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IMPROVED MIXED IONIC AND
ELECTRONIC CONDUCTING CERAMIC MEMBRANES
FOR HYDROCARBON PROCESSING

BACKGROUND OF THE INVENTION

A class of brownmillerite-derived materials have been found to be mixed ionic and
electronic conductors (MIEC). See: PCT/US96/14841, filed September 13, 1996. Gas-
impermeable membranes made from MIECs behave as short-circuited electrochemical cells,
in which oxygen anions and electrons conduct in opposite directions through the membrane.
The oxygen anion conductivity of these materials make them useful for the efficient
generatidn of pure oxygen which can be employed in catalytic oxidation reactions. The
electronic conductivity of these materials provides for spontaneous gas phase separation and
any subsequent oxidation without the addition of external electronic circuitry. MIEC
membranes have found application in catalytic membrane reactors (CMRs) for a variety of
processes where oxygen reacts with inorganic or organic species, such as hydrocarbons,
including but not limited to the partial oxidation of methane and other hydrocarbons to
synthesis gas, the oxidative coupling of aliphatic and aromatic hydrocarbons, and the
gasification of coal. CMR processes an also include decomposition of organic environmental
pollutants such as PCBs. These membranes can simply be used for the separation of oxygen
from oxygen-containing gas (e.g., air) and the production of pure oxygen.

In operation, the ceramic membranes of CMRs are exposed to net oxidizing and
reducing atmospheres on opposite sides of the membrane. The stresses imposed on the
ceramic membranes arise from chemical expansion as well as thermal expansion. The
membranes may also be exposed to significant pressure differentials up to about 500 psi.
While reactor design can be optimized to minimize these stresses, brittleness and cracking of
membrane materials after short term operation is a significant problem. Thus, thereis a need
in the art for ceramic membrane materials, particularly for long-term reactor operation, that
retain excellent ionic and electronic conductivities and which, in addition, exhibit improved
mechanical strength under reactor operating conditions.

SUMMARY OF THE INVENTION

This invention relates to ceramic compositions for use in ceramic membranes which
contain multiple crystalline phases wherein the predominate phase is a MIEC. The ceramic
compositions contain one or more second crystalline phases distinct from the MIEC phase

which do not significantly contribute to ionic or electronic conductivity, but which enhance
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the mechanical strength of the composition. Mechanical strength of membrane made of these
mixed phase materials is enhanced, particularly under CMR operating conditions. The
presence of one or more second phases in a ceramic material significantly enhances the
mechanical strength of the composition for use as a membrane in CMR applications. MIEC
materials in general can be strengthened by the addition of second phases to decrease their
brittleness and facilitate their practical application in CMRs. The mechanical strength of
MIEC membranes that contain mixed ionic and electronic conducting brownmillerite-derived
ceramics are particularly benefitted by the introduction of second phases.

In preferred ceramic compositions, the MIEC phase of the ceramic materials of this
invention represents about 80wt% or more of the composition. In more preferred
compositions, the MIEC phase represents about 90wt% or more of the composition. Lower
levels (up to about Swt%) of second phases can arise as impurities during the preparation of
MIEC materials, because of impurities in starting material resulting in inaccuracies in
measurement of metal stoichiometries prior to reaction. Second phases can be selectively
added to MIEC up to about 20wt% by mixing components in off-stoichiometric amounts, i.e.,
by adding additional amounts of one or more metal precursors. The amount of second
phase(s) which can be present in the final ceramic products (membranes) and improve their
mechanical properties can vary most generally between about 0.1wt% and about 20wt%.

More specifically, mixed phase ceramic materials combining an MIEC phase from
about 80wt% to about 99wt%, and a second phase or phases from about 1wt% to about
20wt% are useful for producing improved membranes of this in\{ention. A more preferred
composition is 90 to 99 wt% MIEC phase and 1 - 10 wt% second phases.

Ceramic membranes of this invention can have any shape, form or dimensions
suitable for use in various CMRs. In particular, membranes can be tubes of various diameters
and lengths and flat plates or disks of various diameters. Ceramic membranes can be
substantially composed of mixed phase ceramic as a dense material with membrane
thicknesses ranging from about 0.5 to about 2mm. Alternatively, gas impermeable
membranes can be composed of a porous substrate supporting a dense thin film of the mixed
phase ceramic, typically having a film thickness of about 1 pm to about 300 pm, more
preferably having a thickness of 10 pm to about 100 pm.

Preferred mixed phase materials of this invention contain a sufficient amount of

second phase to provide enhanced mechanical properties to the material (compared to a
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corresponding single-phase MIEC material) without significant detrimental effect upon the
jonic and electronic conductivity of the mixed phase material. More specifically, in preferred
mixed phase materials, the amount of the second phase(s) present is optimized to reduce
breakage from handling and cutting in the preparation of membranes and to reduce breakage
and cracking of membranes or thin films associated with thermal and chemical shock to the
membrane during CMR operation. Further, the second phase(s) preferably do not
substantially react with reactive gases during CMR operation to cause decomposition and
failure of the membranes.

Mixed phase materials of this invention include those that contain about 1wt% or
more of second phases, those that contain about 2-4wt% or more of second phases and those
that contain Swt% or more of second phases. Preferred second phases are pseudo-binary and
pseudo-ternary phases formed from the same (or fewer) elements as the mixed conductors.
The second phases need not be ionic or electronic conductors and they need not be in
thermodynamic equilibrium with the MIEC materials.

MIEC brownmillerite-derived ceramics are of general composition:

AA A BB v B iy O
where A is an element from the f block lanthanide elements; A’ is an element selected from
the Group 2 elements, A" is an element from the fblock lanthanide or Group 2 elements; B is
an element selected from Al, Ga, In or mixtures thereof; B’ and B” are different elements
and are selected independently from the group of elements Mg, and the d-block transition
elements, including Zn, Cd, or Hg; 0 <x<2,0<x'<2,0<y<2,0<y'<2wherex +x' < 2
and y +y’ < 2, and z varies to maintain electroneutrality. A" and B” may or may not be
present.

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 definition of lanthanide metals. A is
preferably La or Gd, with La more preferred. Group 2 metal elements of the Periodic Table
(also designated Group 2a) are Be, Mg, Ca, Sr, Ba, and Ra. The preferred Group 2 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
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B” elements are Mg, Fe and Co, with Fe and Co being more preferred as B’ and B”,

respectively.

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, 0<z<1.

In preferred MIEC materials of this formula 0.05 <x<I,1<x'<1.95,025<y<1.2,
and 0.8 < y'<1.75. In more preferred MIEC materials of this formula 0.2 <x <0.6, 1.4 <x'<
1.8,0.6<y<1.0,and 1.0<y’ <1.4.

Second phases employed in the ceramic materials of this invention improve the
mechanical strength of the MEIC materials and are not significantly detrimental to their
electrical properties. Second phases are structurally distinct from the MIEC phases. Second
phases can include phases of the AB,O, structure type, such as SrAl,O, and the A,BO,
structure type, such as Sr,AlOQ,. More generally, second phases can include the quaternary
and ternary phases (A, A"),(B B")O,, A, (B, B")O,, (A, A")(B, B"),0,, A'(B, B"),0,, Ay(B,
B")O,, A(B, B"),0,, (A, A"),BO,, (A, A"),B'O,, (A, A")B,0,, (A, A")B’,0, and the mixed
metal oxides A,BO,, AB,O,, A,B’O,, AB',0,, A’,BO,, A'B,0,, A'’,B'O,, and A’'B’,0,,
where A, A’, B and B’ are as defined above In these formulas (A, A") and (B, B’) are used
to indicate all mixtures of the indicated elements. Presence of second phases can be detected
using SEM or TEM methods. These methods and X-ray diffraction analysis can also be
employed as known in the art to quantify the amount of second phase(s) present. Crystalline
second phases can be detected by X-ray diffraction if they are present at levels of about 1wt%
or more. The amount of second phase detectable by X-ray diffraction depends upon the
specific second phase or phases present. SEM and particularly TEM methods can typically
be employed to quantify lower amounts of second phases.

Second phases can be added to the MIEC materials by any method. One method is to
add the desired second phase or phases to a substantially single-phase MIEC material in
powder form, and mix thoroughly to distribute the second phase homogeneously in the
mixture prior to pressing and sintering membranes. Another method is to form the second
phase or phases simultaneously with the formation of the desired membrane material by

mixing an off-stoichiometric ratio of the starting materials.

BRIEF DESCRIPTION OF THE FIGURES
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In the following figures, small arrows on the X-ray diffraction scans indicate peaks
believed to be indicative of second phases. The shoulder peak at about 32 is believed to be
due to (Sr, La),(Al,Fe)O,. Additional peaks which may be observed from this phase are at
24,42.5,43.5,54.5,55.5, 65 and 76 (20) as seen in Fig. 5. The peaks between 28-30 are
believed to be due to Sr(Fe, Al),O,. Additionally, peaks from this phase which may be
observed are at 20.2, 34.5 (20) as in Fig. 5.

Figure 1 is an X-ray diffraction scan of the MIEC material of Example 2 which is
shown to be single-phase La,,Sr, ,Ga, [Fe, ,O;,,.

Figure 2 is an X-ray diffraction scan of the mixed phase membrane material of
Example 3 which is a mixed phase material containing the La,;Sr, ,Ga, (Fe, ,05., MIEC phase
and about 2-4wt% of second phase(s).

Figure 3 is an X-ray diffraction scan of the mixed phase membrane material of
Example 4 which contains an La,;Sr, ,Al, (Fe, ,0;., MIEC phase and about 2wt% of second
phase(s).

Figure 4 is an X-ray diffraction scan of the mixed phase membrane material of
Example 5 which contains an Lay,Sr, ;Aly ¢Fe, ,0s,, MIEC phase and about 7-8wt% of second
phase(s).

Figure 5 is an X-ray diffraction scan of the mixed phase membrane material of
Example 6 which contains an La, ;Sr, ;Al Fe,.O;,, MIEC phase where x is 0.8 -- 0.9 and y’ is
1.2 to 1.1 and about 5 - 6% of second phase(s).

Figures 6A and 6B are SEM images of mixed phase material containing
La,,Sr, ,Ga,Fe, ,Os,,. La-deficient phases are the dark grains indicated by arrows. Figures
6A and 6B are images prepared from different samples of the same materials indicating
distribution of the La-deficient second phase throughout the material.

Figure 7A is a SEM image of mixed phase containing MIEC La,;Sr, ,Ga, (Fe, ,O;.,
indicating the presence of second phases. Figure 7B is a SEM image of mixed phase
containing MIEC La,,Sr, ,Ga,,Al, Fe, ,Os., indicating the presence of second phases.

DETAILED DESCRIPTION OF THE INVENTION

Mixed ionic and electronic conducting (MIEC) membranes behave as short-circuited

electrochemical cells, with appropriate catalysts applied for promoting each half reaction on

their respective oxidizing and reducing surfaces. Ionic transport of O proceeds from
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reducing to oxidizing membrane surfaces with electrons mediating from oxidizing to
reducing surfaces via the ceramic membrane.

A catalytic membrane reactor (CMR) has an oxidation zone and a reduction zone
separated by a gas-impermeable membrane. The membrane surface in contact with the
reduction zone is the reduction surface which optionally has a reduction catalyst layer. The
membrane surface in contact with the oxidation zone is the oxidation surface which
optionally has an oxidation catalyst layer. The reactor is provided with passageways for
entrance and exit of gases from the reduction and oxidation zones. Multiple CMRs can be
linked in series or in parallel (with respect to gas flows) for improved efficiency or speed of
reaction.

A variety of CMRs are known in the art and can be employed in combination with the
improved membranes of this invention. The improved mechanical properties of these
membranes herein are particularly useful in systems employing tubular membranes and any
other membrane structures or configurations that are subject to enhanced stresses during
operation.

PCT application W098/23051, filed 29 October 1998, which is incorporated in its
entirety herein by reference to the extent not inconsistent herewith, describes catalytic
membrane reactors having a three dimensional catalyst within the reactor. Catalytic
membranes of this invention can be employed in the reactor systems described therein.

In a CMR, an oxygen-containing gas or gas mixture, such as air, is passed in contact
with the membrane in the reduction zone, and the reactant gas or gas mixture, 1.€., the
oxygen-consuming gas, such as a reactant gas containing methane, is passed in contact with
the membrane in the oxidation zone. As the oxygen-containing gas or gas mixture contacts
the membrane, oxygen is reduced to oxygen anions which are transported through the
membrane (as ions) 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 electrons return to the
membrane reduction surface facing the reduction zone via transport through the membrane.

Membranes of CMRs are employed to form a gas-impermeable, yet ion and electron
barrier, between the oxidation and reduction zones of the reactor. Membranes are typically
mounted between the reactor zones employing a gas-impermeable sealant. A variety of

methods and sealing materials are known in the art. U.S. provisional application 60/129,683,
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filed April 16, 1999, provides improved sealant materials for use in CMRs having mixed
metal oxide membranes. This provisional application is incorporated in its entirety by
reference herein to the extent not inconsistent herewith.

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 1s 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 membrane 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 component.

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
a reactor of this invention. Reactant gas components include, but are not limited to methane,
natural gas (whose major component is methane), gaseous hydrocarbons including light
hydrocarbons (as this term is defined in the chemical arts), partially oxidized hydrocarbons
such as methanol alcohols (ethanol, etc.) and organic environmental pollutants. 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,0. 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. Reactant
gas also includes gases with suspended or entrained particles, such as carbon particles slurried
in water vapor.

The term "oxygen-depleted gas" refers to a gas or gas mixture from which oxygen has
been separated by passage through a reactor of this invention (i.e., the residual of the oxygen-
containing gas). The term "sweep gas" refers 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. The
sweep 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. The sweep gas
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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, 1.e., less than
ambient pressure, to the 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 gases for
ultimate concentration of the separated oxygen. Gases in the oxidation or reduction zones of
the CMR can be at ambient pressure or at pressures higher or lower than ambient.

The terms "reactant gas," "oxygen-depleted gas," "oxygen-consuming gas," and
"oxygen-containing gas" and any other gas mixture discussed herein include materials which
are not gases at temperatures below the temperature ranges of the pertinent process of the
present invention or at pressures of the CMR, 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-impermeable" as applied to membrane 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 phase ceramics. In a crystalline
single-phase material, the elements combine in a well-ordered array. The presence of a
single-phase can be assessed by XRD or similar known techniques of phase identification
(scanning electron microscopy (SEM) or transmission electron microscopy (TEM)). A mixed
phase material contains one or more distinct crystalline phases. In the mixed phase materials
of this invention, the predominate phase is a material that exhibits both ionic and electronic
conductivity (MIEC). The second phase or phases present enhance the mechanical strength
of the mixed phase material. Exemplary second phases are mixed metal oxides
distinguishable in structure from the predominant MIEC phase. The presence and amounts of
second phases in the mixed phase materials of this invention can be assessed by X-ray
diffraction or by SEM or TEM techniques.

MIEC phases of this invention more specifically include those of formula:
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La, Sr, ,B,B’, Os,,,
where X, X', y, ¥, z, B and B’ are as defined above, with B more preferably Ga or Al, and B’
more preferably Fe. Preferred materials have 0.05 <x <1.0 and 0.25 <y <1.2. More
preferred materials have 0.20 < x < 0.6 and 0.30 <y < 1.0. Second phases that are combined
with these specific MIEC include (Sr, La) (B, B’),0, and (Sr, La),(B, B")O,.

In the mixed metal oxides of this invention, Group 2 elements Mg, Ca, Sr, Ba and Ra
are believed to be in the 2+ oxidation state. Group 3 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.

Mixed phase materials of this invention can be prepared by combining starting
materials in off-stoichiometric ratios. The term "stoichiometric" refers to the relative
amounts of starting metal compounds (e.g., metal oxides or carbonates) combined to obtain a
mixed metal oxide of a given formula. Stoichiometric mixing provides the component metals
in the correct relative molar amounts according to the mixed metal oxide formula (e.g., A A',.
A"y v B,BB":,0s,)

The term "off-stoichiometric" refers to the relative amounts of starting materials

2-x-x" 2-y-y

combined to be somewhat off (i.e., higher or lower) of those required for the formula of the
desired MIEC phase.

One or more of the starting components are present in a higher or lower amount than
required to obtain the desired stoichiometry of the MIEC phase.

Examples of processes which may be conducted in CMRs using MIEC membranes
include the combustion of hydrogen to produce water, the partial oxidation of methane,
natural gas or other light hydrocarbons to produce unsaturated compounds or synthesis gas,
the partial oxidation of ethane, extraction of oxygen from oxygen-containing gases, €.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, or CO,; ammoxidation of methane to hydrogen cyanide, and
oxidation of H,S to produce H,0O and S.

The partial oxidation of methane and other hydrocarbons to produce synthesis gas is a
spontaneous process to produce either a high value fuel or a feedstream for high value

chemicals. This process can be carried out in the presence of CO, and steam. When these
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ceramic materials are used for the partial oxidation of methane to produce syngas, the
reaction can be written:
CH, + 1/20, - CO + 2H,

Coal gasification also produces syngas, but by the combination of steam reforming
and partial oxidation of carbon. In this case, the reactant gas can be a slurry of carbon
particles in steam. The overall reaction for this process can be written:

2C +1/20,+H,0 - 2CO + H,

A further reaction that can be conducted with CMR is the oxydehydration reaction of
ethane, according to the reaction:

C,H,+ 120, - C,H, + H,0

Coupling reactions can also be facilitated by these membranes. One example is the
coupling of methane to form ethane or ethylene, or of methane and ethane to form propane,
and higher alkanes and alkenes. The coupling of toluene (C,H;CHj) to form stilbene
(C,H,CH = CHCHj), as an intermediate in the formation of benzoic acid, can also be carried
out using these membranes. |

Partial oxidation and coupling reactions of CRMs can employ unsaturated and
saturated linear, branched, and cyclic hydrocarbons, partially oxidized hydrocarbons, as well
as aromatic hydrocarbons as reactants. Specific examples include methane, ethane, ethylene,
propane, etc., cyclopropane, cyclobutane, cyclopentane, cyclopentene, etc., isobutane,
isobutene, methylpentane, etc., and benzene, ethylbenzene, napthalene, methanol, ethanol,
etc. Products of reactions with these various hydrocarbon species will generally depend
upon the types of oxidation and or reduction catalysts on the membrane surfaces.

All of the listed examples make use of pure oxygen as a reactant. CMRs may also be
used for the separation and production of high purity oxygen. Because these reactions make
use of pure oxygen separated from the air by the mixed conducting membrane, there is no
nitrogen present, and hence no NO, compounds are generated. The formation of the products
acts a driving force for the permeation of oxygen through the ceramic membrane, as the
reaction of oxygen maintains a very low partial pressure of oxygen on the product side.
Particularly in the case of coupling reactions, selection of catalysts for the oxidation and/or

the reduction surface of the membranes is important to improve production with optimal

selectivity.
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Another type of process suitable for CMRs, is the reaction of an oxygen-containing
gas which is capable of losing oxygen, for example, NO, NO,, SO,, SO, CO, CO,, etc. The
oxidation zone of the reactor is exposed to a partial vacuum, an inert gas, or a gas that will
react with oxygen (e.g., various hydrocarbons). Effective ranges of partial vacuum range
from approximately 100 Torr to 10 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 type of CMR reaction, the oxygen-containing gas is a gas-containing steam
(i.e., H,O gas). As H,0 contacts the membrane, the oxygen of H,O is 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 any 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. Other combinations of materials reactive
with each other in CMRs to produce a wide range of products are possible and are
contemplated as being within the scope of the invention.

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
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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
hydrocarbon 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 is reversibly
reducible. 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. Incorporation of
these metals or their combinations onto the oxidation surface of oxygen anion conducting
membranes provides a strategy for direct partial oxidation of hydrocarbons. Moderation of
catalyst activity to avoid coke formation is achieved by the incorporation of metal clusters
into ceramics such as CeO,, Bi,0,, ZrO,, CaB, B',0;, StB, ,B’,0; 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 1on
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, Auor Pt, Pd, or Ni and 0 <y <0.3).

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
preferentially 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 employment of basic or low melting metals in the A-site (Pb, Bi, or
Sb, lanthanides or Group IA and ITA dopants) as well as by the use of Ru or Group 1B 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,
(e.g. Fe,0;, Co,0;, Fe,0,, NiO, Ni,0,, MnO, MnO,) and prepared by various methods such

as coprecipitation, impregnation, etc., are expected to be active.
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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 A is 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,MOS; (where A is 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, decomposition. 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 Temperature 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 o oxygen, corresponds to adsorbed surface
oxygen, and that desorbed at higher temperatures, designated 3 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 has shown the amount of -
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 and was little affected
by the nature of the B-site. These results suggested that a-oxygen occupied normally empty
oxygen vacancy sites. The onset temperature 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, ,A,CoO; (A is Ba, Sr and Ca) using the equation:

4BE - — aH, , -mAH, - LDy«
m-n n

12m

(AH, , - mAH))

where AHa o, and AHa,o, are the heats of formation of the A O, and B,,O, 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
decieases in the order La, Ca,CoO,, La, ,Sr,CoO,, La, ,Ba,CoO,. Thus, the a-oxygen
desorption temperature is dependent on the average metal-oxygen bond strength at the
perovskite surface. P-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 La, (Sr, ,,Co, M, ,0, with Cr,
Mn, Fe, Ni, Ni and Cu affects both the onset temperature for and the amount of a-oxygen
evolved. The amount of a-oxygen evolved decreased in the order Cu > Fe > Ni > Mn > Cr.
(Y. Teraoka, T. Nobunaya, N. Yamazoe, Chem.Lett. 503 (1988).)

Good oxygen evolution catalyst sites can occur when using perovskites possessing the
general composition BaCo, , M, 05, where M is Fe, Cu or Ag and x is a number from O to 1.
For these compositions the vacancy concentration 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,O;, 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 membrane of this invention as a
catalyst for CO,/CH, oxidative reforming to synthesis gas. 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. A preferred catalyst
is Ni supported LSM. In addition, supports based on substitution of Cr and Mn into the metal
oxide structure La,,Sr, (GaFeOs, are useful as catalyst supports in this system.

Catalysts for hydrocarbon coupling include, but are not limited to, perovskite

electrocatalysts. These catalysts generally have a transition metal on the B site of the ABO,
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perovskite structures. The A site is occupied by two different f/l-block elements or IA
elements. Examples are Sm, ;Ce, ;CuO;, Tb, ;Sm,,CuO;, Gd,,Th,,Cu0O;, Gd4Na,;MnO,,
and Th,Yb,,NiO; (Kuchynka, D.J. et al. (1991) J. Electrochem. Soc. 138:1284).

Membranes useful in the CMRs of this invention can be dense, gas- impermeable
sintered materials in any desired shape, including membrane disks, flat plates, open tubes,
closed-one-end tubes, etc., which can be adapted to form a gas-tight seal between the two
reactor zones or chambers of CMRs. Membranes can be composed substantially of the mixed
phase ceramic material described herein or can be composed of porous substrate with a gas
impermeable thin film of the mixed phase ceramic material described herein.

Membranes can be formed by isostatic pressing of mixed metal oxide materials of this
invention into dense substantially gas-impermeably membranes. Alternatively, substantially
gas-impermeable membranes can be formed by forming dense thin films of ionically and
electronically conducting mixed metal oxide on porous substrate materials. Again these two
component membranes (porous substrate and dense thin film ) can have any desired shape
including disks, tubes or closed-one-ended tubes. Porous substrates (which allow passage of
gas through the substrate) can include various metal oxide materials including 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 material 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 (about 1-300 pm 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.

In operation, the ceramic membranes are subjected to several stresses. Reactor design
can minimize these stresses. In the use of tubular ceramic membranes, for example, which
are supported on alumina tubes, gas tight seals must be formed which accommodate the
thermal expansion mismatch of the dissimilar reactor components. Chemical expansion also

creates stresses which must be minimized. Again, using tubular ceramic membranes as an
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example, gas flows for the conversion of methane to synthesis gas are designed to flow air
through the inner length of the tube, with methane flowing over the outside surface of the
tube. Reversing the gas flows can cause the membrane tubes to burst. This effect is related
to the chemical expansion of the materials under oxidizing and reducing atmospheres.

Ceramic metal oxides heated in air are generally chemically reduced. The loss of
oxygen from the lattice causes an expansion in the unit cell. The loss of oxygen, and hence
the chemical expansion, is modified by heating under either more oxidizing or reducing
gases. When opposite sides of a membrane are heated under different atmospheres (different
gases which may be at different pressures), a gradient of oxygen occupancy can exist through
the membrane thickness. Hence, the stresses due to chemical expansion vary through the
thickness of the membrane.

Stresses on tubular membranes are particularly significant. As a tubular shaped piece
expands radially, the volume expansion on the outer region is greater than that of the inner
region. This follows the lattice expansion caused by gas flows set up with oxidizing air
flowing through the center of the tube, and methane, or reducing gases, flowing over the outer
surface, as in the reactor conditions described above. If the gaseous atmospheres were
switched, the tubes would regularly burst from the excessive tensile stresses caused by the
large volume increase on the inner portion of the tube.

Two inherent difficulties associated with applications of ceramic materials in CMRs
are the chemical inhomogeneity of the mixed conducting metal oxides exposed to oxidizing
and reducing gases, and the brittle nature common to ceramics, which generally exhibit low
strength in tension. This invention is based at least in part on the discovery that the addition
of a second phase can increase the mechanical strength of membranes made from
brownmillerite-derived MIECs. The increased strength reduces breakage and cracking from
handling and cutting associated with preparation of membranes for reactor setup. It also
reduces breakage associated with thermal and chemical shock to which they are exposed
under typical CMR operating conditions.

There are several examples of improved properties on introduction of second phases
in metal alloys or metal oxides. Second phases can improve corrosion resistance, as observed
in magnesium metal alloys (U.S. Patent 5,139,077), act as a sintering aid by lowering
sintering temperature through reactive sintering (U.S. Patent 4,848,984) or by increasing

densification, or increase strength, as MgO in f-alumina (U.S. Patent 3,535,163).
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Substantially single-phase material with analytically observable levels of second
phases are prepared in a manner similar to the preparation of single-phase material, except
that additional amounts of starting materials are needed to compensate for losses of volatile
impurities are not added. Alternatively, an off-stoichiometric amount of these starting
materials than that prescribed by the desired stoichiometry of the MIEC phase can be added
to the other components. Somewhat more or less off-stoichiometric mixing causes more of
the second phases to form. Materials having up to about 10% by weight of second phases
have been prepared by this method. Second phases (or higher levels of second phases) have
also been observed when the combined powders are inefficiently mixed prior to calcination.

A variety of methods are known in the art for the preparation of mixed oxide
crystalline phases which can be used to prepare materials of this invention including, for
example, sol-gel techniques and the glycine-nitrate combustion methods (See: M.N. Rahaman

(1995) Ceramic Processing and Sintering, Marcel-Dekker, N.Y ; and L.A. Chick et al. (1990)

Mater. Lett. 10:6).

The second phases observed most frequently are metal oxides which can be
characterized in two different structure types: AB,0, and A,BO,. In these structures, Sr and
La are mixed in the A-site, and the B-site is occupied by Fe and either Al or Ga. The precise
ratio of the cations on each site is not analytically known. Identifying peaks for the St (Al,
Fe),0, phase are three small peaks between 28 and 30° 26, while the K,NiF, phase (Sr, La),
(ALFe)O, shows a characteristic peak found just left of the largest peak from the desired
single-phase metal oxide phase (about 31-32° 26)

Two common types of second phases used in these membranes are not ionic or
electronic conductors (AB,O, and A,BO,). These phases are of the BaAl,O, structure type,
and the K,NiF, structure type. The latter is the n = 1 member of the Ruddlesden-Popper type
structures AO-(ABQ,),, where perovskitic layers alternate with rock-salt type layers. These,
and other intergrowth type structures are at best poor ionic conductors, as ionic conductivity
is often restricted to two dimensions. As supporting second phases, though, they improve the

mechanical strength of the brownmillerite-derived materials, and are not detrimental to their

electrical properties.
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EXAMPLES
Example 1:  General Preparation of Membranes from Single-Phase and Mixed-Phase
Mixed Metal Oxides

Starting materials for preparation of mixed metal oxides are obtained from
commercial sources and typically are employed without further purification. For specific
examples below, La,0,, SrCO;, Ga,0,, and AL O, are obtained from Alfa/Aesar at purities
indicated below. Fe,O, was obtained from Aldrich. A Loss on Ignition test (LOI) is
performed on the above reagents to determine the amount of volatile compounds, (i.e., water,
or CO,) which are absorbed on the powders. For the SrCO; used LOIs range from 1.7 to
2.0% by weight. La,O, is found to have LOIs ranging from 0.9 to 9.8% by weight. The
other materials are found to have negligible LOIs. The LOI of a material received from a
given supplier will generally vary with batch or lot and must be redetermined when a new
batch or lot is employed. The LOI of material received in an individual shipment typically
remained constant throughout the shelf life (several months) of that container in the
laboratory. Exposure of starting materials to humid conditions may affect LOL

The mixed metal oxide ceramic materials of this invention are, in general, prepared
from powders using standard solid state synthesis techniques. All compounds are prepared
from mixtures of the appropriate metal oxide(s) and metal carbonate(s) in amounts as
indicated below. Powders are placed in a small polyethylene container with an equal amount,
by volume, of isopropyl alcohol. Several cylindrical yttria-stabilized zirconia (YSZ) grinding
media are also added to the container. The resulting slurry was mixed thoroughly on a ball
mill for several hours. The alcohol is then allowed to evaporate yielding a homogeneous
mixture of the starting materials. This homogeneous mixture is calcined to obtain the desired
predominant MIEC phase. Powders are placed in alumina crucibles and fired at temperatures
of 1100°C to 1450°C for 12 h in atmosphere. Upon cooling, the powders are sieved to 45
mesh size . Calcining is repeated if necessary (typically twice) until a consistent X-ray
diffraction pattern indicates that reaction has gone to completion. XRD is performed using a
Philips PW1830 X-ray generator with model 1050 goniometer for powder samples with a
PW3710 control unit.

Before pressing and sintering, the particle size of the powders is reduced by attrition.
A Union Process Model 01 attritor with a YSZ tank and YSZ agitator arms is used for this

process. In a typical attrition, about 1.5 lbs of 5 mm, spherical YSZ grinding media are
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placed in the tank. Isopropyl alcohol (about 120 mL) is then added to the tank followed by
about 100 g of the powder sieved to -45 mesh. The powder’s particle size is reduced by
attrition for 1 h, after which the alcohol is allowed to evaporate. XRD on the powder
indicates that the attrition procedure does not cause decomposition. No decomposition is
observed for any materials. The XRD patterns show considerable peak broadening,
indicative of small particles. The particle size at this stage is believed to be submicron to
several micron (e.g., 0.7 - 2 micron).

Membrane materials can be shaped into disks, plates, tubes, closed-one-end tubes or
other useful shapes by isostatic pressing using appropriately shaped molds . For example, a
commercial isostatic press (Fluition CP2-10-60) can be employed to form closed-one-end
tube membranes. This press is capable of operation to 54,000 psi to form tubes of ~ 4 cm
outer diameter and 10 cm in length. Powder is prepared and reduced in particle size as
discussed above. A PVB (polyvinyl butyral) binder is added to the powder. A rubber mold
is fabricated in the desired outer shape of the tube. A small amount of powder sufficient to
form the top end of the closed-one-end tube is introduced into the mold. A mandrel having
the shape of the inner surface of the tube is then inserted into the mold. A plug funnel is
inserted into the top of the mold to allow powder to be added evenly around the mandrel. In
particular, the funnel employed is designed so that it fits over the end of the mandrel and
centers the mandrel in the mold. Powder is then poured into the mold via the funnel with
vibration to ensure even packing. The mold is inserted into the press. Pressure of 15,000 psi
to about 30,000 psi is applied to the mold for about 2 min. After pressurization, the mold is
removed and the green tube is removed from the mold. Very high green densities up to 80%,
as measured by the Archimedes method, can be obtained.

Green closed-one-end tubes are sintered by placing the tubes horizontally in a crucible
with zirconia powder or setter of similar composition as the membrane. XRD of the tube
surface after sintering indicated that no reaction had occurred between the setter and the tube.
Straight closed-end tubes of sintered density typically between about 90% to 95% can be
prepared using this method. Tubes with wall thicknesses ranging from about 0.5 mm to
about 1.5 mm can be made by this method.

Membrane disks were formed by mixing the powder 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
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binder is methyl-cellulose. The binder/powder mixture (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 crucible 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
material was determined empirically as is known in the art. Typical ramp rates during
sintering were 3 °C/min for both heating and cooling cycles.

Example 2:  Preparation of a Single-Phase MIEC

La,,Sr, ,Ga,Fe, ,0;,, was prepared by combining the following:

13.81 g of La,0; (99.9% purity by weight on a rare earth metals basis)

65.02 g of SrCO, (99% purity by weight, with <1%Ba)

28.44 g of Fe,0, (99+% purity by weight)

14.31 g of Ga,05 (99.99% purity by weight on a metals basis)
in propanol and followed by ball milling for 18-24 hours, after which the milled powder was
dried and calcined in an alumina crucible (in air) for 6-12 h at 1175°C - 1250°C. In this
procedure, additional amounts of SrCO, (1.17 g) and La,0O, (1.35g) over the calculated
amounts required to achieve the desired formula stoichiometry were added to the initial
mixture to compensate for the volatile mass that would be lost before and during the solid
state reactions, such that the final metal composition after reaction is the same as the nominal
composition listed in the above formula. LOI for SrCO, and La,O, starting materials were
1.8% and 9.8%, respectively. The resulting product was subjected to grinding and sieving
before calcining a second time at 1175°C - 1250°C for 6-12 hours to complete reaction
giving a homogeneous single phase powder.

To prepare dense membranes, the resulting powders were mixed with polyvinyl
butyral binder 2-3wt%, but not more than 5wt%, pressed closed and sintered in air at 1150°C
- 1450°C for 4-12 hours into dense disks and dense close-one-end tubes. Materials
containing Ga are preferably sintered at lower temperatures in this range. X-ray diffraction of
sintered membranes of La,,Sr, ,Ga, [Fe, ,O;,, prepared in this manner, with addition of

increased amounts of SrCO, and La,O, to compensate for losses of volatile impurities, show
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the material to be single-phase, with less than about 1wt% of second phase as shown in the
XRD of Figure 1.

Example 3
La, ,Sr, ,Ga, Fe, ,O;., was prepared as in Example 2 above combining the following

starting materials of the same purity and source:

1.246 parts by wt. of La,0; (12.46g)

6.385 parts by wt. of SrCO; (63.3g)

2.844 parts by wt. of Fe,O, (28.44g)

1.431 parts by wt. of Ga,0; (14.31g)

In this case no adjustments were made for the LOI correction. Membranes were
prepared as in Example 2 above. An X-ray diffraction pattern of this membrane material is
provided in Figure 2. Based on the LOI determination, the composition made was about
2.5% off of stoichiometric. Peaks in the regions about 28-31°26 and peaks at about 34 and
43 indicate the presence of second phases in addition to the predominant component

La,,Sr, ,Ga,Fe, ,Os,,. Based on the XRD the second phase represents about 2-4wt% of the
membrane.

Example 4
La,Sr, -Al, ;Fe, ,Os,, was prepared as in B above combining the following starting

materials of the same purity and source:

1.330 parts by wt. of La,05 (13.30g)

6.831 parts by wt. of SrCO, (68.31g)

3.043 parts by wt. of Fe,0, (30.43g)

0.833 parts by wt. of AL,O; (99.99% purity by weight on a metals basis) (8.33g)

Membranes were prepared as in B above with no adjustment for LOI. LOI
determination indicates that this composition is about 2wt% off-stoichiometric. An X-ray
diffraction pattern of this membrane material is provided in Figure 3. The diffraction pattern
with peaks at 28-31, 35 and 43-44 indicates the presence of a about 2wt% of second phases.
Example 5

La, ,Sr, ;Al, [Fe, ,Os,, was prepared as in Example 3 above combining the following
starting materials of the same purity and source:

21.48 g of La,0,

58.39 g of SrCO,
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29.47 g of Fe, O,

8.07 g of a-Al,0, (99.99% purity by weight on a metals basis)

Membranes were prepared as in Example 3 above. An X-ray diffraction pattern of
this membrane materials is provided in Figure 4 with peaks at indicating the presence of
about 7wt% - 8wt% of second phases. LOI determinations indicated that this composition
should be about 9wt% off stoichiometric.

Example 6

A mixed phase material was prepared as in Example 3 above combining the following
starting materials of the same purity and source:

17.87 g of La,0;

91.78 g of SrCO,

29.20 g of Fe, 0O,

18.64 g of a-Al,0; (99.99% purity by weight on a metals basis)

This combination was intended to produce an MIEC of formula stoichiometry
La, .St ,Al, Fe, ,Os,,. However, the predominant phase formed is believed to have the
formula La,,Srt, ;AL g ¢oF€;,.1,0s:,- Excess aluminum above that incorporated into the
MIEC phase was incorporated into the second phase or phases. Membranes were prepared as
in Example 3 above. An X-ray diffraction pattern of this membrane material is provided in
Figure 5 indicating the presence of about 5 - 6wt% of second phases.

Example 7:  Preparation of Thin Film Membranes

Membranes for catalytic membrane reactors can be prepared 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 prepared 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 conduction 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 chemically

similar material for both the substrate and thin film will minimize undesired reactivity of the
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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 9e.g. about
20um particles), shaping or pressing the desired membrane and sintering. The 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 by use of colloidal suspensions of the metal
oxide in a selected solvent. The suspension is applied to the porous substrate by conventional
coating or casting methods to give a uniform deposition which on firing gives a film of
uniform thickness. An alternative method for applying thin films is the use of co-polymeric
precursors which comprise metal oxide incorporated into the polymer. Flat membranes or
tubular membranes can be prepared having dense thin films of the metal oxide mixed ion and
electron conductors of this invention.
Example 8
The derived expression for ionic conductivity may be given by:
oT = A exp (-AH, /KT)
Here K is the Boltzmann constant and -AH__ is the enthalpy of activation and is equivalent to
E,. Equation (1) shows that the overall ionic conductivity, o, is a function of both an
exponential term and pre-exponential term. The pre-exponential term A, given in the
following equation is related to the number of charge carriers present in the solid-state
lattice where an intrinsically high population of oxygen vacancies are present, thereby
contributing to high ionic conductivity.
A = (ZA*é/6v,exp(AS, /K)
Here 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 performance of a ceramic membrane placed in a CMR is based on its ability to
promote the desired reaction, i.e., production of syngas, conversion of hydrocarbons by
reaction with oxygen. These reactions proceed based on the materials’ ability to conduct both
oxygen and electrons. Under appropriate reactor conditions, production or conversion rates

can be correlated directly with the materials’ ionic and electronic conductivity. A direct
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comparison of the single phase membranes and mixed phase membranes in CMRs has not
been carried out due to the fragility of the pure single phase membranes.

In this case, a separate method of measuring conductivity based on a hydrogen-
oxygen fuel cell can be carried out. Conductivity tests of this type can be performed on
ceramic disks, rather than the tubes used in CMRs. A sample pellet is coated on opposite
sides with appropriate anode and cathode catalysts, such as nickel and silver, respectively. A
current carrier wire is attached to each electrode. A gas tight seal is made on each side of the
material with a glass spring. Oxygen and hydrogen gas flow through opposite sides of the
cell. A computer controlled program is run to heat the cell over a predetermined temperature
range, with data taken at appropriate temperature intervals. A comparison of the theoretical
open circuit potential with the measured cell potential for the reaction:

H, + 1/20,=H,0
is made at each temperature. Electronic conductivity in the material results in a drop in the
open circuit potential. Thus, the electronic contribution to the total conductivity can be
determined at each temperature. Ionic conductivity is determined by applying a load to the
cell, and measuring the voltage drop across the load. At a given temperature, a series of loads
can be applied, from which a voltage versus current curve can be generated, the slope of
which corresponds to the resistance of the material. Results of measurement of ionic
conductivity of single phase MIEC and mixed phase membranes of this invention typically
do not differ significantly. In some cases, ionic conductivity of the mixed phase material is
lower than that of the corresponding single phase MIEC.
Example 9:  Mechanical Strength of Membranes

Mechanical strength assessment can be carried out on these materials according to
American Society for Testing and Materials (ASTM) Standard Test Method C 1 161 for
Flexural Strength of Advanced Ceramics at Ambient Temperature. The 4-point flexural
Strength tests described in this method provide direct comparison of Strength of single phase
and mixed phase membrane materials.

Example 10: SEM and TEM Measurements

Standard art-known scanning electron microscopy and transmission electron

microscopy can be employed to detect and quantify the amounts of second phase(s) present in

membrane materials.
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Figures 6A and 6B illustrate SEM images of mixed phase materials containing
Lay,Sr, ,Ga, Fe, ,0s,, prepared by mixing starting materials without compensating for LOL
The materials employed in these SEM images are not the same as those of Example 3 and
Figure 2. The level of second phases in these materials are higher than those of Example 3,
and are estimated based on the SEM images as being present at 5 - 10wt%. La-deficient
second phases are indicated in Figures 6A and 6B as dark grains on the images. Figure 6A
and 6B are images of different samples of the same material, indicating distribution of the
second phase throughout the material.

Microprobe analysis by energy dispersive analysis by X-ray (EDX) shows these
second phase regions to be deficient in La, relative to the bulk phase. This is consistent with
formation of a SrAlL,Q, type phase as seen in the XRD patterns. The second phase regions are
dispersed throughout the grains, and range in size from approximately 1-8 micrometers in
diameter. The accompanying SEM maps are of La,,Sr, .Ga, (Fe, ,O;., (Fig. 7A) and
La, ,Sr, ,Ga,,Al, ,Fe, ,Os., (Fig. 7B) and show similar results. In these examples, the second
phases are present in amounts of 5-10%.

Those of ordinary skill in the art will appreciate that methods, materials, reagents,
solvents, membrane structures and reactors other than those specifically exemplified herein
can be employed or adapted without undue experimentation to the practice of this invention.
All such variants in methods, materials, reagents, solvents, structures and reactors that are
known in the art and that can be so adapted or employed are encompassed by this invention.

All references cited herein are incorporated in their entirety by reference herein to the

extent not inconsistent herewith.
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We claim:

1.

A gas-impermeable mixed phase ceramic catalytic reactor membrane which comprises
about 80% or more by weight of a mixed ionic and electronic conducting phase and
from about 0.1 to about 20% by weight of one or more structurally distinct second
phases which impart mechanical strength to the membrane.
The mixed phase ceramic membrane of claim 1 wherein the mixed ionic and
electronic conducting phase represents about 90 wt% to about 99wt% and the second
phases represent about 1wt% to about 10wt% of the membrane.
The mixed phase ceramic membrane of claim 1 wherein the mixed ionic and
electronic conducting phase has the formula:

AxA A N2-(x+X’)ByB /y’B ”2—(y+y’)05+z=
where A is an element from the f block lanthanide elements; A’ is an element selected
from the Group 2 elements, A" is an element from the f block lanthanide or Group 2
elements; B is an element selected from Al, Ga, In or mixtures thereof; B’ and B” are
different elements and are selected independently from the group of elements Mg, and
the d-block transition elements, including Zn, Cd, or Hg; 0 <x <2,0<x'<2,0<y<
2,0<y'<2wherex+x’ <2andy+y' <2, and z varies to maintain
electroneutrality.
The mixed phase ceramic membrane of claim 3 wherein the second phases are
selected from (A, A'),(B B)O,, A',(B, B)O,, (A, A")(B, B'),0,, A'(B, B),0,,
A,(B,B)0,, (A, A),BO,, (A, A"),B'O,, (A, A)B,0,, (A, A)B’,0, and A(B, B'),0,
The mixed phase ceramic membrane of claim 3 wherein the second phases are
selected from A,BO,, AB,O,, A,B'O,, AB’,0,, A’,BO,, A'B,0,, A",B’O,, and
A'B’,0,.
The mixed phase ceramic membrane of claim 3 wherein in the mixed ionic and
electronic conducting phase 0.05 <x<1,1<x'<1.95,025<y<12,and 0.8 <y’
<1.75.
The mixed phase ceramic membrane of claim 1 wherein the second phases represent
about 1wt% to about 20wt% of the membrane.
The mixed phase ceramic membrane of claim 7 wherein the second phases represent

about 1wt% to about 10wt% of the membrane.
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9.

10.

11.

12.
13.

14.

15.

16.

17.

The mixed phase ceramic membrane of claim 1 wherein in the mixed ionic and

electronic conducting phase has the formula:

La, Sr, BB’ Os.,,

The mixed phase ceramic membrane of claim 7 wherein in the mixed ionic and

electronic conducting phase B is Ga or Al

The mixed phase ceramic membrane of claim 7 wherein the second phases are

selected from (Sr,La),(AlLFe)O, or Sr(Fe,Al),O,.

A ceramic membrane reactor having a gas-impermeable membrane of claim 1.

A ceramic membrane reactor for the production of synthesis gas having the gas-

impermeable membrane of claim 1.

A gas-impermeable ceramic membrane of claim 1 consisting essentially of about 80%

or more by weight of a mixed ionic and electronic conducting phase and from about

0.1 to about 20% by weight of one or more structurally distinct second phases which

impart mechanical strength to the membrane.

The ceramic membrane of claim 14 consisting essentially of about 80% or more of a

mixed ionic and electronic conducting phase and about 1wt% to about 20wt% of

second phases.

The ceramic membrane of claim 14 consisting essentially of about 90wt% to about

99wt% of a mixed ionic and electronic conducting phase and about 1wt% to about

10wt% of second phases.

A method for oxidizing a reactant gas capable of reacting with oxygen which

comprises the steps of:

(a) providing a catalytic membrane reactor cell comprising an oxidation zone and
a reduction zone separated by a gas-impermeable mixed phase ceramic
membrane having a reduction surface and an oxidation surface;

(b) heating said 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 said
membrane of said heated reactor in said reduction zone; and

(d passing said reactant gas in contact with the oxidation surface of said
membrane of said heated reactor in said oxidation zone to effect oxidation of

said reactant gas, wherein the gas-impermeable mixed phase ceramic

27



10

15

20

25

30

WO 00/69556 PCT/US00/13955

18.

19.

20.

21.

membrane comprises about 80% or more by weight of a mixed ionic and
electronic conducting phase and from about 0.1 to about 20% by weight of one
or more structurally distinct second phases which impart mechanical strength
to the membrane.

The process of claim 17 wherein the mixed ionic and electronic conducting phase

comprises about 90wt% to about 99wt% and the second phases represent about 1wt%

to about 10wt% of the membrane of step (d).

The process of claim 17 wherein the heating temperature of step (b) ranges from about

600°C to 1100°C.

The process of claim 17 wherein in the ceramic membrane the mixed ionic and

electronic conducting phase has the formula

AA A ”2—(x+x’)ByB /y’B ”2-(y+y’)05+za

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

from the Group 2 elements, A" is an element from the f block lanthanide or Group 2

elements; B is an element selected from Al, Ga, In or mixtures thereof; B’ and B” are

different elements and are selected independently from the group of elements Mg, and
the d-block transition elements, including Zn, Cd, or Hg; 0 <x<2,0<x'<2,0<y<

2,0 <y’<2, z varies to maintain electroneutrality, x + x'<2, y +y'<2.

A method for production of synthesis gas by reaction of an oxygen-containing gas

with a hydrocarbon which comprises the steps of:

(a) providing a catalytic membrane reactor cell comprising an oxidation zone and
a reduction zone separated by a gas-impermeable ceramic membrane having a
reduction surface and an oxidation surface;

(b) heating said 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 said
membrane of said heated reactor in said reduction zone; and

(d) passing a hydrocarbon gas in contact with the reduction surface of said
membrane to effect the production of synthesis gas wherein the gas-
impermeable mixed phase ceramic membrane comprises about 80% or more

by weight of a mixed ionic and electronic conducting phase and from about
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22.

23.

24.

25.

0.1 to about 20% by weight of one or more structurally distinct second phases
which impart mechanical strength to the membrane.

The process of claim 21 wherein the mixed ionic and electronic conducting phase

comprises about 90wt% to about 99wt% and the second phases represent about 1wt%

to about 10wt% of the membrane of step (d).

The method of claim 21 wherein the mixed ionic and electronic conducting phase has

the formula:

AA A ”2-(x+x’)ByB Iy’B ”2-(y+y’)05+27

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

from the Group 2 elements, A" is an element from the f block lanthanide or Group 2

elements; B is an element selected from Al, Ga, In or mixtures thereof, B’ and B” are

different elements and are selected independently from the group of elements Mg, and
the d-block transition elements, including Zn, Cd, or Hg; 0 <x <2, 0<x'<2,0<y<

2,0 <y’< 2,z varies to maintain electroneutrality, X +x'<2, y +y’'<2.

The method of claim 23 wherein the mixed ionic and electronic conducting phase has

the formula:

La, Sr, BB’ ,Os.,.

A method for making a mixed phase ceramic material which comprises a mixed ionic

and electronic conducting (MIEC) metal oxide and at least one second phase which

comprises the steps of:

(a) combining metal precursors of the metal of the MIEC metal oxide to obtain a
combination of metal ions in which the relative amounts of metal ions are off-
stoichiometric for at least one metal ion with respect to the formula of the
MIEC metal oxide;

(b) milling the combined metal precursors to obtain a homogeneous mixture;

(c) calcining the homogeneous mixture to obtain the MIEC metal oxide in
combination with a second phase containing at least one metal ion of the metal
ions of the MIEC to form a homogeneous powder mix;

(d) reducing the particle size of the powder mix, if necessary, to less than about 2
microns; and

(e) repeating steps c and d until reaction is complete.
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26.

The method of claim 25, wherein the mixed ionic and electronic conducting material
has the formula:

AA oA ”2-(x+X’)ByB /y’B ”2-(y+y’)05+z>
where A is an element from the f block lanthanide elements; A’ is an element selected
from the Group 2 elements, A" is an element from the f block lanthanide or Group 2
clements; B is an element selected from Al, Ga, In or mixtures thereof; B’ and B” are
different elements and are selected independently from the group of elements Mg, and
the d-block transition elements, including Zn, Cd, or Hg; 0 <x<2,0<x'<2,0<y<
2,0<y'<2wherex+x'<2andy+y <2,andz varies to maintain

electroneutrality.
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