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Abstract

Low concentrations of k5 decreased fpermeation through electroless-plated Pd and Pd—Cu alloy membranes by blogkisgdtiation
sites. Athigh HS concentrations, a sulfur surface layer did not allgtd-ven penetrate to the Pd—Cu surface. Sulfidation of Pd and Cu formed
micron size pores and caused the membrane to fail. Failure depende@aohtentration, not time of exposure; thegs-toncentration that
completely inhibited H permeation was approximately 300 ppm for Pd—Cu alloys and 100 ppm for Pd surfaces. At j@&wartdentrations,
steady state permeation was obtained. Hydrogen sulfide exposure, gaus$t-treatment caused Cu segregation to the membrane feed side
due to stress relaxation. For membranes with bulk Cu concentration above 60 wt%, the phase changed from body-centered cube (bcc) to
face-centered cube (fcc), and this decreasgpdtimeability. Larger cracks and pores formed durin§ Exposure at 523 K than at 723 K due
to a higher degree of Pd and Cu sulfidation, as predicted by thermodynamics. The presef@alsoHncreased sulfidation by aiding$
dissociation and blocking ftlissociation sites. Cast and rolled foils, which have smoother surfaces, were less prone to surface rearrangement
by H,S. Smoother surfaces have less surface area and adsorb less sulfur per unit area compared to rougher surfaces.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction and 875 kP47]. Hydrogen sulfide corroded the membrane
and formed numerous pores.

Palladium alloy membranes have been studied to sepa- A 1967 patent by McKinley compared the effect of$
rate H from coal gasification and steam reforming product on pure Pd, P&Ag27, PdoCuso, and PdpAugg alloy mem-
streamg1-4]. In many cases, 48 in the process streams branes at 623K and 520kH8]. The H flux through 25-
deactivates the metal membrane and reducesdfimeation pm thick foil membranes was measured during exposure to
and selectivity. Edlund reported a constaatfidx through a 4-5ppm HS. The H flux for a pure Pd foil reduced to about
50-um thick PdoCusg foil membrane exposed to 1000 ppm  40% of its original flux after 6 h of KIS exposure and 30%
H>Sin Hy at 773 K and 700 kPa for 35(0/6]. However, a de- after 6 days. The Hiflux in a Pd3Ag27 membrane was twice
crease in H flux of 60% after BS exposure was calculated that of pure Pd, but the flux dropped to less than 1% of its
from single gas Hflux data previously published on the same original value after 6 h in 4-5 ppm4%$. The H flux through
foil membrane$6]. In an earlier study, a 2pm thick Pd foil a PgoCuwpo membrane decreased to 20% of its initial value
failed within seconds when exposed to purgSHat 973K after feeding HS, and to only 5% after 6 days. The original

Pd;0Cusg Ho flux was also more than twice that for pure Pd.
- _ ‘ _ The most resistant alloy composition te$ipoisoning was
o s, 1€ #1%PdioAuss The F flux only dropped to 8% of s origina
Tel.: +1 303 466 6968: fax: +1 303 466 6871. flux after 6 h, though the original flux of the Pd—Au alloy
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0376-7388/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.memsci.2004.11.031



50 A. Kulprathipanja et al. / Journal of Membrane Science 254 (2005) 49-62

estingly, when the feed was switched to 100% Hll the and rolling[19]. Furthermore, exposing the electroless-plated
membranes recovered their originap Hermeability. After and foil membranes to CQOncreased the height of micron-
H>S exposure, the pure Pd and Pd—Ag membranes lost theirscale hillocks on the membrane surfaces by factors of 6 and 4,
luster and appeared dull, whereas the Pd—Au and Pd—Cu foilsrespectively. Increasing the hillock heights increased defect
did not. Reversibility with H exposure led McKinley to hy-  sizes and allowed gases other tharidipermeate through the
pothesize that the decrease ipfix of the Cu and Au alloy membrane. The hillock heights increased due to stress relax-
membranes was due topB adsorption on the foil surface ation and removal of carbon impurities from the membrane
and not chemical attack or sulfide formation. However, this by CO, to form CO. The foil membranes resisted surface
hypothesis is not consistent with the results reported aboverearrangement better than electroless-plated membranes.
by Edlund or other§b,7,9,10] At 500 K, HpS dissociated on Though the Claus process and/or ZnO sorbent beds can
pure Pd to form H and S atonf®,10]. remove much of the {8 in a B production process stream,
Palladium alloys have been made with Ni, Ag, Ru, Au, removing the HS to concentrations required of a nons
and Cu[11-13] Palladium—copper alloy membranes have resistant membrane may not be economically feasible using
higher H permeances, wider temperature operating condi- these two process§®0—-23] The Claus process is only used
tions, and better mechanical properties than pure Pd mem-for large process streams such as oil processing and has sul-
braned8]. Alloying Pd with Cu also makes the membranes fur recoveries of around 96-98%. Zinc oxide based sorbents
cheaper to produce. Electroless plating techniques can fab-can produce a product stream with approximately 10 ppm
ricate 1-1Qum thick Pd—Cu membranes on tubular ceramic H»S, but their sulfur capacities and attrition resistances are
or stainless steel supports and lower the cost of the mem-too low for most commercial applications. Therefore, finding
branes. A tubular geometry is more commercially applicable a method to separatelthat can resist b5 and be mechani-
than thicker (>1%um) flat foils, due to the higher membrane cally stable at high temperatures ang3pressuresis desired.
surface area to volume ratj6,14]. The present study examined the effects gfBtbn the sepa-
Palladium—copper alloys having between 30 and 60 wt% ration and mechanical properties of pure Pd and Pd—Cu alloy
Cu form the body-centered cubic (bcc) phase, which has membranes prepared by electroless plating and by casting
higher B permeability, is more resistant to sulfur com- and rolling foils.
pounds, and can operate at lower temperatures than the face-
centered cubic (fcc) phase of pure Pd and other Pd—Cu al-
loy compositiong8,12,15] Pure Pd membranes suffer from 2. Experimental methods
embrittlement problems at temperatures below 573,K6]
due to the Pd> Pd-hydride phase transitida7]. Thermal 2.1. Membrane preparation
cycling, necessary when heating and cooling the separation
system, also leads to membrane embrittlement. Differences The fabrication procedure and chemical recipe for the
in lattice parameters of the separate phases expand the latticelectroless-plated Pd and Pd—Cu alloy membranes were de-
and form cracks. Palladium—copper alloys with either the fcc scribed in detail previousi24]. The Pd—Cu alloy membranes
or bece phase structure do not embrittle, even at ambient tem-were prepared by successively depositing Pd and Cu onto
peratures, because they do not form a hydride phase. The Hasymmetrica-alumina tubular supports with a 20 nm pore
atoms travel through the Pd—Cu lattice, but are not incorpo- zirconia top-layer (US Filter T1-70). The ceramic tubes were
rated into the structure. cleaned and the annulus of the tube activated by impregnat-
Hydrogen transports through Pd membranes by dissoci-ing the top-layer with Pd nucleation sites using a Pd acetate
ating on the membrane surface, diffusing through the mem- solution. The activated tubes were heated in air to oxidize the
brane as H atoms, and recombining on the permeate sideorganic ligand and then reduced to form dispersed Pd metal
Solid-state diffusion in Pd and Pd alloy films is the rate- on the top-layer. The Pd film was grown to a desired thick-
limiting step for most operating conditiorj$8], but other ness by nucleation and growth from the Pd metal sites. An
possible rate-limiting steps include external mass transfer re-osmotic pressure gradient was applied across the membrane
sistances, reduced sticking probability due to surface con-by flowing an aqueous sucrose solution on the permeate side
tamination, and bidesorption for membrane thicknesses less of the support during plating to reduce porosity and promote
than 1um[18]. Peden et al. reported the Htansportthrough ~ surface homogeneitf25]. After Cu was plated on top of

Pd metal with clean surfaces was rate limited bydiffusion, the Pd film, intermetallic diffusion of the Pd and Cu met-
but sulfur impurities on the metal surface caused thaéhs- als was induced by annealing in a 5%/He gas mixture at
port to become limited by the dissociative chemisorption of 623—723K to produce a uniform alloy film. The annealing
molecular H [10]. process took approximately 5 days at 673 K for membranes

Palladium—copper alloy membranes fabricated by differ- less than 5am thick. Complete annealing was determined by
ent techniques have different physical and separation proper-a steady state flux through the membrane for 2 days. The
ties. Kulprathipanja et al. reported that surfaces qhEdso integrity of the Pd—Cu film was tested by pressurizing the
membranes fabricated by electroless plating were 3.5 timesmembrane with N, immersing it in a 2-propanol/AD mix-
rougher than surfaces of foil membranes fabricated by castingture, and checking it for gas leaks. A 28n thick PgoCusg
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