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CHAPTER |

INTRODUCTION

1.1 Rational

The liquid-phase selective hydrogenation of alkyne to alkene remains one of
the most intensely studied fields of research in catalysis, particularly in the field of
fine chemical productions and pharmaceuticals [1, 2]. Many intermediate valuable
compounds can be produced or the undesired compounds can be removed using
this reaction [3, 4]. Generally, liquid-phase selective hydrogenation can be performed
in batch type slurry process or continuous flow process but a large number of these
reactions are carried out using batch type operation. The main goal of this reaction is
to obtain the highest alkenes selectivity with high activity in alkynes hydrogenation.

The liquid-phase selective oxidation of alcohol to the corresponding
aldehyde is an importance transforming functional groups in organic synthesis,
especially for primary alcohol [5, 6]. The corresponding aldehydes or ketones are
both valuable intermediates and high value products for the pharmaceuticals,
agrochemicals, and perfume industries [7]. Traditionally, the oxidation of alcohol has
been carried out using stoichiometric oxygen donors such as chromate or
permanganate. However, recently using of environmentally benign oxidants (e.g.
molecular oxygen) with the heterogeneous transition metal catalysts has been
received more attention [8, 9].

Heterogeneous catalysts which prepared from the noble metals group VIl
especially for Pd metal, have received much interested in both liquid-phase selective
hydrogenation of alkyne to alkene and liquid-phase selective oxidation of alcohol to

aldehyde because they exhibit high catalytic activity and less agglomeration of active



species during chemical reaction, enable easy catalyst recovery and simplify catalyst
handling. Additionally, the performance of noble metal catalysts has been found to
be dependent on several factors such as liquid composition (substrate structure,
solvent effect, etc.), catalyst nature (elemental composition, morphology, support
effects, modifiers, etc.) and reaction conditions (temperature, pressure, etc.). For the
liquid-phase selective hydrogenation of alkyne, the Pd catalysts have the unique
ability to selectively hydrogenation [10]. As similar as for the liquid-phase selective
oxidation of alcohol, Pd catalysts have attracted considerable attention because they
show the superior catalytic performance relative to non-noble metals [11], including
they can catalyze aerobic oxidation of both primary and secondary alcohols.

Several supports have been used for catalyst preparations such as SiO, [12,
13], AlLO5 [14-17], carbon [18, 19], mesostructure silica [6, 20] or TiO, [4, 21-24].
However, it is well known that TiO, is a reducible metal oxide support and it shows
the strong interaction with group VIII noble metals than other metal oxide such as
SiO, or ALOs [4, 25-28]. In this case, the catalytic performance in hydrogenation can
be improved. Although, the effect of strong metal-support interaction (SMSI) was not
much reported in selective oxidation of alcohol, Pd supported on TiO, catalyst also
exhibited the good catalytic performance in selective oxidation of alcohol. Therefore,
Pd supported on TiO, catalyst has attracted much attention for both reactions,
selective hydrogenation of alkyne and selective oxidation of alcohol.

Titanium dioxide or TiO, is a versatile material used as pigment, UV-filter,
coating, catalyst or catalyst support. For catalyst support, it exhibits attractive
characteristics such as chemical stability, non-toxicity, environmental friendly and

low cost. Generally, TiO, has three main crystal structures e.g. anatase, rutile and



brookite, and each structure exhibits different physical properties. Yuanzhi Li and co-
worker [28] reported that Pd supported on anatase-TiO, manifested the strong-metal
support interaction (SMSI) easier than Pd supported on rutile-TiO,. In this case, the
Pd/TiO, catalysts with SMSI were found to exhibit higher selectivity for anatase -TiO,
supported Pd catalyst than rutile-TiO, supported one. Therefore, TiO,-anatase has
been extensively used as catalyst support. Moreover, in my previous work the effect
of anatase-TiO, crystallite sizes on the SMSI was investigated in the liquid-phase
selective hydrogenation of phenylacetylene [4, 27]. It was found that reduction with
H, at high temperature (500°C) resulted in the SMSI for the nano-sized TiO,
supported Pd catalyst but not for the micron-sized TiO, supported one. The SMSI
appeared to be necessary for high catalytic performance of the Pd/TiO, catalysts in
the liquid-phase selective hydrogenation of phenylacetylene to styrene. However,
high metal dispersion is an important factor affecting catalytic activity in the liquid-
phase hydrogenation. From our knowledge, the Pd supported on micron-TiO,
showed low Pd dispersion, sintering of Pd metal and absented of SMSI effect at high
temperature reduction. Thus, the improvement of metal catalysts dispersion on the
micron-sized TiO, is necessary for the liquid-phase selective hydrogenation.
Generally, support modification is used for changing surface properties of
support such as surface area, surface defect, surface acidity or basicity of the
support, etc., which results in dispersion of active metal catalyst. Both of organic and
inorganic compounds have been used for support modification. Nevertheless, the
modification of TiO, support with organometallic compounds various functional
groups has attracted wide attention. Because of different functional groups on TiO,

surface affects to weak or strong interaction of subsequent binding metal. There are



many functional groups which used to modify the metal oxide supports such as
phosphonate, carboxylate or amine. Among of these, amine functional group is
frequently used to modify the metal oxide supports. Terminal amine is generally
obtained from silane coupling agents such as 3-(aminopropyUtriethoxysilane (APTES),
3-(aminopropyl)diethoxysilane (APDES), or 3-(@aminopropyl)monoethoxysilane (APMES)
etc. APTES is one of the most typical agent that use to modify on metal oxide
because APTES tends to organize on oxide surface into self-assembled monolayer
and free amine groups give high binding affinity to stabilize metal nanoparticles [29-
31]. Nevertheless, the APTES attachment on TiO, to promote the dispersion of Pd
catalyst has not been investigated. Furthermore, particular problem related to APTES
modification is its tendency to form multilayer instead of monolayer and it can be

occurred reverse attachment on the surface of metal oxide.

1.2 Research objectives

1. To investigate the characteristics of surface modification of TiO, supports
with  3-(@aminopropyUtriethoxysilane (APTES) by post synthesis grafting
method.

2. To investigate the characteristics and catalytic properties of Pd supported on
APTES modified-TiO, catalysts prepared by electroless deposition (ED),
sonochemical (SN), and sol immobilization (IM) methods in the liquid-phase
selective hydrogenation of 3-hexyn-1-ol to cis-3-hexen-1-ol and the solvent
free liquid-phase selective oxidation of benzyl alcohol to benzaldehyde.

3. To investigate the characteristics and catalytic properties of Pd supported on

TiO, catalysts prepared by sonochemical method with H, reduction



compared with that one prepared by incipient wetness impregnation
method in the liquid-phase selective hydrogenation of phenylacetylene to

styrene.

1.3 Research scopes

Part I, I

1.

Commercial TiO, support available from Sigma-Aldrich has been used in this
research.

The TiO, support was modified by APTES under various concentrations of
APTES 0.1, 1, and 10 mM by post synthesis grafting method.

Pd catalysts supported on the APTES modified TiO, were prepared by
different preparation methods, electroless deposition, sonochemical and sol
immobilization methods with Pd loading ca. 1% by weight.

The APTES modified TiO, supports and all 1%Pd/TiO, catalysts were
characterized by several techniques such as X-ray diffraction (XRD), Fourier
transforms infrared spectroscopy (FTIR), inductively coupled plasma (ICP),
scanning electron microscopy (SEM), transmission electron microscopy (TEM),
and X-ray photoelectron spectroscopy (XPS).

The catalytic performances of all 1%Pd/TiO, catalysts were evaluated in both
reactions. The first one is the liquid-phase selective hydrogenation of 3-
hexyn-1-ol to cis-3-hexen-1-ol using 100 ml stainless steel autoclave reactor
and the second one is the solvent free liquid-phase selective oxidation of

benzyl alcohol to benzaldehyde using 50 ml glass stirred reactor.



Part Il

1. Pd supported on TiO, catalysts were prepared by sonochemical with H,
reduction and incipient wetness impregnation method with Pd loading ca.
1% by weight.

2. All 1%Pd/TiO, catalysts were characterized by several techniques such as X-
ray diffraction (XRD), CO pulse chemisorption, transmission electron
microscopy (TEM), and X-ray photoelectron spectroscopy (XPS).

3. The catalytic performances of all 1%Pd/TiO, catalysts were evaluated the
liquid-phase selective hydrogenation of phenylacetylene to styrene using 50

ml stainless steel autoclave reactor.



1.4 Research methodology

Part I, Il

TiQ> - anatase

Surface modification of TiOz support with
3-(aminopropyljtriethoxysilane (APTES)
AFPTES concentrations: 0.1, 1.0, 10.0 mM

Characterization by XRD, SEM, XPS, FTIR

Study the effect of Pd deposition method

l

. l

Electroless deposition
(ED)

Sonochemical Sol immaobilization
(SM) (IM)

.

'

¥

Characterization by XRD, TEM, XPS, FTIR

'

!

!

Reaction study in solvent-free Reaction study in liquid-phase
liguid-phase selective
oxidation of benzyl alcohol of 3-hexyn-1-ol

selective hydrogenation




Part Il

TiD; - anatase

Study the effect of Pd deposition method

]
l l
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Characterization by ¥*RD, TEM, XPS, CO-chemisorption

- Reduced at 40°C, 500°C (SMSI)

- Reaction study in liguid-phase selective hydrogenation of phenylacetylene




CHAPTER Il
THEORY

2.1 Titanium dioxide (TiO,)

Titanium dioxide, titanium (IV) oxide or well-known as titania is the naturally
occurring oxide of titanium. Its chemical formula is TiO,. There are three major
different crystalline structures, anatase (tetragonal), rutile (tetragonal) and brookite
(orthorhombic). Their crystalline structures are illustrated in Figure 2.1. Rutile is the
most thermally stability form. Anatase and brookite tend to be more stable at lower
temperatures and they transformed to rutile with upon heating. The transformation
from anatase to rutile is accompanied by the evolution of ca. 12.6 ki/mol (3.01
kcal/mol), but the rate of transformation is greatly affected by temperature and by
the presence of other substance which may either catalyze of inhibit the reaction.
The change is not reversible; AG for the change from anatase to rutile is always
negative. While anatase and rutile TiO, have been extensively studied and used in

many aspects, brookite TiO, is scarce and difficult to purify.

(a)

Figure2. 1 Crystal structures of (a) anatase, (b) brookite, and (c) rutile
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Both of rutile and anatase forms have a structure belonging to tetragonal
crystal system but they are not isomorphous. The two tetragonal crystal types are
more common because they are easy to make. Anatase occurs usually in near-
regular octahedral, and rutile forms slender prismatic crystal, which are frequently
twinned.

2.1.1 Applications of TiO,

In the last decade, titanium dioxide is one of the most important materials for
several industrials such as using as white pigment (e.g. cosmetics or plaints), gas
sensor, solar cell, corrosion protective coating, photocatalyst, catalyst support and

etc. The major applications are demonstrated follow these topics.
® Pigment

Titanium dioxide is the most widely used white pigment because of its
brightness and very high refractive index (n = 2.7), in which it is surpassed only by a
few other materials. Approximately 4 million tons of pigmentary TiO, are consumed
annually worldwide. When deposited as a thin film, its refractive index and colour
make it an excellent reflective optical coating for dielectric mirrors. TiO, is also an
effective opacifier in powder form, where it is employed as a pigment to provide
whiteness and opacity to products such as paints, coatings, plastics, papers, inks,
foods, medicines (i.e. pills and tablets) as well as most toothpastes. Opacity is

improved by optimal sizing of the titanium dioxide particles.

Used as a white food coloring. Titanium dioxide is often used to whiten
skimmed milk; this has been shown statistically to increase skimmed milk's
palatability [32]. In cosmetic and skin care products, titanium dioxide is used both as

a pigment and a thickener. It is also used as a tattoo pigment and in styptic pencils.
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http://en.wikipedia.org/wiki/Cosmetics
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This pigment is used extensively in plastics and other applications for its UV resistant
properties where it acts as a UV absorber, efficiently transforming destructive UV light

energy into heat.

In ceramic glazes titanium dioxide acts as a pacifier and seeds crystal
formation. Titanium dioxide is found in almost every sunscreen with a physical
blocker because of its high refractive inde, its strong UV light absorbing capabilities
and its resistance to discoloration under ultraviolet light. This advantage enhances its
stability and ability to protect the skin from ultraviolet light. Sunscreens designed for
infants or people with sensitive skin are often based on titanium dioxide and/or zinc
oxide, as these mineral UV blockers are believed to cause less skin irritation than
chemical UV absorber ingredients. The titanium dioxide particles used in sunscreens
have to be coated with silica or alumina, because titanium dioxide creates radicals in
the photocatalytic reaction. These radicals are carcinogenic, and could damage the

skin.

®  Photocatalyst

Titanium dioxide, particularly in the anatase form, is a photocatalyst under
ultraviolet light. Recently it has been found that TiO,, when spiked with nitrogen ions
or doped with metal oxide like tungsten trioxide, is also a photocatalyst under visible
and UV light. The strong oxidative potential of the positive holes oxidizes water to
create hydroxyl radicals. It can also oxidize oxygen or organic materials directly. TiO,
is thus added to paints, cements, windows, tiles, or other products for its sterilizing,
deodorizing and anti-fouling properties and is used as a hydrolysis catalyst. It is also

used in the Graetzel cell, a type of chemical solar cell.


http://en.wikipedia.org/wiki/Ceramic_glaze
http://en.wikipedia.org/wiki/Crystal
http://en.wikipedia.org/wiki/Sunscreen
http://en.wikipedia.org/wiki/Ultraviolet
http://en.wikipedia.org/wiki/Zinc_oxide
http://en.wikipedia.org/wiki/Zinc_oxide
http://en.wikipedia.org/wiki/Absorber
http://en.wikipedia.org/wiki/Silica
http://en.wikipedia.org/wiki/Alumina
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http://en.wikipedia.org/wiki/Carcinogen
http://en.wikipedia.org/wiki/Photocatalysis
http://en.wikipedia.org/wiki/Redox
http://en.wikipedia.org/wiki/Electron_hole
http://en.wikipedia.org/wiki/Water
http://en.wikipedia.org/wiki/Hydroxyl_radical
http://en.wikipedia.org/wiki/Hydrolysis
http://en.wikipedia.org/wiki/Catalyst
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12

The photocatalytic properties of titanium dioxide were discovered by Akira
Fujishima in 1967 and published in 1972 [33, 34]. TiO, has potential for use in energy

production: as a photocatalyst,

(1) TiO, can carry out hydrolysis; i.e., break water into hydrogen and
oxygen. Were the hydrogen collected, it could be used as a fuel. The efficiency of
this process can be greatly improved by doping the oxide with carbon.

(2) TiO, can also produce electricity when in nanoparticle form. Research
suggests that by using these nanoparticles to form the pixels of a screen, they
generate electricity when transparent and under the influence of light. If subjected to
electricity on the other hand, the nanoparticles blacken, forming the basic
characteristics of a LCD screen.

" Catalyst support

TiO, has been extensively used as catalyst support, particularly TiO,-anatase,
since it exhibits a large number of attractive characteristic such as chemical stability,
non-toxicity, low cost and high oxidation rates. Because heterogeneous catalysts
consist of small metal clusters on the metal oxide support, many growth studies of
metals on TiO, were performed. These metal/TiO, systems often serve as a model
for other metal/oxide surfaces. It is well known that the role of TiO, on catalytic
activity is more complex than simple to increase catalyst surface area and
interactions between the catalyst and TiO, may occur that lead to changes in
reactivity and selectivity [35]. This change in catalytic properties has been attributed
to the strong-metal support interaction effect (SMSI). It is the encapsulation of the

metal particles by a reduced TiO, overlayer.


http://en.wikipedia.org/wiki/Akira_Fujishima
http://en.wikipedia.org/wiki/Akira_Fujishima
http://en.wikipedia.org/wiki/Hydrolysis

13

Strong metal support interaction (SMSI) was found by Tauster et al in 1978.
[36] SMSI is the loss of the metal's ability to chemisorb molecules which normally
react without difficulty at metal surfaces: hydrogen and carbon monoxide [37].
Generally, the SMSI account for the changes in catalytic activity when the group VI
metals Fe, Ni, Rh, Pt, Pd, and Ir, supported on reducible oxides (TiO,, TaOs, CeO,,
NbO, etc.), are reduced at elevated temperature. Furthermore, the effect of high
reduction in hydrogen at high temperature is not to cause particle growth by
sintering, so the loss of chemisorption capacity cannot be attributed to this. However
transmission electron microscopy has revealed suggestions of alteration in the
morphology of metal particles. Another notable feature of SMSI is that it is reversed
by oxidizing conditions. Oxygen chemisorption is not suppressed, and any

explanation of the effect must take account of this.

2.2 Palladium

Palladium is one of the six platinum group metal (the others being Pt, Rh, Ru,
Ir, and Os). These metals commonly occur together in nature. These have similar
chemical properties, but palladium has the lowest melting point and is the least
dense of them. Palladium, as well as Pt, and sometimes Ir, is considered to be a
precious and noble metal. Palladium does not tarnish in air at room temperature.
Common oxidation states of palladium are 0, +1, +2 and +4. Although originally +3
was thought of as one of the fundamental oxidation states of palladium, there is no
evidence for palladium occurring in the +3 oxidation state; this has been investigated
via X-ray diffraction for a number of compounds, indicating a dimer of palladium(ll)

and palladium(lV) instead.


http://en.wikipedia.org/wiki/Oxidation_state
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Palladium has unique catalytic properties in homogeneous and in
heterogeneous reactions. In heterogeneous catalysis palladium is used for oxidation
and hydrogenation reactions. One of the most remarkable properties of palladium is
the ability to dissociate and dissolve hydrogen. Atomic hydrogen occupies the
octahedral interstices between the Pd atoms of the cubic-closed packed metal.
Palladium can absorb up to 900 times of its own volume of hydrogen at room

temperature.

Table 2.1 Physical properties of palladium

Property Palladium
Atomic number 46

Atornic weight (g.mol) 106.42
Atomic radius (pm) 137
Density (g.cm ) 12.023
Electron configuration [Kr] 4d’°
Crystal structure fcc
Melting point (K) 1827

Palladium, the preferred metal of choice for alkynes selective hydrogenation,
is normally used as a supported heterogeneous catalyst and frequently in presence
of some form of additive to promote selectivity. Activity of palladium for
hydrocarbon hydrogenation is based on the ability for the dissociative adsorption of
hydrogen and chemisorption of unsaturated hydrocarbons. Palladium shows a strong
deactivation behavior because of hydrocarbon and carbon deposits. For

heterogeneous system in particular catalyst performance is strongly influence by,
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firstly the ability to get reactant to the active sites, then to establish the optimum
hydrogen-to-hydrocarbon surface coverage, and, finally, the rapid removal of the

hydrogenated products.

2.3 Electroless deposition

Electroless deposition is an autocatalytic redox process in which metal ions
are chemically reduced with an appropriate reducing agent at catalytic surface sites
in the absence of any external electrical source leading to induce uniform metallic
atoms deposited on substrate. This process has received more attention mainly due
to its capability for metallization of non-conducting materials such as glass, ceramics
and polymers. Nowadays, electroless deposition has been involved in many
applications such as electronics industry and ceramic membrane etc. The advantages
of electroless depositions are summarized as following:

®  This process is simple and low cost.

Uniform metals deposited on substrate can be obtained.

The metallization can be occurred on non-conducting substrates.

B This process does not require the external electric sources.

® It gives a good adhesion between metal and substrate surface.

However, there are some disadvantages which can be observed in electroless
deposition such as low deposition rate, metal loss, and difficult control of metal film
thickness [38]. Generally, the conventional electroless deposition is consisted of
three important processes, pretreating process, activation or sensitization process,

and electroless plating process.
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| Pretreating process

In order to achieve good metal adhesion and control electroless plating,
surface cleaning is an essential step, especially for non-conducting surface (plastics or
ceramics). The composition of chemicals etching depended on the nature of
substrate. Generally, alkaline and acid solutions are frequently used such as NaOH or
HCl, etc. After pretreating process, the substrate surface which is not inherently
catalytic, must be activated prior to electroless plating. Typically, Pd based catalysts
are often used for the electroless metallization of dielectric materials and produce a
seed layer of Pd on the surface.

Il.  Activation or sensitization process

A widely used Pd catalyst is based on combination of Sn and Pd chemistry.
There are two conventional methods have been applied to catalyze the substrate
surface. First one is a two-step process, which the substrate is placed in SnCl,
solution following by activated in PdCl, solution. Second one is one-step process,
which the mixture of SnCl,-PdCl, colloidal solution is used for activation. However,
the most extensively used system is the one-step process.

In this research, we used the one-step activation process for catalyst
preparation. The Pd/Sn catalysts are prepared by mixing PdCl, with a large excess of
SnCl, in HCl solution. The Pd”™" ions are reduced to metallic Pd’ by SnCl, via the
following redox reaction.

Pd” +5n”" — Pd +sn”
In this step, tin is not only acted as the reducing agent for Pd ions but it also

stabilizes the small Pd nuclei via a strong Sn* adsorption [39]. The Pd nuclei
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covering by sn'* species are distributed over the substrate surface, which become
catalytically active for the successive deposition of a Pd metal layer.

. Electroless plating process

For electroless plating process, the reducing metal ions by chemical reduction
are deposited on substrate by control the pH of plating bath. In this research, Pd
plating bath is used for prepared Pd/TiO, catalysts. Sodium hypophosphite was
selected as reducing agent which used to reduce Pd”" ions to metallic Pd". The Pd”"
reduction by sodium hypophosphite can be written as following:

Pd™" + 2H,PO, + 2H,0 — Pd’ + 2H,PO5 + H, + 2H'

In addition, ammonium chloride (NH4Cl) and ammonium hydroxide (NH,OH) were
used as a stabilizing agent and buffer solution for adjust the pH of electroless plating

bath, respectively.

2.4 Hydrogenation of alkyne

Catalytic hydrogenation reaction is a well-known versatile reaction widely used
in organic syntheses. Many functional groups contained in organic substrates can be
hydrogenated to produce several useful compounds which has been used for wide
applications such as monomers for production of various polymers, fats and oil for
producing edible and no edible products, and intermediates used in pharmaceutical
industry. Hydrogenation processes are often carried out in a small scale in batch
reactor. Batch processes are usually most cost effective since the equipment need
not to be dedicated to a single reaction. Typically the catalyst is powdered and
slurries with reactant; a solvent is usually present to influence product selectivity

and to adsorb the reaction heat liberated by the reaction. Since most hydrogenations
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are highly exothermic, careful temperature control is required to achieve the desired
selectivity and to prevent temperature runaway.

Selective hydrogenation of alkyne to alkene is an addition of hydrogen to a
carbon-carbon triple bond in order to produce only alkene product. The overall
effect of such an addition is the reductive removal of the triple bond functional
group. The simplest source of two hydrogen atoms is molecular hydrogen (H,), but
mixing alkyne with hydrogen does not result in any discernable reaction. However,
careful hydrogenation of alkyne proceeds exclusively to the alkene until the former
is consumed, at which point the product alkene is very rapidly hydrogenated to an
alkane. Although the overall hydrogenation reaction is exothermic, high activation
energy prevents it from taking place under normal conditions. This restriction may be

circumvented by the use of a catalyst, as shown in the following diagram.
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Catalysts are substances that change the rate (velocity) of a chemical reaction
without being consumed or appearing as part of the product. Catalysts act by
lowering the activation energy of reactions, but they do not change the relative
potential energy of the reactants and products. Finely divided metals, such as
platinum, palladium and nickel, are among the most widely used hydrogenation
catalysts.

Selective hydrogenation of alkyne to alkene is the reaction which takes place
on the surface of the metal catalyst. The mechanism of the reaction can be
described in four steps:

Step 1: Hydrogen molecules react with the metal atoms at the catalyst
surface. The relatively strong H-H sigma bond is broken and replaced with two weak

metal-H bonds.

X—C=C—Y

Step 2: The pi bond of the alkyne interacts with the metal catalyst weakening
the bond. A hydrogen atom is transferred from the catalyst surface to one of the

carbons of the triple bond.
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Step 3: The pi bond of the alkyne interacts with the metal catalyst weakening
the bond. A second hydrogen atom is transferred from the catalyst surface forming

alkene product.

X Y

~N._

c=cC

Step 4: The alkene is released from the catalyst's surface allowing the catalyst

to accept additional hydrogen and alkene molecules.
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In this research, the liquid-phase selective hydrogenation of 3-hexyn-1-ol was
investigated. The selective hydrogenation of 3-hexyl-1-ol gives a valuable fragrance
left alcohol, cis-3-hexen-1-ol. The general reaction pathways of 3-hexyn-1-ol are

shown in Figure 2.2.

Cis-3-hexen-1-ol
aVad
X
H, H, VAVAVAN
OH _ + _ OH
1-Hexanol
VAVAVAN

OH H2

3-Hexyn-1-ol

Trans-3-hexen-1-ol

+

Other isomerization Products

Hexane

Figure2.2 General reaction pathways of 3-hexyn-1-ol hydrogenation

First step, 3-hexyn-1-ol substrates can be hydrogenated to cis-3-hexen-1-ol
and trans-3-hexen-1-ol and then further hydrogenated to 1-hexanol and hexane,
respectively. However, the desired product for this reaction is cis-3-hexen-1-ol. The
byproducts are trans-3-hexen-1-ol, other isomerization products, 1-hexanol and

hexane.
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2.5 Benzyl alcohol oxidation

Alcohol oxidation is an importance organic reaction to produce many
intermediated organic compounds such as aldehyde, carboxylic acid, or ketone.
Alcohol oxidation commonly involves the removal of the hydroxyl group (-OH group)
and a hydrogen group from the alcohol and replaces it with oxygen by forming a
carbon-oxygen double bond. Theoretically, only primary and secondary alcohol will
undergo oxidation reaction. Tertiary alcohol cannot undergo any oxidation process.
Primary alcohols are oxidized initially to form aldehydes and further oxidized to form
carboxylic acids whereas secondary alcohols are oxidized to ketones. The end
products of alcohol oxidation produce different functional groups depended on the
type of alcohol used.

The selective oxidation of benzyl alcohol to benzaldehyde is one of the most
importance and versatile reaction for transforming functional groups in organic
synthesis of fine chemical industry [6, 40, 41]. Benzaldehyde is a valuable
intermediate for many organic compounds, which widely used in the pharmaceutical,
perfume, plastic, dyestuff, and agrochemical industries. Typically, commercial
benzaldehyde is produced mainly through the hydrolysis of benzyl chloride and the
oxidation of toluene [19]. The benzaldehyde that produced from these routes is
suffered from the problem of chlorine contamination with poor selectivity. The
solvent-free liquid phase selective oxidation of benzyl alcohol by using molecular
oxygen is the preferable reaction route for the production of chlorine free
benzaldehyde with high selectivity [24, 42]. Many heterogeneous catalyst systems
such as Ru catalysts [43, 44] , Co catalysts [45], Au catalysts [46-48], and Pd catalysts

[6, 40, 49-51] have been reported to be active for the selective oxidation of benzyl
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alcohol. Among of these, Pd catalysts appear to be very promising ones because high
activity and high selectivity can be obtained simultaneously.

In this research, all 1%Pd/TiO, catalysts derived by different preparation
methods were evaluated in the solvent free liquid phase selective oxidation of

benzyl alcohol to benzaldehyde. The reaction pathways are shown in Figure 2.3.

/ Benzene
CH,OH

5-G-

Benzyl alcohol Benzaldehyde Benzoic acid GHON

\ "

Benzyl benzoate
Toluene

Figure2.3 General reaction pathways of benzyl alcohol oxidation [52]



CHAPTER 1lI

LISTERATURE REVIEWS

3.1 Supported Pd catalyst in liquid-phase hydrogenation

F. Arena et al. [53] investigated the catalytic behavior of palladium supported
on oligomeric aramides in the liquid phase selective hydrogenation of
phenylacetylene to styrene, by comparison with conventional Pd-supported systems,
such as Pd/oligo-p-phenylenterephthalamide (OPTA), Pd/carbon, Pd/AlL,O; and
Pd/SiO,. The influences of the reduction temperature and metal loading on the
activity/selectivity of the title reaction are explained in terms of different reducibility
patterns of the catalysts, as well as in the light of a peculiar support effect of the
organic matrix on Pd particles.

M.G. Musolino et al. [54] studied liquid phase hydrogenation and
isomerization of some a,B-unsaturated primary and secondary alcohols have been
investigated in tetrahydrofuran over a 2.5% TiO, supported palladium catalyst at 303
K'and 0.01 MPa partial hydrogen pressure. The double bond isomerization reaction of
these substrates leads also to formation of the corresponding saturated aldehydes or
ketones. Catalytic activity and selectivity were found to depend strongly on the steric
and electronic effects of the substituents on the double bond of the alcohol.

T.A. Nijhuis et al.[55] studied to optimized palladium catalyst systems for the
selective liquid-phase hydrogenation of alkyne to alkene. As a model reaction the
hydrogenation of 3-methyl-1-pentyn-3-ol was chosen. This paper discussed the
preparation of palladium on silica catalysts and different manners to optimize the
catalysts system: by preparing bimetallic copper-palladium catalysts and by adding

reaction modifiers to the system. The results show that addition of a small amount
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of copper to a palladium catalyst increased the catalyst selectivity while the activity
is retained. The selectivity enhancing effect of copper can be explained by copper
decreasing the relative adsorption strength of the alkene compared to that of the
alkyne. Alternatively copper addition can increase the selectivity by reducing the size
of the available ensembles of palladium sites, assuming for the alkene hydrogenation
larger ensembles are required than for the alkyne hydrogenation. Moreover, the
addition of a reaction modifier like quinoline can help to increase the yield of the
desired product. The effect of quinoline seems to be partly by blocking the
adsorption of adsorption sites on the catalyst resulting in a lower catalyst activity and
changing mass-transfer influences. Secondly electronic effects of quinoline change
the relative adsorption strength of the reactant and product molecules. However,
using a PdCu catalyst is preferable to using a reaction modifier, since adding a
reaction modifier makes and additional separation step in the process necessary.

J. Panpranot et al. [56] studied the differences between Pd/SiO, and Pd/MCM-
41 catalysts in liquid-phase hydrogenation of 1-hexene. SiO,-small pore, SiO,-large
pore, MCM-41-small pore and MCM-41-large pore were used as supports. The
catalysts were prepared by incipient wetness impregnation. The reaction was carried
out at 25°C and 1 atm in a stainless steel Parr autoclave. The results showed that
the characteristics and catalytic properties of the silica supported Pd catalysts in
liquid-phase hydrogenation of 1-hexene were affected by type of silica, pore size and
pore structure. The catalyst activities were found to be merely dependent on the Pd
dispersion, which as itself a function of the support pore structure. Among the four

types of the supported Pd catalysts used in this study, Pd/MCM-41-large pore
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showed the highest Pd dispersion and the highest hydrogenation rate with the lowest
amount of metal loss.

M. G. Musolino et al. [57] studied the effect of metal particle size and
supports of palladium catalysts in selective liquid phase conversion of cis-2-butene-
1,4-diol affording also, when hydrogenated, 2-hydroxytetrahydrofuran. Palladium
catalysts on different supports (SiO,, AL,Os, TiO,, ZrO,, MgO and ZnO) have been
tested. The metal particle size was determined by TEM. The acidic properties of the
catalysts were studied by FT-IR spectroscopy using pyridine as probe molecule. The
influence of some preparative variables, such as the particle size, the support, the
partial hydrogen pressure, on the catalytic behavior of palladium catalysts has been
investigated. TEM measurements indicated that Pd particles diameter observed was
in the range 2.5-10 nm. No significant variation of TOF and selectivity values with the
metal particle size was observed in this range. Moreover, the activity and the
selectivity towards reaction products were found to be strongly dependent on the
acid-base characteristics of the support. The acid systems have been found more
active and selective to isomerisation and hydrogenolysis products than the basic
ones. No hydrogenolysis reaction was observed on basic supports. Among the
examined  catalysts, Pd/TiO, resulted the most selective to  2-
hydroxytetrahydrofuran.A maximum vyield to this compound of about 74% was, in
fact, obtained at 0.01 MPa of H, pressure.

B. C. Campo et al. [58] studied the selective hydrogenation of crotonaldehyde
in liquid phase over different palladium- and platinum-based catalysts (Pd-Pb/a-
ALOs, Pd-Zn/a-Al,0s, Pd/ZnO, and two Pt/ZnO samples, prepared from

Pt(NH3)4(NOs), and H,PtCly, respectively). It was found that the intrinsic selectivity of
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palladium cannot be modified by alloying or following a promotion with a second
metal, and the selectivity of crotyl alcohol measured over palladium-based samples
is nil or extremely low. The selectivity corresponding to the Pt/ZnO catalysts
increases with the time-on-stream reaching high levels. The formation of a Pt-Zn
alloy is the origin of the enhanced selectivity toward crotyl alcohol; this effect is
more pronounced for the sample that has been prepared from H,PtCle.

G. Alvez-Manoli et al. [59] studied the effect of mesostructured materials in
the stereoselective hydrogenation of 3-hexyne at 298K and 40 psig pressure of H,
over Pd-supported catalysts at different substrate:palladium (S:Pd) molar ratios. The
catalysts were prepared by impregnation using a toluene solution of Pd(acac), to
obtain a metal content close to 1 wt.% over SBA-15 with one-dimensional hexagonal
structure, MCM-48 silica with cubic structure and three-dimensional pore system and
MSU-y-alumina with a lathlike particle morphology. The results show that, in general,
the Pd supported on mesostructured solids are effective catalysts for the
stereoselective hydrogenation of 3-hexyne to cis-3-hexene in toluene. The most
active catalyst was 1% Pd/SBA-15 in comparison to 1% Pd/MSU-y, 1% Pd/MCM-48
and commercial 1% Pd/Al,O5 catalysts. This behaviour can be attributed to several
factors such as (i) the mesoporous framework effect which mediates substrate access
to active sites on the palladium particles and diffusion of the cis-olefin away from
active sites, (ii) differences in the textural porosity observed for these catalysts which
also mediates substrate and product diffusion to and from active sites and (iii) the
size of the metal particles or the metal particle dispersion effect on the catalysts.
The reactions were found to be zero with respect to 3-hexyne concentration. The

starting 3-hexyne produces primarily cis-3-hexene, which subsequently is either
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hydrogenated to hexane or isomerized to trans-3-hexene and 2-hexenes that are

found in very small amounts depending on the nature of the support used.

3.2 Supported Pd catalyst in alcohol oxidation

L.F. Liotta et al. [60] studied the oxidation state of active metals and catalytic
properties of Pd catalyst and Pd-Ag catalysts supported on pumice in the liquid
phase selective oxidation of benzyl alcohol. Preliminary kinetic of benzyl alcohol
oxidation was studied using an autoclave reactor at pO, 2 atm, 333 K. Under these
conditions, small amounts of benzoic acid were detected with monometallic Pd
pumice being the most active catalyst. In addition, the catalytic activity of the
catalysts was measured after different oxidation and reduction treatment at high
temperature. The structural data which was characterized by XRD, XPS, EXAFS
indicated that Pd’ and Ago species are the active sites with certain synergism.

A. Villa et al. [61] prepared Pd catalysts supported on carbon nanotube which
various surface properties (hydrophilic/hydrophobic) and then studied the catalytic
activities in the liquid phase oxidation of alcohols (benzyl alcohol and glycerol). In
addition, the effect of surface support properties, reactants and solvents were also
investigated. The results indicated that the catalytic activities of catalysts depended
on the match among reactant, solvent and support surface.

Z. Ma et al. [62] investigated the catalytic properties of Pd nanoparticles
confined in the nanocages of the modified SBA-16 in the aerobic oxidation of
alcohol. The catalyst showed high activity for the oxidation of benzylic alcohols, 1-
phenylethanol and allylic alcohols under air or O, atmosphere in water even at

room temperature. The selectivity for the corresponding aldehydes and ketones
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were more than 99% in all the cases investigated. The developed catalyst could be
facilely recovered and reused twelve times without significant decreases in activity
and selectivity.

E. V. Johnston et al. [63] investigated the application of Pd nanoparticles
supported on mesocellular foam catalyst in aerobic oxidation of alcohols under
molecular oxygen and air. A variety of primary and secondary alcohols were used as
alcohol substrates. The catalytic system demonstrated a greater reactivity for
benzylic and allylic alcohols than for aliphatic ones. However, this Pd nanocatalyst
was found to be a highly efficient heterogeneous catalyst for oxidation of alcohols.
Primary and secondary benzylic alcohols were oxidized to their corresponding
carbonyl compounds in high to excellent yield. In addition, the catalyst was found to
be highly stable and was recycled several times without any leaching of the metal.

B. Wang et al. [19] investigated the effect of surface acido-basicity of Pd and
Rh catalysts supported on N-doped mesoporous carbon (NMC), mesoporous carbon
(MQ), pristine and nitric acid treated activated carbons (AC and ACN) in the selective
oxidation of benzyl alcohol. Surface acido-basicity property of catalyst supportwas
found to be a key factor influencing the catalytic performance. Both Pd and Rh
catalysts on the basic NMC support exhibited higher activity and selectivity toward
benzaldehyde than those of MC supported catalysts. While acidic AC and CAN

supported catalysts promote side reactions leading to formation of byproducts.

3.3 Role of TiO, in the selective hydrogenation and oxidation
A. Dandekar and M.A.Vannice [64] studied crotonaldehyde hydrogenation on

Pt/TiO, and Ni/TiO, SMSI catalysts. A kinetic and DRIFTS (diffuse reflectance FTIR)
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investigation of crotonaldehyde adsorption and hydrogenation was conducted over
TiO,-supported Pt and Ni with the intent of gaining insight into the adsorption modes
of molecules with carbonyl groups on these catalysts in the SMSI and non-SMSI
states. Significant enhancement in selectivity toward crotyl alcohol was observed
with each catalyst after reduction at 773 K. DRIFT spectra under reaction conditions
identified crotonaldehyde species strongly adsorbed through the C=C bond and
weakly coordinated through both the C=C and the C=0 bonds on these catalysts
after reduction at 573 K, which gave a peak at 1693 cm—1. After reduction at 773 K, an
additional adsorbed species with a strong band at 1660 cm_l, indicating a significant
interaction between the carbonyl group and the surface, was observed, which is
presumed to be stabilized at interfacial Pt-TiO, and Ni-TiO, sites. A decrease in the
surface coverage of this species paralleled a drop in selectivity to crotyl alcohol with
time on stream. After reduction at 573 K, decarbonylation occurred during the initial
few minutes on stream to create adsorbed CO on Pt/TiO, in addition to carbon
deposition, but these reactions were significantly suppressed after reduction at 773 K,
presumably due to a TiO, overlayer which covers part of the Pt surface and breaks
up the ensembles of Pt atoms required for these reactions

D.C. Lee et al. [65] studied the selective hydrogenation of 1,3-butadiene on
TiO,-modified Pd/SiO, catalysts. The properties of Pd/SiO, catalysts modified with
titanium oxide were examined by determining their activity with respect to the partial
hydrogenation of 1,3-butadiene included in an excess amount of butenes and by
characterizing their surfaces using infrared (IR) spectroscopy, X-ray photoelectron
spectroscopy (XPS), H, chemisorption, and temperature-programmed desorption

(TPD). The results indicated that TiO,-modified catalysts had an improved selectivity
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for the conversion of 1,3-butadiene to 1-butene, particularly when the catalysts were
reduced at high temperatures,e.g.,SOOoC. IR and chemisorption results suggest that,
when the catalyst is reduced at 500°C, the Pd surface is decorated with partially-
reduced TiO, similar to the case of TiO,-supported catalysts, which show strong
metal-support interaction (SMSI). XPS and TPD results indicate that Pd surface is also
modified electronically, in that the charge is transferred from the Ti species to Pd
and the adsorption of 1-butene to the Pd surface becomes weaker. It can be
concluded that the strong interaction between the Pd surface and partially reduced
TiO, is responsible for the improved selectivity of the catalyst for the conversion of
1,3-butadiene to 1-butene.

Y. Li et al. [28] investigated in situ EPR and IR by using CO as probe
molecules show that even pre-reduced by H, at lower temperature results in SMSI
for anatase titania supported palladium catalyst, but not for rutile titania supported
palladium catalyst, which is attributed that the 7" ions produced by reduction of
Ti*™" are fixed in the surface lattice of TiO,, as rutile titania is more thermodynamically
and structurally stable than anatase titania so that the Ti”" ions fixed in the surface
lattice of anatase TiO, is easier to diffuse to surface of palladium particle than one in
the surface lattice of rutile TiO,. The reason why the pre-reduction of both anatase
and rutile supported palladium catalyst at higher temperature results in SMSI
between Ti”~ and Pd is attributed that the thermal diffusion of produced T ion at
higher temperature is much easier than at lower temperature so that it could
overcome the binding of surface lattice of both anatase and rutile titania to move to

the surface or surrounding of palladium particle.
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J. Xu et al. [66] studied liquid phase selective hydrogenation of maleic
anhydride (MA) to butyric acid (BA) used Pd/TiO, catalyst which prepared by
difference method, sol-gel, impregnation and deposition-precipitation method. It was
clearly seen that Pd/TiO, catalyst prepared by sol-gel is an excellent catalyst for
selective hydrogenation of MA in liquid phase to BA. The high conversion (100%) of
MA and high yield towards BA were attributed to the strong adsorption of MA or
succinic anhydride (SAH) species via the C=0 bond in di-oc mode on interfacial Pd-
TiO, site which was induced by the high temperature reduction step. Meanwhile, the
reaction temperature and the interaction between metal and support has an obvious
influence on the yield of BA.

J. Panpranot et.al. [22] studied the selective hydrogenation of acetylene in
excess ethylene on micron-sized and nanocrystalline TiO, supported Pd catalysts.
The Pd catalysts supported on commercial micron-sized and nanocrystalline TiO,
synthesized by sol-gel and solvothermal method. The results show that acetylene
conversions were found to be merely dependent on Pd dispersion; ethylene
selectivity appeared to be strongly affected by the presence of T in the TiO,
samples. The use of pure anatase TiO, (either micron- or nano-sized) that contained
significant amount of TP as supports for Pd catalysts gave high ethylene selectivities,
while the use of pure rutile TiO, (without T present) resulted in ethylene loss. The
results suggest that the effect of T on the TiO, supports was more important for
high ethylene selectivity than the effect of TiO, crystallite size for selective acetylene
hydrogenation over Pd/TiO, catalysts.

D. I. Enache et al. [67] investigated the catalytic activity of TiO,-supported Au-

Pd alloy catalysts compared with Pd/TiO, and Au/TiO, catalysts in the solvent-free
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oxidation of benzyl alcohol with molecular oxygen at high reaction temperatures
(1600C, and 100°C). Under these conditions the 2.5 wt. % Au-2.5 wt. % Pd/TiO, was
found to be the most active catalyst, whereas the Au/TiO, catalyst shows the highest
selectivity to benzaldehyde.

P. J. Miedziak et al. [68] studied the catalytic activity of Au-Pd/TiO, catalysts
which prepared by different preparation methods, impregnation and deposition-
precipitation methods. The catalytic efficiency was enhanced further by the alloying
of gold with palladium. Furthermore, the most active catalysts were Au-Pd/TiO,
catalysts prepared by the deposition-precipitation method.

M. Sankar et al. [69] studied the controlling of mechanism in solvent-free
liquid-phase oxidation of benzyl alcohol using Au-Pd catalysts supported on different
metal oxide supports (activated-carbon, TiO,, Nb,Os, MgO, and ZnO). The results
demonstrated that a disproportionation reaction is the source of the major
byproduct, toluene (together with an equimolar amount of benzaldehyde), and
oxidation by O, is the other source of benzaldehyde. All five catalysts exhibited very
similar activity in the oxidation reaction alone. The higher overall activity was found
in the cases of activated-carbon, Nb,Os and TiO, supported catalysts because the
additional disproportionation reaction occurred alongside the oxidation reaction.
However, it can be concluded that the MgO and ZnO supported Au-Pd catalysts are
superior to TiO,, Nb,Os and activated-carbon- supported catalysts because they
catalyzed exclusively the oxidation reaction, yielding more than 99% selectivity to
benzaldehyde. The switching off the disproportionation reaction for MgO and ZnO
supported catalysts occurred because they do not promote the formation of the

required adsorbed species.
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X. Wang et al. [24] studied the effect of calcination pretreatments and
reconstruction of Pd sites by using Pd/TiO, and Pd/Al,05 catalysts in the solvent-free
selective oxidation of benzyl alcohol with molecular oxygen. The calcination
pretreatments of supported Pd catalysts show great effects on catalytic activity. The
pretreating supported Pd catalysts in oxidizing or inert atmosphere and subsequent
reducing of Pd species in situ by benzyl alcohol reactant can create a higher amount
of defective sites than pretreating Pd catalysts in reducing atmosphere. The activity
of supported Pd catalysts in selective oxidation of alcohols can be enhanced via the
in situ reduction pathway.

N. Dimitratos et al. [70] studied the catalytic activities of Au/TiO, and Au/C
catalysts prepared by sol immobilization method in the solvent free oxidation of
benzyl alcohol. The sol immobilization method can be produced gold catalysts with
narrow metal particle size distribution around 3 nm, which exhibited very high
activity compared with that one prepared by impregnation method. Additional,
comparison between the Au supported catalysts demonstrated that activity and
distribution of products was dependent on the nature of support and heat
treatment. Furthermore, when TiO, was used as support, substantial differences in
terms of activity and distribution of products were observed between the two

supports.

3.4 Modification of TiO, with 3-(aminopropyl)triethoxysilane (APTES)
E. Ukaji et al. [71] investigated the effect of surface modification with 3-
aminopropyltriethoxysilane (APTES) and n-propyltriethoxysilane (PTES) on photo-

catalytic activity and UV-shielding ability of fine TiO, particles. The number of surface
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functional groups (Ng), which is the density of silane coupling agents modified on
TiO, surface, was calculated by carbon contents [wt. %] and specific surface area
[mz/g]. Ng increased with an increase in the concentration of modifier, and affected
the photo- catalytic ability and UV shielding ability of modified TiO,. When the
photo-catalytic activity and UV-shielding ability of modified samples were evaluated,
it was found that APTES was more effective modifier than PTES to obtained samples
with low photo-catalytic activity and high UV shielding ability. This is probably
because the adsorption mechanisms on TiO, surface between modifiers were
different and Ny is a key factor to control the performances of fine TiO, particles.
Surface modification with APTES in Ny = 6.2 leads to suppress the photo-catalytic
activity equal to 25% and to keep 80% of UV-shielding ability of original TiO,. From
the zeta-potential measurements, the surface character of samples changed
drastically until Ng is 6.2. When Ng is higher than 6.2, the surface character of samples
is similar to that of sample with Ng = 6.2. These results indicated that the character
of surface layer formed by modifier differs in Nz Consequently, Ny affected the
photo-catalytic activity and UV-shielding ability of modified samples.

A. R. Morrill et al. [72] synthesized the self-assembled monolayers (SAM) of 3-
aminopropyltriethoxysilane (APTES) on nanostructured titania (NST) and tin oxide
nanowires (SnO, NW). The functionalized metal oxide surfaces were decorated with
borohydride-reduced silver nanoparticles (AgNPs) and imaged. Furthermore,
comparative studies with the mono- and di-ethoxysilanes were also carried out. The
APTES is found to form the densest SAM, which shows the largest density of exposed
amino groups, an APDES-SAM had a lower density of exposed amines, and APMES

the lowest density. The nanoparticle-modified silane films are found to be greatly
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stabilized against oxidation. Because colloidal AgNP bind preferentially to the amino
functionality of the silane molecules, they serve as an assay for the surface’s utility
towards species that bind to that group. The particle density also reflects the relative
number of natively bound APTES in the SAM.

Y.-Y. Song et.al. [73] investigated the optimum conditions for grafting of 3-
aminopropyltriethoxysilane (APTES) onto amorphous, anatase and rutile titanium
dioxide (TiO,) surfaces. The attachment process and extent was characterized using
X-ray photoelectron spectroscopy (XPS). In particular, the effect of attachment time,
silane concentration, reaction temperature and the TiO, crystalline structure on the
growth kinetics of the silane layers was studied. The results show that critical
experimental conditions exist where APTES attachment to the TiO, surface changes
from a monolayer to a multilayer growth mode. Furthermore, the results confirm
that APTES attachment on TiO, occurs far from an ideally oriented monolayer. About
50% of all molecules show reverse attachment (i.e. coordination with the amino
group on the TiO,). Amount and APTES molecule orientation depend on the crystal
structure of the substrate. Reverse attachment is more pronounced on rutile than on
anatase or amorphous substrates. Obtained results are expected to be most
valuable in synthesis approaches that aim at controlled organic modification of TiO,
where APTES still is the key linker molecule.

G. Tan et al. [74] studied the microstructure and component of the
modification titanium substrate. 3-Aminopropyltriethoxysilane (APTES) films were
successfully grafted onto the surface of the NaOH-heat-treated titanium by
chemically bound via SAMs, which can become a “molecular bridge” between the

interface of organic materials and inorganic materials. The surfaces of titanium before
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and after modification were characterized by scanning electronic microscopy (SEM),
X-ray photoelectron spectroscopy (XPS) and attenuated total refraction—Fourier
transform infrared spectroscopy (ATR-FTIR). After bonding the APTES films on the
modification titanium, the new peaks located around 1095 cm” attributes to
siloxane groups indicating that silane agent had been grafted onto the surface of the
modification titanium substrate by SAMs. Following the deposition of APTES films on
titanium, significant change were seen in the amounts of oxygen, silicon and carbon
present on the titanium surface, which were consistent with the anticipated reaction
steps. Both the surface chemistry and topography are important factors known to
influence the biological response to biomaterials. Bioactive coating of silane agent

may have the ability to create a strong interface between bone tissue and implant.

From the literature reviews, Pd is one of the most useful catalysts that can be
used in both hydrogenation and oxidation. Furthermore, TiO, is one of the most
interesting supports in both reactions. However, the surface modification of TiO, to
develop the catalyst support in the liquid-phase hydrogenation and oxidation has
not been well studied so far. Thus it is the aim of this research to investigate the
catalytic behaviors of Pd catalysts supported on APTES modified TiO, in the liquid-
phase selective hydrogenation of 3-hexyn-1-ol to cis-3-hexen-1-ol and liquid-phase

selective oxidation of benzyl alcohol to benzaldehyde.



CHAPTER IV

EXPERIMENTAL

This chapter describes all of experimental procedures which used in this
research. The details of surface modification of TiO, support with 3-
(aminopropyltriethoxysilane or APTES are explained in section 4.1. The different
preparation methods for Pd supported on TiO, catalysts such as electroless
deposition (ED), sonochemical (SN), sol immobilization (IM), and incipient wetness
impregnation (I) method are demonstrated in section 4.2. The details of reaction
study in the liquid-phase selective hydrogenation of 3-hexyn-1-ol to cis-3-hexen-1-ol
and phenylactylene to styrene, including to the solvent-free selective oxidation of
benzyl alcohol to benzaldehyde are given in section 4.3. Finally, the characterization
techniques for the APTES modified TiO, supports and all of Pd supported on TiO,
catalysts are illustrated in section 4.4.

4.1 Surface modification of TiO, support with APTES

Surface modification of TiO, support with APTES was prepared via a post
synthesis grafting method. The commercial anatase TiO, support available from
Sigma-Aldrich was used in this experiment. Various concentrations of APTES in
anhydrous toluene at 0.1, 1.0, and 10 mM were prepared in 25 cm’ volumetric flask.
Typically, 1.5 ¢ of TiO, was dispersed in 25 cm’ of APTES solution using Teflon
reactor with magnetic stirrer bar and then left it to gently stir at room temperature
for 15 min. After that, the Teflon bottom was heated and held at 100°C for 8h in the
furnace. Upon completion, the Teflon bottom was cooled down to room
temperature and the resulting powders were filtered, washed with anhydrous

toluene once and followed by dichloromethane twice. The weakly adsorbed
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materials were removed during the washing steps. Then they were dried in the oven
at 110°C for 12 h. The TiO, samples were denoted as TiO,-0.1APTES, TiO,-1APTES,

and TiO,-10APTES, respectively.

Table 4.1 Chemicals used in modification of TiO, supports

Chemicals Formula
Titanium dioxide (Aldrich) TiO, (pure anatase)
(3-aminopropybtriethoxysilane (Aldrich) HoN(CH,)3Si(0OC,Hs)s, (298%)
Toluene anhydrous (Aldrich) CeHsCHs, (99.8%)
Dichloromethane (Aldrich) CH,CL,
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Figure 4.1 Structure of 3-(aminopropyUtriethoxysilane (APTES)

4.2 Preparation of Pd supported on TiO, catalysts

1 wt. % of Pd was deposited on pristine TiO, and APTES modified TiO,
supports by three different preparation methods which were the chemical reduction
techniques such as electroless deposition (ED), sonochemical (SN), and sol

immobilization (IM). AWl 1%Pd/TiO, catalysts were studied in the liquid-phase
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selective hydrogenation of 3-hexyn-1-ol to cis-3-hexen-1-ol and solvent-free liquid-
phase selective oxidation of benzyl alcohol to benzaldehyde. In addition, 1 wt. % of
Pd was also deposited on non-modified TiO, support by non-chemical reduction
techniques such as sonochemical with H, reduction (S) and incipient wetness
impregnation () methods. These 1%Pd/TiO, catalysts were studied in the liquid-
phase selective hydrogenation of phenylacetylene to styrene. The details for each
catalyst preparation methods are demonstrated as following:

4.2.1 Electroless deposition (ED)

For preparation of 1 wt. % Pd/TiO, catalysts by electroless deposition method
with conventional SnCl, sensitization process, this consists of three main processes,
pretreating (etching and cleaning), sensitization, and Pd deposition processes. For
pretreating process, 1 ¢ of TiO, support was dispersed in 100 cm’ of 14%HCL for 15
min and then washed with distilled water. Following by sensitization process, the
TiO, sample was re-dispersed in a 50 cm’ aqueous solution containing 0.001 g/cm3 of
PdCl,, 0.05 g/cm3 of SnCl,, and 4.6 cm3 of 37%HCLl for 20 minutes under ultrasonic
vibration at room temperature, washed with distilled water and then dried in the
oven at 110°C for 12 h. After sensitization process, Pd (1 wt. %) was deposited on the
activated TiO, support by ultrasonic dispersion, the activated TiO, support was
continuously dispersed for 1 h in the 50 cm’ of Pd electroless plating bath which
containing the chemical compositions as show in Table 4.3. During Pd deposition
process, the electroless plating bath was maintained at 50°C with the pH of 9.8+0.2
by using 0.1IM NaOH to ensure a high cations exchange. Finally, the 1%Pd/TiO,
catalyst was washed with deionized water and then dried overnight in the oven at

110°C. The Pd supported on non-modified TiO, and APTES modified TiO, catalysts
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were denoted as 1%Pd/TiO,-ED, 1%Pd/TiO,-0.1APTES-ED, 1%Pd/TiO,-1APTES-ED, and

19%Pd/TiO,-10APTES-ED, respectively.

Table 4.2 Chemicals used in sensitization process for electroless deposition

Chemicals Formula
Palladium (Il) chloride (Aldrich) PdCL, (99.99%)
Tin (II) chloride (Aldrich) SnCl, (299.99%)
Hydrochloric acid (ACS) HCL (37%)

Table 4.3 The chemical compositions of Pd electroless plating bath

Chemicals Formula Quantity per 50 cm’ bath
Palladium chloride (Aldrich) PdCL, 0.0168 ¢
Hydrochloric acid (Aldrich) HCL (37%) 0.2cm’
Ammonia hydroxide (Aldrich) NH4,OH (28%) 8.0 crm’
Ammonium chloride (Carlo Erba) NH,Cl 1.3500 ¢
Sodium hypophosphite (Carlo Erba) ~ NaH,PO,.H,0 0.1004 ¢

4.2.2 Sonochemical (SN, S)

The principle of sonochemical technique is an application of ultrasonic
irradiation in the catalysts preparation method. In this experimental, we separated
the sonochemical method into two different types depending on the reduction step.
The first one, Pd was reduced by using a chemical reducing agent and then
deposited on TiO, support using ultrasonic vibration. The second one, Pd was

deposited on TiO, support during ultrasonic vibration without chemical reduction
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and then calcined in air following to reduce by H, gas. Two procedures are
demonstrated as following:

®  Sonochemical reduction by chemical reducing agent (SN)

For the synthesis of 1 wt. % Pd/TiO, catalyst by sonochemical method using
chemical reducing agent, Pd(NOs),.6H,O and hydrazine hydrate solution were used
as the Pd precursor and reducing agent, respectively. A desired amount of Pd
precursor was dissolved in 25 cm’ of deionized water and then the hydrazine
hydrate solution was slowly added drop wise in order to reduce PdO to metallic Pd’
specie (mole of Pd metal: mole of hydrazine = 1:10). The Pd solution was
continuously stirred for 1 h. Then, TiO, support was dispersed in Pd solution and it
was gently stirred at room temperature for 12 h. The resulting slurry was re-dispersed
by using the ultrasonic vibration bath (TRU-sweep ultrasonic cleaner, 40 kHz) under
temperature controlled 50°C for 6 h. Finally, the slurry was filtered and washed
several times with deionized water and then dried overnight in the oven at 110°C.
The Pd supported on non-modified TiO, and x-APTES modified TiO, catalysts were
denoted as 1%Pd/TiO,-SN, 1%Pd/TiO,-0.1APTES-SN, 1%Pd/TiO,-1APTES-SN, and
1%Pd/TiO,-10APTES-SN, respectively.

®  Sonochemical reduction by H, gas (S)

For the synthesis of 1 wt. % Pd/TiO, catalyst by sonochemical reduction by
H, atmosphere, PA(NO;),.6H,O was used as the Pd precursor. A desired amount of
Pd precursor was dissolved in 25 cm’ of deionized water. The 1 g of TiO, support
was dispersed in Pd solution and then gently stirred at room temperature for 12 h.
After that, the slurry was re-dispersed using the ultrasonic vibration bath (TRU-sweep

ultrasonic cleaner, 40 kHz) for 6 h under temperature controlled 50°C. The slurry was
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filtered and washed several times with deionized water and then dried overnight in
the oven at 110°C. Finally, the 1%Pd/TiO, catalyst was calcined in air at 450°C for 3 h
with a heating rate 10°C/min. Before reaction study, the catalyst was reduced in H,
atmosphere with the H, flow rate 50 cm’/min. at desired temperature (40°C or
500°C). They were denoted as 1%Pd/TiOS), 1%Pd/TiOL(S)-R40, and 1%Pd/TiOLS)-

R500.

Table 4.4 Chemicals used for 1%Pd/TiO, catalysts prepared by sonochemical

Chemicals Formula

Palladium nitrate (Aldrich) PA(NO;),.6H,0
Hydrazine hydrate solution (Aldrich) NH,NH,.H,O (78-82%)
Hydrogen gas (Linde) H, (UHP)

4.2.3 Sol immobilization (IM)

For the synthesis of 1 wt. % Pd/TiO, catalysts by sol-immobilization method,
an aqueous solution of PdCl, (6.25 g/dma), poly (vinyl alcohol) (PVA) (1 wt. %
aqueous solution, Aldrich, Mw = 10,000, 80% hydrolyzed) and 0.1M aqueous solution
of NaBH, were prepared. The desired amount of aqueous PdCl, solution (1 wt.% Pd
loading) was added in 400 cm’ deionized water and left it to stir for 15 min. The PVA
solution (1 wt. %; PVA/Pd (wt./wt.)=1.2) and a freshly prepared solution of 0.1M
NaBH4 (NaBH,/Pd (mol/mol) = 5) were added and then left it to stir for 30 min to
generate a dark-brown Pd colloid solution.  Afterword, the Pd colloid was
immobilized by adding the TiO, support (adjust at pH = 1 by conc. H,SO4) under

vigorous stirred for 2 h. Then, the slurry was filtrated and was washed thoroughly
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with distilled water until the liquors was neutral. Finally, the catalyst was dried in the
oven at 110°C for 16h. They were denoted as 1%Pd/TiO,-IM, 1%Pd/TiO,-0.1APTES-IM,

1%Pd/TiO,-1APTES-IM, and 1%Pd/TiO,-10APTES-IM, respectively.

Table 4.5 Chemicals used for 1%Pd/TiO, catalysts prepared by sol immobilization

Chemicals Formula

Palladium chloride (Aldrich) PdCL,

Sodium borohydride (Aldrich) NaBH,4 (98%)

Poly(vinyl alcohol) (Mw 10,000) (Aldrich) [-CH,CHOH-],, (80% hydrolyzed)
Hydrochloric acid (Aldrich) HCL (37%)

Sulfuric acid (Aldrich) H,S0, (98%)

4.2.4 Incipient wetness impregnation (1)

For synthesis of 1%Pd/TiO, catalyst by incipient wetness impregnation
method, Pd(NO;),.6H,O was used as the Pd precursor. A desired amount of
palladium nitrate hydrate (1 wt. % Pd) was dissolved in deionized water which the
volume equaled to pore volume of TiO, support. After that, Pd solution was added
dropwise to TiO, support (1 g) and the resulting catalyst was left to stand at room
temperature for 6 h. Then, it was dried overnight in the oven at 110°C and then
calcined in air at 450°C for 3 h with a heating rate 10°C/min. Before reaction study,
the catalyst was reduced in H, atmosphere with the H, flow rate 50 cm3/min at
desired temperature (40°C or 500°C). They were denoted as 1%Pd/TiO),

19%Pd/TiO(1)-R40, and 1%Pd/TiO(1)-R500, respectively.
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Table 4.6 Chemicals used for 1%Pd/TiO, catalysts prepared by incipient wetness

impregnation

Chemicals Formula
Palladium nitrate (Aldrich) PA(NO3),.6H,0 (99.99%)
Hydrogen gas (Linde) H, (UHP; 99.99 vol.%)

4.3 Reaction study

The liquid-phase selective hydrogenation of 3-hexyn-1-ol to cis-3-hexen-1-ol
and the solvent-free liquid-phase selective oxidation of benzyl alcohol to
benzaldehyde were performed to investicate the catalytic performances of
1%Pd/TiO, catalysts prepared by electroless deposition (ED), sonochemical (SN) and
sol immobilization (IM) methods. Whereas the liquid-phase selective hydrogenation
of phenylactylene to styrene was carried out to investigate the catalytic
performances of 1%Pd/TiO, catalysts prepared by sonochemical with H, reduction (S)
and incipient wetness impregnation (I) methods.

4.3.1 The liquid-phase selective hydrogenation of 3-hexyn-1-ol to cis-3-
hexen-1-ol procedure.

The liquid-phase selective hydrogenation of 3-hexyn-1-ol to cis-3-hexen-1-ol
was carried out in the 100 cm’ stainless steel autoclave reactor with a Teflon line
inside. Prior to reaction, the catalysts were pretreated with H, gas (flow rate 50
cm’/min) at 40°C for 2 h. Approximately 5 mg of reduced catalyst was placed into
the autoclave reactor. The reactant consisting of 0.2 cm’ of 3-hexyn-1-ol and 9.8 cm’
of ethanol (solvent) were mixed in a 10 cm’ volumetric flask before being introduced

into the autoclave reactor. The reactor was purged with H, gas three times and then
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heated up to 40°C, followed by filling with 2 bar of H,. The H, pressure was
controlled at 2 bar, the liquid phase hydrogenation was started immediately by
continuously stirring with a stirring speed 1000 rpm. The reaction time was varied
from 5-90 min. After reaction, the reactor was cooled down to lower 10°C in ice
bath and then the vent valve was slowly opened to prevent the loss of products.
The product mixtures were filtered by centrifugation in order to separate the catalyst
from the liquid mixtures. Then products were analyzed by gas chromatography
(Shimadzu GC2014) with flame ionization detector (FID) using Rtx®-5 capillary
column. The operating conditions of GC are shown in Table 4.7. The products were

identified by comparison with known standards.

Table 4.7 The operating conditions of gas chromatography (GC2014)

Gas chromatograph Shimadzu GC2014
Detector FID

Capillary column Rtx®-5

Carrier gas Helium (99.99 vol.%)
Make-up gas Air (99.9 vol.%)
Column temperature 70°C

Injector temperature 250°C

Detector temperature 310°C
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Table 4.8 Chemicals used in the liquid-phase hydrogenation of 3-hexyn-1-ol

Chemicals Formula

3-hexyn-1-ol (Aldrich) C,HsCCCH,CH,OH (98%)
Hydrogen gas (Linde) H, (UHP; 99.99vol. %)
Ethanol (Aldrich) C,HsOH (99.5%)

4.3.2 The liquid-phase selective hydrogenation of phenylacetylene to
styrene procedure.

The liquid-phase selective hydrogenation of phenylacetylene to styrene was
carried out in 50 cm’ autoclave stainless steel reactor with Teflon line inside. Prior to
reaction, catalyst was reduced in H, gas (flow rate 50 cma/min) at 40°C and 500°C for
2 h. Approximately 5 mg of reduced catalyst was placed into the autoclave reactor.
The reactant consisting of 0.5 cm’ of phenylacetylene and 4.5 cm’ of ethanol
(solvent) were mixed in a volumetric flask before being introduced into the actoclave
reactor. The reactor was purged with H, gas three times and then heated up to 40°C,
followed by filling with H,. When H, pressure reached to 3 bar, the liquid-phase
hydrogenation was started immediately by vigorous stirring with a stirring rate 1000
rom. The reaction time was varied from 10-40 min. After reaction, the vent valve
was slowly opened to prevent the loss of products. The products mixture was
filtrated by centrifugation in order to separate the catalyst out. Finally, the liquid
products were analyzed by gas chromatography (Shimadzu GC14B) with flam
ionization detector using GS-alumina capillary column. The operating conditions of
GC are shown in Table 4.9. The products were identified by comparison with known

standards.
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Gas Chromatograph

Shimadzu GC14B

Detector

Capillary column
Carrier gas

Make-up Gas
Column temperature
Injector temperature

Detector temperature

FID
GS-alumina
Helium (99.99vol. %)

Nitrogen (99.99vol. %)
200°C
250°C

280°C

Table 4.10 Chemicals used in the liquid-phase hydrogenation of phenylacetylene

Chemicals

Formula

Phenylacetylene (Aldrich)
Hydrogen gas (Linde)

Ethanol (Aldrich)

C,HsCCH (98%)
H, (UHP; 99.99vol. %)

C,HsOH (99.5%)

The schematic diagram of liquid-phase hydrogenation of 3-hexyn-1-ol and

phenylacetylene are demonstrated in Figure 4.2.
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Figure 4.2 The schematic diagram of the liquid-phase hydrogenation system

4.3.3 The solvent-free selective oxidation of benzyl alcohol to
benzaldehyde procedure.

The solvent-free liquid-phase selective oxidation of benzyl alcohol to
benzaldehyde was carried out in a 50 cm’ glass stirred reactor. Approximately, 25 mg
of catalyst and 10 cm’ of benzyl alcohol were charged into the reactor and then
purged with O, gas three times before closing. The O, pressure was maintained at 1
bar. The reactor was put in a heating block, which was preheated to the reaction
temperature at 120°C. The reaction was performed for 0.5-7 h using a magnetic bar
inside the reactor with a stirring rate at 1000 rpm. After reaction, the reactor was
cooled down to room temperature in an ice bath. The products mixture was

centrifuged to separate catalyst out. The liquid products were mixed with mesitylene
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(internal standard) in the ratio of 1:1 (vol/vol) and then they were analyzed by gas

chromatography (GC Varian star 3800 cx) with flam ionization detector using a CP-Wax

52 CB column. The operating conditions for GC Varian star 3800 cx are shown in

Table 4.11. The products were identified by comparison with known standards.

Table 4.11 The operating conditions for gas chromatography (GC Varian star 3800 cx)

Gas Chromatograph

GC Varian star 3800 cx

Detector

Capillary column
Carrier gas

Make-up Gas
Column temperature
Injector temperature

Detector temperature

FID
CP-Wax 52 CB column
Helium (99.99vol. %)

Helium (99.99vol. %)
Temp. program 60-250°C , rate 20°C/min
250°C

260°C

Table 4.12 Chemicals used in solvent-free liquid-phase selective oxidation of benzyl

alcohol

Chemicals

Formula

Benzyl alcohol (Aldrich)
Oxygen gas

Mesitylene (Aldrich)

C4HsCH,OH (299.0%)
0, (UHP; 99.99vol. %)

C6H3(CH3)3 (2990%)
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Figure 4.3 The schematic diagram of the liquid-phase oxidation system

4.4 Characterization techniques

All modification of TiO, supports and 1%Pd/TiO, catalysts were characterized
by several techniques such as:

4.4.1 X-ray Diffraction (XRD)

The bulk crystal structure and chemical phase composition were determined
by diffraction of an X-ray beam as a function of the long fine focus. The XRD
spectrum of the TiO, supports and 1%Pd/TiO, catalyst were measured by using a D8
Advance Bruker AXS X-ray diffractometer and CuKq radiation with Ni filter in the 26
range of 10-80 degrees with resolution 0.02. The crystallite size was calculated from
Scherrer’s equation.

4.4.2 N, Physisorption

The BET surface area, pore volume, and average pore size diameter of
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pristine TiO, support was measured through nitrogen gas adsorption at liquid nitrogen
temperature (—196°C) using Micromeritics ASAP 2020 instrument. Prior to physisorbed
nitrogen, the sample was degased at 150°C for 2 h.

4.4.3 X-ray Photoelectron Spectroscopy (XPS)

The XPS spectra, the blinding energy and the composition on the surface
layer of the modification of TiO, supports and 1%Pd/TiO, catalysts were determined
by using a Kratos Axis Ultra DLD spectrometer with a monochromatic Al Kq X-ray
source (75-150 W) and analyzer pass energies of 160 eV (for survey scans) or 40 eV
(for detailed scans). The C 1s line was taken as an internal standard at 284.8 eV.

4.4.4 Scanning Electron Microscope (SEM)

The SEM quantitative line scan analysis was performed to determine the
amount of elements on APTES-modified TiO, supports along the horizontal line by
using JEOL scanning electron microscope JSM-5410LV. The catalysts are prepared
with gold coating prior to analysis.

4.4.5 Transmission Electron Microscopy (TEM)

The morphologies of TiO, supports and 1%Pd/TiO, catalysts were investigated
using JEOL-JEM 2010 transmission electron microscope using energy-dispersive X-ray
detector operated at 80-200 kV. Prior to analysis, the sample was dispersed in 2 ml
of ethanol using ultrasonic vibration until the solution look like the colloidal. The
solution was dropped on the copper-grid that coated with polymer, following to dry
in atmospheric air for 1 h and then kept in the desiccator before analysis. Besides the
morphologies of catalysts, the average Pd particle size and distribution of Pd on the

TiO, supports were also investigated.
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4.4.6 Fourier Transform Infrared Spectroscopy (FTIR)

The functional groups of APTES modified TiO, supports and 1%Pd/TiO,
catalysts were determined by using JASCO FTIR-660 Plus on transmittance mode at
spectral resolution of 1 '’ accumulating 64 scans. The sample pellets were made
from grinded sample with KBr. The KBr pellet was used as a background standard for
analysis.

4.4.7 CO-Pulse Chemisorption

The Pd active sites and the relative percentages dispersion of Pd supported
catalysts were determined by CO-pulse chemisorption technique using Micromeritics
ChemiSorb 2750 (pulse chemisorption system).

Approximately 0.2 g of catalyst was filled in a u-tube, incorporated in a
temperature-controlled oven and connects to a thermal conductivity detector (TCD).
Then, helium (He) was pursed into the reactor with a flow rate 30 cm’/min in order
to remove remaining air. Prior to chemisorption, the catalyst was reduced in H, (flow
rate 50 cm’/min) at 40°C or 500°C for 2 h. After that cooled down to room
temperature under Helium flow, then CO is plus into the catalyst bed at 30°C. The
non-adsorbed CO was measured using thermal conductivity detector. Pulsing was
continued until no further CO adsorption is observed. The amount of Pd metal active
sites and the relative percentage dispersions of Pd were calculated from CO
adsorbed based on CO:Pd ratio of 1:1.

4.4.8 Inductive Coupled Plasma Optical Emission Spectrometer (ICP-OES)

The actual amount of the Pd loading was determined by a Perkin Elmer

Optima 2100DV AS93 PLUS inductive coupled plasma optical emission spectrometer.
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The catalysts were prepared in a solution containing 49% HF and 37% HCl with

volume ratio 5:1 and were heated for increasing of dissolve it.



CHAPTER V

RESULTS AND DISCUSSION

The results and discussion in this chapter are divided into three parts. In the
first part the characteristics and properties of pristine TiO, and APTES modified TiO,
supports were investigated by several techniques such as N,-physisorption, XRD, XPS,
FTIR, and SEM analysis. Furthermore, the optimum concentration for APTES modified
TiO, supports to obtain the monolayer instead of multilayer is also investigated. In
the second part, the characteristics and catalytic properties of Pd supported on TiO,
and APTES modified TiO, catalysts with different preparation methods; electroless
deposition (ED), sonochemical (SN) and sol immobilization (IM) have been evaluated
in the liquid-phase selective hydrogenation of 3-hexyn-1-ol to cis-3-hexen-1-ol and
the solvent-free liquid-phase selective oxidation of benzyl alcohol to benzaldehyde.
Several techniques were used for characterization of the 1%Pd/TiO, catalysts such
as, XRD, FTIR, TEM, and XPS. The specific characteristic of each catalyst prepared by
different methods has been demonstrated. Including to catalytic performances of all
catalysts were compared in the liquid-phase hydrogenation and oxidation. In the
third part, the characteristics and catalytic activities of 1%Pd/TiO, catalysts prepared
by sonochemical with H, reduction (S) have been investigated in the liquid-phase
selective hydrogenation of phenylacetylene to styrene under mild conditions
compared with catalysts prepared by conventional incipient wetness impregnation (1)
method. Moreover, the effect of Pd particle size to the strong metal-support

interaction (SMSI) has been evaluated.
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Part |
Surface modification of TiO, supports with
3-(aminopropyl)triethoxysilane (APTES)

5.1 The characteristics and properties of TiO, and APTES modified TiO, supports

5.1.1 N,-physisorption

BET surface area, pore volume and pore diameter of the pristine TiO,
available from Sigma-Aldrich were determined by N, physisorption technique. The N,
adsorption-desorption isotherm of pristine TiO, is shown in Figure 5.1. According to
the Brunauer, Emmett, and Teller (BET) theory for classification of sorption isotherms,
TiO, support shows type IV isotherm with hysteresis loop at high relative pressure
range (P/Py) 0.8-1.0, indicating to the characteristic of mesoporous material which
pore diameter was in the range of 2 to 50 nm. The BET surface area of TiO, was
1Om2/g. The pore volume and average pore diameter were O.OZcmB/g and 7.6 nm,
respectively. The BET surface area of TiO, in this research was lower than many
commercially available TiO, supports such as P25 (Degussa), PC-500 and AT-1
(Millennium Chemicals), and Hombikat UV-100 (Sachtleben Chemie).

5.1.2 X-Ray Diffraction (XRD)

The crystal structure and chemical phase composition of pristine TiO, and
APTES modified TiO, supports were characterized by X-ray diffraction technique. The
measurements were carried out at the diffraction angles (28) between 20 “and 80°.
Broadening of the diffraction peaks were used to estimate crystallite diameter from
Scherrer Equation.

The XRD patterns of TiO, and APTES modified TiO, supports are illustrated in

Figure 5.2. All TiO, supports were exhibited the characteristic peaks of pure anatase
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TiO, at 20=25° (major), 37°,48°, 55° 56°, 62°, and 69° with no contamination of other
crystalline phases. The peak position of anatase (101) TiO,, d-spacing, and the lattice
parameters for TiO, and APTES modified TiO, supports are given in Table 5.1. All
APTES modified TiO, supports show the same position peaks of anatase (101) TiO, at
20=25.32° compared with pristine TiO,, indicating that the distance between crystal
planes (d spacing), which related to the lattice parameters were not changed. It was
suggested that APTES did not inserted in the TiO, lattice and it was only grafted on
the TiO, surface. Furthermore, the average crystallite size of TiO, and APTES modified
TiO, supports calculated from the full width at half maximum of the XRD peak at
20=25° using Scherrer equations were around 66-67 nm. From the XRD results, it can

be confirmed that modification of APTES occurred only on the TiO, surface.
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Figure 5.1 N, adsorption-desorption isotherm of pristine TiO, support
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Figure 5.2 The XRD patterns of pristine TiO, and APTES modified TiO, supports

Table 5.1 The peak position of anatase (101) TiO,, d-spacing, lattice parameters and

average crystallite size of TiO, and APTES modified TiO, supports

Peak position

Lattice parameters™ (A)

. Crystallite

of anatase d-spacing .
Sample l size of

(101) TiO, (nm) .

(26, degree) a=b) ¢ a  TO;(nm)
TiO, 25.32 0.3515 3.7830 9.5019 251 65.8
TiO,-0.1APTES 25.32 0.3515 37845 9.4778 250 66.8
TiO,-1APTES 25.32 0.3515 37830 9.5019 251 66.5
TiO,-10APTES 25.32 0.3515 3.7830 9.5019 251 66.4

* calculated from Bragg’s law using the diffraction peaks of anatase (101) and (200)

TiO,.
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5.1.3 Fourier Transform Infrared Spectroscopy (FTIR)

The functional groups of pristine TiO, and APTES modified TiO, supports were
investigated by Fourier Transform Infrared Spectroscopy with a transmittance mode.
Figure 5.3 illustrates the FTIR spectra of pristine TiO, and APTES modified TiO,
supports with various concentrations of APTES. All TiO, samples show the typical IR
band at 680 cm_l, which was assigned to the symmetric stretching vibration of Ti-O-Ti
bonds in the TiO, lattice [75, 76]. The IR bands at ca. 1630 e and 3450 cm’ were
attributed to H-OH stretching vibration of physisorbed water and the stretching
vibration of hydroxyl group of Ti-OH bonds, respectively [75]. After APTES
modification, all the APTES modified TiO, supports show the IR band at 1080 cm&,
which can be attributed to the asymmetric stretching vibration of Si-O-Si bridge [77,
78]. The intensity of Si-O-Si band increased as the concentrations of APTES increased
suggesting that APTES was successfully grafted on the TiO, surface. The presence of
small IR band at around 910 cm’ was assigned to the stretching vibration of Ti-O-Si
[71, 79], indicating the successful replacement of hydroxyl groups on the TiO, surface
with APTES modifier. In addition, the peaks at 1460 cm  and 1390 cm ' were
detected and assigned to the characteristic of C-H and C-N stretching vibration of

APTES, respectively [19, 77].
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5.1.4 X-ray photoelectron spectroscopy (XPS)

The electronic states and surface compositions of TiO, and APTES modified
TiO, supports were investigated by XPS analysis in order to understand the
characteristic attachment between TiO, surface and APTES molecules. Generally, the
APTES molecule (NH,-(CH,)s-Si-(OC,Hs)s) consists of one head of amine group (NH,-
(CH,)5.Si-) and three arms of ethoxy groups (-Si-(OC,Hs)s). The attachment of APTES on
the metal oxide surface performed via the nucleophilic substitution reaction [72, 80].
The lone pair oxygen electrons of hydroxyls group on metal oxide surface act as the
nucleophilic attached toward the electron deficient silicon of APTES molecules
occurring an oxide linkage, anchoring silane molecule. Modification of APTES is
expected to form self-assembled monolayer and given free amine terminating
groups. Figure 5.4 and Figure 5.5 illustrate the XPS spectra of (a) Ti 2p, (b) O 1s, () N
1s, and (d) Si 2p for TiO, and APTES modified TiO, supports. The doublet peaks of Ti
2psand Ti 2py, at B.E. around 458.4 and 464 eV, which were assigned to T species
in anatase TiO,, were observed for both unmodified TiO, and APTES modified TiO,
supports. The intensity of Ti 2p was significantly decreased when the concentration
of APTES increased from 0.1 to 10 mM, compared to unmodified one suggesting that
APTES was successfully grafted on TiO, surface. From the O 1s spectra after APTES
grafted, the O 1s peak at B.E. 529.7 eV, which was assigned to oxygen in the TiO,
lattice [81, 82], was significantly decreased while the O1s peak at B.E. 531.9 eV, which
was attributed to surface oxygen of O-Si-R [80] , became more intense. For the N 1s
signal, a small broad peak at B.E. 398.0-402.0 eV, which originated from N, adsorbed
on TiO, surface, can be detected for APTES modified TiO, supports. The broad N 1s

peak consisted of two different types of N, attachment mode, silane coupling or
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reversed (amino) coupling. If silane coupling agent occurs, the free NH, termination is
observed at B.E. 399.4 eV. If NH, attaches to the TiO, surface or reverse attachment,
N 1s peak at B.E. 400.8 eV can be observed, which is assigned to the protonated
amines —NH3+ [80, 83]. From the XPS results, it can be observed that the intensity of
N 1S peaks corresponding to silane coupling and reversed (amino) coupling were
both increased with increasing amount of APTES. It is likely that the multilayers
present the NH, and Si termination and with equal probability. Moreover, the most
clarify of APTES successfully grafted on the TiO, surface; the Si 2p peaks at B.E. 101.9
eV were detected for all APTES modified TiO, supports.

The binding energies and atomic concentrations of Ti 2p, O 1s, N 1s, and Si 2p
of the TiO, and APTES modified TiO, supports are summarized in Table 5.2. In the
present work, APTES attachment was studied for three levels of APTES
concentrations; 0.1, 1, 10 mM at 100°C. The decreasing of surface atomic
concentration ratios of Ti/O with increasing of APTES concentrations as well as the
increasing of Si/Ti ratios indicated that the TiO, surface was successfully grafted with
APTES. However, increasing of APTES concentrations may lead to different
attachment kinetics. For an ideal attachment, Si exclusively attaches to TiO, surface
while N presents as the terminal NH; group. The N/Si ratio should be larger than 1.0.
For the samples with surface atomic concentration ratios of N/Si were less than 1.0,
non-ideal attachment occurred, in which some of APTES gave the termination NH,
and some of them became reversed attachment on the TiO, surface. The
characteristics of APTES arrangement on the TiO, surface can also be indicated by
the ratios between surface oxygen (Os) and lattice oxygen (O)) in term of Os/O,. It is

generally known that APTES modified on TiO, surface occurs via condensation
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between Ti-OH and Si-OR to form the Ti-O-Si bond. The amount of surface oxygen
on pristine TiO, suggests the possible APTES attachment sites. Therefore if Os/O, ratio
of the APTES modified TiO, sample is higher than Os/O, ratio of the non-modified
TiO,, APTES tends to form multilayer coverage on the TiO, surface. It is likely that
when the concentration of APTES was excess, polymerization of APTES molecules to
form multilayers arrangement occurred. The formation of a thick APTES, possibly by
polymerization of APTES molecules, has been suggested by Song et al. [80].
Moreover, Kallury et al. also reported that electrostatic interactions may be negligible
at high temperature and it is certainly possible for APTES to polymerize in solution
[84]. In our case, the O/O, ratio of the TiO,-0.1APTES was lower than Oy/O, ratio of
pristine TiO, by ca. 10%, indicating the formation of APTES monolayer on the TiO,
surface. On the contrary, the Os/O; ratios for the TiO,-1APTES and TiO,-10APTES
samples were higher than the non-modified TiO, 19% and 61%, respectively,
suggesting that APTES formed multilayers on the TiO, surface. The optimum
monolayer of APTES without further tendency to form 3D networks can be expected

when the concentration of APTES did not exceed 0.1 mM.
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Figure 5.4 The XPS spectra of (a) Ti 2p, (b) O 1s for TiO, and APTES modified TiO,

supports.
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Figure 5.5 The XPS spectra of (c) N 1s, and (d) Si 2p for TiO, and APTES modified TiO,

supports.
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Table 5.2 The binding energy and surface compositions of TiO, and APTES modified

TiO, supports.

Binding Energy (eV) Surface atomic concentration ratio
Samples

Tizp O1s Nis Si2p  T/O S/Ti N/Si - 0y0,"
TiO, 458.4 529.6 - - 0.28 0.00 0.00 0.46

TiO,-0.1APTES 458.4 529.7 400.8 101.8 0.30 0.01 0.00 0.42
TiO,-1APTES 458.2 529.6 400.8 101.8 0.27 0.08 0.59 0.57

TiO,-10APTES 458.1 529.4 400.8 102.1 0.18 0.28 0.64 1.20

*04/0, calculated from surface oxygen (Os) and lattice oxygen (O,)

5.1.5 Scanning Electron Microscopy (SEM)

To clarify the characteristic of APTES attachment orientations (monolayer or
multilayer), the scanning electron microscopy connect with the quantitative line scan
analysis equipment was performed to determine the percentage amount of
elements along the horizontal line from left to right. The SEM micrographs and the
quantitative line scan analysis results for TiO,-0.1APTES and TiO,-10APTES are shown
in Figure 5.6. The morphologies of both TiO, samples were consisted of irregular
shape of fine particles agglomerated. However, the surface of TiO,-10APTES was
obviously thicker than TiO,-0.1APTES, indicating to the amount of APTES had an
influence to the characteristic of APTES attachment on the TiO, surface. For the
TiO,-0.1APTES, the amount of Si content along the line was not significantly different
with the maximum content at 0.5% while the Ti and O contents were 88.2% and
67.0%, respectively. It is suggested that Si was well dispersed on the TiO, surface.

Higher amounts of Si and O along the line were observed on the TiO,-10APTES at



67

1.1% and 69.9%, respectively. The Ti content was also decreased to 76.5%. Such
results suggested the formation of multilayers APTES on the TiO,-10APTES support,
which are in line with the XPS results. The percentage amounts of Si along the line
for both TiO, samples are shown in Figure 5.7.

Besides the quantitative line scan, the SEM microtome cross section
technique was performed to investigate the thickness of APTES layer and the
compositions of TiO, surface. Unfortunately, it cannot see the cross section area of
TiO, particles because TiO, particle size, which used in this research, was too small.
Hence it cannot determine the thickness of APTES layer and the compositions of
TiO, surface by this technique. So it should be noted that the SEM microtome cross
section technique is not suitable to analyst the material which is in the nanometer

range.
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Figure 5.6 SEM micrographs with the quantitative line scan analysis of (a) TiO,-
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| Ti0,-0.1APTES

Figure 5.7 SEM quantitative line scan of Si contents on TiO,-0.1APTES and TiO,-

10APTES.
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As revealed by several characterization techniques, surface modification of
TiO, supports with various concentrations of APTES were successfully prepared by
post synthesis grafting method. Various concentrations of APTES (0.1, 1.0, and 10 mM)
was found to be an influence to the attachment orientations (monolayer or
multilayer). The formation of monolayer APTES was found on TiO,-0.1APTES whereas
multilayer APTES and reversed attachment of APTES were found on TiO,-1APTES and
TiO,-10APTES. These results indicated that increasing of APTES concentrations effect
to the different kinetic mechanism of APTES attached on TiO, surface. The features

of APTES monolayer and multilayer are demonstrated in Figure 5.8.
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Figure 5.8 The features of APTES attachment modes with various APTES

concentrations.



71

Part Il

Comparative study the effect of catalysts preparation methods

In this part, 1 wt.% of Pd was deposited on pristine TiO, and APTES modified
TiO, supports by different preparation methods, electroless deposition (ED),
sonochemical (SN), and sol immobilization (IM) methods. The effect of different Pd
deposition methods on the characteristics and catalytic properties of all 1%Pd/TiO,
catalysts were investigated by several characterization techniques such as XRD, TEM,
XPS, and FTIR. The catalytic behaviors of all 1%Pd/TiO, catalysts were evaluated in
the solvent-free liquid phase selective oxidation of benzyl alcohol and the liquid-
phase selective hydrogenation of 3-hexyn-1-ol. Furthermore, the effect of various
preparation methods on the catalytic behavior of Pd catalysts supported on TiO, and

APTES modified TiO, supports were studied and compared.

5.2 The characteristics and catalytic properties of 1%Pd/TiO, catalysts prepared
by electroless deposition method

In this section, the characteristics and catalytic properties of all 1%Pd/TiO,
catalysts prepared by electroless deposition with conventional SnCl, sensitization
process were investigated as following:

5.2.1 Catalyst characterizations

5.2.1.1 X-ray diffraction (XRD)

The XRD patterns of the 1%Pd/TiO, catalysts prepared by electroless
deposition method are shown in Figure 5.9. The XRD characteristic peaks of pure
anatase TiO, were observed at 20=25" (major), 370, 480, 550, 560, 620, and 69° without

contamination of other phases such as rutile or brookite TiO,. The XRD characteristic
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peaks corresponding to Pd species were not detected due probably to the low
amount of Pd loading and/or very small Pd/PdO crystallite size. The lattice
parameters of anatase (101) TiO, for all 1%Pd/TiO, catalysts (results shown in Table
5.3) calculated from Bragg’s law were not significant difference from the original TiO,
supports suggesting that Pd were deposited on the TiO, surface not in the lattice.
However for the 1%Pd/TiO,-xAPTES catalysts (x = 0.1, 1, 10 mM) the diffraction peaks
associated with the SnO, were observed at 26=26.8O, 33.80, and 51.5. The
appearance of SnO, or snt species resulted from oxidation of SnCl, (Sn2+), which
acted as the reducing agent of PdCl, to form Pd seed for subsequent particle growth

in the electroless deposition process.

A : anatase-TiO,
* :Sn0,
A
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Figure 5.9 The XRD patterns of 1%Pd/TiO, catalysts prepared by electroless

deposition method
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Table 5.3 The peak position of anatase (101) TiO, d-spacing and the lattice

parameters of TiO, for 1%Pd/TiO, catalysts prepared by electroless deposition

method.
Peak position of d-spacing Lattice parameters ° (A)
Catalysts anatase (101) TiO, ()
nm
(29, degree) a (:b) C c/a
19%Pd/TiO,-ED 25.32 0.3515 3.7845 9.4778 2.50
19%Pd/TiO,-0.1APTES-ED 2532 0.3515 3.7845 9.4778 250
19%Pd/TiO,-1APTES-ED 25.32 0.3515 3.7845 9.4778 2.50
19%Pd/TiO,-10APTES-ED 25.30 0.3517 3.7860 9.5091 251

? calculated from Bragg’s law using the diffraction peaks of anatase (101) and (200)
TiO,.

5.2.1.2 Transmission electron microscopy (TEM)

The TEM micrographs illustrating the morphology of 1%Pd/TiO,-ED,
1%Pd/TiO,-0.1APTES-ED, 1%Pd/TiO,-1APTES-ED and 1%Pd/TiO,-10APTES-ED catalysts
and corresponding particle size distributions are shown in Figure 5.10. All the
19%Pd/TiO, catalysts show similar morphology of well dispersed Pd nanoclusters with
narrow particle size distribution on the TiO, supports. The average particle size of Pd
nanoclusters was slightly reduced from 4.1 to 3.5 nm upon APTES surface
modification. More uniform and narrow particle sizes distribution of Pd nanoclusters
in the range of 2-6 nm with average particle sizes 3.4 nm were found on the
1%Pd/TiO,-0.1APTES-ED catalyst whereas larger Pd nanoclusters with broader particle
size distribution in the range of 2-8 nm were formed on those one prepared with
higher concentrations of APTES (1%Pd/TiO,-1APTES-ED and 1%Pd/TiO,-10APTES-ED).

Such results suggested that suitable amount of APTES attachment (in this case,
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APTES = 0.1 mM) plays an important role in controlling the size of Pd nanoparticles.
The monolayer APTES grafting provided terminating amino functional groups (-NH,)
which acted as anchoring sites to stabilize the Pd nanoparticles via the covalent

interactions, resulting in highly dispersed and uniform Pd particle size distribution.
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Figure 5.10 TEM micrographs and Pd particles size distributions of 1%Pd/TiO,
catalysts prepared by electroless deposition method (a) 1%Pd/TiO,-ED, (b)

1%Pd/TiO,-0.1APTES-ED, (c) 19%Pd/TiO,-1APTES-ED, and (d) 1%Pd/TiO,-10APTES-ED
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Figure 5.10 (cont.) TEM micrographs and Pd particles size distributions of 1%Pd/TiO,
catalysts prepared by electroless deposition method (a) 1%Pd/TiO,-ED, (b)

1%Pd/TiO,-0.1APTES-ED, (c) 19%Pd/TiO,-1APTES-ED, and (d) 1%Pd/TiO,-10APTES-ED
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5.2.1.3 X-ray photoelectron spectroscopy (XPS)

The elementals distribution and their electronic properties on the surface of
1%Pd/TiO, catalysts prepared by electroless deposition were analyzed by XPS.
Figure 5.11 shows the XPS spectra of Pd 3d for the 1%Pd/TiO, catalysts prepared by
electroless deposition with various concentrations of APTES attachment. All the
samples displayed a typical doublet peak of 3d core level, which was assigned to Pd
3ds,, and Pd 3ds/,. The Pd 3d core level could be fitted with three main doublets of
the Pd 3ds,, peaks at 335.3, 337.1 and 338.4 eV [81, 85, 86], which can be assigned to
metallic Pd’ (Pdo), PO (Pd™) and PdO, (Pda+), respectively. Surprisingly, PdO, (B.E.
338.4 eV) was observed as the major species on the catalysts surface, especially for
the 1%Pd/TiO,-0.1APTES catalyst. Generally, highly oxidizing Pd species (Pd4+) is
known to be unstable in its anhydrous form, however, PdO, particles can be
stabilized by the matrix of other oxides, such as Al,Os, SNO,, and PdO [81, 86-88]. In
the present work, stabilization of PdO, particles is possible due to the presence of
PdO or SnO, obtained from electroless deposition process. The relative abundance
of Pd species (Pdo, PdO, and PdO,) on the catalysts is summarized in Table 5.4. The
percentages of atomic concentration of the total Pd species were found to be in the
order 1%Pd/TiO,-0.1APTES-ED > 1%Pd/TiO,-ED > 1%Pd/TiO,-1APTES-ED > 1%Pd/TiO,-
10APTES-ED, respectively. It is noted that increasing the concentrations of APTES
resulted in lower amount of Pd being deposited on the TiO, surface, due to the
formation of multilayers and/or reversed attachment of APTES. The ratios of surface
atomic concentration of PdO/PdOX (1 < x < 2) were determined to be 0.36, 0.18, 0.05,
and 0.22 for 1%Pd/TiO,-ED, 1%Pd/TiO,-0.1APTES-ED, 1%Pd/TiO,-1APTES-ED, and

1%Pd/TiO,-10APTES-ED, respectively.
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Table 5.4 Surface compositions and the relative abundance of Pd species of 1%Pd/TiO, catalysts prepared by electroless deposition

78

Relative abundance of

Binding Energy (eV) At. (%) 0 a Surface atomic ratio
Pd ", PdO, and PdO, (%)
Catalysts
Ti2p O1s Pd3d N1s Sn3d  Pd pd®  PdO PdO,  TVO Pd/Ti Pd*/PdO,’

1%Pd/TiO,-ED 458.7 530.6 338.2 - 486.8 0.96 26.58  21.09 52.33 0.12  0.12 0.36
1%Pd/TiO,-0.1APTES-ED 458.8 530.9 338.3 400.1 486.9 0.98 1545 17.25 67.30 0.05 0.32 0.18
1%Pd/TiO,-1APTES-ED  458.9 5309 338.2 400.5 487.0 0.57 4.85 14.53 80.62 0.05 0.16 0.05
1%Pd/TiO,-10APTES-ED 458.8 531.0 3384 400.4 487.0 0:5¢ 17.75 9.29 72.96 0.06 0.13 0.22

® Obtained from the deconvoluted area of XPS spectra of Pd 3d using Origin program.

® Determined from ratio between metallic Pd” and total of PdO, (1< x < 2)
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5.2.1.4 Fourier transforms infrared spectroscopy (FTIR)

The functional groups of 1%Pd/TiO, catalysts prepared by electroless
deposition method compared with pristine TiO, were investigated by Fourier
Transform Infrared Spectroscopy with a transmittance mode. Figure 5.12 illustrates
the FTIR spectra of pristine TiO, and 1%Pd/TiO, catalysts prepared by electroless
deposition. All Pd/TiO, catalysts show the typical IR band at 680 cm_l, which was
assigned to the symmetric stretching vibration of Ti-O-Ti bonds in the TiO, lattice [75,
76]. However, the intensity of IR-peaks decreased compared with pristine TiO,
support indicating to the surface of TiO, was covered by some materials. It was
possible due to SnCl, sensitization process in electroless deposition facilitated the
SnO, stabilized Pd metal and then metallic PdO was depositied on the TiO,.
Moreover, the IR band at 1080 cm71, which can be attributed to the asymmetric
stretching vibration of Si-O-Si bridge [77, 78] and the IR bands at ca. 1600 cm’ and
3450 cm_l, which were attributed to H-OH stretching vibration of physisorbed water
and the stretching vibration of hydroxyl group of Ti-OH bonds [75] , were be
observed on all 1%Pd/TiO, catalysts. However, the IR band at around 900 cm_l,
which was assigned to the stretching vibration of Ti-O-Si, and the IR peaks at 1460
e and 1390 cm_l, which assigned to the characteristic of C-H and C-N stretching

vibration of APTES [19, 77], became smaller.
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5.2.2 The catalytic activity of 1%Pd/TiO, catalysts prepared by
electroless deposition in the solvent-free selective oxidation of benzyl alcohol.

The catalytic performances of all 1%Pd/TiO, catalysts prepared by electroless
deposition were evaluated in the solvent-free selective oxidation of benzyl alcohol
under molecular O, (pO,-1 bar) at 120°C. The conversion of benzyl alcohol and
selectivity of benzaldehyde and the other byproducts obtained over 1%Pd/TiO,
catalysts at 7 h reaction time are summarized in Table 5.5. Generally for selective
oxidation of benzyl alcohol, benzaldehyde is produced as the main product along
with trace amount of toluene, benzoic acid, benzyl benzoate and benzene as the
byproducts. The highest benzyl alcohol conversion was obtained from 1%Pd/TiO,-
0.1APTES-ED (61.8%), followed by 1%Pd/TiO»ED (57.6%), 1%Pd/TiO,-10APTES-ED
(19.7%) and 1%Pd/TiO,-1APTES-ED (8.2%) catalysts, respectively. Higher selectivity of
benzaldehyde (> 80%) was obtained over the Pd catalysts supported on APTES
modified TiO,, comparing to that produced by 1%Pd/TiO,-ED catalyst (selectivity of
benzaldehyde 74%). Among the catalysts studied, the 1%Pd/TiO,-0.1APTES-ED
exhibited the best catalytic performances in the solvent-free selective oxidation of
benzyl alcohol (conversion 61.8% and selectivity of benzaldehyde 89.8%). For the
1%Pd/TiO,-ED catalyst, although high catalytic activity was achieved with the
conversion at 57.6%, but lower selectivity of benzaldehyde at 74% was obtained.
Furthermore, relatively large amount of toluene (ca. 20%) was obtained as the
byproduct for the 1%Pd/TiO,-ED catalyst from the disproportionation of benzyl
alcohol. According to the literature [89], acidity/basicity of reaction mixture or the
catalytic surface plays a crucial role in controlling catalysis of disproportionation in

the benzyl alcohol oxidation. Formation of toluene by the disproportionation of
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benzyl alcohol is favored when active metal particles are supported on acidic
material and does not occur when basic supports are used. Thus, mildly acidic
surface of the non-modified TiO, supported Pd catalyst (1%Pd/TiO,-ED) facilitated
the disproportionation reaction. Modification of TiO, supports by APTES increased
basicity of the catalyst surface via the hydrolysis of amino groups (-NH,). As a
consequence, lower amount of toluene were produced on all the APTES modified
catalysts. The surface basicity promoted the formation of benzoic acid while
suppressed the formation of toluene. Increasing of surface basicity is suggested to
enhance the dehydrogenation of benzyl alcohol.

High catalytic activity of Pd/TiO, in the benzyl alcohol oxidation is correlated
well with the formation of uniform Pd nanoclusters, especially on the 1%Pd/TiO,-
0.1APTES where the highest amount of Pd being deposited on the TiO, surface.
However, it is interesting to note that the lower surface atomic ratios of PdO/PdOX on
the catalyst surface (as found on1%Pd/TiO,-0.1APTES-ED) did not lower the catalyst
activity in the benzyl alcohol oxidation. Metallic Pd” has often been regarded as the
active species for the benzyl alcohol oxidation and is known to be more active than
the oxide forms of palladium [6, 62, 90]. In the present work, all the prepared
catalysts contained Pd’ and PdO, species. A recent study by Wang et al. [24]
revealed that reconstruction of PdO to metallic Pd’ sites by hydrogen spillover
occurred during the benzyl alcohol oxidation. The metallic Pd’ appeared to be
necessary at the beginning of reaction. Benzyl alcohol adsorbed on the metallic Pd’
sites and then hydrogen spillover from B-C-H bond subsequently reduced most of
PdO, species to metallic Pdo, leading to more metallic Pd’ sites. The

dehydrogenation of benzyl alcohol then occurred and benzaldehyde was released
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to the liquid-phase as the final product. Hence, high conversion of benzyl alcohol
with high selectivity of benzaldehyde can be obtained on the catalysts with high Pd
dispersion even though they contained both PdO/PdOX species (in our case, the
19%Pd/TiO,-0.1APTES-ED). Wang et al. [24] also suggested that PdO, converted to
different types of Pd metallic sites; defect sites, bridge sites, and hollow sites.
Nevertheless, the oxidative dehydrogenation of alcohol to the corresponding
aldehyde occurred on all exposed metallic Pd’ faces. The mechanism for the in-situ
reduction of PdO, to metallic Pd’ by hydrogen spillover from the benzyl alcohol

during the reaction is illustrated in Figure 5.13.

Benzaldehyde 0

Benzyl alcohol

L :

)H dehydrogenation
Y

PdO, changed to Pd’

Figure 5.13 The mechanism for in-situ reduction of PdO, to metallic Pd’ by hydrogen

spillover from the benzyl alcohol during the benzyl alcohol oxidation.
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Table 5.5 Solvent-free liquid-phase selective oxidation of benzyl alcohol to benzaldehyde for 1%Pd/TiO, catalysts prepared by

electroless deposition method at 7h.

Product selectivity (%) Yield (%)
Catalysts Conversion (%)
Benzaldehyde Toluene Benzoic acid Benzyl benzoate  Benzene
1%Pd/TiO,-ED 57.6 74.1 20.2 3.5 2.0 0.2 a2.7
1%Pd/TiO,-0.1APTES-ED 61.8 89.8 6.6 1.2 2.0 0.4 55.5
1%Pd/TiO,-1APTES-ED 8.2 84.1 0.4 4.8 10.7 0.0 6.9
1%Pd/TiO,-10APTES-ED 19.7 89.5 6.8 10.7 1.9 0.4 17.6

® Reaction conditions: benzyl alcohol 10 cmB, 25 mg of catalyst, T=1200C, pO, = 1 bar, stirring speed 1000 rpm. The errors for the
conversion and selectivity measurements were +5%.
° Selectivity of toluene, benzoic acid, benzyl benzoate and benzene present as byproducts.

“ %Yield of benzaldehyde which is the main product for this reaction.
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5.2.3 Catalytic activity of 1%Pd/TiO, catalysts prepared by electroless
deposition method in the liquid phase selective hydrogenation of 3-hexyn-1-ol

The catalytic performances of the 1%Pd/TiO, catalysts prepared by
electroless deposition were evaluated in the liquid phase selective hydrogenation of
3-hexyn-1-ol to cis-3-hexen-1-ol using 100 ml stainless steel autoclave reactor under
mild reaction conditions (pH, 2 bar and temperature 40°C). Figure 5.14 illustrates the
conversion of 3-hexyn-1-ol as a function of reaction time. The hydrogenation rates
were found to be in the order 1%Pd/TiO,-0.1APTES-ED > 1%Pd/TiO,-10APTES-ED >
19%Pd/TiO,-1APTES-ED > 1%Pd/TiO,-ED. Complete conversion (100%) of 3-hexyn-1-ol
can be achieved from all 1%Pd/TiO, catalysts prepared by electroless deposition
after 30 minutes of reaction time. However, it was clearly seen that APTES modified
catalysts exhibited higher catalytic hydrogenation rates than the non-modified one.
These results may possibly due to electron donating from NH, termination of APTES
molecules to the metallic Pd’ facilitate the strong interaction between metal and
support. Then alkyne molecules were weakly adsorbed on catalyst surface resulting
in an increase of hydrogenation rate. Nevertheless, the order of catalytic activity for
APTES modified 1%Pd/TiO, catalysts prepared by electroless deposition depended
on the total amounts of Pd on catalyst surface as shown in the XPS results. The
atomic concentration of Pd for Pd supported on APTES modified TiO, catalysts were
in the order 1%Pd/TiO,-0.1APTES-ED (0.98%) > 1%Pd/TiO,-1APTES-ED (0.57%) >
19%Pd/TiO,-10APTES-ED (0.51%), respectively. These results were corresponded with
the catalytic activity of 3-hexyn-1-ol hydrogenation.

Figure 5.15 shows the selectivity of cis-3-hexen-1-ol for all 1%Pd/TiO,

catalysts prepared by electroless deposition as a function of reaction time. Higher
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selectivity of cis-3-hexen-1-ol (80-93%) was obtained on the catalysts when the
reaction time was lower than 15 min. However after complete conversion of 3-
hexyn-1-ol, the selectivity of cis-3-hexen-1-ol dramatically decreased to 22-449% for
APTES modified catalysts whereas that of non-modified catalyst was slightly dropped
to 63%. The major byproduct for this reaction is trans-3-hexen-1-ol followed by 1-
hexanol.

The catalytic performances of 1%Pd/TiO, catalysts prepared by electroless
deposition method are demonstrated in Figure 5.16. The selectivity of cis-3-hexen-1-
ol for all 1%Pd/TiO, catalysts were not significant different at low conversion (less
than 50%). However, after conversion reached 80%, the selectivity of cis-3-hexen-1-ol
dropped to 70% for 1%Pd/TiO,-1APTES-ED and 1%Pd/TiO,-10APTES-ED catalysts. The
highest catalytic performance in the liquid-phase selective hydrogenation of 3-hexyn-
1-ol was obtained from the non-modified 1%Pd/TiO,-ED catalyst. The non-modified
19%Pd/TiO,-ED catalyst shows the highest catalytic performance (conversion of 3-
hexyn-1-ol 100%, selectivity of cis-3-hexen-1-ol 88%), probably because the lowest
hydrogenation rate retarded cis-3-hexen-1-ol hydrogenation. For 1%Pd/TiO,-
0.1APTES-ED catalysts, the highest hydrogenation rate with high catalytic performance
can be obtained at 100% of 3-hexyn-1-ol conversion with 86% cis-3-hexen-1-ol

selectivity.
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Figure 5.14 Conversion of 3-hexyn-1-ol for 1%Pd/TiO, catalysts prepared by

electroless deposition with different reaction times
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Figure 5.15 Selectivity of cis-3-hexen-1-ol for 1%Pd/TiO, catalysts prepared by

electroless deposition with different reaction times
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5.3 The characteristics and catalytic properties of 1%Pd/TiO, catalysts
prepared by sonochemical method

The characteristics of 1%Pd/TiO, catalysts prepared by sonochemical method
are illustrated in the section 5.3.1. The catalytic performances for all 1%Pd/TiO,
catalysts were evaluated in the solvent-free selective oxidation of benzyl alcohol
and the liquid phase selective hydrogenation of 3-hexyn-1-ol and the results are
demonstrated in section 5.3.2 and 5.3.3, respectively.

5.3.1 Catalyst characterizations

5.3.1.1 X-ray diffraction (XRD)

The XRD patterns of the 1%Pd/TiO, catalysts prepared by sonochemical
method are illustrated in Figure 5.17. All the catalysts exhibited the characteristic
peaks of pure anatase TiO, at 20=25° (major), 370, 480, 550, 560, 620, and 69°. The
XRD characteristic peaks corresponding to PdO specie at 20=33.5" or metallic Pd” at
20=40.9° were not detected for all catalysts due probably to the low amount of Pd
present and/or very small Pd’/PdO crystallite size. Moreover, the peak position of
anatase TiO, (101), d-spacing and the lattice parameters calculated from Bragg’s law
of all 1%Pd/TiO, catalysts prepared by sonochemical method are shown in Table
5.6. The value of 2-theta for all catalysts were not significant changed compared to
the original TiO, supports. The d-spacing values and the lattice parameters for all
Pd/TiO, catalysts were also not altered from those original TiO, supports suggesting

that Pd was deposited only on the TiO, surface not inserted in the TiO, lattice.
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Figure 5.17 The XRD patterns of 1%Pd/TiO, catalysts prepared by sonochemical

method

Table 5.6 The peak position of anatase (101) TiO, d-spacing and the lattice

parameters of TiO, for 1%Pd/TiO, catalysts prepared by sonochemical method.

Peak position of ) Lattice parametersa (A)
| d-spacing
Catalysts anatase (101) TiO,
nm)
(28, degree) a (=b) C c/a
19%Pd/TiO,-SN 25.32 0.3515 3.7845 9.4778 2.50
1%Pd/TiO,-0.1APTES-SN 25.30 0.3517 3.7860  9.5091 251
19%Pd/TiO,-1APTES-SN 25.32 0.3515 3.7845 9.4778 2.50
19%Pd/TiO,-10APTES-SN 25.30 0.3517 3.7860 9.5091 251

? calculated from Bragg’s law using the diffraction peaks of anatase (101) and (200)
TiO,.
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5.3.1.2 Transmission electron microscopy (TEM)

The morphologies of 1%Pd/TiO, catalysts prepared by sonochemical method
were investigated by using the transmission electron microscopy (TEM). Figure 5.18
illustrates the TEM micrographs and the Pd particles size distribution of (a)
19%Pd/TiO,-SN, (b) 1%Pd/TiO,-0.1APTES-SN, (c) 1%Pd/TiO,-1APTES-SN, and (d)
19%Pd/TiO,-10APTES-SN, respectively. It was clearly seen that small Pd nanoparticles
were agglomerated to form a larger Pd cluster size on all TiO, supports, non-modify
and APTES modified TiO, supports. These may possibly due to during the reduction
of PdO precursor to metallic Pd’ by chemical reduction without stabilizing agent for
sonochemical method resulting in agglomeration of metallic Pd” even used the
ultrasonic assisted. The average Pd particle size for Pd catalysts supported on APTES
modified TiO, were c.a. 7.5-7.9 nm while those of Pd catalyst supported on non-
modified TiO, was 7.9 nm. The average Pd particle size obtained from sonochemical
method were found to be not significant different. However, large Pd nanoclusters
(=10 nm) with a broader particles size distribution in mean of standard deviation
(S.D.) (c.a. 3.1-3.5 nm) were found for 1%Pd/TiO,-1APTES-SN and 1%Pd/TiO,-10APTES-
SN catalysts. This can be suggested that excess amount of APTES tended to occur a

higher variation of Pd particles size.
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Figure 5.18 TEM micrographs and Pd particles size distributions of 1%Pd/TiO,
catalysts prepared by sonochemical method (a) 1%Pd/TiO,-SN, (b) 1%Pd/TiOx-

0.1APTES-SN, (c) 1%Pd/TiO,-1APTES-SN, and (d) 19%Pd/TiO,-10APTES-SN
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Figure 5.18 (cont.) TEM micrographs and Pd particles size distributions of 1%Pd/TiO,
catalysts prepared by sonochemical method (a) 1%Pd/TiO,-SN, (b) 1%Pd/TiO,

0.1APTES-SN, (c) 1%Pd/TiO,-1APTES-SN, and (d) 1%Pd/TiO,-10APTES-SN
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5.3.1.3 X-ray photoelectron spectroscopy (XPS)

The structural and electronic properties of Pd nanoparticles/clusters on
19%Pd/TiO, catalysts prepared by sonochemical method were further investigated by
X-ray photoelectron spectroscopy (XPS). Figure 5.19 illustrates the Pd 3d XPS
spectra of 1%Pd/TiO, catalysts derived from sonochemical method. All samples
show a typical doublet peaks of Pd 3d core level center around 335-337 eV and 340-
342 eV, which were assigned to Pd 3ds,, and Pd 3d,, respectively. The Pd 3d core
level could be fitted with two main doublets of the Pd 3ds,, peaks at around 334.6,
336.3 eV, which can be assigned to metallic Pd” and PdO, respectively [40, 81]. Highly
oxidizing Pd species (PdO, or Pd"™) was not detected on all 1%Pd/TiO, catalysts
derived by sonochemical method. Moreover, the surface composition and relative
abundance of Pd species of all 1%Pd/TiO, catalysts prepared by sonochemical
method are summarized in Table 5.7. The binding energy of Ti 2p around 458 eV
and O 1s around 530 eV for all samples can be attributed to 7" and oxygen lattice
of TiO, support, respectively. The percentages of surface atomic concentration of Pd
species were found to be in the order 1%Pd/TiO,-SN (0.78) > 1%Pd/TiO,-0.1APTES-SN
(0.61) > 1%Pd/TiO,-10APTES-SN (0.43) > 1%Pd/TiO,-1APTES-SN (0.24). It can be noted
that Pd contents on the catalyst surface decreased when Pd supported on APTES
modified TiO, catalysts. However, the actual amount of Pd loading determined by
inductive coupled plasma optical emission spectrometer (ICP-OES) for all 1%Pd/TiO,
catalysts derived by sonochemical method were not significant different ( c.a. 1.0-1.3
%) indicating that there were different Pd dispersions on various Pd/TiO, catalysts.
Furthermore, it was clearly seen that the proportion of metallic Pd’ to PO species

increased for Pd catalysts supported on APTES modified TiO,. Comparing the relative
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abundance of Pd species, Pd supported on APTES modified TiO, catalysts exhibited
higher amount of metallic Pd’ than PdO whereas the non-modified catalyst gave
higher amount of PdO than metallic Pd’. This may possibly due to electron donating
from nitrogen of amine group to metallic Pd” facilitated the electronic interaction
resulting to increase the proportion of metallic Pd’. Our results were consistent with
the recently report by Radkevich et al. [91]. They showed that the amino groups
possessing electron donor properties can increase the proportion of Pd” and
resistance against re-oxidation of Pd’ due to the electronic interactions between
nitrogen atom and metallic pd’ nanoparticles, which are active centers for

hydrogenation-dehydrogenation reactions.

Pd° Pd 3d

1%Pd/TiO,-10APTES-SN

1%Pd/TiO,-1APTES-SN

Intensity (a.u.)

1%Pd/TiO,-SN

355 350 345 340 335 330 325
Binding Energy (eV)

Figure 5.19 The XPS spectra of Pd 3d for 1%Pd/TiO, catalysts prepared by

sonochemical method
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Table 5.7 Surface compositions and the relative abundance of Pd species of 1%Pd/TiO, catalysts prepared by sonochemical method

Relative abundance

Binding Energy (eV) At. (%)  ICP" (%) Surface atomic ratio
S Ny ’ 7 of Pd’ and PAO” (%)
Catalysts
Tigp O1ls Pd3d N1is Si2p Pd Pd pd’ PdO T/O Pd/Ti Pd’/PdO
19%Pd/TiO,-SN 458.8 530.1 334.5 - - 0.78 1.18 48.65 51.35 0.28 0.04 0.95
19%Pd/TiO,-0.1APTES-SN  458.9 530.2 334.8 n.d. 101.8 0.61 1.35 74.15 25.85 0.25 0.03 2.87
19%Pd/TiO,-1APTES-SN 458.4 5299 334.6 n.d. 101.7 0.24 1.33 74.53 25.47 0.32 0.01 2.93
19%Pd/TiO,-10APTES-SN  458.4 5298 334.6 400.8 101.9 0.43 0.99 63.31 36.69 0.27 0.02 1.73

* The actual amount of the Pd loading determined by a Perkin Elmer Optima 2100DV AS93 PLUS inductive coupled plasma optical

emission spectrometer.

® Obtained from the deconvoluted area of XPS spectra of Pd 3d using Origin program.
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5.3.1.4 Fourier transforms infrared spectroscopy (FTIR)

The functional groups of 1%Pd/TiO, catalysts prepared by sonochemical
method compared with pristine TiO, were investigated by Fourier Transform Infrared
Spectroscopy with a transmittance mode and the results are illustrated in Figure
5.20. The typical IR band at 680 cmfl, which was assigned to the symmetric stretching
vibration of Ti-O-Ti bonds in the TiO, lattice, was found on all samples [75, 76]. As
similar as the IR bands at ca. 1600 cm_1 and 3450 cm_l, which were attributed to H-
OH stretching vibration of physisorbed water and the stretching vibration of hydroxyl
group of Ti-OH bonds [75], were be observed on pristine TiO, and all 1%Pd/TiO,
catalysts. Moreover, the small IR peaks at 1460 cm and 1390 cm’” assigned to the
characteristic of C-H and C-N stretching vibration of APTES [19, 77] and the broad
typical IR band at 1080 e’ which attributed to the asymmetric stretching vibration
of Si-O-Si bridge achieved from the APTES molecules coupling [77, 78], were clearly
more pronounced for all Pd catalysts supported on APTES modified TiO, supports.
However, The IR band at around 900 cm’ assigned to the stretching vibration of Ti-O-

Si became smaller after Pd deposition on the APTES modified TiO, support.
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Figure 5.20 FTIR spectra of pristine TiO, and 1%Pd/TiO, catalysts prepared by sonochemical method
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5.3.2 Reaction study in the solvent-free selective oxidation of benzyl
alcohol to benzaldehyde

The catalytic performances of 1%Pd/TiO, catalysts prepared by sonochemical
method were evaluated in the solvent-free selective oxidation of benzyl alcohol
using molecular O, (pO, 1 bar) at 120°C. Table 5.8 summarized the conversion of
benzyl alcohol, the selectivity of benzaldehyde and other byproducts for all
1%Pd/TiO, catalysts prepared by sonochemical method at 7h of reaction time. The
conversion of benzyl alcohol was found to be in the order 1%Pd/TiO,-SN (57.5%) >
1%Pd/TiOx-1APTES-SN  (52.2%) > 1%Pd/TiO,-0.1APTES-SN (47.2%) > 1%Pd/TiO,-
10APTES-SN (27.2%). It was clearly seen that lower catalytic activity was obtained
from Pd supported on APTES modified TiO, catalysts. This may be because of lower
amount of surface atomic concentration of Pd on the Pd catalysts supported on
APTES modified TiO,. Actual amount of Pd loading from ICP-OES for all catalysts
were around 1 wt. %, however, the surface metallic PdO specie which is essential
active metal specie for benzyl alcohol oxidation were difference. Moreover previous
studies from 19%Pd/TiO, catalysts derived by electroless deposition method, the
catalyst containing high surface atomic concentration of Pd which possessed both
metallic Pd’ and PdO, species exhibited high catalytic activity in benzyl alcohol
oxidation. Therefore, it was possible to suggest that the 1%Pd/TiO,-SN catalyst gave
the highest catalytic activity of benzyl alcohol oxidation because it had the highest
surface atomic concentration of Pd.

In term of benzaldehyde selectivity at 7h of reaction time, similar selectivity
of benzaldehyde around 58-60% was found on all 1%Pd/TiO, catalysts derived by

sonochemical method, except 1%Pd/TiO,-10APTES-SN catalyst. The highest
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selectivity of benzaldehyde at 81.4% was obtained from 1%Pd/TiO,-10APTES-SN
catalyst. The lowest catalytic conversion of benzyl alcohol (27.2%) on 1%Pd/TiO,-
10APTES-SN retarded the dehydrogenation rate of benzaldehyde to benzoic acid;
hence higher selectivity of benzaldehyde was obtained. For other byproducts,
toluene was found to be the major byproduct, following by benzoic acid benzyl
benzoate and benzene.

Besides the conversion of benzyl alcohol and selectivity of benzaldehyde,
the percentage of yield for benzaldehyde was calculated to evaluate the catalytic
performance of 1%Pd/TiO, derived by sonochemical method and the results are
summarized in Table 5.8. The highest catalytic performance of benzyl alcohol
oxidation for sonochemical catalysts was achieved from 1%Pd/TiO,-SN catalyst at
34%yield. The order of vyield was 1%Pd/TiO,-SN > 1%Pd/TiO,-1APTES-SN >

1%Pd/TiO,-0.1APTES-SN > 1%Pd/TiO,-10APTES-SN.
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Table 5.8 Solvent-free selective oxidation of benzyl alcohol to benzaldehyde for 1%Pd/TiO, catalysts prepared by sonochemical

method at 7h.”

Product seLectivi’tyb (%)
Catalysts Conversion (%) Yield" (%)
Benzaldehyde Toluene Benzoic acid Benzyl benzoate Benzene

1%Pd/TiO,-SN 575 59.1 38.4 1.1 1.1 0.3 34.0
1%Pd/TiO,-0.1APTES-SN a7.2 60.2 36.7 1.3 1.5 0.4 28.4
1%Pd/TiO,-1APTES-SN 52.2 58.8 38.7 0.9 1.2 0.4 30.7
1%Pd/TiO,-10APTES-SN 27.2 81.4 9.5 3.9 4.5 0.7 22.1

* Reaction conditions: benzyl alcohol 10 cmB, 25 mg of catalyst, T=120°C, pO, = 1 bar, stirring speed 1000 rpm. The errors for the
conversion and selectivity measurements were +5%.
° Selectivity of toluene, benzoic acid, benzyl benzoate and benzene present as byproducts.

“ %Yield of benzaldehyde which is the main product for this reaction.
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5.3.3 Reaction study in the liquid phase selective hydrogenation of 3-
hexyn-1-ol to cis-3-hexen-1-ol

The catalytic performances of all 1%Pd/TiO, catalyst prepared by
sonochemical method were also evaluated in the liquid phase selective
hydrogenation of 3-hexyn-1-ol to cis-3-hexen-1-ol using 100 ml stainless steel
autoclave reactor under mild reaction conditions (pH, 2 bar and temperature 40°0).
Figure 5.21 illustrates the conversion of 3-hexyn-1-ol as a function of reaction times.
The hydrogenation activities were found to be in the order 1%Pd/TiO,-1APTES-SN >
19%Pd/TiO,-10APTES-SN > 1%Pd/TiO,-0.1APTES-SN > 1%Pd/TiO,-SN. Complete
conversion of 3-hexyn-1-ol (100%) for all Pd supported on APTES modified TiO,
catalysts occurred within 30-60 min. of reaction time while for Pd supported on non-
modified TiO, catalyst, complete conversion was obtained after 90 min of reaction
time. These should be remarked that Pd supported on APTES modified TiO, catalysts
showed the higher catalytic hydrogenation rates than non-modified one. Typically,
the hydrogenation activity is depended on the amount of active Pd species.
However, all Pd/TiO, catalysts derived by sonochemical method showed the similar
actual amount of Pd loading. Moreover prior to start of the reaction, the catalysts
were pretreated in H, flow at 40°C for 2h, thus it can be assumed that PdO species
should be reduced to metallic Pd’. Hence, it is possible to suggest that higher
catalytic activity of Pd supported on APTES modified TiO, catalysts were obtained
because electrons donating from NH, termination of APTES molecules to the
metallic Pd’ facilitated the strong interaction between metal and support. Then
alkynes molecules were weakly adsorbed on catalyst surface resulting in an increase

of the hydrogenation rate.
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The selectivity to cis-3-hexen-1-ol for all 1%Pd/TiO, catalysts prepared by
sonochemical method as a function of reaction times is illustrated in Figure 5.22.
High selectivity of cis-3-hexen-1-ol more than 93% was obtained on all catalysts
when the reaction time was lower than 15 min. After complete conversion of 3-
hexyn-1-ol (100%) with different reaction time (30-90 min), the selectivity of cis-3-
hexen-1-ol dramatically decreased to 41-60% for Pd supported on APTES modified
TiO, catalysts whereas it was sharply dropped to 0% for Pd supported on non-
modified TiO, catalyst. The major byproduct for this reaction was trans-3-hexen-1-ol
followed by 1-hexanol.

The catalytic performances of 1%Pd/TiO, catalysts prepared by sonochemical
method are demonstrated in Figure 5.23. The selectivity of cis-3-hexen-1-ol for all
19%Pd/TiO, catalysts were not significant difference at low conversion (less than 50%).
However, after conversion reached 90%, the selectivity of cis-3-hexen-1-ol was
dramatically dropped to 0% for 1%Pd/TiO,-SN catalyst whereas for Pd supported on
APTES modified TiO, catalysts, the selectivity of cis-3-hexen-1-ol were around 41-
60%. The results indicated that higher catalytic performances were obtained from all
Pd supported on APTES modified TiO, catalysts compared with non-modified one.
These may be because of the interaction between metallic Pd” and nitrogen
promoted desorption of alkene molecules, hence higher selectivity of cis-3-hexen-1-
ol can be obtained. The orders of catalytic performance of 1%Pd/TiO, catalysts
prepared by sonochemical method were 19%Pd/TiO,-10APTES-SN > 19%Pd/TiO,-

0.1APTES-SN > 1%Pd/TiO,-1APTES-SN > 19%Pd/TiO,-SN.
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Figure 5.21 Conversion of 3-hexyn-1-ol for 1%Pd/TiO, catalysts prepared by

sonochemical method with different reaction times
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Figure 5.22 Selectivity of cis-3-hexen-1-ol for 1%Pd/TiO, catalysts prepared by

sonochemical method with different reaction times



105

100
90 -
80 -
70 -
60 -
50 -
40 - \
301 -e- 19%PaTiO, SN !
20 - —& 1%Pd/TiO;,-0.1APTES-SN 1

—a 1%Pd/TiO,-1APTES-SN
10 1 _o 1%Pd/TiO, 10APTES SN

Selectivity of cis-3-hexen-1-ol (%)

[' T T 1 T T T 1 T 1 T 1 T 1 T T T 1 T

0 10 20 30 40 S0 60 70 80 90 100
Conversion of 3 hexyn-1-ol (%)
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5.4 The characteristics and catalytic properties of 1%Pd/TiO, catalysts prepared
by sol immobilization method

The characteristics of 1%Pd/TiO, catalysts prepared by sol immobilization
method are illustrated in the section 5.4.1. The catalytic performances for all
1%Pd/TiO, catalysts evaluated in solvent-free selective oxidation of benzyl alcohol
and the liquid phase selective hydrogenation of 3-hexyn-1-ol are demonstrated in
section 5.4.2 and 5.4.3, respectively.

5.4.1 Catalyst characterizations

5.4.1.1 X-ray diffraction (XRD)

The XRD patterns of the 1%Pd/TiO, catalysts prepared by sol immobilization
method are illustrated in Figure 5.24. All catalysts exhibited the characteristic peaks
of pure anatase TiO, at 20=25" (major), 370, 480, 550, 560, 620, and 69°. The XRD
characteristic peaks corresponding to PdO specie at 20=33.5" or metallic Pd’ at
20=40.9° were not detected for all catalysts due probably to the low amount of Pd
present and/or very small Pd’/PdO crystallite size. Moreover, the peak position of
anatase TiO, (101), d-spacing and the lattice parameters calculated from Bragg’s law
of all 1%Pd/TiO, catalysts prepared by sol immobilization method are shown in
Table 5.9. The value of 2-theta for all catalysts did not changed compared to the
original TiO, supports. The d-spacing values and the lattice parameters for all
19%Pd/TiO, catalysts were also not altered from those original TiO, supports
suggesting that Pd was deposited only on the TiO, surface not inserted in the TiO,

lattice.
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Figure 5.24 The XRD patterns of 1%Pd/TiO, catalysts prepared sol immobilization

method

Table 5.9 The peak position of anatase (101) TiO,, d-spacing and the lattice

parameters of TiO, for 1%Pd/TiO, catalysts prepared by sol immobilization method.

Peak position of d-spacing  Lattice parameters ")

Catalysts anatase (101) TiO, ()

(20, degree) a (=b) C c/a
1%Pd/TiO,-IM 25.32 0.3515 3.7845 94778 250
1%Pd/TiO,-0.1APTES-IM 25.32 0.3515 3.7845 94778 250
1%Pd/TiO,-10APTES-IM 25.32 0.3515 3.7845 94778 2.50

* calculated from Bragg’s law using the diffraction peaks of anatase (101) and (200)
TiO,
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5.4.1.2 Transmission electron microscopy (TEM)

The morphologies of 1%Pd/TiO, catalysts prepared by sol immobilization
method were investigated by using the transmission electron microscopy (TEM).
Figure 5.25 illustrates the TEM micrographs and the Pd particles size distribution of
(@) 1%Pd/TiO,-IM, (b) 1%Pd/TiO,-0.1APTES-IM, and (c) 1%Pd/TiO,-10APTES-IM,
respectively. All 1%Pd/TiO, catalysts derived by sol immobilization method show
small and uniform Pd nanoparticles size with average Pd particle size around 2.4-2.6
nm. It was clearly seen that most of Pd nanoparticles obtained from sol
immobilization were in uniform size. This because of during formation of Pd colloids,
polyvinyl alcohol (PVA) was added to stabilize the Pd colloid, therefore small and
uniform Pd nanoparticles were generated. High amount of Pd nanoparticles dispersed
on catalyst surface can be observed on 1%Pd/TiO,-IM and 1%Pd/TiO,-0.1APTES-IM
micrographs whereas low amount of Pd nanoparticles dispersed on catalyst surface
was clearly seen on 1%Pd/TiO,-10APTES-IM micrograph. This may be because of
multilayer and reversed attachment of APTES on TiO,-10APTES surface affected the

lower amount of Pd deposition.
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Figure 5.25 TEM micrographs and Pd particles size distributions of 1%Pd/TiO,
catalysts prepared by sol immobilization method (a) 1%Pd/TiO,-IM, (b) 1%Pd/TiO,-

0.1APTES-IM, and (c) 1%Pd/TiO,-10APTES-IM
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5.4.1.3 X-ray photoelectron spectroscopy (XPS)

The structural and electronic properties of Pd nanoparticles/clusters on
1%Pd/TiO, catalysts prepared by sol immobilization method were further
investigated by X-ray photoelectron spectroscopy (XPS). Figure 5.26 illustrates the
Pd 3d XPS spectra of 1%Pd/TiO, catalysts derived from sol immobilization method.
A typical doublet peaks of Pd 3d core level center around 335-337 eV and 340-342
eV, which were assigned to Pd 3ds, and Pd 3ds,, was clearly observed only on
19%Pd/TiO,-IM catalyst whereas these peaks became flat and hardly to be observed
on 1%Pd/TiO,-0.1APTES-IM and 1%Pd/TiO,-10APTES-IM catalysts. The Pd 3d core
level could be fitted into two main doublets of the Pd 3ds, peaks at around 335,
336.9 eV, which can be assigned to metallic Pd’ and PdO, respectively [40, 81]. Highly
oxidizing Pd species (PdO, or Pd"™) was not detected on all 19%Pd/TiO, catalysts
derived by sol immobilization method. Moreover, the surface composition and
relative abundance of Pd species of all 1%Pd/TiO, catalysts prepared by sol
immobilization method are summarized in Table 5.10. The binding energy of Ti 2p
around 458.9 eV and O 1s around 530.2 eV for all samples can be attributed to T
and oxygen lattice of TiO, support, respectively. The percentage of surface atomic
concentration of Pd species were found to be in the order 1%Pd/TiO,-IM (0.55) >
19%Pd/TiO,-0.1APTES-IM (0.10)~1%Pd/TiO,-10APTES-IM (0.10). It can be noted that Pd
contents on the catalyst surface decreased when Pd supported on APTES modified
TiO, catalysts. However, as revealed by TEM micrograph, Pd supported on TiO,-

0.1APTES catalyst showed well dispersed of Pd nanoparticles on catalyst surface.
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Figure 5.26 The XPS spectra of Pd 3d for 1%Pd/TiO, catalysts prepared by sol

immobilization method
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Table 5.10 Surface compositions and the relative abundance of Pd species of 1%Pd/TiO, catalysts prepared by sol immobilization

method

sinding E V) At (%) Relative abundance Surf tomic rati

INnain ner e . urrace atomic ratio

S Ny ’ of Pd” and PAO" (%)
Catalysts
Tizp O1s Pd3d N1s Si2p Pd pd’ PAO  T/O Pd/Ti  Pd/PdO

1%Pd/TiO,-IM 4589 5302 3355 - . 0.55 70.5 295 024 003 2.39
19%Pd/TIO,0.1APTESIM 4589 5302 3352 nd.  nd. 0.10 100.0 00 023 001 .
19%Pd/TiO,-10APTES-IM 4589 530.1 3349 4009 1024 0.10 100.0 00 021 001 .

® Obtained from the deconvoluted area of XPS spectra of Pd 3d using Origin program.

n.d.; not determined
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5.4.2 Reaction study in the solvent-free selective oxidation of benzyl
alcohol to benzaldehyde

The catalytic performances of 1%Pd/TiO, catalysts prepared by sol
immobilization method were evaluated in the solvent-free liquid phase selective
oxidation of benzyl alcohol using molecular O, (pO, 1 bar) at 120°C. Table 5.11
summarizes the conversion of benzyl alcohol, the selectivity of benzaldehyde and
other byproducts for all 1%Pd/TiO, catalysts prepared by sol immobilization method
at 7h of reaction time. The conversion of benzyl alcohol was found to be in the
order 1%Pd/TiO,-IM (23.9%) > 1%Pd/TiO,-0.1APTES-IM (11.3%) > 1%Pd/TiO,-10APTES-
IM (8.6%). All catalysts derived by sol immobilization method exhibited quite low
catalytic activities in benzyl alcohol oxidation, especially for Pd supported on APTES
modified TiO, catalysts. This may be because of low amount of Pd being deposited
on catalyst surface as shown in XPS results. Generally, Pd colloids were synthesis by
using polyvinyl alcohol as a ligand polymer stabilized. After Pd colloid generated,
they would adsorb on the metal oxide support with hydrogen bond or electrostatic
bond which a weak interaction. Thus, it was possible to achieve low amount of Pd
deposited on TiO, support when the catalyst was prepared by sol immobilization.
For APTES modified TiO, support, it is difficult to transfer electron from amino group
to metallic Pd’ via a polymer stabilized, hence lower Pd deposited was found on Pd
supported on APTES modified TiO, catalysts.

In term of benzaldehyde selectivity at 7h of reaction time, similar selectivity
of benzaldehyde around 86% was found on all 1%Pd/TiO,-IM and 1%Pd/TiO,-
0.1APTES-IM catalyst. The lowest catalytic activity of benzyl alcohol oxidation with

selectivity of benzaldehyde was found on 1%Pd/TiO,-10APTES-IM catalyst because
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low amount of Pd deposition on catalyst surface. For other byproducts of all
catalysts, benzoic acid was found to be the major byproduct, following by benzyl
benzoate, benzene and toluene. Small amount of toluene occurred in this reaction
demonstrated that sol immobilization catalysts can suppress the disproportionation
of benzyl alcohol pathway and promote the oxidation pathway of benzaldehyde.
Besides the conversion of benzyl alcohol and selectivity of benzaldehyde,
the percentage of yield for benzaldehyde was calculated to evaluate the catalytic
performance of 1%Pd/TiO, derived by sol immobilization method and the results are
summarized in Table 5.11. The highest catalytic performance of benzyl alcohol
oxidation for sol immobilization catalysts was achieved from 1%Pd/TiO,-IM catalyst
at 20.6% yield. The order of yield was 1%Pd/TiO,-IM (20.6%) > 1%Pd/TiO,-0.1APTES-

IM (9.8%) > 1%Pd/TiO,-10APTES-IM (5.5%), respectively.
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Table 5.11 Solvent-free selective oxidation of benzyl alcohol to benzaldehyde for 1%Pd/TiO, catalysts prepared by sol immobilization

method at 7h.”

Product setectivityb (%)
Catalysts Conversion (%) Yield® (%)
Benzaldehyde Toluene Benzoic acid Benzyl benzoate  Benzene

1%Pd/TiO,-IM 23.9 86.1 2.9 4.2 56 1.2 20.6
19%Pd/TiO,-0.1APTES-IM 11.3 86.4 1.0 5.0 6.5 1.2 9.8
19%Pd/TiO,-10APTES-IM 8.6 64.6 0.0 15.3 20.1 0.0 55

* Reaction conditions: benzyl alcohol 10 cmB, 25 mg of catalyst, T=120°C, pO, = 1 bar, stirring speed 1000 rpm. The errors for the
conversion and selectivity measurements were +5%.
° Selectivity of toluene, benzoic acid, benzyl benzoate and benzene present as byproducts.

“ %Yield of benzaldehyde which is the main product for this reaction.
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5.4.3 Reaction study in the liquid phase selective hydrogenation of 3-
hexyn-1-ol to cis-3-hexen-1-ol

The catalytic performances of all 1%Pd/TiO, catalyst prepared by sol
immobilization method were also evaluated in the liquid phase selective
hydrogenation of 3-hexyn-1-ol to cis-3-hexen-1-ol using 100 ml stainless steel
autoclave reactor under mild reaction conditions (pH, 2 bar and temperature 40°0).
Figure 5.27 illustrates the conversion of 3-hexyn-1-ol as a function of reaction times.
The hydrogenation activities were found to be in the order 1%Pd/TiO-IM >
1%Pd/TiO,-0.1APTES-IM > 1%Pd/TiO,-10APTES-IM. Complete conversion of 3-hexyn-
1-ol (100%) for 1%Pd/TiO,-IM occurred within 30 min of reaction time while for
1%Pd/TiO,-0.1APTES-IM and 1%Pd/TiO,-10APTES-IM catalyst, complete conversion
were obtained after 60 min of reaction time. These should be remarked that Pd
supported on APTES modified TiO, catalysts showed the lower catalytic
hydrogenation rates than non-modified one. Typically, the hydrogenation activity
depended on the amount of active metallic Pd’ species. As revealed by TEM and
XPS results, the higher amount of Pd loading with uniform and small Pd particles size
for 1%Pd/TiO,-IM catalyst was obtained; therefore 1%Pd/TiO,-IM catalyst showed the
highest catalytic activity in the liquid phase selective hydrogenation of 3-hexyn-1-ol.
For 1%Pd/TiO,-0.1APTES-IM and 1%Pd/TiO,-10APTES-IM catalyst, lower interaction
between Pd metal to TiO, support affected the strong adsorption of alkynes and H,
molecules, so that the hydrogenation rate decreased.

Figure 5.28 illustrates the selectivity of benzaldehyde for all 1%Pd/TiO,
prepared by sol immobilization as a function of reaction time. High selectivity of cis-

3-hexen-1-ol more than 95% was obtained on all catalysts when the reaction time
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was lower than 15 min. After complete conversion of 3-hexyn-1-ol (100%) with
different reaction time (30-60 min), the selectivity of cis-3-hexen-1-ol dramatically
decreased to 47% for Pd/TiO,-IM catalysts whereas it was slowly dropped to 80%
and 69% for 1%Pd/TiO,-0.1APTES-IM and 1%Pd/TiO,-10APTES-IM, respectively. The
major byproduct for this reaction is trans-3-hexen-1-ol followed by 1-hexanol.

The catalytic performances of 1%Pd/TiO, catalysts prepared by sol
immobilization method are demonstrated in Figure 5.29. The selectivity of cis-3-
hexen-1-ol for all 1%Pd/TiO, catalysts were not significant different at low conversion
(less than 50%). However, after conversion reached 70%, the selectivity of cis-3-
hexen-1-ol was dramatically dropped to 47% for 1%Pd/TiO,-IM catalyst whereas for
Pd supported on APTES modified TiO, catalysts, the selectivity of cis-3-hexen-1-ol
were around 69-80%. The results indicated that higher catalytic performances were
obtained from all Pd supported on APTES modified TiO, catalysts compared with
non-modified one. The orders of catalytic performance for 1%Pd/TiO, catalysts
derived by sol immobilization method were 1%Pd/TiO,-0.1APTES-IM > 1%Pd/TiO,-

10APTES-IM > 1%Pd/TiO,-IM.



118

1004  fmm-m----
90 -
80 -
70 -
60 -
50 -
40 -
30 -

- - 1%Pd/TiO, IM
2042 —&— 1%Pd/TiO,-0.1APTES IM
10 | —e— 1%Pd/TiO,-10APTES-IM

Conversion of 3-heyn-1-ol (%)

0

0 10 20 30 40 50 60 70 80 90 100
Reaction time (min)

Figure 5.27 Conversion of 3-hexyn-1-ol for 1%Pd/TiO, catalysts prepared by sol

immobilization method with different reaction times
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5.5 Comparative study the catalytic behavior for 1%Pd/TiO, catalysts prepared
by three different preparation methods

5.5.1 The Pd supported on non-modified TiO, catalysts

The catalytic behaviors of three 1%Pd/TiO, catalysts prepared by electroless
deposition (ED), sonochemical (SN), and sol immobilization (IM) methods were
investigated and compared in the solvent free liquid phase selective oxidation of
benzyl alcohol ( in section 5.5.1.1) and liquid phase selective hydrogenation of 3-
hexyn-1-ol (in section 5.5.1.2).

5.5.1.1 Reaction study in solvent-free selective oxidation of benzyl
alcohol to benzaldehyde

The catalytic performance of all 1%Pd/TiO, catalysts prepared by different
preparation methods were evaluated in the solvent-free liquid phase selective
oxidation of benzyl alcohol with molecular O, by using 50 ml round bottom flask
reactor from Radleys. Typically, the oxidation of benzyl alcohol is always used as a
model reaction for alcohol oxidation, not only due to the relatively high activity but
also because of the existence of a complex reaction pathway. The desired product
for this reaction is benzaldehyde, but other byproducts including to benzoic acid,
benzyl benzoate, toluene, and benzene can be formed depending on the reaction
condition and the catalyst used. The conversions of benzyl alcohol as a function of
reaction times for all 1%Pd/TiO, catalysts are illustrated in Figure 5.30. Such results
are clearly seen that the benzyl alcohol conversions increased with prolonged
reaction time from 0.5 to 7 h. After the first 0.5 h of reaction, the highest benzyl
alcohol conversion at 6.2% was achieved from 1%Pd/TiO,-SN catalyst, followed by

3.2% of 1%Pd/TiOIM and 1.4% of 1%Pd/TiO,-ED catalyst, respectively. When the
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reaction time reached 3 h, the conversion of benzyl alcohol monotonically
enhanced and was found to be in the order: 1%Pd/TiO,-ED >1%Pd/TiO,-SN >
1%Pd/TiO,-IM. After 7 h of reaction, the highest conversion at 57.6% was achieved
over 1%Pd/TiO-ED and 1%Pd/TiO,-SN catalysts, while only 23.9% conversion was
achieved over 1%Pd/TiO,-IM catalyst. There are many factors which has an impact
on catalytic activity of benzyl alcohol oxidation such as the nature of supports [19,
92], the metal particle size [40, 93], and/or the geometric of metal species [24]. Base
on the XPS results, the 1%Pd/TiO,-ED catalyst exhibited the highest surface atomic
concentration of Pd at 0.96%, followed by 0.78% of 19%Pd/TiO,-SN and 0.55% of
19%Pd/TiO,-IM, respectively. In our case, the order of catalytic activity after 3 h of
reaction were found to be in good agreement with the order of surface atomic
concentrations of Pd. Therefore, it can be considered that the majority factor
determining catalyst activity under this reaction condition is the surface atomic Pd
concentration. However, the presence of higher amount of palladium oxide species
(PdO and PdO,) than metallic Pd” for 19%Pd/TiO,-ED catalyst was seem to be not
corresponded with the highest activity of benzyl alcohol oxidation. Because of
metallic Pd’ is generally known to be more active than palladium oxide species for
benzyl alcohol oxidation [90, 94, 95]. Nevertheless, Wang et al. [24] demonstrated
that the in situ reduction of palladium oxide to metallic Pd’ via a hydrogen spill over
from benzyl alcohol adsorption created a higher amount of defective metallic Pd’
sites or linear bond CO on Pd (111), which proved to be the primary site for benzyl
alcohol oxidation, resulting in an enhancement of catalytic activity of benzyl alcohol
oxidation. Hence it is possible to propose that higher catalytic activity at first 0.5 h of

reaction for the 1%Pd/TiO,-SN and 1%Pd/TiO,-IM catalysts than 1%Pd/TiO,-ED
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catalyst have an influence from higher metallic Pd’ species, which appeared to be an
essential species for starting the reaction. During the reaction, PdO, species were
reduced to metallic Pd’ via a hydrogen spill from benzyl alcohol adsorbed resulting
in an increasing of active metallic Pd’ sites. Therefore higher catalytic activity on
1%Pd/TiO,-ED and 1%Pd/TiO,-SN catalysts can be obtained when prolonged the
reaction time. Besides the high benzyl alcohol conversion, the selectivity of
benzaldehyde can be improved during the reconstruction of PdO, because the
hydrogen spill over from benzyl alcohol adsorbed effect to break C-H bond in benzyl
alkoxide resulting to release the benzaldehyde as the final product.

Figure 5.31 and Figure 5.32 illustrate the selectivity of benzaldehyde and
toluene of all 1%Pd/TiO, catalysts as a function of reaction time. In term of products
selectivity, benzaldehyde was produced as the main product following by trace
amounts of toluene and benzoic acid as byproducts. High selectivity to
benzaldehyde at 0.5 h was found to be in the order of 1%Pd/TiO,-ED (87.9%) >
19%Pd/TiO,-IM (86.3%) > 1%Pd/TiO,-SN (77.4%). When prolonged the reaction time to
7h, increasing of benzyl alcohol conversion for 1%Pd/TiO,-ED (57.6%) and
1%Pd/TiO,-SN (57.6%) catalysts affected to monotonically decrease in the selectivity
of benzaldehyde (74.1% for 1%Pd/TiO,-ED and 58.9% for 1%Pd/TiO,-SN) whereas
higher toluene formation obviously occurred. In this case, it can be noted that the
1%Pd/TiO, catalysts prepared by sonochemical and electroless deposition methods
facilitated the disproportionation of benzyl alcohol as the side reaction which
involved in toluene formation more than consecutive benzaldehyde oxidation to
benzoic acid hence, higher amount of toluene than benzoic acid was obtained on

both catalysts. In contrast, for 1%Pd/TiO,-IM catalyst, increasing of benzyl alcohol
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conversion from 3.2% to 23.9% was not significant changed the benzaldehyde
selectivity (ca. 86%). It is attributed that the 1%Pd/TiO,-IM catalyst shows the
preferable benzaldehyde oxidation pathway to produce benzoic acid as the side
reaction rather than disproportionation of benzyl alcohol to produce toluene. The
formation of toluene by disproportionation necessarily involves the cleavage of the
C-O bond of benzyl alcohol and may also indicate the presence of surface hydrogen
on the Pd surface. As suggested by Enache et al. [67], toluene mainly comes from
the disproportionation of benzyl alcohol via either a hydrogen transfer step or an
oxygen transfer step. Moreover, Corma and coworkers also suggested that the Au-H
and Pd-H species which formed on supported Au and Pd catalysts are important in
the toluene formation [96, 97]. It should be considered that if catalyst contains
higher amount of Pd sites, it is possible that a higher amount of Pd-H species will
exist during reaction, so that facilitating the toluene formation.

However, the preferable issue for benzyl alcohol oxidation is the presence of
high benzyl alcohol conversion with high benzaldehyde selectivity. Hence, the most
active catalyst for the oxidation of benzyl alcohol was the 1%Pd/TiO, catalyst
synthesized by the electroless deposition method which exhibited the highest
conversion of benzyl alcohol at 57.6% with high selectivity of benzaldehyde at
74.1%. In addition, the highest %yield of benzaldehyde at 42.7% was also obtained

from the 1%Pd/TiO,-ED catalyst.
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5.5.1.2 Reaction study in the liquid phase selective hydrogenation of 3-
hexyn-1-ol to cis-3-hexen-1-ol

The catalytic performance of all 1%Pd/TiO, catalysts prepared by different
preparation methods were evaluated and compared in the liquid phase selective
hydrogenation of 3-hexyn-1-ol to cis-3-hexen-1-ol by using 100 ml batch type stained
steel autoclave reactor at mild reaction conditions (pH,-2 bar, 40°C). Prior to reaction
tested, the catalysts were reduced in H, stream at 40°C for 2h. Typically, the
selective hydrogenation of 3-hexyn-1-ol is one of the most important reactions for
the fragrance industry. The desired product is leaf fragrance alcohol or cis-3-hexen-1-
ol. When prolonged the reaction time, isomerization of cis-3-hexen-1-ol to trans-3-
hexen-1-ol can occur. Furthermore, the other byproducts from this reaction are 1-
hexanol and hexane [98]. Figure 5.33 shows the conversion of 3-hexyn-1-ol as a
function of reaction time for the 1%Pd/TiO, catalysts. The conversion of 3-hexyn-1-ol
for 1%Pd/TiO,-ED and 1%Pd/TiO,-IM catalysts was 100% after 30 min of reaction
time, except 1%Pd/TiO,-SN catalyst. The catalytic hydrogenation rates of catalysts
were in the order 1%Pd/TiO,-IM > 1%Pd/TiO,-ED > 1%Pd/TiO,-SN. The lowest
catalytic hydrogenation rate on 1%Pd/TiO,-SN catalyst has been attributed to low
dispersion of Pd with a broader range of particles size distribution. However, the
conversion of 3-hexyn-1-ol for 1%Pd/TiO,-SN catalyst can reached 100% when
prolonged the reaction time to 90 minutes. However, the higher catalytic activity
obtained from 1%Pd/TiO,-IM and 1%Pd/TiO,-ED catalyst should be attributed to
higher Pd dispersion with more uniform Pd particle size around 2-4 nm.

Figure 5.34 illustrates the selectivity of cis-3-hexen-1-ol as a function of

reaction time for the 1%Pd/TiO, catalysts. Before reaction time reached 15 min, the
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selectivity of cis-3-hexen-1-ol for all 1%Pd/TiO, catalysts were found to be more
than 90%. When prolonged the reaction time to 30, 60, and 90 min, the selectivity of
cis-3-hexen-1-ol for all catalysts were significantly decreased in different trends,
especially for 19%Pd/TiO,-SN catalyst. These results indicated different catalytic
behavior over the 1%Pd/TiO, catalysts prepared by different methods.

The catalytic performances of the 1%Pd/TiO, catalysts in the liquid phase
selective hydrogenation of 3-hexyn-1-ol to cis-3-hexen-1-ol are shown in Figure 5.35.
After complete conversion of 3-hexyn-1-ol (100%), the selectivity of cis-3-hexen-1-ol
on three 1%Pd/TiO, catalysts were significant different. The highest catalytic
performance was obtained from 1%Pd/TiO,-ED catalyst with 100% conversion of 3-
hexyn-1-ol and 88% selectivity of cis-3-hexen-1-ol, following by 1%Pd/TiO,-IM and
1%Pd/TiO,-SN catalysts.

From these catalytic results, we can conclude that the Pd supported on non-
modified TiO, catalysts prepared by electroless deposition exhibited the highest
catalytic performance in both of solvent-free liquid phase selective oxidation of

benzyl alcohol and liquid phase selective hydrogenation of 3-hexyn-1-ol.



128

100 -

20 | -8~ 1%Pd/TiO,-ED
] & 1%Pd/Ti0,-SN
10 - 1%Pd/TiO,-IM

U T T T 1 T T T T T
0 10 20 30 40 S0 o60 70 80 90 100
Reaction time (min)

Conversion of 3-hexyn-1-ol (%)

Figure 5.33 Conversion of 3-hexyn-1-ol as a function of reaction time for 1%Pd/TiO,

catalysts

100

90
80 -
70 -

50 -

30 1

20 | _o- 1%Pd/TIO;-ED
10 | ™ 1%PAa/TiO,-SN
| % 1%PaTiO, M

Selectivity of cis-3-hexen-1-o0l (%)

0 10 20 30 40 S0 60 70 80 90 100
Reaction Time (min)

Figure 5.34 Selectivity of cis-3-hexen-1-ol as a function of reaction time for

1%Pd/TiO, catalysts



129

30 A

]
=
1

-~ 1%Pd/TiO,-ED
. -8 1%Pd/TiO, SN
10 - -4 1%Pd/TiO, IM

20 A

Selectivity of cis-3-hexen-1-ol (%)

0 T T T T T T T T T
0 10 20 30 40 350 60 70 80 90 100

Conversion of 3-hexyn-1-ol (%)

Figure 5.35 The catalytic performance of 1%Pd/TiO, catalysts in the liquid phase

selective hydrogenation of 3-hexyn-1ol



130

5.5.2 The Pd supported on APTES modified TiO, catalysts

In this section, the catalytic behaviors of Pd supported on TiO,-0.1APTES
catalysts prepared by electroless deposition (ED), sonochemical (SN), and sol
immobilization (IM) methods were investigated and compared in the solvent free
selective oxidation of benzyl alcohol (in section 5.5.2.1) and the liquid phase

selective hydrogenation of 3-hexyn-1-ol (in section 5.5.2.2).

5.5.2.1 Reaction study in solvent-free selective oxidation of benzyl
alcohol to benzaldehyde

The catalytic performance of all 1%Pd/TiO,-0.1APTES catalysts prepared by
different preparation methods were evaluated in the solvent-free selective oxidation
of benzyl alcohol with molecular O, by using 50 ml round bottom flask reactor (pO,
1 bar, 1200C). The conversions of benzyl alcohol for all 1%Pd/TiO,-0.1APTES catalysts
as a function of reaction times are shown in Figure 5.36. The conversion of benzyl
alcohol for all 1%Pd/TiO,-0.1APTES catalysts increased when prolonged the reaction
time from 0.5-7 h. The catalytic activity trend was in the order 1%Pd/TiO,-0.1APTES-
ED > 1%Pd/TiO,-0.1APTES-SN > 1%Pd/TiO,-0.1APTES-IM. After reaction time reached
to 7h, the highest conversion of benzyl alcohol achieved from 1%Pd/TiO,-0.1APTES-
ED was found to be 61.8%, following by 47.2% for 1%Pd/TiO,-0.1APTES-SN and
11.3% for 1%Pd/TiO2-0.1APTES-IM, respectively. Typically, the catalytic activity of
benzyl alcohol is known to be depended on amount of metallic Pd’ sites. As
revealed by XPS results, the surface atomic concentrations of Pd on different
catalysts were 0.98% for 1%Pd/TiO,-0.1APTES-ED, following by 0.61% for 1%Pd/TiO,-

0.1APTES-SN, and 0.10% for 1%Pd/TiO,-0.1APTES-IM, respectively. Therefore, it can
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be suggested that different catalytic activity of benzyl alcohol for all 19%Pd/TiO,-
0.1APTES catalysts were depended on various amounts of surface atomic Pd
concentrations. The catalysts that contained PdO, species, however, they can be
converted to metallic Pd” which acts as the active species in benzyl alcohol
oxidation by in-situ reduction of benzyl alcohol (discussed in section 5.2.2).

Figure 5.37 and Figure 5.38 illustrate the selectivity of benzaldehyde and
toluene as a function of reaction times for all 1%Pd/TiO,-0.1APTES catalysts. In term
of products selectivity, benzaldehyde was produced as the main product following
by trace amounts of toluene and benzoic acid as byproducts. After reaction time
reached 7h, the selectivity to benzaldehyde was found to be in the order
19%Pd/TiO,-0.1APTES-ED (89.8%) > 1%Pd/TiO,-0.1APTES-IM (86.4%) > 1%Pd/TiO,
0.1APTES-SN (60.2%). In this case, the highest selectivity of benzaldehyde from
19%Pd/TiO,-0.1APTES-ED catalyst may be consequent of the catalyst possessed more
PdO, species which would be reduced to metallic Pd’ during benzyl alcohol
oxidation and then desorbed benzaldehyde as a final product. Therefore, higher
benzaldehyde selectivity could be obtained from 1%Pd/TiO,-0.1APTES-ED catalyst.
The lowest selectivity of benzaldehyde with high amount of toluene byproducts was
found on 1%Pd/TiO,-0.1APTES-SN catalyst. This can be suggested that the
19%Pd/TiO,-0.1APTES-SN catalysts facilitated the disproportionation of benzyl alcohol
to toluene as a major side reaction more than consecutive benzaldehyde oxidation
to benzoic acid. For 1%Pd/TiO,-0.1APTES-IM catalyst, high benzaldehyde selectivity
ca. 86% may be obtained because low catalytic activity of benzyl alcohol retarded

the oxidation of benzaldehyde.



132

However, the preferable issue for benzyl alcohol oxidation is the presence of
high benzyl alcohol conversion with high benzaldehyde selectivity. Hence, the most
active catalyst for the oxidation of benzyl alcohol was the 1%Pd/TiO,-0.1APTES-ED
catalyst which possessed the highest conversion of benzyl alcohol at 61.8% with high
selectivity of benzaldehyde at 89.8%. The highest %yield of benzaldehyde at 55.5%

was also obtained from the 1%Pd/TiO,-0.1APTES-ED catalyst.
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Figure 5.36 Conversion of benzyl alcohol as a function of reaction time for

1%Pd/TiO,-0.1APTES catalysts
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5.5.2.2 Reaction study in the liquid phase selective hydrogenation of 3-
hexyn-1-ol to cis-3-hexen-1-ol

The catalytic performance of all 1%Pd/TiO,-0.1APTES catalysts prepared by
different preparation methods were evaluated and compared in the liquid phase
selective hydrogenation of 3-hexyn-1-ol to cis-3-hexen-1-ol by using 100 ml batch
type stained steel autoclave reactor at mild reaction conditions (pH,-2 bar, 40°C).
Prior to reaction tested, the catalysts were reduced in H, stream at 40°C for 2h.
Figure 5.39 shows the conversion of 3-hexyn-1-ol as a function of reaction time for
all 19%Pd/TiO,-0.1APTES catalysts. The catalytic hydrogenation rates of catalysts were
in the order 1%Pd/TiO,-0.1APTES-ED > 1%Pd/TiO,-0.1APTES-SN > 1%Pd/TiO,-
0.1APTES-IM. Such results indicated that different Pd loading methods have an
influence to catalytic activity although using the same TiO,-0.1APTES support. As
revealed by TEM and XPS results, the morphologies and electronic states of Pd on
three 1%Pd/TiO,-0.1APTES catalysts were significant different. The lowest catalytic
hydrogenation rate on 1%Pd/TiO,-0.1APTES-IM catalyst has been attributed to the
lowest amount of Pd deposited on TiO,-0.1APTES support since Pd colloids became
weak interaction on the APTES modified TiO, support compared with metallic Pd’ on
1%Pd/TiO,-0.1APTES-SN or SnO, stabilized metallic Pd0 on 1%Pd/TiO,-0.1APTES-ED
catalyst. However, all 1%Pd/TiO,-0.1APTES catalyst can achieve 100% conversion of
3-hexyn-1-ol when the reaction time reached to 60 min. Figure 5.40 illustrates the
selectivity of cis-3-hexyn-1-ol as a function of reaction time for 1%Pd/TiO,-0.1APTES
catalysts. The selectivity of cis-3-hexen-1-ol for all 1%Pd/TiO,-0.1APTES catalysts

were significant decreased when the reaction time increased from 5-60 min.
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The catalytic performances of all 1%Pd/TiO,-0.1APTES catalysts in the liquid
phase selective hydrogenation of 3-hexyn-1-ol to cis-3-hexen-1-ol are shown in
Figure 5.41. After complete conversion of 3-hexyn-1-ol (100%), the selectivity of cis-
3-hexen-1-ol on three 19%Pd/TiO,-0.1APTES catalysts were significant different. The
highest catalytic performance was obtained from 1%Pd/TiO,-0.1APTES-ED catalyst
with 100% conversion of 3-hexyn-1-ol and 86% selectivity of cis-3-hexen-1-ol,
following by 1%Pd/TiO,-0.1APTES-IM and 19%Pd/TiO,-0.1APTES-SN catalysts.

From these catalytic results, we can conclude that the Pd supported on 0.1
mM APTES modified TiO, catalysts prepared by electroless deposition exhibits the
highest catalytic performance in both of solvent-free liquid phase selective oxidation

of benzyl alcohol and liquid phase selective hydrogenation of 3-hexyn-1-ol.
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Figure 5.39 Conversion of 3-hexyn-1-ol as a function of reaction time for APTES

modified 1%Pd/TiO, catalysts
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Figure 5.40 Selectivity of cis-3-hexen-1-ol as a function of reaction time for APTES

modified 19%Pd/TiO, catalysts
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Figure 5. 41 The catalytic performance of 1%Pd/TiO,-0.1APTES catalysts in the liquid-

phase selective hydrogenation of 3-hexyn-1-ol
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Part lll
Comparative study the characteristics and catalytic properties of
1%Pd/TiO, catalysts prepared by sonochemical method with H,

reduction and incipient wetness impregnation method

In this part, the characteristic of 1%Pd/TiO, catalyst prepared by
sonochemical method with H, reduction has been investigated and compared with
one prepared by incipient wetness impregnation method. Section 5.6.1, the
mechanism of the metal-support interaction on 1%Pd/TiO, catalysts prepared by
different methods were investigated by means of X-ray photoelectron spectroscopy
(XPS), CO pulse chemisorption, and transmission electron microscopy (TEM). Section
5.6.2, their catalytic behaviors were evaluated in the liquid phase selective
hydrogenation of phenylacetylene to styrene under mild reaction conditions.
5.6 The characteristics and catalytic properties of 1%Pd/TiO, catalysts prepared

by sonochemical with H, reduction and incipient wetness impregnation method

1 wt. % of Pd was deposited on TiO, support by sonochemical with H,
reduction and incipient wetness impregnation method and they were denoted as
1%Pd/TiO, (S) and 1%Pd/TiO, (1), respectively. In order to study the metal-support
interaction, the 1%Pd/TiO, catalysts were reduced at either 40°C or 500°C under H,
flow (rate 50 Cm3/min) before reaction study and they were denoted as
19%Pd/TiO4(S)-R40, 19%Pd/TiO(S)-R500, 1%Pd/TiO(1)-R40 and 1%Pd/TiO,(1)-R500. The
catalysts were characterized by several techniques as results show in section 5.6.1.

The catalytic performances of the catalysts are demonstrated in section 5.6.2.
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5.6.1 Catalyst characterizations

5.6.1.1 X-ray diffraction (XRD)

The XRD patterns of TiO, support and 1%Pd/TiO, catalysts are shown in
Figure 5.42. All the samples exhibited the characteristic peaks of pure anatase TiO,
at 20=25" (major), 370, 480, 550, 560, 620, 710, and 75°. The average crystallite size of
the TiO, support calculated from the full width at half maximum of the XRD peak at
20=25" using Scherrer equation was about 66 nm. After Pd loading, the peak intensity
of TiO, was lower especially for the 1%Pd/TiOy(S) because Pd nanoparticles may act
as X-ray scattered. The XRD characteristic peaks corresponding to PdO at 20 = 33.5°
or metallic Pd” at 20 = 40.90, however, were not observed for all the catalysts due

probably to the low amount of Pd present and/or high Pd dispersion.

A /A: anatase TiO,
PdOo Pd°
| ; A 1%Pd/TiO(S)
! i A
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R, - A A
3 -
= .
= 1%Pd/TiO,(d)
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=
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Degree (20)

Figure 5.42 The XRD patterns of TiO, support and 1%Pd/TiO, catalysts
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5.6.1.2 Transmission electron microscopy (TEM)

The degree of Pd dispersion and Pd’ particle size was investigated by TEM
analysis and the results are shown in Figure 5.43. The crystallite size of the TiO,
supports was consistent to the XRD results. Higher Pd dispersion and more uniform
PdO particle size were clearly observed on the 1%Pd/TiO, (S) compared to 1%Pd/TiO,
(I. The use of ultrasonic has been proven to be beneficial for high dispersion of
metal on various supported catalyst systems.[99, 100] From the Pd’ particle size
distribution plots (Figure 5.44), the average Pd’ particle sizes of 1%Pd/TiO(1)-R40 and
1%Pd/TiOx(S)-R40 were 57 and 3.9 nm, respectively. Increasing reduction
temperature to 500°C did not strongly affect the pd’ particle size of the 1%Pd/TiO(S)
catalysts, in which most of the Pd’ particles fell in the same range (2-9 nm) after
reduction at either 40°C or 500°C. On the other hand, for the 1%Pd/TiO,(), sintering
of Pd” metals was clearly observed by the presence of relatively large Pd’ particles

(> 20 nm) on the catalysts after reduction at 500°C (1%Pd/TiO,()-R500).
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Figure 5.43 TEM micrographs of (a) 1%Pd/TiOx(1)-R40, (b) 1%Pd/TiO(1)-R500, (c)

1%Pd/TiO,(S)-R40, and (d) 1%Pd/TiO4(S)-R500 catalysts
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5.6.1.3 CO pulse chemisorption

The CO chemisorption ability of 1%Pd/TiO(1) and 1%Pd/TiO,(S) catalysts were
first measured after reduction by H, at 40 and 500°C. Then the reduced catalysts
were re-calcined at 450°C and re-reduced at 40°C to recover their active surface. The
results of CO chemisorption on the catalysts in different states are illustrated in
Figure 5.45. Reduction at high temperature caused significant loss of the
chemisorption ability for both catalysts. For the 1%Pd/TiO(1)-R500, the lower CO
chemisorption was probably due to sintering of Pd” metal as observed from TEM
analysis. On the other hand, the loss of CO chemisorption capacity on 19%Pd/TiO(S)-
R500 was attributed to the presence of the SMSI effect and not due to metal
agglomeration/metal sintering since there were no significant changes in the Pd’

particle size.

1 Reduced 40°C
12 A

@ Reduced 500°C

Recalcined and reduced 40°C

10

CO Chemisorption (molecule CO x 10-'8/g,cat.)
[}

1%Pd/TiO,(I) 1%Pd/Ti0(S)

Figure 5.45 The CO chemisorption results for 19%Pd/TiOxI) and 1%Pd/TiO«S)

catalysts
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5.6.1.4 X-Ray photoelectron spectroscopy (XPS)

The SMSI effect on TiO, supported catalysts has known to occur via either the
decoration of metal surface by partially reducible of TiO, or electron transfer
between metal and TiO, support [21, 26, 101]. Surface compositions and electronic
properties of the catalysts were investigated by means of XPS analysis. The binding
energy (B.E.) and atomic concentrations of Ti 2p, O 1s, and Pd 3d on various
1%Pd/TiO, catalysts are summarized in Table 5.12. The binding energy of Ti 2ps
and Ti 2py, for the TiO, support was found to be ca. 458.7 and 464.3 eV
respectively, with a spin-orbit splitting of 5.6 eV, which was assigned to Ti™ in anatase
TiO, support [81, 102]. The binding energy of O 1s in all the samples were at ca.
530.0 eV, which were assigned to Ti-O-Ti lattice oxygen of TiO, [81, 102]. The binding
energy of Pd 3ds,, of the 19%Pd/TiOLI) and 1%Pd/TiO4(S) in the calcined state were in
the range of 336.5-336.7 eV, indicating that palladium was in the form of PdO (Figure
5.46). After reduced at 40°C, the binding energy of Pd 3ds,, for both catalysts were
found at 335.0-335.1 eV, which can be attributed to the metallic Pd”. Reduction at
500°C resulted in a slightly shift of Pd 3ds,, binding energy towards lower values at
ca. 335.1 to 334.8 eV. A shift of metal binding energy is influenced not only by
electronic interaction between metal and support but also by metal crystallite size
effect [21]. However, for the 1%Pd/TiO,(S)-R500 there was no significant change in
the Pd’ particle size after reduction at 500°C, so the shift of binding energy indicated
that more negative charges were presented on the Pd” metal particles or/and there
was electron transfer from TiO, support to Pd’ metal. In addition, the atomic ratio of
Pd/Ti was higher for the 1%Pd/TiOx(S) than the 1%Pd/TiOul), suggesting higher Pd

dispersion on the catalyst prepared by the sonochemical method. Elevation of
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reduction temperature from 40°C to 500°C led to decreased Pd/Ti atomic ratios by
40 and 29% for 1%Pd/TiO,(1)-R500 and 1%Pd/TiO,(S)-R500, respectively.

The oxygen concentration ratio of 0/0 calculated from the atomic
concentration of O 1s peak at binding energy ca. 532 and 530 eV were assigned to
the oxygen vacancies (O) (or so-called 7" defective sites) and oxygen in the lattice
(0°) of TiO,, respectively. The 0/0" ratio was higher for 1%Pd/TiO4S) than
1%Pd/TiOL1). In other words, the catalysts derived by sonochemical method had
higher amount of oxygen vacancies or Ti”" defective sites. Moreover, the highest O
/O ratio was obtained over the 1%Pd/TiO,(S)-R500 catalyst, indicating the highest
amount of surface T Because the catalysts prepared by sonochemical method
possessed more uniform and smaller Pd’ particles (higher Pd dispersion), they would
adsorb more hydrogen during reduction step. Under excess H,, there may be some
hydrogen spillover from Pd’ metal surface to TiO, support, resulting in reduction of
T to T According to the literature, T can migrate to Pd surface under high
reduction temperature conditions, resulting in the SMSI [27, 28, 99].

Table 5.12 The XPS results of TiO, and 1%Pd/TiO, catalysts reduced at 40 and 500°C

Atomic
Binding Energy (eV) _
concentration

Samples

Ti 2p O 1s Pd 3d PA/Ti 0/0”
TiO, 458.7 529.9 . - 0.567
19%Pd/TIOAI) 458.9 530.2 336.5 0.080 0.235
19%Pd/TiO,(1)-RE0 458.8 530.1 335.1 0.064 0.280
19%Pd/TIO,-R500 4588 530.1 330.8 0.048 0.276
19%Pd/TiOAS) 459.0 530.2 336.7 0.127 0.304
19%Pd/TIOLS)-RA0  459.0 530.2 335.0 0.106 0.377

19%Pd/TiOx(S)-R500 458.9 530.1 334.8 0.090 0.482
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Figure 5.46 The Pd 3d XPS spectra of (a) 1%Pd/TiO(I) and (b) 1%Pd/TiOS)
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5.6.2 Catalytic performance of 1%Pd/TiO,(1) and 1%Pd/TiO,(S) catalysts
in the liquid phase selective hydrogenation of phenylacetylene to styrene

The performance of 1%Pd/TiO, catalysts were evaluated in the liquid-phase
selective hydrogenation of phenylacetylene to styrene under mild reaction
conditions (pH, 3 bar and 40°C). Figure 5.47 shows the conversion of
phenylacetylene as a function of reaction time. The hydrogenation activities were
found to be in the order: 1%Pd/TiO(1)-R40 > 1%Pd/TiO,(S)-R40 > 19%Pd/TiO,(1)-R500 >
1%Pd/TiO5(S)-R500. In all cases, complete conversion of phenylacetylene occurred
within 30 min. The lower initial activity of 1%Pd/TiO,(S)-R40 catalyst could be
explained by the particle size effect in which smaller Pd particle exhibited lower
hydrogenation activity, especially when the average Pd particle size is very small (<
3-5nm) [103, 104]. Diminishing activity of small metal particles was probably due to
the different band structure characteristics of nano-sized metal compared to bulk
metals and that they appear to be electron deficient [105]. Figure 5.48 shows the
selective of styrene as a function of reaction time. High styrene selectivity (81-93%)
was obtained on all the catalysts when the reaction time was lower than 20 min.
After complete conversion of phenylacetylene (100% conversion), the styrene
selectivity of 19%Pd/TiO, catalysts reduced at 40°C dramatically dropped to 57% for
19%Pd/TiO4(I) whereas that of 19%Pd/TiOx(S) was slightly dropped to 81%. The styrene
selectivity was improved to 79% and 87% for 1%Pd/TiO,1) and 1%Pd/TiOA(S),
respectively when the catalysts were reduced at 500°C. The better catalytic
performance of 19%Pd/TiO,(S)-R500 was attributed to the presence of SMSI effect.

Charges transfer from the TiO, support to Pd during high temperature reduction
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could weaken the adsorption strength of styrene on the Pd surface; hence higher

styrene selectivity was obtained [4, 27].
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Figure 5.47 The conversion of phenylacetylene for 1%Pd/TiO(1) and 1%Pd/TiO(S)

catalysts as a function of reaction time.
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS
6.1 Conclusions

Part I: Surface modification of TiO, support with APTES

» Surface modification of TiO, with monolayer APTES grafting was obtained by
using 0.1 mM of APTES on 1.5 ¢ of TiO, support. Excess APTES
concentrations (e.g. 1, 10 mM) resulted in both multilayer APTES grafting and
reversed attachment, which NH,-groups attached on TiO, surface rather than
giving free NH, termination.

Part ll: Comparative study the effect of catalyst preparation methods
» The different characteristics of 1%Pd/TiO, catalysts which were influenced

by Pd deposition methods are summarized in Table 6.1.

Table 6.1 The characteristics of 1%Pd/TiO, catalysts prepared by different methods

Electroless

Characteristics Sonochemical Sol immobilization
deposition

Pd morphology small Pd agglomerated Pd spherical Pd
nanoclusters nanoparticles nanoparticles

Pd dispersion Well dispersed Low dispersed High dispersed

Pd particle size 3.4-4.1 nm 7.5-7.9 nm 2.4-2.6 nm

State of Pd Pd'/PdO/PdO,  Pd'/PdO Pd’/PdO

Dominant Pd species  PdO, Pd’ P’
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» For the liquid-phase selective oxidation of benzyl alcohol, 1%Pd/TiO,-
0.1APTES-ED catalyst exhibited the highest catalytic performance because it
had the highest atomic concentrations of Pd surface. Furthermore, the
presence of both Pd’ and PdO, (1<X<2) gave high catalytic activity in the
benzyl alcohol oxidation. Additional metallic Pd’ sites were formed via the
in-situ reduction of PdO/PdO, by the adsorbed benzyl alcohol.

» For the liquid-phase selective hydrogenation of 3-hexyn-1-ol, 19%Pd/TiO,-
0.1APTES-ED catalyst exhibited the best catalytic performance and the
highest hydrogenation rate because it had the highest atomic concentrations
of Pd surface. Moreover, electron donating from NH, termination of APTES
molecules to the metallic Pd’ species facilitated the metal-support
interaction. So that alkyne molecules became weakly adsorbed and easy to
be hydrogenated resulting in an increase of the hydrogenation rate.

» Such effect was not found on Pd catalysts supported on APTES modified
TiO, prepared by sol immobilization method. Because Pd particles were
stabilized by polyvinyl alcohol (PVA) molecules so it was difficult for
electron donating from NH, groups to metallic Pdo, resulting in lower
hydrogenation rate.

Part Il Comparative study the characteristics and catalytic properties of

1%Pd/TiO, catalysts prepared by sonochemical method with H, reduction

and incipient wetness impregnation method

» The uniform and small size of Pd particles for 1%Pd/TiOLS) catalyst
prepared by the sonochemical method with H, reduction promoted the

SMSI effect during high temperature reduction at 500°C whereas the
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conventional  1%Pd/TiO4(I) catalyst derived by incipient wetness
impregnation method showed the absence of SMSI and sintering of metallic
Pd’ particles was observed instead. The presence of SMSI resulted in
improved catalytic performances of 1%Pd/TiOx(S)-R500 catalysts in the
liquid phase selective hydrogenation of phenylacetylene under mild

conditions.

6.2 Recommendations
1) Other TiO, supports with higher surface area should be used to modify
with APTES in order to confirm the results in this work.
2) Other organic functional groups such as thiol group (-SH) or diamine group

modified on TIO, support should be studied in the future work.
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APPENDIX A

CALCULATION FOR SURFACE MODIFICATION OF TiO, WITH APTES

Surface  modification of TiO, support with APTES various concentrations were
prepared by post synthesis grafting method.
Reagents: - 3-(aminopropyltriethoxysilane (APTES)
Mw = 221.37 ¢/mol, density= 0.946 g¢/ml at 25°C
- Anhydrous toluene (C4gHsCHs)
- Titanium dioxide (TiO,)
Example calculation:

Preparation stock solution 100 ml of 50 mM APTES in anhydrous toluene

In solution 1000 ml consisted of APTES 50x10_3 mole
50%x1073%x100 .
In solution 100 ml consisted of APTES = 5X10 mole
1000
5 22137
APTES required 5X10 " x = 1.170 ml
0.946

So that pipette 1.170 ml mixed with anhydrous toluene in volumetric flask 100 mL.
» For modification of 1.5 g TiO, support with 25 ml of APTES solution
From M;Vy = MyV,
1) Prepared 25 ml of 0.1 mM APTES in anhydrous toluene
So that 0.1 mM APTES has been used 50 mM APTES stock solution (V;)

(50mM)(V4)=(0.1mM)(25mL)
V;=0.05 ml

2) So that 1 mM APTES has been used 50 mM APTES stock solution  V; = 0.5 ml

3) So that 10 mM APTES has been used 50 mM APTES stock solution V; = 5 ml
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APPENDIX B
CALCULATION FOR PREPARATION OF 1%Pd/TiO, CATALYSTS BY

ELECTROLESS DEPOSTION

Reagents: - Titanium dioxide (TiO, and TiO,~xAPTES)
- Palladium chloride (PdACl,), Mw = 177.32 g¢/mol
- Hydrochloric acid (HCl 37%)
- Sodium hypophosphite (NaH,PO, H,0), Mw =105.99 g¢/mol
> Basic calculation of TiO, pretreating process
Prepared 50 ml of 14%HCL from 37%HCL for pretreated TiO, supports
M.V, = MoV,

(149%)(50mL) = (37%)(V,)

14%50
37

V, =

= 18.92 ml

So that we can prepare 14%HCL from pipetted 18.92 ml of 37%HCL diluted with
Dl-water in 50 ml volumetric flask.
» Calculations for 50 ml of Pd electroless plating bath

1) Preparation 1% wt. of Pd supported on TiO, catalyst (1 g of catalyst)

TiO, 99 ¢ consisted of Pd = 1 g
1
TiO, 1 isted of Pd = —
iO, 1 g consisted o 99 g
Pd 106.42 ¢ obtained from PdCl, = 177.32 g
1 177.32x(55)
Pd — ¢ obtained from PdCl, = — =0.0168 g
99 106.42

In this method we used sodium hypophosphite as a reducing agent.



2) The ratio between Pd : NaH,PO, H,0 = 1:10 (by mole)

0.0168 5

Mole of Pd used = =9.474x10 mole
177.32

Mole of NaH,PO, H,0 — 10x9.474x10" — 9.474x10 " mole

Weight of NaH,PO, H,0O - 9.474x10 'x105.99 =0.1004 g

164

Therefore in a Pd electroless plating bath, we dissolved 0.0168 g of PdCl,, 0.2

ml of HCL (37%), 8 ml of NH4OH, and 0.1004 g of NaH,PO, H,O in 50 ml volumetric

flask which was adjusted by DI-water.
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APPENDIX C
CALCULATION FOR PREPARATION OF 1%Pd/TiO, CATALYSTS BY

SONOCHEMICAL METHOD

Reagents: - Titanium dioxide (TiO, and TiO,~xAPTES)
- Palladium nitrate hexahydrated (Pd(NO3),. 6H,0), Mw = 338.52 ¢/mol
- Hydrazine hydrated (NH,NH,. H,0)
Mw = 50.06 g/mol, density = 1.032 ¢/ml at 25 C

> Basic calculation for preparation of 1% wt. of Pd for 1 g of TiO, support

TiO, 99 ¢ consisted of Pd = 1 g
TiO, 1 isted of Pd !
iO, 1 g consisted o = 99 g
Pd 106.42 ¢ obtained from Pd(NOs),. 6H,O = 338.52 g
1 338.52x%
Pd — ¢ obtained from Pd(NOs),. 6H,0 = 0.0321 ¢
99 106.42

Therefore we dissolved 0.0321 g of PA(NO3),. 6H,O in 25 ml of DI-water
» Calculation the quantitative of hydrazine hydrate
In this method, hydrazine hydrate was used as a reducing agent and the ratio

between Pd : hydrazine hydrate = 1:10 (mole/mole)

0.0321
338.52

Mole of Pd used in the solution = = 9.482x1075 mole

Mole of hydrazine hydrate 10x9.482x10" = 9.482x10"  mole

50.06
1.032

Thus hydrazine hydrate 9.482x10 " x

0.0460 ml

Therefore, 25 ml of Pd solution was consisted of 0.046 ml of hydrazine hydrate.
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APPENDIX D
CALCULATION FOR PREPARATION OF 1%Pd/TiO, CATALYSTS BY

SOL IMMOBILIZATION METHOD

Reagents: - TiO, and TiO,~-xAPTES
- Palladium chloride (PdCl,), Mw = 177.32 g/mol
- Polyvinyl alcohol (PVA, 80% hydrolyzed), Mw 89,000-98,000
- Sodium borohydride (NaBH,;), Mw=37.83 g/mol

> Calculation for preparation of 1% wt. of Pd for 1 g of TiO, support

TiO, 99 ¢ consisted of Pd = 1 g
TiO, 1 isted of Pd :
iO, 1 g consisted o = 99 g
Pd 106.42 ¢ obtained from PdCl, = 177.32 g
1 177.32x55
Pd — ¢ obtained from PdCl, = ————— = 0.0168 ¢
99 106.42

From 6.25 g/dm3 of PdCl, stock solution, we have to pipette PdCl, solution;

PdCl, 6.25 ¢ obtained from PdCl, stock solution 1000 ml
1000x0.0168

PdCl, 0.0168 ¢ obtained from PdCl, stock solution T ml

= 2.688 ml

> Calculation for preparation of 1% wt. of PVA aqueous solution
Solution 100 ml consisted of PVA = 1 g

1x10

Solution 10 ml consisted of PVA = = 0.1 g
100

In this experiment, the ratio of PVA: Pd = 1.2 (wt./wt.)

1
PVA that used in this experiment = 1.2 X 99~ 0.0121 ¢
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10x0.0121
Thus, we have to pipette the PVA solution = o1 - 1.21 ml
» Calculation for preparation of 0.1M of NaBH,
Solution 1000 ml consisted of NaBH,4 = 0.1 mol
0.1x10
Solution 10 ml consisted of NaBH, = 1000 - 0.001 mol

Therefore, we have to weight NaBH; = 0.001x37.83 = 0.0378 ¢ diluted in 10 ml of
volumetric flask with DI-water

The ratio of NaBH4: Pd = 5:1 (mol/mol)

5 )
) mol required NaBH; = —————— =4.746x10 * mol

So that, Pd (
99x106.42

99X106.42

4.746X10~4x1000

NaBH,; 4.7458 mol obtained from 0.1M NaBH, o1

ml

4.746 ml

In this experiment, we used 2.688 ml of PdCl, stock solution, 1.21 ml of PVA (1% wt.
aqueous solution), and 4.746 ml of 0.1M NaBH, to reduced PdCl, solution for 1 g of

TiO, support.
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APPENDIX E
CALCULATION FOR PREPARATION OF 1%Pd/TiO, CATALYSTS BY

INCIPIENT WETNESS IMPREGNATION METHOD

Preparation of 1%Pd/TiO, catalysts by the incipient wetness impregnation method
are shown as follows:
Reagent: - Titanium dioxide (TiO,)

- Palladium nitrate hexahydrated (Pd (NO3),.6H,0)

Mw =338.52 g/mol

Example Calculation for the preparation of 1%Pd/TiO,

Based on 100 ¢ of catalyst used, the composition of the catalyst will be as follows:

Palladium = lg

Titanium dioxide = 100-1 = 99 ¢
For 3 g of TiO,
Palladium required = 3 x (9—19) = 0.0303 ¢

Palladium 0.0303 ¢ was prepared from Pd (NO3),.6H,O and molecular weight of

Pdis 106.42

Mw of Pd(NOs),.6H,0 x Pd required

Pd (NOs),.6H,0O required =
Mw of Pd

= (338.52/106.42) x 0.0303 = 0.0964 ¢
Since the pore volume of the TiO, support is 0.4 ml/e. Thus, the total volume of
impregnation solution which must be used is 1.2 ml for 3 g of TiO,. The Dl-water is

added until equal pore volume to dissolve palladium nitrate hexahydrated.
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APPENDIX F

CALCULATION OF THE CRYSTALLITE SIZE

Calculation of the crystallite size by Debye-Scherrer equation

The crystallite size was calculated from the half-height width of the
diffraction peak of XRD pattern using the Debye-Scherrer equation.

From Scherrer equation:

D £ (B.1)
~ BcosH ‘
Where D = Crystallite size, A

K = Crystallite-shape factor = 0.9

A = X-ray wavelength, 1.54056 A for Cukat

0 = Observed peak angle, degree

B = X-ray diffraction broadening, radian

The X-ray diffraction broadening (f) is the pure width of a powder diffraction

free from all broadening due to the experimental equipment. Corundum was used as
a standard sample to observe the instrumental broadening. The X-ray diffraction
broadening (f) can be obtained by using Warren’s formula.

From Warren’s formula:

B = / BZ - BZ (B.2)

Where By = The measured peak width in radians at half peak height.

Bs = The corresponding width of the standard material.
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Example: Calculation of the crystallite size of TiO,

The half-height width of peak

0.13° (from figure B.1)

(2 T x0.13)/360

= 0.00227 radian

The corresponding half-height width of peak of corundum

The pure width = / BZ - BZ

= v/ 0.002272 — 0.000329°

= 0.000329 radian

= 0.00225 radian

B =  0.00225 radian
20 = 2532°

6 = 1266

A = 154056 A

0.9 x1.54056
The crystallite size =

= = 631.58A
0.00225 cos 12.66

= 63.2nm
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Figure B.1 The measured peak of TiO, for calculation the crystallite size.
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Figure B.2 The plot indicating the value of line broadening due to the equipment.

The data were obtained by using corundum as a standard
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APPENDIX G

CALCULATION OF LATTICE PARAMETERS

The lattice parameter calculation based on Bragg’s law

From Bragg’s law:

a2 (o
~ 2sin@ '
where d is d spacing (A)

n is integer (1)
A is X-ray wavelength, 1.54056 A for CuKat

0 is Observed peak angle (radian) In case of cubic phase

niA a €2)
©2sin®  /h2 42412 '

Example: Calculation of the d-spacing of TiO,
An interesting diffraction peak is the (101) plane occurred at the 26 of 25.32°
Or @ = 25.32°/2 = 12.66°
0 = 0.221 radian (C.3)
Therefore, the d-spacing is calculated by substitution (C.3) into (C.1) and estimated a

value from equation (C.2)

1.54056 .
= —— = 3515A =0.3515 nm
25in(0.221)
From (C.2) a=dx+v2=03515x+v2= 04971 nm

Calculated lattice parameters (a, b) from the TiO, (200) plane
20 = 48.06°

0 = 48.06°/2 =24.03" = 0.419 radian
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Therefore, the d-spacing is calculated by substitution (C.3) into (C.1) and estimated a

value from equation (C.2)

1.54056
"~ 25in(0.419)

ni a
F C2 d = =
rom (€.2) 2sin@  \/h? k242
a

V2% +02+02

a = 2xd = 2x0.18915 = 0.3783 nm = 3.7830 A

= 1.8915 A = 0.18915 nm

d =

In case of tetragonal phase (a=b, # c)

1  h%2+k? 12
ﬁ T + C—2 (C4)
3 (C5)
¢ |Fr7—a1v :
(=32

Substituted d=0.3515 nm, a= 0.3783 nm in equation (C.5)

1
- A =03
0.35152 0.37832

c=0.9508 nm = 9.510 A

c
Therefore, the tetragonality (E) was calculated as following;

O
Ul
iy
o

[V N}
I}

w

~J

[00]

w

I}
N
(9]
—
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APPENDIX H

CALCULATION FOR METAL ACTIVE SITES AND DISPERSION

Calculation of the metal active sites and metal dispersion of the catalyst measured
by CO adsorption is as follows:

Calculation of metal active site

Let the weight of catalyst used =y g
Integral area of CO peak after adsorption  =A unit
Integral area of 75 pl of standard CO peak =B unit
Amounts of CO adsorbed on catalyst = B-A unit
Volume of CO adsorbed on catalyst = 75x [(B-A)/B] pl
Volume of 1 mole of CO at 30°C - 24.86 x10° pl
Mole of CO adsorbed on catalyst = [(B-A)/B] x [75/24.86 ><106] mole

Molecule of CO adsorbed on catalyst
= [3.02x10°] x [6.02x10] x [(B-A)/B] molecules
Metal active sites =1.82x10"'x [(B-A)/B] x [1/W] molecules of CO/g of catalyst

Calculation of %metal dispersion

Definition of % metal dispersion:

moleces of Pd from CO adsorption

Metal dispersion (%) = 100 x
molecules of Pd loaded

In this study, the formula from Chemisorb 2750 Operator’s Manual can used for

determined the % metal dispersion as follo

d
%D = [ = — | x 100% x 100%.......oo. (1)
%I\/\



Where

%D = %metal dispersion

St = stoichiometry factor, (CO on Pd* =1)

Vigs = volume adsorbed (cm3/g)

Vq = molar volume of gas at STP = 22414 (cmn’/mol)
Mw = molecular weight of the metal (a.m.u.)
%M = %metal loading

Example: %Dispersion of 1%Pd/TiO,()-R40

Where:

Calculation Volume Chemisorbed (V,q; )

Vini Ai
\/ads(Cm3) = [_J] X Zlnzl (1— _) ....................... (2)
m

Af
Vig = volume injected (cm’) = 0.075 cm’
m = mass of sample (g)
A = area of peak i
As = area of last peak

To replace values in equation (1) and (2);

0.075 0.010 0.142
Vads [ ] x [(1‘ )+ (1- )]
0.0235 0.143 0.143
3
= 0.345 cm
0.345 106
%D = 1x[ ] x[—1x%x100% x 100%
22414 1
= 16.4%

So that %Pd dispersion is 16.4%
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APPENDIX |
CALCULATION OF BENZYL ALCOHOL CONVERSION AND BENZALDEHYDE

SELECTIVITY

In this experimental, we used mesitylene as an internal standard for GC analysis. The
calibration curves of benzyl alcohol (BA) and all products are demonstrated. In
addition, the conversion of benzyl alcohol and selectivity of benzaldehyde are

shown as following:

wt.% of BA in feed—wt.% of BA in product

% conversion of BA = W% of BA in feed x 100
. /0

wt.% of benzaldehyde
X
total wt.% of all products

% selectivity of benzaldehyde = 100

0.80
Benzyl alcohol

0.70 -

0.50 -
0.40 -

v =0.008703x

0.30 - R2=10.998
0.20 -

0.10 -

arearatio of benzyl alcohol/ mesitylene

0.00 T T T T
0 20 40 60 80 100

weight of benzyl alcohol (%0)



arearatio of benzaldehyde/ mesitylene

arearatio of benzoic acid/mesitylene

0.80

0.70

0.60

0.50

0.40

0.30

0.20

0.10

0.00

0.020

0.015

0.010

0.005

0.000

177

Benzaldehyvde

v =0.007607x

R2=0.997
20 40 60 80 100
weight of benzaldehyde (%0)
Benzoic acid
v =0.005682x
R2=0.962
o
*
0.5 1 1.5 2 2.5

weight of benzoic acid (%)



arearatio of toluene/mesitylene

arearatio of benzyl benzoate/mesitylene
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0.10
Toluene
0.08 -
0.06 -
0.04 - y =0.009197x
R2=10.995
0.02 -
0.00 T T ' T
0 2 4 6 8 10
weight of toluene (%0)
0.08
Benzyl benzoate
0.06 -
0.04 - y = 0.006188x
R2=10.991
0.02 -
0.00 T T T T T
0 2 4 6 8 10 12

weight of benzyl benzoate (%0)
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APPENDIX J

CALCULATIONS OF ALKYNES CONVERSION AND ALKENES SELECTIVITY

The catalytic performance of liquid-phase selective hydrogenations of alkyne
was evaluated in term of alkyne conversion and alkene selectivity. In this research,
alkyne molecules are 3-hexyn-1-ol and phenylacetylene. The consequence desired

products are cis-3-hexen-1-ol and styrene, respectively.

. mole of alkyne in feed—mole of alkyne in product
% conversion of alkyne = mole of alkyne in feed x 100

L mole of desired product (alkene)
% selectivity of alkene = D Ieor R hroducts x 100
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