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Abstract

Pd/composites are catalysts in which the catalytically active metal phase is located in a
small layer on the support surface. The metal distribution obtained on these supports
corresponds to a structure commonly known as “egg-shell”. This distribution is optimal
for reactions that have heat or mass transfer resistances. The small thickness of the metal
layer is mainly attributed to the use of support pellets of mixed organic–inorganic
composition, the special interaction between the hydrophobic–hydrophillic support
surface and the metal species (Pd or Pt) present in the impregnating aqueous solution.
Pd/composite catalysts are active and selective for the reactions of selective hydroge-
nation of styrene, 1-heptyne, 3-hexyne and 2,3-butanone, and enantioselective hydroge-
nation of ethyl pyruvate. These reactions are of interest in both academic and industrial
aspects.

Keywords: composite catalyst, inorganic–organic supports, selective hydrogenation,
improved mechanical resistance, egg-shell catalysts

1. Introduction

Industrial selective hydrogenation processes mostly make use of solid catalysts and three-
phase reactors (slurry or packed bed). Most catalysts are of the supported metal kind,and the
metal carriers are either completely inorganic (e.g., alumina, titania, silica) or organic (e.g.,
resins, activated carbons).
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Nowadays, a great variety of materials are being used as support, such as alumina, mordenite,
silica, titania, magnesia, zeolites, refractory metal oxides of groups III, IV, V, VI, VIII, activated
carbons, and polymers.

The preparation of the support is an important step in the manufacture of commercial catalysts.
The size and shape of the supports are determined by the kind of reactor and the set of reaction
conditions [1].

Supported metal catalysts for industrial reactors are preferably available in the physical form
of cylinders, tablets, spheres, rings, fibers, cloths, etc. The form of the support in the catalyst
preparation step is important since it is closely related to the structure of the final catalyst.

At the time of choosing a catalyst, its mechanical properties cannot be disregarded. Catalysts
are generally placed inside the packed beds, commonly 10 m or more in height. This arrange-
ment makes the bottom pellets support the weight of the bed above and thus need a high
crushing resistance [1]. If the resistance is not high enough, the pelletsget broken and smaller
particles and dust are generated. As a result the pressure drop in the packed bed gradually
increases until the bed is plugged; the unit must then be shut down for maintenance. Thus,
the smallest particles of catalyst could be eluted from reactor with solvents and reaction
products. This leads to an activity loss and a decrease of catalyst life.

In the preparation of the inorganic carriers employed in the fabrication of supported metal
catalysts, the support is first obtained in the form of a powder or tiny particles, which are mixed
with water and/or organic compounds. The mixture is then extruded, granulated, or pelletized
to give it the final shape [1, 2]. Once the material has the desired shape, it is dried at temper-
atures between 353 and 673 K for one or more hours. Then, depending on its nature and final
use, the support is calcined at higher temperatures to give mechanical resistance [1–9]. This
procedure is long and energy consuming. However, the preparation of organic materials is
energetically less costly.

Carbons and polymers are commonly used among the organic supports. Carbons are obtained
by controlled combustion in oxygen-poor atmosphere and the final product can be surface
treated to modify its catalytic properties. When carbon particles of a certain shape and size are
needed, the carbon material must be agglomerated. Polymeric supports are mainly obtained
by reactions in emulsions and suspensions. Carbons and polymeric supports have the common
disadvantage of low mechanical resistance.

Among the supported metal catalysts we prefer the catalysts with metal “profile” that comprise
an inert support and a metal phase of specially tailored distribution. Depending on this
distribution catalysts are classified as “egg-yolk,” “egg-white,” or “egg-shell”. They are usually
available in the form of rings, spheres, tablets, or pellets [10].

Metal-supported catalysts of the egg-shell type are mainly used in heterogeneous catalytic
reactions in which the mass or heat transfer limitations have an important effect on the activity
and selectivity to the desired products. They also tend to prevent or minimize the deactivation
phenomena. Their main advantages are low mass transfer resistance, support-independent
pore structure, and high heat transfer rate at the catalyst surface [2].
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It is known that a uniform access of reactants to active sites is important for getting high activity
and selectivity in chemical processes [11]. For example, consecutive reactions of the form
A→B→C in which product C should be suppressed or minimized are of great industrial
interest. Due to the interaction of intraparticle diffusion and reaction, the occurrence of C can
be minimized in catalysts where the active sites are preferentially located on a surface layer
[11–13].

Egg-shell catalysts are used with great benefits in reactions of selective hydrogenation [14–
16], Fischer-Tropsch synthesis [17], methane reforming [18, 19], partial oxidation of methane
[20], etc.

It is also known that diffusional restrictions decrease the chemical reaction rate and negatively
affect the selectivity to the desired products. These phenomena are mainly enhanced in
processes using pelletized catalysts in packed beds, such as Fischer-Tropsch synthesis [17] or
selective hydrogenation reactions [14–16]. In these reactions the maximum yields and selec-
tivities are obtained with egg-shell catalysts in which the active phase is located on the external
surface of the pellet, where the thickness of the active phase plays an important role [17].

Making egg-shell catalysts with common supports is not a simple process because there are
many preparation variables that have to be carefully controlled: pH and viscosity of the
impregnating solution, concentration of the metal salts in solution, time of contact of the
impregnating solution with the support, temperature during impregnation, drying tempera-
ture, and calcination temperature. Other complexities arise from the phenomena involved in
the grafting of the active phase, the variable nature of the impregnating solution (aqueous,
organic, mixed phases), etc. [12, 13, 17, 20–30].

The field of materials science has grown significantly in the past few decades. This growth has
been partly due to the development of complex composite materials that combine different
properties of the individual components, sometimes with convenient synergysm of physical
and chemical features, thus leading to materials with unique properties. Composite-based
catalysts can have enhanced mechanical resistance, selective adsorption properties, and
unique selectivity for regio, stereo, or enantio hydrogenation reactions, etc.

Composite supports using organic (polymer) and inorganic components are of special interest
for modern chemistry and material science because of their potential use in photochemistry,
nanoelectronics, optics, and catalysis. This chapter focuses on composite supports for hetero-
geneous catalysts. In these supports the inorganic phase can be supplied by metal oxide or
metal particles or their mixture. The organic phase is supplied by polymers of different
chemical nature, with chosen surface functional groups available for acting as active sites for
adsorption and catalysis.

Synthesis and use of metal catalysts supported over functional polymers or their mixture with
other inorganic materials are the areas of focus. Organometallic or metal complex catalysts are
not included in this work, though they can be mentioned for the sake of discussion when
reviewing the chemistry of the active sites.

Two main advantages of functional polymers when used as supports of metal particles with
catalytic properties are described below:
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1. Metal supported particles with controlled size and distribution can be synthesized.
Particle size may range from a few nanometers to hundreds of nanometers.

2. Chemical performance advantages of the catalyst can be improved because of an intimate
interaction between the metal particle and the different functional groups of the polymer.
The used polymers can be either soluble or insoluble in the reaction medium. The focus
here is on insoluble polymers, involving a bundle of physically and/or chemically cross-
linked polymer chains in which the metal nanoparticles are embedded.

Pd/composite catalysts with egg-shell structure can be easily obtained because the hydrophil-
lic-hydrophobic action of the support regulates the penetration of the metal (active phase). The
good mechanical properties of these materials give them an advantage over traditional
supports where their use is intended for packed bed or basket reactors.

To evaluate the properties of the metal/composite egg-shell catalysts, the test reactions of
selective hydrogenation of styrene to ethylbenzene, 1-heptyne to 1-heptene, 3-hexyne to 3-
hexene, 2,3-butanodione to 3-hydroxy-2-butanone and ethyl piruvate to (R)-ethyl lactate are
used.

2. Preparation of composite supports and catalysts

2.1. Preparation of composite supports

A brief summary is presented about the preparation and use of different organic-inorganic
supports and catalysts. The materials are divided into three classes and each one is studied
separately:

A. Metals supported over functional polymers

B. Metals supported over inorganic materials

C. Metals supported over new inorganic-organic composite materials

2.1.1. Metals supported over functional polymers

The different strategies of synthesis of these metal/polymer catalysts are shown in Figure 1.

For the preparation of these catalysts, the organic support is commonly prepared from acrylic
or vinylic monomers. Polymerization cross-linking is adjusted by the use of additives, with a
minimum value for preventing the dissolution in the solvents used in the subsequent reactions.
Metals with catalytic properties are placed over these supports. Oxidized metal precursors are
reduced to the metal state with the help of reducing chemical agents in solution or by the use
of molecular hydrogen. For these kind of supports styrene and divinylbenzene N,N-dimethy-
lacrylamide, 2-acrylamido-2-methylpropane sulfonic acid, methacrylic acid , 4-vinylpyridine,
glycidyl methacrylate ethylene glycol dimethacrylate, etc. are the monomers of choice.
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Figure 1. Routes for the preparation of metal catalysts supported on functional polymers.

2.1.2. Metals supported over inorganic materials

Here a functionalized polymer is used. This is generally soluble or slightly soluble in organic
or aqueous solvents. Organometallic compounds or metal particles are grafted over the
polymer matrix. These compounds act as metal active sites. Once the metal is firmly supported
on the polymer surface, particles of this polymer are deposited over inorganic supports.

2.1.3. Metals supported over new inorganic-organic composite materials

Lately our research group developed new composite organic-inorganic supports in which the
organic phase is made out of polymers of functionality 4. In these composites the polymeric
phase has a high cross-linking degree and the inorganic phase is supplied by particulated metal
oxides. The method of preparation of these composite supports is described in Figure 2.

Figure 2. Scheme of preparation of a composite support.

Structured materials in the form of rings, spheres, tablets, or pellets can be prepared with this
preparation technique. Metals can be deposited on them, preferentially with an egg-shell
structure of small thickness of the active phase. These materials have improved mechanical
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resistance in comparison with other existing commercial supports. They also combine dual
hydrophilic/hydrophobic, inorganic/organic surface properties; this is the main property
behind the preparation of egg-shell catalysts.

The process of preparation of the composite supports is described in Figure 2. It comprises
the following steps:

1. Weighing of monomers, polimerization starters, and inorganic material.

2. Mixing of the monomers, polimerization starters, and inorganic material.

3. Shaping of the support by means of extrusion, pelletizing, etc.

4. Polymerization of the organic phase by means of the thermal activation of the polymeri-
zation starter.

5. Making the support ready for use in the preparation of the metal catalyst.

In the preparation of the composite precursors the following polymeric phase precursors
were used: bisphenol A glycerolate dimethacrylate (BGMA), triethylene glycol dimethacry-
late (TEGDMA), and diurethane dimethacrylate (UDMA). The thermally activated polymer-
ization starter used was benzoyl peroxide (BPO). Figure 3 shows the chemical structure of
the monomers and the polymerization starter used during the preparation of the UTAl and
BTAl supports.

Two different composites, that is, UTAl and BTAl used in this work were made by mixing γ-
alumina powder, two monomers, and BPO. The main difference between composites supports
was the type of monomers used; UDMA and TEGMA were used for composite called UTAl,
and BGMA and triethylene glycol dimethacrylate(TEGMA) were used for composite called
BTAl. The alumina used was γ-alumina with a particle size of 0.074 mm.

UTAl and BTAl were prepared as describe by Badano et al. [31], monomers joined BPO were
intimately mixed with 45 wt% γ-alumina. Then, mixture was desgassed and extruded into a
cylinder of 2 mm diameter. Polymerization of the paste was carried on a stove at 393 K for 1
h. The final composite were pellets of 2 mm diameter and 2–3 mm long.

2.2. Catalysts preparation

Gamma alumina (CK-300, Ketjen), activated carbon (NORIT RX3 Extra and CNR), and
composite support, BTAl and UTAl were used as supports to prepared metal catalyst. Platinum
was loaded with PtCl2 and H2PtCl6H2O by incipient wetness technique. After impregnation,
catalysts were dried at 393 K in an oven for 24 h and were maintained in desiccator for further
use. The catalysts were reduced in a H2 flow at 503 K for 1 h after catalytic test.
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Figure 3. Monomer precursors of the polymeric phase and polymerization starter.

3. Catalyst activity test

The catalytic activity and selectivity during the hydrogenation reactions were measured in a
batch, PTFE-coated, stainless steel, stirred tank reactor, using pelletized or powder catalysts.
The procedure used for starting the reaction comprised of the following steps. The reactor was
charged with a solution of the substrate (styrene, 1-heptyne, 3-hexyne, 2,3-butanodione, ethyl
pyruvate). The stirring rate used in each catalytic test was 1200 rpm. Pressure, temperature,
and catalyst concentration values were different for each system.

4. Results

4.1. Catalysts characterization

Values of the axial and radial mechanical resistance of the pellets were obtained in an universal
rehearsals equipment. A compression rate of 1 mm min–1 was used. The attrition resistance
was assessed by means of the method depicted in the ASTM D 4058 norm.

The specific surface area (SBET) values were obtained from nitrogen physical adsorption-
desorption isotherms at 77 K. In order to get a surface free of water and adsorbed compounds,
the samples were degassed overnight at 523 K in vacuum (<10–4 Pa) before adsorption.
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The palladium and platinum content of the catalysts was obtained by digesting the sample
and then analyzing the liquors in ICP equipment. Hydrogen chemisorption measurements
were performed in a pulse apparatus at atmospheric pressure. Before the test the samples were
reduced in a gas mixture containing 5% v/v H2/Ar for 1 h and degassed in an Ar flow at the
same temperature of reduction for 3 h. After that, the samples were cooled in an argon flow,
and the chemisorption test was done by injecting hydrogen pulses to the flowing stream until
the samples became saturated.

X-ray photoelectron spectroscopy (XPS) was done over the reduced catalysts with a VG-
MicrotechMultilab equipment.

Samples were analyzed using scanning electron microscopy (SEM) equipped with an energy
dispersion system (EDAX) that enablesto analyze elementary chemical with an X-ray mi-
crobeam. This technique is known as electron probe microanalyzer (EPMA) and it was allowed
to elucidate metal distribution and create elemental mappings. Before measure, catalyst pellets
were coated with thin carbon film in order to avoid influence of charge effect during the SEM
operation. The scanning speed was 0.02 mm min–1 and the acceleration voltage of electron
beam was 20kV.

The thickness of the metal surface shell was also determined optically with the aid of micro-
graphs of the cross section of the catalysts. Micrographs were obtained with a microscope
equipped with a color video printer. To analyze the samples, this technique required to be
encapsulated with a thermoplastic resin and then polished with sandpaper. Sanding encap-
sulated samples were done with finer paper (down 500 grit) until exposing the cross section
of catalyst particles. The finest paper used was 2500 grit.

The XRD measurements were performed in a diffractometer with CuKα radiation filtered with
Ni. Spectra were scanned at a rate of 0.25 min–1 in range between 25 and 80°. Catalyst required
different preparation before analyzing. For alumina and carbon samples, material was grinded
and reduced in hydrogen flow. In the case of composites, a slab of 1 cm2 of area was impreg-
nated with Pt or Pd, then was grinded and reduced as previous samples thermo gravimetric
analysis (TGA) traces were also obtained. These traces show the dependence of the thermal
weight loss of a sample as a function of the temperature. In the experiments catalyst samples
(about 10 mg) were heated in an air flow of 40 mL min–1 from room temperature up to 1173 K
at a heating rate of 5 K min–1.

To measure the acidity of the supports, the reaction of dehydration of 1,4-butanediol to
tetrahydrofurane (THF) was followed.

5. Results

5.1. Catalyst characterizations

Table 1 shows the results of the tests of mechanical properties, i.e., resistance to diametrical
compression (SD), resistance to longitudinal compression (SL), and attrition loss obtained for
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the composite supports UTAl, BTAl and for the commercial supports of alumina and carbon.
It can be seen that the composite supports have better mechanical properties than the com-
mercial supports. This is especially important when γ-alumina is taken as a reference.

Support SDa

(Kgf/cm2)

SLa

(Kgf/cm2)

Attrition loss (%)b

1800 Turns

Attrition loss (%)b

18,000 Turns

Carbon RX3 <100 217 ± 101 1.659 6.859

γ-Al2O3 <100 703 ± 199 0.167 3.103

α-Al2O3 282 ± 43 2053 ± 398 1.124 6.002

UTAl 392 ± 57 4708 ± 690 0.028 0.136

BTAl 348 ± 41 3741 ± 900 0.046 0.189

aFrom Ref. [31].
bFrom Ref. [32].

Table 1. Supports mechanical properties.

Table 2 contains the results of metal concentration, metal dispersion, specific surface area,
binding energy of Pd3d5/2 and Pt 4d5/2 and Cl/metal atomic ratios obtained by XPS, and metal
penetration depth, as determined by different techniques.

Catalyst Metal (wt%) D % (atad/attotal) SBET XPS BE (eV)
Pd 3d5/2 and Pt 4d5/2

Cl/Metal (at/at) EMPA
e (μm)

0.3PdUTAl 0.23 5 nd 335.0(74%)

337.0(26%)

0.60 60

0.3PdBTAl 0.26 3 nd 335.6(76%)

336.6(24%)

0.84 90

0.3PdCNR 0.49 62 nd 335.2(100%) - nd

1PdAl 1.1 19 234 335.3(62%)

337.2(38%)

3.76 Up to
Pellet center

1PdRX 1.31 4 1073 335.2(100%) - 600

1PdUTAl 1.00 7 0.62 335.0(89%)

337.0(11%)

0.20 60

1PdBTAl 1.10 4 1.13 335.2(75%)

336.7(25%)

0.68 90

1PtUTAl 1.00 nd nd 313.5(48%)

315.5(52%)

1,23 nd

1PtBTAl 1.10 nd nd 313.5(55%)

315.5(45%)

0,87 nd

Table 2. Metal catalyst loadings, dispersion values, XPS results, and metal penetration to EMPA.
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Regarding the Pd surface species, except for the 0.3PdCNR and 1PdRX catalysts, only two
different species were detected. The PdUTAl catalysts had a peak with a binding energy (BE)
of 335.0 eV, attributed to Pd0, while the PdBTAl catalysts had peaks at 335.6 (0.3PdBTAl) and
335.2 eV (1PdBTAl), and attributed to Pdδ+ electrodeficient Pd species [33]. All catalysts had a
second signal with BE values between 336.3 and 337.0 eV that would correspond to Pdη+ species
with δ+<η+<2.This could possibly be related to the incomplete removal of chlorine ligands of
the metal salt during the thermal treatment, leading to the presence of surface nonreduced Pd
oxychloride species [34]. The same behavior can be seen for the Pt catalysts. In this case the
4d5/2 signals at 313.5 and 315.5 eV would be attributed to Ptη+, oxychlorided platinum species
[34].

In Figure 4 optical microscopies of the catalysts 0.3PdBTAl, 0.3PdUTAl, 1PdBTAl, and 1PdU-
TAl are shown. In this figure it can be observed that the pellets images form before the catalytic
tests. In the cross-sectional images of these catalysts it can be observed in the clearer region, the
presence of support on the inside of the pellet, and on the outer surface, the darker region, the
metal is located. Identical behavior can be seen in Figure 5 where the microscopies for 1PtUTAl
and 1PtBTAl catalysts were obtained.

Figure 4. Optical micrographs images for transversal section of catalysts: (a)–(c): 0.3PdBTAl; (d)–(f): 0.3PdUTAl; (g)–(i):
1PdBTAl; (j)–(m): 1PdUTAl.

Figure 6 presents SEM images obtained for the catalysts 0.3PdBTAl, 0.3UTAl, 1PdBTAl, and
1PdUTAl. In the SEM images, Figure 6(a) and (b), the topography of the surface catalysts
1PdBTAl and 1PdUTAl can be seen. Images from Figure 6(c)–(h) were obtained using the
detector in backscattering mode in order to see the structural composition of the composite
catalysts. From such images it is possible to see Pd particles as darker region on outer surface
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of the support. In the center of the pellet light color spots surrounded by a structure of gray
colorcan be seen, which corresponds to γ-alumina particles gird for a continuous network of
polymeric phase of the composite catalyst.

The egg-shell profile of the catalysts was confirmed by EPMA obtained by the penetration of
Pd on the support of 60 and 90μm for UTAl and BTAl supports, respectively.

Figure 5. Optical micrograph images of the cross section of the pelletized catalysts: 1PtBTAl (a and b); 1PtUTAl
(c and d).

Figure 6. Catalysts transversal section SEM images. (a), (c), and (e) 1PdUTAl; (b), (d), and (f) 1PdBTAl; (g) 0.3PdUTAl,
(f) 0.3BTAl. From Ref. [32].
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Figure 7 shows the X-ray diffractograms of the composite supports, γ-alumina, Pt/composite,
and Pd/composite catalysts. Comparing the results of gamma alumina with those of the
composite supports, a close similarity can be seen. This is due to the fact that the inorganic
phase used for the preparation of the composite supports is also γ-alumina and that the
polymeric phase is amorphous. For all catalysts a peak at 20–39.9° would correspond to the
reflections of the (111) planes of Pd0 and Pt0.

Figure 7. X-ray diffractograms of the composite BTAl (a) and UTAl (b) supports and the corresponding Pd and Pt cata-
lysts.

Figure 8 contains the TGA results of the UTAl and BTAl composites, and 1 wt% Pd and Pt
composite catalysts.

Figure 8. TGA traces of the composite supports and the corresponding Pt and Pd catalysts using air as carrier gas.

Inspection of the TGA traces indicates that for both composites the presence of the metal
enhances the rate of decomposition of the organic phase.This effect is more important in the
case of Pt. This behavior correlates with the nature of these metals that act as combustion
catalysts in the presence of oxygen.
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In order to assess the acidity of the support the reaction test of dehydration of 1,4-butanodiol
to THF was used. The results of the test are shown in Figure 9. As expected the catalyst with
the highest activity is the Amberlyst 15 resin. γ-Al2O3 alumina has a catalytic activity lower
than the resin but higher than other supports. The composite and the Norit RX3 carbon
supports display alcohol conversion values much lower than those of the resin or the alumina.
There are only slight differences in activity between the activated carbon and UTAl composite
while BTAl displays the lowest values of conversion as a function of time. From these results
it could be inferred that the acid resin Amberlyst 15 has the highest concentration of acid sites
and the BTAl composite the lowest.

Figure 9. Acidity test. Dehydration of 1,4-butanediol to THF. Reaction conditions: 1,4-dioxane solvent,
C0

1,4-butanediol = 1 M, 0.1 MPa, 473 K, Wcat = 0.2 g.

5.2. Hydrogenation tests

5.2.1. Styrene hydrogenation

Figure 10 shows a scheme of the reaction of selective hydrogenation of styrene to ethylbenzene.
In this reaction the hydrogenation of the aromatic nucleus is undesired.

Figure 10. Scheme of the reaction of selective hydrogenation of styrene to ethylbenzene.

The reaction of hydrogenation of styrene to ethyl benzene is used as a reaction test for the
process of purification of some refinery hydrocarbon streams. In this reaction the interest is to

New Strategies for Obtaining Inorganic-Organic Composite Catalysts for Selective Hydrogenation
http://dx.doi.org/10.5772/65959

193



hydrogenate the vynillic external C═C bond, while keeping unaltered the bonds of the
aromatic ring [34, 35].

In order to determine the mass transfer limitations in the inside of the catalyst particles, the
effectiveness factor (η) was used:

real reaction rate
unrestricted reaction rate

h = (1)

The real reaction rate corresponds to the measured rate of the reaction at the conditions of
temperature and concentration of the bulk reaction medium.The unrestricted reaction rate
corresponds to the ideal reaction rate of a catalyst particle with no intraparticle or fluidparticle
gradients of concentration or temperature that has the temperature and concentration of the
bulk fluid phase.The unrestricted reaction rate was measured by grinding the catalyst pellets
to a particle size smaller than 100 μm. For this particle size and the reaction conditions used it
was estimated that all mass and heat transfer gradients were negligible.

The results of styrene conversion as a function of reaction time for the pelletized and powder
catalysts are shown in Figure 11. The catalysts prepared with the composite supports UTAl
and BTAl have higher activities (higher conversion values) than the catalysts prepared with
commercial supports.

Figure 11. Styrene conversion as a function of reaction time.Catalysts with 1% Pd. Reaction conditions: toluene solvent,
C0

styrene = 0.445 M, 2.0 MPa H2, 353 K, Wcat = 0.3 g (pellet) or 0.01 g (powder).

In all the tests, for all catalysts, at all reaction conditions used, the obtained values of selectivity
to ethylbenzene were higher than 99%.

Initial reaction rates were calculated by calculating the conversion rate as a function of
time and extrapolating to zero conversion. With the values corresponding to the pellet and
powder catalyst the effectiveness fact or could thus be estimated using the following equa-
tion:
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0

0

Initial reaction rate of pellet catalyst
Initial reaction rate of powder catalyst

pellet

powder

r
r

h = = (2)

Table 3 contains the values of �pellet0 , �powder0 , and for the different catalysts. It can be seen that

the composite supports have highervalues than PdRX and PdAl catalysts. The higher effec‐
tiveness values are directly related to the lower mass transfer limitations when using the
composite catalysts.

Catalyst r0
pellet (n°/gcat min) r0

powder (n°/gcat min) η

PdRX 0.0014 0.0295 0.048

1PdAl 0.0019 0.1183 0.016

1PdUTAl 0.0029 0.0097 0.299

1PdBTAl 0.0038 0.0300 0.127

Table 3. Styrene hydrogenation initial reaction rate for catalyst pellets (r0
pellet) and catalysts powders (r0

powder).
Effectiveness factor (η) [31].

Catalysts with a metal loading lower than 0.5 Pd wt% were also tried with this reaction
test. The catalysts are named 0.3PdUTAl and 0.3PdBTAl in the case of the composites
(with 0.3% Pd). LD265 is a procatalyse Pd/Al2O3 catalyst (0.3% Pd) and Engelhard is a
BASF Pd/Al2O3 catalyst (0.5% Pd).The results are plotted in Figure 12.

Figure 12. Styrene hydrogenation catalysts with less of 0.5 wt % of Pd. Reaction conditions: toluene solvent,
C0

styrene = 0.445 M, 2.0 MPa H2, 353 K, Wcat = 2 g pellet.
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It can be seen that for all catalysts the pattern of conversion as a function of time are quite
similar, though the catalytic activity is slightly better for the composite 0.3PdUTAl and
0.3PdBTAl catalysts.

5.2.2. Alkyne hydrogenation

The partial hydrogenation of alkynes to obtain olefinic compounds is a reaction of industrial
and academic interest. It is of big importance for the petrochemical, pharmaceutical, and
agrochemical industries. Most of the times the alkyne compounds to be hydrogenated are not
raw materials for synthesizing new products but impurities to be removed from a certain
process feedstock. The conversion of these alkynes, when the feedstock has a high concentra-
tion of alkenes, demands specialized catalysts that can react with the triple bond while keeping
intact the double bonds of the alkenes. Moreover, the conversion of alkynes to valuable alkenes
is usually desired [36–40].

Figure 13 shows the scheme of reaction of the selective hydrogenation of 1-heptyne, a terminal
alkyne, to 1-heptene.The objective of this reaction is to hydrogenate 1-heptyne with a maxi-
mum selectivity to the intermediate product 1-heptene. The product of deep hydrogenation,
n-heptane, should be completely disfavored.

Figure 13. Scheme of the reaction for the selective hydrogenation of 1-heptyne to 1-heptene.

Figure 14 shows the values of conversion of 1-heptyne and selectivities to 1-heptene and n-
heptane as a function of time for the catalysts 0.3PdAl, 0.3PdCNR, Lindlar, and 0.3PdUTAl. It
can be seen that the egg-shell Pd supported catalyst base on the UTAl support is the most active
for hydrogenation. At 3 h,95% conversion of heptyne is seen while the other tested pellet
catalysts did not reach 30%.The Lindlar catalysts (0.75 g) with a Pd content of 5% had at 180
min values of conversion similar to 0.3PdUTAl but with selectivities toheptene close to 85%,
lower than the selectivity of 0.3PdUTAl. When compared to 0.3PdUTAl, the Lindlar catalyst
is disadvantaged as it is supplied in powder form. Once the reaction is finished it must be
filtered from the reaction medium with a process that is lengthy and costly due to the high
efficiency required for recovering the high priced, high Pd content (5%) Lindlar catalyst.
0.3PdUTAl has a much lower Pd content (0.22%), and is cheaper and has no filtering problems.

Figure 15 shows the scheme of reaction of selective hydrogenation of 3-hexyne, a nontermi-
nal alkyne, to 3-hexene. In this reaction the desired compound is the product of mild hydro-
genation, the intermediate 3-hexene, while the product of deep hydrogenation, n-hexane, is
undesired.
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Figure 14. 1-heptyne hydrogenation. (a) 0.3PdAl, (b) 0.3PdCNR, (c) Lindlar, and (d) 0.3PdUTAl.Reaction condi-
tions:toluene solvent, C0

1-heptyne = 0.350 M, 0.15 MPa H2, 303 K, WCat = 0.75 g.

Figure 15. Scheme of the reaction of selective hydrogenation of 3-hexyne to 3-hexene.

The 0.3PdUTAl catalyst was also tried in the hydrogenation of 3-hexyne to 3-hexene. The
results of total conversion of 3-hexyne (X3HI) and selectivity to 3-hexene (SHE) and n-hexane
(SHA) are plotted in Figure 16. Values of 99% and 94% selectivity at 180 min reaction time can
be seen. Also, no deactivation of the catalyst was detected.

Figure 16. 3-hexyne hydrogenation.0.3PdUTAl catalyst. Toluene solvent, C0
3-hexyne = 0.350 M, 0.15 MPa H2,

303 K, WCat =0.75 g.
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5.2.3. 2,3-butanedione hydrogenation

Figure 17 shows the scheme of reaction for the selective hydrogenation of 2,3-butanedione to
3-hydroxybutan-2-one. In this reaction one of the carbonyl groups requires to be hydrogenated
with an alcohol group.

Figure 17. Scheme of reaction for the selective hydrogenation of 2,3-butanedione to 3-hydroxybutan-2-one.

The reaction of hydrogenation of 2,3-butanedione to 3-hydroxybutane-2-one is a reaction of
interest for the industry of scents and fragrances [41–43]. Figure 18 shows the graphs of total
conversion of 2,3-butanedione (X2,3BD) as a function of time for the catalysts 0.3PdUTAl,
0.3PdBTAl, 1.3PdUTAl, and 1.3PdBTAl. In all cases the selectivity to 3-hydroxybutane-2-one
was higher than 98%.

Figure 18. 2,3-butanedione hydrogenation. Reaction conditions: isopropyl alcohol solvent, C0
2,3-butanodione = 0.057 M,

4.0 MPa H2, 368 K, WCat = 2 g.

All catalysts of Pd supported over composite supports, independent of the kind of polymer
used and of the metal content, were active and highly selective for the reaction of interest.
Among the composite catalysts series, those based on the BTAl support were more active than
those based on the UTAl. This was more evident in the case of the catalyst of low metal
concentration.
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The catalysts 1PtBTAl and 1PtUTAl (see Figure 19) were also tried in this reaction. In these
catalysts a decrease is seen in the selectivity to 3-hydroxybutane-2-one due to the appearance
of the product of consecutive hydrogenation of 2,3-butanediol. This pattern of lower selectivity
of Pt as compared to Pd has already been reported in the literature [44].

Figure 19. 2,3-butanedione hydrogenation. Reaction conditions: isopropyl alcohol solvent, C0
2,3-butanodione = 0.057 M,

4.0 MPa H2, 368 K, WCat = 2 g.

5.2.4. Ethyl pyruvate enantioselectivity hydrogenation

The enantioselective hydrogenation of ethyl pyruvate has been an intensively studied research
subject. It has been found that the Pt catalysts are the most appropriate for performing this
reaction [45, 46], while the Ir, Ru, and Pdcatalysts display lower yields [45, 47]. The Pt-
cinchonidine catalysts favor the formation of (R)-ethyl lactate.

Figure 20 shows the scheme reaction for the selective hydrogenation of ethyl pyruvate to (R)-
ethyl lactate (using cinchonidine as modifier).In this reaction the objective is to get an enan-
tiomeric excess (ee) of the (R) form over the (S) form.

Figure 21 shows the results of catalytic activity obtained with the catalysts 1PtBTAl and
1PtUTAl employing cinchonidine as quiral modifier. The composite catalysts prepared were
found to be active, showing conversion values higher than 90%. In both cases it can be seen
that 1PtBTAl is more active than 1PtUTAl.This could be related to the higher availability of
active sites. Also, when cinchonidine is used as chiral modifier the enantiomeric excess (ee) of
(R)-ethyl lactate achieved was greater for the case of the 1PtBTAl catalyst. This could be related
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to the size of the metal particles. A big size would permit a better interaction with the chiral
modifier.

Figure 20. Scheme of reaction for the enantioselective hydrogenation of ethyl pyruvate to (R) or (S) ethyl lactate.

Figure 21. Ethyl pyruvate hydrogenation. Reaction conditions: isopropyl alcohol solvent, C0
Ethyl pyruvate = 0.346 M, C0

Cincho-

nidine = 0.002 M, 2.0 MPa H2, 298 K, Wcat = 0.5g.

6. Conclusions

In the present work a method was presented for the preparation of new organic-inorganic
hybrid materials for being used as catalyst support, generally referred to in this work as
“composites.”BTAl and UTAl composites are formed by a combination of inorganic material
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(alumina) and an organic one (polymer).The organic phase was obtained by polymerization
of organic molecules of functionality 2: bisphenol Aglycerolatedimethacrylate, diurethanedi-
methacrylate, and triethylene glycol dimethacrylate. The inorganic phase in the form of a
powder was mixed with the monomers and a heat starter of polymerization (benzoyl perox-
ide).The mixture was extruded and then polymerized by applying heat. Thus, the obtained
rigid material was used as a support for the preparation of supported noble metal catalysts.

The composites display the combined action of a hydrophilic material (alumina) and a
hydrophobic one (polymer). This is an ideal combination for the preparation of catalysts with
small thicknesses of active metal surface layer. The combination of these dual properties makes
the process of preparation of metal/composite catalysts easier, faster, cheaper, and more
repetitive, in comparison to the preparation of catalysts of metals supported over common
supports. Conventional methods using these common supports need a strict control over the
viscosity, contact time, and pH of the impregnating solution, the temperature of impregnation,
drying, and calcination. Figure 22 shows a graphical description of composites catalysts
synthesis procedure.

Figure 22. Graphical description of composites catalysts synthesis procedure.

Egg-shell supported metal catalysts have advantages over the catalysts with other metal
distributions. They have a lower intraparticle mass diffusion resistance and enable a better
control of the temperature on the surface of the catalyst, thus enabling an overall better control
of the reaction and the reactor.

The results of hydrogenation of styrene using pellet catalysts and powder catalysts containing
more than 1 wt% Pd showed that the composites UTAl and BTAl had higher values of the
effectiveness factor (η) in comparison to the rest of the catalysts. These results can be attributed
to the small thickness of the metal layer formed over the surface of the composite support,
lower than the thickness in the other catalysts prepared using conventional supports as
alumina or an activated carbon.

The Pd/composite catalysts of low metal content were compared to other commercial samples,
LD265 (Axens) and ENGELHARD, in the reaction test of styrene hydrogenation. The Pd/
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composite catalysts had slightly better catalytic properties than the commercial Pd catalysts,
a fact pointing to the possibility of industrial use of these new materials.

In the tests of selective hydrogenation of terminal alkynes to terminal alkenes, the activity of
the catalysts 0.3PdAl, 0.3PdCNR, 0.3PdUTAl, and Lindlar were evaluated using 1-heptyne as
reactant. It was seen that at 180 min, Lindlar and 0.3PdUTAl achieved total conversion of the
alkyne, with selectivity to 1-heptene of 85% in the case of the Lindlar catalyst and 97% in the
case of 0.3PdUTAl. The 0.3PdAl and 0.3PdCNR catalysts suffered in this strong reaction
deactivation. This was more noticeable from 1-heptyne conversion values of 10–20%.The
0.3PdUTAl catalyst had a similar activity as the commercial Lindlar catalyst. Some advantages
of the new materials were evident. The Lindlar catalyst was available in powder form and was
very expensive due to the high metal content (5 wt% Pd).The Pd/composites were pelletized
and only had 0.25 wt% Pd content.

The good results of conversion and selectivity obtained during the reaction of hydrogenation
of 3-hexyne, a nonterminal alkyne, to 3-hexene, over the 0.3PdUTAl catalyst, indicates that
these composite catalysts can also be used in reactions comprising consecutive steps.

The reactions of hydrogenation presented were also favored by the use of composite supports
because of their lower acid strength. This is an advantage for suppressing undesirable
reactions, such as the oligomerization of alkenes and alkynes, leading to the formation of
carbon deposits or gums over the catalysts. These and other reactions affect the selectivity and
lifetime of the catalysts.

In the case of the reaction of synthesis of 3-hydroxybutane-2-one from 2,3-butanedione, which
is of commercial interest for the perfume industry, it was seen that the Pd/composite catalysts
could be used with values of conversion and selectivity close to 100%.The use of composites
in the slurry reactors enabled sparing the filtering of the liquid phase at the end of the reaction.
The difference in activity found between the PdBTAl and PdUTAl catalysts could be due to
the differences in metal dispersion or to differences in the electronic properties of the surface
Pd species.

During the enantioselectivity hydrogenation reaction of ethyl pyruvate using cinchonidineas
a quiral modifier, both PtUTAl and PtBTAl composite catalysts were active and selective to
(R)-Ethyl Lactate. PtUTAl catalyst had higher total conversion than PtBTAl but had less
enantiomeric excess (ee). This activity and enantioselectivity behavior could be related, at least
partly due to the electronic effects of the presence of chloride species that prevents the
adsorption of the quiral modifier causing a decrease in the enantiomeric excess (ee), although
geometrical effects of Ptδ+OxCly species could not be discarded.

The advantage of the egg-shell catalysts that makes them to be preferred over other catalyst
types is that they have smaller intraparticle mass transfer limitations. Having most of the metal
phase on the outer surface layer, makes also the heat transfer more efficient, enabling a better
control of the reaction and the reactor temperature.

A last advantage is related to the mechanical properties. The composites displayed higher
values of diametrical and longitudinal resistance than alumina and silica and also suffered less
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attrition. This translates into a higher crush resistance when used in packed beds and a lower
tendency to the formation of fines when used in slurry stirred reactors.

In summary, it can be said that the composite catalysts synthesized in this work had an egg-
shell metal distribution with very small metal surface layer thickness and proved to be superior
to common metal catalysts prepared with commercial supports. This was attributed to a
combination of the following properties: good mechanical resistance, simplicity of preparation
procedure for support and catalyst, small thickness of the active phase, uniform distribution
of the metal over the support surface, ease of preparation procedure scale-up, and possibility
of achieving any desired pellet shape.
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