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Tubular substrates

One way to reduce cost and increase permeation flux is to
use composite membranes where a thin selective layer of a
palladium alloy is grown on top of a porous support. Several
kinds of materials can be used as substrate for inorganic
membranes, among them, the porous stainless steel is
attractive due to their superior mechanical strength, and
simple connection to the permeation module. Despite this,
the surface pore size and roughness of the substrates difficult
the deposition of a continuous, thin defect-free palladium
layer on top of them. Over the last decade, several groups
have considered the implementation of a modifier layer be-
tween the stainless steel supports and the palladium alloy
with the attempt to avoid inter metallic-diffusion and
decrease the surface pore size and roughness [2—5]. Due to

Introduction

Inorganic membranes have become the focus of attention
during the last decades due to the possibility of their use in
several industrial applications. Taking into account their
almost infinite selectivity to hydrogen, palladium-based
membranes are presented as an efficient material to be
coupled in membrane reactors for high purity hydrogen pro-
duction [1]. Furthermore, these membranes could be inte-
grated into several industrial processes for hydrogen recovery
from mixed gas streams. Despite the great advances in the
development of palladium membranes, the challenge in this
area is to improve mechanical stability maintaining high
perm-selectivities properties.

* Corresponding author.
E-mail address: atarditi@fiq.unl.edu.ar (A.M. Tarditi).
http://dx.doi.org/10.1016/j.ijjhydene.2017.01.024
0360-3199/© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Please cite this article in press as: Contardi], et al., Effect of the porous stainless steel substrate shape on the ZrO, deposition by vacuum
assisted dip-coating, International Journal of Hydrogen Energy (2017), http://dx.doi.org/10.1016/j.ijjhydene.2017.01.024



mailto:atarditi@fiq.unl.edu.ar
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
http://dx.doi.org/10.1016/j.ijhydene.2017.01.024
http://dx.doi.org/10.1016/j.ijhydene.2017.01.024
http://dx.doi.org/10.1016/j.ijhydene.2017.01.024

2 INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (QOT7> I—II

their thermal and chemical stabilities, zirconia and yttria-
stabilized zirconia (YSZ) has been present as good materials
to modify porous stainless steel supports [4,6]. PdAAg and PdAu
layers of a thickness between 1 and 7 pm has been deposited
on top of commercially available YSZ porous stainless steel
substrates by electroless plating [6,7]. Sanz et al. [8] deposited
a 50 um thick yttria-stabilized zirconia layer on porous
stainless steel tubes, and used them for the synthesis of Pd
composite membranes. A thickness of 27.7 um of Pd layer was
necessary to achieve a dense and defect-free membrane [8]. In
a previous publication, we successfully obtained thin PdAu
composite membranes on top of ZrO,-modified porous
stainless steel discs [9]. The modification of the support was
performed by means of the vacuum-assisted dip-coating
method using a commercial colloidal suspension as a source
of ZrO,. In addition of allowing the decrease of the Pd layer
thickness, the ZrO, coating between the stainless steel and
the Pd-based alloy, effectively avoids the inter-metallic
diffusion within their components. In our samples, no
composition gradient was detected on thickness after
permeation experiments as determined by cross-sectional
EDS line scan [9]. Lin and coworkers [10] reported a signifi-
cant improve in the thermal stability using YSZ as interme-
diate layer between palladium and porous stainless steel
discs substrates at temperatures above 873 K [10]. On the
other hand, Okazaki et al. [11] have shown constant hydrogen
permeation and selectivities for palladium membranes sup-
ported on YSZ-porous supports instead of alumina, at tem-
perature as higher as 923 K [11]. From SEM and XPS
experiments, migration of yttria or =zirconium was not
observed onto the palladium layer [11].

Palladium alloy membranes could be growth on top of
porous substrates by mean of several deposition techniques
as well as chemical vapor deposition, physical vapor deposi-
tion, electroplating and electroless plating [12]. Among them,
the electroless deposition techniques have received much
attention considering their advantages, namely applicability
on substrates of different shapes, low cost and simplicity
[12,13]. Although the electroless deposition of composite
palladium membranes could be performed on top of planar
and tubular substrates, tubular membranes are the more
suitable option to be applied at industrial scale. Even though
planar membranes are simple to prepare and well-suited with
a range of seal designs, they have a low surface area and a
large sealing/membrane area ratio. On the other hand, tubular
membranes exhibit a higher surface area to volume ratio and
they present the advantage of an easier assembly to the
permeation module [14].

The main objective of the present study was to optimize
the deposition of a ZrO, layer on the outer surface of porous
stainless steel tubes and analyze the influence of the substrate
shape (disc or tube) on the ZrO,-modification by the vacuum-
assisted dip-coating method. The microstructure of the sam-
ples after several deposition-calcination cycles was analyzed
by scanning electron microscopy (SEM) and confocal laser
microscopy (FCOM). PdAu layers were synthesized by the
electroless deposition technique on top of the ZrO, modified
porous stainless steel tubes. The permeation properties of the
membranes were studied as a function of temperature and
pressure.

Experimental
Membrane preparation

ZrO, modification of tubular supports

For the synthesis of the composite membranes, porous
stainless steel tubes 0.2 pm grade (Mott Metallurgical Corpo-
ration) were used as substrates. The tubes were cleaned and
oxidized following the procedure previously reported [15].
With the attempt to avoid inter-metallic diffusion and reduce
surface pore size, the outer surface of the tubes were modify
with zirconium by the dip-coating method using a commer-
cial ZrO, suspension (Nyacol Acetate Stabilized 20 wt.%, par-
ticle size between 5 and 10 nm) [9]. The supports were
subjected to sequential deposition-calcination cycles; each
cycle consisted of three ZrO, dip-coatings; afterward, the
support was dried at room temperature for 1 h and the
following dipping was performed. Finally, it was calcined at
673 K for 3 h. The vaccum-assisted deposition method was
used in the last deposition cycles. Additional details regarding
modifications are presented on our previously publication [9].
The number of ZrO, deposition cycles on the tubular supports
was optimized in order to improve the pore-filling. Fig. 1
shows a scheme of the setup used for the ZrO, deposition
on disc shaped and tubular substrates. For a comparison a
porous disc was modified with five deposition-calcination
cycles under the same conditions than those reported else-
where [9].

PdAu layers deposition

The sequentially electroless plating method was used to
synthesized the PdAu alloy film on the outer surface of the
tubular supports. Before to the metallic deposition, the
modified supports were activated using the conventionally
sensitization-activation stage described elsewhere [9]. After
that, the palladium and gold layers were deposited using the
bath compositions reported previously [9]. First, palladium
was deposited in two steps for 60 min each at 323 K, followed
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Fig. 1 — Schematic diagram of the vacuum-assisted dip-
coating method for disc shaped (a) and tubular (b) supports.
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by an gold deposition of 20 min at 333 K. After the Pd and Au
depositions, the samples were rinsed with water and dried at
393 K overnight. The synthesis procedure was repeated until
the composite membrane became impermeable to N, at room
temperature and at a pressure difference of 10 kPa. Then, the
samples were heated up to 723 K or 773 K in a hydrogen at-
mosphere to promote the metallic inter-diffusion and alloy
formation. The temperature of the reactor was increased from
room temperature up to the annealing temperature with a
heating rate of 0.5 K min~! in nitrogen flow and then, the
annealing process was conducted in hydrogen atmosphere.
The final film thickness was estimated from the weight gain
and checked by SEM.

The nomenclature used for the modified supports was
ZrO,-XZ, where X refers to the number of deposition-
calcination cycles and Z the support shape, D and T for disc
and tube, respectively. The main characteristics of the syn-
thesized samples are summarized on Table 1.

Table 1 — Main characteristics of the samples studied.

Sample Shape Cycles® PdAu thickness (um)
Zr0,-5D Disc 5 —

Zr0,-5T Tube 5 -

Zr0,-10T Tube 10 -

Zr0,-13T Tube 13 =
PdAu—Zr0,-5D Disc 5 12
PdAu—ZrO,-5T Tube 5 33
PdAu—Zr0O,-10T Tube 10 27
PdAu—Zr0,-13T Tube 13 13

& ZrO, deposition cycles: each cycle consists of three ZrO, coatings
followed by drying at RT 12 h and calcination at 673 K for 3 h.

Sample characterization and permeation measurements

X-ray diffraction measurements before and after annealing
were performed with an XD-D1 Shimadzu instrument, using
CuKa (A =1.542 A) radiation operating at 30 kV and 40 mA. The
scan rate was 1°min~! in the 26 = 15-90° range.

The top surface and cross-sectional images of the samples
were characterized by Scanning Electron Microscopy (SEM)
using a JEOL (JSM-35C) microscope. An energy dispersive
analytical system (EDAX) coupled in the microscope were
used to determine the bulk atomic composition of the ZrO,
modified supports and the PdAu layers after annealing. The
cross-section EDS-mapping of the PAAu membranes was ob-
tained using a Zeiss FEG-SEM instrument, model SUPRA 40,
equipped with an energy dispersive analytical system (Oxford
Instruments).

The measurements of the surface and line profile rough-
ness of the samples were performed using an Olympus LEXT
3D OLS4000 confocal microscope (405 nm laser excitation).
The scanning mode XYZ step was used with an image size of
258 x 258 um. The images were analyzed using the LEXT
software.

Hydrogen and nitrogen single gas permeation measure-
ments were performed using a tubular permeation module
reported elsewhere [16]. The permeator was placed in an
electric furnace and heated up to the desired temperatures at
heating rate of 0.5 °C/min.; the temperature was controlled
with a thermocouple placed in the membrane size. The Pd
alloy side of the membrane was flushed with feed gases, while
the other side was flushed with N, as sweep gas (permeate
side) during the heat procedure. No sweep gas was used on the
permeate side during the single-gas permeation experiments.
All the gases were fed to the permeator using calibrated mass-

Fig. 2 — Tubular (a, c) and disc shaped (b, d) porous stainless steel supports modified by ZrO, with five deposition-calcination

cycles.
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flow controllers and pressure differences across the mem-
branes were controlled using a back-pressure regulator. The
upstream was varied while keeping the downstream pressure
constant at 100 kPa. Bubble flow meters were used to measure
the hydrogen or nitrogen permeation flow rates. The perme-
ation areas of the tubular membranes were ca. 4.2 cm?. The
flux measurements were performed at temperatures between
673 and 723 K and AP between 10 and 100 kPa. All temperature
changes were carried out in N, atmosphere.

Results and discussion

Optimization of the ZrO, deposition on stainless steel
tubular supports

It has been shown that the ZrO, modification of porous
stainless steel discs by the vacuum-assisted dip-coating
method enables the formation of defect-free PdAu composite
membranes of ca. 10 um thickness, with improved thermal
stability [9]. Taking into account that tubular membranes are
more suitable from a practical point of view, the optimization
of the ZrO, modification on the outer surface of tubular porous
stainless steel was studied in the present work.

Fig. 2 shows the SEM surface top view of a tubular (ZrO,-5T)
and planar (ZrO,-5D) porous stainless steel support (0.2 pm
grade) after five deposition-calcination cycles. It can be
observed that, after five deposition-calcination cycles, the
pores filling in the tubular support is not as high as the
coverage observed in the planar support. In a previous publi-
cation, we reported that for both 0.1 and 0.2 um flat supports, a
complete coverage of the porous surface and a smoother
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surface were observed after five deposition-calcination cycles
(Fig. 2b and d) [9]. Contrary to these findings, when the same
number of deposition-calcination cycles was performed on
the outer surface of tubular substrates, a complete pore-filling
and a heterogeneous coverage of the support were not
observed (Fig. 2a and c). This could be due to the fact that,
compared with the morphology of the unmodified discs
(Fig. 3), the tubular substrate has a more heterogeneous pore
distribution and perpendicular growth of stainless steel grains
with a rougher surface (Fig. 3a). Comparing the top surface
morphology of the planar (Fig. 3b) and tubular (Fig. 3a) sup-
ports, it is possible to note that the tubes present a large pore
volume and open structure at the surface (Fig. 3). Additionally,
when the cross-section images of the disc (Fig. 3d) and tube
(Fig. 3c) are compared, it is possible to observe a more porous
open structure in the tubular shape. Although both shapes
(planar and tubular) have the same pore grade (0.2 um) as
reported by the manufacturer, they present a different surface
roughness and topography, probably due to the different
manufacturing methods.

In order to perform a deeper comparison of the roughness
properties between the two shapes, 0.2 micron grade tube
and disc supports were analyzed by confocal laser micro-
scopy. Fig. 4 shows the confocal images obtained for the
tubular and planar supports and the line profile analysis.
Note that for the tubular support, a higher peak to valley
depth of about 24—27 pm is observed in the profile (Fig. 4a),
while on the planar support the maximum depth is ~14 pm
(Fig. 4b). Table 2 shows the maximum peak height (Pp),
maximum valley height (Pv) and maximum height of pri-
mary profile (Pt) parameters obtained from the line rough-
ness analysis.

Planar support

8882 188.8U UATSF

Fig. 3 — Microstructural comparison between tubular and disc shaped supports. SEM images for surface top-view of: (a)
tubular support, (b) disc shaped. Cross-section: (c) for tube and (d) for disc.
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Fig. 4 — Confocal laser images and line profile analysis of the tubular (a) and disc shaped (b) supports.

Based upon the observations on the ZrO,-5T sample, five
additional dipping, drying and calcination cycles were per-
formed in a tube, (ZrO,-10T sample) in order to increase the
pore-filling. Fig. 5 shows the SEM top surface view corre-
sponding to two different zones (a, b zone 1 and c, d zone 2) of
the support after ten deposition-calcination cycles at two
magnifications. A homogeneous distribution of ZrO, on the
porous substrate can be observed from the images taken in
the two regions of the surface (Fig. 5). Note that a higher
coverage of the porous was obtained compare with the sample
with five deposition-calcination cycles; however, the coverage
was not as high as that obtained on top of the disc with five
deposition cycles (ZrO,-5D sample) (Fig. 2d).

Fig. 6a shown the surface morphology of the ZrO,-13T
sample after thirteen deposition-calcination cycles. It was
observed that the ZrO, coverage was improved (ZrO,-13T
sample), yielding an uniform and almost complete coverage of
the porous surface (Fig. 6b). From the cross-section obtained
by SEM-EDS, a thin layer of ZrO, was observed in this sample
(Fig. 6c). After the ZrO, modification, the average peak to
valley depth determined by confocal microscopy decreases
from 22.3 um for the unmodified tube up to 10.9 pm and 8.2 pm
for the ZrO,-10T and ZrO,-13T samples, respectively (Table 2).

This indicates that the pore depth in the modified support is
on average lower than those in the unmodified support,
consistent with the top-view SEM observations (Figs. 5 and 6).

It has been reported that for the deposition of a ceramic
layer by dip-coating on a porous support, the following prop-
erties are of primary importance: pore size and size distribu-
tion, porosity, roughness, surface and bulk homogeneity.
Then, one of the critical parameters governing the formation
of the initial layer on a dip-coating process is the ratio be-
tween the particle diameter in the suspension and the pore
size of the support [17]. This statement is in agreement with
our observation that in the planar supports, with a lower pore
size at the surface, it was easier to obtain a complete coverage
of the pores with lower number of deposition cycles. Note that
the pore size on the surface of the unmodified tubular support
has a wide distribution ranging from 10 to 30 pym with some
larger pores of up to 40 um (Fig. 3). On the other hand, the pore
size on the surface of the planar support is between 10 and
20 um (Fig. 3). The morphological analysis shows that the pore
diameter at the surface of the tubes is larger than those of
discs for substrates with the same grade reported by the
manufacturer. Using mercury intrusion measurements, Mar-
dilovich et al. [18] reported a bulk pore size distribution
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Table 2 — Some analysis parameters in the line roughness analysis performed with confocal laser microscopy.

Sample Pp (Max.) (um) Pp (average) (um) Pu (Max.) (um) Pu (average) (um) Pt (Max.) (um) Pt (average) (um)
Tube (0.2 pm) 15.8 8.1 21.9 14.8 34.5 22.9

Disc (0.2 um) 8.2 45 16.4 10.2 23.7 14.8
Zr0,-10T 5.6 4.2 9.1 6.6 14.5 10.9
Zr0,-13T 3.8 3.5 7.8 5.3 11.5 8.8

Pp: Maximum peak height; Pv: Maximum valley height; Pt: maximum primary height of primary profile (the sum of Pp and Pv).

Fig. 5 — SEM images for tubular support modified with 10 deposition-calcination cycles (ZrO,-10T sample) in two different
zones: (a, b) zone 1 and (c, d) zone 2.

Fig. 6 — SEM top view (a, b) and cross-section (c) of a tubular support modified with 13 cycles of ZrO, (ZrO,-13T sample).
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ranging between 0.6 and 7 um for a porous stainless steel tube
of 0.2 um grade, with a larger pore size at the surface. An
average pore size of ca. 2.25 pm and a distribution in the range
of 0.75—3.25 um for similar supports have been determined by
the bubble-point pressure method [19]. The data suggest that
the pore entrance at the surface is larger than those in the bulk
of the support.

By mean of the vacuum assisted dip-coating method and
optimizing the number of deposition-calcination cycles, we
could obtained a smooth and homogeneous ZrO, coating on
top of porous tubular supports. In comparison with other
modification techniques reported in the literature for depo-
sition of ZrO, or YSZ such as magnetron sputtering [20] or
atmospheric plasma spraying [8,21] this is a simpler and
cheaper method which could be easily scalable. Fernandez
and coworkers [8] have deposited a thick (ca. 50 pm) YSZ layer
on stainless steel porous tube by atmospheric plasma spray-
ing. The improvement with respect to our previously work [9]
was the optimization of ZrO, deposition on tubular instead of
disc substrates. From the data reported here it is possible to
conclude that the support shape (disc or tube) has a signifi-
cantly influence on the features of ZrO, coating.

Properties of the PdAu layers synthesized on top of the ZrO,
modified porous stainless steel tubes

With the aim to be applied as membranes for hydrogen pu-
rification, PdAu layers were deposited by the sequential elec-
troless deposition technique on top of the ZrO, modified
tubular supports. The effect of the ZrO, coverage on the
thickness and morphology of the PdAu layers was analyzed by
SEM-EDS.

Fig. 7 shows the top surface images of the samples syn-
thesized on the outer surface of porous stainless steel tubes
after 5 (a, d), 10 (b, e) and 13 (c, f), ZrO, deposition-calcination
cycles. As it can be observed in the figure, the surface of the
tubular PAAu—Zr0O,-5T sample (Fig. 7a and d) was not covered
by a continuous PdAu alloy layer even after ten electroless

PdAu-Zr0,-5T

26KY

38106

PdAu-Zr0,-10T

deposition cycles (one cycle: two Pd plating of 60 min each
followed by a Au plating of 20 min). Note that a rougher sur-
face made up of irregular clusters with high defect density
was obtained under these conditions (Fig. 7d). From the
weight gain measurements, a thickness of about 33 pm was
estimated for this sample. On the other hand, the PdAu—ZrO,-
10T membrane (Fig. 7b and e) presented an improvement in
the coverage of the support with smaller clusters and defect
density after seven deposition cycles (ca. 25 pm from weight
gain). For this membrane, no nitrogen permeation was
observed after drying at 393 K at room temperature. However,
after annealing at 773 K the membrane presented a loss of
selectivity, reaching a H,/N, ideal selectivity of 215 at 673 K
and 100 kPa, which could be due to presence of defects on the
surface of the PdAu layer (Fig. 6). The membrane synthesized
on top of the porous support modified with thirteen ZrO,
deposition-calcination cycles (PdAu—ZrO,-13T membrane)
presented a smoother surface with a compact PdAu layer on
top of the modified support (Fig. 7c, f), with no evidence of
defects. This membrane did not present nitrogen permeation
even after annealing up to 723 K under hydrogen stream.

It is known that the thickness and quality of the Pd alloy
layer deposited on top of a porous substrate depends on both
the deposition method and the support properties such as
pore size distribution and defect density. For achieving a
dense palladium layer by electroless deposition, a minimum
thickness of approximately three times the diameter of the
largest pores in the supports was needed, as reported by
Mardilovich et al. [18].

The PdAu—Zr0,-13T membrane was annealed at a lower
temperature with the aim to optimize the PdAu alloy forma-
tion at a lower temperature. From the XRD analysis of both the
PdAu—Zr0O,-10T and PdAu—Zr0,-13T membranes, a complete
alloy formation was observed after annealing up to 773 and
723 K, respectively, during 162 h (Fig. 8).

Fig. 9 shows the cross-section view of the PdAu—Zr0,-10T
and PdAu—Zr0,-13T membranes. The PdAu—Zr0,-13T mem-
brane (Fig. 9a) exhibits a lower thickness (mean

PdAu-Zr0,-13T

Fig. 7 — SEM top surface view of the PdAAu membranes synthesized on top of ZrO, tubular modified supports.
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Fig. 8 — XRD diffraction patterns of a PdAu as deposited
sample, after annealing at 723 K and 773 K for seven days.

thickness = 14 um) in comparison with the thickness of the
PdAu—ZrO,-10T membrane (Fig. 9b, mean thickness = 27 pm).
The SEM-EDS measurements show a homogeneous Pd and Au
distribution on thickness with no evidence of diffusion of
components of the stainless steel substrate for both mem-
branes. Note that the PdAu layers of both membranes are
dense with low defect density and they are well adhered to the
support. The Pd, Au and Fe X-ray compositional mapping is
shown in Fig. 10. It is possible to see a homogeneous distri-
bution of Pd and Au in the alloy layer with no diffusion of Fe

PdAuZr0,-10T

from the support. Zr was not detected in the X-Ray mapping
analysis; however, when EDS local spot scans were performed
in the PdAu-support interface, Zr was detected in a low
amount. These data are in agreement with the XRD data in
which a complete alloy formation was observed even after
723 K (Fig. 8). The PdAu alloy formation from the electroless
plating of sequential palladium and gold thin layers on top of
ceramic tubes was studied by Goldbach and coworkers [22].
The analysis of the alloy formation as a function of time at
different temperatures showed that the alloying of the Pd and
Au separate metal layer required about 168 h at 873 K and
more than 500 h at 773 K under hydrogen stream. When the
PdAu membranes were prepared from the electroless depo-
sition of alternated palladium and gold nano-structured
layers, the authors reported complete alloy formation at
773 X [23]. The multilayer pattern observed by SEM-EDS in the
as-deposited film disappeared and the Pd and Au EDS traces
became flat after one day of annealing at 773 K under atmo-
spheric hydrogen pressure, which indicated that the homog-
enization of the multilayer proceeded rapidly under those
circumstances [23]. The improved alloying of nano-structured
PdAu electroless deposited films could be attributed to the
much extended interface between the two metals in com-
parison with a bilayer film with the same total thickness. In
the same line, we found a complete PdAu fcc alloy formation
at 773 K during 120 h in hydrogen stream and 10 kPa of dif-
ference of pressure through the membrane, for multilayered
Pd/Au films synthesized on top of porous stainless steel discs
[9]. In the membranes studied in the present work, a homo-
geneous alloy formation on thickness was obtained even after
annealing at 723 K during 168 h, as it can be seen from the
EDS-mapping shown in Fig. 10.

The permeation properties of the as synthesized PdAu
membranes were evaluated as a function of temperature and
pressure drop between the retentate and permeate side of the
membrane. Fig. 11 shows the hydrogen permeation flux at
673 K for the PdAAu—Zr0,-10T and PdAu—Zr0,-13T membranes
as a function of pressure differences between 10 and 100 kPa;
the data were obtained after annealing in hydrogen stream
during 5 days. Note that the hydrogen flux through the

PdAuZr0,-13T

Fig. 9 — SEM cross-section view of the membranes PdAu—Zr0,-10T (a) and PdAu—Zr0,-13T (b) membranes.
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Fig. 11 — Hydrogen permeation flux of the PdAu
membranes as a function of A(P)°>,

PdAu-Zr0,-13T sample is higher than the flux for the
PdAu—Zr0,-10T membrane, 1 x 107! mol s* m™2 and
0.5 x 107! mol s~* m2, respectively, data taken at 100 kPa.
This behavior is in agreement with the higher PdAu film
thickness (Fig. 9) of the PAAu—Zr0,-10T membrane, needed to
obtain a dense metallic layer on the support modified with ten
deposition-calcination cycles. Additionally, is important to

note that the permeation after modification with ZrO, did not
produce any additional resistance to the overall flux. As
shown in Fig. 11, the hydrogen permeation flux for the
membranes yielded a linear dependence on the square root of
the partial pressure. This trend is consistent with the
solution-diffusion mechanism of pure hydrogen through a
palladium-alloy membrane, when the rate determining step is
the diffusion of H in the metallic alloy bulk film following the
Sieverts' Law [24]. The Hy/N, ideal selectivity of the studied
membranes were 215 and >4000 for the PAAu—Zr0O,-10T and
the PdAu—ZrO,-13T membranes, respectively. A linear
dependence has also been reported for PdAAg membranes with
H,/N, ideal selectivity between 110 and 300 [25]. The flux
through the defects and the Sieverts contributions for several
PdAg membranes were determined. In all cases the Sieverts
contribution was between 97.6 and 99.6% [25].

At 673 K and 100 kPa, the hydrogen flux of the PAAu—ZrO,-
13T membrane was ca. 1 x 10"  mol s~* m~2 (Fig. 11), similar to
the hydrogen flux through the PdAu—ZrO,-5D membranes
synthesized on top of ZrO, modified porous stainless steel
discs with 0.2 pm grade. The selectivity of the PdAAu—Zr0,-13T
membrane decreased after three days of evaluations, then the
membrane cooled down. This loss of selectivity was attributed
to defects at the sealing area formed during the exposure to
high temperature, which were detected using a bubble point
location test. For that purpose, the membrane was introduced
into a vessel with isopropyl alcohol and nitrogen was fed
through the membrane. The hydrogen permeabilities of the
PdAu—Zr0,-10T, PdAu—Zr0O,-13T and PdAu—ZrO,-5D mem-
branes were 9.4 x 10° mol s* m m™? Pa%° 96 x
10 °mols *mm?Pa % and 1.0 x 10 ®mols ' m m?Pa %7,
respectively. These data are similar to those reported in the
literature for PdAAu membranes. A hydrogen permeability of ca.
1.36 10~ ¥ mol s~ m m~2 Pa~%® at 673 K and differential pres-
sure of 138 kPa has been reported for a 2.3 um thick PdgsAus
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membrane on top of a commercially available YSZ-modified
PSS tube [6]. Way and coworkers [26] reported hydrogen per-
meabilities ranging from 0.7 upto 1.1 10 8 mol s * mm~2Pa >
for self-supporting PdAAu membranes.

Conclusions

Planar and tubular porous stainless steel substrates were used
to obtain ZrO, coated porous stainless steel supports for the
synthesis of PdAu alloy composite membranes. The vacuum
assisted dip-coating process has been optimized on tubular
supports by the employment of successive ZrO, deposition-
calcination cycles.

The H,/N, ideal selectivity values higher than 4000 indi-
cated that dense and continuous palladium-gold layers were
deposited on the outer surface of the ZrO,-modified PSS tube
after thirteen ZrO, deposition calcination cycles. A complete
alloy formation was obtained even after annealing at 723 K at
in hydrogen stream during 5 days, as confirmed by cross-
section EDS mapping and XRD diffraction analysis.

Even though planar and tubular supports have the same
porous grade (0.2 pm) as reported by the manufacturer, the
deposition of the ZrO, intermetallic layer is not equal in
both shapes. This is due to the different support proper-
ties at the surface (especially the pore size and defect
distribution).
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