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CHARPTER I 
INTRODUCTION 

1.1 Introduction 

The selective hydrogenation of nitrostyrene (NS) to vinylaniline (VA) is an important 
reaction because functionalized anilines such as VA are high value chemicals that are 
industrially important intermediates for pharmaceuticals, polymers, herbicides, and 
other fine chemicals. They are conventionally produced by selective hydrogenation of 
nitroaromatics (e.g. NS). The compound consists of two functional group a c=c double 
bond and a nitro group [1, 2]. Nitrostyrene hydrogenation is quite a complex reaction, 
which involves a nitro group reduction towards 3-vinylaniline, which can be further 
transformed to the undesired 3-ethylaniline and 3-ethylnitrobenzene which can be 
further converted to 3-ethylaniline. Highly selective catalysts including Au, Ag, and Mo 
were developed for NS hydrogenation, but they showed low activity [3-6]. Pt-based 
catalysts are used in the hydrogenation of NS because of their high catalytic activity 
but the catalysts simultaneously hydrogenate both functional groups, leading to 
undesired products [3, 7]. It is difficult to obtain high selectivity of product at high 
conversion. Thus, many attempts have been made to improve catalytic performances 
such as the addition of modifiers, changing pretreatment conditions and catalyst 
support [3].  

Titanium dioxide is one of the most frequently used supports that promotes active 
metal dispersion for hydrogenation reaction. As a catalyst support, TiO2 exhibits 
attractive characteristics such as chemical stability, non-toxicity, environmental and 
low cost. Reduction with H2 at high temperature results in the SMSI effect for the TiO2 
supported Pt nanocatalysts. The SMSI effect appears to be necessary for high catalytic 
performance of the Pt/TiO2 catalysts. The properties of TiO2 such as crystallite size, 
crystalline phase composition, surface area, and morphology of particles depended on 
the synthesis method and conditions, post-synthesis treatment conditions [8], and the 
addition of a second metal. TiO2 nanocatalysts have been prepared by several 
methods such as solvothermal [9], sol-gel [10], deposition-precipitation method [11], 
metal–organic chemical vapor deposition method (MOCVD) [12], one-step flame spray 
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pyrolysis (FSP) [13], and thermal decomposition [14]. Thus, Pt is an expensive noble 
metal widely used in NS hydrogenation and TiO2 support is an important factor for 
controlling and improving the catalytic performances of dispersed Pt particles and it 
exhibited the strong metal-support interaction (SMSI) effect under high temperature 
reduction [15]. In the present work, TiO2 was selected as the support for preparation 
of Pt/TiO2 catalysts in the selective hydrogenation of 3-NS. 

Sol-gel method is an easy route and widely employed to the preparation of high 
purity titanium dioxide nanopowders at low temperature. Their advantages are good 
homogeneity, highly crystalline, and the efficient controlling of the crystal phases and 
the particle sizes of titania, but the powder obtained is amorphous in nature and 
further heat treatment is required for crystallization [16, 17]. The properties of sol-gel 
derived TiO2 were found to be influenced by calcination atmospheres. The metallic 
vacancy and oxygen are the common point defects and affected by the preparation 
process. The use of H2-treated sol–gel derived TiO2 resulted in higher Pd dispersion 
and improved catalytic performance of Pd/TiO2 catalysts in the selective 
hydrogenation of acetylene, compared to the TiO2 calcined in air [18]. Rutile TiO2 
prepared under Ar and H2 atmosphere had higher photocatalytic activity for oxygen 
production than that prepared under air atmosphere [19]. Increasing oxygen percent 
in feed during the calcination process of TiO2 resulted in high methanation activity of 
Co/TiO2 [20]. TiO2 calcined under vacuum and H2 resulted in low photocatalytic activity 
while Ar calcination enhanced visible-light excitation [21]. The treatment with N2 
promoted the photocatalytic activity of MB degradation [22]. Thus, it is aimed to 
investigate the effect of calcination atmospheres on the properties of TiO2 sol-gel 
supported Pt catalysts in the selective hydrogenation of 3-NS. 

Supported Pt catalysts are typically prepared by using impregnation method which 
is a common and simple for preparation of catalysts. Many preparation method such 
as sol-gel, chemical vapor decomposition electroless plating and colloidal synthesis 
were investigated. Strong electrostatic adsorption is a special case of wet impregnation, 
which this method consists of maximizing the electrostatic interactions between the 
metal precursor and the support by adjusting the pH of the slurry to the adequate 
value, so as to adsorb the maximum amount of metal at the support surface. The goal 
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was to obtain maximum metal weight percentage while keeping the highest possible 
dispersion. Advantages of the strong electrostatic adsorption are the higher dispersion 
of metal than those prepared via other methods for the same metal loadings [23-25]. 
In this study, strong electrostatic adsorption was employed for preparation of Pt/TiO2 
catalysts and compared to those prepared by the conventional impregnation method.  

The present study shows a simple method to obtain high performance Pt/TiO2 
catalysts in chemoselective hydrogenation of 3-nitrostyrene. The sol-gel derived TiO2 
nanopowder were calcined under different gas flows (H2, Air, N2, O2 and Ar) and used 
as the supports for preparation of Pt/TiO2 catalysts by impregnation method and 
compared to those prepared by strong electrostatic adsorption. The effect of 
calcination atmospheres of sol-gel TiO2 and different preparation methods of catalysts 
on the catalytic properties were investigated by X-ray diffraction (XRD), N2 
physisorption, CO-pulse chemisorption, H2-temperature-programed reduction (H2-TPR), 
electron spin resonance (ESR) and X-ray photon spin resonance (XPS) and correlated 
with the catalyst performances in terms of NS conversion and VA selectivity. 
 
1.2 Objectives 

The objectives of this research are 
1. To investigate the effects of calcination atmospheres of sol-gel TiO2 on the 

physiochemical and catalytic properties of Pt/TiO2 catalysts prepared by 

impregnation in the selective hydrogenation of 3-nitrostyrene. 

2. To prepare the Pt/TiO2 catalysts with selected TiO2 support by strong 

electrostatic adsorption and investigate their physiochemical and catalytic 

properties in the selective hydrogenation of 3-nitrostyrene. 
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1.3 Research Scope 

1. Titanium dioxide supports were prepared using sol-gel method calcined at 350 

°C under different atmospheres (H2, air, N2, O2, and Ar) for 2 h. 

2. 0.5 wt%Pt/TiO2 catalysts were prepared by using incipient wetness 

impregnation method with sol gel TiO2 calcined under H2, air, N2, O2, and Ar 

and by strong electrostatic adsorption method with sol gel TiO2 prepared under 

selected calcination atmospheres. 

3. The catalysts were prepared by impregnation calcined in air at 400 ºC for 4 h 

and followed by reduction under H2 flow (30 cm3/min) at 200 °C and 500 ºC 

for 2 h. 

4. The catalysts were prepared by SEA method and reduced in H2 at 200 °C for 2 

h. 

5. The catalysts were characterized by using X-ray diffraction (XRD), BET surface 

area, electron spin resonance (ESR), X-ray photoelectron spectroscopy (XPS), 

CO pulse chemisorption, and H2 temperature programmed reduction (H2-TPR). 

6. The catalyst performances were tested in the selective hydrogenation of 3-

nitrostyrene at 40 °C and 2 MPa hydrogen pressure for 10, 20, 40, 80, and 100 

min.  

 
1.4 Benefits 

1. To obtain suitable calcination atmosphere of sol-gel TiO2 for preparation of 

Pt/TiO2 in selective hydrogenation of 3-nitrostyrene. 

2. To obtain suitable method for preparation of Pt/TiO2 in selective hydrogenation 

of 3-nitrostyrene. 
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CHARPTER II 
BACKGROUND AND LITERATURE REVIEWS 

2.1 Hydrogenation reaction with heterogeneous catalysts. 

Hydrogenation is an important chemical reaction for a variety of industrial 
applications. For example, catalytic hydrotreating or hydroprocessing is one of the 
important processes in the petroleum refining industry where the reactions with 
hydrogen atoms. The catalysts used for hydrogenation can either be heterogeneous 
or homogeneous. Hydrogenation is usually performed using heterogeneous catalysts 
whereby the solids form a distinct phase in the gas or liquid reaction environment. On 
the other hand, homogeneous catalysts dissolve and form a single phase with the 
reaction mixture [26]. 

The heterogeneous catalysts can further be classified as supported or 
unsupported. Due to their versatility, easy separation from the product, facilitate 
recyclability and thermal stability, heterogeneous catalysts are preferred in industry 
rather than their homogeneous catalysts [26]. Heterogeneous catalyst required 
properties such as high activity, high selectivity, fast filtration rate, and recycle 
capability. Activity and selectivity depend on the selection of metal. The most 
frequently used metals in heterogeneous catalytic hydrogenation are palladium, 
platinum, rhodium, nickel, cobalt and ruthenium. Heterogeneous catalysts can be 
unsupported or supported, in the supported catalysts: the metal is deposited on inert 
material such as carbon, graphite, alumina or inorganic salts which the large range of 
applications according to the metal used. The advantages of the support catalysts such 
as easy separation from the reaction medium and more effective use of metal surface 
which the metal interacted with the support can influence the properties of the 
catalysts. The metal can be decorated on the surface of the support or it can be 
loaded into inside of the micropores depending on the mode of distribution. The metal 
can be shown in oxide or reduced form, depending on the preparation method of 
catalyst and reaction studied. 
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Heterogeneous catalytic hydrogenations are important reactions with wide 
industrial applications in the production of pharmaceuticals, agrochemicals, fine 
chemicals, flavours, fragrance and dietary supplements. The reactions are generally 
highly selective and easy to work up, the catalyst can often be recovered and recycled. 
Thus, reactions used to produce chemicals today between 10-20% are catalytic 
hydrogenations. Many processes that involve the exchange of material, energy or even 
information happen through surfaces. The adsorption of chemicals onto the catalyst 
surface takes place in two stages: physisorption and chemisorption. Physisorption 
characterized by weak forces (van der waals) and chemisorption that involves the 
formation of chemical bonds [27]. Catalysts influence on activity, selectivity and 
stability of chemical reactions, catalysts for producing the desired products become 
interestingly important. 

 
2.2 Properties of platinum 

The most studied nanoparticle catalysts are the noble metals including Ru, Rh, 
Pd, Pt, and Au. However because of costs, transition metal alternatives are now being 
investigated, including Co, Ni, and Fe. Transition metal nanoparticles have been used 
as catalysts due to a number of inherent advantages: they mimic metal surface 
activation and catalysis, exhibit selectivity and efficiency [26]. 

Platinum is a chemical element with symbol Pt and atomic number 78. It is 
a dense, malleable, ductile, highly unreactive, precious, gray-white transition metal. Its 
name is derived from the Spanish term platina. Platinum is a member of the platinum 
group of elements and group 10 of the periodic table of elements and it has six 
naturally occurring isotopes. Platinum is the least reactive metal and It has remarkable 
resistance to corrosion, even at high temperatures, therefore considered a noble 
metals. Platinum is used in catalytic converters, laboratory 
equipment, electrical contacts and electrodes, platinum resistance 
thermometers, dentistry equipment, and jewelry.  
 

https://en.wikipedia.org/wiki/Chemical_element
https://en.wikipedia.org/wiki/Symbol_(chemistry)
https://en.wikipedia.org/wiki/Atomic_number
https://en.wikipedia.org/wiki/Density
https://en.wikipedia.org/wiki/Malleability
https://en.wikipedia.org/wiki/Ductility
https://en.wikipedia.org/wiki/Precious_metal
https://en.wikipedia.org/wiki/Transition_metal
https://en.wikipedia.org/wiki/Platinum_group
https://en.wikipedia.org/wiki/Platinum_group
https://en.wikipedia.org/wiki/Group_10_element
https://en.wikipedia.org/wiki/Periodic_table_of_elements
https://en.wikipedia.org/wiki/Isotopes
https://en.wikipedia.org/wiki/Reactivity_series
https://en.wikipedia.org/wiki/Corrosion
https://en.wikipedia.org/wiki/Noble_metal
https://en.wikipedia.org/wiki/Noble_metal
https://en.wikipedia.org/wiki/Catalytic_converter
https://en.wikipedia.org/wiki/Electric
https://en.wikipedia.org/wiki/Electrode
https://en.wikipedia.org/wiki/Platinum_resistance_thermometer
https://en.wikipedia.org/wiki/Platinum_resistance_thermometer
https://en.wikipedia.org/wiki/Dentistry
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Platinum has widely been used as catalysts and used as hydrogenation 
catalysts. Platinum catalyst has been favorably used in liquid phase hydrogenation due 
to it is active under mild condition and has a good characteristic feature. Platinum 
metal catalysts are widely used in both supported and non-supported form. On a 
weight of metal basis, a properly supported catalyst invariably shows a higher activity 
than a non-supported catalyst, and the use of a support is recommended to obtain 
maximum efficiency of the metal. In addition, supported catalysts usually show a 
greater resistance to poisoning [28]. 

 
2.3 Synthesis and applications of TiO2 nanoparticles. 

2.3.1 Basic properties of TiO2 

Titanium dioxide, known as titanium (IV) oxide or titania is a naturally occurring 
oxide of the metal titanium with a chemical formular of TiO2. Titanium dioxide exists 
in both crystalline and amorphous forms and mainly exists in three crystalline, namely, 
anatase, rutile and brookite. Anatase type TiO2 has a crystalline structure that 
corresponds to the tetragonal system (with dipyramidal habit) and is used mainly as a 
photocatalyst under UV irradiation. Rutile type TiO2 also has a tetragonal crystal 
structure (with prismatic habit) and is used as white pigment in paint. Brookite type 
TiO2 has an orthorhombic crystalline structure. Anatase is considered the most 
important phase of titanium dioxide in terms of trade and rarely exists in nature in 
pure form. This phase is stable at temperatures less than 600 °C and changes to rutile 
phase at temperature higher than 600 °C. TiO2 is a versatile material that has 
applications in various products [8]. Titanium dioxide (TiO2) shows unique 
characteristics such as non- toxicity, low cost, easy handling, strong oxidizing power, 
long term stability and resistance to photochemical and chemical erosion. The physical 
and chemical characteristics of TiO2 can be controlled by its particle size, morphology, 
and crystalline phase. 
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Figure 2.1 Different forms of TiO2 [8]. 
 

Table 2.1 Bulk properties of TiO2 [29]. 
Properties Anatase Brookite Rutile 

Crystal structure Tetragonal Orthorhombic Tetragonal 

Density, kg/m3 3830 4170 4240 
Unit cell D4a19.4TiO2 D2h15.8TiO2 D4h12.3TiO2 

Dimension, nm    
a 0.3733 0.5436 0.4584 

b - 0.9166 - 
c 0.9370 0.5135 0.2953 

 
2.3.2 Preparation and applications of TiO2 

Titanium dioxide (TiO2) is an inorganic metal oxide and it is a versatile material 
that has applications in various products [8]. Titanium dioxide (TiO2) is a very useful 
semiconducting transition metal oxide material and shows unique characteristics such 
as non- toxicity, low cost, easy handling, strong oxidizing power, long term stability and 
resistance to photochemical and chemical erosion, thus shows the advantages of these 
TiO2 material in solar cells, chemical sensor, photocatalytic applications, medical 
applications, self-cleaning surface and environmental purification applications [30]. 
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Titanium dioxide is applied as pigments, adsorbents, used in the production of paints, 
paper, plastics, welding rod-coating material, cosmetics and catalytic supports which 
the size of the titanium dioxide particle is an importance factor affecting the 
performance of the materials [31, 32]. 

The oxide nanoparticles are useful due to their good electrical and optical 
properties [30]. Titania can be synthesized by several different methods such as 
microemulsion, sol-gel, flame synthesis, oxidation hydrothermal synthesis, ultrasonic 
irradiation and hydrolysis precipitation. Different method of preparation resulted in 
different properties of TiO2, or the same method of preparation but using different 
amounts of the starting materials resulting in different powder size [31]. 

TiO2 has been used as catalyst support in heterogeneous catalysis, particularly 
anatase TiO2. It exhibits a large number of attractive characteristic such as chemical 
stability, non-toxicity, low cost and high oxidation rate. Heterogeneous catalysts consist 
of small metal clusters on the oxide support, thus metal on TiO2 were studied in many 
research to improve of catalytic properties. 

 
2.4 Strong metal support interaction 

The SMSI account for the changes in catalytic activity when the group VIII 
metals supported on reducible oxide supports were reduced at high temperatures, the 
so-called strong metal-support interaction (SMSI) effect. Tauster, S. J. et al. [33] studied 
the catalysts by impregnation TiO2 with metal salt solution (group VIII noble metal). 
The reduction of  noble  metals supported  on  TiO2 at  low  temperatures  (200 °C)  
produces well-dispersed  metals which  exhibit the capacity to sorb both  hydrogen 
and carbon monoxide. But, when reduction at 500 °C hydrogen and carbon monoxide 
sorption decreased to near zero. Electron microscope and x-ray diffraction showed 
that the loss of this sorption capacity was not due to metal agglomeration. This effect 
for well-dispersed metals is evidenced for a chemical interaction between the noble 
metal and the support.  
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The nature of the interaction is explained in terms of metal- metal bonding 
between the noble metal and titanium cations. Colmenares, J. C. et al. [34] studied 
two different catalysts consisting of Pt/TiO2 and Pd/TiO2 after oxidative and reductive 
calcination treatment. The XPS characterization showed that thermal treatment at 850 
°C resulted in electron transfer from titania to metal particles with so-called strong 
metal-support interaction (SMSI) effect. The greater the SMSI effect, the better the 
catalytic performance. The SMSI effect would prevent electron–hole recombination 
which could explain that, even though oxidation/reduction treatment at 850 °C had 
led to a decrease in surface area and transformation of anatase to rutile, an 
improvement in photocatalytic activity. 

The activity of a supported catalyst has a close relationship with conditions in 
the post-treatment. For example, after being prepared, Pt/TiO2 catalyst needs 
oxidation or reduction treatment under a proper temperature. Pt  atom  is  diffused  
into  the  lattice of TiO2 during  the  heating  process,  while  Ti4+ in  the  lattice  is 
replaced  by  Pt2+ generating  a  Pt-O  bond, the  so-called  strong  metal–support  
interaction  of  Pt/TiO2 under oxidizing  atmosphere. There are differences between 
the mechanism of strong metal–support interaction of Pt/TiO2 under reducing 
atmosphere such as high-temperature H2. Many  researchs conducted on the SMSI-
reducing mechanism of transition metal such as Pt,  Rh,  and  Pd with reducible  oxides  
such  as  TiO2,  V2O3,  Nb2O5,  and  Fe3O4 on  the exhibition  of  adsorption  of  H2 and  
CO. Zhang, J. et al. [35] studied the Pt/TiO2 catalysts prepared by sol–gel method and 
drop-coated with a Pt sol and reduced by H2 at elevated temperature. It  is  shown  
that  titanium  oxide  of  low-valence  is  transferred  onto  the  surface  of  Pt 
particulates  to encapsulate the surface via a strong metal–support  interaction  under  
reducing  atmosphere.  It  was  found that  Pt atoms were diffused  into  the  lattice  
of  TiO2 to  occupy  the  oxygen  vacancy and accept one electron from adjacent Ti3+ 

forming a Pt−Ti4+ bond.  When  Pt/TiO2 was  treated  at  400 ◦C  in  air (under  oxidizing  
atmosphere), the  Pt atom  was diffused into the lattice of TiO2 to  generate  Pt  of  a  
high  valence,  it  replaced  Ti  atom  and  forms  a  Pt2+-O2- bond. 
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2.5 Synthesis and properties of sol-gel TiO2 nanoparticles 

Sol-gel method is a good method to synthesize ultra-fine metallic oxide and 
has widely employed for the preparation of nanocrystalline TiO2. The physicochemical 
and electrochemical properties of TiO2 can be modified to improve efficiency. This 
method is carried out in solution, improvement of certain desired structure 
characteristics such as composition homogeneity, grain size, particle morphology and 
porosity is possible [36]. This method is of interest in preparation of materials due to 
its mild conditions such as low temperature and pressure requirements and does not 
require complicated set-up. The advantage of sol-gel method is that it facilitates the 
synthesis of nanometer sized crystallized TiO2 powder of high purity at relatively low 
temperature, homogeneity, felicity and flexibility. But the commonly problem is that 
these methods are the precipitates derived by sol-gel are amorphous in nature or low 
crystallinity products, in order to obtain crystalline products, further heat treatment at 
high temperature is required. This calcination process resulted in the grain growth and 
reduction in specific surface area of particles and induce phase transformation [37]. 

The sol-gel process involves the evolution of inorganic networks through the 
formation of a colloidal suspension (sol) and gelation of the sol to form a network in 
a continuous liquid phase (gel). A sol is a dispersion of the solid particles in a liquid 
where only the Brownian motions kept particles in suspension. While a gel is a state 
where both liquid and solid are dispersed in each other, which presents a solid network 
filled with liquid components. Sol is formed from the hydrolysis and polymerization 
reactions of the precursors, which are usually inorganic metal salts or metal organic 
compounds such as metal alkoxides, which metal alkoxides are most popular because 
they react readily with water. Complete polymerization and loss of solvent leads to 
the transition from the liquid sol into a solid gel phase [38]. Three main reactions that 
occur during the sol-gel process are hydrolysis, alcohol condensation, and water 
condensation. 
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The reaction is as follows 
Ti-OR + H2O     =>     Ti-OH + R-OH             Hydrolysis 
Ti-OH + RO-Ti   =>      Ti-O-Ti + R-OH  Alcohol condensation 
Ti-OH + HO-Ti   =>      Ti-O-Ti + H2O  Water condensation [39]  

The properties of sol-gel TiO2 depend on several factors. Factors affecting the 
sol gel process are the reactivity of metal alkoxides, pH of the reaction medium, 
water:alkoxide ratio, reaction temperature, and nature of solvent and additive. By 
varying these processing parameters, materials with different microstructure and 
surface chemistry can be obtained. The calcination process frequently gives rise to 
particle agglomeration and grain growth and may induce phase transformation. 
Hydrothermal treatment represents an alternative to calcination for promoting 
crystallization under milder temperatures. In the hydrothermal treatment, grain size, 
particle morphology, crystalline phase, and surface chemistry can be controlled via 
processing variables such as sol composition and pH, reaction temperature and 
pressure, aging time, and nature of solvent and additive [40]. The studies on the 
synthesis of TiO2 by sol-gel method are summarized in Table 2.2. 
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Table 2.2 Summary of the research of the synthesis of sol-gel TiO2 
Researchers Studies Properties of TiO2 Results 
Li, B. et el. 
(2003) [31] 

Studied the 
different 
preparation 
conditions 
(concentration, pH 
value, calcination 
time and 
calcination 
temperature) on 
properties of nano-
TiO2 powders as 
prepared by a sol-
gel method. 

-Calcined at 350 °C 
obtained 6 nm nano-TiO2 
powders, 13 nm at 500 
°C, 36 nm at 600 °C. 
-Calcined at below 600 
°C, phase structure is 
mainly of anatase. 
-The phase 
transformation from 
anstase to rutile at about 
600 °C and completed at 
about 800 °C. 

The effects of 
calcination 
temperature and pH 
value on the grain size 
and microstructure 
were founded that 
more effective 
compared with the 
calcination time and 
concentration. 
 

Karami, A. et 
al. (2010) 
[41] 

Studied the 
preparation of 
titanium dioxide 
nanopowder by 
the simple sol-gel 
method and 
various pH values 
of 3, 7, and 9 were 
investigated on 
properties of the 
TiO2 (crystalline 
phase and particle 
size) 

pH equal 3 has the 
smallest particle sizes, 
larger specific surface 
area and pure anatase 
phase was obtained. 
 

-Titanium dioxide was 
synthesized in the 
pure anatase phase by 
adjusting the gelling 
pH, which in tgree 
value of gelling pH 
resulted in particle 
sizes between 10-20 
nm. 
-TiO2 prepared in pH 3 
has a lowest particle 
size, the highest 
reactivity for 
photocatalytic 
reduction of nitric 
oxide. 

 



 

 

14 

 
 

 
 
 

Researchers Studies Properties of TiO2 Results 

S, Music et 
al. (1997)  
[42] 

Studied the 
preparation of 
nanosized TiO2 
powders by sol-gel 
method with 
improved 
properties of TiO2. 

-Calcined up to 500 °C 
leading to a mixture of 
anatase and brookite 
phase while calcined at 
850 °C and more showed 
single phase is a rutile. 
-The average crystallite 
size increased from 6 to 
9 nm with increasing of 
the temperature up to 
300 °C. 

-The selected colloidal 
suspensions were 
stabilized with 
polyethylene glycol, 
prevented sintering of 
TiO2 nanoparticles 
during the calcination. 
 

Hossain et al. 
(2011) [30] 

Studied the 
preparation of TiO2 
nanopowder by a 
sol-gel method at 
room temperature 
using TiCl4 as a 
precursor with 
ethanol solution 
and investigated 
the size and 
morphology of 
TiO2 nanoparticle 
with changing the 
synthesis 
parameters. 

-Calcination temperature 
increased from 120 to 
600 °C led to the 
average crystallite sizes 
changed from 4.1 to 
28.06 nm and 
gelatinizing time from 24 
to 120 h. 
-Calcination temperature 
at 500 °C exhibited 
anatase phase and 
phase transformation 
from anatase to rutile 
when calcined in after 
500 °C. 

- Decreasing of the 
gelatinizing time and 
using ultrasound waves 
can be promote the 
size of anatase TiO2. 
-Diameter of anatase 
TiO2 nanoparticles 
increased with 
increasing calcination 
temperature and 
gelatinization time. 
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Li, B. et al. (2003) [31] studied the different preparation conditions 
(concentration, pH value, calcination time and calcination temperature) on properties 
of nano-TiO2 powders as prepared by a sol-gel method. The grain size tends to increase 
with increasing temperature and the increase in pH value. Controlling the conditions 
properly resulted in nano-TiO2 powders with the grain size less than 6 nm nano-TiO2 
powder were obtained. From experimental, calcined at 350 °C obtained about 6 nm 
nano-TiO2 powders. The effects of calcination temperature and pH value on the grain 
size and microstructure were founded that more effective compared with the 
calcination time and concentration. 

Karami, A. et al. (2010) [41] studied the preparation of titanium dioxide 
nanopowder by the simple sol-gel method and various pH values of 3, 7, and 9 were 
investigated on properties of the TiO2 (crystalline phase and particle size). The larger 
surface areas were obtained at pH equal 3 about of 80 m2/g which 50% higher than 
that of the reference TiO2 and it was possible to synthesize pure anatase phase of 
titania. In three value of gelling pH resulted in particle sizes between 10-20 nm. From 
pH value at 7 and 9 of synthesis TiO2 showed surface area that smaller than of 
reference TiO2 (P25) and agglomerates of small particles leading to the bigger than of 
the pH equal 3.   Preliminary result on the photocatalytic activity of the synthesized 
in the reduction of nitric oxide showed that TiO2 prepared in pH 3 with lowest particle 
size has the highest reactivity for photocatalytic reduction of nitric oxide. 

S, Music et al. (1997) [42] studied the preparation of nanosized TiO2 powders 
by sol-gel method with improved properties of TiO2. The selected colloidal 
suspensions were stabilized with polyethylene glycol (PEG), prevented sintering of TiO2 

nanoparticles during the calcination due to stabilization of TiO2 colloids can be 
obtained with polymer. From this research, showed that the samples calcined up to 
500 °C leading to a mixture of anatase and brookite phase while calcined at 850 °C 
and more temperature showed single phase is a rutile.  The average crystallite size 
increased from 6 to 9 nm with increasing of the temperature up to 300 °C. From results 
of thermal analysis, the transition to rutile started at 610 °C, accelerated at 730 °C and 
completed at 915 °C.  
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Hossain et al. (2011) [30] studied the preparation of TiO2 nanopowder by a sol-
gel method at room temperature using TiCl4 as a precursor with ethanol solution and 
investigated the size and morphology of TiO2 nanoparticle with changing the synthesis 
parameters. Decreasing of the gelatinizing time and using ultrasound waves can be 
promote the size of anatase TiO2 nanoparticles. The average grain size of anatase TiO2 
was obtained in the range 4-32 nm. The sol-gel dried and calcined in different 
temperatures results in the diameter of anatase TiO2 nanoparticles increased with 
increasing calcination temperature and gelatinization time. The single phase is a 
anatase phase was obtained in titanium as calcined up to 500 °C, when the calcination 
temperature increased in the after 500 °C showed phase transformation from anatase 
to rutile. From TEM analysis, the shape, crystallinity and spherical morphology of TiO2 
were strongly depened on the calcination temperature. The dispersivity and 
homogeneity were improved with the increase of the calcination temperature to 500 
°C and size of nanoparticles were quite uniform. 

 
2.6 Pretreatment gas in calcination process 

The calcination process resulted in the grain growth and reduction in specific 
surface area of particles and induce phase transformation. The studies on the synthesis 
of sol-gel TiO2 by different calcination atmospheress are summarized in Table 2.3 
Table 2.3 summary of the research of the synthesis of sol-gel TiO2 and calcined 
under different atmospheres. 

Researchers Studies Characterizations Properties of 
TiO2 

Results 

Wu, N. et al. 
(2004) [21] 

The effect of 
calcination 
atmospheres 
of TiO2 in H2 

production 
from 
methanol/wa
ter. 

-XPS and UV-Vis 
were used for 
showing the 
relation between 
the reactivity and 
the surface and 
bulk electronic 
properties. 

-Crystallite 
sizes in the 
range of 9.0-
10.0 nm. 
-Similar BET 
surface area of 
110 m2/g. 

-Calcination 
under H2 and 
vacuum resulted 
in low activity 
-Calcination 
under Ar, leading 
to high activity. 
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Researchers Studies Characterizations Properties of 
TiO2  

Results 

Suriye, K. et 
al. (2005) 
[20] 

Studied the 
defect 
structure in 
titania support 
by calcined 
under N2 plus 
increasing the 
amount of O2 

feed during 
the 
calcination on 
characteristics 
and activity of 
the Co/TiO2 
catalyst. 

-CO2-TPD and ESR 
used for showing 
the defect site in 
the surface of 
titania. 
-SEM-EDX and XRD 
used showing the 
morphology, 
element 
distribution and 
crystallite size. 
-TPR and H2-
chemisorption. 

-Surface area 
of titania was 
decreased 
with 
increasing 
amount of O2 
during 
calcinations 
of titania 
while 
crystallite size 
was constant 
about of 7 
nm. 

-Surface defect 
of titania 
increased with 
increasing the O2 
percent in feed 
during the 
calcination. 
-Ti3+ in titania 
resulted in 
enhance 
conversion of CO 
on methanation  

Riyapan, S. et 
al. (2014) 
[18] 

Studied the 
performance 
of Pd/TiO2 in 
the selective 
hydrogenation 
of acetylene 
by thermal 
treatment in 
air and H2 of 
preparations 
of TiO2 by a 
sol-gel 
method. 

-XRD 
-TEM 
-ESR 
-CO-IR 

-No change in 
the average 
crystalline 
size ≈ 4 nm, 
surface area ≈ 
187-198 m2/g, 
pore diameter 
≈ 4.7-4.8 nm, 
and pore 
volume ≈ 0.3 
cm3/g  
-Mixture of 
anatase/booki
te at 350 °C  

-H2-treated sol–
gel derived 
TiO2 resulted in 
higher Pd 
dispersion and 
improved 
catalytic 
performance of 
Pd/TiO2 catalys, 
compared to the 
TiO2 calcined in 
air. 
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Researchers Studies Characterizations Properties of 
TiO2  

Results 

Riyapan, S. et 
al. (2015) 
[43] 

Studied the 
effects of 
calcination 
atmospheres 
(N2 and O2) 
and the 
preparation 
methods on 
the catalytic 
properties of 
Pd/TiO2 

catalysts in 
the selective 
hydrogenation 
of acetylene. 

-XRD 
-TEM 
-ESR 
-CO-IR 
-H2-TPR 
-XPS 

-TiO2 supports 
calcined 
under N2 and 
O2 had similar 
average 
crystalline 
size ≈ 6 nm, 
BET surface 
area ≈ 208-
210 m2/g, 
pore volume 
≈ 0.3 cm3/g 
and average 
pore diameter 
≈ 4.3 nm. 

The presence of 
more surface Ti3+ 
on the TiO2 
under N2 

resulted in higher 
dispersion of Pd 
metal and 
metal-support 
interaction, 
leading to 
modification of 
catalytic 
performances. 

Klaysri, R. et 
al. (2015) 
[22] 

Studied 
impact of 
calcination 
atmospheres 
(O2, air and 
N2) of 
nanocrystallin
e TiO2 and Si-
doped TiO2 
on the 
photocatalytic 
properties. 

-XRD 
-UV-vis 
-ESR 
-XPS 
-TEM 

-The TiO2 
were calcined 
in O2, air and 
N2 at 450 °C 
exhibited in 
anatase and 
rutile phase  
-Calcination 
atmosphere 
did not the 
effect in the 
phase 
structure and 
the crystalline 
size of the 
catalysts. 

-Calcination in N2 
increased the 
formation of Ti3+ 
defect sites on 
the TiO2 surface. 
-Photocatalytic 
activity of MB 
was improved in 
N2-treated TiO2 
and Si-doped 
TiO2 due to 
increasing of 
anatase phase 
stability and the 
formation of 
Ti3+sites. 
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Wu, N. et al. (2004) [21]  studied the effect of calcination atmospheres (Ar, air, 
N2, H2, and vacuum) on properties of TiO2 in hydrogen production from 
methanol/water solution. TiO2 was prepared by a sol-gel method and calcination at 
400 °C in Ar, air, N2, H2 (3% in N2), and vacuum. Calcination atmospheres have significant 
effect on activity of TiO2 in hydrogen production from methanol/water solution. 
Calcination under H2 and vacuum resulted in low activity because of high defect 
density and low surface hydroxyl coverage. Calcination under Ar, enhances visible-light 
excitation and high hydroxyl coverage, leading to high activity. 

Suriye, K. et al. (2005) [20] studied effect of the defect structure present in titania 
support on characteristics and activity of the Co/TiO2 catalyst. Titania supports were 
prepared by sol-gel method and calcined under N2 plus increasing the amount of O2 
to change the surface defect concentration. The surface defect (Ti3+) of titania support 
was increased with increasing the oxygen percent in feed during the calcination. 
Dispersion of cobalt and reducibility increased with the amount of Ti3+ present in titania 
support. The Co/TiO2 catalysts were tested in methanation founded that strong 
interaction increased with the present of Ti3+ in titania resulted in enhance conversion 
of CO on methanation without changing CH4 selectivity. 
 Riyapan, S. et al. (2014) [18] studied the performance of Pd/TiO2 in the selective 
hydrogenation of acetylene by using a thermal treatment under air and H2 
atmospheres of preparations of nanocrystalline TiO2 by a sol-gel method. Calcination 
under H2 atmosphere led to more surface Ti3+defects on the TiO2, compare to air. The 
presence of Ti3+ resulted in higher Pd dispersion and promoted the formation of 
isolated adsorption sites. The use of H2-treated sol–gel derived TiO2 resulted in higher 
Pd dispersion and improved catalytic performance of Pd/TiO2 catalysts in the selective 
hydrogenation of acetylene, compared to the TiO2 calcined in air. For the effects of 
preparation method, the catalysts were prepared by electroless deposition method 
resulted in higher Pd dispersion, compared to conventional impregnation. 
 Riyapan, S. et al. (2015) [43] studied the effects of calcination atmospheres and 
the preparation methods on the catalytic properties of Pd/TiO2 catalysts in the 
selective hydrogenation of acetylene. Preparation of TiO2 supports by a sol-gel method 
and calcined under O2 and N2 at 350 °C. The amount of surface Ti3+ was higher on the 
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TiO2 calcined under N2, compared to the TiO2 calcined under O2. The presence of Ti3+ 
on the TiO2 surface resulted in higher dispersion of Pd metal and metal-support 
interaction, leading to modification of catalytic performances in the selective 
hydrogenation of acetylene. For the effects of preparation method, the 1% Pd/TiO2-
N2 catalyst prepared by electroless deposition method resulted in high ethylene 
selectivity≈ 92% at complete acetylene conversion. 
 Klaysri, R. et al. (2015) [22] studied impact of calcination atmospheres of 
nanocrystalline TiO2 and Si-doped TiO2 on the photocatalytic properties. TiO2 and Si-
doped TiO2 catalysts were prepared by solvothermal and a sol-gel methods and then 
catalysts were calcined under O2, air and N2 atmospheres. Calcination atmospheres 
resulted in distribution concentration of surface and interface species in TiO2 and Si-
doped TiO2, such as surface oxygen and Ti3+ sites. Calcination under the N2 atmosphere 
increased the formation of Ti3+ defect sites on the TiO2 surface. Photocatalytic activity 
of MB degradation was improved in N2-treated TiO2 nanocatalyst and Si-doped TiO2 
due to increasing of anatase phase stability and the formation of Ti3+sites on surface 
TiO2. Preparation of TiO2 catalysts by solvothermal method and calcined under N2 
atmosphere showed the highest photocatalytic activity under both UV and visible light 
irradiation.  
 
2.7 Hydrogenation of nitrostyrene over heterogeneous catalysts 

The selective hydrogenation of NS to VA is an important reaction, 
functionalized anilines such as VA are high value chemicals and are industrially 
important intermediates for pharmaceuticals, polymers, herbicides, and other fine 
chemicals. They are conventionally produced by selective hydrogenation of 
nitroaromatics (e.g.nitrostyrenes, NS) which the compound consists of two functional 
group a c=c double bond and a nitro group [1]. As shown in Figure 2.2, nitrostyrene 
hydrogenation is quite a complex reaction, which involves a nitro group reduction 
towards 3-vinylaniline, which can be further transformed to the undesired 3-
ethylaniline and 3-ethylnitrobenzene which can be further converted to 3-ethylaniline. 
Nitrostyrene can be hydrogenated to be vinylaniline and ethylnitrobenzene, it is a 
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difficult to achieve high selectivity for either compound with high conversion. There 
are many attempts to solve this problem with using different metals, supports and 
solvents.  

 
 

 
 
 
 
 
 
 
 
 

 
Figure 2.2 Simplified reaction scheme of the hydrogenation of 3NS. 

 
Metal catalysts (noble and non-noble) were used in the hydrogenation of 

nitrostyrene such as Au, Ag, Pt, Pd, Ni, Ru and Mo and were supported on various 
materials such as CNT, SiO2, Al2O3 and TiO2. Highly selective catalysts including Au, Ag, 
and Mo were developed in NS hydrogenation, but they showed low activity [3-6]. Pt-
based catalysts are used in the hydrogenation of NS because of their high catalytic 
activity but the catalysts simultaneously hydrogenate both functional groups, leading 
to undesired products. There are many research studied hydrogenation of nitrostyrene 
over various catalysts and condition reactions. It was suggested that the proper 
selection of the support could improve selectivity through a cooperative effect 
between the support (TiO2) and the metal, avoiding the formation of hydroxylamine 
derivatives. To increase the selectivity of vinylaniline should be reduced the fraction 
of the Pt atoms in terraces and increase the Pt-Ti interface sites. Corma, A. et al. [3] 
studied the Pt/TiO2 samples prepared by impregnation method with various reduction 
temperatures from 473 to 723 K,  the results showed that the high reduction 
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temperatures of Pt/TiO2 catalysts produced a decoration of the Pt crystal terraces with 
TiO2, decreasing the number of Pt atoms exposed on terraces as well as increasing the 
number of Pt-Ti sites. Therefore, the catalyst was reduced at 723 K instead of 473 K, 
and was characterized by IR spectroscopy of adsorbed CO to confirm the results. This 
results is in agreement with Fujita, S. et al. work [15] that studied the Pt/TiO2 prepared  
by  the  H2 reduction  at  different  temperatures. The  relative  activities  of  the  nitro 
and  the  vinyl  groups  depended  on  the  catalyst  reduction  temperature. It can 
be concluded that the reduction at higher temperature makes the catalyst more 
selective for the hydrogenation of the nitro group of NS. The FTIR  measurements  of  
adsorbed  CO  over the  catalysts  suggested  that  the  presence  of  less-coordinated  
Pt atoms  on  edge,  corner  and  kink  sites  was  significant  for  the  selective 
hydrogenation  of  NS  to  AS. The  hydrogenation  of  the nitro  group  would  
preferentially  proceed  on  less-coordinated Pt  sites  as  edge,  corner,  and  kink,  
whereas  that  of  the  vinyl  group would  occur  on  the  terrace  sites. It was suggested 
that Pt content on catalysts resulted in catalytic performance of catalyst.  

Corma, A. et al. [3] studied the effect of Pt loading on Al2O3 catalysts in selective 
hydrogenation of nitrostyrene to vinylaniline. The characterized by FTIR measurement 
to determine Pt species site and reaction study indicated that the chemoselective 
reduction of 3-nitrostyrene to 3-aminostyrene will increase when the crystallite size of 
Pt is decreased. Decreasing of the metal crystalline size by preparing a catalysts at low 
Pt loading. This results is in agreement with Fujita, S.’ work [15] who studied the effect 
of Pt content by varying from 0.5 to 2.0 wt% on TiO2 in hydrogenation of nitrostyrene. 
It was found that increasing the Pt loading, the Pt crystallite size was slightly increased 
and the activity of the catalyst was enhanced.  The catalyst with higher Pt loading 
showed lower AS selectivity.  This results can be concluded that the  increase  in  the  
Pt loading caused  the  decrease  in  the  relative  quantity  of Pt  atoms on  edge  
and  corner  sites  over  Pt/TiO2 catalysts. The  higher selectivity of AS on 0.5  wt.%  
Pt/TiO2 resulted  from  the larger  relative  quantity  of  less-coordinated  Pt  atoms  
on  edge,  corner and kink sites. This section showed the performance of different 
metals catalysts and condition reactions (temperature and pressure) in hydrogenation 
of nitrostyrene. 
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Table 2.4 summary of the research of selective hydrogenation of nitrostyrene on 
various catalysts and reaction conditions. 

Researchers Studies Catalyst and 
preparation 

method 

Reaction 
condition 

Results 

Wei, H. et al. 
(2015) [44] 

Studied the 
catalytic 
performance of 
AU-Ni alloy 
supported on silica 
with different Au/Ni 
ratios in the 
chemoselective 
hydrogenation of a 
variety of 
substituted 
nitroaromatics. 

-Au/SiO2, 
Ni/SiO2, 
Au-Nix/SiO2 
- Ni/SiO2 was 
prepared by 
incipient 
wetness 
impregnation. 
 

T=50 °C 
PH2=300 
kPa 

-The best 
performance was 
achieved in Au-Ni3 
(3 referes to the 
atomic ratio of Au 
to Ni)/SiO2 with a 
selectivity of 93 % 
at 90.8% 
conversion for 3-
nitrostyrene 
hydrogenation. 

Xu, G. et al. 
(2016) [45] 

Studied the 
performance of a 
pseudo-single-
atom-catalyst 
Pt/FeOx in 
supercritical CO2 
and CO2-expanded 
toluene for the 
chemoselective 
hydrogenation of 3-
NS. 

-Pt/FeOx, 
Pt/TiO2, 
Pt/SiO2 

Pt/Al2O3 
-FeOx support 
prepared by 
precipitation.  
-Pt colloids 
prepared by a 
polyol 
reduction. 
-The Pt/FeOx-T 
prepared by a 
colloid 
deposition. 

T=50 °C 
PH2=3 MPa 

-For supercritical 
CO2, excellent 
selectivity but low 
reactivity 
-Conversion of 3-
NS and the 
selectivity of 3-VA 
reached exceed 95 
% for reaction in 
CO2 expanded 
toluene while 
toluene solvent 
was decreased by 
90 %   
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Researchers Studies Catalyst and 
preparation 

method  

Reaction 
condition 

Results 

Fujita, S. et 
al. (2011) 
[15] 

The effects of CO2 

pressurization on 
the hydrogenation 
of nitrostyrene by 
using Pt/TiO2 
catalyst and 
studied the 
catalyst 
preparation 
conditions (Pt 
loading and the 
catalyst reduction 
temperature).  

-Pt/TiO2 
-Impregnation 
method. 

T=323 K 
PH2=4 MPa. 

-Lower Pt loadings 
and higher 
reduction 
temperature gave 
Pt/TiO2 more 
selective for the AS 
formation. 
-Pressurized CO2 
increased the 
overall reaction 
rate, the selectivity 
to AS under CXL 
conditions. 

Yoshida, H. 
et al. (2014)  
[32] 

The effects of TiO2 
crystallite size on 
the catalytic 
performance of 
TiO2-supported 
metal catalysts in 
liquid-phase 
selective 
hydrogenation of 3-
NS, NB and styrene. 

-Pt/TiO2 
-Difference in 
crystallite size 
of TiO2 
prepared by 
solvothermal 
method. 
-catalysts 
prepared by 
impregnation. 

T=50 °C 
PH2=4 MPa. 

-Pt on smaller TiO2 
crystallite size was 
improved in 
hydrogenation of 
3-NS.  
-Selectivity to AS 
was promoted in 
the hydrogenation 
of mixture of NB 
and styrene. 

Yarulin, A. et 
al. (2015) 
[46] 

The effect of Zn on 
Pt-based catalysts 
in liquid-phase 
hydrogenation of 3-
nitrostyrene. 

-Pt/HPS, Pt-
Zn/HPS 
- Incipient 
wetness 
impregnation 

T=348 K, 
PH2=10 bar 

Pt-Zn/HPS catalyst 
showed an 
increased yield of 
3-VA (97%) 
compared to those 
Pt/HPS (16%) 
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Researchers Studies Catalyst and 
preparation 

method  

Reaction 
condition 

Results 

Pisduangdaw
, S. (2015) et 
el. [1] 

The effects of 
preparation 
methods and 
reduction 
temperature of 
Pt/TiO2 catalysts in 
selective 
hydrogenation of 3-
NS. 

-I-Pt/TiO2, F-
Pt/TiO2 
-Single-step 
flame spray 
pyrolysis 
method and 
impregnation 
method. 

T=323 K 
PH2= 4 
MPa. 

-The F-Pt/TiO2 
were improved in 
terms of NS 
conversion and VA 
selectivity.  
-Reduction at high 
temperature, 
higher dispersion, 
activities and VA 
selectivity. 

Serna, P. et 
al. (2011) 
[47] 

Studied the 
increasing the 
activity of the 
Au/TiO2 catalyst 
and to improve the 
selectivity of 
traditional Pt 
catalysts. 

-Au/TiO2,  

Pt/ γ-Al2O3,  
Pt/TiO2 
-Deposition-
precipitation 
-incipient 
wetness 
impregnation. 

T=120 °C 
PH2=9 bar 

-Improve the 
catalytic activity, 
increase the 
concentration of 
low coordinate Au. 
-For Pt/TiO2, the 
selectivity is 
governed by the T 
used for catalyst 
activation. 

Furukawa, S. 
et al. (2014) 
[48] 

Studied the series 
of Pd- and Rh-
based intermetallic 
compounds 
supported on silica 
and investigated 
catalytic properties 
in the NB and NS 
reactions. 

-Pd/SiO2, 
Rh/SiO2, 
Pd-M/SiO2 

(M=Pb, Ga, Fe, 
Zn, Sn and Bi) 
Rh-M/ SiO2 
(Pb, Bi, Sn, Fe, 
Sb and Ti) 
 -impregnation. 

T=343 K 
 
 
 
 
 
 
 
 

-Pd-Pb, highest 
chemoselective in 
the conversion of 
NS to AS (92%)  
-Rh-Pd, high 
selectivity to AS 
(93%) and the 
highest NS 
conversion (94%). 
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Researchers Studies Catalyst and 
preparation 

method  

Reaction 
condition 

Results 

Yarulin, A. et 
al. (2015) 
[49] 

Studied the 
promoting effect of 
Zn on Pt-based 
catalyst for the 
liquid phase 
hydrogenation of 3 
NS. 

-Pt/ZnO 
-Ion exchange 
method. 

T=313-393 
K 
PH2=1-15 
bar 

The 
monodisperdes Pt 
supported on ZnO 
catalyzed the 
target 3-VA 
formation by Pt-Zn 
intermetallic phase 
by alloying via 
reactive metal-
support 
interactions. 

Yoshida,H. et 
al. (2011)  
[50] 

Studied the effects 
of CO2 pressure 
and organic 
solvents in 
hydrogenation of 
nitrostyrene by 
using Pt/TiO2 

catalyst. 

-Pt/TiO2 
-Impregnation 
method. 

T=323 K 
PH2=4 MPa 

-The conversion 
decreases with CO2  
P in both solvents. 
-In toluene, VA 
selectivity 
decreases with CO2 

P while ENB 
increases. 

Makosch, M. 
et al. (2012) 
[51] 

Studied the simple 
modification 
method to control 
chemoselectivity 
over Pt/TiO2 
employing organic 
thiols as surface 
modifiers for the 
hydrogenation of 4-
NS 

-Pt/TiO2 
-Incipient 
wetness 
impregnation 
method 

T=80 °C 
PH2=10 bar 

-The modifiers 
containing polar 
groups yielded 
100% selectivity to 
4-AS, un-polar 
modifier yielded 
88% selectivity at 
conversion close 
to 100 %.  
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Researchers Studies Catalyst and 
preparation 

method  

Reaction 
condition 

Results 

Pisduangdaw
, S et al. 
(2015)  [1] 

The properties of 
Pt-Co/TiO2 catalysts 
by using FSP 
method in 
selective 
hydrogenation of 3-
nitrostyrene. 

-Pt/TiO2, Pt-
Co/TiO2 
-Single step 
flame spray 
pyrolysis. 

T=323 K, 
PH2=40 bar 

Reduced at 200 °C, 
NS conversion and 
VA selectivity of Pt-
Co/TiO2 increased. 
ENB selectivity 
increased with the 
maximum Co at 
0.2 wt%. 

Beier, M. et 
al. 2012  [7] 

Studied the 
influenced of the 
presence of an 
ionic liquid, the 
reaction medium 
(acidic or basic), 
and the type of 
support on the 
catalytic behavior 
for the 
chemoselective 
hydrogenation of 3-
nitrostyrene. 

-Pt/SiO2, 
Pt/TiO2, 
Pt/Al2O3, 
Pt/CNTs 
 

PH2=1 bar - Supports such as 
Al2O3, TiO2, and 
CNTs gave low 
selectivities for 
ENB. 
- Solvent was 
crucial for the 
catalyst’s 
selectivity, EtOA 
can be both good 
selectivity for ENB 
and good activity 
-The yield 
exceeding 90 % to 
3-aminostyrene 
under basic 
condition 
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Wei, H. et al. (2015) [44] studied the catalytic performance of AU-Ni alloy 
nanoparticles supported on silica with different Au/Ni ratios, which prepared with a 
modified two-step method in the chemoselective hydrogenation of a variety of 
substituted nitroaromatics. In the first step, Au nanoparticles were deposited on an 
APTES-functionalized silica surface and the second step, Ni was deposited on the Au 
surface using a weak reducing agent (tert-butylamine borane). Au@Ni core-shell 
structure was transformed to Au-Ni alloys nano-phase by reduction in H2 at elevated 
temperature. The Au-Ni alloy nanocatalysts exhibited highly active for the 
hydrogenation of substituted nitroarenes to the coresponding anilines. The best 
performance was achieved in Au-Ni3 (3 referes to the atomic ratio of Au to Ni ) /SiO2 
catalysts with a chemoselectivity of 93 % at 90.8% conversion for 3-nitrostyrene 
hydrogenation.  

Xu, G. et al. (2016) [45] studied the performance of a pseudo-single-atom-
catalyst Pt/FeOx in supercritical CO2 and CO2-expanded toluene for the chemoselective 
hydrogenation of 3-NS. For supercritical CO2, resulted in excellent selectivity but low 
reactivity due to the limited substrate solubility in the reaction medium. Both the 
conversion of 3-NS and the selectivity of 3-VA reached exceed 95 % were obtained for 
reaction in CO2 expanded toluene under optimum conditions while toluene solvent 
amount was decreased by 90 %  compared to as without CO2. Thus, demonstrating a 
green synthesis approach to functionalized anilines.  

Fujita, S. et al. (2011) [15] studied the effect of CO2 pressurization in the 
hydrogenation of nitrostyrene by using Pt/TiO2 catalyst. Phase behavior was an 
important factor for the reaction system, pressurized CO2 increased the overall reaction 
rate and the selectivity to AS under CXL conditions at any conversion level. But under 
the condition where all NS was dissolved in scCO2 leading to lower selectivity to AS 
because of strong interaction between CO2 molecule and the nitro group of NS. Lower 
Pt loadings and higher catalyst reduction temperature gave Pt/TiO2 catalysts more 
selective for the AS formation. Competitive adsorption of nitro and vinyl group was 
suggested to determine the product selectivity 
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Yoshida, H. et al. (2014) [32] studied the effects of TiO2 crystallite size on the 
catalytic performance of TiO2-supported metal catalysts in liquid-phase selective 
hydrogenation of 3-NS, nitrobenzene, and styrene. The crystallite size of TiO2 supports 
is an important factor for controlling and improving the performance of dispersed Pt. 
Pt on smaller TiO2 crystallites can improve selectivity to vinylaniline for the 
hydrogenation of 3-NS and the selectivity to aniline was promoted in the 
hydrogenation of a mixture of nitrobenzene and styrene. Low coordinated Pt sites 
should be formed on the surface of nanocrystal TiO2 supports, which more active for 
the hydrogenation of nitro group than vinyl group and this sites is decreased with an 
increase in the crystallite size of TiO2 support. 

Yarulin, A. et al. (2015) [46] studied the effect of Zn on Pt-based catalysts in 
liquid-phase hydrogenation of 3-nitrostyrene. The modification of Pt surface and 
electronic structure invoked by Zn incorporation, resulted in the Pt-Zn/HPS catalyst 
showed an increased yield of 3-VA (97%) compared to those of Pt/HPS catalyst (16%). 
The formation of mono- (Pt) and bi-metallic (Pt-Zn) with diameter controlled by the 
pore size of the HPS support. Pt-Zn/HPS exhibited high performance under repeated 
reaction runs by without catalyst deactivation. 

Pisduangdaw, S. et al. (2015) [1] studied the effects of preparation methods and 
reduction temperature of Pt/TiO2 catalysts in selective hydrogenation of 3-NS. FSP-
made catalysts improved of both hydrogenation activity and selectivity to vinylaniline 
by reduction at high temperature. Pt/TiO2 was prepared by impregnation method on 
a sol-gel TiO2 showed higher amount of rutile phase than Pt/TiO2 obtained by FSP and 
exhibited lower Pt dispersion and hydrogenation activity. Rutile phase occurred after 
reduction at 600 °C and 700 °C for the I-Pt/TiO2 and F-Pt/TiO2, respectively, leading to 
excessive decoration of Pt by the reducible TiOx species and poor catalytic 
performances. Reduction at high temperature showed in higher Pt dispersion, resulted 
in higher hydrogenation activity and selectivity to VA. 

 Serna, P. et al. (2011) [47] studied gold catalyst on TiO2 was synthesized by a 
deposition-precipitation in the hydrogenation of 3 NS. From relationship between the 
activity of Au/TiO2 catalysts and the concentration of low coordinated Au sites, leading 
to the catalytic activity was improved when increase the concentration of low 
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coordinate Au site. The highest yields were obtained on small particles size of 3.8 and 
5.8 nm and the particles larger than 8.5 nm show the activity decreases, then it 
suggesting that particle shape may be playing an important role. The difficulties to 
substantially increase hydrogenation activity of gold catalysts. Selectivity to 3 VA were 
increase for smaller Pt crystallites, selection of a support with higher specific surface 
area. Pt nanoparticle support on TiO2 can be easily decorated with TiOx species by 
treatment the catalyst with H2 at temperature above 400 C enhances the selectivity 
of the nitro group in NS. For Pt/Al2O3, influence of metal content and particle size is 
less critical than the effect of temperature used for catalyst activation. 
 Furukawa, S. et al. (2014) [48] studied the series of Pd- and Rh-based 
intermetallic compounds supported on silica and investigated their catalytic properties 
in the reaction of nitrobenzene and nitrostyrene. The formation of the intermetallic 
compounds made the platform for the chemoselective hydrogenation of NS: two 
metal elements are coadjacent at the atomic level on the surface of the nanoparticles. 
An increase in the electronegativity of the second metal provides polar sites and 
enhances the activation of methanol as a hydrogen donor, which accelerates the 
hydrogenation of the nitro group of NS leading to improves the yield of AS. PdPb 
exhibits the highest chemoselective in the conversion of NS to AS (92%) among the 
Pd-based catalysts and RhPd exhibits high selectivity to AS (93%) and the highest NS 
conversion (94%) among the Rh-based catalysts. Thus, intermetallics that contain Pb 
in this study, afforded good catalytic performance for the chemoselective 
hydrogenation of NS. 

Yarulin, A. et al. (2015) [49] studied the promoting effect of Zn on Pt-based 
catalyst for the liquid phase hydrogenation of 3 NS. The monodispersed Pt supported 
on ZnO catalyzed the target 3-VA (3-VA=97% at conversion=100%) formation by Pt-Zn 
intermetallic phase was formed by alloying via reactive metal-support interactions. The 
effects of solvent found that ethanol is the best solvent in optimal reaction conditions 
for 3-NS hydrogenation and resulted in the highest activity and 3-VA selectivity. H2 
partial pressure had no effect on the products distribution. Increase in reaction 
temperature would have the effect on C=C group activation resulted in a greater 
formation of the 3-EA and lower 3-VA. Thus, reaction conditions (solvent, reaction 
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temperature and H2 partial pressure) is crucial for a process development in reaction 
system. 

Yoshida, H. et al. (2011) [50] studied the effects of CO2 pressure and organic 
solvents in hydrogenation of nitrostyrene by using Pt/TiO2 catalyst. The conversion 
decreases with CO2 pressure in both of solvents (ethanol and toluene). The effect of 
CO2 pressure changes the product distribution in the toluene as a nonpolar solvent 
but not in ethanol as a polar solvent. In toluene solvents, selectivity to VA decreases 
with CO2 pressure while that to ENB increases due to the reactivity of the nitro group 
of NS were decreased by interactions with the dissolved CO2 molecules in toluene. 
Interactions of nitro group with CO2 molecules changes the product distribution by 
depending on CO2 pressure and the suitable selection of solvent. 

Makosch, M. et al. (2012) [51] studied the simple modification method to control 
the chemoselectivity over Pt/TiO2 catalysts employing organic thiols as surface 
modifiers for the liquid phase selective hydrogenation of 4-nitrostyrene. The modifier 
structure affected to the selectivity by the modifiers containing polar groups yielded 
100% selectivity to 4-aminostyrene while an un polar modifier yielded 88% selectivity 
at conversion close to 100 %.  The variation of the modifier showed that a polar group 
adjadcent to the chain of the organic thiol revealed higher selectivities, 1, 6-
dithiolhexane modified Pt/TiO2 is the best result. The complete switch of selectivity 
to 4-aminostyrene was obtained by the surface modification. The rate of the 
unmodified Pt/TiO2 catalyst at 40% conversion was the highest for all the catalysts 
due to tiols block part of the surface of the Pt nanoparticles and active sites.  
  Pisduangdaw, S. et al. (2015) [1] studied the preparation of Pt-Co/TiO2 by single 
step flame spay pyrolysis in selective hydrogenation of 3-NS. Co loading varying at 0-
0.5wt% with Pt at 0.5 wt%. The effect of Co addition, catalysts were reduced at 200 
°C resulted in the ENB selectivity increased. The positive effect of Co addition when 
the catalysts were reduced at 500 °C. The Pt-Co/TiO2 increased in the activity and VA 
selectivity compared to monometallic Pt/TiO2 due to the strong interaction between 
Pt/Co. 
  Beier, M. et al. (2012) [7] studied the influenced of the presence of an ionic 
liquid, the reaction medium (acidic or basic), and the type of support on the catalytic 
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behavior for the chemoselective hydrogenation of 3-nitrostyrene. The selectivity of 
C=C or NO2 group hydrogenation can be controlled by basic or acidic conditions. The 
yields of 3-ethylnitrobenzene above 90 % were obtained by using trifluoroacetic acid 
as an additive and yield exceeding 90 % to 3-aminostyrene under basic condition. 
Supports such as Al2O3, TiO2, and CNTs gave low selectivities for ENB and led to 
considerable hydrogenation of the NO2 group to the amine due to interact strong with 
the metal. The effect of the solvent such as toluene, tetrahydrofuran (THF), EtOA, 
CHCl3, and 1, 2-Dichlorobenzene (DCB) on the catalytic behavior were investigated.  
Solvent was crucial for the catalyst’s selectivity, EtOA can be both good selectivity for 
ENB and good activity. 
 
2.8 Preparation of catalysts 

The objectives of studies in the synthesis procedure, were to keep it as simple 
and inexpensive as possible. Methods available to prepare metal-supported catalysts, 
impregnation is the simplest, least expensive, and most prevalent method, in which a 
high surface area oxide or carbon support is contacted with a liquid solution containing 
precursor dissolved metal ions or coordination complexes. The metal deposition was 
first performed by simple wet impregnation, followed by reduction under hydrogen, 
the excellent metal dispersion obtained at low Pt loading and could not be maintained 
at a high metal weight percentage [52]. Impregnation can be termed wet or dry, 
depending on the volume of impregnating solution is greater than or equal to the pore 
volume of the support. In wet impregnation (WI), the support is contacted with an 
excess of a solution containing the metal precursor, the metal precursor species may 
not diffuse into the pore system of the solid during the equilibration period. Dry 
impregnation is often termed “incipient wetness impregnation (IWI)” or “pore filling”, 
an amount of solution that corresponds to the total pore volume of the support 
material is mixed with support and capillary action provides the driving force for the 
imbibition of the impregnation solution into the porous solid. However, a non-uniform 
metal precursor distribution may develop as the metal complex remains in solution 
and is carried to the surface during drying.  When pH is not controlled, the pH of the 
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impregnating solution can vary quite dramatically and often ends up near the support 
point of zero charge (PZC), at which point no metal precursor–support interaction 
occurs [53]. If pH of the metal solution is adjusted before contact to promote metal 
sorption onto the support, this is the concept of “strong electrostatic adsorption (SEA) 
method”. To design new procedures allowing for high Pt dispersion and high Pt weight 
percentage with attention to the metal precursor-support interactions. Rational 
synthesis techniques were then developed by Regalbuto et al. The technique is quite 
versatile: it was adapted to various supports, like silica [25], alumina and carbon [54], 
and can be extended to other metals and to bimetallic nanoparticles.  

 
2.8.1 Strong electrostatic adsorption method (SEA) 

2.8.1.1 Theory 

SEA is a simple, rational approach to synthesize highly dispersed supported 
metal catalysts. The method is based on an electrostatic mechanism in which the 
(typically hydroxyl) functional groups on the support surface can be protonated and 
deprotonated and so positively or negatively charged as a function of pH relative to 
the point of zero charge (PZC) [23]. The point of zero charge (PZC) of a support 
corresponds to the pH value at which the electric charge density on the support 
surface is zero (neutral surface), which can be measured by the method of Park and 
Regalbuto. The hydroxyl groups that populate oxide surfaces become protonated and 
thus positively charged below a characteristic pH value or become deprotonated and 
thus negatively charged above the characteristic pH value. Brunelle explained that 
oxides placed in solutions at pH values below their PZC would adsorb anions such as 
hexachloroplatinate [PtCl6] 2−; at pH values above their PZC, the same support would 
adsorb cations such as platinum tetraammine [Pt(NH3)4] 2+ [24]. This method consists 
of maximizing the electrostatic interactions between the metal precursor and the 
support by adjusting the pH of the slurry to the adequate value, so as to adsorb the 
maximum amount of metal at the support surface. The latter depends on the surface 
chemistry of the support and on the chemical nature of the metal precursor (anion or 
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cation, size, etc.). The goal was to obtain maximum metal weight percentage while 
keeping the highest possible dispersion [54]. 

The first step in the SEA method is to determine the PZC of the support, which 
is easily determined by measuring final pH versus initial pH at high surface loading. 
Surface loading (SL) is defined at the amount of support surface per liter of solution, 
and can be calculated by equation  

Surface loading (m2/L) = Surface Area of support (m2/g) ∗ grams of support (g) / Volume   
of Precursor Solution (L)   

The second step of SEA is to perform an uptake-pH survey to determine the 
pH of strongest interaction.  
 
 
 
 
 
 
 
 
 
 
 

Figure 2.3 Electrostatic adsorption mechanism [53]. 
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2.8.1.2 Synthesis of Pt based catalysts by strong electrostatic 
adsorption method 

Strong electrostatic adsorption of Pt onto support can be used with 
hexachloroplatinate [PtCl6] 2− or CPA at low pH and tetraammine [Pt(NH3)4] 2+ or PTA 
at high pH to achieve a monolayer or submonolayers of Pt precursors that retain their 
high dispersion with a simple reduction in hydrogen [23]. Both physicochemical and 
electrochemical characterization show that the use of H2PtCl6, which is a very classical 
impregnation precursor leading to Pt catalysts poisoned with chlorine, especially if they 
were reduced at low temperature. Chlorine coming from the metal precursor 
decomposition appears difficult to remove completely and the presence of chlorine 
on the Pt particles leads to decreasing the active Pt surface. Preparation with PTA 
avoids the problem of residual chloride which can hinder activity for certain reactions 
[23, 54]. This study demonstrates that the SEA method allows the fine control of the 
structure and the morphology of the metal nanoparticles (average particle size, size 
distribution, degree of agglomeration) [54]. SEA is a special case of wet impregnation 
in which the final pH is targeted to the pH range in which the electrostatic interaction 
is strongest. It also was demonstrated that catalysts prepared via SEA had a higher 
dispersion of metal than those prepared via another method at the same metal 
loadings. The hypothesis behind the SEA approach to catalyst preparation is that 
monolayer adsorption of metal complexes via strong electrostatic adsorption can lead 
to small metal particles when the complexes are reduced [53]. The studies on the 
synthesis of Pt/TiO2 catalysts by SEA method are summarized in Table 2.5 
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Table 2.5 summary of the research of the synthesis of Pt onto support by strong 
electrostatic adsorption 

 
 
 
 

Researchers studied results 
Jiao, L. et al. 
(2008) [53] 

Studied the preparation of 
silica-supported noble and 
base metal catalysts by strong 
electrostatic adsorption (SEA) 
method and compared with 
traditional dry impregnation 
method. 

-Ammine complex were used as metal 
precursor and it appears that the high 
dispersion of electrostatically 
adsorbed ammine metal precursor is 
retained during reduction. 
-SEA showed a much higher dispersion 
than DI. 

Lambert, S. 
et al. (2009) 
[24] 

Studied the preparation of 
highly dispersed Pt/carbon 
xerogel catalysts by strong 
electrostatic adsorption 
method using 
hexachloroplatinic acid to 
carbon xerogels and platinum 
tetraammine chloride to 
oxidized carbon xerogels. 

-Platinum loading of Pt/C catalysts up 
to about 8-10wt% of unoxidized 
carbon xerogel and about 1-5 wt% for 
oxidized carbon xerogels.  
-All Pt/Carbon xerogel catalysts 
showed a high dispersion and very 
small platinum particles (1.1-1.3 nm) 
and very active in the hydrogenation 
of benzene into cyclohexane. 

Hao, X.et al. 
(2011) [23] 

Studied the preparation of 
carbon-supported Pt catalysts 
by strong electrostatic 
adsorption (SEA) by using 
different type of carbons 
(activated, black and graphitic) 
with different surface areas. 

-The SEA method gives smaller particle 
sizes with narrower particle size 
distributions than by other method, at 
high metal loadings. 
-Preparation with platinum (II) 
tetraammine chloride to avoids the 
problem of residual chloride which 
can hinder activity for certain 
reactions. 



 

 

37 

Researchers studied results 

Jiao, L. et al. 
(2008) [25] 

Studied the synthesis method 
of mesoporous silica SBA-15 
with metal ammines (Pt, Pd, 
Cu, Co, Ru) by strong 
electrostatic adsorption 
method (SEA) and compared 
to the traditional dry 
impregnation method. 

- Low-temperature-reducing metals 
such as Pt and Pd, form very well 
dispersed nanoparticles after 
reduction.  
-Co particles were large due to the 
higher temperature required for 
reduction of the adsorbed cobalt 
ammine complex led to metal 
sintering, but Co particles were still 
smaller than the preparation by DI. 

Job, N. et al. 
(2010) [54] 

 Studied the preparation of 
Pt/carbon xerogel catalysts 
with the high metal weight 
percentages by impregnation 
with H2PtCl6 in SEA method 

-The catalysts were reduced at 200 °C 
in H2 for 1 h showed a poorly 
accessible Pt surface area due to Pt 
poisoning in residues from the 
synthesis procedure. 
-The presence of chlorine from metal 
precursor was suspected to poison the 
Pt catalysts. 

 
Jiao, L. et al. (2008) [53] studied the preparation of silica-supported noble and 

base metal catalysts by strong electrostatic adsorption (SEA) method and compared 
with traditional dry impregnation method. Correlation between strong electrostatic 
interaction during impregnation and the high dispersion of reduced metals were 
investigated. SEA is a special case of wet impregnation in which the final pH is targeted 
to the pH range in which the electrostatic interaction is strongest. The SEA method 
showed rational procedure for the cheap, simple, and scalable preparation of highly 
dispersed supported catalysts, even at relatively high metal loadings. Ammine complex 
[Pd(NH3)4]+2, [Cu(NH3)4]+2, [Co(NH3)6]+3, [Ru(NH3)6]+2, [Ru(NH3)6]+3, and [Ni(NH3)6]+2 were 
used as metal precursor and it appears that the high dispersion of electrostatically 
adsorbed ammine metal precursor is retained during reduction. It was found that strong 
correlation between adsorption and high metal dispersion. Compares the metal 
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dispersion, catalysts synthesized by SEA and DI methods: SEA showed a much higher 
dispersion than DI. 
 Lambert, S. et al. (2009) [24] studied the preparation of highly dispersed 
Pt/carbon xerogel catalysts by strong electrostatic adsorption method using 
hexachloroplatinic acid to carbon xerogels (PZC=9.4) and platinum tetraammine 
chloride to oxidized carbon xerogels (PZC=2.4). This research showed the 
developement a simple and effective method to synthesize highly loaded and highly 
dispersed Pt/carbon that can used as electrocatalysts in PEM fuel cells. Four supports 
with various maximal pore sizes (18, 32, 68, and 90 nm) were used and PZC was 
determined equal 9.4. Carbon xerogels were oxidized in nitric acid in order to alter 
irreversibly surface and to increase the number of surface acidic groups and PZC was 
2.4. Unoxidized carbon xerogel carried out in solution at pH below their PZC and 
adsorb platinum anions, while oxidized carbon xerogels carried out in solutions at pH 
above their PZC and adsorb platinum cations. Platinum uptake curve, platinum loading 
of Pt/C catalysts about 8-10wt% of unoxidized carbon xerogel and about 1-5 wt% for 
oxidized carbon xerogels. All Pt/Carbon xerogel catalysts showed a high dispersion and 
very small platinum particles (1.1-1.3 nm) and very active in the hydrogenation of 
benzene into cyclohexane which this method was used for heterogeneous catalysis to 
obtained Pt loading up to 20 wt% while the Pt particle size below 3 nm. 
 Hao, X. et al. (2011) [23] studied the preparation of carbon-supported Pt 
catalysts by strong electrostatic adsorption (SEA) by using different type of carbons 
(activated, black and graphitic) with different surface areas. Strong electrostatic 
adsorption of Pt onto carbon used with hexachloroplatinic acid at low pH and platinum 
(II) tetraammine chloride at high pH to achieve a monolayer or submonolayers of Pt 
precursors that retain high dispersion with a simple reduction in hydrogen. The SEA 
method gives smaller particle sizes with narrower particle size distributions than by 
other method, at high metal loadings. Preparation with platinum (II) tetraammine 
chloride to avoids the problem of residual chloride which can hinder activity for certain 
reactions, but drawback to platinum (II) tetraammine chloride preparation is the 
exclusion of the large precursor complex which retains two hydration sheaths. 
Platinum (II) tetraammine chloride will not adsorb over high-PZC carbons, it can be 
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solved by lowering the PZC of the carbon by surface oxidation. At high of metal 
loading, the adsorptive reduction reaction plays a significant role in the dispersion of 
the hexachloroplatinic acid precursor during dry impregnation. 
 Jiao, L. et al. (2008) [25] studied the synthesis method of mesoporous silica SBA-
15 with metal ammines (Pt, Pd, Cu, Co, Ru) by strong electrostatic adsorption method 
(SEA) and compared to the traditional dry impregnation method. From this research, 
the SEA method showed that a rational procedure for the cheap, simple and scalable 
preparation of highly dispersed supports catalysts for all ammine complexes. 
Adsorption surveys carried out to determine the pH of maximum uptake and 
synthesized at the optimal pH. The results showed that the adsorption mechanism of 
all metal ammines is largely electrostatic and the adsorption can approach equilibrium 
in a short time. Low-temperature-reducing metals such as Pt and Pd, form very well 
dispersed nanoparticles after reduction. Cobalt particles were large due to the higher 
temperature required for reduction of the adsorbed cobalt ammine complex led to 
metal sintering, but Co particles were still smaller than the preparation by DI method. 
 Job, N. et al. (2010) [54] studied the preparation of Pt/carbon xerogel catalysts 
with the high metal weight percentages by impregnation with H2PtCl6 in SEA method. 
This research demonstrates that the SEA method allows the control of the structure 
and the morphology of the metal (average particle size, size distribution, degree of 
agglomeration). In order to increase the Pt weight percentage, impregnation-drying-
reduction cycles were performed: the final metal content at 22.3wt% in three cycles. 
The aim of this study is I) to studied the Pt/carbon xerogel prepared by SEA method 
II) high metal dispersion III) high electrochemical activity. When the catalysts were 
reduced at 200 °C in H2 for 1 h showed a poorly accessible Pt surface area and used 
as cathodic catalysts in a Proton Exchange Membrane (PEM) fuel cell showed a low 
performance due to Pt poisoning in residues from the synthesis procedure. The 
reduction temperature and duration were increased up to 450 °C and 5 h, increasing 
in the Membrane-Electrode Assembly (MEA) performance: attributed to the 
development of the active Pt surface area. The presence of chlorine from metal 
precursor was suspected to poison the Pt catalysts. In the future studied, the SEA 
method replaced of H2PtCl6 by another Pt precursor. 
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CHARPTER III 
MATERIALS AND METHODS 

 This chapter describes the chemicals used for the synthesis of the catalysts 
and the details of experimental procedure of this research which are divided into three 
parts. Part 3.1 describes the preparation of Pt supported TiO2 catalysts by incipient 
wetness impregnation and strong electrostatic adsorption method. Part 3.2 provides 
the characterization techniques used to investigate the properties of catalysts such as 
X-ray diffraction (XRD), N2 physisorption, CO-pulse chemisorption, H2-temperature 
programmed reduction (H2-TPR), electron spin resonance (ESR) and X-ray photron spin 
resonance (XPS). And finally, the reaction study in the liquid phase hydrogenation of 
3-nitrosstyrene is described in part 3.3. 
 
3.1 Catalysts preparation 

3.1.1 Preparation of TiO2 support 

Titanium dioxide support was prepared by the sol-gel method using titanium 
isopropoxide as a precursor. At first 7.33 cm3 of 70 vol% nitric acid was added to 1000 
cm3 of de-ionized (DI) water under continuous stirring. While the mixture was stirred, 
83.5 cm3 of titanium isopropoxide was added slowly. The mixture was stirred 
continuously at room temperature for about 3 days until clear sol was obtained. After 
that, the clear sol was placed in dialysis tubing, which was submerged in DI water. The 
water was changed daily for 3-4 days until the pH of the water reached 3.5. The 
dialyzed sol was dried at 110 ºC overnight to remove the solvent. The resulting 
materials were calcined in different gas flows including H2, Air, N2, O2, and Ar at 350 °C 
for 2 h with the heating rate of 10 ºC/min. The prepared TiO2 are referred to as TiO2-
H2, TiO2-Air, TiO2-N2, TiO2-O2 and TiO2-Ar for those calcined in hydrogen, air, nitrogen, 
oxygen and argon, respectively. 
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Table 3.1 Chemical used for prepared TiO2 by sol-gel method. 
Chemicals Formula 

 
Suppliers 

Titanium isopropoxide Ti[OCH(CH3)2]4 Aldrich Chemical Ltd. 
70% nitric acid HNO3 Asia Pacific Specialty 

Chemical Limited. 

 
 
 
 
 
 
 
 
 
 

 
Figure 3.1 Diagram of TiO2 catalysts preparation by sol-gel method. 

 
3.1.2 Preparation of Pt/TiO2 catalysts by incipient wetness impregnation 

method. 

The 0.5 wt% Pt/TiO2 catalysts were prepared by impregnation method, 
chloroplatinic acid hexahydrate was used as the Pt precursor. A desired amount of 
chloroplatinic acid hexahydrate was dissolved in deionized water which the volume 
equal to pore volumn of TiO2 support. The TiO2 supports were impregnated with 
aqueous solutions of H2PtCl6. The Pt/TiO2 was left to stand for 6 h to assure adequate 
distribution of metal complex and subsequently dried at 110 °C overnight in air. Then, 
the catalysts were calcined in air at 400 ºC for 4 h. 
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Table 3.2 Chemical used for prepared Pt/TiO2 by impregnation method. 
Chemicals formula Suppliers 

Chloroplatinic acid 
hexahydrate 

H2PtCl6•6H20, 37.50% Aldrich Chemical Ltd. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.2 Diagram of Pt/TiO2 catalysts preparation by impregnation method 
 
3.1.3 Preparation of Pt/TiO2 catalysts by strong electrostatic adsorption 

method. 

3.1.3.1 Determination of the point of zero charge (PZC) of TiO2 
support. 

 In the SEA method, it is important to know the PZC of the support. The PZC is 
the pH value which the electrical charge density on the support surface is zero. TiO2 
supports with different surface areas, the mass of the two nanocrystalline TiO2-H2, and 
TiO2-Air were adjusted to obtain same surface loading of 103 m2/L for 10 ml of water 
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solutions in all case. Water solution were made up at various initial pHs values using 
HCl or NaOH in the pHs range of 1-13. The TiO2 support was added to the 10 ml of 
each solution and shaken for 1 h at 150 rpm. Then, final pH is measured again and the 
plateau of the final pH vs the initial pH plot corresponds to the PZC of the solid 
support. 
 

3.1.3.2 Determination of the optimal adsorption pH. 

 The Pt/TiO2 catalyst was prepared by SEA. The titanium dioxide support was 
obtained from synthesis of TiO2 by sol-gel method and calcined under H2 and air 
atmosphere. Tetraammineplatinum (II) chloride hydrate from Sigma Aldrich was used 
as metal precursor on TiO2 support. The surface area of the titanium dioxide was 
measured by the BET method about of 130 m2/g for TiO2-H2 and 150 m2/g for TiO2-air. 
Differences in the specific surface area of each titanium dioxide support, the mass of 
the both TiO2-H2 and TiO2-air were adjusted so that same surface loading. In order to 
determine the optimal pH leading to required metal loading (0.5 wt%Pt), adsorption 
experiments were conducted 10 ml of 200 ppm metal solutions and the pH values of 
all these solutions were adjusted using HCl or NaOH between pH 9 and 12.5, according 
to the PZC value of the supports. Metal concentrations were measured by ICP before 
and after contact with TiO2 to determine the metal uptake. For the mass of the TiO2-
H2 (0.0769 g) and the TiO2-air (0.0670 g) were adjusted so that surface loading = 103 
m2/L in 13 ml (3 ml for measured initial concentration of metal by ICP) of solution of 
Pt and contacted slurries were placed on a rotary shaker for 1 h at 150 rpm. After final 
pH is measured again and 3 ml of the contacted slurries was with drawn and filtered. 
The remaining concentration of Pt in the solution was determined by inductively 
coupled plasma (ICP). Pt uptakes from pH 9 to 12.5 were determined from the 
difference in Pt concentration between the precontacted and postcontacted solutions. 
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3.1.3.3 Synthesis of Pt/TiO2 catalysts by SEA 

 The required Pt uptake at a initial pH followed to above section, leading to 
metal loading around 0.5 wt%. The Pt/TiO2 catalyst was prepared by adjusting the 
initial pH of metal solution to this value with HCl or NaOH. Three gram of TiO2-H2 and 
TiO2-air support were soaked in Pt solution at surface loading = 103 m2/L. After 1 h at 
150 rpm under shaker, the slurry was filtered and measured metal loading by ICP. The 
solution is trapped by the vacuum filter and the liquid is drawn through the funnel 
into the flask below and dried for 24 h at room temperature. Then, the Pt/TiO2 catalyst 
was reduced with H2 at 200 °C for 2 h. 
 
Table 3.3 Chemicals used for prepared Pt/TiO2 by strong electrostatic adsorption 
(SEA) 

Chemicals formula Suppliers 

Tetraammineplatinum (II) 
chloride hydrate 

  Pt(NH3)4Cl2·xH2O, 98% 
 

Aldrich Chemical Ltd. 

Sodium hidroxide NaOH Aldrich Chemical Ltd. 

 
3.2 Catalyst Characterization 

3.2.1 X-ray diffraction (XRD) 

The XRD patterns of TiO2 supports and Pt/TiO2 catalysts were obtained using 

a SIEMENS XRD D5000 X-ray diffractometer with CuKα radiation in scanning range 
from 20 to 80 degrees of 2theta. The average crystallite size (dXRD) of TiO2 was 
calculated using the Scherrer’s equation. 

3.2.2 BET surface area 

Surface area was a physical adsorption of nitrogen gas on the surface of catalyst 
to find the total surface area. The BET surface areas of the TiO2 supports, average pore 
size distribution and average pore size diameter were measured by N2 physisorption 
using a BEL-SORP automated system. 
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3.2.3 CO-pulse experiment 

Metal active sites were measured by using CO chemisorption technique. The 
amounts of CO-chemisorbed on the Pt/TiO2 catalysts were measured at room 
temperature by using CO-pulse chemisorption technique using 
MicromeriticsChemiSorb 2750 (pulse chemisorption system). 0.05 g of catalyst was 
packed in a glass tube. Prior to the measurement, He gas was introduced into the 
sample cell (30 cm3/min) in order to remove the remaining air. Then, catalysts were 
reduced with hydrogen at 500 °C for 2 h with a heating rate of 10 ºC/min and cooled 
down to the room temperature in a He flow. After that, 20 µl of carbon monoxide was 
injected into catalysts to adsorb on the metal surface of catalyst and repeated until 
the sample did not any longer adsorbed carbon monoxide (the desorption peak were 
constant).  

3.2.4 Temperature-programmed reduction (TPR) 

The H2-TPR measurements were carried out in a quartz u-tube reactor to 
determine the reducibility and reduction temperature of platinum catalysts. 
Approximately, 0.1 g of catalyst was packed in a quartz U-tube.  Prior to the 
measurements, all the catalyst samples were pretreated with a N2 flow (30 cm3/min) 
at 200 °C for 1 h in order to remove any adsorbed and then cooled down to the room 
temperature. After that, TPR profiles were obtained by flow carrier gas (10%H2/Ar) 
through the catalysts samples with 30 cm3/min and temperature ramping from 30 ºC 
to 800 °C at 10 ºC/min.  

3.2.5 Electron spin resonance (ESR) 

The surface Ti3+ on surface TiO2 supports were measured by electron spin 
resonance spectroscopy (ESR) using a Elxys500 at X-band (Bruker). It was performed to 
monitor the surface Ti3+ on the surface of the TiO2. 

3.2.6 X-ray photoelectron spectroscopy (XPS) 

 The XPS analysis was performed using an AMICUS photoelectron spectrum 

spectrometer equipped with an MgKα X-ray as primary excitation and KRATOS VISION2 
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software. XPS elemental spectra were acquired with 0.1 eV energy step at a pass 
energy of 75 kV. The C 1s line was taken as an internal standard at 285.0 eV. 

3.2.7 Inductively coupled plasma-atomic emission spectrometry (ICP) 

 The actual Pt loading of the catalysts after impregnation and adsorption were 
measured by inductively coupled plasma-atomic emission spectrometry (ICP), using an 
Iris advantage Thermo Jarrel Ash devide. 

3.2.8 Infrared spectroscopy of adsorbed CO (CO-IR) 

The CO adsorbed species on the Pt/TiO2 catalysts were measured. He gas was 
introduced into the sample cell in order to remove the remaining air.  The catalysts 
were reduced with H2 flow for 2 h. and cooled down to the room temperature in He 
flow. Then, CO-He mixture was flow over the catalyst for 30 min. After that, CO was 
purged from the cell with He flow and the IR spectrum of CO adsorbed over the 
catalyst was recorded. 

3.2.9 Transmission electron microscopy (TEM) 

The morphology and crystallite sizes of TiO2 supports were measured by using 
JEOL-JEM 2010 transmission electron microscope using energy-dispersive X-ray 
detector operated at 80-200 kV.  
 
3.3 Catalytic hydrogenation 

Prior to the catalytic tests, the catalysts were reduced under H2 flow (30 
cm3/min) at 200 and 500 ºC for 2 h. Liquid-phase hydrogenation reaction of 3-
nitrostyrene (NS) was carried out in a 50 cm3 autoclave. The reactor was charged with 
0.5 cm3 of NS (3.6 mmol) and 20 mg of the catalysts. It was purged with H2 for three 
times to remove the air and heated in a water bath. The reaction was carried out at 
40 °C, 2 MPa of H2 with a high-pressure liquid pump. The reaction was conducted while 
stirring the reaction mixture with a magnetic stirrer. After the reaction, the reactor was 
cooled below room temperature with an ice-water and carefully depressurized. The 
reaction mixture was then analyzed by a gas chromatograph attached with a flame 
ionization detector using decane as an internal standard. 
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Table 3.4 Chemicals used in the liquid-phase hydrogenation of 3-nitrostyrene 
Chemicals formula Suppliers density Molecular 

weight 

3-nitrostyrene

 

 H2C=CHC6H4NO2, 

96% 
 
 

Aldrich 
Chemical Ltd. 

1.07 g/mL 
at 25 °C 
(lit.) 

 149.15 
  
 

3-Vinylaniline  CH2=CHC6H4NH2, 
97% 
 
 
 

Aldrich 
Chemical Ltd. 

1.051 g/mL
 at 25 °C 
(lit.) 

 119.16 
  
 

3-Ethylaniline

 

 C2H5C6H4NH2, 98% 
 

Aldrich 
Chemical Ltd. 

0.975 g/mL
 at 25 °C 
(lit.) 

 121.18 
 

Hydrogen gas  H2(UHP; 
99.99vol%) 

linde   

Ethanol C2H5OH, 99.5% Aldrich 
Chemical Ltd. 

0.789 g/mL
 at 20 °C 

 46.07 
 

 
Table 3.5 Operating conditions of gas chromatograph of selective hydrogenation of 
3-NS. 

Gas chromatograph Shimadzu GC2014 
Detector FID 

Capillary column Rtx®-5 
Carrier gas Helium (99.99 vol. %) 

Make-up gas Air (99.9 vol. %) 
Column temperature 140 °C 

Injector temperature 270 °C 

Detector temperature 310 °C 



 

 

48 

 
Figure 3.3 Schematic of the liquid-phase hydrogenation of 3-NS 
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CHARPTER IV 
RESEARCH METHODOLOGY AND REDEARCH PLAN 

4.1 The research methodology 

The research methodology consists of two parts. 
Part I. The investigation of the effect of calcination atmospheres of a sol-gel TiO2 on 
the catalytic properties of Pt/TiO2 catalysts by incipient wetness impregnation for 
liquid-phase hydrogenation of 3-nitrostyrene. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Preparation of titanium 
dioxides (sol-gel). 

TiO2 were calcined under different 
atmospheres (H2, Air, N2, O2, and Ar). 

Preparation of 0.5wt% Pt loading on the 
TiO2 support by incipient wetness 

impregnation method. 

Reduced with H2 at 
200 °C for 2 h 

Reduced with H2 at 
500 °C for 2 h 

Reaction study in the liquid-phase selective 
hydrogenation of 3-nitrostyrene. 

Discussion and conclusions 

Support 
characterizations by 
 BET 

 XRD 

 H2-TPR 

 XPS 

 ESR 

Catalyst 
characterizations by 
 BET 

 XRD 

 H2-TPR 

 XPS 

 CO 

chemisorption 
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Part II Study the Pt/TiO2 catalysts prepared by strong electrostatic adsorption 
method of Pt on the selected sol-gel TiO2 and compare to those prepared by the 
incipient wetness impregnation method in the liquid-phase hydrogenation of 3-
nitrostyrene. 
 
 
 
 
 
 
 
 
 
 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Preparation of 
titanium dioxides 

(sol-gel). 

Preparation of 0.5wt% Pt/TiO2 catalysts 
with selected calcination atmosphere 

of TiO2 support from part I 

Strong electrostatic adsorption 
(SEA) method 
 Pt/TiO2 calcined under H2 

 Pt/TiO2 calcined under air 

Incipient wetness impregnation 
method  
 Pt/TiO2 calcined under H2 

 Pt/TiO2 calcined under air 

Reaction study in the liquid-
phase selective hydrogenation 

of 3-nitrostyrene. 

Discussion and conclusions 

Support 
characterizations 
by 
 BET 

 XRD 

 H2-TPR 

 XPS 

 ESR 

Catalyst 
characterizations 
by 
 BET 

 XRD 

 H2-TPR 

 XPS 

 CO-chem 

 CO-IR 

 

Reduced with H2 at 
200 °C for 2 h 
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CHARPTER V 
RESULTS AND DISCUSSION 

In this chapter, the investigation of the physiochemical and catalytic properties 
over the Pt/TiO2 prepared by strong electrostatic adsorption and incipient wetness 
impregnation are discussed. The results and discussion are divided into two parts. In 
the first part, the effects of calcination atmospheres of the sol-gel TiO2 on the 
physiochemical and catalytic properties of Pt/TiO2 catalysts and influence of reduction 
temperature in the liquid-phase hydrogenation of 3-nitrostyrene were investigated. The 
titanium dioxide particles were analyzed by XRD, BET surface areas, ESR, and XPS. The 
characteristics and catalytic properties of Pt (0.5wt% Pt) prepared by the incipient 
wetness impregnation method in the selective hydrogenation of 3-nitrostyrene were 
analyzed by XRD, N2-physisorption, H2-temperature programmed reduction (H2-TPR), 
infrared spectroscopy of adsorbed CO (CO-IR) and CO-pulses chemisorption. In the 
second part, the Pt/TiO2 catalysts prepared by strong electrostatic adsorption method 
on the selected sol-gel TiO2 were investigated and compare to those prepared by the 
incipient wetness impregnation method in the liquid-phase hydrogenation of 3-
nitrostyrene. The characterization of the catalyst samples include XRD, ICP, CO 
chemisorption and H2-TPR. 
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Part I 
The effects of calcination atmospheres of the sol-gel TiO2 on the 

catalytic properties of Pt/TiO2 catalysts prepared by incipient wetness 
impregnation and the influence of reduction temperature in the 

liquid-phase hydrogenation of 3-nitrostyrene. 

5.1 The characteristics and properties of a sol-gel TiO2 calcined under H2, air 
and Ar atmosphere. 

In this section, the nanocrystalline TiO2 supports were prepared by the sol-gel 

method and calcined at 350 °C under different atmospheres including reducing, air, 

and inert atmosphere (H2, Air and Ar) for 2 h. The properties of the TiO2 supports were 

investigated by X-ray diffraction (XRD), BET surface areas, Hydrogen temperature 

program reduction (H2-TPR), electron spin resonance (ESR), and X-ray photoelectron 

spectroscopy (XPS). 

5.1.1 X-ray diffraction (XRD) 

The sol-gel method is an easy method for preparation of nanosized TiO2 but 

the powder obtained is amorphous in nature and further heat treatment is required 

for crystallization. The XRD patterns of TiO2 supports prepared by sol-gel method and 

calcined at different atmospheres are shown in Figure 5.1. The measurements were 

carried out at the diffraction angles (2θ) between 20º and 80°. From the XRD results, 

all the TiO2 synthesized samples exhibited anatase phase TiO2 at  2θ degrees 25° 

(major), 37º, 48°, 55º, 56°, 62º, 71° and 75º and the small peak at 30.81° corresponded 

to brookite phase TiO2. The average crystallite sizes of anatase phase TiO2 supports 

calcined under different atmosphere were calculated by the Scherrer’s equation from 

the full width at half maximum of the XRD peak at 2θ = 25°. The average crystallite 

size of the anatase phase TiO2 calcined under H2, air and Ar atmospheres was similar 

about 7-8 nm as shown in Table 5.1. According to Riyapan, S. et al. [18] the TiO2 
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supports calcined under H2 and air were similar in structural properties. From the XRD 

results, it is suggested that the calcination atmosphere of sol-gel TiO2 supports did not 

have any influence on the average crystallite size and exhibited similar phase 

composition. 

Figure 5.1 The XRD patterns of TiO2 calcined under H2, air and Ar atmosphere. 
 

5.1.2 N2-physisorption 

The BET surface area, pore volume, and pore diameter of the sol-gel TiO2 
calcined under different atmospheres are shown in Table 5.1. The pore structures were 
determined from the Barret-Joyner-Halenda (BJH) desorption metod. The BET surface 
areas of all the TiO2 supports were not different ranging between 139-159 m2/g with 
pore volume about of 0.3 cm3/g and average pore diameter about of 4.9 nm.  The 
physisorption isotherms of TiO2-H2, TiO2-air and TiO2-Ar supports are shown in Figure.5.2 
All the TiO2 supports exhibited type-IV physisorption isotherm with hysteresis loop, 
corresponding the characteristic of mesoporous materials with pore diameters 
between 2 and 50 nm. The shape characteristic of hysteresis loop for all TiO2 supports 
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as calcined under different atmosphere were type H1, which describes a narrow 
distribution of relatively uniform pores. It is clearly observed that the titania supports 
prepared by sol-gel method and calcined under different atmosphere had a uniform 
pore size distribution in a very narrow range. Thus, the calcination atmosphere did not 
have any influence on the structural properties of the sol-gel TiO2. Similar results have 
been reported by Wu et al. [21] There were no significant differences in the average 
crystallite size and specific surface area of the TiO2 synthesized by a sol-gel process 
and calcined under different atmosphere (H2(3% in N2), Ar, Air, N2 and vacuum). 
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Figure 5.2 N2 adsorption isotherm of TiO2 supports calcined under H2, air and Ar 
atmosphere 

 
Table 5.1 Physical properties of the TiO2 

a Base on the XRD results. 
b Determined from the Barret-Joyner-Halenda (BJH) desorption method. 
 

5.1.3 H2-TPR 

The H2-TPR measurements were carried out to study the reduction behaviors 
of the TiO2 supports calcined under different atmosphere of sol-gel TiO2 and the 
results are shown in Figure 5.3. All the prepared TiO2 supports showed only one 

reduction peak at above 500 ̊C attributing to the reduction of surface capping oxygen 
of TiO2 [1]. The TPR profiles of all TiO2 supports exhibited similar peak position. 
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. 
Figure 5.3 H2-TPR profiles of the TiO2 supports calcined under H2 air and Ar 

atmosphere 
5.1.4 X-ray photoelectron spectroscopy (XPS) 

XPS is the technique to determine the elemental composition of the catalyst 
sample at surface and electronic states. The deconvolution of O1s XPS peak are shown 
in Figure 5.4, there are three peaks of XPS spectra observed in TiO2 support calcined 
under difference atmospheres. The peaks located at 530.3, 532.2 and 533.9 were 
assigned to the lattice oxygen, surface hydroxyl groups and adsorbed oxygen mainly 
from adsorbed water molecules, respectively [55]. The binding energies of Ti 2p in TiO2 
for Ti4+ were located at 458.9 and 464.8 eV, which were  assigned to Ti4+ 2p3/2 and Ti4+ 
2p1/2, respectively [22]. The XPS spectra peaks for Ti 2p of the TiO2 supports are 
presented in Figure 5.5. The TiO2-Ar showed binding energies of Ti at 458.9 eV for Ti 
2p3/2, attributing to Ti4+, while TiO2-H2 and TiO2-air exhibited the XPS shifting to the 
lower BE. The TiO2 catalyst calcined under Ar and air showed higher Ti binding energy 
than the calcined under H2, vacuum and N2 according to Wu, N.L. et al. [21]. They 
indicated that a non-oxidizing atmosphere such as N2 vacuum and H2, resulted in Ti 
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ions of lower valences, likely Ti3+. In this work, it is believed that the sol-gel TiO2 
calcined under H2 atmosphere proceed more Ti3+ on the surface of TiO2 support. The 
investigation of defect on TiO2 from ESR spectra are presented in the next section. 

Figure 5.4 XPS spectra of O1s of TiO2 supports. 

Figure 5.5 XPS spectra of Ti 2p of TiO2 supports. 
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5.1.5 Electron Spin Resonance (ESR) 

Electron spin resonance is a highly sensitive technique for studying chemical 
species having one or more unpaired electrons. In this work, ESR technique was used 
determined the defective site of TiO2. Nakaoka et al. [56] and Hirakawa et al. [57] 
reported the g values of the ESR signals occurring on the TiO2 powders. There are six 
signals of ESR spectra: i) Ti4+O-Ti4+OH-, ii) surface Ti3+, iii) adsorbed oxygen (O2-), iv) Ti4+O2-

Ti4+O2-, v) inner Ti3+, and vi) adsorbed water. The ESR spectra of the sol-gel TiO2 
supports calcined under different atmosphere are shown in Figure 5.6 and two signal 
were also obtained on TiO2 with board peak and asymmetry may be overlap. 
Corresponding to Strunk, J. [58], all the ESR spectra of the partially reoxidized sample 
showed a second paramagnetic signal centered around g=2.010 apart from the 
paramagnetic Ti3+ signal. It is possible that some of components might overlap with 
Ti3+ signal. It was found that the sol-gel TiO2 calcined under H2 and air exhibited signal 
at the g value of 1.997, which can be attributed to surface Ti3+ [59, 60]. The Ti3+ species 
are produced by trapping of electrons at defective sites of TiO2 and the amount of 
accumulated electrons may therefore reflect the number of defective sites [61]. 
Another signal at g= 2.012, corresponded to oxygen vacancy. The signals between 
1.998 and 2.012 are ascribed to the electrons trapped by oxygen vacancy on the TiO2 
surface [62]. Pan, X. [63] shows that all the defects identified in TiO2, oxygen vacancy 
is one of the most importance and is supposed to be the prevalent defect in many 
metal oxides. The formation of oxygen vacancy in TiO2 leads to the creation of 
unpaired electrons or Ti3+ centers. Suriye, K. et al [20] reported that dispersion of cobalt 
increased with the amount of surface defect (Ti3+) present in titania support as used 
for preparation Co/TiO2 catalysts. Xiong, L. [64] show that the dominant defects in TiO2 
surfaces are Ti3+ defects and oxygen vacancies and defects in TiO2 plays a significant 
role in enhancing the dispersion and stability of supported metal via the strong 
interaction between defect site and metal cluster. The TiO2–Ar founded only signal 
assigned to oxygen vacancies.  
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The intensity of the ESR spectra also indicated the amount of defects on the 
sol-gel TiO2. It was found that the intensity of ESR signal of TiO2-H2 was stronger than 
the TiO2-air and TiO2-Ar, indicating the amount of defects on the surface of TiO2 
increased when calcined under H2 atmosphere. It was in good agreement with the XPS 
results. Thus, it demonstrates that the formation of defect on TiO2 can be favoured by 
sol-gel TiO2 when calcined under H2 atmosphere. The amounts of Ti 3+ defects increase 
with increasing crystallite size of TiO2 as prepared by solvothermal method [60]. In this 
work, all the prepared TiO2 supports possessed similar average crystallite size and BET 
surface area. According to the presence of defects on the surface of TiO2 as shown by 
the XPS and ESR results, it is demonstrated that calcination atmosphere for preparation 
of sol-gel TiO2 at mild temperature led to the creation of defect on the TiO2 without 
phase transformation.  

Liu, H. et al. [65], reported that the oxygen vacancy and Ti3+ species generated 
during the H2 treatment appears as defects in the TiO2 structure and it seems that 
oxygen vacancies and Ti3+ may be present in the modified TiO2. The peaks with a g 
factor of 1.955 and 2.002 were assigned to Ti3+ and oxygen vacancies, respectively 

when the H2 treatment was lower than 400 ̊C. When the H2 temperature was further 
increased, the oxygen vacancy reached a saturated status and the electrons in the 
oxygen vacancies were transferred out to form Ti3+. If the H2 treatment occurred at 
low temperature, oxygen vacancies was deduced alone. The ESR results showed that 
during the hydrogen treatment, oxygen vacancies was first produced and Ti3+ was then 
generated.  
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Figure 5.6 The ESR results of TiO2 calcined under H2, air and Ar atmosphere at 350 °C 
 
5.2 Properties of 0.5%Pt/TiO2 catalysts prepared by incipient wetness 
impregnation method. 

In this section, the sol-gel TiO2 calcined under H2, air and Ar were employed as 

the supports for preparation of 0.5%Pt/TiO2 catalysts by  incipient wetness 

impregnation method and studied in the selective hydrogenation of 3-NS. The 

properties of Pt/TiO2 catalysts were investigated by XRD, BET surface areas, H2-TPR, CO-

IR, TEM and CO-chemisorption. 
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5.2.1 XRD 

The XRD patterns of 0.5%Pt/TiO2 catalysts prepared by incipient wetness 

impregnation are shown in Figure 5.7. The measurements were carried out at the 

diffraction angles (2θ) between 20º and 80°. From the XRD results, all the Pt/TiO2 

synthesized samples exhibited anatase phase TiO2 at  2θ degrees 25° (major), 37º, 48°, 

55º, 56°, 62º, 71° and 75º and the small peak at 30.81° corresponded to brookite phase 

TiO2. After Pt loading, there were no changes in crystalline phase of TiO2 for all the 

catalysts. No sharp peaks for Pt can be observed in all the XRD patterns after platinum 

loading due to the low metal loading and/or Pt nanoparticles were highly dispersed 

on TiO2 supports. The average crystallite sizes of TiO2 after Pt loading were calculated 

by the Scherrer’s equation from the full width at half maximum of the XRD peak at 

2θ = 25°. There were no change of the average crystallite size of TiO2 upon Pt loading. 

The crystallite size was maintained at about 7-8 nm as shown in Table 5.2 

 
Figure 5.7 The XRD patterns of Pt/TiO2 catalysts. 
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5.2.2 N2-Physisorption 

The BET surface area, pore volume, and pore diameter of the Pt/TiO2 catalysts 
prepared by incipient wetness impregnation method and calcined at 400 ˚C are shown 
in Table 5.2. The BET surface areas of all the Pt/TiO2 catalysts were ranging 129-143 
m2/g and average pore diameter about of 4.9 nm were obtained. There were no 
changes of the average pore diameter of TiO2 upon Pt loading. However, the BET 
surface areas and pore volume of TiO2 after Pt loading slightly decreased due to pore 
blockages.  

 
Table 5.2 Physical properties of the Pt/TiO2 catalysts. 

a Base on the XRD results. 
b Determined from the Barret-Joyner-Halenda (BJH) desorption method. 
 

5.2.3 Hydrogen Temperature program reduction (H2-TPR) 

The H2-TPR measurements were carried out to study the reduction behaviors 
of the Pt/TiO2 catalysts under different atmosphere of sol-gel TiO2 and the results are 
shown in Fig 5.8. All the prepared TiO2 supported Pt showed three reduction peaks. 
The first peak at around 95 ºC was associated to the reduction of PtOx crystallites to 
metallic Pt [66, 67]. The reduction of Pt oxide on the Pt/TiO2-H2 and Pt/TiO2-air 
occurred at slightly lower temperature compared to the Pt/TiO2-Ar, corresponding to 
a higher dispersion of Pt on the support surface. In the literature, decomposition of Pd 
hydride on the TiO2- N2 occurred at lower temperature than TiO2-O2, resulting higher 
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dispersion of Pd dispersion [43]. The reduction peak of Pt oxide on the Pt/TiO2-Ar 
showed larger peak area than over the Pt/TiO2-air and Pt/TiO2-H2, indicating the 
agglomeration of Pt oxide or lower Pt dispersion. The second peak appeared as a larger 

peak from 250  ̊C to 500 ̊C, which can be attributed to the reduction of Pt species 
interacting with the TiO2 support to form Pt-TiOx interface sites and the hydrogen 
consumption above 500 °C was due to the reduction of surface capping oxygen of TiO2 
[1, 67]. The TPR profiles of all catalysts exhibited similar peak position. Some reported 
that the Pt/TiO2 catalyst, the supported metallic Pt can catalyse molecular H2 
dissociation and induce spillover of H atoms from the metal to the oxide support, 
hence lower the reduction temperature of support [68]. However, in this work, 
hydrogen spillover behavior was not observed. 

 
Figure 5.8 The H2 –TPR profiles of Pt/TiO2 catalysts. 
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5.2.4 Transmission electron microscopy (TEM)  

The TEM images of 0.5wt%Pt/TiO2 catalysts are shown in Figure 5.9. All the 
catalyst particles showed spherical shape. The average particle size determined from 
the TEM images was about 8 nm, which was consistent to that calculated from the 
XRD results. It is indicated that the TiO2 obtained from both methods was single 
crystalline. From TEM images, Pt/PtO metal were not distinguishable from TiO2 
supports probably due to low metal loading.  

 
 
 
 

Average=8 nm 
S.D. = 1.06 

Average=8 nm 
S.D. = 1.14 
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Figure 5.9 TEM images and size distribution of a) Pt/TiO2-H2 b) Pt/TiO2-air 
c) Pt/TiO2-Ar 

 
5.2.5 Infrared spectroscopy of adsorbed CO (CO-IR) 

Figure 5.10 illustrates FT-IR spectra of adsorbed CO on the Pt/TiO2 catalysts 
prepared with different calcination atmospheres of the sol-gel TiO2 supports. The IR 
spectrum of adsorbed CO shows bands in the range of frequency of 2200-1800 cm-

1.The adsorption band at around 2000-2100 cm-1 was assigned to a linear type of CO 
adsorption [69] while IR bands in the 1825 cm-1 corresponded to bridged-type 
adsorbed CO. It was reported that bridge-type adsorbed CO formed on large Pt 
particles, while linear-type adsorbed CO form on small Pt particles [1]. The high-
frequency band at 2070-2100 cm-1 was assigned to the adsorption of CO adsorbed on 
highly coordinate Pt surfaces like Pt (111) terraces and Pt (100) while that lower 
frequencies at 2000-2066 cm-1 was on low coordinated Pt sites like kink, edge and 
corner [32]. Yoshida, H. et al. [32] reported that low coordinated Pt sites are more 
active for the hydrogenation of nitro group of NS in to VA. In this work, the adsorption 
band at 2065 cm-1, which corresponded to the CO adsorbed of Pt on edge site and 
this band was asymmetry toward the lower wave number side, suggesting the presence 
of another band around 2035 cm-1,which assigned to CO adsorbed on corner and/or 
kink sites [15]. The Pt/TiO2-H2 caused the increase in the relative quantity of low-
coordinated Pt sites on edge and corner while the peaks became very small for the 

Average=8 nm 
S.D. = 1.21 
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Pt/TiO2-air and Pt/TiO2-Ar, corresponding to the CO-chemisorption results that the 
Pt/TiO2-air and Pt/TiO2-Ar exhibited much lower Pt active sites than the Pt/TiO2-H2. It 
is effective for the formation of a large of low coordinate Pt sites on the surface of 
dispersed Pt particles. The hydrogenation of NS on Pt/TiO2 catalyst is a structure-
sensitive reaction and low coordinated Pt sited are more active for the hydrogenation 
of nitro group than vinyl group [32]. The linear adsorbed CO stretch bands on theTiO2- 
supported metallic Pt catalyst were reported at frequencies vary between 2050 and 
2090 cm-1, which depend on catalyst dispersion and charge transfer in the 
neighborhood of Pt adsorption sites [70]. In this work, Pt supported on TiO2 which TiO2 
supports calcined under different atmosphere had different degrees of Pt dispersion. 
The adsorption band of Pt/TiO2-H2, Pt/TiO2-air and Pt/TiO2-Ar appeared at 2070, 2065 
and 2062 cm-1, respectively. Yoshida, H. et al [32] reported that the larger fraction of 
low coordinated Pt sites existed on the surface of smaller TiO2 crystallites which 
promoted the electron donation from Ti to Pt particles. The larger fraction of less 
coordinated Pt site exist on the surface of TiO2-H2, which promotes the electron 
donation from the Ti to Pt particles. It is confirmed by the FT-IR results of CO adsorption 
that the adsorption band of the CO adsorbed on Pt was red-shifted to more extent in 
the TiO2-H2. 

Figure 5.10 CO-IR spectra of 0.5%Pt/TiO2 catalysts. 
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5.2.6 CO-pulses chemisorption 

The relative amount of Pt active sites on the catalyst samples were usually 
calculated from the chemisorption results based on the assumption that one CO 
molecule adsorbed on one Pt site. The amounts of CO chemisorption on Pt/TiO2 

catalysts reduced at 200 °C and 500 °C are shown in Table 5.3. The Pt dispersion 
reduced at 200 °C and 500 °C on TiO2-H2 were 57% and 36%, respectively, while those 
of Pt/TiO2-air were 29% and 25%, respectively. The Pt/TiO2-Ar exhibited the lowest Pt 
dispersion between 27 and 20%, respectively.  It was found that Pt dispersion on TiO2-
H2 was much higher than those supported on TiO2-Air and TiO2-Ar. Comparing between 
the two reduction temperature used, the Pt/TiO2 catalysts reduced at 200 °C showed 
higher Pt dispersion than catalysts reduced at 500 °C. The higher Pd dispersion and the 
stronger metal–support interaction were correlated with the presence of surface Ti3+, 
leading to improved catalyst performance [43]. Suriye, K. et al [20] reported that 
dispersion of cobalt increased with the amount of surface defect (Ti3+) present in titania 
support as used for preparation Co/TiO2 catalysts. The presence of surface Ti3+ on the 
TiO2 support prepared by sol-gel method gives the higher Pd dispersion [18]. Thus, the 
Pt supported on the TiO2 containing higher amount of defect, exhibited higher Pt 
dispersion. In our results, the effect of the calcination atmosphere used during 
preparation of the sol-gel TiO2 supports had influence on the amount defective sites 
on the TiO2 surface, and as a consequence affected the dispersion of Pt on TiO2 surface. 
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5.3 Reaction study in the liquid phase selective hydrogenation of 3-nitrostyrene 

 

Figure 5.11 Simplified reaction scheme of the hydrogenation of 3-NS. 
 
As shown in Figure 5.11, NS hydrogenation is quite a complex reaction, which 

has two main reaction pathways occurring from hydrogenation of a C=C double bond 
and a nitro group [2].  The reaction involves a nitro group reduction towards 3-VA, 
which can be further transformed to the undesired 3- ethylaniline (3-EA) and 3- 

ethylnitrobenzene (3-ENB) which can be further converted to 3-EA [49]. The catalytic 
performance of 0.5%Pt catalysts supported on sol-gel derived TiO2 calcined under 
different atmospheres were investigated in the selective hydrogenation of NS under 
the following reaction conditions: 40 °C, 2 MPa of H2. The catalytic behaviors of the 
Pt/TiO2 catalysts prepared with different calcination atmospheres of TiO2 supports 
including NS conversion and product selectivity are summarized in Table 5.3. The main 
hydrogenation products were ENB and VA. The desired product is VA without formation 
of intermediates hydrogenation products.  It was found that a proper selection of the 
catalysts by system of small Pt crystallites on TiO2 support could improve the catalytic 
performance with avoiding the formation of hydroxylamine intermediates. For any 
reduction  temperature,  the  Pt/TiO2-H2  catalysts  exhibited  much  higher  catalytic 
activity  than  the  Pt/TiO2-air and Pt/TiO2-Ar  catalysts,  which  could  be  attributed  
to the  higher  Pt  dispersion. The catalytic activity was dropped when Pt supported 
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on sol-gel TiO2 support calcined under Ar atmosphere due to the low dispersion of Pt 
as supported by the co-chemisorption. Combining the results of the reaction of the 
reaction study and those of the FT-IR measurement. It was found that the higher 
selectivity of Pt/TiO2-H2 for VA formation resulted from the larger relative quantity of 
low coordinated Pt sites on edge, corner and kink sites. Ichiro, S. et al. [15] reported 
that the hydrogenation of the nitro group would preferentially proceed on low 
coordinated Pt sites while the vinyl group would occur on the terrace sites. The 
catalytic activity in the selective hydrogenation of 3-NS related with availability of Pt 
surface atoms in Pt dispersion but VA selectivity depend on the number of Pt-TiOx 
interface sites [1]. At low reduction temperature, all Pt/TiO2 catalysts had slightly higher 
VA selectivity. The Pt/TiO2-H2 showed the highest VA selectivity among the catalysts 
studied at around 90 % at 76 % conversion comparing at high reduction temperature. 

The high reduction temperature at 500 ̊C decreased both the conversion of 3-NS and 
VA selectivity on Pt/TiO2-H2 due to Pt metal sintering led to migration over the catalyst 
surface. Increasing of the activation temperature (TA=573-773K) results in nanoparticles 
(NPs) of bigger sizes, thus, decrease of VA selectivity with TA=473 to 573 K can be 
attributed to a NP size effect [49]. It was reported that bridge-type adsorbed CO formed 
on large Pt particles, while linear-type CO adsorbed on low coordinate form on small 
Pt particles and Yoshida, H.et al [32] reported that low coordinated Pt sites are more 
active for the hydrogenation of nitro group of NS in to VA. In this work, it is suggested 

that all the Pt/TiO2 catalysts reduced at 500 ̊C promoted the reduction of the C=C 
double bond so that the ENB selectivity increased comparing to the lower reduction 
temperature. 

The relationship between the NS conversion and the VA selectivity of Pt/TiO2 
catalysts reduced at 200 °C as a function of reaction time over Pt/TiO2-H2 and Pt/TiO2-
air catalysts are shown in Figure 5.12. Increasing of reaction time, the conversion of 3-
NS increased while the selectivity of 3-VA remained essentially unchanged at 
approximately 90%, except when the conversion was below 20% for Pt/TiO2-H2 and 
when the conversion was below 40% for Pt/TiO2-air. It  was found  that  the  VA  
selectivity  did not  depend  on  the  NS  conversion but affected  by  Pt  surface  sites. 
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The Pt/TiO2-H2 showed high selectivity at all conversion levels. The Pt/TiO2-H2 showed 
higher conversion of 3-NS than the Pt/TiO2-air. Complete conversion of NS was 
obtained within 80 min for both catalysts.  

It is known that the TiO2 and Pt metal exhibits strong metal–support interaction 
(SMSI) phenomenon due to reduction at high temperatures by the decoration of the 
metal surface by partially reducible metal oxides or by an electron transfer between 
the support and the metals. Fujita, S,I. et al [15] reported that strong-metal support 
interaction (SMSI) between Pt and TiO2 improved selectivity of VA by partially reduced 
TiO2 (TiOx) decorates Pt metal surface when catalysts were reduced at high 
temperature but at  the  expense  of  activity. In this  study,  both  activity  and 
selectivity  of  all catalyst  increased  when  low reduction temperature at 200 °C were 
used. Kang et al. [71] reported that Pd/TiO2 reduced at 500 °C improved ethylene 
selectivity when compared to Pd/TiO2 catalyst reduced at 300 °C, due to the SMSI 
effect. Riyapan, S. et al [43] showed that the presence of Ti3+ promoted SMSI effect 
and ethylene desorption, thus, high reduction temperature was not necessary for 
improved catalytic performance. The large crystallite size of solvothermal-derived TiO2 
correlated with the higher amount of Ti3+ surface defect, resulting in higher dispersion 
of cobalt due to strong interaction between Co and TiO2 [72]. In the present work, the 
large amount of defect on surface of TiO2 supports led to increased dispersion of Pt 
on the TiO2 supports, which resulted in an improvement of catalysts activity and 
promoted the reduction of the nitro group so that the VA selectivity increased. High 
reduction temperature was not necessary for the selective hydrogenation NS to VA 
over these catalysts. 
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Figure 5.12 NS conversion and VA selectivity of Pt/TiO2 
 

5.4 The characteristics and properties of a sol-gel TiO2 calcined under N2 and O2 
atmosphere. 

From the last part, the Pt/TiO2-air exhibited the lower activity and VA selectivity 

compared to the Pt/TiO2-H2. However, air is composed of N2 and O2 so the O2 and N2 

atmospheres were studied and compared in this section. The nanocrystalline TiO2 

supports were prepared by a sol-gel method and calcined at 350 °C under different 

atmospheres (N2 and O2) for 2 h. The properties of TiO2 supports were investigated by 

X-ray diffraction (XRD), BET surface areas, hydrogen temperature program reduction 

(H2-TPR), Electron spin resonance (ESR), and X-ray photoelectron spectroscopy (XPS). 

5.4.1 X-ray diffraction (XRD) 

The XRD patterns of TiO2 supports prepared by sol-gel method and calcined 
under N2 and O2 atmospheres are shown in Figure 5.13. The XRD peaks were similar to 
the results in previous part. The average crystallite size of the anatase phase TiO2 
calcined under N2 and O2 atmospheres was similar at about 7-8 nm. According to 
Riyapan, S. et al. [43] showed that the average crystallite size of the TiO2 calcined 
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under different atmosphere (N2 and O2) was similar at 6 nm. From the XRD results, it 
can suggests that the calcination atmosphere of sol-gel TiO2 supports did not have any 
influence on the average crystallite size and exhibited similar in XRD pattern. 

Figure 5.13 The XRD patterns of TiO2 calcined under N2 and O2 atmosphere. 
 

5.4.2 N2-physisorption 

The BET surface area, pore volume, and pore diameter of the sol-gel TiO2 
calcined under N2 and O2 atmosphere were shown in Table 5.4. The BET surface areas 
of the TiO2 supports calcined under N2 and O2 were 138 and 154 m2/g, pore volume 
about of 0.3 cm3/g and average pore diameter about of 4.9 nm. The physisorption 
isotherms of TiO2-N2 and TiO2-O2 supports are shown in Figure.5.14. All the TiO2 
supports exhibited type-IV physisorption isotherm with hysteresis loop, corresponding 
the characteristic of mesoporous materials with pore diameters between 2 and 50 nm. 
The shape characteristic of hysteresis loop for all TiO2 supports as calcined under 
different atmosphere were type H1, which describes a narrow distribution of relatively 
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uniform pores. Thus, suggest that the calcination atmosphere did not have any 
influence on the structural properties of the sol-gel TiO2.  

Figure 5.14 N2 adsorption isotherm of TiO2 supports calcined under N2 and O2 
atmosphere 
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Table 5.4 Physical properties of the TiO2 

 
a Base on the XRD results. 
b Determined from the Barret-Joyner-Halenda (BJH) desorption method. 
 

5.4.3 Hydrogen Temperature program reduction (H2-TPR) 

The H2-TPR measurements were carried out to study the reduction behaviors 
of the TiO2 supports under N2 and O2 atmosphere of sol-gel TiO2 and the results are 
shown in Figure 5.15. All the prepared TiO2 supports showed only one reduction peak 

at above 500 ̊ C attributing to the reduction of surface capping oxygen of TiO2 [1, 67]. 
The TPR profiles of all TiO2 supports exhibited similar peak position. 

Figure 5.15 H2-TPR profiles of the TiO2 supports calcined under N2 and O2 
atmosphere 
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5.4.4 X-ray photoelectron spectroscopy (XPS) 

The deconvolution of O1s XPS peak are shown in Figure 5.16, there are three 
peaks of XPS spectra observed in TiO2 support calcined under N2 and O2 atmospheres. 
The O1s XPS peak were similar to the results in previous part. Figure 5.17, the TiO2-N2 
and TiO2-O2 supports showed binding energies of Ti at 458.9 eV for Ti 2p3/2, attributing 
to Ti4+ [22]. In this work, it is not different in peak composition and did not Ti3+ peak in 
both catalysts, due to small amount of Ti3+. 

Figure 5.16 XPS spectra of O1s of TiO2 supports. 

Figure 5.17 XPS spectra of Ti 2p of TiO2 supportts. 
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5.4.5 Electron Spin Resonance (ESR) 

The ESR spectra of the sol-gel TiO2 supports calcined under N2 and O2 

atmosphere are shown in Figure 5.18. It was found that the sol-gel TiO2 calcined under 
N2 exhibited one signal at the g value of 1.997, which can be attributed to surface Ti3+ 

[59, 60]. The Ti3+ species are produced by trapping of electrons at defective sites of 
TiO2 and the amount of accumulated electrons may therefore reflect the number of 
defective sites. The TiO2-O2 support had a board peak and asymmetry may be overlap 
between Ti3+ and oxygen vacancies, thus, assigned to two signal were also obtained. 
Corresponding to [58], all ESR spectra of the partially reoxidized sample showed a 
second paramagnetic signal centered around g=2.010 apart from the paramagnetic Ti3+ 
signal, it is possible that some of components might overlap with Ti3+ signal. Zhang, K. 
et al [62] reported that signals between 1.998 and 2.012 are ascribed to the electrons 
trapped by oxygen vacancy on the TiO2 surface. The increased Ti3+ amount in oxygen 
atmosphere did not from the reduction of Ti4+ to Ti3+ due to low calcination 
temperature used and absence of hydrogen. They propose that the removal of the 
surface hydroxyl group when exposed to increase oxygen concentration for the 
formation of the surface defect [73].  

The intensity of the ESR spectra indicates that the amount of defects on the 
sol-gel TiO2. The intensity of ESR signal as assigned to Ti3+ of TiO2-N2 was stronger than 
the TiO2-O2, indicating the amount of Ti3+ defects on the surface of TiO2 increased 
when calcined under N2 atmosphere. Thus, it demonstrates that the formation of Ti3+ 
defect on TiO2 can be favoured by sol-gel TiO2 which calcined under N2 atmosphere. 
In this work, all the prepared TiO2 supports possessed similar average crystallite size 
and BET surface area. Thus, the presence of Ti3+ defects on the surface of TiO2 
demonstrates that calcination atmosphere for preparation of sol-gel TiO2 at mild can 
create defects on the TiO2 without phase transformation.  
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Figure 5.18 The ESR results of TiO2 calcined under N2 and O2 atmosphere at 350 °C 

 
5.5 Properties of 0.5%Pt/TiO2 catalysts prepared by incipient wetness 
impregnation method 

In this section, the sol-gel TiO2 calcined under N2 and O2 were employed as 

the supports for preparation of 0.5%Pt/TiO2 catalysts by  incipient wetness 

impregnation method and studied in the selective hydrogenation of 3-NS. The 

properties of Pt/TiO2 catalysts were investigated by X-ray diffraction (XRD), BET surface 

areas, Hydrogen temperature programmed reduction (H2-TPR), infrared spectroscopy 

of adsorbed CO (CO-IR), CO-chemisorption and transmission electron microscopy 

(TEM). 
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5.5.1 X-ray diffraction (XRD) 

The XRD patterns of 0.5%Pt/TiO2 supports prepared by incipient wetness 

impregnation are shown in Figure 5.19. From the XRD results, the XRD peaks were 

similar to the results in previous part. After Pt loading, there were no changes in 

crystalline phase of TiO2 for all the catalysts. No sharp peaks for Pt can be observed 

in all the XRD patterns after platinum loading due to the low metal loading and/or Pt 

nanoparticles were highly dispersed on TiO2 supports. There were no change of the 

average crystallite size of TiO2 upon Pt loading. The crystallites size was maintained at 

about 7-8 nm are shown in Table 5.6. 

 
Figure 5.19 The XRD patterns of Pt/TiO2 catalysts 
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5.5.2 N2-Physisorption 

The BET surface area, pore volume, and pore diameter of the Pt/TiO2 catalysts 

prepared by impregnation method and calcined 400 ̊C are shown in Table 5.5. The BET 
surface areas of all the Pt/TiO2 catalysts were ranging 136-141 m2/g and average pore 
diameter about of 4.9 nm were obtained. There were no changes of the average pore 
diameter of TiO2 upon Pt loading. However, the BET surface areas and pore volume of 
TiO2 after Pt loading slightly decreased due to pore blockages.  

 
Table 5.5 Physical properties of the Pt/TiO2 catalysts. 

a Base on the XRD results. 
b Determined from the Barret-Joyner-Halenda (BJH) desorption method. 
 

5.5.3 Hydrogen Temperature program reduction (H2-TPR) 

The H2-TPR measurements were carried out to study the reduction behaviors 
of the Pt/TiO2 catalysts under different atmosphere of sol-gel TiO2 and the results are 
shown in Figure 5.20. All the prepared TiO2 supported Pt showed three reduction 
peaks. The first peak at around 95 ºC was associated to the reduction of PtOx 
crystallites to metallic Pt [66, 67]. The second peak appeared as a larger peak from 

250 ̊C to 500 ̊C, which can be attributed to the reduction of Pt species interacting with 
the TiO2 support to form Pt-TiOx interface sites and the hydrogen consumption above 
500 °C was due to the reduction of surface capping oxygen of TiO2 [1, 67]. The TPR 
profiles of all catalysts exhibited similar peak position. 
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Figure 5.20 The TPR profiles of Pt/TiO2 catalysts. 
 

5.5.4 Transmission electron microscopy (TEM) 

The TEM images of 0.5wt%Pt/TiO2 catalysts are shown in Figure 5.21. All the 
catalysts particles showed spherical shape. The average particle size determined from 
the TEM images was about 7-8 nm, which was consistent to that calculated from the 
XRD results. From TEM images, Pt/PtO metal were not distinguishable from TiO2 
supports probably due to low metal loading.  
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Figure 5.21  TEM images and size distribution of a) Pt/TiO2-N2 b) Pt/TiO2-O2 
 

5.5.5 Infrared spectroscopy of adsorbed CO (CO-IR) 

Figure 5.22 illustrates FT-IR spectra of adsorbed CO on the Pt/TiO2 catalysts 
with the sol-gel TiO2 supports calcined under N2 and O2 atmosphere. In this work, the 
adsorption band at 2065 cm-1, which corresponded to the CO adsorbed of Pt on edge 
site and this band was asymmetry toward the lower wave number side, suggesting the 
presence of another band around 2035 cm-1,which assigned to CO adsorbed on corner 
and/or kink sites. The adsorption band were similar to the results in previous part. The 
Pt/TiO2-N2 catalyst caused the same in the relative quantity of low-coordinated Pt sites 
on edge and corner comparing to the Pt/TiO2-O2 catalyst.  

 

Average = 8 nm 

S.D. = 1.28 

Average = 7 nm 

S.D. = 1.26 
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Figure 5.22 CO-IR spectra of 0.5%Pt/TiO2 catalysts. 
 

5.5.6 CO-pulses chemisorption 

The amounts of CO chemisorption on Pt/TiO2 catalysts reduced at 200 °C and 
500 °C are shown in Table 5.6. The Pt dispersion reduced at 200 °C and 500 °C on TiO2-
N2 were 56% and 44%, respectively, while those of Pt/TiO2-O2 were 49% and 39%, 
respectively. It was found that Pt dispersion on TiO2-N2 was higher than those 
supported on TiO2-O2. Comparing between the two reduction temperature used, the 
Pt/TiO2 catalysts reduced at 200 °C showed higher Pt dispersion than catalysts reduced 
at 500 °C. The higher Pd dispersion and the stronger metal–support interaction were 
correlated with the presence of surface Ti3+, leading to improved catalyst performance 
[43]. Thus, the Pt supported on the TiO2 containing higher amount of defect, exhibited 
higher Pt dispersion. In our results, the effect of the calcination atmosphere used during 
preparation of the sol-gel TiO2 supports had influence on the amount defective sites 
on the TiO2 surface, and as a consequence affected the dispersion of Pt on TiO2 surface. 
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Table 5.6 CO chemisorption and reaction results of the 0.5%Pt/TiO2 catalysts. 

Reaction (3.6 mmol NS in 10 ml ethanol) at 40 ºC with a 20 mg catalyst under 20 bar 
 
5.6 Reaction study in the liquid phase selective hydrogenation of 3-nitrostyrene 

 
Figure 5.23 Simplified reaction scheme of the hydrogenation of 3-NS. 

 
The catalytic behaviors of the Pt/TiO2 catalysts at prepared with N2 and O2 

calcination atmospheres of TiO2 supports including NS conversion and product 

selectivity are summarized in Table 5.6. For reduction  temperature at 200 ̊C,  the  
Pt/TiO2-N2  catalysts  exhibited  slightly  higher  catalytic activity  than  the  Pt/TiO2-O2 
catalysts,  which  could  be  attributed  to the  higher  Pt  dispersion. Combining the 
results of the reaction of the reaction study and those of the FT-IR measurement. It 
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was found that the selectivity of Pt/TiO2-N2 and Pt/TiO2-O2 reduced at 200 ̊C were not 
different for VA formation corresponding to the same in the relative quantity of low-
coordinated Pt sites on edge and corner. Comparing the reduction temperature, the 
both catalysts did not difference in VA selectivity. 

It was known that the TiO2 and Pt metal exhibited exhibits strong metal–
support interaction (SMSI) phenomenon due to reduction at high temperatures by the 
decoration of the metal surface by partially reducible metal oxides or by an electron 
transfer between the support and the metals. In this  study,  both  activity  and 
selectivity  of  all catalyst  increased  when  low reduction temperature at 200 °C were 
used. In the present work, the large amount of defect on surface of TiO2 supports led 
to increased dispersion of Pt on the TiO2 supports, which resulted in an improvement 
catalysts activity and promoted the reduction of the nitro group so that the VA 
selectivity increased. High reduction temperature was not necessary for the selective 
hydrogenation NS to VA over these catalysts. 
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PART II 
The properties of Pt/TiO2 catalysts prepared by strong electrostatic 
adsorption method on the selected sol-gel TiO2 compared to the 

incipient wetness impregnation method in the liquid-phase 
hydrogenation of 3-nitrostyrene. 

In this part, the effect of calcination atmosphere of TiO2 were further 

investigated under H2 and air atmosphere and used as the supports for preparation of 

Pt/TiO2 catalysts by strong electrostatic adsorption method. The properties of Pt/TiO2 

catalysts were investigated by XRD, H2-TPR, CO-Chemisorption and TEM. 

5.7 Characteristic and catalytic properties of Pt/TiO2 prepared by strong 
electrostatic adsorption. 

5.7.1 Inductively Coupled Plasma optical emission spectroscopy (ICP) 

5.7.1.1 PZC of TiO2 supports 

In this preparation method, the PZC of the TiO2 supports were first determined. 
Figure 5.24 and 5.25 displays the pH final which is plotted versus pH initial without 
metal in the solution at a surface loading of 1000 m2/L. The point of zero chart (PZCs) 
of TiO2-H2 and TiO2-air equaled to 5.8 for TiO2-H2 and 3.1 for TiO2-air. 

Figure 5.24 The point of zero chart of TiO2-H2 
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Figure 5.25 The point of zero chart of TiO2-air 
5.7.1.2 Determination of Pt uptakes 

The Pt uptake curve was reported as the Pt surface density, defined as the 
amount of Pt per m2 of the support versus the final pH of the slurry after 1 h on the 
rotary shaker. The TiO2-H2 and TiO2-air began to adsorb Pt metal ammine complexes 
at a pH greater than pHPZC and reached a maximum uptake at a initial pH around 11.6 
for both supports. In order to determine the optimal pH condition leading to metal 
loading around 0.5 wt%, Pt uptake was observed at initial pH around 10.53 for TiO2-H2 
and around 10.85 for TiO2-air. The adsorption curve shows the Pt uptake, which 
corresponds to a Pt loading is defined as the percentage of the Pt mass per the total 
mass of the catalyst. 

Figure 5.26 The uptake of Pt on TiO2-H2 support as a function of pH 
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Figure 5.27 The uptake of Pt on TiO2-air support as a function of pH 
 

5.7.2 X-ray diffraction (XRD) 

The XRD patterns of TiO2 supports and 0.5%Pt/TiO2 supports prepared by 
strong electrostatic adsorption method are shown in Figure 5.28. The measurements 

were carried out at the diffraction angles (2θ) between 20º and 80°. From the XRD 

results, all the Pt/TiO2 synthesized samples exhibited anatase phase TiO2 at  2θ 
degrees 25° (major), 37º, 48°, 55º, 56°, 62º, 71° and 75º and the small peak at 30.81° 
corresponded to brookite phase TiO2. After Pt loading, there were no changes in 
crystalline phase of TiO2 for all the catalysts. No sharp peaks for Pt can be observed 
in all the XRD patterns after platinum loading due to the low metal loading and/or Pt 
nanoparticles were highly dispersed on TiO2 supports.  
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Figure 5.28 The XRD patterns of the TiO2 supports and Pt/TiO2 catalysts prepared by 

strong electrostatic adsorption method. 
  

5.7.3 Transmission Electron Microscopy (TEM) 

The TEM images of 0.5wt%Pt/TiO2 catalysts prepared by strong electrostatic 
adsorption are shown in Figure 5.29. All the catalysts particles showed spherical shape. 
From TEM images, Pt/PtO metal were not distinguishable from TiO2 supports probably 
due to low metal loading. It was found that SEA method generated small and 
homogeneous particles resulted in well dispersed particles [25, 53]. 
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Figure 5.29 TEM images and size distribution of a) Pt/TiO2 -N2 b) Pt/TiO2-O2 

 
5.7.4 Hydrogen Temperature program reduction (H2-TPR) 

The H2-TPR measurements were carried out to study the reduction behaviors 
of the Pt/TiO2 catalysts prepared by SEA method and the results are shown in Figure 

5.30. All the TiO2 supported Pt showed larger reduction peaks from 250 ̊C to 600 ̊C 
which can be attributed to the reduction of Pt species interacting with the TiO2 support 
to form Pt-TiOx interface sites and the hydrogen consumption above 600 °C was due 
to the reduction of surface capping oxygen of TiO2. The TPR profiles of all the catalysts 
exhibited similar peak position. The reduction peak of the SEA-prepared catalysts 
shifted to higher temperatures and were broader relative to the impregnation-prepared 
catalysts due to stronger interaction between adsorbed species and TiO2 than 

Average = 8 nm 

S.D. = 1.28 

Average = 7 nm 

S.D. = 1.26 
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impregnation method resulting in more difficult to reduce Pt species. Similar results 
were observed on [53] which reported that TPR patterns of SEA method shifted to 
higher temperatures and boarder than the impregnation method due to strong 
interaction between adsorbed species and silica resulting from the SEA preparation 
makes the metal precursor much more difficult to reduce. For all the SEA-prepared 
catalysts, the peak at around 95 ºC which was associated to the reduction of PtOx 
crystallites to metallic Pt was not observed as in impregnation-prepared catalysts, due 
to SEA method generated small particles, confirmed by TEM image. 

 
 

Figure 5.30 The TPR profiles of Pt/TiO2 catalysts 
 

5.7.5 CO-pulses chemisorption 

The relative amount of Pt active sites on the catalyst samples were calculated 
from the chemisorption results based on the assumption that one CO molecule 
adsorbed on one Pt site. The amounts of CO chemisorption on Pt/TiO2 catalysts 
reduced at 200 °C are shown in Table 5.7. Preparation of catalysts by SEA method, 
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Pt/TiO2-H2 and Pt/TiO2-air catalysts showed Pt dispersion at 54% and 50%, respectively. 
It was found that Pt dispersion on TiO2-H2 was slightly higher than supported on TiO2-
air, suggesting that calcination atmosphere of TiO2 supports did not affect dispersion 
of metal when prepared by SEA method. Comparing between the different preparation 
method, the Pt/TiO2-H2 catalysts prepared by both methods did not show different of 
Pt dispersion, while the Pt/TiO2-air catalysts can improve Pt dispersion from 29 % to 
50 % when prepared by SEA method. Thus, it is suggested that preparation of Pt/TiO2 
catalysts by SEA method resulted in an increased dispersion of Pt on all the TiO2 
surface. According to [25], SEA method were used to the preparation of supported 
metal catalysts with highly dispersion.  
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5.8 Reaction study in selective hydrogenation of 3-NS 

Figure 5.31 Simplified reaction scheme of the hydrogenation of 3-NS. 
 

The catalytic performance of 0.5%Pt catalysts supported on sol-gel derived 
TiO2 calcined under different atmospheres were investigated in the selective 
hydrogenation of NS under the following reaction conditions: 40 °C, 2 MPa of H2. The 
catalytic behaviors  of  the  Pt/TiO2 catalysts  at difference calcination atmosphere of 
TiO2 supports including  NS  conversion and product  selectivity are  summarized  in  
Table 5.7. The main hydrogenation  products were  ENB  and  VA, which the desired 
product is VA  without  formation  of  intermediates  hydrogenation  products. 
Compared to the reaction at 20 min of reaction time of the Pt/TiO2-H2 and Pt/TiO2-air 
catalysts prepared by SEA method, both catalysts gave the same conversion of 3-NS 

and same selectivity to 3-VA when reduced at 200 ̊C. It is was suggested that the 
calcination atmosphere of sol-gel TiO2 support did not affect to change of catalytic 
performance of Pt/TiO2 catalysts prepared by SEA method. When increasing the 
reaction time to 40 min, the conversion of 3-NS increased from 69% to 90% over the 
Pt/TiO2-H2, while the Pt/TiO2-air increased from 64% to 80%. However, the selectivity 
of 3-VA was not different in both catalysts and maintained the same with increased 
reaction time. The Pt/TiO2-H2 prepared by SEA method was not improved in terms of 
both conversion of 3-NS and 3-VA selectivity compared to those prepared by incipient 
wetness impregnation method. The conversion of 3-NS approximate 70% with 90 % of 
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3-VA selectivity were obtained from both preparation methods. The preparation of the 
Pt/TiO2-air catalysts by SEA method can improve the conversion of 3-NS from 29% to 
64% at 20 min of reaction time while slightly increased 3-VA selectivity comparing to 
those prepared by incipient wetness impregnation method. 
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CHARPTER VI 
CONCLUSIONS 

6.1 Conclusions 

1) The TiO2 supports prepared by sol-gel method and calcined under different 

gas atmospheres (H2, air, N2, O2 and Ar) at 350 ̊C for 2 h. exhibited similar average 
crystallite size, crystalline phase, and BET surface area. The calcination atmosphere did 
not have any influence on the structural properties of the TiO2 supports. However, as 
shown by the ESR results, the amount of defects on the surface of TiO2 increased 
when calcined under H2 and N2 atmosphere compared to those calcined in air, O2, and 
Ar. Improvement in the selective hydrogenation of 3-NS of Pt/TiO2 catalysts after 
treatment under different atmosphere of TiO2 supports achieved might be resulted 
from all the species (i.e. oxygen vacancies and Ti3+), a proper ratio of oxygen vacancies 
and Ti3+ in the modified TiO2 structure. 

2) The catalytic performances of Pt/TiO2 catalysts prepared by impregnation 
method in the selective hydrogenation of 3-NS were improved when the TiO2 support 
were calcined in H2 and N2 atmosphere. The Pt/TiO2-H2 and Pt/TiO2-N2 catalysts 
exhibited high conversion of 3-NS (>70%) with high selectivity to 3-VA (>90%) in short 

reaction time (20 min) when reduced at 200 ̊C. The improved catalytic activities of 
Pt/TiO2 were correlated to the high Pt dispersion. The selectivity of desired product 
(VA) was related to the presence of linearly CO bond with Pt sites and the metal-
support interaction, which were influenced by defects on TiO2 support. High reduction 
temperature is not necessary for selectively improvement in the selective 
hydrogenation of 3-NS. 

3) For the Pt/TiO2-H2 and Pt/TiO2-air catalysts prepared by SEA method and 

reduced at 200 ̊C, the calcination atmosphere of sol-gel TiO2 support did not affect 
the catalytic performances. Both catalysts gave the same conversion of 3-NS and same 
selectivity to 3-VA under similar reaction conditions. However, the conversion of 3-NS 
of the Pt/TiO2-air catalysts was improved from 29% to 64% when prepared by SEA 
method. 
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6.2 Recommendation 

1. The effects of defects on TiO2 in the other reactions should be investigated 
in the next researches. 

2. The further study the other factors which has the influence on defects on 
TiO2. 
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APPENDIX A 
CALCULATION FOR CATALYST PREPARATION 

For 0.5%Pt/TiO2 catalysts prepared by incipient wetness impregnation method was 
shown.   

TiO2 supports calcined under H2, air, N2, O2 and Ar and used as the supports for 
preparation of Pt/TiO2 catalysts. The calculation of 0.5 wt%Pt/TiO2 catalysts prepared 
by incipient wetness impregnation method were shown below. In this work, 4 g of the 
TiO2 supports were used for all preparation and calculation based on 100 g of catalyst 
used. 
Precursor: 

-Chloroplatinic acid hexahydrate 37.5% (H2PtCl6•6H2O)       MW. = 517.90 g/mol 
-TiO2 supports were prepared by sol-gel method and calcined under H2, air, N2, 

O2 and Ar. 
Calculation: 

TiO2 100-0.5 = 99.5 g 
Plattinum 0.5 g 

For TiO2 4 g 
Plattinum reguired = (4x0.5)/99.5 = 0.0201 g 

Chloroplatinic acid hexahydrate dissolved in DI water, which Pt precursor was stock in 
solution form 

Pt required in stock solution =   OH6•PtClHofMW×
PtofMW

requiredPtofweight
262  

 = 
Ptg078.195

precursorg9.517×g0201.0
  

                                        =        0.0534 g precursor 
From N2 physisorption results, pore volume of the titanium dioxide supports 

are about 0.3 cm3/g (ml/g) in all catalysts. For incipient wetness impregnation method, 
total volume of DI water which is used to dissolve Chloroplatinic acid hexahydrate 
muse be equal to the pore volume of titania support. According to the total volume 
of precursor solution which for impregnation is 0.3 ml for 0.95 g of titania support. 
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APPENDIX B 
CALCULATION OF THE CRYSTALLITE SIZE 

Calculation of the crystallite size by Debye-Scherrer equation 
The crystallite size was calculation from the half-height width of the diffraction 

peak of XRD pattern using the Debye-Scherrer equation. 
From Scherrer equation 

θcosβ

K
=D

λ
 

Where D= Crystallite size, Å 
         K = crystallite-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 corrected width of a powder 

diffraction free from all broadening due to the instrument. The α -alumina was used 
as a standard sample to observe the instrumental broadening data. The most common 

correction for the X-ray diffraction broadening (β ) can be obtained by using Warren’s 
formula 

 
From Warren’s formula: 

2
S

2
M B-B=β  

Where BM = The measured peak width in radians at half peak height 
          BS = The corresponding width of the standard material 
 
 
Example: Calculation of the crystallite size of anatase TiO2 

The major peak of anstase TiO2 was observed at 25.42 ̊ 2θ  

The half-height width of the diffraction peak at 25.42 ̊ = 1.04 ̊ 

                                                                            
360

 04.1×2
=
Π

 



 

 

109 

                                                                            = 0.0182 radian (BM) 

Corresponding the half-height width of α -alumina of the diffraction peak at 25.42 ̊= 
0.0041 radian (BS) 

                                                   2
S

2
M B-B=β  

                                                         = 22  0.0041-0182.0  
                                                         = 0.0177 radian 

Thus,       β  = 0.0177 

              2θ = 25.42=> θ = 12.71 ̊ 

               λ = 1.5418 Å for CuKα 

                                 Crystallite size, 
θcosβ

K
=D

λ
 

                                                         = 
)71.12cos(×0177.0

5418.1×9.0
  

                                                        = 80.36 Å 
                                                        = 8.036 nm 

Figure B.1 The measured XRD peak of anatase TiO2 for calculation of crystallite size 
of anatase TiO2 
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APPENDIX C 
CALCULATION FOR METAL ACTIVE SITES AND DISPERSION 

Calculation of Pt active sites and Pt dispersion of the catalyst by CO-chemisorption is 
as follows: 

Volume of CO adsorption on catalyst, Vads = )
A

A
-1(×

m

V n

1=i f

iinj ∑   

Where Vinj = volume injected, 0.02 cm3 
           m = mass of catalyst used, g 
           Ai = area of peak i 
           Af = area of last peak 
 
Pt active sites 

                                             Pt active sites = A
g

ads
f N×

V

V
×S  

Sf = stoichiometer factor, CO adsorbed on Pt, CO:Pt=1 
Vads = volume adsorbed  
Vg = molar volume of gas at STP, 22414 cm3/mol 
NA = Avogadro’s number, 6.023x1023 molecules/mol 
 
Metal dispersion 

                     Metal dispersion (%) = 100 x 
loadedPtofmolecule

adsorptionCOfromPtofmolecule
 

                                             %D = %100×%100×
M%

MW
×

V

V
×S

g

ads
f  

Sf = stoichiometer factor, CO adsorbed on Pt, CO:Pt=1 
Vads = volume adsorbed  
Vg = molar volume of gas at STP, 22414 cm3/mol 
MW = molecular weight of the metal 
%M = weight percent of the active metal  
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APPENDIX D 
Calculation for catalytic performance 

Calculation of NS conversion and selectivity of the catalysts are shown in this 
below. Decane was used as internal standard for calibration in reactant and products 
in hydrogenation of 3-NS. Molar ratio and area ratio were plotted and then the relation 
of decane and the NS were written in the equation for calculation the conversion.  
The calibration of 3-NS are exhibited. 

 

 
Figure D.1 Calibration curve of NS 

 



 

 

112 

From this data we get the relation of decane and 3-nitrostyrene as: 

                    )
Decane

NS
(ofratioArea×8292.0=)

Decane

NS
(ofratioMole  

                                        NSArea×8292.0×)
DecaneArea

DecaneMole
(=NSMole  

Calculation of NS conversion 

                    100×
Mole

Mole-Mole
=conversionNS%

in

outin  

                    100×
NSMole

NSMole-NSMole
=conversionNS%

in

outin  

                  100×
EAMole+ENBMole+VAMole

VAMole
=VAofseletivity%  
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