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A composite catalytic-permselective (CCP) membrane comprised of a 500-um Cu(Il)O/Al,O; catalyst film washcoated
overtop a 27-um electroless-plated dense palladium thin film was constructed on a porous less-steel substrate. Hydrogen
purification experiments performed under ideal (H,—Ar) nonreactive mixtures and simulated reformate (5% CO, 7.5% HO,
15% H,, 1.5% CO,, and balance Ar) over a range of residence times at 623—773 K confirm up to 30% enhancement in
observed hydrogen permeance of the palladium film, achieved using the CCP membrane design in which the catalyst layer
modifies the gas-phase composition in direct contact with the permselective Pd film. Scanning electron microscopy analysis
of the palladium film after ~10-h exposure to reaction conditions and Cu(Il)O catalyst confirm no corrosion of the film,
while observed hydrogen permselectivities remained in excess of 10,000:1. These experimental results confirm that the CCP
membrane design is capable of significantly improving palladium membrane performance. © 2012 American Institute of

Chemical Engineers AIChE J, 59: 1627-1634, 2013
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Introduction

There has been significant interest over the past two deca-
des toward developing efficient hydrogen purification tech-
nologies in support of enhancing the sustainability and
resource flexibility of our energy and fuels infrastructure.'*
Hydrogen is currently used in the catalytic upgrading of pe-
troleum distillates to increase the yield of transportation and
logistics fuels.® The growth of the biorefinery industry for
producing alternative fuels from domestic and renewable
resources is expected to increase hydrogen demand, as cur-
rent biofuels require significant upgrading and reforming to
achieve combustion properties comparable to petroleum dis-
tillates.” In addition to its use in hydrocarbon fuels produc-
tion, hydrogen is a promising fuel in its own right, as it is
derivable from virtually any hydrocarbon resource. Hydro-
gen-driven  polymer-electrolyte membrane fuel cells
(PEMFCs) promise significant improvement in system effi-
ciencies, as compared to existing combustion-based power
systems, thus, making hydrogen technology a promising
means for achieving greater sustainability and resource flexi-
bility.**

Currently, 95% of industrial hydrogen is produced from
fossil resources including natural gas, coal, and petroleum
distillates using pyrolysis and/or catalytic reforming,'
whereas production of hydrogen from liquid logistical fuels
such as methanol and diesels is performed primarily by cata-
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Lytic reforming.2 The resulting reformate gas contains carbo-
naceous impurities primarily consisting of CO, which signifi-
cantly limits PEMFC performance at concentrations above 5
ppm.>*” Downstream incorporation of water—gas-shift reac-
tion (Eq. 1) is typically used to boost hydrogen yields while
reducing carbon monoxide concentration
CO+H, < COy +H, AHyg =—41.1 kimol™! (1)
Further purification of hydrogen to below the 5 ppm CO
threshold can be achieved using a dense-permselective
palladium or palladium—alloy membrane. Palladium mem-
branes exhibit infinite theoretical hydrogen permselectivities
owing to a hydrogen-specific transport mechanism comprised
of dissociative chemisorption of molecular hydrogen at the
metal surface, followed by diffusion of atomic hydrogen
through the dense metal film.® The resulting ultrahigh-purity
hydrogen permeate meets the stringent CO restrictions of the
PEM fuel cell.®* The permeability of the palladium membrane
can be significantly reduced upon exposure to reformate
impurities such as ammonia,'® carbon monoxide,'"™" chlor-
ine,'+13 ethylene,16 methane,'®!” propylene,l7 and sulfur.'®?
For the case of carbon monoxide contaminant, multiple
authors have confirmed permeation losses up to 10-65% upon
exposure to 10%, typical of diesel reformate mixtures.'"'*%°
The challenge of palladium film corrosion and/or inhibi-
tion upon exposure to reformate chemistries can be met
using a composite membrane design, wherein a porous cata-
lytic layer is coupled with the dense palladium film (shown
schematically in Figure 1). In this composite catalytic-perm-
selective (CCP) membrane design, the catalyst layer provides
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Figure 1. Schematic of the CCP membrane design, coupling a water-gas-shift catalytic film with dense palladium-
permselective film for enhanced hydrogen removal from reformate mixtures.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

a reactive transport barrier that minimizes exposure of the
underlying palladium film by catalytically eliminating one or
more corrosive species while simultaneously increasing the
local partial pressure of desired permeates. This technique
was first demonstrated by Wilhite et al.>! to prevent destruc-
tive corrosion of ultrathin (200 nm) palladium films by
methanol reactant in a miniaturized membrane reformer. By
applying a 500-um catalytic layer (8:1 LaNig95C0¢ 0503/
Al,O3), active for the irreversible partial oxidation of metha-
nol, overtop the palladium film, corrosion was effectively
prevented by the additional catalytic layer without contribut-
ing any additional resistance to hydrogen transport.”’

Recently, one-dimensional (1-D) design analysis of the
CCP membrane concept was presented for the case of (1) a
general unimolecular reversible reaction and (2) the specific
case of water—gas-shift catalyst film coupled with palladium-
permselective film to minimize CO exposure from diesel
reformate mixtures.”* Inspection of the analytical solution to
the reaction-diffusion model for the general case yielded
general design criteria in terms of a modified catalyst Thiele
modulus

ro-2\'"? 1 2
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which identify a catalyst film thickness sufficient to ensure
99.9% of the maximum possible reduction in corrosive species
concentration by catalytic reaction, where r( is the rate of
reaction consuming the corrosive species evaluated at bulk
fluid inlet condition, D¢, is the effective diffusivity of the
corrosive reactant in the catalyst film, ocCC"‘/‘ A is the relative
permselectivity of reactant to reaction product, K., is the
equilibrium coefficient for reaction, and 7. is the thickness of
the catalyst film. This analysis also identified a second design
parameter representing the extent of mass-transfer resistance
imparted by addition of the catalytic layer

3
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and demonstrated that for the case of { << 1 that addition of
the catalyst layer would have no negative effect on permeation
rates, that is, the full advantage of the CCP strategy may be
achieved. Model analysis of a CCP architecture coupling
reversible water—gas-shift reaction with a permselective
palladium film for hydrogen recovery from diesel reformate
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predicted up to an 80% reduction in CO partial pressure at the
catalyst—palladium interface relative to the bulk fluid CO
partial pressure. Equivalent increases in hydrogen partial
pressure at the palladium surface corresponded to a predicted
enhancement of hydrogen permeation rates of ~5%, when
neglecting any inhibitory effects of CO upon the palladium
permeability. In light of the negative impact of CO upon
palladium permeability, further enhancement of hydrogen
permeation rates via reduced CO exposure may be expected
using the CCP membrane design.

This manuscript details an experimental demonstration of
enhanced hydrogen permeation in a dense palladium film by
appropriate coupling with a water—gas-shift catalytic film
using a CCP membrane architecture. Analysis of the result-
ing Cu(I1)O/Al,O3:Pd composite membrane demonstrates the
value of this design approach for improving hydrogen per-
meation rates, which is expected to translate into significant
reduction in the capital costs associated with high-purity
hydrogen production.”**

Experimental
Substrate and palladium membrane preparation

Porous stainless-steel (PSS) tubes (Mott) with 0.5 um
grade [outside diameter (OD): 0.5 in., porous length: 2 in.]
were used as supports for palladium thin-film deposition via
electroless plating. The PSS supports were first cleaned in an
ultrasonic bath of alkaline solution (sodium hydroxide, so-
dium carbonate, sodium phosphate, and organic detergent) at
333 K for 1 h to remove dirt and grease. The PSS tubes were
thoroughly rinsed with deionized (DI) water, isopropanol, fol-
lowed by oxidation at 673 K for 4 h using a heating and
cooling rate of 3 K min~"'. The oxidation step is intended to
grow a native surface oxide on the cleaned PSS tube surface
for improving the stability of the palladium thin film by
reducing intermetallic diffusion between the PSS and palla-
dium.” Prior to electroless plating, the outer surface was
activated with palladium nuclei by alternately immersing the
tube in acidic SnCl, (200 mg SnCl, + 10 mL HCI + 100
mL H,0) and PdCl, (30 mg PdCl, + 10 mL HCI 4 100 mL
H>O) solutions until a uniform dark brown outer surface was
observed. The activated PSS tube was then immersed verti-
cally for 5 h at ambient temperature in a plating solution con-
sisting of 28.2 mM PdCl (Sigma—Aldrich), 107 mM ethylene-
diaminetetraacetic acid disodium (Sigma—Aldrich), 4.05 M
ammonium hydroxide (Fisher Scientific), 10 mM hydrazine
(Sigma—Aldrich), and DI water. This plating procedure was
repeated with fresh plating solution until a leak-free, dense
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Figure 2. Membranes used in this work. (a) Palladium-
plated PSS tube and (b) CCP membrane tube
(catalyst layer + palladium film + PSS tube).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

film was achieved, as confirmed by helium permeation tests
performed at ambient temperature after each plating. The
resulting palladium membrane was estimated at 27 um, as
calculated by weight. Either end of the palladium-plated po-
rous stainless-steel tube was then connected to a length of
lh-in. steel tubing using standard Swagelok fitting compres-
sion-sealed prior to catalyst coating (Figure 2a). High-temper-
ature ceramic-metallic pastes (Pyro-Putty, Aremco Products)
were applied to the two welds joining the porous and nonpo-
rous portions of the substrate, to compensate for pinholes and
other defects observed in the welds.

Catalysts coating on palladium membranes

Crushed copper(Il) oxide (13%) on alumina (3-mm sphere,
Sigma—Aldrich) was uniformly washcoated over the palla-
dium-permselective film to introduce the water—gas-shift
reaction in proximity to the palladium surface. A target
thickness of 500 um was selected, assuming reaction rates
predicted by the model of Mizsey et al.?® Three grams of
catalyst was placed in a mixture of 0.3 mL of 20% colloidal
alumina (Alfa Aesar) and 21 mL of DI water and milled for
20 min in a ball mill (SPEX CertiPrep). Approximately 1
mL of resulting solution was applied to the horizontal mem-

Ar 1]
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D

brane under steady rotation (40 rpm) and allowed to dry in
ambient air for ~30 min. This procedure was repeated until
a catalyst layer of ~500-um thickness was achieved, as
determined by measuring an increase in the outer diameter
of the tube via a digital vernier caliper. The catalyst coating
was then cured at 723 K for 4 h in the furnace under air
environment with heating and cooling rates of 3 K min™".
The resulting CCP membrane (Figure 2b) was then packed
inside a 11/-in. OD stainless-steel tube assembled with inlet
and outlet ports to complete the membrane assembly (Figure
3, inset).

Water—gas-shift reaction coupled with palladium
membranes

The schematic of the experimental apparatus used for all
membrane analysis is shown in Figure 3. The membrane as-
sembly was placed in a tube furnace (HST 12/200, Carbolite)
and heated to 623 K at a heating rate of 3 K min~'. During
heating, nitrogen was supplied through the bore of the PSS
tube (sweep) and 5%He/Ar was supplied into the annulus
(feed) of the membrane assembly (Figure 3, inset). Once the
furnace temperature reached 623 K, 15 mol % hydrogen was
blended into the feed gas stream and permeate gas composi-
tion was analyzed by a mass spectrometer (RGA 100, Stan-
ford Research Systems). After measuring hydrogen permea-
tion through the catalytic-permselective membrane under
ideal (hydrogen and inert gas) feed conditions, the surface of
the catalyst layer was exposed to a gas mixture of 5% CO,
1.5% CO,, 15% H,, and 7.5% H,O, representative of the
composition expected from a diesel reformate mixture. Steam
was supplied to the dry gas mixture using a gas bubbler
maintained at constant temperature of 314 K via heating tape
and digital controller (Omega) control for a target water
vapor mole percent of 7.5%, as determined via Antoine equa-
tion.”” Combined water—gas-shift reaction and hydrogen puri-
fication in the CCP membrane were investigated at 623, 673,
723, and 773 K at atmospheric pressure in both feed and
sweep sides. The gas composition of the retentate in the
hydrogen permeation system was analyzed by gas chromatog-
raphy (GC, Agilent Technologies), and the permeate stream
was analyzed by mass spectrometry. Feed stream makeup gas
(5% He/Ar) provided an internal standard (helium) for deter-
mining outlet total molar flow rate via GC analysis. The CO
conversion was determined from Eq. 3 as follows

Figure 3. Schematic of experimental apparatus for gas separation experiments.
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Figure 4. Hydrogen and argon flux through the
uncoated and catalyst-coated PSS tubes as a
function of LMDP.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Analysis of gas permeation data was performed using
approximately defined log-mean driving forces to account for
the counter-current flow mode used in all experiments. For
preliminary gas permeation tests of untreated and catalyst-
coated porous stainless-steel substrates (in the absence of a
dense palladium film), a first-order relationship between gas
permeation and partial pressure is assessed, that is

Fl_’SS‘cPSS _ P:’SS,CPSS (LMDPI) (43_)

1
where
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In the presence of a dense palladium film, hydrogen
transport is assumed to follow a half-order dependence upon
partial pressure in accordance with Sieverts’ law governing
hydrogen permeation through palladium.8 Driving force is also
defined to account for additional hydrogen partial pressures
generated within the membrane by water—gas-shift reaction.
The resulting definition for half-order log-mean driving
force (LMDP;I/ZZ) allows side-by-side comparison of CCP
membrane performance under both reactive and nonreactive
conditions
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Results and Discussion

Initial characterization of substrate and catalyst
layer permeances

Hydrogen and argon permeance of uncoated and catalyst-
coated PSS tubes (in absence of palladium) were determined
to isolate the influence of substrate (PSS tube) and catalyst
layer upon gas permeation. The uncoated PSS tube (cleaned
as per “Substrate and palladium membrane preparation” sec-
tion) and the catalyst-coated PSS tube (washcoated as per
“Catalysts coating on palladium membranes” section) were
separately prepared and analyzed using a hydrogen—argon
mixture as the feed gas and pure nitrogen as the sweep gas
at a total flow rate of 96 mL min ' each. Hydrogen and ar-
gon flux across the untreated and catalyst-coated substrates
are presented as a function of log-mean difference of partial
pressure (LMDP) in Figure 4. Permeances for hydrogen and
argon (Py,P,,) are obtained by linear regression of the ex-
perimental data for both cases. The permeance of the cata-
lyst film can then be estimated assuming a resistance-in se-
ries model across the catalyst-coated PSS substrate

1 1 1
— == — ——5cc 6
P;’ P})SS P[q-*—PSS ( )

Resulting gas permeances measured for uncoated PSS
substrate, catalyst-coated PSS substrate, and estimates for the
catalyst layer are presented in Table 1. Accounting for
propagation of error from measured to calculated permeances,
the argon permeation data are sufficient to suggest a
permeance for the catalyst film between 2.6 and 3.8 x 107°
mol m™2 s~ Pa~', corresponding to an expected hydrogen
permeance of 8.2-12 x 107 mol m % s™' Pa~' assuming
transport is dominated by Knudsen diffusion.

Analysis of CCP membranes

Figure 5 illustrates hydrogen flux as a function of the
square-root log-mean difference of driving force (LMDPII_UZ)
at 623, 673, 723, and 773 K. The first data point (hollow
symbol) was obtained using 15 mol % hydrogen, balance ar-
gon, to ascertain membrane performance in the absence of
reformate species (CO, CO,) or water—gas-shift reaction.
The remaining experimental data points were obtained by
introducing carbon monoxide, carbon dioxide, and steam
(5% CO, 1.5% CO,, 7.5% H,0, 15% H,, and balance Ar) to
observe CCP performance under water—gas-shift reaction at
increasing feed gas flow rate.

Hydrogen permeation experiments were carried out using
the catalyst-treated CCP membrane in the absence of water—

Table 1. Permeance of Hydrogen and Argon Through Uncoated PSS Tube (PSS), Catalyst-Coated PSS Tube (Cat. + PSS),
and Only Catalyst Layer (Cat.) (Unit: mol m~2 s™'Pa™")

PSS Cat. 4+ PSS Cat.
H, 6.52 x 1077 + 4.5 x 107 6.51 x 1077 £2.0 x 1077 424 x 1074 £2.1 x 107°
Ar 313 x 1077 £3.9 x 107° 285 x 1077 £3.7 x 107 319 x 10+ 6.1 x 1077
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Figure 5. Hydrogen flux through the CCP membrane design at (a) 623, (b) 673, (c) 723, and 773 K.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

gas-shift contributions to characterize the palladium film af-
ter application of the catalyst washcoating. This enables a
self-consistent analysis of the CCP membrane used, as per-
meances obtained in the presence of water—gas-shift contri-
butions may be directly compared to the permeance of the
identical palladium film. The first two data points obtained
at each temperature are fit to a linear model (solid line, Fig-
ure 5) to obtain the permeance of the CCP in the absence of
significant water—gas-shift contributions. Approximated first-
order hydrogen permeances are summarized in Table 2,
alongside the observed half-order hydrogen permeability
obtained using the first two data points. Observed hydrogen
permeances of the palladium film are an order-of-magnitude
below the argon permeance estimated for the catalyst film
(Table 1), indicating that the catalyst layer does not signifi-
cantly contribute mass-transfer resistance to net hydrogen
permeation. The dimensionless design group, { proposed by
Wilhite?? is ~6.4 x 1072, which confirms that the catalyst
layer in the CCP design has negligible effect on permeation
rate. However, comparison of observed hydrogen permeance
for the palladium film (Table 2) with values reported for the
porous stainless-steel substrate (Table 1) indicate only a 3:1
ratio, suggesting that the PSS substrate does contribute no-
ticeable mass-transfer resistance to net hydrogen permeation

Table 2. Observed Hydrogen Permeance and Permeability
Through the Palladium Membrane in the CCP
Membrane Design

Permeance, Permeability,

mol m~2 s~ 'Pa”! mol m~' s7! Pa—%?
350°C 270 x 1077 1.00 x 1077
400°C 275 x 1077 1.02 x 107
450°C 285 x 1077 1.06 x 1077
500°C 295 x 1077 1.09 x 107

Ex =23 kJ mol!
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across the CCP membrane, which results in a reduction in
observed H, permeability as compared to values reported in
the absence of substrate mass-transfer resistances.®’ Arrhe-
nius analysis of palladium hydrogen permeability reported in
Table 2 yields an observed activation energy of ~2.3 kJ
mol !, confirming this observation. It should be noted that
the presently reported values for observed H, permeability
and activation energies are comparable to values previously
obtained by Kim et al*®* for electroless-deposited Pd
films operating in the presence of substrate mass-transfer
resistances.

At long residence times, hydrogen permeance in the pres-
ence of water—gas-shift reaction was comparable to that
observed under ideal, or nonreacting (H,-inert), environment.
This can be attributed to the expectation that at high Dam-
kohler number for reaction, the majority of the membrane is
operating at equilibrium conditions, that is, negligible rate of
reaction within the catalytic region of the composite mem-
brane. As residence time is reduced, the percentage of the
membrane operating under reaction-separation conditions is
increased, thus, increasing the percentage of the system
experiencing enhancement in permeation rates owing to
water—gas-shift reaction within the membrane. This is
reflected in ~30% increase in hydrogen flux with decreasing
residence time observed at each temperature of study (Figure
5). Figure 6 compares observed CCP membrane permeances
and corresponding CO conversions and H, recovery (%) as a
function of residence time for each temperature. Results
indicate that increases in membrane permeance of up to 30%
coincide with a 30-42% increase in CO conversion corre-
sponding to only a ~10% increase in total hydrogen avail-
able for permeation. Figure 6 also suggests an optimal resi-
dence time for maximizing water—gas-shift conversion in the
CCP membrane. As residence time increases from zero, CO
conversion initially increases toward a maximum value con-
sistently greater than the corresponding equilibrium

DOI 10.1002/aic 1631
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

conversion, before reducing with further increases in resi-
dence time. This latter trend in conversion with residence
time can be understood in terms of the enhancing effect of
hydrogen permeation upon reaction conversion. As residence
time increases, the driving force for hydrogen removal
decreases owing to equilibration between the feed and sweep
volumes; this reduced hydrogen removal rate reduces any
enhancement of catalyst activity owing to hydrogen removal,
in turn decreasing overall conversion.

Table 3 presents estimations for the kinetics- and shape-
normalized®’ Thiele moduli corresponding to the experi-
ments conducted using the estimated transport properties of
the catalyst film and the rate expression presented by Miz-
sey”® for the water—gas-shift reaction. Analysis confirms that

1632 DOI 10.1002/aic
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Table 3. Estimated Values for Shape- and Kinetics-
Normalized Thiele Moduli for Catalyst Layer (®4) and
Ratio of Palladium-to-Catalyst Hydrogen Permeance ({)

Temperature (K) 623 673 723 773
R, molm2s™h 156 314 56.7 93.2
C, (mol m™%) 0.88 0.81 0.76 0.71
K 21 11.9 7.26 4.72

69 %x10°71x10°74%x10°76x%x10°
24 x 107 25 x 107° 2.6 x 107° 2.7 x 107°
24 3.6 5.1 7.1
¢ 65 %1072 64 x 1072 64 x 1072 64 x 1072

Dcon (m?*s™h)
Dy (m*s™")

all experiments were performed in the presence of significant
mass-transfer resistance to reactant diffusion within the cata-
lyst film (®A4 > 2) with data obtained at 773 K correspond-
ing to the criteria for maximum enhancement in permeation
and corrosion reduction (®4 ~ 7.6) identified by Wilhite.??
Likewise, all experimental results are shown to be obtained
under conditions wherein the catalyst permeance is signifi-
cantly greater than the underlying palladium permeance
(¢ << 1, from Wilhite®?), such that the benefits of the CCP
strategy are observed without any reduction in hydrogen flux
imparted by the catalyst layer. Thus, the present experimen-
tal work confirms the enhancement of hydrogen permeation
through palladium thin films using the CCP membrane
design for the present case of an unalloyed Pd film and a
reformate mixture containing 4.5% CO at a steam-to-carbon

Figure 7. SEM images of (a) the cross-section and (b)
surface of the palladium membrane plated
over the PSS tube after completion of perme-
ation experiments in the presence of water-

gas-shift reaction (catalytic
removed from the palladium film).

layer was

May 2013 Vol. 59, No. 5 AIChE Journal



ratio of 1.15:1. These conditions have been shown to corre-
spond to significant inhibition of the Pd film by CO expo-
sure;*® ongoing efforts are aimed at studying the extent of
membrane enhancement using the CCP membrane as a func-
tion of membrane resistance to CO by alloying of the Pd
film or increasing the steam-to-carbon ratio, as well as
exploring the performance of the CCP membrane design
using permselective films of comparable permeance to the
catalyst layer (i.e., { ~ 1).

Throughout all tests, hydrogen permselectivity over argon
remained over 10,000:1 corresponding to the lower level of
carbon monoxide, carbon dioxide, or Argon detection limits
of the permeate gas analysis. Maintenance of high selectiv-
ities even under reaction conditions confirms that palladium
film stability was not compromised by coupling with water—
gas-shift catalyst in the CCP membrane design. Scanning
electron microscopy (SEM) images of the cross-section and
surface of the palladium membrane upon completion of all
experiments and subsequent removal of the catalyst film are
presented in Figure 7. These images indicate that the dense
~30-pm thick palladium film retained strong adhesion to the
porous stainless-steel and did not develop defects (cracks,
pinholes) even after ~10 h of exposure to water gas shift
reaction while in direct contact with the Cu(II)O-Al,O3
catalyst.

Interdiffusion of Cu from the catalyst washcoating to the
palladium film may be expected to result in loss of palla-
dium stability over long operating times (>100 h). This
challenge to the CCP design may be met through introduc-
tion of an inert, porous oxide diffusion-barrier film between
the palladium and catalyst layers; this strategy has already
been demonstrated as a successful means of addressing
long-term durability challenges associated with porous-metal
supported palladium films.*? For this reason, and in light
of the present demonstration of the value of the CCP
design for enhancing palladium permeance, future research
is aimed at designing three-layer composite membrane
designs.

Conclusions

The present experimental work confirms the enhancement
of hydrogen permeation through dense palladium films via
integration with water—gas-shift reaction in a CCP mem-
brane, as previously predicted by 1-D analyses. Specifically,
coupling of a 500-um Cu(II)O/Al,O5 catalyst film with a 27-
um dense palladium film resulted in up to a 30% increase in
hydrogen permeance for the case of hydrogen extraction
from a simulated diesel reformate mixture (5% CO, 7.5%
H,O, 15% H,, and 1.5% CO,). Maintenance of hydrogen
selectivities in excess of 10,000:1 during all experiments and
SEM analysis of the palladium film upon completion of
experiments confirm that film stability was not adversely
affected by coupling with water—gas-shift catalyst. This
design approach, thus, represents a cost-effective means of
significantly enhancing the effectiveness of palladium mem-
branes for hydrogen purification.
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Notation
Symbols

@ = shape- and kinetics-normalized Thiele modulus for cylindrical
coordinate and second-order reaction

= ratio of initial rates of hydrogen permeation through palladium
and catalytic layers

7 = residence time, s

Letters

uTe

D.¢;; = effective diffusivity of species i in catalyst, m?s!

D.srx = Knudsen diffusivity of species i, m? s~
F; = molar flux of species 7, mol m s~

K.q = equilibrium coefficient for water—gas-shift reaction

N; = molar flow rate of species i, mol s7!
p; = partial pressure of species i, Pa
P; = permeance of species i, mol m s~ Pa™"

r, = initial rate of water—gas-shfit reaction, mol m st

t = thickness of catalyst or palladium film, m
Xco = conversion of carbon monoxide

Subscripts
Ar = argon
CH4 = methane

¢ = catalyst film

CO = carbon monoxide
CO, = carbon dioxide
H, = hydrogen
H,O = steam
Pd = palladium film
Superscripts
¢ = catalyst film
F = feed
Pd = palladium film
PSS = porous stainless-steel substrate
S = sweep
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