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   CHAPTER I 

INTRODUCTION 

 

1.1 Motivation 

Heterogeneous photocatalysis is a promising environmental protection that can 

be emerged photodegradation of organic pollutants in water and air. Amongst various 

semiconductor photocatalysts, titanium dioxide (TiO2) is one of the most studied 

semiconductor photocatalyst owing to its various goodness, such as excellent optical 

and electronic properties, low cost, chemical stability and nontoxicity [1].Titanium 

dioxide exists in three crystalline phases, anatase, rutile and brookite. The commercial 

phase of titanium dioxide is anatase which has been widely investigated because of its 

high activity in photocatalytic applications. Anatase has an energy band gap of 3.2 eV 

with an absorption edge at 386 nm which lies in the near UV range. However, the 

rutile TiO2 is widely used in different industries such as plastics, foods, 

pharmaceuticals, inks, papers and especially paints [2]. Rutile has a lower energy 

band gap of 3.02 eV with an absorption edge in the visible range at 416 nm [3]. TiO2 

acts photocatalytically by absorbing UV light (λ < 380 nm) to generate electron–hole 

pairs. The fast electron–hole pair recombination decreases photocatalytic activity. The 

sun provides an abundant source of photon. However, UV spectral range accounts for 

only small fraction of sun’s emission compared visible spectra range [4]. Thus, the 

ability to shift the optical response of photocatalytically active TiO2 from UV to the 

visible spectral range is importance to the development of photocatalytic activity. 

  Doping with transition metals such as Fe, V, Mo, Cu and Si is one of the most 

effective approaches for synthesizing visible light-active photocatalysis. It has been 

considered that the metal ions incorporated into TiO2 crystal lattice can modify the 

electron properties of TiO2, extending its light absorption in the visible light region. 

However using the M-doped TiO2 catalyst in powder form is limited due to the hard 

separation between catalyst powder and treated water.  
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1.2 Objective 

To develop TiO2 based catalysis prepared by flame spray pyrolysis technique 

for photodegradation under UV and visible light irradiation. 

1.3 Research Scopes 

1.3.1 Prepare TiO2 and M-doped TiO2 (M= Fe, Cu, Si) catalysts by using FSP 

methods. Titanium (IV) butoxide Ti(OCH2CH2CH2CH3)4) and Xylene (C8H10) we used 

as Ti precursor and solvents, respectively. The proportion of M doped TiO2 (M= 

Fe,Cu,Si) are varied from 0.5 - 6 mol%.  

1.3.2. Characterization of physical properties of nanomaterial by the following 

techniques  

     1.3.2.1 N2–Physisorption : BET 

     1.3.2.2 Transmission Electron Microscope: TEM  

     1.3.2.3 X-Ray Diffraction: XRD  

     1.3.2.4 UV- vis absorption spectroscopy: UV-Vis 

    1.3.2.5 Electron spin resonance spectroscopy (ESR) 

           1.3.3. Reaction test by using Photodegradation of methylene blue (MB) 

 

1.4 Contribution Research  

1.4.1 Metal doped TiO2 can show photocatalytic activity under UV and visible 

light irradiation and can eliminate inorganic in contaminated water. 

1.4.2 Prepare the nanocrystalline M/TiO2 in one step from FSP method
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CHAPTER II 

LITERRATURE REVIEWS 

 

 

Flame spray pyrolysis (FSP) is generally known as a method for making 

nanoparticles such as fume silica, titania, and carbon black in large quantity at low 

cost [5]. It is a relatively new process for one-step synthesis of supported metal 

catalysts. The nanoparticles generated by the FSP have shown high purity, controlled 

stoichiometry and crystallinity because the flame could be maintained at temperatures 

high enough to complete thermal decompositions through intense oxidation [6]. FSP 

itself is emerging as an attractive fast and single step catalyst preparation method [7]. 

Typically, organic metal compounds are dissolved in an organic solvent and 

the precursor solution is sprayed as micrometer sized droplets with high velocity 

oxygen and ignited with a small premixed methane–oxygen flame. The solvent and 

metal compounds evaporate and combust to form atomically dispersed vapors, which 

nucleate to form clusters when reaching cooler parts of the flame. The formed clusters 

grow by surface growth and coalescence, accompanied by sintering. This result in 

non-porous nanoparticles which coagulate and sinter to form agglomerates and 

aggregates with high inter particle porosity. 

 

B. Tian et al. [8] studied the one-step preparation, characterization and 

visible-light photocatalytic activity of Cr-doped TiO2 with anatase and rutile 

bi-crystalline phases. Itwas revealed that Cr3+ doping not only extends the visible light 

response of TiO2 but also increases the content of rutile in the bi-crystalline TiO2. 

XPS results confirmed that Cr3+ caneffectively promote the formation of oxygen 

vacancy which is contributed to the anatase to rutile transformation. ESR analysis 

indicated that the existing state of Cr in Cr- TiO2 is closely relative to the Cr content: 

Cr is mainly incorporated into the crystal lattice of TiO2 when the Cr content is lower 

than 1 at. %, while higher Cr content is favorable to the formation of Cr2O3 clusters. 



4 
 

 
 

The photocatalytic activities of different Cr-TiO2 photocatalyst were evaluated 

in terms of the photocatalytic degradation of 2, 4-dichlorophenol (2,4-DCP) under 

visible light irradiation. Appropriate Cr3+ doping can significantly enhance the 

visible-light photocatalytic activity of TiO2, which is attributed to the improvement of 

visible light response as well as the suitable anataseto rutile ratio. Excess Cr3+ doping 

is detrimental to the improvement of visible light photocatalytic activity, which is 

relative to the formation of Cr2O3 clusters as well as too high rutile content. 

 

O. Mekasuwandumrong et al. [9] studied influence of flame conditions on the 

dispersion of Pd on the flame spray-derived. ThePd/TiO2 nanoparticles containing 5 

wt.% Pd were synthesized by one-step flame spray pyrolysis (FSP) under different 

flame conditions. As revealed by both X-ray diffraction (XRD) and transmission 

electron microscopy (TEM) results, the average particle sizes of Pd/TiO2 were 

increased from 9.7 to 24.6 nm with increasing the precursor concentration and tfeed 

flow rate as well as reduction of the O2 dispersing gas during FSP synthesis. Although 

the BET surface area and % anatase phase content were decreased with 
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increasing Pd/TiO2 particle size, %Pd dispersion as determined from the amounts of 

CO chemisorption were higher on the larger size FSP-made Pd/ TiO2 nanoparticles. It 

is suggested that the shorter residence time in flame and/or the lower combustion 

energy (enthalpy density) resulted in more coverage of Pd surface by the 

formation of Ti–O groups, rendering lower CO chemisorption ability of the smaller 

size Pd/ TiO2. 

 

K. Cho et al. [10] studied the effect of molar ratio of TiO2/SiO2 on the 

properties of particles synthesized by flame spray pyrolysis. The effect of molar ratio 

between TEOS and TTIP in the mixture on the particle properties such as particle 

morphology, average particle diameter, specific surface area, crystal structure, etc., 

were determined by using TEM, XRD, BET, and FT-IR. A UV-spectrometer was also 

used to measure the absorption spectrum and the band gap energy of the product 

particles. As the molar ratio of TEOS/TTIP increased byincreasing TEOS 

concentration at the fixed TTIP concentration, the average particle diameter of the 

mixed oxide nanoparticles increased with maintaining uniform dispersion between 

TiO2 and SiO2, and crystal structure was transformed from anatase to amorphous. The 

band gap energy of the TiO2–SiO2 nanoparticles increased with respect to the increase 

of the molar ratio due to the decrease of width of UV-absorption spectrum. 

Photocatalytic activity of TiO2–SiO2 composite particles decreased with the 

concentration of TEOS. 

 

Y. Jiang et al. [11] reported exploring the relationship between surface 

structure and photocatalytic activity of flame-made TiO2-base catalyst. Bare TiO2 and 

TiO2 doped with F or Cu ions have been controllably prepared by one-step FSP 

method. Standard characterization gave similar bulk crystal structure and 

morphological properties of the FSP-made TiO2 in terms of surface area crystallinity 

and phase composition, and morphology. However, the material exhibited markedly 

different heterogeneous photocatalytic activity for the oxidation of gaseous ACE: F 

doped TiO2 exhibited the highest photocatalytic activity and Cu doped TiO2 had a 

detrimental effect on the ACE photocatalytic oxidation. 
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K. Cho et al. [12] reported the effect of molar ratio of TiO2/SiO2 on the 

properties of particles synthesis by flame spray pyrolysis. Titania (TiO2) Silica (SiO2) 

nanoparticles were synthesized from sprayed droplets of a mixture of TEOS and by 

flame spray pyrolysis. The molar ratio of TEOS/TTIP in the precursor solution 

increase up to10 times higher at the fixed concentration of TTIP, the average particle 

diameter increased. The crystal structure of the product particles was transformed 

from anatase to amorphous due to the composition increment of silica in the particles. 

The band-gap energy of the TiO2-SiO2 nanoparticles increased with increasing the 

molar ratio and increasing particle size. The photocatalytic degradation efficiency 

decreased as the large band-gap. 

 

C. S. Kim et al. [13] reported they synthesized zirconium-doped TiO2/SiO2 

photocatalysts via the sol–gel process. The addition of zirconium and SiO2 promoted 

the formation of more uniform particles and increased their surface areas relative to 

TiO2 alone and the introduction of SiO2 effectively suppresses the anatase to rutile 

phase transformation and the crystal growth of TiO2    

particles during the calcination process because SiO2 is well dispersed in TiO2. They 

suggested that the addition of zirconium can effectively suppress the growth of TiO2 

crystals and stabilizes their structure. From the UV–Vis absorption spectra, they 

noticeable shift of the absorption spectrum to a lower energy region was observed for 

Zr/TiO2/SiO2. Absorption in the visible light range came from the newly formed 

zirconium state that was incorporated into the lattice. The introduction of ZrO2 may 

also have enhanced visible light absorption. Moreover, the addition of zirconium 

could have increased the surface acidity of the TiO2 catalysts through the formation of 

stronger surface OH groups that act as traps for holes and thereby suppress 

electron–hole recombination. The absorption edge of the Zr/TiO2/SiO2 was shifted to 

~ 402 nm, corresponding to a band gap of 3.08 eV. 

H. Chang et al., [14] synthesized spherical TiO2 nanoparticles from titanium 

(IV) isopropoxide (TTIP) precursor by flame spray pyrolysis. The effects of 

experimental variables such as the molar concentration of the precursor and the flow 
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rate of hydrogen gas on the particle properties were analyzed. The precursor 

concentration increased from 0.1 to 1.0 M, the average primary particle diameter 

increased from 13 to 61 nm corresponding to 126 and 25 m2/g in the specific surface 

area, respectively. With a decrease in hydrogen flow rate from 5 to 3 l/min, the 

average primary particle size increased from 13 to 32 nm. The size of particles 

prepared with low precursor concentration is clearly smaller than that of particles 

prepared with high precursor concentration. When the flow rate is high and the 

temperature is high, resulting in aggregates consisting of small nanoparticles. 

 
R. Strobel et al., [15] used aerosol flame synthesis of catalysts. Synthesis and 

performance of flame-made catalytic materials is presented. Emphasis is placed on 

flame technology for its dominance in aerosol manufacturing of materials of high 

purity .Flame aerosol processes are characterized in terms of the precursor state 

supplied to the flame. During the last decade, a better understanding of aerosol and 

combustion synthesis of materials contributed to the development of one step. Unique 

particle structure, only available through aerosol processes, lead to improved 

performance in various catalytic applications. 

 

L. G. Bettini et al., [16] studied titanium dioxide nanostructured powders with 

different structural properties and improved photocatalytic performance were 

synthesized by flame spray pyrolysis (FSP) under systematically varied FSP operation 

conditions, starting from organic solutions containing titanium (IV) isopropoxide 

(TTIP) as Ti precursor. The primary particle size, crystalline phase, specific surface 

area, porosity and morphology of the so obtained photocatalyst powders were 

investigated by means of Raman spectroscopy, XRD, BET, SEM and UV–vis 

absorption analysis. An increase of the molar ratio between the dispersion oxygen gas 

and the TTIP fed into the flame was demonstrated to lead to TiO2 materials with 

decreased primary particles size, from ca. 21 to 7 nm, with higher brookite content 

and an increased BET surface area, from ca. 70 up to 250 m2 g−1. The photocatalytic 

activity of the as-synthesized TiO2 powders was investigated employing formic acid 

decomposition in aqueous suspension as test reaction. With the TiO2 powders 

synthesized with high O2/TTIP flux molar ratio a formic acid photo-mineralization 
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rate was attained significantly overcoming that obtained with commercial P25 

TiO2.The FSP technique demonstrates to allow the synthesis of TiO2photocatalyst 

powders with finely tuned properties. The morphology, crystal phase, primary particle 

size, specific surface area, porosity and photocatalytic activity of the materials 

strongly depend on FSP synthesis conditions, such as the solvent and the precursor 

concentration in the solutions fed into the burner and the precursor, dispersion and 

sheath gases flow rates. In particular, the molar ratio between the dispersion oxygen 

and the titanium precursor fed into the burner was found to be a suitable control 

parameter allowing one to finely tune the structural properties of FSP-made TiO2 

materials. The photocatalytic activity in formic acid photo-mineralization of the best 

performing flame-made TiO2photocatalyst powders, produced with a high feed flow 

rate of both dispersion and sheath oxygen, significantly overcomes that of commercial 

P25 TiO2. 

 

J. Wendelin et al., [17]  studied flame aerosol synthesis of nanoparticles is a 

rapidly changing terrain: While producing mainly simple oxide commodities such as 

silica or titania in the last few decades, a deeper understanding of the process allows 

now the production of more sophisticated products with high functionality. Advances 

in process simulation and diagnostics of early particle formation and growth 

contributed to this development. This is illustrated in the synthesis of heterogeneous 

catalysts, where dry flame technology can be used to produce highly active 

nanoparticles. That way, inorganic submicron particles with closely controlled 

morphology and composition are produced, giving rise to a series of new products or 

processes that have been dominated by wet chemistry for years 

  

J. Taranto et al., [18] suggests that photocatalysis is a catalytic reaction which 

requires light energy. Photosynthesis which occurs in plant is commonly known 

example of photocatalytic reaction. During this process, plant produce oxygen by 

oxidizing water and reduce carbon dioxide by solar energy. Inspired by this process, 

Fujishima et al. investigated photoelectrolysis of water using light energy [3]. TiO2 is 

a good material for photocatalytic breaking down organic compounds. As an example 
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to this, if catalytically active TiO2 powder put into a shallow polluted water, and 

sunlight, water is purified. 

 

Su et al., [18] studied several property of TiO2 prepared by the sol-gel method 

such as crystal structure, surface area, particle size and possible reaction site on the 

surface of TiO2 on purpose. Titanium (IV) n-butoxide was used as a titanium dioxide 

precursor in isopropanol. The result of the variation of pH showed that, for pH < 3 

and /or pH > 9, clear sol with nano sized TiO2 was obtained. The XRD suggested that 

at a calcination temperature to 673 K only anatase phase was observed. As calcination 

temperature was increased to 973 K, the rutile phase became the major constituent of 

TiO2. The XRD data also showed that the crystal size of TiO2 increased from 4 to 35 

nm as the temperature was increased to 973 K. Simultaneously, the BET surface area 

recorded a decreased from 122 to 11.5 m2g-1. With regard to photodegradation of 

salicylic acid, the calcination temperature used in sol-gel preparation of TiO2 samples 

significantly affected its phocatalytic activity. This may be be due to the aggregation 

and phase transformation with increasing temperature. 

 

Y. Lin et al., [19] studied electronic and optical performances of Si and 

Fe-codoped TiO2 nanoparticles and used it for photocatalyst for the degradation of 

methylene blue. For investigated the electronic and optical performances of pure, 

Si-doped, Fe-doped, Si and Fe-codoped anatase and rutile TiO2 based on DFT 

calculations. Our calculated results show that Si doping TiO2 will induce an obvious 

band gap narrowing by mixing O 2p with Si 3p states, and there are a series of 

impurity energy states (Fe 3d) appearing in edge of the VB and the CB through Fe 

doping. The synergistic effects of Si and Fe-codoping may further reduce the 

electrons excited energy from the VB to the CB under the visible-light irradiation, 

which enhances the photocatalytic activity and the redshift of absorption edge. The 

photocatalytic and optical absorption properties obtained by experiments reveal that 

Si and Fe-codoped TiO2 sample exhibits better optical absorption performance and 

higher photocatalytic activities for the degradation of methylene blue than pure. 
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L. Chiang et al., [20] studied Cu –TiO2 nanorods with enhanced ultraviolet- 

and visible-light photoactivity for Bisphenol A degradation. In this study, the 

microwave-assisted sol–gel method and chemical reduction were used to synthesize 

Cu–TiO2 nanorod composites for enhanced photocatalytic degradation of bisphenol A 

(BPA) in the presence of UV and visible lights. The electron microscopic images 

showed that the Cu nanoparticles at 4.5, 0.1 nm were well-deposited onto the surface 

of TiO2 nanorods after chemical reduction of Cu ions by NaBH4. The X-ray 

diffractometry patterns and X-ray photoelectron spectroscopic results indicated that 

Cu species on the Cu–TiO2 nanorods were mainly the mixture of Cu2O and CuO. The 

Cu-TiO2 nanorods showed excellent photocatalytic activity toward BPA 

photodegradation under the irradiation of UV and visible lights. The 

pseudo-first-order rate constant (kobs) for BPA photodegradation by 7 wt% Cu–TiO2 

nanorods were 18.4 and 3.8 times higher than those of as-synthesized TiO2nanorods 

and Degussa P25 TiO2, respectively, under the UV light irradiation. In addition, the 

kobs for BPA photodegradation by 7 wt% Cu–TiO2 nanorods increased by a factor of 

5.8 when compared with that of Degussa P25 TiO2 under the irradiation of 460 - 40 

nm visible light. Results obtained in this study clearly demonstrate the feasibility of 

using one-dimensional Cu–TiO2 nanorods for photocatalytic degradation of BPA and 

other pharmaceutical and personal care products in water and wastewater treatment 

plants. In this study, we have synthesized TiO2 nanorods by microwave assisted 

sol–gel method and Cu–TiO2 nanorods composites by chemical reduction method for 

effective photodegradation of BPA the presence of UV and visible lights. TEM 

images showed that the diameter of TiO2 nanorods was 2 nm with aspect ratios of 

5–10.5. The XRD and XPS results indicated that Cu species were mainly Cu2O and 

CuO. The Cu–TiO2 nanorods exhibited an enhanced effect the photocatalytic 

degradation of BPA under the irradiation of UV and visible lights. The kobs for BPA 

photodegradation by Cu–TiO2 nanorods at 7 wt% Cu ions were 21.8 and 3.8 times 

higher than those as-synthesized TiO2 nanorods and Degussa P25 TiO2, respectively, 

under the UV light irradiation. In addition, the kobs for BPA photodegradation by 

as-synthesized TiO2 nanorods and Cu–TiO2 nanorod composites increased by factors 

of 2.0 and 5.8,respectively, when compared with Degussa P25 TiO2 in the 
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presence460 ± 40 nm visible light. Results obtained in this study clearly demonstrate 

that Cu–TiO2 nanorod composites are an effective photocatalyst for degradation of 

BPA under both UV and visible light conditions and open an avenue for a potential 

application photocatalytic degradation of pharmaceutical and personal care products 

in water and wastewater treatment plants. 

 

G. Ket al.,[20] studied dechlorination and photodegradation of 

trichloroethylene by Fe/TiO2 nanocomposites in the presence of nickel ions under 

anoxic conditions. The removal of priority pollutants by nanocomposites has recently 

received much attention. In the present study, the dechlorination as well as 

photodegradation of trichloroethylene (TCE) by the combination of 

nanoscalezerovalent iron (NZVI) with Degussa P-25 TiO2 (Fe/TiO2 nanocomposites) 

in the presence of nickel ions under anoxic conditions were studied. The Fe/TiO2 

nanocomposites were synthesized by a novel and simple method using polyethylene 

glycol and sodium borohydride as the cross-linker and reducing agent, respectively. 

Scanning electron microscopy (SEM) images showed that the NZVI was spherical 

with the average particle size of 60±5 nm. Electron-probe microanalysis elemental 

maps showed that the distribution of Fe and Ti in nanocomposites was uniform. The 

Fe/TiO2nanocomposites exhibited excellent ability in dechlorination as well as 

photodegradation of TCE in the presence of nickel ions. Ethane was found as the 

major end product of TCE in both dark and photocatalytic reactions, depicting that 

hydrodechlorination was the major reaction mechanism. In addition, the 

dechlorination of TCE by Fe/TiO2nanocomposites followed the pseudo-first-order 

kinetics and the rate constant (kobs) for TCE dechlorination was (1.3 ±0.1) x 10−2h−1, 

which was higher than that by NZVI alone ((7.4 ±0.2) x10−3h−1). The 

photodegradation efficiency of TCE by Fe/TiO2 nanocomposites was enhanced in the 

presence of nickel ions under illumination of UV light at 365 nm. The kfor TCE 

photodegradation increased 6.0–11.6 times when Fe/TiO2 was illuminated with UV 

light in the presence of nickel ions. A rapid and complete dechlorination of TCE by 

Fe/TiO2nanocomposites was observed after 7 cycles of injection in the presence of 

nickel ions and UV light, indicating the stability of nanocomposites towards TCE 
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dechlorination. In this study, we have first demonstrated the rapid dechlorination and 

photodegradation of TCE by Fe/TiO2 nanocomposites in the presence of nickel ions 

and UV light under anoxic conditions. The nanoscale Fe/TiO2 was synthesized by 

one-pot simple reduction method for dechlorination of TCE in the presence of nickel 

ions. Surface analyses indicated that the NZVI and TiO2 were homogeneously 

dispersed in the nanocomposites with little aggregation. The Fe/TiO2 nanocomposites 

showed excellent ability towards TCE dechlorination in the presence of nickel ions. 

The presence of nickel ions in the concentration range 20-100 significantly enhanced 

the dechlorination of TCE both in dark and photo-induced reactions. Ethane was 

found to be the major end product of TCE dechlorination in both dark and 

photo-enhanced reactions, depicting that hydrodechlorination is the main mechanism. 

The pH value has a great effect on the removal efficiency of TCE by Fe/TiO2 and the 

dechlorination efficiency and rate of TCE decreased obviously under alkaline 

conditions. In addition, the Fe/TiO2 nanocomposites can retain the high photocatalytic 

reactivity after 7 cycles of injection in the presence of nickel ion and 365 nm UV 

light. Results obtained in this study clearly indicate that the Fe/TiO2 nanocomposites 

synthesized by a simple route can be useful nanomaterials for removal of various 

chlorinated compounds by dechlorination as well as by photocatalytic degradation.  

  

W. Y. Teoh et al., [21] studied flame sprayed visible light-active Fe-TiO2 for 

photomineralisation of oxalic acid. Visible light-active Fe-doped TiO2 was prepared 

by a one-step flame spray pyrolysis (FSP) technique. The properties of the 

photocatalysts were characterized by UV–vis diffuse-reflectance spectroscopy, X-ray 

diffraction (XRD), X-ray photoelectron spectroscopy (XPS), nitrogen adsorption 

(BET), transmission electron microscope (TEM) and zeta potential techniques. Being 

a bottom-up approach, the short residence time coupled with rapid quenching during 

FSP resulted in homogeneous Fe-doped TiO2 for Fe/Ti ratios approximately up to 

0.05. This is five times higher than that reported for particles synthesized by 

conventional wet techniques followed by high temperature annealing. Under visible 

light irradiation (l > 400 nm), the rate of oxalic acid mineralization by Fe-doped TiO2 

(Fe/Ti = 0.05) was 6.4 times higher than that of similarly prepared bare TiO2and 
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Degussa P25. A unique Fe-leaching and re-adsorption properties were observed 

during the reaction. Unlike the system of bare TiO2 spiked with dissolved Fe (III) 

ions, the FSP Fe-doped TiO2 photocatalyst was found to be stable and reusable after 

each run with minimal loss of Fe from the surface.  

           The use of a one-step FSP technique to synthesize visible light-active 

Fe-doped TiO2 photocatalyst has been demonstrated. Introduction of Fe into TiO2 

matrix by flame synthesis was effective in extending the particle photo response to the 

visible regime (l > 400 nm). At the same time, it also enhances transformation to 

rutile. Being a bottom-up approach, the short residence time coupled with a high 

quenching rate during the FSP process was found to be an excellent method in 

synthesizing homogeneous Fe-doped TiO2solid solutions with high Fe solubility. The 

reported solubility of up to Fe/Ti = 0.05 in this work is significantly higher than the 

Fe/Ti 0.01 commonly found for particles synthesized by wet techniques followed by 

high temperature calcination. Doping Fe above its solubility limit was accompanied 

by formation of amorphous structure and a UV–vis optical band centered at 490 nm. 

A slight shift in the XRD rutile (1 1 0) peak and a decrease in specific surface area 

were also observed at high Fe loadings. The Fe-TiO2sample was able to mineralize 

oxalic acid under visible light. This is also accompanied by a unique Fe-leaching and 

re-adsorption properties. Extraction of Fe (III) from photocatalyst surface was found 

to take place even in the dark to form a Fe (III)-oxalate complex. The complex is 

photolysis under visible light irradiation leaving behind Fe (II) ions. Here, the 

presence of visible light-active Fe-TiO2is important to deoxidize the adsorbed Fe (II) 

to Fe (III) to sustain the photoreaction under visible light. A high extent of oxalic acid 

mineralization (70%) for 10 ppm (as carbon) of oxalic acid was observed for 

Fe-doped TiO2with Fe/Ti ratio of 0.05 compared to just 50% for the same bulk 

amount of aqueous Fe(III) and TiO2. In addition, most dissolved Fe ions are 

readsorbed back on the Fe-TiO2 particles at the end of the oxalic acid oxidation 

reaction, thereby minimizing the loss of Fe and rendering its re-usability. On the other 

hand, a mixture of dissolved Fe (III) and bare TiO2 resulted in significant loss of 

unabsorbed Fe after each run. Hence it is not surprising that the Fe-doped TiO2 

particles exhibited reproducible mineralization rates even after 5 repeated runs 
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whereas the latter saw deteriorating rates after every run. The UV–vis absorption 

spectrum of Fe-doped TiO2 was also found to be unchanged despite repeated 

photocatalytic runs. 

 

Y. L. Pang et al. [22] studied the effect  of  low  Fe3+ doping on 

characteristics, sonocatalytic activity and reusability of  TiO2 nanotubes  catalysts  

for  removal  of  Rhodamine  B  from  water. Fe-doped titaniumdioxide (TiO2) 

nanotubes were prepare dusting sol–gel followed by hydrothermal methods and 

characterized using various methods. The so no catalytic activity was evaluated based 

on oxidation of Rhodamine B under ultrasonic irradiation. Iron ions (Fe3+) might 

incorporate into the lattice and intercalated in the interlayer spaces of TiO2nanotubes. 

The catalysts showed narrower band gap energies, higher specific surface areas, more 

active surface oxygen vacancies and significantly improved so no catalytic activity. 

The optimum Fe doping at Fe:Ti = 0.005 showed the highest so no catalytic activity 

and  exceeded that of un-doped TiO2nanotubes by a factor of 2.3 times. It was 

believed that Fe doping induced the formation of new states close to the valence band 

and conduction bands and accelerated the separation of charge carriers.  Leached 

Fe3+could catalyze Fenton-like reaction and led to an increase in the hydroxyl radical 

(•OH) generation. Fe-doped TiO2 nanotubes could retain high degradation efficiency 

even after binge used for 4vcycles with minimal loss of Fe3+vfrom the surface of the 

catalyst. 

            Fe-doped TiO2 nanotubes were successfully synthesized using 

hydrothermal method in a concentrated NaOH solution. Fe could have been 

intercalated into the interlayer space of nanotubes besides occupying the substitution 

positions for Ti4+ due to similar radius of Fe3+ and Ti4+. Compared to the un-doped 

TiO2nanotubes, the specific surface area for Fe-doped TiO2 nanotubes was found to 

increase while the band gap energy experienced a slight reduction. It  also  

demonstrated  a  significant  enhancement  in  the  so no catalytic activity  with 

an optimum doping concentration at Fe:Ti = 0.005. Appropriate amount of  Fe3+ 

doping could prolong the separation between  h+– e−and the leaching of  Fe3+ in to 
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the solution would catalyze  nanotubes catalyst could retain  high  degradation of  

Rhodamine B even after being reused for 4  times.  

          

S. Sood et al. [23] studied the synthesis of various molar concentrations of iron 

(Fe)-doped TiO2 nanoparticles and their efficient use as potential photocatalysts for 

photocatalytic degradation of toxic and harmful chemical, para-nitrophenol. The 

nanoparticles were synthesized by a novel and facile ultrasonic assisted hydrothermal 

method and characterized in detail by various analytical techniques in terms of their 

morphological, structural, compositional, thermal, optical, pore size distribution, etc 

properties. The photocatalytic activities of the as-prepared Fe-doped TiO2 

nanoparticles were examined under visible light illumination using paranitophenol as 

target pollutant. All this contribute to their excellent photocatalytic activity for the 

degradation of paranitrophenol and Methylene Blue dye under visible irradiation. 

Also, the effect of Fe dopant on photocatalytic behavior of TiO2 nanoparticles was 

critically examined. The maximum degradation rate of paranitrophenol was 92% in 5 

h when the Fe molar concentration was 0.05 mol%, without addition of any oxidizing 

agents. 

    

S. Larumbe et al. [24] studied the effect of N and Fe doping on the structural, 

optical, photocatalytic and magnetic properties of TiO2 nanoparticles is analyzed. 

Undoped, N and Fe doped TiO2 nanoparticles were synthesized by sol–gel method. 

Titanium tetraisopropoxide (TTIP) was used as the alkoxyde precursor and iron (III) 

nitrate and urea were the employed precursors to obtain Fe and N doped TiO2 

nanoparticles, respectively. Differential Scanning Calorimetry (DSC) and The 

Thermogravimetrical Analysis (TGA) enabled the analysis of the thermal 

decomposition process and the final calcination temperature. X-Ray Diffraction 

patterns of the calcined nanoparticles displayed a monophasic anatase structure in all 

the samples with mean crystallite diameter around 4–6 nm. The introduction of Fe or 

N induced a red-shift in the absorption spectra. Such a red-shift is characterized by a 

decrease in the band-gap energy and the occurrence of an absorption (Urbach) tail in 

the visible region. Finally, the photocatalytic efficiency was evaluated under UV and 
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Visible light, obtaining an improvement of the kinetic constants in the nitrogen doped 

TiO2 nanoparticles with respect to undoped and Fe doped TiO2. The differences in the 

photocatalytic response under Fe and N doping are also analyzed in terms of the 

magnetic response of the analyzed photocatalysts. As result, an enhancement of the 

photocatalytic activity was detected for the nitrogen doped samples. However, for the 

Fe doped nanoparticles a reduction of the kinetic constants was estimated related to a 

bulk doping process. Magnetic measurements evidenced at low temperatures an 

antiferromagnetic nature in Fe doped samples correlated to the homogeneous 

distribution of Fe3+ in the nanoparticles. This result confirms the deterioration of the 

photocatalytic activity due to the reduction of the electron/hole pairs that could reach 

the surface of the nanoparticles. With respect to the nitrogen doped samples, a weak 

ferromagnetic behavior was detected at room temperature related to the formation of 

oxygen vacancies. These oxygen vacancies act as recombination centers and therefore 

the photocatalytic activity is reduced with the increase of the nitrogen concentration. 

 

T. Aguilar et al. [25] studied the method for the synthesis of copper-doped TiO2 

nanoparticles. The semiconductors synthesized were characterized in order to know the 

composition, crystalline structure, the band gap energy, etc. The nanoparticles obtained 

have a very low band gap (1.6 eV for 7.5% Cu-doping) compared with the values 

reported in the literature. The results obtained revealed that internal doping of the TiO2 

structure is produced, and that the predominant crystalline phase is anatase. The 

semiconductors synthesized would be of great use in photocatalytic and photovoltaic 

applications due to the high specific surface and the low band gap energy values. Letter 

presents a method for the synthesis of copper-doped TiO2 based on the low temperature 

hydrolysis reaction of a titanium alkoxide. The produced semiconductors synthesized 

have a very low band gap energy value, reaching 1.6 eV for a doping of 7.5%. This is 

much lower as compared to the values reported in the literature for levels of doping 

similar to those in letter. Likewise, the band gap energy decreased as the amount of Cu 

in the samples increased. The samples were also characterized structurally concluding 

that the majority phase was anatase, and no crystalline phase of Cu species was 

observed. Furthermore, XRD and Raman spectroscopy showed deformation of the 
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anatase structure when the amount of Cu increased. This evidence confirms that the 

copper doping produced is internal doping of the TiO2 structure. Also, the crystals 

obtained with this method of synthesis are smaller than those of some commercial 

TiO2, and their size decreases when the amount of Cu in the structure increases, and so 

the specific surface of the semiconductor increases with the level of doping.
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CHAPTER III 

 

THEORY 

 

3.1 Titanium dioxide 

3.1.1 Basic physical properties of titanium oxides 

Titanium dioxide is the oxide of titanium with a chemical formula of TiO2 and 

was first discovered in 1791 from ilmenite [26]. Titanium dioxide has many 

polymorphs. The well-known phases of titanium dioxide are naturally occurred rutile 

[27], anatase [28] and brookite [29], named after their reddish color, extended 

crystallographic shape, and a mineralogist, respectively. 

The metastable anatase and brookite phases can irreversibly convert to stable 

rutile upon heating. Among these polymorphs, only rutile and anatase show 

photocatalytic effects. 

Table 2.1 lists some physical properties of rutile, anatase and brookite. Rutile 

and anatase show very similar physical properties while slight differences exist. For 

example, both ofthem have a wide band-gap (3.0–2.3 eV) to reflect visible light while 

anatase can reflect a wider electromagnetic wave covering long-wave ultraviolet 

(UVA) light and visible light. The physical property causes rutile TiO2 nanoparticles 

absorb violet visible light while anatase absorbs UVA toshow photo-reduced catalytic 

effects. Fig. 2.1 shows crystallographic structures of rutile and anatase. 
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Table 2.1 Physical properties of titanium dioxide [30] 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 Crystallographic structure of (a) rutile and (b) anatase. Titanium atoms  
and oxygen atoms  form TiO6 polyhedra in the lattices. (For interpretation of the 
references to color in this figure caption, the reader is referred to the web version of this 
article). 
 
         

3.1.2 Applications of Titanium dioxide 
Titania nanocatalysts are inexpensive, chemically stable and harmless, and 

have no absorption in the visible region. Therefore, they have a white color. TiO2 
nanoparticles consume manifold applications that include their usage as white 
pigment in the paint, plastic, paper industries, cosmetics industry [31], self-cleaning 
[32], water-splitting [33] and degrades organic pollutants in water and air [34]. 

 
3.2 Photocatalytic Reaction 

brookitanatas rutile 
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Photocatalysis is the acceleration of a chemical transformation by the presence 

of a catalyst with light. This catalyst has function to reduce the activation energy of 

the photocatalysis is called photocatalyst. In photocatalyst, light is absorbed by an 

adsorbed substrate. Moreover, it may accelerate the photocatalysis by interaction with 

the substrate in ground or excited state and/or with a primary photoproduct, 

depending on the mechanism of the photoreaction and itself remaining unaltered at 

the end of each catalytic cycle. Photocatalysis has two types, one is the homogeneous 

photocatalysis and the other is heterogeneous photocatalysis. In case of homogeneous 

photocatalysis, the reactants and the photocatalysts exist in the same phase (typically 

in liquid phase). The reactive species is the •OH which is used for different purposes. 

While heterogeneous photocatalysis is a process in which two active phases solid and 

liquid are present, the solid phase is a catalyst, usually a semiconductor. A 

semiconductor is a chemical substance that is normally solid or mixture. It is a good 

the molecular orbital of semiconductors has a band structure. The bands of interest in 

photocatalysis are the populated valence band (VB) and it’s largely vacant conduction 

band (CB). A semiconductor is characterized by an electronic band structure, in which 

the highest occupied energy band, or valence band, and the lower empty band and 

conduction band are separated by a band gap [35]. 

 
3.3 Photoactivity of titanium oxide nanoparticles 

TiO2 semiconductor is very good photocatalyst for the elimination of 

pollutants from air and water due to its chemical stability, nontoxicity and high 

photocatalytic reactivity. Titanium dioxide is a wide band- gap semiconductor that 

can be excited to produce electron–hole pairs when irradiated with light. It may be 

photoexcited to form electron-donor sites (reducing sites) and electron-acceptor sites 

(oxidising sites), providing great scope for redox reaction. Anatase possesses an 

energy band gap of 3.2 eV with an absorption edge at 386 nm which lies in the near 

UV range while rutile has a lower energy band gap of 3.02 eV with an absorption 

edge in the visible range at 416 nm. Both anatase and rutile forms are photocatalytic 

but anatase is the most reactive form. However, it has a high energy gap (Eg > 3.2 

eV) and for this reason it could be excited by UV light (λ<388 nm) only. The 
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principle of TiO2 photocatalytic reaction is simple. Titanium dioxide is illuminated 

with light (hν) of larger energy than that of band gap, electrons are excited from the 

VB to the CB leaving a holes in the VB and an electrons in the CB, as shown in Fig. 

2.2. Consequently, the primary process is the charge carrier generation. 

 
Figure 2.2 Schematic illustration of photo-generation of charge carriers in a 

photocatalytic TiO2 nanoparticle. A valence band electron hole is represented by h+ 

and a conduction band electron is represented by e− [36]. 

Both hole and electron charges are on the loose, they can interact with water 

and oxygen at the surface of the titania (Forbes). The generation of the holes and 

electrons and subsequent oxidation and reduction reactions may be written following: 

 

TiO2 + h •  →  e− + h+ (surface on TiO2) 

    Electron reaction: e− + O2  →  O2•− (super oxide radical) 

 2O2•− + 2H2O  →  2•OH + 2OH− + O2 

    Surface reaction: h+ + OH−  →  •OH      [37] 

 

This photodecomposition process usually involves one or more of radicals or 

intermediate species such as •OH, O2−, H2O2, or O2, which play important roles in the 

photocatalytic reaction. The generated electrons and holes usually recombine on TiO2 

clean surfaces, lowering the photo-activated performances. The adsorbed species on 

TiO2 surfaces would block the recombination of electrons and holes through 

transferring electrons and holes to the adsorbed species to form active radicals 
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(Hashimoto, Irie et al. 2005). The photocatalytic activity of a semiconductor is largely 

controlled by (i) the light absorption properties, for example, light absorption 

spectrum and coefficient, (ii) reduction and oxidation rates on the surface by the 

electrons and holes, (iii) and the electron-hole recombination rate [38]. 

 

Tetraethyl orthosilicate 

  

Si is well dispersed in TiO2. They suggested that the addition of zirconium can 

effectively suppress the growth of TiO2 crystals and stabilizes their structure. From 

the UV– Vis absorption spectra, they noticeable shift of the absorption spectrum to a 

lower energyregion was observed for TiO2/SiO2. Absorption in the visible light range 

came from the newly formed zirconium state that was incorporated into the lattice 

[38]. 

 

Ferric acetylacetonate 

 

Fe is considered to be a suitable transition metal candidate as dopant because: 

(i) the ionic radius of Fe3+ (0.69 Å) is nearly same as that of Ti4+ (0.745 Å) as a result, 

Fe3+ can be conveniently integrated into TiO2 matrix; (ii) its stable half-filled d5 

configuration and (iii) Furthermore, Fe3+ act as charge carrier trap and inhibits the 

recombination of photogenerated electron–hole pair, and logically adds to enhanced 

photoactivity. [39] 

 

Copper (II) Nitrate      

Cu is also a metallic element essential to human health and is considered a low 

toxicity metal to humans and is used in intrauterine devices. The chemical mechanism 

of Cu enhances the photocatalytic activity of TiO2 [40]. 

 
Table 3.1 Crystallite phase properties 

Crytallite phase Boiling Point 
(°C) 

Melting Point 
(°C) 

Molecular 
weight 
(g/mol) 

Ti(OCH2CH2CH2CH3)4 206 °C 2972 340.32 
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Table 3.2 Band-gap energies for several common semiconductor materials  

Semiconductor Band-gap energy (eV) 
Ti(OCH2CH2CH2CH3)4 3.2 

Fe(C5H7O2)3 2.2 
Si(OC2H5)4 2.2 

Cu(NO3)2 · 3H2O 2.1 
3.4 Flame Spray Pyrolysis (FSP) 

Flame synthesis is a relatively new method for one-step production of 

supported noble metal catalysts and catalysts in general. Flame aerosol synthesis is a 

cost-effective and versatile process for the controlled production of nanoparticles. In 

flame reactors, the energy of a flame is used to drive chemical reactions of precursor 

compounds that result in the formation of clusters which further grow by coagulation 

and sintering in the hot flame environment to nanometer-sized product particles. 

There are two primary types of the flame aerosol process for the synthesis of 

those nanoparticles. One is a flame assisted vapor-to-particle conversion process that 

is called as flame vapor synthesis (FVS). The other is a flame assisted liquid 

droplet-to-particle conversion process called as flame spray pyrolysis (FSP). The FVS 

process is the best choice for the synthesis of solid nanoparticles of single-component 

and binary system such as metal, semiconductors, simple oxide, nitride, etc. However, 

the FVS process requires the use of volatile precursors. High production rate is 

possible when highly volatile precursors are available, and because the vapor phase 

precursor can be purified more easily than solid or liquid precursors, the FVS process 

allows the generation of materials with ultrahigh purities. Unfortunately, a 

disadvantage of the FVS process is that the synthesis of high-purity volatile 

precursors is complicated and expensive. 

In general, the FVS is more complex to design and operate than the FSP 

because the FVS requires a gas-handling subsystem for the controlled introduction of 

vapor phase reactants. In contrast, the FSP systems require only an atomizer. The FSP 

has the major advantages that can handle materials containing a large number of 

Fe(C5H7O2)3 decomposes 180 to 181 °C 353.17 
Si(OC2H5)4 167 °C -77 °C 208.37 

Cu(NO3)2 · 3H2O 170 °C 256 °C 241.60 
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elements and that aqueous solution of precursors can be used to produce 

multi-component oxide nanoparticles. 

In conventional spray pyrolysis, the solution is atomized into a hot wall 

reactor where the aerosol droplets undergo evaporation and solute concentration 

within the droplet, drying, thermolysis of the precipitate particle at higher temperature 

to from a microporous particle, and eventually a dense one by sintering. The 

advantages of FSP include the ability to dissolve the precursor directly in the fuel, 

simplicity of introduction of the precursor into the hot reactor zone (e.g. a flame), and 

flexibility in using the high-velocity spray jet for rapid quenching of aerosol 

formation. 

When producing nano-catalyst using a high temperature flame, the particle 

collection technique has to be chosen. One solution is to collect the material directly 

on the substrate either inside the flame spray or very close to it. The variety of 

operational details includes several physical parameters such as e.g. particle size of 

the material. When nanosized particles are deposited on the substrate, it is assumed 

that coarsening of the material may take place, including partial sintering, neck 

formation and even full coalescence of the particles, especially if the temperature is 

sufficiently high. 

 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.2 Schematic of the FSP process [41] 
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3.5 Photocatalytic process 

 Organic chemicals which may be found as pollutants in wastewater effluents 

from industrial or domestic sources must be removed or destroyed before discharge to 

the environment. Such pollutants may also be found in ground and surface waters 

which also require treatment to achieve acceptable drinking water quality. The 

increased public concern with these environmental pollutants has prompted the need 

to develop novel treatment methods with photocatalysis gaining a lot of attention in 

the field of pollutant degradation. Much of the natural purification of aqueous system 

lagoons, ponds, streams, rivers and lakes is caused by sunlight initiating the 

breakdown of organic molecules into simpler molecules and ultimately to carbon 

dioxideand other mineral products. There are various natural sensitizers that 

accelerate the process. The utilization of ‘colloidal semiconductors’ and the 

introduction of catalysts to promote specific redox processes on semiconductor 

surfaces were developed in 1976. Since then, laboratory studies have confirmed that 

naturally occurring semiconductors could enhance this solar driven purification 

process. 

     The photocatalytic detoxification of wastewater is a process that combines 

heterogeneous catalysis with solar technologies. Semiconductor photocatalysis, with a 

primary focus on TiO2, has been applied to a variety of problems of environmental 

interest in addition to water and air purification. The application of illuminated 

semiconductors for degrading undesirable organics dissolved in air or water is well 

documented and has been successful for a wide variety of compounds. 

 
 
 
 
 
 
 
 
 
 
 
Figure 3.3 Processes involved in semiconductor particles upon band gap excitation. 
CB: Conduction Band, VB: Valence Band, ST: Surface Traps, DT: Deep Traps, 
rack:recombination 
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Organic compounds such as alcohols, carboxylic acids, amines, herbicides and 

aldehydes, have been photocatalytically destroyed in laboratory and field studies. The 

photocatalytic process can mineralize the hazardous organic chemicals to carbon 

dioxide, water and simple mineral acids. Many processes have been proposed over the 

years and are currently used to remove organic toxins from wastewaters. Current 

treatment methods for these contaminants, such as adsorption by activated carbon and 

air stripping, merely concentrate the chemicals present, by transferring them to the 

adsorbent or air, but they do not convert them into non-toxic wastes. Thus, one of the 

major advantages of the photocatalytic process over existing technologies is that there 

is no further requirement for secondary disposal methods. 

       Another advantage of this process is that when compared to other advanced 

oxidation technologies, especially those using oxidants such as hydrogen peroxide 

and ozone, expensive oxidizing chemicals are not required as ambient oxygen is the 

oxidant. Photocatalysts are also self-regenerated and can be reused or recycled. 

       Finally, the solar photocatalytic process can also be applied to destroy 

nuisance odors, taste and odor compounds, and naturally occurring organic matter, 

which contains the precursors to trihalomethanes formed during the chlorine 

disinfection step in drinking water treatment. 

      During the photocatalytic process, the illumination of a semiconductor 

photocatalyst with ultraviolet (UV) radiation activates the catalyst, establishing a 

redox environment in the aqueous solution. Semiconductors act as sensitizers for light 

induced redox processes due to their electronic structure, which is characterized by a 

filled valence band and an empty conduction band. The energy difference between the 

valence and conduction bands is called the band gap. The semiconductor 

photocatalyst absorbs impinging photons with energies equal to or higher than its 

band gap or threshold energy. Each photon of the required energy (i.e. wavelength) 

that hits an electron in the occupied valence band of the semiconductor atom can 

elevate that electron to the unoccupied conduction band leading to excited state 

conduction band electrons and positive valence band holes. 

        The fate of these charge carriers may take different paths (refer to Figure 1). 

Firstly, they can get trapped, either in shallow traps (ST) or in deep traps (DT). 
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Secondly, they can recombine, non-radiatively or radiatively, dissipating the input 

energy as heat. Finally, they can react with electron donors or acceptors adsorbed on 

the surface of the photocatalyst. In fact, it was recently shown that any photoredox 

chemistry occurring at the particle surface emanates from trapped electrons and 

trapped holes rather than from free valence band holes, and conduction band 

electrons. 

      The competition between charge-carrier recombination and charge-carrier 

trapping followed by the competition between recombination of trapped carriers and 

interfacial charge transfer are what determine the overall quantum efficiency for 

interfacial charge transfer. Also of great importance are the band positions or flat band 

potentials of the semiconductor material. These indicate the thermodynamic 

limitations for the photoreactions that can take place. 

3.5.1. Photocatalysts 

       An ideal photocatalyst should be stable, inexpensive, non-toxic and, of 

course, highly photoactive. Another primary criteria for the degradation of organic 

compounds is that the redox potential of the H2O/OH couple (OH−→•OH + e−; 

E0=−2:8 V) lies within the bandgap of the semiconductor. Several semiconductors 

have band gap energies sufficient for catalyzing a wide range of chemical reactions. 

These include TiO2, WO3, SrTiO3, Fe2O3, ZnO and ZnS. The semiconductor most 

thoroughly investigated in the literature, seems to be the most promising for 

photocatalytic destruction of organic pollutants. This semiconductor provides the best 

compromise between catalytic performance and stability in aqueous media. The 

anatase phase of titanium dioxide is the material with the highest photocatalyticde 

toxic fixation. Binary metal supplied semiconductors such as CdS, CdSe or PbS are 

regarded as insufficiently stable for catalysis, at least in aqueous media as they readily 

undergo photo anodic corrosion. These materials are also known to be toxic. The iron 

oxides are not suitable semiconductors as they readily undergo photocathodic 

corrosion. The band gap for ZnO (3.2 eV) is equal to that of anatase. ZnO however, is 

also unstable in water with Zn(OH)2 being formed on the particle surface. This results 

in catalyst deactivation. 
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3.5.2. Nanocrystalline photocatalysts 

Nanocrystalline photocatalysts are ultra-small semiconductor particles which 

are a few nanometres in size. During the past decade, the photochemistry of nano 

semiconductor particles has been one of the fastest growing research areas in physical 

chemistry. The interest in these small semiconductor particles originates from their 

unique photophysical and photocatalytic properties. Several review articles have been 

published concerning the photophysical properties of nanocrystalline semiconductors. 

Such studies have demonstrated that some properties of nanocrystalline 

semiconductor particles are in fact different from those of bulk materials. Nanosized 

particles, with diameters ranging between 1 and 10 nm, possess properties which fall 

into the region of transition between the molecular and the bulk phases. In the bulk 

material, the electron excited by light absorption finds a high density of states in the 

conduction band, where it can exist with different kinetic energies. In the case of 

nanoparticles however, the particle size is the same as or smaller than the size of the 

first excited state. Thus, the electron and hole generated upon illumination cannot fit 

into such a particle unless they assume a state of higher kinetic energy. Hence, as the 

size of the semiconductor particle is reduced below a critical diameter, the spatial 

confinement of the charge carriers within a potential well, like a ‘particle in a box, 

causes them to behave quantum mechanically. In solid state terminology this means 

that the bands split into discrete electronic states (quantized levels) in the valence and 

conduction bands and the nanoparticle behaves more and more like a giant atom. 

Nanosized semiconductor particles which exhibit size-dependent optical and 

electronic properties are called quantized particles (Q-particles) or quantum dots. 

3.5.3 Dual semiconductor systems  

Another approach taken to modify the surface of semiconductor colloids, with 

an aim to improve charge separation and minimize or inhibit charge-carrier 

recombination has been to dope with a second semiconductor. Excitation of these dual 

semiconductors results in an electron injection into the lower lying conduction band 

of the second semiconductor. In the composite nanoparticles, no electric field is 

necessary, as the charge separation is achieved by the tunneling of electrons. Recent 

studies of these interparticle electron transfer occurs within 500 fs–2 ps. Henglein 
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presented the first example in the literature of composite particles when he found that 

when small amounts of Cd2+ were added to ZnS, the ZnS band gap fluorescence was 

quenched. Since then there have been many papers published regarding the optical 

properties of mixed systems. Some of the systems studied include ZnS–CdS , 

CdS–Ag2S , CdS–AgS, mixed crystals of ZnS, CdS–ZnS , AgI–AgS , ZnS–CdSe  

and CdS– PbS systems. 

 

 Reber et al. [42] reported that modifying the surfaces of platinized CdS 

powders with silver ions could activate these photocatalysts, which are otherwise 

inactive with respect to H formation. The activation was attributed to the formation of 

a heterojunction between CdS and Ag2S. It was also observed that the fluorescence of 

CdS was quenched by Ag ions, and that the spectral response for H2+ formation was 

extended to wavelengths up to 600 nm where CdS itself does not absorb. Recently, 

emphasis has been placed on the development of coupled and capped semiconductor 

systems Cd and their application in photocatalysis. Many papers have been published 

regarding coupled semiconductors systems. These include CdS–TiO2, CdS–ZnO, 

CdS–Ag2S ,ZnO–ZnS , ZnO–ZnSe, AgI–Ag2S  and CdS–HgS. 

The charge separation mechanism in both capped semiconductor systems and 

coupled semiconductor systems involves the photogenerated electrons in one 

semiconductor being injected into the lower lying conduction band of the second 

semiconductor. However, the interfacial charge transfer is significantly different [43]. 

The charge-transfer processes involved in capped and coupled semiconductor systems 

are shown in Figures 2 and 3 respectively. In a coupled semiconductor system the two 

particles are in contact with each other and both holes and electrons are accessible on 

the surface for selective oxidation and reduction processes. Capped semiconductors 

on the other hand have a core and shell geometry. The electron gets injected into the 

energy levels of the core semiconductor (provided it has a conduction band potential 

which is lower than that of the shell). The electron hence gets trapped within the core 

particle, and is not readily accessible for the reduction reaction. 
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Figure 3.4 Charge transfer in a coupled semiconductor system [44] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.5 Charge transfer in a capped semiconductor system [45] 
 
      The development of these heterogeneous semiconductor systems is very 

promising and has the potential to contribute significantly to the area of 

photocatalysis. By changing certain parameters, such as the thickness of the shell or 

the particle radius of the core, this approach may allow the tailoring of important 

properties, such as photocatalytic, optical, and magnetic properties, of the 

photocatalyst. It may also be important in addressing problems such as 

photodissolution, which might otherwise occur in an ‘unprotected’ photocatalyst such 

as iron oxide [46]. In capped systems, if the thickness of the shell deposited is 

sufficiently thick, relative to the core radius, the individual identity of the two 

semiconductors can be maintained [47]. In these systems, only the holes are 

accessible at the surface of the photocatalyst. This allows for selective interfacial 

charge transfer, and improves the efficiencies of the oxidation reactions. However, 

one disadvantage of this approach is the fact that the reducing charge carriers (the 
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electrons) are not being utilized during the photocatalyic reaction, since they are being 

accumulated within the core semiconductor. Therefore these photocatalysts cannot be 

used for photoreduction reactions or reactions in which superoxide radicals (formed 

by the reduction of oxygen molecules) play an important role. 

        Three-layered colloidal particles are another development in the field of 

surface-modified semiconductor nanoparticles. These consist of a quantum-sized 

semiconductor particle as the core, covered by several layers of another 

semiconductor material, onto which several layers of the core material are then 

deposited, and act as the outermost shell. These particles are called quantum dots or 

wells [48]. The first example described in the literature was the system CdS–HgS– 

CdS [49]. Another recent development in the application of nanoparticles in 

photocatalysis has been the emergence of organic–inorganic nanostructured 

composites. Interactions between organic and inorganic molecules are being used to 

generate a range of materials for catalytic technologies. Published work by Braun et 

al. [50] describes the synthesis of stable semiconductor organic super lattices based 

on cadmium sulphide and cadmium selenide. By incorporating organic molecules in 

an inorganic lattice the authors anticipate that the electronic properties of this type of 

materials can be tailored. Therefore, these novel organic–inorganic nanostructured 

composites may be suitable for photocatalytic applications. Tenne et al. [51] have also 

been working on the preparation of inorganic compounds, namely WSe2 and PtS, with 

a crystal structure similar to graphite. These compounds can be used to construct 

fullerene-like structures and nanotubes with potential applications in photocatalysis 

and nanoelectronics. 
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CHAPTER IV 

 

 METHODOLOGY 

 

4.1 Nanomaterials Preparation 

4.1.1 Materials 

Table4.1 Table of chemical used in preparing powders by flame spray pyrolysis. 

 
Chemicals Formula Grade Manufacture 

Titanium (IV) butoxide Ti(OCH2CH2CH2CH3)4 
97% 

reagent grade 

Sigma-Aldrich 
Cheme GmbH, 

German 

Ferric acetylacetonate Fe(C5H7O2)3 
97% 

reagent grade 

Sigma-Aldrich 
Cheme GmbH, 

German 
 

Tetraethyl orthosilicate Si(OC2H5)4 98% Sigma-Aldrich 
Cheme 

Copper (II) Nitrate CuN2O6 
97% 

reagent grade 

Sigma-Aldrich 
Cheme GmbH, 

German 
 

Xylene C8 H10 ≥99% - 

 
 

4.1.2 Preparations by Flame spray pyrolysis techniques. 

 Si doped TiO2 

Tetraethyl orthosilicate and Titanium (IV) butoxide were dissolved in xylene. 

The content of Si loading was varied from 0.5mol%, 1mol%, 2mol%, 4 mol%, and 

6mol% to obtain the final FSP nanoparticles precursor solution.Fe doped TiO2 
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Ferric acetylacetonate and Titanium (IV) butoxide were dissolved in xylene. 

The content of Fe loading was varied from 0.5mol%, 1mol%, 2mol%, 4 mol%, and 

6mol% to obtain the final FSP nanoparticles precursor solution. 

Cu doped TiO2 

Copper (II) Nitrate and Titanium (IV) butoxide were dissolved in xylene. The 

content of Cu loading was varied from 0.5mol%, 1mol%, 2mol%, 4 mol%, and 

6mol% to obtain the final FSP nanoparticles precursor solution. 

 

The preparation condition of M-doped TiO2 prepared by FSP method was 

described below. The precursor solution was fed into a flame spray pyrolysis 

apparatus by a syringe pump, 5 ml/min of precursor solution was dispersed into fine 

droplets by a gas-assist nozzle fed by 5 l/min of oxygen. The pressure drop at the 

capillary tip was maintained at 1.5 bar by adjusting the orifice gap area at the nozzle. 

The spray was ignited by supporting flame fed with oxygen (3 l/min) and methane 

(1.5 l/min) which are positioned in a ring around the nozzle outlet. A sintered metal 

plate ring (8 mm wide, starting at a radius of 8 mm) provided additional 10 l/min of 

oxygen as sheath for the supporting flame. The product particles were collected on a 

glass fiber filter with the aid of a vacuum pump as showed in Figure 4.1. 
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Figure 4.1 the experimental set-up scheme of flame spray pyrolysis 

4.2 Catalyst characterization 

 

4.2.1 Powder X-ray diffraction 

 

XRD patterns were collected from 20 to 80 degree using a SIEMENS XRD D5000 and 

Cu Kα radiation. To determine the average crystallite size, peak broadening analysis 

was applied to theanatase (1 0 1) peak using Scherrer’s equation. Also, the phase 

compositions of the TiO2 samples were obtained from the equation suggested by Spurr 

and Myers. 

4.2.2 Transmission electron microscopy 

TEM characterizing the morphology, crystallite size, and diffraction patterns 

of the primary particles of the resulting TiO2 samples were obtained using the 

JEOL-JEM 200CX TEM operated at 100 kV. 

 

4.2.3 Surface Area Measurement 

The surface area was determined by N2 physisorption using Micromeritics 

ASAP 2020. Sample pretreatment system was used to remove water bound to the 
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particle surface from air moisture. During the measurement the sample cell connected 

to vacuum port was dipped in liquid nitrogen. The volume of N2 was measured at 

different partial pressure at of N2 177 K. 

 

4.2.4 UV-vis spectrometer 

The UV–Vis absorption spectra and band gap energy of nanopowders were 

obtained by using LAMDA 650 UV/Vis spectrophotometer to study in electronic 

properties. The spectrophotometer was scanned around wavelength of 200–900 nm 

and obtained by UV WinLab software from Perkin-Elmer. 

4.2.5 X-ray Photoelectron Spectrometer (XPS) 

The XPS analysis was performed using an AMICUS photoelectron 

spectrometer equipped with a Mg Kα X-ray as a primary excitation and a KRATOS 

VISION2 software. XPS elementalspectra were acquired with 0.1 eV energy step at a 

pass energy of 75 eV. The C 1s line was takenas an internal standard at 285.0 eV. 

 4.2.6 Electron spin resonance spectroscopy (ESR) 

ESR was conducted at power 1 mW and amplitude 2.5x100 without 

illumination using a JEOL, JES-RE2X electron spin resonance spectrometer. It was 

performed to monitor the surface Ti3+ on the surface of the TiO2 

. 

4.3 Reaction test 

Photocatalytic degradation of Methylene blue was performed under both UV 

and visible light irradiation. The experiments were carried out in constant 

temperature. Philips C2A ML 500 W was used for UV light source and Philips HPI 

PLUS 250 W was used for visible light source. In the experimental, methylene blue 

solid was dissolved in DI water at a concentration of 20 ppm for used as stock 

solution. The photocatalytic degradation was carried out in 400 mL beaker contained 

0.03 g of photocatalyst in 200 mL of methyl blue aqueous solution. The reaction 

mixture was stirred for 15 minutes in the dark condition then under UV/visible light 

irradiation. After dark condition, samples were collected at every 15 minutes until the 

end of 1 hour and 30 minutes. The concentration of degradation products were 

determined by using Lambda 650 UV/Vis spectrophotometer. 
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CHAPTER V 

 

RESULTS AND DISCUSSION 

 

The main topic of this study is to develop TiO2 based catalysts prepared by 

using flame spray pyrolysis technique for photodegradation under UV and visible light 

irradiation. In this chapter, the experimental results and discussion are described and 

divided into two major parts. The first part describes the effect of metal loading on 

Fe-TiO2, Cu-TiO2 and Si-TiO2 prepared by FSP method on the physiochemical 

properties of FSP-made catalysts. The second part describes the photocatalytic 

degradation of methylene blue by all FSP-made catalysts. 

 

5.1 Physiochemical properties of FSP-made Fe-TiO2, Cu-TiO2 and Si-TiO2 

catalysts 

5.1.1 X-ray Diffraction (XRD) 

              XRD patterns of the FSP-made Fe-TiO2 powders with various Fe loading 

are shown in Figure 5.1. All FSP-made Fe-TiO2 catalyst exhibited the main charactertic 

peak of anatase TiO2 phase at 2θ = 25°, 37°, 55°, 56°, 62°, 71°. The formation of rutile 

phase at 2θ = 28(major) were also abserved in all samples. It is clearly seen that the 

characteristic peaks corresponding to rutile phase increased as the increasing of Fe 

loading content. This suggests that the formation of rutile was improved by addition of 

Fe together with Ti precursor in flame reactor. There are no characteristic peaks 

attributed to iron or iron oxide phase in Fe-TiO2 with Fe loading of 0.5 and 1 mol%, 

implying that either iron or iron oxide was incorporated into the crystal lattice of TiO2 

or too low metal loading. The characteristic peaks attributed to Fe2O3 phase in Fe-TiO2 

were also found after Fe loading exceed than 1.5 mol%, implying that there are limit of 

Fe incorporated into the crystal lattice of TiO2 and it excessed to form iron oxide phase.  
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Figure 5.1 XRD patterns of undoped TiO2, 0.5%Fe-TiO2, 1.0%Fe-TiO2, and 

1.5%Fe-TiO2, respectively. 

The XRD patterns of the flame-made Cu-TiO2 catalysts are presented in Figure 

5.2  All as-synthesized samples exhibited the characteristic peaks of anatase TiO2 at 2θ 

= 25o (major).  The presence of rutile phase at 2θ = 28o (major) were also observed on 

all flame-made catalysts. Increasing of the characteristic peaks of rutile phase was also 

observed after increasing of Cu loading content. The characteristic peaks of Cu2O were 

detected for all the dopant catalysts.  
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Figure 5.2 XRD patterns of undoped TiO2, 0.5%Cu-TiO2, 1.0%Cu-TiO2, 2%Cu-TiO2, 

4%Cu-TiO2, and 6%Cu-TiO2, respectively. 

Figure 5.3 shows the XRD pattern of FSP-made TiO2 and Si-doped TiO2 with 

different Si loading content. All synthesized samples exhibited the characteristic peaks 

of anatase TiO2 at 2Ɵ = 25o (major), 37 o, 48 o, 55 o, 56 o, 62 o, 71 o, and 75 o without any 

contamination of other silicon or silicate phases. This was probably due to the high 

dispersion of doping metal or low metal loading concentration in titania matrix. 
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Figure 5.3 XRD patterns of undoped TiO2, 0.5% Si-TiO2, 1.0%Si-TiO2, 2% Si-TiO2, 

4%Si-TiO2, respectively. 

The crystallite size and phase contents of the all samples were calculated by 

their XRD patterns according to the methods of the Debye–Scherrer [ 46] and Spurr 

[47 ] equation. The obtained results are summarized in Table 5.1. The crystallite size 

of TiO2 decreased from 38.8 to 15.6 nm and to 16.4 as the Fe and Cu loading content 

increased from 0 to 6mol%, respectively. The similar behavior can be observed in the 

case of Si-doped catalyst. The crystallite size of TiO2 also decreased from 38.8 to 22.1 

nm corresponding to the increasing of Si content from 0 to 4 mol%. This suggests that 

the addition of Fe, Cu and Si could effectively retard the growth of particles. 

However, the different phase transformation behavior was observed in these three 

dopants. Addition of Fe and Cu resulted in an increase of %rutile content of the 

FSP-made as the Fe and Cu loading contents increased from 0 to 6 wt%, respectively. 

The results suggest that incorporating of Fe and Cu with Ti precursor in flame reactor 

accelerate the rutile phase transformation. On the other hands, addition of Si resulted 

in a decreasing of rutile content. The results suggest that the addition of silica could 

effectively retard the phase transformation of TiO2. The ionic radius of Si4+ (0.042 

nm) is less than that of Ti4+ (0.068 nm) [48], which allows the insertion of Si4+ ions 

into the titania matrix. The solid solution between Si and TiO2 had high thermal 
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stability, which resulted in the suppression of the phase transformation of titania from 

anatase to rutile and the growth of the TiO2 particles. This suggested that dopants 

would restrain the growth of TiO2 crystallites. It is known that Fe3+and Ti4+ have 

almost similar ionic radius (0.64˚ A and 0.68˚ A, respectively). Therefore, it was also 

possible that Fe3+ could diffuse through a channels along the c-axis to substitute Ti4+ 

in the TiO2 lattice. Consequently, crystal lattice deformation occurred which resulted 

in a decrease in the crystallite size as suggested by the broadening peak and 

decreasing peak intensity. 

Table5.1  Average crystallite size (dXRD) and percentage rutile. 

 
Sample Dxrd(nm) %(wt)Rutil

e TiO2(anatase
) 

TiO2(rutile
) 

TiO2 38.8 27.0 8.0 
0.5%Fe-TiO

2 
35.4 24.0 20.3 

1.0%Fe-TiO
2 

31.3 22.2 27.3 

2.0%Fe-TiO
2 

21.6 19.4 38.5 

4.0%Fe-TiO
2 

18.5 19.7 65.5 

6.0%Fe-TiO
2 

15.6 18.4 75.8 

0.5%Cu-TiO
2 

25.4 24.0 12.2 

1.0%Cu-TiO
2 

23.9 22.1 15.5 

2.0%Cu-TiO
2 

19.6 18.5 25.3 

4.0%Cu-TiO
2 

18.6 12.9 40.5 

6.0%Cu-TiO
2 

16.4 12.4 68.2 

0.5%Si-TiO2 32.6 26.3 5.2 
1.0%Si-TiO2 27.1 24.3 4.1 
2%Si-TiO2 22.2 20.0 4.5 
4%Si-TiO2 19.7 18.1 5.2 
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5.1.2 Nitrogen Physisorption 

N2 adsorption-desorption isotherms can be used to determine the BET surface 

area, pore volume, average pore size distribution of materials. The results are 

summarized in Table 5.2. When the metal content increased from 0 to 1.5 mol %, the 

surface area increased from 30.3 to 60.7 m2/g. That cause by decreasing of TiO2 

crystallite size after doping with Fe. This would be explained by the suppression of 

crystallization process in flame spray pyrolysis by Fe atom. The BET isotherms 

obtained from the adsorption branch of the isotherms of the Fe doped TiO2 are shown in 

Figure 5.4. It was observed that the isotherms of all catalysts are Type IV and the 

characteristic hysteresis loop is of type A, which dictated the form of tabular pore 

structure. However, the loop starts at quite high partial pressure that indicates the 

formation of macropore materials. 

Table 5.2 The BET surface area of Fe doped TiO2. 

Sample Concentration 
(M) Ratio Fe:Ti Feed rate 

(mL/min) 

BET surface 
area 

(m2/g) 
P 25 

0.5 1:1 5 

47.75 
TiO2 30.3 

0.5%Fe-TiO2 29.57 

1%Fe-TiO2 39.49 

2%Fe-TiO2 49.54 

4%Fe-TiO2 52.78 

6%Fe-TiO2 60.68 

 
Table 5.3 The Total pore volume, Adsorption Isotherms and Hysteres is loop of Fe 
dope TiO2. 

Sample Concentration 
(M) 

Feed rate 
(mL/min) 

Total 
pore 

volume 
(cm3/g) 

Adsorption 
Isotherms 

Hysteresis 
loop 

P 25 

0.5 5 

0.23 

Type IV A 

TiO2 0.28 
0.5%Fe-TiO2 0.10 
1%Fe-TiO2 0.08 
2%Fe-TiO2 0.10 
4%Fe-TiO2 0.12 

6%Fe-TiO2 0.10 
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Figure 5.4 The N2 adsorption/desorption isotherm of Fe doped TiO2 at concentration 0.5 M by 
various metal content to 0.5,  and 1 mol%, respectively. 
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The N2 physisorption results of Cu doped TiO2 are summarized in Table 5.4 

When the Cu content increased from 0 to 6 mol %, the BET surface area increased from 

30.3 until to 60.8  m2/g. Figure 5.5 present the N2 physisorption isotherm of all 

FSP-made Cu- TiO2 catalysts. It was observed that the isotherms were of Type IV. and 

the characteristic hysteresis loop is of type A, which dictated the form of tabular pore 

structure. However, the loop starts at quite high partial pressure that indicates the 

formation of macropore materials. 

 
Table 5.4 The BET surface area of Cu doped TiO2. 

 

Sample Concentration 
(M) Ratio Fe:Ti Feed rate 

(mL/min) 

BET surface 
area 

(m2/g) 
P25 

0.5 1:1 5 

47.75 
TiO2 30.30 

    0.5% Cu-TiO2 59.18 
1% Cu-TiO2 69.36 

      2% Cu-TiO2          54.28 

4% Cu-TiO2 52.08 

6% Cu-TiO2 60.80 

 
 

Table 5.5  The Total pore volume, Adsorption Isotherms and Hysteres is loop of Fe 
dope TiO2. 

Sample Concentration 
(M) 

Feed rate 
(mL/min) 

Total pore 
volume 
(cm3/g) 

Adsorption 
Isotherms 

Hysteresis 
loop 

P25 

0.5 5 

0.23 

Type IV A 

TiO2 0.28 
0.5%Cu-TiO2 0.35 
1%Cu-TiO2 0.35 
2%Cu-TiO2 0.33 
4%Cu-TiO2 0.32 
6%Cu-TiO2 0.30 
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The N2 physisorption results of Si doped TiO2 are summarized in Table 5.6 

When the metal content increased from 0 to 4 mol%, the  BET surface area increased 

from 30.3 to 69.46  m2/g. Similar isotherm were also found in FSP-made Si doped 

TiO2, which was the characteristic of straight cylindrical macropore formation by flame 

synthesis. 

 
 
 
 
 
 

Figure 5.5 The N2 adsorption/desorption isotherm of Cu doped TiO2 at concentration 0.5 M by 
various metal content to 0.5 and 1 mol%, respectively. 
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Table 5.6 The BET surface area of Si doped TiO2. 
 

Sample Concentration 
(M) Ratio Fe:Ti Feed rate 

(mL/min) 

BET surface 
area 

(m2/g) 
P25 

0.5 1:1 5 

47.75 
TiO2 30.3 

0.5%Si-TiO2 58.51 
1% Si-TiO2 61.70 

       2% Si-TiO2 65.46 

4% Si-TiO2 69.46 

 
 
Table 5.7 The total pore volume, Adsorption Isotherms and Hysteresis loop of Si 
doped TiO2. 

Sample 
Concentra

tion 
(M) 

Feed rate 
(mL/min) 

Total pore 
volume 
(cm3/g) 

Adsorption 
Isotherms 

Hysteresis 
loop 

P 25 

0.5 5 

0.23 

Type IV A 

TiO2 0.28 
0.5%Si-TiO2 0.3 
1%Si-TiO2 0.35 
2%Si-TiO2 0.37 

4%Si-TiO2 
0.41 
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Figure 5.5 The N2 adsorption/desorption isotherm of Si doped TiO2 at concentration 
0.5 M by various metal content to 0.5 and 1 mol%. 
 
 

5.1.3 UV- vis absorption spectroscopy (UV-vis) 

            As mentioned before, doping with transition metals can extend the light 

absorption of TiO2 into the visible region, resulting in the enhancement of visible light 

photocatalytic activity. Figure 5.7 presents the UV–vis absorption spectra of FSP-made 

undoped and Fe-TiO2 catalysts with various Fe loading contents. As shown in Figure 

5.7, the absorption edge of undoped TiO2 emerges at 400 nm, corresponding to the 

band-gap energy of 3.02eV. The light absorption in the visible light region was 

observed after doping with Fe. Teoh et al, [ ] reported that the addition of Fe in TiO2 

matrix resulted in the formation of impurity energy level (IEL) between the conduction 
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and valence band of TiO2. This IEL allows for intrinsic band gap excitation such that 

under illumination of visible light, the higher energy state of 3d-electrons from 

Fe-dopant (relative to the ground state electrons of TiO2) could be excited to the TiO2 

conduction. 

 

 
 
Figure.5.7 UV-vis absorption of undoped TiO2, P-25, 0.5%Fe-TiO2, 1.0%Fe-TiO2, 

2%Fe-TiO2,4%Fe-TiO2 and 6%Fe-TiO2 

 

Figure 5.8 shows the UV-vis spectra of FSP-made undoped TiO2, and Cu–TiO2 

samples. All doped catalysts exhibited the absorption edge which gone a significant 

enhancement of light absorption in the visible light region. Both of absorption edge and 

light absorption in the visible light region increase with increasing the Cu loading 

content. It also found same result in the case of Fe loading, which clearly indicated that 

Cu was successfully deposited onto the surface of TiO2 to extend the absorption to a 

long wavelength range.  
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 Figure 5.8 UV-vis absorption of undoped TiO2, P-25, 0.5%Cu-TiO2, 2.0%Cu-TiO2, 

4%Cu-TiO2 , 6%Cu-TiO2. 

 

 
Figure 5.9 UV-vis absorption of undoped TiO2, P-25, 0.5%,Si-TiO2, 1.0%Si-TiO2, 

2%Si-TiO2 ,4%Si-TiO2. 
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Figure 5.9 presents the UV–Vis absorbance spectra of the P25, TiO2 and 

Si-doped TiO2 prepared by using the FSP methods. In a comparison between the 

un-doped TiO2 particles, those produced using the FSP method exhibited absorption at 

a lower wavelength than P25. Doping with Si resulted in a small increase in the 

absorption of the TiO2 photocatalyst in the visible region, leaving an unaffected 

intrinsic band gap of anatase TiO2.  

From the UV-vis absorption, the band gap energy of FSP-made TiO2 and 

M-TiO2 (M = Fe, Cu and Si) are calculated by using Kubelka-Munk equation. The 

results are summarized in Table.5.8. The band gap energy of FSP-made TiO2 was 

found to be lower than P-25, which probably due to the different amounts of Ti3+ and 

Ti4+ on the catalysts surface. Addition of Fe and Cu resulted in a decrease of band gap 

energy of the FSP-made catalysts from 3.02 to 2.78 eV and 3.02 to 2.68 eV as Fe and 

Cu loading contents increased from 0.5 to 6 wt%, respectively. However addition of Si 

did not change of band gap energy.  

Table 5.8 Band gap energy of photocatalyst samples 

Catalysts Eg (eV) 
P-25 3.20 
TiO2 3.02 

0.5%Fe-TiO2 2.99 
1.0%Fe-TiO2 2.98 
2%Fe-TiO2 2.82 
4%Fe-TiO2 2.80 
6%Fe-TiO2 2.78 

0.5%Cu-TiO2 2.95 
1.0%Cu-TiO2 2.88 
2%Cu-TiO2 2.81 
4%Cu-TiO2 2.76 
6%Cu-TiO2 2.68 
0.5%Si-TiO2 3.00 
1.0%Si-TiO2 3.02 
2%Si-TiO2 3.12 
4%Si-TiO2 3.17 
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5.1.4 Transmission Electron Microscope (TEM) 

 Particle size and TEM micrographs of FSP-made Fe–TiO2, Cu –TiO2 and 

Si–TiO2 were summarized and shown in table 5.9 and Figure 5.10 -5.14. It can be 

seen that the shape of FSP-made particle were spherical with large particle size 

distribution. The crystallite size decreased as the second metal was loaded on the 

catalyst. The particle size determined by TEM images were in good agreement with 

the crystallite size calculated from Scherrer’s equatuion, implying that the particles 

was single crystal.   

Table 5.9 Average particle diameter in TEM micrographs of FSP-made Fe –TiO2, 

 Cu –TiO2, Si –TiO2. 

 
sample Average particle 

diameter (nm) 
TiO2 37 

1.0%Fe-TiO2 32.3 
4%Fe-TiO2 23.6 

1.0%Cu-TiO2 25.9 
4.0%Cu-TiO2 23.2 
1.0 %Si –TiO2 18.99 
4.0%Si –TiO2 16.01 

 
 

 
 

  Figure 5.10 TEM image of FSP made (a) Pure TiO2,  



45 
 

 

 
(a) 

 

 
(b) 

 
 

Figure 5.11 TEM image of FSP made (a) 1%Fe -TiO
2
 (b) 4%Fe -TiO

2
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(a) 

 

 
(b) 

 
 

 
Figure 5.12 TEM image of FSP made (a) 1%Cu-TiO

2
, (b) 4%Cu -TiO

2
. 
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(a) 

 
(b) 

Figure 5.13 TEM image of FSP made (a) 1%Si-TiO
2
, (b)4%Si -TiO

2
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

. 
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5.1.5 Electron spin resonance spectroscopy (ESR)  

 
 
Figure 5.14 ESR spectra of P25, undoped TiO2, 0.5% Fe -TiO2, 1.0% Fe -TiO2, 2.0% 

Fe -TiO2, 4.0% Fe -TiO2, and 6.0% Fe -TiO2 . 

 

The ESR is a highly sensitive spectroscopic technique for examining 

paramagnetic species, and it can provide valuable information about the lattice site 

where a paramagnetic-doped ion is located . This highly sensitive technique can 

detect down to0.01% of ions in the metal oxide lattice . The ESR spectra of undoped 

and Fe3+-doped TiO2 samples are shown in Fig. 5.14. Based on references , the g 

values of the oxygen radicals were reported in the range of 2.00–2.03, and the g 

values of Ti3+ were reported less than 2. As shown in Fig.5.14, the intense signal of 

symmetry centered at g = 1.999 for undoped TiO2.[45] 

 

 
  

g 
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Figure 5.15 ESR spectra of P25, undoped TiO2, 0.5% Cu -TiO2, 1.0% Cu -TiO2,  2.0% 

Cu -TiO2, 4.0% Ce -TiO2, and 6.0% Cu -TiO2 . 

ESR spectroscopy is a powerful analytical tool for probing paramagnetic 

nuclei, such as Cu2+ ([Ar]3d9). Fig. 5.15 shows ESR spectra for the 0.5-6 wt.% 

CuO/TiO2 photocatalysts. The P25 TiO2 support gave no EPR signal, since Ti4+ is 

diamagnetic.For the CuO/TiO2 photocatalysts, a sharp Cu2+ ESR signal was observed 

which intensified linearly with nominal CuO loading . By comparison, a crystalline 

CuO reference powder gave a very broad ESR signal under the same acquisition 

parameters . Long-range dipolar coupling (dipoleedipole interactions) between Cu2+ 

ions in large grain crystalline CuO particles causes broadening of ESR spectral lines . 

The narrow ESR signals observed for Cu2+ in the CuO/TiO2 photocatalysts, even at 

high CuO loadings, indicates that any supported CuO particles werevery small (a few 

nm or less), in agreement with the TEM data.[44] 

 
 
 
 
 
 

g 

g =2.14 
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Figure 5.16 ESR spectra of P25, undoped TiO2, 0.5% Si -TiO2, 1.0% Si -TiO2,  2.0% 

Si -TiO2,  and 4.0% Si -TiO2. 

Figure 5.14 - 5.16 present the ESR spectra of P25, FSP-made TiO2, Fe-TiO2, 

Cu-TiO2 and Si-TiO2 with various loading of metal from 0.5 to 6at%. ESR technique 

was used to determine the element containing the lone-pair electron such as Ti3+ species 

or O2 vacancies sites. The spectra of P25 exhibited the absence peak whereas 

FSP-made TiO2 exhibited the signal at g = 2.004, which indicated the formation of the 

vacancy site of O2. After doping with Fe, the signal became stronger and shifted to 

lower g value. The signal of Fe-TiO2 would be assigned to the peak of Fe. Similar to 

Fe-doped TiO2, Cu-TiO2 also showed the band corresponding to Cu. In the case of Si, 

the signal became sharper after increasing of Si loading, which indicated the increasing 

of O2 vacancies sites. The formation vacancy site affected the band gap of TiO2 and 

generated the impurity band, which reduced the band gap form 3.2 ev to approximately 

2.8 ev 

 
5.2 Reaction test for Photocatalytic degradation of methylene blue. 

Figure 5.17 (a) shows the degradation curves of MB over TiO2, P-25 and 

different Fe–TiO2 samples as a function of UV light irradiation time. In Figure 5.15 (a), 

C0 is the concentration of MB after adsorption–desorption equilibrium, while C 

represents MB concentration at certain time interval. It was found that all Fe-TiO2   

g 

g 
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exhibited the photocatalytic activity lower than P-25 and FSP-made TiO2. This result 

could be due to the deformation of TiO2 crystallinity and the increasing of rutile phase 

in catalysts by insertion of Fe in TiO2 lattice. Figure 5.17 (b) shows the degradation 

curves of MB over P-25, FSP-made TiO2 and Fe–TiO2 with different loading Fe 

content under visible light irradiation. It was found that among the Fe–TiO2 catalysts, 

the optimal Fe concentration for attaining the highest photocalytic activity was 0.5%. 

When the Fe concentration increased, the photocatalytic activity of Fe–TiO2 decreased. 

FSP-made TiO2 and Fe-TiO2 exhibited the photocalytic activity under visible light 

irradiation higher than P-25. This would be due to the bandgap shift after loading with 

Fe. 

 

The Photocatalytic activity was occurred, when the light falls on the surface of 

TiO2 photocatalyst doped with Fe, photogenerated electrons and holes are generated 

and produced O2
− and OH• Both of O2

− and OH• can further degrade MB. Sood et al., 

[15] reported that when light falls on the surface of TiO2hotocatalyst doped with Fe 

(III) ions, photogenerated electrons and holes are generated. Fe3+ ions present in TiO2 

can act as electron and hole trap, resulting in formation of Fe2+ and Fe4+ ions, which are 

less stable as compared to Fe3+ ions (due to half-filled stable d5 configuration). So, the 

trapped charges can be easily released back to form stable Fe3+ ions. This leads to 

generation of _OH radical and O2
_ anion. 

 

Thus loading Fe content were enhance photocatalytic degradation more than P 

25 under visible light, that cause by Fe in TiO2 lattice can restrain the recombination 

rate of photogenerated electrons and holes, enhancing the photocatalytic activity of 

TiO2. 
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(a) 
 
 

 
 

(b) 
 

 
Figure 5.17 Effect Fe doped TiO2 on photocatalytic degradation of methylene 

blueunder (a) ultraviolet light irradiation (b) visible light irradiation. 

Figure5.18 (a) shows the degradation curves of MB over TiO2, P-25 and 

different Cu–TiO2 samples as a function of UV light irradiation time. All Cu-TiO2 

exhibited lower catalytic activity than P-25 and TiO2. This would be explained by the 

increasing of rutile phase and decrease of crystallinity. Figure 5.18(b) the degradation 

curves of MB over TiO2, P-25 and different loading Cu content on TiO2 under visible 

light irradiation. At 0.5%Cu-TiO2 was found that the optimal Cu concentration for 

attaining the highest photocalytic activity. When the Cu concentration is higher than 
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this level, the photocatalytic activity of Cu–TiO2 decreased. However Cu-TiO2 

exhibited higher photocalytic activity under visible light than P-25. 

 

 
 

(a) 

 
(b) 

Figure 5.18 Effect Cu doped TiO2 on photocatalytic degradation of methylene blue 

under (a) ultraviolet light irradiation (b) visible light irradiation 

Figure5.19 (a) shows the degradation curves of MB over TiO2, P-25 and 

different Si–TiO2 samples as a function of UV light irradiation time.  It was found at 

0.5% Si-TiO2 exhibited the highest photocalytic activity. The opposite trend was found 

comparing with those Fe and Cu-doped catalyst. This would be due to the fact that 

addition of Si retarded the phase transformation of TiO2 which stabilized the high 

photcocatalytic anatase phase. Figure 5.19(b) shows the degradation curves of MB 

over TiO2, P-25 and different loading Si content on TiO2 under visible light. It was 

found 0.5% Si–TiO2 sample also exhibited the photocalytic activity higher than TiO2 

and P-25. 
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(a) 

 

 
(b) 

Figure 5.19 Effect Si doped TiO2 onphotocatalytic degradation of methylene blue 

under   (a) ultraviolet light irradiation (b) visible light irradiation 
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CHAPTER VI 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

6.1 Conclusion 

           In is study, the physical and photocatalytic properties of FSP-made 

metal doped TiO2 catalysts (Fe, Cu and Si) for photodegradation of MB under visible 

light irradiation were investigated.  Addition of iron, copper and Silica together with 

TiO2 in flame reactor was studied. It was found that the type and amount of metal 

loading would be affect to the photocalytic activity, band gap energy and physical 

properties. Thus, this led to the following conclusion. 

 

 Nanocrystalline, metal (Fe, Cu and Si) doped TiO2 have successfully been 

prepared by FSP method. 

 Addition of Cu and Fe were successfully deposited onto the surface of TiO2 to 

extend the absorption to a long wavelength range, while addition of Si did not 

change the light adsorption of TiO2. 

 Addition of Fe and Cu resulted in a decrease of band gap energy of the 

FSP-made catalysts. 

 At 0.5% Si-TiO2was found that the optimal metal concentration for attaining 

the highest photocalytic activity under UV and visible light irradiation, when 

compare with Fe-TiO2 and Cu-TiO2. 
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6.2 Recommendation 
1. Use the photocatalyst as a powder has a limit, therefore the film casting would 

be the good option to use the catalyst. 
2.  Doping with Fe and Cu together with in flame did not show good 

photocatalytic behavior, therefore preparation using separate flame should be 
interested.  
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APPENDIX A 
 
 

CALCULATION FOR CATALYST PREPARATION 
 
Table A.1 Calculation for preparation of Fe-TiO2 , Zr-TiO2 and Cu-TiO2 

 
0.5% Tetraethyl orthosilicate doped TiO2 concentration 0.5 molar, Xylene 

solvent for 1000 ml solution 
mol TiO2 + molSi2O4 = 0.5 

 = 0.5 
 = 39.766 g 

mol TiO2 =  = 0.49782 mol 
mol Si2O4 = 0.5- 0.49782 =0.00218 mol 

 

 = 174.66 ml for 1 L solution 

For Tetraethyl orthosilicate dope TiO2 molar ratio 1:1   

 

= 1.0202 g for 1 L solution 
 
 
Table A.2 Calculation amount of chemicals in atomic ratio Zr:Ti at 1:1 

Nano 
materials 

Concentration 
(mol/dm3) 

Amount of Chemicals 
Ti(OCH2CH2CH2CH3)4 

(mL) 
Zr(OCH2CH2CH3)4 

(g) 
0.5%Si-TiO2 

0.5 
174.66 1.0202 

1.0%Si-TiO2 173.89 2.0521 
1.5%Si-TiO2 173.12 3.0793 

 
0.5% Ferric acetylacetonate doped TiO2 concentration 0.5 molar, Xylene 

solvent for 1000 ml solution 
Basis: 1000 ml precursor with 0.5 M metal content  

1000 ml × = 0.5 mol total 

Fe =  ×0.5 mol=0.0025mol Fe 

Chemical Formular Molecular weight 
(g/mol) Purity (%) 

Titanium(IV) butoxide Ti(OCH2CH2CH2CH3)4 340.32 97.0% 
Ferric acetylacetonate Fe(C5H7O2)3 353.17 97.0% 
Tetraethyl orthosilicate Si(OC2H5)4 208.32 97.0% 

Copper (II) Nitrate Cu(NO3)2 · 3H2O 241.60 97.0% 
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Ti=  ×0.5 mol  =0.4975mol Ti 
 

Fe g =0.0025mol Fe× ×  = 0.9102 g 

Ti precursor =0.4975mol Ti× ×  

× ×  
= 174.5456 ml precursor 

 
Table A.3 Calculation amount of chemicals in atomic ratio Fe:Ti at 1:1 

Nano 
materials 

Concentration 
(mol/dm3) 

Amount of Chemicals 
Ti(OCH2CH2CH2CH3)4 

(mL) 
Fe(C5H7O2)3 

(g) 
0.5%Fe-TiO2 

0.5 
174.5456 0.9102  

1.0%Fe-TiO2 173.6685 1.8205 
1.5%Fe-TiO2 172.7910 2.7307 

 
0.5% Copper (II) Nitrate doped TiO2 concentration 0.5 molar, Xylene solvent 

for 1000 ml solution 
Basis: 1000 ml precursor with 0.5 M metal content  

1000 ml ×   = 0.5 mol total 

Cu =  ×0.5 mol  =0.0025 mol Cu 

Ti=  ×0.5 mol  =0.4975mol Ti 
 

  Cu g = 0.0025 mol Cu × ×  = 0.6746 g 

Ti precursor = 0.4975mol Ti×  ×  

× ×  
= 174.5456 ml precursor 

 
Table A.3 Calculation amount of chemicals in atomic ratio Cu:Ti at 1:1 

Nano 
materials 

Concentration 
(mol/dm3) 

Amount of Chemicals 
Ti(OCH2CH2CH2CH3)4 

(mL) 
Cu(NO3)2 · 3H2O(g) 

0.5%Cu-TiO2 
0.5 

174.5456 0.6746 
1.0%Cu-TiO2 173.6685 1.3493 
1.5%Cu-TiO2 172.7910 2.0239 
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APPENDIX B 
 

CALCULATION OF CRYSTALLITE SIZES AND PHASE COMPOSITION 
 

The crystallite size was calculated by Sherrer’s equation  

 

Where d is the crystallite size (nm) 
 k is the constant whose value is approximately 0.9 
 λ is the wavelength of the X-ray radiation source (0.154 nm for Cu Kα ) 
 β is the full width at half maximum intensity (radian) 
 θ is the Bragg angle at the position of the peak maximum 

Example of finding all constants in Sherrer’s equation 

 
 

 

 
 
The fraction of anatase phase was calculated by Spurr-Myers equation 

 

 
Where Xa is the fraction of anatase phase  
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 Ir is the intensity of the diffraction peck of rutile 
 Ia is the intensity of the diffraction peck of anatase 

Example of finding all constants in Spurr-Myers equation 

 
Xa = =0.92 
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APPENDIX C 
 

CALCULATION OF BAND GAP ENERGY 
 
Band gap energy was calculate by Kubelka-Munk transform reflectance 

spectra with graph is plot [F(R∞)hv]2vshv. 
From Kubelka-Munk function 

F(R∞) = ∞

∞
 

Transform Absorbent unit into reflectance 
A= log10( ) 
R∞= 10−  

Where A is absorbent unit 
h is Plank constant (6.624 x 10-34 Joules sec) 
v is speed of light (3.0 x 108 meter/sec) 
R∞ is reflectance unit 
A is absorbent unit 

Example for A = 1.411 
R∞= 10−1.411 =0.0388 
F(R∞) =    = 11.90 

=  
=6.1376 

[F(R∞) ]0.5= 8.5466 
Plot [F(R∞) ]0.5  
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