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تكون في غاية الصعوبة عند الصياغة ربما لأنها تشعرنا دوماً  بقصورها وعدم إيفائها حق من هداء دائماً هي سطور الإ

 نهديه هذه الأسطر واليوم تقف أمامي الصعوبة ذاتها

  

  واستقامة  ظهريإلى بطلي الأوحد.. إلى من قال لي يوما لاتكوني  مثلي لأفخر بكِ  فتعمدت أن أكون مثله  لأفخر بي

  والدي

  إلى من اكبر وانأ في نظرها صغيرة ً..إلى الغيمة  التي تحمل همومنا جميعا ولا تمطرنا إلا فرحا

 والدتي

إلى أخي ورفيق دربي في هذه الحياة ، .. إلى من رافقني منذ أن حملنا حقـائب صغيرة ومعه سرت الدرب خطوة بخطوة

  أي شيء  معك أكون أنا وبدونك أكون مثل

     إخوتي

  إلى من زالت ترافقني حتى الآن .. عندما أراد ا أن يضحك قلبي أرسلها إلي

     صديقتي 

. إلى صاحب القاعدة التي نرتكز عليها ونراه القدوة لنا الذي تميز بشخصيه قيادية متواضعة ، تعلمنا منه الحكمة والصبر

  لنا بأستاذ مثلكقد تكون شهادتي فيك أستاذي مجروحة لكن هنيأً 

 أستاذي
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 I 

Summary  

    In this work the synthesis of Au-doped and Pt-doped TiO2 

nanoparticles employing sol-gel methodology. The doping procedures 

based on chemical reduction and UV photodeposition. The morphology, 

composition, particle size and specific surface area of these synthesized 

nanoparticles have been characterized using several instrumental 

techniques namely, Scanning Electron Microscopy (SEM), Energy 

Dispersive X-Ray Spectroscopy (EDXS), X-Ray Diffraction (XRD), 

Transmission Electron Microscopy (TEM) and N2-adsorption Brunauer–

Emmett–Teller (BET) methodology. Au impregnated (2%) nano anatase 

TiO2 powder and Pt-impregnated (4%) nano anatase TiO2 were examined 

in photo decolourization of Orange G as dye environmental pollutant 

under visible light illumination and optimum operational conditions. 

    The effects of some experimental variables for the photodegradation of 

the OG by Au-TiO2 and Pt-TiO2 have been investigated including, initial 

solution pH, initial dye concentration, Au-TiO2 and Pt-TiO2 loading 

amounts, and visible light intensity. At optimum operational conditions 

for OG including pH = 3, 50 mg Au-TiO2 loading, and 10 mg/l OG, the 

value of the apparent rate constant, kapp , obtained has been  0.0123 min-1 

and the half life of the process, accordingly is equal to 56 min. Whereas, 

for Pt-TiO2 implying pH = 3, 40 mg Pt-TiO2 loading, and 10 mg/l OG, 

the value of the apparent rate constant, kapp , obtained has been 0.0746    

min-1, and the half life of the process, accordingly equals to 9 min. 

The kinetic studies for the photodegradation of OG have revealed that the 

process follows the pseudo first order pattern regardless of reaction 

conditions.  

 



 II 

The main process activation thermodynamic parameters namely, Gibbs 

energy, enthalpy and entropy were also deduced following the 

computation of photolysis activation energy employing the well known 

Arrhenius relation. 

Employment of Au-TiO2 revealed lower rate constant and longer half  life 

for OG degradation, while  Pt-TiO2 exhibited higher rate constant and 

shorter half life, i.e; better photocatalytic activity of Pt/TiO2 over 

Au/TiO2. 
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1.1 Advanced oxidation processes (AOP)  
  

    The typical environmental decontamination techniques involve 

classical methods such as coagulation, adsorption, ion flotation and 

sedimentation. All these techniques are many-sided and useful, but they 

all end up in producing additional products which need to be processed 

further [1]. Another set of techniques which are relatively newer, more 

powerful, and very promising is known Advanced Oxidation Processes 

(AOPs), which have been developed and employed to treat dye-

contaminated wastewater effluents [1-2]. 

   Dangerous organic wastes from industrial, military, and commercial 

operations represent one of the greatest challenges to environmental 

engineers. Advanced oxidation processes are replacements to the 

incineration of wastes, which has many disadvantages [3].  

  Advanced oxidation processes are techniques characterized by the 

generation of hydroxyl radicals (•OH), which are highly reactive and non-

selective substances used to degrade toxic organic compounds present in 

various media (such as wastewater and soil) [4]. AOPs include generation 

and subsequent reaction of hydroxyl radicals which can be used for the 

complete mineralization of many pollutants, like pesticides, 

pharmaceuticals dyes moieties that can not be oxidized entirely by 

traditional oxidants [5-6]. Hydroxyl radicals react normally with organic 

compounds via three types of reactions shown below: (1.1) hydrogen 

atom abstraction reaction; (1.2) electrophilic addition on double bond 

reaction; (1.3) electron transfer reaction [7]. 
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•OH+ RH    R• + H2O …………………(1.1) 

•OH+ ArX  HOArX• …………………..(1.2) 

•OH+ RX    RX•+ + HO-………………..(1.3) 

  

   where Ar an aromatic group and R represents an aliphatic chain. In the 

case of aromatic compounds, a hydroxylation of the ring might occur 

with a subsequent ring opening after successive •OH attacks, giving  place 

to organic acids or conjugated structures. In every case, the process can 

lead to the total mineralization of the compound [8]. 

   Hydroxyl radicals are secondary oxidants that can be generated from 

decayed ozone. They are stronger oxidizing agents than ozone itself, as a 

matter of fact, they are the most reactive oxidants utilized in water 

treatment having a standard reduction potential of 2.8 V see Table (1-1). 

Only fluorine gas has a higher electronegative oxidation potential, but it 

is not utilized in water treatment [9]. 

 

Table (1-1): Relative oxidation power of some oxidizing species [10]. 
 

Species *Eº (V, 25 ºC) 

Fluorine (F2) 3.06 

Hydroxyl radical (•OH) 2.80 

Atomic oxygen (O2) 2.42 

Ozone (O3) 2.07 

Hydrogen peroxide (H2O2) 1.78 

Perhydroxyl radical (HO2) 1.70 

Chlorine dioxide 1.57 

Hypochlorous acid (HClO) 1.49 

Chlorine (Cl2) 1.36 

Bromine (Br2) 1.09 

Iodine (I2) 0.54 

*Potential refers to the standard hydrogen electrode (SHE)  
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The first step in this cascade of 
oxidative reactions is for the hydroxyl 
radical to remove a H-atom from the 
methanol and form water H2O, 
leaving •CH2OH as a new radical 
which reacts with O2 

Note, ●OH is also required 
here and here 

All that is left in this 
example is water and the gas 
CO2, i.e. the methanol 
molecule has essentially 
disappeared 

Figure (1-1): Mineralization of methanol by AOP [11]. 

 

     Taking the simple compound methanol as an example, the equations 

below show how the molecule CH3OH is dissociated by •OH via 

intermediates to produce CO2 gas and water H2O Figure (1-1). The 

procedure with other more complex or larger molecules is similar but not 

always completely understood to date.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

 

 

 

 

Intermediates in this example  
Aldehyde, formaldehyde   

carboxylic acid and formic acid 

Organic compound CO2 + H2O 
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  Attack of the hydroxide radical on methanol in the presence of O2 

initiates a complex cascade of chemical reactions that requires a supply of 

●OH radicals and leads as in this example, to the vanishing of the 

contaminant. The issue of the possible production of intermediates in 

oxidation and AOP which may be more toxic than the original compound,  

if left un-oxidised, must always be considered. The generation of 

intermediates may be indicated by a color change or a change in pH. In 

theory, all organic compounds can be mineralized completely by some 

method or other but, costs might be expensive [11]. 

   The use of AOPs as a pre-treatment step to enhance the 

biodegradability of wastewaters can significantly reduce operational costs 

and increase the efficiency of the overall process. Therefore, determining 

the biodegradability and toxicity of intermediate species is a critical point 

in evaluating the possibility of photocatalysis to be employed as a pre-

treatment process [12]. 

      Advantages of Advanced Oxidation Processes are as follows [13];       

a) Rapid reaction rates.  

b) Potential to reduce toxicity and possibly complete mineralization of the 

treated organics.  

c) Does not produce materials that require further treatment such as 

"spent carbon" from activated carbon adsorption.  

d) Does not make sludge as with physical-chemical process or biological 

processes.  

     While the disadvantages of Advanced Oxidation Processes are, 

a) Capital Intensive.  

b) Complex chemistry must be tailored to the specific application.  
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    AOPs can be categorized by considering the phase where the process 

takes place. Hence, heterogeneous or homogenous processes can be 

differentiated. AOPs classification can also consider the different possible 

ways of hydroxyl radical production. In this way, non-photochemical and 

photochemical processes can be distinguished. Table (1-2) classifies 

some of the most important AOPs into photochemical and non-

photochemical processes [14, 15]. 
 

Table (1-2): Types and classification of advanced oxidation processes.  
 

Non-photochemical Photochemical 

Homogeneous processes 

•Ozonation in alkaline media 

(O3/HO−) , •(O3/H2O2) 

•Fenton (Fe2+ or Fe3+/H2O2) 

•Electro-oxidation 

•Electrohydraulic  discharge 

ultrasound 

•Wet air oxidation (WAO) 

•Supercritical water oxidation  

•Photolysis of water in vacuum 

ultraviolet (VUV) (λ ≤190 nm) 

•UV/H2O2(λ ≤ 300 nm) 

•O3/UV (λ ≤ 320 nm) 

•O3/H2O2/UV (λ ≤ 320 nm) 

•Photo-Fenton (Fe2+ or 

Fe3+/H2O2/UV)  

(λ ≤ 550 nm) 

Photoelectro-Fenton(λ ≤550) 

Heterogeneous processes 

• Catalytic wet air oxidation 

(CWAO) 

• Heterogeneous photocatalysis: 

ZnO/UV, SnO2/UV, TiO2/UV, 

TiO2/H2O2/ UV 
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1.2 Photocatalysis 

 1.2.1 Heterogeneous Photocatalysis 
 

   The initial interest in heterogeneous photocatalysis started in 1972 

when the photochemical dichotomy of the water into hydrogen and 

oxygen utilizing TiO2 was shown to be possible [16]. From that date, 

broad work has been carried out to produce hydrogen from the water by 

this novel oxidation-reduction reaction using a variety of semiconductors.  

Furthermore, the heterogeneous photocatalysis has been examined and 

explored extensively by several researchers as a potentially viable 

alternative to classical "best" technologies for both environmental 

detoxification and for energy production [17], additionally it includes the 

increasing speed of photoreaction in presence of semiconductor 

photocatalyst [18]. Moreover, heterogeneous photocatalysis, which is a 

kind of AOPs, has been considered as a cost effective alternative for the 

purification of dye containing wastewater. Additionally, late studies have 

shown that photocatalysis can be utilized to mineralize organic 

compounds or degrade dyes under UV irradiation [19]. If the 

semiconductor remains intact and the charge transfer to the adsorbed 

species is continuous and exothermic, the process is termed 

“heterogeneous photocatalysis” [20]. 

     A semiconductor consists of the highest occupied energy band, called 

the valence band (VB) and the lowest empty band, called the conduction 

band (CB). The difference energy between these two levels is called the 

band gap energy (Eg). Without light excitation, both the electrons and 

holes are in the valence band. When semiconductors are energized by 

photons with energy equal to or larger than their band gap, electrons get 

energy from the photons and are thus promoted from VB to CB with 

simultaneous generation of holes in the valence band.  
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The reaction is simply expressed as: 

 

TiO2 + hν  TiO2 (e
- CB + h+ VB)  Recombination  ……(1.4) 

h+ VB + Dads  D+
ads ………………………………………..(1.5) 

e- CB + Aads  A–
ads ……………………………………...…(1.6) 

where Dads are donors and Aads are acceptors[21]. 

 

     Titanium dioxide has a wide band gap, 3.2 eV, which can only absorb 

ultraviolet light with wavelengths of 387.5 nm or less [22]. When 

excitation of the semiconductor happens across the band gap, there is a 

sufficient lifetime, in the nanosecond regime, to create the electron-hole 

pair to undergo charge transfer to adsorbed species on the semiconductor 

surface from solution or gas phase contact [23]. Hence, the initial 

procedure for heterogeneous photocatalysis of organic and inorganic 

compounds is initiated with the photogeneration of e
-
 - h+ pairs in the 

semiconductor particles. The quantity of photogenerated electron-hole 

pairs (e
-
 - h + ) depends on the semiconductor band structure and effective 

intensity and also on the energy of the incident light. Upon excitation, the 

fate of the separated electron and hole can follow few pathways [24]. The 

electrons and holes can migrate to the semiconductor surface where they 

are able to undergo charge transfer process with adsorbed species. 

Generally at the surface of the semiconductor, the photogenerated 

electrons can reduce an electron acceptor, usually oxygen in an aerated 

solution and the photogenerated holes can oxidize an electron donor [25] 

and further, the electron transfer process is more effective if the species 

are distributed on the surface. The probability and rate of the charge 

transfer reactions for electrons and holes depends on the respective 

positions of the band edges for the conduction and valence bands and the 

redox potential levels of the adsorbate species.  
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Figure (1-2): Photo-excitation of a semiconducting metal oxide particle (a) and 

the de-excitation events; (b) electron-hole recombination within the 

semiconductor bulk, (c) oxidation of surface adsorbed electron donors, (d) 

reduction of surface adsorbed electron acceptors and (e) electron-hole 

recombination at the semiconductor surface [27]. 

 

   The photocatalytic events are illustrated in Figure (1-2) [26, 27].  

Recombination of the separated electron and hole can happen at the 

surface (pathway A) in the volume of the semiconductor molecule 

(pathway B) or with the release of heat [27].  
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1.2.2 Homogeneous Photocatalysis 
 

    In homogeneous photocatalysis, the catalyst and the reactants are in the 

same phase. For instance, the ozonation of water to degrade organic 

materials, where ozone (O3) acts as a direct photocatalyst that is separated 

upon UV illumination and generates •OH radicals after reacting with 

water [28].The interest of homogeneous photocatalysis for researches is 

to study the degradation of toxic water pollutants. In this respect, can note 

that the most effective oxidation of organic contaminants can be obtained 

with the generation of a powerful oxidizing reagent, such as •OH or other 

radicals like atomic oxygen, anionic oxygen, superoxide anion and 

peroxyl radical [29]. The most usually used homogeneous photocatalysts 

include ozone and photo-Fenton systems (Fe+2 and Fe+2/H2O2). The 

reactive species is the •OH which is utilized for various purposes. Some 

of the examples of homogenous photocatalysis: Ultraviolet lamp (UV), 

O3/H2O2/UV and Photo-Fenton process [30]. 

    The Combination of O3 with UV accomplishes a net enhancement of 

dyes degradation due to a direct and indirect generation of hydroxyl 

radicals following O3 decomposition and H2O2 formation, respectively as 

shown below [31]. O (1D) is the excited oxygen atom (also known as a 

doublet multiplicity free radical). 

 

O3 + hν  O2 + O (1D) ………………….………….…(1.7) 

 O (1D) + H2O  •OH + •OH ………….………………(1.8) 

O (1D) + H2O  H2O2 …………………………………(1.9)  

H2O2 + hν  •OH + •OH ……………………………....(1.10) 

 

   The following processes are considered as homogeneous catalytic 

processes due to the catalytic role of iron in Fenton reagent, Eqs.(1.11-

1.13). 
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Fe2+ + H2O2  •OH + Fe3+ + OH− …………………..… (1.11)  

Fe3+ + H2O2  Fe2+ + HO2
• + H+ ……………………... (1.12)  

Fe2+ + • OH    Fe3+ + OH− …………………..……….. (1.13) 

    

   Generated hydroxyl radicals play a major role in the degradation of 

organic pollutants. In photo-Fenton type processes, additional sources of 

hydroxyl radicals should be considered: through photolysis of H2O2, Eq. 

(1.14), and through reduction of Fe3+ ions under UV light, Eq.(1.15) [32]. 

 

H2O2 + hν→ •OH+ •OH ………………….………..…… (1.14) 

 Fe3+ + H2O + hν→ Fe2+ + •OH + H+ ………………….. (1.15) 

 

   The efficiency of Fenton type processes is impacted by several 

operating parameters like concentration of hydrogen peroxide, pH and 

intensity of UV light. The main advantage of this process is the ability of 

using sunlight with light sensitivity up to 450 nm, thus avoiding the high 

expenses of UV lights and electrical energy. These reactions have been 

proven more effective than the alternate photocatalysis but the 

disadvantages of the process are the low pH values which are required, 

since iron precipitates at higher pH values and the fact that iron must be 

removed after treatment [33]. 

 

1.3 Dyes as environmental pollutants 
 

   Textile and other industrial dyes constitute one of the biggest groups of 

organic compounds that represent an expanding ecological danger. About 

1–20% of the total world production of dyes is lost during dyeing process 

and is accordingly released in the textile wastewaters [34].  
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  Different types of dyes are utilized in many industries such as textile, 

paint, ink, plastics and cosmetics. There are various classes of dyes such 

as acidic, basic, neutral, azo, disperse, direct…. etc.  Out of these dyes, 

azo dyes are most frequently utilized [35].  

Azo dyes represent more than half of all dyes in common use because of 

their chemical stability and versatility, and most of them are non-

biodegradable, toxic and potentially carcinogenic in nature [36].  

However, even if dyes are not toxic, the toxicity of their by-products has 

to be considered. Certainly, dyes degradation ends with aromatic amines, 

which are known to be toxic [37]. Dyes can be classified into anionic, 

cationic, and nonionic dyes. Anionic dyes include direct, acid and 

reactive while the cationic dyes are basic dyes [38].  

   Dyes embrace a wide variety of structural types  depending on the 

precise nature of  electron acceptor (A)  and electron donor (D) groups 

and can be subdivided into three main categories [39]:  anionic (z = - 1), 

cationic (z = + 1) and neutral (z = 0). Cationic dyes are positively charged 

and the most important group of this type of dye contains nitrogen atoms 

in both the D and A groups. On the other hand, a characteristic feature of 

anionic dyes is the presence of at least one sulfonate (-SO-
3) groups, 

usually as sodium (Na+) salts. These groups ensure that the dyes carry a 

negative charge [40].  

    Azo dyes absorb light in the visible spectrum due to their chemical 

structure, which is described by one or more azo groups (–N=N–). Mono 

azo dyes (N=N) imply only one double bond while diazo and triazo dyes 

contain two and three (N=N) double bonds, respectively [41].          

Figure (1-3) illustrates the molecular structures of three examples for 

mono, di and tri azo dyes.  
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Figure (1-3): The molecular structures of (a) mono azo dye Orange G (b) 

di azo dye Reactive black 5 ( c) tri azo dye direct blue 71  

 

( a )  

( b )  

( c )  

 

 

 

 

 

 

 

 

 

 

 

 

   A dye molecule composes of nucleophiles which are referred to as 

auxochromes and aromatic groups (benzene and naphthalene rings) which 

are called chromophores. Together, the dye molecule is often described as 

a chromogen.  Synthesis of most azo dyes includes diazotization of a 

primary aromatic amine, followed by coupling with one or more 

nucleophiles. Amino and hydroxy groups are usually used coupling 

components [42]. 
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    All aromatic compounds absorb electromagnetic energy but only those 

that absorb light with wavelengths in the visible range (400-700 nm) are 

colored. Dyes include chromophores, electron systems delocalized with 

conjugated double bonds, and auxochromes, electron withdrawing or 

electron donating substituents that cause or intensify the color of the 

chromophore by altering the general energy of the electron system [43]. 

 

  The most important chromophores are azo (–N=N–), carbonyl (–C=O), 

nitro (–NO2), and methine (–CH=) and quinoid groups.   To summarize 

the groups which are necessary for generation of color are called 

chromophores and the groups which improve the color are known 

auxochromes; examples contain: –OH, -NHR, -NR2, -COOH, -NH2, and  

-SO3H groups [44]. 

 
1.4 Hydroxyl radical chemistry 

 
    In chemistry, radical is an atom, molecule or ion that has unpaired 

valence electrons. Radicals and radical pairs often assume a very 

important role as intermediates in thermal, radiation, and photochemical 

reactions [45]. The hydroxyl radical (• OH) is one of the most powerful 

oxidizing agents, able to react unselectively and instantaneously with the 

surrounding chemicals, including organic pollutants [46]. The mechanism 

detailed of the OH radical generation has not been experimentally cleared 

up yet, because it is difficult to detect •OH due to its short lifetime and 

high reactivity [47]. Figure (1-4) shows some extraordinary 

characteristics of ·OH that make AOPs a powerful method for the 

removal of refractory compounds [48]. 
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Table (1-3) compares the reaction rates of different organic contaminants 

with ozone and the hydroxyl radical. The hydroxyl radical reacts 

normally a million to a billion times faster than hydrogen peroxide and 

ozone, resulting in greatly reduced treatment costs and system size [49].  

 

Table (1-3): reaction rate constants (k, in mol-1.s-1.L) of ozone vs. 

hydroxyl radical [50]. 
  

Compound O3 
OH 

Chlorinated Alkenes 10-1 to 103 109 to 1011 

Phenols 103 109 to 1010 

N-containing Organics 10 to 102 108 to 1010 

Aromatics 1 to 102 108 to 1010 

Ketones 1 109 to 1010 

Alcohols 10-2 to 1 108 to 109 

Alkanes 10-2 106 to 109 

  

 

Figure (1-4): Features of hydroxyl radical [48]. 
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 From Table (1-3) it can be seen that chlorinated alkenes treat most 

effectively because the double bond is very susceptible to hydroxyl 

attack. Saturated molecules as mentioned before have smaller rate 

constants and therefore are harder to oxidize [51]. 
 

    The oxidation potentials of molecular hydroxyl radicals and ozone are 

2.80 and 2.07 V, respectively. Molecular ozone reactions are selective to 

the organic molecules having nucleophilic moieties such as aromatic 

rings, carbon-carbon double bonds and the functional groups bearing 

sulfur, nitrogen , phosphorus and oxygen atoms, whereas, hydroxyl 

radicals reactions are non-selective toward different inorganic and 

organic compounds through electrophilic addition, radical-radical 

reactions, hydrogen abstraction and electron transfer reactions [52].  

Upon UV light irradiation (Figure 1-6), electron-hole pairs are formed in 

the nanocrystal titanium dioxide photocatalyst semiconductor. Holes are 

positive charges, which when in contact with water molecules, generate 

•OH and H+ ions. Electrons react with disintegrated oxygen to form 

superoxide ions (O2
−• ), which react with water molecules to generate  

peroxide radicals (•OOH) and hydroxide ions (−OH). Peroxide radicals 

consolidate with H+ ions to form −OH and •OH, and holes oxidize −OH to 

•OH. Thus, all species at last facilitate the formation of •OH, and these 

radicals attack the contaminations present in the aqueous solution as 

indicated in the following Eqs. 1.16–1.19 [53, 24]: 
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TiO2 + hv  TiO2 ( e
−cb + h+ vb) ……………………..…..(1.16) 

e− cb + O2  O2
•− …………………………………..………(1.17) 

h+ vb + 2H2O  •OHfree + H+ ………………………..….…(1.18) 

h+  vb + −OHads
   •OHads ……………………………….....(1.19) 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

1.5 Surface plasmon resonance (SPR)  
 

   The basis of the localized surface plasmon resonance (LSPR) effect has 

been described in a recent review by Hafner and Mayer [54], and the 

detailed illustrations of the mechanisms of the plasmonic enhancement to 

photocatalysis have been shown by Zhang et al. [55]. These two surveys 

provide an understanding of the physical principles of the SPR [56]. 

Localized surface plasmon resonance (LSPR) is an optical phenomena 

produced  by a light wave trapped within conductive nano particles (NPs) 

smaller than the wavelength of light.  

 

 

 

 

 

Figure (1-6):  Photocatalytic production of hydroxyl radicals [53]. 



 Introduction                                                                           Chapter One 

 17

  

  Figure (1-7): Schematic diagram illustrating a surface plasmon resonance  [58] 
 

  The phenomenon is a result of the interactions between surface electrons 

in a conduction band and the incident light [57]. At the point when a 

small spherical metallic nanoparticle is irradiated by light, the oscillating 

electric field causes the conduction electrons to oscillate coherently. This 

is schematically shown in Figure (1-7) [58].  

 

 

 

 

 

 

 

 

 

 

 
 

   Light in resonance with the surface plasmon oscillation causes the free 

electrons in the metal to oscillate. As the wave front of the light passes, 

the electron density in the particle is polarized to one surface and 

oscillates in resonance with the light’s frequency making a standing 

oscillation. The resonance condition is determined from absorption and 

scattering spectroscopy and is found to depend on the dielectric constants,  

shape, particles size, and of both the surrounding material and the metal 

[59]. The SPR band is stronger for plasmonic nanoparticles (noble metal, 

especially Au and Ag) than other metals because of d-d band transitions, 

the plasma frequency is pushed into the visible part of the spectrum [57].  

Figure (1-8) shows the extinction cross-section for various metal  NPs 

with 10 nm in size.  
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Figure (1-8): The extinction cross-section and corresponding resonant 

wavelength for isolated metallic nanoparticle with 10 nm in size [60]. 

  It is noted that for noble metal NPs (such as Au, Ag)  the extinction 

cross section can be up to 10 times their geometrical section; that is, the 

NPs are capable of absorbing and scattering photons with a relative high 

excitation cross-section in the visible regime. 

 

 

 

 

 

 

 

 

 

 
     

 In addition, these two metals are chemically inert in addition to 

processing a high charge carrier density. Thus, both Au and Ag NPs are 

frequently utilized as an essential part of plasmonic composites [60]. 

   The noble metal-TiO2 composite photocatalyst forming a Schottky 

barrier delay the electron-hole recombination and generates oxygen 

radicals by means of photogenerated electron capturing reduction 

reaction, increases the photocatalysts efficiency. [61]. 

    The synergetic promotion effects of Au particles on the photocatalytic 

activity of titanium dioxide are represented in Figure (1-9). Electrons in 

large AuNPs are excited by LSPR and transferred to the conduction band 

of adjacent TiO2, during which the local electric field of adjacent TiO2 

and separation of e-–h+ pairs are enhanced. Meanwhile, little Au 

nanoparticles on TiO2 can act as efficient co-catalysts and trap the photo-

excited electrons from the conduction band of TiO2 [56]. 
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Figure  (1-9): The whole mechanism for LSPR affects the photocatalytic [62]. 

activity of Au/TiO2 under UV-Vis light irradiation. 

   Under UV-visible light illumination, triple synergetic promotion effect 

on the separation of photogenerated  electron–hole pairs over TiO2 by 

gold deposition with both large and small particles can be achieved [62]. 

 

 

 

 

 

 

 

 

 

 

 

 

1.6 Precious metal doping  
 

    Among different semiconductors, titanium dioxide photocatalyst was 

considered as one of the most demanding catalyst due to its chemical 

stability, optical and electronic properties, low cost, non-toxicity, easily 

available, and efficient photocatalytic activity [34]. There are two types 

of problems which limit the photocatalytic activity of TiO2: firstly, the 

fast recombination rate of photogenerated electron-hole pairs results in a 

low photocatalytic reaction rate. Secondly, due to its large band gap      

(Eg = 3.2 eV), it can be photoactivated only in the ultraviolet region (~380 

nm). Therefore, only about 5% of the solar energy can be used for 

photoexcitation of this material [63]. Titanium dioxide nanoparticles 

modified with precious metals have been extensively employed in 

photocatalytic water decontamination process [64].  
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  Noble metal particles can be deposited onto the catalyst’s surface by 

either photoreduction, sonochemical method or chemical reduction (in 

liquid phase with e.g., hydrazine or sodium borohydride). The size and 

amount of noble metal particles on the titanium dioxide surface are very 

important factors that can influence the general activity of the catalyst. 

Larger quantities of metal particles on the titania can block the active 

sites and a large amount of metal deposits can decrease charge carrier 

space distance which leads to expand electron-hole recombination rates 

[65]. Transition metal ion doping and rare earth metal ion doping have 

been widely experimented to enhance the photocatalytic efficiency.  Choi 

et al.[ 66] exhibited a systematic investigation on the influence of  21 

types of metal ion doping to titanium dioxide. The incorporation of metal 

ion into the lattice of TiO2 enables the visible-light absorption by 

generating of impurity energy levels in the Eg as indicated in reactions 

(1.20) and (1.21). 

 

Mn+ + h+  M(n+1)+ + e− cb…………………………. (1.20)  

Mn+ + h+  M(n−1)+ + h+ vb…………………………. (1.21)  

 

   where M and Mn+ represent metal and metal ion dopant, respectively. 

Besides, the e− transfer between metal ion and TiO2 can retard the 

recombination of photogenerated e−/h+ (reactions 1.22 and 1.23)  

 

Electron trap : Mn+ + e− cb→ M(n−1)+ ………………. (1.22)  

Hole trap : Mn+ + h+  vb → M(n+1)+ ………………...... (1.23)  
 

  The energy level of  Mn+/M(n−1)+ must be less negative than the CB edge 

of TiO2 while the energy level of Mn+/M(n+1)+ must be less positive than 

that of VB edge of TiO2 [67].  
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  The doping of TiO2 with transition metal ions, for example Cu, Fe, V, 

Mn, Ni, Co, and Cr, are mostly unsuccessful to start efficiently the 

photocatalytic reaction under visible light illumination, because the 

doping sites may become reactive centers for rapid charge recombination. 

However, the surface or bulk modification of TiO2 by noble metal ions 

(Chloridized Rh3+, Pt4+ and Au3+) can generate a visible active center for 

the degradation of organic pollutants [23]. 

  Since the photocatalytic activity of the doped TiO2 photocatalyst 

depends on different experimental conditions, preparation methods, 

nature and concentration of the dopants ion, it is very difficult to compare 

the results reported for doped samples [68]. The noble metal 

nanoparticles coupled with the semiconductor photocatalysts could 

behave as electron sinks to efficiently separate the photogenerated 

electron-hole pairs [69].  As the Fermi levels of these noble metals are 

lower than that of titanium dioxide, photo-excited electrons can be 

transferred from a conduction band to metal particles deposited on the 

surface of TiO2. While photo-generated valance band holes stay on the 

TiO2. These activities greatly reduce the possibility of electron-hole 

recombination, resulting in efficient separation and stronger 

photocatalytic reactions [70]. 

  Gold is a noble metal that does not suffer corrosion under photocatalytic 

conditions, it can be prepared strongly anchored on the titania surface and 

it exhibits a characteristic surface plasmon band in the visible region 

because the collective excitation of electrons in the gold nanoparticles 

[71]. 
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 Figure (1-10): Mechanism of photocatalytic action of Pt-TiO2 

nanaoparticles under visible light irradiation [73]. 

    One of the most active metals for photocatalytic enhancement is 

platinum (Pt), which can generate the highest Schottky barrier among the 

metals that facilitate electron capture..  The capture of electrons by Pt is 

postulated to generate a longer electron–hole pair separation lifetime [72], 

Schottky barrier is a potential energy barrier for electrons formed at 

a metal–semiconductor junction.  Therefore,  prevent the recombination 

of electron– hole pairs and enhance the transfer of holes and possibly 

electrons to O2 adsorbed on the TiO2 surface. Afterwards, excited 

electrons migrate to the metal, where they get trapped and the      

electron–hole pair recombination is suppressed [73] as it is illustrated in              

Figure (1-10). 
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Figure (1-11): schematic overview of both reductive and oxidative 

photodeposition [76]. 

1.7 Photodeposition of metal ions 
 

     Photodeposition has been utilized to recover noble metals, to remove 

metal cations from aqueous effluents, and to prepare metal-supported 

catalysts and photocatalysts ever since Bard et al. [74], reported it in 

1978. The illumination of a semiconductor powder (e.g., TiO2) with UV 

light results in the reduction of metal cations having appropriate redox 

potential by the photoexcited electrons, creating metal particles on TiO2 

[75]. We can distinguish between two types of photodeposition: oxidative 

photodeposition and reductive photodepostion.  A schematic overview of 

both reductive and oxidative photodeposition is depicted in Figure (1-11)  

[76]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  Heterogeneous photocatalysis utilizing TiO2 has been proven to 

effectively degrade a great number of organic pollutants in air and 

wastewaters, being a promising environmental cleaning technology, 

especially for low levels of contaminants. In photocatalysis, deposition of 

noble metals, such as Au, Pt or Ag, over TiO2 has been utilized for many 

years as a means for improving the photocatalytic activity of this 

photocatalyst [77].  
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  In most studies on Au/TiO2 plasmonic photocatalysts, the 

photodeposition technique was used for loading Au nanoparticles on the 

TiO2 support. This method uses photogenerated electrons for reduction of 

the Au source. Since Au nanoparticles are believed to be formed on 

“reduction sites” of the TiO2 surface, effective photocatalytic reduction is 

expected for prepared Au/TiO2 [78].  

   Another possibility for the producing of noble metal nanoparticles is the 

addition of a reducing agent to the solution containing the noble metal 

precursor, e.g. hydrazine, ascorbic acid, citrate, or sodium borohydride. 

The effectiveness of the catalyst depends strongly on the amount of noble 

metal loaded onto the TiO2 surface. The active sites of the catalyst can be 

blocked if there are too numerous metal nanoparticles on the surface, 

while if the metal content is too low, the desired activity enhancement 

might not be achieved [79]. 

 

1.8 Literature survey  

     Dopants, such as transitional metals have been added to the TiO2 

catalyst to improve its response, to reduce the recombination of 

photogenerated electrons and photogenerated holes and to induce a batho-

chromic shift, i.e., a decrease of the band gap which results in more 

visible light absorption. [1]. Tanabe et al. [80] stated that the addition of 

dopants may influence the suspension properties such as agglomeration 

behavior of particles due to alteration of the net surface charge on the 

particle.  

  According to the model proposed by Zhou et al. [81] the formation rates 

of hydroxyl radicals, and photocatalytic decolorization of Rhodamine-B 

aqueous solution were significantly enhanced by those embeded Au 

nanoparticles in the Au-TiO2 nanocomposites due to surface plasmon 

resonance of Au nanoparticles. 
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   Masakazu and Takeuchi [82] employed Electron Spin Resonance  

signals to investigate electron transfer from TiO2 to Pt particles in Pt 

doped TiO2 powder. It was found that Ti+3  signals increased with 

irradiation time and the loading of Pt reduced the amount of Ti+3 . This 

observation indicates the occurrence of electron transfer from TiO2 to Pt 

particles.  

   As accumulate electrons on the noble metal particles, their Fermi levels 

shift closer to the conduction band of TiO2 resulting in more negative 

energy levels [70]. The removal of OG increased from 36.3 to 78.3% by 

decreasing initial concentration OG from 125 to 50 mg/L. This trend is 

due to the availability of fixed adsorbent sites for a fixed amount of 

adsorbent  reported by Roy et al. and Z. Barzgari et al. [83-84]. For 

higher concentrations, the ratio of adsorbent sites to dye species 

decreases, which leads to the decrease in removal percent. 
 

Thennarasu et al. [85] reported that the degradation efficiency of OG 

slowed down on increase of the initial pH from 7.0 to 10. The reason for 

lower percentage degradation of dye molecules in the range of acidic pH 

may be that more H+ ions are available for the adsorption to mask the 

surface of the catalyst thus preventing the photoexcitation of 

semiconductor particles, thereby reducing the generation of free radicals.  
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1.9 Scope of the work 
 

In the present work the first purpose has been impregnation of nano 

anatase TiO2 with different levels of Au or Pt abundance employing 

photodeposition technique by means of UV irradiation and chemical 

reduction methodologies exploiting various reducing agents. The second 

objective was planned to investigating the impacts of several operational 

parameters namely, initial pH of photocatalysis media, visible light 

illumination time, initial concentration of the Orange G model dye (OG), 

doped TiO2 loading, Au or Pt content, visible  light source intensity and 

temperature on the photocatalytic degradation of OG.  

In addition, the characterization of the prepared doped anatase Au-TiO2  

and Pt-TiO2 nano photocatalysts has been another objective implying  

the morphology, composition, particle size and specific surface area using 

several instrumental techniques namely, Scanning Electron Microscopy 

(SEM), Energy Dispersive X-Ray Spectroscopy (EDXS), X-Ray 

Diffraction (XRD), Transmission Electron Microscopy (TEM) and N2-

adsorption Brunauer–Emmett–Teller (BET) methodology. The kinetic 

and thermodynamic studies for the photocatalysis of OG dye have also 

been one of the aims of this research work as well. 

    

  
  
  
  
  
  

 



 

 
 

Chapter Two 
Experimental Part 
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2.1 Chemicals 

Table (2-1): The following chemicals were used throughout this 

research work. 

Source  Purity Material 

BDH 99.5 %  (NH4)2 SO4.FeSO4.6H2O  

HW  99.6 % H2C2O4.2H2O 

Riedel-Dehaen 99 % FeSO4.7H2O 

Riedel-Dehaen  98 % CH3COONa 

BDH 97 % 1-10 phenanthroline  

Fluka 99.5 % Isopropanol alcohol 

Aldrich 99.7 % Ti-isopropoxide 

Fluka 99 % Orange G   

Aldrich  99.95% H2PtCl6  

ABCR GmbH  99.99 % HAuCl4.3H2O 

Aldrich 99.7 % TiO2 

Fluka 96 %  NaBH4  

Sigma-Aldrich 99 % Sodium citrate tribasic dihydrate 

Fluka 99 % 
- Ketoglutaric acid 

2-Oxoglutaric acid)(  

Analyt 99 % Acetone 

Fluka 97 % Ethanol 

Scharlau 50 % wt/wt H2O2 

Himedih  98% H2SO4  
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2.2 Procedures 

2.2.1 Preparation of Potassium Trisoxalatoferrate(III) Trihydrate.  

1- Weigh about 5 g of (NH4)2 SO4.FeSO4.6H2O was weighed in a 125 ml 

Erlenmeyer flask and dissolved in 20 ml hot nanofiltered deionized water 

(NFDW) and finally 1 ml of 3M H2SO4 was added. 

2- About 2.5 g of oxalic acid (H2C2O4) was dissolved in 25 ml of NFDW, 

this solution was mixed with the above solution, mentioned in step one, 

and warmed to boiling while stirring constantly to prevent bumping. 

3- The Erlenmeyer flask was removed from the heat source and allowed 

the yellow precipitate of FeC2O4 to settle for 10 ml. 

4- The supernatant liquid was decanted (poured the liquid away from the 

solid) and the precipitate was washed utilizing 15 ml of hot NFDW. The 

mixture was filtered and swirled. 

5- About 10 ml of hot NFDW that contains 3.5g of K2C2O4 was added to 

the precipitate, then was stirred and heated to 40°C. While the 

temperature was at 40°C, immediately, 8 ml of H2O2 was added dropwise 

and stirred continuously. Periodically the temperature of the solution was 

checked and made sure that it was at least 40°C (but not more than 50°C) 

during the addition of H2O2 .A precipitate of brown Fe(OH)3 was 

observed at this time. 

6- The resulting solution was heated to boiling. 20 ml of H2C2O4 was 

added (prepared by dissolving 1 g in 30 ml of  NFDW). It was stirred 

continuously and the last 10 ml of H2C2O4 was added dropwise, 

while maintaining the temperature near boiling. The solution was turned 

clear green. 
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7- Roughly 20 ml of ethanol was added to solution of rejected precipitate 

(when crystals were formed, it was dissolved by heating in water bath). 

8- The solution was left in dark about 24 hours. 

9- The solution was filtered under vacuum and washed with 10 ml of 1:1 

NFDW / ethanol solution. 

10- Finally, the precipitate (potassium ferrioxalate) was washed utilizing 

ten milliliters of acetone [40]. 

2.2.2 Measurement of light intensity using actinometric method   

    The intensity measurement of the incident light was carried with a 

potassium ferrioxalate actinometer as described by Parker and Hatchard 

[86] and examined extensively through a previous work in our research 

laboratory [87]. This method is commonly utilized to determine the 

number of quanta entering the reaction vessel and consequently, the 

apparent quantum yields for the photocatalytic reaction will be estimated. 

The actinometer solution 6×10-3 mol.L-1 was set up by dissolving 2.947g 

of K3Fe(C2O4)3.3H2O in 800  ml of NFDW. 

About 100 ml of 1N H2SO4 was added and the whole solution was diluted 

to1 L with NFDW.  

  The method which was utilized for the determination of light intensity 

involves irradiation of actinometer solution for known period time          

(1 hour). 
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Calibration curve 

A calibration curve for Fe+2 was drawn using the following solutions: 

1- 0.1% w/v phenanthroline monohydrate in water. 

2- 4×10-4 mol.L-1 of FeSO4 in 0.1 N H2SO4. 

3- Buffer solution, was prepared by mixing 600 ml of 1N sodium 

acetate and 360 ml of 1N H2SO4 then diluted to 1L . 

        Different concentrations of Fe+2 solutions were prepared by further 

dilution of solution (1) above in 25 ml volumetric flask. Then after, the 

followings are added to each flask; 

a- 5 ml of buffer solution. 

b- 2 ml phenanthroline solution. 

c- Different volumes of 0.1N H2SO4 solution were utilized to make 

equivalent to 10 ml 0.1 N H2SO4 and finally dilute the whole solution to 

25 ml with NFDW.  

       The volumetric flask was covered with aluminum foil and kept in the 

dark for 30 min. Then the optical densities at wavelength of 510 nm were 

measured. A blank solution was utilized as reference which contained all 

the liquids except the ferrous ion solution. Draw the Plot for optical 

density versus ferrous ion concentration, Figure (2-1). The slope of the 

straight line gives the absorptivity (extinction coefficient) of FeSO4 

solution.  
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Figure (2-1): Calibration curve for Fe+2 

 

 

 

 

 

 

 

 

     In order to determine the intensity light, 100 ml of actinometer 

solution was irradiated in the irradiation cell. Post illumination, 1ml of 

the irradiated solution was transferred into 25 ml volumetric flask, 0.5 ml 

of buffer solution and 2 ml of phenanthroline solution were added to the 

flask, and then it was diluted to 25 ml using NFDW. 

A Blank solution was prepared by mixing 1 ml of unirradiated potassium 

ferrioxalate solution with other components. The optical density was 

measured. 

The incident light intensity was calculated as follows: 

Io= A × V1 × 10-3
 × V3 / Qy × € × V2 × t 

Where: 

Io = photo flow (incident light intensity) 

A= optical density (absorbance) at 510 nm 

V1 = initial volume (100 ml) 

V3 = final volume (25 ml) 

Qy = quantum yield at 365 nm which equals to 1.21 [88]. 
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€=extinction coefficient = slope of calibration curve of  Fe+2 (1.235×104 

L. mol-1.cm-1 ). 

V2 = volume taken from irradiated solution (1 ml).  

t = Irradiation time in seconds . 

The apparent quantum yield is calculated using the following expression : 

ɸapp = rate of reaction / rate of absorbed photons (Io). 

the computed intensities using above expression have been as follows; 

high intensity equals = 3.39 x10-7 (Ein./L.sec)  

medium intensity equals = 1.47 x10-7 (Ein./L.sec)  

low intensity equals = 0.38 x10-7 (Ein./L.sec)  

 

2.2.3 Synthesis of TiO2 nanoparticles catalyst.  

Titanium dioxide nanosized catalyst was synthesized by the sol-gel 

procedure by means of a gradual addition of a solution of titanium 

isopropoxide (5 ml isopropanol + 5ml titanium isopropoxide) onto       

200 ml of DNFW at pH=5 with a rate of addition of 2 ml /min. The 

mixture was kept, after completion of addition, under continuous 

vigorous mixing at room temperature until the completion of hydrolysis 

for two hours. The resulting transparent colloidal solution was left aging 

for 24 hours then filtered, dried at 90 ºC for two hours, and finally was 

calcined at 400 ºC for 4 hours. Grounding into fine powder, if needed, 

overcomes the agglomeration [89]. 
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2.2.4 Preparation of doped TiO2 with Au and Pt by UV-irradiation.  

1- About 110 ml of NFDW were contained 0.05g of hydrogen 

tetrachloro aurate ( III ) trihydrate and 0.5g of TiO2, and the procedure 

was repeated with 0.1 g of  dihydrogen hexachloro palatinate ( IV ) for 

Pt doping. 

2- The solutions were stirred and irradiated for 24 hours with 15 watt 

UV-lamp (Figure 2-2 a).  

3- The solutions were filtered using cellulose membrane (0.45m) and 

then dried at 80-90 ºC for 2 hours. 

2.2.5 Preparation of doped TiO2 with Au-TiO2 and Pt-TiO2 via 

chemical reduction. 

1- About 0.1 M of each reductant was prepared (sodium borohydrate, 

sodium citrate and -ketogultaric acid ) in 10 ml volumetric flask. 

2- Roughly 0.1g of HAuCl4.3H2O salt and 0.5g of TiO2 were taken and 

mixed by means of a magnetic stirrer in 100 ml NFDW. Similar 

procedure was followed in the case of H2PtCl6 salt. 

3- Take 5 ml of 0.1M reductants' solution was added dropwise during 

15 min with vigorous stirring for 1 hour (Figure 2-2 b).  

4- The solutions were kept stirring gently overnight. Then, filtered using 

cellulose membrane (0.45m) and dried at 80 ºC for 2 hours. 
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Figure (2-2): (a) Irradiative doping of TiO2; (b) Chemical reductive doping 

of TiO2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.6 Effect of gold and platinum content of Au-TiO2 and Pt-TiO2 on 

the degradation of Orange G.  

1- Take 100 ml of OG (10 mg/L) was taken and its pH was adjusted to 

3. 

2- About 40mg of the following powders (Au-TiO2), and similar 

procedure was repeated to (Pt-TiO2) was added to above solution. 

   a- 1% Au-TiO2, and repeated for 1% Pt-TiO2 

 b- 2% Au-TiO2, and repeated for  2% Pt-TiO2 

 c-  4% Au-TiO2, and repeated for 4% Pt-TiO2  

Note: Every single Au-TiO2 and Pt-TiO2 powder refer to separate 

experiment. 

(a)  (b) 
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3- The solutions were stirred with O2 bubbling in the dark for 25 min to 

ensure the adsorption equilibrium which was established prior to 

irradiation. 

4- The samples were irradiated using halogen lamp at high intensity 

with stirring for 270 min for Au-TiO2  and 200 min for Pt-TiO2. 

5- About 5 ml was withdrawn after every 45 min for Au-TiO2  and 

every 30 min for Pt-TiO2 of irradiation time. 

6- The catalysts were separated from the suspension by centrifuge for 

10 minutes using 3000 RPM, and filtered using cellulose membrane of 

0.45 μm pore size. 

7- The absorbance of OG was measured to estimate the degradation 

percent. 

2.2.7 Effect of reductants (sodium borohydrate, sodium citrate and 

-ketogultaric acid) and UV-irradiation on the degradation of 

Orange G. 

1- About 100 ml of OG (10 mg/L) was taken and its pH was adjusted to 

3 for Au-TiO2, and the process was repeated but the pH was adjusted to 

5 for Pt-TiO2.(i.e., both was carried out in acidic media). 

2- About 40mg of the following powders (Au-TiO2), and similar 

procedure was repeated for (Pt-TiO2 ), was added to above solution. 

a- 2% Au-TiO2 of sodium borohydrate, and repeated for 2% Pt-TiO2 

b- 2% Au-TiO2 of sodium citrate, and repeated for 2% Pt-TiO2 

c-  2% Au-TiO2 of -ketogultaric acid, and repeated for 2% Pt-TiO2 

d- 2% Au-TiO2 UV-Irradiation, repeated for 2% Pt-TiO2 
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Note: Every single Au-TiO2 and Pt-TiO2 powder refer to separate 

experiment. 

3- The solutions were stirred with O2 bubbling in the dark for 25 min  to 

ensure the adsorption equilibrium which was established prior to 

irradiation. 

4- The samples were irradiated using halogen lamp at high intensity 

with stirring 270 min for Au-TiO2 , and 200 min for Pt-TiO2. 

5- About 5 ml was withdrawn after every 45 min for Au-TiO2 , and 

every 30 min for Pt-TiO2 of irradiation time. 

6- The catalysts were separated from the suspension by centrifuge for 

10 min using 3000 RPM, and filtered using cellulose membrane of    

0.45 μm pore size. 

7- The absorbance of OG was measured to estimate the degradation 

percent. 

2.2.8 Preparation of Orange G solution. 

1- A stock solution of OG of 50 ppm was set up by dissolving 0.05 g of 

OG dye into 1 L of NFDW. 

2- Different concentrations (5, 10, 15, 20, 30 and 40 ppm) of             

Orange G were prepared from stock solution by a series of dilution in 

order to prepare the calibration curve. 

3- The calibration curve was drawn by measuring absorbance at 478 nm 

for all prepared OG solutions mentioned previously in steps 1 and 2, as 

shown in Figure ( 2-3). 
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Concentration, M *10-5  

Conc. M *10-5 Absorbance 

1.1(5 ppm) 0.300 

2.2(10 ppm) 0.501 

3.3(15 ppm) 0.708 

4.4(20 ppm) 0.910 

5.5(30 ppm) 1.198 

6.6(40 ppm) 1.423 

 

Figure (2-3):  Calibration curve for orange G together with the inset 

which presents the absorbance at relevant concentrations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     The UV-VIS spectrophotometric scan in the range of 275-600 nm was 

used to record the absorbance as shown in Figure (3-3). The molar 

extinction coefficient (absorptivity, ᶓ) from 5 to 30  ppm of OG in NFDW 

was measured at the maximum absorption wavelength, 478 nm, using 

Beer-Lambert equation (A= ᶓmaxbc), where A= absorbance,                          

b = absorption light path, 1 cm and    c = molar concentration of OG. 

The absorptivity (ᶓmax) has been 22480 L.mol-1.cm-1 for molar 

concentration from 1.105*10-5 to 6.632*10-5 mol/L.  
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2.2.9 Testing of degradation of Orange G under visible light. 
 

The effect of visible light on degradation of Orange G was studied as 

follows; 

1- Take 100 ml of OG (10 mg/L) aqueous solution was illuminated 

using halogen lamp at high intensity with stirring for 180 min. 

2- At every 60 min of irradiation time, samples of 5 ml was withdrawn 

for analysis. 

Wavelength, nm 
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5 ppm 

10 ppm 

15 ppm 

25 ppm 

30 ppm 

50 ppm 

20 ppm 

Figure (2-4): UV-VIS spectrum of OG at various concentrations. 

332 nm  

478 nm  =   maxλ  

εmax  = 22480  L. mol-1. cm-1
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3-The disappearance of OG was monitored using the visible absorbance 

feature at λ= 478 nm as function of irradiation time. 

 

2.2.10 Testing of degradation of Orange G in the dark.  
 

1- Take 100 ml of OG (10 mg/L) was added into a beaker.  

2- A mass of 40 mg of (2% Au-TiO2) was added into 100 ml of    

Orange G aqueous solution, and similar procedure was repeated to                 

(4% Pt-TiO2). 

3- The solutions were kept in the dark for 180 min for Au-TiO2 and    

210 min for Pt-TiO2 with continuous stirring.  

4- Roughly 5 ml was withdrawn after every 60 min for Au-TiO2 and 

every 30 min for Pt-TiO2 of stirring time.  

5- The catalysts (Au-TiO2, Pt-TiO2) were separated from the suspension 

by centrifuge for 10 min using 3000 RPM, and filtered using cellulose 

membrane of 0.45 μm pore size. 

6- The absorbance was measured for OG at 478 nm to estimate the 

changes in concentration. 

2.2.11 Testing of degradation of dye by visible Light in presence of 

TiO2 without O2. 

1- Take 100 ml of OG (10 mg/L) aqueous solution was irradiated using  

halogen lamp at high intensity with stirring . 

2- A mass of 40 mg of powder (TiO2) was contacted with 100 ml of OG 

aqueous solution.  

3- The water suspension of dye and nanosized TiO2 powder were stirred 

in the dark for 25 min to ensure the adsorption equilibrium was 

established prior to irradiation.  
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4- The sample was irradiated using halogen lamp at high intensity with 

stirring for 180 min.  

5- About 5 ml was withdrawn after every 60 min of irradiation time. 

6- The catalyst (TiO2) was separated from the suspension by centrifuge 

for 10 minutes using 3000 RPM and filtered using 0.45 μm cellulose 

membrane.  

7- Absorbance of OG was measured to estimate the degradation percent. 

2.2.12 Testing of degradation of dye by visible Light in presence of 

TiO2 and O2. 

1- Take 100 ml of OG (10 mg/L) aqueous solution  

2- A mass of 40 mg of powder (TiO2 ) was contacted with 100 ml of azo 

dyes aqueous solution.  

3- The water suspension of dye and nanosized TiO2 powder were stirred 

with O2 bubbling in the dark for 25 min to ensure the adsorption 

equilibrium was established prior to irradiation.  

4- The sample was irradiated using halogen lamp at high intensity with 

stirring for 180 min.  

5- About 5 ml was withdrawn after every 60 min of irradiation time.  

6- The catalyst (TiO2) was separated from the suspension by centrifuge 

for 10 min using 3000 RPM and filtered using 0.45 μm cellulose 

membrane.  

7- Absorbance of dye was measured to estimate the degradation percent.  
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2.2.13 Testing of degradation of Orange G by visible light in presence 

of Au-TiO2, O2   and Pt-TiO2, O2. 

1- A mass of 40 mg of (2% Au-TiO2), and similar procedure was 

repeated to (4% Pt-TiO2), were contacted with 100 ml of OG                   

( 10 mg/L ) aqueous solution. 

2- The solution were stirred with O2 bubbling in the dark for 25 min to 

ensure the adsorption equilibrium which was established prior to 

irradiation. 

3- The samples were irradiated using halogen lamp at high intensity 

with stirring 180 min for Au-TiO2 and 210 min for Pt-TiO2. 

4- Roughly 5 ml was withdrawn after every 60 min for Au-TiO2 and 

every 30 min for Pt-TiO2 of stirring time.  

5- The catalysts (Au-TiO2, Pt-TiO2) were separated from the suspension 

by centrifuge for 10 min  using 3000 RPM, and filtered using cellulose 

membrane of 0.45 μm pore size. 

6- The absorbance of OG was measured at 478 nm to estimate the 

degradation percent. 

2.2.14 Testing of degradation of azo dye by visible light in presence of 

Au-TiO2 without O2  and Pt-TiO2 without O2. 

1- A mass of 40 mg of ( 2% Au-TiO2 ), and similar procedure was 

repeated to ( 4% Pt-TiO2 ), were contacted with 100 ml of Orange G      

( 10 ppm ) aqueous solution. 

2- The solutions in the dark were stirred for 25 min to ensure the 

adsorption equilibrium which was established prior to irradiation. 
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3- The samples were irradiated using halogen lamp at high intensity 

with stirring 180 min for Au-TiO2 and 210 min for Pt-TiO2. 

4- Roughly 5 ml was withdrawn after every 60 min for Au-TiO2 and 

every 30 min for Pt-TiO2 of stirring time.  

5- The catalysts (Au-TiO2, Pt-TiO2) were separated from the suspension 

by centrifuge for 10 min using 3000 RPM, and filtered using cellulose 

membrane of 0.45 μm pore size. 

6- The absorbance of OG was measured at 478 nm to estimate the 

degradation percent.  

2.2.15 Effect of initial pH on the degradation of Orange G. 

1- Roughly 100 ml of OG (10 mg/L) was taken and whose pH was 

changed  as follows ( 2, 3, 4, 5, 6, 8, and 9) in the case of Au-TiO2, and 

(1.9, 3, 4, 5, and 6) in the case of Pt-TiO2 using diluted (0.1M) H2SO4 

and diluted (0.1M) NaOH. then 40 mg of powder (2% Au-TiO2), similar 

procedure was repeated to (4% Pt-TiO2), was added. 

2- The solutions were stirred with O2 bubbling in the dark for 25 min to 

ensure the adsorption equilibrium which was established prior to 

irradiation. 

3- The samples were irradiated using halogen lamp at high intensity 

with stirring for 240 min for Au-TiO2 , and 120 min for Pt-TiO2 . 

4- About 5 ml was withdrawn after every 60 min for Au-TiO2, and 

every 20 min for Pt-TiO2 of irradiation time. 

5- The catalysts were separated from the suspension by centrifugation 

for 10 min using 3000 RPM, and filtered using cellulose membrane of 

0.45 μm pore size. 
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6- The absorbance of OG was measured at 478 nm to estimate the 

degradation percent. 

2.2.16 Effect of Au-TiO2  and Pt-TiO2 loading on the degradation of 

Orange G . 

1-Take 100 ml of OG (10ppm) and adjust to pH = 3 using dilute (0.1M) 

H2SO4. 

2-Add different amounts of (2% Au-TiO2) to the cell (20, 30, 40, 50, 

and 60 mg ), similar procedure was repeated to (4% Pt-TiO2). 

3- The solutions were stirred with O2 bubbling in the dark for 25 min  to 

ensure the adsorption equilibrium which was established prior to 

irradiation. 

4-The samples were irradiated using halogen lamp at high intensity with 

stirring for 270 min for Au-TiO2 and 90 min for Pt-TiO2. 

5- About 5 ml was withdrawn after every 45 min for Au-TiO2, and 

every 15 min for Pt-TiO2 of irradiation time. 

6- The catalysts were separated from the suspension by centrifuge for 

10 min using 3000 RPM and filtered using cellulose membrane of     

0.45 μm pore size. 

7- The absorbance of OG was measured to estimate the degradation 

percent. 

2.2.17 Effect of light intensity on the degradation of Orange G 

1- Take 100 ml of OG (10 mg/L) was stirred and adjusted to pH = 3.0   

2- About 40 mg of 2 % Au-TiO2  powder was added to above solution. 
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3- The solution was stirred with O2 bubbling in the dark for 25 min to 

ensure the adsorption equilibrium which was established prior to 

irradiation. 

4- The sample was irradiated at low, medium, and high intensities 

with stirring for 270 min. 

5- About 5 ml was withdrawn after every 45 min of irradiation time. 

6- The catalyst was separated from the suspension by centrifugation 

for 10 min using 3000 RPM and filtered using cellulose membrane of 

0.45 μm pore size. 

7- The absorbance of OG was measured to estimate the degradation 

percent. 

2.2.18 Effect of initial OG concentration on the rate of reaction 

1- Roughly 100 ml of various initial concentrations of azo dye  ( 5, 10, 

15, 20, 25, 30, and 40) ppm, then pH was adjusted to 3. 

2- About 40 mg of ( 2% Au-TiO2), similar procedure was repeated to 

(4% Pt-TiO2 ) powder, was added to above solution. 

3- The solution was stirred with O2 bubbling in the dark for 25 min to 

ensure the adsorption equilibrium which was established prior to 

irradiation. 

4-The samples were irradiated using halogen lamp at high intensity with 

stirring for 270 min for Au-TiO2  and 60 min for Pt-TiO2. 

5- About 5 ml was withdrawn after every 45 min for Au-TiO2 , and 

every 15 min for Pt-TiO2 of irradiation time. 
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6- The catalysts were separated from the suspension by centrifuge for 

10 min using 3000 RPM, and filtered using cellulose membrane of 

0.45 μm pore size. 

7- The absorbance of OG was measured to estimate the degradation 

percent.  

2.2.19 Effect of temperature on the degradation of dye.  

1- Roughly 100 ml of OG (10 ppm) were taken and adjusted to pH = 3, 

using diluted H2SO4 (0.1M). 

2- Take 40 and 50 mg of  2%Au-TiO2, similar procedure was repeated 

to 4% Pt-TiO2, were added onto the cell containing the above solutions 

for OG.  

3- The solutions were equilibrated with O2 for 25 min in the dark where 

water bath circulator was used to keep the temperature of solution at 

(20, 25, 30, 35, and 45 C).  

4- The samples were irradiated using halogen lamp at high intensity 

with stirring for 270 min for Au-TiO2 and 60 min for Pt-TiO2. 

Note : the flow rate of O2 is 50-55 ml\min.  

5- About 5 ml was withdrawn after every 45 min for Au-TiO2 , and 

every 15 min for Pt-TiO2 of irradiation time. 

6- The catalysts were separated from the suspension by centrifuge for 

10 min using 3000 RPM and filtered using cellulose membrane of    

0.45 μm pore size. 

7- The absorbance of OG was measured to estimate the degradation 

percent. 

 



xperimental part              EChapter Two                                                        

 46

2.2.20 Determination of pH of point zero charge (pHpzc)  

  1- 0.01M NaCl aqueous solution was prepared at pH (2, 4, 6, 8, 10).  

  2- The pH value of the solutions were adjusted with H2SO4 (0.1M) or    

NaOH (0.1M) solutions.  

3- take 20 ml from each solution kept in contact with 0.02g                

2% Au-TiO2, and the procedure was repeated for 4% Pt-TiO2 for 

48hours under vigorous stirring.  

4- The supernatent was decanted and its pH was measured.  

5- The pHpzc value was determined using the plot of pHi vs. pHf. 

2.2.21 Influence of solar irradiation. 
 

1- Roughly 100 ml of OG (10 ppm) were taken and adjusted to pH = 3 

using diluted H2SO4 (0.1M). 

2- Take 40 mg of 2% Au-TiO2 nanoparticles was added to the solution, 

and the procedure was repeated for 4% Pt-TiO2. 

3- The above solution was irradiated through direct sun light, with O2 

bubbling and stirring for 120 min for Au-TiO2 , 25 min for Pt-TiO2. 

Note: the flow rate of O2 is 50-55 ml\min.  

4- About 5 ml was withdrawn after every 15 min for Au-TiO2 , and 

every 5 min for Pt-TiO2 of irradiation time. 

5- At given irradiation time intervals, samples of 5 ml of the suspension 

were withdrawn and filtered post centrifugation for 10 min using 3000 

RPM to remove the catalyst. 

6- The dye concentration was determined by measuring its absorbance 

using a UV-VIS spectrophotometer. 

Note: The solar light experiments were carried out at 10: 15 am during   

June (summer season) in Baghdad city. 



xperimental part              EChapter Two                                                        

 47

2.3 Instruments  

2.3.1 Refrigerated circulating bath. Model (WCR-P12), wisecircu. 

2.3.2 Nanofiltered-deionized water supply unit. model (Sm-11),  

Waterpia.  

2.3.3 Centrifuge (K centrifuge PLC series.). 

2.3.4 Muffle furnace (SX-5-12).  

2.3.5 Drying cabinet (K Hot Air Sterilizer).  

2.3.6 Apel PD-303 single beam spectrophotometer has been used for 

visible light absorption measurements.  

2.3.7 Double beam Shimadzu UV-VIS spectrophotometer. Model 

(1650 PC) has also been used throughout this work.  

2.3.8 Thermostat shaker water bath JEIOTECH (BS-11).  

2.3.9 Fourier Transform Infrared (FTIR) spectrometer.  

2.3.10 X-ray Spectrometer . 

Pananalytical Philips diffractometer  using a Cu target Ka radiation    

(λ= 1.541A˚) to determine the crystalline size. The accelerating voltage 

and the applied current were 40 kV and 30 mA, respectively. The XRD 

patterns were at the scanning range 2θ from 5o to 120o. (Figure 2-5), 

(Karlruhe Institute of Technology (KIT), Germany). 
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Figure ( 2-6 ): LEO 982 SEM coupled with EDX (Karlsruhe 

Institute of Technology, Germany). 

  

Figure  ( 2-5 ): Pananalytical Philips diffractometer (Karlruhe 

Institute of Technology, Germany). 

 

 

 

 

 

 

 

 

 

 
 

2.3.11 Scanning Electron Microscopy (SEM) coupled with Energy 

dispersive X-ray spectroscopy (EDXS) . 

The LEO 982 SEM coupled with EDX was used to characterize the 

morphological and structural properties of the samples. Nearly 1 mg of 

a sample was mounted on a SEM sample holder and was sputtered with 

gold prior to analysis for better conductivity and resolution of the 

sample. This SEM permits ultra high resolution imaging of 

semiconductor materials, (Figure 2-6). 
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Figure  ( 2-7): Micromeritics AutoChem HP Chemisorption Analyzer 

(BET) (Karlsruhe Institute of Technology, Germany). 

 2.3.12 Chemisorption Analyzer Brunauer, Emmett and Teller 

(BET).  

Surface area and pore distribution of the samples were determined using 

nitrogen adsorption/desorption isotherm by means of micromeritics 

Autochem Chemisorption analyzer, (Figure 2-7). 

 

 

 

 

 

 

 

 

 

 

 

2.3.13 Transmission Electron Microscopy ( TEM )  

High resolution TEM for nanoscale analysis was used for the image 

observation for specimen and particle size analysis well. Images are 

supported by means of DF-STEM where Z-contrast imaging facilitates 

further structural analysis, (Figure 2-8). 
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Figure ( 2-8 ): Philips Technai TEM (Karlsruhe Institute of 

Technology, Germany). 

 

 

 

 

 

 

 

 

 

 

 

2.2.14 Inductively Coupled Plasma - Atomic Emission Spectrometry 

(ICP- AES). 

Agilent Technologies 700 series ICP-AES was used for the determination 

of metal ions concentration. Also referred to as inductively coupled 

plasma optical emission spectrometry, ICP-OES, which is an analytical 

technique used for the detection of trace metals. It is a type of emission 

spectroscopy that uses the inductively coupled plasma to produce excited 

atoms and ions that emit electromagnetic radiation at wavelengths 

characteristic of a particular element, (Figure 2-9).  
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Figure  (2-9): Inductively Coupled Plasma - Atomic Emission 

Spectrometry (Karlruhe Institute of Technology, Germany). 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.15 Photoreactor system. 

The Photoreactor configuration shown in Figure (2-10), is local market 

made and consists of 500W halogen lamp (Philips) which is vertically 

fixed into stainless steel hollow cylinder of ten centimeter in diameter and 

twenty seven centimeter in height.  

The heating effect stemmed from the lamp was minimized by circulating 

the water in the hollow cylinder through outlet and inlet slots in cylinder 

using circulating thermostate chilled water bath. The internal walls of the 

cylinder were covered with aluminum foil to avoid radiation losses and 

temperature rising. Convex  Lens is used for light collection and 

focusing. The solutions/suspensions of dye and photocatalyst were 

magnetically stirred. The flow rate of O2 was kept at 50-55 mL /min with 

continuous stirring using a hot plate-stirrer. The concentration of dye was 

determined from its visible absorbance characteristic and calibration 
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Figure ( 2-10 ): Photolysis unit of visible light source.  
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Figure (3-1): Molecular structure of Orange G dye. 
 

 

Figure (3-2): UV-VIS absorption spectrum of OG. 
 

  3.1 UV-Visible spectroscopic aspects of Orange G dye 

     Orange G (OG), is a mono water-soluble anionic azo dye which was 

selected as target compound for this photocatalytic decolorization study, 

whose molecular formula is ( C16H10N2Na2O7S2). The molecular structure 

of OG is shown in Figure (3-1). 

 

 
 

  
  
  
  

 

 

 

 

 

  OG azo dye solution at various concentrations was prepared with 

NFDW water. The UV-Vis spectrum of OG consists of two absorption 

bands at 478 and 332 nm as it is illustrated in Figure (3-2). The weak 

band at 332 nm arises from the ℼ-ℼ* transition related to the aromatic ring 

attached to the N=N group in the dye molecule, whereas the 478 nm band 

could be assigned to the n– ℼ * transition of the –N=N– group [90].  
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Upon variation of solution pH towards lower values (protonation), with 

increasing the pH of a solution, no tautomeric equilibrium is revealed as 

it is noticed in Figure (3-3) which reflects the standard UV-VIS scan for 

Orange G at different initial pH values. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure (3-3): Standard scan of Orange G at different pH values. 
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 Characterization of Au / Pt doped anatase TiO2 nanoparticles.3.2   
 
3.2.1 Surface morphology and composition aspects. 
  
Scanning Electron Microscope (SEM) was used for the surface 

morphology study of the mesoporous Au-TiO2 and Pt-TiO2 powders. 

Figures (3-4) and (3-5) exhibit smooth and homogeneous surfaces for 

gold and platinum doped TiO2, respectively. The insets show the precious 

metals distribution onto the photocatalyst surface at two different 

magnifications.                                                                                            

  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure (3-4):  Scanning Electron Microscope (SEM) micrographs for 

Au-doped anatase TiO2 with different magnifications.  
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The surfaces have also been explored by Transmission Electron 

Microscope (TEM) coupled with TECNAI device for nanoscale analysis. 

Figures (3-6) and (3-7) reveal the excellent dispersion of irregular 

spherically shaped Au and Pt metals over TiO2 particles which are more 

explicitly presented, in terms of metal atoms content, in the accompanied 

EDXS templates.                                                                                         

 

 

Figure (3-5):  Scanning Electron Microscope (SEM) micrographs for 

Pt-doped anatase TiO2 with different magnifications.  
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Figure (3-6): Transmission Electron Microscope (TEM) micrograph for Au-doped nano 

TiO2 powder and EDXS composition.   
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Moreover, the overall surfaces for both Au-TiO2 Figure (3-8) and Pt-TiO2 

Figure (3-9) have been scanned and explored employing Energy 

Dispersive X-ray Spectrometer (EDXS). These Figures (3-8) and (3-9) 

show obviously the abundance of the precious (Au and Pt) metals 

encompassed into the prepared nano TiO2 powders.                              

 

                                                    

Figure (3-7): Transmission Electron Microscope (TEM) micrograph for Pt-doped 

nano TiO2 powder and EDXS composition. 
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Figure (3-8):  Energy Dispersive X-ray spectroscope (EDXS) image of 

Au-doped nano TiO2 powder. 

Figure (3-9):  Energy Dispersive X-ray spectroscope (EDXS) image of 

Pt-doped nano TiO2 powder. 
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3.2.2 Porosity and surface area analysis. 

 

   Brunauer–Emmett-Teller (BET) theory aims to explain the 

physical adsorption of gas molecules on a solid surface and serves as the 

basis for an important analysis technique for the measurement of 

the specific surface area of materials. Brunauer-Emmett-Teller (BET) 

nitrogen adsorption methodology was employed for the measurement of 

both pore size and surface area of the Au and Pt doped anatase TiO2 

nanoparticles after the samples were vacuum degassed at 110 °C            

(2 °C/min) for 720 min. Figure (3-10) presents the measured pore sizes 

for the synthesized nano TiO2 particles, Au-doped and Pt-doped powders. 

The maxima at pore sizes of 6.8, 7.8 and 7.8 nm are illustrated for TiO2 

nanoparticles, Au-TiO2 and Pt-TiO2 composites, respectively. These 

values of pore size indicate the mesoporosity of the neat and doped 

powders. Furthermore, the insets in Figure (3-10) show adsorption-

desorption isotherm plots which result in surface area of 130, 121 and 

109 m2/g for TiO2, Au-TiO2 and Pt-TiO2 specimen, respectively. Also 

from Figure (3-10), one could observe the impacts of precious metals 

doping on the pore size and surface area of the prepared nano powder. 

The pore sizes were increased, whereas surface areas have been 

decreased, particularly in presence of Pt. The porous structure could 

provide abundant active sites and suitable mass transfer resistant for the 

degradation reaction [91]. 
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Pore diameter Dv/(d)                  7.82732 nm 

 

Figure (3-10): Pore size measurements for ;(a) Synthesized nano anatase TiO2;  

(b) Au-doped nano anatase TiO2; (c) Pt-doped nano anatase TiO2;  

insets represent adsorption-desorption isotherms .   
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3.2.3 Phase and crystalline size features 
 

X-ray diffractometer with Cu Kα radiation (0.15425 nm) in the range of 

2θ from 00 to 1200 was employed for the X-ray Diffraction (XRD)  

spectroscope patterns of  Au and Pt doped anatase TiO2 powders. 

Diffraction signal assigned to the anatase (101) structure at 25.3o (25.4o-

25.6o in this work) is explicitly observed in TiO2 [92]. From Figure       

(3-11), the diffraction signals which are located at 38.2, 44.4, 64.6, 77.5, 

81.7, 110.8 and 115.3 degrees are assigned for Au (111), Au (200), Au 

(220), Au (311), Au (222), Au (331) and Au (420) allotropes, 

respectively. Whereas, Figure (3-12) presents diffraction signals located 

at 39.8, 46.3, 82.3 and 117.7 degrees which belong to Pt (111), Pt (200), 

Pt (311) and Pt (331) allotropes, respectively. Both Figures (3-11) and  

(3-12) don't show any rutile phase (110) diffraction signals, which 

consequently concludes that appropriate conditions were employed for 

the sol gel impregnation methodology. 

The average crystalline sizes for Au-TiO2 and Pt-TiO2 powders were 

computed by Sherrer’s equation using the XRD line broadening method 

[93]. The crystal size C.S. = 0.9 λ /(Bcosθ ) where λ represents the 

wavelength of X-ray, B the FWHM and the θ diffraction angle. By using 

the experimental data, an average crystalline size of 15.3, 14.2 and 12.4 

nm were derived for TiO2, Au-TiO2 and Pt-TiO2.. 

The crystalline size relates reciprocally with the peak width in which by 

increasing the peak width the size of nano TiO2 decreases [94]. 

Consequently, Figures (3-11) and (3-12) confirm this phenomenon in 

which the synthesized nano TiO2 band shows less broadening than that of 

the doped TiO2 bands. 
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Figure (3-11):  X-ray Diffraction Spectroscope (XRD) patterns of (a) Au; (b) anatase TiO2;  

(c) Au-doped anatase TiO2; arrows present gold positions  
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Figure (3-11):  X-ray Diffraction Spectroscope (XRD) patterns of (a) Au; (b) anatase TiO2;  

(c) Au-doped anatase TiO2; arrows present gold positions  
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Figure (3-12):  X-ray Diffraction Spectroscope (XRD) patterns of (a) Pt; (b) anatase TiO2; 

(c) doped anatase TiO2; arrows present platinum positions 
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3.2.4 Quantification of doped precious metals 
 

Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES) 

was used for the quantification of the precious metals (Au and Pt) 

contained into the doped TiO2 powders. UV irradiation (15 W) and 

chemical (sodium citrate, sodium tetrahydroborate and α-ketoglutaric 

acid) reduction techniques have been used for the reduction of Au from 

HAuCl4.3H2O solution and Pt from H2PtCl6 solution.                                                                                            

Table (3-1) illustrates the results of TiO2 doping by means of Au and Pt 

exploiting the UV illumination at a power of 15 watts and for 24 hours 

irradiation. We observe from Table (3-1) that the accuracy of Pt ion 

reduction for doping of the photocatalyst with UV irradiation has been 

much better that that of Au ion reduction, and further, for all the levels of 

abundance. Interestingly, the 2% abundance of both dopants has reflected 

better doping than the other investigated abundances for Au and Pt.                                      

                                                                 

    

 

 

 

 

 

 

 

  

  

  

                 * Accuracy% = (Analyzed / Prepared) x 100   

 

 

Accuracy%* Analyzed, wt%  Prepared, wt% 

86  0.86% Au 1% 

96  1.92% Au 2% 

81  3.23% Au 4% 

95  0.95% Pt 1% 

98  1.96% Pt 2% 

97  3.89% Pt 4% 

Table (3-1): UV- reduction of Au and Pt ion onto TiO2 surface analyzed 

by means of ICP-AES. 
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Accordingly, the 2% Au or Pt abundance doping has been selected for the 

chemical reduction route. Figure (3-13) depicts excellent dispersion of 

irregular reduced Au over TiO2 particles using 2-Oxoglutaric acid as 

reducing agent, and further, the composition was quantified by the 

accompanied EDXS spectrum. In comparison of Figure (3-13) with 

Figure (3-14 a and b) we may conclude that 2-Oxoglutaric acid exhibits 

better reduction for Au ions onto TiO2 than sodium tetrahydroborate 

(Figure 3-14 a) and sodium citrate (Figure 3-14 b). Whereas, sodium 

tetrahydroborate shows better reducing capability for platinum doping 

(Figure 3-15) than the other two reductants, 2-Oxoglutaric acid and 

sodium citrate. These two reducing agents have presented approximately 

similar distribution of Pt onto TiO2 (SEM) and further, resemble 

quantification (EDXS) as obviously illustrated in Figure (3-16 a and b).                                                         
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Figure (3-13): SEM micrograph and EDXS composition for Au-doped anatase 

TiO2 using 2-Oxoglutaric acid as a reductant.    

 
  



 Discussion                                                                            hreehapter TC 

 68

 

 

Figure (3-14): SEM micrograph and EDXS composition for Au-doped anatase TiO2 

using; (a) NaBH4 as a reductant and (b) sodium citrate as a reductant .  

(a)  

(b)  
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Figure (3-15): SEM micrograph and EDXS composition for Pt-doped anatase 

TiO2 using sodium tetrahydroborate as a reductant .   
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Figure (3-16): SEM micrograph and EDXS composition for Pt-doped anatase TiO2 using;  

(a) 2-Oxoglutaric acid as a reductant and (b) sodium citrate as a reductant.   

(a)  

(b)  
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3.3 Control experiments  

     Several control experiments were carried out to explore the optimum 

conditions that essentially impact the efficient bleaching and degradation 

of OG. One set that was performed with OG solution exposed to visible 

light irradiation with an absence of catalysts ( TiO2, Au-TiO2, Pt-TiO2 ), 

for a duration of 180 min and at pH of Orange G  solution about 5, 

showed that the degradation of OG was almost negligible under visible 

illumination. The second set was implemented by exposing OG solution 

with catalysts but without visible light irradiation (in dark). Under the 

dark conditions, similar experiments were also conducted in the presence 

of catalysts for comparison purpose. Minimal dye degradation was 

observed under the dark conditions or in other words the obtained 

degradation results may probably be due to adsorption of dye molecules 

onto the surface of the semiconductor photocatalyst [85].                            

The third set was accomplished in the presence of visible light and TiO2 

semiconductor but in the absence of O2 gas. While, the fourth set was 

conducted in the presence of visible light, TiO2 semiconductor and O2 

gas. The fifth set was carried out by exposing OG to visible light in the 

presence of doped catalysts ( Pt-TiO2, Au-TiO2 ) and without O2 gas. The 

last set was implemented under visible light illumination with the doped 

catalysts ( Pt-TiO2, Au-TiO2 ) and in the presence of O2 gas. The 

absorption changed clearly when the dye was mixed with a catalyst under 

visible illumination, which represents the photocatalysis circumstances, 

as obviously shown in Figures (3-17) and (3-18) and relevant tables for 

Au-TiO2 and Pt-TiO2, respectively.  

The color removal of  OG  pollutant is almost complete in 180 min using 

Au-TiO2 while with Pt-TiO2, the quantitative degradation takes about 210 

min.  
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Time ( a ) ( b ) ( c ) ( d ) ( e ) ( f ) 

0 0.400 0.400 0.400 0.400 0.400 0.400 

60 0.400 0.386 0.383 0.341 0.342 0.313 

120 0.400 0.387 0.334 0.271 0.235 0.187 

180 0.400 0.388 0.220 0.191 0.127 0.069 
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Figure (3-17): The relative decrease in absorption intensity of Orange G as a 

function of irradiation time (a) VIS+OG; (b) Au-TiO2 + OG in dark;         

(c) VIS+TiO2+OG in absence of O2 gas;(d) VIS+TiO2+OG+ O2;               

(e) VIS+Au-TiO2+OG in absence of O2 gas;(f) ) VIS+Au-TiO2+OG+ O2  . 

 
 

Time, min. 

Under similar conditions of halogen lamp illumination, initial pH = 5 and 

40 mg photocatalyst loading. The examination of the outcomes of these 

sets of experiments may conclude that the employment of doped 

photocatalyst (Pt-TiO2 or Au-TiO2 ) presents better photodegradation of 

OG in comparison to those without a doped semiconductor. This 

phenomenon is ascribed to the plasmonic behavior in case of Au under 

visible illumination and the propensity of Pt for containment of electrons 

which subsequently are transferred to the adsorbed O2 onto Au-TiO2 or 

Pt-TiO2 slurries yielding O2, OH and HO2 radicals. Finally, these radicals 

enhance the mineralization of intermediates formed during catalytic 

degradation into the final mineralized end-products [95]. 
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Time ( a ) ( b ) ( c ) ( d ) ( e ) ( f ) 

0 0.413 0.413 0.400 0.400 0.412 0.413 

30 0.413 0.411 0.370 0.390 0.324 0.171 

60 0.413 0.408 0.341 0.383 0.279 0.070 

90 0.413 0.406 0.31 0.36 0.233 0.034 

120 0.413 0.404 0.271 0.334 0.185 0.018 

150 0.413 0.402 0.230 0.280 0.145 0.013 

180 0.413 0.399 0.191 0.220 0.115 0.007 
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Figure (3- 18): The relative decrease in absorption intensity of Orange G as 

a function of irradiation time: (a) VIS +OG; (b) Pt-TiO2 + OG in dark;      

(c)VIS+TiO2+OG in absence of O2 gas; (d) VIS+TiO2+OG+ O2;                   

(e) VIS+Pt-TiO2+OG in absence of O2 gas; (f) ) VIS+Pt-TiO2+OG+ O2  . 

Time, min. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4 Experimental optimization of photocatalysis parameters. 
 
    In photocatalytic degradation of dye, the following operating 

parameters affect the process: initial pH of the OG solution to be 

degraded, dopants type and content, catalysts loading and temperature. 

These parameters will be considered one after the other as they 

influenced the photocatalytic degradation of OG dye which is considered 

in this study.  
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Figure (3-19): Zero point charge pH of 2% Au-TiO2. 
 

pH(pzc) 

3.4.1 Effect of initial pH. 

     The impact of pH on the photocatalytic reaction is generally attributed 

to the surface charge of the photocatalyst and its relation to the ionic form 

of the organic compound (cationic or anionic) [16].  

  The pH of a solution is the key factor in photocatalysis. This parameter 

affects the surface charge of the catalysts (Au-TiO2, Pt-TiO2) and the 

ionization state of the compound. Points of zero charges is a concept 

relating to the phenomenon of adsorption, and it describes the condition 

when the electrical charge density on a surface is zero. The ionization 

state of the photocatalyst surface can be protonated and deprotonated 

under acidic (pH < pHPzc) and alkaline (pH > pHPzc) conditions, 

respectively [96]. The points of zero charges of Au-doped TiO2 particle 

and Pt-doped TiO2 particle are 6.0 and 6.2, respectively. 

  Thus, the following equations, 3.1 and 3.2, may apply on the surfaces of 

Au-doped TiO2 and Pt-doped TiO2 at different pH values: 
 

TiOH + H+ = TiOH2
+ …………………………..…(3.1) 

 TiOH + OH− = TiO− + H2O ……………………...(3.2) 
 

  Figures (3-19) and (3-20) present point of zero charges for Au-doped 

TiO2 and Pt-doped TiO2 surfaces. 
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% Deg. 
pH=9 

% Deg. 
pH=8 

% Deg. 
pH=6 

% Deg. 
pH=5 

% Deg. 
pH=4 

% Deg. 
pH=3 

% Deg. 
pH=2 

Time, 
min. 

0 0 0 0 0 0 0 0 

3 5 9 13 21 40 21 60 

11 14 16 36 39 61 46 120 

24 20 37 53 62 78 62 180 

35 31 51 72 81 89 75 240 

  

Table (3-2): Impact of initial pH on the percent of OG photodegradation 

using 2% Au-TiO2. 
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Figure (3-20): Zero point charge pH of 4% pt-TiO2. 
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The degradation of OG onto the catalyst was investigated at different pH 

values. For altering pH in the acidic and in alkaline regions, H2SO4 and 

NaOH solutions were used, with initial OG dye concentration of             

10 mg L−1 and catalyst dosages of 40 mg for Au-TiO2 and Pt-TiO2, 

respectively. The results are presented in Figures (3-21) and (3-22) with 

accompanied tables (3-2) and (3-3). It can be seen that the degradation 

efficiency percents increase with decreasing pH value, and a  maximum 

efficiency was observed at pH = 3 (99% degradation in 80 min. for        

Pt-TiO2,  and 89% degradation in 240 min. for Au-TiO2 ).  
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Figure ( 3-21 ): Impact of initial pH  on the percent of OG photo- 

degradation using 2% Au-TiO2. 
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Time 
min. 

%Deg. 
pH=1.9 

%Deg. 
pH=3 

%Deg. 
pH=4 

%Deg. 
pH=5 

%Deg. 
pH=6 

0 0 0 0 0 0 

20 43 68 51 60 47 

40 65 85 79 79 67 

60 75 94 93 88 78 

80 83 99 99 94 87 

100 89   97 93 

120 92   99 97 

  

Table (3-3): Impact of initial pH on the percent of OG 

photodegradation using 4% Pt-TiO2. 
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Figure (3-23): Influence of initial pH on photobleaching rate of OG using Au-TiO2. 
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Figure (3-22): Impact of initial pH  on the percent of OG photodegradation 

using 4% Pt-TiO2  

 

 

 

 

 

 

 

 

 

 

 
 

  Hence, the effect of pH on the decolorization rate constant (k) of OG on 

the catalysts (Au-TiO2 and Pt-TiO2) are remarkable in our experiments in 

which (k) increased with decreasing initial pH, exhibiting maximum 

efficiency (k = 0.0089 min-1)  at pH 3 for OG photodecomposition  in 

case of Au-TiO2 , while it is (k = 0.0543 min-1) at pH 3 for OG 

photodecomposition in case of Pt-TiO2 as shown in Figures (3-23) and    

(3-24), respectively.   
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Figure (3-24): Influence of initial pH on photobleaching rate of OG using Pt-TiO2. 

 

 

 

 

 

 

 

 

 

 

 

 

    At low pH (pH ≤ 2) the concentration of H+ is in excess, and the H+ 

ions interact with the azo group ( N=N ), which is particularly susceptible 

to be electrophilic attacked by hydroxyl radical, decreasing the electron 

densities at azo group. Consequently, the reactivity of hydroxyl radical by 

electrophilic mechanism decreases. [97, 83]. Whereas, at high pH value, 

Sun et al. [98] reported that the –OH on the surface of catalysts replaced 

by –ONa, and the catalytic activity of catalysts decreased accordingly due 

to some sort of repulsion occurs between the catalyst surface and OG dye.  

Furthermore, Naik and coworkers [99] stated that the photocatalytic 

activity of Au/TiO2 when used to degrade Methyl Orange at pH ≥ 9, the 

catalytic activity became negligible because gold nanoparticles do not 

show surface plasmon resonance peak at high pH due to the  

agglomeration of gold nanoparticles. 

    On the other hand, Dunn et al. [100] reported that Pt/TiO2 accumulated 

less negative species on catalyst surfaces, which deteriorates reaction 

rates, than pure TiO2 in an acidic condition. 
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This might be one of the reasons resulting in the better photocatalytic 

ability of Pt/TiO2 than pure TiO2 [101]. This is actually in a good 

agreement with our findings (Figure (3-18 d and f)).  

Generally and for the sake of clarification, the adsorption of OG moiety 

onto the electrophilic (Ti+4) sites at the TiO2 surface is favored in acidic 

media [83] and hence impacts its photodegradation at different initial pH 

values. Some authors [83, 87] reported that the adsorption linkages of 

sulphonated dyes onto TiO2 surface at low pH values take place through 

sulphonato anchoring groups as it is virtually depicted in Figure (3-25). 

More interestingly, Wang et al. [102] reported that the state of the 

chemical species which exist in water is not affected only by pH, but also 

closely related to the dissociation constant (pKa) of the species. When   

pH > pKa the species exists as the ionic state, but when pH < pKa of the 

species, it primarily presents in the molecular state. Accordingly, since 

the pKa value of OG is 11.5 [103], which is less than the optimum 

adsorption and further degradation pH, we also expect that the OG exists 

in a molecular state and adsorbs onto the doped catalyst surfaces via the 

donation of the azo nitrogen and hydroxyl oxygen lone pairs into the 

partially empty 3d orbital of titanium [104], which represents the 

adsorption center, because the Ti lowest unoccupied molecular orbital, 

LUMO (the empty d orbital), can accept electrons from the ligand [105]. 

Thus, Figure (3-26) might be suggested as virtual adsorption geometry of 

OG onto doped TiO2 particle as well. 
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Figure (3-26): Virtual adsorption geometry of OG onto doped TiO2 particle via azo 
nitrogen and hydroxyl oxygen groups.  
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Figure (3-25): Virtual adsorption geometry of OG onto doped TiO2 particle via 

sulphonate anchoring groups .  
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Figure (3-27): Effect of Au-TiO2 loading on the removal of OG. 
 

Loading 
mg 

Rate 
min-1 

20 0.0064 

30 0.0097 

40 0.0123 

50 0.0125 

60 0.0110 

 

3.4.2 Effect of catalyst loading. 

    The effect of Au-TiO2 and Pt-TiO2 catalysts loading on the degradation 

rate of OG in aqueous solution has been carried out at initial pH = 3 and 

OG concentration = 10 ppm by varying catalyst dosage from 20 mg to 60 

mg. The results which are illustrated in Figures (3-27) and (3-28) reveal 

the variation in degradation rate constant of OG against the dosage of  

Au-TiO2 and Pt- TiO2, respectively. It was found that the decolorization 

degradation of OG increased significantly with increased amount of 

catalysts and then decreased with further increase of the catalyst dosage 

due to screening effect and light scattering [106]. The screening impact of 

the suspended particles is the primary cause of this phenomenon, because 

the overloaded photocatalyst particles may reduce the incident light 

intensity by reflection, despite a large number of the active sites present 

[87]. 
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Figure (3-28): Effect of Pt-TiO2 dosage on the degradation of OG . 
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Figure (3-29): Effect of Au-TiO2 catalyst loading on the degradation yield of 

Orange G after 270 min of visible light illumination; red columns represent 

% degradation and blue columns represent Au-TiO2 dosage. 

 

 

 

 

 

 

 

 

 

 

 

The trend in Figures (3-29) and (3-30) show clearly that the loading of 

Au-TiO2 and Pt-TiO2 photocatalysts has a similar influence on OG 

degradation percent.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 Discussion                                                                            hreehapter TC 

 83

0

20

40

60

80

100

0 20 40 60 80 100

( c )

( b )

( a )

( e )

( d )

 
Time, min.  

%
 D

eg
ra

d
at

io
n

 

Figure (3-30): Effect of Pt-TiO2 dosage on the degradation% of OG at 

pH = 3 and initial OG conc. 10 ppm: (a) 20; (b) 30; (c) 40; (d) 50 and  

(e)  60 mg . 

 

 

 

 

 

 

 

 

 

 

 

 

 

   Figures (3-29) and (3-30) ascertain that the optimum amount of         

Au-TiO2 and Pt- TiO2 catalysts are about 50 mg. This optimum amount 

has to be added to photocatalysis cell in order to avoid unnecessary 

excess catalyst and also to ensure total absorption of light photons for 

efficient photo mineralization of OG dye. 

 To analyze the effect of the catalysts dosage on the photocatalytic 

degradation process, two different situations will be described, low and 

high catalysts dosages; at low loading levels (below optimum dosage), 

the catalyst surface and absorption of light by this surface are the limiting 

factors. Thus, an increase in catalysts loading greatly enhances the 

process efficiency, probably because of the increase of active sites and 

the production of hydroxyl radicals [107]. Then with increasing dosage 

above a certain value (optimum), the reactive sites increase and the 

solution turns cloudy and opaque, which consequently reduce the light 

penetration and lead to the reduction of the active sites.  
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   Furthermore, Jodat and collaborators [108] have concluded that the 

increase of catalyst dosage above certain optimum value results in the 

agglomeration of the catalysts particles. Hence, the catalyst's surface 

became unavailable for photon absorption and dye adsorption, thus, the 

decolorization rate decreases.  

 
3.4.3 Effect of initial concentration of OG. 

    The effect of OG initial concentration in water on the photocatalytic 

process has also been examined. The photocatalytic degradation of OG at 

initial concentrations (5, 10, 15, 20, 30, 40 ppm ) for a catalyst loading of  

40 mg Au-TiO2 and initial concentrations  ( 7, 10, 15, 20, 30, 40 ppm ) 

for a catalyst loading of 50 mg Pt-TiO2 were investigated under visible 

light irradiation and at pH=3 for both catalysts. The effect of initial OG 

concentration on decolorization rate constant is depicted in Figures        

(3-31) and (3-32) for Au-TiO2 and Pt-TiO2, respectively. It is generally 

noted that the degradation rate increases with the increase in dye 

concentration to a certain level and a further increase in dye concentration 

lead to decrease in the degradation rate of the dye. Based on the above 

results, the optimum OG concentration for quantitative degradation is     

10 ppm for illumination periods of 270 min in the case of Au-TiO2 and        

60 min in the case of Pt-TiO2. At higher concentrations the photocatalytic 

process runs with some lower efficiency, however, better results can be 

appeared by extension of reaction time. Also noted that at low 

concentration of OG the degradation rate constant is higher in comparison 

to that at a higher concentration.   

O'shea and collaborators [109] stated that the number of catalytic sites at 

low concentrations is not the limiting factor of the degradation rate which 

is proportional to the substrate concentration in accordance with apparent 

first-order kinetics.  
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Figure (3-31): Plot of ln(Co/Ct) vs. reaction time at different initial concentrations 
of OG; (2% Au-TiO2 = 40  mg; pH = 3.0 ).  

    On the other hand, the high concentrations of the dye promote the 

adsorption of OG molecules causing a full surface coverage which 

consequently reduce the generation of hydroxyl radicals on the catalyst 

surface since the active sites were occupied heavily by dye molecules  

[83, 85, 110,111]. Moreover, the capability of photons to reach the 

photocatalyst surface is negatively impacted due to the invisible barriers 

of high concentrations of dye moieties. This concept is mainly relied 

upon the Beer–Lambert law, which states that the decrease of penetration 

of photons into the solution occurs by increasing the molecules of the 

dye, which consequently causes lower photonic absorption by the nano 

photocatalyst and, thus, reducing the efficiency of electron-hole pair      

(e-
CB/h+

VB) formation [40]. 
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Figure (3-32): Plot of ln(Co/Ct) vs. reaction time at different initial concentrations 

of OG; (4% Pt=TiO2 = 50 mg/L; pH = 3.0 ). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
3.4.4 Effect of dopants abundance on photocatalytic activity. 

      The impacts of the dopants, Au and Pt, percent on the photocatalytic 

degradation of OG dye was investigated for three levels of abundance 

1%, 2% and 4% at optimum experimental conditions. Figures (3-33) and 

(3-34) correlate the process rate constants with dopant's content. While, 

Figures (3-35) and (3-36) show the relationship between process time and 

degradation percent of OG for all the three levels of dopants content. 

 Based on above results, one could observe that the apparent rate 

constants kapp for  (1%, 2%, 4% ) Au/TiO2 samples, over 270 min process 

time, are 0.0083 min-1, 0.0097 min-1 and 0.0084 min-1, respectively, 

corresponding to OG photodecomposition percents of 90% and 93% and 

89%, respectively. Whereas, the apparent rate constants kapp for  (1%, 2%, 

4%) Pt/TiO2 catalysts , over 120 min process time, have been          

0.0138 min-1, 0.0206 min-1 and 0.0222 min-1 respectively, corresponding 

to OG photodegradation percents of 67%, 85%, and 96%, respectively.  
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    The optimal gold content has been 2 % with a maximal degradation 

efficiency of OG (93%). It can also be seen that the apparent rate constant 

of  2 % Au-doped TiO2 sample is higher than the others. Whereas, the 

optimal platinum content has been 4 % with a maximal degradation 

efficiency of OG (96%). It can also be seen that the apparent rate constant 

of 4 % Pt-doped TiO2 sample is higher than the others. Niea et al. [112] 

reported that the catalytic activity often increases with increasing noble 

metal loading and abundance. However, when the noble metal content 

exceeds a certain value, the number of surface active centers does not 

increase with increasing noble metal content due to the growth of larger 

crystals; i.e, agglomeration.  

The major impact of surface deposition of small metal clusters on TiO2 is 

ascribed to the acceleration of hydroxyl radical formation and decreasing 

e-/h+ pair recombination which enhance the degradation rate of pollutants 

initiated by h+ or OH radical [113]. Qamar, and Ganguli [114] concluded 

in their work on the self-assembling behavior of Pt nanoparticles onto 

surface of TiO2 that when the platinum particles are deposited onto the 

surface of TiO2, a Schottky barrier formed at the interface of TiO2 and Pt 

metal particles, resulting in an efficient channeling of excited conduction 

band electrons from the bulk of TiO2 to the newly formed interface and 

hence, higher photocatalytic activity was observed. Some researchers 

[114,115] have rationalized the decrease in the degradation rate of certain 

dye moieties and the high metal amounts in terms of shadowing of 

catalysts surface. 

  Moreover, other authors [99, 108] have reported that when Au/TiO2 was 

used to degrade Methyl Orange, the catalyst particles exhibited some sort 

of agglomeration when the dosage of catalyst exceeded above certain 

optimum value. 
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Figure (3-33): Impact of Au doping percent on the rate of photodegradation of 

OG under visible illumination. 
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Figure (3-34): Impact of Pt doping percent on the rate of photodegradation 

of OG under visible illumination. 

 Accordingly, gold nanoparticles would not reveal surface plasmon 

resonance peak due to the  agglomeration of gold nanoparticles, which 

consequently, the decolorization rate decreased. 
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Figure (3-36):  Effect of Pt doping percent on the photodegradation 

percent of OG under visible illumination. Inset represents variation of 

process rate constant (k) with Pt doping percent. 
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Figure (3-35):  Effect of Au doping percent on the degradation percent 

of OG under visible illumination. Inset represents variation of process 

rate constant (k) of photodegradation of OG with Au doping percent. 
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3.4.5 Effect of radiation dose on the degradation of OG. 

    Irradiation light intensity plays significant role in the kinetics of the 

photocatalysis process, where; (i) at low light intensities (0–20 mW/cm2), 

the rate would increase linearly with increasing light intensity (first 

order), (ii) at intermediate light intensities beyond a certain value 

(approximately 25 mW/cm2) the rate would depend on the square root of 

the light intensity (half order), and (iii) at high light intensities the rate is 

independent of light intensity [1]. Some researchers [116, 117] reported 

that, at low light intensity, reactions involving electron–hole formation 

are predominant, and electron–hole recombination is negligible. On the 

other hand, at increased light intensity, electron–hole pair separation 

competes with recombination, thereby causing a lower impact on the rate 

of reaction. 

 The influence of visible light intensity on the kinetics and degradation 

yield of OG degradation during 270  min is presented in Figure  (3-37). 

The degradation rate and degradation yield were appreciably higher under 

the higher intensity (2.87 x 10-9 mol / L.sec.) of halogen lamp than of 

intermediate intensity (0.55 x 10-9 mol /L.sec.) and low intensity         

(0.26 x 10-9 mol /L.sec.) of visible light. This change in rate of 

degradation of dye molecules by variation in light intensity could be 

ascribed to the increase in number of photons reaching the active site of 

catalyst as light intensity increases, so number of excited catalyst 

molecules increases which enhances the number of hydroxyl radicals and 

superoxide ions and consequently rate of degradation of dye molecules 

also increase [17, 118]. 
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Quantum yield  
Φ=Rate/Intensity  

Rate=k[C]  
(mol/L.sec.) x10-9 

Intensity  
(Ein/L.sec.) x10-7  

0.0085 2.87   3.39  

0.0038 0.55  1.47 

0.0067 0.26  0.38 

 

Table (3-4): Quantum yields of photodegradation of OG obtained at 

different intensities. 

  For better evaluation of the efficiency of photocatalytic process, we 

estimated the quantum yield Φ, employing the following expression 

[18,40]; 

 

Ф = rate of reaction/ rate of absorption of radiation          

 

  The calculated quantum yield of OG degradation under high, medium, 

and low intensities of halogen lamp are shown in Table (3-4). We notice 

that the rates of photodegradation of OG are increasing with increasing 

light intensity, hence, it is a stand-alone verification for the first order 

process.  

  The low quantum yield is one of the features of heterogeneous 

photocatalysis because the absorbed photons, is experimentally 

experiencing reflection, scattering and absorption by the suspended 

particulates [119], accordingly the previously reported quantum yields are 

in fact apparent quantum yields, i.e. lower limits of the true quantum 

yields. On the other hand, a number of active sites have often been 

replaced due to the competition for degradation between the reactant and 

the intermediate products, thus, this is one of the reasons for the reduced 

quantum yield in many photo response-extended doped photocatalysts 

[120]. 
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Figure (3-37): Variations of the a) initial rate and b) degradation yield of 

OG as a function of visible light source intensity. 
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3.5 Kinetic study 

3.5.1 Influence of irradiation time on the reaction kinetics. 

     Figures (3-38) and (3-39) and related Tables  (3-5) and (3-6) reveal 

quantitative photodegradation for OG over 270 min of irradiation using 

Au-TiO2 (96%) and over 60 min of irradiation employing Pt-TiO2 (99%). 

It is also evident that the percentage of photodegradation and 

decolorization increases with increasing irradiation time. The 

photocatalytic degradation of OG happens on the surface of catalysts, 

where the O2 and OH radicals are trapped in the holes of the reactive 

species, as oxygen and water are fundamental for photocatalytic 

degradation. At constant light intensity and OG concentration, the 

quantity of OH and O2 radicals increases with an increase in the 

illumination period, and hence, the dye molecules are completely 

decolorized [121]. 

Saggioro et al. [122] reported that azo bonds, nitrogen to nitrogen double 

bonds, are the most active bonds in azo dye molecules and can be easily 

oxidized either by OH radicals or positive holes. However,    

Konstantinou and Albanis [117]  stated that the slow kinetics of azo dyes 

degradation after a long time of illumination emerges from the difficulty 

in converting the N atoms of the dyes into oxidized nitrogen compounds, 

and the disappearance  of color of azo dye solution was associated with 

cleavage of the azo linkage in dyes molecules. 
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Figure ( 3-38 ): Correlation of OG concentration with irradiation time 

in the presence of Au-TiO2. 
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% Degradation 
(A0-At/A0)*100 

At Time, min. 

0 0.371 0 

22 0.291 45 

47 0.196 90 

69 0.115 135 

83 0.063 180 

92 0.031 225 

96 0.014 270 

 

Table (3-5): Variation of concentration and degradation percent of OG 

in the case of  Au-TiO2. 
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Figure ( 3-39 ): Correlation of OG concentration with irradiation time in 

the case of Pt-TiO2. 
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% Degradation 
(A0-At/A0)*100 

At Time, min. 

0 0.379 0 

61 0.146 15 

83 0.064 30 

95 0.018 45 

99 0.004 60 

 

Table (3-6): Variation of concentration and degradation percent 

of OG in the case of  Pt-TiO2. 
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 For further analysis from kinetics perspectives, the plots of ln At (as first 

order index) and 1/At (as second order index) versus time were 

established in order to devote the R2 values as one of the methodologies 

to assign the pseudo-order of the photocatalytic degradation process of 

OG dye. 

Figures (3-40) and (3-41) exhibit the computed values of regression 

coefficients (R2) as 0.973 and 0.9849 for lnAt vs. time, as pseudo first 

order evidence for the OG decolorization kinetics, using Au-TiO2, and   

Pt-TiO2, respectively. Whereas, The poor R2 values of 0.721 and 0.6709 

for 1/At vs. time, as pseudo second order indicator for the OG 

photodegradation process, reveal explicitly that the Au-TiO2, and Pt-TiO2 

don’t follow pseudo second order mechanism since they did not exhibit a 

linear behavior during photolysis reaction of OG. 
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Figure (3-40): (a) first and (b) second pseudo order of Orange G 
photodegradation at optimum experimental conditions; (At: 
Absorbance at time t and 478 nm) for Au-TiO2 
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Figure (3-40): (a) first and (b) second pseudo order of Orange G 

photodegradation at optimum experimental conditions; (At: Absorbance at 

time t and 478 nm) for Au-TiO2 
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3.5.2 Kinetics model 

     Bethi et al. [123] reported that the degradation reactions of numerous 

organic pollutants in advanced oxidation processes follow  the pseudo 

first order reaction. The calculated rate constant from the slope of OG 

concentration change (Figures (3-42) and (3-43))  follows the pseudo first 

order kinetics as per following equation [124]. 

 

 -d[C]/dt=  kapp[C] 

 

 Integration of this equation (with the same restriction of C = Co at t = 0, 

with Co being the initial concentration of dye and t the reaction time) will 

lead to the expected relation: 

 

ln [C0/Ct] = kapp t 

 

where C0 is the initial concentration and Ct is the concentration at any 

time, k is the apparent first order rate constant and ‘t’ is the time of 

irradiation.  

   Kinetic studies were monitored by the change in azo dye concentration 

at a certain interval of time (Ct).The plots of ln(C0/Ct) versus reaction 

time (t) show straight lines with good correlation coefficients              

(R2= 0.9726) for Au-TiO2 and (R2=  0.9849) for Pt-TiO2,  see  Figures   

(3-42) and (3-43). The rate constants were found to be 0.0123 min-1 for 

Au-TiO2 and 0.0746 min-1 for Pt-TiO2 under the reaction conditions given 

in the figure caption.  

The half-life of the reaction accordingly computed from the expression 

t1/2 = 0.693/ kapp, which has been equal to 56 min. for Au-TiO2 and 9 min. 

for Pt-TiO2. 
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Figure (3-43): Degradation rate of OG at optimum conditions;            

(Pt-TiO2 =50 mg/L; pH = 3.0 ; OG=10 ppm ). 
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Figure (3-42): Degradation rate of OG at optimum conditions; (Au-TiO2 = 

40 mg/L; pH = 3.0 ; OG=10 ppm ). 
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3.6 Influence of some experimental variables on apparent quantum 

yield 

    The heterogeneous photocatalysis literature uses the term quantum 

yield which is defined as the number of molecules converted relative to 

the total number of photons incident on the reactor walls. The overall 

quanta of light absorbed by any photocatalyst or reactant are given by 

overall quantum yield [18, 125]. 

 

Фoverall = rate of reaction/ rate of absorption of radiation 

 

   where the rate of reaction (mol/time) accounts for moles of reactants 

consumed or product formed in the bulk phase and the rate of absorption 

of radiation (Einstein/time) relates to the amount (i.e., mol or einstein) of 

photons at wavelength λ absorbed by the photocatalyst. 

The quantum yield is a useful parameter for indicating the efficiency of  a 

photodegradation reaction.  

    The quantum yield of 2 % Au-TiO2 is much higher than that of 1% and 

4% Au-TiO2 and also 4% Pt-TiO2 is greater than that of 1% and 2% Pt-

TiO2. The photocatalytic performance of Au-doped TiO2 and Pt-doped 

TiO2 revealed the dependence of Ф on the Au dopant and Pt dopant 

amounts as shown in Figures (3- 44 a) and (3-45 a). Observed that the 

increase of the gold content lowers the quantum yield under illumination 

after a certain value, whereas, in the case of Pt-doped TiO2, the quantum 

yield  increases with the platinum content. 

The initial dye concentration is another important variable in the 

evaluation of photocatalytic efficiency. The results which are shown in 

Figures (3- 44 b) and (3-45 b) elucidate the relation between OG initial 

concentration and the process quantum yield. 
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 Quantum yield decreases when the concentration of OG increases. This 

may be due to lowering of the number of reached photons into solution 

because of screening effect as the concentration of dyes increases and 

eventually Ф decreases [126]. 

Figures (3-44 c) and (3-45 c) exhibit quantum yield variation due to 

different Au-TiO2 and Pt-TiO2 loadings for degradation of OG. Upon 

increasing of the catalyst loading, the flux of absorbed photons increases 

resulting in an increase in quantum yield. Nevertheless, excess increases 

of the catalyst concentration would no longer increase the number of 

active sites generated by light illumination, and instead, Riaz et al. [127] 

reported that this phenomenon would most likely results in agglomeration 

of catalyst particles and interception of the light by the suspension; hence, 

part of the catalyst surface becomes unavailable for photon absorption, 

then diminishing the quantum yield value.  

The initial solution pH is another important variable in the evaluation of 

photocatalytic efficiency.  The relationship between pH and Ф is shown 

in Figures (3- 44 d) and (3-45 d). Generally, the variations in pH can 

result in enhancement of the efficiency of photo removal of organic 

pollutants in presence of photocatalysts [128]. 
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Figure (3-44): Effect of (a) gold percent; (b) OG initial concentration ; (c) Au-TiO2 

loading and (d) pH on the quantum yield of photocatalytic reaction 
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Figure (3-45): Effect of (a) platinum percent; (b) OG initial concentration; (c) Pt-

TiO2 loading and (d) pH on the quantum yield of photocatalytic reaction. 
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3.7 Effect of temperature and thermodynamic parameters. 

    The photocatalytic degradation rate of different organic compounds 

depends on various operational parameters including temperature and 

corresponding thermodynamic functions [40, 87]. The effect of 

temperature on the decolorization of OG was studied at different 

temperatures of 293, 298, 303, 308, and 318 K by keeping other 

experimental conditions constant at OG concentration of 10 ppm, 

catalysts dosage 40 mg for Au-TiO2 and 50 mg for Pt-TiO2, initial pH of 

dye solution equals to 3. The results are shown in Figures (3-46) and     

(3-47). These results indicate that raising the temperature has a positive 

impact on the decolorization of OG.  The apparent rate constant and 

temperature can be expressed by Arrhenius relation as follows [129]: 

 

kapp = Ae−Ea/RT  …………………………………………....  ( 3-3) 
 

where kapp is the apparent rate constant, A is the frequency factor or pre-

exponential factor, Ea is the activation energy of the reaction, R  is 

general gas constant and T is the absolute temperature. The natural 

logarithm of  Eq. (3-3) resulted Eq. (3-4) 

 

lnkapp = lnA − Ea /RT   ……………………………….….… (3-4) 

 

The apparent activation energy Ea, obtained from the Arrhenius plot  of  

ln kapp versus 1/T is shown in Figures (3-46) and (3-47).  It can be seen 

that a good linear relationship exists in the plots, (R2 > 0.9378)  and       

(R2 > 0.973), for Au-TiO2 and Pt-TiO2, respectively. The other 

thermodynamic parameters for instance free energy of activation (ΔG#), 

enthalpy of activation (ΔH#) and entropy of activation (ΔS#) were 

calculated using activation energy and apparent rate constant as follows 

[130]: 



 Discussion                                                                            hreehapter TC 

 108

kapp = kBT/h e(-ΔG#/RT)  ………………..………………….… (3.5) 

ΔG# = RT x [ ln (kBT/h) − ln kapp ]   …………...…...…….... (3.6) 

where h is Planck constant (6.6256x 10-34 J.s) and kB is Bolzmann 

constant (1.3805x 10-23 J.K-1). The introduction of the constant values, 

leads to: 

ΔG# = RT x (23.76 + lnT − lnkapp)  ……………………….. (3.7) 

The entropy (ΔS#) and enthalpy (ΔH#) of activation are derived from 

equations 3.4, 3.5 and 3.6, leading to the final relations; 

d(ln kapp) / dT = Ea / RT2  ………………………….……..... (3.9) 

likewise, equation (3.5) is rewritten as: 

ln kapp = ln (kBT/h) - ΔH# / RT + ΔS# / R  ….………...….... (3.10) 

d(ln kapp) / dT = 1 / T +ΔH# / RT2 = (ΔH# + RT) / RT2  …... (3.11) 

Solving equations 3.9 and 3.11 for the activation enthalpy gives 

ΔH# = Ea – RT …………………………………………....... (3.12) 

finally giving access to the entropy of activation 

ΔS# = (ΔH# − ΔG#) / T …………………………………..... (3.13) 

 

From Tables (3-7) and (3-8), it can be concluded that with increasing 

temperature, the rate of  reaction increases which is due to the reason that 

increases in temperature helps to speed up the velocity of both the 

hydroxyl radicals and the dye molecules to interact with each other thus 

the reaction competes more efficiently with the electron-hole 

recombination [131]. On the other hand, Chen and Ray [132] stated that 

the increase in rate constant was most likely due to the increasing 

collision frequency of molecules in solution that increases with increasing 

temperature.  
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Figure (3-46): Arrhenius plot of rate constant versus reciprocal of 

reaction temperature for degradation of OG using Au-TiO2. 

The positive ΔG # obtained indicate that the reaction is non-spontaneous . 

This positive ΔG# could be ascribed to activated state being a well 

solvated structure formed between the dye molecules and the reaction 

intermediates that is hydroxyl radicals which are also supported by the 

negative entropy of activation [133]. The process was endothermic due to 

positive values of ΔH #
 i.e., that higher temperatures are favored for 

enhanced removal of organic pollutant. The negative values of ΔS# 

suggest the decreased randomness at the solid/ solution interface during 

the adsorption of azo dye on catalyst and further ratification for the non 

spontaneous process [134] 

Tables (3-7) and (3-8) exhibit the activation energies for 

photodegradation of OG using Au-TiO2 and Pt-TiO2 catalysts in the 

temperature range 293-318 K which equal to 14.66, and 36.29 kJ.mol-1 , 

respectively. Despite the higher activation energy required in case of Pt-

TiO2, our experimental results revealed better rates for Pt-TiO2 powders 

in comparison to Au-TiO2 suspension. Hence, this is stand-alone 

verification for independence of photocatalysis on the thermodynamic 

properties of the photocatalysts.  

 

 

 

 

 

 

 

 

 

 

 



 Discussion                                                                            hreehapter TC 

 110

  
  
  
  

T 
(K) 

Ea 
(kJ.mol-1) 

G*  
(kJ.mol-1)  

H* 
(kJ.mol-1)  

S*  
(J.K-1.mol-1)  

293 82.99 12.22 -241.54 

298 84.40 12.18 -242.35 
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308 86.72 12.09 -242.31 

318 
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Table (3-7 ): Thermodynamic parameters for the photocatalytic 

degradation of  Orange G using Au-TiO2 . 
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Figure (3-47): Arrhenius plot of rate constant versus reciprocal of reaction 

temperature for degradation of OG using Pt-TiO2.  
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G*  
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Ea 
(kJ.mol-1) 

T 
(K) 

-159.59 33.85 80.61 293 

-161.31 33.81 81.88 298 

-160.00 33.77 82.25 303 

-158.77 33.73 82.63 308 

-161.13 33.65 84.89 

 
 

36.29 

318 

  

Table (3-8 ): Thermodynamic parameters for the photocatalytic  

degradation of  Orange G using Pt-TiO2.  
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( a ) 

ῡ 

3.8 FTIR characterization of Orange G / Pt-TiO2 system. 

     The change of functional groups of azo dye after photocatalytic 

treatment was surveyed. The initial OG concentration of 10 mg L−1 was 

treated using 50 mg Pt-TiO2 for 60 min of photocatalysis period. 

Figure (3-48 a) presents the referenced frequency values for pure OG 

[135], where 1050 cm−1 is assigned for S=O stretch in SO3Na group, 

1426, 1462 and 1492 cm−1 for N=N, 3437-3464 cm−1 for   O–H and N–H, 

1627.9 cm−1 for C=C and 1203.6 cm−1 for C-N . These frequencies are in 

a good agreement with the values measured in our research work shown 

in Figure (3-48b).   Figure (3-48 c) presents the FTIR spectrum for the 

OG degraded solution, where the bands located at 1426, 1463, and 1496 

cm−1 for N=N and the band located at 1050 cm−1 disappeared. Moreover, 

a broadband appeared at 2831.50 cm-1which is likely attributed to 

asymmetric vibrations of the methylene and methyl groups [136]. 

Accordingly, it is possible to report here that the disappearance of such 

functional groups and additionally appearance of a new band at 3402.4 

cm-1 which is mainly assigned for phenolic and amines groups [137] 

ought to be ratification for the photodegradation of the model dye OG. 
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Figure (3-48): FTIR spectra for OG: (a) reference; (b) before and (c) after Pt/TiO2 

photocatalytic degradation.  
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3.9 photocatalytic activity of Au-TiO2 and Pt-TiO2 catalysts 

under solar light irradiation. 

The photocatalytic activity of Au-TiO2 and Pt-TiO2 catalysts were 

estimated by measuring the decomposition rate and degradation percent 

of  OG under sunlight illumination. All the experiments were carried out 

when the intensity of sunlight was relatively high during the period 

between 10:15 am to 12:15 pm for Au-TiO2  and between 10:15 am to 

10:40 am for Pt-TiO2 on the 15 and 20  June (summer season). It was 

noticed that 2% Au-TiO2 and 4% Pt-TiO2 achieved 94.5% and 91.1% 

degradation, respectively, for OG within 2 hours for Au-TiO2 and 25 min 

for Pt-TiO2. 

Photodegradation rate of OG under solar light and in presence of  2 % 

Au-doped TiO2 and 4 %Pt- doped TiO2 are illustrated in Figures (3-49) 

and (3-50), respectively. This enhanced degradation rate of  OG under 

sunlight irradiation using Au-doped TiO2 and Pt-TiO2 is attributed mainly 

to the existence of about 5% UV light within the solar light . 

The high photocatalytic efficiency which is exhibited by the laboratory 

synthesized doped catalysts under sun light might be ascribed to their 

capability to absorb both visible and UV radiations of solar light where in 

terms of energy, sunlight at Earth's surface is around 52 to 55 

percent infrared (above 700 nm), 42 to 43 percent visible                        

(400 to 700 nm), and 3 to 5 percent ultraviolet (below 400 nm)            

[138, 139]. Under the high intensity of light irradiation, the enhancement 

was considerably higher because of the electron–hole formation is 

predominant and, hence, electron–hole recombination is negligible [140]. 
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Figure 3-49: Rate of OG photodegradation onto 2% Au-TiO2 

surface under solar illumination; inset shows degradation percent. 
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Figure (3-50):  Rate of OG photodegradation onto 4% Pt-TiO2 

surface under solar illumination; inset shows degradation percent. 
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3.10 Comparison of reductive methodologies for Au and Pt onto nano 

TiO2 slurry particles 

     Figures (3-51) and (3-52) depict a comparison between Au–TiO2 and 

Pt-TiO2 prepared by the chemical reduction methods (CR) employing    

2-Oxoglutaric acid, Sodium borohydride and Citric acid and also UV-

illumination (UVR), respectively. Upon reaction results, the chemical 

reduction method for Au–TiO2 synthesis especially prepared by               

2-Oxoglutaric acid, demonstrated the highest degradation rate for OG dye 

in comparison with other chemical and illumination methods of 

preparation. These results point to clearly that only when Au was 

gradually reduced from AuIII to Au0 the activity of the gold catalysts was 

significantly enhanced [141]. Whereas, UVR illumination method for    

Pt-TiO2 preparation revealed the best photodegradation for OG among 

the other chemical and irradiation techniques. Samples modified by using 

UV light source for PtCl6
2- anions reduction had a higher photocatalytic 

activity than samples modified using other reducing agents [142].  

As for any redox reaction, the values of the standard reduction potentials 

(E0) determine the pairs of reactants required for successful chemical 

conversion. This means that the free energy change in the reaction, ΔG0, 

must be negative, or what is equivalent to ΔE0 > 0 [143]. Thus, in the 

case of gold, the relatively large electropositive reduction potential of 

[AuCl4]-+3e-  Au(s)+4Cl-  E0=+0.93 V, PtCl6
2− + 2 e−   PtCl4

2− + 2 Cl−  

E0=+0.726 V, permits the use of several reducing agents, for example 

sodium citrate E0 = −0.180 V and sodium borohydride E0 = −0.481 V. 

On the basis of the above findings, we may report here that gold could be 

doped (reduced) onto TiO2 quantitatively using chemical reduction route 

rather than UV irradiation method, whereas, platinum behaves differently 

where UV irradiation technique exhibited superior doping over the 

chemical reduction route.  
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Figure (3-51): Effect of UVR and CR methods on the rate of OG degradation 

under visible illumination employing 2% Au-TiO2: (a) 2-Oxoglutaric acid; (b) 

UV; (c) Sodium borohydride; (d) Citric acid . 
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Figure (3-52): Effect of UVR and CR methods on the rate of OG degradation 

under visible illumination employing 2% Pt-TiO2: (a) UV; (b) Sodium 

borohydride; (c) 2-Oxoglutaric acid; (d) Citric acid. 
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3.11 Predicted mechanism for Orange G degradation 

   The mechanism of the degradation of azo dyes by visible light is very 

complex because of different reaction possibilities. Hydroxyl radical is a 

strong oxidizing agent and thus oxidizes dye molecules and leads to its 

complete mineralization [144]. The mechanism of OG azo dye  

degradation may be expected as it is illustrated in Figure (3-53). 

The degradation of the OG appears to involve primarily oxidative steps; 

the cleavage of the C–N bond resulting in aniline and 1-hydroxylamine-2-

naphthol-6,8-disulfonic acid intermediate (1), indicating different 

generation rate of hydroxyl radical between the photolysis and catalysts 

(Au-TiO2 and Pt-TiO2). The hydroxyl products of 7-hydroxy-8-

(hydroxyamino) naphthalene-1,3-disulfonic acid as the consequence of 

OH hydroxyl radical attack including 2, 3, 4 and 5 steps were detected by 

Cai et al. [145]. 

The another possible degradation pathway of the dye is the reactions of 

hydroxyl radicals with the N=N bond with a generation of benzene and 2-

naphthol-6,8-disulfonic acid (6) and its hydroxy products (2).  

The third probable pathway is shown in Figure (3-54). This reaction 

involves intermolecular dehydration forms 7,8 epoxyazonaphthalene-1,3 

disulfonic acid (8), which was also reported by Muruganandham et al. 

[146] in the degradation process of Reactive Orange 4 using TiO2-P25. 

The detected 7-hydroxy-8- azophenyl-naphthalene-1-sulfonic acid (9) and 

7-oxy-8-azonaphthalene-(1'-oxy-2'-azo-phenyl)-1-sulfonic acid (10) also 

indicated the reactions of desulfonation of sulfuric acid and the 

intermolecular dehydration [147]. Mostly, the photocatalytic degradation 

processes for organic moieties lead finally to carbon dioxide and water 

post successive photoreactions. 
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Figure (3-53): Schematic diagram of degradation pathways of Orange G. 
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3.12 Comparison and evaluation of photocatalytic 

degradation of OG azo dye using Au-TiO2 and Pt-TiO2   
      

The comparison of photodegradation of OG employing Au-TiO2 and Pt-

TiO2 under optimum experimental conditions, revealed that both 

photocatalysts responded positively under visible light and further, 

operated optimally at acidic media (pH = 3), despite slight differences in 

their points of zero charges; 6.0, for Au-doped TiO2 and 6.2, for Pt-doped 

TiO2 particles. Nevertheless, the experimental results exhibited lower rate 

constant and longer half-life for Au-TiO2 (0.0123 min-1, 56 min.) but 

higher rate constant and shorter half-life for Pt-TiO2 (0.0746 min-1             

, 9 min.). Also from thermodynamic aspect and despite the higher 

activation energy required in case of Pt-TiO2, our experimental results 

revealed better rates for Pt-TiO2 powders in comparison to Au-TiO2 

suspension. Hence, this is stand-alone verification for an independence of 

photocatalysis on the thermodynamic properties of the photocatalysts.    

Several explanations [62,148-149] have been appeared in the literature 

concerning the increased photocatalytic activity of Pt/TiO2 over Au/TiO2; 

Schmickler and Santos [148] reported that the increased photocatalytic 

activity of Pt/TiO2 over Au/TiO2 could be attributed to the density of 

states in the vicinity of the Fermi level of Pt which is higher and consists 

mainly of contributions from d electrons. In contrast, the d band in Au 

lies much lower, and the density of states at the Fermi level is 

consequently lower. 

A second explanation for the higher photocatalytic activity of Pt/TiO2 

may be probably due to the size of the Au and Pt particles. The higher 

size (Au) might block the active sites for the OG oxidation and/or reduce 

the number of active sites on which the oxygen reduction can proceed.  
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Furthermore, Ismail et al. [149] also expected that the kinetics of the 

oxygen reduction would also be determined by the oxophilicity of the Pt 

nanoparticles. 

Additionally, under visible irradiation, the incident photons are absorbed 

by Au particles (SPR peak wavelength: ~520 nm in a visible light region) 

through SPR excitation. Then, electrons transfer from the plasmon-

excited Au to the conduction band of TiO2 [62]. This is generally 

believed to be one of the reasons why the OG photodegradation is 

kinetically hindered on Au.  

Other than these explanations, Sato et al. [150] stated that the increase in 

photoconversion of H2O to H2 upon a Pt–TiO2 catalyst system 

employment is due to the creation of a Schottky barrier at the interface of 

the metal–semiconductor, which was also confirmed by Chen et al. [151].  

Whereas, Au, Ag and Cu follow Surface Plasmon Resonance 

phenomenon which is based on three mechanisms [152, 153]; photon 

scattering, hot electron transfer and Plasmon Resonance Energy Transfer 

(PRET). 

3.13 Conclusions and Suggestions 

3.13.1 Concluding remarks 

 

    The photodegradation of Orange G (OG) as anionic model dye in 

aqueous media was investigated employing laboratory synthesized nano 

Au-TiO2 and Pt-TiO2 semiconductor photocatalysts under visible light 

illumination. Several spectroscopic advanced machines, namely; SEM, 

TEM, EDX, XRD and BET have been utilized for the characterization of 

the prepared Au and Pt doped nano TiO2 powders. 

    SEM and TEM images illustrated smooth surfaces with high dispersion 

of Au and Pt metal atoms. EDXS measurements revealed the content of 

the precious metal doped powders which were resulted from the doping 
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process. BET measurements verified the mesoporosity of the impregnated 

photocatalyst powders and the adsorption-desorption isotherm plots 

resulted in surface areas of 130, 121 and 109 m2/g for TiO2, Au-TiO2 and 

Pt-TiO2 specimen, respectively. XRD patterns confirmed the existence of 

Au and Pt diffraction signals within the photocatalyst pattern and revealed 

an average crystalline size of 15.3, 14.2 and 12.4 nm for TiO2, Au-TiO2 

and Pt-TiO2 specimen, respectively.  

    The impacts of several operational parameters namely; initial pH ,  OG 

initial concentration, Au and Pt abundance, Au-TiO2 and Pt-TiO2 

loadings and visible light intensity on the photodegradation of Orange G 

dye has been investigated. The photocatalytic process is favored at 

solution pH of 3 for both photocatalysts, 40 mg/l loading for 2% Au-TiO2 

and 50 mg/l loading for 4% Pt-TiO2 and 10 mg/l of initial dye 

concentration.                                                                                         

     Furthermore, the apparent quantum yield was also explicitly influenced 

by photocatalysis solution pH, Au-TiO2 and Pt-TiO2 loadings and initial 

dye concentration.                                                                                          

   The kinetics and thermodynamics of the photodegradation of OG   

employing both Au-TiO2 and Pt-TiO2 photocatalysts have also been 

explored. The kinetics of the photocatalytic oxidation follows the pseudo 

first order. Moreover, an increase of the photocatalysis process 

temperature has revealed positive impacts on the kinetics of the process 

following the Arrhenius relation. The activation energies of the 

degradation for OG using Au-TiO2 and Pt-TiO2 were found to be 14.66 

and 36.29 kJ mol−1, respectively.                                                                  

   Gold has been doped onto TiO2 quantitatively using chemical reduction 

route rather than UV irradiation method, whereas, platinum behaves 

differently where UV irradiation technique exhibited superior doping 

over the chemical reduction route. The experimental results exhibited 
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lower rate constant and longer half life for OG degradation using Au-

TiO2 but higher rate constant and shorter half life employing Pt-TiO2, i.e; 

better photocatalytic activity of Pt/TiO2 over Au/TiO2. 

  Under optimum experimental conditions, the solar photodegradation of 

OG attained better process rate and yield in comparison to the laboratory 

outcomes for both Au-TiO2 and Pt-TiO2 photocatalysts. 

 

3.13.2 Suggestions 

    In the light of the present research work, several suggestions for the 

future research activities can be reported:  

1- Since the solar photocatalytic process has exhibited interesting and  

green chemistry friendly results, we would suggest employing 

immobilized nano Au-TiO2 and Pt-TiO2 prototype systems for the 

photodetoxification of the photomineralization of persisting organic 

moieties like poly aromatic hydrocarbons (PAH) and azo pollutants under 

solar irradiation. 

 

2- The study of the photocatalytic decontamination of the persisting 

organic pollutants in aqueous media together with computational 

authentication could be an interesting extension of this work. 

 

3- Adoption of semiconductor sensitization by means of dyes and 

coupling via other low band gap photocatalyst based on 2D and 3D 

structural materials could also be a good progressive pace for future work 

research.  
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  الملخص 

السائل تم تحضیر ثنائي اوكسید التیتانیوم النانوي المطعم بالذھب والبلاتین باعتماد طریقة 

  فوق البنفسجیةالأشعة والاختزال الضوئي للمعادن من خلال ضوء )جل- صول(الھلامي 

تم دراسة طبیعة السطح و المحتوى والحجم . والاختزال الكیمیائي باستخدام مختزلات معینة

وري والمسامیة والمساحة السطحیة للمساحیق المحضرة باستخدام تقنیات عدیدة ومنھا المجھر البل

 ثنائي اوكسید -من الذھب% 2 مساحیق أظھرت. الماسح والمجھر النافذ وحیود اشعة اكس

 تحت  البرتقالیةGلصبغة  تحطیم أفضلثنائي اوكسید التیتانیوم -من البلاتین% 4التیتانیوم و

  . ي وعند الظروف التجریبیة الملائمةالضوء المرئ

 ة الحامضیالدالةمثل  للصبغة الضوئي للتفككدراسة تأثیر بعض المتغیرات التجریبیة كذلك تم و

البلاتین بثنائي اوكسید التیتانیوم المشوب كمیھ المحفزین ، التركیز الابتدائي للصبغة، الابتدائیة 

  .وشده الضوء المرئي الذھببثنائي اوكسید التیتانیوم المشوب و

 الدالةعند   البرتقالیةGلصبغة  الضوئي التفكك لعملیة المثلى التجریبیة الظروف تحققت

ثنائي اوكسید استخدام  ة ملغم في حال40 إلىمساویة ال المحفز ة وكمی3 إلىمساویة ال الحامضیة

 0.0123 ةلسرع من الصبغة كانت قیمھ ثابت التر/ مول10الذھب وبوجود بالتیتانیوم المشوب 

ثنائي اوكسید التیتانیوم وحین استخدام  . دقیقة 56لكل دقیقة وعمر نصف العملیة مساوي الى 

 دقیقة وعمر نصف العملیة مساوي الى لكل 0.0746 البلاتین كانت قیمھ ثابت السرعة بالمشوب 

  .  للصبغةأفضل أي كفاءة تحطیم  دقیقة9

  الكاذبلضوئي ان العملیة تتبع قانون المرتبة الاولىبینت الدراسة الحركیة لعملیة التحطم ا 

 لعملیة الأساسیة یةوتم كذلك احتساب الدوال الثرمودینامیك. وبغض النظر عن ظروف التفاعل

  .  التنشیط وطاقھ جبس والانثالبي والانتروبي طاقھالتفكك الضوئي مثل 
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