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CHAPTER 1 
INTRODUCTION 

1.1 Introduction 
 Selective hydrogenation of organic molecule with the desired catalyst is one 
of the most important processes in the value chemical industry [1]. Functionalized 
anilines, which manufactured by the abatement of proportional nitroaromatic are 
intermediates in the production of many agrochemicals, pharmaceuticals, dyes, and 
pigment [2]. Ciba-Geigy has developed an effective catalyst for herbicide 
intermediated production, which had >99% selective product in the event of the 
aspired aniline, whereas the escalation of modifiers [3]. Furthermore, the additives 
within small intensity could affect product purity. Therefore, the additive was 
alternative to introduce modifier into the catalyst in order to improve selective 
formulation [3]. 
 Functionalized anilines, in case of 3-vinylaniline (3-VA) is a significant 
compound for production supernal chemicals and functionalized polymers. 3-VA is 
produced by hydrogenation reaction of 3-nitrostyrene (3-NS) [3, 4]. However, 3-VA 
consists of both vinyl group (-CH=CH2) and carbonyl group (C=C) which could be 
reduced. Therefore, the chemoselective reaction is a significant issue in this process 
[3, 4]. The reaction mechanism reaction of 3-NS hydrogenation has been represented 
by Haber et al. The reaction mechanism has been two different reaction routes 
including direct and condensation pathway [3]. Hydrogenation of 3-NS could produce 
3-ethylnitrobenzene (3-ENB) and 3-ethylaniline (3-EA), which resulted from over 
hydrogenation of 3-NS and 3-ENB [3]. Generally, 3-NS hydrogenation has proceeded 
in an organic solvent such as toluene and tetrahydrofuran in order to obtain the high 
selective product (3-VA) up to 99% whereas low activity in the event of nitro group 
liquid-phase hydrogenation that was reported over Au/TiO2 catalyst and operated PH2 
= 3bar and T = 393K [ 1 ] . The obtaining higher activity for hydrogenation of 3-NS, 
which suspension over Pt/TiO2 resulted in high activity, but a ratable formation of 
byproducts was detected [1, 4]. Furthermore, alloy catalyst such  as Pt-Zn alloy 
prevented the adsorption of the vinyl group (C=C) double bond hydrogenation, 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 2 

which was reported by Crespo-Quesada et al. Semiconductor (MgO, CeO2, TiO2, and 
Fe2O3) has been used for support and doping metal such as Pt nanoparticle or 
activated carbon (Pt/C) [3]. 
 The photocatalytic hydrogenation reaction has been one of the alternative 
processes to produce 3-VA from 3-NS [5 -7]. It has facilitated selective nitroaromatic 
hydrogenation under gentle reaction conditions, which are imperative for secure and 

clean in order to synthesize functionalized anilines. Photoexcitation (𝜆 > 300nm) of 
semiconductor TiO2 with alcohol has acted as a hydrogen source that promotes 
chemoselective hydrogenation of nitroaromatic. Normally, TiO2 has a three type of 
polymorphic forms including anatase, rutile, and brookite. Mostly anatase and rutile 
forms have often applied for photocatalytic reaction. In part of, anatase form has 
exhibited higher activity than rutile. Furthermore, Degussa P25-TiO2, which was a 
mixture between 80% of anatase and 20% of rutile further improved the 
photoactivity due to the effect of antenna their structural especially based from the 
synthesis method and which is synthesized by the dry process (flame pyrolysis of 
gaseous TiCl4). In addition, this reaction has operated at room temperature and 
atmospheric pressure because of safe and serious significance in terms of 
environmental less impact. Mechanism of photocatalytic 3-NS hydrogenation is 
activated by irradiation of ultraviolet (UV light), that occurred oxidation and reduction 
reactions at valence band and conduction band respectively. Moreover, source of 
energy equal to and higher than band gap, the electron is excited and migrated to 
conduction band and hole is generated at valence band. The band gap energy is the 
distance between conduction band to valence band, which depend on morphology, 
particle size and phase content [8]. In the application of photocatalytic by TiO2 
semiconductor, using UV light is activated by non-metal dopant on semiconductor, 
which has promoted in this reaction. However, non-selective and selective 
transformations of reactants to aimed products are tough to attain. In this reaction 
using TiO2 suspended in isopropanol and mixed with nitroaromatics under inert gas 
atmosphere, photoexcited TiO2 generate the electron then excited electron transfer 
to the conduction band and produce positive hole pair at valence band. The 
isopropanol acted as hole scavenger and produces ketone group and protons. The 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 3 

reduction of nitroaromatics on active sites due to receive electron thus produces the 
consistent aniline at conduction band. However, these reaction correlation with 
surface states results in recombination electron-hole pairs leading to low 
photoactivity.  
 In this work reported with the effect of calcination temperature of P25-TiO2 
on photocatalytic hydrogenation selective 3-NS in isopropanol. After treated P25-TiO2 
which obtained from calcination exhibited the characteristic of BET surface area, 
phase transformation, crystallinity, morphology after that treated P25-TiO2 were 
tested by photocatalytic under UV light irradiation at atmospheric atmosphere and 
room temperature. After that, the substrate and product were analyzed by GC-FID for 
determining conversion of 3-NS and selectivity to 3-VA.  
 
1.2 Research objectives 

To investigate the effect of calcination conditions of P25-TiO2 on 
photocatalytic selective hydrogenation of 3-nitrostyrene. 

 
1.3 Scope of research 

1.3.1. To investigate the effect of calcination conditions of P25-TiO2 on 
photocatalytic selective hydrogenation of 3-nitrostyrene. 

1.3.2. P25-TiO2 catalysts were calcined under air at 600, 700, 800 and 900 °C 
for 5h. 

1.3.3. Select the optimum condition of calcination in air. Then, the catalysts 
was calcined under H2 and N2 gas flow for 5h. 

1.3.4. Photocatalytic selective hydrogenation of 3-NS were tested under UV-
light irradiation for 6h. After the reaction, the all products were analyzed by using GC-
FID. 

1.3.5. Treated P25-TiO2 were analyzed by using X-ray diffraction (XRD), BET 
surface area, X-ray photoelectron spectroscopy (XPS), UV-Vis spectroscopy (UV-Vis), 
Photoluminescence spectroscopy (PL), SEM-EDX, Thermogravimetric analysis (TGA). 
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1.4 Research of methodology 
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CHAPTER 2 
BACKGROUND AND LITERATURE REVIEWS 

2.1 Titanium dioxide 
 2.1.1 Titanium dioxide structure  

 Titanium dioxide (TiO2) has wide for using the application in industrial catalyst 
because of its stability, good ability, and non-toxic for environmental and human [9]. 
First-time Fujishima and Honda used TiO2 as a semiconductor in photocatalytic 
decomposition of water splitting [10]. In recently year using TiO2 in many application 
including foods, mixing cement, cosmetic, electronic, pigment, self-cleaning, stability 
of cement. The photocatalytic mechanism within semiconductor includes redox 
(reduction and oxidation) reaction, which simultaneously generate electron at 
conduction band and hole at valence band. The main point in the semiconductor of 
photocatalysis is band gap energy. Therefore, band gap is implicated energy between 
CB and VB level within the semiconductor. Some photocatalytic reaction has a 
different distance of band gap, so modification of the efficiently of band gap 
promote activity [11]. 
 Normally, TiO2 has three major crystalline phases, which include rutile, 
anatase, and brookite. In case of rutile phase has a stable phase more than another 
phase at high calcination temperature, which applies in application of cosmetic and 
sunblock due to narrow band gap (3.0eV) [12]. However, the anatase phase has a 
small particle size range 6-30nm, which has been exhibited the surface energy lower 
than rutile and brookite (0.3-1um) [13]. In addition, P25-TiO2 (Degussa) is commercial 
TiO2, which is synthesized from pyrolysis then it has anatase 80% rutile 20%. 
Moreover, P25-TiO2 could transform into another phase via the process of calcination 
at high temperature more than 600°C [14, 15]. The morphology structure of lattice 
parameter and number of atoms per cell for TiO2 polymorphs shown in Table 2. 
Moreover, the structure and properties of TiO2 on the different phase are shown in 
Figure 1, 2 and Table 1. In order that preparation of TiO2 catalysts, using a titanium 
(IV) isopropoxide in alcohol and DI water result in amorphous, which could treat by 
the hydrothermal method to different phase anatase, rutile and brookite [13]. In 
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addition, we can classify the crystal system, density, band gap, refractive index, which 
are shown in Table 1. 
 Rutile phase is the most stable polymorph under surrounding condition. 
Moreover, anatase and brookite could transform to rutile by heat treatment due to 
dependent particle size and temperature [ 1 4 , 1 5 ] . The synthesis of TiO2 from 
amorphous to nanocrystalline by sol-gel method then nanocrystalline is transformed 
to rutile also achieved certain particle size. This supposition was relative with particle 
size and anatase phase, which is the more stable form at the quality of nanoparticle. 
[13, 16, 17]. 
 

. 

Figure 1 Hydrothermal method and structure of different phase of TiO2 [13]. 
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Figure 2 Crystal structure of different phase of TiO2 [13, 17]. 
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Table 1 Properties of a different phase of TiO2 [17].  
TiO2 Molecular weight:  79.866 g/mol 
 Melting point:  1844 °C 
 Boiling point:  2973 °C 
 Appearance:  white particle   
 Odorless 
 Insoluble in water 
Phase of TiO2 Properties 
Anatase Crystal system: Tetragonal 
 Density:  3.79-3.84 g/cm3 
 Refractive index:  2.52 
 Band-gap:  3.19 eV 
Rutile Crystal system:  Tetragonal 
 Density:  4.13-4.26 g/cm3 
 Refractive index:  2.72 
 Band-gap:  3.11 
Brookite Crystal system:  Orthorhombic 
 Density:  3.99-4.11 g/cm3 
 Refractive index:  2.63 
 Band-gap:  3.00 
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Table 2 Crystalline properties such as lattice parameters (A, B and C (Å)) and number 
of atoms per cell (Z) for a different phase of TiO2 [16]. 

Crystalline 
component 

Space group A (Å) B (Å) C (Å) Z 

Anatase I41/amd 3.785 3.785 9.514 4 

Rutile P42/mnm 4.593 4.593 2.959 2 

Brookite e Pbca 9.182 5.456 5.143 8 

 
2.1.2 Degussa P25   

 Degussa P25 is commercial TiO2, which contains a mixture of anatase and 
rutile components in ratio 3:1. P25-TiO2 is synthesized by dry technique with flame 
pyrolysis of gas phase TiCl4. The average particle sizes of P25-TiO2 is 25nm, moreover 
which has been a BET surface area (≈50 m2 g-1). The microstructure of P25-TiO2 show 
in Table 3 [5, 18]. P25-TiO2 suits in an application for photocatalytic fields because it 
shows high activity and improves the photocatalytic reaction system [5]. First time 
who used P25-TiO2 for photocatalytic activity is Bickley et al., they reported images 
and diffuse reflectance spectra by transmission electron microscopic (TEM) of 
anatase and rutile surface structure [15, 18]. The performance of P25-TiO2 has mixed 
phase and induce the high photocatalytic activity more than pure phase due to 
interface anatase and rutile. However, P25-TiO2 could transform from anatase to 
rutile by HF treatment or heat treatment [14, 19, 20]. 
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Table 3 Microstructure of commercial P25-TiO2 [5, 20, 21]. 
Parameter (test method) Commercial TiO2 
Anatase component (%) 83 
Rutile component (%) 17 

Anatase crystallite size (nm) 20.8 
Rutile crystallite size (nm) 30.5 
BET surface area (m2g-1) 51.46 

Total pore volume (cm3g-1) 0.17 
 

2.1.3 Applications of titanium dioxide 
 TiO2 is applied in photocatalytic and photovoltaic fields. In addition, TiO2 are 
hydrophobic or non-dissolve with water. Molecular dynamics has been demonstrated 
to be an essential technique in form as slurry or colloid for the investigation of basic 
adsorption [22]. The main patents of photocatalytic reaction could classify three 
categories, which include air treatment, water treatment and self-clean. The 
distribution of patents show in Figure 3. 

 
Figure 3 Distribution of patents of TiO2 on a cumulative basis [10]. 
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2.2 Effect thermal treatment of titanium dioxide on the photocatalytic 
 P25-TiO2 used as photocatalytic activity due to improvement activity, which 
has a particle size in range 21-30nm [14]. Treated P25-TiO2 by calcination at high 
temperature results in changing of properties such as the specific surface area, pore 
volume and micropores area, which would reduce. However, rutile component, 
particle size, crystalline size, and pore size, which would increase [14]. Nitrogen 
adsorption-desorption isotherms of treated P25-TiO2, which calcined above 200°C 
represented type IV nitrogen isotherm and mesopores, which led to reduce 
calcination higher 500°C. The external surface area, pore volume of P25-TiO2 would 
decrease when P25-TiO2 was calcined at high temperature. This reasoning was 
suggested because pore diameter in temperature range for calcination affected to 
sintering and phase transformation [14].  

Nadia R.C. et al [14] reported the effect of heat treatment of P25-TiO2 under 
process reaction of alcohol decomposition on the surface particle. Therefore, this 
effect resulted in dehydration and dehydrogenation. Dehydration was normally 
catalyzed by acidic sites, while dehydrogenation had both basic sites and acidic sites. 
Isopropanol decomposition was investigated in dehydrogenation properties of the 
catalyst. However, the acidity was used in process of dehydration, which resulted in 
propene formation, whereas basicity involved to process dehydrogenation, which 
resulted in acetone formation, in addition, these process has corresponded with ratio 
dehydration [23]. Furthermore, the surface on TiO2 has properties both acidic and 
basic sites [23]. The acidic sites related to unsaturated surface metal ions, whereas 
basic sites related to surface oxygen anions or anion oxygen vacancies [23]. In 
addition, thermal treatment influenced to properties on the surface, which included 
the acidity and basicity along with increasing calcination temperature at above 500°C, 
which exhibited decreasing acidity. This reasoning was suggested due to polymorphic 
transformation [14, 23]. The concentration of pH higher pH(ZPC) resulted in negatively 
charged on the surface catalyst, whereas the concentration of pH lower the pH(ZPC) 
resulted in the surface of the catalyst had positively charged [24].  The result of 
pH(ZPC) would increase when increasing of calcination temperature at 700°C, which 
had a slightly basic pH value [14]. Phenol pollutant degradation was used in the 
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photocatalytic reaction, which carried out under UV light irradiation. The direct 
mechanism of this photocatalytic degradation of phenol to CO2 and H2O formation 
could be occurring for main by-product in form of catechol, hydroquinone and 
benzoquinone. The poor photocatalytic activity of phenol degradation represented 
in rutile phase more than anatase phase, so uncalcined TiO2 represented higher 
degradation than calcined TiO2. Moreover, results of phenol degradation was 
explained by anatase phase crystalline and hydroxyl groups, which could promote 
photocatalytic reactions [25, 26].  

At lower calcination temperature resulted in the chemisorbed water directly 
bound to Ti4+, which resulted in the intensity of surface hydroxyl groups (OH-) or 
chemisorbed H2O were decreased due to increasing of calcination temperature. 
Therefore, the calcination of TiO2 led to inhibition of the photocatalytic activity [27, 
28]. On the other hand, the increasing intensity of surface OH- group led to faster 
photocatalytic activity. If low pH(ZPC) value could affect the higher activity due to the 
high surface-absorbed water and hydroxyl groups, so the effect of pH enhanced 
phenol degradation [23]. Furthermore, calcination of TiO2 at high temperature 
affected the surface-absorbed, which led to partial rehydroxylation due to revealing 
with water [14]. The surface area influenced to convenient reaction because the 
large surface area may mild the density of active sites for phenol adsorption. 
Moreover, increasing of crystallite size was associated with decreasing of the palpate 
active site area between substrate and catalyst, which may result in a reduction of 
photocatalytic activity [14]. In addition, phenol degradation under light irradiation 
mechanism had light energy greater than band gap energy, which resulted in 
generated holes in the valence band, suddenly the electron was excited then 
migration of electron to the conduction band, which resulted in separation electron 
and hole [14, 29]. Phenol degradation was absorbed in positive holes. This effect led 
to the occurrence of oxidation water or hydroxyl group, which oxidized to a hydroxyl 
radical (OH-) and occurred reaction with phenol. This reaction was related between a 
short-lived excited state of phenol and TiO2 promoted to charge squirt into 
conduction band [14, 29]. 
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 Guahong Wang et al [19] studied the enhancement of photocatalytic activity 
of methyl orange aqueous solution suspension in P25-TiO2 via calcination treatment. 
P25-TiO2 were calcined at 400-800°C in a muffle furnace for 4h after that cool down 
to room temperature to obtain treated P25-TiO2. The properties of P25-TiO2 were 
already calcined after that all treated catalysts were analyzed by several 
characteristics, which included XRD patterns, FT-IR spectra, UV-Vis absorption spectra, 
band gap, SEM and TEM. P25-TiO2 was calcined at temperature 400°C to 500°C 
resulted in intensities of anatase peaks was decreased. However, increasing of 
temperature calcination higher than 500°C resulted in anatase peaks was disappeared 
conversely intensities of rutile peak was gradually increased. At temperature 800°C, 
the content of anatase was disappeared because anatase was transformed to 
completely rutile. In addition, calcination of TiO2 influenced to increasing of 
crystallization because it occurred from agglomerated of particle size [19]. 

UV – Vis spectra were reported by light absorption characteristics of P25-TiO2 

powders. Increasing calcination temperature at 500°C and 700°C for 4h led to 
decreasing of band gap energy, which caused by increasing of crystallite size factors 
and effect of transformation of anatase peaks to rutile [19, 32]. 
 FT-IR results were attributed with hydroxylation state of titanium dioxide 
powders. Increasing of calcination temperature resulted in the adsorbed surface of 
water and hydroxyl groups, which were slightly decreased due to decreasing of 
specific surface area and pore volume, which are shown in Figure 4. Furthermore, the 
effect of the hydroxyl group on the surface of catalyst sample improved 
photocatalytic activity In addition, charge carriers transferred to photogenerated of 
holes. Therefore, they decreased recombination electron-hole pairs [30, 31].  
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Figure 4 FT-IR spectra of the (a) P25-TiO2 before and after calcination at (b) 400°C, (c) 
500°C, (d) 600°C in air for 4h [19]. 
 BET surface area and pore distribution were represented by nitrogen 
adsorption-desorption isotherms of the P25-TiO2 powders. Increasing of calcination 
temperature resulted in higher pressure rang and the decreasing of areas of the 
hysteresis loops. Moreover, all treated P25-TiO2 powders exhibited type H3 
hysteresis, which is shown in Figure 5. Effect of high calcination temperature 
influenced the results of average pore size were increased, but pore volume was 
decreased. Therefore, this effect had a relative with increasing of crystallite size of 
P25-TiO2 [19, 33]. Figure 6 represents the pore size of treated P25-TiO2 and the 
uncalcined P25-TiO2, which had wide pore size due to increasing of calcination 
temperature. This effect resulted in pore size was decreased and shifted to the 
macropore region. 
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Figure 5 Nitrogen adsorption-desorption isotherm of the (a) P25-TiO2 before and after 
calcination at (b) 500°C, (c) 700°C in air for 4h [19]. 

 
Figure 6 Pore diameter distribution curve of the (a) P25-TiO2 before and after 
calcination at (b) 500°C, (c) 700°C in air for 4h [19]. 
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Morphologies of treated P25-TiO2 powder exhibited in form of SEM and TEM 
images. Result of increasing of agglomerated particles caused by decreasing of pore 
volume along with phase transformation. Results of TEM images shown 
microstructures of treated P25-TiO2 after heat treatment at 500°C for 4h, which could 
observe the particle size distribution about 35 nm. In addition, it represented a large 
number of mesopores, which caused by aggregation of primary particles size. HRTEM 
of treated P25-TiO2 after heat treatment at 500°C for 4h exhibited interplanar 
distance of anatase(101) 0.35nm and rutile(110) 0.33nm, which are shown in Figure 7 
[19]. Guahong Wang et al. investigated the photocatalytic activity of oxidation of 
methyl orange aqueous solution under UV irradiation via calcination of P25-TiO2. 
Increasing of calcination temperature resulted in the rate constants were increased. 
This factor led to the enhancement of photocatalytic activity [19]. At calcination at 
500°C observed higher rate constant value more than other catalysts sample. 
However, calcination temperature higher 500°C resulted in rate constant would 
decrease slightly due to the decreasing of specific surface areas and low intensities of 
anatase peak. Normally, photocatalytic activity on TiO2 depended on properties of 
catalysts, which included phase component, crystallite size or surface area. 
Furthermore, large surface area enhanced organic reactant, which was absorbed onto 
the surface of the catalyst. Although, higher pore volume resulted in the rapid 
diffusion of different inorganic products during the photocatalytic reaction. 
Recombination of electron and holes influenced to photocatalytic activity when a 
large amount crystalline influenced to poor photocatalytic activity and increased 
recombination of electron and holes, but the large surface area was not an assertive 
factor. It well-known P25-TiO2 has mixture anatase and rutile contents, which 
resulted in higher degradation efficiency more than pure phase (anatase, rutile), so 
the ratio of anatase and rutile have been an important factor for photocatalytic 
activity [19]. 
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Figure 7 (a) TEM and (b) HRTEM images and SAED pattern of P25-TiO2 after 
calcination at 500°C in air for 4h [19]. 

Klaysri, R et al. [34] investigated the impact of atmospheres calcination of 
nanocrystalline of TiO2 and Si-doped on methylene-blue degradation. Furthermore, 
catalysts sample were synthesized by solvothermal and sol-gel methods. Then, the 
catalysts sample were calcined in the atmosphere, including O2, air and inert gas (N2) 
were studied. Calcination under air resulted in surface defect site was occurred and 
interface species in Si-doped TiO2. Moreover, calcination under inert gas (N2) 
increased the concentration of formation Ti3+ site on the surface. Properties of 
calcination in oxygen, air, and nitrogen did not affect to gradate phase structure and 
crystallite size. Methylene-blue degradation both UV and visible light irradiation on 
TiO2 calcined under N2 gas along with Si-doped TiO2 led to high methylene-blue 
degradation due to increasing of anatase phase and formation Ti3+ site on the 
surface.     
 Nae-Lih Wu et al. [35] studied the effect of heat treatment at 400°C in 
atmosphere, which included argon, air, N2, (H2 3% in N2) and vacuum (~5 × 10-3 torr) 
respectively. The catalysts sample were synthesized by a sol-gel process in order to 
produce H2 from a water/methanol (vol. ratio = 1.4/1) solution photocatalytic 
reaction.  Heat treatment with different flow gas resulted in the anatase crystallite 
size of TiO2. Anatase phase of treated TiO2 had slightly changed, whereas heat 
treatment with argon flow presented higher equilibrium accumulative production and 
hydrogen generation rate from methanol/water mixture. Treated TiO2 under vacuum 
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and H2 represented the strong absorption on visible lights more than air, argon, and 
N2, which associated with oxygen-deficiency in the system. In this work, argon 
represented highly photocatalytic activity, while calcination under H2 and vacuum 
resulted in a high defect and low photocatalytic activity.  
 Sasithorn Kuhaudomlap et al [36] studied treatment of TiO2 support under H2 
flow and Pt-doped on TiO2 support catalyst by strong electrostatic adsorption (SEA) 
for liquid phase selective hydrogenation. The TiO2 catalysts sample were synthesized 
by sol-gel process along with Pt-doped by SEA and impregnation after that they were 
calcined in air and H2. The H2 treatment exhibited high oxygen vacancy, which led to 
the formation of Ti3+ centers. The hydrogenation reaction liquid phase 3-nitrostyrene 
on Pt/TiO2 combined SEA and H2-treated exhibited high selective 3-vinylaniline and 
Pt dispersion along with strong interaction between Pt and surface TiO2. 

Yiqing Zeng et al [37] studied the effect of heat treatment under atmosphere 
along with Ce-doped on TiO2 catalysts to obtain performance of selective catalytic 
reduction of NO with NH3. The Ce-doped TiO2 were synthesized by a sol-gel method 
after that the catalysts sample were calcined in air and N2. The calcination under 
flow N2 exhibited formation Ce-O-Ti, which promoted active sites for reduction NO by 
NH3. The characterization confirmed Ce species incorporate into TiO2 lattice, 
including XPS spectra exhibited a shift to high binding energy, when TiO2 was 
calcined under N2 and improved reduction NO by NH3. 
 Xudong Jiang et al [38] studied oxygen vacancy, which associated within 
hydrogenation of P25-TiO2. P25-TiO2 was used in this reaction and it was treated by 
hydrogen gas flow along with temperature at 400°C for 10h, which compared as 
untreated P25-TiO2. The characterization of annealing of P25-TiO2 under hydrogen gas 
flow exhibited a large concentration Ti3+- oxygen vacancy. The association of Ti3+- 
oxygen vacancy sites on TiO2 improved photocatalytic activity due to low 
recombination electron and hole. 
 Wibawa H et al. [39] studied the Ti3+ containing on commercial titania dioxide, 
which included P25, Hombikat, and rutile. The catalysts were carried out in a tube 
furnace with H2 flow at different temperature (400-700°C). P25-TiO2 were the 
hydrogenated by temperature 500°C to 700°C presented the paramagnetic from EPR 
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spectra, which exhibited highest concentration of Ti3+ and oxygen vacancy sites, 
which observed as compared with the catalyst sample without hydrogen treatment. 

Nadia R.C. Fernandes Machado et al [14] studied the effect of thermal 
treatment on the phenol degradation under visible and near UV irradiation for 5h. 
Calcination of P25-TiO2 various temperature at 200, 300, 400, 500, 600 and 700°C. 
Heat treatment above 500°C affected to reduction specific surface area, external 
surface area, pore diameter and the particle agglomeration due to surface diffusion. 
Furthermore, the results of increasing of specific acidic surface and slightly basicity, 
are shown in Table 4 , which correlated to the ratio between acetone and propene 
formation due to an irreversible change in surface chemistry. Calcination temperature 
at 600°C resulted in anatase content, which was highly reduced due to transformed 
to rutile. 
 
Table 4 Zero point charge (pHZPC) of calcination of P25-TiO2 was reported by Nadia 
R.C. Fernandes Machado et al. [14]. 

Catalyst pHZPC 
P25 3.52 

P25-200 3.61 
P25-300 3.77 

P25-400 5.45 
P25-500 6.41 
P25-600 6.61 
P25-700 7.41 

 
2.3 Hydrogenation of nitroaromatic mechanism 
 Functionalized aniline is produced by hydrogenation of nitroaromatic, which is 
organic molecules and most important processes in fine chemistry and value 
chemical [3]. Ciba-Geigy developed an effective catalyst for production aniline 
toward >99% selectivity and approach was to introduce enlarger into the formula of 
catalyst [3]. The network of functionalizing of aniline is 3-vinylaniline, which has 
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reducible vinyl-group. 3-vinylaniline is the main compound for production for fine 
chemicals such as polymers, pharmaceutical, and herbicide. 3-vinylaniline is 
produced from the hydrogenation of 3-nitrostyrene, which is proposed by Haber et 
al. in Figure 8. 
 

 
Figure 8 Mechanism of the 3-nitrostyrene hydrogenation was reported by Haber et 
al. [3]. 
 Hydrogenation of 3-nitrostyrene has two pathway are suggested in this 
reaction. The first path is the direct pathway to 3-vinylaniline and the second path is 
condensation route to 3-vinylaniline. Moreover, this process normally is operated in 
organic solvents such as toluene and tetrahydrofuran (THF). Therefore, these solvent 
acute implications in term of environmental impinged [3]. Several of authors studied 
in liquid phase 3-NS generally operated with high temperature (T>393K) and high 
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hydrogen pressure (PH2 > 3 bar) conditions. In addition, Au/TiO2 catalyst exhibited low 
activity, while Pt/TiO2 exhibited high activity, but the ratable formation of byproduct 
was detected. However, semiconductor was not doped with metal resulted in not 
occurrence of conversion of 3-NS and selectivity to 3-VA, so doping metal on 
semiconductor promoted to activity and chemoselective of products [1-4, 40-43]. 
 However, zinc metal as doped into Pt-catalyst granted to reduce C double 
bond (C=C) hydrogenation, which suggested the reformation of electronic properties 
of Zn in Pt-Zn alloy interrupted the adsorption of double bond during 
crotonaldehyde hydrogenation [3]. 
 Sukanya Pisduangdaw et al. [2] studied flame-made Pt-doped on TiO2 catalyst 
for liquid phase selective hydrogenation of 3-nitrostyrene. This reaction was operated 
under isothermally at 323K and H2 pressure at 4MPa. Flame-made method exhibited 
higher Pt dispersion along with high chemical reaction activity liquid phase 
hydrogenation of 3-nitrostyrene. Range of temperature 500-600°C for reduction of Pt 
resulted in higher both Pt dispersion and interface sites between Pt and TiO2 thus 
high activity. The reducing Pt layer atoms also decreasing of temperature enhanced 
selectivity to 3-vinylaniline without decreasing of activity. Moreover, flame-made 
method prevented an exorbitant Pt, which caused coverage active sites of TiO2 
species. 
 
2.4 Photocatalytic on hydrogenation of nitroaromatic mechanism 
 The photocatalytic reaction is an alternative for hydrogenation of 
nitroaromatic reaction, which has friendly for environmental and safe. Moreover, 
catalysts in photocatalytic reaction discovery on TiO2 based. First authors reported 
water splitting is Fujishima and Honda et al [44]. In 1975 Boonstra and Mutsaers who 
were firstly reported the hydrogenation of ethane and ethyne based on P25-TiO2 and 
source of lights was Philip P 500w spectrum lamp [9]. The photocatalytic reduction 
of nitrobenzene in alcohol suspension with TiO2 produced aniline and ketone groups. 
The commercial TiO2 presented the rutile phase, which has high activity and 
selective of aniline, which transformed from nitroaromatic in alcohol suspension. This 
reaction was operated under atmospheric pressure and room temperature. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 22 

Moreover, anatase and P25-TiO2 shown low activity and selective aniline [5]. 
Hydrogenation for nitroaromatic to aniline without using hydrogen gas, but using 
alcohol was hydrogen source in this reaction. TiO2 semiconductor was irradiated by 
ultraviolet (UV) light, which led to activated to reduction and oxidation reaction. 
Photocatalytic hydrogenation of reduction reaction of nitroaromatic transformed to 
aniline via formation of nitrosobenzene and N-phenylhydroxylamine, which were 
intermediates. Figure 9 includes 5 steps in order to obtain aniline [5]. 
 

 
Figure 9 Mechanism of photocatalytic hydrogenation of nitroaromatic with the 
suspension of TiO2 in 2-Propanol [5]. 
Step 1 
 The photonic activation of catalyst is important for photocatalytic, which 
substituted by thermal activation [5]. The structure of semiconductor is 
characterized by electronic band structure, which includes valence band and 
conduction band. The valence band is the highest occupied band, but conduction 
band is the lowest occupied energy band [8]. The photo-excited is occurred when 
energy equal or higher band gap (distance of conduction band to valence band) 
after that semiconductor is excited electron atom (e-) and transferred from valence 
band to conduction band and positive hole (h+) is simultaneously generated in 
valence band under irradiation, which is shown in equation (1). 
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TiO2 + hv ---> TiO2 (e- + h+)  (1) 

 
 In addition, electron and the positive hole could recombine in bulk or 
surface because the electron is transferred from conduction band and easily 
transferred back to valence band [8]. During recombination, this occurrence lead to 
photo-induced charge carriers a certain of energy could release in form of heat or 
light energy [8]. 
 
Step 2 
 The absorbed positive hole is called hole scavenger in this process. The 
alcohol served as hole scavenger and solvent in photocatalytic oxidation [5]. The 
photocatalytic oxidation placed onto a photo-activated semiconductor particle thus 
alcohol with h+ was oxidized to ketone group and it released proton and electron. 
Isopropanol acted as hole-scavenger in this process and dehydrogenated to 
acetone, which shown in equation (2). 
 
   (CH3)2CHOH ---> (CH3)2CO + 2H+ (2) 
 
Step 3-5 
 This step 3-5 is a photocatalytic reduction on the surface of TiO2, which is 
the active and reducing species in the TiO2. Photocatalytic reduction of 
nitrobenzene with isopropanol was excited electron in the conduction band. The 
reduction nitroaromatics and electron produced the corresponding of anilines via 
nitrosobenzene (Ar-NO) and N-phenylhydroxylamine (Ar-NHOH) [5]. 
 
The overall reaction of photocatalytic step can conclude and divide 4 methods 
following by 
1. Absorption of light energy resulted in the separation of the electron-hole pair in 
the semiconductor. 
2. Adsorption of the substrate. 
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3. Redox reaction (reduction and oxidation). 
4. Desorption of the products. 
 The redox reactions involved the sort of absorbance on the semiconductor 
surface, which occurred just potential redox both conduction and valence potential. 
The reaction was accorded and occurred thermodynamically, which favored also 
overall process following by equation (3) 
 
 Ar-NO2 + 3(CH3)2CHOH  ---> Ar-NH2 + 3(CH3)2CO + 2H2O (3) 

The band gap is different energy between the valence band and conduction 
band. When TiO2 was stimulated by UV light, the electron was excited and 
transferred to an excited state.[11, 45]. Alcohol acted as a solvent for oxidation 
reaction and hole scavenger (D), which is an appropriate electron donor in order 
that generation to proton and decreasing of recombination process [6]. Electron 
acceptor (A) acted as grab electron and proton, which transformed into hydrogen for 
the hydrogenation reduction reaction. Figure 10 shows the photocatalytic reaction 
included reduction and oxidation reaction. 

 

 
 Figure 10 Mechanism of a photocatalytic reaction in semiconductor. 
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2.5 Recombination phenomena on photocatalytic reaction  
A semiconductor is characterized by an electronic band, including conduction 

band and valence band, which were different occupied energy band and it is 
differentiated with band gap. Moreover, sub-band locate between the band gap such 
as a surface defect or surface state, which are shown in Figure 11.  
 The process I related to photo-excited. When energy is equal or higher band 
gap, excited electron transfer from valence band to conduction band and generates 
a positive hole in valance band [8].  
 The Process II is the band to band PL process. In this case, the photon 
energy verily equal to the band gap, which is described by electron migration from 
the bottom of conduction band to the top of valence band because excited 
electron could easily come back to ground state. Moreover, this occurrence has 
simultaneously released energy as radiation [8].  
 The Process III is the photoluminescence (PL) phenomenon, which is the 
non-radiative transitions of an excited electron from the bottom of conduction band 
budge thru different sub-band then radiative transitions of an excited electron to top 
of the valence band. This PL signal is also ascribed to a type of band–band PL 
occurrence. The energy of a radiative photon is different energy distance of sub-band 
and top of the valence band, which has lower than the band gap energy. Normally, 
the PL signal most affect from the surface of oxygen vacancies and surface-defects in 
semiconductors. Furthermore, the reasonable nanoparticle size is suggested, so the 
average distance is important, which the electrons could migrate freely to a very 
short period. This effect could occur at surface oxygen vacancies and defects, which 
lead to a sheaf of electrons then it results in the formation of excitons within the 
sub-band. This rationale is the excitonic PL phenomenon, which could occur in the 
nanoparticle, which includes small particle size also the larger intensity of oxygen 
vacancy and defect. The higher defects lead to the possibility of formed excitons 
phenomenon and the stronger the PL signal [8].  
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Figure 11 Photo-physical processes of a semiconductor are excited by light 
irradiation [8]. 

 
 
Fuchang Peng et al. [46] studied the synergistic effect of Sm and C Co-Doped 

mixed-phase crystalline of TiO2 for visible-light photocatalytic activity. The catalysts 
were prepared by sol-gel method and Sm acted as anatase-rutile transformation and 
decreasing of favor of TiO2 grain size and C doped, which resulted in the narrow band 
gap energy. Therefore, the hetero-junction structure of TiO2 attributed to the 
improvement of MB degradation on photocatalytic reaction, which was observed as 
compared with P25-TiO2 and pure phase of TiO2 due to effective of separated 
electron and hole.  

Xiuli Wang et al. [47] explained time-resolve photoluminescence 
spectroscopy of anatase/rutile TiO2 phase junction. The charge separation was 
slowed the time scale photoluminescence, which resulted in the retarded rate for 
charge carriers. These results occurred in both anatase and rutile phase. However, 
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the slowed time-resolve of the charge carriers in anatase TiO2 was forced, but no 
change in the charge carrier force of rutile TiO2. Therefore, charge separation at the 
anatase and rutile phase linkage incurred favor in the separated charge carrier scale 
and it led to reducing electron and hole recombination. 

Hiromitsu Nakajima et al. [48] studied a mixture of anatase and rutile TiO2 
nanoparticles and the effect of charge transferred between the nanoparticles on 
their photoluminescence excitation bands. The shapes of PL spectra of pure anatase, 
rutile and mixture anatase-rutile exhibited the same shapes and emission of spectra 
indicated to oxygen vacancy states, which had energy level ≈1eV below the 
conduction band. In this PL results of mixture anatase-rutile has lower intensity PL 
than pure anatase and rutile, so mixture anatase-rutile represented to promoted 
charge transfer between anatase and rutile particle. Moreover, increasing of rutile 
phase content resulted in narrow band gap energy. 

Yang Mi & Yuxiang Weng [49] studied band alignment of anatase and rutile, in 
this work proposed to the prediction of electron migration. In case of large crystalline 
anatase and rutile in vacuum indicated the flow electron from conduction band of 
anatase to rutile. Nanocrystalline rutile and anatase with a diameter of 10-15nm in a 
vacuum, which indicated different the particle size and only the surface state and 
the mobility of anatase changed and mainly prediction same flow electron of large 
crystalline. Nanocrystalline rutile and anatase with hole scavenger, which assumed 
the same electron devastation rate thus electron flowed from rutile to anatase. 
Nanocrystalline rutile and anatase with electron scavenger such as Pt acted as 
received electron from the surface TiO2 thus electron transferred from rutile to 
anatase. 

Kenji Komaguchi et al. [50] studied photo-induced electron transferred from 
anatase to rutile in partially reduced TiO2-P25 nanoparticle by ESR study. The pure 
anatase, rutile, and P25-TiO2 were used for catalysts in this study. The spectra ESR of 
P25-TiO2 had two different Ti3+ signals due to mixture anatase and rutile phases. In 
case of pure rutile was calcined at 673K without hydrogen treatment in vacuum, 
which exhibited strong Ti3+ signals, while pure anatase never observed Ti3+ as the 
same condition. Ti3+ signal of P25-TiO2 changed slightly when P25-TiO2 calcined in air. 
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In addition, Ti3+ of rutile were easily oxidized by air. Ti3+ was energy level 0.3-0.8eV, 
which located below conduction band and it acted as a trapped electron. In this 
work, the explanation was no the possibility excitation of valence band. The electron 
would give rise to the also Ti3+ of rutile. P25-TiO2 certain amount electron transferred 
via the interface between anatase to rutile due to ESR signal because the line width 
of Ti3+ rutile smaller than anatase. 
 Hao Cheng et al. [51] studied the influence of phase complement, 
morphology and specific surface area on the photocatalytic activity of TiO2 
nanoparticle. TiO2 was synthesized under alkaline conditions along with the different 
volume of HNO3 (20, 60, 80, 120 ml) and they were compared with NaOH solution 
treatment. In the case of no treatment with NaOH and increasing of volume of HNO3 
led to reducing of average and crystal of rutile component. In addition, probability 
nanoparticle was formed. However, treatment with NaOH and increasing of volume 
NaOH resulted in decrease likewise no treatment with NaOH. Effect of heterogeneous 
phase (anatase and rutile) along with 1D of TiO2 nanorod resulted in different 
conduction band energy, which acts as a driving force of electron migration and favor 
isoelectronic easy migrated to surface. Therefore, high efficiency for separated 
electron and hole led to highly MB degradation. 
 
2.6 Oxygen vacancy and properties of photocatalytic reaction 
 The photocatalytic activity depends on the nature and density of surface 
adsorption, which shown dominant defects in TiO2 surface are called Ti3+ defect and 
oxygen vacancy. There are two topics about the generation of Ti3+ surface defect 
from Ti4+ [52]. 
 
 Topic 1 Ti4+ ion received a photoelectron. Normally, generated electron by 
UV-light irradiation on TiO2. When energy is equal or higher band gap, the electron is 
excited and simultaneous generated hole. The generated electron could be a trap 
and induce to reduce Ti4+ and formed Ti3+ state. Moreover, holes oxidize with O2- 
anions in order to form to O-, which trap hole or even oxygen gas. The generation of 
the defect under UV-light irradiation shown in equations (4) to (7) [52]. 
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TiO2 + hv ---> e- + h+    (4) 
e- + Ti4+ ---> Ti3+ trapped electron  (5) 
h+ + O2- ---> O- trapped hole  (6)   
4h+ + 2O2- ---> O2    (7) 

 
Topic 2 Ti4+ formed to Ti3+ is normally accompanied by the extinction of 

oxygen from surface TiO2 due to heat treatment under H2, CO or by fusillade by 
using electron beam, neutron or gamma ray. Ti4+ ions receive electrons from 
reducing gas then Ti3+ is formed. Likewise, lattice oxygen is removed from 
stoichiometric TiO2. The location of the deformed Ti4+ (defect) shows in Figure 12. 

 

 
 

Figure 12 Model of surface defect Ti3+ associated with oxygen vacancy (OV)  [52]. 
  

Thermal treatment by hydrogen gas resulted in Ti3+ was formed, which 

include three kinds for the formation of Ti3+. Firstly, as the temperature below 300◦C, 
hydrogen impact physically with lattice oxygen surface incur adsorbing oxygen atom. 

Secondly, when the temperature was increased more than 300◦C, electrons were 
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migrated from the H atoms to the O atoms in the lattice oxygen surface of TiO2. 
Therefore, the oxygen vacancies were formed due to deficiency oxygen. In addition, 
the O atom was laid and contacted with the H atom then H2O was formed. Thirdly, 

when the temperature was increased to 450◦C, the surface of TiO2 was impacted by 
H2 then H atom was conducted more extremely, which the electrons migrated from 
oxygen vacancies to Ti4+ ions and Ti4+ received electrons thus Ti3+ ions occurred. In 
addition, the higher the temperature resulted in the more Ti3+ ions were formed. 

Moreover, when the temperature raised to 560◦C, more energy has occurred and the 
electrons were saturated in the oxygen vacancies then they were disposed and 
migrated to Ti4+. This influence was concordance with the results of EPR signal, which 
displayed the intensity of reduced oxygen vacancies and increased Ti3+ [52]. 
 Lu et al. [52, 53] explained the structure of ideal rutile single crystal with an 
oxygen vacancy. The ideal model of rutile single crystal with Ti atom was located in 
oxygen octahedron. The symmetry of the oxygen octahedron was rhombic symmetry 

(D2h). The parallel (R◦ ||) and vertical (R◦ ⊥) lattice oxygen interracial with Ti atom 
bonding shown in Figure 13. Ti3+ was formed due to reducing of Ti4+. Therefore, the 
local electrostatic balance was cracked, so oxygen vacancy should be occurred due 
to charge reciprocation. Crystal field theory was used to estimate the position of the 
oxygen vacancy, which was relative to the local structure of the [Ti3+-OV] center in 
the reduced rutile crystal. In this structure model, the axial OV was positioned on the 
nearest position of central Ti3+ ion, which are shown in Figure 13.  
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Figure 13 Model of rutile single crystal; Ti3+ at the centered position with oxygen 
vacancy (OV), which was the nearest parallel position with Ti3+ [53]. 
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The active sites of rutile TiO2 for nitroaromatic hydrogenation is Ti3+ on the 
defect surface. Ob vacancies are two excess electrons, which migrate to the empty 
3d orbital produced to two Ti3+. These surface of Ti3+ serve as the adsorption site of 
nitroaromatic, which is shown in Figure 14 and 15 [5]. 

 

. 
Figure 14 Surface defects on structure of rutile TiO2 [5].  

 
Figure 15 Energy diagram of rutile TiO2 and surface defect [5]. 
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2.7 Photocatalytic reaction on hydrogenation of nitroaromatics test 
 Yasuhiro Shiraishi et al [5] studied highly proficient and selective 
hydrogenation of nitroaromatics on the photocatalytic reaction by titanium dioxide. 
This reaction carried out in alcohol, nitroaromatics, and suspension in TiO2 at room 
temperature and atmospheric pressure. TiO2 commercials were used for catalysts, 
which included only anatase content, rutile content and P25 (mixture anatase and 
rutile). The mechanism for hydrogenation nitro group to aniline group aromatics ring 
occurred in this reaction because TiO2 was irradiated by UV light, which separated 
electron (e-) and holes (h+). The electron was excited and migrated to the excited 
state or conduction band. The positive hole generated at valence band. Isopropanol 
was used for solvent in this reaction and it acted as a hole scavenger. However, 
some substrate may be used THF and toluene in order to dissolve substrates. 
Furthermore, sonication of the solution with suspension catalyst resulted in 
dispersed well within solution after that N2 was bubbled through the solution in 
order that absence oxygen in the system. The catalysts were analyzed characteristic 
by using IR analysis, which shown IR spectra of the absorbed gas phase in rutile and 
anatase particle. IR peaks had two outstanding absorption band appear at 1522 and 
1346 cm-1, which assigned to surface Ti-OH and surface Ti3+ respectively. Rutile-TiO2 
(JRC-TIO6) shown high peak 1346 cm-1 and high formation rate of aniline. The surface 
Ti3+ atoms of rutile TiO2 served as adsorption site for nitroaromatics and the trapping 
site electron for photocatalytic. Ti3+ located under conduction band. Moreover, 
doped-metal (Pt, Pd, Ag, Au) on surface TiO2 resulted in low photocatalytic activity. In 
contrast, doped metal on surface led to migrate electron from conduction band to 
doped metal, which resulted in separated electron and hole then it promoted high 
photocatalytic activity. However, in case of this study exhibited low photocatalytic 
activity because it retarded adsorption of nitroaromatic and coverage active site of 
Ti3+. 
 Moreover, Yasushiro Shiraishi et al. [20] reported rutile crystallites isolated 
from Degussa P25-TiO2 on photocatalytic hydrogenation of nitroaromatics. Isolated 
P25-TiO2 could be the preparation by HF acid (Hydrofluoric acid) treatment (5%, 
10%wt), which resulted in formed rutile and decreasing of band gap energy also 
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surface area. Photocatalytic performance for hydrogenation of nitroaromatics found 
HF (10%wt) treatment on P25-TiO2 resulted in isolated completely rutile content and 
high photocatalytic activity more than JRC-TIO6 (Pure rutile content). The active site 
for this reaction was a number of defect on the particle. The inner defect behaved as 
the deactivation site, which led to recombine electron and hole, while surface defect 
acted as an active site for absorption for nitroaromatic.     

Kazuya Imamura et al [7] studied about conditions reaction under air and 
absence oxygen. This reaction contained nitroaromatic, titanium dioxide (rutile, 
anatase, and P25-TiO2) and isopropanol as hole scavenger. Photocatalytic reaction 
absence oxygen was removed by vacuum or under inert gas such as nitrogen or 
argon. After nitroaromatic were consumed and formed aniline, however small 
acetone was formed. The Ti3+ was reduced, so the color of TiO2 would became blue 
However, TiO2 was exposed with air, which led to became white color and occurred 
Ti4+. In addition, photocatalytic reaction under air resulted in formed aniline same 
under absence oxygen condition, but acetone were formed more than usual. 
Indicating holes oxidized with 2-propanol to acetone and electrons were trapped by 
O2 not aniline. The hydrogenation of 3-nitrostyrene after reaction 30min of light 
irradiation exhibited high selective to 3-vinylaniline. Moreover, nitroethlybenzene and 
aminoethylbenzene were not formed in this system. In addition, the other reducing 
group on nitrobenzene ring were studied, which exhibited similar photocatalytic 
activity also hydrogenation nitro compound to aniline compound. The rutile TiO2 
exhibited high conversion of nitrobenzene and high yield of aniline. The effect of 
large surface area and increasing of the active site resulted in large substrate 
adsorption along with high crystallinity, which retarded side-reactions between 
nitroaromatic and aniline.  

Another work of Kazuya Imamura et al [54] studied m-nitrovinylbenzene 
(50µmole), which reduced to m-aminovinylbenzene in presence of hole scavenger 
suspension in TiO2 without using metal or reducing gas. Photocatalytic 
chemoselective hydrogenation with a different reducing group (-CH=CH2, -Cl, -Br, -
COOH, -COCH3) with different solvent (Acetonitrile, water content acetonitrile, 
methano, and ethanol). In case of using acetonitrile, which presence in oxalic acid 
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(200µmole) decomposition in order to eliminate oxygen in reaction because oxalic 
acid dissolved with the solution under deaerated condition then H2 was formed. 
Furthermore, water addition in acetonitrile resulted in m-aminovinylbenzene and H2 
were decreased. However, small water addition led to be solubility substrate and 
oxalic acid then it promoted to increase hydrophilic TiO2 particles. The water content 
10%(v/v) addition in acetonitrile exhibited a high yield of m-aminovinylbenzene. 
Moreover, other reducing group resulted in the high amino compound. 
 Amer Hakki et al [6] studied the photocatalytic conversion of various 
nitroaromatic with alcohol and using four different types of TiO2 (Sachtleben 
Hombikat UV100 for anatase, Crystal Global R34 for rutile, Home-made mesoporous 
anatase and Aeroxide P25 for mixture anatase-rutile). Furthermore, the effect of 
platinization had been studied in this ethanol solution. In case of without doped Pt 
on rutile TiO2 found to a high selectivity primary amino compound. However, anatase 
TiO2 indicated a yield imine more than amino. The platinization on TiO2 led to 
condensation reaction of amine and aldehydes then it promoted to hydrogenation of 
NH2 to C=N bond. Moreover, Pt nanoparticle presented the disappearance of 
BrØnsted acid site due to the weakness of the peak at 1640cm-1. In addition, 
produced imine yielding was N-alkylated products, which found to occur all case. In 
case of investigation on different alcohol, the properties of structure alcohol resulted 
in polarity, which had importance for photocatalytic reduction also the high polarity. 
In case of isopropanol main product was aniline, while 3methyl to butanol alcohol 
were produced imines. The position of the methyl group in the aromatic ring did not 
affect the rate reaction. 
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CHAPTER 3 
EXPERIMENTAL 

 These chapter referred to methods for heat treatment catalysts in different 
calcination atmospheres (Air, N2 and H2). Moreover, these chapter also included 
preparation method, catalyst characterization and photocatalytic reaction test. 
 
3.1 Preparation of treated P25-TiO2 by calcination at different temperatures.                                                
 Commercial TiO2 Degussa (P25-TiO2) was used as the main photocatalysts. 
Figure 16 shows the heat treatment process. P25-TiO2 was transferred into crucible 
and followed by the calcination at 600, 700, 800, 900°C in a muffle furnace for 5h. 
After calcination, the catalysts was cooled down to the room temperature to obtain 
the treated P25-TiO2 powder. In addition, heat treatment under H2 and N2 flow were 
proceeded at same condition. 
 

                     
 
Figure 16 Heat treatment process of P25-TiO2 at different temperatures. 
 

3.2 Preparation of solution containing substrate, solvent, and catalyst 
A 200µmole of 3-nitrostyrene and 20 ml of isopropanol were transferred into 

75ml pyrex glass tube and sealed with a rubber septum cap. The solution was stirred 
by using a magnetic bar. The catalyst 0.2g was placed into a pyrex glass tube and 
sonicated for 5 min. The reaction mixture was purged by bubbling N2 gas through the 
solution for 5 min in order to eliminate oxygen in the system. During this process, the 
tube was covered by foil in order to prevent the light adsorption.      
 

Heat treatment in air at 600-900°C for 5h 
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3.3 Photocatalytic test 
The pyrex glass tube contained substrate, solvent and catalyst were irradiated 

with UV light using mercury lamp Philip 500w (𝝀 > 300nm) for 6h with magnetic bar 
stirred at atmospheric pressure and room temperature. After the reaction, the 
catalyst was removed by filtration and all products were analyzed by using GC-FID. 
Substrate (3-NS) and 3-VA solution was analyzed by using Rtx5® column. Other 
oxidation products (isopropanol and acetone) were analyzed by using DB1-Wax 
column. The concentration of substrate and products were calibrated with authentic 
samples. Furthermore, the calculation of %conversion of 3-NS, %selectivity to 3-VA, 
formation rate of product and consumption rate of 3-NS show in equations (8) to 
(11). 

 

%Conversion of 3-NS = 
𝑀𝑜𝑙𝑒3−𝑁𝑆,𝑖𝑛−𝑀𝑜𝑙𝑒3−𝑁𝑆,𝑜𝑢𝑡

𝑀𝑜𝑙𝑒3−𝑁𝑆,𝑖𝑛
   (8) 

 Mole3-NS in is mole of 3-nitrostyrene inlet 
 Mole3-NS out is mole of 3-nitrostyrene outlet 

%Selectivity to 3-VA = 
𝑀𝑜𝑙𝑒3−𝑉𝐴,𝑜𝑢𝑡

𝑀𝑜𝑙𝑒3−𝑁𝑆,𝑖𝑛−𝑀𝑜𝑙𝑒3−𝑁𝑆,𝑜𝑢𝑡
   (9) 

 Mole3-NS in is mole of 3-nitrostyrene inlet 
 Mole3-NS out is mole of 3-nitrostyrene outlet 
 Mole3-VA out is mole of 3-vinylaniline outlet 

Formation rate of product = 
𝑀𝑜𝑙𝑒𝑝𝑟𝑜𝑑𝑢𝑐𝑡,𝑜𝑢𝑡

𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒×𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡𝑠 
 (10) 

 Mole product out is mole of product outlet (µmoleg-1h-1) 
 Reaction time (hours) 
 Amount of catalysts (gram) 

Consumption rate of 3-NS = 
𝑀𝑜𝑙𝑒3−𝑁𝑆,𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛

𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒×𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡𝑠 
 (11) 

 Mole3-NS consumption is mole of 3-nitrostyrene is consumed (µmoleg-1h-1) 
 Reaction time (hours) 
 Amount of catalysts (gram) 
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3.4 Physical and electrochemical characterization 
 Several techniques was applied to characterize fresh and treated P25-TiO2 at 
different conditions. 

3.4.1 X-ray diffractometry (XRD) 
 XRD was performed to indicate crystalline phase and crystallite size of P25 
and treated P25. It was conducted using a SIEMENS D5000 X-ray diffractometer with 

Cu Kα radiation (𝝀=1.54439 A) with Ni filter. The spectra was scanned at a rate 0.04 

min-1 in the 2Θ range of 20-80. 
3.4.2 Nitrogen physisorption 

 BET surface areas of the catalysts was measured by Micromeritics Chemisorb 
2750 Pulse Chemisorption System. 0.05g of catalysts was placed inside the tube and 
degassed at 200°C for one hour after that the catalysts were determined adsorption 
and desorption nitrogen gas. The surface area was calculated by using the single-
point method. 

3.4.3 X-ray photoelectron spectroscopy (XPS)  
 XPS was analyzed by using an AMICUS photoelectron spectrometer equipped 

with a Mg Kα that X-ray as a primary excitation and a KRATOS VISION2 software.  
3.4.4 Thermogravimetric analysis (TGA)  

 TGA result was determined by using SDTQ 600 operated with flowed gas such 
as ambient air, inert gas and oxygen, and increasing temperature along with changing 
times in order to measure thermal decomposition, mass decomposition, phase 
transition and adsorbed reaction.  

3.4.5 Scanning electron microscopy/energy dispersive X-ray spectroscopy 
(SEM-EDX) 

 SEM-EDX examined morphology on the surface of the catalyst sample. 
Results were obtained by using JSM-5410LV and energy dispersive using X-ray 
analyze component dispersion on the surface particle and quantitative of elements. 

3.4.6 UV-Visible spectroscopy (UV-Vis)  
 Fundamental absorption edge TiO2 is about 420 nm. To study the light 
adsorption of catalyst, the absorbance spectra of the catalyst in the wavelength 
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range of 200-800 nm were obtained by using Perkin Elmer Lambda 650 
spectrophotometer. The band gap energy of catalyst was determined by the 
following equation (12). 
 

𝑬𝒈 =
𝟏𝟐𝟒𝟎

𝝀
  (12) 

 

 Where Eg is band gap (eV) of catalyst, 𝝀 is the wavelength of the onset of the 
spectrum (nm). 

3.4.7 Photoluminescence spectroscopy (PL) 
 It was light emission from light excited source impinged object after that the 
absorption of photons. Luminescence light energy (light emission) was released 
during absorption and emission of a photon may different rage from short 
femtosecond-regime for emission and associated free-carrier plasma in inorganic 
semiconductors. During the recombination procedure of photo-induced charge 
carriers, a definite quantity of chemical energy could be released energy, which 
would further convert probably to form heat or light energy. The light energy could 
be differentiated as radiation, which resulted in a luminescence emission of 
semiconductor particle, defined the PL phenomenon of the semiconductor. The 
instrument was Fluromax® by Horiba and using Xenon lamp used to source of 
excitation at 320 nm. 
 
 
 
 
 
 
 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 40 

CHAPTER 4 
RESULTS AND DISCUSSION 

 In this chapter, the investigation of the physiochemical and catalytic 
properties of fresh and treated P25-TiO2 were reported. The effects of various 
calcination temperatures and atmospheres, including air nitrogen and hydrogen are 
also studied. All catalysts were tested in photocatalytic selective hydrogenation of 3-
nitrostyrene. The catalysts particles were analyzed by using XRD, BET surface area, 
XPS, UV-Vis, photoluminescence spectroscopy, TGA, SEM-EDX. 
 
Table 5 The symbol of catalysts in this work 

Symbol Detail of symbol 
A-700-air Commercial of TiO2 (JRC-TIO1) was 

calcined at 700°C in air for 5 h 
P25 Commercial of TiO2 (Degussa)  

P25-600-air P25 was calcined at 600°C in air for 5h 
P25-700-air P25 was calcined at 700°C in air for 5h 
P25-800-air P25 was calcined at 800°C in air for 5h 
P25-900-air P25 was calcined at 900°C in air for 5h 
P25-700-H2 P25 was calcined at 700°C in hydrogen 

flow for 5h 
P25-700-N2 P25 was calcined at 700°C in nitrogen 

flow for 5h 
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4.1 Characterization of all treated TiO2 catalysts 
4.1.1 X-ray diffraction (XRD) 

 Figure 17, shows the XRD patterns of P25-TiO2 before and after calcination at 
difference temperatures for 5h in muffle furnace. Untreated P25-TiO2 had the 
mixture phase components of both anatase (101) and rutile (110) phases along with 
constituted component of both anatase ≈ (20%) and rutile ≈ (80%) contents, in 

which exhibited peak at 2 = 25.3° and 27.4 respectively [15]. After that calcination 
at 600°C, the XRD peaks corresponding to anatase phase was slightly decreased. 
However, further increasing of calcination temperature resulted in rapid increased 
rutile phase content and the crystallite size. For the catalyst sample calcined at 
temperature higher than 800°C, peaks of anatase phase was completely disappeared 
and transformed to rutile phase.  

 
Figure 17 XRD patterns of A-700-air and P25-TiO2 before and after heat treatment at 
600-900°C in air for 5h. 
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At the same temperature condition, P25-TiO2 were treated under nitrogen gas 
and hydrogen gas flow. XRD results are shown in Figure 18. Anatase phase was 
decreased likewise with calcination in air except the hydrogen treated catalyst, which 
represented lower anatase peak. The higher rutile phase content was probably due 
to the higher formation oxygen vacancy. Moreover, heat treatment with hydrogen gas 
affected to high reduction on lattice surface TiO2, which resulted in an increasing of 
rutile content [55]. 

 
Figure 18 XRD patterns of P25-TiO2 after heat treatment at 700°C in air, H2 and N2 
flow for 5h. 
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from the full-width at half maximum (FHWM) of the anatase peak (101) and rutile 
peak (110), which indicated from results of XRD pattern and it could calculate by 
Scherrer’s formula. At calcination temperature higher 800°C in air presented only 
crystallite size of rutile due to disappeared anatase peak. In addition, heat treatment 
under H2 flow, which exhibited wide FHWM of the anatase peak (101). Therefore, the 
anatase crystallite size had smaller than calcination in air and N2 due to the higher 
formation of oxygen vacancy, which acted as reduce crystallinity [57]. In other hand, 
heat treatment under inert gas (H2) could be anticipated to increase the number of 
oxygen vacancies in the anatase lattice. Therefore, it advocated the transformation to 
rutile. Moreover, structure c-axis of anatase had more atoms per unit cell than rutile 
because rutile phase had stable lattice than anatase phase. This non-stoichiometry 
may be presented in anatase as well. The oxygen vacancies in anatase could be 
anticipated to advocate the transformation to rutile belated to the facilitated 
rearrangement of ions [56, 58]. 
 
Table 6 Phase composition and crystallize size both anatase and rutile of A-700-air 
and P25-TiO2 before and after heat treatment. 

Catalysts %Anatase %Rutile Crystallize size 
anatase 101 (nm) 

Crystallize size 
rutile 110 (nm) 

A-700-air 100 - 30 - 
P25 83 17 23 33 

P25-600-air 73 27 29 59 
P25-700-air 23 77 43 76 
P25-800-air - 100 - 92 
P25-900-air - 100 - >100 
P25-700-H2 11 89 27 81 
P25-700-N2 24 76 40 85 
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5.1.2 N2 physisorption 
 N2 physisorption include nitrogen adsorption and desorption isotherms. The 
measurement fundamental of these properties is the external surface area available 
for adsorption of gas molecules, which substituted by N2 liquid at 77K on solid-
porosity. This technique is the most widely for determined surface area 
characterization [59]. This equation used single-point determination, which relative 
pressure drop (P/P0) range of 0.2 to 0.3 and derived by assuming the BET intercept 
(1/cBET) equals zero, then it established BET plot [59-61]. 

In Table 7 exhibits properties of the surface area of all treated P25-TiO2 and 
A-700-air. The surface area of P25-TiO2 exhibited 40m2/g. The observation of the 
trend of increasing of calcination temperature led to be decreasing of surface area 
due to higher relative pressure, which had corresponding with significant pore size 
and particle agglomeration [19]. Moreover, the influence of calcination temperature 
affected to be a decreasing of pore volume and porosity of the catalyst samples [14, 
62, 63]. However, heat treatment under air, H2, and N2 flow at same temperature 
resulted in not changing of surface area.  
 
Table 7 BET surface area of A-700-air and P25-TiO2 before and after heat treatment. 

Catalysts BET surface area (m2/g) 
A-700 14 
P25 40 

P25-600-air 31 
P25-700-air 9 
P25-800-air 6 
P25-900-air 5 
P25-700-H2 9 
P25-700-N2 10 
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However, the influence of heat treatment led to be decreasing of BET surface 
area and increasing of rutile component, which are shown in Figure 19. These 
correlation caused by the effect of surface diffusion and changing of the phase 
structure of catalyst. 

 
Figure 19 Correlation between heat treatment conditions of P25-TiO2 versus BET 
surface area and formation of rutile component. 
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 XPS technique is most widely for using in physical chemistry, which evaluate 
and analyze the characterization of the surface chemistry elemental composition, 
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irradiation on the surface then photoelectron was released from the surface sample 
after that the released photoelectron is analyzed and used to measure the kinetic 
energy of the released photoelectron in forms of binding energy and intensity of 
photoelectron peaks, which present by trace amount of carbon and high solution 
Ti2p and O1s state [64]. The high resolution XPS spectrum of Ti 2p core levels of 
pure TiO2 is also fitted by Gaussian fitted curve, which found four peaks. The main 
peaks of titanium dioxide (Ti4+) and two shoulder peaks of titanium sub oxide (Ti3+), 
which are shown in Figure 20 [65]. 
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Figure 20 X-ray photoelectron spectra Ti2p of A-700-air and P25-TiO2 before and 
after heat treatment; at (a) 600-900°C in air for 5h, (b) at 700°C in air, H2 and N2 flow 
for 5h. 
 

In case of, Ti elemental of TiO2 has Ti 2p3/2 and Ti 2p1/2, which associated with 
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oxide had two shoulder peaks at 457.3 and 463, which indicated Ti3+ valence state of 
2p3/2 and 2p1/2 respectively. In addition, Ti3+ valence state associated with oxygen 
vacancies (Ov) defect in the system [38, 66, 67]. Figure 21 and 22, represent 
deconvolution peaks of Ti2p core levels with Gaussian fitting curve. 

 
Figure 21 exhibits concentration Ti3+ of P25-TiO2 before and after calcination 

in air, which exhibited slightly increased Ti3+ due to filling oxygen on lattice surface. 
However, the concentration of Ti4+ was reduced because an extinction of oxygen 
atom from the surface TiO2 resulted in Ti-O-Ti was broken. In addition, the lattice of 
Ti4+ was reduced also atom of Ti received the electrons from lattice oxygen, which 
removed from stoichiometric TiO2. 
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Figure 21 X-ray photoelectron spectra Ti2p of A-700-air and P25-TiO2 before and 
after heat treatment at 600-900°C in air for 5h, which were deconvoluted by Gaussian 
fitting curve. 
  

Moreover, calcination with H2 and N2 gas flow resulted in the concentration of 
Ti3+ higher than calcination in air at the same temperature condition, which are 
shown in Figure 22. In case of, calcination with H2 flow led to broken Ti-O-Ti network 
along with it was generally accompanied by loss oxygen from deficient oxygen, which 
affected to the surface of TiO2 then more electrons transferred to the lattice of Ti4+ 
then Ti3+ was formed [68]. In addition, the ratio both Ti2p 3/2 and Ti2p 1/2 (Ti3+/Ti4+) 
were changed, which are shown in Table 8. 

  
Figure 22 X-ray photoelectron spectra Ti2p of P25-TiO2 after heat treatment at 700°C 
in air, H2 and N2 flow for 5h, which were deconvoluted by Gaussian fitting curve. 
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Table 8 Ratio of Ti3+/Ti4+ of A-700-air and P25-TiO2 before and after heat treatment. 
Catalysts Ratio Ti2p 3/2 

Ti3+/Ti4+ 
Ratio Ti2p 1/2 

Ti3+/Ti4+ 
A-700-air 0.04 0.04 

P25 0.03 0.04 
P25-600-air 0.04 0.05 
P25-700-air 0.03 0.05 
P25-800-air 0.04 0.05 
P25-900-air 0.03 0.04 
P25-700-H2 0.12 0.13 
P25-700-N2 0.08 0.08 

 
 In case of, XPS spectra peaks of O1s core levels, which associated with lattice 
oxygen and oxygen vacancies. Using Gaussian fitting curve of O1s core presented two 
peaks centered binding energy at 529.80 and 531.30 eV, which assigned to Ti-O-Ti 
bond and interaction Ti3+- oxygen vacancies on the surface and subsurface regions 
for TiO2 respectively, [28, 66, 67], which are shown in Figure 23. 

Figure 23(a) shows calcination in air, peak at 529.80eV was reduced because 
high calcination temperature reduced lattice oxygen due to thermal stress, these 
effect caused by the rapid change in Ti-O-Ti network, whereas calcination under H2 
flow in the system, which could create more oxygen vacancies then observation area 
of peak centered at 531.3eV was raised, which is shown in Figure 23(b) Moreover, an 
electron from hydrogen through surface lattice oxygen then electron was released 
and transferred to Ti4+ and then Ti4+ received electron, so Ti3+ was formed [28, 52, 
68, 69]. 
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Figure 23 X-ray photoelectron spectra O1s of A-700-air and P25-TiO2 before and after 
heat treatment; (a) at 600-900°C in air for 5h, (b) at 700°C in air, H2 and N2 flow for 5h. 

 
However, P25-TiO2 was calcined in air with different temperature, which 
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Figure 24 X-ray photoelectron spectra O1s of A-700-air and P25-TiO2 before and after 
heat treatment at 600-900°C in air for 5h, which were deconvoluted by Gaussian 
fitting curve. 
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 In case of O1s, calcination under H2 and N2 gas flow resulted in peak at 531.3 
was raised, which are shown in Figure 25. Furthermore, calcination under H2 gas flow 
had the maximum formation of oxygen vacancy and Ti3+ because of more deficient 
oxygen in the system. Therefore, loss of oxygen lattice on the surface from H2 heat 
treatment proposed the interaction between H2 and surface of TiO2, which 
proceeded more tremendously because more energy was supplied from H atom 
then the electron transferred from oxygen vacancies to Ti4+ ion then Ti3+ were 
formed [68, 70, 71].  

 
Figure 25 X-ray photoelectron spectra O1s of P25-TiO2 after heat treatment at 700°C 
in air, H2, and N2 flow for 5h, which were deconvoluted by Gaussian fitting curve. 

 
The conclusion of the XPS signal, both Ti 2p and O1s of calcination in air may 

not affect to surface defect, while calcination under N2 and H2 clearly affected to 
reduce from Ti4+ to Ti3+ and more created oxygen vacancy due to deficiency oxygen 
atmosphere. Changing of ratio oxygen on the surface of A-700-air and all treated P25-
TiO2 show in Table 9. 
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Table 9 Ratio of Oxygen vacancy/Lattice oxygen of A-700-air and P25-TiO2 before and 
after heat treatment. 

Catalysts Ratio Oxygen vacancy/Lattice oxygen 
A-700-air 0.52 

P25 0.21 
P25-600-air 0.22 
P25-700-air 0.25 
P25-800-air 0.29 
P25-900-air 0.27 
P25-700-H2 0.41 
P25-700-N2 0.33 

 
4.1.4 UV-Visible spectroscopy (UV-Vis) 

 These technique used to analyze light absorption on the solid or liquid 
sample, so the effect of calcination temperature on P25-TiO2 resulted in increasing of 
the absorption edges, which shifted toward red shift. In addition, high calcination 
temperature increased longer wavelengths absorbance, which could be referred to 
absorption of light when light energy equal or higher absorption, light initiated 
excitation of photoelectron from valence band to conduction band. The effect of 
calcination temperature of all treated P25-TiO2 on light absorption show in Figure 26 
and 27. Figure 27 exhibit high calcination temperature under H2 flow led to trends of 
wavelength along with increasing of absorption visible light range. The change of 
adsorption wavelength because the influence of increasing both of crystallite size 
and phase structure transformation anatase to rutile [19, 72]. 
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Figure 26 UV-Vis absorption spectra of A-700-air and P25-TiO2 before and after heat 
treatment at 600-900°C in air for 5h. 

 
Figure 27 UV-Vis absorption spectra of P25-TiO2 before and after heat treatment at 
700°C in air, H2 and N2 flow for 5h. 
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 The adsorption edges wavelength after calcination at 600°C indicated a 
decreasing of band gap energy as compared with uncalcined P25-TiO2, which are 

shown in Figure 28. Furthermore, estimation band gap from a plot of (hvα)1/2 versus 

photon energy (hv), which the relation between the absorption coefficient (α) and 
incident photon energy (eV) [19]. Since absorbance was relative to absorption 
coefficients, so calcination of P25-TiO2 led to decreasing of band gap due to 
increased crystallite size. These results led to a red shift in the adsorption spectra. 
On the other hand, after calcination at 600°C may be a result of phase 
transformation from anatase to rutile and particle agglomeration [19, 72]. 

 
Figure 28 Photoenergy of A-700-air and P25-TiO2 before and after heat treatment at 
600-900°C in air for 5h. 
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Calcination temperature over 800°C resulted in completely rutile component, 
which has band gap nearly 3.00. Furthermore, atmosphere (air, H2, and N2) not 
influenced by wavelength and band gap due to nearby rutile component. In 
addition, the effect of particle agglomeration has more influence, which are shown in 
Figure 28-29. Table 10 exhibits a summary of wavelength and band gap energy of all 
treated P25-TiO2 and A-700-air. The band gap was decreased by these reasonable to 
suggest that temperature calcination and may be phase component [62].  

 
However, P25-700-H2 exhibited addition adsorption spectra in the visible light 

region. Similar results were reported by Naldoni et al. [55, 73]. The black TiO2 
obtained from thermal treatment of amorphous commercial TiO2 in H2 flow 
exhibited the adsorption spectra at the visible light region. They suggest that the 
increasing of concentration of vacancy site could create a free oxygen vacancy band 
below the conduction band, which is responsible for visible light absorption. 

 
Figure 29 Photoenergy of P25-TiO2 before and after heat treatment at 700°C in air, H2 
and N2 flow for 5h. 
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Table 10 The wavelength and band gap of A-700-air and P25-TiO2 before and after 
heat treatment. 

Catalysts Wavelength 
(nm) 

Band gap 
(eV) 

A-700-air 387 3.20 
P25 390 3.18 

P25-600-air 395 3.14 
P25-700-air 407 3.05 
P25-800-air 412 3.01 
P25-900-air 416 2.98 
P25-700-H2 406 3.06 
P25-700-N2 404 3.07 

  
4.1.5 Photoluminescence spectroscopy (PL) 

 The PL emission spectra are used to examine the performance of charge 
carrier trapping of photo-induced and transferred photoelectron. PL measurement 
estimates the surface structure and excited states, which associate with the electron 
and hole lifetime of semiconductor material. Normally, peak PL emissions on 
semiconductor material occurred from the radiative recombination of photo-
generated electron and hole. Furthermore, PL signals could be excited by using two 
major photo-physical procedures in a semiconductor. The first was a direct band to 
band transition photoluminescence, which was the release of luminescence light or 
heat side by side that of the photo-generated electron, which could transfer back 
from the conduction band to valence band after the irradiation by light higher than 
band gap energy. The second was the photo-physical relative band to sub-band, 
which in the form of oxygen vacancy or defects. In general, the defect was formed at 
below conduction band. The photoelectron was excited by light energy then 
electron transferred from bottom of conduction band via non-radiative to sub-band 
and then excited photoelectron transferred from sub-band to the valence band via a 
radiative transition with the release luminescence emission called PL signals [8, 74].  
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Figure 30 and 31 exhibit the various peak emission at 451,469,484 and 492 
nm, which attributed to the formed oxygen vacancies at nearly surface, which 
related to shallow trap level below conduction band [75, 76]. The peak at 436 nm 
was attributed to self-trapped photo-excitons localized on TiO6 octahedra [77]. The 
long wavelength range of 451-484nm were purported to the oxygen vacancy with 
two trapped electrons to the valence band of semiconductor TiO2 [75, 78]. The peak 
at 492nm corresponding with oxygen vacancy with one electron [79]. 
 

 
Figure 30 Photoluminescence spectra of A-700-air and P25-TiO2 before and after 
heat treatment at 600-900°C in air for 5h. 
(a) A-700-air, (b) P25, (c) P25-600-air, (d) P25-700-air, (e) P25-800-air, (f) P25-900-air. 
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Figure 31 Photoluminescence spectra of P25-TIO2 before and after heat treatment at 
700°C in air, H2 and N2 flow for 5h. 
(b) P25, (d) P25-700-air, (g) P25-700-H2, (h) P25-700-N2.  
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4.2 Photocatalytic activity test liquid hydrogenation selective of 3-NS  
4.2.1 Photocatalytic activity test under UV-light irradiation 
In this process had a reduction and oxidation reaction. In Table 11 exhibits 

photocatalytic activity under UV-light irradiation. Calcination temperature at 700°C in 
air exhibited a maximum of %conversion of 3-nitrostyrene (3-NS) and %selectivity to 
3-vinylaniline (3-VA). Moreover, the photocatalytic activity with all treated P25-TiO2 
not affected to selectivity to 3-VA. Furthermore, the formation rate of acetone was 
proportional with the formation rate of 3-VA because this reaction generated H+ from 
isopropanol then 3-NS received H+, which resulted in the formation of 3-VA and 
acetone respectively. Scheme 1 shows the mechanism of photocatalytic 
hydrogenation of this reaction. Moreover, photocatalytic hydrogenation of 3-NS 
versus with time exhibited consumption rate of 3-NS, which was proportional to the 
formation rate of acetone, which are shown in Figure 32. 

 
Table 11 Results of photocatalytic hydrogenation selective of 3-nitrostyrene to 3-
vinylaniline performance for A-700-air and P25-TiO2 before and after heat treatment.  

Catalysts %Conversion 
3-NS 

%Selectivity 
3-VA 

Rate 3-VA 
formed 

(µmole g-1h-1) 

Rate Acetone 
formed 

(µmole g-1h-1) 
A-700-air 21.9 100.0 37.0 106.9 

P25 45.4 96.7 74.2 208.3 
P25-600-air 43.1 100.0 71.7 210.0 
P25-700-air 70.9 100.0 120.0 340.0 
P25-800-air 57.8 100.0 99.2 287.4 
P25-900-air 51.5 100.0 87.0 240.6 
P25-700-H2 61.4 100.0 103.3 290.0 
P25-700-N2 57.6 100.0 96.9 288.6 
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. 
Scheme 1 Mechanism of photocatalytic hydrogenation of 3-NS. 

 
Figure 32 Consumption rate of 3-NS and Formation rate of acetone versus reaction 
time (h) of P25-700-air. 

 
In this work exhibited the effect of heat treatment of P25-TiO2. Influence of 

high calcination temperature resulted in increased crystallite size both anatase and 
rutile, which are shown in Figure 33 (a) and (b) respectively. Calcination at 700°C in air 
had mixture anatase and rutile contents, which exhibited a low PL intensity because 
it promoted enhancement of interface between anatase and rutile, which led to 
well-separated electron and hole [46, 47, 51, 80]. However, calcination above 800°C 
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exhibited completely formed rutile and disappeared anatase. Therefore, this 
resultant led to return of increased PL intensity. It well-known important factor of 
heat treatment resulted in high crystallization, which reduced PL intensity, so this 
resultant favored to prevent the occurrence of recombined electron and hole, so it 
led to high photocatalytic activity. However, high calcination temperature along with 
the formation of oxygen vacancy led to weak crystallization [19]. Influence of 
increased particle size led to increased PL intensity, which favored low photo-activity 
due to a distance of migration electron-hole. Furthermore, small particle had a short 
distance of electron and hole, which had to migrate to the reaction site on the 
surface then it resulted in decreasing of recombination of electron and hole [81]. 
Increasing of crystallization caused by heat treatment, so this effect had to mindful 
for increased particle size too. Moreover, increasing of crystallinity along with 
crystallite size of anatase and rutile were decisive of decreased PL intensity, which 
led to suppression surface defects then it trapped from increased crystallinity, so this 
effect led to decreasing of defects in the crystal.  

A surface defect such as Ti3+ and oxygen vacancy sites led to reducing the 
radiative recombination process, which are exhibited in Figure 33(d) and (e). Oxygen 
vacancies sites were important for inhibitor recombination rate of electron and hole 
pairs and higher separation efficiency, which indicated a lower PL intensity, so it 
affected higher photocatalytic activity [75]. Moreover, oxygen vacancies were formed 
nearly surface, which were relative with the non-radiative process originated by 
defects. Therefore, oxygen vacancies indicated on the surface and on the grain 
boundary, which promoted reduction PL intensity. In addition, oxygen vacancies were 
formed at the interface of the anatase and rutile crystallites, these oxygen vacancies 
acted as non-radiative centers only. Therefore, surface defects at the interface 
between anatase and rutile in the mixed phase component acted as charge carrier 
trapping sites and charge transfusion of an electron from anatase to rutile. The 
explanation of these defects at the interface may act as non-radiative centers and 
decrease of emission intensity. In addition, the various band alignment at the 
interface between anatase and rutile may also retard the consolidation of electron 
and holes from the recombination process. Therefore, the various band alignment 
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resulted in reduction the PL emission intensity [49, 82]. High calcination temperature 
at 700°C in air removed many of the radiative oxygen vacancy centers along with 
non-radiative centers, so these resultant reduced the PL emission intensity. These 
explanations that why mixed phase decreased PL intensity.  

Meanwhile, excessive oxygen vacancies could occur. In case of heat 
treatment with H2 and N2 flow due to heat treatment under deficiency oxygen 
system. The excessive oxygen vacancies led to the formation of many oxygen 
vacancies in absent lattice oxygen, which led to un-localized molecular orbital exists 
below the bottom of the conduction band, so it led to low efficiency in the 
excitation of the ambulant of electrons at conduction band. Furthermore, excessive 
oxygen vacancies may be trapping electron, which acted as recombination center 
because it served to block electron thus it led to not separate electron and hole. 
Calcination at 700°C under H2 and N2 flow led to the trend of reduction of 
photocatalytic activity [83-85]. In other hand, defects were formed inside bulk 
semiconductor affected to fast recombination due to the wide distance of electron 
migration to active site and defect.  

Band edge was changed because the influence of microstructure such as 
crystallite size, phase structure, oxygen vacancy, which cohere with the energy of 
photo-excited. It well-known reduction of band gap energy affected to enhancement 
red shift in visible adsorption spectra. Therefore, adsorption in a visible led to a 
decrease of the amount of energy required for photo-excited from valence band to 
the conduction band within semiconductor [86, 87]. Figure 33 (c) exhibit the effect of 
heat treatment to band gap, whereas intolerable decrease band gap due to the 
completely rutile phase transition, it led to fast recombination. 
 The consumption rate of 3-NS in this reaction versus intensity of PL 
spectroscopy exhibited all peak at 436, 451, 469, 484 and 492nm, which are shown in 
Figure 33 (f). Normally, the lower PL intensity indicated a high charge to separate of 
photo-induced electron and hole pairs then it resulted in high photocatalytic activity. 
Changes in the calcination atmosphere also affected the PL signal and the signal 
decreased in order of Air < H2 < N2. 
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 The microstructure of P25-700-air associated with two difference crystallite 
size anatase and rutile. It is well-known that the mixture of anatase and rutile 
component has a high photo-activity than pure phase [48, 58, 88]. Therefore, the 
explanation for presence mixed phase both anatase and rutile phase, which 
promoted the synergistic antenna effect and activation effect by anatase phase, so 
the effect of antenna led to separate electron and hole and enhancement for 
photocatalytic activity [49, 50, 80, 89]. The Ti3+ and oxygen vacancy site on the 
surface of TiO2 were an active site for trapping nitroaromatic at conduction band [5, 
7]. In addition, the formation of oxygen vacancies site, which located at the interface 
of anatase and rutile, enhancement for charge separated electron and hole. [82, 90]. 
However, increasing of crystallite size after calcination resulted in a decrease of 
surface area, which affected to reduce absorption site. The band edge of anatase and 
rutile have 3.2eV and 3.0eV respectively, which depended on morphology and 
component phase [12, 13]. However, calcination at a higher temperature resulted in 
the complete transformation of anatase to rutile phase and large crystallite of the 
TiO2, which led to the loss of synergistic effect of the mixed phases and the loss of 
active surface area of the photocatalysts. Moreover, the excessive Ti3+ and oxygen 
vacancy site led to the formation of the un-localized band at the conduction band, 
leading to faster recombination. 

Furthermore, Figure 33 (a) to (g) exhibit relation of properties all treated P25-
TiO2 then the recombination had a more effective to the consumption of rate 3-NS 
than other properties. However, PL results were in order of Air<H2<N2, which were 
similar in trend to the photocatalytic activity. The heat treatment affected to 
properties of crystallite size, phase ratio, Ti3+- oxygen vacancy sites and band gap, 
which were importance role play for recombination process, which enhanced to 
photocatalytic activity. 
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Figure 33 Rate consumption of 3-NS versus (a) crystallite size anatase, (b) crystallite 
size rutile, (c) band gap, (d) %Ti3+, (e) %oxygen vacancy, (f) PL intensity at peak 
469nm, (g) PL intensity at peak 436, 451, 469, 482 and 492 nm. 
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4.2.2 Recyclability and properties of spent catalysts 
 Moreover, investigation stability and recyclability of the catalysts in order that, 
determination performance of catalysts in photocatalytic selective hydrogenation of 
3-nitrostyrene. The catalyst was recovered by using centrifugation from suspension 
mixture then the recovered catalyst was repeated for five cycles for the 
photocatalytic test. Figure 34 exhibit the %conversion of 3-NS was observed that 
insignificant loss activity. Moreover, the selectivity to 3-VA has remained. Therefore, 
the preparation for this active site could be used for the long term in this reaction. 

 

 
Figure 34 The 5 Cycles of recyclability performance of P25-700-air. 

 

 

 

70.9
66.6 64.3 62.2 61.4

100 100 100 100 100

0

20

40

60

80

100

5432
Cycle

P25-700-air

%
 c

o
n

v
er

si
o

n
 a

n
d

 s
el

ec
ti

v
it

y

 %Conversion of 3-NS

 %Selectivity to 3-VA

1



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 70 

4.2.3 TGA analysis of spent catalysts 
The physiochemical properties included decomposition or volatilization, which were 
estimated using by TGA analysis. Figure 35 shows the TGA analysis of all spent 
catalysts. The spent catalysts were analyzed and represented %weight loss (0.8-5%) 
in range temperature (100-500°C). The weight loss could possibly be because catalyst 
was thermally treated along with flowed gas, which exhibited thermal decomposition 
or volatilization of chemical substance [91, 92]. In addition, increasing of temperature 
treatment led to the weight loss within the particle and formation of Ti-O-Ti bond 
due to condensation between Ti-OH groups. Moreover, treated P25-TiO2 resulted in 
the loss molecule of water. The process of crystal growth and increasing rutile phase 
transformation, which associated with these effects. The increasing calcination 
temperature resulted in %weight loss decreased due to thermal treatment process 
caused by chemical substance and loss of water had already. 

 

 
Figure 35 TGA analysis of spent catalysts. 
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CHAPTER 5 
CONCLUSION AND RECOMMENATION 

5.1 Conclusion 
 1) Effect calcination temperature of P25-TiO2 led to phase transformation, 
crystallite size, light absorption, BET surface area. P25-TiO2 were heat treatment in air 
resulted in an increase of rutile component, large crystallite size, and particle, 
adsorption edge toward red shift, whereas it led to decrease of band gap energy and 
surface area due to agglomeration particle and decreasing of pore volume and 
porosity. In case of, P25-TiO2 were heat treatment under H2 and N2 flow resulted in a 
similar trend of microstructure as calcination in air except for a concentration oxygen 
vacancy and Ti3+ had higher than calcination in air and it presented higher rutile 
content.  
 2) At calcination at 700°C in air exhibited mixed phases both anatase and 
rutile. The well-known presence mix phases of anatase and rutile also contributed 
photocatalytic activity due to the effect of the antenna. In this work, calcination at 
700°C in air exhibited the highest photocatalytic activity due to its high crystallinity 
and optimum amount of mixed phase content, leading to the reduction of the 
electron-hole recombination process by a synergistic effect, which motivated by 
anatase crystallite size. However, calcination at above 800°C resulted in extinction 
synergistic effect of mix phase due to complete transformation to rutile and large 
crystallite size, which incurred and returned to recombination of electron and hole. 
The Ti3+ and oxygen vacancy site on the surface TiO2 were an active site for trapping 
electron and adsorption nitroaromatic in this reaction. Moreover, changing of H2 and 
N2 flow led to excessive oxygen vacancy site, which resulted in the formation un-
localized state at conduction band then it favored fast recombination. 

 3) Photocatalytic selective hydrogenation of 3-NS to 3VA was operated under 
UV-light irradiation and suspension of TiO2 in isopropanol. Investigation various 
calcination temperature exhibited a linear correlation between PL intensity versus 
consumption rate of 3-NS, so the recombination process was the main factor in this 
reaction. In addition, properties of crystallite size, phase ratio, Ti3+- oxygen vacancy 
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sites and band gap, which were importance role play for the recombination process, 
which enhanced to photocatalytic activity. 
 
5.2 Recommendation 

1) The effect of calcination on TiO2 in the other alcohol or substrates should 
be investigated.  

2) The effect of doping such as metal or non-metal on TiO2 in photocatalytic 
hydrogenation reactions should be investigated. 
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APPENDIX A 
CALCULTION OF CRYTALLITE SIZE 

 
ท Calculation of the crystallite size by Debye-Scherrer equation 

 The crystallite size can be calculated from 2θ profile analysis, FWHM, by 
Debye-Scherrer equation shows in equation (13) that was suitable for particle size 
below 100 nm. 
 
 From Scherrer equation 

    𝐷 =  
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
  (13) 

 
Where  D = Crystallite size, Å  
  K = Crystalline-shape factor = 0.9  

  λ = X-ray wavelength, 1.5418 Å for CuKα  

  θ = Observed peak angle, degree  

  β = X-ray diffraction broadening, radian 
 

The X-ray diffraction broadening (β) is the pure width of the powder diffraction, free 

of all broadening due to the experimental equipment. Standard α-alumina is used to 
observe the instrumental broadening since its crystallite size is larger than 2000 Å. 

The X-ray diffraction broadening (β) can be obtained by using Warren’s formula 
shows in equation (14). 
From Warren’s formula 

    β2 = B2
m - B2

s 

    β = √𝐵𝑚
2  − 𝐵𝑠

2   (14) 
Where BM = Measured peak width in radians at half peak height 
 BS = Corresponding width of a standard material 
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Example: calculation of the crystallite site of P25-TiO2 
The half-weight width of (101) diffraction peak  = 1.0602o  
       = 0.018504 radian 
The corresponding half-height width of peak of TiO2 (P25) = 0.003836 radian 

The pure width β = √𝐵𝑚
2  − 𝐵𝑠

2 

                                 = √0.007172 − 0.0038362 

β  =  0.0061 radian 

2θ  =  25.3 

θ  =  12.65 

λ  =  1.5418 Å 

The crystallite size = 
0.9 ×1.5418

0.0061𝑐𝑜𝑠12.65
 = 229.58 Å = 22.96 nm 

 

 
 

Figure 36 The FHWM of 2θ at 25.3 degree. 
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APPENDIX B 
SEM IMAGES OF P25-TiO2 BEFORE AND AFTER HEAT TREATMENT 

 

  
Figure 37 SEM images of P25. 

 
           

  
Figure 38 SEM images of P25-700-air. 

 

  
Figure 39 SEM images of P25-900-air. 
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APPENDIX C 
CALIBRATION CURVE 

 
 Photocatalytic activity for 3-Nitrostyrene and 3-Vinylaniline were evaluated by 
moles from the calibration curve versus area from GC-FID analysis 

ท Calibration curve of 3-Nitrostyrene  

 
Figure 40 Calibration curve of 3-nitrostyrene. 

ท Calibration curve of 3-Vinylaniline 

 
Figure 41 Calibration curve of 3-vinylaniline. 
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ท Calibration curve of Acetone 

 
Figure 42 Calibration curve of acetone. 
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APPENDIX D 
PROPERTIES OF CHEMICALS AND DETECTOR METHOD OF GC-FID IN THIS 

REACTION 
 
Table 12 Properties of substrate, product and solvent in this reaction. 

 
Table 13 Properties and detector method of GC-FID in this reaction. 

Gas chromatography Shimadzu GC -2014 Shimadzu GC -2014 
Detector FID FID 

Packed column Rtx5® DB1-Wax 
Carrier gas Helium (99.99 vol. %) Helium (99.99 vol. %) 

Make-up gas Air (99.9 vol. %) Air (99.9 vol. %) 
Column temperature 140°C 45°C 
Injector temperature 270°C 230°C 
Detector temperature 310°C 250°C 

Time analysis 20 min 6 min 
 
 
 
 
 

Chemical Suppliers Density Molecular weight 
3-nitrostyrene 
(C8H7NO2), 96% 

Aldrich Chem. CO. Ltd 1.07g/ml 
At 25°C (lit.) 

149.15 g/mol 

3-vinylaniline 
(C8H7NH2), 97% 

Aldrich Chem. CO. Ltd 1.05g/ml 
At 25°C (lit.) 

119.16 g/mol 

Isopropanol 
(CH3)2CHOH), 99.95% 

Fisher Chem. CO. Ltd 2.1g/ml 
At 20°C 

60.1 g/mol 

Acetone 
(CH3COCH3) 

Merck CO. Ltd 0.79g/ml 
At 20°C 

58.08 g/mol 
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APPENDIX E 
SCHEMATIC DIAGRAM OF PHOTOCALYTIC TEST 

 
 

 
 

Scheme 2 The schematic of photocatalytic test. 
 
 

Stirrer 

Magnetic 
stirrer 

Mercury 
lamp 
500W 

𝜆 >300nm 

N2 

Flush out 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

V I TA 
 

VITA 
 

NAME Mr. Saknarin Chaitaworn 

DATE OF BIRTH 24 January 1994 

PLACE OF BIRTH Songkhla Thailand 

INSTITUTIONS ATTENDED Bachelor's Degree of Chemical Engineering from the 
Department of Chemical Engineering Faculty of 
Engineering, Prince of Songkhla University in 2016. 

HOME ADDRESS Hatyai District, Songhkla Province, 90110, Thailand 

PUBLICATION Photocatalytic Liquid-Phase Selective Hydrogenation of 3-
Nitrostyrene to 3-vinylaniline of Various Treated-TiO2 
Without Use of Reducing Gas. Published in Catalysts 
Journal in MDPI Volume 9, Issue 4 

  

 

 


	ABSTRACT (THAI)
	ABSTRACT (ENGLISH)
	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	LIST OF SCHEMES
	CHAPTER 1
	INTRODUCTION
	1.1 Introduction
	1.2 Research objectives
	1.3 Scope of research
	1.4 Research of methodology

	CHAPTER 2
	BACKGROUND AND LITERATURE REVIEWS
	2.1 Titanium dioxide
	2.1.1 Titanium dioxide structure
	2.1.2 Degussa P25
	2.1.3 Applications of titanium dioxide

	2.2 Effect thermal treatment of titanium dioxide on the photocatalytic
	2.3 Hydrogenation of nitroaromatic mechanism
	2.4 Photocatalytic on hydrogenation of nitroaromatic mechanism
	2.5 Recombination phenomena on photocatalytic reaction
	2.6 Oxygen vacancy and properties of photocatalytic reaction
	2.7 Photocatalytic reaction on hydrogenation of nitroaromatics test

	CHAPTER 3
	EXPERIMENTAL
	3.1 Preparation of treated P25-TiO2 by calcination at different temperatures.
	3.2 Preparation of solution containing substrate, solvent, and catalyst
	3.3 Photocatalytic test
	3.4 Physical and electrochemical characterization
	3.4.1 X-ray diffractometry (XRD)
	3.4.2 Nitrogen physisorption
	3.4.3 X-ray photoelectron spectroscopy (XPS)
	3.4.4 Thermogravimetric analysis (TGA)
	3.4.5 Scanning electron microscopy/energy dispersive X-ray spectroscopy (SEM-EDX)
	3.4.6 UV-Visible spectroscopy (UV-Vis)
	3.4.7 Photoluminescence spectroscopy (PL)


	CHAPTER 4
	RESULTS AND DISCUSSION
	4.1 Characterization of all treated TiO2 catalysts
	4.1.1 X-ray diffraction (XRD)
	5.1.2 N2 physisorption
	4.1.3 X-ray photoelectron spectroscopy (XPS)
	4.1.4 UV-Visible spectroscopy (UV-Vis)
	4.1.5 Photoluminescence spectroscopy (PL)

	4.2 Photocatalytic activity test liquid hydrogenation selective of 3-NS
	4.2.1 Photocatalytic activity test under UV-light irradiation
	4.2.2 Recyclability and properties of spent catalysts
	4.2.3 TGA analysis of spent catalysts


	CHAPTER 5
	CONCLUSION AND RECOMMENATION
	5.1 Conclusion
	5.2 Recommendation

	REFERENCES
	APPENDIX
	APPENDIX A
	CALCULTION OF CRYTALLITE SIZE
	APPENDIX B
	SEM IMAGES OF P25-TiO2 BEFORE AND AFTER HEAT TREATMENT
	APPENDIX C
	CALIBRATION CURVE
	APPENDIX D
	PROPERTIES OF CHEMICALS AND DETECTOR METHOD OF GC-FID IN THIS REACTION
	APPENDIX E
	SCHEMATIC DIAGRAM OF PHOTOCALYTIC TEST
	VITA

