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ABSTRACT 

Iron oxides are conventionally used as heterogeneous Fenton catalysts because of their 

abundance, ease of separation, affordability, and applicability in broad pH range. This is 

especially reported for magnetite due to the presence of Fe
2+

 cations in its structure.

However, the magnetite-catalyzed Fenton reaction has lower reaction rate compared with 

the homogeneous reaction, which led to the introduction of transition metal-substituted 

magnetites. Previous studies focused mainly on the fourth series transition metals of the 

periodic table, and there have not been any comprehensive study on the effects of the 

transition metals from period five on the structure and activity of magnetite in Fenton 

process. Therefore, the present study synthesized a series of single, and co-doped 

niobium and/or molybdenum substituted magnetites by co-precipitation method prior to 

characterization. The amount of Nb and Mo incorporated in the samples were: Fe3-

xNbxO4 (x = 0.022, 0.049, 0.099, and 0.19), Fe3-xMoxO4 (x = 0.028, 0.069, 0.13, and 

0.21) and Fe3-x-yNbxMoyO4 (x = 0.025, 0.049, 0.099, 0.149, and 0.171; y = 0.094, 0.089, 

0.073, 0.032, and 0.023). All samples maintained the inverse spinel structure and 

magnetic property. The imported Nb
4+

 and Mo
4+

 mainly replaced the octahedral Fe
3+

 and

Fe
2+

 cations, respectively. Higher Nb and Mo content decreased the crystal size

significantly with concomittant increase in specific surface area, resulting in higher 

adsorption capacity of the catalysts. Subsequently, the activity of the synthesized samples 

was tested through the Fenton-like reaction for degradation of a model wastewater 

(methylene blue solution, MB). The presence of transition metals significantly improved 

the degradation of MB, especially with higher Nb and Mo contents in which, complete 

MB removal was achieved within 180 min. This could be attributed to a combination of 

factors: (i) increased adsorption capacity of the samples evidenced by larger surface area; 

(ii) participation of thermodynamically favorable Nb
4+

/Nb
5+

 and Mo
4+

/Mo
6+

 redox pairs
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in regeneration of Fe
2+

 and 
•
OH radical generation, (iii) presence of oxygen vacancies 

serves as active sites on the surface of the catalysts, and (iv) direct involvement of 

peroxo-niobium complexes in MB degradation. Three catalysts, Fe2.79Nb0.19O4, 

Fe2.79Mo0.13O4 and Fe2.79Nb0.171Mo0.023O4, with the highest activity in the Fenton reaction 

were chosen, and used for treatment of MB and methyl orange (MO) solutions through 

the Fenton-like, UV/Fenton-like and US/Fenton-like reactions. The incorporated Nb and 

Mo significantly accelerated MB degradation in the US/Fenton followed by the UV-

B/Fenton and UV-A/Fenton reactions. However, UV-B/Fenton reaction was more 

effective in degrading MO compared to the other oxidation systems. Furthermore, MB 

adsorption on the surface of the samples was well described by pseudo-second-order 

model kinetics. In addition, MB oxidation through the Fenton reaction catalyzed by the 

Fe3-xNbxO4, Fe3-xMoxO4, and Fe3-x-yNbxMoyO4 samples was well described by the 

pseudo-first-order, zero-order, and pseudo-first-order kinetics, respectively. The amount 

of leached iron and incorporated transition metals were not significant in acidic condition 

and undetectable in neutral and basic solutions. The samples retained their catalytic 

efficiency after three recycles in Fenton process. The results proved that niobium and 

molybdenum substituted magnetites enhanced the Fenton oxidation of organic pollutants. 

Therefore this highlights the promising  potentials for treating recalcitrant effluents.  
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ABSTRAK 

Oksida besi lazimnya digunakan sebagai mangkin heterogen Fenton kerana kelimpahan, 

kemudahan pemisahan, kos yang berpatutan dan pengaplikasiannya di dalam julat pH 

yang luas. Ini yang terutamanya dilaporkan bagi magnetit kerana kehadiran kation Fe
2+ 

di 

dalam strukturnya. Walaubagaimanapun, tindakbalas Fenton termangkin magnetit 

mempunyai kadar tindakbalas yang lebih rendah berbanding tindakbalas homogen, yang 

membawa kepada pengenalan logam peralihan terganti magnetit. Kajian terdahulu 

kebanyakkannya memfokuskan kepada kajian logam peralihan bagi siri keempat di 

dalam jadual berkala, dan didapati tiada sebarang kajian yang komprehensif terhadap 

kesan logam peralihan daripada siri lima bagi struktur dan aktiviti magnetit di dalam 

proses Fenton. Maka, kajian ini mensistesis siri tunggal, dan Nb terdop bersama dan/atau 

Mo terganti magnetit melalui kaedah pemendakan bersama sebelum pencirian dijalankan. 

Jumlah Nb dan Mo yang digabungkan di dalam sampel adalah: Fe3-xNbxO4 (x = 0.022, 

0.049, 0.099, dan 0.19), Fe3-xMoxO4 (x = 0.028, 0.069,0.13, dan 0.21) dan Fe3-x-

yNbxMoyO4 (x = 0.025, 0.049, 0.099, 0.149, dan 0.171; y = 0.094, 0.089, 0.073, 0.032, 

dan 0.023). Semua sampel mengekalkan struktur spinel songsang dan sifat magnetik. 

Nb
4+

 dan Mo
4+

 masing-masing kebanyakkannya menggantikan kation oktahedral Fe
3+

 

and Fe
2+

. Kandungan Nb dan Mo yang tinggi mengurangkan saiz hablur dengan ketara, 

seiring dengan peningkatan luas permukaan tertentu, menyebabkan peningkatan dalam 

keupayaan penjerapan mangkin. Seterusnya, aktiviti sampel yang disintesiskan telah diuji 

melalui tindakbalas serupa-Fenton bagi penguraian model airsisa (larutan methyl biru, 

MB). Kehadiran logam peralihan menambahbaik penguraian MB dengan ketara, 

terutama dengan kandungan Nb dan Mo yang tinggi, di mana penyingkiran MB yang 

lengkap telah diperolehi dalam masa 180 minit. Ini mungkin disebabkan oleh gabungan 

beberapa faktor iaitu: (i) peningkatan keupayaan penjerapan sampel yang dibuktikan oleh 

luas permukaan yang lebih besar; (ii) penglibatan ciri termodinamik yang baik bagi 
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gabungan pasangan redoks Nb
4+

/Nb
5+

 dan Mo
4+

/Mo
6+ 

dalam penjanaan semula Fe
2+

 dan 

penjanaan radikal 
•
OH.; (iii) kehadiran kekosongan oksigen berfungsi sebagai ruang aktif 

pada permukaan mangkin; dan (iv) penglibatan langsung peroxo-niobium complexes 

dalam penguraian MB. Tiga mangkin, iaitu Fe2.79Nb0.19O4, Fe2.79Mo0.13O4 dan 

Fe2.79Nb0.171Mo0.023O4, dengan aktiviti yang paling tinggi di dalam tindak balas Fenton 

telah dipilih, dan digunakan sebagai rawatan bagi MB dan larutan methyl orange (MO) 

melalui tindakbalas serupa-Fenton, UV/serupa-Fenton dan  US/serupa-Fenton. Gabungan 

Nb dan Mo mempercepatkan penguraian MB dengan ketara di dalam US/Fenton, diikuti 

tindakbalas UV-B/Fenton dan UV-A/Fenton. Walaubagaimanapun, tindakbalas UV-

B/Fenton lebih berkesan dalam penguraian MO, berbanding sistem pengoksidaan yang 

lain. Selain itu, penjerapan MB pada permukaan sampel telah dinyatakan melalui model 

kinetik pseudo peringkat kedua. Tambahan, pengoksidaan MB melalui tindakbalas 

Fenton yang dimangkinkan oleh sampel Fe3-xNbxO4, Fe3-xMoxO4 dan Fe3-x-yNbxMoyO4 

masing-masing telah dinyatakan melalui model kinetik pseudo peringkat pertama, 

peringkat sifar dan pseudo peringkat pertama. Jumlah besi terlarutresap dan gabungan 

logam-logam peralihan adalah tidak ketara di dalam keadaan berasid dan tidak dapat 

dikesan di dalam larutan asas dan neutral. Kesemua sampel mengekalkan kecekapan 

pemangkinan selepas tiga kitaran semula di dalam proses Fenton. Hasil kajian 

membuktikan bahawa Ni dan Mo terganti magnetit meningkatkan pengoksidaan Fenton 

bagi pencemar organik. Maka, ini menonjolkan potensi yang memberangsangkan bagi 

merawat efluen degil. 
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CHAPTER 1: INTRODUCTION 

1.1. Background  

Water pollution abatement and treatment of wastewaters carrying recalcitrant 

contaminants has been a major issue for decades. Recalcitrant compounds pose high 

resistance to microbiological degradation and may not be degraded readily by biological 

treatment methods (Alexander, 1975). A large number of pharmaceutical and 

agrochemical compounds are recalcitrant. Discharge of these recalcitrant compounds to 

the environment even in small quantities may eventually lead to accumulation in 

ecosystem (Knapp & Bromley-Challoner, 2003). Synthetic dyes are chemically stable 

organic pollutants that are difficult to be treated using conventional treatment 

technologies. This contributed to the contaminating water bodies with hundreds of 

organic dyes that are generally non-biodegradable (Dantas et al., 2006). To prevent their 

adverse effects, the attempt should encompass minimization of recalcitrant wastewaters 

from industries as well as improvement in treatment technologies such as Advanced 

Oxidation Processes (AOPs). Fenton process is a strong advanced oxidation process that 

has been successfully used for removal of recalcitrant organic contaminants. This 

process is the reaction between hydrogen peroxide as an oxidant and iron ions as 

catalyst to produce highly active species, mainly non-selective OH radicals with 

oxidation potential of 2.8 V, as shown in Eqs. 1-1 and 1-2 (Pignatello et al., 2006): 

2 3

2 2

3 2

2 2 2

(1 1)                                                                          

                                                                             

H O Fe Fe HO OH

H O Fe Fe HO H

   

   

   

   



(1 2)
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This process offers several advantages over the conventional methods such as simple 

equipment, high removal efficiency within a short reaction time and complete oxidation 

and mineralization of pollutants to innocuous byproducts under suitable operating 

conditions. The Fenton process initiated by heterogeneous Fe
2+ 

or Fe
3+

 compounds or 

other metals at low oxidation states such as Cu
2+

 and Co
2+

 is called Fenton-like reaction 

(Nichela et al., 2013). Fenton-like reaction is of slower rate compared to Fenton reaction 

(42-79 L mol
–1

S
–1

 vs. 0.01-0.002 L mol
–1

S
–1

).  

Homogeneous Fenton reaction using ferrous or ferric salts as iron source gives rise to 

rapid oxidation of probe molecules at considerably higher rate, due to unbound transfer 

of reactants in the reaction medium. The optimum pH value of 3 is accepted for 

homogeneous Fenton process in which the quantum yield of OH radical generation at 

this pH is the most (Benkelberg & Warneck, 1995). At higher pH values than optimal 

value and/or at high concentrations of H2O2 (> 1%), other non-hydroxyl radicals are 

also formed. These radicals are less active in oxidation of contaminants when compared 

to OH radical (Pignatello et al., 2006; Watts & Teel, 2006). Combination of Fenton 

reaction with external energy sources such as ultraviolet (UV) or ultrasound (US) has 

attracted great attention. In combined systems, the 
•
OH yield is higher than dark Fenton 

process or the utilized concentrations of Fenton reagents is low (Bagal & Gogate, 2014). 

On the other hand, there are number of drawbacks that accompanied homogeneous 

Fenton reaction. These limitations are (i) pH-dependence of the system (2.5-4.0) 

(Katsumata et al., 2005); (ii) formation of ferric hydroxide sludge at pH values above 

4.0, that leads to the decrease of catalyst in the solution (Diya’uddeen et al., 2015), 

decline in radiation transmission in photo-Fenton process (Faust & Hoigne, 1990; 

Tamimi et al., 2008) and sludge removal issue; (iii) difficulty in catalyst recovery 

(Pariente et al., 2008) and (iv) the cost associated with acidification and subsequent 

neutralization that may limit the use of homogeneous Fenton process at industrial scale. 
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Therefore, the use of heterogeneous catalysts has been put into perspectives by many 

researchers as a possible solution to overcome the shortcomings of homogeneous 

catalysis. In heterogeneous catalysts, iron is stabilized within the interlayer space of the 

catalyst’s structure and can effectively produce hydroxyl radicals from oxidation of 

hydrogen peroxide. This will enable pollutant mineralization under non-controlled pH 

condition and for contaminated sites with pH adjustment limitations and without iron 

hydroxide precipitation (Arora et al., 2010; Garrido-Ramírez et al., 2010; Usman et al., 

2012b). The intrinsic convenience of iron minerals such as natural prevalence, simple 

magnetic separation and low cost, make them valuable candidates for heterogeneous 

Fenton treatment of recalcitrant wastewaters. Iron oxides can operate at neutral pH 

without generation of ferric sludge and can be recovered and reused in Fenton reaction 

(Eq. 1-3): 

2 3

2 2
                                                          (1 3)

surf surf
Fe H O Fe OH OH

   
        

Amongst iron minerals, magnetite, Fe
II
O-Fe

III
2O3, has gained considerable interest in 

heterogeneous Fenton system due to its structural Fe
2+

 cations that are important for 

initiating Fenton reaction. The Fe
2+ 

cations occupy octahedral sites in which the 

catalytic activity of magnetite is chiefly attributed to the octahedral cations exposed on 

the surface of catalyst (Ramankutty & Sugunan, 2001b). The efficiency of magnetite 

catalyzed Fenton process for contaminants removal is less compared to soluble iron 

ions, because just a small fraction of iron cations are on the surface of catalyst (Xavier 

et al., 2013). Therefore, several studies put in practice to improve its activity through 

chemical modifications (Shijian Yang et al., 2009; Zhong et al., 2013). One type of 

modification is to substitute the iron species of magnetite with other active transition 

metals. Ever since the concept of transition metal substituted magnetite (TMSM) and 
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the changes in its physico-chemical properties was studied in 1950s (Bouet et al., 1992; 

Francombe, 1957; Robbins et al., 1971), their application in Fenton oxidation of 

recalcitrant organic compounds was frequently reported in the last decade (Costa et al., 

2003). This group of catalysts has attracted growing concern due to the stability of the 

active cations in magnetite structure and relatively simple and inexpensive production 

method. Therefore, they have the potential to be used for environmental remediation 

especially treatment of industrial wastewaters through Fenton reaction. Based on the 

literature reviewed, most of the previous studies on TMSM have dealt with the 

transition metals of the fourth series of the periodic table (Costa et al., 2006; Liang et 

al., 2012a; Magalhães et al., 2007; Moura et al., 2005; Nguyen et al., 2011). However, 

there have not been any comprehensive studies to assess the effects of substituting 

transition metals from period five on the properties and activity of magnetite in Fenton 

oxidation process. Additionally, though magnetite samples naturally enclose more than 

two metals in their structure, the effects of two or more transition metals substitution 

have rarely reported in literature (Liang et al., 2012b).  

1.2. Problem statement 

Although, heterogeneous catalysts could solve the pH and reusability limitations of iron 

ions in homogeneous Fenton system, but their efficiency for contaminants degrading 

through Fenton reaction is low. Modification in the number of heterogeneous catalysts 

such as the incorporation of other transition metals into the magnetite, towards high 

performances in Fenton reaction has been a subject of the recent research. 

Consequently, several studies is required to develop new transition metal substituted 

magnetite samples with stable structure and relatively high activity in Fenton reaction 

compared to pure magnetite while maintaining its magnetic property. In light of this and 
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considering that the studies on transition metals from period five and for more than one 

metal substitution are limited, the aim of the present study is defined as follows: 

1.3. Aim  

The aim of this work is to develop high efficient Fe-based heterogeneous catalysts for 

enhanced Fenton treatment of recalcitrant contaminants. 

1.4. Research objectives 

The present work intends to develop a series of heterogeneous catalysts through 

modification in magnetite structure. The main objective is to achieve higher adsorption 

capacity and enhanced activity in Fenton treatment of recalcitrant wastewaters. Hence, 

the objectives of this study are to: 

1. Identify, synthesis and  characterize a series of heterogeneous catalysts based 

on niobium and/or molybdenum substituted magnetite, which include: 

- Determining the changes in structure, physico-chemical properties and 

adsorption capacity of the magnetite.  

2. Evaluate the activity of the synthesized catalysts for oxidation of methylene 

blue through:  

- Heterogeneous Fenton reaction,  

- UV/Fenton-like and US/Fenton-like reactions  

3. Evaluate the activity of the selected synthesized catalysts for oxidation of 

methyl orange through:  

- Heterogeneous Fenton reaction,  

- UV/Fenton-like and US/Fenton-like reactions 

4. Determine the degradation kinetics of methylene blue through: 

- Heterogeneous Fenton reaction 

- UV/Fenton-like and US/Fenton-like reactions. 
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1.5. Scope 

The scopes of the present project are as below: 

1. Two transition metals from the fifth series of the periodic table will be selected 

based on their similarities in ionic radius and crystal structure to iron species; thus, 

they can theoretically replaced iron in the magnetite structure. 

2. In order to evaluate the effects of small substitutions on magnetite structure and 

activity, the maximum molar fraction of x=0.2 (Fe3-xMxO4) will be used for 

imported transition metal. This is also to prevent the leaching possibility of the 

incorporated metals to reaction medium or in a bigger scale, to receiving 

environment. 

3. Methylene blue is selected as a probe molecule to evaluate the activity of the 

synthesized samples through Fenton-like reaction, due to its recalcitrant nature and 

its application in the similar studies, thus inter-comparisons can be done. 

4. Methyl orange is selected to assess the activity of the selected catalysts for 

degradation of an anionic dye from azo compounds. Therefore, the activity of the 

samples will be evaluated for two different dyes with different adsorption 

characteristics. 

5. In addition to classic Fenton reaction, the activity of the selected catalysts will be 

assessed under the influence of UV and US irradiation combined with Fenton 

reaction. 

6. The stability of the synthesized samples will be examined in terms of the amount of 

leached structural transition metals into the reaction medium. The samples are 

considered as stable if the amount of leached metal is below 5% of its initial 

quantity in the structure of the sample.  
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1.6. Thesis organization 

This thesis consists of five chapters dealing with different aspects related to the topic 

and objectives of the research. 

CHAPTER 1: INTRODUCTION 

This chapter briefly introduces Fenton oxidation process and the limitations encountered 

with homogeneous Fenton catalysis. It also gives a concise introduction on a group of 

heterogeneous catalysts to overcome these limitations. Research problem statement, 

aim, objectives and scope of the study are also presented.  

CHAPTER 2: LITERATURE REVIEW 

This chapter presents a review on the Fenton reaction, its application for treatment of 

recalcitrant wastewaters, exclusively or combined with external energy sources, and the 

effects of the various treatment conditions on Fenton oxidation efficiency. 

Subsequently, a review on the synthesized transition metal substituted magnetite 

(TMSM) catalysts, their properties and applications for degradation of organic 

pollutants are presented. The valence and occupied sites, changes in physico-chemical 

properties, adsorption capacity and catalytic activity are discussed in detail in this 

chapter. Finally, a summary of the reviewed literature is given at the end of this chapter. 

CHAPTER 3: MATERIALS AND METHODS  

This chapter explains all the experimental and analytical procedures for the synthesis, 

characterization, and Fenton activity of Nb and/or Mo substituted magnetite samples. 

Details on raw materials, equipment, and other related procedures are also presented. 
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CHAPTER 4: RESULTS AND DISCUSSION  

This chapter presents results and data obtained from the laboratory experiments. In this 

chapter, the results are presented in three parts:  

4.1. Optimization of the Fenton reaction using Response Surface Methodology 

The first part of this chapter investigates the application of response surface 

methodology in optimizing the magnetite catalyzed Fenton-like oxidation of MB 

solution. The effects of the main operating parameters, i.e. the concentrations of H2O2 

and catalyst, reaction pH and time are assessed and optimized to achieve the highest 

color, COD, and TOC removal efficiencies of MB solution.  

4.2. Niobium and/or Molybdenum substituted magnetite catalysts: Characteristics 

and activity 

The main characteristics of the Fe3-xNbxO4, Fe3-xMoxO4 and Fe3-x-yNbxMoyO4 samples 

in terms of crystal structure, surface area, particle size, surface elements, and magnetic 

property are discussed in Part 2. The results regarding the adsorption capacity and 

Fenton activity of the synthesized samples for oxidation of MB solution are also 

presented in this part and the best catalysts with highest activity is accordingly 

introduced. 

4.3.Stability evaluation 

This part gives data and discussion regarding the stability, durability or reusability of 

the samples based on the amount of leached transition metals in various pH conditions 

and under the influence of UV and US irradiations. 
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4.4. Kinetics studies 

The last part of this chapter provides data and discussion on the kinetics of the MB 

adsorption and degradation through Fenton-like, UV/Fenton and US/Fenton reactions 

using selected synthesized catalysts.  

CHAPTER 5: CONCLUSION AND RECOMMENDATIONS 

This chapter provides a conclusion of the results and findings in this research and 

subsequently, recommendations are given for possible future research in this area. 
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1 CHAPTER 2: LITERATURE REVIEW 

 

The relationship between the topics discussed in the literature review, to identify the 

research problems/gap is summarized in the following diagram. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Literature review content and problem identification process 

 

2.1.Introduction to Advanced Oxidation Processes (AOPs) 

The rapid global economic growth has resulted in clean water crisis and environmental 

pollution since the industrial revolution. Literature indicates an increasing trend in 
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generation of wastewaters with recalcitrant characteristics from the many activities of 

industrial societies (Shukla et al., 2010). In most industries, conventional treatment 

technologies cannot produce effluents that meet water quality criteria and effluent 

limitation guidelines for recalcitrant pollutants. Traditional treatment techniques only 

succeed in contaminants transfer from liquid phase to solid phase (Nitoi et al., 2013; 

Shukla et al., 2010). Advanced oxidation processes (AOPs) are powerful methods for 

degradation of pollutants, due to their ability for removing almost any organic 

contaminant (Comninellis et al., 2008; Klavarioti et al., 2009; Klemenčič et al., 2012 ; 

Nichela et al., 2013; Nitoi et al., 2013; Wang & Xu, 2011). Glaze et al. (1987) defined 

AOPs as water treatment processes at near ambient temperature and pressure that 

produce very active radicals for degradation of pollutants. AOPs generally refer to a 

group of processes that cover O3 and H2O2 as oxidants with assistance of light, catalyst 

(e.g. Fe
2+

, Fe
3+

 and TiO2), ultrasonic insertion and/or thermal input (Gogate & Pandit, 

2004). There are several combinations such as Fenton (H2O2/Fe
+2

), UV/Fenton 

(H2O2/UV/Fe
+2

 ), sono/Fenton, peroxidation combined with UV light (H2O2/UV), 

peroxone (O3/H2O2), peroxone combined with UV light (O3 /H2O2/UV), O3/UV system, 

O3/TiO2/H2O2 and O3/TiO2/Electron beam irradiation (Babuponnusami & Muthukumar, 

2012; Bobu et al., 2012; Klavarioti et al., 2009; Zhou & Smith, 2002). These oxidation 

processes are cost-effective technologies and give rise to non-selective active species 

that oxidize a wide variety of non-biodegradable compounds. Fenton chemistry 

comprehensively explained in previously published reviews (Malato et al., 2009; 

Neyens & Baeyens, 2003; Pignatello et al., 2006) and the main equations were 

presented in introduction section. The existence of OH radicals in Fenton reaction was 

proven using spin-trapping experiments (Jiang et al., 1993). However, possibility of 

other mechanisms apart from free radical has also proposed because of captured 
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complexes between iron and H2O2 in Fenton reaction medium using optical absorption 

measurements (Kremer & Stein, 1959). 

Sonolysis is another example of AOPs in which sonochemical degradation of probe 

molecules occurs due to the released energy from the growth and collapse of cavitation 

microbubbles (Gong & Hart, 1998). This energy is reported as a possible reason for 

generation of highly active radicals such as 
•
OH, 

•
O2H and H

•
 in aqueous solutions 

containing H2O2 (Bagal & Gogate, 2014). On this basis, this technology has been 

introduced as a mean for degradation of environmental pollutants. However, the 

degradation efficiency of this method is low when applied alone (Bremner et al., 2008). 

Therefore, ultrasound (US) combined with other techniques has been established as a 

tool to increase its efficiency. Several studies have reported US combined Fenton 

reaction (US/Fenton) for treatment of various range of pollutants (Bagal & Gogate, 

2014). In this combination, the generated ferric ion from Fenton reaction (Eq. 1-1) can 

react with H2O2 and give rise to Fe(HO2)
2+

 complex that in turn regenerates ferrous ions 

under acoustic field () (Eqs. 2-1 and 2-2): 

3 2

2 2 2

2

2

2 •

2

  ( )                                                                   (2 1)

(                                                                          (2 2))

H

Fe HO

O Fe Fe HO H

Fe HO

  

 

   

  

 

UV/Fenton reaction is a combination of Fenton reagents and UV-Vis light that brings 

about additional OH radicals via (i) photo-reduction of ferric ions to ferrous ions (λ < 

580 nm) and  (ii) hydrogen peroxide photolysis at shorter wavelengths (λ < 310 nm) as 

shown in Eqs. 2-3 and 2-4 (Pignatello et al., 2006): 
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2 2 •

•

2 2

( )                                                                             (2 3)

2                                                                                        

Fe OH hv Fe OH

H O hv OH

 
  





       (2 4)

   

The photo-generated ferrous ions enter Fenton reaction to produce supplemental 

hydroxyl radicals. Consequently, UV/Fenton has higher oxidation rate compared with 

Fenton process (Ortega-Liébana et al., 2012). In addition to higher oxidation rate, there 

is a sizable drop in total iron utilization and sludge generation in UV/Fenton compared 

to Fenton reaction (Hermosilla et al., 2009). Furthermore, UV/Fenton using both solar 

or UV light, has significant effects on inactivating microorganisms in polluted water-

bodies for sustainable reuse for drinking and/or irrigation purpose. However, the 

efficacy of the process greatly depends on the microorganism present and the type of 

water under treatment (García-Fernández et al., 2012; Karaolia et al., 2014; Ortega-

Gómez et al., 2013; Polo-López et al., 2012). Several studies have been conducted to 

examine the effectiveness of UV/Fenton for degradation of various recalcitrant 

compounds. Table 2.1 provides an overview of the recalcitrant compounds degraded by 

photo-Fenton process and the mineralization efficiency of these chemical pollutants 

under studied optimum conditions. 
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Table 2.1 Photo-Fenton effectiveness in treatment of some organic compounds in recalcitrant effluents 

Compound 

Initial 

value 

(mg L
-1

) 

Operational condition 

Optimal performance References [H2O2] 

(mg L
-1

) 

Iron 

(mg L
-1

) 

pH 

- 

[Ox] 

(mg L
-1

) 

T 

(°C) 

Pharmaceuticals         

Pharmaceutical 

wastewater 
TOC0: 125 5250 55 3.0 325 32 

84% TOC removal within 115 min at H2C2O4:Fe
III

 

ratio of 3; 

(Monteagudo et al., 

2013) 

Penicillin G 
200 

 
680 55 3.5 - - 83.3% Pen-G degradation within 30 min, 

(Gogate & Pandit, 

2004) 

Amoxicillin  

Ampicillin Cloxacillin 

104 

105 

103 

H2O2/  COD 

1.5 

5.2 

5.25 

5.15 

3.0 - - 
Complete degradation within 2 min; COD and DOC 

removal of 80.8% & 58.4% at 50 min, 

(Elmolla & 

Chaudhuri, 2009) 

Amoxicillin 

Cloxacillin 

138 

84 

H2O2/COD 

2.5 

6.9 

4.2 
3.0 - - 

Complete degradation within 1 min; 89% s COD 

removal & complete nitrification with combined 

photo-Fenton–SBR 

(Elmolla & 

Chaudhuri, 2011) 

lincomycin(LCM) 

diazepam (DZP) 

25 

25 
170 11.17 - - - 

DOC removal of 65% for LCM and 80% for DZP 

within 60 min irradiation. 

(Bautitz & Nogueira, 

2010) 

hospital wastewater 
COD:H2O2:Fe

II
 

1:4:0.1 
3.0 - - 

Increasing BOD5/COD ratio from 0.3 to 0.52 and 

oxidation degree from −1.14 to +1.58 

(Elmolla & 

Chaudhuri, 2011) 

Amoxicillin 

 
50 120 2.8 

2.5-

2.8 
- - 

73-81% TOC removal after 240 min, AMX removal 

after 5-15 min using Fe-Ox and FeSO4 respectively 
(Trovo' et al., 2011) 

Nalidixic acid 45 300 
20 

 

2.6- 

2.8 
- - 15% DOC and 100 % NXA removal after 210 min. 

(Carla Sirtori et al., 

2011) 

dichlorodiphenylamin

e (DCDPA), 

Diclofenac sodium 

salt (NaDCF),   

meclofenamic acid 

sodium salt (NaMCF), 

each 5 10 
10 

 
3.5 - - 

99% DCF and MCF and 96% DCDPA degradation 

within 120 min; rate constant order of kDCDPA < kDCF 

< kMCF; 

(Miró et al., 2013) 

(continued on next page) 
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‘Table 2.1, continued’ 

Compound 

Initial 

value 

(mg L
-1

) 

Operational condition 

Optimal performance References [H2O2] 

(mg L
-1

) 

Iron 

(mg L
-1

) 

pH 

- 

[Ox] 

(mg L
-1

) 

T 

(°C) 

Pharmaceuticals         

Sulfamethoxazole 

[SMX] 
200 >300 10 2.8 - 25 

98% SMX removal,  BOD5/COD improvement 

from 0.0 to 0.3, 

2.4-79.9% TOC removal with H2O2 doses from 50-

1000 mgL
-1

 

(González et al., 

2007) 

Paracetamol 

 
157.5 200 20 - - - 

83.33% reduction in reagent cost, 79.11% reduction 

in costs of reaction time (from 3.4502 $ /m
3 
to 

0.7392 $ /m
3
). 

(Jordá et al., 2011) 

sulfadiazine(SDZ) 

sulfathiazole(STZ) 

25 

25 

 

170 

 
- 2.5 17.6 - 

complete degradation after 8 min irradiation, 92% 

and 90% mineralization of SDZ and STZ  after 42 

min of irradiation 

(Batista & Nogueira, 

2012) 

Mitoxantrone (MTX) 

 
31.11 640 30 3.0 

47.5 

 
- 

60%, 77% and 82% mineralization using Fe
2+

, Fe
3+

 

and Fe-Ox respectively within 140 min; 

(Cavalcante et al., 

2013) 

Agrochemicals         

Malathion 10 1000 25 3.0 - - 
malathion removal to desired level (0.1 mg L

-1
) after 

135 min, 

(Yanming Zhang & 

Pagilla, 2010) 

Diuron & Linuron 

 
TOC0: 50 202 15.9 2.8 - 25 

herbicides degradation within 60 min irradiation 

with UVA, 30% TOC removal by UV/Fenton alone  

& 87% by UV/Fenton- SBR. 

(Farré et al., 2006) 

Lindane (ɣ-HCH) 

 
1.01 1000 

125 

 
3.0 - - 

95% and 99.91% TOC removal after 2 and 4 h of 

irradiation. 
(Nitoi et al., 2013) 

Laition, Metasystox, 

Sevnol  & Ultracid 
each 50 100 20 2.8 - 30 

Up to 80% mineralization of the mixture after 45 

min, 31% DOC removal with only UV/Fenton 

within 140 min and 90% with UV/Fenton-SBR  

after 7h. 

(Ballesteros Martín et 

al., 2009) 

(continued on next page) 
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‘Table 2.1, continued’ 

Compound 

Initial 

value 

(mg L
-1

) 

Operational condition 

Optimal performance References [H2O2] 

(mg L
-1

) 

Iron 

(mg L
-1

) 

pH 

- 

[Ox] 

(mg L
-1

) 

T 

(°C) 

Agrochemicals         

Alachlor, atrazine, 

chlorfenvinphos,  

diuron, isoproturon, 

pentachlorophenol 

each 50 100 20 2.8 - - 
Degradation of the all pesticides into intermediates, 

90% TOC removal after <15 min. 

(Monteagudo et al., 

2011) 

Methomyl 20 34 28 3.0 - - 100% methomyl removal within 30 min, (Tamimi et al., 2008) 

linuron 

 
10 

13.6 

 
2.2 4.0 - 25 

Complete linuron degradation after 20 min, 90% 

TOC removal after 25 h with formation of chloride, 

nitrate and ammonium ions. 

(Katsumata et al., 

2005) 

Abamectin 

 
9.0 204 28 2.5 - - 

70% Abamectin degradation within 60 min, 60% 

mineralization after 180 min, 

(de Freitas Matos et 

al., 2012) 

metalaxyl 

 
150 80 2.0 2.8 - - 96.3% metalaxyl degradation after 180 min, 

(A. M. T. Silva et al., 

2012) 

Petroleum refinery         

oxalates 

formates 

182 

92 
1020 

[Fe
2+

] 

280 

[Fe
3+

] 

447 

3.9 - - 

faster degradation of formates than oxalates,  
1
EECTOC=15 (UV-C) = 1.30 €m

−3
 , EECTOC=15(UV-A) 

=2.37 €m
−3

; 

(Simunovic et al., 

2011) 

Sourwater from 

refinery plant 
- 4000 400 - - - 87% DOC removal with UV/Fenton within 60 min, (Coelho et al., 2006) 

diesel oil - 1700 5.6 3.0 - - 99% TOC removal within 30 min; (Galvão et al., 2006) 

Petroleum extraction 

wastewater 
1.6 16500 

0.93 

 
3.0 - - 

92% and 96% polycyclic aromatic hydrocarbons 

and aromatic removal within 7 h sunlight exposure, 

(da Rocha et al., 

2013) 

phenol 200 1080 5.0 3.0 10 - 
98% COD removal within 120 min, 90% phenol 

degradation at 10 min, 

(Y.-H. Huang et al., 

2010) 

(continued on next page) 
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‘Table 2.1, continued’ 

Compound 

Initial 

value 

(mg L
-1

) 

Operational condition 

Optimal performance References [H2O2] 

(mg L
-1

) 

Iron 

(mg L
-1

) 

pH 

- 

[Ox] 

(mg L
-1

) 

T 

(°C) 

Pharmaceuticals         

Phenol 100 > 18.2 % 
AMKC

2
 

2.23 g 
5.4 - - 99.15% phenol degradation within 5 min, (Ayodele et al., 2012) 

Xylene 15 5100 14.5 
2.5-

3.0 
- - 

94.5% xylene removal after 60 min, 100% TOC 

removal within 90 min. 

(S. S. da Silva et al., 

2012) 

Phenol DOC0 500 6400 22 3.0 - - 
95.1% DOC removal after 180 min under solar 

irradiation, 

(K. R. B. Nogueira et 

al., 2008) 

 

p-nitroaniline (PNA) 25 340.15 2.8 3.0 - 20 
>98% degradation efficiencies of PNA within 30 

min solar irradiation. 

(J.-H. Sun et al., 

2008) 

protocatechuic acid 

(PCA), 

p-coumaric acid 

(p-CA), 

gallic acid (GA), 

20 400 20 4.0 
60 

 

25–

39 

100% PCA removal within 4min, 100% p-CA 

degradation within 2min, 100% GA degradation 

(within 3min, 94% TOC removal after 194 min. 

(Monteagudo et al., 

2011) 

   EECTOC=15 : electrical energy costs required to achieve reference value of 15 mg C L−1 

    AMKC: acid modified kaolin clay supported ferric-oxalate catalyst 
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2.2. Effects of the main Fenton treatment conditions  

Amongst various factors that influence the Fenton oxidation effectiveness, the type and 

concentration of the contaminant, Fenton reagents, pH and temperature of the reaction 

medium are significant factors. Therefore, optimizing the reaction is very important to 

achieve better treatment results. In a number of studies, multivariate experimental 

design based on the response surface methodology, has been used to study the 

simultaneous effects of experimental variables on the response function (%COD or 

%TOC removal) instead of expensive and time-consuming classical techniques, 

(Monteagudo et al., 2013). Some other factors that influence degradation efficiency also 

reviewed at latter sections. 

2.2.1. Contaminant type 

The contaminant concentration is one of the important factors in Fenton process. 

Literature studies have clearly revealed that the increase in concentration of probe 

molecule has negative effects on its removal efficiency. This is due to the inner filtration 

effect related to high concentrations of absorbing molecules (Daneshvar et al., 2008). 

Consequently, it needs longer irradiation time and/or further magnification in Fenton 

reagents to supply adequate 
•
OH radicals into the reaction (Ayodele et al., 2012). For 

example, the increase in Diclofenac concentration from 10 to 80 mg L
–1 

has diminished 

photo-Fenton reaction rate and extended the mineralization time (Ravina et al., 2002). 

Similar results reported by Tamimi et al. (2008) for treatment of the agrochemical 

wastewater (methomyl) and by Ayodele et al. (2012) who conducted photo-Fenton for 

degradation of phenol using phosphoric acid modified kaolin clay supported ferric-

oxalate catalyst. Generally, at low concentrations of probe molecule, the removal 

efficiency at neutral condition is acceptable. For instance, treating wastewaters 

containing 15 and 6 emerging contaminants respectively has been carried out at 
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unchanged pH (Klamerth et al., 2010) or with neutral solar photo-Fenton (Bernabeu et 

al., 2012). The degrading of 15 emerging contaminants was successful at low 

concentrations of pollutants and Fenton reagents. Surprisingly, in the wastewater 

bearing 6 emerging contaminants, the degradation completed within 60 min of 

irradiation because of the lower concentrations of the pollutants. 

In a study by Saghafinia et al. (2011), the increase in initial concentration of Penicillin 

G in photo-Fenton, initially resulted in the increase in the removal percentage but a 

decrease in COD removal afterwards. This might be due to the higher amount of H2O2 

in reaction solution at start, which declined as the reaction continued. In another study, 

the increase in initial concentration of probe molecule from 100 to 250 and 500 mg L
–1

 

altered COD removal from 80.8% to 74.9% and 72.3%, DOC from 58.4% to 47.4% and 

33.2% and BOD5/COD ratio of 0.4 to 0.36 and 0.34 (Elmolla & Chaudhuri, 2009). 

From the results, the changes in COD removal and biodegradability values were 

insignificant even with 5 times increase in pollutant concentration due to the correct 

selection of the [H2O2] / [pollutant] ratio. 

2.2.2. Fenton reagents 

One of the main steps in Fenton treatment is to estimate the optimum doses of hydrogen 

peroxide and iron due to their direct effects on the degradation efficacy and operational 

cost (Heng et al., 2012; Primo et al., 2008). Correspondingly, the presence of both 

reagents at their most desirable concentrations is essential because of the importance of 

H2O2 concentration to determine quantitative degradation and iron dose for reaction 

kinetics (Chamarro et al., 2000). For example, phenol removal in the absence of H2O2 

was only 2.16% within 60 minutes of irradiation in the study conducted by Ayodele et 

al. (2012). That is because of the role of hydrogen peroxide in the generation of 
•
OH 

radicals (Batista & Nogueira, 2012; Deng & Englehardt, 2007; Ravina et al., 2002; 

Univ
ers

ity
 of

 M
ala

ya



 

 

 

20 
 

Tamimi et al., 2008). Application of solar light exclusively or with iron is also 

inefficient in degradation process because OH radicals or other active oxidative species 

are not generated in the absence of H2O2 (Monteagudo et al., 2011; Monteagudo et al., 

2010). On the other hand, addition of iron to the UV/H2O2 system resulted in complete 

removal of 3-chloropyridine within 120 min while the removal efficiency was only 7% 

within 170 min in the absence of iron, in the study conducted by Ortega-Liébana et al. 

(2012). Accordingly, the stoichiometric oxidation equation of the organic pollutant with 

H2O2 to carbon dioxide and water is written and the optimum molar ratio of the H2O2 

dosage to the organic compound concentration is determined. However, the amount of 

[H2O2]/[organic compound] used in previous studies has often been higher than the 

stoichiometric value, considering the effect of the other factors on H2O2 consumption. 

For instance, the presence of Cl
–
 ions is responsible for higher H2O2 intake for organic 

load removal (Carla Sirtori et al., 2011). In addition, chloride radicals (Cl
•
 and Cl2

•─
) 

also react with H2O2 and increase its utilization. Zhang and Pagilla (2010) reported the 

increase in degradation efficiency from 40% to 73% within 75 min of irradiation when 

the concentration ratio of [H2O2]: [malathion] increased from 50:1 to 100:1. However, 

additional concentrations of H2O2 decreases the removal efficiency mainly through (i) 

auto-decomposition of H2O2 to water and oxygen (Eq. 2-5) that is non-productive, and 

(ii) OH radical scavenging by hydrogen peroxide (Andreozzi et al., 1999) that produces 

less reactive HO
•
2 ions (Eq. 2-6) and at subsequent reaction with 

•
OH radicals, subverts 

the reaction rate (Eq. 2-7): 

2 2 2 2

• •

2 2 2 2

2 2                                                                                              (2 5)

                                                                        

H O H O O

H O OH HO H O

 

  

• •

2 2 2

           (2 6)

                                                                                       (2 7)HO OH H O O
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Similar assumptions were reported by Zhang and Pagilla (2010) for pesticide 

degradation, Batista and Nogueira (2012) for pharmaceutical wastewater treatment and 

Elmolla and Chaudhuri (2009) for degradation of the antibiotics using photo-Fenton 

system. In light of scavenging effect, successive addition of hydrogen peroxide 

promotes oxidation efficiency compared to single addition at start time (Primo et al., 

2008). Kang and Hwang (2000) used the following equation (Eq. 2-8) to determine the 

H2O2 effectiveness (η) for removing COD of landfill leachate: 

2 2

(%) 100                                                                     (2 8)
0.4706 [ ]

oxid
COD

H O
   



                                                           

where, the theoretically removable COD value of hydrogen peroxide, 1000 mg/l is 

470.6 mg/l, CODoxid is the COD removed by oxidation, and [H2O2] is the concentration 

of added peroxide. Accordingly, higher COD values require higher H2O2 doses. 

However, it is better to choose an optimum values, in order to achieve the higher 

degradation with lower cost. Teixeira et al. (2005) reported that H2O2 at low 

concentrations (10-50 mmol L
-1

) had negligible effect on degrading agrochemical 

wastewater using photo-Fenton. However, the effects significantly increased at higher 

concentrations of H2O2 (500 mmol L
-1

). On the other hand, the increase in H2O2 

concentration from 2500 to 10000 mg L
–1

 promoted the COD removal from 49% to 

78%, while doubled dosages did not enhance COD removal considerably (Primo et al., 

2008).   

Similarly, the increase in iron concentration contributes to higher organic content 

removal and process kinetics (Monteagudo et al., 2011; Zaror et al., 2008) considering 

the catalytic role of iron for H2O2 decomposition. Nonetheless, excess iron dosages 

brings about a number of difficulties such as higher TDS (Zhang & Pagilla, 2010), iron 

Univ
ers

ity
 of

 M
ala

ya



 

 

 

22 
 

sludge generation (Gogate & Pandit, 2004) scavenging of 
•
OH radicals (Wailling, 1975) 

and reduction in color removal efficiency because of possible interference of iron in 

color assessment (Heng et al., 2012). In a study, the rate constant of methomyl 

degradation using photo-Fenton increased considerably from 0.0736 to 0.175 min
–1 

when the amount of Fe
2+

 increased ten times (Tamimi et al., 2008). However, at higher 

dosages than optimum value, degradation rate decreased. That was due to the decline in 

UV-irradiation intensity caused by the production of Fe(OH)
2+

 in acidic medium and its 

strong UV- light absorption effect.       

Different sources of iron are used in Fenton process for different probe compounds 

(Nogueira et al., 2005); therefore, degradation efficiency varied in different studies. 

Oliveira et al. (2007) performed preliminary tests to compare ferrous ion (Fe
2+

), ferric 

nitrate (Fe
3+

) and Fe-Ox in photo-Fenton treatment of alkydic resins manufacture 

wastewater. The resulted COD removal was 40%, 18% and 17%. Bautitz and Nogueira 

(2010) compared the efficiency of iron nitrate and Fe-Ox in photo-Fenton treatment of 

pharmaceuticals wastewater. Ferrioxalate (Fe-Ox) yielded higher degradation compared 

to iron nitrate in all experimental conditions. In another study, although Fe-Ox had a 

better performance than ferrous sulphate (FeSO4) for amoxicillin (AMX) degradation by 

photo-Fenton, the toxicity of the solution increased with Fe-Ox due to the higher 

toxicity of the generated intermediates (Trovo' et al., 2011). Mitoxantrone ([MTX] 0.07 

mmol L
–1

) degradation by photo-Fenton using Fe
2+

, Fe
3+ 

or Fe-Ox (0.54 mmol L
–1

) and 

H2O2 (18.8 mmol L
–1

) resulted in respectively 60%, 77% and 82% mineralization 

(Cavalcante et al., 2013). TOC removal of 69.9%, 41.1% and 5% have been reported for 

ciprofloxacin solution (65 µmol L
−1

) within 10 minutes, using Fe-Cit, Fe-Ox and iron 

nitrate respectively (Perini et al., 2013). Higher performance of Fe-Cit and Fe-Ox could 

be contributed to their higher quantum yields for Fe
2+ 

generation at pH 3.0 (Faust & 

Hoigne, 1990). In addition, Fe-Cit showed lower pH-dependency in relation to other 
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studied sources in the study. Ferrous sulfate, on the other hand, was reported for better 

performance in photo-Fenton than ferrous chloride (Ortega-Liébana et al., 2012), due to 

scavenging effect of chlorine ions. It is noteworthy that the presence of iron in 

wastewater itself can be advantageous to Fenton oxidation process for wastewater 

treatment without anew iron addition (Vilar et al., 2012).  

In addition, optimum ratio of Fenton reagents, instead of their absolute dosages, has 

been determined in number of studies. Saghafinia et al. (2011) reported that the 

H2O2/Fe
2+

 molar ratio of 20 demonstrated higher penicillin G removal percentage 

(81.2%) with initial concentration of 200 mg L
-1

, where further decrease in the ratio did 

not enhance the pollutant degradation. This could be from the 
•
OH radical scavenging 

effect of iron at higher concentrations. Elmolla and Chaudhuri (2009) achieved the 

similar results when they examined different molar ratios of H2O2/Fe
2+

 for the treatment 

of pharmaceutical wastewater. Primo et al. (2008) obtained the highest COD removal of 

83% when they applied a Fe
2+

/COD mass ratio of 0.33. on the other hand, bigger values 

decreased the degradation efficiency due to various side reactions. 

2.2.3. PH of the reaction medium 

The main disadvantage often associated with homogeneous Fenton system is its pH 

dependency, in order to achieve the best degradation efficiency (Katsumata et al., 2005). 

This is a challenging issue especially in natural waters or highly buffered wastewaters. 

There is a concurrence in literature related to optimum pH being 2.8–3.5 (da Silva et al., 

2007; Farrokhi et al., 2004 ; Módenes et al., 2012; Tamimi et al., 2008; V. Kavitha & 

Palanivelu, 2004). The reason is that at pH values close to 3 the generation of the 

species with larger light absorption co-efficient and quantum yield for 
•
OH-radical 

production such as Fe(OH)
2+

(H2O)5 is high (Benkelberg & Warneck, 1995; Michael et 

al., 2012; Zhao et al., 2004). Frontistis et al. (2011) performed photo-Fenton initially at 
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effluent’s inherent pH of 8, but the removal efficiency was not satisfactory, pH was 

therefore altered to 3 in subsequent experiments. Similarly, Trovo' et al. (2011) reported 

negligible change in AMX initial concentration under photo-Fenton treatment at its 

natural pH of 6.2 after 360 min irradiation. However, the removal efficiency at pH 2.5 

in the absence of light was 64% and 74% after 90 and 330 min respectively. In this 

study, complete AMX removal was attained after 5 and 15 minutes using Fe-Ox and 

FeSO4, respectively. Interestingly, Luna et al. (2012) obtained desirable results from the 

degradation of phenolic compounds at neutral or alkaline pH values by photo-Fenton 

under the influence of high concentrations of chlorine ions (60.0 g/L). This is because at 

pH 3, the Fe
3+ 

complexation with chloride ions stabilized the iron species in the 

solution. Batista and Nogueira (2012) also obtained considerable degradation of 

sulfonamide antibiotics at pH 6 when they used 0.20 mM Fe-Ox for stabilizing iron 

species as complex.  

Both lower and higher pH values than optimum level affect the process performance 

negatively. PH values lower than 2.8 causes a considerable decline in the amount of 

•
OH radicals due to the scavenging effect of these radicals by H

+
 ions (Tang & Huang, 

1996) and formation of [Fe(H2O)]
2+

 ion which reacts with H2O2  at lower rate (Gallared 

et al., 1998; Shemer et al., 2006). In addition, lower pH prevents the interaction between 

Fe
3+

 and H2O2 (Pignatello, 1992). Another reason is H2O2 stability at pH below 3 via 

formation of H3O2
+
 that impediments the production of 

•
OH radicals (Chen et al., 2009). 

It is noteworthy that in a study conducted by Maldonado et al. (2007), pH adjustment 

was done at latter step due to lower solubility of probe molecule in acidic solutions. In 

their study, although a fraction of Fe
2+ 

was precipitated initially in the form of iron 

hydroxide, it was stopped by H2O2 addition and further pH adjustment at 3 to achieve 

higher mineralization efficiency. A decline in initial pH has also been observed in a 

number of experiments mainly due to the formation of more acidic intermediates from 
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probe molecule degradation (Farrokhi et al., 2004 ). Therefore, continuous pH 

adjustment is required in these cases.  

On the contrary, higher-than-optimum pH values also disturb Fenton efficiency through 

(i) prevention of H2O2 decomposition to generate 
•
OH radicals due to the deficiency of 

H
+
 ions (Wailling, 1975), (ii) accelerated decomposition of H2O2 to water and oxygen at 

pH values above 5 (Meeker, 1965), (iii) decline in oxidation potential of 
•
OH radicals 

(E0 = 2.8 - 1.95 V at pH = 0 - 14) (Kim & Vogelpohl, 1998), (iv) possible  generation of 

more selective ferric species other than 
•
OH radicals at pH above 5 (Hug & Leupin, 

2003) and (v) development of ferric oxyhydroxide (FeOOH) at pH above 4 that reduces 

degradation rate (Shemer et al., 2006). At pH values above 4, iron is precipitated as 

ferric hydroxide (Hermosilla et al., 2009; Katsumata et al., 2005; Nitoi et al., 2013; 

Tamimi et al., 2008) that leads to the decline in radiation transmission in photo-Fenton 

process (Faust & Hoigne, 1990). However, recent studies on iron adding strategies have 

demonstrated that dosing iron at different steps helps to improve reaction rate at neutral 

pH values to the level obtained at pH 2.8 (Carra et al., 2013). Despite difficulties such 

as ferric sludge disposal, catalyst depletion in the sludge and negative effects on the 

environment that are accompanied by the ferric precipitate generation at pH > 4, the 

produced hydroxide was used as flocculent for further COD removal (Xing et al., 2006). 

2.2.4. Temperature of the reaction medium 

A large number of studies related to Fenton process carried out at room temperature 

(González et al., 2007; Hermosilla et al., 2009; Monteagudo et al., 2011; Primo et al., 

2008). This is because of the thermal decomposition of H2O2 at temperatures above 50 

°
C (Muthukumari et al., 2009; Yip et al., 2005). In addition, due to H2O2 decomposition 

acceleration at basic pH values, the increment in temperature brings about a shift in 

optimum pH towards acidic values (Monteagudo et al., 2011). However, based on the 
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Arrhenius theory of the rate constants in relation to temperature, it is expected that the 

increase in temperature leads to higher generation of hydroxyl radicals from the increase 

in concentration of produced Fe(OH)
2+

 (Zapata et al., 2010). For instance, a meaningful 

change in phenol degradation efficiency from 87.21% to 97.46% was reported by 

Ayodele et al. (2012) when the temperature increased from 30 
ᵒ
C to 40 

ᵒ
C. In another 

study, complete mineralization of diclofenac was attained when the experiments were 

carried out at 50 
°
C (Ravina et al., 2002). However, the authors did not report any data 

regarding degradation efficiency at ambient temperature. Teixeira et al. (2005) reported 

a rapid decrease in COD at 50 
ᵒ
C rather than 30 

ᵒ
C using photo-Fenton that could be 

resulted from the increase in oxidation reaction rate of the organic pollutants. However, 

DOC degradation was insignificant at the employed temperature range. Katsumata et al. 

(2005) reported a slight improvement in linuron degradation efficiency within the 

temperature range of 10-40 
ᵒ
C. However, in a study conducted by Hermosilla et al. 

(2009) for treatment of landfill leachate, temperature range of 25-45 
°
C did not improve 

COD removal considerably. Although, experimental temperature of 40 
ᵒ
C has been 

found to be more effective in Fenton process, room temperature (20-25 
ᵒ
C) has often 

been used because it is practically applicable and able to decrease the operational cost of 

the system. However, photo-Fenton can be applied without a cooling step in industries 

generating wastewaters with a temperature ranges between 35-40 
°
C.  

2.2.5. Other factors 

2.2.5.1. Composition of reaction medium 

Besides the main operational conditions, there are several other factors that affect the 

efficiency of Fenton process. Amongst them is the composition of the treated water. 

Inorganic ions such as carbonates, bicarbonates, chlorides, fluoride, bromide, 
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phosphate, and sulphate may be present in water or generated via degradation process. 

Some of these ions may alter oxidation rate of Fenton reaction. The extent of the change 

in reaction kinetic depends on the type of ion and its concentration in the solution 

through one or combination of the following effects: (i) formation of Fe(III) complexes 

and lessening of the abundance and activity of iron species, (ii) generation of by-

products containing these ions that are in some cases more toxic and recalcitrant than 

parent compounds, (iii) 
•
OH-radical scavenging and generating of less reactive radicals 

than 
•
OH, (iv) reaction of generated radicals with hydrogen peroxide that decreases its 

availability in solution, (v) competition with organic compounds for active sites on 

hetero-catalysts, and (vi) effect on ferrous ion recovery (De Laat & Le, 2006; Devi et 

al., 2011; Klamerth et al., 2010; Luna et al., 2012; Micó et al., 2013; Ortega-Liébana et 

al., 2012; Sirtori et al., 2011). A comparative study was conducted by Sirtori et al. 

(2011) to check the effects of the different matrices on efficiency of photo-Fenton 

process in nalidixic acid (NXA) degradation. In this study, NXA was dissolved in 

demineralized water, saline water containing 5 g L
-1

 of NaCl and simulated industrial 

effluent. DOC removal of 86%, 73%, and 20% were reported after 92, 107, and 240 

min. The difference was probably due to the high concentration of chlorine ions that 

interfere in the main process through formation of chloride-Fe(III) complexes; 
•
OH 

radical scavenging by chloride ions
 
and generation of other species such as ClOH–, Cl

, 
 

Cl2
–. These radicals are of lower oxidation potential compared to 

•
OH radicals and 

decrease the amount of H2O2 and accordingly, OH generation accordingly (Eqs. 2-9 to 

2-13) (De Laat & Le, 2006). However, a considerable difference in NXA degradation at 

those water matrices has not been observed. That was attributed to the oxidation role of 

chlorine ions (Cl
•
 and Cl2

•─
) with oxidation potential of E0 (Cl/Cl

–
) = 2.41 V and E0 

(Cl2
–/2Cl

–
) = 2.09 V (Sirtori et al., 2009). 
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2                                                                        (2 13)Cl H O HO Cl H
  



    

                    

In contrast to the most reported results in literature, photo-Fenton degradation efficiency 

of a solution containing two pesticides, imidacloprid and methomyl, under high salinity 

conditions (up to 50 mS cm
−1

) was improved by existing chlorine ions (Micó et al., 

2013). However, it dramatically decreased TOC removal efficiency mainly due to the 

above-mentioned reasons (i and iii). Klamerth et al. (2009) reported that mineralization 

efficiency of 15 emerging contaminants by photo-Fenton was dependent on the type of 

water and the presence of CO3
2─

 and HCO3
─
. This is because carbonate ions fight with 

contaminants for 
•
OH radicals. Nonetheless, in their study, the process was independent 

on the pH of the solution and the initial concentration of utilized H2O2.  

Ortega-Liébana et al. (2012) examined the influence of chloride, sulphate and phosphate 

ions on photo-Fenton degradation efficiency of 3-chloropyridine. The effect of chlorine 

ions was found to be more than sulphate ions. The irradiation time for complete 

mineralisation of 3-chloropyridine in solutions containing chlorine and sulphate was 

respectively 170 and 120 min. In the case of phosphate ions, concentration of 2 mg L
–1

 

decelerated reaction rate; but at higher concentration (1 g L
–1

), insoluble ferric 

phosphate precipitation appeared within a few minutes of irradiation and prevented the 

reaction by catalyst removal and a decrease in light penetration into the solution.  
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Contrarily, increase in the amount of dissolved oxygen (DO) promotes pollutant 

removal in photo-Fenton system. It can be attributed to the partaking of oxygen in 

degradation reactions (Huang et al., 2010; Tolman & Barton, 1993). In addition, other 

oxidative species such as superoxide radical anion (O2
•−

) and its protonated form, 

hydroperoxyl radicals (HO2
) are also generated (Eqs. 2-14 and 2-15). However, their 

oxidation potential is very low compared to OH radicals (Miró et al., 2013; 

Monteagudo et al., 2013). Therefore, H2O2 consumption is decreased in higher DO 

concentrations (Rodríguez et al., 2011). It is noteworthy that DO monitoring during 

Fenton reaction has been used as an indicator for correcting continuous dosage of H2O2; 

in which the increase in DO concentration is a signal for H2O2 unproductive 

decomposition (Eq. 2-5) (Juanes et al., 2011). On the contrary, decontamination rate is 

decelerated in N2-saturated solutions because of the absence of oxygen in the reaction 

medium (Huang et al., 2010).  

2 3 •

2 2

• •

2 2

                                                                                          (2 14)

                                                                           

Fe O Fe O

O H HO

  

 

   

                           (2 15)

   

The presence of higher concentrations of dissolved organic matter (DOM) decreases 

degradation efficacy of probe molecules especially if the contaminants are at lower 

concentrations than DOM (Michael et al., 2012; Pignatello et al., 2006). This is because 

DOM competes with micropollutants for degradation and acts as OH scavenger. In 

addition, it decreases the amount of light penetration into the solution in photo-Fenton 

reaction. However, at lower concentrations, it has been reported that DOM in exited 

triplet state, indirectly assist photo-degradation of contaminants through production of 

singlet oxygen in the presence of light (Wenk et al., 2011) based on Eqs. 2-16 and 2-17 

(Doll & Frimmel, 2003): 
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1 * 3 *

3 * 1

2 2

                                                                   (2 16)

                                                                            (2 17)

DOM h DOM DOM

DOM O DOM O

   

   

 

Besides, generation of photoactive and soluble complexes of Fe (III)
 
and carboxylate or 

polycarboxylate groups in the presence of DOM prevents ferric hydroxide precipitation 

at neutral pH value (Cruz et al., 2012; Pignatello et al., 2006). However, DOM 

composition also plays a significant role. For instance, the inhibitory effect of DOM on 

degradation of endocrine disrupting compounds is higher in the fresh leachate compared 

to old leachate due to differences in their DOM composition (He et al., 2009).  

2.2.5.2. Chelating agents  

Despite the fact that Fenton process provides acceptable scores for contaminant 

degradation in acidic solutions, a large number of recent works have employed several 

inorganic or organic ligands such as EDTA, EDDS, oxalate, NTA, carboxymethyl β-

cyclodextrin (CMCD), tartrate, citrate and succinate, to improve its efficiency and to 

increase the oxidation rate of probe molecules (An et al., 2013; Huang et al., 2012; 

Klamerth et al., 2013; Xue et al., 2009b). The positive effects of these ions can be 

attributed to the following aspects: (i) having higher quantum yield of 
•
OH radical 

formation compared to other Fe(III)-complexes, (ii) promoting the reduction of ferric 

ion to ferrous ion and accordingly, regeneration of higher amounts of hydroxyl radical, 

as shown in Eqs. 2-18 and 2-19 (Duesterberg et al., 2005; Mulazzani et al., 1986):   

•

2 4 2 2 4 2 4

•

2 4 2 2 2 4

( ) ( )                (200 280)                        (2 18)

( ) ( )                                                   (2 19)

III II

II III

Fe C O h Fe C O C O

Fe C O H O Fe C O OH OH
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(iii) Promoting H2O2 activation and OH radical generation, (iv) enhancing the 

solubilization of lipophilic organic pollutants, (v) enhancing iron dissolution at neutral 

pH via photochemical reduction of Fe
3+

 to Fe
2+

 (Eq. 2-20), and (vi) being able to 

operate over wide range of the solar radiation spectrum (An et al., 2013; W. Huang et 

al., 2012; Panias et al., 1996; Xue et al., 2009b). 

3 (3 2 ) 2 2

2 4 2 4 2
2 ( ) 2 (2 1) 2      ( 580 )     (2 20)

n

n
Fe C O h Fe n C O CO nm    

         

An et al. (2013) compared the degradation efficiency of Methyl Violet ([MV]0: 60 

µmol/L) using BiFeO3 nanoparticles treated with either EDTA or NTA. Removal (%) of 

MV under various oxidation systems was in an ascending order as follows: BiFeO3/UV-

Vis (6% within 90 min) < EDTA-BiFeO3/H2O2 (25% within 30 sec) < EDTA-

BiFeO3/H2O2/ UV-Vis (90% within 30 sec). In this study, MV degradation rate constant 

in ligand- BiFeO3-H2O2-Vis system with EDTA or NTA was respectively 973 or 9.71 

times more than Fenton-like reaction (BiFeO3-H2O2), 128 or 1.90 times more than 

photo-Fenton like system (BiFeO3-H2O2-Vis) and 136 or 1.75 times more than ligand-

Fenton-like system (ligand- BiFeO3-H2O2). It is important to mention that the 

enhancement in Fenton oxidation rate depends on the initial concentration of the 

consumed ligand. For instance, oxalate addition at a molar ratio of oxalic acid to ferric 

ions ([Ox]/[Fe
3+

]) of 2 could improve phenol degradation greatly compared to other 

ratios (Huang et al., 2010).  

Xue et al. (2009b) reported higher degradation efficiencies when they used EDTA in 

homogeneous Fenton and oxalate in heterogeneous Fenton processes. It should be noted 

that some of the chelating ions might decrease the degradation efficiency in 

heterogeneous catalysis using iron minerals. This is due to the strong adsorption of the 

number of chelating ions such as EDTA to the surface of the catalyst and decrease for 
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active sites present on the surface for H2O2 degradation. Several researchers have 

explored this effect (Huang et al., 2013; Xue et al., 2009b). Regardless of this effect, 

heterogeneous Fenton has shown higher performance compared to conventional Fenton 

reaction at neutral pH and low concentrations of H2O2 (Huang et al., 2013). This is 

attributed to higher proportion of O2
– 

at pH values higher than 6.0 that improves 

regeneration of ferrous ions (Eqs. 2-21 and 2-22) and increases OH radical production 

accordingly (Wang & Xu, 2011).  

• •

2 2

3 • 2

2 2

                                                                                                     (2 21)

                                                              

O H HO

Fe HO Fe O H

 

  

  

                         (2 22)

 

2.3. Homogeneous vs. heterogeneous Fenton systems   

Iron species exist in the same phase with reactants in homogeneous Fenton reaction. 

Therefore, there is no mass transfer limitation. A large number of studies have been 

conducted successfully using iron salts in Fenton process for treatment of various 

recalcitrant wastewaters. Despite significant mineralization efficiency of homogeneous 

Fenton under optimum condition, a number of limitations are associated with the 

process. The main drawback is the formation of large quantity of ferric-hydroxide 

sludge at pH values higher than 4.0 (Hermosilla et al., 2009), that poses in adverse 

effects on the environment and waste disposal issues. In addition, regeneration of 

catalyst is not only impracticable but also large amount of catalytic metal is misplaced 

in the sludge. These limitations can be overcome to some extent by application of 

heterogeneous catalysts. This category of catalysts has gained growing concern in 

Fenton process as its effectiveness is maintained for wider range of pH. Iron is 

stabilized within the catalyst structure in heterogeneous catalysts and can effectively 

activate degradation of recalcitrant compounds without generation of ferric hydroxide 
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precipitation. Nevertheless, heterogeneous catalysis is of slower oxidation rate 

compared to homogeneous reaction due to the presence of a small fraction of iron on the 

catalyst surface (Punzi et al., 2012). On this basis, recent investigations have focused on 

the development of new hetero-catalysts with larger surface area and higher activities in 

degradation processes. Three possible mechanisms have been proposed for hetero-

catalysts action in Fenton processes: (i) iron leaching to the reaction solution and 

activating hydrogen peroxide through homogeneous pathway and/or (ii) decomposition 

of H2O2 to 
•
OH radicals by binding of H2O2 with iron species on the surface of catalyst 

or (iii) chemisorption of probe molecule on the catalyst surface (Arriaga et al., 2010; 

Punzi et al., 2012). 

Numerous heterogeneous catalysts have been used in Fenton reactions. Amongst them 

are iron minerals that are relatively less priced and can be separated magnetically from 

the reaction medium (Gonzalez-Olmos et al., 2012). Table 2.2 gives a number of 

examples on the application of heterogeneous catalysts in UV/Fenton-like reaction. The 

table exhibits the potential of heterogeneous catalysts for degradation of recalcitrant 

pollutants in solutions with neutral or unchanged pH values. Finally, it should be 

pointed out that heterogeneous Fenton‒like treatment of highly polluted wastewaters 

with low transparency is not practically efficient because of inner filtration effects 

related to large number of absorbing molecules and inhibition of photons absorption by 

Fe cations (Navalon et al., 2010). Univ
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Table 2.2: Heterogeneous Fenton catalysis for degradation of recalcitrant organic compounds 

Compound/ Initial 

amount 

(mg L
–1

) 

Catalyst Operational condition Optimal performance References 

[H2O2] 

(mg L
–1

) 

[H2O2] 

(mg L
–1

) 

[H2O2] 

(mg L
–1

) 

[H2O2] 

(mg L
–1

) 

[H2O2] 

(mg L
–1

) 

Methyl Violet 

(MV)/12.25 

 

BiFeO3 

 

680 50 5.0 25 > 420 49.8% MV removal within 120 min in the 

dark, increased degradation up to 92% within 

120 min in presence of light; 3.47 times 

increase in rate constants in photo-Fenton 

compared to Fenton. 

(An et al., 2013) 

Rhodamine B 

(RhB)/4.8 

 

BiFeO3 

 

340 50 5.0 25 > 420 70% RhB removal within 40 min in the dark; 

1.95 times increase in rate constants in photo-

Fenton compared to Fenton. 

(An et al., 2013) 

Phenol/ 

50 

Fe-zeolites 100 

 

20 

 

7.0 35 >290/ 

765 

100 % phenol degradation after 100 min of 

irradiation; 90% DOC removal after 80 min. 

(Gonzalez-Olmos et 

al., 2012) 

Imidacloprid/ 

50 

Fe-zeolites 100 20 

 

7.0 35 >290/ 

765 

≈98% imidacloprid degradation after 420 

min; 43% DOC removal after 800 min. 

(Gonzalez-Olmos et 

al., 2012) 

Dichloroacetic acid 

(DCAA)/50 

Fe-zeolites 100 20 

 

7.0 35 >290/ 

765 

65% DCAA degradation after 800 min; 63% 

DOC removal after 800 min. 

(Gonzalez-Olmos et 

al., 2012) 

Methylene blue 

(MB)/100 

LiFe(WO4)2 170 100 5.0 25 254 / 5 84% decolorization within 60 min. (Ji et al., 2011) 

polyacrylamide 

(PAM)/100 

Fe(III)–SiO2 200 100 6.8 - 254/ 94% PAM degradation within 90min;70% 

TOC removal within 180 min. 

(Liu et al., 2009) 

                    *AMKC: acid modified kaolin clay supported ferric-oxalate catalyst 
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2.4. Iron minerals as heterogeneous catalysts 

Iron oxides are abundantly available minerals present in the earth crust. Out of the 

sixteen known iron minerals (Cornell & Schwertmann, 2003), magnetite (Fe3O4), 

goethite (αFeOOH), maghemite (γFe2O3) and hematite (αFe2O3) are widely used in 

heterogeneous catalysis processes and have been attractive alternatives for remediation 

of polluted soil, groundwater and for wastewater treatment as well (Munoz et al., 2015; 

Yang et al., 2015). Different physico-chemical characteristics of these oxides make 

them more or less desirable for oxidative reactions. From these features, surface area, 

pore size/volume, the crystalline structure and surface characteristics have a crucial 

effect on their activity (Huang et al., 2001; Xue et al., 2009a). Moreover, in Fenton 

oxidation systems, structural Fe
2+

 content is influential (Xue et al., 2009a). These solid 

catalysts presented powerful potential for degradation of recalcitrant pollutants such as 

dyes and phenolic compounds (Table 2.3). 

 

Despite the fact that iron oxides provided acceptable scores for contaminant degradation 

in Fenton-like reactions with uncontrolled pH values, several works have put in practice 

to improve their efficiency and increase decomposition rate of probe molecules through 

some modifications in their structure. Thermal treatment of catalyst surface under H2 

atmosphere, for example, resulted in generation of Fe
II
 sites on the goethite surface and 

wherefore, enhanced the goethite efficiency significantly in Fenton reaction for 

quinolone degradation (Guimarães et al., 2008).  In this study, pure goethite/H2O2 

system did not perform similarly due to the presence of only Fe
3+

 ions on goethite 

surface and indicates that quinoline degradation occurred chiefly on Fe
II
 sites through 

OH radical generation route. 
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Table 2.3: Fenton degradation of recalcitrant organic compounds catalyzed by iron oxides 

Compound Catalyst Operational condition Optimal performance References 

  [H2O2] [Cat] [OX] pH T 

°C 

λ 

nm 

  

Phenol 

(0.1 mM) 

Magnetite/mesocellular 

carbon foam 

(Fe3O4/MSU-F-C) 

0.1 

mM 

0.1 

g L
–1

 

- 3.0 25 - 95% phenol degradation within 4 hrs. (Chun et al., 2012) 

Bisphenol A 

[BPA] 0.01 mM 

Magnetite/oxalic acid 0.5 

mM 

0.15 

g L
–1

 

0.2 

mM 

3.0 23–

25 

- Complete removal of BPA within ˂120 minutes 

with half-life of ≥ 15 minutes. 

(Xue et al., 2009a) 

Phenol 

(0.2 gL
–1

) 

Maghemite/ 

MCM-14 (MSFM) 

0,98 

mM 

5 

g L
–1

 

- 4.0 40 - TOC removal of 78% within 2h, decrease in 

TOC removal to 65% after 3 times recycle 

reaction. 

(Rodríguez et al., 

2009) 

Methyl red 

[MR] 50 μM 

Quartz/amorphous 

iron(III) oxide (Q1), 

quartz/maghemite (Q2), 

quartz/magnetite (Q3) 

quartz/goethite (Q4) 

H2O2/ 

Fe:  20 

- - 5.0 

& 

7.0 

20 - Higher oxidation of MR at pH 5.0 than 7.0, > 

99% MR sorption on catalyst surface within 2 h, 

highest degradation rate for Q4 (min
–1

) at both 

pH values. 

(Xia et al., 2011) 

Methylene blue [MB] 

100 mg L
–1

  

 (10 ml) 

Niobia/iron oxide 

composite 

2ml/ 

10ml 

30 

mg 

-  25 - ~90% discoloration using niobia:iron oxide 1:1, 

50% discoloration by niobia:iron oxide 1:5 

within 120 minutes. 

(Hanna et al., 2008) 

(continued on next page) 
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‘Table 2.3, continued’ 

Compound Catalyst Operational condition Optimal performance References 

[H2O2] [Cat] [OX] pH T 

°C 

λ 

nm 

Quinolone 

[Q]10 mg L
–1

 (9.9 ml), 

Cu
2+

/ goethite - 10 

mg 

- -  - Q degradation within 240 min via successive 

hydroxylations. 

Higher degradation rate compared to pure goethite. 

(Oliveira et al., 

2007) 

2-chlorophenol 

[H2O2] / [2-CP] 30-50 

Goethite - 0.5 

g L
–1

 

- 3.0 50 - 2-CP and TOC removal of 99% and 75% 

respectively within 6 hours. 

(Guimaraes et al., 

2009) 

Pentachlorophenol, [PCP] 

0.0375 mM 

Goethite 

and hematite 

- 0.4  

g L
−1

 

1.2 

mM 

 

- - < 

370 

68% PCP degradation in the hematite suspension 

and 83 % in the goethite suspension within 1h, 

minor PCP degradation under UV light and 

without oxalic acid, 

(Ortiz de la Plata 

et al., 2008) 

Pharmaceuticals  

[pharma] 420 ml,      each 

10 mgL
–1 

[TOC] 42 mgL
–1

 

Immobilized goethite 

 

H2O2/ 

TOC: 

5.8–

2.9 

0.05 g 

L
–1

 

- 3.0 25 

± 2 

- 100% degradation of the selected pharmaceuticals 

within 6 h, 12.5% and 21% TOC removal using 

H2O2/TOC mass ratio of 2.9 and 5.8 respectively 

(Lan et al., 2010) 

2,4,6-trinitrotoluene  

[TNT] 0.11mM 

 

Hematite, ferrihydrite, 

lepidocrocite, goethite, 

Magnetite, pyrite, 

green rust 

3% 

(w/v) 

2  

g/L 

- 7 - - 60% TNT removal with green rust (38.9% Fe II) 

followed by pyrite (46.6% Fe II) and magnetite 

(24.2% Fe II), very low TNT removal with 

ferrihydrite, lepidocrocite and hematite (Fe III 

bearing minerals). 

(Molina et al., 

2012) 

2,4,6-trinitrotoluene [TNT] 

0.11mM 

 

Magnetite  

[EDTA] 10 mM 

[CMCD] 5 mM,  

3% 

(w/v) 

 

5% 

(w/w) 

- 7 - - 25% TNT removal by magnetite without chelating 

agent, improved degradation up to 50% and 62% 

with EDTA and CMCD respectively 

(Matta et al., 

2008) 

(continued on next page) 
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‘Table 2.3, continued’ 

Compound Catalyst Operational condition Optimal performance References 

[H2O2] [Cat] [OX] pH T 

°C 

λ 

nm 

Sulfadiazine 

[SDZ] 20 mg/L (250ml) 

Goethite 0.5 

mM 

0.4 

g L
–1

 

4.0 

mM 

3.5 30 350 3%, 15% and 93% SDZ removal via UV, 

UV/goethite, UV/goethite/oxalate systems 

respectively after 40 min of irradiation. 

(Matta et al., 

2008) 

Chlorinated ethylenes 

(PCE, TCE, cis 1,2-DCE, 

trans 1,2-DCE, 1,1 DCE)  

& Benzene, toluene, ethyl 

benzene  in nonaqueous 

phase liquids (NAPLs) or 

aqueous phase 

[HC] 1.0 mM (250ml) 

Goethite 

(α-FeOOH) 

[HC] 1.0 mM (250ml) 

0.01 & 

0.5% 

 

0.22 g 

~ 4 g 

L
–1

 Fe 

4.0 

mM 

 

3.5 25 

± 3 

- Removal % of ethyl benzene> toluene> Benzene, 

Lower removal percentage for compounds with 

higher water solubility. 

(Wang et al., 

2010) 

Benzoic acids 

[BA] 50 mgL
–1 

Hematite-SBA-15 

 

162 

mgL
–1

 

0.6 g 

L
–1

 

- 3.1 27 

± 3 

365 100% BA removal and 87.9 % COD removal 

after 240 min, 93% H2O2 consumption, Efficiency 

CODabatement/H2O2consumed of 0.66. 

(Yeh et al., 

2008) 
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Chelating agents (CA), on the other side, can enhance degradation efficiency of iron 

minerals at near neutral pH (Xue et al., 2009b) via their positive effect on non-

reductive/reductive dissolution rate of iron oxide (X. Wang et al., 2008). Xue et al. 

(2009b) investigated the effect of EDTA, carboxymethyl β-cyclodextrin CMCD, 

oxalate, tartrate, citrate and succinate as CA with magnetite on pentachlorophenol 

(PCP) decomposition rate. All CA promoted iron-oxide dissolution amount and PCP 

oxidation rate. In spite of strong chelating ability of EDTA and its highest oxidation rate 

to other CA in homogeneous Fenton system, it represented lower efficiency than oxalate 

in heterogeneous Fenton system due to its strong binding to magnetite surface. Similar 

results were obtained by Lan et al. (2010) where heterogeneous photo-degradation, 

dechlorination and detoxification of PCP with goethite or hematite significantly 

bolstered up with 1.2 mM of oxalate due to the formation of Fe
III

 species (Fe(C2O4)3
3−

)  

and  Fe
II
 species (Fe(C2O4)2

–2
) with powerful photo-activity in both iron oxides 

suspensions. Interestingly, photo-degradation of these complexes generated 1.0 mgL
–1

 

and 2.4 mgL
–1 

hydrogen peroxide under the operational conditions of pH 3.5, [C2O4
2–

] 

1.2 mM and 0.4   g L
−1

 catalyst within less than 10 minutes of reaction time in goethite 

and hematite systems respectively that consequently, increased the PCP degradation 

through Fenton reaction. However, the oxalate concentrations above 1.2 mM decreased 

the degradation rate as a consequence of OH ion scavenging by oxalate. In another 

study, the catalytic performance of magnetite was improved by adding CMCD (Matta et 

al., 2008). This combination elevated the degradation of 2,4,6-trinitrotoluene TNT) 

three times more than only magnetite. 

Substitution of iron with other transition metal was reported that improves degradation 

effectiveness of iron oxides. There have been extensive studies on application of 

transition metal substituted magnetite (TMSM) due to the unique characteristics of the 
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magnetite. Therefore, this section is aimed to give an account of fundamental aspects of 

magnetite and its application for wastewater treatment through Fenton reaction in pure 

or modified form. In terms of transition metal substituted iron oxides (TMSIOs), 

valence and occupied sites, changes in physico-chemical properties, adsorption capacity 

and catalytic activity are discussed in detail in the following sections. 

2.4.1. Magnetite (Fe3O4) 

Magnetite is a spinel iron oxide with chemical formula of (Fe
3+

)[Fe
2+

Fe
3+

]O4 where Fe
3+

 

cations occupy equally both octahedral and tetrahedral sites and Fe
2+

 cations are placed 

only in octahedral sites . In Fenton process, magnetite has gained considerable attention 

than other iron oxides due to its unique characteristics; (i) It is the only most abundant 

iron oxide with Fe
II
 in its structure that improves hydroxyl radical production through 

Fenton reaction, (Munoz et al., 2015; Kwan & Voelker, 2003; Moura et al., 2005), (ii) 

The presence of octahedral sites in its structure that are mostly at the surface of the 

crystal and the catalytic activity are chiefly on account of the octahedral cations 

(Ramankutty & Sugunan, 2001a), (iii) The magnetically easy separation of magnetite 

catalysts from the reaction system as a result of its magnetic property (Ai et al., 2011; 

Chun et al., 2012; Costa et al., 2006), (iv) Production of more active systems by the 

modification in the physico-chemical properties of the magnetite through isostructural 

substitution of iron by different transition metals (Moura et al., 2005) and (v) Higher 

dissolution rate of magnetite compared to other iron oxides (Matta et al., 2008) and 

accordingly, higher electron mobility in its spinel structure (Litter & Blesa, 1992).  In 

consequence, magnetite has been frequently used in contaminant oxidation systems (Ai 

et al., 2011; Rodríguez et al., 2009; Usman et al., 2012b; Xue et al., 2009a; Yang et al., 

2009; Zhong et al., 2012). Usman et al. (2012a) conducted six set of oxidative 

degradation systems using soluble Fe
2+

 with H2O2 (homogeneous Fenton), H2O2 and 
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magnetite rich sand (heterogeneous Fenton-like), singular H2O2, magnetite and sodium 

persulfate, soluble Fe
2+

 and sodium persulfate and singular sodium persulfate to 

evaluate the effectiveness of magnetite catalysed oxidation system to other 

combinations in degradation of oil hydrocarbons. The resulted degradation was above 

80% by magnetite with both oxidants ending to inconsiderable by-products, while the 

oxidants represented minor degradation efficiency exclusively or even with 

homogeneous catalyst (10-15%).  

The investigation to compare catalytic activity of amorphous iron (iii) oxide, 

maghemite, magnetite and goethite mixed with quartz was carried out by Hanna et al. 

(2008) for methyl red degradation in presence of H2O2. The authors believed that the 

oxidation state of iron in the oxides has been the key parameter as Fe
II
 is superior to 

Fe
III

 in Fenton-like processes. In this study, magnetite exhibited highest rate constant 

normalized to surface area per unit mass of oxide (SSA) at neutral pH values and the 

rate constant according to pseudo-first order kinetic model for goethite was the highest 

at pH 5. However, their performance in Fenton-like oxidation and also for adsorption of 

selected dye was pH-dependence and higher at pH 5 than 7. 

In many instances, magnetite offered better performance than other iron oxides that 

might be due to the presence of Fe
II
 cations in its structure (Matta et al., 2008). 

Nevertheless, the higher Fe
II
 content than stoichiometric ratio in nano-sized magnetite 

could not increase phenol degradation considerably. The produced catalyst just 

expedited decomposition of H2O2 in non-productive manner that could be resulted from 

the OH radical scavenging by the surface of nanoparticle agglomerates of magnetite 

(Rusevova et al., 2012). 
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2.5. Transition metal substituted iron oxides  

Magnetite is a well-known iron mineral that have been used in synthesis of TMSIOs. 

Iron in the magnetite structure can be substituted isomorphically by other transition 

metals. The most common preparation method is co-precipitation of highly pure 

predetermined amount of ferrous and selected transition metal salts under N2 

atmosphere to avoid the oxidation of ferrous cations (Liang et al., 2012b; Yang et al., 

2009) that could be followed by thermal treatment at 400-430 
°
C (Costa et al., 2003; 

Costa et al., 2006; Lelis et al., 2004). Yang et al. (2009) presented the following set of 

reactions (Eqs. 2-23 to 2-26) involved in synthesis of Fe3–xTixO4 that were proposed by 

Sugimoto & Matijević (1980): 
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Table 2.4: Preparation method and characteristics of transition metal substituted iron oxide catalysts 

Heterogeneous Catalyst Characteristics Preparation method References  

Fe3-xCrxO4 (x = 0.00, 0.07, 0.26, 0.42 and 0.51) 

Fe3 O4,  

Fe2.93Cr0.07O4, 

Fe2.74Cr0.26O4,  

Fe2.58Cr0.42O4,  

Fe2.49Cr0.51O4, 

Spinel crystalline, replacing of Cr
3+

 by Fe
3+

oct and for higher Cr 

contents by Fe
2+

oct and Fe
3+

tet, substitution by Cr
3+ 

decreased the 

pore diameter from meso- to micropore with a significant 

increase on the BET surface area. 

 

conventional co-precipitation 

method 

(Magalhães et al., 

2007) 

Fe3-xTixO4 (x = 0.00, 0.20, 0.46, 0.71 and 0.98) 

Fe3 O4, 

Fe2.80Ti0.20O4, 

Fe2.54Ti0.46O4,  

Fe2.29Ti0.71O4,  

Fe2.02Ti0.98O4. 

well crystallized spinel structure,  

contains Ti
4+

 in octahedral sites, 

hydrophilic surface, Decrease in particle size (≈82 nm) and pore 

diameter plus significant increase in surface area along with the 

increase in Ti content,  

 

Precipitation-oxidation method (Zhong et al., 2012) 

Fe3-xMnxO4 (x = 0.21, 0.26 and 0.53) 

Fe3 O4, 

Fe2.79Mn0.21O4 

Fe2.74Mn0.26O4 

Fe2.47Mn0.53O4 

existence of the spinel phase, Mn
2+

 replacing mainly Fe
2+ 

in the 

octahedral site, i.e. [Fe
3+

]tetrahedral [Fe
3+

Fe1−x
2+

Mx
2+

]octahedralO4, 

phase transformation of magnetite to maghemite and hematite 

due to the presence of Mn.   

co-precipitation of the 

precursor ferric hydroxyl-

acetate 

containing the metals Mn 

(Costa et al., 2003; 

Costa et al., 2006; 

Oliveira et al., 2000) 

Fe3-xCoxO4 (x = 0; 0.19; 0.38 and 0.75) 

Fe3 O4,  

Fe2.81Co0.19O4, 

Fe2.62Co0.38O4,  

Fe2.25Co0.75O4,  

Existence of the spinel phase, Co
2+

 replaces mainly Fe
2+ 

in the 

octahedral site, , i.e. [Fe
3+

]tetrahedral [Fe
3+

Fe1−x
2+

Mx
2+

]octahedralO4, 

the increase in hyperfine magnetic field for the octahedral iron 

with increase in structural Co. 

 

co-precipitation of the 

precursor ferric hydroxyl-

acetate 

containing the metals Co 

(Costa et al., 2003; 

Costa et al., 2006; 

Lelis et al., 2004) 

(continued on next page) 
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‘Table 2.4, continued’ 

Heterogeneous Catalyst Characteristics Preparation method References  

Fe3-xNixO4 (x= 0; 0.10; 0.28 and 0.54) 

Fe3 O4, 

Fe2.90Ni0.10O4, 

Fe2.72Ni0.28O4,  

Fe2.46Ni0.54O4,  

Existence of the spinel phase, Ni
2+

 replacing mainly Fe
2+ 

in the 

octahedral site, i.e. [Fe
3+

] tetrahedral [Fe
3+

Fe1−x
2+

Mx
2+

]octahedral O4. 

 

co-precipitation of the precursor 

ferric hydroxyl-acetate 

containing the metals Ni 

(Costa et al., 2003; 

Costa et al., 2006) 

Fe3-x-x´TixVx´O4 

(x = 0.00, 0.40, 0.42, 0.54 and 0.69) 

(x´= 0.00, 0.03, 0.08, 0.13 and 0.32) 

Fe3 O4, 

Fe2.31Ti0.69O4, 

Fe2.43Ti0.54V0.03O4,  

Fe2.50Ti0.42V0.08O4 

Fe2.47Ti0.40V0.13O4 

Fe2.68V0.32O4 

Well crystallized spinel structure, occupancy of mainly octahedral 

sites by Ti
4+

 and V
3+

, no apparent effect of Ti-V on the magnetite 

structure, size: less than 100 nm, magnetic, higher adsorption 

activity of Ti-V magnetite catalysts than pure magnetite (more 

dependent on Ti than V), increase in specific surface area 

compared to Fe3O4,  

co-precipitation method (Liang et al., 

2012b) 

Fe3–xTixO4 (x = 0.00, 0.17, 0.23, 0.37, 0.50, 0.78) 

Fe3O4, 

Fe2.83Ti0.17O4,  

Fe2.77Ti0.23O4,  

Fe2.63Ti0.37O4,  

Fe2.50Ti0.50O4, 

Fe2.22Ti0.78O4, 

spinel structure, bigger lattice parameter than magnetite, average 

diameters of 120 nm, Ti
4+

 replacing mainly Fe
3+ 

in the octahedral 

site, Simultaneous increase in oxidation and transition temperature 

by increase in Ti content,  increase in surface area from 6.65 m
2
 g

-

1
 of pure magnetite to 20.7 m

2
 g

-1
 in titanimagnetite. 

new soft chemical method (Yang et al., 2009; 

Yang et al., 2009) 

Fe3-xVxO4 (x= 0.00, 0.16, 0.26, 0.34) 

Fe
2+

0.61Fe
3+

2.39O4 

Fe
2+

0.45Fe
3+

2.39V0.16O4 

Fe
2+

0.70Fe
3+

2.04V0.26O4 

Fe
2+

0.73Fe
3+

1.93V0.34O4 

V
3+

 mainly occupies the octahedral site (chiefly replaced Fe
3+

), 

the increase in vanadium content cause a decrease in the total Fe 

and Fe
3+ 

content, no apparent change in the average crystal size 

and surface area, increase in the superficial hydroxyl groups and a 

decrease in the temperature of maghemite–hematite phase 

transformation. 

precipitation–oxidation method (Liang et al., 2010) 

(continued on next page) 
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‘Table 2.4, continued’ 

Heterogeneous Catalyst Characteristics Preparation method References 

Fe3-xAlxO4 (x= 0.00, 1.48, 2.14, 5.49, 8.07 mol %) 

Fe3O4, 

Fe2.83Al0.17O4,  

Fe2.77Al0.23O4,  

Fe2.63Al0.37O4,  

Fe2.50Al0.50O4, 

Al
3+

 replacing mainly Fe
3+

, the increase in aluminum content cause a 

decrease in the particle size, no obvious change in porosity of the 

particles and their surface area, samples containing greater amounts of 

aluminum were overall less reactive than undoped samples,  

Co-precipitation method (Jentzsch et al., 

2007) 

CuxFe3−xO4 (x = 0.00, 0.2, 0.3) 

Fe3O4 

Cu0.2Fe2.8O4 

Cu0.3Fe2.7O4 

A single-phase cubic spinel structure of Cu0.2Fe2.8O4 in magnetite and 

Cu0.3Fe2.7O4, consists of a cubic spinel structure in magnetite and a 

hexagonal structure in hematite,  

mechanical alloying (Lee & Joe, 

2010) 

Fe2–xNbxO3 (% Nb = 0.00, 1.49, 5.00, 9.24) 

% Nb = 0.00 pure Hm,  

% Nb = 1.49: Hm-Nb2,  

% Nb = 5.00: Hm-Nb5,   

% Nb = 9.24: Hm-Nb10, 

Crystalline phase, partial replacement of Fe
3+

 by Nb
5+

, increase in the 

surface area with increase in Nb
5+

 content, decrease in  hyperfine field 

value in Hm-Nb2, production of superparamagnetic hematite with 

smaller particle size by increase in Nb content. 

conventional co-precipitation 

method 

(Silva et al., 

2009) 

Nb-hematite-maghemite 

(α-Fe2O3)-(γ-Fe2O3)-FeNb2O6 

Nb-NCBT: Nb- nanocomposite before H2O2 

treatment 

Nb-NCAT: Nb- nanocomposite after H2O2 

treatment 

Nb-NCBT : mainly constituted by maghemite, isomorphic replacement 

of Fe
3+

 by Nb
5+

, high value of saturation magnetization, lower value of 

the hyperfine field due to Nb substitution, retarding of maghemite 

transformation to hematite at 500
°
C. 

Nb-NCAT: significant structural disorder due to H2O2 treatment, 

mainly constituted by hematite, increase in hyperfine field value, 

decrease in particle size, decrease in saturation magnetization. 

Co-precipitation method (Silva et al., 

2011) 

(continued on next page) 
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‘Table 2.4, continued’ 

Heterogeneous Catalyst Characteristics Preparation method References 

Si-FeOOH 

Si/Fe (0.0, 0.1, 0.2, 0.33) 

 

amorphous structure, Fe–Si complex formation, decrease in particle 

size and increase in uniformity and surface area, formation of 

decentralized fibrous structure in the spherical surface of catalyst, 

higher stability of the catalyst at Si/Fe:0.2,  

 

Not mentioned (Yuan et al., 2011) 

Nb-goethite 

% Nb= 4,7 &11) 

% Nb = 0.00 pure Gt,  

% Nb = 4.0: Hm-Nb4,  

% Nb = 7.00: Hm-Nb7,   

% Nb = 11.0: Hm-Nb11, 

existence of a hexagonal crystalline phase in Gt and Nb4,increase in 

surface area and pore size along with decrease in particle size and 

magnetic order and loss of crystallinity in the goethite by increase in 

Nb content,  

 

Co-precipitation followed by 

thermal treatment at 60
°
C (72h) 

(Oliveira et al., 2008) 

Fe1−xNixOOH 

%Ni (0.1-10) 

hexagonal crystalline phase of goethite, decrease in the goethite to 

magnetite and metallic iron reduction temperature and increase in 

the specific surface area and pore diameter by increase in Ni
2+

 

content.  

Co-precipitation followed by 

thermal treatment at 60
°
C (72 h) 

(de Souza et al., 2010) 
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TMSIOs of other iron oxides were often prepared under air atmosphere (Alvarez et al., 

2006; Santos et al., 2001; Guimaraes et al., 2009) since they contain only Fe
III 

species. 

Meanwhile, the type and the amount of loaded transition metal, preparation method and 

the range of temperature affect the characteristics of the produced TMSIO (Table 2.4).  

Development of several catalysts through the incorporation of transition metal/metals 

into the magnetite structure has been well-documented. A large number of studies were 

reported the incorporation of the period 4 transition metals such as Ti (Liang et al., 

2012b; Yang et al., 2009; Zhong et al., 2012), V (Liang et al., 2012b; Liang et al., 

2010), Cr (Magalhães et al., 2007), Mn (Coker et al., 2008; Costa et al., 2003; Costa et 

al., 2006; Oliveira et al., 2000), Co (Coker et al., 2008; Costa et al., 2003; Costa et al., 

2006; Lelis et al., 2004), Ni (Coker et al., 2008; Costa et al., 2003; Costa et al., 2006), 

Cu (Lee & Joe, 2010), Zn (Coker et al., 2008) and other metals like Al (Jentzsch et al., 

2007) into the magnetite structure. The investigation on the recent studies indicates that 

such catalysts can be considered as modern promising heterogeneous catalysts capable 

of activating Fenton oxidation of recalcitrant compounds with or without the 

illumination of UV-Vis light.  

Hence, in relation to TMSIOs, the main aspects that are important to be considered are 

the valence and occupied site, the physical-chemical changes arisen from the 

incorporation, the changes in adsorption capacity of the catalyst and its catalytic activity 

for the target organic contaminant removal. 

2.5.1. Valence and occupied sites  

In most TMSMs, the structural iron species is replaced isomorphically with introduced 

cation. If so, the oxidation state of the imported transition metal is similar to the 

exchanged iron species or has one or two unit difference, in addition to having similar 

ionic radius. For instance, the substitution of octahedral Fe
3+

 by Cr
3+

 in Fe3-xCrxO4 with 
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similar ionic radius (64.5 vs. 61.5 pm) (Magalhães et al., 2007), Fe
3+

 by Nb
5+

 with the 

same ionic radius (64pm) (Oliveira et al., 2008), Fe
2+ 

by
 
Co

2+
, Ni

2+
 and Mn

2+
 (78 vs. 

74.5, 69 and 83 pm respectively) (Costa et al., 2006) or  Fe
3+

 by Ti
4+

 and V
3+

 in Fe3-x-

x´TixVx´O4 (64.5 vs. 60.5 and 64 pm) (Liang et al., 2012). Regarding those substitutions 

with unequal charges, as reported for Ti
4+

 (Zhong et al., 2012), Fe
3+

 replacement by Ti
4+

 

has been responsible for the reduction of the same amount of Fe
3+

 to Fe
2+

 on the basis of 

electrovalence equilibrium (Pearce et al., 2010). For the replacements in the absence of 

reduction, the structural dislocations would be adjusted by inducing oxygen vacancy 

(Moura et al., 2006) that is believed to be the active site for hydroxyl radical generation 

in Fenton oxidation reactions. However, the presence of UV irradiation also simulated 

the generation of anion vacancies (AV
*
) through the reduction of Ti

4+ 
to Ti

3+
 (Eq. 2-27) 

(Zhong et al., 2012): 

 4 2– 3 *

2
2   2  1 / 2                                                  (2 27)Ti O hv Ti O AV

 
      

As reported (Jacobs et al., 1994), the cations of octahedral sites are chiefly responsible 

for the catalytic activity and are about totally located on the surface of the crystal in the 

spinel structures. In TMSM, the imported cations are mostly located in octahedral sites 

(Costa et al., 2003; Costa et al., 2006; Liang et al., 2012b; Zhong et al., 2012) and in 

tetrahedral sites only if the concentration of imported active cation was very high 

(Magalhães et al., 2007). In a study conducted by Lelis et al. (2004), the imported Co
2+

 

cations occupied Fe
2+

 station not only at octahedral sites of magnetite spinel structure 

but it also octahedral coordination sites. In other iron oxides, the incorporated transition 

metal replaced Fe
III

 cations (Silva et al., 2011; Silva et al., 2009). For non-metal 

incorporations, the ion forms a complex with structural iron as reported by Yuan et al. 

(2011) for Si-goethite. 
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2.5.2. Physico-chemical changes  

 The imported transition metal may bring about remarkable changes in iron oxide 

physical-chemical properties such as the increase in surface area and/or a decrease in 

particle size in which are desirable for catalytic activities (Magalhães et al., 2007; 

Zhong et al., 2012). Table 2.4 gives data regarding the structural changes of various 

developed TMSIOs. The extent of the changes are found to be dependent on the 

preparation technique, type and the amount of the introduced metal and the nature of the 

occupied site (Costa et al., 2003; Costa et al., 2006; Lee et al., 2008; Lelis et al., 2004; 

Liang et al., 2013b; Liang et al., 2012b; Magalhães et al., 2007; Oliveira et al., 2000; 

Ramankutty et al., 2002; Zhong et al., 2012). However, the main structural phase of the 

iron oxide such as the spinel structure of magnetite is often kept unchanged after the 

incorporation. On the other hand, the change in oxidation temperature could have 

resulted in magnetite transformation to maghemite or hematite respectively at 270 
°
C 

and 600 
°
C of which at 600 

°
C the substituted metal was ejected from the hexagonal 

structure of the produced hematite in the form of a separate phase as summarized in 

Eqs. 2-28 and 2-29 (Magalhães et al., 2007):  

   

     

3– 4 2 3– 4

3– 4 2 3

 270                                            (2 28)

 600            (2 29)

x x x x

x x

Fe Cr O O C Fe Cr O maghemite

Fe Cr O maghemite C Fe O Hematite Cr oxide



 









  

    

 

Although Magalhães et al. (2007) reported a remarkable decrease in the discoloration 

rate and TOC removal by the increment in the amount of introduced Cr from Cr0.07 to Cr 

0.51, higher content of Cr resulted in thermal stabilization of the maghemite cubic 

structure. Oliveira et al. (2008) reported a raise in the temperature range for goethite to 

hematite transformation  concurrent increasing in Nb content (218 
°
C to 251 

°
C and 
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271
°
C in Nb7% and Nb11%). Similarly, Nb-hematite reduction at 500 

°
C resulted in the 

formation of magnetite but at higher temperatures, Nb was expelled from the structure; 

whereas the pure hematite reduced to metallic iron at 900 
°
C (Silva et al., 2009). 

Frequent reports from the characterization studies of this category of heterogeneous 

catalysts using Brunauer-Emmett-Teller (BET) surface area analysis represented a 

significant increase in surface area (Souza et al., 2010; Liang et al., 2012b; Magalhães et 

al., 2007; Oliveira et al., 2008; Silva et al., 2009; Zhong et al., 2012) that could be due 

to the decline in in their particle size and/or pore diameter (Silva et al., 2009). For 

instance, Fe
3+

 substitution by Cr
3+ 

in Fe3-xCrxO4 decreased the pore diameter from meso 

to micro-size resulted in a significant increase in surface area (Magalhães et al., 2007). 

Furthermore, the values of surface area for pure hematite and Fe2–xNbxO3 with %Nb of 

1.49, 5.00 and 9.24 were obtained respectively 11, 17, 34 and 42 m
2
g

–1
 (Silva et al., 

2009) and in Nb-goethite, it changed from 70 m
2
 g

–1
 for pure goethite to 78, 99, and 136 

m
2
 g

–1
 in Nb4%, Nb7% and Nb11%, respectively (Oliveira et al., 2008). However, in 

non-transition metals, Jentzsch et al. (2007) reported an unclear change in the surface 

area and porosity of the Al-magnetite particles.  

Apart from the catalytic characteristics, preserving the magnetic property after 

incorporation of a foreign-ion was also studied for its facile recovery from the reaction 

medium (Liang et al., 2012b). This is important especially for their practical 

applications in wastewater treatment at industrial scale. The magnetic property of 

magnetite is affected by the cationic pattern in tetrahedral and octahedral sites as well as 

the synthesis conditions (Lelis et al., 2004). In addition, the descent in particle size 

could also result in a rise in the magnetic order on the surface of the particles (Haneda 

& Morrish, 1988). As reported (Cornell & Schwertmann, 2003) the magnetic hyperfine 

field was affected by the isomorphically replacement of iron with other cations. It was 

observed that The Fe
2+

 replacement with Co
2+

 on octahedral sites resulted in an increase 
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in the internal hyperfine magnetic field of the site from 46.2 T of pure magnetite to 47.4 

T in Fe2.24Co0.75□0.01O4 along with increment in Co content but it stayed almost 

unaltered in tetrahedral sites (Lelis et al., 2004). Silva et al. (2009) reported a decrease 

in hyperfine field value in the hematite with Nb% of 1.49 due to the replacement of 

magnetic ion with non-magnetic one and disbalance in the electronic charges between 

Fe
3+

 and Nb
5+

 that came about vacancies in the catalyst structure. Moreover, higher 

concentrations of Nb (%Nb = 5 and 9.24) resulted in smaller sized superparamagnetic 

hematites. Similarly, substitution of iron in goethite with non-magnetic Nb resulted in 

the decrease in magnetic order of the catalyst by increase in the Nb content (Oliveira et 

al., 2008).  

In heterogeneous Fenton system using TMSIOs, the stability of the catalyst is a 

prominent factor from catalytic, environmental and economic viewpoints (Yang et al., 

2009). The stability is often measured by the magnitude of iron and incorporated ions 

leaching in the reaction medium. In stable catalysts, the concentration of dissolved iron 

and introduced ion/ions in the solution is below 5% concerning the initial iron content 

or is not detectable with iron measuring devices (Pariente et al., 2008). In this condition, 

the involvement of homogeneous Fenton process in the oxidation of organic pollutants 

is negligible (Costa et al., 2006) and the catalyst can be run for several times with 

insignificant decrease in its efficacy (Silva et al., 2009; Zhong et al., 2012). In addition, 

the incorporated transition metal is required to be stable in the cation leaching test to 

prevent probable pollution from their entrance to environment. Accordingly, iron-

leaching promoters are of concern for its effective action. Numerous factors control this 

rate, such as pH, temperature, irradiation source and intensity, contact time, type and 

concentration of oxidant and presence of other molecules in the reaction medium like 

carboxylic acids (Rodríguez et al., 2009; Rodríguez et al., 2009). The reaction between 

iron species and number of carboxylic acids produce ferricarboxylate complexes that 
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initiate oxidation process by adsorbing UV-A radiation with high quantum yield 

(Franch et al., 2004; Rodríguez et al., 2009). For example, carboxylate complexes of 

tartaric, malic, oxalic and citric acids are active in UV-A region but malonic acid 

complexes adsorb light under 320 nm. Moreover, succinic and maleic acids do not 

produce ferricarboxylate complexes and consequently, they do not have positive effect 

on contaminant oxidation (Rodríguez et al., 2009). Rodrίguez et al. (2009) reported that 

oxalic acid was the most effective carboxylic acid for iron leaching when compared 

with malic, citric and tartaric acids. The authors found that this effect was higher for 

magnetite in contrast to hematite. In addition, the UV-A/iron oxide/oxalic 

acid/H2O2/TiO2 oxidation system represented higher bisphenol A removal than other 

studied oxidation systems.  

2.5.3. Adsorption capacity  

Surface properties of hetero-catalysts determine their activity in the solution. The 

electrostatic interaction between the surface of the catalyst and the probe molecule is a 

very important factor and removal of probe molecule from reaction solution is mainly 

accounted by its adsorption on the surface of catalyst (Yang et al., 2009). Several 

factors such as pH, contact time, chemical properties, and initial concentration of 

contaminant affect the adsorption capacity of the catalyst (Ai et al., 2011; Hanna et al., 

2008; Liang et al., 2012b; Yang et al., 2009; Yuan et al., 2011). Amongst surface 

properties, basicity is an important factor that derives from the presence of hydroxyl 

groups on the catalyst surface. The completion of the ligand shell of surface Fe atoms 

results in Fe-OH groups on catalysts surface in which the surface adsorption is mainly 

governed by these groups (Sun et al., 1998). Accordingly, pH plays a significant role in 

catalytic behavior of iron oxides. One of the main parameters is the pH of point of zero 

charge (PZC), which is the pH that the surface charge of the iron oxide is zero or the 
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amount of FeOH2
+
 and FeO

−
 groups on catalyst surface is the same. Determination of 

the pHpzc is essential for understanding the effect of pH of the reaction solution on 

catalysts surface charge and consequently on its interaction with probe molecule. In 

magnetite, the main reactions that take place on the surface are protonation and 

deprotonation reactions (Eqs. 2-30 to 2-32). At pH values less than pHpzc, the surface of 

magnetite is positively charged and at higher pH values, it is negative (Petrova et al., 

2011): 

2

2

( ) ~  ( ) ~                                  (2 30)

( ) ~ ( ) ~                                       (2 31

~   ~                

)

 

pzc

pzc

Fe II III OH H Fe II III OH pH pH

Fe II III OH Fe II III O H pH pH

Fe OH OH Fe O H O

 

 

 

      

      

                                       ( )2 32

  

pzc
pH pH 

 

 The pHpzc of magnetite varies between 6.0 ‒ 6.8 in an aqueous medium and at room 

temperature in which the surface charge is of about neutral at this range (Cornell & 

Schwertmann, 2003; Sun et al., 1998). 

To achieve adsorption equilibrium, the organic contaminant and the heterogeneous iron 

catalyst are stirred together for a period of time (1-3 h) (Hanna et al., 2008). In a study, 

Liang et al. (2012b) conducted a set of experiments to develop two-metals-substituted 

magnetites with exertion of Ti
4+

 and V
3+

 cations to its spinel structure by co-

precipitation method. This incorporation improved the adsorption activity of magnetite 

in which all the Fe3-x-x´TixVx´O4 samples had higher saturated adsorbed amount than 

Fe3O4 with greater dependence on Ti
4+

 content than V
3+

. 

In UV/Si-FeOOH/ H2O2 system (Yuan et al., 2011), the surface charge of the catalyst 

and dimethyl phthalate (DMP) hydrolysis was found to be pH-dependence. Electron-
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donating groups in DMP induces negative charge to DMP at pH values higher than zero 

potential charge of Si–FeOOH (8.4) and on the other side, at pH<8.4, the surface of the 

catalyst is positively charged that is desirable for DMP adsorption. In this study, pH=5 

improved DMP removal by 10-15%. Eqs. 2-33 to 2-36 summarized the reactions 

involved in DMP degradation under UV irradiation: 

2 2 2

•

2

                                                      (2 33)

                                                          (2 34)

   

III III

III III

III III

Fe OH H O Fe OOH H O

Fe OOH h Fe O OH

Fe O H O Fe OH



     

      

    
•

•

2 2

                                                       (2 35

  intermediate products or                           

)

          (2 36)

OH

DMP OH CO H O

 

   

  

Under the influence of UV irradiation, both produced holes from Si–FeOOH 

semiconductor and the electron–hole pairs (e−– h
+
) could react with adsorbed hydrogen 

peroxide or 
–
OH anion and yield OH radicals. Moreover, other strong oxidizing species 

such as O2
–
 also were produced from the reduction of adsorbed O2 on the catalyst 

surface over conduction band electrons (Yuan et al., 2011).  

Yang et al. (2009) measured element C in the reaction solution to determine the total 

amount of the adsorbed probe molecule to the surface of Ti-magnetite catalyst. The 

amount of element C was utmost at time zero of the reaction. After degradation of 

adsorbed MB on the Ti-magnetite by H2O2, the degradation products desorbed from the 

catalyst. That was due to their lower electrostatic interaction at neutral pH values and 

consequently, the concentration of element C in the solution decreased. The results 

exhibited that the MB degradation with Ti-magnetite was pH-dependent and was low at 

neutral pH values. In this study, both adsorption and degradation could result in 

contaminant removal. 
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Silva et al. (2011) investigated the effect of pre-activating of the catalyst with H2O2 in 

its efficiency in Fenton reaction. In this study, H2O2-treated Nb-doped iron oxide 

catalyst, mainly comprised of hematite, maghemite and FeNb2O6, was characterized by 

peroxo groups (Nb-O-O) on its surface derived from the presence of Nb (Esteves et al., 

2008) that relatively promoted methylene blue discoloration (Silva et al., 2011). For 

non-treated catalyst, there was an aging time or delay in the degradation due to catalyst 

hydroxylation step (Fig. 2.2) (Ramalho et al., 2009). 

 

 
Figure 2.2: Oxidation of organic compound by peroxo group on the surface of Nb-iron 

oxide treated by H2O2 

 

2.5.4. Catalytic activity 

Review of the literature clearly revealed that the introduced active cation/cations 

changed the characteristics of the catalyst with respect to the active sites for enhanced 

pollutant degradation. Furthermore, the incorporated cations, directly involved in 

oxidation process via the conjugation of redox pairs and their efficient role in generation 

of active species. For instance, the presence of Cr in magnetite, Fe2.93Cr0.07O4, did not 

affect the catalyst’s surface area and size. Whereas, it improved the discoloration and 

oxidation rate considerably mainly because of the participation of Fe
3+

/Fe
2+

 and 

Cr
2+

/Cr
3+

 pairs in H2O2 oxidation cycle (Fig. 2.3) (Magalhães et al., 2007).  
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Figure 2.3: Proposed mechanism for the participation of Cr in Fenton reaction 

(Magalhães et al., 2007). 

 

 

The activity of TMSIO catalyst was evaluated by measuring the generated oxygen 

through hydrogen peroxide decomposition (Eq. 2-37), and/or oxidation of organic 

pollutants (Wie et al., 2015; Costa et al., 2006; Guimaraes et al., 2009; Hanna et al., 

2008; Liang et al., 2012b; Magalhães et al., 2007; Moura et al., 2005; Oliveira et al., 

2007; Yang et al., 2009; Zhong et al., 2012).  

                      

2 2 2 2
2  2                                                                               (2 37) H O H O O   

 

Not all the introduced transition metals intensify the activity of the catalyst. The 

incorporated Ni
2+

 species generally replaced Fe
2+

 cations in magnetite structure that are 

accountable for Fenton initiating step. On the other hand, Ni
2+

 ions are stable and cannot 

start the radical reaction; for that reason, its occupancy in magnetite structure had an 

inhibitory effect on H2O2 decomposition and methylene blue degradation reactions 

(Costa et al., 2006). 

2.5.4.1. H2O2 Decomposition 

In Fenton oxidation system, decontamination process commonly starts by generation of 

hydroxyl radicals through hydrogen peroxide decomposition on the surface of the 

TMSIOs catalyst as is for iron oxides (Eq. 2-38): 
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 1 • –

2 2
                                                          (2 38)

nn

surf surf
M H O M OH OH

 
        

On the other side, the occurrence of mechanisms other than radical generation comes 

into play when the presence of radical scavengers such as phenol, hydroquinone or 

ascorbic acid does not affect the rate of H2O2 decomposition (Oliveira et al., 2008). This 

may result from the rivalry between organic compound and active sites (Costa et al., 

2003). If so, Oliveira et al. (2008) and Costa et al. (2003) proposed the role of oxygen 

vacancies in production of O2 from H2O2 as Eqs. 2-39 and 2-40: 

2 2 2

  2 2 2 2

  –                                                                              (2 39)

–                                                                    

surf surf

surf surf

M H O M O H O

M O H O V H O O

   

           (2 40)
  

Higher H2O2 decomposition rates over TMSIOs demonstrates higher activity of the 

catalyst and consequently, higher Fenton oxidation efficiency for organic contaminant 

removal (Xue et al., 2009a). Guimaraes et al. (2009) reported that H2O2 decomposition 

rate was significantly high over the surface of cu-doped goethite catalyst, containing 

both copper and iron active cations in contrast with pure goethite holding solely Fe
3+

 

species. The results indicated that Cu
2+

 inclusion into the structure of goethite 

accelerated H2O2 decomposition on the surface of the catalyst and resulted in generation 

of hydroxylation compounds as main by-products. Costa et al. (2003) compared the 

catalytic activity of pure magnetite (Fe3O4) and cobalt oxide. Although Co3O4 

represented higher activity to some degree, but it was distinctly less in relation to cobalt 

substituted magnetite catalyst. Furthermore, Silva et al. observed that a significant 

methylene blue removal by Nb-containing hematite was started with 25 min delay, the 

time in which the catalyst surface was activated by Fe
3+

 reduction for higher H2O2 
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decomposition.  The authors reported that the presence of other organic compound in 

the reaction medium prevented H2O2 decomposition forcibly due to the competition 

between organic compounds and H2O2 for active sites and they proposed radical 

mechanism for oxidation reactions (Silva et al., 2009). 

2.5.4.2. Organic contaminant degradation  

Amongst various organic compounds that are used for activity evaluation of TMSIOs, 

the dye methylene blue (MB) has been studied frequently due to its recalcitrant nature, 

wide application in textile industry, powerful adsorption onto the surface of hetero-

catalysts, dissolution in water and easy spectrophotometric measurement (Silva et al., 

2011). Table 2.5 summarized the data on the degradation of recalcitrant organic 

compounds using TMSIOs in Fenton reactions. The studies for MB 

degradation/discoloration at concentrations of 50-100 mg L
–1

 and at neutral pH show 

that its discoloration rate has been generally higher with TMSIOs than of pure iron 

oxide (Costa et al., 2006; Liang et al., 2010; Oliveira et al., 2008; Silva et al., 2009). In 

addition, the catalytic efficiency increased simultaneously by increasing the imported 

transition metal content (Liang et al., 2012b; Liang et al., 2010; Oliveira et al., 2008; 

Silva et al., 2009). Although, Magalhães et al. (2007) reported a higher MB degradation 

at lower Cr content in Fe3xCrxO4 (x = 0.00, 0.07, 0.26, 0.42, and 0.51) and higher Cr 

content was desirable for hydrogen peroxide decomposition to oxygen. However, being 

thermodynamically unfavorable for Fe
3+

 reduction to Fe
2+

 in Fenton reaction, 

Fe2.46Ni0.54O4 could remove only 10 mg L
‒1

 of MB with initial concentration of 100 mg 

L
‒1

 within 50 min. Besides, complete discoloration of the solution was achieved using 

Fe2.47Mn0.53O4 and Fe2.25Co0.75O4 within 5 and 10 min due to their desirable effect on 

the rate of Fe
2+ 

regeneration (Costa et al., 2003). 
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 On the other side, the higher activity of Fe2NiO4 catalyst towards hydroxyl radical 

generation in UV/Fenton-like reaction and its effective degradation of 

tetrabromobisphenol A (TBBPA) was ascribed based on the lower oxidation potential of 

Ni
2+

/Ni
3+

 redox pair on the catalyst surface compared to H2O2 (‒1.74 V vs. 1.776 V) 

(Zhong et al., 2013). In the same study, although the oxidation potential of Co
2+

/Co
3+

 

was higher than that of H2O2 (1.81 V vs. 1.776 V), it enhanced the catalytic activity of 

the respective TMSIO that could be due to the domination of other mechanism. The 

likely mechanism is the role of these ions in prohibition of the recombination of photo-

generated electrons (e
‒
) and holes (h

+
) on catalyst surface (Büchler et al., 1998) and 

extending the existence time of charge carriers. Accordingly, the catalytic activity of 

magnetite was improved in the order of Cr > Ni ≈ Ti > Mn > Co. 
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Table 2.5: Oxidation of various organic pollutants through Fenton reactions catalyzed by transition metal substituted iron oxide 

Compound 

(mg L
–1

) 

Catalyst Operational condition Optimal performance References 

 [H2O2] pH T 

(°C) 

λ 

(nm) 

 

Methylene blue [MB]  

50  

Cr-magnetite 

Fe3-xCrxO4 

(15 mg) 

0.3  

mg L
–1

 

6.0 25  - Higher degradation rate at lower Cr content, decrease in 

discoloration rate and TOC removal by increase in Cr content 

mainly due to the decrease in Fe
2+

. 

(Magalhães et al., 

2007) 

Tetrabromobis-phenol A 

[TBBPA], 

20 

Titanomagnetite 

Fe2.02Ti0.98O4 0.125 

g L
–1

 

 

10 mmol L
–1

 6.5 25 - >97% TBBPA degradation in UV/Fe2.02Ti0.98O4/H2O2 system, 

≈75% in UV/ H2O2tr system within 240 min of UV irradiation. 

(Zhong et al., 2012) 

Methylene blue  

[MB], 100 

Fe2.46Ni0.54O4 

Fe2.47Mn0.53O4 

Fe2.25Co0.75O4 

(30 mg) 

2.5  

molL
–1

 

- 25  633 10 % color removal within 50 min using Fe2.46Ni0.54O4, complete 

discoloration of the solution in 5and 10 min using Fe2.47Mn0.53O4 

and Fe2.25Co0.75O4 respectively. 

(Costa et al., 2003) 

Chlorobenzene [CBZ]  

30 mg L
–1

 

Mn-magnetite 

Fe3-xMnxO4  

(30 mg) 

2.5  

molL
–1

 

- 25  - 14, 7, 5 and <1% Chlorobenzene degradation for the reactions 

using Fe2.47Mn0.53O4, Fe2.74Mn0.26O4, Fe2.79Mn0.21O4 and Fe3O4, 

respectively. 

(Costa et al., 2003; 

Oliveira et al., 

2000) 

Methylene blue [MB]  

100 mg L
–1

 

γ-Fe2O3  

α- Fe2O3 

Fe3−xMxO4  

(M =Co & Mn) 

(30 mg) 

0.3  

molL
–1

  

(10 ml) 

5-

6.5 

25 - Not remarkable discoloration with Fe2O3 oxides, complete color 

removal and higher oxidation by Fe3−xMxO4 within 5-10 min. 

(Costa et al., 2006) 

Chlorobenzene [CBZ]  

20 mg L
–1

 

Mn-magnetite 

Fe3-xMnxO4  

(30 mg) 

0.3  

molL
–1

  

  

- 25  - 1, 5, 7 and 14% CBZ removal using Fe3O4, Fe2.79Mn0.21O4, 

Fe2.74Mn0.26O4 and Fe2.47Mn0.53O4 respectively within 30 min, 

(Costa et al., 2006) 

(continued on next page) 
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‘Table 2.5, continued’ 

Compound Catalyst Operational condition Optimal performance References 

 [H2O2] pH T 

(°C) 

λ 

(nm) 

 

Methylene blue UV 

[MB] 0.2 mmol L
–1

 

(500ml) 

Ti-V- magnetite 

Fe3-x-x´TixVx´O4 

(1.0 g L
–1

) 

10 mmol L
–1

 7.0 25 365 Increase in MB discoloration from 48% to 96% by increase in 

Ti content from x=0.0 to x=0.69 after 120min, 

(Liang et al., 

2012b) 

Methylene blue [MB] 

100 mg L
–1

 (400 mL) 

Titanomagnetite 

Fe3-xTixO4 

(1.0 g L
–1

) 

0.30 molL
–1

 6.8 30 - Higher activity for Ti-magnetite than pure magnetite, Decrease 

in residual MB with the increase in Ti content. 

(Yang et al., 2009; 

Yang et al., 2009) 

Methylene blue [MB] 

0.2 mmol L
–1

 (200mL) 

V-magnetite 

Fe3-xVxO4  

0≤x≤0.34 

(1.0 g L
–1

) 

100 mmol 

L
–1

 

 

10.0 25 - Colour removal of 41, 60, 81 and 93% of MB within 11 h using 

Fe3O4, Fe2.84V0.16O4, Fe2.74V0.26O4 and Fe2.66V0.34O4, 

respectively. 

(Liang et al., 2010) 

Methylene blue [MB] 50 

mg L
–1

 (10mL) 

Nb-Hematite 

Fe2–xNbxO3 

(10 g L
–1

) 

0.3  

molL
–1

 

6.0 25 - Low discoloration with pure hematite and Hm-Nb2,  

70%  color removal and 25% TOC removal after 60 min with 

Hm-Nb10. 

(Silva et al., 2009) 

Methylene blue [MB] 50 

mg L
–1

 (10mL) 

 

Nb-hematite-

maghemite treated 

by H2O2 

(1 g L
–1

) 

8.0 mM 

30% v/v 

6.0 25 - 73% MB removal using treated catalyst compared to 30% MB 

removal by non-treated samples within 60 min. 

(Silva et al., 2011) 

Bromophenol Blue, 

Chicago Sky Blue, 

Evans Blue and 

Naphthol Blue Black  

[dye] 50 mg L
–1

 

FeO-Fe2O3 

 (25 mg mL
–1

)  

 

100 mmol 

L
–1

 

6.6 30 - 90% color removal within 24hours, the fast decomposition rate 

at first hour. 

(Baldrian et al., 

2006) 

(continued on next page) 
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‘Table 2.5, continued’ 

Compound Catalyst Operational condition Optimal performance References 

 [H2O2] pH T 

(°C) 

λ 

(nm) 

 

Naphthol Blue Black 

[NBB] 500 mg L
–1

, 

COD0 1.80  

MO-Fe2O3,  

(M: Mn,Co, Cu,Fe) 

25 mg mL
–1

 

100 mmol 

L
–1

  

 

6.0-

6.6 

30 - COD removal of 97%, 92%, 88% & 75% and color removal of 

85%, 67%, 53% & 58% using the catalysts of Cu, Co, Fe & 

Mn respectively. 

(Baldrian et al., 

2006) 

Dimethyl phthalate 

[DMP] 7.7 mgL
–1

 

(100ml) 

Si-FeOOH 

0.5 g L
–1

 

 

2 mmol L
–1

 5.0 25 365 97% DMP degradation within 30 minutes. (Yuan et al., 2011) 

Methylene blue [MB] 

50 mg L
–1

  

Nb-FeOOH 

(11% Nb) 

1 g L
–1

 

0.3 molL
–1

 6.0 25 - 15% discoloration after 120 min by pure goethite, ≈ 85% color 

removal using Nb11-FeOOH within 120 min. 

(Oliveira et al., 

2008) 

Quinoline 

 [Q] 10 mg L
–1

  

Ni-FeOOH 

1 g L
–1

 

0.1 ml 

5% v/v 

6.0 25 - 28% Q removal after 5h by pure goethite, 70% Q removal 

within 5h. 

(de Souza et al., 

2010) 
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The optimum ratio of incorporated active cation to iron species drives higher activities 

and the concentration above this value may not affect the activity remarkably. For 

example, (Yuan et al., 2011) observed that the amount of degraded dimethyl phthalate 

(DMP) by Si=FeOOH was the highest at Si/Fe ratio of 0.2 and both higher and lower 

values than 0.2 decreased degradation percentages. This is attributed to the decrease in 

UV transmission into the solution caused by the formation of suspended indigent 

catalyst particles at lower ratios; and at higher values, the active sites were covered with 

high concentrations of SiO2 and resulted in lower 
•
OH radical generation from H2O2. 

Nevertheless, the increase in the amount of incorporated Mn and Co resulted in a 

considerable increase in the activity of the produced catalyst where Fe3O4 (pure 

magnetite) showed lower activity compared to the Fe3-xMnxO4 and Fe3-xCoxO4 catalysts 

and amongst them, Fe2.47Mn0.53O4 and Fe2.25Co0.75O4 represented the highest activity for 

the above mentioned reactions (Costa et al., 2003). 

A mixture of natural niobia (Nb2O5) and iron oxides resulted in formation of a 

composite catalyst containing goethite (αFeOOH) and maghemite (γFe2O3)  as main 

constitutive iron oxides in its structure (Oliveira et al., 2007). The amount of Niobia in 

the composite affected the discoloration rate significantly when niobia/iron oxides of 

1:5 could remove only 50% of the color of methylene blue solution while it increased 

up to 90% in ratio of 1:1. 

2.6. Summary of literature review 

Fenton process, as a strong oxidation system amongst advanced oxidation processes, 

has been successfully applied for removal of recalcitrant compounds. However, a 

number of shortcomings such as pH limitations, catalyst recovery problem and 

formation of ferric hydroxide sludge are encountered in homogeneous systems. Several 

studies have reported the heterogeneous Fenton oxidation process as one of the possible 
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solutions to overcome these limitations (Munoz et al., 2015; Garrido-Ramírez et al., 

2010). In a heterogeneous catalyst, iron is stabilized in the catalyst structure and can be 

used under neutral and unchanged pH conditions. Amongst them are iron oxides that are 

abundant on the earth crust, which has shown significant efficiency for organic pollutant 

removal. Magnetite, the Fe
2+

- Fe
3+

 iron oxide, has been largely used as a heterogeneous 

catalyst, either pure or in a modified form. Recently, transition metal substituted 

magnetites (TMSMs) have received growing interest in treatment of wastewaters using 

Fenton reaction due to their higher adsorption capacity and reactivity in the reaction 

solution compared to pure magnetite. The changes in catalytic activity of modified 

magnetite samples have been reported to be due to the existence of thermodynamically 

favorable redox pairs of the imported cations on the surface of the catalysts. These 

redox pairs enhance Fenton degradation of probe molecule via (i) direct involvement in 

Fenton oxidation cycle and generation of 
•
OH radicals through Haber-Weiss 

mechanism; (ii) regeneration of Fe
+2

 cations and (iii) acceleration of electron transfer 

during the oxidation reaction in the magnetite structure. Generation of oxygen vacancies 

due to adjustments for unequal charge replacements or cationic deficiency in the 

structure of modified iron oxide was proposed by Costa et al. (2006) as another possible 

reason for enhanced activities (Costa et al., 2006). Theses vacancies act as active sites 

for direct involvement in degradation of probe molecules or indirectly in decomposition 

of H2O2 (Magalhães et al., 2007). Other factors such as enlarged surface area and 

accordingly, higher concentrations of OH groups on the surface of the catalysts are also 

reported in number of studies (Liang et al., 2012a). 

The reported studies have mainly focused on substitution of transition metals from the 

fourth row of the periodic table with single ion incorporation and in a few cases, two 

metals substitution have been studied. However, data related to incorporation of fifth 

period transition metals into magnetite and their subsequent application in Fenton 
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reaction, especially for co-doped ions, has not been reported. Therefore, this study will 

identifying, synthesizing and characterizing TMSMs from period five using established 

methods and evaluate their effectiveness in Fenton oxidation of recalcitrant effluents.   
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3. CHAPTER 3: MATERIALS AND METHODS  

3.1. Introduction 

The following sections provide explanation and information about the materials and the 

procedures used in developing efficient heterogeneous catalysts for Fenton treatment of 

organic pollutants. Details of Fenton reaction optimization, modified magnetite 

preparation, characterization, evaluation of their oxidation performance, and kinetic 

studies are described here.  

3.2. Materials 

All the chemicals were of reagent grade and used as received without further 

purification. All the solutions were prepared with deionized water. Methylene blue 

(MB), methyl orange (MO), hydrogen peroxide (H2O2, 30% w/w), potassium iodide 

(KI), sodium hydroxide (NaOH), sulfuric acid (H2SO4), hydrochloric acid (HCl) and 

sodium chloride (NaCl) were purchased from Merck. Iron (II) chloride tetrahydrate 

(FeCl2 - 4H2O), ammonium niobate (V) oxalaten hydrate (C4H4NNbO9 - xH2O), 

molybdenum (V) chloride (MoCl5), hydrazine, ssodium sulfite (Na2SO3), and sodium 

dihydrogen phosphate (NaH2PO4 - H2O) were purchased from Sigma Aldrich. Sigma 

Aldrich also supplied commercial magnetite samples used in this research for 

optimization of the reaction. 

3.3. The application of response surface methodology to optimize the magnetite 

catalyzed Fenton reaction for treatment of methylene blue aqueous solution 

3.3.1. Experimental design and method of analysis 

Response surface methodology (RSM) is suitable for fitting a quadratic surface with a 

minimum number of experiments and to analyse the interactions amongst the 

parameters. The software Design Expert 8.0.7.1 was used for the experimental design, 
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statistical analysis of data, development of regression models and optimization of 

Fenton-like reaction conditions. Here, RSM was used to assess the individual and 

interactive effects of five Factors (four numeric and one categorical) on the colour, 

COD and TOC removal efficiencies of Fenton reaction using methylene blue as probe 

molecule and two magnetite samples as catalyst. Central composite design (CCD) 

combined with RSM, was employed to optimize the independent variables in order to 

get the maximum values for the dependent variables. The ranges and the levels of the 

numerical independent variables are given in Table 3.1 that were chosen based on the 

preliminary studies and the literatures. For statistical calculations, Eq. 3-1 was used to 

convert actual values to their coded form (Aleboyeh et al., 2008): 

 0
                                                                                                                     (3 1)

i

i

X X
x

X


                                                                                                                                            

where xi, Xi, X0 and δX are respectively the coded value of i
th

 independent variable, 

actual value, actual value at the centre point and the step change of the i
th

 variable. The 

coded values ±1 give the relevant values of each factor in respect to the selected unit 

variation intervals for each factor (Khataee et al., 2010). 

 

Table 3.1: Independent numerical variables and their levels 

Independent  numerical 

Variables 

Symbol Variable levels 

‒1 ‒ 0.5 0 0.5 +1 

H2O2 concentration (mol/L) A 0.05 0.1 0.15 0.2 0.25 

Catalyst concentration (g/L) B 0.5 1.0 1.5 2.0 2.5 

pH C 2.5 4.0 5.5 7.0 8.5 

Reaction time (h) D 0.5 1.0 1.5 2.0 2.5 
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A total of 60 experiments were performed for both categorical variables in which 12 

replications were at center points: H2O2 concentration: 0.15 M, Catalyst concentration: 

1.5 g/L, pH value: 5.5 and reaction time of 1.5 h, to determine the experimental error. In 

this design, Fenton efficiencies (%) for colour (YMB), COD (YCOD) and TOC (YTOC) 

removal were chosen as the responses. The following second order polynomial equation 

(Eq. 3-2) was used to predict the chosen responses as a function of independent 

variables and the interaction amongst them: 

2

0

1 1 1, 1

                                                 (3 2)
k k k k

i i ii i ij i j

i i i j

Y b b X b X b X X 
   

       

 

where, Y is the predicted dependent variable, b0 is constant coefficient, bi , bii and bij are 

regression coefficients, i and j are index numbers, k is number of patterns, Xi´s are 

independent variables and ɛ is the random error. The analysis of variance (ANOVA) 

was applied to test the significance and adequacy of the model. The fitness of the 

polynomial models was expressed by the coefficients of determination, R
2
, R

2
adj and 

R
2
pred. The main indicators that were used to show the significance of the model were 

Fisher variation ratio (F-value), probability value (Prob > F) with 95% confidence level 

and adequate precision using Eqs. 3-3 and 3-4 (Beltran Huarac): 

2
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In these equations, Y is predicted response, p and n are the number of model parameters 

and experiments and σ
2 

is the residual mean square. The final models for each 

categorical variable were obtained after elimination of insignificant terms (p > 0.05) 

after F‒test and the 3‒D plots were presented for the corresponding responses based on 

the effects of four numerical factors (concentrations of H2O2 and catalyst, pH and 

reaction time). Furthermore, the optimum values for independent variables were 

identified and additional experiments were performed to verify the regression models.  

3.4. Preparation of magnetite samples 

Figure 3.1 shows the equipment setup and appearance for preparation of magnetite 

samples by co-precipitation method. Prior to use, all water samples and solutions were 

deoxygenated by nitrogen bubbling. A modified work reported by Liang et al. (2012b) 

was used for samples preparation. For the synthesis of Fe3O4, 0.90 mol L
−1

 of FeCl2.4 

H2O dissolved in an HCl solution. 1.0 mL of hydrazine was added to prevent Fe
2+

 

oxidation, and the pH was set below 1.0 to prevent Fe
2+

 oxidation, and hydroxide 

precipitation. This solution was heated to 90–100 ºC. Equal volume of a solution 

containing 4.0 mol L
−1

 NaOH and 0.90 mol L
−1

 NaNO3 was added drop-wise (10 mL 

min 
−1

) into the heated iron solution and the reaction was maintained at 90 ºC for 2 h, 

while mechanically stirring at a rate of 500 rpm. Then the solution was cooled down to 

room temperature. During the reaction, N2 flux was passed through to prevent Fe
2+

 

oxidation. The particles were then separated by centrifugation at 3500 rpm for 5 min 

and washed with boiling deionized water, followed by an additional centrifugation. 

After 3–4 washings, the particles were collected and dried in a vacuum oven at 100 ºC 

for 24 h. The preparation of Fe3-xNbxO4 (x=0.025, 0.05, 0.1, and 0.2) or Fe3-xMoxO4 

(x=0.5, 0.1, 0.2, and 0.3) samples also followed the above procedure, except for 

dissolving predetermined amount of MoCl5 in HCl solution with FeCl2.4H2O or 
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C4H8N2NbO11 in basic solution. For the preparation of Fe3-x-yNbxMoyO4 (x=0.025, 0.05, 

0.1, 0.15, and 0.175, x+y=0.2) samples, predetermined amount of MoCl5 is dissolved in 

HCl and Nb in basic solution and followed the same procedure. All the samples were 

grounded and passed through a 200 mesh screen. 

 

 

 

 
Figure 3.1: Equipment setup and appearance for preparation of modified magnetite 

samples 
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3.5. Characterization of the samples   

The main physico-chemical characteristics of the synthesized catalysts were determined 

for better understanding of their activities in Fenton oxidation of selected dye solutions. 

Accordingly, the following techniques and methods used to characterize the samples in 

terms of durability, crystalline phase, morphology, size, surface area, and composition 

and magnetic property. 

3.5.1. Crystalline phase determination with X-ray diffraction (XRD) 

The X-ray diffraction or XRD gives information regarding crystalline phase and the 

constituents of the cell of the studied solid samples. This method is based on the 

principles of the diffracted light over a sample bombarded by short wavelength X-rays. 

The magnetite samples were analyzed with powder X-ray diffraction (XRD) to 

determine the crystalline phase of them using a PANalytical Empryean (DY 1032) 

diffractometer with Cu Kα radiation (k = 0.15418 nm). The XRD data were collected 

from 20
°
 to 80

°
 (2θ). 

3.5.2. Surface area (Brunauer–Emmett–Teller (BET)) and particle size analyzer 

In heterogeneous catalysis, determination of the surface area of the catalyst is very 

important because the activity of a catalyst directly related to the available surface area. 

The surface area of the samples was determined using Brunauer–Emmett–Teller BET-

surface area method (Micromeritics, tristar II 3020). BET technique is generally based 

on the physical adsorption of nitrogen at low temperature in which the gas uptake is 

measured under increasing the nitrogen partial pressure in contact with the powder 

sample and the desorption of nitrogen (Garriga I Cabo 2007). The pore volumes and 

pore sizes were also measured.  
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Malvern, Zetasizer Nano-range, particle size analyzer was used to measure the particle 

size of the synthesized samples. 

3.5.3. Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) used to investigate surface morphology and 

particle sizes of the samples. The TEM micrographs were obtained on a Hitachi H-7100 

electron microscope (Veleta). 

3.5.4. X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a surface characterization technique 

especially for determination of the oxidation states of the elements present on the 

surface or near surface of the sample. The XPS measurements were performed with a 

CLAM II-VG electron analyzer and a non-monochromatic Al Kα (1486.6 eV) source. 

The C 1s line of spurious carbon located at the binding energy of 284.6 eV used as a 

reference to correct binding energies for the charge shift. 

3.5.5. Vibrating sample magnetometer (VSM) 

Vibrating sample magnetometer (VSM) (Lakeshore VSM, 7400 Series) was used to 

study the magnetic properties of the prepared samples. The powder sample was placed 

in a glass ampoule (measuring cap) mounted in VSM and was fixed in paraffin in order 

to exclude the motion of powder. Moment Vs field measurement for 40-45 mg of the 

samples was taken at room temperature and applied Field Range of ± 10000 G. When 

the sample was placed in that magnetic field B, a magnetic moment ‘m’ or 

magnetization ‘M’ (magnetic moment per unit volume) was induced which related to B. 

The magnetic moment vs. Magnetization curve plotted for each sample and the 

magnetization variations were studied. The hysteresis parameters such as saturation 

magnetization (Ms), coercivity (Hci) and remnant magnetism (Mr) were measured. 
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3.5.6. PH of point of zero charge (pHpzc) 

The point of zero charge (pHPZC) of the samples was determined by the solid addition 

method. To a series of 250 mL conical flasks, 45 mL of 0.1 mol L
−1

 NaCl solution was 

transferred. The initial pH values (pHi) of the solution were adjusted from 4.0 to 11.0 by 

adding either 0.1 mol L
−1

 HCl or 0.1 mol L
−1

 NaOH. The total volume of the solution in 

each flask was made exactly to 50 mL by adding the NaCl solution. Then, 0.05 g of 

each sample was added to each flask and the mixtures were agitated at 170 rpm. After 

24 h, the final pH values (pHf) of the solutions were measured. The difference between 

the initial and final pH values (*pH = pHi− pHf) was plotted against the pHi. The point 

of intersection of the resulting curve with abscissa, at which *pH=0, gave the pHPZC (Ai 

et al., 2011). 

3.6. Adsorption experiments  

MB and MO adsorption studies on the modified magnetite samples were carried out in 

batch system at 25 
◦
C. The initial pH of dye solution was adjusted to desired value by 

H2SO4 or NaOH solutions. To assess the effects of initial dye concentration on 

adsorption efficiency, 1g L
−1

 of each sample was added to varying concentrations of dye 

solution (12.5, 50, 75, and 100 mg L
−1

) and constantly stirred mechanically at 170 rpm 

for 120 min, to achieve sorption equilibrium. Then the adsorbent was separated by 

centrifugation at 3500 rpm for 5 min and the equilibrium concentration of MB or MO 

was determined by UV–vis spectrophotometer (Spectroquant® Pharo 300) at λmax 664 

and 462 nm, respectively. Prior to the measurement, a calibration curve was obtained 

using standard MB or MO solutions with the known concentrations that shows a liner 

relationship between absorbance and MB/MO concentrations. The amount of MB/MO 

adsorbed per unit mass of magnetite samples were calculated using the following 

equation (Eq. 3-5): 
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0
( )

                                                                                                                  (3 5)e

e

C C V
q

m
 


  

where C0 and Ce are the initial and equilibrium concentrations of MB/MO (mg L
−1

) in 

liquid phase, m is the mass of dry magnetite sample (g), and V is the volume of solution 

(L). 

Adsorption experiments versus pH were performed with a single initial solute 

concentration in a 200 mL reaction vessel at varying pH values (4.0, 7.0, 8.0, and 10) 

and 25
°
C temperature. The pH was controlled by adding HCl or NaOH to the stock solid 

suspensions. 

Prior to UV/Fenton and US/Fenton reactions, the amount of adsorbed MB and MO on 

the selected catalysts was investigated using 0.5 g L
−1

 of each sample into 50 mg L
−1

 of 

the studied dye solutions and stirred mechanically for 2 h at 170 rpm to achieve 

adsorption equilibrium. 

3.7. Heterogeneous Fenton reactions   

All dye oxidation experiments were carried out in batch systems using 250 ml Pyrex 

beakers with a solution volume of 100 ml of the studied dye solution (50 or 100 ppm) at 

room temperature. First, the pH of the solution was adjusted at selected value by sodium 

hydroxide (NaOH, 0.1 M) or sulphuric acid (H2SO4, 0.1 M) using pH-meter (EUTECH, 

CyberScan pH 300). Then, the selected amount of each synthesized sample is added to 

the dye solution and is stirred mechanically for 2 h at 170 rpm to achieve adsorption 

equilibrium. The Fenton reaction was initiated by the addition of H2O2 and continued 

for additional 180 minutes. Then, the sample was centrifuged for 5 minutes at 3500 rpm 

and supernatant was filtered through 0.20 μm (nylon, Whatman) filters to remove 

catalyst particles. Dye concentration was immediately measured using UV–Vis 
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spectrophotometer (Spec-troquant ® Pharo 300) at λmax 664 nm for MB and 462 nm for 

MO.  

Heterogeneous UV/Fenton treatment of the studied dye solutions was carried out in 

batch using a lab-scale photo-reactor at two wavelengths of 365 nm (UV-A) and 302 nm 

(UV-B). In US/Fenton reaction, a 24 kHz commercial ultrasonic processor (Ultrasonic 

Processor model UP400S; Dr. Hielscher GmbH, Stuttgart, Germany) was used in a 

power of 100 W. In a typical run, the probe was immersed in a 150 mL cylindrical glass 

vessel containing 100 ml of MB or MO (50 mg/L). Reaction was timed as soon as the 

ultrasonator was turned on. 

In order to measure the amount of TOC, a stopping reagent with no carbon-containing 

compound, comprising of Na2SO3 (0.1 M), NaH2PO4 (0.1 M), KI (0.1 M) and NaOH 

(0.05 M) was added to the sample solutions, right after filtration and in a volume ratio 

of 1:1. Thereafter, the TOC values were obtained by a TOC analyzer (Shimadzu TOC-L 

CPH CN 200, Japan) equipped with an auto‒sampler. All experimental runs were 

performed at room temperature and in the absence of light. The measurements were 

done at least twice and the results were expressed as a mean value of the measurements 

with an experimental error below 5%. The following equation (Eq. 3-6) was used to 

calculate the percentages of colour and TOC removals: 

 
 0

0

% 100                                                                           (3 6)
i

X X
removal

X


 

 

here, X0 is the initial values of Colour or TOC and Xi, is the measured values of Colour, 

or TOC after defined reaction time. 
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3.8. Stability experiments  

The stability of magnetite samples and the possibility of homogeneous Fenton oxidation 

route were investigated through leaching of iron, molybdenum and/or niobium from 

magnetite samples, at studied pH values using a modified procedure (Ai et al., 2011). 

0.02 g of magnetite samples were dispersed in 100 mL aqueous solution with known pH 

values (4, 7, 8, and 10) and agitated in a temperature-controlled shaker for 3 h. In 

US/Fenton and UV/Fenton-like reactions, the stability was examined by measuring iron, 

niobium and molybdenum dissolved in the medium after the reactions. The leached Fe, 

Nb and Mo concentrations in supernatant were determined by Optical Emission 

Spectrometer (ICP-OES Perkin Elmer, Optima 7000 DV). 

3.9. Kinetic studies 

The following sections provide information about the procedures used to study the 

adsorption and degradation of MB using synthesized samples and through Fenton-like 

reaction. 

3.9.1. Kinetic experiments of MB adsorption on the synthesized samples 

Batch kinetic experiments of MB adsorption were carried out by mixing 1 g L
−1

 of a 

synthesized sample to MB solution with a known initial concentration at neutral pH 

condition and agitated in a shaker at 25 
◦
C for different time interval (10–120 min). The 

concentration of MB left in the supernatant solution was analyzed using UV–Vis 

spectrophotometer (Spec-troquant ® Pharo 300) at λmax 664 nm.  

3.9.2. Degradation kinetic experiments 

Batch kinetic experiments were carried out by mixing 1 g L
−1

 in dark-Fenton and 0.5 g 

L
−1

 in UV/Fenton and US/Fenton reactions to MB solution with a known initial 

concentration (12.5, 25, 50, and 100 mg L
−1

) at pH value of 7 and agitated in a shaker at 
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25 
◦
C for different time interval (10–180 min). The concentration of MB left in the 

supernatant solution was analyzed using Eq. (3-6). 

For US and UV assisted Fenton oxidation of MB, kinetic studies were carried out by 

mixing 0.5 g L
−1

 of magnetite sample into MB solution (50 mg L
−1

) at pH 7 and agitated 

in a shaker at 25 
◦
C for different time intervals (10–200 min). The concentration of MB 

left in the supernatant solution was determined using Eq. (3-6). 

3.9.3. Kinetic models 

Large number of kinetic models with diverse degrees of complexity have been 

established to describe the adsorption and degradation processes quantitatively. Because 

of this complexity, the experimental results are commonly fitted to a number of 

conventional kinetic models and the model with the best fit is selected (Loganathan et 

al., 2014; Guerrero & Sayari, 2010). Consequently, three of the most common kinetic 

models, zero-order, pseudo-first-order and pseudo-second-order models, that have been 

previously employed in the similar studies to define the adsorption or degradation rate 

behaviors were used in the present study. 

Two commonly reported models for adsorption kinetics in the literature are pseudo-

first-order and pseudo-second-order models. The linear forms of these models are as 

follows: 

1

2

2

log
log( )                                                                                        (3 7)

2.303

1 1 1
                                                                    

e

e t

t e e

q k t
q q

q K q q t


 

 



                                 (3 8)
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where qt and qe (mg g
−1

) are the amounts of MB adsorbed at time t (min) and 

equilibrium, respectively. k1 (min
−1

) and k2 (g mg
−1 

min
−1

) are respectively the pseudo-

first-order and the pseudo-second-order rate constants. 

Zero-order and pseudo-first-order models are the most reported kinetic models in the 

literature for MB degradation through Fenton reaction using transition metal substituted 

magnetite catalysts. The following equations are the linear forms of zero-order (Eq. 3-9) 

and pseudo-first-order (Eq. 3-10) models: 

0 0

1

0

                                                                                                           (3 9)

ln t                                                              

t

t

C C k t

C
k

C

 

 
  






                                          (3 10)

  

where C0 and Ct are the MB concentrations (mg L
−1

) at the initial time and reaction time 

t, k0 and k1 are zero-order rate constant (mg L
−1

 min
−1

) and pseudo-first-order rate 

constant (min
−1

). The k0 and k1 constants were obtained from the slope of the straight 

lines by plotting C0−Ct and −ln (Ct/C0) as a function of time t, through regression. 

Subsequently, the experimental data were fitted to these kinetic models in order to 

determine the parameters of each set of the kinetic models. In this study, a linear 

regression analysis using the Marquardt-Levenberg algorithm implemented in 

SigmaPlot software version 12.0 (Systat Software Inc., USA) was used. Then, two 

different error functions, the linear regression coefficient (R
2
) and the normalized 

standard deviation (Err (%)) were estimated to compare the goodness of fit of the 

experimental results with the kinetic models: 

The regression coefficient (R
2
) was calculated using the following equation (Stevens et 

al., 2013):  
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where n is the number of experimental adsorption points of the kinetic curves, the 

subscripts “mod” and “mes” refer to the model predicted and measured values of the 

amount adsorbed, respectively, mes
q

 is the average of the experimental data, and p is the 

number of parameters of the model.  

The normalized standard deviation, which is the deviation between the experimental 

results and the values predicted by the kinetic models, was calculated by Eq. 3-12 

(Vargas et al., 2011):   

exp

1 exp

( )
(%) 1/ 100                                                                       (3 12)

N
cal

i

q q
Err N

q


    

where, the subscripts “exp” and “cal” are the experimental and calculated values of q, 

respectively and N is the number of data points. 

3.10. Safety 

Throughout the experiments, care was taken to prevent the health, fire, reactivity, and 

contact hazards associated with all the chemicals and hazards associated with all the 

equipment and instruments (including ultrasound and UV radiation) used in the research 

project. Besides, normal laboratory safety precaution procedures including the use of 

appropriate personal protective equipment and use of standard operating procedures and 

waste disposal system is followed to eliminate and minimize the risk. 
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CHAPTER 4: RESULTS AND DISCUSSION 

4.1. Introduction 

Transition metal substituted iron oxides have been introduced as promising Fenton 

catalysts for treatment of recalcitrant wastewaters. Most existing literature focused on 

magnetite due to the presence of Fe
II
 and octahedral sites in its structure that are the key 

reasons for higher activity of magnetite. In this category of catalysts, iron is substituted 

isomorphically by other transition metal/metals such as Cr, Co, Ti, V and Mn in 

magnetite sites (octahedral and/or tetrahedral). Based on the articles reviewed, the 

previous studies are primarily concentrated on the transition metals from forth series of 

the periodic table. Accordingly, two transition metals from fifth series of periodic table, 

niobium (Nb) and molybdenum (Mo), were chosen in this study. Consequently, their 

influence was investigated on the physico-chemical properties and activity of magnetite 

in Fenton treatment of methylene blue (MB) solution. At first, Fenton oxidation of MB 

optimized by response surface methodology (RSM) using unmodified magnetite 

samples. It was to compare the changes in the activity of the modified samples with 

pure magnetite under the same operational conditions. Subsequently, two commercial 

magnetite samples (M and N) with different particle sizes were used to consider the 

effects surface area on the activity of magnetite and in optimizing process. 

 

4.2. Application of RSM to optimize the magnetite catalyzed Fenton reaction for 

treatment of methylene blue aqueous solution  

 

4.2.1. ANOVA analysis  

The results obtained from Fenton-like experiments for the studied dependent variables 

using either magnetite sample M or N presented in Table 4.1. A series of mathematical 
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models suggested with the CCD analysis, based on the experimental results. The color 

(YMB), COD (YCOD) and TOC (YTOC) removal efficiencies (%) were assessed as a 

function of the concentrations of H2O2 (A) and magnetite (B), the initial pH (C) and 

reaction time (D). The developed equations are sum of a constant value, linear terms 

and interaction effects with quadratic terms as shown in Eq. 3-2.  

 

Table 4.1: Experimental design matrix and the outputs 

Run 

No. 

Experimental design 
 

Results (removal (%)) 

H2O2 (A) 

(mol L
‒1

) 

Fe (B) 

(g L
‒1

) 

pH 

(C) 

Time (D) 

(h) 

X5 

(E) 

 
Color COD TOC 

1 0.1 2 7 1 N  48 36 26 

2 0.15 1.5 5.5 1.5 M  55 44 32 

3 0.1 1 4 2 N  28 21 11 

4 0.1 1 4 1 N  27 19 12 

5 0.15 1.5 5.5 0.5 M  22 14 8 

6 0.2 2 4 2 M  73 62 44 

7 0.1 2 4 2 N  49 37 27 

8 0.2 1 4 2 M  74 63 44 

9 0.2 1 7 2 N  80 71 47 

10 0.15 2.5 5.5 1.5 N  54. 43 29 

11 0.1 2 7 2 N  56 45 32 

12 0.2 2 4 2 N  75 63 43 

13 0.2 2 4 1 M  66 55 39 

14 0.2 2 7 1 M  67 56 40 

15 0.2 1 7 1 N  77 66 45 

16 0.15 0.5 5.5 1.5 N  30 22 14 

17 0.1 2 7 1 M  20 13 6 

18 0.15 1.5 5.5 1.5 N  65 55 38 

19 0.15 1.5 5.5 2.5 N  71 59 42 

20 0.2 1 7 1 M  68 57 40 

21 0.2 2 7 2 M  74 62 41 

22 0.05 1.5 5.5 1.5 M  8 2 1 

23 0.2 2 4 1 N  70 58 42 

24 0.2 1 7 2 M  74 62 45 

25 0.25 1.5 5.5 1.5 M  77 64.79 45.04 

26 0.1 1 7 2 N  55 43.54 31.72 

27 0.15 1.5 5.5 1.5 M  57 45.92 30.11 

28 0.1 2 7 2 M  42 32.32 23.03 

29 0.15 1.5 5.5 1.5 M  58 48.29 32.82 

30 0.15 1.5 8.5 1.5 N  26 14.97 12.16 

31 0.2 1 4 2 N  77 65.31 45.32 

32 0.1 1 7 2 M  52 40.48 28.94 

33 0.15 2.5 5.5 1.5 M  32 23.81 14.73 

34 0.15 1.5 5.5 0.5 N  35 25 17 

                                                                                                  (continued on next page) 
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‘Table 4.1, continued’ 

Run 

No. 

Experimental design 
 

Results (removal (%)) 

H2O2 (A) 

(mol L
‒1

) 

Fe (B) 

(g L
‒1

) 

pH 

(C) 

Time (D) 

(h) 

X5 

(E) 

 
Color COD TOC 

35 0.15 1.5 5.5 1.5 M  61 49 34 

36 0.15 1.5 5.5 1.5 N  64 54 38 

37 0.15 0.5 5.5 1.5 M  21 13 8 

38 0.1 1 7 1 N  30 22 13 

39 0.15 1.5 8.5 1.5 M  18 10 4 

40 0.15 1.5 5.5 1.5 N  65 55 37 

41 0.1 1 4 1 M  19 11 4 

42 0.15 1.5 5.5 1.5 M  57 45 33 

43 0.15 1.5 2.5 1.5 M  11 5 2 

44 0.15 1.5 5.5 1.5 M  58 47 33 

45 0.25 1.5 5.5 1.5 N  79 69 47 

46 0.15 1.5 5.5 2.5 M  65 55 38 

47 0.15 1.5 5.5 1.5 N  64 53 39 

48 0.1 1 7 1 M  22 14 6 

49 0.2 2 7 2 N  78 66 46 

50 0.1 1 4 2 M  36 27 17 

51 0.1 2 4 1 M  9 3 1 

52 0.1 2 4 1 N  19 12 5 

53 0.2 1 4 1 M  65 55 38 

54 0.2 1 4 1 N  68 57 40 

55 0.15 1.5 5.5 1.5 N  62 51 36 

56 0.1 2 4 2 M  32 23 16 

57 0.15 1.5 5.5 1.5 N  63 53 36 

58 0.05 1.5 5.5 1.5 N  14 5 3 

59 0.15 1.5 2.5 1.5 N  22 14 8 

60 0.2 2 7 1 N  73 61.56 43.78 

 

 

 

 

To assess the “goodness of Fit” of the model, the obtained results were analysed by 

ANOVA. The statistically significant model terms (p < 0.05) were included in the 

models and the rest were eliminated manually to improve the regression model 

(Shafeeyan et al., 2012). For instance, the term BC was insignificant to the YTOC 

whereas it was significant to YMB and YCOD and the interaction between the variables B 

and D were insignificant model term in all the responses. The final models (Eqs. 4−1 to 

4‒6) in terms of actual values, for both categorical factors, presented in Table 4.2. 
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Table 4.2: Final quadratic models for both categorical factors 

Sample Response Equation Eq. 

M YColor 

22 2 2

213.44966 947.13200  37.98612  44.77312  2.49128  17.17500  70.84167  

 34.07500  1.00083  1.66750 516.67610 12.77676 3.19575 3.00131 

A B C D AB AC

AD BC CD A B C D

      

      
  

4-1 

YCOD 

2 2 2 2

 215.02688 937.04811  36.43106  41.96307  3.97461  64.91667  42.50000  

0.86417  1.55750  633.16038 12.73660 3.00934 3.00302 

A B C D AC AD

BC CD A B C D

      

     
  

4-2 

YTOC 

2 2 2 2

177.79715 744.58660 30.83199 33.54394 5.92035 14.08750 70.84167 34.07500

1.00083 1.66750 516.67610 12.77676 3.19575 3.00131

A B C D AB AC AD

BC CD A B C D

       

     
  

4-3 

N YColor 

2 2 2 2

200.88506 947.13200  37.98612  46.19701  5.63616  17.17500  70.84167  

34.07500  1.00083  1.66750  516.67610 12.77676 3.19575 3.00131 

A B C D AB AC

AD BC CD A B C D

      

      
 

4-4 

YCOD 

2 2 2 2

 198.35721 919.84811  35.13606  43.36752  3.85164  64.91667  42.50000  

0.86417  1.55750  633.16038 12.73660 3.00934 3.00302 

A B C D AC AD

BC CD A B C D

      

     
  

4-5 

YTOC 

2 2 2 2

161.75894 720.11160 29.94449 34.45644 0.71669 14.08750 52.02917 39.23750

0.97042  463.87893 8.68379 2.27903 1.99770

A B C D AB A AD

CD A B C D

     

 

 

 
  

4-6 
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The negative and positive signs in the equations indicate antagonistic or synergistic 

effects respectively. An ANOVA analysis was carried out for each dependent variable 

and the results were given in Table (4-3). From the results, the p-values for all responses 

were less than 0.05 (< 0.0001 in all cases) that shows the models are significant for 

prediction of response values. Accordingly, the quality of the developed equations was 

evaluated based on regression coefficients, R
2
, R

2
adj and R

2
pred. The R

2
adj shows the total 

variation of the responses that can be explained with the developed models and are 

86.73%, 86.37% and 86.06% for the responses YMB, YCOD and YTOC respectively. The 

proportion of the total variation in the predicted response is given by R
2
 coefficient. The 

R
2
 value close to 1.0 is desirable and shows the acceptable adjustment of the suggested 

model with experimental data. In this study, the results were found in good agreement 

where the difference between adjusted R
2
 and predicted R

2
 were close to each other and 

less than 0.2 (Arami-Niya et al., 2012). The adequate precision measures the signal to 

noise ratio and the ratio greater than 4.0 is desirable. The adequate precision values 

derived from the analysis were 20.81, 19.64 and 19.86 (>> 4) for the studied responses, 

indicating an adequate signal and shows that the models can be used to navigate the 

design space. 
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Table 4. 3: Analysis of variance (ANOVA) results for responses 

Response Final equation in terms of coded values PE
1 

LOF
2 2

R  2

adj
R  

2

pred
R  

AP
3 

S.D
4 

CV 

(%) 

PRESS
 

YMB 

2 2

2 2

 61.44  16.28  1.29  5.56  5.75  4.10   0.43  5.31

 0.85  0.75  1.25   1.07   2.03   1.29  3.19

 7.19  0.75

A B C D E AB AC

AD BC CD CE DE A B

C D

       

      

 

 

<0.0001 47.42 0.9033 0.8673 0.7829 20.809 7.31 
 

13.94 
 

5159.51 
 

YCOD 

2

2 2 2

 50.68  15.89  1.16  5.19  5.63  4.07   4.87  1.06

– 0.43   0.65  0.32   1.17   1.05  –  1.96   1.58

 3.18  6.77  0. 75

A B C D E AC AD

AE BC BE CD CE DE A

B C D

       

    

  

 

<0.0001 43.20 0.9030 0.8637 0.7625 19.639 7.17 17.16 5288.42 

YTOC 

2

2 2 2

35.22  11.35 1.11 3.87 4.02 3.05  0.35 3.90 0.98

 0.61 0.22 0.73  0.22 0.73 0.68 1.66 1.16

2.17 5.13 0.50

A B C D E AB AC AD

AE BE CD BE CD CE DE A

B C D

       

       

  

 

<0.0001 30.75 0.9008 0.8606 0.7572 19.859 5.29 18.48 2879.82 

            1.P value, Prob>F; 2. Lack of fit value; 3. Adequate precision; 4. Standard deviatio
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4.2.2. Evaluation of the effects of independent variables on the responses 

4.2.2.1. Effects of Fenton reagents 

From  the  response  surface  analysis,  it  can  be  seen  that  the variables  were  

involved  directly  and  indirectly  in methylene blue decolorization, degradation and 

mineralization via Fenton-like oxidation system. In order to assess the effects of the 

variables on the removal efficiencies, 3-D graphs were developed. Figures  (A.B1a-f), 

(A.B2a-f) and (A.B3a-f) illustrate the response surface plots of decolorization (YMB), 

COD (YCOD) and TOC (YTOC) removal efficiencies as a function of the combined 

synergistic or antagonistic effects of significant terms in the regression models. In 

general, the combined effects of the variables represented a similar trend in all the 

studied responses. The results imply that H2O2 concentration had the highest effect on 

the oxidation of methylene blue. From the figures, it can be seen that the removal 

efficiencies (%) increased significantly with the raise in the concentration of H2O2 from 

0.05 to 0.2 M, whereas, further increase from 0.2 to 0.25 M did not contribute to 

significant change in oxidation results. This can be explained by the hydroxyl radical 

scavenging effects of hydrogen peroxide at higher concentrations (K•OH,H2O2, = 1.2–4.5 

× 107 M
−1

 s
−1

) (Sun et al., 2013).  

On the other hand, the catalyst also played a vital role in the process. It can be observed 

that the catalyst concentration of ≈ 2.0 g L
‒1

 in synergistic interaction with higher levels 

of H2O2 (0.2 M) and at the solution’s neutral pH lead to maximum Fenton efficiency for 

methylene blue oxidation within 2 h of reaction. The oxidation efficiency was 

significantly decreased when the catalyst concentration increased to above 2.0 g L
‒1

. For 

instance, reaction conditions of H2O2: 0.15 M, Cat: 1.5 g L
‒1

, pH: 5.5 and time: 1.5 h, 

brought about 65.32 %, 54.76 % and 37.96 % removal of color, COD and TOC of the 
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methylene blue solution respectively; whereas the responses decreased dramatically to 

49.68 %, 37.29 % and 27.29 % when the catalyst concentration was almost doubled. 

This can be attributed to the scavenging of 
•
OH radicals over the surface of catalyst. The 

results display that the Fenton efficiency is greatly affected by catalyst concentration in 

presence of sufficient hydrogen peroxide (Mitsika et al., 2013). In addition, it can be 

observed that over 40 % of the oxidation occurred within 30 minutes and it rise to above 

60% at the first hour of the reaction. The optimum reaction time of the 2 h was 

suggested with the software, to maintain higher performance efficiencies over the 

optimum concentrations of Fenton reagents. 

4.2.2.2. Effect of the solution pH 

As explained earlier, the pH of the point of zero charge of the catalyst plays a 

significant role in adsorption of the probe molecule in reaction medium. In this study, 

the initial pH also had significant effect on Fenton-like efficacy for oxidation of MB 

over the studied range of variables. The activity of the catalyst increased at neutral pH 

compared to acidic solutions. This can be ascribed based on PZC of the magnetite that is 

about 6.0-6.8 (Cornell and Schwertmann, 2003; Sun et al., 1998). Since MB is a 

cationic dye, its adsorption onto the magnetite surface is increased at pH values higher 

than pHpzc (pH > 6.0) and at pH < 6.0 will be decreased due to the charge repulsion. 

From the results, the higher removal efficiencies have been obtained over neutral pH 

values. Opposite to the results that were generally obtained for homogeneous Fenton 

treatment of contaminants in literature, acidic condition did not result in higher 

degradation of MB over magnetite samples. In addition to elimination of acidification 

and subsequent neutralization step with magnetite, it should be pointed out that 

magnetite have demonstrated acceptable scores over wide pH values due to the stability 

of iron species inside the catalyst structure. Similar results were obtained with Sun et al. 

Univ
ers

ity
 of

 M
ala

ya



 

 

 

88 
 

(2014) when they studied the application of nano-Fe3O4 for degradation of 

carbamazepine over the pH range: 5.0 to 9.0. Accordingly, the pH value of 7.0 was 

chosen as target value in optimization process. 

4.2.3. Fenton process optimization 

The optimum conditions were determined based on the best combination of factor levels 

to obtain maximum amounts for the studied dependent variables, using the optimization 

function in the DOE software. In addition, this would help to conclude which catalyst 

represents better removal efficiency in the studied process. The chosen criteria for 

optimization purpose were as “maximize” for responses (Color, COD and TOC removal 

%), “within the range” for Fenton reagents and reaction time and “target” pH value of 

7.0. In the next step, these targets applied to find the optimum conditions with the 

higher desirability. The identified optimal conditions for the sample N and M were 

H2O2: 2.0 mol L
‒1

, catalyst: 1.6 g L
‒1

, pH: 7.0 and reaction time: 2.00 h with the peak 

desirability values: 97.3 % and 92.5 %. The values of color % removal: 73.43 and 

79.71, COD % removal: 62.59 and 67.92, and TOC % removal: 43.17 and 46.01 were 

predicted at optimum points for the samples M and N respectively. Six additional 

experiments conducted under the CCD-predicted optimum conditions to confirm the 

validity of the procedure and the accuracy of the quadratic models. The mean values of 

the experimental results and the predicted values by the regression models are given in 

Table 4.4. As can be seen in the table, the deviation errors between the all experimental 

and predicted values were less than 5% and in a close agreement with one another. It 

indicates that the developed CCD models can correlate the reaction factors to studied 

responses with high accuracy. It is evident from the both experimental results and 

developed models that magnetite sample N performed well in Fenton process with 

respect to decolorization, degradation and mineralization of methylene blue solution. 
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This indicates that the differences in physical properties, especially in surface area, of 

the magnetite samples in the studied conditions have significant effects on their activity 

in Fenton-like reaction.   

 

Table 4.4: Predicted and experimental values of the studied responses at optimum 

conditions for both the magnetite samples  

Response Experimental 

results 

Predicted values Error (%) 

M N M N M N 

Colour removal efficiency (%) 73.62 78.06 73.43 79.71 0.26 2.07 

COD removal efficiency (%) 62.92 68.14 62.59 67.92 0.52 0.32 

TOC removal efficiency (%) 44.28 47.16 43.17 46.01 2.51 2.44 

 

Based on the obtained results in this step and the preliminary experiments, the 

conditions of [H2O2]0: 2.0 mol L
‒1

, catalyst: 1.0 g L
‒1

, reaction time: 3 h and neutral pH 

were chosen as Fenton optimal conditions for the subsequent experiments using 

synthesized magnetite samples. 

4.3. Niobium-substituted-magnetite (Fe3-xNbxO4) 

Niobium (previously columbium) is a transition metal with atomic number of 41 and 

one electron in its last electron shell. Its main application is in the field of 

superconductivity in alloy with Ti and Al (Kneisel et al., 2015). This metal was chosen 

in this study for some reasons: (i) No comprehensive study on the effects of Nb 

incorporation on physico-chemical characteristics of magnetite and its application in 

Fenton reaction (ii) the similar ionic radius of Nb to iron species (Nb
+4

 (68 pm) and 

Nb
+5

 (64 pm) vs. Fe
2+

 (61 pm) Fe
+3

 (55 pm)); therefore, it can theoretically replace iron 

in magnetite structure (isomorphic); (iii) the same crystal structure of Nb as Fe (body 

centered cubic structure) and (iv) its paramagnetic characteristic, thus can be attracted to 
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external magnetic field. One of the main study objectives was to assess the effects of the 

changes in magnetite using a very small amount of Nb. On this basis, x=0.2 was chosen 

as the maximum value of incorporated Nb. Subsequently, a series of Fe3-xNbxO4 

samples were prepared by using the stoichiometric amount of the elements at x=0.0-0.2. 

Details regarding the characteristics of the synthesized Nb substituted magnetite 

samples is given in the following chapters.  

4.3.1. Characterization of Fe3-xNbxO4 samples 

The main elemental ratio of the synthesized Nb substituted magnetite samples was 

obtained by Inductively Coupled Plasma (ICP) analysis and the amount of oxygen 

vacancy in each sample was calculated (Table 4.5). The Nb content of the synthesized 

samples was between 0.022 and 0.19 and vacancy concentrations of 0.001, 0.008, 0.02 

and a significantly high value of 0.251 in Fe2.65Nb0.099O4 sample were obtained that 

were mainly generated due to the cationic deficiency in its structure (Pearce et al., 

2015). 

 

Table 4.5: Formula and the amount of oxygen vacancies for the Fe3-xNbxO4 samples 

Sample                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                Formula  Oxygen vacancy 

Fe
3
O

4
 Fe

2.999
O

4
 □

0.001
 

Fe
3-x

Nb
x
O

4
 (x = 0.025) Fe

2.97
Nb

0.022
O

4
 □

0.008
 

Fe
3-x

Nb
x
O

4
 (x = 0.05) Fe

2.95
Nb

0.049
O

4
 □

0.001
 

Fe
3-x

Nb
x
O

4
 (x = 0.1) Fe

2.65
Nb

0.099
O

4
 □

0.251
 

Fe
3-x

Nb
x
O

4
 (x = 0.2) Fe

2.79
Nb

0.19
O

4
 □

0.02
 

 

The XRD patterns of Fe3-xNbxO4 (x ≈ 0.022 − 0.19) samples are shown in Fig. 4.1. All 

the main characteristic peaks of magnetite were observed in the recorded data and fit 

well with the data of standard magnetite cards numbers 98-015-8744, 98-002-9129 and 

98-0.16-3306. The d-spacing values of all magnetite samples matched the lines 111, 
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220, 311, 222, 400, 422, 511, 440, and 533, which verified the presence of crystalline 

magnetite phases. The diffractograms of all samples were similar with varying intensity 

of the peaks attributed to their differences in particle size.  

 
Figure 4.1: XRD patterns for Fe3-xNbxO4 samples 

 

BET surface area, total pore volume and pore size distribution were obtained at 

physisorption capacity of 77.35 K using Micromeritics (tristar 3020) instrument. All the 

synthesized samples were degassed at 90 ˚C for 1 h and then at 303
°
 K/min for 4 h 

before the test. Data on the surface properties obtained with BET method and particle 

size analyzer were summarized in Table 4.6. The surface area of the modified samples 

increased significantly with Nb content up to x ≈ 0.1, resulted from the decrease in pore 

diameter. The surface area of the Fe2.65Nb0.099□0.025O4 sample was three times larger 

than that of pure magnetite, possibly attributed to cationic deficiency in its structure. 

However, in Fe2.79Nb0.19O4 sample, a decrease in surface area compared to 

Fe2.65Nb0.099□0.025O4 was observed that could be related to occupied sites of the imported 
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Nb
+5

 ions. As it may be, in this group, the imported Nb
5+

 ions were initially substituted 

by octahedral Fe
3+

 cations that are mainly exposed on the surface and contributed in the 

increment in surface area primarily due to reduction in pore size of the particles. When 

the amount of incorporated Nb was doubled, Nb
4+

 replaced tetrahedral Fe
3+

 cations in 

the crystalline structure that led to increase in particle size due to larger ionic radius of 

Nb
4+

 (68 pm) compared to Fe
3+

 (55 pm) and consequently, decrease in surface area 

(Lide, 2005; Ok et al., 1978; Robbins et al., 1971). 

 

Table 4.6: Surface area, pore size/volume and particle sizes of Fe3-xNbxO4 samples 

Sample                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                BET Surface 

area (m
2
/g) 

Pore size 

(A
°
) 

Pore volume 

(× 10
−2

cm
3
/g) 

Particle size 

distribution (nm) 

Fe3O4 29.9804 157.7447 11.8231 90.9 

Fe
2.97

Nb
0.022

O
4
 30.2216 157.3319 7.9538 87 

Fe
2.95

Nb
0.049

O
4
 36.4067 144.9385 9.5684 70 

Fe
2.65

Nb
0.099

O
4
 109.7218 55.9164 15.3381 55.1 

Fe
2.79

Nb
0.19

O
4
 43.2054 134.1628 18.5257 57.0 

 

 

Transmission electron microscopy (TEM) was used to investigate the morphology and 

size of the samples. The images obtained from TEM are presented in Fig. (4.2a-f). The 

micrographs show the particles of characteristic shape of magnetite (octahedral) in all 

the synthesized samples. The particles had a diameter ranging between 50 and 100 nm 

and they appeared smaller when concentrations of Nb were higher (Fig. 4.2e-f). 
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Figure 4.2: TEM images of Fe3-xNbxO4 (a) x=0, (b) x=0.049, (c) x=0.099, (d) x=0.19 

and particle size distribution in (e) x=0 and (f) x=0.099 samples 

 

The magnetic behavior of Nb substituted magnetite samples was investigated by VSM. 

All samples showed good magnetic property that is required for their easy separation 

from the reaction solution. Table 4.7 gives the data extracted from the hysteresis loops 

(Fig. 4.3) of the samples. The main parameters that used for characterization of 

(c) 

(e) (f) 

100 nm 100 nm 
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magnetic properties of the samples were the coercivity (Hci: is the field needed to 

decrease the magnetization to zero after saturation), saturation magnetization (Ms), the 

remanence (Mr and the squareness ratio (SQR = Mr/Ms). A large SQR (measures the 

squareness of the hysteresis loop) value is desired for memory devices but in the case of 

magnetic materials, it should be as low as possible and close to zero (Stoner & 

Wohlfarth, 1948). As can be seen, all samples showed similar SQR values of about 0.15 

that shows a minor change in magnetic properties of the synthesized samples compared 

to pure magnetite. The obtained hysteresis loops showed the characteristic graphs of 

ferromagnetic materials. The slim magnetic hysteresis loops showed high magnetic 

saturation (up to 100 emu/g) and minor amounts of residual magnetism (0.6 emu) that is 

a characteristic of soft magnetic materials such as iron. They can be easily magnetized 

and demagnetized due to the need for small coercive force to overcome residual 

magnetism. 
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Figure 4.3: Hysteresis loops for (a) magnetite (b) Fe2.79Nb0.19O4 

 

 

 

Table 4.7: Magnetic properties of the synthesized samples 

Samples Hci 

(G) 

Magnetization 

Ms (emu/g) 

SQR 

(Mr/Ms) 

Fe3O4 108.39 68.93 0.15 

Fe
2.97

Nb
0.022

O
4
 107.15 85.29 0.15 

Fe
2.95

Nb
0.049

O
4
 106.16 98.43 0.15 

Fe
2.65

Nb
0.099

O
4
 104.88 78.77 0.15 

Fe
2.79

Nb
0.19

O
4
 103.24 95.63 0.16 

 

 

The spectrum derived from the XPS analysis was used to get information on elemental 

composition and chemical states of the active surface ions. However, the accuracy of 

the results depends on the analytical procedure where there is an overlapping of peaks 

of various species in a sample. For the Fe3-xNbxO4 samples, the spectral regions of 

interest were B.E: 700-740 eV, 520-550 eV, 278-298 eV, and 197-217 eV for Fe 2p, O 

1s, C 1s, and Nb 3d, respectively. In order to determine the chemical species present on 

the surface, a complete XPS survey spectrum of the samples were acquired (Fig. 4.4).  
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Figure 4.4: XPS spectra of Fe3-xNbxO4 samples (x = 0 ‒ 0.19) 

 

 

 

Table 4.8 presents the composition of the elements and the corresponding percentage of 

each chemical state. The Fe
2+

/Fe
3+

 ratio increased with Nb content of the magnetite 

indicating that Fe
3+

 cations replaced by Nb ions. 
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Table 4.8: The elemental composition and their chemical states on the surface of Fe3-xNbxO4 samples 

ID Samples Weight Fe (%) Weight O (%) Weight Nb (%) 

FeO Fe2O3 Fe(II) satellite Fe III satellite FeO/Fe2O3 NbO2/Nb2O5 NbO2 Nb2O5 

M Fe3O4 29.25 45.14 9.10 16.50 62.96/29.28 - - - 

A Fe2.97Nb0.022O4 34.62 38.52 9.30 17.563 69.97 30.03 65.50 34.5 

B Fe2.95Nb0.049O4 36.02 35.73 13.01 15.24 59.43 35.83 54.59 45.41 

C Fe2.65Nb0.099O4 39.13 32.20 12.37 16.29 62.08 33.65 55.85 44.15 

D Fe2.79Nb0.19O4 47.64 30.25 10.77 11.34 67.22 29.82 63.53 36.47 
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The exposed surfaces of the Nb-substituted magnetite samples host various species. The 

narrow scan of the elements of interest, iron (Fe), niobium (Nb) and oxygen (O) were 

recorded and deconvolution of peak shape was carried out to identify the chemical 

states of the surface ions. Figure 4.5a shows the narrow scanned Fe 2p spectra of the 

Fe3-xNbxO4 samples. The peak position of Fe 2p1/2 and Fe 2p3/2 was used for 

qualitative determination of the ionic states of Fe (Yamashita & Hayes, 2008). The F2p 

peaks were positioned between B.E. of 709.9 eV and 711.5 eV. By comparing the 

results obtained in this study with the reference data, the peaks are characteristic of Fe
2+

 

and Fe
3+

 cations in the samples (Magalhães et al., 2007). In addition, the satellite peaks 

at the low kinetic energy side of the main peaks are also characteristic of Fe
2+

 and Fe
3+

. 

The satellite peaks of Fe
2+

 and Fe
3+

cations are clear in this figure. These peaks are 

caused mainly by configuration interaction resulted from valence electrons relaxation. It 

is worth to mention that the satellite peaks intensity cannot be ignored in order to have 

an accurate measurement of the amount of surface iron species (Paparazzo, 2006). 

Deconvolution of the O1s of Fe2.79Nb0.19O4 sample is shown in Fig. 4.5b. It was 

observed that the oxygen present in the form of FeO/Fe2O3 situated at B.E. 529.7 eV 

and NbO2/Nb2O5 situated at B.E. 530.9 eV. The graph shows the considerable amount 

of surface Nb when compared to Fe species. 

In this study, it was especially important to validate the presence of Nb on the surface of 

the modified magnetite samples and its valence state. XPS is an ideal tool to study the 

surface Nb of the samples in which different oxidation states of Nb can be easily 

distinguished (Maximova, 2008). The results (Fig. 4.6) showed the presence of Nb
+5

 

with the Nb 3d core level situated between 207.7 eV and 206 eV that is related to NbO2 

and Nb2O5 respectively. Figure represents the evolution of Nb 3d peaks with the growth 

in Nb content of the samples. In addition, the results indicated that Nb was not in a pure 

+5 oxidation state but presented in both +4 and +5 oxidation states (Table 4.8). The high 
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Nb/Fe ratio of the samples (x= 0.099 and 0.19) indicated niobium enrichment of the 

surface of these modified samples. 

 

 

Figure 4.5:  Deconvolution of the (a) Fe 2p doublet and (b) O 1s of Fe2.79Nb0.19O4 

sample 

(b) 
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Figure 4.6: XPS spectra for (a) Fe 2p and (b) Nb 3d region for the Fe3-xNbxO4 samples 

(x = 0 ‒ 0.19). ((a) The arrows show satellite peaks; (b) the binding energies of Nb2O5 

and NbO2, indicated by vertical lines). 

(b) 

(a) 
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4.3.2. Methylene blue adsorption by Fe3-xNbxO4 

Figure 4.7 shows the adsorption of different concentrations of MB (mg g
-1

) on Fe3-

xNbxO4 samples at pH 7. It was observed that qe of all the synthesized samples were 

bigger than that of pure magnetite, indicating that niobium incorporation had a positive 

effect on MB adsorption. The corresponding BET surface area values of the Nb-

magnetite samples are also given in the figure. The highest BET value (109.7 m
2
 g

-1
) 

amongst this series was for the Fe2.65Nb0.099□0.251O4 sample and the adsorption capacity 

of this sample was the highest, as shown in the figure. 

The adsorption capacity of MB on Fe2.97Nb0.022O4, Fe2.95Nb0.049O4, Fe2.65Nb0.099O4, and 

Fe2.79Nb0.19O4 samples were 21.3%, 31.14%, 47.8%, and 41.7%, respectively which 

were significantly higher compared to unmodified magnetite which only achieved 

17.9% of MB removal through adsorption. From the results, the adsorption capacity of 

the samples increased with Nb content of the samples up to x = 0.1. This can be 

attributed to the increase in the specific surface areas of the samples caused by 

incorporation of Nb ions (Liang et al., 2013). However, adsorption of MB on Fe3-

xNbxO4 samples is mainly corresponding to their surface charge. Based on the pHpzc 

values (Fig. 4.8) of the synthesized samples, at pH > pHpzc, the surface of the samples 

was negatively charged which is favored for adsorption of cationic dye (MB) based on 

electrostatic interaction. This finding is in agreement with the other studies. Liang et al. 

(2012a) reported that MB removal through Fenton reaction catalyzed by Cr substituted 

magnetite were mainly relied on its adsorption on the surface of the samples at neutral 

pH value while the samples showed no adsorption to acid orange II and the degradation 

of the studied dyes followed different removal mechanisms. Figure 4.9 shows the 

effects of solution pH on the adsorption of MB on Fe2.79Nb0.19O4. The amount of 

adsorption was significantly affected by the initial pH of the solution. The negligible 

adsorption was resulted at pH 4.0 due to repulsion between cationic dye molecules and 
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positively charged catalyst surface. Therefore, pH > pHpzc increased the adsorption 

accordingly. The highest MB adsorption was obtained at pH=10 that could be 

associated with the higher amount of surface -OH groups of the samples (Liang et al., 

2012a). The higher adsorption capacity of the modified samples compared to pure 

magnetite did not only depend to pollutant’s characteristics but the surface 

characteristics of the samples. Although, the high adsorption could be one of the main 

reasons for improved catalytic activity of the samples, but it should be mentioned that 

for the pollutants with low adsorption on surface but enhanced Fenton degradation, such 

as acid orange II as anionic dye, other degradation mechanism has been suggested 

(Liang et al., 2013). 

 

 

Figure 4.7: Adsorption of methylene blue on (M) Fe3O4, (A) Fe2.97Nb0.022O4, (B) 

Fe2.95Nb0.049O4, (c) Fe2.65Nb0.099O4, and (D) Fe2.79Nb0.19O4 

samples ([MB] 12.5-100 mg/L; Catalyst 1 g/L; pH 7, t = 2 h) 
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Figure 4.8: The pH of the point of zero charge of Fe2.79Nb0.19O4 sample 

 

 

 

 

 
Figure 4.9: The effect of pH on MB adsorption on Fe2.79Nb0.19O4 sample (1g L

−1
) 
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4.3.3. Methylene blue degradation by Fe3-xNbxO4 

Methylene blue removal was initiated by its adsorption on the catalyst surface before 

H2O2 addition and starting Fenton reaction. Figure 4.10 shows MB removal (Ct/C0) 

through adsorption on the Fe3-xNbxO4 samples at 120 min of agitation and Fenton-like 

reaction at neutral pH over additional 180 minutes. 

 

 
Figure 4.10: Methylene blue removal through adsorption and Fenton reaction catalyzed 

by Fe3-xNbxO4 samples ([H2O2] 0.2 mol L
‒1

; catalyst 1g L
‒1

; pH 7; tads = 2 h; tFenton =3 h) 

 

 

By adding H2O2, MB degradation was enhanced through heterogeneous Fenton 

reaction. After 180 min, MB oxidation was increased through Fenton-like reaction. The 

oxidation rate was improved concurrent with pH rising from 4 to 10 (Fig. 4.11). The 

amount of MB adsorbed on Fe2.79Nb0.19□0.02O4 sample was negligible because pH of the 

solution was less than pHpzc of the catalyst. Accordingly, Fenton removal efficiency was 

relatively low. The resulted decolorization at pH 4 might be caused through the 

homogeneous Fenton rout due to the slight leaching of Nb into the solution. Figure 4.12 
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shows the MB and TOC removal efficacies of the synthesized samples at pH 7 and 10. 

Degradation and mineralization of MB were significantly higher at pH 10 and improved 

by increasing the amount of Nb incorporated into catalysts. During the reaction, the 

concentration of leached Fe and Nb ions were very low indicating that degradation 

mainly occurred through a heterogeneous route and leaching of ions into the solution 

had negligible role in the oxidation of MB. Based on the findings of previous studies 

(Liang et al., 2012a; Lin & Gurol, 1998), enhanced MB oxidation is not only related to 

the specific surface area of the samples but also the concentration of hydroxyl radicals 

on the surface of hetero-catalysts resulted from decomposition of H2O2. On the other 

hand, the role of Nb
4+

/
 
Nb

5+
cations that were substituted in place of octahedral Fe

3+
 

cations in transfer of electrons in spinel structure to generate Fe
2+

 cations in Fenton-like 

reaction and decomposition of H2O2 is critical. In the Fe3-xNbxO4 series, the catalytic 

activity of the samples was greatly enhanced by the increase in Nb-content of the 

magnetite samples, ranging from 0 to 0.19, in which total MB removal was obtained 

under the studied conditions. It can be ascribed to difference in adsorption capacity of 

the samples. However, for Fe2.79Nb0.19O4 sample, which had lower change in its BET 

and adsorption than Fe2.65Nb0.099O4, its peak activity might be associated with other 

factors such as oxygen vacancies as active sites on the surface, higher electron transfer 

and subsequently higher H2O2 decomposition (Costa et al., 2003). In the similar studies, 

it was reported that the increment in imported ion generally lead to higher removal 

efficacies. Nevertheless, it should be beared in mind that the concentration of Fenton 

reagents, type and the amount of probe molecule, reaction condition and duration and 

especially the elemental ratio of the imported transition metal play significant role and 

have crucial effects on the degradation effectiveness. For instance, in a study reported 

by Costa et al. (2006), although MB (50 ppm) removal was attained within 10 minutes, 

higher H2O2 concentrations (0.3 M) and Mn (x=0.53) and Co (x=0.75) contents were 
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the main reasons for the short reaction time. In another study, Liang et al. (Liang et al., 

2012a) reported that 59.3% of MB (≈ 64 mg L
‒1

) was removed from the solution using 

Fe2.82Cr0.18O4/ H2O2 (0.08 M) within 4 hours. Whereas, Fe2.33Cr0.67O4 / H2O2 resulted in 

95% decolorization at studied reaction time. On the other hand, a long reaction time of 

11 h was taken to degrade > 90% of MB (70 mg g
‒1

 of Fe2.66V0.34O4 at pH 10 (Liang et 

al., 2013a). Therefore, the studied Fe3-xNbxO4 sample with relatively lower Nb content 

(x = 0.19) and shorter reaction time showed significantly improved performance in 

Fenton degradation of MB solution. 

 

 

 
Figure 4.11: Effect of pH on methylene blue removal trough adsorption and Fenton-like 

reaction catalyzed by Fe2.79Nb0.19O4 
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Figure 4.12: Degradation and mineralization of MB solution through Fenton-like 

reaction using Fe3-xNbxO4 catalyst at pH values of 7 and 10  

 

From the results, x=0.2 was found as the optimal value in the Fe3-xNbxO4 series that 

showed the highest activity in Fenton oxidation of MB solution. Following this 

experiments, Mo was used instead of Nb to explore the changes derived from this 

substitution in magnetite structure and activity in Fenton-like reaction. 

4.4. Molybdenum-substituted-magnetite (Fe3-xMoxO4) 

Molybdenum (Mo) is a transition metal from fifth series of periodic table with atomic 

number of 42. The main industrial applications of this element are as catalyst and 

pigment (Platanitis et al., 2016). Similar to Nb, it has one electron in its last electron 

shell. In addition, the crystal structure of Mo is also body centered cubic structure and it 

is paramagnetic. From the isomorphic substitution viewpoint, Mo has similar ionic 

radius to iron species (Mo
+4

 (65 pm) and Mo
+6

 (59 pm) vs. Fe
2+

 (61 pm) Fe
+3

 (55 pm)). 

As a result, Mo could theoretically replace iron in magnetite structure. The following 

sections gives data regarding a number of the main physico-chemical characteristics of 
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Mo substituted magnetite samples (Fe3-x-yNbxMoyO4) and their activity in Fenton-like 

reaction. 

4.4.1. Characterization of Fe3-xMoxO4 samples 

The chemical formula of the synthesized Fe3-xMoxO4 samples was obtained using 

Inductively Coupled Plasma (ICP) analysis and the amount of oxygen vacancy in each 

sample was calculated subsequently. Table 4.9 shows the actual amount of Mo entered 

the lattice structure of magnetite. The results showed lower incorporation maxima of 

Mo when compared to Nb. The amount of Mo in the sample using the ratio of x=0.025 

was negligible; therefore, it was not used in this study. On the other hand, the amount of 

incorporated Mo in other samples compared to initial value was about 56% (x=0.05), 

69% (x=0.1) and 65% (x=0.2). Because of this, a sample with x=0.3 of Mo was also 

prepared in which the amount of incorporated Mo to magnetite was about 70% of 

initially utilized value. Accordingly, the amount of oxygen vacancies improved 

concurrent with increase in the utilized Mo in the modified magnetite samples. This was 

mainly because of the cationic deficiency in the structure of the samples. 

 

Table 4.9: Formula and the amount of oxygen vacancies for Fe3-xMoxO4 samples 

Sample                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                Formula  Oxygen vacancy 

Fe
3
O

4
 Fe

2.999
O

4
 □

0.001
 

Fe
3-x

Mo
x
O

4
 (x = 0.05) Fe

2.94
Mo

0.028
O

4
 □

0.0224
 

Fe
3-x

Mo
x
O

4
 (x = 0.1) Fe

2.89
Mo

0.069
O

4
 □

0.0319
 

Fe
3-x

Mo
x
O

4
 (x = 0.2) Fe

2.79
Mo

0.13
O

4
 □

0.0733
 

Fe
3-x

Mo
x
O

4
 (x = 0.3) Fe

2.62
Mo

0.21
O

4
 □

0.17
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The XRD patterns of Fe3-xMoxO4 samples (x ≈ 0.028 − 0.21) are shown in Fig. 4.13. The 

main signature peaks of 2θ ≈ 18.3° (111), 30.2° (220), 35.6° (311), 37
°
 (222), 43.3° 

(400), 53.7° (422), 57.2° (511), 62.8° (440) and 74.4° (533) were observed in the 

recorded data and fitted well with the data of standard magnetite card numbers (JCPDS 

no.) 98-009-8087, 98-015-8745, 98-007-7589 and 98-015-7651. This certifies the 

conservation of the magnetite spinel structure in synthesized samples. In this group, the 

replacement of Fe
2+

 (61 pm) with Mo
4+

 (65 pm) and Mo
6+

 (59 pm) altered the lattice 

parameters from 8.394 ˚A for the unmodified magnetite to 8.378, 8.358 and 8.344. A 

slight difference in the intensity of the diffractograms of the samples was resulted 

mainly from the differences in the particle sizes of the samples. 

 

 

Figure 4.13: XRD patterns for Fe3-xMoxO4 magnetite samples 

 

 

 

Univ
ers

ity
 of

 M
ala

ya



 

 

 

110 
 

Table 4.10 gives the data obtained from BET method and particle size analyzer. From 

the table, it can be seen that the size of the particles was decreased with the increased 

structural Mo in the samples. Subsequently, the amount of the specific surface area of 

the samples was also increased by increment in Mo content. The corresponding pore 

sizes and pore volumes of the samples is also given in the table.  

 

Table 4.10: Surface area, pore size/volume and particle sizes of Fe3-xMoxO4 samples 

ID Sample BET 

Surface area 

(m
2
/g) 

Pore size 

(A
°
) 

Pore volume 

(× 10
−2

cm
3
/g) 

Particle size 

distribution 

(nm) 

M Fe3O4 29.9804 157.7447 11.8231 90.9 

A Fe
2.94

Mo
0.028

O
4
 39.7167 103.7773 10.0137 75.6 

B Fe
2.89

Mo
0.069

O
4
 61.0534 106.2230 18.8688 61.2 

C Fe
2.79

Mo
0.13

O
4
 69.4753 89.9683 17.8757 55.5 

D Fe
2.62

Mo
0.21

O
4
 100.4605 64.9741 16.3183 22.1 

 

 

Transmission electron microscopy (TEM) revealed the morphology, shape and size of 

the Fe3-xMoxO4 samples. The micrographs show the characteristic morphology of well-

crystallized magnetite in which all the samples grew well in octahedral form (Fig. 4.14). 

Furthermore, the size of the samples decreased parallel with the growth in Mo content 

of the samples. 
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Figure 4.14: TEM images of Fe3-xMoxO4 samples (a) A, (b) B, (c) C and (d) D 

  

X-ray photoelectron spectroscopy (XPS) used to identify the elements present on the 

surface of the Fe3-xMoxO4 samples. This is mainly to prove the presence of incorporated 

Mo on the surface of the samples and to determine its chemical state. On this basis, a 

complete XPS survey spectrum of the samples helped for determination of the elemental 

composition of the samples (Fig. 4.15). Subsequently, narrow scanning of the elements 

of interest carried out and peak deconvolution processed to detect the chemical states of 

the elements in the samples. The spectral regions of B.E: 700-740 eV, 520-550 eV, 278-

298 eV and 222-242 eV for Fe 2p, O 1s, C 1s and Mo 3d used for narrow scanning 

respectively. 

Univ
ers

ity
 of

 M
ala

ya



 

 

 

112 
 

 
Figure 4.15: XPS spectra of Fe3-xMoxO4 samples 

 

Figure 4.16 shows the narrow scanned Fe 2p spectra of the Fe3-xMoxO4 samples. The 

peak position of Fe 2p1/2 and Fe 2p3/2 located between B.E. of 709.9 eV and 7110.5 

eV used to determine the chemical states of Fe (Yamashita & Hayes, 2008).   

The obtained results matched well with reference data for Fe
2+

 and Fe
3+

 cations 

(Magalhães et al., 2007). Furthermore, the satellite peaks at the side of the main peaks 

were also the characteristic of Fe
2+

 and Fe
3+

.
 
The configuration interaction of valence 

electrons relaxation is the main reason for generation of the satellite peaks (Paparazzo, 

2006). Table 4.11 gives data regarding the weight (%) of Fe species on the surface of 

the samples. The Fe
2+

 cations decreased in the samples by the growth in Mo content that 

was evident from the Fe (II)/Fe (III) ratio values. This indicates the incorporated Mo
4+

 

cations placed Fe (II) cations in octahedral sites of the magnetite. The data for satellite 
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Fe (II) and Fe (III) also presented in the table, which is important for precise 

quantification of the surface iron species. 

 

 
Figure 4.16: XPS spectra for Fe 2p region for the Fe3-xMoxO4 samples 

(The arrows show satellite peaks) 

 

 

Table 4.11: The elemental composition and their chemical states on the surface of Fe3-

xMoxO4 samples 

Samples Weight Fe (%) Fe
II

/Fe
III

 

FeO Fe2O3 Fe(II) 

satellite 

Fe III 

satellite 

Fe
2.94

Mo
0.028

O
4
 30.76 44.28 12.41 12.55 0.695 

Fe
2.89

Mo
0.069

O
4
 29.24 45.17 12.58 13.01 0.647 

Fe
2.79

Mo
0.13

O
4
 27.64 45.43 12.60 14.33 0.608 

Fe
2.62

Mo
0.21

O
4
 25.92 47.43 10.93 15.72 0.546 
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Details of peak position and corresponding chemical states of Fe species in the samples 

obtained via deconvolution of the Fe 2p spectra of Fe2.62Mo0.21O4 sample (Figure 4.17a). 

 

 

 
Figure 4.17: Deconvolution of the (a) Fe 2p doublet and (b) Mo 3d of Fe2.62Mo0.21O4 

sample 

 

(a) 
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The XPS analysis validated the presence of Mo on the surface of the synthesized 

samples. Figure (4.17b) shows the XPS spectra of Mo 3d for the Fe2.62Mo0.21O4 sample. 

The Mo 3d data matched well to that of Mo (IV) and Mo (VI) by the peaks at binding 

energies of 232.2 and 235.6, which ascribed to Mo 3d5/2 and Mo 3d3/2 respectively. 

The magnetic properties of the Fe3-xMoxO4 samples obtained using vibrating sample 

magnetometer (VSM). The main parameters extracted from the hysteresis loops were 

coercivity (Hci), saturation magnetization (Ms), remanence (Mr) and squareness ratio 

(SQR = Mr/Ms) (Figure 4.18). The above-mentioned parameters used to assess the 

magnetic characteristics of the samples (Table 4.12). 

 

 

 
Figure 4.18a: Hysteresis loops for magnetite sample 
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Figure 4.19b: Hysteresis loops for Fe2.62Mo0.21O4 sample 

 

 

 

The slim hysteresis loop (low SQR values) is the characteristic property of the 

ferromagnetic materials that resulted from the high magnetic saturation (Ms) and low 

residual magnetism (Mr) of the samples. From the results, the magnetic property of 

magnetite maintained in all the modified samples and helped for magnetically 

separation of the samples from the reaction medium. 

 

 

Table 4.12: Magnetic characteristics of Fe3-xMoxO4 samples 

Samples 

 

Hci (G) Magnetization          

Ms (emu g
−1

) 

SQR (Mr/Ms) 

Fe3O4 108.39 68.93 0.1544 

Fe
2.94

Mo
0.028

O
4
 105.15 91.154 0.1547 

Fe
2.89

Mo
0.069

O
4
 107.24 80.06 0.1535 

Fe
2.79

Mo
0.13

O
4
 96.513 85.94 0.1559 

Fe
2.62

Mo
0.21

O
4
 96.468 89.23 0.1521 
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4.4.2. Methylene blue adsorption by Fe3-xMoxO4 

Figure 4.19 shows the quantity of MB adsorbed on the Fe3-xMoxO4 samples at the state 

of equilibrium after 120 minutes of stirring. The value of MB adsorbed increased 

significantly in Mo substituted magnetite samples compared with pure magnetite. The 

rise in qe was parallel with the increase in Mo content of the samples. A substantial MB 

removal of about 40% achieved through adsorption on Fe2.62Mo0.21O4 sample. This 

could be attributed to its large specific surface area (Liang et al., 2013). As explained 

earlier, the surface area of the Fe3-xMoxO4 samples increased as the introduced Mo into 

the magnetite structure increased. Therefore, the available site for MB adsorption 

increased. This indicates the Mo substitution significantly improved the surface 

characteristics of magnetite towards enhanced adsorption capacity.  

On the other hand, the surface charge of the samples also played a key role in MB 

adsorption. Being a cationic dye, MB adsorbs on the negatively charged surface of the 

catalyst. Based on the pHpzc values of Fe3-xMoxO4 samples that are below 7 (Figure 

4.20), the surface of the samples was negatively charged at neutral condition. Therefore, 

MB adsorption took place under the studied condition. The adsorption experiments 

repeated at pH 10, to evaluate the effects of pH on the adsorption capacity of the 

samples. The MB adsorbed at pH 10 after 120 min of agitation improved significantly. 

This could be attributed to the increase in the surface hydroxyl groups of the samples at 

basic conditions (Liang et al., 2012a). The results indicated that both surface properties 

of hetero-catalyst and probe molecule characteristics have had crucial effects on the 

adsorption capacity of the samples.  
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Figure 4. 20: Effect of pH on the MB adsorption on Fe3-x-yNbxMoyO4 samples 

 

 
Figure 4. 21: The pH of the point of zero charge of Fe2.62Mo0.21O4 sample 

 

4.4.3. Methylene blue degradation and mineralization by Fe3-xMoxO4 samples 

The activity of the synthesized samples investigated through MB oxidation in Fenton 

reaction. Fenton degradation of MB solution started after MB adsorption on the surface 

of the samples by mechanical stirring of the catalyst in MB solution. After attaining the 
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adsorption equilibrium, MB degradation process initiated after H2O2 addition to the 

system. Figure 4.21 shows the MB removal (Ct/C0) through adsorption and Fenton 

reaction. All Mo substituted magnetite samples showed remarkable activity in Fenton 

decolorization of MB solution in comparison to pure magnetite. The MB removal 

efficiency using Fe2.94Mo0.028O4, Fe2.89Mo0.069O4, Fe2.79Mo0.13O4 and Fe2.62Mo0.21O4 

samples was about 48%, 52%, 56% and 63% more than pure magnetite within the 

reaction duration of 150 min. However, MB decolorization rate significantly improved 

to about 10 to 25 % when the pH of the solution increased to 10 (Fig. 4.22). The 

enhancement in degradation efficiency at pH 10 was mainly because of the large 

number of surface OH- groups on the samples compared with neutral pH and 

accordingly, higher adsorption capacity of the samples.  

However, there are reports on some anionic dyes with low adsorption on the surface of a 

modified magnetite. Degrading these anionic dyes through Fenton reaction was via 

some other oxidation mechanisms (Liang et al., 2013). 

 

 
Figure 4.22: MB removal through adsorption and Fenton oxidation by Fe3-xMoxO4 

samples 
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Figure 4.23: Degradation and mineralization of MB solution through Fenton-like 

reaction using Fe3-xMoxO4 catalysts at pH values of 7 and 10 

 

 

The MB mineralization effectiveness of Fe3-xMoxO4 samples is also shown in Fig. 4.23. 

The degree of mineralization meaningfully improved by modified samples. It was about 

34%, 42%, 66% and 68% higher than unmodified magnetite using Fe2.94Mo0.028O4, 

Fe2.89Mo0.069O4, Fe2.79Mo0.13O4 and Fe2.62Mo0.21O4 samples. The differences in TOC 

removal significantly increased when the pH of the solution altered to 10. A significant 

TOC removal efficiency of 71.5% and 72.4% obtained using Fe2.79Mo0.13O4 and 

Fe2.62Mo0.21O4 samples at pH 10. 

The results strongly proved that Mo substitution improved the characteristics of 

magnetite towards higher adsorption capacity and activity in Fenton oxidation of MB. A 

distinct enhancement specially observed using Fe2.79Mo0.13O4 and Fe2.62Mo0.21O4 

samples with the highest values of Mo in their structure. In Fe2.62Mo0.21O4 sample, 

though the stoichiometric value of x=0.3 was initially used but the actual structural 
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value was x=0.21. Therefore, similar to Nb substituted magnetite series, the ratio of 

x=0.2 found as optimal value amongst Fe3-xMoxO4 samples. Afterwards, the value of 

x=0.2 used as a sum amount to prepare co-doped (Nb + Mo) substituted magnetite 

samples. The aim was to investigate the effects of co-precipitation of Nb and Mo on 

magnetite adsorption capacity and activity and to assess the prominence of one metal 

over another. The characteristics and activity of co-doped samples is discussed in detail 

in the following sections. 

4.5. Niobium and molybdenum co-doped magnetite (Fe3-x-yNbxMoyO4) 

In previous studied series, Fe3-xNbxO4 and Fe3-xMoxO4, x = 0.2 was the optimal value to 

achieve a high removal efficiency. Accordingly, the molar value of 0.2 was chosen for 

the sum of x and y for co-doped samples. It was to investigate the effects of combined 

Nb+Mo incorporation versus singular substitution of Nb or Mo and the prominence of 

one over another metal. Five Fe3-x-yNbxMoyO4 samples (x = 0.025, 0.05, 0.1, 0.15, 0.175 

and y = 0.2 ‒ x) were prepared based on the stoichiometric amount of each element. The 

following set of the reactions (Eqs. 4-7 to 4-10) proposed by Sugimoto and Matijević 

(1980), used to show the synthesis of Fe3-x-yNbxMoyO4 samples and possible 

intermediate steps: 

2 5 5

3 6 2( )

3 6 2( ) 3 3

(3 ) (6 2( ))

( )  (4 7)

( ) (1 )

x y x y x y

x y x y x y x y x y

x y Fe xNb yMo x y OH

Fe Nb Mo OH

Fe Nb Mo OH x y NO Fe Nb Mo O

   

   



     

       



   
4

2 2
(1 ) (3 )  (4 8)x y NO x y H O
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3 6 2( ) 2 3 4

2

3 6 2( ) 3 4

( ) (2 2( ))

(2 2( )) (2 2( )) (2 2( ))                               (4 9)

5 ( ) (2 2( )) 5

(2 2( ))

x y x y x y x y x y

x y x y x y x y x y

Fe Nb Mo OH x y NO Fe Nb Mo O

x y NO x y H O x y OH

Fe Nb Mo OH x y NO Fe Nb Mo O

x y N



     



     

   

         

   

  
3 2

(8( ) 12)                                                             (4 10)H x y H O   

 

 

4.5.1. Characterization of Fe3-x-yNbxMoyO4 samples 

The chemical formula of the synthesized samples was determined using ICP analysis 

and the amount of oxygen vacancy for each sample was calculated (Table 4.13). The 

results showed that negligible amount of Fe (0.002-0.05%) and Nb (0.01-0.05%) 

remained unreacted, while in the case of Mo, it was very high (6-46%) which showed 

that the incorporation maxima of Mo into magnetite was much less than Nb. The 

maxima incorporation value for number of transition metals from fourth row of periodic 

table has been determined (Klas et al., 2011), but in the case of other transition metals 

has been poorly addressed in literature. The generated oxygen vacancies in the samples 

were mainly from the cationic deficiency in their structure and adjustments for 

structural dislocations (Pearce et al., 2015).  
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Table 4.13: Chemical formula, surface area, pore size/volume and particle size of          

Fe3-x-yNbxMoyO4 samples 

ID Formula from 

analysis 

OV
* 

BET Surface 

area (m
2
/g) 

Pore size 

(A˚) 

Pore volume  

(× 10
−2

cm
3
/g) 

Particle 

size (nm) 

M Fe2.999O4 0.001 29.980 157.745 11.823 90.9 

A Fe2.79Nb0.0249Mo0.094 O4 0.082 55.121 113.467 12.793 48.7 

B Fe2.79Nb0.049Mo0.089O4 0.062 56.213 110.264 14.793 45.9 

C Fe2.79Nb0.099Mo0.073O4 0.027 57.645 106.548 15.756 45.2 

D Fe2.79Nb0.149Mo0.032O4 0.018 62.845 103.122 15.183 44.2 

E Fe2.79Nb0.171Mo0.023O4 0.006 79.665 90.055 18.753 31.3 

 

In order to investigate the amount of incorporation maxima of Mo, a Fe3-x-yNbxMoyO4 

sample with higher Mo content than stoichiometric value (Fe2.8Nb0.1Mo0.15O4) was 

prepared and characterized by XRD and TEM. The results showed that the crystal 

structure of the sample was not purely magnetite and a fraction of orthorhombic phase 

was observed in the TEM images of the sample (Fig. 4.24). 

 

 
Figure 4. 24: TEM image of Fe3-x-yNbxMoyO4 sample (x = 0.1, y = 0.15); the arrows 

show the orthorhombic phase 
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BET surface area, total pore volume and pore size distribution were obtained at 

physisorption capacity of 77.35 K using Micromeritics instrument (tristar 3020). All the 

synthesized samples were degassed at 90˚C for 1h and then at 303
°
 K/min for 4 h before 

the test. The chemical formula and data on BET surface properties and particle size of 

the samples are summarized in Table 4.14. The results presented in the table show that 

the increment in total Nb+Mo content of the samples ranging from 0.1189 to 0.194 was 

followed by the decrease in particle size or increase in surface area. The difference 

observed between the surface area values of the Nb+Mo substituted magnetite samples 

and pure magnetite could be justified considering the decrease in pore size of the 

samples. 

Figure 4.25 shows the XRD patterns for co-precipitated Nb and Mo magnetite samples. 

All the diffraction peaks of five Fe3-x-yNbxMoyO4 samples corresponded well to the 

magnetite crystal structure of the standard cards numbered: 98-007-7589, 98-002-9129, 

98-015-7651 and 98-015-8743. The peaks at 2θ values of 18.3
°
 (111), 30.2

°
 (220), 35.6

°
 

(311), 37
°
 (222), 43.3

°
 (400), 53.7

°
 (422), 57.2

°
 (511), 62.8

°
 (440) and 74.4

°
 (533) were 

observed, which are consistent with the standard XRD data for magnetite.  
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Figure 4.25: XRD patterns of Fe3-x-yNbxMoyO4 samples 

 

 

The size, shape, dispersity and morphology of the samples were analyzed by TEM. 

Figure (4.26b-f) show the TEM images of the co-doped samples in comparison to pure 

magnetite (Fig. 4.26a). The average size of the particles of each sample was determined 

from the obtained images. It can be seen from the micrographs of the samples that the 

particles grew well in octahedral form which is a characteristic morphology of well-

crystallized magnetite (Liang et al., 2012b). The diameters of the particles were less 

than 50 nm that decreased with growth in the amount of incorporated metals. 
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.          

           

                      

Figure 4.26: TEM images of (a) Fe3O4 (b) Fe2.79Nb0.0249Mo0.094 O4, (c) 

Fe2.79Nb0.049Mo0.089O4, (d) Fe2.79Nb0.099Mo0.073O4, (e) Fe2.79Nb0.149Mo0.032O4 and (f) 

Fe2.79Nb0.171Mo0.023O4 samples 

 

 

Vibrating sample magnetometer (VSM) was used to study the magnetic behavior of the 

samples. This property was a key factor for easy separation of the synthesized catalysts 

from the reaction medium. The coercivity (Hci), saturation magnetization (Ms), 

(a) 
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remanence (Mr) and squareness ratio (SQR = Mr/Ms) were the main parameters that 

were used to assess the magnetic characteristics of the samples. Table 4.14 shows the 

data acquired from the hysteresis loops generated from the VSM analysis (Fig. A.Ca-f). 

The resulted slim hysteresis loops are the characteristic feature of the ferromagnetic 

materials that came from the high magnetic saturation (Ms) and low residual magnetism 

(Mr) of the samples. Accordingly, the SQR values (≈ 0.15) were very small and close to 

zero that is characteristic of magnetic materials. 

 

Table 4.14: Magnetic characteristics of Fe3-x-yNbxMoyO4 samples 

Samples 

 

Hci (G) Magnetization          

Ms (emu g
−1

) 

SQR (Mr/Ms) 

Fe3O4 108.39 68.93 0.1544 

Fe2.79Nb0.0249Mo0.094 O4 87.312 66.46 0.1526 

Fe2.79Nb0.049Mo0.089O4 88.94 64.77 0.1556 

Fe2.79Nb0.099Mo0.073O4 84.362 64.26 0.1538 

Fe2.79Nb0.149Mo0.032O4 83.973 65.6 0.1547 

Fe2.79Nb0.171Mo0.023O4 77.038 67.48 0.1513 

 

 

X-ray photoelectron spectroscopy (XPS) was used to determine the elemental 

composition, corresponding oxidation states and relative distribution of the imported 

transition metals located on the surface or near-surface of the synthesized samples. The 

required information was acquired by analyzing the XPS spectrum of the samples 

through a complete XPS spectrum (survey scan) and the narrow scan of the interested 

elements. The narrow scans were completed on the spectral regions of 700–740, 520–

550, 278–298, 222-242 and 197–217 eV for Fe 2p, O 1s, C 1s, Mo 3d and Nb 3d 

respectively. 
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 Fig. 4.27 shows the XPS survey spectrum of the samples. The strong Nb/Mo position 

peaks supported the incorporation of these elements into the magnetite structure and 

their presence on the surface of the catalysts. This was noticeable especially in the case 

of Nb cations in which the intensity of Nb3p and Nb3d increased gradually with the 

imported Nb. However, the amount of Mo on the surface of the samples was less in 

comparison with Nb.  

To identify the chemical states of the surface ions of interest, the narrow scan of iron 

(Fe), niobium (Nb), molybdenum (Mo) and oxygen (O) were recorded and 

deconvolution of peak shape was carried out. Figure 4.28 presents the XPS spectra for 

Fe 2p of the Fe3-x-yNbxMoyO4 samples. The satellite peaks were observed at the side of 

the main peaks with low kinetic energy. These satellite peaks are characteristics of Fe
2+

 

and Fe
3+ 

species, which are generated due to configuration interaction caused by 

relaxation of valence electrons. 
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Figure 4.27: XPS spectra of Fe3-x-yNbxMoyO4 samples 
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Figure 4.28: XPS spectra for Fe 2p of Fe3-x-yNbxMoyO4 samples (The arrows show 

satellite peaks) 

 

Table 4.15 shows data on relative weight (%) of each oxidation state of Fe. From the 

table, the increased Fe
2+

/Fe
3+

 ratios indicated that the Fe
3+

 cations were replaced by 

imported Nb and Mo ions of which the total Nb+Mo content of the samples increased 

with incorporated Nb, as explained earlier. In addition, the table gives the 

concentrations of satellite Fe (II) and Fe (III) to show the accurate magnitude of the 

surface iron species. 

 

Table 4.15: Weight (%) of surface Fe cations 

Sample Weight (%) 

FeO Fe2O3 Fe (II) Sat. Fe (III) Sat. 

Fe2.79Nb0.0249Mo0.094 O4 26.29 48.48 10.73 14.49 

Fe2.79Nb0.049Mo0.089O4 28.29 48.62 11.59 11.49 

Fe2.79Nb0.099Mo0.073O4 28.97 46.73 11.37 12.93 

Fe2.79Nb0.149Mo0.032O4 29.71 46.22 11.50 12.56 

Fe2.79Nb0.171Mo0.023O4 29.96 45.90 12.69 11.45 
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Figure 4.29: Deconvolution of the (a) Fe 2p doublet and (b) O 1s of 

Fe2.79Nb0.099Mo0.073O4sample 
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Figure 4.29a shows the deconvolution of the Fe 2p related to Fe2.79Nb0.099Mo0.073O4 

sample. It was observed that the Fe 2p peaks were located at B.E. of 709.9 and 7110.5 

eV that are characteristic of Fe
2+

and Fe
3+

cations based on the referred data.  

Deconvolution of O1s is presented in Fig. 4.29b. The O 1s spectrum could be 

deconvoluted into three main individual component peaks, which originated from 

overlapping of the peaks of FeO/Fe2O3, NbO2/Nb2O5 and MoO2/MoO3 on each other. 

The peaks at binding energies of 529.7, 530.9 and 531.4 are representing oxygen in the 

forms of FeO/Fe2O3, NbO2/Nb2O5 and MoO2/MoO3 respectively. The atomic 

concentration (%) of Nb-O and Mo-O varied between 9.52 to 34.94 and 5.04 to 14.06 

respectively. This also supports the fact that the amount of surface Mo was relatively 

lower than surface Nb. 
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Figure 4.30: XPS spectra for (a) Nb 3d and (b) Mo 3d for the Fe2.79Nb0.099Mo0.073O4

sample 

The fundamental goal of XPS analysis was to confirm the presence of the incorporated 

Nb and Mo on the surface of the synthesized samples and to distinguish the 

corresponding oxidation states of these elements. From the data obtained, the surface 

atomic concentration ratios of Nb/Fe and Mo/Fe varied at 0.018-0.098 and 0.008-0.043 

respectively, representing the higher concentrations of Nb on the surface compared to 

Mo. Figs. 4.30a-b illustrates the XPS spectra of Nb 3d and Mo 3d for the 

Fe2.79Nb0.099Mo0.073O4 sample. The Nb 3d and Mo 3d data matched well to that of Nb 

(IV) and Nb (V) and Mo (IV) and Mo (VI). From the figures, the peaks at binding 

energies of 206.3 and 209.8 eV could be assigned to Nb 3d5/2 and Nb 3d3/2 and the peaks 

at binding energies of  232.2 and 235.6 was ascribed to Mo 3d5/2 and Mo 3d3/2 

respectively. In this study, the incorporation of Nb and Mo into the magnetite brought 

about a shift in valence electrons from Nb and Mo to oxygen and accordingly, a 

difference in their electronic structure of inner shells. However, this change was not 

very obvious but was detected by XPS based on the variation in bonding energies. In 
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fact, when the bonds between Nb-O and Mo-O forms the valence electrons transfer 

from Nb and Mo to O. Consequently, a shift in 3d5/2 to higher energy level and O 1s to 

lower energy level takes place. 

 

4.5.2. Adsorption capacity of Fe3-x-yNbxMoyO4 samples 

The amount of MB adsorbed on the synthesized samples over 2 h of stirring time for 

100 mg L
‒1

 of MB is shown in Fig. 4.31. The maximum adsorption was achieved in the 

first hour and it continued at slower rate to reach the state of equilibrium at 120 min. 

This could be attributed to the large number of available adsorption sites on the surface 

of catalysts at initial time that were occupied rapidly. Then, the adsorption rate 

decreased due to decrease in vacant sites and repulsion force between the MB molecules 

on the surface of catalysts. Furthermore, the amount of adsorbed MB on Nb-Mo-

magnetite samples was significantly higher than pure magnetite and it increased with 

total Nb+Mo content of the samples. The Fe2.52Nb0.155Mo0.016O4 sample showed the 

highest adsorption capacity that was about 80% more than the pure magnetite. The 

results clearly indicated that incorporation of Nb and Mo had a positive effect on the 

adsorption capacity of magnetite, mainly due to the increase in specific surface area of 

the samples. 
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Figure 4.31: Effect of stirring time on adsorption of MB on samples at 100 mg L
‒1

 

(catalyst 1 g L
‒1

, pH 7, time 120 min) 

 

 

It is noteworthy that pH of the solution played an important role for MB adsorption on 

the surface of the catalysts. Based on the pH of the point of zero charge of the samples 

(pHpzc), that were laid between 6.6 ‒ 6.9 (Fig. 4.32), the surface of the samples were 

negatively charged at neutral pH (> pHpzc) and it was ideal for adsorption of MB as 

cationic dye due to electrostatic interaction. Since, the pHpzc of the samples was smaller 

for higher Nb+Mo content than unmodified magnetite; the high basicity could be a 

possible fraction in more adsorption of MB on the surface of the samples at pH 7.  Univ
ers

ity
 of

 M
ala

ya



 

 

 

136 
 

pHi

2 4 6 8 10 12

pH

-3

-2

-1

0

1

2

3

pHpzc = 6.896

(a)

 

pHi

2 4 6 8 10 12

pH

-3

-2

-1

0

1

2

3

pHpzc= 6.62

(b)

 

Figure 4.32: The pH of the point of zero charge of (a) Fe3O4 and (b) 

Fe2.79Nb0.171Mo0.023O4 

 

 

Figure 4.33 shows the amount of adsorbed MB on the samples at pH 7 and 10. As 

explained earlier, the adsorption capacity of the samples significantly increased at basic 
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solution of pH 10 due to the large number of –OH groups on the surface of the samples 

(Liang et al., 2012a; Zhang et al., 2005).     
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Figure 4.33: Effect of pH on adsorption of MB on Fe3-x-yNbxMoyO4 samples 

 

 

Figure 4.34: Effect of MB initial concentration on adsorption capacity of                     

Fe3-x-yNbxMoyO4 samples 
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Fig. 4.34 shows the effects of initial MB concentration on the adsorption capacity of the 

samples. The amount of adsorbed MB increased at higher MB concentrations. This 

discrepancy was attributed to domination on mass transfer limitation of MB between the 

bulk solution (aqueous phase) and catalysts surface (solid phase) at high concentrations. 

Additionally, different dye concentrations showed similar adsorption trend in which the 

adsorption increased with Nb+Mo content and the difference in adsorption was more 

significant at lower MB concentrations.  

4.5.3. Fenton catalytic activity of Fe3-x-yNbxMoyO4 samples 

The catalytic activity of Fe3-x-yNbxMoyO4 samples for MB degradation was assessed 

through Fenton reaction at neutral and basic conditions. Accordingly, MB degradation 

was monitored in the presence of Nb-Mo-magnetite samples as the catalyst and H2O2 as 

the oxidant. The degradation process was initiated by adsorption of dye molecules on 

the surface of catalyst by agitation for 120 min before adding H2O2. All the synthesized 

samples showed exceptional performance compared to unmodified magnetite at neutral 

condition for both 50 and 100 mg L
−1

 of MB (Fig. 4.35). As displayed in Fig. (4.35a), 

the total color removal for [MB]0 50 mg L
−1

 using Nb+Mo substituted magnetite 

samples was completed within 180 min; whereas, pure magnetite showed only 40% 

decolorization under the same operating conditions. The effects were more pronounced 

for Fe2.79Nb0.149Mo0.032O4 and Fe2.79Nb0.171Mo0.023O4 samples in which more than 90% 

of MB was removed after 150 min. Similarly, above 70% MB (100 mg L
−1

) was 

removed by the synthesized catalysts while the removal was only 30% using pure 

magnetite catalyzed Fenton reaction within 180 min (Fig 4.35b). The results obviously 

indicated that the incorporation of Nb and Mo in the magnetite structure significantly 

enhanced its activity for MB oxidation.  
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Figure 4.35: Fenton oxidation efficiency of the synthesized samples for (a) 50 mg L
−1

 

and (b) 100 mg L
−1 

 

The influence of MB initial concentration on Fenton oxidation efficiency was assessed 

for MB solutions of 25-200 mg L
−1

 (Fig. 4.36). Though the amount of adsorption 

increased at higher concentrations of MB due to overcome on mass transfer limitation, 

the efficiency of Fenton oxidation decreased by increasing the initial concentration of 

(b) 

(a) 
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MB. This could be attributed to a large number of probe molecules at higher 

concentrations of MB that compete with 
•
OH radicals. 

 

Figure 4.36: Effect of MB initial concentration on decolorization efficiency (%) using 

Fe3-x-yNbxMoyO4 samples 

 

 
Figure 4.37: The amount of MB removal through adsorption and Fenton oxidation by 

Fe3-x-yNbxMoyO4 samples 
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Degradation and mineralization effectiveness of Fe3-x-yNbxMoyO4 samples at pH 7 and 

10 are shown in Fig. 4.38. The figure provides an insight into their efficacy toward 

enhanced treatment of dye solution. The samples exhibited great activity for 

mineralization of MB solution (100 mg L
−1

) in comparison to pure magnetite where 

more than 55% of TOC was removed by Fe2.79Nb0.171Mo0.023O4 sample within 180 min. 

In all cases, TOC removal (%) was enhanced at basic condition and higher dosages of 

Nb+Mo. For example, the amount of mineralization through Fenton reaction catalyzed 

by Fe2.79Nb0.171Mo0.023O4 sample was 70% and 75% higher than Fe3O4 and 32% and 

40% higher than Fe2.79Nb0.0249Mo0.094 O4 at pH 7 and 10, respectively. 

 

 

Figure 4.38: Degradation and mineralization of MB solution through Fenton-like 

reaction using Fe3-x-yNbxMoyO4 samples at pH values of 7 and 10 

 

4.6. Possible explanation for enhanced activities of modified samples in Fenton 

reaction 

The improved MB degradation could be mainly attributed to a number of factors. The 

primary reason was the enhancement in the adsorption capacity of the samples due to 
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increase in specific surface area or precisely the increase in surface OH of Nb and/or 

Mo substituted magnetite samples. In addition to the effects of physical changes, the 

results showed that the introduced Nb and/or Mo not only affected the adsorption 

capacity of magnetite but also were directly involved in the degradation mechanism. 

From the XPS analysis, niobium and molybdenum ions were chiefly placed Fe
3+

 and 

Fe
2+

 cations, respectively and the surface concentration of these species increased with 

the sum of introduced Nb+Mo. Based on Magalhães et al. (2007), the Nb
+4

/Nb
+5

 and 

Mo
+4

/Mo
+6

 redox pairs can play similar roles as Fe
+2

/Fe
+3

 on the surface of the catalysts. 

The surface Nb
+4

 and Mo
+4

 enter the Fenton oxidation cycle and participate in Haber-

Weiss mechanism to produce 
•
OH radicals and quickened electron transfer in the 

magnetite spinel structure during the oxidation reaction (Eqs. 4-11 and 4-12). In 

addition, regeneration of Fe
+2

 cations accelerated through oxidation of surface Nb
+4

 and 

Mo
+4

 to Nb
+5

 and Mo
+6

 (Fig. 4.39) according to Eqs. 4-13 and 4-14: 

 

4 5 •

2 2 1
                          2.367                    (4 11)Nb H O Nb HO HO E V

  
       

4 6 •

2 2 2
2 2 2                     1.685                   (4 12)Mo H O Mo HO HO E V

  
       

4 3 5 2

3
                                              0.95                     (4 13)Nb Fe Nb Fe E V

   
     

4 3 6 2

4
2 2                                         0.268                    (4 14)Mo Fe Mo Fe E V
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Figure 4.39: Radical mechanism for activation of H2O2 by surface cations (proposed by 

Magalhães et al. (2007)) 

 

 

In view of the reduction potentials of Nb
5+

/Nb
4+

 (-1.5 V), Mo
4+

/Mo
6+

 (-0.818 V) and 

H2O2 /HO
−
 (0.867 V) redox pairs, the Fenton reactions catalyzed by Nb and Mo were 

also thermodynamically favorable. Furthermore, the reduction potential of both redox 

pairs is smaller than that of Fe
2+

/Fe
3+ 

(-0.55). This implied that the imported Nb and Mo 

could accelerate the regeneration of Fe
2+ 

cations from reduction of Fe
3+ 

and accordingly, 

increase the oxidation efficiency of Fenton reaction.
 
  

On the other hand, the pronounced activity of the co-doped samples compared to single 

Nb or Mo substituted magnetite samples implied that there were mechanisms other than 

Fenton reaction involved in degradation process. One possible mechanism as reported 

by Silva et al. (2011) could be the formation of peroxo-niobium complexes (≡NbO2) on 

the surface of catalysts from the reaction of surface NbO and H2O2 and direct 

participation of theses complexes in MB oxidation (Eq. 4-15 and 4-16): 

 

2 2 2 2

2

                                                                          (4 15)

                                                                            (4 16)

NbO H O NbO H O

NbO MB NbO MBO

    

    

  

In addition to the above-mentioned factors, the generated oxygen vacancies in the 

structure of the synthesized samples also had positive effects on the degradation 

Univ
ers

ity
 of

 M
ala

ya



 

 

 

144 
 

efficiency of the system. The vacancies were mainly the results of the adjustments for 

unequal charge substitutions and cationic deficiency in the structure of the samples. It is 

believed that the vacancies are mainly located on the surface of the catalyst and act as 

active sites for oxidation of probe molecules. The following equations (Eq. 4-17 and 4-

18) are suggested for the action of oxygen vacancies (V
*
) in oxidation reaction (Costa et 

al., 2003): 

 

* *

2 2 2

* *

                                                                                 (4 17)

                                                                                   

V H O V O H O

V O MB V MBO

    

    (4 18)

  

 

Figure 4.40 shows the overall action of the incorporated Nb and Mo in Fenton reaction 

for MB oxidation: 
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Figure 4.40: Overall action of Nb and Mo in modified magnetite samples in Fenton oxidation of MB
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4.7. Fenton oxidation of methyl orange solution 

Among the studied synthesized samples, three catalysts, Fe2.79Mo0.13O4, Fe2.79Nb0.19O4, 

and Fe2.79Nb0.171Mo0.023O4, showed higher activities in the corresponding groups in 

degradation of MB through the Fenton reaction. Here, in addition to MB, methyl orange 

(MO), which belongs to azo compounds was also selected as an anionic model dye to 

assess the activity of the selected catalysts for degradation of two different dyes with 

different adsorption characteristics. On this basis, the degradation of each dye (50 mg 

L
−1

) was carried out through Fenton reaction in the presence of selected catalysts and 

H2O2. The same optimal conditions as previous studies were used here for inter-

comparisons of the results. Prior to H2O2 addition, the adsorption process was initiated 

by agitation of the dye in the presence of catalyst for 2 h to reach the state of 

equilibrium (qe). The adsorption behavior of MO was evaluated under neutral and acidic 

conditions. Being an anionic dye, MO adsorption on the surface of the studied catalysts 

was negligible at neutral condition because of the repulsive force between the 

negatively charged surface and anionic dye. However, the amount of adsorbed MO 

increased significantly when the reaction medium acidified (Fig. 4.41). Therefore, all 

the Fenton reactions performed at pH 3 to fulfill the adsorption equilibrium of MO on 

the studied catalysts. The selected modified magnetite samples exhibited remarkable 

performance in comparison to unmodified magnetite for MO degradation.  
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Figure 4.41: Effect of pH on adsorption and Fenton oxidation efficiency of MO using 

the synthesized samples at pH 7 (a) adsorption and (b) oxidation and pH 3 (c) 

adsorption and (d) oxidation 

 

 

The amount of MO adsorbed on the samples at pH 3 was 9% for pure magnetite (Mag), 

28% for Fe2.79Mo0.13O4 (Mo-), 31% for Fe2.79Nb0.19O4 (Nb-), and 35% for 

Fe2.79Nb0.171Mo0.023O4 (Nb-Mo). However, its degradation was not completed within 3 h 

of the reaction time using any of the selected catalysts. The MO decolorization was only 

24% under magnetite catalyzed Fenton reaction and improved up to 68%, 71%, and 

75% with Mo-, Nb-, and Nb-Mo catalysts (Figs. 4.42). This signified that MO structure 

was more refractory to be degraded under the same amount of Fenton reagents to MB. 

This could be due to the presence of ‒N=N‒ functional group joined with two aryl 

groups that makes a very stable structure.  
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Figure 4.42: Fenton oxidation efficiency of the samples for MO 

 

 

4.8. Energetically enhanced Fenton activity of the samples  

In previous experiments, the activity of the synthesized Nb and/or Mo substituted 

magnetite samples were evaluated through dark-Fenton oxidation of MB and MO 

solutions. Here, a combination of UV light or ultrasound (US) energy with Fenton 

reaction was also used to assess the activity of the samples in energetically enhanced 

Fenton reactions and evaluate the degradation efficiency of the applied dye solutions 

under various oxidation conditions. 

 

4.8.1. UV/Fenton catalytic activity of Fe3-x-yNbxMoyO4 samples 

The catalytic performance of the selected catalysts, Fe2.79Mo0.13O4 (Mo-), Fe2.79Nb0.19O4 

(Nb-), and Fe2.79Nb0.171Mo0.023O4 (Nb-Mo), was also evaluated via photo-Fenton-like 

reaction. The same amount of Fenton reagents as previous studies was initially used to 

assess the effects of UV light induction on the system. Concerning additional 
•
OH 
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radical generation via photo-reduction of Fe
3+

 to Fe
2+

, it was expected to significantly 

increase the MB degradation rate. Nonetheless, the degradation efficacy was not 

considerable after introduction of UV-A irradiation (Fig. 4.43). The insignificant 

improvement in this degradation system might be due to two possible reasons: (i) 

scavenging effects caused by high concentrations of H2O2 and/or catalyst, and (ii) the 

turbidity caused by higher concentration of the catalysts, which interfered UV light 

penetration. For this, two additional sets of experiments were performed for each dye to 

identify the main reason and optimize the reaction parameters. Reduction in H2O2 

concentration from 0.2 M to 0.15 M diminished degradation efficacy significantly (data 

not presented) while the reduction in the catalyst concentration to 0.5 g L
‒1

 resulted in 

considerable enhancement in the decolorization rate in both the studied dyes solutions 

(Fig. 4.43). It was recognized that the inner-filtration of light due to high concentration 

of catalyst particles in the solution was the main reason. Under lower catalyst 

concentrations, the introduced light could activate the reaction mainly through photo 

reduction of surface Fe
3+

 to Fe
2+

, which in turn entered the Fenton cycle and yielded 

more 
•
OH radicals.  
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Figure 4.43: Comparison between (i) dark-Fenton, (ii) UV/ Fenton with 1 g L
−1 

and (iii) 

0.5 g L
−1 

of the samples for (a) MB and (b) MO (365 nm; t=150 min) 

 

In order to assess the effects of light intensity on the oxidation of MB and MO, the 

degradation experiments through the photo-Fenton like reaction was carried out at 302 

nm using the UV-B irradiation. The UV-B radiation was sufficiently energetic to break 

down H2O2 molecules and generate 
•
OH radicals. Decolorization of both the studied dye 
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solutions was accelerated in this condition with considerably shorter reaction time (Fig. 

4.44a-b). For example, switching dark Fenton to UV/Fenton at 302 nm increased the MB 

removal by about 39%, 25%, and 26% within 120 minutes using Mo-, Nb-, and Nb-Mo-

substituted magnetite samples, respectively. Besides the additionally produced 
•
OH 

radicals through H2O2 decomposition, the Nb
+4

/Nb
+5

 and Mo
+4

/Mo
+6

 redox pairs also 

played important roles on the surface of the catalysts. The introduced energy increased 

the reduction of Nb
+5 

and Mo
+6 

to Nb
+4 

and Mo
+4 

which in turn entered to the Haber-

Weiss mechanism and produced additional 
•
OH radicals (Magalhães et al., 2007). 

Furthermore, the presence of dopants improved the photocatalytic activity of magnetite 

via (i) reduction in the band gap energy (ii) creation of the hole-electron pair under UV-

light and (iii) prohibiting the recombination of photo-generated electrons (e
–
) and holes 

(h
+
) on the catalyst surface that led to 

•
OH radical generation and effective degradation 

of the organic dyes (Liang et al., 2012b; Zhong et al., 2013). Remarkable enhancement 

in the photo-catalytic activity of magnetite after structural changes caused by transition 

metal incorporation has been reported in several studies. The presence of 1% Mn in the 

magnetite structure improved the photo/Fenton degradation of MB up to 12% within 5h 

of reaction time (Carvalho et al., 2014); while the degradation enhancement was two-

times more via 23% Fe replacement by Ti in the magnetite structure and within a 

reaction duration of 2 h (Liang et al., 2012b). Zhong et al (2014) reported the similar 

results for Cr (III), Ti (VI) and Mn (II); whereas Ni (II) and Co (II) did not affect the 

magnetite activity in the UV/Fenton reaction. 
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Figure 4.44: Effects of UV light intensity on oxidation efficiency of the samples for (a) 

MB and (b) MO ((i) dark-Fenton, (ii) UV-A and (iii) UV-B/Fenton, [dye] 50 mg L
−1

,
 

[Cat] 0.5 g L
−1

; [H2O2] 0.2 mol L
−1

, UV 365/302 nm; t=120 min) 
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4.8.2. US/Fenton catalytic activity of Fe3-x-yNbxMoyO4 samples 

Combination of ultrasound induced cavitation with Fenton process has been established 

as an effective tool for enhanced treatment of recalcitrant wastewaters. In this study, the 

US/Fenton process presented an exceptional performance for decolorization of MB 

compared to other oxidation systems (Fig. 4.45). All employed catalysts were 

competent at the studied operating condition and the degradation process was almost 

completed within 2.5 hours. The MB decolorization removal efficiency in the 

US/Fenton process was almost 1.4 and 1.15-fold more in comparison to the dark Fenton 

and UV/Fenton reactions. In addition to the homogenizing effects of the US and its role 

in increasing reactivity in liquid–solid systems, sonochemical cavitation produced by 

the US irradiation brought about strong chemical and mechanical effects on the species 

engaged in the oxidation system (Suslick et al., 1999). Generally, under the US 

irradiation, the ionic pathway switches to radical pathway (Leong et al., 2011). The 

central effect caused by the US irradiation was generation of highly active species 

mainly 
•
OH radicals (Bagal & Gogate, 2014). The strong oxidation of dye molecules in 

this system was the evidence for aggressively attacked dye molecules by 
•
OH radicals. 

The other reason for effective degradation of MB could be direct contribution of 

cavitation in degradation of dye molecules through various routes ("Acoustic cavitation 

and its chemical consequences,"). For the studied hetero-catalysts, the following 

reactions (Eqs. 4-19 to 4.21) occurred in the US/Fenton reaction (Dükkancı et al., 

2014): 
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1 •

2 2

1

2 2

                                                                (4 19)

                                                                 (4 20)
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M H O M OH OH

M H O M OOH H

M OOH M

  

  



      

      

   
•
                                                                      (4 21)

n
HOO


 

 

Where, M represents the surface Fe, Nb or Mo. The generated M
n+ 

in turn, reacts with 

H2O2 and generates Higher 
•
OH radicals. 

Figure 4.45b shows the efficiency of the employed catalysts for degradation of MO. The 

US/Fenton system enhanced MO decolorization significantly when compared to the 

dark Fenton system, but its efficiency was close to that of the UV-B/Fenton process. 

The results showed that MO molecules were more instable under UV-B irradiation than 

US influence. Amongst the studied samples, Fe2.79Nb0.171Mo0.023O4 showed the highest 

activity in all the studied systems followed by Fe2.79Nb0.19O4 and Fe2.79Mo0.13O4 

samples. The synergistic contribution of Nb and Mo in magnetite was the reason for 

higher activity of co-doped sample. The main reasons were: (i) larger surface area and 

accordingly, higher adsorption capacity, (ii) the presence of both the Nb
+4

/Nb
+5

 and 

Mo
+4

/Mo
+6

 redox pairs in the magnetite structure that increased the electron mobility in 

the crystal structure and participated in the H2O2 decomposition and Haber–Weiss 

reactions. Nb-substituted magnetite also showed better activities in all systems 

compared to the Mo-magnetite sample. This could be due to direct participation of Nb 

in dye molecules degradation and higher incorporation maxima of Nb compared to Mo. 
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Figure 4.45: US/Fenton oxidation efficiency of the samples for (a) MB and (b) MO 

([dye] 50 mg L
−1

,
 
[Cat] 0.5 g L

−1
; [H2O2] 0.2 mol L

−1
) 

 

 

4.8.3. Mineralization efficiency of samples in UV/Fenton and US/Fenton reactions 

Figure 4.46 shows the mineralization efficiency of Fe2.79Mo0.13O4, Fe2.79Nb0.19O4 and 

Fe2.79Nb0.171Mo0.023O4 samples under the various oxidation conditions for aqueous MB 
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and MO solutions. The mineralization degree of both the dyes improved effectively 

under the UV- and US-illuminated Fenton systems. The studied samples showed 

significantly enhanced activity for mineralization of MB and MO. The MB 

mineralization compared to pure magnetite was 72 %, 73 % and 80% in the UV/Fenton 

and 66 %, 74% and 75% in the US/Fenton using Fe2.79Mo0.13O4, Fe2.79Nb0.19O4 and 

Fe2.79Nb0.171Mo0.023O4 samples. Similarly, the mineralization efficiency was 72%, 73% 

and 76 % in the UV/Fenton process and 68%, 69% and 75% in the US/Fenton process 

for MO mineralization. It was evident from the results that the modified samples could 

effectively activate the Fenton systems towards pronounced mineralization efficiency. 
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Figure 4.46: Mineralization (%) of (a) MB and (b) MO in UV-A/Fenton and US/Fenton 

reactions 

 

 

4.9. Stability of the samples 

The stability and durability of the synthesized catalysts under various experimental 

conditions is essential to preserve their effectiveness over several applications and for 

abatement of environmental pollution via the utilized transition metals. Accordingly, a 

number of leaching experiments were carried out at the studied conditions. Based on the 

results obtained from the leaching experiments, there was not a detectable leached Fe 

into the solutions at all studied experimental conditions using the synthesized samples. 

On the other hand, the amount of leached Nb in Fe3-xNbxO4 series, at acidic condition, 

was 0.002% and 0.003% of the amount of Nb in catalyst (0.057 mg/L for sample 

Fe2.65Nb0.099O4 and 0.154 mg/L for Fe2.79Nb0.19O4 sample). In addition, the amount of 

leached Nb was about 0.002−0.004 wt% of structural Nb of the Fe3-x-yNbxMoyO4 

samples. However, Nb leached was not detectable in neutral and basic conditions. 

Surprisingly, the amount of Mo leached was not detectable at all studied conditions, 
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though its tendency for incorporation was relatively lower than Nb. The Fe2.79Nb0.19O4 

catalyst was reused four times without a significant decrease in its catalytic activity 

showing that it is durable and can be reused for several times. The 

Fe2.79Nb0.171Mo0.023O4 sample reused three times to evaluate its performance after 

repeated applications. The decrease in catalytic activity of the studied sample was not 

remarkable in which the amount of MB (100 mg L
−1

) removed at three runs was about 

89%, 85% and 82%, within 180 min (Fig. 4.47). The decrease in catalytic activity of the 

sample was not only related to the loss of the structural transition metals but some other 

factors such as incomplete removal of reactants and/or by-products from the catalysts 

surface. However, further research is required to explore and prevent the main causes of 

catalyst deactivation for effective treatment of pollutants.  

 

Figure 4.47: Reusability of Fe2.79Nb0.171Mo0.023O4 sample 

 

Lastly, a number of leaching experiments were carried out for both the dyes under the 

US and UV irradiation and in the studied pH conditions. Although the amount of 

leached Nb was relatively higher than that of the classic Fenton reaction, the samples 

showed acceptable scores at three consecutive experiments. Similar to earlier findings, 
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the amount of leached Mo and Fe into the reaction solution was not detectable at all 

studied conditions. On the other hand, the amount of structural Nb leached from the 

Fe2.79Nb0.19O4 and Fe2.79Nb0.171Mo0.023O4 samples at pH 3 was 0.008 and 0.006 wt% 

under the UV and 0.006 and 0.005 wt% under the US influence. However, the leaching 

did not affect the performance of the catalysts considerably over three consecutive 

experiments. The results proved good durability of the samples for their practical 

applications in environmental purification and decomposition of toxic and organic 

pollutants. 

4.10. Kinetic studies 

The Kinetics of the adsorption of MB on the Fe3-x-yNbxMoyO4 samples and its 

degradation through Fenton reaction were studied to predict the behavior of the samples 

in adsorption and degradation processes.  

4.10.1. Adsorption kinetics 

The rate or kinetics of MB adsorption onto the Fe3-x-yNbxMoyO4 samples was studied to 

further understand the properties of the adsorption process and determine the required 

stirring time to achieve adsorption equilibrium. In light of this, a number of adsorption 

kinetic models have been developed to describe the adsorption processes quantitatively 

and identify the adsorption mechanism. It is a common approach to fit experimental 

data with a series of popular models and find the most suitable one, which provides the 

best fit. In this study, the pseudo-first-order and pseudo-second-order kinetic models 

were chosen from the similar studies and used to fit the data obtained from the 

adsorption experiments and the relative errors, Err (%), were calculated. 

The linear forms of the pseudo-first-order and pseudo-second-order kinetic models are 

as follows: 
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1

2

2

log
log( )                                                                                     (4 23)
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                               (4 24)

  

 

where qt and qe (mg g
−1

) are the amounts of MB adsorbed at time t (min) and 

equilibrium, respectively. The k1 (min
−1

) and k2 (g mg
−1 

min
−1

) are the pseudo-first-

order and pseudo-second-order rate constants, respectively. The kinetic parameters (k1, 

k2, and qe,cal), correlation coefficient (R
2
) and  error (%) of all synthesized catalysts at 

25, 50, 100, and 200 mg L
−1 

of MB for both models are given in Table (4.16). Although, 

the calculated qe values for both models were adjacent to the experimental values, the 

R
2
 values of pseudo-second-order kinetic model (> 0.99) were higher than pseudo-first-

order kinetic model. In addition, Err (%) values for pseudo-second-order kinetic model 

were relatively smaller than those of the pseudo-first-order kinetic model. This indicated 

that the pseudo-second-order model provided the best fit for the kinetic data at 25, 50, 

100, and 200 (mg L
−1

) MB concentrations and MB adsorption on the Nb/Mo substituted 

magnetite samples followed the pseudo-second-order kinetic model.  

 

Figure 4.48 shows the MB (100 mg L
−1

) adsorption behavior over the synthesized 

catalysts. From the figure, the adsorption data fitted well to the pseudo-second order 

model. 
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Table 4.16: The calculated parameters of the pseudo-first and pseudo-second order 

kinetic models with associated R
2
 and Err (%) for the MB adsorption onto synthesized 

catalysts at various MB concentrations 

Samples Kinetic 

model 

Parameters C0 (mg L
−1

) 

25 50 100 200 

Fe2.79Nb0.0249Mo0.094 O4 Pseudo-first k1 (s
-1

) 0.048 0.047 0.062 0.054 

qe,cal (mg g
-1

) 15.21 16.59 18.09 19.87 

R
2
 0.881 0.913 0.901 0.997 

Err (%) 15.68 17.44 13.53 20.28 

Pseudo-

second 

k2 (mg g
-1 

s
-1

) 0.009 0.009 0.012 0.021 

qe,cal (mg g
-1

) 16.05 17.45 18.80 20.32 

R
2
 0.997 0.998 0.999 0.999 

Err (%) 3.29 2.78 2.11 0.46 

Fe2.79Nb0.049Mo0.089O4 Pseudo-first k1 (s
-1

) 0.031 0.044 0.057 0.064 

qe,cal (mg g
-1

) 15.78 17.93 19.55 22.74 

R
2
 0.964 0.946 0.947 0.994 

Err (%) 28.4 20.22 16.53 16.41 

Pseudo-

second 

k2 (mg g
-1 

s
-1

) 0.011 0.010 0.012 0.016 

qe,cal (mg g
-1

) 16.72 18.76 20.24 23.31 

R
2
 0.998 0.999 0.999 0.999 

Err (%) 3.29 2.58 1.45 0.26 

Fe2.79Nb0.099Mo0.073O4 Pseudo-first k1 (s
-1

) 0.043 0.052 0.056 0.056 

qe,cal (mg g
-1

) 17.13 20.37 21.36 24.67 

R
2
 0.949 0.935 0.969 0.941 

Err (%) 20.92 17.36 18.27 18.59 

Pseudo-

second 

k2 (mg g
-1 

s
-1

) 0.011 0.010 0.015 0.014 

qe,cal (mg g
-1

) 17.89 21.14 21.93 25.32 

R
2
 0.999 0.999 0.999 0.999 

Err (%) 2.49 2.17 0.88 1.35 

Fe2.79Nb0.149Mo0.032O4 Pseudo-first k1 (s
-1

) 0.051 0.062 0.065 0.066 

qe,cal (mg g
-1

) 18.26 22.83 25.51 27.31 

R
2
 0.952 0.895 0.883 0.938 

Err (%) 17.06 11.80 12.91 14.95 

Pseudo-

second 

k2 (mg g
-1 

s
-1

) 0.010 0.007 0.009 0.011 

qe,cal (mg g
-1

) 19.08 23.92 26.45 28.09 

R
2
 0.999 0.998 0.999 0.999 

Err (%) 2.03 2.57 1.92 1.05 

Fe2.79Nb0.171Mo0.023O4 Pseudo-first k1 (s
-1

) 0.051 0.062 0.068 0.068 

qe,cal (mg g
-1

) 21.41 25.1 27.67 29.61 

R
2
 0.921 0.917 0.931 0.943 

Err (%) 18.47 13.82 15.07 13.84 

Pseudo-

second 

k2 (mg g
-1 

s
-1

) 0.011 0.009 0.009 0.010 

qe,cal (mg g
-1

) 22.12 26.04 28.57 30.49 

R
2
 0.999 0.999 0.999 0.999 

Err (%) 1.81 1.58 1.27 0.86 
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Figure 4.48: Pseudo-Second-order kinetics for adsorption of MB (100 mg L

−1
) onto (a) 

Fe2.79Nb0.0249Mo0.094 O4, (b) Fe2.79Nb0.049Mo0.089O4, (c) Fe2.79Nb0.099Mo0.073O4, (d) 

Fe2.79Nb0.149Mo0.032O4 and (e) Fe2.79Nb0.171Mo0.023O4  samples 

 

4.10.2.  Degradation kinetics 

In order to determine the Fenton oxidation rate of MB, experiments carried out by using 

modified magnetite samples and H2O2 at neutral condition. Undoubtedly, a multipart 

process is contributed in overall decolorization. MB removal relied on adsorption on the 

catalyst prior to H2O2 addition and initiating the Fenton degradation reaction. 

Accordingly, overall decolorization resulted from several processes mainly the 

adsorption of MB on the surface of solid catalyst and MB degradation by hydroxyl 

radicals generated through Fe3-x-yNbxMoyO4/H2O2 system. On this basis, the catalyst 

and dye solution stirred for 2 h to achieve the adsorption equilibrium. It is supposed that 

the removal rate of MB is directly proportional to MB concentration in aqueous 

solutions, the concentration of the catalyst and the amount of surface 
•
OH radicals. 

Therefore, a second-order reaction can describe the degradation of MB. Since, the 

amount of catalyst and surface 
•
OH were considered constant, the decolorization rate 
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would expect to follow pseudo-first-order kinetics mechanism. In previous studies on 

kinetics of MB oxidation using other transition metal substituted magnetite samples, the 

oxidation kinetics followed either zero-order (Liang et al., 2012a; Magalhães et al., 

2007; Yang et al., 2009) or pseudo-first-order kinetics models (Liang et al., 2013a). 

Accordingly, both zero-order and pseudo-first-order kinetic models were used to 

explore the degradation rate parameters using the following equations (Eqs. 4-23 and 4-

24): 

0 0
                                                                                                          (4 23)

t
C C k t     

1

0

ln t                                                                                                    (4 24)t
C

k
C

 
   

   

where C0 and Ct are the MB concentrations (mg L
−1

) at the initial time and reaction time 

t, k0 and k1 are zero-order rate constant (mg L
−1

 min
−1

) and pseudo-first-order rate 

constant (min
−1

). The k0 and k1 constants were obtained from the slope of the straight 

lines by plotting C0−Ct and −ln (Ct/C0) as a function of time t, through regression. Data 

on the rate constants (k1 and k2) and regression (R
2
) values of both the studied models 

for Fe3-xNbxO4, Fe3-xMoxO4 and Fe3-x-yNbxMoyO samples are presented in Tables 4.17, 

4.18 and 4.19, respectively.  

In Fe3-xNbxO4 samples (Table 4.17), from the rate constants and R
2
 values, it can be 

concluded that the decolorization process was fittingly described by pseudo-first order 

kinetic model. Figure 4.49 shows the Pseudo-first order kinetics for Fenton degradation 

of MB catalyzed by by Fe2.79Nb0.19O4 sample. It was observed that the experimental 

data for all MB concentrations fitted well with the Pseudo-first-order kinetics. 
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Table 4.17: The calculated parameters of the zero and pseudo-first order kinetic models 

with associated R
2
 for Fenton oxidation of MB catalyzed by Fe2.79Nb0.19O4 samples 

MB 

concentration 

(mg L
-1

) 

Kinetic Model 

Zero order  Pseudo-first order 

k0 (mg L
-1

 . min
-1

) R
2
  k1 (min 

-1
) R

2
 

100 0.2383 0.9573  0.0123 0.9898 

50 0.1283 0.7944  0.0223 0.9739 

25 0.0412 0.8569  0.0308 0.9377 
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Figure 4.49: Pseudo-first order kinetic for MB degradation through heterogeneous 

Fenton reaction catalyzed by Fe2.79Nb0.19O4 samples 

 

 

On the other hand, based on the calculated values of R
2 

in Table 4.18, for all the Fe3-

xMoxO4 samples, the zero order kinetic model provided the best fit to the experimental 

kinetic data (Fig. 4.50). It means that the oxidation reaction rate using Mo-substituted 

magnetite samples was independent of the reactants concentrations. Furthermore, the 

reaction rate constants were the highest for the Fe2.62Mo0.21O4 sample followed by 

Fe2.79Mo0.13O4, Fe2.89Mo0.069O4 and Fe2.94Mo0.028O4. 
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Table 4.18: The calculated parameters of the zero and pseudo-first order kinetic models 

with associated R
2
 for Fenton oxidation of MB catalyzed by Fe3-xMoxO4 samples 

Sample  Kinetic Model 

Zero order  Pseudo-first order 

k0 R
2
  k1 R

2
 

Fe
2.94

Mo
0.028

O
4
 0.1508 0.9885  0.0071 0.9742 

Fe
2.89

Mo
0.069

O
4
 0.1656 0.9965  0.0101 0.8838 

Fe
2.79

Mo
0.13

O
4
 0.1803 0.9928  0.0109 0.9015 

Fe
2.62

Mo
0.21

O
4
 0.2071 0.9901  0.0251 0.8837 

 

 

 
Figure 4.50: Zero order kinetics for MB degradation through heterogeneous Fenton 

reaction catalyzed by Fe3-xMoxO4 samples 

 

Table 4.19 presents the data on the rate constants and regression (R
2
) values of both the 

studied models for Fe3-x-yNbxMoyO4 samples. Although the rate constants of zero-order 

kinetics were relatively higher than that of the pseudo-first-order kinetics, R
2
 values of 

the pseudo-first-order model of all the samples were closer to one (R
2 

> 0.99) when 

compared to the R
2
 value of the zero-order kinetics model. The results showed that 

pseudo-first-order kinetics model well described the experimental data that was in 
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agreement with Nb substituted magnetite samples. Figure 4.51 shows the Pseudo-first 

order kinetics for Fenton degradation of MB catalyzed by Fe3-x-yNbxMoyO4 samples. It 

was observed that the experimental data fitted well with the Pseudo-first-order kinetics.  

Furthermore, the degradation rate increased at lower concentrations of MB due to a 

larger ratio of active sites to probe molecules. The inter-comparison amongst the studied 

catalysts showed that decolorization rate increased as the amount of imported Nb+Mo 

of the samples increased. For instance, the rate of MB degradation using 

Fe2.79Nb0.171Mo0.023O4 samples was about 20% higher than the Fe2.79Nb0.0249Mo0.094 O4 

samples with 39% lower Nb+Mo content. This indicated that MB oxidation process was 

promoted by Nb+Mo content of catalysts that could be attributed to the increase in 

adsorption and active sites on the samples by increasing Nb/Mo, as explained earlier. 

 

Table 4.19: The calculated parameters of the zero and pseudo-first order kinetic models 

with associated R
2
 for Fenton oxidation of MB catalyzed by Fe3-x-yNbxMoyO4 samples 

Sample Kinetic model Paramete

r 

MB Concentration (mg L
−1

) 

50 100 200 

Fe2.79Nb0.0249Mo0.094 O4 Pseudo-first order k1 0.0299 0.0157 0.0105 

R
2
 0.9960 0.9970 0.9850 

Zero order k0 0.0428 0.0266 0.0167 

R
2 

0.9840 0.9770 0.9830 

Fe2.79Nb0.049Mo0.089O4 Pseudo-first order k1 0.0301 0.0162 0.0114 

R
2
 0.9920 0.9930 0.9930 

Zero order k0 0.0575 0.0266 0.0167 

R
2 

0.9820 0.9900 0.9900 

Fe2.79Nb0.099Mo0.073O4 Pseudo-first order k1 0.0321 0.0171 0.0121 

R
2
 0.9950 0.9730 0.9820 

Zero order k0 0.0575 0.0341 0.0293 

R
2 

0.9690 0.9590 0.9510 

Fe2.79Nb0.149Mo0.032O4 Pseudo-first order k1 0.0321 0.0181 0.0127 

R
2
 0.9830 0.9850 0.9770 

Zero order k0 0.0580 0.0365 0.0303 

R
2 

0.9730 0.9540 0.9330 

Fe2.79Nb0.171Mo0.023O4 Pseudo-first order k1 0.0329 0.0201 0.0137 

R
2
 0.998 0.983 0.981 

Zero order k0 0.0625 0.0455 0.0346 

R
2
 0.960 0.981 0.974 
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Figure 4.51: Pseudo-first order kinetic for MB degradation through heterogeneous 

Fenton reaction catalyzed by Fe3-x-yNbxMoyO4 samples 

 

 

4.11. Single metal vs. co-doped substitutions  

In Nb or Mo substituted magnetite samples, Fe2.73Nb0.19O4 and sample showed highest 

activities in Fenton-like degradation of MB solution when compared to other 

synthesized Nb-magnetite samples. On the other hand, in co-doped samples, 

Fe2.79Nb0.171Mo0.023O4 sample showed highest MB adsorption capacity and removal 

through Fenton reaction in comparison with other combinations. At first sight, it might 

be concluded that the activity of modified magnetite samples have been more dependent 

on Nb content rather than that of Mo, mainly due to higher incorporation-maxima of Nb 

into magnetite than of Mo. Therefore, the sum total Nb+Mo substitution increased with 

increment in Nb fraction.  

However, the comparison of the results for MB adsorption and Fenton reactivity of the 

samples with x=0.2 of incorporated metals, Fe2.73Nb0.19O4, Fe2.79Mo0.13O4 and 
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Fe2.79Nb0.171Mo0.023O4, showed that co-doped sample had better performances. 

Therefore, Mo incorporation has also had positive effects on magnetite performance in 

Fenton reaction even at minor concentrations. This could be because of the increase in 

electron mobility in the crystal structure by entering Mo
4+

/Mo
6+

 cations to the system. 

In addition, this redox pair entered to H2O2 decomposition cycle and Fe
3+

 reduction 

reaction and enhanced the Fenton oxidation of MB. It is evident from the results that 

incorporation of more than one metal into magnetite structure could result in better 

performances in Fenton oxidation of organic pollutants and proves the opportunity for 

application of naturally existing magnetite samples with more transition metals in their 

structure for environmental purification aspects. 
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CHAPTER 5: CONCLUSION AND RECOMMANDATIONS 

Research on magnetite as a heterogeneous catalyst for Fenton process has been 

increasing due to its applicability in a wide range of pH, easy separation, reusability and 

presence of Fe
2+

 cations in its octahedral sites. However, magnetite-catalyzed Fenton 

process has lower reaction rate compared to homogeneous Fenton process. Currently, 

there are several methods reported in literature to improve magnetite performance in 

Fenton reaction. Nonetheless, the selected modification method should meet a number 

of criteria as follows: 

 

i. Maintaining the main magnetite features: i.e., crystalline structure and magnetic 

properties. 

ii. Developing a new catalyst using a practicable and affordable method. 

iii. Achieving higher activities in Fenton treatment of recalcitrant contaminants. 

iv. Improving the degradation reaction rate compared to pure magnetite. 

v. Applicable for treating diverse pollutant molecules. 

vi. Maintaining its activity after several recycling.  

 

The most promising method that incorporates the aforementioned criteria is the 

isomorphic substitution of iron with other transition metal/metals in magnetite structure. 

In this method, other transition metal/metals replace the structural iron (Fe
2+

 and/or 

Fe
3+

) in magnetite and brings about some positive changes in its structure and 

consequently, in its activity in Fenton reaction. However, earlier studies focused mainly 

on the fourth series of the transition metals, and there is no systematic investigation on 

the effects of the transition metals from period five. Therefore, the present study focuses 

on modifying magnetite with transition metals from the fifth period that has capacity to 

produce robust catalyst with the desired attributes. These include higher adsorption 

Univ
ers

ity
 of

 M
ala

ya



 

 

 

170 
 

capacity, efficient activity, higher reaction rate, reusability, and ease of separation. 

Purposely, these features define an efficient catalytic material for Fenton oxidation of 

recalcitrant wastewater. Thus, this study highlights the following: 

a. It is possible to synthetize and characterize heterogeneous catalysts based on 

niobium and/or molybdenum substituted magnetite. 

b. It is possible to enhance the activity of magnetite in Fenton oxidation process by 

investigating the effects of Nb and/or Mo incorporating in activation of the 

active sites of magnetite.  

c. It is possible to further improve the activity of these catalysts by introducing 

external energy sources, ultraviolet and ultrasound, to Fenton oxidation system. 

d. The Nb and/or Mo substituted magnetite samples have the potential to improve 

the oxidation rate of the pollutants through Fenton reaction.  

 

The study concludes the following: 

1. A series of Nb and/or Mo substituted magnetite samples were prepared by co-

precipitation method and their characteristics in terms of durability, crystalline 

phase, morphology, size, surface area and composition and magnetic property 

were determined. 

All the synthesized samples had well-crystalline spinel structure and good 

magnetic properties. The incorporation of Nb and/or Mo decreased the particle 

size of the samples and accordingly resulted in larger surface areas compared to 

pure magnetite sample. Therefore, the adsorption capacity of the modified 

samples significantly enhanced. The incorporated Nb
4+

 and Mo
4+

 mainly placed 

in Fe
3+

 and Fe
2+

 cations respectively and their surface concentrations increased 

with the imported metals. 
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2. Subsequently, the effects of Nb and/or Mo incorporating on the magnetite 

performance and reactivity for methylene blue adsorption and degradation 

through Fenton-like experiments were evaluated. Prior to activity evaluation 

experiments, Fenton oxidation of methylene blue catalyzed by pure magnetite 

was optimized using Response Surface Methodology (RSM). The effects of the 

H2O2 concentration, amount of catalyst, reaction time, and pH of the reaction 

(variables) on the color, COD and TOC removal efficiencies of magnetite 

samples (responses) were investigated using a central composite design (CCD). 

Optimal conditions of [H2O2]0: 0.2 mol L
‒1

, [Catalyst]0: 1 g L
‒1

, pH 7 and 

reaction time: 3 h were chosen and used for Fenton oxidation of MB using all 

the synthesized samples,  thus permitting inter-comparisons. 

3. All the modified magnetite samples showed significantly higher activities in 

degradation and mineralization of methylene blue solutions by Fenton process 

when compared with pure magnetite. In the Fe3-xNbxO4 (x= 0.022, 0.049, 0.099 

and 0.19) and Fe3-xMoxO4 (x=0.28, 0.069, 0.13 and 0.21) groups, the 

Fe2.79Mo0.21O4, and Fe2.79Nb0.19O4 samples (x ≈ 0.2) showed the highest 

activities in Fenton treatment of MB compared to the rest of the samples. 

Accordingly, the Fe3-x-yNbxMoyO4 samples were prepared through co-

precipitation of Nb and Mo with sum total molar fraction of 0.2 (x+y=0.2). All 

the co-doped samples showed exceptional performances in MB degradation and 

mineralization through Fenton reaction. The total MB degradation and more 

than 70% of mineralization completed within 180 min using the Fe2.79Mo0.21O4, 

Fe2.79Nb0.19O4 and Fe2.79Nb0.171Mo0.023O4 samples. 

4. The activity of Fe2.79Mo0.13O4, Fe2.79Nb0.19O4 and Fe2.79Nb0.171Mo0.023O4  

catalysts were assessed through Fenton reaction combined with ultraviolet and 

ultrasound irradiations for MB and MO solutions. A significant enhancement in 
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the degradation efficiency of MB and MO was observed under the influence of 

UV and US irradiations using the optimized catalysts of each synthesized 

catalysts (Fe2.79Mo0.13O4, Fe2.79Nb0.19O4 and Fe2.79Nb0.171Mo0.023O4 samples). 

Amongst the employed catalysts, the Fe2.79Nb0.171Mo0.023O4 sample showed the 

peak adsorption capacity and catalytic activity compared to Fe2.79Mo0.13O4 and 

Fe2.79Nb0.19O4 samples. The main factors that enhanced activity of the 

synthesized catalysts were:  

a. increased surface adsorption capacity,  

b. participation of thermodynamically favorable redox pair (Nb
4+

/Nb
5+

 

and/or Mo
4+

/Mo
6+

) in regenerating Fe
2+

 from Fe
3+

, and 
•
OH radical 

through H2O2 decomposition,  

c. direct MB degradation by surface peroxo-niobium complexes, and  

d. presence of oxygen vacancies on the surface of catalysts as active 

sites.  

5. The pseudo-second-order model in kinetics described MB adsorption on the 

surface of the Fe3-x-yNbxMoyO4 samples. In addition, Fenton degradation of MB 

catalyzed by Fe3-xMoxO4 samples fitted well to zero order model and Fe3-xNbxO4 

and Fe3-x-yNbxMoyO4 catalysts best fitted to pseudo-first-order model in kinetics. 

On the other hand, pseudo-first-order model in kinetics described MB 

degradation through UV/Fenton and US/Fenton reaction using Fe2.79Mo0.13O4, 

Fe2.79Nb0.19O4 and Fe2.79Nb0.171Mo0.023O4 samples. 

6. All the synthesized samples showed very good stability under the various 

experimental conditions without significant decrease in their catalytic 

performances despite reusing for three times. 

Conclusively, high adsorption capacity, enhanced degradation efficiency, and negligible 

leaching of the Nb and Mo ions showed the effectiveness of Nb and/or Mo substituted 
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magnetite catalysts in treating both synthetic wastewaters (methylene blue and methyl 

orange) through Fenton process. Therefore, the aim of the study, which was developing 

high efficient heterogeneous Fenton catalysts for treatment of recalcitrant contaminants, 

was achieved. Most importantly, this work contributed significantly to the knowledge 

by systematic identifying appropriate transition metals to be integrated into naturally 

available magnetite with simple synthesis method, for application as a catalyst, at least 

for advanced oxidation of selected contaminants. Besides, during this study, seven 

academic articles were published and the first page of the publications presented. 

 

5.2.Recommendations for future work 

The present work aimed at assessing the effects of the incorporating transition metals 

from period 5 (Nb and Mo) on magnetite structure, adsorption capacity and activity in 

Fenton reaction. Future studies in this field should address the development of new 

transition metal-substituted iron oxides to obtain significant leap in activity, while 

maintaining the magnetic property of the iron oxides for easier separation from reaction 

medium. In addition, systematic research is required to examine their stability under a 

wider range of operational conditions to avoid the leaching of these metals into reaction 

solution and their impact on the environment. However, the recommendations for 

further understanding and expansion of the current work are as follows: 

 

1. Further studies and comparison on various combinations of two or more 

transition metals from period 4, 5 or both. This will explore the best 

combinations for higher degradation efficiencies. 

2. Explore other catalyst supports such as clays, activated carbon or zeolite to 

increase the specific surface area, and adsorption capacity of the samples 

accordingly. 
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3. Conduct in-depth surface modification studies that will enhance characteristics 

of heterogeneous catalysts and their subsequent crucial role for the targeted 

activity. Surface treatment by H2O2 is an example that increases the surface -OH 

groups. 

4. Evaluate various combinations of Fenton reaction with other AOPs, and external 

energy sources such as electro/Fenton and UV/US/Fenton for increased 

efficiency of the proposed systems.  

5. Additionally, the investigation of the effects of various factors such as 

wastewater composition on the stability, lixiviation and aging of the catalytic 

sites of this group of catalysts for longer and efficient use in Fenton treatment of 

recalcitrant wastewaters are recommended. 
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Appendix B: The response surface plot of the (1) decolorization, (2) COD and             

(3) TOC removal efficiencies (%) 
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Figure A.B1: The response surface plot of the decolorization efficiency (%) as a 

function of AB, AC and AD effects for the magnetite sample (a)(c)(e) M and (b)(d)(f) N 
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Figure A.B2: The response surface plot of COD removal efficiency (%) as a function of 

AC, AD and CD effects for the magnetite samples (a)(c) M and (b)(d) N 

Univ
ers

ity
 of

 M
ala

ya



 

 

 

211 
 

 

 

 

 

 

 

Univ
ers

ity
 of

 M
ala

ya



 

 

 

212 
 

 

 

 

 

 

 

 

 

Univ
ers

ity
 of

 M
ala

ya



 

 

 

213 
 

 

 

 

 

 

Figure A.B3: The response surface plot of TOC removal efficiency (%) as a function of 

AB, AC and AD effects for the magnetite samples (a)(c) M and (b)(d) N 
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Appendix C: Hysteresis loops for Fe3-x-yNbxMoyO4 samples 

  

(a) Fe3O4 (b) Fe2.79Nb0.0249Mo0.094 O4, (c) Fe2.79Nb0.049Mo0.089O4, (d) 

Fe2.79Nb0.099Mo0.073O4, (e) Fe2.79Nb0.149Mo0.032O4 and (f) Fe2.79Nb0.171Mo0.023O4 samples 
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Fig. A.C Hysteresis loops for (a) Fe3O4 (b) Fe2.79Nb0.0249Mo0.094 O4, (c) 

Fe2.79Nb0.049Mo0.089O4, (d) Fe2.79Nb0.099Mo0.073O4, (e) Fe2.79Nb0.149Mo0.032O4 and (f) 

Fe2.79Nb0.171Mo0.023O4 samples 
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