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Catalytic properties of Pd supported on two polymers of similar basicity but different electrical properties, a p-conjugated
conducting-polypyrrole (PPY) and the electro-inactive poly(4-vinylpyridine) (PVP) have been studied in the hydrogenation of

acetophenone (ACT) and compared with that of c-Al2O3 supported Pd. Experimental evidences provided by several techniques:

X-ray photoelectron spectroscopy (XPS), scanning (SEM) and transmission electron (TEM) microscopy, X-ray diffraction (XRD)

and temperature programmed desorption (TPD) of hydrogen show that both polymers PVP and PPY exhibited ability to stabilize

finely dispersed palladium nanoparticles, better this ability is offered by electro-inactive PVP. Palladium nanoparticles within a

narrow range of size 2–20 nm as well as very high surface concentration of Pd (22.2 at %) in agglomerates were established in the

latter polymer supported catalysts. Distinctly lower surface concentration of Pd (1.8 at %) and crystalline Pd particles of dimension

within a wide range, from 5 nm up to ca. 1500 nm appeared in the matrix of electroactive polymer – PPY. The hydrogenation of

ACT to ethylbenzene (ETB) via 1-phenylethanol (ACP) (as the intermediate) proceeded over all studied catalysts. The effects of

solvents, Pd content, ACT concentration and the additives of ACP, ETB were also studied. The catalytic properties of Pd/PPY in

terms of activity and selectivity significantly differ from those of Pd/PVP and Pd/Al2O3. Both latter catalysts offered high activity

and selectivity in the C@O in ACT to CAOH reduction. Definitely lower activity and higher tendency towards the hydrogenolysis

of CAOH in ACP reflected Pd/PPY catalysts. Such unprofitable properties of Pd/PPY can be attributed to relatively strong

adsorption of all organic reactant ACT, ACP, ETB. A competition of the ACP and ETB with the ACT occurred only in the case of

Pdcentres created in the electroactive polymer, whereas Pd sites dispersed in the electro-inactive PVP similarly as the ones in Al2O3

exhibited definitely more substrate – ACT specific character.
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1. Introduction

Hydrogenation of carbonyl compounds is of great
importance and hydrogenation of acetophenone (ACT)
is a typical example of this category. The latter process
is of industrial relevance because its intermediates and
products are used in the pharmaceutical and cosmetic
industry. Pt, Pd and Rh catalysts supported on
conventional inorganic carriers Al2O3, SiO2, TiO2

[1–19] have already been studied in this reaction which
was carried out either as liquid or gas-phase
operations. The reaction network on Pt [2–7] and Rh
[8–12] catalysts can be very complex, due to the
possibility of the formation of several products. It
has also been shown that in the hydrogenation of CO
as well as carbonyl groups in crotylaldehyde and ACT
the excellent activity offered Pt/TiO2 catalysts due to
metal–support interactions (MSI) induced in these
systems [4,6,7]. Such interactions resulted in active
sites that can selectively activate the carbonyl bonds
towards hydrogen. They can be created in certain
metal-support systems, particularly those using a
reducible oxide like titania [6]. Only a consecutive
reaction path comprising the hydrogenation of ACT to

ethylbenzene (ETB) via 1-phenylethanol (ACP) as the
intermediate has been reported on Pd catalysts [15–19].
Various factors, among them the additives of acids into
the reaction medium have been reported [13] as
favouring the hydrogenolytic reaction. Present work
aims to investigate the hydrogenation of ACT on
polymer supported Pd catalysts and compare their
performance with that of c-Al2O3 supported Pd. Two
polymers, the electroactive one – polypyrrole (PPY)
and electro-inactive – poly(4-vinylpyridine) (PVP) were
used. Recently, many researchers have focused studies
on applying polymers as the matrices for dispersing
metallic centres Pt, Pd. Specific properties of polymers
among which their ability for the stabilization of finely
dispersed metallic nanoparticles, swelling of polymer
matrix and changing reactivity of catalysts due to
various hydrophobic/hydrophilic character make poly-
meric carriers very attractive as potential supporting
materials. The interesting and advantageous role of
polymers in number of catalytic reactions have been
reported in an excellent review paper [20] as well as in
the recently published special issue of J. Mol. Catal. A
[21].

It should be pointed out, that in full understanding of
the catalytic behaviour of polymer-based catalysts is of*To whom correspondence should be addressed.
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great importance not only of the detailed knowledge of
active metallic centres but also the texture of polymeric
support in its working state – during the catalytic
reaction [22]. Information on the polymer-based cata-
lysts in their dry state is only seldom relevant to their
properties in the working state, i.e. the swollen state
affected by the solvents used in the catalytic experiment.
Swelling effectively separates the polymeric chains and
therefore enhances dramatically the accessibility of the
inner part of the polymer agglomerates. Swelling results
in the formation of nanoporosity and it can make a
substantial fraction of the ‘‘new’’ surface available for
interactions with molecular species migrating through
the polymer. Thus, in addition to macroporosity, the
polymer-based catalyst possess also swelling-dependent
nanoporosity, that depends on the degree of crosslinking
of the polymer, the nature of catalytic reaction medium
and its part in the catalytic process. The analysis of
available literature information shows that the catalytic
performance of polymer supported metals (Rh, Pd, Pt)
depends critically on both the nanoenvironment sur-
rounding the active centres as well as their accessibility.
The latter is dramatically affected by the extent of
swelling of the polymer matrix in contact with the
reaction medium [23–26]. It has already been reported
for a number of polymer-based catalysts that the active
centres become accessible only when after contacting
with a liquid medium, a swelling of the polymer matrix
results in its nanoporosity. However, the relationship
between catalyst performance and textural properties of
the polymeric support in its working state only very few
studies have been reported [26–28]. It should be pointed
out, that the major objective of the present work was not
to investigate the relationship between catalyst perfor-
mance and textural properties of polymeric supports but
to examine the reactivity of active sites created in the
electroactive – PPY and electro-inactive – PVP matrices.

Metallic particles (Pt, Pd, Ag, Cu) electrochemically
deposited on the thin film of various electroactive
polymers have also been used as the electrodes in
electrocatalytic oxidation of various organic molecules
[29–32]. While metallic particles–conducting matrices
systems seem also attractive from the catalytic point of
view, this problem has not been studied as extensively as
the electrocatalytic processes. Heterogeneous catalysts
prepared by incorporation of Pd or Pt into powdered
polyaniline (PANI) and PPY have been tested in the
reduction of dissolved oxygen in water [33], hydrogena-
tion of nitrobenzene to aniline [33,34] unsaturated C B C
bonds in hexyne [35] and quinone systems [36]. The role of
electroactive matrix in the catalytic reactivity of metallic
centres has never been studied, and that is why the present
investigations have been undertaken. These are mainly
focused on the catalytic properties of Pd – PPY system.

PPY is a weak base (pK = 10)10 [37]) and the most
significant feature of this polymer is the ease of
oxidation. Partial oxidation of polymer occurring

during the polymerization resulted in the delocalized
positive charge compensated by insertion of anions,
Cl) in the present, starting PPY sample (Scheme 1).
On reacting the PPY powder with PdCl2 solution also
oxidation–reduction mechanism was established result-
ing in a partial reduction of palladium ions and
insertion of both Pd2+ and metallic Pd into the
electroactive matrix [33,34,38]. As electro-inactive
polymer, poly(4-vinylpyridine) (PVP) (scheme 1) was
chosen because of the similarity in its physicochemical
properties (specific surface area, the spherical shape of
grains, basic properties pK ¼ 1.12 · 10)4 [39]) to those
of PPY. PVP – PdCl2 complexes which were precip-
itated then mixed ethanol solutions of PdCl2 and PVP
effectively acted in the hydrogenation of unsaturated
aldehydes and alcohols [23,24]. However, because of
the location of Pd centres mainly inside the polymer
matrix, their accessibility for the reactant was difficult
and the activity of PdCl2 – PVP system was to some
extent determined by the ability of polymer to swell in
the reaction medium [23,24]. Another preparation
procedure of Pd/PVP was used in the present work.
This procedure involved incorporation of palladium
onto the powder of PVP (commercial reagent).
Hydrolysis of palladium compounds that occurred
due to alkaline properties of PVP resulted in the
precipitation of palladium mainly onto the outer
surface of polymer agglomerates [36].

The number of techniques (SEM, TEM, XRD, XPS,
TPD) used in the present work allowed to characterize
Pd species created in the Pd/PVP and Pd/PPY powders.
The catalytic tests of ACT hydrogenation were per-
formed in a liquid phase over a wide range of operating
conditions. The effect of solvents, Pd content, concen-
tration of ACT and the additives of hydrogenation
products ACP, ETB were studied. In view of the
physicochemical and catalytic results, an unprofitable
role of electroactive polymer on performance of Pd/PPY
was established. Such a role was manifested in the Pd
crystallites of size within a wide range (5–1500 nm) as
well as in the very low surface concentration of Pd on
agglomerates of electroactive polymer. On the other
side, the use of electro-inactive polymer – PVP and the
same procedure of Pd insertion resulted in Pd/PVP
catalysts of very similar properties to those of alumina
supported Pd. Both latter Pd/PVP and Pd/Al2O3 offered
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much higher activity and selectivity in the ACT hydro-
genation than that of electroactive-polymer supported
Pd.

2. Experimental

2.1. Preparation of catalysts

PPY (BET surface area 7 m2/g) was synthesized by
polymerization of pyrrole at 0 �C using HCl and
(NH4)2S2O8 as the oxidant [38]. Poly(4-vinylpyridine)
(17 m2/g) and c-Al2O3 (155 m2/g) supports were com-
mercial reagents (Aldrich).

Na2PdCl4 solution of NaCl : PdCl2 molar ratio equal
to 2.5–3 (PdCl2 concentration 2.23 · 10)3 mol/dm3) was
used as the precursor of palladium ions. Pd/PPY
catalysts were prepared by exposure of polymer powder
into the appropriate volume of Na2PdCl4 solution to
obtain 1–5 wt% of Pd in the final catalyst. The
suspension was stirred at room temperature when all
of Pd complex had reacted with the polymer. This
happened in ca. 30–60 min depending on the content of
introduced Pd. The product was filtered off, washed
with deionized water to eliminate Cl) ions and then
dried for 4 h at 60 �C. The same PdCl2 solution was
used to prepare 4% Pd/PVP catalyst. The uptake of
palladium by PVP powder occurred very slowly and it
was complete after ca. 24 h of mixing a suspension of
polymer in the Na2PdCl4 solution.

Pd/Al2O3 4% was synthesized by the precipitation of
hydrated palladium oxide onto alumina (spherically
shaped grains of diameter ca. 100 lm, BET surface area
155 m2/g). Alumina dried for 16 h at 120 �C was
impregnated with Na2PdCl4 solution and subsequently
treated with 0.1 mol/dm3 NaOH solution. The catalysts
were activated with hydrogen in situ immediately before
the catalytic test (see section 2.3).

2.2. Characterization of catalysts

Characterization of Pdspecies with XRD, SEM,
TEM, XPS techniques was performed for the catalysts
activated with hydrogen using procedure described in
Section 2.3. Catalytic experiments.

Colorimetric method based on the reaction between
Pd2+ ions and thioureawas used to determine the content
of Pd2+ in the catalysts. This method has been success-
fully applied to Pd – polyaniline [40]. In a typical
procedure, the samples were treated with the excess of
5% thiourea solution in 0.05 M HCl and the concentra-
tion of extracted Pd2+ ions complexed with thiourea was
determined colorimetrically after calibration. The con-
tent of Pd0 was calculated as the difference between Pd
introduced and Pd2+ extracted. The analysis was per-
formed for the as-prepared Pd/PPY, the catalysts reduced
only in situ with hydrogen (changing temperature
18–53 �C and time of catalysts reduction 30–120 min)
prior the catalytic run and the catalysts taken from the
reactor after the hydrogenation test (table 1).

X-ray diffraction studies (XRD) were carried out
using a HZG-4 diffractometer with Cu Ka radiation.
Scanning electron microscopic investigations (SEM)
were performed using a Philips XL-30 electron micro-
scope. It was equipped with an X-ray microprobe which
provided Pd distribution maps. The dispersion of Pd
was characterized by transmission electron microscopy
(TEM) using a Philips CM-20 instrument operated at
200 kV. Samples for TEM were prepared by placing a
drop of the suspension of sample in ethanol onto a
carbon-coated copper grid, followed by evaporating the
solvent. The size of Pd particles was calculated by
examination of over 100 particles in the TEM images at
66,000 magnification.

X-ray photoelectron measurements (XPS) were
carried out in situ (without contacting the hydrogen
activated sample with air) using a VG ES-CALAB 210
spectrometer with Al Ka radiation (1254.6 eV, 10 kV).
The binding energies (BE) were referred to the C 1s
carbon peak at 284.7 eV. The C 1s, N 1s, O 1s, Cl 2p
and Pd 3d core-level spectra were recorded.

Temperature-programmed desorption of hydrogen
(TPD H2) was performed in a classical experimental
setup, equipped with a flow microreactor and a TCD
detector (Valco). Prior the experiment the sample (20mg)
was reduced in a stream of H2/Ar mixture (5% H2,
Linde), in a temperature ramp of 10 K /min, up to
300 �C in the case of 4% Pd/Al2O3. For the other
catalysts lower upper temperature limit was used

Table 1

Colorimetrically determined contents of Pd2+ and Pd0 (wt%) in the as–prepared and hydrogen activated catalysts

Catalyst Initial Pd0 Catalyst Pd2+ >F0 (%) Reduction

temperature (�C)
Reduced Pd0 Catalyst Pd2+ F

(%)

2% Pd/PPY 1.25 0.75 62 33 1.41 0.59 70.5

3% Pd/PPY 2.08 0.92 69 33 2.33 0.67 77.6

4% Pd/PPY 2.92 1.08 73 25 3.11 0.89 78.2

4% Pd/PPY 33 3.13 0.87

4% Pd/PPY 43 2.99 1.01

4% Pd/PPY 53 3.07 0.93

5% Pd/PPY 3.42 1.58 68.4 33 3.45 1.55 69.0

4% Pd/PVP – 4.00 – 33 1.45 2.55 36.2
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(160 �C) due to low stability of the polymer supports.
After reduction the sample was cooled in a flow of Ar to
an ambient temperature. The adsorption of H2 was
performed by purging the microreactor with the H2/Ar
mixture. TPD of H2 was measured using heating rate
10 K/min, in the same temperature ranges as during the
reduction. Either pure Ar or the H2/Ar mixture was used
as a carrier gas, with the flow rate of 7.5 mL/min.

2.3. Catalytic experiments

Hydrogenation experiments were carried out in an
agitated batch glass reactor at constant atmospheric
pressure of hydrogen [36]. The solvents ethanol,
1-pentanol, 2-octanol and cyclohexane were used. The
progress of the reaction was monitored by measuring
the volume of hydrogen consumed as a function of
reaction time (reproducibility of the method better
than 5%). The following operating conditions were
used: temperature 20–53 �C, catalyst concentration
0.04–0.15 g/10 cm3, initial ACT concentration (c0ACT)
0.043–0.43 mol/dm3. Before the hydrogenation experi-
ment (in a typical procedure) the catalyst wetted with
the solvent was activated in situ – inside the reactor by
passing hydrogen through the reactor for 30 min,
15 min at 20 �C and 15 min at the temperature of
reaction (33 �C in the standard procedure). Then, ACT
solution was introduced and the hydrogenation test was
started. Samples of liquids were withdrawn from the
reactor via a sampling tube at appropriate intervals of
time and analysed by gas chromatography (Auto System
GCMS, Perkin-Elmer) with He as a carrier gas (flow
rate 1 mL/min) and MS detector. Product separation
was performed on a 30 m PE–5 MS 0.25 mm capillary
column with a 0.25 lm coating, a temperature ramp
10 �C/min from 60� to 200 �C, injector temperature
200 �C.

Typically the hydrogenation experiment was carried
out at 33 �C using 10 cm3 of ACT solution in ethanol
(c0ACT = 0.086 mol/dm3) and 0.04 g of catalyst. At the
end of a run the catalyst was separated by filtration. The
content of Pd2+ was then colorimertrically determined
(table 1). The same content of Pd2+ found in the
separate samples of catalyst activated only with hydro-
gen in situ revealed that no further reduction of Pd2+

occurred during the hydrogenation run.
In all cases studied, except Pd/PPY catalysts, the rate

of hydrogen uptake was constant through at least the
first 80% of the reaction. In the case of Pd/PPY such a
constant rate was preceded by the induction period in
which a slow increase in the rate occurred. The activity
of catalyst was calculated from the linear part of the
hydrogen consumption curves (induction period was
omitted) and was referred to the 1 g of Pd in the
catalysts (mol H2/min g Pd). The rates of hydrogen
consumption are reproducible to less than ca. 5% error
in all systems. The hydrogenation of pure intermediate

i.e. ACP was also performed in standard conditions
(c0ACP = 0.086 mol/dm3, ethanol solvent, 33 �C). Blank
experiments indicated a lack of activity in the absence of
metal phase, in the presence of the pure PPY and PVP
supports. No appreciable adsorption of the reactants
ACT, ACP and ETB was observed on the pure
polymers.

3. Results and discussion

3.1. Characterization of Pd species in the catalysts

3.1.1. Pd/PPY catalysts
Reaction of the PPY powder with Na2PdCl4 solution

resulted in a partial reduction of palladium ions. As the
data of colorimetric analysis show (table 1) 62–73% of
the introduced palladium was metallic Pd. These find-
ings are consistent with the XRD diffraction pattern in
figure 1. The broad diffraction peaks centred at 2h
around 25� related to the PPY matrix and the very
distinct peaks at 2h = 40.1� and 46.6� characteristic of
crystalline Pd are clearly visible. Only small increase in
the content of zero-valent Pd occurred on activation
with hydrogen (in situ prior the catalytic test). Hence,
metallic palladium in the Pd/PPY was produced mainly
due to the reducing properties of electroactive polymer,
while the contribution of Pd0 produced under activation
with hydrogen was distinctly lower. In consequence, Pd/
PPY catalysts contained either unreduced Pd2+ ions
and metallic Pd0 established also by the XPS Pd 3d
spectra. The Pd 3d signal in the spectrum of hydrogen-
activated 4% Pd/PPY consists of three peak compo-
nents at BE equal to 335.03, 337.18 and 338.83 eV.
They arise from metallic Pd, palladium bonded with
chlorine and palladium most probably coordinated to

Figure 1. XRD diffraction of the as-prepared 2% Pd/PPY catalyst.
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pyrrole rings, respectively. The first energy is identical as
the one characteristic of the Pd-metal thus confirming
the crystalline palladium in the Pd/PPY. However, the
contribution of metallic Pd component is as low as only
8.6% whereas the peaks component attributed to
palladium ions (91.4% in the whole palladium, table 2)
evidently predominated. XPS – the surface sensitive
technique shows the surface concentration of palladium
as low as only 1.8 at % (table 3).

This finding is in disagreement with the result of
colorimetric analysis showing metallic palladium as
dominating in the electroactive matrices. Domination
of metallic palladium was also confirmed by the EXAFS
analysis. The EXAFS profile of Pd/PPY almost identical
as the one of Pd-foil was obtained. The peak at Pd–Pd
distances identical to that in the palladium foil evidently
predominated in the Pd/PPY with a very small contri-
bution of two peaks at the distances characteristic of
PdACl and PdAN. However, taking into account
complexity of the EXAFS data, the exact interpretation
of these results will be separately published. Hence, such
a difference in the content of metallic palladium may
arise from the enhanced sensitivity of the XPS technique
to the surface whereas the colorimetric and EXAFS
techniques both provided data from the whole volume
of the sample. The non-homogeneous distribution of
metallic palladium through the agglomerates of PPY
can be therefore postulated with the preferential loca-
tion of metallic Pd inside the electroactive matrix.

Characterization of metallic phase in the hydrogen-
activated Pd/PPY was performed with scanning and
transmission electron microscopy (figures. 2 and 3). The
SEM micrograph shows morphology of polymer typical
of those reported in the literature [37]. Non-regular
agglomerates of PPY composed of several small over-
lapping hemispheres of very similar diameter ca.
0.1–1 lm in size appeared. A few occasionally distrib-
uted, isolated, irregularly shaped white spots on this

SEM image (figure 2) of as large diameter as
300–1500 nm were identified by X-ray as Pd particles.
However, also smaller Pd particles with diameter
ranging from 5–40 nm were detected by the TEM
(figure 3). The Pd size distribution diagram calculated
from the TEM image (figure 3) shows similar contribu-
tion (15–20%) of particles 5–15 nm in size. Thus, the Pd
particles of size within a wide range from the very small
ones 5 nm up to as large as 1500 nm appeared in the
electroactive matrix. Owing to a very wide range of the
particle sizes, evaluation of an average diameter of Pd
particles seems to be not very informative.

In the electrochemically deposited Cu, Pt, Pd–PPY,
PANI nano-composites the metal particles with an
average diameter of only few 1–5 nm were formed. The
growth of such nanocomposites occurred directly on the
electrode covered with a thin layer of polymer [30–32,
41]. Pd inclusions with a narrow dispersion (3–5 nm)
were also obtained by electrochemical deposition of

Table 2

XPS data of Pd 3d5/2 in the hydrogen activated (at 33 �C) catalysts

Catalysts Pd2+ Pd0clusters Pd0metal

BE (eV) Share (%) BE (eV) Share (%) BE (eV) Share (%)

4% Pd/PPY 338.83 15.3 337.18 76.1 335.03 8.6

4% Pd/PVP 337.51 26.4 335.76 69.8 333.98 3.8

Table 3

Surface composition (in at %) characterized by XPS

Catalyst C O Cl N Pd C/N

PPY 67.70 13.02 2.36 16.92 – 4.00

4% Pd/PPY 68.90 12.30 2.10 13.80 1.80 4.99

PVP 84.33 8.05 – 7.62 11.07

4% Pd/PVP 25.7 47.6 2.50 2.00 22.20 12.85

Figure 2. SEM micrograph of the hydrogen activated 4% Pd/PPY

catalyst (magnification ·5000).
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pre-formed Pd-nanoclusters onto the thin PPY film [42].
It should be pointed out, that in the electrochemically
synthesised nano-coposites films the loading of metal is
usually very low.

Much higher Pd loading introduced into powdered
polymer such as in the present 1–5% Pd/PPY catalysts
resulted however, in the Pd crystallites of size within
wide range. Nanoparticles 5 nm in size as well as the
large ones of diameters (ca. 1000–1500 nm) comparable
to those of pure polymer agglomerates were then
produced.

3.1.2. Pd/PVP catalysts
Activation of Pd/PVP catalysts with hydrogen

resulted in a partial reduction of palladium ions
revealed by colorimetric (table 1) and XPS analyses
(table 2). Three energy states of palladium at 337.51,
335.76 and 333.98 eV were found in the Pd (3d) XPS
spectrum (table 2). The first energy was assigned to
Pd2+ bonded with Cl, the last 333.98 eV to the metallic

palladium. The energy 335.76 eV which is lower than
that of metallic Pd is often attributed to electron
deficient Pdr+ or to Pd clusters [24]. The latter Pd
species were found by XPS as the dominating (69.8%)
state of palladium within the surface of hydrogen-
activated Pd/PVP catalyst (table 2). Indeed, the XRD
diffraction confirmed highly dispersed Pd in the PVP
matrix because only a small broadening on the base
line in the diffraction region characteristic of crystalline
Pd was observed. It is more interesting to observe that
at the same loading of Pd (4%) in both PVP and PPY
polymers, the surface concentration of Pd (22.2 at% of
Pd) in the electro-inactive PVP is ca. 12 times higher
than the 1.8 at% in the Pd/PPY (table 3). The mor-
phology of PVP agglomerates similar to that of PPY
can be seen on the SEM image of 4% Pd/PVP catalysts
(figure 4). Polymer agglomerates (4–10 lm) are com-
posed of less or more spherical grains with diameters
slightly higher compared with those of PPY. High
ability of PVP to stabilise well dispersed metallic Pd
resulted in a very homogeneous distribution of Pd
element through the polymer, established by the X-ray
map [36]. TEM image of the hydrogen-activated 4%
Pd/PVP shows irregularly shaped black areas of
diamater within narrow range 2–20 nm (figure 5).
The size distribution diagram (figure 5) estimated from
the TEM results shows the domination of the particles
5 nm in size.

Hence, in contrary to the Pd/PPY, only the nano-
particles of Pd with a homogeneous size distribution
appeared in the Pd/PVP. Such effect revealed better
stabilising properties of PVP by preventing the aggre-
gation of Pd to the large crystalline particles observed in
the case of electroactive matrix. This ability makes PVP
attractive as a potential supporting material for palla-
dium catalysts.

3.2. Temperature programmed desorption of hydrogen

The properties of Pd centres existing in the dry
powders of electroactive and electro-inactive polymers
were characterized with the TPD of hydrogen and
compared with those of 4% Pd/Al2O3 (figure 6). These
measurements can provide information about the
strength of interaction of hydrogen with the Pd sites in
catalyst. It is well known that the peak position and
shape are strongly influenced by experimental parame-
ters such as the carrier flow rate, heating rate, transport
limitation and readsorption effects. The experiments
performed were selected to obtain reproducible data
with high signal to noise ratio, as well as to eliminate
diffusion effects [43]. However, no systematic studies of
these effects were performed. In the TPD profiles
measured using H2/Ar mixture (figure 6a) for both
polymer-based catalysts (4% Pd/PVP and 4% Pd/PPY)
two peaks are clearly seen: the distinct one at around
60 �C and second-less intensive but much broader at

Figure 3. TEM micrograph of the hydrogen activated 4% Pd/PPY

catalyst (magnification ·66,000) and the Pd size distribution diagram.
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higher temperatures. The low temperature peaks (at
60 �C) are assigned to hydrogen derived from the
decomposition of b-palladium hydride, the second may

be attributed to the chemisorbed hydrogen. In the TPD
profile of electro-inactive Pd/PVP the low temperature
peak dominates whereas only a very weak shoulder at
slightly higher temperature attributed to chemisorbed
hydrogen appeared. On the other hand, in the TPD
profile of 4% Pd/PPY similarly as in 4% Pd/Al2O3 very
broad peaks of chemisorbed hydrogen located at dis-
tinctly higher temperatures are seen. The difference
between individual catalysts with respect to the chem-
isorbed hydrogen is better recognised in the TPD profile
obtained in pure Ar as a carrier gas (figure 6b). Only a
single, broad maximum resulting from desorption of the
chemisorbed hydrogen is then observed. The much
higher capacity of hydrogen as well as distinctly higher
temperature of H2 desorption is observed for the 4%
Pd/PPY comparing with that of 4 % Pd/PVP. Actual
content of the exposed Pd in 4% Pd/PVP may be higher
than represented by the peak area in figure 6 b since the
coverage might be not complete due to relatively high
temperature of adsorption.

Formation of the palladium hydride phase requires
relatively large crystallites of Pd, whereas chemisorption
of hydrogen atoms should be related to small Pd

Figure 4. SEM micrograph of the hydrogen activated 4% Pd/PVP

catalyst (magnification ·500).

Figure 5. TEM micrograph of the hydrogen activated 4% Pd/PVP

catalyst (magnification ·66,000) and the Pd size distribution diagram.

(a)

(b)

Figure 6. TPD profiles of hydrogen: (a) flowing gas a mixture 5% H2–Ar;

(b) flowing gas pure Ar.
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particles. The TPD results indicate that only in the 4%
Pd/Al2O3 small Pd particles predominate, since forma-
tion of b-PdHX is negligible, while both polymer-based
catalysts contain large Pd particles responsible for
b-PdHX formation, as well as small exposed metal
particles containing hydrogen chemisorption sites.
According to [44] small Pd crystallites chemisorb H
atoms more strongly and in consequence more dispersed
sample will have a higher H2 desorption temperature.
Higher H2 desorption temperature is observed for Pd/
PPY in which besides the Pd crystallites of relatively
large size (figure 2) the smaller ones are also present
(figure 3) that are responsible for relatively strong
chemisorption of hydrogen.

More chemisorbed hydrogen was observed for Pd/
PPY after prolongation of the adsorption time. This
effect may result from limited diffusion rate of H2

molecules through the polymer. Longer adsorption time
would be necessary for the complete saturation of
the adsorption sites on Pd particles located inside the
polymer matrix. No such effect was observed for the
catalyst containing a typical porous support (4% Pd/
Al2O3). Another possible explanation of this
effect – incomplete reduction of Pd ions before adsorp-
tion of H2 – is less likely. The initial reduction degree of
Pd2+ ions in the as-synthesised 4% Pd/PPY was high
(73%, table 1) as well as before the TPD measurements
the sample was additionally reduced in flow of 5% H2/
Ar at 160 �C.

3.3. Hydrogenation experiments

In agreement with the finding for Pd catalysts [15–18]
the hydrogenation of ACT to ETB via 1-phenylethanol
(ACP) occurred over all PPY, PVP and alumina
supported Pd. ACP and ETB were identified by gas
chromatography–mass spectrometry (GCMS) analysis
as the only products formed in the present studies. Thus,
active sites created in both PPY and PVP polymers are
able to hydrogenate carbonyl groups C@O to the
alcohol C-OH ones and to transform the latter
to >CH2.

3.3.1. The effect of solvent
Hydrogenation experiments were performed to

examine the role of solvents in the activity of studied

catalysts. In the case of polymer-based catalysts this
role may be connected not only with the solubility of
hydrogen and solvent polarity but also with the
swelling ability to various extent in the solvent
medium. The results are collected in table 4. It can
be seen that the solvent polarity [dielectric constant (e)]
more than the solubility of hydrogen in the solvents
affect the activity. In agreement to the findings on Pd/
AlPO4 [17] the activity of our Pd/Al2O3 is high in
ethanol and 1-pentanol, but it decreases in solvents of
lower e. Other effects can be seen on polymer-based
catalysts. The activity of Pd/PVP is much higher in the
polar solvents than in the cyclohexane. In 1-pentanol
and ethanol this activity is comparable to that of Pd/
Al2O3 but is around two times higher in the 2-octanol
solution. The observed high activity in alcohol solvents
could easily be due to swelling of PVP to various
extents occurring in polar medium [23,24]. Pd/PPY
exhibited very low activity in all solvents except
ethanol. Activity in ethanol was more than 10–20
times higher than in the remained less polar solvents.
Thus, ethanol was chosen as the solvent in all
subsequent catalytic experiments performed in the
present work. The nature of solvent was also found
to affect the activity of Pd/PPY in the nitrobenzene
hydrogenation [34]. The better activity similarly as in
the present studies was obtained in ethanol solvent. It
is very probable that ethanol as the most polar among
the solvents used in the present work, exhibited a
satisfactory high solvating properties with respect to
ACT molecule, thus hindering its adsorption on the Pd
sites existing in the electroactive matrix. The results in
table 4 enable also to compare the activity of individ-
ual catalysts. In all studied solvents the activities of Pd/
PVP and Pd/Al2O3 are comparable, and all are much
higher than those of electroactive matrix–PPY sup-
ported Pd. With the most active 4Pd/PVP catalysts
(33 �C, 0.04 g catalyst in 10 cm3 of ethanol solution) a
few experiments were carried out to attain sufficiently
high agitation frequency at which the rate of hydrogen
uptake did not depend of it. This agitation frequency
was used in all the hydrogenation tests thus showing
the absence of external gas–liquid mass transfer limi-
tation under the standard hydrogenation conditions
(ethanol, 33 �C) of the present work. The effect of 4%
Pd/PVP catalyst concentration on the rate of hydrogen

Table 4

The effect of solvent on the initial activity [mol H2/min g Pd · 10)3] of catalysts

Solvent Dielectric

constant

Solubility of H2

(mol/cm3 10)6)a
4% Pd/PPY 4% Pd/PVP 4% Pd/Al2O3

Cyclohexane 2.02 3.97 Inactive 2.68 5.15

2-Octanol 8.13 0.35 21.56 9.31

1-Pentanol 15.1 1.52 0.17 10.68 12.87

Ethanol 25.3 3.40 3.72 14.50 12.44

aSolubility of H2 at 34 �C and pH2
= 1 atm [45, 46].
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uptake was studied in the range of 0.024–0.15 g/10 cm3

of ethanol solution at 33 �C. The rate of hydrogen
uptake was found to increase by nearly four times,
when the catalyst amount increased from 0.024 to
0.1 g/10 cm3 (figure 7) (0.04 g of catalyst was used in
the standard hydrogenation procedure). The linear
dependence of the initial rate with the catalyst concen-
tration also proved the absence of external gas–liquid
mass transfer limitation [10,47].

To determine apparent activation energy the hydro-
genation tests were carried out with standard procedure
(c0ACT = 0.086 mol/dm3) at temperature 20–53 �C. In
these experiments the catalysts were activated with
hydrogen 15 min at room temperature and 15 min at
the temperature of reaction. However as the data in
table 1 show the temperature of Pd/PPY activation did
not essentially affect the content of metallic Pd deter-
mined in the catalysts after the hydrogenation test.
Maybe, because in the catalysts predominated zero-
valent Pd formed during the palladium insertion, due to
reducing properties of PPY. At higher temperatures,
similarly as in the standard condition (33 �C) the rate of
hydrogen uptake was practically constant up to ca. 80%
of ACT conversion. Using such constant rates the
Arrhenius plots (figure 8) were prepared. In the case of
4% Pd/PPY this plot is linear within the whole
temperature range while for the much more active 4%
Pd/PVP the linear relationship is seen only at lower
temperatures. Activation energies for the reaction at
33 �C are calculated to be 8.1 kcal/mol on 4% Pd/PPY
and 9.6 kcal/mol on 4% Pd/PVP. The obtained values
are in agreement with the literature data 8–11 kcal/mol
for the kinetically controlled ACT hydrogenation on Pt/
SiO2, Pt/Al2O3 and Pt/TiO2 [4,5] as well as 10.5 kcal/mol
on CuCr2O3 [14].

3.3.2. The effect of polymer
Typical hydrogen consumption curves [mol H2 ·

10)5] obtained in the hydrogenation carried out in
ethanol solvent at 33 �C are compared in figure 9. The
difference in the shape of curves on Pd/PPY (figure 9a)
from those on Pd/PVP and Pd/Al2O3 (figure 9b) is seen,
especially in the initial stage of the hydrogenation
experiment. An induction period can be seen only on
Pd/PPY, especially distinct for catalysts with low Pd
content (2–3% Pd). When the content of Pd increased,
the induction period become less and less distinct and
completely vanished on catalyst with 5% Pd. The
procedure of catalyst activation with hydrogen in situ
has essential role on induction period. In particular the
nature (composition) of liquid used to wetting the
catalyst has a drastic effect.

Wetting of the catalyst with ethanol only under
activation with hydrogen resulted in a relatively short
induction period, while ACT-containing ethanol solu-
tion produced very long one with a consequent lowering
of the catalyst activity. The effect of induction period
has been reported by number of authors in the hydro-
genation of various reactants. Most frequently it was
correlated with enhanced chemisorption of the reac-
tants. This seems also very probable in the present Pd/
PPY catalysts, experimentally confirmed by examina-
tion of the products ACP and ETB additives on their
activity (Section 3.3.4).

A break in the hydrogen uptake curves (figure 9)
although not very distinct shows the ACT reduction in
two stages differing in the rates, similarly as reported on
Pd/C catalyst [15]. The hydrogenation of ACT to the
alcohol (ACP) predominates in the first, whereas the
second stage corresponds to the hydrogenolysis of ACP
to ETB.

Figure 7. Initial rate of hydrogenation (mol H2 · 10)5/min) as a

function of 4% Pd/PVP concentration (ethanol, 33 �C, c0ACT ¼
0.086 mol/dm3)

Figure 8. Arrhenius plots for the hydrogenation of ACT on 4%

Pd/PPY (A) and 4% Pd/PVP (B) catalyst in the temperature range

20–53 �C (ethanol, catalyst concentration 4 g/dm3, c0ACT ¼ 0.086

mol/dm3).
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Thermodynamic data [14] show at hydrogen pressure
1 atm and temperature 298 K the free energy changes
for the formation of ACP and ETB via the reactions
ACT + H2 = ACP(I) and ACP + H2 ¼ ETB ¼ H2O
(2) as equal to –5.03 and –18.68 kcal/mol, respectively.
The equilibrium constants are calculated to be 4.9 x 103

and 5.13 x 1013 for reactions 1 and 2, respectively. Thus,
the extent of equilibrium conversions as high as 98.6%
for ACT and 99.9% for ACP were calculated [14]. In
view of above data ACT can be almost completely
reacted to ACP as well as ACP to ETB in experimental
conditions used in the present work.

The hydrogenation of C@O proceeded with a con-
stant rate of H2 uptake (R, I) until more than 1 molar
equivalent of hydrogen had been consumed and then
slowed markedly (R, II). Thus, together with the C@O
to CAOH hydrogenation the reduction of CAOH to

CH2 proceeded. The latter conclusion is confirmed by
the plots of reagents concentrations versus the reaction
time (figure 10). The concentration of ACT decreases
while that of ACP increases and passes through the
maximum. ETB is formed from the very beginning of
the reaction on Pd/PPY only. On the other hand, on
both Pd/PVP and Pd/Al2O3 similarly as reported on Pd/
AlPO4 [17], an appreciable amount of ETB is observed
only when nearly all of the starting ACT is converted to
ACP (figure 10), similarly as reported on Pd/AlPO4 [17].
From this type of the reaction profile it was concluded
[17] that ACT is more tightly adsorbed at active sites
than is ACP. As long as the concentration of ACT is
high enough, selective adsorption of this compound is
predominant and only very low surface concentrations
of the intermediate ACP exist. This concept is also
true on Pd/Al2O3 and electro-inactive PVP supported
Pd. The formation of ETB from the very beginning of
the reaction on Pd/PPY demonstrates that the surface
concentration of intermediate – ACP and/or the

(a)

(b)

Figure 9. Hydrogen consumption curves in the hydrogenation of

ACT: (a) Pd/PPY of various Pd loading; (b) 4% Pd/PVP and 4% Pd/

Al2O3.

Figure 10. Change of reactants ACT, ACP and ETB concentration

(mol%) as a function of reaction time (ethanol, 33 �C, c0ACT ¼ 0.086

mol/dm3).
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intrinsic rate of the ACP hydrogenolysis is then
higher.

The data in table 5 show practically the same rate
of the first stage (R, I) independently of the Pd content
in the Pd/PPY catalysts. On the other hand the increase
in the content of Pd resulted in a slow decrease in the
rate of the second stage (R, II) in which ACP was
reduced to ETB. Simultaneously, breaks on the hydro-
gen uptake curves transform to larger amounts of
hydrogen showing the increased contribution of the
hydrogenolysis in the first stage of the process. As a very
probable reason of a decreased rate in the second stage,
the strong adsorption of the reaction products ACP,
ETB can be considered.

3.3.3. The effect of ACT concentration
The effect of the initial ACT concentration (c0ACT)

was studied at 33 �C and the relations between the rate
of the first stage (R, I) and c0ACT are presented in
figure 11. The zero order of reaction towards ACT is
observed within the whole range of c0ACT on Pd/PVP and
Pd/Al2O3 (figure 11b) similarly as reported on Pt and Pd
catalysts [4,14,17]. Another effect of c0ACT appeared on
electroactive polymer supported Pd. The rate was found
to be practically constant only within c0ACT concentra-
tion as low as 0.043–0.086 mol/dm3 (figure 11a). The
higher c0ACT resulted in a very long induction period with
consequent decrease in the rate of the ACT to ACP
reduction (first stage). Although a long induction period
makes difficult the exact calculation of the rate (very
short linear part of the hydrogen consumption curves)
an inhibitory effect of large ACT concentration ap-
peared either at 2 and 4% of Pd in the electroactive
matrix (figure 11a). A strong chemisorption of ACT
molecules on Pd sites created in the electroactive matrix
may be considered as a probable reason of such effect.

3.3.4. The effect of ACP and ETB additives
When ACP is added into the solution at the start of

experiment, it has a marked retarding effect on the rate

of ACT reduction on Pd/PPY only, whereas it has no
observable effect on the rate at which ACT reduces over
Pd/PVP and Pd/Al2O3. As figure 12 shows the additives
of ACP resulted in a distinct induction period as well as
in the decrease in the activity of Pd/PPY. As the amount
of introduced ACP is increased, the inhibitory effect
becomes correspondingly more and more pronounced
(table 5). As the same number of ACP moles are
introduced, the inhibitory effect is more distinct on the
catalyst with lower content of Pd. An inhibitory
phenomenon also appears due to the ETB additives.
ETB has no drastic effect on the rate at which C=O in
ACT reduces to C-OH, but it causes almost complete
retardation of the second stage in which ACP reduces to

Table 5

The influence of Pd content and the additives of ACP and ETB on the rate [(mol H2/min g Pd) · 10)3] of stage I (R, I) and stage II (R, II) in

hydrogenation on Pd/PPY

Pd (wt%) Exp. No Initial concentration (mol/dm3) (R, I) (R, II) Decrease in the

(R,I) (%)

ACT ACP ETB

2 A 0.086 – – 3.73 2.01

3 A 0.086 – – 3.53 1.78

B 0.086 0.0055 – 2.60 26.3

C 0.086 0.022 – 1.78 49.5

4 A 0.086 – – 3.72 0.95

– 0.086 – 0.55

B 0.086 – 0.065 3.18 0.25

5 A 0.086 – – 3.23 0.60

B 0.086 0.022 – 2.78 13.9

Figure 11. The influence of initial ACT concentration (c0ACT) on the

rate in stage I (R, I).
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ETB. Identical inhibitory effect of propylbenzene in the
hydrogenation of propiophenone (ethanol solvent) has
been reported on Pd/C catalyst [15].

In the hydrogenation of the intermediate – ACP (in
standard conditions) on 4% Pd/PPY as the only product
ETB was formed. The rate of ACP reduction was ca.
four times lower than that of ACT (table 5) in the same
conditions. Hence, Pd/PPY exhibited much higher
activity of carbonyl group C@O reduction compared
with that of C-OH hydrogenolysis. The reduction of
ACP occurred with almost constant rate up to ca. 25%
of ACP conversion and then slowly decreased, most
probably due to the increased content of ETB in the
reaction medium. Such inhibition effect also existing in
the course of ACP hydrogenation confirmed strong
adsorption of the reaction product in the case of
electroactive matrix supported Pd.

In conclusion, active sites created in the electroactive
matrix differ from those in the alumina and electro-
inactive polymer. The enhanced chemisorption of all the
organic reactants ACT, ACP, ETB occurred on sites
formed only in the electroactive polymer – PPY.
Relatively strong chemisorption of the ACT molecules
may be responsible for the induction period in the very
beginning of the reaction as well as the lowering of Pd/
PPY activity at higher initial ACT concentration.
Strong chemisorption of reaction products ACP
and ETB and their competition with the ACT molecules
also resulted in lowering of Pd/PPY activity and in
less selective C@O reduction. On the other hand,
very similar temperatures of hydrogen desorption
for Pd/PPY and Pd/Al2O3 (figure 6) may suggest
comparable strength of hydrogen chemisorption in both
catalysts.

Thus, unprofitable role of electroactive matrix can be
related to the enhanced adsorption of organic reactants.
It is difficult to decide if such role can be related to the
structure of polymer itself leading to the interaction of
pyrrole units with the organic reactants (ACT, ACP,
ETB) thus making difficult access to the active centres
inside the polymer agglomerates. However, the interac-
tions between the metallic Pd and p-conjugated polymer
may also modify reactivity of the Pd centres in a way of
the enhanced adsorption of the organic reactants.

Recently, many researchers have focused their studies
on the interactions between metallic particles and
conductive polymers. The systems composed of the thin
film of polymers with embedded metallic particles have
been used in these studies in view of their potential
application as the new electronic (semiconducting)
devices. In this context the interactions at metal/polymer
interfaces such as Al, Cr, V, Ag, Cu, Au – PPY and
polythiophene were studied [30,41,48–50]. The general
behaviour of metal/electroactive polymer contact can be
considered as electronic in nature and can be predicted
from the electronic properties: work function, energy of
the valence and conducting bands of the particular
reagents [48]. As expected the reactivity of individual
metals differed from each other and most frequently this
reactivity was considered in term of charge transfer
affecting the p conjugation in the polymer matrix.
However, to a best of our knowledge a detailed
interactions in such systems particularly with respect
to the metallic particles are not yet fully understood
because most of studies was concentrated on the
changes in electronic properties of polymer induced by
metal atoms. Detailed explanation of a difference in the
adsorption properties of the active sites created in the
electroactive and electro-inactive polymers established
in the present work seems therefore difficult. However,
in view of the present observation it is evident that
application of Pd/PPY as the heterogeneous catalysts in
hydrogenation of carbonyl compounds did not provide
satisfactory results.

It can not be excluded that applying catalysts similar
to those used in the electrocatalytic processes—i.e.
samples with the zero-valent Pd nanoparticles only,
uniformly dispersed in the thin film of electroactive
matrix – enable to recognise more evidently the role of
electroactive polymer. This type of palladium catalyst
containing silica grains coated with thin film of electro-
active polymer–polyaniline have already been tested in
our introductory catalytic experiments.

On the other hand, very promising catalysts were
obtained using the electro-inactive polymer PVP. The
profitable properties of Pd/PVP can be attributed to the
preferential location of Pd nanoparticles onto the
surface of the polymer agglomerates as well as to the
character of Pd sites which were more substrate (ACT)
specific than those in the electroactive matrix. All of
these properties make Pd/PVP very attractive catalysts

(a)

(b)

(c)

Figure 12. The effect of ACP additives on the course of ACT

hydrogenation on 3%Pd/PPY at 33 �C. ACT the only reagent in the

reactor c0ACT = 0.086 mol/dm3 (A), 0.086 mol/dm3 of ACT and

0.0055 mol/dm3 of added ACP (B), 0.086 mol/dm3 of ACT and

0.022 mol/dm3 of added ACP (C).
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and investigations are in progress for a better knowledge
of these new catalysts.

4. Conclusions

The substantial difference between the reactivity of
Pd active sites created in the electroactive PPY and the
electro-inactive PVP polymers was established. The Pd
crystallites of size within wide range 5 nm up to ca.
1500 nm appeared in the Pd/PPY, whereas owing to
much higher stabilizing ability of PVP the finely
dispersed Pd nanoparticles 2–20 nm in size were
formed in the Pd/PVP catalyst. The hydrogenation of
ACT to ethylbenzene (ETB) via 1-phenylethanol (ACP)
as the intermediate occurred over all studied catalysts.
The activity of electro-inactve polymer supported Pd
was comparable to that of Pd/Al2O3 and both such
catalysts offered much higher activities than that of Pd/
PPY. Both Pd/PVP and Pd/Al2O3 reduced selectively
C@O in ACT to C-OH. The zero order of reaction
towards ACT concentration was established for Pd/
PVP and Pd/Al2O3 catalysts. Their activities were
found to retain unchanged under the additives of the
reaction products ACP and ETB. Thus, no competitive
adsorption of the reaction products and ACT occurred
in these catalysts. On the other hand, strong compe-
tition of the reaction products ACP and ETB with the
substrate ACT for the active sites created in the
electroactive matrix resulted in distinctly lower activity
of Pd/PPY as well as in less selective C@O reduction. A
disadvantageous role of electroactive polymer on reac-
tivity of Pd centres is therefore postulated. Such a role
manifested in a very low surface concentration of zero-
valent Pd in the PPY agglomerates as well as in an
enhanced adsorption of all organic reactants (ACT,
ACP, ETB) on the active sites created in the electro-
active polymer. It can not be excluded that interactions
between Pd particles and p-conjugated electroactive
polymer may modify the reactivity of Pd centres in a
way of the enhanced adsorption of the organic reac-
tants, observed in the present investigations. On the
other hand, the electro-inactive polymer PVP sup-
ported Pd seems a very promising system. Specific
properties of polymer among which the high ability to
stabilisation of finely dispersed Pd nanoparticles as well
as location of Pd mainly onto the outer surface of
polymer agglomerates make PVP attractive as a
potential supporting material for the palladium cata-
lysts.
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