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(57) ABSTRACT 

The invention is directed to a method for producing Palla 
dium alloy composite membranes that are useful in appli 
cations that involve the need to separate hydrogen from a gas 
mixture. Further, in one embodiment, a Pd alloy composite 
membrane is realized in Which the Pd alloy ?lm is 1 pm or 
less in thickness and resistant to poisoning by sul?de com 
pounds. Further, the Pd alloy composite membranes are 
applied to a number of applications, such a fuel reforming. 
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FIG.4 

FIG.5 
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FIG.9A 
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FIG.11A 
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FIG.13 
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FlG.15 

Solution Constituent Quantity 

Pd Plating Bath PdClz, 99.9% pure 5.45 g/l. 
NH4OH 389.6 mL/L 
NazEDTA 70 g/L 
N1l~l4 (1.0 M) 10 mIJL 
l-lCl 10.9 mL/L 

Cu Plating Bath 0180. 6.225 g/L CuSO4¢5H1O 
NaZEDTA 20.0988 g/L 
Formaldehyde (37%) M039 mL/L 
NaOH 20 g/L 
Triton X-IOO 25 mg/L 
2,2-bipyridyl 5 mg/L 

F,IG.16 
‘ Support Estimated ‘N1 Flux Estimated 'N; Flux 

Membrane Type of suppon mmcria] pore size Thickness of (mollmzs) Thickness of (mol/rn's) 
N°~ (nm) Pd ?lm x ,0‘ Cu ?lm x 10‘ 

l Symmetric (it-alumina 200 47 - l0 - 

2 Symmetric tit-alumina 200 l0 5.332 4 0.337 

3 Symmetric (It-alumina 209 6'5 1.073 4 04 I05 

4 Symmetric (z-alumina 200 3 0-935 8 0v06l 

5 Asymmetric zireonia 5O 8 0.438 6 0.021 
6 Asymmetric zirconia 50 15 0.248 1 0.042 
7 Asymmetric y-alumina 5 10 very high - - 

L The membrane, coated with Pd, is pressurized with N; at 896.3 kPa. The time for the pressure to drop at 327.4 kPa is 
measured and the ?ux calculated. 
' As above but now the membrane is coated with both Pd and Cu‘ 
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F l G .1 7 

Thickness l’d/Cu from 

Mcnriqbrane AP Heaizd to "25151;? S liligllie'sl a’ from SEM EDAX 
°' (kpa) ( ) (mollmzs) “ R “"‘Y (pm) (WM) 

1 689.5 723 0.048 14 27.6 1-8.5 72/28 
2 344.7 973 0.35 70 11.0il .0 80/20 
3 344.7 773 0.52 170 l].6:tl .0 81/] 9 
4 344.7 723 0.18Q 270 l2.5:tl.5 78/22 
5 344.7 723 0.80 I400 l2i].0 91/9 
6 344.1 123 0,66" 41 1.5 ¢0.2 70/30 

’ Selectivity = hydrogen ?ux/nitrogen ?ux. 

§ Measurement made at 450 "C 
" Measurement made at 350 "C 

FlG.1 8 

COST 
ITEM (5) 

Asymmetric ceramic support 125 
Palladium I7.S 

Other chemicals 5 
Electricity and supplies 0.2 

TOTAL 147.7 
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PROCESS FOR PREPARING PALLADIUM ALLOY 
COMPOSITE MEMBRANES FOR USE IN 

HYDROGEN SEPARATION, PALLADIUM ALLOY 
COMPOSITE MEMBRANES AND PRODUCTS 
INCORPORATING OR MADE FROM THE 

MEMBRANES 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims the bene?t of US. Provi 
sional Patent Application Serial No. 60/369,674, entitled 
“PROCESS FOR PREPARING PALLADIUM ALLOY 
COMPOSITE MEMBRANES FOR USE IN HYDROGEN 
SEPARATION, PALLADIUM ALLOY COMPOSITE 
MEMBRANES AND PRODUCTS INCORPORATING OR 
MADE FROM THE MEMBRANES”, and ?led by 
Fernando Roa, J. Douglas Way and Stephen N. Paglieri on 
April 3, Which application is incorporated by reference into 
this application in its entirety. 

FIELD OF THE INVENTION 

[0002] The invention is directed to a process for fabricat 
ing a palladium alloy composite membranes, the composite 
membranes and products incorporating or made from such 
membranes. 

BACKGROUND OF THE INVENTION 

[0003] The hydrogen separating capability of Pd alloy 
membranes is Well knoWn. Applications include hydroge 
nation and dehydrogenation reactions and recovery of 
hydrogen from petrochemical plant streams. Other applica 
tions are high temperature hydrogen separations, fuel cell 
poWer systems, hydrogen fueling stations, hydrocarbon 
reforming, and use in membrane reactors, devices that can 
simultaneously form a product and separate the reaction 
products. 
[0004] There are several patented Pd and Pd/Ag alloy 
membrane devices and fabrication processes. All of these 
devices are poisoned severely by the presence of sulfur 
compounds, typically HZS, in a reducing environment. Solv 
ing the HZS poisoning problem is a necessity for application 
of metal membranes in the petroleum and petrochemical 
industries since all gas streams contain small amounts of 
HZS (0.01 to 1 ppm) Which Will poison metal membranes 
made from Pd and Pd/Ag alloys. The HZS poisoning prob 
lem Will also be present for fuel cell poWer systems Where 
hydrocarbons containing organic sulfur (such as gasoline, 
diesel fuel, and natural gas) are converted into synthesis gas. 

[0005] Pd or Pd/Ag membrane materials useful for selec 
tively separating hydrogen Without poisoning the membrane 
have been actively pursued by the scienti?c community. A 
large base of technical literature exists speci?cally for Pd or 
Pd/Ag membranes and is the subject of numerous patents. 
Pd/Cu alloys and certain other Pd alloys are knoWn to be 
much more resistant to HZS poisoning than Pd or Pd/Ag 
alloys. 
[0006] There are tWo types of Pd and Pd alloy membranes. 
The ?rst type is a Pd or Pd alloy foil membrane, a foil being 
a “free-standing” or unsupported membrane. The second 
type is a composite membrane that includes a substrate and 
a ?lm of Pd or Pd—Ag that is supported on the substrate. 
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With respect to the ?rst type of membranes, McKinley is 
believed to have been the ?rst to describe the bene?cial 
properties of relatively thick palladium alloy foil membranes 
(25 to 100 microns in thickness). In US. Pat. No. 3,350,845, 
McKinley teaches the use of 0.1 mm thick (100 microns) 
Pd—Au alloy foil membranes for hydrogen separation 
Which resist poisoning by sulfur compounds, including 
hydrogen sul?de. In US. Pat. No. 3,439,474, McKinley 
teaches the use of 25 micron thick 40 mass % Pd—Cu alloy 
foil membranes for the separation of hydrogen at elevated 
temperature and pressure. The primary bene?ts of the 
Pd—Cu alloy foil membrane include resistance to poisoning 
by HZS and higher hydrogen permeability compared to pure 
palladium. 
[0007] With respect to the ?rst type of membrane, US. 
Pat. No. 3,881,891 describes a method for increasing the 
hydrogen permeability of Pd alloy foil membranes and 
reducing the poisoning effects of sulfur compounds. The 
method involves adding Water vapor to the gas mixture. 
They observed an increase in the hydrogen permeability in 
the presence of steam for all membranes tested. Exposure to 
Water vapor also restored the hydrogen permeability of 
membranes previously exposed to HZS. 

[0008] Also relating to the ?rst type of membrane, US. 
Pat. No. 6,103,028 describes methods for reducing the 
thickness of palladium alloy (Pd—Cu, Pd—Ag, Pd—Ru, 
and Pd—Y) foil membranes to increase the hydrogen ?ux. 
The foil membranes are annealed at 320° C. under hydrogen 
and then etched by exposure to mineral acids or by electro 
chemically removing metal from the membranes. 

[0009] Further relating to the ?rst type of membranes, 
US. Pat. No. 6,152,995 describes a process to increase the 
?ux of hydrogen through a metal foil membrane by chemical 
etching using a mineral acid such as HNO3 or mixtures of 
HNO3 and HCl. This patent also describes methods for 
?nding leaks on metal foil membranes and techniques to 
repair such leaks. 

[0010] The second type of membranes is comprised of a 
thin ?lm of Pd deposited on a substrate that could be dense 
or porous. In this regard, US. Pat. No. 5,149,420 discloses 
a method for forming a thin, micron thick layer of pure Pd 
on supports of dense Group IV-B and V-B metals such as 
niobium, vanadium, or tantalum, or titanium. In operation, 
the palladium layer catalyZes the dissociation of hydrogen 
molecules to hydrogen atoms, Which can subsequently per 
meate through the Pd layer and the dense metal support 
layer. APd coating on the other side of the membrane alloWs 
for the recombination of hydrogen atoms to form molecular 
hydrogen. It should be noted that the primary source of 
diffusional resistance in such a membrane is due to the metal 
support layer. 
[0011] Further relating to the second type of membranes, 
US. Pat. Nos. 5,451,386 and 5,652,020 teach the prepara 
tion of supported Pd membranes for hydrogen separation by 
electroless plating of a dense layer of Pd that is 10 to 20 
microns thick on porous ceramic supports. In these mem 
branes, the primary source of resistance to hydrogen diffu 
sion is the Pd layer, not the ceramic support. 

[0012] Apparently, Kikuchi and co-Workers have fabri 
cated Pd—Cu alloy ?lms on porous supports by chemical 
deposition of Pd and then Cu With subsequent annealing 
(500° C. for 12 hours). 
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SUMMARY OF THE INVENTION 

[0013] The invention is directed, at least in part, to a 
process for producing a composite membrane comprised of 
a substrate and a very thin Pd alloy ?lm on the substrate. The 
ability to deposit a very thin Pd alloy ?lm reduces the 
material cost of the ?lm relative to membranes With thicker 
?lms and increases the H2 ?ux since to a ?rst approximation, 
the ?ux is inversely proportional to membrane thickness. In 
one embodiment, the ?lm is less than about 1 micron. 

[0014] In certain embodiments, the resulting membrane is 
comprised of a Pd alloy ?lm that is both thin and resistant 
to sulfur poisoning. Such a membrane is useful in applica 
tions that require the separation of hydrogen from hydro 
carbon streams that contain sulfur or sulfur compounds. One 
such application is in fuel cell poWer systems that use sulfur 
containing hydrocarbon fuels. In such system, the membrane 
separates H2 from a product stream emanating from a fuel 
conversion reactor. In addition, at least in the case of a 
membrane With a Pd—Cu ?lm, the membrane rejects carbon 
monoxide, a PEM fuel cell poison. Other applications for 
such a membrane include applications involving hydroge 
nation and dehydrogenation reactions, recovery of hydrogen 
from petrochemical plant streams, hydrocarbon reforming 
and coal gasi?cation for poWer generation in fuel cells. 

[0015] In one embodiment, the process comprises provid 
ing a porous substrate. Common porous substrates comprise 
ceramics, sintered metals, and sintered metals With ceramic 
outer surfaces. Typically, the siZe and shape of the substrate 
dictated by the application. For instance, in a fuel cell 
application, the substrate is likely to be an open-ended 
cylinder or a block With multiple, parallel shafts or holes 
extending through the block. 

[0016] If required, the porous substrate is pre-processed, 
i.e., subjected to one or more operations that place the 
substrate in condition for plating related operations and/or 
one or more operations that are more readily accomplished 
before plating related operations. For example, if needed, the 
substrate is cleaned so as to be substantially free of salts and 
other materials that Would interfere With the plating opera 
tions. Further, the substrate is shaped to the extent needed. 
Typically, shaping involves cutting the substrate to desired 
dimensions. Additionally, if needed, surfaces of the substrate 
through Which hydrogen is not to permeate are sealed. For 
example, in the case of a cylinder for use in a hydrogen 
?ltering application, the Pd alloy ?lm is established on the 
inner surface of the cylinder and the end surfaces of the 
cylinder are sealed. The sealing assures that the hydrogen 
from a hydrocarbon stream passing through the cylinder 
cannot folloW a path betWeen the inner Wall of the cylinder 
and the end Walls but must folloW a path betWeen the inner 
and outer surfaces of the cylinder so that the hydrogen 
passes though the outer Wall. 

[0017] After any pre-processing operations have been 
completed, the portion of the porous substrate that is to 
support the Pd alloy ?lm is subjected to a number of plating 
related operations. Initially, the noted portion of the sub 
strate is “seeded” With Pd crystallites that form nucleation 
sites for subsequent plating of a Pd ?lm on the substrate. 
There are a number of methods for “seeding” the substrate. 
For example, impregnation With an organic solution of Pd 
acetate or Pd acetylacetonate is feasible. Another possible 
method is ion exchange. 
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[0018] After the substrate has been “seeded” With Pd 
crystallites, the substrate is plated With a Pd ?lm. There are 
several electroless methods for accomplishing the plating, 
including osmotic plating, vacuum pump plating and batch 
plating. Electro-plating is also feasible. 

[0019] After the substrate has been plated With the Pd ?lm, 
a second ingredient of the alloy is plated on top of the Pd 
?lm. Among the possible second ingredients that Will yield 
an alloy With sulfur resistance are copper and gold. The 
second ingredient is plated on top of the Pd ?lm by dipping 
or ?oWing the second ingredient over the substrate and Pd 
?lm. An osmotic plating technique is also feasible. By 
appropriately controlling the thermodynamic conditions 
and/or times under Which the Pd and second ingredient are 
plated onto the substrate Weight percentages of the constitu 
ents of the ?lm can be achieved. These percentages are 
typically chosen so as to produce a ?lm that has a hydrogen 
?ux at or near the maximum for the constituents of the alloy. 
For example, for a Pd—Cu ?lm, the maximum hydrogen 
?ux occurs With a 40% Cu. A 40% Cu can be achieved by 
conducting the Pd and Cu plating operations under substan 
tially the same thermodynamic conditions and over periods 
of time that produce layers of Pd and Cu that are approxi 
mately equal in thickness. 

[0020] After the second ingredient has been plated over 
the Pd ?lm, the structure is annealed to produce a Pd alloy 
of substantially uniform composition. In one embodiment, 
annealing is accomplished by gradually heating the structure 
up to at least 350° but less than 600° C. in an inert gas 
atmosphere (e.g., He, Ar or Ne) for 12 hours and then 
sWitching the atmosphere to hydrogen. The annealing per 
mits intermetallic diffusion of the second ingredient layer 
into the Pd layer, thereby forming the Pd alloy. The use of 
hydrogen gas alloWs the progress of the annealing to be 
monitored. To elaborate, When hydrogen ?ux reaches a 
steady state value, the annealing step is substantially com 
plete. To produce a ?lm thickness of 1 pm at the loW end of 
the temperature scale, the annealing process takes at least 24 
hours. 

[0021] Once the Pd alloy ?lm has been established on the 
substrate to produce the Pd alloy composite membrane, the 
membrane is subjected to air oxidation and reduction to 
improve the hydrogen ?ux of the membrane. In one embodi 
ment, the membrane is subjected to air oxidation for a short 
duration (e.g., 5-30 minutes) at temperatures above 350° C., 
folloWed by exposure to hydrogen. 

[0022] An advantage of the composite membrane 
approach is that membranes can be made by coating support 
materials to obtain a metal membrane typically thinner than 
most free-standing foil membranes. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0023] FIG. 1 is an SEM picture of the cross section of a 
Pd—Cu composite membrane (scale bar is 5 pm). 

[0024] FIG. 2 shoWs the in?uence of H2 feed pressure on 
the hydrogen ?ux through Pd—Cu membrane 25b. The 
experiment al temperature is 350° C. The membrane com 
position is 60 mass % Pd, 40 mass % Cu. 

[0025] FIG. 3 shoWs ?ux data for Membrane #25b, 60 Wt. 
% Pd. Film thicknessE1.5 pm, temperature=350° C. The 
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pressure differential for the permeation tests Was 225 kPa. 
Note the ?ux increase due to the “air purge” treatment, 
shoWn as a dotted line. 

[0026] FIG. 4 is a cross-section of symmetric, ot-alumina 
GTC 998 support With a nominal 0.2 pm pore siZe. Scalebar 
is 50 pm. 

[0027] FIG. 5 is a cross-section of an asymmetric, alu 
mina ultra?lter. Scalebar is 50 pm. 

[0028] FIG. 6 shoWs XRD results for the annealing of 
GTC Pd/Cu membrane. Film thicknessE22 pm (a) As elec 
trolessly deposited. (b) Annealed at 600° C. for 12 hours 
under helium. 

[0029] FIG. 7 shoWs ?ux data for Membrane 1. Film 
thicknessE28 pm. The pressure differential for permeation 
tests Was 690 kPa. 

[0030] FIG. 8 shoWs ?ux data for Membrane 3. Film 
thicknesse11 pm. The pressure differential for permeation 
tests Was 345 kPa. 

[0031] FIG. 9 is a scanning electron micrograph (a) and 
EDAX analysis pro?le (b) for Membrane 3. The crosses 
through the SEM image shoW the location of the individual 
EDAX analyses. Location 0 corresponds to the Pd—Cu 
membrane top surface and 50 corresponds to a point 
approximately 5 pm into the alumina support. 

[0032] FIG. 10 shoWs ?ux data for membrane 5. Metal 
layer thicknesse10 pm. The pressure differential for perme 
ation tests Was 345 kPa. Dotted lines represent 30 minute air 
purges. 

[0033] FIG. 11 is a scanning electron micrograph (a) and 
EDAX analysis pro?le (b) for Membrane 5. The crosses 
through the SEM image shoW the location of the individual 
EDAX analyses. Location 0 corresponds to the Pd—Cu 
membrane top surface and 50 corresponds to a point 
approximately 5 pm into the alumina support. 

[0034] FIG. 12 shoWs ?ux data for Membrane 6. Film 
thicknessE1 pm, temperature=350° C. The pressure differ 
ential for permeation tests Was 345 kPa. 

[0035] FIG. 13 is a scanning electron micrograph of 
membrane 6. Scalebar=2.0 pm. 

[0036] FIG. 14 is a scanning electron micrograph of 
membrane 7. Scalebar=20.0 pm. 

[0037] FIG. 15 is a table relating to Electroless Pd and Cu 
Plating Baths. 

[0038] FIG. 16 is a table relating to Room Temperature 
Leak Testing of Pd—Cu Membranes. 

[0039] FIG. 17 is a table relating to a summary of Pd—Cu 
Membrane Performances and Characterization. 

[0040] FIG. 18 is a table relating to retail costs to make a 
30 cm long section of 2 pm thick Pd—Cu membrane 
supported on an asymmetric ceramic ultra?lter. 

Detailed Description 

[0041] The invention is directed, at least in part, to a 
process for fabricating a composite membrane comprised of 
a substrate and a Pd alloy ?lm supported on the substrate. 
Before describing the process, some of the. characteristics of 
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Pd alloys that render them preferable to pure or substantially 
pure Pd, at least in some applications, are described. To 
begin With, the critical temperature for existence of the [3 
phase hydride is loWer in Pd alloys than in pure or substan 
tially pure Pd. This signi?cantly reduces membrane rupture 
due to Warping or cracking, a failure that affects pure or 
substantially pure Pd members in applications involving 
temperature cycling. Many Pd alloys are also more perme 
able to hydrogen than pure or substantially pure Pd, includ 
ing PdAg23, (compositions in Wt. %), PdCu4O, PdY7, and 
PdRu7. Further, Pd alloys containing Au or Cu are more 
resistant to sulfur compounds than pure or substantially pure 
Pd. Ternary and higher alloys of Pd are capable of providing 
higher operating temperature capability relative to pure or 
substantially pure Pd. 

[0042] The process for fabricating a Pd-alloy ?lm on a 
tubular substrate is described for a PdCu4O ?lm. It should, 
hoWever, be understood that the process is to PdRu, PdAu, 
PdAg, PdNi, and PdFe and, in particular, Pd93Ru, Pd95Au, 
Pd77Ag, Pd93Ni and PdFe7, Which are the compositions that 
are at or near the maximum hydrogen ?ux point for the alloy. 
The process is also applicable PdOs, PdCo, PdRh, Pdlr and 
PdPt membranes. Generally, the process is applicable to 
alloys of Pd and elements other than Pd in Groups VIII and 
IB. 

[0043] The use of the PdCu4O alloy has a number of 
desirable characteristics. Namely, the hydrogen permeability 
of PdCu4O passes through a maximum around 40 Wt. % Cu. 
The high percentage of Cu signi?cantly reduces membrane 
cost relative to pure Pd. Additionally, the PdCu4O alloy 
exhibits increased resistance to HZS. Further, a bcc alloy 
phase formed beloW 600° C. is believed to be responsible for 
an increased permeability of the PdCu4O ?lm compared to 
pure or substantially pure Pd. Like PdAg23, PdCu4O can 
Withstand repeated temperature cycling With less distortion 
than pure Pd since at 40 Wt. % Cu, the critical temperature 
for [3-hydride phase formation is beloW room temperature. 

[0044] Initially, a substrate is provided. Suitable substrates 
are made of oxide ceramics (e.g., alumina, titania and 
Zirconia), non-oxide ceramics (e.g., SiC and SiN), sintered 
or porous metals (e.g., stainless steel and nickel), and 
sintered or porous metals With ceramic surfaces. The process 
is described With respect to a tubular substrate. HoWever, the 
process is applicable to substrates of any geometry, provided 
the surfaces that are to bear the Pd—Cu ?lm are adequately 
exposed. Further, presently, good results have been obtained 
With asymmetric substrates With a pore siZe gradient the 
extends over a 20-50 nm pore siZe range. Substrates that are 

not asymmetric, have pores of a different siZe, or have a 
different pore siZe gradient are also feasible. 

[0045] If needed, the provided substrate is subjected to a 
pre-processing step in Which the substrate is subjection to 
one or more operations that are needed to place the substrate 
in condition for plating related operations and/or one or 
more operations that more readily accomplished prior to 
plating related operations. If the substrate that is provided is 
not clean or becomes dirty before a plating operation, the 
substrate must be cleaned to remove any salts or other 
materials that could interfere With the subsequent plating 
processes. Typically, cleaning is carried out With isopro 
panol and deioniZed Water but other cleaning procedures that 
remove the undesirable material or materials are also fea 
sible. 




















