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 ธนัยพร แก้วละเอียด : ผลของโครงสร้างและขนาดผลกึไทเทเนียมไดออกไซด์ตอ่

สมบตัใินการท าปฏิกิริยาของ Pt/TiO2 ในปฏิกิริยาไฮโดรจิเนชนัแบบเจาะจงของเฟอร์
ฟรัูลเป็นเฟอร์ฟิวริลแอลกอฮอล์. ( Effect of TiO2 polymorphs and crystallite size 
on the catalytic properties of Pt/TiO2 in the selective hydrogenation of furfural 
to furfuryl alcohol) อ.ท่ีปรึกษาหลกั : ศ. ดร.จงูใจ ปัน้ประณต 
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Furfuryl alcohol (FA) is an important intermediate for the manufacturing of 

many fine chemical products such as furan, resin, vitamin C, and lysine. In this 
research, the selective hydrogenation of furfural to FA was carried out in a batch 
reactor at 50ºC, 20 bar H2 and 2 h reaction time using Pt (0.5 wt. %) on TiO2 support. 
The Pt/TiO2 catalysts were prepared by the incipient wetness impregnation on 
different commercial TiO2 polymorphs and different temperatures calcined TiO2 sol-
gel. Among the commercially available TiO2, it was found that Pt supported on P25 
exhibited the highest furfural conversion and selectivity of furfuryl alcohol at 81% and 
98%, respectively. For the sol-gel synthesized TiO2, Pt supported on TiO2 calcined at 
temperature 600ºC exhibited the highest furfural conversion and selectivity of furfuryl 
alcohol at 88% and 93%, respectively. The mixed phases of TiO2 may promoted 
activity of catalysts, which was in good agreement with H2-TPR, XPS, and TEM results. 
The catalyst performances were correlated to the structural properties of the catalysts 
such as Pt-TiO2 interaction and Pt dispersion. Moreover, Pt based catalysts selectively 
hydrogenated furfural to produce furfuryl alcohol.                        
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CHAPTER I  
INTRODUCTION 

 

1.1 Introduction 
The production of most chemical products has been relied on fossil fuels as 

feedstock, but they are non-renewable and caused global warming. Therefore, 
renewable biomass has received considerable attention to replace fossil fuels because 
biomass can convert to many chemicals such as cellulose, vanillin, 
and furfural. Furfural is an aldehyde of furan. It a biomass-derived chemical, produced 
by acid-catalyzed dehydration of xylose, the main building-block of hemicellulose 
constituent of lignocellulose [1]. The hydrogenation of furfural has many pathways to 
produce many products such as furfuryl alcohol, furan, 2-methylfuran, 2-methyl 
tetrahydrofuran, and tetrahydrofurfuryl alcohol. Furfuryl alcohol (FA) is the main product 
from the selective hydrogenation of furfural [2]. FA is an interesting high value chemical 
and important chemical intermediate for the production of chemical products in wide 
applications, such as vitamin C, lysine, plasticizer, dispersing agent, lubricant and 
resin[3]. 
  Furfural contains two function groups C=C double bond and C=O double bond, 
which can be hydrogenated. To produce FA, furfural is hydrogenated at C=O bond to 
get FA[4]. Cu-Cr based catalysts are used in industry to produce furfuryl alcohol under 
conditions approximately 180ºC and 70-100 bar pressure but it is found to be toxic due 
to the presence of Cr2O3 and can have an impact on the environmental pollution and 
toxicity[1]. Noble metals have been considered as alternatives catalysts instead of Cu-
Cr based catalysts because noble metals such as Pt and Pd based catalysts did not 
have much effect on the environment and have been investigated for catalytic 
hydrogenation of furfural to produce FA in liquid phase hydrogenation[3]. Platinum(Pt) 
catalysts are known to be effective for furfural hydrogenation because they facilitate the 
partial hydrogenation furfural to FA by C=O hydrogenation[5]. 
 Bimetallic catalysts are also interesting in hydrogenation reaction because the 
addition of a second metal can improve the conversion and selectivity. Nickel (Ni) is an 
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interesting promoter for platinum catalysts. For example, Liu, L. et al.(2017) [5] reported 
that Pd-Ni/MWNT showed enhance the catalytic activity for furfural hydrogenation in 
liquid phase and can hydrogenate for both C=C and C=O group forming THFA, that has 
wide application in preparation of 1-5-pentadiols, printing inks, agricultural application, 
and electronics cleaners.     

Titanium dioxide (TiO2) is used as catalyst support in many reactions such as 
hydrogenation, dehydrogenation, and photocatalyst due to, its nontoxicity and high 
effectiveness. At high reduction temperature, it shows the strong metal support 
interaction[6]. In the hydrogenation reaction, Pt/TiO2 has been used a catalyst and, TiO2 
has been shown to promote the hydrogenation of C=O bond[7]. TiO2 exits in three 
crystalline forms; anatase, rutile, and brookite.  

 In this work, on Pt-based catalyst supported on different TiO2 polymorphs (P-25, 
pure anatase TiO2 with different surface area and rutile TiO2 with different surface areas) 
were prepared by impregnation method and studied in the hydrogenation of furfural to 
furfuryl alcohol. 
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1.2 Objectives of the Research 
 To study the characteristics and catalytic properties of TiO2 supported Pt 
nanoparticles prepared with P-25, pure anatase TiO2, rutile TiO2, and sol-gel derived 
TiO2 in the liquid phase selective furfural hydrogenation. 
 
1.3 Scope of the Research 
 1.3.1 Preparation of Pt/TiO2 catalysts by impregnation with Pt content 0.5 wt% 
support with different TiO2 polymorphs (P-25, pure anatase TiO2 with different surface 
area and rutile TiO2 with different surface area) were prepared by using incipient 
wetness impregnation method and calcined at 400°C under air atmospheres for 4 h.  
 1.3.2 The TiO2 support were prepared using the sol-gel method and various 
temperature calcination at 400, 500, 600, and 700ºC under air atmospheres for 4 h.  
 1.3.3 Preparation of Pt/TiO2 catalysts Pt content 0.5 wt% support with different 
temperature calcined TiO2 were prepared by using incipient wetness impregnation 
method and calcined at 400, 500, 600, and 700ºC under air atmospheres for 4 h.  
 1.3.4 The reduction conditions were H2 flow (25cm3/min) at 500°C for 2h. 

1.3.5 The catalysts were tested in the hydrogenation of furfural in a batch reactor 
at constant temperature 50°C and pressure 20 bars in hydrogen for 2 h using methanol 
as a solvent. 
 1.3.6 Characterization of the prepared catalysts by various method including 
  1.3.2.1 N2 physisorption 
  1.3.2.2 X-ray diffraction (XRD) 
  1.3.2.3 CO pulse chemisorption 
  1.3.2.4 H2-temperature programmed reduction (H2-TRR) 
  1.3.2.5 Transmission electron spectroscopy (TEM) 
  1.3.2.6 X-ray photoelectron spectroscopy (XPS) 
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1.4 Research Methodology 
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CHAPTER II  
BACKGROUND AND LITERATURE REVIEW 

 
2.1 Hydrogenation Reactions 
 Hydrogenation is a chemical reaction which treatment of substances with 
molecular hydrogen (H2) occurs by adding pairs of hydrogen atom to compound 
(generally unsaturated compound). This process is useful in wide industrial such as food 
industry, petrochemical industry, and agricultural industry [8, 9].  
 Hydrogenation reactions will not occur between hydrogen and organic 
compound below 480ºC without metal catalysts. These usually require a catalyst for the 
reaction to occur under normal conditions of temperature and pressure. Hydrogenation 
reactions generally require three components: the substrate, the hydrogen source, and 
a catalyst. Catalysts are responsible for binding the H2 molecule and facilitating the 
reaction between the hydrogen and the substrate. Platinum, palladium, rhodium, and 
ruthenium [10] are active catalysts which can operate at lower temperatures and 
pressure [11].  
 Heterogeneous catalysts are commonly used in hydrogenation reactions 
because reactant and catalyst are in different phases, they can be easily separated 
from a product. On the other hand, homogeneous catalysts, catalysts are in the same 
phase as the reactants because the catalyst is dissolved in reactant [12]. 
 
2.2 Properties of Platinum  
 Platinum is a chemical element with chemical symbol Pt and an atomic number 
of 78 (Table 1).  Platinum is in group 10 of the periodic table of elements. Platinum is a 
dense, malleable, ductile, precious, gray-white transition metal, resistant to corrosion 
[13]. Platinum has six naturally isotopes: 190Pt, 192Pt, 194Pt, 195Pt, 196Pt, and 198Pt [14]. The 
most abundant of these is 195Pt. The applications of platinum have used in many 
industries such as catalytic converters, automotive, electronic, chemical, jewelry, dental, 
and glass industries [15]. 
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Table  1 Physical properties of Platinum.  [16] 

 
 
 
 
 
 
 
 

In hydrogenation reaction, platinum metal catalysts are widely used in 2 forms: 
1) supported form 2) nonsupported form. The supported catalyst is recommended to 
obtain maximum efficiency because it shows a higher activity and greater resistance to 
poisoning than nonsupported catalyst [11].  
 
2.3 TiO2 support 
 Titanium dioxide (TiO2), also known as titanium(IV)oxide or titania, is the naturally 
occurring oxide of titanium [17]. TiO2 is a simple inorganic compound existing in three 
different crystalline polymorphs shown in Figure 1, namely: anatase (tetragonal), rutile 
(tetragonal), and brookite(orthorhombic) [18]. There are three titanium atoms around 
each oxygen atom and six oxygen atoms around each titanium atom [19]. Anatase and 
rutile are the most common types. The crystalline size of rutile is always larger than the 
anatase phase and the most stable phase, whereas anatase and brookite phase will 
transform to rutile phase at a temperature above 600ºC [6]. Rutile is the most stable 
phase at ambient pressure and temperature in macroscopic sizes while anatase is more 
stable in nanoscopic sizes. The most popular titania used as support in many fields is P-

Physical properties 

Atomic number 78 

Atomic weight 195.084 

Element category Transition metal 

Electron configuration [Xe]4f145d96s1 

Melting point 2041.4 K (1768.3ºC, 3214.9ºF) 

Boiling point 4098 K (3825ºC, 6917ºF) 

Density 21.45 g/cm3 
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25, which is commercial support contain anatase and rutile phase. TiO2 is very 
interesting support for hydrogenation reactions because, after high-temperature 
reduction, TiO2 shows the strong metal support interaction (SMSI). TiO2 is widely used in 
several fields, such as solar cell, photocatalysts, sensors, hydrogenation, and 
dehydrogenation because it is nontoxicity, relatively nonreactive,  long-term 
photostability, and high effectiveness [6]. In metal heterogeneous catalysis, anatase is 
frequently used as catalyst support than rutile, due to it has a high specific surface area 
and strong interaction with metal nanoparticles. 

 
Figure  1 TiO2 crystal structures: rutile (a), anatase (b) and brookite (c)  [20] 

 

2.4 Sol-gel  
 The sol-gel process is a method for producing solid materials from a small 
molecule. The method is used for the fabrication of metal oxides, especially the oxide of 
silicon and titanium [21]. A sol is a stable suspension of colloidal solid particle in the 
liquid phase. A gel is a porous three-dimensional inter-connected solid network and is 
transport due to smaller sized particles. In general, the sol-gel process involves the 
transition of a system from a liquid ‘sol’ into solid ‘gel’ phase. The advantages of sol-gel 
processing such as the production of a powder material having a high surface area, 
need simple equipment and low temperature of preparation and the absence of grinding 
and pressing step make high chemical purity which can be maintained product. But this 
process has some disadvantages also such as long processing time, the high cost of 
precursors and the possibility of the formation of hard agglomerates [22]. 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 8 

2.5 Strong metal-support interaction (SMSI) 
 The strong metal-support interaction (SMSI) is the interaction between metals 
and oxide supports, that important in heterogeneous catalysis and electrocatalysis. 
SMSI shows important differences in catalytic activity and selectivity. When the VIII 
groups metals supported on reducible supports are treated by a high-temperature 
reduction process [23]. The support is reducible which SMSI commonly appears at the 
metal-support interface such as TiO2, CeO2, Nb2O5 [24], and V2O3 [25].  

Colmenares, C.J. et al. (2011) [25] Studied the influence of the SMSI of Pt/TiO2 
and Pd/TiO2 in the photocatalytic biohydrogen production from glucose solution. XPS 
characterization of systems showed the result of thermal treatment at 850ºC, the 
electron transfer from titania to metal particles through the strong metal-support 
interaction (SMSI) effect. 
 
2.6 Hydrogenation of furfural to furfuryl alcohol 

Furfuryl alcohol (FA) is the main product from the selective hydrogenation 
of furfural. FA as an ingredient in the manufacture of various chemical products, such as 
vitamin C, lysine, plasticizer, dispersing agent, lubricant, adhesives, resin and wetting 
agents (Figure 3) [26]. The selective hydrogenation of furfural consists of two function 
group is C=C double bond and C=O double bond. To produce FA, furfural is 
hydrogenated at C=O bond to get FA as shown in Figure 2. In this reaction, when using 
methanol as a solvent, 2-furaldehyde dimethyl acetal that is the side reaction product 
which occurred from the methanol reaction forming solvent product (SP) was observed 
[4]. 
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Figure  2 Simplified reaction scheme of the hydrogenation of furfural. 

 
 

 
Figure  3 Application of furfuryl alcohol 
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Table  2 Summary of the research of the furfural hydrogenation on various catalysts 
under different reaction condition. 

Ref. Summary Catalyst and 
preparation 

method 

Reaction 
conditions 

Significant 
findings 

Taylor, M.J. et 
al. (2016) [4] 

Studied the 
selective liquid 
phase 
hydrogenation 
of furfural to 
furfuryl alcohol 
over Pt 
nanoparticle 
supported on 
SiO2, ZnO,  
γ-Al2O3, CeO2 
and various 
solvents under 
extremely mild 
conditions. 

Pt/ SiO2, Pt/ZnO,  
Pt/γ-Al2O3, Pt/CeO2 

were prepared by 
adapting the 
method of Jones et 
al.  

T = 50ºC 
PH2 = 1 atm 
Reaction 
time = 7 h  

Pt/γ-Al2O3 

showed the 
highest furfural 
conversion 
80% and 
furfuryl alcohol 
selectivity 99% 
in methanol 
solvent. 

Zhang, C. et 
al. (2017) [27] 

Studied the 
effect of 
bimetallic 
overlayer 
catalysts (Ni-
Pt/SiO2 and 
Cu-Pt/SiO2) 
and 
monometallic 
catalysts 

-Ni-Pt/SiO2 and  
Cu-Pt/SiO2 were 
synthesized using 
incipient wetness 
impregnation  
-Ni-Pt/SiO2 and  
Cu-Pt/SiO2 were 
prepared by the 
directed deposition 
technique. 

T = 250ºC 
PH2 = 6.8 
atm 
Reaction 
time = 1.5 h 

-Ni-Pt/SiO2 and 
Cu-Pt/SiO2 

overlayer 
catalysts 
showed higher 
reactivity in 
furfural 
conversion 
compared to 
parent metals. 
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(Ni/SiO2, 
Cu/SiO2, 
Pt/SiO2) for 
furfural 
hydrogenation
. 

- Cu-Pt/SiO2 

overlayer 
catalysts 
showed high 
furfuryl alcohol 
selectivity. 

Kijenski, J. et 
al. (2002) [28] 

Studied the 
effect of 
platinum 
catalysts on 
supports 
(SiO2, γ-Al2O3, 
MgO, TiO2) 
covered with a 
transition 
metal oxide 
monolayer 
(TiO2, V2O5, 
ZrO2) in 
hydrogenation 
of furfural to 
furfuryl 
alcohol. 

Pt/SiO2, Pt/ γ-

Al2O3, Pt/MgO, 
Pt/TiO2 were 
prepared by dry 
impregnation 
method. 

T = 150ºC 
PH2 = 1 atm 
Reaction 
time = 0.5 h 

-Pt/TiO2/SiO2 
showed 93.8% 
of furfuryl 
alcohol 
selectivity. 
-The role of 
SMSI effects in 
catalyst 
activity and 
selectivity 
enhancement. 

Driscoll, O.A. 
et al. (2016) 
[29] 

Studied the 
liquid-phase 
hydrogenation 
of furfural to 
furfuryl alcohol 
using Pt-

Pt-Sn/SiO2 catalyst 
was prepared by 
co-impregnation 
method 

T = 100ºC 
PH2 = 20 atm 
Reaction 
time = 5 h 

-Calcination of 
the catalyst at 
450 ºC gave 
the highest 
furfural 
conversion. 
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Sn/SiO2 
catalyst by co-
impregnation 
method with 
various 
temperature 
calcination 
and solvent. 

-0.7%Pt-
0.3%Sn/SiO2 

catalysts 
showed 
suitability for 
application as 
an industrial 
catalyst. 
-An aprotic 
solvent 
(toluene and 
propanone) 
gave the high 
selectivity to 
furfuryl 
alcohol. 

Bhogeswarar
ao, S. et al. 
(2015) [1] 

Studied 
hydrogenation 
of furfural over 
γ–Al2O3 
supported Pt 
and Pd 
catalysts. 

Pt/ γ–Al2O3 and  
Pd/ γ–Al2O3  were 
prepared by wet 
impregnation 
method. 

T = 25ºC, 
180ºC, 
210ºC, 
240ºC 
PH2= 20 atm 
Reaction 
time = 5 h 

-At T 25ºC, Pt 
catalysts were 
selective of 
C=O group 
but Pd 
catalysts 
hydrogenated 
both ring and 
C=O groups. 
- At higher 
temperature 
(T≥180ºC), Pd 
catalysts 
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enabled 
decarbonylatio
-n of furfural 
giving furan 
82% yield. 

Liu, L. et al. 
(2017) [12] 

Studied 
hydrogenation 
of furfural in 
liquid phase 
using ethanol 
as a solvent 
and using 
Nano-Pt and 
Nano-Pd 
particles to 
modified 
multiwalled 
carbon 
nanotubes 
catalysts 

MWNT Supported 
bimetallic Pt-based 
and Pd-based 
catalysts were 
prepared by co-
impregnation 
method. 

T = 100ºC 
PH2 = 30 atm 
Reaction 
time = 5 h 

Pt-Fe/MWNT 
and  
Pd-Ni/MWNT 
catalysts were 
used to 
enhance the 
catalytic 
activity for 
furfural 
hydrogenation. 

Vargas-
Hernandez, 
D. et al. 
(2013) [30] 

Studied effect 
of copper (Cu) 
supported on 
SBA-15 silica 
catalysts in 
vapor phase, 
with various 
Cu loadings 
(8, 15, and 20 

SBA-xCu catalysts 
were prepared by 
impregnation 
method by various 
Cu loadings (8, 15, 
and 20 wt%).  

For  
SBA-15Cu 
T = 170-
270ºC 
Reaction 
time = 1 h 

The SBA-Cu 
with the  
15 wt% Cu 
catalyst shows 
better catalytic 
performance 
reaching a 
91.5% furfural 
conversion 
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wt%). and 93.1% 
selectivity to 
furfuryl 
alcohol. 

Salnikova, K. 
et al. (2018) 
[31] 

Studied the 
palladium 
catalysts with 
different 
supports 
(aluminum 
oxide, hyper 
crosslinked 
polystyrene, 
and 
magnetite/ 
hyper 
crosslinked 
polystyrene) in 
the selective 
hydrogenation 
of furfural to 
furfuryl 
alcohol. 

3% Pd/Al2O3, 3% 
Pd/HPS, and 3 % 
Pd/Fe3O4/HPS were 
prepared by 
impregnation 
method 

T = 120ºC 
PH2 = 59 atm 
Reaction 
time = 4 h 

The most 
effective 
catalyst was 
magnetically 
recoverable 
3% 
Pd/Fe3O4/HPS 
give >95% 
conversion of 
furfural and 
94% selectivity 
for furfuryl 
alcohol.  
 

Chen, X. [10] 
(2016) 

Studied the 
selective 
hydrogenation 
of furfural to 
furfuryl alcohol 
over Pt 

Pt/ g-C3N4  

prepared by 
ultrasound-
assisted reduction 
method. 

T = 100ºC 
PH2 = 9.8 
atm 
Reaction 
time = 5 h 

-The g-C3N4 
nanosheets 
with the high 
surface area 
were 
demonstrated 
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catalysts 
supported on 
graphitic 
carbon nitride 
nanosheets 
(g-C3N4) in 
water. 

to be excellent 
support for Pt 
nanoparticle 
loading.  
- 5% Pt/ g-
C3N4  give 
>99% 
conversion of 
Furfural and 
high selectivity 
of furfuryl 
alcohol. 
 

Chen, B. 
(2015) [32] 

Studied the 
effect of 
supported 
bimetallic 
catalysts in 
liquid-phase 
hydrogenation 
of furfural. 

Pt-Re/TiO2-ZrO2, 
Pt-In/TiO2-ZrO2, 
and Pt-Sn/TiO2-
ZrO2 were 
prepared by co-
impregnation 
method. 

T = 130ºC 
PH2 = 49.3 
atm 
Reaction 
time = 8 h 

-Pt-Re 
bimetallic 
catalyst is an 
excellent 
partial 
hydrogenation 
catalyst for 
furfural 
conversion.  
-Furfural is 
converted and 
the selectivity 
of partial 
hydrogenation 
product 
(furfuryl 
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alcohol) 
reaches 
95.7%. 

 
The research of furfural hydrogenation on various catalysts under different 

reaction condition as shown in Table 2. Cu metal was popular in the hydrogenation of 
furfural. Vargas-Hernandez, D. et al. (2013) [30] studied the effect of copper (Cu) 
supported on SBA-15 silica catalysts in the vapor phase, with various Cu loadings (8, 
15, and 20 wt%). The catalysts were prepared by impregnation method. From the result, 
the SBA-Cu with the 15 wt% Cu catalyst shows a better catalytic performance reaching 
a 91.5% furfural conversion and 93.1% selectivity to furfuryl alcohol after 5 h at 170ºC. 
The catalytic performance has demonstrated from the higher conversion at low reaction 
temperature and by using high catalyst weight and low furfural feed because of the 
evaluation of the effect of different reaction parameters such as reaction temperature 
(170-270ºC), catalyst loadings and furfural concentration. According to Salnikova, K. et 
al. (2018) [31] 3% Pd/Al2O3, 3% Pd/HPS, and 3 % Pd/Fe3O4/HPS were investigated in 
furfural hydrogenation. It was found that the nature of support has a significant effect on 
the conversion of furfural and the selectivity for furfuryl alcohol. The most effective 
catalyst was the magnetically recoverable 3% Pd/Fe3O4/HPS give >95% conversion of 
furfural and 94% selectivity for furfuryl alcohol. 

Pt metal was also popular in furfural hydrogenation to furfuryl alcohol because Pt 
selective to hydrogenate the C=O bond. Bhogeswararao, S. et al. (2015) [1] synthesized 
the γ–Al2O3 supported Pt and Pd catalysts for furfural hydrogenation. Furfural was 
hydrogenated at 25ºC using γ–Al2O3 supported Pt and Pd catalysts. It was found that Pt 
catalysts were selective for hydrogenation of C=O group (producing furfuryl alcohol) but 
Pd catalysts hydrogenated both ring and C=O group (producing furfuryl alcohol and 
tetrahydrofurfuryl alcohol). At higher temperature, Pd catalysts enabled decarbonylation 
of furfural giving furan 82% yield. Under the reaction conditions used (furfural 1 g, iso-
propanol as a solvent 20 g, H2 pressure 20 bar, catalyst 0.05g, temperature 240ºC and 
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reaction time 5 h), the supported Pt catalysts facilitated hydrogenolysis of C=O and C-O 
groups enabling 2-methylfuran and furan ring-opened products. Kijenski, J. et al. (2002) 
[28] studied the effect of platinum catalysts on supports (SiO2, γ-Al2O3, MgO, TiO2) 
covered with a transition metal oxide monolayer (TiO2, V2O5, ZrO2) in the hydrogenation 
of furfural to furfuryl alcohol. Silica and titania were found to be the most suitable 
supports for platinum catalysts containing the monolayers of transition metal oxide. From 
the result, the catalysts supported MgO gave good selectivity, but the activity of this 
system was low. The γ-Al2O3 was found to be the least appropriate carrier for supported 
platinum catalysts because the main reaction gave the resins as a product. The 
electronegativity of transition metals (Ti 1.4; Zr 1.5; V 1.7) and platinum are 2.2. If 
electronegativity of platinum and transition metal were different, this leads to the highest 
selectivity of Pt/TiO2/metal oxide carrier systems. The selectivity of platinum catalysts 
deposited on the supports covered with transition metal oxide monolayer changed in the 
order: Pt/TiO2 monolayer/carrier > Pt/ZrO2 monolayer/carrier >> Pt/V2O5 
monolayer/carrier. In Chen, X. (2016) [3], the graphitic carbon nitride nanosheets (g-
C3N4) supported Pt catalysts were investigated in furfural hydrogenation using water as 
a solvent. From the results, when 5%Pt/ g-C3N4 was used as the catalyst, the reaction 
might mainly proceed via hydrogenation of C=O bonds to form furfuryl alcohol. The g-
C3N4 nanosheets with the high surface area were demonstrated to be excellent support 
for Pt nanoparticle loading, significant improvement of activity with high conversion of 
furfural and high selectivity of furfuryl alcohol >99%.  

The furfural hydrogenation is strongly sensitive to the solvent selection. Taylor, 
M.J. et al. (2016) [4] studied the selective liquid phase hydrogenation of furfural to 
furfuryl alcohol over Pt nanoparticle supported on SiO2, ZnO, γ-Al2O3, CeO2 and various 
solvents under extremely mild conditions. When using ethanol and methanol as the 
solvent, side products of the reaction between furfural and alcohol solvent are 2-
furaldehyde diethyl acetal and 2-furaldehyde dimethyl acetal. This reaction is strongly 
sensitive to the solvent used, with alcohols (ethanol, methanol, n-butanol) more active 
than non-polar solvents (toluene, hexane). Non-polar solvents conferred poor furfural 
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conversion, however methanol as the most suitable solvent for furfural hydrogenation. Pt 
particle size with approximately 4 nm (over MgO, CeO2, and γ–Al2O3) is highly active 
and selective for the hydrogenation in methanol, depending on the support of catalysts. 
Smaller Pt nanoparticles present in the MgO and SiO2 catalysts promote some 
decarbonylation to furan. Driscoll, O.A. et al. (2016) [29] found that an aprotic solvent 
(such as toluene or propanone) gave lower furfural conversion, but selectivity to furfuryl 
alcohol close to 100% compared protic solvent. A protic solvent (such as 1-propanol 
and 2-propanol) yielded higher conversion but selectivity to the desired product furfuryl 
alcohol was compromised with alcohol solvent. Solvent 2-propanol gave 2-furaldehyde 
diethyl acetal and difurfural ether by-product formation while 1-propanol gave 2-methyl 
furan, 2-isopropoxymethl furan, and 2-furaldehyde dipropyl acetal by-product formation. 
The synthesized 0.7%Pt-0.3%Sn/SiO2 catalyst showed the high selectivity to furfuryl 
alcohol and using aprotic solvent. 

The bimetallic catalyst has also affected the furfural hydrogenation, bimetallic 
catalysts usually improve the catalytic activity compared to the monometallic catalyst. 
Zhang, C. et al. (2017) [27] studied the effect of bimetallic overlayer catalysts (Ni-Pt/SiO2 

and Cu-Pt/SiO2) and monometallic catalysts (Ni/SiO2, Cu/SiO2, Pt/SiO2) for furfural 
hydrogenation. Cu-Pt and Ni-Pt showed higher reactivity compared to their parent 
metals. Both catalysts showed higher reactivity because reduced binding strength of H2 
on Pt surface, resulting in fewer Pt sites being blocked by strong hydrogen adsorption 
and increased Pt reactivity. Also, Cu-Pt showed selectivity to furfuryl alcohol like pure Cu 
and higher than pure Pt. Liu, L. et al. (2017) [5] modified multiwalled carbon nanotubes 
catalysts via co-impregnation method. Pt and Pd catalysts used different transition 
metals (Cr, Mn, Fe, Co, Ni) as promoters and various supports (MWNT, AC, H-AC, MgO, 
γ-Al2O3, TiO2, ZrO2). MWNT support gave the most excellent catalytic activity and least 
byproduct could be formed compared to other supports. It was found that Pt-Fe/MWNT 
(Pt 0.5 wt%) catalyst is selective for hydrogenation of C=O to form furfuryl alcohol and 
showed highest selectivity to furfuryl alcohol, while Pd-Ni/MWNT (Pd 0.5 wt%) is 
beneficial for both C=C and C=O group forming tetrahydrofurfuryl alcohol and showed 
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highest and selectivity to tetrahydrofurfuryl alcohol. From the result, it was found the high 
conversion and selectivity driven by promoters could be considered from aspect is the 
catalytic active site interacting with promoters and the electron contribution from 
promoters to Pt and Pd because of the alloy, which would be interpreted by the 
following experiment. Chen, B. (2015) [32] studied the effect of Pt-Re/TiO2-ZrO2, Pt-
In/TiO2-ZrO2, and Pt-Sn/TiO2-ZrO2 in liquid-phase hydrogenation of furfural. From the 
result, when oxide species are located on Pt surface, the hydrogen species on Pt are 
transferred to adsorbed C=O bond to achieve selective hydrogenation. The Pt-Re 
bimetallic catalyst is an excellent partial hydrogenation catalyst for furfural conversion. 
Furfural is converted and the selectivity of partial hydrogenation product (furfuryl 
alcohol) reaches 95.7%.  
2.7 Effect of TiO2 support on hydrogenation reaction 
Table  3 Summary of the research on the effect of TiO2 structure support for the 
hydrogenation reaction 

Researcher Purpose of the study Results 

Li,Y et al. 
(2004) [33] 

Studied the effect of titania 
polymorph on the strong 
metal-support interaction of 
Pd/TiO2 catalyst in long-chain 
alkadienes hydrogenation. 

Rutile more thermodynamically and 
structurally stable than anatase 
because Ti3+ ions which produced 
by reduction of Ti4+ in the lattice of 
anatase is easier to diffuse to 
surface of Pd particle than rutile. 

Ramprakash, 
P. et al. 
(2016) [34] 

Studied the selective 
hydrogenation of CO to 
methane over TiO2-supported 
Ruthenium nanoparticles. 

- Low Ru content is sufficient to 
achieve the best results. 
- Ru particles have better 
dispersion because good surface 
offered of TiO2. 

Rizhi, C. et 
al. (2006) 

Studied the effect of titania 
structure on Ni/TiO2 catalysts 

The catalytic activity of anatase 
titania supported nickel catalyst 
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[35] hydrogenation of p-
Nitrophenol to p-aminophenol. 

Ni/TiO2(A) is higher than that of 
rutile titania supported nickel 
catalyst Ni/TiO2(R). 

Panpronont, 
J. (2006) [36] 

Studied the effect of TiO2 

supports consisting of various 
crystalline phase composition 
on the physicochemical and 
catalytic properties of Pd/TiO2 
in selective acetylene 
hydrogenation. 

Pd/TiO2-R44 is the best 
composition of the TiO2 used to 
obtain high selectivity of ethylene in 
selective acetylene hydrogenation 
because the increasing 
percentages of rutile phases 
resulted in a decrease in Brunauer-
Emmett-Teller surface areas 

 
The effect of TiO2 structure support for the hydrogenation reaction is shown in 

Table 3. For the hydrogenation reaction, Titanium dioxide or also known as titania is the 
most popular support. Titania has a different crystalline phase. They are, nontoxic and 
have low price. Rizhi, C. et al. (2006) [35] studied the effect of titania structure on Ni/TiO2 
catalysts hydrogenation of p-Nitrophenol to p-aminophenol. Ni/TiO2 catalysts were 
prepared by impregnation method. The dispersion, particle size and reduction behavior 
of titania supported Ni were influenced by the structure of titania. The catalytic activity of 
anatase titania supported nickel catalyst Ni/TiO2(A) is higher than that of rutile titania 
supported nickel catalyst Ni/TiO2(R) because the reduction of nickel oxide to metallic 
nickel for Ni/TiO2(A) is easier than that for Ni/TiO2(R). For the different crystalline phase 
of TiO2 as investigated by Panpranont, J. (2006) [36] on, the effect of TiO2 supports 
consisting of various crystalline phase composition on the physicochemical and 
catalytic properties of Pd/TiO2 in selective acetylene hydrogenation. Pd/TiO2 was 
prepared by the incipient wetness impregnation method and various TiO2 rutile with 0-
44%. It found that, Pd/TiO2-R44 is the best composition of the TiO2 used to obtain high 
selectivity of ethylene in selective acetylene hydrogenation because the increasing 
percentages of rutile phases resulted in decrease in Brunauer-Emmett-Teller surface 
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areas, fewer Ti3+ sites and lower Pd dispersion which the presence of Ti3+ in the Pd/TiO2 
catalysts appeared to promote ethylene selectivity in selective acetylene hydrogenation. 
In the hydrogenation reaction, the SMSI effect of TiO2 was important. Li, Y et al. (2004) 
[33] studied the effect of titania polymorph on the strong metal-support interaction of 
Pd/TiO2 catalyst in long-chain alkadienes hydrogenation. The pre-reduced by H2 at 
lower temperature results in SMSI for anatase, but not for rutile support. Rutile more 
thermodynamically and structurally stable than anatase because Ti3+ ions which 
produced by reduction of Ti4+ in the lattice of anatase is easier to diffuse to surface of Pd 
particle than rutile. Pd/TiO2 (A) reduced at lower temperature has a higher selectivity for 
alkenes than Pd/TiO2 (R). The TiO2 support give the good surface for metal dispersion. 
Ramprakash, P. et al. (2016) [34] studied the selective hydrogenation of CO to methane 
over TiO2-supported ruthenium nanoparticles. It was found that low Ru content is 
sufficient to achieve the best results. Ru particles have better dispersion because good 
surface offered of TiO2. From the result, TiO2 is a good acidic support. 
 
2.8 The effect of calcination temperature on the sol-gel synthesized TiO2 support 
Table  4 Summary of the research on the effect of calcination temperature on the sol-gel 
synthesized TiO2. 

Researcher Purpose of the study Results 

Chen, J. et 
al. (2009) 
[37] 

Studied the effect of 
calcination and reduction 
temperature for Ni/TiO2 
catalysts were prepare by sol-
gel method on hydrogenation 
of chloronitrobenzene to 
chloroanilline. 

The calcination temperature 
decreases the surface area and 
enhances the interaction between 
nickel species and support, which 
results in a decrease of nickel 
active sites and catalyst 
performance. 

Sikong, L. et 
al. (2007) 

Studied the effect of doped 
SiO2 calcination temperature 

-The phase of TiO2 transformation 
from anatase to rutile at calcination 
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[38] on phase transformation of 
TiO2 photocatalyst prepared by 
sol-gel method. 

temperature increases 600-700ºC.  
-Anatase phase is not stable at high 
temperature. 
 

Chen, T et 
al. (2005) 
[39] 

Studied the effect of 
calcination temperature on the 
photocatalytic activity and 
adhesion of TiO2 films 
prepared by the P-25 powder-
modified sol-gel method. 

-In the range of 400-600ºC has a 
sharp peak of anatase and a small 
peak of rutile.  
-When the calcination temperature 
reaches 700ºC, most of the anatase 
phase has been transformed into 
the rutile phase. 
 

Wang, G. et 
al. (2017) 
[40] 

Studied the preparation of TiO2 
nanoparticle and 
photocatalytic properties on 
the degradation of phenol. 

-The optimal amount of DI water 
and absolute ethyl alcohol was 5 
mL and 90 mL.  
-The optimal calcination 
temperature was 575ºC. 
-When the temperature reached to 
500ºC, anatase(A) was formed.  
-A little rutile (R) was appeared at 
575ºC and became major phase at 
600ºC. 

Su, C. et al. 
(2004) [20] 

Studied preparation of sol-gel 
and photocatalysis of titanium 
dioxide. 

-At calcination temperature 400ºC, 
only anatase phase was observed.  
-When calcination temperature 
increased to 700ºC, the rutile 
phase becomes greater as the 
major phase. 
-Phase transformation from anatase 
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to thermodynamically more stable 
rutile phase when increasing the 
calcination temperature. 

 
 The effect of calcination temperature on the sol-gel synthesized TiO2 is shown in 
Table 4. In the hydrogenation, Chen, J. et al. (2009) [37] studied the effect of calcination 
and reduction temperature for Ni/TiO2 catalysts on hydrogenation of chloronitrobenzene 
to chloroanilline. From the results, available active sites and the catalyst performance 
decrease because the increase of the calcination temperature decreases the surface 
area and enhances the interaction between nickel species and support. Increasing the 
reduction temperature, the catalyst performance decreases due to the enhanced 
interaction between nickel species and TiOx and the serious interaction of metallic nickel 
crystallites. Temperature 673 and 623 K are suitable calcination and reduction 
temperature. For the photocatalytic, the calcination temperatures used in sol-gel 
preparation affected on the photocatalysis efficiency. Su, C. et al. (2004) [20] studied 
preparation of sol-gel and photocatalysis of titanium dioxide. From the results, the shape 
of TiO2 particles is polygonal at 400ºC. At calcination temperature 400ºC, only anatase 
phase was observed. When calcination temperature increased to 700ºC, the rutile 
phase becomes greater as the major phase. Phase transformation from anatase to 
thermodynamically more stable rutile phase when increasing the calcination 
temperature. Anatase is more active than the rutile phase in photocatalysis. TiO2 
calcined at 500ºC is the most active to catalyze but TiO2 was calcined at 700ºC showed 
little photocatalysis efficiency. For the TiO2   phase, anatase phase is not stable at high 
temperature. Sikong, L. et al. (2007) [38], TiO2 powders exhibit a phase transformation 
from anatase to rutile at calcination temperature increases 600-700ºC. Anatase 
structures were formed at calcination temperature 300-600ºC and mixed phases of 
anatase and rutile were formed at temperature 700ºC. The most anatase phase has 
been transformed into the rutile phase at temperature 700ºC was investigated by Chen, 
T et al. (2005) [39], From characterization, In the range of 400-600ºC has a sharp peak 
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of anatase at 25.4º and a small peak of rutile at 27.5º. When the calcination temperature 
reaches 700ºC, the peak of anatase decrease and the peak of rutile significantly 
increases. Wang, G. et al. (2017) [40] studied the preparation of TiO2 by sol-gel method 
with various factors such as the amount of DI water and absolute ethyl alcohol and 
calcination temperature. From the result, the optimal amount of DI water and absolute 
ethyl alcohol was 5 mL and 90 mL. The optimal calcination temperature was 575ºC from 
calcination at 300ºC, 400ºC, 500ºC, 525ºC, 550ºC, 575ºC, and 600ºC for 4h. When the 
calcination temperature was 300ºC, TiO2 did not generate crystal. When the 
temperature reached to 500ºC, anatase(A) was formed. A little rutile (R) was appeared 
at 575ºC and became major phase at 600ºC. (see Figure 4) The degradation at 600ºC 
with rutile phase has low photocatalytic activity, the highest activity was observed at 
575ºC. 

 
Figure  4 The XRD patterns of TiO2 nanoparticle 

 

  
 
 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

CHAPTER III  
MATERIALS AND METHODS  

 
3.1 Catalyst preparation 

 3.1.1 Preparation of TiO2 supported Pt catalysts. 
 The Pt/TiO2 catalysts were prepared by incipient impregnation method using 
different polymorphs of TiO2 as supports as shown in Figure 5. Platinum acetylacetonate 
was dissolved in xylene (MERCK; 99.8 vol%) with concentration 0.214 mol/l and 
dropped into each different TiO2 polymorph (P-25, pure anatase TiO2 with different 
surface areas and rutile TiO2 with different surface areas) to get a 0.5 wt% Pt/TiO2. Then 
the catalysts were dried overnight at 110ºC and calcined in air at 400ºC for 4 h. Finally, 
the catalysts were reduced at 500ºC in flowing H2 for 2 h. Chemicals used for catalyst 
preparation according to Table 5 and support used according to Table 6. 
 
Table  5 Chemicals used for catalyst preparation (incipient impregnation method) 

Chemicals Formula Suppliers 
Platinum (II) acetylacetonate 99.99% Pt(C5H7O2)2 Aldrich 

Xylene 99.8% C8H10 Merck 
 

Table  6 Support used for catalyst preparation (incipient impregnation method) 
Chemicals Formula Suppliers 

P25 TiO2 DEGUSSA 

Anatase (A1) TiO2 Aldrich 
Anatase (A2) TiO2 Alfa Aesar 

Rutile nanoparticle (R1) TiO2 Aldrich 
Rutile (R2) TiO2 Aldrich 
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Figure  5 Diagram of Pt on TiO2 catalysts preparation by incipient wetness impregnation 

method. 
 

3.1.2 Preparation of TiO2 sol-gel support 
The TiO2 sol-gel support was prepared by sol-gel method using titanium 

isopropoxide (TTIP)as a precursor, in deionized water (DI water) containing 70 vol.% 
nitric acid in a volume ratio of TTIP: DI water: HNO3 was 1: 12: 0.087 according to Table 

7 under constant stirring. After adding TTIP into the mixture under stirring, white 
precipitate was formed. The mixture stirring was conducted at room temperature for 3 
days until clear sol was obtained. The clear sol was then taken and was dialyzed in 
cellulose membrane in DI water for 3-4 days. DI water was changed every day until the 
pH of the sol was 3.3-3.5. Finally, the sol was dried in an oven at 110ºC overnight for 
remove solvent. After that, the dried sol was calcined in air at 400, 500, 600, 700ºC for 2 
h with a heating rate of 10ºC/min to give TiO2 powder as shown in Figure 6.  

 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 27 

 
Figure  6 Diagram of TiO2 catalyst preparation by sol-gel method 

 
Table  7 Chemical used for TiO2 preparation by sol-gel method 

Chemicals Formula Suppliers 
Titanium isopropoxide Ti[OCH(CH3)2]4 Aldrich 

70% nitric acid HNO3 Asia Pacific Specialty 
Chemical limited 

 
3.1.3 Preparation of TiO2 sol-gel support Pt catalysts 
The 0.5 wt% Pt/TiO2 catalysts were prepared by incipient impregnation method 

using sol-gel of TiO2 as supports. Platinum acetylacetonate was dissolved in xylene 
(MERCK; 99.8vol%) and dropped into each TiO2 to get a 0.5 wt% Pt/TiO2. Then the 
catalysts were dried overnight at 100ºC and various temperature calcined in air at 
400,500,600 and 700ºC for 4 h. Finally, the catalysts were reduced at 500ºC in flowing 
H2 for 2 h. 
    
3.2 Catalytic test in the selective hydrogenation of furfural 

The selective hydrogenation of furfural to FA were tested in liquid phase by 
using the various catalysts in a 100 mL stainless steel autoclave reactor (JASCO, Tokyo, 
Japan) as shown in Figure 7. 0.05 g of catalyst, 50 µL of furfural and 10 mL methanol 
according to Table 8 were loaded into autoclave reactor supplied with a hot plate and 
magnetic stirrer. Then heating the water bath set at 50ºC, after that purged the 
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autoclave reactor with H2 for 3 times. The furfural hydrogenation reaction was carried out 
at 50ºC, 20 bars of H2 for 2 h and stirring mixture with a magnetic stirrer at 900 rpm. 
After the reaction, the reactor was cooled down to 20ºC with ice-water and carefully 
depressurized. The reaction mixture was centrifuged and separated from the catalyst. 
The liquid product was analyzed by a gas chromatograph equipped with a Rtx®5 
column and a FID detector according to Table 9. 

 

Table  8 Chemicals used in the liquid-phase furfural hydrogenation 

Chemicals Formula Suppliers 
Furfural 99% C5H4O2 Aldrich 

Furfuryl alcohol 99% C5H6O2 Aldrich 
Tetrahydrofurfuryl alcohol 98% C5H10O2 Aldrich 

Methanol 98% CH3OH Aldrich 
 

 

Table  9 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 110 ºC 
Injector temperature 260 ºC 
Detector temperature 270 ºC 

Time analysis 41.80 min 
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Figure  7 Schematic of the liquid-phase hydrogenation of furfural. 
 
3.3 Catalyst Characterization 

3.3.1 X-ray photoelectron spectroscopy (XPS) 
 The XPS spectra, the blinding energy, full width at half maximum (FWHM) and 
the composition of Pt catalysts on the surface layer were characterized by using the 
Kratos AMICUS X-ray photoelectron spectroscopy. This experiment was operated with 
an Mg Kα X-ray as a primary excitation and KRATOS VISION II software. For calibration, 
the blinding energy of C1s peak was referenced at 285.0 eV. The binding energy (BE) of 
O 1s, Ti 2p, and Pt 4f are determined.  
 

3.3.2 X-ray diffraction (XRD) 
 The XRD patterns were determined by a SIEMENS D5000 X-ray diffractometer 
with CuKα radiation in scanning range from 20º to 80º 2θ (scan rate = 0.5 sec/step). The 
crystallite size was calculated using the Scherrer’s equation and α-alumina as the 
external standard. 
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3.3.3 N2-physisorption 
 The BET surface area, average pore size diameters, and pore size distribution of 
catalyst were investigated by using N2 physisorption technique on a Micromeritics ASAP 
2020 automated system.  
 

3.3.4 Hydrogen Temperature-programmed reduction (H2-TPR) 
 The H2-TPR experiments were performed to determine reducibility and the 
interaction of metal and support on a MicromeriticsChemisorb 2750 with ChemiSoftTPx 
software. The unreduced catalyst was placed in a quartz U-tube reactor and pretreated 
with an N2 flow (25 cm3/min, 1h, 250ºC). Then, a gas mixture of 10%H2/Ar was passed 
through the quartz reactor to the catalyst sample with a temperature ramp from room 
temperature to 850ºC at a heating rate 10 ºC/min. 
 

3.3.5 CO pulse chemisorption 
 The amounts of CO chemisorbed on the catalyst, active sites, and percentages 
of platinum dispersion were measured from CO-pulse chemisorption technique on a 
MicromeriticsChemisorb 2750 with ChemiSoftTPx software. About 0.07 g of catalyst, He 
gas flow 25 cm3/min to removed air and then the catalyst was reduced under H2 flow (25 
cm3/min) at 500ºC for 2 h with a heating rate of 10 ºC/min. And cooled down to the room 
temperature, then He gas was inserted into the sample cell (25 cm3/min) for removed 
air. Next, injected 10 µL of carbon monoxide into the catalysts and replaced until the 
desorption peak were unchanged. 
 

3.3.6 Transmission electron spectroscopy (TEM) 
 The morphology and crystallite sizes of catalysts were measured by using a 
JEOL-JEM 2010 transmission electron microscope using energy-dispersive X-ray 
detector operated at 200 kV. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

CHAPTER IV 
RESULTS AND DISCUSSION 

 

 In this chapter, the characteristics and catalytic properties over the Pt/TiO2 

prepared by incipient impregnation method are discussed. The results and discussion 
are divided into two parts. Firstly, the investigation of TiO2 supported Pt nanoparticles 
prepared with different phases of TiO2 (P-25, pure anatase TiO2, and rutile TiO2) for 
liquid phase selective furfural hydrogenation are reported. Secondly, the effect of 
calcination temperature of the sol-gel TiO2 of Pt/TiO2 catalysts for the liquid phase 
selective furfural hydrogenation are presented. 
 
Part I. The investigation of the characteristics and catalytic properties of TiO2 supported 

Pt nanoparticles prepared with different phases of TiO2 in the liquid phase selective 
furfural hydrogenation. 

 
4.1 The characterization of Pt/TiO2 with different TiO2 polymorphs. 

4.1.1 X-ray diffraction (XRD) 
 The X-ray diffraction technique is used to analyze the structure, crystallization 
and phase composition of TiO2 catalysts. The XRD patterns of catalyst samples were 
measured at diffraction angles (2θ) between 20º and 80º and the results are shown in 
Figure 8. All the samples showed the characteristic peaks of the crystalline phases of 
TiO2 consisting of anatase phase at 2θ =25° (major), 37°, 48°, 55°, 56°,62°,71° and 75° 
and rutile phase at 2θ =27° (major), 36°, 42°, and 57°. The characteristic peaks of Pt 
cannot be detected in all the XRD patterns due to the low metal loading and/or high 
dispersion of these metals. The average crystallite sizes of anatase and rutile phase of 
TiO2 with different supports were calculated by the Scherrer’s equation from the full 
width at half maximum of the XRD peak at 2θ = 25º and 27º. The average size is 
summarized in Table 11. 
 The amount of anatase phase and rutile phase that was calculated from areas of 
a major phase of anatase (2θ = 25º) and rutile (2θ = 27º) are summarized in Table 10. 
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The Pt/TiO2 catalysts consisting of 100, 95, 88, 6, and 7% anatase phase were called as 
Pt/A1, P/A2, Pt/P25, P/R1, and Pt/R2, respectively. 

 
Figure  8 The XRD pattern of Pt/TiO2 catalysts prepared with different TiO2 polymorphs. 

 

Table  10 Pt/TiO2 prepared with different TiO2 polymorphs consisting of various % 
anatase of TiO2 

Sample Anatase phasea (%) Rutile phasea (%) 
Pt/ P25 86 14 
Pt/ A1 100 0 
Pt/ A2 94 6 
Pt/R1 6 94 
Pt/ R2 7 93 

aBase on the XRD results. 
 
 
 
 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 33 

4.1.2 CO pulse Chemisorption 
 The amounts of active Pt sites and %Pt dispersion on catalyst were determined 
by the CO chemisorption based on the assumption that one CO molecule adsorbed on 
one Pt site. The catalysts were reduced at 500ºC under H2 flow before injected CO to 
adsorb on active sites. The %Pt dispersion and amounts of active sites of Pt/TiO2 are 
shown in Table 11. The %Pt dispersion on Pt/TiO2 on Pt/R1, Pt/A1, Pt/P25, Pt/A2 and 
Pt/R2 were 40.2%, 29.7%, 27.9%, 26.8% and 4.6%, respectively. Pt/P25, Pt/A1, and 
Pt/A2 were similar and higher than Pt/R2. The Pt dispersion was correlated to the BET 
surface area as shown in Table 12. Moreover, the dispersion of Pt on R2 was the lowest. 
According to Table 12, Pt/R2 has a low surface area and low pore volume when 
impregnation Pt sticks weakly to the R2 TiO2 surface, which correlated to Pt actual 
loading. In contrast, the dispersion of Pt on R1 was the highest. Pt/R1 has a high surface 
area and high pore volume, which correlated to Pt actual loading. 
 
Table  11 CO chemisorption results of Pt/TiO2 with different TiO2 polymorphs. 

Catalyst Pt actual loadinga 
(wt%) 

Amount of active sites (x1018) 
(x1018molecule CO/g cat) 

%Pt dispersionb 
(%) 

Pt/ P25 0.46 4.3 27.9 
Pt/ A1 0.48 4.6 29.7 
Pt/ A2 0.48 4.1 26.8 
Pt/R1 0.58 6.2 40.2 
Pt/ R2 0.29 0.7 4.6 

aResult from Atomic absorption spectroscopy 
bCalculation based on Pt actual loading from atomic absorption spectroscopy 
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4.1.3 N2 Physisorption 
 The N2 adsorption-desorption isotherms of Pt/TiO2 with different TiO2 polymorphs 
catalysts were measured by the Brunauer Emmett Teller (BET) method and the results 
are shown in Table 12.From the results, it was found that Pt/R1 showed high BET 
surface area at 123.99 m2/g and large pore volume at 0.64 cm3/g as proven by the 
presence of the hysteresis loop of Pt/ R1 in Figure 9.  
 The N2 adsorption-desorption isotherms of Pt/P25, Pt/A1, Pt/A2, Pt/R1, and Pt/R2 
are shown in Figure 9. From Brunauer-Deming-Teller (BDTT), the isotherm showed type-
IV physisorption isotherm of the mesoporous material with pore diameters between 2-50 
nm. In addition, the shape of the hysteresis loop observed on catalysts were type H3 
indicating the slit-shaped pore that was found on the pore size of solids have a very 
wide distribution. The Pt/R2 has low quantity N2 adsorbed because the BET surface 
area, pore volume, and pore size are very low. 
 The BET surface area, pore volume and pore diameter of all the samples are 
shown in Table 12. The BET surface area of Pt/P25 and Pt/A2 were not significantly 
different ranging between 40-54 m2/g. The Pt/R1 had a high surface area at 124.0 m2/g 
and large pore volume 0.64 cm3/g that was proven by hysteresis loop of Pt/R1 in 
Figure10 because of their very small nanoparticle size. 
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Table  12 BET surface area, pore volume, pore diameter and average pore diameter of 
the catalysts   
Entries Catalyst BET 

surface 
area 

(m2/g) 

Pore 
volumea 

(cm3/g) 

Pore 
diametera 

(nm) 

Avg. 
crystallite 
sizeb of 

TiO2 (nm) 

Avg. 
particle 
size of 
TiO2 
from 
TEM 
(nm) 

1 Pt/ P25 54.0 0.27 15.4 25 21 
2 Pt/ A1 77.6 0.35 12.2 15 19 
3 Pt/ A2 40.0 0.24 19.9 27 30 
4 Pt/R1 124.0 0.64 16.8 15 15 
5 Pt/ R2 5.3 0.007 8.1 n/a 407 

*n/a: not available 
aDetermined from the Barret-Joyner (BJH) desorption method. 
bBased on the XRD results. 
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Figure  9 N2-Physisorption isotherms of Pt/P25, Pt/A1, Pt/A2, Pt/R1, and Pt/R2 

 

  
Figure  10 The combination of N2-Physisorption isotherms of Pt/P25, Pt/A1, Pt/A2, Pt/R1, 

and Pt/R2 
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4.1.4 The H2-temperature programmed reduction (H2-TPR) 
The H2-TPR technique was carried out to study the reduction behaviors and, the 

metal and support interaction. The reduction behaviors of Pt/TiO2 with TiO2 phase 
catalysts are shown in Figure 11. From the results, all the Pt/TiO2 showed three main 
reduction peaks at 90-107ºC, 320-475ºC, and 540-635ºC. According to the literature, 
the first reduction peak around 100°C was correlated to the reduction of PtOx crystallites 
to metallic Pt [41-43]. In this work, the reduction of PtOx species at around 90-100oC 
were observed for all the catalysts except the Pt/A2. The reduction of PtOx was shifted to 
209oC for the Pt/A2. The reduction of PtOx on the Pt/R2 occurred at a higher temperature 
compared to the other catalysts, corresponding to a lower dispersion of Pt on the 
support surface [44]. The second peak appeared as a larger peak around 320-472°C 
which could be associated with the reduction of the TiO2 support to form Pt-TiOx 
interface site and for Pt/P25, this catalyst had a higher proportion of the surface capping 
oxygen of TiO2 species than Pt-TiOx. The last peak above 500°C can be attributed to the 
reduction of the surface capping oxygen of TiO2.[42] Pt/A2 had more PtOx species than 
other catalysts but reduction peaks of Pt-TiOx and TiO2 were shifted to a higher 
temperature than the other catalysts. In addition, some difficult to reduce species were 
detected at 631oC on Pt/A2 [45]. 

 
Figure  11 The H2-TPR profiles of Pt/P25, Pt/A1, Pt/A2, Pt/R1, and Pt/R2 
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4.1.5 Transmission electron spectroscopy (TEM) 
 The morphology and particle size of catalysts can be estimated from TEM 
analysis. The TEM images of Pt/P25, Pt/A1, Pt/A2, Pt/R1, and Pt/R2 catalysts are shown 
in Figure 12, respectively. The high Pt dispersion on TiO2 support can be confirmed by 
TEM. From visual observation by TEM, we can see that the crystallite size of the TiO2 
decreased in the order: R2>>A2>P25>A1>R1. The average particle size of Pt/P25, 
Pt/R2, Pt/A2, Pt/A1, and Pt/R1 catalysts determined from TEM image was approximately 
4.8, 4.7, 2.6, 1.0 and 0.3 nm, respectively. The particle size of rutile TiO2 was larger than 
the anatase phase because, the rutile consists of linear chains of opposite edge-shared 
octahedral structure [6, 18].  
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Figure  12 The TEM of Pt/P25, Pt/A1, Pt/A2, Pt/R1 and Pt/R2 

 

4.1.6 X-ray photoelectron spectroscopy (XPS) 
 X-ray photoelectron spectroscopy (XPS) is a technique for detecting the element 
composition of catalyst. For all the catalysts sample, the XPS spectra of TiO2 clearly 
showed the peaks of Ti 2p and O 1s.  
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The C 1S spectrum was used as an internal standard at by the binding energy of 
285 eV. According to Figure 13, the binding energy of Ti 2p for bare TiO2 support, the 
most intense was located at 458.5 eV, corresponding to Ti4+ [46]. After impregnated Pt 
on TiO2 support, the XPS peak as shown in Figure14 of Ti 2p for Pt/A1, Pt/P25, and Pt/R1 
catalysts shifted to higher binding energy as compared as the bare TiO2 support. The 
shift could be caused by the transfer of an electron from the TiO2 to metallic Pt due to Pt 
has larger electronegativity as compared to Ti4+. It is suggested that the addition of Pt 
resulted in a strong interaction between the support and the active components. This 
evidence for Ti 2p shift to higher binding energy has also been reported on the 
V2O5/TiO2 with different TiO2 supports [47]. On the other hand, for Pt/A2 and Pt/R2, XPS 
peaks of Ti 2p shifted to lower binding energy. Similar to Chao et al.[48], the XPS Ti 2p 
peaks of V-TiO2 catalysts shifted to higher binding energy, which was restored on Pt 
impregnation (after impregnation Pt on the V-TiO2, the binding energy of Ti 2p was 
decreased and shifted to lower.) In addition, the Pt states which were observed on the 
Pt/TiO2 showed the consist of Pt2+ and Pt4+ for Pt oxide species. It might be feasible that 
the oxygen contained in Pt oxides may promote the transfer of an electron to the TiO2 
support, then the binding energy of Ti 2p was decreasing. 
 Considering the TiO2 support, The binding energy of O 1s for bare TiO2 was 
mainly exhibited at 529.8 eV as show in Figure 15, which represent the lattice oxygen 
species in TiO2 support [49]. After impregnated Pt on TiO2 support, the XPS peaks as 
shown in Figure 16 shifting to higher binding energy, suggesting the interaction between 
Pt metals and TiO2 support. In addition, the peaks appeared at 531.6 eV, which could 
be attributed to surface oxygen. This O 1s peak was shifted to lower value of surface 
hydroxyl, suggesting the interaction between Pt and surface oxygen [50]. Moreover, on 
Pt/A2 and Pt/R1 O 1s peaks were detected at high binding energy at around 533.7 due 
to adsorbed molecular water [47].  
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Figure  13 XPS spectra of Ti 2p of bare TiO2 support 

        
Figure  14 XPS spectra of Ti 2p of Pt/P25, Pt/A1, Pt/A2, Pt/R1 and Pt/R2 
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Figure  15 XPS spectra of O 1s of TiO2 support 

 
Figure  16 XPS spectra of O 1s of Pt/P25, Pt/A1, Pt/A2, Pt/R1 and Pt/R2 
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4.2 Evaluation of the catalyst performance in the selective furfural hydrogenation 
 

 
Figure  17 The pathway of furfural hydrogenation 

 

 The pathway of furfural hydrogenation reaction as shown in Figure 17, exhibited 
the two main reaction pathways. First, furfural is hydrogenated at C=O bond 
transformed to furfuryl alcohol (FA). After that, FA is hydrogenated at C=C bond 
transform to tetrahydrofurfuryl alcohol. In addition, when using methanol as a solvent, 2-
furaldehyde dimethyl acetal, which a side -product of reaction or solvent product (SP) 
may be formed. In this work of furfural hydrogenation reaction, the desired product is 
furfuryl alcohol and the undesired product is 2-furaldehyde dimethyl acetal. The 
performances of Pt/TiO2 prepared with different phases of TiO2 catalysts were 
investigated in the selective hydrogenation of furfural at temperature 50°C at H2 pressure 
20 bars and 2 h reaction time with methanol as the solvent. The results of the selective 
furfural hydrogenation including the conversion of furfural and the selectivity to FA are 
summarized in Table 13.  

From the results, the Pt/P25 showed the best catalytic activity among the 
catalysts, which may be correlated to the high Pt dispersion on P25 support as 
confirmed by TEM and the presence of higher amount of surface capping oxygen of the 
TiO2. Considering the Pt/A1 and Pt/A2 catalysts, Pt/A1 showed higher catalytic activity 
than Pt/A2, which could be attributed to the anatase phase percentages. The catalytic 
activity decreased with the decreasing the anatase phase percentages. Moreover, Pt/A2 
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showed shown the worst catalytic activity, which correlated to the H2-TPR profile that 
Pt/A2 did not exhibit the reduction of Pt oxides to Pt metals peak. Considering the rutile 
phase, the Pt/R1 and Pt/R2 catalysts showed the low catalytic activity, it could be 
possible that the molecular hydrogen did not interact strongly with the rutile phase of 
TiO2 as atomic of hydrogen sticks to surface oxygen atom [51]. Moreover, the Pt/R1 with 
small sizes of Pt nanoparticles showed the lower activity than Pt/R2. The size effect of Pt 
has reported in the selective hydrogenation of cinnamaldehyde, the presence of low 
coordination sites on small sizes of Pt nanoparticles caused poor selectivity to cinnamyl 
alcohol [52]. In addition, the FA selectivity may not rely on the furfural conversion but 
rather affected by the physical properties of the catalyst supports used, the location of 
the metal, and the metal-support interaction. 
 
Table  13  Reaction results of the Pt/TiO2 catalysts.  

Reaction (50 μL furfural in 10 mL methanol) at 50ºC under 20 bars H2 with a 50 mg 
catalyst for 120 min. 
aSelectivity of furfuryl alcohol 
bSelectivity of 2-Furaldehyde dimethyl acetal 
 
 
 
 

 
 

Entries Catalyst Conversion 
(%) 

Selectivity (%) FA Yield 
(%) FAa SPb 

1 Pt/ P25 81.0 98.3 1.7 79.7 
2 Pt/ A1 36.7 94.0 6.0 34.6 
3 Pt/ A2 8.8 85.2 14.8 7.5 
4 Pt/ R1 14.6 88.6 11.4 13.0 
5 Pt/ R2 27.8 63.4 36.6 17.6 
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Part II. Study the effect of TiO2 support by using the sol-gel method and various 
temperature calcination in liquid-phase furfural hydrogenation. 

 
4.3 The characterization of Pt/TiO2 sol-gel with different calcination temperatures of the 
TiO2. 
 The 0.5 wt% Pt/TiO2 catalysts were prepared by incipient impregnation method 
using TiO2 that was synthesized from the sol-gel method as supports and calcined at 
various temperatures in air at 400,500,600 and 700ºC. The actual of Pt loading was 
analyzed by using the ICP technique, the results are shown in Table 14. 
 
Table  14 The amount of Pt loading in TiO2 

Catalyst Actual Pt loading (wt. %) 
Pt/TiO2-400 0.39 
Pt/TiO2-500 0.46 
Pt/TiO2-600 0.39 
Pt/TiO2-700 0.33 

  
4.3.1 X-ray diffraction (XRD) 

 In Figure18 shows the XRD pattern of Pt/TiO2 catalysts with different temperature 
calcined TiO2. The XRD patterns of catalyst samples were measured at diffraction 

angles (2θ) between 20º and 80º. The characteristic peaks of the crystalline phases of 

TiO2 consisting of anatase phase at 2θ =25° (major), 37°, 48°, 55°, 56°,62°,71° and 75°, 

rutile phase at 2θ =27° (major), 36°, 42°, and 57° and small amount of brookite phase = 
at 31°[53] were detected. The diffraction peak of Pt was not observed in all XRD pattern 
because of low metal loading of Pt. The crystallite sizes of TiO2 with different support 
grew from 8 nm to 29 nm as sintering temperature was raised from 400ºC to 500ºC. The 
average size is summarized in Table 15. 
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The amount of anatase phase and rutile phase that was calculated from areas of 

a major phase of anatase (2θ = 25º) and rutile (2θ = 27º) are summarized in Table 16. 
The sol-gel TiO2 support with different temperature calcination are denoted as Pt/TiO2-
400, Pt/TiO2-500, Pt/TiO2-600, and Pt/TiO2-700. 

 

 
Figure  18 The XRD patterns of Pt/TiO2 catalysts with different temperature calcined 

TiO2. 
 

Table  15 Pt/TiO2 prepared with different temperature calcined TiO2 consisting of various 
% anatase of TiO2 

Sample Anatase phase (%) Rutile phase (%) Brookite phase (%) 
Pt/TiO2-400 79 16 5 
Pt/TiO2-500 59 35 6 
Pt/TiO2-600 14 86 0 
Pt/TiO2-700 0 100 0 

aBase on the XRD results. 
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4.3.2 N2-physisorption  
The N2 adsorption-desorption isotherms of Pt/TiO2 with different temperature 

calcined TiO2 are shown in Figure 19. According to the Brunauer-Deming-Teller (BDTT), 
the isotherm showed type-IV physisorption isotherm which has mesoporous material 
with pore diameters between 2-50 nm. The isotherms show type-IV according to the 
IUPAC classification, with a variant hysteresis loop in the medium to high relative 
pressure (P/P0) range 0.4-1.0. Zhang, Y. et al [54] reported the presence of a large 
number of mesopores in the TiO2 support. The shape of the hysteresis loop observed on 
catalysts was type H1 indicating to a narrow distribution of relative uniform pore. [55]. 
The BET surface area, pore volume and pore diameter of the Pt/TiO2 are shown in Table 

16. In many investigations of TiO2 support prepared via the sol-gel method with different 
temperature calcinations, the surface area and pore volume decrease with calcination 
temperature increasing while the increase of pore diameter cause of the increase in the 
crystal size of TiO2 [56]. Dodoo-Arhin, D. et al [57], reported that when calcination 
temperature was increased, the surface area of TiO2 which prepared by sol-gel method 
rapidly decreased. Moreover, percentage of rutile phase increased whereas BET 
surface area was decreased [58].  
 
Table  16 BET surface area, pore volume, pore diameter and average pore diameter of 
the catalysts  

Entries Catalyst BET 
surface 
area 
(m2/g) 

Pore 
volumeb 

(cm3/g) 

Pore 
sizeb 
(nm) 

Avg. 
crystallite 
sizea of 
TiO2 
(nm) 

Avg. 
particle size 
of TiO2 from 
TEM (nm) 

1 Pt/TiO2-400 106.4 0.24 4.9 8.7 7.0 
2 Pt/TiO2-500 54.9 0.17 8.5 11.6 12.2 
3 Pt/TiO2-600 24.7 0.11 10.7 25.3 24.8 
4 Pt/TiO2-700 16.9 0.09 15.7 29.6 36.0 

aBased on the XRD results.    
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bDetermined from the Barret-Joyner (BJH) desorption method. 
cDetermined from anatase peak at 2θ = 25º 
cDetermined from rutile peak at 2θ = 27º 
 

 
Figure  19 N2-Physisorption isotherms of Pt/TiO2 with different temperature calcined 

TiO2. 
4.3.3 The H2-temperature programmed reduction (H2-TPR) 

 The H2-TPR measurements were carried out to study the reduction behaviors of 
the Pt/TiO2 catalysts with different temperature calcined TiO2. The results are shown in 
Figure 20. From the results, all the Pt/TiO2 showed three main reduction peaks at around 
100-150ºC as a result of the reduction of Pt oxide to Pt metal. And at 300-465ºC as a 
result of the reduction of Pt species interacting with the TiO2 support to form Pt-TiOx at 
interface sites. The large board peak was observed at above 500ºC, which can assign 
to the hydrogen consumption due to the reduction of surface capping oxygen of TiO2. 

The reduction peak of Pt/TiO2-600 occurred at a slightly lower temperature 
compared to Pt/TiO2-500 and Pt/TiO2-700 that could be assigned to the reduction of Pt 
oxide to Pt metal peak occurred at a lower temperature, it makes the activity increased. 
However, the Pt reduction peak was not found on Pt/TiO2-400, it might be possible that 
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little Pt oxide was reduced to Pt metal and as a consequence, the activity decreased as 
compared with the other catalysts. The second reduction peaks were shifted to higher 
reduction temperature when temperature calcination of sol-gel TiO2 increased except 
Pt/TiO2-700, suggesting stronger interaction between metal and TiO2 support.  

 
Figure  20 The H2-TPR profiles of Pt/TiO2 with different temperature calcined TiO2. 

 
4.3.4 Transmission electron spectroscopy (TEM) 

 The TEM micrograph of the Pt/TiO2-400, Pt/TiO2-500, Pt/TiO2-500, and Pt/TiO2-
600 catalysts are shown in Figure 21. The Pt well-dispersed on TiO2 support. 
 The morphology and particle size of catalysts can be estimated from TEM 
analysis. The TEM images of Pt/TiO2-400, Pt/TiO2-500, Pt/TiO2-500, and Pt/TiO2-600 
catalysts are shown in Figure 21. The high Pt dispersion on TiO2 support can be 
confirmed by TEM. From visual observation by TEM, we can see that the crystallite size 
of the TiO2 decreased in the order: Pt/TiO2-700>Pt/TiO2-600>Pt/TiO2-500> Pt/TiO2-400. 
The average particle size of Pt/TiO2-700, Pt/TiO2-600, Pt/TiO2-500, and Pt/TiO2-400 
catalysts determined from TEM image were approximately 2.4, 2.0, 1.8, and 1.5 nm, 
respectively.  
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Figure  21 The TEM of Pt/TiO2 with different temperature calcined TiO2. 

4.3.5 X-ray photoelectron spectroscopy (XPS) 
The element composition of the catalyst was detected by XPS. The XPS spectra of 

Ti2p of Pt/TiO2-400, Pt/TiO2-500, Pt/TiO2-600 and Pt/TiO2-700 are shown in Figure 22. 
The C 1s spectrum was observed at the binding energy of 285 eV. In this work, the 
binding energy of Ti 2p for the Pt/TiO2-400 and Pt/TiO2-500 were mainly located at 458.5 
eV and 464.2 eV similar to G. Li et al. [59], the Ti 2p3/2 and Ti 2p1/2 of the undoped TiO2 

appeared at 458.4 eV and 464.2 eV, respectively, indicating that Ti existed in the Ti4+ 
form. For Pt/TiO2-600 and Pt/TiO2-700, the binding energy of Ti 2p were decreased and 
shifted to lower. It might be possible that the electron transfer towards the TiO2 support 
was promoted by oxygen in Pt oxides species, then the binding energy of Ti 2p was 
decreasing. 
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 The XPS O 1s peak which shown in Figure 23. The O 1s region of Pt/TiO2-400 
and Pt/TiO2-500 is composed of one peak at 529.8 eV, corresponding to Ti-O [60] or 
lattice oxygen in TiO2 support [50]. This XPS peaks shifted to lower values for Pt/TiO2-
600 and Pt/TiO2-700 similar to L Yu et al. [50], the peak shifting to lower binding energy 
is evidence for the interaction between Pt and surface hydroxyl.  

 
Figure  22 XPS spectra of Ti 2p of Pt/TiO2 with different temperature calcined TiO2. 

        
Figure  23 XPS spectra of O 1s of Pt/TiO2 with different temperature calcined TiO2. 
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4.4 The catalytic performance of Pt/TiO2 with different temperature calcined TiO2. 
 The catalytic performance of 0.5 wt% Pt/TiO2 catalysts using TiO2 that was 
synthesized from sol-gel method calcined with different temperature 400ºC, 500ºC, 
600ºC, and 700ºC was investigated in the selective hydrogenation under the following 
reaction conditions: temperature 50°C at H2 pressure 20 bars and 2 h reaction time with 
methanol as the solvent. The results are summarized in Table 17. In this reaction, the 
desired selective hydrogenation product FA was produced and the side reaction 
product which occurred from the methanol reaction forming solvent product (SP) was 
observed. From the results, the Pt/TiO2-600 showed the best catalytic activity among the 
catalysts studied. According to the H2-TPR results, the reduction peak of Pt oxide to Pt 
metal occurred at a lower temperature for Pt/TiO2-600. 
 

Table 17   Reaction results of the Pt/TiO2 catalysts 
 

Reaction (50 μL furfural in 10 mL methanol) at 50ºC under 20 bars H2 with a 50 mg 
catalyst for 120 min. 
aSelectivity of furfuryl alcohol 
bSelectivity of 2-Furaldehyde dimethyl acetal 
 

Entries Catalyst Conversion 
(%) 

Selectivity (%) FA Yield 
(%) FAa SPb 

1 Pt/TiO2-solgel400ºC 22.3 94.3 5.7 21.0 
2 Pt/TiO2-solgel500ºC 62.3 87.4 12.6 54.5 
3 Pt/TiO2-solgel600ºC 88.3 96.4 3.6 85.1 
4 Pt/TiO2-solgel700ºC 41.9 89.3 10.7 37.4 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

CHARPTER V 
CONCLUSIONS AND RECOMMENDATION 

 
5.1 Conclusions  

The Pt/TiO2 catalysts prepared with polymorphs of TiO2 which different phases, 
crystallite sizes, BET surface area, pore volume, and pore size. For the commercially 
available TiO2 supports, the Pt/P25 (mixed anatase/rutile phase) exhibited the highest 
catalytic activity at conversion of furfural (81%) and selectivity to furfuryl alcohol (94%). 
However, the Pt/TiO2 catalysts prepared with different temperature calcination of sol 
TiO2, resulted in the improved catalytic activity with the Pt/TiO2-600 catalyst showed the 
best conversion of furfural (88%) with the best selectivity to furfuryl alcohol (97%). 
According to the H2-TPR, XPS, and TEM results, the improved catalytic activity of both 
catalysts correlated well with the presence of both PtOx species at around 100ºC and Pt-
TiOx species at around 330ºC, high Pt dispersion and the presence of Ti4+ in TiO2 
support. In addition, the XPS peak of Ti 2p spectra for Pt/TiO2-600 shifted to lower 
binding energy, there might be electron transfer towards TiO2 support which was 
promoted by oxygen in Pt oxides. In summary, Pt-based catalysts selectively produced 
furfuryl alcohol but different TiO2 supports led to low or high selectivity to furfuryl alcohol 
due to the different characteristics of their physical properties, the location of the metal, 
and the metal-support interaction. 
 
5.2 Recommendations 
 1. The further study the other factors such as temperature, H2 pressure, and 
reaction time which effect on hydrogenation of furfural. 
 2. The study of another solvent in the hydrogenation of furfural which does not 
produce a solvent product and gives the desired product.  
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APPENDIX A 
CALCULATION FOR CARALYST PREPARATION 

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

were shown below.  
In this work, 1 g of the TiO2 supports were used for all preparation and 

determined based on 100 g of catalysts used. 
 

Reagents: Platinum (II)acetyl-acetonate 99.99% 
  Titanium (IV)butoxide reagent grade, 97% 
  Xylene 99.8% 
 
 Based on 1 g of catalysts used, the composition of catalysts will be as follows: 
 TiO2  100-0.5 = 99.5 g 
 Platinum  0.5 g 
 For TiO2 1 g 
 Platinum required = (1 g * 0.5 g)/100 = 0.005 g 
 TiO2 required  = 1-0.005 = 0.995 g 
 
Platinum 0.005 g was prepared by using Platinum (II)acetyl-acetonate 99.99% 

 = 
MW. of platinum (II) acetal-acetonate*weight of platinum required

MW. of platinum
 

 

 = 
323.29

g
mol

*0.005 g

195.078 /mol
 

 
 = 0.0101 g. 
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APPENDIX B 

CALCULATION OF THE CRYSTALLITE SIZE 
 

Calculation of the crystallite size by Debye-Scherrer equation  
 The crystallite size calculation from the width at half of height or full width of the 
diffraction peak of the XRD pattern using the Debye-Scherrer equation. 
From Scherrer equation 

D= 
κλ

βcosθ
  

 
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 
 

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  
From Warren’s formula:      

β= √Βm
2 - Βs

2 
Where BM = The measured peak width in radians at half peak height              

BS = The corresponding width of the standard material 
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Example: Calculation of the crystallite size of anatase TiO2 (A2) 
The major peak of anatase TiO2 was observed at 2θ = 25.31°   
The half-height width of the diffraction peak at  25.31° = 0.30          

= 
2π×0.30

360
 

                = 0.0052 radian  
 

Corresponding the half-height width of α-alumina of the diffraction peak 
at 25.31° = 0.0041 radian (BS)       
 

β= √Βm
2 - Βs

2 
 

    = √0.00522-0.00412 
    = 0.0052 radian 
 
Thus,    K = 0.9 

    λ = 1.5418 Aº for CuKα 

    θ = 25.31/2 = 12.66 

    β = 0.0052 radian 

    D= 
Kλ

βcosθ
 

 

    D = 
0.9×1.5418

0.0052×cos12.66
 

 
    D = 274 Aº 
    D = 27.4 nm 
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APPENDIX C 
CALCULATION OF THE PHASE COMPOSITION 

 
The fraction of crystal phase of TiO2 was determined from X-ray diffraction. The phase 
composition of TiO2 was calculated from:  
  

WR= 
1

0.884 ×
A
R +1

×100 

  
   Where WR = the percentage of rutile     

A   = the peak area of anatase TiO2 at (101)     
R   = the peak area of rutile TiO2 at (101)     
The number of 0.884 is the coefficient of scattering 
 

Example: Calculation of phase composition of TiO2  
  

   From,    WR= 
1

0.884 ×
A
R
+1

×100 

     

WR= 
1

0.884 ×
6599.38
354.65 +1

×100 

 

    WR = 6% 

    WA = 94% 
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APPENDIX D 
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 = 
Vinj

m
×∑i-1

n (1-
Ai

Af
) 

 
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 site= Sf×
Vads

Vg
×NA 

 
Where Sf = stoichiometry 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 
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Metal dispersion 

Metal dispersion (%)=100×
molecule of Pt loaded

molecule of Pt from CO adsorption
 

 

%D = Sf×
Vads

Vg
×

MW

%M
×100%×100% 

 
Where Sf = stoichiometry 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 E 
CALCULATION FOR CATALYTIC PERFORMANCE 

  
Calculation of conversion and selectivity of the catalysts are shown in this below. 

The calibration curve of furfural and furfuryl alcohol are shown in Figure E1-E2.  
 

%Conversion= 
Mole (in)-Mole (out)

Mole (in)
×100 

 

%Furfural conversion = 
Mole of furfural (in)-Mole of furfural (out)

Mole of furfural (in)
×100 

 

%Selectivity= 
Mole of product

Mole of convert reactant
×100 

 

%Furfuryl alcohol selectivity= 
Mole of furfuryl alcohol

Mole of converted furfural
×100 

 
Reaction result from GC-FID, found that two peaks product consisted of furfuryl 

alcohol peak and solvent product peak. So solvent product selectivity calculation below 
equation  

 
%Solvent product selectivity = 100 - %Furfuryl alcohol selectivity 

 
%Yield = conversion × selectivity 

 
% Furfuryl alcohol Yield = Furfural conversion × Furfuryl alcohol selectivity 
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Figure E.1 The calibration curve of furfural 

 

 
Figure  E.2 The calibration curve of furfuryl alcohol 
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