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Abstract

Gas phase hydrogenation of trans-2-hexen-1-al over Pt supported WO,, WO,SiO,
and MoO,SiO, was investigated at ambient H, pressure. The supports (WO,8iO, and MoO,Si0,)
were prepared by sol-gel techniques. The XRD pattern of Pt/WO,SiO, showed only
amorphous phase but XRD of Pt/MoQ,SiO, showed crystalline structure of MoO,in orthorhombic
phase. The surface area of Pt/WO,SiO, (363m2/g) was higher than that of Pt/MoO,SiO
(158 mzlg). Reduction of PYWO,8i0, was relatively difficult as compared to that of PYWO,
and Pt/MoQ,SiO,. For all catalysts, trans-2-hexen-1-al could be mainly hydrogenated to hexanal
and small amount of trans-2-hexen-1-ol. Over Pt/WO, and Pt/WO,SiO, catalysts, hexanol
is produced from hydrogenation of trans-2-hexen-1-ol. While over Pt/MoQ,SiO, catalyst, it was
produced by hexanal hydrogenation. The enhance H, spill over was observed when the Pt/WO,
was reduced at > 600°C, while tungsten hydride was generated by reduction of Pt/WO,SiO,
at 400°C. The metallic molybdenum site was generated from the reduced Pt/MoO,SiO,

at > 500°C. These reduced species showed higher hydrogenation activity of trans-2-hexen-1-al.
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CHAPTER 1

INTRODUCTION

1.1 Rational

The unsaturated alcohol is highly valuable intermediate for the pharmaceutical,
agrochemical, and fragrance production. For example, the unsaturated alcohol is used as
reactant for diol via hydroformylation using Rh as the catalyst and for polyolvia oxidation using
H,0,as the catalyst.

Unsaturated alcohol can be prepared from selective hydrogenation at the carbonyl group
of a,B-unsaturated aldehyde. However, the saturation of the carbon-carbon double bond is usually
preferred and easier as compared to the carbonyl group. This is because thermodynamically
saturated aldehyde is more stable than unsaturated alcohol [1]. Therefore, the hydrogenation
products are typically saturated aldehyde and saturated alcohol. In order to increase an
interaction between carbonyl group and the catalyst. The support with electron deficiency is
chosen. This is because the electron deficient supports possess oxygen vacancies when reduced
with hydrogen. The oxygen vacancies then allow strong adsorption at lone pain electron
of carbonyl group, leading to selective hydrogenation at carbonyl group instead of hydrogenation
at carbon-carbon double bond [2]. In this project, 0.5 wt.% Pt/WO,, 0.5 wt.% Pt/WO,SiO,
and 0.5 wt.% Pt/MoO,SiO, were investigated for the hydrogenation of trans-2-hexen-1-al.
The catalysts were prepared by incipient wetness impregnation and sol-gel techniques in order to
obtain high dispersion of active site. The role of support, effect of reduction temperature,

and contact time were investigated.

1.2. Objectives

The specific objectives of this project are as follows:

1.1 To understand the role of catalyst in hydrogenation reaction.

1.2 To understand the effect of reducible support (WO,, WO,-SiO, and MoO,-Si0,).

1.3 To understand the condition of catalyst in hydrogenation of trans-2-haxen-1-al.



1.3. Scopes of the study

The scopes of this project are as follows:

1.3.1

il

1.3.2

1.3:3

Synthesis and modification

Synthesis of metal oxide support catalysts (MoO,-SiO, and WO,-Si0O,) with 50 wt.%
mixture of MoO, and WO, by sol-gel method.

Preparation of 0.5 wt.% platinum on support metal oxide catalyst (0.5 wt.% Pt/WO,,
0.5 wt.% Pt/Mo0;Si0O, and 0.5 wt.% Pt/WO,SiO,) by incipient wetness impregnation
method.

Characterization of the catalysts

Investigate the physical properties of the catalyst using conventional techniques such as
X-ray Powder Diffraction (XRD) and gas adsorption analysis (Autosorb-1C).

Investigate active site of the metal catalysts by Temperature Program Reduction (TPR).
Catalysts testing of the catalysts

Investigate the catalytic activity with the conversion of trans-2-haxen-1-al in continuous
fixed bed down flow reactor.

Study the effect of metal oxide supported Pt catalysts (0.5 wt.% Pt/WO,, 0.5 wt.%
Pt/M0o0O,SiO,and 0.5wt.%Pt/WOQ,Si0,) on the activity and yields of product in

hydrogenation of trans-2-haxen-1-al.

1.4 Analysis and quantification

Identify and determine the amount of each product after the reaction by gas

chromatography with flame ionization detector (GC-FID)

1.5 Outputs of the special project

This project would provide a guide for the hydrogenation of o,f-unsaturated aldehyde

reaction in a continuous fixed bed under atmospheric pressure.



CHAPTER 2

THEORY AND LITERATURE REVIEWS

2.1 Reactant information

2.1.1 0,B-Unsaturated aldehyde

)
.
a
3 H

Figure 2.1 Molecular structure of ¢, B-unsaturated aldehyde

An  o,p-unsaturated carbonyl compounds are an important aldehyde compounds.
In these compounds, the carbonyl group is conjugated with an alkene, which provides their
special properties. Unlike the case for simple aldehyde, 0,3-unsaturated aldehyde compounds
are often attacked by nucleophiles at the B-carbon. This pattern of reactivityis called vinylogous.
Examples of unsaturated aldehyde are acrolein (propenal), mesityl oxide and maleic acid.

Unsaturated aldehyde can be prepared in the laboratory in an aldol reaction [3].

2.1.2 Trans-2-Hexen-1-al

O

/\/\/U\H

Figure 2.2 Molecular structure of tran-2-hexen-1-al.



Table2.1 Properties of tran-2-hexen-1-al [3].

Properties

Molecular Formula CH, 0

Formula Weight 98.14

Boiling Point 146 - 149° C

Flash Point 37.8°C

Density 0.846 g/mL at 25 °C

Vapor density 3.4 in air

Vapor pressure 10 mmHg at 20 °C

Solubility Insoluble in water, soluble in alcohol

2.2 Hydrogenation

Hydrogenation of carbonyl groups occurs readily over most catalysts. However,
care must be exercised in preventing hydrogenolysis of the resulting hydroxyl group.

Aldehydes are hydrogenated to the corresponding alcohols over platinum metal
catalysts (Figure 2.3) with little danger of over hydrogenation under ordinary conditions.
Pt has been the most used catalyst, but from limited data it appears that Ru may frequently
be a more active catalyst. Pd usually is a poor catalyst and can be used in those case
in which hydrogenation of another functional group is desired, leaving the aldehyde group
unhydrogenated. However, if enough steric congestion occurs around the other functional
group, for example, a highly substituted carbon-carbon double bond, the aldehyde group will be

hydrogenated preferentially. Under elevated temperatures decarbonylation may occur [4].

R-CH,-CHO —> R-CH,-CH,-OH —> R-CH,-CH, + H,0

Figure 2.3 Hydrogenation of saturated aldehydes.

Hydrogenation of unsaturated aldehydes to saturated aldehydes is readily achieved
over most metal catalysts under mild conditions in various solvents, in the liquid or the
vapor phase. However, the selective conversion of unsaturated carbonyl compounds into

unsaturated alcohols is much more difficult to achieve by heterogeneous catalysis.



The o,B-unsaturated alcohols form an important class in the fine chemicals industries;
thus the selective hydrogenation of o,f-unsaturated carbonyl compounds to their corresponding
alcohols has considerable industrial relevance. Due to the importance of unsaturated alcohols
as intermediates in the preparation of various fine chemicals, several attempts have been made
to develop a suitable catalytic system. Most catalysts first reduce the alkene double bond
and then the carbonyl group, leading to poor selectivity and the formation of the saturated

alcohols [5].

%
/g
2

Figure 2.4Pathways of tran-2-hexen-1-al hydrogenation.

2.3 Catalyst

A hydrogenation catalyst should have sufficient active surface area, adsorb hydrogen
and the reducible functional group in reactive forms, spatially orient adsorbed reactants
for forming the desired product, be sufficiently stable, contain minimum poisons itself, unless
incorporated intentionally for controlling selectivity, and allow easy desorption of the product
from the catalyst surface. Hydrogenation catalysts vary widely in activity and selectivity.
Functionality depends on crystal structure, electronic configuration and surface atomic orbital

occupancy.



2.3.1 Platinum for hydrogenation

The six elements in the platinum metals group (Table 2.2) are all hydrogenation
catalysts, Palladium and platinum catalysts have been widely used for decades. Rhodium
and ruthenium also make excellent hydrogenation catalysts, but their merits are not yet
so widely appreciated. Iridium and osmium have found still less use. Osmium hydrogenation
catalysts do not appear to have exceptional merit; whether this is due to some intrinsic property
of osmium or to inadequate procedures in the catalyst preparation is not yet known. Iridium,
on the other hand, makes a fair catalyst and its lack of use stems partly from neglect and partly
from the fact that some platinum metal has usually proved more suitable whenever

a comparison was made,

Table 2.2 Hydrogenation catalysts

Element Symbol Atomic number Atomic weight
Ruthenium Ru 44 101.07
Rhodium Rh 45 102.905
Palladium Pd 46 106.4
Osmium Os 76 190.2

Iridium Ir itk 1922
Platinum Pt 78 195.09

The platinum metals make exceptionally active hydrogenation catalysts, and most
functional groups can be reduced under mild conditions over one or another of these catalysts.
Many industrial hydrogenation processes are carried out at elevated pressure and/or temperature,
however, to make more efficient use of the metal and hydrogenation equipment. The most
effective metal varies with each substrate, but enough data have accumulated to permit
a satisfactory selection of catalyst and conditions for successful reduction of most substrates

without undue difficulty.




2.3.2 Supported platinum metal catalysts

Supported platinum metal catalysts have a number of advantages over unsupported
catalysts. The support permits greater efficiency in use of the metal by increasing the active
metal surface and by facilitating metal recovery. Also, supported catalysts have a greater
resistance to poisoning. Perhaps the greatest value of a support is that it provides a further control
over selectivity.

Platinum metal have been supported on a variety of materials, including such diverse
substances as carbon, alumina, silica, alkaline earth carbonates and sulfates, zinc, asbestos, and
silk. The list could be extended greatly. One gathers that almost any material of suitable form
and stability can be used as a catalysts support, The relationship between performance
and support is extremely complex for, among other things, performance is related to the
particular sample of support examined [6],to the precise method of metal deposition, and to the
system in which the catalyst is used. Among the physical properties of a support that may
influence performance are total surface area, average pore size, pore size distribution, and particle
size, as these properties affect the metal dispersion and control the transport of reactants and

products to and from the catalyst surface [7].

2.4 Oxygen vacancy

The oxygen vacancy catalysts are substituted by oxygen on surface catalyst. It is
suggested that a diatomic species of peroxide (022') ion is also an active species on catalyst
surface. The oxygen vacancy catalysts are one of the most industrially interesting oxides because
oxygen vacancy defects can be rapidly formed and eliminated, giving it a high “oxygen storage
capacity”.The metal oxide catalysts, which possess oxygen vacancies are transition metal oxide
such as CeO,, ZrO,,WO,and MoO,. They are useful in a wide variety of applications involving

oxidation or partial oxidation of hydrocarbons.



2.4.1 Tungsten oxide

Tungsten (VI) oxide, also known as tungsten trioxide, WO,, is a chemical compound
containing oxygen and the transition metal tungsten. It is obtained as an intermediate
in the recovery of tungsten from its minerals. Tungsten ores are treated with alkalis to produce
WO,. Further reaction with carbon or hydrogen gas reduces tungsten trioxide to the pure metal
[8]. The crystal structure of tungsten trioxide is temperature dependent. It is tetragonal
at temperatures above 740 °C, orthorhombic from 330 to 740°C, monoclinic from 17 to 330 °C,
and triclinic from -50 to 17°C, The most common structure of WO, is monoclinic [9].

Tungsten trioxide is used for many purposes in everyday life. It is frequently used
in industry to manufacture tungstates for x-ray screen phosphors, for fireproofing fabrics and
in gas sensors. Due to its rich yellow color, WO, is also used as a pigment in ceramics and
paints. In recent years, tungsten trioxide has been employed in the production of electro chromic
windows, or smart windows. These windows are electrically switchable glass that change light
transmission properties with an applied voltage. This allows the user to tint their windows,
changing the amount of heat or light passing through [3].

The WO, is a basic oxide, having excellent redox properties owing to the very fast
reduction of W' to W’ associated with the formation of oxygen vacancies at the surface and
in the solid. The catalyst surface with a high basicity leads to the adsorption and activation
of carbon dioxide to produce oxygen active species. Relative to other oxide supports, tungsten
also enhances the performance of transition metal catalysts in a variety of reactions.

Surface oxygen vacancies are proposed to participate in many chemical reactions
catalyzed by metal oxides. For example, when an adsorbate is oxidized at the surface,
the oxidant is often surface lattice oxygen atom, thus creating a surface oxygen vacancy.
Vacancies also bind adsorbents more strongly than normal oxide sites and assist in their

dissociation [10].




2.4.2 Molybdenum oxides

Molybdenum oxides from a large group of materials resulting from the ability
of molybdenum to posses different formal oxidation states as well as different local
coordination[11,12]. Of particular importance is the coexistence of different oxidation state of
molybdenum that leads to mixed valency oxides, MoO, (M006+) (low-pressure orthorhombicct-
phase [13] as well as high-pressure monoclinic B-phase [14]) and monoclinic 5~M002(M04+)[15].
Successive reduction of MoO, to MoO, gives rise to intermediate mixed valency oxides which are
based on the formation of crystallographic shear (CS) planes[16,17]. These oxides have been
suggested to play an important role in catalysis. During high-temperature reduction, removal of
oxygen from MoO, creates oxygen vacancies that can interact to order into equally spaced
parallel CS planes across which the MoOQ,octahedral share edges rather than corners.
These extended defects exist even at modest temperature due to the large mobility of oxygen
vacancies. Further, the defects are stabilized by relaxation as a result of Mo cation displacement
from their centers of symmetry to interstices. Homologous series of molybdenum oxide [7-9,13]
include Mo, O, and Mo, O, , systems.

The oxidation of organic molecules at the surface of a molybdenum oxide catalyst,
which involves surface oxygen, creates surface oxygen vacancies. Here the initial state of the
catalyst may be restored by molecular oxygen from gas phase (reoxidation) or the density of
oxygen vacancies may grow and give rise to extended (rather than point) defects [9,18].
These defects may lead to the annihilation of oxgen vacancies by formation of CS planar.
For MoO,surface this process is postulated to be essential for the ability of the oxide to insert
oxygen in to the adsorbed species in a selective oxidation process [19,20]. This is supported
by quantum chemical calculation on Mo,0,, clusters [21] where changes in topology by
transforming MoO, octahedral from comer-sharing (with vancancy) to edge-sharing favor
the edge-linked geometry. However, formation of CS planes cannot exclude the existence of
oxygen vacancies at MoO, surface [22]. Therefore, studies on electronic properties in the

presence of surface oxygen vacancies are of a great importance.
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Figure 2.5Sketch of vacancies at different surface oxygen site O(1-3) in the Mo,;0,H,, cluster.

Cluster atom of the top (bottom) part of bi-layer are shown as shaded (white) balls where the ball

size decreases from Mo to O to H, The vacancies are sketched as black dots.

2.5 Sol-Gel Synthesis

The sol-gel process, as the name implies, involves the evolution of inorganic networks
through the formation of a colloidal suspension (sol) and gelation of the sol to form
a network in a continuous liquid phase (gel).Typical precursors are metal alkoxides, which
undergo hydrolysis and polycondensation reactions to form a colloid. The basic structure or
morphology of the solid phase can range anywhere from discrete colloidal particles to continuous
chain-liked polymer networks [23,24]. Metal alkoxides are most popular because they react
readily with water. The most widely used metal alkoxides are the alkoxysilanes, such as

tetramethoxysilane (TMOS) and tetraethoxysilane (TEOS) [25].
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Figure 2.6 The sol- gel process.

The sol-gel process refers to the hydrolysis and condensation of alkoxide-based

precursors. The sol-gel process can be characterized by a series of distinct steps.

Step 1 Alkoxide technique: Formation of different stable solutions from reaction of alkoxide

with water, resulting in the formation of silica particles (sol).

Hydrolysis =Si-OR + H,0 €>=Si-OH + ROH
Water Condensation =S8i-OH + HO-Si €>=S§i-0-Si + H,0
Alcohol Condensation =Si-OH + RO-Si <€>=Si-0-Si + ROH

R = alkyl group (such as CH,, C,H,)

Step 2 Gelation:Resulting from the formation of an oxide- or alcohol- bridged network (gel)

by apolycondensation reaction.

Step 3 Aging of the gel: (Syneresis), during which the polycondensation reactions continue until
the gel transforms into a solid mass, accompanied by contraction of the

gel network and expulsion of solvent from gel pores.



Step 4 Drying of the gel: when water and other volatile liquids are removed from the gel
network. This process is complicated due to fundamental changes in

the structure of the gel [26].

The first stepof thisreaction is hydrolysis, in which a silicon alkoxide reacts with
water to from silinol (Si-OH). These silinol groups can then react either with each other
or an alkoxide group (Si-OR) to form a silioxane bridge (Si-O-Si), resulting in the joining of
two molecules into one large molecule. Each silicon atom can form up to four siloxane bridges
(silicon is tetravalent, meaning that it is most stable forming four chemical bonds), allowing
for many small molecules to connect together into giant molecules, which contain thousands

of silicon-oxygen bridges(Figure 2.7).
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Figure 2.7 Molecules of silicon-oxygen bridges.



Purifying and aging of silica gel

Once a silica gel has been formed, the liquid within the pores of the gel (or the “gel
liquor”) usually contain lots stuff other than just solvent. Gels produced through the
alkoxide technique will contain alcohol, water, catalyst and other random organic compounds.

If the gel are to be supercritically dried to produce aerogels, these miscellaneous
components (especially water) are not supercritically extracted as easily as the solvent being
extracted(CO,, ethanol, etc.), meaning they will be stuck in the pores of the resulting aerogel.

The gel liquor must be purified. This is done by simply soaking the gel in a pure
solvent, usually an organic solvent such as methanol, ethanol or acetone. As the gel soaks in the
pure solvent, impurities will diffuse out and pure solvent will diffuse in until an equilibrium
concentration of species is reached. Depending on the size and shape of the gel, this can take
anywhere from hours to days, The process is repeated with fresh solvent a number of times to
ensure adequate removal of impurities from the gel.

During this purification process, some final chemical reactions, which contribute to the
strengthening of the gel’s structural framework may occur as well. This is referred to as

aging. Once the gel is purified it can be drying or suberitical drying to produce silica aerogel.

2.6 Products information

2.6.1 Trans-2-hexen-1-ol

The unsaturated alcohols are an important fine chemicals in industries; thus the selective
hydrogenation of ©,f-unsaturated carbonyl compounds to their corresponding alcohols
has considerable industrial relevance. Due to the importance of unsaturated alcohols as
intermediates in the preparation of various fine chemicals, several attempts have been made to
develop a suitable catalytic system. Most catalysts first reduce the alkene double bond and

then the carbonyl group, leading to poor selectivity and the formation of the saturated alcohols

WOH

Figure 2.8 Molecular structure of trans-2-hexen-1-ol



Table 2.3 Properties of trans-2-hexen-1-0l[3]
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Properties

CAS number 928-95-0

IUPAC Name Trans-2-hexen-1-ol
Empirical formula CH,;;0

Molar mass 100.16 g/mol
Appearance Clear liquid
Density 0.815 g/em’
Melting point <-20°8®

Boiling point 130-131 °C

2.6.2Hexanal

Hexanal or hexanaldehyde, is an alkylaldehyde used in the flavor industry to produce

fruity flavors.

O

H3C/\/\)J\H

Figure 2.9 Molecular structure of hexanal

Table 2.4 Properties of hexanal[3]

Properties

CAS number 66-25-1
IUPAC Name Hexanal
Empirical formula LipgO

Molar mass 100.15888g/mol
Appearance Clear liquid
Density 0.815 g/lem’
Melting point <-20°C
Boiling point 130-131 °C
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2.6.3Hexanol

1-Hexanol is an organic alcohol with a six-carbon chain and a condensed structural
formula of CH,(CH,);OH. This colorless liquid is slightly soluble in water, but miscible with
ether and ethanol. Two additional straight chain isomers of 1-hexanol, 2-hexanol and 3-hexanol
exist, both of which differing by the location of the hydroxyl group. Many isomeric alcohols have

the formula C;H,;OH. It is used in the perfume industry.

Figure 2,10 Molecular structure of hexanol

Table 2.5 Properties of hexane [3]

Properties

CAS number 66-25-1

IUPAC Name Hexanol
Empirical formula CH, .0

Molar mass 102.175 g/mol
Appearance Clear liquid
Density 0.815 g/em’
Melting point -322C

Boiling point 1965 7 157 °@
Solubility in water 5900 mg/L (25°C),




2.7 Literature reviews

The hydrogenation of o,B-unsaturated aldehydes is an important reaction in the
production of many pharmaceuticals, agrochemicals and fragrance production. There is
desirable to produce unsaturated alcohol in high selectivity in a manner which can suitably
be employed in a commercial process.

Most of researchers [27,28] use impregnation method but some groups report the
use of the sol-gel method as an alternative and superior route for preparing well dispersed metal
on silica. M. El Doukkali, and co-worker(2012) [29]investigated the effect of preparation method,
nature of active phase and possible cooperative effect between Pt and Ni in catalytic performance
for reaction. The results showed that sol-gel catalysts present better catalytic properties.H,-TPR,
XPS and XRD showed that sol-gel PtNiAl catalyst contains well dispersed active phases and
presents high resistance against sintering leading to better and more stable catalytic activities,
especially at moderate temperature/pressure conditions. As a result, sol-gel PtNi catalysts allowed
higher reforming rates (3-8 times) to gaseous products than PtNi catalysts prepared by incipient
wetness impregnation.

P.N.Rylander [30] found that platinum metals make exceptionally active hydrogenation
catalysts, and most functional groups can be hydrogenated under mild conditions compare to
other metal. It is found that supported platinum metal catalysts have a number of advantages over
unsupported catalysts. The support permits greater efficiency in use of the metal by increasing
the active metal surface and by facilitating metal recovery. Also, supported catalysts have
a greater resistance to poisoning and perhaps the greatest value of a support is its ability to high
selectivity. Platinum metals have been supported on a variety of materials, including carbon,
alumina, silica, alkaline earth carbonates (i.e.).

M. Abid and R. Touroudei (2000) [31] have paid attention to the effects of
Pt precursors with different composition of chlorine on the selective hydrogenation of
crotonaldehyde over Pt/Ce0O,. They found that high crotylalcohol selectivity (83-87%) was
obtained on the Pt/CeO, catalyst prepared from Pt precursor with chlorine after reduction at high
temperature. This was different from the catalysts prepared from Pt precursor without chlorine
where the selectivity never exceeds 30%. This can be explained from the moving of CI atom
from Pt precursor on CeQ, support during reduction treatment, and replace 0" in CeO, support
to from CeOCl. At this state, Ce" will be reduced to Ce’". These CeOCI species are proposed

to block the oxygen vacancies created at the catalyst surface during the high-temperature



reduction. Therefore, they give rise to the C=C hydrogenation reaction. Unlike crotylalcohol
caused interaction between metal and support where the carbonyl group of crotonaldehyde
is activated due to the presence of 0" vacancies.

C. Hoang-Vanand O. Zegaoui(1995,1997)[32,33] have explained the preparation
of Pt/MoO; and PtWO,. The particles of MoO; and WO, were prepared in a flame reactor and
the oxide obtained from this reactor was treated at 500°Cinair for 24 h. After that,
The Pt/MoO, and Pt/WO, catalysts were prepared by impregnation of MoO, or WO, with
solution of H,PtCl,, Evaporation of the solvent was carried out at 70°C and the powder was
then dried at 100°C over night. The decomposition of catalyst was heated under vacuum at 200°C
for2 h. They found that there is two crystalline phase presented in the structure of MoOj:
orthorhombic phase and metastable polymorphic A-MoO,, whereas structure of WO, is pseudo-
orthorhombic. In addition, they also studied a role of due temperature of the catalysts on the
catalytic activity for selective hydrogenation. The results show that the hydrogenation of acrolein
over Pt/MoQ,and Pt/WO, catalysts previously reduced in temperature range of 50-500°C
for 3 h resulted in the increasing of activities with the increasing reduction temperature range
50-400°C but clearly decreased for reduce in the temperature of 500°C for both Pt/MoO, and
Pt/WO, catalysts. However, it was found that if the reduction temperature increased from
400-500°C, the selectivity to allylalcohol will increase from 4% to 8% for Pt/MoO, and from
12% to 67% for Pt/WO,.Synopsis, the enhancement in selective hydrogenation of a,-unsaturated
aldehydes over platinum catalysts can be achieved by using reducible oxide supports (TiO,,
MoO,, WO,). As carbonyl group are adsorbed on electron-deficient species via the oxygen
atom, and consequently hydrogenated by adsorbed H atom on the Pt atoms.

Paal and Zoltan (1988) [34] found that the reduction temperature of numerous metal
oxides can be lowered by addition of a transition metal and has been attributed to spillover.
The groups of metal oxide that can be reduced by spillover from Pt or Pd on silica are as follows:
Co,0,, V,0,, UQ,, Fe,0,, MoO,, WO,, Re,0,, and CrO,. There is easily reduced catalytically
land stepwise by small amount of Pt metals. All metal in this groups were in their highest
oxidation vacancy state. In general, these catalyzed reductions proceeded without evidence of an
induction period. However, for H, reduction, the process may be autocatalytic. Spillover has
been invoked to explain the reduction. Spillover H atoms are known to react with non-refractory

metal oxides very rapidly even at low temperature.
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M. Takeshi and co-workers (2001) found that Pt/MoO, reduced at 400°C exhibited
a high surface area (220-250 m’/ g). In contrast, the surface area of MoO, support changed little
after reduction. The high surface area of the reduced Pt/MoO,catalyst, indicating an important
role of spilled-over hydrogen in the enlargement of surface area. The surface area was raised
only when the Pt/MoO, was heated in a stream of H,. XRD measurements showed that the
H,-reduced Pt/MoO3catalystcontainedMoOxHy phase, which was derived probably from hydrogen
molybdenum bronze, HxMoO,, when the Pt/MoO, was heated in H,. The pentane isomerization
activity of H,-reduced P/MoO, was also affected by heating atmosphere. The Pt/MoO, heated
in H, was much more active and selective for pentane isomerization than Pt/MoO; heated in N,.
They suggested that the enlargement of surface area and the generation of active sites for pentane
isomerization can be related to the formation of the MoO, H, phase, which is derived presumably
from a H MoO, phase.

The aim of the present study is to understand the effect of supports: PYWQO,, PYWO,SiO,

and Pt/MoO,Si0, on the reaction pathway for the hydrogenation of trans-2-hexen-1-al.



CHAPTER 3

EXPERIMENTAL DETAILS

3.1 Gases and Chemicals

10.

11

12.
13:

Ammonium metatungstate hydrate (H, N,O, W, xH,0),> 99.0% purity, Fluka.
26+ Y640 VY |2 ALy purity

Ammonium molybdate powder ((NH,),Mo,0,,.4H,0), Reagent, UNIVAR
Cyclohexane (C;H,,), ACS for analysis, CARLO ERBA
Chloroplatinic acid hexahydrate (H,PtCl,:(H,0)), SIGMA-ALDRICH
Deionized water

Isopropanol (C,H,0)

Liquid Nitrogen

Precipitated silica (Si0,), 99.9% purity, CARLO ERBA

Tetraethyl orthosilicate (CgH,,0,S1), >98.0% purity, Fluka
Trans-2-hexen-1-al (C;H,,0), 98.0% purity, SIGMA-ALDRICH

Alr zero gas , high purity(99.99%), PRAXAIR

Hydrogen gas, high purity(99.99%), PRAXAIR

Nitrogen gas, high purity(99.9%), PRAXAIR

3.2 Apparatus and Instruments

L.

2.

3.

8.

9.

Heating mantle and stirrer

Magnetic stirrer

Catalytic testing rig

Laboratory glassware

Heating tape with a programmable temperature controller
Mass flow controller (GFC 17, Aalborg)

Quartz tube

Gas chromatograph (Model 910, Buck scientific)

Temperature programmed reduction (TPR) system

10. Surface area analyzer (Autosorb-1C, Quantrachrome)

1

L

X-ray powder diffractometer (D8 Advance, Bruker AG)
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3.3 Experimental

3.3.1 Synthesis of Molybdenum Oxide-Silica Oxide(50% wt./wt.) and Tungsten
oxide-Silica Oxide(50%wt./wt.) support

A series ofsupports: MoO,Si0,(50%wt./wt.) and WO,Si0,(50%wt./wt.) were prepared
by sol-gelmethod. Ammoniummolybdate powder((NH,),Mo,0,,.4H,0),ammonium metatungstate
hydrate(H,(N,0,,W,,xH,0), tetraethyl orthosilicate (C,H,,0,Si) and isopropanol (C,H,0) were
used as molybdenum source, tungsten source, silica source and solvent, respectively.
The composition of each chemical reagents used for the preparation of 5g.Mo0,SiO, and
WO,Si0, is show in Table 3.1. The MoO,SiO, (50%wt/wt) support was synthesized by
dissolving ammonium molybdate powder in distilled water. After that, the solution of tetraethyl
orthosilicate in isopropanol was immediately added in to the first prepared sélution with
a constant stirring rate. After the complete addition, the stirring was continued for 2 hours.
The resultant yellow gel was dried in an oven at 80°C for 24 hours. The obtained solid was
calcined in a horizontal tube furnace under a flow of air zero (60 ml/min) at 300°C with a heating
rate of 2°C /min and hold at those temperature for6 hours. Similarly, WO,SiO, (50%wt./wt.)
was also prepared with the same procedure, However, after complete addition of tetraethyl
ortosilicate solution, the stirring was continued for 4 hours. The resultant transparent gel was
dried in oven at 80°C for 30 hours. The obtained solid was calcined in a horizontal tube furnace
under a flow of air zero(60 ml/min) at 300°C with a heating rate of 2°C/min and hold at that

temperature for6 hours.

Table 3.1 The composition of chemical reagents used for preparing 5 g MoO,-SiO, and

WO,-Si0,
Support
MoO,-Si0, WO,-Si0,
Chemical reagents (g)
1. Ammonium molybdate powder 4.756 -
2. Ammonium metatungstate hydrate E 3.333
3. Tetraethyl orthosilicate 18.445 18.445
4. Isopropanol 18.445 18.445
5. Deionized water 50 50
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3.3.2 Synthesis of Tungsten oxide support
A tungsten oxide support (WO,) was obtained by calcination of ammonium
metatungstate hydrate(H,N,O, W, xH,0)source a horizontal tube furnace under a flow of air

zero(60 ml/min) at 600°C for 7 hours with a heating rate of 2°C /min.

3.3.3 Preparation of 0.5 wt.% Platinum Supported Tungsten Oxide(0.5 wt.%
Pt/WO,), 0.5 wt.% Platinum Supported Molybdenum Oxide-Silica Oxide (0.5 wt.%
Pt/M0O,SiO,and 0.5 wt.% Platinum Supported Tungsten Oxide-Silica Oxide (0.5 wt.%
Pt/WO,Si0,)

The 0.5wt.2%PtWO,0.5 wt% PYWO,SiOand 0.5 wt% Pt/Mo0O,Si0, catalysts
were prepared by impregnation technique, by dissolving chloroplatinic acid hexahydrate
(H,PtCl;(H,0),), which is a Pt precursor in distilled water. The Pt precursor solution was
dropped intoWO,, WO,Si0, and MoO,SiO,until getting wet. The process was repeated
until all Pt precursor solution was consumed. Then, the prepared catalyst was dried in over
at 70°C for 24 hours. The obtained solid catalyst was calcined in a horizontal tube furnace
under a flow of air zero(60 ml/min) at 400°Cwith a heating rate of 2°C/min and hold at that
temperature for 6 hours. After that, the catalyst was pressed, crushed and sieved into 600—850

micron,.

3.4 Characterization of Catalysts

3.4.1 X-ray fluorescence

X-ray fluorescence (XRF) is the emission of characteristic "secondary" (or fluorescent)
X-rays from a material that has been excited by bombarding with high-energy X-rays or
gamma rays. Each element has clectronic orbitals of characteristic energy. Following removal of
an inner electron by an energetic photon provided by a primary radiation source, an electron
from an outer shell drops into its place and released energy call secondary electron or
fluorescent. The released energy is characteristic radiation that you can know the composition
of the sample. This technique was done by mixing 0.5 g catalyst with 4.5 g boric acid.
After that it was compressed in alumina pan, before place into sample holder of the XRF

instrument.
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3.4.2 X-Ray Powder Diffraction

The catalysts structures were checked by X-ray diffraction technique (XRD).
The sample was finely grinded to a permit packing of the sample into an XRD sample holder.
The XRD pattern was obtained by scanning over the angle range of 20 from 5° to 80° with
a step angle of 0.04 degree per step and detection time 1.0 second. The X-ray source is

Cu-Kowgenerated at a voltage of 30 kV, 30mA.

3.4.3 Surface Area Analysis

Surface area analysis is the technique generally used for determining surface area
and pore size distribution of solid catalysts. This technique can be done according to the
following procedure: the catalyst sample was weighed about60—70 mg and transferred to
a cleaned and dried sample cell. This sample cell was attached to the out gassing station and
outgases at 300°C for 24 hour. After that, the residual gas was removed by heating under
vacuum and nitrogen adsorbate was filled by opening the gas inlet valve. Then, the sample cell
was attached to the sample station. Initially a dewar flask of liquid nitrogen was placed
around the sample cell. Nitrogen adsorbate pressure was regulated by 2 torr transducer with
3minutes equilibration time and O scaled tolerances. When the adsorption was completed,

the sample cell was removed from the sample station, dried thoroughly and reweighed.

3.4.4 Temperature Programmed Reduction

Temperature programmed reduction (TPR) provides information on the active site
species of the catalysts by monitoring their reducibility. The temperature programmed reduction
was measured using thermal conductivity detector (TCD). The sample of 0.2 g was placed
into a quartz tube reactor, which was located inside a temperature-regulated furnace. Prior to
the H,-TPR, each sample was heated to its calcinations temperature in air zero (30 ml/min)
for 1 hour and cooled to 50°C. The 10%H, in Ar with 30 ml/min flow rate and 10°C/min
heating rate, were applied for TPR analysis. Water produced during the reaction process

was removed in a U-shap glass trap at -77°C (vapor of liquid N,) before entering the TCD.
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3.5 Catalytic testing

Gas phase catalytic conversion of trans-2-hexene-1-al was investigated at atmospheric
pressure in a continuous fixed bed down flow reactor made with quartz tube(8 mm O.D.). The
catalysts bed was packed in the middle of the reactor and close with glass
wood. The reactor was installed onto the catalytic test rig, which is located inside a
temperature-controlled electrical furnace. The gas flow was controlled by mass flow
controllers and checked by bubble flow meter. Prior to the reactions, the catalyst was
activated by calcination under a flow of air zero (30 ml/min) at 400°C with a heating rate
of 5°C/min and hold at those temperature for 3 hours. After that, the reactor was cooled
down to 300°C under a flow of nitrogen (30 ml/min) for half an hour and then reduced
at 600°C for 2 hours under 30 ml/min of hydrogen gas. For the reaction, the temperature was
brought down to 80°C and trans-2-hexen-1-al was passed through the catalyst bed by
a 30 ml/min flow of hydrogen. The catalytic test was continued for at least 6 hours on stream.
In order to prevent condensation of products, the line after reactor was heated by heating tape
and at controller temperature of 140—145°C. Description of the reactor set up and the reaction
conditions are summarized in Table 3.2.The schematic diagram of the experimental setup

is shown in Figure 3.1.
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Table 3.2 Description of the reactor set up and the reaction conditions

Parameters Value

Reactor inside diameter (mm) 6
Reactor outside diameter (mm) 8

Total flow (ml/min) 30

Bed length (mm) 20
Catalyst weight (g) 0.136—0.356
Contact time: W/F (g.h/mol) 100—500
Catalyst size (um) 600—850

Catalyst activation (before reaction)

Carrier gas
Reaction temperature (°C)

Total reaction pressure

Heating rate: 5°C /min
Heat treatment: 400°C hold 3 h
Gas: air zero (30 ml/min)
Nitrogen
80°C

Atmospheric pressure (1 atm)
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Figure 3.1Sschematic diagram of the catalytic testing rig
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3.6 Product Analysis

The product analysis was generally performed using an on-line gas chromatograph.
The gas sample was collected in gas sampling loop, then periodically injected into
GC column (Carbowax 0.32 mm x 30 m) connected to flame ionized detectors (FID GC BUCK
SCIENTIFIC:MODEL 910). Each components were separated as they pass through the
column with an inert He carrier gas and their presence in the effluent was recorded as
a chromatogram. The peak area from the chromatogram was measured and calculated as
the peak area percentage. Then the unknown peak was identified using standard and
the composition of product was determined by the normalization method. The condition of

product analysis by GC is shown in Table3.3.

Table 3.3 GC BUCK SCIENTIFIC:MODEL 910 conditions

Parameter Value
Column Carbowax
Diameter(mm) 0.32
Length(m) 30
Carrier gas Nitrogen
Detector FID
Detector temperature (°C) 250
Injector temperature (°C) 180

Detector gases pressure (psi)

Hydrogen 24
Air-zero 6
Column head pressure (psi) 11
Linear velocity (cm/s) 33

Oven temperature

Initial temperature (°C) 50
Initial time (min) 2
Rate (°C) 10
Final temperature (°C) 160
Final time (min) 7

Total time (min) 20
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Characterization of 0.5 wt.% Pt/WO,, 0.5 wt.% Pt/WO,SiO, and 0.5 wt.%
Pt/Mo0Q,SiO, Catalysts

4.1.1 Elemental Analysis and Gas Adsorption Characteristic

Table 4.1. Elemental analysis and gas adsorption characteristics of catalysts

* Composition (wt.%) BET Average pore Pore
Catalyst surface diameter volume
Pt WO, | MoO, Sio, \
(m'/g) (nm) (mL/g)
0.5 wt.% PtYWO, N/A N/A N/A N/A 0.9 19:3 0.04
0.5 wt.% PtYWO,Si0, 0.454 ¥ls2 5 47.8 363.1 34.3 0.29
0.5 wt.% Pt/Mo0O,SiO, 0.496 5 55.1 44.5 158.1 23.1 0.31

‘Determined by XRF

The elemental composition of the catalysts was determined by X-ray fluorescence
spectroscopy (XRF). It can be seen from Table 4.1 that the composition of Pt, WO, or MoO,
and SiO, loading in the catalysts are similar to the actual amount of loading; that are
0.5 wt.%, 50 wt.% and 50 wt.%, respectively.

Surface area of catalyst has a direct effect on its catalytic activity and the amount
of adsorbed reactant. N, gas adsorption analysis is the most widely used technique for the
measurement of surface area of the catalyst. Knowing the surface area of a single molecule of
the adsorbate N, gas, the total surface area of the catalyst can be calculated from the amount of
N, gas adsorbed as monolayer by using the method of Brunauer-Emmett-Teller (BET).
All catalysts present mesoporous structure with an average pore diameter in the range of
2-50 nm. A noticeable higher surface area of Pt/WO,SiO, prepared by sol-gel method,
than that of Pt/WO, (calcined at 700°C) can be observed, due to a high dispersion of WO,

on SiO, support, In addition, Pt/M0oO,SiO, catalyst also shows quite high surface area.
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4.1.2 Structure and Morphology of 0.5 wt.% Pt/WO,, 0.5 wt.% Pt/WO,SiO, and
0.5 wt.% Pt/MoO,SiO, catalysts

The diffraction pattern of catalysts was obtained by X-ray powder diffraction technique
(XRD). The CuKa was used as a radiation source. In order to identify their crystal structure,
26 angles of the catalyst were compared with those of the reference. The diffraction patterns
of Pt/MoQ,Si0,, Pt/WO,SiO, prepared by sol-gel method after calcined at 400°C are

shown in Figure4.1(a) and Figure4.1(b), respectively.

*  wo,
. V Moo,
*
- * ©
z L ] PO.S
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Figured.1 XRD patterns of (a)0.5 wt.%Pt/Mo0O,Si0,, (b)0.5wt.%Pt/W0,Si0, and
(c) referenced 0.5 wt.% Pt/WO,[38]

As shown in Figure 4.1, the diffraction peaks of Pt are not found in all catalysts.
This absence should be due to the fact that concentrations of Pt are very low and XRD does
not have sufficient sensitivity to detect it. The Pt/MoO,SiO, catalyst shows the crystalline
structure with intense peaks at 25.7°27.3° and 29.3°corresponding to MoO, in the
orthorhombic phase[35] (Figure 4.1(a)). This result consistence with the work done of
Amol P. Amrute and co-workes [36],where a uniform distribution of MoO, in orthorhombic

phase on the amorphous silica was found in 10 wt. % loading of MoO; in SiO,.
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As shown in Figure 4.1(c), the Pt/WO, referenced catalyst [37] presents the diffraction
peaks at 24°, 34° and 57° corresponding to WO, in the monoclinic structure. However, only an
amorphous phase of SiO, support can be observed in Pt/WO,SiO, catalyst. This due to
the well dispersion of monomeric/polymeric WO, on SiO, surface obtains from sol-gel method.

This dispersion can be confirmed from the BET surface area results.

4.1.3 Temperature Program Reduction Characteristics

The reducibility behavior of the catalyst 0.5 wt% PYWO, PYWO,SiO, and
Pt/MoO,SiO,catalysts were investigated by H,-temperature programmed reduction (H,-TPR).
The H,-TPR profiles of those catalysts prepared by impregnation method and sol-gel method

are shown in Figure 4.2.
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Figured4.2 TPR profiles of (a) Pt/WO,, (b) Pt/WO,8i0, and (c) Pt/MoO,SiO,

The TPR profile of Pt/WO,exhibits four reduction peaks at150-200°C,300-450°C,
600-800°C and 850-900°C, which show the reduction of Pt2+——>Pt0,W03 surface, WO,
structureandWO,to tungsten metal, respectively [38]. In contrast, reduction of Pt/WO,Si0, is
relatively difficult as compared to that of PtYWO,, presumably due to a high dispersion of

monomeric/polymeric WO, on the SiO, surface.
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However, the TPR profile of Pt/Mo0O,SiO, shows the reduction peak between
175-300°C, which corresponds to the reduction of PP, In addition, the reduction peaks
between 400-500°C and 700-900°C correspond to the reduction of Mo’ surface species and
bulk MoO, to MoO, and Mo, respectively [39].It is believed that the number of reduced
surface site (M05+) and oxygen vacancies can be generated depending on the reduction

temperature.

4.2 Study of trans-2-hexen-1-al hydrogenation.
The conversion of trans-2-hexen-1-al and products distribution over 0.5wt.%Pt/WO,

catalyst at various contact times (W/F of 252-719 g.h/mol) are shown in Figure 4.3
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Figure 4.3 Conversion (O) and yield of products (hexanal( A), trans-2-hexen-1-ol ()
andhexanol (®)) over 0.5 wt.% Pt/WO, catalyst
*Reaction condition; Catalyst: 0.5 wt.% Pt/WQ,, Reduction temperature: 400°C,
Reaction temperature: 80°C, Carrier gas: 30 ml/min, Pressure: I atm,

The results is an average of the fourth and the sixth hour of time on stream (steady state)
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It can be seen that the conversion of trans-2-hexen-1-al is increased with contact time.
This result is generally expected since an increasing contact time allows a better chance
for the interaction between reactants and active sites. At low contact time, hexanal is
formed as a major product via hydrogenation at the carbon-carbon double bond, whereas
trans-2-hexen-1-ol is observed as a minor product via hydrogenation at the carbonyl group.
This is because an interaction of the carbon-carbon double bond on the Pt surface is higher
than that of carbonyl group.

As the contact time increased, yield of trans-2-hexen-1-ol is slowly decreased while
small amount of hexanol is increased. This suggested that hexanol was formed from the
hydrogenation of trans-2-hexen-1-ol. In addition, the conversion together with yield of hexanal
is quite stable at higher contact time (>500 gh/mol). This indicates that the reaction is
approaching an equilibrium between hydrogenation of trans-2-hexen-1-al and dehydrogenation
of hexanal, presumably due to competitive adsorption between hexanal and hydrogen on the
active surface. The overall reaction pathways for the conversion of trans-2-hexen-1-al over

0.5 wt.% Pt/WQ, catalyst is proposed as shown in Figure 4.4.

0
/\\/\)LH :—2’ //\/\//\OH

-H 2 Hz H2 k3

/\/\)LH /\/\\/\OH

Figure 4.4 The reaction pathways for the conversion of trans-2-hexen-1-al

over 0.5 wt.% Pt/WOj catalyst
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It appears that Pt catalyst promote hydrogenation selectively at the carbon-carbon

double bond, while the WO, support seems to play no role in hydrogenation.

Hence, the reaction over the Pt/WO,catalyst reduced at high temperature is investigated.

The result is shown in Figure 4.5
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Figure 4.5 The trans-2-hexen-1-al conversion (Q) and yield of product (hexanal( A 3.
trans-2-hexen-1-ol (LJ) and hexanol (®)) over 0.5 wt.% Pt/WO, catalyst reduced at 400°C(a)
and 700°C(b)

*Reaction condition; Contact time.: 500 g.h/mol, Reaction temperature: 80°C,

Carrier gas: 30 ml/min, Pressure. I atm
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It can be seen that both catalysts show high activity at the initial. However, the
activity decrease with time on stream and reached a steady state at 90 and 150 min for the
catalyst reduce at 400°C and 700°C, respectively. It can be suggested that the saturation of
H, take place on the catalyst surface at the beginning of the reaction. Hence, high hydrogenation
activity is initially observed. The competitive adsorption between reactant and H, then leads to
a decline activity until a steady state is reached. It is clear that the catalyst reduced at 700°C
shows a higher activity. This is because at 700°C, the WO, can be reduced to W5+, as evidenced
by TPR (Figure 4.2). Accordingly, surface hydroxyls can be expected and H, spill over on
the reduced support can be enhanced. Nevertheless, yield of hexanal and hexanol are increased
suggesting that the enhanced H, spill over favor hydrogenation at the carbon-carbon double bond,
while yield of trans-2-hexen-1-ol does not increase. Accordingly, high reduction temperature is
not suitable for selective hydrogenation at the carbonyl group.

In order to improve activity without reduction at high temperature, WO, was dispersed

into Si0, to increase surface area. The result is compared with WO, as shown in Figure 4.6
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Figure 4.6 The trans-2-hexen-1-al conversion (O) and yield of products (hexanal( A ),
trans-2-hexen-1-ol (L]) and hexanol (®)) over 0.5 wt.% Pt/W O,(a)and 0.5 wt.% Pt/WO,Si0,(b)
catalysts as a function of time on stream
*Reaction condition; Contact time: 250 g.h/mol, Reduction temperature: 400°C,

Reaction temperature: 80°C, Carrier gas: 30 ml/min, Pressure: 1 atm

As expected, conversion of trans-2-hexen-1-al over 0.5 wt.% Pt/WO,S8i0O, is higher
than that of 0.5 w.% Pt/WO,. This is because 0.5 wt.% Pt/WO,SiO, possesses relatively higher
active surface of Pt on the dispersed monomeric/polymeric WO,/SiO,(as confirmed by XRD).
This provides higher opportunity for the interaction between reactant and the active site,

as compared to Pt on bulk WO,.
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In addition, the reduction of dispersed monomeric/polymeric WO, at surface (as
indicated by TPR result) creates the additional catalytic site, presumably tungsten hydride from
H, spill over. Accordingly, yield of hexanal and hexanol are increased (Figured4.6). However,
tungsten hydride can be rapidly deactivated, leaving only Pt as hydrogenation site. The remaining
activity of the PYWO,Si0, is hence similar to that of Pt/WO,. This suggests that WO, plays no
effect to the Pt active site. Accordingly, Pt/MoQ,SiO, was investigated in comparison with

Pt/WO,Si0, as shown in Figure 4.7
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Figure 4.7 The trans-2-hexen-1-al conversion (O) and yield of products (hexanal( A),
trans-2-hexen-1-ol (L]), hexanol (®) and isomer of trans-2-hexen-1-al (¥))over
0.5 wt.% PYW0,Si0,(a) and 0.5 wt.% P/M0o0O,SiO,(b) catalysts as a function of time on stream
*Reaction condition; Contact time: 250 g.h/mol, Reduction temperature: 400°C,

Reaction temperature: 80°C, Carrier gas: 30 ml/min, Pressure: 1 atm
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From Figure 4.7, PYWO,SiO, exhibits higher hydrogenation activity, as compared
to Pt/MoO,SiO, catalyst. However, Pt/MoO,SiO, is more stable than PYWO,SiO,.
Both catalysts produce hexanal as major product via hydrogenation at the carbon-carbon
double bond. It is interesting that Pt/MoO,SiO, also promotes isomerization products of
trans-2-hexen-1-alreactant. This can be explained from TPR (Figured.2)that, by reducing at
400°C, the Pt/Mo0Q,SiO, possesses some of oxygen vacancy. Such species behave like Lewis
acid that lead to the strong adsorption of trans-2-hexen-1-al on the support and promote
isomerization. Moreover, no additional catalytic site was generated over Pt/Mo0O,SiO, leading

to high stability of the catalyst.
As seen from the result of reduced Pt/WO, catalyst, reduction temperature of
Pt/MoO,SiO, may play an important role on the conversion of trans-2-hexen-1-al and yield of the

products. Figure 4.8 shows the effect of reduction temperature on conversion over Pt/Mo0,Si0,.
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Figure 4.8The trans-2-hexane-1-al conversion (O) and yield of products(hexanal( A ),
trans-2-hexen-1-ol (L]) and hexanol (®))over 0.5 wt.%Pt/Mo0,SiO, catalyst
as a function of reduction temperature
*Reaction condition; Contact time: 250 g.h/mol, Reaction Temperature: 80°C,

Carrier gas: 30 ml/min, Pressure: 1 atm
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It can be seen that the higher conversion of trans-2-hexen-1-al was obtained when
catalysts is reduced at higher temperature. This is presumably due to the formation of additional
active hydrogenation site, i.e. metallic molybdenum, as evidenced by TPR result. In consistent
with a rapid increase in hexanol yield, a decrease in hexanal for the catalyst reduced at 600°C
it observed, This suggests that metallic molybdenum is active for hydrogenation of hexanal

to hexanol, as confirmed by a study of contact time shown in Figure 4.9
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Figure 4,.9Conversion (OQ) and yield of products (hexanal( A ), trans-2-hexen-1-ol ([])
andhexanol (®)) over 0.5 wt.% Pt/MoO,Si0, catalyst as a function of contact time
*Reaction condition, Catalyst: 0.5 wt.%Pt/Mo0,5i0,, Reduction temperature: 600°C,
Reaction temperature: 80°C, Carrier gas: 30 ml/min , Pressure: 1 atm,

The result is an average of the fourth and the sixth hour of time on stream (steady state)

It can be seen that the conversion of trans-2-hexene-1-al is increased with contact time.
At low contact time, trans-2-hexen-1-al can be converted to hexanal as a major product via
hydrogenation at the carbon-carbon double bond. However, it was observed that the yield of
hexanal is suddenly decreased with an increased in yield of hexanol, suggesting that hexanol

was formed form the hydrogenation of hexanal, as discussed earlier.



38

Onlyfew trans-2-hexen-1-ol is converted from trans-2-hexen-1-al via hydrogenation
at the carbonyl group. Unlike Pt/WO,, hexanal istotally hydrogenated to hexanol over
Pt/MoQ,Si0O,. Hence, no equilibrium between hydrogenation of trans-2-hexen-1-al and
dehydrogenation of hexanal can be obtained for this catalyst. The overall reaction pathway for

0.5 wt.% Pt/Mo0Q,Si0O, catalyst can be proposed in Figure 4.10.
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Figure 4.10The overall reaction pathways for trans-2-hexen-1-al over

0.5 wt.%Pt/MoO,SiO, catalyst
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However, a significant decline in hydrogenation activity can be observed for the catalyst
reduced at 600°C. This suggests that the metallic molybdenum site is also deactivated,
(Figure 4.11). In contrast, the catalyst reduced at low temperature (300-400°C) retains similar
activity over time on stream. This is because MoO,cannot be reduced at 300-400°C (from TPR

result). The observed activity for the catalyst reduced at 300-400°C is derived only from

the Pt incorporated.
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Figure 4.11 Effect of reduction temperature on catalytic stability (600°C ( A ), 400°C (O) and
300°C (M)
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CHAPTER 5

CONCLUSIONS AND SUGGESTIONS

5.1 Conclusion

The hydrogenation of trans-2-hexene-1-al was investigated over Pt supported WO,,
WO,Si0, and MoO,Si0,. The supports (WO,SiO, and MoO,Si0O,) prepared by sol-gel method
reveal a higher dispersion of WO, or MoO; on SiO,. The diffraction pattern of the MoO,SiO,
shows crystalline structure of MoO, phase. However, the WQ,SiO, shows only amorphous
phase because the WO, can be dispersed as monomeric/polymeric WO, on SiO,. Therefore,
reduction of Pt/WO,SIO, is relatively difficult compared to that of PYWO, and Pt/MoO,SiO,,
respectively. Over the catalysts investigated, trans-2-hexen-1-al can be hydrogenated mainly
at the carbon-carbon double bond to hexanal. Only small amount of trans-2-hexen-1-ol is
generated by hydrogenation at the carbonyl group. Hence, trans-2-hexen-1-ol can also be
hydrogenated to hexanol over Pt/WO, and PYWO,SiO,. An equilibrium between the
hydrogenation of trans-2-hexene-1-al and dehydrogenation of hexanal is found over Pt/WO,.
The Pt/WO, reduced at high temperature (>600°C) shows higher activity, presumably due to
the enhanced H, spill over on the reduced support (W), In addition, the hydrogenation
activity of Pt/WQ,SiO, is higher than that of Pt/WO, and Pt/MoQ,SiO, due to the formation
of unstable tungsten hydride on the WO,SiO, surface. Pt/MoO,SiO, is more stable than
Pt/WO,SiO,. At low reduction temperature, Pt/MoO,SiO, possesses oxygen vacancy that behaves
like Lewis acid, promoting isomerizaion of trans-2-hexen-1-al. At high reduction temperature,
additional metallic molybdenum site is formed and promotes hydrogenation of hexanal

to hexanol.

5.2 Suggestions for Future Studies

5.2.1. It is interesting to increase % loading Pt on MoO,SiO,, which may increase rate
of hydrogenation and suppress isomerization.

5.2.2. It is interesting that increasing H,partrial pressure will provide higher

opportunity for the H, adsorption of on metal surface.
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APPENDIX A

CHARACTERIZATION OF CATALYSTS

X-ray diffraction pattern of catalysts
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Figure A1 0.5 wt.% Pt/WO, [38]
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Figure A2 0.5 wt.% Pt/WO,SiO,
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Figure A3 0.5 wt.% Pt/MO,SiO,
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2. TPR profiles of catalysts
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Figure A5 0.5 wt.% Pt/WO,SiO,
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APPENDIX B

CALCULATION

Calculation of catalytic parameter

Contact time, W/F

W/F =  Weight of catalyst (g)

Molar feed rate of reactant (mol/h)
In the reaction using 0.00082 mol/h of trans-2-hexen-1-al in feed and 0.41 grams
of catalyst, the W/F is calculated as follow:
W/F = [0.41 (g)/0.00082 (mol/h)]
=500 g.h/mol
W/F of reaction with different catalyst weight and feed rate are calculated in a similar

manner.

Calculation of % yield from gas chromatography
From the chromatogram, the peaks of each product were identified using reference
standard for comparison. The summation of peak areca obtained from chromatogram of a

mixture product is shown in Table B1,

Table B1 The summation of the peak area of products.

Product Peak area
Hexanal 244,578
Hexanol 16.985
Trans-2-hexen-1-ol 51.876
Isomer of feed 17.937
Trans-2-hexen-1-al (Feed) 1784.69
Total 2116.06

* 0.5 wt.% Pt/WO, in cyclohexane solvent, Contact time = 500 g.h/mol,

time on stream = 180 min



53

In normalization method, the areas of all eluted peaks were computed areas for
differences in the detector response to different compound types. The concentration of the
analyzed was found from the ratio of its area to the total area of all peaks,

The percent yield of each component in the sample was calculated as follows:

%Yield of each product = Peak area of A x 100

Total area
Where A is the each product

For example;

%Yield of hexanal 244,578 x 100

2116.06

il 4%
The percent product yield of each product sample, in the sample which is obtained from

above calculation is shown in Table B2,

Table B2 % Yield of product derived by normalization method.

Product % Yield
Hexanal AIEY]
Hexanol 0.8
Trans-2-hexen-1-ol 2.45
Isomer of feed 0.847
Total 15.6
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Conversion

%Conversion can be calculated from the following equation:

%Conversion = Area total - Area feed

Area total
For example;

%Conversion

I

(2116.06- 1784.69) x 100

2116.06

15.659

Selectivity

%Selectivity can be obtained from the following equation:

%Selectivity in each product = %Yield in each product x 100

% Conversion
For example;

%Selectivity of hexanal 11.55 x 100

15.659

23X739
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APPENDIX C

GAS CHROMATOGRAM

Analysis of gas product from gas chromatography

Prior to analysis, the structure of each products in the sample was identified the by
GC-MS (gas chromatography with mass spectrometer detector). Then, the quantitative analysis
of products was carried out by GC-FID (gas chromatography with flam ionization detector)

with the condition expressed in Table C1.

Table C1 The GC condition for quantitative analysis

Column Carbowax, 30 m x 0.32 mm x 0.25 um

Temperature program 50°C (2 min hold) to 160°C (7 min hold) at 10°C/min
Carrier gas Nitrogen at 30 ml/min

Injection 50°C

Detector FID at 250° C




Table C2 Chromatogram data of standard product and feed
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Products or feed Retention time (min)
Hexanal 2.9
Isomerization 1 3.5
Isomerization 2 4.4
Trans-2-hexen-1-al 4,7
Hexanol 6.6
Trans-2-hexen-1-o0l 7.4
=
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Figure C1 The GC chromatogram of product after hydrogenation of trans-2-hexen-1-al

Over 0.5%Pt/WO, at 360 min on stream, Contact time =500 g.h/mol.
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APPENDIX D

Reaction Data

1. Effect of contact time over 0.5%Pt/WO,

Table D1 The yield of each product after trans-2-hexen-1-al hydrogenation at contact time

252 g.h/mol
fimeon YYield
Stream | %Conversion
(min) Hexanal Hexanol | Trans-2-hexen-1-ol | Isomer of feed Adol

30 12.95416 10.85395 0 0.094351 1.895546 0.110316
60 9.538455 8.18028 0 0.073817 1.193822 0.090536
90 9.186898 7.952245 0 0.224767 0.93048 0.079405
120 8.109082 6.995497 0 0.199496 0.82603 0.08806
150 8.233161 7.051056 0 0.334002 0.758314 0.089788
180 8.141497 6.950826 0 0.452518 0.640291 0.097862
210 8.642141 7.329892 | 0.087015 0.482662 0.6464 0.096173
240 7.906779 6.497525 | 0.178004 0.557065 0.582319 0.091865
270 7445721 6.156219 | 0.148946 0.512452 0.536691 0.091413
300 6.745264 5.377753 | 0.164777 0.548009 0.556083 0.098643
330 6.717391 5432227 | 0.158784 0.468914 0.554343 0.103123
360 6.372585 492448 | 0.165045 0.5618 0.616164 0.105094

*Reaction condition; Catalyst: 0.5%Pt/WO,, Temperature: 80 °C, Reduction Temperature 400 °C,

Catalyst weight: 0.31 g, 15% feed, Feed rate: 0.6 ml/h, Carrier gas: 30 ml/min of hydrogen.
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Table D2 The yield of each product after trans-2-hexen-1-al hydrogenation at contact time

385 g.h/mol
Time on % Yield
Stream | %Conversion
(min) Hexanal Hexanol | Trans-2-hexen-1-ol | Isomer of feed Adol
30 13.777 12,1577 | 0.128147 0.193646 1.053616 0.243582
60 12.73 11.36151 0.16113 0.371496 0.757863 0.078485
90 11.637 10.06688 | 0.247186 0.601224 0.63803 0.083965
120 11.545 9.413734 | 0.642695 0.872681 0.616195 0
150 11.989 9.518563 | 0.789013 1.097602 0.517833 0.065716
180 11.68 8.957935 | 0.838033 1.171407 0.539457 0.173525
210 11.544 8.622013 | 0.868953 1.301113 0.564443 0.187506
240 11.816 8.564223 | 0.922094 1.613946 0.548363 0.167721
270 11.684 8.29312 1.109183 1.608374 0.505248 0.16822
300 11.891 8.2328 1.267929 1.746966 0.492288 0.151033
330 11.578 7.482885 | 1.459574 1.908632 0.408267 0.318625
360 11.61 7.037975 1.65104 2.130068 0.452369 0.338342

*Reaction condition; Catalyst: 0.5%Pt/WQ,, Temperature: 80 °C, Reduction Temperature 400 °C,

Catalyst weight: 0.41 g, 13% feed, Feed rate: 0.6 ml/h, Carrier gas: 30 ml/min of hydrogen.
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Table D3 The yield of each product after trans-2-hexen-1-al hydrogenation at contact time

500 g.h/mol
fime on %Yield
Stream | %Conversion
(min) Hexanal Hexanol | Trans-2-hexen-1-ol | Isomer of feed Adol
30 22.176411 18.58137 | 0.062169 0.335862 3.197012 0
60 19.7655126 | 17.20827 | 0.198559 0.976203 1.382481 0
90 15.6570887 | 12.48358 | 0.524786 1.528166 1.120555 0
120 15.3307638 | 11.56053 | 0.624941 1.977709 1.056874 0.110713
150 15.3957441 11.58104 | 0.688063 2.213956 0.912687 0
180 15.6600326 | 11.55817 | 0.80267 2.451535 0.847659 0
210 14.8048846 | 10.41715 | 0.835124 2.798114 0.844494 0
240 15.6471982 | 10.88524 | 0.880725 2.875936 0.906433 0.098867
270 15.8321728 | 10.93545 | 0.984854 3.109841 0.802023 0
300 15.5101447 | 10.27267 | 1.078178 3.326175 0.715467 0.11765
330 15.6347821 1287 VA IS8 3.503784 0.694288 0.151504
360 153534371 | 9.893925 | 1.075216 3.541767 0.685624 0.156905

*Reaction condition; Catalyst: 0.5%Pt/WQ,, Temperature: 80 °C, Reduction Temperature 400 °C,

Catalyst weight: 0.41 g, 10% feed, Feed rate: 0.6 ml/h, Carrier gas: 30 ml/min of hydrogen.
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Table D4 The yield of each product after trans-2-hexen-1-al hydrogenation at contact time

719 g.h/mol
Time on %Yield
Stream | %Conversion
(min) Hexanal Hexanol | Trans-2-hexen-1-ol | Isomer of feed Adol
30 19.61738 1539044 | 1.114472 0.406481731 2.407377 0.29861
60 16.02117 13.53005 | 0.216318 0.567814559 1.578161 0.128832
%0 15.04806 12.53995 | 0.305908 0.663877717 1.431457 0.106866
120 15.08615 1231184 | 0.471519 0.946178355 1.24634 0.110282
150 15.27049 12.16116 0.61379 1.214711168 1.184008 0.096821
180 15.17183 11.86753 | 0.737672 1432009231 L 052112 0.0825
210 15.39011 11.07733 | 1.521321 1.638180864 1.06699 0.086287
240 15.38747 11,01554 | 1.565459 1.78689003 0.944075 0.075507
270 14.91992 10.29565 | 1.672717 1.985327004 0.91075 0.055477
300 14.81638 10.00174 | 1.747824 2.074573362 0.952236 0.04001
330 14.36468 1.627185 2.176011631 0.819121 0.032237

9.710129

*Reaction condition; Catalyst: 0.5%Pt/WO,, Temperature: 80 °C, Reduction Temperature 400 °C,

Catalyst weight: 0.41 g, 7% feed, Feed rate: 0.6 ml/h, Carrier gas: 30 ml/min of hydrogen.




2. Effect of reduction temperature over 0.5 wt.% Pt/WO, catalyst
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Table D5 The yield of each product after trans-2-hexen-1-al hydrogenation at reduction

temperature of 400 °C

S %Yield
Stream | %Conversion
(min) Hexanal Hexanol | Trans-2-hexen-1-ol | Isomer of feed Adol
30 22.176411 18.58137 | 0.062169 0.335862 3.197012 0
60 19.7655126 | 17.20827 | 0.198559 0.976203 1.382481 0
90 15.6570887 | 12.48358 | 0.524786 1.528166 1.120555 0
120 15.3307638 | 11.56053 | 0.624941 1.977709 1.056874 0.110713
150 15.3957441 11.58104 | 0.688063 2.213956 0.912687 0
180 15.6600326 | 11.55817 | 0.80267 2.451535 0.847659 0
210 14.8948846 | 10.41715 | 0.835124 2.798114 0.844494 0
240 15.6471982 | 10.88524 | 0.880725 2.875936 0.906433 0.098867
270 15.8321728 | 10.93545 | 0.984854 3.109841 0.802023 0
300 155101447 | 10.27267 | 1.078178 3.326175 0.715467 0.11765
330 15.6347821 10.13237 | 1.152832 3.503784 0.694288 0.151504
360 15.3534371 | 9.893925 3.541767 0.685624 0.156905

1.075216

*Reaction condition; Catalyst: 0.5%Pt/WO,, Temperature: 80 °C, contact time = 500 g.h/mol,

Catalyst weight: 0.41 g, 10% feed, Feed rate: 0.6ml/h, Carrier gas: 30 ml/min of hydrogen.
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Table D6 The yield of each product after trans-2-hexen-1-al hydrogenation at reduction

temperature of 700 °C

Time on YYield
Stream | %Conversion
(min) Hexanal Hexanol | Trans-2-hexen-1-ol | Isomer of feed Adol

30 86.4404847 24.18878 | 54.69632 5.817171465 1.738213 0
60 56.7601661 | 33.95132 | 18.82882 2.258665152 1.721353 0
90 43.8097876 | 31.60302 | 8.465007 2.537794865 1.203962 0
120 36.4862811 | 27.52277 | 5.610703 2.26722834 1.085576 0
150 32.2972938 | 24.55458 | 4.301697 2.414313358 1.026703 0
180 28.614217 21.55021 | 4.289489 1.898893932 0.875629 0
210 28.6614316 | 20.4907 | 5.452406 1.995107129 0.723217 0
240 28.9111763 20.65144 | 5.322919 2.130648123 0.806169 0
270 27.9340743 20.5069 | 4.596449 1.937353477 0.893367 0
300 28.6287863 20.94021 | 4.772757 1.962914363 0.952909 0

*Reaction condition; Catalyst: 0.5%Pt/WO,, Temperature: 80 °C, contact time = 500 g.h/mol,

Catalyst weight: 0.41 g, 10% feed, Feed rate: 0.6ml/h, Carrier gas: 30 ml/min of hydrogen.




3. Effect of WO, and WO,SiO, supported Pt catalysts
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Table D7 The yield of each product after trans-2-hexen-1-al hydrogenation over Pt supported

on WO,
fime on %Yield
Stream | %Conversion
(min) Hexanal Hexanol | Trans-2-hexen-1-ol | Isomer of feed Adol

30 12.95416 10.85395 0 0.094351 1.895546 0.110316
60 9.538455 8.18028 0 0.073817 1.193822 0.090536
90 9.186898 7.952245 0 0.224767 0.93048 0.079405
120 8.109082 6.995497 0 0.199496 0.82603 0.08806
150 8.233161 7 7.051056 0 0.334002 0.758314 0.089788
180 8.141497 6.950826 0 0.452518 0.640291 0.097862
210 8.642141 7.329892 | 0.087015 0.482662 0.6464 0.096173
240 7.906779 6.497525 | 0.178004 0.557065 0.582319 0.091865
270 7.445721 6.156219 | 0.148946 0.512452 0.536691 0.091413
300 6.745264 5.377753 | 0.164777 0.548009 0.556083 0.098643
330 6.717391 5.432227 | 0.158784 0.468914 0.554343 0.103123
360 6.372585 4.92448 0.165045 0.5618 0.616164 0.105094

Contact time = 250 g.h/mol, Catalyst weight: 0.31 g, 15% feed, Feed rate 0.6ml/h,

*Reaction condition; Temperature: 80 °C, Reduction Temperature 400 °C,

Carrier gas: 30 ml/min of hydrogen.
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Table D8 The yield of each product after trans-2-hexen-1-al hydrogenation over Pt supported

on WO,SiO,
Time on —
Stream | %Conversion
(min) Hexanal Hexanol | Trans-2-hexen-1-ol | Isomer of feed Adol
30 37.679 31.68629 | 0.348854 1.291651 4.352398 0
60 25.905 20.49492 | 0.113222 1.280829 4.015584 0
90 20.428 15.33933 0.22916 1.031424 3.828408 0
120 14.997 10.81315 0.13963 0.798434 3.24553 0
150 13.635 9.498698 | 0.087952 0.756687 3.291737 0
180 12.423 8.752629 0 0.895363 2.775496 0
210 10.88 7.666142 0 0.851318 2.362908 0
240 8.8076 5.904368 0 0.71106 2.192178 0
270 8.192 5.430549 0 0.641029 2.120441 0
300 8.4406 5.611064 0 0.75229 2.077288 0
330 7.7642 5.049349 0 0.742951 1.97193 0
360 7.2078 4.788936 0 0.568009 1.850833 0

*Reaction condition; Temperature: 80 °C, Reduction Temperature 400 °C,

Contact time = 250 g.h/mol, Catalyst weight: 0.205 g, 10% feed, Feed rate 0.6ml/h,

Carrier gas: 30 ml/min of hydrogen.
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4. Effect of WO,Si0, and M0oO,SiO, supported Pt catalysts

Table D9 The yield of each product after trans-2-hexen-1-al hydrogenation over Pt supported

on WO,Si0,
fime on %Yield
Stream | %Conversion
(min) Hexanal Hexanol | Trans-2-hexen-1-ol | Isomer of feed Adol
30 37.679 31.68629 | 0.348854 1.291651 4.352398 0
60 25.905 20.49492 | 0.113222 1.280829 4.015584 0
90 20.428 1533933 0.22916 1.031424 3.828408 0
120 14.997 10.81315 | 0.13963 0.798434 3.24553 0
150 13.635 9.498698 | 0.087952 0.756687 3.291737 0
180 12.423 8.752629 0 0.895363 2.775496 0
210 10.88 7.666142 0 0.851318 2.362908 0
240 8.8076 5.904368 0 0.71106 2.192178 0
270 8.192 5.430549 0 0.641029 2.120441 0
300 8.4406 5.611064 0 0.75229 2.077288 0
330 7.7642 5.049349 0 0.742951 1.97193 0
360 7.2078 4788936 0 0.568009 1.850833 0

*Reaction condition; Temperature: 80 °C, Reduction Temperature 400 °C, Contact time = 250
g.h/mol, Catalyst weight: 0.205 g, 10% feed, Feed rate: 0.6 ml/h,

Carrier gas: 30 ml/min of hydrogen.
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Table D10 The yield of each product after trans-2-hexen-1-al hydrogenation over Pt supported

on MoOQ,Si0,
Time on %Yield
Stream | %Conversion
(min) Hexanal Hexanol | Trans-2-hexen-1-ol | Isomer of feed Adol
30 20.501568 11.6463 0.0902 0.984293181 6.864525 0.916282
60 14.843692 8.040161 0 0.527254859 6.190764 0.085512
90 13.022218 7.546763 0 0.533486323 4.824412 0.117556
120 13.699466 7.542299 0 0.684209501 5.380482 0.092475
150 15.165116 8.590177 0 0.81262416 5.537779 0.224536
180 14.202044 8.495287 0 0.512516343 5.103339 0.090902
210 14.642746 8.467689 0 0.705040102 5.388774 0.081243
240 13.329708 7.417753 0 0.55241792 5.262897 0.09664
270 13.580353 7.44813 0 0.692063303 5.374946 0.065214
300 1291166 7.137836 0 0.587454437 5.072001 0.114368
330 13.090151 7.060624 0 0.751550079 5.212078 0.065899
360 1 1.387616 6.503455 0 0.510320058 4.873841 0

*Reaction condition; Temperature: 80 °C, Reduction Temperature 400 °C, Contact time = 250
g.h/mol, Catalyst weight: 0.205 g, 10% feed, Feed rate: 0.6 ml/h,

Carrier gas: 30 ml/min of hydrogen.
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Table D11 The yield of each product after Trans-2-hexen-1-al hydrogenation over Pt/MoO,SiO,

catalyst reduced at 300°C

fime on %Yield
Stream | %Conversion
(min) Hexanal Hexanol | Trans-2-hexen-1-ol | Isomer of feed Adol

30 20.76984 16.15163 | 0.133725 0.784374 18.85572 0
60 17.15159 11.43046 | 0.115021 1.140134 14.63213 0
90 14.74613 9.164657 | 0.090722 1.139838 12.21524 0
120 13.87587 8.561682 | 0.106391 0.91581 11.62457 0
150 12.96011 7.699945 | 0.097995 0.89112 10.70809 0
180 12.6147 7.228686 | 0.091183 1.056812 10.22008 0
210 11.28754 6.42807 0 0.946111 9.117108 0
240 11.54617 6.491585 | 0.087199 0.975186 9.256886 0
270 11.44916 6.540942 | 0.072067 0.923887 9.324001 0
300 11.5022 6.53962 | 0.080637 0.996921 9.224498 0
330 10.66998 6.503702 0 0.798052 8.673337 0
360 10.964 6.893607 0 0.844185 8.955741 0

*Reaction condition; Temperature: 80 °C, Contact time = 250 g.h/mol, Catalyst weight: 0.205 g,

10% feed, Feed rate: 0.6ml/h, Carrier gas: 30 ml/min of hydrogen.
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Table D12 The yield of each product after Trans-2-hexen-1-al hydrogenation over Pt/Mo0,Si0,

catalyst reduced at 400°C

fime on %Yield
Stream | %Conversion
(min) Hexanal Hexanol | Trans-2-hexen-1-ol | Isomer of feed Adol
30 20.50157 11.6463 0.090171 0.984293 6.865 0.9162821
60 14.84369 8.040161 0 0.527255 6.191 0.0855123
90 13.02222 7.546763 0 0.533486 4.824 0.1175565
120 13.69947 7.542299 0 0.68421 5.38 0.0924754
150 15.16512 8.590177 0 0.812624 5.538 0.224536
180 14.20204 8.495287 0 0.512516 5.103 0.0909022
210 14.64275 8.467689 0 0.70504 5.389 0.0812427
240 13.32971 7.417753 0 0.552418 5.263 0.09664
270 13.63305 7.443588 | 0.06098 0.691641 5.372 0.0651743
300 12.91166 7.137836 0 0.587454 5.072 0.1143681
330 13.09015 7.060624 0 0.75155 512 0.0658994
360 11.88762 6.503455 0 0.51032 4.874 0

*Reaction condition; Temperature: 80 °C, Contact time = 250 g.h/mol, Catalyst weight: 0.205 g,

10% feed, Feed rate: 0.6ml/h, Carrier gas: 30 ml/min of hydrogen.
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Table D13 The yield of each product after Trans-2-hexen-1-al hydrogenation over Pt/Mo0O,SiO,

catalyst reduced at 500°C

Ll %Yield
Stream | %Conversion
(min) Hexanal Hexanol | Trans-2-hexen-1-ol | Isomer of feed Adol
30 59.29069 54.11461 0 0 3.962201 2.938824
60 33.72582 30.41414 0 0.210642 3.101039 0
90 2960575 25.16355 | 0.563525 0.524421 3.043979 0.31027
120 26.65732 29792341 0.354581 1.03396 3.105251 0.240435
150 24.54581 19.80655 | 0.438071 0.987661 3.04002 0.273508
180 23.47515 19.33858 | 0.326599 0.524283 2.932199 0.353497
210 23.62778 19.30389 | 0.622456 0.313885 3.039796 0.347758
240 22.67119 18.18383 0.452158 0.529992 3.126257 0.378955
270 21.59626 16.53094 | 0.426756 0.847018 3.35948 0.432062
300 20.00028 15.46854 | 0.457335 0.330892 3.388717 0.354801
330 18.70628 14.13932 | 0.416262 0.237943 3.51113 0.401619
360 KLO7175 13.667 0.387553 0.196452 3.309268 0.411479

*Reaction condition; Temperature: 80 °C, Contact time = 250 g.h/mol, Catalyst weight: 0.205 g,

10% feed, Feed rate: 0.6ml/h, Carrier gas: 30 ml/min of hydrogen.
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Table D14 The yield of each product after Trans-2-hexen-1-al hydrogenation over Pt/MoO,SiO,

catalyst reduced at 600°C

Hime on %Yield
Stream | %Conversion
(min) Hexanal Hexanol | Trans-2-hexen-1-ol | Isomer of feed Adol
30 89.1402918 | 40.04812 | 45.84897 1.298755 1.754595 0.18985
60 757816732 | 43.66893 | 26.69875 2.495543 2.579288 0.339162
90 66.8379067 | 40.18959 | 19.64047 3.312605 3.436014 0.259236
120 57.8450864 | 36.94714 | 13.48309 3.110005 4.043942 0.260905
150 53.981973€ 4 35.13346 N\ IN29368 2.644555 4.570373 0.340207
180 44.9047128 | 30.55778 | 7.752504 1.826119 4.538348 0.229966
210 40.8703283 | 27.32716 | 6.46166 2.186278 4.677828 0.217399
240 38.1395018 | 26.20544 | 5.204803 1.728133 4,734479 0.266647
270 37.8590318 | 26.26013 | 4.929261 1.578085 4.851113 0.240446
300 33.6458608 | 22.58979 | 3.755662 1.071841 5.937892 0.290677
330 33.2835395 | 22.13568 3.815307 1.040719 6.010127 0.281705
360 32,2034312 | 22.51318 | 3.649964 1.089579 4.807905 0.1428

*Reaction condition; Temperature: 80 °C, Contact time = 250 g.h/mol, Catalyst weight: 0.205 g,

10% feed, Feed rate: 0.6ml/h, Carrier gas: 30 ml/min of hydrogen.
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Table D15 The yield of each product after trans-2-hexen-1-al hydrogenation at contact time

100 g.h/mol
fimeon %Yield
Stream | %Conversion
(min) Hexanal Hexanol | Trans-2-hexen-1-ol | Isomer of feed Adol
30 17.517 14.17864 | 0.338733 0.550553 2.449399 0
60 11.982 8.627883 | 0.391659 0.48371 2,237049 0.241217
90 11.178 7.213424 0.1058 0.620589 2.871127 0.366826
120 8.5694 5.803542 | 0.155205 0.345882 1.99154 0.273256
150 7.5623 5.133783 | 0.149188 0.271394 2.007946 0
180 6.8604 4.166378 | 0.120257 0 1.895513 0.678258
210 6.8358 4.127302 | 0.124195 0.085031 1.901042 0.598268
240 6.2889 3.805355 | 0.096055 0.170936 1.565743 0.650829
270 6.3039 3.749477 | 0.123473 0.296967 1.63053 0.503476
300 6.5586 3.702631 | 0.149777 0.495914 1.564899 0.645392
330 6.3353 3.281854 | 0.174328 0.594634 1.261186 1.023344
360 6.5786 3.684131 | 0.14753 0.871568 1.398972 0.476349

Catalyst weight: 0.069 g, Reduction Temperature 600°C, 5% feed, Feed rate: 1 ml/h,

*Reaction condition; Catalyst: 0.5% Pt/ MoO,Si0,, Temperature: 80 °C,

Carrier gas: 30 ml/min of hydrogen
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250 g.h/mol
Time on %Yield
Stream | %Conversion
(min) Hexanal Hexanol | Trans-2-hexen-1-ol | Isomer of feed Adol
30 89.14 40.04812 | 45.84897 1.298755 1.754595 0.18985
60 75.782 43.66893 | 26.69875 2.495543 2.579288 0.339162
90 66.838 40.18959 | 19.64047 3.312605 3.436014 0.259236
120 57.845 36.94714 | 13.48309 3.110005 4.043942 0.260905
150 53.982 3513316 | 11.29368 2.644555 4.570373 0.340207
180 44.905 30.55778 | 7.752504 1.826119 4538348 0.229966
210 40.87 27.32716 | 6.46166 2.186278 4.677828 0.217399
240 38.14 26.20544 | 5.204803 1.728133 4.734479 0.266647
270 37.859 26.26013 | 4.929261 1.578085 4.851113 0.240446
300 33.646 | 22.58979 | 3.755662 1.071841 5.937892 0.290677
330 33.284 22.13568 | 3.815307 1.040719 6.010127 0.281705
360 32.203 2251318 | 3.649964 1.089579 4.807905 0.1428

Catalyst weight: 0.2049 g, Reduction Temperature 600°C, 10% feed, Feed rate: 0.6 ml/h,

*Reaction condition; Catalyst: 0.5% Pt/ MoO,SiO,, Temperature: 80 °C,

Carrier gas: 30 ml/min of hydrogen
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300 g.h/mol
Time on o Yield
Stream | %Conversion
(min) Hexanal Hexanol | Trans-2-hexen-1-ol | Isomer of feed Adol
30 97.3723 3.572434 | 88.90868 0 4.891189 0
60 98.6505 5.977111 | 90.96383 0 1.709565 0
90 97.77787 1221185 | 84.01931 0 1.546705 0
120 95.62231 20.40707 | 73.87372 0 1.34152 0
150 94.79877 27.32599 4- $5:91021 0 1.56278 0
180 9327532 39.04983 | 53.04299 0 1.1825 0
210 91.57593 40.91886 | 49.27835 0 1.095192 0.283537
240 92.70871 41.90049 | 49.38802 0 1.09095 0.329261
270 90.58582 45.68623 | 42.97668 0.903 1754 0.664603 0.355155
300 91.80036 4546986 | 43.29859 1.754281 0.914249 0.363383
330 92.53149 44.75317 45.594357 1.436903 0.404336 0.342727
360 92,11677 4451676 | 45.04495 1.441513 0.629854 0.483685

Catalyst weight: 0.206 g, Reduction Temperature 600°C, 5% feed, Feed rate: 1ml/h,

*Reaction condition; Catalyst: 0.5% Pt/ MoO,Si0,, Temperature: 80 °C,

Carrier gas: 30 ml/min of hydrogen
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Table D18 The yield of each product after trans-2-hexen-1-al hydrogenation at contact time

500 g.h/mol

Timeon %Yield

Stream | %Conversion

(min) Hexanal Hexanol Trans-2-hexen-1-ol | Isomer of feed Adol

30 100 0.103484657 | 98.50052209 1.395993254 0 0
60 99.783 0.216670202 | 99.04887458 0.51739078 0 0
90 99.801 0.528278505 | 98.73109125 0.541741728 0 0
120 99.71 1.068241731 | 98.07431034 0.567029522 0 0
150 99.656 1.975473226 | 97.03990402 0.640932921 0 0
180 99.761 3.517826872 | 95.59758607 0.645455059 0 0
210 99.776 4725986551 | 94.12251948 0.927101113 0
240 99.767 6.461759223 | 92.1 8900415 1.115742398 0
270 99.766 8.932284854 | 89.56086812 1.272896161 0 0
300 99.803 9.855545182 | 88.61971125 132762632 0 0

*Reaction condition; Catalyst: 0.5% Pt/ MoQO,S8i0,, Temperature: 80 °C,

Catalyst weight: 0.205 g, Reduction Temperature 600°C, 5% feed, Feed rate: 0.6 ml/h,

Carrier gas: 30 ml/min of hydrogen






