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Abstract 

Titanium Dioxide (TiO2) was chosen as a photocatalyst and in order to improve its photo-

catalytic properties it was doped with 3 elements copper, nitrogen and sulfur, separately.  All 

catalysts were prepared via sol-gel methods using titanium isopropoxide as a precursor.  

Copper doping was done in a range of 2-5 mol% whereas nitrogen and sulfur doping was 

done in a range of 2-4 moles in relation to the number of moles of TiO2.  The physical and 

chemical properties of these catalysts were studied by inductively coupled plasma optical 

emissions spectroscopy (ICP-OES), scanning electron microscopy (SEM), electron dispersive 

X-ray spectroscopy (EDX), transmission electron microscopy (TEM), nitrogen physisorption, 

powder X-Ray diffraction (XRD), Raman spectroscopy, UV-Vis diffuse reflectance 

spectroscopy (UV-DRS) and photoluminescence (PL).  All dopants were seen to improve the 

properties of TiO2 that would affect the rate of photocatalysis; specifically, narrowing of TiO2 

band gap, decrease of the electron hole recombination rate and increase in surface area. 

The photocatalytic activity of the prepared materials was tested by degrading a mixture of 

four compounds with an individual concentration of 5 mg.L-1.  The four compounds degraded 

were aspirin, caffeine, phenacetin and salicylic acid, which are classified as emerging 

contaminants (ECs).  These reactions were monitored using high performance liquid 

chromatography (HPLC) with a UV-Vis detector.  The doped catalysts showed an 

improvement in photocatalytic activity compared to the undoped catalyst, of all of the 

synthesised catalysts the TiO2:S 1:4 catalyst was seen to have the best performance.  This 

catalyst was used to optimise operation parameters such as pH, substrate concentration and 

catalyst mass for the photodegradation reactions.   

Keywords: Titanium dioxide, copper doped, nitrogen doped, sulfur doped, photo-catalysis, 

degradation of emerging pollutants,  
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Chapter 1 Introduction 

1.1 Background 

Through photocatalysis, sunlight may be used directly to perform reactions that would 

otherwise require a source of energy that may not be renewable.  One of the main advantages 

of using photocatalysis to carry out a reaction, compared to other methods, is that the reaction 

may be done at room temperature, meaning that the cost of reactor materials would be low.  

Photocatalysis can be used for reactions such as hydrogen generation from water splitting, 

carbon dioxide (CO2) photoreduction, organic reactions such as benzene to phenol 

conversion, and degradation of organic pollutants [1-3]. 

South Africa has an annual rainfall of 495 mm which is lower than most countries [4].  This 

is further exacerbated by the problem of water delivery to poor and underdeveloped areas.  

The water being delivered, to households for consumption, must of course be clean and 

suitable for drinking.  Of the types of contaminants in water organics may be of particular 

concern given that they may be stable and persist in the environment.  There are a wide 

variety of organics, however the group of emerging contaminants (ECs) are of concern as 

there are no regulations on allowed concentration in the environment and very little is known 

about their effect on the environment at current levels [5-7].  ECs include compounds such as 

chemicals from industrial processes, pharmaceuticals and personal care products, but may 

also include naturally occurring compounds. 

There are multiple methods of removing organics from water, namely adsorption on activated 

carbon, precipitation, ion exchange, membrane filtration (solid state filtration of organic 

matter) and advanced oxidation processes [8, 9].  One advanced oxidation process that offers 

an environmentally friendly and potentially cheaper route is photo-oxidation of organics.  
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This method is advantageous compared to other remediation methods for organics due to the 

fact that only sunlight and an oxidant, such as oxygen, are needed.  It is possible to degrade a 

wide range of organics using this route and may degrade the organics to less harmful 

products or, if oxidation is completed, to CO2 and water.  Figure 1.1 shows the processes that 

may take place in order to oxidize an organic molecule in solution with an irradiated 

photocatalyst.  Provided that the material is irradiated with energy that is equal to or greater 

than the energy of the band gap of the photocatalyst then the photocatalyst will generate 

electron-hole pairs.  These electron-hole pairs, as can be seen in Figure 1.1, can either react 

directly with the pollutant or create hydroxyl radicals which would also oxidize the pollutant. 

 

Figure 1.1: Processes for photodegradation of an organic molecule with an irradiated 

photocatalyst. 

(Taken from [10]) 

There are a wide variety of semiconductors that can be used as photocatalyst such as ZrO2, 

ZnS, CdS and CdSe [11].  Titanium dioxide (TiO2) is one of the most researched 

semiconductors due to the fact that it is cheap and is resistant to photo-corrosion. 
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1.2 Problem Statement 

Emerging contaminants (ECs) may enter our drinking water through several means such as 

municipal waste treatment plants, household discharges and discharges by industry [12-15].  

Conventional water treatments do not completely remove pollutants, therefore other methods 

are needed.  While TiO2 may provide a cheap and environmentally friendly alternative to 

conventional water treatment techniques it suffers from two major drawbacks.  Firstly it has 

wide band gap of 3.0-3.2 eV which means that it only adsorbs light in the ultraviolet region 

of solar spectrum.  The ultraviolet region of the solar spectrum is only about 5% of the solar 

spectrum energy reaching the surface of the earth.  This means that only a small portion of 

the available solar energy is used and by reducing the band gap more solar energy may be 

used and more electrons and holes may be produced.  The other drawback to TiO2 is the rate 

of electron-hole recombination leading to a number of the electron-hole pairs that are 

generated upon irradiation recombining which reduces the efficiency of the catalyst.  

Reducing the rate of electron-hole pair recombination will result in longer lifetime for photo-

generated electrons and holes, which should lead to greater reaction rates. 

 

1.3 Motivation 

Clean drinking water is a necessity for living; however pollution threatens the delivery of 

clean drinking water.  Of concern is that a number of studies have found compounds that 

have been classified as ECs in South African water bodies [5, 16-18].  Photodegradation of 

these compounds would provide a cheap and environmentally friendly route to remove them 

from drinking water. TiO2 is a good option as a photocatalyst, doping TiO2 with various 

elements has been shown to narrow the band gap of the material and in some cases reduce the 

electron-hole recombination rate.  A narrower band gap would result in greater electron-hole 
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pair generation and a slower electron-hole recombination rate would lead to greater lifetime 

for generated electrons and holes.  Both of effects of doping, smaller band gap as well as a 

lower electron-hole recombination rate, will improve the rate of photocatalysis in comparison 

to an undoped catalyst. 

 

1.4 Aims and Objectives 

The aims of this project were to develop visible light active TiO2 photocatalysts, through 

doping with metals and non-metals for the degradation of emerging contaminants.  The 

selectivity of catalysts based on doping should be determined. 

The objectives of this project were as follows: 

• Synthesize nitrogen, sulfur and copper doped TiO2 

• Study the chemical and physical properties of the synthesized materials 

• Determine the photocatalytic activity of the synthesized materials using ECs as probe 

molecules. 

 

1.5 Research Approach 

Sol-gel methods were used to synthesize all catalysts.  Nitrogen and sulfur doped catalysts 

were synthesised, separately, by a single sol-gel method.  A different sol-gel method, from 

the one used to synthesise the nitrogen and sulfur doped catalysts, was used to synthesise the 

copper doped catalysts.  The chemical and physical properties of the doped catalysts were 

studied, by various characterization techniques, before applications so as to determine the 

effect of each dopant on TiO2.  Photocatalytic experiments involving ECs will be carried out 
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to determine if there is an improvement with doping.  The photocatalytic experiments will 

also help to determine if there is an effect on the selectivity of the catalysts with doping. 

 

1.6 Research Scope 

Catalysts were prepared by sol-gel methods using three different types of dopants.  The focus 

was on the change in the material properties with the different types of dopants.  

Photocatalytic studies will be done using four ECs, to assess the efficacy of the prepared 

catalysts and the effect of doping.  The effect of parameters such as pH of solution, initial 

concentration of substrates and initial mass of catalyst on the efficiency of photocatalysis will 

be studied.   

 

1.7 Structure of Dissertation 

Chapter one: In this chapter the background of this project and the scope of the project will 

be discussed 

Chapter two: This chapter will provide a background on how semiconductors work, various 

elements those make up semiconductors.  The drawbacks of TiO2 will be stated and the need 

for modification.  The compounds to be degraded will be discussed in more detail. 

Chapter three: Will describe the synthesis procedure of the catalysts as well as the details 

for the reagents, instrumentation and experimental procedures. 

Chapter four: The results for the characterisation of the catalysts will be presented in this 

chapter and will be discussed.  This chapter is separated into two parts, one section for the 

discussion of the copper doped catalysts and another for sulfur and nitrogen doped catalysts. 
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Chapter five: The results of the photocatalytic testing will be presented in this chapter and 

will be discussed.  These results will be related to the results in chapter four to show the 

correlation or lack thereof between the results. 

Chapter six: The results obtained will be summarised and overall conclusions will be given.  

Suggestions, for improvement, will be made for endeavours of a similar nature in the future. 
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Chapter 2 Literature Review 

To understand the effect of doping on TiO2 and why it may induce visible light absorption, it 

is important to understand the band theory of semiconductors as well as the chemical 

structure of TiO2 and the effects of various dopants. Thus this literature review begins with an 

overview of band theory, and then discusses key parameters that must be investigated in 

photocatalytic degradation of organic pollutants. 

Operational parameters of a photocatalytic reaction are important, parameters such as pH of 

the reaction medium, substrate concentration, catalyst concentration, temperature, light 

intensity affect the rate of reaction.  Also the nature of the catalyst and the substrate has an 

effect on the selectivity and rate of reaction. These parameters are discussed in detail within 

the literature review. 

Finally, it is important to discuss the means as to how ECs may find their way into water 

bodies that are used for drinking water.  Not much is known about the individual and 

collective effect on environmental systems of these ECs. 

 

2.1 Band Theory 

The electrical properties of metals, semiconductors and insulators are determined by the 

distribution of their electrons, a model that describes this distribution is the band theory.  This 

is given by a model of N atoms or molecules of the same type combining, this provides N 

amount of molecular orbitals (MOs) [1].  Considering just two atoms in a system and 

applying the Pauli Exclusion Principle, when the atoms approach each other, specific orbitals 

will start to overlap and split into two discrete energy levels [1].  For a system with N atoms 

this would lead to 2N number of orbitals with small differences in energy, and because the 
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energy levels are so close together, the overlapping orbitals form an energy band [1].  Each 

atom contributes N electrons and there are 2N MOs, and when applying the aufbau principle 

this leads to some occupied and unoccupied orbitals, the highest occupied MO (HOMO) and 

the lowest unoccupied MO (LUMO) [2].  Only orbitals of similar symmetry may form MOs, 

if the available orbitals are s and p, then this would lead to the formation of, s and p bands 

respectively [1].  For a given system the energy difference between the s band and p bands 

may be large and this would lead to a band gap.  Inside the band gap there are a number of 

energy states that are forbidden, that is to say energy states at which no electrons can or will 

occupy [1].  It is the size of the band gap which determines if a material is a metal, 

semiconductor or insulator [2].  Metals are characterised by two types of energy bands, the 

first is given by Figure 2.1 (b), in this case the metal may have a band gap but due to the 

lower band only being partially filled it will conduct electricity [2].  The second type of 

energy band that a metal may have is given by Figure 2.1 (c) whereby the lower band and 

upper band overlap allowing for conduction of electrons [2].  Insulators have a filled lower 

band, also called the valance band (VB), and the distance between the upper and lower band 

is large meaning that electron movement across the two is difficult Figure 2.1 (a).  The 

difference in the band gaps of metals, insulators and semiconductors can be seen in Figure 

2.1 below. 
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Figure 2.1: An insulator (a), a metal with the lower band partially occupies (b), a metal (in 

which the occupied and unoccupied bands overlap) (c) and a semiconductor (d). 

(Adapted from [2]) 

A semiconductor, Figure 2.1 (d) like an insulator has a completely filled lower and a gap of 

forbidden states between the occupied and unoccupied states, the difference is in the size of 

the gap with semiconductors having smaller band gaps when compared to insulators.  In a 

semiconductor electrons can be excited from the VB, to the upper band also called the 

conduction band (CB).  Excitation of electrons can occur thorough thermal or optical 

excitation or with the application of current or potential [3]. 
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2.2 Optical Properties of Semiconductors 

When a semiconductor is illuminated with electromagnetic energy (photons) that is equal to 

or greater than its band-gap it will absorb a photon and an electron will be promoted from its 

VB to its CB [4].  With the promotion of an electron from the VB to the CB there is a 

formation of a hole (a positive charge) in the VB.  The wavelength of light needed to promote 

an electron is given by Equation 2.1 below [4]. 

𝜆 =  
1240
𝐸𝑔

 
Equation 2.1: Relationship between band gap and wavelength. 

. 

 

Where λ is the wavelength needed and 𝐸𝑔is the band gap of the material.  It can be seen from 

Equation 2.1 that as the band gap increases the wavelength, needed to promote an electron 

from the VB to the CB, decreases i.e. more energy is required. 

Semiconductors may either have a direct or an indirect band gap.  In order for a 

semiconductor to possess a direct band gap, Figure 2.2 (b), the apex of the VB must have the 

same k (wavenumber) value as that of the CB minimum [5].  A semiconductor with an 

indirect band gap, Figure 2.2 (a), however has a two-step mechanism of charge transfer as 

the VB apex and the CB minimum do not have the same k value [5].  The electrons 

momentum must match that of the CB to which it is being transferred.  In order for an 

electron to be transferred from the VB to the CB there must either be a gain or a loss of 

momentum, this is achieved through the interaction of the electron with a phonon [6].  

Phonons are quanta of lattice vibration which arise through lattice thermal energy; there are 

specific frequencies and wavenumbers which characterise each phonon [7].  The phonon will 

either add momentum to the electron or take away momentum which is then distributed back 
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to the hole [6, 8].  This is needed as the frequencies, and therefore the wavenumbers, 

determine the momentum of the electron being transferred. 

 

Figure 2.2: Indirect band gap (a) and direct band gap (b). 

(Adapted from [9]) 

One method that can be used to determine the size of the band gap of a substance is via the 

measurement of the absorbance spectra of the material of interest.  Absorbance is normally 

defined as log(I0/I), where I0 is the incident light intensity and I is the transmitted light 

intensity [10].  For solid materials, however, reflectance measurements must be used instead, 

and the value of I must be the intensity of the reflected light [10].  The amount of light lost is 

taken as the amount of light photoabsorbed by the material [10].  In order to convert the 

reflectance data into absorbance measurements the Kubleka-Munk function can be used as 

given below [11]. 
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𝐹(𝑅∞) =
(1 − 𝑅∞)2

2𝑅∞
 

Equation 2.2: Kubelka-Munk function.  

 

Where 𝐹(𝑅∞) is the absorbance coefficient of the material and 𝑅∞ is the absolute reflectance 

of the material when it has effectively infinite thickness [11, 12].  The 𝐹(𝑅∞) term may then 

be used as the α in the Tauc plot given by Equation 2.3 below: 

(𝛼ℎ𝜈)𝑛 =  𝐴�ℎ𝜈 − 𝐸𝑔� Equation 2.3: Tauc plot equation.  
 

Where A= constant, ℎ𝜈 = the energy of a photon, 𝐸𝑔= band gap energy, α= absorption 

coefficient and n= can be 0.5, 1.5, 2 and 3, for indirect, direct allowed, direct forbidden ad 

indirect forbidden respectively [12-15].  In order to obtain the band gap energy from 

Equation 2.3 for an indirect band gap, a plot of (𝛼ℎ𝜈)
1
2 versus ℎ𝜈 must be used and a linear 

extrapolation of the curve to (𝛼ℎ𝜈)
1
2 = 0 [14-18]. 

 

2.3 General Principles of Heterogeneous Photocatalysis 

Considering that the reaction medium would either be gas or liquid one or more of the 

reactants must be absorbed onto the catalyst surface from either the gas phase or the liquid 

phase, dependent on the reaction medium [19].  The reaction proceeds with the absorption of 

a photon with energy of equal or greater than that of the band gap of the photocatalyst being 

used [19, 20].  The products must then desorb from the catalyst surface and vacate the area 

immediately around the catalyst [19-21]. 

Once the photocatalyst is illuminated with light of the appropriate wavelength and electron-

hole pairs are created there are several pathways that can be taken, by these pairs.  For 
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example, the electron-hole pair could recombine within the material (along defects, 

dislocations, or in the bulk phase), or both could migrate to the surface and recombine.  In 

both cases energy is lost by the release of heat [19, 22, 23].  Another option is that both the 

electron and the hole are trapped by different surface states and thus each is able to come into 

contact with suitable reactants [19, 23]. 

The bottom of the CB determines the reduction power of photogenerated electrons and the 

top of the VB determines the ability of photogenerated holes to oxidize a given molecule [23, 

24].  In order to carry out a given reaction the reductive power of photogenerated electrons 

and the oxidative power of photogenerated holes must be suitable.  Organic molecules in an 

aqueous system may also be oxidised by hydroxyl radicals produced, these hydroxyl radicals 

are produced through reaction of water molecules with photogenerated holes.  The various 

routes possible are given below in Scheme 2.1 [25]. 

TiO2 + hν (UV)  TiO2 (eCB
- + hVB

+) (1) 

TiO2 (hVB
+) + H2O  TiO2 + H+ + OH* (2) 

TiO2 (hVB
+) + OH-  TiO2 + OH* (3) 

TiO2 (eCB
+) + O2  TiO2 + O2

-* (4) 

O2
-* + H+  OH2

* (5) 

Organic + OH*  degradation product (6) 

Organic + hVB
  oxidation product (7) 

Organic + eCB  reduction product (8) 

Scheme 2.1: Pathways for a photocatalytic reaction upon irradiation. 

There are several operational parameters that affect the efficiency of the photocatalytic 

reactions.  
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2.3.1 Effect of Photocatalyst Morphology 

The reaction is influenced by the particle size, morphology (thin films, fibre, or 

nanoparticles) and agglomeration.  Surface area is directly affected by the morphology of the 

particles; several morphologies such as nanoparticles, nanoparticulated films, foams and 

nanotubes have been used in an attempt to improve photocatalytic activity [26].  Particle size 

and surface area have an inversely proportional relationship, as the particle size decreases the 

surface to volume ratio increases.  The size of agglomerates of the catalyst, in photocatalytic 

degradation, for example, there is a direct relationship between degradation rate and surface 

coverage [27].  A number of studies have shown that there is a relationship between the 

amount of substrate absorbed and the reaction rate [28-30].  A greater surface area would 

therefore allow for greater amount of substrate absorption and therefore lead to greater 

reaction rate.  Sugimoto et al carried out a study in which the shape of the TiO2 nanoparticles 

were closely controlled and found that this had a significant effect on the surface area and 

absorption capacity [31]. In general photocatalytic reactions kinetics follows the Langmuir-

Hinshelwood which is a function of surface coverage given by Equation 2.4 below [20]: 

𝑟 = 𝑘𝜃 = 𝑘 �
𝐾𝐶

1 + 𝐾𝐶
� 

Equation 2.4: Langmuir-Hinshelwood equation. 

 

Where 𝑟 is the rate of reaction, 𝜃 is the surface coverage, 𝑘 is the true rate constant, 𝐾 is the 

adsorption constant and 𝐶 is the concentration of the reactant [19].  It can be seen from 

Equation 2.4 that the amount of surface area is important as it affect surface coverage and 

therefore reaction rate. 

Lin et al showed that the reduction of particle size (from bulk) also reduced the size of the 

band gap, to an optimum value of 17 nm, reduction of the particle size any further from this 
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resulted in an increase of the band gap.[11]  This was attributed to the Bras EMM model 

given below: 

𝐸∗ ≅ 𝐸𝑔 +
ħ2𝜋2

2𝑅2
�

1
𝑚𝑒

+
1
𝑚𝑒

� −
1.8𝑒2

𝜀𝑅
 

Equation 2.5: Bras EMM model. 

 

The rate of reaction is determined by the number of photons that reach the surface of the 

catalyst; therefore reaction only takes place in the absorbed phase [22, 32].  By increasing the 

amount of surface area of the catalyst this would increase the amount of light reaching the 

surface of the catalysts and therefore the number of photons hitting the surface of the catalyst.  

An increase in the number of photons reaching the surface of the catalyst would increase the 

number of electron-hole pairs generated and therefore would increase the rate of reaction.  

However as shown in section 2.4.5 later on the amount of photon absorption is only a good 

thing until a certain level beyond this electron-hole recombination becomes a problem, and 

retards the reaction rate.  Therefore beyond a certain point the surface area may be too high 

and the amount of photons absorbed will have a negative effect on the reaction rate. 

 

2.3.2 Effect of pH 

The activity of the photocatalyst in an aqueous system is affected by the pH.  It is possible to 

adjust the rate of reaction and reaction pathways by adjusting the pH of the solution.  The key 

reason can be attributed to the surface charge of the material under different pH values, which 

can be determined by the point of zero charge.  In the area immediately surrounding a solid in 

an aqueous solution (on the order of 1 nm) a charge automatically forms, which is controlled 

by the pH of the solution, the pH at which this charge is neutral is called the point of zero 

charge (PZC) [33, 34]. 
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A given photocatalyst will have a certain PZC at a specific pH and by adjusting the pH the 

photocatalyst may have a positive or negative charge on the surface.  TiO2, for example, has 

PZC at pH 6.25, under lower pH values TiO2 will have a positive surface charge and under 

higher pH values TiO2 will have a negative surface charge [35, 36].  The charge on the 

photocatalyst will affect the attraction and repulsion forces between the photocatalyst, the 

reactant molecules and the product molecules, which could result in a change in activity [35].  

This relates to the surface coverage of the substrate on the photocatalyst surface, if the change 

in pH results in stronger attraction and therefore greater coverage the reaction rate will 

increase. 

The pH of the medium, in which the photocatalyst is being used, also affects the reduction 

and oxidation ability of the photocatalyst.  With a change in the pH of the solution there is a 

change in the position of the CB and VB.  If a semiconductor follows a Nerstain dependence 

on the pH of the solution, then for every unit of pH that the solution is reduced by there will 

be a 59 mV decrease in the potential energy of the CB and VB [37].  At lower pH values a 

semiconductor should display greater oxidation ability and at higher pH values should display 

greater reduction ability.  Although a semiconductor has greater oxidation ability at low pH 

values at very low values and excess of H+
 can decrease reaction rate [38].  However it can be 

seen from Table 2.1 that this can vary, the work by Sun et al and Wei et al in particular show 

the best degradation rates at very low pH values [39, 40].  This increase in reaction rate can 

be attributed to the nature of the pollutant in question as the pH will influence the amount of 

absorption of the pollutant, as discussed above (Equation 2.4) this greatly influences reaction 

rate [41]. 
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Table 2.1: Optimum pH operational conditions for various pollutants.  Table was adapted 

from Akpan et al [24]. 

Pollutant type Light Source Photocatalyst Tested pH range Optimum pH 
Fast Green FCF [42] UV TiO2 3.0-11.0 4.4 
Patent Blue VF [42] UV TiO2 3.0-11.0 11.0 

Orange G [38] UV Sn/TiO2/AC 1.0-12 2.0 
BRL [43] UV K-TiO2 4.5-11.8 7.2 

Methyl Orange [44] UV Pt-TiO2 2.5-11.0 2.5 
Orange G [39] UV N-TiO2 1.5-6.5 2.0 
Acid Red [40] UV Ce-TiO2 1.5-7.0 1.5 

4-Chlorophenol [45] UV N-TiO2 2.0-5.0 3.0 
Orange ΙΙ [46] UV Zn-TiO2 3.0-10.0 3.0 

Bromocresol Purple [47] UV TiO2 4.5-8.0 4.5 
 

2.3.3 Effect of Substrate Nature and Concentration 

The nature of the substrate reacting with the photocatalyst is very important to the rate of 

reaction and reaction efficiency.  Organic molecules that are more electron withdrawing will 

adhere more strongly to the surface of the photocatalyst than molecules that are electron 

donating [48].  The size of the molecule in question is also important as smaller molecules 

adsorb more easily onto the surface of the catalyst due to a higher driving force [49].  Organic 

molecules undergoing photo-oxidation are more readily oxidized the more strongly they 

adhere to the surface of the photocatalyst [50]. 

Work by Bahnemann et al showed that the degradation pathway of the molecule also 

influences irradiation time.  For example, 4-chlorophenol releases a number of intermediates 

and therefore requires further reaction time to oxidise completely while oxalic acid oxidises 

directly to carbon dioxide and water. 

At high substrate concentration the substrate will absorb light for a given catalyst loading and 

thereby reduce the number of photons reaching the catalysts surface leading to a reduction in 

reaction rate [51, 52].  This should only be a factor if the molecules absorb light of the same 
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wavelengths needed to produce electron-hole pairs in the photocatalyst.  Another factor that 

may lead to a decrease in the rate of reaction is simply that although the number of molecules 

to be degraded increases the number of electron-hole pairs remain the same (given the same 

light intensity, catalyst mass and irradiation time) [52].  This means that the number of active 

species remains the same but the demand has increased a problem that could be made worse 

if there are intermediate species. 

 

2.3.4 Effect of Catalyst Concentration 

At low catalyst concentration the rate of reaction increases linearly with an increase in the 

concentration of catalyst [53].  However above an optimum value at which the reaction rate 

reaches a maximum an increase in the amount of catalyst present in the system results in a 

decrease in the reaction rate [53].  At high catalyst concentration there is a greater amount of 

light scattering, screening effects and thus a smaller portion of light reaching the catalyst 

surface which reduces the generation of electron-hole carriers and this leads to a reduction in 

catalyst activity [35].  At high catalyst concentration the fraction of active particles is low so 

the increase in number collisions between reactant molecules and catalyst particles will be 

negated as the likelihood of reactant molecules encountering non-activated catalyst particles 

is higher [54].  The amount of catalyst in solution is directly proportional to the rate at which 

substrate molecules will interact with catalyst particles due to the number of times a substrate 

molecule will encounter a catalyst particle.  At low catalyst concentration the percentage of 

active catalyst particles will be high but the rate of reaction with substrate molecules will be 

low [54]. 
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2.3.5 Effect of Light Intensity and Wavelength 

Light intensity is the amount of Watts of light delivered per a unit area and is defined by 

Equation 2.6: 

𝐼 =
𝑃

4𝜋𝑟2
 

Equation 2.6: Light intensity equation. 

 

Where 𝑃 is the amount of Watts that the area in question is being irradiated with and 𝑟 is the 

distance of the light source from the object being irradiated.  A Watt is defined as the number 

of Joules per a unit time.  In the case of light the number of Joules can be determined by 

Equation 2.7: 

𝑄 = ℎ𝑐 𝜆⁄  
 

Equation 2.7: Calculation for number of Joules at a given wavelength. 
 

 

Where 𝑄 represents the number of Joules, ℎ is Planck’s constant, 𝑐 is the speed of light and λ 

is the wavelength of the light. 

Light intensity determines the amount of light absorbed by the catalyst at a particular 

wavelength [52].  Similarly to catalyst concentration at low light intensities there is a linear 

increase in the reaction rate with an increase in the light intensity (0-20 mW.cm-2) [25].  This 

is as the number of electron-hole pairs generated increases but there is not a great increase in 

the rate of electron-hole pair recombination.  At high light intensities there is a decrease in 

the observed reaction rate > 25 mW.cm-2 [20, 25].  The decrease in the reaction rate at high 

light intensity is due to the increase in the rate of electron hole recombination.  Although at 

high light intensity the generation of electron-hole pairs increases, the secondary and parallel 

process also increases i.e. electron-hole recombination, thus the increase in the recombination 
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rate, this will result in fewer photogenerated electron-hole pairs reaching the surface and 

therefore fewer active species generated for any reactants at the surface of the catalyst [19].  

At low light intensity (0-20 mW.cm-2) the reaction rate is proportional to ɸ (radiant flux), a 

linear increase in reaction rate [55].  At high light intensities (>25 mW.cm-2) the reaction rate 

is proportional to ɸ1/2, the rate of reaction is proportional to the square root of the light 

intensity [55].  However above a certain light intensity the reaction then becomes 

independent of the light intensity, this is to say that the rates of electron-hole pair generation 

and recombination will be in equilibrium and any further increase will not change the rate of 

reaction [56]. 

 

2.3.6 Effect of Temperature 

In section 2.3.1 the importance of reactants adsorption onto the surface of the catalyst was 

discussed.  The temperature of the solution has an effect on the reactants rate of adsorption.  

The Langmuir-Hinshelwood model is followed by most photocatalytic systems.  The effect of 

temperature on this model is described below. 

𝑘 = 𝑘0exp( 𝐸𝑎 𝑅𝑇⁄ ) Equation 2.8: Arrhenius law. 
 

Equation 2.8 above describes the dependence of the true rate constant, given in the 

Langmuir-Hinshelwood model, on temperature.  Where 𝐸𝑎 stands for the true activation 

energy, it can be seen by Equation 2.8 that the rate constant is depend on the variation of 

temperature only [57].  The true activation energy of a photocatalytic system, is nil due to the 

activation energy of the system being provided photonic activation [19]. 
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The adsorption constant given by the Langmuir-Hinshelwood model has a dependence on 

temperature as well given below. 

𝐾𝑖 = (𝐾𝑖)0𝑒𝑥𝑝(−∆𝐻𝑖 𝑅𝑇⁄ ) Equation 2.9: Hoff’s law. 
 

Where ∆𝐻𝑖 is the enthalpy of the adsorption of reactant of interest. This shows that even 

though the true rate constant 𝑟 is independent of temperature in a photocatalytic system, 

because the rate constant is still dependent on the adsorption constant the rate of reaction will 

still be affected by temperature. 

At temperatures greater than 80 °C the recombination of charge carriers is favoured and 

adsorption of organics is more difficult [22].  Therefore the optimum temperature range for 

photo-mineralisation in which to work in is 20-80 °C. 

 

2.4 Oxide Photocatalyst Band Gap Engineering 

Figure 2.3 below gives the elements that have been used to synthesise photocatalytic 

materials.  From Figure 2.3 it is possible to see that there are two types of elements that can 

be used to construct a photocatalyst, elements that only contribute to the crystal structure and 

elements that contribute to both the crystal and energy bands [58].  The first group are 

elements used to make up perovskites and the second group will be materials such as oxides, 

sulphides, oxysulfides.  For example lithium oxide could not be used as a photocatalyst 

whereas lithium has been used in a perovskite type structure as a photocatalyst to split water 

[59].  Likewise sodium has been used in a perovskite structure to degrade gaseous 

formaldehyde [60].  Elements from groups 1, 2 and 3 fall into the first bracket whereas 

elements with d orbitals of d0 and d10 configurations fall into the second bracket [58]. 
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The commonly used photocatalyst are metal oxides, metal sulphides, oxysulfides, oxynitrides 

or composites thereof [61].  The d and p orbitals of the metal cation make up the bottom of 

the conduction band and in the case of metal oxides the 2p orbitals from oxygen make up the 

top of the valance band [62, 63].  The valance band made up from the 2p orbitals of oxygen is 

normally located at +3 eV (vs. NHE) or higher [61].  In the cases of metal sulphides and 

nitrides the VB is formed by sulfur 3p and nitrogen 2p orbitals respectively [62].   

 

Figure 2.3: Elements and their roles in photocatalysis. 

(Taken from [64]) 

The band positions of a number of photocatalysts is given by Figure 2.4, this gives an 

indication as to the ability of these photocatalysts oxidation and reduction abilities.  

Discussed previously was that the top of the VB determines the oxidation ability of a 
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photocatalyst and the bottom of the CB determines the reduction ability of a photocatalyst.  

Also shown in Figure 2.4 are the band gaps of a number of photocatalysts. 

 

Figure 2.4: The band positions of several semiconductors vs normal hydrogen electrode 

(NHE) at pH 1. 

(Taken from [65]) 

A semiconductor such as zinc oxide (ZnO) is very easily photocorroded by photogenerated 

holes [60].  Cadmium sulphide while having a narrow band gap also suffers from 

photocorrosion, the S2- is oxidised by the photogenerated holes and the Cd2+ is eluted into the 

solution [61]. 

The ideal photocatalyst should be photoactive, be biologically and chemically inert, resistant 

towards photocorrosion, be able to harvest light in the visible and near UV light regions and 

be of low cost [66]. 

Of all the photocatalysts available the most commonly used and the one that fits the 

requirements of an ideal photocatalyst the best is TiO2. 
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2.5 Titanium Dioxide  

TiO2 is a readily available material, since the metal titanium (Ti) from which it is made, is the 

fourth most abundant metal on Earth and the ninth most abundant element overall [67].  From 

ancient times TiO2 has found application as a white pigment [68].  In more recent times TiO2 

has found wider applications such as, anti-reflecting coatings, cosmetics, chemical sensors, 

microelectronics and ultra-thin films [69-72].  One of the major applications of TiO2 due to 

its physical properties is in catalysis either as a support or as a catalyst, as a catalyst it can be 

used in photocatalysis.  TiO2 fulfils most of the requirements for an ideal photocatalyst, as it 

is non-toxic, cheap and resistive to photo-corrosion [21, 73]. 

 

2.5.1 Chemical Structure of TiO2 

TiO2 has polymorphs found in nature, anatase, brookite, rutile and TiO2 (B); these take the 

tetragonal, orthorhombic, tetragonal and monoclinic crystal structures respectively [67].  

However the TiO2 (B) form is only found in trace amounts [74].  Two further forms have 

been synthesised from the rutile polymorph namely TiO2 (II) and TiO2 (H) which have PbO2 

(hexagonal) and hollandite structures respectively [75, 76].  In addition to the aforementioned 

phases of TiO2 there have been a number of other forms of TiO2 that have been 

experimentally and computationally made [77-82]. 

Figure 2.5 gives the structures of three naturally occurring polymorphs of TiO2, namely 

rutile, anatase and brookite [67].  It can be seen that the structures of these polymorphs are 

formed by the stacking of octahedra; these octahedra are made up of one Ti atom surrounded 

by 6 oxygen atoms. 
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Figure 2.5: Bulk structures of anatase (a), rutile (b) and brookite (c). 

(Taken form [67]) 

Out of these three polymorphs brookite is very difficult to synthesis and there are only a few 

reported cases [83, 84].  Only the rutile and anatase polymorphs find application [85]. 

In bulk form rutile is the only stable phase, while in bulk form brookite and anatase are 

metastable and will irreversibly transform into rutile upon heating [86].  However phase 

stability is different on the nanoscale.  Anatase is the most stable phase for particles under 11 

nm, brookite is the most stable phase for particles in the range of 11-35 nm and rutile is the 

most stable phase for particles of 35 nm and greater [87, 88]. 

The parameters for the crystals of each of the polymorphs; rutile (tetragonal, a = b = 4.584 Å, 

c = 2.953 Å), anatase (tetragonal, a = b =3.782 Å, c = 9.502 Å) and brookite 

(rhombohedrical, a = 5.436 Å, b = 9.166 Å, c = 5.135 Å) [85, 89].  The bond angles for each 

polymorph is rutile (81.2° and 90.0°), anatase (77.7° and 92.6°) and brookite (77.0-105°) [85, 

89]. 
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2.5.2 Drawbacks of TiO2 as a Photocatalyst 

The anatase phase of TiO2 has a band gap of 3.2 eV, whereas the rutile phase has a band gap 

of 3.00 eV and brookite displays a band gap of 3.27 eV [90-92].  Even though the rutile phase 

has a shorter band gap meaning that it will generated electron-hole pairs at longer 

wavelengths (lower energies), the anatase phase has been found to be the best phase for 

photocatalytic application [93].  The reasoning for the higher photocatalytic activity the 

anatase phase has been attributed to a number of things such as, higher adsorption of 

substrate and lower electron-hole recombination rate of anatase [94, 95]. The longest 

wavelength permitted for the activation of TiO2 anatase phase is 387 nm [96, 97].  This 

wavelength falls in the ultra-violet (UV) region of the electromagnetic spectrum.  Of the solar 

flux incident to the earth’s surface only ~5% is in the UV region (~5% UV, ~43% visible and 

~52% harvesting infrared) [98].  Therefore TiO2 anatase phase only absorbs a small portion 

of the solar flux reaching the earth’s surface.  This lack of absorption in the solar spectrum is 

the main drawback of TiO2 as a photocatalyst.   

In section 2.3 it was briefly shown that oxidation of reactants occur through reaction of 

reactants with photogenerated holes and reduction of reactants occurs through reaction of 

reactants with photogenerated electrons.  Therefore the concentration of the photogenerated 

electron-hole pairs is very important to the reaction rate.  However not all photogenerated 

electron-hole pairs are able to react with the substrate some as some electron-hole pairs 

recombined.  There are three main modes in which electron-hole pairs can recombine [99].  

Band-to-band recombination, this is when an electron from the CB (after photoexcitation) 

moves to a hole in the VB [99].  The second type of recombination is trap assisted 
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recombination, this occurs when an electron and hole recombined at a trap state [99].  The 

third type of recombination is  Auger recombination when an electron-hole pair recombine in 

a band-to-band transition, though the energy is not given off as heat but rather transferred to a 

third charge carrier either and electron or hole [100, 101].  A further drawback to using TiO2 

is the rate of electron-hole recombination, trapping of electrons on Ti3+ sites occur within 30 

ps and 90% of photogenerated electrons recombine on a timescale of about 10 ns [102]. 

There are various ways to increase the range of solar spectrum absorption of TiO2 and to 

reduce the recombination rate of electron-hole pairs.  One method is thin film formation of 

TiO2; work done by Yunxiao et al shows TiO2 films degrades phenol in water better than 

TiO2 powder [103].  Morphology control is also a method that has been studied for increased 

activity, such nanorods and nanotubes, Turki et al showed a higher performance for TiO2 

nanowires for formic acid degradation than P25 [104].  TiO2 immobilised on supports such as 

graphene oxide and carbon nanotubes has also been explored, Fan et al has demonstrated that 

P25 on graphene oxide is has better activity for hydrogen evolution than P25 nanoparticles 

[105]. 

Another way to improve that amount of the solar spectrum that TiO2 absorbs and the rate of 

electron-hole recombination is through doping. 

 

2.6 Doping of TiO2 

Doping in the sense of semiconductors means to replace one of the host elements (Ti, O) in 

the lattice with a foreign element [62].  When doping this foreign element may interact with 

the host compound lattice in two ways, these two cases are given in Figure 2.6.  Figure 2.6 

(a) represents a pristine TiO2 anatase lattice [106].  Figure 2.6 (b) represents the situation 
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where the foreign element (red) replaces an atom from lattice, in this case oxygen, of the 

compound this is called substitutional doping [106].  The second case can be seen in Figure 

2.6 (c) this is when the foreign atom is placed between the natural atoms of the compound 

this is interstitial doping [106]. 

 

Figure 2.6: Pristine TiO2 anatase crystal lattice (a), substitutional doped (b) and interstitial 

doped (c).  Where blue is O, yellow is Ti and red is the foreign element. 

(Taken from [106]) 

Doping is carried out so as to induce a batho-chormic shift in a semiconductor, that is to say, 

to decrease the band gap of the semiconductor or to introduce states between the VB and CB 

which in either case would result in visible light absorption [67].  Figure 2.7 shows the 

difference in the band gap of (a) pristine TiO2, (b) doped TiO2 and (c) a broadening of the VB 

resulting in band gap narrowing [107, 108].  Figure 2.7 (b) shows that doping may induce 

intermediate states either above the VB or below the CB which in either case there would be 

a narrowing in the band gap [107, 108].  The broadening of the VB in Figure 2.7 (c) would 

also result in band gap narrowing and visible light absorption [107, 108]. 

(a) (b) (c) 
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Figure 2.7: Band gap of pristine TiO2 anatase (a), of doped TiO2 with intermediate states 

near either the VB or CB (b) and band gap narrowing through the broadening of 

the VB (c). 

(Taken from [107, 108]) 

Doping also influences the rate of electron-hole recombination.  For optimal separation of 

charge the potential drop through the space-charge barrier should not be less than 0.2 eV 

[109].  The space-charge barrier is also known as the space-charge layer or the depletion 

region, this occurs when an n-type semiconductor is placed in an electrolyte [110].  Electrons 

may flow out from the donor levels into the electrolyte; this will result in Schottky-type 

barrier, to stop further electrons from flowing out [110].  This is explained by Figure 2.8, 

where Figure 2.8 (b) represents the electronic configuration of the semiconductor surface in 

an electrolyte. 
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Figure 2.8: N-type semiconductor in solution (a) and Schottky-type barrier where the 

electrons have flowed out to the lower Fermi level (b). 

(Taken from [110]) 

The effect of dopant concentration on the rate of electron-hole recombination is given by 

[41]. 

𝑊 =  
𝜀𝜀0𝑉𝑠
𝑒𝑁𝑑

 
Equation 2.10: Space charge barrier calculation. 

 

W is the thickness of the space-charge barrier, 𝜀 is the static dielectric current of the 

semiconductor in question, 𝜀0 is the static dielectric constant in a vacuum, 𝑉𝑠 is the surface 

potential, 𝑒 is the electron charge and 𝑁𝑑 is the number of dopant atoms.  When value of W is 

approximate to the depth of penetration of light into the solid ((l =1
𝑎
), where ‘a’ is the 

absorption coefficient at a particular wavelength, then all electrons and holes generated will 

be separated [67]. 
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With an increase in dopant concentration there is a narrowing in the space-charge barrier and 

this therefore results in an increase in separation of electrons and holes, lowering 

recombination.  However at high dopant concentrations the barrier becomes too narrow with 

the space-charge barrier dropping below the recommended 0.2 eV this cause’s increased 

recombination.  Therefore there is an optimum level of doping above or below which would 

result in increased electron-hole recombination. 

Doping may be carried out by either metal or non-metal atoms. 

 

2.6.1 Metal Doping 

A wide range of metals have been used to dope TiO2.  The metals used range from, transition 

metals to noble metals to lanthanides [111-118].  Doping TiO2 with metal ions of higher or 

lower oxidations states than Ti+2 promotes the electrical conductivity of the TiO2 [119].  

Table 2.2 gives a few of the metal dopants that have been used to improve the activity of 

TiO2 with a view to degrade organic pollutants.  It can be seen from Table 2.2 that a wide 

range of metals have been used in an attempt to improve the activity of TiO2.  In the cases 

where the final degradation efficiencies of the doped and undoped catalysts were similar or 

the same, the doped catalyst showed a faster reaction rate.  
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Table 2.2: A number of metal dopants used to improve the photocatalytic activity of TiO2 for 

photo-oxidation. 

Dopant Organic pollutant Doped TiO2 efficiency (%) Undoped TiO2 efficiency (%) 
Fe [120] Methyl orange 70 50 
Pt [121] Methyl orange 98 90 
Ce [122] 4-Chlorophenol 78 20 
Sm [123] Salicylic acid 65 3 
Zr [124] 4-chlorophenol 100 90 
Ba [125] 4-chlorophenol 100 100 
Ag [126] Crystal violet 100 100 
Fe [127] Orange 16 93 70 
 

A number of studies have been done on copper doping of TiO2 for various applications.  It 

has been shown to provide good results in relation to photo-oxidation.  It is a cheap and non-

toxic metal, so in the event of photo-corrosion it will not be harmful to the environment.   

 

2.6.1.1 Copper Doping 

Copper doping of TiO2 has been used to improve photocatalytic activity for many 

applications [128-138].  A study by Nguyen Thi Thu et al, tested the effect of pH on the 

activity, for the degradation of methylene blue, of Cu-doped TiO2 compared to undoped 

TiO2, it was found that at all pH values Cu doped TiO2 had better activity [139].  However at 

higher copper loadings the activity decreased, the best doping level was 0.15 at%.  Pham et al 

found greater activity for the degradation of methylene blue using Cu doped TiO2 on reduced 

graphene oxide than with the undoped TiO2; the greater activity was attributed to a smaller 

band gap and an increase in the hydrophilicity with doping [140].  Chaing et al produced Cu 

doped TiO2 nanorods for the photodegradation of bisphenol A, the reaction rate of the doped 

nanorods was nearly 7 times greater than the undoped nanorods, and the optimum wt% Cu 

was 7% [141].  Wang et al used mesoporous Cu doped TiO2 to degrade methyl orange which 
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showed a significant improvement to the degradation rate of the undoped mesoporous TiO2 

[142].  Yadav et al used copper doped TiO2 for antibacterial activity and found that it worked 

better than the undoped TiO2 [133]. 

B. Choudhury et al used a sol-gel method to synthesis copper doped TiO2, with titanium 

isopropoxide as a precursor and copper nitrate hexahydrate as a source of copper [143].  

Samples were calcined at 450 °C however it was found that the copper induced the formation 

of brookite phase TiO2.  The copper doped catalysts show a decrease in band gap and 

increased absorption in the visible light region.  Yoong et al studied the difference in 

hydrogen production rates of copper doped TiO2 catalysts prepared via either a sol gel or wet 

impregnation method in a range 2-15 mol% [128].  It was found that both preparation 

methods induced a reduction in band gap, the catalysts prepared by wet impregnation had 

narrower band gaps but the band gap did not decrease linearly with the addition of copper.  It 

was seen that hydrogen production was best with copper doped samples prepared by the sol 

gel method, 10 mol% doping was found to be the most active.  Wang et al reported the use of 

copper doped TiO2 for the degradation of Rhodamine B, the catalysts were synthesised using 

a sol gel method and catalysts were doped with copper in range of 0-3 mol% [129].  It was 

found that up to 0.06 mol% copper reduced the rate of electron-hole recombination but 

thereafter the copper increased the amount of electron-hole recombination.  Copper doping 

induced visible light absorption.  Initially doping increased photocatalytic activity but at 

doping levels greater than 0.06 mol% there was a rapid decrease in activity.  The reduction in 

photocatalytic activity was attributed to the formation of Cu2O on the surface of the TiO2 

Y. Liu et al found that interstitial doping of copper into TiO2 is more stable than the 

substitution of Ti with Cu, meaning that interstitial doping is easier than substitutional doping 

[144].  In another study done by B. Choudhury it was proposed that the visible light 
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absorption of copper doped samples originates from the hybridization of the copper d-states 

and oxygen 2p levels [145]. 

 

2.6.2 Non-metal Doping 

Non-metals affect change in the band gap by interaction with the oxygen 2p orbitals [146].  A 

wide range of non-metals have been used to dope TiO2.  Table 2.3 shows various non-metals 

that have been used to dope TiO2 in an effort to improve photocatalytic activity towards 

degradation of organic pollutants. 

Table 2.3: Various non-metals used to dope TiO2 for the degradation of organic pollutants. 

Dopant Organic pollutant Doped TiO2 efficiency (%) Undoped TiO2 efficiency (%) 
B [147] Benzene 100 70 
B [148] Phenol 80 6 
C [149] 4-Chlorophenol 71 56 
Cl [150] Phthalate ester 92 16 
I [151] Phenol 87 62 
P [152] Bisphenol A 65 59 
 

2.6.2.1 Nitrogen Doping 

Nitrogen doping of TiO2 has attracted increased recently due to the increase in visible light 

absorption and photocatalytic activity of N-Doped TiO2 [153-158].  Yang et al found that 

nitrogen doped TiO2 catalysts irradiated only by wavelengths above 420 nm could completely 

degrade 10 ppm of methylene blue within 100 min [159].  Li et al also demonstrated the 

degradation of Rhodamine B with nitrogen doped TiO2 under visible light irradiation, these 

catalyst showed improvement of the undoped catalyst and had absorption 400-800nm region 

[156].  This shows that nitrogen doped catalysts would be viable for utilisation of more of the 

solar spectrum than undoped TiO2.  Chong et al found that nitrogen doping improved the 
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degradation rate of Rhodamine B, the study also looked at various sources of nitrogen and it 

was found that triethlyamine was the best nitrogen source [158].  Work by Devi et al where 

TiO2 was doped with nitrogen and used under solar irradiation for the degradation of phenol, 

the nitrogen doped catalyst showed an increase in activity compared to the undoped catalysts 

[160].  Samiolo et al used N-doped TiO2 as a photoelectrode for the conversion benzyl and 

cinnamyl alcohols to the respective aldehydes, 100% selectivity was found using visible light 

conditions but not under UV irritation, proving the benefit of the visible light activity given 

by doping [161].  Pan et al used nitrogen doped TiO2 to improve the anti-cancer activity of 

aluminium phthalocyanine chloride tetrasulfonate, as the UV irradiation necessary for 

undoped TiO2 would be harmful for photodynamic therapy [162]. 

Zeng et al investigated the difference between photocatalytic activity of substitutional and 

interstitial doping of nitrogen in TiO2 [153].  The difference in the position of the dopant was 

changed simply by including air upon calcination, creating and oxygen rich environment, the 

other calcination condition only included ammonia.  The difference was proven via XPS.  It 

was found that the substitutional doping provided better photocatalytic activity.  These finds 

were supported by Serpone et al whom stated that under oxygen poor conditions 

substitutional doping is favoured and under oxygen rich conditions interstitial doping is 

favoured [163]. 

Asahi et al calculated that substitutional doping of nitrogen would result in band gap 

narrowing through the mixing of the p states of nitrogen and the 2p states of oxygen [164].  

Di Valentin et al found that nitrogen doping lowers the energy cost of oxygen vacancies from 

4.2 eV to 0.6 eV which means that nitrogen doping should be followed by formation of 

oxygen vacancies [165]. 

 



39 
 

2.6.2.2 Sulfur Doping 

Sulfur doping of TiO2 has proven to an effect way to increase the absorption of visible light 

by TiO2 and increase the rates of reaction for various purposes [166-172].  Devi et al reported 

the use of sulfur doped TiO2 for the degradation of phenol which showed better activity than 

undoped TiO2, this was attributed to a narrower band gap and improvement of electron 

trapping [166].  Sharotri et al used sulfur doped TiO2 to degrade 2-chlorophenol, it was found 

that these catalysts worked far better than Degussa P25 or TiO2 (Merck), the optimum 

wavelength for the sulfur doped catalysts was found to 660 nm.  Goswami et al synthesized 

sulfur doped catalyst with oxalic acid as a controlling agent, it was found that these catalysts 

had better activity and much narrower band gaps that the undoped catalyst, the sulfur doping 

also increased surface area [169].  Li et al used a non-hydrolytic themolysis synthesis route to 

make sulfur doped TiO2 which showed vastly improve degradation of both Rhodamine B and 

methylene blue, under visible light irradiation (420-770 nm) [170].  These results show that 

sulfur doping would improve the absorption and activity of TiO2 under solar .irradiation   

According to the study done by Asahi et al sulfur doping would result in a similar band gap 

narrowing to that of nitrogen; however the formation energy required for substitutional 

doping is very high [164].  In a computational study by Yang et al it was shown that S6+ or 

S4+ ion will replace Ti in the TiO2 lattice which is agreement with experimental results found 

elsewhere [173-175]. 

Ohno reported that sulfur doped TiO2 has inferior activity under UV light compared to 

undoped TiO2 though under visible light it shows better activity than undoped TiO2 [176].  

Rockafellow et al made a similar observation, noting that sulfur doped TiO2 only worked 

better in the visible light region compared to undoped TiO2 [177].  The study further stated 
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that sulfur doped TiO2 would only be useful for easily oxidized compounds due to deep trap 

states and therefore weaker oxidizing power.  

 

2.7 Photodegradation of Emerging Contaminants  

In a review by Sauve et al, the definition of an emerging contaminant (EC) was given as a 

naturally occurring or manmade chemical, which may persist in the environment and may 

alter the metabolism of a living organism [178].  It was further stated that these pollutants 

may only remain emerging so long as very little is known about their effect on the 

environment.  Amongst emerging contaminants are pharmaceuticals, personal care products 

and other endocrine disrupting chemicals [179, 180].  Some of the most commonly reported 

ECs are a pharmaceutical group of chemicals called analgesics (painkillers).  There are no 

regulations regarding the acceptable levels at which these compounds should be present in 

the environment, although there may be a threshold value at which one of these compounds 

become toxic.  These chemicals can find their way into the environment in multiple ways, 

such as through municipal treatment plants, household discharges and pharmaceutical 

discharges [181-184].  There have been a number of studies on compounds that are 

considered EC in various European countries as well as the United States of America [185-

188].  Work by Matongo et al shows that the Umegni River (Durban) which feeds a number 

of dams which provide water for consumption, namely Albert falls, Inanda, Midmar and 

Nagle dams, contains a number of ECs [189].  It was shown in further work that the Darvill 

(Pietermaritzburg) waste water treatment plant does not remove all of these pollutants and 

then this water is fed to the Msunduzi River, which then joins the Umgeni River [190].  This 

would in turn contaminate the four aforementioned dams which provide drinking water for 

Durban.  
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These compounds have low biodegradability, so it is necessary to oxidized via an external 

source.  Some of these compounds may also degrade but into even more harmful compounds 

in the environment.  Photodegradation may be a solution to this issue as it may convert 

organic compounds to carbon dioxide and water, and as discussed previously if TiO2 is used 

as a photocatalyst then it would provide a cheap and non-toxic catalyst.  Photocatalyst 

provides the advantages of being energy efficient and reusable compared to other advanced 

oxidation techniques.  The photodegradation of these compounds has been attributed to the 

reaction with photo-generated hydroxyl radicals [55, 191]. 

 

2.7.1 Caffeine  

Caffeine (structure seen in Figure 2.9) can be found in a wide range of regularly consumed 

items, such as coffee, tea, soft drinks and even some sweets.  Caffeine also has medicinal 

uses as it can be used to enhance the effects of painkillers, in cough, cold and headache 

medication and can further be used as a stimulant for cardiac and respiratory systems [192].  

Several studies have been done on the concentration of caffeine in waste water and surface 

water [193-195].  A study by Moore et al suggests that current levels of caffeine 

concentrations in water bodies do not pose a threat to organisms present [196].  While current 

levels do not pose a threat acute levels may pose a threat and given the number of compounds 

in which caffeine can be found it is possible it may pose a threat in the future.  Recently the 

studies by Matongo et al as well as Foluso et al found caffeine in the Umgeni River, which in 

turn can be found in drinking water [189, 190, 197].  Marques et al, used photodegradation 

for the remove of caffeine from water, this was done using TiO2 anchored on CNTs, and the 

TiO2 was prepared by three different methods [198].  In this study 1.0 g.L-1 of catalyst was 

used in 250 mL of 50 ppm caffeine solution, and system was continuously bubbled with 20 
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vol% oxygen.  No degradation mechanism was given for this reaction.  Klamerth et al 

conducted a test to degrade 9 ECs in the same reactor, one of them being caffeine this test 

was carried out with both TiO2 and a photo-Fenton process, in a pilot solar reactor.  A 

concentration of 5 mg.L-1 of TiO2 (P25) was used and 100 ppb of each of the ECs complete 

degradation of all 9 compounds took place within 200 min. 
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Figure 2.9: Structure of caffeine. 

 

2.7.2 Phenacetin 

Phenacetin (Figure 2.10) is an analgesic and is also used to reduce fever [199].  It has been 

proven to cause renal failure and as such has been banned from use in some countries [200].  

Despite this there have been reports of phenacetin being detected in wastewater even in 

countries where it has been banned [201].  Phenacetin was degraded along with 3 other EC in 

a study done by Benitez et al by three different methods namely, hydrogen peroxide, TiO2 

photodegradation and photo-Fenton process [202].  It was found that the TiO2 worked best 

for the degradation of these compounds and it was also found that the compound slowest to 

degrade was phenacetin.  Giri et al used 7 techniques to degrade 16 different ECs 1 of which 

was phenacetin in the same solution [203].  In this study phenacetin showed almost no 
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degradation with UV irradiation and TiO2, and ozone was needed to effect degradation, 

complete degradation took place within 1 hour when using ozone. 

H
N

O

CH3

OH3C  

Figure 2.10: Structure of phenacetin. 

 

2.7.3 Aspirin 

Aspirin (acetylsalicylic acid), structure shown in Figure 2.11, is a readily available in a wide 

range of over the counter medication.  There is evidence that aspirin may reduce the risk of 

certain types of cancer [204].  A toxic dose of aspirin would be in the range of 200-300 

mg/kg, and a dose of 500 mg/kg is potentially lethal [205].  In a study by Takada et al of 

Tokyo wastewater it was found that of the monitored compounds aspirin had the highest 

concentration [206].  A study by Foluso found aspirin in the water of the Umgeni River, as 

well as the Inanda and Midmar Dams [197].   
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Figure 2.11: Structure of Aspirin. 
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2.7.4 Salicylic Acid 

Salicylic acid (SA), structure is given below in Figure 2.12, is a major metabolite of aspirin 

[207].  A number of studies have found trace concentration of SA in effluent, influent and 

soil [208-210].  It is used in creams to treat pimples and blemishes [211].  Vilhunen et al 

degraded SA on TiO2 films, the effect of initial concentration of SA and the initial pH of the 

solution was studied [212].  The films were placed in a petri dish and the solution of SA 

poured over it, this setup was the irradiated with a UV lamp, with 85% of it spectrum 250-

260 nm range.  The best concentration was found to 75 ppm and the best pH to 8.   Silva et al 

synthesized TiO2 anchored on SBA-15 and used these catalysts to photodegrade SA [213].  

For each reaction 50 mL of 50 mmol.L-1 SA was used, to this 4 mg of the respective catalyst 

was added, the mixture was irradiated with a 125 W mercury lamp.  The maximum 

degradation observed for this study in a 180 min period was 20% removal of the initial 

concentration. 

 

O

OH

OH  

Figure 2.12: Structure of SA. 
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Chapter 3 Materials and Methods 

This chapter describes the methods used to prepare and characterize the undoped and doped 

titania powders and the methods used to test the materials as photocatalysts. This chapter also 

describes the reaction methods as well as the analysis method for all the procedures adapted 

and developed throughout the dissertation. 

 

3.1 Chemicals 

Table 3.1 lists all of the chemicals and reagents that were used for this project as well as the 

reagent grade and the supplier of each given reagent.  All the chemicals were used without 

any further purification 

Table 3.1: List of reagents used. 

Chemical Supplier Grade/Purity 
Methanol Parlabo laboratories >99% 

Acetic acid glacial Rochelle Chemicals 99.5% 
Sulfuric acid Promark chemicals 98% 

Orthophosphoric acid Promark Chemicals 85% 
Titanium tetraisopropoxide Alfsa Aesar >97% 

Copper nitrate Sigma-Aldrich 99% 
Urea Sigma-Aldrich 99% 

Thiourea Sigma-Aldrich 99% 
2-propanol Promark Chemicals 99% 

Ti 1000 ppm ICP standard Industrial Analytical AR 
Phenacetin BDH laboratory reagents 98% 
Caffeine Sigma-Aldrich >99% 
Aspirin Merck >99% 

Salicylic acid Sigma-Aldrich 99% 
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3.2 Synthesis  

This section describes the synthesis method used for the preparation of the undoped and 

doped catalyst by one of copper, nitrogen or sulfur. 

3.2.1 Synthesis of Copper Doped Titanium Dioxide Nanomaterials 

The synthesis procedure for copper doped catalysts was adapted from Baltazar et al [1].  

Reagents were used in a molar ratio of 1: 2: 2: 4 of titanium tetraisopropoxide, acetic acid, 

water and 2-propanol respectively.  The dopant, copper nitrate, was dissolved in water and 

the amount of copper nitrate used was in the range of 0-5 mol% with respect to the titanium 

tetraisopropoxide precursor.  The masses of the dopant precursor used for each sample 

prepared are given in Table 3.2 below.  All chemicals used during synthesis were weighed 

out on an analytical balance. 

Table 3.2: Masses of copper nitrate hexahydrate used for copper doped catalysts. 

Catalyst/ mol% Mass of copper nitrate 
used/ g 

Mass of water/ g Mass of acetic acid/ g 

Undoped TiO2 0 0.6305 2.1015 
2% Cu-TiO2 0.1034 0.6305 2.1015 
3% Cu-TiO2 0.1552 0.6305 2.1015 
4% Cu-TiO2 0.2070 0.6305 2.1015 
5% Cu-TiO2 0.2587 0.6305 2.1015 

 

In a typical experiment, a beaker was placed in an ice bath and to this beaker 2.1015 g of 

acetic acid was added, followed by 5.0000 g of titanium isopropoxide and then 4.2288 g of 2-

propanol.  Additions were done with stirring on a magnetic stirrer unit with a magnetic stirrer 

bar.  In a separate beaker an appropriate amount of copper nitrate hexahydrate (see Table 

3.2) was dissolved in 0.6305 g of water, and then this mixture was added drop wise with 

stirring to the titanium isopropoxide mixture.  Each mixture was stirred for 2 hours so that 



74 
 

gelation took place, the time taken for gelation to occur varied on the amount of dopant used.  

The gels were aged for 120 hours under reduced pressure; this was done in the fumehood 

with the extractor fan on.  The gels were then placed in the oven (Labcon 1028K Ecoflomu, 

Labdesign Engineering) at 80 °C for 72 hours.  Finally the obtained powders were calcined 

using a heating rate of 2 °C to a finally temperature of 400 °C, and held at 400 °C 4 hours.  

The furnace used for the calcinations was a Kittec Squadro SQ50 (Figure 3.1).  Before 

calcination all catalysts were white in colour all catalysts containing after calcination all 

catalysts containing dopant changed colour to green. 

 

 

Figure 3.1: Kittec Squadro muffle furnace. 
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3.2.2 Doping of Titanium Dioxide with Either (Nitrogen or Sulfur) 

This procedure was adapted from the methods reported by Ananpattarachai et al [2].  

Depending on the dopant desired either urea (nitrogen doped) or thiourea (sulfur doped) was 

used.  The materials were prepared using a molar ratio of 1:16:0.5:58:2 for titanium 

tetraisopropoxide: water: acetic acid: ethanol: dopant.  The amount of dopant precursor used 

was dependent on the final level of doping desired while all other reagent masses remained 

the same.  Each of the reagents was weighted out using an analytical balance.  To synthesis 

TiO2:N 1-2, 2.1142 g of urea was dissolved in 3.168 g of water thereafter 32.4219 g of 

ethanol and 0.5284 g of acetic acid was added, this was stirred for 20 min.  To this solution 

5.0000g of titanium tetraisopropoxide was added drop wise, this mixture was then stirred for 

2 hours at room temperature. 

The resulting mixture was aged at room temperature under reduced pressure for 48h; this was 

done in the fumehood with the extractor fan switched on.  The materials were then dried in 

the oven, Labcon 1028K Ecoflomu, Labdesign Engineering, for 1 hour at 100 °C.  Thereafter 

the materials were calcined in a muffle furnace, with a ramp rate 2 °C min, to a final 

temperature of 400 °C and held at that temperature for 4 hours. The same procedure was 

carried out to prepare an undoped sample of TiO2 except that no dopant precursor was used.  

All catalysts containing the nitrogen dopant changed from white to yellow upon calcination. 

A similar procedure was used to synthesize the sulfur doped materials. Table 3.3 lists the 

masses used for each of the sulfur doped samples.  All catalysts containing the sulfur dopant 

changed from white to yellow upon calcination. 
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Table 3.3: Masses of urea and thiourea used to achieve desired doping ratios. 

Name of catalyst Dopant used Mass of dopant 
used/ g 

Mass of water/ 
g 

Mass of acetic 
acid/ g 

Undoped catalyst N/A N/A 3.168 0.5284 
TiO2:N 1:2 Urea 2.1142 3.168 0.5284 
TiO2:N 1:3 Urea 3.1713 3.168 0.5284 
TiO2:N 1:4 Urea 4.2284 3.168 0.5284 
TiO2:S 1:2 Thiourea 2.6184 3.168 0.5284 
TiO2:S 1:3 Thiourea 3.9276 3.168 0.5284 
TiO2:S 1:4 Thiourea 5.2368 3.168 0.5284 

 

3.3 Characterization Techniques 

3.3.1 Nitrogen Physisorption 

Nitrogen physisorption measurements were done using a Tri-star 3030, manufactured by 

Micrometrics, USA and purchased from Poretech, South Africa.  Sample preparation was 

done on a VacPrep 061 system manufactured by Micrometrics, USA and purchased from 

Poretech, South Africa.  Measurements were done at -196 °C, this was done using liquid 

nitrogen.  Pictures of the instruments can be seen in Figure 3.2. 
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Figure 3.2: Tri-star 3030 instrument used for BET measurements (a) and VacPrep 061 unit 

(b). 

Initially, samples were weighed in the glass sample tubes that are specific to the instrument.  

Samples were then prepared for analysis by heating all materials under vacuum for 1 hour at 

90 °C, and then at 150 °C for 1 hour and then finally overnight at 200 °C under nitrogen 

flow.  Before analysis the temperature was reduced to 90 °C.  The samples where then 

reweighed and fitted onto the instrument.  

Based on the isotherms obtained and use of the Brunauer, Emmett and Teller (BET) equation, 

the surface area, pore volume and pore diameter values of the catalysts were calculated.  Pore 

size distribution was done using the absorption branch of the isotherm based on Barrett-

Joyner-Halenda (BJH) method. 

 

(a) (b) 
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3.3.2 Ultraviolet-Visible Diffuse Reflectance Spectroscopy (UV-DRS) 

Ultraviolet-Visible diffuse reflectance spectroscopy (UV-DRS) measurements on the 

catalysts were carried using an Ocean Optics spectrometer, the light source used was a 

tungsten halogen lamp.  Measurements were done using the T300-RT-UV-Vis optical fibre 

probe, which has a diameter of 300 μm and a length of 2 m.  The measurements were done in 

absorbance mode, the absorbance measurements were then converted to a Tauc plot using 

Equation 3.1.  The spectra are the averages of 50 replicates; the boxcar width was set to 10 

for all catalysts.  Barium sulphate was used as the reference material.  

To determine the band gaps of the materials the Tauc plot model was used, this is given by 

Equation 3.1. 

(𝛼ℎ𝜈)2 vs ℎ𝜈 Equation 3. 1: Tuac plot. 

Where α is absorbance and ℎ𝜈 is equal to 1240
𝜆

. 

 

3.3.3 Photoluminescence (PL) 

Photoluminescence spectra were obtained from a Perkin Elmer, LS55 Fluorescence 

Spectrometer (Figure 3.3), using LS55 solid probe accessory.  The instrument was controlled 

using the FL WinLab version 4.00.03 Perkin Elmer Inc., and graph server version 1.60 

software.  The instrument was operated in emission mode.  The excitation wavelength was set 

to 310 nm with an excitation slit width of 5.0 nm and an emission slit width of 0.0 nm at a 

scan speed of 100 nm min-1, with 10 scans to average. 
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Figure 3.3: Perkin Elmer, LS55 Fluorescence Spectrometer. 

 

3.3.4 Powder X-Ray Diffraction (XRD) 

XRD diffractogram patterns were obtained using a Bruker D8 Advance XRD diffractometer 

employing Cu Kα radiation (λ = 1.5406 Å).  The diffractometer operated at 40 kV and 40 mA 

for the X-ray tube voltage and current respectively.  The analysis angles were between 15-90 

degrees with a scan rate of 0.5 °.min-1 and with divergence slit and scatter widths of 1°. 

Crystallite size values were calculated for the full width at half maximum (FWHM) values of 

the 101 diffraction peak using the Debye-Scherrer (Equation 3.2). 

𝐿 =
0.9𝜆
𝛽𝑐𝑜𝑠𝜃

 
Equation 3. 2: Debye-Scherrer equation. 

The interplanar spacing values were calculated using the 101 diffraction peak and the Bragg’s 

law equation given by Equation 3.3. 
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𝑑 = 𝑛𝜆
2𝑆𝑖𝑛𝜃

  Equation 3. 3: Bragg’s Law. 

The unit cell measurements and cells volumes were calculated from Equation 3.4 and 

Equation 3.5 respectively. 

1
𝑑2

= ℎ2+𝑘2

𝑎2
+ 𝑙2

𝑐2
  Equation 3. 4: Lattice parameters for a tetragonal system. 

𝑉 = 𝑎2𝑐  Equation 3. 5: Cell volume for a tetragonal system. 

Samples were sent for analysis to iThemba LABS, Cape Town. 

 

3.3.5 Raman 

Raman spectra were acquired using a DeltaNu, Advantage 532 instrument (Figure 3.4), the 

wavelength of the laser was 532 nm, and the instrument was controlled using the Nuspec 

software.  The materials were loaded into clean quartz tubes and then were placed in the 

appropriate sample holder. Analysis parameters were varied based on the number of scans 

and time per scan so as to obtain clear and well defined peaks.  Parameters where maintained 

for a particular set of catalysts. 
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Figure 3.4: DeltaNu Advantage 532 Raman Spectrometer. 

 

3.3.6 Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-

OES) 

ICP-OES was done using a Perkin Elemer Optical Emission Spectrometer Optima 2100 DV 

(Figure 3.5), which is a sequential scanning instrument.  This was used to determine the 

amount of titanium present in the catalysts as well as the amount of dopant present in the 

catalysts.  Into a 100 mL beaker 20 mg of sample was added to this 20 mL of concentrated 

acid was added.  The beaker was then placed on a heater/stirrer unit in fumehood, with the 

temperature at 120 °C and 200 rpm, a watch glass was placed over the beaker.  The beaker 

was left on the heater/stirrer unit until the sample was completely digested. The copper doped 

and nitrogen doped catalysts were digested in hot concentrated sulfuric acid (H2SO4).  The 

sulfur doped catalysts were digested in concentrated phosphoric acid (H3PO4).  The samples 

regardless of the acid being used were quantitatively transferred from the beaker to a 100 mL 
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volumetric flask and made up to the mark with double distilled water.  The sample were 

filtered through a 0.45 micron cartridge before analysis. 

 

Figure 3.5: Picture of Optima 2100 DV Perkin Elemer Optical Emission Spectrometer. 

 

3.3.7 Scanning Electron Microscopy (SEM) 

SEM imaging was done with a Zeiss Ultra Plus Field Emission Gun SEM (Figure 3.6) using 

a secondary electron detector, the Smart SEM software controlled the instrument and was 

used to capture images.  Sample preparation was done by depositing the materials onto 

double-sided carbon tape which was placed on an aluminium stub.  All materials were coated 

with gold prior to analysis using Quorum Q150 ɛ vacuum evaporator to disperse the gold 

carbon dioxide was used by the instrument.  Electron Dispersive X-ray (EDX) analysis was 

done by Joel JSM-6100. 
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Figure 3.6: Picture of Zeiss Ultra Plus Field Emission Gun SEM. 

 

3.3.8 Transmission Electron Microscopy (TEM) 

TEM imaging was done on Jeol JEM-1010 (Figure 3.7) electron microscope, with an 

accelerating voltage of 100 kV.  The software used to control the instrument and take images 

was iTEM.  Sample preparation was done by sonicating the materials in absolute ethanol for 

5 min. Formvar coated copper grids were then dipped into the solution containing the sample, 

this grid was then removed from the solution and allowed to dry before being placed in the 

instrument. 
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Figure 3.7: Jeol JEM-1010 TEM. 

 

3.4 Photocatalytic experiments 

Stock solutions, 1000 ppm, of aspirin, caffeine and salicylic acid where prepared by 

dissolving 100 mg of their respective salts in deionised water and then making the solution up 

to 100 mL in a volumetric flask.  The same procedure was followed for phenacetin except 

that a stock solution of 500 ppm was made by dissolving 50 mg of its salt. 

A combined 5 ppm working solution of the above drugs was made in a 1 L beaker by 

pipetting 5 mL of each 1000ppm solution and 10 mL of phenacetin. 

In a typical photocatalytic experiment 100 mL of the 5 ppm working solution was dispensed 

into a 250 mL beaker.  To this solution 50 mg of a given catalyst was added.  After the 

addition of the catalyst the beaker was covered with foil and the mixture was sonicated for 10 
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min in an ultra-sonication bath.  Sonication was carried out using a MRC ultrasonication 

cleaner model D150H.  Thereafter the mixture was stirred in the dark for 30 min on a 

stirrer/heater unit.  The foil was then removed and the lamp switched on.  The lamp employed 

for this was an Applo 32 W day light lamp with a voltage rating of 220-240 V and a colour 

temperature of 64000 K.  The solution was stirred for 120 min with sampling every 20 min.  

Approximately 1 mL was taken as a sampling aliquot; the catalyst was separated from the 

solution by passing the mixture through a 0.45 μm PVDF filter and transferred to an HPLC 

auto-sampler vial.  The reaction was monitored by HPLC the procedure for which is given 

below. 

 

Figure 3.8: Picture of photocatalytic reaction setup. 
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3.4.1 High Performance Liquid Chromatography 

HPLC analysis was done on an Agilent Technologies 1100 series liquid chromatography 

instrument (Figure 3.9).  The column employed was a Gemini C18 column from Phenomnex, 

15 mm x 2 mm, particle size of 3 μm and pore size of 110 Å.  The wavelength used for this 

analysis was 210 nm.  The mobile phase used was 40:60 (V/V) methanol and water acidified 

with orthtophosphoric acid to a pH 2.30-2.50.  The flow rate was 0.180 mL min.  The 

injection volume was 10 μL. 

 

Figure 3.9: HPLC used for analysis. 
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Chapter 4 Characterization Results and Discussion 

In this chapter the characterization results of all catalysts are discussed.  The catalysts were 

prepared by sol-gel methods as described in chapter 3.  The results for all the catalyst are 

discussed separately from each other.  The techniques presented in this section are nitrogen 

physisorption, UV-DRS, photoluminescence (PL), XRD, Raman, ICP, TEM and SEM-EDX. 

 

4.1 Copper Doping 

Copper doping has been shown to narrow the band gap and increase the hydrophilicity of 

TiO2 and therefore increase the photocatalytic activity of TiO2 [1].  Copper doping can also 

reduce the rate of electron-hole pair recombination in TiO2 however at high doping levels 

copper can promote electron hole recombination [2]. 

 

4.1.1 Quantification of Copper Doping Level 

The level of copper doping in the titania materials was quantified using inductively coupled 

plasma optical emission spectroscopy (ICP-OES).  Table 4.1 gives the amount of copper 

present in the undoped TiO2 catalyst and the copper doped catalysts as a function of mole 

percentage, these results were calculated from ICP-OES data.  The results for all the copper 

doped catalysts show that the level of doping for all catalysts is lower than what was 

originally intended.   
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Table 4.1: Amount of copper present in catalysts in terms of mol percentage as determined 

by ICP-OES. 

Catalyst Doping level (mol %) 
Undoped 0 

2% Cu TiO2 0.91 
3% Cu TiO2 2.03 
4% Cu TiO2 2.90 
5% Cu TiO2 3.69 

 

The difference between the theoretical doping and the actual doping is about 1% for each 

sample synthesized.  The 3 mol % Cu-TiO2 catalyst is closest to the intended doping level 

having 2.03 mol% copper, which is less than the theoretical doping by just under 1%.  The 

5% Cu-TiO2 catalyst has the largest difference between the intended and actual amount, with 

a difference of 1.31%.  

4.1.2 Scanning Electron Microscopy Analysis of Copper Doped Samples 

Figure 4.1 (a-e) shows the SEM images of the undoped TiO2 catalyst as well as the copper 

doped catalysts.  It can be seen from these images that all of the catalysts have irregularly 

shaped particles.  On the surface of these irregularly shaped particles shown in Figure 4.1 (a-

e) there are smaller particles. 
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Figure 4.1: SEM images of undoped TiO2 (a), 2% Cu TiO2 (b), 3% Cu TiO2 (c), 4% Cu TiO2 

(d) and 5% Cu TiO2 (e). 

Figure 4.2 (a-e) show higher magnification SEM images of those shown in Figure 4.1 (a-e) 

of the undoped catalyst and the copper doped catalysts.  These images show the small 

particles on the surface of the large irregularly shaped particles shown in Figure 4.1 (a-e); 

these smaller particles are made up of yet smaller particles.  The surfaces of the large 

(a) (b) 

(c) (d) 

(e) 
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particles shown in Figure 4.1 (a-e) are also seen in the respective images in Figure 4.2 (a-e) 

and it can be seen that this particle is an agglomeration of small particles. 

 

Figure 4.2: Higher magnification images of the particles shown above of undoped TiO2 (a), 

2% Cu TiO2 (b), 3% Cu TiO2 (c), 4% Cu TiO2 (d) and 5% Cu TiO2 (e). 

In Figure 4.3 (a) showing the undoped TiO2 catalyst only titanium and oxygen was detected 

by EDX mapping, this was expected as the material is not modified by copper.  In Figure 4.3 

(a) (b) 

(c) (d) 

(e) 
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(b-d) the EDX mapping for the copper doped catalysts are shown, it appears in these images 

that the copper is well dispersed on the TiO2 surface and does not agglomerate. 

 

Figure 4.3: SEM-EDX mapping images of the sites shown in Figure 4.2 undoped TiO2 (a), 

2% Cu TiO2 (b), 3% Cu TiO2 (c), 4% Cu TiO2 (d) and 5% Cu TiO2 (e). 

  

(a) (b) 

(c) (d) 

(e) 
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4.1.3 Transmission Electron Microscopy Observations on the Copper 

Doped Samples 

Figure 4.3 (a-e) shows the TEM images of the undoped TiO2 catalyst as well as the copper 

doped catalysts.  It can be seen from these images that the particles of all samples are 

irregularly shaped, the size of these particles vary widely for all the catalysts.  This shows 

that the copper doping does not have any effect on the shape of the particles. 
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Figure 4.4: TEM images of undoped TiO2 (a), 2% Cu TiO2 (b), 3% Cu TiO2 (c), 4% Cu TiO2 

(d) and 5% Cu TiO2 (e). 

Figure 4.5 show higher magnification images of the undoped TiO2 and the copper doped 

catalysts.  It appears in these higher magnification images that the particles in Figure 4.4 are 

made up of smaller particles.  This means that these samples are agglomerations.  These 

small particles that make up the agglomerates are difficult to measure due to overlap and poor 

definition of boundaries. 

500nm 

200nm 200nm 

500nm 

200nm 

(e) 

(a) 

(d) (c) 

(b) 
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Figure 4.5: Higher magnification TEM images of undoped TiO2 (a), 2% Cu TiO2 (b), 3% Cu 

TiO2 (c), 4% Cu TiO2 (d) and 5% Cu TiO2 (e). 

 

4.1.4 XRD 

Figure 4.6 presents the XRD diffractograms of copper doped catalysts.  When comparing 

Figure 4.6 to the JCPDS (00-021-1272) file for anatase phase of titanium dioxide it can be 

100nm 100nm 

100nm 100nm 

100nm 

(a) (b) 

(c) (d) 

(e) 
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seen that the materials are in the anatase form of titania.  There are no diffraction peaks that 

indicate that there is any rutile (JCPDS 00-021-1276) phase present, this is expected as the 

temperature of calcination was below that required to effect a phase change [3].  

 

Figure 4.6: XRD diffractogram patterns of undoped and copper doped titanium dioxide 

materials.  Inset magnified view of the 101 peak. 

There are no diffraction peaks representing copper or any copper oxides in the diffractograms 

shown in Figure 4.6.  Considering that the copper is expected to be doping the TiO2 as in 

either the case of copper doping or copper being on the surface of the catalyst the amount of 

copper used is below the detection limit of XRD [4].  Inset in Figure 4.6 can be seen a 

magnified image of the 101 diffraction peak.  It can be seen that there is broadening of this 

diffraction peak with doping and that there is also a decrease in the intensity of this peak.  

This indicates that there is a loss of structure quality and/or loss of crystallinity caused by 
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doping [5].  The 4% Cu TiO2 catalyst has a very similar pattern to the 5% Cu TiO2 catalyst 

the 101 diffraction peak for these catalysts appear overlaid. 

The d-spacing of undoped catalyst is shown which was calculated from the 101 diffraction 

peak in Figure 4.6, using the Bragg’s law equation where n = 1 and λ = 0.15405 nm. 

From the results in Table 4.2 it can be seen that all of the catalysts have the same d-spacing 

value of 0.352 nm.  This d-spacing value matches that of d-spacing for the 101 diffraction 

peak give in the JCPDS file for anatase. 

Table 4.2: Lattice parameters and cell volume for copper doped photocatalysts. 

Catalyst a (nm) c (nm) a2*c (nm3) Crystallite size (nm) d-spacing (nm) 
Undoped 0.3784 0.9501 0.1360 17.75 0.352 

2% Cu-TiO2 0.3787 0.9486 0.1360 9.34 0.352 
3% Cu-TiO2 0.3785 0.9480 0.1358 10.42 0.352 
4% Cu-TiO2 0.3786 0.9470 0.1358 10.75 0.352 
5% Cu-TiO2 0.3786 0.9470 0.1358 10.85 0.352 
 

Table 4.2 lists the lattice parameters and crystallite sizes of the undoped and copper doped 

titanium dioxide catalysts.  The ‘a’ and ‘c’ parameters seen in Table 4.2 were calculated from 

the 2θ values of the 200 and 004 diffraction peaks respectively, using the Bragg’s law 

equation with miller indices, for a tetragonal system [6].  The d-spacing was calculated as 

shown above but for either the 200 or 004 diffraction peak. Below is an example of the ‘c’ 

parameter calculation for the undoped sample. 

The ‘a’ parameter was calculated in the same way using the 200 diffraction peak. 

From the values in Table 4.2, the ‘a’ lattice parameter is relatively unchanged when 

comparing all the catalysts.  The ‘c’ parameter on the other hand shows a slight decrease with 

increased doping with the undoped catalyst having a ‘c’ parameter of 0.9501 nm which 

decreases to 0.9486 for the 2% Cu catalyst.  However comparing the cell volume of the 
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catalysts it can be seen that there is a very small decrease in cell volume for the doped 

catalysts but the all doped catalysts have the same cell volume of 0.1358 nm3.  There is very 

little change seen with the lattice parameters due to the similarity in size of the metal ions.  

Prekajski et al doped TiO2 with Cr3+ and found that the lattice parameters of the doped 

materials showed little change compared to the undoped material, even to high doping levels 

[7].  The lack of change in lattice parameters was attributed to the similar size of the Ti4+ ion 

and Cr3+ ion.  A similar finding was made by Trenczek-Zajac et al, who also doped TiO2 with 

Cr3+ and found that the lattice parameters did not change again the reasoning was a similar 

ionic radius [8].  On the other hand Bartlett et al found that doping TiO2 with Nb resulted in a 

linear increase in the ‘a’ parameter with increased doping [9]. 

Crystallite sizes were calculated from the FWHM of the 101 diffraction peak in Figure 4.6 

using the Scherrer equation. 

The crystallite sizes in Table 4.2 show that all the copper doped catalysts have lower 

crystallite sizes than the undoped TiO2 catalyst which has a crystallite size of 17.75 nm.  

Initially the doping causes a decrease in the crystallite size of the catalysts, as the 2% Cu-

TiO2 catalyst has a crystallite size of 9.24 nm which is smaller than that of the undoped TiO2 

catalyst.  However thereafter with increasing doping there is an increase in crystallite size in 

comparison to the 2% Cu-TiO2 catalyst.  Navas et al doped in range of 2.5-7.5 mol % of TiO2 

and reported a linear decrease in the crystallite size [10].  Rajamannan et al reported that 

doping TiO2 in range of 4-16% Cu (not stated if molar, atom or weight percentage) increases 

crystallite size compared to that of the undoped catalyst [11].  Considering both these results 

it could be that after a certain doping level, under the given reaction conditions crystallite 

growth is promoted. 
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4.1.5 Raman 

Figure 4.7 shows the Raman spectra of copper doped catalysts.  The dominant peaks are the 

B1g, A1g and the Eg at 396, 516 and 642 cm-1 respectively. These correspond to the anatase 

phase of titania [12].  The brookite and rutile phases were not observed.  The Raman spectra 

correlate with the XRD diffractograms; specifically, both the Raman and the XRD analysis 

show only the anatase phase is present in all the synthesized materials. 

 

 

 

Figure 4.7: Raman spectra of copper doped titanium dioxide catalysts showing the various 

active modes for the anatase phase. 
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Table 4.3 shows the FWHM of the Eg peak of the Raman spectra of the copper doped TiO2 

catalysts, this peak was chosen as it showed the highest response factor.  Accord to the 

phonon confinement effect the FWHM should increase with decreasing crystallite size of a 

material, conversely the FWHM decreases with increasing crystallite size [13-18].  This is 

given by Equation 4.1, according to which a reduction in crystallite size causes a relaxation 

in the q vector in Equation 4.1 which leads to a broadening in the Raman spectra [14].   

 

 

Table 4.3: FWHM of the Eg peak from the Raman spectra of the copper doped TiO2 

catalysts. 

Catalyst FWHM (cm-1) 
Undoped TiO2 30.85 
2% Cu-TiO2 36.61 
3% Cu-TiO2 35.80 
4% Cu-TiO2 35.35 
5% Cu-TiO2 34.41 

 

ɪ(𝜔) = ∫ 𝑑3𝑞|𝐶(0,𝑞)|2

|𝜔−𝜔(𝑞)|2+(𝛤0/2)2   Equation 4.1: Gaussian confinement model of first order 

Raman spectra [14]. 

 

 

Looking at the results in Table 4.3 it can be said the FWHM of the catalysts follow the 

phonon confinement effect.  The results are in agreement with the crystallite size 

measurement results shown in Table 4.2, which shows an initial decrease in crystallite size 

upon doping and an increase in crystallite size with further doping.  That is to say that the 

FWHM for the 2% Cu-TiO2 catalyst increases in relation to the undoped catalyst, going from 
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30.85 for the undoped catalyst to 36.61 for the 2%Cu-TiO2 catalyst, thereafter there is a 

decrease in the FWHM with doping.   

 

4.1.6 Textural Characteristics of the Copper Doped Samples 

Figure 4.8 (a-b) shows the isotherms of the undoped TiO2 catalyst and the copper doped 

catalysts.  It can be seen in Figure 4.8 (a-b) that all catalysts show type IV isotherms 

according to IUPAC classfications,[19] this shows that all the catalysts are mesoporous.  All 

the isotherms in Figure 4.8 (a-b) show H2 type hysterisis, which means that the pores are 

disordered and there is blockage of the pores [19].  The volume of nitrogen physisorbed onto 

the copper doped catalysts is greater than the volume physisorbed onto the undoped TiO2 

catalyst synthesised using this particular method.  All the doped catalysts showed adsorption 

up to a value of 𝑝 𝑝0⁄  = 1 showing that there is good interconnect of particles [20].  The 

undoped catalyst only shows adsorption until a value of 𝑝 𝑝0⁄  = 0.8 which shows particles 

that are not rigidly joined together [20].  There was no surfactant used in the synthesis of 

these catalysts so the porsity and surface area of the samples may come from interparticle 

voids.  Interparticle voids can be formed by either aggerates of particles or aggolmerates of 

particles [21].  Aggerates are loosely packed paricles similar to sand and agglomerates are 

formed by densely packed particles [21].  From Figure 4.2 (a-e) and Figure 4.5 (a-e) it can 

be seen that the catalysts particles are agglromerated which would result in interparticle 

voids. 
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Figure 4.8: Isotherms of catalysts as obtained from nitrogen physisorption of undoped 

catalyst (a) and copper doped catalysts (b). 

(a) 

(b) 
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The pore size distribution of the copper doped catalysts are shown in Figure 4.9.  These were 

calculated using the BJH (Barrett−Joyner−Halenda) method from the desorption branch of 

the isotherm.  The undoped TiO2 catalyst shows a maxmium distribution centred around 4.5 

nm.  All the copper doped catalysts show a shift in pore size distribution, with all doped 

catalyst show maxmium values centred around 3.5 nm.  The wider pore size distribution of 

the doped catalysts in comparsion to the undoped catalyst indcated that there is less 

homgenity of the pores for doped catalysts [22].  The shift in the maximum values of the 

doped catalysts compared to the undoped doped catalyst may result from the formation of 

smaller particles with doping.  These smaller particles would be more closely packed and 

therefore create smaller void spaces leading to smaller pores, however the number of voids 

and overall void space would increase.  That the pore size distribution for all samples is the 

range of 2-6 nm confirms that all of the catlysts are mesoporous. 
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Figure 4.9: Pore size distribution of copper doped catalysts. 

Table 4.4 shows a summary of the textrual properties of the copper doped catalysts as 

obtained form data from nitrogen physisorption.  From Table 4.4, it can be seen that all the 

copper doped catalysts show an increase in suraface area compared to the undoped TiO2 

catalyst.  The surface area shows an increase from 9.3 m3.g-1 for the undoped TiO2 catalyst to 

a maximum value of 78.7 m3.g-1 for the 2% Cu-TiO2 catalyst.  The 3% Cu TiO2 and 4% Cu 

TiO2 catalysts show very similar suface areas of 69 and 71 m2.g-1.  The 5% Cu TiO2 catalyst 

has the lowest surface are of all the doped catalysts with a surface area of 57.2 m2.g-1.  The 

reduction in surface area with doping greater than the amount of 2% Cu may be due to the 

morphology of the catalyst with doping.  The cause of the low surface area of 5% Cu TiO2 

may be that at this level of doping there may be aggromeration of copper in the pores that 

would decrease surface area.  As can be seen the 2% Cu-TiO2 catalyst has the highest surface 
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area, this maybe because the doping loading level is very low.  This limited correlation 

between a change in surface area and the amount of copper used during doping has been 

reported perviously [23, 24]. 

Table 4.4: Textural properties of copper doped catalysts. 

Catalyst Surface area (m2.g-1) Pore diameter (nm) Pore volume (cm3.g-1) 

Undoped TiO2 9.3 6.0 0.017 
2% Cu TiO2 78.7 3.6 0.082 
3% Cu TiO2 69.4 3.5 0.069 
4% Cu TiO2 71.2 3.5 0.071 
5% Cu TiO2 57.2 3.9 0.067 

 

All copper doped catalysts show a lower pore diameter values than the undoped TiO2.  From 

the pore size distribution in Figure 4.9 this was to be expected as the undoped TiO2 catalyst 

shows a maxium distribution at a higher pore size. 

The pore volume shows the same trend as the surface area, the undoped catalyst shows the 

lowest pore volume with 0.017cm3.g-1 and the 2% Cu-TiO2 catalyst has the largest pore 

volume with 0.082 cm3.g-1.  The lower pore volume with increased doping could be due to 

structural changes at higher doping levels or the accumlation of copper in the pores of the 

catalyst. 

The decrease in pore diameter with doping may be due to the copper causing a change in the 

structure of the TiO2 or that there is agglomeration of the copper on the pores.  

Aggglomeration of copper on the pores may explain the lower surface area of the catalysts 

with increased doping compared to the 2% Cu TiO2 catalyst. 
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4.1.7 Optical Properties Ultra-Violet Diffuse Reflectance Spectroscopy on 

Copper Doped Samples 

The UV-DRS spectra from Figure 4.10 (a) show that, the absorbance values of copper doped 

catalysts are much higher than that of the undoped catalyst.  The absorbance of the 3% Cu 

TiO2 spectrum is clearly the highest and that of the 5% Cu TiO2 is clearly the lowest of all the 

copper doped catalysts.  The Tauc plots, seen in Figure 4.10 (b), which was used to obtain 

the band gaps of the synthesised materials as well as P25 were obtained by converting the 

UV-DRS spectra seen in Figure 4.10 (a).  The commercial catalyst, P25, band gap is shown 

in Figure 4.10 (b) the band gap obtained here was 3.2 eV which is the literature value for this 

catalyst [25].  

The undoped TiO2 catalyst shows a band gap of 3.0 eV which is slightly narrower than the 

expected 3.2 eV for an anatase phase TiO2.  The doped catalysts had band gap values of 2.6, 

2.4, 2.5 and 2.8 eV in the order of 2%, 3%, 4% and 5% Cu TiO2.  The doping initially shows 

a reduction in band gap in comparison to the undoped catalyst, 2% Cu TiO2 catalyst has a 

band gap of 2.6 eV.  The 3% Cu shows a further decrease in the size of the band gap with a 

band gap of 2.4 eV however the 4% Cu catalyst has a larger band gap of 2.5 eV.  The 5% Cu 

TiO2 catalyst has a further increase in the size of the band gap with a band gap of 2.8 eV.  

The increase in band gap beyond a certain doping level is due to the doping level moving 

beyond the Mott critical density level, and hence a Burstein-Moss shift has taken place [26-

28].  Burstein-Moss shift takes place when the charge carrier concentration exceeds the 

conduction band (CB) density of states, with increasing doping the Fermi level is increased 

causing a blueshift in the absorbance edge [26, 29].  This usually occurs once charge carrier 

concentration exceeds the Mott critical density [29].   
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Figure 4.10: UV-DRS spectrum of copper doped materials (a) and Tauc Plot of UV-DRS 

spectrum of copper doped materials (b). 
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This shows that in terms of narrowing the band gap and making TiO2 visible light active 

doping of 3 mol% Cu would be the optimum level and further doping results in a decrease in 

the band gap.  From these results it is clear that copper doping results in a narrower band gap 

for TiO2 and hence allows for visible light absorbance. 

 

4.1.8 Photoluminescence Spectroscopy Studies of Copper Doped Samples 

There are a number of peaks in the spectra of Figure 4.11 which can be assigned to certain 

events within the catalysts.  The peak at 423 nm can be assigned to self-trapped excitons [30-

33].  The peak at 447 nm can be attributed to interstitial defects in the TiO2 catalysts [34].  

The peaks at 460 nm and 522 nm can be assigned to oxygen vacancies, which are formed 

trapping one and two electrons respectively [30-32, 35].  Oxygen vacancies result in donor 

levels below the CB of TiO2, this can result in a narrower band gap and result in visible light 

activity of an undoped TiO2, this may be the cause of the undoped TiO2 having a band gap 

narrower than expected [36-40]. 

Figure 4.11 shows the photoluminescence (PL) spectra of the undoped TiO2 catalyst, the 

copper doped catalysts and P25.  The 2% Cu-TiO2 catalyst shows a drastic reduction in 

intensity in comparison to the undoped TiO2 catalyst.  There is further decrease in spectrum 

intensity with increasing doping and therefore further reduction in electron-hole 

recombination rate with increasing doping. Figure 4.11 shows the PL spectrum for P25, 

following the peak at 522 nm it can be seen that, for the peak representing an oxygen vacancy 

with 2 electrons, the P25 has the lowest intensity of all catalysts.  This suggests that P25 may 

have the lowest recombination rate of all the catalysts. 
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Figure 4.11: Photoluminescence spectra of copper doped materials obtained using, Perkin 

Elmer, LS55 Fluorescence Spectrometer at 310 nm. 

 

4.1.9 Final Comments on Copper Doping 

Copper doping has been shown in this work to improve the properties of TiO2 that would 

improve its photocatalytic activity.  All catalysts were anatase phase and copper doping 

showed little to no effect on the structural properties of the TiO2 lattice, however a loss of 

crystallinity was observed.  Copper has been shown to reduce the band gap of TiO2 but only 

to a doping level of 3 mol% Cu.  Copper doping in this study has improved the surface area 

of TiO2 which should improve reaction rate.  The rate of electron-hole pair recombination is 

reduced by the addition of copper to TiO2. 
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4.2 Nitrogen Doped Titanium Dioxide Samples 

Nitrogen doping has previously been shown to decrease the band gap of TiO2 and therefore 

allow for greater solar spectrum absorption and increase reaction rates of TiO2 [41, 42].  

Nitrogen doping also promotes the formation of oxygen vacancies in TiO2 [43]. 

 

4.2.1 Scanning Electron Microscopy Analysis of Nitrogen Doped Samples 

Figure 4.12 (a-d) shows the SEM images of the undoped catalyst and the nitrogen doped 

catalysts.  It can be seen in these images that the undoped catalysts and the nitrogen doped 

catalysts have irregularly shaped particles and that on the surface of these catalyst particles 

there are other smaller particles.  The nitrogen doping does not appear to offer any shape 

control of these particles. The size of these particles is very wide ranging for all catalysts. 
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Figure 4.12: SEM images of undoped TiO2 (a), TiO2:N 1:2 (b), TiO2:N 1:3 (c) and TiO2:N 

1:4 (d). 

Figure 4.13 (a-d) shows higher magnification images of the particles shown in Figure 4.12 

(a-d) of the undoped catalyst and the nitrogen doped catalysts.  Figure 4.13 (a) and (b) which 

show images of the undoped and the TiO2:N 1:2 catalysts respectively show the same 

morphology.  In these images an agglomeration of particles can be seen an interparticle voids 

can be seen. 

For Figure 4.13 (c) and (d) images of TiO2:N 1:3 and TiO2:N 1:4 catalysts respectively show 

the same morphology, this morphology is different to that of the undoped and TiO2:N 1:2 

catalysts.  It is possible that doping changes the morphology of the catalysts.  The images for 

the TiO2:N 1:3 and TiO2:N 1:4 catalysts also shows packing of smaller particles to make up 

the large particles shown in Figure 4.12 (c) and (d). 

(a) (b) 

(c) (d) 
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Figure 4.13: Higher magnification SEM images of undoped TiO2 (a), TiO2:N 1:2 (b), TiO2:N 

1:3 (c) and TiO2:N 1:4 (d). 

Figure 4.14 (a-d) shows the SEM-EDX mapping of the undoped catalyst and the nitrogen 

doped catalysts.  The undoped catalyst as expected only shows titanium and oxygen on the 

surface of the catalyst.  The nitrogen doped catalysts also only show titanium and oxygen on 

the surface of the catalysts.  The fact that nitrogen is not detected by the instrument is 

unexpected however the content of nitrogen in the catalyst may be below the instruments 

detection limit.  XPS is needed to prove the presence of nitrogen in the catalysts. 

Overall the use of SEM and SEM-EDX may not be a useful method to studying the doping of 

TiO2 with nitrogen.  This is as nitrogen cannot be seen as particles.   

(a) (b) 

(c) (d) 
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Figure 4.14: SEM-EDX mapping of undoped TiO2 (a), TiO2:N 1:2 (b), TiO2:N 1:3 (c) and 

TiO2:N 1:4 (d). 

 

4.2.2 Transmission Electron Microscopy Observations on the Nitrogen 

Doped Samples 

Figure 4.15 (a-d) shows the TEM images of the undoped and nitrogen doped catalysts.  The 

undoped catalyst and all the nitrogen doped catalysts seen in these images show irregular 

particle shape.  The size and shape of these particles vary widely for all catalysts.  This shows 

that doping with nitrogen does not have an effect on the shape of the catalysts which confirms 

the findings of the SEM images. 

(a) (b) 

(c) (d) 
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Figure 4.15: TEM Images of undoped TiO2 (a), TiO2:N 1:2 (b), TiO2:N 1:3 (c) and TiO2:N 

1:4 (d). 

Figure 4.16 (a-d) show higher magnification TEM images of the particles shown in Figure 

4.15 (a-d) of the undoped catalyst and the nitrogen doped catalysts.  It appears in each of the 

images shown in Figure 4.16 (a-d) that all of the catalysts are made up of smaller particles.  

This would support the findings of the SEM high magnification images which show 

individual particles making up the larger irregular shaped particles. 
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Figure 4.16: Higher magnification TEM Images of undoped TiO2 (a), TiO2:N 1:2 (b), TiO2:N 

1:3 (c) and TiO2:N 1:4 (d). 

 

4.2.3 XRD 

Figure 4.17 presents the diffractogram patterns of the nitrogen doped TiO2 materials.  It can 

be seen that the diffractogram patterns for all of the catalysts match the JCPDS (00-021-

1272) file for anatase TiO2.  Matching the diffractogram patterns against rutile phase JCPDS 

(00-021-1276) file for TiO2 it can be seen that there are no diffraction peaks belonging to 

rutile phase present.  That anatase is the only phase present is expected as the temperatures 

used in calcination would not enforce a phase change.  Inset is a magnified view of the 101 

diffraction peak, it can be seen that this peak decreases in intensity and becomes boarder 
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upon doping.  This implies that there may be a loss of structure quality or crystallinity with 

doping. 

 

Figure 4.17: XRD diffractogram patterns of undoped and nitrogen doped titanium dioxide 

materials. 

Table 4.5 shows the lattice parameters, cell volume, crystallite size and d-spacing of the 

copper doped catalysts as calculated from XRD diffractogram patterns.  The ‘a’ and ‘c’ 

lattice parameters were calculated from the 2θ values of the 200 and 004 diffraction peaks 

respectively.  It can be seen that there is no change in the ‘a’ parameter seen for any of the 

doped catalysts.  The ‘c’ parameter shows only a very slight increase with doping, though this 

change is constant and increases with doping.  Overall the cell volume does not change with 

increasing doping. 
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The crystallite sizes shown below in Table 4.5 were calculated from the FWHM of the 101 

diffraction peak of each catalyst.  The undoped catalyst has a crystallite size of 10.50 nm 

upon doping the TiO2:N 1:2 catalyst has a reduction in crystallite size being 9.85 nm.  With 

increasing doping there is further decrease in the crystallite size.  The TiO2:N 1:3 and TiO2:N 

1:4 catalysts have very similar crystallite sizes of 9.36 and 9.32 nm respectively.  The linear 

reduction of the crystallite size with doping may indicate that doping with nitrogen inhibits 

the growth of TiO2 crystals. 

Table 4.5: Lattice parameters and cell volume for nitrogen doped photocatalysts. 

Catalyst name Crystallite 
size (nm) 

a = b (nm) c (nm) Cell volume (nm3) d-spacing 
(nm) 

Undoped TiO2 10.50 0.3786 0.9492 0.1360 0.352 
TiO2:N 1:2 9.85 0.3787 0.9506 0.1364 0.352 
TiO2:N 1:3 9.36 0.3788 0.9508 0.1364 0.352 
TiO2:N 1:4 9.32 0.3788 0.9510 0.1365 0.352 

 

The d-spacing of the catalysts is also presented in Table 4.5.  It can be seen that all the 

catalysts have the same d-spacing (0.352 nm) expected for anatase TiO2 when using the 101 

diffraction peak.  This indicates that doping with nitrogen does not induce strain on the 

structure of TiO2, as a change in d-spacing would indicate strain [44]. 

 

4.2.4 Raman 

Figure 4.18 shows the Raman spectra for the nitrogen doped titanium dioxide catalysts.  

There are three peaks present for the spectrum of each of the catalysts presented below these 

peaks belong to the B1g, A1g and the Eg modes of anatase TiO2.  These peaks are found at 410, 

528 and 649 cm-1 respectively and confirm the XRD diffractograms. 
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Figure 4.18: Raman spectra of nitrogen doped titanium dioxide catalysts showing the various 

active modes for the anatase phase. 

It can be seen, in Figure 4.18, that the intensity of the spectra increase with increasing doping 

with the undoped catalyst having very low intensity and the TiO2-N 1-4 catalyst having the 

highest intensity.  This increase in intensity with increasing doping has previously been 

attributed to an increase in oxygen vacancies [45]. 

The nitrogen doped catalysts do not show a good agreement with the phonon confinement 

effect and crystallite size calculated from the XRD data.  It can be seen in Table 4.5 that the 

crystallite size decreases with increasing nitrogen doping and in Table 4.6 that the FWHM 

for nitrogen doped catalysts does not decrease with doping.  The disagreement between the 
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results and the phonon confinement model may be due to the increase in peak intensity with 

increasing doping which may offset the broadening effects of the phonon confinement. 

Table 4.6: FWHM of the Eg peak from the Raman spectra of the nitrogen doped TiO2 

catalysts. 

Catalyst FWHM (cm-1) 
Undoped TiO2 31.74 

TiO2:N 1:2 31.39 
TiO2:N 1:3 31.49 
TiO2:N 1:4 31.38 

 

4.2.5 Textural Characteristics of the Nitrogen Doped Samples 

Figure 4.19 shows the isotherms of the nitrogen doped catalysts as obtained from nitrogen 

physisorption.  All of the isotherms shown in Figure 4.19 are type IV by IUPAC 

classification meaning that all the catalysts are mesoporous [19].  The hysteresis loops of all 

of the isotherms are H2 according to IUPAC classifications, this means that the pores are 

disordered and there is blockage of the pores [19].  The porosity of these samples may 

originate from the interparticle voids seen in Figure 4.13 (a-d).  This is most likely source of 

the pores as no surfactant was used.  The volume of nitrogen adsorbed increases with the 

amount of doping.  The hysteresis loop of all catalysts begins at 𝑝 𝑝0⁄  = 0.42 and none of the 

samples adsorb beyond a 𝑝 𝑝0⁄  = 0.82, meaning that all catalysts display limited adsorption 

[20].  This limited adsorption indicates particles that are not rigidly held together. 



120 
 

 

Figure 4.19: Isotherms of nitrogen doped catalysts as obtained from nitrogen physisorption. 

Figure 4.20 shows the pore size distribution of the nitrogen doped catalysts as well as the 

undoped catalyst.  These were calculated using the BJH (Barrett−Joyner−Halenda) method 

from the desorption branch of the isotherm. The undoped TiO2 catalyst has a maximum 

centred on 4 nm with a narrow distribution.  The TiO2-N 1-2 catalyst has a wider distribution 

of pores and the maximum of it pores has shifted slightly in comparison to the undoped 

catalyst, from 4 nm to slightly more than 4 nm.  With increasing doping the range of pore 

distribution increases and the point around which the pore size is centred increases, this can 

be seen with the TiO2-N 1-4 catalyst having the widest pore distribution and peak centred on 

5 nm.  From these results it is clear that nitrogen doping increases the range over which TiO2 

pores are distributed. 
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Figure 4.20: Pore size distribution of nitrogen doped catalysts. 

This increase in pore size distribution with doping may indicate that doping causes less 

homogeneity of the pores of the catalyst [22].  The increased range over which the pore sizes 

are distributed may result from the formation of smaller particles.  Smaller particles would 

result in closer packing and an increase in the amount of void spaces. 

Table 4.7 shows the surface area, pore volume and pore size of the nitrogen doped catalysts.  

The undoped catalyst shows very low surface area of 16 m2.g-1.  Upon doping with nitrogen 

there is a great increase in surface area, the surface area for the TiO2:N 1:2 catalyst shows 

double the surface area with 34 m2.g-1.  With an increase in doping with nitrogen there is an 

increase in the surface area of the catalyst, with the TiO2:N 1:4 catalyst having the highest 

surface area of 73 m3.g-1.  This shows that doping with nitrogen doping improves the surface 

area of TiO2 which may improve the photocatalysis of TiO2. 
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Table 4.7: Textural properties of nitrogen doped catalysts. 

Catalyst name BET surface area (m2. g-1) Pore volume (cm3. g-1) Pore size (nm) 
Undoped TiO2 16 0.046 9.41 

TiO2:N 1:2 34 0.066 5.42 
TiO2:N 1:3 65 0.116 4.57 
TiO2:N 1:4 73 0.125 4.61 

 

The pore values in Table 4.7 show that there is an increase in the pore volume with nitrogen 

doping.  The undoped catalyst has a pore volume of 0.046 cm3.g-1, upon doping with nitrogen 

with the TiO2:N 1:2 catalyst there is clearly an increase in pore volume 0.066 cm3.g-1.  The 

pore volume increases greatly with increasing doping with the TiO2:N 1:4 catalyst having the 

highest pore volume of 0.125 cm3.g-1 almost. 

Table 4.7 also presents the results for the pore size of the catalysts.  The undoped catalyst has 

a pore size of 9.41 nm upon doping however this decreases with the TiO2:N 1:2 catalyst 

having a pore size of 5.42 nm.  The pore size further decreases with doping but the TiO2:N 

1:3 and TiO2:N 1:4 catalysts have almost the same pore size with pore sizes of 4.57 and 4.61 

nm respectively.  Doping with nitrogen produces smaller pore sizes than the undoped 

catalyst. 

 

4.2.6 Optical Properties Ultra-Violet Diffuse Reflectance Spectroscopy on 

Nitrogen Doped Samples 

The nitrogen doped UV-DRS spectra in Figure 4.21 (a) show an increase in absorbance with 

doping.  The amount of absorbance increases with increasing doping.  The band edge of the 

absorbance spectrum shifts to longer wavelengths with increasing doping. 
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The Tauc plots seen in Figure 4.21 (b) were derived from the UV-DRS spectra seen in 

Figure 4.21 (a).  It can be seen from Figure 4.21 (b) that the undoped TiO2 catalyst has a 

band gap of 3.0 eV which is narrower than expected of TiO2 with solely anatase phase 

present.  All nitrogen doped catalysts show lower band gap values than the undoped catalysts.  

The band gaps of the nitrogen doped catalysts clearly decrease with an increasing amount of 

nitrogen with the TiO2: N 1-4 catalyst having the narrowest band gap of 2.7 eV.  This 

indicates that there is an increase in the amount of solar spectrum that the catalysts will 

absorb with an increase in doping.  
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Figure 4.21: UV-DRS spectrum of nitrogen doped materials (a) and Tauc Plot of UV-DRS 

spectrum of nitrogen doped materials (b). 
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4.2.7 Photoluminescence Spectroscopy Studies of Nitrogen Doped Samples 

In Figure 4.22 there are 5 peaks of interest, these peaks occur at 422, 424, 460 and 530 nm.  

The first two peaks at 422 and 424 nm respectively represent self-trapped excitons (STE) 

localised on a TiO6 octahedra [30-33].  The peaks at 460 and 530 nm are caused by defects 

related to oxygen vacancies and trap one and two electrons respectively [30-32, 35]. The peak 

at 491 nm is due to the charge transfer from a Ti3+ site to a TiO6
8- complex [46]. 

For the nitrogen doped catalysts in Figure 4.22 it is clear to see that with increasing doping 

there is a decrease in the intensity of the spectra and therefore a decrease in the rate of 

electron-hole recombination.  This shows that the doping of TiO2 with nitrogen reduces the 

rate of electron-hole recombination and therefore should allow more electrons and holes to 

react with the substrates.  The oxygen vacancies seen in the PL spectra may be the cause of 

the smaller than expected band gap seen for the undoped catalyst.  Oxygen vacancies 

introduce intermediate states between the valance and conduction bands resulting in band gap 

narrowing. 
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Figure 4.22: Photoluminescence spectra of nitrogen doped materials obtained using, Perkin 

Elmer, LS55 Fluorescence Spectrometer at 310 nm. 

 

4.2.8 Final Comments on Nitrogen Doping 

From the results obtained in this study on nitrogen doping it is expected that the nitrogen 

doped catalysts will have better photocatalytic activity than the undoped catalysts.  The 

nitrogen doped catalysts all show better higher surface area compared to the undoped 

catalyst, therefore allowing greater adsorption of substrates.  Nitrogen doping caused a 

narrowing of the TiO2 band gap which should result in greater adsorption in the visible region 

and therefore greater electron-hole production leading to faster reaction rates.  Nitrogen 

doping also leads to slower electron-hole recombination rates which should lead to greater 

lifetime of electron-holes.  The greater lifetime for electron-hole pairs means more electrons 
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and holes will interact with substrates.  From XRD it appears that nitrogen doping causes a 

loss of crystal structure quality and inhibits crystallite size growth. 

 

4.3 Sulfur Doped Titanium Dioxide Samples 

Sulfur doping has been shown to improve the band gap of TiO2 such that it absorbs solar 

energy in the visible light region [47].  The use of sulfur as a dopant has also been shown to 

increase the surface area of TiO2 in comparison of undoped TiO2 [48].  TiO2 doped with 

sulfur has also been reported to only oxidise molecules that are easily oxidised [49]. 

4.3.1 Quantification of Sulfur Doping Level 

Amount of sulfur present in catalysts in terms of mole per mole as determined by ICP-OES 

From the results in Table 4.8 it is clear that the amount of sulfur present in the catalysts is not 

very close to the amounts intended.  There is an increase in the amount of sulfur in the 

catalyst with an increasing amount of sulfur precursor used in the synthesis.  The cause of the 

lower sulfur content present in the catalysts compared to the amount intended during 

synthesis, may be due to the loss of sulfur upon calcination. 

Table 4.8: Ratio of titanium to sulfur as calculated from ICP-OES results.  This was done as 

moles of sulfur per a mole of TiO2. 

Catalyst Actually doping ratio (mol/mol) 
TiO2-S 1-2 1:0.579 
TiO2-S 1-3 1:0.675 
TiO2-S 1-4 1:0.851 

 

4.3.2 Scanning Electron Microscopy Analysis of Sulfur Doped Samples 
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Figure 4.23 (a-d) shows the SEM images of the undoped TiO2 catalyst as well as the sulfur 

doped catalysts.  From these images it is clear that all of the catalysts have irregularly shaped 

particles, further there are small particles on the surface of these particles.  The sizes of these 

particles are wide ranging for all catalysts, this shows that sulfur doping does not control the 

shape of the particles. 

 

Figure 4.23: SEM images of undoped TiO2 (a), TiO2:S 1:2 (b), TiO2:S 1:3 (c) and TiO2:S 1:4 

(d). 

Figure 4.24 (a-d) shows higher magnification SEM images of the undoped TiO2 catalyst and 

the sulfur doped catalysts.  The undoped catalyst can be seen to have small particles with 

void space between them.  The TiO2:S 1:2 and TiO2:S 1:3 catalysts seemingly have 

progressively smaller particles and void spaces.  The TiO2:S 1:4 catalysts has a different 

(a) 

(d) (c) 

(b) 
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morphology to the other catalysts and similar void spaces to the other catalysts cannot be 

seen however there can still be seen small particles on the surface of the catalyst. 

 

Figure 4.24: Higher magnification SEM images of undoped TiO2 (a), TiO2:S 1:2 (b), TiO2:S 

1:3 (c) and TiO2:S 1:4 (d). 

Figure 4.25 (a-d) shows the SEM-EDX mapping of the undoped and sulfur doped catalysts 

seen in Figure 4.24 (a-d).  There were only two elements detected on the surface of the 

undoped catalyst, namely titanium and oxygen this was expected.  All the sulfur doped 

catalysts appears to have a high dispersion of sulfur on the surface of the catalysts and 

agglomeration of sulfur is not apparent. 

(c) (d) 

(b) (a) 
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Figure 4.25: SEM-EDX mapping of undoped TiO2 (a), TiO2:S 1:2 (b), TiO2:S 1:3 (c) and 

TiO2:S 1:4 (d). 

 

4.3.3 Transmission Electron Microscopy Observations on the Sulfur 

Doped Samples 

Figure 4.26 (a-d) shows the TEM images of the undoped TiO2 catalyst as well as the all the 

sulfur doped catalysts.  It can be seen in these images that the particles of all catalysts are 

irregularly shaped, the size of these irregularly shaped particles vary greatly.  It can be seen 

from these images that sulfur doping does not have any effect on the shape of the particles.  

Making an assessment of the effect of sulfur doping on the size of these particles are difficult 

given the range of sizes over which these particles are distributed. 

(a) (b) 

(c) (d) 
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Figure 4.26: TEM images of undoped TiO2 (a), TiO2:S 1:2 (b), TiO2:S 1:3 (c) and TiO2:S 1:4 

(d). 

Figure 4.27 (a-d) higher magnification TEM images of the same areas shown in Figure 4.20 

of the undoped catalyst as well as the sulfur doped catalysts.  From these images it appears as 

though the particles shown in Figure 4.26 (a-d) are made up of smaller particles.   

200nm 200nm 

200nm 200nm 

(a) (d) 

(c) (d) 
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Figure 4.27: Higher magnification TEM images of undoped TiO2 (a), TiO2:S 1:2 (b), TiO2:S 

1:3 (c) and TiO2:S 1:4 (d). 

 

4.3.4 XRD 

Figure 4.28 shows the XRD diffractogram patterns for the sulfur doped TiO2 materials.  It 

can be seen from Figure 4.28 that the diffractogram patterns of all of the catalysts match that 

of anatase TiO2 (JCPDS 00-021-1272).  Upon comparing the JCPDS (00-021-1276) file for 

TiO2 rutile phase with the diffractogram patterns for the catalysts it can be seen that the rutile 

phase is not present in any of the catalysts.  Inset there is a magnified view of the 101 

diffraction peak of the catalysts, it can be seen that with doping there is a decrease in peak 

intensity and there is a shift to the right. 

100nm 100nm 

100nm 100nm 
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Figure 4.28: XRD diffractogram patterns of undoped and sulfur doped titanium dioxide 

materials.  Inset magnified view of the 101 diffraction peak. 

Table 4.9 shows the crystallite size of the sulfur doped catalysts, these values were calculated 

from the 101 diffraction peak.  It can be seen that when that for the lowest sulfur doped 

catalyst namely TiO2:S 1:2 there is a reduction in crystallite size compared to the undoped 

catalyst.  However after the initial doping there is an increase in the crystallite size and 

TiO2:S 1:3 and TiO2:S 1:4 have crystallite sizes greater than TiO2:S 1:2.  Yu et al reported 

that sulfur doping inhibits the growth of TiO2 crystals [50].  Ho et al reported increasing 

crystallite size with increasing sulfur content in TiO2; a hydrothermal synthesis method was 

used in this study [51].  Given that the findings of the effect of sulfur on the crystallite size 

are different, it is possible that for the method used in this study that after a certain doping 

concentration the crystallite growth was promoted. 
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The ‘a’ and ‘c’ parameters for the sulfur doped catalysts can be found in Table 4.9, these 

calculations were done using the 200 and 004 diffraction peaks as shown for the copper 

doped catalysts.  The ‘a’ parameter for the sulfur doped catalysts is slightly smaller than that 

of the undoped catalyst.  The ‘a’ parameter for the doped catalysts is nearly identical.  The ‘c’ 

parameter of all sulfur doped catalysts also show a reduction compared to the undoped 

catalyst.  The reduction of the ‘a’ and ‘c’ parameters compared to the undoped catalyst are 

very small and do not show a continuous decrease with increasing doping. 

Table 4.9: Lattice parameters and cell volume for sulfur doped photocatalysts. 

Catalyst name Crystallite 
size/nm 

a = b (nm) c (nm) Cell volume (nm3) d-spacing/ 
nm 

Undoped TiO2 10.50 0.3786 0.9492 0.1360 0.352 
TiO2:S 1:2 5.45 0.3767 0.9433 0.1339 0.347 
TiO2:S 1:3 5.58 0.3768 0.9435 0.1340 0.348 
TiO2:S 1:4 6.06 0.3769 0.9437 0.1340 0.348 

 

The d-spacing values of the sulfur doped catalysts are presented in Table 4.9; these values 

were calculated using the 101 diffraction peak as shown for the copper doped catalysts.  The 

d-spacing values of the sulfur doped catalysts shows a slight reduction compared to that of 

the undoped catalyst.  This is supported by the fact that there is a shift to higher 2 𝜃 values of 

the 101 peak for the sulfur doped catalysts in relation to the undoped catalyst, seen inset 

Figure 4.28.  This may indicate strain induced by doping. 

 

4.3.5 Raman 

Figure 4.29 shows the Raman spectra of the sulfur doped catalysts.  The spectra of all 

catalysts presented in Figure 4.29 show three dominate peaks; these peaks belong to B1g, A1g 

and Eg modes of anatase TiO2.  The wavenumbers for these modes are 410, 528 and 649 cm-1
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for  B1g, A1g and Eg respectively.  These results confirm the finds of the XRD diffractograms 

which show only anatase TiO2 is present in the catalysts. 

 

Figure 4.29: Raman spectra of sulfur doped titanium dioxide catalysts showing the various 

active modes for the anatase phase. 

Table 4.10 shows the FWHM for the Eg peak of each catalyst, these results are compared to 

the results in Table 4.9.  The FWHM of the TiO2:S 1:2 catalyst increases from that of the 

undoped catalyst, there after there is a decrease in the FHWM for the remaining catalysts. 

Given that according to the phonon confinement effect means that the crystallite size and the 

FWHM from Raman are inversely related these results are expected.  These results confirm 

the findings of crystallite size from XRD. 
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Table 4.10: FWHM of the Eg peak from the Raman spectra of the sulfur doped TiO2 

catalysts. 

Catalyst FWHM (cm-1) 
Undoped TiO2 31.74 

TiO2:S 1:2 40.00 
TiO2:S 1:3 38.03 
TiO2:S 1:4 35.64 

 

4.3.6 Textural Characteristics of the Sulfur Doped Samples 

Figure 4.30 shows the isotherms of the sulfur doped catalysts obtained from nitrogen 

physisorption.  The isotherms of all catalysts are type IV according to IUPAC classifications.  

This means that all of the catalysts are mesoporous [19].  The hysteresis loop of each catalyst 

is H2 according to IUPAC classifications, this shows that pores of all catalysts are disordered 

and there is blockage of the pores [19].  No surfactant was used in the making of any of these 

catalysts so the porosity seen may result from the aggregation of particles and therefore 

interparticle voids.  In Figure 4.24 interparticle voids are seen and in Figure 4.26 the 

aggregation of particles are seen it is possible that the pores originate from this.  There is 

increase in the volume of nitrogen adsorbed with increasing doping.  There is a slight shift of 

the start of the hysteresis loop to lower partial pressures and a slight shift to higher partial 

pressures for the closure of the hysteresis loop with increasing doping. 
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Figure 4.30: Isotherms of nitrogen doped catalysts as obtained from sulfur physisorption. 

Figure 4.31 shows the pore size distribution of sulfur doped catalysts as well as the undoped 

catalyst.  The undoped TiO2 catalyst has a maximum centred on 4 nm, with a distribution 

range from 2 nm to 5 nm.  For the sulfur doped catalysts the pore size distribution of all 

catalysts are also centred on 4 nm.  The TiO2-S 1-2 and TiO2-S 1-3 catalysts show the same 

range of distribution of pores as the undoped catalyst.  The TiO2-S 1-4 catalyst shows a wider 

range of distribution of pores than all the other catalysts, with pores ranging from 2 nm to 8 

nm.  No surfactant was used in the making of these catalysts so these pore volumes may 

result from the void spaces seen in Figure 4.24 (a-e). 

 



138 
 

 

Figure 4.31: Pore size distribution of sulfur doped catalysts. 

Table 4.11 presents the surface area of the sulfur doped TiO2 materials.  The TiO2:S 1:2 

catalyst shows more than three times greater surface area than the undoped catalyst with a 

surface area of 52 m2.g-1 compared to 16 m2.g-1.  The surface area shows a linear increase 

with increasing doping with the TiO2:S 1:4 catalyst having the highest surface area.  From the 

results in Table 4.11 it is possible to say that doping TiO2 with sulfur results in increased 

surface area. 

The pore volume of the sulfur doped catalysts is shown in Table 4.11.  Sulfur doping appears 

to increase the pore volume of TiO2 with all the sulfur doped catalysts having greater pore 

volumes compared to the undoped catalyst.  The TiO2:S 1:2 and TiO2:S 1:3 catalysts have 

very similar pore volumes of 0.059 and 0.051 cm3.g-1 respectively.  This may be due to 

experimental error.  The TiO2:S 1:4 catalyst shows the largest pore volume of 0.108 cm3.g-1. 
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Table 4.11: Textural properties of sulfur doped catalysts. 

Catalyst name BET surface area (m2. g-1) Pore volume (cm3. g-1) Pore size (nm) 
Undoped TiO2 16 0.046 9.41 

TiO2:S 1:2 52 0.059 4.70 
TiO2:S 1:3 69 0.051 4.21 
TiO2:S 1:4 130 0.108 3.52 

 

From the pore sizes presented in Table 4.11 it can be seen that sulfur doping results in lower 

pore sizes than the undoped catalyst.  The decrease in the pore size is linear with increasing 

doping with the TiO2:S 1:4 catalyst having the smallest pore size of 3.52 nm.  This lower 

pore size may result from smaller particles packing closer together. 

 

4.3.7 Optical Properties Ultra-Violet Diffuse Reflectance Spectroscopy on 

Sulfur Doped Samples 

Figure 4.32 (a) shows the UV-DRS spectra of the sulfur doped catalysts, the sulfur doped 

catalysts show a large increase in absorbance with doping.  Inset in Figure 4.32 (a) is the 

UV-DRS spectra of the TiO2: S 1-3 catalyst, which has the same absorbance spectrum as the 

TiO2: S 1-4 catalyst.  

It can be seen in Figure 4.32 (b), which was obtained by conversion of the UV-DRS spectra 

in Figure 4.32 (a), that sulfur doping greatly reduces the band gap of TiO2.  All sulfur doped 

catalysts have far narrower band gaps than the undoped TiO2 catalyst.  The TiO2: S 1-3, seen 

inset of Figure 4.32 (b), and the TiO2: S 1-4 catalysts have the same band gap of 2.4 eV.  

This shows that any increase in doping level will not result in a decrease in the band gap.  

The results prove that sulfur doping improves the amount of the solar spectrum that TiO2 

absorbs.  
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Figure 4.32: UV-DRS spectrum of sulfur doped materials (a) and Tauc Plot of UV-DRS 

spectrum of sulfur doped materials (b). 

 

 

 

(a) 

(b) 



141 
 

4.3.8 Photoluminescence Spectroscopy Studies of Sulfur Doped Samples 

Figure 4.33 has 5 peaks of interest, these peaks occur at 422, 424, 460 and 530 nm.  The first 

two peaks at 422 and 424 nm respectively represent self-trapped excitons (STE) localised on 

a TiO6 octahedra [30-33].  The peaks at 460 and 530 nm are caused by defects related to 

oxygen vacancies and trap one and two electrons respectively [30-32, 35]. The peak at 491 

nm is due to the charge transfer from a Ti3+ site to a TiO6
8- complex [46]. 

For the sulfur doped catalysts in Figure 4.33 (b) above it can be seen that initially there is a 

drastic reduction in the intensity for TiO2:S 1-2 catalyst compared to the undoped TiO2 

catalyst.  However with increasing sulfur doping there is an increase in intensity of the 

spectra.  These results show that with the initial sulfur doping content the electron-hole 

recombination rate is lowered compared to the undoped catalysts, any further doping results 

in an increase in the electron-hole recombination in comparison to the TiO2:S 1:4 catalyst. 
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Figure 4.33: Photoluminescence spectra of sulfur doped materials obtained using, Perkin 

Elmer, LS55 Fluorescence Spectrometer at 310 nm. 

 

4.3.9 Final Comments on Sulfur doping 

From the results of this study it is evident that doping TiO2 with sulfur provides a number of 

changes in TiO2 that would improve photocatalytic activity.  Sulfur doping improves the 

surface area of TiO2 compared to undoped TiO2 and this change is linear for the series of 

catalysts.  The improvement in surface area should result in an improvement in the amount of 

substrate adsorbed and the amount of light reaching the surface of the catalyst.  Sulfur doping 

also greatly reduces the band gap of TiO2 compared to the undoped catalyst, however at a 

doping a level of TiO2:S 1:3 this reaches it limit.  Further sulfur doping will not narrow the 
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band gap any further.  Sulfur doping also reduces electron-hole pair recombination though at 

high sulfur concentration it promotes recombination. 
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Chapter 5 Photocatalytic Results 

This chapter presents the photocatalytic degradation reactions of caffeine, aspirin, phenacetin 

and salicylic acid with the various catalysts synthesised as well as P25.  The sections are 

divided as follows the copper doped catalysts and experimental controls are discussed first 

with each compound discussed separately in the order caffeine, aspirin, phenacetin and 

salicylic acid.  The nitrogen and sulfur doped catalysts are then discussed with each 

compound discussed in the same order as the copper doped catalysts.  Also presented in this 

chapter is the optimization of reaction parameters substrate concentration, solution pH and 

catalyst mass.  All reactions shown in this chapter were done in duplicate.  These reactions 

were done as a mixture with all four compounds in the same reaction medium, although each 

compound is discussed separately.  All reactions were sonicated for 10 min and then stirred in 

the dark for 30 min and unless otherwise stated then irradiated for 120 min with a 32 W 

daylight lamp.  The reactions were monitored by HPLC at a wavelength of 210 nm and a 

mobile phase of 40:60 methanol: pH 2.3 phosphoric acid water. 

Emerging containments (ECs) are compounds that may persist in the environment for a long 

time and the knowledge on their effect on the ecosystem is limited.  These chemicals can be 

man-made or naturally occurring; amongst them are pharmaceuticals, painkillers and 

personal care products which are of concern as they find their way into water bodies through 

discharges from households and various industries. 

Caffeine is found in many items consumed on a daily basis such as coffee, tea, sweets and it 

can be found in various medications.  Buerge et al studied caffeine as a chemical marker for 

the pollution of water [1].  Furthermore various studies have found caffeine in local waste 

water treatment plans as well as the effluent of waste water treatment plants which in turn 

finds its way into water bodies that provide drinking water [2-4]. 
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Aspirin is commonly used as a painkiller and there is evidence that taking aspirin over 

prolong periods may prevent certain forms of cancer [5].  In high enough dosages aspirin can 

prove toxic (200-300 mg per a kg of mass) or even lethal (500 mg per a kg of mass) [6].  In a 

study done by Foluso et al on a number of water bodies in Kwa-Zulu Natal it was found that 

there is aspirin in water bodies that provide drinking water [4]. 

Phenacetin is used as a pain relieving and fever reducing drug, however it has been shown to 

cause kidney failure, due to this it has been banned in a number of countries [7, 8].  In 

countries where it has been banned it has been detected in water bodies and is therefore 

possible to consume [9]. 

Salicylic acid is a major metabolite of aspirin; it is also used in creams to treat pimples and 

blemishes [10, 11].  Salicylic acid has been found in effluent and influent in a number of 

places and may therefore find its’ way into drinking water, hence it is of concern [12-14]. 

 

5.1 Copper doped TiO2 

In this section the reactions of the control parameters namely reaction with catalyst (P25) in 

the absence of light, irradiation of the solution without catalyst and reactions with P25 are 

shown.  The control parameters are compared to the reactions of the copper doped catalyst.  

The reactions which are labelled no light indicate that the solution was not irradiated during 

the course of the reaction. 
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5.1.1 Caffeine 

Figure 5.1 (a) shows the degradation of caffeine with the control parameters, it can be seen 

that with catalyst and no light there is no degradation, very little absorption happens and the 

compound is not degraded without light.  In red shows the degradation of caffeine without 

catalyst but irradiated, the compound seems to degrade slightly.  Using P25 shows a major 

increase in the amount of caffeine degraded, with the caffeine degrading to 0.62 of its 

original concentration.  These results show that the reaction is photocatalytic as with catalyst 

in the absence of light there is no degradation but under irradiation without catalyst there is a 

small amount of degradation, this degradation increases upon the addition of catalyst. 

 

Figure 5.1: Caffeine degradation rate with control parameters (a) and with copper doped 

catalysts (b).  Reaction mixture consisted of 5 ppm of each compound, 50 mg 

catalyst in 100 mL of solution.  The reactions were monitored by HPLC at a 

wavelength of 210 nm. 

Figure 5.1 (b) shows the performance of copper doped catalysts for the degradation of 

caffeine.  The undoped catalyst shows little to no activity for the degradation of caffeine.  

Initially there is a decrease in the amount of caffeine, with the undoped catalyst, however 

(a) (b) 
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over time amount of caffeine increases in solution to the starting concentration.  The caffeine 

therefore does not degrade with the undoped TiO2 but rather adsorbs and then desorbs again.  

This can again be seen for the 2% Cu TiO2 and 5% TiO2 catalysts as there is an initial 

decrease in the amount of caffeine but after 160 min the concentration increases to the 

starting concentration.  The 3% Cu TiO2 and 4% TiO2 catalysts however show degradation of 

caffeine.  The 4% Cu-TiO2 catalyst shows the best degradation of caffeine from all of the 

copper doped catalyst with caffeine degraded to 0.75 of its original concentration.  However 

P25 has better activity than any of these synthesised catalysts for the degradation of caffeine. 

 

5.1.2 Aspirin  

Figure 5.2 (a) represents the control parameters for the degradation of aspirin.  In the 

experiment for which there is catalyst but the solution is not irradiated aspirin does not 

degrade.  When the compound is irradiated but there is no catalyst the aspirin degrades a little 

to a value of 0.90 of the original 5 mg.L-1.  There is an increase in the degradation rate of 

aspirin upon the addition of P25, with the final amount of aspirin being 0.76 of the original 5 

mg.L-1.  From these results it is clear that this reaction is a photo-assisted reaction as the TiO2 

shows no activity without light. 
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Figure 5.2: Aspirin degradation rate with control parameters (a) and with copper doped 

catalysts (b).  Reaction mixture consisted of 5 ppm of each compound, 50 mg 

catalyst in 100 mL of solution.  The reactions were monitored by HPLC at a 

wavelength of 210 nm.  

Figure 5.2 (b) shows the degradation rates for aspirin using the copper doped TiO2 catalysts.  

The undoped catalyst shows very little adsorption capacity and no photocatalytic activity as it 

can be seen that at the end of irradiation period the concentration of aspirin in solution 

is𝐶 𝐶0⁄ = 1.  The 2% Cu-TiO2 and the 5% Cu-TiO2 catalysts have very little or no activity, 

with the 2% Cu-TiO2 catalyst showing aspirin concentration of 𝐶 𝐶0⁄ = 1 at the end of the 

reaction.  The 5% Cu-TiO2 shows desorption of aspirin despite the reaction ending with 0.87 

of the original value.  The 3%Cu-TiO2 and 4% Cu-TiO2 display removal of the compound, 

with the 3% Cu-TiO2 degrading up aspirin to a final concentration of 0.82 and the 4% Cu 

shows the best activity degrading the aspirin to a final value of 0.75 of the original 

concentration.  The degradation of aspirin for the by the 4% Cu-TiO2 catalyst is lower than 

that obtained by using P25 for the degradation for aspirin. 
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5.1.3 Phenacetin 

Figure 5.3 (a) shows the degradation reactions of phenacetin for the control parameters.  

Shown in Figure 5.3 (a) is that in the absence of light in a solution containing catalyst, the 

phenacetin does not degrade.  When the solution is irradiated but there is no catalyst there is a 

little degradation of the compound, with a final value of 0.85 of the original concentration.  

Upon addition of P25 the degradation amount increases greatly compared to irradiation with 

no catalyst, with a final value of 0.75 of initial concentration.  This shows that the 

degradation is photocatalytic. 

Figure 5.3 (b) shows the degradation reactions of phenacetin using copper doped catalyst.  

The undoped TiO2 catalyst shows no photocatalytic activity, though upon initial irradiation 

(60 min) there is a drastic decrease in the amount of phenacetin the amount of phenacetin 

again increases to initial concentration.  This is mostly likely due to adsorption of the 

substrate and then desorption.  The 2% Cu-TiO2 and 5% Cu-TiO2 catalyst both show little 

photocatalytic activity; the 2% Cu TiO2 catalyst has a final concentration of 𝐶 𝐶0⁄ = 1 while 

the 5% Cu-TiO2 shows a final concentration 0.94 of the original concentration.  The 3% Cu-

TiO2 and 4% Cu-TiO2 catalyst both show degradation of phenacetin with 0.82 and 0.80 of the 

initial concentration respectively.  None of these synthesised catalyst show good catalytic 

activity compared to the reactivity of P25. 
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Figure 5.3: Phenacetin degradation rate with control parameters (a) and with copper doped 

catalysts (b).  Reaction mixture consisted of 5 ppm of each compound, 50 mg 

catalyst in 100 mL of solution.  The reactions were monitored by HPLC at a 

wavelength of 210 nm. 

 

5.1.4 Salicylic acid 

Figure 5.4 (a) shows the degradation rates of SA with the control parameters.  The reactions 

with P25 in the absence of light show no degradation.  The reactions with light but in the 

absence of catalyst showed some degradation of the substrate but this stays constant at 0.90 

meaning that over time further degradation is not likely.  When using P25 and irradiating the 

solution there is a greater amount of SA degraded, compared to the reactions with no catalyst, 

to a final value of 0.60.  This shows that this reaction is photocatalytic as there is no 

degradation without light and there is only slight degradation in the absence of catalyst but 

with catalyst under irradiation there is degradation. 

(a) (b) 
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Figure 5.4: SA degradation rate with control parameters (a) and with copper doped catalysts 

(b).  Reaction mixture consisted of 5 ppm of each compound, 50 mg catalyst in 

100 mL of solution.  The reactions were monitored by HPLC at a wavelength of 

210 nm. 

Figure 5.4 (b) shows the degradation rates of SA using copper doped catalysts.  The undoped 

TiO2 shows some degradation for SA as can be seen above the final amount is 0.87 of the 

initial concentration.  For this compound the 2% Cu-TiO2 catalyst showed better activity than 

the 5% Cu-TiO2 catalysts 0.73 compared to 0.84 of the initial concentration.  Once again the 

3% Cu-TiO2 and 4% Cu-TiO2 catalysts showed very similar activity with the 4% Cu-TiO2 

catalyst having the best activity of all the catalysts.  All catalyst had better activity toward SA 

than the comparative activity for any other compound. 

 

5.1.5 Final Comments on the Photocatalytic Activity of Copper Doped 

TiO2 

For the control reaction in which there was catalyst used but there was an absence of light, at 

80 min for all compounds there is a major reduction in the concentration of each compound.  

(a) (b) 



159 
 

This is most likely an outlier as it is present at the exact same time for all compounds and 

may be due to the low number of replicates used in this study with each reaction carried out 

in duplicate. 

That SA was the compound degraded the most effectively can be understood by the fact that 

it is the smallest molecule out of all four compounds degraded this can be seen in chapter 2 

section 2.8.4.  In section 2.4 it was discussed that the greater the surface coverage the better 

the reaction rate.  Smaller molecules have a higher driving force leading to better surface 

coverage compared to larger molecules.  However if the degradation rates of the compounds 

was strictly determined by the size of the molecules then caffeine should show the slowest 

rate of degradation being the largest molecule.  However caffeine, aspirin and phenacetin 

have similar rates of degradation for all catalysts this can be explained as steric also play a 

role in adsorption.  It can be seen that for all graphs that the amount of any of the substrates 

do not decrease in a linear fashion over time and there is fluctuation in the amount of any of 

the substrates, this may be due to competitive absorption of substrate molecules.  Competitive 

adsorption could also be between the original substrates and the degradation intermediates 

formed, this is as the degradation intermediates would form close to the catalyst surface and 

would be smaller than the original molecules.  Of the copper doped catalysts 4% Cu-TiO2 had 

the best activity of all, given that it had the second narrowest band gap of all 2.5 eV and the 

second lowest rate of electron-hole recombination rate (Figure 4.22) this was expected.  All 

the copper doped catalyst showed improved activity when compared to the undoped TiO2 

catalyst.  None of the copper doped catalyst had better activity than P25 though the 4% Cu-

TiO2 catalyst had similar activity to the P25 in all degradations. 
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5.2 Nitrogen Doped TiO2 

In this section the results of degradation reactions using nitrogen doped TiO2 catalysts are 

presented. 

 

5.2.1 Caffeine 

Figure 5.5 shows the degradation rates of caffeine using the various nitrogen doped catalyst.  

In Figure 5.5 it can be seen that the undoped catalyst does not degrade the caffeine but only 

adsorbs it before the caffeine is then desorbed, this shows that the catalyst is relatively 

inactive under reaction conditions.  The TiO2 N 1:2 catalyst shows a final amount of 0.88, 

while the concentration of caffeine increases to 1, after 100 min the general trend of the 

reaction is downward.  The TiO2:N 1:3 catalyst shows the best activity with a final 

concentration of 0.8 of the initial concentration and the TiO2:N 1:4 catalyst shows almost no 

activity for the degradation of caffeine.  P25 has better activity for the degradation of caffeine 

than any of the nitrogen doped catalysts. 
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Figure 5.5: Photocatalytic degradation of caffeine with nitrogen doped catalysts.  Reaction 

mixture consisted of 5 ppm of each compound, 50 mg catalyst in 100 mL of 

solution.  The reactions were monitored by HPLC at a wavelength of 210 nm. 

 

5.2.2 Aspirin 

Figure 5.6 shows the degradation rates for aspirin using the various nitrogen doped catalysts.  

The undoped catalyst shows no activity for the degradation of aspirin despite initially 

adsorbing 20% of the starting concentration of aspirin.  All the nitrogen doped catalysts 

showed high initial adsorption of the aspirin in solution however the final concentration of 

aspirin was greater than that after initial adsorption.  It can be seen that all catalysts show a 

major spike in aspirin concentration at 60 min this is after initial irradiation, this shows that 

as degradation products are being formed the initial substrate (aspirin) desorbs.  The TiO2:N 

1:2 catalyst shows the best final concentration of 0.81.  For the degradation of aspirin none of 

the nitrogen doped catalyst has better activity than P25. 
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Figure 5.6: Photocatalytic degradation of aspirin with nitrogen doped catalysts.  Reaction 

mixture consisted of 5 ppm of each compound, 50 mg catalyst in 100 mL of 

solution.  The reactions were monitored by HPLC at a wavelength of 210 nm. 

 

5.2.3 Phenacetin 

Figure 5.7 shows the degradation reactions of phenacetin for nitrogen doped catalysts.  All 

the nitrogen doped catalyst show strong initial adsorption of phenacetin between 15-30% of 

the initial concentration.  After initial irradiation (60 min) of the solution all catalysts have a 

strong desorption of the phenacetin adsorbed onto the catalyst.  The undoped TiO2 and 

TiO2:N 1:4 catalysts show no activity for the degradation of phenacetin with final 

concentration ,after 160 min, equal to the initial concentration.  The TiO2:N 1:2 and TiO2:N 

1:3 catalysts show the same activity with 0.85 final concentration. 
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Figure 5.7: Photocatalytic degradation of phenacetin with nitrogen doped catalysts.  Reaction 

mixture consisted of 5 ppm of each compound, 50 mg catalyst in 100 mL of 

solution.  The reactions were monitored by HPLC at a wavelength of 210 nm. 

 

5.2.4 Salicylic acid 

Figure 5.8 shows the photodegradation reactions of SA with the various nitrogen doped 

catalysts.  All catalysts show a large amount of adsorption after the solution was left to stir in 

the dark 10-35%, there can also be seen that after initial irradiation (60 min) there are varying 

degrees of desorption.  The undoped catalyst showed no activity for the degradation of SA as 

the final concentration was equal to the initial concentration.  The TiO2:N 1:2 catalyst 

showed the lowest activity of all the nitrogen doped catalysts, also there seems to be complete 

desorb before some of the SA is removed to a value of 0.75 of the initial concentration.  Both 

the TiO2:N 1:3 and TiO2:N 1:4 catalysts had linear degradation of SA, with the TiO2:N 1:4 

catalyst had the best activity to 0.52 of the starting concentration.  Both TiO2:N 1:3 and 

TiO2:N 1:4 had better activity for the degradation of SA than P25. 
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Figure 5.8: Photocatalytic degradation of SA with nitrogen doped catalysts.  Reaction 

mixture consisted of 5 ppm of each compound, 50 mg catalyst in 100 mL of 

solution.  The reactions were monitored by HPLC at a wavelength of 210 nm. 

 

5.2.5 Final Comments on the Photocatalytic Activity of Nitrogen Doped 

TiO2 

From the results shown in Figures 5.5-5.8 it can be seen that the undoped catalysts has no 

photocatalytic activity under the conditions of the experiment.  For all of the substrates and 

for all of the nitrogen doped catalysts it can see that there is an increase in the amount of 

substrate in solution after initial irradiation (60 min) compared to after dark adsorption (40 

min).  The reason for this increase in substrate concentration would be that there is desorption 

of substrate from the catalyst.  Given that the substrate desorbs from the surface of the 

catalyst upon irradiation the reason for this desorption may be due to the formation of 

degradation products.  When the original substrates are degraded there will be new organic 

molecules formed near the surface of the catalyst.  The reaction intermediates will compete 
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with the original substrates to adsorb onto the catalyst, considering that the intermediates may 

adsorb more strongly the original substrates will be displaced.  The nitrogen doped catalysts 

offered better reactivity than the undoped catalyst, showing that nitrogen doping provides.  

Overall the TiO2:N 1:3 catalyst shows the best activity with the TiO2:N 1:4 catalyst having 

only slightly better activity for degradation of SA.  This is odd as the TiO2:N 1:4 catalyst has 

better physiochemical properties in all parameters that affect photocatalyst namely higher 

surface area (73 vs 65 m2. g-1), narrower band gap (2.7 vs 2.8 eV) and slower electron-hole 

recombination rate (Figure 4.22).  Though for most of the degradations there is adsorption 

and desorption at various intervals making it difficult to determine if the final value for a 

given degradation is completely accurate.  None of the catalysts synthesised showed better 

activity than P25 overall, TiO2:N 1:3 and TiO2:N 1:4 showed better activity only for the 

degradation of SA compared to P25. 

 

5.3 Sulfur Doped TiO2 

The degradation reactions of the sulfur doped catalysts are described in this section.  The 

undoped catalyst used in these reactions is the same as in section 5.2, so is not discussed.  

The undoped catalyst is only presented for the sake of comparison. 

 

5.3.1 Caffeine 

Figure 5.9 shows the photodegradation reactions of caffeine with sulfur doped catalysts.  The 

TiO2:S 1:2 and TiO2:S 1:3 catalyst show strong adsorption after stirring in the dark (40 min) 

of caffeine while the TiO2:S 1:4 catalyst shows no adsorption at all.  After initial irradiation 

all sulfur doped catalyst show either a small decrease in caffeine content or the same amount 



166 
 

as before irradiation.  The TiO2:S 1:2 catalyst shows a linear decrease in the amount of 

caffeine until 100 min at which time caffeine begins to desorb from the surface of the catalyst 

until at 160 min the final value is 𝐶 𝐶0 =⁄ 1.  The TiO2:S 1:3 catalyst has a similar trend as it 

can be seen that for the final two sample points after 140 and 160 min there is an increase in 

the amount of caffeine.  The TiO2:S 1:4 catalyst shows no activity for either adsorption or 

degradation of caffeine.  P25 had better degradation efficacy for caffeine than any of the 

sulfur doped catalysts.  

 

Figure 5.9: Photocatalytic degradation of caffeine with sulfur doped catalysts.  Reaction 

mixture consisted of 5 ppm of each compound, 50 mg catalyst in 100 mL of 

solution.  The reactions were monitored by HPLC at a wavelength of 210 nm. 

 

5.3.2 Aspirin 

Figure 5.10 shows the degradation reactions with various sulfur doped catalysts.  The TiO2:S 

1:2 and TiO2:S 1:3 catalysts show some adsorption of aspirin after stirring in the dark.  After 

initial irradiation there is a slight decrease in the amount of aspirin for the TiO2:S 1:2 catalyst 
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but a slight increase in the amount of aspirin for the TiO2:S 1:3 catalyst.  The TiO2:S 1:2 

catalysts shows a linear reduction in the amount of caffeine until the 100 min sample interval 

thereafter the amount of caffeine increases back to the initial concentration.  The TiO2:S 1:3 

catalyst also shows desorption towards the end of the reaction going from 0.79 to 0.85.  The 

TiO2:S 1:4 catalyst shows no activity towards aspirin at all neither adsorbing the substrate nor 

degrading it.  P25 performs better for the degradation of aspirin than any of the sulfur doped 

catalysts. 

 

Figure 5.10: Photocatalytic degradation of aspirin with sulfur doped catalysts.  Reaction 

mixture consisted of 5 ppm of each compound, 50 mg catalyst in 100 mL of 

solution.  The reactions were monitored by HPLC at a wavelength of 210 nm. 

 

5.3.3 Phenacetin 

Figure 5.11 shows the photocatalytic degradation reactions of phenacetin using the various 

sulfur doped catalysts.  Both the TiO2:S 1:2 and TiO2:S 1:3 catalysts show adsorption after 

dark stirring while the TiO2:S 1:4 catalyst shows no adsorption after dark stirring.  The 
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TiO2:S 1:2 shows an increase in phenacetin concentration after initial irradiation while the 

TiO2:S 1:3 shows a slight decrease in concentration.  Once again the TiO2:S 1:2 catalyst 

shows desorption of the substrate after 100 min to a final concentration, after 160 min, equal 

to the starting concentration.  Unlike the reactions for aspirin and caffeine the TiO2:S 1:3 

catalyst does not show linear desorption after 120 min but rather fluctuation.  The TiO2:S 1:4 

catalyst shows no activity for adsorption or degradation of phenacetin over the course of the 

reaction. 

 

Figure 5.11: Photocatalytic degradation of phenacetin with sulfur doped catalysts.  Reaction 

mixture consisted of 5 ppm of each compound, 50 mg catalyst in 100 mL of 

solution.  The reactions were monitored by HPLC at a wavelength of 210 nm. 

 

5.3.4 Salicylic Acid 

Figure 5.12 shows the photocatalytic degradation of SA with the various sulfur doped 

catalysts.  All of the sulfur doped catalysts show linear degradation of SA.  The TiO2:S 1:2 

catalyst shows the lowest degradation of SA and TiO2:S 1:4 catalyst has the best degradation 
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rate of SA.  Catalysts showed very strong adsorption of SA after stirring in the dark 

adsorbing between 30-40% of the initial concentration of SA.  All sulfur doped catalysts had 

better activity for the degradation of SA than P25. 

 

Figure 5.12: Photocatalytic degradation of SA with sulfur doped catalysts.  Reaction mixture 

consisted of 5 ppm of each compound, 50 mg catalyst in 100 mL of solution.  

The reactions were monitored by HPLC at a wavelength of 210 nm. 

 

5.3.5 Final Comments on the Photocatalytic Activity of Sulfur doped TiO2 

Looking at Figures 5.9-5.11 all catalysts display a large amount of desorption this could be 

due to the former reasons proposed.  The first reason proposed was competitive adsorption of 

substrate molecules.  The second reason proposed was that degradation products would 

displace the original substrate molecules from the surface of the catalyst.  This adsorption and 

desorption witnessed makes it difficult to accurately determine the activity of the catalysts for 

that particular molecule.  That the highest amount of substrate degraded was again SA is 

predictable as previously stated being the smallest molecule should be the fastest to adsorb 
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and therefore degrade fastest.  The TiO2:S 1:2 catalyst shows no activity for 3 of the 

substrates (caffeine, aspirin and phenacetin) though for SA almost completely linear 

degradation and degrades 50%.  This still indicates good photocatalytic activity for the 

TiO2:S 1:2 catalyst as it is better than that of P25 for the same compound.  All of the sulfur 

doped catalysts showed better activity than the undoped catalyst meaning that doping with 

sulfur improves photocatalysis of TiO2.  Overall the TiO2:S 1:3 catalyst seems better than the 

TiO2:S 1:4 catalyst.  However the desorption of caffeine, aspirin and phenacetin seen in 

Figures 5.8-5.11 place the actual amount of these substrates degraded into question.  The 

final values taken as they are for all catalysts would suggest that the TiO2:S 1:3 and TiO2:S 

1:4 have very similar activity; looking at the properties of each in chapter 4 this would make 

sense.  The band gap for both catalysts is the same 2.4 eV, while the recombination rate for 

TiO2:S 1:3 is low (Figure 4.33) the surface area for TiO2:S 1:4 is higher (130 vs 69 m2. g-1).   

Given that the copper doped catalysts all showed adsorption and desorption for all substrates, 

it was determined that these catalysts should not be used to optimize parameters.  Despite 

some positive results from the copper doped catalysts the fact that the final concentration may 

not be as accurate as seen in the graphs may prove detrimental to optimization.  This meant 

that the best catalyst to optimize with should be chosen based on degradation of SA as for the 

nitrogen and sulfur doped catalysts linear degradation was obtained.  Based on these criteria 

the best catalyst to optimize with was determined to be the TiO2:S 1:4 catalyst as it had the 

highest degradation rate for SA.   
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5.4 Comparison of Obtained Results to Previous Results 

5.4.1 Caffeine 

Dalmazio et al reported the use of Degussa P25 for the degradation of caffeine, the 

operational conditions used was a 100 mL of 31 ppm caffeine solution with 0.1 g.L-1 catalyst 

[15].  Marques et al studied the degradation of caffeine, with operational conditions of 250 

mL of 50 ppm caffeine 1 g.L-1 of P25 and continuously bubbling oxygen, the solution was 

irradiated with wavelengths over 350 nm [16].  Caffeine showed 10% degradation in 180 min 

with no catalyst and 100% degradation in 40 min with P25.  The mixture was irradiated with 

a 254 nm lamp for 150 min, 90 % degradation was observed.  Garcia et al conducted a study 

on the degradation 15 EC mixture, with caffeine being one of them, the concentration of each 

EC was 100 ppb with 5 mg.L-1 of P25 in a 10L solar reactor [17].  The solution was irradiated 

for 60 min under solar light, caffeine was degraded completely in 25 min and all compounds 

showed significant reduction in 60 min.  Klamerth et al studied the degradation of a mixture 

of 9 EC, of which one was caffeine, the initial concentration of each compound was 100 ppb 

and 5 mg.L-1 of P25 was used in 22 L of solution [18].  The experiment was carried out under 

solar irradiation; caffeine was degraded completely in 120 min.  Rey et al reported the 

degradation of caffeine in a mixture of 3 ECs; each EC was used at a concentration of 2 ppm 

and 0.5 g.L-1 of catalyst in 500 mL of solution [19].  The solution was irritated with a 1500 W 

Xe arc lamp and 77% of caffeine was degraded in 120 min of irradiation. 

The results obtained using the setup of this project do not provide results of a similar nature 

to work done previously.  That is to say the amount of photodegradation using the setup of 

this project does not provide as great an amount of photodegradation seen in other works.  

Using P25 as the standard to compare to other work it can be seen that in the work done in 

this project P25 only provides 40% degradation of caffeine in 160 min, which is much lower 
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than in other works.  One of the reasons for this may be the light source used, in the other 

works reviewed, the light source was one of, UV, solar irradiation or a high powered lamp, in 

this work a 32 W daylight lamp was used, with a much lower power output. 

 

5.4.2 Aspirin 

A slurry system similar to the experimental setup used for the photodegradation of aspirin 

could not be found in literature.  Results obtained in this work, will therefore be compared to 

TiO2 membranes and nanosheets used in other work for the photodegradation of aspirin. 

Mukherjee et al immobilized P25 by 5 different procedures, the mass of P25 used was not 

given, and these films were used to degrade aspirin at a concentration of 2 ppm for 400 min 

under UV and solar irradiation separately [20].  Aspirin showed significant degradation under 

only UV or solar irradiation, the films had between 70-100% degradation under either form 

of irradiation.  Li et al studied the effect of calcination temperature of TiO2 nanosheets for the 

degradation of aspirin [21].  The mass of these nanaosheets was not given, the conditions for 

the photodegradation were as reported, 5 ppm (30 mL) of aspirin into which 1 nanosheet of 

the respective catalyst was placed the solution was irradiated with a 350 W Xe lamp.  The 

best result was stated as 87.5 % degradation in 120 min of irradiation. 

Considering that neither of the reviewed articles were slurry systems and the work of each 

article involved the degradation of only one compound, the results are difficult to compare to 

the work of this project.  In the works of both articles the degradation rate of aspirin was 

greater than the degradation rate of aspirin seen in this project, the highest being 25% with 

P25.  One of the reasons for the seemingly better activity of those systems may be that only 
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one compound is degraded.  Another reason for the higher degradation may be that that high 

power lamps have been used in the other works compared to the one used in this project. 

 

5.4.3 Phenacetin 

Pervious work regarding a slurry setup for the photodegradation of phenacetin could not be 

found to compare to the work done in this project. 

Giri et al used TiO2 fibre sheets to degrade 16 EC of which one was phenacetin [22].  The 

reactions were carried out in 1.2 L of reaction medium with 1 ppm of each catalyst, the mass 

and number of sheets used was not stated, the solution was irradiated with a 10 W mercury 

vapour lamp for 60 min.  After 60 min of irradiation there was very little change in the 

amount of phenacetin. 

Compared to the results obtained of the above study in which phenacetin showed no 

degradation with TiO2 and UV good degradation of phenacetin is observed in the work of this 

project.  The mass of the fibre sheets are not given which makes comparison difficult 

however there is a relatively high concentration of all compounds in the work by Giri et al 

comparative to the overall concentrations used for this project.   

 

5.4.4 Salicylic acid 

Nagaveni et al used P25 to degrade salicylic acid, 30 ppm of salicylic acid was used and 1 

g.L-1 of catalyst was used in 400 mL [23].  The solution was irradiated with a 125 W mercury 

vapour lamp and 35% degradation of salicylic acid was seen in 200 min.  Guo et al degraded 

salicylic acid with hydrothermal synthesised TiO2 spheres, which were compared to P25 [24].  
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The reaction parameters were 0.2 g of catalyst in 100 mL of 10 ppm salicylic acid; this was 

allowed to equilibrate for 10 min in the dark and was irradiated for 140 min by a 300 W 

tungsten lamp.  The P25 showed 46% degradation of SA and the synthesised catalysts 

showed between 55-81% degradation.  Colon et al studied the degradation of salicylic acid 

with two commercial catalysts, one of which was P25, for this experimental setup 1g.L-1 of 

catalyst was used and 4 x 10-4 M (55 ppm) of salicylic acid [25].  The solution was 

continuously bubbled with oxygen and was irradiated with a 400 W mercury lamp for 400 

min, complete degradation was observed in 120 min.  Adan et al studied the degradation of 

SA with TiO2/SiO2 fibres from UBE chemicals Ltd, the reaction condition were 100 ppm of 

SA and 2.5 g.L-1 of catalyst in 1 L the reaction was irradiated with 500 W mercury vapour 

lamp [26].  Under these conditions with no external oxidant about 30 % degradation was 

noted in 250 min of irradiation.  

The degradation of salicylic acid done in this work is comparable to the results achieved 

elsewhere.  The best degradation amount achieved for SA for any of the catalysts used in this 

work was obtained with TiO2:S 1:4 by the end of the reaction 75% of the initial concentration 

had been removed.  The highest rates seen in the other catalysts set were 45% for TiO2:N 1:4 

and 35% for 4% Cu TiO2, these are similar to results obtained elsewhere without an oxidant. 

 

5.5 Variations of Reaction Conditions 

This section describes the variation of reaction conditions in particular the parameters of 

substrate concentration, reaction medium pH and catalyst mass used.  This was done in order 

to determine if there could be any improvement in reaction rates and if there is a change in 

the selectivity of the degradation.  These reactions were all done using TiO2:S 1:4. 
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5.5.1 Variation of Substrate Concentration   

Figure 5.13 (a) shows the change degradation rate of caffeine with a change in the 

concentration of caffeine.  There does not seem to be any correlation with the initial 

concentration of caffeine and the amount of caffeine adsorbed after stirring in the dark.  The 

10 ppm solution shows the highest adsorption and the 5 ppm solution the lowest adsorption.  

It be seen that for any initial concentration there is desorption of caffeine after the initial 

irradiation of the solution.  Likewise there does not seem to any effect on the rate of caffeine 

degradation with a change in concentration, all initial concentration values show almost no 

degradation.  This shows that change in concentration will not affect the degradation of 

caffeine with TiO2:S 1:4. 

Figure 5.13 (b) shows the change in the rate of degradation of aspirin with a change in the 

initial concentration of aspirin.  The initial concentration of aspirin does not appear to affect 

the amount of aspirin adsorbed by the catalyst.  The rate of aspirin degradation is also not 

effected by the initial concentration of aspirin.  When the initial concentration is either 2 ppm 

or 10 ppm there seems to be adsorption of aspirin but there is no degradation as it can be seen 

that the aspirin the desorbs from the catalyst.  The amount of aspirin degraded does not 

appear to be affected by the initial concentration of aspirin. 

Figure 5.13 (c) shows the change in degradation rate of phenacetin with a change in the 

initial concentration of phenacetin.  There initial concentration does not affect the amount of 

phenacetin initially adsorbed.  The 10 ppm solution has the highest amount of adsorbed 

phenacetin and the 5 ppm the lowest.  For all of the initial concentrations there is desorption 

of phenacetin after initially irradiation.  There is no change in the amount of degradation with 

a change in concentration as can be seen for any of the any initial concentration by the end of 

the reaction almost all of the phenacetin has desorbed. 
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Figure 5.13: Effect of substrate concentration on the degradation rates of (a) caffeine, (b) 

aspirin, (c) phenacetin and (d) SA.  These reactions where under natural pH 

using 50 mg of TiO2:S 1:4 in a 100 mL of solution.  Reactions were monitored 

by HPLC at 210 nm. 

Figure 5.13 (d) shows the degradation rate of SA with a change in the initial concentration.  

There is no correlation of adsorption of SA with a change in initial concentration of SA.  It 

seems that there is a decrease in the amount of SA degraded with an increase in the initial 

amount of SA.  The solution with 10 ppm of SA shows the lowest rate of degradation and the 

solution with 2 ppm initial concentration shows the best reaction rate.  In chapter 2 it was 

discussed that an increase in substrate concentration could result in lower reaction rate due to 

(a) (b) 

(c) (d) 



177 
 

the formation of degradation products which would lower the reaction rate.  The 2 ppm 

solution is degraded to 𝐶 𝐶0⁄ = 0.1, a major improvement over the other starting 

concentrations.  

The results above are odd considering the only SA seems to be effected by the change in 

initial concentration, as all compounds should be affected by the change in concentration in 

some manner.  Due to the lack of activity toward any of the other substrates the 2 ppm initial 

concentration was deemed to be the best as it showed a faster degradation rate for SA, in 

comparison to the other starting concentrations. 

 

5.5.2 Variation of Reaction Medium pH 

Figure 5.14 (a) shows the effect of the change in starting pH on the degradation rate of 

caffeine, the natural pH of the solution was 4.2.  The initial pH does not seem to play a role in 

the amount of caffeine adsorbed initially as there is no clear pattern with an increase or 

decrease in pH.  Under natural pH conditions and with a starting pH of 8.9 it can be seen after 

the initial irradiation there is desorption of caffeine form the catalyst, this is seen at 80 min 

for the pH 2.9 solution.  For any pH tested the caffeine was found not to degrade, as there is a 

great fluctuation in the amount of caffeine over the course of time, at any pH tested.  From 

these results it can be said that the variation in pH does not change the degradation of 

caffeine with TiO2:S 1:4. 

Figure 5.14 (b) shows the effect of the starting pH of the reaction medium on the degradation 

rate of aspirin.  The starting pH of the solution does not appear to effect the rate at which 

aspirin adsorbs onto the surface of the catalyst.  The final amount of aspirin degraded also 

does not appear to be effected by the starting pH of the solution, for any pH after initial 
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adsorption aspirin desorbs from the surface of the catalyst.  These results show that caffeine 

degradation with TiO2:S 1:4 is not effected by the starting pH of the solution 

 

Figure 5.14: Effect of initial solution pH on the degradation rates of caffeine (a), aspirin (b), 

phenacetin (c) and SA (d).  All reactions where done using 2 ppm of each 

substrate and 50 mg of TiO2:S 1:4 in 100 mL of solution.  Reactions were 

monitored by HPLC at 210 nm. 

Figure 5.14 (c) shows the effect of the starting pH of the reaction medium on the degradation 

rate of phenacetin.  It can be seen here that there is no effect of pH on the amount of 

adsorption of phenacetin on the surface of the catalyst.  After initial irradiation there is 

(a) (b) 

(c) (d) 
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desorption of phenacetin from the surface of the catalyst, this can be attributed as previously 

to the formation of degradation products or competitive adsorption.  The final concentrations 

for the pH 2.9 and 8.9 solutions can be seen as 0.85 and 0.77, however it can be seen that 

there is both adsorption and desorption over the course of the reaction hence these results 

may not be a true indication of activity.  There does not appear that the pH affects the 

degradation rate of phenacetin with TiO2:S 1:4. 

Figure 5.14 (d) shows the effect of the starting pH of the reaction medium on the degradation 

rate of SA.  From the results it appears that at higher pH values there is a higher amount of 

SA initially adsorbed.  The reaction with a starting pH of 2.9 shows the lowest amount of 

adsorption and the solution with a starting pH of 8.9 shows the highest amount of adsorption.  

The pH 8.9 reaction medium shows the highest amount of degradation for SA reducing the 

concentration to 𝐶 𝐶0⁄ = 0.02 by end of the monitoring period. 

The change of the reaction medium pH did not appear to affect the adsorption or degradation 

of any of the compounds being studied aside from SA.  It is odd that the reaction medium pH 

did not affect the degradation of the compounds as changing the reaction medium pH should 

affect the amount of substrate adsorbed.  The reaction medium pH of 8.9 was chosen as the 

best as at this pH there was an improvement in the degradation of SA. 

 

5.5.3 Variation of Mass of Catalyst Used 

Figure 5.15 (a) shows the effect of the amount of catalyst used on the degradation rate of 

caffeine.  There is greater adsorption of caffeine after stirring in the dark with a lower catalyst 

mass this can be seen as the amount of caffeine adsorbed decreases in the order 20 > 50 > 80 

mg.  This result is strange as greater catalyst mass should provide greater area for adsorption.  
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At all catalyst masses used it can be seen that after initial irradiation there is desorption of 

caffeine.  The solution in which 20 mg of catalyst is used shows a rapid decrease in 

concentration between 100-160 min to a value of 0.7, though prior to this shows desorption 

of caffeine.  It is possible the caffeine desorbed from the surface of the catalyst then adsorbs 

again. 

 

Figure 5.15: Effect of catalyst concentration on the degradation rates of caffeine (a), aspirin 

(b), phenacetin (c) and SA (d). All reactions were done using 2 ppm of each 

substrate the solution was at pH 8.9, the catalyst used was TiO2:S 1:4, 100 mL 

of solution was used.  Reactions were monitored by HPLC at 210 nm. 

(a) 

(c) 

(b) 

(d) 
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Figure 5.15 (b) shows the effect in the change of amount of catalyst used on the degradation 

rate of aspirin.  The amount of catalyst used does seem to have an effect on the amount of 

aspirin adsorbed initially, with the 20 mg solution having the highest amount of adsorption 

and the 50 mg solution having the lowest amount of adsorption.  The various amounts of 

catalyst do show some removal of aspirin from the solution at the end of the reaction, 

however the amount of adsorption and desorption make this difficult to judge the exact 

amount of substrate removed.  The solution with 20 mg of catalyst shows a rapid decrease in 

aspirin between 100-160 min, this may be due to re-adsorption of the aspirin. 

Figure 5.15 (c) shows the effect of the amount of catalyst used on the degradation rate of 

phenacetin.  The amount of catalyst used does not seem to affect the amount of phenacetin 

adsorbed after stirring in the dark.  For any of the given amounts of catalyst used there seem 

to be some removal of phenacetin; however the accuracy of this reduction is difficult to judge 

to adsorption and desorption of the substrate. 

Figure 5.16 (d) shows the effect of the change in the amount of catalyst used on the 

degradation rate of SA.  The amount of catalyst used clearly effects the amount of SA 

adsorbed after stirring in the dark.  The amount of substrate adsorbed increases linearly with 

an increase in the amount of catalyst used.  This is expected as greater mass should provide 

greater surface area and therefore result in a larger amount of adsorption.  The solution in 

which 80 mg of catalyst is used shows the fastest degradation rate, though over the course of 

the reaction the solution using 50 mg shows the same amount of degradation.  The solution 

using 20 mg of catalyst showed by far the lowest amount of degradation. 

Given the amount of SA adsorbed (78%) when using 80 mg of catalyst, it may be 

understandable why there is a lack of adsorption of any of the other substrates.  The surface 

of the catalyst may be saturated with SA and therefore cannot adsorb any of the other 
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substrates.  It is expected once the SA is completely degraded, as can be seen in for the 

solutions using 50 and 80 mg of catalyst respectively, that the other compounds would then 

be degraded.  The reason for this lack of activity may be due to the generation of degradation 

products which then occupy the surface of the catalyst.  From the results presented above the 

optimum amount of catalyst was deemed to be 80 mg. 

Oddly none of the parameters varied effected the degradation of any of the substrates tested 

aside for SA.  The reasoning for this may be as stated before that SA being a smaller 

molecule compared to all the other substrates adsorbs first, and does not leave any space of 

the surface of the adsorption for the other substrates.  Though for any of the substrates it can 

be seen that they do adsorb at least somewhat. However the original substrates may be forced 

off the surface of the catalyst by the formation of degradation intermediates.  From the results 

above the optimum parameters chosen were 2 ppm of each substrate, pH 8.9 and 80 mg of 

catalyst, P25 was tested using these parameters to compare to the synthesised catalyst. 

 

5.5.4 Comparison of Optimum Conditions 

Figure 5.16 (a) shows the comparison of degradation rates of caffeine using P25 and TiO2:S 

1:4 under optimum conditions.  P25 does not initially adsorb caffeine though it degrades 

caffeine in a very linear manner and very well, it decreases the concentration of caffeine by 

70%.  This is vastly better than the degradation of caffeine by TiO2:S 1:4 under the same 

conditions.  TiO2:S 1:4 shows good adsorption of caffeine initially but does not degrade 

caffeine very well. 

Figure 5.16 (b) shows the comparison of degradation rates of aspirin using P25 and TiO2:S 

1:4 under optimum conditions.  It can be seen that P25 has better activity than TiO2:S 1:4 
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with P25 degrading 70% of aspirin and TiO2:S 1:4 having hardly any noticeable activity.  The 

initial adsorbs of TiO2:S 1:4 can be seen to be greater for aspirin than the adsorption of 

aspirin by P25. 

 

Figure 5.16: Shows the difference in photocatalytic activity between P25 and TiO2:S 1:4 for 

caffeine (a), aspirin (b), phenacetin (c) and salicylic acid (d).  The conditions 

used for these reactions were 2 ppm of each substrate, reaction medium pH 8.9 

and 80 mg of TiO2:S 1:4. 

Figure 5.16 (c) shows the comparison of degradation rates of phenacetin using P25 and 

TiO2:S 1:4 under optimum conditions.  P25 shows excellent photocatalytic degradation of 

(a) (b) 

(c) (d) 
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phenacetin degrading 90% of the starting concentration with in the 160 min of the reaction.  

This shows a great improvement compared to the active of P25 under the original conditions.  

TiO2:S 1:4 shows very little activity for the degradation of phenacetin.  Interestingly P25 

does not adsorb any phenacetin after stirring in the dark whereas TiO2:S 1:4 adsorbs up to 

35% of phenacetin initial concentration. 

Figure 5.16 (d) shows the comparison of degradation rates of SA using P25 and TiO2:S 1:4 

under optimum conditions.  TiO2:S 1:4 performs far better for the degradation of SA than P25 

showing 100% degradation of SA in 160 min compared to the 65% degradation of SA with 

P25.  P25 showed no adsorption for SA initially but TiO2:S 1:4 on the other hand showed 

80% adsorption of SA. 

 

Although TiO2:S 1:4 showed far greater adsorption than P25, which showed little to no 

adsorption, for all substrates P25 still had better activity overall.  This is contrary to 

expectation as adsorption of the substrate on the surface of the catalyst is the first step in 

degradation.  Although degradation could proceed through another pathway which is through 

the generation of hydroxyl radicals which will in turn react with the substrate and degrade it.  

Considering the difference in the behaviour of the catalyst it is possible that separate 

mechanisms are used by each catalyst. P25 most likely uses indirect oxidation of the 

substrates by producing hydroxyl radicals and therefore this would explain good degradation 

of all of the substrates.  Hydroxyl radicals would reduce all organic compounds 

indiscriminately and therefore explain why substrates do not need to adsorb on to the catalyst 

to degrade.  TiO2:S 1:4 may use direct oxidation with substrates being oxidised by 

photogenerated holes.  This would mean that only the substrates that are adsorbed on to the 
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surface of the catalyst would be degraded and that degradation products would form closes to 

the catalyst surface.   
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Chapter 6 Conclusions and Outlook 

6.1 Conclusions 

Water is the most basic and important of resources, it is used for a variety of tasks in 

everyday life such as washing of clothes, basic sanitation, cooking and most importantly 

drinking.  Clean drinking water is essential and in countries such as South Africa in which 

rainfall is low, it is difficult to deliver clean water to rural areas.  There are many challenges 

to the delivery of clean drinking water one of which is pollution.  ECs are organic pollutants 

and can be treated in number of ways, one method photodegradation with TiO2 offers 

promise. 

Titanium dioxide was doped separately with copper, nitrogen and sulfur via sol-gel methods, 

and studied for the photodegradation of 4 EC namely aspirin, caffeine, phenacetin and 

salicylic acid. 

Copper doped catalysts were doped in a range of 2-5 mol% in relation to the moles of 

titanium present.  The ICP-OES results showed that the amount of copper present in all the 

catalysts was lower than expected; this may be due to experimental error.  From SEM and 

TEM results the catalyst appeared to be agglomerated and showed a wide range of particle 

sizes.  The catalysts were shown to all be mesoporous with disordered pores, copper doping 

greatly improved surface area though after the 2% Cu TiO2 sample surface area once again 

increased.  Powder XRD showed that all samples only consisted of anatase phase TiO2 which 

was confirmed by Raman.  UV-DRS measurements showed that copper doping narrowed the 

band gap of TiO2 however only up to a doping amount of 3% mol Cu thereafter an increase in 

band gap was seen.  The amount of electron-hole recombination was reduced by doping with 

copper. 
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Nitrogen doped catalysts were doped in a range of 2-4 moles for every 1 mole of titanium 

dioxide used.  From the results it was clear that nitrogen doping resulted in the narrowing of 

the TiO2 band gap, increased the surface area in relation to the undoped catalyst and 

decreased the amount of electron-hole recombination.  From XRD and Raman it was clear 

that all of the nitrogen doped catalysts consisted solely of anatase phase TiO2.  From nitrogen 

physisorption it was seen that the catalysts were all mesoporous with disordered pores.  SEM 

and TEM micrographs showed that the catalysts consisted of agglomerates. 

Sulfur doped catalysts were prepared in a range of 2-4 moles of sulfur for every one mole of 

titanium present in synthesis.  It was found by ICP-OES measurements that the amount of 

sulfur present in the catalysts was much lower than was originally intended though this could 

be understood as sulfur may have formed SO2 upon calcination. From SEM and TEM 

micrographs it appears as though the sulfur doped catalysts form agglomerates.  From 

nitrogen physisorption measurements it was determined that, all of the catalysts were 

mesoporous with a Type IV isotherm and all the catalysts ha disordered pores.  The surface 

of the catalysts showed a clear increase with an increase in the level of sulfur doping.  XRD 

and Raman studies revealed that only anatase phase TiO2 was present in all the catalysts.  The 

band gap of the TiO2 was greatly reduced through the addition of sulfur.  From PL spectra it 

was clear that sulfur doping decreased the amount of electron-hole recombination but after a 

certain amount of sulfur was added the electron-hole recombination rate once again 

increased. 

These catalysts were tested for photocatalytic activity by degrading 4 EC and compared to the 

activity of the commercial catalyst Degussa P25.  The reaction was shown to be 

photocatalytic as there was no activity in the absence of light was the catalyst was present.  

Of the copper doped catalysts the 4% Cu TiO2 was seen to have the best overall activity.  Of 

the nitrogen doped catalysts the TiO2:N 1:4 catalysts was shown to have the best overall 
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activity.  From the sulfur doped catalysts it was determined the TiO2:S 1:4 catalyst had the 

best activity.  The doped catalysts all showed better activity for the degradation of the 4 

compounds than the respective undoped catalyst.  It was found that overall none of the 

synthesised catalysts had better activity than P25 for the degradation of all 4 compounds.  

However it was seen that the TiO2:S 1:4 catalyst had far better activity than P25 for the 

degradation of SA, and it was for this reason that this catalyst was chosen to be used to 

optimise reaction conditions.  The best reaction conditions were found to be 2 ppm of each 

substrate at pH 8.9 and with a catalyst mass of 80 mg.  Upon testing P25 against these 

reaction conditions it was found that P25 still had better overall activity than the TiO2:S 1:4 

catalyst, but that the TiO2:S 1:4 catalyst still had far greater activity for the degradation of 

SA.  

Overall doping did not affect the selectivity of the degradation reactions and the variation of 

reaction parameters in the case of the TiO2:S 1:4 catalyst also did not affect the selectivity of 

the degradation reactions. 

 

6.2 Outlook and Challenges 

This project has looked at doped TiO2 for the degradation of pollutants found in water bodies; 

furthermore these degradation reactions were done on mixtures meaning they represented a 

realistic application of these catalysts for water remediation.  It has been found that not all of 

the pollutants were degraded at the same time and to the same extent, the reason for this 

finding needs to be studied more carefully.  Compounds should be degraded individually and 

in combinations (2 compounds in a mixture) so as to determine what factors control the 

selectivity of the degradation when degrading multiple compounds simultaneously. 
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Better results than those obtained in this study for the degradation of caffeine, aspirin and 

phenacetin have been reported in other studies.  These studies used high power lamps or 

sunlight as a source of light.  To generate a better idea of how well these catalysts may work 

for real world application, degradation of ECs with TiO2 with sunlight as a light source 

should be done.  Also other studies have used external oxidants to carry out degradation 

reactions, the effect of external oxidants on the degradation of ECs with doped TiO2 should 

be studied.   
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Figure A1: Chromatograph showing the retention times of the ECs tested. 
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Figure A2: Calibration curve of caffeine as calculated from results obtained from HPLC. 

 

Figure A3: Calibration curve of aspirin as calculated from results obtained from HPLC. 
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Figure A4: Calibration curve of phenacetin as calculated from results obtained from HPLC. 
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Figure A5: Calibration curve of salicylic acid as calculated from results obtained from 

HPLC. 

A sample excel workbook of the calculations used for the reactions is provided on the CD 

accompanying the thesis. 
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Appendix B 

These calculations are for the 2% Cu TiO2 catalyst ICP-OES 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑠 (𝐶𝑢) = 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑜𝑝𝑝𝑒𝑟
𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑜𝑝𝑝𝑒𝑟

   

3.3535∗10−5𝑔
63.546 𝑚𝑜𝑙.𝑔−1

= 5.277 𝑥10−7 𝑚𝑜𝑙   

 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑠 (𝑇𝑖) =

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡𝑖𝑡𝑎𝑛𝑖𝑢𝑚
𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡𝑖𝑡𝑎𝑛𝑖𝑢𝑚

  

 

276.39∗10−5𝑔
47.867 𝑚𝑜𝑙.𝑔−1

= 5.774 𝑥10−5 𝑚𝑜𝑙   

𝑛 (𝑇𝑖) = 𝑛 (𝑇𝑖𝑂2)  

% 𝑚𝑜𝑙 =  𝑚𝑜𝑙 (𝐶𝑢)
𝑚𝑜𝑙 (𝑇𝑖)

 ∗ 100   

 5.277 𝑥10−7

5.774 𝑥10−5
 ∗ 100 = 0.91%   

Bragg’s law calculations copper undoped catalysts 

𝑑 = 𝑛𝜆
2𝑆𝑖𝑛𝜃

  

𝜃 = 25.345
2

∗  𝜋
180

  

𝜃 = 0.221 radian 

𝑑 =  0.15405
2∗sin(0.221)

  

𝑑 = 0.352 nm  
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“c” parameter calculation copper undoped catalyst 

1
𝑑2

= ℎ2+𝑘2

𝑎2
+ 𝑙2

𝑐2
  

1
0.23752

=  0
2+02

𝑎2
+  4

2

𝑐2
  

0.05641 =  𝑐
2

16
  

0.05641 ∗ 16 =  𝑐2  

√0.9027 = 𝑐  

𝑐 = 0.9501 𝑛𝑚 

Crystallite size calculation copper undoped catalyst 

𝐿 = 0.9𝜆
𝛽𝑐𝑜𝑠𝜃

  

𝛽 =  𝐹𝑊𝐻𝑀∗2∗𝜋
360

  

𝛽 =  0.4592∗2∗3.14
360

  

𝛽 =  0.0081 𝑟𝑎𝑑𝑖𝑎𝑛  

𝐿 = 0.9∗0.15405
0.00801cos (0.221)

  

𝐿 = 17.75  𝑛𝑚 
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