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A B S T R A C T

Using the electroless deposition technique with different deposition sequences, it was possible to obtain a single
phase PdAgAu ternary alloy after treatment at 773 K during 7 days. Despite the order of deposition, the samples
exhibited similar hydrogen permeation flux at the same temperature and pressure. In the presence of CO, the
PdAgAu ternary alloy membranes showed a lower inhibition on the hydrogen permeance compared with the
binary PdAu alloy at 623 and 673 K. On the contrary, under CO2 containing streams, the ternary alloy showed a
higher inhibition with a complete hydrogen recovery after removing CO2 from the stream. When H2S was in-
troduced in the 13% CO2/13% Ar/74% H2 stream, a higher permeance decrease was observed on both the PdAu
and PdAgAu alloy membranes. After removal of H2S, a hydrogen recovery of 60% and 76% was measured for the
PdAu and PdAgAu membranes, respectively. Pd surface segregation was observed on the Pd82Ag15Au3–873 K-5 d
and the Pd78Au6Ag16–773 K-7 d samples upon exposure to CO containing streams. Instead, silver surface seg-
regation was observed by XPS after exposing the PdAgAu ternary alloy to CO2 containing streams.

1. Introduction

The release of greenhouse gases (GHG) into the atmosphere due to
the continuous burning of fossil fuels is a serious threat to the en-
vironment leading to the consequent climate change. For a long-term
treatment of climate change along with the reduction of the depen-
dence on fossil fuels, future energy sources must meet the requirements
of being carbon-free and renewable [1]. In this perspective, hydrogen is
emerging as a viable alternative to be used as energy carrier by means
of fuel cells. Hydrogen is mainly produced from reforming reactions, in
which a purification step is required to increase the hydrogen con-
centration. The integration of production and purification in a single
unit by the implementation of membrane reactors (MRs) turns out as a
promising technology for high purity hydrogen production.

The special ability of palladium to dissociate hydrogen to its atomic
form makes this metal ideal for hydrogen separation applications [2].
Therefore, palladium-based membranes have received increased at-
tention during the last decade. In his pioneering work, Hunter disclosed
that alloying Pd with 27 mass % Ag not only prevented hydrogen em-
brittlement but also improved hydrogen permeability by 70% com-
pared to pure palladium at 723 K [3,4]. However, Pd and most of its
alloys are very sensitive to sulphur compounds even at low ppm levels
[5,6]. Even a few ppm of sulphur in the gas reduce the flux drastically

due to strong surface adsorption leading to reduced permeability or to
the complete deterioration of the membrane caused by the formation of
bulk Pd4S [7]. Hence, in recent years multi-component Pd alloys, which
combine good sulphur tolerance with better H2 permeability and re-
duced membrane costs, have been explored [8–13]. It has been shown
that the addition of a third element to the PdAg alloy improves the
tolerance to poisoning with H2S, maintaining high hydrogen perme-
ability [10]. The PdAgAu alloys exhibited the highest permeability and
the lowest post-exposure surface S content after being submitted to a
H2S stream, within a set of PdAgX alloys with X (Au, Mo, Cu and Y), as
analyzed by Bredesen et al. [10].

Along with H2S, CO is another important contaminant normally
present when generating H2 from fossil fuels. Among CO and CO2, CO is
clearly the most inhibiting species [14–18], this effect being attributed
to differences in adsorption energy. Additionally, it has been found that
a single adsorbed CO molecule can block more than one hydrogen
dissociation site [14,19]. In addition, it has also been found that CO
increases the hydrogen desorption energy and induces an activation
barrier for hydrogen dissociation [14,20]. Several publications have
reported the inhibitory effect upon pure Pd and binary Pd-alloys,
caused by exposure to a CO rich stream. A strong inhibition has been
reported in the presence of CO at low temperatures (548–623 K) due to
a competitive adsorption. Wieland et al. [21] studied the influence of
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CO at different compositions and 573 K for the methanol steam re-
forming process. Compared to pure hydrogen permeation, the flux de-
creased by over 70% when the membrane was exposed to CO or me-
thanol. The effects observed suggest that the adsorption of these
components on the membrane competes with the adsorption of hy-
drogen, which is a precondition for hydrogen permeation through
palladium membranes. Li et al. [22] reported a similar effect for a Pd/
stainless steel membrane. A strong reduction in the hydrogen permea-
tion was observed for mixtures containing CO or steam at 653 K, which
was associated with the competitive adsorption of CO or steam on the
Pd surface. On the other hand, at higher temperatures CO adsorption
and carbon deposition could occur. A strong hydrogen inhibition has
been reported upon exposing a PdAg membrane to CO2 and steam at a
temperature range between 623 and 723 K [23], which has been at-
tributed to carbon deposition on the Pd or PdAg surface. Using tem-
perature-programmed oxidation experiments and SEM, Goldbach et al.
[24] observed carbon deposits on a Pd membrane upon exposure to CO2

containing streams.
The aim of this work was to study the inhibition effect caused by the

presence of gases CO, CO2, H2S and the mixture of these gases on hy-
drogen permeability over binary and ternary palladium alloys. By
means of sequential electroless plating, Pd-based binary and ternary
membranes were prepared. The as synthesized membranes were eval-
uated in a temperature range between 623 and 673 K and a pressure
difference of 50 kPa. Characterizations of the Pd-based binary and
ternary membranes were performed using DRX, SEM, XPS and LEIS.

2. Experimental

2.1. PdAu and PdAgAu samples preparation

Porous stainless-steel discs were used as supports for the deposition
of PdAu and PdAgAu alloy membranes. The supports were provided by
Mott Metallurgical Corporation (1.27 cm in diameter, 4 mm thickness
and 0.1 µm grade). Before the metallic depositions, the supports were
conditioned as reported in our previous published work [25]. Pd-based
membranes were prepared by means of electroless plating, using the
compositions and temperature previously optimized by our group
[13,25]. The metals were deposited on top of the substrates by the
sequential deposition method according to the following sequences:

i) Pd-Au, for the binary alloys and
ii) Pd-Au-Ag or Pd-Ag-Au, for the ternary alloys.

In the latter case, two deposition sequences were studied in order to
analyze the effect of deposition on the bulk and surface properties of the
membranes.

The atomic composition of the samples was modified using different
deposition times. After deposition, the samples were heated up to 773
or 873 K in an inert atmosphere (with a heating rate of 1 Kmin−1) and
switched to hydrogen with a difference pressure across the membrane
equal to 10 kPa to promote the alloy formation. Throughout the an-
nealing procedure the permeate side was kept at atmospheric pressure.
Table 1 shows the main properties of the synthesized samples. The
binary samples were labeled as PdAu-Mx (where x refers to the sample
number) and the ternary alloys as PdaAgbAuc-X-Y or PdaAubAgc-X-Y
(where a, b, c are the atomic composition, X and Y the temperature and
time of thermal treatment, respectively). Note that the position of Ag
and Au on the nomenclature changed according to the sequence of
deposition.

2.2. Single gas permeation and CO, CO2 and H2S inhibition tests

Permeation measurements were carried out using a device designed
in our group [26]. The effective permeation area of the membranes was
0.5 cm2 in all cases. After annealing and hydrogen single gas

permeation, the membranes were exposed to CO, CO2 and H2S con-
taining streams at 623 and 673 K. During permeation measurements,
the permeate side was kept at atmospheric pressure. Table 2 shows the
composition of the mixtures studied. The treatment was performed
during 6 or 24 h, followed by a hydrogen recovery at the treatment
temperature. The pressure difference across the membrane was kept
between 45 and 60 kPa. The membrane integrity was checked using
pure nitrogen after each set of experiments. To check the dilution effect
on the hydrogen permeation through the membranes, a N2(27%)/H2

mixture was used.

2.3. Sample characterization

The alloy formation was analyzed by X-ray diffraction (XRD) using a
XD-D1 Shimadzu diffractometer, with a Cu Kα (λ=1.542 Å) radiation
operating at 30 kV and 40mA. The 95% of the information achieved on
a XRD pattern of a Pd-based alloy are originated from a depth of 2.2 µm,
being the 100% of the X-ray absorbed at a thickness between 4 and
5 µm, as reported by Ma et al. [27].

The surface morphology and thickness were analyzed by Scanning
Electron Microscopy (SEM) with a JEOL (JSM-35C) microscope. The
cross sectional elemental composition of the samples was performed
using a FEI, Quanta 200F microscope, equipped with a field emission
gun and a Si(Li) EDS detector of 10 mm2. The data were processed with
a Genesis v6.04 program.

The bulk atomic composition of the samples was determined by X-
ray fluorescence spectroscopy (XRF) and SEM-EDS (sampling depth ~
2– 2.7 µm using an voltage of 30 keV). The XRF data were collected
using an EDX-729 Shimadzu Energy Dispersive X-ray spectrometer with
a Rh X-ray tube operated at 50 kV, under these conditions the analysis
depth are ~ 100 µm. The quantification was performed by a calibration
curve using reference samples of known composition prepared by
electroless deposition.

The surface properties of the membranes were studied by X-Ray
Photoelectron Spectroscopy (XPS) and Low Energy Ions Scattering
Spectroscopy (LEIS) using a multi-technique system (SPECS) equipped
with a hemispherical PHOIBOS 150 analyzer operating in the fixed
analyzer transmission (FAT) mode. The spectra were obtained using a
monochromatic Al Kα radiation (hν=1486.6 eV) operated at 300W
and 14 kV. The spectra of Pd 3d, Pd 3p, O 1s, C 1s, Au 4f, Ag 3d and Fe
2p were recorded for each sample. The data treatment was performed
with the Casa XPS program (Casa Software Ltd., UK). The peak areas
were determined by integration employing a Shirley-type background.
Peaks were considered to be a mixture of Gaussian and Lorentzian
functions. Sensitivity factors provided by the instrument manufacturer
were used for the quantification of composition. For the LEIS experi-
ments, a differentially pumped ion source IQE 12/38 SPECS, in the
multi-technique system was used. The spectra were taken using 1 keV
helium ions at a scattering angle of 50°, with a current density of about
400 nA cm−2 (1.5× 1014 ion cm−2 to take a complete experiment),
given a sputtering rate of 0.01 nmmin−1 as estimated using the equa-
tion reported by Hoffman [28]. Reference samples to calibrate the LEIS
signals and to obtain sensitivity factors were pure Pd, Au and Ag foils
[29].

3. Results and discussion

3.1. Alloy formation and surface composition

In a previous publication, we reported that after annealing a sample
of ~ 10 µm thickness at 773 K during 5 days, the formation of a partial
fcc PdAgAu alloy was observed by XRD [13]. All the reflection peaks
exhibited a shoulder at higher values of 2θ. A subsequent annealing up
to 873 K for 2 days yielded a XRD pattern with symmetrical peaks
(Fig. 1). In order to optimize the alloy formation at a lower temperature
(773 K), in the present work the ternary alloy samples were annealed at
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773 K during 7 days under hydrogen flux and a pressure difference
across the membrane equal to 10 kPa, keeping the permeate side at
atmospheric pressure. The XRD diffraction patterns of the
Pd78Au8Ag14–773 K-7 d and the Pd81Ag16Au3–773 K-7 d samples are
presented in Fig. 1 in comparison with those obtained for samples
Pd74Ag14Au12–773 K-5 d and Pd74Ag14Au12–773 K-5 d-873 K-2 d. Note
that the annealing up to 773 K during 7 days gave an X-ray diffraction
pattern with symmetric peaks for both the Pd78Au8Ag14–773 K-7 d and
Pd81Ag16Au3–773 K-7 d samples, without shoulders in the XRD analysis
depth. This gives us an indication that the order of metallic deposition
does not directly influence the alloy formation at 773 K during 7 days in
a pure hydrogen stream and 10 kPa. Lewis et al. [9] reported a non-
homogeneous alloy formation after annealing a sample with the Pd-Au-
Ag deposition sequence at 773 K during 5 days under a 3.5%H2/Ar

stream. Using gravimetric methods, the authors estimated a thickness of
9.3 µm in the ternary alloy. On the contrary, by annealing an electroless
deposited PdAgAu membrane up to 1023 K during 2 h, Pacheco Tanaka
et al. [30] reported a complete alloy formation for samples with a
thickness of ca. 1.0 µm. For the samples prepared in this work, we
achieved complete alloy formation at a lower temperature during a
moderate period of time, applying a pressure difference of 10 kPa
across the membrane. A complete alloy formation for a PdAu film at
723 K in only 2 days by increasing the hydrogen pressure above 3MPa
at the feed side of the membrane has been recently reported [31]. Using
SEM, XRF and gravimetric methods, the authors reported a thickness of
~ 4.9 µm was estimated for this PdAu film.

To determine the homogeneity in composition through the thickness
of the alloy films, EDS line scan has been performed on the cross-section
of the Pd76Au10Ag14–773 K-7 d and Pd81Ag16Au3–773 K-7 d samples
annealed at 773 K. As shown in Fig. 2, despite the metal deposition
sequence used, the samples exhibited a homogeneous elemental dis-
tribution on thickness, which could confirm the alloy formation in
agreement with the XRD observations (Fig. 1).

The atomic bulk composition of the samples was determined by EDS
and XRF. In order to determine the homogeneity of the alloy, five de-
terminations were performed at difference points through the top view
of the membranes, showing a homogeneous composition in all the
samples. The bulk composition and thickness of the membranes are
summarized in Table 1, the reported composition being an average
value of the five data obtained for each sample. Note that all the
samples showed an alloy thickness between 10 and 15 µm, which was
confirmed by SEM and XRF (Table 1).

The SEM images of the as synthesized Pd91Au3Ag6–773 K-7 d and
Pd78Au8Ag14–773 K-7 d samples are shown in Fig. 3. Both samples ex-
hibit a globular microstructure similar to the morphology of samples
prepared by the electroless method. On the top view, it is possible to
observe the formation of larger structures, which could be related to the
dendritic growth of silver by electroless deposition [32]. Note that the
size of these structures is higher for the sample with a higher silver
content (Pd78Ag14Au8–773 K-7 d).

The XPS surface atomic composition of the ternary alloy as syn-
thesized samples increases significantly with respect to the bulk com-
position (XRF and EDS, Table 1). For the Pd69Ag24Au7–873 K-5 d alloy,
the silver surface composition was 41.2% while the bulk composition
was 24.1%. On the other hand, for the Pd82Ag15Au3–873 K-5 d sample
with a Ag atomic composition of 15%, the surface composition was as
high as 37.5%, showing that the higher the silver bulk composition, the
higher surface silver segregation occurs. Despite the deposition se-
quence used for the membrane synthesis (Pd-Ag-Au or Pd-Au-Ag), the
surface composition of samples with a similar bulk concentration is
quite equal (Table 1).

Table 1
Chemical atomic composition of the synthesized samples.

Sample (at%) XRF (at%) EDS (at%) XPS Thickness (μm)

Pd Ag Au Pd Ag Au Pd Ag Au XRF SEM

PdAu-M1 95.0 – 5.0 93.5 – 6.5 97.2 – 2.8 14 13
PdAu-M2 97.7 – 2.3 96.0 – 4.0 96.0 – 4.0 15 –
PdAu-M3 96.2 – 3.8 – – – – – – 15 –
Pd69Ag24Au7–873 K-5 d 69.4 23.4 7.2 68.6 24.1 7.3 51.6 41.2 7.2 10 11
Pd82Ag15Au3–873 K-5 d – – – 81.8 14.9 3.3 59.7 37.5 2.8 14 14
Pd91Au3Ag6–773 K-7 d – – – 90.9 6.3 2.8 80.1 17.2 2.7 – –
Pd78Au6Ag16–773 K-7 d 78.2 16.1 5.7 – – – 77.7 19.9 2.4 – –
Pd78Au8Ag14–773 K-7 d 77.3 13.5 9.2 77.9 13.8 8.3 74.1 16.8 9.1 13 –
Pd76Au10Ag14–773 K-7 d 76.0 13.9 10.1 – – – – – – 14 –
Pd76Ag15Au9–773 K-7 d – – – 76.3 15.1 8.6 76.0 21.0 3.0 – –
Pd81Ag16Au3–773 K-7 d – – – 81.0 15.7 3.3 – – – – 15

Table 2
Composition of the mixtures studied.

Mixture Feed composition

(i) 1.25% CO/23.75% He/75% H2

(ii) 1.25% CO/23.75% He/75% H2/75 ppm H2S
(iii) 13% CO2/13% Ar/74% H2

(iv) 13% CO2/13% Ar/74% H2/74 ppm H2S
(v) 27% N2/73% H2
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Fig. 1. Effect of the temperature, annealing time and metal sequence deposition
on the ternary alloy formation.
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Fig. 3. Top surface morphology of the Pd91Au3Ag6–773 K-7 d and Pd78Au8Ag14–773 K-7 d samples after alloy formation.
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3.2. Permeation properties in the presence of CO, CO2 and H2S

The flux inhibition under the presence of contaminants was ana-
lyzed by feeding different mixtures to the permeator, as shown in
Table 2. The experiments were performed at two temperatures, 623 K
and 673 K, and a pressure difference across the membrane equal to
50 kPa. In all cases, the permeate was kept at atmospheric pressure.
Before studying the effect of contaminants, H2 and N2 single gas per-
meation experiments were carried out in order to study the perfor-
mance of the membranes. For all the membranes studied, the hydrogen
flux yielded a linear dependence with (Pret0.5 − Pperm0.5), which is in
agreement with the solution-diffusion mechanism proposed for the Pd-
based membranes. For the sake of comparison, Fig. 4 shows the hy-
drogen permeability at 673 K of our PdAu and PdAgAu membranes and
those previously reported. It is important to note that despite the de-
position sequence used during the deposition of the ternary alloy
membranes, the hydrogen permeabilities of the membranes are higher
than the permeability of the PdAu alloy, in agreement with the data
previously reported [9,12]. These PdAgAu ternary alloys showed ex-
cellent properties in the presence of H2S, with no evidence of sulphur
species in the bulk as determined by XRD [9,10].

It is known that CO, a gas presented in the reformer reactors, has a
competitive effect on the adsorption sites at the Pd alloy surface, with a
consequent inhibition of hydrogen permeation through the membrane
[33]. In the present work, we analyzed the effect of CO with and
without the addition of H2S, on the permeation properties of PdAu and
PdAgAu alloy membranes. Fig. 5a shows the hydrogen permeance
evolution as a function of time when the sample PdAu-M3 was exposed
to a 1.25% CO/23.75% He/75% H2 stream during 6 h at 623 K and
673 K. After 6 h, hydrogen was fed to the reactor to study the recovery
at the same temperature and pressure (Fig. 5). At 673 K, the membrane
exhibited a H2 permeance of 1.8× 10−2 mol s−1 m−2 kPa−0.5. Upon
exposure to CO, at this temperature and ΔP, the membrane evidenced a
reduction of ca. 84% in the hydrogen permeance, reaching a steady
state after two hours at a value of 0.3× 10−2 mol s−1 m−2 kPa−0.5.
When the treatment was performed at 623 K under the same conditions,
a higher inhibition in the hydrogen permeance was observed (ca. 89%,
Fig. 5a). The membrane presented a hydrogen recovery of almost 100%
after 1 h of hydrogen exposure at the two temperatures evaluated. The
high reduction in the permeance upon CO exposure could be associated

with the formation of strongly adsorbed species instead of a competitive
adsorption as reported by Mejdell et al. [14] for PdAg membranes.
These data are in agreement with those reported in the literature, in
which a higher inhibition effect was observed increasing the CO con-
centration and decreasing the temperature for Pd membranes [18].
These authors also reported a sharp drop between 39% and 84% in the
hydrogen permeation through a PdAg membrane under exposure to
0.25mol% of CO at 548–623 K.

The evolution of hydrogen permeance under exposure to
13.5 mLmin−1 of CO (5%)/He and a 40mLmin−1 H2 stream for the
Pd76Au10Ag14–773 K-7 d membrane is shown in Fig. 5b. The treatment
was performed during 6 h at 623 K and 673 K. Note that the hydrogen
permeance quickly dropped up to about a 36% lower of the original
permeance (2.5× 10−2 mol s−1 m−2 kPa−0.5) when the treatment was
performed at 623 K. When hydrogen was fed back to the reactor, an
almost complete hydrogen recovery was observed. Contrary to the
observed on the PdAu membrane (Fig. 5a), the hydrogen permeation of
the Pd76Au10Ag14 membrane did not change significantly upon ex-
posure to CO mixture at 673 K (Fig. 5b). The hydrogen permeation
before CO exposure was 0.025mol s−1 m−2 kPa−0.5; immediately CO
was fed to the permeator, the permeance increases up to 0.037mol s−1

m−2 kPa−0.5 and quickly stabilizes at a value of 0.025mol s−1 m−2

kPa−0.5.
After 48 h of hydrogen exposure, the membrane was fed with a

1.25% CO/23.75% He/75% H2/75 ppm H2S mixture at 623 K. Note that
the hydrogen permeance dropped by a 54% of the original permeance,
showing a higher inhibition with the presence of H2S on the stream.
After six hours of treatment, the feed was switched to pure hydrogen at
the same temperature (Fig. 5b). A recovery of about 64% of the original
permeance was obtained after two hours.

Fig. 6 shows the data obtained as a function of exposure time at
streams containing CO2 with and without the addition of H2S, for the
PdAu-M3 membrane. First, the membrane was fed with a 13% CO2/
13% Ar/74% H2 mixture stream at 673 K. Note that under these con-
ditions, the hydrogen permeance did not decline. After CO2 was re-
moved from the stream, pure hydrogen was fed during 24 h. Then, the
temperature was lowered up to 623 K and the CO2 treatment was per-
formed under the same feed composition and pressure. At this tem-
perature, the membrane presented a similar behavior than that ob-
served at 673 K.

After the CO2 inhibition analysis, the effect of a CO2/H2S/H2 mix-
ture was studied. In a first stage, the PdAu-M3 membrane was fed with
a 13% CO2/13% Ar/74% H2/74 ppm H2S mixture stream at 623 K for
six hours. Note that after six hours of exposure, the hydrogen per-
meance dropped up to about a 66% of the original permeance at 623 K.
After that, hydrogen was fed to the permeator at the same temperature
and the hydrogen recovery was analyzed. As shown in Fig. 6, a 72% of
the original permeance was reached after about three hours of H2 ex-
posure. Increasing the temperature up to 773 K during 12 h allowed us
to recover an almost 100% of the original permeance at 623 K (Fig. 6).
The membrane was exposed to a second cycle feeding a 13% CO2/13%
Ar/74% H2/74 ppm H2S mixture stream at 623 K, for 24 h. It is im-
portant to note that the permeance fell by up to about 61% of the
original value.

Fig. 7 shows the hydrogen permeance evolution upon exposure to
CO2/H2 and CO2/H2S/H2 mixtures at 623 K for the Pd78Au8Ag14–773 K-
7 d sample. When CO2 was fed to the permeator, a sharp drop in the
hydrogen permeance was observed, almost up to about 17% of the
original permeance. After three hours of exposure, the permeance in-
creased slightly up to 30% and remained in this value (Fig. 7). Im-
mediately, the CO2 was removed from the stream, the permeance
suddenly increased up to about 8% above the original value at the same
temperature. After that, during the first hours of recovery the per-
meance dropped again up to about 99% of the original value. In a
second cycle, the effect of a 13% CO2/13% Ar/74% H2/74 ppm H2S
mixture stream at 623 K was evaluated. In this case, the permeance

Fig. 4. Comparison of the hydrogen permeability for the samples prepared in
this work with those previously reported. The data of the Pd78Ag9Au13–873 K-
5 da and Pd75Ag16Au9–873 K-5 db samples were taken from Ref. [12], and those
of the Pd68Au15Ag17c and Pd75Ag22Au3d from Refs. [9,10], respectively. Data
were reported at 623 K.
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sharply dropped up to about 8% of the original value and remained
under this condition during 24 h of exposure. Then, when the mixture
was removed, the permeance increased in two stages: i) first quickly up
to about 40% of the original value and then in a slower stage with an
increase up to 66% after about 24 h of hydrogen recovery and remained
constant (Fig. 7). This marked effect on the hydrogen inhibition upon
exposure to CO2 for the PdAgAu ternary alloy, compared with the PdAu

binary alloy, could be related to a higher segregation of silver to the
surface. A higher concentration of silver on the surface could decrease
the dissociation sites on the alloy surface or change the reactivity of the
surface for hydrogen dissociation and consequently the hydrogen per-
meation. After the treatment under 13% CO2/13% Ar/74% H2/74 ppm
H2S and hydrogen recovery, the membrane was heated up to 773 K
during 12 h (Fig. 7). Note that a complete hydrogen recovery was ob-
tained after that treatment. Then, the sample was submitted to a second
cycle of treatment showing a similar behavior to the first one (Fig. 7).

The effect of CO2 and CO2 +H2S on the Pd76Ag15Au9–773 K-7 d
membrane was also analyzed (Fig. 8). Note that even though this
membrane was obtained with a difference deposition sequence, it ex-
hibited a similar hydrogen permeance (2.5× 10−2 mol s−1 m−2

kPa−0.5, at 623 K) to the Pd78Au8Ag14–773 K-7 d membrane (2.3×
10−2 mol s−1 m−2 kPa−0.5). When the Pd76Ag15Au9–773 K-7 d sample
was exposed to a 13% CO2/13% Ar/74% H2 mixture at 623 K, a sharp
drop in the permeance up to 0.9×10−2 mol s−1 m−2 kPa−0.5 (about a
36% of the initial value) took place. After that, the membrane had a
100% of hydrogen recovery at the same temperature and pressure.
When the sample was exposed at a 13% CO2/13% Ar/74% H2/74 ppm
H2S stream, the hydrogen permeance dropped up to about 0.5×10−2

mol s−1 m−2 kPa−0.5. A hydrogen recovery of about 76% was obtained
after 20 h of hydrogen exposure at the same temperature (Fig. 8). Ni-
trogen permeation measurements were carried out after different
treatments for all membranes. The N2 flow rate was below the detection
limit of the bubble flow meter, which implied an H2/N2 ideal selectivity

Fig. 5. Evolution of the hydrogen permeance under 1.25% CO/23.75% He/75% H2 exposure for samples (a) PdAu-M3 and (b) Pd76Au10Ag14–773 K-7 d.

Fig. 6. Evolution of the hydrogen permeance for the PdAu-M3 membrane under
13% CO2/13% Ar/74% H2 and 13% CO2/13% Ar/74% H2/74 ppm H2S stream.

Fig. 7. Evolution of the hydrogen permeance for the Pd78Au8Ag14–773 K-7 d
membrane under 13% CO2/13% Ar/74% H2 and 13% CO2/13% Ar/74% H2/
74 ppm H2S stream.

Fig. 8. Evolution of the hydrogen permeance for the Pd76Ag15Au9–773 K-7 d
membrane under 13% CO2/13% Ar/74% H2 and 13% CO2/13% Ar/74% H2/
74 ppm H2S stream at 623 K.
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higher than 10,000 as was reported earlier [26]. This result suggests
that the membranes were stable under CO, CO2 and H2S containing
streams, followed by hydrogen recovery, at the applied concentration
and exposure times.

It has been reported that the inhibition effect of CO and CO2 could
be assigned to i) the competitive adsorption (at low temperature) or ii)
the carbon deposition on the Pd-alloy surface, which is more important
at higher temperature [33]. The formation of carbonaceous species has
been detected by XRD on Pd-based membranes after exposure to H2/
CO2 mixtures [34]. Hydrogen inhibition through a PdAg membrane in
the presence of CO2 was shown at temperatures between 548 and 723 K
[17]. The authors reported a remarked effect of thickness on the extent
of flux decrease on the presence of contaminants like CO and CO2.
Carbon or carbon compounds present at the membrane surface can be
partially oxidized by CO2, which will increase the activity of the Pd for
the dissociation of hydrogen and association of H-atoms. For the PdAg
membrane, the addition of CO2 may suppress or increase the preference
of Ag for the surface, which will lead to a change in the number of free
Pd sites for hydrogen dissociation [17]. On the other hand, the in-
hibition effect of CO2 has been assigned to a combination of carbon
deposition and the formation of CO and H2O by the reverse water gas
shift (WGS) reaction on the membrane surface [23]. In our case, after
exposure to CO and CO2 streams, not carbon species has been detected
by XPS.

Lewis et al. [9] evaluated a Pd67Au20Ag13 membrane feeding a si-
mulated water gas shift stream with and without the addition of 20 ppm
of H2S at 673 and 773 K. At both temperatures, the membrane retained
a higher permeance compared with a Pd77Au23 membrane, under the
same conditions. However, similar to our observations, the ternary
alloy membrane showed a higher inhibition than the binary alloy [9].
After removing the H2S from the feed, a 97% of hydrogen recovery was
reported by the authors for the ternary alloy. In our case, we obtained a
lower hydrogen recovery between 72% and 80% for the ternary alloy,
which could be due to the lower temperature of treatment studied or
the higher H2S concentration (74 ppm). On the other hand, PdAgAu
membranes with a similar composition showed high resistance to H2S,
even after exposure to 1000 ppm H2S/H2 for 30 h, without formation of
sulphur species [13]. Upon exposure to 100 ppm H2S/H2 at 673 K and
50 kPa, a membrane with a Pd75Ag16Au9 composition, exhibited a flux
reduction up to 27% and a hydrogen recovery of about 80% after 30 h
[12].

In order to analyze the effect of dilution or the concentration po-
larization on the hydrogen permeation, a N2(27%)/H2 mixture (H2 feed
rate 40mLmin−1, N2 feed rate 15mLmin−1) was fed to the permeator
at 623 K for the Pd76Ag15 Au9–773 K-7 d membrane. Note that, the
hydrogen permeation flux presented a linear dependence with (Pret0.5-
Pperm0.5) for both pure hydrogen and the N2:H2 mixture (Fig. 9),
without deviation from the Sieverts law in the pressure range studied.
Fig. 9 showed that comparing the data at the same hydrogen partial
pressure the permeation flux are the same on both experiments. The
addition of nitrogen to the stream decreased the hydrogen partial
pressure and consequently the driving force to the permeation. It is
important to note that no N2 permeation was detected for the Pd76Ag15
Au9–773 K-7 d membrane, after the permeation experiments were per-
formed. Abate et al. [35] reported a decrease in the hydrogen per-
meation under H2:N2 mixtures, greater than that expected from a di-
lution effect. The authors also found a decrease in the separation
coefficient from 400 to< 200 at 623 K and 723 K, respectively,
showing that the evaluated membrane was not stable at this tempera-
ture. Considering these results, it is possible to make a real comparison
between the different experiments carried out feeding to our reactor
several streams. Note that the hydrogen concentration in the different
mixtures reported in Table 2 is about 75%, given the same driving force
to permeation. It is known that concentration polarization effect on
hydrogen permeation through palladium membrane could be present
[36]. The data shown in Fig. 9, suggested that not mass transfer from

the external gas phase was present in the permeation experiments
performed. The hydrogen recovery factor of the membranes was about
5–6% considering the feed rates and temperatures studied.

3.3. Surface properties of the binary and ternary alloy upon exposure to CO
and CO2

To study the effect of CO and CO2 on the surface properties of the
PdAu and PdAgAu alloys, the PdAu-M2 and Pd82Ag15Au3–873 K-5 d
samples were exposed to different treatments in the pre-treatment
chamber of the spectrometer. To do so, the samples were cut in small
pieces and each one exposed to different atmospheres. All the treat-
ments were performed at ambient pressure and at 623 K. Additionally,
the atomic surface composition of the Pd78Au6Ag16–773 K-7 d sample
was evaluated after three ex-situ treatments: i) annealing ii) CO(5%)/
He at 623 K, 4 h and iii) and 1.25% CO/23.75% He/75% H2 at 623 K,
4 h.

Fig. 10 shows the atomic surface composition of PdAu-M2 (a) and
Pd82Ag15Au3–873 K-5 d (b) after being exposed to the different atmo-
spheres. Note that the surface composition of the PdAu binary mem-
brane did not experiment a major change, showing a Au relative
composition of about 4% at the surface (Fig. 10a). On the contrary, the
ternary alloy showed a higher silver composition (35 at%, Fig. 10b)
with respect to the bulk composition (15 at%) after reduction, showing
a silver surface enrichment under these conditions. When the sample
was exposed to a CO(5%)/He atmosphere at 623 K, the surface com-
position was quite similar to the bulk composition determined from
XRF (Table 1). After exposure to CO2(20%)/Ar a higher silver enrich-
ment at the surface was observed, giving a Ag surface composition of
42 at% (Fig. 10b). It is important to note that the gold composition
remained practically constant about a value of 3 at%. The higher sup-
pression on the hydrogen permeance upon exposure to CO2 for the
Pd78Au8Ag14–773 K-7 d membrane with respect to the PdAu membrane
(Figs. 7 and 6, respectively) could be due to the preferential surface
silver segregation. The silver enrichment at the surface decreased the
number of hydrogen dissociation sites and enhanced the adsorption
competition by CO2. Gielens et al. [23] reported a stronger inhibition of
the hydrogen flux upon exposing a PdAg membrane to a CO2 20 vol
%/H2 stream compared with a Pd membrane. The authors correlated
this performance with a silver surface segregation [23]. The authors
additionally reported the formation of carbonaceous deposits on the
membrane surface.

Fig. 9. Hydrogen permeation flux as a function of (Pret0.5-Pperm0.5) for pure
hydrogen and a N2 (27%)/H2 mixture through the Pd76Ag15Au9–773 K-7 d
membrane. Temperature: 623 K.
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By comparing the data obtained for the Pd78Au6Ag16–773 K-7 d
membrane with those obtained on the Pd82Ag15Au3–873 K-5 d sample,
it is possible to note that the surface composition of both samples after
exposure to a CO(5%)/He atmosphere was quite similar, showing a
palladium surface enrichment in both cases (Fig. 10b and c). These
findings are in agreement with the reverse surface segregation reported
for PdAg samples upon exposure to CO [37]. From density functional
theory calculations, the authors predicted a silver surface segregation
upon vacuum for a PdAg membrane with 23% of silver composition.
Upon exposure to hydrogen and carbon monoxide a reverse silver
segregation was found, with an increase in the palladium composition
on the surface [37]. No significant changes in binding energy and fwhm
(full width at half maximum) of the Pd 3d3/2, Ag 3d5/2 and Au 4f7/2 peaks
were observed after all the treatments.

Fig. 11 shows the variation in the gold concentration on the near
surface region as a function of the He+ exposure time for the
Pd82Ag15Au3–873 K-5 d sample after different treatments. Note that
after the treatment in H2(5%)/Ar, the Au concentration increased with
exposure time from 1.4% to 3.9%, showing that Pd and/or Ag segregate
to the topmost surface layer, in agreement with the XPS data (Fig. 10b).
The same behavior was observed after the treatment in CO2 containing

stream (Fig. 11a). On the other hand, when the sample was exposed to a
CO stream, no major variation in the Au concentration was observed in
the near surface region as determined by LEIS (Fig. 11a). For the PdAu-
M2 sample, the gold composition in the near surface region (de-
termined by LEIS) was almost constant with the exposure time
(Fig. 11b) after CO or CO2 treatment.

After the permeation experiments under a 13% CO2/13% Ar/74%
H2/74 ppm H2S stream, the surface composition of the
Pd78Au8Ag14–773 K-7 d and PdAu-M3 membranes was analyzed by
XPS. The data showed a marked palladium surface enrichment for the
Pd78Au8Ag14–773 K-7 d membrane under this condition, with an atomic
surface composition of Pd 92.0%, Ag 5.2% and Au 2.8%. The binary
alloy did not show a significant change in the surface composition with
a palladium atomic concentration of 93.6% after treatment. An increase
in the Pd composition for Pd86Au14 and Pd68Au15Ag17 membranes after
treatment in a synthetic WGS mixture with 20 ppm of H2S was reported
by Way et al. [9]. By EDS analysis, the authors reported an atomic
composition of Pd 68%, Au 15%, Ag 17% and Pd 79%, Au 11%, Ag
10%, before and after treatment, respectively [9]. However, these re-
sults could suggest the formation of a non-homogeneous alloy, in
agreement with the asymmetric peaks observed in the XRD patterns of

Fig. 10. XPS atomic surface composition of the (a) PdAu-M2 and (b) Pd82Ag15Au3–873 K-5 d after different treatments on the pre-treatment chamber of the spec-
trometer and (c) for the Pd78Au6Ag16–773 K-7 d after ex-situ treatment on a flow quartz reactor.

Fig. 11. Au relative composition on the topmost surface layer determined by LEIS for the (a) Pd82Ag15Au3–873 K-5 d and (b) PdAu-M2 samples after different
treatments in the pre-treatment chamber of the spectrometer.
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the samples [9].
Although the PdAgAu alloy has shown promising results in the

presence of H2S [13], from the data presented here, it could be pointed
out that the ternary alloy presented a higher hydrogen inhibition than
the PdAu in CO2 containing streams, probably related to the Ag surface
segregation.

4. Conclusions

Both ternary alloy samples prepared using different deposition se-
quences, Pd-Ag-Au or Pd-Au-Ag, showed a complete alloy formation
after exposure at 773 K and ΔP 10 kPa during 7 days. Despite the order
of deposition, the samples exhibited similar hydrogen permeation flux
at the same temperature and pressure.

In the presence of CO, the PdAgAu ternary alloy membranes showed
a lower decrease of the hydrogen permeance compared with the binary
PdAu alloy at 623 and 673 K. On the contrary, under CO2 containing
streams, the ternary alloy showed a higher decrease with a complete
hydrogen recovery after removing CO2 from the stream. When H2S was
introduced in the stream, a higher flux inhibition was observed on both
PdAu and PdAgAu alloy membranes. After removal of H2S, a hydrogen
recovery of 60% and 76% was measured for the PdAu and PdAgAu
membranes, respectively.

Upon exposure to CO containing streams both the
Pd82Ag15Au3–873 K-5 d and the Pd78Au6Ag16–773 K-7 d samples
showed a Pd enrichment at the surface. On the contrary, silver surface
segregation after exposing the PdAgAu ternary alloy to a CO2 con-
taining stream was observed by XPS. This preferential segregation could
induce the higher decrease on the hydrogen permeance in the ternary
alloy.
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