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Palladium particles can be prepared in sizes of a few nanometers from Pd(OAc)2 in the presence of a block copolymer in

aromatic unpolar solvents with suitable reducing agents like NaBH4 or LiAlH4. After mixing the organic metal solution with a

polyacrylic acid (PAA) dispersion of defined concentration and following a crosslinking process with an epoxide, reactive

membranes with a well-defined pore diameter were obtained. The catalytic activity of the prepared palladium particles incorporated

in the crosslinked PAA network has been proven by the gas phase hydrogenation of propyne in a special membrane reactor.
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List of abbreviations and symbols

PAA: polyacrylic acid
PS: polystyrene
PEO: polyethyleneoxyd
atm.: Atmosphere
mg: milligramm
vol%: volume percent
wt%: weight percent
e: porosity
s: time of residence
nm: nanometers
K: kelvin
s: second

1. Introduction

In recent years, new approaches of using metal
particles in the field of catalysis were reported in
physics, chemistry and biology [1,2]. It is possible to
prepare metal particles in sizes of a few nanometers by
various methods including deposition of metal vapour,
pulsed electroposition, noble gas condensation and
severe plastic deformation [3].

The predominant chemical preparation method is the
formation of nanoparticles by reduction of metal salt
solutions with suitable reducing agents. A protective
colloid or polymer is required generally to receive stable
metal particles during the reduction process. Otherwise,
the particles agglomerate and precipitate from the
solution after a certain time.

Many methods of stabilizing metal particles with
polymers are described in literature. Accordingly the
application of poly(itaconic acid) and poly(butadiene-
co-maleic acid) for the stabilization of platinum nano-
particles was proved feasible [4]. KBH4 served as
reducing agent. It is reported that gold particles can be
stabilized with the Sokolan type copolymer (a mixture
of polymaleic acid-co-olefin, sodium salt; polystyrene–
maleic acid, sodium salt; polyacrylic acid (PPA)-co-
maleic acid and poly C12 olefin-co-maleic acid anhy-
dride) in an ethanolic solution [5]. Also stable palladium
nanoclusters were synthesized within microphase-sepa-
rated diblock copolymer films of [MTD]113[Pd(Cp

N)PA]
[6]. No reducing agent was necessary. Monometallic
palladium and bimetallic palladium/gold colloids were
prepared using the methods described in [7] in micelles
of the block copolymer polystyrene-b-poly-4-vinylpyri-
dine in toluene. Pd nanoparticles were synthesized as is
described in [8] by reduction of palladium acetate by
ethanol in systems containing THF as the dispersion
medium and tetradodecylammonium bromide in the
role of surfactant. Pd nanoparticles have also been
prepared as a monolayer adsorbed onto solid pillared
clays [9] and on suspended SiO2-particles in ethanol–
toluene mixtures [10]. Nanocrystals in ranges of 5–15
nm were prepared using clay minerals as supported by
immobilizing palladium in the interlammelar space of
montmorillonite and saponite by pillaring with alumin-
ium hydroxide cations [11]. In the referred literature the
TEM, SEM and adsorption analyzing methods were
cited as those the most commonly used for this task.
More information about the reduction of precious metal
cations and their stabilizing in aqueous or organic
solutions can be found in [12–20].
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In this paper, we present Pd nanoparticles synthesized
in the presence of PAA particles. The result is a
dispersion of mixed polymer and metal particles. This
dispersion was used for the formation of porous
polymer membranes by using a chemical crosslinking
procedure. The resulting polymer gels were dried and
investigated as catalytically active membranes.

With a defined pore diameter, a defined amount of
catalyst and a convective gas flow through the porous
membrane, consecutive reactions can be controlled
better than in fixed bed reactors due to a minimized
back mixing behaviour and improved adjustment of
residence times.

2. Experimental

2.1. Chemicals

1,2,4-Trimethylbenzene (99%), toluene (99%), acrylic
acid (99%), NaBH4 (0.5 M solution in 2-methoxyethy-
lether), LiAlH4 (0.5 M solution in THF) and the cata-
lysts; 0.15 wt% Pd on SiO2; 0.5 wt% Pd on active carbon
and 0.15 wt% Pd on Al2O3 were obtained from Aldrich.

2,20-azobis(2,4-dimethylvaleronitrile) initiator was
obtained from Wako Pure Chemicals. A block copoly-
mer PS-b-PEO (M(polystyrene) ¼ 3000, M(polyethylen-
oxide) ¼ 1000) was purchased from Goldschmidt AG,
Germany. Propyne (98%) and palladium(II)acetate
were obtained from Merck and hexanediol-diglycidyle-
ther (66%) from Witco, Germany. Hydrogen and
nitrogen were received from Linde.

2.2. Preparation of the Pd/polyacrylic acid (Pd-PAA)
dispersions

Pd/PAA dispersions with a polymer content of 0.1,
10, and 20 wt% were produced as described in [21]. A
solution of 10 wt% acrylic acid in 1,2,4-trimethylben-
zene was polymerized by radical starter addition to form
polymer particles with sizes between 80 and 120 nm.
The preparation of metal colloids in different polymeric
dispersions and the crosslinking of the polymer–metal
dispersions with hexanediol-diglycidylether were per-
formed as described in [22]. The procedure involves the
solution of palladium(II)acetate in the PAA dispersion
or in the solvent, with subsequent reduction by LiAlH4

or NaBH4 to form Pd particles with sizes of 3–6 nm.
The membranes were prepared by crosslinking the

Pd–PAA dispersions with hexanediol–diglycidylether at
80 �C during a reaction time of 24 h. After exchange of
the solvent against cyclohexane and a freeze drying
process a porous catalytically active membrane with
well-defined pore diameters is obtained.

2.3. Characterization

Surface fragments of the prepared reactive mem-
branes were characterized by means of a scanning

electron microscope, using a HITACHI S 4000 at
20 kV and a Quantacrome hydrogen adsorption appa-
ratus to determine the active surface of the membranes.

Transmission electron microscopy was performed
with a JEOL-JTSEM 200B electron microscope operat-
ing at 150 kV. The liquid dispersion samples were
diluted with Toluene (1/120) and afterwards treated in
an ultrasonic bath to prevent agglomerations of the
polymer particles. The well mixed dispersion was evenly
distributed on a copper sample grid and afterwards the
solvent was evaporated. The size of the polymer
particles was determined with dynamic light scattering
(apparatus 4600 of Firma Malvern).

Samples of Pd–PAA dispersions were analysed with a
Optima XLA/XLI analytical ultracentrifuge (Firma
Beckmann).

2.4. Catalytic tests

To determine the catalytic activity and selectivity of
the produced membranes with regard to Pd particles
with different amounts of block copolymer, the gas
phase hydrogenation of propyne to propene was
chosen:

In the experiments the concentration of propyne,
propene, propane and the by products were measured
after the reaction using gas chromatography. Thus, the
conversion X of propyne and the selectivity S to propene
were calculated with the following formulas:

X ¼ cino � cin
cino

; S ¼ cen
cino � cin

;

cino ¼ concentration propyne before reaction [mol/L]
cin ¼ concentration propyne after reaction [mol/L]
cen ¼ concentration propene after reaction [mol/L]

Further details of the catalysis can be taken from [21].
The thickness and the diameter of the membranes

were about 1 mm and 6.5 cm. The flow rate of the
reactants was adjusted to be 20 up to 80 mL/min. All
measurements were carried out under ambient condi-
tions with a stoichiometric ratio between hydrogen and
propyne.

3. Results and discussion

3.1. Light scattering characterization

Dynamic light scattering was used for the determi-
nation of the particle size of the PAA dispersion. The
following figure 1 shows the size distribution of PAA
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particles from a 10 wt% acrylic acid dispersion stabi-
lized by 1.6 g SE3010 polymerized in 1,2,4-trimethyl-
benzene at 50 �C.

This figure shows a narrow particle size distribution.
Half of the number of particles are in a range between 70
and 100 nm.

3.2. Scanning microscopic characterization

A standard analytical method for the characteriza-
tion of the surfaces of membranes is the SEM technique.
With this method a network structure of the PAA
membrane can be visualized. In figures 2 and 3 REM
and an electron dispersed micrograph are shown of a
membrane containing 5 mg Pd in 1 g PAA (enlarge-
ment: 100,000·). The porosity of the membrane is about
60%, as obtained from density measurements. As a
result of the higher electron density of the metal
compared to polymer, the electron backscattering is a
most suitable method for the identification of palladium
in such systems:

The PAA particles are clearly visible in figure 2. The
spherical nature of the particles and a mesoscopical
porous pore system is observed. Also the size of the
PAA particles can be estimated from the micrograph to
be 80 nm.

The markings show catalytically active palladium
nanoparticles adsorbed on the surface of the polymer
particles. They are distributed homogenously. From the
EDM-micrograph the Pd-particles can be seen as white
spots with a diameter of approximately 15 nm.

From the same membrane fragment analysed with
SEM, an energy dispersed X-ray-analysis was carried
out. From this method figure 4 it could be proven that
the visible particles adsorbed at the surface of the
polymer are definitely palladium.

Figure 1. Sizes of PAA particles formed by polymerization at 50 �C.

Figure 2. REM of a PAA-membrane (surface).

Figure 3. EDM belonging to figure 2.

Figure 4. EDX-analysis of the reactive membrane surface.
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The high concentration of chlorine is a result of the
manufacturing of the crosslinker via the chlorohydrine
route and represents in this case a contamination.

3.3. Preparation of samples to indicate the influence of
block copolymer on particle size

As previously discussed, palladium particles – pre-
pared by reduction with suitable reducing agents in
organic solvents – can only be stabilized by addition of a
block copolymer. It can be expected that metal particles
of sizes between 3 and 5 nm and a defined amount of
block copolymer molecules will form a micellar system
with a metal core in the organic solvent. The following
figure 5 illustrates this effect.

In this model the hydrophilic polyethylene oxide
chain adsorbs onto the electropositive surface of the Pd
particle and the lipophilic polystyrene section orients
towards the organic solvent.

Without any surfactant, no formation of nanoparti-
cles will occur. Accordingly the formation of nanopar-
ticles is strongly influenced by the concentration of the
surfactant. To observe the influence of surfactant
concentration on the growth and formation of Pd
nanoparticles and to further determine their catalytic
behaviour, different palladium – surfactant-dispersions
were prepared. Each solution, 5 cm3 in volume con-
tained 8.5 mg Pd(OAc)2 and a different amounts of
surfactant, except for one sample which contained none.
These dispersions were then reduced with NaBH4.
Afterwards, an equal volume of PAA dispersion was
added to each solution. Table 1 gives an overview of the
amounts of surfactant in the investigated membranes.

3.3.1. Transmission microscopic characterization of the
dispersions

After the block copolymer and the Pd salt was
completely dissolved, Pd(OAc)2 was reduced in all
dispersions with a stoichiometric amount of NaBH4.
As the reduction was completed and the mixture turned
black in colour, the dispersions were analysed using the
TEM-technique. The result showed that the sizes of the
reduced Pd particles depends strongly on the amount of
added surfactant.

In the reduced dispersion with 20 mg surfactant the Pd
particles are in a size range of 3–5 nm. The TEM
micrograph in figure 6 shows a one layered PAA particle
film in a hexagonal gasket where the Pd particles can be
seen to have a nearly homogeneous distribution. They are
almost isolated from each other. The three white dots are
areas where no material has adsorbed to the grid. The
TEM figure 6b shows a Pd–PAA dispersion in which
9.6 mg of surfactant were added. In this case the PAA
particles are obvious in lower contrast to the metal
particles. It is ascertainable that in this dispersion the
reduced metal particles seem to be bigger than those in
the dispersion with the higher content of surfactant. The
distribution of the particle sizes is broader, being between
3 and 20 nm. They are also distributed homogeneously
and are isolated from each other. All Pd particles have
contact to the polymer particles. In the white areas where
no polymer is present accordingly Pd is absent. This leads
to the assumption that particles are adsorbed at the
surface of the polymer particles.

Pd particles formed in a solution stabilized with 4 mg
block copolymer have nearly the same appearance. The
size of the metal is between 3 and 20 nm. In figure 6c it
is also sure to say that the palladium particles are fixed

Figure 5. Stabilizing effect of a palladium nanoparticle due to

adsorbed block copolymer.

Table 1

Amounts of surfactant in the dispersions

Sample 1 2 3 4 5 6 7

Amount SE 3010 mg (wt%) 20 (3.6) 17 (3.1) 13.2 (2.4) 9.6 (1.7) 7.4 (1.3) 4 (0.7) 0 (0)
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onto the surface of the PAA particles because they are
located only in limited areas and spaces between the
polymer particles.

It was observed using the TEM method that without
any addition of surfactant to the Pd(OAc)2–PAA
dispersion, no isolated spherical palladium particles
were obtained. Also no homogeneous distribution of
metal was obtained. The results were agglomerated
and amorphous Pd clusters with a non-consistent
structure.

3.4. Analytic ultracentrifugation characterization

From the TEM pictures it is obvious that the Pd
particles are on the surface of the polymer particles. In
order to investigate the interactions between Pd and
PAA particles, experiments with the analytic ultracen-
trifuge (AU) were performed. In this method the
palladium was detected by light absorption and the
PAA was determined from the refraction index differ-
ence to the solvent. AU-investigations of PAA –
dispersions with an allotment of 10 wt% PAA and
2.7 mg Pd (0.6 wt%) as well as a much lower concen-
tration of 0.1 wt% PAA and 0.027 mg Pd (0.06 wt%) –
to broadly eliminate any interaction between free metal
particles and polymer – were performed. The results of
the sedimentation profiles show that in both dispersions
the palladium cannot be separated under centrifugation
of 15,000 · g. From these sedimentation profiles and the
calculated sedimentation coefficients it is obvious that in
dispersions of such concentrations unbound Pd particles
are not present (figures 7 and 8).

In these figures the solid line represents the adsorp-
tion of Pd and the dashed line represents the interference
of PAA with the solvent. The parallel course of the two
curves as a function of time and the cell distance show
strong bonded Pd–PAA dispersion.

3.5. Hydrogen adsorption on PAA–Pd membranes

A titration with carbon monoxide or hydrogen on a
dispersion of polymer and metal is a suitable method to
specify the catalytically active metal surface incorpo-
rated in any support. The method was used to determine
the intrinsic active surface of the palladium particles
bonded by the PAA particles. For these experiments,
four samples of membranes with different palladium
contents and a corresponding amount of surfactant
were chosen. For the calculation of the overall metal
surface, an average Pd-particle of diameter 5 nm was
assumed due to TEM micrographs. The hydrogen
adsorption measurements were accomplished with an
Autosorb 1C Quantacrome – chemisorption apparatus.
The results were gained with the interpolation method
and have an error of about 5%. The following table
shows the composition of the samples and the adsorp-
tion results.

It can be seen from table 2 that the catalytically active
surface of the Palladium is between 7% and 18% of the
existing surface. From this result,it can be concluded
that the main part of the metal surface is covered with

Figure 6. a, b and c: TEM micrographs of a 10 wt% Pd–PAA

dispersion with 209.6and 4 mg amount SE3010.
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surfactant and polymer is presumably catalytically
inactive.

3.6. Catalytic activity of membranes

In all experiments a gas mixture of 50 vol% hydrogen
and 50 vol% propyne has been led through the mem-
brane and analysed by gas chromatography. The flow
rate of the reactants was adjusted with 20 up to 80 mL/
min. Membranes with a defined porosity of about 50%
were used. The reaction temperature was 298 K in each
experiment.

3.6.1. Influence of the reducing agent
It was mentioned earlier [1] that the heterogeneous

catalysis in reactive membranes depends on the reducing
agent which was used to prepare the metal particles.
Furthermore, it is known that in PAA dispersions
containing Pd2+-Ions, the reduction is initiated without
adding a reducing agent. This process is obstained for a
long time, in contrast to processes involving the use of
reducing agents. Within the scope of the present work

three different membranes with a porosity of 50% and
2 mg Pd content were prepared with NaBH4 and
LiAlH4 and one membrane without adding any reducing
agent. The results of hydrogenation at 298 K and a
residence time of 4 s are shown in figure 9.

The highest catalytic activity was found with metal
particles produced with LiAlH4. The reduction with
NaBH4 leads to membranes with less acticity. The
lowest activity is displayed by metal particles formed
without adding a reducing agent. These results lead to
the assumption that metal particles of higher specific
surface are formed by stronger reducing agents and
show higher activities. In the following work only
NaBH4 was used as reducing agent for palladium
acetate due to easier handling.

3.6.2. Effect of the surfactant
As described above, the concentration of the surfac-

tant has great influence on the formation process of the
Pd particles. After the characterization of the PAA–Pd
dispersions with different contents of surfactant (de-

Figure 7. Sedimentation profile and coefficients of a Pd–PAA dispersion (10wt% PAA).

Figure 8. Sedimentation profile and coefficients of a Pd–PAA dispersion (0.1wt% PAA).

Table 2

Overview of the hydrogen adsorption experiments

Weight of

sample/g

Amount of

Pd/mg

Amount of

surfactant/mg

Surface of pd-particles

(r = 2.5 nm)/m2 g

Determined surface

of Pd/m2g

% catalytic

active surface

(1) 0.1417 2.44 20 1.719 0.12 7

(2) 0.1653 4.57 37 2.760 0.25 9

(3) 0.1435 7.14 58 4.967 0.85 17

(4) 0.162 21.42 175 15.809 2.12 16
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scribed in 3.3), membranes were prepared from them via
interparticle crosslinking of the polymer dispersions.

In these membranes the selective partial hydrogena-
tion of propyne to propene as a model reaction was
studied. An equimolar ratio and a partial pressure of
0.5 atm of the reactants were used at a temperature of
298 K with a residence time of 4 s. The dependence
of the catalytic activity of 2 mg Pd on the amount of
surfactant is illustrated in figure 10.

It is obvious that the conversion of hydrogenation
passes through a maximum at a surfactant amount
between 10 and 13 mg within the standard recipe. An
increasing or decreasing content of surfactant leads to
decreasing activity of the membranes and consequently
to a decreasing yield of propene.

This unusual catalytic behaviour of the PAA-mem-
branes can only be interpreted together with the
microscopic analysis of the dispersions referred in
figure 5. From other publications it is well known that

the hydrogenation of propyne proceeds according to the
Langmuir–Hinshelwood mechanism which requires the
adsorption of two reactive species. A high concentration
of surfactant in the dispersion leads to palladium
particles more covered with SE 3010. Accordingly, the
gases can only adsorb on less adsorption sites. With
decreasing amount of surfactant the yield of propene
increases to a maximum of nearly 47%. This behaviour
can be explained by the increase of adsorption sites for
the gases on the palladium surface as a result of lower
adsorption of the surfactant.

From the TEM micrographs, it was shown that with
lower surfactant amount the Pd particles grow up to
sizes of 20 nm. Due to the particle growth the specific
surface area of palladium decreases as does the number
of available adsorption sites. The catalytic experiments
also show this behaviour in that the yield of propene
decreases in membranes with a content of surfactant of
less than 10 mg. The lowest conversion of 22.4% is
observed for a membrane containing no surfactant. In
this case, the palladium is not present in spherical
particles but in amorphous non-stabilized thick agglom-
erates with less specific surface.

3.6.3. Effect of Pd content in membranes
For studying the effect of Pd content, membranes

with 1.5, 2, 2.7, 4 and 5.5 mg Pd were prepared. The
stabilizer SE 3010 and NaBH4 were added in stoichi-
ometric amount with increasing Pd(OAc)2 addition. The
mass ratio between metal and surfactant in the mem-
branes was chosen to be 1–5, which has shown the
highest activities earlier, see figure 10. The residence
time of the reactants in the membrane were about 4 s in
each measurement.

From figure 11 it is obvious that the amount of
catalyst influences the activities of the membranes
substantially.

Figure 9. Dependency of the catalytic activity to the reducing agent.

Figure 10. Dependency of the catalytic activity versus amount of stabilizing surfactant (reduced with NaBH4).
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As expected, selectivity decreases with higher conver-
sion. The membranes show conversions between 30%
(1.5 mg content of Pd) and to 83% (5.5 mg Pd). The
selectivity decreases from 94.5% to 83%. The reason for
that is the formation of green oil and propane with a
higher load of Pd-particles.

3.6.4. Effect of flow rate on gas mixture
The catalytic activity and selectivity of a membrane

with a porosity of 50% and 2 mg Pd content was
investigated concerning the flow rate of reactants. The
interval of the flow rate from 20 to 80 mL/min corre-
sponds to residence times between 1 and 4 s figure 12
show the results.

From figure 12 it can be seen that increasing flow rate
(decreasing residence time) through themembrane causes

a decreased conversion and increases selectivity. This
behaviour was expected for this type of consecutive
reaction. The quantitative evaluation of these data will be
performed within a kinetic investigation of this reaction.

4. Summary

The present work gives information about the phys-
ical properties of a PAA dispersion where in Pd
nanoparticles can be produced and stabilized by a block
copolymer. The amount of the surfactant becomes
essential for the formation process and the final quality
of the Pd particles. It was shown by TEM micrographs
that smallest Pd particles were obtained by addition of
20 mg surfactant (3.6 wt% of the solution) and that the

Figure 11. Conversion and selectivity subject to catalyst amount of PAA membranes, T ¼ 298 K, p ¼ 1 atm, s = 4.6 s.

Figure 12. Conversion and selectivity versus flow rate of gas phase T ¼ 298 K, p ¼ 1 atm, m(Pd) ¼ 2 mg.
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particle diameter grows within reducing the amount of
block copolymer. Amorphous agglomerations of palla-
dium will be formed without addition of surfactant. This
dependency could be proven in tests based on catalytic
studies. The accessible catalytical surface of the palla-
dium particles was determined by hydrogen titration.
The results of these measurements show that only a low
fraction of the metal surface is active and over 80% is
covered with surfactant or polymer.

The reactivity of the nanoparticles is dependent on
the reducing agent. By using stronger reducing agents
(LiAlH4) membranes with a higher catalytic activity can
be prepared as by the use of softer ones (NaBH4). It can
be assumed that Pd particles with a higher specific
surface are formed in presence of strong reducing agents.

The activity of the palladium nanoparticles is also
governed by the concentration of the block copolymer
which controls the particle growth and stability. Mem-
branes with an amount of 2.7 mg Palladium (0.6 wt%)
and 9.6 mg block copolymer (1.7 wt%) show in test
series the highest activity for the hydrogenation. The
reason for maximum activity is the optimized ratio
between the palladium particle size and the adsorption
of surfactant at the particle surface.
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