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In this thesis, the synthesis of nanosized platinum and platinum-tin catalysts
supported on titania (TiO,) and zirconia (ZrO,) for cinnamaldehyde hydrogenation to cinnamyl
alcohol has been studied. Two methods were employed for catalyst preparation. In the first
method, the catalyst was prepared by impregnation of platinum and tin on the support which
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prepared by one-step flame spray pyrolysis (FSP). These catalysts were characterized by
using N,-physisorption, X-ray diffraction (XRD), transmission electron microscopy (TEM), CO
chemisorption and temperature programmed reduction (H,-TPR). From the experimental
results, it was found that catalyst prepared by impregnation method (Gly-Imp) exhibited
anatase phase of TiO, and tetragonal phase of ZrO,, respectively. Impregnation-made Pt and
Pt-Sn supported catalysts had larger the BET surface area than FSP-made supported
catalysts. Impregnation-made Pt and Pt-Sn catalysts supported on TiO, had the narrow pore
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CHAPTER 1

INTRODUCTION

Nowadays nanometer-sized particles (1-100 nm) are of interest for a wide
variety of applications, such as using in the electronic, chemical or mechanical
industries including superconductors, catalyst, drug carriers, sensors, magnetic
materials, pigment, and in structural and electronic materials, due to their unique or
improved properties that are primarily determined by size, composition and structure
(Okuyama and Lenggoro 2003: 537). The control and design of the nanostructure is
essential for catalytic materials with good performance. This includes chemical and
physical properties not only of the active site, where the reaction takes place, but also
of the surrounding material, i.e. of the support for dispersed metal nanoparticles

(Strobel, Baiker and Pratsinis 2006: 457).

There are several techniques for synthesis of nanoparticles such as flame
synthesis and solvothermal method. The flame spray pyrolysis is a process for one-
step synthesis of the supported metal catalysts. This method has many advantages
over the other methods as it is low-cost, easy to control particle size, simple
processing, high production yield, and ease of conversion to mass manufacturing
(Karthikeyan et al 1997: 61-74). The hydrothermal or solvothermal method is a
preparation method which is carried out at relatively low temperature and did not
require organometallic or toxic precursors. A solvothermal method was developed as
a mild route to synthesize materials. In contrast to conventional synthetic methods, the
solvothermal technique offers many advantages, including the enhancement of
solubility, diffusion, and crystallization as well as the control of morphologies, sizes
and phase transformation, etc. The choice of appropriate organic solvents played a
key role in the solvothermal synthesis, because the solvent properties such as redox,
polarity, complexation and viscosity, vapor tension, etc. strongly influence the

solubility and transport behavior of the precursors involved in such heterogeneous



liquid-solid reactions (Zhang et al 2003: 7528).

Because of bimetallic Pt-Sn catalysts were widely used in industry such as
reforming and dehydrogenation of hydrocarbons in the petroleum industry and
selective hydrogenation reactions in fine chemistry. In addition, they had better
performance in terms of activity and stability than monometallic platinum catalyst.
Bimetalic platinum-tin catalysts were used in the research. As an example, the
addition of tin to platinum modifies the selectivity in naphtha reforming, resulting in a

higher resistance against deactivation by coke deposition (Paal 1995: 19).

One important hydrogenation reaction used in the fine chemical industry is
cinnamaldehyde hydrogenation as reaction in this study. This reaction is also
frequently used as a model reaction to study catalyst properties (Gallezot and Richard
1998: 81). The hydrogenation of cinnamaldehyde can proceed via two pathways, i.e.
via the formation of cinnamyl alcohol or via the formation of hydrocinnamaldehyde.
In both cases the final product is hydrocinnamyl alcohol (or 3-Phynyl-1-propanol).
The reaction via hydrocinnamaldehyde is thermodynamically more favorable however
the most desired product is the partially hydrogenated product cinnamyl alcohol.
Because of cinnamyl alcohol is a fragrance ingredient used in many fragrance
compounds. It may be found in fragrances used in decorative cosmetics, fine
fragrances, shampoos, toilet soaps and other toiletries as well as in non-cosmetic
products such as household cleaners and detergents (Letizia et al. 2005: 839). In
addition, cinnamyl alcohol is also an important additive in food industry and an

intermediate in the production of certain pharmaceutics.

In this study, supported Pt and Pt-Sn catalysts were prepared by two methods.
First, they were prepared by flame spray pyrolysis (FSP). Second, supports were
prepared by solvothermal method and then added platinum and tin into these supports
with impregnation method (Gly-Imp). These catalysts were characterized by using N,
physisorption, X-ray diffraction (XRD), CO-chemisorptions, transmission electron
spectroscopy (TEM) and temperature program reduction (H,-TPR). The catalytic

activity was tested for catalytic activities in cinnamaldehyde hydrogenation reaction.



Objectives of the Research

To investigate the physiochemical and catalytic properties of nanosized Pt and

Pt-Sn catalysts synthesized by various methods for cinnamaldehyde hydrogenation

reaction

Scopes of the Research

1) Prepare nanosized platinum catalysts (0.5%wt Pt) by varying the preparation

il.

1il.

conditions:

Supports were varied two metal oxide such as TiO, and ZrO,.

Sn Concentration was varied from 0-1.5%wt.

Preparation methods were varied by flame spray pyrolysis (FSP) and
glycothermal-impregnation method (Gly-Imp).

2) Characterize the prepared catalysts.

1.
1.
1ii.
1v.

V.

BET surface area

X-ray Diffraction (XRD)

Transmission Electron Microscopy (TEM)
CO-chemisorptions

Temperature program reduction (H,-TPR)

3) Evaluate the catalytic activity and selectivity of the prepared catalysts on

cinnamaldehyde hydrogenation reaction in a well stirred high temperature

high-pressure stainless steel autoclave reactor.

4) Analyze reaction products by gas chromatography.



CHAPTER 2

LITERATURE REVIEWS

2.1 The bimetallic platinum-tin catalyst

Bimetallic catalysts are widely used in industrial processing. Particularly,
supported Pt-Sn catalysts are widely used for reforming and dehydrogenation of
hydrocarbons in the petroleum industry and for selective hydrogenation reactions in
fine chemistry because of their better performance, in terms of activity and stability,

than monometallic platinum catalyst.
2.1.1 Pt-Sn catalysts in reforming

In reforming processes, addition of tin to monometallic Pt/Al,O; catalysts
provides better stability, mitigates the sintering effect, improves selectivity by
inhibition of the hydrogenolytic effect of platinum, and decreases isomerisation and
coke deposition, while aromatisation is increased (Antos, Moser and Lapinski 2004:
335; Audo et al. 2001: 157; Zavala et al. 1998: 62; Beltramini and Trimm 1987: 113;
Bednarova et al. 2002: 335; Rangel et al. 2000: 174).

Two different effects caused by tin addition are suggested in the literature: one
geometrical, in which a physical dilution of platinum by tin takes place, and one
electronic, where the formation of alloys causes a change in bond strength between
the chemisorbed hydrocarbon and the active metal (Fujikawa, Ribeiro and Somorjai
1998: 58; Palazov et al. 1987: 249; Burch and Garla 1981: 360; Che and Bennett
1989: 55; Barias, Holmen and Blekkan 1996: 1).



2.1.2 Pt-Sn catalysts in dehydrogenation

Catalytic dehydrogenation processes are of increasing importance because of
growing demand for light olefins such as propylene and isobutene. Supported
platinum is a good catalyst for reforming and dehydrogenation reactions. Addition of
Sn to Pt/Al,O; naphtha-reforming catalysts is well known to promote desired
dehydrogenation reactions and inhibit coking reactions (Kogan and Herskowitz 2001:

179; Praserthdam, Grisdanurak and Yuangsawatdikul 2000: 215)

In these processes, supported Pt-Sn catalysts have shown advantages because
of their lower deactivation rate and high selectivity for dehydrogenation reactions.
The role of Sn in Pt-Sn catalysts has been extensively investigated in many studies.
The effect of tin has been explained in terms of geometric effect and/or electronic
effect (Llorca et al. 1999: 77). Geometric effect: tin decreases the size of platinum
ensembles, reducing hydrogenolysis and coking reactions that require large platinum
ensembles. Electronic effect: tin modifies the electronic density of Pt, either due to a
positive charge transfer from Sn™" species or to the different electronic structures in
PtSn alloys (Kappenstein et al 1998: 2463). The dehydrogenation performance of
PtSn catalysts depends on the Sn/Pt atomic ratio, the preparation method and,

especially, the interactions between platinum and tin species.
2.1.3 Pt-Sn catalysts in hydrogenation

Addition of tin into supported platinum catalyst in hydrogenation reaction
improved activity and selectivity. Example of the selective hydrogenation of a-f
unsaturated aldehydes to the unsaturated alcohol, addition of tin has been explained as
a result of the cooperation of two phenomena. On one hand, the carbonyl group is
activated by ionic tin species, which interact with the oxygen atom of the carbonyl
bond and thus facilitate its hydrogenation. On the other hand, the dilution of platinum
atoms by metallic tin hinders the hydrogenation of C=C bond and suppresses the
readsorption of the unsaturated alcohol formed, thus inhibiting its isomerization to the
saturated aldehyde and even its further hydrogenation to the saturated alcohol

(Colama et al. 1996: 63; Margitfalvi et al. 2000: 474; Homs et al. 2001: 1782-1788).



2.2  Cinnamaldehyde hydrogenation reaction

Selective hydrogenation of o,B-unsaturated aldehydes yields unsaturated
alcohols. They are industrially valuable products and intermediates for the synthesis
of fine chemicals. The desired product in hydrogenation of cinnamaldehyde is
cinnamyl alcohol, an important additive in food industry, perfumery and an
intermediate in the production of certain pharmaceutics. However, it is a challenging
task to accomplish selective hydrogenation of the C=0O double bond since the
hydrogenation of the C=C double bond is thermodynamically more favorable than the
C=0 hydrogenation. Many important factors can influence the activity and selectivity,
such as the active metal, the catalyst support properties, the catalyst preparation
method, the metal particle size, the solution properties and the presence of second and

third metal.

Yu et al. (1999) studied the modification of some metal cations to polymer-
stabilized platinum colloid. They found that some metal cations (Fe*", Co** and Ni*")
can markedly increase both the activity and selectivity of PVP-stabilized platinum
colloid in homogeneous liquid-phase selective hydrogenation of cinnamaldehyde to
cinnamyl alcohol. The modification was due to the interaction of metal cations with
the C=0O groups in the reactants. The adsorbed metal cations activated the C=0O
double bonds and accelerated the reaction rate thus increased the selectivity to a,f-
unsaturated alcohols. The steric hindrance also played an important role in the
reaction. The metal cation can promote the hydrogenation of C=0 double bonds and

suppress the hydrogenation of C=C double bonds in the same time.

Lashdaf et al. (2004) studied the effects of the quality and quantity of the
acidic on acetal formation and the effect of the acidity of beta zeolites on the
formation of ether, on the platinum activity and on the selectivity to cinnamyl alcohol
in cinnamaldehyde hydrogenation. They found that the acetal formation related to the
amount of acid sites on the external surface of the zeolite and the acidity of the beta
zeolite influenced the platinum dispersion, and the activity of the catalysts increased

with total acidity of the beta zeolite.



Xi et al. (2008) studied using a new and cheap active carbon material of RHCs
produced from the rice husk as an active catalyst support in the cinnamaldehyde
hydrogenation in scCO,. The chemical functional groups on the surface and the
unique micro- and mesoporous textural properties of RHCs play an important role in
controlling the product selectivity. The phase behavior presents a significant influence
on the product selectivity, the selectivity to cinnamyl alcohol is high in the three-
phase system, but it is very low with a detected level in the two-phase system in
which all the cinnamaldehyde dissolved into the scCO, phase. This is attributed to the
interactions between CO, and cinnamaldehyde molecules as well as the substrate

concentration effects.

Chatterjee et al. (2004) studied the effects of different methods of synthesis on
the activity and selectivity of the hydrogenation of cinnamaldehyde in scCO2 using
Pt-supported MCM-48 catalysts. They found that high selectivity to the cinnamyl
alcohol by the hydrogenation of C=0 was achieved using in situ catalyst with well-
dispersed smaller Pt particles, at the edge of the single-phase region. Pt catalysts
prepared by impregnation of hydrogenate C=C under the same reaction conditions

consists of Pt*" and Pt° with larger particles.

Plomp et al. (2008) studied the effects of particle size and the amount oxygen
group on carbon nanofiber surface of platinum and ruthenium catalyst. The platinum
catalysts with oxygen groups on the CNF surface showed the highest selectivity
towards cinnamyl alcohol for the largest metal particles. After removal of the oxygen
surface groups via a heat-treatment, the smallest metal particles resulted in the highest
selectivity towards cinnamyl alcohol, resulting in a reversed particle size effect
compared to the catalytic results obtained with polar supports. The observed particle
size effects are explained by a change in the adsorption mode of the reactant as a
function of the polarity of the support. After removal of oxygen surface groups, the
non-polar support favors the adsorption of the phenyl ring, which enables the metal
periphery to participate in the hydrogenation. This may result in the direction of the
C=0 bond to the metal periphery. For smaller metal particles, a higher metal
periphery area is present and this will result in a higher increase in activity and

selectivity compared to larger metal particles.



Koo-amornpattana and Winterbottom (2001) studied the effects of the use of
biphasic solvents and the presence of basis salts on activity and selectivity. It was
found that promotion of platinum catalysts with bases enhanced selectivity to
cinnamyl alcohol. Moreover, the selectivity to cinnamyl alcohol is strongly influenced
by the OH group as shown in the order of KOH > NaOH > LiOH > NH4;OH > KNO;
> CH;COOK > KCl, but the metal cation is also influential and both M and OH~

appear to be vital to high activity and selectivity.

Li, Zhu and Zhou (2008) studied the use of Pt-Co catalysts supported on
carbon nanotubes (CNTs) by wet impregnation. The results show that Pt particles are
dispersed more homogeneously on the outer surface of the nanotubes, while the
strong interaction between Pt and Co would improve the increasing of activated
hydrogen number because of the hydrogen spillover from reduced Pt” onto CNTs and

increase the catalytic activity and selectivity of cinnamaldehyde to cinnamyl alcohol.

Mahata et al. (2008) studied the effect of Fe and Zn promotion on the
performance of Pt-based catalysts using a synthetic carbon xerogel as catalyst support.
They found that the addition of Zn or Fe to the Pt catalyst was found to improve the
activity as well as the selectivity to cinnamyl alcohol. The important promoting
effects observed were explained by the creation of new sites for the activation of the
carbonyl group in the cinnamaldehyde molecule and by the development of electronic

and stereo-hindrances.



CHAPTER 3

THEORY

This chapter provided some background information necessary for this study
such as the synthesis of catalyst by solvothermal technique, the synthesis of catalyst
by flame processes and the hydrogenation of cinnamaldehyde reaction. The details

were detailed as follows.

3.1  The synthesis of catalyst by solvothermal technique (Jackson and
Hargreaves 2008: 633)

Hydrothermal processes involve using water at elevated temperatures and
pressures in a closed system, often in the vicinity of its critical point. A more general
term, “solvothermal,” refers to a similar reaction in which a non-aqueous solvent
(organic or inorganic) is used. Under solvo(hydro)thermal conditions, certain
properties of the solvent, such as density, viscosity and diffusion coefficient, change
dramatically and the solvent behaves much differently from what is expected under
ambient conditions. Consequently, the solubility, the diffusion process and the
chemical reactivity of the reactants (usually solids) are greatly increased or enhanced,
enabling the reaction to take place at a much lower temperature than normal. The
method has been widely applied and adopted for crystal growth of many inorganic
materials, such as zeolites, quartz, metal carbonates, phosphates and other oxides and

halides.

Solvothermal techniques have been extensively developed for the synthesis of
metal oxides. Unlike many other synthetic techniques, solvothermal synthesis
concerns a much milder and softer chemistry conducted at low temperatures. The

mild and soft conditions make it possible to leave polychalcogen building-blocks
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intact while they reorganize themselves to form various new structures, many of
which might be promising for applications in catalysis, electronic, magnetic, optical
and thermoelectronic devices. They also allow the formation and isolation of phases

that may not be accessible at higher temperatures because of their metastable nature.

Although some solvothermal processes involve supercritical solvents, most
simply take advantage of the increased solubility and reactivity of metal salts and
complexes at elevated temperatures and pressures without bringing the solvent to its
critical point. The metal complexes are decomposed thermally either by boiling the
contents in an inert atmosphere or by using an autoclave. A suitable capping agent or
stabilizer such as a long-chain amine, thiol, trioctylphosphine oxide (TOPO), etc. is
added to the reaction contents at a suitable point to hinder the growth of the particles
and hence stabilize them against agglomeration. The stabilizers also help in
dissolution of the particles in different solvents. Unlike the cases of co-precipitation
and sol-gel methods, solvothermal processes also allow substantially reduced reaction
temperatures, and the products of solvothermal reactions are usually crystalline and

do not require post-annealing treatments.

3.2 The synthesis of catalyst by flame processes (Strobel, Baiker and Pratsinis
2006: 457-461)

Various aerosol reactors and methods have been developed for the synthesis of
a wide variety of metal and metal oxide particles. Compared to wet-chemical routes
with various post-treatment steps, such as filtration, washing, drying and calcination,
gas-phase processes allow the preparation of the desired material without any further
post-processing. Flame processes for catalyst preparation also have the advantage that
multicomponent forms of catalysts can be readily prepared and their mixing can be

controlled to obtain different distributions to prepare tailor made nanocomposites.

The processes for aerosol flame synthesis (AFS) are classified first depending

on the precursor state fed to the flame in vapor-fed AFS (VAFS) and liquid-fed AFS
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(LAFS). In the latter, if the liquid precursor solution drives the flame process
(contributes more than 50% of the energy) it is called flame spray pyrolysis (FSP). If
a non-combustible solution is fed into the flame then LAFS is called flame-assisted

spray pyrolysis (FASP).
3.21 VAFS

This is the most common industrial flame process for synthesis of various
ceramic commodities. In this process volatile metal precursors are evaporated and fed
into a flame that either supports the process or ignites the process as in pigmentary
TiO; production (Figure 1A). The metal precursor is converted into the metal oxide
and starts to form particles by nucleation from the gas phase (Figure 2). This is a
simple and scalable process. However, a drawback is the need for volatile precursors,
which limits the application of VAFS to a few products where volatile precursors are

available for a reasonable price.
3.2.2 FASP

In FASP a non-combustible liquid precursor is dispersed into fine droplets that
are evaporated and pyrolyzed by an external flame. Instead of an electrically heated
tube as in conventional spray pyrolysis, an external hydrogen or hydrocarbon flame is
used as the energy source during FASP (Figure 1B). In general, aqueous solutions of
metal salts are sprayed in the external flame where the solvent evaporates from the
droplets and metal precursors are converted in products. Supplying the energy by an
external vapor flame allows much higher process temperatures and cooling rates
compared to electrically heated hot-wall reactors where temperatures are usually
relatively low (below 2000°C) and residence times longer (up to a few seconds).
Depending on process conditions, hollow, micron- or nano-sized particles are formed

when the precursor reacts in the droplet or gas phase, respectively (Figure 2).
3.23 FSP

In FSP the metal precursor is a combustible liquid that is sprayed and ignited,

resulting in product nanoparticles. Although this method was developed as early as
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1977 by Sokolowski et al. for the synthesis of Al,Os3, it took nearly two decades until
other used it for the synthesis of nanoparticles. The organic precursor solution is
dispersed either ultrasonically or by gas convection through a nozzle forming a fine
spray which is ignited (Figure 1C). The metal precursors evaporate in this spray flame
and are combusted. Particles are then formed by nucleation from the gas phase
(Figure 2). The process features short residence times (a few milliseconds) and high
maximum process temperatures (up to 3000 K). The main advantage of FSP over
FASP is the formation of generally homogeneous, nano-sized particles through

control of the precursor-solvent composition.
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Figure 1 Schematic of selected flame configurations used for the synthesis of
heterogeneous catalysts. (A) VAFS, (B) FASP and (C) FSP (Strobel, Baiker and
Pratsinis 2006: 457-461).
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Figure 2 Schematic of the particle formation processes occurring during spray

pyrolysis, FSP and VAFS. Two basic particle formation processes can be observed:

particle formation in a droplet leading to large or hollow particles (spray pyrolysis and

partly in FSP) and particle formation from the gas phase giving small nano-sized

particles (VAFS, FSP and partly spray pyrolysis) (Strobel, Baiker and Pratsinis 2006:

457-461).
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3.3 The hydrogenation of cinnamaldehyde reaction

One of the oldest and most diverse catalytic processes is the selective
hydrogenation of functional groups contained in organic molecules to produce (1) fine
chemicals, (2) intermediates used in the pharmaceutical industry, (3) monomers for
the production of various polymers, and (4) fats and oils for producing edible and
nonedible products. Indeed, there are more hydrogenation catalysts available
commercially than any other type, and for good reason, because hydrogenation is one
of the most useful, versatile, and environmentally acceptable reaction routes available

for organic synthesis (Burwell 1983; 411-465).

The selective hydrogenation of o,B-unsaturated carbonyls is a key step in the
manufacture of pharmaceuticals, flavors and fragrances (Gallezot and Richard 1998:
81, Kijenski and Winiarek 2000: L1, Delbecq and Sautet 1995: 217). The
hydrogenation of C=C bond to yield saturated carbonyls is thermodynamically
favored and can be readily achieved with high selectivity. However, the selective
hydrogenation of C=0 bond to provide unsaturated alcohols is much more difficult to
achieve (Gallezot and Richard 1998: 81). Cinnamaldehyde selective hydrogenation is
one such important commercial reaction, which gives cinnamyl alcohol,
hydrocinnamaldehyde and hydrocinnamyl alcohol as products in Figure 3. Cinnamyl
alcohol is a valuable chemical in the perfumery industry for its odour and fixative
properties. It is also used as an intermediate in the pharmaceuticals for the synthesis
of antibiotic-chloromycetin (Eilerman 1996: 349). Recently, hydrocinnamaldehyde
has been found to be an important intermediate in the preparation of pharmaceuticals
used in the treatment of HIV (Muller and Bowers 1999). Although various attempts
have been made in the literature to develop a suitable catalytic system for selective
hydrogenation of cinnmaldehyde to cinnamyl alcohol or hydrocinnamaldehyde, the
selectivity is still an important issue (Lashdaf et al. 2003: 65, Breen et al. 2004: 267).
Industrial relevance of unsaturated alcohols in conjunction with economically
constraining methods based on chemical reduction of unsaturated carbonyl
compounds calls for the development of new catalysts for selective preparation of

unsaturated alcohols (Hajek et al 2003: 295).
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Figure 3 Reaction pathway of the hydrogenation of cinnamaldehyde (Plomp et al.

2008: 13)
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CHAPTER 4

EXPERIMENTAL

This chapter describes the experimental procedures for synthesis of nanosized
Pt and Pt-Sn catalysts for cinnamaldehyde hydrogenation reaction. This chapter
consists three parts such as catalyst preparation, catalyst characterization and catalytic

evaluation.

The first part explains catalyst preparation by impregnation method and flame
spray pyrolysis and includes the details of chemicals and apparatuses. The second part
explains characterization techniques containing N,-physisorption, X-ray diffraction
(XRD), transmission electron microscope (TEM), CO-chemisorption and temperature
programmed reduction (H,-TPR). The last part details the procedure for catalytic

evaluation and analyzes reaction products in cinnamaldehyde hydrogenation reaction.

4.1  Catalyst Preparation

For this study, supported platinum and platinum-tin catalysts are synthesized
by two methods. The first method, these catalysts are prepared by incipient wetness
impregnation which its supports are prepared by glycothermal method (Gly-Imp).
And the second method, other catalysts are prepared by flame spray pyrolysis (FSP).

The both methods are detailed as follows above.

4.1.1 Synthesis supported platinum and platinum-tin catalysts by impregnation
method (Gly-Imp)Prior to the start of this method, the supports were prepared
by glycothermal method. After support preparation, platinum and tin were
impregnated on the supports. The obtained catalysts were supported platinum

and supported platinum-tin
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catalyst. The chemicals for this preparation were listed in Table 1.

Table 1 Chemicals used in glycothermal method and incipient wetness impregnation

Chemical Supplier
Zirconium (IV) butoxide, 80% solution in 1-butanol Aldrich
Titanium (IV) butoxide, 97% Aldrich
1.,4-butanediol, > 99% Merck
Methanol, 99.8 % QReéC
Hydrogen hexachloroplatinate (IV) hydrate, ca 40% Pt Acros
Tin (II) chloride, > 99.99% Aldrich

Glycothermal method

1. Mixed 15 g of Zirconium (IV) butoxide or Titanium (IV) butoxide with
1,4-butanediol to 100 ml in beaker and placed in a 300 ml autoclave
(Figure 4).

2. The gap between the beaker and the autoclave was replaced with 30 ml of
1,4-butanediol.

3. The autoclave was purged with nitrogen for three and pressurized
pressurized with nitrogen to 5 bar.

4. The mixture was heated to 300°C and held for 2 h after that cooled down
to room temperature.

5. Took it to wash with methanol and separated with centrifuge for several
times.

6. Dried in oven at 110°C and calcined in air zero at 400°C for 2h.

7. The obtained supports were zirconia (ZrO;) and titania (TiO,),

respectively.
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Figure 4 Autoclave for support preparation (Parr Instrument 2009)

Incipient wetness impregnation

Platinum and tin were deposited on the metal oxide supports by incipient
wetness impregnation using water as the solvent, hydrogen hexachloroplatinate (IV)
hydrate and tin (II) chloride as metal precursors. The detail of calculation was

explained in Appendix A.

1. Dropped water into 2 g of the obtained support (ZrO, or TiO;) in flask
with dropper until it was not quite dry to estimate the total pore volume
and dried in oven at 110°C.

2. 2 g of the support (ZrO, or TiO,) was gradually dropped with metal
precursors that solute in water (0.5 wt% Pt and 0.5, 1.0 and 1.5 wt% Sn
solution) and shook it continuously until the volume equal the total pore
volume that can estimate.

3. Dried in oven at 110°C and calcined in air zero at 500°C for 2h.

4. The obtained catalysts were supported platinum as follow in Table 2.
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Table 2 The symbol of the supported platinum obtained from glycothermal and

impregnation method

Symbol Meaning

) The TiO, support was prepared by glycothermal
0.5%Pt/TiO; (Gly-Imp) ) ]
and 0.5 wt% Pt was loaded by impregnation

The TiO, support was prepared by glycothermal
0.5%P1t-0.5%Sn/TiO, (Gly-Imp) | and 0.5 wt% Pt and 0.5 wt% Sn were loaded by

impregnation

The TiO, support was prepared by glycothermal
0.5%Pt-1.0%Sn/TiO, (Gly-Imp) | and 0.5 wt% Pt and 1.0 wt% Sn were loaded by

impregnation

The TiO; support was prepared by glycothermal
0.5%Pt-1.5%Sn/TiO, (Gly-Imp) | and 0.5 wt% Pt and 1.5 wt% Sn were loaded by

impregnation

The ZrO, support was prepared by glycothermal
0.5%Pt/ZrO, (Gly-Imp) ‘ .
and 0.5 wt% Pt was loaded by impregnation

The ZrO; support was prepared by glycothermal
0.5%P1t-0.5%Sn/ZrO; (Gly-Imp) | and 0.5 wt% Pt and 0.5 wt% Sn were loaded by

impregnation

The ZrO; support was prepared by glycothermal
0.5%Pt-1.0%Sn/ZrO, (Gly-Imp) | and 0.5 wt% Pt and 1.0 wt% Sn were loaded by

impregnation

The ZrO, support was prepared by glycothermal
0.5%Pt-1.5%Sn/ZrO; (Gly-Imp) | and 0.5 wt% Pt and 1.5 wt% Sn were loaded by

impregnation
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4.1.2 Synthesis supported platinum and platinum-tin catalysts by flame spray
pyrolysis

The chemicals for this preparation were listed in Table 3

Table 3 Chemicals used in flame spray pyrolysis

Chemical Supplier
Platinum (II) acetylacetonate, 99.99% Aldrich
Zirconium (IV) butoxide, 80% solution in 1-butanol Aldrich
Titanium (IV) butoxide, 97% Aldrich
Tin (II) 2-ethylhexanoate, 95% Sigma
Xylene, 99.8% Merck

Platinum (II) acetylacetonate, Zirconium (IV) butoxide, Titanium (IV)
butoxide and Tin (II) 2-ethylhexanoate were used as the feed precursor. They were
dissolved in xylene to 0.3 M solution. The detail of calculation was explained in

Appendix A.

1. The spray was ignited by supporting flamelets fed with oxygen (3 1/min)
and methane (1.5 1/min).

2. During particle synthesis, 5 ml/min of liquid precursor were fed to the
flame by a syringe pump and dispersed with 5 1/min oxygen forming fine
spray droplets.

3. The pressure drop at the capillary tip was maintained at 1.5 bar by
adjusting the orifice gap area at the nozzle.

4. The product particles were collected on a glass fiber filter (Whatman
GF/C, 15 cm in diameter) with the aid of a vacuum pump.

5. Flame spray pyrolysis apparatus was shown in Figure 5 and the obtained

catalysts were detailed as follow in Table 4.
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Figure 5 Flame spray pyrolysis for catalyst synthesis (Médler et al. 2006: 285)
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Table 4 The symbol of the supported platinum obtained from flame spray pyrolysis

Symbol

Meaning

0.5%Pt/TiO, (FSP)

0.5 wt% Pt support on TiO, was prepared by flame
spray pyrolysis

0.5%Pt-0.5%Sn/TiO, (FSP)

0.5 wt% Pt and 0.5 wt% Sn support on TiO, were

prepared by flame spray pyrolysis

0.5%Pt-1.0%Sn/TiO, (FSP)

0.5 wt% Pt and 1.0 wt% Sn support on TiO, were

prepared by flame spray pyrolysis

0.5%Pt-1.5%Sn/TiO, (FSP)

0.5 wt% Pt and 1.5 wt% Sn support on TiO, were
prepared by flame spray pyrolysis

0.5%Pt/ZrO, (FSP)

0.5 wt% Pt support on ZrO, was prepared by flame
spray pyrolysis

0.5%Pt-0.5%Sn/ZrO, (FSP)

0.5 wt% Pt and 0.5 wt% Sn support on ZrO, were
prepared by flame spray pyrolysis

0.5%Pt-1.0%Sn/ZrO; (FSP)

0.5 wt% Pt and 1.0 wt% Sn support on ZrO, were

prepared by flame spray pyrolysis

0.5%Pt-1.5%Sn/ZrO, (FSP)

0.5 wt% Pt and 1.5 wt% Sn support on ZrO, were
prepared by flame spray pyrolysis
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4.2  Catalyst Characterization
The prepared catalysts will be characterized by several techniques:
4.2.1 Ny-physisorption

The BET surface area, average pore size diameter and pore size distribution
were determined by N,-physisorption using Belsorp Mini II. The catalysts were firstly
pretreated in helium gas flow of 50 ml/min at 150°C for 3 h for removing water
bound to the particle surface from air moisture. After cooled down to the ambient
temperature, the weight of dried catalyst was collected. Sample cell was installed to
the adsorption part. The requisite data was input to the software before the
measurement. The sample cell was dipped in the dewar containing liquid N,. The

volume of N, was measured at -196 °C using the different N, partial pressure.
4.2.2 X-ray diffraction (XRD)

The X-ray diffraction (XRD) patterns of powder were obtained using an X-ray
diffractometer SIEMENS D5000 connected with a computer with Diffract ZT version
3.3 program for fully control of the XRD analyzer. The experiments were carried out
using Ni-filtered CuKa radiation. Scans were performed over the 20 ranges from 20°
to 80°. The crystalline size was estimated from line broadening according to the
Scherrer equation and a-alumina was used as standard. This instrument has located at

Center of Excellence on Catalysis and Catalytic Reaction, Chulalongkorn University.
4.2.3 Transmission electron microscope (TEM)

Transmission Electron Microscope (TEM) is a conventional method to give
detailed information about the shapes, the mean particle size and the size distribution
of metallic dispersions. The catalyst sample will be observed using JEOL-JEM
200CX transmission electron microscope operated at 100 kV. This instrument has

located at Central Laboratory and Greenhouse Complex, Kasetsart University.
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4.2.4 CO-chemisorption

The active sites and relative percentages dispersion of platinum catalyst were
determined by CO-pulse chemisorption technique using a Micromeritics Pulse
ChemiSorb 2700 instrument at Center of Excellence on Catalysis and Catalytic

Reaction, Chulalongkorn University.

0.1 g of a catalyst sample was placed in a quartz tubular reactor. Under H,
atmosphere at a flow rate of 50 ml/min, the catalyst sample was heated up to 500°C at
a heating rate of 10°C/min and held for 1 h at this temperature in order to reduce
catalyst. After the reduction, the system was cooled down to room temperature by
helium at flow rate of 30 ml/min. At this temperature, the catalyst sample was ready
to be measured the metal active sites, 86 puL of the ultra purity CO gas was injected to
adsorb on the metal surface of the catalyst sample. Injection of CO was continuously
repeated until saturation. The amount of the metal active sites of the catalyst sample
and percentages of platinum dispersion was calculated according to description in

Appendix C.
4.2.5 Temperature programmed reduction (H,-TPR)

Temperature programmed reduction was used to determine the reducibility of
catalysts. The hydrogen consumption was measured by using a Micrometritics Pulse
Chemisorb 2700 instrument at Center of Excellence on Catalysis and Catalytic

Reaction, Chulalongkorn University.

0.1 g of a catalyst sample was placed in a quartz tubular reactor. Under N,
atmosphere at a flow rate of 25 ml/min, the catalyst sample was heated up to 250°C at
a heating rate of 10 °C/min and held for 1 h at this temperature in order to eliminate
the adsorbed water. After the pretreatment, the system was cooled down to room
temperature. The reduction step was performed under 10% H, in Ar flow of 25
ml/min from room temperature to 800°C at heating rate of 10°C/min. It was noted that
during the reduction step the water produced in this process was trapped by the liquid

No.
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4.3  Catalytic evaluation

The catalysts were tested for their catalytic activity in the selective

hydrogenation of cinnamaldehyde using a high pressure stainless steel (SS) made

hydrogenation reactor of capacity 300 ml provided with gas inlet and outlet valves,

pressure gauge, thermocouple, stirrer and sampling valve (Figure 6).

l.
2.

0.15 g of catalyst was reduced at 500°C for 1 h with 30 ml/min of H, gas.
Catalyst was activated at 100°C using H; pressure (50 bar) for about 3 h in
40 ml of ethanol in the reactor and cooled down to room temperature.

0.01 mol (or 1.3349 g) of cinnamaldehyde and 45 ml of ethanol were taken
in the reactor.

The reactor was purged with hydrogen for three times and pressurized with
hydrogen to 50 bar.

The hydrogenation reaction was performed at 60°C for 2 h.

Products were withdrawn from the reactor periodically every 15 min for
GC analysis.

The operating condition of GC was shown in Table 5.

0.05 pl of sample was injected into the GC and the raw data of

chromatograms were modified by using calibration curve.

On-0ff

/_ valve

u
N

Regulatar

Input gas

Gas Temperature F ﬂ
controller ‘\ ] [—

N L [ & — Besker
& Ll \

N Autoclave
, YVoltage L
Heater

transfer Gap

I

Figure 6 The reactor for hydrogenation of cinnamaldehyde



26

Table 5 Operating conditions of gas chromatography

Gas chromatography Shimadzu GC14B

Operating conditions

Capillary column DB-1
Length of column 60 m
Purge 10 ml/min
Split 80 ml/min
Carrier 150 kPa
Make up 50 kPa
H, 60 kPa
Air 50 kPa
Injection temperature 270°C
Column temperature 140°C 30 min, heating rate 5°C/min, 180°C 15 min
Detector temperature 150°C
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CHAPTER 5

RESULTS AND DISCUSSION

The main topic of this research involves the use of the supported Pt-Sn
catalysts in the hydrogenation of cinnamaldehyde reaction. The results and discussion
in this chapter are divided into two sections. In the first section, the physical and
chemical properties of catalysts are determined by various characterization
techniques. The catalytic performance for cinnamaldehyde hydrogenation is evaluated
in the second section. It contains mainly the conversion of cinnamaldehyde and the

selectivity of cinnamyl alcohol.

5.1  The physical and chemical properties of the supported Pt-Sn catalysts

In the part, the catalytic properties were characterized by various methods.
The phase identification and the average crystallite size were determined by the X-ray
diffraction technique. The N, physisorption showed the BET surface area, the mean
pore diameter, the pore volume and the particle size diameter. The shapes, particle
size distribution and mean particle size were obtained by transmission electron
microscope (TEM). The platinum active sites and metal dispersion were obtained by
CO chemisorptions technique. The temperature programmed reduction of H;

exhibited the reduction behavior of catalysts.
5.1.1 X-ray diffraction (XRD)

Figure 7 shows the XRD patterns of TiO, and TiO, supported catalyst
prepared by impregnation method (Gly-Imp). All the catalyst samples exhibited only
the characteristic peaks of anatase phase of TiO,. They were assigned by the peak at

25°,38°, 48°, 54°, 55°, 62° and 75° (JCDPS No.21-1272) (Kang 2003: 177).
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The additional peaks corresponding to Pt, Sn and other titania phases were not
observed due probably to low amount of Pt and Sn loaded and/or high dispersion of

those metals on the TiO; supports.

0.5%|Pt- 1. 5%Sn Tio, (Gly-Imp)

“ (. s __ 0.5%pPt-0.5%SnTio, (Gly-Imp)

Imtensity (@)

A
0.5% - 1.0% 80 T, (Gly-
” = A 1L5%P -1 0% S Tioy, (Glv-Tmp)

. A . = __ 0.5% P, (Gly-lmp)

ﬂ i A Foy Ti0, [ Glv)

20 (degree)

Figure 7 XRD patterns of TiO, supported catalysts prepared by impregnation method
(Gly-Imp) (A = anatase)

Figure 8 shows the XRD patterns of TiO, and TiO, supported catalyst
prepared by FSP. All catalyst samples exhibited the main characteristic peaks of
anatase TiO, with small contamination of rutile phase (the peak at 27°) (Chang et al.
2008: 285-286). The additional peaks corresponding to Pt and Sn were not observed

too.
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Figure 8 XRD patterns of TiO, supported catalysts prepared by FSP (A = anatase, R =

rutile)

Figure 9 shows the XRD patterns of ZrO, and ZrO, supported catalyst
prepared by impregnation method (Gly-Imp). The XRD profiles matched well the
standard diffraction data of tetragonal phase of ZrO, (JCDPS No. 42-1164)
(Kongwudthiti et al. 2003: 808). They were assigned by the peak at 30°, 35°, 50° and
60°. The additional peaks corresponding to Pt, Sn and other zirconia phases were not

observed as same as TiO, supported catalysts prepared by the same method.

[ T
I - : :
. s 0.5%P1-1.5%Sn/Zr04 (Gly-Imp)
— B
= F o 0. 5% - 1.0%SnZ 0, (Gly-Imp)
‘F 01.594P1-0, 5%Sn 0, (Gly-Imp)
5 R . CERY e e ELAR L P
~ A A 0. 5%qPL e (Gly-Imp)
Zr0,((Gly)
— N p—
20 30 40 ) &0 70 20

20 {degree)
Figure 9 XRD patterns of ZrO, supported catalysts prepared by impregnation method
(Gly-Imp) (T = tetragonal)
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Figure 10 shows the XRD patterns of ZrO, and ZrO, supported catalyst
prepared by FSP. All the catalyst samples did not exhibit only the characteristic peaks
of tetragonal phase of ZrO, (JCDPS No. 50-1089) but they also showed monoclinic
ZrO, (JCDPS No.37-1484) (Burakorn et al. 2008: 352-358). Pt and Sn peak were not

observed too.

M T 0.53%M-1.53%S5nZr0), (FSP)

| H b M A
A JL - .\"\ Y 0.5%Pt-1.0%8n/ 0, (FSP)

=
f. _JM __h Y 0,.5%P-0,5%8n el M| FSPy
F
2 A A _0.5%PUZRO, (FSP)
M A 7101, | FSP)
20 30 40 50 a0 e 80

20 (depree)
Figure 10 XRD patterns of ZrO, supported catalysts prepared by FSP (T = tetragonal,

M = momoclinic)

The crystallite sizes of catalysts calculated from Scherrer’s equation are
summarized in Table 6. It was found that TiO, supported catalysts prepared by
impregnation method (Gly-Imp) had crystallite sizes of anatase phase of TiO, ranged
between 7.9 to 12.2 nm, while the TiO, crystallite sizes of supported catalysts
prepared by FSP were ranged between 8.5 to 13.3 nm for anatase phase and 8.4 to
13.7 nm for rutile phase. ZrO, supported catalysts prepared by impregnation method
(Gly-Imp) had the crystallite sizes of tetragonal ZrO, about 2.9-3.4 nm, while the ones
prepared by FSP has crystallite sizes of tetragonal ZrO, about 13.7-17.6 nm and

crystallite sizes of monoclinic phase about 6.8-13.1 nm.

For the present of tin, the crystallite sizes of TiO, supported catalysts prepared
by impregnation method (Gly-Imp) increased from 7.9 to 12.2 nm as the amounts of

Sn loading increased from 0 to 1.5 wt%. In the case of FSP-made catalyst, the
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crystallite size increased from 11.2 to 13.3 nm as the Sn loading increased from 0 to

1.0 wt% and then decreased to 8.5 nm after the addition of Sn further increased to 1.5

wt%. The crystallite sizes of ZrO, supported catalysts prepared by impregnation

method (Gly-Imp) decreased from 3.4 to 2.9 nm as the amounts of Sn loading

increased from 0 to 1.0 wt% and then increased to 3.4 nm after the addition of Sn

further increased to 1.5 wt%. In the case of FSP-made catalyst, the crystallite size

increased from 14.7 to 17.6 nm as the Sn loading increased from 0 to 0.5 wt% and

then decreased to 13.7 nm after the addition of Sn further increased to 1.5 wt%.

Table 6 The crystallite size of catalysts

Catalysts Crystallite size (nm)
0.5%Pt/TiO; (Gly-Imp) (A)79
0.5%Pt-0.5%Sn/TiO, (Gly-Imp) (A)11.2
0.5%Pt-1.0%Sn/TiO, (Gly-Imp) (A)10.4
0.5%Pt-1.5%Sn/TiO, (Gly-Imp) (A)12.2

0.5%Pt/TiO, (FSP)

(A)112,(R) 11.3

0.5%Pt-0.5%Sn/TiO, (FSP)

(A)11.2,(R) 11.3

0.5%Pt-1.0%Sn/TiO, (FSP)

(A) 133, (R) 8.4

0.5%Pt-1.5%Sn/TiO, (FSP)

(A) 8.5, (R) 13.7

0.5%Pt/ZrO, (Gly-Imp) (T)3.4
0.5%Pt-0.5%Sn/ZrO, (Gly-Imp) (T)3.3
0.5%Pt-1.0%Sn/ZrO, (Gly-Imp) (129
0.5%Pt-1.5%Sn/ZrO, (Gly-Imp) (T)3.4

0.5%Pt/ZrO, (FSP)

(T) 14.7, (M) 6.8

0.5%Pt-0.5%Sn/ZrO, (FSP)

(T) 17.6, (M) 7.1

0.5%Pt-1.0%Sn/ZrO, (FSP)

(T) 15.4, (M) 9.5

0.5%Pt-1.5%Sn/ZrO, (FSP)

(T) 13.7, (M) 13.1

A = Anatase, R= Rutile, T = Tetragonal, M = Monoclinic
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5.1.2 N physisorption

The BET surface area, mean pore diameter and total pore volume of the
supported Pt and Pt-Sn catalysts were determined by N, physisorption technique and
the result are shown in Table 7. It was observed that the catalyst prepared by
impregnation method (Gly-Imp) had larger BET surface area than the catalyst
preparation by FSP. When loading of tin increased, the BET surface area of TiO,
supported catalysts prepared by impregnation method (Gly-Imp) decreased from 110
to 95 m*/g due to blocking of tin in the catalyst pore but the BET surface area of TiO,
supported catalysts prepared by FSP was remained constant (71 m*/g). BET surface
area of ZrO, supported catalysts prepared by impregnation method (Gly-Imp)
decreased from 151 to 143 m*/g when loading of tin increased while the BET surface

area of ZrO, supported catalysts prepared by FSP were constant around 50-52 m?/g.

The mean pore sizes of catalysts prepared by impregnation method (Gly-Imp)
were smaller than catalysts prepared by FSP. The mean pore sizes of TiO, supported
catalysts prepared by impregnation method (Gly-Imp) had diameter about 16.1-24.4
nm while by FSP had diameter about 24.9-30.9 nm. And the mean pore sizes of ZrO,
supported catalysts by Gly-Imp had diameter about 4.6-4.9 nm while by FSP had
diameter about 24.1-41.4 nm.

The total pore volume of TiO, supported catalysts prepared by impregnation
method (Gly-Imp) were about 0.44-0.57 ¢cm’(STP)/g and by FSP were about 0.43-
0.55 cm’(STP)/g. For the total pore volume of ZrO, supported catalysts prepared by
impregnation method (Gly-Imp) were about 0.17-0.18 ¢cm’(STP)/g but by FSP were
about 0.32-0.54 cm’(STP)/g
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Table 7 The BET surface area, mean pore diameter, total pore volume and particle

size diameter

BET Mean
surface pore Total pore Paljticle
Catalysts . _ . volume? S1ze

area® | diameter s diameter

() (nm) (Cm*(STP)9) | (nm)
0.5%Pt/TiO, (Gly-Imp) 110 16.1 0.44 12.9
0.5%Pt-0.5%Sn/TiO, (Gly-Imp) | 103 17.9 0.46 13.8
0.5%Pt-1.0%Sn/Ti0, (Gly-Imp) 94 24.4 0.57 15.1
0.5%Pt-1.5%Sn/Ti0, (Gly-Imp) 95 22.6 0.54 14.9
0.5%Pt/T10, (FSP) 71 30.9 0.55 20.0
0.5%Pt-0.5%Sn/TiO, (FSP) 71 30.8 0.55 20.0
0.5%Pt-1.0%Sn/TiO, (FSP) 71 24.9 0.44 20.0
0.5%Pt-1.5%Sn/TiO, (FSP) 71 26.4 0.43 20.0
0.5%Pt/ZrO, (Gly-Imp) 151 4.6 0.18 7.0
0.5%Pt-0.5%Sn/Zr0, (Gly-Imp) | 148 4.7 0.18 7.1
0.5%Pt-1.0%Sn/Zr0, (Gly-Imp) | 147 4.7 0.17 7.2
0.5%Pt-1.5%Sn/Zr0, (Gly-Imp) | 143 4.9 0.17 7.4
0.5%Pt/ZrO, (FSP) 52 41.4 0.54 20.3
0.5%Pt-0.5%Sn/ZrO, (FSP) 52 40.7 0.53 20.3
0.5%Pt-1.0%Sn/ZrO, (FSP) 53 24.1 0.32 19.9
0.5%Pt-1.5%Sn/ZrO, (FSP) 50 27.6 0.34 21.1

*Using N, physisorption at -196°C, Error of measurement + 5%

®Particle diameter = 6/(density xBET surface area)

The nature of pore of catalyst was studied using N, adsorption/desortion
isotherms and pore size distribution curve. Figure 11- Figure 14 shows the N,
adsorption/desorption isotherm and the pore size distribution of the TiO, supported
Pt-Sn catalysts from impregnation method (Gly-Imp). It was found that hysteresis
loop indicating the presence of opened pores and associated with a cylinder
mesoporous (Eberhardt et al. 2004: 137). Figure 15- Figure 18 shows isotherms of the
Ti0O; supported Pt-Sn catalysts prepared by FSP mehod. It was found that the typical
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adsorption-desorption isotherms of agglomerated flame-synthesized materials
characterized by nonporous primary nanoparticles (Piacentini et al. 2006: 45-46).
Figure 19- Figure 22 shows the N, adsorption/desorption isotherm and the pore size
distribution of the ZrO, supported Pt-Sn catalysts from impregnation method (Gly-
Imp). It was found that hysteresis loop indicating the presence of closed or opened
pores and associated with ink-bottle pores where entrance to the pore was narrower
than the body. Figure 23- Figure 26 shows the N, adsorption/desorption isotherm and
the pore size distribution of the ZrO, supported Pt-Sn catalysts from FSP. It was
found that hysteresis loop indicating the typical adsorption-desorption isotherms of
agglomerated flame-synthesized materials characterized by very small nonporous
primary particles with interstitial volumes between the particles (Piacentini,

Maciejewski and Baiker 2006: 128-130).
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Figure 11 The N, adsorption/desorption isotherm and the pore size distribution of
0.5%Pt/Ti0; (Gly-Imp)



400 - o0
_ISH
= 600 +\ |
i |
_ 3004 | 00 |
T 5 200 AL
— = |
= 0
2| 200 0 50 100 150 200
=
E Pore diameter (nm)
=
K,
[--]
o
100
—
0 :
0 0.2 0.4 0.6 0.8 1

31
P/P,

Figure 12 The N, adsorption/desorption isotherm and the pore size distribution of
0.5%Pt-0.5%Sn/Ti0; (Gly-Imp)
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Figure 13 The N, adsorption/desorption isotherm and the pore size distribution of
0.5%Pt-1.0%Sn/TiO; (Gly-Imp)
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Figure 14 The N, adsorption/desorption isotherm and the pore size distribution of
0.5%Pt-1.5%Sn/TiO; (Gly-Imp)

400 - .
=1
=
7
_ 300 5
ko =
:;:.": 1
&-_E'_ 200 0 5:'.'! ;LUU 150 200
.E Pore diameter {nm)
=
}?s
100 -+
0D — i
0 0.2 0.4 0.6 0.8 1
P/P,

Figure 15 The N, adsorption/desorption isotherm and the pore size distribution of

0.5%Pt/TiO, (FSP)
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Figure 16 The N, adsorption/desorption isotherm and the pore size distribution of
0.5%Pt-0.5%Sn/TiO, (FSP)
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Figure 17 The N, adsorption/desorption isotherm and the pore size distribution of
0.5%Pt-1.0%Sn/Ti0, (FSP)
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Figure 18 The N, adsorption/desorption isotherm and the pore size distribution of

0.5%Pt-1.5%Sn/TiO, (FSP)
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Figure 19 The N, adsorption/desorption isotherm and the pore size distribution of
0.5%Pt/ZrO, (Gly-Imp)
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Figure 20 The N, adsorption/desorption isotherm and the pore size distribution of

0.5%Pt-0.5%Sn/ZrO; (Gly-Imp)
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Figure 21 The N, adsorption/desorption isotherm and the pore size distribution of

0.5%Pt-1.0%Sn/ZrO, (Gly-Imp)
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Figure 22 The N, adsorption/desorption isotherm and the pore size distribution of

0.5%Pt-1.5%Sn/ZrO, (Gly-Imp)
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Figure 23 The N, adsorption/desorption isotherm and the pore size distribution of

0.5%Pt/ZrO, (FSP)
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Figure 24 The N, adsorption/desorption isotherm and the pore size distribution of
0.5%Pt-0.5%Sn/ZrO, (FSP)
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Figure 25 The N, adsorption/desorption isotherm and the pore size distribution of

0.5%Pt-1.0%Sn/ZrO, (FSP)
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Figure 26 The N, adsorption/desorption isotherm and the pore size distribution of
0.5%Pt-1.5%Sn/ZrO, (FSP)

5.1.3 Transmission electron microscope (TEM)

Transmission electron microscope (TEM) is a conventional method to give
detailed information about the shape, particle size distribution and mean particle size
of the catalysts. Figure 27- Figure 58 show the TEM images and particle size
distribution of catalysts where mean particle size (i) and standard deviation (o) were
calculated from these TEM images as show in Table 8. It could be seen that catalysts
were rather sphere particle. The particle size and the width of distribution curve of
catalysts prepared by FSP were larger than the catalysts prepared by impregnation
method (Gly-Imp). Addition of tin onto the catalysts, it was found that mean particle
size of TiO, supported catalysts prepared by impregnation method (Gly-Imp)
decreased from 12.6 nm to 11.1 nm as the amounts of Sn loading increased from 0 to
0.5 wt% and then increased to 13.0 nm after the addition of Sn further increased to 1.5
wt%. In the case of FSP-made catalyst, the mean particle size increased from 16.6 to
22.7 nm as the Sn loading increased from 0 to 1.0 wt% and then decreased to 16.7 nm

after the addition of Sn further increased to 1.5 wt%. The mean particle sizes of ZrO,
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supported catalysts prepared by impregnation method (Gly-Imp) were constant
around 13.0-15.6 nm. In the case of FSP-made catalyst, the mean particle sizes were

constant around 19.0-21.1 nm.

Table 8 The mean particle size of the catalysts from TEM

Catalysts SN pzﬁrr;:i)cle S Standard deviation
0.5%Pt/TiO, (Gly-Imp) 12.6 2.7
0.5%Pt-0.5%Sn/TiO, (Gly-Imp) 11.1 1.4
0.5%Pt-1.0%Sn/TiO, (Gly-Imp) 12.4 2.4
0.5%Pt-1.5%Sn/Ti0, (Gly-Imp) 13.0 2.4
0.5%Pt/TiO, (FSP) 16.6 3.7
0.5%Pt-0.5%Sn/TiO, (FSP) 21.7 4.6
0.5%Pt-1.0%Sn/TiO, (FSP) 22.7 3.7
0.5%Pt-1.5%Sn/TiO, (FSP) 16.7 4.0
0.5%Pt/ZrO; (Gly-Imp) 13.0 1.8
0.5%Pt-0.5%Sn/Zr0, (Gly-Imp) 14.0 1.9
0.5%Pt-1.0%Sn/ZrO; (Gly-Imp) 15.6 2.2
0.5%Pt-1.5%Sn/Zr0, (Gly-Imp) 14.1 1.6
0.5%Pt/ZrO, (FSP) 20.0 3.2
0.5%Pt-0.5%Sn/ZrO, (FSP) 19.9 4.4
0.5%Pt-1.0%Sn/ZrO, (FSP) 21.1 2.8
0.5%Pt-1.5%Sn/ZrO, (FSP) 20.4 3.8
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Figure 27 TEM image of 0.5%Pt /TiO, (Gly-Imp)
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Figure 28 Particle size distribution of 0.5%Pt /Ti0, (Gly-Imp)
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Figure 30 Particle size distribution of 0.5%Pt-0.5%Sn/Ti0O; (Gly-Imp)
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Figure 33 TEM image of 0.5%Pt-1.5%Sn/Ti0O, (Gly-Imp)
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Figure 34 Particle size distribution of 0.5%Pt-1.5%Sn/Ti0O, (Gly-Imp)



Figure 35 TEM image of 0.5%Pt/TiO, (FSP)
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Figure 36 Particle size distribution of 0.5%Pt/Ti0, (FSP)



Figure 37 TEM image of 0.5%Pt-0.5%Sn/TiO, (FSP)
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Figure 38 Particle size distribution of 0.5%Pt-0.5%Sn/Ti0, (FSP)
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Figure 39 TEM image of 0.5%Pt-1.0%Sn/TiO, (FSP)
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Figure 40 Particle size distribution of 0.5%Pt-1.0%Sn/Ti0, (FSP)
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Figure 41 TEM image of 0.5%Pt-1.5%Sn/TiO, (FSP)
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Figure 42 Particle size distribution of 0.5%Pt-1.5%Sn/Ti0, (FSP)



Figure 43 TEM image of 0.5%Pt /ZrO, (Gly-Imp)
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Figure 44 Particle size distribution of 0.5%Pt /ZrO, (Gly-Imp)
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Figure 45 TEM image of 0.5%Pt-0.5%Sn/ZrO, (Gly-Imp)
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Figure 46 Particle size distribution of 0.5%Pt-0.5%Sn/ZrO, (Gly-Imp)
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Figure 47 TEM image of 0.5%Pt-1.0%Sn/ZrO, (Gly-Imp)
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Figure 48 Particle size distribution of 0.5%Pt-1.0%Sn/ZrO, (Gly-Imp)



Figure 49 TEM image of 0.5%Pt-1.5%Sn/ZrO, (Imp-Gly)
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Figure 50 Particle size distribution of 0.5%Pt-1.5%Sn/ZrO, (Imp-Gly)
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Figure 51 TEM image of 0.5%Pt /ZrO, (FSP)
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Figure 52 Particle size distribution of 0.5%Pt /ZrO, (FSP)
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Figure 53 TEM image of 0.5%Pt-0.5%Sn/ZrO, (FSP)
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Figure 54 Particle size distribution of 0.5%Pt-0.5%Sn/ZrO, (FSP)
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Figure 55 TEM image of 0.5%Pt-1.0%Sn/ZrO, (FSP)
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Figure 56 Particle size distribution of 0.5%Pt-1.0%Sn/ZrO, (FSP)
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Figure 57 TEM image of 0.5%Pt-1.5%Sn/ZrO, (FSP)
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5.1.4 CO chemisorptions

The relative amounts of active platinum metal sites on the catalyst samples
were calculated from CO chemisorptions which provided the information on the
number of platinum active sites, platinum dispersion and mean diameter size of
platinum metal. In this research, chemisorptions measurements are based on the
assumption of the stoichiometry of 1:1 for CO adsorption and regardless of the
particle size. These results are shown in Table 9. It was found that catalysts prepared
by FSP had higher platinum active sites than catalysts prepared by impregnation
method (Gly-Imp) (except 0.5%Pt-1.0%Sn/ZrO;), corresponding to the larger of
platinum dispersion. Platinum active sites of TiO, supported catalysts prepared by
impregnation method (Gly-Imp) increased from trace to 2.5x10'® molecule/g catalyst
after the Sn content increased from 0 to 1.0 wt% but they decreased to 0.9x10'®
molecule/g when Sn loading content was 1.5 wt%. ZrO, supported catalysts prepared
by impregnation method (Gly-Imp) had not trend clearly. While ZrO, supported
catalysts prepared by FSP decreased from 13.2 to 15.2 molecule/g catalyst after the
Sn content increased from 0 to 0.5 wt% but they decreased to 5.5 molecule/g when Sn
loading content was 1.5 wt%. Stagg et al. (Stagg et al. 1997: 75-94) point to platinum
active sites and % platinum dispersion decreased when increasing of tin content due

to the formation of Pt-Sn ensembles or alloys that not adsorb CO.

Table 9 The results from CO Chemisorptions

Active site®x10™° | Platinum .
. - b Platinum
Catalysts (molecule/g dispersion size® (nm)
catalyst) (%)

0.5%Pt/Ti0; (Gly-Imp) trace n.d. n.d.
0.5%Pt-0.5%Sn/TiO, (Gly-Imp) 1.5 9.5 11.4
0.5%Pt-1.0%Sn/TiO; (Gly-Imp) 2.5 16.1 6.7
0.5%Pt-1.5%Sn/TiO, (Gly-Imp) 0.9 5.9 18.3
0.5%Pt/TiO, (FSP) 5.0 32.3 3.3
0.5%Pt-0.5%Sn/TiO, (FSP) 5.5 36.0 3.0
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Active site®x10™° | Platinum .
Catalysts (molecule/g dispersion® :Izi??#nT)
catalyst) (%)
0.5%Pt-1.0%Sn/TiO, (FSP) 3.2 20.5 5.3
0.5%Pt-1.5%Sn/TiO, (FSP) 3.5 22.6 4.8
0.5%Pt/ZrO, (Gly-Imp) 5.0 32.3 33
0.5%Pt-0.5%Sn/ZrO, (Gly-Imp) 1.7 10.9 9.9
0.5%Pt-1.0%Sn/ZrO; (Gly-Imp) 5.2 34.0 3.2
0.5%Pt-1.5%Sn/ZrO, (Gly-Imp) 4.2 27.3 4.0
0.5%Pt/ZrO, (FSP) 13.2 85.7 1.3
0.5%Pt-0.5%Sn/ZrO, (FSP) 15.2 98.5 1.1
0.5%Pt-1.0%Sn/ZrO, (FSP) 5.0 324 3.3
0.5%Pt-1.5%Sn/ZrO, (FSP) 5.5 36.0 3.0

*Error of measurement = +5%

The amount of Pt measured by CO chemisorpt ion

°Platinum dispersion (%) =

‘Metallic platinum diameter = 108/(% Platinum dispersion)

5.1.5 Temperature programmed reduction (H,-TPR)

The amount of Pt loaded in catalyst

x 100

H,-TPR is a power tool to study reduction behavior of metal oxides. A wide

range of variables such as metal oxide particle size, interaction between metal and

support had an influence on the reduction behavior of platinum catalysts resulting in

the observation of different location of TPR peaks. Reduction of platinum in the oxide

form PtO, or PtOy to Pt° metal involved two steps. The PtO, was first reduced to PtOy

and subsequently to Pt” metal. In addition, reduction of tin in the oxide form SnO, or

SnOy to Sn” metal also involved two steps. The SnO; was first reduced to SnOy and

subsequently to Sn® metal (Salmones et al. 2002: 209-211; Zhang et al. 2006: 84-85).

On the other hand, an appearance of TPR peaks at high temperature, usually above

400°C, can imply an interaction between metal and support materials.
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Figure 59 TPR profiles of the TiO, supported catalysts prepared by impregnation
method (Gly-Imp)

Figure 59 showed the TPR profile of TiO, supported catalysts prepared by
impregnation method (Gly-Imp). 0.5%Pt/TiO, showed two main peaks of strong
reduction located at ca. 400°C and 600°C. Two steps of the reduction of PtOy to pt
metal were occurred in the first peak and the second peak referred interaction between
metal and support. TPR pattern of the 0.5%Pt-1.5%Sn/TiO, was rather similar to the
0.5%Pt-1.0%Sn/TiO, and 0.5%Pt-0.5%Sn/Ti0,. There were one small peak and two
main peaks occurred at ca. 140°C, 400°C and 580°C, respectively. The first peak at
140°C was reduction of PtO, (SnO,) to PtOx (SnOy). And two main peak was the
reduction of PtOy (SnOy) to Pt” (Sn”) and the interaction between metal and support.
Addition of the impregnated Sn could not only reduce the interaction between metal

and support but also showed peak at located 140°C compared to the 0.5%Pt/Ti0,.
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Figure 60 TPR profiles of the TiO, supported catalysts prepared by FSP

Figure 60 showed the TPR profile of TiO, supported catalysts prepared by
FSP. 0.5%Pt/Ti0, showed three peaks of the reduction located at ca. 100°C, 350°C
and 500°C. Two steps of the reduction of PtO; to PtOy were occurred in the first peak
and the second peak was the reduction of PtO, to Pt” metal. The last peak referred
interaction between metal and support. TPR pattern of the 0.5%Pt-1.5%Sn/TiO, was
rather similar to the 0.5%Pt-0.5%Sn/Ti0, and 0.5%Pt-1.0%Sn/T10,. There were four
peaks. The first peak at 110°C was reduction of PtO, (SnO;) to PtOx (SnOy). The
second peak at 360°C-400°C was the reduction of PtOy (SnOy) to Pt’ (Sn°). The third
peak was the interaction between metal and support. And the last peak was probably
the reduction of TiO, support. It was seen that the addition of tin could occurred the
reduction of TiO, support. And when we compared between TPR profiles of the ZrO,
supported catalysts from impregnation method (Gly-Imp) and FSP, it was found that
the second and third peak of catalysts prepared by FSP shifted to lower temperature
and it could be assigned to the reduction of TiO, support.
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Figure 61 TPR profiles of the ZrO, supported catalysts prepared by impregnation
method (Gly-Imp)

Figure 61 showed the TPR profile of ZrO, supported catalysts prepared by
impregnation method (Gly-Imp). 0.5%Pt/ZrO, showed three main peaks of reduction
located at ca. 170°C, 300°C and 460°C. Two steps of the reduction of PtO; to PtOy
were occurred in the first peak and the second peak was the reduction of PtOy to Pt’
metal. The third peak referred interaction between metal and support. TPR pattern of
0.5%Pt-1.0%Sn/ZrO, was rather similar to the 0.5%Pt-0.5%Sn/ZrO, but intensity of
first peak of 0.5%Pt-0.5%Sn/ZrO, was less. There were three main peaks of
reduction. The first peak at 200°C was reduction of PtO, (SnO,) to PtOx (SnOx). The
second peak at 350°C was reduction of PtOy (SnOy) to Pt” (Sn°) and the last peak was
the interaction between metal and support. TPR pattern of the 0.5%Pt-1.5%Sn/ZrO,
was rather similar to the 0.5%Pt-1.0%Sn/ZrO, but the last peak of the 0.5%Pt-
1.5%Sn/ZrO, was not occurred. It was seen that addition of the impregnated Sn

increased the interaction between metal and support for 0.5%Pt-0.5%Sn/ZrO, and

0.5%Pt-1.0%Sn/ZrO; catalyst.
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Figure 62 TPR profiles of the ZrO, supported catalysts prepared by FSP

Figure 62 showed the TPR profile of ZrO, supported catalysts prepared by
FSP. 0.5%Pt/ZrO, showed two main peaks of strong reduction located at ca. 170°C
and 330°C. Two steps of the reduction of PtO; to PtOx were occurred in the first peak
and the second peak was the reduction of PtOy to Pt” metal. TPR pattern of the
0.5%Pt-1.5%Sn/ZrO, was rather similar to the 0.5%Pt-1.0%Sn/ZrO, and 0.5%Pt-
0.5%Sn/ZrO,. There were two main peaks. The first peak at 160°C was reduction of
PtO; (SnO,) to PtOy (SnOy). The second peak at 380°C-400°C was reduction of PtOy
(SnOy) to pt’ (Sno). Addition of tin increased the temperature reduction of PtOy to pt’

metal and the interaction between metal and support. So the reduction occurred more

difficult.

5.2  Catalytic activity of the supported Pt-Sn catalysts for cinnamaldehyde
hydrogenation

The hydrogenation of cinnamaldehyde is a parallel and consecutive reduction
of different functional groups present in the same starting substrate, i.e., C=C and
C=0. The products obtained in the hydrogenation of cinnamaldehyde were cinnamyl

alcohol, hydrocinnamaldehyde and 3-phenyl-1-propanol. Other possible reaction
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products such as methylstyrene, phenylpropane and acetals were not detected in the

present work. The conversion and selectivity were defined as:

_ [ema©)]-[cmAm)
- [CMA(0)]
CMO(t)
[CMA(0)] -[CMA(1)]

x100%

Conversion (t)

Selectivity (t) 00%

Note: CMA = Cinnamaldehyde
CMO = Cinnamyl alcohol

Table 10 showed the conversion of cinnamaldehyde and the selectivity of
cinnamyl alcohol for cinnamaldehyde hydrogenation reaction at reaction condition as
0.01 mol of cinnamaldehyde, 85 ml of C,HsOH, 50 bar of H, for 120 min. It was
found that the conversion of cinnamaldehyde for the TiO, supported catalysts
prepared by FSP increased from 20.4% to 38.0% as the amounts of Sn loading
increased from 0 to 0.5 wt% and then decreased to 26.4% after the addition of Sn
further increased to 1.5 wt%. The conversion of cinnamaldehyde for the ZrO,
supported catalysts prepared by impregnation method (Gly-Imp) decreased from
30.9% to 27.0% as the amounts of Sn loading increased from 0 to 0.5 wt% and then
increased to 41.9% after the addition of Sn further increased to 1.5 wt%. For the TiO,
supported catalysts prepared by impregnation method (Gly-Imp) and the ZrO,
supported catalysts prepared by FSP, the conversion of cinnamaldehyde had trend no

obviously.

For the selectivity of cinnamyl alcohol, the TiO, supported catalysts prepared
by impregnation method (Gly-Imp) increased from 2.47% to 3.44% as the amounts of
Sn loading increased from O to 0.5 wt% and then decreased to 1.88% after the
addition of Sn further increased to 1.5 wt%. In the case of FSP-made catalyst, the
selectivity of cinnamyl alcohol increased from 4.47% to 7.50% as the amounts of Sn

loading increased from 0 to 0.5 wt% and then decreased to 4.49% after the addition of
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Sn further increased to 1.5 wt%. The ZrO, supported catalysts prepared by FSP

decreased from 5.32% to 2.32% as the amounts of Sn loading increased from 0 to 1.0

wt% and then increased to 5.20% after the addition of Sn further increased to 1.5

wt%. For the ZrO, supported catalysts prepared by impregnation method (Gly-Imp),

the conversion of cinnamaldehyde had not trend obviously.

Table 10 The hydrogenation of cinnamaldehyde over Pt-Sn catalysts

Catalysts Conversion Selectivity (%)

(%) HCMA | HCMO | CMO | Other
0.5%Pt/TiO, (Gly-Imp) 40.8 3.09 2.41 247 | 92.03
0.5%Pt-0.5%Sn/TiO; (Gly-Imp) 38.9 1.94 2.13 3.44 | 92.49
0.5%Pt-1.0%Sn/TiO, (Gly-Imp) 29.1 1.72 242 | 247 | 93.39
0.5%Pt-1.5%Sn/TiO, (Gly-Imp) 35.5 1.63 221 1.88 | 94.27
0.5%Pt/TiO, (FSP) 20.4 2.03 230 | 447 | 91.19
0.5%Pt-0.5%Sn/TiO, (FSP) 38.0 4.19 2.35 7.50 | 85.95
0.5%Pt-1.0%Sn/TiO, (FSP) 28.4 2.33 2.27 551 | 89.89
0.5%Pt-1.5%Sn/TiO, (FSP) 26.4 2.00 2.15 449 | 91.36
0.5%Pt/ZrO, (Gly-Imp) 30.9 2.68 2.19 3.97 | 91.16
0.5%Pt-0.5%Sn/ZrO, (Gly-Imp) 27.0 1.89 2.41 3.67 | 92.03
0.5%Pt-1.0%Sn/ZrO, (Gly-Imp) 33.3 2.10 234 | 494 | 90.62
0.5%Pt-1.5%Sn/ZrO, (Gly-Imp) 41.9 2.03 230 | 447 | 91.19
0.5%Pt/ZrO, (FSP) 18.7 5.88 3.04 532 | 85.76
0.5%Pt-0.5%Sn/ZrO, (FSP) 42.4 3.44 242 | 4.67 | 89.48
0.5%Pt-1.0%Sn/ZrO, (FSP) 35.2 2.76 2.33 2.32 | 92.59
0.5%Pt-1.5%Sn/ZrO, (FSP) 38.2 2.93 2.23 520 | 89.64

Hydrocinnamaldehyde (HCMA), 3-Phenyl-1-propanal (HCMO), Cinnamyl alcohol (CMO)
Reaction condition: 0.01 mol CMA, 85 ml C,Hs;OH, 50 bar, 120 min
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CHAPTER 6

CONCLUSIONS

In this study, the nanosized Pt and Pt-Sn catalysts were prepared by two
methods for the hydrogenation of cinnamaldehyde. In the first method, the support
was prepared by glycothermal and then platinum and tin were added onto the support
by impregnation (Gly-Imp). In the second method, the catalysts were prepared by
flame spray pyrolysis (FSP). The supports for preparation of catalysts were titania
(TiO;) and zirconia (ZrO;). The obtained catalysts were characterized by X-ray
diffraction (XRD), N, physisorption, transmission electron microscopy (TEM), CO
chemisorption and temperature programmed reduction (H,-TPR). The conclusions of

these results were summarized as follows:

1. Nanosized Pt and Pt-Sn catalysts were successfully prepared by impregnation
method (Gly-Imp) and FSP method.

2. For TiO; supported catalysts, the catalyst preparation by FSP method obtained
both anatase and rutile phase for titania while the catalyst preparation by impregnation
method (Gly-Imp) obtained only anatase phase.

3. For ZrO; supported catalysts, the catalyst preparation by FSP method obtained
both tetragonal and monoclinic phase for zirconia while the catalyst preparation by
impregnation method (Gly-Imp) obtained only tetragonal phase.

4. The catalyst preparation by impregnation method (Gly-Imp) showed larger the
BET surface area than the catalyst preparation by FSP method.

5. Addition of tin onto the catalysts prepared by impregnation method (Gly-Imp),
the BET surface area decreased with increasing the tin loading into catalysts because
blocking of tin in the catalyst pore. While the addition of tin onto the catalysts

prepared by FSP method, the BET surface area was remained constant.
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6. The TiO, supported catalysts preparation by impregnation method (Gly-Imp)
gave the mean pore size about 16.1-22.6 nm while preparation by FSP gave the mean
pore size about 24.9-30.9 nm.

7. The ZrO, supported catalysts preparation by impregnation method (Gly-Imp)
gave the mean pore size about 4.6-4.9 nm while preparation by FSP method gave the
mean pore size about 24.1-41.4 nm.

8. The TiO; supported catalysts preparation by impregnation method (Gly-Imp)
gave the total pore volume about 0.44-0.57 cm3(STP)/g while preparation by FSP
method gave the total pore volume about 0.43-0.55 cm®(STP)/g.

9. The ZrO; supported catalysts preparation by impregnation method (Gly-Imp)
gave the total pore volume about 0.17-0.18 cm3(STP)/g while preparation by FSP
method gave the total pore volume about 0.32-0.54 cm’(STP)/g.

10. The catalysts preparation by impregnation method (Gly-Imp) gave rather
narrow pore size distribution.

11. The TiO, supported catalysts preparation by impregnation method (Gly-Imp)
gave the mean particle size (from TEM) about 11.1-13.0 nm while preparation by FSP
method gave the mean particle size about 16.6-22.7 nm

12. The ZrO, supported catalysts preparation by impregnation method (Gly-Imp)
gave the mean particle size (from TEM) about 13.0-15.6 nm while preparation by FSP
method gave the mean particle size about 19.9-21.1 nm

13. The catalysts preparation by FSP method had higher platinum active sites and
platinum dispersion than catalysts prepared by impregnation method (Gly-Imp)
except 0.5%Pt-1.0%Sn/ZrO,.

14. For catalytic activity had not trend obviously but it can run reaction.
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Calculation of catalysts preparation from incipient wetness impregnation

Table 11 Precursors were used in incipient wetness impregnation

MW of MW of Metal
Molecular
Precursors precursor | Metal metal content
formula
(9/mol) (9/mol) (wt %)
Hydrogen
hexachloroplatinate H,PtClg 409.82 Pt 195.23 40
(IV) hydrate
Tin (II) chloride SnCl, 189.6 Sn 118.71 60

Example Al: Calculation preparation of 0.5%Pt/ZrO, catalyst for incipient wetness

impregnation

Based on 100 g of catalyst, the composition of the catalyst will be as follow:

Pt
ZI‘OQ
For 2 g of support

Pt required

05¢g

100 - 0.5

2 % (0.5/99.5)

95¢g

0.01005 g

Thus, Pt 0.01005 g was prepared from 40 wt% Pt of H,PtClg

H,PtCls

= 0.01005 gPt (

100gH, PtCI,
40gPt

0.025125 g
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Example A2: Calculation preparation of 0.5%Pt-0.5%Sn/ZrO, catalyst incipient

wetness impregnation

Based on 100 g of catalyst, the composition of the catalyst will be as follow:

Pt = 05¢g
Sn = 05¢g
710, = 100-0.5-0.5 = 99.0¢g
For 2 g of support
Ptrequired = 2x(0.5/99.0) = 0.0101g
Sn required = 2 x(0.5/99.0) = 0.0101 g

Thus, Pt0.0101 g was prepared from 40 wt% Pt of H,PtClg

100gH, PtCI,

H,PtCle 40gPt

0.0101gPt ( j =0.02525 g

Sn 0.0101 g was prepared from 62.61 wt% Sn of SnCl,

100gSnCl,

SnCl, = 0.0101gSn
62.61gSn

J =0.01613 g



Calculation of catalysts preparation from flame spray pyrolysis

Table 12 Precursors were used in flame spray pyrolysis
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MW of ) )
Molecular Density Purity
Precursors precursor
formula (g/ml) (%)
(9/mol)
Platinum (IT)
Ci10H1404Pt 393.29 - 99.99
acetylacetonate
Tin (II) 2-ethylhexanoate C16H3004Sn 405.11 1.251 95
Zirconium (IV) butoxide Ci6H3604Zr 383.70 1.049 80
Titanium (IV) butoxide Ci16H3604T1 340.36 1.000 97

Example A3: Calculation

pyrolysis

Based on 100 g of catalyst:

preparation of 0.5%Pt/ZrO, catalyst for flame spray

g MW Mol
0.5
Pt 0.5 195.23 =2.56x10"°
195.23
99.5
7rO, 99.5 123.22 =0.807
123.22
0.810
For 0.3 M of solution:
-3
Pt required - 0.3x2.56x107 _ g 4310 mol
0.810
ZrO; required = 0.3x0.807 _ 0.2989 mol
0.810

Basis 1 lite:
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Pt 9.48x10~* mol was prepared from C;oH;404Pt

CoHuOPt =  948x10*molx 22291 379 ¢
1 mol 0.9999
Zr0; 0.2989 mol was prepared from Ci6H3604Zr
CisH3604Zr = 0.2989 mol x 383.7 g X 1 mi I =136.66 ml

X
Imol 1.049g 0.80
And added xylene to 1,000 ml

Example A4: Calculation preparation of 0.5%Pt-0.5%Sn/ZrO, catalyst for flame
spray pyrolysis

Based on 100 g of catalyst:

g MW Mol
0.5
Pt 0.5 195.23 =2.56x10""
195.23
Sn 0.5 118.70 0.5 =421x10"
118.70
7Zr0O, 99.0 123.22 90 _ 0.8034
123.22
0.8102
For 0.3 M of solution:
-3
Pt required = 0.3x2.56x10 =9.48x107* mol
0.8102
-3
Sn required - 0.3x421x107 4 56107 mol
0.8102
ZrO; required = 0.3x0.8034 _ 0.2975 mol

0.8102



Basis 1 lite:

Pt 9.48x10™* mol was prepared from C;oH404Pt

CigH1404Pt = 9.48 x 10 *mol x 393.299 X ! =0.3729 g
1 mol 0.9999
Sn1.56x10~° mol was prepared from C1sH3004Sn
CigH3004Sn = 15610 mol x 202118 1 6650 g
1 mol 0.95
Zr0, 0.2975 mol was prepared from CisH3604Zr
CiHz604Zr = 0.2975 mol x 383.79 X 1ml ! =136.02 ml

X
Imol 1.049g 0.80

And added xylene to 1,000 ml

82



APPENDIX B

83



84

APPENDIX B

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.

Figure 63 Derivation of Bragg’s Law for X-ray diffraction

Xy =yz=dsiné
Thus Xyz = 2d sin
But Xyz =nAi
Therefore 2dsin @ =nA Bragg'sLaw
4= 2:;: 0

The Bragg’s Law was derived to B.1
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KA

D= fcosl B
Where D - Crystallite size, A
K = Crystallite-shape factor = 0.9
A = X-ray wavelength, 1.5418 A for CuKa
0 = Observed peak angle, degree
S = X-ray diffraction broadening, radian

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

free from all broadening due to the experimental equipment. a-Alumina is used as a
standard sample to observe the instrumental broadening since its crystallite size is

larger than 2000 A. The X-ray diffraction broadening ( ) can be obtained by using

Warren’s formula.

From Warren’s formula:
f =By —B: (B.2)
Where B, = The measured peak width in radians at half peak height
B; = The corresponding width of the standard material

Example B1: Calculation of the crystallite size of ZrO,

The half-height width of 111 diffraction peak = 1.83° (from Figure 72)

(27 x1.83)/360

0.0319 radian

The corresponding half-height width of peak of a-Alumina (from the By value

at the 26 of 30.3° in Figure 73) = 0.0043 radian
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The peak width, B =B, —B:

£ =+/0.03192 —0.0043>

£ = 0.0316 radian

260 = 30.3°

% = 15.15°

A = 1.5418 A
K = 09

The crystallite size, D = KA = 0.9x1.5418
[ cosd 0.0316 cosl5.15

D = 4549 A = 45ntm

iy C— — " —

I 1 —t1 5 . = L SCE T Sy T
268 270 275 280° 285 290 295 X0 305 N0 35 2o 3225 20 85
20= fdeg:

Figure 64 The 111 diffraction peak of ZrO, for calculation of the crystalline size
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Figure 65 The plot indicating the value of line broadening due to the equipment. The

data were obtained by using a-alumina as a standard.
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APPENDIX C

CALCULATION OF METAL ACTIVE SITES

To calculate the metal active sites of the catalyst measured by CO
chemisorptions technique at room temperature. A stoichiometry of CO/Pt = 1 is

assumed. The calculation procedure is as follows:

Let the weight of catalyst used = W g
Integral area of CO peak after 1* adsorption = A unit
Integral area of CO peak after nd adsorption = B unit
Integral area of CO peak after 31 adsorption = C unit
Integral area of CO peak after 4™ adsorption = D unit
Integral area of 86 uL of standard CO peak = (B+C+D)/3 unit

= E unit
Amounts of CO adsorbed on catalyst = E-A unit
Volume of CO adsorbed on catalyst = (E E AJ x 86 pl

= F ul
Volume of 1 mole of Pt at 30°C = 24.937x10° ul
Mole of CO adsorbed on catalyst = % mole

24.937 x10

Molecule of CO adsorbed on catalyst = {24.937%106}[6.02 X 1023] molecules
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Metal active sites

[243':106}[6.02 x107]
- 937 x molecules of CO/g of catalyst

W

In addition, the platinum dispersion, which is the ratio between the apparent
platinum molecules observed from the measurement of CO adsorption and the actual
platinum molecules obtained from the measurement of atomic adsorption

spectroscopy, can also be calculated.

The actual percentage of platinum loading = 0.5 wt%
23
The actual platinum molecules = 0.005x6.02x10
195.23
= 1.542x10" molecules/g of catalyst
Therefore,
The platinum dispersion = Metal active ;c,:tes x100 %
1.542 x10
Metal size = 108 nm

%Pt dispersion
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APPENDIX D

EXPERIMENTAL DATA

Table 13 The conversion and selectivity from cinnamaldehyde hydrogenation for

0.5%Pt/TiO, (Gly-Imp)

. i Selectivity (%)

Time | Conversion -

(min) (%) _ Hydro- 3-Phynyl-1- Cinnamyl Other

cinnamaldehyde propanol alcohol

0 0.0 0.0 0.0 0.0 0.0
15 33.9 2.8 2.4 1.9 93.0
30 28.5 3.1 2.4 2.0 92.5
45 27.6 3.2 2.4 2.4 92.0
60 38.8 3.0 2.3 2.1 92.7
75 30.5 3.2 2.3 2.5 92.0
90 31.4 3.2 2.4 2.4 92.0
105 44.8 3.1 2.4 2.2 92.4
120 40.8 3.1 2.4 2.5 92.0

Table 14 The conversion and selectivity from cinnamaldehyde hydrogenation for

0.5%Pt-0.5%Sn/TiO, (Gly-Imp)

. . Selectivity (%)

Time | Conversion -

(min) (%) _ Hydro- 3-Phynyl-1- Cinnamyl Other

cinnamaldehyde propanol alcohol

0 0.0 0.0 0.0 0.0 0.0
15 39.8 1.8 2.2 1.9 94.2
30 27.9 1.9 2.3 2.8 93.0
45 31.8 1.9 2.1 2.7 93.3
60 33.8 1.9 2.1 2.8 93.1
75 32.1 2.0 2.1 3.0 92.9
90 243 2.0 2.2 4.0 91.9
105 40.0 2.0 2.2 3.4 92.4
120 38.9 1.9 2.1 3.4 92.5
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Table 15 The conversion and selectivity from cinnamaldehyde hydrogenation for

0.5%Pt-1.0%Sn/TiO; (Gly-Imp)

. : Selectivity (%)

Time | Conversion -

(min) (%) _ Hydro- 3-Phynyl-1- Cinnamyl Other

cinnamaldehyde propanol alcohol

0 0.0 0.0 0.0 0.0 0.0
15 32.2 2.0 2.8 1.7 93.5
30 41.7 1.7 2.2 2.1 94.0
45 40.8 1.6 2.1 2.1 94.2
60 37.0 2.0 2.5 2.3 93.1
75 33.8 1.9 2.5 2.2 93.5
90 39.6 1.8 2.3 2.0 93.9
105 37.2 1.8 2.4 2.1 93.8
120 29.1 1.7 2.4 2.5 934

Table 16 The conversion and selectivity from cinnamaldehyde hydrogenation for

0.5%Pt-1.5%Sn/TiO; (Gly-Imp)

. i Selectivity (%)

Time | Conversion -

(min) (%) _ Hydro- 3-Phynyl-1- Cinnamyl Other

cinnamaldehyde propanol alcohol

0 0.0 0.0 0.0 0.0 0.0
15 26.7 1.7 2.2 1.5 94.7
30 19.9 1.7 2.4 1.7 94.2
45 29.6 1.7 2.4 1.9 94.0
60 32.0 1.6 2.2 1.9 94.3
75 10.6 1.7 2.3 2.4 93.6
90 20.1 1.8 2.4 2.3 93.6
105 16.4 1.9 2.5 2.2 93.5
120 35.5 1.6 2.2 1.9 94.3
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Table 17 The conversion and selectivity from cinnamaldehyde hydrogenation for

0.5%Pt/TiO, (FSP)

. : Selectivity (%)

Time | Conversion -

(min) (%) _ Hydro- 3-Phynyl-1- Cinnamyl Other

cinnamaldehyde propanol alcohol

0 0.0 0.0 0.0 0.0 0.0
15 26.7 1.7 2.2 1.5 94.7
30 19.9 1.7 2.4 1.7 94.2
45 29.6 1.7 2.4 1.9 94.0
60 32.0 1.6 2.2 1.9 94.3
75 10.6 1.7 2.3 2.4 93.6
90 20.1 1.8 2.4 2.3 93.6
105 16.4 1.9 2.5 2.2 93.5
120 35.5 1.6 2.2 1.9 94.3

Table 18 The conversion and selectivity from cinnamaldehyde hydrogenation for

0.5%Pt-0.5%Sn/TiO, (FSP)

. i Selectivity (%)

Time | Conversion -

(min) (%) _ Hydro- 3-Phynyl-1- Cinnamyl Other

cinnamaldehyde propanol alcohol

0 0.0 0.0 0.0 0.0 0.0
15 244 2.6 2.4 5.3 89.7
30 45.6 2.6 2.2 5.5 89.7
45 35.3 2.9 2.1 4.1 90.8
60 37.6 3.2 2.3 4.8 89.7
75 33.2 3.7 2.4 6.6 87.4
90 43.1 3.5 2.3 7.1 87.0
105 33.4 4.1 2.4 7.6 85.9
120 38.0 4.2 2.4 7.5 86.0
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Table 19 The conversion and selectivity from cinnamaldehyde hydrogenation for

0.5%Pt-1.0%Sn/TiO, (FSP)

. : Selectivity (%)

Time | Conversion -

(min) (%) _ Hydro- 3-Phynyl-1- Cinnamyl Other

cinnamaldehyde propanol alcohol

0 0.0 0.0 0.0 0.0 0.0
15 17.8 1.9 2.3 3.5 92.3
30 32.4 1.9 2.2 3.1 92.8
45 16.0 2.2 2.2 4.3 91.2
60 29.4 2.0 2.3 3.6 92.1
75 20.7 2.3 2.3 4.2 91.3
90 18.6 2.3 2.2 4.5 91.0
105 27.4 2.4 2.3 5.0 90.4
120 28.4 2.3 2.3 5.5 89.9

Table 20 The conversion and selectivity from cinnamaldehyde hydrogenation for

0.5%Pt-1.5%Sn/TiO, (FSP)

. i Selectivity (%)

Time | Conversion -

(min) (%) _ Hydro- 3-Phynyl-1- Cinnamyl Other

cinnamaldehyde propanol alcohol

0 0.0 0.0 0.0 0.0 0.0
15 30.8 1.8 2.5 3.4 92.3
30 34.4 1.9 2.4 3.6 92.1
45 30.6 1.9 2.2 3.8 92.2
60 29.1 1.8 2.3 4.0 91.9
75 31.3 1.9 2.2 3.2 92.7
90 35.8 1.8 2.2 3.5 92.5
105 31.2 1.9 2.2 4.4 91.5
120 26.4 2.0 2.2 4.5 91.4
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Table 21 The conversion and selectivity from cinnamaldehyde hydrogenation for

0.5%Pt/Zi0, (Gly-Imp)

. : Selectivity (%)

Time | Conversion -

(min) (%) _ Hydro- 3-Phynyl-1- Cinnamyl Other

cinnamaldehyde propanol alcohol

0 0.0 0.0 0.0 0.0 0.0
15 34.1 2.8 2.1 2.8 92.2
30 33.6 2.9 2.1 3.6 91.4
45 34.2 2.8 2.2 3.2 91.9
60 18.2 3.1 2.3 3.7 90.9
75 36.7 2.8 2.2 3.6 91.5
90 47.3 2.4 2.0 3.3 92.3
105 16.4 2.9 2.3 4.0 90.9
120 30.9 2.7 2.2 4.0 91.2

Table 22 The conversion and selectivity from cinnamaldehyde hydrogenation for

0.5%P1t-0.5%Sn/ZrO, (Gly-Imp)

. . Selectivity (%)

Time | Conversion -

(min) (%) _ Hydro- 3-Phynyl-1- Cinnamyl Other

cinnamaldehyde propanol alcohol

0 0.0 0.0 0.0 0.0 0.0
15 40.5 1.9 2.4 2.0 93.6
30 31.6 1.9 2.3 24 93.4
45 40.0 1.8 2.3 2.7 93.1
60 22.3 2.0 2.5 2.7 92.8
75 50.9 1.8 2.2 2.6 93.4
90 34.1 1.9 2.3 3.0 92.9
105 23.3 2.0 2.4 3.9 91.8
120 27.0 1.9 2.4 3.7 92.0
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Table 23 The conversion and selectivity from cinnamaldehyde hydrogenation for

0.5%Pt-1.0%Sn/ZrO, (Gly-Imp)

. : Selectivity (%)

Time | Conversion -

(min) (%) _ Hydro- 3-Phynyl-1- Cinnamyl Other

cinnamaldehyde propanol alcohol

0 0.0 0.0 0.0 0.0 0.0
15 29.5 2.0 2.3 3.8 92.0
30 40.1 1.9 2.3 3.5 92.3
45 34.1 2.0 2.3 4.3 91.4
60 45.6 1.9 2.3 3.4 92.4
75 36.4 2.1 2.3 3.9 91.8
90 43.4 2.0 2.3 3.7 92.0
105 36.8 2.1 2.3 4.6 91.1
120 33.3 2.1 2.3 4.9 90.6

Table 24 The conversion and selectivity from cinnamaldehyde hydrogenation for

0.5%Pt-1.5%Sn/ZrO, (Gly-Imp)

. i Selectivity (%)

Time | Conversion -

(min) (%) _ Hydro- 3-Phynyl-1- Cinnamyl Other

cinnamaldehyde propanol alcohol

0 0.0 0.0 0.0 0.0 0.0
15 37.4 1.9 2.3 3.7 92.1
30 36.4 2.0 2.2 3.2 92.7
45 40.6 2.1 2.2 4.3 91.4
60 37.6 2.1 2.3 5.0 90.6
75 37.0 2.1 2.3 5.2 90.4
90 45.4 2.0 2.2 4.1 91.8
105 20.3 2.2 2.3 5.3 90.2
120 41.9 2.0 2.3 4.5 91.2
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Table 25 The conversion and selectivity from cinnamaldehyde hydrogenation for

0.5%Pt/ZiO, (FSP)

. . Selectivity (%)

Time | Conversion -

(min) (%) _ Hydro- 3-Phynyl-1- Cinnamy!l Other

cinnamaldehyde propanol alcohol

0 0.0 0.0 0.0 0.0 0.0
15 18.6 4.7 2.7 3.7 88.9
30 12.4 5.4 2.9 4.0 87.7
45 19.9 5.1 2.9 4.2 87.8
60 34.3 4.6 2.7 3.5 89.3
75 36.0 4.5 2.8 4.5 88.2
90 36.7 4.8 2.8 3.7 88.7
105 28.2 5.1 2.8 3.9 88.2
120 18.7 5.9 3.0 5.3 85.8

Table 26 The conversion and selectivity from cinnamaldehyde hydrogenation for

0.5%Pt-0.5%Sn/ZrO, (FSP)

. i Selectivity (%)

Time | Conversion -

(min) (%) _ Hydro- 3-Phynyl-1- Cinnamyl Other

cinnamaldehyde propanol alcohol

0 0.0 0.0 0.0 0.0 0.0
15 18.6 2.7 2.4 2.7 92.1
30 20.6 3.0 2.6 4.0 90.4
45 30.5 3.1 2.5 4.9 89.5
60 32.8 3.1 2.5 4.1 90.3
75 30.9 3.0 2.5 4.3 90.2
90 24.2 3.2 2.5 4.8 89.5
105 24.8 3.6 2.4 5.8 88.2
120 42 .4 34 2.4 4.7 89.5
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Table 27 The conversion and selectivity from cinnamaldehyde hydrogenation for

0.5%Pt-1.0%Sn/ZrO, (FSP)

. . Selectivity (%)

Time | Conversion -

(min) (%) _ Hydro- 3-Phynyl-1- Cinnamy!l Other

cinnamaldehyde propanol alcohol

0 0.0 0.0 0.0 0.0 0.0
15 17.9 2.6 2.9 2.4 92.1
30 26.9 2.6 2.6 1.4 93.3
45 32.1 2.6 2.4 1.8 93.2
60 32.1 2.6 2.4 1.7 93.4
75 29.1 2.7 2.4 2.5 92.5
90 29.6 3.1 2.5 3.0 91.5
105 30.0 2.9 2.4 2.9 91.8
120 35.2 2.8 2.3 2.3 92.6

Table 28 The conversion and selectivity from cinnamaldehyde hydrogenation for

0.5%Pt-1.5%Sn/ZrO, (FSP)

. i Selectivity (%)

Time | Conversion -

(min) (%) _ Hydro- 3-Phynyl-1- Cinnamyl Other

cinnamaldehyde propanol alcohol

0 0.0 0.0 0.0 0.0 0.0
15 28.3 2.2 2.2 3.2 92.4
30 21.6 2.5 2.3 4.7 90.6
45 31.1 2.7 2.3 4.3 90.7
60 32.8 2.7 2.3 4.8 90.3
75 20.5 3.0 2.4 5.7 88.9
90 29.6 3.6 2.3 7.1 87.0
105 37.4 2.9 2.2 5.6 89.3
120 38.2 2.9 2.2 5.2 89.6
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