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Abstract 

Lack of potable water is one of the major challenges that the world faces currently and the 

effects of this are mainly experienced by people in developing countries. This has therefore 

propelled research in advanced oxidation technologies AOTs to improve the current water 

treatment methods using cost effective, non toxic and efficient treatment methods. Hence, in this 

study the sol-gel synthesis method was used to prepare TiO2 nanoparticles that were 

photocatalytically active under UV and visible solar light as well as possessing antibacterial 

properties. Silver and nitrogen doping was carried out to extend the optical absorption of TiO2. 

For easy removal and reuse of the photocatalyst the nanoparticles were immobilized on chitosan 

and poly (vinyl-alcohol-co-ethylene) using the electrospining technique. The synthesized 

nanomaterials were characterized by FTIR, XRD, SEM/EDS, TEM, DRS, and TGA. FTIR and 

EDS analysis confirmed the formation and composition of TiO2 nanopowders for the doped and 

undoped nanoparticles. XRD analysis showed that the anatase phase was the dominant 

crystalline phase of the synthesized nanopowders. SEM and TEM respectively illustrated the 

distribution and size of the electrospun nanofibers and the nanoparticles of TiO2. DRS results 

showed that there was a significant shift in the absorption band edge and wavelength of Ag-TiO2 

to 397 nm, followed by N-TiO2 at 396 nm compared to the commercial titania which was at 359 

nm. 

The photocatalytic activities and antibacterial properties of these materials were tested on 

methylene blue dye and E.coli microorganism respectively. Ag-TiO2 immobilized on nanofibers 

of chitosan and PVAE had the highest photocatalytic activity compared to N-TiO2. Similar 

results were observed when the biocide properties of these materials were tested on E. coli. 
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CHAPTER 1: Introduction 

1.0 General Overview 

Clean, safe drinking water is one of the most essential needs for human health and for the 

survival of all organisms (Tiwari et al., 2009). Water is a basic human right and is considered an 

essential resource for human life. (Ahuja, 2009). Ensuring availability and supply of potable 

water is among the major concerns in the world currently. Water pollution is a problem for 

almost half of the world’s population. According to a report by the United Nations (UN), 2.7 

billion people will have shortage of water by the year 2025 (Ahuja, 2009; Savage et al., 2009).   

 

Water borne diseases contribute to the mortality of fifteen million children every year especially 

in developing countries in continents such as Africa, Asia and Latin America (Gelover et al., 

2006; Savage et al., 2009). According to the World Health Organization (WHO) 2.4 billion 

people die each year in the world due to consumption of contaminated water (Institute, 2009). 

Common waterborne diseases such as gastroenteritis, cholera and typhoid are due to water 

contamination by pathogens including bacteria, viruses, parasites and faecal matter (Ahuja, 

2009). 

1.1 Background and rationale 

Several methods are used for treatment or disinfection of water contaminated with toxic wastes. 

Conventional methods include the use of ultraviolet light, reverse osmosis, water sediment 

filters, chlorination, coagulation and ozone (Christianmangun et al., 2001). It has however been 

discovered that some of the conventional methods are not always very efficient and reliable and 

they can also result in toxic substances. For example ozone partially degrades natural organic 



2 

 

matter (NOM) found in water to smaller molecules and these particles can also be poisonous. 

Moreover ozone does not remain in water for a very long time, thus this process is normally used 

in conjunction with chlorine in order to protect water from bacterial re-growth (Ahuja, 2009; 

Mamba et al., 2009).  Likewise during chlorination, chlorine gas tends to react with some of the 

substances found in natural water to produce halogenated disinfection by-products (DBPs) such 

as trihalomethanes which are carcinogenic (Li et al., 2008; Shannon et al., 2008; Mamba et al., 

2009).
 
With the recognition of side effects and shortcomings associated with the use of 

conventional water treatment methods, the development of modern water treatment processes, 

such as advanced oxidation technologies (AOTs) and membrane separation technologies (MSTs) 

have become important (Choi et al., 2007). Extensive research and studies have been done using 

nanosciences and nanotechnology to purify water (Savage et al., 2005). Nanotechnology has 

gained tremendous attention in the present century because of its capability in allowing for the 

manipulation of materials and metals into nanosizes, which causes a drastic change in properties 

(Rai et al., 2009). 

 

Recent advances suggest that a great deal of problems in water quality can be resolved or greatly 

ameliorated by using nanoparticles and nanoscale products developed from nanotechnology 

(Savage et al., 2005). Nanotechnology has enabled the development of a new class of atomic 

scale materials which are capable of degrading waterborne compounds and disease-causing 

microbes. Oligodynamic metallic nanoparticles such as silver, copper, zinc, titanium, nickel, and 

cobalt are among the most promising nanomaterials with bactericidal and viricidal properties 

(Hashimoto et al., 2005). Some nanoscale materials that are being studied and tested as 

functional materials for water purification include dendrimers, metal-containing nanoparticles, 

zeolites and carboneous nanomaterials. These materials have a broad range of physicochemical 
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properties that make them suitable as separation and reactive media for water purification and 

disinfection (Tiwari et al., 2009). 

Lately, some of the natural and synthetic nanomaterials that have shown strong antimicrobial 

properties include chitosan, silver nanoparticles, photocatalytic TiO2, fullerol, aqueous fullerene 

nanoparticles, and carbon nanotubes (CNTs). Among the different nanomaterials, TiO2 is the 

most studied (Nosaka et al., 2005). Photocatalysis of TiO2 has attracted great attention in the 

development of efficient water treatment and purification systems. In fact, it has been found that 

photocatalysis of TiO2 is highly effective for the complete mineralization of most organic 

compounds such as pesticides, dyes, aromatic compounds and many more. In addition, the 

semiconductor has been proven to have the ability to remove cationic and ionic species that are 

hazardous to human health as well as the ability to inactivate pathogenic microbes found in 

contaminated water (Hashimoto et al., 2005; Choi et al., 2007;  Lopez et al., 2012). TiO2 is a 

also a good photocatalyst due to its biocompatibility, its efficiency, relative low production cost 

and chemical inertness (Nor et al., 2009).  

 

However, it has been found that the photocatalytic activity of TiO2 does not work effectively 

under solar radiation; it is mainly activated by ultraviolet (UV) radiation below =385 nm (Youji 

et al., 2008). This is a limiting factor for the application of TiO2 in water disinfection in rural 

areas where the power grid is either limited or unavailable (Nosaka et al., 2005; Kim et al., 

2008). Therefore, it is necessary to extend the optical properties of TiO2 to allow the use of 

visible or indoor light in addition to UV light. Several strategies have been employed in an 

attempt to extend the absorption of titania and amongst them is metal ion and non metal ion 

doping which have been proven to be effective in enhancing the photocatalytic properties of 

TiO2 (Li et al., 2002).  
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Addition of non metals to titania reduces the band gap by forming a new energy level between 

the valence band (VB) and the conduction band (CB). Commonly used non metal dopants 

include carbon, fluorine, phosphorous, sulphur and nitrogen. According to Asahi et al., (2001) 

nitrogen is a more efficient substitutional dopant compared to sulphur because of its smaller 

ionic radius. Due to the fact that the size of nitrogen is similar to that of oxygen, its incorporation 

into the crystal structure of titania is therefore easy resulting in reduced band gap by formation of 

in band gap electronic states (Gao et al., 2009).  

Another approach that has been widely reported is doping of titania with metal ion dopants. The 

use of transition metals as dopants is believed to enhance the phototacatalytic activity of titania 

by acting as electron traps which in turn decreases the electron-hole (e
-
/h

+
) pair recombination, 

therefore increasing the life span of these charge carriers (Zaleska, 2008; Sun et al., 2010). Metal 

ions such as chromium, iron, copper, platinum, silver and many other have been widely explored 

as dopants. Amongst these, silver has been found to be more interesting mainly due to the fact 

that it has been known and used for centuries as an antibacterial agent (Choi et al., 2009; Wong 

et al., 2010). Visible light activation of TiO2 can facilitate and accelerate the development of 

more sustainable processes for the remediation of contaminated water resources using solar light. 

The replacement of UV light irradiation by visible light offers potential for low-cost 

environmental measures where UV is limited, more so for water treatment (Hashimoto et al., 

2005). Hence this study explored the effect that doping with silver metal and nitrogen non metal 

has on the photocatalytic properties of titania, in order to improve the its activity as well as 

investigate the antibacterial properties.  

 

Another setback in the use of TiO2 has been the separation of the TiO2 powder from water after 

photocatalytic reactions to allow for reuse and for preventing environmental contamination by 
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the nanoparticles (Nosaka et al., 2005; Kim et al., 2008). To overcome this predicament, 

immobilization of the photocatalyst on a polymeric support has often been proposed. 

Immobilization of titania nanoparticles on electrospun polymer nanofibers has been reported to 

be practical and efficient and led to improved photocatalytic properties of TiO2 (Su et al., 2003).   

It is therefore one of the aims of this study to immobilize TiO2 nanoparticles on a substrate blend 

of chitosan (Cs) and poly (vinyl alcohol-co-ethylene) (PVAE) polymers for easy recovery and 

reuse in water treatment. Chitosan is a deacetylated derivative of chitin which is the second most 

naturally abundant biopolymer. Chitosan is known to possess antibacterial and antifungal 

properties, and due to its non toxicity, biodegradability as well as biocompatibility nanofibers of 

this biopolymer can be used in a variety of fields including environmental cleanup. Moreover 

chitosan is made up of side amino and hydroxyl groups which offer it the possibilities of being 

modified and functionalized for use as an adsorbent for toxic air and water pollutants (Dutta et 

al., 2004; Pillai et al., 2009; Chen et al., 2010; Sun et al., 2011; AbdElhady, 2012).  

 

Chitosan has high viscosity and this makes it difficult to electrospin for fiber production, 

therefore to eliminate this shortcoming it is commonly blended with synthetic polymers. Zhang 

et al., (2007) reported that the electrospinnability of chitosan was improved after it was 

electrospun with the synthetic polymer poly (vinyl alcohol) (PVA). Moreover the mechanical 

properties and durability of chitosan can be improved by blending it with other synthetic 

polymers. Hence a blend of this natural polymer and a synthetic polymer PVAE was used in this 

study as a matrix to immobilize titania nanoparticles.  
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1.2 Problem Statement 

The use of TiO2 nanotechnology in water treatment promises better prospects because of its 

efficiency in the degradation of organic pollutants and inactivation of microorganisms in water 

(Richardson 2003; Hashimoto et al., 2005). Large scale application of TiO2 is hindered by its 

wide band gap (3.0-3.3 eV) which allows only a small fraction (3-5%) of the solar energy to be 

used. Also, a high rate of electron hole pair recombination occurs and this reduces photocatalytic 

reactions, thereby resulting in a decreased rate of pollutant degradation. In addition, separation of 

nanoparticles from aqueous solution after wastewater treatment is difficult when using TiO2 in 

powder form. This means that the photocatalyst cannot be recycled and that poses a risk if the 

particles are released into the water environment causing more pollution and possible toxicity to 

living organisms (Hong et al., 2006). These problems may be solved by developing an effective 

TiO2 photocatalyst with a reduced band gap to allow utilization of UV light, immobilized on a 

suitable matrix for easy removal from water and with antimicrobial properties. 

1.3 Research Aim and Objectives 

The main aim of this study was to synthesize UV and visible light (solar light) active TiO2 

nanoparticles with a high photocatalytic activity and antibacterial properties for use in water 

treatment with the following objectives in mind: 

   

 To prepare silver and nitrogen doped TiO2 nanoparticles using the sol-gel synthesis 

method.  

 To immobilize the doped nanoparticles onto chitosan (CS) - polyvinyl alcohol-co-

ethylene (PVAE) nanofibers using the electrospinning method. 
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 To evaluate the effect of the dopants (Ag and N) on the photocatalytic activity of TiO2 

nanoparticles immobilized on CS-PVAE nanofibers using Methylene blue (MB) as a 

model organic pollutant in aqueous medium.  

 To establish antimicrobial properties of the doped TiO2 nanoparticles immobilized on 

CS-PVAE nanofibers using a strain of E .coli as a model pollutant   

1.4 Research Hypothesis Statement 

Transition metal and non metal ion doping has proved to be an efficient and feasible method for 

modifying the structure of TiO2, so that it can easily absorb visible light which makes up about 

45% of the solar radiation that reaches the earth surface. Non metal ion doping is responsible for 

reduction of the band gap by forming in gap states between the Valence Band (VB) and the 

Conduction Band (CB). Doping TiO2 with metal ions has been reported to decrease the rate of 

electron hole pair (e
-
/h

+
) recombination by acting as electron traps. The lifetime of the e

-
/h

+
 pairs 

is increased and the ability for OH radical production is improved, and this is beneficial for 

oxidation of pollutants (Ho et al., 2006; Zaleska, 2008). Therefore metal and non metal ion co-

doping seems to be an attractive alternative for improving photocatalytic activity of titanium 

dioxide. 

1.5 Delineations and delimitations of the study 

This study was focused on synthesis of silver (Ag) and nitrogen (N) doped TiO2 nanoparticles 

using the sol-gel method. The as synthesized nanopowders where immobilized onto a blend of 

polymers by the electrospinning method. Electrospinning and the sol-gel method have previously 

been reported on in the research group (Nyamukamba et al., 2012). The photocatalytic and 

antibacterial activities of these nanocomposites were tested using methylene blue dye as a model 
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organic pollutant and a strain of E. coli as a model microorganism pollutant under UV light 

supplied by a UV lamp of wavelength 365 nm and visible solar light. 

1.6 Dissertation outline  

This research study is composed of six (6) chapters.  Chapter 1 is made up of the introduction, 

the background and rationale of the study which introduces the research by giving a broad 

overview of the problems the world is facing in terms of water scarcity and proposed solutions. 

The chapter ends with the problem statement, research aims, specific objectives, the thesis 

statement and delineations and delimitations of the study. Chapter 2 is the literature review 

which gives a review of titanium dioxide, its properties, application in environmental clean-up, 

the need for modification and modification methods that can be used to improve its 

photocatalytic activity. Furthermore this chapter outlines the methods of modifications and the 

synthesis of polymer nanofibers that can be used as immobilization support for TiO2 

nanopowders. Sol-gel synthesis is discussed as the method used for the synthesis of the 

nanoparticles and electrospinning is reviewed as the method used for nanofibers production. 

Chapter 3 is the experimental part of the study which outlines the methodology for synthesis of 

the doped and undoped titania nanoparticles and the immobilization onto the polymer nanofibers 

by electrospinning. This chapter is ended by brief outlines of the characterization techniques and 

their use in this study. Chapter 4 describes how test for the photocatalytic activity and 

antibacterial properties of the synthesized nanomaterials were carried out. The results are 

presented and discussed in Chapter 5 and lastly in Chapter 6 a concluding summary is given 

together with suggestions for future work. Reference list for Chapters one, two and three are at 

the end of each chapter respectively and for Chapters four, five and six they are listed at the end 

of the whole document.  
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Chapter 2 - Literature Review 

2.0 Introduction 

The supply of clean water is a matter of great concern in the world, most especially in the less 

developed countries. Even though several successful initiatives have been put in place in the past 

in order to supply safe, clean drinking water to our urban population, this effort still falls short of 

the required targets for sustainable development (Gelover et al., 2006). According to a report by 

WHO and UNICEF, 1.2 billion people lacked an adequate supply of safe drinking water and 2.4 

billion did not have access to improved sanitation (WHO, UNICEF, 2000). As a result, 2.2 

million people die from diarrhoea related diseases every year, most of whom are children under 

the age of five (Li et al., 2008; Ahuja, 2009).  

 

The need for provision of clean water and basic sanitation can never be overstated hence they are 

top of the list on the United Nations Millennium Development Goals (UN-MDGs). The lack of 

these basic human necessities leads to terrible living conditions, bad hygiene practices and 

various waterborne diseases (Savage et al., 2005; WHO & Unicef, 2006). Extensive research has 

been carried out during the past few years to develop heterogeneous photocatalysts which can be 

applied in air purification, water disinfection, hazardous water remediation and water 

purification (Yu et al., 2002). The process of heterogeneous photocatalytic oxidation is 

considered to be one of the most important advanced oxidation processes (AOPs). This is due to 

the fact that treatment of polluted water with these processes results in complete breakdown of 

the pollutants to harmless end products such as carbon dioxide, water and inorganic compounds. 

Photocatalysis can be defined as the acceleration of a photoreaction in the presence of a catalyst. 

It is mainly focused on using light of appropriate wavelength to enhance the rate of activity of a 
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solid catalyst. UV and visible light irradiation can be used to excite charge carriers in 

semiconductors like ZnO, F2O3, CdS, ZnS, and TiO2 which is one of the most commonly used in 

photocatalysis (Behnajady et al., 2008; Philippopoulos et al., 2010). Photocatalysis involves a 

variety of reactions such as organic synthesis, water splitting, photo reduction, metal deposition, 

disinfection, anticancer therapy, gaseous pollutant removal as well as water detoxification. Over 

the years titanium dioxide (TiO2) based heterogeneous photocatalysis has gained a lot of 

attention as an attractive and effective technology for air purification and treatment of 

wastewaters contaminated with persistent organic compounds (Al-Rasheed, 2005; Gaya et al., 

2008; Wen et al., 2009; Philippopoulos et al., 2010). 

 

This review discusses the problems of water contamination due to organics and microorganic 

pollutants and how heterogeneous photocatalysis under nanotechnology can be part of the 

solution. General applications of TiO2 are discussed together with the drawbacks of using TiO2 

for heterogeneous photocatalysis on a larger scale. Furthermore methods of modification in the 

form of doping the nanoparticles with noble metals to extend their optical absorption band from 

UV to visible light are reviewed and the use of polymer based nanofibers as supports in water 

treatment are reported. Electrospinning is also looked at as a method of choice for manufacturing 

the nanofibers of TiO2/polymer composites. 

2.1 Applications of nano-TiO2  

Titania is one of the most popular commercially available nano-size materials that has found 

application in a variety of fields to date since its novel properties where published in the early 

1970s. Nano materials have shown that they possess different chemical, mechanical, optical and 

electrical properties compared to their bulk counterparts and they react faster and efficiently. 
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Among the many photocatalysts, TiO2 is the most important because of its strong oxidizing 

power (McCullagh et al., 2007; Sirimahachai et al., 2009).   

 

Nano structured TiO2 has found a variety of applications in fields such as optics, electrical 

insulation, photovoltaic solar cells due to its electron transfer properties, antibacterial coatings 

and photocatalysis. Some nano sized products can be found commercially as cleaning materials, 

self-cleaning coatings, sunscreens, toothpastes, air filtration devices, and environmental remediation 

of pollutants (Hafez et al., 2005; Robichaud et al., 2009).  

In this study nanostructured titania is explored as a photocatalyst for purifying water contaminated 

with bacteria and organic pollutants. Reports on the antibacterial properties and the photocatalytic 

activity of TiO2 are reviewed. 

2.1.1 TiO2 Photocatalysis 

Photocatalysis of titanium dioxide (TiO2) was first discovered in 1972 in an experiment done by 

Honda and Fujishima. An electrochemical cell which had an inert cathode and TiO2 rutile phase 

anode was used to split water into hydrogen and oxygen under UV light. This discovery marked 

the beginning of a series of research studies and investigations on TiO2 and its properties as a 

photocatalyst in a variety of fields such as energy conversion and environmental remediation
 

(Batzill et al., 2006; Zaleska, 2008). Titania gained tremendous attention for environmental 

application after the discovery by Frank and Bard that it was possible to use it for the 

decomposition of cyanide in water (Sze et al., 2008). It has also been reported to be an effective 

photocatalytic disinfectant of various microorganisms under UV light irradiation (Sun et al., 

2010).  

Although many semiconductors like ZnO, ZrO2, CdS, MoS2, Fe2O3 and WO3 can be used as 

photocatalysts, TiO2 is considered the most efficient especially for water and air treatment due to 
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the fact that it has a high oxidising and reducing power, it is relatively non toxic, chemically 

inert, has low production costs and long term stability against photo-corrosion (Yu et al., 2002; 

Nor et al., 2009). TiO2 is known to exist naturally in three crystalline phases in nature: brookite, 

anatase and rutile which have the same octahedral [TiO6]
2-

 structure but different arrangements 

of atoms. Anatase and rutile are tetragonal and brookite exists in a rhombohedral structure (Nie 

et al., 2009; Chen, 2009; Nolan et al., 2010).  Figure 2.1 shows a diagram of the commonly 

studied polymorphs of titanium dioxide showing their distinguished structures, band gap energy 

and other characteristics:  

 

 

Figure 2.1: Three polymorphs of TiO2 (Antase, Rutile & Brokite) (Macwan et al., 2011)  
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Studies show that anatase and brookite are the metastable polymorphs of titania unlike rutile 

which is thermodynamically stable. However anatase is the widely studied phase because it has 

been found to be the most photocatalytically active. According to literature when titania is 

exposed to high temperature treatment ranging between 600-700 ºC, it undergoes phase 

transformation from anatase to rutile (Liqiang et al., 2003; Chen et al., 2006; Xiao et al., 2006; 

Yu et al., 2006; Nolan et al., 2010).  

 

The TiO2 anatase polymorph has the forbidden band gap of ~ 3.3 eV, implying that TiO2 can 

only exhibit photocatalytic activity when irradiated with ultraviolet light (wavelength < 400 nm). 

A band gap is the empty space that extends from the top of the valence band that is filled with 

electrons to the bottom of the empty conduction band. In terms of the molecular orbital theory 

(MO), the band gap can be described as the highest occupied molecular orbitals (HOMO) and 

lowest unoccupied molecular orbital (LUMO). Band gap can be related to electric conductivity 

of materials, for example metals are known not to have a band gap hence they are good 

conductors of electricity and insulators have a large band gap therefore electricity cannot pass 

through them. In contrast semiconductors have an intermediate band gap between insulators and 

metals (Linsebigler et al., 1995; Sung-Mao et al., 2007; Zaleska, 2008; Sheng, et al., 2008).  

 

A chain of reactions begins when TiO2 is irradiated by UV light and it absorbs a photon (hv) with 

energy greater than that of the band gap energy.  The sequence of events is illustrated using 

equations (1) to (9): 

 

TiO2 + hv → TiO2 (h
+

VB + e
-
CB)    (1) 
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Figure 2.2 shows a schematic of the simplified photo-reduction and photo-oxidation reaction 

mechanisms that occur on the conduction and valence band of titanium dioxide respectively: 

 

 

Figure 2.2: Mechanism of TiO2 photocatalysis (macwan, et al., 2011)  

An electron-hole pair is then produced from the valence band (VB) of the photocatalyst. The 

negatively charged electron moves from the VB to the conduction band (CB) leaving the 

positively charged hole behind. The electron and hole then take part in reduction-oxidation 

reactions with species that are adsorbed on the surface of titania, such as water, hydroxide (OH
-
) 

ions, organic compounds or oxygen. The conduction band electron (e
-
) is highly reducing while 

the valence band hole (h
+
) is highly oxidizing. 

 

TiO2 (h
+

VB) +H2Oads → TiO2+ •OH ads+ H
+
    (2) 
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TiO2 (h
+

VB) + OH
-
(surface) → TiO2 + •OH ads    (3) 

 

The charge carrier h
+
 oxidizes H2O or OH

- 
ion to the hydroxyl radical (OH•) which is a highly 

potent, non-selective oxidant. It readily attacks pollutants adsorbed at the surface of titania or in 

aqueous solution degrading them to water and CO2.   

 

•OH + Dads →      D
+

oxid + H2O    (4) 

 

On the conduction band (CB) the electron reduces adsorbed oxygen (O2) species to superoxide 

(O2•), which then undergoes a series of reactions (5-9) to give the OH• radical. 

 

TiO2 (ecb
−
) + O2ads+ H

+
→ TiO2 + HO2• →O2• ⎯+ H

+  
(5) 

TiO2 (ecb
−
) + HO2• + H

+
 → H2O2     (6) 

H2O2 + hv → 2HO •      (7) 

    H2O2 + O2• ⎯ → HO • + O2 + HO 
−     

   (8) 

H2O2 + TiO2 (ecb
−
) → HO • + HO 

−
 + TiO2    (9) 

 

Direct or indirect oxidation and reduction of the adsorbed pollutants and other species in aqueous 

solution by photogenerated charge carriers (h+/e-) eventually leads to the mineralization of the 

pollutants (Choi et al., 2009; Philippopoulos et al., 2010). In a case where the above discussed 

processes do not occur, recombination of the charge carriers results and energy is released in the 

form of heat and this causes great reduction in efficiency of TiO2 photocatalysis (Linsenbigler et 

al., 1995; Al-Rasheed, 2005). 
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Properties that influence the photocatalytic activity of TiO2 particles have been suggested to 

include the surface area, crystallinity; crystallite size and crystal structure (Al-Salim et al., 2000). 

Anatase has been reported to have enhanced photocatalytic activity because of its more open 

structure compared to rutile (Xiao et al., 2006 ). Extensive research has been conducted to 

optimize the catalytic properties of titania used in the photodegradation of organic pollutants in 

water by using modified titania or thin films of titania (Cheng et al., 2003). A number of 

modification strategies commonly employed to improve the photocatalytic efficiency of TiO2 

include: 

 Surface sensitization whereby the excitation of a wide band gap semiconductor is 

achieved by using a light sensitive dye; 

 Decreasing the size of titania grains; nanoparticles with reduced size are reported to have 

a large surface area and this is advantageous because it means there are many active sites  

for degradation and adsorption of pollutants; 

 Addition of electron acceptors to the semiconductor with a wide band gap with another 

semiconductor with a short band gap that undergoes photo-excitation easily. For 

example sensitization of TiO2 with CdS; and  

 Doping, this is a widely researched method. It involves introduction of metal or non 

metal ions as impurities that trap electrons ejected from the valence band in order to 

prevent charge carrier recombination. This therefore increases the efficiency of 

photocatalysis (Linsenbigler et al., 1995; Sze et al., 2008; Choi et al., 2009; Wen et al., 

2009).  
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2.1.2 The antibacterial activity of TiO2 

The application of TiO2 photocatalysis has been reported for over the past two decades as a 

promising solution to water and air contamination. The photocatalyst has been found to have 

properties of an antibacterial agent. It has on many occasions been reported to kill both Gram-

negative and Gram positive bacterial as well as a variety of viruses (McCullagh et al., 2007; Li et 

al., 2008). The antimicrobial property of TiO2 was first realised by Matsunaga et al., in 1985. 

The photocatalyst was used to inactivate microorganisms under UV irradiation. This study was 

then followed by a series of investigations on photocatalytic disinfection of various 

microorganisms such as bacteria, viruses, cancer cells as well as algae (Wong et al., 2010; Sun et 

al., 2010).   

 

Irradiation of titania with UV light activates valence band electrons to be transferred to the 

conduction band leaving behind a positively charged hole. These activated charge carriers create 

reactive oxygen species (ROS) by reacting with atmospheric oxygen and water molecules. 

Production of ROS is reported to be the driving force behind the antibacterial activity of titanium 

dioxide (Amitava et al., 2011; Allahverdlyev et al., 2011). Doping the photocatalyst with metal 

and non metal dopant has also proved to be effective in enhancing the inactivation of 

microorganisms even in the absence of light.  A comparative research study between commercial 

Degussa P25 and a sol-gel synthesized TiO2 doped with trivalent dopants, aluminium (Al) and 

boron (B) was undertaken. From the results obtained it was observed that the Al and B doped 

samples had high antibacterial activity than the commercial photocatalyst (Wei et al., 2008; 

Sirimahachai et al., 2009). Using the sol-gel synthesis method and different silver dopant 

precursors Lopez Goeme et al., (2012) reported an enhanced antibacterial activity of Ag doped 

TiO2 towards a variety of Gram positive and Gram negative bacterial strains. These results were 
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in agreement with those of Zhang et al., (2009) who reported that good distribution of silver 

nanoparticles on the surface of titania contributed to the increased antibacterial activity. 

2.2 Modifications to improve the Photocatalytic activity of TiO2 

For the past few decades research on TiO2 has grown tremendously and the photocatalyst has 

shown great potential for use in various fields, including environmental cleaning, renewable 

energy production in the form of photovoltaic cells, as well as water and air purification. 

However, due to the wide band gap of titania (3.2 eV for anatase), many of these applications 

cannot be carried out under solar light as the semiconductor can only be activated by UV light 

which accounts for a small fraction of the solar spectrum (Park et al., 2006; Ni et al., 2007; Shen 

et al., 2009).  

To overcome this drawback several modification approaches have been proposed and reported. 

Some of the approaches include sensitizing titania with a dye or a colourful organic or inorganic 

compound that can absorb light in the visible region. Secondly, coupling the metal oxide 

semiconductor with another semiconductor that has lower band gap energy can alter the charge-

transfer properties between titania and the surrounding environment, thereby improving the 

performance of devices made from TiO2 based nanomaterials as well as doping TiO2 with metal 

or non metal ion elements. This method has been widely studied order to produce photocatalysts 

that can be used under natural sunlight irradiation (Umebayashi et al., 2002; Zaleska, 2008; Nah 

et al., 2010; Mahmoud et al., 2012).  

2.2.1 Doping 

Development of TiO2 materials with high photocatalytic efficiency and sensitivity towards 

visible light has been the focal research area for scientists around the world for some time. This 
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has been done by looking into modification methods such as doping. Doping is a form of 

structural modification in which impurity elements are incorporated into the lattice structure of 

TiO2 in order to improve its photocatalytic activity and other related functions. This has been 

done with both cations and anions and it has been reported to be successful in inducing batho-

chromic shift in titania. This approach has been under continuous research for the past decade 

with promising results towards reducing the band gap energy (Zaleska, 2008; Nie et al., 2009; 

Liao et al., 2009; Huang et al., 2010). 

It is reported that impurity doping alters the structural properties of this photocatalytic 

semiconductor, thus changing the optical constants and absorption spectra of titania by shifting 

the optical response from the UV light range (< 387 nm) to the visible light (>400 nm) range. 

In the process of doping the ions can occupy a variety positions on the TiO2 nanostructure, it can 

either be attached on the surface or be incorporated into the lattice structure of the materials (Li 

et al., 2005). Studies suggest that a doped impurity element can either be an electron scavenger 

of electrons generated during electron-hole pair production, or it can extend the optical 

absorption of the semiconductor material to visible light (Esquivel et al., 2011). Furthermore the 

activity of the dopant can differ depending on whether the dopant is on the surface of the 

nanomaterials, or on the interstitial or substitutional site of the titania lattice structure (Mardare 

et al., 2000; Li et al., 2005).  

Doping can further increase effective e
-
/h

+
 pair generation, which are essential for application in 

photocatalysis. This process has been reported to be successful in increasing the photocatalytic 

activity of titanium dioxide (Al-Salim et al., 2000; Sze et al., 2008; Kisanda et al., 2010). 

Successful incorporation of anion and cation dopants has been widely reported on by researchers 

across all scientific fields. Commonly used transition metals include: Copper, Iron, Platinum, 
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Gold and Silver. Incorporation of these noble metals into the dielectric matrix of titania provides 

an absorption feature due to the strong surface plasmon resonance (SPR) that they possess and 

this is observed in the visible region of the solar spectrum. Extensive research has also been done 

on non metal ion doping and some of the common non metals used include carbon, nitrogen, and 

sulphur (Ho et al., 2006; Zaleska, 2008; Kanjwal et al., 2010). A study by Esquivel et al., (2011) 

suggested that during the doping process the impurities replace the some Ti
4+

 centres on titania 

thus producing an impure state which reduce the band gap of the photocatalyst. Non metal ion 

dopants are reported to substitute some of the oxygen atoms in the lattice of TiO2 thus reducing 

the band gap of titania by mixing the 2p states of N and O (Ho et al., 2006). Figure 2.3 depicts 

two unit cells of TiO2; diagram (a) is the undoped rutile polymorph and (b) is the unit cell of 

metal doped titania with one of the Ti atoms replaced by the metal dopant.  

 

Figure 2.3: Diagram of unit cell undoped (a) and doped (b) rutle TiO2 
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2.2.1.1 Silver doping   

Extensive research on metal ion doping has shown that certain transition metal ions can extend 

the light absorption band of a semiconductor to the visible light region. Addition of noble metals 

such as Ag, Au, Pt, Pd, Cu, and Ni as dopants on titania has shown visible improvement in the 

photocatalytic activity of the semiconductor. Furthermore, it is reported that due to the work 

function of the dopants which is higher than that of a semiconductor a Schottky barrier is 

provided and this assists in the transfer of electrons from the semiconductor to the metal thus 

improving the catalytic efficiency by preventing charge carrier recombination (Tayade et al., 

2006; Wei et al., 2008).  

 

According to a study in which silver (Ag) and niobium (Nb) were used as dopants to investigate 

the effect of doping on the structure of titania, it was discovered that these two noble metals have 

a significant effect on the structure of the photocatalyst as well as on its properties. The phase 

transformation of TiO2 from rutile to anatase was found to be mainly enhanced by Ag dopant, 

whereas Nb stabilized the anatase phase of titania. The activity of Ag was due to the increase in 

oxygen vacancies at the surface of anatase grains which favours the ionic rearrangement and 

structural reorganization for the formation of rutile phase (Ahmad et al., 2007; Wei et al., 2008).  

Liu et al., (2003) reported that during the doping process with silver ion, TiO2 underwent 

structural changes and this enhanced the antibacterial activity of the photocatalyst. According to 

Seery et al., (2007) when silver is doped onto titania, it is deposited on the surface of the titania 

nanoparticles and not into the lattice structure of the photocatalyst. This is due to the fact that Ag 

ion has a large radius of 126 pm compared to 68 pm of Ti
4+

 ion. As a result these surface 

attached ions are reported to act as electron traps during photocatalysis, thereby improving the 



26 

 

photocatalytic activity by preventing recombination of charges. Figure 2.4 below shows a 

schematic diagram of silver doped TiO2 illustrating the above discussed phenomenon:  

 

 

Figure 2.4: A schematic representation of Ag-doped TiO2 (Seery, 2009)  

 

Elemental silver has long been known and used as an antibacterial agent for decades and it has 

also been reported to improve the antibacterial activity of TiO2. Moreover, research on silver and 

other noble metals such as gold and platinum have shown that they possess distinctive electronic 

and catalytic properties which in turn are essential in photocatalysis (Song et al., 2006; Hamal et 

al., 2007; Li et al., 2008). Silver is well known to have strong toxicity towards a wide range of 

microorganisms including coliforms found in wastewater (Lala et al., 2007; Tiwari et al., 2008; 

Wang et al., 2009). 

 

2.2.1.2 Nitrogen doping  

Non-metal dopants have also been reported to help increase the photocatalytic efficiency of 

TiO2. Doping TiO2 with anions such as nitrogen, boron, carbon and sulphur has received a lot of 
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attention over recent years in attempts to extend the light absorption band of the catalyst from 

ultraviolet to the visible light range (Hu et al., 2010). The use of nitrogen as a dopant marked the 

early successes of titania band gap reduction; furthermore this anion is one of the most 

investigated anionic dopants mainly due to its atomic size which is comparable to that of oxygen. 

It can easily be substituted into the substitutional sites of TiO2 and enhance the photocatalytic 

activity (Nie, 2009; Huang et al., 2010).  

 

According to Irie et al., (2003) nitrogen 2p states forming on top of the oxygen 2p valence band 

are responsible for the optical shift of titania from UV to visible light. Co-doping nitrogen with a 

noble metal has also been reported to enhance photocatalytic activity of titania (Nosaka et al., 

2005; Sun et al., 2010). Figure 2.5 shows a schematic diagram of N doped TiO2 with newly 

formed in gap states: 

 

 

Figure 2.5: A schematic representation of N-doped TiO2 (Seery, 2009)  
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Using the density function theory (DFT) calculations, Zhao et al., (2011) investigated the effect 

of nitrogen doping on titania. Their study focused on the effect resulting from electronegativity 

difference between nitrogen and oxygen and their interaction with the electronic structure and 

properties of N-doped TiO2. It was therefore observed that the valence band energy shifted to a 

valence band maximum value of 0.27 eV and this contributed to an increased photocatalytic 

activity under visible light. These finding correspond with the study done by Asahi et al., (2001) 

that nitrogen substitutional doping of TiO2 results in impurities above the valence band 

maximum (VBM) or below the conduction band minimum (CBM) therefore decreasing the wide 

band gap of titania. Furthermore the authors reported that this can be attributed to the mixing 2p 

states of nitrogen and oxygen and their interactions with Ti 3d states. 

2.3 Support for TiO2 nanoparticles 

Titanium dioxide is a versatile material due to the potential prospects it possesses in dealing with 

environmental cleanup and energy challenges among many of its applications (Linsebigler et al., 

1995; Chen et al., 2007). Large scale use of this photocatalyst in environmental cleanup 

especially in water treatment is however hindered by its use in powder form. A variety of support 

for TiO2 photocatalyst have been explored over the years in order to eliminate the tedious 

exercise of filtering the suspended nanoparticles after treating contaminated water with the 

powdered photocatalyst. Immobilization on a matrix or coating the TiO2 on surfaces like glass 

and ceramic tiles have been widely used and reported to have promising potential (Gaya et al., 

2008). 

 2.3.1 TiO2 immobilization on Polymer substrates 

Over the years, the use of nanoparticles for environmental pollution remediation has been 

growing. However, practical application of these nanosized materials in water or air treatment is 
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still faced with challenges such as recovery and reuse of suspended nanoparticles after 

photocatalytic reactions. Failure to separate nanoparticles from fluids exposes the ecosystem and 

its inhabitants to the risk of nanotoxicity due to the material being released to the environment 

(Zhao et al., 2011). To overcome this predicament, immobilization of the photocatalyst on a 

polymeric support has often been proposed. Immobilization refers to the attachment or 

entrapment of a particle onto the chosen supporting matrix (Gorecka et al., 2011). Supporting 

titania nanoparticles with electrospun polymer nanofibers has been reported to be practical and 

efficient and led to improved photocatalytic properties of TiO2 (Fang et al., 2011). Polymer 

blends can be synthesized by a variety of methods such as template growth or synthesis, co-

electrospinning which involves spinning of two polymers from two needles onto the same 

collector screen and electrospinning where two or more polymer solutions are mixed together 

prior to the spinning process (Su et al., 2003; Wei et al., 2006).  

 

Compared to bulk materials nanosized polymer fibre materials display several useful properties 

such as high specific surface area due to their small diameters, flexibility in surface 

functionalities, and good mechanical strength. They are also highly porous materials with better 

pore interconnection. These properties make polymer nanofiber materials suitable for a variety of 

applications (Huang et al., 2003; Fang et al., 2008; Son et al., 2009). In a study where TiO2 was 

immobilized on polyvinyl pyrolidone/acrylic acid (PVP/AAc), the copolymer hydrogels showed 

improvement in thermal and chemical stabilities in addition to photocatalytic activity (Hafez et 

al., 2005; Hong et al., 2006).  

 

One polymer that has gained attention as a support material or a carrier for various materials in 

different studies is chitosan. It is often blended with synthetic polymers to synthesize electrospun 
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polymeric nanofiber composites. Incorporation of chitosan with various polymers such as poly 

(vinyl alcohol), poly (ethylene oxide), poly (acrylonitrile-co-acrylic acid) and poly (ethylene 

terepthalate) has been widely reported (Che et al., 2008; Son et al., 2009). Blending different 

polymers without altering their individual properties has been shown to be an efficient technique 

for obtaining new structural materials with improved properties compared to individual 

components (Bajpai et al., 2008).  Figure 2.6 presents a schematic image of two different 

polymers blended together: 

 

 

Figure 2.6: Hypothetic schematic for polymer blend preparation (Bajpai et al., 2008)  

Nanofibers made from blended polymers offer functional materials which can be used in many 

applications. These functionalized electrospun nanofibers are advantageous because of their 

large surface area to volume ratio, and they have a potential to modify the photocatalytic activity 

of the TiO2 (Wei et al., 2006; Kanjwal et al., 2010).  
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2.3.1.1 Properties of chitosan (CS) 

Chitosan, whose structure is shown in Figure 2.7 is a (1-4) - linked 2-amino-2-deoxy-D-

glucopyranose, is one of the most abundant natural polyelectrolyte that is derived from chitin by 

deacetylation (Homayoni et al., 2009). Chitin can be extracted from many living organisms such 

as from the skeleton of crustaceans and some insects. This biopolymer is well known for its 

unique properties like biodegradability, non-toxicity, antimicrobial and antifungal activities and 

it is also used in the field of biomedicine. Furthermore chitosan has been reported to have the 

affinity to bind toxic metal ions, and this renders it useful for air and water purification systems 

(Che et al., 2008; Sun et al., 2011).  

 

Figure 2.7: Structure of Chitosan (1-4 linked 2-amino-2deoxy-D-glucopyranose)  

Electrospun chitosan nanofibers have recently attracted a lot of attention as adsorbents. Honarkar 

et al., (2009) reported effective degradation of organic compounds and adsorption of heavy 

metals was reported after wastewater was treated with a chitosan/TiO2 composite. Adsorbent 

properties of chitosan are mainly due to its high content of amino and hydroxyl functional groups 

on its molecular structure (Homayoni et al., 2009).  
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2.3.1.2 Properties of polyvinyl alcohol-co-ethylene (PVAE) 

Polyvinyl alcohol-co-ethylene (PVAE) is a biocompatible, semi-crystalline copolymer made 

from polyvinyl alcohol (PVA) and poly-ethylene (PE). It can be derived from the hydrolysis of 

poly (ethylene-co-vinyl acetate). This copolymer can be found in commercial markets and often 

the main component being PVA; as a result its properties mainly resemble those of polyvinyl 

alcohol. PVAE bonds with other materials by strong hydrogen interactions through the hydroxyl 

groups from the PVA (Arboleda et al., 2004).   

 

PVAE is a hydrophilic copolymer because of the PVA repeat units and is highly resistant to a 

variety of chemicals. This copolymer is largely used in industries as a packaging material for 

spices, food, oil, agricultural chemicals, fruits and many more. In addition it is widely used as a 

component of many plastic containers. These properties of PVAE render it suitable for 

application in a variety of areas. One of the common areas where this polymer is used is in skin 

wound treatment and tissue engineering because it has good mechanical strength; it is 

biocompatible and biodegradable. Using the electrospining technique, Xu et al., (2011) 

successfully synthesized poly (etheylene-co-vinyl alcohol) (EVOH) nanofibers loaded with Ag 

nanoparticles. Composites of this copolymer with antibacterial active material like silver 

nanoparticles can be used as filters for water treatment as well as in protective clothing when 

electrospun into fibers or processed into films.  Nanofibrous materials offer a larger surface area 

compared to bulk material and in turn this enhances the exposure of pollutants to the 

antimicrobial active nanofibers (Wang et al., 2011; Xu et al., 2011; Liu et al., 2012). 
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Bana et al., (2009) prepared a nanocomposite film of PVAE and wood dust and they observed 

that its mechanical properties and barrier properties we improved. From the TGA results it was 

observed that the thermal stability of the composite film was better compared to that of 

individual wood dust or PVAE. More over the biodegradability of this composite material was 

also greatly enhanced. Figure 2.8 is a representation of PVAE made up of the co ethylene group 

and the vinyl alcohol moiety with the hydroxyl group that promote hydrogen interactions: 

 

Figure 2.8: Structure of polyvinyl alcohol-co-ethylene 

2.4 Synthetic methods for nano-TiO2  

Various methods have been developed and reported for the synthesis of nanostructured powdered 

titanium dioxide. They include methods such as: pulsed laser deposition, hydrothermal synthesis, 

metal organic chemical vapour deposition (MOCVD), and template synthesis. However some of 

these techniques are exhaustive and complex when compared to sol-gel synthesis method which 

was used in this study.  

2.4.1 Sol-gel synthesis 

Generally the sol-gel process is defined as a chemically based route for the synthesis of high 

purity solid materials from a liquid at a relatively low temperature. This process was first applied 

in the mid 1800s for synthesis of glass and ceramics and extensively exploited for the last several 

decades, mainly to produce thin film and powder catalyst. The sol-gel synthesis method is 

favourable for the synthesis of titania nanoparticles because it is flexible and not complex. 

Compared to other methods, this technique is low in operation costs and it does not need high 
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temperature treatment.  Moreover, this method gives an opportunity to control the chemical and 

physical properties of the materials by changing the composition of the solution. It is thus a 

method of choice especially when preparing doped titania nanoparticles (Wen et al., 2001; Mao 

et al., 2007; Charbonneau et al., 2009; Othman et al., 2010). 

 

The sol gel process also provides for the possibility of varying the properties of the as 

synthesized material by changing the ingredients (Wen et al., 2001; Akpan et al., 2010). Over the 

past few years the sol-gel method has advanced as a promising technique for the synthesis of 

TiO2 nanocomposites with noble metals and non-metal ion dopants. Basically sol-gel synthesis 

occurs in three steps: 

 Hydrolysis, 

 Condensation, 

 Growth or gelation  

A metal-organic or inorganic based precursor is reacted with an aqueous solvent to form a 

dispersion of colloidal particles commonly referred to as a sol. The sol is made up of solid 

particles with diameters of 1-100 nm (1x10
-9

 m). The sol undergoes a condensation reaction to 

form a gel which is a porous network with bonds between the colloidal suspensions. The 

particles in the suspension undergo growth and polymerization and finally agglomerate to give a 

thick network of gel. Transformation of the sol to a gel is referred to as the gelation process 

(Lakshmi et al., 1997; Zhang et al., 2006; Mackennzie et al., 2007; Madani et al., 2010).  

2.5 Electrospinning 

Electrospinning is a simple and cost-effective method used for the production of non-woven 

fibers with large surface area to volume ratio. This versatile fibre forming process can be dated 
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back to the early 1930s, and it only became famous in 1934 after the discovery made by 

Formhals. Through his modified electrospinning process he managed to produce parallel aligned 

nanofibers on to the collecting screen (Subbiah et al., 2005).  In 1971 its use for production of 

ultrafine fibers with a diameter less than a micron was also reported. It was only the mid 1990s 

that researchers in the fields of nanosciences and nanotechnology realized a great potential that 

electrospinning has for the production of nanofibers.  

 

The interest of nanotechnologists in this fiber forming technique is fuelled by the application 

potential that this process has in a variety of fields such as: biosensors, filtration, drug delivery 

and enzyme immobilization (Bhardwaj et al., 2010; Kulkarni et al., 2010; Sun et al., 2011). 

Reviews done by Fang et al., (2008) and Sun et al., (2011) on fuctionalized electrospun 

polymeric nanofibers have reported that these nanomaterials have been successfully employed in 

environmental remediation processes such as air and water filtration, metal ion recovery and 

many more. This is owed to the fact that electrospining produces high surface to volume ratio 

and large porosity fibers with excellent pore interconnectivity. In addition nanofibers with large 

surface-to-volume ratio are advantageous as good immobilization supports for enzymes and 

other nanomaterials.   

 

The electrospinning process involves the use of electrostatic force to synthesize polymeric 

nanofibers with a diameter scale range from submicron level down to tens of nanometers (Hong 

et al., 2006; Lee et al., 2009). In this process the electric force is applied between the spinneret 

tip and the grounded collector few centimetres away, this induces surface charge on the polymer 

fluid. Once the applied electric field overcomes the surface tension of the polymer solution, the 

charged droplet is ejected from the tip of the Taylor cone. The jet is subjected to instability due 
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to the applied electrostatic forces and it is whipped and attracted to the collector as fibers.  The 

solvent used is evaporated and dry polymer fibers are deposited onto the collector (Geng et al., 

2005; Bhardwaj et al., 2010). Figure 2.9 shows a schematic of the electrospinning set up with all 

the basic elements required during the process: 

 

 

Figure 2.9: Basic components of used during the electrospinning process (Bhardwaj et al., 2010) 

  

Various nanofiber synthesis methods have been reported, these include template synthesis, 

drawing, self-assembly, phase separation and others (Fang et al., 2008). However the 

electrospinning technique has been recognised as more efficient compared to these other 

methods due to the fact that it is simple to use and set-up and it easily forms fibers.  Moreover 

electrospinning is flexible; it can be used to form fibers from a wide range of materials such as 

polymers, composites, semiconductors and many more. More than 200 polymer nanofibers with 
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a variety of applications have been produced through this method over the years. A study by 

Geng et al., (2005) reported a successful synthesis of chitosan nanofibers. Process conditions 

including molecular weight of chitosan, acid concentration and electric field used during 

electrospining were varied. By varying the parameters of nanofiber synthesis such as solution or 

solvent concentration, applied voltage and solution flow rate, the size of the polymer fibers can 

be controlled and the uniform nanofibers can be produced (Teo et al., 2006; Stoilova et al., 2010; 

Bhardwaj et al., 2010).  

 

Numerous studies report that electrospinning is highly efficient for the production of 

functionalized nanofibers. Functionalized nanofibers are usually a composite of polymers with a 

functional material like nanoparticles, carbon nanotubes, catalysts, enzymes and many more. 

Using the electrospining technique, Kanjwal et al., (2010) successfully produced functionalized 

poly(vinyl acetate) and titanium dioxide nanofibers loaded with silver nanoparticles. These 

functionalized nanofibers were found to be highly efficienct in degrading the colour of 

methylene blue and methylene red dyes. In a similar study chitosan and PVA nanofibers loaded 

with AgNO3 and TiO2 were successfully electrospun and their antibacterial activity was tested on 

Staphylococcus aureus and Escherichia coli. The synthesized nanofibers of chitosan/PVA 

showed improved antibacterial activity after functionalization with titania and AgNO3. 

Moreover, polymeric materials loaded with inorganic materials or catalyst are widely reported on 

due to their ability to enhance the mechanical strength of the nanocomposite. They are also more 

efficient in comparison to nanoparticles alone in terms of reusability and recycling of the 

material (Ali et al., 2005; Lu et al., 2008; Wang et al., 2009; Son et al., 2009).  
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Chapter 3- Experimental 

3.0 Introduction 

The main aim of this research project was to synthesize titanium dioxide nanoparticles doped 

with silver (Ag) and nitrogen (N) respectively and to immobilize the photocatalyst on a blend of 

polymer fibers using the electrospining method. The sol-gel synthesis method was chosen 

because it is a versatile method, it is relatively easy and practical; it does not require expensive 

complex instruments. Furthermore in this method the size, morphology, and distribution of the 

nanostructured material can be controlled. The dopant can directly interact with sol during the 

gelation period therefore promoting incorporation of the dopants (Lakshmi et al., 1997; Zaleska, 

2008). This chapter gives an overview of the experimental procedures that were followed to 

achieve the aim and objective of this study. The analytical techniques used for characterization 

of the synthesized nanomaterials are also outlined. 

3.1 TiO2 Sol-gel synthesis  

3.1.1 Chemical reagents/Materials 

The following commercial reagents supplied by Merck were used in this project: TiCl4 (99%), 

TiO2 (Degussa P25), AgNO3, Urea ((NH2)2CO), and deionised water (DW) was obtained from 

the O Purite (Select) deioniser supplied by Lasec, South Africa (Pty) LTD. 

3.1.2 Preparation of pure TiO2 nanoparticles 

Titanium tetrachloride (TiCl4) was the main starting material and was used as received from the 

supplier without any further purification. A precursor, 0.1 M of 99% titanium (IV) chloride (11 

mL) was slowly added to 200 mL of distilled water in a 250 mL Erlenmeyer flask immersed in 
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an ice bath with a thermometer reading of 0 ºC and stirred vigorously to give a Ti
4+

 concentration 

of 0.495 M. This was done under a fume hood because the reaction was vigorous and generated 

white hydrochloric gas fumes. The resultant aqueous solution was rapidly heated to 100 ºC on 

stirrer coupled hot plate to eliminate more chloride ions as hydrogen chloride. The temperature 

was closely monitored on a thermometer and maintained for 10 minutes so as to completely 

carry out hydrolysis and condensation. The solution was then allowed to cool and neutralized to 

a pH of 8.0 using 10 M NaOH to aid the process of gelation, approximately 50 mL of the 

solution was used. Subsequently a white gel was formed and it was separated from solution by 

centrifugation. The precipitate was washed repeatedly with deionised water until most of the 

chloride ions were removed. This was tested by adding a few drops of AgNO3 solution. After a 

thorough wash the precipitate was filtered and allowed to dry at 150 ºC overnight in a Memmert 

oven supplied by Lasec, South Africa (Pty) Ltd. Using a mortar and pestle the dried material was 

pulverized into a powder and then taken for calcination at a temperature of 600 ºC at a rate of 5 

ºC per minute for 2 hours in a programmable furnace supplied by MET-UED, South Africa. 

Figure 3.1 shows the flow chart diagram for the method followed for the synthesis of doped and 

undoped TiO2 nanopowders. The obtained nanopowders were then taken for characterization on 

XRD, SEM, EDX, TEM, DRS and FTIR. 
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Figure 3.1: Flow diagram of the Sol-gel synthesis 

3.1.3 Preparation of Ag doped TiO2 nanoparticles 

Following the method described in Section 3.1.2 and the flow chart diagram in Figure 3.1, silver 

doped titania nanoparticles were prepared. The commercial silver nitrate (AgNO3) was used as 

received from the supplier (RADCHEM) without any further purification. One gram (0.01 mols) 

of AgNO3 crystal salt was weighed and dissolved in 200 mL of deionised water (DW) in a 250 

mL Erlenmeyer flask immersed in an ice bath as in Section 3.1.2. In a drop-wise manner 11 mL 

of titanium tetrachloride was subsequently added to the solution of AgNO3 under a fume hood. 

The solutions were kept under continuous magnetic stirring, and rapidly heated to 100 ºC and 

maintained for 10 minutes. The colour of the sol turned from cream to colourless during the 

heating process. After cooling the sol was neutralised with a solution of NaOH and stirred for 

some time. The resultant white precipitate was then centrifuged, washed and filtered until it was 
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chloride free. The products were dried in a Memmert oven supplied by Lasec South Africa 

overnight at 150 ºC, after which the material was crushed and grounded into fine powder. The 

crushed powder was evenly spread on a watch glass placed into an empty 500 mL beaker 

covered with aluminium foil then irradiated with UV light using a Camag 365 nm lamp supplied 

by Labotec for two hours for in situ reduction of Ag
+
 ions to Ag

0
 nanoparticles (Duplessis, 

2011). After 2 hours of exposure to UV light, the powder turned to a grey-brownish colour and 

calcined in a programmable furnace supplied by MET-UED at a rate of 5 ºC to 600 ºC for 2 

hours and the colour of the final product was grey due to the presence of silver oxide (Lopez 

Goerne et al., 2012). The products were characterized with FTIR, XRD, DRS, SEM/EDX and 

TEM.  

3.1.4 Preparation of N doped TiO2 nanoparticles 

A similar procedure as above was followed for the synthesis of N-doped TiO2. Urea ((NH2)2CO) 

was used as the nitrogen source and it was used as received from supplier. Five grams (0.083 

mols) of urea was dissolved in 200 mL of deionised water in a 250 mL Erlenmeyer flask with 

continuous magnetic stirring. This was followed by a drop-wise addition of 11 mL of 0.1 M 

TiCl4 into the Erlenmeyer flask immersed in an ice bath maintained at a temperature of 0º C, and 

stirred continuously. This reaction was done under a fume hood since white fumes presumed to 

be hydrogen chloride were being released. The reaction solution turned yellow upon contact of 

water and TiCl4, and subsequently became colourless as the temperature was rapidly raised to 

100 ºC and maintained for 10 minutes. The colourless sol was allowed to cool down and 

neutralised with a solution of 10M sodium hydroxide (NaOH) to pH 8. The solution precipitated 

and turned cream white upon addition of NaOH. The sol solution was washed repeatedly with 

deionised water, centrifuged and filtered to remove any chlorine ions left. The precipitated gel 
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was dried at 150 ºC overnight in a Memmert oven supplied by Lasec South Africa (Pty) Ltd and 

the products were pulverised into a fine powder using a mortar and pestle. The powder was then 

calcined in a programmable furnace supplied by MET-UED at 600 ºC for 2 hours to remove 

moisture and any organic residues from the dopant source. After calcination the colour of the 

powder was yellowish and this was believed to be due to the formation of nitrogen doped TiO2. 

The products were characterized with FTIR, XRD, DRS, SEM/EDX and TEM.  

3.2 Preparation of a Chitosan and PVAE polymer blend 

3.2.1 Reagents and materials 

Polyvinyl alcohol-co- ethylene (PVAE) with 32 mol% ethylene in granular form were supplied 

by Stellenbosch University, and Chitosan (Batch number: CAS 9012-76-4) with > 75% degree of 

deacetylation (%DD) supplied by Sigma-Aldrich, 70% Acetic acid (AA) prepared from 99.5% 

AA by RADCHEM, and 70% Propan-1-ol prepared from absolute n-Propyl alcohol supplied by 

Hopkin&Williams LTD. Deionised water was obtained from the O-Purite deioniser supplied by 

Lasec S.A. housed in the department of chemistry, University of Fort Hare. The polymers 

chitosan and PVAE were used as received from the supplier without any further processing. 

3.2.2 Preparation of chitosan and PVAE polymer blend 

The polymer blend was prepared by first dissolving the polymers in separate reaction flasks and 

subsequently mixed to give a homogeneous chitosan-polyvinyl alcohol-co-ethylene (PVAE) 

blend. A solution of 70% acetic acid was initially prepared by transferring 70 mL of 99.5% 

acetic acid into a 100 mL volumetric flask and filled up to the mark with DW. A measured 

amount of chitosan flakes (1.4 grams) was dissolved in 70% acetic acid (70 mL) to prepare 2% 

(w/v) of the polymer. This was done under continuous stirring in a 100 mL double neck round 
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bottom flask connected to a condenser in an oil bath. The temperature of the flask was kept at 60º 

C and the reaction was allowed to run under reflux in air for 12 hours.  

Polyvinyl alcohol-co-ethylene (PVAE) (2.5 grams) was dissolved in 25 mL of 70% propan-1-ol 

to make 10% (w/v) of the polymer. The solution was stirred continuously in a double neck flask 

immersed in an oil bath at 80º C for 2 hours and this reaction was also refluxed under air.   

The two polymer solutions were allowed to cool down before being blended together in reaction 

vessels labeled C1, C2, C3 and C4 for different volume ratios of Cs/PVAE. The two miscible 

solutions were mixed at different volume ratios of chitosan/PVAE to give (C1 10/90; C2 20/80; 

C3 25/75 and C4 30/70) presented in volume percentages. Different runs were carried out in 

order to find the most suitable solution for electrospining and in the end 80:20 % (v/v) of 

PVAE:Cs blend ratio gave a suitable viscosity and was found to be the most appropriate and 

used. The polymer blends were taken for electrospining under conditions outlined in Section 3.3, 

after which they were characterized on FTIR, SEM and TGA. 

3.2.3 Preparation of doped and undoped TiO2 immobilized on chitosan-PVAE blend 

The chitosan-polyvinyl alcohol co ethylene (PVAE)-doped TiO2 nanocomposite was prepared by 

adding 0.025 g, 0.05 g and 0.1 g of Ag/TiO2 and N/TiO2 nanopowders respectively to labelled 

reaction vessels of the polymer blends containing chitosan-PVAE solution. The doped TiO2 

nanopowder particles were soaked in the chitosan-PVAE blend and continuously stirred for an 

hour using a magnetic stirrer. After an hour the composite was taken for electrospining under the 

set-up outlined on Section 3.3. The same procedure was followed for the preparation of the 

undoped TiO2 polymer immobilized blend. 
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3.3 Electrospinning of doped and undoped TiO2 and chitosan-PVAE mixture 

Over the years, electrospinning has become a powerful and effective method for the preparation 

of nanofibrous materials from different polymers. Such materials offer many advantages when 

used as support for biocatalysts and drug delivery. To carry out the process of electrospinning in 

the laboratory, the following elements were used: a high voltage power supplier that could 

generate up to 50 kV direct current voltages, a 25 mL syringe connected to a capillary pipette, a 

metal wire and a collecting screen with aluminium foil which also acted as the grounded 

electrode. The metal wire was connected to the positive terminal of the power supply and passed 

through the capillary glass pipette. The tip of the pipette was kept 15 cm away from the grounded 

aluminium foil collector. The flow of the polymer blend solution was dependent on gravity and 

the viscosity of the solution was adjusted by changing the volume ratio of chitosan: PVAE. A 

voltage of 15-20 kV was applied and the polymer solution was stretched out into fibers which 

were then collected onto a grounded collector. Several trials were done before fibers started 

forming and the nanofibers were allowed to dry in air overnight and then taken for 

characterization by FTIR, SEM, EDX and TGA.  

3.4 Characterization Techniques 

This section gives a brief outline of the analytical techniques that were used for the 

characterization of the nanoparticles and nanofibers synthesized in this study.  

3.4.1 Fourier Transform Infrared spectroscopy (FTIR) 

The Fourier transform infrared spectroscopy is one of the most popular spectroscopic techniques 

that have been successfully used by chemists to identify organic and inorganic compounds. In 

this study the Perkin Elmer System 2000 Fourier transform infrared (FTIR) was used to 

determine the newly formed functional groups in the doped and undoped TiO2 nanoparticles. 
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About 2 mg of the synthesized titania nanopowder was mixed with a binder potassium bromide 

(KBr) to make transparent pellets using a bolt and a nut pelletizer. Each sample was analysed in 

the wavenumber range 4000-350 cm
-1 

with a resolution of 4 cm
-1

, 16 scans were done for each 

sample. 

3.4.2 X-ray diffraction (XRD) 

X-ray diffraction is a versatile, non-destructive analytical technique that is primarily used for the 

characterization of natural and manufactured crystalline materials. It is used to study the 

structure of the material, including atomic arrangement, crystallite size and atomic spacing. XRD 

is based on the interaction of monochromatic X-rays with a crystalline sample. X-rays are 

generated in the cathode ray tube, and then filtered to produce monochromatic radiation which 

goes through the collimator to increase their intensity and finally directed to the sample. 

Bombardment of the target sample with the incident X-ray beam produces a diffracted ray which 

is detected, processed and converted to count rates provided Braggs’s Law conditions are 

satisfied.   

In this study X-ray diffractometer XRD-D8 Bruker AXS Advance, fitted with a LynxEye 

detector, with Cu K1 (=1.5406 Å) radiation was used to determine the crystalline phase of the 

synthesized titania nanopowder materials. The instrument was also programmed with software of 

EVA and Diffrac. Suite for identification of crystallographic phases and calculations of the 

crystallite sizes using the Scherrer equation: 

D= 
   

     
 

where D is the crystallite size, β is the full width at half maximum (FWHM) of a peak,  is the 

wavelength X-ray radiation,   represents Bragg’s diffraction angle (Chen et al., 2005). The 

samples were scanned in a two theta angle (2 ) range of 5º C to 90 ºC at room temperature. From 
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this characterization technique the crystalline phases, particles size and structure were identified. 

Analysis was done with the help of the laboratory technitian at the department of chemistry, 

University of Fort Hare where the instrument is housed. 

3.4.3 Scanning Electron Microscopy (SEM) 

The scanning electron microscopy takes images of the surface of a sample by scanning it with a 

high energy beam of electrons. SEM images yield information about the topography, 

morphology (size and shape), composition and crystallographic information of the sample. 

Unlike the conventional light microscopes that use light waves to create their images, the SEM 

uses a beam of highly energetic electrons. When a beam of electrons from the electron gun hits 

the surface of the specimen, it interacts with the atoms of the sample to produce signals in the 

form of secondary electrons, backscattered electrons and diffracted backscattered electrons that 

are used to determine the crystal structures and orientations of minerals. Basically the SEM 

produces images of a sample surface, revealing details about the size of the sample.  

In this study SEM images were obtained from JEOL JSM-6390LV scanning electron microscope 

fitted with secondary electron detector. The SEM was equipped with the Energy dispersive X-ray 

spectroscopy (EDS). The samples were first mounted on a metal sample holder called a stub 

using a carbon double sided tape and  then sputter coated with gold and palladium (ratio 80:20) 

using an Eiko IB 3 Ion coater. After this they were ready for SEM observation. The accelerating 

Voltage used was between 10-15kV at different magnifications. 

3.4.4 Energy dispersive X-ray spectroscopy (EDS) 

The EDS is a micro-analytical technique used in conjunction with SEM. It is used to provide 

qualitative information about the sample. This technique uses the characteristic spectrum of x-

rays emitted by the specimen after excitation by high-energy electrons to obtain information 
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about the elemental composition of a sample. In this study EDS technique was used to determine 

and quantify the elemental composition of the synthesized compounds.  

3.4. 5 Transmission Electron Microscopy (TEM) 

Transmission electron microscopy is another form of electron microscope similar to SEM in that 

they both use electrons to obtain images. However, in TEM a high-powered beam of electrons is 

passed through an ultra thin object, interacting with the sample as it is transmitted. An image is 

formed from the interaction of the electrons transmitted through the specimen; the image is 

magnified and focused onto an imaging device, such as a fluorescent screen, on a layer 

of photographic film, where the final image is observed. Since the beam of electrons passes 

entirely through the sample, the pattern of scatter gives a comprehensive view of the interior of 

the specimen. TEMs are capable of imaging at a significantly higher resolution than light 

microscopes, and give higher resolution images of the inner structure of the sample compared to 

the SEM.  

In this study TEM used was accessed at Rhode University, RSA. It was supplied by Zeiss Libra 

120, operated at an accelerating voltage of 80 kV at room temperature. The nanoparticles were 

first prepared by being dispersed onto absolute ethanol and then deposited onto a carbon coated 

Formvar copper grid and dried before being analysed.  

3.4. 6 Diffuse Reflectance Spectroscopy (DRS) 

The UV-vis diffuse reflectance spectroscopy is one of the commonly employed optical methods 

for describing the electronic behaviour present in the structure of a solid material. The spectra 

obtained give information about the electronic transitions of the different orbitals of the solid 

sample (Lopez et al., 2012). In this study the diffuse reflectance spectroscopy (DRS), Cary 500 

UV-Vis-NIR spectrophotometer equipped with an integrating sphere accessory for diffuse 
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reflectance spectra was employed to determine shifts in the optical absorption band edge of the 

synthesized and commercial titania nanoparticles. The samples were analysed at room 

temperature in the wavelength range of 800 nm to 200 nm and BaSO4 was used as a reference. 

This instrument was accessed at the department of chemistry, Wits University, RSA.  

3.4.7 Thermal Gravimetric analysis (TGA) 

Thermal gravimetric analysis is a technique in which the change in the weight of a substance is 

monitored and recorded as a function of temperature in an inert gas controlled atmosphere. This 

analytical technique is commonly employed to determine the characteristics of substances such 

as thermal stability, degradation temperature, moisture and solvent content of materials and the 

filler content in polymers. A TGA consists of a sample pan that is supported by a precision 

balance. That pan resides in the furnace and is heated or cooled during the experiment. The 

weight of the sample is monitored during the experiment. A sample purge gas controls the 

sample environment.  

In this study a PerkinElmer thermogravimetric analyzer (TGA7) fitted with a thermal analysis 

controller (TAC7/DX) was used to determine thermo-gravimetric analysis. The machine was 

operated under a nitrogen gas atmosphere and the samples were heated from 20 °C to 900 °C at a 

heating rate of 20 °C/min. About 5 mg of sample was weighed into the pan and run accordingly. 

3.4.8 Ultraviolet Visible spectroscopy (UV-vis) 

Ultraviolet-visible spectroscopy is an analytical technique that is widely employed for the 

quantitative analysis of a variety of analytes. Analysis using spectroscopic methods are 

commonly done with liquid samples, however solids and gases can also be analysed using this 

technique. Common analysed samples include transition metal ions, highly conjugated organic 
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compounds and biological macromolecules. A UV-vis spectrophotometer measures 

transmittance (%T) which is the ratio of the intensity of light that passes through a sample (I) and 

the intensity of the light before it passes through a sample (Io) at a given wavelength. Since 

absorbance is based on transmittance, the Beer-Lambert law can be applied to determine 

concentration of species in solution:   

A= Log10 (Io/I) =. c.L 

Where A is the measured absorbance, %T = (Io/I), L is the path length through the sample, and c 

is the concentration of the absorbing species. And  is the molar absorptivity constant which 

differs from one element to the next.  

 

In this study, the Perkin Elmer Lambda 25 UV-visible spectrophotometer was used to determine 

the change in concentration of methylene blue (MB) during the photocatalytic degradation 

experiments with Cs-PVAE immobilized Ag/N doped TiO2 nanomaterials. Methylene blue (MB) 

is a heterocyclic aromatic chemical compound with the formula C16H18N3SCl. Before testing the 

photocatalytic activity of the prepared material, the UV-vis spectrum of methylene blue solution 

was obtained to see the range in which it absorbed the ultraviolet light. According to literature 

(Chang et al., 2004) MB has a maximum absorption wavelength in the range 660-665 nm, 

however in this study using the above mentioned instrument maximum wavelength was 

measured to be at 615 nm.  

In a solid form MB appears as a dark green, odourless powder and it turned blue when dissolved 

in water. Under catalytic red-ox cycle MB can be reduced to a colourless compound (Schirmer et 

al., 2011). Figure 3.2 depicts the UV-vis spectra of the maximum absorbance of the 10 mg/L 

methylene blue (MB) solution used in this study: 
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Figure 3.2: (a) Maximum absorption spectra of methylene blue and the calibration curve of MB 

at wavelength 615 nm (b)  

3.5 Conclusion 

Preparation of Ag and N doped titanium dioxide immobilized on Cs-PVAE nanofibers was 

successfully done and results are presented and discussed in Chapter 5. This was confirmed by 

the characterization techniques discussed in Section 3.4. In Chapter 4 properties of the 

synthesized materials were tested by evaluating the photocatalytic activity as well as the 

antibacterial activity. 
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Chapter 4: Photocatalytic and Antibacterial activity tests 

4.0 Introduction 

After synthesis and characterization of the immobilized nanofibers was complete, evaluation of 

the photocatalytic and antibacterial activities of the as synthesized nanomaterials was carried out 

4.1 Photocatalytic activity  

To test the photocatalytic activity of the modified photocatalyst, methylene blue (MB) was 

chosen as a model organic pollutant. The dye was dissolved in deionised water to mimic a 

pollutant in an aqueous medium. Methylene Blue is a cationic tri-cyclic aromatic compound with 

the structure illustrated in Figure 4.1. 

N

N

S N
H3C

CH3

CH3

CH3
 

Figure 4.1: Chemical structure of Methylene Blue 

 The concentration of the dye was first measured on a UV-vis spectrophotometer at a maximum 

absorption wavelength of 615 nm. A 10 mg/L solution of MB was used for the photocatalytic 

activity tests; 100 mL of the aqueous dye solution was measured into a beaker containing 5g of 

nanofibers made from a composite of Cs/PVAE-doped TiO2. The reaction mixture was kept 

under continuous stirring and kept in the dark for 30 minutes to allow equilibration. After 30 

minutes the flask was exposed to UV irradiation at =365 nm using a Camag UV lamp and kept 

under continuous stirring. At 2 hours intervals, 5 mL aliquots were drawn and taken for 

measurement on the UV-vis spectrophotometer to evaluate the concentration after exposure to 
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the photocatalyst and light. This experiment was run concurrently with the visible light (solar 

light) in place of the UV tests. Figure 4.2 presents photographs taken during the photocatalytic 

degradation of MB. 

  

(a)At time zero (b) After 4 hours 

  

(c)After 6 hours of sunlight exposure (d)After 3 days of exposure to sunlight 

Figure 4.2: Images taken during the test of the photocatalytic degradation of MB under solar 

light radiation 
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4.2 Antibacterial tests 

Determination of antibacterial properties of the as synthesized nanomaterials tests was carried 

out in the Microbiology and Biochemistry department at the University of Fort Hare.  

4.2.1 Growth of microorganism 

A strain of Escherichia coli (E. coli) was chosen as the model bacterial contaminant and 

cultivated on nutrient medium. A series of cell dilutions was made from the cell culture of E. coli 

sample under study to obtain a suspension of suitable colony forming unit (cfu/mL). The isolate 

of E.coli was grown overnight in a nutrient broth medium at 37 ºC.  

4.2.2 Reaction system set-up  

A reactor system to carry out antibacterial tests under direct solar light was set up on a sunny day 

with a temperature above 28 ºC on the roof of Chemistry Department University of Fort Hare. 

The photocatalyst materials that were tested were N-doped TiO2 and Ag-doped TiO2, 

immobilized on Cs-PVAE nanofibers, undoped TiO2 and commercial P25 Degussa TiO2 

nanopowders. All the tests were done in duplicates. Eight sterilized 600 mL beakers with lids, 

each containing the photocatalytic nanomaterials were labelled accordingly and placed on a 

magnetic stirrer for mixing. 

4.2.3 Experimental procedure      

To each of the prepared 600 mL beakers 150 mL of nutrient broth was transferred and stirring 

was resumed. This was followed by the addition of 1000 µL of the organism and the mixture was 

continuously swirled on a magnetic stirrer. The control of the experiment was made up of the 

similar set-up but placed in a darkroom. At regular 30 minutes intervals, aliquots of 200 µL were 

withdrawn from the reaction mixture and inoculated onto the prepared nutrient agar plates using 
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sterile swaps. The experiment was run for 3 hours, from t = 0 to t = 180 minutes and inoculated 

agar plates were incubated at 37ºC for 18-24 hours. After 24 hours colony counts were taken and 

recorded. The mean of the colonies for the duplicate plates was calculated and the number of 

surviving colonies was plotted against time. All these tests were done in duplicates, following the 

experiments reported by other researchers (Liu et al., 2003; Coleman et al., 2005). In both the 

solar light and dark room experimental setups, a mixture of broth and organism without the 

nanomaterials served as the blank. 
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Chapter 5: Results and Discussion 

5.0 Introduction 

Chapter 5 covers results that were obtained after characterization of the synthesized TiO2 

nanopowders, undoped and doped as well as the composites and nanofibers. Section 5.1 outlines 

characterization results before electrospining, Section 5.2 covers characterisation results of the 

electrospun nanofibers while Section 5.3 reports on the results obtained for photocatalytic and 

antimicrobial tests of the synthesized materials. 

5.1 Results of characterization of the doped and undoped TiO2 

This section reports and discusses the results obtained for doped and undoped TiO2 prepared by 

the sol-gel synthesis. The characterization techniques used were FTIR spectroscopy, XRD, SEM, 

EDS, TEM and DRS. 

5.1.1 FTIR results 

Figure 5.1 shows spectra of the undoped, nitrogen and silver doped titanium dioxide 

nanopowders obtained after calcination. All three graphs show a broad band in the region from 

440-900 cm
-1

 due to Ti-O stretching vibration and O-Ti-O lattice corresponding to what has been 

reported in the literature as a characteristic of TiO2. The peak observed in all three spectra in 

regions 1620-1640 cm
-1

 and 3396-3500 cm
-1

 respectively correspond to the O-H bending and O-

H vibration of the adsorbed water molecules and hydroxyl ions. The latter peak also corresponds 

to the O-H stretch region and has been attributed to the interactions between the hydroxyl groups 

of titania (Park et al., 1997; Chen et al., 2005; Jagadale et al., 2008; Suwanchawalit et al., 2011). 

These adsorbed OH ions play a significant role in photocatalysis by trapping charge carriers to 

produce reactive OH radicals which are the driving force behind the process. Furthermore they 
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act as adsorbents and active sites for the reactant molecules or the pollutant (Maira et al., 2001). 

The distinct broadness of the peak in region 3379-3500 cm
-1 

in nitrogen doped titania can also be 

attributed to N-H symmetric and asymmetric stretching vibrations (Ren et al., 2007; Kong et al., 

2010). 

 

 

Figure 5.1: FTIR spectra of doped and undoped Titanium dioxide (TiO2)  

5.1.2 XRD results 

The phase composition and crystallite sizes of the synthesized titanium dioxide nanopowders 

were determined by XRD analysis. The XRD patterns of the undoped, as well as silver and 

nitrogen doped titanium dioxide nanoparticles after calcination are shown in Figure 5.2. The 

samples were all calcined at 600 ºC. The XRD pattern shows that all three samples consisted of 

mixed crystalline phases; anatase, rutile and a small percentage of the mineral halite (NaCl) 
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suspected to be an impurity due to the materials used in the synthesis process (Yalcin et al., 

2012).  

 

 

Figure 5.2: XRD Pattern of doped and undoped TiO2 nanopowders 

From all the three spectra strong diffraction peaks representing the anatase phase are observed at 

2  values of 25.5º, 37.9º, 47.5º, 53.89º, 62.44º, 75.3º and 84.1º. This shows that the anatase is the 

dominant phase and this is beneficial since anatase is reported to be more photocatalytically 

active than rutile (Ding et al., 2000; Akpan et al., 2010). Traces of the rutile phase are observed 

at 27.5º, 36.1º and 56.8º. From the sharpness of the peaks in the spectra it can be deduced that the 

calcination process induced high crystallinity (Chen et al., 2007; Thamaphat et al., 2008). On the 

contrary, the N-TiO2 peak broadened after doping and the size of the crystals also decreased 

compared to the pure and Ag-TiO2. This can be attributed to formation of nanoparticles and 

aggregation of the crystallites as they get smaller which agrees with other reported studies 
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(Sathish et al., 2005; Chen et al., 2005). In a similar study Wang et al. (2005) used Scherrer 

equation to estimate the average sizes of the nitrogen doped titania nanoparticles and it was 

deduced that a decrease in peak width is directly proportional to the size of nanoparticles.    

 

Silver doped TiO2 spectrum does not show any noticeable change in the number of peaks due to 

the presence of the silver dopant. Nasr-Esfahani et al., (2008) suggests that this could imply that 

the Ag nanoparticles were well scattered on the surface of TiO2. Behnajady et al., (2008) points 

out that this could be due to what has been reported by other researchers that silver attaches on 

the surface of titania since it has a large radius to be incorporated into the lattice structure 

(Sobana et al., 2006; Choi et al., 2009). 

 

Table 5.1 presents the average nanocrystallite sizes of titania as estimated by the Scherrer 

equation which is explained in Section 3.4.2. Nitrogen doped titania has an average grain size of 

8.2 nm, and this was the smallest size compared to undoped titania and Ag doped TiO2 with 9.23 

nm and 10.52 nm respectively. These estimated results confirm what has been reported that peak 

broadening in nitrogen doped TiO2 implies formation and agglomeration of nanoparticles 

(Sathish et al., 2005; Kusumawardani et al., 2009). The size of nanoparticles has been reported 

to have an inversely proportional relationship with the surface area, implying that N-doped TiO2 

has a larger surface area compared to the undoped and Ag-doped nanoparticles (Sobana et al., 

2006). 
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Table 5.1: Crystalline sizes of doped and undoped TiO2 calculated by Scherrer equation 

Sample ID  Crystallite size (nm) 

Undoped TiO2 9.23 

Ag-TiO
2
 10.52 

N-TiO
2
 8.22 

 

5.1.3 SEM results 

SEM analysis was carried out in order to examine the morphology and diameter size of the 

electrospun nanofibers and the sol gel synthesized undoped TiO2 nanoparticles. The micrograph 

of these nanomaterials is shown in Figure 5.3. The images were obtained from JEOL JSM-

6390LV SEM fitted with secondary electron detector, and equipped with an attachment for the 

Energy dispersive X-ray spectroscopy (EDS) to enable compositional analysis to be carried out.   

Figure 5.3a shows the electrospun nanofibers made from a polymer blend of chitosan/ PVAE and 

titania nanoparticles. The average size of the nanofibers was found to be in the range 234-270 

nm, and appeared to be uniform. Figure 5.3b shows that the shape of pure titania nanoparticles 

was spherical and evenly distributed. TEM analysis was used to obtain the sizes of the 

nanoparticles since the SEM micrographs were not clear for size measurement at high 

magnification.  
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(a)SEM image of TiO2-Cs/PVAE nanofibers (b)SEM image of undoped TiO2 spherical nanoparticles 

Figure 5.3: SEM images of (a) titania immobilized on a polymer blend of Cs-PVAE (b) undoped 

TiO2 spherical nanoparticles 

5.1.4 EDS results 

Elemental composition of the undoped titania, nitrogen and silver doped titania was determined 

using EDS. Table 5.2 shows the percent loadings of all the elemental components making the 

nanomaterials and it can be deduced from the high weight % of titanium and oxygen that they 

are the main components. The weight % loading of Ag-TiO2 was much higher compared to that 

of N-TiO2, and this can be suggested to be due to silver dopant attaching onto the surface of 

titania and not incorporated into the crystal lattice where it would be shadowed from detection. 

Nitrogen has a small radius which is comparable to that of oxygen; therefore it can easily 

undergo interstitial substitution into titania (Choi et al., 2009; Sobana et al., 2006). Hence, only a 

small fraction of nitrogen weight % was detected compared to the silver weight %.  
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Table 5.2: Energy dispersive X-ray spectroscopy results 

Sample  Titanium (Ti) w%  Oxygen (O) w%  Dopants (Ag&N) w% 

Undoped TiO2 53.02 19.89  

Ag-TiO
2
 41.83 19.27 11.99 

N-TiO
2
 53.54 25.75 3.18 

 

5.1.5 TEM results 

Figure 5.4 depicts TEM images of doped and undoped TiO2 nanoparticles (images a-d) after 

calcination. The micrographs show that nanoparticles are of spherical shape for both the doped 

and undoped samples. The average size determined from the diameter of randomly selected 

nanoparticles ranges from 6.4 nm to 21 nm and this is comparable to the estimated nanoparticles 

sizes as calculated from the XRD results. Figure 5.4(a) shows N-doped TiO2 nanoparticles which 

appear to have a crystalline monodisperse orientation compared to Ag-doped TiO2 in Figure 

5.4(b) and the undoped titania in images (c) and (d) which appear to be aggregated and 

polydisperse. The size of the undoped titania in Figures 5.4 (c & d) is comparable to the reported 

size of commercial P25 TiO2 which ranges between 21-30 nm (Bakardjieva et al., 2005). 
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(a) TEM image N doped TiO2 nanoparticles (b) TEM image of Ag doped TiO2 nanoparticles 

   

(c)TEM image of undoped TiO2 nanoparticles (zoomed) 
(d) TEM image of undoped sol-gel synthesized TiO2 nanoparticles 

Figure 5.4: TEM images of doped and undoped TiO2 nanoparticles 
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5.1.6 DRS results 

Diffuse reflectance spectroscopy was used to determine the band gap energy of the synthesized 

doped and undoped titanium dioxide nanoparticles, the commercial Degussa P25 TiO2 was also 

analysed for comparison. Figure 5.5 shows the DRS spectra of all the analysed nanopowder 

particles. From the spectra it is observed that the commercial undoped TiO2 P25 Degussa is the 

least absorbed and Ag-doped TiO2 shows higher absorbance compared to all the nanomaterials. 

This shift absorption band edge corresponds to what has been reported in literature that silver 

doping increases the optical properties of TiO2 to a higher wavelength (Sobana et al., 2006).  

 

Figure 5.5: DRS spectra of the doped and undoped TiO2 

Figure 5.6(a-d) shows the DRS spectra and derivative plots of all the samples from which 

absorption band edges were deduced. Figure 5.6(a-c) represents the spectra of undoped titania, 

N-doped titania and Ag-doped titania respectively. Their absorption band edges appear to have 

shifted to longer wavelengths in the visible region compared to the commercial titania shown in 

Figure 5.6(d) of the DRS differential spectra, the commercial photocatalyst Degussa P25 
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absorption band edge was observed to be in the UV region at 359 nm while the synthesized 

samples showed a large shift in the wavelength towards visible region (~400 nm). However, 

there was a small difference in the absorption shift amongst the synthesized nanomaterials.  

 

  

 
 

 

Figure 5.6: DRS spectra and differential spectra of undoped TiO2 (a), (b) N doped TiO2, (c) Ag 

doped TiO2 and (d) commercial Degussa P25 TiO2 
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Using the observed absorption band edge values the band gap energies (EG) of the samples were 

calculated according to the equation: 

 

Band gap energy (Eg) =hc/ 

Where h = 4.135x10
-6 

eV.s is the Planck’s constant, c = 3x10
8
 m/s is the velocity of light,  is the 

absorption band edge wavelength in nm (Tayade et al., 2006). Table 5.3 shows the results of the 

calculated band gap energies.  And it can be seen that the band gap energies of the synthesized 

samples are narrower compared to the commercial titania. There is also an observed difference in 

the band gap energy of the synthesized catalysts even though it is not large. 

 

Table 5.3: Calculated results of the DRS band gap energy of the TiO2 nanoparticles 

Sample ID Wavelength/ nm Band gap energy/eV 

N-doped TiO2 396 3.13 

Ag-doped TiO2 397 3.12 

P-25 TiO2 (commercial) 359 3.45 

Pure TiO2(lab-synthesized) 394 3.15 

5.2 Characterization results of the electrospun nanofibers 

This section presents characterization results of the FTIR, TGA and SEM results obtained for 

analysis of electrospun chitosan-PVAE nanofibers before and after immobilization of the doped 

TiO2 nanoparticles. The SEM image for the nanofibers is shown in Figure 5.3, Section 5.1.3, the 

FTIR and TGA results are shown below in Section 5.2.1 and 5.2.2 respectively.  
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5.2.1 FTIR results 

FTIR analysis was done for identification of structural changes that took place during synthesis. 

Figure 5.7 depicts the FTIR spectra of pure chitosan (curve A), the 90:10% (v/v) (curve B) and 

80:20 % (v/v) (curve C) blends of PVAE and chitosan. Figure 5.7 spectrum A show peaks that 

are characteristic of chitosan, a sharp peak observed in the wavenumber range from 1018 cm
-1

 

correspond to the C-O stretching vibration and peaks in the range 842-1120.6 cm
-1

 are assigned 

to the saccharide structure of chitosan. Peaks at 1332 cm
-1

 and 1363 cm
-1

 are characteristic of the 

CH3 symmetric deformation and stretching vibration of C-H bonds. Another C-H stretching 

vibration observed at the peak 2889 cm
-1

. These peaks can also be attributed to symmetric or 

asymmetric CH2 stretching from the pyranose ring. The peaks at 1577 cm
-1

 and 1654 cm
-1 

respectively correspond to the stretching vibration of the amino and amide group of chitosan. 

The broad but not intense peak in the range 3200-3400 cm
-1

 is due to the amine NH symmetric 

vibration (Pawlak et al., 2003; Krishna Rao et al., 2006; Anicuta et al., 2010). 

 

 

Figure 5.7: FTIR of pure chitosan and chitosan blended with PVAE 
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However these peaks seem to disappear in the curves B and C when chitosan is blended with 

PVAE at different volume percent ratios. Spectrum B where the ratio of PVAE to chitosan is 

90:10 % (v/v) depicts peaks that are typical of PVAE. A broad peak in the range 3200-3400 cm
-1

 

represents –OH and –NH stretching vibrations of the hydroxyl group in PVAE and amine group 

in chitosan. The intensity of the peaks in spectrum B is decreased when chitosan content is 

increased to make the volume ratio of the polymers to be 80:20 % (v/v). These observations 

suggest that hydrogen bonding between the two polymers occured even though most of the 

chitosan peaks overlapped with PVAE peaks (Krishna-Rao et al., 2006; Jia et al., 2007). The 

disappearance of this peak in spectra B and C can be attributed to the fact that the amount of 

chitosan in the blend is low compared to that of PVAE; this therefore suggests that chitosan 

peaks are masked. 

5.2.2 TGA results 

TGA analysis was employed to determine the thermal stability and degradation temperature of 

the synthesized nanoparticles and electrospun nanofibers. Figures 5.7, 5.8 and 5.9 shows the 

normal thermograms (TGA) and the differential thermograms (DTG) of PVAE:Cs polymer 

blends with different volume ratio. These thermograms show the degradation of the polymers as 

temperature is increases. All the thermograms show a multiple stage degradation with two visible 

weight losses or degradation stages observed around 100-120 ºC and the other in the range of 

400-550 ºC. The first weight loss around 100º C corresponds to the loss of moisture and water 

adsorbed onto the nanofibers (Pawlak et al., 2003). The major weight loss observed in the range 

400-460 ºC is due to the degradation of the polymer blend, mainly PVAE which is reported to 

degrade in one step starting from a temperature of 380 ºC (Dutra et al., 1996). PVAE is mainly 

composed of polyvinyl alcohol (PVA) which is known to undergo thermal degradation around 
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400 ºC, therefore the weight loss at 407.7 ºC corresponds to the breaking down of the PVA 

moiety in the blend (Juntanon et al., 2008). 

 

Figure 5.8: Thermogram and differential thermogram of 90:10% (v/v) PVAE:Cs polymer blend  

 

Figure 5.9: Thermogram and differential thermogram of 80:20% PVAE:Cs polymer blend 
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It is however observed in the DTG thermograms of the polymer blends in Figure 5.9 that as the 

amount of chitosan was increased from 90:10% PVAE:Cs to 80:20% (v/v) a shift in the peaks 

occurred. The degradation temperature of the polymer polymer blend (PVAE-Cs) decreased to a 

lower temperature (458 ºC to 407.7 ºC). This shift is owed to the increase in volume of chitosan 

because it corresponds to the thermal degradation and deacetylation of chitosan (Qu et al., 2000). 

Furthermore this change confirms the interaction between chitosan and PVAE.  

 

Figure 5.10: Differential thermograms of 90:10% and 80:20% (v/v) of PVAE:Cs polymer blends 
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the experiments that were run under natural solar light, the N-doped (MBNTiO2-solar) and the 

Ag-doped (MBAgTiO2-solar) and the samples that had been irradiated with UV using a UV 

lamp, the N-doped (MBNTiO2UV) and Ag-doped (MBAgTiO2UV).  

 

From the plot it could be seen that degradation of methylene blue dye was much faster for the 

experiments that were done under solar light compared to those irradiated with UV light. The 

concentration of MB decreased significantly within the first 2 hours of the experiment in samples 

under solar light. This can be attributed to the absorption shifts of the doped samples to higher 

wavelength that have been discussed in Section 5.1.6 under DRS results. Moreover, it was 

observed that silver doped titania samples were more efficient in degrading MB compared to the 

nitrogen doped samples for both the UV and solar light experiments. The experiment of silver 

doped titania under UV illumination showed a steady decrease for 6 hours of the experimental 

run, whereas the nitrogen doped titania did not show significant change in the concentration. 

This could imply that in the experiment of nitrogen doped titania run under UV illumination the 

photocatalyst was not significantly activated because of the observed red-shift to 396 nm. The 

contrast was observed when the same experiment with N-TiO2 was run under solar light which 

constitutes 45% of visible light. The rate of colour degradation for samples under solar was faster 

compared to the experiments under UV light.  
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Figure 5.11: Degradation of MB using doped TiO2 nanoparticles immobilized on Chitosan-

PVAE blend nanofibers 

From the plot in Figure 5.11 it can be seen that the transition metal doped sample was more 
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therefore reducing the rate of electron hole pair recombination (Sobana et al., 2006).  These 
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surface of titania to form reactive hydroxyl radicals and superoxide ions. A schematic diagram 

by Macwan et al., (2011) in Figure 2.2 illustrates the reaction mechanism of this process. In 

addition, the concentration of free holes (h
+
) on the catalyst surface is increased by the electron 

trap phenomenon by the silver dopant  leading to an increase in the generation of OH• radicals 
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al., 2009; Zhang et al., 2011). 
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The commercial P25 Degussa in powder form was used to degrade MB solution and it showed 

efficiency by decolourizing the dye within one hour. This is also observed on the images taken 

during the photocatalytic degradation test in Figure 4.2. A similar trend was observed with for 

both samples exposed to solar and UV light. However the shortfall of this commercial 

nanopowder photocatalyst remains the recovery process after cleaning the water. This is evident 

in the images, after decolorization the water remains milky due to the powdered photocatalyst. 

5.3.2 Antibacterial activity  

The antibacterial activity of the synthesized nanocomposites was determined using a strain of 

E.coli as a microorganic pollutant as described in Section 4.2. This was done in order to show 

and compare the effectiveness of the synthesized nanomaterials. Figure 5.12 presents the 

inactivation plots of E. coli by AgTiO2/Cs-PVAE and NTiO2/Cs-PVAE, commercial Degussa 

P25 TiO2, and a mixture of broth and E. coli organism only which was used as the experimental 

blank. The tests were done under solar radiation and the control experiment was set up in a dark 

room.  

The initial concentration of surviving colonies at t=0 was 1x10
3
; this sample was taken before 

the microorganism had time to interact with the antibacterial agents.  Hence the number of 

colonies for all the plots was the same. There was a sharp decrease in the number of 

microorganisms during the first 30 minutes of exposure of the pathogens to the antibacterial 

nanomaterials, therefore suggesting immediate effectiveness of the antibacterial agents. The 

microorganisms went through a phase called “sudden death” due to the fact that they were 

introduced to a different environment. However not all the organisms were killed in each of the 

reaction vessels and they appeared to undergo a steady increase for about 15 minutes before 

reaching 60 minutes after which the pathogens seemed to die again. This is with exception to the 
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microorganisms exposed to the commercial P25 Degussa, possible reason for the exponential 

growth of the organisms in this instance could be that: the E.coli strain had developed outer 

membrane proteins therefore preventing the titania nanomaterials from being in contact with cell 

contents. Bacteria have also been reported to resist antibiotics due to genetic transformation by 

undergoing chromosomal changes and also by using membrane transporters (Masuda et al., 

1995). 

 

Ag doped TiO2 however shows the potential to inhibit the growth of E.coli, this occurs within 90 

minutes from t = 60. The nanomaterials exhibited higher antibacterial activity compared to all 

the antibacterial nanomaterials including N doped TiO2. This corresponds to what has been 

reported by Zhang et al., (2009) that silver containing materials have good antibacterial 

properties. The exact mechanism of the antibacterial activity silver is not fully understood. 

However, it has been suggested in literature that it interacts with essential thiol (-SH) groups in 

bacterial proteins. Thus inhibiting DNA replication and causing damage to the cytoplasmic 

membranes of the bacterial cell and subsequently cell death (Martinez-Castanon et al., 2008; 

Jaiswal et al., 2010). 
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Figure 5.12: Photocatalytic inactivation of E. Coli using P25 Degussa TiO2, and undoped TiO2 

nanoparticles immobilized on chitosan-PVAE blend nanofibers 

 

On the other hand, N-TiO2 was able to inactivate the microorganism for a while after which the 

number of surviving colonies increased. This might have occurred because the organism was 

conditioned to the nitrogen filled environment after a while and started using the environment as 

an energy source. Degussa P25 results showed that the growth of this Gram negative 

microorganism could not be inhibited. The increased antibacterial efficiency of Ag-TiO2 

compared to N-TiO2 can be attributed to the fact that Ag alone is known to have antibacterial 

properties (Li et al., 2008; Nasr-Esfahani et al., 2008; Rai et al., 2009). 
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Chapter 6: Conclusion and Recommendations 

6.1 Conclusions 

Production of TiO2 nanoparticles with extended optical band edge for environmental purification 

was achieved using a one pot sol-gel method. The sol gel synthesis method is advantageous 

because many parameters such as temperature, pH and concentration of dopants can be 

controlled during the process. Moreover sol-gel is suitable for doping reactions since it helps to 

develop strong interactions between the dopant and photocatalyst or support (Lopez Goeme et 

al., 2012). Nitrogen and silver doped titanium dioxide nanoparticles were successfully 

synthesized and this was confirmed by characterization by FTIR, TEM, SEM, DRS and EDS. 

From the XRD results it was deduced that the selected calcination at a temperature of 600 ºC for 

2 hours was best suited for production of high crystalline nanomaterials. DRS analysis showed 

that there was an optical shift to higher wavelength due to the incorporation of the dopants Ag 

and N on titania.  

Using the electrospinning method the prepared nanopowders of Ag and N doped TiO2 were 

immobilized onto the nanofibers of a polymer blend of chitosan and polyvinyl alcohol co 

ethylene. The electrospun nanofibers were characterized by SEM to determine fibre orientation 

and size. The SEM images showed that the fiber had a uniform distribution and looked like mats.  

 

The prepared functionalized nanofibers composites were tested for photocatalytic activity and 

antibacterial activity using methylene blue and E. coli respectively as model pollutants. These 

tests were done under solar radiation and UV light for comparison. The photocatalytic activity 

results in Section 5.3.1 showed that silver doped titania was a better photocatalyst because of the 

enhanced degradation of methylene blue dye used as a model organic pollutant. Silver and other 
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noble metals are said to have a strong surface Plasmon resonance (SPR) character mainly 

observed in the visible region. Furthermore these observations are due to the fact that silver 

nanoparticles doped on the photocatalyst were able to trap the photogenerated electrons, 

therefore preventing recombination of electron hole pairs (Kanjwal et al., 2010; ).  

 

The results obtained for antibacterial tests and photocatalytic activity tests show similar trends in 

terms of the dopants used. Silver doped titania showed high antimicrobial efficiency and high 

photocatalytic activity compared to nitrogen doped titania. The effect of the Cs-PVAE polymer 

blend matrix was mainly as a support for the photocatalyst and as an adsorbent. Blending the two 

polymers together improved the mechanical strength of the polymers in water hence the 

nanofibers could be used repeatedly with ease of removal from one reaction vessel to another. 

However it was also observed that the photocatalytic efficiency of titania was masked since the 

photocatalyst nanoparticles were encapsulated within the polymer blend instead of on the 

surface. This reduces the amount of TiO2 active surface sites available for photocatalytic 

decolorization of MB and antibacterial degradation of E. coli as compared to the powdered 

photocatalyst. 

6.2 Recommendations for Future work 

It is recommended that further studies should be carried out in order to answer some of the 

questions which arose from this research as well as further investigation on how methods used in 

this study can be optimized. Specific work identified for recommendation include: 

 Vary the concentration of Ag dopant to investigate whether the absorption band edge can 

be shifted to a longer wavelength. 
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 Co dope titania with Ag and N and immobilize the nanopowders on the Cs-PVAE matrix 

to compare if there will be any increase in the optical shift as well as the photocatalytic 

activity and antibacterial activity. 

 A large surface area of TiO2 provides many active sites on the photocatalyst where 

pollutants can be adsorbed; therefore BET analysis should be done in order to calculate 

the specific surface area (SSA) of the synthesized nanomaterials. 

 Find a method on how to calculate the photocatalyst loading in the nanofibers materials 

per area of the electrospun mat.  

 The efficiency of the polymer blends as adsorbents towards the pollutants should be 

investigated using the adsorption isotherms. 

 More research work to increase the volume ratio of chitosan in the polymer blend from 

20% to 80% resulting in 50:50% (v/v) chitosan to PVAE, as well as measurements of the 

viscosity in order to identify the one suitable for electrospining and nanofiber synthesis.  
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