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Chapter 1  

1. Introduction 

1.1 Background and Motivation 

1.1.1 Water Pollution 

Clean water is a precious resource.  The world’s water supply is under considerable stress due to 

increasing industrialization, increasing demand, and a decreasing supply due to pollution. This 

threatens our health, environment and has become an issue of major social and economic concern.1 

2 Water resources are becoming increasingly contaminated with toxic compounds.  It is an 

immediate and important challenge in a world that is facing increasing pollution and decreasing 

energy resources.1 Water pollution reduces the already small 1% available amount of freshwater 

resources on the planet. The United Nations reported that two thirds of the world will experience  

fresh water scarcity by 2025.3 4 

The contaminants and waste from human activity are introduced into rivers, lakes, and 

groundwater, which all makes its way to the oceans. Thus, modifying the water quality and making 

it unsuitable for the environment, aquatic life and for human consumption. Water contaminates are 

but not limited to: herbicides, pesticide, textile dye, and inorganic compounds (such as heavy 

metals, mercury, cadmium, lead etc.).5 6 7 In addition, extensive use of emerging contaminants 

including endocrine disrupting compounds (EDCs), personal care products (PCPs) and 

pharmaceutical active compounds with mutagenic, genotoxic and carcinogenic effects are also of 

increasing prevalence in water resources.8  These organic and inorganic compounds of increasing 

concern. It is a threat to human and aquatic health, and are being considered by government 

regulators around the world.3 Many of these contaminates are reported to have toxic effects and 

compromise human health even at trace concentrations.3 The improper disposal of these 

contaminates in developing countries is aggravated due to the unreliability of conventional 

treatment methods adopted.9 10  

A significant portion of the pharmaceutical wastes in water sources are composed of 

pharmaceutical drugs with an estimated annual consumption of several hundred tons globally.3 
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Diclofenac [2-(2,6-dichloranilino) phenylacetic acid], a common nonsteroidal anti-inflammatory 

drug (NSAID), heavily used all over the world is one of the most commonly detected compounds 

in wastewater.3 Research indicates that it has the potential to bio accumulate in the tissues of 

organisms. Other studies reported the presence of 1 ppb of Diclofenac (DCF) could damage liver 

and kidney cell functions in aquatic animals. 9 11 12 13   

The conventional wastewater treatment is based on physical, mechanical, biological and chemical 

processes. After the removal of large particles, the primary treatment takes place. During primary 

treatment, particles in suspension are removed by filtration, then sent to a secondary treatment 

facility. In secondary treatment, pollutants are biologically eliminated. The conventional processes 

are unreliable for completely eliminating the mentioned contaminates because, filtration and 

adsorption of contaminated from wastewater improves the quality of water to certain extant but, it 

creates post process waste. Therefore, causing a new stream of waste that are pollutant rich, and 

need to be further treated. In addition, some of the pollutants found in water are non-biodegradable, 

for which a tertiary treatment is required.  

Stringent regulations set by the United States Environmental Protection Agency (USEPA) to 

eliminate these potentially harmful compounds. As a result, advanced oxidation processes (AOPs) 

have been introduced. AOPs can be a potential tertiary treatment for the mentioned contaminates 

in wastewater. They are well known processes and extensive research around the world has been 

performed in improving these technologies.14 15 

There are several types of AOPs, such as O3, O3/H2O2/UV, photocatalysis, and 

O3/H2O2/photocatalysis. Among these, TiO2 is proven to be a promising technology. 2 16 17 18    

 

1.1.2 Heterogeneous Photocatalysis  

The details of the mechanism for heterogeneous photocatalysis is ongoing and uncertain.19 In 

general in photocatalytic reactions and all advanced oxidation processes utilize hydroxyl radical 

(𝐻𝑂.) formation. These radicals are strong enough to convert water pollutants to carbon dioxide, 

water and stable mineral acids. Photocatalytic treatment is not limited to water purification, the 
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process can be used to in air purification, self-cleaning surface, hydrogen generation, and other 

applications.20 

Heterogeneous photocatalysis uses semiconductors as a photocatalyst. There are different 

photocatalysts utilized in this process, among them TiO2 has been shown to have the highest 

effectiveness in removing harmful compounds.2 16 17 18  In addition, TiO2 is commercially available 

in various crystalline forms with a wide range of particle characteristics. It is nontoxic and photo-

chemically stable and can be reused for long period of time. The catalyst photo-activation can be 

achieved with a low-energy UV-A (300nm < λ< 390nm) light source. In addition, the surface of 

TiO2 can be modified to make the catalyst active under lower energy light, such as the solar light.8 

21 22 23  

Heterogeneous photo-stimulated catalysis presents a possibility in degrading toxic organic 

pollutants for environmental cleanup. There are numerous advantages of this technology compared 

to other AOPs and the conventional methods. They are but not limited to2 24 1) a complete 

mineralization of the organic contaminants without any pH adjustments or the use of harmful 

compounds such as O3 and H2O2 are possible, 2) the process can be carried out under the ambient 

conditions, 3) only require sufficient dissolved oxygen (or air) for continuing the redox reaction 

by scavenging electrons, 4) The photocatalyst TiO2 is chemically stable, can be reused and it can 

be modified to make it the catalyst active under lower energy light.  

 

1.1.3 Problem Statement 

In accordance with the principles of green chemistry, it is desirable to utilize processes that 

minimize energy consumption and minimize the use and generation of hazardous substances. 

Conventional water treatment does not meet this objective, since it involves high-energy 

consumption, uses hazardous chemicals such as chlorine (Cl2), hydrogen peroxide (H2O2) and 

ozone (O3), and generates waste streams. Catalytic technologies present an opportunity to improve 

the environmental sustainability of water treatment, particularly for treating chemical 

contaminants in water. By employing catalytic technologies whereby toxic contaminants adsorb 

on the catalyst surface and are transformed in situ (at the site) to non-toxic or substantially less 
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toxic compounds within the reactor. Since the reactions occur on surfaces through the interaction 

of adsorbed species, the reactions can be carried out with high yield and with greater control of the 

product distribution through the careful molecular design of the catalytic materials. This is 

particularly significant in water treatment, where contaminants may be found in trace amounts 

(parts per billion or parts per trillion level) resulting in very low reaction rates and a very low 

utilization of the photonic energy. These contaminants may be substantially concentrated as 

adsorbed species on catalytic surfaces resulting in higher reaction rates, far greater chemical 

conversions and improved process efficiencies. Consequently, there is great incentive to explore 

the potential for catalytic technologies for water treatment. 

Treatment processes for the removal of diclofenac and other mentioned contaminates from 

wastewater streams have been reported, together with their corresponding degradation rates alone 

in a mixture. 11  16  22  25 26    However, all these studies are not in depth investigations. More precisely, 

they deal with the effects of only a limited number of parameters such as initial concentration and 

catalyst loading. In addition, most data reported are overall rates and do not correspond to true 

intrinsic kinetics for these contaminates, meaning the reaction rate does not consider the mass 

transfer effect. For production of large industrial reactors for wastewater treatment the values 

reported are meaningless. Therefore, a fundamental experimental data investigated under 

conditions independent of a reactor type and design is necessary are missing.  

Catalytic technologies create the opportunity to reduce or eliminate the need for the addition of 

chemical reagents and improve the efficiencies of water treatment processes. If the water treatment 

process is catalytic, toxic waste is neither generated nor sequestered for further processing. It is of 

particular interest to generate the reactants (such as hydroxyl radical for example) in situ or to 

utilize the redox property of photocatalyst directly to avert the need for the addition of chemical 

reagents and to mitigate the requirement of downstream processing.   
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1.2 Thesis Overview  

This PhD dissertation follows the “the integrated article” format. The aims is to fill out the 

knowledge gap by proposing solutions by series experimental studies. A brief description of the 

content of the chapters are as follows:  

Chapter 2, provides a critical review on water pollution and treatment processes available. 

Chapter 3, outlines the main, and specific objectives of this of this research.  Chapter 4, is a 

research article entitled “Intrinsic Kinetic Study for Photocatalytic Degradation of Diclofenac 

under UV and Visible Light “describes the experimental study performed to determine true kinetic 

rate of DCF.  Chapter 5, is a research article entitled “Solar Degradation of Diclofenac using 

Eosin Y Activated TiO2: Cost analysis, Process Optimization and Parameter Interaction Study” 

describes the incorporation of a central composite design (CCD) to optimize the integrated factors, 

specifically dye concentration used to activate TiO2 under visible light source. In addition, a cost 

estimation of the present process was also proposed in this chapter.  Chapter 6, is another research 

study entitled “Solar Degradation of Diclofenac using Eosin Y Activated TiO2: Identification of 

DCF intermediates and toxicity analysis”. The chapter describes and proposes transformation 

pathways for DCF degradation under solar visible light, with eosin Y -TiO2 as catalyst. Chapter 

7, summarizes the key conclusions and suggests directions future work based on this study.  
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Chapter 2  

2 Literature Review 

2.1 Water Pollution 

An immediate problem facing humanity is the lack of clean and accessible water. About 70% of 

the earth’s surface is covered in water, however only 1% is accessible for human consumption.27 

Increasing industrialization, urbanization, global pollution, growth and climate change have 

increased the demand for potable water, and are contributing to the water crisis (was this same 

sentence in your intro as well?  Be careful not to repeat). Water crisis threatens our health and 

environment, therefore becoming a major social, economic, and political concern. In a world that 

faces increasing pollution and decrease in energy supplies, water pollution is an immediate and 

important challenge.  

Common water pollutants include organic and inorganic compounds, such as pharmaceuticals, 

personal care products, textile dyes, herbicides, pesticides and heavy metals (such as mercury, 

cadmium, silver, nickel, lead; noxious gases).7 28 These organic and inorganic contaminants can 

be found in  the ground, wells, and surface waters. 

 

2.1 Diclofenac  

Diclofenac (DCF) [2-(2,6-dichloranilino) phenylacetic acid] is ingested as a pharmaceutical 

active to reduce inflammation in patients, and is  one of the most heavily used non-steroidal anti-

inflammatory drugs (NSAIDs) around the world. In water sources, the main contamination 

pathways are identified to be through domestic use .29 Concentrations as high as 0.42 μgl-1 and 

5.45 μgL-1 are detected in surface water and the effluent streams of wastewater treatment plants 

(WWTPs) respectively. 30 31  DCF was believed to be the cause of the catastrophic decline of 

vulture populations in Western Asia (ng/l levels was reported to be able to inhibit cell proliferation 

by affecting their physiology and morphology). Recent research reported that sub-chronic 

exposure to diclofenac at ng/l levels could interfere with biochemical functions and cause tissue 

damage in fish. It presents the highest acute aquatic toxicity.32  Therefore, it increases the potential 

to harm organisms at a cellular level. The presence of 1 μg l-1 of DCF has been reported to damage 
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liver and kidney cell functions in aquatic animals.13 33 Furthermore, ingestion of DCF by birds 

results in death shortly after exposure to the contaminated source. 12 34   Its physical, chemical, and 

aquatic toxicity parameters are listed in Table 2-1. 

 

Table 2-1 Physical, chemical and aquatic toxicity parameters of DCF 3 9 

Drug Mol.Weight 

(g/mol) 

Vap.P 

(mmHg) 

Sol. 

(mgL-1) 

pKa 

(20oC) 

LogKow Henrys Const. 

(at m3/mol) 

EC50 

Daphnia Algae 

DCF 296.2 6.14 x10-8 2.37 4.1-4.5 1.9- 4.5 4.7 x10-12 22-68 72 

 Chemical Structure of DCF 

 

 

 

The potency or half maximal effective concentration (EC50) for DCF reported in the literature is 

considered to be very toxic to bacteria (EC50<1mg/L) and algae (EC50 =1-10mg/L). 30 As a result 

of significant risk it poses to the aquatic life, DCF is placed in the EU priority list of water 

contaminates. 35    

During the photodegeradation of DCF, new compounds form and are known as the intermediates 

or transformation compounds (TPs). 36  It is important to study this transformation pathways 

because the TPs might be more toxic to the environment compared to the model compound. 

Understanding and analyzing this pathway is an essential step for their environmental fate.37 38  As 

a result, extensive effort has been made by several authors to find effective solutions for 

elimination of DCF from water. The type of processes and the effectiveness of are listed in Table 

2.2 below.  
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Table 2-2 DCF removal efficiency in conventional and advanced processes 

 

 

 

 

 

 

 

 

 

 

 

2.2 Advanced Oxidation Processes (AOPs) as a Treatment 
Method 

Nanofiltration technologies, ultraviolet (UV) radiation, and advanced oxidation processes (AOPs) 

are known methods for removing contaminants in water.9  The use of membranes and filters trap 

contaminants removed from water, however the disposal process of these membranes and filters 

pose risks to the environment.49 50 In this regard, and AOPs are more reliable in the sense that the 

contaminants are converted into stable, harmless inorganic compounds such as carbon dioxide, 

water and mineral salts. There are several types of AOPs, such as ozone/hydroxide ion (O3/OH-), 

ozone/hydrogen peroxide (O3/H2O2), hydrogen peroxide/UV radiation (UV/H2O2/), ozone/UV 

radiation (O3/ UV), ozone/heterogeneous catalysts (HCO), and heterogeneous photocatalysis 

(UV/TiO2).
49  Among these, heterogeneous photocatalysis, using a semiconductor catalyst, 

particularly TiO2 is an emerging technology.23 50 51  Photocatalysis presents different advantages 

Process Removal (%) Reference(s ) 

 

Conventional 

  

Settling - Tanaka et al. 39 

Coagulation   

Fe2(SO4)3 66 Tuhkanen et al. 40 

Al(SO4)3 -  

Sand filtration 10 Vieno et al. 41 

Activated carbon 39 Vieno et al. 42/Westeroff et al.43 

Disinfection   

Cl2(up to 3.8mg/L) 80-95 Benotti et al. 44 

O3 (up to 1.5mg/L) >99 Vieno et al.42/Ternes et al.45 

AOPs   

Photolysis   

Solar 4 Tanaka et al.39/Canonica et al.46 

UV (254nm) 90-100  

UV/H2O2 >90 Yamashita et al. 47 

Photocatalysis   

TiO2/UV 100 Pe´rez-Estrada et al. 16 

Fenton   

TiO2/UV 100 Pe´rez-Estrada et al.16 

Sonocatalysis 35 Naddeo et al. 48 
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when compared to conventional methods. Advantages include 1) complete mineralization of the 

organic pollutants to CO2, H2O and mineral acids; 23  2) the process can be achieved without any 

pH adjustments or the use of toxic compounds such as O3 and H2O2 as it requires only dissolved 

oxygen (air); 16  3) TiO2 is inexpensive and it is commercially available in various crystalline forms 

with a wide range of particle characteristics. In addition, it is non-toxic, photo chemically stable 

and can be reused; 4) TiO2 can also be modified to further enhance its photo-catalytic activity; 5) 

a low-energy light source such as the UV-A is sufficient to promote catalyst activation; solar 

visible, full spectrum and UV-LED light could also be used as alternative sources of energy when 

the catalyst is suitably modified.2 3 21 

 

2.2.1 Fundamentals of Heterogeneous Photocatalysis and its Mechanism  

Illumination of a semiconductor or a photocatalyst by light (UV light, λ < 380 nm for example) 

results in the generation of electron/hole (e-/h+) pairs as a primary step in the photo-degradation 

process, Equation 1 (Refer to Figure 2.1 for schematic). As a result, oxidation-reduction reactions 

occur at the semiconductor surface. The majority of these e-/h+ pairs tend to recombine with the 

liberation of heat; however, in the presence of dissolved oxygen, the photo-generated conduction 

band electrons are trapped, resulting in the formation of a superoxide ion (O2
-) as shown in 

Equation 2. 

𝑃ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
𝜆 <380𝑛𝑚
→       𝑃ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 (𝑒− + ℎ+)                                                                        (2.1) 

𝑂2 + 𝑒
− → 𝑂2

−                                                                                                                           (2.2) 

Similarly, the photocatalyst surface-active 𝐻𝑂. group (electron donor), formed by the ionization 

of water molecule scavenges the valence band holes resulting in the formation of hydroxide 

radicals. 

ℎ+ + 𝑂𝐻− → 𝐻𝑂𝑎𝑑
∙                                                                                                                    (2.3) 

Or 
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ℎ+ + 𝐻2𝑂𝑎𝑑 → 𝐻𝑂𝑎𝑑
∙ + 𝐻+                                                                                                                  (2.4) 

 

 

Figure 2.1 UV Light Activated Photocatalytic Mechanism (TiO2 as the semiconductor) 

 

These reactions moderate the recombination rates and in turn enhance the photo-degradation rate. 

The organic molecules present in water react with the hydroxyl radicals formed, and are eventually 

oxidized to carbon dioxide, water and mineral acids, as depicted below (equation 2.5): 

 

𝑂𝑟𝑔𝑎𝑛𝑖𝑐𝑠 + 𝑝ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 + ℎ𝑣
𝐻𝑂∙

→  𝐼𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒𝑠 →   𝑀𝑖𝑛𝑒𝑟𝑎𝑙𝐴𝑐𝑖𝑑 → 𝐻2𝑂 + 𝐶𝑂2               (2.5) 

 

2.2.2 Application of Semiconductor TiO2 Photocatalysis 

TiO2 is a very well known and most utilized semiconductor studied around the globe because of 

its multidisciplinary nature. The diverse application of this material, and the principle of 

photocatalytic process taking place on the surface of TiO2 make it applicable to a wide range of 

technologies such a water purification for degradation of organic and inorganic pollutants in water 

bodies, such as for self-cleaning surfaces; materials coated on the surface of window blinds, titles, 

kitchen or bathroom.19 52 53 54 55   
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2.3 Green Detoxification of Environmental Pollutants 

Photocatalytic treatment of pollutant under UV light has been proven effective. In addition, it has 

made great progress since its start with the pioneer work of Fujishim and Honda photocatalytic 

water splitting.  Despite its effectiveness, UV light photocatalysis has its limitations. The UV light 

has a narrow wavelength which covers only 4% of the solar spectrum.  This means only 4% of the 

solar spectrum could be used as a source of energy for any application, and it will be a challenge 

in industrial applications. In comparison, solar visible light includes 46% of the solar spectrum. In 

addition, visible light source has a higher wavelength.  As per Planck’s law (E = h c/λ); with the 

use of higher wavelength the energy (larger wavelengths) is no longer sufficient to overcome the 

band-gap energy requirement for most semiconductors. Therefore, electron/hole (e-/h+) pair 

formation are not promoted. Therefore, two approaches can address this issue and improve 

response of TiO2 in the visible light region. The first involves an addition of dopants 

(cations/anions), coupling with other semiconductors. 21 22 56 49 The second strategy involves dye-

sensitization. It has attracted industrial interests in the fields of photography, photolithography, as 

well in solar cell for producing electricity. 

 

2.3.1 Selection of Semiconductors and Dyes 

The energy requirement for activation of a semiconductor depends on its characteristics. The 

minimum energy (light) wavelength (λmin) required to photo excite a catalysts depends on its 

bandgap energy. Table 2-3 gives band gap energies, as well as minimum wavelength for 

semiconductors extensively studied.  
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Table 2-3 Bandgap energy and λmin for various photocatalysts 5 7 

Photocatalyst(s) Bandgap (eV) λ min 

TiO2 (rutile) 3.0 413 

TiO2 (Anatase) 3.2 388 

Si 1.1 1127 

Fe2O3 2.2 564 

ZnO 3.2 388 

SnO2 3.5 354 

CdS 2.4 517 

ZnS 3.7 335 

 

High stability and performance of TiO2 has been proven. 52 57 It is widely availability, low cost 

and  it is nontoxic in nature.  In that regard, the photocatalytic activity of TiO2 for a variety of 

organic and inorganic compounds found in water has been documented in the literature.58 59 The 

semiconductors shown above are studied with different dyes. Thionine, eosin Y, rhodamine B, 

methylene blue, Nile blue A and Safranine O are different dyes studied with TiO2 catalyst for the 

degradation of pollutants under visible light.21 60 61  Natural extracted dyes from mulberry, blue 

pea, java palm, pomegranate seeds, cabbage, and rosella fruits are also studied and utilized in dye-

sensitization process.  62 63 64 65 In addition, successful application of dye-sensitized TiO2 in solar 

cell, and visible light induced detoxification of pollutants are reported in the literature .66 67 68 69 70  

Regardless of the type of dyes used, the semiconductor surface morphology and its  particle size 

ultimately affect the electron/hole (e-/h+) recombination and photocatalytic activity.71
  

In the decades to follow, more TiO2 catalyst modification will be forthcoming. In this research the 

focus is intended to utilize a dye in order to generate hydroxyl radicals with visible radiation.  
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2.3.2 Dye-sensitization  

2.3.2.1 Theory  

Dye-sensitization is the process by which a dye (organic or inorganic) is used to activate a large 

band gap semiconductor at a molecular level, under the visible light spectrum21 72  73 Tennakone 

et al. 74 performed the first experimental work utilizing dye sensitization technique. They used 

SnO2 electrodes with Ru metal-based polypyrideine complex dye. In step one, the adsorption of 

photon by the dye molecule resulting in formation of the excited states (equation 2.6).  The second 

step was the injection of the electron into the conduction band of the semiconductor (equation 2.7). 

Then the injected electron flowed through the semiconductor, and then through an external circuit. 

Therefore, the photon formed by the irritated light drives the electron through the semiconductor, 

and the external circuit to converting light to electrical energy source.  For the oxidized dye (dye*), 

an electron donor can be used to reduce it to its ground state (dye). An electron donor can be a 

molecule or redox couple in a regenerative cell. Their experiments demonstrated the dye 

sensitization mechanism of an n-type semiconductor electrode, such as TiO2. The process is known 

as anodic sensitization. A process is anodic when the dye molecule is adsorbed chemically on to a 

photocatalyst surface, where the adsorbed dye molecule acts as spectral sensitizer.72 Here the 

illuminated dye (with a visible light) can inject an electron into the conduction band of the 

semiconductor. Cathodic processes, on the other hand, occur when the adsorbed dye molecule 

injects holes into the valence band of a semiconductor.74  

 

𝐷𝑦𝑒 + ℎ𝜐 (𝜆 > 400𝑛𝑚) → 𝑑𝑦𝑒∗                                                                                                        (2.6) 

 

𝑑𝑦𝑒∗   →  𝑑𝑦𝑒+ + 𝑒𝐶𝐵
−  (𝑑𝑦𝑒 𝐶)                                                                                                            (2.7) 

 

The efficiency of the sensitization process depends on three factors 73 The nature of the dye 

molecule 

1. Type of semiconductor and the electrode interface 

2. Mediating redox electrolyte  

In the dye sensitization process, different binding of dye molecules to the surface of semiconductor 

TiO2 is proposed by Galoppini et al.75 They are all based on interaction mode of TiO2 surface and 
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–COOH group.  Other interaction and bindings include –P(O)(OH)2, COOR, -COX, COOM etc. 

Here R represents alkyl group. X, inorganic molecule such as Cl, Br etc. M can be Na, K etc.75 In 

last three decades, there have been several approaches in attaching dye molecule onto a 

semiconductor. Esterification or Si-CH2-CH2-NH-CO-dye linkages of xanthene dye molecule 

were proposed Matsumura et al. 76  Another study by Houlding et al.77 proposed colloidal TiO2 by 

eight hydroquinone for generating hydrogen from water under the visible light. In all these 

methods, the efficiency of the process depends on the band position of the semiconductor and the 

energy level of the dye.  

In recent studies it was reported that in the process of dye-TiO2 sensitization, the excited electron 

from the dye surface was not trapped on to the surface of the semiconductor, and was found to 

enter the bulk solution. Several authors explained the electron injection/excitation process that 

takes place during dye-sensitization mechanism, including the study performed by Willig’s group 

78  79 

 

2.3.2.2 Mechanism of Dye-sensitization  

In dye sensitization process, the dye molecule is known to adsorb on the semiconductor surface, 

forming a thin layer of film. This film then adsorbs visible light, and illumination excites the 

electrons in the dye as a first step; these electrons from the excited dye are then directly injected 

into the conduction band of the semiconductor, if and only if the energy requirement is met. Figure 

2.2 shows a schematic of the process.  

In general practice, the semiconductor is dipped into the dye solution in the dark. The 

semiconductor and the dye are then separated by simply washing it with alcohol or water. This 

step is necessary for the removal of unbound dye molecules. The semiconductor can then be dried 

in an oven or at room temperature. There are different variations of the process as reported 

throughout literatures. Variations include the use of different pH level of solutions to concentration 

of dye, and or incorporation of other compounds as an electron donor, all being important 

parameters for an efficient dye –sensitization process.  
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Figure 2.2 Photocatalytic mechanism under visible light  

 

2.3.3  Degradation of Dye 

Self-sensitized degradation mechanism61 is a process where the sensitized dye degrade in the 

process of other non-sensitizing dyes (such as acid blue1 (AB1)), or other compounds. In recent 

studies dyes such as AB1, methylene blue, thionine, and eosin Y were used to destroy non-

sensitizing dyes found in polluted water. 61 80 81 82 83  The efficiency of the process and the rate of 

degradation are influenced but not limited to the pH of the solution, catalyst loading, and type of 

semiconductor. The pH of the solution is specifically important because it influences the surface 

charge of the solutions. Thus, the adsorption behavior of the pollutants on to the semiconductor 

surface will depend on this parameter.  In literature Degussa P25 were reported to have the highest 

efficiency.81 82 A study performed by Jiang et al.84, where they synthesized a dye modified TiO2 

catalyst that show much higher activity than TiO2 alone as catalyst.  It was reported that in the dye-

sensitized TiO2 photocatalyst, the dye particles adsorbed on to TiO2 surface and forms no stable 

bonds. Therefore, this could lead to a decrease in photocatalytic activity since the bonds formed 

could easily be desorbed from the TiO2 surface.  Nonetheless, by dye-sensitizing, a semiconductor 

extend its activity on the solar visible region.  In addition, some authors also utilized natural dyes 
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as an alternative source for sensitization. 63 85 86 87  These dyes found in plants and fruits are but 

not limited to mulberry, cabbage, rosella, blue pea, chaste tree fruit, and pomegranate seeds.   

 

2.3.4 Application of dye degradation 

Recent studies reported many effective dye-sensitized degradation of compounds.  

Table 2-4 lists some of the main studies and their promising results. 

 

Table 2-4 Application of dye-sensitized degradation of dyes and compounds (organic and 

inorganic) 
Type Compound Conc.  Sensitizer/Photocatalyst Light source/ 

time 

Reference(s) 

Compounds CCl4 

 

3-4mM 

 

Silylated 

[RuII(pypzH)3]2+/TiO2 

Tungsten 

lamp/30 min 

Fung et al.88 

Trichloro-acetate 

(TCA) 

 

1mM ruthenium (II)complex Xe lamp/UV cut 

off filter/2hrs 

Bae & Choi 89 

Trichloro-ethylene 

(TCE) 

 

2-

500ppm 

Natural anthrocyanine dye-

TiO2  

 

Xe lamp/15- 

1440 min 

Alexander & 

Rosentreter 90 

Bromacil (BR) -

Pesticides  

 

30-

100ppm 

Methylene blue, Red  UV and Sunlight Muszkat et al. 
91 

Phenol 

 

100ppm Zn (II) and Co(II) 

tetracarboxphthalo 

cyanine/Pt/TiO2 

Halogen 

lamp/60min 

 

Granados O et 

al. 92 

Benzyl alcohol 

 

 Riboflavin, Safranine O, 

Methyl red,  

Eosin Methylene blue/TiO2 

P25 

Sunlight /75min Hussein et 

al.93 

Hydrazine 1mmol RuIII(EDTA)(H2O)-/Pt/TiO2 

P25 

Xe lamp/8h Chatterjee et 

al.94 
 
 
 

Dyes Acid blue (AB1) 25ppm Eosin Y, Thionine/TiO2 Xe Lamp/5h Chatterjee et 

al.61 95 

Chrysoidine Y 0.25mM Chrysoidine Y/TiO2 P25 Hg lamp/120min Qamar et al.81 

Methylene blue 50ppm Chrysoidine G/TiO2 P25 Metal halide 

lamp/12h 

Jiang et al.84  
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2.4 Photocatalytic Reactors 

The first step in any photocatalytic treatment is the activation of the semiconductor where the rate 

of initiation of the process is directly proportional to the radiation intensity of the energy source.  

Therefore, it is important to have a well-illuminated reactor in order to prevent dark zones. This 

ensures that the light distribution inside a photocatalytic reactor is not limiting the rate determining 

step of the reaction.  

 Design of an efficient photocatalytic reactor is the most challenging goal in photocatalytic process. 

It is of great technical importance to develop and design water and air treatment systems.96 97 98 99  

It is of great value, however difficult task to design, an efficient reactor for large scale industrial 

and commercial applications.  A photocatalytic reactor must provide good flow channeling to 

reduce the dead volume and high mixing, to minimize mass transfer resistance of pollutants to 

reach the activated catalyst surface. In that regard, optimization of photoreactor geometry, type of 

semiconductor, light source and operating conditions are all important considerations to reactor 

design.   

 

2.4.1 Photoreactor configuration 

For water treatment applications, a photocatalytic reactor must have the following characteristics:  

1. The photoreactor must be able to utilize UV or solar radiation.  

2. The light source can be external to the system or distributed by reflectors inside the 

reactor.96  

3. The semiconductor can in suspended form or immobilized on a surface.3 97   

4. The reactor must provide good flow channeling to reduce the dead volume 

5. Provide high mixing in order to minimize mass transfer resistance of pollutant to reach the 

activated catalyst surface. 

When a catalyst is suspended in the system, it provides larger photocatalytic activity as opposed 

to a reactor with an immobilized catalyst. 96 As a result, a great extent of reactors patented are 

slurry reactors, as well as classical annular form.100 Therefore, most of the kinetic studies presented 
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in the literature deal only with experimental data produced in slurry photoreactors. 96 97 A slurry 

system can provide uniform catalyst distribution with low pressure drop through the reactor. In 

addition to a high photocatalytic surface area to reactor volume with minimum mass transfer 

limitation. However, the disadvantages of such as system is its requirement for post process 

treatment, and in some cases it can be difficult to assess light scattering in the suspended medium.  

Immobilization of the catalyst generally reduces the overall performance of the photo reactor due 

to the mass transfer limitations and less catalyst irradiated area.97 However, there are some 

advantages to this type of system. It provides a continuous process, without the need for catalyst 

separation and post treatment. If a suitable support is provided, such as fiberglass sheets for the 

immobilization of the photocatalyst, the mass transfer limitation can be improved greatly3.  

In recent years, the effectiveness of reactors utilizing solar irradiation have given considerable 

attention.  However, most photocatalytic reactors using solar irradiations are slurry type 

processes.96 101 

 

2.4.2 Operating Conditions 

In a photocatalytic process, the degradation of organic pollutants depends on but is not limited to 

intensity of the light source, catalyst loading, pH, temperature, and amount of dissolved oxygen. 

The specific reasons for such dependence are explained as follows below.  

 

2.4.2.1  Light Intensity 

The electron/hole formation in a catalytic process need sufficient UV, or visible light. At high 

radiation intensities, a zero order dependency of the rate of degradation of the pollutant to light 

source can be observed.  However, in general, one can expect a linear trend which changes to a 

square root dependency of the photocatalytic reaction rate to the radiant flux at certain thresholds 

depending on the system. The activation threshold for TiO2 is reported to be at 388nm.21 62 101 
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Meaning UV light less than 388nm is required to activate TiO2. For Eosin Y dye a visible light 

source of at least 512nm is required for its activation. 3 

 

2.4.2.2  Photoreactor Geometry 

The geometry of a photoreactor is also very important. It must provide a good flow channeling to 

reduce the dead volume, high mixing, and should be able to minimize mass transfer resistance of 

pollutant to reach the activated catalyst surface. 96 97,98 103 23 100  

 

2.4.2.3  Catalyst Loading 

The amount of the photocatalyst is proportional to the overall photocatalytic reaction rate. This 

parameter also depends on reactor geometry, as well as type of catalyst in the system (immobilized 

or suspended particles).  3 51 104  

 

2.4.2.4  pH 

Depending on the pH of the system, the adsorption of the pollutant on to the catalyst surface 

varies. Therefore, it is important to know the surface charge or the isoelectric point of the 

photocatalyst. The point zero charge for TiO2 is found in the pH range of 4.5-7.0 21  

 

2.4.2.5  Temperature 

Below a temperature of 80oC in a photocatalytic system, a high adsorption of organic pollutants 

to the surface of TiO2 was reported 105 However, above 80oC temperature the rate of electron and 

hole recombination is increased in the systems, therefore, decreasing the rate of degradation. 



 

 

20 

 

2.4.2.6  Oxygen 

The amount of dissolved oxygen in a photocatalytic process prevents the electron/hole 

recombination. Meaning oxygen is an electron scavenger. Therefore, excess dissolved oxygen in 

the system ensures the recombination process and therefore is an important parameter to take into 

consideration. 50 51  

 

2.4.2.7  Initial Concentration of Pollutants 

In a photocatalytic process, the initial concentration of pollutant being treated is significant. For 

instance, the concentration of pollutants should not be excessive to prevent even saturation on the 

photocatalyst surface. This could saturate the catalyst surface and could prevent the activation by 

the light source, which is the essential part of a photocatalytic process.3 49 106   

 

2.5 Conclusions 

Water has become increasingly contaminated with toxic compounds, making water pollution an 

immediate and important challenge in the world. Water pollution reduces available amount of 

freshwater resources and earth will experience fresh water scarcity in the near future.  

Treatment processes for most water pollution, and for DCF from wastewater streams have been 

reported.  However, the studies are not in depth investigations, meaning the reaction rate report for 

most of these pollutants (including DCF) does not consider the mass transfer effect. Apparent rates 

are reported as opposed to true kinetics. Thus, for design and development of large scale reactor, 

true kinetic rate values that is independent of reactor geometry is significantly important. 

Obtaining a detailed systematic study (considering all operation parameters, such as flow rate, pH, 

etc.) and investigation of true kinetic of the photocatalytic degradation process under UV and 

visible radiation is needed. 

TiO2 photocatalysis can be an alternative green solution for water and wastewater treatment. In 

addition, this technology can be applied to other applications, such as hydrogen production and 
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self-cleaners. Application of TiO2 photocatalysis for a variety of organic and inorganic compounds 

has been well documented and proven effective in the literature. The limitation with using TiO2 

(in both forms) as a photocatalyst is the wide band gap energy requirement. This means only 4% 

of solar spectrum could be used as a source of energy for any application, making a challenge in 

industrial application. A shift to solar base photocatalysis, such as dye-sensitization could create 

economic and social benefits. Although, there are advantages when a photocatalyst are used in 

suspension in photocatalytic process as mentioned in this literature review. As an alternative, 

immobilizing the catalyst on a suitable support makes this process economically feasible without 

requiring a subsequent post process treatment.  Despite it creating certain limitations such as mass 

transfer resistance. However, finding a suitable support media for immobilization of the 

photocatalyst could eliminate some of the limitations.   
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2.6 Nomenclature 

DCF  Diclofenac, a model compound for this kinetic study 

EC50  Median Effective Concentration (required to induce a 50% effect) 

e-  Electron 

h+  Hole 

H2Oad  Adsorbed water molecule  

LogKow  Kow = concentration in octanol phase /concentration in aqueous phase 

OHad  Adsorbed hydroxide radical  

pzc  point zero charge of a catalyst 

PCPs  Pharmaceutical and personal care products 

EDCs  Endocrine disruptive compounds  

Greek Letters 

  Wavelength of incident light, nm 
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Figure 7.6 Morality rate of D. Magna after 24 and 48 hours of exposure to untreated and treated 

solution of DCF. Experimental conditions: Q = 1.15 x 10-5 m3/s, VL = 4 x 10-4 m3, pH = neutral; T 

= 298K, O2 saturated, [EY] =2mg/L, TiO2=85mg/L, solar light intensity=750W, and [DCF] 

=30mg/L  

 

 

7.3 Conclusions 

In order to eliminate post process treatment and reduce the cost of the process, the immobilized 

TiO2 on fiberglass sheets were assessed in terms of stability and reusability.  

22 different intermediate products were absorbed during the visible light photocatalytic 

degradation of DCF using EY-sensitized TiO2. 19 of the transformed products were identified by 

comparing the mass spectrums found in the literature. In this study, three more mass fragments 

were absorbed that were not found in the literature, and identification of these mass fragments are 

motivation for future work.  

Toxicity analysis of the treated and untreated samples of DCF were also assessed. The treated 

samples indicated an increase in toxic effect to D. magna compared to the untreated DCF solution. 

The treated DCF solution can be much more toxic because photodegradation of DCF contributes 

0 20 40 60 80 100

0

15

30

60

120

Morality rate of Daphnia magna (%)

T
im

e 
(m

in
)

48 hours 24 hours











 

 

147 

 

 
 
Scientific Contributions:  
 
 Hashim, N.; Natarajan, P.; Ray, A.K. Intrinsic Kinetic Study for Photocatalytic Degradation of 

Diclofenac under UV and Visible Light. Ind. Eng. Chem. Res. 2014  
 

 Hashim, N.; Thakur S.; Patang, M.; Crapulli, F.; Ray A.K. Solar Degradation of Diclofenac 
using Eosin Y Activated TiO2: Cost Estimation, Process Optimization and Parameter 
Interaction Study. Env.thec. (under review)  
 

 Hashim, N.; Alkhatib A.; Ray A.K. Solar Visible Light Degradation of Diclofenac using Eosin Y– 

sensitized TiO2: Toxicity analysis, Identification, and analysis of transformed intermediate 

products. Chemosphere. (in submission process)  

 

 Thakur S.; Hashim N.; Neogi S.; Ray A.K. Size dependent adsorption and conformational 
changes induced in bovine serum albumin (BSA) on exposure to titanium dioxide (TiO2) 
nanoparticles. Colloids and Surfaces A: Physicochem. Eng. Asp. (under review)  

 
 


