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(54) Title: MEMBRANE AND USE THEREOF

(57) Abstract: The present invention relates to a solid multicomponent membrane for use in a reactor where the membrane com-
prises a mixed metal oxide having a structure represented by the formula: La,..Cay(Fe,.,., TiyAl,), O34 wherein x, y, y°, w, and d
each represent a number such that 0.1 < (y+y’) < 0.8, 0.15 < (x+y’) < 0.95, 0.05 < (x-y) £ 0.3, 0.95 <w<1, and d equals a number
that renders the compound charge neutral and is not less than zero and not greater than about 0.8. Furthermore, the present invention
relates to a use of the membrane in a reactor for generating heat or for generating synthesis gas.
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"Membrane and use thereof"

The present invention relates to a solid multicomponent membrane which is
particularly suited as dense oxygen separation membrane in applications with high

driving forces for oxygen transport.

Inorganic membranes show promise for use in commercial processes for
separating oxygen from an oxygen containing gaseous mixture. Envisioned app-
lications range from small scale oxygen pumps for medical use to large scale
integrated gasification combined cycle plants. This technology encompasses two
different kinds of membrane materials; oxygen ion conductors and mixed oxygen
ion and electronic conductors. In both cases the oxygen ion transport is by oxygen
ion vacancies or interstitial oxygen in the membrane material. In the case of mixed

conductors electrons are also transported in the membrane material.

Membranes formed from mixed conducting oxides can be used to selectively
separate oxygen from an oxygen containing gaseous mixture at elevated tem-
peratures. Oxygen transport occurs when a difference in the chemical potential of

oxygen (Alogpoz) exists across the membrane. On the high oxygen partial pressure

side of the membrane, molecular oxygen dissociates into oxygen ions which
migrate to the low oxygen partial pressure side of the membrane and recombine
there to form oxygen molecules. Electrons migrate through the membrane in the
opposite direction to conserve charge. The rate at which oxygen permeates
through the membrane is mainly controlled by three processes; (I) the rate of
oxygen exchange at the high oxygen partial pressure surface of the membrane,
(II) the oxygen diffusion rate within the membrane and (III) the rate of oxygen

exchange on the low oxygen partial pressure surface of the membrane. If the rate
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of oxygen permeation is controlled by the oxygen diffusion rate, the oxygen
permeability is known to be inversely proportional to the membrane thickness
(Fick’s law). If the membrane thickness is decreased below a certain critical
membrane thickness which depends on temperature and other process para-
meters, surface oxygen exchange on one or both membrane surfaces will become
oxygen permeation rate limiting. The rate of oxygen permeation is then
independent of the membrane thickness.

During recent years the use of dense mixed conducting membranes in various
processes has been described. Examples are oxygen production described in
European Patent Application No. 95100243.5 (EP-A-663230), US 5,240,480, US
5,447,555, US 5,516,359 and US 5,108,465, partial oxidation of hydrocarbons
described in US 5,714,091 and European Patent Application No. 90134083.8
(EP-A-438902), production of synthesis gas described in US Patent 5,356,728 and
enrichment of a sweep gas for fossil energy conversion with economical CO,
abatement as described in PCT/NO97/00170, PCT/NO97/00171 and
PCT/NO97/00172.

For the application of MCM (Mixed Conducting Membrane) technology, the
membrane material must fulfil certain requirements in addition to being a good
mixed conductor. These fall into three categories; thermodynamic stability under
static conditions, thermodynamic stability under dynamic conditions, and
mechanical stability. The membrane material must be thermodynamically stable
under any static condition within the appropriate temperature and oxygen partial
pressure range. Furthermore, the membrane material must be stable against
reaction with the additional components in the gaseous phase (e.g. CO., Hz0,
NO,, SO,), and any solid phase in contact with it (e.g., seals and support material).
This calls for different materials for different applications.
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A membrane material that fulfils all the stability requirements under static con-
ditions, may still be unstable when it is placed in a potential gradient. Any multi-
component material kept in a potential gradient, e.g. oxygen partial pressure
gradient or electrical potential gradient, will be subjected to driving forces acting to
demix or decompose the material. These phenomena are called kinetic demixing
and kinetic decomposition and are well described in the literature (e.g.,
Schmalzried, H. and Laqua, W., Oxidation of Metals 15 (1981) 339).

Kinetic demixing acts to gradually change the cationic composition of the
membrane along the axis parallel to the applied potential. This phenomenon will
always occur in materials where a mixture of cations are present on the same

sublattice. Kinetic demixing may or may not reduce the performance and lifetime of
the membrane.

Kinetic decomposition implies a total breakdown of the compound or compounds
comprising the membrane, and results in the appearance of decomposition com-
pounds on the membrane surface. This phenomenon occurs in all multicomponent
materials when placed in a potential gradient exceeding a certain critical magni-
tude. A membrane kept in an oxygen partial pressure gradient large enough for
kinetic decomposition to take place, will have its performance and lifetime reduced.
Those skilled in the art recognize the phenomenon of kinetic decomposition as one
of the major critical parameters in developing durable membranes, particularly for
processes involving large potential gradients across the membrane.

Furthermore, when the membrane is placed in an oxygen chemical potential
gradient and it responds by establishing a gradient in the concentration of oxygen
vacancies or interstitials parallel to the direction of the applied potential, the
membrane experiences mechanical stress with the strain plane perpendicular to
the direction of the applied potential gradient. This mechanical stress is caused by
a phenomenon referred to as chemical expansion, which can be defined as the
dependency of the unit cell volume of the nonstoichiometric oxide on the oxygen
stoichiometry. When the chemical expansion exceeds a critical limit, and gives rise
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to mechanical stress exceeding a critical limit governed by the membrane package
design, a mechanical failure of the membrane package may result. Those skilled in
the art recognize the phenomenon of chemical expansion as one of the major
critical parameters in developing durable membrane packages.

Two prior art processes can be put forward as particularly relevant to the present
invention: the production of synthesis gas in which an oxygen containing gas is fed
to the first side of a membrane, whereby pure oxygen is transported through the
membrané, and the so produced oxygen partially oxidizes a hydrocarbon contain-
ing gas supplied to the second side of the membrane; and fossil energy con-
version with economical CO, abatement (e.g. PCT/NO97/00172) where an oxygen
containing gas is fed to the first side of a membrane, whereby pure oxygen is
transported through the membrane, and the produced oxygen oxidizes a hydro-

carbon containing gas supplied to the second side of the membrane.

The process conditions of the relevant process define the environs of the
membrane and play a determining role in the selection of membrane material.
Examples of typical process parameters for the two said processes are given in
Tables 1 and 2, respectively. Both processes are characterized by a logpo:
gradient across the membrane of well above 10 decades. Furthermore, both
processes call for membrane materials that have a high stability against reaction
with CO. under reducing conditions, as the CO. pressure is well above 1 bar.

TABLE1 Example of process parameters for an MCM syngas
production process

Fuel side Air side
Temperature 750- 950°C 750 - 950°C
Total pressure 30 bar 1.5 bar
Po2 10" bar 0.03 - 0.23 bar
Pco2 3-5 bar 0.04 - 0.05 bar
Other major components H,, CO, H,0O, CH, N
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TABLE2 Example of process parameters for an MCM power
production process

Fuel side Air side
Temperature 1100 - 1200°C 1100 - 1200°C
Total pressure 12 - 32 bar 10 - 30 bar
Doz appr. 102 bar 0.5 -5 bar
Pcoz 0-12 bar < 2 bar
Other major components H.O, CH, N,

During recent years dense mixed conducting membranes have been described.

US 5306411 discloses a solid, gas-impervious, electron-conductive, oxygen
ion-conductive, single-phase membrane for use in an electrochemical reactor, said
membrane being formed from a perovskite represented by the formula:
As A' By B, B"w Ox

wherein A represents a lanthanide, Y, or mixture thereof; A' represents an alkaline
earth metal or mixture thereof; B represents Fe; B' represents Cr, Ti, or mixture
thereof; and B" represents Mn, Co, V, Ni, Cu, or mixture thereof and s, t, u, v, w,
and x each represent a number such that:

s/t equals from about 0.01 to about 100;

u equals from about 0.01 to about 1;

v equals from about 0.01 to 1;

w equals from zero to about 1;

x equals a number that satisfies the valences of the A,
A', B, B' and B" in the formula; and

0.9<(s+t)/(u+v+w)<1.1.

The examples focusing on A' representing Sr and B' representing Cr.
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US 5,712,220 describes compositions capable of operating under high carbon di-
oxide partial pressures for use in solid-state oxygen producing devices
represented by the formula LnAA"-B,ByB"Os., wherein Ln is an element
selected from the f block lanthanides, A' is selected from Group 2, A" is selected
from Groups 1, 2 and 3 and the f block lanthanides, and B, B', B" are in-
dependently selected from the d block transition metals, excluding titanium and
chromium, wherein O<=x<1, 0<x'<1, 0<=x"<1, O<y<1.1, O<y'<1.1, O<=y"<1.1,
x+x'+x"=1.0, 1.1>y+y'+y">1.0 and z is a number which renders the compound
charge neutral wherein such elements are represented according to the Periodic
Table of the Elements adopted by IUPAC. The examples focusing on A'

representing Sr or Ba, B representing Co, B' representing Fe, and B" representing
Cu. ‘

WOQO97/41060 describes a solid state membrane for use in a catalytic membrane
reactor wherein said membrane is fabricated from a mixed metal oxide material
having a brownmillerite structure and having the general stoichiometry
A2xA'B2.,B',0s.., where A is an alkaline earth metal ion or mixture of alkaline earth
metal ions; A' is a metal ion or mixture of metal ions where the metal is selected
from the group consisting of the lanthanide series or is yttrium; B is a metal ion or
mixture of metal ions wherein the metal is selected from the group consisting of 3d
transition metals, and the group 13 metals; B' is a metal ion or mixture of metal
ions where the metal is selected from the group consisting of the 3d transition
metals, the group 13 metals, the lanthanides and yttrium; x is a number greater
than 0 and less than 2, y is a number greater than 0 and less than or equal to 2,
and z is a number greater than zero and less than one that renders the compound
charge neutral. The examples focus on the most preferred combination of
elements given by A representing Sr, A' representing La, B representing Ga, and
B' representing Fe.

US 5,306,411, US 5,712,220, and WO97/41060 each encompass wide ranges of
membrane compositions. It is known to those skilled in the art that a great number
of compositions encompassed by the claims of US 5,306,411 and US 5,712,220
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are inherently unstable as perovskites and that a great number of compositions
encompassed by WO97/41060 are inherently unstable as brownmillerites under all
conditions relevant to membrane processes. Furthermore, a large number of the
compositions encompassed by US 5,306,411, US 5,712,220, and WQ97/41060
are characterised by low or zero oxygen flux under all conditions relevant to
membrane processes.

The main object of the present invention was to arrive at an improved membrane

showing good stability against reaction with carbon dioxide and against reduction
of oxide components to metal.

Another object of the present invention was to arrive at an improved membrane
showing stability against kinetic decomposition and resistance to mechanical
failure due to chemical expansion stresses.

The inventors found that a certain class of multicomponent metallic oxides are
particularly suited as membrane materials in processes in which the membrane is
subjected to a large potential gradient, e.g. oxygen partial pressure difference of
6-7 decades or more across the membrane. These compositions overcome
problems associated with kinetic decomposition. Additionally, due to their low
chemical expansion and high stability against carbon dioxide and water, these
materials are particularly suited as membranes for the production of syngas and
for fossil energy conversion with economical CO. abatement.

The compositions according to the present invention are based on the so called
perovskite structure, named after the mineral perovskite, CaTiOs, but the cation
stoichiometry is different from the ideal perovskite, and it is this difference that
gives the compositions according to the present invention superior stability in a
potential gradient. Furthermore, the process conditions associated with the
production of syngas or fossil energy coﬁversion with economical CO, abatement
limit the selection of elements of which the perovskite membrane can consist.
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A material possessing the perovskite structure can in its most general form be
written ABwOs.q, Where A and B each represent any combination and number of
elements provided that the ionic radii of the elements, as defined and tabulated by
Shannon (Acta Cryst. (1976) A32, 751), satisfy the requirement that the number t
defined by

ra+ro

Y= "R oavro)

is not less than about 0.85 and not greater than about 1.10, and preferably t is not
less than about 0.95 and not greater than about 1.05, where ra and rs represent
the weighted average ionic radius of the A-elements and the B-elements,
respectively, ro represents the ionic radius of the oxygen ion; and v, w, and d each
represent numbers such that 0.9<v<1.05, 0.9<w<1.05, and d is not less than zero
and not greater than about 0.8, and preferably 0.95<v<1.03 and 0.95<w<1.03.

The perovskite membrane for use in said processes must contain at least one
element (I) whose valence is substantially mixed under said process conditions,
and (II) with the additional requirement that the oxide of said element, or of any
additional element of which the membrane is composed, does not reduce to a
metal under any condition encompassed by said process conditions. This
requirement points to the group of 3d transition metals, but with the limitation
expressed by part (I) of the requirement excluding Sc, Ti, V, Cr, and Zn as the
mixed valence element, and part (II) excluding Co, Ni, and Cu. Therefore, only Fe
and Mn satisfy part (I) and part (II) of said requirement, and, hence, the
membrane must contain Fe or Mn or mixture thereof. The membrane can not
contain Co, Ni, or Cu. Therefore, the preferred compositions of US 5,712,220,
referenced in the "Background of the invention", can not be used as membranes in
the said processes. Said preferred compositions of US 5,712,220 are expected to
decompose under the conditions of the said two processes, resulting in
decreasingly poor oxygen permeation and eventually to cracking and complete
breakdown of the membrane.
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Said perovskite membrane containing Fe or Mn or a mixture thereof as the B
cation(s) or as constituents of the mixture of B cations, must contain A cations
stable as di- or tri-valent oxides of suitable ionic radii relative to the ionic radii of Fe
and Mn according to said requirement for the value of t. This limitation in
combination with the exclusion of radioactive elements effectively excludes all

elements according to the Periodic Table of the Elements adopted by IUPAC,
except Ca, Sr, Ba, and La.

Among the oxides of Ca, Sr, Ba, and La, the oxides of Sr and Ba are not
sufficiently stable with respect to formation of carbonates, SrCOs and BaCOs, to be
used in said processes for which typical process parameters were given in Tables
1 and 2. The stability of the oxides of Ca, Sr, Ba, and La relative to the
corresponding carbonates are shown in Fig. 1. Hence, for said processes, only La
and Ca can be used as A-cations in the perovskite of which the membrane
consists. The exclusion of Sr and Ba as constituents of the membrane, excludes
the use of the preferred compositions of US 5,712,220, US 5,306,411, and
WQ97/41060, referenced in the "Background of the invention”, as membranes in
the said processes. Said preferred compositions of US 5,712,220, US 5,306,411,
and WQ97/41060, all containing Sr or Ba, are expected to react with CO. and
decompose under the formation of SrCOs and BaCOs under the conditions of said
two processes, resulting in decreasingly poor oxygen permeation and eventually

cracking and complete breakdown of the membrane.

In addition to containing the mixed valence elements Fe or Mn, or a mixture of Mn
and Fe, the perovskite for use as a membrane in said processes can also contain
one or more fixed valence elements as B cations; fixed valence meaning here that
the particular ion has substantially the same valency at any spatial point in the
membrane and at any time for the relevant process. The presence of such fixed
valence elements may be needed in order to increase the stability of the
perovskite, to decrease the chemical expansion, to prevent ordering, or to
enhance the performance of the perovskite as a membrane material in any other
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manner. The ions of the fixed valence elements must be of suitable ionic radii
relative to the other B cations and A cations, according to said requirement for the
value of t defined above. This limitation excludes all other elements than Ti, Cr, Al,
Ga, Ge and Be. Furthermore, due to high vapor pressures of Ge containing
species and low melting temperatures, Ge has to be excluded. Be is excluded on
grounds of toxicity and high vapor pressure of the hydrate of beryllium. Of the
remaining elements Al and Ga are expected to have similar effect as constituents
in the perovskite, but the ionic radius of the Al ion is more favorable than of the Ga
ion. Furthermore, the cost of Al is considerably lower than the cost of Ga. Hence,
Ga can be excluded on the grounds of Al being a better choice. Under oxidizing
conditions, the vapor pressure of CrOs(g) above chromium containing perovskites
is high, and Cr is preferably avoided. Therefore, as a fixed valence B cation, only
Ti and Al will be considered further.

The exclusion of Ga and Cr excludes the use of the preferred compositions of US
5,306,411 and W097/41060, referenced in the "Background of the invention®, as
membranes in the said processes. Said preferred compositions of US 5,306,411
containing Cr, are expected to become depleted in Cr as CrOs(g) evaporates from
the surface of the membrane under the conditions of the said two processes,
resulting in decomposition of the membrane material and the formation of new
compounds, which yields decreasingly poor oxygen permeation and eventually
cracking and complete breakdown of the membrane.

According to said requirements, limitations, and exclusions treated above, the
membrane material possessing the perovskite structure for use in said processes,

must have a composition represented by the formula:

( La; -xcax)v( B1-yB‘y)w03-d
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wherein B represents Fe or Mn or mixture thereof; B' represents Ti or Al or mixture

thereof; and x, y, v, w, and d each represent a number suchthat0 <x<1,0<y<

1,09 <v <1,0.9 <w <1, and d equals a number that renders the compound

charge neutral and is not less than zero and not greater than about 0.8, and
preferably 0.95<v<1and0.95<w<1.

Compositions containing no Ti or Al, i.e. y = 0, are characterized by too high
chemical expansion, as exemplified by the present Example 18, and can not be
used as membranes in said processes. The chemical expansion is higher for

compositions containing Mn than for compositions containing Fe.

Compositions containing Ti, Al, or Ti and Al, i.e. B' represents Ti, Al, or a mixture
of Ti and Al, and y>0, are characterized by an improved (lower) chemical expan-
sion as compared with compositions containing no Ti and no Al, ie. y = 0, as
exemplified by a comparison of the present examples 17 and 18. The
compositions of Example 17 with B representing Fe display chemical expansion

characteristics that are acceptable for a membrane material in said processes.

Compositions containing Ti and Al, i.e. B' represents a mixture of Ti and Al, and
y>0, are characterized by a further improvement (reduction) in the chemical
expansion compared with compositions where B' represents Ti and y>0, as
exemplified by a comparison of the present Examples 17 and 21. The composition
of the present Example 21 with B representing Fe displays excellent chemical
expansion characteristics for a membrane material in said processes.

Although compositions containing Mn and Ti, Al, or Ti and Al, i.e. B represents Ti,
Al, or mixture of Ti and Al, and y>0 and B represents Mn, are characterized by an
improved (lower) chemical expansion as compared with compositions containing
no Ti or Al, i.e. y = 0, the improvement is not large enough to render these com-
positions acceptable as membrane materials in said processes. The membrane
can, therefore, not contain substantial amounts of Mn. The present Example 20

exemplifies the high chemical expansion of Mn containing materials.
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Following the discussion and further limitations hitherto, the membrane material
possessing the perovskite structure for use in said processes, must have a
composition represented by the formula:

(La1 -xcax)v(Fe1-y-y'TiyAIy')wo3-d

wherein x, y, y', v, w, and d each represent a number suchthat0 <x<1,0<y <1,

05y <1,0<(y+y)<1,09<v<1,09<w< 1, and d equals a number that
renders the compound charge neutral and is not less than zero and not greater
than about 0.8, and preferably 0.95<v<1and 0.95<w<1.

Stoichiometric perovskite compositions represented by said formula, i.e. v=w =1,
are kinetically unstable when subjected to large gradients (6-7 decades or more) in
the oxygen partial pressure. The kinetic decomposition that occurs in these
materials gives rise to the formation of decomposition products on at least one of
the membrane surfaces and a decrease in the oxygen flux with time. Such kinetic
decomposition in the stoichiometric perovskite materials is exemplified by the
present examples 12 and 15 and Figures 4, 8, 9, and 10. Kinetic decomposition

becomes more pronounced when w > v. Therefore, stoichiometric perovskites (v =

w), or perovskites with A-site deficiency (w > v) represented by said formula can

not be used as membranes in said processes.

The exclusion of stoichiometric and A-site deficient perovskites, excludes the use
of the compositions of US 5,712,220 and WO97/41060, and excludes the use of
the preferred compositions of US 5,306,411 referenced in the "Background of the
invention", as membranes in the said processes. Said compositions of US
5,712,220, US 5,306,411, and WO97/41060, are expected to decompose in the
large oxygen partial pressure gradient of said two processes, resulting in
decreasingly poor oxygen permeation and eventually to cracking and complete

breakdown of the membrane.
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Compositions represented by said formula, and where the numbers v and w are

selected such that v = 1 and 0.95 < w < 1, however, are stable with respect to

kinetic decomposition even in oxygen partial pressure gradients of well above 10
decades. Under certain additional requirements regarding the values of x and y of
the enumerated formula, said compositions are characterized by stable oxygen
flux not decreasing with time, and single phase unchanged membrane surfaces
and interior. Examples of the performance of such compositions are presented in
the present Examples 11, 13, and 14 and figures 3, 5, 6, and 7.

Following the further limitations pointed out in the discussion hitherto, the
membrane material possessing the perovskite structure for use in said processes,
must have a composition represented by the formula

La1 -xcax(Fe1 -y-yTiyAIy')woa-d

wherein x, y, ¥', w, and d each represent a number suchthat0 <x<1,0<y<1,0

<y'<1,0< (y+y')<1,y<x, 095 <w< 1, and d equals a number that renders the

compound charge neutral and is not less than zero and not greater than about 0.8.

The compositions represented by said formula can alternatively be represented by
mixtures of y number of moles of CaTiOs.« (CT), (x-y) number of moles of
CaFe,Osq (CF), (1-x-y') number of moles of LaFe,Osq- (LF), and y' number of
moles of LaAl,Osq¢~ (LA), with respective mole fractions given by Xcr=y, Xcr=x-y,
Xir=1-x-y', and Xw=y'. Graphically, said mixtures can be represented within a
ternary phase diagram as shown in the present Fig. 14.

Compositions represented by said formula, and where the numbers x, y, and y'
are selected such that (y+y') < 0.1 and (x-y) < 0.3 are characterized by having high
chemical expansion, and membranes of these compositions can probably not be
used in said processes. Examples of the high chemical expansion of these

materials are presented in the present Examples 18 and 19.
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Compositions represented by said formula, and where the numbers x and y are
selected such that (x-y) < 0.05 are characterized by having low vacancy
concentrations (d), which yield low oxygen flux rates, and membranes of these
compositions can probably not be used in said processes. An example of the low
oxygen fiux of these compositions is provided in the present Example 23.

Compositions represented by said formula, and where the numbers X, y, and Y’
are selected such that either (y+y') > 0.8, or (1-x-y') < 0.05 and (x-y) < 0.3, are
characterized by having low electronic conductivity, which yield low oxygen flux
rates, and membranes of these compositions can probably not be used in said

processes. An example of the low oxygen flux of these compositions is provided in
the present Example 24.

Compositions represented by said formula, and where the numbers x and y are
selected such that (x-y) > 0.3, are not simple perovskites at conditions
representative of the said processes. The cations and oxygen vacancies of these
compositions become ordered, during which ordering process the flux rates
decrease to eventually reach too low permeation rates to be used as membranes
in said processes. An example of the low oxygen flux of these compositions is
provided in the present Example 25.

Compositions represented by said formula, and where the numbers x and y are
selected such that 0.1 < (y+y') £0.8, 0.15 < (x+y') £0.95, and 0.05 < (x-y) < 0.3 are

characterized by having properties acceptable for use as membranes in said
processes. These properties include low and acceptable chemical expansion
below 0.1 % (Examples 17 and 21), sufficiently high vacancy concentration to yield
sufficient flux rates (Example 11), sufficiently high electronic conductivity to yield
sufficient flux rates (Example 11), minor (acceptable) or no ordering of cations and
oxygen vacancies (Examples 11, 13 and 14).
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Compositions represented by said formula and where the numbers x and y are
selected such that 0.1 < (y+y') £0.8, 0.15 < (x+y') £0.95, 0.05 < (x-y) 0.3, and y'

> 0, are characterized by a further reduction in the chemical expansion (Example
21).

Thus, the membrane material according to the present invention for use in said
processes has a composition represented by the formula:

La1 -xcax(Fe1 -y-y‘TiyAIy‘)wOS-d

wherein x, y, ¥, w, and d each represent a number such that 0.1 < (y+y) < 0.8,
0.15 < (x+Y") < 0.95, 0.05 < (x-y) < 0.3, 0.95 < w < 1, and d equals a number that

renders the compound charge neutral and is not less than zero and not greater
than about 0.8.

Particularly suitable compositions according to the present invention are
represented by said general formula wherein x, y, y', w, and d each represent a
number such that 0.15 < (y+y') < 0.75, 0.2 < (x+Yy') < 0.9, 0.05 < (x-y) < 0.15, 0.95
<w < 1, and d equals a number that renders the compound charge neutral and is

not less than zero and not greater than about 0.8.

Representative compositions include Lao.ssCao.asFeo.63 Tio.24Al0.1003.4,
Laol4scao.55Feo.4sTio.39Alo.1oos-d, Lao.sCaosFeo.49 Tio.43Al0.0503-,
Lao.580a0.42FeO‘63Ti0.31AIO.O303-d, Lao.4Cao.sF€o.485 Ti0.48503.q, LaossCaoasFeoss 1103403,

LaossCaoaeFeo73Tio 2503 and Lag22Cao7sFe0.34Ti0.6203..

The improvements afforded by the applicants' invention can be best appreciated
by a comparison of properties, such as structure, performance during oxygen
permeation, phase composition after permeation etc., of the claimed non-
stoichiometric compositions with the prior art stoichiometric compositions.
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The invention will be further explained and envisaged in the examples and the

figures.

FIG. 1

FIG. 2

FIG. 3

FIG. 4

FIG.5

FIG. 6

FIG. 7

FIG. 8

shows the upper stability limit of selected oxides against reaction with
carbon dioxide as a function of temperature.

shows X-ray diffractograms of the B-site deficient membrane material of
Example 1 and the cation stoichiometric membrane material of Example
2.

shows oxygen permeation characteristics of the membrane material of

Example 1.

shows oxygen permeation characteristics of the membrane material of
Example 2.

shows X-ray diffractograms of the membrane material of Example 1

before and after the oxygen permeation experiment of Example 11.

shows a scanning electron micrograph of the high oxygen partial
pressure (primary) side of the membrane material of Example 4 after an
oxygen permeation experiment.

shows a scanning electron micrograph of the low oxygen partial
pressure (secondary) side of the membrane material of Example 4 after

an oxygen permeation experiment.

shows X-ray diffractograms of the membrane material of Example 2

before and after the oxygen permeation experiment of Example 12.



WO 01/23078 PCT/NO00/00312

FIG. 9

FIG. 10

FIG. 11

FIG. 12

FIG. 13

FIG. 14
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shows a scanning electron micrograph of the high oxygen partial
pressure (primary) side of the membrane material of Example 2 after
the oxygen permeation experiment of Example 12.

shows scanning electron micrograph of the low oxygen partial pressure
(secondary) side of the membrane material of Example 2 after the
oxygen permeation experiment of Example 12.

shows X-ray diffractograms of the membrane material of Example 5
before and after an oxygen permeation experiment.

shows a scanning electron micrograph of the high oxygen partial
pressure (primary) side of the membrane material of Example 5 after an
oxygen permeation experiment.

shows a scanning electron micrograph of the low oxygen partial
pressure (secondary) side of the membrane material of Example 5 after

an oxygen permeation experiment.

shows the range of the claimed compositions represented in a ternary
diagram as mixtures of LaFe;.O; (LF), CaTi:..Os (CT), LaAl;,Os (LA)
and CaFe.Ozs (CF).

EXAMPLE 1
PREPARATION OF Lag.4Cag¢FeossTio.48503.4

A solid mixed conducting membrane was prepared by a soft chemistry route
wherein the appropriate amounts of La.Os;, CaCOs, and titanyl acetylacetonate
were first dissolved in nitric acid. To this liquid mixture was added the appropriate
amount of a preprepared standardized 1M aqueous solution of Fe(NOs)s. The
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EXAMPLE 1

PREPARATION OF Lay.4Cag.cFep.assTio.48503.4

A solid mixed conducting membrane was prepared by a soft chemistry route
wherein the appropriate amounts of La,O;, CaCOs, and titanyl acetylacetonate
were first dissolved in nitric acid. To this liquid mixture was added the appropriate
amount of a preprepared standardized 1M aqueous solution of Fe(NQOs)s. The
mixture was added citric acid in excess, and excess water was evaporated for 3
hours at 90°C, during which time complexation takes place. The resulting gel was
pyrolyzed in air for 14 hours by heating to 140°C, whereupon the resulting dry
powder was calcined at 500°C for 2 hours and 900°C for 10 hours. The powder
mixture was then combined with a binder and uniaxially cold pressed to a 13 mmd
disk at 180 MPa. The resulting porous disk was heated to 500°C at 5°/min to allow
controlled combustion of the binder, and then further heated to 1250°C, maintained
at 1250°C for 3 hours and cooled to room temperature. This procedure yielded a
10 mm@ gas tight disk with >96% of theoretical density. The membrane was
polished on both sides to a 1 micron surface finish and 1.66 mm thickness. The
formula representing the product may be expressed as Lao.sCaosF€o.485 Ti0.48503-a.

EXAMPLE 2 (COMPARATIVE)
PREPARATION OF LasCagsFeosTips0s.q
A solid mixed conducting membrane was prepared according to the method of
Example 1 except the amounts of the reactants were chosen to yield a product
that may be represented by the formula Lao.«CacsFeosTiosOs.a. The membrane was
polished on both sides to a 1 micron surface finish and 1.00 mm thickness.
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EXAMPLE 3 (COMPARATIVE)

PREPARATION OF Lag2SrosFeosCro1C00103.4
A solid mixed conducting membrane was prepared by a soft chemistry route
wherein the appropriate amounts of La;Os and Sr(NOs). were first dissolved in
nitric acid. To this liquid mixture was added the appropriate amounts of pre-
prepared standardized 1M aqueous solutions of Fe(NOs)s, Cr(NOs)s, and
Co(NOs).. The mixture was added citric acid in excess, and excess water was
evaporated for 3 hours at 90°C, during which time complexation takes place. The
resulting gel was pyrolyzed in air for 14 hours by heating to 140°C, whereupon the
resulting dry powder was calcined at 500°C for 2 hours and 900°C for 10 hours.
The powder mixture was then combined with a binder and uniaxially cold pressed
to a 13 mm@ disk at 180 MPa. The resulting porous disk was heated to 500°C at
5°/min to allow controlled combustion of the binder, and then further heated to
1200°C, maintained at 1200°C for 3 hours and cooled to room temperature. This
procedure yielded a 10 mm@ gas tight disk with >96% of theoretical density. The
membrane was polished on both sides to a 1 micron surface finish and 1.5 mm
thickness. The formula representing the product may be expressed as
Lao.2SrosFe0sCro.1C00.103..

EXAMPLE 4
PREPARATION OF LagssCao.asFeo.3Ti03403.4
A solid mixed conducting membrane was prepared according to the method of
Example 1 except the amounts of the reactants were chosen to yield a product
that may be represented by the formula LaossCaossFeoesTio3Osa. The membrane
was polished on both sides to a 1 micron surface finish and 1.42 mm thickness.
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EXAMPLE 6 (COMPARATIVE)

PREPARATION OF La;sCao2FeQO;.q
A solid mixed conducting membrane was prepared according to the method of
Example 1 except titanium acetylacetonate was omitted and the amounts of the
other reactants were chosen to yield a product that may be represented by the
formula LagsCao.FeOsq. The membrane was ground to a square of approximately
8 x 8 mm and polished on both sides to a 1 micron surface finish.

EXAMPLE 7 (COMPARATIVE)
PREPARATION OF LagsCaodFeor77Ti0.19403.4
A solid mixed conducting membrane was prepared according to the method of
Example 1 except the amounts of the reactants were chosen to yield a product
that may be represented by the formula LaosCaosFeor77Tio.1940s.4. The membrane
was ground to a square of approximately 8 x 8 mm and polished on both sides to a

1 micron surface finish.

EXAMPLE 8 (COMPARATIVE)
PREPARATION OF Lao,CaosMno.4Tios03.4
A solid mixed conducting membrane was prepared according to the method of
Example 1 except manganese nitrate solution was substituted for iron nitrate
solution and the amounts of the reactants were chosen to yield a product that may
be represented by the formula Lao2CaosMno.4TiesOs«. The membrane was ground

to a square of approximately 8 x 8 mm and polished on both sides to a 1 micron
surface finish.
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EXAMPLE 9
PREPARATION OF Lay.¢sCaoasFeos3Tio24Al01003.4
A solid mixed conducting membrane was prepared according to the method of
Example 1 except aluminium acetylacetonate was added in addition to the other
components and the amounts of the reactants were chosen to yield a product that
may be represented by the formula LaoesCaossFeossTio24Al.100:.4. The membrane
was polished on both sides to a 1 micron surface finish and 1.5 mm thickness.

EXAMPLE 10

STRUCTURE OF Lag.4Cao.éFeo.ssTio.4s503.a AND LagsCaoeFeosTiosOs.a

XRD diffractograms of the mixed conducting membrane materials of Examples 1
("B-site deficient") and 2 ("Stoichiometric") are shown in Fig. 2. Both materials are
single phase and possess the perovskite structure. Peaks marked "Si" in the
diffractogram of the B-site deficient material belong to silicon, which was added as
an internal XRD-standard. A slight shift of the peak locations to lower diffraction
angles in the B-site deficient material shows that the unit cell volume is increased
by introduction of B-site deficiency.

EXAMPLE 11

OXYGEN PERMEATION TEST OF A DENSE MIXED CONDUCTING
Lao.sCaosFeossTio.as503.0a MEMBRANE

The mixed conducting membrane disk of Example 1 was attached to an alumina
tube by placing one gold ring between the membrane and the alumina tube and
one gold ring between the membrane and a quartz support structure. The
membrane assembly was heated to 1031°C where the gold softened and a seal
formed between the membrane and the alumina tube. 250 ml/min (STP) of a
mixture of 50% oxygen and 50% nitrogen was flushed across the outside (high po:
or primary) surface of the membrane.
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In the first part of the test, 250 ml/min (STP) of He was flushed across the inside
(low po2 or secondary) surface of the membrane. Oxygen permeated through the
membrane from the high poz side to the low po: side and was entrained by the He
sweep gas stream. The oxygen concentration in the exiting helium stream was
analyzed by gas chromatography. Small leakages due to imperfections in the gold
ring seal were detected by analyzing the exiting helium stream for nitrogen. The
oxygen flux was calculated by the following formula:

Jo,=Xo, —Xn,) - Xf,:_z;
where Joz is the oxygen flux per membrane area, Xo. is the mole fraction of Oz in
the exiting He sweep stream, Xxz is the mole fraction of N in the exiting He sweep
stream, Fix is the total flow rate of gas exiting the low Po. compartment of the
oxygen permeation cell, and Anen is the active area of the membrane. During the
first part of the experiment, the oxygen flux was determined at several
temperatures between 880°C and 1050°C.

During the second part of the experiment, 250 ml/min of a sweep gas consisting of
97.5% by volume of He and 1.25% by volume each of CO and CO. was flushed
across the low po: surface of the membrane. Oxygen permeated through the
membrane from the high po. side to the low po. side and combined with CO on the
low po2 side to form CO.. The concentrations of Oz, N2, CO and CO; in the exiting
gas stream were analyzed by gas chromatography. The oxygen flux was
calculated by the formula:

x¢o
Xcoz—"‘xo—z'xco
J — co _ X . Fror
02 = €O, N2 A" Amem
2. =42

X¢o
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where Joz is the oxygen flux per membrane area, Xcoz is the mole fraction of CO>
in the exiting He sweep stream, Xco is the mole fraction of CO in the exiting He
sweep stream, X% is the mole fraction of CO; in the entering He sweep stream,
X%, is the mole fraction of CO in the entering He sweep stream, Xn. is the mole
fraction of N in the exiting He sweep stream, F is the total flow rate of the gas
stream exiting the low Po, compartment of the oxygen permeation cell, and Amenm is
the active area of the membrane. During the second part of the experiment, the
oxygen flux was determined at several temperatures between 880°C and 1050°C.

During the third part of the experiment, a pure He stream of 250 ml/min was
flushed across the low Po, side of the membrane, and the oxygen flux was
determined in the same manner as during the first part of the experiment. The
oxygen flux was determined at several temperatures.

Fig. 3 shows the oxygen flux (left abscissa, fully drawn line) and the temperature
(right abscissa, dashed line) as function of time during the oxygen permeation test.
The first part of the test takes place in the period from 4 hours to 26 hours, the
second part from 26 hours to 53 hours, and the third part from 53 hours to 70
hours. The oxygen flux does not vary substantially with time at constant
temperature. The oxygen flux during the second part of the test calculated for
1000°C and 1 mm membrane thickness was 0.30 ml/(cm?min).

EXAMPLE 12 (COMPARATIVE)
OXYGEN PERMEATION TEST OF A DENSE MIXED CONDUCTING
Lay4CaosFeosTiosOs.a MEMBRANE
An oxygen permeation test was conducted according to the procedure described
in Example 11, except the membrane disk of Example 2 was used.

Fig. 4 shows the oxygen flux (left abscissa, fully drawn line) and the temperature
(right abscissa, dashed line) as function of time during the oxygen permeation test.
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The first part of the test takes place in the period from 4 hours to 24 hours, the
second part from 24 hours to 118 hours, and the third part from 118 hours to 135
hours. The oxygen flux decreases with time at a constant temperature during the
first part of the test. During the second part of the test, there is first an apparent
increase in the oxygen flux, then a decrease. The oxygen flux during the
quasi-steady state period of the second part of the test calculated for 1000°C and
1 mm membrane thickness was 0.21 ml/(cm?min).

EXAMPLE 13
STRUCTURE OF Lay.sCao.sFeossTioass03.a AFTER OXYGEN FLUX TESTING

The membrane of Example 1, tested for oxygen flux in Example 11, was examined
by X-ray diffraction on both sides. Fig. 5 shows X-ray diffractograms of the
material prior to the experiment (bottom) and of the two surfaces of the membrane
after the oxygen permeation test; the high po. surface (middle) and the low po:
surface (top). The peaks labelied "Si" belong to silicon which was added to the
sample as an internal standard. The peaks labelled "Al" belong to the aluminium
sample holder. The sample possesses the perovskite structure and is single
phase. It shows no evidence of decomposition after the oxygen flux experiment.

EXAMPLE 14
STRUCTURE OF LagssCao.ssFeos3Ti03403.¢ AFTER OXYGEN FLUX TESTING

The material prepared in Example 4 was examined by Scanning Electron
Microscopy after an oxygen flux test. Representative pictures of the high po. side
and the low po. side are shown in Fig. 6 and Fig. 7, respectively. The micro-
structure is fine-grained and homogeneous with no apparent difference between
the two sides of the membrane. Semi-quantitative elemental analysis by EDS
shows that the composition of the material is essentially unchanged from before
the oxygen flux test.
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EXAMPLE 15 (COMPARATIVE)

STRUCTURE OF Lag.s«CaosFeosTios0:.a AFTER OXYGEN FLUX TESTING
The membrane of Example 2 was examined by X-ray diffraction and Scanning
Electron Microscopy after the oxygen flux test of Example 12.

Fig. 8 shows X-ray diffractograms of the material prior to the experiment (bottom)
and of the two surfaces of the membrane after the oxygen permeation test; the
high po. surface (middle) and the low po. surface (top). The peaks labelled "Al"
belong to the aluminium sample holder. Before the experiment, the sample
possesses the perovskite structure and is single phase. The X-ray diffractogram of
the high po: surface after the oxygen flux tests shows the presence of additional
phases, of which one was identified as CaFe,Q.. Peaks labelled "CF" in the X-ray
diffractogram belong to this phase. Peaks labelled "U" belong to an unidentified
phase. Unlabelied peaks belong to the perovskite phase. The X-ray diffractogram
of the low po. side after the oxygen permeation test shows essentially no change
from the sample before the test.

Fig. 9 and Fig. 10 show representative Scanning Electron Micrographs of the high
poz and low po. surfaces of the membrane after the oxygen flux test, respectively.
Fig. 9 shows that the high poz surface of the membrane is covered by a continuous
layer of decomposition phases. Semi-quantitative elemental analysis by EDS
indicates that this layer consists of CaFe,O4 and an iron oxide. Fig. 10 shows that
the low po. surface is fine grained and homogeneous. Semi-quantitative elemental
analysis by EDS indicates that the composition is essentially unchanged from

before the experiment.

EXAMPLE 16

STRUCTURE OF Lag3CaosFeo.s5Ti0.48503.9a AFTER OXYGEN FLUX TESTING
The membrane of Example 5 was examined by X-ray diffraction and Scanning
Electron Microscopy after an oxygen flux test.
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Fig. 11 shows X-ray diffractograms of the material prior to the experiment (bottom)
and of the two surfaces of the membrane after the oxygen permeation test; the
high po surface (middie) and the low po. surface (top). The peaks labelled "Al"
belong to the aluminium sample holder. Before the experiment, the sample
possesses the perovskite structure and is single phase. After the experiment, an
additional minor peak appears at d = 2.7A. This peak is attributed to an ordered
structure similar to the known phases LaCaxFes;Os and CasTixFeOs.

Fig. 12 and Fig. 13 show representative Scanning Electron Micrographs of the
high po. and low po: surfaces of the membrane after the oxygen flux test,
respectively. The microstructure is essentially the same on both surfaces. The
matrix phase consists of rounded grains up to about 1 micron in size.
Semi-quantitative elemental analysis by EDS indicates that this phase is
essentially identical to the material before the oxygen flux test. A secondary phase
consisting of elongated grains of up to 3 microns in length and less than 0.5
micron in width is also found on both surfaces of the membrane. Semi-quantitative
elemental analysis by EDS indicates that this phase has the molar ratio
(La+Ca):(Fe+Ti) of close to unity, characteristic of the perovskites. The phase is
enriched in Ca and Fe and depleted in La and Ti relative to the bulk of the
material. This is consistent with the formation of a phase with an ordered structure
similar to the known phases LaCa,Fes;0s and CasTi-FeOs.

EXAMPLE 17

THERMAL AND CHEMICAL EXPANSION OF LagsCagssFeo.s3Ti0.3403.4
A solid mixed conducting membrane was prepared according to the method of
Example 4 except the membrane disk was ground into a square of approximately
8 x 8 mm. This specimen was placed in a dilatometer, and heated at a rate of
6°C/min in a flowing air atmosphere to 997°C. The average thermal expansion
coefficient measured between 400°C and 997°C was 11.8*10° K. The sample

was maintained at 997°C for several hours, whereupon the atmosphere was
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changed to a flowing mixture of 95% Nz, 1% CO and 4% CO,. The sample was
allowed to expand to its equilibrium length. The atmosphere was then changed
back to flowing air, whereupon the sample, still maintained at 997°C was allowed
to contract to its equilibrium length. The relative difference in length is referred to
as the chemical expansion, and was 0.06%.

EXAMPLE 18 (COMPARATIVE)
THERMAL AND CHEMICAL EXPANSION OF La,sCao:FeO;s.q
The membrane of Example 6 was tested by the procedure of Example 17, except
the temperature of the measurement was 1005°C. The average thermal expansion
coefficient measured between 400°C and 1000°C was 11.1*10° K'. The chemical
expansion was 0.15%.

EXAMPLE 19 (COMPARATIVE)
THERMAL AND CHEMICAL EXPANSION OF LagsCao.sFeo.777Ti0.19403.4
The membrane of Example 7 was tested by the procedure of Example 17, except
the temperature of the measurement was 994°C. The average thermal expansion
coefficient measured between 400°C and 1000°C was 12.3*10° K. The chemical
expansion was 0.12%.

EXAMPLE 20 (COMPARATIVE)
THERMAL AND CHEMICAL EXPANSION OF Lao.CaosMn.«Tio603.4
The membrane of Example 8 was tested by the procedure of Example 17, except
the temperature of the measurement was 1000°C. The average thermal expansion
coefficient measured between 400°C and 1000°C was 11.6*10° K. The chemical

expansion was 0.38%.
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EXAMPLE 21 (COMPARATIVE)

THERMAL AND CHEMICAL EXPANSION OF Lao¢sCaossFeq.63Ti0.24A10.1003.4
The membrane of Example 9 was tested by the procedure of Example 17, except
the temperature of the measurement was 995°C. The average thermal expansion
coefficient measured between 400°C and 990°C was 11.1*10° K. The chemical
expansion was less than 0.01%.

EXAMPLE 22 (COMPARATIVE)
THERMAL AND CHEMICAL EXPANSION OF Lay.15Sr0.35F €0.8Cr0.10C00.1003.4

The membrane of Example 3 was tested by the procedure of Example 17, except
the temperature of the measurement was 996°C. The average thermal expansion
coefficient measured between 400°C and 990°C was 17.0*10° K'. The chemical
expansion was 0.27%.

EXAMPLE 23
OXYGEN PERMEATION TEST OF A Lao.63Cao.37Feo.63Tio_3403.d MEMBRANE

An oxygen permeation test is conducted according to the procedure described in
Example 11, except a membrane disk of a composition represented by the formula
LagesCaosFeossTio4Osq is used. Fig. 14 shows a ternary diagram of the system
LaFe.Os.¢-CaTiwOse-CaFesOse. The composition is located near the
LaFe,Osq¢-CaTinOs.er join of the ternary system, at the point marked "A".
Compositions near the LaFe.Osq¢-CaTiwOs.e join are characterised by a low
concentration of oxygen vacancies, especially on the high po. side of the

membrane. Low oxygen flux is obtained with this material.
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EXAMPLE 24

OXYGEN PERMEATION TEST OF A LagesCaossFeo.145Tio.52503.0a MEMBRANE
An oxygen permeation test is conducted according to the procedure described in
Example 11, except a membrane disk of a composition represented by the formula
LaoosCaogsFeo 145 Tos2s034 is used. Fig. 14 shows a ternary diagram of the system
LaFeyOs4-CaTinOsze-CaFewOs.g-. The composition of the material is located near
the CaTinOs4 apex of the ternary system, at the point marked "B". Low electronic
conductivity, especially at low oxygen partial pressures is characteristic of

materials with compositions in this region, and a low oxygen flux is measured.

EXAMPLE 25

OXYGEN PERMEATION TEST OF A LaosCaosFeos3Tio3¢03.0a MEMBRANE

An oxygen permeation test is conducted according to the procedure described in
Example 11, except a membrane disk of a composition represented by the formula
Lag2sCaorsFeonsslinasOs.q is used. Fig. 14 shows a ternary diagram of the system
LaFewOsq¢-CaTinOs.g-CaFesOs.q~. The composition of the material is located near
the centre of the ternary system, at the point marked "C". Ordering of oxygen
vacancies and cations is characteristic of materials within the system with
compositions with CaFesOs¢+ content higher than a limit depending on the
temperature and oxygen partial pressure. The obtained oxygen flux decreases
with time as the ordered phase forms.

These Examples demonstrate that the oxygen separation membranes of the
present invention are particularly suitable as membrane materials in processes in
which the membrane is subjected to a large potential gradient, e.g. bxygen partial
pressure difference of 6-7 decades or more across the membrane. Compared with
compositions known in the prior art, these compositions offer improved resistance
to kinetic decomposition and reduced chemical expansion, as well as improved

stability against reduction to metal and reaction with carbon dioxide and water.
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Claims:

1. A solid multicomponent membrane for use in a reactor
characterisedinthat
the membrane comprises a mixed metal oxide having a structure
represented by the formula:

La1-xcax(Fe1 -y-y'TiyAly')wO3-d

wherein X, y, y', w, and d each represent a number such that 0.1 < (y+y') <

0.8, 0.15 < (x+Y') £ 0.95, 0.05 < (x-y) £ 0.3, 0.95 <w < 1, and d equals a

number that renders the compound charge neutral and is not less than zero
and not greater than about 0.8.

2. A membrane according to claim 1,
characterisedinthat
the x, y, y', w, and d each represent a number such that 0.15 < (y+y') < 0.75,
0.2 < (x+y') < 0.9, 0.05 < (x-y) < 0.15, 0.95 < w < 1, and d equals a number
that renders the compound charge neutral and is not less than zero and not
greater than about 0.8.

3. A membrane according to claim 1,
characterised in that
O0<y<0.75and0<y <0.3.

4, Use of the membrane according to claims 1- 3, in a reactor for generating
heat by oxidation of a carbon containing fuel to CO, and H-O on the oxidation
side of the membrane reactor.
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5. Use of the membrane according to claims 1- 3, for generating synthesis gas
consisting of one or more of the components CO, CO,, H, and N; in a
reactor where the reactor is capable of reacting a mixture of steam and a
carbon containing fuel with oxygen permeated through said membrane to

make synthesis gas.
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