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a b s t r a c t

In pure H2 gas, hydrogen fluxes through pure Pd and Pd47Cu53 (mol%) foils at 350 ◦C are similar. In
the presence of 1000 ppm H2S in H2, the hydrogen fluxes through both foils are substantially reduced,
but with significantly different decay patterns. Six hours after the start of H2S exposure, the Pd foil
remained permeable to hydrogen, with the flux decreasing slowly over time. Analysis of the Pd foil
by X-ray diffraction (XRD) and scanning electron microscopy (SEM) reveals that Pd reacts with H2S to
eywords:
alladium–copper membrane
ydrogen sulfide
alladium sulfide
ulfur poisoning

form a palladium sulfide corrosion product, Pd4S, which is about 6.6 �m thick. These observations are
consistent with the slow growth of a low-permeability, but catalytically active, sulfide corrosion layer
on the Pd surface. In contrast, the hydrogen flux through the Pd47Cu53 foil is undetectable within 5 min
of the start of H2S exposure. XPS depth profiling of the Pd47Cu53 foil reveals that sulfur penetrates only
∼3 nm into the Pd47Cu53 surface. Rapid formation of a Pd–Cu–S terminal layer, which is either inactive
for hydrogen dissociation or impermeable to hydrogen atoms, is responsible for the deactivation of the

in H
Pd47Cu53 alloy membrane

. Introduction

State-of-the-art gasification processes are being developed to
educe both foreign oil dependence and greenhouse gas emissions.
oal will be a primary fuel source for these processes and will pro-
uce a variety of secondary energy products including hydrogen,

iquid fuels, and electricity with near-zero greenhouse gas emis-
ions. Generating hydrogen from coal presents significant technical
hallenges, including the need to separate hydrogen from mixed
as streams composed primarily of H2 and CO2 with several minor
onstituents such as steam, CO, and H2S.

Dense metal membranes are promising candidates for H2/CO2
eparation due in part to their potential to produce high purity
ydrogen and a high pressure CO2-rich stream that is amenable to
equestration. Hydrogen permeates through metal membranes by
eans of a unique mechanism in which H2 dissociatively adsorbs

n the catalytically active surface of the metal, producing hydrogen
toms which diffuse through the interstices of the bulk metal lattice

nd recombine on the opposite surface. Only hydrogen atoms are
ble to diffuse through the bulk metal and an infinite selectivity
or H2 separation can be achieved. For sufficiently thick mem-
ranes with sufficiently high H2 dissociation rates on the surface,
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hydrogen atom diffusion through the bulk limits the overall rate
of hydrogen transport [1–10]. The performance of Pd membranes
is distinguished from other pure metal membranes by the high H2
dissociation activity of the Pd surface and the high hydrogen atom
permeability of bulk Pd [11]. However, H2S concentrations as low as
parts-per-million (ppm) can severely corrode pure Pd membranes,
compromising both the mechanical strength and high hydrogen
permeability of the membrane [2,12–18].

To impart resistance to corrosion by H2S, Pd has been
alloyed with other metals [2,13,15,17,18]. Hydrogen transport
through Pd–Cu alloys has received significant attention from both
experimental and computational researchers [2–4,13,15–34]. The
Pd47Cu53 (mol%) alloy has the highest hydrogen permeability at
350 ◦C among the Pd–Cu alloys [4,22,25,26], and is comparable
in its hydrogen permeability to pure Pd at the same tempera-
ture. At higher temperatures (635 ◦C), hydrogen transport through
Pd47Cu53 is not significantly inhibited by 1000 ppm H2S [29]. At
350 ◦C, however, hydrogen transport through Pd47Cu53 is severely
inhibited by H2S [13,15,16,29]. In this report, we contrast the
responses of Pd and Pd47Cu53 membranes to exposure to 1000 ppm
H2S at 350 ◦C. We analyze the compositions of the S-contaminated
membranes by X-ray diffraction and X-ray photoelectron spec-

troscopy depth profiles to provide a framework for understanding
the differences in their H2S-induced performance degradation.
This work shows that the pure Pd foil corrodes to form a thick
(∼�m) Pd4S layer that retains some ability to dissociate and trans-
port hydrogen. In contrast, the Pd47Cu53 alloy foil forms a very
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Fig. 1. Schematic of the membrane testing apparatus.

hin (∼nm) Pd–Cu–S layer that is completely impermeable to
ydrogen.

. Experimental

Hydrogen transport measurements were performed using foil
embranes of pure Pd and Pd47Cu53. Circular membrane foils were

ut from 25 �m thick Pd (Alfa Aesar, 99.9% metals purity) and
5 �m thick Pd47Cu53 (ATI Wah Chang, 99.0% metals purity) foils.
he membranes were washed with acetone and mounted into a
wagelok® VCR tube assembly. The effective membrane surface
rea was about 1.8 cm2. Membranes were leak-tested by pressuriz-
ng the retentate (upstream) side of the membranes with 300 kPa of
r and observing the pressure for 20 min. A leak-proof membrane
as indicated by less than 1 kPa pressure drop on the upstream

ide. The leak-tested membrane tube assembly was then installed
n the membrane testing apparatus which is shown schematically
n Fig. 1.
Prior to making hydrogen permeation measurements, the mem-
ranes were heated to 350 ◦C in He (retentate, upstream) and Ar
permeate, downstream). Then the retentate sides of the mem-
ranes were exposed to a flowing mixture of 90% H2/10% He (Butler
as Products, Inc.) at 310 kPa, with the permeated H2 collected

ig. 2. Hydrogen flux through 25 �m Pd (blue solid line) and Pd47Cu53 (red dashed
ine) membranes versus test duration at 350 ◦C, total retentate pressure of 310 kPa
nd total permeate pressure of ∼100 kPa (ambient pressure). A 90% H2/10% He mix-
ure was exposed to the membrane surface during the first portion of the test and
hen 1000 ppm H2S/10% He/balance H2 was fed to the membrane surface at 6 h.
Fig. 3. X-ray diffraction patterns of (a) 25 �m Pd foil before (clean) and after expo-
sure to 1000 ppm H2S for 6 h (exposed to H2S) and (b) 25 �m Pd47Cu53 foil before
(clean) and after exposure to 1000 ppm H2S for 6 h (exposed to H2S).

at ambient pressure (∼100 kPa). The temperature was measured
using Omega type-K thermocouples positioned ∼5 mm from the
surface of each side of the membrane; the operating tempera-
ture was given by the average of the two temperatures. The H2
flux through the membrane was measured using a bubble flowme-
ter (Alltech Digital Flowmeter Model 4074). A 1000 ppm H2S/10%
He/balance H2 mixture (Butler Gas Products, Inc.) was introduced
to the membrane surface following the 90% H2/10% He mixture. The
permeate gas composition was periodically analyzed by a gas chro-
matograph (Agilent Technologies Model 6890N) for its He content
in order to confirm the absence of pinholes in the membrane. No
He was detected in the permeate stream during the entire dura-
tion of the membrane tests, both before and during H2S exposure.
Following data collection, the membranes were cooled to room
temperature in He and Ar and then dismounted for characteriza-
tion.
X-ray diffraction (XRD) measurements of the foil surfaces were
obtained using a PANalytical X’Pert Pro MPD powder diffractome-
ter having a theta–theta configuration, a Cu X-ray source operated
at 45 kV and 40 mA and an X’Celerator detector equipped with a
monochromator. Patterns were recorded over a 2� range of 30–90◦
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ig. 4. Scanning electron micrographs of cross-sections of the (a) Pd and (b) Pd47Cu
c) Pd and (d) Pd47Cu53 cross-sections highlight the S-rich regions in white.

t a step size of 0.02◦. Foil samples were mounted on zero back-
round quartz slides for analysis. Sample foils were not perfectly
at resulting in a slight peak shape distortion; however this distor-
ion did not affect data interpretation.

Scanning electron microscope (SEM) analysis of cross-sections
f the foils was performed to determine the nature of the films
rown on their surface during exposure to H2S. Cross-sectioned
ieces of the Pd and Pd47Cu53 foils were set in epoxy and then pol-

shed with Carbimet Paper (Buehler) up to 1200 grit. The polished
ross-sections were then analyzed with an Aspex Personal SEM
000 which was operated with a 20 keV electron beam. Sulfur X-
ay maps of the cross-sections were used to quantify the thickness
f the surface sulfide formed on the membrane foils.

X-ray photoelectron spectroscopy (XPS) measurements were
sed to determine the surface compositions of the foils and for
epth profiling of the composition in the near-surface region. XPS
easurements were performed on a PHI 5600ci instrument. The
PS instrument employed monochromatic aluminum K� X-rays
nd the pass energy of the analyzer was 58.7 eV. Elemental surface
oncentrations were calculated from Cu 2p3/2, Pd 3d5/2, and S 2p3/2
eak areas and calibrated sensitivity factors. Depth profiles of ele-
ental composition were acquired using Ar+ as the sputtering gas

nd XPS analysis of surface composition. The differentially pumped
on gun was operated at 1.5 × 10−2 Pa and 25 mA, producing a
puttering rate of approximately10 nm/min based on calibration
gainst the sputter rate of a 10 nm Pt film.

. Results and discussion
Hydrogen fluxes through Pd and Pd47Cu53 membranes were
easured, first in the absence of H2S to establish a base-

ine, and then in the presence of 1000 ppm H2S. Results of
he membrane test are presented in Fig. 2. Baseline hydro-
ls that were exposed to H2S for 6 h. Sulfur X-ray mapping in the SEM images of the

gen fluxes through the two foils were ∼14 cm3/cm2/min for
Pd and ∼15 cm3/cm2/min for Pd47Cu53. Assuming Sievert’s Law
is obeyed, the calculated H2 permeabilities from the base-
line H2 fluxes were ∼1.3 × 10−8 mol/m/s/Pa1/2 for Pd47Cu53 and
∼1.2 × 10−8 mol/m/s/Pa1/2 for Pd; both are in good agreement with
published permeability values [25,35]. The fact that these are so
similar is expected; at 350 ◦C, the hydrogen permeability of body-
centered-cubic Pd47Cu53 is known to be similar to that of the
face-centered-cubic Pd [13,20,21,25]. Both membranes displayed
significant decreases in hydrogen flux upon exposure to 1000 ppm
H2S. The hydrogen flux through the Pd47Cu53 foil was below the
detection limit of the bubble flowmeter (<∼0.06 cm3/cm2/min)
within 5 min of H2S exposure. In contrast, after an initially rapid
decline, the hydrogen flux decay through the Pd foil slowed signifi-
cantly. After 6 h of H2S exposure, the hydrogen flux through the Pd
membrane was still 10% of its baseline value.

To determine whether any thick metal-sulfide compounds (cor-
rosion layers) formed as a result of H2S exposure, the Pd and
Pd47Cu53 foils were analyzed by X-ray diffraction (XRD) following
membrane testing. Fig. 3(a) and (b) display the XRD patterns for
the Pd and Pd47Cu53 foils, respectively, including diffraction pat-
terns of the clean Pd and Pd47Cu53 foils for reference. As expected,
the diffraction pattern of the clean Pd foil exhibits features that
are assignable to the face-centered-cubic Pd structure. The XRD
pattern of the Pd foil that was exposed to H2S is dominated by fea-
tures that can be assigned to crystalline palladium sulfide (Pd4S),
with only very small peaks from metallic Pd. These results illus-
trate that H2S exposure causes the Pd membrane to form a specific

palladium sulfide reaction product, Pd4S; we have described the
mechanism of this reaction in previous reports [12,13,18]. In con-
trast to the XRD results from the Pd foil, the XRD patterns of the
clean Pd47Cu53 foil and the Pd47Cu53 foil after 6 h of H2S expo-
sure (Fig. 3(b)) are nearly identical and are both assignable to the
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Fig. 5. X-ray photoelectron spectroscopy depth profiles of the (a) 25 �m Pd and (b)
C.P. O’Brien et al. / Journal of Me

ody-centered-cubic structure of Pd47Cu53. The diffraction peak
ntensities of the clean and H2S-exposed Pd47Cu53 foils are not
dentical and vary from the intensities expected for an ideal body-
entered-cubic Pd47Cu53 powdered sample. The peak intensities
bserved for the clean Pd foil also vary from the intensities expected
or an ideal face-centered-cubic Pd powdered sample. These vari-
tions are probably due to the fact that non-ideal solid metal
oil samples were analyzed. The discrepancies in peak intensity
robably reflect a preferred orientation of the metal crystallites
omprising the membrane foils.

Cross-sections of the Pd and Pd47Cu53 foils were imaged by SEM
o determine the thickness of sulfur corrosion layers on the sur-
ace of the foils. The sulfur concentration was mapped over the
EM images by EDS. SEM analysis of the Pd and Pd47Cu53 foils after
2S exposure are presented in Fig. 4(a) and (b), respectively; EDS
apping of sulfur concentration in the SEM images of the Pd and

d47Cu53 foils are presented in Fig. 4(c) and (d), respectively. A
oticeable difference in the roughness of the Pd and Pd47Cu53 foil
urfaces exposed to H2S is evident from the SEM images in Fig. 4;
he surface of the Pd foil (Fig. 4(a)) is significantly rougher than
hat of the Pd47Cu53 foil (Fig. 4(b)). Sulfidation of the Pd foil surface
o Pd4S is probably responsible for the fact that the Pd foil surface
s rougher than that of the Pd47Cu53 foil, which did not form any
ulfur compounds that could be detected by XRD. EDS reveals a
ulfur-rich layer on the surface of the Pd foil (Fig. 4(c)), which XRD
dentified as a Pd4S film, that is ∼6.6 ± 0.9 �m thick (average of 75
ifferent thickness measurements across the entire length of the
d foil cross-section). In contrast to the sulfur film observed on the
d foil, EDS (Fig. 4(d)) did not detect a significant amount of sulfur
n the Pd47Cu53 foil after H2S exposure. EDS analyzes X-rays from
relatively large volume within the sample, however, and thus it

s not able to detect sulfur contamination in a very thin layer near
he surface of the Pd47Cu53 membrane.

XPS depth profiles of the Pd and Pd47Cu53 foils were collected to
etect sulfur contamination near the membrane surfaces that may
e undetectable by XRD and EDS analysis. XPS composition depth
rofiles of the Pd and Pd47Cu53 foils after 6 h of H2S exposure are
resented in Fig. 5(a) and (b), respectively. The Pd foil (Fig. 5(a))
as a stoichiometry in the near-surface region (∼200 nm) that is
pproximately constant at Pd:S ≈ 4:1, which is consistent with the
resence of Pd4S as indicated by the XRD results. In contrast, S
ppears only very near the top-surface of the Pd47Cu53 alloy mem-
rane (Fig. 5(b)); its signal decayed to zero after Ar+ sputtering only
3 nm into the bulk of the Pd47Cu53 membrane.

Pd and Pd47Cu53 membranes clearly respond differently to H2S
xposure at 350 ◦C. We believe that the different responses in
ydrogen flux to H2S exposure exhibited by the two membranes
re related to the evolution of their surface compositions dur-
ng H2S exposure. Furthermore, two different mechanisms may be
esponsible for the inhibition of hydrogen transport through the
wo membranes: poisoning of the catalytic dissociation of H2 at the
urface and reduced permeability of hydrogen through the bulk of
he membrane.

The observation of non-zero flux through the Pd foil during H2S
xposure indicates that the membrane surface retained H2 dis-
ociation activity. The continuous slow decline of the hydrogen
ux through the Pd membrane is indicative of an increasing resis-
ance to hydrogen transport, which is consistent with hydrogen
tom diffusion being retarded by a slowly thickening, dense, low-
ermeability Pd4S corrosion layer on the surface. This mechanism
as been suggested by Morreale et al. who estimated the hydrogen

ermeability of Pd4S at 350 ◦C to be ∼1/20th that of Pd by correlat-

ng Pd4S growth kinetics to the decline in hydrogen flux through a
d membrane during H2S exposure [12,13]. The steep initial decline
n hydrogen flux through the Pd membrane immediately following

2S exposure may be due to a rapid initial corrosion rate that slows
25 �m Pd47Cu53 membranes exposed to 1000 ppm H2S for 6 h. Elemental concentra-
tions shown for Pd (blue), S (red), and Cu (black). The sputtering rate is ∼10 nm/min
as measured using a pure Pt film. (For interpretation of the references to color in
this figure caption, the reader is referred to the web version of the article.)

as diffusion of Pd and/or S ions through the Pd4S scale becomes
slower. Another possible explanation for the rapid initial decline in
hydrogen flux through the Pd membrane following H2S exposure
is that the catalytic activity of the Pd4S surface may be significantly
lower than that of Pd. As the thickness of the low-permeability
Pd4S film grows beyond a critical value, hydrogen atom diffusion
through the bulk becomes rate limiting. A third explanation for the
evolution of the hydrogen flux is that there may be a significant bar-
rier to hydrogen atom transport across the Pd4S/Pd interface that
dominates transport initially but becomes insignificant as the Pd4S
thickness grows beyond a critical value.

The immediate decline in hydrogen flux through the Pd47Cu53
membrane at the start of H2S exposure must be related to the
properties of its thin Pd–Cu–S terminal layer. Neither XRD nor XPS
depth profiling could identify this thin Pd–Cu–S terminal layer as a
specific compound and, therefore, the mechanism of its formation
is not clear. Presumably this layer is either inactive for hydrogen
dissociation (“sulfur-poisoned”) or it displays near-zero hydrogen
atom permeability.

4. Conclusions

As expected, hydrogen fluxes through 25 �m Pd and Pd47Cu53
◦
membranes at 350 C were observed to be comparable in the

absence of H2S in the hydrogen feed. However, their interac-
tions with H2S, and the resulting effects of H2S on hydrogen
flux, were significantly different. Six hours of exposure of the Pd
foil to 1000 ppm of H2S at 350 ◦C resulted in the formation of a
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hick (∼6.6 �m) Pd4S corrosion layer which, while exhibiting lower
ydrogen atom permeability than pure Pd, retained its catalytic
ctivity for H2 dissociation. The slow flux decline observed for the
d foil at longer H2S exposure times is consistent with a Pd4S cor-
osion layer that is continually growing. In contrast, the Pd47Cu53
embrane resisted bulk corrosion and sulfur penetrated less than
3 nm into its surface. However, because the hydrogen flux through

he alloy membrane was undetectable within 5 min of H2S expo-
ure, the thin Pd–Cu–S terminal layer that formed at the top-surface
f the alloy must be inactive for hydrogen dissociation or imper-
eable to hydrogen atoms.
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