cotton 

stalk 

ZnCl2 560 9 1.6:1 972.92 193.50 (DENG et al., 2009) 

 H3PO4 600 8 - - 245.70 (MENENDEZ et al., 

2010) 

Pine 

wood 

ZnCl2 700 10 2.5:1 1100 200 (TONGHUA and 

LIANG, 2009) 

Rice husk KOH 600 7 1:1.07

5 

- 444.52 (FOO and HAMEED, 

2011b) 

Orange 

peels 

K2CO3 600 6 1.25:1 - 382.75 (FOO and HAMEED, 

2012c) 

 

2.10 FeCl3 as a chemical activating agent to synthesis of activated carbon 

Sahira et al, (2013) researched the effects of activating agents on activated carbon prepared from 

Lapsi seed and reported that the activated carbon using ferric chloride activating agent has a lower 

adsorption capacity of iodine and methylene blue as compared to frequently used activating agent 
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like zinc chloride and phosphoric acid as shown in Table 2.4. However ferric chloride does not 

show a poor adsorption capacity, hence in the study ferric chloride will be used as an activating 

agent and it will also be used as an iron precursor for catalysis. 

Oliveria et al. (2009) reported that activated carbon prepared ferric chloride as an activating agent 

had a large surface area of 965 m2/g and very small pores. The activated carbon that was found in 

this study it showed a high adsorption capacity for dyes and phenols (OLIVERIA et al., 2009). 

However in this study different iron salt as activating agents will be investigated. Activated carbon 

is hydrophobic, the different iron salt might modify the hydrophobic character of the activated 

carbon and might lead to the catalyst with different properties (Rey et al., 2009). 

Table 2. 4: Iodine and Methylene blue numbers of activated carbons 

Activated 

carbon 

Activating 

agent 

Iodine number 

(mg/gm) 

Methylene blue number 

(mg/gm) 

LAC2 KOH 510 158 

LAC3 FeCl3 502 108 

LAC7 H3PO4 845 277 

 

2.11 Conclusions 

Substantial research has been done to investigate the degradation capability of  activated iron oxide 

composite prepared using microwave. The literature search showed that there are various factors 

affecting an ideal heterogeneous Fenton catalyst, were catalytic leaching is minimized in the 

Fenton oxidation process. Furthermore, it can be hypothesized adding the iron during the activated 
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carbon formation would yield a catalyst which has a greater metal oxide support interaction leading 

to a decrease in the leaching of the metal oxide. 
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CHAPTER 3: METHODOLOGY 

3.1 Apparatus 

 Oven 

 100 mL stoppered glass bottle 

 Thermostatic bath 

 Analytical balance 

 Weighing boat 

 pH meter 

 Microwave  

3.2 Chemicals 

 FeCl3. 6H2O  

 2-nitrophenol  

 nitrogen gas 

 Potassium iodide 

 Methylene blue 

 Iodine 

 H2SO4 

 Na2S2O3 

 Na2CO3 

 Isopropanol 

 Benzoquinone  
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 Oxalic acid 

 Ethanol  

3.3 Method 

Liu et al., 2012 reported that catalysts prepared by preloading the metal precursor to the biomass 

before carbonization and activation had a higher activity as compared to the catalysts prepared by 

loading the metal precursor after carbonization and activation of the biomass (LIU et al., 2012).  

3.3.1 Synthesis of pine cone activated carbon impregnated with FeCl3 by microwave heating 

technique 

Pine cone was collected from Vaal universityof technology, Vanderbijlpark campus, washed and 

dried for 48 hours in an oven at 90 0C. The scales of pine cone was peeled off and crushed. The 

pine cone powder was sieved into a particle size of less than 150µm and used as the source of 

activated carbon (OFOMAJA et al., 2010). Microwave heating was conducted in a domestic 

Kelvinator Microwave oven with suitable modifications. The impregnation ratio (IR) of ferric 

chloride hexahydrate ranging from 0.01 g to 0.5g to the biomass of 5 g samples was prepared and 

stirred for 3hrs. The slurry was subjected to a vacuum drying at 100oC overnight. The impregnated 

biomass was purged with nitrogen and pyrolyzed at a different power level ranging from 600 W-

1200 W for 20 minutes (MUBARAK et al., 2014). After pyrolysis, the sample was cooled down 

to room temperature. The produced activated carbon was weighed to determine the percentage 

yield of the products. Finally, the sample was stored in closed bottles. 

3.3.2 Characterization of pince cone powder activated carbon-iron oxide composites.  
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The support material and the pine cone powder activated carbon iron oxide (PCP-AC-iron oxide) 

catalyst was characterized by the following analytical instruments 

Fourier Transform Infrared (FTIR) 

The FTIR spectra of the Pine cone powder-activated carbon (PCP-AC) and pine cone powder 

activated carbon iron oxide (PCP-AC-iron oxide) were recorded on a Perkin-Elmer (USA) FTIR 

Spectra 400 spectrometer in the range 650-4000 cm-1 to elucidate the functional groups present 

Thermogravimetric Analysis (TGA) 

A TGA was used to measure the changes in the weight loss of the sample as a function of 

temperature in an inert environment. The PCP-AC and PCP-AC-iron oxide compared to the 

activated carbon with FeCl3 as the activating agent. To check the metal oxide support interaction. 

The activated carbon was subjected to heat ranging from 30 – 700 OC in an inert environment at a 

heating rate of 10 oC.min-1 using Perkin Elmer (USA) Simultaneous Thermal Analyzer 600 

instrument. 

 X-ray Diffraction (XRD) 

X-ray diffraction (XRD) was conducted to identify the chemical composition and crystallographic 

structure of the prepared materials. A X’Pert PRO X-ray diffractometer (PANalytical, PW3040/60 

XRD; CuKα anode; λ = 0.154 nm) was used to obtain the XRD patterns. The samples were placed 

in an aluminum holder and scanned at 45 kV and 40 mA from 10 ° to 70 ° 2θ, the exposure time 

for each sample was 20 minutes and a step size of 0.02 °. 

X-ray Fluorescence (XRF) 

X-Ray Fluorescence was used to determine the amount of iron oxide on the catalyst. XRF Regaku 

NEX QC was used for the analysis 
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Scanning Electron Microscope (SEM) 

SEM was used to obtain the image of the surface morphology of PCP-AC-Iron oxide and the 

dispersion of iron oxide on the support. Cerl-Zeiss-Sigma instrument (Germany) was used for the 

analysis 

Transmission Electron Microscopy (TEM) Measurement  

A transmission electron microscopy (TEM) was used for the size measurement and size 

distribution of the iron oxide nanoparticles on the activated carbon support on a JEOL 2010 FET 

TEM (Japan). 

 Gas Chromatography-Mass Spectroscopy (GC-MS) 

GC-MS was performed on the treated samples to determine the degradation products. Claurus 500: 

PE Auto system with built in the autosampler was used for the analysis. 

Determination of surface area and pore volumes by iodine number 

The iodine number was determined according to the ASTM d4607-94 method. The experiment 

consisted of treating 0.1g of activated carbon with 10mL of 5% HCl. The mixture was then boiled 

for the 30s and cooled. Soon afterwards, 100 mL of 0.1 mol/L iodine solution was added to the 

mixture and was stirred for 30 s. The resulting solution was filtered and 50 mL of the filtrate was 

titrated with 0.1 mol/L of sodium thiosulfate, using starch as indicator. The iodine amount 

adsorbed per gram of carbon was plotted against the mass dosage of the FeCl3 and microwave 

power to obtain monolayer ( ASTM, 2006). 

Determination of surface area and pore volumes by methylene blue numbers  

In this experiment, 10 mg of activated carbon was placed in contact with 10 mL of methylene blue 

solution at different concentrations (10, 25, 100, 250, 500 and 1000 mg/L)  for 24h  at room 

temperature. The remaining concentration of methylene blue was analyzed using a UV-Vis 
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spectrophotometer at 645 nm. The amount of methylene blue adsorbed from each solution was 

calculated by the equation 

 

 
M

VCC
q e

eq


 0         (1)

 

Where C0(mg/L) is the initial concentration of the methylene blue solution, Ce is the concentration 

of the methylene blue at equilibrium, V(L) is the volume of the treated solution and M(g) is the 

mass of the adsorbent. To determine the methylene blue number for the Langmuir model, an qeq 

plot is made in function of Ce. 

Determination of point of zero charge 

The pH at point zero charge (pHPZC ) of the PCP-AC and PCP-AC-Iron oxide was determined by 

the solid addition method (Mall et al., 2006). To a series of 100 cm3 conical flasks, 22.5 cm3 of 

0.01 mol.dm-3 KNO3 solution of known concentration was transferred. The pH values of the 

solution was adjusted to within the range of pH 2 to 12 adding either 0.10 mol.dm-3 HCl or NaOH. 

The total volume of the solution in each flask was made up to 25 cm3 by adding KNO3 of the same 

strength. The pHi values of the solution were accurately noted, and 0.05g of PCP was added to the 

flask, which was securely capped immediately. The suspension was manually shaken and allowed 

to equilibrate for 48 hr with intermittent manual shaking. The pH value of the supplements liquids 

was noted. The difference between the initial and the final pH values (∆pH = pHi- pHf) was plotted 

against the pHi. The point of intersection of the resulting curve at which ∆pH = 0 gave the pHpzc. 
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3.3.3 Degradation of methylene blue by Fenton-like reaction using commercial hydrogen 

peroxide 

Methylene blue aqueous solution was chosen as the model dye for treatment. A stock solution of 

1000 mg/l at neutral pH was prepared. In each degradation study, 10 ml of the 1000 mg/l was 

mixed with 20 ml of H2O2 (30%), 70 ml of distilled water and 0.2g of PCP-AC-Iron oxide. The 

experiment was performed in 250 ml beaker at 500 rpm stirring speed. At a certain time, 1 ml of 

samples was pipetted, filtered and the concentration was determined at 660 nm wavelength for 

methylene blue using UV-Vis spectrophotometer. Effects of various parameters were investigated 

as shown in Table 3.1. 

Table 3. 1: Experimental conditions for the degradation of methylene blue 

Variables Experimental conditions 

Volume of H2O2 (ml) 0,5, 20, 30, 40, 60, 80 

Catalyst dose (g) 0.01, 0.10, 0.15, 0.20, 0.30  

Concentration of iron loaded (g) 0, 0.01, 0.05, 0.10, 0.20, 0.30 

Microwave power (W) 600, 720, 840, 960,1200 

MB concentration (mg/l) 100, 150, 200, 250 

Stirring rate (rpm) 250, 375, 500, 750, 800, 950,1000 

Temperature (°C) 27, 30, 35, 40, 50 

pH 3, 5, 7, 8, 10 

Time (min) 1, 5, 10, 15, 20, 30, 45, 60  

 

3.3.4 Degradation of 2-Nitrophenol by Fenton-like reaction using commercial hydrogen 

peroxide 

At high pH (11-12), the phenolic proton dissociates giving a phenolate anion with an intense 

yellow color that can be easily measured by UV/Vis spectrometer (OFOMAJA and 
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UNUABONAH, 2011). The procedure for the determination of the final concentrations of 2-

nitrophenol after degradation involves adding equal volumes of the 2-nitrophenol and 0.5 M of 

Na2CO3 solution of pH of about 11-12 before analyzing with Perkin-Elmer (USA) Lambda 25 

UV-Visible spectrometer. The absorption of the resulting mixture was analyzed at a wavelength 

of 400 nm using distilled water as a blank. 

The 2-nitrophenol aqueous solution was chosen as the simulation wastewater. A stock solution of 

1000 mg/l at neutral pH was prepared. In each degradation study, 10 ml of the 1000 mg/l was 

mixed with 20 ml of H2O2 (30%), 70 ml of distilled water and 0.2g of PCP-AC-Iron oxide. The 

experiment was performed in 250 ml beaker at 500 rpm stirring speed. At a certain time, 1 ml of 

samples was pipetted, filtered and mixed with 1 ml of 0.5 M Na2CO2. The mixture was analyzed 

at 400 nm for the determination of  2-nitrophenol using UV-Vis spectrophotometry.  

Table 3. 2: Experimental conditions for the degradation of phenol 

Variables Experimental conditions 

Volume of H2O2 (ml) 0,20, 30, 40, 50 

Catalyst dose (g) 0.15, 0.20, 0.25 

Concentration of iron loaded (g) 0, 0.01, 0.05, 0.10, 0.20, 0.30 

Microwave power (W) 600, 720, 840, 960, 1200 

MB concentration (mg/l) 100, 150, 200, 250 

Temperature (°C) 27, 37, 47, 57  

pH 5, 7, 9 

Sampling time (min)  1,5,10, 15, 20, 30, 45, 60, 45, 90, 120 

 

3.3.5 Catalyst reusability and stability 

To confirm the stability of the catalyst in the heterogeneous Fenton oxidation of methylene blue 

and 2-nitro phenol, 100ppm of methylene blue at pH 7 was degraded and the catalyst was 
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recovered. The recovered catalyst was recycled three times for use in the degradation of methylene 

blue and 2-nitrophenol solution. At the end of each cycle, the catalyst was washed with ethanol to 

remove adsorbed methylene blue and 2-nitrophenol, then washed with distilled water three times 

followed by drying in the vacuum oven. 

3.3.6 Determination of the mechanism 

To confirm the degradation mechanism, the degradation was measured in the absence and presence 

of radical scavenger, for example with 10 ml of 1 mM isopropanol which acts as scavenger for 

hydroxyl radicals  ..OH  and 10 ml of 1 mM of Benzoquinone that acts as radical scavenger for 

superoxide radicals )( .
2
O  were added at the beginning of the Fenton oxidation of MB and 2NP. 

The degradation of MB without and with isopropanol and benzoquinone using catalyst prepared 

with different masses of the iron precursor at 600 W and those prepared with 0.20 g iron precursor 

at different microwave power were measured and compared. 

3.3.7 Determination of intermediation products by Gas chromatography-mass spectrometry 

(GC-MS) Analysis 

The control 2NP and MB sample along with the Fenton treated samples extracted with chloroform 

were applied to the GC-MS analysis. Claurus 500: PE Auto system with built in the autosampler, 

column: Elite 5 – ms, GC-capillary: 30 m, Diameter: 0.25 mm, Carrier gas: Helium, flow rate: 1.0 

mL/min, temperature program for 2-NP: oven temperature 40oC was raised to 270 °C at 8 °C/min. 

Temperature program for MB: oven temperature of 40 oC was held for 2 min and was raised to 

200 at 2 oC/min and was held for 10 min. Injection volume 1 μL. Spectra system is Flame 

ionization detector and Electron capture detector  
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3.4. Kinetics modeling of data 

Researchers often determine the potential of the catalyst by kinetics models. The experimental data 

is analyzed using kinetic models to establish the mechanism and efficiency of the catalytic 

degradation process. Degradation reaction orders were studied using pseudo-first-order, pseudo-

second order, and Langmuir-Hinshelwood models. 

3.5. Thermodynamics analysis 

Values for thermodynamic parameters such as Gibbs free energy change, entropy change, and 

enthalpy change were calculated. These parameters are of importance as they show the 

spontaneity, feasibility, and nature of the Fenton oxidation process. 

3.6. Conclusions 

A study has been carried out to investigate the ability of the pine cone as an alternative source of 

carbonaceous material. Also the ability for to synthesize activated carbon-iron oxide composite, 

to apply as a catalyst for the Fenton oxidation process by single step synthesis.  
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CHAPTER 4: CATALYST CHARACTERIZATION 

The chapter presents and discusses the characterization of the pine cone powder activated carbon-

iron oxide (PCP-AC-Iron oxide) and pine cone-activated carbon (PCP-AC). It reports on the 

following characterization: iodine and methylene blue number, FTIR, XRD, TGA, the point of 

zero charge,  SEM, Elemental mapping, EDX, XPS, and XRF. 

4.1 Iodine and Methylene blue number 

Methylene Blue and Iodine number are widely used methods for the characterization of pore 

properties of activated carbon. Mesoporous and microporous structures of activated carbon are 

largely responsible for their adsorption/catalytic behavior. The mesopores are pores of diameter 

between 20 and 500 Ǻ which can be accessed by large molecules such as methylene blue 

molecules(AHMED, 2016), while the micropores are within the size range of ≥ 20 Ǻ and can be 

assessed easily by small molecules such as the iodine molecules (BOTA et al., 1997). In the 

preparation of activated carbon using activating agents containing metallic spicies such as K+, Na+, 

Zn2+ and Fe2+ or Fe3+, migration of the metal ion spicies at the boiling points or above boiling point 

through the carbon precursor is majorly responsible for well-developed pore structure (KHEZAMI 

et al., 2007, OLIVEIRA et al., 2009, SALMAN, 2014). In the preparation of activated carbon for 

environmental application, it is necessary to select process parameters that produces high volumes 

of micropores of various sizes that can adsorb a wide variety of molecules as well as substantial 

amounts of meso- and macropores that will provide access into the micropores (MOLINA-SABIO 

and RODRIGUEZ-REINOSO, 2004). Therefore, in optimizing the preparation of PAP-AC-iron 

oxide composite for use as Fenton catalyst via microwave method using pine cone biomass as a 
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carbon source and FeCl3 as an iron precursor, the effect of iron precursor and microwave power 

on the pore structure of the composite was examined.  

The effect of the amount of iron precursor used for catalyst preparation on the methylene blue 

number and iodine number of the composite produced at different microwave power are shown in 

Figure 4. 1. 1a and b. The results in Figure 4. 1. 1a showed that there was an increase in methylene 

blue number when the iron precursor amount was increased from 0.01 to 0.10 g for all microwave 

power treatment. The methylene blue number then reduced with a further increase in the amount 

of iron precursor added. The increase in methylene blue number with increasing iron precursor 

amount has been attributed to increased iron species migrating through the matrix of the pine 

biomass during activation (OLIVEIRA et al., 2009). This increase in larger pore formation was 

observed to reach its optimum with the addition of 0.10 g of iron precursor and above this amount 

led to lower methylene blue capacities due to increased gasification which leads to widening and 

destruction of pores (FOO and HAMEED, 2011, MUBARAK et al., 2014, WARTELLE et al., 

2000). The methylene blue number was also observed to increase with increasing microwave 

power of 600 to 840 W and then reduce as the microwave power was increased from 920 to 1200 

W. Higher microwave power has been reported to be associated with higher rate of reaction 

between the activating agent and iron precursor (HESAS et al., 2013b). Therefore, as the 

microwave power is increased from 600 to 840 W the reaction between the iron precursor (FeCl3) 

and carbon precursor increases rapidly and above microwave power of 840 W, gasification 

reactions which lead to widening and destruction of pores occurs. The optimum amount of large 

pores was obtained with 0.10 g of the iron precursor at 840 W. 

Figure 4. 1. 1b shows the effect of increasing iron precursor content from 0.01 to 0.30 g at different 

microwave power (600 to 1200 W) on iodine number. The plot shows that there was a steady 
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increase in iodine number as the iron precursor amount was increased from 0.01 to 0.20 g at all 

microwave power applied. As the iron precursor amount was increased to 0.30 g, the iodine 

number was observed to reduce for all microwave power applied. As explained earlier, increase in 

microwave power is accompanied by increased reaction rate between the iron precursor and pine 

biomass. Comparing the plots in Figure 4.1.1a and 4.1.1b, it was observed that the rate of increase 

in iodine number as the amount of iron precursor increased was higher as compared to the rate of 

increase in methylene blue number. This result, therefore, suggests that smaller pores (micropores) 

were initially formed at higher rates than larger pores (macropores) and the amounts small and 

large pores increased with microwave power (LI et al., 2008). Rapid formation of small pores with 

an increase in the amount of iron precursor and microwave power eventually results in the 

combining of small pores (coalescence) to form larger pores (ZHANG and CHEN, 2015). A rapid 

increase in the rate of formation of large pores may then increase the rate of ablation of the outside 

of the carbon particles producing burn-off which reduces the amounts of large pores 

(RODRIGUEZ-REINOSO and MOLINA-SABIO, 1994). The 600 W microwave treatment using 

0.20 g of the iron precursor was observed to produce the optmum amount of small pores. 

The effect of microwave power used for catalyst preparation on the methylene blue number and 

iodine number of the composite produced at different microwave are shown in Figures 4. 1. 2a and 

b. The results in Figure 4. 1. 2a shows that when microwave power was increased from 600 to 840 

W the methylene blue number (formation of large pores) increased rapidly and the increase was 

higher when 0.10 g of the iron precursor was applied. Further increase in microwave power was 

observed to decrease the methylene blue number (larger pores) due to the complete destruction of 

pores. On the other hand, Fig. 2b showed that the iodine number which is a measure of a number 

of small pores was higher at 600 W for all amounts of iron precursor applied and reduced with an 
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increase in microwave power. Comparing the plots in Figures 4. 1. 2a and b, it was observed that 

the rate of decrease in iodine number at the initial stage of microwave power increase was higher 

than that for methylene blue number. These results again suggest that the rate of small pore 

formation is more influenced by microwave power and that the small pores influence the formation 

of larger pores. Since it was observed higher iodine number at lower microwave power of 600 W 

and the smaller pores widen to lager pores as microwave power increases form 600 to 1200 W 

The Fenton reaction is known to take place by the decomposition of H2O2 by Fe2+ to produce the 

active hydroxyl radical species )( .HO which carries out the pollutant decomposition (LIMA et al., 

2013). For this reason, the H2O2 molecules need to be adsorbed onto sites having Fe2+, thus making 

the surface area of the composite important. It is well known that micropores contribute largely to 

the total surface area, therefore the PCP-AC-iron oxide with optimal amounts of small pores was 

chosen for this study. Samples with the highest amounts of small pores were those prepared at 600 

W and with iron precursor content from 0.01 to 0.30 g. 
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Figure 4. 1. 1: Effect of iron precursorr on (a) methylene blue number and (b) iodine number 
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Figure 4. 1. 2: Effect of microwave power on (a) methylene blue number and (b) iodine number 
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4.2 FTIR Analysis 

The results of FTIR analysis of activated carbon produced from pine cone biomass without FeCl3 

at 600 W (PCP-AC) is shown Figure 4. 2. 1. The spectrum revealed the presence of several 

functional groups on the carbon produced which includes a broadband at 3357 cm-1 which is 

associated with the O–H stretching vibration mode of hydroxyl functional groups (AHMED and 

THEYDAN, 2013). The peak at 2937 cm-1 is assigned to C-H of aliphatic compounds 

(KARTHIKEYAN et al., 2014), while the peaks at 1704 and 1598 cm-1 corresponds to C=O 

stretching vibration in ketones, aldehydes, lactones and carboxyl groups and C--O stretching in 

carboxylic groups, and carboxylate moieties (SADIQ et al., 2015). The band at 1512 cm-1 is 

assigned to C=C vibrations in the aromatic ring (WANG et al., 2014), while those at 1450, 1368, 

1265, 1213 cm-1 represents conjugated C=O stretching and C-O stretching in carboxylic, 

carboxylate moieties or basic groups (TSONCHEVA et al., 2015). The peak at 1000 cm-1 is 

characteristic of C–OH vibrations corresponding to tertiary and secondary alcohols while those at 

861 and 855 cm-1 corresponds to the flexion of out-of-plane C–H of aromatic compounds (LU et 

al., 2012). The peaks at 671and 627 cm-1 can be attributed to alkenes and aromatics out of plane 

bend (ALMAZÁN-SÁNCHEZ et al., 2015).  

The FTIR spectra of the PCP-AC-iron oxide prepared at 600 W using varying amounts of FeCl3 

salt (0.01 to 0.30 g) are shown in Figure 4. 2. 2a. The sample treated with 0.01 g iron precursor 

showed similar peaks to the PCP-AC except that the peak intensities for the majority of the groups 

containing atoms with lone pairs of electrons such as oxygen and groups containing π-electrons 

such as C=C in the PCP-AC-iron oxide were reduced. The appearance of a new peak appeared at 

540 cm-1 was also observed. The peaks representing O–H stretching vibration mode of hydroxyl 

groups (3357 cm-1), C=O stretching (1704 and 1598 cm-1), C=C vibrations in the aromatic ring 
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(1512 cm-1) and the C–OH vibrations corresponding to tertiary and secondary alcohols were all 

observed to reduce in intensity when PCP was modified with 0.01 g of iron precursor before 

activation. Several authors (LU et al., 2012, WANG et al., 2014, MOHAMMED et al., 2015) have 

shown that the interaction between iron oxide and functional groups on AC occurs during the 

synthesis of AC-Iron oxide composites. The peak appearing at 540 cm-1 was attributed to the 

formation of iron oxide (Fe-O-H) in the PCP-AC-Iron oxide composite (CASTRO et al., 2009a, 

KRISHNAN and HARIDAS, 2008, TANG et al., 2014). 

 As the mass of FeCl3 added to PCP prior microwave treatment was increased from 0.01 to 0.30 g 

(Figure 4. 2. 2a), the above-mentioned peaks were all observed to reduce further. The further 

reduction in peak intensities may be attributed to increased interaction between iron oxide particles 

and functional groups on the activated carbon and also to the fact that since FeCl3 acts as a 

dehydrating agent during the carbonization of lignocellulosic materials (CHI et al., 2012), a 

reduction in the peaks of the oxygenated groups is expected. 

As the microwave power was increased from 600 to 1200 W, the peaks in the spectra remained 

the same but differed in their intensities. With increased in microwave power, the intensities of the 

oxygenated functional groups were observed to decrease suggesting that higher microwave power 

which corresponds to higher temperature led to decomposition of the surface functional groups. 

Zhang et al. observed an increase in carbon content and a decrease in the content of heteroatoms 

with increasing microwave power during the production of activated carbon from coconut shell 

(ZHANG et al., 2013). At 1200 W, a drastic reduction in functional groups having heteroatoms 

can be seen in Fig. 4. 2. 2b. Furthermore, a disappearance of the peak at 543 cm-1 and an appearance 

to two new peaks was observed at microwave heating power of 960W and 1200 W. The 

disappearance of the peak at 543 cm-1 and appearance of two new peaks at 573 and 558 cm-1 may 



 

62 
 

be attributed the increase in size of the iron oxide particles due to sintering effect occurring at 

higher microwave power (NASRAZADANI and NAMDURI, 2006).
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Figure 4. 2. 1: FTIR spectrum of activated carbon produced from pine cone biomass at microwave power 600 W. 
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Figure 4. 2. 2: FTIR spectra of (a) PCP-AC-iron oxide prepared using different amounts of FeCl3  at 600 W and (b) PCPAC-iron 

oxide prepared at different microwave power using a constant mass of FeCl3 = 0.2
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4.3 XRD Analysis 

The X-ray diffractograms for PCP-AC and PCP-AC-iron oxide were recorded at room temperature 

and displayed in Figure 4. 3. 1a. The XRD pattern of the pure PCP-AC revealed that there was no 

detectable crystalline phase. Broad reflections of typically amorphous materials were observed at 

2θ = 15.29°, 21.14°, 26.66° (0 0 4) and 35.74° which corresponds to micrographitic structure 

characteristic of activated carbons (CASTRO et al., 2009b)which is in line with the PDF card 

JCPDS 026-1080. When incremental amounts of FeCl3 was added to the carbon source prior to 

microwave treatment, it was observed that the new peaks at 2θ = 45.01° (3 1 1) and 60.11° (3 4 1) 

which is in line with the PDF card JCPDS 074-4121. The reduction of the peak at 2θ = 35.74° (2 

3 0 ) are characteristic of low iron oxide concentration and/or formation of small particle size iron 

oxide dispersed over the carbon matrix (GONÇALVES et al., 2015, SCHWARTMAN and 

CORNELL).  

The X-ray diffractograms for PCP-AC-iron oxide prepared with the constant amount of FeCl3 and 

irradiated with increasing microwave power is shown in Figure 4. 3. 1b. Two observations could 

be made from this XRD pattern in Fig. 4b. Firstly, the amorphous material peaks of carbon at 2θ 

= 15.29° and 21.14° were found to reduce in intensity as microwave power was increased from 

600 to 1200 W and a new peak at 45.01° representing iron oxide was also observed. Hesas et al. 

reported that higher microwave power produces higher rates of reaction between activating agent 

and precursor which promote the carbonization process and loss of carbon (HESAS et al., 2013a). 

This may account for the reduction of the amorphous peaks of carbon. However, the crystal size 

could not be, calculated due to the fact that the iron and carbon overlap at the same peak at 2θ = 

35.71°. 
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Figure 4. 3. 1: XRD spectra of (a) PCP-AC-iron oxide prepared using different amounts of FeCl3 at 600 W and (b) PCP-AC-iron 

oxide prepared at different microwave power using a constant mass of FeCl3 = 0.20 g. 
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4.4 Thermogravimetric Analysis 

The thermal behavior of PCP-AC AND PCP-AC-Iron oxide was observed in an inert environment 

to confirm the composition of the PCP-AC-Iron oxide. The analysis was performed from 30 oC to 

900 oC at a heating rate of 10 oC/min. As shown in the Figures 4. 4. 1a and b, it was observed that 

at 0 oC to 100 oC there was a weight loss which is attributed to the loss of adsorbed water on the 

surface of the catalyst (SHRESTHA et al., 2012). From 200 oC to 400 oC the weight percentage 

decreased steeply, this major weight loss is attributed to the decomposition of polymeric cellulose 

network and hemicellulose. The gradual weight loss observed at 400 oC to 900 oC is due to the 

decomposition of lignin molecule (RAZIA et al., 2014). However, Figure 4. 4. 1a shows the effect 

of iron content on the thermal analysis of the catalysts. The weight retention of PCP-AC was less 

than 40 %, while as the iron content increases from 0.01g to 0.30g during activation, the weight 

retention also increases (OH et al., 2015a, OH et al., 2015b). This is due to the fact that when the 

iron content during activation increases, the formation of iron oxide increase. Ruoff et al and 

Baykal et al reported that Fe3O4 and Fe2O3 retained almost 100 % of its weight (RUOFF et al., 

2011, BAYKAL et al., 2010). Hence there is an increase in weight retention as the amount of iron 

oxide increases. Figure 4.4.1b shows the effect of microwave power during activation on the 

thermal behavior of the catalyst prepared at different microwave power. As the microwave power 

increases the amount of weight retention also increases, this is attributed to the increase in iron 

oxide, as the microwave power increases during catalyst synthesis. 
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Figure 4. 4. 1: TGA spectra of (a) PCP-AC-iron oxide prepared using different amounts of FeCl3 at 600 W and (b) PCP-AC-iron 

oxide prepared at different microwave power using a constant mass of FeCl3 = 0.20 g. 
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4.5 Point of Zero Charge 

The point of zero charge analysis was performed to observe where the net charge of the catalyst 

equals to zero. At a pH solution lower than the pHPZC, the catalyst will react as a positive surface 

and at pH solution higher than the pHPZC, the catalyst will react as a negative surface. Therefore 

for the higher pH solution than pHPZC, will increase the surface negative charge, hence it will 

promote the degradation activity of the cationic dye due to charge attraction. Figure 1a shows the 

effect of iron content on the pHPZC of the composite. It is observed that as the iron content increases 

from 0 g to 0.01 g there was an increase in the pHPZC from 6.37 to 6.77. However, when the iron 

content further increases from 0.01 g to 0.30 g there was a decrease in the pHPZC from 6.77 to 6.25. 

This indicates that as the iron content increases there is a greater amount of oxygenated groups, 

mainly carboxylic acid, lactones, and phenols. The presence of this surface acidic groups will limit 

the Fenton oxidation process (RIBEIRO et al., 2016, SERP and FIGUEIREDO, 2009). However, 

the high iron content is also preferable in the Fenton oxidation, hence the 0.20g iron content was 

preferred as the optimum due to the fact that it has the high amount of iron content and a reasonable 

amount of pHPZC of 6.55. Figure 4. 5. 1b shows the effect of microwave power on the pHPZC of the 

composite. It can be observed that as microwave power increases from 600 to 1200 W the pHPZC 

decreases from 6.55 to 6.25. This indicates that the composite becomes more acidic as the 

microwave power increases. In Fenton oxidation process, the active sites on the surface of the 

composite assist in the decomposition of the H2O2 to form hydroxyl radicals. The electron moves 

from the active site to the H2O2. The oxygenated groups have electron withdrawing capacity, hence 

this phenomenon limits the Fenton oxidation process (RIBEIRO et al., 2013, REY et al., 2011, 

RIBEIRO et al., 2016).
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Figure 4. 5. 1: Point of zero charge of (a) PCP-AC-iron oxide prepared using different amounts of FeCl3 at 600 W and (b) PCPAC-

iron oxide prepared at different microwave power using a constant mass of FeCl3 = 0.20 g. 
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4.6 (a) Scanning electron microscopy (SEM) analysis 

SEM was performed on the catalyst to explore the surface characteristics of the catalyst. Figure 

4.6.1 (a-f) shows SEM micrographs of activated carbon particles. They revealed cavities, pores 

and rough surfaces of the prepared activated carbon. It also revealed that the activating agent and 

activation microwave power affect the surface characteristics of the carbon surface and show that 

the pores are non-uniform. Figure 4.6.1a shows carbon prepared without the iron precursor, it 

barely shows pores, however when the iron precursor is introduced from 0.01 g to 0.10 g, there is 

a partial development of pores, this is due to the fact that metal chlorides promote extraction of 

water molecules in the lignocellulosic materials resulting in the development of pores (MARSH 

and RODRÍGUEZ –REINOSO, 2006). When the mass iron precursor was increased further to 

0.20 g, well developed and distributed pores was observed, but further increase of the activating 

agent to 0.30 g resulted in the widening and destruction of pores When increasing the amount of 

the activating agent the micropores opened and widened with a shift to more of mesopores as the 

exterior of the particles is extremely burned-off due the more gasification, leading to the 

destruction of the carbon structure(RODRIGUEZ-REINOSO and MOLINA-SABIO, 1994, 

SAHIRA et al., 2013). This was also confirmed by the iodine and methylene blue number.  

Figure 4.6.4 (a-e) shows the SEM images of the effect of microwave power on the pores and 

structural texture on the catalyst prepared at different microwave power. Figure 4.6.2a shows the 

activated carbon prepared at 600W has a well-developed porosity, this is attributed to the migration 

of the metal iron through the carbon precursor for well-developed pore structures. However, when 

the microwave power increases from 600W to 1200W micropores tends to widen, shifting to 

mesopores and macropores which ultimately leads to the destruction of pores completely. This is 

as a result of the increased in hydration, volatilization and also migration of the metal ion spicies 
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above boiling point through the carbon precursor (SALMAN, 2014, OLIVEIRA et al., 2009). 

Hence 0.20g iron content was chosen as the optimum mass of the iron precursor due to its high 

micropores and a considerable amount of mesopores (DENGA et al., 2010)   

4.6 (b) Elemental mapping and Energy Dispersive X-Ray (EDX) analysis 

Figure 4.6.3 (a-f) shows the elemental mapping of the dispersed of iron oxide on the activated 

carbon. Figure 4.6.3a displays the carbon prepared without the iron precursor and no traces of iron 

was observed. However, as the mass of the iron precursor increases from 0.01 g to 0.10 g of the 

activating agent, the PCP-AC-Iron oxides composite showed the presence of iron, with a well 

dispersed and moderate amount of iron oxide. When the mass of the iron precursor further 

increases to 0.20 g, the iron oxide increases and a highly dispersed iron oxide on the surface of the 

carbon was observed, which is a desirable characteristic of an ideal catalyst. As the iron content 

further increases to 0.30g, there was an increase in iron content, also the contrast of the particles 

becomes brighter and it was also observed increased space between particles suggesting the 

increase in particle size of the iron oxide. Figure 4.6.6 (a-e) shows the mapping images of the effect 

of microwave power on the surface and pore structure on the activated carbon. As the microwave 

power increases the amount of iron oxide increases, however when the microwave power increases 

from 600W- 1200W space between the particles increase, indicating sintering of particles leading 

to the formation of big particles due to higher irradiation on the microwave. 

EDX analysis was performed to summarize the elemental composition of the catalysts.  Figure 

4.6.2 (a-f) and 4.6.5 (a-e) show that all of the samples contained carbon and oxygen which can be 

attributed to the activated carbon support. However, the sample impregnated with ferric chloride 

hexahydrate showed traces of iron due to the formation of the iron oxide during pyrolysis, it also 

showed no impurities such as chloride ions. Figure 4.6.2a show the carbon prepared without the 
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iron precursor and it shows no traces of iron. The elemental analysis showed as the iron content 

increase 0g, 0.01g, 0.05g, 0.10g, 0.20g, and 0.30g, the percentage of iron increase from 0%, 0.70%, 

0.95%, 1.55%, 1.92%, and 2.80% respectively as shown in Table 4.6.1. The icrease in the 

percentage of iron could be attributed to the increase in the mass of the iron precursor. Table 4.6.2 

shows the catalyst prepared at constant iron content and different microwave power. The increase 

in microwave power from 600W, 720W, 840W, 960W, and 1200W which leads to increase in the 

iron from 1.92%, 2.30%, 2.95%, 3.08% and 3.06% respectively as shown in Table 4.6.2. This 

trend can be attributed to  the increase in energy which may cause  an in cresase in the formation 

of iron oxide.



 

74 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 6. 1: SEM images of PCP-AC-iron oxide prepared using different amounts of FeCl3 at 

600 W (a) 0g (b) 0.01g (c) 0.05 (d) 0.10g (e) 0.20g (f) 0.30g 
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Figure 4. 6. 2: EDX spectra of PCP-AC-iron oxide prepared using different amounts of FeCl3 at 

600 W (a) 0g (b) 0.01g (c) 0.05 (d) 0.10g (e) 0.20g (f) 0.30g 
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Table 4. 6. 1: The effect of FeCl3 amount on the chemical composition 

Weight % 

 C O Fe 

0g FeCl3.6H2O 66.63 37.37 0 

0.01g FeCl3.6H2O 65.03 34.27 0.7 

0.05g FeCl3.6H2O 71.99 27.60 0.95 

0.10g FeCl3.6H2O 61.00 31.44 1.55 

0.20g FeCl3.6H2O 74.98 23.10 1.92 

0.30g FeCl3.6H2O 67.18 30.02 2.80 
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Figure 4. 6. 3: Elemental mapping of PCP-AC-iron oxide prepared using different amounts of 

FeCl3 at 600 W (a) 0 g (b) 0.01 g (c) 0.05 g (d) 0.10 g (e) 0.20 g (f) 0.30 g 
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Figure 4. 6. 4: SEM images of PCPAC-iron oxide prepared at different microwave power using 

a constant mass of FeCl3 = 0.20 g, (a) 600 W (b) 720 W (c) 840 W (d) 960 W (e) 1200 W 
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Figure 4. 6. 5: EDX spectra of PCPAC-iron oxide prepared at different microwave power using 

a constant mass of FeCl3 = 0.20 g, (a) 600 W (b) 720 W (c) 840 W (d) 960 W (e) 1200 W 
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Table 4. 6. 2: The effect of microwave power on the chemical composition  

Weight % 

 C O Fe 

0.20g FeCl3.6H2O 600W 74.98 23.10 1.92 

0.20g FeCl3.6H2O 720W 63.80 33.81 2.38 

0.20g FeCl3.6H2O 840W 70.09 26.96 2.95 

0.20g FeCl3.6H2O 960W 68.14 29.78 3.08 

0.20g FeCl3.6H2O 1200W 70.27 26.67 3.06 
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Figure 4. 6. 6: Elemental mapping of PCPAC-iron oxide prepared at different microwave power 

using a constant mass of FeCl3 = 0.20 g, (a) 600 W (b) 720 W (c) 840 W (d) 960 W (e) 1200 W 
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4.7 X-ray Fluorescence (XRF) Analysis 

XRF analysis of PCP-AC and PCP-AC-iron oxide prepared with different FeCl3 amounts and at 

different microwave power are displayed in Figs. 5a and b. The results show that the PCP-AC 

prepared without iron precursor had an iron content of 0.02 % (Fig. 5a) indicating that the original 

PCP had a very low iron content. When 0.01 g of iron precursor was added into the carbon 

precursor before heating at 600 W, the iron content of the PCP-AC-iron oxide increased to 0.3 %, 

and further increase in the amounts of iron precursor to 0.05 g, 0.10 g, 0.20 g and 0.30 g led to an 

increase in the iron oxide content to 1.6 %, 2.1 %, 2.7 and 2.6 % respectively. The result, therefore, 

indicates that increasing the amount of iron precursor on the carbon precursor led to an increase in 

the  iron oxide content of the catalyst. 

When 0.02 g of FeCl3 of added to the carbon precursor and the sample heated at different 

microwave powers (600 to 120 W), the iron content of the samples was found to increase with 

microwave power. The iron oxide contents were found to 2.7, 3.2, 3.4, 3.5 and 3.7 % as microwave 

power increased from 600 to 1200 W. Increase in iron content with microwave power at the 

addition of a constant amount of iron precursor can be attributed sintering of iron particles at high 

temperatures. An increase in microwave power produces higher temperatures that cause iron 

particles to sinter or aggregate and be retained in the carbon matrix 
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Figure 4. 7. 1: XRF plot of (a) PCP-AC-iron oxide prepared using different amounts of FeCl3 at 600 W and (b) PCPAC-iron oxide 

prepared at different microwave power using a constant mass of FeCl3 = 0.2
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4.8 X-ray photoelectron spectroscopy (XPS) Analysis 

XPS was used to examine the chemical composition of the surface of the PCAC-Iron oxide. XPS 

analysis was performed for the sample with the highest amount of iron precursor. In Figure 4.8.1a 

full scanned spectrum was measured in the energy range of 0-1400 eV. There are strong peaks 

located at 296 and 544 due to C1s and O1s binding energies of the composite. The substantial 

changes in the nature of the carbon due to the changes in the surface chemistry such as oxidation 

state can be identified through examination of the C1s core region (HUANG et al., 2015). The C1s 

spectra have been resolved in three individual components peaks as shown in Figure 4. 8. 1b. The 

spectra indicate the presence of C-C or C-H (hydrocarbons), C-O (Hydroxyl or ether), O-C=O 

(Carboxylic or esters) at binding energies of 284.81, 286.36, 289.02 eV respectively 

(SHAFEEYAN et al., 2010, BINIAK et al., 1997). The high-resolution spectrum of O1s is shown 

in Figure 4. 8. 1c. It showed a peak at 532.72, which is attributed to the C-O-C (ether). The high-

resolution spectrum for 2p is shown in figure 4.8.1b. The Fe2p levels with binding energies of 

700.60 and 726 are assigned to Fe2p3/2
 and Fe2p1/2 respectively. This is the characteristics of 

trivalent iron, suggesting that the iron oxide formed on the surface exist as Fe2O3 (CHEN and 

HASHISHO, 2012, MU et al., 2011, ZHANG et al., 2011).  
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Figure 4. 8. 1:  XPS Spectra PCPAC-iron oxide (a) Full spectrum (b) Zoomed iron peak (c) C1s resolved spectra (d) O1s resolved 

spectrum 
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4.9 TEM analysis 

TEM was performed on the catalyst to observe the morphology and the size of the iron oxide. It 

showed that the particles of iron oxide on the surface of the support have an irregular shape as 

shown in figure 4.9.1 The iron oxide particles are well dispersed on the surface of the support 

material. Figure 4.9.1 shows an average size distribution of a range between 0.5 to 4.5 nm. It can 

be concluded that the iron oxide formed on the surface of the activated are in a nano size with the 

average size of 1.72 nm and also they are embedded on the surface of the activated carbon support, 

resulting in the formation of activated carbon-iron oxide composite 
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Figure 4. 9. 1:(a) average size distribution and (b) TEM image 
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4.10 Conclusion 

The results showed a successful synthesis on the PCP-AC-Iron oxide catalyst by microwave single 

step synthesis, as it was shown by FTIR, XRD, EDX, XPS and TEM. This characterization shown 

that microwave power and the mass of the precursor influence the chemical compositon and 

surface chemistry. of PCP-AC-Iron oxide The synthesized catalysts were also characterized by 

iodine and methylene blue number, hence the optimum synthesis conditions were found to be at 

600 W microwave treatment using 0.20 g of iron precursor since it was observed to produce the 

considerable amount of micropores and mesopores. The elemental mapping also showed the high 

dispersion of iron oxide on the surface of the support.  
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CHAPTER 5: EFFECT OF EXPERIMENTAL CONDITIONS ON METHYLENE BLUE 

AND 2-NITROPHENOL DEGRADATION 

The chapter presents and discusses the effect of experimental conditions for methylene blue and 

2-nitrophenol of the Fenton-like degradation. It reports the following details: effect of H2O2, the 

effect of pH, catalyst dose, stirring speed, the effect of initial concentration of the pollutant, and 

effect of temperature Fenton-like degradation of methyelene blue and 2-nitrophenol.    

5.1 Effect of H2O2 volume added 

The effect of increasing H2O2 volume added to PCP-AC-iron oxide on the degradation of MB and 

2-NP when 10, 20, 30 and 40 ml of 30 % H2O2 was added to the reaction while holding catalyst 

mass at 0.2 g, pH of the MB and 2-NP solution at 3, initial concentration of MB and 2-NP at 100 

mg/dm3, stirring speed at 500 rpm and temperature at 26 °C are shown in Fig. 5.1. As shown in 

Fig. 5.1, the degradation of MB and 2-NP were observed to increase from 64.4 to 68.1 % for MB 

and from 59.86 to 61.66 % for 2-NP respectively when the volume of H2O2 was increased from 

10 to 20 ml. These increases corresponds to an increase in degradation rates from 0.0098 to 0.0109 

min-1 for MB and from 0.0059 to 0.0072 min-1 for 2-NP. The decomposition of H2O2 by iron is a 

crucial step in Fenton’s degradation process since it generates the active species required for the 

degradation of the targeted pollutant (WU et al., 2016). Therefore, an increase in H2O2 volume 

leads to increased amount of hydroxyl radicals formation which also increases the degradation 

efficiency and degradation rate (KUANG et al., 2013). As the volume of H2O2 was increased above 

20 ml, the degradation was observed to reduce from 68.1 to 57.4 % when 40 ml of H2O2 was added 

in the case of MB and from 61.66 to 55.28 % for 2-NP. Degradation rates were also observed to 
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decrease from 0.0109 to 0.0081 min-1 for MB and from 0.0072 to 0.0051 min-1 for 2-NP when the 

H2O2 volume was increased from 20 to 40 ml.  

The catalyst performance was also tested using the R45 (mol mol-1) values (RUSEVOVA et al., 

2012) which are defined as the amount of H2O2 )(
22OHn  consumed per mol of MB )( MBn or 2-NP 

)( 2 NPn 
degraded in the reaction period between t = 0 and t0.45, MB or 2-NP, meaning the time at which 

45 % of the MB or 2-NP was degraded as shown in Eq.(5.1) and (5.2).  
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Stoichiometrically, it will require 36 moles of H2O2 to completely decompose 1 mole of MB, while 

13.5 moles of H2O2 is required to completely neutralize 1 mole of 2-NP. After 45 min of 

degradation, 59.4, 64.1, 53.9 and 50.4 mg/dm3 of MB was removed from the reactions when 10, 

20, 30 and 40 ml of H2O2 were added. This represents the removal of 0.019, 0.02, 0.017 and 0.016 

mmol of MB brought about by reacting with 0.669, 0.721, 0.607and 0.567 mmol of H2O2. The 

calculated values of R45 (consumption of H2O2 per mol of pollutant) were therefore 35.21, 36.05, 

35.71, 35.44 mol/mol-1 respectively. For 2-NP after 45 min of degradation, 40.44, 41.79, 38.79 and 

36.90 mg/dm3 of 2-NP was removed when 10, 20, 30 and 40 ml of H2O2 were added. This 

represents the removal of 0.043, 0.044, 0.0412 and 0.039 mmol of 2-NP brought about by reacting 

with 0.580, 0.599, 0.556 and 0.521 mmol of H2O2. The corresponding R45 values were 13.49, 

13.61, 13.56 and 13.36 mol/mol-1 respectively. These results indicate that the rate of consumption 

of H2O2 per mole of MB was much higher than for 2-NP and both the reaction rates and % removal 
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of pollutant was higher for MB than for 2-NP. Yang and Tian (2012) studying the catalysis of MB 

and 2-NP using Fe-doped sulphated titania (YANG and TIAN, 2012)and Olejnik et al. (2016) 

degrading MB and 2-NP using Ti/SBA-15 also reported faster kinetics and better degradation for 

MB as compared with 2-NP (OLEJNIK et al., 2016). This can be attributed to the decolourization 

of leuco methylene blue, which can be easily converted to MB. 

As the volume of H2O2 was increased from 10 to 20 ml, the rate of pollutant removal increased and 

the H2O2 consumption per mole of pollutant also increased indicating that an increase in H2O2 

volume led to an increased formation of hydroxyl radical  ..OH  as described below (LIAO et al., 

2009): 

.3
22

2 HOHOFeOHFe  
        (5.3) 

When the volume of H2O2 was increased above 20 ml, the reaction rate constant, degradation and 

consumption of H2O2 per mole of pollutant were observed to reduce. The lower degradation and 

consumption of H2O2 per mole of a pollutant can be attributed to hydroxyl radical scavenging 

effect (ORTIZ DE LA PLATA et al., 2010) and that the decomposition of H2O2 may involve two 

mechanisms occurring simultaneously (RUSEVOVA et al., 2012). The first mechanism is already 

explained with Eqn.(5.1) while the second mechanisms involve the reaction of H2O2 with the 

catalyst surface to produce species with low reactivity as shown in Eqns.(5.4-5.6): 

  HHOOFeOHFe .

2

.

2

3

22

3 /          (5.4) 

  HOOHFeOHFe 2
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3 )(
        (5.5) 

.
2

22)( HOFeOOHFe  
         (5.6) 

 

The strong competition of .HO by other species like H2O2, Fe2+ and Fe3+ may also lead to 

insufficient utilization of H2O2 for decomposition of the pollutant as shown in Eqns.(5.3—5.9): 
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  HOFeOHFe 3.2
        (5.7) 

  HHOOFeOHFe .
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Therefore, the optimum volume of H2O2 chosen for the degradation was 20 ml for both MB and 

2-NP. 
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Figure 5. 1: The effect of hydrogen peroxide on the degradation efficiency and rate constant of (a) methylene blue and (b) 2-

nitrophenol 

  

54

56

58

60

62

0.005

0.0055

0.006

0.0065

0.007

0.0075

0 10 20 30 40 50

%
 D

eg
ra

d
at

io
n

R
at

e 
co

n
st

an
t 

(m
in

-1
)

volume of H2O2 (ml)

2-NITROPHENOL

Rate constant

% Degradation

56

58

60

62

64

66

68

70

0.008

0.009

0.01

0.011

0.012

0 10 20 30 40 50

%
 D

eg
ra

d
at

io
n

R
at

e 
co

n
st

an
t 

(m
in

-1
)

volume of H2O2 (ml)

METHYLENE BLUE

Rate constant

% Degradation



 

102 
 

5.2 Effect of initial solution pH 

In these experiments, the initial solution pH of the MB and 2-NP solutions before the addition of 

catalyst (PAP-AC-iron oxide) was varied between 3, 7 and 9 to determine the effect of initial 

solution pH the Fenton-like degradation. The initial solution pH is known to affect the activity of 

the oxidant and the stability of H2O2 in Fenton-like catalysis (SHI et al., 2011). The results 

indicated that on the addition of the catalyst to MB and 2-NP solutions, the initial solution pH was 

observed to fall. The degradation and rate constant for the degradation of MB were found to 

increase from 68.95 to 74.1 % and from 0.0107 to 0.0118 min-1 when the MB solution pH was 

increased from 3 to 7.  For 2-NP, the degradation and rate constant increased from 64.09 to 69.08 

% and 0.0070 to 0.0084 min-1 when initial pH was increased from 3 to 7. As initial solution pH 

values were increased to 9 for both pollutants, the degradation reduced from 74.1 to 64.85 % for 

MB and from 69.08 to 60.54 % for 2-NP. The corresponding rate constant were also observed to 

reduce from 0.0118 to 0.0100 min-1 for MB and from 0.0084 to 0.0065 min-1 for 2-NP. The 

decomposition of H2O2 brought about by its reaction with iron strongly depends on solution pH. 

For example, at lower solution pH the formation of Fe(II)(H2O)2+ occurs in solution which reacts 

more slowly with  H2O2 and therefore reducing the production of .HO leading to reduced 

degradation (SHEMER et al., 2006). At higher initial solution pH, conversion of iron oxide to 

oxyhydroxides occurs which limits the reaction between Fe2+ and H2O2 leading to the low 

formation of .HO and therefore reduce % degradation (WU et al., 2016). It is also known that the 

oxidation potential of .HO reduces with increase in solution pH (PARRA et al., 2001). These 

reasons will account for the higher performance of the catalyst at solution pH 7 and it's poor 

performances at lower and higher pHs.   
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Figure 5. 2: The effect of initial pH on the degradation efficiency and rate constant of (a) methylene blue and (b) 2-nitrophenol 
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5.3 Effect of Catalyst dose 

The influence of catalyst dose on Fenton-like degradation of MB and 2-NP in aqueous solution 

was studied using catalyst mass of 0.1, 0.2 and 0.3 g, 20 ml of 30 % H2O2, at pollutant solution pH 

of 7, initial concentration of MB and 2-NP at 100 mg/dm3, stirring speed of 500 rpm and 

temperature of 26 °C. As observed from Fig. 5.3, the degradation and rate constant were found to 

increase from 56.1 % and 0.0083 min-1 to 74.1 % and 0.0118 min-1 for MB and from 64.2 % and 

0.0073 min-1 to 69.66 % and 0.0082 min-1 as the catalyst mass was increased from 0.1 to 0.2 g. 

The increase in catalyst loading introduces additional sites for increased production of free radical 

species which eventually increases degradation and reaction rate (BABUPONNUSAMI and 

MUTHUKUMAR, 2012). When catalyst dose was increased from 0.2 to 0.3 g, the degradation 

and rate constant for both MB and 2-NP degradation were observed to reduce from 74.1 % and 

0.0118 min-1 to 47.8 % and 0.0079 min-1 for MB and from 69.06 % and 0.0082 min-1 to 60.44 % 

and 0.0069 min-1. A decrease in degradation and rate constant may be attributed to two reasons; 

(i) agglomeration of solid particles together at higher dose leading to reduction of effective surface 

(GARRIDO-RAMIREZ et al., 2010) and the increased scavenging of .HO  radicals at the surface 

of the catalyst (CARRIAZO et al., 2005).  
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Figure 5. 3: Effect of catalyst dose on the degradation efficiency and rate constants of (a) methylene blue and (b) 2-nitrophenol 
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5.4 Effect of stirring speed 

The influence of stirring speed on Fenton-like degradation of MB and 2-NP in aqueous solution 

was studied using stirring speeds of 300, 500, 750 and 800 rpm, catalyst mass of 0.2g, 20 ml of 30 

% H2O2, at pollutant solution pH of 7, initial concentration of MB and 2-NP at 100 mg/dm3 and 

temperature of 26 °C. The results revealed that as the stirring speed increased from 300 to 500 rpm 

the pseudo first rate constant was observed to increase from 0.0099 to 0.0118 min-1 for MB and 

from 0.0064 to 0.0082 min-1 for 2-NP while the degradation increased from 66.1 to 74.1 % for MB 

and from 63.86 to 69.06 % for 2-NP. These increases may be attributed to the fact that the mixture 

became more homogeneous with an increase in stirring speed and at higher stirring increase the 

rate of contact between the components of the mixture (CUIPING et al., 2012). These increases in 

degradation rate for MB and 2-NP with increase stirring speed from 300 to 500 rpm may also 

indicate that the process was mass transfer limited (SAEED et al., 2015). As the stirring speed was 

increased from 500 to 750 and 800 rpm, the degradation rates were observed to slightly decreases 

for MB and 2-NP respectively. Therefore, the resistance due to pollutant mass transfer from 

solution to the particle surface is believed to have been overcome by stirring at 500 rpm for both 

pollutants (SAEED and ILYAS, 2013). 
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Figure 5. 4: The effect of stirring speed on the degradation efficiency and rate constants of (a) methylene blue and (b) 2-nitrophenol 
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5.5 Effect of pollutant concentration 

The effect of initial pollutant concentration on Fenton-like degradation of MB and 2-NP in aqueous 

solution was studied varying MB and 2-NP concentrations from 100, 150, 200 and 250 mg/dm3, 

catalyst mass of 0.2g, 20 ml of 30 % H2O2, at pollutant solution pH of 7, stirring speed of 500 rpm 

and temperature of 26 °C. The results revealed that as initial MB and 2-NP concentrations were 

increased from 100 to 250 mg/dm3, the rate of degradation of MB reduced from 0.0118 to 0.0051 

min-1 while that of 2-NP reduced from 0.0084 to 0.0042 min-1. These changes in degradation rates 

corresponds to reduction in degradation from 74.1 % to 60.73, 37.95 and 27.64 % for MB and 

from 69.06 % to 63.77, 48.74 and 40.75 % for 2-NP as initial pollutant concentration was increased 

from 100 mg/dm3 to 150, 200 and 250 mg/dm3. The decrease in degradation rate with increase in 

initial MB and 2-NP concentration may be due to site saturation or the blocking of the surface site 

by MB or 2-NP molecules leading to slower degradation (ZHAO et al., 2012). On the other hand, 

since the H2O2 amounts and the surface active sites remained constant, there will be increased 

competition of MB or 2-NP molecules for the fixed amounts of hydroxyl radicals produced. 

Therefore, as initial MB or 2-NP initial concentrations was increased strong competition of 

pollutant molecule and self-inhibition occurs leading to lower percentage removal with increased 

initial concentration (CUIPING et al., 2012, MONTEGUDO et al., 2008). 
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Figure 5. 5: The effect of initial concentration of the pollutants on the degradation efficiency and rate constants of (a) methylene blue 

and (b) 2-nitrophenol 
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5.6 Effect of Temperature 

The effect of temperature on Fenton-like degradation of MB and 2-NP in aqueous solution was 

studied varying MB and 2-NP concentrations of 100 mg/dm3, catalyst mass of 0.2g, 20 ml of 30 

% H2O2, at pollutant solution pH of 7, stirring speed of 500 rpm and at a temperature of 26 - 56 

°C. The results in figure 5.6 revealed the rate of degradation is strongly dependent on temperature 

and that the degradation rates increased from 0.0118 to 0.0387 min-1 for MB and 0.0082 to 0.0245 

min-1 for 2-NP as temperature was increased from 26 to 56 oC respectively. The increase in the 

rate constant with temperature can be attributed to increase in the interaction between hydrogen 

peroxide and catalyst in solution which in turn increases the collision frequency of the molecules 

on the catalyst surface(GARRIDO-RAMIREZ et al., 2010, NAZAMAZADEH-EJHIEH and 

HUSHMANDRED, 2010).  

The effect of temperature was further investigated using the Arrhenius equation to determine the 

activation energies for the MB and 2-NP degradation. The Arrhenius equation describes the 

relationship between the rate constant and the temperature applied: 

RT

E
Ak a lnln           (5.10) 

where k, is the degradation rate, A is the frequency factor, Ea is the activation energy, R is the ideal 

gas constant (8.324 J/mol K) and T is the Kelvin temperature. The rate limiting step of a 

heterogeneous reaction can be a chemical reaction at the surface or diffusion of the reactant (LIEN 

and ZHANG, 2007) and this is determined by the relationship between the reaction temperature 

and the rate constant.  Surface controlled reactions in solutions have activation energies that are 

greater than 29 kJ/mol while diffusion controlled reactions have lower activation energies between 

8 to 21 kJ/mol (CHEN and ZHU, 2007). A good relationship was observed between ln k and 1/T 

for MB (r2 = 0.9981) and 2-NP (r2 = 0.9888). The calculated values of Ea for MB and 2-NP were 
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32.03 and 30.48 kJ/mol respectively. Activation energies in these range indicate that the 

degradation reaction is a surface-controlled reaction (WU et al., 2016). The results also show that 

the activation energy for MB degradation was higher than that for 2-NP. Activation energies for 

most thermal reaction processes are generally in the range of 60 to 250 kJ/mol (CHEN and ZHU, 

2007, SUN et al., 2012), these results, therefore, imply that the decompositions of MB and 2-NP 

in solution by PCP-AC-iron oxide lowers the activation energies making the decompositions 

possible.  
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Figure 5. 6: The effect of temperature on the degradation efficiency and rate constants of (a) methylene blue and (b) 2-nitrophenol 
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5.7 Comparison of PCP-AC-Iron oxide and PCP-AC as radicals initiator 

A set of experiment was also done to discriminate the effect of adsorption, degradation by 

hydrogen peroxide alone, or degradation by PCP-AC with hydrogen peroxide since it was reported 

that hydrogen peroxide can also act as radicals initiator as compared to the degradation by PCP-

AC-Iron oxide composite with hydrogen peroxide. In table 5.7 it was observed that the degradation 

rate constant when using the PCP-AC-iron oxide was higher as compared to adsorption, 

degradation by hydrogen peroxide and PCP-AC with hydrogen peroxide. Hence it can be said the 

more removal of MB and 2-NP was through heterogeneous Fenton oxidation process, were 

adsorption and degradation with hydrogen peroxide only shown to be negligible. Also to confirm 

that activated carbon can act as a radical initiator, hydroxyl scavenger was added at the begining 

of adsorption, degradation by hydrogen peroxide only, PCP-AC with hydrogen peroxide, and 

degradation by PCP-AC-Iron oxide composite with hydrogen peroxide. The PCP-AC-Iron oxide 

with hydrogen peroxide had a higher reduction in degradation rate constant when radicals 

scarvenger was added, followed by the degradation of 2-NP and MB by PCP-AC with hydrogen 

peroxide and adsorption showed no difference, suggesting that more of hydroxyl radical are 

produced when using the PCP-AC-Iron oxide composite. Hence this shows that indeed activated 

carbon can act as a radical scavenger. Also the degradation of both 2-NP and MB were hydroxyl 

radical driven. The high degradation rate constant of MB and 2-NP can be attributed to the 

synergistic effect of adsorption and both activated carbon and iron oxide as radical initiators. 
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Table 5.7: Comparison of PCP-AC-Iron oxide and PCP-AC as radicals initiator 

                               Methylene Blue                                          2-Nitrophenol 
                                  Adsorption in the dark                                   Adsorption in the dark 
1st order r

2 2nd order r
2   1st order r

2 2nd order r
2   

0.0054 0.9992 0.00004 0.9989 Without Scavenger 0.0020 0.9993 0.00002 0.9990 Without Scavenger 
0.0056 0.9994 0.00004 0.9993 With Scavenger 0.0019 0.9938 0.00001 0.9930 With Scavenger 
    
                                  H

2
O

2
 Alone                                   H

2
O

2
 Alone 

1st order r
2 2nd order r

2   1st order r
2 2nd order r

2   
0.0008 0.9993 0.000006 0.9991 Without Scavenger 0.0003 0.9997 0.000002 0.9995 Without Scavenger 
0.0002 0.9991 0.000003 0.9989 With Scavenger 0.00005 0.9993 0.000001 0.9990 With Scavenger 
                    
                                  PCP-AC + H

2
O

2
                                   PCP-AC + H

2
O

2
 

1st order r
2 2nd order r

2   1st order r
2 2nd order r

2   
0.0063 0.9997 0.00006 0.9978 Without Scavenger 0.0029 0.9994 0.00003 0.9998 Without Scavenger 
0.0027 0.9996 0.00002 0.9989 With Scavenger 0.0006 0.9998 0.000004 0.9995 With Scavenger 
    
                                  PCP-AC-iron oxide + H

2
O

2
                                   PCP-AC-iron oxide + H

2
O

2
 

1st order r
2 2nd order r

2   1st order r
2 2nd order r

2   
0.0083 0.9985 0.0001 0.9970 Without Scavenger 0.0051 0.9988 0.00006 0.9975 Without Scavenger 
0.0043 0.9998 0.00003 0.9988 With Scavenger 0.0015 0.9998 0.000009 0.9980 With Scavenger 
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5.8 Conclusions 

The experimental parameters were successfully optimized. The parameters value that gave the 

highest degradation efficiency were, 20 ml of hydrogen peroxide at pH 7, a catalyst dose of 0.2 g, 

stirring speed of 500 rpm, initial concentration of 100 mg/l and temperature of 26 oC. The lowest 

temperature was chosen as the operating temperature to energy conservation. The results also 

showed that the activation energy for MB degradation was higher than that for 2-NP. MB and 2-

NP showed to be highly degraded at these operating conditions. Both MB and 2-NP showed the 

same trend. 
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CHAPTER 6: KINETICS STUDIES 

6.1. Kinetics modeling of data 

Researchers often determine the potential of the catalyst by kinetics models. The experimental data 

is analyzed using kinetic models to establish the mechanism and efficiency of the catalytic 

degradation process. Degradation reaction orders were studied using pseudo-first-order, pseudo-

second order, and Langmuir-Hinshelwood models. 

6.1.1 Pseudo-first and pseudo-second kinetic models 

The kinetics of the catalytic degradation of MB and 2-NP using Fenton-like catalysts have been 

modeled using pseudo-first and pseudo-second kinetic models. For example, the pseudo first-order 

was used in the modeling of methylene blue degradation by magnetic carbon composites (WU et 

al., 2016) and by rGO/CoFe2O4 (ZHOU et al., 2015). The pseudo-first and second order kinetics 

can be presented as: 

tCk
dt

dC
r 1          (6.1) 

2
2 tCk

dt

dC
r           (6.2) 

Integrating Eqs(6.1) and (6.2) with respect to the limits of C = Ct at time t = 0, the non-linear form 

of the equations become: 

tk
tCC 1exp           (6.3) 

12 


t

t

Ck

C
C          (6.4) 
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where r is the rate of methylene blue degradation (min-1mg/dm3), C is the initial concentration of 

methylene blue and Ct is the methylene blue concentration at any time (mg/dm3), k1 (min-1) and k2 

(dm3/mg min) are the pseudo first and pseudo second order rate constants. 

6.1.2 Langmuir-Hinshelwood 

Langmuir-Hinshelwood model was applied to describe the kinetic data since the Langmuir-

Hinshelwood kinetics written in terms of initial concentration rate for KC0 << 1, reduces to the 

pseudo first order kinetics (KUMAR et al., 2009).  

  KtkCCK
C

C
rt 








0

0ln         (6.5) 

Therefore, if the term KC0 << 1, then Eq.(5) reduces to: 

tr KCkr            (6.6) 

making Eq.(6) to reduce to Eq.(2) 

Therefore, the pseudo first-order rate constant, k1 is then taken as kapp, where kapp = krK. Langmuir-

Hinshelwood equation for degradation rate can be written as: 

.HOLrk
dt

dC
r           (6.7) 

Where k is the surface reaction rate constant, L  is the fraction of surface sites covered by MB 

molecules, .HO
  is the fraction of the surface covered by .HO  which are assumed to degrade MB. 

The amount of .HO  radicals is considered to be constant during the degradation process. 

Therefore Eq.(6) can be written as: 

Lkr            (6.8) 

Where k is the new rate constant and it is equal to .HO
kr   
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According to the Langmuir-Hinshelwood model, the fraction of the surface site covered by MB 

will be: 

0

0

0 1 CK

CK

n

n

L

Lads
L


          (6.9) 



































000

1111

CKnnn Lads

        (6.10) 

Where KL is the adsorption equilibrium constant of MB and C0 is the initial concentration of MB, 

adsn  is the number of MB molecules adsorbed and 0n  is the initial number of MB molecules.  

Therefore, substituting the expression for L from Eq.(6.9) into Eq.(6.8) we get: 

 
Ck
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CkK
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         (6.11) 
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k

C

kKk Lapp

011
          (6.14) 

The values of k and KL for MB degradation for samples prepared with different iron precursor 

amounts and constant iron precursor amount with different microwave power were determined 

from the slope FeCl3 adeded during synthesis and intercept of the plots appk1 versus C0 (Eq.(6.14)) 

and the values of fraction of surface covered by MB molecules was calculated using Eq.(6.9).  

 

The values of k and KL for MB degradation for samples prepared with different iron precursor 

amounts and constant iron precursor amount with different microwave power were determined 
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from the slope FeCl3 and intercept of the plots appk1 versus C0 (Eq.(6.14)) and the values of 

fraction of surface covered by MB molecules was calculated using Eq.(6.9). These parameters 

along with the correlation coefficient, r2, values are shown in Tables 6.1 and 6.1a. The values of 

the parameters k and KL and the relationship between these parameters and the amount of FeCl3 

applied in the catalyst preparation are shown in Table 6.1 and Figure 6.1b. From the results 

obtained, it was observed that both values of surface degradation constant, k, and Hinshelwood 

adsorption constant, KL, increased as the amount of iron precursor applied for catalyst preparation 

increased from 0.01 g to 0.20 g. The r2 values for the relationships were all reasonable high 

suggesting the applicability of the model to the experimental data, signifying that the degradation 

was carried out on the catalyst surface. As the amount of iron precursor was increased to 0.30 g, 

the values of k and KL were also found to decrease. The values of the parameters, k and KL and the 

relationship between these parameters and the microwave power applied in the catalyst preparation 

are shown in Table 6.1 and Fig. 6.3. The reasonably high values of the r2 show the applicability of 

the model to the experimental data. As the microwave power was increased from 600 to 1200 W 

both values of k and KL were observed to decrease. Although it was observed from section 4.7 that 

the percentage iron content of the samples increased with the increasing microwave power, this 

increase in percentage iron content did not produce an increase in k and KL. 

 

The fraction of surface site covered by MB, θL, for both sets of samples were calculated at the 

different MB concentrations applied (100 to 250 mg/dm3) and the results shown in Tables 6.2 and 

6.3 while the relationship between fraction of surface covered by MB, θL, versus the amounts of 

iron precursor and microwave power applied for the catalyst preparation are displayed in Figure 

6.2a and b. The results showed that for any particular mass of iron precursor applied for the catalyst 
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preparation, the fractional surface coverage, θL, increased with initial MB concentration and the 

increase being rapid at lower concentrations and less rapidly at higher concentrations. The less 

rapid increase at high initial MB concentration may be due to site saturation or the blocking of the 

surface site by MB molecules (KUMAR et al., 2009). The values of θL increased with increase in 

the iron precursor mass applied for catalyst preparation from 0.01 to 0.20g and then fell when iron 

precursor mass was raised to 0.30 g. This increase in fraction of surface covered by MB, θL, is 

therefore responsible for the observed increase in the degradation rate constant, k, observed on 

increasing the iron precursor mass for catalyst preparation from 0.01 g to 0.20 g and the observe 

decrease of θL, when 0.30 g of iron precursor was applied led to a decrease in degradation rate 

constant, k. 

Figure 6.2b shows that for any particular MB concentration, the fraction of surface covered by 

MB, θL had their highest values at low concentrations and the θL values were observed to decrease 

sharply from 600 to 940 W before becoming almost constant at 1200 W. This trend was repeated 

for all other MB concentration and at the different microwave power. The rapid decrease between 

600 and 960 W was observed to reduce as the initial concentration was increased from 100 to 250 

mg/dm3. The reduction with increasing initial concentration confirms site saturation at higher MB 

concentration. 

6.2 Conclusions 

It was observed that both the values of surface degradation constant, k, and Hinshelwood 

adsorption constant, KL, increased as the amount of iron precursor applied for catalyst preparation 

increases, suggesting an increased surface degradation.  However as the microwave power 

increases from 600 to 1200 W both values of surface degradation constant, k, and Hinshelwood 

adsorption constant, KL decreases, suggesting the degradation of methylene blue is more likely to 
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take place on the solution. It was observed that for any particular mass of iron precursor applied 

for the catalyst preparation, the fractional surface coverage, θL, increased with initial MB 

concentration, thus increasing the rate. However as the microwave power increases fractional 

surface coverage, θL, decrease, hence the decrease in rate constant was observed. 

 



 

125 
 

Table 6. 1: Pseudo-first and pseudo-second-order rate constants 

 

Mass of FeCl3 added (g) r2 Var. Error r2 Var. Error 

0.01 0.9993 2.8 0.9985 5.9 

0.05 0.9995 3.1 0.9968 18.5 

0.10 0.9995 3.7 0.9964 27.7 

0.20 0.9993 6.5 0.9877 12.7 

0.30 0.9991 9.3 0.9911  93.4 

Microwave Power (W)     

600 0.9993 6.5 0.9977          120.6 

720 0.9995 9.0 0.9977          39.4 

840 0.9996 6.0 0.9981          29.4 

960 0.9995 6.3 0.9982          20.8 

1200 0.9986            13.0 0.9980          18.5 

 

Table 6. 2: The relationship between the iron precursor and Langmuir-Hinshelwood constant and surface coverage. 

Mass of FeCl3 (g) k1 KL r2 
L  

    100 ppm 150 ppm 200 ppm 250 ppm 

0.01 0.531 0.045 0.9985 0.818 0.870 0.900 0.918 

0.05 0.662 0.069 0.9998 0.873 0.912 0.935 0.947 

0.10 0.877 0.072 0.9957 0.878 0.915 0.935 0.947 

0.20 1.343 0.077 0.9998 0.884 0.920 0.939 0.950 

0.30 1.156 0.069 0.9968 0.873 0.912 0.932 0.945 
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Table 6. 3: The relationship between microwave power and Langmuir-Hinshelwood constant and surface coverage. 

Microwave Power 

(W) 

k1 KL r2 
L  

    100 ppm 150 ppm 200 ppm 250 ppm 

600 1.343 0.077 0.9987 0.884 0.920 0.939 0.950 

720 1.020 0.065 0.9891 0.867 0.907 0.929 0.942 

840 0.888 0.043 0.9947 0.810 0.865 0.895 0.914 

960 0.769 0.034 0.9968 0.772 0.836 0.871 0.894 

1200 0.673 0.033 0.998 0.768 0.852 0.869 0.892 
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Figure 6. 1: The relationship between degradation rate constant, k, adsorption rate constant, KL versus (a) mass of FeCl3 at 600 W 

used for catalyst preparation and (b) microwave power using 0.20 g FeCl3. 
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Figure 6. 2: The relationship between fractions of surface covered by MB versus (a) mass of FeCl3 at 600 W used for catalyst 

preparation and (b) microwave power using 0.20 g FeCl3. 
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CHAPTER 7: THERMODYNAMICS 

This chapter presents and discusses the thermodynamics of the degradation process of 2-NP. The 

temperatures were varied during the degradation of 2-NP so that rate constants and activation 

energies were calculated. The thermodynamics parameters such as Gibbs free energy (ΔG), change 

in enthalpy (ΔH), and change in entropy (ΔS) were also determined. 

7.1 Activation energy 

The effect of temperature on the degradation of 2-NP was studied at varying temperature from 26 

to 56 oC. The results were fitted the pseudo-first order suggesting that the degradation of 2-NP is 

a surface driven reaction. The results showed that the degradation of 2-NP strongly depends on the 

temperature applied, thus increases the degradation rate as temperature increases. The increase in 

the rate constant can be due to increased interaction of H2O2 and Fe2+, which increases the 

production of hydroxyl radicals that degrades 2-NP. 

In Table 7.1 & 7.3, it was observed that for all samples prepared at different FeCl3 of 0.01, 0.05, 

0.10, 0.20 and 0.30 g at a microwave power of  600 W, for all temperature employed during 

degradation of 2-NP, the pseudo first order rate constant increased with increasing temperature 

from 26 to 56 oC. This trend can be attributed to the increased molecules collision frequency 

leading to more interaction of H2O2 and Fe2+, hence resulting in more degradation of 2-NP. When 

the mass of FeCl3 increased from 0.01 to 0.20 g the pseudo first order rate increased, for all 

temperatures. This trend is due to the increase in active sites on the surface of the support as the 

mass of FeCl3 increased. In contrast when the mass of FeCl3 further increases from 0.20 to 0.30 g, 

could not further increase the degradation, hence it was observed a decrease in the degradation rate 
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of 2-NP. This is because of the increased Fe2+ on the surface of the support that acts as hydroxyl 

radical’s scavenger, hence decreasing the catalytic activity. 

 It was observed also that degradation rate decreases as the microwave power increase for all 

temperature applied during the degradation of 2-NP. This trend may be due to a decrease in the 

active surface sites as microwave power increases during catalyst synthesis, as shown by the EDX 

results in figure 4.6.5. The effect of temperature was further investigated by using the Arrhenius 

equation to obtain the activation energies for the degradation of 2-NP using catalyst prepared at 

different microwave power. Arrhenius explains the relationship between the activation energy and 

temperature applied. 

RT

E
Ak a lnln  

Where k, is the degradation rate, A is the frequency factor, Ea is the activation energy, R is the 

ideal gas constant (8.324 J/mol K) and T is the Kelvin temperature. The rate limiting step of a 

heterogeneous reaction can be either chemical reaction at the surface or the diffusion of pollutant 

(LIEN and ZHANG, 2007), and this is determined by the relationship between reaction 

temperature and the rate constant. Surface controlled reactions in solutions have activation 

energies that are greater than 29 kJ/mol while diffusion controlled reactions have lower activation 

energies between 8 to 21 kJ/mol (CHEN and ZHU, 2007).  

For all the degradation reactions of 2-NP using the catalyst prepared at the different mass of FeCl3 

at a constant microwave power of 600 W and different microwave power at a constant mass of 

0.20g, their activation energies were found to be greater than 29 kJ/mol suggesting that the 

degradation of 2-NP is surface controlled for all the catalyst. Activation energies for samples 

prepared at mass of 0.01, 0.05, 0.10, 0.20, and 0.30 were found to be 32.20, 31.88, 31.21, 30.84, 
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and 31.61 kJ/mol. The activation energies showed to decrease from 32.20 to 30.84 kJ/mol as the 

mass of FeCl3 increases from 0.01 to 0.20 g due to the increasingly active site on the surface of 

the support. Further increases of FeCl3 from 0.20 to 0.30 g resulted in a decrease in activation 

energy. Indicating the optimum for the degradation of 2-NP could be the sample prepared at 0.20g 

of FeCl3 since  further increase results in a catalyst with a lower catalytic activity. 

Also as the microwave power increases during catalyst synthesis, there is an increase in the 

activation in the activation energies. Activation energies for the sample prepared at a microwave 

power of 600, 720, 840, 960 and 1200 W were 30.18, 32.15, 33.71, 34.81 and 36.38 kJ/mol 

respectively as shown in table 7.3. This trend implies that as the microwave power increase during 

catalyst synthesis, the minimum energy required to start the degradation of 2-NP increases, hence 

it was observed a decrease in % 2-NP degradation as the microwave power increases from 600 to 

1200 W, since for the sample prepared at higher will need a higher minimum energy to start the 

reaction as compared to samples prepared at a lower microwave power. This also implies that 

sample prepared at a microwave power of 600W is an ideal catalyst since it needs low activation 

energy, to conserve energy. The low activation energy for the sample prepared at 600 W, confirms 

the high catalytic activity as compared to the sample prepared at 1200 W that has higher activation 

energy. Therefore the optimum catalyst could be proposed to be synthesized at a microwave power 

of 600 W with a mass of 0.20 g FeCl3 since it has shown to have low activation energy and higher 

degradation rate.  

7.2 Thermodynamic parameters 

Further studies were done to confirm the optimum condition for the synthesis of PCP-AC-Iron 

oxide catalyst. Thermodynamics parameters such as Gibbs free energy (ΔG), change in enthalpy 
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(ΔH), and change in entropy (ΔS) were determined for the degradation of 2-NP by using Eyring 

equation 

RT

H

R

S

w

k

T

Rate ##

lnln













       (30) 

where rate is the rate constant or rate coefficient of the various processes, T is the Kelvin 

temperature, k and w are the Boltzmann’s and Planck’s constants respectively. The change in 

entropy of activation (ΔS#) and enthalpy of activation (ΔH#), for this step, was evaluated from the 

intercept and slope of each linear plot. The free energies of activation (ΔG#) for the degradation of 

2-NP using catalyst prepare at different microwave power was computed using the Eq. 

(31)(FAYOUMI et al., 2012): 

### STHG   

As shown in Table 7.2 and 7.4, ΔG indicates the spontaneity of the degradation process, ΔH is 

used to determine the nature of the reaction, whether its endothermic or exothermic and ΔS is used 

to determine the degree of randomness of the reaction that is the tendency to enter into solution 

phase(IBOUKHOULEFA et al., 2014, OLAJIRE and OLAJIDE, 2014). For all the reactions with 

the catalyst prepared at different microwave power at the mass of 0.20 g FeCl3 and different mass 

of FeCl3 at 600 W during catalyst synthesis, the enthalpy change was found to be positive, 

suggesting that all the reaction were endothermic. Enthalpy change values were found to be 

decreasing from 29. 56 to 27. 90 kJ/mol when mass increases from 0.01 to 0.20g of FeCl3. The 

trend implies that the more of FeCl3 added during catalyst synthesis, results in the catalyst that 

needs less energy to start the reaction. Even so, when the mass of FeCl3 was further increased from 

0.20g to 0.30g the enthalpy change increased from 27. 90 to 29.02 kJ/mol. This signifies that the 

further increase of FeCl3 mass has a negative impact on the catalytic activity. 
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However as the microwave power increases from 600 to 1200 W the ΔH increases from 29.70 to 

33.70 kJ/mol, implying that the energy needed to start the reaction increases as the microwave 

power increases. Also, this trend indicates that as the microwave power increases the energy 

needed to start the reaction hence higher microwave radiation of the catalyst is will not be advised 

since energy conservation is of significant on catalysis (YOUSEF et al., 2011).  

Moreover, for all the catalyst prepared at different microwave power at the constant mass of FeCl3 

and at different FeCl3 at constant microwave power for all temperatures, ΔG is negative, suggesting 

that the reactions are spontaneous and favors the formation of products. Hence, in this case, it 

favors the interaction of Fe2+ and H2O2 to form hydroxyl radicals to degrade 2-NP. When 

temperature increases from 26 to 56 0C for all sample synthesized at the different mass of FeCl3, 

ΔG increases. This trend indicates the increase spontaneity and feasibility of the reaction as 

temperature increases (YOUSEF et al., 2011). In the same manner as the mass of FeCl3 increases 

from 0.01 to 0.20 g during synthesis, ΔG increases for all temperature used during degradation of 

2-NP. This can also be attributed to the increased surface active sites on the support. At the same 

time ΔG decreases when the mass of FeCl3 increases from 0.20 to 0.30g for all temperature 

employed due to more of Fe2+ that act as hydroxyl radicals scavenger.  

When temperature increases from 26 to 56 oC, ΔG increases, this means that the interaction of Fe2+ 

and H2O2 to form hydroxyl radicals to degrade 2-NP increases hence the degradation of 2-NP 

increases as temperature increases. However, when microwave power increases from 600 to 1200 

W, ΔG decreases for all temperatures applied during degradation. Suggesting that the spontaneity 

and the ability of formation of products by its self without external help decreases with an increase 

in microwave power, hence the degradation efficiency decreases as the microwave power 

decreases from 600- 1200 W(ATKINS and DE PAULA, 2006).   
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ΔS is used to determine the degree of randomness. ΔS is observed to be positive for all samples 

prepared at different FeCl3 at a constant microwave power and at different microwave power and 

mass of 0.20g FeCl3, expressing increase randomness on the solid-liquid interface. The degree of 

randomness was found to be 189.1, 190.1, 190.3, 191.8, and 189.6 J/K for sample synthesized at 

a mass of 0.01, 0.05, 0.10, 0.20, and 0.30 g FeCl3 respectively. When FeCl3 mass increases from 

0.01 to 0.20 g during synthesis, the degree of randomness (ΔS) increases. This implies that the 

more random the molecules are, at the solid-liquid interface the higher the catalytic activity. 

Whereas when the mass of FeCl3 increases from 0.20 to 0.30 g the degree of randomness (ΔS) 

decreases from 191.8 to 189.6 J/K. This trend implies that the more of FeCl3 is been added during 

catalyst synthesis it yields to a catalyst with less randomized molecules at the solid-liquid interface.  

When microwave power increases the degree of randomness (ΔS), decreases with microwave 

power (KARTHIKEYAN et al., 2011). For sample prepared at a microwave power of 600, 720, 

840, 960 and 1200 W, the degree of randomness were 191.8, 186.9, 178.1, 179.1 and 174,7 J/K 

mol respectively. This trend conveys that for the samples prepared a lower microwave power, there 

is a high degree of randomness, hence increased the excitement of the molecules as compared to 

the sample prepared at higher microwave power. Furthermore, for the sample prepared at lower 

microwave power, it will require low energy to excite the molecules as compared to the sample 

prepared at higher microwave power. Hence sample prepared at 600 W would be an ideal catalyst 

for the degradation of 2-NP.    

7.3 Conclusions 

For the Fenton oxidation process of 2-NP, an increase in the temperature was observed to increase 

the degradation rate constant. However, an increase in mass from 0.01g to 0.20g showed to have 

increased rate constants, spontaneity and the degree of randomness also decreased activation 
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energies and enthalpy change which were endothermic. This implies that the feasibility of the 

reaction increase with an increase in mass of FeCl3. However a further increase of mass of FeCl3 

could not further increase the feasibility and catalytic activity. Coupled with that, when microwave 

power increases from 600 to 1200 W the decreased rate constants, spontaneity and the degree of 

randomness also increased activation energies and enthalpy change which were endothermic. As 

a result decreasing the feasibility as the microwave power increases. Hence it can be concluded 

that the catalyst to give high feasibility and high catalytic activity should be prepared at a 

microwave power of 600 W with a mass of 0.20 g FeCl3. 
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Table 7. 1: Rate constants and activation energies for degradation of 2-NP using catalyst prepared at different masses of FeCl3 using 

microwave of 600 W 

 

 

Table 7. 2: Thermodynamics parameter for the degradation of 2-NP using catalyst prepared at different masses of FeCl3 using 

microwave power of 600 W 

 Temperature (oK)   

Catalyst mass (g) 299 309 319 329 ΔH (kJ/mol)  ΔS (J/K mol) r2 

 -ΔG (kJ/mol)    

0.01 26.96 28.85 30.75 32.64 29.56 189.1 0.9899 

0.05 27.68 29.58 31.49 33.39 29.27 190.1 0.9957 

0.10 28.29 30.19 32.10 34.00 28.60 190.3 0.9984 

0.20 29.47 31.39 33.30 35.22 27.90 191.8 0.9944 

0.30 27.67 29.57 31.47 33.36 29.02 189.6 0.9888 

        

 

 Temperature (oK)   

Catalyst mass 

(g) 

299 309 319 329 Activation 

Energy 

(kJ/mol) 

r2 

 Pseudo first order 

rate (min-1) 

Pseudo first 

order rate (min-1) 

Pseudo first 

order rate (min-1) 

Pseudo first 

order rate (min-1) 

  

0.01 0.0054 0.0090 0.0120 0.0182 32.20 0.9916 

0.05 0.0062 0.0090 0.0133 0.0201 31.88 0.9962 

0.10 0.0075 0.0101 0.0162 0.0229 31.21 0.9905 

0.20 0.0082 0.0114 0.0178 0.0245 30.84 0.9952 

0.30 0.0069 0.0093 0.0148 0.0215 31.63 0.9904 
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Table 7. 3: Rate constants and activation energies for degradation of 2-NP using catalyst prepared at different microwave power with 

0.20 g mass of FeCl3 

 

Table 7. 4: Thermodynamics parameter for the degradation of 2-NP using catalyst prepared at different microwave power with a 

mass of 0.20 g of FeCl3 

 Temperature (oK)   

Microwave Power (W) 299 309 319 329 ΔH (kJ/mol) ΔS (J/K mol) r2 

 -ΔG (kJ/mol)    

600 29.47 31.39 33.32 35.22 27.90 191.8 0.9944 

720 26.33 28.20 30.07 31.94 29.50 186.9 0.9980 

840 23.34 25.16 26.98 28.80 32.21 178.1 0.9984 

960 21.34 23.14 24.93 26.72 32.21 179.1 0.9979 

1200 18.48 20.23 21.97 23.72 33.77 174.7 0.9965 

 Temperature (oK)   

Microwave 

Power (W) 

299 309 319 329 Activation 

Energy 

(kJ/mol) 

r2 

 Pseudo first order 

rate (min-1) 

Pseudo first 

order rate (min-1) 

Pseudo first 

order rate (min-1) 

Pseudo first 

order rate (min-1) 

  

600 0.0082 0.0114 0.178 0.0245 30.48 0.9952 

720 0.0075 0.0110 0.0240 0.0240 32.15 0.9983 

840 0.0070 0.0108 0.0164 0.0238 33.71 0.9987 

960 0.0065 0.1000 0.0161 0.0229 34.81 0.9982 

1200 0.0058 0.0093 0.0153 0.0216 36.38 0.9971 



 

139 
 

7.4 References 

ATKINS, P. & DE PAULA, J. 2006. Physical Chemistry, Eighth Edition, Great Britain Oxford 

University Press. 

CHEN, J. & ZHU, L. 2007. Heterogeneous UV-Fenton catalytic degradation of dyestuff in water 

with hydroxyl-Fe pillared bentonite. Catalysis Today, 126, 463-470. 

FAYOUMI, L. M. A., EZZEDINE, M. A., AKEL, H. H. & EL JAMAL, M. M. 2012. Kinetic 

Study of the Degradation of Crystal Violet by K2S2O8. Comparison with Malachite Green. 

Portugaliae Electrochimica Acta 30, 121-133. 

IBOUKHOULEFA, H., AMRANEB, A. & KADIA, H. 2014. Removal of phenolic compounds 

from olive mill wastewater by a Fenton-like system H2O2/ Cu(II)—thermodynamic and 

kinetic modeling. Desalination and Water Treatment, 57, 1874-1879. 

KARTHIKEYAN, S., TITUS, A., GNANAMANI, A., MANDAL, A. B. & SEKARAN, G. 2011. 

Treatment of textile wastewater by homogeneous and heterogeneous Fenton oxidation 

processes. Desalination, 281, 438-445. 

LIEN, H. L. & ZHANG, W. X. 2007. Nanoscale Pd/Fe bimetallic particles : Catalytic effects of 

palladium in hydrodechlorination Applied Catalysis B: Environment, 177, 110-116. 

OLAJIRE, A. A. & OLAJIDE, A. J. 2014. Kinetic Study of Decolorization of Methylene Blue 

with Sodium Sulphite in Aqueous Media: Influence of Transition Metal Ions. Journal of 

Physical Chemistry & Biophysics, 4, 136. 

YOUSEF, R. I., EL-ESWED, B. & AL-MUHTASEB, A. H. 2011. Adsorption characteristics of 

natural zeolites as solid adsorbents for phenol removal from aqueous solutions: Kinetics, 

mechanism, and thermodynamics studies. Chemical Engineering Journal, 171, 1143-1149. 

  



 

140 
 

CHAPTER 8: DEGRADATION MECHANISM, CATALYST STABILITY & 

DEGRADATION PRODUCTS 

This chapter presents and discusses the degradation mechanism, catalyst stability and degradation 

products of MB and 2-NP by Fenton oxidation process. It reports on the effect of radical 

scavenging on the degradation %, the amount of iron oxide leached during catalyst reuse. 

8.1 Degradation mechanism 

The mechanism of Fenton’s oxidation is known to be hinged on the decomposition of H2O2 

catalyzed by the iron oxide species producing radicals that promote degradation of the pollutants. 

To confirm the degradation mechanism, the degradation was measured in the absence and presence 

of radical scavenger, for example with 10 ml of 1 mM isopropanol which acts as a scavenger for 

hydroxyl radicals  ..OH  and 10 ml of 1mM of Benzoquinone that acts as a radical scavenger for 

superoxide radicals )( .
2
O . The degradation of MB and 2-NP without and with isopropanol and 

benzoquinone using catalyst prepared with different masses of the iron precursor at 600 W and 

those prepared with 0.20 g iron precursor at different microwave power are displayed in figure 

8.1a and b for MB and figure 8.2a and b for 2-NP. The results displayed in figure 8.1a and b 

revealed that there was a rapid increase in MB degradation with an increase in the amount of iron 

precursor applied for catalyst preparation from 0.01 to 0.20g and then the values reduced slightly 

at 0.30 g. On the other hand, the MB degradation was observed to decrease rapidly from 

microwave power 600 to 960 W and became constant at microwave power 1200 W. Also the 

results in figure 8.2a and b displayed a similar trend that there was an increase in 2-NP degradation 

as the amount of iron precursor applied for catalyst preparation increases from 0.01 to 0.20g and 

further in from 0.20 g to 0.30 g there was a decrease in 2-NP degradation. However, the 2-NP 
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degradation was shown to decrease rapidly as the microwave power increases from 600 to 1200 

W. These results revealed that when both scavengers (isopropanol and benzoquinone) were added 

at the beginning of the experiments, the % MB and 2-NP degradation reduced in value when 

compared with that in the absence of radical scavenger. This, therefore, suggests that both   .OH  

and )( .
2
O  radicals were involved in the degradation mechanism. The reduction in MB degradation 

were observed to be higher for experiments where isopropanol was added as compared with 

experiments where benzoquinone was added. This suggests that the hydroxyl radicals  .OH were 

more active in the MB and 2-NP degradation than the superoxide radicals )( .
2
O (ZHAO et al., 

2012, LIOU et al., 2005). 

Since both  .OH  and )( .
2
O  radicals were observed to affect the mechanism of the catalytic 

reaction, the following reactions were proposed for the radical production (Eqs.(13-16)) 

OHOHFeOHFe .3
22

2  
      (13) 

  HHOOFeOHFe .
2

.
2

3
22

3 /      (14) 

  HHOOFeOHFe .
2

.
2

2.3 /2     (15) 

OHHOOOHOH 2
.
2

.
2

.
22 /  

      (16) 

It was observed that as the amount of iron precursor applied for catalyst preparation, the fraction 

of the surface covered by MB or 2-NP and the MB and 2-NP degradation increased, the reduction 

in degradation caused by the addition of scavengers decreased (Figure 8.1a and 8.2a). Since the 

amount of hydroxyl radicals ( OH. ) produced should increase with increasing amount FeCl3 added 

(% iron content) for catalyst preparation, the addition of constant amount isopropyl scavenger to 

all experiments should produce a smaller reduction in degradation as the amount FeCl3 increases. 
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It is, therefore, logical to infer that a higher proportion of the radicals ( OH. ) produced will be 

scavenged for samples with lower amounts of iron precursor (leading to a higher reduction in MB 

and 2-NP degradation) than for samples with a higher amount of iron precursor (leading to a lower 

reduction in degradation). Hydroxyl radicals have the higher oxidation potential of the two radicals 

OH.  and 
.

2O  produced. The degradation mechanism shows that 
.

2O radicals can be produced 

from undesirable side reactions according to Eqs.(14 - 16).  A higher reduction in degradation 

(25.6 to 18.8 %) for benzoquinone addition was observed when 0.01 g of FeCl3 was applied for 

catalyst preparation than when 0.20 g of the iron precursor was applied (70.5 to 66.6 %). In the 

same manner, a higher reduction in 2-NP degradation (18.3-15.1 %) for benzoquinone addition 

was observed when 0.01 g of FeCl3 was applied for catalyst preparation than when 0.20 g of the 

iron precursor was applied (69.06-63.3 %). The higher production of 
.

2O  radicals when lower 

iron precursor amounts was applied for catalyst preparation can be attributed to the lower levels 

of decomposition of H2O2 owing to the low iron content (0.3 %) of the sample. Therefore 

producing fewer OH.  radicals which then react with excess H2O2 and Fe3+ in the system according 

to Eqs.(14-16) forming 
.

2O . As the iron content of the catalyst increases, decomposition of H2O2 

by Fe2+ increases and hydroxyl radicals produced degrades more MB & 2-NP in solution, however 

further increase results in the production of hydroxyl radicals (GUO et al., 2014, SABHI and 

KIWI, 2001). 

 

Although the iron content of the catalysts increased with increasing microwave power from 600 

to 1200 W, a reducing trend was observed in the fraction of the surface covered by MB or 2-NP 

and MB and 2-NP degradation (Figure 8.1b and 8.2b). The addition of the scavengers to each 

experiment led to a further reduction in the degradation for both MB and 2-NP as microwave 
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power increases from 600 to 1200 W during catalyst synthesis. The addition of isopropanol 

scavenger produced decreases in MB degradation that were lower at lower microwave power and 

higher at higher microwave power. Identical to that, the addition of isopropanol scavenger 

produced a decrease in 2-NP degradation that was lower at lower microwave power and higher at 

higher microwave power. This result suggests that hydroxyl radical ( OH. ) production decreased 

with increasing microwave power. Since the fraction of the surface covered by MB reduced 

although the % iron content increased with microwave power, the decomposition of H2O2 by Fe2+ 

and Fe3+ (Eqs. (13-14)) becomes low due to low reaction rates. Benzoquinone addition was 

observed to reduce the MB degradation as the microwave power was increased. The addition of 

benzoquinone scavenger produced a decrease in  MB degradation that was higher at lower 

microwave power and zero at higher microwave power. In the same manner, surface covered by 

2-NP reduced although the iron content increased with microwave power, the decomposition of 

H2O2 by Fe2+ and Fe3+ (Eqs. (13-14)) becomes low due to low reaction rates. This also means that 

as the microwave power increases the (Eqn. 2) side chain reaction that is driving the degradation 

of 2-NP, hence there is a decrease in 2-NP degradation as the microwave power increases. 

Benzoquinone addition was observed to reduce the 2-NP degradation as the microwave power was 

increased from 600 to 1200 W. The reduction in MB degradation were from 59.9 to 58 % for 720 

W, 53.4 to 51.7 % for 840 W, 45.3 to 44.2% for 960 W and 45.3 to 45.3 % at 1200 W. The 2-NP 

decreased from 65.06 to 64.30 % for 600 W, 59.9 to 57.9 % for 720 W, 53.4 to 50.7 % for 840 W, 

45.3 to 40.9 % for 960 W and 45.3 to 40.1 % for 1200 W. This trend suggest that superoxide 

radicals produced increases with the increase in microwave power, this can also attribute to the 

lower 2-NP degradation as the microwave power increases from 600 W to 1200 W, since 

superoxide radicals has a lower oxidation potential as compared to hydroxyl radicals.
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Figure 8. 1: The relationship between degradation of MB with scavengers and without scavengers on the MB % degradation (a) mass 

of FeCl3 at 600 W used for catalyst preparation and (b) microwave power using 0.20 g FeCl3  
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Figure 8. 2: The relationship between degradation of 2-NP with scavengers and without scavengers on the 2-NP % degradation (a) 

mass of FeCl3 at 600 W used for catalyst preparation and (b) microwave power using 0.20 g FeCl3. 
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8.2 Catalyst resuse and leaching 

The PCP-AC-iron oxide catalysts prepared using different masses of iron precursor and at different 

microwave power were applied for MB and 2-NP degradation in three consecutive runs. Between 

each run, the catalyst was separated from the solution by filtration, washed with deionized water, 

and dried at 100°C in a vacuum oven overnight before reuse. Figure 8.3 and 8.4 show the 

degradation for the first, second and third cycle for samples prepared using different amounts of 

FeCl3 at 600 W and samples prepared using 0.20 g iron precursor at different microwave power.  

The results in figure 8.3a and 8.4a, shows that decreases were observed in the degradation for MB 

and 2-NP from the first to the third cycle for all samples and that iron oxide was leached out into 

the solution during the repeated cycles. Factors that may lead to these changes include (i) 

deactivation of the catalyst surface by adsorption of MB or 2-NP molecules and degradation 

products and (ii) oxalic acid molecules formed during catalytic degradation of MB or 2-NP causing 

leaching of iron oxide from the catalyst surface into solution (REY et al., 2009). For the set of 

samples in Fig. 9a, the fraction of the surface covered by MB, θL increased with the % iron content 

and this led a higher degradation of MB and 2-NP in solution. As MB and 2-NP molecules are 

degraded, the concentration of oxalic acid in solution increases leading to leaching of iron oxide 

from the catalyst surface (Fig. 9a).  

According to the XRF results, the percentage iron contents for the samples prepared using 0.01, 

0.05, 0.10, 0.20 and 0.30 g iron precursor were 0.3, 1.6, 2.1, 2.7 and 3.2 % respectively and the 

amount of iron leached into solution after three cycles were 0.02, 0.09, 0.35, 0.90 and 1.29 ppm of 

Fe was respectively for MB and 0.03, 0.1960, 0.2640, 0.5051, and 0.7749 ppm for 2-NP. 

Comparing the amount of iron leached for MB and 2-NP, during MB degradation it was observed 

that leached iron oxide leached more as compared to 2-NP degradation for all samples prepared 
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using different masses of the iron precursor. This can suggest that during degradation process of 

MB and 2-NP, formation of oxalic acid increased during the degradation of MB as compared to 2-

NP, this can also be supported by the degradation of MB and 2-NP, where it showed MB has a 

higher degradation than 2-NP. The levels of iron leached into solution were low as compared to 

the European Union permissible values of < 2 ppm (REY et al., 2009, XAVIER et al., 2015). 

Although the concentration of iron leached into solution was highest for the samples with 2.7 and 

3.2 % iron content, these samples also had the least reduction in degradation after the third run for 

both MB and 2-NP. This may be due to higher iron content and fraction of the surface covered by 

MB molecules, 
L  (active iron oxide sites) of these samples as compared with samples having 

lower 
L  values and lower % iron content. Although a high amount of iron oxide was lost by 

leaching, sufficient active sites were still available for degradation. Therefore, these samples are 

deemed to be better reusable and stable catalyst for heterogeneous Fenton reaction (ZHOU et al., 

2015).  

The effect of microwave power on the  MB degradation for samples prepared with the constant 

amount of iron precursor in the first, second and third cycle of degradation along with the 

concentration of iron oxide leached into solution is shown in Fig. 9b. The MB degradation was 

observed to increase as the fraction of the surface covered by MB, θL, increased and this led to a 

higher production of oxalic acid which produced a higher level of iron oxide leaching (REY et al., 

2009). According to the XRF results, the  iron contents for the samples prepared using microwave 

power of 600, 720, 840, 960 and 1200 W were 2.7, 3.2, 3.5, 3.6 and 3.7 % and the amount of iron 

leached into solution after three runs were 0.90, 0.82, 0.24, 0.13 and 0.12 ppm of Fe was 

respectively for MB and 0.5051, 0.3983, 0.2729, 0.1743, and 0.1069 ppm respectively for 2-NP. 

The result also suggests that the  iron content did not increase with a fraction of the surface covered 
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by MB or 2-NP, but as  iron content increased the reduction in  degradation in the third stage 

decreased. The reason for this observed trend may be due to the modification of the iron oxide 

nanoparticles in the activated carbon matrix by higher microwave power heating.  
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Figure 8. 3: The relationship between MB % degradation after three cycles along with the concentration of iron leached versus (a) 

mass of FeCl3 at 600 W used for catalyst preparation and (b) microwave power using 0.20 g FeCl3. 
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Figure 8.4: The relationship between 2-NP % degradation after three cycles along with the concentration of iron leached versus (a) mass 

of FeCl3 at 600 W used for catalyst preparation and (b) microwave power using 0.20 g FeCl3. 
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8.3 Degradation products for MB AND 2-NP 

Fenton oxidation process mainly involves the production of hydroxyl radicals from the reaction of 

Fe2+ and H2O2. These hydroxyl radicals are used to degrade the MB and 2-NP. However in the 

degradation of MB, decolorization of MB it does not mean the complete mineralization to non-

toxic molecules. MB is blue in color and leuco MB (LMB), the reduced form of methylene blue is 

colorless. LMB can be converted back to MB (BOKER et al., 2014, GNASER et al., 2005), hence 

it should be confirmed that the decolorization of the MB is not due to the formation of LMB.  

Studies of the products formed were performed by the Gas chromatography-mass spectrometry 

(GC/MS) to confirm the degradation intermediates as shown in figure 8.5-8.13. The peak at 284 

m/z in Figure 8.5 corresponds to the molecular ion of the undegraded MB. Figures 8.7a,b,c show 

the degraded MB, which shows the disappearance of the peak m/z = 284, which corresponds to 

MB (HOUAS et al., 2001), however it showed peaks at 270, 256 and 227 m/z which corresponds 

to azure B, azure A, and thionin respectively, due to the loss of methyl groups (RAUF et al., 2010, 

WANG et al., 2014). Azure B, azure A, and thionin could be further oxidized to form single ring 

molecules. In turn, they may have been subjected to further degradation, eventually leading to a 

ring opening and the formation of a series of aliphatic mono- and di-carboxylic acid. Among the 

carboxylic acids formed, malonic acid, oxalic acid, and formic acid were identified, which 

corresponded to 106, 91, 44 m/z  respectively (LIOTTA et al., 2009). The carboxylic acids can be 

further degraded to CO2, H2O, SO4
2- and NO3

- (HUANG et al., 2010). 

In the analysis of 2-NP, the undegraded 2-NP showed an intense peak at m/z = 139 which 

corresponds to the m/z of 2-NP in figure 8.10 (SAMUEL et al., 2014). However, with the degraded 

2-NP, the distinct peak at m/z =139 disappeared, with intense peaks at m/z = 44, 58, 91, 106 which 

corresponds to formic acid, acetic acid, oxalic acid and malonic acid respectively (LIOTTA et al., 
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2009). The study confirms that 2-NP was degraded by the Fenton-like oxidation process. The 

carboxylic acids can be further degraded to CO2, H2O, and NO3
- (DI PAOLA et al., 2003). The 

proposed reaction mechanism for MB and 2-NP was also shown in figure 8.9 & 8.13 respectively. 
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PURE METHYLENE BLUE 

 

 

Figure 8. 4: GC Spectrum for un-degraded MB 
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Figure 8. 5: Mass spectrum of un-degraded MB 
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METHYLENE BLUE DEGRADATION PRODUCTS  

 

Figure 8. 6: GC Spectrum for degradation products 
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Figure 8. 7: Mass spectrum of the degradation products of MB 
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Figure 8.7b: Mass spectrum of the degradation products of MB 
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Figure 8.7c: Mass spectrum of the degradation products of MB 
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Table 8. 1: GC retention time and mass to charge ratio for MB 

Retention time m/z Name 

77.79 284 Methylene blue 

61.552 270 Azure B 

 256 Azure A 

 236 Thionin 

3.69 106 Malonic acid 

 91 Oxalic acid 

 44 Formic acid 
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Figure 8. 8: Proposed reaction mechanism   for MB
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Figure 8. 9: GC Spectrum for the un-degraded 2-NP 
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Figure 8. 10: Mass spectrum for the un-degraded 2-NP 

 

 



 

163 
 

 

Figure 8. 11: GC Spectrum for the degradation products 
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Figure 8. 12: Mass spectra for the degradation products 
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Table 8. 2: GC retention time and mass to charge ratio for 2-NP 

Retention time (min) m/z Name 

6.71 139 2-nitrophenol 

2.840 106 Malonic acid 

 91 Oxalic acid 

 43 Formic acid 
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8.4 Conclusions 

The Fenton oxidation process mechanism is known to be driven by the hydroxyl radicals and the 

super oxides radicals also contributed to the degradation of MB and 2-NP. The catalytic stability 

was also tested, and it was observed that for all catalyst the degradation decreased from the first 

run to the third run for both MB and 2-NP due to leaching of iron oxide. The leached iron was 

found to be less that the permissible limit of 2 ppm in water. It was observed that MB and 2-NP 

were degraded to smaller carboxylic acid. Hence it can be confirmed that the catalyst prepared can 

be used in the Fenton oxidation to degrade recalcitrant organic molecules to smaller molecules. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

168 
 

8.5 References  

BOKER, V., KARMALI, R. & RANE, K. 2014. Comparison of degradation of methylene blue 

dye by ZnO, N doped ZnO and iron ore rejects. European Chemical Bulletin, 3, 520-529. 

DI PAOLA, A., AUGUGLIARO, V., PALMISANO, L., PANTALE, G. & SAVINOV, E. 2003. 

Heterogeneous photocatalytic degradation of nitrophenols. Journal of Photochemistry and 

Photobiology A: Chemistry, 155 207-214. 

GNASER, H., SAVINA, M. R., CALAWAY, W. F., TRIPA, E. C., VERYOVKIN, I. V. & 

PELLIN, M. J. 2005. Photocatalytic degradation of methylene blue on nanocrystalline 

TiO2: Surface mass spectrometry of reaction intermediates. International Journal of Mass 

Spectrometry, 245, 61-67. 

GUO, S., ZHANG, G. K. & WANG, J. Q. 2014. Photo-Fenton degradation of rhodamine B using 

Fe2O3-kaolin as heterogeneous catalyst: characterization, process optimization and 

mechanism. Journal of Colloid and Interface Science, 433 1-8. 

HOUAS, A., LACHHEB, H., KSIBI, M., ELALOUI, E., GUILLARD, C. & HERRMANN, J. M. 

2001. Photocatalytic degradation pathway of methylene blue in water. Applied Catalysis 

B: Environmental 31, 145-157. 

HUANG, F., CHEN, L., WANG, H. & YAN, Z. 2010. Analysis of the degradation mechanism of 

methylene blue by atmospheric pressure dielectric barrier discharge plasma. Chemical 

Engineering Journal, 162, 250-256. 

LIOTTA, L. F., GRUTTADAURIA, M., DI CARLO, G., PERRINI, G. & LIBRANDO, V. 2009. 

Heterogeneous catalytic degradation of phenolic substrates: Catalysts activity. Journal of 

Hazardous Materials, 162, 588-606. 



 

169 
 

LIOU, R. M., CHEN, S. H., HUNG, M. Y., HSU, C. S. & LAI, J. Y. 2005. Fe (III) supported on 

resin as effective catalyst for the heterogeneous oxidation of phenol in aqueous solution. 

Chemosphere, 59, 117. 

RAUF, M. A., MOHAMMED, A., MEETANI, M. A., KHALEEL, A. & AHMED, A. 2010. 

Photocatalytic degradation of Methylene Blue using a mixed catalyst and product analysis 

by LC/MS. Chemical Engineering Journal, 157 373-378. 

REY, A., FARALDOS, M., CASAS, J. A., ZAZO, J. A., BAHAMONDE, A. & RODRı´GUEZ, 

J. J. 2009. Catalytic wet peroxide oxidation of phenol over Fe/AC catalysts: Influence of 

iron precursor and activated carbon surface. Applied Catalysis B: Environmental, 86, 69-

77. 

SABHI, S. & KIWI, J. 2001. Degradation of 2,4-dichlorophenol by immobilized iron catalysts. 

Water Research, 35, 1994-2002. 

SAMUEL, M. S., SIVARAMAKRISHNA, A. & MEHTA, A. 2014. Bioremediation of p-

Nitrophenol by Pseudomonas putida 1274 strain. Journal of Environmental Health Science 

& Engineering., 12, 53. 

WANG, L., MEI, L., XING, X., LIAO, L., LV, G., LI, Z. & WU, L. 2014. Mechanism and process 

of methylene blue degradation by manganese oxides under microwave irradiation. Applied 

Catalysis B: Environmental 160-161, 211-216. 

XAVIER, S., GANDHIMATHI, R., NIDHEESH, P. V. & RAMESH, S. T. 2015. Comparative 

removal of Magenta MB from aqueous solution by homogeneous and heterogeneous 

photo-Fenton processes. Desalination and Water Treatment, 1-10. 

ZHAO, H., WANG, Y., WANG, Y., CAO, T. & ZHAO, G. 2012. Electro-Fenton oxidation of 

pesticides with a novel Fe3O4@Fe2O3/activated carbon aerogel cathode: High activity, 



 

170 
 

wide pH range and catalytic mechanism. Applied Catalysis B: Environmental 125, 120-

127. 

ZHOU, G., CHEN, Z., FANG, F., HE, Y., SUN, H. & SHI, H. 2015. Fenton-like degradation of 

Methylene Blue using paper mill sludge-derived magnetically separable heterogeneous 

catalyst: Characterization and mechanism. Journal of Environmental Sciences, 35, 20-26. 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

171 
 

CHAPTER 9: CONCLUSIONS AND RECOMMENDATIONS 

9.1 Conclusions 

There have been efforts by researchers to synthesize heterogeneous Fenton catalyst that is cost 

effective. The current synthesis of the heterogeneous Fenton oxidation catalyst has shown to be 

time and energy constraining. The main aim of this study was to prepare non-toxic and low-cost 

heterogeneous Fenton oxidation from iron oxide catalyst supported on activated carbon produced 

from an agricultural waste via microwave synthesis for the Fenton oxidation of 2-nitro phenol and 

methylene blue.  

The characterization results showed a successful synthesis of the PCP-AC-Iron oxide catalyst by 

microwave single step synthesis, as it was shown by FTIR, XRD, EDX, XPS, SEM, elemental 

mapping, iodine and methylene blue number. The catalyst synthesized at 600 W with 0.20g of the 

iron precursor was observed to produce the moderate amount of micropores and mesopores, as it 

was also shown the SEM images, IN and MBN. The elemental mapping also showed the high 

dispersion of iron oxide on the surface of the support, hence the optimum synthesis conditions 

were found to be at 600 W microwave treatment using 0.20 g of the iron precursor. The XPS 

showed the iron oxide formed on the surface of the support was found to be Fe2O3, with an average 

size of 1.72 nm as shown by the TEM. It can be concluded that both the iron precursor and 

microwave power had an effect on the porosity, thermal stability, chemical composition and 

dispersion of iron oxide on the surface of the support material. 

The catalyst prepared at 600 W with 0.20g of the iron precursor was then applied in the degradation 

of 2-NP and MB. The experimental parameters were successfully optimized. The optimum 

conditions that gave the highest degradation efficiency were, for the volume of hydrogen peroxide 
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was found to be 20 ml at pH 7, a catalyst dose of 0.2 g, stirring speed of 500 rpm, initial 

concentration of 100 mg/l and temperature of 26 oC. The lowest temperature was chosen as the 

operating temperature to energy conservation. The results also showed that when using the PCP-

AC-Iron oxide for the degradation of 2-NP and MB lowered the activation. Both MB and 2-NP 

showed similar degradation trend. 

The degradation kinetics were also fitted to the pseudo-first-order, pseudo-second-order, and 

Langmuir-Hinshelwood models. The coefficient of determination and the percent variable error 

methods were used to determine which kinetic model gave the best fit. The data fitted the pseudo-

second-order model, implying that the degradation of 2-NP and MB are surface reaction driven. 

Therefore Langmuir-Hinshelwood model was fitted since in order for the Langmuir-Hinshelwood 

model to be applied the data has to fit the pseudo-first-order model. It was observed that both the 

values of surface degradation constant, k, and Hinshelwood adsorption constant, KL, increased as 

the amount of iron precursor applied for catalyst preparation increases, suggesting an increased 

surface degradation.  However as the microwave power increases from 600 to 1200 W both the 

values of surface degradation constant, k, and Hinshelwood adsorption constant, KL decreases, 

suggesting the degradation of methylene blue is more likely to take place on the solution. It was 

observed that for any particular mass of iron precursor applied for the catalyst preparation, the 

fractional surface coverage, θL, increased with initial MB concentration, thus increasing the rate. 

However as the microwave power increases the fractional surface coverage, θL, decrease, hence 

the decrease in rate constant was observed. 

The thermodynamics parameters were also studied for the degradation of 2-NP. For the Fenton 

oxidation process of  2-NP, an increase in the temperature was observed to increase the degradation 

rate constant. However, an increase in mass from 0.01g to 0.20g showed to have increased rate 
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constants, spontaneity and the degree of randomness also decreased activation energies and 

enthalpy change which were endothermic. This implies that the feasibility of the reaction increase 

with an increase in mass of FeCl3. However a further increase in mass of FeCl3 could not further 

increase the feasibility and catalytic activity. Coupled with that, when microwave power increases 

from 600 to 1200 W the decreased rate constants, spontaneity and the degree of randomness also 

increased activation energies and enthalpy change which were endothermic. As a result decreasing 

the feasibility as the microwave power increases. Hence it can be concluded that the catalyst to 

give high feasibility and high catalytic activity should be prepared at a microwave power of 600 

W with a mass of 0.20 g FeCl3. 

Fenton oxidation process mechanism, catalyst leaching and degradation products were studied. 

The Fenton oxidation process mechanism was found to be driven by the hydroxyl radicals and the 

super oxides radicals also contributed to the degradation of MB and 2-NP since the addition of 

isopropanol and benzoquinone resulted in the reduced degradation percentage of 2-NP and MB. 

The catalytic stability was also tested, and it was observed that for all catalyst the degradation % 

decrease from the first run to the third run for both MB and 2-NP due to leaching of iron oxide. 

The leached iron was found to be less that the permissible limit of 2 ppm in water. The Fenton 

oxidation process by the synthesized PCP-AC-Iron oxide composite showed to degrade MB and 

2-NP to smaller carboxylic acid. Hence it can be confirmed that the catalyst prepared can be used 

in the Fenton oxidation to degrade recalcitrant organic molecules to smaller organic molecules. 
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9.2  Recommendations 

This work describes the preparation and application of PCP-AC-Iron oxide on the heterogeneous 

Fenton oxidation of MB and 2-NP. Future works may explore using different size of the pine cone 

powder (smaller) as it may produce the PCP-AC-Iron oxide composite that has an increased 

surface area. Also exploring the use of different iron salt as a chemical activator and source of iron 

oxide, which may result in the PCP-AC-Iron oxide composites with different characteristics. The 

pre-treatment of the pine cone powder can be explored to remove the organic oils and resin acids 

in the carbonaceous material. For the application of the PCP-AC-iron oxide on the Fenton 

oxidation process, the degradation to be monitored with HPLC or TOC analyzer, especially for 

nitrophenols since they are colorless at low pH. And also the degradation products should be 

analyzed by HPLC-MS or LC-MS, since GC-MS requires volatile smaple. 

 


