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CHAPTER |
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=0) 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



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

operating conditions.

Titanium dioxide (TiO,) is used as catalyst supports in many reactions such as
hydrogenation, dehydrogenation, and photocatalyst. TiO, presents fascinating
characteristics such as nontoxicity, high effectiveness, and low costs. At high
reduction temperature, it shows the strong metal-support interaction [19]. TiO, exists
in three crystalline forms: anatase, rutile, and brookite. The properties of TiO, 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/TiO, has been widely used in the hydrogenation
reaction. TiO, 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 TiO, supports by PDC-MSD method on
various TiO, 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/TiO, catalysts were

also prepared by an incipient wetness impregnation method with similar Pt loadings



(%). 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 TiO, supported Pt
nanoparticles prepared by PDC-MSD method on PC500 and P25 TiO, 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
TiO, 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), N,-physisorption, X-ray photoelectron spectroscopy (XPS),
inductively coupled plasma optical emission spectrometer (ICP-OES), transmission
electron spectroscopy (TEM), CO-pulse chemisorption, and H, temperature-

programmed reduction (H,-TPR).

2. Testing of the Pt/TiO, 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 TiO, supported Pt catalysts by the conventional
impregnation method with Pt content 1.4 wt% support with different TiO,

polymorphs (PC500 and P25 support) by using incipient wetness impregnation



method and calcined at 400°C under air atmospheres for 4 h. and followed by

reduction under H, flow (30 cm?/min) at 500 °C for 2 h.

4. Characterization of catalysts prepared by the incipient wetness

impregnation method using the same technique.

5. The Pt/TiO, 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/TiO, catalysts
prepared by the PDC-MSD method
(PC500 - 3,6,9 min. P25 - 3,6,9 min.).

Loading of 1.4 wt.% Pt on various TiO,

supported by incipient wetness
impregnation method (IMP-Pt-P25, IMP-Pt-
PC500).

A 4

Catalytic test in the liquid phase | v
| Calcination in air at 400°C for 4 h. ‘

selective hydrogenation of AP to PHE
at 80°C.

A 4

Reduction with H, flow at 500°C for 2 h. ‘

Y

Select the same Pt loading (%) on
various TiO, supported (MSD-Pt-
PC500-6, MSD-Pt-P25-3).

y

A

4

Catalytic test in the liquid phase
selective hydrogenation of AP to PHE
at 60,100°C.

Catalyst Characterization by
XRD, Ny-physisorption, XPS, ICP-OES,
TEM, SEM-EDX, CO-pulse
chemisorption, H,-TPR

A 4

4

Discussion and conclusion. <

A 4

Catalytic test in the liquid phase
selective hydrogenation of AP to PHE
at 80°C.




CHAPTER Il
BACKGROUND AND LITERATURE REVIEW

2.1 Hydrogenation Reaction

Hydrogenation is a chemical reaction that indicates the treatment of
substances with molecular hydrogen (H,), 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 480°C. 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].



2.2 Properties of platinum

Platinum (Pt) is a chemical element and atomic number 78. Platinum is in
group 10 (VlIlIb), period 6 of the periodic table of elements. It is a silverish-white
transition metal, precious, dense, ductile, malleable, highly unreactive, g¢ood
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° Q)
Melting point 1,769° C (3,216° F)
Boiling point 3,827° C (6,920° F)
Electron configuration [Xelaf'*5d%6s!
Oxidation states +2, +4




2.3 Titanium dioxide support

Titanium dioxide (TiO,) or titania is the naturally occurring oxide of titanium
with chemical formula TiO,. 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 600°C [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
TiOg 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].



Figure 1 Structure of TiO, 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



« 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].

— Substrate and film growth

Sputtering e

GAS ey ——

— Sputtering Target

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



10

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 yosgurts and chewing sums [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], A¢ [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=0) 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.



0] OH
CH3 +H, CH3 +H,
-H,0
AP PHE
+3H, +3H,
g HO._ _CH,4
CF@ +H, +H,
-H,0
CHMK CHE

12

CHa
EB
+3H,
ECH

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

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

cyclohexylmethylketone, CHE: cyclohexylethanol, ECH: ethylcyclohexane

Strawberry ______ |
fragrance
additives

Pharmaceutical —— -

o
@/%HS
)

" w
T e

Yogurts

Chewing
gum

Analgesic drugs
inflammatory drugs

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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Alonso, F., et al. (2008). [6] studied the effect of reduction temperature (473
or 773 K) over 1.5 wt% Pt/TiO, catalysts, which was prepared by the impregnation
method in the reduction of AP by hydrogen transfer. In the results, it was found that
Pt/TiO, 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/TiO, catalyst reduced at 773 K could be
easily reused and maintained good catalytic activity over four repeated cycles while
the Pt/TiO, 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/SiO, was prepared by ionic exchange. Pt-
Sn/SiO, (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/SiO, showed the highest selectivity of PHE (84%). At 400 min, Pt/SiO, showed
50% selectivity of PHE. Furthermore, the presence of Sn effects encourages the
interaction through a carbonyl group (C=0) 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 t