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The leak (of He gas) in composite Pd membranes prepared by the electroless depo-
sition method was studied. The leak was distributed over the entire surface of mem-
branes, and was due to the formation of pinholes, 0.1–2 lm in dia., located at the
boundaries of Pd clusters and Pd crystallites. The rate at which the leak developed in
H2 atmosphere was determined at 450, 500 and 5508C, and an apparent activation
energy for the leak growth was calculated to be equal to 238 kJ/mol, which was close
to the activation energy of Pd self-diffusion coefficient of 266 kJ/mol. From experimen-
tal data at 450, 500 and 5508C, the leak rate increase at 4008C was extrapolated. In
order to corroborate the calculated rate at 4008C, a 4 lm thick composite Pd mem-
brane, M-53, was studied for over 2,000 h in H2 atmosphere. M-53 showed a H2 per-
meance of 42 m3/m2 h bar0.5, and an outstanding selectivity (H2/He) higher than
22,000 over 2,200 h, which was in agreement with the calculated leak rate increase at
4008C. � 2007 American Institute of Chemical Engineers AIChE J, 54: 487–494, 2008
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Introduction

Hydrogen separation and production technologies are
essential for the increasing demand for hydrogen in the pe-
troleum and petrochemical industries, and for fuel cells appli-
cations. Methane steam reforming is currently the major
route for the production of H2 in a large-scale production.
The reaction, which requires large amounts of energy, takes
place in tubular reactors at a temperature close to 800–
9008C, with a yield of approximately 20%. Carrying out the
same reaction in a H2 permeable composite membrane reac-
tor allows the use of lower temperatures (;5008C), higher
yields ([95%), and the production of high-purity H2, reduc-
ing investment and production costs. Pd and Pd alloy mem-
branes are of preference due to their thermal and mechanical

stability at the temperatures of 400–5008C, and their high-
selectivity, theoretically infinite, for H2.

A large number of composite Pd membranes have been
prepared by many researchers on Al2O3 supports,1–4 Vycor
glass5 and modified porous metal (PM) supports.6–12 Many
composite Pd membranes showed high H2 permeance5,7,10,13

and good long-term chemical stability. Indeed, even for com-
posite Pd membranes on PM supports, new technologies
have reduced to a large extent the problems posed by inter-
metallic diffusion.14–16 However, leak stability over time at
high-temperatures (T[ 4508C) is an issue that have not
received too much attention, but arises in almost all compos-
ite Pd membranes.

Guazzone et al.18 attributed leak growth over a long period
of time to the formation of pinholes on the surface of compos-
ite Pd membranes, which was also reported by Lee et al.19 and
Paglieri et al.20 In fact, the formation of pinholes, the release
of stresses and the growth of Pd grains were attributed to the
sintering of Pd crystallites by Guazzone et al.18
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The main objective of this work was to investigate the
process taking place at temperatures close to 400–4508C, that
led to leak growth in many composite Pd membranes. The
leak distribution on the surface was examined to determine
whether leakage in composite Pd membranes was a localized
phenomenon, or a process taking place over the entire sur-
face of the membrane. The shape and size of defects were
also studied. In addition, the rate at which the He leak of
composite Pd membranes increased in H2 atmosphere was
measured at different temperatures to estimate the activation
energy of the rate of the leak increase. The order of magni-
tude of the activation energy would provide information on
the mechanism underlying the leak growth. Finally, a com-
posite Pd membrane, M-53, was studied at 4008C over thou-
sands of hours to corroborate the semiempirical leak model.

Experimental

Membrane preparation and characterization

Cylindrical porous metal supports for composite Pd mem-
branes were prepared by welding to one end of the porous
metal (PM) tube (2.54 cm OD, 15 cm long) a blind cap, and
a nonporous metal tube to the other end. The weld nugget
between the blind cap and the porous metal tube was denoted
as the ‘‘lower weld’’ and the weld nugget between the porous
metal tube, and the nonporous metal tube was denoted as the
‘‘upper weld’’. All porous metal supports were supplied by
Mott Corporation, Farmington, CT, USA. Porous supports
were cleaned, oxidized, graded, activated with Pd seeds, and
electroless plated with Pd according to the experimental pro-
cedures described in our earlier publications.21–23 The com-
posite Pd membranes prepared are listed in Table 1, and
were characterized in a H2 permeation setup previously
described by Guazzone et al.24 The letter ‘‘b’’ after the name
of membranes M-32/34 and 52 refers to repaired versions of
the same membranes. That is, taking Ma-32 as an example,
Ma-32 was characterized at all temperatures, removed from
the reactor, repaired by replating and tested for a second
time as Ma-32b. The repair consisted of the cleaning of the
surface with acetone and Di-H2O, the activation of the sur-
face by the SnCl2-PdCl2 procedure, and the plating of 1 to
4 lm of Pd depending on the membrane. Hence, the repair

did not affect the characteristics of the initial membrane
besides the thickness, which was modified by addition of a
fresh Pd layer. Generally, the H2 permeance of all composite
Pd membranes was determined at 250, 300, 350, 400, 450
and 5008C using H2 gas with 99.95% purity. Permeate pres-
sure was kept in all instances at atmospheric conditions.

Leak in composite Pd membranes

Since the leak in composite Pd membranes was measured
with He, it was necessary to change the atmosphere from H2

to He, and back from He to H2. To determine the He leak
(or the He permeance) at any given temperature, the He flux
JHe, was measured at the following pressure differences: 1,
1.5, 2, 2.5, 3 and 3.5 bar. The He permeance was then deter-
mined by fitting the (JHe, DP) experimental data with Eq. 1

JHe ¼ Hepermeance � DP (1)

where JHe is the He flux in m3/(m2 h), Hepermeance is the per-
meance of the He leak in m3/(m2 h bar), and DP is the pres-
sure difference in bar. The ideal separation factor, denoted as
selectivity (H2/He), was defined by the ratio of the H2 flux,
JH2, and the He flux JHe, at the same pressure difference and
temperature. Since the H2 flux was proportional to D(P0.5),
and the He flux was proportional to DP, the selectivity (H2/
He) value depended on the pressure considered. In this work,
all reported selectivities (H2/He) were determined at a pres-
sure difference of one bar (2:1) according to Eq. 2

Selectivity ðH2=HeÞ ¼ JH2

JHe

8>: 9>;
DP¼1

¼ F0:5 � ð
ffiffiffi
2

p � ffiffiffi
1

p Þ
Hepermeance � ð2� 1Þ

(2)

where F0.5 is the H2 permeance determined assuming that
Sieverts’ law was valid (n 5 0.5). In general, the He leak
and selectivity (H2/He) of the membranes were measured
several times at 250, 300, 350, 400, 450 and 5008C.

The rate at which the He leak developed over time was
determined by two methods: (1) by performing a linear
regression on the (JHe, time) data when several leak measure-
ments were taken at a given temperature, and (2) by per-
forming the following calculation when only one leak mea-
surement was taken at each temperature.

Figure 1 depicts the H2 permeance as a function of time
for an hypothetical membrane. At t1, He was introduced and
the He leak at 4508C was measured. At t2, the temperature
was changed from 4508C to 5008C at a rate of 18C/min and
at t3 the He leak at 5008C was measured. Based on experi-
mental observations, the He leak did not evolve during the
50 min that were necessary to bring the temperature up by
508C (e.g., from 450 to 5008C). Therefore, the He leak at
point t2 was equal to the He leak at point t1 plus the
increase in He leak that occurred at 4508C during the time
Dt 5 t2-t1. Hence, the rate of increase for the leak at 5008C
was given by Eq. 3

rHe500 ¼ Heðt3Þ � fHeðt1Þ þ rHe450 � ðt2� t1Þg
t3� t2

(3)

where, He(ti) is the He leak at the time ti (i 5 1, 2, 3, etc.)
and rHetemp is the rate of increase for the He leak at the tem-

Table 1. Characteristics of Composite Pd Membranes

Membrane
Support
type

Area
(cm2) Pd thickness (lm) Reference

C01-F11 PSS1 23 17 M3-a [24]
C01-F11b C01-F11 23 19 M3-b [24]
M-32 PH2 120 7.7 This work
M-32b M-32 120 10 This work
M-34 PH 120 4 This work
M-34b Ma-34 120 8 This work
M-42 PH 120 5.6 This work
M-52 PH 120 2,8 This work
M-52b PH 120 3.8 This work
M-53 PH 120 4 This work
M-54 PH 120 4 This work

1PSS 5 porous stainless steel.
2PH 5 porous hastelloy.
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perature denoted in the subscript (temp). ti corresponded to
the time at which the He leak was measured, and the temper-
ature was changed as shown in Figure 1.

Both methods for determining the He leak rate increase
assumed the leak to increase linearly with time, which turned
out to be a good approximation at temperatures equal to or
higher than 4508C. The behavior of the leak at temperatures
lower than 4508C was difficult to study since they grew at a
very slow rate.

Leak distribution

After the completion of the H2 permeation characterization
at high-temperatures (5008C or higher), the large membranes
(15 cm long, 2.54 cm OD, area 5 120 cm2) were cooled
down to room-temperature and removed from the test unit.
The distribution of the leak in these large membranes was
measured by a ‘‘rising water’’ test.25 It should be noted that
the rising water tests were performed at the end of the char-
acterization procedure, i.e., after having exposed the mem-
brane to the highest temperature. The composite Pd mem-
brane was housed in a Plexiglas shell, and sealed with rubber
O rings. A scale, divided in cm, was printed on the wall of
the Plexiglas tube. The membrane was placed in such a posi-
tion that the lower weld matched with the ‘‘zero’’ mark of
the printed scale; the 15th tick mark matched with the upper
weld. A He gas cylinder was connected to the shell of the
Plexiglas tube via a pressure regulator. A water reservoir was
also connected to the shell of the Plexiglas tube. The tube of
the membrane was connected to a gas-bubble-flow meter in
order to measure the He flow at a given DP. Water was
introduced cm by cm, and the He flux measured at every
step. The details of the rising water test can be found in
Guazzone’s work.7

Results

Distribution of the leak in composite Pd membranes

Knowing the leak distribution in a composite Pd mem-
brane was an important piece of information to understand
whether the He leak was due to localized cracks, peeling off
of the Pd layer or due to a process affecting the entire sur-
face of the membrane.

The normalized He leak for membranes M-32b/34b/54/52
is plotted in Figure 2 as a function of the water level. The
He leak of M-32b/54/52 membranes decreased rather evenly
as the water level was increased, indicating that the He leak
of the membranes was not localized and somewhat evenly
distributed across the entire surface of the Pd layer. The
slope of the line of leak vs. water level was not the same for
all membranes since they were not tested in the same reactor,
and the temperature gradient along the reactor axis might not
have been the same. The He leak of M-34b shows a sharp
decrease at the upper weld indicating the presence of a large
defect at the welding between the nonporous and the porous
part. When the leak at the weld was subtracted from the total
leak, the He leak of M-34b (‘‘M-34b corrected’’) followed
the similar trend shown by M-32b. Leaks seldom appeared in
the welds, and M-34b was a rare exception and was the con-
sequence of a failure at the weld. The leak was generally
well distributed over the surface of the membrane. Therefore,
the process leading to the leak formation and leak growth
affected the entire Pd layer.

Shape, location and size of defects

Since the leak was distributed over the entire surface of
the membrane, analyzing the surface of a small portion of
any given membrane gave a good representation of the entire
surface of the membrane. The SEM analysis of several com-
posite Pd membranes showed that the composite Pd mem-
branes having leaks showed the presence of pinholes at their
surface, which was previously reported.18–20 Figure 3 shows
the morphology of M-32b after the heat treatment at 5508C
for 48 h in H2 atmosphere. As reported earlier, fresh Pd
deposits from electroless plating are characterized by Pd
clusters including very small Pd crystallites (;50–100 nm).18

Upon the heat treatment, crystallites grew within the clusters
reaching sizes in the order of 1-2 lm. All Pd clusters in
Figure 3 included visible large Pd crystallites 1-2 lm in size.
Also, upon heating at high-temperatures, pinholes were
formed, and were mainly found to be located at the bounda-
ries of Pd clusters and Pd crystallites as pointed out by

Figure 2. He leak as a function of water level for mem-
branes M-32b/34b/52 and M-54 before and
after H2 test.

The ‘‘0’’ mark corresponds to the lower weld, and the ‘‘15’’
mark corresponds to the upper weld.

Figure 1. H2 permeance vs. time for an hypothetical
composite Pd membrane.
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arrows in Figure 3, with the diameter of the largest pinhole
being around 1lm. Smaller pinholes can also be seen in
Figure 3.

The diffusion of He through the defects in a Pd layer can
be approximately given by the sum of a Knudsen term and a
viscous term (slip-flow) as shown in Eq. 4. The flux of inert
gases through defects was modeled as the flux of gases
through a porous media with a very small porosity.7,21 Equa-
tion 4 assumes that the defects of composite Pd membranes
were pinholes within the Pd layer with an average diam. d,
and that the surface diffusion of gases is negligible.

J

DP
¼ aþ b � Pave ¼ 2

6

ffiffiffi
8

p

r
elkd

LPd
ffiffiffiffiffiffiffiffiffiffi
RTM

p þ 1

32

elvd
2

LPdgRT
� Pave

(4)

In Eq. 4 a�DP is the Knudsen flow, b�DP�Pave is the viscous
flow, e is the porosity, lk and lv are, respectively, the Knud-
sen and viscous geometric factor coefficients, d is the pore
diameter in m, LPd the thickness of the Pd layer in m, R is
the universal gas constant in kJ/(mol K), T the temperature
in K, M the gas molecular weight in kg/mol, and g the gas
viscosity in Pa�s. lv is equal to 1/s (s being the tortuosity

factor), and lk is equal to 1/(s yk) with yk the reflection fac-
tor. The reflection factor is proportional to the roughness of
the pore walls. Smooth walls are characterized by a yk value
equal to 1, while rough surfaces have reflection factors
greater than 1. Since pinhole walls were smooth, yk was
assumed to be equal to 1; Therefore, lk equaled lv. Plotting
gas permeance (J/DP) as a function of the average transmem-
brane pressure led to a straight line with a as the y-intercept,
and b as the slope. The average diameter d can be estimated
from the b/a ratio given by Eq. 5

b
a
¼ h � 3

32
�

ffiffiffi
p
8

r
� 1ffiffiffiffiffiffi

RT
p �

ffiffiffiffiffi
M

p

g
d (5)

The accuracy achieved on the determination of the diameter
depended on the accuracy with which the b/a ratio was
measured, which was estimated to be 10–20%. The pinhole
diameter was estimated with a 20% accuracy.

Table 2 summarizes the He leak, the selectivity (H2/He),
and the average pinhole size determined for each membrane
after they were kept for a given amount of time at a given
temperature. Membranes having a high-selectivity (H2/He)
([800) were characterized by a very small average pinhole
size equal to 0.16–0.17 lm, while membranes having a low-
selectivity (\100) were characterized by an average pinhole
size larger than a micron. It was then clear that the increase
in the leak was related to the increase in the average size of
the pinholes.

Therefore, from Figure 3 and Table 2, the formation of
leaks in composite Pd membranes was attributed to the for-
mation and growth of pinholes located at the boundaries of
Pd clusters and/or Pd grains.

Kinetics of leak growth at 450–5508C in H2

Figure 4a, b and c show the He leak as a function of time
in H2 atmosphere for membranes M-32b/34b/52b/54 at 450,
500 and 5508C, respectively. For almost all membranes, the
He leak increased linearly with time except for M-32b
(Figure 4b), which was characterized by a long induction
time of 200–300 h. However, after the induction time, the
He leak of Ma-32b was considered to increase linearly with
time. The rate at which the He leak increased was deter-

Figure 3. Surface morphology of M-32b after heat
treatment at 550ºC for 48 h in H2.

Table 2. He Leak and Selectivity of all Membranes

Membrane
Temp.
(8C)

Time spent
at max Temp. (h)

H2 permeance
at Temp. (col. 2)
(m3/m2-h-bar0.5)

He leak.
(m3/m2-h-bar)

Selectivity at
DP 5 1bar (H2/He)

Average pinhole
diameter (lm)

C01-F11 500 319 20.6 0.0125 683 0.83
C01-F11b 500 179 23.5 0.0214 478 0.47
C01-F11b 550 93 28.3 0.234 (at RT) 52 0.34
M-32 500 52 50 0.485 42 nd
M-32b 500 1100 41 0.0651 280 nd
M-32c 500 556 38 1.101 (at RT) 14 1.3
M-34b 500 552 20 0.0957 86 0.92
M-42 500 111 39 0.0165 980 0.04
M-42 500 185 39 0.019 818 0.16
M-52 500 275 94.2 0.591 66 nd
M-52b 450 260 55.5 0.0125 1806 2.7
M-53 400 2286 42.6 7.78�1024 22000 nd
M-54 500 120 45.7 0.143 132 nd

nd 5 not determined.
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mined in all membranes by either (1) fitting the JHe vs. time
data with a straight line, or (2) applying Eq. 3, when only
one leak measurement per temperature was taken. For the
case of M-32b, only the last four experimental data points
were considered for the He leak rate increase determination.
The rate at which the He leak increased in M-32b/34b/52b/
54 is reported in Figure 4a, b and c, which was equal to the
slope of the regression lines in m3/m2 h2 bar.

For all other membranes (C01-F11/11b, M-42/52) the rate
at which the leak developed was calculated using the raw
data listed in Table 3 and Eq. 3 is summarized in Table 3.

From the rates listed in Figure 4 and Table 3, it may be
noted that at a given temperature the He leak did not
increase with the same rate for all membranes. Thin mem-
branes, M-52/54 developed a leak at a faster rate. Also,
repaired membranes, M-32b/34b/52b, developed a leak at a
slower rate than during their first H2 test characterization.
Figure 5 shows the rate at which the He leak increased for
all membranes listed in Table 1 at 450, 500 and 550, as a
function of membrane thickness. Although more experimen-
tal data are needed, it shows, as expected, that thinner
membranes developed a leak at a faster rate than thicker
membranes.

The natural logarithm of the rate of increase for the leak
of all membranes was then plotted as a function of the recip-
rocal of temperature (Arrhenius plot), in order to estimate
the activation energy of the mechanism underlying the leak
growth in composite Pd membranes. The Arrhenius plot of
the leak rate growth for membranes C01-F11a/11b and mem-
branes M-32b/34b/42/52/52b/54 is shown in Figure 6. Since
the leak hardly grew in the 250–4008C temperature range,
the activation energy for leak growth was only estimated
in the 450–5508C temperature range using the rate at which
the leak increased for membranes C01-F11a/11b and M-32b/
42. The data of M-34/52/54 were omitted for the calculation
of the activation energy due to the low thickness of these
membranes. The data of M-34b was omitted due to its failure
at the upper weld (see Figure 2).

The activation energy for the rate of increase was esti-
mated to be 238 kJ/mol, which closely matched the activa-
tion energy of Pd self-diffusion coefficient of 266 kJ/mol.
Hence, the leak growth was a diffusion-limited process,
which required the diffusion of Pd atoms.

At 4008C in H2: the case of M-53

The rate at which the He leak increased at 4008C in com-
posite Pd membranes was calculated by extrapolation using
the equation on Figure 6, and equaled 4.47�1027 m3/m2 h2

bar. The sensitivity of the He mass flow meter used being
0.1 sccm, 1118 h would be needed to measure an increase of
only 0.1 sccm at a transmembrane pressure of 1 bar. This is
why the rate at which the He leak increased at temperatures
lower than or equal to 4008C for all membranes in Figure 6
(except for M-53) was the same at 300, 350 and 4008C. In
fact, except for M-53, not enough time was allowed for the
leak to develop and measurements were inaccurate.

Membrane M-53 was prepared according to the procedure
described by Ma and Guazzone23 and characterized in order
to experimentally verify the predicted behavior of the leak
growth at 4008C. The cross-section of M-53, shown in Figure
7, indicated a very uniform and thin membrane. M-53, with
an average of 4 lm in thickness, was tested in H2 atmos-
phere at 4008C for over 2,200 h. The He leak before H2

introduction (t 5 0 h) was undetectable at 4008C, and at DP
of 3.3 bars.

The He leak was measured every 160 h by switching from
H2 to He atmosphere at a He pressure difference of 3.3 bar
in order to have a measurable He flux ([0.1 sccm). Figure 8
shows the H2 permeance and selectivity (H2/He) as a func-
tion of time at 4008C. The H2 permeance slowly increased
from 35 m3/m2 h bar0.5 at t 5 0 h to 54.7 m3/m2 h bar0.5 at

Figure 4. He leak rate increase in H2 atmosphere at (a)
450ºC for M-34b/52b, (b) 500ºC for Ma-32b/34b/
54, and (c) 550ºC for membrane Ma-34b/54.
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t 5 831 h. After 831 h the H2 permeance started to slowly
decline as a function of time. The decline in H2 permeance
was most probably due to a slight amount of intermetallic
diffusion at the low-temperature of 4008C. The most impor-
tant factor in M-53 was its leak stability. No He flux was
detected after more than 1,100 h, time at which the first 0.06
sccm (DP 5 1 bar) of He was measured. The selectivity (H2/
He) at t 5 1,154 h equaled 72,000. After a minor incident
(loss of H2 pressure) where the membrane stayed for around
2 h in air at 4008C, the selectivity dropped to 25,000 at t 5
1655 h. M-53 was finally put in He atmosphere after 2,286 h
in H2, and cooled down to room-temperature. The last He
leak measurement at 4008C (t 5 2227 h) equaled 7.87�1024

m3/m2 h bar, which corresponded to a selectivity (H2/He) of
22,000. Figure 9 shows the He leak at 4008C as a function
of time. The average rate at which the He leak increased was
equal to 3.91�1027 m3/m2 h2 bar, which was relatively close
to the rate predicted by the equation in Figure 6 at 4008C of
4.47�1027 m3/m2 h2 bar. In fact, the extrapolation of the

450–5008C regression line crosses the experimental point for
M-53 at 4008C. Hence, it was experimentally demonstrated
that composite Pd membranes prepared by the electroless
deposition method do not develop leaks for long periods of
time at temperatures lower than or equal to 4008C in H2

atmosphere. Finally, during the H2 test of M-53, the atmos-
phere was changed 14 times at 4008C without affecting the
separation properties of the composite Pd membrane.

Discussion

Sudden leak formation in composite Pd membranes pre-
pared by the electroless deposition method may occur due to:
a?b transformation caused by equipment failure,18 peeling
off of the Pd layer,26 or failure at the welds between porous
parts and nonporous parts. However, for all membranes listed
in Table 1, care was taken to remain in the stability region
of the a Pd-H phase, no peeling off of the Pd layer was

Table 3. He Leak, and He Leak Rate Increase for all Composite Pd Membranes

Temperature (8C)
Temp. change

time (h) Time leak (h)
He leak

(m3/(m2 h bar)) Selectivity
He leak rate

increase (m3/(m2 h2 bar))

C01-F11a 450 576 725 1.497E-03 4989 5.337E-06
450 576 730 1.417E-03 5235 4.644E-06
500 820 990 1.250E-02 683 6.759E-05

C01-F11b 450 599 1020 8.297E-03 997 1.304E-05
500 1042 1169 2.145E-02 478 1.013E-04
550 1220 1395 2.340E-01 52 1.185E-03

M-32b 500 Linear regression
M-34 500 0 150 6.971E-02 300 4.647E-04
M-34b 450 Linear regression. The rates at 500, and 5508C were considered for the Ea of leak growth since the

blister at the weld may have formed and grew in H2 atmosphere at temperatures
equal to or higher than 5008C

500
550

M-42 450 378 499 6.000E-03 2665 4.242E-05
500 501 612 1.639E-02 980 9.286E-05

M-52 450 Linear regression
500 0 0 7.000E-02
500 0 284 5.917E-01 66 1.837E-03

M-53 400 Linear regression
Ma-54 500 Linear regression

550

Figure 5. Rate at which the He leak increased as a
function of membrane thickness.

Figure 6. Arrhenius plot for membranes C01-F11a/11b
and membranes M-32b/34/34b/42/52/52b/53/
54.

The activation energy was only estimated in the 450–550�C
temperature range.
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observed and, except for the case of M-34b, the rising water
test result of all membranes indicated no failure at the welds.
Yet, the He leak gradually grew with time and was always
distributed over the entire surface of the composite Pd mem-
brane. The leak grew due to the formation and growth of
pinholes, which was supported by the fact that pinholes were
observed on the surface of Pd membranes, and the composite
Pd membranes with a larger leak had larger pinholes at their
surface.

The high-activation energy of 238 kJ/mol for the leak
growth indicates that pinhole formation is a diffusion-limited
process. Moreover, as already stated, the activation energy
for leak growth was very close to the activation energy of Pd
self-diffusion coefficient of 266 kJ/mol. Hence, pinhole for-
mation and growth was related to the movement of Pd atoms.
An activation energy of 238 kJ/mol is characteristic of sinter-
ing processes, which is in many cases diffusion limited (at
low-temperatures). Sintering can occur coherently and inco-
herently.27 Coherent sintering leads to a homogeneous and
high-density (close to or equal to the bulk material) material.
However, incoherent sintering leads to evolution of pores
and microholes due to local densification or differential
shrinkage. Differential shrinkage is characteristic of sintering
in ultrafine materials.27

Hence, the tendency to form leaks in composite Pd mem-
branes prepared by the electroless deposited method may be
explained by the fact that fresh electroless Pd deposits are
characterized by a relatively high-driving force for sintering
due to their fine grain structure (100 nm Pd crystallites),
small Pd clusters,18 and their relatively small porosity incor-
porated within the film.28 Also, leak development in ‘‘well
prepared’’ fresh composite Pd membranes having their Pd
layer deposited by the electroless deposition method will
always, and in an inherently manner, occur at temperatures
higher than 400–4508C. The term ‘‘well prepared’’ refers to
composite Pd membranes synthesized with care, having no
initial He leak and no local defects, such as the formation of
the leak in a single spot as seen in M-34b at its upper weld.
In other words, the mechanism leading to leak formation was
the incoherent sintering of Pd clusters and/or Pd grains.

However, sintering at 4008C occurred at a slow rate, and
this work experimentally showed that composite Pd mem-
branes prepared by the electroless method have a great
potential for industrial applications at temperatures close to
4008C. The ideal separation factor (H2/He) of membrane M-
53 was characterized by an outstanding stability, since it was
higher than 22,000 for over 2,200 h in H2 atmosphere. Fur-
thermore, if membranes are thin, high H2 permeances could
be achieved at 4008C since M-53 showed a high H2 perme-
ance equal to 42.6 m3/m2 h bar0.5 after 2,286 h at 4008C.
We believe that temperature may affect leaks in a more det-
rimental manner than thickness. Therefore, thin membranes
(2-3 lm) may have high H2 permeances and still be selective
for long periods of time at 350–4008C.

Conclusions

The leak in composite Pd membranes was distributed over
the entire surface, and was due to the formation and growth
of pinholes at the Pd clusters and Pd crystallites boundaries.
The mechanism for leak growth was found to be a diffusion-
limited process with an activation energy equal to 238 kJ/
mol, which corresponded to the activation energy of Pd self-
diffusion coefficient. Pinhole formation at temperatures
higher than 400–4508C was attributed to the incoherent sin-
tering of the small Pd clusters and/or Pd crystallites. The out-
standing selectivity (H2/He) stability of M-53, which was

Figure 9. He leak of M-53 as a function of time at
400ºC.Figure 7. Cross-section of M-53.

Figure 8. H2 permeance and selectivity (H2/He) of M-53
at 400ºC.
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higher than 22,000 over 2,200 h, demonstrated that H2 with
a purity over 99.999% could be obtained with composite Pd
membranes prepared by the electroless deposition method in
processes where temperatures are close to 4008C. Finally, the
empirical equation developed in this work can be used as a
guideline for accelerated tests of the leak stability of a mem-
brane at a lower-temperature.
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