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(57) Abrégée/Abstract:
A method of making a gas separation system Is described. The method comprises the steps of (1) providing a porous support
having an Initlal mean pore size and Initial surface roughness and (2) applying a particulate material to a surface of the porous
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(57) Abrege(suite)/Abstract(continued):

support to (a) functionally reduce the mean pore size of the support and (b) functionally reduce the measurable surface roughness
of the support. Additional layers of particulate material of decreasing size are applied to further reduce the mean pore size and
reduce the roughness of the support. VWWhen the support reaches the desired level of smoothness a thin membrane of gas selective
material Is deposited thereon. The membrane and support are then annealed under conditions that prevent or substantially reduce
cracking of the membrane during commercial use.
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(57) Abstract: A method of making a gas
separation system 1s described. The method
comprises the steps of (1) providing a por-
ous support having an initial mean pore size
and mitial surface roughness and (2) apply-
ing a particulate material to a surface of the
porous support to (a) functionally reduce
the mean pore size of the support and (b)
functionally reduce the measurable surface
roughness of the support. Additional layers
of particulate material of decreasing size are
applied to turther reduce the mean pore size
and reduce the roughness of the support.
When the support reaches the desired level
of smoothness a thin membrane of gas se-
lective material 1s deposited thereon. The
membrane and support are then annealed
under conditions that prevent or substan-
tially reduce cracking of the membrane dur-
Ing commercial use.
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A METHOD OF MAKING A HYDROGEN SEPARATION COMPOSITE MEMBRANE

Background of the Invention

[0001] This invention relates to a method of making a gas separation system. In
particular the invention relates to a method of making a gas separation system that 1s
particularly well suited for the separation of hydrogen gas from a stream of mixed gasses.
[0002] Inexpensive sources of purified gases are needed for many 1ndustrial
applications. Hydrogen 1s an example of such a gas. Inexpensive sources of purified
hydrogen are sought after for many industrial chemical processes and in the production of
energy 1n fuel cell power systems. Similarly, inexpensive methods of purifying hydrogen
could significantly expand the applicability of hydrocarbon reforming, reforming reactors and
the water gas shift reaction. To meet the need for inexpensive purified hydrogen,
considerable research has been devoted to developing more effective hydrogen permeable gas
separation membrane systems that can be used to selectively recover hydrogen from different
industrial gas steams containing hydrogen and other gases.

[0003] Gas separation systems utilizing thin noble metal membranes are known in the
art. In particular, those incorporating palladium membranes have been studied widely due to
their high hydrogen permeability and their theoretically infinite hydrogen selectivity.
Palladium gas separation membranes are the subject of several 1ssued patents and published
patent applications.

[0004] One problem experienced with palladium membranes 1s the cracking of the
membranes during their use and/or production. Cracks in a palladium membrane allow for
unwanted gases to pass through the membrane and to contaminate the product gas stream.
While there may be a number of possible causes of membrane cracking, it 1s believed that the
annealing conditions during their manutfacture contribute to the cracking.

[0005] In known manufacturing processes for gas separation systems one or more thin
layers of a noble metal (e.g., palladium) are deposited on a porous support, which may or may
not have had some degree of pretreatment. The composite system (support and metal
membrane) 1s then annealed (i.e., held at elevated temperatures under specific conditions) to
help fuse and temper the individual components. One such annealing treatment 1s discussed

in U.S. Patent 7,727,596 to Ma et al., and comprises annealing newly formed palladium

containing membranes in the presence of hydrogen at temperatures up to 250° C and at
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pressures ranging up to 8 bar. Membranes annealed 1n such conditions have been observed to
crack during use. The cracking is likely due, at least in part, to the presence of both the alpha
and beta forms of palladium hydride in the membrane. The alpha and beta forms have
different crystalline sizes.

[0006] Cost 1s another issue that may always be a driver of research for gas separation
systems, especially palladium based systems. Noble metal based gas separation systems are
expensive to manufacture. Accordingly, any improvements in the art that improve
manufacturing efficiencies can be very valuable and system manufacturers devote
considerable resources to finding such improvements.

[0007] In summary, there 1s need for a method of making a gas separation system that
reduces or eliminates some of the functional problems (e.g., membrane cracking) seen in
systems produced by known manufacturing processes. In addition, there 1s a need for a
manufacturing process that is more economically efficient than known methods (e.g., requires
less palladium or fewer plating steps).

[0008] However, manufacturing efficiency cannot be increased at the expense of
function. In many applications the purity of the gas product 1s paramount and cutting corners
in the manufacture of gas separation systems often results 1n a system that cannot meet
industrial demands. Therefore, manufacturers must find a proper balance between etficiency
and function. Often times this requires a holistic approach to process improvement. In other
words, changing one aspect of manufacturing process may result in an increase 1n efficiency,
but combining that change with other downstream changes may act as a multiplier 1in overall
manufacturing efficiency and product performance. The research underlying the present
invention 1s based on such a holistic approach.

[0009] There is provided a method of making a gas separation system, wherein said
method comprises providing a porous metal support having a first mean pore size. The
porous support has a first surface and a second surtace with each surface being opposed to the
other to thereby define a support thickness. The “first surface”, as that term 1s used herein,
means the surtace ot the porous support that will ultimately support the thin membrane of gas
separation material and any intermediate diffusion barrier situated between the first surface

and the thin membrane.
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[0010] The method also comprises contacting the first surface of the support with a first
particulate material having a first mean particle size to form a first coated surface on a coated
support then removing any excess first particulate material from the first coated surtace.
[0011] The method further comprises contacting the first coated surface with a second
particulate material having a second mean particle size that 1s less than the first mean particle
size to form a second coated surface on the coated support followed by removing excess
second particulate material from the second coated surtace.

[0012] The method also comprises a deposition step and an annealing step. In the
deposition step, at least one layer of a gas selective material 1s deposited so as to overlie the
coated first surface and any particulate matter located in between. In the annealing step, the
coated support and the gas selective material deposited thereon are annealed at a temperature
that encourages grain growth of the gas selective material.

[0013] There 1s also provided a method of making a gas separation system where the
method comprises the step of providing a porous metal support having a first surface and a
second surface with each surface being opposed to the other to thereby define a support
thickness. The first surface of the support has a measurable initial surface roughness and an
initial mean pore size. The first surface of the support 1s then contacted with a first particulate
material having a first mean particle size that 1s less than the initial mean pore size to form a
first coated surface on a coated support. The excess first particulate material 1s removed from
the first coated surface.

[0014] The method further comprises the step of contacting the first coated surface with
a second particulate material having a second mean particle size that is less than the first mean
particle size to form a second coated surface on the coated support. The excess second
particulate material 1s then removed from the second coated surtace.

[0015] The method further comprises the step of contacting said second coated support
with a third particulate material having a third mean particle size that is less than the second
mean particle size to form a third coated surface wherein the measured surface roughness of

the third coated surface 1s less than the measured surtace roughness of the first coated surface.
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Brief Description of the Drawings

[0016] Figure 1 1s a graph showing a particle size distribution of one particulate material
used 1n the examples where the X axis represents particle size, the left Y axis 1s a general
representation of the number of particles counted at a specific size, and the right Y axis
represents the total volume of the measured sample.

[0017] Figure 2 1s a graph showing a particle size distribution of one particulate material
used 1n the examples where the X axis represents particle size, the left Y axis 1s a general
representation of the number of particles counted at a specific size, and the right Y axis
represents the total volume of the measured sample.

[0018] Figure 3 1s a graph showing a particle size distribution of one particulate material
used 1n the examples where the X axis represents particle size, the left Y axis 1s a general
representation of the number of particles counted at a specific size, and the right Y axis
represents the total volume of the measured sample.

[0019] Figure 4 1s a graph showing a particle size distribution of one particulate material
used 1n the examples where the X axis represents particle size, the left Y axis 1s a general
representation of the number of particles counted at a specific size, and the right Y axis
represents the total volume of the measured sample.

Detailed Description of the Invention

[0020] In the following description, for purposes of explanation, numerous details are
set forth, such as exemplary concentrations and alternative steps or procedures, to provide an
understanding of one or more embodiments of the present invention. However, 1t 1s and will
be apparent to one skilled in the art that these specific details are not required to practice the
present invention.

[0021] Furthermore, the following detailed description i1s of the best presently
contemplated mode of carrying out the invention. The description 1s not intended 1n a limiting
sense, and 1s made solely for the purpose of illustrating the general principles of the invention.
The various features and advantages of the present invention may be more readily understood
with reterence to the following detailed description.

[0022] As an 1nitial matter, and as an aid to the reader, several terms are defined and a
very general description of a gas-separation system 1s presented.

[0023] Generally speaking, a gas separation system consists of gas permeable porous

support upon which successive layers of thin metal films and/or other materials are deposited
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to form a composite membrane that 1s impermeable to liquids and specific gases. One or
more intermediate structures, such as an intermediate diffusion barrier, may reside between
the metal film and the support to enhance the pertormance of the system.

10024 ] As used herein the terms “overlie” and ‘“‘underlie” are terms that are used to
describe the relative relationship of one element of a device or system to another. Both terms
can be interpreted to mean that one element of a device or system 1s adjacent to another
element but might be separated by intermediate elements. For example, a membrane can
overlie the first surface of a porous support while having an intermediate diffusion barrier
sandwiched 1n between the membrane and first surface. Furthermore, holding the support
“upside down” or “‘right side up” does not alter the meaning of “overlie” and “‘underlie”.
[0025] The term “liquid dense” as used herein 1s a descriptive term applied to a gas-
separation membrane system during its manufacture. The term “liquid dense” means that the
gas-separation membrane has reached a density such that a liquid (usually water) can no
longer travel through its pores upon the application of a pressure differential across the
thickness of the membrane and the support upon which 1t rests. In many instances a
membrane 1s considered “liquid dense” if water 1s not pulled through the membrane upon the
application of a vacuum, e.g. a pressure differential that 1s below atmospheric pressure of up
to about 760 mm Hg.

[0026] A “‘gas-selective material”, as the term 1s used herein, 1s a material that 1s
selectively permeable to a gas when it 1s 1n the form of a dense, thin film, and thus, a dense
thin layer of such material will function so as to selectively allow the passage of a selected gas
while preventing passage of other gases. The term includes gas-selective metals, particularly
noble metals.

[0027] The term “gas tight” or “gas dense” as used herein are descriptive terms applied
to a gas-separation membrane system during its manufacture. The terms “gas tight” or “gas
dense”, as used herein mean that the membrane allows for permeation of a specific gas
through it but with little, if any, other gas being allowed through it. Thus, the membrane will
have high “selectivity” for the specific gas. In many instances the specific gas 1s hydrogen.
[0023] As the term 1s used herein, ““selectivity” 1s a measured attribute of a membrane or
membrane system that 1s represented by the dimensionless ratio of the flux of a specific gas
through the membrane divided by the flux of a leak detecting gas such as nitrogen or helium

through the membrane. The term “flux™, as used herein, means the rate at which a gas can
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flow through a membrane at a given pressure. The dimensions used to measure flux can vary
depending upon the measurement device used. Typically, flux is measured as m’/(m” hr bar).
In the manufacture of high purity hydrogen, an ideal gas selective membrane would have a
selectivity that approaches infinity, but, practically, the selectivity relative to nitrogen for a
membrane 1s normally in the range of from 100 to 1,000.

[0029] The term “‘stability” when used 1n reference to a gas selective membrane means
that the membrane may be used in the separation of a specific gas (e.g., hydrogen) from a gas
mixture for a lengthy period of time even under reasonably harsh high-temperature and
pressure conditions and not develop leaks. Thus, a highly stable membrane has a reasonably
low rate of decline 1n its selectivity during its use.

[0030] The roughness of the various surfaces that are encountered in the manufacture of
a gas separation system, particularly the roughness of a porous support as an intermediate
diffusion barrier 1s applied, 1s an important aspect of the inventive method. Applicant has
determined that the reduction of the measurable surface roughness of a porous support prior to
metal deposition provides for efficiencies in the manufacturing process and improvements 1n
the performance of the resulting gas separation system.

[0031] The roughness of a surface may be measured or determined by using any of the
methods or means known to those skilled in the art. One example of equipment means for
measuring a surface profile to quantify its roughness 1s a profilometer. Any commercially
available profilometer may be used, such as the optical profilometer, identified as the ST400
Optical Profilometer, which 1s marketed and sold by Nanovea.RTM. This unit may be used to
measure, analyze and quantify the surface morphologies and topographies of certain user
defined surfaces.

[0032] The roughness parameters that may be used to define surtace roughness include
such parameters as the mean surface roughness or arithmetical mean height (Sa), root mean
square height or RMS surface roughness (Sq), skewness of the height distribution (Ssk),
kurtosis of the height distribution (Sku), maximum peak height (Sp), maximum pit height,
also referred to as maximum valley depth, (Sv), and maximum height (Sv). These roughness
parameters are well known to those skilled 1n the art of measuring and characterizing the
roughness and other features of surfaces. These particular parameters characterize a surface

based on its vertical deviations of its roughness profile from the mean line.
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[0033] Turning now to the method according to the invention, the invention relates to a
method of preparing a gas separation system and its use. More specifically, the invention
relates to an economically advantageous method of manufacturing a gas separation system
having an exceptionally thin membrane layer of at least one gas-selective material, the
resulting gas separation membrane system from such manufacturing method, and the use
thereof.

[0034] In very broad terms, the claimed invention is a method of making a gas
separation system that includes the steps of (1) sequentially treating or coating a porous metal
support with particulate materials to reduce surface roughness and functional mean pore size,
(2) depositing a thin metal membrane on the coated porous substrate, and (3) annealing the
substrate and membrane under conditions that reduce or eliminate cracking of the membrane
during commercial use.

[0035] The method according to the invention begins with the provision of a porous
support. The porous support used in the preparation of the gas separation membrane system
of the invention or any elements thereof may include any porous material that 1s gas
permeable (e.g., hydrogen permeable) and 1s suitable for use as a support for the layer(s) of
gas-selective material that will be deposited thereon. The porous support may be of any shape
or geometry provided it has a surface that permits the application thereto of a layer of
intermetallic diffusion barrier particles (discussed below) and a layer of gas-selective material.
Such shapes may include planar or curvilinear sheets of the porous material. Preferably the
porous support has a first surface (e.g., a top surtace) and a second surface (e.g., undersurtace)
opposed to each other to thereby define a support thickness. Alternatively, the shape of the
support can be tubular, such as, for example, rectangular, square and circular tubular shapes
that have a first surface (e.g., outside surface) and a second surface (e.g., inside surface) that
together define a support thickness and with the inside surface of the tubular shape defining a
tubular conduit. The porous support, particularly the first surface of the porous support 1s also
characterized as having a first mean pore size.

[0036] The porous support may comprise any suitable porous metal material selected
from any of the materials known to those skilled in the art including, but not limited to, the
stainless steels, such as, for example, the 301, 304, 305, 316, 317, and 321 series of stainless
steels, the twenty or more HASTELLOY® alloys, for example, HASTELLOY® B-2, C-4, C-
22, C-276, G-30, X and others, and the INCONEL® alloys, for example, INCONEL® alloy
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600, 625, 690, and 718. Thus, the porous support may comprise an alloy that 1s hydrogen
permeable and which comprises chromium, and, preferably, further comprises nickel. The
porous metal material may further comprise an additional alloy metal selected from the group
consisting of 1ron, manganese, molybdenum, tungsten, cobalt, copper, titanium, zirconium,
aluminum, carbon, and any combination thereof.

[0037] One particularly desirable alloy suitable for use as the porous metal material may
comprise nickel in an amount 1n the range of upwardly to about 70 weight percent of the total
weight of the alloy and chromium in an amount in the range of from 10 to 30 weight percent
of the total weight of the alloy. Another suitable alloy for use as the porous metal material
comprises nickel 1in the range of from 30 to 70 weight percent, chromium 1n the range of from
12 to 35 weight percent, and molybdenum in the range of from 5 to 30 weight percent, with
these weight percents being based on the total weight of the alloy. The Inconel alloys are
preferred over other alloys.

[0033] In preferred embodiments, the porous supports utilized in the practice of the
invention are cylindrical. Such cylindrical porous substrates are commercially available from
several sources known to those skilled in the art such as the Mott Corporation of Farmington,
Connecticut.

[0039] As 1s known by those skilled in the art, porous supports can be made using
techniques that incorporate compression of metallic particles. In the case of cylindrical
porous supports the compression forces that aid in forming the porous support can be applied
from the “‘outside-in™ or from the “inside-out”. In outside-in compression, the torce vectors
applied to the cylindrical porous support are applied to the outside (or first) surface of the
support. In inside-out compression, the direction of compression 1s the opposite. The force
vectors are applied to the inside surface of a cylindrical porous support.

[0040] In preferred embodiments the cylindrical porous supports utilized 1n the practice
of the invention are manufactured using inside-out compression. Inside-out compression 1s
preferred because under traditional manufacturing techniques such compression typically
imparts a smoother 1nitial outer (or first) surface (the surtace upon which the metal membrane
1s deposited) than does outside-1n compression.

[0041] Outside-in compressed supports may also be used. However, if outside-in
supports are used, it may be preterable to have them “ground and reactivated” prior to

initiating the method according to the invention. As noted above, these types of supports tend
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to have a somewhat rougher surface as compared to inside-out supports. “Grinding and
reactivation” 1s a technique known to those skilled in the art. Generally speaking, it 1s
essentially a sanding/polishing step or steps that occur prior to deposition of an intermediate
diffusion barrier. Grinding and reactivation 1s designed to reduce the surface roughness of
the outside-1n support to make it closer to the range of roughness usually seen on inside-out
supports. The grinding and reactivation step 1s optional but preferred for very rough supports
because 1t can reduce the number of particulate contacting steps later. The method according
to the invention works well with outside-1n and other types of supports which highlight one of
the benefits of the invention. It 1s quite flexible and can be used on a range of different
supports with different initial surface roughness.

[0042] The 1nitial surface roughness of the porous supports utilized in the practice of the
invention can vary and depend in part on the manufacturer and the material from which the
porous support 1s made. It 1s believed that 1t 1s possible for the 1nitial surface roughness of the
porous support to be too smooth which would be indicative of a porous support with a small
mean pore size. As discussed below, such porous supports would likely possess an initial gas
flux that 1s too small to be of practical use in a commercial setting and pose problems with
membrane adherence. Therefore, it 1s preferred that the initial surface roughness (Sa), 1.e.

mean surface roughness or arithmetical mean height, of the first surface of the porous support

be less than about 10 um, and, generally in the range between 0.05 um and 10 um. A more

preferred 1nitial surface roughness (Sa) for the first surface of the porous support 1s less than 3

um, and, generally in the range between 0.1 um and 8 um. A particularly preterred initial
surface roughness for the first surface of a porous support 1s less than 5 (wm, and, generally 1n

a range between 2 um and 4 um.

[0043] The thickness (e.g. wall thickness or sheet thickness, as described above),
porosity, and pore size distribution of the pores of the porous support are properties of the
porous support selected to provide a gas separation membrane system that has the desired
perftormance characteristics and other desired properties. It may be desirable to use a porous
support having a reasonably small thickness so as to provide for a high gas flux therethrough.
[0044] The thickness of the porous support for the typical application contemplated
hereunder may be in the range of from about 0.05 mm to about 25 mm, but, preferably, the
thickness 1s 1n the range of from 0.1 mm to 12.5 mm, and more preferably, from 0.2 mm to 5

min.
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[0045] The term porosity, as used herein, 1s defined as the proportion of non-solid
volume to the total volume (i.e. non-solid and solid) of the porous support material. The
porosity of the porous support may be in the range of from 0.01 to 1.0. A more typical
porosity 1s 1n the range of from 0.05 to 0.8, and, even from 0.1 to 0.6.

[0046] The pore size distribution of the pores of the porous support may vary with the
mean pore diameter typically being in the range of from about 0.1 um to about 50 um. More
typically, the mean pore diameter i1s in the range of from 0.1 um to 25 um, and, most
typically, from 0.1 um to 15 um, with 0.3 um to 5 um being a preterred range.

[0047] The practice of the inventive method includes the reduction of the mean pore
size of the porous support and the reduction of measurable surtace roughness of the first
surface of the porous support. This 1s accomplished, at least in part, by the sequential
application of intermetallic diffusion barrier particles to the first surtace of a porous support
prior to deposition of a gas selective metal 1on thereon. The creation of an intermetallic
diffusion barrier on a porous support 1s known 1n the art. However, using the process of
creating an 1ntermetallic diffusion barrier to specifically alter the measurable surface
roughness of a porous support represents advancement in the production of gas separation
systems.

[0043] As background, an original purpose of intermetallic diffusion barriers was to
prevent or substantially eliminate diffusion of the metal atoms in the porous support into the
thin noble metal membrane deposited on the porous support. Such diffusion can compromise
the selectivity of the membrane. It was discovered that applying a thin layer of relatively inert
particulate materials to the porous support prior to deposition of the gas separation membrane
helped prevent unwanted diffusion. The method according to the invention 1s an advancement
of this basic purpose.

[0049] In the process according to the invention, the intermetallic diffusion barrier 1s
formed by sequentially contacting at least two differently sized a particulate materials with the
first surface of the porous support. In doing so, the mean pore size of the porous support 1s
reduced and the measurable surface roughness of the porous support 1s reduced.

[0050] The particulate materials used in the practice of the invention are those normally
used 1n the formation of an intermetallic diffusion barrier. Such materials can be selected
from the group consisting of 1norganic oxides, refractory metals, noble metal eggshell

catalysts and combinations thereof. These particles should be of a size so that they, or at least
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a portion of the particles, can fit, at least partially, within certain of the pores of the porous
support. Thus, the particles generally should have a maximum mean particle size of less than
about 50 um.

[0051] It should be recognized that the particulate materials utilized in the practice of
the i1nvention may be of non-uniform shape. Some may be spherical. Some may be
cylindrical. Some may be irregular. Therefore, determining the “mean particle size” of any
one particulate material depends upon the dimension that 1s measured and/or the exact
protocol for determining the particle size distribution curve. The protocol for obtaining a size
distribution curve can vary depending on the device used to measure particle size. For
purposes of this detailed description, particle size measurements and distributions were
determined using a Mastersizer laser scattering analyzer (mode MAM 35005, Malvern
InstrumentsL.td., Worchestershire, UK).

[0052] To determine particle size, a small quantity of particulate material was dispersed
in water and analyzed by the Mastersizer device. The particle size distribution was monitored
during five successive readings. The mean particle size for the particulate material was then
expressed as the mean volumetric size D4,3 (De Brouckere mean diameter), which 1s themean
diameter of a sphere with the same volume. This 1s a known technique for characterizing
particle size. Accordingly, as used herein the term “mean particle size” can be considered to
be the mean diameter of the particulate material in question, keeping in mind that the actual
shape of the particle 1s likely somewhat irregular.

[0053] Examples of i1norganic oxides that may be used in forming the layer of
intermetallic diffusion barrier particles include alumina, silica, zirconia, titania, ceria, silicon,
carbide, chromium oxide, ceramic materials, and zeolites, among others. The refractory
metals may include tungsten, tantalum, rhenium, osmium, iridium, niobium, ruthenium,
hatnium, zirconium, vanadium, chromium and molybdenum, among others. As for the noble
metal eggshell catalyst that may be used in forming the layer of intermetallic diffusion barrier
particles, such noble metal eggshell catalysts are defined and described 1n great detail in
commonly assigned U.S. Patents 7,744,675 and 7,998,247, the entire texts of which are
incorporated herein by reference.

[0054] As noted above, the intermetallic diffusion barrier 1s formed as a sequential
application of particles to the first surface of the porous support. Broadly speaking, the

support 1s contacted with a first particulate material, then a second particulate material, then a
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third, and so on. The first particulate material has a mean particle size (the first mean particle
size) that 1s less than the mean pore size of the porous support. Likewise the mean particle
size of the second particulate material (the second mean particle size) 1s less than the first
mean particle size; and the mean particle size of a third particulate material (the third mean
particle size) 1s less than the second mean particle size; and so on.

[0055] Coating the surface of the porous support with sequentially smaller particles
gradually fills 1n the pores of the support without completely clogging them and creates a
smoother support surface. In this manner an intermediate diffusion barrier 1s created.

[0056] Turning now to the specifics of the method according to the invention, the
method comprises the step of contacting the first surface of the porous support with a first
particulate material having a first mean particle size that 1s less than the first mean pore size of
the porous support to thereby form a first coated surface on a coated support.

[0057] In the manufacture of the gas separation device of the invention, a layer of
particulate material 1s brought into contact with the first surface of the porous substrate by any
suitable method known to those skilled in the art for applying a particulate material (e.g.,
powder) to a porous surface. For example, the particulate material may be applied to the
surface of the porous substrate by transport with a gas, or by application of a paste, a slurry or
suspension of the particulate material, or by pressing or rubbing a powder of the particulate
materials upon the surface of the porous substrate.

[0058] In preferred embodiments at least one of the contacting steps 1s conducted while
applying a pressure differential of a higher pressure and a lower pressure across the support
thickness with the higher pressure being applied to the side of the first surface of the support.
The application of the pressure differential can be accomplished through use of a negative
pressure (1.e., vacuum applied to the second surface of the support), or a positive pressure
(1.e., pressure applied to the first surface of the support), or a combination of the two. In
preferred embodiments the particulate material 1s deposited as a slurry under the application
of a vacuum to the second surface of the porous support.

[0059] The quantity and size of particulate material applied to the first surface of the
porous support can vary somewhat depending on the method utilized to deposit the particulate
material. The primary goal in the application of particulate material 1s to completely cover the

surface of the porous support that will ultimately support the deposited gas separation

membrane.

12



10

15

20

25

30

CA 02858403 2014-06-05

WO 2013/096183 PCT/US2012/070064

[0060] After the particulate material is placed in contact with the first surface of the
porous support to form a first coated surface any excess first particulate material that 1s
present on the support 1s removed. The method of removal may vary depending upon the
method of application but in most instances it 1s envisioned that the excess will be removed by
friction (e.g., mechanical or hand rubbing). Preferably, the step of removing the excess
particulate material 1s conducted while a vacuum 1s applied to the second surface of the
support (the surtace opposite the applied particulate material). If the particulate material was
deposited using a wet process (e.g., slurry or suspension) the coated support should be dried
prior to removing the excess particulate material to avoid removing slabs of wet particulate
cake which may pull particulate material from the pores of the porous support.

[0061] The application of the particulate material should be conducted to reduce the
mean pore size of resulting coated porous support and to reduce the surface roughness of the
porous support. Achieving these goals involves addressing several variables in the selection
of the particulate material (e.g., choice of particulate material, method of application, particle
size, etc.)

[0062] In light of the foregoing, the choice of the first mean particle size of the first
particulate material 1s an important variable that must be addressed. Using a first particulate
material having too small of a mean particle size can result in clogging the pores of the porous
substrate which will reduce the initial mean pore size of the support but may also reduce the
gas flux of the porous substrate to a level that 1s not commercially feasible. Thus, the first
mean particle size of the first particulate material applied to the first surface of the porous
support generally should be less than or equal to the initial mean pore size of the support but
not so small as to reduce the gas flux through the support to unacceptable levels.

[0063] Similarly, the mean particle size of the first particulate material should be chosen
so that after 1ts application (and removal of the excess) the measurable surtace roughness of
the first coated surface of the porous support 1s less than the initial surface roughness of the
first surface of the porous support.

[0064] In summary, the initial steps of the method according to the invention comprise
(1) providing a porous support having an initial mean pore size and initial surface roughness
and (2) applying a first particulate material to a first surface of the porous support to (a)
functionally reduce the mean pore size of the support and (b) functionally reduce the

measurable surface roughness of the support.
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[0065] The method according to the invention includes sequential repetition of the
above discussed steps for at least one additional iteration. Therefore, preferred embodiments
of the invention include the step of contacting the first coated surface of the coated support
with a second particulate material having a second mean particle size that is less than the first
mean particle size of the first particulate material to form a second coated surface on the
coated support. The excess second particulate material 1s then removed 1n the same or similar
manner as before.

[0066] This second contacting step places the second particulate material in the small
crevices and pores remaining after the first contact step and the same considerations
governing the choice of particle size for the first particulate material are equally applicable to
the second particulate matter. The mean particle size of the second particulate material should
be chosen so that the second particulate material fits within the remaining small pores but
does not completely clog them. This results in the second coated surface having a mean pore
size that 1s less than the mean pore size of the first coated surface, a measurable second
surface roughness that 1s less than the previously measured first surface roughness, and an
acceptable gas flux.

[0067] In particularly preferred embodiments the method according to the invention
further comprises conducting a third contacting step. The third contacting step comprises
contacting the second coated support with a third particulate material. The third particulate
material has a third mean particle size that is less than the second mean particle size but 1s not
so small as to decrease the gas flux to an unacceptable level. .The third contacting step forms
a third coated surface on the coated support having a measurable third surface roughness that
1s preferably less than the second surface roughness.

[0068] The above contacting steps may be repeated using successively smaller
particulate sizes until the terminal contacting step 1s conducted at which point the multi-coated
porous support attains the desired measured surtace roughness and/or the desired gas flux.
[0069] The terminal step of contacting forms a final coated surface. In preferred
embodiments of the method according to the invention, a wiping of the excess does not follow
the last application of particulate matter. Leaving the excess after the terminal contacting step
helps prevent exposure of any underlying metal, which could diffuse into any subsequently
deposited thin membrane. The coated support then proceeds through the remainder of the

process which can include a particulate securing step and a deposition step.
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[0070] The type and size of particulate matter and the method of contacting the
particulate matter may be the same or different for any given contacting step.

[0071] Those skilled 1n the art will readily recognize that there 1s significant room for
variation 1n the above described steps, particularly in choosing the type and size of particulate
material for any given step.

[0072] Generally, the size of the diffusion barrier particles (i1.e., the maximum
dimension of the particle) 1s chosen 1n light of the pore size distribution of the pores of the
porous support used in the preparation of the gas separation system. Thus, the appropriate
particle size can vary and be above 50 um if necessary or desired. Typically, the mean
particle size of the inorganic oxides, refractory metals or noble metal eggshell catalysts will be
in the range of from 0.05 um to 60 um or greater if necessary. This range encompasses all of
the particles that may be applied to the support.

[0073] Since the method incorporates the sequential application of increasingly smaller
sized particles, the particle sizes used for each subsequent layer of particulate material that 1s

applied should be smaller than the previously applied particles. Desirably, the mean size of

the first particulate material should be in the range of 8 um to 60 wm, preferably, in the range

of from 10 wm to 50 wm, and, more preferably, of from 12 um to 40 um.

[0074] A desirable mean particle size for the second application of particulate material

can be 1n the range of from 1 um to 12 wm, preferably, in the range of from 2 um to 10 um,

and, more preferably, of from 3 um to 8 wm.
[0075] For the third application of particles, it 1s desirable for the mean particle size to

be in the range of from 0.5 um to 30 um, but, a preferred range for the mean particle size of
the particles of the third application 1s from 1 um to 10 wm, and, more preterred, from 2 yum to
3 Lm.

[0076] For the fourth application of particles, the mean particle size should be in the

range of from 0.05 um to 1 wm, preferably, of from 0.08 um to 0.9 wm, and, most preferably,

of from 0.1 um to 0.8 wm. The application of particles below the 1 \um mean particle size 1s

primarily for the fine tuning of the surface characteristics of the porous support and, thus, the
fourth application may not always be a necessary step. The necessity of the fourth application
1s dependent upon the resulting surface roughness of the coated surtace subsequent to the

previously applied particles.
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[0077] Determining the optimal and most economically efficient combination of particle
sizes for any given application of the method according to the invention can be determined by
those skilled in the art. An exemplary distribution of particles for sequential application 1s
shown 1n the examples. Note that the particle size distribution and sequence of application
shown 1n the examples represent just three of many possible combinations.

[0078] In preferred embodiments of the method according to the invention, a securing
step 1s conducted after the final particulate material contacting step. This securing step may
incorporate any process step that operates to secure the previously deposited particulate
material to the porous support. This step can take several forms depending upon the type of
particulate material utilized.

[0079] In preferred embodiments the securing step comprises a short electroless plating
reaction. Electroless plating reactions are discussed in some detail below. This step
comprises placing the coated support 1n a plating solution containing a gas selective metal 1on
and conducting the reaction just long enough to secure the attachment of the particulate
material to the porous support. Typically the reaction time for the securing step 1s less than a
minute. The securing step can be conducted under a very slight vacuum as discussed 1n the
section addressing electroless plating but care must be taken not to pull too much of the gas
selective metal material into the porous support. This securing step need not create a
continuous layer gas selective material on the coated support and 1s thus differentiated from a
more complete deposition or plating step.

[0030] The end result of the contacting steps and the securing step is a graded
intermediate diffusion barrier having a range of particle sizes wherein the majority of the
largest particles are proximate to and/or embedded 1n the first surface of a porous support and
the majority of the smallest particles are generally further away from the first surface as
compared to the larger particles. In preferred embodiments the size and quantity of the

particulate material results in an intermediate diffusion barrier having a thickness greater than

about 0.01 um, and, generally 1n the range of from 0.01 um to 25 wm, but 1t 1s preferred for
the layer thickness to be in the range of from 0.1 um to 20 wm, and most preferably, from 1

m to 5 pm.
[0031] As noted previously, another benefit of the method according to the invention is
that it results 1n a porous support that has a final measurable surface roughness that is less than

the 1nitial surface roughness. Knowing the surface roughness 1s an important data point for
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the production of gas separation systems. If the surface of the underlying support 1s too
rough, more expensive gas selective material 1s needed to fill in the “valleys™, which drives up
costs. If the underlying support 1s too smooth, then the deposited gas selective material may
not adhere to the support as well, which can lead to cracking and peeling of the membrane. A
somewhat loose analogy 1s that a certain amount of support surface roughness 1s needed to act

as “‘velcro™ for the deposited gas separation material.

[0032] Additionally, a surface roughness below about 0.7 um is an indicator that

permeance of the coated support 1s too low (1.e., resulting gas flux will be too low — typically

below 25 m’/ (m” hr bar). In preferred embodiments the measured surface roughness of the
support prior to depositing one or more layers of gas selective material 1s between 0.1 um and

3.5 um, preferably between 1 um and 2.5 um and most preferably between 1.8 (um and 2 um.

[0033] Turning now to the formation of the gas separation membrane, one or more
layers of a gas-selective material are applied to overlie the first surface of the porous
substrate.

[0084] A gas-selective material, as the term 1s used herein, 1s a material that 1s
selectively permeable to a gas, and, thus, an overlayer of such a material will function to
selectively allow the passage of a selected gas therethrough while preventing passage of other
gases. Possible gas-selective metals include noble metals, preferably palladium, platinum,
gold, silver, rhodium, rhenium, ruthenium, iridium, niobium, and alloys of two or more
thereof. In a preferred embodiment of the invention, the gas-selective material 1s a hydrogen-
selective metal such as platinum, palladium, gold, silver and combinations thereof, including
alloys. The most preferred gas-selective materials for hydrogen applications are palladium,
silver and alloys of palladium and silver.

[0035] The gas-selective material 1s deposited onto the surface-treated porous substrate
by any suitable means or method known to those skilled in the art. Possible deposition
methods 1nclude electroless plating, thermal deposition, chemical vapor deposition,
electroplating, spray deposition, sputter coating, e-beam evaporation, 1on beam evaporation
and spray pyrolysis. As used herein, the terms “electroless plating” or “plating” can be
considered to be a particular subset of the various technologies used to deposit a gas selective
material.

[0036] A preferred deposition method is electroless plating. An example of a suitable

electroless plating method for deposition of the gas-selective material onto the coated porous
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substrate 1s that which 1s disclosed 1n Pub. No. US 2006/0016332, the disclosure of which 1s
incorporated herein by reference. Another example of a suitable electroless plating method
for deposition of the gas-selective material onto coated porous substrate 1s that which 1s
disclosed 1n co-pending and co-assigned US Patent Application Serial No. 61/560,522, the
disclosure of which 1s incorporated by reference.

[0087] Additional examples of suitable electroless plating methods for the deposition of
gas-selective material are disclosed in US 7,390,536 and 7,727,596, both of which are
incorporated by reference in their entirety. Additional examples of electroless plating
showing the effects of temperature, plating solution component concentrations, and spinning
the porous support on the kinetics of Pd and Ag deposition are discussed in Ayturk, et. al.,
Electroless Pd and Ag deposition kinetics of the composite Pd and Pd/Ag membranes
synthesized from agitated plating baths, Journal of Membrane Science, 330 (2009) 233-245
(“Ayturk Article™), which 1s incorporated by reference in its entirety.

[0033] In broad terms, an electroless plating process uses a redox reaction to deposit
metal on an object without the passage of an electric current. Electroless technologies involve
the reduction of a complexed metal using a mild reducing agent. For example, palladium
deposition can occur by the following reaction:

2 Pd(NH5)4 2 C1 + H,NNH, + 4NH4,OH -> 2Pd + N, + 8NH; + 4NH,(C1 + 4H,O0.

[0089] Generally speaking, in known electroless plating processes, a plating vessel is
charged with a known quantity of a plating solution. The plating solution contains a known
concentration of a gas-selective metal 1on (e.g., palladium or gold) and other components.
The article to be plated (e.g., a porous support) 1s then placed in the plating vessel 1in contact
with the plating solution for a period of time. During this time the redox reaction occurs and a
thin layer of the gas-selective metal 1s deposited on the article. Electroless plating 1s a
preterred method of creating gas separation membranes because the plating solution bathes all
parts of the object to be plated and tends to deposit metal evenly along edges, inside holes,
and over 1rregularly shaped objects that are difficult to plate evenly with electroplating.

[0090] As an aid to the reader, electroless plating will be discussed in the context of the
formation of a palladium membrane for separation of hydrogen gas from a mixed gas stream.
This contextual aid 1s not to be interpreted as limiting the scope of the claims.

[0091] Once the desired porous support has been chosen and prepared with an

intermetallic diffusion layer in the manner discussed above, the porous support 1s placed in a
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plating vessel containing a volume of a plating solution to begin the process of electroless
plating. However, before discussing the mechanics of electroless plating according to the
invention, 1t 1s necessary to discuss an optional step for preparing the porous support that has
become standard practice in the art — pretreating or “‘seeding” of the porous support (also
known as “‘activating” the support).

[0092] The “‘seeding” of the porous support comprises pretreating the porous support
with particles of the chosen gas-selective material to provide nucleation sites, which aid 1n
depositing subsequent layers of the gas-selective material. This pretreating can take several
forms, some of which may overlap with the process of forming an intermetallic diffusion
barrier. For example, in one embodiment of the invention, a porous support 1s pretreated by
coating it with a layer of alumina or a stabilized form of zirconia, such as yttria stabilized
zirconia containing palladium or gold.

[0093] Alternatively, a porous support can be pretreated by placing a layer of a noble
metal eggshell catalyst on the surface of the porous support. A method for applying such a
layer of eggshell catalyst to a porous support 1s taught in US Patent 7,744,675, which 1s
incorporated herein by reference.

[0094] Similarly, pretreatment could take the form of applying a nanopowder or
nanoparticle of a gas-selective metal or metal alloy to the surface of the porous support as
described in US Patent 7,959,711, which 1s incorporated herein by reference.

[0095] A further method of pretreatment is to treat a porous support with a liquid
activation composition. For example, a porous support can be immersed in an aqueous acidic
solution of stannous chloride then immersed in an aqueous acidic palladium chloride bath to
seed the surtace with palladium nuclei. Treating a porous support with palladium salt
followed by treatment with hydrazine 1s another method to deposit palladium nucler on a
porous support.

[0096] A still further method of pretreatment 1s to carry out a short plating reaction
(discussed below) to “seed” the surface of the porous support with a small amount of the gas-
selective material. In the method according to the invention this method of pretreatment 1s
equivalent to the securing step discussed above.

[0097] Turning now to the electroless plating process, there i1s provided a plating
solution having a concentration of a gas-selective metal 1on. The gas-selective metal 1on

contained 1n the plating solution used 1n the practice of the invention may include any metal
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or metal alloy or mixture of alloyable metals that has the property of being selectively
permeable to a gas when placed as a layer upon the surface of a porous support. It 1s preterred
for the gas-selective metal to be hydrogen-selective.

[0098] The methods of forming such solutions are well known to those skilled in the art

and need not be discussed 1n detail herein. Sample plating solutions include those with

compositions as described in the Ayturk Article; US Patent 7,727,596; US Patent 7,390,536;
US Patent 7,744,675; US Published Application 2009/0120293, and US Patent Application
Serial No. 61/560,522. Typical plating solutions comprise a metal ion source (e.g., PdCl,,
Pd(NH5)4Cl,, Pd(NH5)4Br>, Pd(NH5)(NOx),), a complexing agent (e.g.,
ethylenediaminetetraacetic acid (EDTA), NH4OH, or ethylenediamine (EDA)), a reducing
agent (NH>,NH,, NaH,PO, H,O, trimethylamine borane), stablizers and accelerators.

[0099] The porous support is placed into a plating vessel and brought into contact with
the plating solution. The porous support 1s maintained in contact with the plating solution for
a time period under conditions sufficient to promote the electroless deposition of the gas-
selective metal 1on from the plating solution onto the coated surface (e.g., outer surface) of the
porous support.

[00100] The conditions sufficient to promote the electroless deposition, including
temperature ranges, time, plating solution components, etc., are known to those skilled in the
art and are discussed 1n the aforementioned patents, patent applications, and the Ayturk
Article. These conditions may vary depending upon the process equipment and the particular

goals of the manufacturer, but in many instances it 1s envisioned that the electroless plating

steps will be carried out at temperatures in the range of from 20° C to 80°C, more preferably

in the range of from 30° C to 70° C, and most preferably in the range of from 40° C to 60° C.
Similarly, the time for conducting the plating reaction can vary over a wide range depending
upon the other plating conditions. In preferred embodiments the plating reactions occur for a
time ranging between 10 minutes to 3 or more hours. In preferred embodiments the reactions
last between 30 minutes to 120 minutes. Reaction times between 45 minutes and 90 minutes
are particularly preferred.

[00101] The application of a pressure differential across the support thickness during one
or more of the plating steps has been shown to reduce the number of plating iterations
required to achieve a gas tight membrane. Accordingly, preferred embodiments of the method

according to the invention utilize the application of a pressure differential across the support
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thickness during one or more of the depositing/plating steps. In general terms, the application
of a pressure differential consists of creating a higher pressure on one face of the porous
support (the face upon which the gas-selective material 1s deposited) and a lower pressure on
opposite face.

[00102] One manner of creating such a pressure differential 1s by the application of a
vacuum to the face of the porous support opposite the face upon which the gas-selective metal
1s deposited (1.e., the second surface of the porous support). The vacuum draws more of the
gas-selective metal into the pores of the porous support, which can aid in creating a gas-tight
membrane 1n fewer steps. However, if too great of a vacuum 1s applied too early in the
process or 1f a lesser vacuum 1s applied for too long, excess gas-selective metal can be drawn
into the pores, which leads to filling the length of the pores with the gas selective material and
making a very thick membrane that will have a lower permeability to hydrogen. In preferred
embodiments, the vacuum 1s not applied until the annealed membrane layer 1s liquid dense,
which aids in preventing too much gas-selective material being drawn into the porous support.
One possible exception to this restriction on the application of a vacuum 1s during the securing
step discussed previously. In that instance a weak vacuum may be applied to draw a small
amount of gas selective material into the support.

[00103] Other possible methods of creating a pressure differential include the application
of a positive pressure on the first surface of the porous support (1.e., applying pressure to the
plating solution side of the support) or a combination of positive pressure and a vacuum. The
creation of pressure differentials during electroless plating processes 1s discussed at some
length 1n commonly assigned US Patent Application Serial No. 61/560,552, which 1is
incorporated herein by reference.

[00104] To determine when the composite gas-selective membrane achieves liquid
density, gas tight, and gas selective status, the annealed membrane layer or layers are tested
periodically, preferably after each deposition step, although in commercial applications a
more extended interval will likely be used. In preferred embodiments the annealed membrane
layer 1s tested periodically to determine 1ts density to liquid.

[00105] The typical method to test the density of the annealed membrane layer i1s by
applying a defined level of vacuum to one surface of the porous support, typically the surface

opposite the annealed membrane layer, while the porous support 1s exposed to a liquid,
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usually aqueous. If no water 1s drawn through the annealed membrane layer the system 1s
considered liquid dense for that particular pressure differential.

[00106] After the plating reaction 1s conducted for the determined period of time the
porous support and the deposited gas selective metal membrane are removed from the plating
solution. Thereafter the support and the membrane are washed, dried, and annealed to provide
an annealed supported membrane having an annealed membrane layer.

[00107] The annealing of deposited gas-selective material, particularly the noble metals,
1S known 1n the art. Two exemplary annealing processes are discussed in US Patent
7,127,596, and commonly assigned US Published Patent Application 2009/0120293.

[00108] The annealing process utilized in 7,727,596 1s thought to be one possible cause
of cracking of gas selective membranes either during manufacture or commercial use. More

specifically, the 596 patent teaches an annealing step in which newly deposited gas selective

material 1s annealed in the presence of hydrogen at temperatures at or below 250° C. It has

been observed that membranes annealed under such conditions frequently crack during
commercial use or during subsequent annealing steps thus becoming unsuitable for

commercial use. This 1s probably due to the presence of the alpha and beta forms of palladium
hydride. The alpha and beta forms have different crystal sizes and are known to cause
palladium membranes to crack.

[00109] The method according to the invention utilizes a different annealing step. In the
method according to the invention, each time the porous substrate 1s coated or plated with a
layer of a gas-selective material the coated porous substrate 1s thereafter heat-treated, or
annealed, in the presence of or under an inert gaseous atmosphere at lower temperatures.

More specifically, the annealing takes place in the absence of hydrogen until the annealing

temperature 1s at least 250° C, preferably at least 300° C and more preferably at least 350° C.

Once the annealing temperature reaches 250° C, preferably 300° C, and more preferably 350°

C, hydrogen and oxygen can be present in the annealing step. Stated alternatively, in

preferred embodiments the annealing step 1s conducted 1n a hydrogen containing atmosphere

but only after the temperature has reached a minimum of 300° C, preferably at least 350° C
and more preferably at least 400° C. Although the annealing step can be taken to very high
temperatures (e.g., 600° C or greater), in most instances the annealing step occurs at

temperatures between 350° C and 550°C, and most preferably between 400° C and 500°C. In

preferred embodiments hydrogen 1s purged from the system as the membrane cools between

22



10

15

20

25

30

CA 02858403 2014-06-05

WO 2013/096183 PCT/US2012/070064

deposition steps. Typically, hydrogen 1s purged by tlooding the system with an inert gas as
the membrane starts to cool so that no hydrogen 1s present as the membrane reaches 300° C,

preferably 400° C.

[00110] Possible 1nert gases that may be used 1n this heat treatment step include nitrogen,
helium, argon, neon and carbon dioxide. The preferred inert gas for use in the annealing step
1s one selected from the group consisting of nitrogen, argon, neon and carbon dioxide, and, the
most preferred inert gas for use in the heat treatment 1s nitrogen.

[00111] The gaseous atmosphere under which the annealing step is conducted should

have some hydrogen in it once the annealing temperature reaches at least 300° C (preferably
higher). The gaseous atmosphere used during the annealing step of the plated porous
substrate should comprise a mixture of hydrogen from 3 to 100% and 1nert gas from 97 to 0%.
[00112] The annealing 1s conducted at a temperature that sufficiently treats the thin layer
of gas-selective material (metal) that overlies the first surface of the porous substrate. While
the required annealing temperature depends somewhat upon the particular metal or metal

alloy that 1s plated upon the porous substrate and the thickness of the layer thereof, generally,

the heat treatment temperature should be 1n the range of from at least 300° C. to 800° C. The
preferred heat treatment temperature 1s 1n the range of from 325° C to 700° C., and, most

preferred, the heat treatment temperature 1s in the range of from 350° C to 550° C.

[00113] The annealing step 1s conducted for a period of time sufficient to provide the
necessary treatment of the layer of gas-selective material and prepare it for the next series of
plating, polishing and annealing. The annealing time period may, thus, be in the range
upwardly to 48 or more hours, but, a typical annealing time period 1s in the range of from 0.1
hours to 12 hours. It 1s preferred, however, for the annealing time to be minimized to only
such a time necessary to provide the treatment of the layer of gas-selective metal required to
achieve the benefits of the invention. It 1s expected that such a time period 1s 1n the range of
from 0.2 to 10 hours, or even 1n the range of from 0.3 hours to 4 hours.

[00114] The pressure under which the annealing 1s conducted can be in the range of from
0.5 atmospheres (absolute) to 20 atmospheres. More typically, the heat treatment pressure 1s
in the range of from 0.8 atm to 10 atm.

[00115] Although research i1s ongoing to further define the benefits seen with the
annealing steps according to the invention as compared to the annealing steps of the 596

patent, at this time 1t 1s thought that the grain growth parameters of the deposited metal
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increases membrane stability and helps it resist the change at elevated temperatures. For
example, the ‘596 patent states that annealing at low temperatures in the presence of hydrogen
slows or prevents palladium grain growth which theoretically leads to a more uniform
covering of the substrate. In fact, those conditions tend to cause cracking of the palladium
layer due to the coexistence of the alpha and beta forms of palladium hydride.

[00116] Applicant, on the other hand, has discovered that encouraging grain growth by
increasing the annealing temperature appears to have a beneficial effect, particularly when the
layers of gas selective material are polished between plating steps. The polishing step 1s
discussed 1n more detail below. It 1s thought that there 1s some positive effect in polishing the
grains to effectively smear them into the open pores and form a uniform metal layer. Gas
separation systems formed in such a manner have been observed to resist cracking at high
operational temperatures as compared to those formed by the method of ‘596 patent.

[00117] After annealing, the porous support with its annealed supported membrane layer
1s polished/abraded. The polishing improves the surtace of the plated layer for further plating
by minimizing surface abnormalities and deformities and by filling openings such as cracks,
pinholes and other imperfections that may be present in the thin membrane layer. Exemplary
abrading and polishing methods are disclosed 1n US Published Patent Application
2009/0120287.

[00118] The above steps of plating, washing, annealing and abrading are repeated until
there 1s created a composite gas-selective membrane that 1s liquid dense, gas tight and gas
selective.

[00119] To determine when the composite gas-selective membrane achieves liquid
density, gas tight, and gas selective status, the annealed membrane layer or layers are tested
periodically, preferably after each deposition step, or on a suitable schedule in commercial
applications. The appropriate testing methods are known to those skilled in the art and need
not be specifically described herein.

[00120] While 1t 1s best for the membrane system to have as high of a selectivity as
possible, typically, an acceptable or desired selectivity for hydrogen, relative to nitrogen,
carbon dioxide or methane, for the membrane system 1s at least about 100. More typically,
the desired selectivity of a membrane system 1s at least 500, and most typically, the desired

selectivity of the membrane system should exceed 1000. The selectivity of the membrane
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system may even exceed 5,000 or even exceed 10,000 and thus 1t is desirable for it to have
such a selectivity.

[00121] The plating operation i1s duplicated as many times as is necessary to achieve the
desired thickness of the gas selective metal layer onto the substrate. The typical thickness of
the membrane layer supported upon the porous support can be 1n the range of from 0.001 um
to 30 um, but for many gas separation applications, a membrane thickness in the upper end of
this range may be too thick to provide for a reasonable gas flux that allows for a desired gas
separation. Generally, a membrane thickness should be less than 20 um, and pretferably less
than 10 um. As mentioned previously, the claimed invention has shown the ability to achieve
commercially acceptable membranes in fewer steps as compared to other known processes.
[00122] Lastly, the gas separation membrane system or elements thereof made by the
inventive methods described herein may be used in the selective separation of a select gas
from a gas mixture. The gas separation membrane 1s particularly useful in the separation of
hydrogen from a hydrogen-containing gas stream, especially, in high temperature
applications.

[00123] One example of a high temperature application in which the gas separation
membrane system may be used 1s in the steam reforming of a hydrocarbon, such as methane,
to yield carbon monoxide and hydrogen, followed by the reaction of the yielded carbon
monoxide with water 1in a so-called water-gas shift reaction to yield carbon dioxide and
hydrogen. These catalytic reactions are equilibrium type reactions and the inventive gas
separation membrane 1s useful 1n the simultaneous separation of the yielded hydrogen while
conducting the reactions in order to enhance the equilibrium conditions to favor hydrogen
yield. The reaction conditions under which the reactions are simultaneously conducted can
include a reaction temperature in the range of from 400°C to 600°C and a reaction pressure in
the range of from 1 to 60 bars.

[00124] The following examples are provided to further illustrate the invention, but they
are, however, not to be construed as limiting 1ts scope.

Example 1

[00125] This example demonstrates the reduction in surface roughness obtained by the
method according to the invention. In this example an inside-out pressed cylindrical porous
support made from 310 stainless steel was obtained from a commercial vendor. The initial

surface roughness of the support was measured using a ST400 Optical Profilometer marketed and
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sold by Nanovea.RTM. The support was then contacted with the particulate material shown 1n
Figure 2 using the slurry contacting method described above. After removal of excess particulate
material a second contacting step with the particulate material of Figure 1 was conducted. The

surface roughness results are shown 1n Table 1.

Table 1

Inside-out Pressed 310 Stainless Steel Support

Sa (lm) Particulate Material
Untreated support 2.550 n/a
After 1% contacting step 1.898 Figure 2
After 2™ contacting step 1.240 Figure 1
[00126] Subsequent to the particulate material contacting steps, a thin membrane of

palladium was deposited on the treated support utilizing sequential electroless plating and
polishing steps as described above. The resulting gas separation system was then tested at 15
psi and shown to exhibit a gas permeance of 26 m”/(m” hr bar) with no leak development. In
addition the membrane was seen to be quite durable and did not crack under operational
temperatures.

Example 2

[00127] This example demonstrates the reduction 1n surface roughness obtained by the
method according to the invention utilizing three contacting steps. In this example an inside-
out pressed cylindrical porous support made from 310 stainless steel was obtained from a
commercial vendor. The 1nitial surface roughness of the support was measured using a ST400
Optical Profilometer marketed and sold by Nanovea.RTM. The support was then contacted
with the particulate material shown 1n Figure 4 using the slurry contacting method described
above. The contacting and associated steps were repeated two more times using the materials

shown 1n Figures 3 and 2. The surface roughness results are shown 1n Table 2.
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Table 2

Inside-out Pressed 310 Stainless Steel Support

Sa (Um) Particulate Material
Untreated support 5.145 n/a
After 1* contacting step 4.917 Figure 4
After 2™ contacting step 3.368 Figure 3
After 3" contacting step 1.964 Figure 2
[00128] Subsequent to the particulate material contacting steps, a thin membrane of

palladium was deposited on the treated support utilizing sequential electroless plating and
polishing steps as described above. The membrane had a permeance of 35.5 m’/(m” hr bar)
and did not show any increase 1n leak rate over the 1nitial leak rate betore testing which was <
1.0 cc/min at 15 psi. In addition the membrane was seen to be quite durable and no further
leak development was noted under operational temperatures.

Example 3

[00129] This example demonstrates the reduction in surface roughness obtained by the
method according to the invention utilizing four contacting steps as described above. In this
example, an inside-out pressed cylindrical porous support made from 310 stainless steel was
obtained from a commercial vendor. The 1nitial surface roughness of the support was
measured using a ST400 Optical Profilometer marketed and sold by Nanovea.RTM. The
support was then contacted with the particulate material shown in Figure 4 using the slurry
contacting method described above. The contacting and associated steps were repeated three
more times using the materials shown 1n Figures 3, 2, and 1. The surface roughness results

are shown 1n Table 3.
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Table 3

Inside-out Pressed 310 Stainless Steel Support

Sa (Um) Particulate Material
Untreated support 5.074 n/a
After 1* contacting step 4.849 Figure 4
After 2™ contacting step 2.768 Figure 3
After 3" contacting step 2.768 Figure 2
After 4" contacting step 1.727 Figure 1
[00130] Subsequent to the particulate material contacting steps, a thin membrane of

palladium was deposited on the treated support utilizing sequential electroless plating and
polishing steps as described above. The membrane showed no leak when pressurized to 50
ps1 under nitrogen.

[00131] As many possible embodiments may be made of the invention without departing
from the scope thereof, it 1s to be understood that all matter herein set torth 1s to be interpreted
as 1llustrative and not in a limiting sense.

[00132] While the invention has been described with respect to a various embodiments
thereof, 1t will be understood by those skilled in the art that various changes in detail may be
made therein without departing from the spirit, scope, and teaching of the invention.

Accordingly, the invention herein disclosed 1s to be limited only as specified in the following

claims.
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1. A method of making a gas separation system, said method comprising the steps of:

(a) providing a porous metal support having a first surface and a second surface with
each said surface being opposed to the other to thereby define a support thickness, said first
surface of said support having a first mean pore size;

(b) contacting said first surface of said support with a first particulate material having
a first mean particle size that 1s less than said first mean pore size to form a first coated
surface on a coated support;

(¢) removing excess first particulate material from said first coated surface;

(d) contacting said first coated surface with a second particulate material having a
second mean particle size that 1s less than said first mean particle size to form a second coated
surface on said coated support;

(e) removing excess second particulate material from said second coated surface;

(d) depositing at least one layer of a gas selective material to overlie said first surface
of said support; and

(e) annealing said coated support and said at least one layer of gas selective material
wherein said annealing 1s conducted at a temperature that encourages grain growth of the gas

selective material.

2. A method according to claim 1 wherein at least one of said contacting steps i1s
conducted while applying a pressure differential of a higher pressure and a lower pressure
across said support thickness with said higher pressure being applied to the side of said first

surface

3. A method according to either claim 1 or claim 2 further comprising a third contacting
step, said third contacting step comprising contacting said second coated surface with a third
particulate material having a third mean particle size that 1s less than said second mean
particle size to form a third coated surtace on said coated support, said third contacting step

occurring prior to said deposition step.
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4 A method according to anyone of claims 1 through 3 wherein said annealing occurs in

the absence of hydrogen until the annealing temperature 1s above 300° C.

J. A method according to anyone of claims 1 through 3 wherein said first particulate
material 1s selected from the group consisting of noble metal eggshell catalysts, refractory
metals, 1norganic oxides, and combinations thereof and said second particulate material 1s
selected from the group consisting of noble metal eggshell catalysts, refractory metals,

inorganic oxides, and combinations thereof.

0. A method according to anyone of claims 1 through Swherein the particulate material

used 1n each contacting step can be the same or different.

7. A method according to claims 1 through 6 wherein said first coated surface has a
measurable first surface roughness, said second coated surface has a measurable second

surface roughness and said second surface roughness 1s less than said first surtace roughness.

3. A method of making a gas separation system, said method comprising the steps of:

(a) providing a porous metal support having a first surface and a second surface with
each said surface being opposed to the other to thereby define a support thickness, said first
surface of said support having a measurable 1nitial surface roughness and an initial mean pore
s1ze:

(b) contacting said first surface of said support with a first particulate material having
a first mean particle size that 1s less than said initial mean pore size to form a first coated
surface on a coated support, said first coated surface having a measured first surface
roughness;

(¢) removing excess first particulate material from said first coated surface;

(d) contacting said first coated surface with a second particulate material having a
second mean particle size that 1s less than said first mean particle size to form a second coated
surface on said coated support, said second coated surtace having a measured second surface
roughness; and

(e) removing excess second particulate material from said second coated surtace; and

(f) contacting said second coated surface with a third particulate material having a
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third mean particle size that 1s less than the second mean particle size to form a third coated
surface having a third measured surface roughness;
wherein the measured surface roughness of said third coated surface i1s less than the

measured surface roughness of said first coated surtace.

9. A method according to claim & further comprising the steps of depositing at least one
layer of gas selective material to overlie said first surface of said support and annealing said

support and at least one layer of gas selective material wherein said annealing occurs in the

absence of hydrogen until the annealing temperature 1s above 300°C.

10. A method according to claim 8 or 9 further comprising the step of drying the coated

surtface before excess particulate material has been removed.

11. A method according to anyone of claims 8 throughl0 wherein said porous support 1s

formed by an inside-out pressing technique.

12. A method according to anyone of claims 8 through 11 wherein the measured surface

roughness of the coated support prior to said deposition 1s characterized by a surface

roughness (Sa) between 0.1 um and 3.5 um.

13. A method according to anyone of claims 8 through 12 wherein said first particulate
material 1s selected from the group consisting of noble metal eggshell catalysts, refractory
metals, inorganic oxides, and combinations thereof and said second particulate material 1s
selected from the group consisting of noble metal eggshell catalysts, refractory metals,

inorganic oxides, and combinations thereof.

14, A method according to anyone of claims 8 through 13 wherein at least one of said
contacting steps 1s conducted while applying a pressure differential of a higher pressure and a
lower pressure across said support thickness with said higher pressure being applied to the

side of said first surface.
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Figure 1
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