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Chapter 1
I n t ro d u c t i o n a n d s c o p e
1.1

Catalysis: definition and uses
About two centuries ago it was observed that a number of chemical
reactions occur in the presence of trace amounts of substances which
themselves are not consumed in the reaction. In 1836 the Swedish scientist
J.J. Berzelius coined this phenomenon as catalytic power and the action as
catalysis [1]. He elaborated as “Catalytic power means that substances are
able to awake affinities that are asleep at the temperature by their mere
presence.” The word “catalysis” comes from the Greek language and means
breaking down. Berzelius applied this term to phenomena where the normal
barriers to chemical reactions were lowered. Wilhelm Ostwald, in the year
1895, defined a catalyst as “a substance that increases the rate at which a
chemical system approaches equilibrium, without being consumed in the
process, is called a catalyst” [2]. Today we know that a catalyst works by
providing an alternative reaction path with lower overall activation energy.
This enables a greater proportion of reactants species to acquire the
sufficient energy to pass through transition states and react to a product.
Catalysts cannot shift the position of equilibrium, and as a consequence both
forward and backward reactions are accelerated.
Catalysis is divided into three categories: homogeneous catalysis,
where reacting species and the catalyst are in the same phase, heterogeneous
catalysis, where reacting species and catalyst are in different phases. Usually
the catalyst is a solid, and the reacting molecules are either in the liquid or in
the gas phase. Biocatalysis occurs by the catalytic action of enzymes and
can be considered as a hybrid between heterogeneous and homogeneous
catalysis [3].
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Heterogeneous catalysis is a cyclic process which consists of three
elementary steps: adsorption of reactants on the catalyst surface, reaction on
surface and desorption of the product. The basic principle of how catalysts
work for a general chemical reaction [3, 4] is shown in Figure 1.1

Figure 1.1: Potential energy diagram of the reaction A+B→AB, showing
gas phase and catalytic reaction pathways (adapted from ref [3])

Nowadays catalysis contributes substantially towards the prosperity
and quality of life in our society. It is estimated that almost 90% of all
commercially produced chemical products involve catalysis at some stage in
the process of their manufacture. It makes an important contribution to the
GDP of the industrial countries. Catalysts are used in energy processing, in
production of bulk and fine chemicals, in food processing and in
environmental protection [5].
1.2

The principle of catalysis
A catalyst is a substance that accelerates a chemical reaction by
providing a different reaction pathway than the gas phase reaction. Figure
1.2 shows an example of a catalytic reaction on a heterogeneous catalyst:
the hydrogenation of ethene on a transition metal surface. The reaction
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sequence can be described as a catalytic cycle. In the first step ethene and
hydrogen adsorb on empty sites of the catalyst surface. Bonds are made
between the substrate and adsorbates, while simultaneously the molecular
hydrogen-bond is weakened and broken to form a hydrogen atom
(dissociative adsorption). Hereafter, a new bond is created between two
hydrogen atoms and ethene, resulting in the formation of ethane. In the last
step, ethane desorbs, returning the catalyst to its initial stage. The next cycle
can now proceed. The mechanism has been elucidated by Horiuti Polyani
[6].

Figure 1.2: Catalytic hydrogenation of ethylene displayed as a catalytic
cycle

One of the advantages of a catalyst is that a chemical reaction can
proceed at much milder reaction conditions with less side reactions, making
the process technically and economically feasible. There is, however, not a
universally applicable catalyst for different reactions. The specific
interaction between the reactants and products with the catalyst surface
determines the optimal catalyst for each specific process. If the interaction is
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too weak, the substrate will fail to break molecular bonds in the reactants,
but if on the other hand, the interactions are too strong with the adsorbates,
that is, reactants and/or products, will poison the surface. For each catalytic
reaction, a tailor-made catalyst should be designed with the magnitude of
the interaction being just right. This is called as Sabatier principle [3-5].
1.3

Heterogeneous catalysis for hydrogenation reactions
Catalytic hydrogenation reactions are industrially important and
extensively used to create commercial products in various fields, such as
petrochemicals, pharmaceuticals, agrochemicals and the food industry. In
petrochemical processes, hydrogenation is used to convert alkenes and
aromatics into saturated alkanes (paraffins) and cycloalkanes (naphthenes).
In the food industry unsaturated liquid vegetable oils are converted to
saturated fats, which changes important physical properties like melting
point and thus increase the chemical stability [7]. Hydrogenation is also
used in coal processing, where solid coal is converted to liquid using
hydrogen. This liquefied product can be used as fuel [8].
Catalytic hydrogenation is mainly carried out by supported precious
noble metal catalysts, such as platinum, palladium, rhodium and ruthenium.
As these metals have high activity, hydrogenations can be performed at low
temperature, e.g. below 100 oC, and relatively low hydrogen pressure,
typically 10-15 bar. Non-precious metal catalysts based on nickel, cobalt, tin
etc. have been developed as cheaper alternatives, but generally they require
higher temperatures and hydrogen pressure [7, 8].
In hydrogenation reactions of unsaturated hydrocarbons hydrogen is
added to the carbon-carbon double (or triple) bond. Hydrogenation of
carbon-X (X = oxygen, nitrogen or halogen) bonds proceeds via "syn
addition" where hydrogen enters from the least hindered side. The catalyst
binds both the H2 molecule dissociatively and the unsaturated substrate
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molecularly and facilitates their union at lower temperatures compared to
gaseous reactions without catalyst [9].
1.4

Selective hydrogenation
Selective hydrogenation is an important chemical reaction for the
preparation of a number of useful products in various fields like fine
chemicals, polymers, perfumes, agrochemicals and pharmaceuticals. There
is a growing interest in selective hydrogenation using heterogeneous
catalysis owing to environmental friendliness, with lower generation of
hazardous waste compared to a reduction process that uses stoichiometric
quantities of a reducing agent such as alkali metal borohydrides. Following
are some examples where selective hydrogenation is currently being used in
industry [10].


Selective hydrogenation of di-enes to mono-olefins



Selective hydrogenation of alkynes to alkenes



Selective hydrogenation of unsaturated aldehydes & unsaturated
esters to unsaturated alcohols



Selective hydrogenation of unsaturated nitriles to unsaturated
amines



Hydrogenation of nitro group and nitriles to amino compounds



Partial hydrogenation of carboxylic acids and esters



Preparation of specific stereo-isomers by selective hydrogenation

Selective catalytic hydrogenation can be studied in greater detail
than selective oxidation, as the former is generally less complex. In the
hydrogenation process molecular hydrogen can in practice only be activated
(that is, dissociated) on the catalyst surface, otherwise it cannot take part in
the reaction. Hence, background homogeneous hydrogenations in the gas
phase with molecular hydrogen do not play a role and any observed
hydrogenation activity is associated with the catalyst. The same is not true
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for oxidations with molecular oxygen, as it is a di-radical in its ground state
and consequently does not necessarily require activation by a catalyst to
induce activity. Non-catalyzed homogeneous oxidation reactions can play a
major role in catalytic oxidation and can dominate the observed reactivity
[11].
There are three basic types of selective catalytic hydrogenations
[12].
Type I: In this type of selective hydrogenation, a mixture containing
two reducible groups present in two different reactants showed different
activity based on the reaction conditions. These reactions show the effect of
solvent that can exert influence in determining which functional group will
be selectively hydrogenated based on the polarity of the reactant.
Example: In the hydrogenation of a mixture of cyclohexene and
acetone over a nickel catalyst, acetone is solvated in polar solvents and
cyclohexene hydrogenation is favored, while non-polar solvents solvate
cyclohexene, and acetone hydrogenation predominates as shown in Scheme
1.
Scheme 1: Type 1 selectivity ---- two simultaneous reactions

A well-known heterogeneous analogue of this type is the selective
hydrogenation of acetylene to ethylene. Acetylene binds much stronger to
the catalyst than ethylene and therefore the undesired hydrogenation of
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ethylene is suppressed [13]. The underlying reason for the selectivity is
competitive adsorption favouring the desired molecules to be activated.
Type II: This type of selective hydrogenation is most common in
synthetic hydrogenation. Two different products are formed from the same
starting material by two different parallel reactions. In the case of
hydrogenation of an unsaturated aldehyde two products can be formed:
unsaturated alcohol and saturated aldehyde. For a catalyst with poor
selectivity these primary products are both converted to a secondary
product, the saturated alcohol as shown in Scheme 2. The selectivity
depends mostly on how the different functional groups inside the molecule
interact with the catalyst.
Scheme 2: Parallel reaction --- Two products from same starting
material

Type III: Hydrogenation of a number of organic functional groups
takes place in a stepwise manner, so it is frequently possible to stop the
reaction at an intermediate stage and selectively isolate the partially
hydrogenated material. Here the selectivity depends on kinetic factors.
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Example: 1. Partial hydrogenation of carboxylic acids to aldehydes.
Here, the reaction is terminated before the aldehyde is hydrogenated to the
alcohol.
2. Partial hydrogenation of alkynes to cis-alkenes. This reaction is of
considerable synthetic importance.
Scheme 3: Serial reaction

Most synthetically important selective hydrogenations are
combinations of Type II and Type III. Selectivity in these cases at the basis
of the observed reactivity, as after a single product is partially hydrogenated
the catalyst will experience a mixture of two reactants, i.e. the initial
reactant and initial product that can also hydrogenate further.
Selectivity can be divided into chemo-selective, region-selective or
stereo-selective.
A chemoselective reaction is one in which one functional group on
the starting material is hydrogenated in preference to another, potentially
hydrogenatable group which is also present in the molecule.
A regioselective hydrogenation is one in which one functinal group
is hydrogenated in the presence of another, identical, functional group in the
molecule. Selective hydrogenation of α,β-unsaturated aldehyde is an
example of chemoselectivity and regioselectivity. The term regioselectivity
applied in this case as the hydrogen atom can be added at conjugated sites
[14].
Stereoselective or asymmetric hydrogenation gives predominantly
one stereoisomeric product. In cases where the substrate already has a chiral
center which directs the hydrogenation of a prochiral group, the reaction is
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termed diastereoselective. Hydrogenations which produce a chiral product
from a non-chiral substrate are enantioselective [12].
The degree of complexity in attaining a chemoselective reaction
depends largely on the functional groups involved and the steric
environment around each one. Table 1.1 lists the common organic
functional groups in predominant apparent order of decreasing ease of
hydrogenation along with the typical reaction conditions used for their
hydrogenations.
This order can frequently be modified by changes in reaction
conditions and/or the steric environment of the functionalities. It is usually
simple to affect the selective hydrogenation of a functional group listed near
the top of this table in the presence of one found in the middle or bottom of
the list. For example, it is relatively easy to selectively saturate the double
bond of an unsaturated aldehyde, ketone or ester without reducing the
carbonyl group.
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Table 1.1: Hydrogenations of common organic functional groups (adapted
from [12])
Functional group
C

Product

C

C

C

H

C

C
H

C
H

C

C

C

C
H

CH

H

C

C

C
H2

CH

NH2

C

N

NH

COOH

COOR

Reaction conditions

Pd

Room temp. , 1atm., Low
catalyst ratio

Pd

Room temp. , 1atm

Pd, Pt & Rh

Room temp. , 1atm

Pd, Ni

Room temp. , 1atm

Raney Ni, Raney Co

Room temp. , 1‐4 atm, NH2

Pd,Pt

Room temp. , 1‐4 atm

Pd, Pt, Rh

Room temp. ,2‐4 atm

Ru, CuCrO

High temp. & high pressure

Ru, CuCrO

High temp. & high pressure

H

NO2

H

Catalyst

CH

H

H

C
H2

CH

NH2

NH2

CH2OH

CH2OH

1.5
Selective hydrogenation of α, β-unsaturated aldehydes to
unsaturated alcohols
The chemoselective hydrogenation of α, β-unsaturated aldehydes
and ketones to unsaturated alcohols attracts much interest in catalysis
research since allylic alcohols are valuable intermediates in the production
of various fields like fine chemicals, pharmaceutical, polymer, perfume and
cosmetics [14]. Some of the examples of unsaturated alcohols prepared from
α, β-unsaturated aldehydes with their industrial applications are given
below.
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Examples
a. Acrolein to Allyl alcohol

Applications:

 Allyl alcohol is mainly used for the synthesis of glycidol and finally
to glycerol.
 Preparation of polymerizable esters e.g. Diallyl phthalate
b. Crotonaldehyde to crotyl alcohol

Applications:

 Crotyl alcohol is widely used in synthesis of perfumes, flavorings,
pharmaceuticals and fine chemicals
c. Citral to geraneol

Applications:

 Geraneol is used in the perfume industry
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d. Cinnamaldehyde to cinnamyl alcohol

Applications:

 Cinnamyl alcohol is widely used in organic synthesis and in the
production of perfumes, flavorings, pharmaceuticals and fine
chemicals
 Raw material for the synthesis of antibiotic chloromycetin
In the hydrogenation of α,β-unsaturated aldehydes, there is an
intramolecular competition between the olefin bond (C=C) and carbonyl
group (C=O) for reduction with hydrogen. The hydrogenation of C=C is
more favorable compared to C=O for both thermodynamic and kinetic
reasons. In addition to this bond energy of C=C bond is smaller (2574
kJ/mol) than that of C=O bond (2993 kJ/mol) [10].
1.6

General hydrogenation mechanism of α, β-unsaturated aldehyde
The hydrogenation of unsaturated aldehyde can proceed via different
reaction pathways, as shown schematically in Figure 1.3 [14]. The 1, 2addition of hydrogen gives the unsaturated alcohol while the 3, 4-addition
gives the saturated aldehyde. There are reports of formation of enol by 1, 4 addition, which isomerizes into a saturated aldehyde [15, 16]. Subsequent
hydrogenation of the unsaturated alcohol and saturated aldehyde lead to
formation of saturated alcohol. These reaction pathways determine the
chemoselectivity, which in this case is identical to regioselectivity, of the
transformation. Some literature suggests the conversion of unsaturated
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alcohols into saturated aldehydes [17]. These isomerization reactions were
mainly observed in gas-phase hydrogenation.

Figure 1.3: Reaction scheme of hydrogenation of cinnamaldehyde

The reaction is further complicated by side reactions, occurring
either on metals or on supports. There are reports of formation of
hydrocarbons by hydrogenolysis of the C=O bonds when using platinum
metal supported on carbon [18]. In the case of hydrogenation of α, βunsaturated aromatic aldehydes, side products due to reduction of the
aromatic ring are also possible, for example cinnamaldehyde to cyclohexyl
propanol. In presence of lower linear alcohols (for example used as solvent),
aldehyde carbonyl of cinnamaldehyde and phenyl propanaldehyde reacts to
form acetal.
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The hydrogenation of unsaturated carbonyls on metal surfaces
occurs via the Horiuti-Polyani mechanism involving different adsorption
modes on the catalyst surface. The adsorption modes are very important for
obtaining a selectivity of a particular product. The different adsorption
modes of unsaturated aldehydes, as given in the literature references [1922], are shown in the Figure 1.4.

A: η2- (C, O): π

C: η2- (C, C): π

E: η1- (O) end-on

B: η2- (C, O): di-σ

D: η2- (C, C): di-σ

F: η4- (C,C,C,O)

Figure 1.4: Different adsorption modes of unsaturated aldehyde on
catalyst surface
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As shown in Figure 1.4, adsorption modes A, B and E appear
favorable for obtaining unsaturated alcohol. The adsorption modes C and D
are expected to give saturated aldehyde. Adsorption mode F gives 1, 4
addition of hydrogen which results in formation of enol as explained above.
The enol subsequently converts into saturated aldehyde.
1.7

Traditional method for selective hydrogenation
Selective reductions can be achieved using stoichiometric amounts
of reducing agents such as metal hydrides. In this way cinnamaldehyde can
be reduced to cinnamic alcohol with 99% selectivity [9]. These methods are
useful only for small-scale production of highly priced products, as they
involve costly reagents. The other major issue using chemical reduction is
formation of hazardous byproducts and generation of solid waste. So these
processes have less atom efficiency and are not economically viable at
commercial scale.
In comparison catalytic hydrogenations are clean processes with
close to 100 % atom efficiency. There are more advantages of catalytic
hydrogenations. They can be performed in a continuous process which
results in higher productivity and the catalyst can be recycled. Therefore,
research efforts are mainly directed at developing catalytic hydrogenation
processes based on heterogeneous catalysis for selective hydrogenation.
1.8
Selective hydrogenation of α, β-unsaturated aldehyde using
monometallic catalyst
There are two possible reaction pathways in hydrogenation of
unsaturated aldehydes. For the formation of unsaturated alcohols, adsorption
or activation and subsequent hydrogenation of the C=O group will be the
more desirable route.
Literature studies showed that unpromoted metals have specific
selectivities to unsaturated alcohols. Iridium and osmium are more selective
than platinum, ruthenium, palladium, rhodium, and nickel [23].
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More preference is given to catalysts systems prepared from
platinum and ruthenium due to higher cost and lower availability of Ir and
Os. In the case of Os, it makes poisonous volatile oxides and it cannot be
safely used at commercial scale.
1.9

Selective hydrogenation using bimetallic catalysts
Bimetallic catalysts have generated considerable interest as novel
catalytic materials with higher reactivity and selectivity. In almost all the
investigations on selective hydrogenation of α, β-unsaturated aldehydes over
bimetallic catalysts, the selectivity to unsaturated alcohol is improved when
metal B (the promoter) is more electropositive than metal A [14].
There are many reports using bimetallic catalysts based on platinum
with promoters like Sn, Co, Zn and Fe etc. [14, 24-26] for selective
hydrogenation of α, β-unsaturated aldehyde. Ruthenium in combination with
a promoter is less explored.
Mechanism of bimetallic catalysts for selectivity given in literature:
The selectivity to unsaturated alcohol in the hydrogenation of α, βunsaturated aldehyde can be rationalized in terms of the competitive
adsorption of the C=C and C=O bonds on the catalyst surface. The
selectivity can be improved by a decrease of the binding energy of the C=C
bond and increasing adsorption of C=O, which results in the formation of
unsaturated alcohol.
Gallezot et. al mentioned two mechanisms for promoter action
which enhance the selectivity towards unsaturated alcohol [14].
1. The electropositive metallic promoter acts as an electron donor ligand
and increases electron density on the adjacent noble metal surface. This
decreases the binding energy towards the C=C group and thus favors the
reduction of the C=O group and enhances the selectivity. This
mechanism can be valid only when the noble metal and promoter are
present in close vicinity or in alloy form.
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Figure 1.5: Promoter acts as electron donor ligand in bimetallic catalyst

2. The electropositive metal or oxidized metal species act as a Lewis acid
sites which selectively adsorbs and activates the C=O group via the
electron lone pair of oxygen, thus increasing the probability of its
reduction.

Figure 1.6: Promoter acts as Lewis acid in bimetallic catalyst

3. In another aspect the selectivity improvement for unsaturated alcohol
was observed after certain time period during the reaction. This
phenomenon
is
known
as
‘reaction induced selectivity
improvement’[24]. The formation of active form of catalyst takes place
in this time period. Margitfalvi observed selectivity improvement as a
function of time in the formation of crotyl alcohol from crotonaladehyde
using PtSn/SiO2 catalyst [24]. The insitu Mössbauer
spectroscopy
4+
analysis indicated the formation of Sn species from platinum rich alloy
with tin when catalyst PtSn/SiO2 was treated with crotonaldehyde in

17

hydrogen atmosphere at 80 oC. As the formation of butadiene was
observed in the reaction, it was suggested that oxygen transferred from
crotonaldehyde to support Sn-Pt nanoclusters. This oxygen transfer is
involved in the formation of Sn4+ species, which are responsible for the
activation of carbonyl group.
4. Many researchers reported geometric effects for the improvement in the
selectivity of unsaturated alcohols using promoter [27, 28]. This effect is
mainly due to dilution of active noble metallic species and blocking of
active sites due to promoter species.
There are other contributing factors for the enhancement of
selectivity towards unsaturated alcohol like (Ia) metal particle size, (Ib)
metal crystal shape and structure, (Ic) coordination number of active metal,
(II) support effects (SMSI), (IIIa) steric hindrance due to substituents in the
substrate and (IIIb) steric effect of ligands on catalyst surface. Literature
indicates studies of these factors using monometallic and bimetallic
catalysts. The literature references with respect to different factors using
monometallic and bimetallic catalysts are shown in Figure 1.7.
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1.10 Factors contributing to selectivity towards unsaturated alcohol
from literature

Figure 1.7: Literature on selective hydrogenation of unsaturated aldehyde using
monometallic and bimetallic catalyst where selectivity is attributed to various
factors

1.10.1 Effect of active metal particle size
The particle size and morphology of the catalyst is anticipated to be
important for selective formation of unsaturated alcohol from unsaturated
aldehyde. In practice, this implies that catalysts with different particle size
but on the same support produce different selectivity results. Selectivity data
available in the literature indicates higher selectivity of unsaturated alcohol
with larger particle size in the case of cinnamaldehyde hydrogenation. In
contrast to this, no effect was observed for the hydrogenation of citral. The
difference in the selectivity was explained in terms of steric effect due to
aromatic ring present in the cinnamaldehyde [29]. Lercher et al. [30] carried
out gas phase hydrogenation of crotonaldehyde over Pt/SiO2 catalysts and
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observed an increase in selectivity to the unsaturated alcohol from 8 to 43%
with an increasing metal particle size.
The selectivity experiments using platinum and rhodium catalysts
confirmed that the selectivity to cinnamyl alcohol improvement as the
particle size increased [31].This was attributed to a steric effect whereby the
planar cinnamaldehyde molecule cannot adsorb parallel to a flat metal
surface because of the steric repulsion of the aromatic ring. Gallezot et al.
mentioned that the aromatic ring of cinnamaldehyde must lie at a distance
exceeding 0.3 nm the catalyst surface as there is an energy barrier
preventing a closer approach to the surface [14]. Because of this barrier, the
C=C bond cannot approach the surface as closely as the C=O bond & hence
the latter is hydrogenated preferentially. This can also be explained as small
particles have a large curvature, so it easier to maintain 0.3 nm distance
when adsorbed through C=C bond than for large and practically flat surface.
This steric effect is schematized in Figure 1.8.

Figure 1.8: Particle size effect on the selectivity of cinnamaldehyde
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1.10.2 Effect of crystal shape & structure
Crystal shape and structure of active metal is important for
selectivity, as a crystal face with high coordination number offers more
steric hindrance for the absorption of C=C and results in selective
adsorption of C=O, which enhances the selectivity towards unsaturated
alcohol [32,33]. This effect has been mainly observed with substituted
unsaturated aldehydes. So in the case of hydrogenation of 3methylcrotonaldehyde (3-methylbutenal or prenal) conducted on the Pt(111)
face at 80 oC led mainly to the unsaturated alcohol at low conversion (65%
selectivity at 20% conversion) [34], whereas on Pt(110), the main products
were the saturated aldehyde and alcohol [35].
This structure sensitivity was explained by a geometric effect. The
close-packed structure of the (111) surface induces a steric hindrance for the
accommodation of the two methyl groups and thus for the adsorption of the
C=C bond; the molecule is activated preferentially via the C=O group. On
the other hand, the corrugated structure of the (110) surface removes this
steric hindrance and enables the activation of the whole conjugated system
of the molecule followed by a 1,4-addition of hydrogen that leads to the
formation of the saturated aldehyde via the enol intermediate [36].
1.10.3 Effect of reducible oxidized metal support (SMSI)
The selective formation of unsaturated alcohols can be enhanced by
using noble metal supported on reducible oxidized metal support. There are
literature reports using reducible supports like TiO2, VOx, ZrOx, NbOx and
WOx for the reduction of unsaturated aldehyde. This effect is associated
with strong metal- support interaction (SMSI). The beneficial effect of TiO2
is exerted by TiO2 (TiO2-x) patches on the metal surface. The authors [37]
interpreted this selectivity improvement by the creation of oxygen vacancies
in the TiOx phase which interact with the oxygen end of the C=O bond and
polarize this bond. This favors the intermediate which after addition of
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hydrogen atoms, gives the unsaturated alcohol as a major product. Englisch
et al. observed high selectivity of crotyl alcohol by using Pt/TiO2 compared
to Pt/SiO2 [30]. It was suggested that the presence of coordinatively
unsaturated Ti cations on the metal surface strengthens the interaction of the
catalyst with the C=O bond of crotonaldehyde and enhances the selectivity
for the C=O bond hydrogenation.
High loading of active metal with strong support interaction appears
more useful for obtaining selectivity of unsaturated alcohol due to flatten
particles and more flat surface as shown schematically in Figure 1.9.

Figure 1.9: Visualization of effects with varying metal loading with weak
and strong support interaction

1.10.4 Effect of steric hindrance in substrate
Selective formation of unsaturated alcohol is dependent on the
substituents presents in the substrate. Substituents present near to C=C
group causes steric hindrance for the adsorption of the C=C group and
preference is given for the adsorption of the C=O group and thus enhances
selectivity. Formation of unsaturated alcohols increased with increasing
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methyl substitution on C=C group in the case of acroline, crotonaldehyde
and methyl crotonaldehyde using the same catalyst under similar reaction
conditions [26]. The molecular structures are shown in Figure 1.10.
H

H

O

H

CH 3

O

H 3C

H

Acrolein

O

H 3C

H

H

Methyl
crotonaldehyde

Crotonaldehyde

Increasing selectivity to unsaturated alcohol

Figure 1.10: Molecular structures of substituted aldehydes and trend in
selectivity to the unsaturated alcohol in selective hydrogenation

The selective formation of unsaturated alcohol decreased with the
substituents present near the C=O group due to increased steric hindrance
for the adsorption of the C=O group. The selectivity decreased in the order
aldehyde > ketone > ester > acid using the same catalyst under similar
reaction conditions [37]. The molecular structures are shown in Figure 1.11.

R

H

Aldehyde

R

Ketone

O

O

O

O

R

R

OR

Ester

R

OH

Acid
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Figure 1.11: Molecular structures of substituents present near C=O and
selectivity of unsaturated alcohol
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1.10.5 Effect of steric hindrance on metal surfaces
The selectivity to unsaturated alcohol increased with increasing
steric hindrance due to structure and morphology of the metal because C=C
group adsorbs less strongly on higher coordinated crystal face then on to
lower ones [26].
Bimetallic catalysts prepared by surface organometallic reaction give
higher selectivity due to molecular constraints imposed by metal
environment with ligands. When catalyst was activated at lower
temperature, higher yield of unsaturated alcohol was observed for the
reaction of citral with rhodium tin bimetallic catalyst supported on silica
prepared by surface organometallic reaction using Sn(nC4H9)4 [14]. The
percentage of unsaturated alcohol increased with increased amount of tin.
However it decreased with total removal of ligands when catalyst activated
at higher temperature under hydrogen atmosphere.
1.10.6 Effect of addition of basic molecules
There are reports of increasing selectivity of unsaturated alcohol by
the addition of basic molecules and alkali. Cordier et al. observed
improvement in the selectivity of unsaturated alcohol in the hydrogenation
of cinnamaldehyde using Pt catalysts in the presence of phosphines and
arsines [14].
Satagopan et al. [39] found that the addition of KOH to the reaction
medium decreased the hydrogenation rate of the C=C bond on Pd catalysts
for cinnamaldehyde and citral. The enhanced activation of the C=O bond
could be interpreted by the polarization of the C=O bond resulting from the
interaction of the alkali cation acting as a Lewis site with the lone electron
pair of the oxygen atom of the C=O group.
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1.10.7 Effect of addition of ionic salts
The effects of various metal additives were studied by Galvagno et
al. [40]. The rate of cinnamaldehyde hydrogenation and the selectivity to
cinnamyl alcohol increased after the addition of cobalt, iron, tin, and
germanium chlorides to a slurry of platinum supported on nylon in ethanol
solution of cinnamaldehyde at 70oC under hydrogen. The large increase of
rates and selectivities was attributed to a polarization of the C=O bond by
the cations of metal salts acting as Lewis sites.
1.11

Objective and scope of the work
Platinum based catalysts are well known for selective
hydrogenations with promoters Sn, Co, Zn, Fe used for preparation of
bimetallic catalysts [14, 24-26]. Platinum-based bimetallic catalysts are
more reactive compared to ruthenium catalysts and there are reports about
formation of side products due to hydrogenation of aromatic ring and by
hydrogenolysis reaction [24]. Ruthenium-based catalysts have specific
activity for the synthesis of unsaturated alcohols with less byproduct [38].
Ruthenium metal and precursors are cheaper than platinum metal and
precursors. The prize of ruthenium metal is 85 USD/oz vs. 1488 USD/oz for
platinum metal as obtained from website of InvestmentMine (Mining
market and Investment). In the case of metal precursors, ruthenium chloride
is cheaper than platinum chloride as obtained from product catalogue of
Sigma Aldrich.
(Ruthenium (III) chloride – 2 g -100 Euros,
Platinum (II) chloride – 1 g – 298 Euros and
Platinum (IV) chloride – 1 g – 184 Euros)
Thus, ruthenium-based catalysts appear to be interesting for
industrial applications. Promoters from non-transition metals show good
selectivity to unsaturated alcohol compared to transition metals and tin
appears as an efficient promoter [26]. Catalyst systems based on ruthenium
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tin supported on alumina are mainly studied for the selective hydrogenation
of fatty esters [41] and not much studied for the selective hydrogenation of
cinnamaldehyde. Researchers in the area of selective hydrogenation of
unsaturated aldehyde mainly focused on various factors discussed in section
1.10 for achieving good selectivity of unsaturated alcohol. The role of the
promoter for the enhancement of selectivity towards unsaturated alcohol is
less studied. There are contradictory views about the oxidation state of
promoter tin, and little information is available on exact promoter speciation
responsible for the selectivity of unsaturated alcohol using RuSn/Al2O3. We
decided to explore ruthenium tin bimetallic catalyst supported on alumina
for the selective hydrogenation of cinnamaldehyde and performed an indepth study of the RuSn/Al2O3 bimetallic catalyst system. This work
includes study of promoter ratio with active metal, variation in wt % of
active metal with constant promoter ratio, reaction parameters study and
detailed catalyst characterization to understand the oxidation state of
promoter.
Catalysts with varying atomic ratios of promoter tin with ruthenium
and varying wt % of ruthenium were prepared and tested for selective
hydrogenation of cinnamaldehyde under similar reaction conditions.
Detailed catalyst characterization using XRD, XPS, TPR and Mössbauer
insitu spectroscopy was done to understand the oxidation states of
ruthenium and tin.
In order to understand further details on the reaction pathways and
role of promoter it is important to know the rate of reduction of C=C vs.
C=O group using monometallic and bimetallic catalyst. This can be
achieved by reduction of cinnamyl alcohol, phenyl propanaldehyde and
mixture of both using optimized bimetallic catalyst and monometallic
catalyst under similar reaction conditions.
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Surface science model catalysts consisting of a planar conducting
substrate with a thin oxide layer and active phase deposited on it, have been
successfully applied in catalysis research [4, 42]. Selective hydrogenation of
crotonaldehydes can be successfully performed on bimetallic planar model
catalysts [42]. The important advantage of planar model catalysts is the
absence of pores and reduced charging problem associated with powder
supported catalysts. As a result of this charging, peaks in the
photoemissionspectrum become broader and the resolution is lower. Model
catalyst can be used to obtain a detailed electronic/structural
characterization of the active phase and useful to understand the exact
oxidation state of promoter tin.
1.12

Structure of the thesis
The aim of this thesis is to elucidate the role of the Sn promoter in
promoting selectivity to the unsaturated alcohol in the selective
hydrogenation of cinnamaldehyde using an alumina-supported Ru-based
catalyst.
Chapter 2 gives the background of the experimental techniques and
procedures used for powder catalyst preparation, model catalyst preparation
and catalyst testing using high pressure hydrogen gas. Catalyst
characterization procedures using XRD, XPS, TPR and Mössbauer are
explained.
Chapter 3 describes a detailed study of selective hydrogenation of
cinnamaldehyde using monometallic and bimetallic ruthenium tin supported
on alumina. Effect of promoter on selectivity was analyzed using varying tin
atomic ratio with constant wt % of ruthenium. Also the effect of varying
percentage of ruthenium was analyzed for selectivity, while keeping the
promoter atomic ratio constant. The catalyst characterization entailed XRD,
XPS, TPR, SEM, EDX and Mössbauer insitu spectroscopy to investigate
oxidation state of tin and understand the role of promoter.
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Chapter 4 presents more detail understanding on the reaction
mechanism by hydrogenation of cinnamyl alcohol and phenyl
propanaldehyde using an optimized bimetallic and monometallic catalyst.
The study shows the reduction preference for C=C vs. C=O group and
promoter action. Based on the experimental results insight on reaction
pathway is obtained using bimetallic and monometallic catalyst.
Chapter 5 describes the results of model catalyst system containing
bimetallic catalyst ruthenium and tin supported on silica flat surface.
Catalyst characterization studied using XPS to investigate electronic state of
tin. Ruthenium losses observed in calcined and reduced model catalyst. So
model catalysts prepared at various calcination temperatures and activation
temperatures and analyzed using XPS to investigate the ruthenium losses
during catalyst preparation process, and in general the importance of the
catalyst conditioning steps for the catalytic performance
Chapter 6 contains a summary of all results and concluding
remarks.
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Chapter 2
Experimental
p ro c e d u re s

and

instrumental

methods

&

2.1
Monometallic and bimetallic catalyst preparation by incipient
wetness impregnation and coimpregnation
2.1.1 General description on incipient wetness impregnation
Incipient wetness impregnation, also known as capillary
impregnation or dry impregnation, is a commonly used technique for the
synthesis of heterogeneous catalysts. Typically, the active metal precursor is
dissolved in an aqueous or organic solution. Then, the metal-containing
solution with a volume equal to the pore volume of the support is added to
the (typically oxidic) support. Common catalyst support materials are
porous solids, such as aluminium oxide, silica gel, MgO, ZrO2,
aluminosilicates, zeolites, activated carbon and ceramics. Capillary action
draws the solution into the pores, as shown in Figure 2.1. If excess solution
is added compared to support pore volume the capillary action process is
changed to a much slower diffusion process. The maximum loading is
limited by the solubility of the precursor in the solution. The concentration
profile of the impregnated compound depends on the mass transfer
conditions within the pores during impregnation and drying combined with
presence or absence of strong interactions between compound and support
[1-5].
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Figure 2.1: Catalyst preparation by incipient wetness impregnation
[adapted from ref 1]

The catalyst can then be dried, to drive off the volatile component
and deposit the metal salt on the catalyst surface. The rate of drying depends
on the temperature and it strongly affects the metal distribution of the
catalyst particles. Calcination is a heat treatment, typically but not
necessarily in an oxidizing atmosphere. During calcination numerous
processes occur, such as formation of new components by solid state
reactions (e.g. decomposition of carbonates and nitrates to the
corresponding oxides), transformation of amorphous regions into crystalline
regions and modification of pore structure and the mechanical properties.
In the case of supported metal catalysts, calcination leads to metal
oxides as catalyst precursors. These metal oxides are converted into metals
by reduction. Reduction can be performed in various ways, i.e. using pure
hydrogen, hydrogen diluted with nitrogen, CO or mild reducing agents such
as alcohol vapor [1].
2.1.2 Monometallic and bimetallic catalyst preparation
2.1.2.1 Activation of support alumina
Gamma Alumina acidic (Al2O3) supplied by Aldrich chemicals ltd.,
with surface area 110 m2g−1 was used as a support. Firstly, the dried support
was treated under nitrogen at 500 o C for 4 hours in order to eliminate any
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adsorbed impurities. The support was then slurried, in an ethanolic solution
containing the appropriate quantities of precursors, in a rotary evaporator at
room temperature for 15 hr.
2.1.2.2 Slurry impregnation and coimpregnation
The monometallic and the bimetallic catalysts were prepared by
impregnation and co-impregnation. Hydrated ruthenium chloride
(RuCl3.H2O, Aldrich) was used as a noble metal precursor for the
preparation of both the monometallic and bimetallic catalysts. In the case of
the bimetallic ruthenium tin catalyst, tin (II) chloride (SnCl2, Aldrich) was
used as precursor. Different catalysts were prepared, using a varying
percentage of ruthenium and a varying atomic ratio of the tin as a promoter.
The solvent was evaporated under vacuum. The powder obtained
was first dried overnight at 100 oC. The catalyst obtained is referred as a
fresh catalyst.
2.1.2.3 Calcination
Fresh catalysts were calcined in an air stream for 4 hours at a
temperature of 400 oC.
2.1.2.4 Catalyst activation:
After calcination, the catalysts were activated by reduction in a flow
of diluted H2 (5 vol.% in N2) 4 hours with temperature program as follows:
100 oC for 1hr, 200 oC for 1 hr & 400 oC for 2 hrs. The heating rate for
initial step i.e. room temperature to 100 oC and other steps was kept at10
o
C/min. About 2 gram of calcined catalyst was taken in a ceramic boat and
placed it in a quartz column in a heating furnace. The outlet to the column
was connected to an oil-containing trap after which the remaining exhaust
gases were vented. After activation, heating was stopped and the system was
allowed to cool down in presence of diluted H2 (5 vol.% in N2) to room
temperature. The ceramic boat containing the catalyst was slowly removed
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from the quartz column under a stream of nitrogen gas and transferred to a
clean, sealable vial. Figure 2.2 shows a picture of the heating furnace and an
inside view of heating furnace and ceramic boat.

Figure 2.2: Photograph of Tube furnace with 5% H2 balance N2 cylinder
for catalyst activation while right side picture shows inside view of heating furnace
and ceramic boat.

2.2

Hydrogenation of cinnamaldehyde
Hydrogenation of cinnamaldehyde (Aldrich, >99%) was performed
in the liquid phase in a batch 100 ml steel Parr autoclave according to the
following, standard procedure. Cinnamaldehyde (3 gram), 225 mg reduced
catalyst and 50 ml of an isopropanol water mixture (90:10) were charged
into the reactor. Then, the reactor was flushed with nitrogen gas by
pressurizing with nitrogen to 5 bar and evacuating it. This process was
repeated three times to ensure complete removal of air inside the reactor.
Reaction mixture was then stirred at 500 rpm for 5 minutes after which the
reactor was pressurized with 20 bar hydrogen gas. Then the reaction mixture
was heated to 90 oC with constant hydrogen pressure 20 bar. The reaction
mixture sample (~ 5ml) was withdrawn at regular intervals of 30 min and 1
hr, which included sampling line flushing (~ 2ml) and analyzed using gas
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chromatography. A Shimadzu 2010 gas chromatograph, equipped with a
30m×0.32mm capillary column (5% diphenyl/95% dimethyl-polysiloxane)
and flame ionization detector, was used for the GC analysis. The results of
the reaction runs were analyzed in terms of yields, calculated as follows:

and selectivities of product, calculated as follows:
100

∑

The Cj’s are the concentrations of the main identifiable
hydrogenation products of cinnamaldehyde, namely cinnamyl alcohol,
phenyl propanaldehyde & phenyl propanol.

Figure 2.3: Photograph of Parr reactor used for the hydrogenation of
cinnamaldehyde

Gas chromatography analysis
Initially, 1 μl of blank sample of isopropanol: water (90:10) was
analyzed in triplicate to ensure the absence of spurious peaks. Afterwards,
responses of all the components in the reaction mixture were calibrated by
analyzing individual standard samples (supplied by Aldrich chemicals) and
mixtures with known concentrations.
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The reaction mixture sample 50 μl was transferred into a GC vial
and diluted to 950 μl using isopropanol: water (90:10). Then reaction
sample of 1 μl was analyzed in duplicate using temperature programming as
50°C/(2min.) – 10°C/min– 300°C/(1 min.) and column 5 % diphenyl 95%
dimethyl-polysiloxane (30m×0.32mm capillary) with injector temperature
and detector temperature at 300 oC and helium gas flow 4ml/min.
Shimadzu software area % normalization method was used to
determine the wt. percentage of each component in the sample.
2.3

Model catalyst preparation
The model catalyst preparation is summarized in Figure 2.4. All
manipulations of air or water sensitive compounds were carried out using
Schlenk or glovebox techniques. The SiO2/Si(100) wafer was prepared as
described elsewhere [12-16] (calcination at 750 oC, followed by etching
with H2O2/NH3) to obtain an amorphous, OH-terminated silica layer (20
nm) on a silicon (100) wafer. The wafer was partially dehydroxylated at 500
o
C in air for 16 h. The wafer was then spin-coated with mixture of
Ruthenium chloride and tin chloride (70:30, 10 mmol) in ethanol. Spinning
at 2800 rmp resulted homogeneous deposition of the precursors onto the
silica surface.
This fresh model catalyst was calcined at 400 oC for 4 hrs in stagnant
air and then reduced in hydrogen gas flow with similar temperature program
used for the preparation of powder catalyst. (Temperature program 100 oC
/1 hr. ---- 200oC /1 hr----- 400oC /2 hrs) The heating rate for initial step i.e.
room temperature to 100 oC and other steps was kept at 10 oC/min.
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RuCl + SnCl (70:30) (10 mM) in
3

2

ethanol

Figure 2.4: Schematic presentation of catalyst preparation on the flat
silica surface

2.4
XRD analysis
2.4.1 General description of XRD
X-ray diffraction is one of the oldest and most frequently applied
techniques in catalyst characterization [17]. It is used to identify crystalline
phases in the catalyst by measuring the lattice structural parameters of all
phases present in the sample. In addition an indication of the average
particle size can be obtained from the line broadening.
X-ray diffraction makes use of the elastic scattering of X-ray
photons by atoms arranged in a periodic lattice. Scattered monochromatic
X-rays that are in phase give constructive interference as shown in Figure
2.5.
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Figure 2.5: X-ray scattered by atoms in an ordered lattice [adapted from
ref 17]

X-ray diffraction by crystal planes allows one to derive lattice
spacing by using the Bragg equation.
nλ =2d sinθ
where
λ
is the wavelength of the X-ray
d
is the distance between two lattice planes
θ
is the angle between the incoming X-rays and the normal to the
reflecting lattice plane
n
is the integer called order of the reflection
The XRD pattern of a powder sample is measured with a stationary
X-ray source, usually emitting CuKα radiation, and a movable detector,
which measures the intensity of the diffracted radiation as a function of the
angle (2θ) between the incoming and the diffracted beams.
Finite crystallite domain sizes (<0.1 µm) cause measurable
broadening of X-ray diffraction lines. The experimentally observed
broadening can be used to derive an average crystallite size, using the
Scherrer formula given below.
<L> = K λ/βcosθ
where
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is a measure for the dimension of the particle in the direction
perpendicular to the reflecting plane
λ
is the wavelength of the X-ray
β
is the peak width
θ
is the angle between the incoming X-rays and the normal to the
reflecting lattice plane
K
is a constant (often taken as 1)
XRD technique has serious disadvantages as amorphous phases and
small particles give weak or no diffraction lines. The objective of XRD
characterization for the present work is to understand the oxidation states of
ruthenium and tin in calcined and reduced catalysts.
<L>

2.4.2 XRD analysis process
XRD patterns were recorded on Phillips (Model 1730) equipped
with a Ni-filtered Cu Kα (0.1530 nm) X-ray source. The diffracted signal
was measured with a proportional counter detector, at a typical scan rate of
5 theta/min.
2.5
XPS analysis:
2.5.1 General description of X-ray photoelectron spectroscopy
X-ray Photoelectron Spectroscopy (XPS) is amongst the most
frequently used characterization techniques in catalysis [17]. It is also the
main characterization tool used in the present work. The technique yields
quantitative information on the elemental composition of the outer ~5 nm of
the sample. From chemical shifts the oxidation state of the element can
often be derived. In favorable cases information on dispersion can be
obtained. XPS is based on the photoelectric effect, in which an atom absorbs
a photon of energy hⱱ. All the energy of the photon is transferred to either a
core or valence electron, and it is ejected with a certain speed, i.e. kinetic
energy. This speed depends on the energy of the incoming photon as well as
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the energy it takes to remove an electron from the sample into the vacuum.
Mathematically this is expressed as follows:
Ek= hⱱ-Eb-W
with
Ek
the kinetic energy of the photoelectron
H
Planck’s constant
ⱱ
the frequency of the exciting radiation
the binding energy of the photoelectron with respect to the Fermi
Eb
level of the sample
W
the work function of the spectrometer

Figure 2.6: Schematic representation of the principle of X-ray
Photoelectron Spectroscopy (XPS) [adapted from ref 17].

Commonly used X-ray sources are Mg-Kα (1253.6eV) and Al-Kα
(1486.3 eV), i.e. soft X-ray sources. Using soft X-rays the resulting
photoelectrons have low energies, which interact strongly with matter, and
hence only those created at or close to surface will manage to escape
without losing energy.
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In XPS one measures the intensity of photoelectrons N(E) as a
function of their kinetic energy but is usually plotted as N(E) vs. the binding
energy (Eb). In addition to the expected photoelectron peaks, the spectrum
also contains peaks due to Auger electrons as shown in Figure 8. Auger
electron is element specific with fixed kinetic energies, which are
independent of the X-ray energy formed by relaxation of exited ion by
filling the core hole with an electron from a higher shell. In the present work
XPS was primarily employed to determine the oxidation state of ruthenium
and tin in calcined and reduced catalysts. In addition, it provides
information on eventual contaminants and whether the chloride from the
starting compounds was completely removed in the calcination and
reduction steps.
2.5.2 XPS analysis procedure
X-ray photoelectron spectra (XPS) were measured using a Kratos
AXIS Ultra spectrometer, equipped with a monochromatic Al K alpha X-ray
source, and a delay-line detector (DLD). Spectra were obtained using the
aluminum anode (Al K alpha= 1486.6 eV) operating at 15 kV, with an
emission current of 10 mA (150 W). Spectra were recorded at background
pressures <5×10−8 mbar. Binding energies were calibrated using the
ubiquitous carbon C 1s peak at 284.4 eV. The XPS peaks were
deconvoluted into subcomponents using a Gaussian (80%) –Lorentzian
(20%) peak shape and with a nonlinear Shirley background. Quantitative
analyses were performed using the Scofield sensitivity factors provided by
the instrument manufacturer.
2.6
Temperature programmed reduction (TPR)
2.6.1 General description on temperature programmed reduction
Reduction is an essential step in the activation of metallic catalysts
prepared via the classical wet chemical route. The reduction of a metal
oxide MOn by H2 is described by the equation.
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MOn + nH2
M + nH2O
TPR is a highly useful technique, as it provides a quick
characterization of metallic catalysts. It gives indirect information on the
phases present after impregnation and on the eventual degree of reduction
after reduction. For bimetallic catalysts, TPR patterns can be used to derive
whether the two components are mixed are not. TPR data can also be used
to determine the apparent activation energy for the reduction reaction [14].
In the present work, TPR characterization was primarily used to determine
reduction temperatures and reduction patterns of ruthenium oxide and tin
oxide in both monometallic and bimetallic calcined catalysts. In addition, it
was used to obtain information on the degree of mixing between ruthenium
and tin in the bimetallic catalyst.
TPR analysis of calcined catalysts was carried out in a conventional
laboratory apparatus, consisting of a gas supply system where the flows of
the different gases was controlled by mass-flow controllers, a tubular quartz
reactor which can accommodate a small quantity of catalyst, which is
packed in a fixed bed. The outflow passes through a water vapor trap,
followed by a Thermal Conductivity Detector. In a typical TPH experiment,
15 mg calcined catalyst heated from 25 oC to 600 oC under a flow of diluted
H2 (2 vol. % in N2), with a heating rate of 5 oC/min.
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Figure 2.7: Schematic representation of TPR & TPO set up [adapted from 17]

2.6.2

TPR process
Instrumentation for the temperature programmed reduction is
relatively simple and Figure 2.7 shows the details of TPR set up. The
reactor, charged with catalyst, is heated in a controlled way using a
temperature controller which controls the heating power applied by the
furnace. A thermal conductivity detector (TCD) is typically used to measure
the difference between the hydrogen or oxygen content of the gas mixture
before and after reaction. For TPR, a mixture of 5%H2 in Ar was used,
while for TPO, 5% O2 in He is used, to facilitate optimal detection by TCD.
The resulting TPR spectrum is a plot of the hydrogen consumption as a
function of temperature.
2.7
2.7.1

SEM analysis
General description on SEM analysis
Scanning electron microscopy (SEM) is an easy and quick method to
obtain topology and morphology information of a sample. Electrons with
energy between a few hundred eV and 50 keV leave an electron gun; pass
through a series of electromagnetic lenses, which focus the electron beam
down to spot sizes between 1 nm to 5 nm on the sample. Figure 2.8 shows
the various interactions of a primary electron beam with a sample [17]. Each
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of these will create a unique response of the sample, and one can make use
of this to obtain different types of information on the nm scale.
A part of the electrons will pass through the sample depending on
the sample thickness. These electrons can be divided in transmitted
electrons, diffracted electrons and loss electrons. They are usually not
considered in SEM, but are the basis of TEM analysis. Some electrons are
elastically scattered back (that is, without losing energy) by sample atoms,
forming the backscattered electrons. Secondary electrons are formed when
the primary electrons transfer energy to the sample due to inelastic
scattering. Similar to X-ray photoemission, high energy electrons can create
core holes in the sample, which decay either via emission of Auger
electrons, or via X-rays, the first being dominant for light elements and the
latter being dominant for heavier elements. In addition, the decay of holes
and electronic excitations created in the valence band will produce to low
energy photons ranging from UV to infrared.

Figure 2.8: Interaction between the primary electron beam and the sample
in an electron microscope [adapted from 17]

In SEM detection backscattered, secondary electrons or both can be
used to construct an image. The mechanisms that create contrast are
complex for secondary electrons, but relatively simple for backscattered
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electrons. A factor that is relevant for both is the orientation of the local
surface relative to the detector. Surfaces facing towards the detector appear
brighter than surfaces pointing away from the detector. Scanning the surface
and correlating each position of the beam on the sample surface with a
certain concentration of backscattered or secondary electrons yields a
topology image. Differences in contrast are also caused by atoms with
differences in the ability to scatter electrons. Heavy atoms will appear
brighter than light atoms since heavy atoms scatter electrons more
effectively. Under the most optimal conditions SEM has a resolution of
about 4 nm. The objective of SEM characterization for the present work is
to investigate the morphology and support particle size of monometallic
catalyst and bimetallic catalysts with varying promoter and noble metal ratio
on the nanometer/micrometer level.
2.8

EDX analysis
EDX analysis stands for Energy Dispersive X-ray analysis. It is
sometimes referred to also as EDS or EDAX analysis. It is a technique used
for to the bulk elemental composition of the specimen, or an area of interest
thereof. The EDX analysis system is typically integrated in a scanning
electron microscope (SEM).
It makes use of the X-rays that are emitted when a specimen is
irradiated with a beam of high energy electrons. One of the interaction
mechanisms is that the incoming electrons have enough energy to remove
electrons from core levels, leaving a core hole. This unstable situation is
short-lived, and the core-hole is rapidly filled by an electron in the outer
shells. The energy difference between the outer and inner shell is released
in the form of X-rays.
The energy of the X-rays generated is equal to the energy difference
between the core level and the (valence) level from which the electron
originated. Hence, atoms of every element release X-rays with unique
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wavelengths during irradiation with an electron beam with high energy.
Thus, by measuring the X-ray emission spectrum during electron beam
bombardment, the identity of the atom from which the X-ray was emitted
can be established.
The EDX spectrum plots the intensity of the emitted X-rays as a
function of wavelength. An EDX spectrum normally displays peaks
corresponding to the energy levels from which the most X-rays had been
emitted. Each of these peaks is unique to a specific element, the intensity of
the peak relates directly to the concentration of the element in the sampled
area.
2.9
Mössbauer analysis
2.9.1 General description on Mössbauer spectroscopy
Mössbauer spectroscopy is a nuclear technique. The nucleus being
at the heart of the atom is influenced by the electron structure of the atom,
which in turn is influenced by its surroundings. Mössbauer spectroscopy
analyzes the energy levels of the nucleus with extremely high accuracy and
in this way it reveals the oxidation state of atom. The technique is limited to
those elements that exhibit the Mössbauer effect. Iron, tin, iridium,
ruthenium, antimony, platinum and gold are relevant for catalysis [17].
The advantage of Mössbauer spectroscopy for catalyst research is
that it uses gamma radiation of high penetrating power such that the
technique can be applied in situ. An economic advantage is that the
technique is relatively inexpensive [17].
Mössbauer analysis is an important catalyst characterization
technique for the present work. The objective of Mössbauer analysis is to
analyze the different oxidation states of tin, like tin (II), tin (IV) and tin
metallic form present in monometallic and bimetallic catalyst [18,19] during
and after the reduction process.
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2.9.2 Mössbauer analysis process
Mössbauer insitu analysis was done on both monometallic 10%
Sn/Al2O3 and bimetallic catalysts (10 wt % RuSn/Al2O3).
Initially, fresh catalyst, calcined catalyst of monometallic Sn/Al2O3
was analyzed. Then analysis of reduced monometallic catalyst 10 %
Sn/Al2O3 was done by in-situ reduction at different temperatures from 100
o
C to 450 oC.
Similarly, bimetallic catalyst 10 wt% RuSn/Al2O3 with
Sn/(Sn=Ru)=0.3, was reduced insitu at different temperature from 100 oC to
450 oC and analyzed.
Transmission 119Sn Mössbauer spectra were collected at room
temperature with a conventional constant-acceleration spectrometer using a
Ca119mSnO3 source. The isomer shifts are reported relative to BaSnO3. The
Mössbauer spectra were fitted using the Mosswinn 3.0i program [20].
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Chapter 3
S e l e c t i v e h y d ro g e n a t i o n o f c i n n a m a l d e h y d e u s i n g
a bimetallic catalyst containing ruthenium and
t i n s u p p o r t e d o n a l u m i n a : I n v e s t i g a t i n g t h e ro l e
o f t h e p ro m o t e r
Abstract: The role of tin as a promoter for alumina-supported ruthenium
catalysts was investigated in the selective hydrogenation of cinnamaldehyde
to cinnamyl alcohol. Monometallic and bimetallic catalysts with tin atomic
ratio (Sn/Sn+Ru) from 0.1 to 0.5 and 2 wt% Ru supported on alumina were
prepared and tested. Monometallic Ru showed highest activity but lowest
selectivity towards unsaturated alcohol. An increasing percentage of tin
reduced the activity, but improved the selectivity to unsaturated alcohol.
Samples with atomic ratio of tin Sn/(Sn+Ru) = 0.3 showed an optimum for
selectivity and yield of unsaturated alcohol.
In further experiments the Sn/Ru ratio was fixed while the mass
percentage of ruthenium was varied between 2 wt % to 15 wt %. Both
catalyst activity and selectivity of unsaturated alcohol increased with
increasing loadings; 10 wt % of ruthenium (and Sn/(Sn+Ru)=0.3) was
optimum for the highest selectivity and activity.
The catalysts were characterized by XRD, XPS, TPR, SEM, EDX
and Mössbauer spectroscopy. To obtain XPS spectra with enhanced
resolution, flat model catalysts were prepared, reduced in-situ and
characterized to determine the different oxidation states of tin. Ruthenium
was present in the metallic state while tin was present in the ionic state.
Based on experimental results and characterization findings, an explanation
for the enhancement of selectivity towards unsaturated alcohol and reaction
mechanism using promoter tin has been proposed.
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3.1

Introduction
Selective hydrogenation of α,β-unsaturated aldehydes to the
corresponding unsaturated alcohols attracts much interest in catalysis
research as the products formed are widely used in fine chemical,
pharmaceutical, cosmetic and polymer industries. Some examples of
selective hydrogenation products valuable for industrial applications are
cinnamyl alcohol, allyl alcohol, crotyl alcohol, nerol & geraneol [1].
Cinnamyl alcohol, the product of the catalytic process studied here, is
synthesized on a commercial scale from cinnamaldehyde by selective
hydrogenation. It is widely used in perfume industry and is also an
important raw material for the synthesis of the antibiotic chloromycetin [2].
Selective hydrogenation of α, β-unsaturated aldehydes to unsaturated
alcohols requires control of the chemoselectivity, since the formation of
unsaturated alcohol involves the activation and reduction of the aldehyde
(C=O) group without reduction of the C=C group. On the other hand, the
reduction of C=C is thermodynamically favored over selective reduction of
the carbonyl group in α, β-unsaturated aldehydes, and results in the
formation of saturated aldehyde and saturated alcohol [1].
Selective reductions can be achieved using stoichiometric amounts
of reducing agents such as metal hydrides, but these methods are useful only
for small-scale production as they involve costly chemicals [3]. Moreover,
these methods are associated with environmental problems like hazardous
solid waste generation and low atom efficiency. Catalytic hydrogenations
are clean processes with better atom efficiency in comparison to
stoichiometric reduction processes. Research efforts in this field are,
therefore, mainly focused on catalytic hydrogenation for the production of
unsaturated alcohols from α, β-unsaturated aldehydes.
Catalyst systems based on unpromoted noble metals are very active
for hydrogenation and unsaturated aldehydes are mostly converted to
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saturated alcohols. Literature studies show the trend of monometallic
catalysts for the selectivity of unsaturated alcohol from α, β-unsaturated
aldehyde as Os>Ir>Pt>Ru>Rh>Pd [1]. The reason mentioned for this trend
is related to increasing d-band width of the noble metal. The d-band width
increases in the series Pd<Pt<Ir [1]. Palladium and rhodium situated at the
end of the series are least selective for reduction of the C=O group but are
very active for C=C group reduction and almost a 100 % yield of saturated
aldehyde is obtained [4]. A theoretical study by Delbecq and Sautet showed
a preferential adsorption mode of the unsaturated aldehyde on palladium in
the η4-mode, i.e. the C=C group and the C=O group bound to two metal
atoms (see Chapter 1, Fig 1.4), which leads to formation of saturated
aldehyde [5 ,6]. So palladium is less suitable for selective hydrogenation of
unsaturated alcohol.
Platinum and ruthenium based catalysts are more preferred for the
synthesis of unsaturated alcohol due to their availability and cost compared
to osmium and iridium [1,7]. Platinum based bimetallic catalysts have been
explored for selective hydrogenation, in combination with promoters like
Sn, Co, Zn, Fe [1, 8-9] to enhance the chemoselectivity. They are quite
reactive and tunable and there are many reports about formation of side
products due to hydrogenation of the aromatic ring and hydrogenolysis [8].
In comparison, ruthenium based catalysts have a more specific
activity for the synthesis of unsaturated alcohols, with lower amount of
byproducts formed [6]. Ruthenium catalysts are particularly active for the
hydrogenation of aqueous sugar solutions to polyols (e. g. glucose to
sorbitol). The Ru-catalysed hydrogenation requires lower pressure and
temperature compared to nickel catalysts, which results in lower plant
capital cost [10-11]. Thus ruthenium based bimetallic catalysts appears to be
attractive for selective hydrogenation of cinnamaldehyde.
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Selective hydrogenation of unsaturated aldehyde towards
unsaturated alcohols can be improved by addition of promoters. Three
categories of compounds can be used as promoter [12]:
I.
Alkali metal ionic compounds such as Na, K ,La, Ca, Cd
II. Transition metal compounds such as Ti, V, Cr, Mn, Fe
III. Non-transition elements like Sn, Ge, Ga
The ranking of promoter effectiveness for the selectivity to
unsaturated alcohol is I<II<III [20]. Tin as a promoter with the noble metal
showed good selectivity and yield towards unsaturated alcohol compared to
other non-transition elements [13]. Thus, a bimetallic catalyst system, based
on ruthenium and tin as a promoter, shows promise for this reaction. Up to
now, such catalysts have mainly been studied for the selective
hydrogenation of ester and of citral [14, 15].
For in-depth understanding, the action of the promoter should be
known. Researchers in the area of selective hydrogenation of α, βunsaturated aldehyde mainly focused on various geometric and electronic
factors using monometallic and bimetallic catalysts for the improvement of
selectivity. Literature reports studies on particle size, effect of metal crystal
shape and structure, steric hindrance on the metal surface, effects of
reducible metal oxides, steric effect of reactants, effect of addition of basic
molecules using both monometallic and bimetallic catalysts [16, 17-24].
Bimetallic catalysts with various promoters have been explored for the
improvement in selectivity of unsaturated alcohols [19, 18-19]. In all the
results bimetallic catalysts show enhanced selectivity compared to
monometallic catalysts, but information on the exact role of the promoter is
largely unclear.
Different mechanisms have been proposed for the enhancement of
selectivity towards the unsaturated alcohol. Gallezot et al. suggested two
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mechanisms for promoter action based on the electronic state of the
promoter [1].
1. If the promoter is present in the metallic state or as an alloy with the
noble metal, it acts as an electron donor and increases the electron
density on the adjacent noble metal surface. This decreases the binding
energy towards the C=C group due to increasing repulsive four electron
interactions with the metal and thus favors bonding via the C=O group,
which is then preferentially hydrogenated. This effect results in
enhancement of the selectivity towards unsaturated alcohol.
2. If the promoter is present in an ionic state or as an oxidized metal
species then it acts as a Lewis acid site which selectively adsorbs and
activates the C=O group via the lone electron pair of the oxygen atom,
thus increasing the selectivity towards unsaturated alcohol formation.
In addition to this, selectivity improvement towards unsaturated
alcohol is observed after a certain time of reaction. This phenomenon is also
called reaction-induced selectivity improvement. This is due to in situ
formation of the active form of the catalyst species. Margitfalvi observed the
conversion of Sn(0) in a platinum rich alloy to Sn4+ species with in situ
Mössbauer spectroscopy, which he suggested as responsible for the
selectivity improvement for crotyl alcohol [20].
Geometric effects may also play an important role for the
improvement in selectivity [31, 21]. This effect is mainly due to dilution of
active noble metallic species, and blocking of active sites. Promoter species
in both metallic and ionic state are held responsible for the required effect.
It is very important to understand the oxidation state of the promoter
tin in the catalyst system to understand the action of promoter as the
reaction mechanism depends on it. Such knowledge will be useful to build a
better catalyst system for the selective hydrogenation of unsaturated
aldehydes to get maximum yield of unsaturated alcohol.
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In this study we tried to understand the effect of tin as a promoter in
the bimetallic catalyst system supported on alumina for the selective
reduction of cinnamaldehyde. The reaction scheme of cinnamaldehyde
reduction is shown in Figure 3.1.

Figure 3.1: Reaction scheme for the hydrogenation of cinnamaldehyde

Cinnamaldehyde contains two reducible functional groups: the
carbonyl C=O and the C=C group. Cinnamaldehyde is converted to
cinnamyl alcohol by reduction of C=O group while phenyl propanaldehyde
is formed when the C=C group is hydrogenated. Phenyl propanol is a fully
hydrogenated product formed by further reaction of cinnamyl alcohol and
phenyl propanaldehyde.
In the study of hydrogenation of cinnamaldehyde using ruthenium
tin bimetallic catalyst system, we optimized the catalyst composition by
systematically varying both the Sn/Ru ratio and the metal loading, to obtain
the most desired performance. The catalyst characterization was done using
XRD, XPS, TPR, primarily to get information about the electronic states of
ruthenium and tin. Flat model catalysts were prepared and characterized
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using XPS, to distinguish different electronic states of tin. Mössbauer
analysis was done in situ to investigate the tin species present in calcined
and reduced catalyst and to get insight into the tin species responsible for
selectivity improvement. Based on the experimental results and
characterization findings, an explanation for the enhancement of selectivity
using tin as promoter is proposed.
3.2
Experimental:
Catalyst
preparation,
testing
and
characterization
The detailed process for the catalyst preparation has been discussed
in Chapter 2. Two sets of catalyst were prepared.
In the first set, 2 wt % ruthenium and tin with varying atomic ratio
Sn/(Sn+Ru) from 0.1 to 0.5 were made while in the second set ruthenium
loading was increased from 2 wt% to 15 wt % while keeping the tin atomic
ratio Sn/(Sn+Ru) constant at 0.3.
Cinnamaldehyde hydrogenation was carried out using monometallic
2wt. % ruthenium supported on alumina and bimetallic catalysts containing
2wt. % ruthenium with varying atomic ratio of tin (0.1-0.5) supported on
alumina in aqueous isopropanol (90:10) as a reaction solvent using
hydrogen pressure of 20 bar. All reactions were carried out in similar
reaction conditions like cinnamaldehyde concentration (0.02 M), reaction
temperature (90 oC), catalyst loading 0.296 mM (based on ruthenium),
stirring rate (500 RPM) and hydrogen pressure (20 bar).
The reaction mixture samples were analyzed on gas chromatography
at regular intervals of 1 hr. Gas chromatography results indicated weight
percentage of different components in the reaction mixture at different
stages of the reaction. Cinnamaldehyde conversion and selectivity of
cinnamyl alcohol was calculated as discussed in the experimental section of
Chapter 2.
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For details on model catalyst preparation and on characterization
techniques, we refer to Chapter 2.
3.2.1

SEM analysis:
SEM analysis of monometallic catalyst and bimetallic catalyst with
varying tin atomic ratio and varying ruthenium percentage was done to
check the uniformity of the particle size and surface morphology of the
catalyst particles, which were used in the liquid-phase hydrogenation
reactions, see Figure 3.2. As shown the particle size of the monometallic
catalyst was about 40-55 µm and that of the bimetallic catalysts averaged
about 125 µm. This was considered adequate for the tests.

Figure 3.2: SEM analysis of 2 % ruthenium with varying atomic ratio of tin
Sn/(Sn+Ru) and varying loading of ruthenium at constant tin

3.2.2

EDX analysis:
Qualitative EDX analysis was done to verify the elemental
composition of the catalyst. Figure 3.3 shows the EDX measurements of
monometallic 2 % Ru and bimetallic catalyst 2% RuSn0.3.
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Figure 3.3: EDX analysis of monometallic 2 % ruthenium monometallic and
bimetallic catalyst with Sn/(Sn+Ru) =0.3

Table 3.1 shows the compositions. Tin was not detectable at lower
contents whereas samples with Sn/(Sn+Ru)= 0.3 to 0.5 showed a
composition matching with the expected values.
Table 3.1: EDX measurements of various components in monometallic and
bimetallic catalyst
No.
1
2
3
4
5
6

Catalyst
2% Ru/Al2O3
2% RuSn/Al2O3(0.1)
2% RuSn/Al2O3(0.2)
2% RuSn/Al2O3(0.3)
2% RuSn/Al2O3(0.4)
2% RuSn/Al2O3(0.5)

OK
53.5
57.71
52.47
46.37
54.91
53.84

Al K
41.82
37.97
39.79
41.95
37.49
37.96

Cl K
1.6
1.39
1.33
2.4
1.85
1.6

Ru L
3.54
2.93
4.18
6.33
3.03
3.32

Sn L
0
0
0
2.94
2.72
3.29

Sn atomic ratio

0.32
0.47
0.50
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3.3
Results
3.3.1 Catalyst testing
3.3.1.1 Optimization of solvent
Initially, reactions were carried out in methanol as a solvent, chosen
because of good solubility of cinnamaldehyde in this medium. The reaction
mixtures were analyzed with gas chromatography at regular intervals and
compared with standard samples of raw material cinnamaldehyde and
reaction products cinnamyl alcohol, phenyl propanaldehyde and phenyl
propanol. The analysis showed two unknown peaks in addition to the
expected products. Hence, the reaction mixture was further analyzed using a
gas chromatography mass spectrometry (GC-MS). The analysis revealed
mass numbers 178 and 180 for the two unknown peaks, assigned to the
acetals of phenyl propanaldehyde and cinnamaldehyde with molecular
structures shown in Figure 3.4.

Figure 3.4: Molecular structures of acetal of phenyl propanaldehyde and
cinnamaldehyde

Acetal side products are known to form by reaction between
aldehydes and alcohols methanol and ethanol (the solvent in this case) [22].
So a solvent study was done to find suitable solvent system with minimal
formation of acetal. The acetal percentage formed using various solvent
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systems during cinnamaldehyde hydrogenation under similar reaction
conditions is shown in Figure 3.5.

Figure 3.5: Solvent system study for the reduction of cinnamaldehyde

As shown, 90 % aqueous isopropanol is a suitable solvent with
minimal acetal formation, with good conversion of cinnamaldehyde. Water
in the reaction system diminishes acetal formation, the reason being that
acetal formation (i.e. aldehyde + alcohol ↔ acetal + water) is an
equilibrium. Adding H2O to the reaction mixture will shift the equilibrium
to the aldehyde + alcohol side. In addition, acetal formation is more facile
with shorter, linear alcohols like methanol and ethanol compared to
branched alcohols like isopropanol, due to steric hindrance. So isopropanol
+ water (IPA/H2O) with a ratio 90:10 has been selected as a solvent system
for the reaction.
3.3.1.2
Cinnamaldehyde reaction using 2 % Ru monometallic &
bimetallic catalyst system
Using the IPA/H2O mixture for the reaction medium, the activity and
selectivity of 2%wt Ru catalysts with different Sn content were tested. The
results after 5h of reaction are shown in Table 3.2.
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Table 3.2: Cinnamaldehyde hydrogenation after 5 hrs using 2 wt. % ruthenium
monometallic & bimetallic catalysts (catalyst loading 0.029mM based on
ruthenium)
Cinnamaldehyde Cinnamyl alcohol Phenyl propanaldehyde Phenyl propanol Selectivity of
reacted (%)
(%)
(%)
(%)
cinnamyl alcohol (%)
22.9
2.3
4.1
16.0
10.3
20.6
3.9
4.6
11.7
19.3

No.

Catalyst name

1
2

2% Ru
2% RuSn0.1

3

2% RuSn0.2

16.8

4.8

5.8

5.7

29.4

4

2% RuSn0.3

15.0

5.8

4.7

4.1

39.8

5

2% RuSn0.4

12.9

4.7

4.9

2.8

37.7

6

2% RuSn0.5

11.1

3.8

2.9

4.0

35.6

The monometallic ruthenium shows the highest conversion of
cinnamaldehyde and conversion decreases with increasing tin content.
Formation of the fully hydrogenated product phenyl propanol was highest
with the monometallic catalyst; its formation is suppressed with increasing
Sn content.
The selectivity to the desired product cinnamyl alcohol increased
with increasing tin content, and reached an optimum at a Sn/(Sn+Ru) atomic
ratio of 0.3. In terms of yield, this catalyst also produced the highest amount
of cinnamyl alcohol. For completeness, a blank reaction using the alumina
support was carried out, which showed no conversion.

Figure 3.6: Cinnamyl alcohol selectivity (%) in cinnamaldehyde hydrogenation on
RuSn/Al2O3 containing 2wt% Ru as a function of Sn content
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To conclude, the monometallic Ru catalyst is active but less
selective for selective hydrogenation of unsaturated aldehyde compared to
bimetallic RuSn catalysts. The selectivity to cinnamyl alcohol increases
with increasing tin loading but at the same time it decreases the activity.
Bimetallic catalyst containing ruthenium and tin with Sn/(Sn+Ru)=0.3
appears as the optimum for maximum selectivity towards cinnamyl alcohol
with a good conversion of cinnamaldehyde.
3.3.1.3
Cinnamaldehyde hydrogenation on bimetallic RuSn
catalysts with varying ruthenium percentage and constant tin atomic
ratio
Bimetallic catalysts with ruthenium percentages varying from 2 wt%
to 15 wt % and constant tin atomic ratio Sn/(Sn+Ru)=0.3 were prepared and
studied for the hydrogenation of cinnamaldehyde; results are shown in
Table 3.3.
Table 3.3: Cinnamaldehyde hydrogenation after 5 hrs using 2 wt% - 15 wt%
ruthenium tin bimetallic catalysts with constant atomic ratio 0.3
No.

Catalyst name

Cinnamaldehyde
reacted (%)

Cinnamyl alcohol
Phenyl propanol
Phenyl propanaldehyde (%)
(%)
(%)

Selectivity of
Cinnamyl alcohol (%)

1

2 % RuSn0.3

15

5.8

4.7

4.1

2

4 % RuSn0.3

9.5

6.4

4.4

0

39.8
59.3

3

6 % RuSn0.3

27.1

18.5

8.8

0

67.8

4

8 % RuSn0.3

22

18.4

4.2

0

81.4

5

10 % RuSn0.3

39.6

32.8

4.8

1.9

83.1

6

12 % RuSn0.3
15 % RuSn0.3

38

30.2

5.6

2.1

79.7

38.4

22.9

11

3.8

60.9

7

Although conversions do not vary entirely monotonically with
catalyst composition, Table 3.3 clearly points to the optimal combination of
conversion and selectivity for a catalyst with relatively high loading of
ruthenium, 8-12 wt % of ruthenium. The side products phenyl propanol and
phenyl propanaldehyde percentages were low at lower loadings of
ruthenium while they increased slightly at higher conversion associated with
the higher metal loadings, as expected. It should be noted that a comparison
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of selectivity as made in Table 3.3 should ideally be done on the basis of
experiments at identical conversion. Nevertheless, it is felt that choosing
catalysts with 10 wt% ruthenium loading is close to optimal.
3.3.1.4
Process optimization: varying catalyst loading in the
reactor
The process was optimized further using the best performing catalyst
(10 wt % Ru with 0.3 Sn) and varying its loading into the reactor.
The resulting selectivity and conversion for four different catalyst
loadings are shown in Figure 3.7. Conversion after 5 hours shows a linear
dependence on catalyst loading, while selectivity is weakly dependent on
catalyst loading.

Figure 3.7: Plot of cinnamyl alcohol selectivity & cinnamaldehyde conversion of
reaction mixture sample after 5 hrs at different catalyst loading using 10 %
RuSn/A2O3

The highest selectivity to cinnamyl alcohol (about 90 %) at a
cinnamaldehyde conversion of 65 % was found with a catalyst loading of
300 mg (0.296mM based on ruthenium) among all the catalysts prepared
and tested for the reaction. The highest selectivity at higher conversion may
be due to lower reactivity of product cinnamyl alcohol in the presence of
bimetallic catalyst, which remains unreacted at the end of 5 hrs. The other
probable reason may be limiting gas-liquid mass transfer so at the higher
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amount of catalyst, there would be a lower hydrogen concentration present
in the liquid phase.
The selectivity of cinnamyl alcohol comparison was done with
respect to reaction time and not on cinnamaldehyde conversion levels.
Figure 3.8 shows selectivity of cinnamyl alcohol at different conversion
levels using catalysts 2, 6, 10 and 15 wt% ruthenium with 0.3 Sn.

Figure 3.8: Plot of cinnamyl alcohol selectivity & cinnamaldehyde conversion of
reaction mixture sample after 1 hrs using 2, 6, 10 and 15wt. % RuSn/A2O3

The results indicate that selectivity of cinnamyl alcohol is weakly
influenced by the levels of conversion. Galvagno et al. also observed the
same trend in the hydrogenation of citral using ruthenium catalyst supported
on alumina [27].
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Summary of catalyst tests:


Bimetallic RuSn/Al2O3 is an active and selective catalyst for the
conversion of cinnamaldehyde into cinnamyl alcohol. Best
performance under the conditions (cinnamaldehyde 0.02M,
IPA:Water (90:10) 50 ml, Catalyst 10 % RuSn/Al2O3 0.296 mM
(based on ruthenium), H2 pressure 20 Bar, stirring speed (500 RPM)
is 90 % selectivity to the desired product at 65 % conversion.



Monometallic Ru/Al2O3 shows the higher activity and % conversion
under the conditions used for this study. This leads to formation of
fully hydrogenated product in higher amounts.



Addition of Sn to Ru/Al2O3 suppresses the conversion to fully
hydrogenated product and increase selectivity to cinnamyl alcohol.
The optimum catalyst contains 10 wt % of Ru and Sn in addition
with an amount of tin corresponding to Sn/(Sn+Ru)= 0.3.



In order to suppress secondary reaction of the product alcohols with
solvent component to acetals, a mixture of isopropanol and 10 %
water appeared effective. The branched nature of isopropanol limits
the reaction due to steric hindrance and the water limits the
equilibrium conversion to acetals.

3.4

Catalyst characterization
The Ru and RuSn catalysts were characterized by XRD, XPS, TPR
and Mössbauer insitu spectroscopy with the aim to determine the phases in
which Ru and Sn are present, the oxidation states, and the degree of mixing
or alloying of the elements.
3.4.1 XRD analysis
Selected catalysts were studied using XRD, both in the calcined and
reduced ex situ condition.
Monometallic catalysts
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XRD analysis of calcined monometallic catalyst 2% Ru/Al2O3 and
2% Sn/Al2O3 was done to determine the crystallographic phases of
ruthenium and tin present in the calcined and reduced catalysts. The XRD
diffraction pattern is shown in Figure 3.9. Calcined 2% Ru/Al2O3 showed
diffraction peaks corresponding to ruthenium oxide with different crystal
planes. Ruthenium oxide with 110, 101 and 211 crystal planes
corresponding to diffraction peaks at 27o, 35o and 54.8o were observed and
confirmed from literature [31]. The XRD of calcined 2% Sn/Al2O3 only
showed the diffraction peaks of alumina, this indicates that Sn is present as
a non-crystalline phase. We envision highly dispersed on the support
alumina, in agreement with earlier literature reports on RuSn/Al2O3 and
PtSn/Al2O3 [31, 23].

Figure 3.9: XRD pattern of calcined 2 % Ru/Al2O3 catalyst shown in green,
calcined 2% Sn/Al2O3 (blue) and support Al2O3 (red)

Influence of calcination temperature:
The influence of calcination temperature was investigated using a
1% and 4% loaded sample, respectively. 1% RuSn/Al2O3 catalyst was
calcined at 300 oC and 400 oC for 4 hours and analyzed on XRD. The XRD
pattern is shown in Figure 3.10. The diffracted intensity of ruthenium oxide
diffraction peaks calcined at 400 oC was higher than calcined at 300 oC,
while the intensity of the alumina diffraction peaks were almost same in
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both the analyses. This indicates an increase in particle size or a better state
of crystallinity after calcination at higher temperature. The same trend was
observed with 4% RuSn/Al2O3 when calcined at 300 oC and 400 oC, shown
in Figure 3.11.

Figure 3.10: XRD pattern of a 1 % RuSn/Al2O3 catalyst calcined at 300 oC and 400
o
C

Figure 3.11: XRD pattern of a 4 % RuSn/Al2O3 catalyst at calcined 300 oC and 400
o
C

XRD of the optimal catalyst
The 10% loaded catalyst was analyzed both in the calcined (400oC)
and reduced state. XRD patterns of 10 wt % ruthenium tin with
Sn/(Sn+Ru)= 0.3 are shown in Figure 3.12. The calcined bimetallic catalyst
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showed diffraction peaks corresponding to ruthenium oxide and diffraction
peaks from the alumina support. After activation, the reduced catalyst
showed the diffraction peaks corresponding to ruthenium metal and support
alumina. This indicated conversion of ruthenium oxide to ruthenium
metallic state after activation. No diffraction peaks were observed for tin
species in neither calcined nor reduced catalysts.

Figure 3.12: XRD pattern of a 10 % RuSn/Al2O3 after calcination and reduction

Particle size as a function of metal loading
Figure 3.13 shows XRD of reduced catalysts 10, 12 and 15 %
RuSn/Al2O3. Ruthenium was present in the metallic state.

Figure 3.13: XRD pattern of 10 %, 12 and 15 %RuSn/Al2O3 catalysts after
reduction
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Table 3.4 contains data regarding particle size of ruthenium
calculated using the Scherrer equation as explained in Chapter 2. The
diameter of ruthenium particle was 9.9nm, 9.0nm and 8.2nm with the
catalysts 10, 12, and 15 % RuSn/Al2O3 respectively.
Table 3.4: Particle size of ruthenium metal calculated using Scherer equation from
XRD diffraction peak of ruthenium metal at 2θ=44o
Catalyst

K (constant)

X ray wavelength
Cu K alpha
o
(A )

Diffraction
angle(2θ)

Angle (θ)

Particle size of
ruthenium
(nM)

10 % RuSn0.3

1

1.54

44

22

9.9

12 % RuSn0.3

1

1.54

44

22

8.9

15 % RuSn0.3

1

1.54

44

22

8.1

Summary of XRD analysis results


XRD analysis indicated the presence of ruthenium oxide in calcined
monometallic and bimetallic catalyst.



The ruthenium oxide peak intensity increased with increasing
calcination temperature indicative of a better state of crystallinity of
after calcination at higher temperatures. Based on these results all
the catalysts used for the experiments in the selective hydrogenation
of cinamaldehyde were calcined at 400 oC for 4 hrs. XRD analysis of
reduced catalyst clearly indicated conversion of ruthenium oxide to
ruthenium metallic state.



XRD analysis of calcined and reduced monometallic and bimetallic
catalysts did not show any tin compounds, indicating that tin species
are in all cases present in highly dispersed or amorphous state.

3.4.2 XPS analysis:
XPS analysis of 2 wt % ruthenium monometallic and bimetallic
catalyst was done to understand the oxidation states of ruthenium and tin in
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the calcined catalyst. Wide scans of selected catalysts show the presence of
all expected elements, as indicated in Figure 3.14 and its caption. The peaks
above 900 eV are Auger peaks and have not been used for analysis.

Figure 3.14: Wide scans of 2 wt % ruthenium monometallic and bimetallic
calcined catalysts (a. Al 2p 74.4 eV, b. Al 2s 118 eV, c. Cl 2p 200 eV d. Ru 3d C
1s 280 eV, e. Ru 3p 462eV, f. Sn 3d 484 eV – 493 eV, g. O 1s )

The ruthenium and tin regions are shown in Figure 3.15. There are
several close binding energy peaks from ruthenium (Ru3d3/2, Ru3d5/2) and
carbon (C1s) in the region from 278eV to 290eV. The Ru3d3/2 peak overlaps
with the C1s peak, hence the Ru3d5/2 peak was considered for all samples.
The binding energy values for Ru3d5/2 are in the range of 279.0 to 282.0eV
as per the XPS handbook shown in Table 3.5.
Ruthenium in the calcined catalyst showed a binding energy 280.2
eV which closely matches with the value for ruthenium oxide.
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Table 3.5: Data from XPS handbook for Binding energy of ruthenium, tin, alumina
and oxygen.
Electron

Ruthenium
B.E. in eV

Tin
B.E. in eV

4d

25

4p

43

89

4s

75

137

3d5/2

280

485

3d3/2

284

493

3p3/2

462

715

3p1/2

484

757

3s

586

885

Table 3.6: Data for Binding energy range of Ru3d5/2 and Sn3d5/2
Element

B.E. range (eV)

RuCl2

281.6 - 282

RuO2

280.6 - 281.0

Ru metal 279
SnCl2

486.6 - 487

SnO2

486.4 – 486.9

SnO

486 – 486.7

Sn metal

484.9 - 485.1

The tin region showed peaks related to the Sn3d5/2 - Sn3d3/2 doublet
with the main peak in binding energy range between 480 to 487 eV, with
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intensity ratio of 3:2. The Sn3d5/2 peak of the calcined catalyst comes at
486.7 eV, which is characteristic for tin oxide. The tin oxide peak intensity
increases with the increasing atomic ratio of tin from 0.1 to 0.5 while
ruthenium oxide peak intensity was almost same in the monometallic and all
bimetallic catalysts.

Figure 3.15: XPS analysis of calcined 2 wt % ruthenium monometallic and
bimetallic catalysts

The monometallic catalyst of 2 wt % ruthenium and two bimetallic
catalysts with Sn/(Sn+Ru) 0.3 and 0.5 were reduced in hydrogen flow and
transferred using a glove box to avoid air contact and then analyzed in the
XPS. The wide spectrum of reduced catalysts are shown in Figure 3.16 and
the regions corresponding to ruthenium and tin in Figure 3.17.
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Figure 3.16: Wide scan of reduced 2 wt % ruthenium monometallic and bimetallic
calcined catalysts (a. Al 2p 74.4 eV, b. Al 2s 118 eV, c. Ru 3d C 1s 280 eV, d.
Ru 3p 462eV, e. Sn 3d 484 eV – 493 eV, f. O 1s )

Figure 3.17: XPS analysis of reduced 2 wt % ruthenium monometallic and
bimetallic catalysts

The wide scan shows the expected elements and absence of significant
quantities of contaminations. The Ru3d peak in the reduced catalyst showed
a chemical shift of 1 eV compared to the calcined catalyst; the Ru 3d5/2 with
binding energy 279.2 eV matches with ruthenium in the metallic state.
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In the tin region, the XPS spectra of the Sn 3d region showed no
changes in the binding energy in comparison to the calcined catalysts
(486.8eV). This indicated tin remained as tin oxide after reduction. The
peaks corresponding to tin oxide were broad and so it was difficult to
distinguish between Sn(IV) and Sn(II).
Tin content on the surface was calculated from the XPS peak area of
Ru3d5/2 and Sn3d5/2 as shown in Table 3.7. It can be seen that the surface is
generally enriched in tin, with exception of one sample. These
measurements show the trends in the initially used 2 wt% catalysts. We now
discuss the optimized catalysts with higher loading.
Table 3.7: Tin content in the bulk and on the surface from XPS data of Ru3d5/2 and
Sn3d5/2
Catalyst

Tin atomic ratio
in bulk
Sn/(Sn+Ru)

Sn/Al

Ru/Al

Tin atomic ratio
on surface
Sn/(Sn+Ru)

2% RuSn/Al2O3 (0.1) cal.

0.1

0.009

0.012

0.43

2% RuSn/Al2O3 (0.2) cal.

0.2

0.013

0.016

0.45

2% RuSn/Al2O3 (0.3) cal.

0.3

0.021

0.011

0.66

2% RuSn/Al2O3 (0.4) cal.

0.4

0.032

0.017

0.66

2% RuSn/Al2O3 (0.5) cal.

0.5

0.046

0.019

0.71

2% RuSn/Al2O3 (0.3) red.

0.3

2.560

3.31

0.43

2% RuSn/Al2O3 (0.5) red.

0.5

2.560

3.420

0.42

XPS wide spectra of calcined and reduced catalysts containing 10 %
ruthenium, 10 wt % tin and 10 wt % ruthenium tin are shown in Figure 3.18
while high resolution scans of the ruthenium and tin regions are shown in
Figure 3.19.
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Figure 3.18: Wide scan of reduced 2 wt % ruthenium monometallic and bimetallic
calcined catalysts (a. Al 2p 74.4 eV, b. Al 2s 118 eV, c. Ru 3d+ C 1s 280 eV, d.
Ru 3p 462eV, e. Sn 3d 484 eV – 493 eV, f. O 1s , g. Ru 3s 586 eV, h. Sn 3p 715
ev, i. Sn 3p 757 eV)

Calcined catalysts show peaks characteristic of the respective oxides
of Ru and Sn.
The photoemission spectra of reduced catalysts show the Ru 3d5/2
peak at 279.8 eV i.e. slightly higher than for the 2%wt catalyst, but still
characteristic of Ru metal. The Sn 3d5/2 peak appears at 486.5 eV, the same
as after calcination.
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Figure 3.19: XPS analysis of 10 wt. % monometallic & bimetallic catalysts
calcined & reduced

In the case of the bimetallic catalyst, two small peaks are observed in
the tin metallic region, with binding energy 484.1eV and 483.2 eV. The
XPS peak deconvolution is shown in Figure 3.20. After close investigation,
a peak with 484.1 eV was assigned to Sn3d5/2 metallic state whereas a peak
with 483.2 eV was assigned to ruthenium 3p. This was confirmed by
absence of ruthenium 3p peak in 10 % Sn/Al2O3 and presence in
monometallic 10% Ru/Al2O3.
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Figure 3.20: XPS analysis of 10 wt. % bimetallic catalysts calcined & reduced---deconvolution of tin 3d peak

Thus, the reduced bimetallic catalyst contains tin as majorly tin
oxide with binding energy 486.5 eV and a very small contribution
corresponding to tin in the metallic state (~3%) with a binding energy
484.1eV. The tin oxide peak was broad so it was difficult to distinguish
between Sn(II) and Sn(IV).
Summary of XPS analysis results


XPS analysis of catalysts clearly indicated the conversion of
ruthenium oxide into metallic ruthenium during reduction of the
catalyst.



XPS analysis of catalysts in tin region showed little difference
between the calcined and reduced catalyst. Tin remained
predominantly in the oxidic state after reduction. Tin oxide peak was
broad, and hence it was difficult to distinguish between Sn(II) and
Sn(IV). A small amount of tin in metallic state was present in the
reduced catalyst with a high Ru/Sn loading (10%wt).
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3.4.3 Flat model catalyst & characterization
Flat, conducting bimetallic model catalysts (thin SiO2 layer on a
silicon wafer) were prepared to better distinguish the different oxidation
states of tin. The binding energies of Sn(II) and Sn(IV) are very close and
difficult to distinguish in XPS analysis of the supported catalysts, similarly
as in [24]. Inhomogeneous sample charging makes the photoemission peaks
broader, and it was impossible to resolve the Sn(II) and Sn(IV)-related
components. Conducting model catalysts on the other hand produces
sharper photoemission peaks.
Bimetallic flat model catalyst was prepared according to the process
described in Chapter 2. Thus a fresh model catalyst with ruthenium tin
(70:30) was taken directly (that is, without calcination) for reduction in a
reaction cell attached to the XPS chamber, so that analysis afterwards could
be performed without exposure to air. Figure 3.21 shows the photoemission
spectra of the directly reduced model catalyst as well as after intentional
exposure to air (30 min.) of the same sample.
In the Ru 3d region, the reduced bimetallic model catalyst showed
metallic ruthenium, with a binding energy of 279.5 eV. XPS analysis of
model catalyst after exposure to air for 30 min showed no change in the Ru
3d binding energy. This indicates that no significant oxidation of the
ruthenium metal occurs when exposed to air for 30 min.
Owing to the high resolution associated with conducting model
catalyst, XPS analysis of the Sn 3d region showed well-defined peaks
corresponding to tin in metallic state, tin (II), tin (IV) as well as a Ru 3p
peak. The Sn 3d5/2 signal showed one major peak with binding energy at
485.6 eV and two small peaks with binding energies as 484.6 eV and 487.3
eV, respectively. The peak with binding energy 484.6 eV closely matches
the reference value for metallic tin, while the peak at 487.3 eV was assigned
to Sn(IV), based on reference binding energy values reproduced in Table
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3.5. The major peak at 485.6 eV is assigned to Sn(II). The metallic Sn
content amounts to ~8% of the total tin content. The Ru 3p peak due to
metallic Ru appears at a binding energy of 483 eV and can be easily
resolved from the Sn-related peaks. The detailed peak deconvolution is
shown in Figure 3.22.
XPS analysis of the model catalyst after exposure to air for 30 min
showed no change in the binding energies of tin with different oxidation
states. The enlarged version of the Sn spectrum shows that the small
metallic tin contribution is not significantly affected by air exposure,
suggesting that the metallic Sn phase is not exposed to the gas phase (and
therefore not expected to be involved in catalysis).

Figure 3.21: XPS analysis of Ru Sn (70:30) surface science model catalyst on
silica reduced & after exposure in air for 30 min.
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Figure 3.22: Deconvolution of the Sn 3d spectral region of a reduced Ru Sn
(70:30) flat model catalyst.

Summary of model catalyst results


XPS analysis of in situ reduced flat model catalysts showed ruthenium
in the metallic state along with well-defined peaks for tin with different
oxidation states.



Reduced model catalyst showed that tin is predominantly present Sn(II),
while some metallic Sn and Sn(IV) is seen in smaller quantities (<10%).

3.4.4

Temperature programmed reduction
TPR analyses of the 10 wt% monometallic and bimetallic catalysts
were done to determine the reduction temperatures and reduction profiles of
ruthenium oxide and tin oxide in monometallic catalysts and mixture in the
bimetallic catalysts. This is useful to understand the interaction between
ruthenium and tin species in the bimetallic catalyst.
As shown in Figure 3.23, TPR analysis of ruthenium oxide in 10
wt.% Ru monometallic catalyst showed a sharp reduction peak around 200
o
C. This shows the ease of reduction of ruthenium oxide in the Ru
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monometallic catalyst. A very small shoulder before the ruthenium oxide
reduction peak probably corresponds to reduction of ruthenium chloride
[25], due to incomplete Cl removal during the calcinations stage. The
presence of small amount of chlorine was detected in XPS analysis as Cl
2P3/2 binding energy peak at 199 eV.
TPR analysis of reduction of tin oxide in 10 wt % Sn monometallic
catalyst showed reduction in a broad temperature window, between 200550oC. This indicated the difficulty in the reduction of tin oxide in the Sn
monometallic catalyst and strong interaction with support alumina.
The TPR spectrum of the bimetallic catalyst showed two peaks. The
peak corresponding to reduction of ruthenium oxide is broader, and the peak
area is somewhat larger compared to the corresponding RuO2 reduction
peak in the monometallic catalyst, which we attribute to the (partial)
reduction of Sn species along with the Ru, implying that both are to some
extent in interaction. The second peak is broad and similar to the peak
observed for the tin-only sample. It is therefore assigned to reduction of Sn
that is not in close proximity to the Ru.

Figure 3.23: TPR profile of 10 wt % Ru/Al2O3, 10 wt% RuSn/Al2O3 and 10wt %
Sn/Al2O3
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The hydrogen consumption against theoretical requirement for the
reduction was calculated on the basis of the catalyst quantity taken for the
analysis. The details are shown in Table 3.8.
Table 3.8: TPR analysis of 10 % monometallic and bimetallic catalysts
Actual H 2
consumed
(moles)

H 2 /Metal
ratio

No.

Catalyst name

Quantity
for analysis
(mg)

Moles of
metal

Theoretic
al moles
of H 2
required

1

10% Ru/Al 2 O 3

15

1.5E-02

3.0E-02

2.6E-02

1.73

2

10% Sn/Al 2 O 3

15

1.3E-02

2.5E-02

0.97E-02

0.75

3

10%
RuSn/Al 2 O 3

15

1.9E-02

3.7E-02

4.7E-02

2.5

4

Std. 30 %
CuO/SiO 2

9

3.4E-02

3.4E-02

3.4E-02

1

As shown in Table 3.7, the ratio of actual moles of hydrogen
consumed for the reduction of metal oxides in the TPR analysis vs.
theoretical moles required for the complete reduction was calculated.
Ruthenium oxide in 10 wt % Ru monometallic showed a H2/Ru ratio of 1.7
indicating some losses or decomposition of ruthenium oxide in the
monometallic catalyst. The H2/Sn ratio of tin oxide in the 10 % Sn
monometallic catalyst is 0.75, corresponding to limited reduction only. The
bimetallic catalyst, on the other hand, shows a higher combined H2/Metal
ratio of 2.5, confirming that a significant portion of the Sn reduced together
with the Ru.
In summary, the TPR results confirm that Ru and Sn are at least
partially mixed in the bimetallic RuSn catalyst, and that Ru promotes the
reduction of the tin, at least to some extent.
3.4.5 Mössbauer analysis
As explained in Chapter 2, Mössbauer spectroscopy is an in situ
technique that detects minute variations in the nucleus of tin atoms, which
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reflect the chemical state of the atoms to which the nucleus belongs. We
have used it to resolve the oxidation state of tin in the RuSn catalysts under
reductive environment, as XPS did not give conclusive results in this
respect. Mössbauer can only be applied to Sn.
3.4.5.1 Mössbauer analysis of Monometallic 10% Sn/Al2O3 catalyst
The Mössbauer spectrum of monometallic catalyst 10 % Sn/Al2O3
reduced in-situ at different temperatures from 100 oC to 450 oC and the
parameters calculated from the Mössbauer spectra are reported in Figure
3.24.

Figure 3.24: Mössbauer spectra obtained at 25 oC with the Sn/Al2O3 sample after
different reduction treatments (in-situ) along with a table of fit parameters
(courtesy Dr. I.A. Dugulan, Reactor Institute, Delft University of Technology).
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The calcined monometallic Sn/Al2O3 catalyst showed the presence
of Sn4+ and SnAl2O5 components while the in situ reduced sample at 100 oC
showed no major changes in the composition. The in situ reduction at higher
temperature increased Sn2+ and Sn2+ adsorbed components in the catalysts
with decreased Sn4+ species. The Sn metallic component was absent even at
higher reduction temperatures.
For deconvolution of the spectrum of the reduced Sn/alumina sample
four species (Sn4+, SnAl2O5, Sn2+, and Sn2+ adsorbed), were needed to get a
satisfactory fit. The values of the Mössbauer parameters agree well with the
literature values [35-38]. The QS of the SnAl2O5 compound changes
somewhere with reduction treatment. Apparently, the symmetry around the
Sn species is sensitive of the treatment.
3.4.5.2 Mössbauer analysis of 10% RuSn/Al2O3 catalyst
Mössbauer analysis of a bimetallic catalyst, 10 % ruthenium tin
Sn/(Sn+Ru)=0.3 supported on alumina was done in situ after reduction in H2
at different temperatures ranging from 100 o C to 450 o C. Spectra and fit
parameters are shown in Figure 3.25.
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Figure 3.25: Mössbauer spectra obtained at 25 oC with 10% RuSn/Al2O3
catalyst after different treatments (in-situ) (courtesy of Dr. I.A. Dugulan,
Reactor Institute, Delft University of Technology).

The spectrum of the fresh and calcined bimetallic catalyst sample
showed the presence of two tin species (Sn(IV) and SnAl2O5) which were
necessary for the fitting. These species have been reported previously in
Mössbauer Sn spectra of Ru-Sn samples in the literature [25 - 28].
The fresh sample of 10 % RuSn / Al2O3 showed majorly Sn4+ species
and very small amount of Sn4+ species strongly interacted with support
alumina. Calcined catalyst of 10% RuSn / Al2O3 shows decrease in Sn4+
species and converted into Sn4+ species strongly interacted with support
alumina. This indicates that interaction of Sn4+ species with support alumina
increases during calcination stage.

84

The analysis of 10wt% bimetallic ruthenium tin supported on
alumina reduced in situ at different temperatures indicated no change in the
calcined 10% RuSn / Al2O3 catalyst and sample after reduction at 100 oC.
When reduction was done at 200 oC, Sn4+ species and Sn4+ species
strongly interacting with support alumina decreased and a new oxidic RuSn
species and Sn2+ species increased. The oxidic tin component (SnOx/Ru0)
was observed with IS 1.86 – 1.98 mm/s and QS 1.17- 1.34 mm/s. A similar
component with a similar IS parameter was observed in the 119Sn spectrum
of Ru3Sn15O14 (QS = 2.26 mm/s, IS = 1.56 mm/s) and previously reported
for Ru-Sn samples [41, 25]. According to published data [42], this
component can be related to the interaction of Ru with the Sn oxide, where
tin in the ruthenium–tin solution forms metal–metal bonds with ruthenium
and additionally has oxygen or chlorine ligands, or both, to form RuSnOx
species.
Reduction at 300 oC showed that free Sn4+ species completely
disappeared, while Sn4+ species interacting with the support alumina
decreased; oxidic SnOx/Ru and Sn2+ species increased. When reduction was
done at 400 oC and 450 oC, a further increment was observed in oxidic tin
species thought to be in interaction with Ru (SnOx/Ru0). There was no
change in the free Sn 2+ species but increase observed with Sn2+ adsorbed
species.
Summary of Mössbauer analysis results


In situ Mössbauer analysis of reduced monometallic tin on alumina
indicates that the initially present SnO2 reduces largely to a Sn2+
oxide, part of which is in close contact with the support. Metallic
species are absent even at higher reduction temperatures.



In situ Mössbauer analysis of bimetallic RuSn/Al2O3 show evidence
for a SnOx species in contact with ruthenium (SnOx/Ru0) in addition
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the phases also observed in monometal Sn/Al2O3. The overall degree
of Sn reduction is higher due to the presence of the ruthenium.
3.5

Discussion
In this work, we studied the role of promoter tin for the selective
hydrogenation of cinnmaldehyde using ruthenium based monometallic and
bimetallic catalysts. The most important results can be summarized as
follows.


Ru is an active hydrogenation catalyst, which produces all possible
products, with a preference for the fully hydrogenated cinnamaldehyde
derivatives.



Sn appears as an effective promoter to enhance formation of the desired
cinnamyl alcohol; the best performance corresponds to 90% selectivity
at 65% conversion.



Characterization with a combination of techniques such as XRD, TPR,
XPS and Mössbauer spectroscopy indicate that a RuSn catalyst has

Ru in the metallic state (evidence from XRD, TPR, XPS) with
particle size in the order of 10 nm as derived from XRD.

Sn and Ru are at least partially mixed, as evidenced by TPR and
Mössbauer measurements, which indicate that part of the Sn
reduces at least partially along with and promoted by Ru
reduction.

Sn in a variety of states, including Sn metal (XPS on a
conducting model catalyst albeit with weak metal support
interaction), and Sn2+ in SnO and a phase dispersed on the
support.; the most pertinent information from in situ Mössbauer
spectroscopy of a bimetallic catalyst under H2 indicates that the
majority is oxidic tin species interacted with ruthenium
(SnOx/Ru0).

86

3.5.1

Influence of Sn on catalytic activity
Monometallic Ru/Al2O3 catalyst showed the highest activity for the
hydrogenation of cinnamaldehyde, however with the formation of fully
hydrogenated derivatives, i.e. like phenyl propanol. The catalyst activity
dropped as the tin atomic ratio increased. This suggests a blocking effect
due to promoting tin species, which is more dominant at the higher Sn/Ru
atomic ratios. This effect of tin on the noble metal surface has been
described by many authors [1, 10, 21, 22]. Literature reports on CO
chemisorption studies done on the bimetallic catalysts of platinum tin and
ruthenium tin indicated a strong decrease in CO/ noble metal ratio with
increasing tin content [10]. As the availability of noble metal surface
decreases, the rate of reaction goes down.
3.5.2

Influence of Sn on selectivity
Bimetallic catalysts showed higher selectivity compared to
monometallic catalysts, which increased with increasing tin content. This
suggests a direct role of the promoter in activating the carbonyl group of
cinnamaldehyde selectively. A likely mechanism of promotion, suggested in
the literature, is that tin oxide patches decorating the ruthenium metal act as
Lewis acid, to which the C=O moiety of the cinnamaldehyde binds
preferentially [22]. This, however, does not necessarily imply that the
hydrogenation of the C=C bond would be suppressed, which is another
requirement for selective hydrogenation. However, when the conversion is
low the stronger adsorption of the C=O moiety blocks the surface and
adsorption via the C=C group is not possible until high conversions are
reached.
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3.5.3

Influence of metal loading
Both conversion and selectivity of cinnmaldehyde increased with
increasing metal loading from 4 to 10 wt % of ruthenium.
At lower loading of ruthenium (2wt % with 0.3 Sn) the conversion
levels were higher probably due to lower ruthenium particle size in the
catalyst. This is also suggested by the higher formation of unwanted
byproducts. The active metal particle size increases with increasing metal
loading. A similar effect on the conversion and selectivity was reported by
Englisch et al. for selective hydrogenation of crotonaldehyde on Pt catalysts
[27] and for cinnamaldehyde on ruthenium by Galvagno et al. [23]. The
increase in conversion can be straightforwardly attributed to an increase in
the metal surface area and the number of active sites, while the selectivity
increase is probably due to the increase in particle size of the ruthenium
[31]. The cinnamaldehyde molecule is planar and adsorption through the
C=C bond would probably induce steric hindrance of aromatic ring with
respect to the surface. This in itself would favor adsorption by the C=O
group on the flat(ter) surfaces of large particles. On small particles,
adsorption configurations can be envisaged where interaction with both
unsaturated bonds of the molecule occurs, e.g. at steps, corners and defect
sites. This would lead to loss of selectivity towards unsaturated alcohol on
smaller particles, as argued by Englisch et al.
The reverse trend in the conversion levels of cinnamaldehyde and
selectivity towards cinnamyl alcohol was observed with very high loading
of ruthenium (12 wt % and 15 wt % with 0.3 Sn). The probable reasons are
1. Due to higher levels of ruthenium and tin (12, 15 wt% with 0.3
Sn), ruthenium and tin are not dispersed properly on support
alumina. This results in less contact between ruthenium and tin
and lower selectivity towards cinnamyl alcohol.
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2. The cinnamaldehyde conversion using higher levels of
ruthenium and tin (12, 15 wt% with 0.3 Sn) was almost same
using catalyst 10 wt% ruthenium with 0.3 Sn. This is probably
due to blocking of ruthenium surface by tin species.
3. It may possible that for very high levels of ruthenium, different
tin atomic ratio will be useful to obtain higher conversion and
selectivity.
This fact was not investigated in details as these high ruthenium
percentages (12 and 15 wt%) are not useful for commercial application
anyways.
3.5.4 Oxidation state of tin
In order to get insight on the electronic state of promoter present in
the catalyst detailed investigation was done using various combinations of
characterization techniques such as XRD, TPR, XPS and Mössbauer
spectroscopy. Our results indicate that tin resides majorly as tin ionic
species in the bimetallic catalyst.
There are several reports on the different electronic states of
promoter tin in catalysts with ruthenium or platinum, and supported on
silica and alumina. Tin is mostly metallic in combination with platinum on
silica [8], but as a mixture of tin (II), tin (IV) and metallic tin in platinum or
ruthenium supported on alumina [9, 10]. The state of tin depends also on
catalyst preparation conditions, especially temperature used for reduction,
and atomic ratio of promoter vs. noble metal and support used in the catalyst
system.
Silva et al. [22] demonstrated a difference in reducibility of tin
supported on alumina and titania and concluded that tin-titania interaction
was weaker than tin-alumina. The reducibility scale of Sn(IV) and Sn(II) on
different supports obtained from literature [27] can be shown as
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1. Sn(IV) to Sn(II) ----- Al2O3>TiO2>SiO2
2. Sn(IV) to Sn(0) ------ SiO2>TiO2>Al2O3
These trends in reducibility would also be related to the acid-base
properties of the support [28]. Results of the flat model catalyst showed
higher percentage of Sn(II) and tin in metallic state compared to the powder
catalyst, possibly due to high reducibility of tin on the silica support used
for the model studies.
Mössbauer spectroscopy revealed the presence of promoter tin as
oxidic tin and two types of Sn(II) species. The in situ reduction in
Mössbauer analysis at different temperatures indicated the increasing levels
of oxidic tin species interacted with ruthenium and the percentage was
maximum at catalyst preparation temperature conditions.
3.5.5 Understanding the promotion effect of Sn
As described by Delbecq and Sautet [5], the main attractive effect in
the adsorption of aldehydes on surfaces is back donation from the metal
orbital into the orbital ЛCO. This shift can be obtained when the C=O bond
forms a complex with Lewis acids, which have shown to increase the
selectivity to unsaturated alcohol [20]. The significant increase in activity
for unsaturated aldehyde C=O hydrogenation is assigned to the formation of
patches of partially reduced oxides on metal surfaces such as Cu-ZnOx [29]
and Ru-SnOx species [22], which promote the hydrogenation of C=O bond
via a dual-site reaction pathway.
Riguetto et al. [43] observed optimum selectivity to crotyl alcohol in
crotonaldehyde hydrogenation at lower levels of tin using a bimetallic
catalyst RuSn/SiO2. As species like RuSnO were absent due to lower
loading of tin, the selectivity increase was assigned to the geometric effects
of intermetallic SnOx species, which blocked and diluted the active sites of
ruthenium and thus suppressed the hydrogenation of C=C on the catalyst
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surface [30]. If this view is correct, tin promoters present as oxidic species
may play a dual role for the enhancement of selectivity towards the
unsaturated alcohol.
As in our studies we encountered almost only oxidic tin species in
reduced RuSn/Al2O3 catalysts, we rule out mechanisms based on alloy
formation for the enhancement of selectivity towards unsaturated alcohols.
Accordingly, we propose the following explanation of tin promoter action in
the Ru-based catalysts
1. In the case of the 2 wt% monometallic Ru catalyst, where the
selectivity was towards full hydrogenation, probably the particle
size is small, such that the catalyst is active and reduces both the
C=C and C=O groups.
2. In the case of 2% ruthenium bimetallic catalysts with increasing
tin atomic ratio, Ru-SnOx interaction is eminent, and species like
oxidic RuSnO useful for the enhancement of selectivity towards
unsaturated alcohol become important. At the same time SnOx
species block the parts of the ruthenium, which results in a
decrease in the activity of catalyst. This would give rise to an
optimum performance, that is, a balance between activity and
selectivity, as a function of Sn/Ru ratio. This was in fact
observed, for Sn/(Ru+Sn) = 0.3.
3. RuSn catalysts with higher total metal loading exhibit higher
selectivity, which we attribute to larger particle size of, notably,
the Ru particles. As argued above, large particles are intrinsically
more selective towards activation of the terminal aldehyde, to
which the beneficial effect of the SnOx species adds.
4. Ruthenium metal activates the hydrogen molecule into a hydride
form. Oxidic species of tin on the ruthenium act as Lewis acid
sites and favor the adsorption of cinnamaldehyde through the
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C=O bond; as the molecule is planar and relatively stiff, the C=C
is unlikely to be close enough to the metal surface to be
hydrogenated. Hence, activated hydrogen on ruthenium
preferentially attacks the carbonyl group resulting in reaction to
the unsaturated alcohol.
In the next Chapter we investigate the undesired side reactions in
more detail, to establish amongst others whether tin promotion has an active
role in suppressing those reactions as well, which would also add to the
enhancement of selectivity to the desired product, the unsaturated cinnamyl
alcohol.
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Chapter 4
H y d ro g e n a t i o n o f t h e C = C g ro u p o f c i n n a m y l
a l c o h o l a n d t h e C = O g ro u p o f p h e n y l
p ro p a n a l d e h y d e o n R u a n d R u S n c a t a l y s t s
Abstract
The promoter action of Sn in a RuSn/Al2O3 catalyst on the reduction
of the C=C group of cinnamyl alcohol (Ph-CH=CH-CH2OH) and the C=O
group of phenyl propanaldehyde (Ph-CH2-CH2-HC=O) was studied in order
to better assess its role in selective hydrogenation of cinnamaldehyde. On a
monometallic Ru catalyst the rate of reduction of cinnamyl alcohol to
phenyl propanol was higher than the rate of reduction of phenyl
propanaldehyde to phenyl propanol, while the reverse was true for the
bimetallic RuSn catalyst. This is strong evidence for preferential adsorption
and hydrogenation of the terminal C=O of aldehydes on Sn-containing
catalysts. The monometallic catalyst instead preferentially hydrogenates
C=C groups. The monometallic catalyst showed higher activity than the Snpromoted catalyst, which resulted in the formation of more hydrogenated
side products (phenyl propanol and cyclohexene propanol). The distinctly
different activity and selectivity between monometallic and Sn-promoted
catalysts in these hydrogenation reactions gives useful insights into the
reaction pathway and promoter action for the enhancement of selectivity
towards cinnamyl alcohol in the hydrogenation of cinnamaldehyde.
4.1

Introduction
The hydrogenation of cinnamaldehyde using monometallic Ru
catalyst produces higher levels of phenyl propanol than on the Sn-promoted
Ru catalysts, as reported in Chapter 3. It was shown there that the quantity
of phenyl propanol formed decreases with increasing tin content in the Sn
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promoted catalyst. In literature the following two hypotheses have been
proposed to account for the selectivity benefit of the Sn promoter:
1. The bimetallic catalyst is less active compared to monometallic
catalyst [1-16], which automatically decreases the consecutive
reduction of cinnamyl alcohol or phenyl propanaldehyde to phenyl
propanol.
2. Bimetallic catalysts selectively activate the C=O group and suppress
the reduction of the C=C group [17]. This leads to the formation of
cinnamyl alcohol, the desired product, with high yield, while
suppression of C=C group hydrogenation lowers the yield of the
unsaturated alcohol.
In this Chapter, we try to understand the function of the promoter by
exploring the validity of the second hypothesis, using the following question
as a guide: Does the presence of SnOx species favor the hydrogenation of
the C=O group, only suppresses hydrogenation of the C=C group, or both?
For the desired reaction hydrogenation of the C=O group is needed,
and this was explored by studying the reduction of phenyl propanaldehyde.
It is also important to know how fast the C=C bond in cinnamyl
alcohol is activated, which, in the context of selective hydrogenation of
cinnamaldehyde, would represent further reaction of the desired product to
unwanted byproducts. This will give insight if the promoter can actively
suppress this secondary reaction. Hence, hydrogenation of pure cinnamyl
alcohol was investigated also. Finally, if the action of SnOx promotion is to
activate the aldehyde moiety in cinnamaldehyde, it should also have this
effect on the hydrogenation of phenyl propanaldehyde. Also it is interesting
to study the activity of C=C group of cinnamyl alcohol and C=O of phenyl
propanaldehyde group in presence of each other in a mixture. For ease of
reference, we repeat the reaction scheme of selective hydrogenation of
cinnamaldehyde in Figure 4.1.
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Figure 4.1: Reaction scheme for the hydrogenation of cinnamaldehyde

Thus, a comparison of the relative rate of reaction of cinnamyl
alcohol to phenyl propanol with the rate of reaction of phenyl
propanaldehyde to phenyl propanol is expected to provide insight into the
possible routes for phenyl propanol formation.
Galvagno et al. studied hydrogenation of the C=O group of phenyl
propanaldehyde and the C=C group of β-methyl styrene as model
compounds using ruthenium tin supported on carbon [18]. They reported
that the specific activity, i.e. activity per metal surface atom, of the
bimetallic catalyst remained constant in the case of β-methyl styrene,
regardless of the Sn/Ru ratio, while the specific activity increased in the case
of phenyl propanaldehyde. This indicates that in the case of reduction of the
C=C bond the Sn does not actively suppress the affinity of the catalyst for
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the olefin, but rather acts by covering the surface of the Ru particle, thereby
reducing the available surface area (per mole Ru). For the reduction of the
C=O bond, on the other hand, Sn actively enhances its reduction. In
comparison with this study, we have taken a somewhat more realistic
approach by using the actual reaction intermediates phenyl propanaldehyde
and cinnamyl alcohol. This appeared to be a novel approach as no literature
reports was found on the hydrogenation of cinnamyl alcohol using
bimetallic RuSn catalysts.
4.2
Experimental
4.2.1 Hydrogenation of cinnamyl alcohol and phenyl propanaldehyde
The hydrogenation of cinnamyl alcohol (Aldrich, >99%) or phenyl
propanaldehyde (Aldrich, >99%) henceforth called the reactant, was
performed in the liquid phase, using monometallic 10 wt % Ru/Al2O3 and
10 wt % RuSn/Al2O3, with Sn/(Sn+Ru)=0.3. The reactions were performed
in a 100 ml Parr autoclave following a similar procedure as in
hydrogenation of cinnamaldehyde in Chapter 3.
Reaction conditions such as reactant concentration, catalyst loading,
reaction temperature, stirring rate (RPM) and solvent quantity were kept
constant. The following procedure was followed: 7mM of reactant, 225 mg
catalyst (i.e. 0.22 mM of Ru for the monometallic and bimetallic catalyst)
and 50 ml aqueous isopropanol (90:10) loaded into the autoclave. The
reaction mixture was then stirred at 500 rpm for 5 minutes after which the
reactor was pressurized with 20 bar hydrogen gas. Then the reaction mixture
was heated to 90 oC. During the course of the reaction the hydrogen
pressure was kept constant at 20 bar. The reaction mixture sample (~ 5ml)
was withdrawn at regular intervals of (30 min for Ru/alumina and 1 hr for
RuSn/alumina), which included sampling line flushing (~ 2ml) and analyzed
using gas chromatography (described in detail in chapter 2.2). The weight
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percentage of reactant converted and the rate of the reaction was calculated
according to the equations given below.
Percentage of reactant converted= C0- Ci
C0 =Weight percentage of reactant at zero hr. (t0)
Ci =Weight percentage of reactant at ti (i=1-5) hr.
4.2.2 Hydrogenation of a mixture of cinnamyl alcohol and phenyl
propanaldehyde
The hydrogenation of a mixture of cinnamyl alcohol and phenyl
propanaldehyde was performed at three different molar ratios (80:20, 50:50
and 25:75) of both. As the molar mass and density of both reactants is
identical the molar ratios directly translate to volume ratios. In this
experiment the sum of the concentrations of the two reactants was kept
constant, at 7 mM. All other reaction conditions were identical to those
described in section 4.2.1.
4.3
Results
4.3.1 Reactions using monometallic Ru catalyst
4.3.1.2 Hydrogenation of cinnamyl alcohol:
The hydrogenation of cinnamyl alcohol was done to understand the
rate of hydrogenation of C=C group in the absence of a (conjugated) R-C=O
group. Figure 4.2 shows the relative concentrations of reactants and
products as a function of time using a monometallic 10 % Ru/Al2O3
catalyst.
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Figure 4.2: Relative concentrations with respect to wt % of reactant and products
during hydrogenation of cinnamyl alcohol using a 10%Ru/Al2O3 catalyst.
OH
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H

H

H2
Ru/Al 2O 3

Cinnamyl alcohol

OH

H

H2

Ru/Al2O3
Phenyl propanol

Cyclohexyl propanol

Figure 4.3: Reaction scheme of reduction of cinnamyl alcohol to cyclohexyl
propanol

The reaction using monometallic catalyst reached almost full
conversion of cinnamyl alcohol after 0.5 h, with 65% phenyl propanol
produced and ~35% of another product, with a retention time different from
either cinnamyl alcohol or phenyl propanol. Using gas chromatography
mass spectroscopy (GCMS) this species was identified as cyclohexyl
propanol, which is formed by reduction of the aromatic ring in phenyl
propanol, the primary product. The reaction scheme, starting from cinnamyl
alcohol is shown in Figure 4.3. After 1.5 h the reactant and the primary
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product were quantitatively converted to the final product, cyclohexyl
propanol.
4.3.1.2 Hydrogenation of phenyl propanaldehyde:
The hydrogenation of phenyl propanaldehyde was done using
monometallic 10 % Ru/Al2O3 catalyst to understand the rate of reduction of
the C=O group of phenyl propanaldehyde in the absence of conjugated RC=C group. Figure 4.4 shows the relative concentration of reactant and
products as a function of time using monometallic catalyst.

Figure 4.4: Relative concentrations with respect to wt % of reactant and products
during hydrogenation of phenyl propanaldehyde using a 10%Ru/Al2O3 catalyst

After 0.5 h ~50% of the reactant was converted, phenyl alcohol
being the most abundant product at this stage. Full conversion of the
reactant is reached after 2.5 h, cyclohexyl propanol being the only product.
Figure 4.5 compares the conversion of the two reactants, cinnamyl
alcohol and phenyl propanaldehyde, as a function of time, using the
10%Ru/Al2O3 catalyst. This clearly showed that the rate of reduction of
cinnamyl alcohol is faster than the rate of reduction of phenyl
propanaldehyde using monometallic catalyst.
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Figure 4.5: Wt % of cinnamyl alcohol and phenyl propanaldehyde reacted as a
function of time using monometallic Ru/Al2O3

Thus in conclusion, on a monometallic 10%Ru/Al2O3 catalyst the rate
of reduction of the C=C group of cinnamyl alcohol is significantly higher
than that of the C=O group of phenyl propanaldehyde.
4.3.2

Reactions using a RuSn/Al2O3 catalyst
4.3.2.1 Hydrogenation of cinnamyl alcohol
The hydrogenation of cinnamyl alcohol was carried out using a 10
wt % RuSn catalyst with Sn/(Sn+Ru)=0.3 to understand the rate of reaction
of the C=C group of cinnamyl alcohol. This particular reaction is
highlighted in the reaction scheme of cinnamaldehyde reduction shown in
Figure 4.6.
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Figure 4.6: Reaction scheme of cinnamaldehyde, where the secondary reaction
studied in this section is highlighted.

Figure 4.7 shows the relative concentration with respect to wt % of
reactant and product change as a function of time.

Figure 4.7: Reaction profile of hydrogenation of cinnamyl alcohol to phenyl
propanol using bimetallic catalyst
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The results show that cinnamyl alcohol is converted with 100%
selectivity to phenyl propanol, without formation of any side products. The
reaction rate is much lower than that on the Ru-only catalyst, with only 35%
conversion reached after 5 h. The formation of cyclohexyl propanol and
phenyl propanaldehyde by isomerization reaction (as discussed in Chapter
1, section 1.6) were not observed, i.e. it does not occur under the reaction
conditions.
4.3.2.2 Hydrogenation of phenyl propanaldehyde: hydrogenation
of C=O
The hydrogenation of phenyl propanaldehyde was investigated to
determine the rate of reaction of the C=O group in isolation using phenyl
propanaldehyde. The reaction is highlighted in Figure 4.8.

Figure 4.8: Reaction scheme of cinnamaldehyde, where the secondary
reaction studied in this section is highlighted

The results of the experiment are shown in Figure 4.9.
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Figure 4.9: Reaction profile of hydrogenation of Phenyl propanaldehyde to phenyl
propanol using bimetallic catalyst

As shown, phenyl propanaldehyde was converted to phenyl propanol
with 100% selectivity during hydrogenation. Formation of cyclohexyl
propanol was not observed. The conversion of phenyl propanaldehyde was
about 50% at the end of 5 hrs. The reaction rate was lower than
monometallic Ru/Al2O3 but higher than conversion of cinnamyl alcohol.
Figure 4.10 shows a comparison between the conversion of
cinnamyl alcohol and phenyl propanaldehyde as a function of time.
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Figure 4.10: Wt % of cinnamyl alcohol and phenyl propanaldehyde reacted as a
function of time using RuSn/Al2O3

There is a clear difference between the rate of conversion of phenyl
propanaldehyde and cinnamyl alcohol on the RuSn/Al2O3 catalyst, the
reduction of the aldehyde being significantly faster (for total conversion
≤50%, limit of experimental data).
4.3.3 Hydrogenation of mixture of cinnamyl alcohol and phenyl
propanaldehyde:
Hydrogenation of a mixture containing cinnamyl alcohol and phenyl
propanaldehyde was carried out to understand the activity for the reduction
of C=C group of cinnamyl alcohol vs. C=O group of phenyl propanaldehyde
in presence of each other. Several mixtures containing both cinnamyl
alcohol and phenyl propanaldehyde with different molar ratio’s (80:20,
50:50 and 25:75, respectively) were taken for the reaction. All reaction
conditions, such as reaction temperature, stirring rate (RPM) and solvent
quantity were kept constant and were similar to reactions with pure
cinnamyl alcohol and phenyl propanaldehyde.
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The conversion of cinnamyl alcohol and phenyl propanaldehyde as
a function of time is shown in Figures 4.11 for molar ratios of 80:20, 50:50
and 25:75 respectively, using a the same RuSn/Al2O3 catalyst.

Figure 4.11: Reaction profile of reduction of mixture of cinnamyl alcohol and
phenyl propanaldehyde (80:20)

For molar ratios of 50:50 and 25:75, only phenyl propanaldehyde is
converted, with negligible conversion of cinnamyl alcohol. In the case of
80:20, cinnamyl alcohol is converted as well, but given the 4:1 ratio of the
reactants phenyl propanaldehyde is still preferentially converted. This was
due to high concentration of cinnamyl alcohol compared to phenyl
propanaldehyde in the reaction mixture. This indicates that the C=O group
adsorbs more strongly than the C=C group using RuSn/Al2O3 catalyst.
When there is enough aldehyde available, the surface is saturated and olefin
adsorption is blocked. When there is too little aldehyde in the mixture to
completely saturate the surface the olefin can get hydrogenated as well.
Thus in conclusion, the activity of the promoted catalyst for
hydrogenation of the C=O group of phenyl propanaldehyde is higher than
the activity for reduction of the C=C group of cinnamyl alcohol. In the
presence of both, the aldehyde gets preferably hydrogenated and olefin
hydrogenation can be completely suppressed for high enough aldehyde
relative concentration.

107

4.3.4 Hydrogenation of cinnamaldehyde using unpromoted catalyst and
promoted catalyst:
Hydrogenation of cinnamaldehyde was carried out using
monometallic 10 wt % Ru catalyst under similar reaction conditions used
for 10 wt % RuSn bimetallic catalyst (as reported in Chapter 3) to
understand the selectivity towards cinnamyl alcohol and rate of reduction of
the C=O group vs. the C=C group. The results of reaction mixture after five
hours, for cinnamaldehyde converted, selectivity of cinnamyl alcohol and
ratio of C=O/C=C ratio using monometallic and bimetallic catalyst after 5
hrs are shown in Figure 4.12.

Figure 4.12 : Results of reaction mixture of cinnamaldehyde hydrogenation using
monometallic catalyst and bimetallic catalyst after 5 hrs.

The composition of the reaction mixture at each sampling time, for
the unpromoted and promoted catalyst is given in Tables 4.1 and 4.2,
respectively.
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Table 4.1: Results of hydrogenation of cinnamaldehyde using Ru/Al2O3
No.
1
2
3
4

Components
Phenyl propanaldehyde
Phenyl propanol
Cinnamaldehyde
cinnamyl alcohol
Cinnamaldehyde reacted
selectivity of cinnamyl alcohol
Ratio of hydrogenation C=O/C=C

1
9.21
2.51
70.44
17.81
29.56
60.31
1.93

Reaction time (hrs)
2
3
4
10.99
11.31
12.04
4.16
6.28
6.9
56.53
46.01
35.68
28.3
36.29
45.36
43.47
53.99
64.32
65.13
67.35
70.54
2.58
3.21
3.77

5
12.73
7.6
26.12
53.53
73.88
72.47
4.21

Table 4.2: Results of hydrogenation of cinnamaldehyde using RuSn/Al2O3
No.
1
2
3
4

Components
Phenyl propanaldehyde
Phenyl propanol
Cinnamaldehyde
cinnamyl alcohol
Cinnamaldehyde reacted
selectivity of cinnamyl alcohol
Ratio of hydrogenation C=O/C=C

1
2.7
0.3
73.1
23.9
26.90
88.85
8.85

Reaction time (hrs)
2
3
4
2.9
3.4
3.7
0.4
0.5
1
64
55.4
46.9
32.6
40.7
48.4
36.00
44.60
53.10
90.81
91.26
91.15
11.24
11.97
13.08

5
3.8
1.3
44.6
50.4
55.40
90.81
13.26

The unpromoted catalyst gives a lower selectivity to cinnamyl
alcohol compared to the Sn-promoted catalyst. In addition, the 10%
Ru/Al2O3 catalyst produced more undesired byproducts (phenyl
propanaldehyde and phenyl propanol) in comparison with the 10%
Sn/Ru/Al2O3 catalyst.
The extent of reduction of C=O and C=C groups was calculated on
the basis of cinnamyl alcohol and phenyl propanaldehyde formed with
respect to cinnmaldehyde reacted in each sample. The ratio of C=O/C=C is
a useful number to compare the selectivity of different catalysts towards
cinnamyl alcohol. A higher ratio means a better selectivity. The ratio of
reduction C=O /C=C was in the range of 1.9- 4.2 for the monometallic
Ru/Al2O3 catalyst while it was in the range of 8.8 – 13.3 in the case of
bimetallic RuSn/Al2O3 catalyst. It can be observed that the ratio C=O/C=C
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was lower in the beginning of the reaction (1 hr) and increased as the
reaction progressed, in both catalysts.
In contrast to the hydrogenation of both cinnamyl alcohol and
phenyl propanaldehyde the unpromoted catalyst did not produce
hydrogenated cyclohexyl propanol in the time interval studied. This
indicates that in the case of cinnamaldehyde C=C and C=O interact stronger
with the catalyst surface and inhibits the hydrogenation of phenyl group.
4.4

Discussion
The reaction of cinnamyl alcohol and phenyl propanaldehyde was
carried out using both a monometallic and a bi-metallic catalyst. On the
monometallic catalyst it was found that the rate of reduction of cinnamyl
alcohol was much higher than the rate of reduction of phenyl
propanaldehyde. This indicates preferential adsorption and reduction of the
C=C group of cinnamyl alcohol compared to the C=O group of phenyl
propanaldehyde on the unpromoted monometallic catalyst. This is mainly
due to thermodynamically more favorable reduction of C=C group
compared to reduction of C=O group using monometallic catalyst.
When the reaction of cinnamyl alcohol and phenyl propanaldehyde
was carried out using bimetallic catalyst under the similar reaction
conditions a reverse trend was found. The rate of reaction of pure phenyl
propanaldehyde was significantly higher than rate of reaction of pure
cinnamyl alcohol. This indicated preferential adsorption of the C=O group
of phenyl propanaldehyde using bimetallic catalyst compared to C=C group
of cinnamyl alcohol. These results clearly show that the tin promoter
enhances the selectivity towards cinnamyl alcohol by actively promoting
C=O hydrogenation and actively suppressing the C=C hydrogenation.
In the hydrogenation of the mixture containing different molar ratios
of phenyl propanaldehyde and cinnamyl alcohol using bimetallic catalyst,
the C=O group of phenyl propanaldehyde was selectively hydrogenated.
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This shows that the enhanced adsorption strength of the C=O group brought
about by the Sn promoter enhances selectivity further, as it blocks
adsorption of the C=C group.
Monometallic Ru catalyst showed very high activity for the
hydrogenation of cinnamyl alcohol and phenyl propanaldehyde compared to
bimetallic catalyst, and also resulted in formation of byproducts due to
hydrogenation of aromatic ring. The formation of unwanted side products
was not seen for the promoted catalyst. This indicates that the Sn promoter
modifies the catalyst, lowering its activity but also significantly improving
its selectivity.
In the hydrogenation reactions using monometallic catalyst both
reactants were first converted to phenyl propanol, which further converted
to cyclohexyl propanol. Duraczynska et al. observed the reduction of
aromatic ring during reduction of acetophenone using a Ru/Al2O3 catalyst
[19]. Their monometallic ruthenium catalyst showed specific activity for the
reduction of aromatic ring instead of hydrogenation of the ketone
functionality. Ruthenium based catalysts are used for the partial reduction of
benzene to cyclohexene and toluene to methyl cyclohexene [20-24].
In comparison to this, formation of cyclohexyl propanol was not
observed in the hydrogenation of cinnamaldehyde. Also, the rate of
hydrogenation of cinnamaldehyde, with the conjugated olefin-aldehyde
functionality is much lower than that of the isolated olefin and aldehyde
functionalities in cinnamyl alcohol and phenyl propanaldehyde. This
indicates that cinnamaldehyde the C=O group and the C=C group interact
stronger with the catalyst surface than the phenyl group, which therefore
stays intact, and, as cinnamaldehyde was not fully converted in the time
interval studied, its presence suppresses the interaction of the phenyl ring
with the surface, thereby preventing the formation of cyclohexyl propanol.
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The C=O/C=C ratio converted in the hydrogenation of
cinnamaldehyde was higher with the 10 wt % RuSn bimetallic with tin
Sn/(Sn+Ru)=0.3 than for the 10 wt % Ru monometallic catalyst. The ratio
for the reduction of C=O/C=C was lower at the initial stages (1 hr.) of the
reaction and it increased as the reaction progressed further in the case of
both the catalysts. This indicated a lower selectivity in the initial period of
the reaction and it increased as the reaction advanced towards the end. It is
proposed that the byproduct phenyl propanaldehyde forms in small amounts
in the initial stages of reaction, remains strongly bound on the catalyst
surface and forces the cinnamaldehyde adsorption only via the C=O group
due to steric hindrance and thus enhanced selectivity towards unsaturated
alcohol [25].
Thus the bimetallic catalyst and monometallic catalyst showed a
distinct difference for the rate of reaction for the C=C of cinnamyl alcohol
and the C=O group of phenyl propanaldehyde. We propose different
reaction pathways for both of them.
4.4.1

Reaction pathways using monometallic catalyst
During the reaction of cinnamaldehyde using monometallic catalyst,
both the C=C and the C=O groups get reduced to form phenyl
propanaldehyde and cinnamyl alcohol due to higher activity of
monometallic catalyst. As rate of reduction of C=C group of cinnamyl
alcohol is higher than rate of reduction of C=O group of phenyl
propanaldehyde so major amount of cinnamyl alcohol convert into phenyl
propanol mainly due to higher catalyst activity towards C=C group, thus
decreases the selectivity towards cinnamyl alcohol compared to bimetallic
catalyst. The proposed reaction pathway is shown in Figure 4.13.
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Figure 4.13: Proposed reaction pathway of hydrogenation of cinnamaldehyde
using monometallic Ru/Al2O3 catalyst based on experimental results

4.4.2

Reaction pathways using RuSn/Al2O3 catalyst
During the reaction of cinnamaldehyde using bimetallic catalyst, the
C=O group of cinnamaldehyde is preferentially activated and is reduced
primarily to cinnamyl alcohol, with minor amount to phenyl
propanaldehyde. As the rate of reduction of cinnamyl alcohol to phenyl
propanol is intrinsically slower than that of phenyl propanaldehyde to
phenyl propanol it does not hydrogenate further, and thus a high selectivity
of cinnamyl alcohol is obtained. This explains how bimetallic catalyst
enhances the selectivity towards unsaturated alcohol. A graphical
representation of the proposed reaction pathway on the Sn-promoted
catalyst is shown in Figure 4.14.
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Figure 4.14: Proposed reaction pathway of hydrogenation of cinnamaldehyde
using RuSn/Al2O3 catalyst based on experimental results

4.5

Conclusions:
Bimetallic catalyst showed preferential adsorption and reduction of
the C=O group of cinnamyl alcohol. This indicated role of promoter tin as
activation and selective reduction of carbonyl group and thus enhancement
of selectivity towards cinnamyl alcohol in the hydrogenation of
cinnamaldehyde.
In the hydrogenation of mixture containing different molar ratios of
phenyl propanaldehyde and cinnamyl alcohol using bimetallic catalyst, the
activity of C=O group of phenyl propanaldehyde was much higher than
C=C group of cinnamyl alcohol. This suggests the preferential adsorption
and reduction of C=O group over C=C group. Thus promoter tin activates
and reduces C=O group and suppresses the reduction of C=C group.
Monometallic catalyst showed high activity for the C=C group of
cinnamyl alcohol compared to the C=O group of phenyl propanaldehyde.
Both cinnamyl alcohol and phenyl propanaldehyde reacted faster using
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monometallic catalyst compared to bimetallic catalyst. This indicates that
promoter tin modifies the activity of catalyst for better selectivity.
The formation of cyclohexyl propanol was not observed in the
hydrogenation of cinnamaldehyde using 10 wt% Ru monometallic catalyst.
This indicated the cinnamaldehyde C=O and C=C groups interact strongly
with catalyst surface and inhibit the hydrogenation of phenyl group.
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Chapter 5
Flat bimetallic model catalyst study to
investigate ruthenium mobility during catalyst
p re p a r a t i o n
Abstract
Flat bimetallic model catalysts of silica-wafer-supported ruthenium
tin were prepared by spin coating. The oxidation states of ruthenium and tin
were investigated using X-ray photoelectron spectroscopy (XPS) at high
resolution. After close investigation of the calcined-reduced bimetallic
model catalyst it was found that the ruthenium content was significantly
lower than in the model catalyst before calcination. This indicated losses of
ruthenium during the thermal treatments of the catalyst. In order to explore
this further, the spin-coated model catalysts were exposed to different
temperature conditions of calcination and reduction. For comparison, model
catalysts were prepared by the direct reduction. As ruthenium losses did not
occur after direct reduction the loss of Ru was attributed to the calcination
stage.
For comparison a powder catalyst (10 wt % Ru with
Sn/(Sn+Ru)=0.3) was directly reduced and tested for the hydrogenation of
cinnamaldehyde. It was observed that the directly reduced catalyst showed
higher catalyst activity and lower selectivity towards cinnamyl alcohol
compared to same catalyst that was calcined and reduced. This is attributed
to a less intimate contact between Ru and Sn, and it was concluded that the
calcinations step is essential to get good contact between Ru and Sn.
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5.1

Introduction:
The complexity of heterogeneous catalysts systems based on powder
catalyst leads to limitations in using surface sensitive analysis techniques
such as XPS to the fullest potential. The main difficulty is that typical oxidic
porous supports, such as silica and alumina, are electrically insulating,
which results in sample charging and ultimately peak broadening in the XPS
spectra. In addition, most of the active metal particles are present inside the
pores of support and not accessible for surface-sensitive methods.
In comparison to this, flat model catalysts are supported on a nonporous, conducting support. The main advantage of using a conducting
support is that sample charging problems are largely eliminated [1, 2]. This
results in sharp and well-resolved peaks in the photoemission spectrum. In
addition, all active particles are on the top of the non-porous support and
visible in XPS analysis. So conducting flat model catalysts are very useful
to obtain nano-scale structural information and can add to in-depth
understanding of important questions in catalysis [1].
Flat model catalysts have been successfully applied to obtain more
insight into HDS catalysts [3- 9], for chemical kinetics measurements on the
Phillips ethylene polymerization catalyst [10- 12], Fischer-Tropsch catalysts
[13, 14] and bimetallic for selective hydrogenation of crotonaldehydes [15].
As the binding energy difference between the tin (II) and tin (IV) is
small, peak broadening made it impossible to resolve them in the
photoemission spectra obtained from the power catalyst reported in Chapter
3. A flat model approach was then adopted to improve the resolution, in
order to determine the Sn oxidation state.
In Chapter 3, the fresh (i.e. in the Ru-chloride state) model catalyst
was directly taken for (in-situ) reduction and XPS characterization. When
model catalysts were prepared using the process similar to powder catalyst,
i.e. calcination and then reduction, it was observed that the ruthenium signal
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intensity after calcination-reduction was lower than that of the fresh catalyst.
On the other hand, the intensity of the tin oxide peak in fresh and calcinedreduced catalysts was almost the same.
In order to understand the losses of ruthenium during the thermal
treatments, model catalysts were used to systematically explore the
influence of the calcination and reduction temperatures. XPS was used to
determine the Sn and Ru content before and after treatments.
In addition, a bimetallic powder catalyst, containing 10 wt %
ruthenium and tin with Sn/(Sn+Ru)=0.3, was activated by the direct
reduction method and tested for the hydrogenation of cinnamaldehyde. The
results were compared with the same (calcined-reduced) catalyst to
understand the difference between two with respect to catalyst activity and
selectivity towards cinnamyl alcohol.
5.2
5.2.1

Experimental
Model catalysts preparation at various temperature conditions:
The flat bimetallic model catalysts of ruthenium and tin were
prepared by spin coating impregnation. The precursor solutions with
concentration levels (10 mol/liter) were prepared from ruthenium chloride
and tin chloride separately and mixed in the ratio of 70:30. The mixture was
spincoated on a flat SiO2/Si(100) wafer, using a rotation speed of 2800 rpm.
After overnight drying at 100oC the fresh catalyst was obtained.
The fresh model catalysts were subjected to three different
calcination temperatures in stagnant air (200 oC, 300oC and 400oC) in an
oven for 4 hrs (heating rate ~7oC/min.). Each of these three calcined model
catalysts was reduced using a flow of pure hydrogen at three different
temperatures (200 oC, 300oC and 400oC) for 4 hrs (heating rate ~10oC/min.).
The reduced catalysts thus obtained were transferred via a glove box for
XPS analysis. Figure 5.1 shows a scheme of the different samples that were
prepared and analyzed using XPS.
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Figure 5.1: Flat model catalyst preparation using different calcination
temperatures and reduction temperatures

In addition, flat model catalysts were directly reduced at three
different temperatures (200 oC, 300oC and 400oC) using pure hydrogen gas.
Those samples served as a reference for the above prepared calcinedreduced model catalysts as shown in the left side of Figure 5.1.
5.2.2

Powder catalyst preparation by direct reduction method
The bimetallic 10 % RuSn/Al2O3 catalyst was prepared by coimpregnation, using gamma alumina (Aldrich, acidic, 110 g−1) as support.
The metal precursor salts were hydrated ruthenium chloride (RuCl3,
Aldrich) and tin (II) chloride (SnCl2, Aldrich). In essence, the catalyst is
identical to the fresh optimized catalyst discussed in Chapter 3.
The fresh catalyst was activated by reduction under a 5 % H2/N2
flow for 4 hours with temperature programming as 100 oC for 1hr, 200 oC
for 1 hr & 400oC for 2 hrs (heating rate ~10oC/min.).
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A detailed procedure for cinnamaldehyde hydrogenation and catalyst
characterization by XPS is explained in Chapter 2 and reference values for
the binding energies of ruthenium and tin are given in Chapter 3.
5.3
Results
5.3.1 XPS analysis of flat model catalyst
Figure 5.2 shows the wide scan of a fresh flat model catalyst which
was exposed to the standard activation procedure used for the powder
catalyst. The wide scan serves as a quality control check shows peaks of
ruthenium, tin, silica and chlorine in small amount was detected.

Figure 5.2: Wide spectrum of flat model catalyst of fresh catalyst, calcined catalyst
and reduced catalyst.( a. Sn 4d 25.3 eV, b. Si 2p 103 eV, c. Si 2s 154eV d Cl
2p 200eV e. Ru 3d+ C 1s 280 eV, f. Ru 3p 462eV, g. Sn 3d 484 eV – 493 eV, h.
O 1s)

The ruthenium and tin regions are shown in more detail in Figure
5.3. Similar to powder catalysts, there were several close binding energy
peaks in the ruthenium, i.e. Ru3d3/2, Ru3d5/2 and carbon (C1s). The Ru3d3/2
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peak was overlapping with the C1s peak, hence Ru3d5/2 peak was considered
for all samples to find the binding energy.

Figure 5.3: Ruthenium and tin region of the flat model catalysts fresh, calcined and
calcined-reduced catalyst

The Ru 3d5/2 in the fresh catalyst showed a binding energy of 282.5
eV, corresponding to ruthenium chloride. After calcination the binding
energy (281.5 eV) indicated the formation of RuO2. After reduction of the
calcined catalyst a binding energy of 279.2 eV was found, indicative of Ru
metal (for B.E. values of ruthenium and tin compounds refer to Chapter 3
and Tables 3.4 and 3.5). The Ru signal intensity shows a large decrease
upon oxidation, and this will be explored further later on in this Chapter.
The Sn3d 5/2 in the fresh catalyst appeared at a binding energy of
487.7 eV, corresponding to tin (IV) chloride. Tin in the calcined catalyst
indicated presence of tin (IV) oxide with binding energy 487.3 eV while the
reduced catalyst showed a mixture of tin (II) oxide with binding energy
486.2 eV and small amount of tin in the metallic state with binding energy
484.6 eV. The peaks corresponding to various electronic states of tin were
sharp and well defined compared to the powder catalyst.
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Table 5. 1: Ruthenium and tin on the surface of model catalysts from XPS data of
Ru3d5/2 and Sn3d5/2
Catalyst name
Fresh model catalyst
Calcined model catalyst
Reduced model catalyst

Ru/Si

Sn/Si

Ru/Sn

0.40
0.01
0.01

0.44
0.23
0.51

0.91
0.06
0.02

Table 5.1 shows a quantitative analysis of the Ru and Sn content in
the sample at different stages. The ruthenium concentration decreased after
the calcination step, whereas there was slight variation observed in the
concentration of tin. Therefore, a more systematic study was performed,
varying both calcination and reduction temperatures systematically to
elucidate details about the process that leads to ruthenium losses.
5.3.2 XPS analysis of model catalyst prepared at different calcination
temperature and reduction at 200 oC
First, the influence of calcination temperature was investigated while
the reduction temperature was kept constant at 200oC. The flat model
catalysts were prepared at different calcination temperatures 200 oC , 300 oC
and 400 oC and then reduced at 200 oC. as shown in Figure 5.1.
Figure 5.4 shows the ruthenium and tin regions after the activation
procedures indicated in the Figure 5.1. The samples were named with their
calcination temperatures and reduction temperatures in calcined–reduced
catalysts while directly reduced catalyst was named with their reduction
temperature.
The Ru region corresponding to Ru 3d5/2 showed presence of
ruthenium oxide with B.E. 281.5 eV in calcined model catalyst while all
calcined-reduced model catalysts showed presence of ruthenium metal with
B.E. 279.2 eV. This indicates that reduction temperature about 200 oC is
sufficient for the conversion of ruthenium oxide into ruthenium metallic
state.
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Figure 5.4: Ruthenium and tin regions of model catalyst prepared at
different calcination temperatures and reduction at 200 oC

The tin region corresponding to Sn 3d 5/2 and Sn3d 3/2 showed
presence of tin oxide in calcined catalyst while the calcined-reduced
catalysts showed presence of tin oxide (II) and small amount of tin in
metallic state.
The intensity of ruthenium 3d5/2 peak in directly reduced catalyst was
higher than model catalysts subjected to calcination and reduction cycle.
This indicated that ruthenium losses occurred during the calcination stage in
calcined-reduced catalysts. Also it can be seen that the ruthenium 3d5/2 peak
intensity of catalyst 200-200 was slightly higher than catalysts 300-200 and
400-200. This indicated that the ruthenium losses were more in the case of
higher calcination temperatures like 300 oC and 400 oC.
The intensity of Sn 3d 5/2 and Sn3d 3/2 peaks in the calcined and
reduced catalyst was almost same, indicated no loss of tin species during the
model catalyst preparation process.
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5.3.3 XPS analysis of model catalyst prepared with same calcination
temperature and reduced at different temperatures (300 oC and 400 oC)
The flat model catalysts were prepared at same calcination
temperatures were reduced at different temperatures 300 oC and 400 oC to
understand the effect of varying reduction temperatures. The XPS analysis
of ruthenium and tin regions of model catalysts prepared at calcination
temperature 200 oC and 300 oC subjected to varying reduction temperatures
at 300 oC and 400 oC are shown in Figure 5.5.

Figure 5.5: Ruthenium and tin regions of model catalyst prepared at same
calcination temperatures and varying reduction temperatures 300 oC and 400 oC

In the ruthenium regions of both the sets (calcined at 200oC and 300
o
C) of calcined-reduced catalysts showed presence of ruthenium in metallic
state with binding energy 279.2 eV.
The intensity of the ruthenium peak calcined at same temperature
and reduced at different temperatures showed almost matching peak
intensity. This clearly indicates that no ruthenium losses during reduction
stage.
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As observed earlier, the ruthenium intensity of model catalysts
prepared with calcination temperature at 200 oC was higher than to
corresponding model catalysts prepared with calcination temperatures at 300
o
C. This indicates more ruthenium losses when calcined at higher
temperature compared to 200 oC.
As observed earlier, the tin region corresponding to Sn 3d 5/2 and
Sn3d 3/2 in the both the sets of calcined-reduced catalysts showed presence
of tin (II) oxide with almost the same peak intensity in all the catalysts. This
indicates no losses of tin species during calcination and reduction stages.
The tin in metallic state was higher in 300oC-400oC compared to
300oC-300oC. This indicates that conversion of tin oxide to tin metallic state
is more favorable at higher reduction temperature. But at the same time
intensity of tin in metallic state in 200oC-400oC was lower compared to
300oC-400oC. This indicates the importance of higher calcination
temperature for the conversion of tin oxide into tin metallic state. The higher
calcination temperature probably increases the interaction of tin species with
ruthenium and thus helpful for the conversion of tin oxide to tin metallic
state.
The flat model catalysts prepared at calcination temperature 400 oC
and reduced at 300oC and 400 oC and comparison with directly reduced
model catalysts prepared by directly reduction is shown in Figure 5.6.
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Figure 5.6 : Ruthenium and tin regions of model catalyst prepared at same
calcination temperatures and varying reduction temperatures and directly reduced
at 300oC and 400oC.

In the ruthenium regions, the calcined-reduced catalysts showed very
low intensity peak of ruthenium in metallic state compared with directly
reduced model catalysts. This clearly indicates that high ruthenium losses at
calcination temperature 400 oC.
The tin region corresponding to calcined-reduced catalyst showed
higher percentage of tin in metallic state when reduced at 400 oC compared
to 300 oC.
The tin peak corresponding to Sn 3d 5/2 and Sn3d 3/2 in directly
reduced catalysts showed presence tin (IV) with B.E. 487.3 eV and small
amount of tin in metallic state. This indicates the difficulty in the conversion
of tin (IV) oxide to tin metal under directly reduced conditions probably due
to lower interaction of tin species with ruthenium as the calcination step was
skipped.
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So to conclude, ruthenium losses observed in the calcined-reduced
catalysts compared to directly reduced catalysts, which indicated ruthenium
losses in the calcination stage of catalyst pretreatment. Higher ruthenium
losses were observed in the case of higher calcination temperatures like 300
o
C and 400 oC. Intensity of tin peaks in calcined and reduced model
catalysts was almost the same indicated no losses during the catalyst
preparation process. Higher tin metallic state was observed with higher
calcination and reduction temperatures. Tin remained as tin (IV) oxide in
directly reduced catalyst. This indicated lower interaction of tin species with
ruthenium when calcined at lower temperature or if calcination step was
skipped.
5.3.4 Study of powder catalyst preparation by direct reduction method
and testing
The fresh powder catalyst was activated by a direct reduction, to
study selectivity of cinnamyl alcohol and cinnamaldehyde conversion in
comparison with optimized catalyst that was activated by oxidationreduction. The plot of selectivity of cinnamyl alcohol and cinnamaldehyde
conversion with reaction time is shown in Figure 5.7.
The selectivity of cinnamyl alcohol was lower using directly reduced
catalyst compared to calcined-reduced catalyst under similar reaction
conditions. The directly reduced catalyst shows a higher cinnamaldehyde
conversion, but a lower selectivity than the oxidized-reduced catalyst.
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Figure 5.7: Plot of Selectivity of cinnamyl alcohol and conversion of
cinnamaldehyde using directly reduced powder catalyst and calcined-reduced
catalyst

Thus there was a difference for the conversion of cinnamaldehyde
and selectivity of cinnamyl alcohol using directly reduced catalyst and the
optimized catalyst. This is mainly due to lower interaction of tin species
with ruthenium in directly reduced catalyst. As the tin is not in contact with
ruthenium, catalyst behaves like monometallic catalyst.
5.4

Discussion
XPS analysis of the flat model catalyst prepared from calcinationreduction cycle showed ruthenium losses during calcination compared to
model catalyst activated by a direct reduction. The losses of ruthenium were
more significant when higher calcination temperatures were used. The
subsequent reduction did not lead to additional losses of ruthenium as the
XPS peak intensity of ruthenium in calcined catalyst and reduced catalyst
was almost the same. In the case of tin, no losses were observed and the
XPS peak intensities for the tin peaks in calcined and reduced model
catalysts were almost the same. The tin metallic state percentage increased
with increasing oxidation and reduction temperatures.
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5.4.1

Ruthenium losses due to volatile ruthenium tetroxide
During calcination in air of the fresh catalyst, ruthenium chloride
converts to ruthenium oxide and ruthenium tetroxide as shown in the
reactions 1 and 2.

The boiling point of RuO2 is 1200 oC and losses should be
negligible during calcination at temperatures of 400 oC. Ruthenium
tetroxide, on the other hand is, a highly volatile compound with a boiling
point of 40 oC. There are literature reports regarding conversion of
ruthenium (III) chloride into ruthenium tetroxide in presence of an oxidizing
agent [16, 17]. Ruthenium trioxide prepared in-situ from ruthenium (III)
chloride is used in the oxidation reactions [18].
The formation of volatile RuO4 can explain why ruthenium losses
occurred during the calcination stage. In the case of directly reduced
catalysts, ruthenium (III) chloride is directly converted into ruthenium metal
(and HCl) and formation of ruthenium tetroxide is not possible due to
hydrogen atmosphere.
5.4.2

Ruthenium losses on flat model surface
In the flat bimetallic model catalyst, ruthenium and tin are deposited
on non-porous silica. Fresh catalyst when subjected to calcination, some
ruthenium (III) chloride is converted into more volatile ruthenium tetroxide.
Due to non-porous support it evaporates and escapes and thus ruthenium
losses are observed.
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In the case of powder bimetallic catalysts, ruthenium and tin are
supported on porous support alumina. When powder catalysts are subjected
to calcination, volatile ruthenium tetroxide has a much higher chance of
redeposition elsewhere on the support due to the higher surface area thereof,
and so losses of ruthenium are expected to be much lower. In addition, the
different support (silica vs alumina) could play a role as well, as alumina is
generally known as a more reactive support which binds stronger with
oxidic/metallic compounds.
5.4.3 Hydrogenation of cinnamaldehyde using directly reduced powder
catalysts
Powder catalyst 10 wt% Ru and tin with Sn/(Sn+Ru)=0.3 prepared
with direct reduction method showed differences compared to optimized
catalyst. The selectivity towards cinnamyl alcohol was lower using the
directly reduced catalyst, but at higher activity than the optimized catalyst.
This was probably due to lower interaction of tin with ruthenium when
directly reduced. These non-interacted ruthenium particles with tin species
are probably responsible for higher activity and lower selectivity towards
cinnamyl alcohol. In addition differences in particle size may play a role. As
explained in Chapter 3, smaller particles tend to hydrogenate the C=C bond
than larger particles. However, in the absence of data on particle size we
cannot be conclusive.
Thus, calcination is an important step in the preparation of powder
catalyst in order to get better interaction of tin species with ruthenium,
which is helpful for achieving higher selectivity and yield towards
unsaturated alcohol from unsaturated aldehyde.
5.5

Conclusions
XPS analysis of model catalyst prepared at varying calcination and
reduction temperatures showed ruthenium losses during the calcination
process compared to directly reduced model catalysts. In the calcination
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stage ruthenium (III) chloride converts to ruthenium tetroxide which escapes
due to high volatility. This oxidation reaction is not possible in the case of
directly reduced catalysts due to hydrogen atmosphere.
Highly volatile ruthenium tetroxide evaporates and escapes from the
surface of flat model catalysts due to non-porous silica support. In the case
of powder catalyst, ruthenium tetroxide gas gets re-deposited inside the
pores of alumina and so ruthenium losses are not expected.
Powder catalyst prepared with direct reduction method showed
difference in the selectivity and activity compared to optimized catalyst. The
reason for this difference was probably due to lower interaction of tin with
ruthenium.
Calcination is an important stage in the powder catalyst preparation
in order to get better interaction of tin species with ruthenium, which is
helpful for achieving good selectivity and yield of unsaturated alcohol.
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Chapter 6
S u m m a r y, c o n c l u d i n g re m a r k s a n d f u t u re
outlook
6.1

Summary of all Chapters
The aim of the work described in this thesis was to investigate the
role of tin as a promoter in a RuSn/Al2O3 catalyst for the enhancement of
selectivity towards unsaturated alcohol in α, β-unsaturated aldehyde
hydrogenation. The selective hydrogenation of cinnamaldehyde to cinnamyl
alcohol was chosen as a showcase. The desired product, cinnamyl alcohol,
is an industrially important raw material for the preparation of
pharmaceuticals, fine chemicals and perfume industry. Ruthenium was
selected as a noble metal, due to its higher selectivity and lower cost
compared to platinum. Literature [1, 2] shows that tin is an effective
promoter among the transition metals and non-transition metals such as Fe,
Mn, Ga, Ge, Cr, Co and Zn. In short, the combination of Sn and Ru appears
to be a potentially attractive and therefore industrially interesting catalyst
system for selective hydrogenation reactions.
In almost all the investigations on the selective hydrogenation of α,
β-unsaturated aldehyde over bimetallic catalyst showed higher selectivity
towards unsaturated alcohol compared to monometallic catalyst. The
selectivity to unsaturated alcohol can be tuned by various factors as
described in Chapter 1 of the thesis. These are metal particle size, metal
crystal shape and structure, coordination number of active metal, support
effects (SMSI), steric hindrance due to substituents in the substrate and
steric effect of ligands on the catalyst surface. Literature indicates studies of
these factors using monometallic and bimetallic catalysts. Researchers in
this area mainly focused on these factors for the enhancement of selectivity
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towards unsaturated alcohol and the role of promoter using bimetallic
catalyst is less studied.
Gallezot et al. [3] in the review article on selective hydrogenation of
α, β-unsaturated aldehyde discussed various probable actions or
mechanisms of promoter for the enhancement of selectivity towards
unsaturated alcohol. In one aspect, the electropositive metal or promoter acts
as an electron-donor ligand that increases electron density on noble metal
and thus decreases binding energies to C=C group and favors hydrogenation
of the C=O compared to C=C group. This mechanism can be valid only
when the noble metal and promoter are present in close vicinity or in alloy
form and promoter species should be present in metallic state. In another
aspect, the electropositive metal or oxidized metal species act as a Lewis
acid site which selectively adsorbs and activates the C=O group via the
electron lone pair of oxygen, thus increasing the probability of its reduction.
Thus the promoter action for the selectivity enhancement is largely depends
on the state of promoter species present in the catalyst.
For a more fundamental understanding of the promoter action of tin,
it is crucial to know its oxidation state and its location as well as the
interrelation between the two. In literature, different Sn oxidation states
have been reported for Sn-promoted Ru and Pt for fresh catalysts after
activation, depending on the exact procedure followed, with reduction
temperature and atomic ratio of Sn/NM being of importance.
Thus, investigating the oxidation state of tin after activation of an
optimized RuSn/Al2O3 catalyst will give insight into the promoter action.
This knowledge will be useful to develop similar bimetallic catalyst systems
with higher yields and selectivity of unsaturated alcohol in the selective
hydrogenation of α, β-unsaturated aldehyde.
In Chapter 2, the details of experimental techniques and procedures
are discussed.
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In Chapter 3 the catalytic performance of a large number of Snpromoted Ru catalysts is presented, which forms the basis onto which a link
between catalyst structure/composition and activity can be built.
The promoter Sn content and metal (Ru+Sn) loading were
systematically varied to obtain the insight on the effect of promoter content
on the selectivity and yield of required product unsaturated alcohol and best
performance for the selective hydrogenation of cinnamaldehyde using
RuSn/Al2O3 catalyst.
Bimetallic catalysts showed higher selectivity compared to
monometallic catalysts, which increased with increasing tin content. This
suggests a direct role of the promoter in activating the carbonyl group of
cinnamaldehyde selectively.
A monometallic Ru catalyst is very active but has a poor selectivity.
Selectivity is increased with increasing tin content, but at the same time the
catalyst activity decreases. This suggests a blocking effect due to promoting
tin species, which is more dominant at the higher Sn/Ru atomic ratios.
Literature reports [4, 5] on CO chemisorption studies done on the bimetallic
catalysts of platinum tin and ruthenium tin indicated a strong decrease in
CO/ noble metal ratio with increasing tin content. As the availability of
noble metal surface decreases, the rate of reaction goes down.
Using the optimum Sn/Ru ratio it was found that both selectivity and
activity of the catalyst could be improved by increasing the metal content.
The catalytic performance tests were complemented by
characterization of the fresh calcined and reduced catalyst, using ex situ
XRD, XPS, TPR and in situ Mössbauer spectroscopy. The important
questions are; what is an oxidation state of promoter tin in the catalyst and
which tin species is responsible for the enhancement of selectivity to
unsaturated alcohol.
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Catalyst characterization results of XRD, XPS and TPR of bimetallic
catalyst indicated the conversion of ruthenium oxide to ruthenium metallic
state during catalyst activation stage. XRD analysis of bimetallic catalyst
did not show any tin compounds, indicating that tin species are present in
highly dispersed or amorphous state.
XPS analysis of catalysts in tin region showed little difference
between the calcined and reduced catalyst. Tin remained predominantly in
the oxidic state after reduction. As the tin oxide peak was broad hence it was
difficult to distinguish between Sn(II) and Sn(IV). A small amount of tin in
metallic state was present in the reduced catalyst with a high Ru/Sn loading.
A flat model catalyst supported on silica was prepared insitu to get insight
on the difference between different oxidation states of tin and to see the
effect of air exposure on it. The analysis showed well defined peaks for
different tin oxidation states.
TPR measurements showed reduction of Sn is occurred at a lower
temperature in the presence of Ru, and hence an intimate contact between
Ru and Sn is deduced, which indicate that part of the Sn reduces at least
partially along with and promoted by Ru reduction.
Mössbauer analysis was done to further investigate tin species in the
catalyst. It is observed that Sn is predominantly present as Sn2+ and Oxidic
tin interacted with ruthenium (SnOx/Ru), and higher reduction temperatures
lead to more SnOx-Ru interaction.
Chapter 4 describes a detailed investigation of how the presence of
Sn affects the reduction rate of the C=C group and C=O group in isolation,
by studying the hydrogenation of cinnamyl alcohol (Ph-CH=CH-CH2OH)
and phenyl propanaldehyde (Ph-CH2-CH2-HC=O). We try to understand the
function of the promoter by using the following question as a guide: Does
the presence of SnOx species favor the hydrogenation of the C=O group,
only suppresses hydrogenation of the C=C group, or both?
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For monometallic Ru/Al2O3 the rate of reduction of the C=C group
(in cinnamyl alcohol) is higher than the rate of reduction of the C=O group
(in phenyl propanaldehyde). Sn promotion reverses the reactivity, i.e. the
C=O group is preferentially hydrogenated. The results presented in this
Chapter provide strong evidence that Sn(Ox) causes preferential adsorption
and hydrogenation of the terminal C=O of aldehydes.
The mixture of reduction of C=C group of cinnamyl alcohol and
C=O of phenyl propanaldehyde in presence of bimetallic catalyst indicated
preferential adsorption and reduction of C=O group of cinnamyl alcohol.
Promoter tin binds the C=O group stronger and as the activity is lower, the
residence time of aldehydes is anticipated to be longer. This physical
blocking effect helps to prevent that the C=C functionality in the molecules
becomes hydrogenated.
The monometallic catalyst showed higher activity for reduction of
cinnamyl alcohol and phenyl propanaldehyde than the Sn-promoted catalyst,
which led to the formation of a more hydrogenated secondary products, i.e.
phenyl propanol and cyclohexyl propanol. This indicates that promoter tin
decreases the activity of catalyst. This in itself is an improvement of
selectivity, as the formation of secondary reactions is delayed and their
formation can be suppressed by limiting the reaction time in a batch process.
The formation of more hydrogenated secondary products like
cyclohexyl propanol was not observed in the hydrogenation of
cinnamaldehyde using 10 wt% Ru monometallic catalyst. This suggests that
cinnamaldehyde C=O group and C=C group interact stronger with the
catalyst surface. This leads to lower conversion of cinnamaldehyde and also
catalyst surface becomes more crowded. The phenyl group stays intact due
to steric hindrance and its lower adsorption strength.
Chapter 5 describes the dynamics during catalyst preparation and
the influence thereof on the catalyst performance. A flat Ru/Sn model
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catalyst (on a model silica support) was used to determine the oxidation
state of Sn after oxidation and reduction. The XPS analysis of conducting
flat model catalysts showed well-defined peaks for tin with different
oxidation states compared to powder catalyst.
After close investigation of the calcined-reduced bimetallic model
catalyst it was found that ruthenium was lost during the catalyst thermal
treatments in the preparation stage. A further exploration revealed that Ru
losses occur during the calcination stage and the losses increase with
increasing calcination temperature. It was assigned to the formation of
highly volatile RuO4 during oxidation, which, in case of a flat model
catalyst, easily leaves the sample due to non-porous silica support. In the
case of powder catalyst, ruthenium tetra-oxide gas gets re-deposited inside
the pores of alumina and so ruthenium losses are not expected. Instead, the
volatile oxide facilitates Ru mobility, which appears to be beneficial to
obtain a more intimate contact between Sn and Ru.
XPS analysis of model catalysts in the tin region showed that
intensity of tin peaks in calcined and reduced model catalysts was almost
the same, which indicated no losses of tin species during the catalyst
preparation process. The model catalysts calcined and reduced at higher
temperatures showed higher levels of tin in metallic state while in directly
reduced catalyst tin remained as tin (IV) oxide. This indicated lower
interaction of tin species with ruthenium when calcined at lower temperature
or if calcination step was skipped.
On the flat model catalyst, direct reduction did not lead to Ru losses.
Hence, the effect of direct reduction was tested on a powder catalyst.
However, its performance was inferior, confirming the importance of the
calcination step in the catalyst preparation process. We believe the
explanation is that Ru mobility results in a better spreading and a more
intimate Sn/Ru contact, which in turn is important for catalyst selectivity.
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6.2

Concluding remarks
The results described in this thesis provide valuable insight in the
role of tin promoters in RuSn/Al2O3 catalysts for the enhancement of
selective hydrogenation of the aldehyde functionality in molecules that also
contain a C=C double bond. The selectivity towards the unsaturated alcohol
increases with increasing tin content in the catalyst. Galvagno et al. [6]
reported similar selectivity improvements in α, β-unsaturated aldehyde
hydrogenations with increasing tin content in a PtSn/Nylon system. He
concluded that two factors cause this: activation of carbonyl is due to the
acidic properties of Sn ions and electronic interaction of tin with platinum
poisons the active metal sites for olefin hydrogenation. We have no
evidence that the latter effect plays a role, however. In the case of
RuSn/Al2O3 catalyst, we suggest that Sn-ions help to activate the carbonyl
group, while they may also physically block the metal for interaction with
the olefinic C=C group. The preference for bonding through the terminal
aldehyde over the internal C=C group, combined with the relative stiffness
of the cinnamaldehyde molecule, also prevents that the C=C group can
interact with the surface and be hydrogenated.
A similar effect also plays a role in the dependence of the selectivity
on particle size, as argued by Englisch et al. [7]. Both conversion and
selectivity of cinnamaldehyde to cinnamyl alcohol increase with increasing
metal loading. Englisch et al. observed the same for selective hydrogenation
of crotonaldehyde on Pt catalysts and also Galvagno et al [8] invoked this
explanation for cinnamaldehyde hydrogenation on ruthenium. The increase
in conversion can be straightforwardly attributed to an increase in the metal
surface area and the number of active sites, while the selectivity increase is
probably due to the increase in particle size of the ruthenium. The
cinnamaldehyde molecule is planar and adsorption through the C=C bond
would probably induce steric hindrance of aromatic ring with respect to the
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surface. This in itself would favor adsorption by the C=O group on the flat
surfaces of large particles.
The catalyst characterization results provided valuable insight on the
oxidation state of promoter tin and tin species present in the RuSn/Al2O3
catalyst and knowledge about the promoter action for the enhancement of
selectivity towards unsaturated alcohol. The insights into the dynamics
during the catalyst preparation steps and in particular the importance of the
calcination stage explain how the preparation procedure followed dictates
the catalyst performance.
There are several reports on the different electronic states of tin
promoters in catalysts with ruthenium or platinum, and supported on silica
and alumina. Silva et al. [9] demonstrated a difference in reducibility of tin
supported on alumina and titania and concluded that tin-titania interaction
was weaker than tin-alumina. The reducibility scale of Sn(IV) and Sn(II) on
different supports obtained from literature can be shown as
3. Sn(IV) to Sn(II) ----- Al2O3>TiO2>SiO2
4. Sn(IV) to Sn(0) ------ SiO2>TiO2>Al2O3
These trends in reducibility would also be related to the acid-base
properties of the support. The promoter was predominantly present as Sn2+
and interacted oxidic tin species with ruthenium.
We cannot entirely rule out promoter action to enhance the
selectivity towards unsaturated alcohol based on an alloy mechanism.
Minute quantities of metallic Sn, most likely alloyed with Ru, were detected
on the surface (by XPS) but with a concentration too small to pick up by
Mossbauer spectroscopy (a bulk technique). TPR showed that Sn reduction
to metallic Sn cannot happen in the absence of Ru, so the metallic Sn that
we see is most likely present as a surface alloy. We analyzed it in the
reduced state, not in the working state. It is difficult to ascertain whether the
reduced Sn will be oxidized during the catalysis as described by Margitfalvi
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et al. [10]. However, as the majority of Sn is in the ionic state, and its Lewis
character plausibly explains why the C=O functionality would be attracted,
we favour the explanation that ionic tin is responsible for selectivity
improvement.
The main attractive effect in the adsorption of aldehydes on surfaces
is back donation from the metal orbital into the orbital ЛCO. This shift can
be obtained when the C=O bond forms a complex with Lewis acids. The
oxidic tin species interacted with ruthenium (SnOx/Ru) act as a Lewis acid
type site. However, the SnOx species need to be present on the Ru to be
beneficial, which inevitably also decreases the available metal surface area.
Hence, an overall lower activity and reactivity towards the hydrogenation of
C=C group is found for Sn-promoted catalysts.
Thus tin promoters play a dual role: (i) selective activation of the
carbonyl group and (ii) blocking the active ruthenium sites, while steric
hindrance associated with the properties of the reacting molecule is of
importance as well. All factors contribute positively to the selectivity
towards cinnamyl alcohol in the hydrogenation of cinnamaldehyde.
6.3

Future outlook
Promoter tin is present as combination of tin species namely Sn2+
and oxidic tin interacted with ruthenium (SnOx/Ru) in RuSn/Al2O3 catalyst.
It will be interesting to observe the effect of individual promoter tin species
for the selectivity and yield of unsaturated alcohol. The individual tin
species observed in the catalyst may be prepared by using different catalyst
preparation conditions and they can be used for hydrogenation of
cinnamaldehyde under similar reaction conditions. This will give insight on
the role of each tin species for selective formation of unsaturated alcohol.
Insight in the capabilities of alloyed tin might be obtained from
studies working with single crystals of ruthenium, to which a little metallic
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tin is evaporated. Such studies, however, are not easily done, while the
carrying out the reaction in a liquid medium may pose another challenge.
In order to achieve higher selectivity to unsaturated alcohol in the
hydrogenation of α, β-unsaturated aldehyde than obtained in present work
(90% already), optimized catalysts with all tin in the right state might be
needed. Careful tuning of tin and noble metal content, and perhaps selection
of a different support may be a way to achieve this in the catalyst, with
calcination temperature being a crucial parameter. Catalyst characterization
using in situ Mössbauer spectroscopy but then specifically at cryogenic
temperatures where also surface species start to contribute to the spectra will
be needed for the analysis of these species in the catalyst.
In the continuation of work described in Chapter 4, it will be
interesting to use monometallic catalyst for the reduction of mixture
containing different molar ratios of cinnamyl alcohol (C=C group) and
phenyl propanaldehyde (C=O group). This will give an idea about the
reduction preference using monometallic catalyst and effect on byproduct
formation.
In continuation of the work on flat model catalyst, it will be
interesting to study preparation of flat model catalysts using alumina as a
support under various calcination and reduction temperature conditions and
comparison with flat model catalyst supported on silica. We sincerely hope
that future PhD students will be interested to continue this type of research.
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