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ABSTRACT (ENGLISH) 
# # 6270026221 : MAJOR CHEMICAL ENGINEERING 
KEYWORD: Selective hydrogenation, Pulse DC magnetron sputtering, Acetophenone, 1-

phenylethanol, Platinum 
 Khunarnon Ditsataporncharoen : SELECTIVE HYDROGENATION OF ACETOPHENONE TO 

1-PHENYLETHANOL ON Pt/TiO2 CATALYSTS PREPARED BY PULSED DC MAGNETRON 
SPUTTERING. Advisor: Prof. JOONGJAI PANPRANOT, Ph.D. 

  
1-Phenylethanol (PHE) is a high-value chemical with various applications in fragrance 

and pharmaceutical industries. It is extensively used as strawberry fragrance additives in yogurts 
and chewing gums and an intermediate of anti-inflammatory drugs such as Ibuprofen. In this 
study, selective hydrogenation of acetophenone (AP) to PHE was investigated using platinum 
catalysts supported on different types of titanium dioxide including PC500 (pure anatase) and 
P25 (anatase mixed rutile). Pt was deposited on the titanium dioxide supports by pulsed direct 
current magnetron sputtering (PDC-MSD) method with deposition time spent on Pt coating at 3, 
6, and 9 minutes. For comparison purposes, Pt/TiO2 catalysts were also prepared by incipient 
wetness impregnation method with similar Pt loadings (%). The characteristics and catalyst 
properties were analyzed by XRD, N2-physisorption, XPS, ICP-OES, TEM, CO-chemisorption, and 
H2-TPR. Hydrogenation of AP was carried out in a batch reactor at the pressure of 1 bar H2 and 
the temperature of 80oC for 2 hours using 2-propanol as the solvent. It was found that 
increasing sputtering time resulted in a larger average Pt particle size deposited on the TiO2 
surface and increased amount of Pt loading (%). For any sputtering time used, platinum 
catalysts on PC500 TiO2 support provided higher selectivity of PHE than on P25 because of 
higher atomic ratio of Pt/Ti on the catalyst surfaces and higher Pt dispersion (%) on the PC500 
TiO2 surface. However, increasing Pt loading (%) may also catalyze the hydrogenolysis of PHE 
to ethylbenzene (EB), resulting in lower PHE product. Moreover, at the reaction temperature of 
80 oC could promote the hydrogenation of AP to PHE and inhibit hydrogenolysis of PHE to EB 
in 2-propanol solvent. 
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CHAPTER I  

INTRODUCTION 
 

1.1 Introduction 

The selective hydrogenation of aromatic ketones to aromatic alcohols is a 

significant reaction in the fine chemical industry because of increasing high-value 

added chemicals [1]. The hydrogenation of acetophenone (AP) has reaction pathways 

to produce many products such as 1-phenylethanol (PHE), ethylbenzene (EB), 

cyclohexylmethylketone (CHMK), cyclohexylethanol (CHE), and ethylcyclohexane 

(ECH). PHE is the main product from the selective hydrogenation of AP. PHE is a high-

value chemical with various applications including  fragrance and pharmaceutical 

industries [2, 3]. In fragrance industries, PHE is extensively used as strawberry 

fragrance additives in yogurts and chewing gums [2]. In pharmaceutical industries, PHE 

is an intermediate of analgesic and anti-inflammatory drugs such as Ibuprofen [2, 4]. 

Considering the selective hydrogenation of AP to PHE in liquid-phase 

hydrogenation, various pressures, temperatures, and types of solvents have been 

employed over supported noble metal and non-noble metal catalysts [5]. Noble 

metal catalysts that have been used are Pt [6-10], Ag [11], Pd [10, 12, 13], Rh [12, 14], 

Ru [15] and  non-noble metals such as Cu [2, 4, 5], Ni [5, 16], Co [1, 3, 5], Zr [17], Fe 

[8, 18], Cr [18]. Pt-supported catalysts are used in the hydrogenation of AP because 

of high catalytic activity but Pt-supported catalysts can catalyze hydrogenation of 

carbonyl (C=O) and phenyl groups of the AP molecule to produce comparable 

products of PHE and CHMK respectively. After that, both products are simultaneously 

hydrogenated to CHE [2, 4]. Therefore, it is difficult to obtain high selectivity of PHE 

product and high activity of AP under mild reaction conditions. So, improving 

catalytic performance under mild conditions are of special challenge to reduce 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 2 

operating costs. This could be achieved by changing catalyst support and reducing 

operating conditions. 

Titanium dioxide (TiO2) is used as catalyst supports in many reactions such as 

hydrogenation, dehydrogenation, and photocatalyst. TiO2 presents fascinating 

characteristics such as nontoxicity, high effectiveness, and low costs. At high 

reduction temperature, it shows the strong metal-support interaction [19]. TiO2 exists 

in three crystalline forms: anatase, rutile, and brookite. The properties of TiO2 such as 

surface area, crystallite size, crystalline phase composition, crystallite size, and 

morphology of particles depend on the catalyst synthesis method and post-synthesis 

treatment conditions [20]. Pt/TiO2 has been widely used in the hydrogenation 

reaction. TiO2 has been shown to promote the hydrogenation of the carbonyl group 

[21]. 

Pulsed direct current magnetron sputtering deposition (PDC-MSD) method is a 

famous deposition technique applicable to produce thin films layer for packaging 

coating. This deposition technique has been employed in the industry due to its easy 

to scale up, high ability, high stability, controllability, repeatability, uniformity, low 

environmental effect, and high efficiency in coatings. Nowadays, PDC-MSD method 

has been applied on the laboratory scale for the deposition of metal nanoparticles 

on solid and liquid surface supports [22, 23]. Importantly, the PDC-MSD method 

deposits atoms and atomic clusters with high pure targets (99.99%) on the substrate 

[24]. 

In the present study, the selective hydrogenation of AP to PHE was carried 

out using Pt-based catalysts prepared on TiO2 supports by PDC-MSD method on 

various TiO2 polymorphs such as PC500 (pure anatase) and P25 (mixed anatase and 

rutile phase). For each type of support, the deposition time spent on Pt coating was 

adjusted to be 3, 6, or 9 minutes. For comparison purposes, Pt/TiO2 catalysts were 

also prepared by an incipient wetness impregnation method with similar Pt loadings 
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(%). Finally, the effect of reaction temperature on the hydrogenation of AP to PHE 

was investigated.  

 

1.2 Objectives of the Research 

 To study the characteristics and catalytic properties of TiO2 supported Pt 

nanoparticles prepared by PDC-MSD method on PC500 and P25 TiO2 in the liquid 

phase selective hydrogenation of AP to PHE in comparison to those prepared by the 

incipient wetness impregnation method. 

 To study the effect of reaction temperature on the catalytic performances of 

TiO2 supported Pt nanoparticles prepared by PDC-MSD method in the liquid phase 

selective hydrogenation of AP to PHE. 

 

1.3 Scope of the Research 

 1. Characterization of catalysts prepared by the PDC-MSD method using X-ray 

diffraction (XRD), N2-physisorption, X-ray photoelectron spectroscopy (XPS), 

inductively coupled plasma optical emission spectrometer (ICP-OES), transmission 

electron spectroscopy (TEM), CO-pulse chemisorption, and H2 temperature-

programmed reduction (H2-TPR). 

 2. Testing of the Pt/TiO2 catalysts prepared by the PDC-MSD method (Pt 

coating time 3, 6, 9 minutes on PC500 and P25 supports) in the liquid phase selective 

hydrogenation of AP to PHE. The reaction was carried out in a batch reactor at 60, 80, 

100°C, 1 bar hydrogen pressure, and 120 minutes using 2-propanol as a solvent.  

3. Preparation of TiO2 supported Pt catalysts by the conventional 

impregnation method with Pt content 1.4 wt% support with different TiO2 

polymorphs (PC500 and P25 support) by using incipient wetness impregnation 
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method and calcined at 400°C under air atmospheres for 4 h. and followed by 

reduction under H2 flow (30 cm3/min) at 500 ºC for 2 h. 

4. Characterization of catalysts prepared by the incipient wetness 

impregnation method using the same technique. 

5. The Pt/TiO2 catalysts prepared by the incipient wetness impregnation 

method were tested in the liquid phase selective hydrogenation of AP to PHE in a 

batch reactor under the same conditions. 

 

1.4 Research Methodology 
  

 

 

 

6 samples of Pt/TiO2 catalysts 
prepared by the PDC-MSD method

(PC500 - 3,6,9 min. P25 –       min.).  

Select the same Pt loading (%) on 
various TiO2 supported (MSD-Pt-

PC500-6, MSD-Pt-P25-3).
Catalyst Characterization by

XRD, N2-physisorption, XPS, ICP-OES, 
TEM, SEM-EDX, CO-pulse 
chemisorption, H2-TPR

Calcination in air at 400oC for 4 h.

Loading of 1.4 wt.% Pt on various TiO2 

supported by incipient wetness 
impregnation method (IMP-Pt-P25, IMP-Pt-

PC500).

Reduction with H2 flow at 500oC for 2 h.

Catalytic test in the liquid phase 
selective hydrogenation of AP to PHE

at 60,100oC.

Catalytic test in the liquid phase 
selective hydrogenation of AP to PHE

at 80oC.

Discussion and conclusion.

Catalytic test in the liquid phase 
selective hydrogenation of AP to PHE

at 80oC.



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER II  

BACKGROUND AND LITERATURE REVIEW 
 

2.1 Hydrogenation Reaction 

Hydrogenation is a chemical reaction that indicates the treatment of 

substances with molecular hydrogen (H2), adding pairs of hydrogen atoms to 

compounds (unsaturated compounds except for an alkane). Under normal 

temperature and pressure conditions, a catalyst is needed for the reaction to take 

place. Most hydrogenation reactions employ gaseous hydrogen as the hydrogen 

source. In the future, other hydrogen sources could be provided. Hydrogenation 

reduces double and triple bonds of hydrocarbons to single bonds hydrocarbons. 

Hydrogenation differs from protonation or hydride addition because in hydrogenation 

the products have the same charge as the reactants. The reverse of hydrogenation, 

where hydrogen is removed from the compounds, is known as dehydrogenation. [25, 

26]. 

 Generally, there are three components in hydrogenation reactions consisting 

of substrate, hydrogen source, and a catalyst. The reaction can be operated at 

different temperatures and pressures based on the catalyst and substrate used. 

Commonly, The hydrogenation of alkenes produce alkanes, alkynes to alkenes, 

esters to secondary alcohols, aldehydes and ketones to alcohols, and amides to 

amines [25-27]. 

Hydrogenation reactions without metal catalysts will occur between hydrogen 

and organic compounds only higher than 480oC. Catalysts are used for promoting the 

reaction between the hydrogen and the substrate. Platinum, ruthenium, palladium, 

and rhodium, catalysts are required, which can operate at lower pressures and 

temperatures [25, 27]. 
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2.2 Properties of platinum 

 Platinum (Pt) is a chemical element and atomic number 78. Platinum is in 

group 10 (VIIIb), period 6 of the periodic table of elements. It is a silverish-white 

transition metal, precious, dense, ductile, malleable, highly unreactive, good 

corrosion resistance, and chemical attack. Furthermore, platinum is also capable of 

absorbing large volumes of hydrogen [28].  

For Pt supported catalysts, platinum metal catalysts have many applications 

in chemical processes such as automotive catalytic converters to strip out pollutants 

from exhaust gases of motor vehicles, petroleum refining, selective hydrogenation of 

chemical, gas-phase oxidation, pharmaceutical feedstocks, and fuel cell power 

generation [28-30]. 

 Platinum forms an important series of compounds with the oxidation states 

of +2 and +4 are the most stable [29]. Generally, platinum is a mixture of six 

isotopes: Pt-190 (0.0127 percent), Pt-192 (0.78 percent), Pt-194 (32.9 percent), Pt-195 

(33.8 percent), Pt-196 (25.3 percent), and Pt-198 (7.21 percent) [28, 29, 31]. 

 

Table 1 Physical properties of Platinum [28] 

Physical properties of Platinum 

Atomic number 78 

Atomic weight 195.09 

Specific gravity 21.45 (20° C) 

Melting point 1,769° C (3,216° F) 

Boiling point 3,827° C (6,920° F) 

Electron configuration [Xe]4f145d96s1 

Oxidation states +2, +4 
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2.3 Titanium dioxide support 

 Titanium dioxide (TiO2) or titania is the naturally occurring oxide of titanium 

with chemical formula TiO2. Titanium dioxide is frequently used in the production of 

paints, plastics, paper, cosmetics, and welding rod-coating material. Moreover, 

Titanium dioxide is used as semiconductor photocatalysts and catalyst support [19, 

20] that showed properties depend on the morphology of nanocrystals, structure, 

and surface [32]. 

Titanium dioxide is non-toxicity, long-term photostability, and high 

effectiveness, which is applied in mineralizing toxic and non-biodegradable 

environmental contaminants. It has good mechanical resistance and stability in acidic 

and oxidative environments. These properties are suitable for heterogeneous catalyst 

support [19]. 

 Titanium dioxide exists in several polymorphs i.e. rutile, anatase, brookite, 

columbite, baddeleyite, cotunnite, pyrite, and fluorite, etc [33]. Commonly, Titanium 

dioxide exists in three crystalline forms: anatase (tetragonal) and rutile (tetragonal) 

are the most common types, and the crystalline size of the rutile is always larger 

than the anatase phase. The third crystalline form is brookite (orthorhombic), which 

is rarely applied. The rutile phase is the most thermally stable among the three 

phases. Commonly, anatase and brookite convert into the rutile phase crystalline is 

above 600oC [19, 20]. The anatase and rutile structures with tetragonal geometry are 

highly symmetrical where each Ti atom is surrounded by six oxygen atoms forming a 

TiO6 octahedron. The only difference between the two structures is the distortion 

and linkage between the octahedrally coordinated Ti and O atoms [33]. The anatase 

phase contains zigzag chains of octahedral molecules linked to each other, while the 

rutile consists of linear chains of opposite edge-shared octahedral structure [19].  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 8 

 

Figure 1 Structure of TiO2 polymorphs: rutile (a), anatase (b) ,and brookite (c) [33]. 

 

2.4 Magnetron sputtering  

Magnetron sputter is a physical vapor deposition (PVD) method of thin film 

deposited by sputtering. The general sputtering method can be used to prepare a 

variety of materials such as metals, semiconductors, insulators, etc., and has the 

advantages of simple equipment, easy control, large coating area, and strong 

adhesion. Furthermore, the magnetron sputtering method developed in the 1970s 

achieves high speed, low damage, and low temperature [34]. 

Magnetron sputtering is a high-rate vacuum coating technique for depositing 

metals, alloys, and compounds onto a wide range of materials with thickness up to 

millimeter. It exhibits several significant advantages over other vacuum coating 

techniques, a property that led to the development of a large number of 

commercial applications from microelectronic fabrication to simple decorative 

coatings. The advantages of magnetron sputtering are such as [35] 

• high deposition rates 

• ease of sputtering any metal  alloy  or compound 

• high-purity films 

• extremely high adhesion of films 

• excellent coverage of steps and small features 
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• ability to coat heat-sensitive substrates 

• excellent uniformity on large-area substrates, for example, architectural 

glass.  

Magnetron sputtering is an important technique to grow thin films because a 

large number of thin films can be prepared at relatively high purity and low cost. 

This involves ejecting material from a “sputtering target” or a metal precursor that is 

a source onto a “substrate”  as shown in Figure 2 [34, 36]. 

 

Figure 2 Schematic diagram of magnetron sputtering [34]. 

 

Magnetron sputtering is the collision process between active ions of inert 

gases (e.g., argon or helium) and targets. Seeing that high-speed sputtering is carried 

out at low pressure, it is necessary to effectively increase the ionization rate of the 

gas, mostly use argon as the sputtering gas. A target or a metal precursor, that is 

desired to be deposited, is bombarded with active ions of argon gas. The strong 

collision of these active ions with the target ejects target metal atoms into space. 

After that, These metal atoms are then deposited on the substrate material forming 

a metallic film. Magnetron sputtering increases the plasma density by introducing a 
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magnetic field on the surface of the target cathode and utilizing the constraints of 

the magnetic field on the charged particles to increase the sputtering rate [34-36]. 

Magnetron sputtering includes many types, such as direct current (DC) 

magnetron sputtering and radio frequency (RF) magnetron sputtering, each has a 

different working principle and application objects. DC magnetron sputtering uses 

direct current power to coat the film which is suitable for conductive coatings. And 

RF magnetron sputtering, using radiofrequency alternating current power to cathode 

and anode electrodes which is suitable for insulating coatings. [34, 35]. 

Pulsed direct current magnetron sputtering deposition (PDC-MSD) method is a 

famous deposition technique applicable to produce thin films layer to packaging 

coating. This deposition technique has been employed in the industry, due to its 

easy to scale up, high ability, high stability, controllability, repeatability, uniformity, 

low environmental effect, and high efficiency in coatings. Nowadays, PDC-MSD 

method has been applied on the laboratory scale for the deposition of metal 

nanoparticles on solid and liquid surface supports [22, 23]. Importantly, the PDC-MSD 

method deposits atoms and atomic clusters from highly pure targets (99.99%) on the 

substrate [24]. 

 

2.5 Hydrogenation of acetophenone (AP) 

 The selective hydrogenation of aromatic ketones to aromatic alcohols is a 

significant reaction in the fine chemical industry because of increasing high-value 

added chemicals [1]. The hydrogenation of acetophenone (AP) has competitive 

hydrogenation between carbonyl (C=O double bond) and aromatic ring or phenyl 

groups [3]. As shown in Figure 3, the first is the hydrogenation of the carbonyl group 

of AP, which is converted to 1-phenylethanol (PHE). Second is the hydrogenation of 

the phenyl group, which is converted to cyclohexylmethylketone (CHMK). After that 

PHE and CHMK can be hydrogenated to cyclohexylethanol (CHE). The hydrogenolysis 
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of PHE and CHE can produce ethylbenzene (EB) and ethylcyclohexane (ECH) 

respectively. Furthermore, EB can be hydrogenated to ECH [1, 5, 10]. 

PHE is the desired product from the selective hydrogenation of AP. PHE is a 

high-value chemical and various applications in the fragrance and pharmaceutical 

industries [2, 3]. In fragrance industries, PHE is extensively used as strawberry 

fragrance additives in yogurts and chewing gums [2]. In pharmaceutical industries, PHE 

is an intermediate of analgesic and anti-inflammatory drugs such as Ibuprofen [2, 4] 

as shown in Figure 4. 

Considering the selective hydrogenation of AP to PHE in liquid-phase 

hydrogenation, various pressures, temperatures, and types of solvents have been 

presented over supported noble metal and non-noble metal catalysts [5]. Noble 

metal catalysts such as Pt [6-9], Ag [10], Pd [11, 12], Rh [11, 13], Ru [14] and  non-

noble metals such as Cu [2, 4, 5], Ni [5, 15], Co [1, 3, 5], Zr [16], Fe [4, 17], Cr [17]. Pt-

supported catalysts are used in the hydrogenation of AP because of high catalytic 

activity but Pt-supported catalysts can catalyze hydrogenation of carbonyl (C=O) and 

phenyl groups of the AP molecule to produce comparable products (PHE and CHMK) 

It is difficult to obtain high selectivity of PHE products and high activity of AP in a 

mild condition. So, in mild conditions improving catalytic performance and reducing 

operating costs are a special challenge such as changing catalyst support and 

reducing operating conditions. 
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Figure 3 Reaction scheme for the hydrogenation of acetophenone. AP: 

acetophenone, PHE: 1-phenylethanol, EB: ethylbenzene, CHMK: 

cyclohexylmethylketone, CHE: cyclohexylethanol, ECH: ethylcyclohexane 

 

Figure 4 Applications of 1-phenylethanol (PHE) 

 Previous research of hydrogenation of acetophenone (AP) on various catalysts 

under different reaction conditions are shown in Table 2.
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as
 p

re
pa

re
d 

by
 th

e 
sim

pl
e 

fla
m

e 
sp

ra
y 

py
ro

lys
is 

m
et

ho
d.

 

- T
 =

 1
60

o C 
 

- P
H2

 =
 6

0 
ba

r  
- R

ea
ct

ion
 ti

m
e 

= 
3 

h.
  

- s
ol

ve
nt

-fr
ee

 
hy

dr
og

en
at

ion
. 

 

- F
or

 b
im

et
al

lic
 c

at
al

ys
ts,

 P
t 

sit
es

 c
ou

ld
 p

ro
m

ot
e 

hy
dr

og
en

at
ion

 o
f t

he
 ca

rb
on

yl 
gro

up
 w

hil
e 

Pd
 si

te
s c

ou
ld

 
pr

om
ot

e 
hy

dr
og

en
at

ion
 o

f t
he

 
ph

en
yl 

gro
up

. 
- P

t 75
Pd

25
/Z

rO
2 s

ho
we

d 
th

e 
hig

he
st 

se
le

ct
ivi

ty
 o

f P
HE

 (6
4%

). 
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ch

er
s 

St
ud

ie
s 

Ca
ta

ly
st

 a
nd

 p
re

pa
ra

tio
n 

m
et

ho
d 

Re
ac

tio
n 

co
nd

iti
on

s 
Re

su
lts

 

- T
he

 sy
nt

he
sis

 o
f b

im
et

al
lic

 P
t–

Pd
 c

at
al

ys
ts 

by
 fl

am
e-

sp
ra

y 
py

ro
lys

is 
re

su
lts

 in
 a

 h
igh

 
dis

pe
rsi

on
 o

f P
t a

nd
 P

d 
an

d 
al

lo
ws

 e
as

y 
co

nt
ro

l o
f t

he
 

m
et

al
 lo

ad
ing

 o
n 

th
e z

irc
on

ia  
su

rfa
ce

. 

Zh
an

g, 
X.

 B
., e

t 
al

. (
20

19
). 

[3
] 

- S
tu

die
d 

th
e 

ef
fe

ct
 o

f 
va

rio
us

 so
lve

nt
s (

wa
te

r, 
et

ha
no

l, 
n-

he
xa

ne
) i

n 
th

e 
hy

dr
og

en
at

ion
 o

f 
ac

et
op

he
no

ne
 o

ve
r 

Co
/m

or
de

nit
e. 

- S
tu

die
d 

th
e 

ef
fe

ct
 o

f 
th

e 
va

rio
us

 re
ac

tio
n 

te
m

pe
ra

tu
re

s (
36

3 
K, 

37
3 

K, 
38

3 
K)

 in
 th

e 

- 1
6.7

%
 C

o/
m

or
de

nit
e 

ze
ol

ite
 

wa
s p

re
pa

re
d 

by
 th

e 
inc

ipi
en

t 
we

tn
es

s i
m

pr
eg

na
tio

n 
m

et
ho

d.
 

 

- T
 =

 1
00

o C 
 

- P
H2

 =
 2

 M
Pa

  
- R

ea
ct

ion
 ti

m
e 

= 
6 

h.
  

- W
at

er
, e

th
an

ol
, n

-
he

xa
ne

 w
er

e 
us

ed
 a

s 
a 

so
lve

nt
. 

 

- T
he

 h
igh

es
t s

el
ec

tiv
ity

 o
f P

HE
 

wa
s m

ain
ta

ine
d 

at
 1

00
%

 w
he

n 
th

e 
co

nv
er

sio
n 

of
 A

P 
wa

s b
el

ow
 

99
.9%

 in
 a

 w
at

er
 so

lve
nt

. 
- I

nc
re

as
ing

 th
e 

re
ac

tio
n 

te
m

pe
ra

tu
re

 w
ou

ld
 p

ro
m

ot
e 

th
e 

hy
dr

og
en

ol
ys

is 
of

 P
HE

 to
 

EB
. 

- N
eu

tra
l a

nd
 a

lka
lin

e 
co

nd
itio

ns
 a

re
 b

en
ef

ici
al 

to
 th

e 
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s 
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ie
s 
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ta
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nd

 p
re

pa
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tio
n 

m
et

ho
d 

Re
ac

tio
n 

co
nd

iti
on

s 
Re

su
lts

 

hy
dr

og
en

at
ion

 o
f A

P 
ov

er
 C

o/
m

or
de

nit
e.

 
- S

tu
die

d 
th

e 
ef

fe
ct

 o
f 

th
e 

va
rio

us
 a

dd
itiv

es
 

(K
OH

, N
aO

H,
 C

H 3
CO

OH
) 

in 
th

e 
hy

dr
og

en
at

ion
 o

f 
AP

 o
ve

r C
o/

m
or

de
nit

e.
 

hy
dr

og
en

at
ion

 o
f A

P 
to

 P
HE

. 
Th

e 
ac

id 
ad

dit
ive

s i
n 

th
e 

so
lve

nt
 w

er
e 

no
t f

av
or

ab
le

 to
 

th
e 

hy
dr

og
en

at
ion

 o
f A

P.
   

Tr
as

ar
ti,

 A
. F

., e
t 

al
. (

20
14

). 
[5

] 
- S

tu
die

d 
th

e 
ef

fe
ct

 o
f 

va
rio

us
 so

lve
nt

s (
2-

pr
op

an
ol

, c
yc

lo
he

xa
ne

, 
to

lu
en

e, 
be

nz
en

e)
 a

nd
 

m
et

al
 n

at
ur

e 
on

 th
e 

liq
uid

-p
ha

se
 

hy
dr

og
en

at
ion

 o
f A

P 
ov

er
 N

i/S
iO

2, 
Co

/S
iO

2, 
an

d 
Cu

/S
iO

2. 
 

- 8
 w

t%
 N

i/S
iO

2, 
Co

/S
iO

2, 
an

d 
Cu

/S
iO

2 w
er

e 
pr

ep
ar

ed
 b

y 
th

e 
inc

ipi
en

t w
et

ne
ss

 
im

pr
eg

na
tio

n 
m

et
ho

d.
 

 

- T
 =

 9
0o C 

 
- P

H2
 =

 1
0 

ba
r  

- 2
-p

ro
pa

no
l, 

cy
clo

he
xa

ne
, t

ol
ue

ne
, 

be
nz

en
e 

we
re

 u
se

d 
as

 
a 

so
lve

nt
. 

 

- T
he

 m
ax

im
um

 y
iel

d 
in 

PH
E 

fo
llo

ws
 th

e 
pa

tte
rn

: C
u/

SiO
2 >

 
Ni

/S
iO

2 >
 C

o/
SiO

2. 
- T

he
 in

itia
l h

yd
ro

ge
na

tio
n 

ra
te

 
of

 a
ce

to
ph

en
on

e 
de

pe
nd

s o
n 

th
e 

so
lve

nt
 a

s f
ol

lo
ws

: 2
-

pr
op

an
ol

 >
 c

yc
lo

he
xa

ne
 >

 
to

lu
en

e 
> 

be
nz

en
e. 

- 2
-p

ro
pa

no
l i

nc
re

as
es

 th
e 

hy
dr

og
en

at
ion

 ra
te

 o
f A

P 
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ch

er
s 

St
ud

ie
s 

Ca
ta

ly
st

 a
nd

 p
re

pa
ra

tio
n 

m
et

ho
d 

Re
ac

tio
n 

co
nd

iti
on

s 
Re

su
lts

 

th
ro

ug
h 

hy
dr

og
en

 tr
an

sfe
r. 

Ra
j, K

. J
. A

., e
t 

al
. (

20
12

). 
[1

6]
 

- S
tu

die
d 

th
e 

ca
ta

lyt
ic 

ac
tiv

ity
 o

f N
i 

im
pr

eg
na

te
d 

on
 v

ar
iou

s 
ph

as
es

 o
f t

ita
nia

 
(an

at
as

e, 
ru

til
e, 

an
d 

hig
h 

su
rfa

ce
 a

re
a) 

in 
th

e 
hy

dr
og

en
at

ion
 o

f A
P.

 
- S

tu
die

d 
th

e 
ca

ta
lyt

ic 
ac

tiv
ity

 o
f v

ar
iou

s %
 N

i 
lo

ad
ing

s i
m

pr
eg

na
te

d 
on

 ti
ta

nia
 in

 th
e 

hy
dr

og
en

at
ion

 o
f A

P. 

- 1
5 

wt
%

 N
i c

at
al

ys
ts 

su
pp

or
te

d 
on

 v
ar

iou
s p

ha
se

s 
of

 ti
ta

nia
 (a

na
ta

se
, r

ut
ile

, a
nd

 
hig

h 
su

rfa
ce

 a
re

a).
  

- 2
.5,

 5
.0,

 7
.5,

 1
0.0

 ,a
nd

 1
2.5

 
wt

%
 N

i/T
iO

2 w
er

e 
pr

ep
ar

ed
 

by
 a

n 
inc

ipi
en

t 
we

tn
es

s i
m

pr
eg

na
tio

n 
m

et
ho

d.
 

- T
= 

12
0-

14
0o C 

 
- P

H2
 =

 1
0-

40
 kg

/c
m

2   
- R

ea
ct

ion
 ti

m
e 

= 
1-

14
 

h.
  

- M
et

ha
no

l w
as

 u
se

d 
as

 a
 so

lve
nt

. 
 

- 1
5 

wt
%

 N
i c

at
al

ys
ts 

un
de

r 
hy

dr
og

en
 p

re
ss

ur
e 

of
 4

0 
kg

 c
m

2  
an

d 
14

0 
o C 

we
re

 fo
un

d 
to

 b
e 

op
tim

um
 re

ac
tio

n 
co

nd
itio

ns
 to

 
ac

hie
ve

 a
 go

od
 a

ct
ivi

ty
 o

f A
P.

 
- T

he
 c

at
al

yt
ic 

ac
tiv

ity
 o

rd
er

 is
 

Ni
/ru

til
e 

> 
Ni

/a
na

ta
se

 >
 N

i/T
iO

2. 
- T

he
 e

le
ct

ro
nic

 in
te

ra
ct

ion
 

be
tw

ee
n 

Ni
 a

nd
 ru

til
e 

im
pr

ov
es

 
th

e 
ad

so
rp

tio
n 

of
 H

2 m
ol

ec
ul

es
 

an
d 

fo
rm

at
ion

 o
f e

le
ct

ro
n-

en
ric

he
d 

Ni
–H

 sp
ec

ies
 w

hic
h 

int
er

ac
t 

wi
th

 th
e 

ca
rb

on
yl 

(C
=O

) g
ro

up
 

of
 A

P.
 

W
an

g, 
B.,

 e
t a

l. 
- S

tu
die

d 
th

e 
ca

ta
lyt

ic 
- 2

5 
wt

%
 C

u/
SiO

2 w
as

 
- T

 =
 8

0-
15

0o C 
 

- 2
5%

 C
u/

SiO
2 e

xh
ibi

te
d 

99
.8%
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(2
01

9)
. [

4]
 

pe
rfo

rm
an

ce
s o

f 2
5%

 
Cu

/S
iO

2 o
n 

va
rio

us
 

co
nd

itio
ns

 in
 th

e 
hy

dr
og

en
at

ion
 o

f A
P.

 

pr
ep

ar
ed

 b
y 

ur
ea

 
ho

m
og

en
eo

us
 p

re
cip

ita
tio

n 
m

et
ho

d.
 

 

- P
H2

 =
 1

-3
 M

Pa
  

- L
HS

V 
= 

0.6
-1

.2 
h-1

.  
co

nv
er

sio
n 

of
 A

P 
an

d 
99

.08
%

 
se

le
ct

ivi
ty

 o
f P

HE
 u

nd
er

 th
e 

op
tim

um
 re

ac
tio

n 
co

nd
itio

ns
 

(T
em

pe
ra

tu
re

: 3
53

 K
; P

re
ss

ur
e: 

2.0
 M

Pa
, L

HS
V:

 1
.0 

h−1
 a

nd
 th

e 
m

ol
ar

 ra
tio

 o
f H

2/A
P=

15
). 

- T
he

 p
re

se
nc

e 
of

 c
op

pe
r 

ph
yll

os
ilic

at
e i

m
pr

ov
ed

 th
e 

ra
tio

 o
f C

u+ / (
Cu

+ +C
u0 ) 

pr
om

ot
ed

 th
e 

ac
tiv

ity
 a

nd
 

sta
bil

ity
 o

f t
he

 C
u/

SiO
2 c

at
al

ys
t. 

Fu
jita

, S
.-i.

, e
t 

al
. (

20
16

). 
[1

2]
 

- S
tu

die
d 

th
e 

ef
fe

ct
 o

f 
va

rio
us

 so
lve

nt
s (

wa
te

r, 
m

et
ha

no
l, 

n-
he

xa
ne

) 
wi

th
 co

m
m

er
cia

l 5
 w

t%
 

Rh
/C

, R
h/

Al
2O

3, 
5%

 
Pd

/A
l 2O

3, 
an

d 
5%

 P
d/

C 

- 5
 w

t%
 R

h/
C,

 R
h/

Al
2O

3, 
Pd

/C
, 

an
d 

Pd
/A

l 2O
3 
 

- T
= 

80
o C 

 
- P

H2
 =

 2
 M

Pa
 fo

r R
h 

ca
ta

lys
ts,

 4
 M

Pa
 fo

r P
d 

ca
ta

lys
ts 

 
- R

ea
ct

ion
 ti

m
e 

= 
60

-
36

0 
m

in.
  

- T
he

 R
h/

Al
2O

3 
sh

ow
ed

 th
e 

hig
he

st 
co

nv
er

sio
n 

of
 A

P 
(7

8%
) 

an
d 

th
e 

se
le

ct
ivi

ty
 o

f P
HE

 (8
5%

) 
in 

wa
te

r 
- T

he
 e

ffe
ct

 o
f s

ol
ve

nt
s 

de
pe

nd
s o

n 
th

e 
su

pp
or
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Re
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co
nd

iti
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s 
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su
lts

 

ca
ta

lys
ts 

 
- S

tu
die

d 
th

e 
inf

lu
en

ce
 

of
 C

O 2
 p

re
ss

ur
iza

tio
n 

as
 

a 
re

ac
tio

n 
pr

om
ot

er
 in

 
he

te
ro

ge
ne

ou
s A

P 
hy

dr
og

en
at

ion
 

re
ac

tio
ns

 w
ith

 
su

pp
or

te
d 

Pd
 a

nd
 R

h 
ca

ta
lys

ts 
in 

dif
fe

re
nt

 so
lve

nt
s. 

- W
at

er
, m

et
ha

no
l, 

an
d 

n-
he

xa
ne

 w
er

e 
us

ed
 a

s a
 so

lve
nt

. 
- P

CO
2 
= 

2 
M

Pa
 (f

or
 

re
ac

tio
n 

in 
th

e 
CO

2-
dis

so
lve

d 
so

lve
nt

s) 
 

m
at

er
ial

s (
Al

2O
3, 

C)
 b

ut
 n

ot
 

de
pe

nd
s o

n 
th

e 
m

et
al

 sp
ec

ies
 

(P
d,

 R
h)

. 
- T

he
 p

re
ss

ur
iza

tio
n 

wi
th

 C
O 2

  
(1

 M
Pa

) im
pr

ov
es

 th
e 

co
nv

er
sio

n 
of

 A
P 

hy
dr

og
en

at
ion

 
wi

th
 P

d/
Al

2O
3 i

n 
m

et
ha

no
l, 

du
e 

to
 th

e 
ac

tio
n 

of
 H

+  sp
ec

ies
 

fo
rm

ed
.  
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Alonso, F., et al. (2008). [6] studied the effect of reduction temperature (473 

or 773 K) over 1.5 wt% Pt/TiO2 catalysts, which was prepared by the impregnation 

method in the reduction of AP by hydrogen transfer. In the results, it was found that 

Pt/TiO2 is suitable for the hydrogen transfer reduction of acetophenone in 

isopropanol as the hydrogen donor. Adding KOH promoted yield of PHE up to 84% at 

2 hours reaction times. Furthermore, The Pt/TiO2 catalyst reduced at 773 K could be 

easily reused and maintained good catalytic activity over four repeated cycles while 

the Pt/TiO2 catalyst reduced at 473 K could not be reused in three cycles because 

the yield of PHE decreased significantly. 

Vetere, V., et al. (2015). [7] studied the effect of the chemical nature of the 

substituents groups on the aromatic ketones which were absorbed on the metallic 

surface over Pt catalyst. As follows, 1% Pt/SiO2 was prepared by ionic exchange. Pt-

Sn/SiO2 (Sn/Pt atomic ratios 0.2 and 0.8) was prepared by surface organometallic 

chemistry of metals. In the results, it was found that at 50% of AP conversion, 

PtSn0.8/SiO2 showed the highest selectivity of PHE (84%). At 400 min, Pt/SiO2 showed 

50% selectivity of PHE. Furthermore, the presence of Sn effects encourages the 

interaction through a carbonyl group (C=O) and inhibiting adsorption of the aromatic 

ring for these reasons, increasing the initial hydrogenation rate of AP. 

Wu, W., et al. (2019). [8] studied the effect of various Pt-Fe morphology in the 

hydrogenation of AP. Pt-Fe nanowires, Pt-Fe nanocubes, Pt-Fe nanoparticles, and 5% 

Pt/C were used as catalysts. In the results, it was found that Pt-Fe nanowires showed 

the highest conversion of AP (99.3%) and the selectivity of PHE (91.7%) at 200 min. 

Pt-Fe nanowires with abundant high-index facets create steric effects that selectively 

adsorbed the carbonyl group and inhibited the adsorption of phenyl group. 

Moreover, the construction of high-index facets offers a strategy to create steric 

effects for improved selectivity without occupying or passivating active sites. 
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Liu, H., et al. (2009). [9] studied the effects various preparation methods of 

Pt/γ-Al2O3 catalysts. 5% Pt/γ-Al2O3 were prepared by the incipient wetness 

impregnation method, 5% Pt/γ-Al2O3 was prepared by the “one-step” method 

including Al2O3 support was prepared by using chitosan. Moreover, the effects of the 

amount of chitosan in the hydrogenation of AP was studied. In the results, it was 

found that the mesoporous Pt/Al2O3 prepared using 1 g of chitosan exhibits an 

excellent catalytic performance (89.1%) and high selectivity to PHE (97.6%), which 

were much better than the Pt–Al2O3 catalyst was synthesized by a ‘‘one-step” 

method and Pt/γ-Al2O3 catalyst prepared with commercial γ-Al2O3 because chitosan 

encourages shape and surface morphology of Al2O3 support of Pt catalyst. Moreover, 

the calcination temperature of the catalyst influenced the Pt dispersions of Pt/γ-

Al2O3 including the activity of the Pt active sites on Pt/γ-Al2O3 catalyst and the size of 

Pt particles on mesoporous Al2O3 were affected by the surface morphology and 

structure of Al2O3.  

Jiang, Y., et al. (2012). [10] studied the effect of the various ratios of bimetallic 

3% Pt-Pd/ ZrO2 catalysts with different Pt and Pd atomic ratios. The catalysts were 

prepared by the simple flame spray pyrolysis method in the solvent-free 

hydrogenation of AP. In the results, it was found that for bimetallic catalysts, Pt sites 

seem to favor hydrogenation of the carbonyl group while Pd sites favor the phenyl 

group. Pt75Pd25/ZrO2 showed the highest selectivity of PHE (64%). Moreover, the 

synthesis of bimetallic Pt–Pd catalysts by flame-spray pyrolysis results in a high 

dispersion of Pt and Pd and allows easy control of the metal loading on the zirconia 

surface. Although the electronic properties of bimetallic catalysts are changed 

compared to their monometallic counterparts, the Pd and Pt active sites still kept 

their specific properties of product selectivity. The catalysts could be reused because 

activity and selectivity decreased slightly after suitable treatment. 

Zhang, X. B., et al. (2019). [3] studied the effect of various solvents (water, 

ethanol, n-hexane), reaction temperatures (363 K, 373 K, 383 K), and additives (KOH, 
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NaOH, CH3COOH)  in the hydrogenation of acetophenone over Co/mordenite 

catalysts, in which 16.7% Co/mordenite zeolite was prepared by the incipient 

wetness impregnation method. In the results, it was found that the highest PHE 

selectivity was maintained at 100% when the conversion of AP was below 99.9% in a 

water solvent. The highest PHE yield was found in water solvent.  Increasing the 

reaction temperature would promote the hydrogenolysis of PHE to EB. The reaction 

rate without significant loss when the AP concentration and catalyst loading 

increased to three times. The conversion of AP was 98.6% and 99.6% when KOH and 

NaOH were added in water, respectively, although the conversion of AP decreased to 

62.6% after CH3COOH was added. Therefore, The alkaline and neutral conditions 

have promoted the hydrogenation of AP to PHE but the acid additives in the solvent 

were not favorable to the hydrogenation of AP. Moreover, the conversion of AP and 

the reaction selectivity to PHE decreased slightly after four cycles of solvent water 

when compared with fresh solvent water. 

Trasarti, A. F., et al. (2014). [5] studied the effect of various solvents (2-

propanol, cyclohexane, toluene, benzene) and metal nature on the liquid-phase 

hydrogenation of AP over Ni/SiO2, Co/SiO2, and Cu/SiO2 catalysts, in which 8 wt% of 

these catalysts were prepared by the incipient wetness impregnation method. In the 

results, it was found that the catalytic activity follows the pattern: Ni/SiO2 > Co/SiO2 

> Cu/SiO2 while, the initial selectivity to PHE follows the pattern: Cu/SiO2 ≅ Co/SiO2 > 

Ni/SiO2. So, the maximum yield in PHE follows the pattern: Cu/SiO2 > Ni/SiO2 > 

Co/SiO2. For the reasons, in lack of solvent-catalyst interactions, various catalytic 

activity depends on the capability of each metal for dissociative hydrogen 

chemisorption. The initial hydrogenation rate of acetophenone depends on the 

solvent follows the pattern: 2-propanol > cyclohexane > toluene > benzene. For the 

reasons, the effect of the solvent depends on metal nature. Moreover, Isopropanol 

could increase the hydrogen transfer hydrogenation rate of AP. 
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Raj, K. J. A., et al. (2012). [16] studied the catalytic activity of Ni impregnated 

on various phases of titania and studied the catalytic activity of various % Ni loadings 

impregnated on titania in the hydrogenation of AP. 15 wt% Ni catalysts supported on 

various phases of titania (anatase, rutile, and high surface area) including, 2.5, 5.0, 7.5, 

10.0, and 12.5 wt% Ni/TiO2 were prepared by an incipient wetness impregnation 

method. In the results, it was found that 15 wt% Ni catalysts under hydrogen 

pressures of 40 kg cm2 and 140 oC were found to be optimum reaction conditions to 

achieve a good activity of AP. For, the catalytic activity follows the pattern: Ni/rutile 

> Ni/anatase > Ni/TiO2 because of the high concentration of Ni on the surface of 

rutile and SMSI between rutile and Ni more than that between Ni and anatase or 

TiO2. The catalyst samples calcined at 900oC showed sintering of Ni follows the 

pattern: Ni/TiO2 > Ni/anatase > Ni/rutile, which caused their catalytic activity to 

decrease. Moreover, the electronic interaction between Ni and rutile improves the 

adsorption of H2 molecules and the formation of electron-enhanced Ni–H species 

which interact with the carbonyl (C=O) group of AP. 

Wang, B., et al. (2019). [4] studied the catalytic performances of 25% Cu/SiO2 

on various conditions in the hydrogenation of AP, in which 25 wt% Cu/SiO2 was 

prepared by urea homogeneous precipitation method. In the results, it was found 

that 25% Cu/SiO2 showed 99.8% conversion of AP and 99.08% selectivity of PHE 

under temperature: 353 K, hydrogen pressure of 2.0 MPa, LHSV: 1.0 h−1, and the 

molar ratio of H2/AP=15. Moreover, the presence of copper phyllosilicate improved 

the ratio of Cu+/ (Cu++Cu0) promoted the activity and stability of the Cu/SiO2 catalyst 

that operates consistently for 500 h without observable change. 

Fujita, S.-i., et al. (2016). [12] studied the effect of various solvents (water, 

methanol, n-hexane) with commercial 5 wt% Rh/C, Rh/Al2O3, 5% Pd/Al2O3, and 5% 

Pd/C catalysts and studied the influence of CO2 pressurization as a reaction promoter 

in heterogeneous hydrogenation of AP with supported Pd and Rh catalysts in 

different solvents. In the results, it was found that the Rh/Al2O3 showed the highest 
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conversion of AP (78%) and the selectivity of PHE (85%) when using water as a 

solvent because its large polarity/polarizability index might lead to the high 

selectivity to the formation of PHE. For, the effect of solvents depends on the 

support materials (Al2O3, C) but not depends on the metal species (Pd, Rh). 

Moreover, the pressurization with 1 MPa of CO2 can improve the conversion of AP 

hydrogenation with Pd/Al2O3 in methanol due to the action of H+ species formed. 

The Rh/Al2O3 catalyst deactivates through poisoning with CO formed from H2 and CO2. 

Therefore, the nature of supported metal catalysts is important for the occurrence of 

positive and negative effects of CO2 pressurization in the hydrogenation of AP.  

 From the literature review, the selective hydrogenation of AP to PHE was 

carried out at 70-180oC, 1-60 bar of H2, and 1-24 h reaction time in 2-propanol, 

methanol, n-butanol, ethanol, n-hexane, cyclohexane, benzene, toluene. It was 

found that the 2-propanol solvent showed the highest AP conversion, the highest 

selectivity, and the highest yield of PHE. Moreover, Pt-supported catalysts could be 

operated at low-pressure conditions (1 bar) and showed high catalytic activity. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER III  

MATERIAL AND METHODS 
 

3.1 Catalyst preparation 

3.1.1 Preparation of Pt/TiO2 catalysts by PDC-MSD method 

 Surface Engineering and Advanced Materials Group, Manchester Metropolitan 

University has prepared Pt/TiO2 catalysts by the pulsed direct current magnetron 

sputtering deposition (PDC-MSD) method, using the type of commercial TiO2 support 

as PC500 (pure anatase) and P25 (mixed anatase/rutile phase) in which each type of 

support has adjusted the Pt coating time on the supports equal to 3, 6, 9 minutes 

respectively. The Pt/TiO2 catalysts prepared by the PDC-MSD method are denoted as 

MSD-Pt-P25-3, MSD-Pt-P25-6, MSD-Pt-P25-9 for the type of TiO2 support as P25, MSD-

Pt-PC500-3, MSD-Pt-PC500-6, and MSD-Pt-PC500-9 for the type of TiO2 support as 

PC500. 

 A Schematic of Pt/TiO2 catalysts preparation by PDC-MSD method is shown in 

Figure 5.  The PDC-MSD system was applied in a sputter-down configuration, through 

a single 7.5 cm diameter type II unbalanced planar magnetron as the magnetron 

sputtering source installed on the chamber roof, with the Pt targe together. The TiO2 

powder holder was placed below the magnetron and installed on a shaker 

mechanism, which allowed continuous powder mixing during the PDC-MSD process. 

The distance between the substrate and the Pt target was fixed at 5 cm. The 

magnetron sputtering source was powered by an Advanced Energy Pinnacle Plus 

power supply. The Pt target was sputtered at 250W and 350 kHz with a 50% duty 

cycle (corresponding to 1.4 μs pulse-off period). Sputtering took place under an Ar 

atmosphere at a working pressure of about 2.6 Pa. For each time, 2 g of commercial 

TiO2 PC500 and P25 powder was placed in the substrate holder and treated for 

various sputtering times [22, 23]. 
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Figure 5 Schematic of Pt/TiO2 catalysts preparation by PDC-MSD method 

3.1.2 Preparation of Pt/TiO2 catalysts by incipient wetness impregnation 

method 

The 1.4 wt% Pt/TiO2 catalysts were prepared by incipient wetness 

impregnation method using various TiO2 polymorphs as PC500 and P25 as supports. 

Platinum(II) acetylacetonate was used as the Pt precursor. The desired amount of Pt 

precursor was dissolved in xylene and slowly dropped on various TiO2 supports. After 

that, the catalysts were left at room temperature for 6 h and dried in an oven 

overnight at 110 oC. Finally, the catalysts were calcined in air at 400 oC for 4 h, as 

shown in Figure 6. The Pt/TiO2 catalysts prepared by the incipient wetness 

impregnation method are denoted as IMP-Pt-P25, and IMP-Pt-PC500 for the type of 

TiO2 support as P25 and PC500, respectively. 

Table 3 Supports used for Pt/TiO2 catalysts preparation  

Chemicals Formula Suppliers 

PC500 (pure anatase) TiO2 Sigma-Aldrich 
P25 (mixed anatase and rutile) TiO2 Sigma-Aldrich 
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Table 4 Chemicals used for Pt/TiO2 catalysts preparation by incipient wetness 

impregnation method 

Chemicals Formula Suppliers 
Platinum (II) acetylacetonate 

99.99% 
Pt(C5H7O2)2 Aldrich 

Xylene 99.8% C8H10 Merck 

 

Figure 6 Diagram of Pt/TiO2 catalysts preparation by incipient wetness impregnation 

method. 

 

3.2 Catalyst Characterization 

3.2.1 X-ray diffraction (XRD) 

 The X-ray diffraction (XRD) patterns were analyzed by a SIEMENS XRD D5000 

X-ray diffractometer with CuKα radiation in a scanning range from 20º to 80º of 2θ. 

The average crystallite size (dXRD) of TiO2 was calculated using Scherrer’s equation. 

This technique was employed to identify and quantify the crystalline phases. 
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3.2.2 N2 – physisorption 

 The BET specific surface area, pore volumes, average pore size diameters, and 

N2 adsorption-desorption isotherms of catalysts were analyzed by using N2 - 

physisorption technique on a Micromeritics ASAP 2020 automated system. 

3.2.3 X-ray photoelectron spectroscopy (XPS) 

 The XPS spectra, the blinding energy, and the surface composition of 

catalysts were analyzed by using the Kratos AMICUS X-ray photoelectron 

spectroscopy. This experiment was operated with MgKα X-ray source at 20 mA and 

12 kV (240 W) as a primary excitation. The KRATOS VISION II software was performed 

in computer-controlled. The C 1s line was referenced at a binding energy of 285.0 eV 

as the internal standard.  

3.2.4 Inductively coupled plasma optical emission spectrometer  

(ICP-OES) 

 The actual Pt loading of the catalysts after deposition and impregnation on 

various TiO2 supports were analyzed by using inductively coupled plasma optical 

emission spectrometer (ICP-OES).  

3.2.5 Transmission electron spectroscopy (TEM) 

 The morphology and metal sizes of catalysts were analyzed by using HT7700 

transmission electron microscope operated at 200 kV. 

3.2.6 CO-pulse chemisorption 

 The amounts of Pt active sites, percentages of Pt dispersion, and average Pt 

particle size on catalysts were analyzed by using the CO-pulse chemisorption 

technique on a Micromeritics Chemisorb 2750 with ChemiSoftTPx software. The 

catalyst samples were performed in a glass U-tube reactor and pretreated under He 

flow (25 cm3/min) 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 40oC under He 

flow. After that, CO gas was injected into the sample cell to adsorb on the Pt active 
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sites whereas unabsorbed CO was detected by the thermal conductivity (TCD). 

Pulsing was performed until not longer adsorbed CO is detected. 

3.2.7 H2 temperature-programmed reduction (H2-TPR) 

The reducibility of the catalysts and the interaction of metal and support 

were analyzed by H2 temperature-programmed reduction (H2-TPR) using a 

Micromeritics Chemisorb 2750 with ChemiSoftTPx software. The catalyst samples 

were performed in a quartz U-tube reactor and pretreated under N2 flow (25 

cm3/min) at 300 ºC for 1 h to remove water. Then, cooling down to room 

temperature under N2 flow. After that, a gas mixture of 10% H2 in Ar (25 cm3/min) 

was passed through the quartz U-tube reactor to the catalyst sample with a 

temperature ramp at a heating rate of 10 ºC/min from room temperature to 800 ºC. 

 

3.3 Catalytic test in the selective hydrogenation of acetophenone 

 For the catalyst prepared by the incipient wetness impregnation method, the 

catalysts were reduced with H2 (30 cm3/min) at 500 °C for 2 h before the reaction 

test. 

The selective hydrogenation of acetophenone (AP) to 1-phenylethanol (PHE) 

was tested in the liquid phase by using the various catalysts in a 100 mL stainless 

steel autoclave reactor (JASCO, Tokyo, Japan). Approximately 100 mg of the 

catalysts, 292 µL of AP (2.5 mmol), and 10 ml of 2-propanol were placed into an 

autoclave reactor supplied with a hot plate and magnetic stirrer. Then, heating the 

oil bath set about 80 ºC after that purged the autoclave reactor with H2 up to 5 bars 

three times. The selective hydrogenation of AP was carried out at 80 ºC, 1 bar of H2 

for 2 h while stirring the reaction mixture with a magnetic stirrer at 450 rpm. After 

each reaction, the autoclave reactor was cooled down quickly to 5 ºC with ice and 

carefully depressurized. The reaction mixture was centrifuged and separated from 
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the catalyst. The liquid product was analyzed by a Gas Chromatograph-Mass 

Spectrometer (GC-MS) equipped with a DB-5 capillary column.  

 

Table 5 Chemicals used in the liquid-phase hydrogenation of acetophenone 

Chemicals Formula Suppliers Molecular 
weight 
(g/mol) 

Density 

Acetophenone 99% C8H8O Sigma-Aldrich 120.15 1.030 g/ml 
at 25oC (lit.) 

1-Phenylethanol 98% C8H10O Sigma-Aldrich 122.16 1.012 g/ml 
at 25oC (lit.) 

Ethylbenzene 99.8% C8H10 Sigma-Aldrich 106.17 0.867 g/ml 
at 25oC (lit.) 

Ethylcyclohexane 
>99% 

C8H16 Sigma-Aldrich 112.21 0.788 g/ml 
at 25oC (lit.) 

Cyclohexyl methyl 
ketone 95% 

C8H14O Alfa Aesar 126.20 0.917 g/ml 
at 25oC (lit.) 

1-Cyclohexylethanol 
97% 

C8H16O Sigma-Aldrich 128.21 1.012 g/ml 
at 25oC (lit.) 

2-Propanol >99.8 C3H8O Supeico 60.10 0.785 g/ml 
at 25oC (lit.) 

Hydrogen gas (UHP; 
99.9% vol) 

H2 linde 2 0.08988 at 
STP 
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Table 6 Gas-chromatography-Mass spectroscopy (GC-MS) operating conditions 

Gas Chromatograph-Mass Spectrometer  Shimadzu GCMS-QP2010 

Capillary column DB-5 (30m x 0.25 mm x 0.25 µm) 

Carrier gas Helium (99.99 vol%) 
Make-up gas Air (99.9 vol%) 

Injection volume 1 µL 

Initial column oven temperature 60 ºC 
Injection temperature 300 ºC 

Detector temperature 300 ºC 
Injection mode Split 

Total flow rate 50 ml/min 

Time analysis 63.87 min 

 

 

Figure 7 Schematic of the liquid-phase hydrogenation of acetophenone 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER IV  

RESULTS AND DISCUSSION 
 

In this chapter, the investigation of the catalyst characterizations and the 

catalytic properties in the liquid phase selective hydrogenation of acetophenone (AP) 

to 1-phenylethanol (PHE) over the Pt/TiO2 prepared by pulsed direct current 

magnetron sputtering deposition (PDC-MSD) and incipient wetness impregnation 

method were discussed. The results and discussion are divided into two parts.  

In the first part, the investigation of Pt-based catalysts prepared on TiO2 

supports by PDC-MSD compared to the incipient wetness impregnation method were 

reported. In the PDC-MSD method, Pt-based catalysts on various TiO2 polymorphs 

such as PC500 (pure anatase) and P25 (mixed anatase and rutile phase). For each 

type of support, the deposition time spent on Pt coating was varied at 3, 6, and 9 

minutes. For comparison purposes, Pt/TiO2 catalysts were also prepared by the 

incipient wetness impregnation method with similar amount of Pt loadings (1.4 wt.%). 

The catalyst samples in the liquid phase selective hydrogenation of AP were 

analyzed by X-ray diffraction (XRD), N2 – physisorption, X-ray photoelectron 

spectroscopy (XPS), Inductively coupled plasma optical emission spectrometer (ICP-

OES), transmission electron spectroscopy (TEM), CO-pulse chemisorption, and H2 

temperature-programmed reduction (H2-TPR) 

In the second part, the effect of reaction temperature of the selective 

hydrogenation of AP to PHE over Pt/TiO2 catalysts prepared by the PDC-MSD method 

on various TiO2 polymorphs with similar Pt loadings (3 wt.%) were reported. 
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Part I The investigation of Pt-based catalysts prepared on TiO2 supports by PDC-

MSD compared to the incipient wetness impregnation method 

 

4.1 Characterizations of Pt/TiO2 catalysts 

4.1.1 X-ray diffraction (XRD) 

 The XRD patterns of all the catalyst samples prepared by the PDC-MSD 

method and the incipient wetness impregnation method at diffraction angles (2θ) 
between 20º and 80º are shown in Figure 8. All the catalyst samples showed the 

anatase phase of TiO2 diffraction peak at 2θ =  25.2o (major), 36.9o, 37.7o, 48o, 53.9o, 
55o, 62.7o, 68.9o, 70.3o, and 75.1o. The rutile phase of TiO2 diffraction peak was 

detected at 2θ = 27.4o (major), 36o, 41.3o, 48o, 54.3o, and 56.6o. Moreover, for the 
catalyst samples prepared by the PDC-MSD method, additional diffraction peaks 

corresponding to Pt appeared at 2θ = 39.8o (major), 46.2o, 67o, and 82o. 
The average crystallite sizes of anatase TiO2 were calculated by Scherrer 

equation from the XRD diffraction peak at 2θ = 25.2º and the results are shown in 

Table 7. The crystallite size of anatase TiO2 of Pt catalyst supported on P25 and 

PC500 were similar at 22.6-25 nm and 6.8-7.6 nm, respectively. It was found that the 

catalysts prepared on P25 supports had larger crystallite sizes of anatase phase of 

TiO2 than those prepared on PC500 supports for the same deposition time. 
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Figure 8 The XRD patterns of Pt/TiO2 catalysts 
 

4.1.2 N2 – physisorption 

 The BET surface area, pore size, and pore volume of all catalyst samples are 

shown in Table 7. The pore size and the pore volume were determined from the 

Barret-Joyner-Halenda (BJH) desorption method. The BET surface area, pore size, and 

pore volume of Pt catalyst supported on P25 were similar at 47.8-59.6 m2/g, 11-12.1 

nm, and 0.16-0.28 cm3/g respectively. The BET surface area, pore size, and pore 

volume of Pt catalyst supported on PC500 were 167.3-244.9 m2/g, 3.9 nm, and 0.23-

0.3 cm3/g respectively. It was found that all the Pt catalysts supported on PC500 had 

greater surface area and pore volume but smaller pore size than the Pt catalyst 

supported on P25 for the same deposition time. Similar results have been reported 

by Rui, Z. et al. [37] that Pt catalyst supported on TiO2 pure anatase phase had 

greater surface area and pore volume but smaller pore size than Pt catalyst 

supported on TiO2 pure rutile phase. The BET surface area, pore size, and pore 

volume of commercial P25 TiO2 support were 65.3 m2/g, 12.1 nm, and 0.17 cm3/g 

respectively. Bettini, L. et al. [38] reported that The BET surface area, pore size, and 
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pore volume of TiO2 support (mixed anatase and rutile same ratio as P25) prepared 

by flame spray pyrolysis in xylene solvent were 113 m2/g, 12 nm, and 0.2 cm3/g 

respectively.  

The N2 adsorption-desorption isotherms of all the catalyst samples prepared 

by the PDC-MSD method and the incipient wetness impregnation method are shown 

in Figure 9. From Brunauer-Deming-Teller (BDTT), All the Pt/TiO2 catalyst samples 

exhibited type-IV isotherm with its hysteresis loop indicated that capillary 

condensation taking place in mesopores. The shape of the hysteresis loop for all 

catalysts prepared on P25 supports and IMP-Pt-PC500 was typed H3 hysteresis loop. 

The type H3 hysteresis can be observed with aggregates of plate‐like particles giving 

rise to slit‐shaped pores. For the catalysts prepared on PC500 supports except IMP-

Pt-PC500, The shape of the hysteresis loop was type H4, which indicating the narrow 

slit-shaped pore and containing both micropores and mesopores [39].  

 

Table 7 Physical properties of Pt/TIO2 catalysts 

Catalyst 
Crystallite size of 
anatase TiO2 (nm) 

BET Surface 
Area (m2/g) 

Pore size (nm) 
Pore Volume 

(cm3/g) 

MSD-Pt-P25-  22.  47.8 11.0 0.16 

MSD-Pt-P25-  23.7 57.4 11.3 0.19 

MSD-Pt-P25-  24.1 53.1 15.0 0.25 

IMP-Pt-P25 25.0 59.6 12.1 0.28 

MSD-Pt-PC500-  7.6 189.5 3.9 0.23 

MSD-Pt-PC500-  7.5 244.9 3.9 0.30 

MSD-Pt-PC500-  7.7 234.6 3.9 0.28 

IMP-Pt-PC500 15.2 167.3 3.9 0.25 
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Figure 9 N2 adsorption-desorption isotherms of Pt/TiO2 catalysts 
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4.1.3 X-ray photoelectron spectroscopy (XPS) 

 X-ray photoelectron spectroscopy (XPS) is a technique to determine the 

surface composition of catalysts. The XPS Pt 4f spectra of all the catalyst samples 

are shown in Figure 10. The binding energy spectra of Pt 4f had 4 peaks at 

approximately 75.6, 74.1, 72.3, 70.9 eV with indicated Pt-O 4f5/2, Pt0 4f5/2, Pt-O 4f7/2, 

Pt0 4f7/2, respectively [22, 37, 40]. Pt0 4f5/2 and Pt0 4f7/2 were major peaks of Pt metal 

form. Pt-O 4f5/2, Pt-O 4f7/2 were peaks of Pt oxide form. Considering the MSD-Pt-P25-9 

catalyst, the metallic Pt0 4f7/2 shifted toward lower binding energy. 

Pongthawornsakun, B et al. [22] reported that the shifting of Pt 4f to lower binding 

energy because of synergistic contributions between the final state effect and the 

interaction between Pt and TiO2 in which the charges transferred from the TiO2 to 

the metallic Pt that effect to the larger size of Pt nanoparticles and/or cluster formed 

and high coordinated surface Pt atoms during PDC-MSD method. So, the MSD-Pt-P25-

9 catalyst showed high coordinated surface Pt atoms which attributed to a larger size 

of Pt nanoparticles as compared to other Pt/TiO2 catalysts. However, the Pt 4f peaks 

of Pt/TiO2 prepared by the incipient wetness impregnation method did not appear 

probably because of the low amount of Pt presented on the catalyst surface. 

 The atomic ratios of Pt/Ti and Pt species on the surface of Pt/TiO2 catalysts 

from the XPS results are shown in Table 8. It was found that the greater deposition 

time, the higher atomic ratio of Pt/Ti on the catalyst surface. For the same deposition 

time, the PC500 support had higher atomic ratio Pt/Ti at catalyst surfaces than the 

P25 support although the PC500 support had less Pt metal (%) than the P25 support. 

Moreover, the atomic ratio Pt/Ti on the catalyst surfaces of all Pt/TiO2 catalysts 

prepared by PDC-MSD were higher than Pt/TiO2 catalysts prepared by the incipient 

wetness impregnation method.  
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Figure 10 The XPS Pt 4f patterns of Pt/TiO2 catalysts 
 

Table 8 XPS results: Atomic ratio of Pt/Ti and Pt species composition of Pt/TiO2 

catalyst surfaces 

Catalyst 
Atomic ratio 

Pt/Ti 
Pt species 

Pt metal (%) Pt oxide (%) 

MSD-Pt-P25-3 0.07 70.70 29.30 
MSD-Pt-P25-6 0.08 70.48 29.52 
MSD-Pt-P25-9 0.08 68.78 31.22 
IMP-Pt-P25 0.02 0 100 

MSD-Pt-PC500-3 0.12 53.45 46.55 
MSD-Pt-PC500-6 0.20 56.27 43.73 
MSD-Pt-PC500-9 0.36 63.64 36.36 
IMP-Pt-PC500 0.01 0 100 
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4.1.4 Inductively coupled plasma optical emission spectrometer  

(ICP-OES) 

 The actual Pt metal content or Pt loading (%) of all catalysts samples were 
determined by the ICP-OES and the results are shown in Table 9. The Pt loading (%) 
on MSD-P t-P25-9 was highest at platinum content 7.1% while the Pt loading (%) of 
PC500-3 was lowest at platinum content 1.4%. Moreover, increasing deposition time 
to prepare the catalyst resulted in increasing Pt loading (%) coated on TiO2 supports. 
The Pt catalyst supported on P25 had greater Pt loading (%) than the Pt catalyst 
supported on PC500 for the same deposition time. 
 

Table 9 Deposition time and Pt loading of Pt/TiO2 catalysts 

Catalyst Type of TiO2 support Deposition time [min] Pt loading (%) 
MSD-Pt-P25-3 Anatase, Rutile 3 3.0 
MSD-Pt-P25-6 Anatase, Rutile 6 4.0 
MSD-Pt-P25-9 Anatase, Rutile 9 7.1 
IMP-Pt-P25 Anatase, Rutile - 1.4 

MSD-Pt-PC500-3 Anatase 3 1.4 
MSD-Pt-PC500-6 Anatase 6 3.1 
MSD-Pt-PC500-9 Anatase 9 4.3 
IMP-Pt-PC500 Anatase - 1.4 

 

4.1.5 Transmission electron spectroscopy (TEM) 

 The morphology of Pt/TiO2 catalysts is shown in Figure 11. Pt clusters were 
found on the TiO2 supports. The average particle size of MSD-Pt-P25-3 and MSD-Pt-
P25-9 were 22.8 and 25.2 nm respectively, Therefore, the average particle size of P25 
was larger than PC500 which corresponded well to the XRD results. Moreover, The 
average Pt particle size of MSD-Pt-P25-9 was the largest because Pt particles could 
be found obviously which corresponded well to the XPS results. 
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Figure 11 TEM images and particle size distribution of Pt/TiO2 catalysts 
 

4.1.6 CO-pulse chemisorption 

The amounts of Pt active sites, Pt dispersion (%), and average Pt particle size 

on Pt/TiO2 catalysts were determined by the CO chemisorption results based on the 

assumption that one CO molecule was adsorbed on one Pt site as shown in 

Appendix C. The amounts of Pt active sites and Pt dispersion (%) of Pt/TiO2 catalysts 

are shown in Table 10. For the same deposition time, the amounts of CO 

chemisorption on Pt catalysts supported on PC500 TiO2 support were much higher, 

suggesting higher amount of Pt active sites and Pt dispersion (%) than the P25 TiO2 
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support although the PC500 TiO2 support had less Pt loading (%) than the P25 TiO2 

support. However, MSD-Pt-P25-9 exhibited the lowest Pt dispersion (7.7%), and the 

highest average Pt particle size (14.03 nm) although it had the highest Pt actual 

loading (7.1%) based on the ICP-OES technique.   

Table 10 CO chemisorption and Pt loading results of Pt/TIO2 catalysts 

Catalyst 
Pt loading 
(%) (ICP) 

Amount of Pt active 
sites (molecule CO 

X 1019/g cat.) 

Pt 
dispersion 

(%) 

Average Pt 
particle size 

(nm) 

MSD-Pt-P25-3 3.0 0.70 7.9 13.67 
MSD-Pt-P25-6 4.0 1.00 8.3 13.01 
MSD-Pt-P25-9 7.1 1.70 7.7 14.03 
IMP-Pt-P25 1.4 1.76 40.9 2.64 

MSD-Pt-PC500-3 1.4 1.87 43.3 2.49 
MSD-Pt-PC500-6 3.1 2.85 29.7 3.64 
MSD-Pt-PC500-9 4.3 3.00 22.6 4.78 
IMP-Pt-PC500 1.4 2.02 46.8 2.31 

 

4.1.7 H2 temperature-programmed reduction (H2-TPR) 

 The H2 temperature-programmed reduction (H2-TPR) technique was carried 

out to study the reduction behaviors and metal and support interaction. The 

reduction performances of Pt catalysts supported on P25 and PC500 TiO2 are shown 

in Figure 12 and Figure 13 respectively. The Pt/TiO2 catalysts prepared by the 

incipient wetness impregnation method (IMP-Pt-P25 and IMP-Pt-PC500) exhibited 

three reduction peaks. The first peak at below 100 oC was associated with the 

reduction of Pt oxide (PtOx) to Pt metal [34, 41]. the second peak as a large peak 

between 250-450 oC was associated with the reduction of Pt species interacting with 

the TiO2 support to form Pt–TiOx interface sites [22, 34, 42]. The last reduction peak 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 43 

above 500 °C was attributed to the reduction of surface capping oxygen of TiO2 

support [22, 34]. 

 From the H2-TPR profiles of Pt catalysts supported on P25 TiO2 results (Figure 

12), the Pt catalysts supported on P25 TiO2 prepared by PDC-MSD method (MSD-Pt-

P25-3, MSD-Pt-P25-6, MSD-Pt-P25-9) exhibited two reduction peaks. The first peak 

with a maximum at 330-345 oC was associated with the reduction of Pt species 

interacting with the TiO2 support to form Pt–TiOx interface sites. The second peak 

with a maximum at 465-475 oC was associated with the reduction of the surface 

capping oxygen of TiO2 support. Meanwhile, the H2-TPR profiles of Pt catalysts 

supported on PC500 TiO2 results (Figure 13), the first peak with a maximum at 340-

360 oC and the second peak with a maximum at 398-416 oC were associated with the 

reduction of Pt species interacting with the TiO2 support and the reduction of the 

surface capping oxygen of TiO2 support, respectively. Moreover, it was found that the 

second reduction peak of Pt catalysts supported on P25 TiO2  shifted toward higher 

temperature, compared to the Pt catalysts supported on PC500 TiO2. It can be 

evaluated that P25 support had stronger surface capping oxygen of TiO2 support 

interaction than PC500 support. 

 However, the H2-TPR profiles of Pt/TiO2 catalysts prepared the PDC-MSD 

method did not appear any peak at a temperature below 100 oC, which could be 

associated with the reduction of Pt oxide (PtOx) to Pt metal because the Pt/TiO2 

catalysts prepared the PDC-MSD method had very little Pt oxide form so the 

reduction peak was absent.  
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Figure 12 The H2-TPR profiles of Pt catalysts supported on P25 TiO2  

 

Figure 13 The H2-TPR profiles of Pt catalysts supported on PC500 TiO2 
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4.2 Catalytic reaction study in the liquid phase selective hydrogenation of 

acetophenone (AP) to 1-phenylethanol (PHE) 

 

Figure 14 Reaction scheme for the hydrogenation of acetophenone. AP: 

acetophenone, PHE:     1-phenylethanol, EB: ethylbenzene, CHMK: 

cyclohexylmethylketone, CHE: cyclohexylethanol, ECH: ethylcyclohexane 

The hydrogenation of acetophenone (AP) in 2-propanol over Pt/TiO2 catalyst 

has competitive hydrogenation between carbonyl (C=O double bond) and aromatic 

ring or phenyl groups. As shown in Figure 14, the first is the hydrogenation of the 

carbonyl group of AP, which is converted to 1-phenylethanol (PHE). Second is the 

hydrogenation of the phenyl group, which is converted to cyclohexylmethylketone 

(CHMK). After that PHE and CHMK can be hydrogenated to cyclohexylethanol (CHE). 

The hydrogenolysis of PHE and CHE can produce ethylbenzene (EB) and 

ethylcyclohexane (ECH) respectively. Furthermore, EB can be hydrogenated to ECH  

[1, 5, 10].  

The catalytic performances of the prepared catalysts in the selective 

hydrogenation of AP  were investigated at 80 ºC, 1 bar of H2 for 2 h reaction time 

using 2-propanol as the solvent. The results of the selective hydrogenation of AP 

including the conversion of AP, the selectivity to PHE, and the yield of PHE are 

summarized in Table 11. 
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From the catalytic performances of Pt/TiO2 catalysts prepared by the PDC-

MSD method, the MSD-Pt-PC500-3 showed the highest yield of PHE (67.1%). The Pt 

catalysts supported on PC500 had higher selectivity to PHE than P25 supports for the 

same deposition time. The superior catalytic performances were correlated well to 

the higher atomic ratio Pt/Ti on the catalyst surfaces and the higher BET surface area 

of Pt/TiO2 catalysts on PC500 support as compared to the Pt/TiO2 catalysts on P25 

support. The higher Pt dispersion (%) was beneficial to the selectivity of PHE 

corresponding to the study by Alonso, F. et al. [6]. However, for the MSD-Pt-P25-9 

catalyst, the yield of PHE was the lowest because the size of the Pt was fairly large 

as confirmed by TEM and XPS results and the catalyst exhibited the lowest Pt 

dispersion (%) according to the CO-chemisorption results. 

Comparing the catalytic performances of Pt/TiO2 catalysts prepared by the 
PDC-MSD with the incipient wetness impregnation method on the PC500 support 
with the equal Pt loading (MSD-Pt-PC500-3 and IMP-Pt-PC500), it was found that the 
yield of PHE of Pt/TiO2 catalysts prepared by PDC-MSD was higher than Pt/TiO2 
catalysts prepared by the incipient wetness impregnation method because of higher 
atomic ratio Pt/Ti on the catalyst surface. 

Considering the selective hydrogenation of AP to PHE reaction, it was found 

that high Pt dispersion (%) could promote the PHE selectivity (%) which avoided the 

formation of by-product. The low coordination on small Pt size, high atomic ratio 

Pt/Ti at catalyst surface, high BET surface area, and weak surface capping oxygen of 

TiO2 interaction enhanced the selective hydrogenation of AP to PHE reaction. 

However, increasing Pt loading (%) may also increase the hydrogenolysis of PHE to 

EB, resulting in lower PHE product. Similar results have been reported by Jiang, Y et 

al. [10] that when the Pt contents (%) on zirconia support increased, the selectivity 

of PHE decreased because high Pt loading (%) promoted the hydrogenolysis of PHE 

to EB.  
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Table 11 The catalytic performances of the Pt/TiO2 catalysts in the selective 
hydrogenation of AP in 2-propanol (AP: acetophenone, PHE: 1-phenylethanol, 
ECH: ethylcyclohexane, EB: ethylbenzene, CHMK:cyclohexylmethylketone,  
CHE: cyclohexylethanol) 

Catalyst 
%Pt 
(ICP) 

Conversion 
of AP (%) 

Selectivity (%) 
Yield of 
PHE (%) 

PHE 
(product) 

ECH EB CHMK CHE 

MSD-Pt-P25-3 3 99 27 6.3 49.1 5.3 12.3 26.7 
MSD-Pt-P25-6 4 98.8 32.8 3 60.4 2.4 1.4 32.4 
MSD-Pt-P25-9 7.1 100 0 25 71.3 2.6 1.1 0 
IMP-Pt-P25 1.4 72.0 71.5 0 0 25.0 3.5 51.5 

MSD-Pt-PC500-3 1.4 91.4 73.4 0.7 3.8 12.9 9.2 67.1 
MSD-Pt-PC500-6 3.1 98.7 63.3 2.1 14 9.4 11.2 62.5 
MSD-Pt-PC500-9 4.3 99 33.3 5.1 25 12.2 24.4 33.0 
IMP-Pt-PC500 1.4 37.4 89.4 0 0 10.6 0 33.4 
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Part II The effect of reaction temperature of the selective hydrogenation of AP 

to PHE over Pt/TiO2 catalysts prepared by the PDC-MSD method 

4.3 Catalytic reaction study of Pt/TiO2 catalysts prepared by the PDC-MSD 

method on the various reaction temperature 

The catalytic performances of the prepared catalysts in the selective 

hydrogenation of AP  were investigated at 60,80,100 ºC, 1 bar of H2 for 2 h reaction 

time using 2-propanol as the solvent. The results of the selective hydrogenation of 

AP including the conversion of AP, the selectivity to PHE, and the yield of PHE are 

summarized in Table 12 and Figure 15-16. From the results, at the reaction 

temperature of 60 oC, MSD-Pt-P25-3 and MSD-Pt-PC500-6 (about 3 wt% Pt) showed 

the highest conversion of AP (%). As the reaction temperature increased, the 

conversion tended to decrease insignificantly. However, the selectivity and the yield 

of PHE ranged in the order of reaction temperature 60 oC < 100 oC < 80 oC and were 

highest at the reaction temperature of 80 oC. These results suggest that for Pt/TiO2 

catalysts prepared by the PDC-MSD method, at the reaction temperature of 80 oC 

could enhance the hydrogenation of AP to PHE and inhibit the hydrogenolysis of PHE 

to EB in 2-propanol solvent which in good agreement with the study by Alonso, F. et 

al. [6].  
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Table 12 The catalytic performances of the Pt/TiO2 catalysts in the selective 
hydrogenation of AP in 2-propanol with various temperature (AP: acetophenone,  
PHE: 1-phenylethanol, ECH: ethylcyclohexane, EB: ethylbenzene, 
CHMK:cyclohexylmethylketone, CHE: cyclohexylethanol) 

Catalyst 
%Pt 
(ICP) 

Reaction 
temperature 

(oC) 

Conversion 
of AP (%) 

Selectivity (%) Yield 
of 

PHE 
(%) 

PHE 
(product) 

ECH EB CHMK CHE 

MSD-Pt-P25-3 3 

60 99.8 0.27 22.3 71 2 4.5 0.3 

80 99 27 6.3 49.1 5.3 12.3 26.7 

100 98.7 4.3 16 63 7.1 9.6 4.2 

MSD-Pt-PC500-6 3.1 

60 99 40 6.2 27 18.8 7.8 39.6 

80 98.7 63.3 2.1 14 9.4 11.2 62.5 

100 98.5 51.2 4.4 21 14.1 9.3 50.4 

 

 

Figure 15 AP conversion (%) and PHE selectivity (%) of MSD-Pt-P25-3  
and MSD-Pt-PC500-6 
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Figure 16 PHE yield (%) of MSD-Pt-P25-3 and MSD-Pt-PC500-6 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER V 

CONCLUSIONS 
 

5.1 Conclusions 

In the present work, Pt-based catalysts on TiO2 supports were prepared by 
PDC-MSD method on various TiO2 polymorphs including PC500 and P25 with 
deposition time spent on Pt coating at 3, 6, and 9 minutes. Increasing deposition time 
resulted in increasing Pt loading (%) coated on the TiO2 supports as revealed by the 
higher atomic ratio of Pt/Ti on the catalyst surfaces from the XPS results. For the 
equal time spent on the platinum coating on the supports, the PC500 TiO2 supports 
had a greater atomic ratio of Pt/Ti on catalyst surfaces, and as a consequence 
smaller size of Pt, greater Pt dispersion (%), and less surface capping oxygen of TiO2 
support interaction was obtained with lower Pt loading (%) compared to those on 
P25 TiO2 supports. The PC500 TiO2 supported catalysts exhibited higher yield than 
the P25 supports because of higher atomic ratio of Pt/Ti on the catalyst surfaces, 
higher BET surface area, and greater Pt dispersion (%). The MSD-Pt-PC500-3 showed 
the best catalytic performance and the highest yield of PHE (67.1%). Moreover, 
despite its high Pt loading, the MSD-Pt-P25-9 catalyst exhibited low yield of PHE 
because the size of Pt was large and low Pt dispersion (%). Increasing Pt dispersion 
(%) may also enhance the PHE selectivity (%) which avoid the formation of by-
product. However, Increasing Pt loading (%) may also increase the hydrogenolysis of 
PHE to EB, resulting in lower PHE product. 

Considering the effect of the reaction temperature in the selective 

hydrogenation of AP using 2-propanol as the solvent, the reaction temperature of 80 
oC could promote the hydrogenation of AP to PHE and inhibit the hydrogenolysis of 

PHE to EB in 2-propanol solvent for Pt/TiO2 catalysts prepared by the PDC-MSD 

method. 
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5.2 Recommendations 

 1. The other factors such as type of solvents, type of additives in the solvent, 

and acetophenone (AP) concentration in the hydrogenation of AP to PHE should be 

investigated. 

  2. The stability of the Pt/TiO2 catalysts prepared by the PDC-MSD and 

impregnation method for reused should be investigated. 
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APPENDIX A 

CALCULATION FOR CARALYST PREPARATION 
Preparation of 1.4 %Pt/TiO2 catalysts using various TiO2 polymorphs as PC500 

and P25 as supports by incipient wetness impregnation method were presented 

below.  

Precursor  

Platinum(II) acetylacetonate (Pt(C5H7O2)2) 99.99%,  MW.= 393.29 g/mol  

Calculation 

Based on 1 g of catalysts used, the composition of catalysts will be as 

follows: 

For preparation of 1.4 %Pt/TiO2 catalysts 1 g 

Pt required = 0.014 g 

TiO2 required = 1-0.014 = 0.986 g 

Platinum 0.014 g was prepared by using Platinum (II) acetylacetonate 99.99% 

 = (MW.of platinum (II) acetylacetonate 99.99%)(weight of Pt required) 

MW.of Pt
 

 = 
393.29 

𝑔

𝑚𝑜𝑙
 𝑥 0.014 𝑔

195.078 
𝑔

𝑚𝑜𝑙

 

 = 0.0282 g 

So, Platinum (II) acetyl acetonate 0.0282 g and TiO2 support 0.986 g were 

required. 
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APPENDIX B 

CALCULATION OF THE CRYSTALLITE SIZE 
Calculation of the crystallite size by Debye-Scherrer equation 

The crystallite size was calculated from the width at half of the height or full 

width of the diffraction peak of the XRD pattern by the Debye-Scherrer equation. 

Debye-Scherrer equation  

𝐷 =  
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
 

Where   D= Crystallite size, Å 

𝑘 = Crystallite-shape factor = 0.9 for  

𝜆 = X-ray wavelength, 1.5418 Å for CuKα 

𝛽 = X-ray diffraction broadening, radian 

𝜃 = Observed peak angle, degree 

The X-ray diffraction broadening (𝛽) can be obtained by Warren’s formula: 

𝛽 =  √𝛽𝑀
2 −  𝛽𝑆

2  

Where   𝛽𝑀 = Measured peak width at half of peak height 

𝛽𝑆 = Corresponding width of the standard material 
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APPENDIX C 

CALCULATION FOR METAL ACTIVE SITES, METAL DISPERSION,  

AND AVERAGE METAL PARTICLE SIZE 
Calculation of Pt active sites and Pt dispersion of the catalyst by CO-

chemisorption is shown as follows: 

Calculation of Pt active sites 

Mole of CO injected per loop, 𝑛𝑖𝑛𝑗 =
𝑃𝑉𝑖𝑛𝑗

𝑅𝑇
 =

(1 𝑎𝑡𝑚)(20 𝜇𝐿)

(
0.082 𝐿.𝑎𝑡𝑚

𝐾.𝑚𝑜𝑙
)(313 𝐾)

= 0.78 𝜇𝑚𝑜𝑙 

Mole of CO adsorbed on catalyst, 𝑛𝑎𝑑𝑠  =  
𝑛𝑖𝑛𝑗

𝑚
𝑥 

1

𝐴𝑓
∑ (𝐴𝑓 − 𝐴𝑖)𝑛

𝑖=1  

Where 𝑉𝑖𝑛𝑗  = Volume of CO injected per loop at 313 K = 20 𝜇𝑙 

𝑛𝑎𝑑𝑠= Mole of CO adsorbed on catalyst per catalyst weight, 𝜇𝑚𝑜𝑙 𝑜𝑓 𝐶𝑂

𝑔𝑐𝑎𝑡
  

𝑛𝑖𝑛𝑗 = Mole of CO injected per loop 

𝑚 = Mass of catalyst used, g 

𝐴𝑖 = Area of peak i 

𝐴𝑓 = Average area of last 3 peaks where the metal has fully adsorbed 

carbon 

 

Molecules of CO adsorbed on catalyst = 𝑛𝑎𝑑𝑠 𝑋 10−6𝑥 6.02𝑥1023 molecules of CO/gcat 

 

So, Pt metal active sites = 𝑛𝑎𝑑𝑠 𝑥 6.02𝑥1019  molecules of CO/gcat  
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Calculation of Pt metal dispersion (%) 

Metal dispersion (%) = 𝑠𝑓𝑥 𝑛𝑎𝑑𝑠 𝑥 10−6𝑥
𝑀𝑊𝑝𝑡

%𝑃𝑡𝐼𝐶𝑃
𝑥100𝑥100 

              = 𝑠𝑓𝑥 𝑛𝑎𝑑𝑠 𝑥
𝑀𝑊𝑝𝑡

%𝑃𝑡𝐼𝐶𝑃
𝑥10−2 

Where 𝑠𝑓= Stoichiometry factor of CO adsorbed on Pt metal = 1 (𝑚𝑜𝑙 𝑃𝑡

𝑚𝑜𝑙 𝐶𝑂
) 

𝑛𝑎𝑑𝑠= Mole of CO adsorbed on catalyst per catalyst weight (𝜇𝑚𝑜𝑙 𝑜𝑓 𝐶𝑂

𝑔𝑐𝑎𝑡
)  

𝑀𝑊𝑝𝑡= Molecular weight of Pt metal = 195 ( 𝑔 𝑃𝑡

𝑚𝑜𝑙 𝑃𝑡
) 

  %𝑃𝑡𝐼𝐶𝑃= Pt metal loading (%) based on ICP 

 

Calculation of average Pt particle size (nm) [6] 

Average Pt particle size (nm) = 
108

𝐷
    

Where 𝐷 = Pt metal dispersion (%)  
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APPENDIX D 

CALCULATION FOR CATALYTIC PERFORMANCE 
The catalytic performances for the hydrogenation of AP were evaluated in 

terms of activity for AP conversion, PHE selectivity, and PHE yield. 

The catalytic performances for the hydrogenation of acetophenone (AP) are 

shown below. 

𝐴𝑃 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =  
𝑀𝑜𝑙𝑒 𝑜𝑓 𝐴𝑃𝑖𝑛 − 𝑀𝑜𝑙𝑒 𝑜𝑓 𝐴𝑃𝑜𝑢𝑡

𝑀𝑜𝑙𝑒 𝑜𝑓 𝐴𝑃𝑖𝑛
 𝑥 100 

𝑃𝐻𝐸 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =  
𝑀𝑜𝑙𝑒 𝑜𝑓 𝑃𝐻𝐸

𝑀𝑜𝑙𝑒 𝑜𝑓 𝐴𝑃𝑖𝑛 − 𝑀𝑜𝑙𝑒 𝑜𝑓 𝐴𝑃𝑜𝑢𝑡 
 𝑥 100 

𝑃𝐻𝐸 𝑦𝑖𝑒𝑙𝑑 (%) =  
𝐴𝑃 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) 𝑥 𝑃𝐻𝐸 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%)

100
 

 

The calibration curve of AP and various products are shown in Figure D.1-D.6. 

 

Figure D.1 The calibration curve of acetophenone (AP) 
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Figure D.2 The calibration curve of 1-phenylethanol (PHE) 

 

 

Figure D.3 The calibration curve of ethylbenzene (EB) 
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Figure D.4 The calibration curve of ethylcyclohexane (ECH) 

 

 

Figure D.5 The calibration curve of cyclohexylmethylketone (CHMK) 
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Figure D.6 The calibration curve of cyclohexylethanol (CHE) 
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