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Abstract

Pd based membranes have the potential to separate hydrogen from gas streams due to the unique permeation properties
of Pd metal to hydrogen. However, thin films of the metal are required in order to obtain the necessary flux; this is usually
achieved by deposition onto a porous substrate.

Because of its simplicity and low cost, electroless plating has been used in the present work to deposit Pd as a thin film onto
a porous alumina substrate. Due to non-uniform activation of the substrate surface and/or impurities present in the plating
solution, defects occur in the Pd film. These defects can be repaired by the technique of electroless plating combined with
osmosis. By this method a membrane with an initial H2/N2 permeation ratio of 10 could be repaired to give an increase of
this ratio to approximately 1000. The hydrogen permeation performance of the resultant membrane was investigated using
pure hydrogen at temperatures from 320 to 577◦C. ©2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The increased demand for hydrogen in recent years
in both the petroleum refining and petrochemical in-
dustries [1] and in semi-conductor processing and fuel
cell applications has led to a revival of interest in
methods for separation of hydrogen from gas mix-
tures and in purification of any separation hydrogen
streams. Palladium and palladium membranes have
consequently received growing attention for separa-
tion and purification of hydrogen, due largely to the
unique permselectivity of palladium to hydrogen and
good mechanical stability [2–6]. Originally used in the
form of relatively thick dense metal membranes, cur-
rent developments tend to the employment of compos-
ite membranes in which the palladium or palladium
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alloy is deposited as a thin film onto a porous ceramic
or metal substrate [7–12]. The introduction of alloying
elements into the palladium membranes has been used
to improve their resistance to hydrogen embrittlement
[13]. Such composite membranes based on a thin pal-
ladium film on a porous substrate have good stability
and reduced material costs, but their main attribute is
in providing a structure possessing both higher hydro-
gen fluxes and better mechanical properties than the
thicker metal membranes.

Several methods have been proposed and developed
to prepare Pd-based membranes including magnetron
sputtering [14,15], spray pyrolysis [13], and chemi-
cal vapour deposition [12]. However, a generally sim-
pler and often more effective method of preparation
is the so-called electroless plating technique [7,8,15],
which has a number of advantages over other prepa-
ration methods. These include, uniformity of deposits
on complex shapes, hardness of the deposits, low cost
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and very simple equipment. For palladium membrane
preparation using the electroless plating technique,
palladium particles are produced by reduction from the
plating solution containing amine-complexes of palla-
dium in the presence of reducing agents. These parti-
cles then grow on palladium nuclei which have been
pre-seeded on the substrate surface through a succes-
sive activation and sensitisation procedure and which
also act as a catalyst for the reduction of the palladium
complexes. This creates the autocatalysed process of
electroless plating.

Despite its inherent simplicity, defects in the pal-
ladium layer are frequently observed following depo-
sition, when the membranes are tested for hydrogen
permeation and separation. These defects occur due to
the free growth process of the palladium particles and
the co-deposition phenomena of impurities present in
the plating solution. Furthermore, even if defects are
not present originally in the deposited layer, any rapid
temperature change may lead to the formation of de-
fects caused by the potentially different thermal expan-
sion coefficients of palladium and the substrate. An-
other problem which could occur is the deposition of
carbonaceous impurities when an initially defect free
palladium composite membrane is used for high tem-
perature catalytic reaction and separation applications.
The further diffusion of these deposited carbonaceous
impurities into the bulk phase of the membrane can
lead to defects in the membrane [16]. Therefore, it is
necessary to be able to repair a membrane containing
these defects. Provided that the repair does not change
the hydrogen permeation characteristics of the mem-
brane to any marked degree, such a repair technique
would possess considerable practical and economic
advantages.

A new electroless plating technique in which con-
ventional plating is combined with osmosis has been
recently developed by Varma and co-workers [17–19].
By using this technique the initial loose structure of the
deposited palladium can be densified by mass transfer
of palladium in the plating solution to the vicinity of
the defects. In the present work, Pd/a-Al2O3 compos-
ite membranes which contained an appreciable num-
ber of defects were repaired using this technique of
electroless plating combined with osmosis. The effect
of these repairs on the hydrogen/nitrogen permeation
and separation and on the resultant thickness of the
palladium layer have been investigated, in addition to

measurements of the effect of temperature on the per-
meation of the final repaired membrane.

2. Experimental

2.1. Hydrogen permeation and separation

The fabricated composite membrane was checked
for leaks with nitrogen at room temperature using a
glass permeator.

Hydrogen permeation and separation experiments
were carried out in an apparatus which consisted of
a gas delivery system, a double-tube stainless steel
permeator and a heating system. The fabricated pal-
ladium composite membrane was positioned in the
stainless steel permeator by sealing both ends of the
composite membrane in the permeator using moulded
graphite rings. Feed gas flowed through the shell side
of the permeator and the permeated gases were col-
lected in the tube side, which was open to atmosphere.
A pre-heater served to heat the gases prior to admis-
sion to the permeator. Temperatures for the permeation
experiments using pure hydrogen ranged from 320 to
577◦C. The separation experiments were carried out
at 467◦C using a hydrogen/nitrogen (50:50) mixture at
various feed flow rates. Before the first hydrogen per-
meation measurement, the membrane was thermally
treated and activated in a hydrogen atmosphere for 3 h
at 450◦C.

2.2. Membrane preparation

Several different types of mesoporous substrates
are commercially available. Substrate materials for the
palladium composite membrane are selected accord-
ing to the pore structure and size, porosity, mechan-
ical and thermal stability, and surface smoothness of
the substrate. Among these, the pore size and smooth-
ness of the surface of the substrate are the two key
factors which determine the quality of the composite
membrane. The surface pore size should be neither
too large to support a thin film nor too small to al-
low the free flow of gas. Similarly, the surface should
be neither too coarse to form a thin film successfully
nor too smooth to prevent adherence of the film with
the substrate. Asymmetric porousa-Al2O3 tubes pro-
vided by ECN in the Netherlands were selected as the
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Table 1
Composition of sensitisation and activation solution

Sensitisation solution
SnCl2·2H2O 5 g l−1

HCl (37%) 1 ml l−1

Temperature 20◦C

Activation solution
Pd(NH3)4Cl2 5×10−4 mol l−1

HCl (37%) 1 ml l−1

Temperature 20◦C

substrates for this work. The tubes were 200 mm in
length with an outside diameter of 14 mm and a wall
thickness of 3 mm. The top layer, of an average pore
size of 0.16mm, was on the outside of the tube.

A membrane was prepared initially by the conven-
tional electroless plating technique [20]. Details of the
sensitisation and activation solutions are given in Table
1, while the composition of the plating bath is shown
in Table 2. The membrane so prepared appeared to
possess a good adherent film of palladium on the sur-
face of the tube but on testing with hydrogen and ni-
trogen gave poor separation indicating the presence of
defects.

On removal from the test rig the membrane was
repaired by the process of electroless plating with si-
multaneous circulation of a 3 M NaCl solution for 11 h
through the tube side of the membrane. This repaired
membrane was then tested again for permeation of
hydrogen and nitrogen. A further similar repair and
permeation measurement was carried out finally on
the membrane.

For all preparations, the plating solution tempera-
ture was maintained at 60◦C. The membrane was kept
overnight in an oven at 140◦C for all drying steps and
was weighed before and after palladium deposition.
The palladium film thickness was estimated from the
weight gain.

Table 2
Electroless plating bath

Component Composition

Pd(NH3)4Cl2 4 g l−1

EDTA 2Na 67.2 g l−1

NH3·H2O (28%) 350 ml l−1

N2H2·H2O (0.5 mol 1−1) 10 ml l−1

pH 11.2
Temperature 60◦C

3. Results and discussion

3.1. Membrane preparation

Scanning electron micrographs (SEM) were ob-
tained of the surface of the palladium membranes
as initially prepared by the conventional electroless
plating technique and after two repair steps using fur-
ther electroless plating combined with osmosis. The
results are shown in Fig. 1, where Fig. 1a shows the
conventional plated membrane and Fig. 1b that after
repair. It can be seen from Fig. 1a that the surface
comprises loose packing of the palladium particles
and the presence of ‘holes’ or defects is clearly vis-
ible. These defects are caused by the free growth
of palladium particles during the conventional, ini-
tial, electroless plating technique used. However,
following the repair of the membrane using the com-
bined technique, the palladium particles were packed
closely together and no defects are apparent in the
SEM photograph of Fig. 1b. These figures confirm
that the repair improved the structure of the deposited
palladium layers by promoting a dense packing.

The thickness of the palladium film for successive
depositions was estimated from the weight gain of
the substrate by assuming that palladium formed a
film of uniform thickness on the outside surface of
thea-alumina tube and that the density of the deposit
was identical with the palladium packing density. The
results are shown in Table 3. As can be seen the main
weight gain occurred during the original plating;
subsequent repairs of the membrane gave only minor
increases in weight gain and film thickness until the
final thickness of 10.3mm was obtained.

3.2. Hydrogen/nitrogen permeation measurements

When the initial membrane, prepared by the con-
ventional electroless plating technique was checked
for leaks with pure nitrogen at room temperature us-
ing a simple glass permeator, a significant leak was
detected. This leakage was of the order of several
cm3 cm−2 min−1. The membrane was then repaired
using the modified technique employing osmosis and
the nitrogen leakage, measured at room temperature as
before, was reduced to less than 0.1 cm3 cm−2 min−1.
Finally, following a further repair using the same
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Fig. 1. The surface morphology SEM pictures of the palladium composite membrane (a) original preparation; (b) after repair.

Table 3
Estimated thickness of the palladium film

Plating experiment Weight gain (g) Estimated thickness (mm) Plating time (h)

Original plating 0.815 7.6 8
First repair 0.983 9.2 11
Second repair 1.10 10.3 14
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process no further nitrogen leaks were detected at
room temperature.

These results indicate that defect-free dense com-
posite membranes could be obtained by repairing the
original membrane containing defects. This is because
the loose structure of palladium film for the original
plating was densified by the very high pressure result-
ing from the osmotic effect due to the concentrated
NaCl solution. Simultaneously, the defects in the pal-
ladium film from the first plating may also be repaired
by the combination of electroless plating with osmosis.
Driven by the osmotic pressure, the water in the plat-
ing solution near the defects in the Pd film permeated
from the plating solution to the NaCl solution. This
increases the concentration of Pd(NH3)

2+
4 in the area

near the defects and simultaneously, the flow of water
can improve the transfer of Pd(NH3)

2+
4 from the bulk

solution to the pinhole area. Both can lead to a faster
palladium deposition rate in the pinhole, compared to
other areas. Therefore, the dense or defect-free palla-
dium membrane was obtained without causing a sig-
nificant increase in the thickness of the palladium film
after it was repaired, as shown in Table 3.

However, after thermal treatment of the compos-
ite membrane with hydrogen, a nitrogen leak still
occurred, which means that some defects were still
present. This was not a result of the repair process.
The formation of defects due to the thermal treatment
might be attributed to the decomposition of impurities
which were co-deposited with palladium plating dur-
ing plating process. These defects could be avoided
if chemicals with high purity are employed for the
preparation of activation, sensitisation and plating
solutions.

Fig. 2 shows the hydrogen and nitrogen fluxes for
the initially prepared membrane as a function of ap-
plied differential pressure at a temperature of 467◦C.
As noted above although a high hydrogen permeation
flux was obtained (up to 140 cm3 cm−2 min−1) the ni-
trogen flux was significant and increased with pressure
difference.

This is characteristic of Knudsen diffusion. These
results imply the presence of a large number of
defects in the palladium deposited film for the origi-
nal plated membrane even though the thickness of the
palladium film was as high as 7.6mm, as shown in
Table 3. The membrane with the initial plating had a
very high hydrogen permeation flux and the hydrogen/

Fig. 2. Hydrogen and nitrogen permeation flux as a function
of differential pressure for the originally prepared membranes at
467◦C.

nitrogen permeation rate was about 10, which is
higher than the ideal hydrogen/nitrogen Knudsen
separation factor of 3.74. This indicates the presence
of the solution–diffusion mechanism for hydrogen
permeation. Obviously, this low hydrogen/nitrogen
ratio is not high enough to meet the requirements of
hydrogen separation.

However, following the first repair achieved under
osmotic conditions, the performance improved with
the nitrogen flux decreasing to a value of about 5% of
that obtained originally. In contrast the hydrogen flux
was reduced by only one half. Although as shown in
Table 3 the thickness of the membrane had increased
from 7.6 to 9.2mm for this first repair, this cannot be
responsible for a decrease of hydrogen flux by 50%
since the permeation flux of hydrogen is inversely pro-
portional to the palladium thickness. Therefore, the
decrease in hydrogen flux results mainly from the re-
moval of defects in the palladium film by the repair
process.

Results from a second repair of the membrane
are given in Fig. 3. It can be seen that the nitro-
gen flux measured at 467◦C is now much reduced
having values lying in the range from about 0.01 to
0.07 cm3 cm−2 min−1 as the differential pressure is
increased from 0.3 to 1.7 bars.

A comparison of the results from the original and
the two repaired membranes is shown in Table 4,
which also includes the separation factors for H2/N2
for each membrane, for a temperature of 467◦C and a
pressure differential of 1.03 bar.

Thus, although the hydrogen permeability has been
reduced following the repair processes, the selectivity
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Fig. 3. Hydrogen and nitrogen permeation flux as a function of
differential pressure after the second repair at 467◦C.

has been boosted considerably increasing by about one
order of magnitude after each repair.

Further experiments on the permeability of the final
membrane as a function of temperature for the temper-
ature range of 320–577◦C with pressures on the high
pressure side from 1.34 to 2.7 bar while the low pres-
sure side was maintained at 1 bar are shown in Fig. 4.

The mechanism for hydrogen permeation through
the palladium membrane has been studied extensively
and is generally considered to include three steps.

Table 4
Hydrogen and nitrogen permeation results for the original and
repaired membranes

Plating Permeation flux (cm3 cm−2 min−1)

N2 H2 H2/N2

Original 8.73 89.74 10.27
First repair 0.483 46.59 96.52
Second repair 0.0412 40.12 970

Fig. 4. Hydrogen permeation flux as a function of temperature and
the driving force for permeation.

These are:
1. reversible dissociative chemisorption of hydrogen

on the membrane surface,
2. reversible dissolution of surface atomic hydrogen

into the bulk of the metal,
3. diffusion of atomic hydrogen in the membrane.
The hydrogen permeation may be expressed in

terms of the general equation [15].

J = Q
A

t
(pn

h − pn
l ) (1)

whereJ is the hydrogen permeation flux,Q the perme-
ability constant for hydrogen through the membrane,
A the permeation area,ph andpl the hydrogen partial
pressures on the high and low pressure sides of the
membrane, respectively, andn is a constant.

If step 3 is rate determining, then according to Siev-
ert’s Law,n should have the value of 0.5. However, if
steps 1 and 2 exhibit some influence on the rate deter-
mining process,n should be larger than 0.5.

From Eq. (1) the hydrogen permeation fluxes at
different temperatures were plotted as shown in Fig.
4. The value ofn was found to be 0.65, which sug-
gests that the permeation rate of hydrogen through the
a-Al2O3 composite membrane was dependent not only
on bulk phase diffusion, for which the pressure expo-
nents should be 0.5, but also on the surface processes
of hydrogen chemisorption and dissolution. From the
temperature dependence a value of the apparent ac-
tivation energy for hydrogen permeation through the
palladium composite membrane of 12.3 kJ mol−1 was
obtained. This value compares very well with that of
10.7 kJ mol−1 by Uemiya et al. [15] and 13.0 kJ mol−1

by Ilias et al. [20] who also used electroless plating
for preparation of their membranes.

4. Conclusions

A new preparation procedure was employed to
repair defects in Pd/a-Al2O3 composite membranes.
The final composite membrane with a thin palladium
film of 10mm in thickness showed a large hydrogen
permeation flux and a very high hydrogen selectivity.
The repair has a considerable favourable effect on
the morphology and microstructure of the deposited
palladium film and on the permeation and separa-
tion performance of the composite membrane. The
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repair procedure can densify the palladium film and
dramatically improve the hydrogen permselective
performance without causing a large reduction of its
hydrogen permeation flux and without a significant
increase in the palladium thickness.

Measurements of the temperature coefficient for
hydrogen permeation through the final repaired mem-
brane gave a value of 12.3 kJ mol−1 in good agree-
ment with previous reports. The pressure exponent
value of 0.65 obtained suggests that surface processes
have some effect on the permeation behaviour.
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