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Abstract

A polymer-based catalytic membrane reactor was developed and applied for hydrodechlorination of chlorobenzene as a
model compound of ground and waste water contaminants. The catalytically active membrane consists of a non-porous, thin
film (about 3–7�m) of poly(dimethylsiloxane) (PDMS) loaded with nano-sized Pd clusters. They were built-in either directly
or as nano-sized, supported catalysts. A composite membrane, consisting of porous poly(acrylonitrile) (PAN) support and a
Pd-loaded thin PDMS film, was fabricated on a coating machine. Defect-free membrane envelopes of 0.1 m2 were produced
and fitted into a membrane test cell. Gaseous hydrogen as reductant for hydrodechlorination is fed from the membrane’s
back side directly to the catalyst, embedded in the PDMS layer. The chemical reactions at the Pd surface are accompanied by
absorption of chlorobenzene from the water phase into the PDMS layer and desorption of benzene and HCl back to the water
phase. The specific activity of supported catalysts decreased only slightly by PDMS incorporation, e.g., from 31 l/g(Pd) min
for Pd/Fe on titania to 16 l/g(Pd) min for the same catalyst built-in a 7�m thick supported PDMS membrane and measured
in the membrane test cell. Directly built-in Pd clusters are less active and more difficult to prepare on a larger scale. Some
catalyst deactivation was observed and may be balanced by development of more suited nano-sized supported catalysts.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Many halogenated hydrocarbons are hazardous
compounds. Due to their lipophilic nature and per-
sistence to biological degradation, accumulation in
the environment may occur over the years. Despite
their low water solubility, significant amounts are
even found in ground water in some industrial areas.
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Biological degradation can be increased considerably
by dehalogenation to the halogen-free hydrocarbons.
Chemical treatment by catalytic hydrodehalogenation
is a convenient and promising method for decon-
tamination of organohalogen waste and contaminated
water[1,2]. Palladium and palladium-based supported
catalysts show a high activity towards hydrodehalo-
genation and can be used in the gas as well as in
the liquid phase. To design the process as simple
as possible, the liquid phase may be preferred and
a three-phase reactor is applied. However, by treat-
ing waste water or contaminated ground water, other
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compounds such as humic substances, heavy metals
or sulfur compounds (other than sulfate) may poison
the catalyst[3]. Moreover, in a traditional packed-bed
reactor feeding of hydrogen to the catalyst via the
water phase can be a bottle neck caused by its low
solubility in water (0.8 mM at 20◦C and 100 kPa).
These difficulties may be overcome by the use of a
polymeric catalytic membrane reactor (PCMR). In
this set-up a dense (pore-free) polymer membrane is
doped with palladium, supports the catalyst and the
reaction (hydrodehalogenation) takes placeinsidethe
polymer phase. The reactants and products must be
able to diffuse to and from the catalyst’s active sites
with an acceptable rate. Therefore, a polymer with
high diffusivity is strongly favored. In addition, hy-
drophobic polymers have high partition coefficients
of the hydrophobic reactants from the water to the
polymer phase and, therefore, concentrate the reac-
tants in the polymer phase close to the catalyst. We
have previously developed catalytically active mem-
branes based on poly(dimethylsiloxane) (PDMS) and
used them for gas-phase hydrogenation[4–7]. Us-
ing a simple method, catalytic activity is generated
by loading the polymer film with metal salt precur-
sors and subsequent reduction to form catalytically
active nano-clusters of various noble metals[8,9].
Pure Pd is reported to have the highest activity for
hydrodehalogenation[1]. However, catalyst-support
interactions and doping of the catalyst or bimetallic
catalyst may improve its activity, selectivity or stabil-
ity. Supported catalysts have been incorporated inside
PDMS membranes of 0.3–1 mm in thickness and
tested successfully for hydrogenation of cyclopenta-
diene[10]. However, to provide high specific surface
areas and short diffusion path lengths in the PCMR,
thin-film composite membranes of thicknesses of
about 1–10�m are favored. Most of the commercial
catalysts have to be ruled out, because their grain
size usually does not fit into the required film thick-
ness. Consequently, we selected nano-sized supports
of titania and silica and prepared supported catalysts
of pure Pd, Na2O-doped Pd and Fe/Pd bimetallic
catalysts. These catalysts were integrated in thin-film
composite membranes. The activity of these sup-
ported catalysts and thick- as well as thin-film com-
posite membranes with directly built-in Pd clusters
was measured. A PCMR with a single membrane en-
velope (GKSS membrane envelope concept see, e.g.,

[11]) was constructed and applied in tests for selected
thin-film composite membranes. Hydrodechlorination
of chlorobenzene was selected as a representative
test reaction to demonstrate the PCMR concept for
treatment of ground and waste water.

2. Experimental

2.1. Chemicals

Anhydrous iron(II) acetate 95% (Aldrich) and pal-
ladium(II) acetate (Chempur) were used as catalyst
precursors. All solvents were purchased from Merck
as analytical grade. Titania P25® and the silica Aerosil
Ox 50® were donated from Degussa-Huels and applied
as nano-scale catalyst supports. The cross-linkable
PDMS Dehesive® 930 or 942 from Wacker was used
to prepare noble metal containing polymer films.
In-house fabricated porous poly(acrylonitrile) (PAN)
membranes with non-woven backing (about 14 nm
pore size, 200 m3N/m2 h bar N2-flux) were used as
thin-film supports. The polyether-b-amide Pebax®

4033 (Peba) was purchased from Atochem.

2.2. Preparation of supported catalysts

Na2O-doped and pure Pd catalysts. The support
was suspended in ethanol (about 10 ml/g) by the aid
of an ultrasonic bath, and under stirring were added
dropwise concentrated ethanolic solutions of NaOH
and palladium acetate. After final addition stirring was
continued for 30 min and it was evaporated to dryness.
The residue was further dried at 105◦C and calcined
in a muffle at 500◦C (10◦C/min) in air for 4 h.

Pd catalyst by ethanol reduction. 3.6 g titania was
suspended in 500 ml ethanol using an ultrasonic bath.
A solution of 0.42 g palladium acetate in 10 ml ethanol
was added and the suspension refluxed for 30 min.
The solvent was evaporated to dryness and the residue
further dried at 70◦C.

Fe–Pd catalysts. 1.1 g iron(II) acetate was dissolved
in 15 ml water and added dropwise under stirring to
5.7 g of catalyst support. The suspension was agi-
tated for 5 min applying ultrasonic and evaporated.
The residue was suspended in ethanol and evaporated
to dryness. A solution of 0.63 g palladium(II) acetate
in 10 ml ethanol (silica support) or 10 ml tetrahydro-
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furan (THF, for titania support) was then added drop-
wise to the stirred, dry, pre-treated support. The sus-
pension was agitated for 5 min in an ultrasonic bath,
evaporated to dryness, dried at 120◦C, and calcined
in a muffle at 500◦C (10◦C/min) in air for 4 h.

2.3. Membrane preparation

2.3.1. Membranes with nano-scale Pd catalysts
Thick films. 4 g Dehesive® (solvent-free) was dis-

solved in 10 g THF. The cross-linker and the catalyst
were added (see Wacker data sheet) followed by a
solution of 0.44 g palladium(II) acetate in 10 g THF.
After short stirring, the homogeneous solution was
poured onto a Teflon-coated glass plate. After evapo-
ration of the solvent at RT over night, the polymer was
further cross-linked at 70◦C for 4 h. The palladium
acetate in the dark, homogeneous membrane was re-
duced by 1% NaBH4 in methanol.

Thin-film composite membranes. 28.6 g solvent-free
Dehesive® was dissolved over night in 173 g THF and
subdivided into four samples. To each sample the re-
quired amount of cross-linker and catalyst were added
followed by mixing with 0.76 g palladium(II) acetate
dissolved in 60 g THF. Directly after mixing, the solu-
tion was dip-coated on the PAN support using a coat-
ing machine with subsequent cross-linking in a stream
of hot air at 100◦C. Membrane thicknesses of 3–5�m
resulted in about 2 m2 of composite membrane for
each of the four samples. The membrane was reduced
by 1% NaBH4 in ethanol/water (1/1 by volume). A
Pd content of 5% was calculated. The cluster size was
estimated to 4 nm by XRD.

2.3.2. Membranes with supported catalysts
Solvent-free Dehesive® was used. Thick films

were prepared from about 12% Dehesive® solutions,
thin-film composite membranes from about 5% so-
lutions. The supported catalyst was ball milled and
sieved prior to use. THF, ethyl acetate (EA) or isooc-
tane (i-C8) were used as solvents. A part of the de-
sired solvent was taken to suspend the catalyst by the
aid of an ultrasonic bath. With stirring the Dehesive®

solution including the cross-linker and the catalyst
was added, stirred for about 1 h and proceeded as de-
scribed above for thick films and thin-film composites.
The total Pd content of the films was between 1 and
1.5% according to about 30% of supported catalyst.

2.4. Methods

2.4.1. X-ray diffraction
XRD was measured and calculated as reported pre-

viously [9].

2.4.2. Scanning electron microscopy
A field emission scanning electron microscope

(FESEM) (LEO Gemini VP 1550) was used. Au/Pd
magnetron sputtered samples were analyzed by a
secondary electron (SE) inline detector. Untreated
samples were analyzed by the back scattering detector
(BSD) at 2.2 Pa.

2.4.3. Catalytic activity and kinetic data
In a glass reactor equipped with gas outlet the cat-

alyst (either polymer film or supported catalyst with
about 2.5 mg Pd) was added to 300 ml water and the
glass reactor was closed. At 25◦C H2 gas was bub-
bled through the water for 1 h under magnetic stirring
at 500–600 rpm to activate the catalyst. Film samples
of dense membranes were activated prior to this pro-
cedure using 1% NaBH4 in methanol. The films were
washed and immediately mounted on a magnetically
stirred rack. The gas outlet was closed and 2 ml of
a methanolic solution containing 20�l of chloroben-
zene was added through a septum by a syringe to start
the experiment. The gas phase was calculated to be
20 times the H2 needed to reduce all chlorobenzene.
From the head space 50�l gas samples were taken
and analyzed by GC every 3–5 or 10 min depending
on the rate of the reaction. The gas chromatograph
(GC 8000 Top Series, ThermoQuest with TCD and
FID detectors) was operated isothermally at 150◦C
(column: DB-1, 30 m, 0.53 mm ID (THK)). Various
chlorobenzene/benzene/ethanol mixtures were used
for calibration. Catalytic activity and kinetic data
were also calculated from the experiments using the
0.1 m2 membrane-envelope test apparatus.

2.4.4. Membrane reactor
The mounting of the membrane reactor is depicted

in Fig. 1. A membrane envelope (GKSS system[11])
is installed in a single envelope test cell (3) with
polypropylene spacers on the feed side to ensure turbu-
lent flow. From the membrane’s permeate side (11) H2
is supplied and gas can be exchanged from the perme-
ate side by a vacuum pump. A pH meter is connected
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Fig. 1. Scheme of the membrane reactor set-up.

with a thermostated reaction vessel (1) to collect the
reaction data online. A geared pump re-circulates the
reaction mixture. The water flow is measured by a
flow meter (4) and regulated using ball valves (6, 7).
A combined H2/temperature sensor is fitted into a by-
pass. The concentration of H2, temperature, and the
pH are registered online (10). A typical test procedure
is performed as follows: The defect-free membrane
envelope (PH2 = 0.4 m3

N/m2 h bar) is mounted in the
test cell and the reaction vessel is charged with 6.3 l
deionized water. The circulation pump is started and
a flow of 400 l/h regulated. The thermostat is set to
21◦C. Chlorobenzene (PhCl, 0.31 g in 100 ml ethanol)
is added and after 1 h of pumping, additional 0.3 g
PhCl in 100 ml ethanol was added to balance the sorp-
tion of PhCl to the membrane. When the PhCl con-
centration remained constant, the run was started by
evacuating the permeate side shortly and setting the

H2 pressure to 1 bar. The initial H2 feed was 1.6 mg/h
and a final H2 concentration of 0.9 mg/l was detected
in the solution after 3 h. For activity and kinetic mea-
surement at the start additional H2 was added by a
frit to obtain immediately stable reaction conditions.
Bearing the high Henry’s law constants of PhCl and
benzene (PhH) in mind (K20◦C

H = 0.15 for PhCl and
K20◦C

H = 0.25 for PhH[12]), care has to be taken dur-
ing sampling to avoid stripping of the contaminants.
Samples were taken and analyzed.

3. Results and discussion

For the preparation of noble metal clusters inside
polymer films, a simple method was developed pre-
viously [8,9]. However, it turned out, that on larger
scale applications some adaptive difficulties occurred.
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For this method, it is required to prepare a coating
solution containing a polymer and the selected metal
precursor, a suited metal salt. After film formation
the solvent is evaporated and the film with the ho-
mogeneously distributed, amorphous metal precursor
is reduced, e.g., by chemical or thermal treatment. In
case of the PDMS Dehesive®, the cross-linker con-
tains Si–H groups, known as a reducing agent. There-
fore, reduction takes place already upon addition of
the cross-linker to the coating solution. Metal-cluster
formation starts and cross-linking is affected, if a con-
siderable amount of Si–H groups is consumed by this
side reaction. As a result, low temperatures, short
mixing times, and fast casting or immediate coat-
ing are required. Using the PDMS Dehesive® and
the described method, only batches of 2 m2 could
be produced with film thicknesses of 3–5�m, cluster
sizes of around 4 nm, and 5% Pd loading. An already
pre-formed, supported catalyst would overcome this
problem of up-scaling. Because film thicknesses of
1–5�m are aspired, the appropriate grain size of the
catalyst support is important. We selected commercial,
nano-scale catalyst supports based on silica (Aerosil
Ox 50) and titania (P25). Both supports have low pri-
mary particle sizes of about 25 nm (P25) and 40 nm
(Aerosil Ox 50). The BET surfaces of 50± 15 m2/g
are relatively small. Some agglomeration of the par-
ticles is seen by SEM (not shown). Generally, the
preparation of catalysts from these supports should
be feasible following state-of-the-art procedures and
a wide range of doped or bimetallic catalysts may
result.

Table 1
Composition and activity of supported catalysts

Notation Support Na2O (%) Pd (%) Fe (%) Pd (nm)a PdO (nm)a FeOx (nm)a Activityb

Na2O/Pd–SiO2 Aerosil Ox 50 4.7 5.0 – 24.9 18.7 13
Na2O/Pd–TiO2 TiO2 (P25) 4.7 5.0 – No 14.3 26
Pd(EtOH)–TiO2 TiO2 (P25) – 5.3 – 12.7 No 12
Pd–TiO2 TiO2 (P25) – 5.3 – No n.c.c 24
Pd/Fe–SiO2 Aerosil Ox 50 – 4.7 5.6 n.c. 11.2 17 21
Pd/Fe–TiO2 TiO2 (P25) – 4.7 5.6 No 8.1 n.c. 31
MERCK Al2O3 – 5.0 – 8d

a Calculated from XRD signal.
b Initial specific activity of H2-activated catalysts, for the hydrodechlorination of chlorobenzene given in [l(solution)/g(Pd) min];c0,PhCl =

73 ppm.
c Not calculated.
d From [15].

3.1. Catalyst preparation and characterization

Table 1 summarizes the composition and some
properties of the compounded catalysts. With both
supports three different types of catalysts, contain-
ing Na2O, Pd or Fe, each around 5% were prepared:
Na2O-doped Pd (Na2O/Pd), pure Pd (Pd), addition-
ally pure Pd without calcination by ethanol reduction
(Pd(EtOH)), and Pd–Fe bimetallic catalyst (Pd/Fe).
Calcination in air at 500◦C was generally carried out.
In case of bimetallic catalyst, the impregnation with
mixed ethanolic solutions of palladium acetate and
iron acetate resulted in extremely poor activity of the
calcined catalyst. Therefore, first an aqueous solution
of iron acetate was applied, agitated in an ultrasonic
bath followed by solvent evaporation. The residue
was re-suspended in ethanol and again evaporated to
dryness before the water-insoluble palladium acetate
was applied for impregnation as ethanolic or THF
solution. In the case of the calcined catalysts, Pd
was detected as PdO by XRD. In case of the SiO2
support, a minor amount of Pd(0) was found, too.
TiO2-based, pure Pd(0) catalyst, which were reduced
by ethanol yielded exclusively Pd signals (all sam-
ples were stored for some weeks in air prior to XRD
measurement). Iron was detected as Fe21O32 on sil-
ica catalyst (Pd/Fe–SiO2), whereas with the similar
titania catalyst (Pd/Fe–TiO2) only traces of Fe21O32
could be determined (seeFig. 2).

The iron signal may be somewhat superimposed
by the titania’s rutile and anatase signals or some
alloying may have occurred as well. Alloying may
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Fig. 2. XRD patterns of bimetallic catalysts. In the silica-supported catalyst (Pd/Fe–SiO2) iron oxide is clearly detected (a), in a similar
titania catalyst (Pd/Fe–TiO2) only traces of iron oxide are found (b).
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only shift the PdO signal slightly[13]. Cluster sizes
could be calculated for some samples from XRD data
by the Scherrer equation. The silica-based catalysts
yielded 30–40% larger clusters than the titania-based
catalysts. Bimetallic Pd/Fe-catalysts had the smallest
cluster size within this series. Alloying of Pd with Fe
could not be detected by XRD, definitely. Equimolar
Fe–Pd supported onto graphite confirmed alloying of
both metals only after high temperature reduction at
400◦C in flowing H2 [13] and even under these con-
ditions, separate zones of metallic iron remained. The
XRD signal of Pd only shifted slightly to higher val-
ues from Pd (1 1 1) 40.15 2θ to Pd (1 1 1) 40.56 2θ. In
the present work, the minor cluster size of PdO of the
Fe-containing catalysts may result from higher disper-
sion of PdO caused by the preceding deposition of iron
acetate during preparation.Table 1 shows that with
decreasing cluster sizes the catalyst activity towards
PhCl hydrodechlorination increases. Silica-based cat-
alysts presented generally lower activities compared
to titania-based catalysts. Na-doped titania-supported
catalysts have similar activities compared to undoped
catalysts (Na2O/Pd–TiO2: 26 l/g(Pd) min; Pd–TiO2:
24 l/g(Pd) min). The Pd(EtOH)–TiO2 catalyst, gen-
erated by direct adsorption of Pd clusters onto the
support during slow reduction by boiling ethanol only
gained half of the activity (12 l/g(Pd) min), whereby
the size of the Pd clusters (12.7 nm (Pd) and 14.3 nm
for Na2O/Pd–TiO2) are comparable. Summing up
the results inTable 1 for supported catalysts, de-

Table 2
Preparation conditions and properties of the membrane catalysts

No. Catalyst Thicknessa

(�m)
Solvent Composition of the coating solution Final membrane catalyst

PDMS (%) Catalyst (%) Support catalyst (%) Pd (%)

1 Pd/Fe–TiO2 supported catalyst – – – – – 4.7
2 Pd/Fe–SiO2 supported catalyst – – – – – 4.7
3 Pd/Peba 20 DMAc 4.0 (Peba) 0.7b None 7.7
4 Pd/PDMS 62 THF 14.0 1.6b None 5.0
5 Pd/Fe–SiO2 200 Isooctane 11.5 4.9 30 1.4
6 Pd/PDMS 4 THF 10.2 1.1b None 5.0
7 Pd/Fe–SiO2 11 Isooctane 6.8 2.9 30 1.4
8 Pd/Fe–SiO2 5 Isooctane 6.0 1.7 22 1.0
9 Pd/Fe–SiO2 9 EA 6.8 2.0 22 1.0

10 Pd/Fe–SiO2 30 THF 6.8 2.0 22 1.0
11 Pd/Fe–TiO2 7 Isooctane 6.0 2.5 30 1.4

a All membranes were defect-free as tested by gas selectivity ofα(O2/N2) > 2.1.
b Palladium(II) acetate.

spite the different supports, additives and prepara-
tion procedures, their specific activities are similar.
They are in the relatively narrow range of a factor
2.5. All prepared catalysts revealed superior activi-
ties in the hydrodechlorination of PhCl compared to
the commercial Pd/Al2O3-catalyst (pulverized) from
MERCK, which is in accordance to different particle
sizes (nano-scale versus micro-scale).

3.2. Membrane preparation and characterization

The nano-scale supported catalysts (Pd/Fe–SiO2
and Pd/Fe–TiO2) were selected for the preparation
of thin-film composite membranes. Because dur-
ing calcination some agglomeration of particles had
occurred, the catalysts were ground to restore the
original particle size prior to application. Although
the supported catalysts are nano-sized, utilizing the
dip-coating procedure to produce thin-film composite
membranes, sedimentation of the particles may take
place which would result in non-uniform catalyst
loading of the polymer membrane. Besides the size
and porosity of the particles, their sedimentation rate
will depend on the viscosity of the solution, mainly
on the concentration of the polymer. The dispersion
of the supported catalyst and the viscosity of the poly-
mer solution depend further on the solvent, mainly on
its polarity. We selected the non-polar isooctane and
two polar solvents, THF and EA, for preparation of
thin-film composite membranes. THF and EA have
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very similar polarities, however, EA is the better sol-
vent for PDMS. From all three solvents defect-free
films with catalyst loading up to 30% could be pre-
pared by dip-coating on a coating machine suited
for continuous coating in the range of 50 m2. The
quality of the films was checked by gas-selectivity
measurement and SEM microscopy. The measured
gas selectivities ofα(O2/N2) > 2.1 indicate, that all
membranes were defect-free.

Table 2summarizes the composition of the coating
solutions and the catalyst content of the final thin-film
composite membranes. Film thicknesses obtained
were between 4 and about 10�m. When supported
catalysts were added to the PDMS coating solution,
thicker membranes resulted compared to membranes
free of supported catalysts. In the case of sample No.

Fig. 3. SEM micrographs from thin-film composite membranes. Cross-section membrane No. 9 ofTable 2 in low magnification (a) and
high magnification (b) by SE detector. Membrane No. 10 ofTable 2in BSD mode, surface (c) and cross-section (d).

10 with 30% supported catalyst in the PDMS film,
the THF solution was highly viscous during coating
and the highest thickness of 30�m was obtained.
Total Pd contents of 5% (No. 6 with directly built-in
Pd clusters) and 1–1.4% for implemented supported
catalysts were achieved.

In Fig. 3some SEM micrographs are presented. De-
pending on the quality of grinding, somewhat rough
surfaces were obtained as can be seen inFig. 3a and d.
In the back scattering mode (Fig. 3c) some insight in
the uppermost membrane surface is given. As a side
effect, surface roughness may increase the turbulent
flow and, therefore, contribute to reduce a possible
polarization of the boundary layer during the reac-
tion. Inside the membranes agglomerated supported
catalyst particles are well distributed throughout the
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Table 3
Properties and catalytic features of supported catalysts and membrane-incorporated catalysts

No.a Shortcut Solventb Type Thicknessc

(�m)
Pdd

(nm)
Pde

(%)
Activity
(l/g(Pd) min)

1 Pd/Fe–TiO2 – Supported catalyst – 8 4.7 31
2 Pd/Fe–SiO2 – Supported catalyst – 11 4.7 21
3 Pd//Peba DMAc Pd/polymer 50 ∼5 7.7 0.7
4 Pd//PDMS THF Pd/polymer 62 ∼5 5.0 2.3
5 Pd/Fe–SiO2//PDMS i-C8 Supported catalyst/polymer 200 11 1.4 1.3
6 Pd//PDMS/envelope THF Pd/polymer 4 ∼5 5.0 1.9
7 Comp. SiO2 i-C8 Supported catalyst/polymer 11 11 0.5 2.6
8 Comp. SiO2 i-C8 Supported catalyst/polymer 5 11 1.0 1.9
9 Comp. SiO2 EA Supported catalyst/polymer 9 11 1.0 6.7

10 Comp. SiO2 THF Supported catalyst/polymer 30 11 1.0 3.9
11 Comp. TiO2 i-C8 Supported catalyst/polymer 7 8 1.4 13
12 Comp. TiO2/envelope 1. run i-C8 Supported catalyst/polymer 7 8 1.4 16
13 Comp. TiO2/envelope 2. run i-C8 Supported catalyst/polymer 7 8 1.4 9.7
14 Comp. TiO2/envelope 6. run i-C8 Supported catalyst/polymer 7 8 1.4 4.1

a Numbers 1–11 according toTable 2.
b Solvents for membrane preparation: DMAc: dimethyl acetamide, THF: tetrahydrofuran,i-C8: isooctane, EA: ethyl acetate.
c Thickness of pore-free film either free-standing or thin-film composite. Measured by calculation from gas flux, SEM or micrometer.
d Cluster size by XRD.
e Pd content in dense films or supported catalysts.

active membrane layer. The agglomerated nano-sized
particles can be seen inFig. 3b—SE detector and
3d—BSD detector—visualizing the contrast of cat-
alyst support/Pd and PDMS layer. From membrane
types (seeTables 2 and 3) 6 (Pd/PDMS) and 11
(Pd/Fe–TiO2), membrane envelopes of 1010 cm2 area
were produced and tested in the PhCl hydrodechlori-
nation using the membrane reactor (see exp. part for
details).

3.3. Activity and kinetic data

Table 3summarizes the properties of supported cat-
alysts, thick, free-standing catalytically active polymer
membranes from Peba and PDMS, various thin-film
composite membranes with directly incorporate Pd
clusters, silica-supported catalysts prepared with dif-
ferent solvents, and similar titania-supported catalysts.
Fig. 4 displays typical graphs from experimental data
for calculation of catalyst activities and kinetic con-
stant.

As can be seen inFig. 4a after a short induction
period, a constant decomposition rate of PhCl up to at
least 60% degree of conversion appears. The reaction
order is between zero and one with respect to PhCl.

From the slope was calculated the half-life of PhCl
and the catalyst activity according toEq. (1). With
supported catalysts in the same plot (not shown) the
linearity between 40 and 50% conversion leveled off
asymptotic to 0%. The same data as inFig. 4a are re-
calculated and plotted inFig. 4b as ln(Ct /C0) by time.
A fairly good straight line was observed after the in-
duction period and a pseudo-first-order kinetic may be
assumed. The kinetic constant of the titania-supported
catalyst (1, Pd/Fe–TiO2) diminished by means of
membrane incorporation fromk = 5.7 × 10−3 s−1

to k = 8.5 × 10−4 s−1 (11, comp. TiO2). The ini-
tial kinetic constant further decreased to about half
of this value in envelope configuration performing
the tests in the membrane reactor (set-up seeFig. 1,
these kinetic data depends on the reactor properties).
Literature data on kinetics of PhCl hydrodechlorina-
tion in water are rare. Murena and Gioia[14] found
also pseudo-first-order kinetics for this reaction and
reportedkClBz

= 7.0 × 10−4 s−1 at 30◦C for a com-
mercial 5% Pd on carbon catalyst.

Various types of supported catalysts have been
prepared in our study. Main features are the polymer
encapsulation and the different thicknesses of the fi-
nal membranes. As the characteristic parameter of the
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Fig. 4. Hydrodechlorination of chlorobenzene with membrane No. 10,Table 3: conversion versus reaction time (a) and semi-logarithmic
plot according to a first-order kinetics (b).
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Fig. 5. Catalyst activities for supported catalysts and membrane catalysts. Nos. 12–14 are data from the membrane reactor of the first,
second and sixth reaction run. Numbering according toTables 2 and 3.

catalyst we use its activity defined as

A = reaction volume(l)/[mass Pd(g)

× half-life (min)] (1)

Therefore, the efficiency of the decomposition of
PhCl in water correlates directly with this activity.

Fig. 5 graphically presents activities for sup-
ported catalysts (1, 2), thick films containing sim-
ilar Pd-cluster sizes from Peba (3) and PDMS (4),
and built-in supported catalyst (5). Also, thin-film
composite membranes from directly built-in Pd
clusters (6), silica-supported catalysts (7–10), and
titania-supported catalysts (11–14). Activities from
catalytically active membranes (6, 12–14) are cal-
culated from data obtained in the membrane reactor
test cell fitted with membrane envelopes. In all cases
the activity diminishes with encapsulation of the
Pd-catalyst into the polymers. Comparing activities of
thick films with matchable Pd-cluster size and thick-
ness but made from different polymers, Peba-based
Pd clusters are less active by about a factor of 3 (Fig. 4
andTable 3). The main difference between Peba and

PDMS is their diffusivity. For instance, the appar-
ent diffusion coefficient of H2 is about one order of
magnitude lower in case of Peba (Table 4). A similar
dependence is reasonable for the other reactants.

The thick PDMS film loaded with supported cata-
lyst (5, Table 3) is less active by about a factor of 2,
yet it is also about three times as thick as the PDMS
film with directly built-in Pd clusters (4= 62�m
versus 5= 200�m). However, a direct comparison
of activities between directly built-in Pd clusters and
supported Pd catalyst is not conclusive with the avail-
able data. The larger thickness may prevent some Pd
deeply inside the polymer matrix from reaction due

Table 4
Apparent diffusion coefficients of reactants in polymers and water

Material Reactant Da

(×10−6 cm2/s)
Source

Peba H2 4.4 GKSS, Pebax® 4033
PDMS H2 68 GKSS, Dehesive®

PDMS Benzene 2.7 [15]
PDMS Chlorobenzene 2.2 [15]
Water Benzene 10 [15] from CRC

Handbook
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to the long diffusion path. The thick film 5 is made
from the same supported catalyst and polymer as the
thin-film composites 7–10. All the thin film catalytic
membranes are more active than the thick film ones.
We contribute this to effects of outer and inner trans-
port resistances. As an example, catalyst 9 has an outer
specific surface area of 111 cm2/mg Pd in comparison
to catalyst 5 with only 7.4 cm2/mg Pd. Within the se-
ries of silica-supported catalyst the solvent for prepar-
ing the thin-film composite membranes had some
effect. Best solvent was EA, probably due to adapted
polarity between silica and PDMS to give well dis-
persed suspensions. Titania-supported catalysts could
be well prepared from isooctane. The composite mem-
branes preserved the higher activity of the supported
catalysts (compare: 1 and 2 with 9 and 11). The high
activity of 13 l/g(Pd) min was also realized with the
envelope in the test apparatus, thus proofing the favor-
able design of the test cell (see 11 and 12,Table 3).
However, after several runs the activity decreased by
a factor of 4. This reduced activity of the ‘altered’
support-based catalyst is even higher than that of
‘fresh’ directly built-in Pd clusters (6 seeTable 3).

4. Qualitative discussion of results

Mass transport is the main limitation with fast, cat-
alytic reactions. For PhCl hydrodechlorination in the

Fig. 6. Schematic presentation of the educts and products transport to and from the catalyst.

Fig. 7. Scheme of chlorobenzene reduction.

liquid phase, a three-phase system has to be consid-
ered: gaseous H2, water with dissolved PhCl and ben-
zene, and the solid Pd-catalyst (including the polymer
phase).

Fig. 6 sketches the feeding of educts and products
to and from the membrane-based catalyst. Consider-
ing the stoichiometry of the PhCl hydrodechlorination
(Fig. 7) molar amounts of each reactant have to be
transported. To the catalyst: from aqueous phase the
PhCl, from the gas phase the H2, and back from the
catalyst to the aqueous phase benzene and HCl (also
some diffusion to the gas phase has to be considered).
A special benefit of this membrane system is that the
transport of H2 to the catalyst is decoupled from its
limited solubility in water. The delivery from the gas
phase directly to the Pd-catalyst via the PDMS phase
is fast (Da H2 = 68×10−6 cm2/s,Table 4; typical flow
of H2 = 0.4 m3

N/m2 h bar). In time-lag experiments it
was observed that the break-through of H2 is detected
only after saturation of the Pd clusters, as can be seen
by the drastical decrease in the apparent diffusion co-
efficient (Da) of H2 in Pd-cluster loaded and unloaded
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films [8,9]. After reaching sorption equilibrium, the
H2 flux through the membrane is not markedly af-
fected by the presence of the Pd-catalyst. By setting
different pressures the H2-flux to the Pd-catalyst can
be regulated easily. The apparent diffusion coefficients
of PhH and PhCl in PDMS are only about four times
lower than in water (Table 4). This effect has to be
compared with pore diffusion in pelletized supported
catalysts, as they are usually applied in fixed-bed re-
actors. The length of that diffusion path is in the order
of some 103 �m. According totdiff = L2

path/Da the
lower value ofDa in PDMS may be compensated for
by the shorter diffusion path length in our membranes.
Furthermore, the lowerDa may be counterbalanced
by the enrichment of the PhCl from water into the
PDMS phase (factor of about 400[15]). Köhler [15]
reports data on the kinetics of desorption of PhH and
PhCl from PDMS into the gas phase. The half-life of
benzene desorption from a 400�m membrane was in
the order of 100 s. Extrapolating these data to a film
thickness of 5�m according tot1/2 ∼(film thickness)2

one obtains extremely short half-lives in the order of
t1/2 	 1 s for the intra-membrane diffusion. Beside
the geometric parameters and diffusivities mass fluxes
depend also on the driving forces as can be expressed
as gradient of reactant activities from inside to out-
side the membrane. The presence of the product ben-
zene in the water phase will reduce its desorption rate.
In case of the product HCl the dissociation process
is involved. Inside the membrane HCl is formed at
the catalysts surface and diffuses without a solvation
shell to the membrane/water interface. Upon contact
with bulk water, dissolution and immediate dissoci-
ation occurs. Independent pervaporation experiments
of phenol in diluted aqueous hydrochloric acid with
Peba or PDMS membranes teaches, that the reverse
transport of HCl, once dissolved in water, through the
PDMS membrane does not take place. Not even traces
of acid were detected in the permeate[16]. Therefore,
the driving force for HCl desorption from the mem-
brane into the water phase is always high. So far, we
discussed the transport resistance of the PDMS (poly-
mer) to the overall reaction. How is the situation at
the catalyst surface? Marked sorption with high bind-
ing constants for PhCl and PhH at the catalyst are not
expected due to the hydrophobic environment inside
the polymer matrix. Chlorine (or chloride), however,
as an intermediate product of the hydrodechlorination

is known to poison the catalyst[1,17–19]. As a re-
sult of a theoretical study on Pd (1 1 1) surfaces[19]
it was concluded, that even on chlorine-saturated sur-
faces hydrogen adsorption is possible. Removing of
chlorine may, therefore, be possible according to

Pd–Cl+ 2[H] ↔ Pd–H+ HCl (2)

A slow decrease of pH during washing of used
membranes in water supports this hypothesis. For
hydrodechlorination of CFC 114a in the gas phase
at 150◦C on a Pd-catalyst it was found that the rate
determining step is the adsorption of CFC 114a while
the catalyst surface is covered with chlorine that is
in equilibrium with H2 and HCl in the gas phase
[20]. For hydrodechlorination at RT the equilibrium
is expected to shift to the left side (Pd–Cl), explain-
ing the slow release of HCl from the catalyst. As a
result, this may be the rate determining step at RT
after some time of reaction. More active catalysts for
hydrodechlorination in water are known to be more
sensitive to chlorine poisoning (see[1]). Compar-
ing a typical batch reactor to a fixed-bed reactor an
improvement was detected[21] and attributed to a
generally lower HCl presence at the catalyst due to
the continuous process. This advantage is also valid
for the PCMR concept but up to now it is difficult to
compare the data directly.

5. Conclusion

A PCMR concept was developed with the advan-
tage of direct feeding of H2 to the catalyst. The cat-
alyst is enclosed completely by a continuous PDMS
film and applied as a thin-film composite membrane
on a porous supporting membrane. Defect-free mem-
brane envelopes of 0.1 m2 were fabricated and tested
in a single envelope membrane test cell with H2 feed
from the membrane’s back side. Catalytically active
thin-film composite membranes from directly built-in
Pd clusters and nano-sized, supported Pd-catalysts
were produced and their activity was measured in a
test apparatus and a membrane reactor. Membrane fab-
rication on large, continuous scale was demonstrated.
Initial catalyst activities for hydrodechlorination of
chlorobenzene were measured. The most active sup-
ported catalyst has a specific activity of 31 l/g(Pd) min.
This value decreased by only a factor of 2 by fitting
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the catalyst into thin-film composite membranes. Both
values are quite acceptable. Membrane catalysts with
directly built-in Pd clusters are by an order of mag-
nitude less active. In addition, those membranes also
can hardly be produced continuously on a larger scale
than 2 m2. Some catalyst deactivation was noted after
several reaction runs. Possibly, this can be attributed to
partial poisoning by adsorbed chlorine. It is suggested,
that improvement of supported catalysts may increase
the chlorine tolerance of the catalysts and, therefore,
of the whole process. However, approaching the task
of real ground water treatment, additional care must
be taken for generation of sulfide by microbial sulfate
reduction[22]. Although the membrane-based cata-
lyst is safely protected from contact to dissolved ions
by the polymer shield, non-ionic components such as
H2S can easily penetrate the membrane and poison
the catalyst. In that case, the PDMS encapsulation
may be a disadvantage, because rigorous catalyst re-
activation procedures are restricted by the sensitivity
of the membrane to harsh treatment.
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