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This thesis reported the preparation, characterization and catalytic
performance of supported bimetallic PtRu catalysts with extremely high dispersion
prepared by adsorption of Pt3Rug(CO)z1(us-H)(u-H); cluster from CH.Cl, onto
v-Al,03, MgO and TiO,. Changes in cluster precursor and interaction with the support
surface after adsorption of the vacuum-dry samples were observed by infrared (IR)
and extended X-ray absorption fine structure (EXAFS) spectroscopy. The cluster
precursor adsorbed chemically in the form of bimetallic carbonyl species on all
supports and was unable to be re-extracted by CH,Cl, solvent. However, the metal
cluster core remained intact only on y-Al,O3 and decreased in Pt-Ru contributions
were observed on the adsorption on MgO and TiO,. It was possible that loss of
hydrides took place during adsorption. The precursor adsorbed on y-Al,O3 support by
interactions between cluster metal and surface oxygen as well as with oxygen of CO
ligands and surface hydroxyl groups and/or AI** acid sites. Interactions on MgO and
TiO, also occurred via oxygen of CO ligands of precursor and surface hydroxyl
groups forming adsorbed carbonates and carboxylates species. Hydrogen bonding
was observed on MgO and partial decarbonylation from Ru atoms was observed on
TiO,. Carbonyl ligands of adsorbed precursor could be completely removed in He

flow at 300°C for 2 hours resulting in high dispersion of supported bimetallic PtRu
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particles. The average metal-metal bond distances of catalysts supported on y-Al;Os,
MgO and TiO, were: Pt-Pt, 2.64, 2.69 and 2.65 A; Pt-Ru, 2.68, 2.69 and 2.69 A;
Ru-Ru, 2.62, 2.63 and 2.65 A, respectively. The average metal-metal coordination
numbers for PtRu catalysts supported on y-Al,O3, MgO and TiO, were: Pt-Pt, 1.7, 1.3
and 1.8; Pt-Ru 2.2, 0.9 and 1.9; Ru-Ru, 2.1, 2.6 and 2.4; Ru-Pt, 1.0, 1.1 and 0.9,
respectively.

Supported PtRu catalysts prepared from Pt3Rug(CO)21(us-H)(u-H)s were active
for both ethylene hydrogenation and n-butane hydrogenolysis. The apparent activation
energies for ethylene hydrogenation for catalysts on y-Al,03, MgO and TiO, were 8.4,
7.6 and 8.1 kcal/mol, while the apparent activation energies for n-butane
hydrogenolysis were 30.9, 15.5 and 28.2 kcal/mol.

Supported PtRu catalysts prepared from Pt3Rug(CO)21(us-H)(u-H)s supported
on y-Al,O3 and MgO were compared with those prepared from a mixture of Pt(acac),
and Ru(acac);. Although this was the first report for supported PtRu catalysts
prepared from Pt(acac), and Ru(acac)s, the resulting materials did not contain any
Pt-Ru bonds after treatment in H, flow at 300°C. The catalysts prepared from the
mixture of organometallic precursors were also active for ethylene hydrogenation with

similar range of apparent activation energies.

School of Chemistry Student’s Signature..........oooeeve v viiiiieene
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CHAPTER I

GENERAL INTRODUCTION

Heterogeneous catalysis plays an important role in many industrial applications,
for example, in fine chemical, pharmaceutical industry, or even in environmental
protection such as automobile catalysts. In general, heterogeneous catalysts are
comprised of active catalytic phase, promoter which increases activity and/or stability
of the catalyst, and high-surface area support which facilitates good dispersion and
stability of the active catalytic phase. When an active phase such as metal or metal
oxide in the form of microcrystallites of 1-50 nm in diameter is dispersed on surface
of support, the catalyst surface area is maximized because the number of active sites
upon which chemisorption and catalytic reaction is enhanced (Farrauto and

Bartholomew, 1997).

1.1 Supported bimetallic catalysts

Platinum (Pt) is a noble metal which is widely used in both homogeneous and
heterogeneous catalysis. Pt monometallic catalysts are effective for reactions of
hydrocarbons such as hydrogenation, dehydrogenation and oxidation reactions. In
addition, Pt can form bimetallic catalysts by incorporation with other metal such as

Rh, Ru, and other oxophillic metals to improve catalytic performance.



1.1.1 Preparation methods of supported bimetallic catalysts
There are many preparation methods for supported bimetallic catalysts
and the method selection depends on the metal precursors and type of support. As the
selection of precursors, supporting materials and method of preparation is a part of
catalyst design to control dispersion and morphology of supported bimetallic catalysts
(Ichikawa, 2000).

The conventional precursors for supported Pt-Ru bimetallic catalyst are mixed
metal salts of desired metals such as H,PtClg and RuCls;. However, the conventional
precursors do not allow ability to control particle size, structure, composition, and
stoichiometry of bimetallic catalysts (Shirai, Yang, Weber, and Gates, 1999).
Moreover, nonuniform materials with large metal particles and broad particle size
distribution could be form after a high-temperature reduction.

To avoid difficulties caused by conventional precursors, preformed bimetallic
precursors are alternatives for impregnation and/or adsorption. The unconventional
precursors are organometallic or molecular compounds or a solution of mixed-metal
clusters. Metal cluster is defined as two or more metal atoms of group held together
by direct and substantial metal-metal bonding (Cotton, Wilkinson, Murillo, and
Bochmann, 1999). Mixed-metal cluster precursors are suitable for the preparation of
supported bimetallic catalysts with well-defined and highly dispersed metallic species
(Alexeev, Shelef, and Gates, 1996). In addition, bimetal particles with nanometer-
sized, uniform, and precise stoichiometry can lead to unique physical and chemical
properties, which are important for catalysts.

Advantages expected from heterogeneous supported catalysts from cluster

precursors can be summarized below (Braunstein and Rose, 1998, 1999).



1. Decomposition of preformed cluster complexes on support gives particles
with particularly small, uniform and well-defined stoichiometry because
metal frameworks do not change significantly upon activation, and they
allow systematic variation in particle stoichiometry by changing precursors.

2. Metal atoms in cluster precursors are easy to activate because they have low
initial oxidation states and cluster ligands such as CO can be removed under
mild condition.

3. Metal particles are highly dispersed on support because of strong interaction
between metal cluster and oxide supports. For example, neutral cluster
favors on acidic support like alumina and silica, and anionic clusters favors
on basic support like magnesia.

4. Contaminating anions such as CI" on the surface are avoidable. Those ions
usually affect catalytic properties. Other ligands containing phosphorus or
sulfur may not be innocent during the activation step of catalyst and may

also affect its properties in either a beneficial or a detrimental manner.

1.1.2 Supported Pt catalysts incorporating with oxophillic metal
Supported bimetallic catalysts incorporating oxophilic metal-noble metal
combinations and the roles of the two metals (e.g., rhenium in RePt) are important in
technology (e.g., reforming of naphtha) and show greater resistance to deactivation
than single Pt catalyst (Antos, Aitani, and Parera, 1995; Sinfelt, 1983; Fung, Kelley,
Koningsberger, and Gates, 1997).
Bimetallic catalysts such as WPt, MoPt and RePt which were made from

bimetallic precursors demonstrated how the oxophilic metal helped to stabilize the



dispersion of the noble metal. The incorporation of oxophillic metal led to changes in
electronic property of noble metal and perhaps stabilizing dispersion (Alexeev,
Graham, Kim, Shelef, and Gates, 1999; Alexeev, Graham, Shelef, and Gates, 2000;
Alexeev, Kawi, Shelef, and Gates, 1996; Alexeev, Shelef, and Gates, 1996; Lai et al.,

2000).

1.1.3 Supported Pt catalysts incorporating with noble metal
Supported bimetallic catalysts incorporating two noble metals are also
important in technology. The most evident examples are in reforming of naphtha and
automotive three-way catalysis (Shelef and Graham, 1994). The incorporation of
second noble metal such as Ir in IrPt catalyst can improve thermal stability and
resistance to deactivation (Sinfelt, 1983).

Ruthenium (Ru), also one of platinum group metals, is employed as
monometallic catalyst in reactions such as Fischer-Tropsch reaction and ethane
hydrogenolysis. It can also be found in Pt-Ru bimetallic catalysts for proton exchange
membrane (PEM) and direct methanol fuel cells (DMFCs) (Boxall, Deluga, Kenik,
King, and Lukehart, 2001; Braccini, Indovina, De Rossi, and Giorgi, 2000;
Chrzanowski and Wieckowski, 1998; Hamnett, Kennedy, and Wagner, 1990; Tess et
al., 2000). The incorporation of Ru in supported platinum catalysts could prevent the

formation of strong Pt-CO or CO poisons of Pt (Braccini et al., 2000).

1.1.3.1 Supported PtRu catalyst prepared from two salts
Some supported Pt-Ru catalysts prepared from a conventional method by

deposition of a mixture of platinum chloride and ruthenium chloride on a support,



after reduction in H,, typically around 400°C, were found to form separate
monometallic particles rather than bimetallic particles on metal oxide support
(Alerasool, Boecker, Rejai, and Gonzalez, 1988; Diaz, Garin, and Maine, 1983; Diaz,
Garin, Maine, Alerasool, and Gonzalez, 1995; Miura, Osawa, Suzuki, Sugiyama, and

Matsuda, 1982).

1.1.3.2 Supported PtRu catalyst prepared from a molecular cluster

In contrast to the conventional method, highly dispersed bimetallic
particles on oxide support could be prepared from metal cluster precursors containing
heterometallic bonds (Alexeev and Gates, 2003; Alexeev, Grahem, Shelef, Adams,
and Gates, 2002; Bergmeister and Hanson, 1989). Because metal atoms in molecular
bimetallic precursors are in low oxidation states, catalyst activation by ligand removal
can be accomplished at mild conditions, namely, low temperature. This preparation
method provided highly dispersed and uniform supported bimetallic particles
containing desired bimetallic metal-metal bonds on support. Those catalysts were
reported to be more selective than catalysts from conventional preparation (Alexeev
and Gates, 2003; Bergmeister and Hanson, 1989).

For supported PtRu catalysts, there is a family of PtRu carbonyl clusters made
by Adams and coworkers that can be used as molecular catalyst precursors (Adams,
Alexander, Arafa, and Wu, 1991; Adams, Barnard, Li, Wu, and Yamamoto, 1994;
Adams, Chen, and Wu, 1993; Adams and Wu, 1991). Pt-Ru carbonyl cluster family
without phosphine ligands were prepared with various metal compositions and ligands
including Pt,Ru4(CO)1s, PtRUsC(CO);s and PtzsRus(CO)21(us-H)(u-H)z (Adams,

Barnard et al., 1994; Adams, Chen et al., 1993; Adams and Wu, 1991). The last



cluster, which contains hydride ligands bonded to ruthenium, was of interest as a
catalyst precursor for this work because it had not yet been utilized as a catalyst
precursor. Related work was the preparation and characterization of Pt-Ru/y-Al;O3
from a smaller cluster precursor, Pt;Rus(CO)1g to give highly dispersed and extremely
small Pt-Ru particles (Alexeev, Grahem et al., 2002). IR and EXAFS spectroscopy
showed that Pt,Ru4(CO)s adsorbed intact on y-Al,O3 and the metal core remained on
support after decarbonylation (in He or Hy) at 300-400°C. It was believed that strong
Pt-Ru interactions led to highly dispersed Pt-Ru on y-Al,Os.

Moreover, the chemistry of support was important to cluster-support interaction
and metal dispersion (Alexeev, Grahem et al., 2002). The data obtained from
v-Al,O3-supported PtRu prepared from Pt,Rus(CO);s were in contrast with carbon-
supported PtRu prepared from that precursor (Nasher, Frenkel, Adler, Shapley, and
Nuzzo, 1997; Nasher, Frenkel et al., 1998; Hills, Nasher, Frenkel, Shapley, and
Nuzzo, 1999). The decarbonylated sample in H, at 400°C showed larger PtRu
particles (around tens of Pt and Ru atoms) on carbon than those on y-Al,O3. Because
carbon support was nonpolar resulting in weaker cluster-support interactions than that
on y-Al,O3. To obtain PtRu catalyst with high metal dispersion, y-Al,O3 was one type
of oxide supports chosen in this work along with MgO and TiO,.

A molecular cluster precursor chosen to study in this work was
PtsRus(CO)21(us-H)(u-H)s, which contains preformed Pt-Ru bonds with 1:2 of Pt:Ru

ratio. Its crystalline structure is shown in Figure 1.1.
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Figure 1.1  Structure of crystalline PtzRug(CO)21(us-H)(u-H)s (reproduced from

Adams, Barnard et al., 1994 by Weblab ViewerPro software)

Pt3RuUs(CO)21(us-H)(u-H)s has a face-shared bioctahedron structure containing
central layer of three platinum atoms connected with outer triangular layers of
ruthenium triangles. Each edge of one Rus triangular face was bridged with three
hydride ligands while another Ruz face contains a triply-bridged hydride. Valence
electrons of the cluster metal core were 124 and identical to the value predicted by the
polyhedral skeletal electron pair theory (Adams, Barnard et al., 1994) indicating that
the metal atoms were coordinatively saturated.

Other cluster which has been utilized as a precursor for supported Pt-Ru catalyst
was RuzPt(CO)i,Pys which was impregnated onto inorganic oxides or carbon to
produce a very active and selective catalyst for hydrocarbon conversion. The

performance of the resulting [RusPt] catalyst was governed by high activity in



hydrogenolysis by Ru with enhanced hydrogenation activity by Pt (Braunstein and
Rose, 1999).

Several supports that have been used for Pt-Ru catalysts included various types
of carbon, silica and zeolite. Because those supports provide weak cluster-support
interaction, supports with stronger interaction including y-Al,O3, MgO and TiO; were

selected for this work.

1.2 Catalyst characterization techniques

Techniques that were utilized for characterization of supported bimetallic
catalysts in this work included thermal methods and spectroscopy. A brief background

of each technique is described below.

1.2.1 Temperature-programmed reductive decomposition (TPRD)

Decomposition of organometallic precursor adsorbed on supports to
supported metals by H, flow can be investigated by temperature-programmed
reductive decomposition (TPRD) (Dossi et al., 1998). TPRD results show the ranges
and peaks of reductive decomposition temperature as well as the number of steps in
decomposition. TPRD can indicate whether the two metals in bimetallic catalyst
contact each other or not. If two metals such as Pt and Ru are in contact, the
decomposition of the metal complex which is harder to decompose could shift to
lower temperature. Suppose that a Pt complex was decomposed first and provided
new adsorption sites for hydrogen atoms. Hydrogen could then adsorb there and

migrate to accelerate the decomposition of the adjacent ruthenium complex.



The TPRD technique is discussed only in Chapter V of this thesis in which
Pt(acac), and Ru(acac)s; (acac is acetylacetone, CsH;0O,) were used as catalysts
precursors and their decomposition could give products such as methane or acetone.
For the cluster precursor of interest, hydride and carbonyl ligands could be simply

removed by heating in He flow.

1.2.2 Infrared (IR) spectroscopy
Infrared spectroscopy (IR) is a useful vibrational technique to investigate
the behavior of “probe” adsorbates, such as CO and/or NO, on the chemistry of
surface functional groups (particularly on oxides). IR is also used to determine the
binding nature of adsorbates and number of the active sites. In this work it was used
to study the vibrational behavior of the cluster-precursor ligands, especially carbonyl,

as well as the hydroxyl groups of oxide supports during catalyst preparation.

1.2.3 X-ray absorption spectroscopy
Even though IR spectroscopy and TPRD provide information about the
nature of adsorption of the precursor and sometimes can indicate whether bimetallic
particles are formed or not, such information is not quantitative. Techniques that can
provide additional insightful information are X-ray absorption spectroscopy technique
such as extended X-ray absorption fine structure (EXAFS) and X-ray absorption near

edge structure (XANES) spectroscopy.
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1.2.3.1 EXAFS spectroscopy

EXAFS refers to oscillatory structures which appear in the high energy
side of characteristics X-ray absorption edges of elements (Koningsberger, Mojet,
Dorssen, and Ramaker, 2000; Rehr and Albers, 2000; Vaarkamp and Koningsberger,
1997). It appears only when the absorbing atoms are in a condensed phase, and
reflects the local structure around the atoms. Each element has its characteristic
absorption energy in the X-ray region. When an atom absorbs an X-ray photon, a
photoelectron emanates from the atom as an outgoing wave. If the atom is in a
condensed phase, the photoelectron will be backscattered by surrounding atoms and
interfere with the original wave (Figure 1.2a) (Niemantsverdriet, 2000). Constructive
interference increases the wave amplitudes while destructive interference causes the

amplitude to disappear as in Figure 1.2Db.

. ‘ g L XANES EXAFS
c
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Energy (eV)
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Figure 1.2 Absorption of X-ray as a function of photon energy E = hv by atoms in a
lattice (a) and the fine structure represents the EXAFS function and

energy at near edge absorption representing XANES (b).
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EXAFS as a tool for structural determination of various physical state including
gases, liquids, solutions, amorphous solids, and crystalline solids (Zhang et al., 1999)
has been used to determine the local structure of supported metal catalysts indicating
whether metal-metal interactions occur or not after precursor is supported on a
support. The data obtained from EXAFS are distance between absorbing atom and its
surrounding coordination sphere, coordination number, identities of the absorber and

its neighbors, and the dynamic and static disorder in the internuclear distances.

1.2.3.2 XANES spectroscopy

XANES is another technique of X-ray absorption spectroscopy. When an
atom is bombarded with high-energy photon beam at increasing energies until the
energy of this incident beam nears the ionization energy of target atom, the absorption
occurs and one electron is emitted. The energy of the absorption edge and the
presence of “pre-edge features” from XANES provide information about the
oxidation state and coordination geometry of the absorbing atom.

For example, the structure of Pt-Ru/carbon determined by XANES was
predominant in the form of Pt and Ru oxides in their as-prepared state, and Pt/Ru had
very different structure. After it had been utilized for methanol oxidation catalysis,
XANES data indicated that the metal oxides were reduced to metals (O’Grady,

Hagans, Pandya, and Maricle, 2001).

1.3 Catalytic activity test

Catalytic performances of supported bimetallic catalysts depend on the state of

the dispersion, structure, shape, composition and morphology of the metal particles,
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as well as the metal-support interactions, which in many cases are not clearly
understood. Supported bimetallic catalysts have been used in many catalytic reactions
(e.g. naphtha reforming, alkene hydrogenation and CO hydrogenation, NOXx
conversion and alkane conversion). In this work, ethylene hydrogenation and n-butane

hydrogenolysis were used to test catalytic activities of supported PtRu catalysts.

1.3.1 Ethylene hydrogenation test

Ethylene hydrogenation has been used for many years as a classical
model reaction to understand the hydrogenation of olefins and aromatics (Neurock
and van Santen, 2000). Hydrogenation of ethylene is a relatively simple and
structural-insensitive reaction in which catalytic activity does not depend on particle
size of active metals. There are at least three reaction mechanisms for ethylene
hydrogenation that have been proposed, but much of the experimental evidence
strongly supports the Horiuti-Polanyi mechanism (Neurock and van Santen, 2000). In
the Horiuti-Polanyi mechanism that was proposed in 1934 by Polanyi and Horiuti, a
hydrogen molecule dissociates on the metal surface and sequentially hydrogenates
C,H4 to C,Hs and then C,Hs to C,Hg (Hwang, Yang, Zhu, Grunes, and Somorjai,
2003). It has been known that an ethylene molecule can adsorb on a metal surface,
possibly forming three adsorbed species: (a) wn-bonded ethylene; (b) di-c-bonded

ethylene; and (c) ethylidyne, as shown in Figure 1.3 (Hwang et al., 2003).
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Figure 1.3 The three surface structures of adsorbed ethylene on a metal surface: (a)

n-bonded ethylene; (b) di-o-bonded ethylene; and (c) ethylidyne.

1.3.2 n-Butane hydrogenolysis test
Hydrogenolysis of light alkanes or rupture of C-C bonds by H; such as
in cyclopentane and n-butane is sensitive to the surface structure of metal particles, at
least Pt particles on alumina; or in the other words, it is structure-sensitive (Leclercq,
Leclercq, and Maurel, 1976; Passos, Schmal, and Vannice, 1996). Thus,
hydrogenolysis of saturated hydrocarbons can be used as a test reaction to study the
influence of surface structure of such catalysts. The single n-butane hydrogenolysis on

supported catalysts can be expressed by the following two reactions:

n-C4Hio(g) + H(g) —> CsHg(g) + CHa(0) ..(1.2)

n-C4H10(g) + Hg(g) —_— 2C2H5(g) (12)

However, in some cases, multiple hydrogenolysis can occur, giving high yields
of methane product, and isomerization of n-butane can also take place giving

iso-butane product (Jackson, Kelly, and Webb, 1998). n-Butane hydrogenolysis and
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isomerization mechanisms on supported catalysts were proposed as in Figures 1.4 and

1.5, respectively (Bond and Lin, 1997).

H H

HyC——C——C——CHjy H,C—CH, HC——CH,4
| | || + 4H(ads)
> \ >» 2C,Hg
2, 3-adsorbed
H H Hy
H,C——C——C——CHj, CH; HC—C—CH;,
+ H(ad ‘ + 3H(ad
(adg S (84S) CH, + CaHe

1, 2-adsorbed

Figure 1.4 Proposed mechanisms of n-butane hydrogenolysis reaction.
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Figure 1.5 Proposed mechanisms of n-butane isomerization reaction.

1.4 Research objectives

1.4.1  To prepared supported Pt-Ru catalysts from PtsRug(CO)21(us-H)(1-H)3
and alternatively from a mixture of Pt and Ru compounds on oxide
supports such as y-Al,03, MgO, and TiO..

1.4.2 To characterize the supported PtRu catalyst by IR and EXAFS

spectroscopies.
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1.4.3 To study the catalyst reduction temperature of supported Pt-Ru catalysts
prepared from a mixture of metal salts by temperature-programmed
reductive decomposition (TPRD).

1.44 To compare the catalytic performance of these catalysts for

hydrogenation of ethylene and hydrogenolysis of n-butane.

1.5 Scope and limitations of study

The broad goals were to understand how to make extremely highly dispersed
bimetallics in which two noble metals were bonded to each other and to understand
how the catalytic properties of these material were different from those of
conventional supported bimetallic catalysts.

Supported Pt-Ru catalysts were prepared by adsorption of Ptz;Rug(CO)2
(us-H)(u-H)s onto y-Al,03, MgO, and TiO, and compared with those prepared from a
mixed solution of Pt and Ru compounds supported on y-Al,O3 and MgO. The
catalysts were characterized by techniques including TPRD and IR spectroscopy.
Metal environments such as metal-metal and metal-support interaction including bond
distances and coordination numbers were determined by EXAFS spectroscopy.

Catalytic performance of these catalysts was investigated in hydrogenation of
ethylene and hydrogenolysis of n-butane. The results from catalytic characterization

and catalytic performance obtained from each support were compared.



CHAPTER 11

CHARACTERIZATION AND TESTING OF Pt-Ru/y-AL,O;

CATALYST PREPARED FROM Pt;Ru4(CO),;(p13-H)(n-H);z

2.1 Introduction

This chapter is focused on preparation of supported PtRu catalyst on y-Al,O;
(PtRu/y-AL,O;3) by adsorption of Pt;Rug(CO)ai(ps-H)(u-H); on the alumina.
Characterization of the initially adsorbed and the activated sample was intended to
lead to a good understanding about the interactions between the cluster precursor and
the support or between the resulting metal clusters and the support. The
characterization results for PtRu/y-Al,O3 are compared with those for supported PtRu
catalysts on MgO and on TiO; in Chapters III and IV, respectively. In addition, the
catalytic activity of the catalyst was tested for ethylene hydrogenation and n-butane
hydrogenolysis.

The y-AlL,O; powder is commercially available and widely used to support
active metals in solid catalysts. It is inexpensive, has high surface area and high
stability. y-Al,O; is acid support consisting of Bronsted acid sites (-OH groups),

Lewis acid sites (AI’") and Lewis basic sites (O*) on the surface.
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2.1.1 Supported Pt catalysts incorporating another noble metal on y-Al,O;
Supported bimetallic Pt incorporating noble metal on y-Al,O3 has been

prepared and tested for many applications. For instance, Pt-Rh/y-Al,O; catalysts
prepared by conventional incipient wetness impregnation were active for the
reduction of NO by CO (Granger, Lecomte, Dathy, Leclercq, and Leclercq, 1998).
For clean-fuel environment legislation, supported Pt-Pd/y-Al,Os catalysts were also
prepared by conventional incipient wetness impregnation and tested for

hydrogenation of tetralin, naphthalene, and phenanthrene (Jongpatiwut et al., 2004).

2.1.2 y-ALOs-supported Pt-Ru catalysts
Supported PtRu/y-Al,O; catalysts could be prepared from conventional
impregnation method by using a mixture of metal compounds such as H,PtCls and
RuCl; hydrate as precursors. Those were found to be active for methylcyclopentane
hydrogenolysis and 2-methylpentane isomerization (Diaz, Garin, and Maire, 1983),
and for dehydrogenation of cyclohexane (Miura, Osawa, Suzuki, Sugiyama, and
Matsuda, 1982).

Recently, PtRu catalysts with high metal dispersion could be prepared from a
metal carbonyl cluster as precursor. Alexeev et al. (2002) prepared supported PtRu/
v-Al,O5; by adsorption of Pt;Rus(CO);s3 from CH,Cl, onto y-Al,O; and studied the
cluster-support interaction. Results from IR and EXAFS spectroscopy indicated that
the cluster precursor adsorbed intact on y-Al,O; by hydrogen bonding. The metal core
changed slightly on the y-Al,Os after treatment in He flow at 300°C for 2 h to remove

CO ligands. However, the cluster framework expanded as a result of the treatment.
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2.1.3 Research goals

The goal of this work was to prepare highly dispersed supported PtRu
catalyst on y-Al,O3 by adsorption of Pt;Ruc(CO),i(us-H)(u-H); from CH,Cl, onto
v-Al,O5. Properties of the supported bimetallic samples, especially the interactions
between the cluster and support surface before and after ligand removal, were studied
by IR and EXAFS spectroscopy. The nature of the adsorbed species and structural
changes of the cluster precursor were also investigated. Activities of the bimetallic
catalyst were tested for ethylene hydrogenation and n-butane hydrogenolysis. Results

were compared with those of PtRu/y-Al,O; catalysts prepared conventionally.

2.2 Experimental

2.2.1 Chemicals and materials
Organometallic syntheses, supported catalyst preparations and sample
handling were performed under dry N, or Ar and samples were stored in an Ar drybox
to minimize contact with moisture and air. Traces of O, and moisture in He, N,
(Airgas, 99.99%), H, (Matheson, 99.999% or from a Balston H, generator, 99.99%),
C,H4 (Matheson, 99.5%), and n-C4H;( (Airgas, 99.5%) used in catalyst treatment and
testing were removed by passing each gas through traps containing reduced Cu/Al,O3
and molecular sieve particles.
Powder y-ALO; (Degussa, BET surface area 100 m?/g) was mixed with
deionized water to form a paste before drying overnight at 120°C. Prior to use, it was
calcined or partially dehydroxylated in flowing O, at 400°C for 2 h followed by

evacuation (pressure ~ 10~ Torr) for 14 h at the same temperature. Organic solvents
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for catalyst preparation such as n-hexane, n-pentane and toluene (Fisher Scientific)
were distilled individually over Na/benzophenone and purged with dry N, to remove
O,. Traces of moisture in dichloromethane (EMD, 99.96% purity) were removed by

molecular sieve 4A, and O, was removed by purging with dry N prior to use.

2.2.2 Synthesis of organometallic precursor
Pt3;Ru6(CO)21(ps-H)(u-H); was synthesized under dry N, and/or Ar by a
procedure described by Adams and co-workers (1994) from a reaction between
Pt,Ru4(CO);3 and H, at 97°C and purified by washing with cold n-pentane. The
cluster structure in CH,Cl, solution was confirmed by IR, '"H and C NMR

spectroscopy. The detail of synthesis method is as follow.

2.2.2.1 Synthesis of starting material, Pt,Rus(CO)s
Pt;Rus(CO)3 was prepared from a reaction between Ru(CO)s and
Pt(cod); in n-hexane (reaction 2.1). Ru(CO)s was obtained from photo degradation of

Rug(CO)lz.

ARu(CO)s  +2Pt(cod)y —> PLRuy(CO)s + 2CO + dcod  ..(2.1)

A 250 mg of Ruz(CO);, (Strem, 99%) was stirred until dissolved completely in
500 mL of n-hexane. The solution was then irradiated with medium-pressure mercury
UV lamp (Hanovia, 450W medium pressure mercury lamp) under a slow flowing of

carbon monoxide at room temperature. After the reaction was completed, the solution
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color changed from orange to colorless (ca. 3 h). The colorless solution mainly
contain Ru(CO)s.

The Ru(CO)s solution was cooled to 0°C, evacuated, and refilled with Ar three
times to removed excess CO. The reaction flask was covered with aluminium foil to
avoid light exposure during reaction. A solution of 75 mg of Pt(cod), in 10 mL of
CH,Cl, was quickly added in Ru(CO)s solution, and the solution mixture was stirred
at 0°C for 30 min. During this period, the reaction flask was evacuated and refilled
with Ar three more times. After 30 min, an additional solution of 50 mg Pt(cod), in 10
mL of CH,Cl, was quickly added. The solution was stirred overnight and the
temperature was allowed to increase to room temperature. When the solution color
changed to purple, its volume was reduced to about 100 mL by evacuation. The
bimetallic product was separated by column chromatography containing silica gel
(Whatman) in a column dimension 25 mm x 500 mm. The first yellow band of
unreacted Ru3(CO);» was eluted by hexane while the purple band of Pt;Rus(CO);s
was eluted by a CH)Cly/hexane (1/4 ratio) solvent mixture. After drying by
evacuation, Pt;Rus(CO);s product was dissolved in CH,Cly/hexane (2/1 ratio) solvent
mixture and crystallized by slow evaporation at 10°C to yield air-stable purple

crystals. It was dissolved in CH,Cl, to characterize by IR spectroscopy.

2.2.2.2 Synthesis of Pt3Ru6(CO)21(u3-H)(u-H)3
Pt;Rug(CO)21(pns-H)(u-H); was synthesized from a reaction between

Pt;Ru4(CO);5 in n-heptane and H; as described in reaction 2.2.

3Pt2RLl4(CO)1g + 4H, —> 2Pt3RLl6(CO)21(H3—H)(M—H)3 + 12CO (22)
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The Pt;Ruy(CO);5 (25.0 mg) was dissolved in 140 mL of n-heptane and purged
with H, for 5 min. The mixture was slowly refluxed at 97°C and a slow flow of H,
(ca. 3-4 bubbles per second) was continued for about 15 min until the solution color
changed from deep purple to black brown. Then the H, flow was stopped and the
mixture was cooled to 50°C in a water bath. The solution was filtered and the solvent
was removed by evacuation. The solid product was scraped from the flask side by a
spatula and washed many times with 5-mL portions of cold n-pentane until the
washing solvent was colorless. The black solid product, Pt;Rus(CO),;(pus3-H)(p-H)s,

was characterized by IR, 'H, and >C NMR spectroscopy.

2.2.3 Preparation of supported catalyst
The supported Pt-Ru catalysts on y-Al,O3 were prepared by slurrying
v-Al,O3 with a solution of Pt3Rus(CO),;(us3-H)(u-H)s in CH,Cl, for 1 day followed by
evacuation (=~ 107 bar) for an additional 1 day to ensure complete uptake of the
precursor by the support. The amount of chosen precursor gave sample containing 1.0

wt% Pt and 1.0 wt% Ru after ligand removal from precursor.

2.2.4 Extraction of adsorbed species
After the sample was dried by evacuation, recovery of the precursor was
tested by extraction with CH,Cl, for approximately 30 min with stirring. The extract

solution and extracted dry sample were characterized by IR spectroscopy.
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2.2.5 PtRu catalyst activation
Dry sample containing adsorbed precursor was heated in He flow at
300°C for 2 h to remove ligands from the metal core. The process to remove carbonyl
ligands is called decarbonylation. The resulting sample was characterized again by IR
and EXAFS. Note that inert gas such as He was chosen for ligand removal to

minimize cluster decomposition.

2.2.6 Precursor and catalyst characterization

2.2.6.1 IR spectroscopy

IR spectra of Pt;Rus(CO),;1(us-H)(n-H)s in CH,Cl, and the dry supported
sample, before and after ligand removal were recorded with a Bruker IFS-66v
spectrometer with a resolution of 4 cm™. Each sample was scanned 64 times and the
signals were averaged. For the dry supported, a small amount of powder was pressed
into a semitransparent wafer between KBr pelltets placed in a cell in a glovebox. The
liquid sample was transferred by a syringe into an IR cell equipped with valves to

prevent contact with air and moisture.

2.2.6.2 'H, and “C NMR spectroscopy

Pt;Ru6(CO),1(ps-H)(u-H); was dissolved in acetone-dg and filtered to
remove any precipitates. The clear, brown solution (6 ml) was transferred into an
NMR tube and placed in an NMR spectrometer (Avance-500 spectrometer with
proton frequency 500 MHz). The '"H NMR spectrum was recorded at -88°C. Because
this sample was not *C-enriched, the >C NMR spectrum was recorded at 20°C for

14 h.
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2.2.6.3 EXAFS spectroscopy

EXAFS experiments were performed at the X-ray beamline X18B at the
National Synchrotron Light Source (NSLS), Brookhaven National Laboratory (BNL),
Upton, New York, USA. The storage ring energy was 2.5 GeV and the ring current
was in the range 110-250 mA. For transmission EXAFS spectroscopy, 0.3 g of sample
was pressed into self-supporting wafer in the Ar-filled glovebox at the synchrotron
laboratory, and placed in a special designed XAS holder (Jentoft, Deutsch, and Gates,
1996). The cell was evacuated, installed at the beamline, and cooled to nearly liquid
nitrogen temperature. The sample was scanned at the Pt Ly edge (11564 eV) and at
the Ru K edge (22117 eV) in transmission mode, with integration for 1 s at each
energy in the range from 200 eV below each absorption edge to 975 eV beyond the

edge. A double crystal monochromator Si(111) was used.

2.2.7 EXAFS data analysis

Because of the large difference in energy between the Pt Ly edge
(11564 eV) and the Ru K edge (22117 eV), EXAFS data were collected at individual
Pt Ly and Ru K absorption edge and analyzed with theoretical reference files. The
EXAFS data processing was carried out with ATHENA software (Raval, computer
program, 2003). The final normalized EXAFS function from ATHENA software for
each edge of each sample was obtained from the average of four scans. Phase shift
and backscattering amplitudes of Pt-Pt, Pt-Ru, Pt-Ogyppor, Ru-Ru, Ru-Pt, and
Ru-Ogypport Interactions were calculated by FEFF7.0 software (Rehr, Mustre de leon,
Zabinsky, and Albers, 1991). The EXAFS data fitting done by EXAFSPAK software

(George, George, and Pickering, computer program, 2000) were accomplished with



24

single and multiple scattering paths calculated by FEFF7.0, and the EXAFS
parameters were extracted from the raw data with the EXAFSPAK software. The
fittings were done both in r space (r is interatomic distance from the absorber atom)
and k space (k is the wave vector) with application of k°, k*, and k® weightings.

The EXAFS data of the dry supported sample scanned at the Pt Ly edge were
Fourier transformed over the ranges 3.56 < k < 12.85 with k® weighting without phase
correction and 0.0 <r <5.0 A.

The EXAFS data characterizing Pt;Rus(CO)y;(us3-H)(p-H)s/y-Al,O3 scanned at
the Ru K edge were Fourier transformed over the ranges 4.25 < k < 14.50 and
0.0 <r < 4.0 A. The statistically justified numbers of free parameters estimated from
Nyquist theorem (Stern, 1993), n = (2AkAr/z) + 1, for the Pt Ly and the Ru K edges
of sample before ligand removal were about 31 and 27, respectively.

The EXAFS data characterizing the Pt-Ru/y-Al,O3 sample after treatment in He
and scanned at the Pt Lj; edge were Fourier transformed over the ranges
3.25 <k <14.25 and 0.0 <r < 5.0 A. The EXAFS data characterizing this sample
scanned at the Ru K edge were Fourier transformed over the ranges 3.40 < k < 14.45
and 0.0 < r < 4.0 A. The statistically justified number of free parameters estimated
from Nyquist theorem for the Pt Ly; and the Ru K edges of this sample were about 36

and 29, respectively.

2.2.8 Catalytic activity of PtRu/y-Al,O; for ethylene hydrogenation
This study was carried out in a stainless steel U-tube flow reactor at
atmospheric pressure. Prior to reaction testing, the sample was pretreated in He flow

at 300°C for 2 h. The reactor held 10 to 20 mg of pretreated catalyst that was diluted
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with 600 mg of inert nonporous a-Al,O3 and loaded into the reactor in an Ar-filled
glovebox. The reactor was isolated from air and moisture and then moved to the
catalytic testing apparatus. The reactor was cooled to the desired temperature with He
flowing through it before a gas mixture of H,, C;Hy, and the balance He was allowed
to flow into it at a rate of 200 ml (NTP)/min. The effluent gas mixture was analyzed
with an online gas chromatograph (Hewlett-Packard HP 6890) equipped with an
AL Os capillary column (50 m x 0.53 nm x 15.0 micron film thickness), and a flame

ionization detector. The conditions in the reactor were as follow: Py = 80 Torr,

Pcu, =40 Torr, and temperature varied from -75 to -20°C.

2.2.9 Catalytic activity of PtRu/y-AL,Os for n-butane hydrogenolysis

This test was performed with a quartz tube flow reactor at atmospheric
pressure. Prior to reaction testing, sample was pretreated in He flow at 300°C for 2 h.
In an Ar-filled glovebox, 25 to 30 mg of treated sample was diluted with inert
nonporous a-Al,O3, loaded into the reactor and isolated from air and moisture before
being moved to the catalyst testing apparatus. The reactor was heated to the desired
temperature with He flowing through it before the start of a flow of a gas mixture
containing H», n-C4H;o, and balance He at a rate of 100 ml (NTP)/min. The effluent
gas mixture was analyzed with the online gas chromatograph equipped with an Al,O3
capillary column (50 m x 0.53 nm x 15.0 micron film thickness) and a flame

ionization detector. Testing conditions were as follow: Py =540 Torr, B¢y = 60

Torr, and temperature varied from 190 to 260°C.
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2.3 Results and discussion
2.3.1 Characterization of Pt3;Rus(CO)2i(us-H)(n-H);
A solution of Pt3Rus(CO),1(us3-H)(n-H)s in CH2Cl, showed IR peaks in
the vgo range at 2106 (w, sh), 2081 (m), 2065 (s), 2048 (m), and 2023 (w) cm’,

similar to values from literature (Adams et al., 1994) which were 2081 (w, sh), 2066

(vs), 2052 (m, sh), 2026 (w) cm’.
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Figure 2.1 IR spectrum of Pt;Rus(CO),1(ps-H)(n-H); dissolved in CH,Cl,.

The 'H NMR spectrum of Pt;Rug(CO), (ps-H)(u-H); dissolved in acetone-ds
was recorded at -88°C to slow down a facile exchange process of hydride ligands.
According to Adams’s work, the resonances of bridging hydride ligands are not
observed at 25°C in the "H NMR spectrum. The "H NMR spectrum at -88°C in Figure

2.2 shows resonances at at 6 -15.84 and -19.28 ppm corresponding to three ligands
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u-H and one ps-H ligand, respectively. The ratio of '"H NMR intensity at & -15.84 and
-19.28 ppm was 3/1 as expected for pu-H and ps-H. The “C NMR spectrum of
Pt3Ru6(CO),1(us-H)(u-H)s dissolved in acetone-ds was measured at 20°C for 16 h.
Because this compound was not prepared from enriched '*CO, the measurement
period was longer than that of the sample prepared from enriched *CO. Figure 2.3
indicates CO ligands at & 190.28 ppm. According to Adams’s work, the °C NMR
spectrum at & 190.28 ppm corresponded to dynamically averaged CO ligands in

Pt3Ru6(CO)21(us-H)(pu-H)s.
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Figure 2.2 'H NMR spectrum of Pt;Rug(CO)2;(us-H)(u-H); dissolved in acetone-ds

recorded at -88°C: (A) 6 =15 to 17 ppm; (B) 6 = -18 to -20 ppm.
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Figure 2.3 "°C NMR spectrum of Pt;Rus(CO),;(p3-H)(n-H)s dissolved in acetone-d

recorded at 20°C.
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2.3.2 IR and EXAFS evidence of interactions between cluster precursor
and y-Al,O3
The chemistry of interactions between metal carbonyl clusters and
v-Al,O5 is complex and depends on nature of the metal cluster and the chemistry of
the support (Alexeev et al., 2002; Guczi and Beck, 1988). The cluster-support
interaction can be characterized by IR and EXAFS spectroscopy by observing the
shift of voi of the support and vco of the precursor.

IR bands of bare y-Al,O;3 in the vog region were observed at 3786 (w), 3728
(m), 3672 (m), and 3575 (s) cm™' (spectrum 1 in Figure 2.4A). The first three IR bands
were assigned to different types of isolated hydroxyl groups and the peak at 3575 cm’
represents hydrogen-bonded OH groups (Knézinger and Ratnasamy, 1978; Mestl and
Knoézinger 1997). The bands of alumina containing adsorbed species in the voy region
were observed at 3679 (m) and 3587 (m) cm™ (spectrum 2 in Figure 2.4A). The broad
peak at 3587 cm™ also represents hydrogen-bonded OH groups.

After adsorption of Pt;Rug(CO)»(ps-H)(u-H); (confirmed by IR and 'H NMR
spectroscopy) from CH,Cl,, onto y-Al,Os and drying by evacuation, the IR band
characterizing hydrogen-bonded OH group at 3575 cm™ shifted to 3587 cm™ and its
intensity decreased, as shown in Figure 2.4A. The changes in intensity of hydroxyl
peaks in the voy region indicated that these groups were involved in the interaction

with the cluster.
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Figure 2.4 (A) IR spectrum in von region: (1) Calcined y-AlLOs; (2) dry sample
prepared from Pt;Rug(CO),1(ns-H)(u-H); on y-Al,Os; (3) sample after
ligand removal in He flow at 300°C for 2 h. (B) IR spectra in vco region:
(1) PtsRug(CO)21(us-H)(u-H)s adsorbed on y-Al,O; after removal of
solvent; (2) dry supported sample after extraction with CH,Cly; (3)

sample after ligand removal in He flow at 300°C for 2 h.
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In general, IR bands of carbonyl ligands of supported metal carbonyl clusters
differ from those of the cluster in solid or solution due to cluster-support interactions
(Alexeev et al., 2002). Bands in v¢o region which were characteristic of the precursor
in CH,Cl, at 2081 (w, sh), 2065 (vs), 2048 (m), and 2023 (sh) cm™ shifted to 2073 (w,
sh), 2038 (vs) and 2011 (w, sh) cm™, respectively. A small broad IR band at 1589
cm” was detected (spectrum 1 in Figure 2B). The band at 2073 (w, sh) cm™ is
assigned to Pt’-CO which was reported at 2100-2060 cm™ (Hadjiivanov and
Vayssilov, 2002). The strong band at 2038 cm™ was assigned to linear M-CO species
(where M in this work are Pt or Ru). There was no bridging CO band, which typically
occurs at about 1850 cm™ for CO adsorbed on metal platinum (Hadjivanov, 1998).
The band at 2137 cm™ was observed in the supported sample both before and after
extraction, possibly from carbonyl ligands of bimetallic carbonyl clusters. This peak
could be assigned to Pt**-CO or Pt™-CO which was observed at 2135-2110 cm™. In
addition, these four peaks could also be assigned to Ru""(CO); on Al,O53 (Hadjiivanov
and Vayssilov, 2002; Asakura et al., 1990).

Comparing with IR spectrum of cluster solution in CH,Cl,, the IR bands of CO
ligands of the adsorbed precursor on y-Al,Os shifted to lower frequency (spectrum 1
in Figure 2.4B), indicating that carbonyl ligands were involved in the cluster-support
interaction. The shifts to lower frequency implied that C-O bonds became weaker due
to interactions between carbonyl oxygen with support, possibly by hydrogen bonding
with alumina hydroxyl groups and bonding with AI*" Lewis acid sites. A small, broad
IR band was observed at 1589 cm™ indicating coordination between metal-bound CO

ligands of the precursor and surface AI*" ions on y-ALO3.
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Therefore, IR data in Figure 2.4 imply that the interaction between precursor
and support occurred through CO ligands and the support surface. Although the
cluster Pt;Rug(CO),1(u3-H)(n-H); was probably not intact after the adsorption on
v-Al,03, the IR evidence from IR data indicated that adsorbed species was still in the
form of metal carbonyl cluster. However, hydrides could not be detected by IR
spectroscopy. The loss of hydrides possibly took place during adsorption and drying
resulting in changes in average Ru-Ru bond distance (see EXAFS results and
discussion).

After adsorption and drying, only a small amount of the adsorbed precursor
could be extracted back with CH,Cl, solvent. Only trace of the IR spectrum of metal
carbonyl species in vco region at 2065 (s), 2046 (sh) and 2031 (sh) cm™ (Figure 2.5)
which was similar to that of the cluster precursor was observed in the extract solution.
This result indicated that some of the cluster did not decompose on the alumina
support after adsorption. In addition, the IR spectrum of dry sample was similar to
that of fresh sample before the extraction (Figure 2.4B), which confirmed that the

cluster precursor chemisorbed and was stable on this support.
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Figure 2.5 IR spectrum in vco region of CH,Cl, extract solution from the supported

sample.

After adsorption and extraction with CH,Cl, and drying, IR peak of the solvent
were not observed, indicating that adsorbed CH,Cl, was negligible and should not
compete with the cluster adsorption. Note that CH,Cl, was chosen for extraction
because it was a good solvent for the cluster. These results also suggested that the
interaction of the adsorbed surface species with the solvent was weaker than that of
adsorbed species with the surface of the support. This result indicated strong cluster-
support interaction which was probably responsible to changes observed in the
precursor structure after adsorption.

Furthermore, the IR spectrum of the dried sample after extraction by slurry the
freshly prepared sample with CH,Cl, for approximately 30 minutes showed peak
positions similar to those of the freshly prepared sample, indicating that the adsorbed

species were stable upon extraction, it was not possible to extract the adsorbed species
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by this solvent. Only low absorbance of vco band of adsorbed species in extract
solution was observed at 2065 (s) , 2046 (m, sh), and 2031 (w, sh) cm™ (Figure 2.5),
indicating that only a small amount of adsorbed species was presented in the extract
solution. This observation was a good sign for preparation of supported Pt-Ru because
strong cluster-support interaction would lead to good dispersion of metal particles
after ligand removal. Strong cluster-support interaction could also prevent aggregation
of metal particles. This evidence could be further elaborated in the EXAFS results, as
described below.

In conclusion, upon adsorption, Pt;Rus(CO),;(us3-H)(u-H)s or related species
interacted strongly with the y-Al,O; support. The adsorbed species were still metal
carbonyls and were stable during the studied period.

The extraction of the adsorbed cluster species was easier when the smaller
cluster Pt;Ru4(CO);3 was used as a precursor (Alexeev et al., 2002). The majority of
Pt;Ru4(CO);5 could be extracted intact from the y-Al,Os support by CH,Cl,, and only
trace of the cluster remained on the support. Thus, the cluster only adsorbed
physically on alumina and its interaction with CH,Cl, was stronger than that with the
alumina support. This might be the reason of the aggregation tendency of metal
particles observed after ligand removal.

To determine the strength of interaction between the cluster metal core with
oxygen atom of the support, it would be worthwhile to find out whether the cluster
metal core is saturated or not in term of coordination. This could be done by
considering number of valence electrons in the metal core. Although Pt,Ru4(CO);s
and Pt3Rus(CO),1(us3-H)(u-H); have the same Pt:Ru ratio, they are different in the

degree of saturation of the metal core. The metal core of the former has 88 valence
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electrons, lower than the value predicted by the polyhedral skeletal electron pair
theory (i.e., 90 electrons) (Adams et al., 1993). The lower number of electrons
indicates that the metal core of Pt;Rus(CO);3 is not coordinatively saturated and can
interact with electron donor groups. However, the metal-oxygen interaction is still
presented by carbonyl ligands.

On the other hand, the metal core of the latter cluster, mainly used in this work,
has 124 valence electrons, identical to the predicted number from the polyhedral
skeletal electron pair theory (Adams et al., 1994). Thus, the metal core of
Pt;Ru6(CO)a1(ps-H)(u-H)s is coordinatively saturated and was expected to have
weaker interaction with oxygen of y-Al,Os than the former cluster. The interaction
between the metal core of the precursor and oxygen atoms of support could be
confirmed by EXAFS spectroscopy, as described below.

The EXAFS data were averaged by ATHENA software and analyzed by
EXAFSPAK software with phase shift and backscattering amplitudes calculated by
FEFF7.0. The EXAFS spectra of sample formed by adsorption of Pt;Rus(CO)y;
(us3-H)(n-H)s on y-Al,Os scanned at the Pt Lyjyand the Ru K edge are shown in Figures
2.6 and 2.7, respectively. The EXAFS parameters determined in the fit are
summarized in Table 2.1. The estimated accuracies of coordination number (N),
distance (R), Debye-Waller factor (Ac?), and inner potential correction (AE,) are as

follows: +20%, £ 1%, £ 30%, £ 10%, respectively.



Table 2.1 Summary of EXAFS data of sample formed by adsorption of
Pt;:Ru6(CO)21(p3-H)(u-H)s on y-Al, O3 before ligand removal
Edge Shell N R(A) 10°x Ac” (A% AE, (eV)
PtLyy Pt-Pt 22+0.1 2.68+0.01 64+03 2.7+0.1
Pt-Ru 39+£0.1 295+0.01 6.9+0.1 -82+0.1
Pt-CO
Pt-C 0.8+0.1 1.85+0.01 -0.1+04 6.2+0.3
Pt-O* 0.8+0.1 3.09+0.01 -10.9 £ 0.1 10.6 £0.2
Pt-Ogupport
Pt-Oq 1.8+£0.1 2.55+0.01 0.7+0.2 -0.6+£0.1
Pt-O, 23+0.1 3.05+0.01 -7.3+0.1 19.2+0.1
RuK Ru-Ru 1.9+0.1 2.83+0.01 125+ 0.6 7.1+£0.2
Ru-Pt 20£0.1 295+0.01 7.0+0.5 99+0.3
Ru-CO
Ru-C 3.1+£0.1 1.88+0.01 3.8+0.2 -43+0.3
Ru-O* 3.1£0.1 3.00+0.01 1.6+0.3 -1.4+0.2
Ru-Ogypport
Ru-O, 1.4+£0.1 234+0.01 9.3+0.7 123+0.2
Ru-0O, 0.6+0.1 3.40+0.01 2.1+12 16.2+0.5

Notation: subscript s and 1 refer to short and long, respectively.
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Figure 2.6 EXAFS results scanned at the Pt Ly edge characterizing the adsorbed
Pt;Rug(CO)21(ps-H)(u-H); on  y-Al,O3: (A) Experimental EXAFS
function (solid line) and sum of the calculated Pt-Pt, Pt-Ru, Pt-C, Pt-O*,
Pt-O;, and Pt-O; contributions (dotted line). (B) Magnitude of
uncorrected Fourier transform (k0 weighted) of experimental EXAFS
function (solid line) and sum of the calculated Pt-Pt, Pt-Ru, Pt-C, Pt-O*,
Pt-Os, and Pt-O; contributions (dotted line).
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Figure 2.6 (continued) EXAFS results scanned at the Pt Ly; edge characterizing the
adsorbed Pt;Rus(CO)1(us-H)(u-H)s on y-Al,O3: (C) Magnitude of
uncorrected Fourier transform (k' weighted) of experimental EXAFS
function (solid line) and sum of the calculated Pt-Pt, Pt-Ru, Pt-C, Pt-O*,
Pt-Os, and Pt-O; contributions (dotted line). (D) Magnitude of
uncorrected Fourier transform (k® weighted) of experimental EXAFS
function (solid line) and sum of the calculated Pt-Pt, Pt-Ru, Pt-C, Pt-O*,
Pt-Os, and Pt-O; contributions (dotted line).
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Figure 2.7 EXAFS results scanned at the Ru K edge characterizing the adsorbed
Pt;Rug(CO)21(ps-H)(nu-H); on  y-Al,O3: (A) Experimental EXAFS
function (solid line) and sum of the calculated Ru-Ru, Ru-Pt, Ru-C,
Ru-O*, Ru-Os, and Ru-O; contributions (dotted line). (B) Magnitude of
uncorrected Fourier transform (k0 weighted) of experimental EXAFS
function (solid line) and sum of the calculated Ru-Ru, Ru-Pt, Ru-C,
Ru-O*, Ru-Og, and Ru-O; contributions (dotted line).
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Figure 2.7 (continued) EXAFS results scanned at the Ru K edge characterizing the
adsorbed Pt;Rus(CO),i(us-H)(u-H)s on y-Al,O3: (C) Magnitude of
uncorrected Fourier transform (k' weighted) of experimental EXAFS
function (solid line) and sum of the calculated Ru-Ru, Ru-Pt, Ru-C,
Ru-O*, Ru-Os, and Ru-O, contributions (dotted line). (D) Magnitude of
uncorrected Fourier transform (k® weighted) of experimental EXAFS
function (solid line) and sum of the calculated Ru-Ru, Ru-Pt, Ru-C,
Ru-O*, Ru-Oy, and Ru-O; contributions (dotted line).
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The EXAFS fitting parameters of adsorbed Pt;Rug(CO),i(ps-H)(u-H); on
v-Al,O; after evacuation (Table 2.1) indicate average distances and coordination
number of M-Ogypport (M-Os and M-O;) (M in this work refer to Pt and Ru) and
changes in average distances and coordination numbers of M-CO bond. The
interactions between metal and oxygen on support lead to structural change of
adsorbed clusters.

For interaction with the nearest oxygen atom of alumina support when
Pt;Rug(CO)a1(ps-H)(u-H); was a precursor, the average Pt-O; distance was
2.55 + 0.01 A with coordination number 1.8 = 0.1 and the average Ru-Og distance
was 2.34 + 0.01 A with coordination number 1.4 + 0.1. Both average distances are
longer than 2.26 £ 0.01 and 2.13 £+ 0.01 A for Pt-Oy and Ru-Oj reported when
Pt;Ru4(CO);s was a precursor. This observation agreed with the degree of saturation
of metal core based on electron counting, namely, coordinatively saturated metal core
had weaker interaction with alumina oxygen. In addition, the distances between metal
and the support oxygen were long because metal atoms were still stabilized and
blocked by carbonyl ligands. By removal of blocking carbonyls, the M-Os distances
were expected to become shorter.

Moreover, the average Pt-Os and Ru-Os distances when Pt;Rug(CO), (us-H)
(u-H); was a precursor were longer than that on other supported catalysts which were
found in the range 2.1-2.2 A (Koningsberger and Gates, 1992). Although the
M-Ogypport Interaction was not strong, the precursor could also interact with y-Al,O3
support through carbonyl groups when the carbonyl oxygen interact with either
hydroxyl protons or Al’* acid sites of y-AL,Os. The expansion of C-O bonds were

expected and this would result in long distance of Pt-O*.
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Comparison XRD data of crystalline precursor (Adams et al., 1994) and

EXAFS data of adsorbed Pt;Rus(CO),1(pns-H)(u-H); on y-Al,O3 was shown in Table

2.2.

Table 2.2  Comparison XRD data of crystalline Pt;Rug(CO);;(us-H)(n-H); (Adams

et al., 1994) and EXAFS data of this cluster adsorbed on y-Al,0O;

Shell XRD data of EXAFS data of adsorbed
Pt;Rus(CO)21(us-H)(u-H);  PtsRug(CO)21(ps-H)(u-H)s on y-Al,Os
N R(A) N R(A)

Pt-Pt 2.0 2.64 22+0.1 2.68 +£0.01
Pt-Ru 4.0 2.80 39+0.1 2.95+0.01
Pt-CO

Pt-C 1.0 1.85 0.8+0.1 1.85+0.01

Pt-O* 1.0 2.99 0.8+0.1 3.09 £0.01
Ru-Ru 2.0 3.04 1.9+0.1 2.83+£0.01
Ru-Pt 2.0 2.80 2.0+0.1 2.95+0.01
Ru-CO

Ru-C 3.0 1.89 3.1+0.1 1.88 £0.01

Ru-O* 3.0 3.03 3.1+£0.1 3.00 £ 0.01

From Table 2.2, the distances Pt-C and Ru-C from carbonyl carbon and

coordination numbers in the adsorbed species on alumina were the same within error

as those in crystal form, which were 1.85 and 1.89 A, respectively. This confirmed the

existence of metal carbonyl species adsorbed on the alumina support. The average

Pt-O* distance in the adsorbed species was 3.09 + 0.01 A, slightly longer than the

distance in unsupported crystal form (i.e, 2.99 A in Table 2) and 2.92 + 0.01 A

reported by Alexeev for Pt,Rus(CO);g precursor. However, Ru-CO contributions did
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not change significantly after adsorption. Ru-C and Ru-O* interactions were observed
at 1.88 +£0.01 and 3.00 + 0.01 A, respectively with coordination number 3.1 + 0.1.
Consequently, it could be concluded from IR and EXAFS data that metal
framework of Pt;Rus(CO),1(us-H)(u-H); remained intact after adsorption and the
cluster structure was only slightly changed. Furthermore, the adsorbed surface species

were still metal carbonyl which could not be re-extracted by CH,Cl,.

2.3.3 Structural changes of metal framework after adsorption
For the EXAFS fitting parameters of bimetallic contributions, the
reliability and consistence of parameters were determined. The bond distances and
Debye-Waller factors must be equivalent for each edge of Pt-Ru interactions, the
coordination numbers Npg, related to Ngyp: by this equation: Npwry/Nrupt = Nro/Nps,
where ng, and np; are the total numbers of Ru and Pt atoms in sample.

Table 2.2 shows comparison between bond distances and coordination numbers
of Pt3Rue(CO),i(u3-H)(u-H)s from crystallography (Adams et al., 1994) and cluster
supported on y-Al,Os; from EXAFS. The average Pt-Pt and Pt-Ru distances of
impregnated sample increased from 2.64 to 2.68 = 0.01 A and from 2.80 to
2.95 + 0.01 A, respectively, while average Ru-Ru distance decreased from 3.04 to
2.83 £ 0.01 A. The shorter Ru-Ru distance was most likely due to the loss of hydride
ligands attached to one Ru; face and Ru-Ru edges. The new Ru-Ru distance was close
to the average distance of hydride-free Rus face of Pt;Rus(CO), (n-CPhCHPh)(p-H)
which was 2.81 A (Adams et al., 1994). Note that there are 9 terminal and 1 bridging

carbonyl ligands at one of Ru; face.
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Coordination number of metal-metal bonds did not change significantly after
adsorption. The coordination numbers of Pt-Ru and Ru-Pt were still the same to that
of the precursor, 3.9 + 0.4 and 2.0 + 0.1, respectively. These results indicate that the
metal core of the precursor remained the same during adsorption and drying process.
Reasons for the expansion of Pt-Pt and Pt-Ru distances were still obscure. It might be
caused by the contraction of Rus faces due to loss of electron-rich hydrides.

The changes in average metal-metal distances were different from that observed
in Pt;Ru4(CO) 5 in which physical adsorption occurred, all metal-metal distances of
impregnated sample were nearly the same distances found in XRD data. Thus, cluster
precursor in this work which contains hydrides tends to have more change of metal
core upon hydride loss during adsorption. Fortunately, the distortion did not cause the
cleavage of metal framework of adsorbed precursor.

Therefore, structural changes of precursor were observed after impregnation and
loss of hydride ligands were expected to cause distortion of metal core of adsorbed

bimetallic carbonyl species.

2.3.4 Stability of metal framework in supported sample after ligand
removal

Some supported Pt-Ru catalysts prepared by conventional methods,

using mixed-metal chlorides, platinum chloride and ruthenium chloride, usually gave

monometallic particles rather than bimetallic particles on metal oxide support after

reduction in Hy, typically at about 400°C (Alerasool et al., 1988; Diaz et al., 1983;

Diaz, Garin, Maire, Alerasool, and Gonzalez, 1995; Miura et al., 1982). In contrast,

the preparation of supported bimetallic catalysts from metal cluster precursors
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containing metal-metal bonds gave highly dispersed bimetallic particles on oxide
supports (Alexeev et al., 2002, 2003; Bergmeister and Hanson, 1989). Because the
metal atoms in molecular bimetallic precursor are generally in low oxidation states,
the activation step to remove ligands from precursor can be done at low temperature.
Thus, the metal-metal bonds may remain intact in the cluster on the support, resulting
in highly dispersed and uniform supported bimetallic particles (Alexeev and Gates,
2003; Bergmeister and Hanson, 1989).

After treatment in He at 300°C for 2 h to remove ligands from the adsorbed
precursor, the IR bands in the vco region disappeared, indicating complete CO
removal (spectrum 3 in Figure 2.4B). Although hydrides could not be detected, they
should be removed at these conditions as well because their adsorption bond energy is
less than that of carbonyl. For example, bond energy of Pt-H and Ru-H are 80.1 and
55.9 kcal/mol whereas those of Pt-C and Ru-C are 143 and 154.9 kcal/mol (Lide,
1993-1994). The PtRu sample treated in He flow was characterized by EXAFS
spectroscopy. The EXAFS spectra of PtRu/y-Al,O3 after ligand removal scanned at
both the Pt Ly and the Ru K edges are shown in Figures 2.8 and 2.9. The EXAFS
fitting parameters are summarized in Table 2.3. The estimated accuracies of
coordination number (N), distance (R), Debye-Waller factor (Ac?), and inner potential

correction (AEy) are as follows: = 20%, + 1%, = 30%, £+ 10%, respectively.
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Table 2.3 Summary of EXAFS data of PtRu/y-Al,O; prepared by decarbonylation

of adsorbed Pt;Rug(CO)y1(ps-H)(u-H)s on y-Al,O;

Edge  Shell N R (A) 10°x Ac” (A%  AE, (eV)
PtLy Pt-Pt 17402 2.64+0.01 3.0+0.7 45+0.8
Pt-Ru 22+0.1 2.68+0.01 42405 6.0+0.3
Pt-Ogupport
Pt-O, 22+0.1 2.08+0.01 113+14 8.7+0.6
Pt-O 0.8+0.1 2.99+0.02 23420 7.6+ 1.4
RuK Ru-Ru 21+0.1 2.62+0.01 41403 -13.3+0.3
Ru-Pt 1.0+£0.1  2.68+0.01 45+0.7 -11.5+1.0
Ru-Ogypport
Ru-O 12+0.1 2.06+0.01 109+ 1.7 4.1+0.7
Ru-O, 2.14+0.1 2.89+0.01 0.1+0.7 11.8+0.2
Ru-Op  14+02 3.32+0.02 52+28 6.2+0.6

Notation: subscript s and | refer to short and long, respectively.
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Figure 2.8 EXAFS results scanned at the Pt Ly; edge characterizing the PtRu/
v-Al,O3 sample prepared by adsorption of Pt;Rue(CO)ai(us-H)(n-H)s
after ligand removal: (A) Experimental EXAFS function (solid line) and
sum of the calculated Pt-Pt, Pt-Ru, Pt-C, Pt-O*, Pt-O,, and Pt-O,
contributions (dotted line). (B) Magnitude of uncorrected Fourier
transform (k° weighted) of experimental EXAFS function (solid line)
and sum of the calculated Pt-Pt, Pt-Ru, Pt-C, Pt-O*, Pt-O,, and Pt-O,

contributions (dotted line).
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Figure 2.8 (continued) EXAFS results scanned at the Pt Li;; edge characterizing the
PtRu/y-Al,O3 sample prepared by adsorption of Pt;Rue(CO)ai(us-H)
(u-H)s after ligand removal: (C) Magnitude of uncorrected Fourier
transform (k* weighted) of experimental EXAFS function (solid line)
and sum of the calculated Pt-Pt, Pt-Ru, Pt-C, Pt-O*, Pt-O,, and Pt-O,
contributions (dotted line). (D) Magnitude of uncorrected Fourier
transform (k3 weighted) of experimental EXAFS function (solid line)
and sum of the calculated Pt-Pt, Pt-Ru, Pt-C, Pt-O*, Pt-O,, and Pt-O,

contributions (dotted line).
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Figure 2.9 EXAFS results scanned at the Ru K edge characterizing the PtRu/y-Al,O3
sample prepared by adsorption of Pt;Rus(CO),1(p3-H)(u-H); after ligand
removal: (A) Experimental EXAFS function (solid line) and sum of the
calculated Ru-Ru, Ru-Pt, Ru-C, Ru-O*, Ru-Os, and Ru-O; contributions
(dotted line). (B) Magnitude of uncorrected Fourier transform (K°
weighted) of experimental EXAFS function (solid line) and sum of the
calculated Ru-Ru, Ru-Pt, Ru-C, Ru-O*, Ru-Os, and Ru-O; contributions
(dotted line).
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Figure 2.9 (continued) EXAFS results scanned at the Ru K edge characterizing the
PtRu/y-Al,0O3 sample prepared by adsorption of Pt;Rue(CO),i(us3-H)
(u-H); after ligand removal: (C) Magnitude of uncorrected Fourier
transform (k' weighted) of experimental EXAFS function (solid line)
and sum of the calculated Ru-Ru, Ru-Pt, Ru-C, Ru-O*, Ru-O,, and
Ru-Oj contributions (dotted line). (D) Magnitude of uncorrected Fourier
transform (k3 weighted) of experimental EXAFS function (solid line)
and sum of the calculated Ru-Ru, Ru-Pt, Ru-C, Ru-O*, Ru-O,, and
Ru-O; contributions (dotted line).
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From EXAFS data of decarbonylated PtRu sample in He, the reliable and
consistent of the EXAFS fitting parameters of bimetallic contributions were also
determined. The bond distances and Debye-Waller factors must be equivalent for each
edge of Pt-Ru interactions, the coordination numbers Npg, related to Ngyp¢ by this
equation: Npwry/Nrypt = Nro/Npt, Where Ng, and np, are the total numbers of Ru and Pt
atoms in the sample. These constraints were applied to get good fits of the data. As
shown in Table 2.3, the average Pt-Ru and Ru-Pt distances and Debye-Waller factors
obtained from both Pt Lyyand Ru K edge data match with each other. The values of
Npro/Nrype match the value of ngr,/npe of 2 which was calculated from precursor
stoichiometry.

Table 2.3 displays the interaction and coordination number of metal-metal
bonds (Pt—Pt, Pt-Ru, Ru—Pt and Ru—Ru) and metal-support bonds (Pt-Osyppore and
Ru-Ogypport). After ligand removal Pt-Pt bond distance decreased from 2.78 + 0.01 to
2.64 £ 0.01 A and Ru-Ru distance decreased from 2.83 + 0.01 to 2.62 + 0.01 A. The
average Pt-Ru and Ru-Pt bond distance also decreased from 2.95 + 0.01 to 2.68 = 0.01
A. After carbonyl ligands were removed, steric repulsion among them was removed
resulting in shorter metal-metal bonds.

The coordination number in Pt-Pt and Ru-Ru did not significantly changed, i.e.,
from 1.6 £ 0.2 to 1.7 £ 0.2 and from 1.9 £ 0.1 to 2.1 £+ 0.1, respectively. In contrast,
the coordination number of Pt-Ru and Ru-Pt decreased from 3.9 £ 0.1 to 2.2 £ 0.1 and
from 2.0 £ 0.1 to 1.0 £ 0.1, respectively indicating that some bimetallic bonds were
broken during treatment in He. The changes in Pt-Pt, Ru-Ru, Pt-Ru and Ru-Pt
coordination numbers might indicate that both metals tend to segregate from one

another during ligand removal. This change might be minimized by lowering the
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ligand removal temperature. After carbonyl ligands were removed, all metal atoms
had more empty coordination sites and the EXAFS results indicated the stronger bond
between metal and oxygen of surface which is electronegative atoms.

The average Pt-Og distances decreased from 2.52 + 0.01 in the adsorbed species
to 2.08 = 0.01 A with coordination number 2.2 + 0.1 in the sample after ligand
removal indicating strong Pt-Os interaction. The average Ru-O; bond distances also
decreased from 2.34 £ 0.01 to 2.06 £ 0.01 A and Ru-Oj, was also found at 3.32 + 0.02
A indicating strong Ru-Ogyppore 1nteraction. Coordination number of Ru-Os
contribution did not significantly changed, namely, from 1.4 + 0.1 to 1.2 £ 0.1.

Therefore, bimetallic core of adsorbed species was stable on y-Al,Os upon
treatment in He flow at 300°C to remove ligands indicating strong interaction of

metal-metal on support meanwhile metal-support interaction increased.

2.3.5 High dispersion of bimetallic particles on supported sample after
ligand removal
The average coordination numbers of Pt-Pt and Ru-Ru contributions
after decarbonylation (Table 2.3) were found to 1.7 = 0.1 and 2.1 £ 0.1, respectively,
indicating high dispersion of metal particles. These values were not much different
from the values of supported PtRu sample before treatment (within error) indicating
that metal core was stable upon ligand removal. Strong metal-support interaction in
this work resulted in high dispersion of metal on support.
Compared with EXAFS results of PtRu/y-Al,O3 prepared from impregnation of
Pt,Ru4(CO) 5 after ligand removal, the tendency for aggregation of Ru atoms was

greater than Pt even though the degree of aggregation was extremely low in this
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ligand removal condition (Alexeeve et al., 2002). The average coordination numbers
of Pt-Pt and Ru-Ru were 2.0 and 4.0 which were higher than that before ligand
removal, 1.0 and 1.0 respectively, and that of Ru-Ru contribution also higher than that
when Pt;Rug(CO),1(u3-H)(pn-H)s was used as precursor.

Thus, highly dispersed bimetallic PtRu/y-Al,O3 sample could be prepared by
decarbonylation of adsorbed Pt;Rus(CO),i(us3-H)(u-H)s on y-Al,Os in He flow at

300°C for 2 h.

2.3.6 Effect of strong Pt-Ru interactions on ethylene hydrogenation

2.3.6.1 Catalytic activity and time on stream (TOS)

A blank test for ethylene hydrogenation was performed with stainless
U-tube reactor containing a-Al,Os. A plot between activity and inversed weight
hourly space velocity (inv. WHSV, g cat/mol/h) at -75°C was in Figure 2.10 showing
straight line from the origin and the data determine rate of the catalytic reaction could
be obtained directly from the slope. This plot implied that stainless U-tube reactor
testing within inv. WHSV ranges of 0-4.11 g cat/mol/h with conversion < 5% was a

differential reactor.
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Figure 2.10 Demonstration of differential reactor operation at -75°C, Pc,n, =40 Torr,
PH2 = 80 Torr, balanced with He, total feed flow rate = 200 ml

(NTP)/min catalyzed by PtRu/y-Al,0Os3.

The catalytic activity of ethylene hydrogenation in terms of the turnover
frequency (TOF) was represented the number of molecules reacting per active sites
per second (Fogler, 1999). It was assumed that all metal particles were accessible to

reactants, so that TOF was defined as the following equation

TOF (s) = Conversion (%) x (Mol of input C,;Hy) ..(2.3)

(Catalyst weight) x [Metal loading (%)/MW eta] X Dispersion (%)

Ethylene hydrogenation reaction started as soon as reactant gas arrived the

catalyst bed. The plot between activity and time on stream (TOS) is in Figure 2.11.
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Figure 2.11 Activity of ethylene hydrogenation with time on stream (TOS) catalyzed

by PtRu/y-Al,O; at reaction condition: PC2H4 =40 Torr, PHz = 80 Torr,

balanced He with total feed flow rate 200 ml (NTP)/min, catalyst mass

0.013 mg, and temperature -75°C.

The initial deactivation was observed, reaction conversion increased fast at the
beginning and then slightly decreased with increasing TOS and then reached steady
state. It has been known that coking on supported Pt particles easily occurred during
reaction at low temperature due to strong interaction between Pt and C atom. Coking
leads to catalyst deactivation and shorten catalyst lifetime. However, in this work, the
plot between activity and TOS in Figure 2.11 indicated that the PtRu/y-Al,O3 catalyst

slightly deactivated during 280 minutes TOS.
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2.3.6.2 Kinetics of ethylene hydrogenation catalyzed by
PtRu/y-Al, O3
The apparent activation energy of ethylene hydrogenation was carried
out over supported PtRu/y-Al,O3 with metal loading 1%wt Pt and 1%wt Ru. Reaction
was performed during temperature -75 to -20°C at condition: Pc,n, = 40 Torr, By =
80 Torr, balanced with He, total feed flow rate = 200 ml (NTP)/min in stainless

U-tube flow reactor. The Arrhenius plot between TOF in a natural log scale and (1/T)

is in Figure 2.12.
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Figure 2.12 Arrhenius plot for ethylene hydrogenation catalyzed by PtRu/y-Al,O; at

condition: P =40 Torr, Py = 80 Torr, balanced with He, total feed

flow rate = 200 ml (NTP)/min, catalyst mass 0.013 g.

From slope of linear plot in Figure 2.12, the calculated apparent activation

energy from temperature dependence of rate of ethylene hydrogenation reaction for
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this catalyst was 8.4 = 0.1 kcal/mol. This apparent activation energy was comparable
to those reported for ethylene hydrogenation catalyzed by Pt catalysts supported on
oxides supports, ranged from 8.6 to 11.7 kcal/mol, obtained at various conditions as
shown in Table 2.4. The apparent activation energy obtained from this work was near
the value for supported Pt/SiO, (Cortright, Goddard, Rekoske, and Dumesic, 1991;
Schlatter and Boudart, 1972) but significantly lower than that for Pt/Al,O; near the
value obtained from polymer-supported Pt-Ru catalysts prepared from

[RuPty(CO)s(Ph,P- ® );], 7.8 £ 1.2 kcal/mol obtained at PH2= 555 Torr and

Pc,n, = 152 Torr, temperature ranges 73 to 98°C (Pierantozzi et al., 1979).

Table 2.4  Apparent activation energy of ethylene hydrogenation catalyzed by

supported Pt, Ru and PtRu catalysts

Catalysts Apparent activation Temperature References

energy (kcal/mol) range (°C)

PtRu/y-Al,O3 8.4 -75to -20  This work

RuPty/polymer 7.8 73 to 98 Pierantozzi et al.,
1979

Pt/ALLO3 10.2 40to 150  Hwang et al., 2003;
Grunes et al., 2003

Pt/Si10, 8.6 -50to 63  Cortright et al., 1991

Pt/S10, 8.9 -60to 0 Schlatter et al., 1972

Pt/Si0, 11.7 -78 to -60  Dorling et al., 1969

The apparent activation energy obtained from this work was less than that for

nanoparticles Pt adsorbed on Al,O3, 10.2 + 0.2 kcal/mol at condition: PH2 =100 Torr
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and Py = 10 Torr, temperature range 40 to 150°C (Grunes et al., 2003; Hwang et

al., 2003).

In this work, catalytic activity (TOF) of ethylene hydrogenation catalyzed by
PtRu/y-Al,Oz at -40°C was (6.5 £ 0.1) x 10 (s™).

In conclusion, Pt-Ru/y-Al,O3 catalyst prepared from Pt;Rug(CO);i(us3-H)(p-H)s
was active for ethylene hydrogenation giving apparent activation energy 8.4 = 0.1

kcal/mol at the studied conditions.

2.3.6.3 Rate expression for ethylene hydrogenation catalyzed by
PtRu/y-ALOs

Kinetics experiment to determine ethylene and hydrogen kinetic orders

for ethylene hydrogenation catalyzed by supported PtRu/y-Al,O3 was performed at

temperature -75°C with conversion < 5% at steady-state operation. Pressure of

hydrogen was varied from 20 to 200 Torr and ethylene pressure was kept constant at

40 Torr. TOF and pressure of hydrogen is plotted in Figure 2.13.
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Figure 2.13  Effect of hydrogen pressure on ethylene hydrogenation catalyzed by

PtRu/y-Al,O3 at 40 Torr ethylene.

Orders of hydrogen and ethylene were determined in the form of rate expression

in equation 2.4.

rate = kK B P£2H4 ..(2.4)

Where k = reaction rate
a = hydrogen order

b = ethylene order

Hydrogen order could be obtained from excess method in which excess

ethylene amount was used and the rate expression could be written as equation 2.5

rate = K’ Pﬁ‘z ...(2.5)
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where k"=k P(?zm

After taking the natural logarithm of equation (2.5), equation 2.6 was obtained.

In (rate) =In k' + aln PH2 ...(2.6)

The slope of a plot of rate in a natural log scale as a function of PH2 in a natural
log scale is the hydrogen order as in Figure 2.14 in which rate of reaction was

presented in term of TOF.
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| y=-12.6838 + 0.8375x
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Figure 2.14 The plot between TOF in a natural log scale as a function of hydrogen

pressure in a natural log scale for ethylene hydrogenation catalyzed by

PtRu/y-AL,O3 at 40 Torr ethylene and 80 to 200 Torr hydrogen.
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Hydrogen order obtained from slope in Figure 2.14 was 0.46 at reaction
temperature -75°C. Similarly, ethylene order could be obtained from the same method
by varying pressure of ethylene.

The effect of pressure of ethylene on catalytic activity was studied by varied
pressure of ethylene from 20 to 200 Torr whereas pressure of hydrogen was constant
at 80 Torr. The plot between activity in terms of TOF and pressure of ethylene is in

Figure 2.15.

TOF x 10° (s™)

T T T T T T T T
0 50 100 150 200 250
Pressure of ethylene (Torr)

Figure 2.15 Effect of ethylene pressure on ethylene hydrogenation catalyzed by

PtRu/y-Al,O3 at 80 Torr hydrogen.

Figure 2.15 indicated that catalytic activity did not change much with pressure
of ethylene at low pressure of ethylene, < 100 Torr. Catalytic activities increased with

excess of ethylene when pressure of ethylene > 100 Torr.
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In addition, ethylene order could be obtained from the rate expression in

equation 2.6.
rate = K" PC ...(2.6)

Where K" =kPg,
The slope of a plot in a natural log scale between TOF and PC2H4 is ethylene

order as plotted in Figure 2.16.
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Figure 2.16 The plot in a natural log scale between TOF and ethylene pressure for

ethylene hydrogenation catalyzed by PtRu/y-Al,O3 at -75°C, 80 Torr

hydrogen and 80 to 200 Torr ethylene.
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The slope from Figure 2.16 was found to be 0.35 at ethylene hydrogenation
reaction temperature -75°C. Therefore, rate expression for ethylene hydrogenation

catalyzed by PtRu/y-Al,Oj3 at -75°C could be written as in equation 2.7.
rate = k Py P23 L(27)

From orders of hydrogen and ethylene, the reaction was nearly half order on
both hydrogen and ethylene pressure. The hydrogen order value in this work was in
the same range with that from other work at various conditions. For example,
Cortright and co-workers (1991) reported rate expression for ethylene hydrogenation

catalyzed by 0.04 wt% Pt/Cab-O-Sil as
rate = k Py P (2.8)
when obtained data for hydrogen order at condition: temperature -50°C; 25 Torr

P

e, > and 50-650 Torr P, in flow reactor. The kinetic experiment in Cortright’s
2404 2

work for ethylene order was performed at condition: 5-75 Torr Pe,n, > 150 Torr By

at temperature -50°C. When ethylene pressure was low, < 100 Torr, ethylene order
became negative value.

In contrast, ethylene order for reaction catalyzed by PtRu/y-Al,O; was 0.35 at
high ethylene pressure, 80-200 Torr. It could be suggested that reaction mechanism
for ethylene hydrogenation at low ethylene pressure was different from that at high
ethylene pressure. Due to three different types of adsorbed species of ethylene on
metal surface; m-bonded ethylene, di-c-bonded ethylene and ethylidyne, m-bonded
ethylene is weakly bound and occurred at high pressure of hydrogen and ethylene in
reaction. Ethylene hydrogenation mechanism proposed by Hwang et al. (2003) on

Pt(111) and Rh (111) (Figure 2.17) was started by dissociative adsorption of hydrogen
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molecules on an ethylidyne-covered metal surface. Hydrogenation then occurred
through an ethyl intermediate to ethane. They found that ethylidyne was a spectator
by isotope exchange while most of ethane products were from n-bonded ethylene
hydrogenation. Therefore, it implied that in this study that, ethylene order at high

ethylene pressure represented n-bonded ethylene hydrogenation.

H H
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/

H H H
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Figure 2.17 Proposed mechanism for ethylene hydrogenation on Pt (111) and Rh

(111) (reproduced from Hwang et al., 2003).

2.3.6.4 IR during ethylene hydrogenation catalyzed by
PtRu/y-AL O3
The adsorption of ethylene on PtRu/y-Al,O; was investigated by IR
spectroscopy during ethylene flow at various ethylene pressure balanced with He at
room temperature. In the dry box, approximately 30 mg of pretreated sample was
pressed into a self-supporting wafer (diameter approximately 1 cm) before
transferring into an IR cell equipped with KBr windows and valves to isolate sample

from air and moisture. The cell was mounted in the IR spectrometer and purged with
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He before starting flow of a mixture of ethylene and He. The IR signal was scanned at
the rate of 128 scan/min every 120 s. The IR spectra of adsorbed ethylene subtracted
from that of gas phase ethylene during flowing ethylene are in Figure 2.18.

Figures 2.18A and 2.18B represent IR spectra in the vc.p stretching and angle-
deformation ranges, 2700-3300 cm™ and 1000-2200 cm. It has been well established
that three adsorbed ethylene-derived species on Pt/SiO; catalysts at room temperature
were: (i) the ethylidyne CH3;CM;3; (M = metal) showing strong IR bands in bond-
stretching and angle-deformation regions at 2885 and 1340 cm™; (ii) di c-adsorbed
species give medium absorptions at 2920 and 1420 cm™; and (iii) n-bonded species
showing weak absorptions at around 3105 and 1500 cm™ (Shahid and Sheppard,
1990). Therefore, it was inferred that the IR bands occurring at 3122 and 3076 cm™ in
this work represent m-bonded ethylene, that at 3010 cm™ represents di-c-bonded
ethylene, and those at 2987 and 2966 cm™ represent ethylidyne adsorbed on the
cluster.

Furthermore, IR spectra during ethylene hydrogenation catalysis were collected
as shown in Figure 2.19 in which IR spectra were not subtracted with gas phase
ethane due to high conversion of ethylene at room temperature. The IR band
representing ethane at 2968 cm™ appeared immediately after reactant gas arrived the

sample wafer, showing that catalytic hydrogenation took place.
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IR spectra during ethylene flow over PtRu/y-Al,O; at 30°C in the IR
ranges of (A) 2700-3700 cm’; and (B) 2200-1000 cm™ at ethylene
pressure (1) 20 Torr; (2) 40 Torr; (3) 80 Torr; (4) 120 Torr; 150 Torr;

and 200 Torr.
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Figure 2.19 IR spectra during catalysis of ethylene hydrogenation in a flow reactor at
30°C catalyzed by PtRu/y-ALO; in IR ranges of 2700-3500 cm™ and (B)
1300-2100 cm™ at condition (1) flowing He; (2) He with 40 Torr C,Hy;
(3) He, 40 Torr C,H4 and 80 Torr Hy; (4) at 120 s after flowing He, 40

Torr C,H4 and 80 Torr Hy; (5) purging with He after reaction.
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2.3.7 Effect of strong Pt-Ru interactions on n-butane hydrogenolysis
2.3.7.1 Catalytic activity and TOS
Catalytic activity of n-butane hydrogenolysis reaction which is
structural-sensitive reaction was tested for PtRu/y-Al,O3 prepared from adsorption of
Pt;:Ru6(CO)21(p3-H)(u-H)s on y-AlLOs. A blank test for n-butane hydrogenolysis was
carried out in quartz-tube reactor with inert o-Al,O; at the following reaction

conditions; Py = 540 Torr, P,_¢ = 60 Torr with 100 ml (NTP)/min flow rate, and

at temperature 220°C. The quartz reactor was then tested for differential reactor at this
reaction condition. Pretreated PtRu catalyst around 25-30 mg mixed with inert
a-Al,O3 was loaded into reactor in inert atmosphere. The reactor under He flow was
heated to desired temperature before an exposure to a gas mixture of H,, n-C4H;, and
balance He with 100 ml (NTP)/min flow rate. The effluent gas mixture was analyzed
with the online gas chromatograph.

A plot of conversion of n-butane and inverse weight hourly space velocity (inv.
WHSYV, g cat/mol/h) at steady-state operation with conversion < 5%, is in Figure
2.20. Linear plot during 0-24.9 g cat/mol/h of inv. WHSV in Figure 2.19 indicated
that this quartz-tubed reactor tested at this condition was a differential reactor. A plot

of selectivity varied with inv. WHSV for this reaction is also shown in Figure 2.21.
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Figure 2.20 Demonstration of differential reactor operation at 220°C, Py, = 540 Torr,

Pi-c,n,,= 60 Torr with 100 ml (NTP)/min flow rate catalyzed by

PtRu/y-AlOs.
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Figure 2.21 Selectivity varied with inv. WHSV for ethylene hydrogenation at 220°C,

Py, = 540 Torr, P_¢ = 60 Torr with 100 ml (NTP)/min flow rate

catalyzed by PtRu/y-AL,Os.
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From Figure 2.21, selectivity at the initial conversion obtained at the zero inv.
WHSYV from n-butane hydrogenolysis was 23, 45, 23, and 9% for methane, ethane,
propane and iSo-butane, respectively.

n-Butane hydrogenolysis reaction catalyzed by supported PtRu/y-AlLO; at

various reaction temperature was carried out and percent conversion versus TOS are

shown in Figure 2.22.
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Figure 2.22 Activity varied with time on stream (TOS) for n-butane hydrogenolysis

catalyzed by PtRu/y-Al,Os.

Figure 2.22 shows that n-butane hydrogenolysis activity increased fast at the
beginning of TOS, and then slightly increased after 50 min TOS. There was no sign of
deactivation during 250 min TOS during reaction temperature of 190-260°C implying
that aggregation of metal particles or coking might not occur significantly during the

test at each temperature within 250 min.
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The catalytic activity in terms of TOF at 220°C of this Pt-Ru/y-Al,O5 catalyst
was found to be (5.2 + 0.2) x 10™* (s™). Percent product distribution (selectivity) from
190 to 260°C included 33% methane, 63% ethane, 4% propane and less than 0.3%

iso-butane. The plot of selectivity as a function of reaction temperature in the ranges

190-260°C is shown in Figure 2.23.
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Figure 2.23 Selectivity varied with reaction temperature of n-butane hydrogenolysis

catalyzed by PtRu/y-Al,0;.

It was found that selectivity of ethane, propane and iso-butane slightly
decreased with reaction temperature whereas that of methane slightly increased

indicating a tendency of multiple hydrogenolysis at high temperature.
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2.3.7.2 Apparent activation energy of n-butane hydrogenolysis
catalyzed by PtRu/y-Al,O3
n-Butane hydrogenolysis reaction catalyzed by PtRu/y-Al,Os3 was

performed at temperature range 190-260°C at By = 540 Torr, B, ¢ y = 60 Torr and

100 ml (NTP)/min flow rate. A plot of TOF in a natural log scale as a function of 1/T

is shown in Figure 2.24.
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Figure 2.24  Arrhenius plot of n-butane hydrogenolysis catalyzed by PtRu/y-ALOs.

From temperature dependence linear plot in Figure 2.24, the apparent activation
energy obtained from a slope of ascending temperature line during 190 to 260°C was
30.9 + 0.1 kcal/mol. The apparent activation energy in this work was similar to that of
reaction catalyzed by Pt on alumina at various reaction conditions (Bond and
Cunningham, 1996; Leclercq, Leclercq, and Maurel, 1976; Passos, Schmal, and

Vannice, 1996). For example, the apparent activation energy over Pt/Al,O; was
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30 kecal/mol obtained at B,_c y = 75 Torr, Py = 675 Torr and temperature ranges

266 to 379°C giving methane and propane products whereas reaction giving only
ethane showed higher apparent activation energy which was 38 kcal/mol (Leclercq et
al.).

The selectivity from this work suggested that n-butane hydrogenolysis over
Pt-Ru/y-Al,O; preferred to give ethane more than methane and propane and small
amount of iso-butane (less than 0.3%) was detected at 220°C. It was possibly that
isomerization reaction was suppressed when Pt atoms are incorporated with Ru on
Pt-Ru/y-Al,O3 similarly with that over supported bimetallic RhPt catalysts on
mesoporous FSM-16 and HMM-1, which gave 82% ethane selectivity at 200°C, gas
flow Hy:n-C4H; o = 9:1 (Dhepe, Fukuoka and Ichikawa, 2003). An addition of Pt to Rh
helped facilitate the central C-C bond cleavage. High selectivity of ethane indicated
that adsorption of n-butane on surface mainly occurred through 2, 3-adsorbed the
same as reported for RhPt/SiO, (Wong et al., 1984). The main n-butane
hydrogenolysis reaction on RhPt/SiO, catalyst was central-bond cleavage to form
ethane while methane and propane products resulting from terminal-bond cleavage or
1, 2-adsorbed (see Figure 1.4 of Chapter I).

Thus, it could be concluded from this work that most of n-butane molecules
adsorbed on active site through 2, 3-adsorbed rather than 1, 2-adsorbed species giving
ethane as a main product.

However, data in this work showed that selectivity for methane was higher than
that for propane suggesting multiple hydrogenolysis occurred over this bimetallic
catalyst in n-butane hydrogenolysis. Moreover, the apparent activation energy

obtained from this work was in the same range with that from Ru supported on
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alumina prepared from different types of Ru precursors, 26-36 kcal/mol at various

conditions reported by Bond and Slaa (1995). The data were obtained at B,_c y =54

Torr, By, =543 Torr and temperature ranges 110-18 1°C and selectivity for ethane was

much higher than that for propane.

2.3.7.3 Evidence of catalyst deactivation at high reaction
temperature

In this work, there was no sign of catalyst deactivation during the test
period at each temperature for ascending temperature testing as in Figure 2.24.
Nonetheless, the apparent activation energy obtained from descending temperature
testing (Figure 2.24), 64.9 kcal/mol, was double the value of that from ascending
temperature. Thus, deactivation occurred after testing reaction at higher temperature.
Causes of deactivation might be coking or aggregation of metals on support.

The catalytic data demonstrated that strong Pt-Ru interaction on y-Al,O3 might
affect ethylene hydrogenation and n-butane hydrogenolysis. Although the effect was
not investigated, one would suggest that Pt-Ru interactions lead to change electronic
and chemisorptive properties of Pt, and then its catalytic properties as it was
suggested for y-Al,Os-supported Pt-W catalyst prepared from bimetallic precursor for

H; or CO chemisorption and toluene hydrogenation (Alexeev et al., 2000).

2.4 Conclusions

Supported bimetallic PtRu/y-Al,O; with Pt-Ru connection and high dispersion

could be prepared successfully from Pt-Ru carbonyl hydride cluster, Pt;Rus(CO)y;
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(us-H)(u-H); which is coordinatively saturated and has preformed Pt-Ru bonds.
Characterization by IR and EXAFS spectroscopy indicated that the adsorbed species
from Pt3Rue(CO),;(u3-H)(u-H)s could bound to y-Al,Os3 support by the interactions
between metal and surface oxygen, oxygen of CO ligands and surface hydroxyl
groups and AI’" acid sites. The adsorbed species was still in the form of bimetallic
Pt-Ru carbonyl cluster but the structure was slightly changed possibly due to loss of
hydrides during adsorption and interaction with the support. The cluster metal core
was remained intact. The adsorbed species could not be extracted from support by
CH,Cl,. Coordination number of metal core after adsorption was unchanged from the
crystal structure. Carbonyl ligands of adsorbed precursor could be completely
removed in He flow at 300°C for 2 h resulting in supported bimetallic Pt-Ru particles
with high dispersion. EXAFS data showed structural changes in bond distances and
coordination number of Pt-Ru contribution due to partial segregation but the
bimetallic frame remained on support. However, Pt-Pt and Ru-Ru contributions were
stable upon ligand removal with the average coordination numbers of 1.7 + 0.1 and
2.1 £ 0.1, respectively. Strong Pt-Ru and cluster-support interactions might lead to
high dispersion bimetallic species on y-Al,O3. PtRu/y-Al,Os catalyst was active for
both ethylene hydrogenation and n-butane hydrogenolysis with apparent activation
energy 8.4 £ 0.1 and 30.9 £ 0.1 kcal/mol, respectively. Catalytic activity (TOF) of
ethylene hydrogenation catalyzed by PtRu/y-Al,O; at temperature -75°C was
(3.0 £0.1) x 107 (s™). TOF of n-butane hydrogenolysis catalyzed by PtRu/y-Al,O; at
temperature 220°C was (5.2 + 0.2) x 10 (s™) and products included 33% methane,

63% ethane, 4% propane and less than 0.3% iso-butane.



CHAPTER Il
EXAFS CHARACTERIZATION AND CATALYTIC
ACTIVITY OF Pt-Ru/MgO CATALYST PREPARED

FROM Pt3RuUg(CO)21(ns-H)(1-H)s

3.1 Background of MgO, metal supported on MgO and objectives

3.1.1 Nature of MgO

Magnesium oxide or magnesia (MgO) is the most basic support in
heterogeneous catalyst. It has the simplest structure, i.e. rock-salt (Serp, Kalck, and
Feurer, 2002) and widely used as model support (001 plane). The reasons that MgO
can be used as a support are: (1) its structure is predominantly (100) faces which may
give relatively uniform structure at the metal-support interface and (2) Mg”" is on the
surface layer of this (001) face, thus it was expected to be located near metal that
metal-Mg®" interactions can be characterized (Purnell, Sanchez, Patrini, Chang, and
Gates, 1994). MgO can also be prepared to have high surface area (> 100 m%/g).
Surface of MgO contains two types of sites such as Mg-O-Mg and -OH groups. The

latter types are very weakly acidic in character (Serp et al., 2002).
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3.1.2 MgO-supported Pt catalysts incorporating second metal

MgO-supported Pt incorporating second metal catalysts have been
reported. Supported Pt incorporating with Sn on MgO was prepared from
organometallic precursors without preformed Pt-Sn (Stievano et al.,, 2000),
MgO-supported PtW and PtMo catalysts with and without preformed Pt-W and Pt-Mo
were prepared (Alexeev, Shelef et al., 1996; Alexeev, Kawi et al., 1996; Kondarides,
Tomishige, Nagasawa, Lee, and Iwasawa, 1996). However, Pt-W and Pt-Mo
contributions were only observed by EXAFS spectroscopy when using preformed
bimetallic precursors. (Alexeev, Shelef et al., 1996; Alexeev, Kawi et al., 1996).
However, none of Pt-Ru/MgO prepared from a cluster precursor has been previously
reported.

Supported Pt incorporating noble metal on MgO catalysts were also reported.
From precursors without preformed Pt-Rh bonds, PtRh/MgO catalysts for toluene
hydrogenation were prepared with high yield from RhCl;.xH,0, Na,;PtCls and CO
slurry with MgO to form [PtRhs(CO);s]” on MgO (Shirai, Yang, Weber, and Gates,
1999; Weber, Yang, Shirai, and Gates, 1999; Yang, Shirai, Weber, and Gates, 1998;
Xu, Kawi, Rheingold, and Gates, 1994). PtPd/MgO catalysts were prepared by
chemical vapor deposition (CVD) of organometallic precursors, i.e. Pt(acac), and
Pd(acac), in CH,Cl, and were expected to form bimetallic particles as observed by

temperature-programmed reductive decomposition (TPRD) (Dossi et al., 2003).

3.1.3 Research goals
The goal of this work was to prepare highly dispersed supported PtRu

catalyst on MgO by adsorption of Pt;Rus(CO),;1(pns-H)(u-H); from CH,Cl, onto MgO
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support. Properties of supported bimetallic samples, especially the interactions
between cluster and surface of support before and after ligand removal, were studied
by IR and EXAFS spectroscopy. The nature of adsorbed species and structural
changes of the cluster precursor were also investigated. Catalytic activities of the
bimetallic catalyst were tested for ethylene hydrogenation and n-butane
hydrogenation reactions. Results were compared with those of bimetallic catalysts

prepared conventionally.

3.2 Experimental
3.2.1 Chemicals and materials

Organometallic syntheses, solvent purification, supported catalyst
preparations and samples handling were performed similarly to those in section 2.2.1
of Chapter II (page 18).

MgO (EM Science, 97%) was mixed with deionized water to form a
paste before drying overnight at 120°C. Prior to use, it was calcined or partially
dehydroxylated in O, flow at 400°C for 2 h followed by evacuation (pressure ~

10~ Torr) at this temperature for an additional 14 h.

3.2.2 Synthesis of organometallic precursor
Pt;Ru6(CO)21(ns-H)(u-H); was synthesized by a procedure described by
Adams and his group (1994). The detail of synthesis and characterization are in
section 2.2.2 of Chapter II (page 19). Briefly, Pt;Rus(CO),i(us-H)(u-H)s was

synthesized from the reaction between Pt;Rus(CO);s and H, and purified by washing
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with cold n-pentane several times before characterized by IR, 'H and “C NMR

spectroscopy.

3.2.3 Preparation of supported catalyst
Supported Pt-Ru catalysts on MgO was prepared by slurrying MgO with
a solution of Pt;Rue(CO),1(ps-H)(n-H); in CH,Cl, for 1 day followed by evacuation
(=~ 10~ bar) for an additional 1 day to ensure complete uptake of the precursor by the
support. The amount of chosen precursor gave sample containing 1.0 wt% Pt and 1.0

wt% Ru after ligand removal from precursor.

3.2.4 Extraction of adsorbed species on MgO
Adsorbed species on MgO after adsorption with Pt;Ruc(CO),;(pu3-H)
(u-H); was recovered by extraction with CH,Cl, for approximately 30 min with
stirring. The extract solution and extracted dry sample were characterized by IR

spectroscopy.

3.2.5 PtRu catalyst activation
Fresh supported sample was heated in He flow at 300°C for 2 h to

remove ligands from adsorbed precursor.

3.2.6 Characterization techniques
3.2.6.1 IR spectroscopy
IR spectra of the dry supported samples supported with

Pt;Ru6(CO),1(ps-H)(u-H); were recorded before and after ligand removal with a
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Bruker IFS-66v spectrometer with a resolution of 4 cm™. Each sample was scanned
64 times and the signals were averaged. Details for sample preparation and

measurement are in section 2.2.6.1 of Chapter II (page 22).

3.2.6.2 EXAFS spectroscopy

EXAFS experiments were performed at the X-ray beamline X18B at the
National Synchrotron Light Source (NSLS), Brookhaven National Laboratory (BNL),
Upton, New York, USA. EXAFS instrument, sample preparation and measurement

were described in section 2.2.6.3 of Chapter II (page 23).

3.2.7 EXAFS data analysis
Details of EXAFS data analysis were in section 2.2.7 of Chapter II (page
23). Briefly, EXAFS data were collected at the individual Pt Ly; (11564 eV) and the
Ru K (22117 eV) absorption edge and analyzed with theoretical reference files. The
EXAFS data processing was carried out with ATHENA software (Raval, 2003). Phase
shift and backscattering amplitudes of metal-metal and metal-surface oxygen
interactions were calculated by FEFF7.0 software (Rehr et al., 1991). EXAFSPAK
software (George et al., 2000) was used to fit the EXAFS data with single and
multiple scattering paths calculated by FEFF7.0 and the EXAFS parameters were
extracted from the raw data with the EXAFSPAK software. The fittings were done
both in r space and k space with application of k°, k%, and k® weightings.
Raw EXAFS data of sample prepared by adsorption of Pt;Rus(CO),i(p3-H)
(u-H)s onto MgO obtained at the Pt Lyj; edge were Fourier transformed over the ranges

3.35 <k < 13.25 with k® weighting without phase correction and 0.0 <r < 4.0 A.
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The EXAFS data of this sample scanned at the Ru K edge were Fourier
transformed over the ranges 4.14 < k < 14.52 and 0.0 < r < 5.0 A. The statistically
justified numbers of free parameters estimated from Nyquist theorem (Stern, 1993), n
= (2AkAr/m) + 1, for the Pt Ly and the Ru K edge of this sample were about 26 and
34, respectively.

The EXAFS data of the Pt-Ru/MgO treated in He scanned at the Pt Ly edge
were Fourier transformed over the ranges 3.00 < k < 13.40 and 0.0 <r < 4.0 A. The
EXAFS data of this Pt-Ru/MgO scanned at the Ru K edge were Fourier transformed
over the ranges 4.25 <k < 14.35 and 0.0 <r < 4.0 A. The statistically justified number
of free parameters estimated from Nyquist theorem for the Pt Lj;; and the Ru K edge

of this sample were about 28 and 27, respectively.

3.2.8 Catalytic activity of PtRu/MgO for ethylene hydrogenation

Ethylene hydrogenation was carried out with the procedure described in
section 2.2.8 of Chapter II (page 24). Briefly, 10 to 20 mg of pretreated catalyst in He
flow (300°C, 2 h) diluted with inert nonporous a-Al,Os in a stainless steel U-tube
flow reactor was cooled to desired temperature under He flow before a gas mixture of
H,, C,H,4 and balance He was flowed into reactor with 200 ml (NTP)/min flow rate.
The effluent gas mixture was analyzed with an online gas chromatograph (Hewlett-
Packard HP 6890) equipped with an Al,O3 capillary column (50 m x 0.53 nm x 15.0
micron film thickness) and a flame ionization detector. Testing conditions were as

followed: Py =80 Torr, P, =40 Torr and temperature varied from -75 to -20°C.
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3.2.9 Catalytic activity of PtRu/MgO for n-butane hydrogenolysis

The procedure to test n-Butane hydrogenolysis on PtRu/MgO was
similar to that on PtRu/y-Al,O3 described in section 2.2.9 of Chapter II (page 25).
Briefly, 25-30 mg of catalyst was diluted with inert nonporous a-Al,O3 in quartz-tube
flow reactor and heated to the desired temperature with He flowing through it before a
gas mixture of H,, n-C4H), and the balance He was introduced into the reactor at a
rate of 100 ml (NTP)/min. The effluent gas mixture was analyzed with the online gas
chromatograph (Hewlett-Packard HP 6890) equipped with an Al,O; capillary column
(50 m x 0.53 nm x 15.0 micron film thickness) and a flame ionization detector.

Testing conditions were as followed: B, = 540 Torr, B, ., = 60 Torr and

temperature varied from 190 to 260°C.

3.3 Results and discussion

3.3.1 IR evidence of interaction between cluster precursor and MgO

The interaction between a metal carbonyl cluster and surface of support
could occur through oxygen of CO ligands with hydroxyl groups or surface oxygen or
Mg*" on MgO forming hydrogen bonds, exchange between CO and -OH or surface
oxygen (partial decarbonylation), oxidation of metal atoms or CO by -OH group
resulting in hydrido anions species (Guczi and Beck, 1988) and carbonates or
carboxylates may formed (Alexeev, Kawi et al., 1996; Rethwisch and Dumesic 1986).
IR and EXAFS spectroscopy are useful techniques to investigate the interaction

between metal carbonyl precursor and support surface.
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Partially dehydroxylated MgO was prepared by calcination in O, flow at 400°C
for 2 h and evacuation to remove trace of water for an additional 14 h. The vog
spectrum of bare MgO after calcination (spectrum 1 in Figure 3.1) gave strong band at
3766 cm’ representing isolate surface hydroxyls and broad band at 3583 cm’
indicating hydrogen-bonded hydroxyls (Alexeev et al., 1996).

Dry sample after adsorption of Pt;Rus(CO),;(u3-H)(u-H)s shows strong IR band
in voy region at 3766 cm™ but intensity significantly decreased and small broad IR
band characterizing traces of hydrogen-bonded hydroxyl groups occurred at 3583

cm” (spectrum 2 in Figure 3.1).

3766

3583

Absorbance (a.u.)

4000 3800 3600 3400 3200 3000

Wavenumber (cm'l)

Figure 3.1 IR spectrum in vy region: (1) Calcined MgQO; (2) dry sample prepared

from Pthu6(CO)21(M3-H)(M-H)3 on MgO

The decrease in relative intensity of IR band at 3766 cm™ and 3583 cm™ after

Pt;Ru6(CO),1(p3-H)(u-H); adsorbed on MgO imply that hydroxyl groups involved in
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interaction between cluster precursor and surface of MgO. The interaction could occur
through oxygen of CO ligands with OH groups and O® sites on MgO forming
hydrogen bonding and carbonates or carboxylates resulting in shift of IR in vco region
to lower frequency. The IR spectrum in vco region of sample after adsorption with
Pt;:Ru6(CO)21(ps-H)(u-H)s (spectrum 1 in Figure 3.2) shifted to lower wavenumber
compared with those of Pt;Rus(CO),;(us3-H)(u-H)s dissolved in CH,Cl; [Figure 2.4 of
Chapter II: 2081 (w, sh), 2066 (vs), 2052 (m, sh), and 2026 (w)]. The IR band in v¢o
region of MgO-supported sample contained adsorbed species was observed at 2019

(vs) and 1595 (m) cm™ (spectrum 1 in Figure 3.2).

2019

1595

2036 = N

Absorbance (a.u.)

2300 2100 1900 1700 1500

Wavenumber (cm'l)

Figure 3.2 IR spectrum in vco regions: (1) Dry sample prepared from
Pt;Ru6(CO)z1(ps-H)(u-H); on MgO; (2) dry supported sample after
extraction with CH,Cl,; (3) sample after ligand removal in He flow at

300°C for 2 h; (4) calcined MgO.



84

The strong IR band at 2019 cm” was CO stretching from CO ligands of
adsorbed species while the latter band was from carbonates or carboxylates on MgO
surface which occur in the range 1700-1200 cm™ (Busca and Lorenzelli 1982;
Rethwisch and Dumesic 1986). The strong IR band at 2019 cm™ was assigned to be
linear M-CO species (where M in this work is Pt or Ru). There was no bridging CO
ligand which typically occurred at about 1850 cm™ for CO adsorbed on metal
platinum (Hadjivanov, 1998).

Therefore, the shift of CO and OH bands indicated that Pt;Rus(CO)2;(u3-H)
(u-H); was not adsorbed intact on MgO but still in the form of metal carbonyl species.
Moreover, the interaction between bimetallic cluster precursor, and MgO surface
occurred through oxygen of CO ligands with hydroxyls or O* on MgO forming

carbonates or carboxylates on MgO and traces of hydrogen bonding.

3.3.2 Strong interaction between cluster precursor and MgO
There was an attempt to extract adsorbed species on MgO by slurry with
CH,Cl, for 30 min. The extract solution was characterized by IR spectroscopy but IR
band in vco region was not detected implying that extraction was not successful and
there was a strong precursor-support interaction. The solid sample after extraction was
dried under vacuum and characterized with IR spectrometer again. As in spectrum 2
in Figure 3.2, the spectrum was more or less similar to that before extraction
indicating that adsorbed metal carbonyl remained on MgO.
In addition, new bands occurred at 2137 (w) cm™ and 2036 (s) cm™ while IR
band at 1595 (m) cm’ representing carbonates and carboxylates on MgO did not

change in position. The new band at 2137 cm™ also observed when Pt;Rug(CO);;
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(u3-H)(n-H); adsorbed on y-Al, O3 in Chapter II. This band was assigned to stretching
mode of CO ligands from supported bimetallic PtRu on support or from unknown
species of metal carbonyl cluster (Hadjiivanov and Vayssilov, 2002). The strong band
at 2036 cm™' was likely shifted from 2019 ¢cm™ which occurred after adsorption of
Pt3Ru6(CO)2 1 (u3-H)(n-H); on MgO. The change of IR peaks after extraction with
CH,Cl; suggested that CH,Cl, affected to precursor-support interaction.

Thus, adsorbed precursor in the form of metal carbonyl species remained on
support after extraction implies strong interaction between cluster precursor and MgO

surface.

3.3.3 EXAFS evidence for structural changes of adsorbed precursor on
MgO
The interactions between the precursor and MgO surface were observed
by EXAFS spectroscopy. The changes in IR position and occurring of new bands of
fresh sample containing adsorbed cluster species agreed well with EXAFS fitting
parameters.

The EXAFS fitting parameters of fresh sample of adsorbed Pt;Rug(CO);;
(us-H)(n-H); on MgO scanned at the Pt Ly and the Ru K edge at nearly liquid
nitrogen temperature are summarized in Table 3.1. The EXAFS fitting results in k and
r space with k%, k' and k® weighted are in Figures 3.3 and 3.4. The estimated
accuracies of coordination number (N), distance (R), Debye-Waller factor (Ac”), and
inner potential correction (AE) are as follows: £ 20%, £ 1%, + 30%, and = 10%,

respectively.



Table 3.1

Summary of EXAFS data of sample formed by adsorption of

Pt;:Ru6(CO)a1(p3-H)(n-H)s on MgO before ligand removal

Edge  Shell N R (A) 10° x Ao (A% AE, (eV)
PtLy  Pt-Pt 18+0.1 2.53+0.01 3.8+0.3 82+0.3
Pt-Ru 1.8+0.1 2.89+0.01 7.6+0.8 9.9+0.1
Pt-CO
Pt-C 09+0.1 1.88+0.01 02+0.5 92405
Pt-O* 09+0.1 3.02+0.01 -5.0+0.4 11.3+03
Pt-Ogupport
Pt-O, 0.7+0.1 2.03+0.01 -1.2+0.4 75+02
Pt-O, 1.0£0.1  2.92+0.01 -6.6+0.2 -12.0+0.3
RuK  Ru-Ru 14+0.1 2.83+0.01 140+ 1.6 8.3+ 0.6
Ru-Pt 12+0.1 2.89+0.01 75+0.7 -53+0.8
Ru-CO
Ru-C 3.1+03  1.91+0.01 7.0+ 1.1 -1.9+0.9
Ru-O*  3.1+0.1 2.93+0.01 6.4+0.5 6.5+0.2
Ru-Ogypport
Ru-O; 214+0.1 2.07+0.01 3.9+0.5 -5.9+0.7
Ru-O 02+0.1 3.35+0.03 -6.1+0.2 6.6 +3.0

Notation: subscript s and | refer to short and long, respectively
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Figure 3.3 EXAFS results scanned at the Pt Ly; edge characterizing the adsorbed
Pt3Ru6(CO)21(u3-H)(n-H)s on MgO: (A) Experimental EXAFS function
(solid line) and sum of the calculated Pt-Pt, Pt-Ru, Pt-C, Pt-O*, Pt-O;,
and Pt-O; contributions (dotted line). (B) Magnitude of uncorrected
Fourier transform (k® weighted) of experimental EXAFS function (solid
line) and sum of the calculated Pt-Pt, Pt-Ru, Pt-C, Pt-O*, Pt-Os, and
Pt-Oj contributions (dotted line).
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Figure 3.3 (continued) EXAFS results scanned at the Pt Ly; edge characterizing the
adsorbed Pt3Rus(CO),1(us3-H)(u-H)s on MgO: (C) Magnitude of
uncorrected Fourier transform (k' weighted) of experimental EXAFS
function (solid line) and sum of the calculated Pt-Pt, Pt-Ru, Pt-C,
Pt-O*, Pt-O,, and Pt-O; contributions (dotted line). (D) Magnitude of
uncorrected Fourier transform (k® weighted) of experimental EXAFS
function (solid line) and sum of the calculated Pt-Pt, Pt-Ru, Pt-C, Pt-O*,
Pt-Os, and Pt-O; contributions (dotted line).
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EXAFS results scanned at the Ru K edge characterizing the adsorbed
Pt;:Ru6(CO)z1(ps-H)(u-H); on MgO: (A) Experimental EXAFS function
(solid line) and sum of the calculated Ru-Ru, Ru-Pt, Ru-C, Ru-O%*,
Ru-O;, and Ru-O; contributions (dotted line). (B) Magnitude of
uncorrected Fourier transform (k° weighted) of experimental EXAFS
function (solid line) and sum of the calculated Ru-Ru, Ru-Pt, Ru-C,
Ru-O*, Ru-Og, and Ru-O; contributions (dotted line).
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Figure 3.4 (continued) EXAFS results scanned at the Ru K edge characterizing the
adsorbed Pt3Rus(CO),1(us-H)(u-H)s on MgO: (C) Magnitude of
uncorrected Fourier transform (k' weighted) of experimental EXAFS
function (solid line) and sum of the calculated Ru-Ru, Ru-Pt, Ru-C,
Ru-O*, Ru-Og, and Ru-O; contributions (dotted line). (D) Magnitude of
uncorrected Fourier transform (k3 weighted) of experimental EXAFS
function (solid line) and sum of the calculated Ru-Ru, Ru-Pt, Ru-C,
Ru-O*, Ru-Os, and Ru-O; contributions (dotted line).
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The reliability and consistency of parameters from EXAFS fitting were
determined. For each edge of Pt-Ru contributions, the bond distances and Debye-
Waller factors must be equivalent and the coordination numbers Np, related to Ngypy
by this equation: Npwy/Nrypt = Nru/Npt, Where Ng, and Np; are the total numbers of Ru
and Pt atoms in sample.

The EXAFS parameters in Table 3.1 showed Pt-Ogypporr and Ru-Ogypport
interactions on MgO surface and changes in bond distance of CO ligands indicating
structural changes of adsorbed precursor on MgO. Table 3.1 presents average Pt-Og
interatomic distance at 2.03 + 0.01 A with coordination number 0.7 + 0.1 and Pt-O,
contributions was also detected at average distance 2.92 + 0.01 A with coordination
number 1.0 + 0.1. These EXAFS data indicated that Pt atom could interact with
surface oxygen on MgO resulting in Pt-O bonding. In addition, changes in average
Pt-C and Pt-O* bond distances were observed. The average coordination number of
Pt-C was 0.9 = 0.1 and average Pt-C bond distance did not significantly change,
namely from 1.85 to 1.88 + 0.01 A, compared to that of precursor in crystalline form
(Table 3.2).

Table 3.2 compared XRD data of precursor in crystalline form (Adams, Barnard
et al., 1994) with EXAFS data of adsorbed precursor on MgO. No significant change
in both distances and coordination number of Pt-C and Pt-O* indicating that partial
decarbonylation from Pt did not take place after adsorption.

The EXAFS data scanned at Ru K edge in Table 3.1 also indicate Ru-Ogypport
contributions. The average Ru-Og bond distance was detected at 2.07 + 0.01 A with
2.1 £ 0.1 coordination numbers. The Ru-O; contribution was observed at longer

distance, 3.35 + 0.03 A with small number of coordination number, 0.2 + 0.1. These
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data indicated that Ru interact strongly with surface oxygen on MgO. The Pt-Ogypport
and Ru-Ogypport Interactions might be the causes of structural changes of adsorbed

precursor on MgO.

Table 3.2 Comparison XRD data of crystalline Pt;Rug(CO),;(us-H)(u-H); (Adams

et al.,, 1994) and EXAFS of supported species formed from this cluster

on MgO
Shell XRD data of EXAFS data of adsorbed
Pt3Ru6(CO)21(us-H)(n-H)s Pt3Ru4(CO)71(us3-H)(n-H)s on MgO
N R(A) N R(A)

Pt-Pt 2.0 2.64 1.8 +0.1 2.53+0.01
Pt-Ru 4.0 2.80 1.8+£0.1 2.89+£0.01
Pt-CO

Pt-C 1.0 1.85 0.9+0.1 1.88 £0.01

Pt-O* 1.0 2.99 0.9+0.1 3.02+0.01
Ru-Ru 2.0 3.04 1.4+0.1 2.83+£0.01
Ru-Pt 2.0 2.80 1.2+0.1 2.88 £0.01
Ru-CO

Ru-C 3.0 1.89 3.1+£0.3 1.91+£0.01

Ru-O* 3.0 3.03 3.1+£0.1 2.93+£0.01

Partial decarbonylation from Ru atom was not observed because no significant
changes on Ru-C and Ru-O* contributions.

The changes in metal cluster core were also observed. The average Pt-Pt
coordination number did not change much compared to XRD data of precursor in
crystalline form (Table 3.2), from 2.0 to 1.8 + 0.1, whereas average distance

decreased from 2.64 to 2.53 = 0.01 A. The stronger in Pt-Pt interaction resulted from
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interaction between precursor and support through CO ligands with hydroxyl groups
or O” basic sites. The decreasing of coordination number of Pt-Ru from 4.0 to
1.8 + 0.1 indicated segregation of some Pt-Ru contribution implies strong precursor-
support interaction. This behavior was different from that on y-Al,O3 support. The
average Pt-Ru bond distance changed to 2.89 + 0.01 A compared to that of precursor
in crystalline form, 2.80 A.

The EXAFS fitting parameters obtained at Ru K edge show that average Ru-Ru
bond distance significantly decreased from 3.04 A to 2.83 A and coordination number
was 1.4 + 0.1, lower than that of crystalline Pt;Rus(CO),;(us-H)(pu-H)s. The decrease
in Ru-Ru interatomic distance might due to loss of electron-rich hydride ligands
resulting in stronger Ru-Ru bonding. In addition, the coordination number of Ru-Pt
decreased from 2.0 to 1.2 = 0.1 whereas the interatomic distance increase from 2.80 to
2.89+0.01 A.

From IR and EXAFS data, it can be conclude that Pt;Rus(CO),;(us-H)(n-H)s
did not adsorb intact on MgO and interaction of adsorbed bimetallic carbonyl species
and MgO occurred through oxygen-bound CO ligands and hydroxyls or surface
oxygen on MgO surface forming carbonates and carboxylates rather than hydrogen

bonding imply strong precursor-support interaction.

3.3.4 Pt-Ru interaction in supported sample after ligand removal
MgO-supported PtRu  sample prepared by adsorption of

Pt3Ru6(CO),1(us-H)(u-H); was heated in He flow at 300°C for 2 h to remove ligands

and characterized by IR and EXAFS spectroscopy. No IR bands in vco region were
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observed (spectrum 3 in Figure 3.2) indicating that all carbonyl ligands were removed
from adsorbed precursor on MgO.

The EXAFS data scanned at the Pt Ly; and the Ru K edges of decarbonylated
PtRu sample at nearly liquid nitrogen temperature were analyzed with ATHENA
software for data processing and then fitted with EXAFSPAK software. The EXAFS
fitting parameters were summarized in Table 3.3. The EXAFS fitting results in k and r
space with k% k' and k® weighted scanned at the Pt Ly and the Ru K edges are in
Figures 3.5 and 3.6. The estimated accuracies of coordination number (N), distance
(R), Debye-Waller factor (Ac?), and inner potential correction (AEy) are as follows:

+ 20%, = 1%, = 30%, and = 10%, respectively.

Table 3.3 Summary of EXAFS data of sample prepared by adsorption of

Pt;Ru6(CO),1(ps-H)(u-H); on MgO after ligand removal in He flow at

300°C for2 h
Edge  Shell N R(A) 10°x Ac” (A")  AE, (eV)
PtLy Pt-Pt 13+0.2 2.69+0.02 51+£22 87+14
Pt-Ru 09+0.1 2.69+0.01 34415 3.6+1.2
Pt-Ogupport
Pt-O, 23+0.1 2.03+0.01 48+1.1 7.1+0.3
Pt-O 0.4+0.1 3.09+0.05 12.1+12.5 31425
RuK Ru-Ru 26+0.1 2.63+0.01 4.8+0.1 5.2+0.1
Ru-Pt 1.1£0.1  2.69+0.01 3.7+0.2 4.0+0.3
Ru-Ogypport
Ru-O,  14+0.1 2.09+0.01 12.0+£0.3 7.4+02
Ru-O,  02+0.1 2.87+0.01 6.3+0.9 6.4+13

Notation: subscript s and | refer to short and long, respectively
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Figure 3.5 EXAFS results scanned at the Pt Ly edge characterizing the PtRu/MgO
sample prepared by adsorption of Pt;Rus(CO),1(p3-H)(u-H); after ligand
removal: (A) Experimental EXAFS function (solid line) and sum of the
calculated Pt-Pt, Pt-Ru, Pt-C, Pt-O*, Pt-O,, and Pt-O; contributions
(dotted line). (B) Magnitude of uncorrected Fourier transform (k0
weighted) of experimental EXAFS function (solid line) and sum of the
calculated Pt-Pt, Pt-Ru, Pt-C, Pt-O*, Pt-O,, and Pt-O; contributions
(dotted line).
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Figure 3.5 (continued) EXAFS results scanned at the Pt Ly edge characterizing the
PtRu/MgO sample prepared by adsorption of Pt3Rus(CO)2; (u3-H)(u-H)3
after ligands removal: (C) Magnitude of uncorrected Fourier transform
(k! weighted) of experimental EXAFS function (solid line) and sum of
the calculated Pt-Pt, Pt-Ru, Pt-C, Pt-O* Pt-O;, and Pt-O; contributions
(dotted line). (D) Magnitude of uncorrected Fourier transform (k3
weighted) of experimental EXAFS function (solid line) and sum of the
calculated Pt-Pt, Pt-Ru, Pt-C, Pt-O*, Pt-O,, and Pt-O; contributions
(dotted line).
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Figure 3.6 EXAFS results scanned at the Ru K edge characterizing the PtRu/MgO
sample prepared by adsorption of Pt;Rus(CO),; (us-H)(pn-H)s after
ligands removal: (A) Experimental EXAFS function (solid line) and sum
of the calculated Ru-Ru, Ru-Pt, Ru-C, Ru-O*, Ru-O,, and Ru-O,
contributions (dotted line). (B) Magnitude of uncorrected Fourier
transform (k0 weighted) of experimental EXAFS function (solid line)
and sum of the calculated Ru-Ru, Ru-Pt, Ru-C, Ru-O*, Ru-O,, and
Ru-O; contributions (dotted line).
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Figure 3.6 (continued) EXAFS results scanned at the Ru K edge characterizing the
PtRu/MgO sample prepared by adsorption of Pt;Rus(CO),; (u3-H)(p-H)s
after ligands removal: (C) Magnitude of uncorrected Fourier transform
(k' weighted) of experimental EXAFS function (solid line) and sum of
the calculated Ru-Ru, Ru-Pt, Ru-C, Ru-O*, Ru-O;, and Ru-O,
contributions (dotted line). (D) Magnitude of uncorrected Fourier
transform (k¥ weighted) of experimental EXAFS function (solid line)
and sum of the calculated Ru-Ru, Ru-Pt, Ru-C, Ru-O*, Ru-O;, and
Ru-O; contributions (dotted line).
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The EXAFS fitting parameters show changes of the metal core after ligand
removal in He flow at 300°C for 2 h. Comparing with data before the treatment, the
average Pt-Pt interatomic distance increased from 2.54 + 0.01 A to
2.69 £ 0.02 A and coodination number slightly changed to 1.3 + 0.2. Moreover, the
coordination number of Pt-Ru contribution significantly decreased from 2.0 + 0.1 to
0.9 + 0.1 with average Pt-Ru bond distance 2.69 + 0.01 A indicating a tendency of Pt
and Ru to segregate from each other. Removal of CO ligands leads to stronger
interaction between Pt and surface oxygen on support. The interaction of Pt-Ogypport
increased as shown by coordination number of Pt-Oy increased to 2.3 + 0.1 at
interatomic distance 2.03 £ 0.01 A. The Pt-O) contribution was found at 3.09 + 0.05 A
with coordination number 0.4 + 0.1.

The EXAFS fitting parameters obtained at Ru K edge of sample after ligand
removal also show changes in Ru-Ru interaction. The average distance of Ru-Ru
contribution decreased from 2.83 + 0.01 A to 2.63 + 0.01 A while coordination
number increased to 2.6 + 0.1 indicating stronger Ru-Ru interaction and confirming
Ru segregation from Pt. The high dispersion of Pt-Ru contribution was observed with
coordination number 1.1 + 0.1 at average interatomic distance 2.69 = 0.01 A. In
addition, Ru-Og coordination number slightly decreased from 2.1 + 0.1 to 1.4 + 0.1
while average bond distance did not significantly change, 2.09 + 0.01 A. Small
number of Ru-O) contribution was detected at 2.87 0.01 A with coordination number
only 0.2 £0.1.

The EXAFS fitting parameters at Ru K edge suggested that Ru particles on

MgO likely have greater tendency to aggregate during ligand removal under He flow
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at 300°C than Pt particles. However, the aggregation at this condition did not cause
Pt-Ru bonds to break completely.
Consequently, preparation of PtRu/MgO by adsorption of Pt;Ruc(CO),;

(us3-H)(n-H); on MgO gave bimetallic PtRu particles with high dispersion.

3.3.5 Effect of chemistry of support on cluster-support interaction
Cluster-support interactions depend not only on nature of precursor, but
also on the chemistry of support. MgO was a basic support containing basic sites such
as hydroxyls and O%, and unsaturated Mg*" sites. Comparing with y-ALOs which is
slightly acidic, MgO is basic. It was found that precursor-support and cluster-support
interactions on MgO were stronger than that on y-Al,Os;. The metal framework of
adsorbed precursor remained intact on y-Al,O; whereas bimetallic Pt-Ru contributions
adsorbed on MgO were partially broken upon adsorption and strong Pt-Ogypport ON
MgO were detected. Although, adsorption of precursor on MgO was not intact, it was
still in the form of bimetallic carbonyl species which could not be extracted by
CH,Cl,. After decarbonylation, some of Pt-Ru contributions were partially broken for
both supported samples. Only 0.9 £+ 0.1 coordination number of Pt-Ru contributions
were found on MgO while 2.2 £ 0.1 were found for that on y-Al,Os;. The Ru-Pt
contribution on MgO and y-Al,Os; was not different, 1.0 = 0.1 and 1.1 + 0.1,
respectively.
Consequently, this precursor has stronger interaction with basic support MgO
than that with y-Al,Os resulting in greater tendency to segregate and also extremely

high dispersion of bimetallic particles on MgO.



101

3.3.6 Effect of Pt-Ru interactions on ethylene hydrogenation

3.3.6.1 Catalytic activity and time on stream (TOS)

A blank test for ethylene hydrogenation was performed with stainless
U-tube reactor containing a-Al,Os. A plot between activity and inversed weight
hourly space velocity (inv. WHSV, g cat/mol/h) at -75°C was in Figure 3.7 showing
straight line from the origin and the data determine rate of the catalytic reaction could
be obtained directly from the slope. This plot implies that stainless
U-tube reactor testing within inv. WHSV ranges of 0-4.56 g cat/mol/h with

conversion < 5% was a differential reactor.
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Figure 3.7 Demonstration of differential reactor operation at -75°C, Pe,u, = 40 Torr,
Py, = 80 Torr, balanced with He, total feed flow rate = 200 ml (NTP)/min

catalyzed by PtRu/MgO.

The catalytic activity of reaction was calculated in terms of the turnover

frequency (TOF) representing the number of molecules reacting per active sites per
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second (Fogler, 1999). It was assumed that all metal particles were accessible for
reactant gas, thus TOF was defined in equation 2.3 (Chapter I, page 53)

The plot between activity and time on stream (TOS) of ethylene hydrogenation
on PtRu/MgO is in Figure 3.8. Ethylene hydrogenation reaction occurred as soon as
reactant gas flowed to catalyst bed with conversion around 0.3% at reaction condition:

Pc,n, = 40 Torr, Py = 80 Torr, balanced He with total feed flow rate 200 ml

(NTP)/min, catalyst mass 0.012 mg, 1.0 wt% Pt and 1.0 wt% Ru, and temperature

-75°C. The catalytic activities slightly decreased during 270 min.
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Figure 3.8 Activity plot with TOS of ethylene hydrogenation catalyzed by

PtRu/MgO at reaction condition: P., = 40 Torr, P, = 80 Torr,

balanced He with total feed flow rate 200 ml (NTP)/min, catalyst mass

0.012 mg, and temperature -75°C.
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3.3.6.2 Kinetics of ethylene hydrogenation catalyzed by PtRu/MgO

Kinetic data of ethylene hydrogenation catalyzed by MgO-supported
Pt-Ru sample after ligand removal in flowing He at 300°C for 2 h was investigated.
The apparent activation energy of ethylene hydrogenation catalyzed by Pt-Ru/MgO

was collected at around 50 min TOS at reaction condition: Ry =40 Torr, P; =80

Torr, balanced He with total feed flow rate 200 ml (NTP)/min, catalyst mass
0.010-0.020 mg, 1.0 wt% Pt and 1.0 wt% Ru, and temperature from -75 to -30°C.
Reaction temperature was controlled within + 1°C with heater connected to
temperature controller as shown in Figure 3.9. The Arrhenius plot of a natural log of

TOF as a function of inversed temperature was in Figure 3.10.

Sl Liquid N container

Stainless U-tube

flow reactor

Figure 3.9 Stainless steel U-tube reactor cooling with liquid nitrogen.
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Figure 3.10 Arrhenius plot of ethylene hydrogenation catalyzed by

PtRw/MgO at reaction condition: By = 40 Torr, Py = 80 Torr,

balanced He with total feed flow rate 200 ml (NTP)/min, catalyst mass

0.012 g.

The apparent activation energy obtained from temperature dependence of rate of
ethylene hydrogenation reaction of Pt-Ru/MgO was 7.6 £ 0.1 kcal/mol, slightly lower
than that of Pt-Ru/y-Al,O3; which was 8.4 £+ 0.1 kcal/mol. The value was lower than
those reported for ethylene hydrogenation catalyzed by Pt catalysts supported on
oxides supports that were in the range of 8.6-11.7 kcal/mol obtained at various
conditions as in Table 2.4 (Chapter II). Moreover, Table 2.4 shows that apparent
activation energy obtained from this work is near the valued obtained from polymer-

supported Pt-Ru catalysts prepared from bimetallic cluster, [RuPt,(CO)s(Ph,P-® )],
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7.8 £ 1.2 keal/mol obtained at Py = 555 Torr and Ry, = 152 Torr, and temperature

range 73 to 98°C (Pierantozzi, McQuade, and Gates, 1979).

Catalytic activity (TOF) of ethylene hydrogenation catalyzed by PtRu/MgO at
temperature -75°C was (3.4 £ 0.2) x 10 (s™). However, reports of catalytic activity of
ethylene hydrogenation catalyzed by MgO-supported Pt or Ru catalysts were not
found from literature review from ScienceDirect and ACS database upto October
2004.

Therefore, it could be concluded that MgO-supported Pt-Ru catalyst prepared
from Pt;Rue(CO),1(u3-H)(u-H); was active for ethylene hydrogenation giving
apparent activation energy 7.6 + 0.1 kcal/mol at the studied conditions. The catalytic
data demonstrated that strong cluster-support interaction might affect catalytic

property of ethylene hydrogenation and also metal dispersion.

3.3.6.3 Rate expression for ethylene hydrogenation catalyzed by
PtRu/MgO
The effect of pressure of hydrogen on Pt-Ru/MgO catalyst was

investigated on 0.01-0.020 mg catalyst at -75°C with conversion < 5% at Pe,n, = 40
Torr, Py varied from 20 to 200 Torr, balanced He with total feed flow rate 200 ml

(NTP)/min. Catalytic activities of ethylene hydrogenation in terms of TOF was

plotted as a function of hydrogen pressure in Figure 3.11.
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Figure 3.11 Effect of pressure of hydrogen on ethylene hydrogenation catalyzed by

PtRu/MgO.

The catalytic activities of ethylene hydrogenation catalyzed by Pt-Ru/MgO
catalyst at 40 Torr ethylene pressure increased with hydrogen pressure.
Reaction orders of hydrogen and ethylene can be determined in the form of rate

expression in equation 3.1.
- b
rate = kPRy Pcn, (3.1
Where k = reaction rate

a = hydrogen order

b = ethylene order
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In this work, rate of reaction was presented in term of turn over frequencies

(TOF) and plot in a natural log scale of TOF versus PH2 were shown in Figure 3.12

with excess hydrogen, 80 to 200 Torr while ethylene pressure was constant at 40 Torr.

y =-11.4742 + 0.6226x
R’ =0.9840
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Figure 3.12 The plot in a natural log scale between TOF and pressure of hydrogen
for ethylene hydrogenation catalyzed by PtRu/MgO at -75°C, 40 Torr

ethylene and 80 to 200 Torr hydrogen.

Hydrogen order of PtRu/MgO obtained from slope of linear plot in Figure 3.12
was 0.62. This hydrogen order value was slightly higher than that of 0.04 wt%
Pt/Cab-O-Sil which the rate expression for ethylene hydrogenation was found as
equation 3.2 (Cortright et al., 1991).

rate = k Py P (3.2)



108

That data for hydrogen order was obtained in a flow reactor at temperature

-50°C; 25 Torr PC2H4 ; 50 - 650 Torr PH2 . In addition, hydrogen order of PtRu/MgO in

this work was higher the value of PtRu/y-Al,O3 which was 0.46 (see Chapter II).

The effect of ethylene pressure on ethylene hydrogenation activity was
investigated at -75°C at constant hydrogen pressure of 80 Torr and varied pressure of
ethylene from 20 to 200 Torr. A plot of TOF as a function of pressure of ethylene was

shown in Figure 3.13.
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Figure 3.13  Effect of pressure of ethylene on ethylene hydrogenation catalyzed by

PtRu/MgO.

Figure 3.13 indicates that at low pressure ratio hydrogen:ethylene, catalytic
activities decrease with ethylene pressure whereas at high ethylene pressure, catalytic

activities increase with pressure of ethylene. The order of ethylene could be obtained
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with the rate expression (equation 3.1). A plot in a natural log scale of TOF and PC2H4

is in Figure 3.14 at hydrogen pressure 80 Torr and low ethylene pressure range

20-40 Torr and high ethylene pressure 120-200 Torr.
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Figure 3.14 The plot in a natural log scale between TOF and pressure of ethylene
for ethylene hydrogenation catalyzed by PtRu/MgO at -75°C, 80 Torr
hydrogen and (A) 20 to 40 Torr ethylene; and (®) 120 to 200 Torr

ethylene.

It was found that ethylene order was negative values at low hydrogen:ethylene
ratio, and was positive at hydrogen:ethylene > 1:1. At low pressure of ethylene,
ethylene order obtained from slope of a left graph in Figure 3.14 was -0.27 whereas
the order was 0.18 at high ethylene pressure, 120 to 200 Torr. The negative ethylene

order in this work was slightly lower than that reported by Cortright et al. (1991). The
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positive ethylene value was lower than that obtained from PtRu/y-Al,Os in Chapter II
which was 0.35 during 80-200 Torr ethylene at -75°C and hydrogen pressure at 80
Torr. Therefore, rate expression for ethylene hydrogenation catalyzed by PtRu/MgO
at -75°C and hydrogen:ethylene ratio < 1:1 could be written as in equation 3.3.

rate = K P32 P ..(3.3)

The rate expression for ethylene hydrogenation catalyzed by PtRu/MgO at
-75°C while hydrogen:ethylene ratio > 1:1 could be written as in equation 3.4.

rate = KPP ..(3.4)

Ethylene could adsorb on surface of metal by three different modes as described

in Chapter II; n-bonded ethylene, di-c-bonded ethylene and ethylidyne. The n-bonded

ethylene is weakly bound and occurred at high pressure of hydrogen and ethylene in

reaction. Hwang and co-workers (2003) reported that most of ethane products of

ethylene hydrogenation on Pt(111) were from m-bonded ethylene. This study also

concluded that ethylene order at high pressure of ethylene was due to m-bonded

ethylene hydrogenation the same as suggested in Chapter II for PtRu/y-Al,Os.

3.3.6.4 Change of IR spectrum during ethylene hydrogenation

catalyzed by PtRu/MgO
The adsorption of ethylene on PtRu/MgO was studied by IR
spectroscopy during flowing of a mixture of ethylene and He at various pressure of
ethylene at room temperature. Details of sample preparation were described in
Chapter II. Briefly, self-supporting wafer of treated sample placed in special design

IR cell was purged with He, and then mixture of ethylene and He was flowed into the
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cell. The IR signal was scanned with scan rate 128 scan/min every 120 s. The
difference IR spectra of adsorbed ethylene displayed in Figure 3.15 were obtained by
subtraction the spectra from that of gas phase ethylene during flowing ethylene.

Figure 3.15A and 3.15B represented IR spectra in vcp stretching and angle-
deformation during 2700-3300 cm™ and 1000-2200 cm™. The adsorbed ethylene
species show IR band at 2964, 2987, 3008, 3076 and 3122 cm’’. The IR intensity of
these bands increased with ethylene pressure. At low pressure of ethylene, around 20
Torr, only IR bands at 2964 and 2987 cm™ were observed. It was previously reported
elsewhere that three adsorbed ethylene species on Pt/SiO, catalysts at room
temperature: (i) ethylidyne show strong IR bands in bond-stretching and
angle-deformation regions at 2885 and 1340 cm™; (ii) di c-adsorbed species give
medium absorptions at 2920 and 1420 cm™; and (iii) n-bonded species show weak
absorptions at around 3105 and 1500 cm™ (Shahid and Sheppard, 1990). Thus, the IR
bands at 2964 and 2987 cm™ in this work could be assigned to ethylidyne species.

The other IR bands at 3008, 3076 and 3122 cm™ were clearly observed when
ethylene pressure was 40 Torr, and their intensity increased quickly with ethylene
pressure. These IR bands at 3076 and 3122 cm™ were assigned to n-bonded ethylene,
while IR band at 3008 cm™ represented di-c-bonded ethylene adsorbed species.

Furthermore, IR spectra during ethylene hydrogenation were collected as in
Figure 3.16 in which IR spectra were not subtracted with gas phase ethane due to high
conversion of ethylene at room temperature. The IR band represented ethane at 2954

cm” occurred immediately after reactant gas flowed to catalyst wafer.
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Figure 3.15 The difference IR spectra during ethylene flow over PtRu/MgO at 30°C
in the IR ranges of (A) 2700-3300 cm™; and (B) 2200-1000 cm™ at
ethylene pressure (1) 20 Torr; (2) 40 Torr; (3) 80 Torr; (4) 120 Torr; 150

Torr; and 200 Torr.
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Figure 3.16 IR spectra during catalysis of ethylene hydrogenation in a flow reactor at
30°C catalyzed by PtRu/MgO in IR ranges of (A) 2700-3200 cm™ and
(B) 1200-2200 cm™ at conditions (1) He, 40 Torr C,H, and 80 Torr Ha;
(2) at 240 s after flowing reactant gas; (3) at 480 s after flowing reactant

gas; (4) at 38 min after flowing reactant gas.
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3.3.7 Effect of Pt-Ru interactions on n-butane hydrogenolysis catalyzed by
PtRu/MgO
3.3.7.1 Catalytic activity and TOS
Catalytic activities of n-butane hydrogenolysis catalyzed by PtRu/MgO
prepared from adsorption of Pt;Rus(CO),;(ps-H)(pn-H)s was also investigated.
A blank test for n-butane hydrogenolysis was performed in quartz-tubed reactor

with inert a-Al,O5 at PH2 = 540 Torr, Pn_C4Hlo = 60 Torr with 100 ml (NTP)/min flow

rate, and temperature 220°C. Conversion of n-butane was plotted as a function of
inverse weight hourly space velocity (inv. WHSV, g cat/mol/h) at steady-state

operation with conversion < 5% in Figure 3.17.
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Figure 3.17 Demonstration of differential reactor operation at 220°C, Py, = 540
Torr, B, ¢,u,, = 60 Torr with 100 ml (NTP)/min flow rate catalyzed by

PtRu/MgO.
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The plot between activities and inv. WHSV within the ranges of 0-12.2
g cat/mol/h in Figure 3.17 represents linear graph through the origin imply that
quartz-tubed flow reactor for n-butane hydrogenolysis was a differential reactor at this

reaction condition. A plot of selectivity varied with inv. WHSV is in Figure 3.18.
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Figure 3.18 Selectivity varied with inv. WHSV at 220°C, Py,= 540 Torr,

Pi-c,n,, = 00 Torr with 100 ml (NTP)/min flow rate catalyzed by

PtRu/MgO.

Initial selectivities obtained from extrapolation curves to zero conversion
(Figure 3.18) were around 0, 91, 6, and 3% for methane, ethane, propane and iso-
butane, respectively. These values indicated n-butane hydrogenolysis catalyzed by
PtRu/MgO gave ethane as primary product.

n-Butane hydrogenolysis catalyzed by supported PtRu/MgO was carried out at

various reaction temperatures. Catalytic activities at temperature varied from
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200-260°C were plotted with TOS in Figure 3.18. Firstly, the reaction was tested at

200°C with Py = 540 Torr, P,_c = 60 Torr with 100 ml (NTP)/min flow rate. As

shown in Figure 3.19, the catalytic activities slightly decreased with TOS and then
reached stead-state within 30 min. According to endothermic reaction, n-butane
hydrogenolysis activities increased with temperature when the reaction temperature
was varied from 200 to 260°C. There was no sign of deactivation during 150 min

TOS.
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Figure 3.19 Activity varied with time on stream (TOS) for n-butane hydrogenolysis
catalyzed by PtRu/MgO (M) 200°C; (o) 210°C; (A) 220°C; (¥) 240°C;

and (#) 260°C.

In addition, the catalytic activities in terms of TOF at 220°C of PtRu/MgO
catalyst was (11.7 + 0.7) x 10™ (s™). This value was higher than that of PtRu/y-Al,O;

at 220°C which was (5.2 = 0.2) x 10 (s™") implying that PtRu/MgO was more active
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in n-butane hydrogenolysis than PtRu/y-Al,Os. Furthermore, percent product
distribution (selectivity) at this reaction condition of PtRu/MgO included 43%
methane, 52% ethane, 3% propane and 2% iso-butane. A plot of selectivity of
n-butane hydrogenolysis catalyzed by PtRu/MgO as a function of temperature during

200-260°C is shown in Figure 3.20.
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Figure 3.20 Selectivity varied with reaction temperature of n-butane hydrogenolysis

catalyzed by PtRu/MgO.

It was shown that selectivities of ethane, propane and iso-butane slightly
decreased when reaction temperature increased whereas that of methane increased
indicating a tendency of multiple hydrogenolysis at high temperature. At reaction
temperature 260°C, selectivities of methane were much higher than that of ethane.

From selectivity, it was suggested that n-butane molecule mainly adsorbed on

MgO through both 2, 3- and 1, 2-adsorbed type as shown in Figure 1.4 (Chapter I).
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Compare with n-butane hydrogenolysis catalyzed by PtRu/y-ALO;, the
selectivity for methane of PtRu/MgO was 43%, higher than that of PtRu/y-Al,O;
which was 33%, where as selectivity for ethane was 52%, lower than that of PtRu/
v-Al,O3 which was 63%. It was found that iso-butane produced on PtRu/MgO was
more than that on PtRu/y-Al,Os; which was 0.3%. Thus, n-butane hydrogenolysis
catalyzed by PtRu/MgO showed greater tendency for isomerization reaction than that
by PtRu/y-Al,Os.

For reaction catalyzed by Pt-Ru/y-Al,Os, isomerization reaction might be
suppressed when Pt atoms incorporated with Ru particles. Ru might have effect to Pt
atom, i.e. changes in electronic and chemisorptive properties and lead to greater

tendency for isomerization reaction catalyzed by PtRu/MgO catalysts.

3.3.7.2 Apparent activation energy of n-butane hydrogenolysis
catalyzed by PtRu/MgO
Kinetic data of n-butane hydrogenolysis catalyzed by PtRu/MgO catalyst

was collected during 200-260°C, Py = 540 Torr, B, ¢y, = 60 Torr with 100 ml

(NTP)/min flow rate. A plot of TOF as a natural log with a function of I/T is in Figure

3.21.
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Figure 3.21  Arrhenius plot of n-butane hydrogenolysis catalyzed by PtRu/MgO.

The apparent activation energy obtained from a slope of ascending temperature
line from 200 to 260°C was 15.5 £ 0.1 kcal/mol. The apparent activation energy in
this work was less than that of reaction catalyzed by Pt on alumina at various reaction
conditions (Bond and Cunningham, 1996; Leclercq et al., 1976; Passos et al., 1996).
For example, the apparent activation energy over Pt/Al,O3; was 30 kcal/mol obtained

at B,_cu,= 75 Torr, Py = 675 Torr, temperature ranges 266 to 379°C (Leclercq

et al.). Moreover, the apparent activation energy of n-butane hydrogenolysis catalyzed
by PtRu/MgO was also lower than that over supported bimetallic PtRe/Al,O3 which
was 34.2 kcal/mol at temperature ranges 244-321°C, with hydrogen:ethylene ratio =

10:1 (Bond and Conningham).
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In addition, the apparent activation energy of n-butane hydrogenolysis over
PtRu/MgO in this work was approximately half the value of that catalyzed by

PtRu/y-Al,O3 which was 30.9 + 0.1 kcal/mol.

3.3.7.3 Evidence of catalyst deactivation at high reaction
temperature

Figure 3.18 shows that catalytic activity increased with TOS and there
was no sign of deactivation during the test period 150 min at each temperature.
However, the Arrhenius plot in Figure 3.21 for descending temperature gave higher
the apparent activation energy which was 43.2 kcal/mol. This value was twice larger
than the value of that from ascending temperature. Therefore, deactivation occurred
after testing reaction at higher temperature.

The catalytic data demonstrated that strong metal-support and Pt-Ru
interactions on support might affect ethylene hydrogenation and n-butane
hydrogenolysis reactions. The Pt-Ru interactions may lead to change electronic and
chemisorptive properties of Pt, and then its catalytic properties as suggested for MgO-
supported Pt-W catalyst prepared from bimetallic precursor for toluene hydrogenation

(Alexeev, Shelef et al., 1996).

3.4 Conclusions

PtRu/MgO catalyst with Pt-Ru bonds was successfully prepared by adsorption
of Pt;Ru¢(CO)2i(u3-H)(u-H)s on MgO. Characterization by IR and EXAFS
spectroscopy indicated that the precursor did not adsorb intact on MgO but still in the

form of bimetallic carbonyl species. The decreasing in intensity of IR band in von
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region implies that OH groups on support were involved in cluster-support
interaction. The cluster precursor adsorbed through oxygen of CO ligands with
surface of support such as hydroxyl groups and O sites forming carbonates,
carboxylates adsorbed species and hydrogen bonding. In addition, metals could
interact with surface oxygen forming M-Ogyppore bondings as observed by EXAFS
spectroscopy indicating structural distortion of cluster core. The strong
M-Ogypport 1nteractions lead to partial cleavage of Pt-Ru contributions on MgO during
adsorption. High dispersion of bimetallic PtRu on MgO was observed by EXAFS
spectroscopy after ligand removal. All CO ligands were removed lead to changes in
cluster core on support with tendency of Pt and Ru particles to segregate from each
other. The average coordination numbers of Pt-Ru and Ru-Pt contributions were
0.9 +0.1 and 1.1 £ 0.1, and coordination numbers of Pt-Pt and Ru-Ru contributions
were found to be 1.3 £ 0.2 and 2.6 £ 0.1, respectively. PtRu/MgO catalyst was active
for both ethylene hydrogenation and n-butane hydrogenolysis with apparent activation
energy 7.6 £ 0.1 and 15.5 + 0.1 kcal/mol, respectively. Catalytic activity (TOF) of
ethylene hydrogenation catalyzed by PtRu/MgO at temperature -75°C was
(33.6 + 2.5) x 10” (s) while that of n-butane hydrogenolysis at temperature 220°C
was (11.7 £ 0.7) x 10 (s™) with selectivity 43% methane, 52% ethane, 3% propane

and 2% iso-butane.



CHAPTER IV
CHARACTERIZATION AND CATALYTIC ACTIVITY
OF Pt-Ru/TiO, CATALYST PREPARED FROM

PthUG(CO)Zl(HS'H)(H'H)Q,

4.1 Introduction

In the surface science, titanium oxide or titania (TiO;) is the most investigated
single-crystalline system of metal oxides and also has been used as support in
heterogeneous catalysis even its specific surface area is lower than silica and alumina
(Diebold, 2003; Serp et al., 2002). TiO, surface consists of Bronsted acid and base
sites. However, it is much more acidic character than alumina but largely less basic
than magnesia. It has been known that the most common commercial TiO, support
contains two allotropic forms of 70-90% anatase and 10-30% rutile with specific area

of 50 m%/g.

4.1.1 Supported Pt catalysts incorporating second metal on TiO,

Although platinum is one of the most studied metal overlayers on TiO,
for photocatalysis, not many of bimetallic Pt incorporating noble metal on TiO; has
been studied. There were some examples of an incorporation of other metals which
were not noble. For example, supported Pt-Fe/Ti0, and Pt-Sn/Ti0, were prepared by

impregnation of mixed-metal salts and tested for hydrogenation of cinnamaldehyde
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(da Silva, Jordao, Mendes, and Fouilloux, 1997). It was suggested that electron donor
effects of Fe and electron transfer from titanium species to Pt affected the catalytic
activity. Another example of supported bimetallic on TiO, was PtAu/TiO; containing
Pt-Au contributions which was prepared by deposition-precipitation of HAuCl4.4H,0
and Pt(acac), on TiO, under irradiation with mercury lamp and N, flow (Tada et al.,

2002).

4.1.2 Research goals

The goal of this work was to prepare highly dispersed PtRu/TiO, catalyst
by adsorption of Pt;Rus(CO);(us3-H)(pn-H)s from CH,Cl, onto TiO,. The supported
PtRu samples were characterized by IR and EXAFS spectroscopy to study the
interactions between the cluster and surface of support before and after ligand
removal. The nature of adsorbed species and structural changes of cluster precursor
were also investigated. Catalytic activities of PtRu/TiO, catalyst were tested for
ethylene hydrogenation and n-butane hydrogenolysis reactions. Results were
compared with those of PtRu/y-AlbO; and PtRu/MgO catalysts prepared from
adsorption of Pt;Rus(CO),1(us-H)(u-H); and  bimetallic catalysts prepared

conventionally.

4.2 Experimental

4.2.1 Chemicals and materials
Organometallic syntheses, solvent purification, supported catalyst
preparations and samples handling were performed with the same method as in

section 2.2.1 of Chapter II (page 18).
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TiO, powder (Degussa, P-25, approximately 70% anatase and 30% rutile) was
mixed with deionized water to form a paste before drying overnight at 120°C. Prior to
use, it was calcined or partially dehydroxylated in O, flow at 400°C for 2 h followed

by evacuation (pressure ~ 10~ Torr) at this temperature for an additional 14 h.

4.2.2 Synthesis of organometallic precursor
Pt;Rug(CO)21(ns-H)(u-H); was synthesized by a procedure described by
Adams and his group (1994) and details of synthesis method and characterization of
cluster precursor are described in section 2.2.2 of Chapter II (page 19). Briefly,
Pt;:Ru6(CO)a1(p3-H)(u-H); was synthesized from the reaction between Pt,Rus(CO);g
and H, and purified by washing with cold n-pentane several times before

characterized by IR, 'H and ">C NMR spectroscopy.

4.2.3 Preparation of supported catalyst
Supported Pt-Ru catalysts on TiO, was prepared by slurrying TiO, with
a solution of Pt3Rus(CO),(us3-H)(n-H)s in CH,Cl, for 1 day followed by evacuation
(= 107 bar) for an additional 1 day to ensure complete uptake of the precursor by the
support. The amount of chosen precursor gave sample containing 1.0 wt% Pt and 1.0

wt% Ru after ligand removal from precursor.

4.2.4 Extraction of adsorbed specieson TiO;
After removal of solvent by evacuation from the dry supported sample
prepared from adsorption of Pt;Rus(CO)2i(us-H)(pn-H)s onto TiO,, the adsorbed

species were recovered by extraction with CH,Cl, for approximately 30 min with
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stirring. The extract solution and extracted dry sample were characterized by IR

spectroscopy.

4.2.5 PtRu catalyst activation
Fresh supported sample contained adsorbed species was heated in He

flow at 300°C for 2 h to remove ligands from adsorbed precursor.

4.2.6 Characterization techniques
4.2.6.1 IR spectroscopy
IR spectra of the dry supported samples supported with PtsRug(CO);
(us3-H)(n-H); were recorded before and after ligand removal with a Bruker IFS-66v
spectrometer with a resolution of 4 cm™. Each sample was scanned 64 times and the

signal averaged. Details for sample preparation and measurement are in section

2.2.6.1 of Chapter II (page 22).

4.2.6.2 EXAFS spectroscopy

EXAFS experiments were performed at the X-ray beamline X18B at the
National Synchrotron Light Source (NSLS), Brookhaven National Laboratory (BNL),
Upton, New York, USA. EXAFS instrument, sample preparation and measurement

were described in section 2.2.6.3 of Chapter II (page 23).

4.2.7 EXAFS data analysis
Details of EXAFS data analysis were described in section 2.2.7 of

Chapter II (page 23). Briefly, EXAFS data were collected at individual Pt Ly (11564
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eV) and Ru K (22117 eV) absorption edge and analyzed with theoretical reference
files. The EXAFS data processing was carried out with ATHENA software (Raval,
2003). Phase shift and backscattering amplitudes of metal-metal and metal-surface
oxygen interactions were calculated by FEFF7.0 software (Rehr et al., 1991).
EXAFSPAK software (George et al., 2000) was used to fit the EXAFS data with
single and multiple scattering paths calculated by FEFF7.0 and the EXAFS
parameters were extracted from the raw data with the EXAFSPAK software. The
fittings were done both in r space (r is interatomic distance from the absorber atom)
and k space (k is the wave vector) with application of k°, k*, and k® weightings.

Raw EXAFS data of the dry supported sample on TiO, obtained at the Pt Ly
edge were Fourier transformed over the ranges 3.50 < k < 11.55 with k’ weighting
without phase correction and 0.0 <r < 5.0 A,

The EXAFS data of this sample scanned at the Ru K edge were Fourier
transformed over the ranges 4.10 < k < 12.00 and 0.0 < r < 4.0 A. Statistically
justified numbers of free parameters estimated from Nyquist theorem (Stern, 1993),
n = (2AkAr/z) + 1, for the Pt Ly and the Ru K edge of sample before ligand removal
were about 27 and 34, respectively.

The EXAFS data characterizing Pt-Ru/Ti0, after treatment in He and scanned
at the Pt Ly edge were Fourier transformed over the ranges 4.00 < k < 14.31 and
0.0 <r<5.0 A. The EXAFS data characterizing this sample scanned at the Ru K edge
were Fourier transformed over the ranges 4.00 < k < 14.20 and 0.0 <r < 4.2 A,
Statistically justified number of free parameters estimated from Nyquist theorem for
the Pt Ly and the Ru K edge of sample after treatment in He were about 21 and 29,

respectively.
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4.2.8 Catalytic activity of PtRu/TiO, for ethylene hydrogenation

Ethylene hydrogenation was carried out in a stainless steel U-tube flow
reactor at atmospheric pressure with the same procedure and condition described in
section 2.2.8 of Chapter II (page 24). Briefly, in an Ar-filled glovebox, 10 to 20 mg of
pretreated catalyst (300°C in He flow for 2 h) diluted with 600 mg of inert nonporous
a-Al,Os; was loaded into the reactor. The reactor was cooled to the desired
temperature with He flowing through it before a gas mixture of H,, C,H4 and the
balance He was allowed to flow into it at a rate of 200 ml (NTP)/min. The effluent gas
mixture was analyzed with an online gas chromatograph (Hewlett-Packard HP 6890)
equipped with an Al,Os capillary column (50 m x 0.53 nm x 15.0 micron film

thickness) and a flame ionization detector. Testing conditions were as followed: Py =

80 Torr, P, =40 Torr and temperature varied from -75 to -20°C.

4.2.9 Catalytic activity of PtRu/TiO, for n-butane hydrogenolysis

n-Butane hydrogenolysis was performed in a quartz tube flow reactor at
atmospheric pressure with the same procedure and condition as described in section
2.2.9 of Chapter II (page 25). Briefly, around 25-30 mg of pretreated supported
sample (at 300°C in He flow for 2 h) was diluted with inert nonporous a-Al,O3 before
loading into the reactor. The reactor was heated to the desired temperature with He
flowing through it before reactant gas mixture of H,, n-C4Ho, and the balance He was
allowed to flow into it at a rate of 100 ml (NTP)/min. The effluent gas mixture was
analyzed with the online gas chromatograph (Hewlett-Packard HP 6890) equipped

with an Al,Os capillary column (50 m x 0.53 nm x 15.0 micron film thickness) and a
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flame ionization detector. Testing conditions were as followed: Py = 540 Torr,

P,_c.u.. = 60 Torr and temperature varied from 200 to 280°C.
41110

4.3 Results and discussion

4.3.1 IR evidence of interaction between adsorbed precursor and TiO;
surface

The interaction between cluster precursor and TiO, powder support was

first investigated by IR spectroscopy. TiO, powder (Degussa, P-25) was principally

anatase. Prior to use, it was added with water to form paste and dried in hot air oven at

120°C before calcination in O, flow at 400°C for 2 h and then evacuated at this

temperature for 14 h. The IR spectrum of bare TiO, was recorded and compared with

that of samples (i) after adsorption with Pt;Rus(CO),(us-H)(u-H); and (i1) after

ligand removal in He flow. The IR bands characterizing hydroxyl groups in voy

region of these samples are shown in Figure 4.1.
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Absorbance (a.u.)
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Wavenumber (crn"l)

Figure4.1 IR spectra in voy region of: (1) Dry sample prepared from
Pt;:Ru6(CO)a1(ps-H)(u-H); on TiO,; (2) sample after ligand removal in

He flow at 300°C for 2 h; (3) calcined TiO,.

The partially dehydroxylated TiO, give two broad IR bands at 3662 (w), 3604
(w) and 3300 (w) cm” as shown in spectrum 3 in Figure 4.1. These peaks were
assigned to stretching modes of isolated surface hydroxyl groups on TiO,. More
specific assignment of hydroxyl bands were determined, the former two bands were
characteristic of anatase and was of terminal OH type, Ti-OH (Hadjivanov, Bushev,
Kantcheva, and Klissurski, 1994). On the one hand, the latter band was characteristic
of bridging OH groups of rutile (Finklea and Vithanage, 1982).

After Pt;Rug(CO),1(u3-H)(n-H)s in CH,Cl, was adsorbed on TiO; and dried by
evacuation, the intensity of isolated surface hydroxyl bands at 3662 and 3604 cm™
decreased and shifted to 3645 cm™ as in spectrum 1 as shown in Figure 4.1. In

addition, the IR band at 3300 cm™ disappeared after adsorption. The decrease in



130

intensity and disappearance of IR bands in vog region imply that hydroxyl groups
involved in the interaction between metal cluster precursor and TiO; support.

It has been known that IR bands of carbonyl ligands of supported metal
carbonyl cluster differ from those of the cluster in solid or solution due to cluster-
support interaction (Alexeev et al., 2002). In this work, the changes of IR in vco
region were determined. The IR band in vco region of sample after adsorption with
Pt3Ru6(CO)21(us3-H)(u-H); is in Figure 4.2 (spectrum 1). These IR peaks were
significantly different from those of cluster precursor in CH,Cl, [Figure 2.4 in
Chapter II: 2081 (w, sh), 2066 (vs), 2052 (m, sh), and 2026 (w)]. Supported TiO,
sample gave IR bands in v region at 2131 (w), 2090 (sh), 2042 (vs), 2015 (sh),

1957, 1614 (w) and 1383 (m) cm™.

Absorbance (a.u.)

2300 2100 1900 1700 1500 1300

Wavenumber (cm'l)

Figure4.2 IR spectra in vco region of: (1) Dry sample prepared from
Pt;:Ru6(CO),1(ps-H)(u-H); on TiO,; (2) sample after ligand removal in

He flow at 300°C for 2 h; (3) calcined TiO,.
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Strong IR band at 2042 cm™ was assigned to be linear M-CO species (M in this
work were Pt or Ru). Bridging CO ligand which typically occurred at about 1850 cm’
for CO adsorbed on metal platinum did not observed in this work (Hadjiivanov,
1998). Small IR band at 2131 cm was similarly found on y-AL,O; and MgO
impregnated with Pt;Rug(CO),1(ps-H)(u-H)s in Chapter I and II1. This band could be
from CO ligands of Pt or Ru of supported bimetallic PtRu on TiO, (Hadjiivanov and
Vayssilov, 2002). The IR peaks at low frequency, 1957 and 1383 cm™ occurred at the
same position as bare TiO,, thus these peaks are characteristic of TiO, support.
Moreover, IR band at 1614 cm™ is near the position of residual carbonates which was
found at 1578 cm™ on TiO, (Hadjiivanov et al., 1994) and also in the same range of
asymmetric stretching of adsorbed carboxylates, 1650-1560 cm™ (Hadjiivanov and
Vayssilov, 2002). Therefore, IR band at 1614 cm™ was assigned to adsorbed
carbonates or carboxylates on TiO, indicating cluster-support interaction.

The changes in intensity of IR bands in von region and shift of IR bands to
lower frequency in vco region including IR band characterizing carbonates or
carboxylates implied that Pt;Rus(CO);(u3-H)(pn-H)s was not adsorbed intact on TiO,
but still in the form of metal carbonyl species. Cluster precursor could interact with
TiO, through oxygen of CO ligand with hydroxyl group or O* on TiO, forming

carbonates or carboxylates.

4.3.2 Strong interaction between cluster precursor and TiO;
The strong interaction between cluster precursor and TiO, support was
investigated by extraction surface species with CH,Cl,. After Pt;Rug(CO)yi(ps-H)

(u-H); was brought into contact with TiO, and dried by evacuation, the fresh



132

supported sample was slurry with CH,Cl, around 30 minutes to extract adsorbed
species. The extract solution and dry sample after remove extracted solution were
characterized by IR spectroscopy. IR in vco region at 2079 (sh), 2067 (s), 2046 (w)

and 2031 (w) cm™ were observed in the extract CH,Cl, solution as in Figure 4.3.

0.02
2067

— 0015 |
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§ 00 2079 \***%031
—
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<
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0 ‘

2200 2150 2100 2050 2000 1950 1900

Wavenumber (cm'l)

Figure 4.3 IR spectrum in vco region of extract solution after extraction of the

supported sample on TiO, with CH,Cl..

The IR spectrum of extracted solution shows strong IR peak at 2067 cm™ which
could be assigned to terminal CO ligands of metal carbonyl species. This IR spectrum
differed from Pt;Rus(CO),1(us-H)(u-H); in CH,Cl, indicating partial change in
structure of extracted metal carbonyl. Structure of adsorbed precursor on TiO, might
be changed after adsorption that was discussed later with EXAFS data.

Supported PtRu sample after removal extract solution was dried under vacuum
and characterized by IR spectroscopy again. The IR spectrum of dry sample differed

from fresh sample after adsorption (Figure 4.4).
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Figure 4.4 IR spectrum of dry supported sample on TiO, after extraction with

CH,Cl; in (A) von, and (B) vco region.

IR peaks in voy region at 3585 and 3355 cm™ (Figure 4.4A) represented surface
hydroxyl groups on supported sample. IR peaks in vco region were observed at 2129
(W), 2067 (vs) and 1994 (s) cm’ indicating changes of adsorbed precursor after

extraction with CH,Cl,.
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Evidence from IR data confirmed that the adsorption of Pt;Rus(CO);(us3-H)
(u-H); onto TiO, support was not intact and adsorbed precursor could not be
completely extracted by CH,Cl,. The adsorbtion on TiO, was through oxygen of CO
ligands with O* or OH groups on TiO; resulting in unknown adsorbed metal carbonyl

species including carbonates or carboxylates.

4.3.3 EXAFS evidence of structural changes of adsorbed precursor on

TiO,

After adsorption of Pt3Rus(CO),1(us-H)(n-H)s in CH,Cl, onto partially
dehydroxylated TiO, and dried by evacuation, the sample was characterized by IR
and EXAFS spectroscopy to study cluster-support interaction and structure of
adsorbed precursor. IR results indicated changes in intensity of IR bands in voy region
and shift of IR bands to lower frequency in vco region including IR band
characterizing carbonates or carboxylates. These IR data implied changes in ligands
environment and those changes in structure of adsorbed precursor was expected to be
seen in EXAFS spectroscopy.

The EXAFS fitting parameters of dried fresh sample after impregnation scanned
at the Ru K edge in transmission mode at nearly liquid nitrogen temperature and at the
Pt L edge in fluorescence mode at room temperature are summarized in Table 4.1.
The EXAFS fitting results in k and r space with k°, k* and k® weighted are in Figures
4.5 and 4.6. The estimated accuracies of coordination number (N), distance (R),
Debye-Waller factor (Ac”), and inner potential correction (AEg) are as follows:

+ 20%, £ 1%, £ 30%, and = 10%, respectively.
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Table 4.1 Summary of EXAFS data of sample formed by adsorption of

Pt;:Ru6(CO)21(ps-H)(u-H); on TiO, before ligand removal

Edge Shell N R(A) 10° x Ao’ (A% AE, (eV)
PtLy  Pt-Pt 1.8+0.1 2.72+0.01 2.9+0.4 4.9+ 0.4
Pt-Ru 1.8+£0.1 2.71+0.01 2.6+0.2 6.1+0.2
Pt-CO
Pt-C 0.6+0.1 1.89+0.01 7.1+0.4 10.5+0.5
Pt-O* 0.6+02 2.94+0.01 41+1.0 10.2+0.5
Pt-Ogupport
Pt-O, 0.5+0.1 2.02+0.01 -6.9+0.3 11.4+0.3
Pt-O, 09+0.1 3.48+0.01 -5.6+0.9 8.2+0.7
RuK Ru-Ru 1.7+£0.1  2.50+0.01 11.6 £ 0.6 4.5+0.4
Ru-Pt 13+0.1 2.71+0.01 24+0.2 3.7+03
Ru-CO
Ru-C 14+0.1 1.86+0.01 2.1+0.3 -12.9+04
Ru-O* 1.4+0.1 3.05+0.01 -2.6+03 -0.7+0.3
Ru-Ogypport
Ru-O 25+0.1 2.09+0.01 4.6+ 0.4 7.8+0.5
Ru-O, 1.8+0.1 2.84+0.01 2.9+0.3 2.1+0.2

Notation: subscript s and | refer to short and long distance, respectively
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Figure 4.5 EXAFS results scanned at the Pt Ly; edge characterizing the adsorbed
Pt;:Ru6(CO)a1(ps-H)(u-H); on TiO;: (A) Experimental EXAFS function
(solid line) and sum of the calculated Pt-Pt, Pt-Ru, Pt-C, Pt-O*, Pt-O,
and Pt-O; contributions (dotted line). (B) Magnitude of uncorrected
Fourier transform (k0 weighted) of experimental EXAFS function (solid
line) and sum of the calculated Pt-Pt, Pt-Ru, Pt-C, Pt-O*, Pt-Os, and
Pt-O) contributions (dotted line).
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Figure 4.5 (continued) EXAFS results scanned at the Pt Ly; edge characterizing the
adsorbed Pt;Rug(CO)y1(ps-H)(u-H); on TiO;: (C) Magnitude of
uncorrected Fourier transform (k' weighted) of experimental EXAFS
function (solid line) and sum of the calculated Pt-Pt, Pt-Ru, Pt-C, Pt-O*,
Pt-O;, and Pt-O; contributions (dotted line). (D) Magnitude of
uncorrected Fourier transform (k3 weighted) of experimental EXAFS
function (solid line) and sum of the calculated Pt-Pt, Pt-Ru, Pt-C, Pt-O*,
Pt-Os, and Pt-O; contributions (dotted line).
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Figure 4.6 EXAFS results scanned at the Ru K edge characterizing the adsorbed
Pt;Ru6(CO)z1(ps-H)(u-H); on TiO,: (A) Experimental EXAFS function
(solid line) and sum of the calculated Ru-Ru, Ru-Pt, Ru-C, Ru-O%*,
Ru-O;, and Ru-O; contributions (dotted line). (B) Magnitude of
uncorrected Fourier transform (k° weighted) of experimental EXAFS
function (solid line) and sum of the calculated Ru-Ru, Ru-Pt, Ru-C,
Ru-O*, Ru-Oyg, and Ru-O; contributions (dotted line).
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Figure 4.6 (continued) EXAFS results scanned at the Ru K edge characterizing the
adsorbed Pt;Rug(CO)2i(us-H)(u-H)s on  TiO,: (C) Magnitude of
uncorrected Fourier transform (k' weighted) of experimental EXAFS
function (solid line) and sum of the calculated Ru-Ru, Ru-Pt, Ru-C,
Ru-O*, Ru-Os, and Ru-O, contributions (dotted line). (D) Magnitude of
uncorrected Fourier transform (k® weighted) of experimental EXAFS
function (solid line) and sum of the calculated Ru-Ru, Ru-Pt, Ru-C,
Ru-O*, Ru-Oy, and Ru-O; contributions (dotted line).
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The reliable and consistence of parameters from EXAFS fitting were
determined. The bond distances and Debye-Waller factors must be equivalent for each
edge of Pt-Ru contributions, the coordination numbers Np, related to Nrypi by this
equation: Npwry/Nrypt = Nro/Npt, Where Ng, and np, are the total numbers of Ru and Pt
atoms in sample.

The EXAFS data in Table 4.1 indicated Pt-Ogypport and Ru-Ogyppore Interactions
when Pt;Rug(CO),1(ns-H)(u-H); adsorbed on TiO,. Some changes in CO bonding
distances and coordination number were also observed by EXAFS spectroscopy. The
EXAFS fitting parameters at the Pt Lj;; edge show interaction between Pt and surface
oxygen, Pt-Og at 2.02 + 0.01 A with coordination number 0.5 + 0.1. This interatomic
distance of Pt-Oy is slightly shorter than that of common metal-oxygen distances in
numerous oxide- and zeolite-supported metal clusters (M: Ru, Rh, Ir, Os, Pt),
2.1-2.2 A (Koningsberger and Gates, 1992). The short Pt-O distance indicate strong
interaction between Pt and surface oxygen and Pt atom might be in cationic form. In
addition, few Pt-O; contributions were also observed at 3.48 + 0.01 A with
coordination number 0.9 + 0.1.

The interactions between cluster and support through oxygen of CO ligands of
precursor lead to change in C-O including Pt-C and Pt-O* distances. Changes in
Pt-CO distances and coordination numbers of sample after adsorption with
Pt;Ru6(CO),1(p3-H)(u-H); analyzed with EXAFS spectroscopy were compared with
XRD data of precursor in crystalline form as in Table 4.2. The Pt-C interatomic

distances of fresh supported sample were detected at 1.89 + 0.01 A
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Table 4.2 Comparison XRD data of crystalline Pt;Rus(CO),;(us-H)(u-H); (Adams

et al., 1994) and EXAFS of supported species formed from this cluster

on TiO,
Shell XRD data of EXAFS data of adsorbed
Pt3Ru6(CO)21(us3-H)(1-H)s Pt3Ru4(CO)21(us3-H)(u-H); on TiO;
N R(A) N R(A)
Pt-Pt 2.0 2.64 1.8+0.1 2.72+0.01
Pt-Ru 4.0 2.80 1.8+£0.1 2.71 £0.01
Pt-CO
Pt-C 1.0 1.85 0.6+0.1 1.89 +£0.01
Pt-O* 1.0 2.99 0.6+0.2 2.94+0.01
Ru-Ru 2.0 3.04 1.7+£0.1 2.50 +£0.01
Ru-Pt 2.0 2.80 1.3+0.1 2.71 £0.01
Ru-CO
Ru-C 3.0 1.89 1.4+0.1 1.86 £0.01
Ru-O* 3.0 3.03 1.4+0.1 3.05 +0.01

The EXAFS data in Table 4.1 showed that Pt-C interatomic distances did not
significantly changed, from 1.85 to 1.89 + 0.01 A with coordination number 0.6 = 0.1
indicating that partial decarbonylation did not take place on Pt atom. The Pt-O*
interactomic distances did not significantly changed, from 2.99 to 2.94 = 0.01 A with
coordination number 0.6 = 0.1.

More interaction between cluster cores and surface oxygen were observed at
Ru-Ogypport contributions by EXAFS spectroscopy at the Ru K edge in Table 4.1. The
EXAFS data showed coordination number of Ru-Og contribution of 2.5 £ 0.1 at
distances 2.09 + 0.01 A. The high coordination numbers of Ru-Os contributions were

agree well with EXAFS data of Ru-C and Ru-O* contributions. It was found that
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coordination numbers of Ru-C significantly decreased from 3.0 to 1.4 = 0.1 at bond
distances 1.86 + 0.01 A implying that partially decarbonylation occurred. The
coordination numbers of Ru-O* were also found to be 1.4 + 0.1 at bond distances
3.05 + 0.01 A. The EXAFS data indicated that interactions between cluster core and
TiO, surface in adsorption step occurred more at Ru atoms than at Pt atoms and
partially decarbonylation was observed at Ru atoms.

Furthermore, some changes in metal-metal cores of fresh supported sample also
presented. It was found that Pt-Pt interactions increased from 2.64 to 2.72 = 0.01 A
while its coordination number 1.8 + 0.1 did not change much. The Pt-Ru interatomic
distances decreased from 2.80 to 2.71 = 0.01 A whereas coordination number
significantly decreased from 4.0 to 1.8 & 0.1 indicated that some Pt-Ru contributions
were broken upon impregnation. The lost of Pt-Ru contribution resulted from strong
cluster-support interaction. The EXAFS fitting parameters at the Ru K edge
represented that Ru-Pt coordination numbers also decreased from 2.0 to 1.3 + 0.1 at
average bond distance 2.71 + 0.01 A. More changes in cluster cores were observed at
Ru-Ru contributions, the average Ru-Ru bond distances were detected at 2.50 + 0.01
A with coordination number 1.7 + 0.1. The significantly decreased in average Ru-Ru
bond distances resulted from loss of electron rich hydride ligands which bonded to
both Ruj; stacks of cluster core.

Consequently, Pt;Rug(CO),1(u3-H)(pn-H)s did not adsorb intact on TiO; but still
in the form of bimetallic carbonyl adsorbed species as shown by IR and EXAFS data.
It adsorbed strongly on TiO, leading to structural changes and partially

decarbonyaltion at Ru atoms.
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4.3.4 EXAFS evidence of Pt-Ru contribution after ligand removal
Supported PtRu sample prepared from adsorption of Pt;Rus(CO);,;
(u3-H)(u-H); onto TiO, was treated in He flow at 300°C for 2 h to remove ligands.
From IR spectroscopy, it was found that IR bands in vco regions disappeared after
ligand removal (spectrum 2 in Figure 4.2) indicating that carbonyl ligands were
completely removed at this treatment condition. The IR peaks characterizing isolated
hydroxyl groups of TiO; clearly observed at 3662 (sh), 3604 (w) and 3300 (w) cm™
(spectrum 3 in Figure 4.1), the same as that of bare TiO,.
The resulting PtRu/TiO, was characterized further with EXAFS spectroscopy.
The EXAFS fitting parameters of treated PtRu sample in He flow were summarized in
Table 4.3. The EXAFS fitting results in The EXAFS fitting results in k and r space
with k%, k! and k® weighted are in Figures 4.7 and 4.8. The estimated accuracies of
coordination number (N), distance (R), Debye-Waller factor (Ac?), and inner potential

correction (AEy) are as follows: = 20%, + 1%, = 30%, and + 10%, respectively.



Table 4.3 Summary of EXAFS data of sample prepared by

Pt;:Ru6(CO)21(ps-H)(u-H); on TiO, after ligand removal
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adsorption of

in He flow at

300°C for2 h
Edge  Shell N R(A) 10°x Ac” (AY)  AE, (eV)
PtLy Pt-Pt 1.8+0.1 2.65+0.01 0.9+0.3 6.8+0.5
Pt-Ru 1.9+0.1 2.69+0.01 2.8+0.1 7.6+0.1
Pt-Ogupport
Pt-O, 1.8+0.1 1.96+0.01 9.4+0.3 -0.9+0.7
Pt-O, 0.5+0.1 3.09+0.01 3.6+1.7 8.6+1.1
RuK Ru-Ru 24+0.1 2.65+0.01 6.7+ 0.4 77+03
Ru-Pt 09+0.1 2.69+0.01 3.0+ 0.4 3.4+0.6
Ru-Ogypport
Ru-O,  24+0.1 2.00+0.01 10.4+0.3 44402
Ru-O, 03+0.1 2.80+0.01 55+1.3 14417

Notation: subscribe s and | refer to short and long distance

The EXAFS fitting parameters in Table 4.3 represented that cluster core

remained after treated supported PtRu sample in He flow. The EXAFS data of treated

sample were compared to those of impregnated sample. The average Pt-Pt bond

distances slightly decreased from 2.72 + 0.01 to 2.65 = 0.01 A with coordination

number 1.8 + 0.1. The average Pt-Ru bond distances were also slightly decreased

from 2.71 + 0.01 to 2.69 = 0.01 A with coordination number 1.9 + 0.1 imply strong

Pt-Ru interaction on TiO,. The interaction between Pt and surface oxygen slightly

increased after treatment in He flow as coordination number of Pt-Og increased from

1.3+ 0.1 to 1.8 + 0.1 at the same average distances, 1.96 + 0.01 A. In addition, the

Pt-O, interactions were also detected at 3.09 + 0.01 A with coordination number

0.5+0.1.
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Figure 4.7 EXAFS results scanned at the Pt Ly; edge characterizing the PtRu/TiO,
sample prepared by adsorption of Pt;Rus(CO),1(p3-H)(n-H); after ligand
removal: (A) Experimental EXAFS function (solid line) and sum of the
calculated Pt-Pt, Pt-Ru, Pt-C, Pt-O*, Pt-O,, and Pt-O; contributions
(dotted line). (B) Magnitude of uncorrected Fourier transform (kO
weighted) of experimental EXAFS function (solid line) and sum of the
calculated Pt-Pt, Pt-Ru, Pt-C, Pt-O*, Pt-O,, and Pt-O; contributions
(dotted line).
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Figure 4.7 (continued) EXAFS results scanned at the Pt Ly edge characterizing the
PtRu/TiO; sample prepared by adsorption of Pt;Rus(CO)2;(us-H)(pn-H)s
after ligand removal: (C) Magnitude of uncorrected Fourier transform (S
weighted) of experimental EXAFS function (solid line) and sum of the
calculated Pt-Pt, Pt-Ru, Pt-C, Pt-O*, Pt-O,, and Pt-O; contributions
(dotted line). (D) Magnitude of uncorrected Fourier transform (k3
weighted) of experimental EXAFS function (solid line) and sum of the
calculated Pt-Pt, Pt-Ru, Pt-C, Pt-O*, Pt-O,, and Pt-O; contributions
(dotted line).
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Figure 4.8 EXAFS results scanned at the Ru K edge characterizing the PtRu/Ti0,
sample prepared by adsorption of Pt;Rus(CO),1(p3-H)(n-H); after ligand
removal: (A) Experimental EXAFS function (solid line) and sum of the
calculated Ru-Ru, Ru-Pt, Ru-C, Ru-O*, Ru-Os, and Ru-O; contributions
(dotted line). (B) Magnitude of uncorrected Fourier transform (kO
weighted) of experimental EXAFS function (solid line) and sum of the
calculated Ru-Ru, Ru-Pt, Ru-C, Ru-O*, Ru-O;, and Ru-O; contributions
(dotted line).
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Figure 4.8 (continued) EXAFS results scanned at the Ru K edge characterizing the
PtRu/TiO; sample prepared by adsorption of Pt;Rus(CO)2;(us-H)(pn-H)s
after ligand removal: (C) Magnitude of uncorrected Fourier transform (S
weighted) of experimental EXAFS function (solid line) and sum of the
calculated Ru-Ru, Ru-Pt, Ru-C, Ru-O*, Ru-Os, and Ru-O; contributions
(dotted line). (D) Magnitude of uncorrected Fourier transform (k3
weighted) of experimental EXAFS function (solid line) and sum of the
calculated Ru-Ru, Ru-Pt, Ru-C, Ru-O*, Ru-O;, and Ru-O; contributions
(dotted line).
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The EXAFS fitting parameters at the Ru K edge showed that average Ru-Ru
bond distances after treatment in He flow increased from 2.50 + 0.01 to 2.65 = 0.01 A
with coordination number 2.4 + 0.1, slightly higher than that before ligand removal. It
was found that Ru atoms also surrounded by 0.9 + 0.1 Pt atoms at average bond
distances 2.69 + 0.01 A. Thus, extremely high dispersion metal and bimetallic
particles on TiO; could be form after treatment at this condition.

Moreover, Ru atoms were found to have bonding with 2.4 &+ 0.1 surface oxygen
atoms at average bond distances 2.00 = 0.01 A as similarly to Ru-Os interaction of
impregnated sample. There was 0.3 + 0.1 of surface oxygen atom near Ru atom at
average distances 2.80 = 0.01 A.

Therefore, the EXAFS data indicating that Pt-Ru interactions were stable upon
treatment in He flow at 300°C for 2 h and cluster core remained on TiO,. The strong
interactions of Pt-Ru on support refer to extremely high dispersion of bimetallic that

might be effect to catalytic activities over supported PtRu/TiO,.

4.3.5 Effect of chemistry of support on cluster-support interaction

The interactions between cluster and support not only depend on nature
of precursor but also the chemistry of support (Alexeev et al., 2002). The difference in
surface properties of support such as acidic, neutral or basic support, and degree of
hydroxylation are determined. TiO,-supported PtRu sample was compared with
sample prepared from impregnation of Pt;Ruc(CO),1(uns-H)(p-H)s onto slightly acidic
v-Al,O3 and basic MgO. It was found that cluster-support interactions were
difference, especially in the case of sample after treatment in He flow. On basic MgO

support, cluster-support interactions were stronger than that on slightly acidic support
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such as y-AlLO; and TiO,. However, partially decarbonylation at Ru atoms before
ligand removal only observed at TiO,-supported sample. The strong cluster-support
interactions lead to partial cleavage of Pt-Ru contributions that were observed by
EXAFS data that Pt atom was surrounded by 0.9 £ 0.1 atom of Ru on MgO after
treatment in He flow. In contrast, coordination numbers 2.2 + 0.1 and 1.9 + 0.1 were
found for Pt-Ru contributions of y-Al,Os- and TiO,-supported PtRu sample after
decarbonylation.

Consequently, surface properties of support also affect to cluster-support

interaction.

4.3.6 Catalytic activity of ethylene hydrogenation catalyzed by PtRu/TiO,

4.3.6.1 Catalytic activity and time on stream (TOS)

PtRu/TiO, sample prepared from impregnation with Pt;Ruc(CO),;
(us-H)(n-H); was used as catalyst in ethylene hydrogenation which is structural-
insensitive reaction.

A blank test for ethylene hydrogenation reaction was performed with stainless
U-tube reactor containing only inert a.-Al,O3. The activity and inversed weight hourly
space velocity (inv. WHSV, g cat/mol/h) at -75°C was plot as straight line through the
origin (Figure 4.9) implying that the reactor testing in inv. WHSV ranges of 0-5.6 g

cat/mol/h with conversion < 5% was a differential reactor at this condition.
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Figure 4.9 Demonstration of differential reactor operation at -75°C, PC2H4 =40 Torr,
PH2 = 80 Torr, balanced with He, total feed flow rate = 200 ml (NTP)/min

catalyzed by PtRu/TiO,.

The catalytic activity of reaction in term of the turnover frequency (TOF) was
represented the number of molecules reacting per active sites per second (Fogler,
1999). It was assumed that all metal particles dispersed on TiO, were accessible to
reactants, so that TOF was defined as the equation 2.3 (Chapter II, page 53).

Catalytic activities of ethylene hydrogenation catalyzed by PtRu/TiO, were

collected at reaction condition: F. y = 40 Torr, P = 80 Torr, balanced He with

total feed flow rate 200 ml (NTP)/min, catalyst mass 0.012 mg, 1.0 wt% Pt and 1.0
wt% Ru and temperature -75°C. Ethylene hydrogenation reaction started as soon as
reactant gas arrived the catalyst bed. The plot between activity and time on stream

(TOS) is shown in Figure 4.10.
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Figure 4.10 Activity of ethylene hydrogenation with time on stream (TOS) catalyzed

by PtRu/TiO; at reaction condition: Py, = 40 Torr, P, = 80 Torr,

balanced He with total feed flow rate 200 ml (NTP)/min, catalyst mass

0.013 mg, and temperature -75°C.

Figure 4.10 showed that catalytic activity decreased from 4.1 to around 1.5%
conversion during 6 minutes and then reached steady-state within 20 minutes with

1.2% conversion.

4.3.6.2 Kinetics of ethylene hydrogenation catalyzed by PtRu/TiO,

The kinetic data for ethylene hydrogenation catalyzed by PtRu/TiO,
catalyst prepared from adsorption of Pt;Rug(CO)yi(ps-H)(u-H); were investigated.
The apparent activation energy of ethylene hydrogenation catalyzed by PtRu/TiO;

catalyst was collected at around 50 min TOS at reaction condition: P ,; = 40 Torr,

Py, = 80 Torr, balanced He with total feed flow rate 200 ml (NTP)/min, catalyst mass
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0.010-0.020 g, 1.0 wt% Pt and 1.0 wt% Ru and temperature range -75 to -35°C. The
catalyst was treated in He flow at 300°C for 2 h, diluted with inert a-Al,Os, and
transferred into stainless steel U-tube reactor in a glovebox. The reactor was isolated
from air and moisture and moved to reaction testing. Before flowing reactant gas, the
reactor under He flow was cooled down to desired temperature by liquid nitrogen and
controlled temperature within + 1°C. The Arrhenius plot of a natural log scale of TOF

as a function of inversed temperature was shown in Figure 4.11.

Ixe” - y =12.8510 - 4.0788x; R* =-0.9918
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Figure 4.11 Arrhenius plot of ethylene hydrogenation catalyzed by PtRuw/TiO, at

reaction condition: P ,; =40 Torr, Py = 80 Torr, balance He with total

feed flow rate 200 ml (NTP)/min, catalyst mass 0.013 g.

The apparent activation energy obtained from temperature dependence of rate of
ethylene hydrogenation reaction catalyzed by Pt-Ru/Ti0; was 8.1 £ 0.1 kcal/mol. This

apparent activation energy was nearly the same as that of Pt-Ru/y-Al,O3; which was
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8.4 + 0.1 kcal/mol but slightly higher than that of Pt-Ru/MgO which was 7.6 £ 0.1
kcal/mol. However, the apparent activation energy for ethylene hydrogenation
catalyzed by Pt-Ru/TiO, was lower than reported on Pt catalysts supported on oxides
supports, 8.6-11.7 kcal/mol obtained at various conditions as in Table 2.4 (Chapter
IT). Moreover, Table 2.4 shows that apparent activation energy obtained from this
work is near the valued obtained from polymer-supported Pt-Ru catalysts prepared

from bimetallic cluster, [RuPtz(CO)5(Ph2P-®)3], 7.8 £ 1.2 kcal/mol obtained at PH2 =
555 Torr and P ,; = 152 Torr and temperature range 73 to 98°C (Pierantozzi et al.,

1979).

Catalytic activities in term of TOF at -75°C of supported PtRu/TiO, was
(48.6 = 4.5) x 10° (s-"), slightly higher than that of PtRu/MgO which was
(33.6 + 2.5) x 10 (s') and higher than that of PtRu/y-ALO; which was
(3.0 = 0.1) x 10° (s). Thus, order of activity of ethylene hydrogenation was
PtRu/TiO, > PtRu/MgO > PtRu/y-ALOs.

However, from literature reviews, there was none of catalytic activity of
ethylene hydrogenation catalyzed by TiO,-supported Pt or Ru catalysts. Therefore,
this work could not make a comparison of catalytic activity of ethylene hydrogenation

with TiO,-supported Pt or Ru or PtRu catalysts.

4.3.6.3 Rate expression for ethylene hydrogenation catalyzed by
PtRuU/TiO,
The effect of pressure of hydrogen on Pt-Ru/TiO, catalyst was

investigated at temperature -75°C with conversion < 5% at Pe,u, = 40 Torr, Py
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varied from 20 to 200 Torr, balanced He with total feed flow rate 200 ml (NTP)/min,
catalyst mass 0.010-0.020 mg, 1.0 wt% Pt and 1.0 wt% Ru. Catalytic activity of
ethylene hydrogenation in term of TOF was plotted as a function of hydrogen

pressure as in Figure 4.12.
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Figure 4.12 Effect of pressure of hydrogen on ethylene hydrogenation catalyzed by

PtRu/TiO; at 40 torr ethylene at -75°C.

The catalytic activities of ethylene hydrogenation catalyzed by PtRu/TiO,
catalyst at 40 Torr ethylene pressure, changed with hydrogen pressure. Orders of
hydrogen and ethylene can be determined in the form of rate expression in equation

4.1.
rate = kK B P(?sz; ..(4.1)
Where k = reaction rate

a = hydrogen order

b = ethylene order
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The slope of a plot of In (rate) as a function of In Py, is the hydrogen order. A

plot in a natural log scale of TOF and PHz is in Figure 4.13 within the range 80 to 200

Torr hydrogen while ethylene pressure was constant at 40 Torr.
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Figure 4.13 The plot in a natural log scale between TOF and pressure of hydrogen
for ethylene hydrogenation catalyzed by PtRu/TiO, at -75°C, 40 Torr

ethylene and 20 to 200 Torr hydrogen.

A slope of linear plot in Figure 4.13 gave order of hydrogen as 0.36. This
hydrogen order value was slightly lower than that of 0.04 wt% Pt/Cab-O-Sil
(Cortright et al., 1991). The rate expression for ethylene hydrogenation catalyzed by
0.04 wt% Pt/Cab-0O-Sil was reported as in equation 4.2.

rate = k Py P ..(42)
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When data were obtained for hydrogen order at condition: temperature -50°C;

25 Torr P, 50-650 Torr PH2 in flow reactor. In addition, hydrogen order of

2Hy 8
PtRu/TiO; in this work was lower than that of PtRu/y-Al,O; which was 0.46 (Chapter
IT) and that of PtRu/MgO which was 0.62 (Chapter III) at the same reaction condition.

The effect of ethylene pressure on ethylene hydrogenation activity was studied
at -75°C at constant hydrogen pressure at 80 Torr and the ethylene pressure was
varied from 20 to 200 Torr. TOF data were plot as a function of ethylene pressure as

in Figure 4.14.

8
~~ 6 |
i)
PR - '
S
O
~

2 |

0 T T T T

0 50 100 150 200 250

Pressure of ethylene (Torr)

Figure 4.14 Effect of pressure of ethylene on ethylene hydrogenation catalyzed by

PtRu/Ti0,; at 80 Torr hydrogen.

Figure 4.14 shows that catalytic activities decreased with pressure of ethylene.
That meant ethylene inhibited the reaction at high pressure of ethylene or at low ratio
of hydrogen:ethylene. However, there was a tendency of higher TOF if pressure of

ethylene was higher than 250 Torr as shown in Figure 4.14. At high pressure of
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ethylene, n-Bonded ethylene which is weakly bound should present on metal surface.
Hwang and co-workers (2003) found that most of ethane products from ethylene
hydrogenation catalyzed by Pt(111) were from m-bonded ethylene hydrogenation.
Thus, it was expected that TOF should increased if pressure of ethylene was higher
than 250 Torr for this work.

Compare to catalytic activities over PtRu/MgO, at low ratio hydrogen:ethylene,
catalytic activities decreased with pressure of ethylene whereas at high pressure of
ethylene, catalytic activities increased with pressure of ethylene as in Figure 3.13
(Chapter III). In addition, catalytic activity of ethylene hydrogenation catalyzed by
PtRu/y-Al,O3 did not change significantly with pressure of ethylene at low pressure of
ethylene, < 100 Torr but activities increased with excess of ethylene, pressure of
ethylene > 100 Torr as in Figure 2.15 (Chapter II).

Order of ethylene could be obtained with rate expression (4.1). A plot in a

natural log scale of TOF and PC2H4 is in Figure 4.15 at hydrogen pressure 80 Torr and

pressure of ethylene range 80-200 Torr.
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Figure 4.15 The plot in a natural log scale between TOF and pressure of ethylene for
ethylene hydrogenation catalyzed by PtRu/TiO, at -75°C, 80 Torr

hydrogen and 80 to 200 Torr ethylene.

Ethylene order obtained from the slope of linear graph in Figure 4.15 was - 0.80
at ethylene pressure 80 to 200 Torr. The negative ethylene order in this work was

lower than that reported by Cortright et al. (1991) which was -0.17 at condition: 5-75

Torr P... ; 150 Torr P, at temperature -50°C. Therefore, rate expression for
C,H, H,

ethylene hydrogenation catalyzed by PtRu/TiO, at temperature -75°C was reported as
in equation 4.3.
0.36 5—0.80
rate = k Py Py ..(43)
The comparison was made with rate expression of ethylene hydrogenation

catalyzed by PtRu/y-Al,O; and PtRu/MgO as shown in Table 4.4.
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Table 4.4 Rate expression of ethylene hydrogenation catalyzed by supported PtRu
catalysts prepared from adsorption of Pt;Rus(CO)zi(us-H)(n-H)s on
Y-Ale}, MgO and Ti02

rate = K Py, Pcsz4

Pu, Pe,u, Pu, Pe,u,
Catalysts a b
(Torr) (Torr) (Torr) (Torr)
PtRu/y-ALO;  0.46 80-200 40 0.35 80 80-200
PtRu/MgO  0.62 80-200 40 -0.27 80 20-40
PtRu/MgO 0.18 80 120-200
PtRu/Ti0, 0.36 20-200 40 -0.80 80 80-200

Reaction temperature: -75°C; metal loading: 1.0 wt% Pt and 1.0 wt% Ru catalyst

All hydrogen orders in Table 4.4 were positive and varied from 0.36 to 0.62
whereas ethylene orders varied from -0.80 to 0.35. It was suggested that the difference
in orders of ethylene might refer to the difference in adsorption process of reaction

mechanism.

4.3.7 Catalytic activity of n-butane hydrogenolysis catalyzed by
PtRu/TiO,
4.3.7.1 Catalytic activity and TOS
A blank test for n-butane hydrogenolysis catalyzed by PtRu/TiO,

catalyst prepared from adsorption of Pt;Rus(CO)2i(us-H)(pn-H)s was carried out in

quartz-tube reactor containing inert o-ALOs at Py = 540 Torr, B_cy = 60 Torr

with 100 ml (NTP)/min flow rate and temperature 220°C. The quartz reactor was

tested for differential reactor at this reaction condition. Conversion of n-butane was



161

plotted as a function of inverse weight hourly space velocity (inv. WHSV, g

cat/mol/h) at steady-state operation with conversion < 5% in Figure 4.16.
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Figure 4.16 Demonstration of differential reactor operation at 220°C, PH2 = 540 Torr,
Pi-cn,, = 60 Torr with 100 ml (NTP)/min flow rate catalyzed by

PtRu/Ti0,.

A linear graph through the origin during inv. WHSV ranges 0-11.4 g cat/mol/h
in Figure 4.16 indicates that the quartz reactor containing inert a-Al,O; act as
differential reactor for n-butane hydrogenolysis at this reaction condition. A plot of
selectivity varied with inv. WHSYV is in Figure 4.17. This figure shows that initial
selectivity for methane obtained by extrapolation curve to zero conversion was around

100% indicating the multiple hydrogenolysis.
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Figure 4.17 Selectivity varied with inv. WHSV at 220°C, Py, = 540 Torr, By, =

60 Torr with 100 ml (NTP)/min flow rate catalyzed by PtRu/TiO..

n-Butane hydrogenolysis reaction catalyzed by PtRu/TiO, catalyst was carried
out at various reaction temperatures to study catalytic activities and deactivation. A
plot of catalytic activities as a function of time on stream (TOS) at various

temperature, 200-280°C is shown in Figure 4.18.
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Figure 4.18 Activity varied with time on stream (TOS) for n-butane hydrogenolysis
catalyzed by PtRu/TiO, (0) 200°C; (A) 220°C; (k) 240°C; (m) 260°C;

and (o) 280°C.

For the first test, reaction was carried out at 200°C with PH2= 540 Torr,
Pi-c,n,, = 60 Torr with 100 ml (NTP)/min flow rate. It was found that catalytic

activity was low and slightly increased with TOS and then reached steady-state.
n-Butane hydrogenolysis is an endothermic reaction, thus activity increased with
temperature as in Figure 4.18 in which reaction temperature was varied from 200 to
280°C. There was no sign of deactivation during 130 min TOS imply that aggregation
of metal particles or coking may not occur during catalytic test at each temperature
within 130 min.

The catalytic activities in term of TOF at 220°C of PtRu/TiO, catalyst was

1.3 + 0.1) x 10™ (s). Percent product distribution (selectivity) at this reaction
p y
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condition included 48% methane, 32% ethane, 3% propane and 17%
iso-butane. The plot of selectivity as a function of reaction temperature in the range

200-280°C is shown in Figure 4.19
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Figure 4.19 Selectivity varied with various reaction temperature of n-butane

hydrogenolysis catalyzed by PtRu/TiO».

At reaction temperature range 200-220°C, selectivity of methane was around
50% and slightly decreased while selectivity of ethane increased about twice. In this
temperature range, it was found that selectivity of iso-butane was about 35% at 200°C
but decreased to 18% at 220°C and was less than 2% when reaction was carried out at
temperature 240°C. In addition, at 240°C, selectivity of ethane was more than twice
higher than that of methane as shown in Figure 4.19. When the reaction temperature
was higher than 240°C, the ethane selectivity slightly decreased whereas selectivity of
methane increased again but still much lower than that of ethane. Thus, reaction

temperature at 240°C is the optimum condition to get highest ethane selectivity in
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n-butane hydrogenolysis catalyzed by PtRu/TiO,. This temperature was higher than
the optimum condition for highest ethane selectivity for n-butane hydrogenolysis

catalyzed by PtRu/MgO and PtRu/y-Al,O3 were at 200 and 190°C, respectively.

4.3.7.2 Apparent activation energy of n-butane hydrogenolysis
catalyzed by PtRu/TiO,
The catalytic activities of n-butane hydrogenolysis catalyzed by
PtRu/TiO, were collected at steady-state operation during temperature range

200-280°C. Reaction condition was as follow: Py, = 540 Torr, P,_c y,, = 60 Torr with

100 ml (NTP)/min flow rate, 1.0 wt Pt and 1.0 wt% Ru metal loading. A plot of TOF

in a natural log as a function of I/T is shown in Figure 4.20.
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Figure 4.20 Arrhenius plot of n-butane hydrogenolysis catalyzed by PtRu/TiO,.
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The apparent activation energy obtained from a slope of linear ascending
temperature graph from 200 to 280°C was 28.2 + 0.1 kcal/mol. The apparent
activation energy of n-butane hydrogenolysis catalyzed by PtRu/TiO, was slightly
less than that catalyzed by Pt on alumina at various reaction conditions (Bond and
Cunningham, 1996; Leclercq et al., 1976; Passos et al., 1996). For example, the

apparent activation energy of Pt/ALO3 was 30 kcal/mol at R,y = 75 Torr, Py =

675 Torr and temperature range 266 to 379°C (Leclercq et al.). Moreover, the
apparent activation energy of n-butane hydrogenolysis catalyzed by PtRu/TiO, was
lower than that of supported bimetallic PtRe/Al,O; which was 34.2 kcal/mol at
temperature range 244-321°C, with hydrogen:ethylene ratio = 10:1 (Bond and
Conningham, 1996).

In comparison with other supported PtRu catalysts prepared from adsorption of
Pt3Ru6(CO)21(u3-H)(u-H)s, the apparent activation energy of n-butane hydrogenolysis
over PtRu/TiO, was slightly lower than that over PtRu/y-Al,Os, 30.9 £+ 0.1 kcal/mol
but higher than that over PtRu/MgO, 15.5 + 0.1 kcal/mol.

Therefore, it can be concluded that PtRu/MgO catalyst was the most active

catalyst for n-butane hydrogenolysis compared to PtRu/y-Al,Ozand PtRu/TiOs.

4.3.7.3 Evidence of catalyst deactivation at high reaction
temperature
There was no sign of deactivation during the test period 130 min at each
temperature from 200-280°C as in Figure 4.18. However, the apparent activation
energy obtained from the Arrhenius plot in Figure 4.20 for descending temperature

was 51.9 kcal/mol. This value was double value of that obtained from ascending



167

temperature. Therefore, deactivation occurred after performing reaction at higher
temperature. Deactivation might be from coking or aggregation of metal particles on

support.

4.4 Conclusions

PtRu/TiO; catalyst with Pt-Ru bonds could be prepared successfully from
adsorption of Pt;Rug(CO),1(us-H)(u-H);. Characterization by IR and EXAFS
spectroscopy indicated that Pt;Rus(CO),;(u3-H)(u-H)s precursor did not adsorb intact
on TiO, but still in the form of bimetallic carbonyl species and could not be
completely extracted by CH,Cl, solvent. The decreasing in intensity of IR band in von
region implies that OH groups on support were involved in cluster-support
interaction. Cluster precursor interacted with TiO, through interaction between
oxygen of CO ligands and surface of support forming carbonates, carboxylate species.
Moreover, partially decarbonylation was observed at Ru atoms upon adsorption. The
EXAFS data representing M-Ogypport indicated structural distortion of cluster cores and
Pt-Ru contribution were partially broken during adsorption implying strong cluster-
support interaction. Carbonyl ligands were completely removed from adsorbed
precursor after treatment in He flow at 300°C for 2 h, and cluster cores remain on
support. Interactions of Pt-Ru contributions with high dispersion after ligand removal
were observed by EXAFS spectroscopy. The average coordination numbers of Pt-Ru
and Ru-Pt contributions were 1.9 + 0.1 and 0.1 = 0.1, and coordination numbers of
Pt-Pt and Ru-Ru contributions were found to be 1.8 £ 0.2 and 2.4 £ 0.1, respectively.
The apparent activation energies of ethylene hydrogenation and n-butane

hydrogenolysis catalyzed by PtRu/TiO, catalyst were 8.1 + 0.1 and 28.2 + 0.1
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kcal/mol, respectively. Catalytic activity (TOF) of ethylene hydrogenation catalyzed
by PtRw/TiO; at temperature -75°C was (48.6 + 4.5) x 107 (s™). TOF of n-butane
hydrogenolysis catalyzed by PtRu/TiO, at temperature 220°C was (1.4 + 0.1) x 10™

(s') and selectivity included 48% methane, 32% ethane, 3% propane and 17%

iso-butane.



CHAPTER V

SUPPORTED Pt-Ru CATALYSTS PREPARED FROM A

MIXTURE OF PLATINUM AND RUTHENIUM

ACETYLACETONATE AND ACTIVITIES FOR

ETHYLENE HYDROGENATION

5.1 Introduction

Supported bimetallic PtRu catalysts could be prepared from a mixture solution
of metal salts by coprecipitation or coimpregnation, sequential impregnation,
adsorption and redox surface reaction. Examples of conventional precursors are
consisting of (a) HyPtCls and RuCls, (b) Pt(NH3)4(NOs), and Ru(NH3)sCls, (c)
Pt(NO,)2(NH3), and Ru(NO)(NOs)x, (d) Pt(NH;3)4Cl; and Ru(NH3)sCl;, and (e)
H,PtCls and Ru(CsHs), (Alerasool and Gonzalez, 1990; Diaz et al., 1995; Martins,
Baldanza, and Schmal, 2001; Miura, Taguchi, Sugiyama, Matsuda, and Gonzalez,
1990; Rajesh, Thampi, Bonard, and Viswanathan, 2000; Takasu et al., 2001).

However, the conventional methods using mixture of Pt and Ru compounds
especially a mixture chloride salts do not allow an ability to control particle size,
structure, composition, and stoichiometry of bimetallic catalysts (Shirai et al., 1999).
In addition, a high-temperature reduction causes nonuniform materials with large

metal particles and broad particle size distribution.
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5.1.1 Supported Pt and Ru catalysts prepared from acetylacetonate
complexes
To avoid difficulties caused by conventional precursors and compare
results with preparation from a molecular precursor in Chapter II-IV. Thus, supported
PtRu catalysts were prepared from a mixture of organometallic precursors such as a
mixture of Pt(acac), and Ru(acac); (acac is acetylacetonate, CsH;0O,). Because
acetylacetonato ligands can be completely removed at lower temperature than other
ligands in metal salts, many transition metal acetylacetonate compounds has been
used as precursors to prepared supported monometallic and bimetallic catalysts.
However, there was not much reported on Pt-Ru catalyst (Bernas et al., 2004; Coq et
al., 1994; Dossi et al., 2003; Plyuto, Babich, Sharanda, de Wit, and Mol, 1999;
Renouprez, Trillat, Moraweck, Massardier, and Bergeret, 1998; Xu, Rheingold, and
Gates, 1993; Walter, Coq, Figueras, and Boulet, 1995; Wang, Sigmon, Spivey, and
Lamb, 2004).

For instance, bimetallic Pt-Pd/MgO catalyst could be prepared by impregnation
of a mixture of Pt(acac), and Pd(acac), and the resulting catalyst had a tendency to
form bimetallic particles as observed by temperature-programmed reductive
decomposition (TPRD) (Dossi et al., 2003). In addition, Pd-Mn contributions on SiO,
prepared from impregnation of Pd(acac), and Mn(acac), mixture was studied by
EXAFS spectroscopy containing 0.2-1.4 Pd-Mn coordination numbers. However,
large values of Pd-Pd contributions were found due to high calcination and reduction

temperature.
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Therefore, it was expected that supported PtRu catalysts prepared from a
mixture of Pt(acac), and Ru(acac); would give bimetallic particles on support with

Pt-Ru connections and possibly high dispersion.

5.1.2 Research goals
The gold for this part of thesis was to prepare supported bimetallic PtRu
catalysts on y-Al,O3 and MgO from a mixture solution of Pt(acac), and Ru(acac); in
which acac ligands could be removed at mild condition, and test catalytic activity with
ethylene hydrogenation reaction.

The interaction between precursors and metal oxide supports was characterized
by IR spectroscopy. The reductive decomposition temperatures of supported Pt(acac),
and Ru(acac); were investigated by TPRD technique, and changes in oxidation states
during heating in H, flow were observed by XANES spectroscopy. The metal-support
interaction after ligand removal was studied as well. The average interatomic distance
and coordination number of metals prepared from a mixture solution of Pt(acac), and
Ru(acac); were studied by EXAFS spectroscopy. The results were used to compared

with supported PtRu catalysts prepared from a molecular precursor, Pt;Rus(CO)y;

(n3-H)(u-H)s.

5.2 Experimental

5.2.1 Chemicals and materials
The supported PtRu catalyst preparations and samples handling were

performed with the same method as described in section 2.2.1 of Chapter II (page 18).
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Pt(acac), (Aldrich, 97%) and Ru(acac); (Strem, 99%) were used as received.
Prior to use, y-ALO; powder (Degussa, BET surface area 100 m*/g), and MgO (EM
Science, 97%) were calcined with the procedure as described in Chapter II (page 18)

and III (page 77), respectively.

5.2.2 Preparation of supported Pt-Ru catalysts from a mixture solution of
Pt(acac); and Ru(acac);

The supported Pt-Ru catalysts containing 1.0 wt% Pt and 1.0 wt% Ru on

v-Al,0O3 and MgO were prepared by adsorption of mixture of Pt(acac), and Ru(acac);

in toluene over each support, slurrying for 1 day, and evacuation for an additional 1

day.

5.2.3 PtRu catalyst activation
Fresh sample after adsorption was heated in H, flow at 300°C for 2 h to

remove ligands from adsorbed precursor and reduced metal particles.

5.2.4 Characterization techniques
5.2.4.1 IR spectroscopy
IR spectra of solid samples were recorded before and after activation in
H, flow with a Bruker IFS-66v spectrometer with a resolution of 4 cm™. Each sample
was scanned 64 times and the signal were averaged. Details for sample preparation

and measurement were mentioned in section 2.2.6.1 in Chapter II (page 22).
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5.2.4.2 Temperature-programmed reductive decomposition (TPRD)

Reductive decomposition of Pt and Ru in supported Pt-Ru catalyst
prepared from a mixture of Pt(acac), and Ru(acac); in H, flow was determined by
RXM-100 multifunctional catalyst testing and characterization instrument (Advanced
Scientific Designs, Inc. (ASDI) with a vacuum capability of 10® Torr. In a drybox,
dry supported sample without treatment (250-300 mg) was loaded into a U-shape
quartz tube. It was isolated from air and moisture before transferring to the
temperature-programmed apparatus. Reactor was evacuated to around 10® Torr and
then Ar was flowed into reactor around 20 min. Gas mixture was then switch to 5

vol% H, in Ar and the temperature was ramped to 400°C with a rate of 10°C/min.

5.2.4.3 XANES spectroscopy

XANES experiments were performed at the X-ray beamline X18B at the
National Synchrotron Light Source (NSLS), Brookhaven National Laboratory (BNL),
Upton, New York, USA. The storage ring energy was 2.5 GeV and the ring current
was in the range 110-250 mA. In Ar glovebox at synchrotron, around 0.2 g of sample
was loaded in the middle of a flow-through X-ray absorption (XAS) cell (Odzak et al.,
2001). Glass wool plugs were used to hold sample in an XAS cell which then was
isolated and moved to the beamline without contacting with air or moisture. XANES
data of sample in the XAS cell which was approximated as isothermal plug-flow
reactor, were collected in transmission mode in the presence of flowing of He or H, at

individual Pt Ly edge (11564 eV) and Ru K edge (22117 eV).
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5.2.4.4 EXAFS spectroscopy

EXAFS experiments were performed at the X-ray beamline X18B at the
National Synchrotron Light Source (NSLS), Brookhaven National Laboratory (BNL),
Upton, New York, USA. EXAFS instrument, sample preparation and measurement

were described in section 2.2.6.3 of Chapter II (page 23).

5.2.5 EXAFS data analysis

Details of EXAFS data analysis were in section 2.2.7 in Chapter II (page
23). Briefly, EXAFS data were collected at individual Pt Ly (11564 eV) and Ru K
(22117 eV) absorption edge and analyzed with theoretical reference files. The EXAFS
data processing was carried out with ATHENA software (Raval, 2003). Phase shift
and backscattering amplitudes of metal-metal and metal-surface oxygen interactions
were calculated by FEFF7.0 software (Rehr et al., 1991). The EXAFS data fitting
done by EXAFSPAK software (George et al., 2000) were accomplished with single
and multiple scattering paths calculated by FEFF7.0, and the EXAFS parameters were
extracted from the raw data with the EXAFSPAK software. The fitting were done in r
space (r is interatomic distance from the absorber atom) and k space (k is the wave
vector) with application of k% k*, and k® weightings.

Raw EXAFS data of treated PtRu/y-Al,O3 in H, at 300°C, obtained at the Pt Ly
edge were Fourier transformed over the ranges 3.60 < k < 14.30 with k’ weighting
without phase correction and 0.0 < r < 5.0 A. The EXAFS data of treated PtRu/
v-Al,O3 scanned at the Ru K edge were Fourier transformed over the ranges

3.25 <k < 14.75 without phase correction and 0.0 <r <5.0 A.
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The EXAFS data of treated PtRu/y-Al,O3 obtained at the Pt Ly and the Ru K
edge were analyzed with a maximum of 16 free parameters. The statistically justified
numbers of free parameters estimated from Nyquist theorem (Stern, 1993),
n = (2AkAr/m) + 1, were about 35 and 30, for data obtained at Pt Ly; and the Ru K
edge, respectively.

The EXAFS data of treated PtRu/MgO scanned at the Pt Ly edge were Fourier
transformed over the ranges 3.55 < k < 14.50 without phase correction and
0.0 <r < 5.0 A. The EXAFS data of treated PtRu/MgO obtained at the Ru K edge
were analyzed over the ranges 3.20 < k < 14.50 without phase correction and
0.0<r<5.0A.

The raw data of treated PtRu/MgO obtained at the Pt Ly and the Ru K edge
were analyzed with a maximum of 16 free parameters. The statistically justified
numbers of free parameters estimated from Nyquist theorem were about 36 and 37,

for data obtained at the Pt Lyj; and the Ru K edge, respectively.

5.2.6 Catalytic activity of ethylene hydrogenation of supported PtRu
catalysts prepared from a mixture of Pt(acac), and Ru(acac);

Ethylene hydrogenation reaction was carried out with the same

procedure described in section 2.2.8 of Chapter II (page 24). Briefly, catalyst sample

was pretreated in H, flow at 300°C for 2 h, diluted with inert a-Al,Os, and loaded into

the reactor and cooled to desired temperature under He flow before a gas mixture

containing H,, C,H4 and balance He was flowed into the reactor. The reaction

condition was as follow: PC2H4 =40 Torr, PHz =200 Torr, balanced with He, total feed

flow rate = 100 ml (NTP)/min, 1.0 wt% Pt and 1.0 wt% Ru catalyst, and temperature
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= -50 to -9°C. The effluent gas mixture was analyzed with an online gas
chromatograph (Hewlett-Packard HP 6890) equipped with an Al,Os capillary column

(50 m x 0.53 nm x 15.0 micron film thickness), and a flame ionization detector (FID).

5.3 Results and discussion
5.3.1 IR evidence of interaction between precursors and support after
adsorption

5.3.1.1 PtRu/y-Al,O; catalyst prepared from a mixture of Pt(acac);

and Ru(acac);

Figure 5.1 shows the IR spectra of sample prepared from deposition of a
mixture solution of Pt(acac), and Ru(acac); in toluene onto y-Al,Os and dried by
evacuation.

Calcined y-Al,O3 showed IR band in voy region at 3786 (w), 3728 (w), 3666
(w) and 3569 (w, sh) cm™ (spectrum 1 in Figure 5.1). The first three peaks were
assigned to different types of isolated hydroxyl groups (Shelef and Graham, 1994).

The broad peak at 3569 cm™ represents hydrogen-bonded OH groups.
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Figure 5.1 IR spectra in voy region of (1) calcined y-Al,Os; (2) dry supported
Pt(acac), and Ru(acac); on y-Al,Os; (3) PtRu/y-Al,O5 after treated in H;

flow at 300°C for 2 h.

After y-Al,O; was adsorbed with a mixture of Pt(acac), and Ru(acac); in
toluene and dried by evacuation, its intensity of isolated hydroxyl groups at 3728 and
3666 cm™ (spectrum 2 in Figure 5.1) significantly decreased indicating that hydroxyl
groups involved in precursor-support interaction. In addition, IR band at 3569 cm’™
representing hydrogen bonds was observed clearly after adsorption implies that the
interaction between precursor and surface of support was hydrogen bonding.

The dry supported sample shows IR peaks in vc.¢ and vep regions at 1601 (w),
1522 (s), 1425 (w), 1383 (m) and 1267 (sh) cm™ (spectrum 3 in Figure 5.2). The peak
at 1383 cm” overlapped with that of support. These peaks were assigned to

acetylacetonate ligands (SADTLER Research Laboratories, 1965; The Coblentz

Society, 1970).
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Figure 5.2 IR spectra in vc.c and vep regions of (1) calcined y-Al,Os; (2) PtRu/
v-AlLOs after treated in H, flow at 300°C for 2 h; (3) dry supported

Pt(acac), and Ru(acac); on y-AL,Os.

Moreover, the adsorption of metal acetylacetonate precursors could also occur
through ligand-exchange mechanism forming isolated, covalent bonded species and
loss of one or more acetylacetonate ligand (Baltes et al., 1999). However, adsorption
interaction could also occur through acetylacetonate ligand and surface of support
without loss of any acetylacetonate ligands (Kenvin and White, 1991).

Many researchers used EXAFS to characterized the neighbor atoms of Pt in
supported Pt sample prepared from Pt(acac), (Fiddy, Newton, and Dent et al., 1999;
Fiddy, Newton, and Campbell et al., 1999; Womes et al., 2003). They found

coordination number of Pt-O at approximately 4, the same as untreated supported Pt

sample implying that Pt(acac), adsorbed intact on support.
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Moreover, Plyuto et al. (1999) found by thermal study that Ru(acac); adsorbed
on Al,O; without elimination of acetylacetonate ligand.

Consequently, the interaction between metal acetylacetonate precursors and
surface of y-Al,Os in this work was from hydrogen bonding between acetylacetonate
ligands and surface hydroxyl groups on support (OH)). The adsorption process of

M"(acac), on y-Al,03 would be explained with the following equation

M"(acac), + OH ——>  [M"(acac),-HO()] (5.1

It was possible that ligand-exchanged mechanism could be confirmed by
EXAFS spectroscopy to observed Pt-O coordination number further.

Acetylacetonate ligands were completely removed after treated in H, flow at
300°C for 2 h as shown in spectrum 2 (Figures 5.1 and 5.2). The acetylacetonate
ligand could be eliminated from adsorbed precursors in the form of acetylacetone, or
decomposed into isopropanol and acetone (Kenvin and White, 1991; Dossi et al.,

2003).

5.3.1.2 PtRu/MgO catalyst prepared from a mixture of Pt(acac);
and Ru(acac);
Partially dehydroxylated MgO obtained from calcination in O, flow at
300°C gave characteristic IR peak at 3764 cm™ (spectrum 3 in Figure 5.3) indicating

isolated hydroxyl groups on MgO (Alexeev, Shelef et al., 1996).
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Figure 5.3 IR spectra in vop region of (1) dry supported Pt(acac), and Ru(acac); on

MgO; (2) PtRu/MgO after ligand removal in H, flow at 300°C for

2 h; (3) calcined MgO.

After adsorption of a mixture of Pt(acac), and Ru(acac); from toluene onto
MgO and dry by evacuation, the intensity of isolated hydroxyl groups at 3764 (vs)
cm™ decreased indicating that they involved in precursor-support interactions. IR
broad band of hydrogen-bonded hydroxyl groups at 3481 cm™ also observed on this
sample imply that the interaction between metal acetylacetonate precursors and MgO

was hydrogen bonding.

The IR spectrum in vc.c and ven regions of dry sample after adsorption was

shown in spectrum 1 (Figure 5.4).
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Figure 5.4 IR spectra vcc and vey regions of (1) dry supported Pt(acac), and
Ru(acac); on MgO; (2) PtRu/MgO after ligand removal in H, flow at

300°C for 2 h.

The IR peaks of dry supported sample occurred at 1608 (m), 1552 (sh), 1518
(s), 1466 (sh), 1410 (w), 1383 (m), 1151 (w) and 1018 (m) cm™ were assigned to
acetylacetonate ligands (SADTLER Research Laboratories, 1965; The Coblentz
Society, 1970).

Therefore, the interaction between metal acetylacetonate precursors and MgO
surface occurred through hydrogen bonding as described by equation 5.1.

Acetylacetonate ligands were completely removed after H, flow at 300°C for 2
h as the peaks disappeared in spectrum 2 (Figures 5.3 and 5.4). The acetylacetonate
ligand would be eliminated from adsorbed precursors in the form of acetylacetone, or
decomposed into isopropanol and acetone (Kenvin and White, 1991; Dossi et al.,

2003).
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5.3.2 TPRD of supported PtRu samples
Temperature-programmed reductive decomposition (TPRD) (Dossi
et al., 2003) was used to study reductive decomposition temperature of Pt(acac), and
Ru(acac); to form Pt and Ru particles supported on y-Al,O3 and MgO after deposition
of Pt(acac), and/or Ru(acac); as described in equation 5.2 where M was transition
metal and decomposition product could be isopropanol and acetone or methane (Dossi
et al., 2003).

A
M" (acac)ysy + Ho——> My, + acetylacetone or decomposition product ...(5.2)

5.3.2.1 TPRD of Pt(acac), and/or Ru(acac); supported on y-Al,O;

After y-Al,O3 was adsorbed with a mixture of Pt(acac), and Ru(acac); in
toluene and dried by evacuation, it was studied reduction temperature by TPRD
technique. TPRD profiles of sample after adsorption with Pt(acac), and/or Ru(acac);

are shown in Figure 5.5.
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Figure 5.5 TPRD profiles of (1) Pt(acac), and Ru(acac); adsorbed on y-AL,Os; (2)

Pt(acac); adsorbed on y-Al,Os; (3) Ru(acac); adsorbed on y-Al,Os.

TPRD profiles of Pt in Pt(acac), precursor supported on y-Al,O3; was observed
at 210°C whereas that of Pt in mixture precursors supported on y-Al,O; decreased to
124 and 199°C indicating that supported Pt(acac), had many decomposition steps on
v-AlO3. Reductive decomposition temperature of Ru in mixture of Pt(acac), and
Ru(acac); precursors supported on y-Al,O; was found at 340°C while that of Ru in
Ru(acac); on y-Al,O; was observed at 288°C. It was likely that Pt and Ru did not
contact with each other due to increasing of reductive decomposition temperature of
Ru particles compared to supported Ru(acac);. Because of more hydrogen adsorption
on Pt than Ru, hydrogen probably first adsorbed on Pt surface and the reductive
decomposition occurred followed by the reductive decomposition of Ru complex.

Dry supported PtRu sample after treated in H, flow at 300°C for 2 h was also

tested with TPRD apparatus. There was no H, consumption in temperature range from
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room temperature to 400°C indicating that Pt and Ru particles were completely

reduced at 300°C in H, flow during 2 h.

5.3.2.2 TPRD of Pt(acac), and/or Ru(acac); supported on MgO

Supported PtRu on MgO prepared from a mixture of Pt(acac), and/or
Ru(acac); were studied by TPRD technique. Details of sample preparation and
apparatus were the same as TPRD study in section 5.3.2.1. The TPRD profiles of bare

MgO and dry supported sample prepared from Pt(acac), and/or Ru(acac); are shown

in Figure 5.6.

140 202
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130 230 330
Temperature (°C)

30

Figure 5.6 TPRD profiles of (1) Pt(acac), adsorbed on MgO; (2) Pt(acac), and

Ru(acac); adsorbed on MgO; (3) Ru(acac); adsorbed on MgO; (4)

calcined MgO.

Calcined MgO was tested by TPRD technique as shown in profile 4 (Figure

5.6). As expected, the reduction of MgO support did not occur during TPRD test from
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room temperature to 400°C. It was found that reductive decomposition temperatures
of Pt(acac), on MgO were observed at 140, 202 and broad TPRD profile at 304°C
indicating that supported Pt(acac), had many decomposition steps on MgO. On the
other hand, Ru(acac); supported on MgO showed reductive decomposition
temperature at 216°C indicating that one step decomposition of supported Ru(acac);
on MgO. For supported PtRu sample, reductive decomposition temperatures of Pt and
Ru particles were shown in TPRD profile 2 (Figure 5.6). Broad H, consumption was
observed at 189-221°C indicating that Pt and Ru might contact to each other on MgO
or change in oxidation states.

TPRD products probably consisted of acetone and methane as reported by Dossi
et al. (2003) on a different system. They prepared supported PtPd/MgO from Pt(acac),
and Pd(acac), mixture by chemical vapor deposition and found that acetone fragments
were observed by TPRD during TPRD test at 100-300°C, and methane was a main
product at above 300°C. The mechanism of reductive decomposition was expected to
be complicate and was not investigated further because it was outside the scope of this

thesis.

5.3.3 XANES spectra of dry supported Pt(acac); and Ru(acac); on
v-AL O3

X-ray absorption technique such as X-ray absorption near edge structure

(XANES) spectroscopy was used to study changes of oxidation state of Pt and Ru

during treatment in H, flow. After dry supported sample was loaded in to XAS cell,

the XANES spectra were collected at each Pt Ly (11564 eV) and Ru K (22117 eV)
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edge during heating from room temperature to 100°C under H, flow. XANES spectra

were shown in Figure 5.7.
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Figure 5.7 XANES spectra of Pt(acac), and Ru(acac); supported on y-Al,0O3 during

H, flow from room temperature to 100°C. (A) Scanned at the Pt Ly

edge; (B) the Ru K edge at temperature (1) 25°C and (2) 100°C.
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During a treatment in H, flow from room temperature to 100°C, XANES data
showed that Pt and Ru particles were reduced due to decreasing in white line area
while the absorption edge did not change significantly (Figures 5.7A and 5.7B). For
XANES at the Pt Ly edge, Pt atoms showed more decrease of white line area than
that of Ru atom in Figure 5.17B. It was suggested that Pt atom was reduced at lower
temperature than Ru atoms.

The XANES data agreed with TPRD results that Pt particle was reduced at
lower temperature than Ru particle.

In contrast, Wang et al. (2004) found by XANES spectra of supported Pt/MgO
prepared from Pt(acac); after reduction by H, at 300°C that the Pt Ly white line area

was larger than that of Pt foil indicating that Pt was not completely reduced.

5.3.4 EXAFS spectroscopy results
5.3.4.1 EXAFS evidence for PtRu/y-Al,O3 catalyst prepared from a
mixture of Pt(acac), and Ru(acac);
Supported PtRu sample prepared from adsorption of a mixture of
Pt(acac), and Ru(acac); from toluene onto y-Al,O;, was treated in H, flow at 300°C
for 2 h to remove acetylacetonato ligands and reduce metals. The interactions of
metal-metal and metal-surface oxygen of treated PtRu sample were investigated by
EXAFS spectroscopy. The EXAFS fitting parameters of treated PtRu/y-Al,O; sample
were summarized in Table 5.2. The EXAFS fitting results in The EXAFS fitting

results in k and r space with k°, k* and k® weighted are shown in Figures 5.8 and 5.9.
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Table 5.1 Summary of EXAFS data of PtRu/y-Al,O3 prepared from a mixture of

Pt(acac), and Ru(acac); after ligand removal in H, flow at 300°C for 2 h

Edge Shell N R (A) 10°x Ac” (A" AE, (eV)
PtLyy  Pt-Pt 28+0.1 2.77+0.01 1.1+0.3 7.7+ 0.4
Pt-Ru - - - -
Pt-Ogupport
Pt-O, 34+0.1 250+0.01  0.8+0.5 58403
Pt-O, 13401 295+0.01 -45+1.0 8.7+0.6
Ru K Ru-Ru 33+0.1 2.65+001  3.9+03 73402
Ru-Pt - - - -
Ru-Ogypport
Ru-Oy  1.7+0.1 1984001 14.0+1.1 3.7+0.5
Ru-O;  0.740.1 220+0.01  65+2.6 -0.8+0.8

Notation: subscript s and I refer to short and long, respectively.

The estimated accuracies of coordination number (N), distance (R), Debye-
Waller factor (Ac?), and inner potential correction (AEy) are as follows: + 20%, + 1%,
+ 30%, and + 10%, respectively. Here Pt has higher Pt-Oy coordination number than
that prepared from Pt;Rus(CO)yi(us-H)(pu-H)s. In contrast, Ru has lower Ru-Os
coordination number compare to that prepared from Pt;Rug(CO), (ps-H)(u-H)s. In
addition, coordination number of Pt-Og was higher than that of Ru-Os. This trend was

opposite to the PtRu/y-Al,O; prepared from Pt;Rug(CO)y1(ps-H)(u-H)s.
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Figure 5.8 EXAFS results scanned at the Pt Ly edge characterizing the PtRu/
v-Al,O3; sample prepared by adsorption of a mixture of Pt(acac), and
Ru(acac); after ligand removal in H, flow at 300°C: (A) Experimental
EXAFS function (solid line) and sum of the calculated Pt-Pt, Pt-Os, and
Pt-O; contributions (dotted line). (B) Magnitude of uncorrected Fourier
transform (kO weighted) of experimental EXAFS function (solid line)
and sum of the calculated Pt-Pt, Pt-O,, and Pt-O; contributions (dotted

line).
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Figure 5.8 (continued) EXAFS results scanned at the Pt Lj;; edge characterizing the
PtRu/y-Al,0O3 sample prepared by adsorption of a mixture of Pt(acac),
and Ru(acac); after ligand removal in H, flow at 300°C: (C) Magnitude
of uncorrected Fourier transform (k' weighted) of experimental EXAFS
function (solid line) and sum of the calculated Pt-Pt, Pt-O,, and Pt-O,
contributions (dotted line). (D) Magnitude of uncorrected Fourier
transform (k3 weighted) of experimental EXAFS function (solid line)
and sum of the calculated Pt-Pt, Pt-O,, and Pt-O; contributions (dotted

line).
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Figure 5.9 EXAFS results scanned at the Ru K edge characterizing the PtRu/
v-Al,O3; sample prepared by adsorption of a mixture of Pt(acac), and
Ru(acac); after ligand removal in H, flow at 300°C: (A) Experimental
EXAFS function (solid line) and sum of the calculated Pt-Pt, Pt-Os, and
Pt-Oy contributions (dotted line). (B) Magnitude of uncorrected Fourier
transform (k0 weighted) of experimental EXAFS function (solid line)
and sum of the calculated Pt-Pt, Pt-Og, and Pt-O; contributions (dotted

line).
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(continued) EXAFS results scanned at the Ru K edge characterizing the
PtRu/y-Al,0O3 sample prepared by adsorption of a mixture of Pt(acac),
and Ru(acac); after ligand removal in H, flow at 300°C: (C) Magnitude
of uncorrected Fourier transform (k' weighted) of experimental EXAFS
function (solid line) and sum of the calculated Pt-Pt, Pt-O,, and Pt-O,
contributions (dotted line). (D) Magnitude of uncorrected Fourier
transform (k3 weighted) of experimental EXAFS function (solid line)
and sum of the calculated Pt-Pt, Pt-O,, and Pt-O; contributions (dotted

line).
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After treatment in H» at 300°C for 2 h, the EXAFS data in Table 5.1 show that
the average Pt-Pt coordination number was 2.8 + 0.1 and that of Ru-Ru was
3.3 + 0.1. Pt-Ru and Ru-Pt contributions did not observed on y-Al,O; support
indicating that Pt and Ru did not contact each other upon treatment in H, at 300°C for
2 h. Interaction of Pt-Pt was observed at average bond distance 2.77 + 0.01 A with
coordination number 2.8 + 0.1 as shown in Table 5.1.

However, larger coordination numbers of Pt in of Pt/H; SiO, prepared from
Pt(acac), during reduction in H, (around 300°C) were observed by in situ energy
dispersive EXAFS (EDE) (Fiddy, Newton, Dent et al., 1999; Fiddy, Newton,
Campbell et al., 1999). The coordination number of Pt-Pt contribution increased to
approximately 6 at 300°C. Thus, metal-support interaction on y-Al,O; was higher than
that on SiO; and less aggregation tendency was expected for both Pt and Ru.

The Ru-Ru contribution was also detected at average distance 2.65 + 0.01 A
with coordination number 3.3 + 0.1. The interactions between metal and surface
oxygen were found for both Pt and Ru particles.

Thus, y-AlLOs-supported PtRu sample prepared from adsorption of a mixture of
Pt(acac), and Ru(acac); did not form bimetallic Pt-Ru particles on the support and

each metal had high dispersion.

5.3.4.2 EXAFS evidence for PtRu/MgO catalyst prepared from a
mixture of Pt(acac), and Ru(acac)s
Supported PtRu sample prepared from adsorption of a mixture of
Pt(acac), and Ru(acac); in toluene onto MgO, was treated in H; flow at 300°C for 2 h

to remove acetylacetonate ligands and reduce metals. The interactions of metal-metal
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and metal-surface oxygen of treated PtRu sample were investigated by EXAFS
spectroscopy. The EXAFS fitting parameters of treated PtRu/MgO sample were
summarized in Table 5.3. The EXAFS fitting results in The EXAFS fitting results in k
and r space with k°, k' and k® weighted are in Figures 5.10 and 5.11. The estimated
accuracies of coordination number (N), distance (R), Debye-Waller factor (Ac?), and
inner potential correction (AE) are as follows: £ 20%, £ 1%, + 30%, and = 10%,

respectively.

Table 5.2 Summary of EXAFS data of PtRu/MgO prepared from a mixture of

Pt(acac), and Ru(acac); after ligand removal in H, flow at 300°C for 2 h

Edge Shell N R (A) 10°x Ao” (A%  AE, (eV)
PtLy  Pt-Pt 1.0+0.1 3.07+0.01 33405 -5.840.6
Pt-Ru - - - -
Pt-Ogupport
Pt-O, 0.4+0.1 1.98+0.01 49+ 1.4 7.0+ 0.6
Pt-O 26+0.1 2.51+0.01 0.5+0.2 2.1+0.1
Pt-Op,  43+0.1 3.17+£0.01  -03+0.3 -11.9+0.1
RuK  Ru-Ru 35+0.1 2.69+0.01 44+03 2.8+0.2
Ru-Pt - - - -
Ru-Ogypport
Ru-Oy 25401 2.01+0.01 8.6+0.5 28402
Ru-O;  09+0.1 253+001 -35+1.0 150+0.4
Ru-Op  1.1+£0.1 2.96+0.01 1.6+ 1.8 3.54+0.6

Notation: subscript s and | refer to short and long, respectively.
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Figure 5.10 EXAFS results scanned at the Pt Ly;; edge characterizing the PtRu/MgO
sample prepared by adsorption of a mixture of Pt(acac), and Ru(acac);
after ligand removal in H, flow at 300°C: (A) Experimental EXAFS
function (solid line) and sum of the calculated Pt-Pt, Pt-Os, and Pt-O,
contributions (dotted line). (B) Magnitude of uncorrected Fourier
transform (k0 weighted) of experimental EXAFS function (solid line)
and sum of the calculated Pt-Pt, Pt-Og, and Pt-O; contributions (dotted

line).
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Figure 5.10 (continued) EXAFS results scanned at the Pt Ly;; edge characterizing the
PtRu/MgO sample prepared by adsorption of a mixture of Pt(acac), and
Ru(acac); after ligand removal in H, flow at 300°C: (C) Magnitude of
uncorrected Fourier transform (k' weighted) of experimental EXAFS
function (solid line) and sum of the calculated Pt-Pt, Pt-Os, and Pt-O,
contributions (dotted line). (D) Magnitude of uncorrected Fourier
transform (k® weighted) of experimental EXAFS function (solid line)
and sum of the calculated Pt-Pt, Pt-Os, and Pt-O) contributions (dotted

line).
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Figure 5.11 EXAFS results scanned at the Ru K edge characterizing the PtRu/MgO
sample prepared by adsorption of a mixture of Pt(acac), and Ru(acac)s
after ligand removal in H, flow at 300°C: (A) Experimental EXAFS
function (solid line) and sum of the calculated Pt-Pt, Pt-O,, and Pt-O,
contributions (dotted line). (B) Magnitude of uncorrected Fourier
transform (k0 weighted) of experimental EXAFS function (solid line)
and sum of the calculated Pt-Pt, Pt-O,, and Pt-O; contributions (dotted

line).
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Figure 5.11 (continued) EXAFS results scanned at the Ru K edge characterizing the
PtRu/MgO sample prepared by adsorption of a mixture of Pt(acac), and
Ru(acac); after ligand removal in H, flow at 300°C: (C) Magnitude of
uncorrected Fourier transform (k' weighted) of experimental EXAFS
function (solid line) and sum of the calculated Pt-Pt, Pt-Os, and Pt-O,
contributions (dotted line). (D) Magnitude of uncorrected Fourier
transform (k® weighted) of experimental EXAFS function (solid line)
and sum of the calculated Pt-Pt, Pt-Os, and Pt-O) contributions (dotted

line).
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After treatment in H, flow at 300°C for 2 h, the EXAFS data in Table 5.2 show
that the average Pt-Pt coordination number was 1.0 + 0.1 and that of Ru-Ru was
3.5 £ 0.1. However, Pt-Ru and Ru-Pt contributions did not observed on MgO support
indicating that Pt and Ru did not contact each other upon treatment in H; at 300°C for
2 h. Interaction of Pt-Pt was observed at average bond distance 3.07 + 0.01 A with
coordination number 1.0 = 0.1 as shown in Table 5.2.

The average coordination of Pt-Pt contribution found in this work was
significantly lower than that of Pt/MgO prepared from Pt(acac), and reduced at 300°C,
7.0 at average distance 2.76 A (Wang et al., 2004).

The Ru-Ru contribution was also detected at average distance 2.69 + 0.01 A
with coordination number 3.5 + 0.1. It was estimated that Ru show greater tendency
for aggregation than Pt on MgO upon treatment. The interactions between metal and
surface oxygen were found for both Pt and Ru particles.

Thus, PtRu/MgO and PtRu/y-Al,O3 sample prepared from adsorption of a
mixture of Pt(acac), and Ru(acac); did not form bimetallic Pt-Ru particles on each
support but contained highly dispersed Pt and Ru particles separately. Because none
of Pt-Ru interactions were observed on both Al,Os; and MgO support when using
metal acac precursors, it was expected that similar behavior would be observed on
Ti0O; support. Thus, further investigation on PtRu/TiO, from acetylacetonate salts was

not conducted in this thesis.
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5.3.5 Catalytic activity of ethylene hydrogenation catalyzed by
PtRu/y-Al,O3 and PtRu/MgO prepared from a mixture of Pt(acac),
and Ru(acac);

Ethylene hydrogenation which is structural-insensitive reaction was used
to test catalytic activity over support PtRu catalysts prepared from a mixture of

Pt(acac), and Ru(acac);.

5.3.5.1 Time on stream (TOS) for ethylene hydrogenation catalyzed
by PtRu/y-Al,O3; and PtRu/MgO prepared from a mixture of

Pt(acac); and Ru(acac);
Catalytic activity of ethylene hydrogenation catalyzed by supported
PtRu/y-AL,O; and PtRu/MgO prepared from mixed Pt and Ru compounds were
carried out in stainless U-tube reactor at atmospheric pressure. The reaction was

tested under condition: PC2H4 = 40 Torr, PH2 = 200 Torr, balanced with He, total feed

flow rate = 100 ml (NTP)/min, 1.0 wt% Pt and 1.0 wt% Ru catalyst and temperature
range -50 to -40°C. The reaction temperature was kept at desired temperature with
+ 1°C fluctuation. Catalytic activities of ethylene hydrogenation catalyzed by PtRu/
v-Al,O3 and PtRu/MgO prepared from mixed organometallic compounds were plotted
as a function of TOS as in Figure 5.12.

Figure 5.12 shows that catalytic activity of ethylene hydrogenation catalyzed by
PtRu/MgO prepared from a mixture of Pt(acac), and Ru(acac); in toluene was much
higher than that catalyzed by PtRu/y-AlL,O; catalysts at temperature -50°C. The
reaction reached steady-state within 20 minutes for all catalysts and deactivation was

not observed during the 100 minute testing period.
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Figure 5.12  Activity for ethylene hydrogenation catalyzed by (®) PtRu/MgO; (&)
PtRu/y-Al,O;, prepared from a mixture solution of Pt(acac), and

Ru(acac); at temperature -50°C.

5.3.5.2 Apparent activation energy of ethylene hydrogenation
catalyzed by PtRu/y-Al,O3; and PtRu/MgO prepared from a
mixture solution of Pt(acac), and Ru(acac);
The apparent activation energy of ethylene hydrogenation catalyzed by
supported PtRu catalyst was collected at around 25 min TOS at reaction condition:

Pc,n, = 40 Torr, By = 200 Torr, balanced He with total feed flow rate 100 ml

(NTP)/min, catalyst mass 10-20 mg, 1.0 wt% Pt and 1.0 wt% Ru, and temperature
ranges -50 to -9°C. Reaction temperature was kept at desired temperature with + 1°C
fluctuation.

The catalytic activity of reaction in terms of the turnover frequency (TOF) was

represented the number of molecules reacting per active sites per second (Fogler,
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1999). It was assumed that all metal particles dispersed on support were accessible to
reactants, so that TOF was defined as the equation 2.3 (Chapter II, page 53).
Arrhenius plot of TOF in a natural log scale as a function of inversed temperature was

in Figure 5.13.

: y = 8.0682 - 3.0040x
Ixe™ - R’ =-0.9857
3 Eapp = 6.0 kcal/mol

5
Ixe™

TOF (s)

6 ]
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1 R*=-0.9897
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Figure 5.13 Arrhenius plot for ethylene hydrogenation catalyzed by (M)
PtRu/MgO; (A) PtRu/y-Al,Os, prepared from a mixture solution of

Pt(acac), and Ru(acac);.

Due to very high activity of ethylene hydrogenation catalyzed by PtRu/MgO
prepared from a mixture solution of Pt(acac), and Ru(acac);, complete conversion
were obtained at temperature higher than -30°C, thus data was collected in
temperature ranges -50 to -30°C. The lower Pt-Ru contributions on MgO than that on

v-ALL,Os probably affect the catalytic activity. The apparent activation energy of
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ethylene hydrogenation catalyzed by supported PtRu catalysts could be obtained from

slope of linear graph in Figure 5.13 and values are shown in Table 5.3.

Table 5.3  Apparent activation energy for ethylene hydrogenation catalyzed by
PtRu catalysts prepared from mixture solution of Pt and Ru compounds

and ligand removal in H, flow at 300°C for 2 h

Precursors Supports  Activity Apparent Temperature
TOF x 10*  activation (°C)
(s)? energy
(kcal/mol)
Pt(acac), + Ru(acac)s v-AlLO;  1.5+0.1 8.1+0.1 -50to -9
Pt(acac), + Ru(acac); MgO 83.9+ 1.7 6.0£0.1 -50 to -30
Pt(cod)Cl, + Ru(cod)CL v-ALO; 68+02  6.7+0.1 -51 to -10°
Pt(cod)Cl, + Ru(cod)CL MgO  69+03  6.7+0.1 -50 to -10°

®Reaction at -40°C, Pc,n, =40 Torrand Py =200 Torr

bChotisuwan, Wittayakun, and Gates, 2004

Table 5.3 shows order of apparent activation energy over PtRu/MgO prepared
from Pt(acac), and Ru(acac); > PtRu/MgO = PtRu/y-Al,O; prepared from Pt(cod)Cl,
and Ru(cod)Cl, > PtRu/y-AL,O; prepared from Pt(acac), and Ru(acac);. The turn over
frequency (TOF) at temperature -40°C of PtRu/MgO prepared from Pt(acac), and
Ru(acac); was pretty much higher than that of other catalysts.

However, the apparent activation energy of PtRu/y-Al,O; catalyst prepared

from Pt(acac), and Ru(acac); was slightly lower than that of PtRu/y-Al,Os catalyst
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prepared from a molecular precursor in Chapter II which was 8.4 £+ 0.1 kcal/mol at

condition: P; = 80 Torr, Py = 40 Torr, balance He with 200 ml (NTP)/min flow

rate and temperature varied from -75 to -20°C. In addition, the apparent activation
energy of PtRu/MgO catalyst prepared from Pt(acac), and Ru(acac); was lower than
that of PtRu/MgO catalyst prepared from a molecular precursor in Chapter III which

was 7.6 + 0.1 keal/mol at condition: Py = 80 Torr, Py, =40 Torr, balance He with

200 ml (NTP)/min flow rate and temperature varied from -75 to -30°C.

5.4 Conclusions

Supported (Pt+Ru) catalysts were prepared by adsorption with the mixture of
Pt(acac), and Ru(acac); in toluene. Precursors adsorbed on support by hydrogen
bonding. Acetylacetonato ligands of adsorbed precursors could be completely
removed by treatment in H, flow at 300°C for 2 h. However, metal particles could be
reduced at this condition after observed by TPRD technique. The EXAFS results
indicated that Pt-Ru or Ru-Pt connection did not form after treatment in H, flow at
300°C but contained highly dispersed Pt and Ru particles. The average Pt-Pt and
Ru-Ru coordination numbers of PtRu/y-Al,O3 were 2.8 + 0.1 and 3.3 + 0.1 whereas
that of PtRu/MgO were 1.0 + 0.1 and 3.5 + 0.1, respectively. Supported PtRu catalysts
on both supports were active for ethylene hydrogenation. The apparent activation
energies of PtRu/MgO and PtRu/y-Al,Os prepared from the mixture of Pt(acac), and
Ru(acac); were 6.0 £ 0.1 and 8.1 &+ 0.1 kcal/mol, slightly lower than that of PtRu/MgO
and PtRu/y-Al,O; catalysts prepared from Pt;Rus(CO),;i(us-H)(u-H)s in Chapter 11

and III which were 7.6 + 0.1 and 8.4 + 0.1 kcal/mol, respectively. Catalytic activities
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(TOF) of ethylene hydrogenation catalyzed by PtRu/y-Al,O3; and PtRu/MgO prepared

from the mixture of Pt(acac), and Ru(acac); at temperature -40°C were

(15+0.1)x 10* and (83.9 £ 1.7) x 10 (s).



CHAPTER VI

CONCLUSIONS

Highly dispersed PtRu catalysts on y-Al,O3;, MgO and TiO, were prepared
successfully by adsorption with a CH,Cl, solution of Pt-Ru carbonyl hydride cluster,
Pt;Ru6(CO),1(p3-H)(u-H)s which is coordinatively saturated and has Pt-Ru bonds.
Characterization by IR and EXAFS spectroscopy indicated that the precursor did not
adsorb intact on each support except on y-Al,O3 which cluster core was intact. The
adsorbed precursor was still in the form of bimetallic carbonyl species and the
structure was slightly changed possibly due to loss of hydrides during impregnation
and interaction with the support. This adsorbed precursor on each support could not
be recovered completely by CH,Cl, solvent also due to the strong interaction with
support.

The difference in chemistry of supports lead to differences in chemistry of
precursor-support interactions. The cluster precursor could bind to y-Al,Os3 support by
the interactions between metal and surface oxygen, oxygen of CO ligands and
between surface hydroxyl groups and AI’" acid sites. For adsorption on MgO, oxygen
of CO ligands of the precursor interacted with surface hydroxyl groups and formed
carbonates, carboxylates adsorbed species and hydrogen bonding whereas IR results
indicated that oxygen of CO ligands of precursor adsorbed on TiO, interacted with

surface hydroxyl groups forming carbonates, carboxylates adsorbed species. Partial
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decarbonylation was observed only at Ru atoms of adsorbed precursor on TiO, by
EXAFS spectroscopy.

Carbonyl ligands of adsorbed precursor could be completely removed in He
flow at 300°C for 2 h resulting in supported bimetallic Pt-Ru particles with high
dispersion. The average bond distances for Pt-Ru catalysts supported on y-ALOs,
MgO and TiO, were 2.64 = 0.01, 2.69 + 0.01 and 2.65 + 0.01 A for Pt-Pt, 2.68 + 0.01,
2.69 +0.01 and 2.69 + 0.01 A for Pt-Ru, 2.62 + 0.01, 2.63 + 0.01 and 2.65 + 0.01 A
for Ru-Ru, respectively. The average coordination numbers for Pt-Ru catalysts
supported on y-Al,O3, MgO and TiO; were 1.7 £0.2, 1.3 £ 0.2 and 1.8 = 0.1 for Pt-Pt,
22+0.1,09 +0.1 and 1.9 = 0.1 for Pt-Ru, 2.1 £ 0.1, 2.6 + 0.1 and 2.4 + 0.1 for
Ru-Ru, 1.0 £ 0.1, 1.1 £0.1 and 0.9 £ 0.1 for Ru-Pt contribution, respectively.

EXAFS data showed structural changes in bond distances and coordination
numbers of Pt-Ru contribution due to partial segregation but the bimetallic frame
remained on support. There was greater tendency to segregate on MgO than other
supports. However, Pt-Pt and Ru-Ru contributions were stable upon ligand removal.
Strong Pt-Ru and cluster-support interactions might lead to high dispersion bimetallic
species on y-Al,O3.

Supported PtRu catalysts prepared from Pt;Ruc(CO),;(us3-H)(u-H)s were active
for both ethylene hydrogenation and n-butane hydrogenolysis. The apparent activation
energies for ethylene hydrogenation were 8.4 £ 0.1, 7.6 £ 0.1 and 8.1 £ 0.1 kcal/mol
for catalysts on y-Al,O3;, MgO and TiO,, respectively. The catalytic activity for
ethylene hydrogenation of supported PtRu/TiO, catalyst prepared from

Pt;Rus(CO)21(u3-H)(u-H); was highest among tested catalysts. The apparent
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activation energies for n-butane hydrogenolysis were 30.9 + 0.1, 15.5 £ 0.1 and
28.2 + 0.1 kcal/mol for catalysts on y-Al,03, MgO and TiO,, respectively.

Supported PtRu catalysts on y-Al,O3 and MgO were also prepared successful by
adsorption with a mixture of Pt(acac), and Ru(acac); compounds. IR results indicated
that interaction of precursors and support could occur through acetylactonate ligands
with surface of support forming hydrogen bond. Acteylacetonate ligands could be
removed completely after treatment in H, flow at 300°C for 2 h. TPRD and EXAFS
data indicated that there were no Pt-Ru connections in treated PtRu samples prepared
from the mixture of Pt(acac), and Ru(acac); on both supports, only Pt-Pt and Ru-Ru
contributions were observed. However, PtRu/MgO and PtRu/y-Al,O3 catalysts
prepared from the mixture of Pt(acac), and Ru(acac); were active in ethylene
hydrogenation and apparent activation energies were 6.0 + 0.1 and 8.1 = 0.1 kcal/mol,
slightly lower than that of PtRu/MgO and PtRu/ y-Al,Os catalysts prepared from

Pt3Ru6(CO)21(us-H)(pu-H)s.
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APPENDIX A

SYNTHESIS AND CHARACTERIZATION OF

Bis[1,2,5,6-n-(1,5-CYCLOOCTADIENE)]PLATINUM

A.1 Synthesis of dichloro[1,2:5,6-n-(1,5-cyclooctadiene)]platinum

Pt(n*-CsH;2)Cl, or Pt(cod)Cl, was prepared by methods modified from three
different literatures (Drew and Doyle, 1972; Clark and Manzer, 1973; Herrman and
Salzer, 1996) from a reaction between K;,[PtCly] and CgH;, in acidic conditions as
equation a.1, and H,PtCle.xH,O and CgHjs.

Ky[PtCl4] + CsH;y, —> Pt(1’]4-CgH12)Clz + 2KCl1 ..(a.1)

A.1.1 Method I

K,[PtCly] (2.5 g, Alfa, 46.60% Pt; and Strem, 46.84% Pt) was dissolved
in 40 mL of distilled water and filtered to remove undissolved portions. CH;COOH
(60 mL, Fisher, GR ACS) and CgH» (2.5 mL, Alfa, 99% purity, density 0.8803 g/mL)
were added into the solution of K;[PtCls]. The solution was vigorously stirred and
heated to 90°C until the fine light yellow crystalline needles were slowly formed. The
crystalline needles were filtered on a glass filter plate and washed with 20 mL
portions of distilled water and CH3;CH(OH)CH3 (EM, 99.5% purity, GR ACS). The
product was dried in a hot air oven at 120°C for 1 hour and characterized by IR

spectroscopy.
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A.1.2 Method Il
H,PtCls.xH,O (5.0 g, Matthey Bishop) was dissolved in 15 mL of
CH;COOH and heated to 75°C. CgH» was added to the hot solution and reaction flask
was swirled gently. After reaction was cooled to room temperature, it was diluted
with 50 mL of water and left to stand at room temperature for 1 hour. The crude
product was filtered and washed with 50 mL of water, and then 100 mL of petroleum
ether. The crude product was dissolved in 200 mL of CH,Cl, and heated until it boiled
for 5 min. The solution was cooled to room temperature, and 5.0 g of
chromatographic-grade silica gel was added to the solution. The mixture was swirled,
and allowed silica gel to settle. Additional silica gel 1 g portions were added to the
supernatant liquid until it was colorless. The supernatant liquid was filtered and the
residue was washed with two 50 mL portions of CH,Cl,. The filtrate was evaporated
until the product was crystallized. The solution was heated again and poured into 200
mL of petroleum ether. The white precipitate was filtered and washed with 50 mL of
petroleum ether and dried. The product could be recrystallized by dissolving in 150
mL boiling CH,Cl, and evaporated until the product crystallized to white macroscopic
crystals.
The percentage yields of Pt(cod)Cl, in this work were 63-85%. Pt(cod)Cl, was
light yellow, needle-like, air-stable solid and gave IR spectrum at 1381 (w), 1207 (sh),

1178 (sh) and 1078 (vs) cm™.

A.2 Synthesis of dilithiated cyclooctatetraene

Li,CgHg was prepared by the methods described by Spencer (1979) from a

direct reaction between Li and CgHg in (C,Hs),0 as equation a.2.
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2Li + CgHy —>  LiCsHg ..(a.2)

Prior to use, (C,Hs),O (Acros) was dried over molecular sieve 4A and purged

with N, (99.99%) to remove O,. In Ar glovebox, Li wire (0.7 g, Aldrich) was cut into
small pieces and suspended in oxygen-free (C,Hs),O (150 mL) at 0°C. CgHg (2.80
mL, Aldrich, 97%) was added into the mixture and left stirred for 16 hours. After the
precipitates were settle, the aliquot of orange solution was checked for molarity of

Li,CgHg solution by hydrolysis (see section A.2.1).

A.2.1 Molarity check (Total alkali)

A secondary standard solution of 0.1 M HCI was prepared and titrated
with diluted NaOH solution which was standardized with tartaric acid. The hydrolysis
of Li,CgHg solution was carried out by transfered 3.00 mL of Li,CgHg solution into
10.00 mL of (C;Hs),0, follow by adding 10.00 mL of distilled H>O. The hydrolyzed

solution was titrated with 0.1 M HCI solution with bromothymol blue indicator.

A.3 Synthesis of bis[1,2,5,6-n-(1,5-cyclooctadiene)]platinum

Pt(cod), was synthesized under inert atmosphere by the method described by
Spencer (1979) from a reaction between Li,CgHs, Pt(CsHj2)Cly, and CgHj, as
equation a.3

Li,CgHg + Pt(Cngz)Clz + CHy, — Pt(CgH12)2 + 2LiCl1 + CgHg (33)

Pt(cod)Cl, (3.7 g) was slurry with 15 mL of CgHj, at -40°C. The freshly
prepared solution of Li,CgHg (about 42 mL) was added dropwise to the vigorously

stirred slurry over a period of 45 minutes and the temperature was kept between -50
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and -30°C. The cream-colored mixture was warmed up to 0°C within 30 minutes after
complete addition. (C,Hs),0, excess CsHj, and CgHg were removed by evacuation
(= 107 Torr) and the pale-tan solid product was extracted with five 50 mL portions of
toluene at 20°C under inert atmosphere. The extract solution was filtered through a
column containing activated alumina (EM, activity grade II-III) under inert
atmosphere. The alumina column was washed with 50 mL of toluene. The filtrate and
washing solution were combined and evacuated at 20°C to a volume of 15 mL. The
mother liquor was removed from the off-white precipitates product and washed with
four 5 mL portions of petroleum ether. Pt(cod), product was dried under vacuum and
characterized by IR spectroscopy.

The percentage yields of Pt(cod), in this work were 7-44 %. Pt(cod), gave IR
spectrum at 3010 (s), 2925 (s), 2864 (s), 2816 (s), 1464 (s), 1460 (s), 1429 (s) and

1323 (s) cm’.
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ABSTRACT

Gamma-alumina supported bimetallic Pt-Ru catalyst (Pt-Ru/y—Al,03) was prepared by impregnation of
Pt;Rug(CO)y  (p3-H)(p-H); cluster in CH,Cl, solution on y—Al,O5 and decarbonylated in helium at
300°C. Changes of the cluster before and after decarbonylation, monitored by infrared (IR)
spectroscopy indicated that Pt;Rug(CO),;(p3-H)(p-H); adsorbed strongly to surface of y—Al,03 and
could not be extracted from support by CH,Cl, solvent. In addition, Pt-Ru/y—Al,O; was characterized
by extended X-ray absorption fine structure (EXAFS) spectroscopy which confirmed that Pt and Ru
were still intact after decarbonylation. Some changes in the cluster bonding were likely caused by
cluster-support interaction. The catalyst was active for ethylene hydrogenation and n-butane
hydrogenolysis. The temperature dependence of both reactions gave apparent activation energy of
8.4+0.1 and 30.9 £ 0.1 kcal/mol, respectively.

KEYWORDS

Bimetallic catalyst, Pt-Ru, alumina, ethylene hydrogenation, n-butane hydrogenolysis

INTRODUCTION

Supported bimetallic catalysts have been reported in many applications, for instance, Pt-Re,
Pt-Sn and Pt-Ir for naphtha reforming (Antos, et al., 1995), and Pt-Rh for auto exhaust conversion
(Shelef and Graham, 1994). An incorporation of second metal to a supported platinum-group metal
improves the catalyst performance and stability. In general, the simplest preparation method for
bimetallic catalyst is by coimpregnation followed by high-temperature reduction. However, this
conventional method gives nonuniform metal structure and usually with large particles on support. For
better control of metal particles, bimetallic metal cluster with metal-metal bonds could be used as
catalyst precursors to provide well-defined and/or highly dispersed bimetallic structure on support. In a
bimetallic cluster consists of a noble metal and oxophillic metal combination, removal of ligands from
adsorbed precursor gives the clusters of noble metals in clusters of oxides of the oxophillic metal which
bonds strongly to oxide support and stabilized the dispersion of the metals (Alexeeev, et al., 1996 and
2002).

The goal of this work was to prepare and characterize Pt-Ru/y—Al,0O; catalysts from a
bimetallic cluster precursor, Pt;Rug(CO),;(p3-H)(p-H); which contained Pt-Ru bond and its CO ligands
could be easily removed by thermal treatment in an inert atmosphere. This precursor is in the same
family as Pt,Ruy(CO);s which was successfully used as a catalyst precursor on y-Al,O; by Alexeev and
coworkers (2002).

The characterization methods for Pt-Ru/y—Al,O; included infrared (IR), and extended X-ray
absorption fine structure (EXAFS) spectroscopy. The Pt-Ru/y—Al,O; was tested for ethylene
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hydrogenation and n-butane hydrogenolysis. The first reaction is simple and widely used to test
catalytic activity, while the latter reaction is sensitive to surface structure and can be used as a probe
reaction.

MATERIALS AND METHODS

The organometallic syntheses and supported catalyst preparations were performed in an argon
drybox to prevent contact with moisture and air. The y-Al,O; powder (Degussa, BET surface area 100
m?/g) was calcined in flowing O, at 400°C for 2 h and evacuated (pressure ~ 10~ Torr) for 14 h before
use. Hexane, and pentane (Fisher Scientific) were distilled over Na/benzophenone and purged with N,
to eliminate oxygen. Gases (He and H,) were purified by passage through traps containing reduced
Cu/Al,0O; and zeolite particles to remove oxygen and water. Trace of water in dichloromethane was
removed by molecular sieve 4A. The Pt;Rug(CO),;(us-H)(u-H); was synthesized by a procedure
described elsewhere (Adams, et al., 1994), and separated from other products by extraction with cold n-
pentane. The cluster structure in CH,Cl, solution was confirmed by IR spectroscopy.

Preparation of Pt-Ru/y-Al,O3 catalysts

The Pt-Ru/y—Al,O; catalyst containing 1 wt% Pt and 1 wt% Ru was prepared by slurrying of
Pt;Rug(CO), (p3-H)(p-H); in CH,Cl, over y-Al,O; powder for 1 day and evacuated for 1 day.

Catalyst characterization

Infrared Spectroscopy. IR spectra of y—Al,O3 impregnated with Pt;Rug(CO)y;(us-H)(u-H)s
were recorded before and after drying by a Bruker IFS-66v spectrometer with a resolution of 4 cm™.
Each sample was scanned 64 times and the signal averaged. For solid, small amount of powder samples
were slightly pressed into semitransparent between KBr pelltets placed in a cell in a glovebox.

EXAFS Spectroscopy. EXAFS experiments were performed at X-ray beamline X18B at the
National Synchrotron Light Source, Brookhaven National Laboratory, New York, USA. The storage
ring energy was 2.5 GeV and the ring current was in the range 80-220 mA. Sample wafers for
transmission EXAFS spectroscopy in a special designed holder (Jentoft, et al., 1996) were cooled to
nearly liquid nitrogen temperature before scanning at Pt Ly edge (11564 eV) and Ru K edge (22117
eV) in transmission mode and integrating for 1 s at each energy in the range from 200 eV below the
absorption edge to 975 eV beyond the edge. A double crystal monochromator Si(111) was used.

EXAFS Data Analysis. Because of the difference in energy between Pt Ly edge (11564 eV)
and Ru K edge (22117 eV), EXAFS data were collected at individual Pt Ly;; and Ru K absorption edge
and analyzed with theoretical reference files. The interaction of Pt-Pt, Pt-Ru, Pt-Ogyppor, Ru-Ru, Ru-Pt,
and Ru-Oygyppore bond were analyzed with phase shift and backscattering amplitudes calculated by FEFF
software (Rehr, et al, 1991). The EXAFS data processing was carried out with Athena software (Raval,
2004). The final normalized EXAFS function from ATHENA software for each edge of each sample
was obtained from the average of four scans. The EXAFS parameters were extracted from the raw data
with the EXAFSPAK software (George, et al., 2000). The fitting were done in R space and k space with
application of k°, k', and k® weightings.
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Raw EXAFS data obtained at Pt Ly edge of Pt-Ru/y—Al,0; prepared from Pt;Rug(CO),;(p3-H)
(u-H)s after decarbonylation, were Fourier transformed over the ranges 3.25 < k < 14.25 with k*
weighting and no phase correction (k = the wave vector). The main contributions were isolated by
backward Fourier transformation in the ranges 0.0 < r < 5.0 A (r = interatomic distance from the
absorber atom).

The raw data obtained at Ru K edge of y-Al,Os-supported Pt;Rus(CO),;(13-H)(pu-H); after
decarbonylation, were analyzed over the ranges 3.40 <k < 14.45 and 0.0 <r <4.0 A.

The statistically justified number of free parameters estimated from Nyquist theorem for data
obtained at Pt Lj;; and Ru K edge of sample after decarbonylation were about 36 and 29, respectively.

Catalyst Testing

Ethylene Hydrogenation Reaction. This study was carried out in a stainless steel U-tubed
flow reactor at atmospheric pressure from -75 to -20°C. The sample was pretreated with He at 300°C
for 2h prior to reaction testing. Typically, 10 to 20 mg of catalyst was diluted with 600 mg of inert o.-
AlL,O4, loaded into the reactor, and cooled to desired temperature before a gas mixture consisting of H,,
ethylene, and balance He was flowed into reactor with 200 ml (NTP)/min flow rate. The effluent gas
mixture was analyzed with an online gas chromatograph (Hewlett-Packard HP 6890) equipped with an
Al,O; capillary column (50 m x 0.53 nm x 15.0 micron film thickness), and a flame ionization detector.
Testing conditions included Phyarogen = 80 Tort, Pegnyiene = 40 Torr, and temperature varied from -75 to -
20°C.

n-Butane Hydrogenolysis Reaction. This test was performed in a quartz tube flow reactor at
atmospheric pressure from 190 to 260°C. The sample was decarbonylated in the conditions as above.
Typically, 25 - 30 mg of decarbonylated sample was diluted with inert a-Al,O3, loaded into reactor,
and heated to desired temperature before exposed to a flow of a gas mixture consisting of H,, n-butane,
and balance He with 100 ml (NTP)/min flow rate. The effluent gas mixture was analyzed with the same
online gas chromatograph. Testing conditions were: Pyydrogen = 540 Torr, Pppyane = 60 Torr, and
temperature varied from 190 to 260°C.

RESULTS AND DISCUSSION

Evidence of interaction of precursors with y-Al,O3 from IR Spectroscopy

Figure 1 showed an IR spectrum in voy and v¢o regions of y-Al,O; before and after interaction
with Pt;Rug(CO),;(ps-H)(u-H); cluster compared with that of the cluster dissolved in CH,Cl, . The
bands at 3786, 3728 and 3672 cm™' of bared y-Al,O; (spectrum 1 in Figure 1A) were assigned to
different types of isolated hydroxyl groups (Alexeev, et al., 2002). The peak at 3786 cm™ was assigned
to type Ib, (Al** . )OH while the peak at 3728 cm™ was assigned to type Ila, (A" ) (OH) (AI*' o).
(Mestl and Knézinger, 1997). The broad at 3579 cm™ represents hydrogen-bonded OH groups
(Alexeev, et al., 2002 and references therein). The spectrum of vacuum-dried mixture of
Pt;Ru4(CO)y; (13-H)(p-H); and y-Al,O5 at 25°C showed only two broad peaks at 3679 and 3587 cm!in
the hydroxyl region ((spectrum 2 in Figure 1A)). The change in hydroxyl peaks indicated that they
involved in the interaction with the cluster.

Four peaks in carbonyl range were observed at 2081, 2065, 2048 and 2023 cm™ for
Pt;Rug(CO), (p3-H)(p-H); in CH,Cl, solution (spectrum 2 in Figure 1B). After it was impregnated on
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v-Al,O; and dried in vacuum, carbonyl peaks were still present at 2137, 2073, 2038 and 2011 cm’!
(spectrum 2 in Figure 1B). The small peak at 2137 cm™ was likely due to monometallic complex
containing terminal carbonyl from cluster decomposition, such as Pt""-CO and/or Ru-CO adsorbed on
v-Al,O;5 (Hadjiivanov and Vayssilov, 2002). Whereas the other three peaks corresponded to carbonyl
peaks in the cluster interacting with alumina support. The frequency was shifted to lower value due to
weakening of C-O bond after interacting with hydroxyl group of alumina. This interaction was
suspected because the change of hydroxyl bands was coincident with the shift of carbonyl bands in the
cluster.
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Figure 1. (A) IR spectrum in voy region: (1) Bared y-Al,O3 calcined at 400°C for 14 h; (2) dried

Pt:RU(CO)21(e-H)(u-H)z on y-Al,Os. (B) Infrared in veo regions: (1) PtzRug(CO),1(us-H)(u-H)s
dissolved in dichloromethane; (2) Pt;Rug(CO),:(us-H)(u-H)z adsorbed on y-Al, O3 after removal

of solvent; (3) sample after decarbonylation with He at 300 °C for 2 h.

An attempt to extract the cluster Pt;Rug(CO),;(u3-H)(p-H); from y-AlL,O; with CH,Cl, was not
successful because the cluster adsorbed strongly on alumina surface. There were two possible
interactions between carbonyl ligands and y-Al,O; support: (1) between carbonyl oxygen and surface
hydroxyl proton to form hydrogen-bonding; (2) between carbonyl oxygen and Lewis acid sites (A’
ions). After treating the dried mixture with He at 300°C for 2 h, all v¢o bands disappeared, indicating
complete decarbonylation. Carbonylation was a conversion of coordinated CO ligands with basic
surface sites (O* or OH) to carbon dioxide (Alexeev, et al., 2002).

The interaction between carbonyl ligands and surface hydroxyl groups may be formed by
nucleophillic displacement of carbonyl which is energetically favored for y-Al,O;-supported metal
carbonyls. This decarbonylation was resulted from cleavage of CO ligands of metal carbonyl and
formed metal-Ogyppore bonds (Myllyoja, et al., 1999) and caused a formation of anionic metal carbonyl
clusters (Alexeev, et al., 2002). Typically, the formation of anionic metal carbonyl clusters shows the
shifting of terminal v¢o bands to lower frequencies (Gates, 1998). However, IR data does not show any
anionic species of metal carbonyl cluster on support. However, it was possible that some of surface
species after contact y-Al,O; with Pt;Rus(CO),;(13-H)(pu-H); were the fragments of Pt;Rug(CO)y (13-
H)(u-H); that had been decarbonylated and coordinated to oxygen atoms on y-Al,O; surface.
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Characterization of alumina Pt-Ru catalysts by EXAFS Spectroscopy

EXAFS data of Pt-Ru/y-Al,0; give information of local structure such as coordination number
of absorbing atom and interatomic distances between absorbing atom and scattering atoms. The
EXAFS data analysis of these samples at Pt Lj;; edge and Ru K edge were summarized in Table 1. The
estimated accuracies of coordination number (N), distance (R), Debye-Waller factor (Ac?), and inner
potential (AE,) are as follows: +20%, +1%, +30%, +10%, respectively. After decarbonylation in He at
300°C for 2 h, the EXAFS results of Pt-Ru prepared from cluster precursor gave a Pt-Pt interatomic
distance of 2.64+0.01 A which was nearly similar to that of Pt;Rug(CO); (u3-H)(u-H)s, average 2.63
A. (Adams, et al, 1994). The Pt-Pt had coordination number of 1.7+0.2, lower than 2.0 in the precursor.
The Pt-Ru contribution in Pt-Ru/y-Al,O5 had interatomic distance of 2.68+0.01 A, slightly shorter than
the average 2.80 A in the precursor in crystalline form. The coordination number of the first shell of Pt-
Ru contribution compared with that of precursor decreased from 4.0 to 2.2+0.1. The Pt-O contributon
was found at 2.08+0.01 A for interatomic distance and coordination number of 2.2+0.1.

The EXAFS results at Ru K edge showed Ru-Ru distance of 2.62+0.01 A, decreased from
3.04 A of Ru-Ru distance in the precursor. The shorter distance could be resulted from the loss of
bridging hydride ligands bonded to Ru; faces after decarbonylation. The EXAFS results showed nearly
the same of Ru-Ru coordination number for cluster adsorbed on support after decarbonylation and that
for precursor in crystalline form, 2.4 and 2.140.1, respectively. The average coordination numbers of
Ru-Pt contribution of cluster after decarbonylation decreased from 2.0 to 1.0+0.1. EXAFS results
confirmed metal-metal framework remained intact on alumina support after decarbonylation, the
cluster-support interaction was not strong enough to break cluster framework.

Table 1. Summary of EXAFS data of y-Al,O3-supported Pt;Rus(CO),; (1s-H)(u-H)s after
decarbonylation with He at 300°C for 2 h.

Edge Shell N R (A) 10° x Ao’ (AY) AE, (eV)
Pt Ly Pt-Pt 1.7+0.2 2.64+0.01 3.0+£0.7 -4.5+0.8
Pt-Ru 2.2+0.1 2.68+0.01 4.24+0.5 6.0+£0.3
Pt'Osupport
Pt-Os 2.240.1 2.08+0.01 11.3£1.4 8.7+0.6
Pt-O, 0.8+0.1 2.99+0.02 -2.3+£2.0 -7.6x1.4
RuK Ru-Ru 2.1£0.1 2.62+0.01 4.1+0.3 -13.3+0.3
Ru-Pt 1.0£0.1 2.68+0.01 4.5+0.7 -11.5£1.0
Ru‘osupport
Ru-Os 1.2+0.1 2.06+0.01 10.9+1.7 4.1+0.7
Ru-O, 2.1£0.1 2.89+0.01 0.1+0.7 11.8+0.2
Ru-Op, 1.4+0.2 3.32+0.02 5.2+£2.8 6.2+0.6

Notation: the subscript s and 1 refer to short and long, respectively

Catalyst Testing for Ethylene Hydrogenation and n-Butane Hydrogenolysis

The Pt-Ru/y-Al,O5 prepared from the cluster precursor was treated by decarbonylation in He
at 300°C for 2h prior to test catalytic reactions. The raw data were collected at steady-state operation
and represented in units of mol of ethylene converted (g catalysts)" (Figure 2A and 2B). Figure 2A
shows Arrhenius plot of ethylene hydrogenation over y-Al,Os-supported Pt;Rug(CO),;(13-H)(u-H);
under catalysis condition of Pegpyiene = 40 TorT, Phydrogen = 80 Torr; total feed flow rate: 200 ml
(NTP)/min; catalyst mass: 10 mg, 1 wt% Pt and 1 wt% Ru, and temperature = -75 to -20°C.
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The result for these reactions was summarized in Table 2. The catalytic activity of ethylene
hydrogenation in terms of turn over frequency (TOF) at -40°C of Pt-Ru/y-Al,O; catalysts prepared
from Pt;Rug(CO)y;(ps-H)(u-H); was 6.5 x 10 + 0.1. The apparent activation energy obtained from
temperature dependence of ethylene hydrogenation reaction for this catalyst was 8.4 + 0.1 kcal/mol.
This value is comparable to that reported for ethylene hydrogenation catalyzed by Pt catalysts, and Ru
catalysts consisting of metallic particles on metal oxide supports (Dorling, et al., 1969; Hwang, et al.,
2003).

From this catalytic data, it can be concluded that this catalyst prepared from the molecular
precursor is very active for ethylene hydrogenation, which is structural insensitive. In addition, there
was no sign of catalyst deactivation during the test period.
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Figure 2. Arrhenius plot for (A) ethylene hydrogenation catalyzed by PtRu/y-Al,O3; prepared
from Pt;Rug(CO),1(pns-H)(u-H)s; reaction condition: Pegnyiene = 40 TOIT, Phydrogen = 80 Torr; total
feed flow rate: 200 ml (NTP)/min; catalyst mass: 10 mg, 1 wt% Pt and 1 wt% Ru. (B) n-Butane
hydrogenolysis; reaction condition: Pp.putane = 60 TOrT, Phygrogen = 540 Torr; total feed flow rate:
100 ml (NTP)/min; catalyst mass: 26 mg, 1 wt% Pt and 1 wt% Ru.

Table 2. Ethylene hydrogenation and n-butane hydrogenolysis catalyzed by y-Al,O;-supported
PtRu catalysts treated in He at 300°C for 2 h

Ethylene hydrogenation n-Butane hydrogenolysis
Activity Apparent activation Activity Apparent activation  Product distribution (%)°
TOF x 10* (s")°  Energy (kcal/mol)  TOF x 10*(s")?  Energy (kcal/mol) CH, GCHs GC;Hq
6.5+0.1 8.4+0.1 52+0.2 30.9+0.1 33 63 4

¢ Reaction at -40°C, Pegyiene = 40 Torr and Phygrogen = 200 Torr.
4 Reaction at 220°C, P, puune = 60 Torr and Phydrogen = 540 Torr

For n-butane hydrogenolysis reaction, the catalytic activity in terms of turn over frequency
(TOF) at 220°C of this Pt-Ru/y-ALO; catalyst was found to be 5.2 x 10  0.2. The apparent activation
energy obtained from temperature dependence was 30.9 + 0.1 kcal/mol. This value is approximately
the same as the value reported for n-butane hydrogenolysis catalyzed by Pt and Ru catalysts consisting
of metallic particles on metal oxide supports (Bond and Slaa, 1995; Bond and Cunningham 1996).
Product distribution percentages or selectivity in table 2 at 220°C, indicate high selectivity for ethane.
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However, selectivity for CH, is much higher than that for C;Hg, this can be suggested that multiple
hydrogenolysis occurred over this bimetallic catalyst in n-butane hydrogenolysis.

From catalytic testing of Pt-Ru/y-Al,0s, the catalyst which was prepared from the molecular
precursor was active for n-butane hydrogenolysis, which is structural sensitive. Again, there was no
sign of catalyst deactivation during the test period.

CONCLUSIONS

The characterization of y-Al,O;-supported Pt;Rus(CO),;(us-H)(u-H); were carried out by IR
and EXAFS spectroscopy. The data suggested that Pt;Rug(CO),,(p3-H)(p-H); adsorbed strongly on
surface of y-Al,O3 by nucleophillic displacement between coordinated CO ligands of precursor and
surface hydroxyl group on support. Decarbonylation occurred by the cleavage of CO ligands of metal
carbonyl upon heating and resulted metal-Ogypporr bonds forming partially decarbonylated surface
species on y-Al,O; surface. The carbonyl ligands can be removed completely in flowing He at 300°C
for 2h to give bimetallic Pt-Ru/y-Al,0;. Results from EXAFS spectroscopy confirmed that Pt and Ru
were still intact after decarbonylation.

Pt-Ru/y-Al,0O5 from a molecular precursor was active for both ethylene hydrogenation and n-
butane hydrogenolysis.
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ABSTRACT Supported bimetallic PtRu catalysts were prepared by deposition a mixture solution of Pt(acac), and
Ru(acac); (acac = acetylacetonate anion) in toluene on y-Al,O3; and MgO. The organic ligand of precursors could
be removed completely after heated in H, flow at 300°C for 2 h. The nature of metal and interaction with support
was studied by temperature-programmed reductive decomposition (TPRD), infrared (IR) and extended X-ray
absorption fine structure (EXAFS) spectroscopy. The EXAFS data indicated high dispersion of Pt and Ru particles
but none of Pt-Ru conections in both treated samples. Ethylene hydrogenation reaction over Pt-Ru/y-Al,O; and Pt-
Ru/MgO catalysts were carried out at -40°C and 1 atm. The temperature dependence of ethylene hydrogenation of
both catalysts gave apparent activation energy of 8.1 £ 0.1 and 6.0 + 0.1 kcal/mol, respectively.

KEYWORDS: Pt-Ru, acetylacetonate, alumina, magnesium oxide, EXAFS, ethylene hydrogenation

1. INTRODUCTION

Supported bimetallic catalysts, for instance, Pt-Re, Pt-Sn and Pt-Ir have been reported in many
applications, e.g. for naphtha reforming [1], and Pt-Rh for auto exhaust conversion [2]. Supported platinum
incorporating with second metal could improve the catalyst performances and stability of catalysts. In general, the
simplest preparation method for bimetallic catalyst is by coimpregnation followed by high-temperature reduction.
However, high temperature treatment could lead to large metal particles on support or aggregation of metal
particles. In this work, a mixture of platinum and ruthenium acetylacetonate (acac) complex was employed as
catalyst precursor. The acac ligands could be removed from adsorbed precursor by heat at lower temperature than
chloride ligand.

The goal of this work was to prepare and characterize PtRu/y-Al,O; and PtRu/MgO catalysts from a
mixture of Pt(acac), and Ru(acac); in toluene. The acac ligands would be removed by thermal treatment in
hydrogen atmosphere.

The catalyst characterization methods included temperature-programmed reductive decomposition
(TPRD) technique [3], infrared (IR) and extended X-ray absorption fine structure (EXAFS) spectroscopy. The
catalysts were tested for ethylene hydrogenation which is simple, structural-insensitive and widely used to test
catalytic activity.

2. METHODOLOGY

2.1 Chemicals and materials

The supported PtRu catalyst preparations and samples handling were performed under dry N, or Ar and
kept in an Ar drybox to prevent contact with moisture and air. Trace of O, and moisture in gases [He, N, (Airgas,
99.99%), H, from H, generator (99.99%), and C,H,; (Matheson, 99.5%)] were removed by passing each gas
through traps containing reduced Cu/Al,O; and molecular sieve particles. Pt(acac), (Aldrich, 97%) and Ru(acac);
(Strem, 99%) were used as received.

Prior to use as support, each of y-AlL,O; (Degussa, BET surface area 100 m?/g) and MgO powder (EM
Science, 97%) was added with deionized water to form paste before drying overnight at 120°C and then calcined in
flowing O, at 400°C for 2 h and evacuated for an additional 14 h.

2.2 Preparation of supported samples

The PtRu catalysts containing approximately 1.0 wt % Pt and 1.0 wt % Ru were prepared by
impregnation of a mixture solution of Pt(acac), and Ru(acac); in dry toluene onto y-Al,0; and MgO followed by
solvent evacuation and treatment in H, at 300°C for 2 h.

2.3 Characterization

IR spectra of dry impregnated samples were recorded with a Bruker IFS-66v spectrometer with a
resolution of 4 cm™. Each sample was scanned 64 times and the signal averaged. Reductive decomposition
temperatures of Pt(acac), and Ru(acac); to form supported PtRu catalysts were determined with RXM-100
multifunctional catalyst testing and characterization instrument (Advanced Scientific Designs, Inc. (ASDI). Dry
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impregnated sample was treated in flowing H, at 300°C for 2 h to remove acac ligands and then characterized by
EXAFS spectroscopy at beamline X18B of the National Synchrotron Light Source (NSLS) at Brookhaven national
Laboratory (BNL), New York, USA. The storage ring energy was 2.5 GeV and the ring current was in the range
110-250 mA. Self-supporting wafer was pressed from 0.3 g of sample in the Ar glovebox at the synchrotron
laboratory, and placed in a special designed XAS holder [4]. After the XAS cell was evacuated, it was installed at
the beamline and cooled to nearly liquid nitrogen temperature before scanning at Pt Ly edge (11564 V) and Ru K
edge (22117 eV) in transmission mode and integration for 1 s at each energy in the range from 200 eV below the
absorption edge to 975 eV beyond the edge. A double crystal monochromator Si(111) was used.

2.4 EXAFS data analysis

The EXAFS data were collected in transmission mode at individual Pt Ly; (11564 eV) and Ru K (22117
eV) absorption edge and analyzed with theoretical reference files. The EXAFS data processing was carried out
with ATHENA software [5]. The final normalized EXAFS function from ATHENA software for each edge of each
sample was obtained from the average of four scans. Phase shift and backscattering amplitudes of Pt-Pt, Pt-Ru, Pt-
Ogupports Ru-Ru, Ru-Pt, and Ru-Ogyyper interactions were calculated by FEFF7.0 software [6]. The EXAFS data
fittings by EXAFSPAK software [7] were accomplished with single and multiple scattering paths calculated by
FEFF7.0, and the EXAFS parameters were extracted from the raw data with the EXAFSPAK software. The fitting
were done in r space (r is interatomic distance from the absorber atom) and k space (K is the wave vector) with
application of k°, k%, and k® weightings.

Raw EXAFS data obtained at Pt L;; edge of ligand-free PtRu/y-Al,O3; and PtRu/MgO were Fourier
transformed over the ranges 3.60 < k < 14.30, and 3.55 < k < 14.50 with k> weighting without phase correction,
respectively. The main contributions were isolated by backward Fourier transformation in the ranges 0.0 <r < 5.0
A for both samples after treatment in H,.

The raw data obtained at Ru K edge of ligand-free PtRu/y-Al,O; were analyzed over the ranges 3.25< k
<14.75 and 0.0 < r < 4.0 A whereas that of ligand-free PtRu/MgO were analyzed over the ranges 3.20 <k < 14.50
and 0.0 <r<5.0 A.

The raw data of PtRu/y-Al,O; obtained at Pt Lj; and Ru K edge were analyzed with a maximum of 16
free parameters. The statistically justified numbers of free parameters estimated from Nyquist theorem [8], n =
(2AKAR/m) + 1, were about 35 and 30, for data obtained at Pt L;; and Ru K edge, respectively. The raw data of
treated PtRu/MgO obtained at Pt Ly;; and Ru K edge were analyzed with a maximum of 20 free parameters. The
statistically justified numbers of free parameters estimated from Nyquist theorem were about 36 and 37, for data
obtained at Pt Lj;; and Ru K edge, respectively.

2.5 Catalytic test for ethylene hydrogenation

The catalytic test for ethylene hydrogenation was carried out in a stainless steel U-tubed flow reactor at
atmospheric pressure. Prior to reaction testing, catalyst sample was pretreated with H, at 300°C for 2 h. Typically,
10 to 20 mg of 1.0 wt% Pt and 1.0 wt% Ru catalyst was diluted with 600 mg of inert a-Al,O;, loaded into the
reactor, and cooled to desired temperature under He flow before a gas mixture of H,, ethylene, and balance He was
flowed into reactor. The reaction condition was as follow: Pgiene = 40 Torr, Ppygrogen = 200 Torr, balanced with He,
total feed flow rate = 100 ml (NTP)/min, and temperature = -50 to -9°C. The effluent gas mixture was analyzed
with an on-line gas chromatograph (Hewlett-Packard HP 6890) equipped with an Al,O; capillary column (50 m x
0.53 nm x 15.0 micron film thickness), and a flame ionization detector.

3. RESULTS AND DISCUSSION

3.1 Evidence of adsorbed precursor on supports from IR

The decreasing in intensity of IR peaks of isolated hydroxyl groups of y-Al,O; at 3786(w), 3728(m), and
3366(m) cm™ of dry impregnated Pt(acac), and Ru(acac); on y-AL,Os indicated that the hydroxyl groups on y-
Al O; involved in the interaction with the mixture of Pt(acac), and Ru(acac);. IR broad band at 3569(m) indicates
hydrogen-bonded on support [9].

After impregnation of a mixture of Pt(acac), and Ru(acac); in toluene onto MgO and evacuation to
remove solvent, the intensity of isolated hydroxyl groups at 3764(s) cm™ decreased indicating that they were
involved in precursor-support interactions.

A small IR band at 1601 cm™ of dry impregnated Pt(acac), and Ru(acac); on y-Al,O; and at 1608 cm’
of that on MgO were observed, each peak was assigned to the formation of Al-acac and Mg-acac species which
was reported at 1590 cm™ for Al-acac imply ligand-exchange mechanism [9]. The acac ligands showed IR peaks in
region of 1610-1100 cm™'[10, 11]. These ligands were removed completely after treatment in H, at 300°C.

3.2 Reductive decomposition temperature of supported samples by TPRD
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The reductive decomposition temperature based on hydrogen consumption of dry impregnated Pt(acac),,
Ru(acac);, and Pt(acac), + Ru(acac); on y-Al,O; and MgO are presented in Table 1. All observed peaks were
broad indicating that the decomposition was a slow process. Alumina supported Pt(acac), had a peak at 210°C
while that of Ru(acac); had a peak at 288 °C. The supported mixture of Pt(acac), + Ru(acac); on y-Al,O; had 3
peaks: at 124 and 199°C indicated at least two types of supported Pt on support, and at 340°C indicated reduction
temperature of supported Ru. TPRD profile indicated that Pt and Ru particles were isolated from one another on vy-
Al,O5 after treatment.

Broad H, consumption temperatures during reductive decomposition of Pt(acac), on MgO had 3 peaks ar
140, 202, and 340°C indicating that Pt had various oxidation states or various adsorption modes on MgO. On the
other hand, Ru in Ru(acac); supported on MgO showed decomposition temperature at 216°C indicating that only
one oxidation state or one adsorption mode of Ru(acac); supported on MgO. For supported PtRu sample on MgO,
broad H, consumption was observed at 189-221°C indicating that Pt and Ru might contact to each other on MgO
or change in oxidation states. The Pt-Ru connectivity could be characterized by EXAFS spectroscopy.

Tablel  Reduction temperatures of Pt(acac), and Ru(acac); supported on y-Al,0O3 and MgO

Samples Reduction temperature (°C)
Pt(acac),/y-AL,O3 210 (b)
Ru(acac);/y-ALO4 288 (b)
[Pt(acac), + Ru(acac);]/y-Al,O; 124 (sh), 199 (b), 340 (b)
Pt(acac),/MgO 140 (b), 202 (b), 340 (b)
Ru(acac);/MgO 216 (b)
[Pt(acac), + Ru(acac);]/MgO 189 - 221 (b)

Notation: b = broad, sh = shoulder

3.3 Metal-metal contributions in treated samples by EXAFS

The EXAFS data of decarbonylated sample scanned at Pt L;; and Ru K edges at nearly liquid nitrogen
temperature were processed by ATHENA software and fitted with EXAFSPAK software. The EXAFS fitting
parameters of supported PtRu/y-Al,O; and PtRu/MgO were summarized in Table 2. The estimated accuracies of
coordination number (N), distance (R), Debye-Waller factor (Ac?), and inner potential correction (AE,) are as
follows: +20%, £+ 1%, + 30%, £+ 10%, respectively.

Table2  Summary of EXAFS fitting parameters of supported Pt-Ru/y-Al,O3 and Pt-Ru/MgO

Samples Edge  Shell N R(A) 10° x Ac® (A?) AE, (eV)
PtRu/y-Al,0O4 PtLy,; Pt-Pt 2.8£0.1 2.77+£0.01 1.1+£0.3 7.7£04
Pt-Ru - - - -
Pt'osupport
Pt-Oq 34+0.1 2.50+0.01 0.8+£0.5 -5.81+0.3
Pt-O, 1.3+0.1 2.95£0.01 -45+1.0 8.7£0.6
RuK Ru-Ru 33+£0.1 2.65+0.01 39+0.3 -7.3+£0.2
Ru-Pt - - - -
Ru'osuppon
Ru-O4 1.7£0.1 1.98 £ 0.01 140+ 1.1 -3.7+0.5
Ru-Oy 0.7+0.1 2.20+0.01 6.5+2.6 -0.8+ 0.8
PtRu/MgO Pt Ly Pt-Pt 1.0£0.1 3.07 £ 0.01 33+£05 -5.8+£0.6
Pt-Ru -
Pt'osupport
Pt-Oq 0.4+0.1 1.98 £ 0.01 49+14 7.0+ 0.6
Pt-O, 2.6+0.1 2.51+£0.01 0.5+0.2 2.1+0.1
Pt-Op, 43+0.1 3.17+0.01 -0.3+0.3 -11.9+0.1
RuK Ru-Ru 35+0.1 2.69+£0.01 44103 -2.810.2
Ru-Pt - - - -
Ru'osupporl
Ru-Oq 25+0.1 2.01 £0.01 8.6+ 0.5 -2.810.2
Ru-O, 0.9+0.1 2.53+0.01 -3.5+1.0 150+ 04
Ru-Op, 1.1£0.1 2.96 £ 0.01 1.6+ 1.8 -3.5+0.6

Notation: the subscript s, 1 and 12 refer to short and long distance, respectively
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The EXAFS fitting data in Table 2 included metal-metal (Pt-Pt and Ru-Ru) and metal-support (M-
Ogupport: M-Os, and M-O,) contributions of supported PtRu samples on y-Al,O3 and MgO. The EXAFS data showed
that there were no Pt-Ru or Ru-Pt contributions on both y-Al,O; and MgO after treatment in H, flow at 300°C.
High dispersion of Pt and Ru particles was observed by EXAFS spectroscopy. The coordination numbers of Pt-Pt
on y-AlL,O; was 2.8 at average distance 2.77 + 0.01 A, shorter than that on MgO, 3.07 + 0.01 A with coordination
number 1.0 indicating that Pt-Pt interaction on y-Al,O; was stronger than that on MgO. Interactions of Ru-Ru
contributions on both y-Al,O; and MgO were not significantly different in terms of both average distance and
coordination number. After treatment in H, flow at 300°C to remove acac ligands, the average Pt-O; and Ru-Oq
bond distances were found at 2.50 = 0.01 and 1.98 + 0.01 A with coordination numbers 3.4 + 0.1 and 1.7 + 0.1,
respectively for PtRu/y-Al,05. The average Pt-O; and Ru-O; bond distances of PtRu/MgO were found at 1.98 +
0.01 and 2.01 + 0.01 A with coordination numbers 0.4 + 0.1 and 2.5 * 0.1, respectively indicating strong
interaction of metal-support interactions. Normally the average M-O bond distances were observed at 2.1 - 2.2 A
for supported metal on oxide support[12].

3.4 Ethylene Hydrogenation reaction catalyzed by supported PtRu catalysts

Catalytic activity of ethylene hydrogenation catalyzed by supported PtRu/y-Al,O5 and PtRu/MgO prepared
from mixed Pt and Ru compounds were carried out in stainless U-tubed reactor at atmospheric pressure under
condition: Pgnene = 40 Torr, Phygrogen= 200 Torr, balanced with He, total feed flow rate = 100 ml (NTP)/min, 10 to
20 mg of 1.0 wt% Pt and 1.0 wt% Ru catalyst, temperature ranges -50 to -9°C. Reaction temperature was kept at
desired temperature with = 1°C. Catalytic activities of ethylene hydrogenation catalyzed by PtRu/y-Al,O3; and
PtRu/MgO prepared from the mixture solution of Pt(acac), and Ru(acac); were plotted as a function of time on
stream (TOS) as shown in Figure 1. The activities over PtRu/MgO were much higher than that over PtRu/y-Al,05
at temperature -50°C. The reaction reached steady-state within 20 minutes for both catalysts and deactivations was
not observed during 100 minutes of the test.
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Figurel Activity for ethylene hydrogenation over (M) PtRu/MgO; (4) PtRu/y-Al,Os, prepared from the
mixture solution of Pt(acac), and Ru(acac); at temperature -50°C.

The apparent activation energy of ethylene hydrogenation over supported PtRu catalysts was collected at
around 25 min TOS at this condition at temperature ranges -50 to -9°C. The catalytic activity of reaction in terms
of the turnover frequency (TOF) was represented the number of molecules reacting per active sites per second
[13]. It was assumed that metal particles dispersed on support accessible to reactants, so that TOF was defined as
units of mole of ethylene converted to ethane per gram catalyst per second. Arrhenius plot of natural logarithm of
TOF as a function of inversed temperature was in Figure 2. Due to very high activity of ethylene hydrogenation
over PtRu/MgO prepared from a mixture solution of Pt(acac), and Ru(acac);, conversion at higher temperature
than -30°C was too high, thus data was collected in temperature ranges -50 to -30°C.
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Figure 2 Arrhenius plot for ethylene hydrogenation over (®) PtRu/MgO; (4) PtRu/y-Al,O;, prepared from the
mixture solution of Pt(acac), and Ru(acac);.

The apparent activation energy of ethylene hydrogenation catalyzed by supported PtRu catalysts could
be obtained from slope of linear graph in Figure 2 and values are shown in Table 3. The apparent activation energy
of supported PtRu/MgO was lower than that of PtRu/y-Al,O; and activity (TOF) at temperature -40°C of
PtRu/MgO was pretty much higher than that of PtRu/y-Al,0O5 indicating that PtRu/MgO catalyst was more active
than PtRu/y-Al,Os.

Table3  Apparent activation energy for ethylene hydrogenation over PtRu catalysts prepared from mixture
solution of Pt(acac), and Ru(acac); and treated in H, at 300°C for 2 h
Precursors Supports Activity TOF x 10* (sT)? Apparent activation Temperature
energy (kcal/mol) (°C)
Pt(acac), + Ru(acac); v-Al,O4 1.5+0.1 8.1+0.1 -50 to -9
Pt(acac), + Ru(acac); MgO 83.9+1.7 6.0£0.1 -50 to -30

Reaction at -40°C, Pegene = 40 Torr and Phygrogen = 200 Torr.

4. CONCLUSIONS

TPRD, IR and EXAFS spectroscopy were used to characterize supported PtRu catalysts prepared by
impregnation of the mixture of Pt(acac), and Ru(acac); in toluene onto y-Al,O; and MgO. The data suggested that
precursors adsorbed on surface of y-Al,O; and MgO through interaction between acac ligands of precursor and
surface hydroxyl group on support. The acac ligands could be removed completely in flowing H, at 300°C for 2 h
to give PtRu/y-Al,O; and PtRu/MgO. TPRD data showed that Pt(acac), decomposed at lower temperature than
Ru(acac);. Results from EXAFS spectroscopy indicated that there were no Pt-Ru interactions after ligand removal.
Highly dispersed PtRu/y-Al,O; and PtRu/MgO catalysts prepared from the mixture of Pt(acac), and Ru(acac);
precursor were active for ethylene hydrogenation giving apparent activation energy 8.1 = 0.1 and 6.0 + 0.1
kcal/mol, respectively.
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