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ABSTRACT 

Industrial wastewaters contain a variety of chemical pollutants such as phenolic 

compounds , dyes, organophosphate insecticide. Treatment of these chemical 

compounds is of importance due to the toxic nature of these chemical compounds. 

Advance Oxidation Processes (AOPs) have been introduced as a potential method to 

produce highly oxidative ion species including OH● and O2.− for water treatment. 

Photocatalysts such as TiO2 and ZnO have been extensively and successfully used in 

AOPs to remove chemical pollutants. However, these photocatalysts suffer from limited 

activities and applications under UV light due to large band gap. Doping is the process 

of adding transition metals to a photocatalyst or combining two different photoctalysts 

to alter their properties, especially their band gap energy level. In this study, a new 

photocatalyst, Cu-doped TiO2/ZnO nanocrystals were fabricated by entrapping copper 

ions in the crystalline matrix of  TiO2/ZnO through sol-gel method in order to improve 

the photocatalytic activity of TiO2. Different copper concentrations were loaded into the 

photocatalyst matrix and the photocatalysts were calcinated at two different 

temperatures of 500 and 700°C. Thermal property, crystalline structure, surface 

morphology, band gap and absorption spectra of Cu- TiO2/ZnO were characterized by 

thermogravimetric analysis, X-ray diffraction, scanning electron microscopy, 

transmission electron microscope and UV–Vis spectroscopy. The minimum crystal size 

and maximum surface area were observed in the samples with Cu amount of 5wt%. It 

was also observed that the Cu-TiO2/ZnO complex was in cylindrical shape, depending 

on the concentration of the compounds. Furthermore, the band gap of Cu-TiO2/ZnO was 

reduced to about 2.20ev as the Cu loading increased to almost 3%. The photocatalytic 

activity and stability of the photocatalyst with the best characterization result were then 

evaluated based on its capability of degrading methyl orange and methylene blue dyes 

based on colour, COD and TOC removal under visible light irradiation. The 
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characterization results implied that the synergistic effect of Cu ions considerably 

narrowed the band gap of TiO2 and ZnO compared to TiO2, ZnO, TiO2/ZnO, Cu-TiO2 

and Cu-ZnO. The synthesized photocatalysts also showed enhanced absorption in the 

visible light region, exhibiting the ability of Cu-TiO2/ZnO for photocatalytic 

degradation of these model dyes. Cu- TiO2/ZnO with a Cu content of 3wt% was found 

to have the maximum activity, giving C/C0 value of 0.03 after 150 min. The maximum 

colour removal of 85.45%, COD removal of 70.56% and TOC removal of 48.70% were 

achieved for MO while the maximum colour removal of 73.20 %, COD removal of 

59.92% and TOC removal of 38.77% were achieved for MB under optimal conditions. 

ANFIS (Adaptive Neuro Fuzzy Inference System) was used to analyse the sensitivity of 

photoactivity of Cu-TiO2/ZnO towards operating conditions in advanced oxidation 

reaction for photodegradation of dyes. According to variables selection using ANFIS 

analysis, catalyst concentration 0.6 g/l and reaction time 120 min were the most 

effective parameters for MO degradation whereas dye concentration 35 ppm and pH > 

7.5 were the most influential on MB removal using Cu-TiO2/ZnO. 
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ABSTRAK 

Air sisa industri mengandungi pelbagai bahan pencemar kimia seperti sebatian fenol, 

pewarna, racun serangga organofosfat dan lain-lain. Rawatan sebatian-sebatian kimia 

ini adalah penting disebabkan oleh sifat toksik sebatian-sebatian ini.  Rawatan 

Pengoksidaan Lanjutan (RPL) telah diperkenalkan sebagai satu cara yang berpotensi 

untuk menghasilkan spesies ion yang mempunyai upaya pengoksidaan yang tinggi 

termasuk OH● dan O2.−  untuk rawatan air. Pemangkin foto seperti TiO2 dan ZnO telah 

digunakan secara ekstensif dan berjaya dalam RPL untuk menyingkirkan bahan 

pencemar kimia dari air sisa. Walau bagaimanapun, pemangkin foto mempunyai aktiviti 

dan penggunaan yang terhad di bawah pancaran UV disebabkan oleh jurang jalur yang 

luas. Pembauran merupakan satu proses penambahan logam peralihan ke dalam 

pemangkin foto atau penggabungan dua pemangkin foto yang berlainan untuk 

mengubah ciri-ciri pemangkin tersebut, terutamanya tahap tenaga jurang jalur. Dalam 

kajian ini, satu pemangkin foto yang baru, kristal nano TiO2/ZnO yang terbaur dengan 

kuprum telah dihasilkan dengan memasukkan ion kuprum ke dalam matriks kristal  

TiO2/ZnO melalui cara sol-gel untuk menambahbaiki aktiviti pemangkinan foto TiO2. 

Kuprum dengan kepekatan yang berlainan telah dimasukkan ke dalam matriks 

pemangkin foto dan dibakar pada dua suhu, iaitu  500 dan 700°C. Ciri-ciri haba, 

struktur kristal, morfologi permukaan, jurang jalur dan spektra penyerapan Cu- 

TiO2/ZnO telah ditentukan oleh analisa thermogravimetrik, pembelauan sinaran X, 

Mikroscopi Imbasan Electron, Mikroskop Transmisi Electron dan Spektroskopi UV–

Vis. Saiz kristal minimum dan luas permukaan maximum telah diperhatikan di dalam 

sampel yang mengandungi 5wt% kuprum. Kompleks Cu-TiO2/ZnO adalah dalam 

bentuk silinder, yang bergantung pada kepekatan sebatian. Selain daripada itu,  jurang 

jalur Cu-TiO2/ZnO telah dikurangkan ke 2.20ev apabila kuprum bertambah sebanyak 

kira-kira 3%. Aktiviti pemangkinan foto dan kestabilan  untuk pemangkin foto dengan 
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ciri-ciri yang terbaik kemudian diuji berdasarkan keupayaan pemangkin tersebut untuk 

merawat  pewarna methyl orange (MO) and methylene blue (MB) mengikuti tahap 

penyingkiran warna, COD dan TOC bawah pancaran cahaya boleh dilihat. Keputusan 

pencirian menunjukkan bahawa kesan sinergistik ion kuprum dapat mengurangkan 

jurang jalur TiO2 dan ZnO dengan ketara berbanding dengan TiO2, ZnO, TiO2/ZnO, Cu-

TiO2 dan Cu-ZnO. Pemangkin foto yang dihasilkan juga mempunyai daya penyerapan 

yang lebih baik dalam kawasan pancaran cahaya boleh dilihat. Ini telah menunjukkan 

keupayaan Cu-TiO2/ZnO untuk merawat pewarna model melalui aktiviti pemangkinan 

foto. Cu- TiO2/ZnO dengan kepekatan kuprum sebanyak 3wt% mempunyai aktiviti 

pemangkinan yang maximum dengan nilai C/C0 sebanyak 0.03 selepas 150 min. 

Penyingkiran warna sebanyak 85.45%, COD sebanyak 70.56% dan TOC sebanyak 

48.70% telah dicapai untuk MO manakala penyingkiran warna maximum sebanyak 

73.20 %, COD sebanyak 59.92% dan TOC sebanyak 38.77% telah dicapai untuk MB di 

bawah keadaan optimum. ANFIS (Adaptive Neuro Fuzzy Inference System) telah 

digunakan untuk menganalisa sensitiviti activiti foto Cu-TiO2/ZnO terhadap keadaan 

operasi dalam RPL. Berdasarkan analisa ANFIS atas pembolehubah, kepekatan 

pemangkin 0.6 g/l dan masa tindak 120 min balas merupakan parameter yang paling 

berpengaruh ke atas penyingkiran MO  manakala kepekatan pewarna 35 ppm dan pH > 

7.5 adalah paling berpengaruh ke atas penyingkiran MB apabila Cu-TiO2/ZnO 

digunakan. 
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CHAPTER 1: INTRODUCTION 
 

1.1 Background 

1 To date, more than 8000 different types of dyes and 6900 additives are known to be the 

cause of different organic and inorganic water pollution (Simphiwe & Buthelezi, 2012). 

These effluents enter waterways and adversely affect the quality of water, since they 

encompass a wide range of potential contaminants and concentrations. Most organic 

contaminants in water are not easily biodegradable and are often not fully removed in 

conventional biological plants. The reason is the presence of surfactants in the effluents 

that promote emulsion formation and impose additional load on wastewater 

biotreatment facilities. Most of the processes currently in use, such as adsorption, ozone 

or electrochemical oxidation, membrane separation, coagulation and filtration for water 

treatment suffer from different limitations. For instance, contaminants are only 

transferred from one medium to another in activated carbon adsorption, therefore 

another step is required to eliminate the organic compounds. Moreover, the process is 

slow and poses some difficulties with operation at high concentrations of organic 

contaminants. Chemical oxidation cannot completely mineralize organic compounds 

and it is only economically favourable for specific pollutant concentrations. In terms of 

biological treatment, drawbacks include low reaction rate, difficulty with activated 

sludge disposal and a very narrow pH range  (Nadia et al., 2013). 

2 Among various advanced chemical and physical treatment techniques, photocatalytic 

degradation is the only process that results in the complete mineralization of organic 

substances (Nadia et al., 2013). This process is also fast, economically feasible a 

chemically stable. Among different semiconductor photocatalysts, there is growing  

interest in Titanium Oxide (TiO2) due to its low price, environmentally friendly 

characteristic, chemical stability and absence of toxicity.  
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3 One of the most pivotal limitations of TiO2 or ZnO based lattices is their photocatalysis 

activity under visible light irradiation. In this study, a hybrid photocatalyst was 

generated by doping TiO2/ZnO lattice with copper in order to improve their photo-

activity. Cu- doped Tio2 /ZnO nanocrystals were fabricated by entrapping copper ions in 

crystalline matrix of TiO2/ZnO through sol-gel synthesis method. Different copper 

concentrations were loaded into the photocatalyst matrix.The main aim was to analyse 

the sensitivity of photoactivity of Cu-TiO2/ZnO toward operating conditions in 

advanced oxidation reaction for photodegradation of two different dyes. 

1.2 Problem statement 

A multitude of wastewater pollutants are found in effluents from dyestuff. 

Photocatalytic oxidation technology is commonly used for the treatment of these types 

of pollutants and environmental protection. However, there are some drawbacks related 

to this treatment: 

1. TiO2 can be potentially used under visible light. However, the efficiency of 

photodegradation is trivial under visible-light irradiation. The reason is that this 

catalyst has a wide band gap of around 3.2eV at room temperature, therefore it 

should be mainly used under Ultraviolet (UV) irradiation.  

2. TiO2 also suffers from low surface area, which reduces its efficiency. 

3. The unsuitable band gap energy level of this photocatalyst is another limitation.  

4. Moreover, the photocatalytic activity of TiO2 depends on the relative degree of 

branching of the reactive electron–hole pairs into interfacial charge-transfer 

reactions. 

In order to overcome these limitations, the crystalline TiO2 catalyst matrix can be 

modified. To achieve this aim, the heterojunction of TiO2/ZnO with Cu integrated into 

the structure is investigated, with the goal to narrow the band gap energy of TiO2 and 
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enhance the hybrid photocatalyst‘s photoactivity under visible light irradiation.  In this 

study, Cu was selected for doping the TiO2 photocatalyst, since its structure is similar to 

Fe. The low energy level of Cu enables it to improve the TiO2 band gap. Besides, Cu 

has proven to enhance the photocatalytic band gap of Cu-TiO2 and Cu-ZnO separately. 

This is attributed to the presence of two electrons in the valence layer of Cu, which 

enables electron transfer. 

1.3 Research objectives 

The aim of this research is to study the performance of Cu-doped TiO2/ZnO 

photocatalyst for wastewater treatment and the degradation of two dyes, i.e. methyl blue 

(MB) and methylene orange (MO) dyes under visible light irradiation. Hence, the 

objectives of this study are to: 

1. To synthesize and characterize a new nanocrystal photocatalyst by doping copper 

ions in the crystalline matrix of TiO2/ZnO. 

2. To analyse the effects of the synthesis parameters on the physicochemical 

properties of the synthesized Cu-doped TiO2/ZnO.  

3. To evaluate the physicochemical properties of the new synthesized Cu-doped 

TiO2/ZnO and the photoactivity of the new photocatalyst in the degradation of 

methyl orange as an anionic-dye and methylene blue as a cationic-dye under 

visible light irradiation. 

4. To statistically analyse the sensitivity of Cu-doped TiO2/ZnO to operational 

parameters under visible light irradiation. 

1.4 Thesis organization 

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

topic. 

 CHAPTER 1 includes a brief introduction to the research project. 
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 CHAPTER 2 contains a comprehensive literature survey of Advanced Oxidation 

Processes (AOPs), followed by an overview of the TiO2 photocatalyst for 

photocatalytic degradation under UV light irradiation. 

 CHAPTER 3 describes the materials and process setup for the synthesis and 

characterization of the new photocatalyst Cu doped TiO2/ZO. Furthermore, all 

experimental design techniques and analysis equipment and processes are 

explained in detail. 

 CHAPTER 4 presents the results and data obtained from laboratory experiments. 

Efficiency evaluation of the new hybrid photocatalyst is carried out in terms of 

absorption, crystal size, morphology, and band gap energy level. The degradation 

of two types of dyes (MO and MB) under visible light irradiation is investigated 

and ANFIS analysis is done to examine how the mentioned operating parameters 

influence the photoactivity of Cu-doped TiO2/ZnO. In addition, a comprehensive 

discussion and explanation of the experimental results are presented.  

 CHAPTER 5 summarizes the conclusions according to the study results and 

findings, followed by a list of recommendations for further studies. 
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2 CHAPTER 2: LITERATURE REVIEW 
 

Figure 2.1 illustrates a simplified flow diagram of the main review topics presented in this 

chapter. The advanced oxidation process with a base for the generation of hydroxyl radicals 

has high potential to completely destroy hazardous organic components in wastewater 

processing without generating secondary pollutants.  
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Figure 2.1: Overview of the literature review. 
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2.1 Introduction 

4 Various dyes and organic compounds that are commonly used in industry cause 

environmental contamination and must be removed from wastewater (Alem  & 

Sarpoolaky, 2010). Dye colours are a copious source of coloured organics emanating as 

waste from textile dyeing processes. Due to the high concentrations of organic 

compounds in wastewater and the higher stability of modern synthetic dyes, 

conventional treatment methods are ineffective in the degradation of dyes and organic 

compounds or complete colour removal (Zhang, 2011). According to the last report of 

the United Nations World Water Development, untreated industrial wastewater, which 

contains several kinds of organic pollutants, flows into productive land, and surface and 

underground water sources (Gleick, 2004). Therefore, there is growing concern 

regarding the effectiveness and environmental compatibility of pollutant removal 

methods to prevent hazardous pollutants from entering the environment. A wide range 

of chemical, physical and biological processes have been applied to remove pollutants 

through chemical coagulation, oxidation, flocculation, precipitation, froth floatation, 

reverse osmosis and biological techniques (Akpan & Hameed, 2011). However, 

chemical methods are unable to mineralize all organic pollutants and they generate new 

environmental pollutants (Takeda, 1988). Physical methods like adsorption are not able 

to remove all hazardous waste from effluents. Biological methods are also slow, 

selective and sensitive to ambient conditions such as pH and temperature (Krumme, 

1988 ; Aviam, 2004). Advanced Oxidation Processes (AOPs), such as photocatalytic 

processes including Fenton, photo-Fenton and electro-oxidation are powerful and non-

selective  (Fujishima, 2000 ; Carp, 2004). These methods have been used to mineralize 

persistent organic pollutants in the environment.  
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2.2 Water treatment methods 

Non-biodegradable organic waste materials are compounds that cannot be recycled into 

the life cycle naturally since they cannot break down into natural components. 

Therefore, such pollutants should be removed from wastewater using different 

technologies, including biological treatment, coagulation/precipitation techniques, 

Fenton oxidation treatment and photocatalytic advanced oxidation technology. 

Biological treatment processes that employ microbial metabolism are safe, economical 

and reliable; however, these technologies require high levels of sludge and their efficacy 

is not stable.   

1 Fenton oxidation is a treatment method of breaking down organic matter by exploiting 

the oxidation power of iron salts (Fenton‘s reagent) and the generation of OH radicals. 

This treatment method includes an oxidative reaction caused by the Fenton‘s reagent, 

neutralization and a coagulation process to remove the iron salts. Therefore, this process 

is simpler, easier to manage and does not require added devices like other photo-

oxidation or oxidation methods. However, this method produces excessive amounts of 

sludge and operation is costly due to secondary processing. 

2 Coagulation/precipitation treatment methods precipitate suspended solids by adding 

inorganic coagulants or polymer coagulators and forming flocs. In fact, polymer 

coagulants create sludge flocs to separate or precipitate dissolved or suspended solids 

from wastewater. Meanwhile, inorganic coagulants coagulate with pollutants and are 

moved by using a water-soluble metal salt. Advanced Oxidation Technology (AOT) is a 

strong wastewater treatment process for non-biodegradable compounds. This process 

can treat large water quantities with low operational and installation costs. AOT 

generates •OH, which has stronger oxidation power (oxidation potential: 2.80 eV), and 

the organic compounds are decomposed into HCl, H2O or CO2, which are relatively 

harmless compounds. 
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2.3 Advance oxidation process 

Four different methods are employed in AOP to generate hydroxyl radicals and treat 

wastewater, namely (i) ozone treatment, (ii) electrochemical processes, (iii) direct 

decomposition of water, and (iv) photocatalysis. Figure 2.2 displays the advanced 

oxidation technologies for hydroxyl radical generation. 

 

Figure 2.2: Advanced oxidation technologies for hydroxyl radical generations 

 

Ozone treatment is commonly used for water treatment by directly inserting ozone gas 

into wastewater. The ozone directly reacts with organic compounds or indirectly reacts 

with OH•, resulting in indirect oxidative decomposition. The organic pollutants‘ 

properties are a determinant factor of the ozone decomposition mechanism by either 

promoting or inhibiting ozone decomposition. Therefore, the un-decomposable organic 

compounds or those that cannot be easily decomposed undergo ozone treatment.  
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Fenton oxidation technology also generates OH• through decomposing H2O2 by Fe2+ in 

liquid medium with or without light irradiation, or with UV radiation.  

H2O2+Fe3+  →  HO2
• + H++ Fe2                                                                              (2−1) 

HO2
• + Fe2+ →  HO2

- + Fe3+                                                                                    (2−2) 

HO2
• + Fe3+ →  O2+ H++ Fe2+                                                                                 (2−3) 

However, the Fenton oxidation reaction is not applicable for conditions with pH > 4. 

Therefore, the pH should be controlled and adjusted for this method, which may 

increase operational costs (barbusIinski, 2009). 

Direct decomposition of water molecules through external energy sources like  

microwaves, ultrasound, and electromagnetic beams, is also a method of OH• 

generation. Water molecules are decomposed into H+, OH• and aqueous electrons by 

irradiation. As high voltage pulses of about 10 kV are discharged in water through two 

electrodes installed within a short distance, localized heat is generated, decomposing the 

water molecules. The same conditions occur under ultrasound or microwave irradiation, 

where over-heated regions named hot spots are generated. 

Photocatalysis is another OH• generation technology that entails the activity of 

semiconducting metal oxides, e.g. SrTiO3, BiTiO3, WO3, ZnWO4, ZnO, CuS/ZnS, 

Bi20Ti20, ZnS, Ag2CO3, Bi2WO6, Nb2O5, Fe2O3, TiO2, etc. The process involves a 

semiconductor as a photocatalyst, which is activated under light irradiation (Gaya, 

2008). The Semiconductor Photocatalyst (SP) structure contains Valence bands (VB) 

and Conduction bands (CB) that are separated by Band gap (Eg). 

2.4 Photocatalyst 

Among various AOPs, the heterogeneous photocatalytic processes can successfully 

reduce a broad range of pollutants at ambient temperature and pressure without 

generating harmful intermediates (Daneshvar,  2007  ;  Abdollahi,  2011). The processes 
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are initiated with the excitation and transfer of an electron from the VB, which is full of 

electrons to the empty CB. In photocatalysis, the photocatalyst absorbs enough energy, 

which is nearly equal to its band gap energy level, to become excited. This process 

generates an electron-hole pair that reacts with water and oxygen molecules or hydroxyl 

groups to generate highly reactive oxygen species, i.e. superoxide anions (O2
•.) and 

hydroxyl radicals (•OH). Then the oxy-radical species attack vital organic components 

and decompose them through oxidation reactions. Photo-excitation occurs through the 

absorption of photon energy (hν), which is equal to or higher than the photocatalyst‘s 

band gap energy (Eg). Therefore, an electron-hole pair (e--h+) is generated at the surface 

of the photo-excited catalyst. Among different semiconductors, titanium dioxide (TiO2) 

and zinc oxide (ZnO) are the most successful and popular photocatalysts with good 

photosensitivity and chemical stability. They are non-toxic and low-cost. However, they 

suffer from some limitations pertaining to optical and electronic properties (Li & Li, 

2002). TiO2 and ZnO are highly active photocatalysts under UV light irradiation since 

their photogenerated electrons and holes are efficient oxidizing and reducing agents. 

However, the large band gaps of TiO2 and ZnO, which are roughly 3.2eV (Khan  et al., 

2014) and 3.37eV (Ahmad et al., 2013)) respectively, restrict their photoelectrochemical 

application under visible light irradiation. The easy recombination of photo-induced 

holes and electrons also reduces their efficiency. Adding an oxide to these 

photocatalysts and supporting them on an oxide are ways to improve their photoactivity 

and thermal stability during catalyst preparation.  

Among various oxides like TiO2, SnO2, SiO2, CeO2, ZnO, WO3 and ZrO2, previous 

works have demonstrated that the heterojunction of TiO2 and ZnO can have synergic 

effects due to the injection of conduction band electrons from ZnO to TiO2, which 
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decreases the recombination rate and increases the electron-hole pair lifetime (Zheng et 

al. 2015) .  

TiO2 and ZnO, with wide band gaps of 3.2 eV and 3.3 eV, and two photocatalysts, 

require excitation light with wavelengths below 400 nm to begin photoreaction. The 

doping method has been considered for improving the photoactivity of TiO2 and ZnO. 

Doping of two photocatalysts is a method employed for retarding the rapid charge 

recombination and enabling visible light absorption by creating defect states in the band 

gap. In the former case, the valance band holes or conduction band electrons are trapped 

in the defect sites, inhibiting the recombination of photo-induced holes and electrons 

and improving the interfacial charge transfer. In the latter case, electronic transitions 

from the defect states to the conduction band or from the valance band to the defect 

states can occur under sub-band gap irradiation. Table 2.1 presents the application of 

ZnO-TiO2 heterojunction in water pollutant degradation. 
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Table 2.1: Application of ZnO-TiO2 hetro-junction in degradation of water pollutants 

Catalyst ZnO:TiO2 Ratio Morphology 
Synthesis 

Method 

Synthesis 

Conditions 
Pollutant Light, λ(nm) 

Time 

min 

Dye 

ppm 

Cat 

g/L 

Efficiency (Y) 

ZnO/TiO2 

Y 

ZnO 

Y 

TiO2 
Ref. 

ZnO/TiO2   1.23:1 (w/w) NP,Ring SH  Pyrolysis 400°C MO SL, 320-800  120 5 - 94.8 28.9 19.1 (Zheng, Li et al. 2015) 

ZnO/TiO2  50:50% NP,non-uniform Sol-Gel 
380°C 

500°C 
B, T, X VIS 120 100 1 

44.8, 45.7, 49.1 

36.9, 39.5, 45,1 
- - 

(Ferrari-Lima, de Souza et 

al. 2015) 

ZnO/TiO2   

Thin film 
3:1 (w/w) 

Z:nanowires 

T:nanoparticle 
Spin Coating  320°C, 3h Orange II 

UV,315-400 

VIS, 

210 

210 
20 0.5 

27.5 

36.9 

52.9 

74.1 
- 

(Siuleiman, Kaneva et al. 

2014) 

ZnO/TiO2   20,50,80wt% NP,non-uniform SS 450°C, 6h 4CHl UV,303-578 75 25 2 100, 87, 78 75 84 (Pozan and Kambur 2014) 

ZnO/TiO2   1:1 MR NP,hollow spheres Hydrothermal  180°C, 2,6,12,24h 
MO 

 

UV, >400 

VIS,  

25 

25 
20 1 

80.5,88.4,91,92 

57.4,66  ,69,74.4 

92.4 

- 

29.3 

- 
(Wang, Zhu et al. 2014) 

ZnO/TiO2   1:0.2 MR NP MW Sol-Gel  500°C, 7 h RhB  SS, VIS, MV 30 50 1.7 82.4,  68.8, 25.7 89.7,78.8,36.7 - (Li, Zhang et al. 2014) 

ZnO/TiO2    10,20,30,40%M Porous Thin film Sol-Gel 500°C, 0.5h  MO SS 280 10 4 79.6,60.3,7.3,9.3 - 48.1 (Chen, Zhang et al. 2014) 

ZnO/TiO2 1:1 (w/w) NF, Flower SH Electrospinning 500°C, 4 h ARS UV 70 100 2.5 99.4 51.3, 67.9 - (Murugan, Babu et al. 2013) 

TiO2/ZnO  1:10,2:10,3:10MR NP, Irregular Sol-Gel 500°C, 5 h MB UV 90 5 1 91.3, 94.9, 73.6 - 87.5 (Moradi, Aberoomand-Azar 

et al.) 

TiO2/ZnO 1:1 MR NF, Non-woven  Electrospinning 500°C, 2 h MO 

4NPh 

UV 40 10 0.01 84.99 

70.6 

49.9, 52.9 

30.3, 29.5 

- (Zhang, Shao et al. 2012) 

TiO2/ZnO  1:7,1:5,1:3.5wt%          NF Electrospinning 500°C, 5h RhB UV,365nm 24h 8 0.5 84, 98.1, 90.1 - 
NF:80 

NP:65 
(Liu, Ye et al. 2010) 

ZnO/TiO2  - NP<10-20nm Hydrolysis  180-200°C,- MO UV,365nm 20 20 2.5 81.7 76.3 51.8 (Zhang, An et al. 2010) 

ZnO coated 

TiO2   

- NP-amorphous MW Sol-Gel 120°C, 3h OG UV,340nm 90 - - 98.9 58.2 - (Bahadur, Furusawa et al. 

2010) 

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

Catalyst ZnO:TiO2 Ratio Morphology Synthesis 

Method 

Synthesis 

Conditions 

Pollutant Light, λ(nm) Time 

min 

Dye 

ppm 

Cat 

g/L 

Efficiency (Y) 

ZnO/TiO2 

Y 

ZnO 

Y 

TiO2 

Ref. 

TiO2/ZnO 

nanofiber 
- poly-nanocrystal Electrospinning 

550,650,750, 

850°C, 2 h 
RhB UV–vis,420 60 1e-6 M 1 

53.9, 86.8, 55.4, 

36.2, 33.7 
- 35.2 (Pei and Leung 2013) 

ZnO/TiO2   Z:0.5,2,4,10%M NP Wetness impregnation 400°C, 2 h Cr(VI) UV–vis,365   - 20 1 Max forZnO:2% - - (Ku, Huang et al. 2011) 

ZnO/TiO2  1:1 MR Mesoporous Plate 
Tape Casting & 

lamination 
600,650,700/2h RBR UV 90 50 1 76.9, 68.5, 31.5 C700= 55 - (Konyar, Yatmaz et al. 2012) 

ZnO/TiO2  ZnO=6wt% composite Sol-Gel & SS 500, 3h MO 
VIS, >400 

UV 

300 

40 
50 1 

11.7 

45.38 

- 

- 

- 

76.4 
(Yang, Yan et al. 2012) 

ZnO/TiO2  2:0.1 M NP  MW-Assisted 500, 0.5h Cr(VI) UV 240 10 1 29.5 42 - (Liu, Pan et al. 2012) 

ZnO/TiO2  1:1 (w/w) NP  Chemical 100°C, 3 h Diazinon UV<390 120 20 0.5 12.7 - - (Jonidi-Jafari, Shirzad-

Siboni et al.) 

ZnO/TiO2  1.97:1.11 (w/w) NP Round-SH Hydrothermal 180°C, 20 h Cr(VI) UV,365 120 10 0.5 16.3 10.9 - (Johra and Jung 2015) 

TiO2coated 

ZnO  

- NP, nanorod Sol-Gel T: 70°C, 2-3h 

Z: 150°C 

MB UV, 365 20 5 0.5 98.9 Z: 67.3 - (He, Li et al. 2010) 

ZnO/TiO2  0.36:0.66 (w/w) NP/NF Electrospinning 500°C, 4h MB UV,365 60 12.8 2.5 NP:25,NF: 31.6 NF:10 NF:7 (Wang, Yang et al. 2010) 

ZnO/TiO2  Z:15,30,45,60wt% NF Electrospinning 500°C, 4h 

 

RhB Visible,420 

UV,365 

40 

40 

1e-6 M 0.5 

1 

78, 93, 83.2, 81 

79 

- 

 

94.2 (Pei and Leung 2013) 

TiO2/ZnO Zn:Ti=1:3 NP Irregular Sol–gel 350°C, 1h 

150°C, 24h 

MO UV,254nm 3h 25e-6M 0.5 27.9 

47.5 

- 

- 

- (Xu, Wang et al. 2011) 

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

Catalyst ZnO:TiO2 Ratio Morphology Synthesis 

Method 

Synthesis 

Conditions 

Pollutant Light, λ(nm) Time 

min 

Dye 

ppm 

Cat 

g/L 

Efficiency (Y) 

ZnO/TiO2 

Y 

ZnO 

Y 

TiO2 

Ref. 

ZnO/TiO2  Z:T=- NP:Nano flower Electrospinning  250°C, 3h MB UV,365nm 120 25 0.8 68 46.1 58 (Pant, Pant et al. 2013) 

ZnO/TiO2  1:1 NP  Sol-Gel 100°C, 3h Cr(VI) UV, 247.3nm 120 20 1 99.9 82.3 86.1 
(Naimi-Joubani, Shirzad-

Siboni et al.) 

ZnO/TiO2  11.7:1 (Atomic R) NP Nano flower hydrothermal 140°C, 2h RB5 UV,- 120 10 0.3 47.2 52.6 - (Pant, Pant et al. 2013) 

core–shell 

TiO2/ZnO  
- Nano wires 

pulsed laser 

deposition 

450°C, 1h 

 
RhB UV, 320-400 

15,30 

45,60 
5e-6M  

59.7,76.5 

54.8,59 
60 min, 32.2 31.9 (Tao, Wu et al. 2013) 

TiO2–ZnO  1:1,1:2,1:3,1:4 NP on Glass film roll-coating 120°C, 12h MO UV,300–600 120 10 0.01 57.6,65,73.5,80 46.5 87.8 (Jlassi, Chorfi et al. 2013) 

ZnO/TiO2  96:4 atomic R NP, Nano flower Hydrothermal 140°C, 2h MB UV,365nm 180 10 0.8 69.7 47.7 66.6 (Pant, Park et al. 2012) 

ZnO/TiO2  

NP 

1:1,2:1 Tiny Particle  

<10nm 

Microwave 

 

 

 

MB 

Cr2O7
2- 

671nm 

UV 

150 5e-6M 14 96.7, 94.3 

33.8, 31 

Zn2TiO4:91.6 

Zn2TiO4:4.7 

- (Arin, Thongtem et al. 2013) 

TiO2/ZnO 

thin film 

- TiO2:Nanorod on 

ZnO buffer layer 

laser deposition Z: 200°C, 0.5h 

T: 600°C, 1h 

MO VIS 10h 20 - 32.9 25.5 19 (Zhao, Xia et al. 2012) 

TiO2/ZnO  Zn:Ti=1:1 NP Irregular Sol-Gel 500,600,700°C,2h MO UV,254nm 3h 25e-6M 0.5 30.8, 34.2, 54.8 - - (Wang, Mi et al. 2013) 

ZnO–TiO2  7.5%:92.5%          NP  ammonia- 

induced synthesis  

450°C, 4h MO 

SSY 

RHB 

UV-A,365nm 30 50 0.8 41.2 

68.9 

44 

- 81.8 

93.0 

99.4 

(Karunakaran, 

Abiramasundari et al. 2011) 

Note: MO: Methylene Orange, MB: Methyl Blue, 4CH: 4chloropheno, RhB: Rhodamine B.  
RBD: Remazol Brilliant Red, RB5: reactive black 5, OG: Orange G, 4NPh:4-nitrophenol,  
SSY: SunSet Yellow, T:TiO2, Z:ZnO. 
SS: Solid-State, MW:MicroWave, SH: Shaped, R:Raio.  
NF: Nano Fiber, NW: Nano Wire, NP: Nano Particle. 
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The most important works on TiO2/ZnO photocatalyst from the past five years are listed 

in Table 2.1. This table summarises the most important results obtained from various 

research works aimed at investigating the effects of a number of variables on the 

TiO2/ZnO lattice, e.g. the synthesis method, calcination temperature, TiO2:ZnO ratios, 

photocatalysis reaction time, light irradiation, etc. As per Table 2.1, TiO2/ZnO has 

mostly been synthesized at temperatures ranging from 100 to 500°C. Depending on the 

ratio of TiO2 to ZnO, incrementing the temperature beyond 500°C reduces the 

photoactivity of the TiO2/ZnO lattice in most cases. In terms of calcination time, it is 

suggested that calcination at lower temperatures but for longer durations yields more 

favourable results. The TiO2-to-ZnO ratio is another effective factor. According to 

Table 2.1, the optimum TiO2:ZnO ratio yields the highest TiO2/ZnO photoactivity 

depending on the synthesis method and conditions employed. In short, TiO2/ZnO has 

demonstrated superior photocatalytic degradation of most organic contaminants 

compared to pure TiO2 or ZnO. However, it should be noted that the majority of works 

have been conducted using UV irradiation, indicating there remains room for 

improvement so the TiO2/ZnO lattice can be efficiently used for visible light 

photocatalysis. Additional details are given in Table 2.1. 

2.5 TiO2 and ZnO photocatalyst 

TiO2 and ZnO are two of the most promising photocatalysts. However, their wide band 

gap limits their photocatalytic activity in the UV wavelength region that contributes to 

3-5% of the total solar spectrum (Zheng et al. 2015). The fast recombination of 

photogenerated electron-hole pairs is another limitation of these two semiconductors. 

This is significant in the absence of electron donors or acceptors, as it results in major 

energy loss and very low photocatalytic reaction yield. Accordingly, enhancing the 

photocatalytic activity of TiO2 and ZnO has been studied by many researchers (Wang et 
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al. 2013a).  

Results have indicated that coupling two semiconductors produces a composite with 

higher photocatalytic efficiency in most cases. The synergistic effect between the two 

semiconductors modifies the electronic states of the composite, allowing the transfer of 

photogenerated charge carriers between the two semiconductors, thus promoting 

electron–hole pair separation and modifying the carrier‘s lifetime. Compared to TiO2, 

ZnO has higher electron mobility that causes a negative shift in its valence and 

conduction band potentials. Accordingly, ZnO is considered suitable for coupling with 

TiO2 (Shaheen et al. 2013). Besides, since ZnO and TiO2 have similar band gap energy, 

they can effectively improve each other‘s photocatalytic performance. In the TiO2-ZnO 

heterojunction, the conduction band (CB) of ZnO is positioned above the CB of TiO2 

and the valance band (VB) of ZnO is positioned between the VB and CB of TiO2, which 

suppresses the electron-hole pair recombination and promotes its separation, 

consequently improving the photocatalytic activity. As an example, ZnO-TiO₂ binary 

oxide catalysts were successfully prepared by solid-state dispersion in a study by Pozan 

et al. (Pozan & Kambur, 2014). It was then used in the degradation of 4-chlorophenol 

and the authors indicated that 20wt% ZnO-TiO₂ photocatalyst exhibited much higher 

photocatalytic activity than pure TiO₂, ZnO and P-25. In another work, Zheng et al  

(Zheng-Li et al., 2015) prepared a ZnO/TiO2 photonic crystal (ZnO/TiO2-PC) 

heterostructure by pyrolysis. The authors evaluated the performance of ZnO/TiO2-PC 

on the degradation of methyl orange. They found that the synthesised heterostructure 

had superior photocatalytic activity compared to ZnO, TiO2-PC and P25. Amorphous 

TiO2-modified ZnO nanorod film was also synthesized to enhance the photocatalytic 

activity of ZnO film by Xiao et al. (Xiao- Zhao et al., 2014). The photocatalytic analysis 

revealed that the TiO2-modified film exhibited superior photocatalytic efficiency in the 

decomposition of methyl orange under ultraviolet–visible excitation compared to ZnO 
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nanorod arrays. Wang et al. (Wang  et al., 2014) prepared mesoporous ZnO/TiO2 

hollow microspheres by a facile one-step hydrothermal route without a template. The 

authors concluded that the ZnO/TiO2 hollow microspheres had a significant positive 

effect on photocatalytic degradation performance compared to the pristine TiO2 hollow 

microspheres or ZnO nanosheets. 

Other strategies have also been developed for utilizing a wide spectrum of incident 

photon energies by tailoring the band gap absorption of different photocatalysts like 

TiO2 and ZnO through metal/non-metal ion doping, co-doping with foreign ions, noble 

metal deposition, self-doping, sensitization by inorganic complexes or organic dyes, and 

surface complexation. Among the aforementioned methods, incorporating main group 

elements (especially metal and non-metal ions) into TiO2 or ZnO lattices has gained 

much attention due to these elements‘ ability to modify the surface electronic properties. 

The redox energy states of transition metal ions (e.g. Cu, Co, Ni, Cr, Mn, Mo, Nb, V, 

Fe, Ru, Au, Ag, Pt) mostly lie within the band gap states of TiO2 or ZnO. This 

introduces an intra-band state close to the CB or VB edge, which induces visible light 

absorption at sub-band gap energies. Moreover, metal ions affect the charge carrier 

equilibrium concentration by serving as electron-hole traps and increasing the 

degradation rate. As reported by Yi et al (Cui et al., 2014), metal species increase the 

electron capturing capacity of semiconductors. In Yi et al.‘s work (Cui et al., 2014), 

iron-doped zinc oxide nanoflowers were synthesized via a simple hydrothermal process. 

These showed enhanced photocatalytic activity under visible light irradiation.  

The photocatalytic visible light activity of titanium dioxide can be improved by 

nonmetal- doping. In terms of non-metal doping (e.g. N, S, C, B, P, I, F) (Szkoda et al. 

2016), three methods have been suggested for TiO2 modification: band gap narrowing, 

(Sun et al. 2012), impurity energy levels (Di Valentin and Pacchioni 2013) and oxygen 

vacancies (Bharti et al. 2016). Yalçın et al. (2010) prepared a series of N, C and Sdoped 
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photocatalysts with different dopant contents using a simple wet impregnation method. 

They explained that band-gap energy level reduction arises from the contribution of N 

2p, C 2p and S 3p orbitals to the O 2p and Ti 3d states in the valance band of titanium 

dioxide. Di Valentin and Pacchioni (2013) doped TiO2 with non-metal boron, carbon, 

nitrogen, and fluorine. Results showed that localized states are formed in the band gap 

of the material which allow for electronic transitions in the visible range. Among all, 

non-metal nitrogen is the most beneficial due to the low ionization energy, metastable 

centre formation, stability and atomic size comparable to oxygen. Oxygen vacancies 

existence in TiO2 doped N can improve the photocatalysis in visible light (Wu et al. 

2013). Substituting nitrogen affects both the surface structure and electronic properties 

of TiO2, with the former controlling the surface transfer of charge carriers and the latter 

determining the light response range and redox power of carriers (Asahi et al. 2001). 

Recently, two methods have been considered in parallel to further improve the 

photoactivity of TiO2 and ZnO. Amongst the aforementioned methods, the 

heterojunction of two photocatalysts along with metal or non-metal doping has gained 

considerable interest for increasing the photoactivity of different photocatalysts. The 

related work is summarised in Table 2.2. The tabulated information only highlights the 

photocatalytic activity of TiO2/ZnO-based photocatalysts on dye degradation (Ahmed et 

al., 2006). For more details, refer to the most recent reviews on ZnO- and TiO2-based 

photocatalysts (Zhang-Tang et al., 2010 ; Chen-Zhang et al., 2013; Han,Yang et al., 

2014 ; Yang, Zhang et al., 2014). 
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Table 2.2: A review on doped ZnO-TiO2 based photocatalys in degradation of water pollutants 

Photocatalyst 
Synthesis method 
Compounds/Ratio 

Drying & 
Calcination 
Temp& Time 

Morphology Activity 
analysed by 
decomposition  

Compound Photocatalytic 
Efficiency 

Objective/Result Ref 

N-TiO2/ZnO  
Sol-Gel Method 
C12H28O4Ti (TTIP) 
Zn(O2CCH3)2 
NH4OH 
TiO2: ZnO =50:50wt% 

D: 80 °C/- 
C: 380°C/ 5 
h C: 500°C/ 
5 h C: 
380°C/ 5 h 
C: 500°C/ 5h 

non-uniform 
nano crystals 

 

Benzene (B), 
Toluene (T), 
Xylenes(X) 
D: 100 mg/L 
C: 1.0 g/L 
Visible light 
Time: 2h 

 
TiO2/ZnO 
TiO2/ZnO 
N-TiO2/ZnO 
N-TiO2/ZnO 

B           T       X 
55.2   54.3    50.9 
63.1   60.5    54.9 
73.9   71.4    69.0 
85.9   87.1    86.3 

 The nitrogen doping caused a red shift in the absorption band 
affecting the photocatalysis directly 

 Annealing at 500◦C was necessary to induce formation of 
crystallinity 

 Degradation and reaction rate was enhanced by nitrogen 
incorporation into the TiO2 matrix. 

  Degradation was enhanced by calcination temperature. 

(Ferrari-
Lima, de 
Souza et al. 
2015) 

Er3+:YAlO3/Fe-TiO2/ZnO 
Sol-Gel Method  under 
ultrasound  (C4H9O)4Ti 
Zn(O2CCH3)2 
Fe(NO3)3·9H2O, 
Al(NO3)3·9H2O 
TiO2:ZnO=10:3 Fe:Ti 
molar ratio=1.00% 

D: 130 °C / 
24 h C: 550 
°C/50min 

Nubbly particles   
Size: 0.5–1.0 
μm 

 

Acid Red B  
D: 100 mg/L 
C: 1.0 g/L  
Solar Light 
Time: 30 min 
 

Er3+:YAlO3 
0%  
1% 
2% 
3% 
4% 
5%  

 
74% 
78%, 
80% 
82% 
84% 
79.5% 

 Degradation on the basis of calcination temperature:  
400>550>700. 

 Degradation on the basis of calcination time: 50>30>70min.   
 Degradation on the basis of dye concentration: 15 >10 

>20>5>25mg/L 
 Degradation on the basis of catalyst amount: 

1>1.25>0.75>0.5>0.25>0g/L. 
 Degradation for different dyes: CG-R>AF>MV>MO>RM-B 

(Gao, Luan 
et al. 2011) 

Mn-TiO2/ZnO  
Mn-TiO2(Core), ZnO 
(Shell) Sol-Gel Method  
using polyethylene glycol 
(PEG) 4,000 or 20,000 
Zn(O2CCH3)2 
MnTiO3 nano-powder 
MnTiO3:ZnO=1:22  

D: 80 °C f: 6 
h 
C: 500 °C: 2 
h 

Nano-spherical 
core-shell 
Particles  
Size: 20-40 nm 

 

Methylene 
Blue 
D: 0.025 g  
C: 9.3 mg/L  
O2(airflow):7.8 
mL/S 
UV A light 
Time: 60 min 

Mn-TiO2 
Mn-TiO2/ZnO 
(PEG 4k) 
Mn-TiO2/ZnO 
(PEG 20k) 

6% 
 
46% 
 
80% 
 

 The charge-transfer resistance of the core–shell nanoparticles 
is less than that of pristine ZnO nanoparticles. 

 The direct band gap was in order of Mn–TiO2 >Mn–
TiO2/ZnO. 

 The indirect band gap was in order of Mn–TiO2 ~Mn–
TiO2/ZnO. 

 The specific conductance was in order of Mn–TiO2> Mn–
TiO2/ZnO>ZnO.  

(Karunakara
n, 
Vinayagam
oorthy et al. 
2013) 

SO4
2--TiO2/ZnO (S-T/Z) 

Sol-Gel Method  modified 
by sulfating treatment 
n-butyl titanate 
C10H14O4Zn · xH2O 
C6H8O7 
ZnO=10% 

D:80°C/48h 
Treat: 200°C 
/1h Sulfating 
 the dry gel 
at 200°C 
C: 400°C/4 
hC: 550°C/4 
h 

 
--- 

Methyl Orange 
D: 0.1–1 g/L 
C: 10 g/L 
Visible light 
Time:5h 

Calcining 
Temp 
300 
400 
500 
550 
600 
700 

T/Z         S-T/Z 
51.4            - 
55.6          59.7 
50.7          61.4 
48.5          63.3 
46.8          56.8 
45.2          46.6 

 After sulfating, the catalytic activity of ZnO/TiO2 (400◦C,4h) 
improved nearly 30% and self-made pure TiO2 (400◦C,4h) 
improved about 24%  

 The stronger the acidity, the higher was the catalytic activity.  

11a 

 (continued on next page) 

Univ
ers

ity
 of

 M
ala

ya



 
 
 

 

20 

 
‗Table 2.2, continued‘ 

Photocatalyst 
Synthesis method 
Compounds/Ratio 

Drying & 
Calcination 
Temp& Time 

Morphology Activity analysed 
by decomposition  

Compound Photocatalytic 
Efficiency 

Objective/Result Ref 

N-ZnO/TiO2 
decomposition of zinc 
nitrate and ball milling of 
TiO2 in N-ZnO 
TiO2 (100% anatase) 
Zn(NO3)2-6H2O 
ZnO=0-20wt% 

Zn(NO3)2-
6H2O 
Decomposed 
@ 300 
350°C/1h/air 
N-ZnO/TiO2 
D:110°C/air 

ball shaped 
particles  
Size: 20-40 
nm 

 

Reduction of 
Cr2O7

2-  D: 
2.9×10-4(mol/L) 
Oxidation of  MO 
D: 1.0×10 

4(mol/L) 
C: 2g/L UV light 
Time: 20min 

p-ZnO :wt% 
0.0 
0.5  
1.0  
2.0  
5.0  
10  
20 

Cr2O7
2-        MO 

16.3          68.5 
23.9          45.9 
37.7          33.9 
42.9          26.4 
35.7          21.6 
26.2          19.9 
22.1          13.3 

 Compared toTiO2, the p–n junction photocatalyst N(p)-
ZnO/TiO2 has higher photocatalytic reduction, but lower 
oxidation activity.  

 The photoreduction activity is reduced after the optimum 
concentration of doped N(p)-ZnO. 

 The photooxidation efficiency decreased rapidly with the 
increase in the ball milling time.  

 The photoreduction efficiency increased gradually with the 
increase in ball milling time up to 12 h. 

(Chen, 
Zhao et al. 
2008) 

N- TiO2/ZnO  Sol-Gel 
Method  and ammonia 
treatment (C4H9O)4Ti 
Zn(O2CCH3)2 Ti:Zn=3:1 
(atomic molar ratio) 

D: 80 °C: 2 h 
 
C: 500 °C: 2 h 
C: 600 °C: 2 h  
C: 700 °C: 2 h 

non-uniform  
Diameter   15 
nm 

 

Methyl Orange 
D: 0.025 mmol/L,  
C: 0.5g/L 
UV A light  
Time: 3 h 

NH3 mass 
fraction 
 
0% 
7% 
28% 

NH3  
0%   7%   28% 
41     56     60 
35     68     78 
42     66     71 

 The increase of the calcining temperature from 500 to700, 
the particle crystallization of the composite power was 
actually promoted. 

 With the ammonia treating process, the phase transformation 
of anatase to rutile was retarded. 

 

(Tian, 
Wang et 
al. 2009) 

Er3+:YAlO3/TiO2-ZnO  
sol–gel under ultrasound & 
auto-combustion method  
TiO2 (anatase phase)  
ZnO (zincite phase) 
Er2O3 
Y2O3 
Al(NO3)3-9H2O 

Er3+:YAlO3 
D:85°C 
C: 1200°C/2 h 
Er3+:YAlO3/Ti
O2-ZnO 
C:350,550,750
°C /30,60,90 
min 

Grainy balls  
Size: 20–30 
nm 

 

Acid Red B dye 
D:10 mg/L  
C:1.0g/L  
Under ultrasound 
in dark 
Time: 150 min 
 

Er3+:YAlO3=5% 
Ti: Zn =  
9:1 
7:3 
1:1 
3:7  
1:9 

Calcined at 550C 
During 60 min 
54.0 
64.7 
76.2 
61.7 
43.6 

 The Er3+:YAlO3/TiO2 and Er3+:YAlO3/ZnO sonocatalysts 
had a higher sonocatalytic activity compared with the 
catalysts synthesized without ultrasound. 

 Degradation on the basis of calcination temperature:  
350~550>750°C. 

 Degradation on the basis of reaction time:  90>>60>30. 
 Degradation on the basis of Ti:Zn: 1:1>>7:3~3:7>9:1>1:9. 
 Degradation on the basis of Er3+:YAlO3 content: 

20>15>25>10>5>0wt. 
 Degradation on the basis of solution acidity: 3>5>7>9>11. 

(Wang, Li 
et al. 
2010, 
Gao, Jiang 
et al. 
2011) 

Ag-TiO2/ZnO 
Hydrothermal  Process 
TiO2 (80% anatase, 20% 
rutile) Zn(NO3)2-6H2O 
AgNO3 ZnO: TiO2: Ag= 
88.6:8.6:2.7 wt% 
 

Hydrothermal 
in an autoclave 
@ 
140°C/2h 
D: 
130°C/12h/air 

Ag & TiO2 on 
sunflower,sha
ped , micro 
sized ZnO 

 

Reactive black 5 
D: 10 ppm, 
C: 0.4 g/l 
UV light 
Time: 210 min 
 

Pristine ZnO 
TiO2/ZnO 
Ag- TiO2/ZnO 
 

65.4% 
69.6% 
80.4% 
 

 The efficacy of initially used and reused composite 
photocatalyst up to three cycles slightly reduced (2%) in 
each recycling usage. 

 The as-prepared photocatalyst on gram negative E. coli 
bacteria under mild (20% intensity) UV radiation was also 
significantly effective with the order of Ag- TiO2/ZnO>> 
TiO2/ZnO> ZnO. 

(Pant, 
Pant et al. 
2013) 

(continued on next page) 
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‗Table 2.2, continued‘ 
Photocatalyst 
Synthesis method 
Compounds/Ratio 

Drying & 
Calcination 
Temp & 
Time 

Morphology Activity 
analysed by 
decomposition 
of: 

Compound Photocatalytic 
Efficiency 

Objective/Result Ref 

Er3+:YAlO3/TiO2-ZnO  
sol–gel under ultrasound & 
auto-combustion method  
TiO2 (anatase phase)  
ZnO (zincite phase) 
Er2O3 
Y2O3 
Al(NO3)3-9H2O 

Er3+:YAlO3 
D:85°C 
C: 1200°C/2 
h 
Er3+:YAlO3/
TiO2-ZnO 
C:350,550,7
50°C 
/30,60,90 
min 

Grainy balls  
Size: 20–30 nm 

 

Acid Red B 
dye 
D:10 mg/L  
C:1.0g/L  
Under 
ultrasound in 
dark 
Time: 150 min 
 

Er3+:YAlO3=5% 
Ti: Zn =  
9:1 
7:3 
1:1 
3:7  
1:9 

Calcined at 550C 
During 60 min 
54.0 
64.7 
76.2 
61.7 
43.6 

 The Er3+:YAlO3/TiO2 and Er3+:YAlO3/ZnO sonocatalysts 
had a higher sonocatalytic activity compared with the 
catalysts synthesized without ultrasound. 

 Degradation on the basis of calcination temperature:  
350~550>750°C. 

 Degradation on the basis of reaction time:  90>>60>30. 
 Degradation on the basis of Ti:Zn: 1:1>>7:3~3:7>9:1>1:9. 
 Degradation on the basis of Er3+:YAlO3 content: 

20>15>25>10>5>0wt. 
 Degradation on the basis of solution acidity: 3>5>7>9>11. 

(Wang, Li 
et al. 
2010, 
Gao, Jiang 
et al. 
2011) 

CeO2/ La2O2-TiO2/ZnO 
Sol-Gel Method   
tetrabutyl titanate 
Zn(NO3)2-6H2O 
La(NO3)3-6H2O 
Ce(NO3)3-6H2O 
TiO2:ZnO=85:15wt%  

500°C/2 h 
600°C/2 h 
700°C/2 h 

--- --- CeO2:    La2O2: 
0.0wt%,0.0wt% 
0.5wt%,0.5wt% 
1.0wt%,1.0wt%  
1.5wt%,1.5wt%   
2.0wt%,2.0wt% 

---  La3+/Ce3+ doping decreased the transformation temperature 
of gel to anatase, whereas it enhanced the transformation 
temperature of anatase to rutile 

 With the increase of Ce3+ content, the transformation 
temperatures of gels to anatase and anatase to rutile, 
respectively, present the slight increase and then decrease 
trends. 

  With the increase of La3+ content, both of the transformation 
temperatures roughly sustain invariable. 

(Liao, 
Donggen 
et al. 
2004) 

Ag/ZnO-TiO2 
Sol-Gel Method under 
micro wave (m) and 
hydrothermal treatment(c) 
Zn(Ac)2·2H2O,Ac  
AgNO3 
C12H28O4Ti 

c-Ag/ZnO–
TiO2 
Hydrotherm
al in an 
autoclave @ 
200°C/6h 
m-Ag/ZnO–
TiO2 
D: 80°C 
C:500°C/7 h 

nano-composite 
materials 

 

Rhodamine B 
D:50mg/L,C: 
1.7g/L  
Simulated 
Sunlight (SS), 
Visible Light 
(VL),Microwa
ve- Irradiation 
(MI) 
Time: 30 min 

Phoyolysis 
P25 
m-ZnO 
m-ZnO-TiO2 
c-Ag/ZnO-TiO2 
m-Ag/ZnO-TiO2 

SS     VL     MI 
5.0     5.3    52.2 
6.2    7.6    55.5   
10.3  21.2  63.3 
17.6  31.2  74.3 
21.7  45.9  76.0 
26.6  61.0  81.9 

 m-Ag/ZnO–TiO2 presented regular shape with smooth 
surface whereas, the surafec of c-Ag/ZnO-TiO2 was rough 
with irregular shape. 

 m-Ag/ZnO–TiO2 presented stable photoactivity under 
ultraviolet light after three cycles experiment. 

 Microwave-assisted synthesis increased the crys-tallite sizes 
and the BET specific surface area, reduced the energy band 
gaps of the samples.   

 Photocatalystic activity for different dyes: 
MB>CV>RB>MO. 

(Li, Zhang 
et al. 
2014) 
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‗Table 2.2, continued‘ 

Photocatalyst 
Synthesis method 
Compounds/Ratio 

Drying & 
Calcination 
Temp& Time 

Morphology Activity 
analysed by 
decomposition  

Compound Photocatalytic 
Efficiency 

Objective/Result Ref 

Au nanoparticles on 
TiO2/ZnO Electrospinning 
 (for TiO2/ZnO nanofibers) 
and in situ reduction (for 
embedding Ananoparticles) 
Ti(OC4H9)4  ,  Zn(Ac)2 
HAuCl4Ti:Zn=1:1molar 
ratio,Au:10.5wt% 

ZnO/TiO2  
C:500°C/2h/air 
  
Au- ZnO/TiO2  
D:40°C/24h/ 
Vacuum 

Nano fibers 
Size: 80-120 
nm 

 

MO, 30 min 
4 nitrophenol,40 
min,  D: 10 
mg/L C: 0.1g/L  
UV light 
irradiation 

 
ZnO 
TiO2 
ZnO/TiO2 
Au-ZnO/TiO2  
 

MO        4-NP 
97.0%   96.9% 
85.2%   70.0% 
52.7%   29.6% 
50.0%   30.6% 
 

 The band gap of TiO2/ZnO NFs and TiO2/ZnO/Au NFs has been 
narrowed to 3.16 and 3.17eV from 3.26eV of the pristine ZnO 
NFs. 

 An stable photoactivity was presented by Au-TiO2/ZnO after 
three cycles experiment. 

 

(Zhang, 
Shao et 
al. 
2012) 

RGO-TiO2/ZnO 
solution-based reduction of 
graphite oxide (GO) 
Zn(CH3COO)2·2H2O  
TiF4 
Graphite Oxide (GO) 

180◦C for 20 h. TiO2&ZnO 
particlesembe
dded in RGO 

 

Photoreduction 
of Cr(VI)  
D: 10 mg/L 
C: 1g/L  
UV irradiation 
120 min 
 

ZnO 
ZnO/TiO2 
RGO-ZnO/TiO2 
RGO=17wt% 
RGO-ZnO/TiO2 
RGO=42wt% 
 

11% 
17% 
 
41% 
 
63% 

 ZnO and TiO2particles were dispersed on RGO with a chemical 
bonding that contributed to exfoliation of the GO. 

 The photocurrent response also increased with increasing RGO 
ratio. 

 With increasing RGO mass ratio in the composite, the 
photocatalysis rate reached to almost 8.97 times higher than the 
rate for pure ZnO.  

(Johra 
and 
Jung 
2015) 

SnO2-ZnO/TiO2 
Sol–Gel (SG) and Solid-
State (SS) methods 
C16H36O4Ti 
SnCl4.5H2O 
(CH3COO)2Zn·2H2O 
Sn:Zn=1:1 

D:80°C/1h  
C: 500°C /3h 
 
Sn: Zn=1:1 
(MR) 
Sn(Zn)/Ti 
molar ratio of 
0.05 
 

Non-Uniform 
 

 

Methyl Orange  
D: 10 ppm 
C: 1g/L 
SG synthesized 
Visible  ligh 
Time:3h 
UV light 
Time:40 min 
SS synthesized 
Visible  light 
Time:4h 

Molar ratio 
Sn(Zn):Ti-0.05 
Sn(Zn):Ti-0.10 
Sn(Zn):Ti-0.15 
Sn(Zn):Ti-0.20 
Sn/Ti-0.15 
Zn/Ti-0.15 
Wt%Sn(Zn):Ti-
3wt%Sn(Zn):Ti-
6 wt% 
Sn(Zn):Ti-9wt% 

SG/Vis   SG/ UV 
48.0%    84.9% 
25.8%    71.8% 
12.9%    53.2% 
25.8%    61.9% 
43.5%    44.9% 
48.0%    74.3% 
SS synthesized 
24.6% 
26.8% 
22.9% 

 Degradation rate for the SS synthesized photocatalyst on the 
basis of the weight ratio of SnO2 and ZnO to TiO2:  6 wt%>3 
wt% >9 wt%. 

 The composite catalysts synthesized by sol–gel method 
represented a much stronger photocatalytic activity than that of 
the catalysts synthesized by solid-state method.  

 The Sn and Zn ions doped in TiO2 promoted the phase change 
from anatase to rutile TiO2 in the range of annealing temperature 
from 400 ◦C to 600 ◦C 

 Sample heated at 500 ◦C showed a main rutile structure, with 
some anatase peaks.  

(Yang, 
Yan et 
al. 
2012) 

ZnO-Bi2O3-TiO2 
Solid-State Route Method 
ZnO Bi2O3 TiO2 powder 
ZnO: Bi2O3: TiO2 powder= 
99: 0.5: 0.5 mol%  

D: 70°C/air 
C: 
800°C/2h/air 

Irregulargrain
s Size: 26 to 
38.4 μm 

 

_ sintered at 
1140°C 
1170°C 
1200°C 
1230°C 
1260°C 

Band gap energy 
2.95eV 
2.98eV 
2.96eV 
2.92eV 
2.94eV 

 Abnormality and the average grain size increased from with the 
increase of sintering temperature.  

 Doping TiO2 in ZnO-Bi2O3 system slightly reduces the Eg.  
 Optical band gap energy decreases with the increase of sintering 

temperature.  

(Sabri, 
Azmi et 
al. 
2011) 
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‗Table 2.2, continued‘ 

Photocatalyst 
Synthesis method 
Compounds/Ratio 

Drying & 
Calcination 
Temp& Time 

Morphology Activity analysed by 
decomposition  

Compound Photocatalytic 
Efficiency 

Objective/Result Ref 

Carbon(C)nano fibers 
decorated with binary 
TiO2/ZnO (T/Z) combined 
electrospinning and 
hydrothermal processing 
TiO2 (80% anatase, 20% 
rutile) Zinc Powder & 
Zn(NO3)2·6H2O Bis-Hexa 
Methylene Triamine 
Carbon (C) 

Vacuum dried 
at 70°C/12h 
stabilized in air 
at 250°C/3h 
carbonized 
under argon  
at 900°C/5h 

(T/Z) nano 
flowers on (C) 
nano fibers, 
Size: 470nm 

 

Methylene blue (MB)  
D: 10 ppm 
C: 0.8g/L 
under UV irradiation 
Time:150 min 

ZnO 
TiO2 
ZnO/TiO2 
C-ZnO/TiO2 
 

46.9% 
62.6% 
69.4% 
99.8% 

 The combination of the high surface area of carbon nano 
fibers and the photocatalytic property of the TiO2/ZnO 
system presents a fast degradation catalyst along with and 
antibacterial performance. 

 The C- TiO2/ZnO presented stable photocatalytic activity 
up to almost two cycles, after that, the activation decreased 
by about 10% for the third cycle. 

(Pant, 
Pant et al. 
2013) 

Zn-TiO2/ZnO 
electrospinning of TiO2 
(anatase) nanofibers and 
metal–organic chemical 
vapor deposition 
C12H28O4Ti 
Zn(tta)2tmeda 
zinc(II) ions 

ZnO shell nano 
structure 
600°C/1h/air 
 
Zn-doped 
TiO2 
500°C/3h/air 

ZnO nano 
grains/rods on 
Zn-TiO2 
nanofiber    

 

_ Zn/Ti% 
3% 
5% 
15% 

_  Upon increasing the Zn content in the nanofibers, this 
feature slightly moved towards lower binding energy. 

 Upon increasing the ZnO loading and/or calcination time, 
ZnO shape was changed from nano grains to nano rods. 

 The Zn-doped TiO2–ZnO  nanofibers had an hydroxyl rich 
surface and showed  intense emissions in the UV-Vis 
regions, representing a potentially appealing system for 
photocatalysts. 

(Fragala, 
Cacciotti 
et al. 
2010) 

Ni-ZnO/TiO2 
Sol-Gel approach 
tetraethyl titanate 
Zn(NO3)2∙6H2O  
Ni(NO3)2∙6H2O 
ZnO loading=8wt% 
 

D: 100°C/12h 
C: 450°C/2h/ 
in microwave  
furnace 
 

Nano grains 
Size:10-20 nm 

 

reactive brilliant blue  
C:1g/L 
D: 50 mg/L 
simulated solar light 
Time:120 min 

TiO2 Ni(0.1)-
ZnO/TiO2,Ni(0.
3)-ZnO/TiO2 
Ni(0.4),ZnO/Ti
O2 Ni(0.5) 
ZnO/TiO2 
Ni(0.7)-
ZnO/TiO2 

32.86% 
52.36% 
56.24% 
60.91% 
51.96% 
46.22% 

 Ni expanded light absorption of TiO2 to visible region, 
increased amount of surface hydroxyl groups and 
physically adsorbed oxygen and then enhanced separation 
rate of photo-generated carriers. 

 The photo-degradation rate of methyl orange (MO) over 
the as-synthesized Ni doped ZnO-TiO2 is lower than that 
of KN-R.  

 Photo degradation on the basis of solution acidity: 4>8>10. 
 Photo degradation based on catalyst loading 

1.25~1.1>>0.75>0.5 g/L. 

(Zou, 
Dong et 
al. 2014) 
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Table 2.2 shows the heterojunction of two photocatalysts, titanium dioxide and zinc 

oxide, along with metal or non-metal doping to improve photocatalytic activity. In terms 

of non-metal doping, nitrogen (N) has been suggested. Calcination temperatures also 

affect the crystal structure, with calcination at 500◦C being necessary to induce the 

formation of doped crystallinity. Photocatalyst activity and degradation rate can be 

enhanced by incorporating N into the ZnO/TiO2 matric. Moreover, doping of metal ions 

such as Fe, Mo and Ag shift the absorption edge of both photocatalysts towards the 

visible region and increase the photocatalytic activity. 

2.6 TiO2 Photocatalyst 

Titanium dioxide (TiO2), an n-type semiconductor, is one of the most applicable 

photocatalysts that can be used in a wide range of applications, such as H2 generation, 

self-cleaning, defogging, water purification, air purification, sterilization, etc.  

(Robinson & McMullan, 2001). TiO2 is non-toxic, abundant, economical, versatile and 

stable (Krumme & Boyd 1988; Aviam, Bar-Nes et al.,2004). Generally, TiO2 is a 

semiconductor with a wide band gap ( ) that requires excitation light 

with a wavelength lower than 400 nm ( ) to begin photoreaction  

(Fujishima et al., 2000;  Carp, Huisman et al., 2004). When the surface of TiO2 (or any 

other photocatalyst) is irradiated with UV light, electrons ( ) and holes ( ) are 

created in the conduction (CB) and valence bands (VB), respectively (Gaya & Abdullah 

2008). The generated electrons and holes are subsequently trapped and recombine with 

each other. In short, the photo-induced formation procedure follows four steps, which 

are photoexcitation (Eq. 2−4) charge-carrier trapping of e− (Eq. 2−5), charge-carrier 

trapping of h+ (Eq. 2−6) and electron-hole recombination (Eq. 2−7): 
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TiO2 (aq) + hν→ e− + h+                                                                                             (2−4) 

e−
CB → e−

TR                                                                                                               (2−5) 

h+
VB → h+

TR                                                                                                               (2−6) 

e−
TR+ h+

VB(h+
TR) → e−

CB+heat                                                                                  (2−7) 

In the next step, the photo-induced electrons in the CB are trapped by aqueous-adsorbed 

oxygen and participate in the reduction process, producing superoxide radical anions (

) (Eq. 2−8). The superoxide is protonated (Eq. 2−9) by H+, which is produced by 

water ionization in the generated holes (h+) (Eq. 2-10). HOO• then traps another excited 

electron to produce HO2
− (Eq. 2−11), followed by the protonation of HO2

− to generate 

hydrogen peroxide, as shown in Eq. (2−12). Finally, hydrogen peroxide is decomposed 

to produce hydroxyl radicals (OH·) (Eq. 2−13). Meanwhile, the photo-induced holes in 

the VB diffuse to the surface of the photocatalyst and then react with the adsorbed water 

molecules, generating another hydroxyl radical (Eq. 2−14) (Daneshvar, Aber et al., 

2007; Kansal, Singh et al. 2008, Abdollahi1, Abdullah et al. 2011, Abdollahi, Abdullah 

et al. 2011).  

(O2)ads + e− →− O2
−•                                                                                                    (2−8) 

O2
−• +H+→ HOO•    (2−9) 

H2O → OH− +H+  (2−10) 

HOO• + e− → HO2
−   (2−11) 

HO2
−+H+→ H2O2  (2−12) 

H2O2+e-→ OH− +OH•  (2−13) 

H2O + h+→H+ + OH•                                                                                                (2−14) 

 



2O
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A variety of organisms  as well as organic and inorganic pollutants can be deactivated, 

decomposed or transformed by the synergistic interaction of hydroxyl radicals, 

electrons, holes and other oxidizing radicals  (Takeda & Teranishi, 1988).  

TiO2 also has a favourable combination of electronic structure, light absorption 

properties, charge transport characteristics, and excited-state lifetime (Hadj Benhebal, 

2013). Furthermore, TiO2 is a stable compound either photo-chemically or chemically in 

contrast with other semiconductors such as GaP or CdS, which can easily solve and 

produce toxic by-products. Furthermore, TiO2 presents excellent advantages during 

environmental purification processes, including an oxidative reaction that is normally 

employed to decompose the polluting materials. Such reaction is improved by 

increasing the oxidative power of VB holes. TiO2 with a band gap of about 3.0–3.2eV 

and wavelength of about 400 nm presents more powerful oxidative of the VB holes 

compared to the reducibility of photo-induced electrons. Generally, different TiO2 

structures have very strong oxidation power (3.0eV for rutile and 3.2eV for anatase 

TiO2) considering approximately 1.2 eV for the oxidation potential of water and 

approximately 3.0 eV for the hydrogen reference potential. Furthermore, organic 

compounds are decomposed completely into carbon dioxide and water by irradiating 

TiO2 with UV light below 400 nm. The reason is the surface temperature of TiO2, which 

increases tremendously to almost 30˚C. In such conditions, all materials can be easily 

oxidized. Figure 2.3 shows the band gap energy level of TiO2 photocatalyst. 

. 
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Figure 2.3: Energy band gap diagram of a TiO2 spherical particle 

 

4 For TiO2 photocatalyst, the CB energy level is slightly higher than the reduction 

potential of oxygen (ECB=-0.51V, EO=-0.33V), which is a predominant electron 

acceptor (or oxidant) and it can ease the transfer of e−
CB to O2. On the other hand, its VB 

energy level (EVB=+2.69V) is much lower than the oxidation potentials of most electron 

donors (either organic or inorganic compounds). Accordingly, the highly oxidative 

holes can be transferred to the surface-adsorbed hydroxide groups or water by devising 

a surface-bound hydroxyl radical. Generally, it can be concluded that TiO2 encourages 

the redox transformation of pollutants owing to the positions of its bands. 

Figure 2.4 displays the TiO2 crystal structure. TiO2 has three main crystalline structures: 

anatase (tetragonal), rutile (tetragonal) and brookite (orthorhombic). Anatase is the 

phase normally fabricated in the sol-gel process but brookite is mostly found as a by-

product when precipitation is performed in an acidic medium at low temperature. Rutile 

TiO2 

- - 

+ + + + + + 

- - - - - 
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is a stable structure while both brookite and anatase are metastable and usually 

transfigure to rutile when heated.  

.  

 

 

Figure 2.4: TiO2 crystal structure Anatase (a), Rutile (b), Brookite (c) 

 

Brookite is generally more reactive than anatase. However, preparing  pure brookite 

without rutile or anatase is rather difficult, and therefore it has not been widely 

investigated (Paola, Bellardita et al. 2013). Besides, anatase presents higher 

photocatalytic activity compared to rutile because the higher ECB ( 0.2 eV) results in 

higher driving force for transferring electrons to O2. This is because the ECB position 

affects electron transfer rate and consequently the charge recombination rate. Therefore, 

it is a determining factor in the efficiency of photocatalysis. It has always been reported 

that the photocatalytic activity of both anatase and rutile structures is highly influenced 

by the type of substrate applied (Serpone, Sauvé et al. 1996, Du and Rabani 2003, Ryu 

and Choi 2007, Tryba, Toyoda et al. 2007). 

The surface properties of TiO2, particularly the pH dependence of the surface charge, 

are additional determinants of photocatalytic reaction. TiO2 is known as a diprotic acid 

~

(a) (b) (c) 

Univ
ers

ity
 of

 M
ala

ya



 
 
 

29 

 

due to the amphoteric nature of the surface hydroxyl groups. Accordingly, the surface 

titanol group of this photocatalyst follows the following acid–base equilibrium reaction:  

Ti-OH2
+ ↔  Ti-OH + H+ (pKa1)                                                                     (2−15) 

Ti-OH    ↔  Ti-O−  + H+ (pKa2)                                                                     (2−16) 

The averaged pKa is defined as the pH zero point of charge (pHzpc), at which the surface 

charge of the photocatalyst is null. For the TiO2 photocatalyst, pKa1=4.5, pKa2=8 and the 

pHzpc value is estimated to be 6.2 (Carraway, Hoffman et al. 1994, Yogi, Kojima et al. 

2009). Therefore, the protonation reaction takes place and the catalyst surface is 

positively charged at pH<6.2, while the catalyst surface is negatively charged at pH>6.2 

due to the deprotonation reaction. 

Apart from the mentioned properties of TiO2, this photocatalyst is highly reactive 

during photocatalysis for water treatment and it has great response even under weak 

light irradiation. However, TiO2 is inappropriate for a mass processing system and is 

inactive and inapplicable with visible light. Numerous efforts have been proposed to 

overcome such limitations and enhance the photocatalytic activity of TiO2 through 

surface modification/complexation, sensitization, impurity doping, and heterojunction 

with semiconductors of similar band gaps, etc.  

As the suspension of TiO2 catalyst and water is irradiated with UV light, the photo-

induced electrons in the CB generally react with dissolved oxygen and produce 

superoxide radical anions (O2
•-). Besides, the photo-induced holes in the VB diffuse to 

the TiO2 surface and react with the adsorbed water molecules, forming OH•.  

In addition, this photocatalyst can easily be synthesised since it is an industrially mass-

produced material. The ease of applying TiO2 is another advantage of this photocatalyst 

that encourages its industrial application. 

Although TiO2 decomposes pollutant compounds even under weak light easily and fast, 

it is inactive and unsuitable for a mass processing system under visible light. Therefore, 
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TiO2 applications are extremely limited especially with solar energy, since only 3% of 

solar light is absorbed from solar energy. Moreover, the photocatalytic activity of TiO2 

depends on the relative degree of branching of the reactive electron–hole pairs into 

interfacial charge-transfer reactions. Low surface area is one more limitation of this 

photocatalyst.  

2.7 Dopants effects on TiO2 photocatalyst  

5 The most important effect of dopants is improved TiO2 electronic structure to eliminate 

its light sensitivity and broaden its effective range from the ultra-violet range to visible 

light (Jaiswala et al. 2012). Although doping techniques are susceptible to thermal 

instability, they indicate excellent physicochemical properties, such as small crystallite 

size, high specific surface area and high crystallinity (Pongwan et al. 2016).   

6 The rutile, anatase and brookite phases are the three main crystalline phases of TiO2 

(Reyes-Coronado et al. 2008).The rutile and anatase phases are common 

crystallographic phases of TiO2, with the latter particularly favoured for its exceptional 

thermodynamic stability and high photocatalytic activity. The formation of these phases 

or transformation from rutile to anatase or vice versa is extremely dependent on the 

thermal dehydration mechanism during which time Ti–O–Ti bonds are formed by the 

interaction between the protonated surfaces and –OH groups. Specific surface area is 

another important characteristic that determines the morphology of TiO2 in 

photocatalysis. The photocatalytic degradation rate of organic pollutants is enhanced by 

the production of doped TiO2 with large specific surface area, warranting the 

availability of active sites in TiO2. The crystallite size of TiO2 is one of the aspects 

affecting the quality of TiO2, with large crystallite sizes up to a certain limit enhancing 

the photocatalytic activity of TiO2 (Diebold 2003). 
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7 With the presence of dopants in the formation of TiO2-doped photocatalyst, the phase 

transformation from anatase to rutile is eliminated when the thermal energy can 

overcome the nucleation barrier during the dehydration process. In other words, the 

crystallite size of TiO2 is supressed by inserting dopants into the octahedral lattice 

structure of doped TiO2, enhancing its physicochemical characteristics. In addition, the 

smaller crystals reduce the recombination of the photogenerated charge carriers, hence, 

they are favoured over larger ones. Furthermore, smaller doped TiO2 crystals induce a 

larger band gap due to the enhanced redox ability (Jongnavakit, 2012). In short, doped 

TiO2 with a high anatase percentage, small crystallite size and large specific surface 

area, assists high photocatalytic activity. 

2.8 Doping processes 

In the doping process, the rapid charge recombination is retarded and visible light 

absorption is enabled by defect states created in the band gap. In the first case, 

recombination is inhibited and the interfacial charge transfer is enhanced by the trapping 

of VB holes or CB electrons in the defect sites. In the second case, electronic transitions 

from the defect states to the CB or from the VB to the defect states are allowed under 

sub-band gap irradiation. Metal ions (transition metals and noble metals) and non-metal 

ions are the two main categories of dopants. Generally, selective metals are preferred 

since they have the potential to transfer electrons and decrease the band gap energy 

level. For doped catalysts, metal ions are activated in the presence of a light source, 

generating electron holes. Therefore, the presence of metal ion dopant in the 

photocatalyst matrix significantly improves the interfacial electron transfer and charge 

carrier recombination rates, which is followed by greater photoreactivity. Among 

different metallic doping elements, copper has proven to be an effective dopant in 

enhancing visible light absorption. For example, Park et al. (Park,Choi et al., 2013) 
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modified TiO2 by incorporating Ni2+, Co2+, Zn2+ and Cu2+ and reported that Cu-doped 

TiO2 was a promising photocatalyst in the photo-decomposition of methylene blue. 

Sangpour et al. (Sangpour, Hashemi et al. 2010) modified TiO2 by doping with Ag, Au, 

and Cu and found that doping increased the probability of radical formation. The 

photoactivity levels of the investigated photocatalysts were reported to be in the 

following order: Cu:TiO2 > Au:TiO2 > Ag:TiO2 > TiO2.   

However, in the heterojunction process, the synergic effects of two semiconductors with 

similar band gaps can result in low recombination rate and increased electron–hole pair 

lifetime. The TiO2 photocatalyst can be potentially coupled with other semiconductors, 

e.g. SiO2, MoO3, CdS, MgO, WO3, SnO2, Cu2O, In2O3 and ZnO  (Wu, Yu et al. 2006). 

Among different semiconductors, the photocatalytic activity of ZnO is quite similar to 

TiO2 and appears to be as reactive as TiO2 under sunlight. Basically, the band gap of 

ZnO (around 3.37eV) is close to the energy level of titanium dioxide (Hadj Benhebal  & 

Ange´lique Leonard 2013). According to the literature, the energy level and surface area 

of TiO2 increase when it is mixed with another photocatalyst. Besides, the light 

absorption range shifts towards visible light due to the narrowing band gap energy level 

as TiO2 is doped with a semiconductor catalyst (Chin-Chuan Liu, 2006).  

TiO2/ZnO has been investigated by a number of researchers for improving the 

photodegradation efficiency of TiO2 catalyst (Zhu  et al., 2004; Lakshminarayana, Qiu 

et al., 2008). The ability of copper in modifying the photoactivity of TiO2 (Kim, Shin et 

al. 2013, Pham and Lee 2014, Wang, Duan et al. 2014) and ZnO (Wu, Shen et al. 2012, 

Ahmad et al., 2013) has been separately investigated in various works. The hybrid 

photocatalyst of TiO2/ZnO with other metals has also been investigated in some studies 

(Wang, Li et al., 2010; Pant et al., 2013). However, to the best of our knowledge, the 

hybrid Cu-ZnO/TiO2 photocatalyst has not been studied yet.  
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2.8.1 Effect of metal doping 

Photocatalytic efficiency generally depends on the generation of electron-hole pairs that 

react with the species adsorbed on the photocatalyst‘s surface. For doped catalysts, the 

metal ions are activated in the presence of a light source, generating electron holes. 

Therefore, the presence of metal ion dopants in the photocatalyst matrix significantly 

improves the interfacial electron transfer rates and charge carrier recombination rates, 

which is followed by greater photoreactivity. Metal dopants are also able to improve the 

morphology of doped TiO2. To date, different  metal dopants, including iron (Fe) (Pang 

& Abdullah 2013) , zinc (Zn) (Zhaoa et al., 2008), copper (Cu) (Xin et al., 2008), 

platinum (Pt) (Yu et al. 2013), nickel (Ni) (Jing et al., 2005), manganese (Mn) (Denga et 

al., 2011), barium (Ba) (Son et al., 2010) and cobalt (Co) (Mugundan et al., 2015) have 

been analysed for their ability to enhance the photocatalytic performance of nano-doped 

TiO2. They improve doped TiO2 performance and increase its industrial applications by 

shifting the light absorption wavelength from the UV to the visible light irradiation 

spectrum. The properties of various metal dopants of TiO2 are summarized in Table 2.3. 
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Table 2.3: Properties of various metal dopants of TiO2 

Metal 

Dopant 

Metal/TiO2 

(molarratio) 

Synthesis method Starting material 

of TiO2 

Starting material 

of metal dopants 

Crystallite 

size (nm) 

Phase BET Surface area 

(m2/g) 

Ref 

Fe 0.090 Hydrothermal TTB FeCl3,FeCl2 11.40 Anatase 101.40 (M. Asilt¨urk 2009) 

Fe 0.100 Hydrothermal (Ti(OC4H9−n)4 Fe(NO3)3•9H2O 14.50 Anatase 102.00 (T. Tong 2008) 

Fe 1.200 Hydrothermal TiCl3 FeCl3•6H2O 23.70 Anatase 55.50 (Z.Ambrus 2008) 

Fe 0.007 Sol gel TTB Fe(NO3)3 — Anatase 175.00 (W.C.Hung 2007) 

Fe 0.007 Sol gel/ microemulsion TTB Fe(NO3)3 12.70 Anatase 83.00 (C. Ad´an 2009) 

Fe 0.980 Sol gel Ti(OPri)4 Fe(NO3)3•9H2O 9.00 Anatase 126.10 (M. Asilt¨urk 2009) 

Pt 0.800 Impregnation TiO2 Degussa P25 PtCl2 22.28 Anatase 29.17 (S. Sakthivel 2004) 

Pt 1.000 Impregnation Photodeposition TiO2 Degussa P25 H2PtCl6 20.00 Anatase 107.00 (Vorontsov 2007) 

Pt 1.500 Impregnation TTIP H2PtCl6 31.00 Anatase 19.10 (H. Abe 2006) 

Pt 0.500 Photochemical deposition TBOT H2PtCl6•6H2O 9.15 Anatase 116.10 (W. Sun 2008) 

Pt 1.500 Photochemical reduction TNBT H2PtCl6•6H2O — Anatase 118.70 (M. Huang 2008) 

Ce 0.100 Sol gel TiCl4 H2PtCl6•6H2O 14.00 Anatase 68.00 (Y. Ishibai 2008) 

Ce 0.010 Hydrothermal Ti(SO4)2 Ce(NO3)4 — Anatase 454.00 (J. R. Xiao 2006) 

Ce 4.000 Reflux Ti(OBu)4 Ce(NO3)4 8.30 Anatase — (C. Wang 2010) 

V 1.000 Sol gel Ti(OBu)4 VO(OPr)3 12.00 Anatase 107.00 (M. Bettinelli 
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Among different transition metals such, as Cr, Fe, Ni, Zn, Co,  (Zhu, Zheng et al. 2004, 

Zhu, Chen et al. 2006, Zhu, Deng et al. 2006; Schneider, Matsuoka et al., 2014)  and 

Cu, copper with redox potentials of 0.52 V (Cu2+/Cu) and 0.16 V (Cu2+/Cu+) has been 

used as a suitable modifier for various visible light-responsive photocatalysts (Sagar, 

1996). Cu2+ (0.73Å), Zn2+ (0.83Å) and Ti4+ (0.64Å) have similar ionic radius 

parameters and therefore Cu2+ can easily penetrate into TiO2 and ZnO matrices as deep 

acceptors in conjunction with neighbouring oxygen vacancy or substituting the 

positions of Zn2+ or Ti4+. In addition, Cu doping shifts the absorption edges of both 

photocatalysts towards the visible region (Mohan et al., 2012). Cu2+ directly traps the 

electrons generated from the photocatalyst excitation in Cu-TiO2 or Cu-ZnO. As such, 

doping reduces the electron-hole recombination rate during photocatalysis by generating 

charge trapping sites. 

Copper has been utilized more extensively as a dopant than other transition metals. 

Sreethawong and Yoshikawa (Sreethawong & Yoshikawa 2005) compared the 

photocatalytic activity of Au-, Pd- and Cu-loaded mesoporous TiO2 in a single-step sol-

gel process with a surfactant template. Zhou et al. (Zhou, Ji et al. 2012) investigated the 

photocatalytic activity of meso-tetraphenylporphyrin with different metal centres (Fe, 

Co, Mn and Cu) on the surface of TiO2 (Degussa P25) and reported that CuP-TiO2 

presented the highest activity. In another work, Kaneco et al. (Dalai Ajay, 2012) 

investigated the photocatalytic hydrogen production of aqueous alcohol solution with 

ZnO/TiO2, SnO/TiO2, CuO/TiO2 and CuO/Al2O3/TiO2, where the maximal hydrogen 

production was obtained by using the latter. A few studies have also been conducted on 

co-doping of TiO2 with copper and another metal/non-metal dopant (Morikawa, Irokawa 

et al. 2006, Song, Zhou et al. 2008, Trejo-Tzab, Alvarado-Gil et al. 2012). Although 

incorporating a dopant into the integrated structure of ZnO/TiO2 may yield improved 

physical and chemical properties, very few studies have focused on this. To the best of 
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the author‘s knowledge, no study has been conducted on the integration of copper into 

the TiO2/ZnO structure to further support semiconductors. .  

Normally, metal-doped TiO2 products induce a greater anatase phase presence, 

crystallite size of about 2.59-12.00 nm and specific surface area ranging from 100 to 

500 m2/g. Among the mentioned metals, Cu has proven to improve the photocatalytic 

band gap of Cu-TiO2 and Cu-ZnO separately. This is attributed to the presence of two 

electrons in the valence layer of Cu that enable electron transfer. Therefore, in this study 

copper (Cu) was selected for doping TiO2/ZnO, as it has not been extensively 

investigated so far. 

2.8.2 Effect of non-metal doping 

Non-metal anion doping has been widely applied to hinder the recombination of 

photogenerated electron-hole pairs in nano-TiO2. This is attributed to the electronic 

states of non-metals, which are above the valence band edge of TiO2. Different 

nonmetal dopants like C–N-Codoped TiO2 (Yu and Yu 2009), S,I-codoped mesoporous 

TiO2 (Yu et al. 2010), WO3 Coupled P-TiO2 (Yu et al. 2010a), F-doped anatase TiO2 

(Yu et al. 2010b, Yu et al. 2012), sulphur (S) (Yu et al. 2010), nitrogen (N) (Wanqin et 

al. 2013) and carbon (C) (Fotiou et al. 2016) have been utilized owing to their ability to 

modify the photocatalytic activity and morphology of TiO2. The presence of non-metal 

anions generally enhances the specific surface area, restrains the growth of crystallite 

size and increases the anatase phase percentage in TiO2 photocatalyst. In addition, non-

metal anions influence the redshift in the absorption spectra of doped TiO2 and broadens 

its band gap. Therefore, various photoelectrochemical, photochemical and 

photocatalytic activities of TiO2 are improved by transferring its wavelength sensitivity 

from the ultraviolet region to the visible light region (Ansari et al. 2016).. A list of 

properties of various non-metal dopants of TiO2 is summarized in Table 2. 
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Table 2.4: Properties of various non- metal dopants of TiO2 

Metal 

Dopant 

Metal/TiO2 

(molar ratio) 

Synthesis method Starting material 

of TiO2 

Starting material 

of metal dopants 

Crystallite 

size (nm) 

Phase BET surface area 

(m2/g) 

Ref 

P 0.020 Hydrothermal TNBT H3PO2 14.50 Anatase 104.00 (C. Jin 2009) 

P 0.140 Sol gel TiO2 Degussa P25 H3PO4 8.60 Anatase/rutile 154.00 (K. J. A. Raj 2009) 

N 0.265 Hydrothermal TiO2 Degussa P25 TEA 15.40 Anatase/rutile — (F. Peng 2008) 

N 1.600 Hydrothermal TTIP CH3CH2NH2 25.40 Anatase — (Philip 2010) 

S 1.500 Hydrothermal TiCl4, CS(NH2)2 30.00 Anatase — (H. Tian 2009) 

S 2.800 Hydrothermal TiS2 TiS2 2.80 Anatase — (W. K. Ho 2006) 
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2.8.3  Effect of metalloid and halogen doping 
 

Recently, halogen doping techniques have attained much attention due to their ability to 

substitute in the TiO2 structure as well as to improve optical and surface properties. This 

technique is usually employed to hinder the transformation of anatase to rutile phase in 

TiO2–doped photocatalysts. Accordingly, different halogen dopants, such as fluorine (F) 

(Yu et al., 2009a), bromine (Br) (Wang et al., 2017) and iodine (I) (Zhang et al., 2011) 

have been investigated in terms of modifying the morphology and photocatalytic 

activity of TiO2. Boron (B) (Yu et al., 2013a) and silicon are two common metalloids 

used to dope TiO2, which can be termed either non-metal or metal. 

Boron dopants are proven to increase the surface area of B-doped TiO2, inhibit the 

growth of TiO2 crystalline structure and induce the crystalline process. Some 

researchers contend that silicon dopants increase the thermal stability of anatase and 

suppress the transformation of anatase to rutile phase. A list of properties of various 

metalloid and halogen dopants of TiO2 is summarized in Table 2.5. 
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Table 2.5: Properties of various metalloid-and halogen dopants of TiO2 

Metal Dopant Metal/TiO2 

(molar ratio) 

Synthesis method Starting material 

of TiO2 

Starting material 

of metal dopants 

Crystallite 

size (nm) 

Phase BET surface 

area (m2/g) 

Ref 

Metalloid         

B 0.001 Hydrothermal Ti(OBu)4 NaBH4 2.59 Anatase 268.31 (J. R. Xiao 2006) 

B 9.000 Sol gel Ti(OBu)4 VO(OPr)3 6.00 Anatase 127.00 (J. J. Xu 2009) 

B 0.040 Sol gel TTIP H3BO3 — Anatase 219.00 (A. Zaleska 2008) 

B 0.148 Sol gel TiO2 (C2H5O)3B 7.00 Anatase 192.00 (E. Grabowska 2009) 

Si 0.111 Destabilization HFTA HFSA 6.50 — 155.00 (M. Estruga 2010) 

Si 0.030 Hydrothermal Ti(OC4H9)4 (C2H5)4SiO4 8.20 Anatase 191.70 (R. Jin 2009) 

Si 0.150 Templating TBOT TEOS 10.00 Anatase 120.00 (C. He 2010) 

Halogen         

F 0.050 Hydrothermal Ti(OC3H7)4 NH4F — Anatas 48.00 (J. G. Yu 2009) 

F 0.500 Hydrothermal TBOT NH4HF2-H2O 11.20 Anatas 122.00 (H. Sun 2010) 

F 0.770 Hydrothermal TIP NaF 10.00 Anatas 148.00 (K. Mori 2008) 

F 0.039 Sol gel Ti(C2H5O)4 CF3COOH 13.20 Anatas — (N. Todorova 2008) 

F 0.190 Spray pyrolysis H2TiF6 H2TiF6 — Anatas 27.10 (D. Li 2005) 

F 0.001 Sol gel Ti(OBu)4 NH4F 3.78 Anatas 169.48 (J. Xu 2008) 

I 0.033 Hydrothermal TTIP HIO3 5.50 Anatase/brookite 137.60 (Q. Zhang 2011) 

I 0.117 Hydrothermal TNBT KI 4.46 Anatase 184.87 (W.-A.Wang 2011) 

I 0.025 Sol gel Ti(OBu)4 HIO3 5.50 Anatase 259.10 (Y.Ma 2011) 
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2.8.4 Effect of Co-doping 

The highest improvement in TiO2 morphology is obtained by co-doping technique with 

double metal or double non-metal dopants or double metal/non-metal dopants. The co-

doping technique shifts the wavelength absorption of TiO2 from the ultraviolet to the 

visible light region, enhances the morphological properties of crystallite size and surface 

area, and withstands the anatase-to-rutile phase transformation. Although TiO2 

improvement is achievable under visible light and an optimal doping level, beyond this 

level the TiO2 activity may deteriorate. 

2.8.5 Coupling of TiO2 with other semi-conductors 

Different dopant categories for improving TiO2 morphology, crystallinity, surface area 

and photocatalytic activity have been introduced and investigated. One technique of 

making TiO2 suitable for receiving and utilizing visible light and improving its 

morphology is to couple it with another semi-conductor such as SiO2, MoO3, CdS, 

MgO, WO3, SnO2, Cu2O, In2O3 or ZnO (Wu, 2006). According to the literature, the 

energy level and surface area of TiO2 increase by mixing it with another photocatalyst. 

Besides, the light absorption range shifts towards visible light due to the reduction of 

band gap energy level when TiO2 is doped with a semiconductor catalyst (Chin-Chuan 

Liu,  2006). Its photoactivity can then improve by reducing the recombination rate of 

the electron–hole pairs and by enhancing the interfacial charge transfer efficiency  

(Jongnavakit, 2012).  

Among diverse semiconductors, ZnO is a suitable alternative for coupling with TiO2 as 

it has similar band gap energy (around 3.37 eV) and hence similar photocatalytic 

activity. Moreover, it is low-cost and satisfies the performance in the degradation of 

several organic contaminants (Hadj Benhebal,  2013).  It has additionally been found 

that ZnO is as reactive as TiO2 under sunlight. Besides, these semi-conductors share 
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some advantages. TiO2 tends to have higher chemical stability while ZnO tends to have 

higher conductivity than TiO2. TiO2 has a much higher dielectric constant and fewer 

defect states, which leads to less recombination, whereas ZnO can be easily 

nanostructured.  

Heterojunction photocatalyst systems improve the photocatalytic behavior of doped 

photocatalysts. Heterojunction photocatalyst systems exhibit improved charge 

separations and increased lifetimes of the charge carriers (Fagan et al., 2016). In 2014 

Rawal doped the W ions into the crystal lattice of SnO2 and conduction band was 

lowered position of SnO2. Coupling of W-Doped SnO2 and TiO2 can absorb a 

considerable portion of visible light (Rawal et al., 2014). Coupling of W-Doped SnO2 

and TiO2 heterojunction shows a significant activity of TTO5/TiO2 which is mainly 

attributed to the inter-semiconductor hole transport mechanism (Rawal et al., 2014). 

In the TiO2/ZnO heterojunction, the conduction band (CB) of ZnO is positioned above 

the conduction band of TiO2 and valance band of ZnO is positioned between the valance 

band and conduction band of TiO2, which suppresses the recombination of electron hole 

pair and promotes the separation of this pair, improving the photocatalytic activity 

consequently (Khaki et al. 2016). The combination of TiO2 and ZnO offers a wide range 

of advantages and is the most suitable candidate for widespread environmental 

applications due to chemical and biochemical inertness, strong oxidation power, long-

term stability against chemical and/or photo-corrosion and cost effectiveness. Doping of 

Cu in TiO2/ZnO shifts the absorption edges to the visible region. Copper directly traps 

the electrons generated from the excitation of doped Cu-ZnO or Cu-TiO2 catalyst. The 

doping process with the generation of charge trapping sites reduces the electron-hole 

recombination rate during photocatalysis.   
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2.9 Operational factors effecting the photocatalytic degradation 

Doping of TiO2 with various types of transition metals can produce impurity states 

between the valance and conduction bands, which causes band gap narrowing and 

increased photo-efficiency of TiO2. The preparation methods influence the photocatalyst 

structure and activity. TiO2 doped with metal ions used in the sol-gel technique offers 

many advantages, such as flexibility of introducing dopants in large concentrations, 

homogeneity and ease of processing. Dopant concentration and calcination temperature 

affect the photocatalyst structure by changing the crystal size, particle size, surface area 

and band gap energy level. 

In general, the doping technique is an effective method of improving the morphology 

and activity of TiO2. However, different parameters may affect the efficiency of this 

method and are explained subsequently. 

2.9.1 Effect of calcination temperature of nano-doped-TiO2 

Calcination is a thermal process in the presence of oxygen or air that is commonly 

applied in the formation of photocatalysts in order to facilitate phase transition, thermal 

decomposition, or the removal of a volatile fraction. Accordingly, applying calcination 

to doped-TiO2 formation can also improve its photocatalytic activity, morphology, 

surface area and crystallinity properties as well as the photocatalyst‘s optical absorption. 

However, there is an optimal temperature for calcination, beyond which the 

photocatalytic activity may be reduced due to the agglomeration of particles that 

decrease the specific surface area of the photocatalyst.  High calcination temperature 

induces the replacement of nitrogen by oxygen in the air. Therefore, photocatalyst 

absorption in the visible light region decreases, followed by a decrease in TiO2 activity. 
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2.9.2 Effect of dopant concentration 

The photocatalytic activity of photocatalysts has been found to be directly and 

extremely proportional to dopant concentration. However, beyond an optimal amount of 

dopant in the photocatalyst structure, the photocatalytic performance decreases. 

2.9.3 Effect of initial concentration 

The effect of the initial reactant concentration is a determining factor in the 

photocatalytic activity of doped TiO2 in pollutant degradation. The relationship between 

the photocatalytic activity of TiO2 and initial reactant concentration is affiliated with the 

adsorption of reactant on the photocatalyst surface and the screening effect due to 

reactant overloading. The photocatalytic activity of TiO2 normally decreases as the 

initial reactant concentration increases. This may be attributed to the limited number of 

active sites available on the photocatalyst surface. 

2.9.4 Effect of photocatalyst concentration 

Employing an optimum photocatalyst concentration minimizes cost and energy while 

maximizing photocatalytic performance. However, it has frequently been reported that 

increasing the photocatalyst concentration enhances the number of photons absorbed on 

the photocatalyst surface, subsequently increasing the generation of electron-hole pairs 

and the number of hydroxyl radicals. Nonetheless, the amount of organic pollutants 

adsorbed on the photocatalyst surface increases, which contributes to higher degradation 

efficiency(Kaur & Kansal 2016). Table 2.6 presents the effects of photocatalyst 

concentration and operational conditions on the degradation of industrial pollutants. 
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Table 2.6: Effect of photocatalyst concentration and operational condition on degradation of industrial pollutant 
No Doped catalyst Target pollutant Operational condition 

UV                     pH          T (°C)     concentration 

 

TOC   

 

COD     

Out come  

Photocatalytic degradation 

Ref 

1 Co-TiO2 2-chlorophenol 228 420 nm  22 °C 10–50 mg/L _ _ Highest degradation at 600 °C (C. Ad´an 2009) 

2 Mn-dopdTiO2 methylene blue 310-400 nm  24–27 °C 100mg _ _ 99% reduction rate (H. Abe 2006) 

3 V- TiO2     2.8g/l methylene blue 420 5.5 25 °C 2.8 g/l _ _ Decrease15-30% (W. Sun 2008) 

4 B- TiO2     2.8 g/l methylene blue 420 5.5 25 °C 2.8 g/l _ _ Decrease 2–3% (W. Sun 2008) 

5 TiO2–Cu methylene blue 665 6.5 25 °C 10 mg _ _ degradation >95% (Liu 2005, Carvalho 2013) 

6 Pr- TiO2 phenol 365 

577 

6.5 

6.8 

25 °C 0.2–1.0 g/L _ _ 99 -50% degradation  (M. Huang 2008) 

7 TiO2–Cu phenol 365 _ 25 °C 1 g/l _ _ Best photocatalytic activity 

calcined at 600 °C 

(W.C.Hung 2007) 

8 V5+  -TiO2 chlorpyrifos 350-400 5.89 25 °C 0.1% _ _ least activity (Y. Ishibai 2008) 

9 Th4+  -TiO2 chlorpyrifos 350-400 5.89 25 °C 0.06% _ _ highest activity (Y. Ishibai 2008) 

10 Mo6+  -TiO2 chlorpyrifos 350-400 5.89 25 °C 0.06% _ _ highest activity (Y. Ishibai 2008) 

11 Zn2+  -TiO2 Congo Red (CR) 456 _ 25 °C 100 mg _ _ 78 % (J. R. Xiao 2006) 

12 V5+  -TiO2 Congo Red (CR) 456 _ 25 °C 100 mg _ _ 44 % (J. R. Xiao 2006) 

13 N- TiO2 methylene blue 400 _ 25 °C 100mg _ _ 87%, 93% and 95% (C. Wang 2010) 

14 Cu-ZnO methylene blue 200-800 _ 25 °C 0.5% mol _ _ highest photocatalytic activity (M. Bettinelli 2007) 

15 Er3+ -TiO2 methylene blue 365 _ 25 °C 0.1 g _ _ 50% (C. Jin 2009) 

16 Sn- TiO2 penicillin solution 365 _ 25 °C 0.1 g _ _ 3mol.% mol of photocatalyst have 

a high activity 

(K. J. A. Raj 2009) 
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―Table Continue 2.6‖ 

No Doped catalyst Target pollutant Operational condition 

UV              pH       T (°C)   concentration 

 

TOC   

 

COD     

         Out come  

            Photocatalytic degradation 

Ref 

17 N- TiO2 Azo Dyes 250-450 _ 25 °C 10 mg l_1 60% _ 95% (Liu 2005) 

18 ZrO2- TiO2 phenol 365 6.2 25 °C _ _ _ 54%, 61% and 62% (Philip 2010) 

19 Fe3+-TiO2 phenol 365 5 25 °C 0.5 mol% _ _ 55.2% to 65.68% (H. Tian 2009) 

20 Fe3+-TiO2 real textile wastewater 35 kHz 3-11 25 °C 6 g/L 49.8% 59.4% 79.9% (W. K. Ho 2006) 

21 Bi3+- TiO2 methylparathion 365 _ 25 °C 0.25 g _ _ 97% (J. J. Xu 2009) 

22 Zn- TiO2 Methylene blue 352 _ 25 °C _ _ _ 46.3 to 91.4% (A. Zaleska 2008) 

23 Fe-TiO2 Azo Dyes 400 6.5 35°C 0.5 g L−1 _ _ 60% (E. Grabowska 2009) 

24 Yttrium-TiO2 methyl orange 365 <3->4 25 °C 50 ml _ _ 20% (M. Estruga 2010) 

25 Sm3+- TiO2 Methylene blue 664 _ 25 °C 200 mg _ _ 73.90% (R. Jin 2009) 

26 Pd- ZnO Methyl orange 365 7 25 °C 50 mg _ _ 48.2% (C. He 2010) 

27 Fe-TiO2 Dye _ _ 25 °C _ _ 33% _ (Li 2010) 

28 Ag/F-TiO2 phenol 420 nm _ 25 °C _ _ _ 0.50Ag/F-TiO2 highest activity (F. Peng 2008) 
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For a photocatalyst to be highly efficient in pollutant degradation, it should possess a 

low band gap energy level and high specific surface area. The best way to increase the 

adsorption capacity of zinc oxide and titanium dioxide is to use a support with reduced 

energy, high porosity and high surface area. According to Table 2.6, Bi3+, Mn and Cu-

doped TiO2 and ZnO display high photocatalytic efficiency. Degradation results showed 

that copper-doped TiO2 enhanced the photoactivity. Moreover, incorporating Cu2+ into 

the TiO2 crystal structure as Cu-doped TiO2 demonstrated high activity under visible 

light. Nanocrystal Mn-doped TiO2 displayed high photocatalytic activity under UV and 

visible light, where the range of methylene blue degradation was 99%. Bi3+-doped TiO2 

with the sol-gel process boosted methyl parathion degradation under UV light by 97%. 

In the case of copper-doped TiO2, results indicated that Cu/TiO2 boosted methylene 

blue degradation by over 95% under visible light. Cu-doped ZnO calcined at 600◦C 

achieved the highest photoactivity under UV and visible light.. 

2.9.5 Preparation methods of doped-photocatalysts  

The effect of doping on photocatalytic activity depends on the type of compound as well 

as method employed (Colon, 2006) Preparation methods used for catalyst doping 

include sol-gel (Barakat, 2005), microemulsion (Adan, 2007),  co-precipitation  

(Anandan, Vinu et al., 2007),  hydrothermal process (Asilturk, 2009) and solvothermal 

synthesis (He, 2013).  

Nevertheless, the advantages derived from synthesis of TiO2-based-photocatalyst by 

sol–gel method, which include synthesis of nano-sized crystallized powder of high 

purity at atmospheric pressure, relatively low temperature, possibility of stoichiometry 

controlling process have suggested by many researchers. 

. 
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2.9.6 Sol-gel method 

A lot of research has reported the use of the sol-gel method for catalyst doping. The sol–

gel process has been successfully employed in preparing glassy materials, ceramic 

powders, and dense or porous ceramic pieces, as well as for thin film deposition and 

biosensor construction. The materials obtained from these processes can also be used in 

selective heterogeneous catalysis, which represents an area of great economical interest. 

Nowadays, sol–gel methods are well-established, as they allow the preparation of a broad 

variety of supported metals, metal oxides, coatings and composite materials with tailored 

properties. The sol–gel process has been applied in preparing supported metal catalysts and 

catalyst supports with higher thermal stability and resistance to deactivation while 

providing better flexibility in controlling catalyst properties, such as particle size, surface 

area and pore size distribution. Many authors have suggested sol–gel as the best means of 

dispersing catalytic metals in gels with fine texture (Gonçalves, 2006).  

 Sol–gel is a wet-chemical technique and one of the most widely used means of 

photocatalysts preparation. This method is mainly used to produce catalyst powders or thin 

films. A brief schematic diagram of this process is presented for TiO2-based photocatalysts 

in Figure 2.5. 

 

 

 

 

 

 

Figure 2.5: Process of Sol-gel method 
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Generally, the sol-gel method is inexpensive, easy to operate and often achievable at 

low operational temperatures. This process can easily be used for the deposition of 

substrates that have large surface areas or complex surfaces. The sol-gel method is 

usually started with a chemical solution that behaves as a precursor for an integrated gel 

(or network) of either network polymers or discrete particles. Metal alkoxides such as 

TiO2 can be precursors. In fact, a gel-like diphasic system prepared with this method 

contains both solid and liquid phases. In the last step, the solvent should be removed 

from the produced structure through a drying process, which is accompanied by notable 

densification and shrinkage. The distribution of porosity in the gel is a determinant 

factor in the drying process. The final microstructure is prominently affected by changes 

imposed upon the structural template during drying. Afterwards, a firing process, or 

thermal treatment, is applied in order to enhance the structural stability and mechanical 

properties. Different types of sol–gel and related methods of TiO2 doping include co-

doping, alkaline earth metal ions, rare earth metal ions, transition metal ions and other 

metal/non-metal ions. A brief list of applications and efficiency of TiO2-based 

photocatalysts prepared through the sol-gel method is presented in Table 2.7.  

As observed, co-doping of TiO2 improves the catalyst‘s photocatalytic activity in most 

cases. Doping TiO2 with alkaline earth metals through the sol-gel method also provides 

better photocatalysis for TiO2 than through the co-precipitation method. On the 

contrary, TiO2 doping with transition metals is not useful for photocatalytic efficiency, 

except in very few cases. 

Coupled semiconductor photocatalyst of TiO2/ZnO has been investigated by a number 

of researchers for improving the photodegradation efficiency of TiO2 catalyst. Besides, 

the triple complex of TiO2/ZnO with some metals has also been investigated in a few 

studies. However, based on the knowledge of the author, the triple complex of Cu-
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TiO2/ZnO has not yet been studied. Cu appears to improve the photocatalytic band gap 

of Cu-TiO2 and Cu-ZnO separately. This is attributed to the presence of two electrons in 

the valence layer of Cu, which enables electron transfer. Therefore, TiO2 is doped with 

both ZnO and Cu in parallel in the present study. The main aim is to reduce the band 

gap energy of Cu-TiO2/ZnO in order to improve its activity. Therefore, a new hybrid 

photocatalyst, namely Cu-doped TiO2/ZnO nano-catalyst is fabricated by entrapping 

copper ions in the crystalline matrix of TiO2 and ZnO through the sol-gel synthesis 

method. The new doped photocatalyst is calcined at two different temperatures of 500◦C 

and 700◦C. The photoactivity of Cu-doped TiO2/ZnO is then evaluated through the 

degradation of methyl orange (MO) and methylene blue (MB) under visible light 

irradiation. 
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Table 2.7:  Sol gel method for preparation doped catalyst 

Doped catalyst Material and conc Parameter 

T (°C)      pH 

Catalyst characteristics Ref 

SA m2 g_1 BG CS nm PS nm 

Co-TiO2 Co(III)0.0040.14mol% TiCl4  98% 200 -900 - 39.7 - - 25 (Barakat 2005) 

Mn-dopdTiO2 Mn (II)   0.1 M  Ti(OCH(CH3)2)4 700 7 38 - 20–30 - (Binas 2012) 

V- TiO2 Ti(OBu)4        6.0 ml 500 - 139 - 10.5 - (Bettinelli 2007) 

B- TiO2 Ti(OBu)4             17.0 ml 450 - 107 - 12 - (Bettinelli 2007) 

TiO2–Cu Ti(O-Pr)4       5ml CuSO4_5H2O  170 mg 400 

500 

- _ - 107 - (Carvalho 2013) 

Pr- TiO2 (Ti[iso-OC3H7]4   0.12 mol 100 

800 

1.8 40 2.80 and 3.10 eV - 10–50 (Chiou 2007) 

TiO2–Cu TTIP           10 ml,  Cu(NO3)2    0.5 M% 400 

800 

- 2 3.00 34 - (Colon 2006) 

V5+  -TiO2 TiCl4       25 ml [NH4VO3] 550 7-8 24 2.7 28.42 - (Devi 2009) 

Th4+  -TiO2 TiCl4       25 ml [Th(NO3)4] 550 7-8 32 3.00 30.28 - (Devi 2009) 

Mo6+  -TiO2 TiCl4       25 ml (NH4)6Mo7O24·4H2O 550 7-8 22 2.7 29.38 - (Devi 2009) 

Zn2+  -TiO2 TiCl4       25ml 550 7-8 31 2.8 15.6 - (Devi 2010) 

V5+  -TiO2 TiCl4       25ml 550 7-8 24 2.8 28.4 - (Devi 2010) 

N- TiO2 Titanium (IV) Na2EDTA 500 - 58 3.06 - 9.6 (Elghniji 2012) 

                                                                                                                                                                                                                           (continued on next page) 
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‗Table 2.7, continued‘ 

Doped catalyst Material and conc Parameter 

T (°C)      pH 

Catalyst characteristics Ref 

SA m2 g_1 BG CS nm PS nm 

Cu-ZnO Zn(CH3COO)2·2H2O  0.3 M 

Cu(CH3COO)2·H2O 

400 - - - 3.294 - (Jongnavakit 2012) 

Er3+ -TiO2 Ti[O(CH2)3CH3]4 3.5 g ErCl3 500 - - 3.09 10.0 - (Lee 2012) 

Sn- TiO2 Ti(OC4H9)4(AR) 5 ml 450 9 399 3.6 - - (Li 2009) 

Fe-TiO2 Ti(OC4H9)4 Fe(NO3)3 500 7-8 338.7 _ - - (Li 2010) 

Ag/F-TiO2 Ti(OBu)4) Ag(NO3) 623 K - 179.6 2.35 5.2 - (Lin 2012) 

N- TiO2 Ti[OCH (CH3)2]4 9ml 400 - - - - 10 (Liu 2005) 

ZrO2- TiO2 Ti(OCH2CH2CH2CH3)4     14ml Ti:acac, 

(Zr(acac)4) 

400 

1000 

-  

140.4 

-  

1.8 

- (McManamon 2011) 

Fe3+-TiO2 TBOT  0.1 mol Fe(NO3)3 _9H2O 450 - - - 8.3 - (Naeem 2010) 

Fe3+-TiO2 Ti(OBu)4 Fe(NO3)3·9H2O 500 3 167.6 2.70 - 10 (Pang and Abdullah 

2013) 

Bi3+- TiO2 Ti(O–Bu)4    21 ml 500 - - - 16-22 - (Rengaraj 2006) 

Zn- TiO2 TTIP ZnSO4·7H2O 450 - 101.27 - 14.03 - (Ryu 2011) 

Fe-TiO2 (Fe(NO3)3·9H2O TTIP      8.87 mL 200 - 118 3.06 8.91 - (Vargas 2012) 

Yttrium-TiO2 (Y(NO3)3·6H2O) Ti(OBu)4   10ml 823 K - 69.0 - 11.5 - (Wang 2011) 

Sm3+- TiO2 (Ti (OPri)4) Sm (NO3) 3 600 6-7 82.94 - 12.80 - (Xiao 2008) 

Pd- ZnO Zn(O2CCH3)2 Pd(NO3)2 773 K - 6.49 - 33 - (Zhong 2012) 
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2.10 Summary of literature review 

Non-biodegradable organic waste entails compounds that cannot be naturally recycled 

into the life cycle, as they cannot break down into natural components. Advanced 

Oxidation Technology (AOT) is a robust treatment process for wastewater including 

non-biodegradable compounds. Four different methods are employed with AOTs to 

generate hydroxyl radicals and treat wastewater, which include (i) ozone treatment, (ii) 

electrochemical processes, (iii) direct decomposition of water, and (iv) photocatalysis. 

Among the various AOPs, heterogeneous photocatalytic processes are suitable for 

eliminating a broad range of pollutants at ambient temperatures and pressures without 

generating harmful intermediates. In the introduction section, the photocatalysis 

reaction was presented and TiO2 was introduced as one of the most efficient 

photocatalysts. Subsequently, the effects of different parameters (e.g. dopants and 

operational parameters) on TiO2 were investigated.  Furthermore, different types of 

dopant (e.g. metal, non-metal, metalloid and halogen, co-doping) and coupling of TiO2 

with other semi-conductors were investigated. In terms of operational parameters, the 

effects of calcination temperature on nano-doped TiO2, dopant concentration, initial 

reactant concentration, and photocatalyst concentration, and preparation methods of 

doped photocatalysts were outlined.  TiO2 and ZnO have wide band gaps of around 

3.2eV and 3.3 eV at room temperature, hence they are mainly used under ultraviolet 

(UV) irradiation. TiO2 and ZnO photocatalysts also have the potential to be employed 

under visible light for greater energy efficiency. The photocatalytic activity of TiO2 and 

ZnO can be improved by reducing the band gap energy level. According to Table 2.7 

metal-doped TiO2/ZnO nano-size particles such as Ag, Fe, Mo and Cu can enhance 

photocatalytic activity. Especially copper was considered as one of the most effective 

doping elements for improving the activity of photocatalyst.  
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3 CHAPTER 3: METHODOLOGY 
 

3.1 Material 

Titanium (IV) isopropoxide (TTIP, Ti[OCH(CH3)2]4, 97%) used to synthesize titanium 

dioxide was purchased from Sigma Aldrich .U.S. Zinc acetate dihydrate 

(Zn(CH3COO)2·2H2O, >98%) and Copper(II) nitrate trihydrate (Cu(NO3)2.3H2O, 99%) 

were purchased from Chemical U.K. Ethanol (C2H5OH>99.8%) for catalyst synthesis 

were purchased from Sigma Aldrich and Chemical .U.K. Acetic acid (CH3COOH, 

M=60.051g/mol and Purity=98%) and hydrochloric acid (HCl, M=36.45g/mol, 

Purity=fuming 37%) used to control the ambient pH was also supplied by the same 

company, and sodium hydroxide (NaOH, M=40.0g/mol, Purity= 99.99%) that were 

used to control the ambient pH were supplied by Merck. Methyl orange (MO, 

C14H14N3NaO3S) and methylene blue (MB, C16H18N3SCl) employed for photocatalytic 

activity of the synthesised catalyst were purchased from Merck. All the chemicals were 

directly used as received without further purification.  

3.2 Photocatalyst preparation 

In the present study, Cu-ZnO/TiO2 was synthesized using sol-gel method (Gao, Luan et 

al. 2011, Jongnavakit, Amornpitoksuk et al. 2012). Fig 3.1 shows a simplified diagram 

of the synthesis. The process includes three main steps, which are gel preparation, 

drying and calcination.  In this study, the synthesis started with preparation of precursor 

A and B. For precursor A predetermined amount of TTIP was mixed with ethanol and 

stirred for an hour at room temperature to get a precursor solution. Then, a 30ml 

solution of distilled water, ethanol, acetic acid and zinc acetate (according to the weight 

ratio of TiO2: ZnO=70:30) were mixed together by continuous and tempestuous 

agitation to form a homogeneous solution (precursor B). Meanwhile, the solution pH 
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Figure 3.1: Diagram of catalyst synthesis process 

 

value was controlled between 2.0 and 3.0 by adding a certain quantity of hydrochloric 

acid solution next a certain amount of Copper (II) nitrate trihydrate was added to 

precursor B with vigorous stirring for metal doping. Then, precursor B was dropped into 

precursor A at a speed of one drop per second under strong stirring. The produced 

mixture was continuously stirred for about 12 h to complete the sol-gel process and a 

transparent sol was then created. It was aged for one day to finish the sol–gel transition 

and evaporate excess alcohol. After that, it was thermally-treated in an electric oven at 

100°C for 1h. In the next step, the catalysts went through the calcination process which 

was carried out in a Furnace (Thermconcept KL 15/11) with a heating rate of 10˚C/min 

to almost the maximum temperature determined by the TGA process. Thermal process 

was conducted and analysed by a Thermo-Gravimetric Analyser (TGA) (TG-Q500, 

Research instrument, USA) in order to determine the calcination temperature. The 

synthesised catalysts were subjected to a heating process starting from the room 

temperature to the maximum temperature of 1000˚C. 

Precursor A: 
(TTIP  mixed C2H5OH) 

Gel dried at 100 °C 

TGA analysis 

Solution stirred 

Gel aged           Grinded dry gel 

Calcination 

Grinded powder 

Mixed A and B      12h            1day           1h       45min        2h           2h     45min 

Control pH and added copper nitrate 

Precursor B: 
(H2O, C2H5OH, CH3COOH and Zinc acetate) 

 

Doped catalyst 
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Calcination continued for 2 hours to regulate the molecular network and structure of the 

photocatalyst and to remove excess solvent. It should be noted that heating process was 

conducted before calcination and the results were analysed in order to determine the 

thermal resistance of the synthesised samples and the calcination temperature. The 

calcination continued for 2 hours with two desirable temperatures to make the molecular 

network and structure of the photocatalyst regular and remove excess solvent. 

The nano-sized Cu-TiO2/ZnO was then obtained through ball milling process. It should 

be noted that, 5 different concentrations of Cu (1 to 5 wt%) and the TiO2 to ZnO ratio of 

7:3(wt%) were investigated. The effects of two different calcination temperatures of 500 

and 700°C were considered as well. Cu content of 3wt% along with calcination 

temperature of 500°C provided the best characteristics for Cu-TiO2/ZnO.  

Accordingly, Cu (3wt%)-TiO2/ZnO calcined at 500°C was synthesised, characterised 

and evaluated in this study. In order to evaluate and compare the photocatalytic activity 

of Cu-ZnO/TiO2, pure TiO2 and ZnO/TiO2 were also synthesized separately. In order to 

obtain the optimum result, two groups of samples were prepared. In the first group, the 

compositions of ZnO and Cu were varied while the amount of TiO2 was constant. In the 

second group, the compositions of TiO2 and Cu were varied while the amount of ZnO 

was constant. The details of sample preparation are presented in Table 3.1. 
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Table  3.1:  Amount of Titanium Oxide, Copper Nitrate and Zinc Sulphate in two 
groups of synthesised catalyst. 

 
   (a)  
No Wt.% Ti(gm) Zn(Ac)2.H2O(gm) Cu(NO3)2(gm) 
1 1% 21.251 8.441 0.320 
2 2% 21.251 8.150 0.641 
3 3% 21.251 7.859 0.961 
4 4% 21.251 7.568 1.282 
5 5% 21.251 7.277 1.602 

   (b)  
No Wt.% Ti(gm) Zn(Ac)2.H2O(gm) Cu(NO3)2(gm) 
6 1% 20.947 8.732 0.320 
7 2% 20.644 8.732 0.641 
8 3% 20.340 8.732 0.961 
9 4% 20.037 8.732 1.282 

10 5% 19.733 8.732 1.602 
 

3.3 Characterization of Photocatalyst 

Thermo-Gravimetric Analyser (TG-Q500, Research instrument, USA) was employed to 

analyse the thermal stability of the synthesized photocatalysts. Quantity of the 

synthesized catalysts was subjected to heating process starting from the room 

temperature to the maximum temperature of 1000˚C, under a dynamic nitrogen 

atmosphere. After that, the structural identifications and the phase purity of Cu-

TiO2/ZnO samples were carried out by X-Ray Diffractometer (XRD) using an advanced 

X-ray diffraction (7602 EA Almelo, analytical Empyrean, Netherlands). It employed a 

scanning rate of 0.026° s-1 in 2θ ranging from 20° to 80°. The morphology analysis was 

performed by Field Emission Scanning Electron Microscope (FESEM, model Quanta 

FEG 450, EDX-OXFORD). It operated at beam energy level of 10.00 kV under high 

vacuum level and spot size of 3.0. Transmission electron microscope (TEM) images 

were used to observe the internal structure of sample (ORIUS SC1000). The microscope 

had accelerating voltage from 20 to 200kV and standard magnification from 22X to 

930KX. The surface area of the sample was determined using Brunauer-Emmett-Teller 

BET method (micromeritics tristar 3020, analyser) using N2 adsorption at 77K. Particle 
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size of the samples was approximated using a particle size analyser (Mss+Hydromu, 

Malvern instrument, U.K) operating in a range lens of 300 RF mm. The UV-vis (diffuse 

reflectance) spectra in the wave length range of 200-800 nm was obtained using a 

spectrophotometer equipped with an integrated sphere (UV-Vis-NIR spectrophotometer 

Uv-3600, Shimadzu, Japan). Accordingly, the band gap was determined through the 

Kubelka-Munk‘s model. The results were further compared with that estimated through 

Planck‘s equation. 

3.4 Experimental design and statistical analysis 

The factorial design of experiments (DOE) along with statistical analysis of obtained 

results, is able to analyse the individual and interactive effects of parameters whit a 

minimum number of experiments while eliminating systematic errors at the same time. 

In this study, a response surface methodology based on a 3-level, 5-factor central 

composite design was performed to investigate the effects of five independent 

numerical factors, develop of  regression models and optimize conditions for 

photocatalytic degradation using the software Design Expert (Version 9.0.3, Stat-Ease 

Inc., USA). Initial dye concentration ranging from 20 to 50ppm, initial pH from 4 to 10, 

catalyst concentration from 0.3 to 0.7g/L, light irradiation intensity from 14 to 23Watt 

and reaction time from 40 to 120min were selected to evaluate the photocatalytic 

activity of synthesised Cu-TiO2/ZnO on degradation of two types of dye: Methyl 

Orange (MO) as an anionic- and Methylene Blue (MB) as a cationic-dye. These levels 

were selected according to available literature of similar works considering TiO2 and 

ZnO properties as well as Cu dopant (Zhang et al. 2016). The degradation responses, 

photocatalytic efficiency (%), were investigated in terms of Color (YC), COD (YCOD) 

and TOC (YTOC) removals.  The independent variables, Xi, were converted to coded 

form ‗xi‘ for statistical calculations by Equation (3−1): 
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X
XX

x i
i



0
                                                                                                              (3−1) 

where, X0 refers the value of Xi at the center of the domain and dX refers to the step 

change. Total 100 tests were conducted for both categorical variables in which 16 

replications were at center points: [Catalyst]: 0.5g/L, [dye]: 35ppm, intensity of light 

irradiation: 18Watt, pH: 7 and reaction time of 80min; to determine the experimental 

error. The experimental conditions along with responses obtained for both MO and MB 

degradations were summarized in Table 3.4, respectively.  

Afterwards, a second order polynomial equation correlating the effect of variables in 

terms of linear, quadratic and cross product terms was used to evaluate the efficiency of 

synthesised photocatalyst by illustrating the behaviour of selected responses as a 

function of individual and interactive effects of independent variables.  
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                                                           (3−2) 

In this equation, Y is the predicted response, b0 is a constant term, bi, bii and bij are the 

coefficients for the linear, quadratic and cross product terms, respectively. xi also 

denotes the coded variables and n refers to the number of variables. The models 

significance and adequacy were further evaluated by ANOVA (Analysis of Variance) 

and their fitness‘s were expressed by the coefficients of determination, 2R , 
2
adjR and 

2
prodR . Fisher variation ratio (F-value), probability value (Prob>F) with 95% confidence 

level and adequate precision were also employed as the main indicators of the models. 
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Here, Y is predicted response, 2 is the residual mean square, p and n also refer the 

number of model parameters and experiments. The regression models for each 

categorical variable will be presented in Table 4.4, removal of color, COD and TOC 

were obtained after elimination of insignificant terms. In these models, positive 

coefficients indicate a synergistic effect, while negative coefficients, an antagonistic 

effect between or among the variables. Moreover, the three-dimensional plots were 

obtained based on the effect of the levels of the two factors. Finally, the operating 

parameters were optimized on the basis of the obtained models in order to achieve the 

maximum degradation level of the photocatalyst and extra experiments were conducted 

to assess the optimal conditions. 

3.5 Adaptive neuro-fuzzy inference (ANFIS) 

Adaptive Neuro-Fuzzy Inference (ANFIS) was used to determine the performance of 

Cu-TiO2/ZnO in advanced oxidation reaction for water treatment by using the data 

obtained from the experiments. In short, ANFIS was used for variable search at first, 

known as ―variable selection‖; and then the same network was used to examine how the 

mentioned operating parameters influenced the photoactivity of copper-ZnO/TiO2.  

The photo-degradation of both MO and MB using Cu-TiO2/ZnO was designed using 

Response Surface Methodology (RSM) provided by Design-Expert software Version 

9.0.4.1 (Stat-Ease Inc., USA). A standard RSM design matrix, Central Composite 

Design (CCD) was employed to evaluate the dependency of photo-activity of the 

synthesised photocatalyst on operating conditions. Five independent operating 

parameters were identified including A: Initial dye concentration (20 to 50ppm), B: 

initial pH (4 to 10), C: catalyst loading (0.3 to 0.7g/L), D: light irradiation intensity (14 

to 23Watt) and E: reaction time (40 to 120min). The responses chosen were color, COD 

and TOC removal. In this study, α value, which is the distance of the axial point from 
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the center was fixed at 1. Accordingly, a face central composite which is not rotatable 

but easier to work with was used. The independent variables were coded at three levels: 

 1 (maximum), 0 (center),   1 (minimum). Eventually, a three-level-five-factor central 

composite design was employed to fit a third-order response surface model which 

required 50 experiments for degradation of each dye, including 32 factorial, 10 axial 

and one central point. The center point with the conditions of [Catalyst]: 0.5g/L, [dye]: 

35ppm, intensity of light irradiation: 18Watt, pH: 7 and reaction time of 80 min were 

repeated 8 times to determine the experimental error and reproducibility of the data. The 

experiments were run randomly in order to minimize the errors from the systematic 

trends in the variables.  

3.5.1 Variable selection methodology 

In order to analyse the sensitivity of the photo-activity of Cu-TiO2/ZnO on the five 

independent operating parameters and to determine the influence of these 5 parameters 

on the efficiency of advanced oxidation reaction, ANFIS was employed.  

3.5.1.1 Input and output variable 

Table 3.2 shows the 5 input parameters selected for the analysis and Table 3.3 lists the 

complete design matrix along with the responses of advance oxidation reaction for MO 

and MB reduction.  

 
Table 3.2: Independent numerical variables and their levels. (Input parameters For 

ANFIS) 

Inputs Parameters description Symbol 
Parameters characterization 

Minimum Value Middle Value Maximum Value 

input 1 PH A-PH 4 7 10 

input 2 Light Irradiation Intensity B-LII 14 18.5 23 

input 3 Dye Concentration(ppm) C-[Dye] 20 35 50 

input 4 Cu-TiO2/ZnO (mg) D-[Cat] 0.3 0.5 0.7 

input 5 Reaction Time E-t 40 80 120 
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Table 3.3: Experimental design matrix and the final results of Methyl Orange & Methylene Blue removals. 

Using Response Surface Methodology (RSM) based on a 3 level and 5 factor. 
 

(continued on next page) 
 

Run No. 

 

Experimental design  MO Removal (%) 
 

MB Removal (%) 
pH Light Dyes Catalyst Time UV COD TOC UV COD TOC 

1 4 14 20 0.3 40  33.00 25.90 18.32  24.50 16.00 9.47 

2  10 14 20 0.3 40  25.95 18.63 13.91  31.00 24.00 14.13 

3  4 23 20 0.3 40  40.00 31.54 18.92  33.25 18.00 5.26 

4  10 23 20 0.3 40  35.00 24.27 18.84  38.75 24.00 16.22 

5  4 14 50 0.3 40  13.66 11.00 3.30  13.82 7.09 4.63 

6  10 14 50 0.3 40  17.60 14.83 4.96  21.76 17.00 5.31 

7  4 23 50 0.3 40  24.88 15.83 6.79  21.00 10.00 4.95 

8  10 23 50 0.3 40  20.46 15.00 5.64  24.84 20.90 6.44 

9  4 14 20 0.7 40  57.00 44.72 29.59  34.85 28.00 9.85 

10  10 14 20 0.7 40  42.50 32.00 17.79  49.95 44.00 31.84 

11  4 23 20 0.7 40  63.00 52.18 31.38  38.90 32.00 11.62 

12  10 23 20 0.7 40  47.00 37.63 19.18  56.00 48.00 33.23 

13  4 14 50 0.7 40  36.40 33.00 23.43  19.34 18.00 2.75 

14  10 14 50 0.7 40  19.20 16.33 6.89  36.80 25.63 12.16 

15  4 23 50 0.7 40  45.60 39.83 26.50  26.20 23.00 6.70 

16  10 23 50 0.7 40  28.80 23.16 10.88  42.94 31.45 14.20 Univ
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‗Table 3.3, continued‘ 

 

(continued on next page) 
 
 
 

Run No. 

 

Experimental design  MO Removal (%) 
 

MB Removal (%) 
pH Light Dyes Catalyst time UV COD TOC UV COD TOC 

17 4 14 20 0.3 120  45.95 32.27 25.24  33.45 26.00 14.17 

18  10 14 20 0.3 120  41.55 28.09 22.66  37.50 28.00 19.32 

19  4 23 20 0.3 120  59.00 49.09 35.09  41.00 22.00 7.49 

20  10 23 20 0.3 120  49.50 39.72 25.92  46.35 34.00 19.33 

21  4 14 50 0.3 120  36.44 30.16 20.23  18.80 12.00 7.66 

22  10 14 50 0.3 120  22.50 16.83 13.28  30.46 26.36 20.57 

23  4 23 50 0.3 120  52.60 41.36 25.40  29.88 16.90 8.95 

24  10 23 50 0.3 120  39.76 31.33 22.56  38.86 31.45 24.89 

25  4 14 20 0.7 120  79.80 69.72 53.26  44.15 36.00 19.41 

26  10 14 20 0.7 120  58.00 49.09 30.09  71.00 66.00 45.64 

27  4 23 20 0.7 120  83.35 73.54 54.46  59.00 48.00 27.24 

28  10 23 20 0.7 120  64.55 52.90 31.40  75.50 68.00 46.41 

29  4 14 50 0.7 120  55.68 43.00 30.56  25.98 16.90 3.12 

30  10 14 50 0.7 120  33.20 24.66 16.96  48.00 38.72 25.98 

31  4 23 50 0.7 120  56.80 43.83 29.66  32.00 21.81 5.22 

32  10 23 50 0.7 120  34.88 25.50 16.16  54.20 43.63 28.20 Univ
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‗Table 3.3, continued‘ 

 

 
Run No.  

Experimental design  MO Removal (%) 
 

MB Removal (%) 
pH Light Dyes Catalyst Time UV COD TOC UV COD TOC 

33  4 18.5 35 0.5 80  68.00 53.15 37.45  28.00 19.25 7.16 

34  10 18.5 35 0.5 80  47.00 35.57 25.34  42.14 31.75 19.90 

35  7 14 35 0.5 80  59.40 48.63 42.88  51.51 38.00 21.95 

36  7 14 35 0.5 80  81.57 64.68 50.95  54.77 41.25 23.08 

37  7 18.5 20 0.5 80  70.85 50.81 40.12  57.00 40.00 17.83 

38  7 18.5 50 0.5 80  48.00 38.83 28.05  39.80 27.72 12.70 

39  7 18.5 35 0.3 80  48.00 41.07 38.88  45.00 36.75 22.12 

40  7 18.5 35 0.7 80  64.00 51.84 41.29  50.00 28.25 18.22 

41  7 18.5 35 0.5 40  60.97 50.68 43.02  50.28 33.50 21.15 

42  7 18.5 35 0.5 120  78.91 64.73 51.19  57.37 42.50 32.18 

43  7 18.5 35 0.5 80  69.54 58.68 47.99  53.80 34.50 27.38 

44  7 18.5 35 0.5 80  68.62 57.57 48.22  53.00 34.45 27.95 

45  7 18.5 35 0.5 80  68.02 56.78 47.92  53.14 35.00 27.98 

46  7 18.5 35 0.5 80  67.17 55.68 48.12  52.71 34.25 27.02 

47  7 18.5 35 0.5 80  66.94 56.73 48.29  52.91 35.75 28.57 

48  7 18.5 35 0.5 80  67.17 56.89 47.85  52.65 35.50 28.08 

49  7 18.5 35 0.5 80  68.65 57.84 47.82  53.48 34.52 27.32 

50  7 18.5 35 0.5 80  68.31 59.94 47.95  53.37 35.55 26.15 Univ
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Table 3.4 and 3.5 also summaries the minimum and maximum colour, COD and TOC 

removal of MO and MB. 

Table 3.4: Output parameters (MO) 
 

Output Parameters  

description 

Parameters characterization 

Minimum Value Maximum Value 

output 1 UV 13.66 83.35 

output 2 COD 11.00 73.54 

output 3 TOC 3.30 54.46 

 
Table 3.5: Output parameters (MB) 

 
Output Parameters  

description 

Parameters characterization 

Minimum Value Maximum Value 

output 1 UV 13.82 75.5 

output 2 COD 7.09 68 

output 3 TOC 2.75 46.41 

 

In order to better analyze system performance and design a system with the best 

characteristics, it is necessary to select a subset of the most relevant and influential 

parameters and to predict which covariates have the strongest effects on the response of 

interest. This process of selection is named as ―variable selection‖. Neural networks can 

be defined as architectures that consist of a large parallel adaptive processing elements 

interconnected via structured networks (Kwong, Wong et al. 2009, Chan, Ling et al. 

2011). Essentially, with neural network as the foundation, the complex system‘s 

architecture in the function of approximation and regression can be modelled. 

Accordingly, variable selection process is crucial to generate a model capable of 

estimating a special process output. Therefore, in order to build a model capable of 

predicting a specific process output, it is essential to find a subset of variables that are 

relevant to the respective output (Buyukbingol, Sisman et al. 2007, Singh, Kainthola et 

al. 2012). Parameters that are irrelevant can be separated and removed prior to ‗variable 
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selection‘ based on the existing literature information. Otherwise, an optimization 

procedure can be applied by using the Genetic algorithms. Herein, the objective is to 

select proper explanatory (input) parameters and thereby minimize error that exists 

among the observed and the predicted values. In this study, adaptive neuro-fuzzy 

inference system (ANFIS) was used for variable selection (Geethanjali & Raja 

Slochanal 2008). Aiming at organizing fuzzy inference system, ANFIS analyses the 

input/output data pairs. It gives fuzzy logic the ability to determine how the main 

parameters affect the final result. 

3.5.1.2 Variable selection using ANFIS 

Constructing sets of ‗IF THEN‘ fuzzy rules alongside suitable membership functions 

(MFs) is required to generate predetermined input-output subsets. ANFIS can serve as 

the foundation for such a construction. The input-output data are converted into 

membership functions. ANFIS takes the initial FIS and adjusts it through a back 

propagation algorithm according to the collection of input-output data. FIS consists of 

three components - (i) a database, (ii) a rule base and (iii) a reasoning mechanism. The 

database assigns MFs which are employed in the fuzzy rules. The rule base comprises a 

choice of fuzzy rules. Reasoning mechanism is inferred from the rules and input data, 

giving a feasible outcome. The intelligent combination of knowledge, methods and 

techniques from a variety of different sources adapts well to the changing environment.  

MATLAB employs FIS in the whole process of training and evaluation. FIS integrates 

human comprehension, does interfacing and makes decisions. Based on the ANFIS 

results, 2 input variables, as depicted in Fig 3.2 were the most influential operating 

parameters on the photoactivity of Cu-TiO2/ZnO in advanced oxidation reaction for 

water treatment.  
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Figure 3.2: ANFIS structure. 

 

In this study, the rules of fuzzy IF-THEN from the Takagi and Sugeno‘s class and two 

inputs for the first-order Sugeno were employed, as shown below:  

 

                                                                     (3−5)                    

  

In Fig 3.2 the first layer consists of input variable membership functions (MFs) that 

only supplies the input values to the next layer. Each node here is considered as an 

adaptive node having a node function      ( ) and      ( ) where    ( ) and 

   ( ) are membership functions. Bell-shaped membership functions having the 

minimum and maximum values of  (0.0) and (1.0) were chosen. 

 

 ( )      (             )  
 

  [(
    
  
)
 

]

   
                                                               (3−6) 

 

Here, the set *           + consists of parameter sets. These sets are designated as the 

premise parameters. Besides,   and   are the inputs to nodes. They represent a 
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combined version of the two most influential variables on the photoreduction of MO 

and MB in the presence Cu-TiO2/ZnO photocatalyst. 

The membership layer (second layer) searches for the weights of each membership 

function. This layer receives the input values from the preceding layer (first layer) and 

acts as a membership function to represent the respective fuzzy sets of input variables. 

All nodes in the second layer are non-adaptive. This layer acts as a multiplier for the 

receiving signals and sends out the oucome in equaion (3−7): 

 

       ( )     ( )        (3−7) 

 

 Every output node exhibits the firing strength of a rule. Each node at third layer 

calculates the normalized weights. This layer is also non-adaptive and each node 

computes the ratio of the rule‘s firing strength to the sum of all rules‘ firing strengths in 

the form of below equation. 

 

     
  

     
,               (3−8) 

 

The outcomes are refered to as the normalized firing strengths.The fourth one, 

defuzzification layer, provides the output values resulting from the inference of rules. 

Each node in this layer is adaptive and having the node function. 

 

              (          )       (3−9) 

 

In this layer, *       + is the variable set. The variable set is designated as the 

consequent parameter. 
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The final layer is known as the output layer (fifth layer) that adds up all the receiving 

inputs from the preceding layer and converts the fuzzy classification outcomes into a 

binary (crisp). This layer considers the single node in the output layer as non-adaptive. 

The single node computes the total output as total of the entire receiving signals. 

 

  
  ∑   

     
∑     

∑    
                                                                                             (3−10)

  

The hybrid learning algorithms are applied for identifiying the variables in the ANFIS 

architectures. The functional signals progress until the 4th layer whereby the hybrid 

learning algorithm passes. Then, the consequent variables are determined by the least 

square estimation. In the backward pass, gradient decline order synchronizes the 

premise variables since the error rates circulate backwards. 

3.6 Photocatalytic activity 

To the best of our knowledge, no study has been done to integrate the benefits of copper 

in a hybrid matrix including two semiconductors of TiO2 and ZnO in order to gain the 

advantages of copper in supporting two semiconductors at the same time. As such its 

behavior and effects in such systems is unclear. Accordingly, in this study, a hybrid of 

Cu-TiO2/ZnO was synthesized, characterized and evaluate in term of its photocatalytic 

activity through the decomposition of Methylene blue (MB) and Methyl orange (MO). 

Herein, the effects of five main process parameters: dye concentration, catalyst load, 

initial pH, intensity of visible light irradiation and reaction time was investigated using 

central composite design (CCD). Table 3.6. Presents the main properties of the 

investigated dyes. 
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Table 3.6: The main properties of the investigated dyes 

Investigate
d Dye Formula Molecular structure 

Mw 
(g.mol-

1) 

max  
(nm) 

 
pKa Colour 

index  

Methylene 
Blue 

C16H18N3SCl 
 

319.852 664 
 

9.0 52.015 

Methyl 
Orange 

C14H14N3NaO3
S 

 

327.33 508 
 

6.0 13025 

 

The photocatalytic activity of the synthesized photocatalyst was evaluated through 

photodegradation of both methylene blue and methyl orange under visible light irradiation. 

Figure 3.3. Shows the photoreactor set-up.  

         

Figure 3.3. The photoreactor set-up (a) before experiment (b) during experiment. 

The experiments were conducted in Pyrex cylindrical photoreactor (ID=8cm, H=13cm), as 

a batch photoreactor, covered with aluminum foil and equipped with a magnetic stirrer to 

maintain the photocatalyst suspended in the aqueous solution and an air distributor device. 

The photoreactor was irradiated with a fluorescent lamp (light intensity: 18-23Watt) with 

wavelength emission in the range 400–550 nm, positioned at the center of the photoreactor. 

First a specific value of catalyst was suspended in a predetermined concentration of MB or 

MO. The pH of the solution was then adjusted at selected value by hydrochloric acid (HCl, 

1.0M) or sodium hydroxide (NaOH, 1.0M) using pH-meter (EUTECH, CyberScan pH 

                        (a)                                                                              (b) 
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300). Prior to irradiation, the suspension was magnetically stirred in the dark for 60 min to 

reach sorption equilibrium.  The photocatalytic reaction was then initiated when exposed to 

visible light. Liquid samples were taken out at regular time intervals and filtered by a 

membrane filter with a disposable syringe to remove the remaining catalyst particle from 

the aqueous solution. The photoactivity of the synthesized photocatalyst was then analyzed 

in terms of color, COD and TOC removals. The absorbance of the dye solution was 

measured by a UV-Vis spectrophotometer (Spectroquant-Pharo 300) on the basis of a 

calibration curve obtained using standard MB/MO solutions that represents a liner 

relationship between absorbance and dye concentration. Chemical Oxygen Demand (COD, 

mg.L−1) values were determined using COD test cell supplied by Merck in a thermoreactor 

(Spectroquant TR 420) according to the standard method (APHA, AWWA, and WFE, 

1998). Total Organic carbon (TOC, mg.L−1) was measured with a solution of potassium 

phthalate as standard of calibration using (Shimadzu TOC-VCSH analyser). The 

degradation efficiency in terms of the percentages of color, COD and TOC removal was 

calculated by the following equation. Where, C0 and Ct are the initial and the retained 

values of Color, COD or TOC, respectively. 

 

3.7 Safety Aspects 

Throughout the experiments, care is taken to prevent the health, fire, reactivity, and 

contact hazards associated with all the chemicals and hazards associated with all the 

equipment and instruments used in the research project. Besides, normal laboratory 

safety precaution procedures including the use of appropriate personal protective 

equipment and use of standard operating procedures and waste disposal system is 

followed to eliminate and minimize the risk.                                                                                    
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4 CHAPTER 4: RESULTS AND DISCUSSION 
 

4.1 Introduction  

This chapter deals with the results obtained from TGA Thermo-Gravimetric analysis, 

XRD Identification of the structures and phase purity of Cu doped TiO2/ZnO samples 

were carried out by an X-Ray Diffractometer, the crystal phase of all samples was 

identify by comparison with the Joint Committee on powder Diffraction Standard 

(JCPDS) files and the crystal size Calculated with  scherrer‘s equation, the surface area 

of the sample was determined using Brunauer Emmett Teller, morphology studies of the 

samples were conducted using, scanning Electron Microscope (SEM) and Transmission 

electron microscope (TEM) image were used to observe the internal structure of 

samples, UV–vis diffuse reflectance was employed to determine the UV-vis diffuse 

reflectance spectra. The band gap energy level was determined through the Kubelka-

Munk‘s model. The results indicated a significant improvement in the characteristics of 

Cu-TiO2/ZnO compared to TiO2 and ZnO. 

photoactivity of new hybrid Cu doped TiO2/ZnO investigated for photodegradation of 

two different dyes methyl orange MO and methylene blue MB under visible light 

irradiation. In addition, ANFIS (Adaptive Neuro Fuzzy Inference System) was 

employed to investigate the effects of five independent variables including dye and 

catalyst concentrations, pH, intensity of light irradiation and reaction time on the 

photocatalytic performance of Cu-TiO2/ZnO. The sensitivity analysis was performed to 

identify how the copper- TiO2/ZnO is being affected by operating parameters.  
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4.2 Physico–chemical properties of new doped photocatalyst 

The nanocrystalline Cu-doped TiO2/ZnO composite powder with TiO2/ZnO weight ratio 

of 7/3 and 1-5% copper concentration, calcinated at 500 ◦C and 700 ◦C was synthesized 

vis Sol-gel method, characterized and evaluated in this study. 

4.2.1 Thermo-gravimetric analysis 

In order to clarify the thermal stability of the Cu-TiO2/ZnO composite powder, the 

thermo-gravimetric analysis was conducted using the dried composite gel with Cu mass 

fraction of 1wt%, 3wt% and 5wt%. The results of weight loss due to decomposition and 

Derivative Thermogravimetric Analysis (DTG) are shown in Fig. 4.1. 
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‗Figure  4.1, continued‘ 

 

 

 

 

Figure 4.1: TGA curves of the Cu-ZnO/TiO2 composite powder with Cu  
concentrations of  ―: Cu (1wt%), - - -: Cu (3wt%), ―·―: Cu (5wt%).  

 (Heating speed of 10°C/min).    
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Three main phases of mass loss during the whole thermal decomposition/combustion 

process were identified. The minor weight loss of 5.93 to 6.31wt%, as observed in all 

the graphs at the temperature below 115˚C, was due to the loss of physically adsorbed 

water and solvent. This phase slightly decreased (around 1wt%) as the Cu concentration 

increased. The decomposition phase started after solvent evaporation. Based on Fig. 4.1, 

this phase happened from 200 to 260˚C, resulting in a reduction of 3.68, 6.28 and 

6.34wt% in the total mass. As observed, the mass reduction was dramatically lower at 

copper concentration of 1wt%. The third step, which occurred at about 270 to 380˚C, 

was related to both the decomposition of the organic group‘s residuals and the 

condensation of the TiO2 anatase phases. Similar results were also reported by 

(Ramimoghadam, Bagheri et al. 2014). From the analysis, the temperature assigned for 

this phase shifted to lower range with increasing Cu caused by compounds created by 

copper. Such results demonstrated the influence of copper and its corresponding 

compounds on the thermal stability of Cu-TiO2/ZnO. 

4.2.2 Structure characterize of Cu-TiO2/ZnO 

In addition, TiO2 has three main crystalline structures; anatase (tetragonal), rutile 

(tetragonal) and brookite (orthorombic). Anatase is the phase normally fabricated in the 

sol-gel process but brookite is mostly found as a by-product when precipitation is 

performed in an acidic medium at low temperature. Rutile is a stable structure while 

both brookite and anatase are metastable and usually transfigured to rutile when heated. 

Generally, brookite is more reactive than anatase. However, preparing  pure brookite 

without rutile or anatase is rather difficult and therefore it has not been widely 

investigated (Paola  et al. 2013). Besides, anatase has a higher photocatalytic activity 

compared to rutile because its higher ECB ( 0.2 eV) results in higher driving force for 

transferring electron to O2. It is because ECB position affects electron transfer rate and 
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subsequently, charge recombination rate. Therefore, it is a determining factor for 

efficiency of photocatalysis. It has always been reported that the photocatalytic 

activities of both anatase and rutile structures are highly influenced by the types of 

substrates applied (Serpone  et al. 1996; Du and Rabani 2003; Ryu and Choi 2007; 

Tryba  et al. 2007). 

X-Ray Diffraction (XRD) explain the crystal structures of Cu- TiO2/ZnO in different 

TiO2 and ZnO concentrations and calcination temperatures. Fig. 4.2 (a and b) displays 

the XRD patterns of the samples containing 1-5wt% Cu, calcined at 500˚C (Fig. 4.2a) 

and 700˚C (Fig. 4.2b), respectively.  
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Figure 4.2: XRD patterns of synthesized Cu- TiO2/ZnO calcined at a) 500°C b) 700°C. 

○:Anatase, ●:Rutile, ▲:Brookite, ∆:ZnO, ►:ZnTiO3, ■:Cu2O, ▲:Cu2HNO3 
 

 

The standard JCPDS patterns of Zinc Oxide (reference code 98-002-9272), crystal 

phases of TiO2 including Anatase (00-021-1272), Rutile (01-075-1750) and Brookite 

(00-029-1360), Cu2O (00-05-0667) and CuO (00-48-1548) were used to analyse the 
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obtained patterns in this study. Generally, for Cu- TiO2/ZnO with copper loading of 

1wt% which was calcined at 500°C, the crystal was rather amorphous. However, it 

crystalized well as the copper content increased in the matrix. Besides, as shown in Fig. 

4.2a, among TiO2 crystal structures, diffraction peaks of anatase and brookite showed 

the strongest intensities after calcination at 500°C, indicating their major phases within 

the photocatalyst at this stage. Meanwhile, traces of rutile has also detected in Cu-

TiO2/ZnO calcined at 500°C. As the calcination temperature rose to 700°C, the 

crystalline phases changed accordingly. The strongest peaks in these samples were 

neither from brookite nor anatase, but rutile, indicating a crystal phase transfer towards 

rutile at the temperature of 700°C. These observations are in good agreement with those 

obtained in the literature (Bakardjieva, Stengl et al. 2006). As reported by Paola et al 

(Paola, Bellardita et al. 2013), anatase structure was normally generated in TiO2 

synthesis through sol-gel method whereas brookite was normally found as a by-product 

when the precipitation was performed in an acidic medium at low temperature. Rutile is 

the stable structure while brookite and anatase are metastable and can potentially 

transform to rutile when heated.  

Besides TiO2 crystals, ZnO with strong diffraction peak intensities were found in these 

photocatalysts. However, a number of ZnO peaks on the basis of standard peaks were 

not identifiable in this study. Meanwhile, more ZnO/TiO2 were clearly detected, 

especially for those calcined at 700°C, indicating an extensive the below reaction 

(Batistella, Lerin et al., 2012). 

    

The results confirmed that photodeposition modified the basic crystal structure of ZnO 

and transformed it into ZnO/TiO2. The phenomena may be due to the homogeneous 

dispersion of nanoscale copper deposits on the surface of ZnO. On the other hand, 

3 2 ZnO/TiO2 TiO ZnO     (4−1) 
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presence of high quantity of zincite in samples calcined at 500°C indicated that the 

aforementioned transformation was not fully achieved for photocatalysis at that 

temperature. 

In terms of copper quantity, according to the XRD patterns (Fig. 4.2), signal of Cu2O 

were clearly observed ( 2  of about 29.63°) and the intensity of these peaks increased 

with copper loading, which clarified that higher mass fraction of Cu2O was obtained 

with copper loading. Whereas, the diffraction pattern of CuO was not observed as CuO 

or small dimensions of Cu components were below the detection limit of XRD. The 

other possible reason might be high dispersion of CuO within the TiO2 frameworks. 

Furthermore, by comparing the XRD patterns of Cu-TiO2/ZnO with that of pure TiO2 

(Zhu, Hartmann et al. 2000) and considering the Cu content in both the photocatalysts 

calcined at 500 and 700 ºC, it was found that the anatase phase increased initially with 

the Cu content up to 2wt% and beyond that, the percentage of  the anatase phase slightly 

reduced. 

Meanwhile, the quantity of rutile phase was reinforced in both categories of the 

synthesised Cu-TiO2/ZnO. Accordingly, it can be suggested that the dopant content 

beyond 2%wt promoted the phase transformation from anatase to rutile. The reason was 

that the surface oxygen vacancy concentration of anatase grains is enhanced with Cu, 

rearranging the ions favourably and reorganizing the structure into the rutile structure 

(Rahman, Ahmed et al. 1995). In other words, since the synthesised photocatalyts were 

calcined at atmospheric condition, the chemical state of Cu is Cu+ (on the basis of XRD 

pattern) which can be a substitute to Ti4+ transformed TiO2 into a denser rutile phase. 

The other possible reason was that the density of surface defects of the photocatalyst 

may increase as Cu content increased, resulting in phase transformation since the 

surface defects were considered as the rutile nucleation sites (Jongsomjit, Sakdamnuson 

et al. 2004). This finding was consistent with that of Fe-doped TiO2 (Gennari & 
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Pasquevich, 1998) or Al-doped TiO2 (Vemury & Pratsinis 1995). Besides, anatase phase 

percentage in Cu-TiO2/ZnO reduced with increasing the calcination temperature from 

500 to 700 ºC, which is opposite of the trend passed by ruitle phase in those calcination 

temperatures. Therefore, the rutile phase dominated the TiO2 structure when the 

calcinating temperature was 700˚C (Fig. 4.2). 

On the other hand, a number of anatase phase peaks appeared stable at both 500°C and 

700°C. It was attributed to thermodynamic stability of anatase. High thermodynamic 

stability of anatase, compared to rutile phase, is a proven phenomenon in smaller 

crystallites (Hirano, Nakahara et al. 2002, Baiju, Shajesh et al. 2007, Hamadanian, 

Reisi-Vanani et al. 2010). But the effect of doping should also be considered.  During 

the sol–gel process, dopant significantly controls the crystallite growth (especially for 

crystallization of anatase phase). Although the dopant content increased the rutile 

nucleation sites or transferred TiO2 into denser rutile, Cu2O and CuO molecules 

adsorbed on the surface of TiO2 made crystal growth slow. Therefore, the key is the 

balance between the amount of dopant that behaves as the rutile nucleation sites and the 

amount of Cu2O or CuO which is adsorbed on the surface of the photo catalyst.  

4.2.3 Crystal size, specific surface area and particle size of Cu- TiO2/ZnO 
 

The average crystal size of nanoparticles were determined from the full-width of the 

half maximum (FWHM) of the most intense peaks of the respective crystals using the 

Scherrer‘s equation: 

 (4−2) 

where D is equal to or smaller than the grain crystallite size, CS is the Scherrer constant, 

which has a value between 0.9 and 1.2, depending on the shape of the particles ( in this 

study, Cs=0.94),  k is the wave length of the incident X-ray,  is the Bragg diffraction 

 cos..kCD s
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angle and  is the full-width of the half maximum (Binas,  2012). Accordingly, TiO2 

peaks of (105) (211) (204) for anatase phase, TiO2 peaks of (110) (211) (220) for rutile 

phase and TiO2 peaks of (320) (151) (052) for Brookite phase, ZnO peaks of (002), 

(101) and ZnTiO3 peak of (103) were considered. However, brookite peaks of (320) 

(151) were only considered for calcination temperatures of 500 ºC while rutile peaks of 

(211) (220) were only considered for calcination temperatures of 700 ºC. The specific 

surface area of the synthesized photocatalysts was also estimated through Brunauer-

Emmett-Teller, (BET) method. The results are presented in Table 4.1. 

 

 

Table 4.1: Crystallite size and surface area of the Cu- TiO2/ZnO photocatalyst prepared 
at various calcination temperatures and compound concentrations 

 
Photocatalyst  

Cu 

(wt%) 

Calcination 

Temperature 

Crystal 

Size 

(nm) 

Particle 

size 

(m2/g) 

Surface Area 

(m2/g) 

Ref 

ZnO 
- 500 °C 33.0 

 

- - 

(S. Abedini Khorramia, G. 

Mahmoudzadeha et al. 2011) 

ZnO 
- 700 °C 30.0 

 

- - 

(S. Abedini Khorramia, G. 

Mahmoudzadeha et al. 2011) 

TiO2 - 500 °C 18.9 - - (Aguilar, Navas et al. 2013) 

TiO2 - 700 °C 42.3 - - (Aguilar, Navas et al. 2013) 

Cu-ZnO/TiO2 1 500 °C 28.2 5.58 29.1 Current 

Cu-ZnO/TiO2 2 500 °C 37.1 2.94 - Current 

Cu-ZnO/TiO2 3 500 °C 37.6 4.13 71.2 Current 

Cu-ZnO/TiO2 4 500 °C 38.2 3.40 - Current 

Cu-ZnO/TiO2 5 500 °C 39.9 3.89 117.9 Current 

Cu-ZnO/TiO2 1 700 °C 36.1 36.35 37.4 Current 

Cu-ZnO/TiO2 2 700 °C 42.4 18.97 - Current 

Cu-ZnO/TiO2 3 700 °C 50.8 9.08 80.1 Current 

Cu-ZnO/TiO2 4 700 °C 53.3 18.11 - Current 

Cu-ZnO/TiO2 5 700 °C 54.9 16.06 126.6 Current 
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Generally, the mean crystallite size of Cu- TiO2/ZnO was highly influenced by 

calcination temperature and increasing crystal size improves the catalyst activity. As 

observed, when the calcination temperature rose from 500 to 700°C, the crystal size of 

Cu- TiO2/ZnO increased gradually. It was mainly attributed to phase transformation 

from anatase to rutile and ZnO to ZnTiO3. As shown in Table 1, the rutile phase and 

ZnTiO3 content increased by about 20.24% and 3.74%,  respectively. In other words, 

the increase in calcination temperature induced phase transformation and accelerated the 

growth of crystallites. Increase of crystal size with calcination temperature has also been 

reported by many other researchers (Ahn, Kim et al. 2003, Hamadanian, Reisi-Vanani et 

al. 2009, Sahu, Hong et al. 2009, Hamadanian, Reisi-Vanani et al. 2010, Shi, Chen et al. 

2010).  

The XRD patterns showed that the most intense anatase peak with the width of (101) 

plane at  appeared at calcination temperature of 500°C and disappeared by 

increasing the calcination temperature to almost 700°C. The XRD patterns also showed 

that the rutile phase peaks became broader and more intense at 700°C (i.e. (2 0 0) plane 

at , (111) plane at , (210) plane at 432  , etc). To get a quantitative 

view, at 500°C the crystallite size of rutile phase reached a maximum of 35.04 nm, but 

it became 39.93nm as the temperature increased to 700°C at a copper concentration of 

5wt%. At the same condition, the crystallite size of ZnO dropped from 33.17 to 28.73. 

Meanwhile, ZnTiO3 monotonically increased from 30.99 to 34.08nm with calcination 

temperature, showing the transformation of ZnO to ZnTiO3 through Eq. 16. From Table 

4.1, it was observed that the average crystal size increased with dopant loading, which 

was attributed to phase transformation and in agreement with other published works. 

For example, Inturi et al. (Inturi, Boningari et al. 2014) who investigated the effect of 

different dopants on TiO2 crystals reported that, Ce, Y, Zr and Mo reduced anatase 

crystal size while other metals, i.e. V, Cr, Fe, Co, Mn, Ni and Cu increased crystal size. 

6.252 

5.392  5.412 
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The specific surface areas of the synthesized Cu-TiO2/ZnO along with pure ZnO and 

TiO2 are also listed in Table 4.1. As observed, the specific surface area for the 

synthesized photocatalyst was increased with the dopant content or calcination 

temperature, thus demonstrating higher ability to photoexcite the electron–hole pairs in 

the active sites and causing stronger absorption of reactants on the catalyst surface 

(Marcì, Augugliaro et al. 2001). Therefore, the maximum crystal size along with the 

maximum surface area was observed in the samples with the Cu amount of 5wt%, 

calcined at 700°C. It can be suggested different concentrations of Cu led to certain 

degree of stability of the specific surface area of Cu-doped photocatalysts.  

Moreover, it seems that the photocatalysts with greater TiO2 concentrations tended to 

agglomerate into larger secondary particles during the synthesis processes, which led to 

lower surface areas. Particle size is the other important parameter that determines 

catalyst efficiency. Particle size can be analysed by scanning electron microscopy. 

Generally, the efficiency of a doped catalyst increases as its particle size reduces. 

However, it is reported that the photocatalytic activity is dependent on crystallinity 

rather than the particle size or surface area (Kanade, 2007). The details on particle sizes 

of the synthesised photo-catalysts are also listed in the same Table. As it can be 

observed, the values of particle sizes were within the range of 2.02 to 3.54nm indicating 

generation of a uniform powder of photocatalysts.      

4.2.4 Morphology of Cu- doped TiO2/ZnO 

Morphologies of the Cu-TiO2/ZnO photocatalyst were investigated by SEM and the 

results are shown in Figs. 4.3 and 4.4.  Fig 4.3 shows the photocatalyst morphology as 

its copper doping increased (1wt, 2wt and 5wt%) whereas the effect of calcination 

temperature is demonstrated in Fig. 4.4. 
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Figure 4.3: SEM images of Cu- TiO2/ZnO Calcined at 500°C, a) Cu=1wt%, 
b) Cu=5wt% 

 
 

As discussed earlier (in the XRD analysis), the photocatalyst with 1.0wt% Cu 

synthesized at 500°C mainly comprised amorphous crystals. That observation was also 

confirmed by the SEM image in Fig 4.3 (a). As observed, the surface of the catalyst was 

smooth and crash free. Furthermore, according to the XRD analysis, the dopant 

concentration played a dominant role by either behaving as the rutile nucleation sites or 

being adsorbed on the surface of the photo catalyst. The SEM images also showed that 

the crystalline lattice improved by increasing the dopant content in the matrix of the 

photocatalyst matrix (Fig 4.3b). Fig 4.3c shows that the crystallinity was extended and 

improved notably as the dopant increased to 5wt%.  

(a)  

(c) 
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Figure  4.4: SEM images of Cu-TiO2/ZnO, a) Cu=5wt%, Calcined at 500°C, b) 
Calcined at 700°C. 

 

Apart from the effects of the dopant content, the crystallinity became more regular as 

the calcination temperature increased to 700°C,  as shown in Figs 4.4 (a and b). This 

result was also in line with that obtained by the XRD analysis. At this condition, Cu-

TiO2/ZnO contained approximately 100% of specific monodisperse abundant dumbbell 

or ball shaped particles and nano-pores. As observed, calcination temperature 

favourably affected the growth of nanophase crystals due to crystal phase 

transformation. 

For better analysis, the TEM images of Cu (3wt%)-TiO2/ZnO calcined at 500 °C and 

700 °C are presented in Fig 4.5. As per images, the particles in the samples with dopant 

content of 3wt% calcined at either 500 °C or 700 °C, have distributed uniformly. Figure 

of 4.5b also depicts that the Cu-TiO2/ZnO consists of a large number of particulates 

with a size of around 30-40 nm which is consistent with the results of XRD. Both single 

and accumulated particles were clearly observed in Fig 4.5b. Corresponding results for 

the photocatalyst synthesized at 700°C were also presented in Fig 4.5d.  In contrast, the 

samples calcined at 700°C showed a slight larger particle size than that calcined at 

                        

(a) (b) 
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lower temperature, which is in agreement with the results obtained by XRD. 

Furthermore, it is observed that by increasing the calcination temperature, crytallinity 

have increased too, however, the impact of dopant should not be eliminated. 

 

 

 

Figure 4.5: TEM images of Cu-TiO2/ZnO with Cu=3wt% calcined at 500 °C 
(a, b) and 700 °C (c, d). 

 

 

4.2.5 Analysis of optical absorption of Cu-doped TiO2/ZnO 

The analysis of UV–vis diffuse reflectance spectra (converted to absorbance) for Cu- 

TiO2/ZnO with different Cu content, calcined at 500°C and 700°C are shown in Fig. 4.6.  

Generally, incorporation of copper into TiO2/ZnO lattice induced an optical absorption 

with a steep edge in the visible light region.  
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Figure 4.6: The optical absorption curves of Cu- TiO2/ZnO, calcined at a) 500°C b) 
700°C, with different copper content of ―: 1wt%,----: 2wt%,  - - -: 3wt%, 

 ― ―: 4wt%, ―·―: 5wt%. 
 

 
It was that the absorption wave length of the new photocatalyst reached between 400 

and 800 nm and hence the new photocatalyst have a considerable utilization of visible 

light for photocatalytic reactions. Besides, the visible light absorption of catalysts at 

both calcination temperatures improved by increasing Cu content till 3wt%. The rate of 

light absorption spectra of the synthesized Cu-TiO2/ZnO is presented in Fig. 4.7. 

 

Cu(1wt%),a => 499 nm  
Cu(2wt%),a => 513 nm  
Cu(3wt%),a => 508 nm  
Cu(4wt%),a => 499 nm  
Cu(5wt%),a => 492 nm 
Cu(1wt%),b => 460 nm 
Cu(2wt%),b => 475 nm 
Cu(3wt%),b => 490 nm 
Cu(4wt%),b => 437 nm 
Cu(5wt%),b => 425 nm  
 

(a) 
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Figure 4.7: The rate of light absorption spectra of Cu (3wt%)-TiO2/ZnO calcined at 
500°C. 

 

The origin of the visible light sensitivity in Cu-doped TiO2/ZnO can be observed by the 

appearance of additional energy levels by the dopant orbitals (2p or 3d) and oxygen 

vacancies within the band gaps of TiO2 and ZnO due to copper doping. The transition of 

excitation of 3d electrons from the Cu2+ ions to the conduction band of TiO2 plays an 

important role in this lattice. Apart from the Cu orbital levels, oxygen vacancies which 

are introduced into the lattice of TiO2/ZnO by doping enhances the visible light 

absorption of the lattice. The oxygen vacancy states are at 0.75–1.18 eV below the 

minimum conduction band of TiO2 (Cronemeyer, 1959). The band gap narrowing due to 

the formation of localized states or oxygen vacancies induces the visible-light 

absorption. 

Besides, among the samples, Cu- TiO2/ZnO with 2 and 3wt% Cu concentration showed 

the largest absorption intensity within the wavelength range of 400 to 800 nm in both 

groups of samples. In addition, as shown in Fig 4.6, higher absorption intensity and a 

shift to long wavelength were observed for the samples which were calcined at 500°C 

which might be caused by noticeable presence of anatase phase in the photocatalyst 

lattice since the band gap of anatase (3.2 eV) is wider than that of rutile (3.0 eV). 
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It should be noted that, the absorption at wavelength of about or less than 380-388 nm is 

caused by the intrinsic band gap absorption of TiO2 (depend on its structures 

equilibrium) (Aguilar, Navas et al. 2013). On the other hand, ZnO has an absorption 

edge at approximately 370-380 nm (band gap: 3.35–3.26 eV) (Pawar, Choi et al. 2015). 

The strong absorption bands at around 400 nm contribute to the excitation of O 2p 

electron to the Ti 3d and/or Zn 3d level. The large absorption band between 400 and 

800 nm is associated to the presence of Cu species. The visible light absorption bands 

might be due to metallic Cu absorption (225 to 590 nm), 3-d Cu3+ clusters (400 to 500 

nm) 25, excitation of CuO electron from the valance band to the excition level (<730 

nm), d-d transition of Cu2+ (600 to 800 nm) 25 and Zn2+ 2p clusters (390 to 520 nm). 

4.2.6 Band gap energy level of Cu-doped TiO2/ZnO 

In this study, the band gap was approximated through the model presented by (Johnson 

1967). 

    

In this model, F is proportional to the absorption coefficient known as Kubelka-Munk 

value (F= (1-R)2/2R) where R is the is the reflectance of the semiconductor. A and Eg 

denote the constant parameter and band gap respectively. m represents the type of 

transition which is equal to 1/2 for direct band gap semiconductor and 2 for indirect 

band gap semiconductor.  hν is calculated by:  

  
 

where, h is the Planck‘s constant (6.626e-34 Js-1) and C is the speed of light (3.0e8 m.s-1). 

Therefore, band gap is calculated by extrapolating the rising portion of the absorption 

spectrum to the abscissa at zero absorption. In other words, the intersection between the 

linear fit and photon energy axis (hν) gives the value of Eg.  

   g
m EhvAFhv 



hchv 

(4−3) 
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Eventually, the band gap of the synthesized photocatalysts is presented in Fig. 4.9. The 

results are also summarized in Table 4.2.  

 

 

Figure 4.8:  (αhν)2 versus energy curve (Kubelka–Munk plots) to estimate the band gap 
energies of Cu- TiO2/ZnO with different copper content and Calcined at a)  

500°C b) 700°C and copper content of  ―: 1wt%,----: 2wt%,  
 - - -: 3wt%, ― ―: 4wt%, ―·―: 5wt%.     

 
 

Table 4.2: Band gap energies of Cu- TiO2/ZnO with different copper content and 
calcined at two different calcination temperatures through  

Plank‘s Equation and Kubelka–Munk equation 
 

Model 

Calcination Temperature 

Kubelka–Munk equation  Plank‘s Equation 

500°C 700°C  500°C 700°C 

Cu Content      

1 wt% 2.41 3.02  2.48 2.7 

2 wt% 2.28 2.65  2.42 2.61 

3 wt% 2.2 2.57  2.44 2.53 

4 wt% 2.36 2.77  2.48 2.84 

5 wt% 2.42 2.91  2.52 2.92 

Pure TiO2 3.20 -  3.20 - 

ZnO 3.30 -  3.30 - 

TiO2/ZnO 2.90 -  2.90 - 

Cu 1.50 -  1.50 - 

  g
m

g EhvEhvA  0

(b) 

(a) 

(4−5) 
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Extrapolation of the linear part of the curve to the hν-axis yielded a band gap of about 

2.2 and 2.5 eV for the samples calcined at 500 and 700°C, respectively. Undoped TiO2 

and ZnO have the band gap values of 3.2 and 3.37eV, respectively. It can be suggested 

that, the band gap of the synthesized catalyst in this study was significantly less than 

that of TiO2 or ZnO separately. Narrowing of the band gap indicated incorporation of 

Cu into the lattice of TiO2/ZnO. Hence, the band gap decreased, resulting in 

applicability of visible light in transferring electron between the bands. Furthermore, a 

significant red shift of 0.21-0.45eV in the main band gap was observed as the dopant 

content increased to almost 3wt% under the temperature of 500 and 700°C, 

respectively. The band gap energy level of the Cu (3wt%)-TiO2/ZnO  synthesized 

photocatalysts is presented in Fig. 4.9. As observed, the band gap of the synthesized 

photocatalyst was remarkably decreased compared to the pure TiO2 (3.2eV) and ZnO 

(3.37eV). Its band gap was also smaller than that of Cu-TiO2 (3.22eV) (Colón, Maicu et 

al. 2006, Ganesh, Kumar et al. 2014), Cu-ZnO (3.34eV) (Jongnavakit, Amornpitoksuk 

et al. 2012) and ZnO/TiO2 (2.82~2.89eV) (Pozan & Kambur 2014). The value of the 

band gap obtained for Cu-TiO2/ZnO warrants application of this photocatalyst under 

visible light irradiation. 

 

Figure 4.9: Estimation of the band gap energy of Cu (3wt%)-TiO2/ZnO calcined at 
500°C by Perkin Elmer. 
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In the most recent work, Ganesh et al (Ganesh, Kumar et al. 2014) investigated the Cu-

doped TiO2 (Cu=0-50wt%) powders and reported an initial increase in the band-gap 

energy with increase in copper content in TiO2 from 0 to 0.1 wt.% and then a decrease 

upon further increase of the dopant content from 0.1 to 10 wt.% in both direct and 

indirect band gap. In another work performed by Sahu and Biswas (Sahu & Biswas 

2011), the authors observed a band-gap energy reduction from 3.3eV to 2.51eV with the 

increase in Cu-doping concentration in TiO2 from 0 to 15wt%. 

For calcination at 500°C, the doped samples exhibited lower band gap energies which 

originated from either the presence of CuO and Cu2O at the surface of the photocatalyst 

and/or from residual copper due to incomplete pyrolysis. Cupric oxide, CuO possesses 

1.4eV and cuprous oxide, Cu2O possesses 2.2eV. These results, combined with the 

XRD graphs and morphology pictures, confirmed that the crystalinity of Cu- TiO2/ZnO 

along with its band gap increased at calcination temperatures of 700°C and above. Band 

gap increment with calcination temperature in the systems containing TiO2 and/or ZnO 

with a metal dopant has also been reported by other authors (Habibi, Talebian et al. 

2007, Yang, Fan et al. 2008).   

To quantitatively estimate the band gap energies (Eg) and in order to compare the 

absorption onsets of the Cu- TiO2/ZnO samples, Planck‘s equation was used:  

  

Where, λg is the wavelength at the overlap of the vertical and horizontal portions of the 

spectra.  As per Table 4.2, the band gap estimated by Planck‘s equation was higher by 

about 0.3eV compared to the estimation by Kubelka-Munk‘s method. However, similar 

trend was produced by both models.  
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4.2.7 The photocatalytic mechanism of Cu-doped TiO2/ZnO under visible light 

irradiation 

The possible diagram for charge transfer and energy band positions of Cu-TiO2/ZnO is 

schematically illustrated in Figure 4.10.  

 

 

 

 

Figure 4.10: Schematic diagram illustrating the charge-transfer process in Cu-
doped TiO2/ZnO under simulated solar light irradiation. 

 
 
Generally, the potential energy level of the conduction and valence band of Cu2O lie 

above than those of TiO2 and ZnO semiconductors, which assist the transfer of electrons 

toward valance band of ZnO or TiO2. Besides, the potential energy level of the 

conduction and valence band of both TiO2 and ZnO semiconductors, are more anodic  

and more cationic than those of CuO, respectively. This favors transfer of both e− and h+ 

from TiO2 and ZnO to CuO, hindering the partial recombination of e−/h+ in the TiO2 and 
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ZnO. Accordingly, the reactions occurring at the TiO2cb, CuOcb and ZnOcb are 

facilitated. 

It should also be noted that, under visible light irradiation, Cu2O can reduce O2 via a 

multi-electron process and be re-oxidized to CuO (Nozik, 1978). Therefore, although 

CuO was not detected in XRD analysis, it may be generated under visible light 

irradiation and so its activity should be considered in photo catalytic reaction. 

Considering this assumption it can be discussed that, the conduction band of CuO has a 

more negative potential than required for one-electron oxygen reduction: 

(O2+H++e−→HO2°)     

Furthermore, Cu2
+ can react with: 

 e−(or O2
−)→Cu++(or O2)  

 Cu+ can reduce O2 consuming electrons or be oxidized to Cu-ions by the photo-

generated ZnO or TiO2 holes to Cu2
+ (Bandara, Guasaquillo et al. 2005). The ZnOvb or 

TiO2vb holes react with the surface −OH of the ZnO or TiO2 releasing OH-radicals. On 

the other hand, the Cu2Ocb lies above the ZnOcb and TiO2cb.  Accordingly, the excited 

photoelectrons may be transferred from the Cu2Ocb towards the ZnOcb and then to 

TiO2cb, whereas the photogenerated holes traverse the opposite direction. In such 

situation, ZnO as an intermediate stage favors the electron hole transfer between the 

bands of Cu2O and TiO2 that would considerably reduces the charge recombination rate, 

increasing the photocatalytic activity of Cu-TiO2/ZnO. 

According to the energy band structure of both TiO2 and ZnO, the conduction band 

bottom and the valence band top correspond to mainly Ti/Zn 3d and O 2p states, 

respectively. The absorption edge of around 380 and 376 nm for un-doped TiO2 and 

ZnO results from the band-to-band transition  (O 2p→Ti/Zn 3d). In this study, the slight 

red shift in Cu- TiO2/ZnO can be mainly due to sp–d exchange interactions between the 

band electrons and the localized d-electrons of the Cu2+/Cu1+ substituted titania and/or 

(4−7) 

(4−8) 
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zinc cations, resulting the formation of O-vacancies with concentration similar to that of 

added impurities. The sp–d exchange interactions causes an upward shifting of the 

valence band edge and a rise to downward shifting of the conduction band edge, 

eventuating a band gap narrowing.  

Zuo et al (Zuo, Wang et al. 2010) discussed that the presence of a mini band closely 

below the conduction band was related to Ov associated with Ti3+, which narrowed the 

TiO2 band gap. A similar discussion related to Ov- induced band gap narrowing was 

presented by Wang et al  (Wang, Wang et al. 2012) in a system containing ZnO.  

Furthermore, as the valance and conduction band of TiO2 lie below than that of Cu2O 

and ZnO (Yu, Low et al. 2014, Zhou, Yu et al. 2014), direct transfer of electron from 

both Cu2Ocb and ZnO towards the TiO2cb in parallel with direct transfer of 

photogenerated holes from TiO2vb to ZnOvb or Cu2Ovb, may be the other charge 

transfer mechanism in Cu-TiO2/ZnO.  

4.3 Photocatalytic activity of Cu-doped TiO2/ZnO  

The capability of Cu-doped TiO2/ZnO to degrade dye was evaluated through its 

application for degradation of methylene orange and methylene blue under visible light 

irradiation. Combinations of different levels of pH, light irradiation intensities, dye 

concentrations, catalyst loadings and reaction time were studied to evaluate the efficacy 

of the photocatalyst on color, COD and TOC removal. Among a total of 60 different 3-

D graphs for the three responses (20 for each), 8 graphs were chosen to cover all 

important aspects while neglecting the similar ones. Moreover, since higher light 

irradiation highlights the impact of each factor, the combined synergistic or antagonistic 

effects of each factor with the intensity of light irradiation while the other factors kept at 

their middle values, are presented in Figs. 4.12(a-h).  

Univ
ers

ity
 of

 M
ala

ya



 
 
 

95 

 

Fig  4.11 shows the photocatalytic degradation curves of 300 ml methyl orange 20 ppm 

with 0.5 g of photocatalyst at different durations. The degradation results were 

compared to that of pure TiO2 and TiO2/ZnO calcined at 500°C. 

 

 

Figure  4.11: Photocatalytic degradation of methylene orange using different Cu-ZnO/TiO2 
with copper concentrations of □:Cu(1wt%),     ⃟:Cu(2wt%), Δ:Cu(3wt%),*:Cu (4wt%),   
    ⃝:Cu (5wt%). Empty bullets:  Calcined at 500°C, Solid bullets: Calcined at 700°C,  

●:Pure TiO2,▲:TiO2/ZnO calcined at 500°C. 
 
 
 

According to Fig 4.11 no significant degradation of MO solution was observed using 

pure TiO2 under visible light. Compared to that, TiO2/ZnO photocatalyst calcined at 500 

°C showed noticeable photodegradation of MO, giving a C/C0 value of around 0.36 

after 150 min under visible light irradiation. However, the figure indicated that Cu- 

TiO2/ZnO could improve the photoactivity of TiO2/ZnO, yielding lower C/C0 values 

than that of TiO2/ZnO for almost all the reaction durations. TiO2 Anatas crystal 
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structural give lesser band gap for photocatalyst activity. As observed, Cu- TiO2/ZnO 

with different Cu contents provided better results, except the one containing 5wt%, 

calcined at 700°C. Totally, the degradation efficiency was higher for the samples 

calcined at 500°C compared to that at 700°C, which should be attributed to the crystal 

structure of Cu- TiO2/ZnO and its band gap energy level. Accordingly, the average final 

degradation efficiency was around 87% for the former and 64% for the latter. On the 

other hand, the results clarified that the photocatalytic degradation of the dye increased 

with copper content up to 3wt%. After that, the degradation rate reduced noticeably. 

Therefore, among different photocatalysts, the one with copper content of 3wt% 

calcined at 500°C could reach the maximum degradation of 97% under visible light 

irradiation. 
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‗Figure  4.12, continued‘ 

 

 

  

 

   

 

Figure 4.12: The response surface plot of Color, COD and TOC removal efficiency (%) 
as a function of BA, BC, BD and BE effects. (a)(c)(e)(g):MO and (b)(d)(f)(h):MB

(c) (d) 

(e) (f) 

(g) (h) 
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4.3.1 Effect of light irradiation intensity 

Fig 4.12(a-h) shows the interactive effects between light irradiation intensity and other 

operating parameters. The photocatalysis reaction was more efficient under more 

intensive light irradiation since more electron-hole pairs are activated, directly affecting 

the reaction efficiency. On average, the increment was about 8% for MO and 6.5% for 

MB within 80 min. Besides, the effect of light irradiation slightly reduced as the dye 

concentration increased. It was attributed to the darkness of the media that reduces the 

penetration depth of the photons. 

4.3.2 Effect of solution acidity 

The surface charge of a catalyst plays a vital role for photocatalytic reactions that take 

place on the surface of a catalyst. The surface charge is defined as the electrical 

potential difference between the surface of the catalyst and the media. It is dependent on 

the presence of hydroxyl groups on the catalyst surface. Basicity or acidity of the 

solution dictates the surface charge properties of the photocatalyst which directly affects 

its photoactivity. The point at which the surface charge of photocatalyst is null is known 

as zero charge point (pHPZC), making the catalyst less attractive to the dye molecules. 

According to the literature, pHPZC is about 6.0 and 9.0 for TiO2 (Zhu, Wang et al. 2014) 

and ZnO (Benhebal, Chaib et al. 2013, Mohd Omar, Abdul Aziz et al. 2014), 

respectively. Therefore, at pH<pHPZC, protonation reaction takes place and the catalyst 

surface is positively charged. On the other hand, deprotonation reaction occurs at 

pH>pHPZC which makes the catalyst surface negatively charged. Accordingly, in this 

study, methyl orange as an anionic dye and methylene blue as a cationic dye were 

employed to determine the exact effect of pH on photoactivity of the synthesised Cu-

TiO2/ZnO. The results are demonstrated in Figs. 4.13a and 4.13b. 
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Figure 4.13:  The response surface plot of Color removal (%) as a function of 
visible light irradiation intensity and pH effect. (a):MO and (b):MB. 

 

As observed, higher degradation efficiency of methyl orange was observed at acidic pH, 

while the opposite was observed for methylene blue. According to the aforementioned 

information, Cu-TiO2/ZnO is negatively charged in alkaline solution and it adsorbed 

MB molecules by electrostatic attraction. In such conditions, the adsorption of MO 

becomes weaker due to repulsive forces in alkaline solution. The adsorption of MB 

molecules thus becomes stronger in alkaline condition. However, in this study, the 

desirable degradation values were obtained over a wide range of pH, which was 

observed in Fig. 4.13a and 4.13b, demonstrating the stability of copper species inside 

the catalyst structure. Similar results were observed by (Wang, Duan et al. 2014) when 

they evaluated the application of Cu doped TiO2 for degradation of methyl orange 

within the pH range: 3.0–10.0. They reported the initial solution pH of 3.0 as the 

optimum value. The increase of methylene blue decomposition with an increase of pH 

value using nanoparticles of anatase TiO2 was also perceived by Bubacz et al (Bubacz, 

Choina et al. 2010). The highest reactivity was obtained by basic reaction. Accordingly, 

the pH values ranging 4-6 and 7-10 were chosen as target values in the optimization 

process for MO and MB degradation, respectively. 
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4.3.3 Effect of dye and catalyst concentration 

Figs. 4.14a and 4.14b illustrate the degradation percentage as a function of dye initial 

concentrations in the presence of 0.5g/L catalyst after 80min of light irradiation. It was 

observed that the reduction percentage of dye in aqueous solution depends dominantly 

on its initial concentration. In other words, higher absolute degradation ratio could be 

obtained at lower dye concentration or higher amount of catalyst. 

 

 

 

 

 

Figure 4.14: The response surface plot of COD removal (%) as a function of visible 
light irradiation intensity and dye concentration, (a):MO and (b):MB. 

 

By increasing the initial concentration of dye, not only the surface of photocatalyst is 

saturated earlier but the photons also get intercepted before they can reach the surface of 

the catalyst. There are fewer active sites for adsorption of hydroxyl ions when the 

catalyst surface is saturated, reducing the efficiency of the catalyst. Interception of 

photons reduces the absorption of photons by the catalyst and thus the dye reduction 

percentage decreases. In this study, the colour removal efficiency (%) decreased by 

about 22.85% and 17.20% with the rise in the dye concentration of MO and MB from 

20 to 50 ppm within 80min. The degradation efficiency reduced with increased dye 
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concentration for both MO and MB, especially for MB from 35 ppm to 50 ppm. In such 

condition, even higher intensity of light irradiation did not contribute to significant 

change in photocatalytic degradation, as shown in Fig. 4.14b. 

It is important to employ an optimal catalyst amount to keep the treatment efficiency the 

maximum level. In order to determine the effect of the amount of Cu-TiO2/ZnO on the 

photocatalysis reaction under visible light irradiation, the catalyst amount in a range of 

0.3g/L to 0.7g/L was studied. The corresponding results are depicted in Figs. 4.15a and 

4.15 b. 

 

 

Figure 4.15: The response surface plot of COD removal (%) as a function of 
visible light irradiation intensity and catalyst concentration, (a):MO and 

(b):MB. 

 

It revealed that the catalyst concentration of 0.6g/L was in synergistic interaction with 

higher levels of light irradiation and at the solution pH of 5.5 to 6, leading to the 

maximum photocatalytic degradation of methylene orange within 2h of reaction. 

Similar observation was obtained at pH 7.5 to 8 for methylene blue. Further increase of 

catalyst did not significantly improve the reaction and the reaction actually decreased 

slightly when the catalyst concentration was increased to above 0.6g/L. For instance, 
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reaction conditions of [catalyst]: 0.6 g/L, [dye]: 35 ppm, pH: 5.5, light irradiation 

intensity: 18.5 Watt and time: 120 min, brought about 78.45%, 63.68% and 51.81% 

removal of color, COD and TOC of the methyl orange solution. However, the 

corresponding removals only rose to 77.15%, 63.85% and 51.86% when the catalyst 

concentration rose to 0.7g/L. Similar conditions except for pH, which was equal to 7.5, 

brought about 66.13%, 51.90%, 40.41 removals of methylene blue that reached to the 

values of  64.72%, 51.67% and 40.30 at catalyst concentration of 0.7g/L. It can be 

concluded that increase of catalyst amount corresponds with availability of active sites 

on the catalyst surface till an optimum amount (Behnajady, Modirshahla et al. 2006). 

Catalyst loading which is beyond the optimum amount  increases the turbidity of the 

suspension and is in antagonistic interaction with penetration of visible light, leading to 

decrease in photoactivation procedure. The other reason attributes to scavenging of OH 

radicals over the surface of the catalyst. The same observation was reported by 

(Daneshvar, Salari et al. 2004) for degradation of azo dye acid red 14 in water using 

ZnO. Wang et al. (Wang, Li et al. 2010) also obtained the same results for solar 

photocatalytic degradation of various dyes of methyl orange, rhodamine B, azo 

fuchsine, congo red and methyl blue, in the presence of Er3+:YAlO3/ZnO-TiO2 

composite. 

4.3.4 Effect of irradiation time on photocatalysis reaction 

The trends of TOC removal over 120 min for both MO and MB ([dye]: 35 ppm) are 

presented in Figs. 4.16g and 4.16h which follow the same trend as color and COD 

removals. As observed, over 41% and 30% of TOC was removed within 40 min for MO 

and MB respectively and the removal percentage continued to increase to above 53% 

and 39% at 2 hours. Besides, the COD removal of MO using Cu-TiO2/ZnO under 

visible light was found to be about 52%, 57% and 66% within 40, 80 and 120 min, 
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respectively. The COD removals of MB were 43%, 45% and 53% at the same times. 

The same trend was also observed for color removal with the values of 65%, 71% and 

82% for MO and 58%, 61% and 68% for MB within 40, 80 and 120 min, respectively. 

All three responses followed a linear trend with time. Under visible light irradiation, the 

degradation rate of MO was found to be 7.75% (as the average value) higher compared 

to MB.  

 

 

Figure 4.16: The response surface plot of TOC removal (%) as a function of visible light 
irradiation intensity and reaction time, (a):MO and (b):MB. 

 

In order to assess the reaction kinetics of photocatalytic degradation using Cu-TiO2/ZnO 

the variation of –ln Ct/C0 was plotted versus reaction time, as shown in Fig. 4.17. It was 

found that the degradation reactions of both MO and MB basically followed the second-

order reaction kinetics. In other words, the degradation results implied a sharp increase 

as the reaction time increased to 40 min. After that, the degradation almost linearly 

increased with the reaction time with slower rate. This behavior indicates the effect of 

fresh catalyst with fresh activated sites. The results showed that that the reaction became 

slower as the activated sites became saturated.  
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Figure 4.17: Effect of irradiation time on ⃟: Colour, □: COD ∆: TOC removals (%), 
Orange colour: MO, Blue Colour: MB. 

 

 

4.3.5 ANOVA analysis 

Based on the obtained results from the photocatalysis reaction in the presence of Cu-

TiO2/ZnO, a series of regression models were suggested by CCD analysis in which the 

reaction efficiency (Color, COD and TOC removals %) was illustrated as a function of 

independent variables: pH, light irradiation intensity, [Dye], [Catalyst] and reaction 

time. The equations were obtained according to Equation (3−2) which include a 

constant value, linear and quadratic terms, presenting the individual effect of each 

parameter and cross product terms that assess the interactive effects of the parameters 

on responses (Y, YCOD, YTOC). The regression models for each categorical variable were 

obtained after elimination of insignificant terms and the results presented in Tables 4.3 

and the related their fitness versus coefficients of determination were presented in Table 

4.4. 
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Table 4.3: Analysis of individual and interaction effects of operational parameters 

Investigated 

Dye 

Removal 

response 
Final model in terms of coded forms Eq. 

Methyl Orange 

YColor -62.11-3.57B+1.42C+259.14D-0.081E-1.42A2-0.023C2-183.63D2-

0.729CD 
(13) 

YCOD -34.57-5.34B+1.86C+208.80D-0.14E-1.09A2-0.988CD (14) 

YTOC -51.36+2.199C+120.58D-0.27E-1.18A2-0.037C2-0.699CD (15) 

Methylene Blue 

YColor -94.04-3.76B+1.55C+254.83D-0.157E-1.42A2-0.023C2-183.63D2-

0.729CD 
(16) 

YCOD -66.10-5.70B+1.93C+208.94D-0.19E-1.09A2-0.988CD (17) 

YTOC -83.50+2.67C+117.83D-0.31E-1.18A2-0.037C2-0.699CD (18) 

 

Table 4.4: Fitness versus coefficients of determination 

Removal 

response 
Final model in terms of coded forms    PVa APb 

YColor +59.84+3.96B-8.19C+7.33D+6.78E-

4.34F-12.81A2-5.18C2-7.35D2+6.55AF-

2.19CD-1.50EF 

0.9285 

 

0.9031 

 

0.8555 

 

<0.0001 

 

27.900>4 

 

YCOD +45.50+2.78B-6.78C+7.25D+5.69E-

5.06F-9.85A2-5.44C2+6.42AF-2.97CD 

0.8766 

 

0.8326 

 

0.7676 

 

<0.0001 21.397>4 

 

YTOC +35.43-5.13C+4.12D+5.16E-5.63F-

10.61A2-8.40C2+ 5.81AF-2.10CD 

0.8502 

 

0.7968 

 

0.7056 

 

<0.0001 16.642>4 

 
a  P value, Prob > F. 
b Adequate precision. 
 

In these models, positive coefficients indicate a synergistic effect, while negative 

coefficients indicate an antagonistic effect between or among the variables. Based on 

Table 4.3 and 4.4, it was observed that all parameters individually played effective 

roles during photocatalysis reaction in the presence of Cu-TiO2/ZnO while their 

interactive effects were negligible. Among the interactive effects, the interaction effect 

of catalyst and dye concentration played the most prominent antagonistic role in both 

systems containing methyl orange and methylene blue. In other words, visible light 

could hardly pass through the media as the dye concentration increased and therefore 

the photocatalysis efficiency reduced. On the other hand, higher concentration of 
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catalyst (>0.6g/lit) was not as effective. The quality of the developed equations, 

presented in Table 4.6, also indicates the desirability of the suggested models. The 

adequate precision measures the signal to noise ratio. A signal to noise ratio greater 

than 4 indicates that the model is able to navigate the design space. As observed, the 

adequate precisions were 27.90, 21.39 and 16.64 (>>4) for the studied responses. 

Aside from the photocatalytic activity, the photocatalyst stability is another 

determinant factor in practical application. In order to investigate the stability of Cu- 

TiO2/ZnO, three runs of cycling photodegradation of 300 ml methyl orange and 

methyl blue 20 ppm with 0.5 g of photocatalyst under the light intensity of 23 Watt 

and pH of 7 have been carried out. Accordingly more tests were performed and the 

results were presented in Fig. 4.18. 

 

Figure 4.18:  Cycling photocatalytic degradation of MO (Orange Colour) and MB 
(Blue Colour) using Cu (3wt%)-ZnO/TiO2 calcined at 500°C. ∆: First Cycle,  

⃝: Second Cycle, ⃟: Third Cycle.  

 

 

As observed, the photocatalytic performance of Cu- TiO2/ZnO decreases by about 

15~20% for each repeated use. However, the performance reduction is more highlighted 

after second cycling degradation experiment under methyl blue. It may attributes to the 

impact of methyl blue on reduction of light absorption on the photocatalyst surface. 
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4.4  Kinetic analysis of MO degradation 

The kinetic or rate of MO degradation using the synthesized catalysts was studied to 

study the degradation process quantitatively. Accordingly, the experiments to analyse 

the activity of Cu-TiO2/ZnO were subjected to further analysis through the degradation 

kinetic models. In the most common approach, the experimental data were fitted against 

a series of popular models to find the most suitable model. In this study, the pseudo-

zero-order, pseudo-first-order and pseudo-second-order kinetic models were chosen 

from similar studies. The linear forms of these models are as follows: 

0kdtdC     (4− 9) 

CkdtdC 1  (4−10) 

2
2CkdtdC    (4−11) 

Where, k0, k1 and k2 are the zero-order rate constant (mg L-1 min-1), pseudo-first-order 

rate constant (min-1), and pseudo-second-order rate constant (mg-1Lmin-1), respectively. 

The k0, k1and k2 constants were obtained from the slopes of the straight lines by 

plotting C0-Ct, -ln (Ct/C0) and (C0-Ct)/CtC0 as a function of time, t, through regression. 

Herein, Ct and C0 are the MO concentrations (mg L-1) at the reaction time, t and initial 

time (t=0). The relative errors were estimated using the method below: 

 
 

1001%
1 exp

exp



 



N

i

cal

C
CC

N
Err  

(4−12) 

Data on the rate constants and regression values of both the studied models are 

presented in Table 4.5.  
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Table 4.5: The calculated parameters of the zero- and pseudo-first-order kinetic models 
for photocatalytic degradation of Methylene orange using different Cu-ZnO/TiO2 

 
Sample  Kinetic model Parameter 

Cu(1wt%)-TiO2/ZnO 
calcined at 500°C 

Pseudo-first order 
Zero order 

k1:0.0145, R2:92.30 
k1:0.1205, R2:77.71 

Cu(2wt%)-TiO2/ZnO 
calcined at 500°C 

Pseudo-first order 
Zero order 

k1:0.0161, R2:92.04 
k1:0.1192, R2:64.81 

Cu(3wt%)-TiO2/ZnO 
calcined at 500°C 

Pseudo-first order 
Zero order 

k1:0.0186, R2:95.06 
k1:0.1204, R2:55.49 

Cu(4wt%)-TiO2/ZnO 
calcined at 500°C 

Pseudo-first order 
Zero order 

k1:0.0136, R2:96.26 
k1:0.1151, R2:73.81 

Cu(5wt%)-TiO2/ZnO 
calcined at 500°C 

Pseudo-first order 
Zero order 

k1:0.0111, R2:99.36 
k1:0.1084, R2:84.06 

Cu(1wt%)-TiO2/ZnO 
calcined at 700°C 

Pseudo-first order 
Zero order 

k1:0.0079, R2:98.96 
k1:0.0928, R2:87.99 

Cu(2wt%)-TiO2/ZnO 
calcined at 700°C 

Pseudo-first order 
Zero order 

k1:0.0085, R2:95.92 
k1:0.0953, R2:82.12 

Cu(3wt%)-TiO2/ZnO 
calcined at 700°C 

Pseudo-first order 
Zero order 

k1:0.0087, R2:96.67 
k1:0.0956, R2:82.52 

Cu(4wt%)-TiO2/ZnO 
calcined at 700°C 

Pseudo-first order 
Zero order 

k1:0.007, R2:96.94 
k1:0.085, R2:88.02 

Cu(5wt%)-TiO2/ZnO 
calcined at 700°C 

Pseudo-first order 
Zero order 

k1:0.0057, R2:98.93 
k1:0.0762, R2:92.99 

 

The R2 values of the pseudo-second-order kinetic model were significantly lower than 

those of zero- and first-order. Accordingly, the results are not presented in Table 4.19 in 

Contrast, Err (%) values for the pseudo-first-order kinetic model were relatively smaller 

compared to those of the pseudo-zero-order kinetic model. This indicated that the 

photocatalystic degradation of MO using Cu-TiO2/ZnO followed the first-order kinetic 

model. Fig 4.19 demonstrates the theoretical and experimental MO degradation 

behavior during the reaction. It was observed that the degradation data were fitted well 

into the pseudo-first order model. The inter-comparison amongst the studied Cu-

TiO2/ZnO synthesized under different calcination temperatures showed that the 

degradation rate decreased at higher calcination temperature. Besides, degradation rate 

increased with the copper loading in the synthesized photocatalyst till 3wt% and further 

increase of copper did not improve the MO degradation. 
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Figure 4.19: Pseudo-first-order kinetics for heterogeneous photocatalytic degradation of 
Methylene orange using different Cu-ZnO/TiO2 with copper concentrations of □:1wt%, 

⃟:2wt%, Δ:3wt%,*: 4wt%,⃝: 5wt%. Empty bullets: Calcined at 500°C, 
 Solid bullets: Calcined at 700°C. 

 

4.5 Sensitivity using (ANFIS) methodology 

The photoactivity of Cu-TiO2/ZnO in terms of colour, COD and TOC removal of 

methyl orange and methylene blue for water treatment based on ANFIS analysis are 

presented in Fig. 4.20(a-h). Generally, the experimental results showed that greater light 

irradiation intensity increased the photoactivity of Cu-TiO2/ZnO due to activation of 

more electron-hole pairs. On average, the increment was about 6.5% and 8% for MB 

and MO within 80 min, respectively. 
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‗Figure  4.21, continued‘ 

         

 

 

 

 

 

Accordingly, the combined synergistic or antagonistic effects of other parameters with 

the intensity of light irradiation are depicted in photoactivity of Cu-TiO2/ZnO. The 

colour removal of MO (an anionic dye) and MB (a cationic dye) versus acidity of the 

solution are shown in Fig. 4.20 (a-b). As observed, higher degradation efficiency of 

methyl orange was observed at acidic pH, while the opposite was observed for 

methylene blue. It was attributed to the zero charge point of the catalyst which is 

defined as the point at which surface charge of the catalyst is null (pHPZC). It has been 

reported that pHPZC  is about 6.0  and 9.0 for TiO2  and ZnO (Benhebal, Chaib et al. 

2013, Mohd Omar, Abdul Aziz et al. 2014, Zhu, Wang et al. 2014), respectively. 

Therefore, at pH>pHPZC, deprotonation reaction that takes place makes the catalyst 

surface negatively charged. On the other hand, at pH<pHPZC, protonation reaction takes 

place and the catalyst surface is positively charged. Basicity or acidity of the solution 

Figure 4.20: ANFIS predicted relationship for Color, COD and TOC removal efficiency 
(%) as a function of BA, BC, BD and BE effects. (a)(c)(e)(g): MO  

and (b)(d)(f)(h):MB. 
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determines the surface charge properties of the photocatalyst. It can be suggested that 

Cu-TiO2/ZnO is positively charged in acidic solution and it adsorbs MO molecules by 

electrostatic attraction. In such conditions, adsorption of MB becomes weaker due to 

repulsive forces in alkaline solution. Similar results were observed by Wang et al. 

(Wang, Duan et al. 2014) and Bubacz et al. (Bubacz, Choina et al. 2010). 

As shown in Fig. 4.20c and 4.20d, the photoactivity of Cu-TiO2/ZnO was critically 

affected by initial dye concentration. Greater dye concentration not only reduces the 

penetration depth of the photons but also saturates the surface charge of catalyst for 

adsorption of hydroxyl ions, reducing the efficiency of the catalyst. In this study, the 

colour removal efficiency (%) decreased by about 17.20% and 22.85% with increment 

in the concentration of MB and MO, respectively from 20 to 50 ppm in the presence of 

0.5g/L catalyst within 80min. 

The effect of catalyst concentration on COD degradation of MO and MB of 50ppm 

within 80 min are also presented in Fig. 4.20 (e) and (f). As observed, COD removal 

prominently increased with catalyst concentration to almost 0.6 g/L and then it reached 

a plateau. It can be suggested that, Cu-TiO2/ZnO concentration of 0.6g/L was in a 

synergistic interaction with light irradiation and at the solution pH of <6 for MO and 

>7.5 for MB, there was maximum and reasonable photocatalytic degradation of the 

dyes. For instance, the reaction conditions of [catalyst]: 0.6 g/L, [dye]: 35 ppm, pH: 5.5, 

light irradiation intensity: 18.5 Watt and time: 120 min yielded about 78.45%, 63.68% 

and 51.81% removal of color, COD and TOC of the methyl orange solution, 

respectively. However, the corresponding removals only rose to 77.15%, 63.85% and 

51.86% when the catalyst concentration rose to 0.7g/L. Similar effect was observed for 

MB removal by increasing the catalyst concentration. The other reason was scavenging 

of OH radicals over the surface of the catalyst. The same observation was reported by 
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Wang et al. (Wang, Li et al. 2010) for degradation of methyl orange, rhodamine B, azo 

fuchsine, congo red and methyl blue in the presence of Er3+:YAlO3/ZnO-TiO2 

composite.  

The trends of TOC removal over 120 min for both MO and MB ([dye]: 35 ppm) are 

presented in Fig. 4.20g and 4.20h. The same trend was also observed for color and COD 

removal. It was observed that the photocatalytic degradation increased sharply as the 

reaction time increased to 90 min and then it significantly reduced. Based on the 

calculation, the degradation rate within 40min from the starting time (t=0min) was 

much higher compared to that of 40min<t<120min. On the basis of the details of the 

analysis, the degradation reactions of both MO and MB followed the second-order 

reaction kinetics. Moreover, Table 3.4 shows that by increasing the reaction time from 

40 to 120 min, the averaged colour, COD and TOC removal increased from 39.19 to 

58.70, 31.75 to 47.87 and 19.78 to 34.23, respectively for MO at pH 4. For MB 

removal, the averaged colour, COD and TOC removal changed from 37.75 to 50.23, 

29.37 to 42.02 and 16.69 to 28.79 at pH10. 

After evaluating the overall effect of different operating variables on photoactivity of 

the synthesized Cu-TiO2/ZnO, a comprehensive searching from the given inputs was 

performed by ANFIS to choose the set of the ultimate optimal combination inputs 

which has the highest influence on the output parameter (Colour, COD, TOC removal).  

Accordingly, an ANFIS was model built by the functions of each combination and the 

functions were then trained for single epoch. Since, a simple model is always preferred; 

the use of more than two inputs to construct an ANFIS model is not advisable. 

Therefore, the two-input ANFIS was the basis for further examination. Input parameters 

were chosen from the initial training and the checking datasets were then extracted. To 

enable ANFIS to find the right inputs quickly, the used function for all variables only 
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trained each function for a single epoch. Once the inputs were fixed, the quantity of 

epoch on ANFIS training was increased. 

Subsequently, the achieved performance was reported in Tables 4.6-4.8 and Figs. 4.21 

and 4.22 (a-f). From the outset, the input that had the highest impact on the prediction of 

the output was identified and determined, as depicted in Figs. 4.21 and 4.22(a-f). The 

left-most input variables had the lowest number of errors and were the most relevant to 

the outcome.   

Table 4.6: ANFIS regression errors for (a) COD (MO) and (b) COD (MB) prediction  
 

(a) 

 A B C D E 

A 
trn=13.5788, 

chk=39.5953 

trn=12.9884, 

chk=21.0814 

trn=11.8725, 

chk=14.1942 

trn=10.2664, 

chk=41.6486 

trn=11.6586, 

chk=26.6697 

B  
trn=13.1975, 

chk=15.2822 

trn=11.4721, 

chk=13.3005 

trn=9.7388, 

chk=14.5786 

trn=11.2546, 

chk=28.0656 

C   
trn=11.8903, 

chk=13.0000 

trn=8.0218, 

chk=13.0796 

trn=9.9401, 

chk=44.4019 

D    
trn=10.4922, 

chk=14.7359 

trn=7.9459, 

chk=14.2732 

E     
trn=12.1929, 

chk=14.5034 

(b) 

 A B C D E 

A 
trn=8.1257, 

chk=17.6228 

trn=7.9404, 

chk=13.4524 

trn=6.3140, 

chk=15.4134 

trn=6.5434, 

chk=18.0497 

trn=7.7340, 

chk=20.0278 

B  
trn=9.1685, 

chk=16.0595 

trn=6.7466, 

chk=26.2550 

trn=6.9417, 

chk=14.5628 

trn=8.1765, 

chk=27.3865 

C   
trn=7.3443, 

chk=15.2469 

trn=4.8595, 

chk=13.6452 

trn=6.4309, 

chk=66.3315 

D    
trn=8.2355, 

chk=14.0243 

trn=6.8426, 

chk=14.3543 

E     
trn=8.8049, 

chk=15.6607 
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Table 4.7: ANFIS regression errors for (a) TOC (MO) and (b) TOC (MB) prediction  
 

(a) 

 A B C D E 

A 
trn=10.8394, 

chk=38.3261 

trn=10.5725, 

chk=21.8870 

trn=9.3418, 

chk=16.9875 

trn=8.5134, 

chk=38.8058 

trn=8.9344, 

chk=23.1855 

B  
trn=11.1558, 

chk=12.7111 

trn=9.3714, 

chk=14.5617 

trn=8.5229, 

chk=12.5232 

trn=8.9506, 

chk=34.1983 

C   
trn=9.5428, 

chk=10.5240 

trn=6.9257, 

chk=11.3991 

trn=7.3784, 

chk=72.6985 

D    
trn=9.4093, 

chk=12.7736 

trn=6.4158, 

chk=12.6455 

E     
trn=10.0470, 

chk=11.8429 

(b) 

 A B C D E 

A 
trn=5.4325, 

chk=13.9648 

trn=5.3844, 

chk=10.3864 

trn=4.2751, 

chk=13.4206 

trn=5.2694, 

chk=13.5342 

trn=5.0276, 

chk=13.0826 

B  
trn=6.7627, 

chk=14.5613 

trn=5.4159, 

chk=15.4851 

trn=6.0617, 

chk=14.4486 

trn=5.9961, 

chk=22.9495 

C   
trn=5.5215, 

chk=13.8583 

trn=4.9256, 

chk=13.2302 

trn=4.9194, 

chk=43.6577 

D    
trn=6.7585, 

chk=14.1394 

trn=5.8706, 

chk=14.3237 

E     
trn=6.5806, 

chk=14.3668 
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Table 4.8: ANFIS regression errors for (a) UV (MO) and (b) UV (MB) prediction  
 

(a) 

 A B C D E 

A 
trn=15.3154, 

chk=46.3831 

trn=14.4425, 

chk=23.3328 

trn=13.0556, 

chk=22.4361 

trn=11.6223, 

chk=50.0240 

trn=12.6317, 

chk=31.6612 

B  
trn=14.7175, 

chk=17.5138 

trn=12.6083, 

chk=22.6530 

trn=10.9370, 

chk=16.6547 

trn=12.1356, 

chk=31.9204 

C   
trn=13.3231, 

chk=14.6535 

trn=9.0736, 

chk=14.2568 

trn=10.4867, 

chk=78.5220 

D    
trn=11.7727, 

chk=16.6626 

trn=8.5239, 

chk=16.0572 

E     
trn=13.2987, 

chk=16.2965 

(b) 

 A B C D E 

A 
trn=8.9689, 

chk=27.5768 

trn=8.3114, 

chk=15.0759 

trn=6.4623, 

chk=17.3156 

trn=8.2036, 

chk=27.7094 

trn=8.1754, 

chk=25.9802 

B  
trn=10.5466, 

chk=15.8548 

trn=7.0390, 

chk=34.9871 

trn=8.8504, 

chk=14.7736 

trn=8.7218, 

chk=39.2389 

C   
trn=8.5434, 

chk=14.8521 

trn=6.9600, 

chk=14.0702 

trn=6.8392, 

chk=108.8177 

D    
trn=10.0510, 

chk=14.6058 

trn=8.7194, 

chk=14.7814 

E     
trn=10.3837, 

chk=15.2219 

 

TiO2/ZnO concentration and reaction time (input variable 4 and 5) were the most 

influential on COD, TOC and UV removal of methyl orange. However, as shown in 

Figs. 4.21 and 4.22 (b, d, f), dye concentration and pH (input variable 1 and 3) were the 

most influential parameters for methylene blue removal. It may be due to the darkness 

of the media which significantly increased with MB concentration. 
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Figure 4.21: Every input parameter‘s influence on (a) UV (MO), (b) UV (MB), (c) 
COD (MO), (d) COD (MB), (e) TOC (MO), (f) TOC (MB). 
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Figure 4.22: ANFIS predicted relationship between the most influential parameters and 
(a) UV (MO), (b) UV (MB), (c) COD (MO), (d) COD (MB), (e) TOC (MO),  

(f) TOC (MB). 
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The fact that both the checking errors and training were comparable is an indirect 

indication that suggests that there was no over fitting. This means that the selection of 

more than one input parameter in the construction of the ANFIS model is feasible. 

Tables 4.6-4.8 show the optimal combinations of two inputs for prediction of COD, 

TOC and UV removal. The results indicated that the combination of D and E (Cu-

TiO2/ZnO concentration and reaction time) was the most influential parameters on 

COD, TOC and UV removals of MO; while D, C and A (Cu-TiO2/ZnO and dye 

concentration and pH) were the most effective parameters for UV, COD and TOC 

removals of MB. 

4.6 Removal process optimization 

In order to identify the conditions at which Cu-TiO2/ZnO can demonstrate its highest 

removal efficiency or be more applicable/effective, optimization of operational factor 

levels was performed based on the experiments done for both MO and MB removals 

and the quadratic models obtained. Accordingly, the selected criteria to achieve the 

maximum desirability for photocatalyst efficiency (Color, COD and TOC), ―within the 

range‖ for dye/catalyst concentrations, visible light irradiation and reaction time and pH 

value ranging 4-6 for MO and 7-10 for MB. Among 20 proposed solutions for each 

category, the one with the highest desirability was selected and two additional tests were 

conducted to evaluate the validity of the procedure. The identified optimum conditions 

for MO and MB were: [Cu-TiO2/ZnO]: 0.61 g/L, [Dye]: 20 ppm, pH: 7.8 (for MB); 4.5 

(for MO), light intensity: 23 Watt and reaction time: 120 min, respectively. The values 

of the predicted and experimentally obtained color, COD and TOC removal along with 

the value of discrepancy among them are summarized in Table 4.9.  
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Table 4.9: Predicted and experimental values of the studied responses at optimum 
conditions 

 
Response  Predicted Values  Experimental Results  Error% 

  MO MB  MO MB  MO MB 

Color removal efficiency (%)  87.43 76.08  85.45 73.20  2.27 2.78 

COD removal efficiency (%)  73.15 60.96  70.56 59.92  3.54 1.7 

TOC removal efficiency (%)  50.82 40.19  48.70 38.77  4.18 3.54 

 

 

As observed, the maximum deviation between the predicted and experimental values 

was 4.18% which confirmed the validity of the obtained regression models and 

desirable photoactivity of the synthesized Cu-TiO2/ZnO with respect to decolorization, 

degradation and mineralization of both methyl orange and methylene blue under visible 

light irradiation.  Finally, the results obtained from this study can be compared with the 

available and similar literatures in Table 4.10. 

3% Cu doped TiO2/ZnO  
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Table 4.10: Available and similar literatures in terms of TiO2 doped photocatalysts 
 

Catalyst Cu surface area (m2/g) Band gap Crystal size(nm) Calcination temperature Comments Ref 

Cu-TiO2 

 

0.0% 

2.5% 

5.0% 

7.5% 

78.2 

90.9 

99.1 

104.2 

3.0 

2.1 

1.7 

1.6 

- 

- 

- 

- 

450 ◦C 

450 ◦C 

450 ◦C 

450 ◦C 

 Cu(5.0%) presented the highest 

activity on… 

(Aguilar, Navas et al. 2013) 

Cu-TiO2 

 

0.5% 

 

 

81 

13 

2 

3.15 

3.14 

3.00 

13 

20 

34 

400 ◦C 

500 ◦C 

600 ◦C 

 The effect of Sulphoric Acid 

(SA) and Nitric Acid (NA) were 

investigated on photo catalyst. 

(Colón, Maicu et al. 2006) 

Cu-TiO2 

 

1% 

 

 

117 

55 

<1 

3.37 

3.22 

3.06 

10 

17 

42 

400 ◦C 

500 ◦C 

600 ◦C 

 Sulphoric acid and calcination at 

greater temperature improved 

the catalyst 

(Colón, Maicu et al. 2006) 

Cu-TiO2 

NA 

0.5% 

 

 

123 

11 

1 

3.33 

3.27 

3.06 

9 

19 

36 

400 ◦C 

500 ◦C 

600 ◦C 

 Cu(0.5%)-TiO2/S calcinated 

under 600 C presented the 

highest activity on… 

(Colón, Maicu et al. 2006) 

Cu-TiO2 

SA 

1% 

 

112 

47 

7 

3.38 

3.38 

2.93 

10 

21 

- 

400 ◦C 

500 ◦C 

600 ◦C 

 (Colón, Maicu et al. 2006) 

                                                                                                                                                                                                                                 ―continue on next pages‖ 
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‗Table 4.10: continued‘ 
Catalyst Cu surface area (m2/g) Band gap Crystal size(nm) Calcination temperature Comments Ref 

Cu-TiO2 

NA 

 

1% 

 

 

117 

21 

1 

3.35 

3.28 

3.06 

9 

19 

34 

400 ◦C 

500 ◦C 

600 ◦C 

 (Colón, Maicu et al. 2006) 

Cu-TiO2 

SA 

 

0.5% 

 

 

108 

43 

10 

3.37 

3.38 

3.09 

10 

20 

- 

400 ◦C 

500 ◦C 

600 ◦C 

  

Cu-TiO2 

 

0.1 

0.5 

1.0 

5 

10 

54.42 

50.18 

17.96 

8.98 

8.24 

3.254 

3.247 

3.265 

3.254 

3.247 

17.01 

18.28 

18.80 

18.80 

19.05 

550 ◦C 

550 ◦C 

550 ◦C 

550 ◦C 

550 ◦C 

 Cu(0.1%) presented the 

highest activity on… 

(Ganesh, Kumar et al. 

2014) 

Cu-ZnO 

 

0.1 

0.3 

0.5 

0.7 

1.0 

- 

- 

- 

- 

- 

3.294 

3.301 

3.315 

3.332 

3.342 

- 

- 

- 

- 

- 

400 ◦C 

400 ◦C 

400 ◦C 

400 ◦C 

400 ◦C 

 Cu(0.1%) presented the 

highest activity on… 

(Jongnavakit, 

Amornpitoksuk et al. 

2012) 

ZnO/TiO2 

ZnO/TiO2 

ZnO/TiO2 

20:80 

50:50 

80:20 

32 

21 

15 

2.82 

2,87 

2.89 

24 

31 

38 

450 ◦C 

450 ◦C 

450 ◦C 

 ZnO(20)/TiO2(80) 

presented the highest 

activity on… 

(Pozan and Kambur 2014) 
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5 CHAPTER 5: CONCLUSION AND RECOMMENDATION FOR FUTURE 
WORK 

 

5.1 Conclusion 

Objective 1: 

In this study, a new photocatalyst, Cu-doped TiO2/ZnO with a titanium dioxide to zinc 

acetate weight ratio of 7:3 and copper content of 1-5wt%, was prepared with the sol–gel 

process and thermal calcination in air at temperatures of 500 and 700°C. The prepared 

photocatalyst powder was characterized in terms of thermal properties, crystalline 

structure, surface morphology, specific surface area, wavelength absorption, and band 

gap energy level. The characteristics of this new photocatalyst are influenced by both 

calcination temperatures of 500 and 700°C and ratios of Cu, TiO2 and ZnO. Generally, 

the synthesized photocatalysts with greater ZnO content were calcined faster at lower 

temperature. These samples presented smaller crystal sizes (28.21 nm) and greater 

surface area (30.55m2/g). In terms of crystal morphology, it was found that Cu 

concentration as well as titanium dioxide to zinc acetate ratio could control the crystal 

size. This effect was more prominent in samples with higher ZnO content.  

Objective 2: 

The results indicate a significantly greater improvement in the characteristics of Cu-

doped TiO2/ZnO compared to TiO2 and ZnO, especially in band gap energy level, 2.2eV 

respectively. The objective of this work was to evaluate the photoactivity of Cu-doped 

TiO2/ZnO under visible light irradiation. Accordingly, this photocatalyst‘s performance 

in reducing and degrading two different dyes, namely methyl orange and methylene 

blue with different dye concentrations, catalyst loadings, pH of the medium, light 

irradiation intensities and reaction times was statistically investigated. 
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Objective 3: 

The photoactivity sensitivity of the synthesized Cu-doped TiO2/ZnO to the operational 

parameters (catalyst, dyes, pH, light irradiation intensity and time) during photocatalysis 

reaction was assessed. The results indicate that under optimum conditions ([Cu-doped 

TiO2/ZnO]: 0.6 g/lit, [Dye]: 20 ppm, pH: 4.5 for MO; 7.8 for MB, light intensity: 23 

Watt and reaction time: 120 min), the photocatalyst presented the maximum removal 

efficiency (colour: 85.45%, COD: 70.56% and TOC: 48.70% for MO and colour: 

73.20%, COD: 59.92% and TOC: 38.77% for MB). Cu-TiO2/ZnO displayed different 

characteristics depending on the dye molecules‘ charge. Cu-TiO2/ZnO was found to 

exhibit the highest photoactivity at pH~4.5 for methyl orange and pH~7.8 for methylene 

blue. Compared to the MB molecules, the negatively charged MO molecules were 

strongly adsorbed by the synthesised photocatalyst surface and therefore, the overall 

degradation of methyl orange was about 7.75% higher than methylene blue (on 

average). According to the results, the decomposition efficiency of the Cu-doped 

TiO2/ZnO photocatalyst also increased by about 8% and 6.5% with light intensity and 

reaction time for MO and MB, respectively. It was also observed that the new triple-

doped photocatalyst, Cu-doped TiO2/ZnO complex, presented a lower band gap energy 

level than the double-doped photocatalysts, Cu doped TiO2 and ZnO doped TiO2 

separately. Therefore, this new photocatalyst can be activated under visible light. The 

lowest band gap value about 2.2eV was observed for the Cu (3wt%)-doped TiO2 (70wt 

%) / ZnO (27wt %) sample.  

Objective 4: 

Finally, the photocatalysis evaluation revealed the superior photocatalytic activity of 

Cu-doped TiO2/ZnO over TiO2/ZnO and pure TiO2 under visible light irradiation. It was 

noticed that the photoactivity of Cu-doped TiO2/ZnO was significantly influenced by 
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the key operational synthesis factors of calcination temperature and dopant content. 

Accordingly, the highest degradation of 97% was obtained by Cu-doped TiO2/ZnO with 

3wt% copper calcined at 500°C. 

5.2 Recommendation for future work 

Based on the work done so far, the following recommendation for future work are 

suggested for their importance in improving the photocatalyst activity and 

photodegradation efficiency of the process: 

1. Doping TiO2/ZnO with copper was investigated to achieve absorption from the 

visible region by reducing the band gap of the doped catalyst. The investigation 

of doping TiO2/ZnO with other materials for efficient of recalcitrant wastewaters 

are recommended. 

2. Higher photocatalytic degradation of methylene blue MB and methyl Orange 

MO by Cu doped TiO2/ZnO is mainly triggered under visible light, more studies 

must be used of other pollutants from other sources or actual wastewater for 

photocatalytic degradation. 

3. In this study Cu doped TiO2/ZnO was successfully synthesized by sol-gel.  And 

future works are recommended to focus on other dopants. 
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