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57 ABSTRACT

Metal oxides particularly useful for the manufacture of
catalytic membranes for gas-phase oxygen separation pro-
cesses having the formula:

AN A" (oyBFe B (100500

where: X and x' are greater than 0; y and y' are greater than
0; x+x' is equal to 2; y+y' is less than or equal to 2; z is a
number that makes the metal oxide charge neutral; A is an
element selected from the lanthanide elements; A' is an
element selected from Be, Mg, Ca, Sr, Ba and Ra; A" is an
element selected from the f block lanthanides, Be, Mg, Ca,
Sr, Ba and Ra; B is an element selected from the group
consisting of Al, Ga, In or mixtures thereof and B" is Co or
Mg, with the exception that when B" is Mg, A' and A" are
not Mg. The metal oxides are useful for preparation of dense
membranes which may be formed from dense thin films of
the mixed metal oxide on a porous metal oxide element. The
invention also provides methods and catalytic reactors for
oxygen separation and oxygen enrichment of oxygen defi-
cient gases which employ mixed conducting metal oxides of
the above formula.

48 Claims, 9 Drawing Sheets
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MATERIALS AND METHODS FOR THE
SEPARATION OF OXYGEN FROM AIR

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation-in-part of U.S. patent
application Ser. No. 09/286,829, filed Apr. 6, 1999, now U.S.
Pat. No. 6,165,431 which issued on Dec. 26, 2000. The
parent application is, in turn, a continuation-in-part of U.S.
patent application Ser. No. 08/639,781, filed Apr. 29, 1996,
now U.S. Pat. No. 6,033,632 which, in turn, is a
continuation-in-part application of U.S. patent application
Ser. No. 08/163,620 filed Dec. 8, 1993, now abandoned.
Each of these patent applications is incorporated by refer-
ence herein in its entirety to the extent that the application
is not inconsistent with the specific disclosure herein.

STATEMENT OF GOVERNMENT SUPPORT

The research for this invention was supported by a grant
from the U.S. Department of Energy, Grant No. DE-FGO03-
96ER82215. The United States government may have cer-
tain rights in this invention.

BACKGROUND OF THE INVENTION

Strong incentives exist for the development of efficient
processes for the separation of oxygen from gas mixtures,
such as air. Low-cost production would enhance the avail-
ability of pure oxygen for a variety of industrial applications
including its use in high efficiency combustion processes.
There is significant potential for the application of solid state
catalytic membranes to oxygen separation. This technology
is presently limited by the ceramic materials that are avail-
able. New ceramic materials that exhibit higher oxygen flux
and improved mechanical and chemical stability in long
term operation for use in membrane reactors are of signifi-
cant interest in the art.

SUMMARY OF THE INVENTION

This invention relates to mixed metal oxide materials that
are particularly useful for the manufacture of catalytic
membranes for gas-phase oxygen separation processes.
Oxygen-deficient oxides of this invention are derived from
brownmillerite materials which have the general structure
A,B,05. The materials of this invention maintain high
oxygen anion conductivities at relatively low membrane
operating conditions ranging from about 700° C. to 900° C.
The metal elements at the B-site in the brownmillerite
structure are selected to provide mixed ion- and electron-
conducting materials and, particularly, to provide materials
that conduct oxygen anions and electrons. The materials of
this invention have the general formula:

AA A" (0B BB (4005,
where:
x and x' are greater than 0;
y and y' are greater than 0;
x+x' is less than or equal to 2;
y+y' is less than or equal to 2;
Z is a number that makes the metal oxide charge neutral;
Ais an element selected from the lanthanide elements and
yttrium;
A is an element selected from the Group IIA elements;

A" is an element selected from the f block lanthanides,
Be, Mg, Ca, Sr, Ba and Ra;
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2

B is an element selected from the group consisting of Al,
Ga, In or mixtures thereof; and

B' and B" are different elements and are independently
selected from the group of elements Mg or the d-block
transition elements.

The lanthanide metals include the f block lanthanide
metals: La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm,
Yb, and Lu. Yttrium has properties similar to the f block
lanthanide metals and is also included herein in the defini-
tion of lanthanide metals. A is preferably La or Gd, with La
more preferred. Group IIA metal elements of the Periodic
Table are Be, Mg, Ca, Sr, Ba, and Ra. The preferred Group
ITA elements for the A' element of the materials of this
invention are Ca, Sr and Ba and Sr is most preferred. The
more preferred B elements are Ga and Al, with Ga more
preferred. The d block transition elements include Sc, Ti, V,
Cr, Mn, Fe, Co, Ni, Cu, and Zn. Preferred B' and B"
elements are Mg, Fe and Co, with Fe and Co being more
preferred as B' and B", respectively.

Mixed metal oxides in which B' and B" are Fe and Co are
particularly preferred for membranes having high oxygen
flux rates.

Mixed metal oxides in which B' and B" are Fe and Mg are
also preferred for membranes having high oxygen flux rates.

The value of z in the above formula depends upon the
values of x, X', y and y' and the oxidation states of the A, A',
A", B, B' and B" elements. The value of z is such that the
mixed metal oxide material is charge neutral. In preferred
materials, O<z<1.

Preferred stoichiometries for materials of this invention of
the above formula are those in which x is about 0.1 to about
0.6, and x' is about 1.4 to about 1.9, and where in addition
x+X' is about equal to 2. When x+x' is equal to 2, the mixed
metal oxide contains only A and A' metals. More preferred
are materials in which x is about 0.2 to about 0.5 and X' is
about 1.5 to about 1.8. Also preferred are those materials of
the above formula where y is about 0.3 to about 0.9 and y'
is about 0.6 to about 1.8. More preferred materials have y
equal to about 0.5 to about 0.8 and y' equal to about 1.0 to
about 1.4. Preferred materials have y+y' equal to about 1.4
up to about 2.0. More preferred materials have y+y' equal to
about 1.6 to about 1.9.

In specific embodiments, mixed metal oxide of this inven-
tion include those of the above formula wherein B" is Fe
and:

(a) B" is Co;

(b) B" is Co and 1.4=y+y'<2.0;

(c) B" is Co and 1.6=y+y' =1.9;

(d)B"is Co, 1.6=y+y'=1.9, Ais La, A" is Sr and x+x' is

2
(e) B" is Mg;
(f) B" is Mg and 1.5Zy+y'=2.0;
(g) B" is Mg and 1.7Z2y+y'£1.9;
(h) B" is Mg, 1.72y+y'=£1.9, Ais La, A" is Sr and x+x'
is 2;

(i) B" is Mg, y+y'=18, A is La, A" is Sr and x+x' is 2;

() Bis Ga,B"is Co, 1.6Zy+y'=£1.9,Ais La, A" is Sr and
X+X is 2;

(k) Bis Ga,B"is Mg, 1.7=y+y'£1.9,Ais La, A" is Sr and
x+x'is 2;

(D) BisGa,yis 031009, B"is Co, 1.6Zy+y'=£1.9, A is
La, A" is Sr and x+x' is 2;

(m) Bis Ga, yis 0.3t0 0.9, B" is Mg, 1.72y+y'£1.9, A
is La, A" is Sr and x+x' is 2;

(n) Bis AL, B"is Co, 1.6Zy+y'=£1.9,Ais La, A" is Sr and
x+x'is 2;
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(0)Bis AL B"isMg, 1.7=y+y'=1.9, Ais La, A" is Sr and
x+x'is 2;
(p)Bis Al yis 0310 0.9, B"is Co, 1.6Zy+y'=1.9, A is
La, A" is Sr and x+x' is 2; or
(@ BisAl,yis 0.31t0 0.9, B"is Mg, 1.7Sy+y'£1.9, A s
La, A" is Sr and x+x' is 2.

Electronically- and ionically-conducting membranes
employed in the oxygen-separation reactors of this invention
comprise mixed metal oxides of the above formula. Sub-
stantially gas-impermeable membranes having both elec-
tronic and ionic conductivity are formed by initially prepar-
ing mixed metal oxide powders by repeatedly calcining and
milling the powders of individual metal oxides or the
corresponding carbonates (or other metal precursors) in the
desired stoichiometric ratios. The resulting mixed metal
oxide is then pressed and sintered into dense membranes of
various shapes, including disks and open-one-ended tubes.
These membranes are then employed to construct catalytic
membrane reactors, particularly for oxygen separation pro-
cesses. The purity of the product oxygen produced in
reactors of this invention, which can be stored or used in
other chemical processes, is generally greater than about
90% and preferably greater than about 99%.

The presence of the mixed metal oxide of desired sto-
ichiometry (as in the given formulas) in a repeatedly cal-
cined and milled mixed metal oxide can be assessed by
X-ray diffraction studies. Further, the presence of distinct
phases of metal oxides or other metal species that may be
present in the mixed metal oxides materials of this invention
can be detected by X-ray diffraction techniques by the
observation of peaks not assignable with the predominate
mixed metal oxide of desired stoichiometry. The level of
distinct phase material that can be detected depends upon the
resolution and sensitivity of the X-ray diffractometer
employed and upon the identity and number of the distinct
phases present. It is believed that greater than about 4% by
weight of another phase can be detected by the X-ray
diffraction method employed (FIGS. 1-6).

A catalytic reactor of this invention comprises an oxida-
tion zone and a reduction zone separated by the substantially
gas-impermeable catalytic membrane which comprises the
electronically and ionically conducting mixed metal oxides
of the above formula. Once in the reactor, the membrane has
an oxidation surface in contact with the oxidation zone of the
reactor and a reduction surface in contact with the reduction
zone of the reactor. Electronic conduction in the reactor is
provided through the membrane material which is a mixed
ion and electron conductor (i.e., conducts both electrons and
ions, such as oxygen anions). A reactor also comprises
passages for admission of oxygen-containing gas, such as
air, into the reactor reduction zone and admission of an
oxygen-depleted gas, inert gas or reduced gas into the
oxidation zone of the reactor. A vacuum can alternatively be
applied to the oxidation zone to remove separated oxygen
from the oxidation zone. Oxygen removed in this way can
be collected and concentrated, if desired. The reactor also
has gas exit passages from the reduction and oxidation
zones. A plurality of membrane reactors can be provided in
series or in parallel (with respect to gas flow through the
reactor) to form a multi-membrane reactor to enhance speed
or efficiency of oxygen separation.

In operation for oxygen separation, an oxygen-containing
gas, such as air, is introduced into the reduction zone of the
reactor in contact with the reduction surface to the catalytic
membrane. Oxygen is reduced to oxygen anion at the
reduction surface and the anion is conducted through the
membrane to the oxidation surface. At the oxidation surface,
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the oxygen anion is re-oxidized to oxygen which is released
into the oxidation zone of the reactor. (Alternatively, oxygen
anion can be employed to oxidize a reduced gas (e.g., a
hydrocarbon gas) at the oxidation surface of the membrane.)
Membrane materials of this invention conduct electrons as
well as anions. (Membrane materials that also conduct
electrons allow charge neutralization of the membrane dur-
ing operation.) Gases in the reactor can be under ambient or
atmospheric pressure or they can be placed under higher or
lower pressure (e.g., a vacuum can be applied) than ambient
conditions. During operation for oxygen separation, the
membrane is heated typically at a temperature above about
700° C. and more typically from about 700° C. to about
1100° C. Preferred materials of this invention can be effi-
ciently operated at temperatures that are generally lower
than those currently used in the art, at from about 700° C. to
about 900° C.

The oxidation surface, or the reduction surface or both
surfaces (or parts of those surfaces) of the membrane can be
coated with an oxidation catalyst or reduction catalyst,
respectively, or both. A preferred catalyst for either or both
surfaces of the membrane is Lag ¢Sty ,CoO5_, where z is a
number that makes the oxide charge neutral.

An oxygen flux of about 1 ml/min-cm? or higher can be
obtained through a 1 mm-thick membrane at ambient pres-
sure and at an operating temperature of about 900° C. These
high flux rates can be maintained for long-term operation,
e.g., up to about 700 h of operation.

Membrane materials as described herein can be employed
in a method for oxygen separation from an oxygen-
containing gas. In this method a reactor, as described above,
is provided with a substantially gas-impermeable membrane
which separates an oxidation and reduction zone. Oxygen is
reduced at the reducing surface of the membrane. The
resulting oxygen anions are then transported across the
membrane to the reduction surface where oxygen anions are
re-oxidized to form oxygen which is released into the
oxidation zone for collection. This method can be employed
to generate high purity oxygen (greater than about 90%
purity) or very high purity oxygen (greater than about 99%
purity) or to generate oxygen-enriched gases (e.g., 0Xygen in
an inert gas).

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an X-ray diffractometer scan for calcined mixed
metal oxide having the formula La, ,Sr, (Ga, cFe, ,O4, ..

FIG. 2 is an X-ray diffractometer scan for calcined mixed
metal oxide having the formula
La, 551, ,Gag 6Feq 1Cog 505,

FIG. 3 is an X-ray diffractometer scan for calcined mixed
metal oxides having the formula
Lag 581 7Aly gFe; 1C00 505,

FIG. 4 is an X-ray diffractometer scan for calcined mixed
metal oxides of formula La, ,Sr; ;Ga, Fe, ,Co, ,0s, ..

FIG. 5 is an X-ray diffractometer scan for calcined and
sintered mixed metal oxide of formula
Lag 4Sr; 6Al ske; ,COg 205,

FIG. 6 is an X-ray diffractometer scan for calcined and
sintered mixed metal oxide of formula
La, 551, ,Gag Feq ;Mg 205,

FIG. 7 is an X-ray diffractometer scan for calcined and
sintered mixed metal oxide of formula
La, 4511 6Gag Fe Mg 205,

FIG. 8 is a graph of oxygen permeation (ml/min-cm?) at
900° C. as a function of time for compounds of composition
Sr, ;Lag 5Gag gFeq 4 ,Co, 05 . where 0.0=y=0.4. Closed
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circles (-@-) are the results with the composition where y=0,
closed triangles (-A-) are the results where y-0.10; closed
squares (-ll-) are the results where y=0.20, closed diamonds
(-#-) are the results where y=0.25; closed inverted triangles
(-¥-) are the results where y=0.30 and open circles (-O-) are
the results where y=0.35.

FIG. 9 is a graph of oxygen permeation at 900° C.
(ml/min-cm?) as a function of time for compounds of
composition Sr, (La, ,Gay ¢Fe, 4_,Co,05,, where
0.0=y=0.4. Closed circles (-®-) are the results with the
composition where y=0.10; closed triangles (-A-) are results
where y-0.15; closed squares (-Wl-) are the results where
y-0.20, closed diamonds (-4-) are the results where y-0.25;
closed inverted triangles (-¥-) are the results where y-0.30
and open circles (-O-) are the results where y-0.35.

DESCRIPTION OF THE INVENTION

Brownmillerites are generally referred to as having the
formula A,B,O5. Brownmillerite is considered to be derived
from the perovskite structure by removal of % of the oxygen
atoms. Solid state compositions based on the brownmillerite
parent compound Ba,In,O5 and useful in this invention are
formed by introducing dopants or substituents into the B-site
of the lattice to lower the order-disorder phase transition.
Higher oxygen anion conductivity is generally found to
correlate with the disordered phase. Clear correlations exist
between perovskite-related crystallographic and thermody-
namic parameters with empirical parameters relating to the
activation energy (E,) for ionic transport. Lower values of
E, favor higher ionic conduction. The derived expression for
ionic conductivity is given by:

oT=A exp(-AH, /KT)

where K is the Boltzman constant and —AH,,, is the enthalpy
of activation which is equivalent to E,. This equation
indicates that the overall ionic conductivity o is a function
of both an exponential term and a pre-exponential term. The
pre-exponential term, A is given by:

A=(ZNe*/6v K)C(1-C)vq exp(AS,,/K)

where AS,, is the activation entropy, C is the fraction of
available sites occupied by mobile ions, A is the jump
distance, Z is the number of jump directions, v, is the molar
volume and e is the electronic charge. The exponential term
is related to the activation energy. These equations provide
arationale for dopant metal cation selection to improve ionic
conduction. Dopants are selected to improve ionic conduc-
tivity by (i) optimizing vacancy concentration to maximize
the pre-exponential term A, and (ii) decreasing activation
energy to maximize the exponential term.

Membrane materials of this invention can be used for
oxygen separation or oxygen enrichment, i.e., for decreasing
the oxygen concentration in one gas stream and increasing
or enriching the oxygen concentration in another gas stream.
Oxygen-containing gas includes air, oXygen in nitrogen,
oxygen in inert gases and contaminated oxygen. Oxygen
from the oxygen-containing gas can be transferred in the
reactors of this invention, in principle, to any gas in which
it is desired to increase oxygen concentration, in particular
an inert gas, nitrogen, or a reduced gas (i.e., hydrocarbon-
containing gas) can be introduced into the oxidation zone of
the reactor. Alternatively, a vacuum or partial vacuum can be
applied to the oxidation zone to collect separated oxygen.
The separated oxygen can also be used to oxidize a reduced
gas in the oxidation zone, i.e., to form oxygenated hydro-
carbons.
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This invention provides a method for separating oxygen
from oxygen-containing gases and/or for oxygen enrichment
of oxygen-deficient gases in which it is desired to increase
the level of oxygen. The method employs a reactor having
two chambers or zones (an oxidation zone and a reduction
zone) separated by a substantially gas impermeable mem-
brane. A substantially gas impermeable membrane may not
be completely impermeable to small gaseous species such as
hydrogen gas and may allow a low level of leakage of other
gases. It is particularly important that the membrane be
impermeable to gases from which oxygen is to be separated,
such as nitrogen. Preferred membranes are formed without
substantial cracking and gas leakage. The membrane is
capable of transporting oxygen ions and also conducts
electrons. The membrane is fabricated from an ion-
conducting and electron-conducting mixed metal oxide of
this invention having the formula given above.

The oxygen-containing gas is introduced into one
chamber, the reduction zone, in contact with the reduction
surface of the membrane. A differential oxygen partial
pressure is established between the two chambers or zones,
with oxygen partial pressure higher in the reduction zone.
The differential partial pressure can be established by intro-
ducing an oxygen-deficient gas or a reduced gas into the
oxidation zone which has a lower concentration of oxygen
than in the oxygen-containing gas. The oxygen-deficient gas
can be an inert gas such as helium. Alternatively, a partial or
full vacuum can be applied to the oxidation zone to remove
transported oxygen. Gas pressure in the zones may be
ambient or higher or lower than ambient to achieve the
desired differential oxygen partial pressure. The membrane
is heated to a temperature that facilitates oxygen anion
transport and also facilitates electron transport. Oxygen is
transported across the membrane to enrich the oxygen
content of the oxygen-deficient or reduced gas. Oxygen can
be concentrated from the oxygen-enriched gas exiting the
oxidation zone.

During operation the membranes of this invention are
heated, typically to at least about 700° C. At lower
temperatures, e.g., at 600° C., ionic conductivity of the 1 mm
thick membrane is typically too low for practical operation.

The oxygen-separation reactors of this invention can be
combined with other known methods for gas purification or
gas separation to provide desired levels of purity in gas
streams. The gas stream output of oxygen-separation reac-
tors can be introduced as product gas streams for other
reactors.

Mixed metal oxide materials useful for preparation of
ionically- and electronically-conductive membranes
include, among others:

A,Sr.B Fe, Co, (,,,0s,, particularly where x is about

0.3 to agout 0.5, x' is about 1.5 to about 1.7, y is 0.6,
y' is between about 1.0 and 1.4, and where B is Ga or
Al

La,A' B Fe, Co, ,,,Os,, particularly where x is about

0.3 to about 0.5, X' is about 1.5 to about 1.7, y is 0.6,
y' is between about 1.0 and 1.4, and where B is Ga or
Al

La,Sr.B B',Co, (.05, particularly where x is about
0.3 to about 0.5, X' is about 1.5 to about 1.7, y is 0.6,
y' is between about 1.0 and 1.4, and where B is Ga or
Al

Laxer,ByFey,B”2_(y+yv)Q5+z particularly where x is.about
0.3 to about 0.5, X' is about 1.5 to about 1.7, y is 0.6,
y' is between about 1.0 and 1.4, and where B is Ga or
Al
La,Sr.B Fe Co, (.05, . particularly where x is.about
0.3 to about 0.5, X' is about 1.5 to about 1.7, y is 0.6,
y' is between about 1.0 and 1.4, and where B is Ga or

Al
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Lag 5Sr, ,Gag GFe, ,_,.,Co,,05, . where m is 0, 0.1, 0.15,
0.20, 0.25, 0.30, 0.35, and 0.40.

Lag ,Sr, (Gay Fe, , ,.,Co, 0O, . where m is 0, 0.1, 0.15,
0.20, 0.25, 0.30, 0.35 and 0.40.

Lag 5Sr, ;AL GFe, ,_,,Co,,05,, where m is 0, 0.1, 0.15,
0.20, 0.25, 0.30, 0.35 and 0.40.

Lag ,Sr, (Al (Fe, ,_,,Co, O, . where m is 0, 0.1, 0.15,
0.20, 0.25, 0.30, 0.35 and 0.40.

Lag 581, 7Aly sFey 1C0og 505,
Lag 48ty 6Aly sFe; ,C0g 505,
La, 581, ,Gag ¢Fe, ,O
Lag 481, cGag gFe, ,O

ASr.B Fe Mg, ., .,Os,. particularly where x is about
0.3 to about 0.5, x'is about 1.5 to about 1.7, y is about
0.3 to about 0.9, y' is between about 1.0 and 1.4, and
where B is Ga or Al.

La,A'.B Fe Mg, ,,.~0;5_, particularly where x is about
0.3 to about 0.5, x'1s about 1.5 to about 1.7, y is about
0.3 to about 0.9, y' is between about 1.0 and 1.4, and
where B is Ga or Al.

Laxer,ByB'y,Mgz_(nyy,).Os+Z particularly where x i.s about
0.3 to about 0.5, x'is about 1.5 to about 1.7, y is about
0.3 to about 0.9, y' is between about 1.0 and 1.4, and
where B is Ga or Al.

Laxer,ByFey,Mgz_(y+y?05+z particularly where x i.s about
0.3 to about 0.5, x'is about 1.5 to about 1.7, y is about
0.3 to about 0.9, y' is between about 1.0 and 1.4, and
where B is Ga or Al.

Lag 5Sr, ,Gag Fe, , ,,Mg, O . where m is 0, 0.1, 0.15,
0.20, 0.25, 0.30, 0.35, or 0.40.

La, ,Sr, (Gag ¢Fe, , ,,Mg, O, . where m is 0, 0.1, 0.15,
0.20, 0.25, 0.30, 0.35 and 0.40.

Lag 5Sr, ;AL GFe, ,_,,Mg, Os,. where m is 0, 0.1, 0.15,
0.20, 0.25, 0.30, 0.35 and 0.40.

La, ,Sr, (Al GFe, ,_,,Mg, O5_. where m is 0,0.1, 0.15,
0.20, 0.25, 0.30, 0.35 and 0.40.

Mixed metal oxide materials of this invention are sub-
stantially single-phase in that they are predominately
(greater than about 90% by weight) comprised of a single-
phase mixed metal oxide of the formula given above. The
purity of the materials can be determined by X-ray diffrac-
tion methods which are believed to detect the presence of
greater than about 4% by weight of other phases. The
materials formed on mixing, calcining and milling indi-
vidual metal oxide powders may contain minor amounts (up
to about 10% by weight) of other metal oxides that form
distinct phases, but which do not contribute significantly to
the electronic and ionic conductivity of the material as a
whole. These additional metal oxide phases may be formed
unintentionally due to inaccuracies in the amounts of start-
ing materials added because, for example, the starting mate-
rials may contain non-volatile impurities (e.g., starting metal
oxides may contain low levels of metal carbonates) or
volatile impurities (e.g., water) that alter the relative sto-
ichiometries of component metals. Alternatively, additional
metal oxide phases may be selectively introduced into the
mixed metal oxide material by preparing off-stoichiometric
mixtures of starting materials.

FIGS. 1-5 are X-ray diffractometer scans for several
mixed metal oxides of the above formula

S+z

S+z

Lag ,Sr; ¢Gag sFe; 405, (FIG. 1),
Lag 581, ;Gag Fe; 1Coy 505, (FIG. 2),
Lag 5Sr; 7Alg ¢Feq ;Coq 305,, (FIG. 3,

Lag Sty 4Gag gFe; ,Coy,0s5,, (FIG. 4), all of which were
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calcined, and La, ,Sr; jAly ¢Fe, ,Coy,0s,. (FIG. 5), cal-
cined and sintered (see Example 1). FIGS. 6 and 7 are X-ray
diffractometer scans for mixed metal oxides, both calcined
and sintered, of the above formula, specifically:
Lag 5Sr; ;Gag ¢Fe; ,05,, (FIG. 6) and
La, ,Sr,; (Ga, Fe, ;Mg ,0,  (FIG. 7). These scans were
run on a Philips PW1830 X-ray generator with model 1050
goniometer for powder samples with a PW3710 control unit.
The X-ray diffractometer scans indicate that the mixed metal
oxide materials are substantially single-phase oxides of the
desired stoichiometry containing small amounts of other
oxide phases (less than about 10% by weight). The diffrac-
tometer employed can detect greater than about 4% by
weight of other phases (as determined by adding increasing
amounts of SrAl,O, impurity). Small arrows on the scans
indicate peaks believed to be indicative of second phases.
The shoulder peak at about 32 is believed to be due to (Sr,
La),AlO,,. The peaks between 28-30 are believed to be due
to Sr(Fe, Al),O,,. The peaks at 34 and 41 have not as yet been
identified. The mixed metal oxides of FIGS. 6 and 7 appear
to be single phase materials within the detection limits of the
instrument and technique.

In the mixed metal oxides of this invention, Group ITA
elements Mg, Ca, Sr, Ba and Ra are believed to be in the 2+
oxidation state. Group IIIA elements Al, Ga, and In are
believed to be in the 3+ oxidation state. Lanthanides
(including lanthanum and yttrium) are believed to be in the
3+ oxidation state. The transition metals in these materials
are expected to be of mixed valence (i.e., a mixture of
oxidation states) dependent upon the amount of oxygen
present and the temperature.

Membranes useful in the oxygen separation method of
this invention can be dense, substantially gas-impermeable,
sintered materials in any desired shape, including membrane
disks, open tubes, one-open-ended tubes, etc., that can be
adapted to form a gas-tight seal between the two zones or
chambers discussed above. The membrane can be sealed
between the two zones or chambers with a gas-tight seal
employing appropriately selected adhesive or sealant. Mem-
branes can be formed by isostatic pressing of mixed metal
oxide materials of this invention into dense, substantially
gas-impermeable membranes. Alternatively, substantially
gas-impermeable membranes can be formed by forming
dense thin films of ionically- and electronically-conducting
mixed metal oxide (the dense films being sufficiently thick
so that they are substantially gas-impermeable) on porous
substrate materials. Again these two component membranes
(porous substrate and dense thin film) can have any desired
shape including disks, tubes or one-open-ended tubes.
Porous substrates (which allow passage of gas through the
substrate) can include various metal oxide materials includ-
ing metal-oxide stabilized zirconia, titania, alumina,
magnesia, or silica, mixed metal oxide materials exhibiting
ion and/or electronic conduction or metal alloys, particularly
those that minimally react with oxygen. The substrate mate-
rial should be inert to oxygen or facilitate the desired
transport of oxygen. More preferred substrates are those that
have a thermal expansion coefficient (over the operational
temperatures of the reactor) that is matched to that of the
mixed metal oxide ion/electron conducting material.

Thin films (sufficiently thick so that the film become
substantially gas-impermeable, ¢.g., about 10-300 um thick)
of the mixed metal oxides of this invention are formed on the
porous substrate by a variety of techniques, including tape
casting, dip coating or spin coating. A presently preferred
two component membrane is prepared by forming dense thin
films of the mixed metal oxides of this invention on a porous
substrate formed from the same mixed metal oxide material.
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The oxidation and reduction surfaces of the membranes of
this invention can optionally be provided with an oxidation
catalyst, a reduction catalyst or both. Oxidation and reduc-
tion catalysts can be selected from mixed metal oxides
having the formula:

La,As ,Coy sMiOs,apisrn

where 0<b<0.4, 0=a=1.6, and where A is Ba, Sr, Ca or
mixtures thereof and M is Fe, Cu or Ag or mixtures thereof.

A preferred oxidation/reduction catalyst is
Lag ¢Sry ,Co0j5 5, where 3 is a number that makes the metal
oxide charge neutral. Alternative catalysts include: A,Co,_,,
M,Os, .2, where 0<b=0.2, A is Ba, Sr, Ca or mixtures
thereof and M is Fe, Ni, Cu, Ag or mixtures thereof; and
metals dispersed onto ceramic material, particularly where
the metal is Ag, Pd, Pt, Ir, Rh, Ru or mixtures thereof.

Catalysts can be deposited on the membrane surface by
any known deposition process. A preferred process is the
deposition of the catalysts on the sintered membrane sur-
faces by spray pyrolysis. Stoichiometric aqueous metal
nitrate (or other metal precursor) solutions (having the
stoichiometry of the desired metal oxide catalyst, for
example, can be spray pyrolyzed by heating to about 700° C.
using air as the spray pyrolysis propellant to avoid oxygen
depletion during deposition. The pyrolyzed spray is uni-
formly deposited onto a heated (e.g., to 500° C.) sintered
membrane, for example, using an air brush device. Other
solvents that do not interfere with deposition or react with
the catalyst can be employed in the pyrolysis solution.
Catalyst loading is varied by adjusting the concentration of
the catalyst (or catalyst precursor) in the pyrolysis solution.
Catalyst loading will typically be about 0.001 to about 0.1
g/cm? and preferably about 0.01 g/cm?.

EXAMPLES
Example 1

Preparation of Mixed Metal Oxides

Starting materials for preparation of mixed metal oxides
were obtained from commercial sources and typically were
employed without further purification. Higher purity mixed
metal oxides can be obtained by initial removal of volatile
impurities (e.g., H,O, by heating starting materials under
vacuum). For specific examples below, La,0;, SrCO,,
Ga,0;, Al,05, Co 0, and MgO were obtained from Alfa/
Aesar at purities indicated below. Fe,O5 was obtained from
Aldrich.

The brownmillerite-derived ceramic materials of this
invention were in general prepared from powders using
standard solid state synthesis techniques.

A. Lag ,S1y 4Ga, gFe, ,Co, 505,
The following were combined:
16.34 parts by wt. of La,0; (99.9% purity by weight on
a rare earth metals basis)

59.23 parts by wt. of SrCO; (99% purity by weight, with

<1% Ba)

14.10 parts by wt. of Ga,05 (99.9% purity by weight on

a metals basis)
24.03 parts by wt. of Fe,05 (99+% purity by weight)
4.03 parts by wt. of Co,0, (99.7% purity by weight on a
metals basis) in propanol (about 100 ml) and milled
together for 1824 hrs, after which the milled powder
was dried and calcined in an alumina crucible (in air)
for 6-12 h at 1175° C.—1250° C. The resulting product
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was subjected to grinding and sieving before calcining
a second time at 1175° C.—1250° C. for 6-12 hrs. X-ray
diffraction of calcined powder of
La, ,Sr; (Gag sFe, ,Coq ,0s5, . shows these materials to
be substantially single-phase, containing only small
amounts of second phases (<10%), see FIG. 4.

To prepare dense membranes, the resulting powders were
mixed with polyvinyl butyral binder and pressed and sin-
tered in air at 1150° C.—1450° C. for 4-12 hours into dense
disks and dense open-one-end tubes. Materials containing
Ga are preferably sintered at lower temperatures in this
range, up to about 1225° C. X-ray diffraction of sintered
membranes show material to be substantially single-phase
containing small amounts (less than about 10%) of second
phases.

B. La, ;Sr; ,Ga, JFe, ;Co, 505, was prepared as in A above
combining the following starting materials of the same
purity and source:
12.40 parts by wt.
63.70 parts by wt.
14.27 parts by wt. of Ga,05
22.29 parts by wt. of Fe,O5
6.11 parts by wt. of Co;0,

Membranes were prepared as in A above. An X-ray
diffraction scan of calcined Lag ;Sr; ,Gag jFe, ;Cog 505, . is
provided in FIG. 2.

C. Lag 5Sr, ,Ga, Fe, ;Co, 5505, was prepared as in A
above combining the following starting materials of the
same purity and source:

16.289 parts by wt. of La,0

59.044 parts by wt. of SrCO;

14.056 parts by wt. of Ga,0,

20.597 parts by wt. of Fe,O,

7.022 parts by wt. of Co50,

Membranes were prepared as in A above.

D. La, ,Sr, (Al, cFe, ,Co, ,05,, was prepared as in A above
combining the following starting materials of the same
purity and source unless otherwise indicated:

17.43 parts by wt. of La,O4

63.17 parts by wt. of SrCO,

8.18 parts by wt of o Al,O5 (alpha-alumina) (99.9%

purity by weight on a metals basis)

25.62 parts by wt. of Fe,O4

4.29 parts by wt. of Co;0,

Dense membranes were prepared as described above in A
with the exception that materials containing Al are prefer-
ably sintered at temperatures at the higher end of the range
given, i.e. at about 1300° C. or above and preferably at
1400° C. to 1420° C. An X-ray diffraction scan of sintered
material is provided in FIG. §.

E. Lag;Sr, ,Ga, Fe, ,Mg,,05,, was prepared as in A
above combining the following starting materials of the
same purity and source unless otherwise indicated:
12.57 parts by wt. of La,O5
64.18 parts by wt. of SrCO,
14.57parts by wt. of Ga,0,

24.83 parts by wt. of Fe,O4

2.17 parts by wt. of Mg (96% minimum purity by assay).

In this case the milled powder was dried and calcined in
an alumina crucible (in air) for 6-12 hrs. at 1200° C.-1300°
C. and the second calcining step was performed at
1200-1300° C. for 6-12 hrs.

Dense membranes were prepared as in A above, except
that the pressed disks and tubes were sintered in air at 1200°

of La,0,
of SrCO,
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C.—1500° C. for 4-12 hrs into dense disks and dense tubes.

X-ray diffraction of sintered membranes (FIG. 6) show

materials to be single phase within the detection limit of the

instrument and the technique.

F. La, ,Sr; (Ga, Fe, ;Mg .05, . was prepared as in E above
combining the following starting materials of the same
purity and source unless otherwise indicated:

16.55 parts by wt. of La,05
59.61 parts by wt. of SrCO,
14.38 parts by wt. of Ga,05
25.50 parts by wt. of Fe,O5

2.14 parts by wt. of Mg (96% minimum purity by assay).

Dense disks and tubes were prepared as described in E
above. X-ray diffraction of sintered membranes (FIG. 7)
show materials to be single phase within the detection limit
of the instrument and the technique.

Example 2

O, Flux or Permeation Measurements

An open-one-end membrane tube (about 1.0 mm m thick)
prepared from Lag 5Sr; ,Ga, ¢Fe, ;Co, 5505, as described
in Example 1C was incorporated into a membrane reactor
with a Pyrex seal used to isolate the air from the permeate
chamber. A slurry of Lag ¢Sr,,CoO,_ (in 1,2-butanediol)
was applied on both the anode (oxidation) and cathode
(reduction) sides of the membrane to serve as both oxidation
and reduction catalysts. Gas flows on both sides of the
membrane were under ambient pressure. Air flow on the
cathode side of the reactor was held at 600 ml/min, and the
He flow on the anode side was fixed at 400 ml/min. Under
these conditions, an oxygen flux of 0.9 ml/min-cm* was
maintained at 900° C. for 700 h of operation. This is
equivalent to an oxygen ion conductivity of 0.7 S/cm. An
activation energy of less than 0.5 eV was calculated from
temperature dependent measurements. Oxygen conductivity
is calculated from oxygen flux (or permeation) according to
the equation:

oion(S/em)=5.7x103(J*d/T)[log(P1P")]™*

where

J is the oxygen permeation in ml/min-cm>,

d is membrane thickness in cm,

T is temperature in K,

P' and P" are the oxygen partial pressures on opposite

sides of the membrane.

See, Y. Teraoka, et al. (1988) Mater. Res. Bull. 23:51.

Table 1 provides oxygen permeation data for dense mem-
branes (about 0.8-1.0 mm thick) prepared by isostatic
pressing of mixed metal oxide materials of this invention.
Membranes were prepared as open-one-ended tubes. In
these experiments, the partial pressure of oxygen on the
cathode side was 0.21 atm (O, in air) and on the anode side
was maintained at 0.02 atm. He flow on the anode side was
adjusted to maintain the constant oxygen partial pressure of
0.02 atm. In both cases gas flows were at ambient pressure.
Maintenance of the constant partial pressures of oxygen on
either side of the membrane allows comparison of data
among different membrane materials.

Table 1 also lists ion conductivities which are calculated
using the equation above. The values of oxygen permeation
and calculated conductivity given in the table are those
measured after operation in a reactor for the time listed in
Table 1. FIGS. 6 and 7 are graphs comparing oxygen flux or
permeation (ml/min-cm?) as a function of time at 900° C. for
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several different membrane materials. FIG. 8 compares
oxygen flux as a function of time using membranes prepared
from Lag 5St1, ,Ga, Fe, 4_.Cos,,, where 0.0=y=0.4, indi-
cating that the amount of Co is varied. The preferred
material over time based on this data is that where y=0.30.
FIG. 9 compares oxygen flux as a function of time using
membranes prepared from La, ,Sr, (Gag ¢Fe, , ,Co O;5, ,
where 0.0=y=0.4, indicating that the amount of Co is
varied. The preferred material over time based on these data
is that where y=0.20.

An open-one-end dense membrane tube (about 1.0 mm
thick) prepared from Lag 5Sr; ,Gag¢Fe; ,Mg,,05,., as
described in Example 1E, was incorporated into the new
membrane reactor with a glass seal used to isolate the air
form the permeate chamber. A catalyst was applied to both
the oxidation and reduction sides of the membrane. The
catalyst used was 5 wt % Pt supported on a ceramic material
of composition La, 5Sr, ,Ga, (Fe, ,Coy 505, ,. The catalyst
was prepared by dissolving (NH,),Pt(NO,), in water and
adding in the supporting ceramic powder. The sample was
dried and heated in He to 950° C. for 6 hrs. This catalyst
powder was then prepared into a slurry and coated onto both
surfaces of the tubular membrane.

In the reactor, the gas flows on both sides of the mem-
brane were under ambient pressure. The air flow was
approximately 600 ml/min and helium (He) flow was
adjusted to maintain an oxygen partial pressure gradient on
the permeate side of 0.02 atm. At 900° C. the He flow was
approximately 270 ml/min. An oxygen flux of 0.6 ml/min-
cm? was maintained at 850° C. for 72 hrs. At 900° C. the
oxygen flux increased to 0.9 ml/min-cm?®. The oxygen ion
conductivity was calculated from the equation provided
above. The activation energy for ionic conductivity was
calculated from an Arrhenius plot of In(o,,,,T) vs. 1/T. Table
2 provides the results of oxygen flux or permeation mea-
surements for several mixed metal oxide materials contain-
ing Mg.

Example 3

Preparation of Thin Films

Membranes for oxygen separation reactors can be pre-
pared by coating a substrate with a thin film (about 10-about
300 um thick) of a mixed metal oxide material of this
invention. In particular a porous substrate material can be
coated with a dense thin film of these materials to provide a
substantially gas-impermeable membrane. In general, thin
films are applied to selected substrates by methods known in
the art, including tape casting, dip coating or spin coating.
Presently preferred thin film-coated membranes are pre-
pared using a porous membrane as a substrate where the
porous membrane is made of a mixed metal oxide of the
same or similar composition to the ion and electron con-
duction mixed metal oxide that will comprise the thin film.
Use of a substrate that has the same or a similar (preferably
within about 20% of) thermal expansion coefficient as the
thin film material will minimize or avoid cracking of the film
and/or membrane on heating. Furthermore, use of a chemi-
cally similar material for both the substrate and thin film will
minimize undesired reactivity of the two materials with each
other and undesired reactivity of the substrate with gases in
the reactor. Porous membranes of the mixed metal oxides of
this invention can be prepared in a variety of ways, for
example, by combining the metal oxide with an organic filler
(up to about 20% by weight), such as cellulose or starch
particles of a selected size range (e.g. about 20 um particles),
shaping or pressing the desired membrane and sintering. The
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organic filler is destroyed and removed on sintering leaving
desired pores of a selected size in the membrane. Thin films
are preferably uniformly thick and crack-free on firing.
Uniform deposition of films can, for example, be obtained

14

A is an element selected from the f block lanthanide
elements;

A is an element selected from Be, Mg, Ca, Sr, Ba and Ra;

A" is an element selected from the f block lanthanides or

by use of colloidal suspensions of the metal oxide in a 5 Be, Mg, Ca, Sr, Ba and Ra;
selected solvent. The suspension is applied to the porous B is an element selected from the group consisting of Al,
substrate by conventional coating or casting methods to give Ga, In or mixtures thereof and
a uniform deposition which, on firing, gives a film of B" is Co or Mg, with the exception that when B" is Mg,
uniform thickness. An alternative method for applying thin A’ and A" are not Mg.
films is the use of co-polymeric precursors which comprise 10 2. The metal oxide of claim 1 wherein B is Ga or Al
metal oxide incorporated into the polymer. Flat membranes 3. The metal oxide of claim 2 wherein y is about 0.3 to
or tubular membranes can be prepared having dense thin about 0.9.
ﬁlms.of. the metal oxide mixed ion and electron conductors 4. The metal oxide of claim 3 wherein y is about 0.5 to
of this invention. about 0.8.
Those of ordinary skill in the art will appreciate that 15 5. The metal oxide of claim 4 wherein y is 0.6.
methods, materials, reagents, solvents, membrane structures 6. The metal oxide of claim 1 wherein y is 0.6.
and reactors other than those specifically described herein 7. The metal oxide of claim 1 wherein A is La and A' is
can be employed or adapted without undue experimentation Sr.
to the practice of this invention. All such variants in 8. The metal oxide of claim 7 wherein B" is Co.
methods, materials, reagents, solvents, structures and reac- 20 9. The metal oxide of claim 7 wherein B" is Mg.
tors that are known in the art and that can be so adapted or 10. The metal oxide of claim 1 wherein B" is Co.
employed are encompassed by this invention. 11. The metal oxide of claim 10 wherein 1.4=y+y'<2.0.
TABLE 1
total T (ml/min-cm?) Oion (S/cm)
time Temperature (° C.) Temperature (° C.)
Membrane Compound (hr) 750 800 850 900 E, 750 800 850 900 E,
Sty slag 4Gag sFe; 3C0010s, 2 144 0.092 0.138 0.207 0231 0.66 0.033 0.053 0.088 0.098 0.79
Sty slag 4Gag sFe; 55C00.150s,, 144 0.327 0.447 0.600 0.725 0.56 0.140 0.201 0.285 0.352 0.64
Sty glag 4Gag gFe; ,Cog 505, , 168 0.529 0.778 1.023 1.282 0.61 0213 0339 0.470 0.616 0.73
Sty slag 4Gag sFe; 1sC00250s,; 168 0.201 0.289 0.560 0.793 0.99 0.057 0.084 0.185 0277 1.14
Sty slag.4Gag sFe; 1C0050s, 2 360 0.297 0.456 0.629 0.882 0.74 0.098 0.160 0.229 0.340 0.84
Sty slag 4Gag sFey 0sCo0.35s0s,; 168 0.226 0.355 0.700 1184 1.17 0.069 0.114 0.261 0.507 1.40
Sty ,Lag ,Gag gFe; 2C00 105, 5 168 0.164 0246 0.363 0.523 0.80 0.061 0.094 0.147 0.224 0.90
Sty 7Lag 5Gag sFe; 5C0050s, 2 192 0.035 0.059 0.074 0141 091 0.008 0.014 0.018 0.038 1.00
Sty JLlag 5Gag oFe; 15C00.050s,; 144 0.124 0.188 0.286 0.394 0.81 0.054 0.086 0.142 0.212 0.95
Sty 7Lag 5Gag sFe; 1Co050s, 2 192 0.298 0.508 0.888 1.239 1.00 0.101 0.190 0.379 0.570 1.22
Sty sLag 5Gag oFe; 0sCo0350s,; 168 0.146 0.228 0.325 0.484 0.82 0.059 0.101 0.156 0.266 1.02
Sty 7Lag 5Gag sFe; 4Os, 2 192 0.343 0487 0.625 0751 0.54 0.143 0217 0.291 0361 0.64
12. The metal oxide of claim 11 wherein 1.6=y+y'=1.9.
y+y
TABLE 2 13. The metal oxide of claim 12 wherein A is La, A" is Sr
and x+x' is 2.
J (ml/minscm®) _ 0y, (S/em) 45 14. The metal oxide of claim 10 wherein x+x' is 2.0.
050°  000°  850° 900° 15. The metal oxide of claim 14 wherein B is Ga or Al.
Membrane Compound by o CC E eV 16. The metal 0).(1de of cl.alm 15 Whe;em yvls 0.6.
17. The metal oxide of claim 16 wherein y+y' ranges from
Sty ,La, ,Gag Fe, Mg, ,0s5,, 050 071 020 032 114 about 1.7 to about 1.9.
Sty 7La05Ga Fe1 oMo 205, 063 094 033 051 110 50 18, The metal oxide of claim 1 wherein B" is Mg.
gil-71120-3220-5521-%50-385” 8'33 8;2 8'3? 8';% é'gg 19. The metal oxide of claim 18 wherein 1.5=y+y'<2.0.
1.6 0.4 0.6 1.2 0.2 5+z7. - - - . . . . .
St, eLa, sGag Fe, ;Mgo ,0n.y  0.30 051 014 022 109 20. The metal oxide of claim 19 wherein 1.7Zy+y'=1.9.
Sty gLag 4Gag JFeo -Mg; 4Os,,  0.97 118 057 075 071 21. The metal oxide of claim 20 wherein A is La, A" is Sr
and x+x' is 2.
. . L "
We claim: 55 2C2. Thg mf.:ta(l) cg)ﬂde of claim 1 wherein B is Ga or Al, B
1. A mixed electronic- and ionic-conducting metal oxide 18 2; fll“rtll b li 1' .'d ¢ claim 1 wherein B is Ga or AL B"
represented by the formula: . - The metal oxide of claim 1 wherein B is Ga or Al
is Mg and y is 0.6.
AN A" (ereyBFe B (5705, 24. The metal oxide of claim 1 wherein Ais La and A' is
where 60 Sr. . . . .
« and X' are ereater than O: 25. The metal oxide of claim 10 wherein x+x' is 2.0.
' & > 26. The metal oxide of claim 25 wherein B is Ga or Al.
y and y' are greater than 0; 27. The metal oxide of claim 26 wherein y is 0.6.
L . . . .
x+x'is less than or equal to 2; 28. The metal oxide of claim 27 wherein y+y' ranges from
y+y' is less than or equal to 2; 65 about 1.7 to about 1.9.

z is a number selected to make the metal oxide charge
neutral;

29. The metal oxide of claim 1 wherein B is Ga and B"
is Mg.
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30. The metal oxide of claim 29 wherein A is La, A" is Sr
and x+x' is 2.

31. The metal oxide of claim 30 wherein y is between 0.4
and 0.6 inclusive.

32. The metal oxide of claim 31 wherein y' is between 1.0 5
and 1.4 inclusive.

33. The metal oxide of claim 32 wherein y'+y is 1.8.

34. The metal oxide of claim 33 wherein x is 1.4 to 1.8
inclusive.

35. The metal oxide of claim 1 wherein B is Ga and B"
is Co.

36. The metal oxide of claim 35 wherein A is La, A" is Sr
and x+x' is 2.

37. The metal oxide of claim 36 wherein y is between 0.4
and 0.6 inclusive.

38. The metal oxide of claim 37 wherein y' is between 1.0
and 1.4 inclusive.

39. The metal oxide of claim 38 wherein y'+y is 1.6 to 1.8
inclusive.

40. The metal oxide of claim 39 wherein x is 1.4 to 1.8
inclusive.

41. A dense membrane for use in separation of oxygen
from an oxygen-containing gas which comprises a mixed
electronic- and ionic-conducting metal oxide having the
formula of claim 1.

42. A dense membrane for use in separation of oxygen
from an oxygen-containing gas wherein the membrane com-
prises a calcined and sintered dense ceramic consisting
essentially of a mixed electronic- and ionic-conducting
metal oxide having the formula of claim 1.

43. The dense membrane of claim 42 wherein the mem-
brane comprises a dense thin film ranging in thickness from
about 10 to about 300 microns consisting essentially of the
mixed electronic- and ionic-conducting metal oxide.

44. A dense membrane of claim 41 wherein the electronic-
and ionic-conducting oxide is selected from the group
consisting of the metal oxides:

La, 581y ;Gay ¢Fey, ;Mgo 105, .3

Lag 581, ;Gag ¢Fey Mgy 205,23

La, 551, ,Gag ¢Fey ;Mg 505,
Lag 4S1; 4Gag ¢Fey Mg, ,0

La, 5Sr; 5Gag 6Fe; sMg, 2055 and

10

15

20

25

30

35

40

S5+2z°

Lag 4St 6Gag 4Fe; ;Mg 505,
45. A dense membrane of claim 41 wherein the electronic-
and ionic-conducting oxide is selected from the group
consisting of the metal oxides:
Lag 4Sry 6Gag ¢Fey 3Co04 105, .5
Lag 4Sry 6Gag gFey ,5C04 1505, ;5
Lag 4Sr, 6Gag gFeq ,Cog 505,

Lag 4Sry 6Gag ¢Fey 15C04 5,505,.;
Lag 4Sr; 6Gag gFe; 1Coq 505,
Lag 4S1 6Gag gFeq.05C0g 3505,
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Lag 581, ;Gag ¢Fe; 5Co0q ;05,3
Lag 58r; ;Gag gFe; ,Cog 5,05, .3
Lag 551, ,Ga, Fe, 15C04 5505,

Lag 581, ;Gag Fe, ;Cog 50
La, 551, ,Gag ¢Fe; 05C0p 3505,

46. A catalytic reactor for the separation of oxygen from
an oxygen-containing gas which comprises an oxidation
zone and a reduction zone separated from each other by a
substantially gas-impermeable membrane having an oxida-
tion surface in contact with said oxidation zone and a
reduction surface in contact with said reduction zone
wherein said oxygen-containing gas is introduced into said
reduction zone, oxygen is reduced at said reduction surface
generating oxygen anion, oxygen anion is transported
through said membrane and oxygen anion is oxidized at said
oxidation surface generating oxygen in said oxidation zone
and electrons in said membrane which are transported to
said reduction surface thereby effecting separation of oxy-
gen from said oxygen-containing gas and wherein said
membrane is made from a mixed metal oxide having the
formula:

and

S5+2°

AN A" (1 )BBLYB (1yyOs..

where

x and x' are greater than O;

y, and y' are greater than O;

x+X' is less than or equal to 2;

y+y' is less than or equal to 2;

z is a number selected to make the metal oxide charge
neutral;

A is an element selected from the f block lanthanide
elements;

A is an element selected from the Group IIA elements
(alkaline earth metals);

A" is an element selected from the f block lanthanides or
the Group IIA elements;

B is an element selected from the group consisting of Al,
Ga, In or mixtures thereof; and

B' and B" are different elements and are independently
selected from the group of elements Mg or the d-block
transition elements.

47. The reactor of claim 46 wherein in said mixed metal

oxide A is La, A' is Sr, B' is Fe, B" is Co and x+x' is 2.
48. The reactor of claim 46 wherein in said mixed metal
oxide A is La, A' is Sr, B' is Fe, B" is Mg and x+x' is 2.



