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CHAPTER I 
INTRODUCTION 

1.1 Motivation 

 Nitrogen is useful in a variety of chemicals such as polymers, fertilizers, dyes, 
or biologically active compounds. Nitrogen is often integrated into these chemicals 
from HNO3 by nitration reaction at the earliest steps and the nitro compounds as 
products are the building blocks in organic synthesis. The nitration reaction is a route 
to obtain nitroaromatic compounds and short nitroalkanes because the high selectivity 
towards the mononitrated products following standard industrial protocols [1]. 
Nitration of aromatic compounds is a fundamental reaction of great industrial 
importance and the nitro aromatic compounds are key organic intermediated. The 
nitrating reagent such as a mixture of sulfuric acid with concentrated fuming nitric acid 
has always been used for nitration of benzene, alkyl benzene and less reactive 
aromatic compounds [2]. The nitration of styrene has been used to produce 
nitrostyrene. The interest in hydrogenation of nitro compounds has increased in the 
past decade. Nitroarenes hydrogenation is an important chemoselective reaction for 
the production of intermediates used in polymer, pharmaceuticals herbicides, and 
other fine chemicals industry [3, 4]. Nitroarenes consist of nitro groups with other 
reducible groups. The challenge is how to hydrogenate nitro groups while avoiding to 
cleavage other reducible groups (the latter must be retained to preserve products with 
high synthetic value) [5, 6]. Moreover, getting both of high selectivity and high activity 
are difficult because of increasing the activity always cause the selectivity decreased. 
Nowadays, the commercial production of nitroarenes containing these reducible 
groups is obtained through non-catalytic methods using a stoichiometric amount of 
iron, tin, or other reducing reagents which produces a large amount of solid wastes 
and brings about serious environmental issues [7]. Heterogeneous catalysts were 
developed for solving these problems. Noble metals such as Pt and Ru have been 
used in chemoselecive hydrogenation due to their high activities [8, 9]. However, noble 
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metals are not chemoselective but can be modified to improve the selectivities while 
maintaining the activities. There were many attempts to overcome these problems. 

TiO2 is a reducible metal oxide which provides a strong metal-support 
interaction (SMSI) with noble metals compared to the other metal oxides[10]. Corma 
et al.[9]studied the transforming of non-selective into chemoselective metal catalysts 
for the hydrogenation of substituted nitroaromatics. They concluded that reduction 
catalyst at high temperature can promote the selectivity towards nitro group due to 
the decoration of Pt crystal surfaces, decreasing the amount of Pt terraces sites. The 
terrace Pt sites were blocked by TiOx species due to strong metal-support interaction 
(SMSI) at high reduction temperature and consequently increasing the amount of Pt-
TiOx sites. Moreover, TiO2 can avoid the accumulation of reaction intermediates.  

A simply method to modify the properties of TiO2 such as crystallite size, 
surface area, metal dispersion and metal-support interaction is by addition of another 
metal element to the TiO2 support. Comsup, N. [11] investigated the influence of Si-
modified TiO2 on the activity of Ag/TiO2 in CO oxidation. Si-modified TiO2 were prepared 
by solvothermal method. According to the FT-IR results, when adding Si into TiO2 
support the agglomeration of TiO2 crystallites were inhibited, causing both surface area 
and metal dispersion increased. 

Solvothermal is a synthesis method of nanocrystalline particles. The shape or 
morphologies of particles can be easily controlled by adjusting the parameters such 
as temperature, pressure, type of solvent and etc.  
 In this research, TiO2 was prepared by the solvothermal method with and 
without Zn and La modification and used as the supports for preparation of TiO2 
supported Pt catalysts for the selective hydrogenation of 3-nitrostyrene to vinylaniline. 
 
1.2 Objective 

 To investigate the characteristics and performances of Zn and La modified TiO2 
supported Pt catalysts in the liquid phase selective hydrogenation of 3-nitrostyrene. 
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1.3 Research scope 

1) Preparation of the TiO2 supports, Zn and La-modified TiO2 supports by using 

the solvothermal method.  

2) Preparation of the Pt/TiO2, Pt/Zn and La-modified TiO2 by using the incipient 

wetness impregnation method with an aqueous solution of 0.5% wt H2PtCl6. 

6H2O.  

3) Preparation of the Pt/TiO2, Pt/Zn and La-modified TiO2 by sequential-

impregnation method and co-impregnation method with an aqueous solution 

of 0.5% wt H2PtCl6. 6H2O.  

4) Catalyst calcination in air at 450oC for 3 h and followed by reduction in H2 flow 

at 200 oC and 500 oC.  

5) Reaction study in the liquid-phase selective hydrogenation of 3-nitrostyrene to 

3-vinylaniline by using the stirred batch reactor under H2 pressure of 2 MPa and 

temperature of 40 oC. 

6) Catalyst characterization using various techniques 

 X-ray diffraction (XRD)  

 N2 physisorption  

 X-ray photoelectron spectroscopy (XPS)  

 CO-Pulse chemisorption  

 H2 temperature program reduction  

 FT-IR analysis of adsorbed CO (CO-IR) 
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1.4 Research Methodology 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Sequential impregnation method 

Reduction catalyst at temperature 200 °C and 500 °C 

Calcination in air at 450 °C for 3 h 

Discussion 

Loadings of 0.5 wt.% of Pt by incipient wetness 
impregnation 

Co-impregnation method 

Select the optimum Zn/Ti or La/Ti molar ratio for varying catalyst synthesis 

 

GC analysis and data analysis 

 

Catalyst Characterization 
XRD, N2-physisorption, TEM, 

XPS, H2-TPR, CO-chemisorption 
and CO-IR 

Catalytic reaction study of liquid 
phase selective hydrogenation of      

3-nitrostyrene 

Synthesis of the TiO2 support and the Zn and La-modified TiO2 
supports (Zn/Ti molar ratio = 0.005, 0.01 and 0.02) by solvothermal 

method 

Conclusion 
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CHAPTER II 
LITERATURE REVIEWS 

This chapter provides the important details which related to catalyst properties, 
catalyst preparation, support modification, selective hydrogenation and effects of 
reduction temperature on catalytic performance. Moreover, the literatures which 
involved to this research were reviewed in this chapter as well.  
 
2.1 Study on TiO2 (Titanium dioxide) as support 

 TiO2 has been widely utilized as a pigment and in sunscreens, paints, ointments, 
toothpaste and etc[12]. TiO2 is one of the metal oxides which frequently be  used as 
based catalyst support due to strong interaction with metal compared with the other 
metal oxides. This interaction affects the metal dispersion which influenced on 
catalytic activity and selectivity of the metal heterogeneous catalyst [13, 14]. There 
are three commonly crystalline structures of TiO2: anatase, rutile and brooktile. Among 
the TiO2 modifications, anatase is frequently utilized as a catalyst support for metal 
heterogeneous catalyst due to its high specific surface area and strong interaction with 
metal nanoparticles. There are only a few studies reporting a rutile catalyst support 
which resulted in higher catalytic activity compared to anatase such as the oxidation 
of toluene, xylene, and benzene over rutile supported Cu catalyst [15]. 
 

Ananthan, S.A., et al. (2011) [16] studied the TiO2 supported Pt and Ru 
nanocatalysts for selective hydrogenation of citral. The catalysts were prepared by 
impregnation method and were reduced at two different temperatures at 375 °C and 
575 °C. The reduction temperature caused the occurrence of TiOx or presence of 
partially reduced species in TiO2 which promoted the hydrogenation of C=O bond. The 
occurrence of unsaturated Ti cation strengthened the interaction of the C=O bond with 
the catalyst resulting high selectivity of C=O bond. The catalyst results shows 95% 
conversion and 68% selectivity of unsaturated alcohol which obtained from 1.5 %wt. 
Pt/TiO2 at high reduction temperature. 
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Yoshida, H., et  al. (2015) [17] studied  the  effects of  TiO2 crystallite size  on  
the  activity of dispersed Pt catalysts in liquid-phase selective hydrogenation of 3-
nitrostyrene, nitrobenzene, and styrene. The crystallite size improved the formation of 
Pt particles that were selective for nitro group more than vinyl group. The results 
demonstrated that smaller TiO2 crystallite size is effective for the formation of a larger 
fraction of low coordinated Pt sites on the surface of dispersed Pt particles which 
provides high selectivity to vinylaniline. 
 
2.2 Selective hydrogenation reaction  

Hydrogenation reaction is a chemical reaction between H2 molecules and 
another compounds or elements usually in the presence of catalysts such as Ni, Pt 
and Pd. 

The hydrogenation of nitroarenes are important for industry in the last ten years 
that has interest in highly chemoselective catalysts [1]. Nitroarenes consist of one nitro 
group and the other reducible groups. For example, nitrochlorobenzne consist of one 
nitro group and one Cl atom. The performance of selective hydrogenation in the 
presence of sensitive groups such as C=C bond group or triple bond group has been 
focused. For liquid phase selective hydrogenation of  3-nitrostyrene, the H2 molecules 
reacts with the only nitro group (NO2-) to form 3-vinylaniline (3-VA) which is a desired 
product or reacts with the only C=C double bond group to form ethylnitrobenzene (3- 
ENB). Moreover, both of 3-vinylaniline and 3-ethylnitrobenzene can further be 
hydrogenated to form 3-ethylaniline (3-EA) concurrently which are shown in Figure 2.1 
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Figure 2.1 Reaction pathways in 3-nitrostyrene hydrogenation 
 

Boronat, M., et al. (2007) [18] investigated a molecular mechanism for the 
chemoselective hydrogenation of substituted nitroaromatics with gold nanoparticles 
on TiO2 catalysts. The gold nanoparticles on TiO2 was highly chemoselective in 
hydrogenation of substituted nitroaromatics. The cooperation effect between Au and 
TiO2 support allowed the preferential adsorption of nitro group which is not detected 
in Au/SiO2 catalyst. From IR studies, both of nitro and olefinic groups weakly adsorbed 
on Au(111) and Au(001) and the stronger adsorption on low-coordinates atom of Au is 
unselective.  

Shimizu, K., et al. (2009) [19] studied the effects of gold nanoparticles size and 
type of supports towards the activity of chemoselective hydrogenation of 

nitroaromatics. The catalysts such as Au/γ-Al2O3, Au/SiO2, Au/montmorillonite, Au/MgO 
and Au/C were prepared by colloid deposition method. The gold catalysts showed the 
high selectivity towards the nitro groups of the substituted nitroaromatics. The acid- 
base sites of Al2O3 and the unsaturated Au atoms enhanced the H2 dissociations to 
H+/H- pairs at metal-support interfaces. The H+/H- pairs which preferential transferred 
to the nitro group would enhance the high chemoselectivtiy. 
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Serna, P., et al. (2009) [20] designed the kinetic model for the chemoselective 
hydrogenation of nitroaromatic compound on Au/TiO2 and Pt-Au/TiO2. It was reported 
that the rate controlling step on Au/TiO2 is related to the H2 dissociations on Au atoms 
on low coordination. In addition, the optimum content of Pt on bimetallic catalyst 
promoted the rate of H2 dissociation which was almost one order of magnitude more 
active than monometallic Au/TiO2. From catalyst results at 85 °C and 0.8 MPa , 1.5% 
wt. Au/TiO2 performed the 3-NS conversion 97.8% and 3-VA 96.2 for 6 h while 0.2% 
wt. Pt/TiO2 performed the 3-NS conversion 95.1% and 3-VA 69.7 for only 0.25 h. 
Compared to the 1.5 %wt. Au – 0.01%wt Pt /TiO2, the bimetallic catalyst exhibited 
high activity than the monometallic 1.5% wt Au/TiO2 as  conversion 94.5% and 3-VA 
selectivity 94.3% for 0.52 h at same reaction condition. 

Yoshida, H., et al.(2011) [21] studied the nitrostyrene hydrogenation using 
Pt/TiO2 catalysts in CO2- dissolved ethanol and toluene at 50 °C. The effects of CO2 
pressure in both of non-polar solvent (toluene) and polar solvent (ethanol) on the 
total conversion and product selectivity were investigated. The CO2 pressure decreased 
the rate of nitrostyrene hydrogenation in both of non-polar and polar solvent and 
changed the product selectivity only in non-polar solvent. The vinylaniline selectivity 
in toluene decreased with CO2 pressure in contrast to ethylnitrobenzene selectivity 
due to the decreasing in the reactivity of the nitro group interacted with the CO2 
molecules. 

Fujita, S.-i., et al. (2011) [22] studied the influenced of Pt loading (0.5 % wt. – 2 
% wt.), reduction temperature and and effects of pressurized CO2 towards the liquid 
phase selective 3-nitrostyrne hydrogenation. Increasing of Pt loading increased the 
crystallite size slightly and enhanced the catalytic activity as 2 % wt. Pt loading 
exhibited the 3-NS conversion at 97% compared to 0.5 % wt. Pt loading. Nonetheless, 
2% wt. Pt loading catalyst showed the lower 3-vinylaniline (3-VA) selectivity about 34 
% compared to 0.5 % wt. Pt loading about 75 %. According to CO-IR results, the 
adsorption band at 2065 cm-1 and at 2088 cm-1 related to the Pt edge sites and Pt 
terrace sites respectively. The results were revealed that the increasing of Pt loading 
provided the decreasing amount of unsaturated Pt at edge and corner sites caused 
the lower 3-VA selectivity consequently.  
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J.Beier, M., et al.(2012) [23] studied the tuning of chemoselective of 
hydrogenation of nitrostyrenes catalyzed by ionic liquid-supported platinum 
nanoparticles. Pt nanoparticles supported on various supports such as SiO2, TiO2, Al2O3 
and CNTs were synthesized in ionic liquid. The influence of ionic liquid (acidic or basic) 
and types of support on catalytic behaviors were investigated. The NO2 group were 
favorably hydrogenated to form 3-vinylaniline and reaction intermediate 3-
(Nhydroxylamino)styrene under the basic condition. While the reaction under acidic 
condition, both of C=C and nitro group of 3- nitrostyrene were hydrogenated to form 
3-ethyl nitrobenzene. The 3-vinylaniline about 90% yield was obtained from Pt 
supported on CNTs with ionic liquid (basic condition) compared to the reaction without 
ionic liquid which provided 3-vinylaniline about 40% yield.   

Pisduangdaw, S., et al. (2015) [24] investigated the flame-made Pt/TIO2 catalysts 
for the liquid phase selective hydrogenation of 3-nitrostyrene. The effects of reduction 
temperature from 200 °C to 700 °C on catalytic performance were also studied. The 
activity and 3- vinylaniline (3-VA) selectivity increased from 61-66 % and from 40-73% 
respectively by reduction catalyst at higher temperature (200 °C to 600 °C). According 
to CO-chemisorption and CO-IR results, reduction catalyst at 500 °C and 600 °C 
increased the amount of Pt active sites and decreased Pt terrace sites which promoted 
the 3-VA selectivity. However, when reduction catalyst at 700 °C the catalytic activity 
was decreased due to the excessive decoration of TiOx species. Compared to the 
catalyst prepared by impregnation method, the flame-made catalyst contained the 
amount of rutile phase less than the impregnated - catalyst leading to higher Pt 
dispersion and catalytic activity.  

Yarulin, A., et al. (2015) [6] studied the liquid phase hydrogenation of 3-
nitrostyrene using Pt nanoparticles supported on ZnO. Pt were deposited on ZnO by 
ion-exchange method and the catalyst were reduced under H2 at temperature range 
473 K – 773 K before using in the reaction. From H2 – TPR results, the peak between 
450 K – 550 K was related to the the reduction of ZnO which was in contact with Pt. 
The catalytic results showed 97% of 3-vinylaniline selectivity at about 100% conversion 
when using the catalyst reduced at 573 K. The intermetallic Pt/Zn active phase formed 
via reactive metal (Pt)–support (ZnO) interaction enhanced the catalytic performances.  
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The metal-support interaction provided the electronic interaction between metal and 
support and modify the surface morphology. The electron shifted from Zn to Pt 
inhibited the C=C adsorption according to XPS results and partial blocking of 
unselective Pt by Zn atom according to CO-chemisorption results. Moreover, the 
comparison of catalytic performance between Pt supported on reducible metal oxides 
group (TiO2 and ZnO) and Pt supported on non-reducible metal oxides group (MgO, 
Al2O3) were studied. The non-reducible metal oxides promoted the 3-ethylaniline (3-
EA) selectivity (3- VA about 0% at 100% 3-NS conversion) in contrast to the reducible 
metal oxides group enhanced the 3-vinylaniline (3-VA) selectivity more than 50% at 
full conversion. 
 
Table 2.1 Summary of the selective hydrogenation of 3-nitrostyrene with various 
catalysts and conditions. 

Researchers Catalyst Preparation 
method 

Reaction 
conditions 

Catalytic results 

Boronat, M., 
et al. (2007) 

Au/TiO2 , 
Au/SiO2 , 
Au/C, 
Au/Fe2O3 , 
Pt/TiO2 , 
Pd/TiO2 

Impregnation 0.9 MPa and 
120 °C 

Au/TiO2 had the 
highest VA 
selectivity 
%Selectivity = 
96%            
%Conv = 98.5%  
 

Shimizu, K.,      
et al. (2009) 

Au/ γ-
Al2O3 , 
Au/SiO2 , 
Au/montm
orillonite , 
Au/MgO , 
Au/C 

colloid 
deposition 

8 MPa and  
40 °C 

Au supported on 

γ-Al2O3 provided 
the higher yield 
than other 
supports and 
small Au NPs (2.5 
nm) provided the 
highest activity 
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%Conv = 100% 
and %VA 
selectivity = 89% 

Serna, P., et 
al. (2009) 

Pt/TiO2 , 
Au/TiO2 ,      
Pt-Au/TiO2 

Monometallic 
by deposition-
precipitation 
and bimetallic 
by impregnated 
second metal 
on 
monometallic 

0.8 MPa at 85 
°C and 120°C 
0.2 MPa at  
40 °C 
 

Pt-Au/TiO2 had 
the highest yield 
at shorter time 
compared to 
the monometallic. 
%Conv=98.5% 
% VA selectivity = 
95.9% 

Yoshida, H., 
et al. (2011) 

Pt/TiO2 Impregnation 4 MPa of H2 
pressure and 
various CO2 
pressure at      
50 °C 

%VA selectivity in 
ethanol is around 
60% and did not 
change with the 
CO2 pressure but 
%VA selectivity in 
toluene dropped 
from 40 % to 15% 
when increased 
CO2 pressure from 
0.1-10 MPa  

Fujita, S.-i., et 
al. (2011) 

Pt/TiO2 impregnation 4 MPa H2 
pressure and 
various CO2 
pressure at     
50  °C  

0.5% wt. Pt/TiO2 
provided %Conv = 
64%  and %VA-
selectivity = 75% 
while 2% wt. 
Pt/TiO2 provided 
%Conv = 97% and 
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%VA-selectivity = 
34%  

J.Beier, M., et 
al. (2012) 
 

Pt on 
various 
supports 
(SiO2 , 
AL2O3, 
TiO2 , and 
CNTs) 

Ionic liquid 1 MPa and 
room 
temperature 

Pt/CNTs provided 
the highest yield 
of 3-vinylaniline 
about 90% with 
the presence of 
ionic liquid (basic 
conditions). 

Pisduangdaw, 
S., et al 
.(2014) 

Pt/TiO2 Flame spray 
pyrolysis 

4 MPa and   
50 °C 

%Conv=99.4% 
%VA selectivity= 
53.1% at 30 min 

Yarulin, A., et 
al. (2015) 

Pt-Zn/HPS impregnation 1 MPa and  
75 °C 

%selectivity = 
97% at full 
conversion 

Yarulin, A., et 
al. (2015) 

Pt/ZnO Ion - exchange 1 MPa and  
75 °C 

%selectivity = 
97% at full 
conversion 

 
 
2.3 Solvothermal synthesis 

Solvothermal method is a route for synthesis the nanomaterials with different 
morphologies. The reactions were carried out in sealed containers and the 
temperatures can be increased to above the boiling point by increasing the 
autogeneous pressures resulting from heating[25]. The solvothermal method can 
improve the reactivity and solubility of reactants due to high temperatures and 
pressures. This method allowed for the precise control over the size, shape distribution 
and crystallite size of nanoparticles. The morphologies are controlled by changing 
parameters such as concentrations of precursors, precursors type, solvent type 
reaction time and reaction temperature [26].  
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Nam, W. S., et al. (2003) [27] reported the synthesis of TiO2 by solvothermal 
reaction of tetra-isopropoxide (TTIP) in different alcohol solvents. The factors such as 

 
Figure 2.2 Schematic diagram of the autoclave used in solvothermal synthesis [28] 

 
type of solvent and reaction temperature which influenced on the physical properties 
of TiO2 were studied. The synthesis TiO2 powder showed the submicron size and high 
surface area with a narrow size distribution compared to Degussa P-25 TiO2 powder. 
The higher reaction temperature provided the smaller particle size and higher 
crystallinities 

Kim, C.-S., et al. (2003) [29] investigated the synthesis of nanocrystalline TiO2 in 
toluene with surfactant by solvothermal method. Titanium isopropoxide(TIP) and Oleic 
acid were used as precursor and surfactant respectively. The effect of molar ratio of 
TIP: Oleic acid and the weight ratio TIP: toluene to the physical properties of TiO2 were 
studied. The anatase nanocrystalline TiO2 with average crystallite size of 6 nm were 
obtained after the surfactant-added solution were thermally treated at 250 °C for 20 
h in an autoclave. Size distribution of particles synthesized was narrower than particles 
synthesized without surfactant. Moreover, the sufficient amount of TIP or surfactant 
can provide the long dumbbell shaped nanorods. 

 
2.4 Study of Pt as catalysts in liquid-phase selective hydrogenation 

 Platinum (Pt) is an element in group VIII of the periodic table or noble metal. 
The most common oxidation states are +2 and +4. Pure platinum is a lustrous, ductile, 
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and malleable, silver-white metal. The other physical properties of Pt are shown in 
Table1. Platinum is stable at high temperatures and has a great corrosion resistance. It 
is insoluble in hydrochloric and nitric acid, but dissolves in hot aqua regia to form 
chloroplatinic acid (H2PtCl6Pt has been used in many industries for various applications 
such as fine jewelry, catalytic converters, electronic devices and catalyst for chemical 
productions [30]. Pt is always be used in the oxidation and hydrogenation reactions. Pt 
gives a high activity for H2 dissociation under mild conditions compared to gold 
catalysts. However, they were not chemoselective. 

Bailón-García.,et al. (2016) [8] studied the selective hydrogenation of citral by 
using noble metal such as Pt, Ru and Ir supported on carbon xerogel. The same metal 
particle size was obtained after He-pretreatment for comparison between metals. The 
Pt showed the highest catalytic activity compared to the other metals. Moreover, Pt 
and Ir exhibited the high selectivity to unsaturated alcohols around 80% more than 
Ru. Therefore, Pt catalyst is the most appropriate active phase in terms of yield. 
However, the severe deactivation of Pt catalyst was observed after several runs.  
 
Table 2.2 Physical Properties of Pt [31]  

  Physical Properties   

Atomic number 
 

78 

Atomic weight 195 
 

Electron configuration [Xe]4f145d96s1 
 

Electronegativity 2.28 
 

Crystal structure Face centered cubic (fcc) 
 

Melting point 1768 °C 
 

Boiling point 3825 °C 

https://en.wikipedia.org/wiki/Hydrochloric_acid
https://en.wikipedia.org/wiki/Nitric_acid
https://en.wikipedia.org/wiki/Aqua_regia
https://en.wikipedia.org/wiki/Chloroplatinic_acid
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2.5 Effect of Zn-modified catalyst on catalyst properties and catalytic 
performances 

Table 2.3 Physical Properties of Zn [32] 

Physical Properties   
Atomic number 

 
30 

Atomic weight 65 
 

Electron configuration [Ar]3d104s2 
 

Electronegativity 1.65 
 

Crystal structure Hexagonal close-packed (hcp) 
 

Melting point 419 °C 
 

Boiling point 907 °C 
 
Zn is a blush-white and lustrous transition metal and is the first element of 

group 12 of the periodic table. The common oxidation states of Zn is 2+.It always loses 
the two 4s electrons to give a 2+ ion when it forms ions. The other physical properties 
of Zn are shown in Table 2. They have been used in many applications such as using 
as an anti-corrosion agent and using as an anode material in batteries. Moreover, Zn 
have been used to be a promoter or the second metal in the catalyst in hydrogenation 
reactions[32]. 

Yarulin, A.,et al. (2015) [4] studied the effect of Zn promoted on Pt-based 
catalysts in liquid phase 3-nitrostyrene hydrogenation to 3-vinylaniline. Pt-Zn catalyst 
are supported on hypercross-linked polystyrene (HPS).The catalyst results showed that 
the Zn-modified catalyst provided high 3-vinylaniline selectivity(97%) compared to the 
unmodified one(16%).Zn modification promoted a stronger shift of electron density 
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towards Pt which caused the lower adsorption energy of (C=C)  bond inhibited  the 
hydrogenation of (C=C) to (C-C). However, the catalytic activity of Pt-Zn catalyst were 
lowered than the unmodified catalyst because the lower concentration of Pt active 
sites on the surface which were diluted by non-active Zn. 

 Bidaoui,M.,et al. (2015) [33] studied the improvement of α,β unsaturated 
aldehyde selective hydrogenation to unsaturated alcohol by using Pt/SBA-15 and Zn-
modified Pt/SBA-15.The Zn-modified catalyst were prepared by co-impregnation 
method at different Zn/Pt atomic ratios. The liquid phase catalytic performance were 
reported and found that Zn addition increased the selectivity to unsaturated alcohols 
until maximum at 75% obtained for 0.3 wt.% Zn compared with the unmodified one 
around 5%. Zn modified improved the adsorption between C=O and C=C bonds. 
However, the Zn addition led to a lower activity by poisoning the Pt atoms, decreasing 
the active surfaces. 
 
2.6 Effect of La-modified catalyst on catalyst properties  

Table 2.4 Physical Properties of La [34] 

Physical Properties   

Atomic number 
 

57 

Atomic weight 139 
 

Electron configuration [Xe]5d16s2 
 

Electronegativity 1.10 
 

Crystal structure Double hexagonal close-packed (dhcp) 
 

Melting point 920 °C 
 

Boiling point 3464 °C 
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Lanthanum (La) is a soft ductile, silvery-white metallic chemical element. It is 
one of the most reactive of the rare-earth metals: it oxidizes rapidly in air and it reacts 
with water to form hydroxide. Moreover, La is easily ignited and its salts are often very 
insoluble. It is considered the first element of the 6th period transition metals. The 
common oxidation state is 3+. La is usually used in many applications such as catalysts, 
additives in glass, carbon lighting for studio lighting and projection in lighters and 
torches[34]. 

 
Chen, X.-M., et al. (2014) [35] studied the La-modified mesoporous TiO2 

nanoparticles with enhanced photocatalytic activity for elimination of VOCs. The La-
modified mesoporous TiO2 were synthesized via sol-gel method. The XRD patterns 
results exhibited that the increasing of La content inhibited the transformation of TiO2 
anatase phase to TiO2 rutile phase with smaller crystallite size. From N2-physisorption  
results, the higher La content gives the higher surface area at the same calcined 
temperature due to the smaller TiO2 crystallite size. The synthesized catalysts showed 
the photocatalytic activity compared to commercial catalysts (Degussa, P25). 
 
 
2.7 Study effect of reduction temperature on catalyst properties and catalytic 
performance 

 Corma, A., et al. (2008) [9] reported the method for transforming 
nonchemoselective metal catalyst to selective ones by controlling the coordination of 
metal surface atom. Pt/TiO2 was reduced at 473 K and 773 K. Under 473 K, the fraction 
of highly coordinates Pt (Pt terrace sites) were found  much more than low coordinates 
Pt sites like steps and corners which provides low selectivity to vinylaniline. In contrast, 
the low coordinates Pt sites are presence without Pt terrace sites causes high selectivity 
to vinylaniline at 773 K. 
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Figure 2.3 a) HRTEM images of 0.2 wt% Pt/TiO2 catalyst after reduction at 473 K. The 
surface of the crystallites appears free from any support material b) HRTEM images of 
0.2 wt % Pt/TiO2 catalyst after reduction at 723 K. The Pt particle surface appears 
partially covered by TiOx species as a decoration effect.[9]  
 

S. A. Ananthan., et al. (2013) [36] studied the selective hydrogenation of citral 
to unsaturated alcohols using TiO2 supported Pt based bimetallic. The bimetallic 
catalysts, Pt-Ru, Pt-Au and Pt-Pd were prepared by impregnation and reduced under 
H2 at two different temperatures, 375 °C and 575 °C. The catalysts which reduced at 
higher temperature provided a SMSI effect due to TiO(2-x) species. The SMSI effects 
led to an increasing of unsaturated alcohols selectivity during the citral hydrogenation.  
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2.8 Study the CO adsorption on Pt catalyst 

 
Figure 2.4 Schematic diagram of the substrate surface described by the Kossel–Stranski 
“terrace–step–kink” model. [37] 
  

In the 19th century several hydrocarbon reactions over platinum catalysts were 
studied as a function of the catalyst particle size. The reactions like alkane 
hydrogenolysis and isomerization were strongly dependent on the particle size called 
structure sensitive while reactions like cyclopropane ring opening and olefin 
hydrogenation were independent of the particle size called structure insensitive.[38] 
The crystal structure of metal atom are shown in Figure 2.4. The relative concentration 
of terrace, step and kink was changed with the metal particle size.   
 

 
 
 
 
 
 
 
 

Figure 2.5 Types of CO adsorption on metal surfaces 

Linear (on top) Bridge Hollow 
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Fourier transform infrared (FTIR) spectroscopy of the CO adsorption is always 
utilized for surface of catalyst characterization. The CO stretching frequency is sensitive 
to the structure surface and decreases relative to the gas phase frequency due to 
changes in surface atom coordination.[39] There are three types of CO adsorption 
behaviors on Pt clusters as 1) linear CO adsorption 2) bridge CO adsorption 3) hollow 
CO adsorption or multi-bonded CO adsorption. The linear CO adsorbed predominates 
on small metal particles while the bridged CO adsorbed on larger metal particles. [40] 
Corma, A., et al (2008) [9] reported the method for transforming non-chemoselective 
metal catalyst to selective ones by controlling the coordination of metal surface atom. 
For 3-nitrostyrene hydrogenation, the smaller fraction of Pt terrace sites to corner sites 
tend to decreased the rate of structure sensitive reaction as C=C double bond while 
maintaining the activity for the reduction of nitro group. The high fraction of Pt corner 
sites to Pt terrace sites was observed when the catalyst reduced at high temperature 
(773 K) favored the 3-vinylaniline selectivity. 
 

 
Figure 2.6 a) IR spectra of CO adsorbed on this sample which reduced at 473 K reveal 
the presence of Pt terraces Pt(111) and Pt(100), as well as oxidized metal sites b) IR 
spectra of CO adsorbed on this sample which reduced at 723 K showed only one band 
corresponding to low surface coordination sites, indicating the absence of Pt terraces 
Pt(111) and Pt(100). [9] 
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Figure 2.6 a) shows the CO-IR spectra of 0.2 wt.% Pt/TiO2 which reduced at 473 
K. The high-frequency band at 2120 cm-1 has been assigned to CO adsorbed on 
oxidized Pt surface sites, while IR bands in the 2111-2086 cm-1 region correspond to 
CO molecules adsorbed on Pt(111) terraces (sites with coordination number 9). The IR 
bands in the 2077-2071 cm-1 region have been related to CO molecules adsorbed on 
Pt(100) (Pt sites with coordination number 8). The IR bands at lower frequencies (2066, 
2050, and 2040-2020 cm-1) indicate the presence of Pt sites of low surface coordination, 
like steps and corners. While the same catalyst which reduced at 723 K, only one band 
at 2048 cm-1 due to CO adsorption on Pt-Ti interface sites and none of Pt terrace sites 
adsorption band was observed. The high fraction of Pt corner sites to Pt terrace sites 
favored the 3-vinylaniline selectivity. 
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CHAPTER III 
EXPERIMENTAL 

This chapter explains about the materials and procedures in this research 
including the catalyst preparation, catalyst characterization by various techniques and 
measurement of catalytic performances in the liquid phase selective 3-nitrostyrene 
hydrogenation. 

 
3.1 Materials 

Table 3.1 List of chemicals used for catalyst preparation and catalytic performance 

Chemical substances Suppliers 

Titanium n-butoxide Arcos 

1,4-butanediol Sigma Aldrich 

Zinc acetylacetonate Merck 

Lanthanum (III) nitrate hexahydrate Sigma Aldrich 

Methanol Sigma Aldrich 

Chloroplatinic acid Sigma Aldrich 

3-nitrostyrene Sigma Aldrich 

Vinylaniline Sigma Aldrich 

Ethylaniline Sigma Aldrich 

Ethanol Merck 

Decane Sigma Aldrich 

 
3.2 Catalyst Preparation 

3.2.1 Synthesis of TiO2 support and Zn and La-modified TiO2 supports 

 TiO2 were prepared and modified by the solvothermal method according to 
the method described in Ref[41]. Titanium n-butoxide (TNB) and 1,4-butanediol were 
used as TiO2 precursor and organic solvent, respectively. Firstly, 25 g of TNB was 
dissolved in 100 cm3 of 1,4-butanediol. Then mixed solution in the test tube and 30 
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cm3 1,4-butanediol was filled into the outer tube and putted them into the 300 cm3 
autoclave. The nitrogen gas was purged into the autoclave reactor before heating up 
to 320 ºC at a rate of 2.5 ºC/min and held constant at that temperature for   4 h. The 
Zn-doped TiO2 and La-doped TiO2 were prepared by addition the desired amount of 
zinc acetylacetonate or Lanthanum (III) nitrate hexahydrate into the mixed solution 
before setting up in the autoclave. The molar ratios of Zn/Ti and La/Ti were 0.005, 
0.01, and 0.02. After cooling to room temperature, the products were washed with 
methanol and dried in air.   
 
3.2.2 Synthesis of Pt/TiO2, Pt/Zn-modified TiO2 and Pt/La-modified TiO2 catalysts 

The Pt/TiO2 and Pt/Zn and La-modified TiO2 catalysts were prepared by 
incipient wetness impregnation. Chloroplatinic acid hydrate were dissolved into DI 
water and dropped into TiO2, Zn and La-modified TiO2 equal to pore volume of 
support to obtain 0.5% wt Pt loading. Then the catalysts were dried in room 
temperature for 6 h and dried in oven at 110oC overnight. The dried catalysts were 
subsequently calcined in air at 450 oC for 4 h. Finally, the catalysts were reduced at 
200 oC or 500 oC under H2 flow 50 cm3/min for 3 h. 

 
3.2.3 Synthesis of sequential-impregnation Pt/Zn and La-modified TiO2 and co-
impregnation Pt/Zn and La-modified TiO2 

 For sequential-impregnation catalysts, zinc acetylacetonate solution or 
Lanthanum (III) nitrate hexahydrate were dropped into TiO2 to obtain the optimum 
ratio of Zn/Ti or La/Ti and then Pt solution were dropped consequently into modified 
TiO2 to obtain 0.5% wt Pt loading. Then the catalysts were dried in room temperature 
for 6 h and dried in oven at 110oC overnight. The dried catalysts were subsequently 
calcined in air at 450 oC for 4 h.  
 For co-impregnation catalysts, the mixture of zinc acetylacetonate with 
Chloroplatinic acid hydrate at the optimum ratio of Zn/Ti were dropped into TiO2 to 
obtain Pt/Zn-modified TiO2 and the mixture of Lanthanum (III) nitrate hexahydrate with 
Chloroplatinic acid hydrate at the optimum ratio of La/Ti were dropped into TiO2 to 
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obtain Pt/La-modified TiO2. Then the catalysts were dried in room temperature for       
6 h and dried in oven at 110oC overnight. The dried catalysts were subsequently 
calcined in air at 450 oC for 4 h. 
 
3.3 Measurement of catalytic performance in liquid phase selective 3-
nitrostyrene hydrogenation 

 The liquid phase selective 3-nitrostyrene hydrogenation were performed 
isothermally at 40 oC under H2 pressure 20 bar for 60 min in 50 cm3 autoclave reactor. 
The reactor was charged with the catalyst 20 mg and mixture of 3-nitrostyrene 0.5 cm3 
with ethanol 10 cm3. Then the reactor was purged with H2 gas for 4 times to eliminate 
air. The timer was started when the mixture was stirred with magnetic stirrer. The 
reactor was depressurized after the reaction and cooled down by ice water to stop 
the reaction. Finally, the products were analyzed by a gas chromatograph attached 
with a flame ionization detector. 
 

 
 

Figure 3.1 The schematic diagram of liquid-phase hydrogenation[42]. 
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Table 3.2 Gas-Chromatography operating conditions 

Gas chromatography(Shimadzu GC-
2014) 

Conditions 

Detector FID 

Packed 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 

Time analysis 30 min 

 
3.4 Catalyst Characterization 

X-ray diffraction (XRD) 
 The XRD patterns and crystallite size of all the supports and catalysts were 

detected by the SIEMENS D5000 x-ray diffractometer using Cu Kα radiation with Ni filter 

in the 2θ range of 20o to 80o and resolution 0.04o. The crystallite size of catalysts were 

calculated by Scherrer equation and using α-alumina as the external standard. 
 
N2-physisorption 
N2-physisorption are used for determining surface area (BET method), average 

pore size diameter and average pore volume (BJH model). All of the support and 
catalysts were analyzed by using the Micromeritics Pulse Chemisorb 2750 instrument. 
The samples were thermally treated for 3 h at 180 oC before analysis. The nitrogen 
adsorption-desorption isotherms at -196 oC under liquid nitrogen. 
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CO-Pulse Chemisorption 
CO-pulse chemisorptions are utilized for determining the amount of Pt active 

sites and the percentages dispersion of Pt/TiO2 and Pt/Zn-TiO2 catalysts using 
MicromeriticsChemisorb 2750. Prior to pulsing CO over the catalyst, approximately 0.05 
g of catalyst was reduced under H2 flow rate 50 ml/min at 200oC or 500oC for 3h. The 
CO was pulsed over the catalyst at 30oC until the TCD signals are constant. The 
constant TCD signals correspond to none of CO are further adsorp on Pt active sites. 
The percentages dispersion are calculated by assuming that one molecule of CO 
adsorps on one molecule of Pt and none of CO molecule adsorps on Zn sites. 

 
H2-temperature program reduction (H2-TPR)  
The catalyst reduction behaviors are determined by H2-TPR measurements 

which performed in a quartz U-tube reactor. The catalyst pretreatment are carried out 
in a N2 flow rate 25 ml/min at 450oC for 1h. The catalyst are reduced under 10%H2 in 
He flow rate 25 ml/min ramping from 30 to 800 oC at heat rate 10oC/min using a 
Micromeritics AutochemiSorb 2910 system attached with ChemiSoft TPx software. 

 
X-ray photoelectron spectroscopy (XPS) 
The XPS spectra, the blinding energy, full width at half maximum (FWHM) and 

the composition of the Pt catalysts on the surface layer of the catalysts were 
performed by using the Kratos Amicus x-ray photoelectron spectroscopy. The 
experiment was operated with the x-ray source at 20 mA and 12 kV (240 W), the 
resolution at 0.1 eV/step and the pass energy of the analyzer was set at 75 eV under 
pressure approximately 1x10-6 Pa. For calibration, the blinding energy was referenced 
to C 1s line at 285.0 eV. The blinding energy of O 1s, Ti 2p and Pt 4f are determined. 

 
Transmission electron microscopy (TEM) 

 The transmission electron microscope of JEOL JEM-2010 equipped with LaB6 
thermolonic electron gun operating at voltage 120 kV was employed for TEM analysis. 
This technique provided TiO2 crystallite size and morphology images. 
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FT-IR analysis for CO adsorbed on the catalyst (CO-IR) 
This technique was used to analyze the coordination of Pt surface by CO 

adsorption on the Pt surface. The FTIR spectrometer (Bruker) with a liquid nitrogen-
cooled MCT detector was used in this analysis. The catalysts were pressed into the 
pellets and placed in a temperature-controlled flow cell. Prior to reduce the catalysts, 
the remaining air in sample cell was purged with He gas. The sample was reduced at 
two different temperatures (200 °C and 500 °C) in H2 flow for 1 hr before cooling to 30 
°C. The background spectrum was then taken in He flow before the CO adsorption to 
substracted the effects of TiO2. The CO gas was introduced into the sample cell for 15 
min and then was purged with He to eliminate the CO gas phase and physisorbed CO. 
The FTIR spectra were recorded in the 400-4000 cm-1 range at a wavenumber 
resolution of 4 cm-1 and 150 scans. 
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CHAPTER IV 
RESULTS AND DISCUSSION 

This chapter describes about the characteristics and catalytic properties of Pt 
catalysts supported on Zn and La-modified TiO2 in the selective hydrogenation of 3-
nitrostyrene. The effects of reduction temperature and the effect of amount of 
promoter on Pt catalysts were investigated. Moreover, the effect of catalysts 
preparation method of the optimum amount of selected promoter were also 
investigated. The catalysts were characterized by various techniques such as XRD, N2-
physisorption, XPS, TEM, H2-TPR, CO-chemisorption and CO-IR. 
 
4.1 The effects of amount of Zn on the properties of TiO2 and Pt catalysts 
supported on Zn-modified TiO2 supports. 

4.1.1 Catalysts Characterization 

4.1.1.1 X-ray diffraction (XRD) 

 
Figure 4.1 XRD patterns of TiO2 and Zn-modified TiO2 
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Figure 4.2 XRD patterns of Pt/TiO2 and Pt/Zn-modified TiO2 catalysts 

 
The TiO2 and Zn-modified TiO2 were prepared by solvothermal method and Pt 

catalysts were prepared by incipient wetness impregnation method. The XRD patterns 
of TiO2 and Zn-modified TiO2 are shown in Figure 4.1. The characteristic peaks of 

anatase phase TiO2 were observed at 2θ 25°(anatase major peak), 37°, 49°, 54°, 63°, 
69° and 75° in all supports.    

The XRD patterns of the Pt/TiO2 and Pt/Zn-modified TiO2 are shown in Figure 
4.2. The anatase phase TiO2 were observed in all the catalysts. Rutile phase TiO2 were 
additionally observed at 28°(major rutile peak) and 36° in the Pt/Zn modified TiO2.The 
characteristic peaks of Pt species were not detected due to low Pt loading and/or good 
dispersion of Pt on TiO2 support. 

 
4.1.1.2 N2-physisorption 

From N2 adsorption-desorption isotherms, the average pore sizes of all the 
catalysts were in range of 11-14 nm corresponding to the mesoporous structure (2-50 
nm) as shown in Figure 4.3 
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Figure 4.3 N2 adsorption-desorption isotherms at -196 °C of Pt/TiO2 and Pt/TiO2-

modified Zn at various amount of Zn 
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Table 4.1 Physical properties of TiO2 and Zn-modified TiO2. 

 
The physical properties of TiO2 and Zn-modified TiO2 are shown in Table 4.1. 

The surface area of unmodified TiO2 and Zn-modified TiO2 were around 80 m2/g. The 
TiO2 crystallite size of unmodified TiO2 and Zn-modified TiO2 were calculated by 
Scherrer equation. The TiO2 crystallite size were decreased with the increasing of 
amount of Zn from 16.5 nm to 10.5 nm. According to Aware D.V. [43] et al., preparing 
Zn-doped TiO2 by sol-gel method .When the mol% of the zinc ion doping in TiO2 was 
increased, the crystallite size decreased. 

 
Table 4.2 Physical properties of Pt/TiO2 and Pt/Zn-modified TiO2 catalysts.  

 
 

Support BET 
surface 

area 
(m2/g) 

Average pore 
diameter 

(nm) 

Pore volume 
(cm3(STP)/g) 

TiO2 Crystallite 
size (nm) 

TiO2 83 14.5 0.38 16.5 
  TiO2-0.005Zn 75 11.5 0.32 13.8 
TiO2-0.01Zn 85 12.8 0.33 12.5 
 TiO2-0.02Zn 85 14.3 0.36 10.5 

Catalyst BET 
surface 

area (m2/g) 

Average 
pore 

diameter 
(nm) 

Pore volume 
(cm3(STP)/g) 

TiO2 Crystallite 
size (nm) 

Pt/TiO2 75 13.5 0.32 16.0 
  Pt/TiO2-0.005Zn 93 11.3 0.37 12.1 
Pt/TiO2-0.01Zn 98 11.0 0.35 11.2 
 Pt/TiO2-0.02Zn 101 10.1 0.35 10.4 
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The BET surface area, average pore size, pore volume and hyteresis of Pt 
catalysts supported on TiO2 and Zn-modified TiO2 were determined by N2-
physisorption.The physical properties of Pt catalysts are shown in Table 4.2. The BET 
surface area of Pt/TiO2 was around 75 m2/g. The BET surface area of Zn-modified 
catalysts were higher than the unmodified one and were increased from 93 m2/g to 
101 m2/g with increasing molar ratios of Zn/Ti from 0.005 to 0.02. Although, rutile 
occured in the modified catalysts, the surface areas were higher than the unmodified 
one because the crystallite size of anatase phase was smaller than the unmodified 
catalyst. 

 
4.1.1.3 H2-temperature programmed reduction 

The reduction behaviors of catalysts were determined by H2-TPR. The H2-TPR 
profiles are shown in Figure 4.4. The first peak was related to the reduction of Pt oxide 
particles. The second peak was attributed to Pt-TiOx interface sites reduction and the 
last one above 500 ºC was associated to the reduction of surface capping oxygen of 
TiO2 [24]. 

 
Figure 4.4 H2-TPR profiles of TiO2, Pt/TiO2 and Pt/Zn-modified TiO2 
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For the Pt/Zn-modified TiO2, the first peak was shifted to higher temperature 
than the unmodified catalyst, suggesting a larger particle of Pt and/or lower reducibility. 
Furthermore, the second peak of Pt/Zn-modified TiO2 was also shifted to higher 
temperature than the unmodified catalyst suggesting a stronger interaction between 
Pt and TiO2 or/and between Pt and Zn. Moreover, the third peak of Pt supported on 
TiO2 or Zn-modified TiO2 were lower than the TiO2 due to spillover of H2 to TiO2 
surfaces[44]. 
 
4.1.1.4 CO-chemisorption 

 The Pt dispersion or the amount of Pt active sites were evaluated by CO-
chemisorption. All the catalysts were reduced under H2 flow at 200 °C before CO 
injection to adsorb on active sites. The %Pt dispersion were determined by assuming 
that one molecule of CO adsorbed on one molecule of Pt and none of CO molecule 
adsorbed on Zn sites. The % Pt dispersion and amount of active sites of Pt/TiO2 and 
Pt/Zn-modified TiO2 are shown in Table 4.3. The amount of active sites were decreased 
because of the dilution of Pt surfaces by Zn[45]. 
 

Table 4.3 %Pt dispersion and amount of active sites of catalysts which reduced at 
 200 °C. 

Catalysts %Pt dispersion 
Amount of active sites (x1018) 

(x1018 molecule CO/g cat) 

Pt/TiO2 69 10.6 

Pt/TiO2-0.005Zn 55 8.4 

Pt/TiO2-0.01Zn 54 8.3 

Pt/TiO2-0.02Zn 37 5.7 
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4.1.1.5 X-ray photoelectron spectroscopy (XPS) 

 
Figure 4.5 XPS spectra of Zn2p of Zn-modified TiO2 

 
X-ray photoelectron spectroscopy (XPS) is a technique that always use to 

confirm the presence of element. The XPS spectra of Zn of the Zn-modified TiO2 are 
shown in Figure 4.5. The peaks at around 1023 and 1046 eV were related to Zn 2p3/2 

and Zn 2p1/2. The difference between these two spectra about 23 eV corresponding 
to Zn2+[46]. The higher intensity of spectra were observed when increased the molar 
ratio of Zn/Ti. 

The Ti spectra of TiO2 and Zn-modified TiO2 are shown in Figure 4.6. There are 
two peaks at around 459 eV and 464.6 eV which corresponded to the Ti2p3/2 and 
Ti2p1/2, respectively[47]. These values were corresponding to the Ti4+. Two separation 
peaks were consistent with the oxide values which energy gap between them about 
5.7 eV related to the oxide. The Ti2p3/2 of Zn-modified catalyst were shifted to higher 
binding energy when the amount of zinc were increased. The ion radius of Zn2+ (0.074 
nm) is larger than the Ti4+ (0.068 nm) so it is difficult that Zn entered to the TiO2 lattice 
in substitutional or interstitial mode [47-49]. Therefore, Ti atoms may be replaced by 
the Zn atoms on the interface of TiO2 crystal in form Ti-O-Zn. 



 35 

 
Figure 4.6 XPS spectra of Ti2p of Pt/TiO2 and Pt/Zn-modified TiO2  
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4.1.1.6 Transmission electron microscope (TEM) 

 
 

 
Figure 4.7 TEM images and the size distribution of (a) Pt/TiO2 and (b) Pt/TiO2.-0.01Zn 

 
The morphology of catalysts can be attained by transmission electron 

microscope (TEM). TEM images and size distribution of Pt/TiO2 and Pt/TiO2-0.01Zn are 
show in Figure 4.7. Both of catalysts showed non-spherical shapes. The TiO2 particle 
size of Pt/TiO2 were uniformly distributed in range of 11-19 nm compared to the 
particle size of the Pt/TiO2-0.01Zn  which major size were in range of 12-14 nm. Pt 
particles could not be detected due to low metal loading or good dispersion. 
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4.2.1.2 FT-IR analysis for CO adsorbed on the catalyst (CO-IR) 

In order to further study the effects of the presence of Zn on the sites of 
dispersed Pt particles and for the catalytic performance, CO adsorption on the 
unmodified catalyst and Zn-modified catalyst was investigated with in-situ FT-IR 
technique. The coordination of Pt surface atom can be detected by using CO-IR 
technique. The adsorption bands occurred in different frequency which depended on 
the sites of Pt. The adsorption band at around 2050 cm-1 related to the linear CO 
adsorption while the absorption band at 2070 – 2100 cm-1 may be the absorption of 
CO adsorbed on highly coordinated Pt surfaces like Pt(111) and Pt(100) and at 2000 – 
2066 cm-1 on low coordinated Pt sites like kink, edge, and corner[9]. Figure 4.8 
illustrates the FTIR spectra of adsorbed CO over the Pt/TiO2 and Pt/TiO2-0.01Zn which 
were reduced at 200 °C. The spectra band at wavenumber 2062 and 2066 cm-1 were 
related to the low coordinated Pt sites and there was no peaks showing the Pt terrace 
sites. The relative quantity of Pt edge sites over Pt/TiO2 was higher than the Pt/TiO2-
0.01Zn.  

 
Figure 4.8 FTIR spectra of adsorbed CO over Pt/TiO2 and Pt/TiO2-0.01Zn which 

reduced at 200 °C 

2066 

2062 
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4.1.2 Catalytic performances of Pt/Zn-modified TiO2 in the liquid phase 
selective hydrogenation of 3-nitrostyrene  

The catalytic measurements of Pt catalysts supported on TiO2 and Zn-modified 
TiO2 at various amounts of Zn were evaluated in the liquid phase selective 
hydrogenation of 3-nitrostyrne. Prior to the reaction, the catalysts were reduced under 
H2 flow at 200 °C. The reaction were carried out batchwise isothermally at 40 °C under 
H2 pressure 20 bar for 60 min. The products of liquid phase selective hydrogenation of 
3-nitrostyrene were analyzed by a gas-chromatograph. The catalytic results such as 
activity and VA-selectivity are shown in Table 4.4. 3-nitrostyrene conversion is defined 
as the moles of 3-nitrostyrene converted with respect to the moles of 3-nitrostyrne 
initial. 3-VA selectivity is defined as the ratio of the amount of 3-VA occurred to amount 
of all products. The Pt/TiO2 shows the highest conversion about 80% and the 
conversion were dropped when the Zn content in catalysts were increased. The Pt 
surfaces were diluted by the presence of non-active Zn or allowed less Pt surfaces 
atom (as shown by chemisorption) caused the low conversion of Pt/Zn-modified TiO2 
[45, 50]. 

The product selectivity of this reaction strongly depended on the Pt surface 
atom. According to Corma et al.[9], rate of C=C hydrogenation was decreased by 
increasing the ratio of Pt corner/edge sites to Pt terrace sites. Therefore, the VA 
selectivity of Pt/TiO2-0.01Zn was lower than the Pt/TiO2 due to the less quantity of 
low coordinated Pt sites according to CO-IR results which shown in Figure 4.8. 
 
Table 4.4 Reaction results of the Pt/TiO2 catalysts Pt/Zn-modified TiO2 catalysts 
 

Catalyst Conversion 
(%)a 

VA 
selectivity(%)a 

Yield (%) Dispersion(%)b 

Pt/TiO2 80 77 61 69 
   Pt/TiO2-0.005Zn 79 80 63 55 
   Pt/TiO2-0.01Zn 
   Pt/TiO2-0.02Zn 

43 
26  

65 
68 

28 
18 

54 
37 
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4.2 The effects of reduction temperature on the properties of Pt catalysts 
supported on Zn-modified TiO2 supports 

4.2.1 Catalyst Characterization 

4.2.1.1 CO-chemisorption 

CO-chemisorption was used to determined %Pt dispersion or amount of actives 
sites. Prior to adsorb CO on catalysts, the catalysts were reduced under H2 flow at 200 
°C and 500 °C. At low reduction temperature, %Pt dispersion of all catalysts were higher 
than the catalysts reduced under high reduction temperature which shown in Table 
4.5. 

At high reduction temperature, the Zn-modified catalyst exhibited good 
dispersion than the unmodified catalysts. The dispersion was increased when adding 
molar ratio of Zn/Ti from 0.005 and 0.01 but the dispersion was decreased when the 
molar ratio is 0.02. 
 
Table 4.5 CO-chemisorption of Pt/TiO2 and Pt/Zn-modified TiO2 catalysts 

Catalysts Reduction 

temperature 

(°C) 

%Pt 

dispersion 

Amount of active sites 

(x1018 molecule CO/g 

cat) 

Pt/TiO2 200 69 10.6 

 500 43 6.7 

Pt/TiO2-0.005Zn 200 55 8.4 

 500 58 9.0 

Pt/TiO2-0.01Zn 200 54 8.3 

 500 53 8.2 

Pt/TiO2-0.02Zn 200 37 5.7 

 500 51 7.9 
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4.2.2 Effects of reduction temperature on catalytic performances of Pt/Zn-
modified TiO2 in the liquid phase selective hydrogenation of 3-nitrostyrene  

Liquid phase selective hydrogenation of 3-nitrostyrene were performed over 
Pt/TiO2 and Pt/Zn-modified TiO2 after low reduction temperature (200 °C) and high 
reduction temperature (500 °C). The catalytic results such as %conversion and %VA 
selectivity are shown in Table 4.6. The Pt/TiO2 which reduced at 200 °C shows the 
higher conversion than the Pt/TiO2 which reduced under 500 °C. The product selectivity 
of 3-nitrostyrene hydrogenation reaction was strongly depended on the nature of Pt 
surface sites[51]. The VA selectivity of catalysts reduced at 500 °C was higher than the 
ones at 200 °C. The reduction temperature has the effects on the coordination of 
metal surface atom. Vinyl group or C=C group hydrogenation is structure sensitive 
reaction. Therefore, there was an attempt to decreased the rate of C=C hydrogenation 
by increasing the ratio of Pt corner/edge sites to Pt terrace sites. According to 
Pisduangdaw et al.[24], the high reduction temperature led to the decreasing of Pt 
terrace sites. Therefore, the VA selectivity at high reduction temperature was higher 
than the low reduction temperature due to the increasing of Pt corner/edge sites. 

The Pt/Zn-modified TiO2 which reduced under 200 °C shows the lower 
conversion than the unmodified ones. The Pt surfaces were diluted by the presence 
of non-active Zn caused the low conversion of Pt/Zn-modified TiO2[4]. In contrast to 
the reduction at 500 °C, all the Zn-modified catalysts showed higher activity than the 
unmodified catalyst with the Pt/TiO2-0.005Zn exhibited the highest NS conversion at 
64% after 60 min reaction time. Compared to the Pt/TiO2, the selectivity was slightly 
decreased from 86% to 80-84% for the Zn modified catalysts with Zn/Ti molar ratio 
0.005-0.01. According to the CO chemisorption results, Pt/Zn-modified catalysts gave 
a superior dispersion than the unmodified ones corresponding to the higher amount 
of active sites. Moreover, the Zn-modified catalyst at high reduction temperature (500 
°C) caused the Pt-Zn strong interaction or PtZn alloy that the electron from Zn was 
shifted to Pt. According to Yarulin [6], the ZnO reduction occurs in range of 177 °C to 
277°C and expected that the higher degree of intermetallic Pt/Zn increased with the 
reduction temperature.  According to H2-TPR results, the increasing of Zn caused the 
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Table 4.6 Reaction results of the Pt/TiO2 catalysts Pt/Zn-modified TiO2 catalysts at 
different reduction temperatures 

Catalyst 
Reduction 

temperature 
(°C) 

Conv 
(%) 

VA 
selectivity(%) 

Yield 
(%) 

Dispersion 
(%) 

Pt/TiO2 
200 80 77 61 69 
500 44 86 38 43 

Pt/TiO2-0.005Zn 
200 79 80 63 55 
500 64 80 51 58 

Pt/TiO2-0.01Zn 
200 43 65 28 54 
500 63 84 53 53 

Pt/TiO2-0.02Zn 
200 26 68 18 37 
500 54 75 41 51 

 
peak shifted to higher temperature implied a stronger metal support interaction. At 
high reduction temperature, the VA selectivity were maintained at relatively high level 
due to the decoration of Pt surface atoms by TiO2-x, increasing number of low 
coordinated Pt sites [9, 24]. 
 
 
4.3 Effects of Pt/Zn-modified TiO2 preparation method  

From the results in part of the effects of amount of Zn, the Pt/Zn-modified 
TiO2 with the optimum of Zn/Ti equals to 0.01 gave the highest VA yield. In this part, 
the catalyst preparation method of Pt/TiO2-0.01Zn would further studied. The catalyst 
which Pt precursor was impregnated on solvothermal 0.01Zn-modified TiO2 was 
referred to conv-Pt/TiO2-0.01Zn. While the catalyst prepared by impregnation Zn 
precursor and Pt precursor on solvothermal TiO2 sequentially was referred to seq-
Pt/TiO2-0.01Zn. Moreover, the Pt and Zn precursor was promptly impregnated on 
solvothermal TiO2 was referred to co-Pt/TiO2-0.01Zn. 
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4.3.1 Catalyst Characterization 

4.3.1.1 X-ray diffraction (XRD) 

The XRD patterns of Pt/TiO2-0.01Zn prepared by conventional-impregnation 
method, sequential-impregnation method and co-impregnation method are shown in 
Figure 4.9.  The anatase TiO2 was the major phase in all of catalysts and only small 
fraction of rutile was observed. The crystallite size of conventional catalyst exhibited 
the smaller TiO2 crystallite size than the others as shown in Table 4.7. 

 

 
Figure 4.9 XRD patterns of Pt/TiO2-0.01Zn catalysts prepared by different methods 
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4.3.1.2 N2-physisorption 

The properties of Pt/TiO2 and Pt/TiO2-0.01Zn prepared by different methods 
such as BET surface area, average pore diameter, pore volume and average TiO2 
crystallite size are shown in Table 4.7. All the modified catalysts showed the greater 
BET surface area than the unmodified catalyst. Therefore, adding Zn into catalyst led 
to the higher surface area. Among the Zn-modified catalysts, the catalysts prepared by 
conventional impregnation exhibited the highest surface area (98 m2/g) compared to 
the other preparation methods (around 80 m2/g). While the surface area of seq-
impregnation catalysts was quite similar to the co-impregnation catalysts. 
 
Table 4.7 Physical properties of Pt/TiO2 and Pt/Zn-modified TiO2 catalysts prepared 
by different methods 

 
 
 
 

Catalyst BET 
surface 

area 
(m2/g) 

Average 
pore 

diameter 
(nm) 

Pore volume 
(cm3(STP)/g) 

TiO2 Crystallite 
size (nm) 

Pt/TiO2 75 13.5 0.32 16.0 
  Pt/TiO2-0.01Zn 

(conv-impregnation) 
98 11.0 0.35 11.2 

Pt/TiO2-0.01Zn     
(seq-impregnation) 

78 11.6 0.29 13.9 

 Pt/TiO2-0.01Zn     
(co-impregnation) 

80 14.3 0.36 14.5 
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Figure 4.10 N2 adsorption-desorption isotherms at -196 °C of Pt/TiO2 -0.01Zn 

prepared by various methods 
 

The Zn-modified catalyst prepared by different methods had the pore diameter 
in range of 11-14 nm and exhibited the mesoporous structure. The sequential-
impregnation catalysts showed the lowest surface area and pore volume about 78 
m2/g and 0.29 cm3 (STP)/g, respectively due to pore blocking by ZnO or Pt particles. 
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4.3.1.3 H2-temperature programmed reduction (H2-TPR) 

 
Figure 4.11 H2-TPR profiles of TiO2, Pt/TiO2 and Pt/Zn-modified TiO2 

 
The reduction behavior of Pt/TiO2-0.01Zn prepared by different methods were 

examined by H2-TPR technique and is shown in Figure 4.11. The Pt oxide reduction 
peak (first peak) of Pt/TiO2-0.01Zn prepared by seq-impregnation and co-impregnation 
methods were higher than the conv-impregnation. This may be due to the 
agglomeration of Pt particles which led to the low Pt dispersion according to CO-
chemisorption results. Moreover, the sequential impregnation and co-impregnation 
method provided the stronger interaction between metal and support.   
 
4.3.1.4 CO-chemisorption 

 The conventional impregnation catalyst showed the higher amount of active 
sites than the catalyst prepared by other methods at both of low and high reduction 
temperatures as shown in Table 4.8. The Zn-modified catalyst prepared by sequential 
and co-impregnation catalysts exhibited the same amount of active sites. 
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Table 4.8 CO-chemisorption of Pt/TiO2 and Pt/Zn-modified TiO2 catalysts prepared 
by different methods. 

Catalysts Reduction 

temperature 

(°C) 

%Pt 

dispersion 

Amount of active sites 

(x1018 molecule CO/g 

cat) 

Pt/TiO2 
200 69 10.6 

500 43 6.7 

conv-Pt/TiO2-0.01Zn 
200 54 8.3 

500 53 8.2 

seq-Pt/TiO2-0.01Zn 
200 39 6.0 

500 48 7.5 

co-Pt/TiO2-0.01Zn 
200 39 6.0 

500 48 7.5 

 
4.3.1.5 X-ray photoelectron spectroscopy (XPS) 

XPS spectra of Ti2p and Zn2p of Pt/TiO2-0.01Zn are shown in Figure 4.12 and 
Figure 4.13, respectively. Ti2p peak at 459 eV and 464.6 eV was related to Ti2p3/2 and 
Ti2p1/2, respectively which were related to Ti4+ species. All of Zn-modified catalysts 
exhibited the same position of Zn2p spectra at 1023 and 1046 eV which corresponded 
to Zn 2p3/2 and Zn 2p1/2. The Zn ions were in form of Zn2+ or ZnO dispersed on the 
surface of TiO2 crystal. 
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Figure 4.12 XPS spectra of Ti2p of Pt/TiO2-0.01Zn prepared by different methods 

 
Figure 4.13 XPS spectra of Zn2p of Pt/TiO2-0.01Zn prepared by different methods 
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4.3.1.6 FT-IR analysis for CO adsorbed on the catalyst (CO-IR) 

 
 

Figure 4.14 FT-IR spectra of a probe molecule of CO adsorbed on Pt/TiO2-0.01Zn 
prepared by different synthesis which reduced at 200 °C 

 
The FT-IR spectra of a probe molecule of CO adsorbed on Pt/TiO2-0.01Zn 

prepared by different synthesis which reduced at 200 °C are shown in Figure 4.14. The 
adsorption band at 2066 cm-1 and 1845 cm-1 were related to the CO linear adsorption 
on Pt edge sites and bridge-type CO adsorbed[22]. For seq-impregnation, there was an 
appearance of bridge-type CO adsorbed over the Pt terrace sites. It has been reported 
that CO adsorbs in a bridge form mainly on large Pt particles, while linear adsorbed 
CO on small particles. According to H2-TPR results, the Pt oxide reduction peak shifted 
to the higher temperature implied to the larger particles of Pt. Therefore, low VA 
selectivity of seq-impregnation catalysts at 48% due to less amount of low coordinated 
Pt sites. 
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4.3.2 Effects of catalyst preparation method on catalytic performances of 
Pt/Zn-modified TiO2 in the liquid phase selective hydrogenation of 3-
nitrostyrene  

The Zn-modified catalyst with the optimum Zn/Ti molar ratio (0.01 Zn/Ti) were 
prepared by different methods. Prior to the reaction test, the catalysts were reduced 
at different temperatures at 200 °C and 500 °C. The results of catalytic performances 
are shown in Table 4.9. At low reduction temperature, the Pt supported on Zn-
modified TiO2 which prepared by conventional impregnation method showed higher 
conversion than the catalysts prepared by the other methods. According to CO 
chemisorption results, the catalysts prepared by conventional-impregnation method 
had the highest %Pt dispersion.  
 
Table 4.9 Reaction results of Pt/TiO2 and Pt/Zn-modified TiO2 catalysts prepared by 
different methods 

Catalyst 
Reduction 

temperature 
(°C) 

Conv 
(%) 

VA 
selectivity 

(%) 

Yield 
(%) 

Dispersion 
(%) 

Pt/TiO2-0.01Zn 
(conv-impregnation) 

200 43 65 28 54 
500 63 84 53 53 

Pt/TiO2-0.01Zn 
(seq-impregnation) 

200 37 48 18 39 
500 55 79 43 48 

Pt/TiO2-0.01Zn      
(co-impregnation) 

200 37 62 23 39 
500 55 79 44 48 

 
4.4 The effects of amount of La on the properties of TiO2 and Pt catalysts 
supported on La-modified TiO2 supports 

4.4.1 Catalyst Characterization 

4.4.1.1 X-ray diffraction (XRD) 
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Figure 4.15 XRD patterns of TiO2 and La-modified TiO2 

 
The TiO2 and La-modified TiO2 were prepared by solvothermal method. The  

X-ray diffraction was used to determine the TiO2 phase and TiO2 crystallite size. All of 
TiO2 showed only anatase phase. The XRD patterns of TiO2 and La-modified TiO2 are 
shown in Figure 4.15. The characteristic peaks of anatase phase TiO2 were observed at 

25°(anatase major peak), 37°, 49°, 54°, 63°, 69° and 75° 2θ in all supports. All of La-
modified TiO2 had smaller crystallite size than the unmodified TiO2. Furthermore, the 
crystallite size of TiO2 tended to be smaller when the molar ratio of La/Ti were 
increased[52].  

All of Pt/TiO2 catalysts were prepared by incipient wetness impregnation 
method.  The XRD patterns shows only the anatase TiO2 phase of Pt/TiO2 and Pt/La-
modified TiO2 with no other TiO2 phases were observed as shown in Figure 4.16. The 
crystallite size of anatase phase were decreased with increasing molar ratio of La/Ti 
from 0.005-0.02. The characteristic peaks of Pt species were not detected due to low 
Pt loading (0.5%wt Pt loading) and/or good dispersion of Pt on TiO2 support.  
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Figure 4.16 XRD patterns of Pt/TiO2 and Pt/La-modified TiO2 catalysts 

 
 
4.4.1.2 N2-physisorption 

The BET surface area of La-modified TiO2 were higher than the unmodified 
TiO2 as shown in Table 4.10. The results clearly shows that the presence of La can 
increase specific surface area and restrain the growth of TiO2 crystallites[53].  
 
 Table 4.10 Physical properties of TiO2 and La-modified TiO2 

Support BET 
surface 

area 
(m2/g) 

Average pore 
diameter 

(nm) 

Pore volume 
(cm3(STP)/g) 

TiO2 Crystallite 
size (nm) 

TiO2 83 14.5 0.38 16.5 
  TiO2-0.005La 110 12.2 0.40 8.5 
TiO2-0.01La 119 12.9 0.44 7.8 
 TiO2-0.02La - - - 7.5 
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Table 4.11 Physical properties of Pt/TiO2 and Pt/La-modified TiO2 catalysts 

 
From the N2-physisorption results, the BET surface area of Pt/TiO2 was 75 m2/g 

and the Pt/La-modified TiO2 exhibited higher surface area than the unmodified 
catalysts. The surface area of Pt/La-modified TiO2 were increased from 102 m2/g to 
155 m2/g when the molar ratio of La/Ti increased from 0.005-0.02. The hysteresis loop 
of La-modified catalysts are shown in Figure 4.17. The unmodified catalysts showed 
the largest pore diameter about 13.5 nm and the Pt/TiO2-0.01La showed the highest 
pore volume about 0.51 m2/g 
 
 
 
 
 
 
 
 
 
 

Catalyst 

BET 
surface 

area 
(m2/g) 

Average pore 
diameter 

(nm)a 

Pore volume 
(cm3(STP)/g) 

TiO2 Crystallite 
size (nm) 

Pt/TiO2 75 13.5 0.32 16.0 
Pt/TiO2-0.005La 102 11.7 0.42 8.5 
Pt/TiO2-0.01La 123 12.8 0.51 7.9 
 Pt/TiO2-0.02La 155 8.8 0.39 7.5 
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Figure 4.17 N2 adsorption-desorption isotherms at -196 °C of Pt/TiO2 and Pt/TiO2-
modified La at various amount of La 
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4.4.1.3 H2-temperature programmed reduction (H2-TPR) 

The temperature reduction profiles were recorded for TiO2, Pt/TiO2 and Pt/TiO2-
modified La and are presented in Figure 4.18. The first peak was attributed to the 
reduction of oxidized Pt species. The first peak of Pt/TiO2-moidifed La was shifted to 
the higher temperature compared to the Pt/TiO2 which indicated that the La-modified 
catalysts had larger Pt particle size than the unmodified catalyst. Among the Pt/TiO2-
modified La, the Pt/TiO2-0.01La showed the lower temperature at 109°C than the 
Pt/TiO2-0.005La and Pt/TiO2-0.02La which located at 141°C and 149°C respectively.  The 
second peak was assigned to the the Pt-TiOx species reduction. The higher peak shift 
was assigned to the stronger metal-support interaction. The peak was shifted to lower 
temperature when the molar ratio of La/Ti was increased indicating the weaker Pt-TiO2 
interaction of La-modified catalysts. The last peak corresponding to the reduction of 
capping oxygen of TiO2. 

 
 

Figure 4.18 H2-TPR profiles of Pt/TiO2 and Pt/La-modified TiO2 
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4.4.1.4 CO-chemisorption  

Table 4.12 %Pt dispersion and amount of active sites of catalysts reduced at 200 °C 
and 500 °C. 

Catalysts Reduction 

temperature 

(°C) 

%Pt dispersion Amount of active 

sites (x1018 molecule 

CO/g cat) 

Pt/TiO2 200 69 10.6 

 500 43 6.7 

Pt/TiO2-0.005La 200 48 7.4 

 500 45 6.9 

Pt/TiO2-0.01La 200 62 9.6 

 500 59 9.2 

Pt/TiO2-0.02La 200 27 4.2 

 500 26 3.9 

 
4.4.1.5 X-ray photoelectron spectroscopy (XPS) 

The XPS spectra of La3d of Pt/0.02La-modified TiO2 are shown in Figure 4.19. 
The signals were very weak due to low concentration of La. There were two spin orbit 
which related to La3d5/2 and La3d3/2. It can be observed that each of spin orbit were 
separated into double peak structures. The La3d5/2 was located at 835.1 and 839.5 eV 
and the La3d3/2 was located at 852.0 and 856.4 eV. According to Ping Zhang et al. [54], 
the energy gap between two spin orbit was about 17.1 eV and the separation between 
satellite and main peak was about 4.5 eV corresponding to La3+ compounds or in form 
of La2O3. 
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Figure 4.19 XPS spectra of La3d of Pt/TiO2-0.02La 
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4.4.1.6 Transmission electron microscopy (TEM) 

 

 
Figure 4.20 TEM images and the size distribution of (a) Pt/TiO2 and (b) Pt/TiO2.-0.01La 

 
Figure 4.20 shows the TEM images and particle sizes distribution of Pt/TiO2 and 

Pt/TiO2-0.01La. The TiO2 particle size distribution of the former was in range of 11-19 
nm and 7-13 nm for the latter which were in good agreement with the XRD results. 
The results clearly showed that the presence of La in TiO2 support led to the smaller 
of TiO2 crystallite size. The formation of La-modified TiO2 by solvothermal process, 
La3+ were dispersed in TiO2 precursor and solvent. The La3+ ions difficultly entered to 
the TiO2 lattice due to the bigger ion radius (0.115 nm) than Ti4+ radius (0.068 nm). 
Therefore, the La3+ possibly dispersed on the TiO2 surface as La2O3 according to the 
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results of XPS[53]. The Pt particles cannot be detected due to small particles and/or 
good dispersion of Pt.  

 
4.4.2 Catalytic performances of Pt/La-modified TiO2 in the liquid phase selective 
hydrogenation of 3-nitrostyrene 

The catalyst were reduced at 200 °C or 500 °C in H2 flow before the reaction 
test for 60 minutes. At low reduction temperature (200 °C), the conversion of all La-
modified TiO2 were decreased in range of 49-70% compared to Pt/TiO2 at about 80%. 
Moreover, the Pt/0.01La-modified catalyst showed the best conversion among the 
group of La-modified catalysts. According to the CO chemisorption results, the La-
modified TiO2 had lower %Pt dispersion or less amount of active sites than the 
unmodified catalyst. Moreover, the first peak of H2-TPR of La modified catalyst which 
corresponding to Pt oxide reduction shift to higher temperature indicated the larger Pt 
particles or lower reducibility. At high reduction temperature (500 °C), the conversion 
of La-modified catalyst were decreased due to the partial coverage of Pt by La2O3 
or/and TiO2-x species [9]. 
 
Table 4.13 Reaction results of the Pt/TiO2 catalysts and Pt/La-modified TiO2 catalysts 

Catalyst Reduction 
temperature 

(°C) 

Conv 
(%) 

VA 
selectivity 

(%) 

Yield 
(%) 

Dispersion 
(%) 

Pt/TiO2 200 80 77 61 69 
 500 44 86 38 43 
   Pt/TiO2-0.005La 200 51 66 34 48 

 500 41 79 33 45 
   Pt/TiO2-0.01La 200 70 74 51 62 
 500 56 88 49 59 
   Pt/TiO2-0.02La 200 49 46 23 27 
 500 24 62 15 26 
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4.5 Comparison between Pt/Zn-modified TiO2 and Pt/La-modified TiO2 

The comparison between the Zn-modified catalyst and La-modified catalyst 
would be discussed in this part. At the high reduction temperature and the same ratio 
of Zn/Ti and La/Ti, the Zn-modified catalyst showed the higher conversion than the 
La-modified catalyst. As mentioned in the previous part, the Pt active sites of Pt/La-
modified TiO2 were partially covered by the La2O3 or/and TiO2-x species affected the 
lower conversion than the low reduction temperature. While the Zn-modified catalyst 
exhibited the higher conversion than the unmodified catalyst and La-modified catalyst 
because the Pt-Zn strong interaction or PtZn alloy that the electron from Zn was 
shifted to Pt. 
 
Table 4.14 Reaction results of the Pt/TiO2 catalysts, Pt/Zn-modified TiO2 catalysts 
and Pt/La-modified TiO2 catalysts 

Catalyst 
Reduction 

temperature 
(°C) 

Conv 
(%) 

VA 
selectivity 

(%) 

Yield 
(%) 

Dispersion 
(%) 

Pt/TiO2 200 80 77 61 69 
500 44 86 38 43 

Pt/TiO2-0.005Zn 200 79 80 63 55 
500 64 80 51 58 

Pt/TiO2-0.01Zn 200 43 65 28 54 
500 63 84 53 53 

Pt/TiO2-0.02Zn 200 26 68 18 37 
500 54 75 41 51 

   Pt/TiO2-0.005La 200 51 66 34 48 
 500 41 79 33 45 
   Pt/TiO2-0.01La 200 70 74 51 62 
 500 56 88 49 59 
   Pt/TiO2-0.02La 200 49 46 23 27 
 500 24 62 15 26 
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CHAPTER V 
CONCLUSIONS AND RECOMMENDATIONS 

The effects of the amount of Zn and La modified TiO2 were investigated in the 
liquid phase selective hydrogenation of 3-nitrostyrene. Moreover, the effects of 
catalysts preparation of the optimum ratio of Zn/Ti of Zn-modified catalyst was also 
studied. The conclusions and the recommendations are shown below. 

 
Conclusions 

Based on the CO-chemisorption results, the Zn-modified catalysts exhibited 
lower dispersion than the unmodified catalysts at low reduction temperature due to 
the dilution of Pt surfaces by Zn. In contrast, at high reduction temperatures, the Zn-
modified catalysts showed higher dispersion which led to the higher conversion than 
the unmodified catalysts. Moreover, the strong Pt-Zn interaction at high reduction 
temperatures provided the electron transfer from Zn to Pt which improved the 
conversion. The CO-IR spectra of the unmodified catalyst and Zn-modified catalyst 
exhibited only the linear CO adsorption on low coordinated Pt sites which facilitated 
high VA selectivity. 

The addition of La on TiO2 supports provided smaller crystallite size and higher 
surface area. However, all of the La-modified catalysts gave less amount of active sites 
compared to the unmodified catalysts, resulting in the lower conversion of 3-
nitrostyrene. 

 
Recommendations 

1) The presence of PtZn alloy in Pt/Zn-modofied TiO2 should further analysis 

by the other techniques. 

2) The study of the stability of Zn-modified catalyst and La-modified catalyst 

compared to the unmodified catalyst should be investigated.
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Appendix A 
CALCULATION FOR ZN-MODIFIED TiO2 AND La-MODIFIED TiO2 

PREPARATION 

 
Modification for TiO2 support with various Zn/Ti and La/Ti molar ratios were prepared 
by solvothermal method. 
 
Reagents: 
Titanium n-butoxide    =  25  g 
1,4 butanediol           = 100  cm3 
Zinc acetylacetonate    
Lanthanum (III) nitrate hexahydrate      
 
Example calculation: TiO2- 0.005Zn 
Weight of Titanium n-butoxide  = 25 g 
Molecular weight of Titanium n-butoxide = 340.35 g/mol 
Mole of Titanum n-butoxide = 25 g / 340.35 g/mol = 0.0735 mol 
Mole of Ti : Mole of Titanium n-butoxide = 1:1 
So that mole of Ti = 0.0735 mol 
Mole of Zn : Ti = 0.005 : 1 
So that mole of Zn = 0.0735 * 0.005 = 0.0003675 mol 
Molecular weight of Zn acetylacetonate = 263.59 g/mol 
Weight of Zn acetylacetonate required = 0.0003675*263.59 = 0.0969 g 
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Appendix B 
CALCULATION OF Pt CATALYSTS SUPPORTED ON TiO2 AND MODIFIED 

TiO2 

Pt catalysts supported on TiO2 and modified TiO2 were prepared by incipient wetness 
impregnation method. 
Reagent: Chloroplatinic acid (Molecular weight) = 517.90 g/mol 
Support : TiO2  
  Zn-modified TiO2 
  La-modified TiO2 
Example of calculation: 0.5 wt.% Pt/TiO2 
Based on 1 g of catalysts used, the composition of catalysts will be as follows : 
Platinum = 0.5/100 =0.005 g 
TiO2 or modified TiO2 = 1-0.005 = 0.995 g 

Platinum 0.005 g was prepared by using H2PtCl6 ∙ 6H2O  
 

   =  
MW. of H2PtCl6 ∙ 6H2O × weight of platinum required

MW. of platinum
 

     

        = (517.90 g/mol * 0.005g)/195.078 g/mol 
                 = 0.0132 g 
Chloroplatinic acid hydrate were dissolved into DI water and dropped into TiO2, Zn 
and La-modified TiO2 equal to pore volume of support to obtain 0.5% wt Pt loading. 
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Appendix C 
CALCULATION FOR THE TiO2 ANATASE CRYSTALLITE SIZE BY SCHERRER 

EQUATION 

The average crystallite size of TiO2 anatase was calculated by the half-height width of 
diffraction peak from XRD pattern by using the Scherrer equation: 
 

𝐷 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
 

 

Where  D : Crystallite size, Å 
  K : Shape factor of the Sherrer constant = 0.9 

  λ : Wavelength of the x-ray , 1.5418 Å for CuKα 

         β : The full width-half max (FHWM) of the peak after correcting 
for peak broadening, which is caused by the diffractometer, 
radian 

  θ : Bragg angle , radian 
 

The full width-half max (FHWM) of the peak after correcting for peak broadening (β) 
can br obtained by using Warren’s equation: 

 β2 =   β𝑀
2 −   β𝑆

2 

So that 

β =  √ β𝑀
2 −   β𝑆

2 

Where βS: The corresponding width of standard material 
 βM: The measured peak width in radians at half peak height 
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Example of TiO2 crystallite size calculation: Pt/TiO2 
 

 
 
Data from graph  

 Peak center of TiO2 anatase 101: 2θ = 25.30 

       θ = 12.65 

 FHWM = 0.55° 

  = (2π*0.55)/360 
  = 0.0096 radian 

 βM = 0.0096 radian 

 βS = 0.0041 radian 
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 β =  √ β𝑀

2 −   β𝑆
2 

 

β =  √0.00962 −  0.00412 
 

β = 0.0087    radian 

 

From Scherrer equation: 

𝐷 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
 

             

𝐷 =
0.9 × 1.5418

0.0087 × 𝑐𝑜𝑠12.65
 

 
            𝐷 = 161 Å or 16.1 nm  
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APPENDIX D 
CALCULATION FOR METAL ACTIVE SITES AND DISPERSION 

 
Calculation of the metal active sites and metal dispersion of the catalyst measured 
by CO adsorption is as follows: 
 
Calculation of metal active sites 
Let the weight of catalyst used     = W   g 
Integral area of CO peak after adsorption    = A   unit 

Integral area of 20 μl of standard CO peak    = B   unit 
Amounts of CO adsorbed on catalyst    = B-A  unit 
Volume of CO adsorbed on catalyst     = 100× [(B-A)/B]  
Volume of 1 mole of CO at 30oC     = 24.86 ×106    
Mole of CO adsorbed on catalyst   = [(B-A)/B] [20/24.86 ×106]    mole 
Molecule of CO adsorbed on catalyst    = [20/24.86 ×106] [6.02 × 1023] [(B-A)/B]      
molecules 
Metal active sites = [20/24.86 ×106] [6.02 × 1023] [(B-A)/B] [1/W] molecules of CO/g of 
catalyst 
 
Calculation of %metal dispersion 
Definition of % metal dispersion: 

Metal dispersion (%) = 100 ×  
molecules of Pt from CO adsorption

molecules of Pt loaded
 

 
In this study, the formula from Chemisorb 2750 Operator’s Manual can used for 
determined the % metal dispersion as follow: 
%𝐷 =  𝑆𝑓  ×  

𝑉𝑎𝑑𝑠

𝑉𝑔
 ×  

𝑀𝑤

%𝑀
 × 100% × 100%  …………………………………..(1) 

 
 
Where 
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%D = %metal dispersion 
Sf = stoichiometry factor, (CO on Pt* =1) 
Vads = volume adsorbed (cm3/g) 
Vg = molar volume of gas at STP = 22414 (cm3/mol) 
Mw = molecular weight of the metal (a.m.u.) 
%M = %metal loading 

Example: %Dispersion of 0.5%Pt/TiO2  
- Calculation Volume Chemisorbed (Vads ) 

𝑉𝑎𝑑𝑠(𝑐𝑚3) =
𝑉𝑖𝑛𝑗

𝑚
 ×  ∑ (1 −

𝐴𝑖

𝐴𝑓

𝑛
𝑖=1 ) ……………………………………………..(2) 

Where: 
Vinj = volume injected (cm3) = 0.020 cm3 
m = mass of sample (g) 
Ai = area of peak i 
Af = area of last peak 

 



 75 

 

 

 
VITA 
 

VITA 

 

Mr.Arnut Saeaung was born on 19 March 1992, in Bangkok, Thailand. He 
graduated with a Bachelor's degree in Chemical Technology from Chulalongkorn 
University, Thailand in 2014. He has been studying with a Master degree in Chemical 
Engineering from Chulalongkorn University since 2014. 

List of publication : 

Arnut Saeaung and Joongjai Panpranot, "Characteristics and catalytic 
properties of Pt/Zn-modified TiO2 in the liquid-phase selective hydrogenation of 3-
nitrostyrene", Proceeding of the Pure and Applied Chemistry International 
Conference 2016 (PACCON 2016), Bangkok , Thailand, February 9-11, 2016. 

 


	THAI ABSTRACT
	ENGLISH ABSTRACT
	ACKNOWLEDGEMENTS
	CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	CHAPTER I INTRODUCTION
	1.1 Motivation
	1.2 Objective
	1.3 Research scope
	1.4 Research Methodology

	CHAPTER II LITERATURE REVIEWS
	2.1 Study on TiO2 (Titanium dioxide) as support
	2.2 Selective hydrogenation reaction
	2.3 Solvothermal synthesis
	2.4 Study of Pt as catalysts in liquid-phase selective hydrogenation
	2.5 Effect of Zn-modified catalyst on catalyst properties and catalytic performances
	2.6 Effect of La-modified catalyst on catalyst properties
	2.7 Study effect of reduction temperature on catalyst properties and catalytic performance
	2.8 Study the CO adsorption on Pt catalyst

	CHAPTER III EXPERIMENTAL
	3.1 Materials
	3.2 Catalyst Preparation
	3.2.1 Synthesis of TiO2 support and Zn and La-modified TiO2 supports
	3.2.2 Synthesis of Pt/TiO2, Pt/Zn-modified TiO2 and Pt/La-modified TiO2 catalysts
	3.2.3 Synthesis of sequential-impregnation Pt/Zn and La-modified TiO2 and co-impregnation Pt/Zn and La-modified TiO2

	3.3 Measurement of catalytic performance in liquid phase selective 3-nitrostyrene hydrogenation
	3.4 Catalyst Characterization

	CHAPTER IV RESULTS AND DISCUSSION
	4.1 The effects of amount of Zn on the properties of TiO2 and Pt catalysts supported on Zn-modified TiO2 supports.
	4.1.1 Catalysts Characterization
	4.1.1.1 X-ray diffraction (XRD)
	4.1.1.2 N2-physisorption
	4.1.1.3 H2-temperature programmed reduction
	4.1.1.4 CO-chemisorption
	4.1.1.5 X-ray photoelectron spectroscopy (XPS)
	4.1.1.6 Transmission electron microscope (TEM)
	4.2.1.2 FT-IR analysis for CO adsorbed on the catalyst (CO-IR)

	4.1.2 Catalytic performances of Pt/Zn-modified TiO2 in the liquid phase selective hydrogenation of 3-nitrostyrene

	4.2 The effects of reduction temperature on the properties of Pt catalysts supported on Zn-modified TiO2 supports
	4.2.1 Catalyst Characterization
	4.2.1.1 CO-chemisorption

	4.2.2 Effects of reduction temperature on catalytic performances of Pt/Zn-modified TiO2 in the liquid phase selective hydrogenation of 3-nitrostyrene

	4.3 Effects of Pt/Zn-modified TiO2 preparation method
	4.3.1 Catalyst Characterization
	4.3.1.1 X-ray diffraction (XRD)
	4.3.1.2 N2-physisorption
	4.3.1.3 H2-temperature programmed reduction (H2-TPR)
	4.3.1.4 CO-chemisorption
	4.3.1.5 X-ray photoelectron spectroscopy (XPS)
	4.3.1.6 FT-IR analysis for CO adsorbed on the catalyst (CO-IR)

	4.3.2 Effects of catalyst preparation method on catalytic performances of Pt/Zn-modified TiO2 in the liquid phase selective hydrogenation of 3-nitrostyrene

	4.4 The effects of amount of La on the properties of TiO2 and Pt catalysts supported on La-modified TiO2 supports
	4.4.1 Catalyst Characterization
	4.4.1.1 X-ray diffraction (XRD)
	4.4.1.2 N2-physisorption
	4.4.1.3 H2-temperature programmed reduction (H2-TPR)
	4.4.1.4 CO-chemisorption
	4.4.1.5 X-ray photoelectron spectroscopy (XPS)
	4.4.1.6 Transmission electron microscopy (TEM)

	4.4.2 Catalytic performances of Pt/La-modified TiO2 in the liquid phase selective hydrogenation of 3-nitrostyrene

	4.5 Comparison between Pt/Zn-modified TiO2 and Pt/La-modified TiO2

	CHAPTER V CONCLUSIONS AND RECOMMENDATIONS
	REFERENCES
	Appendix A CALCULATION FOR ZN-MODIFIED TiO2 AND La-MODIFIED TiO2 PREPARATION
	Appendix B CALCULATION OF Pt CATALYSTS SUPPORTED ON TiO2 AND MODIFIED TiO2
	Appendix C CALCULATION FOR THE TiO2 ANATASE CRYSTALLITE SIZE BY SCHERRER EQUATION
	APPENDIX D CALCULATION FOR METAL ACTIVE SITES AND DISPERSION
	VITA

