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ABSTRACT 

 

 

 

 

 2–chlorophenol (2–CP) which had been widely used in industry and daily life 
is a priority toxic pollutant that has caused considerable damage to the aquatic 
ecosystem and human health. Due to this reason, continuing study on efficient 
catalyst for degradation of this recalcitrant pollutant has been conducted in these 
recent years. In this study, goethite (α–FeOOH) was synthesized by an 
electrochemical method in a cationic surfactant solution and subsequent 
impregnation with mesostructured silica nanoparticles (MSN) gave α–FeOOH/MSN. 
The catalysts were characterized using X–ray diffraction (XRD), transmission 
electron microscopy (TEM), Fourier transform–infrared (FT–IR), 29Si magnetic 
angle spin nuclear magnetic resonance (29Si MAS NMR), nitrogen physisorption 
analysis, electron spin resonance (ESR), and X–ray photoelectron spectroscopy 
(XPS). The results indicate that the cationic surfactant was retained around α–
FeOOH surface with a free swinging alkane tail pointing outward from the catalyst. 
The performance of the catalysts were tested on the photodegradation of the 2–CP in 
a batch reactor under visible light irradiation. The results showed that the α–FeOOH 
were able to inhibit electron–hole recombination to give complete degradation of 50 
mg L−1 2–CP at pH 5 when using 0.03 g L−1 catalyst and 0.156 mM of H2O2. In 
contrast, it was found that by introducing the α–FeOOH to the MSN support, 
sequential silica removal in the MSN framework and isomorphous substitution of Fe 
ion was occurred, which able to effectively degrade the 2–CP with degradation 
percentage of 92.2, 79.3, 73.1, and 14.2%, with the loading of α–FeOOH in the 
following order: 10 wt% > 15 wt% > 5 wt% > MSN, respectively. Beside the 
retainment of the cationic surfactant structure on the catalysts, the MSN was also 
elucidated to play an important role as an electron acceptor that enhanced the 
electron–hole separation. Response surface methodology (RSM) analysis for the α–
FeOOH and α–FeOOH/MSN catalysts showed good significance of model with low 
probability values (<0.0001) and a high coefficient of determination (R2). The kinetic 
studies of both catalysts illustrated that surface reaction was the controlling step of 
the process. Reusability study showed that both catalysts were still stable after more 
than 4 subsequent reactions. The upscaling study using 10–fold upscale system 
indicate superior performance of the catalysts with almost complete degradation of 
2–CP. The employment of the catalysts on degradation of various pollutants such as 
phenol, cationic dye and anionic dye has also showed remarkable performance, 
suggesting the potential use of the catalysts for various applications. Significantly, 
the synthesis method of these catalysts could be a great advantage in the future 
development of nanotechnology. 
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2-klorofenol (2-CP) yang telah digunakan secara meluas dalam industri dan 
kehidupan seharian adalah pencemar toksik utama yang telah menyebabkan 
kerosakan besar kepada ekosistem akuatik dan kesihatan manusia. Oleh itu, kajian 
berterusan mengenai pemangkin yang berkesan untuk penurunan pencemar tegar ini 
telah dijalankan pada tahun-tahun kebelakangan ini. Dalam kajian ini, goethite (α-
FeOOH) telah disintesis oleh kaedah elektrokimia dalam larutan surfaktan kationik 
dan penyahtepuan seterusnya dengan nanopartikel silika meso-struktur (MSN) 
memberi α-FeOOH/MSN. Pemangkin tersebut telah dicirikan menggunakan 
pembelauan sinar-X (XRD), mikroskopi transmisi elektron (TEM), spektroskopi 
inframerah transformasi Fourier (FT-IR), 29Si putaran sudut ajaib resonans magnet 
nuklear (MAS 29Si NMR), analisis penjerapan nitrogen, resonans elektron spin 
(ESR), dan spektroskopi fotoelektron sinar-X (XPS). Keputusan menunjukkan 
bahawa surfaktan kationik dikekalkan di seluruh permukaan α-FeOOH dengan ekor 
alkana berayun bebas menunjuk ke luar pemangkin. Prestasi pemangkin diuji dengan 
penurunan 2-CP dalam reaktor kelompok di bawah sinaran cahaya tampak. Hasil 
kajian menunjukkan bahawa α-FeOOH dapat menghalang penggabungan semula 
elektron-lubang untuk memberi penurunan lengkap 50 mg L-1 2-CP pada pH 5 
apabila menggunakan 0.03 g L-1 pemangkin dan 0.156 mM H2O2. Sebaliknya, telah 
ditemui bahawa dengan memperkenalkan α-FeOOH itu kepada sokongan MSN, 
penyingkiran silika berurutan dalam rangka kerja MSN dan penukargantian isomorf 
ion Fe telah berlaku, yang berkesan menurunkan 2-CP dengan peratusan penurunan 
92.2, 79.3 , 73.1 dan 14.2%, dengan pemuatan α-FeOOH mengikut susunan yang 
berikut: 10% berat> 15% berat> 5% berat> MSN, masing-masing. Selain pengekalan 
struktur surfaktan kationik pada pemangkin, MSN juga memainkan peranan penting 
sebagai penerima elektron yang meningkatkan pemisahan elektron-lubang. Analisis 
kaedah permukaan respon (RSM) untuk α-FeOOH dan α-FeOOH/MSN 
menunjukkan penemuan baik dengan nilai kebarangkalian yang rendah (<0.0001) 
dan pekali penentu yang tinggi (R2). Kajian kinetik kedua-dua pemangkin 
menunjukkan bahawa tindak balas permukaan adalah langkah kawalan proses. 
Kajian kebolehgunaan semula menunjukkan bahawa kedua-dua pemangkin masih 
stabil selepas lebih dari 4 tindak balas. Kajian penskalaan menggunakan sistem 10 
kali ganda menunjukkan prestasi yang membanggakan daripada pemangkin dengan 
penurunan 2-CP yang hampir lengkap. Penggunaan pemangkin dalam penurunan 
pelbagai bahan pencemar seperti fenol, pewarna kationik dan pewarna anionik juga 
telah menunjukkan prestasi luar biasa, menunjukkan potensi penggunaan pemangkin 
untuk pelbagai aplikasi. Nyata, kaedah sintesis pemangkin ini boleh menjadi satu 
kelebihan yang besar dalam pembangunan masa depan teknologi nano.
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CHAPTER 1 

 

 

 

 

INTRODUCTION 

 

 

 

 

1.1 Research Background 

 

 

 Within the last decade, there has been a growing concern related to the health 

impact and environmental damage due to phenolic compounds. The occurrence and 

widespread use of the phenolic compound and its derivatives as aromatic solvents, 

cleaning agents, biocides, preservatives and pesticides in the environment represents 

a serious problem owing to their toxicity, perseverance and accumulation in the 

environment while soluble phenolic compounds have revealed their absolute 

potential to enter the food chain (Santana et al., 2009). Adverse effects of the 

phenolic compounds and its derivatives on human, environment, as well as aquatic 

life have been recently reported (Maji et al., 2014) and have been associated to 

numerous biological disorders (Mangrulkar et al., 2008).  

 

 

Chlorophenols as derivatives of the phenolic compound were identified as a 

pollution concern due to their high toxicity, high stability, and potentially 

carcinogenic. For this reason, United States Environmental Protection Agency (US 

EPA) had listed them as priority pollutants (Gordon and Marsh, 2009). In Malaysia, 

Department of Environment (DOE) has enacted allowable limits as in Environmental 
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Quality Act 1979 (Sewage and Industrial Effluent) that this pollutant should be 

treated to be less than 1 mg L–1 for inland water discharged.  

 

 

Among chlorophenols, 2–chlorophenol (2–CP) has been considered to be the 

most toxic and carcinogenic. It is widely used in industry and daily life, and has 

caused considerable damage and threat to the aquatic ecosystem and human health 

(He et al., 2011). Due to the severe toxicity of 2–CP, there is a continuing study over 

appropriate methods to be used when eliminating this organic compound from 

aqueous systems. Several removal techniques including adsorption and solvent 

extraction are available for removing chlorophenols. However, these techniques 

suffer from the possibility for the generation of secondary pollution (Khan et al., 

2011). Other than that, biological treatment which commonly used for the 

decomposition of many chlorinated phenols has proven ineffective since chlorinated 

phenols are resistant to biodegradation in a satisfactory time period (Bandara et al., 

2001a). Therefore, other treatment technologies have received increased interest to 

substitute the conventional treatment method. 

 

 

 Among diverse alternative treatment technologies, advanced oxidation 

process (AOP) has shown absolute potential during the last decades as an abatement 

method for the degradation of the chlorinated phenols. The term “AOP” is used to 

describe the production of very active species like hydroxyl radicals (•OH) which 

depends on the oxidation mechanism. The treatment process provide a great 

advantage that they completely degrade the organic pollutants from the environment, 

which not only from the aqueous phase, but also by substituting them into other 

organic compounds before transforming them into innocuous inorganic species 

(Bertelli and Selli, 2006). Among various types and combinations of AOPs, the 

integration of two different AOPs (photocatalytic and Fenton–like), which 

commonly known as photo–Fenton–like, often offers synergistic reaction routes for 

the production of •OH and has been shown to be suitable for the degradation of 

various chlorinated phenol pollutants (Munoz et al., 2011, Metz et al., 2011). 
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 The most extensively studied photocatalyst for the photodegradation of 

organic and inorganic contaminants in wastewaters is titania–based catalysts, 

especially titanium dioxide, TiO2 (Khalil et al., 1998). However, the commercial 

utilization of this catalyst is limited due the fact that TiO2 aggregates rapidly in 

suspension which cause them to losing its surface area as well as the catalytic 

efficiency. Moreover, titania was proven to be unavailable for wider applications 

since it is only active with light radiation with wavelength approximately below 387 

nm. Furthermore, due to the high costs required for separating and recovering these 

particles from the treated water, TiO2 particles is not suitable to be used as the 

photocatalyst in a commercial suspension reactor system. Thus, there is an urgent 

need to develop a photocatalyst with high efficiency in employment of visible light 

irradiation, narrow band gap, stable in operation, and requires relatively low cost for 

the preparation (Guo et al., 2007a).  

 

 

 Iron oxides/oxyhydroxides are relevant in many scientific and technical 

applications and have been widely used in AOP technology. Among them, goethite, 

also known as α–FeOOH, is a type of iron oxyhydroxide with band–gap around 2.2 

eV that seems to be a realistic candidate to be used as photocatalyst for degradation 

of 2–CP (Hu et al., 2012b). It is considered as one of the most environmentally 

friendly catalysts and thermodynamically stable which important upon photocatalysis 

illumination (Prasad et al., 2006). α–FeOOH also combines attractive properties for 

large–scale application such as resistance to photocorrosion, have wide range of 

operating pHs and proven to have almost undetectable leaching of iron into the 

solution.  

 

 

 The commercialized method for the preparation of α–FeOOH was known to 

be precipitation technique. However, this preparation technique may have several 

drawbacks related to longer time consumption, high temperature, and the 

precipitation conditions require extremely careful control (Gupta, 2003b). Therefore, 

it is necessary to find a simple and rapid route for the preparation of α–FeOOH. 

Electrosynthesis is a simple method that has been explored for a few decades for the 

synthesis of nano–sized α–FeOOH. Nano–sized α–FeOOH particles with structures 
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ranging from 1 to 100 nm in size have been shown to have unique physicochemical, 

surface, and optoelectronic properties, as well as excellent visible light photocatalytic 

activity (Ortiz de la Plata et al., 2010c). Regarding these factors, there is an urgent 

need in synthesizing α–FeOOH nanomaterials by electrosynthesis method. 

Previously, gamma phase of FeOOH were successfully synthesized by 

electrosynthesis method as reported by Hashimoto and Cohen (1974). More recent, 

simpler electrolysis method for the preparation of metal nanoparticles was reported 

by Aishah et al., (2002) employing dimethylformamide, naphthalene, and 

triethylammonium phosphate as its electrolyte.  

 

 

 Although electrosynthesis of α–FeOOH have been explored for few decades 

(Jiao et al., 2009), the use of surplus organic solvents urges the needs of investigating 

other alternatives in substituting the conventional solvents. Moreover, small (< 5 nm) 

nanoparticles tend to agglomerate due to high surface energy and the large surface 

area. In these scenarios, surfactant can be an alternative. Surfactants are composed of 

both hydrophilic and hydrophobic groups, with the presence of charged hydrophilic 

component. Cationic surfactants, which contain positive charged ions, have always 

sparked researcher’s interest due to their peculiar and interesting properties which 

include–contrasting hydrophobic and hydrophilic nature; tendency to self associate; 

ability to solubilize both polar as well as non polar components, etc. (Kaur and 

Mehta, 2014). It has abundance of charge–carrying ions which allows its usage as 

solvent without the need for supporting electrolyte. Moreover, cationic surfactants 

has been extensively used as templates in the preparation of various materials as it 

provide electrosteric protection through strongly coordinating protective ligand and 

can be efficiently used as scaffolds for nanostructure materials (Nikoobaht and El–

Sayed, 2001).  

 

 

 Besides the needs of synthesizing iron nanometal, research has been oriented 

to the iron compounds immobilization on different carriers. This is to facilitate iron 

separation and to avoid more complex post–treatments (Feng et al., 2003). Recently 

among commonly employing solid supporters, mesostructure materials have been 

attracted interest as functional carrier due to their high surface area, assessable pore 
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channels, simple pore chemistry and enhanced powder recoverability (Deng et al., 

2011). Moreover, it was proven that mesoporous–assembled structure with 

incorporation of metal catalyst offer better light–induced hydrophilicity, which 

therefore exhibiting higher photocatalytic activities than non–mesoporous–assembled 

catalyst (Puangpetch et al., 2010). 

 

 

 System upscaling is a critical factor in order to demonstrate the practicability 

of synthesized photocatalysis and the catalytic system for environmental 

remediation. The reality of research based photodegradation system is that very few 

systems for laboratory scale test are ultimately viable in terms of industrial scale up 

(McCullagh et al., 2011). Therefore, it is necessary to study the capability of the 

laboratory scale system to be used in pilot scale which will provide the benchmark 

for industrially practicable applications.  

 

 

 

 

1.2 Problem Statement and Hypothesis 

 

 

2–CP have been widely used in agriculture, paper, cosmetic, biocide, public 

health industries and can also be formed as a result of chlorination in water. Because 

of its toxicity, carcinogenicity, yet poor biodegradability, 2–CP is among the priority 

pollutants of major environmental concern. The individual dose requires to kill 50% 

of a population of mice (LD50) values determined indicate that 2–CP is considerably 

more toxic than dichlorophenols (Mozia et al., 2012). Moreover, 2–CP is known to 

be the starting materials to dioxins and furans, the most toxic chemicals ever studied. 

Therefore, it is very important to degrade the 2–CP into harmless species. 

 

 

Various techniques including solvent extraction, membrane filtration, 

adsorption, and biological degradation have been developed for degrading 2–CP 

from waters. However, these techniques suffer from several drawbacks related to 
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high cost, time consuming, and have the possibility of producing secondary 

pollutant. Furthermore, 2–CP do not undergo direct sunlight photolysis in the natural 

environment since they only absorb light below 290 nm. Thus, there are needs in 

searching other possible degradation method and recently, semiconductor–based 

photocatalysis has shown promise in degrading the toxic compounds into innocuous 

inorganic species. 

 

 

 Meanwhile, the commercialized method for preparation of α–FeOOH was 

known to be precipitation technique but it may have several disadvantages related to 

longer time consumption, high temperature, and the precipitation conditions require 

extremely careful control. Therefore, it is necessary to find a simple and rapid route 

for the preparation of α–FeOOH. Although electrosynthesis of α–FeOOH have been 

explored for few decades, the use of surplus organic solvents and the tendency of 

nanoparticles to agglomerate urge the needs of investigating other alternatives in 

substituting the conventional solvents. In these scenarios, cationic surfactant can be 

an alternative.  

 

 

Moreover, the study on the interaction of electrosynthesized metal oxide in 

cationic surfactants with a mesostructured silica nanoparticles support is still rare. 

Although several studies have been conducted to deposit the metal–surfactant 

catalyst onto several supports including clay (Mastalir et al., 2001), metal oxide 

(Sato et al., 2002), and activated carbon (Porta et al., 2002), the interaction between 

the metal oxides and the support material was not well–studied. Moreover, the 

properties of the catalyst are known to be strongly affected by the support, which 

makes it very complicated to understand its reaction mechanism. Thus, detail 

investigation on supported metal catalyst is very crucial. 

 

 

For many iron oxides–based catalysts employed in photo–Fenton–like 

system, the fastest rates in solution were observed at strong acidic pH (Ortiz de la 

Plata et al., 2010a). This selection, however, introduces the need for acidification of 

the reacting medium and subsequent neutralization after treatment. Thus, nearly 
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neutral condition appears as more favorable in employing photo–Fenton–like system 

which suggests an attempt to conduct the system at mild pH condition (Kolata et al., 

1994). On the other hand, insufficient amount or a disproportionate excess of H2O2 

concentration can result in negative effects of the photo–Fenton–like system 

(Burbano et al., 2003). Since the selection of a reduced H2O2 concentration for the 

degradation of pollutants is important from practical point of view due to the cost 

and toxicity (Sun et al., 2007), an attempt is necessary to investigate the behavior of 

the system and to reduce the amount of H2O2 required for efficient degradation. 

 

 

The α–FeOOH and α–FeOOH/MSN catalysts synthesized in cationic 

surfactant was hypothesized to endow extra properties on the characteristics of the 

catalyst which is believed can hinder the electron–hole recombination, as well as 

induce the capability of the catalysts to be used in visible light regions. The high 

surface area of MSN provides well distributions of the iron oxides on the surface of 

MSN besides the ability of MSN to act as an electron acceptor to synergically 

perform with the loaded α–FeOOH to enhance the photodegradation activity. Along 

this line, herewith we proposed to focus on the “Electrosynthesis of goethite 

supported on mesostructured silica nanoparticles in cationic surfactant for 

photodegradation of 2–chlorophenol”. 

 

 

 

 

1.3 Objective of the Study 

 

 

The objectives of this study are: 

 

1. To synthesize and characterize nanosized α–FeOOH and α–

FeOOH/MSN catalysts. 

2. To optimize the photocatalytic degradation of 2–chlorophenol over the 

synthesized catalysts by Response Surface Methodology (RSM).  
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3. To study the degradation mechanism and kinetic modeling of the 

photocatalytic process. 

4. To study the potential of the synthesized catalysts for pilot plant scale 

applications. 

 

 

 

 

1.4 Scope of the Study  

 

 

The scopes of this study consist of four parts which are; 

1. Synthesis and characterize nanosized α–FeOOH and α–FeOOH/MSN 

catalysts 

i. The α–FeOOH was synthesized in cationic surfactant via 

electrosynthesis method in a normal compartment cell fitted with a 

cathode and anode plate at a constant current density of 120 mA cm–2 

under ambient atmosphere at 0°C. The α–FeOOH was also supported 

on mesostructured silica nanoparticles (MSN) to give α–FeOOH/MSN 

catalyst using impregnation method.  

ii. The physicochemical properties of the catalysts were determined by 

different means of characterizations. The crystallographic structure, 

crystallite size, and structural orientation of the prepared catalysts 

were recorded using X–ray diffraction (XRD) analysis. The 

morphological properties and distribution of metal oxides onto 

supportive material were examined using transmission electron 

microscopy (TEM). The vibration information of the catalysts was 

elucidated by Fourier transform infrared (FTIR) spectroscopy. 

Nitrogen adsorption–desorption isotherms (Brunnauer–Emmett–

Teller, BET) was used to obtain the textural properties of catalysts. 

The chemical oxidation state of the catalysts was determined using X–

ray photoelectron spectroscopy (XPS). The chemical environments of 

Si atoms were detected using 29Si magic angle spin nuclear magnetic 
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resonance (29Si MAS NMR). The band gap energy determination of 

the catalysts were studied using ultraviolet–visible diffuse reflectance 

spectroscopy (UV–vis DRS) while the optical properties of the 

catalysts were analysed by photoluminescence spectroscopy (PL). The 

mechanistic pathway for the structure formations were also proposed 

based on the characterizations results. 

 

2. The catalytic activity of the catalysts were tested on photodegradation of 

2–CP in aqueous solution. The screening process was conducted to 

identify crucial process conditions including the effect of metal loading, 

pH, catalyst dosage, H2O2 concentration, 2–CP initial concentration, and 

temperature. Optimization of the photodegradation system was done via 

Response Surface Methodology (RSM) using statistical software package 

Design–Expert, by employing sequence optimization of full factorial 

design and central composite design. 

 

3. The mechanisms of the 2–CP photodegradation over the catalysts were 

studied by using several scavengers. Four types of scavengers were used 

for the system: potassium dichromate (PD); isopropanol (IP); sodium 

oxalate (SO); and potassium iodide (PI), with the role as a scavenger of 

photogenerated electrons, hydroxyl radicals (•OH), photogenerated holes 

(H+), and hydroxyl radicals adsorbed on the catalyst surface (•OHads), 

respectively. The kinetic modeling of the photocatalytic process was 

investigated using Langmuir–Hinshelwood model to accommodate 

reactions occurring at solid–liquid interface. The reaction rate constant 

(KR) and the adsorption equilibrium constant (KLH) were calculated to 

determine the type of reaction occurs during the photodegradation 

process. 

 

4. The potential of the catalysts for applications in pilot scale was studied in 

the aspects of reusability, upscaling feasibility, and degradation ability on 

various pollutants. The reusability of the catalysts were investigated to 

indicate the robustness of the catalysts towards the photodegradation 

process. Repeated experiments were carried out using same operating 
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conditions and the performances of the catalysts at each reaction cycles 

were compared. The feasibility of up–scaled system for photocatalytic 

degradation of 2–CP was investigated using a pilot scale reactor system 

with a 10–fold upscale system of the laboratory scale. Lastly, the potential 

applications of the catalysts to various target pollutants were investigated 

using cationic dye, anionic dye, and phenol.  

 

 

 

 

1.5 Significance of Study  

 

 

In this study, detailed investigation on the 2–CP degradation using α–FeOOH 

and α–FeOOH/MSN catalysts via photo–Fenton–like process was conducted. The 

employment of the photocatalysts to give complete degradation of 2–CP under mild 

operating conditions provide new insight in reducing the use of oxidizing agents 

which normally employed in huge amounts for this catalytic system. This study also 

provides a platform to eliminate the subsequent neutralization process which 

commonly required in most of the 2–CP degradation processes. Furthermore, the 

proposed degradation mechanism using the catalysts offers better understanding of 

the catalytic process employing metal–surfactant catalyst supported on a silica 

material. 

 

 

The simple and rapid route for the synthesis of the catalysts offers new 

alternative to current commercial synthesis process since this electrosynthesis 

method using cationic surfactant as a single electrolyte avoids the surplus use of the 

organic solvents. The study on the mechanistic pathways for the formation of the 

electrosynthesized metal–surfactant catalyst presents additional knowledge in current 

progress in this research area. Moreover, the study on the interaction of 

electrosynthesized metal oxide in cationic surfactants with a mesostructured silica 

nanoparticles support may provide new insight to the current understanding in the 

metal–surfactant field. 
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1.6 Thesis Outline 

 

 

This thesis is divided into five chapters. In Chapter 1, introduction is given 

about the wide usage of phenolic compound and the importance on the degradation 

of the chlorinated phenolic compound, especially 2–chlorophenol which caused 

severe problems to human and environment. Several techniques were reported to 

potentially overcome this problem including physical, biological, and chemical 

treatment. The potential of α–FeOOH and α–FeOOH/MSN as semiconductor for 

photo–Fenton–like process are highlighted. The problem statement of the current 

research was stated which subsequently provide a clear objective of the present 

study. The scope of study covers the research which was done to meet the objectives. 

The significance of research was also clearly mentioned. 

 

 

Chapter 2 or literature review covers the conventional method of 2–CP 

degradation, basic information of 2–CP and characteristics of α–FeOOH and MSN as 

previously studied. The previous studies on photoreactor scaling up also included. 

Chapter 3 or methodology describes the chemicals and materials used in the research 

work, instrumentations, catalysts preparation and characterizations, experimental 

setup, photodegradation testing, and it also includes the procedure for the analysis 

calculations. 

 

 

Chapter 4 concerned with the results and discussion which in further divided 

into seven parts. The first part is synthesis and characterization, followed by the 

photodegradation performance evaluation, optimization of reaction conditions, 

kinetic analysis, reusability study, scaling up system, and the last part is the 

capability study of the catalysts towards various pollutants. The results are presented 

and discussed comprehensively. Finally, Chapter 5 covers the results summary and 

future study. 

 

 



CHAPTER 2 

 

 

 

 

LITERATURE REVIEW 

 

 

 

 

2.1 Introduction 

 

 

Chlorophenols are widely used in many industrial processes for the 

applications of drugs, pesticides, explosives, and dyes. Because of its toxicity, 

carcinogenicity, yet poor biodegradability, chlorophenols is among the priority 

pollutants of major environmental concern (Mozia et al., 2012). Due to the urgent 

needs to degrade this compound, various techniques including solvent extraction, 

membrane filtration, adsorption, and biological degradation have been developed for 

degrading 2–CP from waters. However, these techniques suffer from several 

drawbacks related to high cost, time consuming, and have the possibility of 

producing secondary pollutant. Furthermore, 2–CP do not undergo direct sunlight 

photolysis in the natural environment since they only absorb light below 290 nm. 

Thus, there are needs in searching other possible degradation method and recently, 

semiconductor–based photocatalysis has shown promise in degrading the toxic 

phenolic compounds and its derivatives into innocuous inorganic species. 
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2.2 Phenolic Compound 

 

 

Phenolic compounds are a class of chemical compounds which contains 

one or more hydroxyl groups bonded on a benzene ring. The aromatic compound 

with one hydroxyl group attached to its structure is commonly known as phenol, 

the simplest compound of the class, with the molecular formula of C6H5OH. 

Additional substitution of other functional groups such as chloro, nitro, and 

methyl group in this phenol molecule are regularly named as phenolic derivatives. 

The position of the additional group in the derivatives are located either by ortho, 

meta, para prefix or by the numbering system (Carey, 2000). 

 

 

The phenolic compound and its derivatives are widely used in many 

industrial processes as essential ingredients for a large production of chemicals 

related to the applications of drugs, pesticides, explosives, and dyes. Apart from 

that, they are normally used in the bleaching process of paper manufacturing as 

well as in textile industries. In addition, phenolic compounds are also known to 

have a substantial application in agriculture field as herbicides, insecticides and 

fungicides (Santana et al., 2009). Furthermore, it was reported that the production 

level of the phenol and its derivatives is about 7 billion kg per year, which 

subsequently indicates the commercially importance of the compounds (Maji et 

al., 2014). Meanwhile, besides being generated into the environment by human 

activity, phenolic compounds and its derivatives are also formed naturally in the 

ecosystem. As a result, they are usually found in sediments and soils, and this 

often leads to the contamination of ground water and wastewater.  

 

 

The presence of the phenolic compounds in the environment as low as in 

parts per million (ppm) concentrations was identified to be extremely toxic for the 

human, environment, as well as aquatic life (Maji et al., 2014). It has been found 

that the concentration of the phenolic compound is ranged between 6 to 7000 ppm 

in industrial wastewater streams discharged to the environment (Maarof et al., 

2004). Moreover, they are known to be estrogenic, carcinogenic and mutagenic 
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when present at elevated levels in the environment as well as capable to exert 

negative effects on different biological processes (Mangrulkar et al., 2008). In 

addition, the phenolic compounds have high tendency to bioaccumulate in the 

environment. Therefore, due to their numerous drawbacks, phenolic compound 

and its derivatives has recognized as one of the major, persistent and recalcitrant 

pollutants to the environment.  

 

 

The removal of the phenolic compounds from wastewater has becomes a 

challenging task in environmental protection due to their relatively high solubility 

and stability in water. Owing to the perseverance of the pollutants and their severe 

effects in ecosystem, both, the United States Environmental Protection Agency 

(US EPA, 1987) and the European Union Directive (EEC, 1990) have included 

some of them in their lists as priority pollutants to the environment (Figure 2.1) 

which requires constant monitoring in the aquatic environment (Elghniji et al., 

2012). Meanwhile, Department of Environment (DOE), Malaysia in 

Environmental Quality Act 1979 (Sewage and Industrial Effluent) has enacted 

that the phenolic compounds are one of the primary pollutants in which the 

pollutant should be treated to be less than 1 ppm for inland water discharged. 
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Figure 2.1 Phenolic compounds considered priority pollutants by US EPA and EU 
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2.2.1 Chlorophenol 

 

 

Chlorinated phenol is any phenol compound that contains one or more 

chlorine atoms bonded on its structure. Most chlorophenols commonly have a 

number of different isomers. Since three ring positions on the phenol molecule can 

only occupy one chlorine atom, monochlorophenols have three isomers. 2–

chlorophenol, for example, is the isomer that has a chlorine atom in the ortho 

position. Pentachlorophenol, by contrast, has only one isomer due to fully 

chlorinated five available ring positions on the phenol. 

 

 

Chlorophenol have a wide range of applications due to its structural variety 

and divergent chemical properties. During decades, chlorophenols have been widely 

used as wood preservative agents and disinfectants, so there have been a surplus 

released in the environmental media. The existence and widespread use of 

chlorophenol in aromatic solvents, pesticides, cleaning agents, preservatives, and 

biocides in the environment represents a serious problem due to their toxicity, 

perseverance, and accumulation potential in plants and animal tissues (Bandara et al., 

2001a). Soluble chlorophenol compounds have recently shown their extensive 

potential to enter the food chain. Besides that, these compounds are commonly found 

in natural water bodies due to their low and inefficient biodegradability.  

 

 

The most complex chlorophenol compound, pentachlorophenol, is still widely 

found in the wood of pallets, containers, crates and in cardboard, paper, etc. although 

its usage is prohibited in most countries. Since fresh fruits are often been stored and 

transported using wooden crates and cardboard boxes, chlorophenols which present 

in these materials may contaminate the stored fruits by migration. Tri–, tetra– and 

pentachlorophenol are proven to be the precursors in the formation of the 

chloroanisoles which known to be powerful odorants in corks and wine. This is one 

of the most serious problems in the enological industry. In addition, more 

hydrophilic phenols, such as less chlorinated phenols, are easily dispersed in the 

aquatic media, which has increasing the concerns regarding the presence of the 

http://en.wikipedia.org/wiki/Phenol
http://en.wikipedia.org/wiki/Chlorine
http://en.wikipedia.org/wiki/2-chlorophenol
http://en.wikipedia.org/wiki/2-chlorophenol
http://en.wikipedia.org/wiki/Pentachlorophenol
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substance in inland water. Meanwhile non polar compounds which are the more 

chlorinated phenols are usually persisting in a longer time period in the environment 

(Santana et al., 2009). 

 

 

 Other related concerns is that the chlorinated phenols can also be produced 

from nonchlorinated phenols during drinking water chlorination. The taste and odour 

of drinking water will be highly affected by chlorophenols which are toxic and 

carcinogenic with concentrations as low as a few μg L–1. As a result, a maximum 

concentration of 0.5 μg L–1 in drinking water was set by EU Directive 2455/2001/EC 

and 0.1 μg L–1 is the threshold value for their individual concentration. 

 

 

 

 

2.2.2 2–Chlorophenol (2–CP) 

 

 

 2–chlorophenol (2–CP) is a monochlorophenol compound in which the 

chlorin molecule is bonded to the phenol structure at ortho position. 2–CP is widely 

used in various chemical processes such as in the agricultural, paper, cosmetic, 

biocide, and public health industries; it can also be formed as a result of chlorination 

in drinking water treatment. It have frequently used as a precursor for synthesizing 

pesticides and other chlorophenols (Guo et al., 2012c).  

 

 

Among chlorophenol compounds, 2–CP has been regarded as a unique class 

of pollutants which has been considered as most toxic to aquatic life as well as 

mammalian at concentrations as low as parts per billion level. Moreover, the 2–CP 

was found to be the most persist and carcinogenic pollutant in its class (Wei et al., 

2014).  
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2–CP was also reported as a common precursor for poly–chlorinated 

dibenzo–p–dioxins and poly–chlorinated dibenzofurans (PCDD/F), which are 

environmental pollutants that can contaminate and are monitored in food, rivers, and 

atmosphere (Gao and Teplyakov, 2014b). In addition, the LD50 values determined in 

mice indicate that 2–CP is considerably more toxic than dichlorophenols (Mozia et 

al., 2012), indicating the severe effects of this monochlorophenol pollutant to the 

surrounding ecosystem. 

 

 

 

 

2.3 Degradation Method 

 

 

 The wide usage of chlorophenol and contamination to drinking water urges 

the need to degrade or remove the toxic compound to avoid further risks to the 

human and environment. Wastewater treatment is necessary to remove chlorophenols 

before their potential discharge into the environment Therefore, many interests to 

remove chlorophenol from aqueous solution have aroused in the last few years that 

leads to the development of effective methods for chlorophenol removal.  

 

 

 

 

2.3.1 Biological Method 

 

 

 Biological method is to introduce contact of organic materials in the 

wastewater with bacteria (cells), which thereby reducing its BOD content. The 

method is usually more economical compared to other method due to it usage of 

commonly found microorganisms which are known to degrade and accumulate 

different organic pollutants. 
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 Microflora in natural systems, aerobic as well as anaerobic, has remarkable 

ability to eliminating chlorophenols compounds over prolonged exposure. Several 

researchers have found aerobic process such as aerated lagoon is beneficial to 

chlorophenols treatment with some modifications on the process (Holladay et al., 

1978). Besides that, research has also shown that chlorophenols can be effectively 

treated biologically under anaerobic conditions but sludge acclimatization is 

necessary (Ye and Shen, 2004). It was reported that removal efficiency of 

chlorophenol would be enhanced by operating anaerobic and aerobic treatment 

processes in combination.  

 

 

 Nevertheless, it has been reported that the biodegradability of phenolic 

compounds are critically depends on the number, type, and position of substituent on 

the phenolic ring. (Annachhatre and Gheewala, 1996). It is are less readily 

biodegradable than phenol thus proves that their rate of biodegradation decrease with 

increasing number of chlorine substituent on the aromatic ring.  

 

 

 However, there are certain limitations in this type of treatment process. The 

sensitivity of bacteria toward chlorophenols may vary, depending on the bacterial 

species as well as the chlorophenol congener. Other than that, chlorinated phenols 

are resistant to biodegradation in an appropriate time period and tend to accumulate 

in sediments (Bandara et al., 2001a). Therefore, the current biological method seems 

to be unpromising to completely degrade the chlorophenols which then urges the 

needs to study other possible alternatives for removal of these pollutants. 

 

 

 

 

2.3.2 Physical Method 

 

 

 A physical treatment method is process units in which the applications of 

physical forces are predominate. In general, physical treatment mechanisms do not 
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result in changes in chemical structure of the target substances. Adsorption, as a type 

of physical treatment method, is widely used in industrial applications. In this 

process, atoms of the surface functional group donate electron to the sorbate 

molecules leads to the occurance of adsorption by the donor–acceptor complexation 

mechanism (Al Duri, 1995). Generally the factors like initial concentration, initial 

pH and effluent temperature affect the removal process (Li et al., 2009b). 

 

 

 Adsorbents commonly used to remove chlorinated phenols from aqueous 

solution include clays, modified clays, granular activated carbon, and polymer resins. 

Although clays have large surface area, its uptake of chlorophenols is not significant 

of its low total organic carbon content. It was reported that the adsorption capacity of 

chlorophenols on activated carbon could reach up to 130 mg g–1 in a column study 

(Gupta et al., 2000a). Although satisfactory outcomes has been achieved using this 

method, high cost of producing the commercial activated carbon may hinder its 

practical use. Furthermore, the generation of secondary pollutants has also increase 

the public awareness on its usage. 

 

 

 

 

2.3.3 Chemical Method 

 

 

 Chemical treatment is a treatment method in which the conversion or removal 

of contaminants is carried out by the addition of chemicals or by other chemical 

reactions. Solvent extraction is a chemical method to separate compounds in two 

different immiscible liquids, normally water and an organic solvent, based on their 

relative solubility. It involves the extraction of a substance from one liquid phase into 

another liquid phase. Liquid–liquid extraction is performed using a separotory funnel 

and it is a basic technique in chemical laboratories. This type of process is usually 

performed after a chemical reaction as part of the work–up. 

 

 

http://en.wikipedia.org/wiki/Miscibility
http://en.wikipedia.org/wiki/Solvent
http://en.wikipedia.org/wiki/Solubility
http://en.wiktionary.org/wiki/Extraction
http://en.wikipedia.org/wiki/State_of_matter
http://en.wikipedia.org/wiki/Separatory_funnel
http://en.wikipedia.org/wiki/Work-up_(chemistry)
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 Extraction by emulsion liquid membrane is an attractive alternative of 

chlorophenol degradation because of its high efficiency and recovery of phenolic 

compounds for reuse as raw materials. Since the initial work by Li (1968a), liquid 

membranes have demonstrated considerable potential as effective tools for an 

increasing variety of separation applications.  

 

 

 However, liquid–liquid extraction is time consumption and requires a large 

volume of sample and of toxic organic solvent. It is also difficult to automate. Solid 

phase extraction (SPE) is another often–applied technique for the extraction of 

phenols. Although the SPE techniques are easier to automate compared to liquid–

liquid extraction, they still require quite significant amount of organic solvents used 

to degrade significant amount of chlorophenols (Schellin and Popp, 2005). 

 

 

 

 

2.4 Advanced Oxidation Process 

 

 

 Advanced oxidation process (AOP) is a set of designed treatment procedures 

to remove organic and inorganic contaminants in waste water by oxidation. The term 

“AOP” refers to the oxidation mechanism that depends on the production of very 

active species such as hydroxyl radicals (•OH). Commonly, contaminants are 

oxidized by four different reagents which are ozone, hydrogen peroxide, oxygen, and 

air. These procedures may also be combined with UV light irradiation and specific 

catalysts.  

 

 

 Oxidation is referring to the transfer of one or more electrons from an 

electron donor to an electron acceptor, which has a higher affinity for electrons. 

These electron transfers result in the chemical transformation of both the acceptor 

and the donor, which in some cases producing chemical species with an odd number 

of valence electrons. These species which known as radicals is tend to be unstable 

http://en.wikipedia.org/wiki/Waste_water
http://en.wikipedia.org/wiki/Oxidation
http://en.wikipedia.org/wiki/Ozone
http://en.wikipedia.org/wiki/Hydrogen_peroxide
http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/Ultraviolet
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and therefore, highly reactive because due to one unpaired electrons. Additional 

oxidation reactions between the radical oxidants and other reactants (both organic 

and inorganic) follows the oxidation reactions that produce radicals until 

thermodynamically stable products are formed. The oxidation potential will be study 

to indicate the ability of an oxidant to initiate chemical reactions. The most powerful 

and commonly used oxidants are fluorine, hydroxyl radicals (•OH), ozone, and 

chlorine with oxidation potentials of 2.85, 2.70, 2.07 and 1.49 electron volts, 

respectively (Dorfman and Adams, 1973). The end products of complete oxidation of 

organic pollutants are carbon dioxide (CO2) and water (H2O). 

 

 

 The AOP procedure is particularly practical for cleaning non–degradable 

materials such as petroleum constituents, pesticides, aromatics, and volatile organic 

compounds in waste water. The contaminant materials are converted into stable 

inorganic compounds such as water and carbon dioxide. The aim of the waste water 

purification by means of AOP procedures is the reduction of the chemical 

contaminants and the toxicity to such an extent that the cleaned waste water may be 

able to be reintroduced into receiving streams or, at least, into a conventional and 

simple sewage treatment. 

 

 

 AOP has shown promise during the last decades as a decontaminant method 

for the degradation of chorophenols compounds. The process present the great 

advantage that they completely remove organic contaminants from the environment 

by transforming them into other organic compounds and finally into non–hazardous 

inorganic species (Bertelli et al., 2006).  

 

 

It has been reported by Taleb (2014) who has synthesized the CS/CoFe2O4 

nanocomposites via γ-irradiation cross-linking method with the aid of sonication. 

The catalyst was found to degrade 2-CP under sunlight irradiation with high 

photocatalytic efficiency. However, the optimum conditions for the system was 

found to be at alkaline medium with pH of 10 and the photocatalytic degradation of 

2-CP performed best at low initial 2-CP concentration. More recent, the degradation 

http://en.wikipedia.org/wiki/Petroleum
http://en.wikipedia.org/wiki/Pesticides
http://en.wikipedia.org/wiki/Aromatics
http://en.wikipedia.org/wiki/Volatile_organic_compound
http://en.wikipedia.org/wiki/Volatile_organic_compound
http://en.wikipedia.org/wiki/Water
http://en.wikipedia.org/wiki/Carbon_dioxide
http://en.wikipedia.org/wiki/Sewage_treatment
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of 2-CP by ZnO thin film was reported by Rashid et al. (2015). The ZnO thin film 

with 200 nm thickness showed the highest efficiency for the degradation. However, 

the conditions requires high acidic condition (pH 3) to achieve complete degradation 

of 2-CP. Meanwhile, the effect of tri-elemental doping specifically potasium (K), 

aluminum (Al) and sulfur (S) on the performance of the synthesized titanium dioxide 

(TiO2) nanoparticles under visible light illumination for the degradation of 2-CP has 

been reported by Tolosa et al. (2011). It was found that the 2-CP degradation was 

increased up to 96% in 4h irradiation at low initial concentration of 2-CP. 

 

 

 AOP involve four steps which are initiation (Eq. 2.1), hydroxyl radical 

propagation (Eq. 2.2–2.3), hydroxyl radical termination (Eq. 2.4–2.6), and 

decomposition (Eq. 2.7) which show the photochemical and chemical reactions in 

UV radiation with H2O2 (Xu et al., 2009) where X is the contaminants. 

 

OHhvOH  222                                                                                                (2.1) 

OHHOOHOH 2222 
                                                                                    (2.2) 

22222 OOHOHHOOH                                                                             (2.3) 

222 OHOH                                                                                                        (2.4) 

22222 OOHHO 
                                                                                              (2.5) 

222 OOHHOOH                                                                                          (2.6) 

22 COOHXOHX product                                                                            (2.7) 

 

 

 

 

2.4.1 Fenton Degradation 

 

 

Fenton, an advanced oxidation process, is an attractive environmental 

remediation technology in which H2O2 is catalytically converted to reactive radicals 

in the presence of soluble ferrous ions as homogenous catalysts. Fenton process has 
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been used in the acute toxicity removal in textile finishing wastewater, degradation 

of nitroaromatic explosives, and treatment of simulated wastewater containing 

phenolic compound (Sheydaei et al., 2014). 

 

 

Fenton oxidation was found to be efficient and cost–effective method for 

treating various pollutants. However, homogenous Fenton oxidation to generate •OH 

using H2O2 and Fe2+ is effective at only narrow pH conditions while it generates iron 

sludge after treatment (Kim and Kan, 2015). Since application of homogeneous 

ferrous ions has some drawbacks such as iron precipitation and the deactivation of 

Fenton process, studies concerning heterogeneous iron sources such as oxides 

nanoparticles become appropriate alternatives. 

 

 

 

 

2.4.2 Fenton–like Degradation 

 

 

Fenton–like process was usually denoted when heterogeneous iron sources 

were used with the oxidants such as H2O2. The catalyst used in this process should be 

in big sizes or supported on appropriate support to facilitate its separation after 

wastewater treatment (Sheydaei et al., 2014). Different from the Fenton system, 

Fenton–like system commonly employs the semiconductor in the form of particle, 

commonly nanoparticles, to substitute the use of ferrous ion. Apart from the usage of 

oxidizing agents, the concept of Fenton–like degradation employing light irradiation 

is very similar to the photocatalytic degradation system. Photocatalytic degradation is 

discussed in details in the next section. 
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2.4.3 Photocatalytic Degradation 

 

 

 Environmental photocatalytic on semiconducting surfaces have been shown 

promise during the last few years to be determined by the surface adsorbed species 

which known to play a vital role in scavenging the photogenerated charges. 

Photocatalytic remediation was found to be suitable for aqueous solutions that 

contain organic compounds and reducible toxic metal ions in water and wastewater 

treatment technologies since it was found that the photocatalytic oxidation of 

organics and reduction of metals are synergistic (Mohapatra et al., 2005). This 

observation was explained in terms of a closed redox cycle whereby the 

photocatalyzed oxidation destroyed the organics while the metals are removed by 

reduction. The photocatalytic steps are summarized in Eq. 2.8 –2.15. 

 

  hehvtorSemiconduc                                                                               (2.8) 


 22 OeO                                                                                                   (2.9) 

OOHHO  

2                                                                                            (2.10) 

  OOHeOOH                                                                                           (2.11) 

OHhOH                                                                                                   (2.12) 

2222 OHOOOH                                                                                           (2.13) 

2222 OOHOHOOH                                                                               (2.14) 

  OHOHOHh 322                                                                                  (2.15) 

 

 

 

 

2.4.4 Photo–Fenton–like Degradation 

 

 

 Application of light radiation together with Fenton–like process is another 

improvement of AOP process that often called photo–Fenton–like process. Photo–

Fenton–like process is one of the advanced oxidation processes (AOP). In definition, 
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photocatalysis combined with Fenton–like reaction is the photoreaction acceleration 

with the presence of a catalyst with the aid of strong oxidizing agents such as H2O2. 

 

 

In catalyzed photolysis, light is absorbed by an adsorbed substrate and the 

photocatalytic activity depends on the capability of the catalyst to generate electron–

hole pairs, which then generate free radicals. When the catalyst is subjected to 

radiation beyond the material’s band gap, electron–hole pairs are produced so that 

additional electrons enter the conduction band, while holes will remain in the valence 

band. These photo–generated electron–hole pairs will then facilitate redox reactions 

through the formation of adsorbed radicals on catalyst surfaces. The photocatalytic 

activity of the catalyst depends on the levels of adsorbed radical–forming species on 

the catalyst surfaces as well as the relative rates of generation and recombination of 

electron–hole pairs. 

 

 

The integration of this AOPs often offers synergistic reaction routes for the 

production of •OH, and has been shown to be suitable for the degradation of various 

chlorinated phenol pollutants (Munoz et al., 2011, Metz et al., 2011). The 

development of this catalytic system, which works not only under UV light but also 

under visible light, has been a great concern regarding the efficient utilization of 

solar light and the need to address the world’s energy problems. However, the photo–

Fenton–like catalysts used generally face a practical problem, i.e., the undesired 

electron–hole pair recombination that represents a major energy–wasting step that 

may hinder the system efficiency under visible light irradiation (Zhao et al., 2012). 

In addition, in the photo–Fenton–like system, the fastest rates in solution are 

observed at strong acidic pH, which introduces the need for acidification of the 

reacting medium and subsequent neutralization after treatment. Therefore, the 

improvement of this system has increase crucial interest among the researchers. 
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http://en.wikipedia.org/wiki/Adsorption
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2.4.5 Optimization of Process Conditions 

 

 

Conventional and classical methods of studying a degradation process by 

maintaining other factors involved at an unspecified constant level does not depict 

the combined effect of all the factors involved. This method is also time consuming 

and requires large number of experiments to determine optimum levels, which are 

unreliable. These limitations of a classical method can be eliminated by optimizing 

all the affecting parameters collectively by statistical experimental design such as 

Response Surface Methodology (RSM). 

 

 

RSM is a collection of mathematical and statistical techniques useful for 

developing, improving and optimizing processes and can be used to evaluate the 

relative significance of several affecting factors even in the presence of complex 

interactions. The main objective of RSM is to determine the optimum operational 

conditions for the system or to determine a region that satisfies the operating 

specifications. The application of statistical experimental design techniques in 

various process developments can result in improved product yields, reduced process 

variability, closer confirmation of the output response to nominal and target 

requirements and reduced development time and overall costs (Annadurai et al., 

2002). 

 

 

Photo–Fenton–like system is multifactor system. The efficiency of the 

process strongly depends on process parameters. Hence, the optimization of such 

system can be complicated and costly. In order to reduce prolong laboratory studies 

and save time and money, the application of modelling tools in combination with 

experimental approach such as response surface modelling (RSM) is favourable. 

Although the use of RSM is quite common for optimization of chemical processes, 

only few investigators (Joshi et al., 2008, Goswami et al., 2010) have used it using 

the combination of initial and second optimization method. This sequential 

optimization method is more systematic and capable to indicate the most optimum 

condition. Commonly, optimization cannot fully reach as investigators only 
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employed one step of optimization which leads to the imprecise optimum conditions. 

This is because investigators tend to eliminate a value to minimize the experimental 

which the variables that was eliminated have significant effects on the response due 

to experimental conventional methods. Therefore, fully interaction (shown in Figure 

2.2) cannot be analyzed. 

 

 

 

Figure 2.2 Interaction between variable X1 and X2 over the response 

 

 

In order to employs sequential optimization approach, the important variables 

are first identified by a two–level factorial design. The total of independent variables, 

k are first selected for the study, where each variable represented at two levels, high 

(+) and low (−), in x trials as generated by the software. 

 

 

Meanwhile, for optimization of screened variables, central composite design is 

employed. The full–factorial central composite design consists of a complete 2k 

factorial design, where k is the number of test variables; n0 centre points (n0 ≥ 1) and 

two axial points on the axis of each design variable at a distance of ˛ (=2k/4, = 2 for k 

= 4) from the design centre. Hence, the total number of design points is N= 2k + 2k + 

n0. A full–factorial central composite design (Sen and Swaminathan, 2004) is usually 

used to acquire data to fit an empirical second–order polynomial model. For four 

factors, the quadratic model takes the following form: 

 

                                                     (2.16) 
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where Y is response variables, the coefficient b0 is the free or offset term called 

intercept, b the regression coefficients of the model, x represents the coded levels of 

the independent variables. This regression model (Eq. 2.16) is a function of the sums 

of squares of the levels of the factors in that treatment combination and can well be 

used to estimate a response based on a particular process conditions. 

 

 

 

 

2.4.6 Kinetic analysis 

 

 

 Langmuir–Hinshelwood (LH) kinetics model is the most commonly 

employed kinetic expression to explain the kinetics of the heterogeneous catalytic 

processes. The Langmuir–Hinshelwood expression that provides the explanationon 

the kinetics of heterogeneous catalytic systems can be expressed as follows (Guettai 

and Ait Amar, 2005). 

 

CK

CKk

dt

dC
r

LH

LHr




1
                                                                                           (2.17) 

 

where r is the photoreduction rate of the reactant (mg L–1 min), KLH is the adsorption 

coefficient of the reactant, kr is the reaction rate constant (mg L–1 min) C is the 

concentration of the reactant (mg L–1), and t is the illumination time.   

 

 

 Due to the formation of intermediates during photocatalytic reduction, 

interference in the determination of kinetics may occur related to the competitive 

adsorption and reduction. Therefore, calculations were performed at the beginning 

illuminated conversion. Any changes such as intermediates effects or pH changes 

can be neglected and the photocatalytic reduction rate expression is defined as: 
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where r0 is the initial photocatalytic reduction rate (mg L–1 min) and C0 the initial 

concentration (mg L–1) and KLH is the adsorption equilibrium constant (L mg–1). The 

equation can be simplified to an apparent first–order equation in cases where the 

chemical concentration Ci is very low (C0 small) (Ollis, 1985): 

 

tkkk
C

C
apptr

t

0ln                                                                                               (2.19) 

 

where Ct (mg L–1) is the concentration of the 2–CP at time t (min) and C0 (mg L–1) is 

the initial concentration of the 2–CP.  

 

 

Generally, the initial reduction rate can be deduced as follows: 

 

00 Ckr app                                                                                                             (2.20) 

 

 A plot of ln (C0/Ct) versus illumination time represents a straight line, while 

the slope of which upon linear regression represent the apparent first order rate 

constant, kapp.  

 

 

 

 

2.4.7 Mechanism of 2–CP Degradation  

 

 

It has been established that the first process in 2–CP photo–oxidation may 

involves the hydroxylation at ortho position or scission of C–Cl bond. Figure 2.3 

indicates possible degradation mechanism involving the hydroxylation as the first 

process as reported by Bandara et al. (2001a). If 2–CP is hydroxylated at the ortho 
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position, 2–chlorocatechol and catechol are formed. The para–dechlorination of 2–

chlorocatechol yields 2–hydroxy–1,4–catechol.  

 

 

In a similar way, if 2–CP is homolysed at ring–Cl bond, a short–lived 

hydroxyphenyl radical (HPR) is formed and may combine with proton to form 

phenol. Probably catechol is formed by o–hydroxylation of phenol. Further oxidative 

hydroxylation of catechol and phenol gives hydroxyhydroquinone and hydroquinone. 

Subsequently, hydroquinone and hydroxyhydroquinone are converted to 

benzoquinone hydroxybenzoquinone. Finally, quinone rings are opened to form 

aliphatic compounds which upon further oxidation are mineralised to CO2 and H2O. 

 

 

 

Figure 2.3 A mechanism to account for the pathways of photoproducts in the course 

of mineralisation of 2–CP (Bandara et al., 2001a) 
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2.4.8 Scaling Up System  

 

 

 In order to reveal the feasibility of semiconductor photocatalysis for 

environmental remediation, degradation system is an equally vital factor. Research 

and development on efficient catalytic system intends to scale up laboratory bench 

scale processes to industrially practical applications. However, scaling up 

photocatalytic system is a complex process with many factors needing consideration 

to yield a economically and technically efficient process. In addition, the catalysts 

used in laboratory scale are not properly suitable for industrial scale applications and 

is still a matter of interest.  

 

 

 The issue of efficient photocatalyst illumination is particularly critical as this 

essentially determines the quantity of water that may be treated per unit area of 

deployed photocatalyst. A broad range of photocatalytic systems have been 

developed and used in both laboratory research and pilot scale studies. However, the 

provision of sufficient high specific surface area of catalyst is still the central 

problem of scale–up of photocatalytic systems. Nevertheless, it is possible to make 

precise predictions on the catalytic behavior of the catalysts on a pilot scale system to 

provide insight on its possible employments in large scale applications. 

 

 

Bayarri et al., (2013) had investigated the comparison on the system 

performance between the laboratory scale and pilot scale towards the degradation of 

2,4–dichorophenol. It was found that that although the degradation of target pollutant 

is higher at laboratory scale, the reaction rates for both scales are still similar. 

Meanwhile, Pereira et al., (2011) study the comparison of the laboratory and pilot 

scale system on the photocatalytic degradation of oxytetracycline using TiO2. They 

reported that major difference between experiments in lab-scale and in pilot plant 

scale are regarded as reactor geometry, thus demonstrating that pilot scale system 

were more effective in the usage of accumulated UV energy to completely degrade 

the target pollutant. 
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2.5 Photocatalyst Synthesis and Modification 

 

 

As aforementioned, photocatalytic process involves the presence of light 

radiation and a semiconductor catalyst. Material that able to conduct the electricity at 

room temperature but also act as an insulator is defined as semiconductor material. 

Based on their constituent atoms in the periodic table groups, the group of the 

materials is being classified. The transition metal ions can be reduced using 

semiconductor materials through photocatalysis process. As demonstrate in Figure 

2.4, the band gap energy (Eg) is a difference between valence band hole (hVB
+) and 

conduction band electron (eCB
–). There is also worth noted that band gap is an area of 

prohibited energies in a perfect crystal (Litter, 1999).  

 

 

Figure 2.4 Illustration of heterogeneous photocatalytic processes on the 

semiconductor (Litter, 1999). 

 

 

Once the valence band electron of semiconductor particles absorbs the photon 

of energy equal or larger than the catalyst band gap, the hole in valence band will be 

generated and the electron will jump to the covalent band (hv≥ Eg). Electron donor 

(D) or electron acceptor (A) may react or combine with the eCB
– and hVB

+. 
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The semiconductors such as ZnO, SnO, TiO2 and WO3 were widely studied 

in the heterogeneous photocatalytic processes. TiO2 is the photoactive catalyst which 

mostly being investigated for a long time due to the large band gap range. The TiO2 

has been studied in many forms such as pillars in the interlayer of clay minerals 

(Yoneyama, 1989), bulk material (Anpo, 1989) and colloid suspensions (Thomas, 

1990). 

 

 

 

 

2.5.1 α–FeOOH as Photocatalyst 

 

 

 α–FeOOH which an antiferromagnetic iron oxyhydroxide, have a band–gap 

of 2.2 eV (Hu et al., 2012b). It is considered as one of the most environmentally 

friendly catalysts and it is known to be thermodynamically stable (Prasad et al., 

2006). α–FeOOH combines plausible properties for large–scale application such as 

resistance to photocorrosion, have wide range of operating pHs and almost 

undetectable leaching of iron into the solution. Other characteristics is that it is one 

of the most common forms of iron oxides found in oxisoils of temperate regions; it is 

one of the most chemically active compounds suspended in natural waters, it is 

widely used as a model compound in soil remediation, it has a low energy 

requirement, its catalytic activity is quite acceptable and most importantly, it can be 

operated with solar radiation. 

 

 

 Furthermore, according to the measured optical properties, reactors using the 

goethite catalyst were proven to have a much larger characteristic optical path length 

as compared with the most widely known photocatalytic reactions which employing 

titanium dioxide (Ortiz de la Plata et al., 2008d). There are several studies that 

employed α–FeOOH as the catalyst for degradation of 2–CP (Table 2.2).  
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Table 2.1 Previous studies for 2–CP degradation using α–FeOOH 

α–FeOOH  
particle 
size 

2-CP 
concentration 

(mg/L) 

pH Catalyst 
dosage 
(g/L) 

H2O2 
(mM) 

2–CP 
degradation 
percentage 

(%) 

Ref 

75–150 
µm 

50 3-4 0.50 11.7 99 Ortiz de 
la Plata et 
al., 2010 

0.08–0.15 
mm 

40 3 0.80 1.96 99 Lu et al., 
2002 

0.074–
0.044 mm 

50 3 0.40 2.20 ~99 Ming–
Chun, 
2000 

600–900 
µm 

50 3 0.20 2.20 ~98 Gordon 
et al., 
2009 

0.04–0.20 
mm 

50 - 2.00 20.0 ~80 Ortiz de 
la Plata 
et al., 
2008 

~0.05 mm 15 6.3 1.00 9.80 9 Huang et 
al., 2001 

 

 

It was found that many iron–oxides employed in a photo–Fenton–like system 

require strong acidic pH to have the fastest rates in solution (Ortiz de la Plata et al., 

2010a). These conditions introduce the need for acidification of the reacting medium 

and subsequent neutralization after treatment. Thus, nearly neutral conditions appear 

to be more favorable in employing a photo–Fenton–like system, so attempts should 

be made to conduct the system under mild pH conditions.  

 

 

On the other hand, an insufficient amount or a disproportionate excess of 

H2O2 can result in negative effects in a photo–Fenton–like system. Some authors 

have conducted their work with H2O2 concentrations around 20.0 mM while others 

have used around 2.0 mM H2O2 (Ortiz de la Plata et al., 2008d, Lu, 2000a, Lu et al., 

2002b). Since the selection of a reduced H2O2 concentration for the degradation of 

pollutants is important from a practical point of view due to the cost and toxicity of 

this compound, an attempt has been made in this study to investigate the behavior of 

the system and to reduce the amount of H2O2 required for efficient degradation. 
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2.5.2 Preparation of α–FeOOH 

 

 

Precipitation method is the most commonly employed method for the 

synthesis of α–FeOOH (Cornell and Schwertmann, 2003). A portion of alkaline 

solution such as potassium hydroxide was mixed with the iron source solution and 

the mixture was stirred vigorously. The dispersion was aged for 48 h at 80°C. The 

precipitate was then centrifuged out and re-dispersed in an acidic solution, 

centrifuged again, and this procedure was repeated 10 times, and again three times, 

with distilled water. Then the precipitate were mixed together and freeze-dried. 

However, this method seems to be very time consuming and requires the use of 

surplus solvents. 

 

 

 The modification for the synthesis method for α–FeOOH has been reported 

by Chen et al. (2011) via ultrasonic-assisted hydrothermal method. The as-

synthesized Fe nanopowders by electrical explosion method were immersed into 

distilled water and kept in a beaker under ultrasonically treatment at 85 °C. 

Subsequently, an acidic solution was dropped into the mixed solution at a constant 

flow rate. Finally, the resulting solid products were obtained with filtered off from 

the solution, washed with distilled water for several times, and dried in the vacuum 

dry chamber at 60 °C for 6 h. However, it was found that this method requires a very 

controlled environment and extreme careful observation. Therefore, other alternative 

method in synthesizing the α–FeOOH are still in demand. 

 

 

 

 

2.5.3 Electrolysis as Preparation Method 

 

 

 Electrosynthesis process is a widely used especially in energy conversion and 

metal deposition. Furthermore, Aishah et al., (2002) has proven that this technique 

may provide a clean and pure route for synthesizing nanoparticles. This method is a 
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good selection since the electron react a reducing agent which can contribute to low 

cost and effective reagent. In addition, this process has the capability to manage the 

characteristic of the product and the particle size is tunable in order to prepare the 

preferred product (Gao and Hao, 2009a). 

 

 

 The metals generated from the electrosynthesis process are nanosized 

particles with high purity compared to the conventional method. Therefore, the 

electrosynthesis is a promised technique in producing a bulk of metal nanoparticles. 

Other than that, this technique has other advantages related to the heterogeneous 

substrate–electrode electron transfer which allows the electron to directly transfer to 

or from the target molecule to perform oxidation or reduction, respectively. 

 

 

 Besides that, the electron can be accurately exchanged and controlled under 

extremely mild experimental conditions without any careful control. Electrolysis 

process has different selectivity from conventional synthesis since it offers a unique 

mechanistic pathway. The oxidizing or reducing power can be easily controlled by 

electrical potential of the electrode (Sultan and Tikoo, 1984).  

 

 

 It is well known that the electrode plays an important role in electrochemical 

process since there are main reactions that take place at the electrode during 

electrolysis (Tokuda et al., 1993). Electrolysis process involves two electrodes. The 

cathode is for negatively charged where the reduction takes place while the anode is 

for positively charged which oxidation will occur. The electrodes are placed in a 

suitable distance to minimize the cell voltage and to ensure the flow of the current. 

The electrolyte is important in any electrolysis process which the most critical in 

ensuring the complete an electric circuit between two electrodes.  

 

 

Electrosynthesis of α–FeOOH have been explored for few decades (Jiao et 

al., 2009) since the size and yield of products may be easily controlled to some 

extent by adjusting the parameters of electrochemical reaction, such as voltage and 
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current density. Hashimoto and Cohen (1974) added anions such as phosphate, 

acetate, chloride, or sulfate in perchlorate solutions to electrodeposit the α–FeOOH. 

Leibenguth and Cohen (1972) synthesis α–FeOOH by anodic deposition from ferrous 

sulfate solutions of ferric oxide type films on a platinum substrate while Peulon 

(2007) electrodeposited α–FeOOH onto tin dioxide substrate (SnO2). However, the 

surplus use of organic solvents urges the needs of investigating other alternatives in 

substituting the conventional solvents. In this scenario, cationic surfactant can be an 

alternative. 

 

 

 

 

2.5.4 Cationic Surfactant as Electrolyte 

 

 

Surfactants are usually defined as organic compounds that have amphiphilic 

behavior, which means that they have both hydrophobic groups, usually known as 

“tails”, and hydrophilic groups, which known as “head” (Figure 2.5). Therefore, a 

surfactant contains both water insoluble component and a water soluble component. 

Meanwhile, ionic surfactants are termed to the surfactants that carry a net charge at 

its head component. If the charge is positive, the surfactant is more specifically 

called cationic; if the charge is negative, it is called anionic. If a surfactant contains a 

head with two oppositely charged groups, it is usually named as zwitterionic. 

 

 

 

Figure 2.5 Illustration of surfactant showing hydrophilic (head) and hydrophobic 

(tail) components 
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Cationic surfactants have always sparked a researcher's interest due to their 

peculiar and interesting properties which include–contrasting hydrophobic and 

hydrophilic nature; tendency to self associate; ability to solubilize both polar as well 

as non polar components, etc. (Kaur and Mehta, 2014). They can be efficiently used 

as scaffolds for nanostructure materials or as mimics for natural products. The 

incorporation of various moieties, e.g. peptides, metals or even carbohydrates, etc. 

into the amphiphilic systems has led to the fabrication of numerous new classes of 

surfactants. Such systems possess the tendency to self–aggregate and form a variety 

of supramolecular assemblies.  

 

 

Amongst all the classes of new amphiphilic complexes known, 

metallosurfactants or metal surfactant complexes have gained much attention in the 

recent past as they open up a vast arena of applications (Kaur and Mehta, 2014). 

Complexing metal ions to the conventional surfactant systems or ligands lead to the 

formation of metallosurfactants possessing unique properties. The complexes 

formed, possess not only the properties of metals such as acid–base, redox and 

magnetic properties but they also retain amphiphilic character, which usualy 

important in terms of its surface activity. This basic idea of incorporation of a metal 

ion into the surfactant molecule provides a facile means of localizing both 

amphiphilic and metallic properties at the interface presenting a fascinating blend of 

organometallic chemistry and surface science.  

 

 

Due to the conventional surfactant like properties, these metallic compounds 

are capable of forming aggregates of various sizes and morphologies including 

micelles, vesicles and bilayers incorporating metal ions. The aggregation behavior 

and self assembly of metallosurfactants have been studied for quite some time 

(Nikoobakht and El–Sayed, 2001). However, very little information is available on 

their possible role as nanosized reaction medium for the formulation of 

nanostructures. 
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2.5.5 Mesostructure Silica Nanoparticles (MSN) as Supporting Material 

 

 

Support material for the metal oxides is an important aspect to be considered 

as it may give significant influence to the performance of the catalyst such as 

providing larger surface sites for the localization of the loaded metal, enhancing the 

recoverability of the catalyst as compared to the unsupported metal catalyst, and 

many more. As for α–FeOOH, there has been an increasing study on the supported 

α–FeOOH in these recent years. In 2012, Wang and co-workers (Wang et al., 2012b) 

has supported the α–FeOOH on a diatomite for the degradation of dimethyl 

phthalate. More recent, α–FeOOH has been supported to a graphene oxide and has 

shown remarkable performance towards the reduction of Cr(VI) under visible light 

irradiation (Padhi and Parida, 2014).  

 

 

 The materials with pores in the range 20–500Å in diameter are grouped as 

mesostructure materials. They have huge surface areas and they have numerous 

applications in separation technology, catalysis, and many other fields. They are also 

often used as supporting materials for catalyst. Some kind of alumina and silica that 

have similarly–sized fine mesopores is known to be the typical mesostructure 

materials. Siliceous materials such as zeolite, silica, and clay are found widespread in 

the environment and they are commonly used for environmental contaminant 

remediation recently.  

 

 

Mesostructure silicas, such as MCM–41 and SBA–15 silicas comprise of a 

honeycomb–like porous structure with hundreds of empty channels (mesopores). 

They are able to provide larger surface sites for photocatalysis activity. Many 

researchers have explored the functionalization and utilization of these materials 

since the discovery of surfactant–templated synthesis of mesostructure silica 

materials in 1992 and they have been oriented to various applications, such as 

catalysis, separation technology, and sensors. 
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Meanwhile, Huh et al., (2003) has developed a co–condensation synthesis 

technique which is a synthetic approach for preparing a series of mesostructure silica 

nanoparticle (MSN) materials. They took the benefit of the well–known synthesis of 

MCM–41, commonly used mesoporous silica materials, where TEOS was used as a 

silica source, a cationic surfactant cetyltrimethylammonium bromide (CTAB) as a 

structure directing agent, sodium hydroxide was used as a morphological catalyst, 

and water was used as solvent.  

 

 

 Recently, mesostructure materials as support material have been attracted 

interest due to their high surface area, assessable pore channels, simple pore 

chemistry with promising powder recoverability (Deng et al., 2011). Moreover, 

better light–induced hydrophobicity was proven by mesoporous–assembled structure 

with incorporation of metal catalyst which then exhibiting higher photocatalytic 

activities than non–mesoporous–assembled catalyst (Puangpetch et al., 2010). 

 

 

 

 

2.6 Summary 

 

 

A review of recent studies has revealed that the electrosynthesized catalysts 

may exhibit better performance and photocatalytic activity. Although several 

heterogeneous photocatalysts have been extensively studied, they may have several 

disadvantages related to its unsuitable operating conditions from practical point of 

view due to the cost and toxicity. Thus, electrosynthesized α–FeOOH which seems to 

be the best candidate is expected to reduce the electron-hole recombination that 

could enhance the capability of the photocatalyst to be used in the visible light 

conditions. The use of mesoporous materials such as MSN a support for the metal 

oxide have attracted great interest due to the improved powder recoverability and 

large surface area which able to provide high distribution of iron oxides for enhanced 

photodegradation activity. Moreover, the study on the interaction of 

electrosynthesized metal oxide in cationic surfactants with a mesostructured silica 
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nanoparticles support is still rare. The properties of the catalyst are known to be 

strongly affected by the support, which makes it very complicated to understand its 

reaction mechanism. Thus, detail investigation on supported metal catalyst is very 

crucial. 

 



CHAPTER 3 

 

 

 

 

METHODOLOGY 

 

 

 

 

3.1 Introduction 

 

 

This chapter is divided into six parts. The first part describes the particulars 

of the chemicals used in the present research works. The second part describes the 

preparation of photocatalysts and then followed by the characterizations. The 

characterization part covers the equipment and apparatus that was employed during 

the handling of the research. The catalytic activity of the prepared catalysts was 

tested on photodegradation of 2–CP from an aqueous solution including the 

analytical procedures, followed by photodegradation parameters optimization by 

response surface methodology. The last part describes the upscaling system of the 

photodegradation reaction. The research methodology was summarized in the 

research flow chart in Figure 3.1. 
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Figure 3.1 Flow chart of the research activity 

Synthesis of α-FeOOH and supported α-FeOOH on MSN  

(The α-FeOOH and α-FeOOH/MSN catalysts were prepared in 
electrochemical process using cationic surfactant as electrolyte.) 

Characterization of the catalysts 

(The physicochemical properties of the catalyts were studied using XRD, 
TEM, FTIR, BET, 29Si MAS NMR, ESR, and XPS.) 

     Photodegradation catalytic testing  

(The photodegradation activity of the catalysts  
were tested on 2–CP degradation) 

Optimization of photodegradation activity  

(The operating conditions of the photodegradation activity of the catalysts 
were optimized by response surface methodology (RSM) method using 

sequential optimization approach) 

Validation of optimized models 

(The validation of the generated models 
were done using series of confirmation 

runs) 

Photodegradation mechanism and kinetic study  

(The degradation mechanism over the catalysts were proposed and the 
kinetic for photodegradation process were studied using Langmuir-

Hinshelwood model) 

Capability study of the catalysts for intended use in industry 

(The reusability, upscaling feasibility, and degradation ability of the catalysts 
on various pollutants were studied) 

YES 

NO 

YES 

NO 
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3.2 Materials 

 

 

 The chemicals used for this study are listed in Table 3.1. The purity of the 

chemicals and the company supplying the chemicals are also presented.  

 

 

Table 3.1 List of chemicals 

Chemicals Purity Brand Usage 

2–Chlorophenol (2–CP) 99.9% Alfa Aesar Photodegradation 

Dodecyltrimethylammonium bromide 

(DTABr) 

>98% Acros Organics Synthesis 

Cetyltrimethyl ammonium bromide 

(CTAB) 

>98% Merck Sdn Bhd Synthesis 

Ethylene glycol (EG) >98% Merck Sdn Bhd Synthesis 

Tetraethylorthosilicate (TEOS) >98% Merck Sdn Bhd Synthesis 

3–aminopropyl triethoxysilane 

(APTES) 

>98% Merck Sdn Bhd Synthesis 

Ammonium nitrate (NH4NO3) 99.9% Merck Sdn Bhd Synthesis 

Ammonium hydroxide solution 

(NH4OH) 

99.9% QReC Synthesis 

Ethanol (EtOH) 99.9% QReC Synthesis 

Sodium hydroxide (NaOH) 99.9% QReC Photodegradation 

Hydrochloric acid (HCl) 99.9% QReC Photodegradation 

 

 

 

 

3.3 Catalyst Preparation 

 

 

The preparation method of the catalysts were explained in detail in this 

section including the preparation of supporting material (MSN), electrosynthesized 
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goethite (α–FeOOH) and the α–FeOOH incorporated with MSN support material (α–

FeOOH/MSN).  

 

 

 

3.3.1 Preparation of Mesoporous Silica Nanoparticles (MSN) 

 

 

 MSN was prepared by co–condensation method. CTAB which act as the 

surfactant was dissolved in a solution containing water, EG, and ammonia aqueous 

solution. Addition of EG into the mixture is to control the particle size and 

morphology and also to improve the structural order. After vigorous stirring, TEOS 

was added to the mixture to act as silica source. Then, the resulting solution was 

stirred for another 2 hours at 50°C and was kept statically at the same temperature for 

3 hours. Samples were centrifuged, washed, and dispersed again with distilled water 

and absolute ethanol for 5 times. Next, the solid (gel) collected was dispersed in a 

mixture of NH4NO3 and ethanol in order to remove the surfactant template. The 

mixture was heated for 3 hours with temperature 60°C. Next, the mixture was 

separated by centrifugation and was washed for 3 times. The product in solid (gel) 

phase was dried in oven at 110°C overnight followed by calcinations in air at 550°C. 

A pore expander, 3−aminopropyl triethoxysilane (APTES), was also used to show 

the discrepancy in the pore size of MSN and its effects towards the loading of α–

FeOOH (Karim et al., 2012). 

 

 

 

 

3.3.2 Preparation of α–FeOOH 

 

 

 α–FeOOH nanoparticles was synthesized by electrochemical process using 

cationic surfactant as electrolyte. The process was performed in one–compartment 

cell equipped with a magnetic stirring bar and two–electrode configuration. An iron 

plate (2 cm × 2 cm) anode and a platinum plate (2 cm × 2 cm) cathode were carefully 
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cleaned using 1.0 M HCl followed by deionized water before used as electrodes. The 

electrodes were placed in parallel with a distance of 2.0 cm and were inserted into 

the 15 mL DTABr cationic surfactant/water solution, with volume ratio of DTABr to 

water is 1:1. Then electrolysis was conducted at a constant current of 60 mA/cm2 and 

0°C under air atmosphere. After electrolysis, the mixture was heated at 80°C in an oil 

bath before being dried overnight at 110°C to give a brown–colored α–FeOOH 

powder. The schematic diagram for the electrolysis cell is shown in Figure 3.2. 

 

 

 

Figure 3.2 Schematic diagram of electrolysis cell 

 

 

 

 

3.3.3 Preparation of α–FeOOH/MSN 

 

 

 The α–FeOOH/MSN was prepared by ion–exchange electrolysis method 

(Figure 3.2). For the in situ preparation technique, a 15 mL of DTABr was added to a 

one–compartment cell fitted with a platinum plate cathode (2 cm × 2 cm) and an iron 

plate anode (2 cm × 2 cm). Then, the electrolysis was conducted at a constant current 

of 60 mA/cm2 and 0°C under ambient condition with continuous stirring. The 

Zn 
electrode

Pt 
electrode

Anode (+) Cathode (+)

Ice bath

Magnetic stirrer

StirrerElectrolyte

Fe 



48 
 

required iron loading on the MSN support was calculated based on Faraday's law of 

electrolysis, as shown in the following equation, 

 



















zF

It
n

1
                                                                                                            (3.1) 

 

where n is the number of moles of Fe, I is constant current of electrolysis (A), t is the 

total time the constant current was applied (s), F is the Faraday constant (96,487 C 

mol−1), and z is the valency number of ions of the substance (electron transferred per 

ion). The number of moles of Fe required was calculated based on the total time t of 

the electrolysis. After electrolysis, the required α–FeOOH loading mixture was 

impregnated at 80°C with the as–prepared MSN, followed by oven–drying at 110°C 

overnight to give a brown–colored α–FeOOH/MSN catalyst. To investigate the effect 

of different metal loading loaded to MSN, a series of different percentage of α–

FeOOH was prepared which are 5, 10 and 15 wt% of α–FeOOH loading. 

 

 

 

 

3.4 Catalyst Characterization 

 

 

3.4.1 Crystallinity, Phase and Structural Studies 

 

 

 The identity and crystallinity of α–FeOOH and α–FeOOH/MSN was 

confirmed by X–ray diffraction (XRD) recorded on a D8 Advanced Bruker X–ray 

diffractometer. The diffracted monochromic beam is at 40 kv and 40 mA with Cu Kα 

(λ = 1.5418 Å) radiation. The data was collected at room temperature with a range of 

2θ = 2–90°. The scan rate would be 0.025° continuously. 
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3.4.2 Morphological Properties 

 

 

 The morphology and size of the synthesized catalyst was observed using 

TEM. The TEM characterization was carried out by employing JEOL JEM–2100F. 

For the TEM observations, a powder sample was dissolved in hexane and dropped 

onto the copper grid. 

 

 

 

 

3.4.3 Vibrational Spectroscopy 

 

 

 The FTIR spectra was analyzed by using Perkin Elmer Spectrum GX FT–IR 

in a range of 400 to 4000 cm–1 to determine the functional groups of the catalysts. 

The characterization method was employed KBr pellet technique. The catalyst was 

mixed with KBr at approximately 1 to 3 % by weight before being grounded into 

powder. Then, the powder mixture was pressed in hydraulic press (8 tons) in order to 

form a thin pellet. The spectra were recorded at room temperature with an 8 cm–1 

spectral resolution with accumulation of 5 scans in open beam air background. 

 

 

 

 

3.4.4 Study of Textural Properties 

 

 

 The nitrogen adsorption characterization was employed to analyze the surface 

area of the catalysts. The adsorbate for this characterization apparatus is 77 K 

nitrogen gas. 0.05 g of sample will be dehydrated for 3 hours at 473 K before the 

measurement is performed. The dehydrated sample was then weighted and after that, 

the sample will be evacuated to 10–20 Torr followed by absorption in liquid 
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nitrogen. The sample BET surface area was automatically calculated from nitrogen 

adsorption data. 

 

 

 

 

3.4.5 Chemical Environment Determination 

 

 

 29Si MAS NMR experiments was carried out to study the chemical 

environments of the silicon atoms of the synthesized catalysts. 29Si MAS NMR 

spectra were recorded on a Bruker Avance 400 MHz 9.4T spectrometer at frequency 

of 104.2 MHz. The spectra were recorded using 4 μs radio frequency pulses, a 

recycle delay of 60 s and spinning rate of 7 kHz using a 4 mm zirconia sample rotor. 

 

 

 

 

3.4.6 Chemical Oxidation State Determination 

 

 

 The X–Ray photoelectron spectroscopy (XPS) was employed to identify the 

chemical oxidation state of synthesized catalysts. The measurement was performed 

in the range of 0 to 800 eV using a Kratos Ultra spectrometer equipped Mg Kα 

radiation source (10 mA, 15 kV). The powdered sample was pressed by using small 

Inox cylinder. Then, the sample was analyzed inside an analysis chamber pressure at 

about 1 × 10–10 Pa. As to correct the energy shift, the binding energy of the C (1s) at 

peak 284.5 ± 0.1 eV was taken as internally standard or reference as the solution. 

 

 

JEOL JES–FA100 ESR spectrometer was utilized to determine the 

magnetism of the catalysts. The sample was placed height inside the glass vessel at 

about 2 cm. Then, the measurement which to identify the g–value was carried out at 

room temperature. 
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3.5 Catalytic Activity 

 

 

3.5.1 Preparation of 2-CP Solution 

 

 

 The preparation of 2–CP solution was started by preparing the stock solution. 

The 1000 mL of 500 mg L-1 2-CP was prepared from the 99.9% initial 2-CP 

substance. Then, the stock solution was diluted to the desired concentration in a 1000 

mL volumetric flask. The purity of prepared 2-CP solution is expected to be 100%. 

 

 

 

 

3.5.2 Photoreactor System 

 

 

 A Pyrex batch photoreactor, 140 mm length and 85 mm diameter with a total 

volume of 0.25 m3 containing Philips TL 20W/52 fluorescent lamp within quartz 

glass housing (emission spectrum 350–600 nm) with a peak emission at 430 nm and 

a stirrer was used to determine the photocatalytic ability of the catalyst. Water bath 

was employed to provide the temperature control. Solution was stirrer at 250 rpm. 

The entire set–up was placed inside a chamber covered with aluminum foil to 

prevent the passage of other lights into the reactor. 
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Figure 3.3 Schematic diagram of laboratory scale photoreactor 

 

 

 

 

3.5.3 Photodegradation Activity  

 

 

 The photocatalytic degradation of 2–CP was tested using 0.03 g L–1 

photocatalyst in 200 mL of 2–CP solution. For the effect of pH, a series of pH 

solutions of 3, 5, and 7 was used. Meanwhile, the effect of 0.02, 0.03, 0.04, and 0.05 

g L–1 of catalyst dosage were also studied. H2O2 concentration of 0.10, 0.15, 0.20, 

and 0.50 mM was used to study the effect of H2O2 concentration. In addition, 10, 30, 

50, and 70 mg L–1 of were used to study the effect of the 2-CP initial concentration. 

 

 

The solution was stirred on a shaker at 250 rpm in dark condition for two 

hours to reach adsorption/desorption equilibrium. Then, the first sample was taken 

before being transferred into a centrifuged tube. The tube was covered with 

aluminium foil to avoid samples to undergo any absorption catalyzed by surrounding 

light. 

 

 

Solution 
containing 
catalyst Water 

bath 

Fluorescent Lamp 

Stirrer 

Stirrer 
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 Then, the solution was exposed to irradiation from the fluorescent lamps. The 

samples were taken and treated in the same procedure for every 15 minutes until the 

process reach its plateau. The samples were centrifuged using Hettich Zentrifugen 

Micro 120 at 75, 000 rpm for 15 minutes. The remaining sample concentrations of 2–

CP in the solution was determined by measuring its absorbance using a double–beam 

UV–Vis spectrophotometer (Cary 60 UV–Vis Agilent) at 274 nm. The percentage of 

photocatalytic degradation was calculated by Eq. 3.2. 

 

Degradation (%) 100
0

0 



C

CC t                                                                            (3.2) 

 

where C0 is the initial 2–CP concentration and Ct is the concentration of 

chlorophenol at time t. 

 

 

 

3.6 Optimization of Process Conditions  

 

 

RSM is a statistical method that uses quantitative data from appropriate 

experiments to determine regression model equations and operating conditions. RSM 

is a collection of mathematical and statistical techniques for modeling and analysis of 

problems in which a response of interest is influenced by several variables. A RSM 

design called full factorial was applied to screen the significance variables and to 

analyze the interaction between the parameters in this study, and then, RSM design 

called CCD was applied to optimize the effective parameters with a minimum 

number of experiments. The dependant variables selected for this study was selected 

based on the results from the preliminary experiments using traditional trial–and–

error method. The response was selected as the degradation percentage of 2–CP and 

it will be used to develop an empirical model which correlated the response to the 

dependent variables.  
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 To identify the important operating variables, a two–level factorial design 

was employed. A total of four independent variables, k = 4 which are temperature 

(X1), catalyst dosage (X2), H2O2/2–CP ratio (X3), and pH (X4) were selected for the α–

FeOOH and metal loading (A), pH (B), H2O2 concentration (C), catalyst dosage (D), 

and temperature (E) were selected for α–FeOOH/MSN catalyst. Each variable was 

represented at two levels, high (+) and low (−) as shown in Tables 3.2 and 3.3, with 

two replicates at four center points. The 2–CP degradation percentage (%) was taken 

as response parameters. The effect of each variable, sum of squares, mean square, F–

value, P–value and confidence level (%) were determined using the statistical 

software package Design–Expert (Version 7.0.3, State–Ease, Minneapolis, USA). 

The generated factorial design of experiments are for both catalysts are depicted in 

Table 3.4 and Table 3.5. 

 

 

Table 3.2 Variables showing operating conditions used in two–level factorial design 

employing α–FeOOH photocatalyst 

Variables Operating conditions –values + values 

X1 Temperature (°C) 30 50 

X2 Catalyst dosage (g L–1) 0.25 0.38 

X3 H2O2/2–CP ratio 0.2 0.6 

X4 pH 3 7 

 

 

Table 3.3 Variables showing operating conditions used in two–level factorial design 

employing α–FeOOH/MSN photocatalyst 

Variables Operating conditions –values + values 

A Metal loading (wt%) 5 15 

B pH 3 7 

C H2O2 concentration (mM) 0.1 0.2 

D Catalyst dosage (g L-1) 0.2 0.6 

E Temperature (°C) 30 50 
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Table 3.4 Two–level factorial design of experiments of four variables employing α–

FeOOH photocatalyst 

Run 
Variables 

X1 X2 X3 X4 

1 50 0.25 0.2 3 

2 40 0.31 0.4 5 

3 40 0.31 0.4 5 

4 30 0.38 0.2 7 

5 50 0.25 0.2 7 

6 30 0.38 0.2 3 

7 50 0.25 0.6 7 

8 50 0.38 0.6 7 

9 30 0.25 0.2 3 

10 40 0.31 0.4 5 

11 30 0.38 0.6 7 

12 30 0.38 0.6 3 

13 30 0.25 0.6 7 

14 50 0.38 0.6 3 

15 50 0.38 0.2 7 

16 50 0.25 0.6 3 

17 30 0.25 0.2 7 

18 30 0.25 0.6 3 

19 40 0.31 0.4 5 

20 50 0.38 0.2 3 
 

 

Table 3.5 Two–level factorial design of experiments using α–FeOOH/MSN catalyst 

Run 
Variables 

A B C D E 

1 5 3 0.1 0.2 30 

2 15 3 0.1 0.2 30 

3 5 7 0.1 0.2 30 

4 15 7 0.1 0.2 30 

5 5 3 0.2 0.2 30 

6 15 3 0.2 0.2 30 

7 5 7 0.2 0.2 30 

8 15 7 0.2 0.2 30 

9 5 3 0.1 0.6 30 

10 15 3 0.1 0.6 30 
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Continued 

Run 
Variables 

A B C D E 
11 5 7 0.1 0.6 30 

12 15 7 0.1 0.6 30 

13 5 3 0.2 0.6 30 

14 15 3 0.2 0.6 30 

15 5 7 0.2 0.6 30 

16 15 7 0.2 0.6 30 

17 5 3 0.1 0.2 50 

18 15 3 0.1 0.2 50 

19 5 7 0.1 0.2 50 

20 15 7 0.1 0.2 50 

21 5 3 0.2 0.2 50 

22 15 3 0.2 0.2 50 

23 5 7 0.2 0.2 50 

24 15 7 0.2 0.2 50 

25 5 3 0.1 0.6 50 

26 15 3 0.1 0.6 50 

27 5 7 0.1 0.6 50 

28 15 7 0.1 0.6 50 

29 5 3 0.2 0.6 50 

30 15 3 0.2 0.6 50 

31 5 7 0.2 0.6 50 

32 15 7 0.2 0.6 50 

33 10 5 0.15 0.4 40 

34 10 5 0.15 0.4 40 

35 10 5 0.15 0.4 40 

36 10 5 0.15 0.4 40 

 
 

For the optimization of screened variables, the full–factorial central composite 

design consists of a complete 2k factorial design, where k is the number of test 

variables; n0 centre points (n0 ≥ 1) and two axial points on the axis of each design 

variable at a distance of ˛ (=2k/4, = 2 for k = 4) from the design centre (Khuri and 

Cornell, 1987). Hence, the total number of design points is N= 2k + 2k + n0. A central 

composite design is usually used to acquire data to fit an empirical second–order 

polynomial model (Sen and Swaminathan, 2004). The quadratic model takes the 

following form: 
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                                                       (3.3) 

 

 

where Y is response variables, the coefficient b0 is the free or offset term called 

intercept, b the regression coefficients of the model, X represents the coded levels of 

the independent variables.  

 

 

The statistical software package Design–Expert (Version 7.0.3, State–Ease, 

Minneapolis, USA) with the layout of central composite design was used to design 

and analyze the experiment. The actual values for the variables at various levels of 

the α–FeOOH and α–FeOOH/MSN catalysts are given in Table 3.6 and Table 3.7, 

respectively. 

 

 

Table 3.6 Central composite design (CCD) design of experiments employing α–

FeOOH photocatalyst 

Run 
Variables 

X1 X2 X3 

1 30 0.38 0.6 

2 50 0.38 0.2 

3 50 0.25 0.6 

4 30 0.38 0.2 

5 30 0.25 0.6 

6 40 0.31 0.4 

7 40 0.31 0.4 

8 30 0.38 0.6 

9 30 0.25 0.2 

10 30 0.38 0.2 

11 40 0.31 0.4 

12 50 0.38 0.6 

13 50 0.25 0.6 

14 40 0.31 0.4 

15 50 0.25 0.2 

16 50 0.38 0.6 

17 30 0.25 0.2 
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Continued 

Run 
Variables 

X1 X2 X3 

18 50 0.38 0.2 

19 30 0.25 0.6 

20 50 0.25 0.2 

21 30 0.31 0.4 

22 40 0.25 0.4 

23 40 0.31 0.6 

24 40 0.31 0.4 

25 40 0.31 0.4 

26 40 0.31 0.4 

27 40 0.38 0.4 

28 40 0.31 0.2 

29 50 0.31 0.4 

 

 

Table 3.7 Central composite design (CCD) design of experiments employing α–

FeOOH/MSN photocatalyst 

Run 
Variables 

A B C D 

1 5 3 0.1 30 

2 5 3 0.1 30 

3 15 3 0.1 30 

4 15 3 0.1 30 

5 5 7 0.1 30 

6 5 7 0.1 30 

7 15 7 0.1 30 

8 15 7 0.1 30 

9 5 3 0.2 30 

10 5 3 0.2 30 

11 15 3 0.2 30 

12 15 3 0.2 30 

13 5 7 0.2 30 

14 5 7 0.2 30 

15 15 7 0.2 30 

16 15 7 0.2 30 

17 5 3 0.1 50 

18 5 3 0.1 50 
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Continued 

Run 
Variables 

A B C D 
19 15 3 0.1 50 

20 15 3 0.1 50 

21 5 7 0.1 50 

22 5 7 0.1 50 

23 15 7 0.1 50 

24 15 7 0.1 50 

25 5 3 0.2 50 

26 5 3 0.2 50 

27 15 3 0.2 50 

28 15 3 0.2 50 

29 5 7 0.2 50 

30 5 7 0.2 50 

31 15 7 0.2 50 

32 15 7 0.2 50 

33 10 5 0.15 40 

34 10 5 0.15 40 

35 10 5 0.15 40 

36 10 5 0.15 40 

37 5 5 0.15 40 

38 15 5 0.15 40 

39 10 3 0.15 40 

40 10 7 0.15 40 

41 10 5 0.1 40 

42 10 5 0.2 40 

43 10 5 0.15 30 

44 10 5 0.15 50 

45 10 5 0.15 40 

46 10 5 0.15 40 

47 10 5 0.15 40 

48 10 5 0.15 40 
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3.7 Scale–Up Process 

 

 

 The pilot–scale reactor is consists of a 2000 mL batch tank and a platform for 

mounted irradiation source as shown in Figure 3.4. Philips TL 20W/52 fluorescent 

lamp within quartz glass housing (emission spectrum 350–600 nm) with a peak 

emission at 430 nm and a mounted stirrer was used to determine the photocatalytic 

ability of the catalyst. Water bath was employed to provide the temperature control. 

The solution consists of 2000 mL 2–CP aqueous solution at 50 mg L-1 with 0.4 g L-1 

catalyst and the experiment was done using the best operating conditions determined 

by laboratory–scale experiments and by using the same procedures as in the 

laboratory–scale experiments, depicted in Section 3.5. The generated RSM models 

for both catalysts were employed. The performance of the catalyst activity for 

laboratory–scale and pilot–scale was compared and discussed.  

 

 

Figure 3.4 Schematic diagram of pilot scale photoreactor 

 

 

 

 



CHAPTER 4 

 

 

 

 

RESULTS AND DISCUSSION  

 

 

 

 

4.1 Introduction 

 

 

In this chapter, the synthesis and characterization of α–FeOOH nanoparticles 

and α–FeOOH supported mesostructured silica nanoparticles (MSN) photocatalysts 

which denoted as α–FeOOH and α–FeOOH/MSN, respectively were established in 

details. Then, the photodegradation performance evaluations were discussed that 

reflected to the characterization data and the photodegradation mechanism of the 

photocatalysts was proposed. The optimization of photodegradation parameters was 

conducted and the kinetic analysis of the photodegradation reaction was performed. 

The capability study of the catalysts for industrial applications was also studied 

including its reusability, upscaling feasibility, and degradation ability on various 

pollutants. 
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4.2 Synthesis and Characterization of α–FeOOH and α–FeOOH/MSN 

 

 

This section described and discussed in details the synthesis and 

characterizations of α–FeOOH nanoparticles and α–FeOOH supported 

mesostructured silica nanoparticles (MSN) photocatalysts that were done by XRD, 

TEM, FT–IR, BET, 29Si MAS NMR, ESR, and XPS. 

 

 

 

 

4.2.1 Crystallinity, Phase and Structural Studies 

 

 

 Figure 4.1 illustrates the XRD pattern of synthesized α–FeOOH 

nanoparticles. The pattern reveals that diffraction peaks corresponding to (020), 

(110), (120), (021), (111), (121), (140), (151), and (161) planes match very well with 

those of bulk α–FeOOH (JCPDS file No. 81–0462), which proves that the 

nanoparticles collected from the electrolysis cell are pure orthorhombic phase α–

FeOOH without any impurities.  

 

 

The d–spacing observed for the strong (110) facet was 0.418 nm, and this is 

identical with the facet reported in the literature (Cornell and Schwertmann, 2003). 

This facet is predicted to have a great tendency to be bound with the cationic 

surfactant due to its high surface energy (Nikoobakht and El–Sayed, 2001).  
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 Figure 4.1 XRD patterns of α–FeOOH nanoparticles  

 

 

For α–FeOOH loaded pristine MSN, three main diffraction peaks indexed as 

(100), (110), and (200) reflections were observed, which corresponded to p6mm 

hexagonal symmetry in the mesostructured silica, demonstrating a high quality of 

mesopore packing (Kamarudin et. al., 2014) (Figure 4.2). Introduction of α–FeOOH 

onto MSN inhibit the formation of the (100) peak, while the other two peaks were 

almost eliminated, signifying slight loss in MSN hexagonal structure ordering (Lang 

et. al., 2002). The absence of α–FeOOH diffraction peaks in α–FeOOH /MSN may 

be due to the very small number of α–FeOOH species that are undetectable with 

XRD (Setiabudi et. al., 2012). 
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Figure 4.2 XRD patterns in region 2−10° of MSN and α–FeOOH/MSN catalysts at 

different α–FeOOH loading  

 

 

The α–FeOOH was then loaded to the APTES–modified MSN (MSNAPTES) to 

study the effect of pore expander of the support towards the α–FeOOH loading. The 

XRD of the catalyst was compared with the pristine MSN and the α–FeOOH loaded 

pristine MSN catalyst (Figure 4.3). From the intensities of the (100) peak of the 

MSNAPTES, it was found that MSNAPTES had a greater pore order than pristine MSN. 

This may be due to the MSN modification by APTES which expanded the pore 

channels of MSNAPTES.  

 

 

A similar observation was reported by Aziz et al., (2014) who studied the 

difference between MSN and MCM–41. They found that MSN had a greater pore 

size than MCM–41 based on the XRD peak at (100). Meanwhile, the introduction of 

α–FeOOH into both MSNs retained the hexagonal structure of the MSNs. However, 

the formation of the (100) peak was slightly inhibited, while the other two peaks 
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were almost eliminated, signifying a slight loss in MSN hexagonal structural 

ordering (Lang et. al., 2002). 

 

 

 

Figure 4.3 XRD patterns in region 2−10° of MSNAPTES and α–FeOOH/MSNAPTES 

catalysts as compared to its pristine catalysts 

 

 

 

 

4.2.2 Morphological Properties 

 

 

 Figure 4.4 represents the TEM micrograph of the α–FeOOH nanocatalyst. 

Nearly spherical nanoparticles were clearly observed with a diameter range of 5–10 

nm (Figure 4.4A and Figure 4.4B). The size of α–FeOOH nanoparticles was 

obviously much smaller than those of synthesized α–FeOOH commonly reported in 

the literature, which were mostly > 20 nm (Rădiţoiu et. al., 2012, Song and Zhang, 
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2009), signifying the use of cationic surfactant as electrolyte inhibited the growth of 

the nanoparticles.  

 

 

 

Figure 4.4 (A) and (B) TEM image of α–FeOOH nanoparticles; (C) HRTEM image 

and the FFT image (as inset) 

 

 

Further insight into these nanoparticles in higher magnification (Figure 4.4B) 

shows that the α–FeOOH were partially arrayed, which might be due to average 

monodispersity of the α–FeOOH nanoparticles (Cheng et. al., 2003a). However, the 

α–FeOOH nanoparticles in these arrays were still discrete and not fused into larger 

particles, showing that these nanoparticles have rather high stability upon 

electrolysis. In addition, the average particle–to–particle distance (dpp) measured was 

~2 nm (Figure 4.4B), shorter than twice the cationic surfactant molecule length, 
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which is 3.6 nm (Proverbio et. al., 2006). This may be due to the interdigitation of 

alkyl chains between the two adjacent iron clusters resulting in discrete 

nanoparticles. 

 

 

High–resolution transmission electron microscopy (HRTEM) was adopted to 

further identify the crystallinity of the catalyst. The HRTEM image (Figure 4.4C) 

demonstrates high crystallinity of α–FeOOH with an ordered crystal lattice, which 

can be indexed as (110) plane, whereas the value of the observed interplanar distance 

(d–spacing) agrees with the d–spacing value obtained from XRD analysis. The inset 

image in Figure 4.4C demonstrates the fast Fourier transform (FFT) for the lattice 

image; the bright diffraction spot confirms a single crystal of α–FeOOH. 

 

 

Morphological properties of MSN and α–FeOOH /MSN were examined by 

TEM as presented in Figure 4.5. Figure 4.5A shows a well–defined mesostructured 

nanoparticles and ordered pores of MSN. Introduction of α–FeOOH onto MSN did 

not alter the original morphology and α–FeOOH was observed to be well deposited 

on the MSN surface (Figure 4.5B). Insight at higher magnification (Figure 4.5C) 

showed that the deposited α–FeOOH did not fuse into larger particles and retained its 

original particle size (5–10 nm), signifying a high stability even after introduction 

onto the MSN support.  

 

 

The average particle–to–particle distance (dpp) measured was 2±0.5 nm, 

shorter than twice the length of the cationic surfactant molecule, which is 3.6 nm. 

This may suggest a retained colloidal structure of the cationic surfactant around the 

α–FeOOH on the MSN support (Cheng et. al., 2003a). The value of the interplanar 

distance (d–spacing) of the lattice fringes estimated from the magnification of a 

selected area was 0.403 nm and it was consistent with the value of lattice spacing of 

α–FeOOH obtained from the XRD analysis at (110) facet (Figure 4.5D). 
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Figure 4.5 TEM image of (A) MSN; (B and C) 10 wt% α–FeOOH /MSN; (D) 

HRTEM image of 10 wt% α–FeOOH /MSN 

 

 

 

 

4.2.3 Vibrational Spectroscopy 

 

 

 In order to verify the bonding between the cationic surfactant and α–FeOOH 

surface, the α–FeOOH was further characterized by means of FT–IR spectroscopy. 

The spectrum was compared with pure cationic surfactant, post–synthesized 

commercial α–FeOOH in cationic surfactant (P–FeOOH), and commercial α–

FeOOH (C–FeOOH) spectra. A peak at around 3421 cm–1 in the spectra of cationic 
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surfactant, α–FeOOH, P–FeOOH, and C–FeOOH, could be attributed to the metal–

OH stretching vibrations of the hydroxyl group (Figure 4.6A) (Wang et. al., 2011a). 

The peak for α–FeOOH was smaller than those of P–FeOOH and C–FeOOH, 

implying that there were less hydroxyl groups adsorbed on the surface of α–FeOOH 

compared to the others. Thus, it could be concluded that cationic surfactant, which 

acts both as a solvent and electrolyte in the electrolysis process, restricted the 

adsorption of surface hydroxyl groups.  

 

 

The peak at band 2989 cm–1 was attributed to C–H stretching vibrations of 

the CH3 terminal group of the methylene chain of cationic surfactant (Cheng et. al., 

2003a). This peak shifted to 2996 cm–1 in the α–FeOOH, suggesting a higher density 

of gauche defects in α–FeOOH rather than in cationic surfactant. The CH2 stretching 

vibrations at band 2919 and 2857 cm–1 shown in the cationic surfactant spectrum 

were also shifted to higher frequencies (2927 and 2861 cm–1) in the α–FeOOH, 

signifying the high density of cationic surfactant defects or bond strength caused by 

the tethering of cationic surfactant on the α–FeOOH surface, named as colloidal 

metal. 

 

 

Figure 4.6B shows a broad peak centered at band 1627 cm–1 in all of the 

samples, attributed to the bending vibration of the OH group. Doublet peaks 

observed at band 1477 and 1461 cm–1in the cationic surfactant spectrum 

corresponded to the CH2 scissoring mode of the cationic surfactant methylene chain. 

These peaks were shifted to higher frequencies (1484 and 1473cm–1), and increased 

in intensity for the α–FeOOH, apparently due to the increasing number of gauche 

conformers in the chains (Nikoobakht and El–Sayed, 2001). They also shifted to 

higher frequencies in the P–FeOOH spectrum with similar intensity and broadness 

with the cationic surfactant spectrum, suggesting an electrostatic interaction between 

the cationic surfactant and α–FeOOH.  

 

 

A new peak was observed in the colloidal α–FeOOH spectrum at band 1430 

cm–1, which may correspond to head group vibrations of the cationic surfactant at the 
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α–FeOOH surface. Other new peaks were also observed at band 1068 and 910 cm–1 

for α–FeOOH (Figure 4.6C), which can most probably be assigned to a stretching 

mode of bound C–N+ from cationic surfactant to the α–FeOOH surface (Nikoobakht 

and El–Sayed, 2001). Two peaks were clearly observed at 960 and 902 cm–1 for all 

of the samples, particularly sharply emerged in colloidal α–FeOOH spectrum, 

indicating the C–N+ stretching band.  

 

 

A clear peak detected at band 790 cm–1 in P–FeOOH and C–FeOOH spectra 

may be attributed to a vibration of Fe3+–OH (Bishop and Murad, 2004). According to 

the literature, this peak illustrates the formation of the OH– layer around the metal 

core (Vollmer and Janiak, 2011). The relatively smaller appearance of this peak in 

the α–FeOOH spectrum suggests the rigid coordination between the iron core and the 

headgroup of the cationic surfactant.  

 

 

 

Figure 4.6 FT–IR spectra of (a) ionic surfactant, (b) α–FeOOH, (c) P–FeOOH, and 

(d) C–FeOOH. (A) Region 3800–2700 cm–1; (B) region 1800–1400 cm–1; (C) region 

1100–400 cm–1 
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A peak at band 717 cm–1 in the α–FeOOH spectrum may be assigned to a free 

rotation of the cationic surfactant methylene chain, implying the methylene chain of 

the ionic surfactant is pointing outward from the catalyst (Nikoobakht and El–Sayed, 

2001). Two peaks obviously observed at band 570 and 420 cm–1 in P–FeOOH and 

C–FeOOH corresponded to Fe–O stretching vibration. These peaks were also slighter 

in the colloidal α–FeOOH spectrum, which may be due to the stabilization effect by 

cationic surfactant through the strongly protective ligand that provides electrosteric 

protection around the iron core (Kaur and Mehta, 2014). 

 

 

 For further investigation of the interfacial properties of cationic surfactant at 

the α–FeOOH surface, the α–FeOOH catalyst was evacuated for 1 h prior to IR 

measurement to remove the physisorbed water, and was subjected to a range of 303–

323 K evacuation temperatures. It is observed in Figure 4.7A that the intensity of 

peak at band 3421 cm–1 was decreased with increasing temperature, indicating the 

loss of water from the catalyst surface.  

 

 

The peaks at band 2996, 2927, and 2861 cm–1, which are attributed to the 

CH3 terminal group of the methylene chain and the CH2 stretching vibrations, 

respectively, show no change in intensity even at 323 K, verifying the robustness of 

the cationic surfactant tethering on the α–FeOOH surface.  

 

 

The peak at 1627 cm–1 shown in Figure 4.7B, which is assigned to the OH 

group bending vibration, remains unchanged with temperature, further validating the 

presence of OH– layer formation around the metal core. The peaks at bands 1469, 

1430, and 1068 cm–1, which correspond to the CH2 scissoring mode of the cationic 

surfactant methylene chain, head group vibrations of the cationic surfactant, and 

stretching mode of bound C–N+ from cationic surfactant to the α–FeOOH surface, 

respectively, were also unaffected by the elevating temperature, which confirms the 

stability of the colloidal α–FeOOH. However, the peak at 960 cm–1 slowly decreased 

with increasing temperature, indicating the gradual removal of the unbound 

surfactant (Nikoobakht and El–Sayed, 2001). 
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Figure 4.7 FT–IR spectra of α–FeOOH in evacuated system at (a) 303 K, (b) 313 K, 

and (c) 323 K. (A) Region 3900–2700 cm–1; (B) region 1800–900 cm–1 

 

 

All α–FeOOH supported on MSN (α–FeOOH/MSNs) catalysts were 

characterized by FTIR spectroscopy to verify the bonding between α–FeOOH and 

MSN (Figure 4.8). A broad band at 3421 cm–1 was observed, which could be 

attributed to the stretching vibrations of the hydroxyl group (Figure 4.8A) (Karim et. 

al., 2012). The CH2 stretching vibrations of cationic surfactant at band 2927 and 

2850 cm–1 were observed for all α–FeOOH /MSN samples, indicating the presence 

of colloidal α–FeOOH in the α–FeOOH/MSNs.  

 

 

Figure 4.8B shows a broad band at 1621 cm–1 in all samples, which attributed 

to the bending vibration of the OH group for both α–FeOOH and MSN. Doublet 

peaks observed at band 1480 and 1465 cm–1 in the α–FeOOH spectrum correspond to 

the CH2 scissoring mode of the cationic surfactant methylene chain (Nikoobakht and 

El–Sayed, 2001). These bands were significantly observed in α–FeOOH/MSNs, 

suggesting the presence of colloidal α–FeOOH. The peak at 1430 cm–1, which 

corresponds to head group vibrations of the cationic surfactant, was observed for all 
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samples. This implies that the interaction of N+ with α–FeOOH is retained for all 

samples.  

 

 

  

 

Figure 4.8 FT−IR spectra of catalysts. (A) Region 3800−2700 cm−1; (B) region 

1800−1360 cm−1; (C) region 1300−400 cm−1; (D) in evacuated system for region 

3770−3700 cm−1 
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The bands at 1090, 790, and 455 cm−1 for MSN and α–FeOOH/MSN 

catalysts shown in Figure 4.8C are attributed to the characteristics of the silica 

structure of asymmetric stretching, symmetric stretching, and bending vibration of 

Si–O–Si bonds, respectively (Endud and Wong, 2007). The introduction of α–

FeOOH species onto MSN decreased the intensity of all bands, implying a 

perturbation of silica network due to removal of silica. Meanwhile, the slight shift of 

the 790 cm−1 band to 775 cm−1 may be attributed to the vibration of Fe3+–OH, which 

illustrates the formation of OH layer around the metal core (Bishop and Murad, 

2004). The vibrational mode at around 960 cm−1 is attributed to silanol groups 

present at “defective sites” (Endud and Wong, 2007). The decrease of this band with 

increasing α–FeOOH loading also signifies its possible interaction with Fe species. 

Furthermore, the band at 550 cm–1, which corresponds to Si–O bond (Peter et. al., 

2012), was also decreased with increasing α–FeOOH loading, indicating significant 

interaction of silica framework with Fe species from α–FeOOH. 

 

 

For further investigation of α–FeOOH/MSN structural properties, the 

catalysts were evacuated for 1 h at 623 K prior to IR measurement to remove the 

physisorbed water. In Figure 4.8D, a new band at 3750 cm–1 appeared in all α–

FeOOH/MSN samples which attributed to the geminal silanol groups (Jal et. al., 

2004). The band at 3740 cm–1, which is ascribed to the terminal silanol groups (Xue 

et. al., 2012), decreased with increasing α–FeOOH loading, which confirmed the 

perturbation of silica framework. Meanwhile, band at 3718 cm–1 which is assigned to 

hydroxyl nests (Karge, 1998), decreased with increasing α–FeOOH loading. Thus, 

the results suggested that introduction of α–FeOOH onto the MSN caused silica 

removal in the silica framework. It was also found that the colloidal α–FeOOH still 

retain its structure after its loading onto MSN. These may due to the strong binding 

of cationic surfactant molecules to the α–FeOOH nanoparticles which hinder other 

binding displacement to its surface (Cong et. al., 2010). In a mean time, the colloidal 

α–FeOOH may adsorbed to the MSN surface which induced the attachment of 

colloidal α–FeOOH onto the MSN support (Jia and Schüth, 2011). 
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Meanwhile, in order to investigate the bonding of MSN framework with the 

Fe species, the overlapped band at 960 cm−1 was also further confirmed by a 

Gaussian curve–fitting (Figure 4.9). Significantly, a new band was observed at 955 

cm−1 when 5 wt% α–FeOOH was added onto the MSN, which correspond to Si–O–

Fe stretching vibrations (Endud and Wong, 2007). The band increased by increasing 

α–FeOOH loading up to 10 wt%, which confirmed the isomorphous substitution of 

Fe species after the removal of silica from MSN framework. This Fe species may be 

originated from the abundant Fe3+ ions in electrolysis cell which have not yet 

transformed to α–FeOOH. However, the increase of α–FeOOH loading up to 15 wt% 

showed no further increase in the band. This may be due to the saturation of Fe 

species–MSN interactions. The result also illustrated that the isomorphously 

substituted Fe species was not from the bulky colloidal structure of α–FeOOH.  

 

 

Then, the α–FeOOH/MSNAPTES catalysts were also characterized by FTIR 

spectroscopy and compared with the α–FeOOH/MSN to verify bonding between α–

FeOOH and different MSNs (Figure 4.10). Two bands were observed at 2915 and 

2842 cm–1 (Figure 4.10A), attributed to the CH2 stretching vibrations of IS, 

signifying the existence of cationic surfactant methylene chains in both the α–

FeOOH/MSN and α–FeOOH/MSNAPTES catalysts (Cheng et. al., 2003a). However, 

the intensity of both bands was lower in the latter than in the former catalyst, 

demonstrating that the stretching vibration in α–FeOOH/MSNAPTES is weaker as 

compared to α–FeOOH/MSN.  

 

 

The band at 1430 cm–1 shown in Figure 4.10B for both α–FeOOH–supported 

catalysts might correspond to the vibrations of N+ from the IS head group of α–

FeOOH. The bands observed at 1390 and 1338 cm−1 were ascribed to the CH2 

wagging mode of the cationic surfactant methylene chain (Chia and Mendelsohn, 

1996, Chang and Tanaka, 2002). The presence of these bands suggests that the 

colloidal form of α–FeOOH was retained and well–dispersed on the MSNs. 
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Figure 4.9 FT−IR spectra of (A) MSN, (B) 5wt% α–FeOOH /MSN, (C) 10wt% α–FeOOH /MSN and (D) 15wt% α–FeOOH /MSN and Gaussian 

curve−fitting of band at 960 cm−1 
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Meanwhile, the bands at 1090 cm−1 for all catalysts shown in Figure 4.10C 

were attributed to the characteristics of the silica structure, i.e. asymmetric 

stretching of Si–O–Si bonds (Endud and Wong, 2007). It was observed that the 

introduction of colloidal α–FeOOH onto MSNs significantly decreased the band 

intensity, implying the possible removal of silica by an ion exchange process in 

the presence of the strong ammonium salt in the colloidal mixture (Kerker, 2012). 

 

 

Figure 4.10 FT−IR spectra of catalysts. (a) MSN; (b) MSNAPTES; (c) α–

FeOOH/MSN; (d) α–FeOOH/MSNAPTES
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4.2.4 Study of Textural Properties 

 

 

Nitrogen adsorption−desorption isotherms and the corresponding pore size 

distribution plots of all catalysts are shown in Figure 4.11. All isotherms showed a 

type IV profile and type H1 hysteresis loops (IUPAC classification), representing 

the characteristics of mesoporous materials with highly uniform cylindrical pores 

(Figure 4.11A). MSNs samples showed two steps of capillary condensation with 

the first step at P/Po = 0.3 due to mesopores inside the MSN (intraparticles) and 

secondly at a higher partial pressure (P/Po = 0.9), which was attributed to 

interparticle textural porosity.  

 

 

It could be observed that the pristine MSN showed bimodal pore size 

distributions that consisted of a primary pore at ~2.7 nm and secondary pore at 

~3.5 nm (Figure 4.11B). The introduction of APTES into MSN maintained both 

pore distributions and developed larger pores 5.0–9.5 nm in size. When α–FeOOH 

was loaded onto pristine MSN, the intrapores decreased significantly while the 

interpores increased, signifying pore blockage by α–FeOOH for the former and 

the possible removal of silica from the MSN framework for the latter case. In 

contrast, the addition of α–FeOOH into MSNAPTES completely eliminated the 

pores larger than 3.5 nm.  

 

 

Based on the decrease in Si–O–Si bond intensity in the FTIR results, this 

confirmed that the additional removal of silica occurred in MSNAPTES, thus this 

most probably allowed the colloidal α–FeOOH with an original particles size of 

5–10 nm to be located in the pore channel. However, due to the smaller pore size 

in pristine MSN, α–FeOOH existed only on the surface. The surface area (SBET) of 

the samples supported this result, in the following order: MSNAPTES > MSN > α–

FeOOH /MSN > α–FeOOH /MSNAPTES with values of 1136, 1107, 734, and 529 

m2 g−1, respectively.  
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This result is also in agreement with the XRD data, confirming the 

reduction of MSN crystallinity upon loading of α–FeOOH. In addition, this result 

may also explain the weaker CH2 stretching vibrations in α–FeOOH/MSNAPTES 

than in α–FeOOH/MSN. Remarkably, the results show that pore size modification 

of the support could control the location of the introduced colloidal α–FeOOH. 

Similar variations in catalyst localization have been reported by Lee et al. (2008) 

using different sizes of loaded Pt particles on an SBA−15 support.  

 

 

 

 

Figure 4.11 (A) N2 adsorption–desorption isotherm; (B) pore size distributions of 

the catalysts 

 

 

Porosity of the catalyst was then studied by the pore size distributions 

depicted in Figure 4.12 for different α–FeOOH loading on the MSN. MSN 

showed bimodal pore size distributions that consisted of a primary pore at 2.7±0.9 

nm and secondary pore at 3.5±0.7 nm. Introduction of α–FeOOH onto MSN has 

successfully retained its bimodal structures, with decreasing in the intrapore and 

increase in the interpore distribution. However, loading of larger amount of α–
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FeOOH onto MSN induced pore blockage, which subsequently reduced the pore 

volume of 10 and 15% α–FeOOH/MSN compared with 5% α–FeOOH/MSN.  

 

 

 

Figure 4.12 Pore distribution of MSN, 5 wt% α–FeOOH/MSN, 10 wt% α–

FeOOH/MSN, and 15 wt% α–FeOOH/MSN catalysts 

 

 

As shown in Table 4.1, surface area (SBET) of α–FeOOH/MSN decreased 

from 1107 to 665 m2 g−1, following the order MSN > 5 wt% α–FeOOH/MSN > 10 

wt% α–FeOOH/MSN > 15 wt% α–FeOOH/MSN. This suggested that a portion of 

the α–FeOOH was dispersed on the surface of MSN.  

 

 

Average pore size of MSN was found to be increased upon the 

introduction of α–FeOOH, that might be due to the increase in interparticle pores, 

as shown in Figure 4.12. Indeed, formation of a bimodal pore structure may be 

related to the removal of silica from MSN framework (Groen et. al., 2004a). 

Increasing the amount of α–FeOOH loaded may induce the silica removal rate, 

which then led to the reduction in pore size and increase in pore volume of the 

MSN (Dai et. al., 2013). 
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Table 4.1 Textural properties of catalysts. 

Sample Surface area,  

SBET  

(m2 g−1) 

Average pore 

size, Dpore 

(nm) 

Average pore 

volume, Vpore 

(cm3 g−1) 

MSN 1107 3.00±1.20 2.14 

5wt% α–FeOOH/MSN 850 3.10±1.14 0.61 

10wt% α–FeOOH/MSN 734 3.09±1.27 1.04 

15wt% α–FeOOH/MSN 665 3.01±1.19 0.99 

 

 

 

 

4.2.5 Chemical Environment Determination  

 

 

The MSN and 10 wt% α–FeOOH/MSN which was found to be the best 

catalyst was subjected to 29Si MAS NMR to compare and elucidate their detailed 

structure (Figure 4.13). The dominant signal shown by MSN at approximately 

−112.485 ppm was assigned to (≡SiO)4Si. This peak reduced and shifted to 

−105.110 by the loading of α–FeOOH, indicating the alteration at (≡SiO)4Si sites.  

 

 

New shoulders were developed in the range of −90 to −100 ppm, which 

signified that the (≡SiO)3Si sites were formed in consequence of silica removal in 

MSN framework (Setiabudi et. al., 2012). This result is consistent with XRD and 

FTIR, which support the decreased of Si–O–Si bonds. In fact, the silica removal 

that occurred may be due to the presence of ammonium salt in the synthesis 

process (Groen et. al., 2007b). The interaction between ammonium ions and silica 

followed by subsequent attack of the hydroxide ions on the external surface of 

MSN may dissociate some Si–O–Si bonds from the framework.  
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Figure 4.13 29Si MAS NMR spectra of (a) MSN and (b) 10wt% α–FeOOH/MSN 

 

 

 

 

4.2.6 Chemical Oxidation State Determination 

 

 

The ESR spectroscopy is a very sensitive technique for studying the nature 

and the crystal symmetry environment of iron in mesoporous silica. Thus, the α–

FeOOH and α–FeOOH/MSN catalysts were subjected to ESR and the spectra are 

presented in Figure 4.14. The presence of a signal at g = 4.3 for all α–

FeOOH/MSN samples indicate the presence of Fe3+ in the MSN framework (Li et. 

al., 2012c). This observation is in agreement with the FTIR results, which suggest 

free Fe species might take part in the isomorphous substitution step, which 

indicates that two types of iron are present in the α–FeOOH/MSN catalyst 

structure.  

 

 

The normalization of peak at g = 4.3 (inset figure) indicates that all α–

FeOOH/MSN samples have different bandwidth which suggest different 
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arrangement of Fe3+ in the MSN framework (Bourlinos et. al., 2010). This is also 

in agreement with the FTIR result which suggests gradual silica removal step 

accompanied with isomorphous substitution of Fe cations at different α–FeOOH 

loading onto MSN. The g = 1.8 was also observed for all samples which attributes 

to the presence of organometallic, signifying the α–FeOOH is retained in the 

MSN framework (Rieger, 2008). Both signals show pronounced shifts after α–

FeOOH were loaded onto MSN, which confirm the bonding of Fe species and 

colloidal α–FeOOH with the MSN support. 

 

 

 

 

Figure 4.14 ESR spectra of (a) 5wt% α–FeOOH/MSN, (b) 10wt% α–

FeOOH/MSN, (c) 15wt% α–FeOOH/MSN, and (d) α–FeOOH 
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The 10 wt% α–FeOOH/MSN catalyst was then subjected to XPS analysis 

in order to elucidate its exact structure. The Fe2p doublet with binding energies of 

708 and 722 eV shown in Figure 4.15A implied the presence of Fe–O bond of the 

α–FeOOH species (Palma et. al., 2007).  

 

 

Meanwhile, the three peaks at 527, 530, and 533 eV displayed by the O1s 

(Figure 4.15B) correspond to the presence of Si–O–Si, Si–O–Fe and Si–O–H 

bonds, respectively, since the binding energy of electrons at the oxygen atom 

increases as the electron–electron repulsion decreases due to the electronegativity 

sequence of its adjacent atom: hydrogen > iron > silica (Simonsen et. al., 2009). 

Therefore, it was confirmed that Si–O–Fe groups were present in the α–

FeOOH/MSN catalyst and this was in agreement with FTIR results. 

 

 

 

 

Figure 4.15 XPS spectra of (B) Fe2p and (C) Si2p for 10 wt% α–FeOOH/MSN 

catalyst 
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4.2.7 Proposed Structure of Photocatalysts 
 

 

According to the previous studies, the reaction pathway for the formation 

of colloidal α–FeOOH was proposed as follows (Figure 4.16). Electrolysis of 

cationic surfactant solution with a platinum cathode and an iron anode resulted in 

anodic dissolution of Fe metal to give Fe2+ ions (Eq. 4.1). At the cathode, two–

electron reduction of water molecules occurs to produce hydroxyl ions OH– (Eq. 

4.2) (Gupta, 2003b), which then reacts with Fe2+ ion in the system to give iron 

hydroxide Fe(OH)2 (Eq. 4.3). Oxidation of this species produces Fe(OH)3 and 

subsequent dehydrolysis gives the α–FeOOH (Eq.4.4–4.5) (Hu et. al., 2011a, 

Krehula et. al., 2002). 

 

 

                                                                                               (4.1) 

                                                                              (4.2) 

                                                                                (4.3) 

3222 )(42)(4 OHFeOOHOHFe 
         (4.4) 

OHFeOOHOHFe 23)( 
          (4.5) 

 

 

Based on the characterization results, it could be proposed that the α–

FeOOH was formed in a reverse micelle structure bound on the α–FeOOH surface 

(Figure 4.16). FTIR analysis confirmed that the headgroups of cationic surfactant 

were attached to hydroxyl anion groups around the iron core with a free swinging 

alkane tail point outward from the catalyst.  

 

 

The interdigitation of alkane chains between two adjacent α–FeOOH units, 

which was verified by TEM analysis, led to the discrete and high curvature of the 

nanoparticles surface. Thus, the colloidal α–FeOOH catalyst is very stable and 

robust, as proved by the evacuated FTIR at elevated temperature. 

 

  eFeFe 22

  OHHeOH 222 22

2
2 )(2 OHFeOHFe  
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Figure 4.16 The proposed reaction pathways for electrosynthesis of α–FeOOH 

 

 

Based on the characterization results for the α–FeOOH supported MSN 

catalysts, a probable α–FeOOH/MSN structure is proposed as shown in Figure 

4.17. The presence of cationic surfactant ammonium groups in α–FeOOH/MSN 

system during the preparation step caused removal of silica, which then induced 

the isomorphous substitution of free Fe3+ species in the system, as proven by the 

presence of Si–O–Fe bond in FTIR and XPS data. The XRD, surface area 

analyses, and NMR also supported the silica removal process.  

 

 

The colloidal form of α–FeOOH was also found to be retained and 

dispersed well on the MSN support as verified by the TEM and FTIR results. The 

decrease in intraparticle pores and simultaneous increase in interparticle pores 

with increasing α–FeOOH/MSN loading, as shown by the pore size distribution 

result, as well as the ESR results, also clarified the isomorphous substitution of 

Fe3+ species and the retainment of colloidal α–FeOOH structure on the MSN. 

Remarkably, the results show that two types of Fe species could be formed when 

using MSN as a support in the cationic surfactant system. 
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Figure 4.17 Proposed structure of α–FeOOH/MSN 

 

 

 

 

4.3 Photodegradation Performance Evaluations 
 

 

The photocatalytic activity of the prepared catalysts was tested for the 

photo–Fenton–like degradation of 2–CP under several conditions. Control 

experiments under dark conditions were conducted to investigate the importance 

of visible light irradiation for this system under pH 5, H2O2 concentration 0.156 

mM; catalyst dosage 0.30 g L−1; initial concentration 50 mg L−1; temperature 

303K. The result shows that less than 5% of 2–CP degradation was achieved after 

8 h of contact time for α–FeOOH while, less than 15% when using α–

FeOOH/MSN, which indicates the importance of visible light irradiation in this 

study. The performances of the catalysts were studied under effect of pH, metal 

loading, catalyst dosage, initial dye concentration, and temperature. The related 

characterization such as UV–DRS and PL analysis were conducted. The stability 
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of catalysts was investigated and the catalytic photodegradation mechanisms were 

also proposed.  

 

 

 

 

4.3.1 Performance of the Photocatalysts 

 

 

The performance of the α–FeOOH was examined on the degradation of 2–

CP photo–Fenton–like reaction and compared with the C–FeOOH and P–FeOOH 

(Figure 4.18). It is well–known that α–FeOOH is a practically inactive 

photocatalyst for the degradation of such organic contaminants in the absence of 

any oxidizing agent (e.g., H2O2) that plays an important role in providing 

hydroxyl radicals (•OH) for the reaction. However, as can be seen in Figure 4.18, 

the synthesized α–FeOOH was able to give 56% of 2–CP degradation under 

visible light irradiation even in the absence of H2O2.This capability is significantly 

higher than those reported in the literature, which can only degraded less than 

10% of 2–CP in the similar reaction system (Bandara et. al., 2001a).  

 

 

In fact, the production of •OH can be enhanced drastically by combining 

the photocatalytic system (UV/metal oxide) with the Fenton–like system (metal 

oxide/H2O2), a so–called photo–Fenton–like system. As shown in Figure 4.18, the 

2–CP was successfully degraded up to 85% when using this system. It is 

presumed that the headgroups of reverse micelle cationic surfactant that bound at 

the α–FeOOH surface have trapped the photogenerated electrons at the conduction 

band (CB) and simultaneously decreased the recombination rate of photo–induced 

electron–hole pairs at the valence band (VB), which resulted in the enhancement 

of the 2–CP degradation.  

 

 

However, the absence of reverse micelle structure in P–FeOOH and C–

FeOOH catalysts only produced 73% and 63% of the degradation, respectively. 
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The electrostatic interaction between the cationic surfactant and α–FeOOH of P–

FeOOH, which was confirmed by FTIR analysis, could explain the relatively 

higher degradation percentage of P–FeOOH compared to C–FeOOH.  

 

 

 

Figure 4.18 The performance of catalysts under light irradiation for 

photocatalysis of α–FeOOH, photo–Fenton–like reaction of C–FeOOH, P–

FeOOH, and α–FeOOH catalysts [pH 5; H2O2 concentration 0.156 mM; catalyst 

dosage 0.30 g L−1; initial concentration 50 mg L−1; temperature 303K]. 

 

 

In order to examine the role of cationic surfactant in the photo–Fenton–

like reaction, an excess cationic surfactant was added to the 2–CP solution 

containing C–FeOOH, and this system was denoted as CS+FeOOH. As shown in 

Figure 4.19, the CS+FeOOH showed similar catalytic performance with pure C–

FeOOH, in which 65% of maximum degradation percentage of 2–CP has been 

achieved after 480 min of reaction. From this result, it could be stated that the 

excess cationic surfactant in solution has no significant effect on the photo–

Fenton–like activity of α–FeOOH. This result supports that the photo–Fenton–like 

activity enhancement was due to the electrosynthesized α–FeOOH but not due to 
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the simple electrostatic attraction between [N]+ of cationic surfactant and 

negatively charged chlorine [Cl]– from the 2–CP. 

 

 

   

Figure 4.19 Effects of cationic surfactant on the photo–Fenton–like activity [pH 

5; H2O2 concentration 0.156 mM; catalyst dosage 0.30 g L−1; initial concentration 

50 mg L−1; temperature 303K]. 

 

 

The performance of α–FeOOH supported both pristine MSN and modified 

MSN was also examined for the photodegradation of 2–CP under visible light 

conditions (Figure 4.20). Only 17.5% and 38.7% of the 2–CP was degraded when 

using the pristine MSN and MSNAPTES, respectively. However, the degradation 

percentage was increased up to 92.2% when using α–FeOOH/MSN.  

 

 

The distribution of α–FeOOH nanoparticles on the surface of MSN might 

have facilitated their surface contact with light, which led to higher efficiency of 

degradation. A lower degree of degradation of 2–CP was shown by α–
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FeOOH/MSNAPTES (77.6%), possibly due to the location of colloidal α–FeOOH in 

the pores of MSNAPTES which hindered visible light accessibility of α–FeOOH. 

 

 

 

 

Figure 4.20 The 2−CP photodegradation performance of the catalysts [pH 5; 

H2O2 concentration 0.156 mM; catalyst dosage 0.30 g L−1; initial concentration 50 

mg L−1; temperature 303K]. 

 

 

 

 

4.3.2 Effect of Metal Loading 

 

 

The performance of α–FeOOH/MSN at different α–FeOOH loading was 

then examined for photodegradation of 2–CP. The results are shown in Figure 

4.21. Only 14.2% of the 2–CP was removed when using the bare MSN, most 

probably due to the generated •OH via direct photoconversion of the added H2O2.  
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However, the removal percentage increased up to 73.1% and 92.2% by 

using the 5 wt% α–FeOOH/MSN and 10 wt% α–FeOOH/MSN, respectively. 

Proper distribution of α–FeOOH nanoparticles on the surface of MSN might 

facilitate their surface contact with light, which led to higher efficiency of 

degradation (Sapawe et. al., 2012). In contrast, further increase in α–

FeOOH/MSN loading give no significant effect on the degradation. 

 

 

 

 

Figure 4.21 The 2−CP photodegradation performance of the catalysts [pH 5; 

H2O2 concentration 0.156 mM; catalyst dosage 0.30 g L−1; initial concentration 50 

mg L−1; temperature 303K]. 

 

 

The α–FeOOH/MSN catalysts were also subjected to photoluminescence 

(PL) analysis at an excitation wavelength of 650 nm in visible region (Figure 

4.22). 5 wt% α–FeOOH/MSN showed highest peak intensity, followed by the 15 

wt% and 10 wt% α–FeOOH/MSN. Addition of α–FeOOH decreased the content 

of surface oxygen vacancies and/or defect sites, which affected the intensity and 

response range of PL signals (Hariharan, 2006). Indeed, the oxygen vacancies and 
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defect sites are important to trap the electrons to keep the e––h+ pairs separate in 

order to enhance photocatalytic activity.  

 

 

It has been reported that the lower the peak intensity, the lower the 

recombination rate of the photoinduced electron–hole pair, which results in higher 

photocatalytic activity (Jusoh et. al., 2013). This fact may explain why the 

photocatalytic activity was in the following order: 10 wt% α–FeOOH/MSN > 15 

wt% α–FeOOH/MSN > 5 wt% α–FeOOH/MSN. The limitation of increasing α–

FeOOH loading to 15 wt% may be because of the accumulation of excess α–

FeOOH on the surface of the α–FeOOH/MSN catalysts, which led to the lower 

rate constant and photoactivity (Li et. al., 2012c). 

 

 

 

Figure 4.22 Photoluminescence spectra for α–FeOOH/MSN catalysts 

 

 

This result is in agreement with the band gap determination results shown 
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determined using Kubelka−Munk (K−M) spectrum. The results show a reduction 

in band gap energy with increase in α–FeOOH loading up to 15wt%.  

 

 

It was known that low band gap energy results in efficient performance of 

photocatalyst. However, the aforementioned possibility of the α–FeOOH 

accumulation on 15wt% α–FeOOH surface may hinder its effective performance 

towards the 2–CP degradation, regardless of the low band gap energy value. 

 

 

Table 4.2 Calculated band gap value for each catalyst. 

Catalysts Band gapa (eV) 

α–FeOOH 2.75 

5wt% α–FeOOH/MSN 3.25 

10wt% α–FeOOH/MSN 3.00 

15wt% α–FeOOH/MSN 2.90 

                   a Derived from plotted graph K−M versus hv 

 

 

 

 

4.3.3 Effect of pH 

 

 

 The influence of initial pH solutions on the degradation of 2–CP over α–

FeOOH and α–FeOOH/MSN was studied in the pH range of 3.0 – 7.0 and the 

result was shown in Figure 4.23 and 4.24. The result revealed a maximum 

efficiency at pH 5 for both catalysts as α–FeOOH and α–FeOOH exhibits a 

positive zeta potential at pH values below pHpzc (Wu et al., 2011). This is in 

agreement with the results reported by Bandara et al., (2007b) in degradation of 

4–chlorophenol. At low pH (pH < 3.0), H2O2 could stay stable probably by 

solvating a proton which later form an oxonium ion (H3O2
+) as presented by Eq. 

4.6. H2O2 enhanced its stability since H3O2
+ makes it to become electrophilic and 
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presumably reduce significantly the reactivity with ferrous ion (Hassan and 

Hameed, 2011), thus reduced the degradation of 2–CP.  

 

  2322 OHHOH                                                                                        (4.6) 

 

 

 In case of pH > 5.0, the photodegradation efficiency decreased due to the 

decreases of dissolved fraction of α–FeOOH species (Kwon et al., 1999). Also, 

the oxidation potential of the OH radical is known to decrease with increasing pH 

and the stability of H2O2 starts to decompose (Eisenhauer, 1964).  

 

 

 

Figure 4.23 Influence of pH on 2–CP photodegradation over α–FeOOH (H2O2 

molar concentration is 0.156 mM; catalyst dosage 0.375 g L–1; initial 

concentration is 10 mg L–1; temperature 30°C). 
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Figure 4.24 Effect of pH on 2–CP photodegradation over α–FeOOH/MSN (metal 

loading is 10wt%; H2O2 molar concentration is 0.156 mM; catalyst dosage 0.375 

g L–1; initial concentration is 50 mg L–1; temperature 30°C). 

 

 

 

 

4.3.4 Effect of H2O2 Concentration 

 

 

 The selection of an optimal H2O2 concentration for the degradation of 2–

CP is important from practical point of view to its cost and toxicity (Sun et al., 

2007). The range of the initial concentration of H2O2 was varied from 1 to 10 mM 

and the result was shown in Figure 4.25. Meanwhile, Figure 4.26 shows the effect 

of the H2O2 concentration over α–FeOOH/MSN catalyst. It is obvious that the 

effect of increasing initial concentration from 0.1 to 0.5 mM was first positive for 

the degradation of 2–CP. This is due to the increasing OH radical amount 

obtained from the decomposition of H2O2 which improved the oxidation power. 

However, with further increase in H2O2 concentration for more than 0.156 mM, 

the degradation of 2–CP was decreased.  This may explained by the resulting 
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generation of less reactive OOH radical which due to the consuming of very 

reactive OH radical by H2O2 (Kang et al., 2002).  

 

 

 

Figure 4.25 Influence of H2O2 molar concentration on 2–CP photodegradation 

over α–FeOOH (pH 5; catalyst dosage 0.375 g L–1; initial concentration is 10 mg 

L–1; temperature 30°C). 
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Figure 4.26 Effect of H2O2 molar concentration on 2–CP photodegradation over 

α–FeOOH/MSN (metal loading is 10wt%; catalyst dosage 0.375 g L–1; initial 

concentration is 50 mg L–1; temperature 30°C). 

 

 

 

 

4.3.5 Effect of Catalyst Dosage 

 

 

 Figure 4.27 depicts the influence of catalyst dosage on 2–CP degradation 

over colloidal α–FeOOH. The result indicates the optimum dosage for 2-CP 

degradation was observed at 0.3 g L-1 of α–FeOOH. An increase in the amount of 

α–FeOOH dosage will provide additional iron sites which thus accelerating the 

decomposition of H2O2. In turn, the number of hydroxyl radical was increase 

significantly. However, the degradation of 2–CP was declining with further 

increase in α–FeOOH dosage. This nature is due to the screening effect since the 

turbidity of the reaction mixture was increases hence subsequently reducing the 

optical path (Zanjanchi et al., 2010b). This is in agreement with the results 

observed by Zhang et al., (2009a).  
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Figure 4.27 Influence of α–FeOOH dosage on 2–CP photodegradation over α–

FeOOH (pH 5; H2O2 molar concentration is 0.156 mM; initial concentration is 10 

mg L–1; temperature 30°C). 

 

 

Meanwhile, Figure 4.28 shows a plot of the degradation percentage of 2–

CP for 10wt% α–FeOOH/MSN catalyst. The degradation increased with 

increasing catalyst dosage up to 0.40 g L−1, but further addition of the catalyst did 

not produce any significant effect on the degradation. This result was due to the 

increased turbidity of the suspension, which reduces light penetration and inhibits 

photodegradation. The increase in the catalyst dosage led to an increase in the 

active surface area and enhanced the degradation up to 92% (Sapawe et al., 2012) 
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Figure 4.28 Effect of catalyst dosage on 2–CP photodegradation over α–

FeOOH/MSN (metal loading is 10wt%; H2O2 molar concentration is 0.156 mM; 

initial concentration is 50 mg L–1; temperature 30°C). 

 

 

 

 

4.3.6 Effect of 2–CP Initial Concentration 

 

 

 The effectiveness of the experimental process as a function of initial 

concentration of 2–CP was investigated. Figure 4.29 and 4.30 shows the changes 

of 2–CP degradation percentage with different initial concentration of 2–CP over 

α–FeOOH and α–FeOOH/MSN, respectively. The results indicate that the 2–CP 

degradation was firstly increased with increased in initial concentration until 50 

mg/L. This may due to the increased in the frequency of collisions between 2–CP 

molecules. Subsequently, the effective collisions frequency that causes a reaction 

to occur will also be high. The lifetime of hydroxyl radicals is very shorts and 

they can only react where they are formed. Therefore, the probability of collision 

between organic matter and oxidizing species will be enhanced with increasing 
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quantity of 2–CP molecules per volume unit, which then leading to an increase in 

the degradation efficiency (Kitis et al., 2007).  

 

 

 As initial concentration of 2–CP increased to 70 mg L-1, the degradation 

percentage of 2–CP was reduced may be due to the saturation on α–FeOOH 

surface. The generation of hydroxyl radical which important in 2–CP degradation 

process will be reduced since fewer active sites is available on the α–FeOOH 

surface (Laoufi and Bentahar, 2008). Similar observation was also reported by 

Kasiri et al., (2008) in their investigation by using Fe–ZSM5 zeolite as photo–

Fenton catalyst.  

 

 

 

Figure 4.29 Influence of initial concentration of 2–CP on 2–CP photodegradation 

over α–FeOOH (pH 5; H2O2 molar concentration is 0.156 mM; catalyst dosage 

0.3 g L–1; temperature 30°C). 
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Figure 4.30 Effect of initial 2–CP concentration on 2–CP photodegradation over 

α–FeOOH/MSN (metal loading is 10wt%; catalyst dosage 0.4 g L–1,H2O2 molar 

concentration is 0.156 mM; temperature 30°C). 

 

 

 

 

4.3.7 Effect of Reaction Temperature 

 

 

 The influence of reaction temperature on the 2–CP degradation was 

investigated by varying temperature from 30°C to 50°C. The result is illustrated in 

Figure 4.31. It can be seen that raising the temperature has a notable positive 

impact on the 2–CP degradation. The degradation of 2–CP increased from 79% to 

99% as the temperature increased from 30°C to 50°C.  
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Figure 4.31 Influence of reaction temperature on 2–CP photodegradation over α–

FeOOH (pH 5; H2O2 molar concentration is 0.156 mM; catalyst dosage 0.3 g L–1; 

initial concentration is 50 mg L–1). 

 

 

The time period required for degrading 2–CP was much shorter at 50°C 

which is only within 180 min compared to 30°C which required more than 480 

min to achieved nearly complete degradation of 2–CP. This may due to the fact 

that the generation rate of oxidizing species will be accelerated since higher 

temperature increased the reaction rate between hydrogen peroxide and the 

catalyst (Sun et al., 2007). Besides, more energy will be provided at higher 

temperature for the reactant molecules to overcome reaction activation energy (Xu 

et al., 2009). 

 

 

The influence of reaction temperature on the 2–CP degradation over α–

FeOOH/MSN was investigated by varying temperature from 30 °C to 50 °C. The 

result is illustrated in Figure 4.32. It can be seen that raising the temperature has a 

notable positive impact on the 2–CP degradation. The degradation of 2–CP 

increased to 99% as the temperature increased from 30 to 50°C. The time period 

required for degrading 2–CP was much shorter at 50°C which is only within 240 
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min compared to 30°C which required more than 480 min to achieved nearly 

complete degradation of 2–CP. 

 

 

 

Figure 4.32 Effect of reaction temperature on 2–CP photodegradation over α–

FeOOH/MSN (metal loading is 10wt%; pH is 5; catalyst dosage 0.4 g L–1,H2O2 

molar concentration is 0.156 mM; initial concentration is 50 mg L–1). 

 

 

Arrhenius model often used to identify the activation energy of the 

catalysts. From the Arrhenius equation, a linear plot of ln kapp and 1/T would give 

an apparent activation energy (Ea, J mol−1); 

 

A
TR

E
k a

app ln
1

ln                                                                                         (4.7) 

 

where kapp (h
−1) is the apparent rate constant, A is the frequency factor, R is the 

gas constant (8.314 J K mol−1) and T is the solution temperature (K). It was 

observed the calculated Ea for 10 wt% α–FeOOH/MSN (Figure 4.33) is 35.57 kJ 

mol–1 which is lower than 5, 10, and 15 wt% α–FeOOH loading onto MSN, 

signifying the effectiveness of 10 wt% α–FeOOH/MSN in this study. 
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Figure 4.33 Plot of activation energy as a function of metal loading for 2–CP 

degradation (pH is 5; catalyst dosage 0.4 g L–1,H2O2 molar concentration is 0.15 

mM; initial concentration is 50 mg L–1) 

 

 

 

 

4.3.8 Proposed Catalytic Photodegradation Mechanism 

 

 

Next, with the purpose of investigating the degradation mechanism of 2–

CP via colloidal α–FeOOH, the effect of scavenging agents was studied and 

compared with C–FeOOH. Three types of scavengers were used for both systems: 

potassium dichromate (PD), isopropanol (IP), and sodium oxalate (SO), with the 

role as a scavenger of photogenerated electrons, hydroxyl radicals (•OH), and 

photogenerated holes (H+), respectively. Figure 4.34 shows that PD underwent a 

similar trend of 2–CP degradation with the system using colloidal α–FeOOH, with 

the highest degradation percentage of 77% after 480 min of the reaction. The 

degradation efficiency was reduced by half (55%) in the presence of IP, while the 

addition of SO had significantly decreased the degradation efficiency of 2–CP, 
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confirming the photogenerated hole is the main oxidation species for degrading 

the 2–CP. 

 

 

For the case of PD, although the photo–induced electrons at the 

conduction band have been captured, •OH could still be produced via direct 

photoconversion of H2O2 (Eq. 4.8) to degrade the 2–CP. 

 

OHOH hv  222                                                                                              (4.8) 

 

In addition, the high oxidation potential of the holes at the valence band 

(h+
VB) in the α–FeOOH also permits the direct oxidation of 2–CP to reactive 

intermediates (Eq. 4.9), 

 

CPofoxidationhCP VB   22           (4.9) 

 

 

The addition of IP to the system shows a rather lower degradation 

percentage than PD. In fact, •OH could be generated via direct photoconversion of 

H2O2 (Eq. 4.8) or photogenerated electron–induced multistep reduction of O2 (Eq. 

4.10–4.12). 

 

 22 OeO                                                                                                   (4.10) 

222 2 OHHeO            (4.11) 

OHOHeOH  22          (4.12) 

 

 

Thus, trapping the important source •OH in the reaction leaving the direct 

oxidation shown in Eq. 4.8 was the only way to degrade the 2–CP. 
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Figure 4.34 Photodegradation efficiencies of 2–CP in the presence of hole 

scavenger, •OH scavenger, and electron scavenger by (A) α–FeOOH and (B) C–

FeOOH [pH 5, H2O2 concentration 0.156 mM; catalyst dosage 0.30 g L−1; initial 

concentration 50 mg L−1; temperature 303 K]. 

 

 

From the above results, it can be concluded that photogenerated holes play 

the most important role in the 2–CP degradation via α–FeOOH catalyst. It was 

verified that the headgroups of cationic surfactant reverse micelle inhibited the 

recombination of photo–induced electron–hole pairs in the system. Wang and his 

co–workers also reported a similar phenomenon on visible light photocatalysis 

using bismuth oxyiodide (BiOI) modified by cationic surfactant solution. 

 

 

Figure 4.34B shows that a similar trend was also observed when using the 

C–FeOOH, but with a comparatively lower degradation percentage of 2–CP in all 

cases of scavengers studied. The absence of cationic surfactant in the system 

might be the main reason for the lower effectiveness of the C–FeOOH. It could be 

seen that the photogenerated holes also play an important role in this study, 
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followed by •OH and photogenerated electrons. The proposed electron trapping 

occurrences for both catalysts are illustrated in Figure 4.35. 

 

 

Next, with the purpose of investigating the mechanism of 2–CP 

degradation via α–FeOOH/MSN, the effect of scavenging agents was studied by 

using 10 wt% α–FeOOH/MSN. Four types of scavengers were used for the 

system: potassium dichromate (PD); isopropanol (IP); sodium oxalate (SO); and 

potassium iodide (PI), with the role as a scavenger of photogenerated electrons, 

hydroxyl radicals (•OH), photogenerated holes (H+), and hydroxyl radicals 

adsorbed on the catalyst surface (•OHads), respectively.  

 

 

Figure 4.36 show that PD reduced the degradation efficiency to 59%. The 

addition of IP and PI decreased the 2–CP degradation efficiency to 16% and 18%, 

respectively, while the addition of SO fully inhibited the degradation efficiency, 

confirming that photogenerated hole was the main oxidation species for degrading 

2–CP and significantly assisted by hydroxyl radicals (•OH) and hydroxyl radicals 

adsorbed on the catalyst surface (•OHads). 
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Figure 4.35 Schematic illustration of 2–CP photodegradation over (A) C–

FeOOH, and (B) photogenerated electron trapping by cationic surfactant 

headgroups of α–FeOOH  

 

 

As proposed in Figure 4.37, both type of the iron species played role in the 

photocatalytic process. The α–FeOOH could trap the photogenerated electron by 

the colloidal structure around the α–FeOOH. Meanwhile, the substituted Fe 

species may inhibit the electron–hole recombination by transferring the 

photoinduced electron to the support as MSN could also acts as stable electron 

acceptors. As proven by SO, the photogenerated holes (h+
VB) at the valence band, 

which have high oxidation potential, play two important roles in this degradation. 

Firstly, they permit the direct oxidation of 2–CP to reactive intermediates (Eq. 

4.13): 

 

CPofoxidationhCP VB   22                  (4.13) 
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Figure 4.36 Photodegradation efficiencies of 2−CP in the presence of hole 

scavenger, •OH scavenger, electron scavenger, and •OHads scavenger by 10 wt% 

α–FeOOH /MSN catalyst [pH 5; H2O2 concentration is 0.156 mM, catalyst dosage 

0.40 g L−1; initial concentration is 50 mg L−1] 

 

 

Secondly, h+
VB also react with surface–adsorbed hydroxyl groups (OH–) or 

water to yield surface–adsorbed hydroxyl radicals (•OHads), which subsequently 

degrade the 2–CP, as shown by the decrease in degradation efficiency by PI (Eq. 

4.14): 

 

adsOHhOH VB

                                                     (4.14) 

 

 

The addition of IP showed a rather lower degradation percentage, 

indicating a significant role of •OH in the system. In fact, •OH could be generated 

via direct photoconversion of H2O2 (Eq. 4.15) or by photogenerated electron–

induced multistep reduction of O2 (Eqs. 4.16–4.18) to degrade the 2–CP: 
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OHOH hv  222                                            (4.15) 

 22 OeO                                                (4.16) 

222 2 OHHeO            (4.17) 

OHOHeOH  22          (4.18) 

 

 

In the case of PD, although the photo–induced electrons at the conduction 

band have been captured by PD, •OH could still be produced by direct 

photoconversion of H2O2 (Eq. 4.15). Therefore, this mechanism demonstrates the 

significant role of the silica support as an acceptor of photo–induced electrons to 

efficiently inhibit the recombination of electron–hole pairs that leads to enhanced 

degradation of 2–CP.  

 

 

 

Figure 4.37 Schematic illustration of 2–CP photodegradation over α–

FeOOH/MSN  
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4.4 Response Surface Methodology 

 

 

 Optimization on photocatalytic activity of α–FeOOH was studied using 

sequential response surface methodology (RSM). To determine the optimum 

operating variables, it is necessary to perform a factorial experiment that is more 

likely a screening process. There are a total 20 runs (Table 4.3) for factorial 

experiments with 4 variables which are temperature (X1), catalyst dosage (X2), 

H2O2/2–CP ratio (X3), and pH (X4).  

 

 

Table 4.3 Response for two–level factorial of four variables (X1–X4) 

Run 
Variables Response (%) 

X1 X2 X3 X4 

1 50 0.25 0.2 3 75.33 

2 40 0.31 0.4 5 98.64 

3 40 0.31 0.4 5 95.00 

4 30 0.38 0.2 7 40.91 

5 50 0.25 0.2 7 75.65 

6 30 0.38 0.2 3 36.21 

7 50 0.25 0.6 7 88.55 

8 50 0.38 0.6 7 72.33 

9 30 0.25 0.2 3 49.54 

10 40 0.31 0.4 5 98.97 

11 30 0.38 0.6 7 24.07 

12 30 0.38 0.6 3 25.7 

13 30 0.25 0.6 7 59.13 

14 50 0.38 0.6 3 78.59 

15 50 0.38 0.2 7 84.3 

16 50 0.25 0.6 3 85.22 

17 30 0.25 0.2 7 62.75 

18 30 0.25 0.6 3 52.61 

19 40 0.31 0.4 5 97.67 

20 50 0.38 0.2 3 85.03 
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 From ANOVA analysis, it was determined that the model F–value is 76.74 

which implies the model is significant. There is only a 0.01 % chance that the F–

value may occur due to noise. Other than that, the values of Prob>F less than 

0.0500 indicate model terms are significant. In this study, catalyst dosage and 

temperature is the significant factor. There is also a significant interaction 

between catalyst dosage and H2O2/2–CP ratio and also between catalyst dosage 

and temperature.  

 

 

 From the full factorial experiments, it can be seen that pH is not an 

influential factor in this study. In addition, it was observed that there is no 

interaction between pH and other variables. This is in agreement with the fact that 

α–FeOOH have a wide operating pH in nature (Ortiz de la Plata, 2008). Therefore, 

it is possible that pH is not giving much influence on the photocatalytic reaction. 

 

 

 Other than that, the curvature value of 221.71 implies that there is a 

significant curvature in the design space. Moreover, the R2 value of 0.97 indicates 

that the model is significant. Therefore, it is confirmed that the region of the 

optimum conditions is within the parameters such as catalyst dosage, H2O2/2–CP 

ratio, and temperature. In order to obtain more precise estimate of optimum 

operating conditions, second experiment was performed. 

 

 

 The objective of this second experiment is to develop an empirical model 

of the process and to obtain a more precise estimate of the optimum operating 

conditions. This second experimental design is called central composite design 

(CCD). There were a total of 29 runs for optimizing the three individual 

parameters in the CCD which are catalyst dosage, H2O2/2–CP ratio, and 

temperature, after the elimination of pH due to its insignificant effects (Table 4.4).  
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Table 4.4 Response for central composite design (CCD)  

Run 
Variables Response (%) 

X1 X2 X3 

1 30 0.38 0.6 25.7 

2 50 0.38 0.2 85.03 

3 50 0.25 0.6 85.22 

4 30 0.38 0.2 36.01 

5 30 0.25 0.6 52.61 

6 40 0.31 0.4 95.00 

7 40 0.31 0.4 98.64 

8 30 0.38 0.6 24.07 

9 30 0.25 0.2 49.54 

10 30 0.38 0.2 40.91 

11 40 0.31 0.4 97.67 

12 50 0.38 0.6 78.59 

13 50 0.25 0.6 88.55 

14 40 0.31 0.4 98.97 

15 50 0.25 0.2 75.33 

16 50 0.38 0.6 72.33 

17 30 0.25 0.2 62.57 

18 50 0.38 0.2 84.3 

19 30 0.25 0.6 59.13 

20 50 0.25 0.2 75.65 

21 30 0.31 0.4 79.31 

22 40 0.25 0.4 85.31 

23 40 0.31 0.6 86.54 

24 40 0.31 0.4 87.52 

25 40 0.31 0.4 93.49 

26 40 0.31 0.4 96.70 

27 40 0.38 0.4 87.54 

28 40 0.31 0.2 85.04 

29 50 0.31 0.4 96.76 

 

 

The analysis of variance (ANOVA) for the response surface model was 

shown in Table 4.5. The significance of the regression model was checked by F–

test and p–value. The p–values were used to check the significance of each 

coefficient. The more significant the corresponding coefficient will be indicates 
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by smaller p–value.The determination coefficient (R2 = 0.9596), showed by 

ANOVA of the regression model, indicating that within the range of experimental 

variables, the model was adequate for prediction.  

 

 

Table 4.5 ANOVA of photodegradation of 2–CP by α–FeOOH 

Sum of 
Squares df 

Mean 
Square 

F 
Value 

p–value 
Prob > F Source 

Model 201828768.79 8 25228596.10 59.35 < 0.0001 
A–
Temp 74835855.32 1 74835855.32 176.04 < 0.0001 
B–CD 3961116.00 1 3961116.00 9.32 0.0063 
C–Ratio 35541.89 1 35541.89 0.08 0.7754 
AB 3395411.04 1 3395411.04 7.99 0.0104 
BC 3860933.35 1 3860933.35 9.08 0.0069 
A^2 4550411.19 1 4550411.19 10.70 0.0038 
B^2 7296855.96 1 7296855.96 17.16 0.0005 
C^2 8279246.06 1 8279246.06 19.48 0.0003 
Residual 8502082.40 20 425104.12 
Total 210330851.20 28 

 

 

The important information on the model performance is summarized in 

residuals providing a clear view for any discrepancy in fit to the model. Hence, 

the normal probability plot of residuals and the plot of internally studentized 

residuals vs. predicted values are presented in Figure 4.38 and Figure 4.39, 

respectively. It can be seen that points or point clusters are placed closely to the 

diagonal line in Figure 4.38, leading to the conclusions that there are no serious 

violations in the assumptions that errors are normally distributed and independent 

of each other, which the error variances are homogeneous and that residuals are 

independent (Idris et al., 2006a).  

 

 

The plot presented in Figure 4.39 tests the assumption of constant 

variance. The points are randomly scattered and all values lie within the range of –

3 and +3.The high correlation between observed and predicted data can be seen 

from the graphical interpretation given in Figure 4.40. It is evident that the points 

or point clusters are placed very closely to the diagonal line as a result of their low 
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discrepancies. According to the layouts of the plots presented in Figure 4.38 to 

4.40, it was concluded that there was no apparent problem with normality, and 

that the model is successful in capturing the correlation between the influencing 

parameters of studied system.  

 

 

Figure 4.38 The studentized residuals and predicted response plot for 2–CP 

photodegradation. 
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Figure 4.39 Normal % probability and studentized residual plot for 2–CP 

photodegradation 

 

 

Figure 4.40 The actual and predicted plot for 2–CP photodegradation. 

 

 

The 3–D response surface plot were developed for the 2–CP 

photodegradation by α–FeOOH as shown in Figure 4.41 with varying catalyst 
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dosage and reaction temperature. It indicated that the maximum 2–CP 

photodegradation can be achieved when catalyst dosage and temperature were at 

the threshold level of 0.33 g L–1 and 40°C, respectively. 

 

 

 

 

Figure 4.41 3D response plot showing effect of temperature, catalyst dosage, and 

H2O2/2–CP ratio at fixed pH. 

 

 

 The generated relationship between response and operating variables are 

as follows: 
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        (4.19) 

 

where Y is the percentage of 2–CP photodegradation, X1 is temperature, X2 is 

catalyst dosage, and X3 is H2O2/2–CP ratio. 
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The optimum operating variables for the α–FeOOH/MSN was determined 

using the same method. There are a total 36 runs (Table 4.6) for factorial 

experiments with 5 variables which are metal loding (A), pH (B), catalyst dosage 

(C), H2O2 concentration (D), and temperature (E). 

 

 

Table 4.6 Response for two–level factorial of five variables  

Run 
Variables Response (%) 

A B C D E 

1 5 3 0.1 0.2 30 61.52 

2 15 3 0.1 0.2 30 55.35 

3 5 7 0.1 0.2 30 72.00 

4 15 7 0.1 0.2 30 61.44 

5 5 3 0.2 0.2 30 37.75 

6 15 3 0.2 0.2 30 71.31 

7 5 7 0.2 0.2 30 68.89 

8 15 7 0.2 0.2 30 79.56 

9 5 3 0.1 0.6 30 61.4 

10 15 3 0.1 0.6 30 44.32 

11 5 7 0.1 0.6 30 76.00 

12 15 7 0.1 0.6 30 79.33 

13 5 3 0.2 0.6 30 37.89 

14 15 3 0.2 0.6 30 45.53 

15 5 7 0.2 0.6 30 81.33 

16 15 7 0.2 0.6 30 81.44 

17 5 3 0.1 0.2 50 92.25 

18 15 3 0.1 0.2 50 95.76 

19 5 7 0.1 0.2 50 98.67 

20 15 7 0.1 0.2 50 98.50 

21 5 3 0.2 0.2 50 98.36 

22 15 3 0.2 0.2 50 96.90 

23 5 7 0.2 0.2 50 94.11 

24 15 7 0.2 0.2 50 97.78 

25 5 3 0.1 0.6 50 96.35 

26 15 3 0.1 0.6 50 91.95 

27 5 7 0.1 0.6 50 93.89 

28 15 7 0.1 0.6 50 95.78 

29 5 3 0.2 0.6 50 96.14 
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Continued 

Run 
Variables Response (%) 

A B C D E 

30 15 3 0.2 0.6 50 70.23 

31 5 7 0.2 0.6 50 92.89 

32 15 7 0.2 0.6 50 98.67 

33 10 5 0.15 0.4 40 95.71 

34 10 5 0.15 0.4 40 94.73 

35 10 5 0.15 0.4 40 90.25 

36 10 5 0.15 0.4 40 89.51 

30 15 3 0.2 0.6 50 70.23 

31 5 7 0.2 0.6 50 92.89 

32 15 7 0.2 0.6 50 98.67 

33 10 5 0.15 0.4 40 95.71 

34 10 5 0.15 0.4 40 94.73 

35 10 5 0.15 0.4 40 90.25 

36 10 5 0.15 0.4 40 89.51 

 

 

 

 From ANOVA analysis, it was determined that the model F–value is 18.40 

which implies the model is significant. There is only a 0.01 % chance that the F–

value may occur due to noise. Other than that, the values of Prob>F less than 

0.0500 indicate model terms are significant. In this study, pH and temperature is 

the significant factor. There is also a significant interaction between pH and 

temperature and also between metal loading, H2O2 concentration, and 

temperature.  

 

 

 Other than that, the curvature value of 10.70 implies that there is a 

significant curvature in the design space. Moreover, the R2 value of 0.89 indicates 

that the model is significant. In order to obtain more precise estimate of optimum 

operating conditions, second experiment was performed. 
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 The objective of this second experiment is to develop an empirical model 

of the process and to obtain a more precise estimate of the optimum operating 

conditions. This second experimental design is called central composite design 

(CCD). There were a total of 48 runs for optimizing the three individual 

parameters in the CCD which are metal loding (A), pH (B), H2O2 concentration 

(C), and temperature (D), after the elimination of catalyst dosage due to its 

insignificant effects (Table 4.7).  

 

 

Table 4.7 Central composite design of experiments of four variables  

Run 
Variables Response (%) 

A B C D 

1 5 3 0.1 30 61.52 

2 5 3 0.1 30 61.40 

3 15 3 0.1 30 55.35 

4 15 3 0.1 30 44.32 

5 5 7 0.1 30 72.00 

6 5 7 0.1 30 76.00 

7 15 7 0.1 30 61.44 

8 15 7 0.1 30 79.33 

9 5 3 0.2 30 37.75 

10 5 3 0.2 30 37.89 

11 15 3 0.2 30 71.31 

12 15 3 0.2 30 45.53 

13 5 7 0.2 30 68.89 

14 5 7 0.2 30 81.33 

15 15 7 0.2 30 79.56 

16 15 7 0.2 30 81.44 

17 5 3 0.1 50 92.25 

18 5 3 0.1 50 96.35 

19 15 3 0.1 50 95.76 

20 15 3 0.1 50 91.95 

21 5 7 0.1 50 98.67 

22 5 7 0.1 50 93.89 

23 15 7 0.1 50 98.50 

24 15 7 0.1 50 95.78 

25 5 3 0.2 50 98.36 
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Continued 

Run 
Variables Response (%) 

A B C D 
26 5 3 0.2 50 96.14 

27 15 3 0.2 50 96.9 

28 15 3 0.2 50 70.23 

29 5 7 0.2 50 94.11 

30 5 7 0.2 50 92.89 

31 15 7 0.2 50 97.78 

32 15 7 0.2 50 98.67 

33 10 5 0.15 40 95.71 

34 10 5 0.15 40 94.73 

35 10 5 0.15 40 90.25 

36 10 5 0.15 40 89.51 

37 5 5 0.15 40 85.92 

38 15 5 0.15 40 90.90 

39 10 3 0.15 40 77.04 

40 10 7 0.15 40 57.14 

41 10 5 0.1 40 74.57 

42 10 5 0.2 40 88.59 

43 10 5 0.15 30 91.29 

44 10 5 0.15 50 97.50 

45 10 5 0.15 40 94.61 

46 10 5 0.15 40 92.78 

47 10 5 0.15 40 92.51 

48 10 5 0.15 40 95.80 

 

 

In order to ensure a good model, tests for the significance of the regression 

model and individual model coefficients as well as for lack−of−fit were 

performed. The summary of the tests is tabulated in an analysis of variance 

(ANOVA) table shown in Table 4.8. The value of “Prob.>F” for the model is less 

than 0.05, indicating that the terms in the model have a significant effect on the 

response. In the same manner, the main effects of pH (B), reaction temperature 

(D), the two−level interaction of pH and reaction temperature (BD), and the 

second−order effect of pH (B2) and reaction temperature (D2) were significant 

model terms. The least significant model term, the H2O2 concentration (C), was 
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removed to generate an improved model. Additionally, the value of lack−of−fit 

was found to be insignificant, indicating that desirable fitness of the model was 

achieved.  

 

 

Table 4.8 Analysis of variance (ANOVA) for central composite design for α–

FeOOH /MSN catalyst 

Sum of 
Squares 

df 
Mean 
Square 

F Value 
p−value 
Prob > F Source 

Model 6104.280513 14 436.0200366 26.53897534 < 0.0001 

A 29.57423824 1 29.57423824 1.800077779 0.1891 

B 354.7186 1 354.7186 21.59044858 < 0.0001 

C  0.008261765 1 0.008261765 0.000502864 0.9822 

D 4467.566694 1 4467.566694 271.9247566 < 0.0001 

AB 47.50687813 1 47.50687813 2.891573233 0.0987 

AC 24.48250313 1 24.48250313 1.490162131 0.2311 

AD 38.65402812 1 38.65402812 2.352732015 0.1349 

BC 7.210503125 1 7.210503125 0.438877456 0.5124 

BD 118.6185031 1 118.6185031 7.219882724 0.0113 

CD 0.219453125 1 0.219453125 0.013357324 0.9087 

A2 0.009982146 1 0.009982146 0.000607577 0.9805 

B2 687.5321298 1 687.5321298 41.84761411 < 0.0001 

C2 3.538667861 1 3.538667861 0.215386017 0.6457 

D2 109.4211964 1 109.4211964 6.660075662 0.0147 

Residual 525.7415176 32 16.42942243   

Lack of 
Fit 

266.2185676 10 26.62185676 2.256759368 0.0536 

Pure Error 259.52295 22 11.79649773   

Cor Total 6811.485381 47    
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Table 4.9 shows the ANOVA table for the reduced quadratic model of 2−CP 

degradation by selecting the backward elimination procedure to automatically 

reduce the terms that are not significant. The results shows that the model is still 

significant with the main effects of pH (B), reaction temperature (D), the 

two−level interaction of pH and reaction temperature (BD), and the second−order 

effect of pH (B2) and reaction temperature (D2). The main effect of α–FeOOH 

metal loading (A) was additionally added to support the model hierarchy. It was 

found that both pH (B) and reaction temperature (D) were the most significant 

factors for the removal of 2−CP. 

 

 

 

Table 4.9 Analysis of variance (ANOVA) for central composite design for α–

FeOOH /MSN catalyst (reduced) 

Sum of 
Squares 

df 
Mean 
Square 

F Value 
p−value 
Prob > F Source 

Model 6029.976 7 861.4252 55.98839 < 0.0001 

A 29.57424 1 29.57424 1.922179 0.1735 

B 354.7186 1 354.7186 23.05496 < 0.0001 

D 4467.567 1 4467.567 290.3698 < 0.0001 

AB 47.50688 1 47.50688 3.087713 0.0867 

BD 118.6185 1 118.6185 7.709617 0.0084 

B2 916.8986 1 916.8986 59.59388 < 0.0001 

D2 121.2125 1 121.2125 7.878212 0.0078 

Residual 600.0456 39 15.38578 

Lack of Fit 340.5226 17 20.03074 1.698025 0.1209 

Pure Error 259.523 22 11.7965   

Cor Total 6811.485 47    
  

 

The R2 value calculated for the model was 0.909, implying that about 90.9% 

of the variability in the data is explained by the model. The predicted R2 was 
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found to be in reasonable agreement with the adjusted R2, as the adjusted R2 value 

is particularly useful when comparing models with different numbers of terms. 

This comparison is, however, done in the background when model reduction is 

taking place. Meanwhile, adequate precision compares the range of the predicted 

values at the design points to the average prediction error. The ratios obtained for 

this model were greater than 4, indicating adequate model discrimination. The 

final empirical model in terms of actual factors is depicted in Eq. 4.20. 
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           (4.20) 

 

 

The normal probability plot of the residuals and the plot of the residuals 

versus the predicted response for 2−CP degradation are shown in Figure 4.42. The 

result reveals that the residuals generally fall on a straight line, implying that the 

errors are distributed normally; this supports the adequacy of the least−square fit. 

Figure 4.43 indicates no obvious pattern and unusual structure, besides showing 

equal scatter above and below the x−axis. This implies that the proposed model is 

adequate and there is no reason to suspect any violation of the independence or 

constant variance assumption. 
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Figure 4.42 Residual diagnostics for 2−CP photodegradation of normal 

probability plot 

 

 

Figure 4.43 Residual diagnostics for 2−CP photodegradation of residual vs. 

predicted response plot. 

 

 

The three dimensional surface plots demonstrate the effect of different 

process variables on 2−CP degradation (Figure 4.44). The effect of pH (B) and 

temperature (D), while keeping α–FeOOH loading (A) at the middle level (10 
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wt%), is clearly seen in Figure 4.36A and Figure 4.36B. The degradation of 2−CP 

increased when the pH changed from 3 to 5.11 and the temperature increased 

from 30 to 49.94°C. The maximum 2−CP degradation of 99.99% was observed 

when the pH was 5.11 and temperature was 49.94°C.  

 

 

This result could be explained by the decomposition of H2O2 at elevated 

pH. Furthermore, the oxidation potential of •OH was found to be decrease with 

increasing pH. Meanwhile, a significant enhancement in 2−CP degradation when 

the temperature was increased may be due to the accelerated rate of oxidizing 

species generation at higher temperatures. The contour and surface plots of α–

FeOOH metal loading versus pH on the 2−CP degradation are represented in 

Figure 4.44. It was observed that the pH exhibited a significant influence on 2−CP 

degradation in comparison with α–FeOOH metal loading. At constant pH, the 

effect of α–FeOOH metal loading on 2−CP degradation was almost negligible, 

which gave no significant effect on the degradation of 2−CP. Therefore, it appears 

that pH and the reaction temperature are the dominant factors in 2−CP 

degradation rather than α–FeOOH metal loading. 
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Figure 4.44 Response surface plot of (A and B) pH and reaction temperature; and 

(C and D) α–FeOOH metal loading and pH. 

 

 

The regression equations obtained using experimental data can be used to 

predict 2−CP degradation at any particular α–FeOOH metal loading, pH and 

reaction temperature within the limits tested. In order to validate the adequacy of 

the model, four confirmation runs were performed (Table 4.10). Utilizing the 

point prediction capability of the software enabled the prediction of 2−CP 

degradation in the selected experiments within a 95% prediction interval. The 

predicted values and the actual experimental values were compared and the 

percentage errors were found to be ∼0.6–3.5%. Thus, it can be said that the 

developed empirical models were reasonably accurate for 2−CP degradation as all 

actual values for the confirmation runs were within the 95% prediction interval.  
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Table 4.10 Confirmation experiments. 

 Operating conditions 2−CP Degradation (%) 

A (wt%) B  C (mM) D (°C) Predicted Experimental Error (%) 

9.09 5.11 0.14 49.94 99.99 99.39 0.60 

12.48 5.09 0.16 34.56 87.19 90.28 3.54 

13.07 6.45 0.14 47.36 95.73 97.14 1.47 

14.10 5.25 0.11 40 91.59 88.94 2.89 

 

 

 

 

4.5 Kinetic Analysis 

 

 

 The Langmuir–Hinshelwood equation has often been used for modeling of 

photocatalytic degradation kinetics of many organic compounds. The model also 

covers the adsorption properties on the photocatalyst surface. The initial 

degradation rate of 2–CP over α-FeOOH was studied as a function of the initial 2–

CP concentration in the range 5 to 70 mg L-1. A plot of ln (C0/Ct) versus 

illumination time signifies a straight line as depicted in Figure 4.45, while the 

slope of which upon linear regression represent the apparent first order rate 

constant, kapp. Table 4.11 lists the values of kapp and the initial reaction rate 

obtained for the different initial concentrations. 
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Figure 4.45 Linear transform ln Co/Ct = f(t) of 2–CP photodegradation over α-

FeOOH. 

 

 

Table 4.11 Pseudo–first order apparent constant values for 2–CP 

photodegradation for α–FeOOH. 

Initial 2–CP 
concentration, 
Co (mg L–1) 

Reaction rate, 
kapp (min–1) 

Initial reaction rate, 
ro (mg L–1 min–1) 

5 0.002 0.01 
10 0.003 0.03 
30 0.004 0.12 
50 0.005 0.25 
70 0.003 0.21 

 

 

 The following relationship was obtained when original model is 

linearized: 

 

rLHr kCKkr

1111

00

















                                                                                  (4.21) 
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 Based on the tabulated data in Table 4.11, 1/r0 was plotted against 1/C0. 

Figure 4.46 shows that 1/r0 correlates well to 1/C0 proves that the degradation of 

2–CP by α–FeOOH nanoparticles fitted with Langmuir–Hinshelwood kinetics 

model. The values for kr and KLH obtained from the straight line fitted in Figure 

4.46 are 8.7 mg/L min and 2.2 × 10–4 L/mg, respectively. Similar with α-FeOOH, 

the result obtained shows that kr > KLH suggesting a surface reaction which 

indicates that 2–CP absorbed was the controlling step of the process.  

 

 

   

Figure 4.46 Relationship between 1/ro and 1/Co at different initial concentrations 

of 2–CP. 

 

 

 Then, the kinetic study for the α–FeOOH/MSN was investigated. A plot of 

ln (C0/Ct) versus illumination time signifies a straight line as depicted in Figure 

4.47, while the slope of which upon linear regression represent the apparent first 

order rate constant, kapp. Table 4.12 lists the values of kapp and the initial reaction 

rate obtained for the different initial concentrations. 
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Figure 4.47 Plot of ln C0/Ct as a function of time (t). 

 

 

Table 4.12 Pseudo–first order apparent constant values for 2–CP 

photodegradation for 10wt% α–FeOOH/MSN. 

Initial 2–CP 
concentration, 

Reaction rate, 
R2 

Initial reaction rate, 

Co (mg L–1) kapp (min–1) ro (mg L–1 min–1) 

10 0.0048 0.9729 0.048 

30 0.0047 0.9715 0.141 

50 0.0055 0.9809 0.275 

70 0.0046 0.9628 0.322 

100 0.0035 0.9431 0.35 

 

 

Based on the tabulated data in Table 4.12, 1/r0 was plotted against 1/C0. 

Figure 4.48 shows that 1/r0 correlates well to 1/C0 proves that the degradation of 

2–CP by α–FeOOH nanoparticles fitted with Langmuir–Hinshelwood kinetics 

model. The values for kr and KLH obtained from the straight line fitted in Figure 

4.48 are 5.04 mg/L min and 9.64 × 10−4  L/mg, respectively. The result obtained 

shows that kr > KLH suggesting a surface reaction which indicates that 2–CP 

absorbed was the controlling step of the process. This finding is in similar with 
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the study reported by Idris et. al., (2011b) which using γ–Fe2O3 beads for 

degradation of Cr (VI). 

 

 

  

Figure 4.48 Plot of 1/r0 as a function of 1/C0. 

 

 

 According to the literature (Ilisz et al., 2002), the decay of 2–CP involved 

several steps before total removal of all organic intermediates was achieved. The 

proposed degradation of 2–CP in this study was shown in Figure 4.49. Since 

direct hole oxidation was the main reacting process in this system, direct electron 

transfer from 2–CP to the catalysts gives a positive radical which can be converted 

into a chlorodihydroxycyclohexadienyl radical (ClDHCHDR) after nucleophilic 

water addition, or into chlorophenoxyl radical (CPR) after deprotonation.  

 

 

 For CIDHCHDR, •OH addition in the para position to 2–CP followed by 

H–abstraction leads to 2–chlorohydroquinone (a), while addition in ortho position 

followed by Cl–abstraction gives catechol (b). Meanwhile, for CPR, the presence 

of dissolved O2 may lead to the formation of chlorobenzoquinone (c). Further 

y = 205.68x + 0.1983 
R² = 0.9965 
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oxidation of the aromatic intermediates (a, b, and c) leads to ring opening and may 

induce the formation of carboxylic acids, later to the total mineralization of 2–CP 

to H2O and CO2. 

 

 

 

Figure 4.49 Proposed degradation mechanism of 2–CP over the catalysts 

 

 

 

 

4.6 Reusability Study 

 

 

Reusability is an important issue to be considered when dealing with 

photocatalyst. Repeated experiments were carried out using α–FeOOH in order to 

study the reusability of the catalyst for the degradation of 2–CP (Figure 4.50). It 

can be observed that after three repeated cycles, the catalyst was still active with 

just a small decrease in 2–CP degradation percentage from 98% to 88%. 

However, a relatively significant decrease of degradation was observed after the 

fourth cycle (85%). The results suggest that the reverse micelle bound on the 

catalyst most probably gradually detached from the catalyst surface after three 
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cycles and induced the catalyst aggregation, which therefore reduced the 2–CP 

degradation efficiency. 

 

 

 

 

Figure 4.50 Stability of α–FeOOH catalyst after subsequent reactions [pH 5; 

H2O2 concentration 0.156 mM, catalyst dosage 0.30 g L−1; initial concentration 50 

mg L−1, temperature is 323 K]. 

 

 

Meanwhile, repeated experiments were carried out using 10 wt% α–

FeOOH/MSN in order to study the stability of the catalyst for the degradation of 

2–CP (Figure 4.51). It can be observed that after four repeated cycles, the catalyst 

was still active with just a small decrease in 2–CP degradation percentage from 

92% to 87%.  
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Figure 4.51 Stability of α–FeOOH catalyst after subsequent reactions [pH 5; H2O2 concentration 0.156 mM, catalyst dosage 0.30 g L−1; initial 

concentration 50 mg L−1, temperature is 323 K]. 
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However, a relatively significant decrease of degradation was observed after 

the fifth cycle (83%). The results suggest gradual detachment of the colloidal 

formation on the α–FeOOH after fifth cycles. In addition, the bonding of the 

adsorped pollutant onto the support material may hinder the availability of active 

sites, which therefore reduced the 2–CP degradation efficiency. 

 

 

 The stability test shows that the α–FeOOH/MSN catalyst is stable up to five 

cycles. Ferroudj and his co−workers has synthesized similar catalyst which is a 

maghemite iron supported on a silica and was shown to remarkably degrade dyes and 

nitrophenol (Ferroudj et al., 2013). Meanwhile, a catalyst consists of iron species and 

MCM−41 as a support material was synthesized by Li and co−workers for 

desulfurization of dibenzothiphene (Li et al., 2012c). Both Ferroudj et al. and Li et 

al. reported high stability upon catalyst reusability up to 5 and 4 cycles, respectively, 

which is comparable with the reusability result of the catalyst in this study. 

 

 

 

 

4.7 Scaling Up System 

 

 

 In this study, two models has been developed from the response surface 

methodology analysis including the model for α–FeOOH catalyst (Eq. 4.19) and α–

FeOOH/MSN (Eq. 4.20). Both model were employed to study the feasibility of these 

models with the respective photocatalysts which generated using the laboratory 

system to be used in the pilot scale system. The optimum conditions were inserted 

with these model with the enhancement to the pilot scale system with 10–fold. 

 

 

 The results were then compared with the 2–CP degradation by using the 

laboratory scale (Figure 4.52). The results showed that the scale–up system 

employing the generated model is to degrade 2–CP as comparable as the laboratory 

scale system. The errors were compared as shown in Table 4.13. The system 
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employing α–FeOOH in large scale shows ~12% of error as compared to the 

laboratory system. However, supported α–FeOOH on the MSN showed remarkable 

performance even in the pilot scale system, with the error of ~6%, indicating the 

feasibility of the supported colloidal metal catalyst and the system model to be used 

in the scaled–up system. The remarkable performance in the 10–fold scale–up 

system may provide insight to the viability of this system in larger scale, which 

appropriate with the aim to develop a laboratory system that compatible be used in 

the industrial system. 

 

 

 

Figure 4.52 Scale–up performance of the catalysts in 10–fold pilot scale system  

 

 

Table 4.13 Comparison of the catalysts performances in the scale–up system 

 
 

Catalysts 

2–CP degradation (%) 

Lab scale Scale–up (×10)  Error 

α–FeOOH/MSN 99.39 91.00 6.23% 

α–FeOOH 98.71 84.65 12.45% 
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4.8 Application to Various Pollutants 

 

 

 In order to study the proficiency of the α–FeOOH and α–FeOOH/MSN 

catalysts towards various applications, different target pollutants were selected to 

observe the performance of the catalysts. The target pollutants are including anionic 

dye (methyl orange), cationic dye (Congo red), and a simple phenolic compound 

(phenol). The degradation of these pollutants was tested under similar conditions of 

2–CP degradation and results are shown in Figure 4.53. A high degradation 

percentage (>85%) of various types of dye was obtained, with the photodegradation 

percentage of 90%, 99%, and 85% of methyl orange, Congo red, and phenol, 

respectively for α–FeOOH. Meanwhile, the performance tested using α–

FeOOH/MSN shows remarkable result of 99%, 99%, and 88% of methyl orange, 

Congo red, and phenol, respectively.  

 

 

 

Figure 4.53 Performance of catalysts for various pollutants (pH 5, H2O2 molar 

concentration is 0.156 mM; catalyst dosage 0.4 g L–1; initial concentration is 50 mg 

L–1; temperature 30°C). 
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 It can be observed that α–FeOOH gives lower degradation of methyl orange 

as compared to α–FeOOH/MSN. This may due to the possible agglomeration of α–

FeOOH that hinder light accessibility towards the catalyst, thus decrease its catalytic 

activity. The degradation of Congo red are comparable for both catalysts (both are 

99%), indicating good photodegradation activity of the catalysts towards cationic 

dye. These may due to the possible entrapment of cationic dye towards the colloidal 

structure of the catalysts. Meanwhile, the degradation of phenol are lower than those 

2–CP and dyes for both catalysts. This may due to the fact that 2–CP has a lower 

molecular polarity as well as its solubility than phenol (Maarof et al., 2004). 

Therefore, the stronger the affinity of 2–CP to the adsorbent rather than water/solvent 

results a greater extent of adsorption process subsequently followed by 

photodegradation process of 2–CP as compared to phenol. The result indicates the 

potential use of these catalysts to be used for various pollutants. 

 

 



CHAPTER 5 

 

 

 

 

CONCLUSION AND RECOMMENDATIONS 

 

 

 

 

5.1 Result Summary 

 

 

In this section, it covers the result summary of the study such as the synthesis 

and characterization and the photodegradation performance evaluation. 

 

 

 

 

5.1.1 Synthesis and Characterization 

 

 

The results reveal the feasibility to synthesize well–dispersed α–FeOOH 

nanoparticles in a diameter range of 5–10 nm via a facile electrosynthesis in cationic 

surfactant. Cationic surfactant was successfully demonstrated to play a dual role as 

electrolyte and solvent. Reverse micelle formation bound on the α–FeOOH surface in 

which the cationic surfactant retained around α–FeOOH surface with a free swinging 

alkane tail pointing outward from the catalyst was found to stabilize and miniaturize 

the nanoparticles.  
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Meanwhile, the characterization results also verified the retention of the α–

FeOOH colloidal structure even after being loaded onto MSN. The loading of α–

FeOOH onto MSN significantly induced the silica removal followed by isomorphous 

substitution of free Fe species. It was also observed that the colloidal α–FeOOH was 

distributed on different locations on the MSN, depending on the pore size of the 

MSN. Therefore, it can be concluded that the synthesis method is capable in altering 

and re-structuring the catalysts. 

 

 

 

 

5.1.2 Catalytic Performance Evaluation 

 

 

The colloidal α–FeOOH were verified to positively serve as a photo–Fenton–

like catalyst for complete degradation of 2–CP under mild operating conditions, 

which induced the inhibition of the photo–induced electron–hole pairs recombination 

where the photogenerated electron could be trapped by the reverse micelle bound on 

the catalyst surface. Nearly neutral conditions of pH 5 were able to completely 

degrade 2–CP within 180 min with a small amount of H2O2 (0.156 mM).  

 

 

Meanwhile, the performance of α–FeOOH/MSN indicates the degradation of 

2–CP with removal percentage of 92.2, 79.3, 73.1, and 14.2%, with the loading of α–

FeOOH in the following order: 10 wt% > 15 wt% > 5 wt% > MSN, respectively. It 

was found that the retention of colloidal metal over MSN support could trap the 

photogenerated electron. In the meantime, the substituted Fe species (Si–O–Fe) may 

inhibit the electron–hole recombination by transferring the photoinduced electron to 

the MSN support. The synergic effect between the dual types Fe species with the 

MSN was able to occur in regards to the support material that acts as a stable 

electron acceptor.  
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Response surface methodology (RSM) analysis for α–FeOOH and α–

FeOOH/MSN showed good significance of model with low probability values 

(<0.0001) and a high coefficient of determination (R2). Meanwhile, the kinetic 

studies of both catalysts illustrated that a surface reaction was the controlling step of 

the process. Reusability study showed that α–FeOOH are still stable after 4 

subsequent reactions while α–FeOOH/MSN maintained its robustness up to 5 

subsequent cycles. The model generated for both catalysts were employed in the 

upscale system. The upscaling study using 10–fold upscale system employing both 

catalysts indicate superior performance of the catalysts with almost complete 

degradation of 2–CP. In addition, the employment of the catalysts on degradation of 

anionic dye, cationic dye, and phenol had also showed remarkable performance of 

the catalytic system. 

 

 

 

 

5.2 Future Study 

 

 

This section covers the recommendation for future study in term of synthesis 

and characterization, and also photodegradation process. 

 

 

 

 

5.2.1 Synthesis and Characterization 

 

 

The simple process of preparing the catalyst and the low amount of metal 

loading required make this system exhibits great potential for improving the quality 

of wastewater discharged from the target industries. It is believed to be extendable to 

the synthesis of other metal oxide such as Zn, Zr, and Cu or other support material 

such as SBA-15 and zeolites which have different characteristics and structural 

properties.  
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5.2.2 Photodegradation of Organic Pollutants 

 

 

In the current study, synthesis of nanoparticles and the retainment of cationic 

surfactant by electrolysis method were demonstrated to improve the 

photodegradation of 2-chlorophenol. For the extending of this work, the system 

should be applied for degradation of other organic compounds such as herbicides-

based compound or industrial by-products that commonly present in industrial 

wastewater.  
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APPENDIX A 

The properties of 2–CP (Muller and Caillard, 2011) 

 

 

 

 

2–CHLOROPHENOL 

 

OH

Cl

2–chlorophenol 
 

Other name ortho–chlorophenol, 

2–Hydroxychlorobenzene, 

Properties 

Molecular formula C6H5ClO 

Molar mass, g mol–1 128.56 

Density, g cm–3 1.2634 

Melting point, °C 9.4 

Boiling point, °C 174.9 
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APPENDIX B 

Calculations of electrolysis time run for wt% loading 

 

 

 

 

By taking the amount of MSN support as 1.5 g and 10 wt% desired amount of α–

FeOOH, the calculations were made as follows: 

 

Mass of α–FeOOH required, 

 

10 wt% α–FeOOH = 
FegxMSNg

Fegx

5.1
 

        x g Fe =  0.1667 g 

 

Since molecular weight for Fe is 55.845 g mol-1, the mol of Fe needed id calculated; 

 

Mol of Fe = 1000
845.55

1667.0
1


molg

g
 

       =     2.985 mmol 

 

Electrolysis time run needed using 480 mA current density, with F = 96,486 C 

mol–1 = 96,486 A s.mol–1 

 

)( nz
I

F
t 








  

   =  mmol
mA

molsA
985.23

480

96486 1








 

 

   = 1800 s 
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APPENDIX C 

Standard calibration of 2-chlorophenol 

 

 

 

 

y = 0.0196x + 0.0257 
R² = 0.9997 
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APPENDIX D 

UV-vis reflectance spectrum of catalysts 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



168 
 

APPENDIX E 

The isoelectric points (pHPZC)of photocatalysts 
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APPENDIX F 

Calculation of ANOVA table 

 

 

 

 

The analysis of variance (ANOVA) of regression parameters was calculated 

following the presented table as below: 

 

Source Sum of 

squares 

Degree of 

freedom 

Mean 

square 

F-value 

Regression 

 

SSR 

 

p-1 

 

SSR/(p-1) 

 

[SSR/(p1)]/ 

[SSE/(N-p)] 

Residual 

 

SSE 

 

N-p 

 

SSE/(N-p) 

 

 

Total SST N-1   

 

* F(df1,df2, α) 

* SSR = Sum of squares regression 

* SSE = Sum of squares error (residual)  

* SST = Sum of squares total 

* p = Number of parameter  

* N = Number of run 

 

The model F-value obtained was compared to value from F-table to indicate the 

model was significant or not. For example, the obtained value F = 50.34 was 

exceeded the table value F(14,11,0.05) = 2.72, demonstrated that the experimental 

results were fitted well and model was significant.  
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APPENDIX G 

F-table 
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