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Abstract
Study into the influence of support pore size on the structure and activity of Pd/C

catalysts

Palladium on carbon catalysts (Pd/C) are of great importance as a hydrogenation
catalyst in chemical industry. In 2013, a quarter of drugs involved at least one hy-
drogenation step during their synthesis. Nevertheless, hydrogenation over Pd/C
catalysts is not fully understood. Cinnamaldehyde hydrogenation is used as a model
hydrogenation reaction, as cinnamaldehyde has two different sites that can be hy-
drogenated. Earlier research shows that the selectivity towards hydrogenation of the
C C or C O bond is controlled by the palladium particle size. In this research, the
influence of the pores in the carbon support on the palladium particles and the cat-
alytic performance in the hydrogenation of cinnamaldehyde was explored. To this
end, a method was developed using thermoporometry experiments to selectively
impregnate pores of different sizes with a palladium tetraamine solution, which
functions as a precursor to the palladium particles. These impregnations were per-
formed by dry impregnation as overall impregnation method, partial impregnation
to impregnate the smaller pores and micropore and small mesopore blocking with
subsequent partial impregnation to selectively impregnate larger mesopores.
The final catalysts showed different selectivity according to intended impregnation
location: palladium particles intended in small pores showed a higher selectivity to-
wards hydrocinnamaldehyde formation and palladium particles in intended larger
pores showed a slightly higher selectivity towards cinnamyl alcohol formation.
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Chapter 1

General introduction

1.1 Heterogeneous catalysis

Catalysis is employed in almost all large-volume chemical production. It could be
argued that most man-made objects around us have been made using a heteroge-
neous catalyst at some point during production. Also, it is of great importance in
the fuel production and conversion industries. Catalysts assist in chemical reactions
to increase the reaction rate and selectivity towards the desired products, theoret-
ically without being consumed. The overwhelming majority of catalysts used are
heterogeneous catalysts, making them an important subject for study. These het-
erogeneous catalysts are in a separate phase from the reactants and products, e.g.
solid/liquid, solid/gas or liquid/gas systems which makes it relatively easy to sep-
arate the products from the catalyst.

1.1.1 Supported metal catalysts

Often precious metals are used as solid state catalysts, making a high metallic surface
area catalyst economically highly desirable as the catalytic activity takes place at the
metal surface. These high metallic surface area catalysts are generally prepared as
small nanoparticles of only a few nanometers in diameter, to maximize the surface
area available for catalysis. However, these particles can not simply be loaded into
a reactor. The particles would be hard to handle as the material would behave like
a fine dust. Problems arising from using the bare metal nanoparticles include slow
diffusion through the reactor in the case of gas-phase reactants and the fact that
particles could easily sinter under elevated temperature and pressure as the metal
particles are packed so closely together. This sintering of particles can also alter
the selectivity of the reaction, due to particle size effects. This can be prevented
by supporting nanoparticles on a solid support material which may have a porous
structure in order to maximize the surface to mass ratio of the support.1 In theory, a
large support surface area combined with a large metal surface area would be ideal,
with as much distance between individual metal nanoparticles as possible to prevent
the particles from sintering.

1.2 Pd/C catalysts

Palladium on carbon (Pd/C) catalysts are of great importance as a hydrogenation
catalyst in organic chemistry both on lab scale and on industrial scale syntheses.2

They are used to convert unsaturated carbon compounds into saturated carbon com-
pounds3 but can also be employed towards reduction of aldehydes, nitro groups,
nitriles and aromatics amongst others4,5. In 2013, a quarter of all drugs on the market
had a hydrogenation step in their synthetic procedure,6 making understanding of
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the underlying catalytic processes important for optimizing these reactions. In many
organic chemistry textbooks examples can be found for the employment of Pd/C
catalysts in hydrogenation of (unsaturated) organic molecules. A large advantage of
using carbon as a support for Pd catalysts is the facile recovery of palladium from
spent catalysts7. The carbon as support can be readily oxidized to CO2, leaving the
palladium to be recycled for renewed use.

1.3 Production of Pd/C catalysts

In the procedure of creating Pd/C catalysts, several methods can be used to form
palladium nanoparticles (NPs) on the carbon support surface. These methods in-
clude deposition precipitation, ion adsorption and dry impregnation8.

1.3.1 Deposition precipitation

Deposition precipitation9,10 is a two-step process which can be performed by first
bringing the support into contact with a metal precursor solution. Depending on the
precursor used, next an acid or base is added to adjust the pH of the solution to such
pH that the metal salt is no longer soluble and precipitates. This may lead to large
concentration gradients of the added acid or base, which can cause inhomogeneity
in the distribution of the metal. A method to partially counteract this inhomogeneity
is homogeneous deposition precipitation (HDP).11 In this method instead of a sim-
ple base, urea is added and allowed to slowly decompose into ammonia and carbon
dioxide by heating in order to raise the pH slowly and uniformly across the reac-
tion mixture. This leads to a lowering of the precursor solubility resulting in highly
uniform precipitation of the precursor onto the support. Next, the precursor is re-
duced, finally forming the metal nanoparticles. While the exact mechanistics vary
from compound to compound and from support to support, this method is highly
suitable to scale up due to its robustness.
A major issue with this method on industrial scale is the large amount of waste wa-
ter to be treated, causing an increase in the cost of production. This is accompanied
by the lack of control over where precipitation of the metal salt will occur. While
statistically a certain amount will precipitate on the support surface, as this has a
relatively high surface area on which to precipitate with respect to the reactor wall,
a relatively large amount of the precipitate can either remain in suspension in the
solvent, or precipitate on the reactor wall. The benefit in using this method however
is the high metal loading that can be obtained while retaining small metal particles
combined with narrow pore-size distributions.12

1.3.2 Ion adsorption

Ion adsorption13 depends on the interaction between a charged surface and an oppo-
sitely charged adsorbent. In the case that little or no charge is present on the support
surface, the surface may be functionalized with either acidic or basic oxygen or ni-
trogen containing functional groups. The choice between acidic or basic functional
groups depends on the nature of the adsorbate. In the case of palladium adsorption,
[(NH3)4Pd]2+ (Tetraamminepalladium, PdTA) can be used for instance in the form of
(NH3)4Pd(NO3)2. As this is a cationic species, the support surface needs to be neg-
atively charged for adsorption of the PdTA onto the support. This can be attained
by functionalization of the support surface with acidic functional groups, such as
carboxylic or phenolic groups. The pH of the solution must be higher than the point
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of zero charge of the support material to make sure the surface functional groups are
deprotonated as otherwise the precursor cannot adsorb on the surface. This can be
done by addition of a base prior to the addition of the precursor. The support can
then be dried to remove the solvent. Next, the palladium nanoparticles are formed
upon decomposition of the Pd-complex by a thermal treatment in an inert atmo-
sphere. In order to reduce the palladium to metallic Pd(0) a source of electrons is
needed which may be found in the carbon support. If a thermal treatment is not
desired, a reducing agent such as sodium borohydride may be added to reduce the
adsorbed palladium. The benefit in this method is that sodium borohydride can sim-
ply be added to the reaction mixture after the precursor has been allowed to adsorb
to the support.

1.3.3 Dry impregnation

Dry impregnation is perhaps the most experimentally easy method to prepare a sup-
ported catalyst (see Figure 1.1), already being performed by Henry Deacon in 1868
in the preparation of supported copper catalysts for the synthesis of chlorine gas12,14

as one of the earliest examples of supported catalysis. However, an easy to carry out
preparation method does not mean that the physics occurring during impregnation
is simple.
While in ion adsorption relatively large amounts of solvent are used in the adsorp-
tion step, this is not the case for dry impregnation13,15 (DI). In this method only so
much solvent, with the metal precursor dissolved, is used as to just fill the porous
support structure. While in principle this sounds simple, this method still has con-
siderable practical problems. It is often unknown whether the support pores are
fully impregnated, risking to add too much of the impregnating liquid. If the pores
are overfilled, a limited amount of the solvent may be present outside the pores.
This means that metal will be deposited on the outside of the catalyst grains, which
may lead to larger metal particles that can be prone to sintering, possibly altering
the catalyst selectivity. On the other hand if pores are not sufficiently impregnated,
the support may not be fully utilized leading to a lower activity. Decomposition of
the precursor to form the final nanoparticles may be performed in the same manner
as discussed in section 1.3.2.
The benefits to industry using dry impregnation are the small scale of waste pro-
duction as no large amounts of solvent are needed in this technique and the limited
number of operations needed to obtain the catalyst.12 Also, the percentage of the
metal deposited on the support instead of on the reactor wall is nearly 100%, which
may be less in techniques such as ion adsorption.

Charge enhanced dry impregnation

Adsorption of the metal precursor may take place by electrostatic interactions be-
tween the support surface and the precursor.16 The interactions between support
and precursor are electrostatic in nature if the charges on the complex and surface
are of opposite sign, as is the case in ion adsorption. These surface charges can, for
instance, arise from oxygen- or nitrogen containing surface groups. By adding an
acid or base to the impregnating solution for a high point of zero charge (PZC) or
low PZC support respectively the support functional groups can be deprotonated or
protonated in order for electrostatic adsorb to take place.
This technique is sometimes applied to obtain a maximum metal dispersion16, but
is not required for proper impregnation to occur; as in DI the pores are just filled
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Figure 1.1: Impregnation of a solid support with a liquid precursor solution. First,
the porous structure is filled with the precursor solution with no solution outside
the grains. Next, via a heating program the support is first dried, precipitating the
metal precursor on the pore walls. An activation or reduction step then forms the
final metal nanoparticles inside the support pores.

without any additional liquid outside of the support all of the metal ions will enter
the porous structure, so no metal precursor will be present outside the pore struc-
ture. Upon drying the precursor is deposited on the support. Activation of the
metal precursor by heating then yields the metal particles inside the support pores
as outlined in the paragraph above. An added benefit to charge enhanced dry im-
pregnation (CEDI) is that metals deposited on the support cannot easily leach out in
a reactor as the metal nanoparticles are somewhat anchored to the support surface.

1.4 Supports for Pd/C catalysts

Figure 1.2: Pd/C catalysts on two different supports: a. TEM image of Pd on CNT
support showing the individual CNT-strands supporting the Pd nanoparticles
(black dots). b. HAADF-STEM image of Pd/AC (Norit GSX activated carbon)
showing a relatively dense carbon structure with palladium particles as white
dots.

Carbon supports can be numerous in differences, to name just a few: variations
in pore size- and pore distributions can be found between different carbon materials-
and sources. Also, variations in impurity levels such as iron, sulphur or sodium
can be present, as well as different amounts of dopant species such as nitrogen and
oxygen. While some variables, such as impurities cannot be easily controlled as
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they are (partially) dependent on the carbon source used, others can be optimized
for a particular catalyst. For research purposes, carbon nanotubes (CNT) are of-
ten employed.17 These supports offer the possibility to accurately study Pd/C cata-
lysts without the effects of diffusion limitations being present as these support pores
mainly consist of macropores and large mesopores. In Figure 1.2 two Pd/C catalysts
are depicted with different supports. Left, a carbon nanotube supported catalyst
with a relatively open pore structure and right a relatively dense activated carbon
supported catalyst.
In industrial applications cost considerations are an important factor in deciding the
support used for the catalyst at hand. Activated carbons (AC), which is a pyroly-
sis product, offers this low cost. However purity levels and pore structure can vary
greatly in these carbon materials; these carbons often show a complex porous struc-
ture containing a varied micro-, meso- and macroporous structure.18

Carbon xerogels may be employed to avoid most of aforementioned problems. These
synthetic carbons have a narrow pore size distribution with a pore size that can be
tuned by altering the synthesis conditions.19 These may thus form a practical model
for research into the influence of micropores on catalyst formation and activity, how-
ever they are prohibitively expensive to use as a support on an industrial scale.

Support functionalization Metal particles may not always be able to properly at-
tach to unfunctionalized carbon supports. This may lead to coalescence of the metal
particles or leaching during the catalyst lifetime, when the metal particles show a
weak interaction with the carbon support.1

In order to properly attach the metal nanoparticles to the support surface, functional
groups are required on the support surface, which are also required for charge en-
hanced dry impregnation. On a small lab scale, these surface functionalizations can
be introduced by refluxing of the support in a nitric acid solution, creating a mul-
titude in acidic functional groups on the support surface ranging from alcohol- to
carboxyl groups.

1.5 Previous work

In his Bachelor’s thesis,20 Den Brave researched the behaviour of water confined in
porous high surface area graphite (HSAG). His research was performed by impreg-
nating samples of HSAG to a different extent with water and subsequently mea-
suring the melting point of the pore water for this sample using Differential Scan-
ning Calorimetry (DSC). Next, to determine the exact amount of water present in the
sample, Thermogravimetric Analysis (TGA) was performed. It was found that when
only a small fraction of the pore volume of an HSAG sample was filled, the observed
melting point would be considerably lower than when an HSAG sample would be
impregnated to a larger extend. This means that water will go to the smallest pores
present upon addition, as the melting point of water confined in pores is a function
of the pore radius. A qualitative relationship can thus be made for the extent of pore
filling and the pore radius that was filled.
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Chapter 2

Aim of the project

Activated carbons, as explained in the first chapter, are an important class of sup-
ports in industry and therefore an interesting subject of study. However, the prop-
erties of activated carbons are very diverse, with purity levels and pore structure
varying greatly,18 even between batches of the same type of activated carbon. Not
much is known about the influence of the porous structure of activated carbons on
Pd/C catalysts. This is probably in large part due to the great variation in pore struc-
ture between activated carbons. In this work, an attempt is made to understand the
influence of the porous structure of activated carbons on catalyst activity and selec-
tivity in Pd/C catalysts.
In order to study the catalytic activity of the palladium catalyst in the micro- and
mesopores of the carbon support, two main questions needed to be answered. Can
we gain control over where in the catalyst support the palladium particles are formed
and can we measure this? And does the location of the metal particles have an effect
on the performance of catalytic hydrogenation of cinnamaldehyde? In this thesis,
a method is explored using selective impregnation combined with thermal analysis
and catalytic testing to explore these goals.

Figure 2.1: Impregnation of the porous support a. in micro- and small mesopores
b. homogeneous distribution of all pores by full impregnation c. into large
mesopores by first blocking small pores. Porous support schematically depicted as
a wedge, representing a continuous distribution of pore sizes going from large to
small pores.
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2.1 Selective impregnation

2.1.1 Impregnation into micropores and small mesopores

If a catalyst support is properly impregnated with a liquid by dry impregnation, it is
reasonable to assume that a relatively uniform distribution of metal particles on the
support surface is obtained, irrespective of the pore size distribution of the support.
Classically, this is a highly beneficial characteristic in a supported catalyst, as this
allows for a high total surface area of the active metal which facilitates optimal dis-
persion and stability of the metal resulting in an optimal catalyst activity. However,
when a homogeneous distribution of the metal is obtained, metal particles may also
be present in pores less readily accessible to the substrate in a reaction catalysed by
this catalyst. This may be due to diffusion limitations or pore blockage by the metal
particles resulting in a lower catalyst activity. In order to study this effect, impregna-
tion may be performed selectively into support pores of a certain diameter. Partial
impregnation of carbon supports using water was studied by Daniël den Brave20. In
this study, partial impregnation of carbon supports will be further explored to study
the possibility to exclusively form metal NPs in micropores as shown in Figure 2.1a.
However, it is not known to what extent deposition of the metal precursor occurs be-
fore the solution reaches the micropores. A possibility is that precursor deposition
starts to occur as soon as the precursor solution comes into contact with the support,
resulting in an unintended homogeneous distribution of the metal over the support.

2.1.2 Impregnation into large mesopores and macropores

Partial impregnation may allow control over impregnation location. If only the mi-
cropores are to be impregnated, incomplete impregnation of the support may be
used to only fill these micropores due to capillary action. A modification of this
strategy may offer a possibility to selectively impregnate larger (meso)pores in the
support with a metal precursor solution.
To exclude the precursor from the micropores, it may be possible to block the micro-
pores by filling the pores with another substance which is preferably not miscible
with the precursor solution. After that, the mesopores can be impregnated with the
precursor solution. Upon drying and calcination, metal crystallites may selectively
be formed in the mesoporous structure as depicted in Figure 2.1c. Care must be
taken that the precursor does not bleed into the micropores. Another likely bottle-
neck is that upon drying of the impregnated support, the precursor-containing water
should evaporate before the solvent in the micropores. Thus, as pore blocking agent
a solvent with a boiling point well above that of water should be chosen.

2.2 Catalyst synthesis and testing

Several catalysts will be made using the principles outlined above. Also, catalysts
will be prepared by full impregnation (Figure 2.1b) to compare the activity and selec-
tivity of these catalysts to those prepared by selectively impregnating the support.
In order to study the difference in activity and selectivity for the active metal cat-
alyst particles confined in pores of different widths, the catalysts need to be tested.
Catalytic testing will be performed for the hydrogenation of cinnamaldehyde, as this
α,β-unsaturated aldehyde has two different π-bonds (Figure 2.2) with different reac-
tivities to be hydrogenated. In this study the difference in conversion and selectivity
will be studied for palladium particles in different locations in the support pores.
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Earlier studies21 show that the palladium particle size can have a big impact on the
conversion and selectivity of the reactant, which also has to be taken into account
when studying the effect of palladium particle-location.

Figure 2.2: The α,β-unsaturated aldehyde cinnamaldehyde. Either the C O, C C
or both can be hydrogenated by hydrogen using a Pd/C catalyst.
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Chapter 3

Selective impregnation

3.1 Introduction

In order to form catalysts with Pd particles located in pores of a specific size, a
method was developed to selectively impregnate the palladium precursor in pores
of different widths. Den Brave20, as explained in section 1.5, studied the melting-
and freezing behaviour of water confined in pores of high surface area graphite and
carbon xerogels. He showed that upon impregnation, water first fills the smaller
pores before larger pores were filled. In this work, this relation was further explored
for the impregnation of a carbon support with an aqueous solution of (NH3)4Pd(NO3)2
(PdTA) and a quantitative relationship was made between the impregnation vol-
ume, average pore radius and melting point depression.

3.2 Theoretical considerations

3.2.1 Dry impregnation

The technique of catalyst preparation by dry impregnation consist of several main
steps: the impregnation itself, drying and activation, optionally followed by reduc-
tion of the metal catalyst by hydrogenation. In this chapter, the impregnation step is
considered.
Dry impregnation is commonly described as filling the support pores with just enough
liquid as to just fill the pores without liquid being present on the outside of the pores.
Additionally, underfilled pores should be avoided to obtain the highest dispersion
of the catalytically active metal, theoretically leading to a maximum catalyst activ-
ity if the support pores are of uniform size. If the impregnating liquid is wetting
the support, capillary suction will force the liquid into the pores as described by the
Laplace equation.22 This relates the Laplace pressure Pl, which is the pressure differ-
ence between the inside and outside of the liquid, to the contact angle of the liquid,
liquid surface tension and pore radius via:

Pl =
2γ cos θ

rp
(3.1)

in which γ is the surface tension in (N m-1), θ the contact angle of the liquid with
the capillary wall and rp the capillary or pore radius in meters. The equation shows
that with decreasing pore radius the Laplace pressure rises if the liquid is sufficiently
wetting towards the capillary walls (θ < 90°). As the support pores are in the size
range of nanometres, or 10-9 meters, the pressures exerted can become considerably
large thus forcing the liquid into the pores.
A possible risk, present when bringing a support into contact with a liquid is that the
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mechanical strength of the support is not high enough to withstand the large forces
acting on the support when pockets of air, locked in upon impregnation, escape the
porous support. This may be easily prevented by first bringing the support into vac-
uum, after which the impregnating solution is added. This may also prevent atmo-
spheric water from being present in the reaction when using a hygroscopic support.
Practically, this means that prior to impregnation the support is dried under vac-
uum at an elevated temperature. The impregnation solution containing the support
is then added under vacuum. A magnetic stirrer is added to agitate the impregnated
support when the liquid is equilibrated.

Adsorption of dissolved precursor

Adsorption of the metal precursor may take place at two different instances after im-
pregnation. The dissolved metal precursor may adsorb on the support surface im-
mediately after impregnation due to electrostatic interactions between the support
surface and precursor. This is especially important in the case of charge enhanced
dry impregnation and may lead to adsorption primarily occurring at the boundary
of the support grains, thus obtaining an inhomogeneous distribution of the metal
on the catalyst grains. Else, when the interaction between the support surface and
metal precursor is less strong the precursor may stay in solution while the solvent is
evaporated until the precursor solution is saturated. Continuing the evaporation of
the solvent, the metal precursor is deposited on the support surface which leads to
a homogeneous distribution of the metal across the entire support surface.

3.2.2 Thermoporometry

As dry impregnation is used as catalyst preparation method, requiring a solution
of the metal precursor, for the synthesis of catalysts and the catalysts are used in
liquid-phase reactions, it is convenient to measure the pore size in an aqueous envi-
ronment. As explained in section 3.4.1, the pores in the carbon supports used swell
upon impregnation with an aqueous solvent, resulting in different pore sizes than
those obtained by N2-physisorption. This means that N2-physisorption cannot be re-
liably used to determine the pore size distribution of the catalyst under preparation
or in-use, as the catalyst will be in contact with a liquid and thus will have a different
pore volume than the dry support as measured in N2-physisorption. A method is
thus required to determine the pore sizes present in the liquid-containing support.
Thermoporometry can be used to study the porous structure of solid materials,23

in this case carbon supports. This technique is based on the Gibbs-Thomson effect
which describes the freezing- and melting behavior of liquids confined in pores.
Thermoporometry is carried out using a standard Differential Scanning Calorime-
ter. Differential Scanning Calorimetry (DSC) is commonly used to measure the heat
flow upon heating or cooling of a sample and has multiple applications in materials
science and pharmaceutics, for instance in quality control.24 However, the observed
heat flow can also be used to measure the freezing- and melting temperature of a
high heat capacity liquid such as water. When measuring the heat flow of a liq-
uid upon melting using DSC, a decrease in the heat flow would be observed at the
meltingpoint of the liquid in question, with the integral of the curve being the total
enthalpy of melting for the sample mass. Upon confinement of a liquid in a cylin-
drical pore of radius R, the melting point of the liquid changes by

∆Tm = Tmb − Tm =
2Tmb(γws − γwl)vl

rf · ∆slh
(3.2)
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In this equation Tmb and Tm are the melting temperature of the bulk liquid and
confined liquid respectively, γws and γwl are the wall-solid and wall-liquid interfacial
tensions. vl is the molar volume of the liquid, ∆slh is the molar enthalpy of melting
and rf the radius of the frozen liquid inside the pores. In this case it can be assumed
that rf = rp and thus that the radius of the frozen liquid is equal to the pore radius.
This formula essentially shows that when a liquid is confined in a porous structure,
the melting temperature of this liquid is lowered by a value of ∆Tm in the case that
γws − γwl > 0, meaning that the liquid is wetting towards the wall. When the liquid
is fully wetting the pore wall, the equation becomes γws − γwl = γsl and the Gibbs-
Thomson equation becomes:

∆Tm = Tmb − Tm =
2Tmbγslvl

rf · ∆slh
=
KGT

rf
(3.3)

With KGT the Gibbs-Thomson constant, which is a function of the bulk melting tem-
perature Tm, the molar volume vl and the molar enthalpy of melting ∆slh of the liq-
uid. The parameterKGT provides a straightforward relationship between the change
in melting temperature and pore radius.
A study performed by Schmidt et al.25 into pore size determination on mesoporous
MCM-41 found that not all pore water freezes. Instead, a non-freezing water layer
is formed on the pore wall due to strong interactions with the pore surface. This re-
quires a modification of the Gibbs-Thomson equation. The equation then becomes:

∆Tm = Tmb − Tm =
KGT

rp − δ
(3.4)

With rp the total pore radius of the support and δ the non-freezing water layer.
Rewriting the equation to find the pore radius rp gives the function in its final form:

rp = rf + δ =
KGT

Tmb − Tm
+ δ (3.5)

In thermoporometry measurements on carbon xero-, cryo- and aerogels, Veselá et
al.26 used the value of KGT = 52 nm K, which was first determined by Schreiber et
al.27 for the melting and freezing in ordered mesoporous silica materials. As KGT
is only a function of the contact angle between the liquid and solid and melting
properties of the liquid, this value can be used for other (carbon based) materials,
assuming that the wettability of the solid is not changed. In this research, Veselá
used a value of 0.8 nm for the non-freezing layer thickness δ for their measurements
based on an estimation made by Yamamoto et al.28.

3.2.3 Pore volume determination

In order to calculate the extent of pore filling of the porous support, the water acces-
sible pore volume can be determined by impregnating the support up to such extent
that the pores are fully impregnated, without bulk water being present. The de-
gree of pore filling for a porous material is determined by the simple mathematical
relationship:

φ =
Vl

Vp
(3.6)

In which Vl is the total volume of the impregnating liquid and Vp the total pore
volume of the porous solid. As it is not possible to directly measure the volume of
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the impregnating solution, the equation can be written as:

φ =
ml

ms · ρl · vp
(3.7)

With ml the measured mass of the liquid obtained from TGA, ms the mass of the
porous support, ρl the density of the impregnating liquid and vp the pore volume of
the sample. At φ = 1, the pores are completely filled, and thus the volume of the
impregnating liquid Vl (usually water) is equal to the total pore volume Vp. Using
the equation above, it is easy to calculate the extent of impregnation in the case of
incomplete pore filling, used to obtain a relationship between extent of pore filling
and the pore size.

3.2.4 Blocking of micropores and small mesopores

In order to be able to selectively impregnate the larger pores of the support with
the PdTA solution, we studied whether it was possible to selectively block the mi-
cropores and smaller mesopores with a pore blocking agent. Several requirements
for a possible pore blocking agent were formulated to maximize the possibility of a
positive outcome:

• Good wettability of support

• (largely) immiscible with water

• preferably a melting point higher than water

Three different pore blocking agents were selected to be tested as pore blocking
agents: toluene, cyclohexanol and phenol. Toluene was chosen largely because of its
immiscibility with water. Also, it was suspected that toluene would show favourable
interactions with the pore surface which may aid in the adsorption into the micro-
pores. Cyclohexanol was selected as a possible pore blocking agent as it is a small
molecule which has a low solubility in water (3.60 g cyclohexanol in 100 mL water
at 20 °C), and has a melting point of 25 °C. Also, it is relatively polar due to the OH
group, which may aid in wetting of the support surface if there are polar groups
present. Finally, phenol (melting point: 40.5 °C) was tested as a pore-blocking agent
as the higher melting point may allow for a more controlled manner of addition to
the support. Other benefits of phenol as a pore blocking agent include the high boil-
ing point of 181 °C, which makes it possible that impregnated or infiltrated phenol
only evaporates from the support after all the water has evaporated in the drying
step of catalyst preparation.

Melt infiltration

In order to fill the micropores and small mesopores of the support with the pore
blocking agents, two techniques were explored: dry impregnation and melt infiltra-
tion. Melt infiltration has the advantage that a substance in its room-temperature
solid state can be infiltrated into the porous structure without prior melting of the
compound in question. In order to homogeneously infiltrate the support grains, the
solid can be ground to obtain small, millimeter sized, crystallites. These can then be
mixed as solid through the support, subsequent heating is used to melt the solid, af-
ter which capillary- or externally applied forces force the molten solid into the pores.
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3.3 Experimental procedure

3.3.1 Materials

High Surface Area Graphite (HSAG) Timrex HSAG500 (Timcal) was used as carbon
support. Tetraamminepalladium (II) nitrate (PdTA) solution, 99.9% (metals basis, Pd
content 5.0%) was acquired from Alfa Aesar. Phenol (99%, extra pure) was obtained
from Acros Organics. In all experiments MilliQ demineralized water was used, un-
less stated otherwise.

3.3.2 Support pretreatment

Samples were prepared by putting 300 milligrams of HSAG500 in a 2-necked 100 mL
round-bottom flask equipped with a septum, valve and magnetic stirrer. The carbon
was dried by heating to 170 °C under vacuum for two hours, applied using a heating
mantle and electric vacuum pump. After two hours, the sample was allowed to cool
to room temperature retaining the vacuum after which the carbon could be used for
further experiments.

3.3.3 Dry impregnation

Dry impregnation was used as impregnation method for water and the tetraammine-
palladium solution. In experiments without prior pore blocking the dried carbon
prepared via the method described in 3.3.2 was impregnated using the PdTA solu-
tion via the description below. When using the porous carbon with blocked microp-
ores and small mesopores prepared via the methods described in 3.3.4 or 3.3.5, water
was used as impregnating liquid.
A syringe was used to add the liquid to be impregnated to the carbon without break-
ing the vacuum. The liquid was added instantly, followed with between ten minutes
and two hours of stirring as homogenization time. After addition of the liquid, it
was checked that the carbon did not look wet, which is an indication that no liquid
is present outside the pores. In the experiments where more than an hour homoge-
nization time was allowed, the vacuum was removed after several minutes by open-
ing and closing the valve of the round bottom flask. This was done as otherwise
the impregnating liquid could exit the pores, forming condensation on the top of the
round-bottom flask.

3.3.4 Micropore blockage via dry impregnation

Micropore blockage via dry impregnation was performed using toluene and cyclo-
hexanol as pore blocking agents. After drying the support as described in 3.3.2, the
pore blocking agent was added using a syringe to the carbon without breaking the
vacuum. The liquid was added instantly, followed with two hours of stirring as ho-
mogenization time. The carbon could then be used to be impregnated with water
via the method described in 3.3.3.

3.3.5 Micropore blockage via melt infiltration

Melt infiltration was performed to selectively block micropores in the carbon sup-
port using phenol. This was performed by first drying the carbon as described in
section 3.3.2. As the phenol, the pore-blocking agent, is a solid at room temperature
the valve had to be removed to add the phenol, meaning that some atmospheric
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water vapour may enter the system and condense on the carbon sample. Therefore
the flask was filled with N2 prior to addition of the phenol. This was done via an N2
filled balloon attached to the valve which was quickly opened and closed again in or-
der to keep a closed system. The amount of water vapour entering the system in this
manner was taken as negligible as the density of nitrogen gas should prevent thor-
ough mixing with air during the brief time of phenol addition. Upon addition, the
millimeter-sized phenol crystals were first stirred through the support material with
a magnetic stirrer to improve the homogeneous distribution of the pore blocking
agent over the support grains. Next, the sample was heated by putting the round-
bottom flask in a waterbath set to 55 °C to allow infiltration of the phenol into the
support pores. After two hours stabilization time, the waterbath was removed and
the round-bottom flask allowed to cool down to room temperature. Finally, the car-
bon could be used to be impregnated with water via the method described in section
3.3.3.

3.3.6 Thermoporometry measurements

Thermoporometry measurements are carried out using Differential Scanning Calori-
metry on a TA Instruments Q2000 DSC. After impregnation of the carbon support
several samples were taken and put into a DSC pan (40 µL, Tzero Pans, aluminium,
TA Instruments) at room temperature, which was then hermetically sealed with a
lid to prevent evaporation from and condensation to the carbon sample. For a typi-
cal measurement, between 5 and 10 mg of sample was used. As reference an empty
pan (hermetically sealed) of similar weight was used. Samples were cooled to −55
°C. After holding the temperature at −55 °C for 10 min to stabilize the sample, the
sample was heated to 20 °C. The rate of cooling and heating was 1 °C/min, pro-
viding a reasonable resolution if multiple clearly defined melting peaks would be
observed.26,27

3.3.7 Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed to determine the amount of liq-
uid present in carbon samples after performing DSC, using a Q50 TGA apparatus
from TA Instruments. The lids of the pans used in DSC were carefully pierced using
a needle, making sure not to touch the sample, prior to performing TGA to allow
water vapour to be expelled during the measurement.
The pans were heated under a nitrogen flow of 60 mL per minute at a rate of 4
°C/min to 500 °C subsequently holding the temperature at 500 °C for 2 hours to
make sure that the Pd-complex was fully decomposed. From this, the total amount
of material impregnated into the support can be calculated as explained in Appendix
A.

Measurement of pore-blocking agents

As TGA is used to track a weight change upon (partial) evaporation of a sample, it
can be used to track the evaporation of multiple compounds, as long as the difference
between the boiling points of the compounds are large enough. By calculating the
derivative of the weight change, the start and end points for evaporation of different
compounds were calculated.
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3.4 Results and discussion

3.4.1 Pore volume determination of carbon supports

The value obtained for the water accessible pore volume of HSAG500 deviates sig-
nificantly from the pore volume obtained through N2 physisorption. For nonfunc-
tionalized HSAG 500 the BJH pore volume given by the desorption curve in N2-
physisorption is 0.512 cm3/g for pores between 1 and 300 nm in diameter. How-
ever, the water-accessible pore volume of HSAG 500 was found to be 1.1 cm3/g.
This water-accessible pore volume was confirmed by first preparing a carbon sam-
ple by impregnation with water. Next, the impregnated sample was measured using
DSC. It was observed that the melting point of the confined water approached that
of bulk water, thus meaning that the pores were completely filled or even slightly
overfilled. As a final check to confirm the amount of water in the DSC sample, the
amount of water in the carbon sample was measured using TGA, confirming the
water-accessible pore volume to be 1.1 mL per gram of carbon.
This discrepancy between N2 physisorption and the water-accessible pore volume
suggests that the open structure of carbon is not rigid. Instead, the pores in carbon
may be able to expand to allow more room for the contacting liquid, thus slightly
moving the solid carbon within a particle apart. This is important as it may influ-
ence the catalytic activity of the final catalyst. Using the techniques here, it is not
possible to say how exactly these carbon structures swell and thus which pores see
an increase in size.

Figure 3.1: DSC thermogram displaying the shift in melting point of the
tetraamminepalladium solution in pores of different sizes. On the x-axis is the
temperature displayed in °C and on the y-axis the heat flow measured for the
sample, which is normalized to the total weight of the sample (liquid plus carbon
support).
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3.4.2 Melting behaviour of palladiumtetraamine in porous HSAG

High Surface Area Graphite HSAG 500 was impregnated up to different extents by
dry impregnation via the method described in section 3.3.3. Using DSC (Figure 3.1),
a melting peak onset and melting peak maximum were determined for different φ
ranging from 0.24 to 1.1. For none of the samples a melting peak onset was found
above -0.94 °C, as well as no observed melting peak maxima above -2.01 °C indi-
cating that no bulk liquid was present in these samples. On the left from the peak
maxima fronting is observed. It is especially interesting to note that for full im-
pregnations and the slightly overfilled impregnation (φ between 0.99 and 0.112), the
fronts fully encompass the peaks of the partially impregnated samples (φ between
0.24 and 0.68). Porous materials containing pores of uniform pore size (narrow pore
size distribution) would have sharp peaks without any fronting, as suggested by the
Gibbs-Thomson equation. It was thus concluded this fronting is caused by the con-
tinuous distribution of pore sizes within the samples.

Melting behaviour in overfilled pores

Samples with slightly overfilled pores (φ > 1), showed a similar peak in melting
point, as can be seen in Table 3.1. It is interesting to note that the Gibbs-Thomson
equation for the pore radii where the pore water is located, give near-meaningless re-
sults as resolution of the peak melting temperatures is not adequate this close to the
bulk melting temperature of water. It is important to note that the Gibbs-Thomson
equation (3.5) applies to cylindrical pores. While the disordered nature of activated
carbon may suggest an array of different types of pores, the simplification was made
that the water-logged pores assume a near-cylindrical conformation.

Figure 3.2: DSC melting curve for confined PdTA solution, φ = 0.355, onset Tmelt
= -8.69 °C, peak Tmelt = -12.65 °C. The total amount of liquid present in this sample
is 0.179 mg based on a TGA measurement.
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Figure 3.3: Correlation between degree of pore filling φ and the maximum pore
radius of the filled pores rp (in nm). Maximum pore radii calculated using
Equation 3.5 with data from Table 3.1.

Melting behaviour in underfilled pores

Samples with underfilled pores (φ < 0.9) showed a considerably smaller heat flow
upon melting than samples with completely filled and overfilled pores, which is
easily explained by the fact that a smaller amount of liquid is present in the pores.
For samples with an extremely low loading (φ < 0.3) the heat flow shows almost
no change from the baseline in Figure 3.1, however as can be observed from Figure
3.2 a melting curve can still be obtained. This is because these samples contain only
very little liquid. The radii for the pores that are filled in these low loadings were
calculated to be between 2-4 nm, based on the onset melting temperature. This sug-
gests that freezing barely takes place in these small pores, considering a non-freezing
layer thickness δ of 0.8 nm. With a total pore diameter of 4 nm, only a radius of 1.6
nm of ice can be formed inside the pores. This corresponds to a thickness of around
11 molecules of frozen water based on the Lennard-Jones radius of a water molecule
of 0.27 nm, which may explain the extremely low total enthalpy of melting observed
for these samples.
An empirical linear relationship was obtained for the extent of impregnation and
pore radius as depicted in Figure 3.3 by fitting a linear function to the dataset in
Table 3.1. While this is a strictly empirical relationship which cannot be used to de-
rive any physical data about the samples in question, it should be possible to predict
the maximum pore radius filled for a given degree of pore filling, within a reason-
able approximation.
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Table 3.1: Melting temperatures of the PdTA solution in filled pores. The
maximum filled pore radius rp was calculated from the onset Tmelt.

φ onset Tmelt (◦C) peak Tmelt (◦C) rp (nm)

0.245 −17.84 −16.69 3.72
0.278 −39.15 −19.48 2.13
0.278 −40.63 −22.29 2.08
0.319 −11.73 −15.31 5.23
0.342 −9.64 −13.30 6.19
0.355 −8.69 −12.65 6.78
0.507 −3.04 −8.25 14.88
0.518 −2.99 −5.14 18.18
0.519 −3.13 −5.62 17.41
0.584 −2.40 −3.60 22.49
0.678 −2.09 −3.00 25.69
0.679 −1.87 −2.68 28.55
0.688 −2.02 −2.87 26.54
0.997 −1.28 −2.08 41.33
1.015 −0.94 −2.01 55.88
1.121 −1.05 −2.22 50.18

3.4.3 Freezing behaviour of palladiumtetraamine in porous HSAG

Differential Scanning Calorimetry was also performed on the freezing process of the
impregnated PdTA solution. As can be seen in Figure 3.4 the freezing and melting
peaks are not present at the same temperature. Moreover, the freezing of pore water
yields two peaks, where only one would be expected as a continuous distribution of
pores is present in the sample. The freezing point depression can be attributed to the
absence of nucleation sites for the pore water. Instead, the water is supercooled to
such a point where all pore water freezes instantaneous. This can be better observed
in Figure B.1. In this figure, the freezing thermograms for the samples in Table 3.1
are overlayed, displaying several steep inclines in the heat flow from the sample,
resulting in a loop which is caused by the inability of the DSC apparatus to respond
to the rapid change in heat flow. This was a larger issue for samples with a high
degree of pore filling as opposed to those with a lower degree of pore filling (Figure
3.4). This can be fully attributed to the lower total amount of water to be frozen in
samples with a lower degree of pore filling. This conclusion is supported by the fact
that the onset of freezing of pore water is largely unrelated to the degree of pore
filling.

3.4.4 Blocking of micropores and small mesopores

Toluene impregnation

Initially, an attempt was made to block the micropores using toluene (melting point:
-95 °C, boiling point: 111 °C, solubility in water: 0.52 g/L at 20 °C) via dry impreg-
nation as described in section 3.3.3 and subsequently impregnating the carbon with
water to check whether pore blocking by toluene occurred. Water was used to simu-
late the PdTA solution as no difference in melting behaviour was observed between
impregnations performed using a PdTA solution and the experiments performed by
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Figure 3.4: Discrepancy between melting- and freezing curves within a sample.
The arrows indicate the scan direction of DSC. Note the two consecutive peaks in
the freezing line (blue).

Den Brave20. Our theory for using toluene as a pore blocking agent was that toluene,
as the first impregnant would first enter the micropores and would be held in place
by capillary forces. After the toluene was added the water would only be able to
impregnate the larger pores. The high boiling point of toluene would be beneficial
in the synthesis of the final catalyst. This is because it may be possible that upon dry-
ing of the carbon the water from the PdTA solution would first evaporate, leaving
the tetraamminepalladium precursor deposited in larger pores and toluene in the
smaller pores. Only after evaporation of the water the higher-boiling toluene would
evaporate, leaving the micropores and smaller mesopores completely empty.
The experimental conditions and results are summarized in Table 3.2, sample i-t-w.
As can be seen, an amount of toluene representing a relatively large fraction of the
pore volume (φ = 0.519) of the support was chosen, combined with a relatively small
amount of water (φ = 0.282). It was thus expected that in the case of unsuccessful
pore blockage, the peak melting temperature could be found at a temperature below
-15 °C based on the results from Table 3.1. In the case of a successful pore-blocking
experiment a peak melting temperature between -2 and -3 °C was expected, based
on the the total pore-filling φtotal from Table 3.2 and the results from Table 3.1. How-
ever, the peak Tmelt observed was near bulk at 0.153 °C. These results suggest that
toluene could possibly form a film around the support particles, blocking access to
the pores, thus preventing water from entering the support. However, this theory
was not further explored.

Cyclohexanol impregnation

The results of pore blocking experiments using cyclohexanol as pore blocking agent
can be found in Table 3.2. An initial experiment with impregnation of cyclohexanol
(sample i-c) did not show any freezing- or melting peaks in DSC, which may indi-
cate that freezing of the confined cyclohexanol may occur at temperatures outside
of the instrument range, or even may not occur at all. Cyclohexanol impregnation
with subsequent impregnation using water (i-c-w) gave a melting and freezing peak
representative of a pore filling φwater much higher than was impregnated in i-c-w.
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Table 3.2: Summary of pore-blockage experiments. Experiment code is build up
as follows: First letter stands for method of pore-blocking agent addition
(i=impregnation, m=melt infiltration), second letter is the pore-blocking agent
(t=toluene, c=cyclohexanol, p=phenol). Experiments ending with w were
impregnated with water after impregnation with the pore-blocking agent.
Repeat-experiments are numbered 1 through 3. Max. rp was based on the formula
found by plotting the degree of pore filling to the maximum filled pore radius in
Figure 3.3. φtotal is the sum of the partial extent of pore filling using the pore
blocking agent (φPB) and the extent of pore filling using water (φPB).

sample φPB φwater φtotal onset Tmelt (◦C) peak Tmelt (◦C) max. rp (nm)

i-t-w 0.52 0.28 0.80 0.32 0.15 34.5
i-c 0.19 - 0.19 - - -

i-c-w 0.18 0.17 0.35 -9.89 -12.75 7.5
m-p 0.17 - 0.17 - - -

m-p-w1 0.16 0.13 0.29 -19.91 -16.67 3.7
m-p-w2 0.21 0.20 0.41 -9.29 -5.77 11.2
m-p-w3 0.13 0.49 0.61 -0.92 -1.69 23.2

i-p 0.29 - 0.29 - - -
i-p-w 0.29 0.36 0.65 -3.11 -5.82 25.4

Taking φtotal as the maximum extent of pore filling where water may occur, the max-
imum pore radius filled with water was calculated to be 34.5 nm. As can be inter-
polated from Figure 3.3 and Table 3.1 the melting temperatures for i-c-w correspond
to an extent of pore filling for water φwater much closer to the value of φtotal. As cy-
clohexanol and water are not miscible to a large extent, an increase in melting point
due to mixing was taken as unlikely. It was thus concluded that cyclohexanol is an
effective pore blocking agent.
Unfortunately, cyclohexanol was difficult to accurately impregnate in the support.
The melting point of cyclohexanol (25 °C) would in principle allow impregnation at
elevated temperature. To this end, an amount of molten cyclohexanol was injected
in the support-containing round-bottom flask using a syringe which was heated to
a temperature well above 25 °C. Despite the elevated temperature, the cyclohexanol
instantly solidified upon injection into the round-bottom flask with a part of the cy-
clohexanol being left in the syringe. This made it impossible to add cyclohexanol in
a controlled fashion, which would make synthesis of a Pd/C catalyst employing a
pore-blocking agent near impossible as it is not known beforehand how much of the
pore blocking agent is inside the pores. Attempts to add solid cyclohexanol at room
temperature to the support in order to perform a melt infiltration failed as well. The
finely divided cyclohexanol would partially melt prior to addition making it impos-
sible to accurately determine the amount of cyclohexanol added to the support.

Pore blockage by phenol melt-infiltration

Impregnation with liquid phenol at 50 °C using a syringe or glass pipette (samples
(i-p, i-p-w, table 3.2) was attempted, but proved to be hard to handle for the same
reasons outlined in the section on cyclohexanol impregnation. Also, it was found
that addition at elevated temperature increased the likelihood of evaporation of the
phenol after addition, instead of infiltration into the carbon pores.
Melt infiltration (samples m-p to m-p-w3) was studied as addition method, using the
method described in section 3.3.5. This allowed for good control over the amount
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of phenol added to the carbon support. Sample m-p, with only the addition of phe-
nol, showed no freezing- or melting peaks in DSC over a temperature range from
-70 °C to 50 °C. This is likely caused by a freezing point for nano-confined phenol
of below -70 °C, which is outside of the measurement range, but was however not
studied further. Experiments performed with melt-infiltration of phenol and subse-
quent impregnation with water, samples m-p-w to m-p-w3, showed similar results
to impregnation using cyclohexanol. The increase in melting temperatures for pore
water was not considered as caused by the mixing of phenol and water, as mixtures
usually have a lower melting point than the pure substances and phenol only shows
a low miscibility in water of 8.3 g phenol in 100 mL water.
The melting temperatures for the samples correspond to an extent of pore filling for
water φwater much closer to the value of φtotal as interpolated from Table 3.1. It was
thus concluded that phenol is a good pore-blocking agent, as it can be added in a
controlled manner and shows good pore blocking ability. The amounts of phenol
infiltrated to calculate the extent of impregnation φPB in Table 3.2 were calculated
with measurements from TGA, which is further explained in Appendix A.

3.5 Conclusions

A method to characterize the extent of impregnation for activated carbon using DSC
and TGA was applied to a system containing high surface area graphite HSAG 500
and a palladiumtetraamine solution. The results from DSC and TGA were then used
to calculate up to which pore radii were impregnated. It was found that a solution
of tetraamminepalladium (II) nitrate could be impregnated into small pores by ad-
dition of small amounts of the solution. From DSC and TGA the maximum pore size
containing the solution was then calculated.
Next, a method was developed to selectively impregnate larger mesopores in a
micro- and mesoporous carbon using pore blocking agents. Small-pore blockage by
toluene was unsuccessful which was probably caused by incompatibility of toluene
with the support. Dry impregnation of hot cyclohexanol was successful, however it
was not possible to accurately quantify how much was impregnated into the pores.
Attempts for pore blockage by melt infiltration of cyclohexanol were unsuccessful.
Phenol could reliably be infiltrated into the carbon support using melt infiltration.
Melt infiltration of high surface area graphite (HSAG) using phenol and subsequent
impregnation with water showed a shift towards higher temperature in the melting
point of the confined water with respect to the amount of water impregnated on
the untreated support, showing that pore water could be selectively impregnated
into larger pores when smaller pores were blocked. It was thus concluded that melt
infiltration with phenol can effectively be employed to block micro- and small meso-
pores of the carbon support.
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Chapter 4

Catalyst synthesis and testing

4.1 Introduction

The aim of this project, as outlined in chapter 2, is to find the difference in activity
and selectivity for the active metal catalyst particles confined in pores of different
sizes. In order to study whether palladium crystallites formed in larger mesopores
show a different activity and selectivity than crystallites formed in smaller meso-
pores and micropores, catalysts were prepared via the principles of selective im-
pregnation outlined in the previous chapter. In theory, this could allow control over
where in the porous support the tetraamminepalladium is deposited and thus where
palladium crystallites are formed.

4.2 Theoretical considerations

4.2.1 Catalyst preparation

In the previous chapter, impregnation of the porous support was considered. In this
chapter, we will discuss the remaining preparation steps.
After impregnation and homogenisation to distribute the solution evenly over the
support grains, the support is dried at elevated temperatures under a gas flow. Dur-
ing drying,12 most precursor molecules will lose the remaining NH3 and NO2 lig-
ands and any metal precursor that had not adsorbed on the support surface will
adsorb on the support surface as the liquid solution becomes saturated. Differences
in heating rate and final temperature may cause a change in the particle size distri-
bution, as the rate of evaporation of the water changes. This is even more important
in the case of insufficient interactions between the surface and support, with the
evaporating solvent carrying palladium to the outside of the pores.8 This leads to
egg-shell type distributions and a broad particle size distribution. It is therefore im-
portant that sufficient surface is properly functionalized in order for the metal to be
linked to the support surface. Next, activation or reduction at elevated temperatures
forms the final catalyst. The difference between activation and reduction is that in
catalyst activation air or an inert gas such as N2 is used, possibly obtaining oxidic
nanoparticles while in reduction hydrogen gas is typically used as electron source,
forming metallic nanoparticles. In this work however, electrons from the carbon
support may be able to reduce the palladium to obtain metallic nanoparticles dur-
ing activation under an N2 atmosphere.
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4.2.2 Hydrogenation using Pd/C catalysts

Palladium on carbon catalysts are widely used as hydrogenation catalysts, as men-
tioned in the first chapter. Cinnamaldehyde hydrogenation is often applied as a
model hydrogenation reaction due to the fact that it is a small easy-to-handle α,β-
unsaturated aldehyde. The coupled unsaturation gives three possible products29

(Figure 4.1) from hydrogenation: the two partially hydrogenated products cinnamyl
alcohol (2) and hydrocinnamaldehyde (3) and the fully hydrogenated hydrocin-
namyl alcohol (4). This offers the ability to study the selectivity towards hydro-
genation of different functional groups. Much research has been performed on con-
trolling the catalyst selectivity in order to selectively hydrogenate the C C bond to
form hydrocinnamaldehyde (3). To this end several methods have been explored
such as exchanging the carbon support for alumina or modifying the support used,
the use of bimetallic catalysts and controlling the metal particle size.30

Research showed that control over selectivity can be gained by tuning the particle
size21,29,30. It was shown that larger catalyst particles show higher selectivity to-
wards the alcohol (2), while smaller particles show an increase in selectivity to the
aldehyde (3). In addition, Nagpure29 and Jiang30 independently showed that forma-
tion of the fully hydrogenated product (4) exclusively occurs through hydrogenation
of alcohol (2).
It was also suggested by Jiang30 that the hydrocinnamaldehyde and cinnamyl al-
cohol are not interconverted by the catalyst, as the product distribution does not
change after full consumption of cinnamaldehyde by the catalyst. They also showed
that Pd/Al2O3 catalysts do not hydrogenate aliphatic aldehydes such as 3 by per-
forming a hydrogenation reaction using a mixture of 1-hexene and hexaldehyde.
After two hours reaction time, the n-hexene, solvent and hexaldehyde were found
in the reaction mixture, without any hexanol present. It is thus suspected that the
same will be true for Pd/C catalysts.
In the same paper, DFT calculations were used to study the cinnamaldehyde adsorp-
tion on the Pd surface to understand the particle size effect. As a model for a small

Figure 4.1: Hydrogenation of cinnamaldehyde using a Pd/C catalyst. Products
cinnamyl alcohol 2 and hydrocinnamaldehyde 3 are obtained directly by
hydrogenation of cinnamaldehyde, while hydrocinnamyl alcohol is only obtained
via hydrogenation of cinnamyl alcohol 2 according to ref. [30].
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Pd particle, the researchers used a Pd4 nanocluster and for a large particle a slab
model of Pd(111). Calculating the binding energy of C C and C O bonds on the
two particle models, Jiang found that the C C bond binds stronger on the nanoclus-
ter and weaker on the Pd(111) slab than the C O bond. Stronger adsorption lead to
an additional weakening of the π-bonds between the C C and C O bonds, leading
to more facile hydrogenation of the bond in question. This means that the stronger
binding of the C C bond to the Pd4 nanocluster lead to a higher selectivity towards
hydrocinnamaldehyde formation. In the reverse, the stronger C O bond adsorption
on the Pd(111) slab with respect to binding of the C C bond to the Pd(111) slab lead
to a higher selectivity towards cinnamyl alcohol formation.

4.3 Experimental procedure

4.3.1 Materials

Activated carbon GSX (steam activated, acid washed), biphenyl (99%) was obtained
from Norit and tetraammine palladium (II) nitrate (PdTA) solution, (51.9 mg Pd/mL
solution) was acquired from Alfa Aesar. Trans-cinnamaldehyde (99%) and phenol
(99%, extra pure) were obtained from Acros Organics. 2-Propanol (puriss., ≥99.5%
(GC)) was obtained from Sigma-Aldrich. In all experiments MilliQ demineralized
water was used, unless stated otherwise.

4.3.2 Support functionalization

Activated carbon was functionalized by refluxing in 10% HNO3 for 30 minutes at a
heating mantle temperature set to 170 °C. After refluxing, the reaction was allowed
to cool to room termperature and subsequently filtered and washed 6 times with
demineralized water using a Büchner funnel to remove any HNO3 remaining. The
functionalized carbon was then dried overnight in a stove at 60 °C as the hygro-
scopic carbon did not need to be completely dry at this point. This resulted for Norit
GSX activated carbon in an acid functional group density of 0.2 nm−2 as determined
using equation 4.1.

4.3.3 Surface acid group concentration determination

The concentration of acid groups on the carbon support was calculated from the BET
surface area obtained from N2 physisorption and base titration using a Titralab TIM
880. Using a 0.01 mol/L sodium hydroxide solution as titrant, a curve was obtained
for the pH increase against volume of titrant added. The first derivate was calculated
for this curve to obtain the exact inflection point, fitting the curve obtained using a
polynomial function. From this, the surface density of acid groups can be calculated
via the formula:

ρAcid sites(nm
−2) =

0.01 (mol · L−1) · VIP (L) ·NA · 10−18

ABET (m2) ·ms (g)
(4.1)

With VIP the volume of NaOH solution added at the inflection point represented by
the maximum in the curve, NA the Avogadro constant, ABET the BET surface area
and ms the sample mass. The surface density of acid groups ρAcid sites is then given
in units of nm−2.
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4.3.4 Catalyst preparation

Catalysts were prepared by first weighing 0.3 grams of the functionalized support
in a 250 mL round-bottom flask equipped with septum, valve and magnetic stir-
rer. Next, the carbon was dried at 170 °C under vacuum using an electric heating
mantle and vacuum pump. After two hours, the heating mantle was removed and
the round-bottom flask valve was closed to create a static vacuum. When the flask
was cooled to room temperature, the aqueous PdTA solution was added under vac-
uum using a syringe. In the case of selective impregnation of the precursor into the
larger mesopores (catalysts c03-03L and c07-02L, Table 4.1), the smaller mesopores
and micropores were first blocked with phenol using melt infiltration. To this end,
the vacuum was first removed by filling the round-bottom flask with N2 through the
valve using a balloon. The solid phenol was then added by first removing the valve.
The valve was then replaced on the round bottom flask within seconds to prevent
water-vapour containing air to enter the flask. The PdTA solution was then added
through the septum using a syringe to prevent unnecessary exposure to air. Sample
c0-10L was prepared by first diluting the PdTA solution with water, using a ratio of
2.9:1 water to PdTA solution by weight.
After impregnation of the carbon support with the Pd-precursor solution, the sam-
ple was dried and reduced in a glass reactor using a fluidized bed configuration
under a nitrogen flow of 100 mL per minute. Drying was performed at 100 °C for
2 hours with subsequent activation at 500 °C for 2 hours with a temperature ramp
of 5 °C/min between the isothermal sections. In Table 4.1, the prepared catalysts for
testing are summarized.

Table 4.1: Catalysts prepared for catalytic testing. φphenol and φPdTA indicate the
degree of pore filling with phenol and the PdTA solution respectively. The
palladium loading is given in the last column as a measure of weight-% of the
weight of the support and was calculated from the amount of PdTA solution
impregnated.

catalyst φphenol φPdTA φtotal Pd loading (wt.%)

c0-10L - 1.01 1.01 1.33
c0-10H - 1.05 1.05 4.93
c0-03L - 0.29 0.29 1.52
c0-06H - 0.68 0.68 3.93
c03-03L 0.34 0.30 0.64 1.61
c07-02L 0.65 0.24 0.89 1.30

4.3.5 Catalyst testing

Catalyst testing was performed using an autoclave set-up from Autoclave Engineers,
depicted as a schematic in Figure 4.2, equipped with a mechanical stirrer. In a typ-
ical experiment, the reactor was filled with 25 mg of catalyst, together with 60 mL
of 2-propanol as solvent. A cinnamaldehyde solution was prepared for each cat-
alytic test. This solution was made in a 50 mL volumetric flask and consists of 108
mg biphenyl as internal standard, together with 2.64 g trans-cinnamaldehyde. 2.5
g demineralized water was added to prevent acetal formation. The flask was filled
to total 50 mL using 2-propanol. Of this solution, 30 mL was loaded into the charge
vessel.
The reactor and charge vessel were heated to 60 °C and stirring set to 400 rpm. After
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Figure 4.2: Basic schematic of autoclave setup. Note that the stirrer depicted is not
the type of stirrer used. The reactor is first filled with the catalyst and isopropanol,
heated to 60 °C and pressurized to 15 bar with H2. The reaction is then started
when the cinnamaldehyde solution in the charge vessel (pressurized to 25 bar
with H2) is released to the reactor.

allowing the reactor temperature to stabilize for 20 minutes, the reactor was pres-
surized using hydrogen gas to 15 bar. Once pressurized, the hydrogen gas flow was
switched to the charge vessel, which was pressurized to 25 bar. The hydrogenation
reaction was then started by opening the valve between the chargevessel and reac-
tor, forcing the reactants in the charge vessel into the reactor setting the hydrogen
gas pressure at 20 bar. The final amounts of cinnamaldehyde, catalyst and water
present in the reactor is given in Table 4.2.
After the reaction was started, samples were taken from the reactor at set intervals,
flushing the sampling tube with 0.5 mL from the reaction mixture before collecting
the sample. Samples taken were between 0.5 and 1 mL in size.

Table 4.2: Amounts of cinnamaldehyde, catalyst, palladium and water present in
the reactor during catalytic testing. The amount of palladium present in the
reactor was calculated from the amount of catalyst in the reactor and the
palladium weight loading of the catalyst in question.

catalyst cinnamaldehyde (mol/L) catalyst (mg) Pd (mg) water (g)

c0-10L 0.100 25.96 0.35 1.49
c0-10H 0.103 25.03 1.23 1.49
c0-03L 0.101 26.23 0.40 1.51
c0-06H 0.100 29.02 1.14 1.50
c03-03L 0.100 25.76 0.41 1.50
c07-02L 0.100 25.43 0.33 1.50
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4.3.6 Characterization methods

N2 physisorption measurements were performed using a Micromeritics Tristar 3000.
To calculate the total surface area, the BET method was applied. To obtain a bulk
Pd-crystallite size, X-ray diffraction (XRD) was performed on a Bruker D2 Phaser
powder X-ray diffractometer using Co Kα radiation (λ = 1.79026 Å). Measurements
were carried out from 40-90° 2θ. High Angle Annular Dark Field Scanning Trans-
mission Electron Microscopy (HAADF-STEM) images were recorded on a FEI Talos
F200X transmission electron microscope. iTEM and ImageJ software packages were
used to measure the size of palladium particles for hundreds of particles per sample.
H2 chemisorption was measured on a Micromeritics ASAP 2020C. Samples taken
during catalytic testing were analysed using a Shimadzu GC-2010 equipped with a
flame ionization detector.

4.4 Results and discussion

4.4.1 Catalyst characterization

Catalysts c0-10L and c0-10H (Table 4.1) were prepared by full impregnation, with
different palladium loadings on the support. The catalyst with lower weight load-
ing c0-10L, had a mean Pd-particle size of 3.78 ± 1.20 nm as calculated from STEM
images, while the catalyst with higher Pd-weight loading c0-10H, had a mean Pd-
particle size of 4.69 ± 1.75 nm as can be seen in Table 4.3. This result was expected
as a higher amount of palladium on the same surface area is likely to result in a
larger particle size. STEM images of c0-10L (Figure 4.3a) reveal relatively small par-
ticles with large empty sections, caused by the low palladium loading on the carbon.
These empty areas were not observed for c0-10H (Figure 4.3b).
Catalyst c03-03L has a similar Pd loading as c0-10L, with the major difference that
c03-03L was prepared by melt infiltration with phenol up to φ = 0.34 and subse-
quent impregnation using the PdTA solution (φ = 0.30). This resulted in a mean Pd
particle size of 5.70 ± 1.72 nm as determined from STEM. This means that at a com-
parable weight loading, the mean particle size has increased from 3.78 ± 1.20 nm to
5.70 ± 1.72 nm upon pore blockage by phenol prior to impregnation with the PdTA
precursor. In Figure 4.3f, the same open spaces that were present in c0-10L can be
seen for c03-03L. However, the large Pd particles of 10 nm and above observed in
c03-03L were not previously seen. It seems that this may be either due to particles
having more room to grow as they are not confined in smaller pores which do not
allow for such growth or due to blockage of the smaller pores and thus less avail-
able support surface for palladium deposition when the catalyst was dried. It is
however important to note that while in c0-10L the pores were completely filled at
φtotal = 1.01, in c03-03L the pores were underfilled at φtotal = 0.64. This makes it
less plausible that not enough surface area was available on the support for small
particles to be present.
Comparing the results, it would be expected that for c0-03L relatively small particles

would be observed as compared to c0-03L due to low palladium loading, combined
with the small impregnation volume. This would mean that for c0-06H slightly
larger particles would be obtained than for c0-03L, as the weight loading is much
higher (as well as the higher pore filling of φtotal = 0.29 for c0-03L versus φtotal = 0.67
for c0-06H). However, the particle size obtained for c0-03L and c0-06H were nearly
equal with 5.25 ± 1.98 nm and 4.87 ± 2.34 nm respectively. In Figure 4.3c,d, TEM
images for c0-03L can be seen. It was noticed that some support particles contained
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Figure 4.3: Summary of STEM images from a. catalyst c0-10L b. catalyst c0-10H
c,d. catalyst c0-03L e. catalyst c0-06H and f. catalyst c03-03L
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almost no metal particles, while in some catalyst grains relatively high densities of
particles were obtained. Again, this could be explained by the low impregnation
volume with a more concentrated PdTA solution. It should not come as a surprise
then that for c0-06H (Figure 4.3e), a higher concentration of palladium particles can
be found, with a similar palladium particle size as c0-03L. As can be seen in Figure
4.4, the palladium particle size distribution shows a very similar size distribution for
palladium particles in catalysts c0-03L and c0-06H, with a small fraction of particles
in catalyst c0-06H being larger than 14 nm. Note however that large aggregates as
can be seen in Figure 4.3 were not taken into account in the particle size distributions
when a clear border could not be defined, which may change this picture somewhat.
These results suggest that the particle size is an effect of the concentration of the pre-
cursor in the impregnation solution used and that partial impregnation combined
with or without pore blockage by phenol has only a small effect on the particle size.
In Table 4.3, the crystallite size obtained from XRD measurements can be found as
obtained for the Pd(111) plain, which all show an average Pd crystallite size between
4 and 5 nm. As the crystallite sizes denoted here are the average crystallite size, the
results obtained from XRD may not be a good measure for the palladium particle
size distribution, even more so as results from STEM show a different picture than
XRD.
In the same table, the surface area of palladium in the catalysts can be found. These
are given in surface area per gram of catalyst. It is interesting to see that the metallic
surface area of catalyst c0-03L is higher than that of c03-03L at nearly equal palla-
dium loading and particle size. This seems to be an effect of the phenol added in
c03-03L. A possible explanation is that more palladium aggregates are present in
c03-03L than in c0-03L, which can significantly reduce the palladium surface area.
Else, a possibility is that phenol is adsorbed on the palladium surface during catalyst
preparation, blocking the palladium surface.

Figure 4.4: Palladium particle size distribution for catalysts c0-03L and c0-06H.
The denoted particle size is in the range ± 0.5 nm.



4.4. Results and discussion 33

Table 4.3: Average Pd particle size obtained from STEM for both fresh and spent
catalysts. Also, the crystallite size was determined using XRD and the metallic
surface area (in m2 per gram of catalyst) was measured using H2 chemisorption.

catalyst particle size (nm) particle size (spent) (nm) crystallite size (nm) surface area (m2)

c0-10L 3.78 ± 1.20 3.57 ± 1.60 4.40 -
c0.0-1.0H 4.69 ± 1.75 4.56 ± 1.88 4.06 2.61
c0.0-0.3L 5.25 ± 1.98 3.09 ± 1.88 4.97 1.03
c0.0-0.6H 4.87 ± 2.34 - 4.44 -
c0.3-0.3L 5.70 ± 1.72 5.69 ± 2.15 4.43 0.64
c0.7-0.2L - - 4.00 -

Spent catalysts

Several spent catalysts were imaged using STEM. No significant increase in particle
size was found, as can be seen in Table 4.3. One deviation is apparant: For c0-
03L, a decrease in particle size can be seen. In Figure 4.5 this discrepancy is further
expanded. What can be seen is that the spent catalyst has a lot of particles between 1
and 3 nm in diameter, while the fresh catalyst has more particles between 3 and 6 nm
in diameter. No apparent reason can be found for this decrease in particle size. The
STEM images of the spent catalysts can be found in Appendix C and particle size
distribution plots for the remaining catalysts can be found in Appendix D. These
distributions show no apparent difference can be found between the fresh and spent
catalysts for the particle size distributions of catalysts c0-10L, c0-10H and c03-03L

Figure 4.5: Comparison between the particle size distribution of fresh and spent
catalyst c0-03L. The denoted particle size is in the range ± 0.5 nm.
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4.4.2 Catalyst testing

Conversion of cinnamaldehyde

The prepared catalysts were tested for the catalytic hydrogenation of cinnamalde-
hyde. In figure 4.6 the conversion of cinnamaldehyde by the different catalysts is
summarized. What can immediately be seen is that after approximately 180 minutes
the conversion of cinnamaldehyde was completed for the fully impregnated cata-
lysts c0-10L and c0-10H. As both catalysts c0-10L and c0-10H follow the same path
for conversion it can be concluded that increasing the Pd loading of the catalysts
beyond that of c0-10L, which has a Pd weight loading of 1,33%, does not increase
the conversion of cinnamaldehyde by a significant amount. This is because at every
point during the catalytic reaction, nearly the same amount of cinnamaldehyde is
present in the reactor. In c0-10L only 0.35 mg of palladium is present in the reactor,
while in c0-10H 1.23 mg palladium is present in the reactor as can be seen in Table
4.2.
Catalyst c0-03L followed a similar cinnamaldehyde conversion path, which is inter-
esting as this catalyst has a similar loading as c0-10L, but it was prepared by partial
impregnation of the support. Based on these results, it may be expected that the cat-
alytically active palladium may be present in similar locations for catalysts c0-03L
and c0-06H. Catalyst c0-06H showed an intermediate conversion. In first instance, it
was thought that this has less to do with the catalyst itself and that experimentally
something must have gone wrong as the similar catalyst c0-03L did show full con-
version of cinnamaldehyde. It was however confirmed that the autoclave performed
as normal during the catalytic reaction, not showing any decrease in H2 pressure,
temperature or stirrer speed. Catalyst c03-03L and c07-02L, prepared by melt in-
filtration with phenol and subsequent impregnation using the PdTA solution, only
achieved a low conversion of 15.5% and 21% respectively, making these the worst-
performing catalysts tested. A possible explanation could be that relatively large
particles present in large pores perform worse in this catalytic hydrogenation. This
would be quite surprising, as these large pores should be more accessible than the
small pores.
These results suggest that smaller palladium particles trapped in smaller pores ex-
hibit a higher catalytic activity than the larger particles in the large mesopores.

Figure 4.6: Conversion of cinnamaldehyde. After 180 minutes the reactions
seemed completed as no significant conversion took place after that time.
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Reaction rate

In order to obtain insight into the kinetics of the hydrogenation reaction to explain
the obtained results, the initial reaction rate was calculated, see Table 4.4. The rate
was calculated from the amount of cinnamaldehyde that was hydrogenated over the
first four minutes of hydrogenation, the results in the table thus reflect the average
initial rate per second over the first four minutes. An earlier sampling point could
be taken for the calculation, but some variability was found in the cinnamaldehyde
concentration due to insufficient mixing of all reagents after one minute of reaction
time. The initial reaction rates are normalized to the amount of palladium present
(second column) and to the adsorption sites present on the catalyst as determined by
H2 chemisorption, giving the turnover frequency. It is here important to note that the
adsorption sites are defined as one site per surface palladium atom. Computational
studies performed by Jiang30 however show there are two different adsorption sites,
dependent of the bond being hydrogenated. C O bond adsorption on nanoclusters
indeed showed a single adsorption site per palladium atom, however C C bond ad-
sorption on the flat Pd(111) surface was calculated to involve two palladium atoms.
This two-atom adsorption site was not taken into consideration into the calculations,
instead a single palladium atom was taken as the average adsorption site.
As can be seen in the first column, a high initial rate per gram Pd can be found for
c0-10L, as well as a slightly lower rate for c0-03L, which can be explained by the low
Pd loading of these catalysts (Table 4.1). c0-03L has slightly larger particles than c0-
10L which is reflected in the slightly lower rate. Catalysts c0-10H, c0-06H, c03-03L
and c07-02L all have a similar initial rate. The relatively low initial rates of c0-06H,
c03-03L and c07-02L correlate with the fact that only a small part of the cinnamalde-
hyde is hydrogenated. However, c0-10H shows an almost equal initial reaction rate
to c0-06H. This could be explained by a low surface-to-bulk ratio of palladium due
to the high Pd loading, with less on surface palladium to perform the hydrogenation
reaction.
In Table 4.4 the TOF is given for three reactions. Catalysts c03-03L shows a slightly
lower TOF than c0-03L, but much a much higher TOF than c0-10H which is interest-
ing as the reactions for c0-03L and c0-10H give full cinnamaldehyde conversion and
the reaction for c03-03L does not. This means that catalyst deactivation of c03-03L
has not occurred during catalyst preparation. Both catalyst c0-03L and c03-03L do

Table 4.4: Initial reaction rate and turnover frequency (TOF), determined as an
average per second over the first four minutes of reaction time. The initial rate
was normalized per gram of palladium present in the reactor (calculated from the
total amount of catalyst added to the reactor) and for the TOF per adsorption site
in the reactor, as calculated from H2 chemisorption measurements. For reference,
the palladium particle size of the spent catalysts from Table 4.3 is added in the last
column.

catalyst initial rate mol s-1 (g Pd)-1 TOF (s-1) Pd particle size (spent) (nm)

c0-10L 0.00778 - 3.57 ± 1.60
c0-10H 0.00294 3.20 4.56 ± 1.88
c0-03L 0.00576 4.72 3.09 ± 1.88
c0-06H 0.00239 - -
c03-03L 0.00345 4.24 5.69 ± 2.15
c07-02L 0.00302 - -
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however have a practically identical palladium loading as can be seen in Table 4.1. It
therefore seems reasonable to suggest that the catalyst becomes deactivated during
the cinnamaldehyde hydrogenation reaction. It was already commented on that the
low initial rate of c0-10H was due to a low surface to bulk palladium ratio. This
seems to hold true for the TOF as well when comparing catalysts c0-10H and c0-03L.
One possibility for the incomplete hydrogenation of cinnamaldehyde using catalysts
c03-03L and c07-02L is due to Ostwald ripening of the palladium particles. This pro-
cess causes a decrease in total surface area as more of the palladium goes to the bulk
of the particles. This is however not consistent with the results displayed in Table
4.3. It would also offer an explanation for the selectivity observed in Figure 4.7e,f: in
Ostwald ripening the size of smaller particles decreases in favour of an increase in
the size of the bigger particles, enabling an increase in the rate of hydrocinnamalde-
hyde formation as the palladium particles become smaller. Formation of hydrocin-
namaldehyde would slow down as the smaller particles are depleted, which is an
effect that cannot be ruled out by the graphs in Figure 4.7e,f. This Ostwald ripen-
ing process could be enabled by the fact that the small mesopores and micropores
were blocked during catalyst preparation causing palladium particles to exclusively
form in larger meso- and macropores. Unfortunately, this conclusion is not backed
up by the TEM images (Figure 4.3 and Appendix C) and particle size distributions
(Appendix D) obtained from the fresh and spent catalyst c03-03L though it is possi-
ble, however unlikely, that a large bulk of palladium was missed in the observations
made of spent c03-03L.
Another possibility is that phenol, used during catalyst preparation, is adsorbed on
the palladium nanoparticles. This would deactivate the catalyst, preventing the hy-
drogenation of cinnamaldehyde. While this would explain the low conversion of
cinnamaldehyde, the high TOF of c03-03L seems to contradict this explanation. If
deactivation by adsorption of phenol does play a role, it would seem that it is a
contributing factor in catalyst deactivation, but is not the only reason for catalyst
deactivation to occur.

Catalyst selectivity

In Table 4.5 the product distribution after a reaction time of 180 minutes is given.
180 minutes was chosen as a good time for comparison, because in catalysts c0-10L
and c0-10H nearly all cinnamaldehyde had just been hydrogenated and the product
distribution did not shift much after this time. In the second column of Table 4.5,
the remaining amount of cinnamaldehyde is given as reference. It is noticeable that
that the two fully impregnated catalysts c0-10L and c0-10H show a similar product

Table 4.5: Product distribution at 180 minutes reaction time. CALD =
trans-cinnamaldehyde, CALC = cinnamyl alcohol, HALD =
hydrocinnamylaldehyde, HALC = hydrocinnamyl alcohol.

catalyst CALD (mol%) CALC (mol%) HALD (mol%) HALC (mol%)

c0-10L 0.82 0.54 23.8 74.9
c0-10H 0.37 1.17 12.7 85.8
c0-03L 0 0 35.0 65.0
c0-06H 41.9 2.89 46.1 9.13
c03-03L 86.1 2.67 8.17 3.08
c07-02L 80.5 4.15 8.86 6.49
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distribution after 180 minutes with the difference between them that c0-10L has a
hydrocinnamaldehyde to hydrocinnamyl alcohol ratio of 1:3.15 and c0-10H a ratio
of 1:6.76. Also, c0-10H contains slightly more cinnamyl alcohol.

As explained in section 4.2, larger particles lead to a higher degree of cinnamyl
alcohol formation. In Figure 4.7a,b conversion of cinnamaldehyde into the prod-
ucts are followed over time for c0-10L and c0-10H. What can be seen is an increase
in cinnamyl alcohol in the first hour of the reaction, with subsequent decay as cin-
namyl alcohol is further hydrogenated to hydrocinnamyl alcohol. In both reactions
hydrocinnamyl alcohol is formed in large quantities (and thus cinnamyl alcohol also
has to be formed in large quantities). In Figure 4.7a,b a difference can be seen in the
maximum of cinnamyl alcohol production between c0-10L and c0-10H at 60 minutes
reaction time. This shows that less cinnamyl alcohol (molfraction of 0.06) is formed
over the reaction duration by c0-10L than by c0-10H, reaching a molfraction of 0.13
for cinnamyl alcohol, resulting in a higher fraction of hydrocinnamyl alcohol in the
final product distribution of c0-10H than in that of c0-10L. This is most likely due to
the larger palladium particles present in c0-10H, as compared to c0-10L.

Figure 4.7: Conversion of cinnamaldehyde into the hydrogenation products
followed over time for catalyst c0-10L (a) and catalyst c0-10H (b).
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Catalytic tests for c0-03L and c0-06H, prepared by partial impregnation of the sup-
port with the palladium precursor, were followed over time and the results can be
found in Figure 4.7c,d. It is interesting to see that while c0-03L, just as c0-10L and
c0-10H, reached full conversion of cinnamaldehyde a relatively large amount of hy-
drocinnamaldehyde is formed in c0-03L compared to c0-10L and c0-10H.
This increase in hydrocinnamaldehyde formation in c0-03L may be an effect of the
palladium particles possibly being present in the small pores. While smaller parti-
cles were counted for c0-10L than for c0-03L, the spent catalyst c0-03L contained nu-
merous small particles of between 1 and 3 nm in diameter, as can be seen in Figure
4.5. Apparently, the average palladium particle size has decreased in this catalyst,
contributing to the large amount of hydrocinnamaldehyde being formed.
This does not explain why c0-06H has a relatively low conversion combined with an
even higher hydrocinnamaldehyde selectivity than in c0-03L. As was commented
on before, c0-06H was prepared with a higher degree of pore filling and higher over-
all loading. Taking results from the previous catalysts into consideration, a com-
plete conversion of cinnamaldehyde was expected. It is however interesting to see
that this catalyst performed best for the formation of hydrocinnamaldehyde. This
seems to exclude experimental error as the cause for the low conversion. On the
other hand, palladium particles in c0-06H are larger than those found in c0-03L.
This would suggest that c0-06H should produce less hydrocinnamyl aldehyde than
c0-03L. A possibility could be that the palladium particle size decreased significantly
during catalysis in c0-06H. If shrinking of enough particles were to continue, it could
also explain the low conversion of cinnamaldehyde observed, as not enough surface
area is available for cinnamaldehyde hydrogenation to complete within the experi-
ment duration. Unfortunately, STEM images are not available for this spent catalyst
and this reasoning cannot be confirmed.
As conversion of cinnamaldehyde was very poor for the catalysts prepared by melt
infiltration with phenol with subsequent PdTA-solution impregnation, the conver-
sion of cinnamaldehyde was was put on the secondary y-axis in Figure 4.7e,f, with
the hydrogenation products on the primary y-axis. It is relatively noticeable that an
excess of hydrocinnamaldehyde is present in both c03-03L and c07-02L. This would
not be expected as the large particles present in the large mesopores and macrop-
ores would favor formation of cinnamyl alcohol. However, hydrocinnamyl alcohol
is only formed through the hydrogenation of cinnamyl alcohol as mentioned in sec-
tion 4.2.2. Combining the share of cinnamyl alcohol and hydrocinnamyl alcohol in
experiment c07-02L, a combined yield of 11.9 mol% is obtained for cinnamyl alcohol
and hydrocinnamyl alcohol. This is slighly higher than the yield obtained for hy-
drocinnamaldehyde (9.32 mol%), as is expected for the larger particles. It is however
unclear why not all cinnamyl alcohol is hydrogenated to hydrocinnamyl alcohol by
this catalyst.
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4.5 Conclusions

Particle size distributions showed more larger particles observed for catalysts pre-
pared with a high palladium weight loading. It was notable that palladium particle
growth did not occur during catalysis, as observed from the spent catalysts. More
large palladium particles were present on the spent catalysts, however this did not
affect the average particle size by a large amount. In the case of a catalyst prepared
by partial impregnation at low palladium loading, a decrease in particle size could
be observed for the spent catalyst. Activity and selectivity were as expected for the
catalysts prepared by full impregnation, both at high and low palladium loading
on the catalysts. As expected, it was found that a catalyst with larger palladium
particles resulted in more cinnamyl alcohol (and thus subsequently more hydrocin-
namyl alcohol) formation, and smaller particles resulted in an increase in hydrocin-
namaldehyde formation. The same relationship was found for the partially impreg-
nated catalyst at low palladium loading. A catalyst prepared by partial impregna-
tion with high palladium loading unexpectedly only showed low conversion with
an unknown cause. Catalysts prepared by melt infiltration with phenol and sub-
sequent impregnation with the PdTA solution showed poor conversion. As it was
initially expected that catalysts with blocked micropores would outperform catalysts
with only impregnation into micropores, this was a surprising result. It is likely that
catalyst deactivation occurs for these catalysts, however the mechanism of deactiva-
tion is unknown. A possibility is that Ostwald ripening or sintering is a cause for
deactivation, or that adsorbed phenol from catalyst preparation (or a combination
of these causes) is the reason for catalyst deactivation. It thus seems that particles
confined in smaller particles show the highest catalytic activity, which may be due
to the fact that particles confined in small pores show less tendency to grow during
the catalytic reaction.
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Chapter 5

Concluding remarks and outlook

In this work, we have studied a method to selectively impregnate porous carbon
supports with pores ranging in size from micropores to macropores for palladium
on carbon catalysts. By adjusting the impregnation volume, pores of different sizes
can be selectively impregnated using a tetraamminepalladium solution. This was
performed in a thermoporometry study by impregnating high surface area graphite
HSAG500 with different amounts of the aqueous solution and measuring the result-
ing melting point of the pore water using DSC. Using TGA, the amount of liquid in
the pores was then determined to obtain the extent of pore filling. After perform-
ing multiple experiments with different degrees of pore filling, a relationship was
obtained between the maximum pore radius that is filled and the degree of pore fill-
ing. This showed that incomplete impregnation results in the impregnating liquid
being present in the smallest pores available, with no liquid observed in larger pores.
In order to selectively impregnate larger pores, experiments were performed in which
a pore blocking agent was introduced to the porous carbon prior to adding the
impregnating liquid. Several pore blocking agents were tried (toluene, cyclohex-
anol and phenol) using impregnation and melt infiltration. Both toluene and cy-
clohexanol impregnations gave poor results, however melt infiltration using phenol
proved to be an easy to control addition method in the preparation set-up used.
Subsequent impregnation with water showed a shift in melting temperature of the
water towards higher temperatures in DSC. It was thus concluded that it is possible
to selectively impregnate larger pores with water employing phenol as pore block-
ing agent, making use of capillary suction to first block small pores with subsequent
impregnation using the impregnating liquid.
Different catalysts were then synthesized using the methods employed for selective
impregnation with palladium weight loadings of 1 - 1.5% and 5% with a tetraam-
minepalladium solution as palladium precursor. Calculating the average particle
size for different particles did not show a clear correlation between particle size and
palladium weight loading. Particle size distributions did show a slightly larger pro-
portion of larger particles being present when the weight loading of palladium was
higher or when the catalyst was prepared by melt infiltration of phenol and subse-
quently impregnating with a PdTA solution, which is an indication that micropores
and small mesopores may be blocked by phenol. However, the average palladium
particle size was not much affected by this shift. TEM measurements from the spent
catalysts showed no significant increase in the particle size. The only change ob-
served was for the spent catalyst which was prepared with selective impregnation
into the smaller pores, which showed a significant decrease in particle size, but no
apparent cause was found for this behaviour.
Experiments with catalytic hydrogenation of cinnamaldehyde using these catalysts
found that catalysts prepared by melt infiltration of phenol and subsequently im-
pregnating with a PdTA solution significantly underperformed, not reaching full
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conversion of cinnamaldehyde after 4 hours reaction time. This was surprising, as it
was hypothesized that palladium particles in the more easily accessible large meso-
pores would show a higher activity. Instead, catalysts prepared by partial impregna-
tion showed a 100% conversion of cinnamaldehyde, which was the same as catalysts
prepared by full impregnation at both high and low palladium loading.
Calculations were performed on the initial rate of conversion of cinnamaldehyde
by the various catalysts. Catalysts prepared with a low weight loading by full im-
pregnation and partial impregnation showed the highest initial rate per gram of pal-
ladium present, which suggest a high catalytically active surface area is available.
Interestingly, catalysts prepared by melt infiltration of phenol and subsequent im-
pregnation with the PdTA solution showed a relatively low conversion rate which
is consistent with the low final conversion of cinnamaldehyde obtained with these
catalysts. The turnover frequency (TOF) was also determined for 3 samples, which
interestingly showed a high TOF for a catalyst prepared with the intended microp-
ore and small mesopore blocking, revealing a high initial TOF.
The differences found in the product distribution after hydrogenation can be fully
explained by earlier studies showing that larger palladium particles selectively hy-
drogenate the aldehyde, forming cinnamyl alcohol and then hydrocinnamyl alcohol
while smaller palladium particles show selectivity towards hydrogenation of the
C C bond, forming hydrocinnamyl aldehyde.
Catalysts prepared by partial impregnation show a higher selectivity towards hy-
drocinnamaldehyde formation than catalysts prepared by full impregnation at equal
palladium loading. This suggests that catalysts prepared by partial impregnation
contain smaller particles than catalysts prepared full impregnation, which may be
caused by the presence of these particles in relatively small pores, where the pal-
ladium particles are relatively limited in their growth during catalyst preparation.
Catalysts prepared by melt infiltration with phenol and subsequently impregnating
with a palladium precursor showed low cinnamaldehyde conversion. This may be
due to palladium particles primarily being present in larger pores as the micropores
may be blocked by phenol during catalyst preparation. The palladium particles thus
have more room to grow resulting in larger particles with a lower surface to bulk ra-
tio. The slightly higher selectivity towards cinnamyl alcohol and hydrocinnamyl
alcohol would agree with this determination, however such a definitive increase in
particle size was not observed in TEM images.
Further experiments would need to be performed to definitively confirm the in-
crease in palladium particle size for impregnation into larger pores. A possibility
would be to perform hydrogenations with catalysts using supports of different uni-
form widths. This would allow for a more controlled study of the influence of pore
size on particle size. Another option would be to use a more bulky alternative to
cinnamaldehyde, though care must be taken that palladium can catalyse the hydro-
genation of these molecules. The use of phenol as pore blocking agent seems to
effectively block the micropores and small mesopores, though the location of pal-
ladium particles upon selective impregnation could not be confirmed. More work
should thus be done to understand the influence of phenol on the adsorption of pal-
ladium in the carbon support pores and the location of palladium particles in pores
must be confirmed. Similarly, the location of palladium particles must be confirmed
for catalysts prepared by partial impregnation as the obtained results are not suf-
ficient to conclude that partial impregnation leads to palladium particles in small
pores. A possibility to study the location of palladium particles in the support may
be found in a tomographic technique such as in focused ion beam-scanning electron
microscopy (FIB-SEM). While in using this technique an entire catalyst grain can be
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characterized, it is not ideal as the resolution may be too low to study the small pores
present in the Pd/C catalyst. It was also considered that phenol may cause catalyst
deactivation, but was not confirmed. The mechanism by which this may occur is
not well understood and more work is needed to see if catalyst deactivation occurs
by adsorption of the pore blocking agent. Another question to be answered is what
happens to the pore structure during catalysis. The pore structure was only exam-
ined for the fresh support, but during catalysis the pore structure could become more
open, which may influence the catalyst selectivity. A simple way to explore this is
by thermoporometry, which was successfully employed to study the pore structure
of the fresh support.
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Appendix A

TGA analysis method

When a porous (carbon) support is impregnated with water, the mass of the water
impregnated per mass of the support can be easily obtained from TGA. The only
requirement to obtain a clear result is that the temperature of the TGA oven is suf-
ficient to evaporate any water present in the sample but not so high that it may
degrade the support. It is of course also important that the water must have a way
to be evacuated from the sample. As the samples measured with TGA are typically
first analysed with DSC, requiring a hermetic seal on the pan, the lid on the sample
pan can be pierced using a needle. From this, the degree of pore filling can be ob-
tained from the mass loss due to evaporation of water and mass of the support via
Equation 3.7.

Tracking of tetraamminepalladium decomposition using TGA When impregnat-
ing a support with the PdTA precursor, (NH3)4Pd(NO3)2, the mass fractions of Pd,
NH3 and NO3 in the solution have to be taken into account when calculating the
impregnation volume. An example of a TGA thermogram is shown in Figure A.1.
In this example, HSAG 500 was impregnated using a tetraamminepalladium nitrate
solution. It was found that (NH3)4Pd(NO3)2 decomposes almost completely upon

Figure A.1: TGA thermogram of porous carbon support HSAG500 impregnated
with 5 wt.% PdTA solution. The blue line represents the decrease in weight of the
sample over time. The red line is the derivative of the weight change with respect
to the temperature change. Note the jump in the derivative at 116 minutes, caused
by the switch of the TGA mode from temperature increase to an isotherm, all
points in the derivative after this time can thus be neglected.

heating at a temperature above 200 °C. By assuming the concentration of the PdTA
complex in water after impregnation is the same as the fresh PdTA solution and as-
suming complete decomposition of the complex, a good approximation can be made
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of the total PdTA solution present in the HSAG pores prior to performing TGA.
To calculate the mass of (NH3)4Pd(NO3)2 impregnated into the support the simpli-
fication was made that prior to heating of the sample, the palladium complex had
not undergone any reaction with the support or functional groups thereof and that
upon evaporation under a N2 flow only the central palladium atom remains. This
offers a base for further calculations as we may now assume that NH3 and NO3 at
some point will need to decompose and evaporate. From the TGA thermogram, a
distinct evaporation curve could be seen that was not present when performing TGA
on water-impregnated carbon supports.
Calculating the derivative weight change, the start and end point of evaporation
of the second peak were taken as the minimum in the derivative of the weight
change. Considering the mass fraction of NH3 and NO3 from ((NH3)4Pd(NO3)2)
is 0.643546, the total mass of Pd in the sample could be estimated via the formula
mPd = ∆m · [Pd]/([NH3] + [NO3]) = ∆m · 0.356454/0.643546. A possible error may
be introduced using this method due to the fact that the end product is taken as
pure Pd while some palladium oxide may be present. The oxygen needed to form
these complexes may come from the support, or any remaining water in the pores.
However, it is unknown whether this palladium oxide is present and the possibility
of its potential presence is thus ignored in the calculations. The calculation method
thus offers a way to calculate the amount of the solvent-free tetraamminepalladium
complex present upon impregnation of the support.
It is emphasized that any amounts or weight loadings of palladium reported in this
work were not obtained through TGA, as this was considered as unreliable. This
is primarily because of the simplifications made to perform the calculations, as out-
lined in this appendix, but also because the sample taken for TGA is very small
(commonly between 5-8 mg). This means that only the local palladium loading for
the (small) sample can be determined, which may be an indication of the palladium
loading, but if the palladium distribution is not completely homogeneous over the
entire catalyst the calculated palladium loading for the sample may deviate from the
overall palladium loading. Instead, only calculated amounts were reported based
on the concentration of the tetraamminepalladium solution used and the amount
thereof impregnated into a porous support. The results obtained via the method
described here do however corroborate the calculated Pd-loadings on the support.

Thermogravimetric analysis of phenol and water containing samples In order to
determine the amounts of phenol and water in a sample of porous carbon a similar
TGA method was used. As can be seen in Figure A.2 two distinct weight changes
occur. The first was attributed to water and the second to phenol as water has the
lower boiling point of 100 °C. The onset of the second weight change was taken as
the first minimum in the derivative weight change. It was assumed that at this point
all water had evaporated and evaporation of phenol could start to occur. This al-
lows for the approximation of the amount of phenol and water in the sample. This
method is not entirely exact, as a small overlap in evaporation can occur. The first
weight change (up to the first minimum of the derivative of the weight change with
the change in temperature) is thus taken as the amount of water impregnated and
the second weight change as the amount of phenol impregnated, starting at the min-
imum of the derivative of the weight change. The obtained values for the amount of
water and phenol in the sample can then be converted to the degree of pore filling
of water φwater and phenol φPB via the Equation 3.7, which added together form the
total degree of pore filling φtotal.
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Figure A.2: TGA of a sample containing water and phenol. The blue line is the
total weight, the red line the derivative of the weight change with respect to the
change in temperature. At 160 minutes a jump can be seen in the derivative of the
weight change, caused by the switch of the TGA mode from temperature increase
to an isotherm, all points in the derivative after this time can thus be neglected.
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Appendix B

DSC Freezing curves

Figure B.1: DSC curves for the freezing of the precursor solution in samples
impregnated to varying extends. Scan direction was from right to left at a rate of 1
°C per minute.
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Appendix C

Spent catalysts TEM images

Figure C.1: STEM images of spent catalysts from (a) catalyst c0-10L, (b) catalyst
c0-10H, (c) catalyst c0-03L, (d) catalyst c03-03L.
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Appendix D

Pd particle size distributions

Figure D.1: Particle size distribution for fresh (red) and spent (blue) catalyst c1.
The denoted particle size is in the range ± 0.5 nm.

Figure D.2: Particle size distribution for fresh (red) and spent (blue) catalyst c2.
The denoted particle size is in the range ± 0.5 nm.
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Figure D.3: Particle size distribution for fresh (red) and spent (blue) catalyst c5.
The denoted particle size is in the range ± 0.5 nm.


	Abstract
	Acknowledgements
	General introduction
	Heterogeneous catalysis
	Supported metal catalysts

	Pd/C catalysts
	Production of Pd/C catalysts
	Deposition precipitation
	Ion adsorption
	Dry impregnation

	Supports for Pd/C catalysts
	Previous work

	Aim of the project
	Selective impregnation
	Impregnation into micropores and small mesopores
	Impregnation into large mesopores and macropores

	Catalyst synthesis and testing

	Selective impregnation
	Introduction
	Theoretical considerations
	Dry impregnation
	Thermoporometry
	Pore volume determination
	Blocking of micropores and small mesopores

	Experimental procedure
	Materials
	Support pretreatment
	Dry impregnation
	Micropore blockage via dry impregnation
	Micropore blockage via melt infiltration
	Thermoporometry measurements
	Thermogravimetric analysis

	Results and discussion
	Pore volume determination of carbon supports
	Melting behaviour of palladiumtetraamine in porous HSAG
	Freezing behaviour of palladiumtetraamine in porous HSAG
	Blocking of micropores and small mesopores

	Conclusions

	Catalyst synthesis and testing
	Introduction
	Theoretical considerations
	Catalyst preparation
	Hydrogenation using Pd/C catalysts

	Experimental procedure
	Materials
	Support functionalization
	Surface acid group concentration determination
	Catalyst preparation
	Catalyst testing
	Characterization methods

	Results and discussion
	Catalyst characterization
	Catalyst testing

	Conclusions

	Concluding remarks and outlook
	Bibliography
	TGA analysis method
	DSC Freezing curves
	Spent catalysts TEM images
	Pd particle size distributions

