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[57] ABSTRACT

This invention relates to gas-impermeable, solid state mate-
rials fabricated into membranes for use in catalytic mem-
brane reactors. This invention particularly relates to solid
state oxygen anion- and electron-mediating membranes for
use in catalytic membrane reactors for promoting partial or
full oxidation of different chemical species, for decomposi-
tion of oxygen-containing species, and for separation of
oxygen from other gases. Solid state materials for use in the
membranes of this invention include mixed metal oxide
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SOLID STATE OXYGEN ANION AND
ELECTRON MEDIATING MEMBRANE AND
CATALYTIC MEMBRANE REACTORS
CONTAINING THEM

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation-in-part of U.S. patent
application Ser. No. 08/163,620, filed Dec. 8, 1993, now
abandoned which is incorporated in its entirety by reference
herein.

This invention was made with government support under
Contract No. DE-FG02-90ER81046, awarded by the
Department of Energy. The United States Government has
certain rights in this invention.

FIELD OF THE INVENTION

This invention relates to gas-impermeable, solid state
materials fabricated into membranes for use in catalytic
membrane reactors and more particularly to solid state
oxygen anion- and electron-mediating membranes for use in
catalytic membrane reactors for promoting partial or full
oxidation of different chemical species, for decomposition
of oxygen-containing species and for separation of oxygen
from other gases. Solid state materials for use in the mem-
branes of this invention include mixed metal oxide com-
pounds having the brownmillerite crystal structure. Catalytic
membrane reactions include, among others, the partial oxi-
dation of methane or natural gas to synthesis gas.

BACKGROUND OF THE INVENTION

Catalytic membrane reactors using solid state membranes
for the oxidation or decomposition of various chemical
species have been studied and used previously. One poten-
tially valuable use of such reactors is in the production of
synthesis gas. See, for example, Cable et al. EP patent
application 90305684.4 (published Nov. 28, 1990) and
Mazanec et al. U.S. Pat. No. 5,306,411.

Synthesis gas, a mixture of CO and H,, is widely used as
a feedstock in the chemical industry for production of bulk
chemicals such as methanol, liquid fuel oxygenates and
gasoline. Synthesis gas is currently produced from natural
gas, i.e. methane, or other light hydrocarbons by steam
reforming. In this technique, natural gas is mixed with steam
and heated to high temperatures, and the heated mixture is
passed over a catalyst, such as Ni on ALO;, to form
synthesis gas which is then collected. Steam reforming has
two major disadvantages. First, the chemical reaction to
produce CO and H, from steam (H,O) and natural gas (CH,)
is endothermic, i.e. the reaction requires energy. Roughly
one third of the natural gas consumed in the steam reforming
process goes to produce heat to drive the reaction, rather
than to produce CO and H,. Second, the ratio of H,:CO in
the synthesis gas produced by steam reforming is typically
relatively high, from 3:1 up to about 5:1. For most efficient
use in the synthesis of methanol, the ratio of H,:CO in
synthesis gas should be adjusted to 2:1. Adjusting this ratio
adds to the cost and complexity of the processing.

In contrast, the use of a catalytic reactor membrane for
production of synthesis gas by partial oxidation of natural
gas to CO and H, overcomes the disadvantages of steam
reforming. First, the reaction to produce synthesis gas medi-
ated by the catalytic membrane reactor (CH,+%0,—CO+
2H,) is exothermic, i.e., the reaction gives off heat. The heat
produced can then be beneficially used in a cogeneration
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facility. Second, the synthesis gas produced using a catalytic
membrane reactor should have an H,:CO ratio of about 2:1.
Additional processing steps are eliminated and all the natu-
ral gas consumed can be used to produce synthesis gas.

In a catalytic membrane reactor that facilitates oxidation/
reduction reactions, a catalytic membrane separates an
oxygen-containing gas from a reactant gas which is to be
oxidized. Oxygen (O,) or other oxygen-containing species
(for example, NO,, or SO,) are reduced at one face of the
membrane to oxygen anions that are then transported across
the membrane to its other face in contact with the reactant
gas. The reactant gas, for example methane, is oxidized, for
example CH, to CO, by the oxygen anions with generation
of electrons at the oxidation surface of the membrane.

Materials for membranes in catalytic membrane reactors
must be conductors of oxygen anions, and the materials must
be chemically and mechanically stable at the high operating
temperatures and under the harsh conditions required for
reactor operation. In addition, provision must be made in the
reactor for electronic conduction to maintain membrane
charge neutrality. Membrane materials of most interest are
electron conductors, i.e., they conduct electrons.

Oxygen anion conductivity in a material can result from
the presence of oxygen anion defects. Defects are deviations
from the ideal composition of a specific compound or
deviations of atoms from their ideal positions. Of interest for
this invention are defects due to loss of oxygen from a
compound leading to empty oxygen sites, i.e. oxygen
vacancies, in the crystal lattice. A mechanism of oxygen
anion conduction is “jumping” of the oxygen anions from
site to site. Oxygen vacancies in a material facilitate this
“jumping” and thus, facilitate oxygen anion conduction.
Oxygen anion defects can be inherent in the structure of a
given material of a given stoichiometry and crystal structure
or created in a membrane material through reactions
between the membrane material and the gas to which it is
exposed under the conditions of operation of the catalytic
membrane reactor. In a given system with a given membrane
material, both inherent and induced defects can occur.

Materials with inherent oxygen anion vacancies are gen-
erally preferred. Loss of oxygen from a membrane material
by reaction to create vacancies typically has a large effect on
the structure of the material. As oxygen is lost, the size of the
crystal lattice increases on a microscopic level. These micro-
scopic changes can lead to macroscopic size changes.
Because membrane materials are hard, size increases lead to
cracking making the membrane mechanically unstable and
unusable.

Electronic conductivity in a reactor is necessary to main-
tain charge neutrality permitting anion conduction through
the membrane. It can be achieved by adding an external
circuit to a reactor which allows for current flow. U.S. Pat.
Nos. 4,793,904, 4,802,958 and 4,933,054 (all of Mazanec et
al.) relate to membrane reactors where electronic conduc-
tivity is provided by an external circuit. In these patents, the
membrane materials, which are compounds with general
stoichiometry AO,, with fluorite structures, such as yttria-
stabilized zirconia, exhibit oxygen-anion conductivity.

Electronic conductivity can also be achieved by doping
oxygen-anion conducting materials with a metal ion, as
illustrated by U.S. Pat. Nos. 4,791,079 and 4,827,071 (both
of Hasbun), to generate dual (electrons and oxygen anions)
conducting materials. The Hasbun membranes are com-
posed of fluorites doped with transition metals, including
titania- and ceria-doped yttria-stabilized zirconia. The dis-
advantage of this approach is that the dopant metal ions can
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act as traps for migrating oxygen anions, inhibiting the ionic
conductivity of the membrane.

The preferred method for obtaining electronic conductiv-
ity is to use membrane materials which inherently possess
this property. Dual conducting mixtures can be prepared by
mixing an oxygen-conducting material with an
electronically-conducting material to form a composite,
multi-component, non-single phase material. Problems asso-
ciated with this method include possible deterioration of
conductivity due to reactivity between the different compo-
nents of the mixture and possible mechanical instability, if
the components have different thermal expansion properties.

Cable et al., in European patent application No.
90305684.4 and the corresponding U.S. Pat. No. 5,306,411
of Mazanec at al. report multi-component solid membranes
for oxidation/reduction reactions including the production of
synthesis gas. The specific multi-phase components are
mixtures of an oxygen-conducting material and an electroni-
cally conductive material. The oxygen-anion conducting
material of the mixture is described as a perovskite ABO;,
including those materials where A and B represent a mixture
of more than one metal ion, for example La,Sr,Oj,
La,Sr,FeO, La,Ca,Co0;, SrCo Fe, O, and Gd,Sr,CoO;,
where a and b are numbers and a+b=1. The electronically-
conducting material of the mixture is one or more of a
variety of metals, metal oxides, metal-doped metal oxides
and including mixed metal oxides of a perovskite structure,
for example, YBa,Cu;0, where x is a number from 6-7.
Exemplified multi-component materials include palladium
or platinum metal combined with yttria-stabilized zirconia;
lanthanum, chromium and magnesium oxides combined
with yttria-stabilized zirconia; BMgLaCrO, combined with
yttria-stabilized zirconia and impregnated on its anode side
with praseodymium, yttrium and zirconium; and
praseodymium-doped indium oxide combined with yttria-
stabilized zirconia.

In the same European patent application No. 90305684.4
and U.S. Pat. No. 5,306,411, single-phase, single-
component membrane materials, described as exhibiting
both oxygen-anion and electronic conductivity, are reported.
The specific materials described are mixed metal oxides
having a perovskite structure. The perovskite structure is
based on that of the mineral perovskite, CaTiO;. Perovskites
have the general formula ABO;, where A and B are metal
ions. The ideal perovskite structure has a cubic lattice in
which a unit cell contains metal ions at the corners of the
cell, another metal ion in its center and oxygen ions at the
midpoints of the cube edges. Examples of single-phase
materials given are: LaCoO;, La, (Sr, ,Co0Og,,
Lagy ,Sr, ¢Co05, YC0O5, YBa,Cu;0,, where X is a number
from 6 to 7, La, ,Cay 4Co0O5, La,Sry 4FeOg,
Lag ,Sry gFegCr, 05, Gdy ,Sry, sCoO5, and
Lag 5510 sFeo 5Cro 1C0g 1 03.

U.S. Pat. No. 5,356,728 of Balachandran et al. also reports
the use of mixed metal oxide materials having dual electron
and oxygen anion conductivity as ceramic cores in Cross-
flow reactors. The mixed metal oxide is described as having
a perovskite or perovskite-like structure with preferred per-
ovskite structures comprising metals having atomic numbers
4 (Be), 12 (Mg), 20 to 31 (Ca, SC, Ti, V, Cr, Mn, Fe, Co, Ni,
Cu, Zn, Ga), 38 to 41 (Sr, Y, Zr, Nb) and 56-71 (Ba, La, Ce,
Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu).
Example formulas of oxygen-anion conductive ceramics
listed are La,Sr,CoO,, La,Ca,CoO,, La,Sr,FeOj,
SrCo_Fe, 05, and Gd, Sr,CoO,, where the sum of a+b is
from about 1 to about 1.5. Materials said to be preferred are
SrCo, sFeO,, SrCo, gFe, ,0, and Lag ,Sry ¢Coq 4Feg O,
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WO 94/24065 of Balachandran et al., which takes priority
from U.S. Pat. No. 5,356,728, reports crystalline mixed
metal oxide compositions of formula Sr, (Fe; ,Co,)q.p
where Oy, where x is a number from 0.1 up to 1, . is a
number from 1 to about 4, § is a number in a range upward
from O to about 20 and & is a number which renders the
compound charge neutral which are useful as membrane
materials with oxygen anion conductivity. More specifically
the formula for membrane materials is given as Sr,(Fe,_
xC0,)s0¢- and the composition SrCo, sFeO, is specifically
exemplified. The composition is also said to have a charac-
teristic powder X-ray diffraction pattern comprised of prin-
cipal lines given in Table 1 of the reference.

WO 94/24065 also reports the fabrication of ceramic
cores for cross-flow reactors from SrCoggFe,,0, and
Lag 5Srt, 5Coq_Feo O, (materials described as preferred in
U.S. Pat. No. 5,356,728) and the use of these cores in
catalytic reactors for production of synthesis gas. The core
made from SrCo, ;Fe, ,O, was reported to transport oxygen
(0.5 to 3.5 cm’/min-cm® oxygen permeation rate), but to
have fractured after a relatively short time under test con-
ditions. The core made from La,,Sr, ;Co, Fe, O, was
reported to have fractured in testing without exhibiting
oxygen transport.

Teraoka Y., Zhang, H-M., Okamota, K., Yamazoe, N.
(1988) Mat. Res. Bull. 23:51-58 and Teraoka, Y., Zhang,
H-M., Furukawa, S., Yamazoe, N. (1985) Chemistry Letts.
pp- 1743-1746 relate to oxygen permeation and mixed ionic
and electronic properties of perovskite-type oxides La,_,Sr,.
Co,_,Fe 05 s Teraoka, Y., Nobunaga, T., Yamazoe, N.
(1988) Chemistry Lett. pp. 503-506 relates to the effect of
cation substitution on the oxygen semipermeability of
perovskite-type oxides. Matsumoto, Y., Yamada, S., Nishida,
T., Sato E. (1980) J. Electrochem. Soc. 127(11):2360-2364
relates to use of La; Sr,Fe, Co,0; as electrodes for
oxygen evolution reactions in alkaline solution.
Goodenough, J. B., Ruiz-Diaz, J. E., Zhen, Y. S. (1990) Solid
State Ionics 44:21-31 and Zhen, Y. S., Goodenough J. B.
(1990) Mat. Res. Bull. 25:785-790 relate to oxide-ion con-
duction in Ba,In,O5 and Ba;In,MOg. Ba,In,O5 was shown
to have a brownmillerite structure with ordered oxygen
vacancies below a given transition temperature where ion
conductivity was low. Ordered oxygen vacancies are said to
inhibit oxide-ion conductivity.

U.S. Pat. No. 5,397,541 of Post et al. relates to an oxygen
sensor which is “based on a thin film of a compound oxide
supported on a substrate such as quartz.” The oxide has a
general formula ABO, 5, where x is a variable changing
from about 0 to about 0.5 between oxygen-depleted and
oxygen-rich forms. A SrFeO, 5,,+0, and a
Sty olay FeO, 5, +0, system are specifically disclosed.
The thin film is formed by a laser ablation step from a
sintered pellet target of oxygen-rich oxide or oxygen-
depleted oxide.

SUMMARY OF THE INVENTION

This invention provides solid state gas-impermeable,
ceramic membranes useful for promotion of oxidation-
reduction reactions and for oxygen gas separation. These
membranes behave as short circuited electrochemical cells
with both ionic and electronic transport proceeding through
the bulk membrane. Membranes of this invention are fab-
ricated from a single-component material which exhibits
both electron and oxygen-anion conductivity. The electron-
and oxygen-anion-conducting materials of this invention are
compounds having a brownmillerite structure which have
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the general formula A,B,0s, where A and B most generally
can be any metal.

Specifically, membrane materials of this invention are
single-phase brownmillerite materials having the stoichio-
metric formula:

Ay, A'B, B\Os,, I
where A is an alkaline earth metal ion or mixture of alkaline
earth metal ions; A' is a metal ion or mixture of metal ions
where the metal is selected from the group consisting of
metals of the lanthanide series and yttrium; B is a metal ion
or mixture of metal ions wherein the metal is selected from
the group consisting of 3d transition metals, and the group
13 metals; B' is a metal ion or mixture of metal ions where
the metal is selected from the group consisting of the 3d
transition metals, the group 13 metals, the lanthanides and
yttrium; X and y are, independently of each other, numbers
equal to or greater than zero and less than 2; and z is a
number that renders the compound charge neutral. The value
of z generally is greater than zero and less than 1.0, more
preferably z is greater than zero and less than or equal to
about 0.5, and most preferably z is greater than zero and less
than or equal to 0.3. The exact value of z depends upon the
valencies and stoichiometries of A, A', B, and B'. Preferably
X is greater than zero and less than 1, and y is greater than
or equal to 1 but less than 2.

More specifically, the membrane materials of this inven-
tion are brownmillerite compounds of formula I where the B
metal is selected from the group consisting of group 13
metals and mixtures thereof and the B' metal is selected from
the group of 3d transition metals or mixtures thereof. Pre-
ferred group 13 metals are Al, Ga, and In, with Ga presently
more preferred. Transition metal ions more useful for mate-
rials of this invention are Co, Ti, V, Cr, Mn, Ni and Fe.
Preferred transition metal ions are Cr, Mn, Ni and Fe, with
Cr, Mn, and Fe being more preferred and Fe being presently
most preferred. Preferred A' metal ions are La and Y, with La
being presently more preferred. Preferred Ametal ions are Sr
and Ba with Sr being presently more preferred.

Membrane materials of this invention include brownmil-
lerite compounds of formula II:

A, laB, FeOs,. II

where A is an alkaline earth metal ion or mixture of alkaline
earth metal ions with A that is Sr and Ba being preferred, B
is a metal ion or mixture of metal ions where the metal is
selected from the group consisting of the 3d transition
metals, or the group 13 metals, with B that is a group 13
metal being preferred and B that is 6a being more preferred;
x and y, independently of one another, are numbers equal to
or greater than zero and less than 2, with x greater than zero
and less than or equal to about 1.0 more preferred and y
greater than or equal to 1, but less than 2 more preferred; z
is a number that renders the compound neutral, but is
typically x/2.

In particular, membrane materials of this invention
include brownmillerite materials of formula:

St,_,La,Ga, ,C,0 I

S+z

where C is a 3d transition metal ion and preferably a 3d
transition metal ion selected from the group consisting of Fe,
Cr or Mn. Brownmillerites of formula IV being more
preferred:

v

Sr,_,La,Ga, FeOs,.
where x and y are numbers equal to or greater than zero but
less than two. Preferably, x is greater than zero and less than

about 1 and y is greater than or equal to 1, but less than 2.
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Catalytic membranes of this invention promote the
coupled reduction of an oxygen-containing gas and oxida-
tion of a reactant gas. Catalytic membranes are shaped to
have two surfaces: a reduction surface and an oxidation
surface. The membrane is fabricated sufficiently thick to
render it substantially gas-impermeable and mechanically
stable to withstand the stresses associated with reactor
operation, yet not so thick as to substantially limit the
oxygen permeation rate through the membrane. Membranes
can be fabricated in a variety of shapes appropriate for a
particular reactor design, including disks, tubes, closed-end
tubes or as reactor cores for cross-flow reactors.

In a catalytic reactor useful for oxidation/reduction
reactions, the catalytic membrane forms a barrier between an
oxygen-containing gas and a reactant gas, with the reduction
surface of the membrane in contact with the oxygen-
containing gas and the oxidizing surface of the membrane in
contact with the reactant gas. The oxygen-containing gas is
reduced at the reduction surface of the catalytic membrane
generating oxygen anions at that surface which are con-
ducted through the membrane to the oxidizing surface of the
membrane. Oxygen anions at the oxidizing surface oxidize
the reactant gas, generating electrons at that surface. Elec-
trons are conducted back through the membrane to maintain
electrical neutrality in the membrane and facilitate addi-
tional reduction and oxygen anion conduction.

In a catalytic reactor for oxygen separation, the catalytic
membrane forms a barrier between an oxygen-containing
gas, in contact with the reduction surface of the membrane,
and an oxygen-depleted gas or partial vacuum in contact
with the oxidation surface of the membrane. Oxygen is
reduced at the reduction surface to form oxygen anions
which are transported across the membrane, oxidized at the
oxidizing surface of the membrane and released into the
oxygen-depleted gas or partial vacuum. The oxygen-
depleted gas does not substantially react with oxygen
anions.

Examples of catalytic membrane reactions facilitated by
use of the membrane and reactors of this invention include
partial oxidation of methane, natural gas, light hydrocarbons
other gaseous hydrocarbons and mixtures of methane or
other hydrocarbons with or without CO, to synthesis gas,
full or partial reductive decomposition of NO,, SO,, CO,,
and H,S and the separation of O, from mixtures of other
gases, particularly its separation from air. Catalytic mem-
branes of this invention can facilitate the reduction of NO,,
to N,, SO, to S, CO, to CO, and H,S to S and H,O.

The efficiency of the membrane for oxidation-reduction
catalysis can be significantly increased by use of additional
catalysts coated at one or both of the membrane surfaces. Ni
is supported on metal oxides, as the partial oxidation
catalyst, and is of particular interest for synthesis gas pro-
duction.

This invention also provides a catalytic membrane reactor
for reacting a reactant gas with an oxygen-containing gas or
for separating oxygen from an oxygen-containing gas,
including separating oxygen from a mixture with other
gases. The product of oxygen separation can be substantially
pure oxygen or a gas enriched in oxygen. The reactor
comprises a membrane fabricated from brownmillerite
mixed metal oxides of this invention and particularly mixed
metal oxides of Formulas I-IV. The reactor has at least one
reactor cell having a reduction zone and an oxidation zone
physically separated from each other by the catalytic mem-
brane. The reduction and oxidation surfaces of the mem-
brane are in contact with the reduction and oxidation zones,
respectively, of the reactor. The reactor for oxidation reduc-
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tion has an entrance port for each of the reacting gases
(oxygen-containing gas and reactant gas) and an exit port for
reacted gases. The reactor for oxygen separation has an
entrance port for the oxygen-containing gas and an exit port
for the residual gas from which the oxygen is separated. The
reactor for oxygen separation has a means for collecting the
separated oxygen from the reactor oxidation zone.

The invention further provides a method for oxidizing a
gas, e.g., a reactant gas, capable of reacting with oxygen,
employing the catalytic membranes of this invention and a
method of separating oxygen from an oxygen-containing
gas, including a mixture of gases containing oxygen
employing the catalytic membranes of this invention and
particularly membranes fabricated from compounds of for-
mulas I-IV.

The method for oxidizing a gas comprises the steps of:

(A) providing a catalytic membrane reactor cell with an
oxidation zone and a reduction zone separated by a
brownmillerite membrane of this invention;

(B) heating the reactor cell to a temperature of from about
300° C. to about 1200° C;

(C) passing an oxygen-containing gas in contact with the
reduction surface of the membrane; and

(D) providing the reactant gas in contact with the oxida-
tion surface of said membrane, thereby reducing the
oxygen-containing gas and oxidizing the reactant gas.
More preferably the reactor and membrane are heated
to a temperature from about 600° C. to 1100° C.

The invention also provides a method for oxygen sepa-
ration from an oxygen-containing gas which employs a
membrane reactor comprising a brownmillerite membrane
of this invention. OXygen separation comprises the steps of:

(A) providing a catalytic membrane reactor cell compris-
ing an oxidation zone and a reduction zone separated
by a membrane of this invention;

(B) heating the reactor cell to a temperature of from about
300° C. to about 1200° C., more preferably to a
temperature of 600° C. to 1100° C.; and

(C) passing an oxygen-containing gas, such as air, in
contact with the reduction surface of the membrane,
thereby generating separated oxygen in said oxidation
zone. The reactor will have some means for collecting
the separated oxygen from the oxidation zone, such as
passing an inert gas or ion reactive, oxygen-depleted
gas through the oxidation zone or applying a partial
vacuum to the oxidation zone.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is the X-ray diffraction (XRD) pattern for
Sty 6Lag 4Gag 4Fey 05,

FIG. 2 is a graph of total synthesis gas production as a
function of time (h) with a sintered disk membrane of
Sr, ;La, ;GaFeOg , 5 having Ni epoxy as the partial oxida-
tion catalyst and LSC as the reduction catalyst.

FIG. 3 is a schematic view of a single-cell catalytic
reactor embodying the present invention;

FIG. 4 is a perspective view of a multiple-membrane
catalytic reactor;

FIG. 5 is a schematic diagram of a membrane and
catalysts for a process of natural gas conversion to synthesis
£as;

FIG. 6 is a schematic diagram of a membrane and
catalysts for a process of decomposition of NO,;

FIG. 7 is a schematic diagram of a membrane and
catalysts for a process of sulfur dioxide decomposition;
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FIG. 8 is a schematic diagram of a membrane and
catalysts for a process of oxygen separation from air; and

FIG. 9 is a schematic diagram of a membrane and
catalysts for a process of decomposition of H,S.

FIGS. 10A and 10B depict a membrane disk reactor
employed in assessing membrane materials of this inven-
tion. The reactor is illustrated for introduction of CH, (or
CH, mixtures with CO,) and O, (or oxygen mixtures, such
as air) and generation of synthesis gas.

FIGS. 11A and 11B depict a tubular membrane reactor
employed in assessing membrane materials of this inven-
tion. The reactor is shown as illustrated for introduction of
CH, (as a mixture with inert gas He) and O, (as a mixture
with inert gas He). CH, is introduced into the outer tubes
contacting the outer surface of the reactor membrane tube.
O, is introduced through a feed tube to the inside of the
tubular membrane.

DETAILED DESCRIPTION OF THE
INVENTION

The term “oxygen-containing gas” is used broadly herein
to include gases and mixtures of gases in which at least one
of the component gases is oxygen or an oxide. The oxygen
or oxide component of the gas is capable of being reduced
at the reduction surface of the membrane of this invention.
The term includes carbon, nitrogen, and sulfur oxides (CO,,
NO, and SO,) among others, and gas mixtures in which an
oxide is a component, e.g. NO, in an inert gas or in another
gas not reactive with the membrane. The term also includes
mixtures of oxygen in other gases, e.g. O, in air. In the
reactors of this invention, the oxygen-containing gas is
passed in contact with the reduction surface of the mem-
brane and the oxygen-containing component of the gas is at
least partially reduced at the reduction surface, e.g., NO, to
N,. The gas passing out of the reduction zone of the reactor
may contain residual oxygen or oxygen-containing compo-
nent.

The term “reactant gas™ is used broadly herein to refer to
gases or mixtures of gases containing at least one component
that is capable of being oxidized at the oxidation surface of
areactor of this invention. Reactant gas components include,
but are not limited to methane, natural gas (whose major
component is methane), and gaseous hydrocarbons includ-
ing light hydrocarbons (as this term is defined in the chemi-
cal arts). Reactant gases include mixtures of reactant gas
components, mixtures of such components with inert gases,
or mixtures of such components with oxygen-containing
species, such as CO, CO, or H,O. The term “oxygen-
consuming gas” may also be used herein to describe a
reactant gas that reacts with oxygen anions generated at the
oxidizing surface of the membrane.

The term “oxygen-depleted gas”, dependent upon the
context in the specification, may refer (1) to a gas or gas
mixture from which oxygen has been separated by passage
through a reactor of this invention (i.c., the residual of the
oxygen-containing gas) or (2) to a gas or gas mixture that is
introduced into the oxidation zone of a reactor used for
oxygen separation to carry the separated oxygen. In the
second context, the oxygen-depleted gas may be an inert
gas, air or other non-reactive gas that substantially does not
contain components that will be oxidized in the oxidation
zone of the reactor. When used in the second context the
term can be applied to mixtures containing some oxygen,
such as air, the oxygen content of which will be increased by
passage through the oxidation zone of the reactor.

The term “partial vacuum™ applies to the application of a
partial vacuum, i.e., less than ambient pressure, to the
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oxidation zone of a reactor and may refer to high or low
vacuum depending upon the construction of the reactor.
Application of a partial vacuum to the oxidation zone of a
reactor used for oxygen separation can be employed to
collect and ultimately concentrate the separated oxygen.

o«

The terms “reactant gas,” “oxygen-depleted gas,”
“oxygen-consuming gas,” and “oxygen-containing gas” and
any other gas mixture discussed herein includes materials
which are not gases at temperatures below the temperature
ranges of the pertinent process of the present invention, and
may include materials which are liquid or solid at room
temperature. An example of an oxygen-containing gas
which is liquid at room temperature is steam.

The term “gas-impermable” as applied to membrane
materials of this invention means that the membrane is
substantially impervious to the passage of oxygen-
containing or reactant gases in the reactor. Minor amounts of
transport of gases across the membrane may occur without
detriment to the efficiency of the reactor. It may be that
membranes of this invention will allow passage of low
molecular weight gases such as H,. The membranes of this
invention conduct oxygen anions and in this sense are
permeable to oxygen.

The membrane materials of this invention are mixed
metal oxides having a brownmillerite structure with the
formula:

As A'B, B Os,. I

where A, A', B, B, x, y and z are as defined above.

A brownmillerite is one of a class of minerals, including
mixed metal oxides, having a structure like that of the
mineral brownmillerite, Ca,AlFeO. The general formula of
a brownmillerite is A,B,05, where the sum of the valences
of the A and B atoms is 5. The brownmillerite structure is
characterized in having sheets of perovskite-like corner
sharing octahedra perpendicular to the cystrallographic b
axis, separated by layers of single chains of tetrahedra
containing ordered vacancies that are parallel to the c axis.
Brownmillerite is, thus, a defect perovskite with the oxygen
defects in a particular order. Further, in a substituted brown-
millerite AA'BB'Os, ., where the ratio of B:B'is 1, and where
B is a group 13 metal and B' is a 3d transition metal, all the
B ions will substantially occupy octrahedral positions and all
the B' ions will occupy tetrahedral positions in the lattice.

A compound of brownmillerite structure is distinct from
a perovskite. The two structures can be distinguished by
X-ray diffraction (XRD). See: Y. Teraoka, H.-M. Zhang, S.
Furukawa and N. Yamazoe (1985) Chemistry Lett. supra.
XRD patterns of membrane materials of this invention can
be fit to a Pcmn cell as expected for the brownmillerite
structure. See, P. K. Gallagher, J. B. MacChesney and D. N.
E. Buchanan (1964)J. Chem. Phys., 41:2429; C. Greaves, A.
J. Jacobson, B. C. Tofield and B. E. F. Fender (1975) Acta
Cryst., B31:641. Table 1 provides lattice parameters for a
number of brownmillerite membrane materials of this inven-
tion.

A perovskite is one of a class of materials having a
structure based on that of the mineral perovskite, CaTiOj.
An ideal perovskite structure has a cubic lattice in which a
unit cell contains metal ions at each of the corners and in the
middle of the cell and oxygen ions at the midpoints of the
edges of the cell. The general formula of a perovskite is
ABO; where A and B are metal ions, the sum of the valences
of which are 6. Cable et al. EP 90305684.4 and U.S. Pat. No.
5,306,411 further describe that the radii of the A and B metal
ions of a perovskite must conform to the relationship:
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ratto=tV2(rprrg)
where 1,, r; and r,, are the radii of the A, B and O ions,
respectively, and t is a tolerance factor which lies within the
approximate range 0.7-1.0.

In a single-phase material, the atoms of the various
components of the material are intermingled in the same
solid phase. The presence of a single-phase can be assessed
by XRD or similar known techniques of structural determi-
nation. For example, a single-phase brownmillerite com-
pound is distinguished in that all of the peaks in the XRD can
be accounted for by the brownmillerite structure.

FIG. 1 presents an XRD pattern of
Sr; ¢Lacy 4Gag 4Fe, 405, powder at a scan rate of ¥5° (20)
min. This is a typical pattern for the family of compounds
A, LaB, JFeOs,. . The pattern was fit to an orthorhom-
bic unit cell, Pcmn, with a=5.534 A, b=15.68 A and ¢=5.513
A. Sintered densities for disks were determined based on
disk weight and dimensions.

Decreasing the amount of Sr relative to La decreases cell
volume, consistent with the smaller ionic radius of Sr**
compared to La®>. In contrast, cell volumes generally
decrease as a function of increasing Fe content. This is the
opposite of what would be expected since Ga>* has a smaller
cover radius compared to Fe>*. This indicates that factors
other than simple ionic radii, such as electronic effects or
structural distortions, are affecting cell volumes.

The brownmillerites of this invention exhibit both oxygen
anion conductivity and electronic conductivity. Certain of
the brownmillerites of this invention exhibit particular sta-
bility for use as membranes in catalytic membrane reactors.
These materials exhibit mechanical stability and thermal
stability under reaction conditions. Materials such as
LaFeO; and Sr,Fe, O, for example, are not thermally stable
at oxygen partial pressures less than about 107! atm and are
not expected to be stable under the highly reducing condi-
tions of a catalytic membrane reactor. Substitution of less
reducible metal ions, including Al, Ga, or In, into the
brownmillerites of this invention leads to increased thermal
stability under reducing conditions.

Exposure of a material like La, Sr, ;FeO, ., which con-
tains Fe, to reducing atmospheres, as in a catalytic reactor,
results in loss of oxygen and an increase in lattice parameter.
Fe can take the forms Fe,O;—Fe 0,FeO—Fe as oxygen
content changes. This, in turn leads to expansion of the bulk
material which can cause cracking, particularly if the mate-
rial is constrained as is a reactor membrane. Metal ions, such
as Al, Ga or In, in comparison to Fe, do not exist in these
various oxide forms as oxygen decreases. Substitution of
such metal ions for Fe in the brownmillerites of this
invention, reducing overall Fe content, reduces expansion of
the bulk material on exposure to reducing atmospheres and
generally improves the mechanical stability of membranes.

Table 2 presents the results of conductivity (anion and
total (anion+electron)) measurements of representative
mixed oxide membrane materials. For compounds of for-
mula A, La B, FeOs, ., in general, and more particu-
larly for compounds of formula Sr, ,la,Ga, JFe Os, .,
total conductivity for a given reactor temperature increases
with Fe content in the material. This trend reflects the trend
in electronic conductivity which dominates the total con-
ductivity. The trend observed can be rationalized as the
result of enhanced electron exchange and electronic con-
ductivity between Fe atoms within the lattice as Fe content
increases. In contrast, there is no clearly discernible similar
trend with ionic conductivity. However, ionic conductivity
does tend to increase with Fe content in the series where x
is held constant, i.e., for the series Sr; (La,,Ga, JFe,. As
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noted above, increases in Fe content cause a decrease in cell
volume for exemplified membrane materials (Table 1).
Thus, in exemplified materials, ionic conductivities gener-
ally increase with decreasing cell volumes. This trend is in
contrast to earlier work indicating that ionic conductivities
are expected to increase with increasing cell volume (A. F.
Sammells, R. L. Cook, J. H. White, J. J. Osborne and R. C.
MacDuff (1992) Solid State Ionics 52:111; R. L. Cook and
A. F. Sammells (1991) Solid State Ionics 45:311; R. L.
Cook, R. C. MacDuff and A. F. Sammells (1990) J. Elec-
trochem. Soc. 137:3309.) The result also indicates that
electronic effects may play a role in the ionic conductivities
of these materials.

Table 3 presents a summary of the results of catalytic
performance experiments using exemplary membrane mate-
rials tested with Ni as the oxidation catalyst and
Lag Sty ,Co04_(where x is a number such that the com-
pound is neutral) as the reduction catalyst. The reaction
examined was synthesis gas production from methane and
methane/CO, mixtures. Of the materials listed in Table 3,
more preferred catalytic reactor membrane materials are
those of composition Sr,_,La,Ga,_JFe Os, (where z=x/2, x
is 0.4 to 0.3 and y is 1=y=1.6. The most active materials
listed in Table 3 are Sr, jLag ,Ga, jFe, ,O5 5,
Sry lag 4Gag gFey 055, Sty ;Lag 5Gag ¢Fey 405 45,
Sr; ;La, 3GabeOs ;5 and Sty cLag ,Gag 4Fe, 05, having
total synthesis gas production rates of between 4.8 to 8.3
ml/min-cm?® with H,:CO ratios of ~2. Sr, JLa,,GaFeOs ,
exhibited a higher total synthesis gas production rate (9.8
ml/min-cm?, at 900° C.), but exhibited much higher H,:CO
ratios. The significantly higher H,:CO ratios obtained with
this membrane material indicate that there was significant
H, formation due to coking. Higher coking rates may be a
sign of poor oxygen flux through a membrane. However,
Sr, JLa, ,GaFeOs ; exhibited one of the highest ionic con-
ductivities (at 900° C.) of the materials listed in Table 2. It
might be expected that since ionic conductivity of the
material should correlate directly with oxygen flux through
the membrane, that a membrane’s activity for partial oxi-
dation of methane would also correlate directly with ionic
conductivity. The results summarized in Tables 2 and 3
indicate that, in general, those materials exhibiting higher
ionic conductivities also exhibit higher activity towards
synthesis gas production. But there are notable exceptions,
such as Sr, glLa, ,GaFeOs ;. These apparent exceptions may
simply be an artifact of measurement of ionic conductivities
in membranes in an air/He environment, rather than in the
air/methane environment of the catalytic reaction. Exposure
of the membrane material to methane may change the defect
chemistry relative to exposure to helium. If this is the case,
then ionic conductivity would be differentially affected by
methane and helium.

Electronic conductivities of the materials examined are
larger than their ionic conductivities. Reactor performance
with these materials is more likely limited by ion flux rather
than electron flux. It is not surprising that among the
materials examined there is no clear dependence of catalytic
performance on total conductivity.

A long-term stability test was performed at 900° C. in a
reactor having a disk membrane (0.17 cm thick) fabricated
from Sr, ,La, ;GaFeO, ;s with Ni as the partial oxidation
catalyst and LSC as the reduction catalyst. The cell proved
to be stable for more than 1000 h. FIG. 2 is a graph
illustrating synthesis gas production at a rate of 6—8 ml/min
cm? as a function of time in this reactor. The ratio of H,:CO
in the synthesis gas produced was 1.6-1.8 with a small
amount of CO,. Synthesis gas production for this reactor cell
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was relatively constant over this time with no loss of
productivity. The membrane was found to be mechanically
stable after the experiment was terminated. The XRD pattern
of the membrane after over 1000 h of operation did not show
any substantial signs of decomposition.

Referring now to the drawings, where like numbers
represent like features, a single-cell catalytic membrane
reactor of the present invention may be schematically
represented, in cross-sectional view, as shown in FIG. 3. The
reactor 1 includes a cell 2 having an oxidation zone 4
separated from a reduction zone 6 by a solid state membrane
8. The membrane 8 illustrated is cylindrical in shape, more
specifically a closed-end tube, but any shape capable of
creating two separate zones would be sufficient. The outer
perimeter of the oxidation zone 4 is defined by the mem-
brane 8 and the outer perimeter of the reduction zone 6 is
defined by the reactor shell. The membrane has a reduction
surface 7 facing the reduction zone 6, i.c., the outer surface
of the tube, and an oxidation surface 5, i.e., the inner surface
of the tube facing the oxidation zone 4. Feed tube 10 delivers
a reactant gas 12, such as methane, into the oxidation zone
4. Reacted gases, including products of oxidation, 13 exit the
oxidation zone 4 via at least one exit port 14. An oxygen-
containing gas 16, such as air, is delivered into the reduction
zone 6 via entrance port 18. Reacted gases 19, such as
oxygen-depleted air, exit the reduction zone 6 via exit port
20.

Referring now to FIG. 4, there is depicted a multiple-cell
reactor 21 utilizing cells of the type described above and
depicted in FIG. 3. The cells which comprise closed-end
membrane tubes, like those of FIG. 3, are enclosed in a
reactor module 24, and are linked together by manifold 26.
An inlet feed tube 28 delivers reactant gas 30 to reactor cells
22, and reacted gas 32 exits the cells via the manifold 26
through exit tube 34. An oxygen-containing gas 36 is
delivered to the reduction zone 38 via reactor shell inlet port
40. Reacted gas 42 exits the reduction zone 38 via outlet port
44.

U.S. Pat. No. 5,306,411, which is incorporated by refer-
ence in its entirety herein, provides a description of an
electrochemical reactor design for production of synthesis
gas, among other products. U.S. Pat. No. 5,356,728, which
is also incorporated by reference in its entirety herein,
provides a description of a cross-flow reactor cell for pro-
duction of synthesis gas among other products. The mem-
brane materials of this invention can be readily adapted for
use in reactors described in these patents.

FIGS. 5-9 depict several processes utilizing a membrane
of this invention. Optional catalysts 51, 52 may be provided
on the oxidation surface 54 and/or the reduction surface 56
for each process, as discussed below. Examples of processes
which may be conducted are the combustion of hydrogen to
produce water, the partial oxidation of methane, natural gas
or other light hydrocarbons, to produce unsaturated com-
pounds or synthesis gas, the partial oxidation of methane or
natural gas to produce unsaturated compounds or synthesis
gas, the partial oxidation of ethane, extraction of oxygen
from oxygen-containing gases, e.g., extraction of oxygen
from NO,, wherein x has a value from 0.5 to 2; SO,,, wherein
y has a value from 2 to 3; steam; CO,; ammoxidation of
methane to hydrogen cyanide, and oxidation of H,S to
produce H,O and S.

In practice, an oxygen-containing gas or gas mixture, such
as air, is passed in contact with the membrane in the
reduction zone 6, and the reactant gas or gas mixture, i.e., the
oXygen-consuming gas, such as a reactant gas containing
methane is passed in contact with the membrane 8 in the
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oxidation zone 4. As the oxygen-containing gas or gas
mixture contacts the membrane 8, oxygen is reduced to
oxygen anions which are transported through the membrane
to the membrane oxidation surface, facing the oxidation
zone. In the oxidation zone the oxygen anions react with the
oxygen-consuming gas or gas mixture, oxidizing the
oxygen-consuming gas and releasing electrons. The elec-
trons return to the membrane reduction surface 7 facing the
reduction zone 6 via the membrane 8.

In one process embodied by the invention, the oxidation
zone 4 of the catalytic membrane reactor 1 is exposed to a
reactant gas which contains components capable of reacting
with oxygen or oxygen anions. The reactive components can
include, among others, both unsaturated and saturated linear,
branched, and cyclic hydrocarbons, as well as aromatic
hydrocarbons. Specific examples include methane, ethane,
ethylene, propane, etc., cyclopropane, cyclobutane,
cyclopentane, cyclopentene, etc., isobutane, isobutene,
methylpentane, etc., and benzene, ethylbenzene, napthalene,
etc. The reduction zone is exposed to oxygen or air. For
example, in one process for which the reactor is suitable, as
shown in FIG. 5, the reactant gas is methane (CH,) or
natural gas, and the oXygen-containing gas or gas mixture is
air. As air contacts the membrane, the oxygen component of
air is reduced to oxygen anions which are transported
through the membrane to the oxidation zone where the
oxygen anions react with the methane to produce synthesis
gas or olefins, depending on the reaction conditions and
catalyst materials employed. It may also be useful to add
steam or Co, to the CH,, feed stream. The addition of steam
or CO, will serve to keep the methane partial oxidation
reaction at the thermoneutral point so as to prevent
unwanted buildup of heat.

In another type of process suitable for the catalytic
membrane reactor of this invention, as depicted in FIGS. 6
and 7, the reduction zone of the reactor will be exposed to
a oxygen-containing gas which is capable of losing oxygen,
for example, NO, NO,, SO,, SO;, CO, CO,, etc. The
oxidation zone is exposed to a partial vacuum, an inert gas,
or a gas that will react with oxygen. Effective ranges of
partial vacuum range from approximately 100 Torr to 107°
Torr. An example is where the reactant gas is methane,
natural gas, or hydrogen and the oxygen-containing gas is a
flue or exhaust gas containing NO,, and or SO, wherein x
is 0.5 to 2 and y is 2 to 3. As the flue gas contacts the
membrane, any oxygen present or the oxygen in NO, and/or
SO, is reduced to oxygen anions which are transported
through the membrane to the oxidation zone where the
oxygen anions react with the oxygen-consuming gas to
produce carbon dioxide and water, synthesis gas or olefins,
depending on the reaction conditions. Nitrogen gas and
elemental sulfur are produced from NO, and SO,
respectively, in the reduction zone.

In another process performed by this reactor, the reactor
serves to separate oxygen from air or other gas mixtures in
which O, is a component, as shown in FIG. 8. For example,
the reduction zone of the catalytic membrane reactor is
exposed to air, while the oxidation zone is exposed to a
partial vacuum. Oxygen gas is reduced to oxygen anions at
the membrane surface, and the oxygen anions are subse-
quently transported through the membrane from the air side
to the vacuum side. At the vacuum side, the oxygen anions
recombine to form oxygen gas releasing electrons. Gas
exiting from the oxidation zone is enriched in oxygen.

In yet another embodiment of the present invention, the
oxygen-containing gas is a gas-containing steam (i.e., H,O
gas). As H,O contacts the membrane, the oxygen of H,O is
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reduced to oxygen anions which are transported through the
membrane to the oxidation zone where the oxygen anions
react with methane or natural gas, for example. The H,O is
reduced to hydrogen gas (H,) in the reduction zone. The
hydrogen gas may be recovered and used, for example, to
hydrogenate unsaturated hydrocarbons, provide fuel for an
electrical current generating fuel cell, to provide fuel for
heating the catalytic membrane reactor of this invention or
to provide reactant gas for the process for extracting oxygen
from an oxygen-containing gas in accordance with the
present invention.

Materials which are co-present in reactor feed gases may
participate in catalytic membrane reduction or oxidation
taking place at the membrane of the present invention.
When, for example, methane is present with ammonia in the
oxidation zone and an oxygen-containing gas is present in
the reduction zone, hydrogen cyanide and water can be
produced in the oxidation zone. Reactors of the present
invention can also be applied to the oxidative reforming of
CO,/CH, mixtures to synthesis gas.

In another embodiment of the present invention, as shown
in FIG. 9, the oxidation zone of the reactor is exposed to H,S
and the reduction zone is exposed to oXygen or an oxygen-
containing gas. The oxygen is reduced to oxygen anions
which are transported through the membrane and react with
H,S to give H,O and S.

Other combinations of materials reactive with each other
to produce a wide range of products are possible and are
contemplated as being within the scope of the invention.

The membrane materials of the present invention have the
advantage that the oxygen defects are formed directly in the
structure through variations in the composition of the mate-
rials. The existence of inherent vacancies does not, however,
preclude the formation of more oxygen vacancies through
reaction.

The specific reaction for the production of synthesis gas
from methane is:

CH,+%0,—CO+2H,

For the decomposition of NO, by the catalytic membrane
reactor, the reaction is as follows:

INO+4e™—=N,+20%"

where the electrons are supplied by the membrane and the
oxygen ions are transported away from the membrane
surface through the membrane. Examples of empirical cata-
lytic membrane processes occurring at the interfaces of the
membrane in the reactor are represented in FIGS. 3-7. The
decomposition of SO, may be accomplished in analogous
fashion to that of NO,.
Optional Catalysts

It has been found that certain catalysts may be used to
significantly enhance the efficiency of the reaction being
mediated by the membrane. Catalysts to be used are specific
to each reaction. For example, in the partial oxidation of
methane, natural gas, or light hydrocarbons to synthesis gas,
the catalyst must be able to dissociatively adsorb the hydro-
carbon species, followed by oxygen atom transfer to the
dissociatively adsorbed residue. The first requirement is met
with catalysts possessing considerable hydrogen affinity
(e.g. surface hydride forming ability or surface basicity).
Oxygen atom transfer to the residue implies that the catalyst
possesses only modest metal-oxygen binding energy and has
reversible reducibility. Catalysts possessing these features
include the platinum group metals Ni, Pd, Pt, Rh, Ru, Ir, and
Os, as well as the first row transition metals Fe, Mn, and Co.
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Incorporation of these metals or their combinations onto the
oxidation surface of oxygen anion conducting membranes
provides a strategy for direct partial oxidation of hydrocar-
bons. Moderation of catalyst activity to avoid coke forma-
tion is achieved by the incorporation of metal clusters into
ceramics such as CeO,, Bi, 05, ZrO,, CaB,_ B' 05, SrB,_
xB' 05 or BaB,_ B' O, (where B=4+-lanthanide ion such as
Ce, Tb, or Pr);B'=3+-lanthanide ion such as Gd or Nd; and
0<x<0.2). Additionally, incorporation of transition metal
ions into the B-site of a perovskite, with a basic A-site, will
give an active catalyst since the bonding of the metal ion to
oxygen will be correspondingly weakened and the oxygen
atom transfer activity of the metal ion enhanced. Perovskites
possessing the general formula A, A 'B, B 'O; (where
A'=lanthanide metal ion or Y; A'=alkali or alkaline earth
cation and 0<x<0.8; B=transition metal ion such as Fe, Ni,
or Co; B'=Ce or Cu, Ag, Au or Pt, Pd, or Ni and 0<y<0.3)
may be used.

In order to identify interfacial requirements for promoting
initial oxygen dissociative adsorption and subsequent elec-
tron transfer, the overall oxygen reduction reaction of inter-
est for which optimum electrocatalysis is sought was con-
sidered. This reaction may be represented by:

Opgytde 42V, -+ =20,

where V_ - represents an oxide ion vacancy in a normal
lattice position where such vacancy sites would be expected
to be compatible towards stabilization of O*~ species.
Requirements for oxygen reduction may be appreciated by
breaking the overall reduction reaction into the following
distinct steps:

1. Oygy = Ongs Initial oxygen adsorption
adsorption on the electrocatalysts
Oxygen dissociation

Electron transfer to
dissociatively adsorbed oxygen

4. Subsequent O?~ migration from catalyst into membrane bulk.

2. Ogag5 = 20,4,
3. Ougs + 267 + Voo = O

ads.

Initial O, adsorption onto the perovskite transition metal B
site proceeds end-on via lone pair electrons to give an a-type
bond into the metal d.* orbital. Simultaneously with this
event, a back donation of t, electrons from the B lattice site
to the oxygen antibonding rt* orbital will occur. This syn-
ergistic effect is expected to result in strengthening the
N—O bond and weakening the O—O bond. This process
would be promoted most effectively for empty metal e,
orbitals and filled metal t,, orbitals. Looking at M**, M**,
M** first row metals, this requirement would be met for the
species Fe**, Co®* or Ni** immobilized in the perovskite B
lattice site of the general catalyst BaCo,_,M,O5. Subsequent
net electron transfer from the metal to the dissociatively
adsorbed oxygen atom would be facilitated by the oxygen
atom being energetically close to the perovskite electrocata-
lyst conduction band edge under conditions where this band
edge is cathodic of that for the dissociatively adsorbed
oxygen.

A necessary requirement will also be that adequate bulk
electronic conductivity be present. Since band gaps for
perovskite oxides are relatively large (3-5 eV), electron/hole
mobility may be introduced via mixed valence sites:

M — O MO+ . MO+ DM+

This is promoted by strong B site overlap with oxygen and
B—O—B bond angles=180°.
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For the reductive decomposition of NO,, and SO,, as well
as for oxygen concentration, perovskites are again favored
catalysts. In NO,, decomposition, the catalyst must prefer-
entially adsorb NO, over O, and permit the facile release of
adsorbed O atoms. The first requirement is met by the use of
the first row transition metal ions including Fe, Co, Ni, and
Cu, as well as by group VIII metals such as Ru, Pt, or Pd in
the B-site. The second requirement is met by the employ-
ment of basic or low melting metals in the A-site (Pb, Bi, or
Sb, lanthanides or Group IA and IIQ dopants) as well as by
the use of Ru or Group IB metals (Ag or Au) as a B-site
dopant. These conditions are expected to produce generally
weak M—O bonds, permitting the required surface and bulk
mobility of oxygen ions. In addition, catalysts such as
transition metals (Cu, Ag, Au, Pd, Pt, Rh, Ir, Os) supported
on metal oxides, (¢.g. Fe,O, Co,0;, Fe;0,, NiO, Ni,O;,
MnO, MnO,) and prepared by various methods such as
coprecipitation, impregnation, etc., are expected to be
active.

SO,, decomposition may be promoted in a similar manner
to NO, decomposition, but the issue of sulfur tolerance
arises. In that case, materials based on the Group VIB metals
(Cr, Mo, and W) such as WS, or WC or on the Group VIII
metals (Fe, Co, Ni, and Cu) such as the thioperovskites
ABS; (where Ais a lanthanide and B is a Group VIII metal)
, thiospinels AB,S, (where A is a 2* Group VIII ion and B
is a 3" Group VIII ion) or Chevrel phases A,MO¢S; (where
Ais Fe, Co, Ni, Cu, Zn) are applicable. Similar requirements
for oxygen reduction as for NO, reduction point to the use
of similar perovskite catalysts.

H,S decomposition is similar to that of SO, decomposi-
tion. The preferred catalysts for this process are thiospinels
AB,S, (where A is a 2* Group VIII ion and B is a 3* Group
VIII ion) or WS,,.

Previous work examining oxygen desorption using Tem-
perature Programmed Desorption (TPD) from perovskite
oxides has shown that two types of oxygen can become
desorbed (Y. Teraoka, H.-M. Zhang and N. Yamazoe, Chem-
Lett. 1367 (1955)). Here oxygen desorbed at lower
temperatures, termed u oxygen, corresponds to adsorbed
surface oxygen, and that desorbed at higher temperatures,
designated f§ oxygen, is desorbed from lattice sites within
the perovskite. TPD studies on oxygen desorption from
perovskite oxides have been studied as a function of the
nature and concentration of dopant atoms introduced into
both the A- and B-sites. A brief discussion of some of these
results and their relevance to selection of perovskite sites for
oxygen evolution at intermediate temperatures is presented
below.

TPD studies of oxygen evolution from perovskite oxides
have shown the amount of a-oxygen desorbed from Ln,_
*A MO; (Ln is a lanthanide, A is an alkaline earth metal, and
M is Co, Fe Ni Cr) was a function of x and hence the
vacancy concentration was little affected by the nature of the
[p-site. These results suggested that c-oxygen occupied
normally empty oxygen vacancy sites. The onset tempera-
ture where a-oxygen evolved was found to increase upon
going from Ba to Sr to Ca in the A lattice site. Calculation
of the average metal oxygen bond energy for the series
La;_,CoO; (A is Ba, Sr and Ca) using the equation:

1
ABE = ——
12-m

(AHAmon —mAH, - lD(oz)] + L(Aﬂsmon - mAHp)

n 6-m
where AH, , and AH, ,, are the heats of formation of the
A, 0, and B,,0, oxides, respectively, AH, and AH the
heats of sublimation of the metals A and B, respectively, and
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D, is the oxygen dissociation energy, shows that the
average metal-oxygen bond energy decreases in the order
La, ,Ca CoOj, La, Sr,CoO;, La,  Ba,CoO5. Thus, the
a-oxygen desorption temperature is dependent on the aver-
age metal-oxygen bond strength at the perovskite surface.
[-oxygen desorption is due to removal of oxygen from
normal lattice sites accompanied by reduction of the formal
B site oxidation cation by one. More recent work has shown
that partial substitution of the B-site cation in
Lag ¢Sty 04Cog sMg .05 with Cr, Mn, Fe, Ni, Ni and Cu
affects both the onset temperature for and (Y. Teraoka, T.
Nobunaya, N. Yamazoe, Chem.Lett. 503 (1988)) amount of
a-oxygen evolved. The amount of a-oxygen evolved
decreased in the order Cu>Fe>Ni>Mn>Cr.

Good oxygen evolution catalyst sites can occur when
using perovskites possessing the general composition
BaCo,_,M,O;, where M is Fe, Cu or Ag and x is a number
from O to 1. For these compositions the vacancy concentra-
tion has been maximized by total replacement of the Ln**
cation by the alkaline earth cation Ba**. Previous work (M.
Crespin and K. W. Hall, J.Cat. 69, 359 (1981)) suggests that
water decomposition at perovskite surfaces proceeds via
reaction with oxygen vacancies. Additionally, selection of
Ba over Sr or Ca leads to lower average metal-oxygen bond
strengths and B site doping with Fe, Cu or Ag has been
previously shown to enhance oxygen desorption.

As a consequence, perovskite electrocatalysts of formula
BaCo,_ M., 0O;, where M is Fe, Cu or Ag (0.05=x=0.2) are
of significant interest for catalytic reactors of this invention.
The predominance of Co in the B lattice site is compatible
with both the oxygen dissociative adsorption and oxygen
evolution step. Introduction of Fe, Cu and Ag into this lattice
site will contribute to low overpotentials associated with the
oxygen evolution reaction.

Metal oxide supported Ni can be employed on a mem-
brane of this invention as a catalyst for CO,/CH, oxidative
reforming to synthesis gas. A number of these catalysts are
described in the Examples and their performance is illus-
trated in the data of Table 4. The Ni:support ratio in these
catalysts can vary from about 5:100 (5%) to about 100% Ni.
Preferred Ni:support ratios are from about 1:10 (10% Ni) to
4:10 (40% Ni). Supports employed included inert supports
(such as y-Al,0;) and ionic and electronic conductors.
Supports having Cr and Mn ions are expected to promote
CO,, absorption facilitating the reforming reaction. In the
data given in the Table, CO selectivities for all catalysts
tested were high, H,:CO ratio is higher for 40% Ni catalysts
than for 20% Ni catalysts. The preferred catalyst among
those tested was Ni-supported LSM. These results indicate
that supports containing Mn and/or Cr ions are useful for
catalysts in this system. In addition, supports based on
substitution of Cr and Mn into the metal oxide structure
La,_,Sr; (GaFeO , will be useful as catalyst supports in this
system.

This invention has been described in detail with reference
to a particular embodiment thereof, but it will be understood
that various other modifications an be effected within the
spirit and scope of this invention.

EXAMPLES

Example 1
Membrane Fabrication
All compounds were prepared from mixtures of the
appropriate metal oxide(s) and metal carbonate(s) in the
desired stoichiometries. Powders were placed in a small
polyethylene container with an equal amount, by volume, of
isopropyl alcohol. Several cylindrical yttria-stabilized zir-
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conia (YSZ) grinding media were also added to the con-
tainer. The resulting slurry was mixed thoroughly on a ball
mill for several hours. The alcohol was then allowed to
evaporate yielding a homogeneous mixture of the starting
materials.

This homogeneous mixture was calcined to obtain the
desired phase. Powders were placed in alumina crucibles
and fired at temperatures up to about 1450° C. for 12 h in
atmosphere. Upon cooling, the powders were ground to
-100 mesh with a mortar and pestle. The ground powder was
then analyzed by X-ray diffraction (XRD)to verify that the
proper phase had been formed. Calcining was repeated, if
necessary until the desired single-phase material was
obtained. If repeated calcination was required, the powders
were thoroughly milled in between calcinations. XRD was
performed using a Rigaku Miniflex X-Ray Spectrometer,
Model CN2005 using Cug,, radiation (A=1.542 A) Scan
speed was 2° (26)/min for this preliminary XRD and 0.5°
(268)/min for determination of lattice parameters.

Before pressing and sintering, the particle size of the
powders was reduced by attrition. A Union Process Model
01 attritor with a YSZ tank and YSZ agitator arms was used
for this process. In a typical attrition, about 1.5 1bs of 5 mm,
spherical YSZ grinding media were placed in the tank.
Isopropyl alcohol (about 120 mL) was then added to the tank
followed by about 100 g of the —100 mesh powder. The
powder was again reduced by attrition for 1 h, after which
the alcohol was allowed to evaporate. XRD was again
performed on the powder to ensure that the attrition proce-
dure did not cause decomposition. No decomposition was
observed for any materials. The XRD patterns showed
considerable peak broadening, indicative of small particles.
The particle size at this stage was believed to be submicron.

After attrition, powders were pressed into disks and
sintered. The powder was mixed with a binder, e.g. a
standard ceramic binder, such as Ceracer C640 (Shamrock),
which is a polyethylene wax, with a mortar and pestle until
a homogeneous mixture was obtained. Another suitable
ceramic binder is methylcellulose. The binder/powder mix-
ture (about 1 g) was placed in a 12.5 mm diameter die. The
mixture was then pressed into disks at 15,000 psi for several
minutes. These “green” disks were then placed into an AL,O,
crucible for sintering. Disks were packed with powder of the
same material to ensure that the disks did not react with the
crucible or sinter together. Disks were sintered in the cru-
cible in atmosphere for 4 h at the appropriate sintering
temperature for a given material from about 1300° C. to
about 1450° C. to obtain sintered disks preferably of =90%
theoretical density. Sintering temperature for a given mate-
rial was determined empirically as is known in the art.
Sintering temperatures used for representative materials are
listed in Table 1. Typical ramp rates during sintering were 3°
C./min for both heating and cooling cycles.

To form membranes of this invention, metal oxides or
carbonates were combined in the desired stoichiometric
ratio. For example, for Sr, ,La, ;GaFeO, ,, 60.0 g La,0,
40.7 g SrCO;, 21.6 g Ga,05 and 8.3 g Fe, 05 were com-
bined. The resulting powder mixture was repeatedly cal-
cined until it was single-phase material at temperatures up to
1400° C. The resulting single phase brownmillerite material
was pressed into a disk and sintered at 1450 ° C.

After sintering, one face of the sintered disk was exam-
ined by XRD to ensure that no decomposition had occurred.
Additionally, an XRD pattern at a scan rate of 0.5° C.
(268)/min was obtained on the powder prepared under iden-
tical conditions to determine lattice parameters. Lattice
parameters were determined by fitting the observed pattern
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as is known in the art using commercially available Micro-
index software (Materials Data, Inc., Livermore, Calif.). See
C. Greaves et al. (1975) supra.

A typical XRD pattern for a Sr, [La Ga, FeOs, .
material, where x=0.4 and y=1.8, is illustrated m FIG. 1.
This pattern was fit to an orthorhombic unit cell, Pemn, with
a=5.534, b=15.68 and c¢=5.513 A, similar to that observed
for the brownmillerite compound Sr,Fe,Os.

Membrane materials can also be shaped into tubes and
closed-one-end tubes by isostatic pressing using appropri-
ately shaped molds.

A commercial isostatic press (Fluition CP2-10-60) was
employed to form closed-one-end tube membranes. This
press is capable of operation to 54,000 psi to form tubes of
~4 c¢cm outer diameter and 10 cm in length. Powder was
prepared and reduced in particle size as discussed above.
Binder (3%, C640 binder) was added to the powder. A
rubber mold was fabricated in the desired outer shape of the
tube. A small amount of powder sufficient to form the top
end of the closed-end tube was introduced into the mold. A
mandrel having the shape of the inner surface of the tube
was then inserted into the mold.

A plug funnel was inserted into the top of the mold to
allow powder to be added evenly around the mandrel. In
particular, the funnel employed was designed so that it fit
over the end of the mandrel and centered the mandrel in the
mold. Powder was then poured into the mold via the funnel
with vibration to ensure even packing. After packing, the
mold was plugged and deaerated through the plug. The mold
was inserted into the press. Pressure of 30,000 psi to about
40,000 psi was applied to the mold for about 2 m. After
pressurization, the mold was removed and the green tube
was removed from the mold. Very high green densities up to
80%, as measured by the Archimedes method, were
obtained.

Green closed-one-end tubes were sintered by placing the
tubes (closed-one-end down) in a crucible and inert small
diameter beads of yttria-stabilized zirconia (commercially
available) were placed around the tubes to keep the tubes
straight during sintering. XRD of the tube surface after
sintering indicated that no reaction had occurred between the
beads and the tube. Straight closed-end tubes of sintered
density typically between about 90% to 95% were prepared
using this method with materials including
Sr, La, ,GaFeOg ,, Sr; ;La, ;GaFeO4 ,5, and
St glag 4Gag sFe; 505 5.

Example 2
Determination of Oxygen Permeation Rates

A sintered Sr, ,la, ;GaFeO, , membrane was incorpo-
rated into a two-zone catalytic membrane reactor with a
Pyrex (Trademark, Corning) seal used to isolate the two
zones. A generic reactor is illustrated in FIG. 10 and dis-
cussed above. No catalysts were coated on the membrane.
The reducing section of the reactor was exposed to air and
the oxidizing section of the reactor was exposed to the inert
gas, He. Air was used rather than oxygen because the
nitrogen in air could be used to assess any leaks in the
membrane seal in the reactor apparatus used. The reactor
was heated to 850° C. (as measured by a thermocouple at the
furnace close to the reactor), and the amount of oxygen
permeating through the membrane and any nitrogen leaks
into the He was measured.

Determinations of oxygen and nitrogen concentrations in
He were made by gas chromatography (Gow-Mac series 580
GC equipped with a ten foot Carbosphere column (Alltech))
maintained at ambient temperature. The rate of oxygen
permeation for the Sr, ,La, ;GaFeOs , membrane was deter-
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mined to be 0.27 cm>(STP)/min-cm? at this temperature for
a 0.17 cm thick membrane.

Oxygen permeation rates can also be determined on
catalyst-coated membranes. For example, both faces of a
sintered disk of Sr;,lLaycFeGaO5, were coated with
Lag ¢St ,C00,4_, (LSC) which serves as an oxygen elec-
trode. A slurry of about 1 g of LSC and about 1 g of
butanediol was prepared and thoroughly mixed. The slurry
was then painted onto the membrane disk surfaces and
annealed at 900° C. for 1 h. This technique gave uniform
coatings with strong adhesion. The oxygen permeation rate
of a coated membrane 0.11 cm thick was determined to be
0.23 cm® (STP)/min-cm”.

LSC is prepared by the glycine-nitrate method as
described in L. A. Chick, L. R. Pederson, G. D. Maup in, J.
L. Bates, L. E. Thomas, and G. J. Exarhos (1990) Mater.
Lett. 10:6 and L. R. Pederson, G. D. Maupin, W. J. Weber,
D. J. McReady and R. W. Stephens, (1991) Mater. Lett.
10:437. The following components were dissolved in H,O
(75 mL) : St(NO;), (2.12 g) , La(NO,);.H,O0 (16.6 g) ,
Co(NO,),.H,0 (14.55 g) , and glycine (9.01 g). The solution
was transferred into a 3.8 L stainless steel beaker covered
with a 100 mesh stainless steel screen to prevent loss of
solids upon combustion. The beaker was heated on a hot
plate until the mixture ignited. The powder was collected
and subsequently annealed in air at 1100° C. for 2 h. The
material prepared was examined by XRD to determine that
it was single-phase.

Example 3
Ionic and Electronic Conductivities of Membrane Materials
Ionic conductivities were calculated from experimentally
determined oxygen permeation rates (measured as described
in Example 2 with LSC coated membranes) using the
following equation (Y. Teraoka, H.-M. Zhang, S. Furukawa
and N. Yamazoe (1985) Chem. Lett., 1743):

Py,

7= 17210747 Zllog—

%)

where J is the oxygen permeation rate in cm>(STP)/min-cm?
of disk surface, T is the absolute temperature, d is the
sintered disk thickness (cm) and P' (O,) and P" (O,) are the
oxygen partial pressures on the air and He sides,
respectively, on either side of the membranes. For the values
listed in Table 2 above P'(O,) and P" (0O,) were taken as 0.21
and 1x107> atm, respectively and permeation measurements
were performed in the temperature range 750° C.—900° C.

Total conductivity, i.e. the sum of electronic and ionic
conductivity, of membranes was measured using the van der
Pauw four-probe method. See L. J. van der Pauw (1958)
Philips Res. Rep. 13:1. Four electrodes were attached to the
perimeter of the sintered disk surface. A current was applied
across two contiguous electrodes and the voltage measured
across the remaining two electrodes. Typical currents used
were between 1-30 mA. Conductivity was calculated from
the applied current and measured voltages according to the
following equation:

an(I]
o= —|—=
rd\V

where [ is the applied current, V is the measured voltage and
d is the disk thickness. The contact resistance of each
electrode was measured and found to be similar so no
geometrical factor was required. Measurements of total
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conductivity were made in He, methane and air over the
temperature range 750° C.—900° C.

Ionic and total conductivities of exemplary membrane
materials are given in Table 2.

Example 4

Long Term Stability Test

One side of a sintered disk of Sr, ,La, ;GaFeO 5 was
coated with Ni to serve as the partial oxidation catalyst. The
other side of the disk was coated with LSC which served as
the oxygen reduction catalyst. The disk was inserted in the
reactor shown in FIG. 10, such that the Ni-coated side was
exposed to methane. Methane in He (about 70%) was
introduced into the reactor as shown in FIG. 10, contacting
the Ni-coated side of the disk. Oxygen in He (about 70%)
was introduced into the reactor as shown in FIG. 10,
contacting the LSC-coated side of the disk. The reactor was
kept at 900° C. Synthesis gas with a ratio of H,:CO of
1.6-1.8 (with a few percent of Co,) was produced at a rate
of 6-8 ml/min cm?® disk surface. The sintered disk material
was stable for >1000 hr under these operating conditions.
Further, the sintered disk remained mechanically stable, i.e.
it did not crumble or crack. FIG. 2 is a graph of the rate of
synthesis gas production in this reactor over 1000 hr. X-ray
diffraction after the experiment showed that the disk main-
tained the proper structure. No impurities due to disk decom-
position were observed.

Example 5

Tubular Reactor Experiment

A ceramic reactor tube, see FIG. 11, was fabricated from
the compound Sr, cLa, ,GaFeOs ,. The inside of the tube
was coated with Ni and the outside of the tube was coated
with LSC. Methane in He (about 70%) was flowed (10
ml /min) inside the tube and oxygen in He (about 70%) was
flowed (10 mL/min) past the outside of the tube. The reactor
was held at 900° C. Synthesis gas with a ratio of H,:CO of
1.8 (and a small amount of CO,)was produced at a rate of
0.7 mL/min cm? of membrane surface.

Example 6

CO, and CH, Oxidative Reforming to Synthesis Gas
Brownmillerite membrane materials were characterized for
performance in catalytic membrane reactors. Sintered disks
were prepared as described above, a Ni coating was
employed as the partial oxidation catalyst and an LSC
coating was employed as the reduction catalyst. LSC was
prepared and applied to one face of the membrane surface as
described above. Nickel was applied to the other membrane
face using Ni epoxy (Aremco Products, Inc.). Coated mem-
branes were inserted into the apparatus illustrated in FIG.
10, the Ni-coated surface is the oxidation surface in contact
with the reactant gas, here methane or methane/CO, mix-
tures in inert gas (He) and LSC-coated surface is the
reduction surface in contact with the oxygen-containing gas,
here O, in inert gas (He). Experiments were performed with
a feed composition 70% CH, in He. When CO, was added
to the feed flow, it replaced He so that a constant 10 mL total
feed flow rate with 70% CH, was maintained. Hydrogen,
CO, CO, and CH, were analyzed by GC employing a six
foot Carbosphere column (Alltech) maintained at 80° C.
Results are summarized in the Table 3 where H,, CO and
CO, (measured in terms of ml/min cm?) are assessed as a
function of reactor temperature and CO, content of feed.
Where the CO,:CH, ratio is listed as zero, the feed was CH,,
in He. Selectivity of the reactor for CO compared to CO,
was measured for CH, reactant. The ratio of H,:CO, pro-
duced is also listed.
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Example 7

Supported Ni Catalysts for Methane Reforming to Synthesis
Gas

Several supported Ni partial oxidation catalysts were
employed for methane partial oxidation in a catalytic mem-
brane reactor. Sr, JLa, ,GaFeO5, was employed as the
membrane material and LSC was coated on one surface of
the membrane as the reduction catalyst. Oxidation catalysts
were coated onto the membrane surface in a manner similar
to that for LSC. The feed composition and product compo-
sition were analyzed using GC as described above. Mass
balance was calculated based on the measured feed and
product composition. Carbon deposition, as the percent of
total carbon in the input stream was calculated based on the
difference between carbon input as CH, and CO, and the
amount of carbon in the product stream in the form of CO,
CO, and CH,.

Ni supported on metal oxides was prepared by impreg-
nation followed by reduction in hydrogen. An aqueous
solution (10 mL of water)of a selected amount of Ni(NO5),
was prepared. The support material (10 g) was added to the
solution and the mixture dried at 90° C. for 12 h. The amount
of Ni(NO,), included in the solution was dependent upon
the Ni:support (w:w) ratio desired in the catalyst. The
resulting powder was then ground thoroughly and placed in
an Al,O5 boat. The boat was placed in a tube furnace and
10% hydrogen in Ar flowed over the boat. The reduced
powder was heated at 600° C. for 6 h and cooled to room
temperature. XRD was performed on the catalyst to ensure
that Ni ion was reduced to Ni metal and that the support
material had not decomposed during this process. XRD
analysis indicated no evidence of incomplete reduction or
support decomposition in any of the catalysts prepared.

Several different metal oxide support materials were used.
Inert supports, such as y-Al,05, La,O5, ionic and electronic
conductors (Lag 765r0.,4CrO; (LSCr) , Lag gSry ,MnO,
(LSM) , and Sr, ¢La, ,GaFeOs, were employed. Support
powders were either available commercially or prepared as
follows: LSM was prepared by the glycine nitrate method as
described above for LSC, and Sr, (La, ,GaFeOs , powder
was prepared from oxides and reduced in particle size by
attrition as described above for synthesis of membrane
materials. Experimental results are summarized in Table 4.
Overall productivity as the sum of hydrogen and CO
produced, H,:CO ratio, CO selectivity and carbon deposi-
tion were assessed.

Rhodium is known as an active metal for the CO,
reforming reaction (J. R. Rostrup-Nielson and J.-H. Bak
Hansen (1993) J. Catalysis 144:38). A series of catalysts
having 5% (by weight) Rh dispersed on different supports
were also fabricated and characterized for activity toward
combined partial oxidation and CO, reforming reactions in
membrane reactors. These supported Rh catalysts were
prepared in the same manner as supported Ni catalysts
described above except that hydrated Rh(NO,); was used as
the metal source. For example, a catalyst having Rh (5% by
weight) on a-Al,O; heated for 6 h at 600° C. in 105 H,/Ar
was shown by XRD to consist of Rh in the form of Rh metal.
In Table 4, the results of synthesis gas production are
presented. In these experiments the reduction catalyst was
LSC.
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TABLE 1

6,033,632

Summary of Preparation Conditions and Structural Parameters
for Mixed Conducting Membranes Investigated To Date in This Program

Membrane Composition

Sintering

Temperature Density

Sintered Theore-

tical

Lattice Parameters Cell
a b c Volume
A (A%

“c) (g/em?) Density

Sty 4Lag cGaFeOs 5 1300 5.1 89% 5547 1569 5526 481
Sty gLag 4Ga, Feq O » 1260 53 97% 5720 1574 5560 501
Sr, (la, ,GaFeOs , 1350 5.1 93% 5719 1571 5550 499
St gLag ,Gag gFe; .05 5 1450 47 86% 5560 1580 5541 487
Sty gLag 4Gag oFe; 4055 1375 48 88% 5542 1567 5520 479
Sr, ¢la, ,Ga, Fe, (Os» 1300 5.0 91% 5534 1568 5513 478
St gLag ,Gag Fe; (O » 1360 5.1 94% 5534 1556 5.497 473
St gLag_4Fe,0s 5 1375 52 94% 5523 1559 5476 471
Sr, ,la, ;GaFeOs 1290 5.1 95% 5610 1580 5570 494
St ;Lag ;Gag gFe; ;0515 1375 53 100% 5.708 15.65 5.530 494
St Lag Gag oFe; 40515 1375 53 99%  5.640 1567 5530 489
Sr, ,la, Ga, Fe, (Os 15 1375 53 92% 5622 1572 5550 491
St ;Lag ;Gag Fe; ¢Os 15 1400 52 95% 5515 1556 5486 471
St glag ,GaFeOs ; 1300 46 88% 5728 1574 5556 501
Sr, gla, ,Ga, Fe, (Os 1450 5.0 92% 5516 1560 5504 474
St gLag ,Gag Fe; ¢Os 4 1450 5.0 98% 5.657 1584 5566 499
TABLE 2

Ionic and Electronic Conductivities for Mixed Conducting Brownmmillerite
Membrane Disks

Temperature  Oien

Oy (S/em) O

Membrane Composition “c) (S/em) CH, He Alr (S/em) t;
St, Jlag 4Ga, JFeq Os5 750 0001 023 019 114 019 1
800 0.001 020 0.24 112 0.24 1
850 0.001 016 0.28 1.10 0.28 1
900 0.001 0.08 0.29 1.06 0.29 1
St, slag 4Gag oFe; 4050 750 0046 031 178 150 173 097
800 0.065 0.27 198 142 1.92 0.97
850 0.076 023 216 128 2.08 0.96
900 0.08 0.18 226 11.6 217 0.96
St, slag 4GagFe; ¢Os 5 750 0014 — 241 144 240 0.99
800 0.020 0.62 349 234 3.47 0.99
850 0031 017 141 8.50 1.38 0.98
900 0.058 045 091 7.50 0.85 0.94
St, lag 4Fe,0s 5 750 0126 051 374 481 373 1
800 0202 0.75 337 1123 335 0.99
850 0.300 1.23 33.7 84.2 334 0.99
900 0.414 1.68 30.6 67.4 30.2 0.99
St, Lag sGaFeOs 1 750 0019 038 041 014 039 095
800 0.031 0.60 0.39 0.16 0.36 0.92
850 0.045 0.62 0.39 0.19 0.35 0.88
900 0.043 0.63 022 0.22 0.18 0.80
St sLag sGag gFe; ;0515 750 0014 057 045 545 044 097
800 0.020 1.05 048 5.98 0.46 0.96
850 0.026 090 0.59 5.51 0.56 0.96
900 0.033 125 0.69 5.16 0.66 0.95
St sLag sGag oFe; 40515 750 0087 031 293 166 284 097
800 0.095 037 260 142 2.51 0.96
850 0.119 0.55 235 125 2.23 0.95
900 0.143 0.88 232 105 2.18 0.94
St Lag 3Gag 4Fe; (Os.0 750 0023 006 139 142 139 1
800 0.034 0.08 145 14.9 14.5 1
850 0.046 0.11 152 15.9 15.2 1
900 0.060 0.17 159 14.2 15.8 1
St ;Lag 3GagFe; ¢Os 5 750 0017 060 732 596 730 1
800 0.025 149 7.49 5.11 7.47 1
850 0.034 205 785 6.71 7.82 1
900 0.045 2.73 8.05 5.37 8.01 0.99
St, gLag ,GaFeOs 750 0042 031 089 227 085 095
800 0.059 055 0.78 791 0.72 0.92
850 0.083 023 049 5.85 0.41 0.83
900 0.191 0.67 0.73 3.69 0.54 0.74
St, glag ,Gag 4Fe; ¢Os 1 750 — 220 351 754 — —
800 0.026 157 371 566 3.68 0.99

24
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TABLE 2-continued

Tonic and Electronic Conductivities for Mixed Conducting Brownmmillerite
Membrane Disks

Temperature  Oien Oyory (S/em Oefee
Membrane Composition “c) (S/em) CH, He Alr (S/em) t;
850 0.036 215 3.93 50.3 3.89 0.99
900 0.062 197 419 377 4.13 0.99
St, Lag,Gag Fe, ;05 4 750 0015 076 005 239 004 070
800 0.025 0.86 0.17 19.4 0.15 0.85
850 0.043 0.71 0.25 17.3 0.21 0.83
900 0.069 1.01 0.33 13.5 0.26 79
TABLE 3

Summary of Results Obtained for Mixed Conducting Brownmillerite Disk Membrane Reactors

Product
Membrane Temperature Feed CO CO, H,CO CO
Composition “c) CO,:CH, H, ml/min cm? Selectivity
St, 4Lag (GaFeOs 5 800 0 512 330 002 1.6 0.99
800 0.14 494 800 0.12 0.6 —
800 0.28 429 872 012 0.6 —
800 0.43 422 502 021 0.8 —
850 0 574 457 0.00 1.3 1.00
850 0.14 5.02 9.18 0.07 0.6 —
850 0.28 4.77 991 0.06 0.5 —
850 0.43 4.36 11.27 0.08 0.5 —
900 0 10.44 275 1.07 3.8 0.75
900 0.14 7.89 17.03 0.07 0.5 —
900 0.28 7.82 18.74 0.06 0.4 —
900 0.43 4.96 24.00 0.07 0.2
St, glag 4GaFeOs , 800 0 1.85 094 025 20 0.80
800 0.05 1.26 0.61 1.02 21 —
800 0.12 073 034 171 2.3 —
850 0 236 1.16 0.17 2.0 0.90
850 0.05 1.53 0.77 0.89 2.0 —
850 0.12 1.12 049 1.66 2.3 —
850 0.27 0.32 028 3.17 0.8 —
900 0 297 1.34 0.10 2.2 0.90
900 0.05 1.82 093 0.73 2.0 —
900 0.12 1.92 111 1.42 1.7 —
900 0.27 1.59 122 285 1.3 —
St, slag 4Gag 4Fe; (050 800 0 140 134 129 17 05
800 0.14 1.45 138 3.14 1.1
800 0.28 0.97 1.07 5.04 0.9 —
800 0.43 093 1.19 895 0.8 —
850 0 1.24 0.63 0.48 2.0 0.06
850 0.14 231 3.07 3.76 0.8 —
850 0.28 1.82 2.44 3.5 0.8 —
850 0.43 1.47 252 785 0.6 —
900 0 3.34 206 0.67 1.6 0.70
900 0.14 425 543 549 0.8 —
900 0.28 4.37 639 4.15 0.7 —
900 0.43 3.55 7.57 871 0.5 —
St, slag 4Gag oFe; 4050 800 0 324 120 061 2.8 0.7
800 0.04 3.32 1.60 1.49 21 —
800 0.13 291 1.44 240 2.0 —
800 0.43 1.07 0.56 4.65 1.8 —
850 0 3.60 1.51 0.66 2.4 0.7
850 0.04 3.58 1.53 1.65 2.3 —
850 0.13 3.03 1.39 259 2.2 —
850 0.43 1.20 0.67 4.49 1.8 —
900 0 3.58 1.79 0.74 2.0 0.7
900 0.04 318 164 171 1.9
900 0.13 272 136 281 2.0 —
900 0.43 1.08 0.68 4.60 1.6 —
St, gLag ,GaFeOs 800 0 573 087 002 6.6 1.0
800 0.13 4.80 2.54 1.14 1.9
800 0.72 406 2.81 147 1.4 —
850 0 6.38 132 0.02 4.8 1.0
850 0.05 6.62 219 0.44 3.0
850 0.13 512 322 093 1.6 —
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TABLE 3-continued

6,033,632

Summary of Results Obtained for Mixed Conducting Brownmillerite Disk Membrane Reactors

Product

Membrane Temperature Feed CO CO, H,CO CO

Composition “c) CO,:CH, H, ml/min cm? Selectivity
850 0.72 534 323 1.21 1.7
900 0 7.69 212 0.02 3.6 1.0
900 0.05 734 271 0.36 2.7 —
900 0.13 5.84 3.65 0.75 1.6 —
900 0.72 5.43 359 1.00 1.5 —

St, Lag sGaFeOs 1 800 0 358 142 016 25 0.9
800 0.06 213 134 1.42 1.6
800 0.15 223 146 2.27 1.5 —
800 0.25 230 146 3.21 1.6 —
850 0 3.83 1.73 0.19 2.2 0.9
850 0.06 2.87 194 1.21 1.5 —
850 0.15 2.84 2.03 1.93 1.4 —
850 0.25 3.29 250 2.58 1.3 —
900 0 4.03 2.06 0.24 2.0 0.9
900 0.06 3.34 261 1.00 1.3
900 0.15 3.63 282 1.61 1.3 —
900 0.25 413 293 2.14 1.4 —

St, lag 4Fe,0s 5 800 0 112 024 002 48 0.9
800 0.05 1.15 0.68 0.83 1.7
800 0.09 1.42 0.69 0.90 21
850 0 1.93 0.28 0.01 6.8 1.0
850 0.05 116 0.54 0.82 2.2
850 0.09 208 1.11 0.67 1.9
900 0 256 0.35 0.01 7.3 1.0
900 0.05 1.42 0.63 0.71 2.3
900 0.09 318 1.62 0.40 2.0

St, Jlag 4,Gag Fe, (Os, 800 0 446 130 005 32 1.0
800 0.08 4.63 1.73 0.64 2.7 —
800 0.14 2.02 3.30 0.81 0.6 —
800 0.24 3.04 3.06 1.22 1.0
850 0 521 1.73 0.03 3.0 1.0
850 0.08 543 241 0.38 2.3 —
850 0.14 5.64 254 0.45 2.2 —
850 0.24 3.58 3.61 0.85 1.0

St, slag 4GagFe; ¢Os 5 900 0 609 1.89 001 33 1.0
900 0.08 573 2.88 0.25 2.0 —
900 0.14 6.28 2.89 0.30 2.2 —
900 0.24 4.04 4.04 0.60 1.0

St sLag 3GagFe; ¢Os 15 800 0 506 0.63 002 80 1.0
800 0.08 476 134 11.33 3.6
800 0.28 412 343 2.05 1.2
850 0 6.57 0.77 0.01 8.4 1.0
850 0.08 557 152 0.51 3.7
850 0.28 4.02 3.16 1.87 1.3
900 0 6.93 1.09 0 6.7 1.0
900 0.08 6.48 1.90 0.25 3.4
900 0.28 440 312 1.53 1.4

St, glag ,Gag Fe; ¢Os 4 800 0 642 203 01 32 1.0
800 0.10 4.53 3.09 0.67 1.5
800 0.17 3.89 342 0.94 1.2

St, glag ,Gag Fe; ¢Os 4 850 0 813 197 0.04 41 1.0
850 0.10 576 4.18 0.28 1.4
850 0.17 511 4.66 0.53 1.1
900 0 8.62 1.60 0.01 5.5 1.0
900 0.10 582 459 0.18 1.3
900 0.17 5.63 5.84 0.35 1.0

St, slag 4GagsFe; 055 800 0 516 2.62 012 2.0 1.0
800 0.12 4.84 351 1.12 1.4 —
800 0.20 4.43 2227 1.55 2.0 —
800 0.55 397 371 2.75 1.1
850 0 618 217 0.03 2.8 1.0
850 0.12 570 3.78 0.85 1.5 —
850 0.20 5.69 298 1.30 1.9 —
850 0.55 424 402 2.25 1.1

St, Jlag ;Gag gFe, .05 900 0 571 256 003 22 1.0
900 0.12 5.30 4.63 0.68 1.1 —
900 0.20 542 332 1.06 1.6 —
900 0.55 4.58 455 1.86 1.0 —

St, JLag sGag JFe, ,Os 1s 800 0 176 068 059 2.6 05
800 0.08 2.11 0.90 1.80 2.4
800 0.13 1.70 0.99 2.63 1.7 —
850 0 276 125 0.45 2.2 0.7
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TABLE 3-continued

Summary of Results Obtained for Mixed Conducting Brownmillerite Disk Membrane Reactors

Product

Membrane Temperature Feed CO CO, H,CO CO
Composition “c) CO,:CH, H, ml/min ecm? Selectivity

850 0.08 271 1.47 152 1.8 —

850 0.13 1.34 0.93 2.56 1.4 —

850 0.19 237 1.60 3.51 1.5 —

900 0 322 1.58 0.44 21 0.8

900 0.08 2.65 1.47 1.50 1.8

900 0.13 1.94 119 2.28 1.6 —

900 0.18 1.93 1.41 3.07 1.4 —

TABLE 4

Summary of Results Obtained for Supported Catalysts
on Sry Ja, ,GaFeO< , Membrane Disk Reactors

Product
Catalyst Temperature Feed CO CO, H,CO CcO Carbon
Composition ©C) CO,:CH, H, ml/min em? Selectivity Deposition
Ni (100%) 800 0 1.85 094 0.25 2.0 0.80 12.3
800 0.05 126  0.61 1.02 21 — 12.8
800 0.12 0.73 034 171 2.3 — 10.1
850 0 236 116 0.17 2.0 0.90 14.3
850 0.05 1.53 0.77 0.89 2.0 — 18.3
850 0.12 1.12 049 1.66 2.3 — 6.8
900 0 297 134 0.10 2.2 0.90 16.8
900 0.05 1.82 093 0.73 2.0 — 17.7
900 0.12 192 111 1.42 1.7 — 12.8
900 0.27 1.59 122 2.85 1.3 — 18.3
Ni (20%) on y-ALO; 800 0 0.32 011 0.01 2.8 0.90 —
800 0.13 1.75 218 0.48 0.8 — 15.9
800 0.28 250 494 048 0.5 — 35.8
850 0 0.49 0.18 0.01 2.7 1.0 —
850 0.13 209 251 035 0.8 — 14.0
850 0.28 286 328 0.24 1.3 — 421
900 0 093 031 0.00 3.0 1.0 2.1
Ni (40%) on y-ALO; 900 0.13 207 254 026 0.8 — 12.4
900 0.27 259  4.69 0.24 0.6 — 37.0
800 0 0.89 0.41 0.00 2.2 1.0 8.4
800 0.14 397 511 029 0.8 — 29.3
800 0.29 471  7.62 045 0.6 — 35.6
800 0.43 495 914 0.64 0.5 — 43.7
850 0 146 0.72 0.01 2.0 1.0 11.5
850 0.14 394 550 0.19 0.7 — 27.3
850 0.29 487 835 020 0.6 — 31.0
850 0.43 546 9.40 025 0.6 — 47.8
900 0 234 1.31 0.01 1.8 1.0 13.9
900 0.14 430 510 024 0.8 — 29.4
900 0.28 489 770 0.21 0.6 — 38.0
900 0.43 5.08 10.29 0.27 0.5 — 46.6
Ni (20%) on La,O 800 0 223  1.34 0.01 1.7 1.0 2.2
800 0.09 252 281 041 0.9 — 19.6
800 0.17 2,70 378 0.59 0.7 — 25.4
800 0.21 275 472 0.69 0.6 — 33.9
850 0 2.62 174 0.01 1.5 1.0 10.6
850 0.09 2.63 315 026 0.8 — 23.7
850 0.17 2.78 418 0.37 0.6 — 30.4
850 0.21 258 514 029 0.5 — 40.2
Ni (20%) on La,0, 900 0 261 249 000 11 1.0 252
900 0.09 259 356 0.15 0.7 — 281
900 0.17 256 473 0.14 0.5 — 34.7
900 0.21 2.67 5.63 0.14 0.5 — 44.3
Ni (20%) on LSM 800 0 283 175 0.02 1.6 1.0 15.5
800 0.11 275 349 0.78 0.8 — 14.5
800 0.22 285 352 181 0.8 — 24.8
850 0 3.30 240 0.01 1.4 1.0 21.5
850 0.11 320 4.8 0.12 0.7 — 26.5
850 0.22 321 450 1.28 0.7 — 311
900 0 342 310 0.01 1.1 1.0 24.3

900 0.11 299 546 0.06 0.5 — 29.0
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TABLE 4-continued

Summary of Results Obtained for Supported Catalysts
on Sr, Ja, ,GaFeO. , Membrane Disk Reactors

Product
Catalyst Temperature Feed CO CO, H,CO CcO Carbon
Composition ©C) CO,:CH, H, ml/min em? Selectivity Deposition
900 0.22 328 539 087 0.6 — 40.6
Ni (40%) on LSM 800 0 1.15 0.41 0.00 2.8 1.0 4.40
800 0.10 226 193 055 1.2 — 12.3
800 0.14 1.51 1.76 1.26 0.9 — 12.0
800 0.22 123 1.80 2.08 0.7 — 6.50
850 0 1.69 0.74 0.00 2.3 1.0 8.9
850 0.10 356 297 032 1.2 — 10.3
850 0.14 234 271 074 0.9 — 14.5
Ni (40%) on LSM 850 0.22 219 276 1.44 0.8 — 9.3
900 0 2.89 1.19 0.01 2.4 1.0 12.6
900 0.10 413 295 0.19 1.4 — 21.0
900 0.14 329 359 038 0.9 — 17.1
900 0.22 3.39 419 0.77 0.8 — 15.3
Ni (20%) on LSCr 800 0 0.23 0.1 0.00 2.1 1.0 2.7
800 0.07 129 0.83 1.13 1.6 — 18.5
800 0.12 1.50 1.12 1.67 1.3 — 15.2
800 0.17 1.77 152 235 1.2 — 16.1
850 0 042 022 0.00 1.9 1.0 3.6
850 0.07 1.44 0954 113 1.5 — 19.4
850 0.12 1.78 1.45 1.58 1.2 — 18.5
850 0.17 202 191 214 1.1 — 20.6
900 0 094 0.43 0.00 2.2 1.0 52
900 0.07 1.59 1.10 1.13 1.4 — 18.2
900 0.12 206 1.68 1.52 1.2 — 20.3
900 0.17 231 210 211 1.1 — 20.5
Ni (10%) on 800 0 0.02 0.01 0.79 1.9 0.0 15.6
Sry glag 4GaFeOs ,
800 0.08 0.07 002 195 4.1 — 115.6
800 0.22 0.08 0.03 3.26 2.6 — 20.2
Ni (10%) on 850 0 0.16 0.07 1.09 2.4 0.1 20.2
Sry glag 4GaFeOs ,
850 0.07 0.08 0.01 213 11 — 6.6
850 0.14 0.10 0.01 2.63 9.3 — 11.2
850 0.22 0.08 0.03 3.0 2.7 — 19.4
900 0 0.18 0.07 1.04 2.5 0.1 19.2
900 0.07 026 0.03 212 8.7 — 11.7
900 0.14 0.26 0.03 2.67 8.4 — 12.2
900 0.22 0.12 0.07 3.61 2.0 — 20.0
Ni (20%) on 800 0 0.17 0.09 o011 1.8 0.5 —
Sry glag 4GaFeOs ,
800 0.12 0.06 0.07 1.82 0.8 — 4.3
800 0.20 021 0.37 350 0.6 — 6.2
850 0 0.37 0.20 0.21 1.9 0.5 —
850 0.08 0.68 0.68 1.48 1.0 — —
850 0.20 0.49 0.72 3.19 0.7 — 8.0
900 0 1.34 0.69 0.07 1.9 0.9 3.4
900 0.08 1.08 1.05 1.31 1.0 — 4.7
900 0.20 093 1.18 287 0.8 — 11.8
Ni (40%) on 800 0 0.07 0.04 0.00 2.0 0.9 4.2
Sry glag 4GaFeOs ,
Ni (40%) on 800 0.23 0.39 0.43 3.04 0.9 — 1.3
Sry glag 4GaFeOs ,
800 0.05 0.11 0.09 0.94 1.2 — —
800 0.16 0.35 0.37 251 1.0 — 21
850 0 0.14 0.06 0.00 2.2 1.0 2.6
850 0.05 026 0.19 0.88 1.4 — —
850 0.16 0.77 075 222 1.0 — 31
850 0.23 0.86 0.81 2.66 1.1 — 2.7
900 0 0.33 011 0.01 2.8 0.9 3.8
900 0.05 047 032 0.79 1.5 — 1.8
900 0.16 1.53 151 1.70 1.0 — 71
900 0.23 1.66 1.76 192 0.9 — 8.0
Ni (20%) on 800 0 0.70 0.31 0.24 2.2 0.6 5
Sty glag JMnFeOg ,
800 0.08 0.58 0.28 1.16 2.0 — 8
800 0.10 0.17 011 1.15 1.6 — —
850 0 0.68 0.30 0.34 2.2 0.5 6
850 0.08 0.51 030 1.56 1.7 — 10
850 0.10 0.33 023 1.15 1.5 — —
900 0 0.81 0.37 0.44 2.2 0.5 9
Ni (20%) on 900 0.08 0.77 0.44 1.60 1.8 7
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TABLE 4-continued

34

Summary of Results Obtained for Supported Catalysts

on Sr, Ja, ,GaFeO. , Membrane Disk Reactors

Product
Catalyst Temperature Feed CO CO, H,CO CcO Carbon
Composition ©C) CO,:CH, H, ml/min em? Selectivity Deposition
Sry glag 4MnFeOs ,
900 010 057 042 088 13 — 4
Rh (5%) on 800 0 013 0.05 023 2.6 0.2 —
Sry glag 4GaFeOs ,
800 014 003 016 205 01 — —
800 020 013 036 317 03 — 6
850 0 029 012 034 25 0.3 —
850 0.08 016 023 130 07 — 5
850 014 012 028 197 04 — —
850 020 028 059 290 05 — 6
900 0 0.61 027 047 2.3 0.4 —
900 0.08 040 045 119 09 7
900 014 038 056 179 0.7 — 1
900 020 055 0.89 255 06 7
Rh (5%) on 800 0 057 027 0 2.1 1.0 12
Lag gS15,MnO;5_o
800 0.09 035 046 106 08 — 9
800 014 067 110 148 06 — 10
800 022 026 047 18 05 —
850 0 097 043 0 2.3 1.0 16
Rh (5%) on 850 0.09 1.00 1.03 077 1.0 9
Lag ¢St ,MnO;_
850 014 131 159 113 08 — 14
850 022 072 112 160 06 3
900 0 151 075 000 2.0 1.0 9
900 009 299 232 017 13 — 21
900 014 229 233 066 1.0 — 20
900 022 208 228 100 09 10
Rh (5%) on ALO; 800 0 315 201 009 1.6 1.0 16
800 0.11 332 268 09 12 14
800 014 273 221 093 12 38
850 0 412 255 004 1.6 1.0 14
850 0.11 381 284 081 1.3 21
850 0.14 348 297 0.67 12 21
900 0 481 315 002 15 1.0 29
900 0.11 495 420 021 12 29
900 0.14 424 377 045 1.1 — 27
We claim: X is a number greater than or equal to 0 an less than or
1. A solid state membrane for use in a catalytic membrane equal to 2;
reactor which comprises: y is a number greater than or equal to O and less than or
a reduction surface which in operation in a catalytic 45 equal to 2; and
membrane reactor contacts an Oxygen_containing gas z is a number greater than zero and less than one that
and an oxidation surface which in operation in a renders the compounfi charge neutral. o
catalytic membrane reactor contacts a reactant gas, a 2. The membrane of cle}lm 1 further comprising a catalyst
partial vacuum or an oxygen-depleted gas, on. thf; reduction or oxidation surfaces or on both the
wherein said membrane is fabricated from a mixed metal 50 ©Xidation and reduction surfaces of the membrane.

oxide having the stoichiometry:
A27XAYXB27yB'yOS+z
where:

A is an alkaline earth metal ion or mixture of alkaline
earth metal ions;

A is a metal ion or mixture of metal ions where the metal
is selected from the group consisting of the lanthanide
series or is yttrium;

B is a metal ion or mixture of metal ions wherein the metal
is selected from the group consisting of 3d transition
metals, and the group 13 metals;

B' is a metal ion or mixture of metal ions where the metal
is selected from the group consisting of the 3d transi-
tion metals, the group 13 metals, the lanthanides and
yttrium;

55

60

65

3. The membrane of claim 2 comprising a catalyst on the
oxidation surface of the membrane selected from the group
consisting of Ni, Pd, Pt, Rh, Ir, Os, Fe, Mn, and Co, and
alloys thereof, wherein these metals are incorporated as
clusters into metal oxide ceramics selected from the group
consisting of CeO,, Bi,0;, ZrO,, CaB,_,, B 05, Sr,B' O,
and Ba, B' O,, where B is Ce, Tb, or Pr, B' is a 3+
lanthanide ion and 0<x<0.2.

4. The membrane of claim 2 comprising a catalyst on the
oxidation surface of the membrane having the composition
A, A" B, B' O, where A is a lanthanide metal ion or a
yttrium ion, A"is an alkali or an alkaline earth ion, B is a first
row transition metal ion, B'is Ce, Cu, Ag, Au, Pt, Pd, or Ni,
0<x<0.8 and 0<y<0.3.

5. The membrane of claim 2 comprising a catalyst on the
reduction surface of the membrane selected from the group
consisting of Ag, SrCo, M, O, or BaCo, M O;, where M
is Fe, Co or Ni and 0<x<0.5.
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6. The membrane of claim 2 for use in a catalytic
membrane reactor for reduction of NO, which comprises:

a reduction surface which in operation in said catalytic

membrane reactor contacts NO, and an oxidation sur-
face which in operation in a catalytic membrane reactor
contacts H,, light hydrocarbons, CO or a partial
vacuum, and

a catalyst on the oxidation surface of said membrane

selected from the group consisting of Ag, Ni, SrCo,_
*M,,05 or BaCo,_ M, O;, where M is Fe, Co or Ni and
0<x<0.5.

7. The membrane of claim 2 for use in a catalytic
membrane reactor for reduction of SO, which comprises:

a reduction surface which in operation in said catalytic

membrane reactor contacts SO, and an oxidation sur-
face which in operation in said catalytic membrane
reactor contacts H,, light hydrocarbons, CO or a partial
vacuum,

catalyst on the reduction surface of the membrane
selected from the group consisting of ABS;, where A is
a lanthanide or yttrium ion, and B is Fe, Co, Ni, or Cu;
AB,S,, where A is a 2+ first row transition metal ion
and B is a 3+ first row transition metal ion; and Chevrel
phases A,MoSg, where A is Fe, Co, Ni, Cu, or Zn; and
catalyst on the oxidation surface of the membrane
selected from the group consisting of Ag, Ni, SrCo,_
M, 05 or BaCo, M, O;, where M is Fe, Co or Ni and
0<x<0.5.

. A membrane according to claim 2 which comprises:
reduction surface in contact with oxygen, air or a gas
mixture containing O, and an oxidation surface in
contact with H,S;
catalyst on the oxidation surface of said membrane
selected from the group consisting of AB,S,, where A
is a 2+ Group VIII ion and B is a 3+ Group VIII ion;
and WS,; and
catalyst on the reduction surface of said membrane
selected from the group Ag, SrCo, M, O; or BaCo,_
*M,, 05, where M is Fe, Co or Ni and 0<x<0.5.

9. A membrane according to claim 2 for use in the
catalytic separation of oxygen from a mixture with other
gases which comprises:

an oxidation surface which in operation is in contact with

a gas containing oxygen and a reduction surface in
contact with an oxygen-depleted gas, inert gas or
partial vacuum; and

a catalyst on the reduction surface of the membrane

selected from the group consisting of Ag, SrCo, M O,
or BaCo, M O;, where M is Fe, Co or Ni and
0<x<0.5.

10. A membrane according to claim 9 which comprises a
catalyst on the oxidation surface of said membrane selected
from the group consisting of

AM,;_M' 05, where A is Sr or Ba, M is Co or Ru and M'

is Fe, Co, Ni or Ag and 0<x<0.5;

A,M,0,, where A is Ca or Sr and M is Fe or Mn;

Pb,Ru,0;

AB,O,, where A is a 2+ ion of Ni, Co, Fe, or Cu and B

is a 3+ ion of Co, Fe, or Ni; and

A, A MnO;, where A is a lanthanide metal ion or

yttrium ion and A' is an alkaline earth metal ion.

11. The membrane of claim 2 which comprises a catalyst
on the oxidation surface of the membrane wherein the
catalyst is Ni supported on a-Al,O5.

12. The membrane of claim 2 which comprises a catalyst
on the oxidation surface of the membrane wherein the
catalyst is Ni supported on Lag ¢Sry ,MnO,_..
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13. A catalytic membrane reactor for reacting an oxygen-
containing gas with a reactant gas which comprises:

a membrane as in claim 1;

a reactor cell having a reduction zone and an oxidation
zone separated by said membrane;

a first entrance port for introduction of said oxygen-
containing gas into said reduction zone;

a second entrance port for introduction of said reactant
gas into said oxidation zone;

an exit port for gases exiting the reactor; and

a passage between said entrance ports and said exit port
for movement of one or more gases through the reactor.

14. A catalytic membrane reactor for reacting an oxygen-

containing gas with a reactant gas which comprises:

a reduction zone;

a plurality of reactor cells each having a membrane as in
claim 1 and each having an oxidation zone separated
from said reduction zone by said membrane;

a shell which contains the reactor cells;

an entrance port in said shell for introduction of said
oxygen-containing gas into said reduction zone and an
exit port in said shell for removal of reacted gas from
said reduction zone; and

a means for introduction of said reactant gas into said
oxidation zones and a means for removal of reacted gas
from said oxidation zones;

said reactor cells positioned within the shell so that the
shell, the reactor cells and the membranes of the reactor
cells together form the reduction zone which is sepa-
rated from the oxidation zones of said reactors by said
membranes.

15. A catalytic membrane reactor for separating oxygen
from an oxygen-containing gas which comprises a reactor
cell having a reduction zone and an oxidation zone separated
by a membrane as in claim 1.

16. A catalytic membrane reactor for separating oxygen
from a mixture of gases containing oxygen which com-
prises:

a reduction zone;

a plurality of reactor cells each having a membrane as in
claim 1 and each having an oxidation zone separated
from said reduction zone by said membrane;

a shell which contains the reactor cells;

an entrance port in said shell for introduction of said
mixture of gases containing oxygen into said reduction
zone and an exit port in said shell for removal of
reacted gas from said reduction zone; and

a means for removal of separated oxygen gas from said
oxidation zones;

said reactor cells positioned within the shell so that the
shell, the reactor cells and the membranes of the reactor
cells together form the reduction zone which is sepa-
rated from the oxidation zones of said reactors by said
membranes.
17. The membrane of claim 1 wherein, in said mixed
metal oxide, B is a mixture of Ga and Al.
18. The membrane of claim 1 wherein, in said mixed
metal oxide, B' is Fe, Mn or a combination thereof.
19. The membrane of claim 1 wherein x is about 0.2 to
about 0.8.



6,033,632

37

20. The membrane of claim 1 wherein the mixed metal
oxide has the formula

St, 1a,B, B,0s 5.

21. The membrane of claim 20 wherein x is about 0.2 to
about 0.8.

22. The membrane of claim 21 wherein y is about 1.2 to
about 1.8.

23. The membrane of claim 22 where B is Al, Ga or
mixtures thereof.

24. The membrane of claim 23 where B' is Fe, Mn or
mixtures thereof.

25. The membrane of claim 23 wherein said mixed metal
oxide is Sr, ;Lagy ;Gag GFe, ,Os ;5.

26. The membrane of claim 1 wherein in said mixed metal
oxide X is a number greater than 0 and less than or equal to
about 1 and y is a number greater than 1 and less than or
equal to 2.

27. The membrane of claim 1 wherein the B metal is
selected from the group consisting of group 13 metals and
mixtures thereof and the B' metal is selected from the group
of 3d transition metals and mixtures thereof.

28. The membrane of claim 27 wherein the B metal is
selected from the group of Al, Ga, In and mixtures thereof.

29. The membrane of claim 28 wherein the B metal is Ga,
Al or mixtures thereof.

30. The membrane of claim 28 wherein the B metal is Ga.

31. The membrane of claim 1 wherein the B' metal is
selected from the group Co, Ti, V, Cr, Mn, Ni, Fe and
mixtures thereof.

32. The membrane of claim 31 wherein the B' metal is Cr,
Mn, Fe or mixtures thereof.

33. The membrane of claim 31 wherein the B' metal is Fe.

34. The membrane of claim 1 wherein the A metal is Sr,
Ba, Ca or mixtures thereof.

35. The membrane of claim 34 wherein A is Sr, Ca or
mixtures thereof.

36. The membrane of claim 34 wherein A is Sr.
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37. The membrane of claim 1 wherein the A' metal is La
or Y.

38. The membrane of claim 37 wherein the A' metal is La.

39. The membrane of claim 1 wherein the mixed metal
oxide has the stoichiometry A, _I.a,B, JFe O, where Ais
Sr, Ba, Ca or mixtures thereof, and B is Al, Ga, In or
mixtures thereof.

40. The membrane of claim 39 wherein x is 0.2=2x=0.8
and 1.0=y=18.

41. The membrane of claim 40 wherein A is Sr and B is
Ga.

42. The membrane of claim 1 wherein the mixed metal
oxide has the stoichiometry: Sr,_,[.a,Ga, ,B' 05, where B’
is a 3d transition metal ion selected from the group Co, Ti,
V, Cr, Mn, Ni, Fe and mixtures thereof.

43. The membrane of claim 42 wherein B' is a metal ion
selected from the group Cr, Mn and Fe.

44. The membrane of claim 42 having the stoichiometry:
Sr,_La,Ga, B Os,..

45. The membrane of claim 42 wherein the mixed metal
oxide is selected from the group of mixed metal oxides
consisting of Sr, ;Lag ;GaFeOs 5, Sr, glag ,GaFeOq 4,
Sr, ¢Lay 4GaFeOs 5, Sry 4Lay (GaFeOs 5,
Sry 6lag 4Gag oFe; 5055, Sty glag 4Gag 4Fey 6052,
Sry 6lag 4Gag ¢Fey 4055, Sty slag 4Gag sFey 2055,
Sty ;Lag 5Gag ,Fey 505 45, Sty ;Lag 5Gag uFe; 605 45,
Sty ;Lag 5Gag 6Fey 405 15, Sty 7Lag 5Gag gFe; ;05 45,
Sry gLag ,Gag 4Fe; 05,4, Sry glag ,Gag oFey 405 4,
Sty slag ;Gag gFe, ;05 1, and Sty glag ;Gag ,Fe, 05 ;.

46. The membrane of claim 1 wherein in the mixed metal
oxide z is a number greater than zero and less than or equal
to 0.4.

47. The membrane of claim 1 wherein in said mixed metal
oxide z is a number greater than zero and less than or equal
to 0.3.

48. The membrane of claim 1 wherein x is equal to zero.

49. The membrane of claim 1 wherein the A metal is Ca.

50. The membrane of claim 1 wherein the B metal is Al.
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