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CATALYST CONTAINING OXYGEN TRANSPORT MEMBRANE

Field of the Invention

[0001] The present invention relates to a composite
oxygen transport membrane in which catalyst particles,
selected to promote oxidation of a combustible
substance, are located within an intermediate porous
layer that is in turn located between a dense layer and
a porous support layer and within the porous support
and a method of applying the catalyst to the
intermediate porous layer and the porous support layer
through wicking of catalyst precursors through the

porous support layer to the intermediate porous layer.

Background of the Invention

[0002] Oxygen transport membranes function by
transporting oxygen ions through a material that is
capable of conducting oxygen ions and electrons at
elevated temperatures. Such materials can be mixed
conducting in that they conduct both oxygen ions and
electrons or a mixture of materials that include an
ionic conductor capable of primarily conducting oxygen
ions and an electronic conductor with the primary
function of transporting the electrons. Typical mixed
conductors are formed from doped perovskite materials.
In case of a mixture of materials, the ionic conductor
can be yttrium or scandium stabilized zirconia and the
electronic conductor can be a perovskite that will
transport electrons, a metal or metal alloy or a

mixture of the perovskite, the metal or metal alloy.
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[0003] When a partial pressure difference of oxygen
is applied on opposite sides of such a membrane, oxygen
ions will ionize on one surface of the membrane and
emerge on the opposite side of the membrane and
recombine into elemental oxygen. The free electrons
resulting from the combination will be transported back
through the membrane to ionize the oxygen. The partial
pressure difference can be produced by providing the
oxygen containing feed to the membrane at a positive
pressure or by supplying a combustible substance to the
side of the membrane opposing the oxygen containing
feed or a combination of the two methods.

[0004] Typically, oxygen transport membranes are
composite structures that include a dense layer
composed of the mixed conductor or the two phases of
materials and one or more porous supporting layers.
Since the resistance to oxygen ion transport is
dependent on the thickness of the membrane, the dense
layer is made as thin as possible and therefore must be
supported. Another limiting factor to the performance
of an oxygen transport membrane concerns the supporting
layers that, although can be active, that is oxygen ion
or electron conducting, the layers themselves can
consist of a network of interconnected pores that can
limit diffusion of the oxygen or fuel or other
substance through the membrane to react with the
oxygen. Therefore, such support layers are typically
fabricated with a graded porosity in which the pore
size decreases in a direction taken towards the dense
layer or are made highly porous throughout. The high
porosity, however, tends to weaken such a structure.

[0005] US Patent No. 7,229,537 attempts to solve
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such problems by providing a support with cylindrical
or conical pores that are not connected and an
intermediate porous layer located between the dense
layer and the support that distributes the oxygen to
the pores within the support. Porous supports can also
be made by freeze casting techniques, as described in
10, No. 3, Advanced Engineering Materials, “Freeze-
Casting of Porous Ceramics: A Review of Current
Achievements and Issues” (2008) by Deville, pp. 155-
169. In freeze casting, a liquid suspension is frozen.
The frozen liquid phase is then sublimated from a solid
to a vapor under reduced pressure. The resulting
structure is sintered to consolidate and densify the
structure. This leads to a porous structure having
pores extending in one direction and that have a low
toruosity. Such supports have been used to form
electrode layers in solid oxide fuel cells. 1In
addition to the porous support layers, a porous surface
exchange layer can be located on the opposite side of
the dense layer to enhance reduction of the oxygen into
oxygen ions. Such a composite membrane is illustrated
in US Patent No. 7,556,626 that utilizes two phase
materials for the dense layer, the porous surface
exchange layer and the intermediate porous layer.

These layers are supported on a porous support that can
be formed of zirconia.

[0006] As mentioned above, the oxygen partial
pressure difference can be created by combusting a fuel
or other combustible substance with the separated
oxygen. The resulting heat will heat the oxygen
transport membrane up to operational temperature and

excess heat can be used for other purposes, for
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example, heating a fluid, for example, raising steam in
a boiler or in the combustible substance itself. While
perovskite materials will exhibit a high oxygen flux,
such materials tend to be very fragile under
operational conditions such as in the heating of a
fluid. This is because the perovskite will have a
variable stoichiometry with respect to oxygen. 1In air
it will have one value and in the presence of a fuel
that is undergoing combustion it will have another
value. The end result is that at the fuel side, the
material will tend to expand relative to the air side
and a dense layer will therefore, tend to fracture. 1In
order to overcome this problem, a mixture of materials
can be used in which an ionic conductor is provided to
conduct the oxygen ions and an electronic conductor is
used to conduct the electrons. Where the ionic
conductor is a fluorite, this chemical expansion is
restrained, and therefore the membrane will be less
susceptible to structural failure. However, the
problem with the use of a fluorite, such as a
stabilized zirconia, is that such a material has a
lower oxygen ion conductivity. As a result, far more
oxygen transport membrane elements are required for
such a dual phase type of membrane as compared with one
that is formed from a single phase perovskite.

[0007] As will be discussed, the present invention
provides a robust oxygen transport membrane that
utilizes a fluorite as an ionic conductor and that
incorporates a deposit of a catalyst in an intermediate
porous layer located between a dense layer and a porous
support to promote oxidation of the combustible

substance and thereby increase the oxygen flux that



WO 2011/090645 PCT/US2010/061280

would otherwise have been obtained with the use of a

fluorite as an ionic conductor.

Summary of the Invention

[0008] The present invention provides a composite
oxygen transport membrane that comprises a membrane
element having a plurality of layers that comprise a
dense layer, a porous support and an intermediate
porous layer located between the dense layer and the
porous support. Each of the dense layer and the
intermediate porous layer are capable of conducting
oxygen ions and electrons at an elevated operational
temperature to separate oxygen from an oxygen
containing feed. The dense layer and the intermediate
porous layer comprising a mixture of an ionic
conductive material and an electrically conductive
material to conduct oxygen ions and electrons,
respectively. The ionic conductive material is
composed of a fluorite. The intermediate porous layer
has a lower permeability and a smaller average pore
size than the porous support layer to distribute the
oxygen separated by the dense layer towards the porous
support layer. Catalyst particles or a solution
containing precursors of the catalyst particles are
located in the intermediate porous layer and in the
porous support adjacent to the intermediate porous
layer. The catalyst particles contain a catalyst
selected to promote oxidation of the combustible
substance in the presence of the oxygen when the
combustible substance is introduced into the pores of
the porous support, on a side thereof opposite to the

intermediate porous layer. The membrane element as
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described above will exhibit an increase in oxygen flux
as compared to a membrane employing a dual phase
conductor in which the ionic conductor is composed of a
fluorite.

[0009] The porous support layer can have a
permeability of between 0.25 Darcy and about 0.5 Darcy
and an average porosity of greater than about 20
percent to inhibit diffusion resistance of a
combustible substance through the porous support layer
and the combustion products produced through combustion
of the combustible substance. Standard procedures for
measuring the permeability of a substrate in terms of
Darcy number are outlined in ISO 4022.

[0010] It is to be noted that the term “combustible
substance” as used herein and in the claims means any
substance that is capable of being oxidized, including,
but not limited, to a fuel in case of a boiler, a
hydrocarbon containing substance for purposes of
oxidizing such substance for producing a hydrogen and
carbon monoxide containing synthesis gas or the
synthesis gas itself for purposes of supplying heat to,
for example, a reformer. As such the term, “oxidizing”
as used herein and in the claims encompasses both
partial and full oxidation of the substance.

[0011] The porous support layer can be a freeze cast
substance. Another possibility is to fabricate the
porous support layer with cylindrical or conical pores.
The catalyst can be gadolinium doped ceria. Further,
the plurality of layers can also comprise a porous
surface exchange layer in contact with the dense layer
opposite to the intermediate porous layer and the

catalyst is gadolinium doped ceria. The support layer
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is preferably formed from a fluorite, for example 3mol%
yttria stabilized zirconia, or 3YSZ.

[0012] In a specific embodiment of the present
invention, the intermediate porous layer can have a
thickness of between about 10 microns and about 40
microns, a porosity of between about 25 percent and
about 40 percent and an average pore diameter of
between about 0.5 microns and about 3 microns. The
dense layer can have a thickness of between about 10
microns and about 30 microns. The porous surface
exchange layer can be provided with a thickness of
between about 10 microns and about 40 microns, a
porosity of between about 30 percent and about 60
percent and a pore diameter of between about 1 microns
and about 4 microns and the support layer can have a
thickness of between about 0.5 mm and about 4 mm and a
pore size no greater than 50 microns. The intermediate
porous layer can contain a mixture of about 60 percent
by weight of (Lao.s255r0.175)0.96Cro.76F€0.225V0.01503-5,
remainder 10SclY¥SZ, the dense layer can be formed of a

mixture of about 40 percent by weight of

(Lao.g258r0.175) 0.94Cro.72Mng.26V0.0203-5, remainder 10SclYSZ
and the porous surface exchange layer can be formed by
a mixture of about 50 percent by weight of

(Lag.sSrg.2) 0.98Mn0Os-5, remainder 10SclYSZ. 1In such case,
the support layer is formed from 3YSZ. The support
layer can be formed of a freeze cast material that has
a permeability of between about 0.25 Darcy and about
0.5 Darcy and pores that are about 3 microns in
diameter at a side of the porous support layer that is

adjacent to the intermediate porous support and about
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10 microns in diameter at the opposite side of the
porous support layer.

[0013] In another aspect, the present invention
provides a method of applying a catalyst to a composite
oxygen transport membrane. In accordance with such
method, a composite oxygen transport membrane is formed
in a sintered state. The composite oxygen transport
membrane has a plurality of layers comprising a dense
layer, a porous support layer and an intermediate
porous layer located between the dense layer and the
porous support layer, each of the dense layer and the
intermediate porous layer capable of conducting oxygen
ions and electrons at an elevated operational
temperature to separate oxygen from an oxygen
containing feed. The dense layer and the intermediate
porous layer comprising a mixture of an ionic
conductive material and electrically conductive
materials to conduct oxygen ions and electrons,
respectively; the ionic conductive material being a
fluorite. A solution containing catalyst precursors is
applied to the porous support layer on a side thereof
opposite to the intermediate porous layer. The
catalyst precursors are selected to produce a catalyst
upon applying heat to the solution and the catalyst is
capable of promoting oxidation of the combustible
substance in the presence of the oxygen. Pores within
the porous support layer are infiltrated with the
solution so that the solution penetrates the pores and
also, at least partially infiltrates the intermediate
porous layer. The infiltration of the pores is
conducted, at least in part, from the solution wicking

through the pores, from one side of the porous support
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layer located opposite to the intermediate porous layer
to the other side of the intermediate porous layer
located adjacent to the intermediate porous layer. The
composite oxygen transport membrane is heated after
infiltrating the pores and the intermediate porous
layer such that the catalyst is formed from the
catalyst precursors.

[0014] The porous support layer can have a
permeability of between 0.25 Darcy and about 0.5 Darcy
and an average porosity of greater than about 20
percent. The porous support layer can be formed by
freeze casting. The solution can be an aqueous metal

ion solution containing 20 mol% Gd(NO3)s3; and 80 mol%

Ce (NO3) 3 that when sintered forms Gdp.sCep.202-5. A
pressure can be established on the side of the support
layer to assist in the infiltration of the solution or
the pores can first be evacuated of air using a vacuum
to further assist in wicking of the solution and
prevent the opportunity of trapped air in the pores
preventing wicking of the solution all the way through
the support structure to the intermediate layer. The
composite oxygen transport membrane can be heated in
service or alternatively, can be heated prior to being
placed in service. The term “service” as used herein
and in the claims means contacting the composite oxygen
transport membrane with an oxygen containing substance
and a combustible substance and oxidizing the
combustible substance with oxygen transported through

the membrane to generate the heat.
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Brief Description of the Drawings

[0015] While the specification concludes with claims
distinctly pointing out the subject matter that
Applicants regard as their invention, it is believed
that the invention will be better understood when taken
in connection with the accompanying drawings in which:
[0016] Fig. 1 is a cross-sectional schematic view of
a composite oxygen transport membrane element of the
present invention that is fabricated in accordance with

a method of the present invention;

[0017] Fig. 2 is an alternative embodiment of Fig.
1; and

[0018] Fig. 3 is an alternative embodiment of Fig.
1.

Detailed Description

[0019] With reference to Figure 1, a sectional view
of a composite oxygen transport membrane element 1 in
accordance with the present invention is illustrated.
As could be appreciated by those skilled in the art,
such composite oxygen transport membrane element 1
could be in the form of a tube or a flat plate. Such
composite oxygen transport membrane element 1 would be
one of a series of such elements situated within a
device to heat a fluid such as a boiler or other
reactor having such a requirement.

[0020] Composite oxygen transport membrane element 1
is provided with a dense layer 10, a porous support
layer 12 and an intermediate porous layer 14 located
between the dense layer 10 and the porous support layer
12. A preferable option is, as illustrated, to also

include a porous surface exchange layer 16 in contact
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with the dense layer 10, opposite to the intermediate
porous layer 14. Catalyst particles 18 are located in
the intermediate porous layer 14 that are formed of a
catalyst selected to promote oxidation of a combustible
substance in the presence of oxygen separated by the
composite membrane element 1.

[0021] Operationally, air or other oxygen containing
fluid is contacted on one side of the composite oxygen
transport membrane element 1 and more specifically,
against the porous surface exchange layer 16 in the
direction of arrowhead “A”. The porous surface
exchange layer 16 is porous and is capable of mixed
conduction of oxygen ions and electrons and functions
to ionize some of the oxygen. The oxygen that is not
ionized at and within the porous surface exchange layer
16, similarly, also ionizes at the adjacent surface of
the dense layer 10 which is also capable of such mixed
conduction of oxygen ions and electrons. The oxygen
ions are transported through the dense layer 10 to
intermediate porous layer 14 to be distributed to pores
20 of the porous support layer 12. Some of the oxygen
ions, upon passage through the dense layer will
recombine into elemental oxygen. The recombination of
the oxygen ions into elemental oxygen is accompanied by
the loss of electrons that flow back through the dense
layer to ionize the oxygen at the opposite surface
thereof.

[0022] At the same time, a combustible substance,
for example a hydrogen and carbon monoxide containing
synthesis gas, is contacted on one side of the porous
support layer 12 that is located opposite to the

intermediate porous layer 14 as indicated by arrowhead



WO 2011/090645 PCT/US2010/061280

“B”. The combustible substance enters pores 20,
contacts the oxygen and burns through combustion
supported by the oxygen. The combustion is promoted by
the catalyst that is present by way of catalyst
particles 18.

[0023] The presence of combustible fuel on the side
of the composite oxygen ion transport membrane element
1, specifically the side of the dense layer 10 located
adjacent to the intermediate porous layer 14 provides a
lower partial pressure of oxygen. This lower partial
pressure drives the oxygen ion transport as discussed
above and also generates heat to heat the dense layer
10, the intermediate porous layer 14 and the porous
surface exchange layer 16 up to an operational
temperature at which the oxygen ions will be conducted.
In specific applications, the incoming oxygen
containing stream can also be pressurized to enhance
the oxygen partial pressure difference between opposite
sides of the composite oxygen ion transport membrane
element 1. Excess heat that is generated by combustion
of the combustible substance will be used in the
specific application, for example, the heating of water
into steam within a boiler or for heating the
combustible substance itself for later partial
oxidation reactions.

[0024] As indicated above, the use of a single phase
mixed conducting material such as a perovskite has the
disadvantage of exhibiting chemical expansion, or in
other words, one side of a layer, at which the oxygen
ions recombine into elemental oxygen, will expand
relative to the opposite side thereof. This resulting

stress can cause failure of such a layer or separation
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of the layer from adjacent layers. In order to avoid
this, the dense layer 10, the intermediate porous layer
14 and the porous surface exchange layer 16 were all
formed of a two phase system comprising a fluorite in
one phase as the ionic conductor of the oxygen ions and
an electronic conducting phase that in the illustrated
embodiment is a perovskite. In the illustrated
embodiment, the porous support layer 12 was formed of
the fluorite only and as such does not exhibit
significant mixed conduction. However, as will be
discussed, other materials for a porous support layer
are possible such as oxide disbursed strengthened
metals or other high strength ceramic materials. The
material used in forming the porous support layer 12
preferably has a thermal expansion coefficient in the
range 9 x 107 cm/cm x K' and 12 x 107° cm/cm x K' in
the temperature range of 20°C to 1000°C; where “K” is
the temperature in Kelwvin.

[0025] As discussed above, dense layer 10 functions
to separate oxygen from an oxygen containing feed
exposed to one surface of the oxygen ion transport
membrane 10 and contains an electronic and ionic
conducting phases. As discussed above, the electronic
phase of (La,Sr.Cei, ) CrMn,V,035 ("LSCMV”), where u is
from about 0.7 to about 0.9, v is from about 0.1 to
about 0.3 and (l-u-v) 1s greater than or equal to zero,
w is from about 0.94 to about 1, x is from about 0.67
to about 0.77, y is from about 0.2 to about 0.3, z is
from about 0.015 to about 0.03, and x+y+z =1. The
ionic phase is Zr,ScyiA,:0s5 (VYScZ”), where y' is from
about 0.08 to about 0.15, z' is from about 0.01 to

about 0.03, x"+y'+z'=1l and A is Y or Ce or mixtures of
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Y and Ce. The variable “&” as used in the formulas set
forth below for the indicated substances, as would be
known in the art would have a value that would render
such substances charge neutral. It is to be noted,
that since the gquantity (l-u-v) can be equal to zero,
cerium may not be present within an electronic phase of
the present invention. 1In fact, preferably, the dense
layer 10 contains a mixture of about 40 percent by
welight of (Laog.s255r0.175) 0.94Cro.72Mno.26V0.0203-5, remainder
10SclYSZ. As also mentioned above, in order to reduce
the resistance to oxygen ion transport, the dense layer
should be made as thin as possible and in the
illustrated embodiment has a thickness of between about
10 microns and about 30 microns.

[0026] Porous surface exchange layer 16 enhances the
surface exchange rate by enhancing the surface area of
the dense layer 10 while providing a path for the
resulting oxygen ions to diffuse through the mixed
conducting oxide phase to the dense layer 10 and for
oxygen molecules to diffuse through the open pore space
to the same. The porous surface exchange layer 16
therefore, reduces the loss of driving force in the
surface exchange process and thereby increases the
achievable oxygen flux. As indicated above, it also
can be a two-phase mixture containing an electronic
conductor composed oOf (Layx +'Sri-xrir)y ' MO3-5, where x'''
is from about 0.2 to about 0.9, y''' is from about 0.95
to 1, M=Mn, Fe and an ionic conductor composed of Zr,
Scyj”AZiVO}@, where y*’ is from about 0.08 to about

0.15, z'V is from about 0.01 to about 0.03, x'V+y'V+zl'=1
and A=Y,Ce. In the illustrated embodiment, porous

surface exchange layer 16 is formed of a mixture of
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about 50 percent by weight of (Lap.sSro.2)0.9sMn0Os-s,
remainder 10SclY¥SZ. The porous surface exchange layer
is a porous layer and preferably has a thickness of
between about 10 microns and about 40 microns, a
porosity of between about 30 percent and about 60
percent and a pore diameter of between about 1 microns
and about 4 microns.

[0027] The intermediate porous layer 14 is formed of
the same mixture as the dense layer 10 and preferably
has a thickness of between about 10 microns and about
40 microns, a porosity of between about 25 percent and
about 40 percent and an average pore diameter of
between about 0.5 microns and about 3 microns. 1In
addition, incorporated within the intermediate porous
layer 14 are catalyst particles 18. Catalyst particles
18 are preferably gadolinium doped ceria (“CGO”) that
have a size of between about 0.1 and about 1 microns.
Preferably, the intermediate porous layer 14 contains a
mixture of about 60 percent by weight of

(Lao.s255r0.175) 0.96Cr0.76F€0.225V0.01503-5, remainder 10SclYSZ.
It is to be noted that intermediate porous layer 14 as
compared with the dense layer 10 contains Iron in place
of Manganese, a lower A-site deficiency, a lower
transition metal (Iron) content on the B-site, and a
slightly lower concentration of wvanadium on the B-site.
It has been found by the inventors herein that the
presence of Iron aids combustion in the intermediate
porous layer, also that the presence of Manganese at
higher concentration and a higher A-site deficiency in
the dense layer improves electronic conductivity and
sintering kinetics. A higher concentration of wvanadium

is present in the dense layer because vanadium is a
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sintering aid, and is required for densification of the
dense layer. Vanadium is required in lesser extent in
the intermediate porous layer to match shrinkage and
expansion characteristics with the dense layer.

[0028] The porous support layer 12 can be formed by
known freeze casting techniques. Although pores 20 are
indicated as being a regular network of non-
interconnected pores, in fact there exists some degree
of connection between pores 20 towards the intermediate
porous layer 14. Consequently, intermediate porous
layer 14 has a tortuosity of greater than 1. However,
as indicated previously, the open porous network
provided by the porous support layer should be selected
so as to promote diffusion of the combustible substance
to the intermediate porous layer 14 and the flow of
combustion products such as steam and carbon dioxide
from the pores 20 in a direction opposite to that of
arrowhead “B”. The porosity of porous support layer 14
should be greater than about 20 percent both for the
embodiment illustrated in Figure 1 as well as other
possible embodiments of the present invention. The
porous support layer 12 preferably has a permeability
of between about 0.25 Darcy and about 0.5 Darcy.

Porous support layer 12 preferably has a thickness of
between about 0.5 mm and about 4 mm and a pore size of
no greater than 50 microns, again, in any embodiment.
This being said, for the freeze cast porous support
layer 14, the permeability preferably between about
0.25 Darcy and about 0.5 Darcy and the pores wvary in
diameter from about 3 microns at the size of porous
support layer 12 adjacent to the intermediate porous

layer 14 and about 10 microns at the opposite side of
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the porous support layer 12. Porous support layer 12
is fabricated from 3YSZ. Additionally, porous support
layer 12 also has catalyst particles 18 located
adjacent to the intermediate porous layer 14 within
pores 20 for purposes of also promoting combustible
substance oxidation. The presence of the catalyst
particles 18 both within the intermediate porous layer
and within the porous support layer 12 provides
enhancement of oxygen flux and therefore generation of
more heat that can be obtained by either providing
catalyst particles within solely the intermediate
porous layer 14 or the porous support layer 12 alone.
It is to be noted that to a lesser extent, catalyst
particles 18 can also be located in region of the pores
20 that are more remote from the intermediate porous
layer 14, and therefore do not participate in promoting
fuel oxidation. However, the bulk of catalyst in a
composite oxygen transport element of the present
invention is, however, located in the intermediate
porous layer 14 and within the pores 20, adjacent the
intermediate porous layer 14.

[0029] With brief reference to Figures 2 and 3, the
porous support layers 127 and 12'’ illustrated in such
Figures can have cylindrical pores 20’ or conical pores
20’7 . Such pores could be formed from E-beam drilling
or laser cutting techniques and as such the tortuosity
would be equal to 1. Further, such supporting
structure could be fabricated from materials such as
oxide disbursed strengthened metals or other high
strength ceramic materials.

[0030] In forming a composite oxygen transport

membrane element in accordance with the present
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invention, the porous support (12 or 12’ or 12''") is
first formed in a manner known in the art and as set
forth in the references discussed above. For example,
a freeze cast supporting structure could be formed in
the manner discussed in “Freeze-Casting of Porous
Ceramics: A Review of Current Achievements and Issues”
(2008) by Deville, pp. 155-169 and a porous support
having cylindrical or conical pores could be formed as
discussed in US Patent No. 7,229,537. In either of
such cases, the porous support could be formed into a
tube in a green state and then subjected to a bisque
firing at 1050°C for 4 hours to achieve reasonable
strength for further handling. After firing, the
resulting tube can be checked for porosity and
permeability and stored in a dry oven at about 60°C.
[0031] After forming the green tube, intermediate
porous layer 14 is then formed. A mixture of about 34
grams of powders having electronic and ionic phases,
LSCMV and 10SclYSZ, respectively, i1s prepared so that
the mixture contains equal proportions by volume of
LSCMV and 10SclYSZ. Prior to forming the mixture, the
catalyst particles of 18 that can be CGO are so
incorporated into the electronic phase LSCMV by forming
deposits of such particles on the electronic phase, for
example, by precipitation. However, it is more
preferable to form the catalyst particles 18 within the
intermediate porous layer by wicking a solution
containing catalyst precursors through the porous
support layer 12 towards the intermediate porous layer
14 as described below. As such, there is no
requirement to deposit particles of catalyst on the

electronic phase. The electronic phase particles are
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each about 0.3 microns prior to firing and the catalyst
particles are about 0.1 microns or less and are present
in a ratio by weight of 10wt%. To the mixture, 100
grams of toluene, 20 grams of the binder of the type
mentioned above, 400 grams of 1.5 mm diameter YSZ
grinding media are added. The mixture is then milled
for about 6 hours to form a slurry (dsy of about
0.34pm) . About 6 grams of carbon black having a
particle size of about d50 = 0.8pm is then added to the
slurry and milled for additional 2 hours. An
additional 10 grams of toluene and about 10 grams of
additional binder were added to the slurry and mixed
for between about 1.5 and about 2 hours. The inner
wall of the green tube formed above is then coated by
pouring the slurry, holding once for 5 seconds and
pouring out the residual back to the bottle. The
coated green tube is then dried and fired at 850°C for
1 hour in air for binder burnout.

[0032] The dense layer 10 is then applied. A
mixture weighing about 40 grams is prepared that
contains the same powders as used in forming the
intermediate porous layer 14, discussed above, except
that the ratio between LSCMV and 10SclY¥SZ is about
40/60 by volume, 2.4 grams of cobalt nitrate
{Co(NO3),.6H0}, 95 grams of toluene, 5 grams of
ethanol, 20 grams of the binder identified above, 400
grams of 1.5 mm diameter YSZ grinding media are then
added to the mixture and the same is milled for about
10 hours to form a slurry (dsg ~ 0.34um). Again, about
10 grams of toluene and about 10 grams of binder are
added to the slurry and mixed for about 1.5 and about 2

hours. The inner wall of the tube is then coated by
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pouring the slurry, holding once for 10 seconds and
pouring out the residual back to the bottle. The tube
is then stored dry prior to firing the layers in a
controlled environment.

[0033] The coated green tube is then placed on a C-
setter in a horizontal tube furnace and porous alumina
tubes impregnated with chromium nitrate are placed
close to the coated tube to saturate the environment
with chromium vapor. The tubes are heated in static
air to about 800°C for binder burnout and the
environment is switched to an atmosphere of a saturated
nitrogen mixture (nitrogen and water vapor) that
contains about 4 percent by volume of hydrogen to allow
the vanadium containing electronic conducting
perovskites to properly sinter. The tube is held at
about 1350°C to 1400°C for 8 hours and then cooled in
nitrogen to complete the sintering of the materials.
The sintered tube is checked for helium leak rates that
should be lower than 10 'Pa.

[0034] Surface exchange layer 16 is then applied. A
mixture of powders is prepared that contains about 35g
of equal amounts of ionic and electronic phases having
chemical formulas of Zrg.805Cp.1Y0.0102-5 and Lag.gSrp.2FeOs-
5., respectively. To this mixture, about 100 grams of
toluene, 20 grams of the binder identified above, about
400 grams of 1.5 mm diameter YSZ grinding media are
added and the resultant mixture is milled for about 14
hours to form a slurry (dsy ~ 0.4pm). About six grams
of carbon black are added to the slurry and milled for
additional 2 hours. A mixture of about 10 grams of
toluene and about 10 grams of the binder are then added

to the slurry and mixed for between about 1.5 and about
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2 hours. The inner wall of the tube is then coated by
pouring the slurry, holding twice for about 10 seconds
and then pouring out the residual back to the bottle.
The coated tube is then dried and fired at 1100°C for
two hours in air.

[0035] The structure formed in the manner described
above is in a fully sintered state and the catalyst is
then further applied by wicking a solution containing
catalyst precursors in the direction of arrowhead B at
the side of the porous support 12 opposite to the
intermediate porous layer 14. The solution can be an
aqgueous metal ion solution containing 20 mol% Gd(NOj3);
and 80 mol% Ce(NOs);. A pressure can be established on
the side of the support layer to assist in the
infiltration of the solution or the pores can first be
evacuated of air using a vacuum to further assist in
wicking of the solution and prevent the opportunity of
trapped air in the pores preventing wicking of the
solution all the way through the support structure to
the intermediate porous layer 14. The resulting
composite oxygen transport membrane 1 in such state can
be directly placed into service or further fired prior
to being placed into service so that the particles 18,
in this case Ceq.sGdp.202-5, are formed in the porous
support 12 adjacent to the intermediate porous layer 14
and as described above, within the intermediate porous
layer 14 itself. The firing to form Ceqy 3Gdp.202-5 would
take place at a temperature of about 850°C and would
take about 1 hour to form the particles 18.

[0036] Although the present invention has been

described with reference to a preferred embodiment, as
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will occur to those skilled in the art, changes and
additions to such embodiment can be made without
departing from the spirit and scope of the present

invention as set forth in the appended claims.
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We claim:
1. A composite oxygen transport membrane, said

composite oxygen transport membrane comprising:

a membrane element having a plurality of
layers;

the plurality of layers comprising a dense
layer, a porous support layer and an intermediate
porous layer located between the dense layer and the
porous support layer, each of the dense layer and the
intermediate porous layer capable of conducting oxygen
ions and electrons at an elevated operational
temperature to separate oxygen from an oxygen
containing feed;

the dense layer and the intermediate porous
layer comprising a mixture of an ionic conductive
material and electrically conductive materials to
conduct oxygen ions and electrons, respectively, the
ionic conductive material being a fluorite;

the intermediate porous layer having a
smaller average pore size than the porous support layer
to distribute the oxygen separated by the dense layer
towards the porous support layer; and

catalyst particles or a solution containing
precursors of the catalyst particles located in the
intermediate porous layer and in the porous support
adjacent to the intermediate porous layer, the catalyst
particles containing of a catalyst selected to promote
oxidation of a combustible substance in the presence of
the oxygen when the combustible substance is introduced
into the pores of the porous support, on a side thereof

opposite to the intermediate porous layer.
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2. The composite oxygen transport membrane
element of claim 1, wherein said porous support layer
has a permeability of between 0.25 Darcy and 0.5 Darcy,

an average porosity of greater than about 20 percent.

3. The composite oxygen transport membrane of
claim 2, wherein said porous support layer is a freeze

cast substance.

4, The composite oxygen transport membrane of
claim 1, wherein said porous support layer has

cylindrical or conical pores.

5. The composite oxygen transport membrane of
claim 1 or claim 2 or claim 3 or claim 4, wherein the

catalyst is gadolinium doped ceria.

6. The composite oxygen transport membrane of
claim 1, wherein the plurality of layers also comprise
a porous surface exchange layer in contact with the
dense layer opposite to the intermediate porous layer

and the catalyst is gadolinium doped ceria.

7. The composite oxygen transport membrane of
claim 6, wherein the support layer is formed from a

flourite.

8. The composite oxygen transport membrane of
claim 6, wherein:
the intermediate porous layer has a thickness
of between about 10 microns and about 40 microns, a

porosity of between about 25 percent and about 40
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percent and an average pore diameter of between about
0.5 microns and about 3 microns;

the dense layer has a thickness of between
about 10 microns and about 30 microns;

the porous surface exchange layer has a
thickness of between about 10 microns and about 40
microns, a porosity of between about 30 percent and
about 60 percent and a pore diameter of between about 1
microns and about 4 microns; and

the porous support layer has a thickness of
between about 0.5 mm and about 4 mm and a pore size no

greater than 50 microns.

9. The composite oxygen transport membrane of

claim 8, wherein:

the intermediate porous layer contains a
mixture of about 60 percent by weight of
(Lao.s255r0.175) 0.96Cr0.76F€0.225V0.01503-5, remainder 10SclYSZ;

the dense layer contains a mixture of about
40 percent by weight of (Lag.s255rg.175)0.94Cro.72Mng.26V0.0203-
s, remainder 10SclYSZ;

the porous surface exchange layer is formed
by a mixture of about 50 percent by weight of
(Lag.sSro.2) 0.98Mn0Os-5, remainder 10SclYSZ; and

the support layer is formed from 3YSZ.

10. The composite oxygen transport membrane of
claim 9, wherein the porous support layer is formed of
a freeze cast substance that has a ratio of the
permeability of between 0.25 Darcy and about 0.5 Darcy
and pores that are about 3 microns in diameter at a

side of the porous support layer adjacent to the
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intermediate porous layer and about 10 microns in
diameter at the opposite side of the porous support

layer.

11. A method of applying a catalyst to a
composite oxygen transport membrane, said method
comprising:

forming a composite oxygen transport membrane
in a sintered state, said composite oxygen transport
membrane having a plurality of layers comprising a
dense layer, a porous support layer and an intermediate
porous layer located between the dense layer and the
porous support layer, each of the dense layer and the
intermediate porous layer capable of conducting oxygen
ions and electrons at an elevated operational
temperature to separate oxygen from an oxygen
containing feed;

the dense layer and the intermediate porous
layer comprising a mixture of an ionic conductive
material and an electrically conductive materials to
conduct oxygen ions and electrons, respectively, the
ionic conductive material being a fluorite;

applying a solution containing catalyst
precursors to the porous support layer on a side
thereof opposite to the intermediate porous layer, the
catalyst precursors selected to produce a catalyst,
upon applying heat to the solution and the catalyst
capable of promoting oxidation of the combustible
substance in the presence of the oxygen;

infiltrating pores within the porous support

layer with the solution so that the solution penetrates
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the pores and also, at least partially infiltrates the
intermediate porous layer;

the infiltrating of the pores being
conducted, at least in part, from the solution wicking
through the pores, from one side of the porous support
layer located opposite to the intermediate porous layer
to the other side of the porous support layer located
adjacent to the intermediate porous layer; and

heating the composite oxygen transport
membrane after infiltrating the pores and the
intermediate porous layer such that the catalyst is

formed from the catalyst precursors.

12. The method of claim 11, wherein said porous
support layer having a permeability of between 0.25
Darcy and about 0.5 Darcy and an average porosity of

greater than about 20 percent.

13. The method of claim 11, wherein the support

layer is formed by freeze casting.

14. The method of claim 11, wherein the pores of
the support layer are of cylindrical or conical

configuration.

15. The method of c¢laim 12 or claim 13, wherein
the solution is an aqueous metal ion solution

containing 20 mol% Gd(NO3)s3; and 80 mol® Ce (NOs3)s; that

when sintered forms Gdp.gCep.202-5.
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16. The method of claim 14, wherein a pressure is
established on the second side of the support layer to
assist in the infiltration of the solution or the pores
can first be evacuated of air using a vacuum to further
assist in wicking of the solution and prevent the
opportunity of trapped air in the pores preventing
wicking of the solution all the way through the support

structure to the intermediate layer.

17. The method of claim 11, wherein the composite

oxygen transport membrane is heated in service.

18. The method of claim 11, wherein the composite

oxygen transport membrane is heated prior to being

placed in service.

_28_
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