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A CO;-stable dual phase membrane of the composition 40 wt % NiFe;04-60 wt %
Cep.oGdy 10;5.5 (4ONFO-60CGO) was synthesized in three different ways: mixing of the
starting powders (1) in a mortar and (2) in a ball-mill as well as by (3) direct in situ
one-pot sol-gel powder synthesis. Backscattered scanning electron microscopy
revealed that the direct one-pot synthesis of 40NFO-60CGO gives the smallest grains
in a homogeneous distribution, compared with powder homogenization in the mortar
or the ball-mill. The smaller is the grains, the higher is the oxygen permeability. The
permeation of the membrane can be improved by coating a porous LaysSro4Co03.s
(LSC) layer on the surface of the air side. The dual phase membrane of 40NFO-
60CGO prepared by in situ synthesis shows a steady oxygen flux of 0.30 ml/(min ent’)
over more than 100 h when pure CO, was used as sweep gas, which indicated that the
dual phases membrane is CO,-resistant at least over this 5 days testing period. © 2010
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Introduction

The increasing carbon dioxide emission, especially from
power generation industry, is considered as the main source
of global warming.1 To minimize the impact of the CO,
emission on the climate change, great efforts are devoted to
recover and sequestrate CO,.>™ One potential route is the
oxy-fuel concept burning natural gas with nitrogen-free oxy-
gen, which allows to sequestrate the CO, after steam con-
densation. Dense mixed oxygen ionic-electronic conducting
ceramic membranes (MIECM), perovskites are promising
candidates for this oxygen separation from air.”'* However,
when MIECMs are used for the separation of oxygen from
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air, some of the CO, is recycled and used as the sweep gas
for the oxygen separation, simultaneously lowering the tem-
perature in the burner.">!”

A handicap of most of the perovskite materials for their
application in the oxy-fuel technology is their instability in
the presence of CO, because of the carbonate formation
because the perovskite type membranes usually contain alka-
line earth ions like Ba>" or Sr** on the A-site, which tend
to react with CO, and form carbonates.'®!'° An alternative is
the development of composite membranes of two separate
CO,-stable electron and oxygen-ion conducting phases. Up
to now, numerous dual phase materials have been developed
which can be divided into two major groups: (1) The first
generation of dual phase membranes were composites of
noble metal powders as electronic and a ceramic particles as
ionic conductors.?*? However, these composite membranes
are expensive, a mismatch of the thermal expansion
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Figure 1. Flowchart for the preparation of dual phase membranes.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

coefficients (TEC) of the metallic and the ceramic phase
exists, and the oxygen permeabilities were found to be low.
(2) The second generation of dual phase membranes were
composites of two oxides, where one of the oxides acts as
electron conductor instead of the noble metal.**> These
dual phase membranes of the second generation show higher
oxygen permeabilities, but they usually contain a perovskite
phase (ABOs;, A = alkalin earth metals or lanthanide ele-
ment; B = transition metal). The alkaline earth metals on
the A site easily form carbonates if CO, is present. This car-
bonate formation is found to be reversible but it immediately
stops the oxygen flux.'®'” These dual phase membranes also
suffer from a mechanical stress and can mechanically
decompose due to swelling by carbonate formation.

In this article, a novel earth alkaline metal-free CO,-stable
dual phase membrane has been developed. The NiFe,O,4
(NFO) and Ce(¢Gdj 0,5 (CGO) powders have been mixed
in a mortar and a ball-mill, and the NFO-CGO dual phase
was also obtained directly in an in situ one-pot sol-gel syn-
thesis. The chemical composition of our dual phase mem-
brane is 40 wt % NiFe,04-60 wt % Cey9Gdg.10,.5 (40NFO-
60CGO). In the mixture of the two phases, NFO is the elec-
tron conductor and CGO is the oxygen ion conductor. The
microstructure of the membranes will be correlated with the
oxygen permeability.

Experimental Section

The powders of CGO, NFO, and 40 wt % NiFe,04-60 wt
% Cep9Gdy 10,5 were synthesized by a combined citrate
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and EDTA complexing method. After stirring the metal ni-
trate solutions for 20 min, calculated amounts of citrate and
EDTA were added and the pH value was adjusted to ~9 by
ammonia. The molar ratio of EDTA:citric acid:total metal
ions was 1:1.5:1. Then, the solutions were stirred when
heated to 150°C, until the water was evaporated and a gel
was formed. The gels were calcined in air at 600°C in a fur-
nace to remove the organic compounds by combustion, and
the primary powders were obtained. These powders were
calcined at 1000°C for 10 h.

The 40NFO-60CGO dual phase membranes were prepared
in three ways. Figure 1 shows the three methods applied in
this article for the dual phase preparation. (1) Powder mixing
in a mortar (membrane 40NFO-60CGO 01): The as-obtained
CGO and NFO powders were mixed with a weight ratio of
60:40. Then, the mixed powders were ground in an agate
mortar for 1.5 h. (2) Powder mixing by ball-milling (mem-
brane 40NFO-60CGO 02): The as-obtained CGO and NFO
powders were mixed in a weight ratio 60:40 by ball-milling
for 4 h. (3) Direct one-pot sol-gel synthesis (membrane
40NFO-60CGO 03): The powder mixture was obtained
in situ.

The powders of all three techniques were pressed to disk
membranes under a pressure of ~10 MPa in a stainless steel
module with a diameter of 16 mm. Then, they were sintered
at 1350°C in air for 10 h with heating and cooling rates of
2°C/min. The membranes were polished to 0.6 mm thickness
by using 1200 grit-sand paper (average particle diameter
15.3 pm), then the membranes were washed with ethanol.
To improve the oxygen surface exchange rate on the air
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Figure 2. XRD patterns of 40NFO-60CGO membranes
prepared by different methods.

Mixing of the NFO and CGO powder (1) in an agate mortar
and (2) by ball-milling. (3) Direct synthesis of the powder
in a one-pot synthesis. The theoretical Bragg position for
CGO (PDF 46-507) and NFO (PDF 10-325) are labeled
with the ticks at the bottom of the figure. [Color figure can
be viewed in the online issue, which is available at wileyon-
linelibrary.com.]

side, a Lag ¢Srg4C005_5 (LSC) porous layer%’27 was depos-

ited with a paste made of 40 wt % LSC powder and 60 wt
% terpineol. After coating the membrane with LSC, the
composite was calcined at 950°C for 2 h.

The phase structure of the dual phase membranes were
studied by X-ray diffraction (XRD, D8 Advance, Bruker-
AXS, with Cu Ko radiation) after grinding the membranes to
a size of 10-100 um. Data sets were recorded in a step—scan
mode in the 20 range of 20-80° with intervals of 0.02°.
In situ XRD tests were conducted in a high-temperature cell
HTK-1200N (Anton-Paar) between room temperature and
1000°C. For tests in ambient air, heating and cooling rate
were set to 6°C/min. Before each data acquisition, an equili-
bration time of 70 min was used. Tests in the atmosphere
containing 50 vol % CO,/50 vol % N, were carried out with
heating and cooling rate of 12°C/min. At each temperature
step, the temperature was held for 30 min before diffraction
data collection. The surface and cross section morphology of
the membrane disks were studied by scanning electron mi-
croscopy (SEM) using the Jeol-JSM-6700F. Some micro-
graphs were taken in the back scattering mode (BSEM).

Oxygen permeation was studied in a self-made high-tem-
perature oxygen permeation cell, described in Ref. 28. A
gold paste (Heraeus) was used to seal the disk onto a quartz
tube at 950°C for 5 h. As feed a 50 vol % O,/50 vol % N,
mixed gas was used; as sweep gases He and CO, have been
used (29 ml/min, 99.995% 4+ 1 ml Ne/min as an internal
standard gas). A gas chromatograph (GC, Agilent 6890) was
connected to the effluents of the sweep side. The GC was
frequently calibrated using standard gases to ensure the reli-
ability of the experimental data. The leakage is caused by
the imperfect sealing at high temperature, which can be
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determined by the detecting N, by GC. In no case, the leak-
age stream is larger than 5% of the oxygen flux through the
membrane. Assuming that leakage of nitrogen and oxygen is
in accordance with Knudsen diffusion, the fluxes of leaked
N, and O, are related by

4 4 32079
R B

The oxygen permeation flux was then calculated as
follows:

Jo,[ml/(min cm?)] = <Co2 - %) X g
where Co, and Cy;, are the oxygen and nitrogen concentrations,
respectivély, calculated from GC calibration, F is the total
flow rate of the outlet on the sweep side, which was measured
by the change of Ne concentration before and after permeator.

The total flow rate of the effluents was calculated from
the change in the Ne concentrations before and after the
permeator.

Results and Discussion
Characteristics of the dual phase materials

Figure 2 shows the XRD patterns of the 40NFO-60CGO
membranes prepared by three different methods, by powder
mixing (1) in a mortar and (2) in a ball-milling as well as
(3) the direct synthesis of the mixed powders by a one-pot
method. All the composite membranes consist of only the
two phases, NFO and CGO, and no other crystalline phases
have been formed. From the similarity of the lattice parame-
ters of the NFO and CGO phases as shown in Table 1, a
good phase compatibility in the mixed material can be
expected.

The influence of the different preparation methods on the
microstructure of 40NFO-60CGO dual phase membranes is
shown in Figure 3. When comparing the SEM and BSEM
pictures, we can see clear differences of the size and uni-
formity of the NFO and CGO grains as well as of their ho-
mogeneous distribution of the three membranes under study.
Membrane 40NFO-60CGO 03 made by in situ direct sol—gel
synthesis has the smallest grain size (0.2-1.5 um) but—as
shown later—the highest oxygen permeation flux. On the
contrary, 40NFO-60CGO 01 made by powder mixing in a
mortar has the largest grains and lowest oxygen permeation
flux. Furthermore, in this membrane, the NFO grains are big-
ger (3—7 pum) than the CGO grains (2-4 um). Grain size of
40NFO-60CGO 02 made by ball-milling is in the range 0.4—
2 um, which is between the grain sizes of 40NFO-60CGO

Table 1. Lattice Parameters of NFO and CGO as Pure
Phases and in the 40NFO-60CGO Dual Phase Membranes
Prepared by Different Methods

40NFO-
40NFO- 60CGO 40NFO-60CGO
Pure 60CGO 02 Ball- 03 One-Pot
Phase Phase 01 Mortar Milling Method
NFO (é) 8.3455 8.3641 8.3195 8.3596
CGO (A) 5.4209 5.4400 5.4106 5.4326
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Figure 3. SEM (left column) and BSEM (right column) of the surface grain structure of the membranes 40NFO-
60CGO 01, 02, and 03, prepared by powder mixing in a mortar (a and b), ball-milling (c and d), and one-

pot method (e and f), respectively.

01 and 40NFO-60CGO 03, and consequently, the oxygen
permeation flux is in between.

Structure stability and thermal expansion coefficient of
the dual phase materials 40NFO-60CGO

In situ XRD provides an effective and direct way to
characterize the high-temperature structure changes during
increasing and decreasing temperatures under certain gas
atmospheres. Figures 4 and 5 show the XRD patterns of the
NFO and CGO powders in air for increasing and decreasing
temperatures between 30°C and 1000°C indicating that the
phases CGO and NFO remain unchanged.
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Figure 6 shows the lattice constants of NFO and CGO at
various temperatures determined from the in situ XRD data in
air. As expected, the lattice constants depend linearly on tem-
peratures for both NFO and CGO with increasing and decreas-
ing temperatures. The TEC was calculated following the defi-
nition %T/“‘)) (a is the lattice constant and «a is the lattice con-
stant at room temperature). The values of the TEC of NFO and
CGO calculated from the data of Figure 6 for the range of 30—
1000°C. The TEC of NFO (4.36 + 0.3 x 107> K™ ') is higher
than that of CGO (1.81 + 0.1 x 1073 K™"). However, when
the membrane was sintered, because of the different TECs of
the two phases, the heating and cooling rate should not be
faster than 2°C/min to avoid cracking of the membranes.

DOI 10.1002/aic 2741
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Figure 4. In situ XRD patterns of CGO under air during
increasing and decreasing temperatures.
Heating and cooling rates = 6°C/min, equilibration time at
each temperature: 70 min for recording the XRD. [Color

figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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For a potential application of MIECM membranes in the
oxy-fuel technology, the membranes must be stable in a car-
bon dioxide atmosphere. Therefore, the high-temperature
phase stability of 40NFO-60CGO 03 in the CO, containing
atmosphere of 50 vol % CO,/50 vol % air has been studied
by in situ XRD, as shown in Figure 7. The two phases NFO
and CGO remained unchanged, no carbonates were found.

Influence of grain size on the oxygen permeability of
dual phase membrane

Figure 8 shows the oxygen permeation of the three
40NFO-60CGO membranes under study at 950°C. It can be
found that the oxygen permeation fluxes of membrane
40NFO-60CGO 01 decreases with increasing permeation
time at the initial stage. After around 1200 min, the permea-
tion oxygen fluxes of 40NFO-60CGO 01 reach a steady
state. However, the oxygen permeation fluxes through both
membrane 40NFO-60CGO 02 and membrane 40NFO-
60CGO 03 increase with permeation time at the initial stage
and then they reach a steady state. The steady-state oxygen
permeances of our 40NFO-60CGO membranes are 01 < 02
< 03, which correlate clearly with the size of the NFO and
CGO grains in the mixed matrix. A similar decline of oxy-
gen permeation flux through the dual-phase composite mem-
branes with time has been reported in a previous paper.27
However, the detailed reason for this time-dependent behav-
jor is not clear.?’ It follows from Figure 8 that the steady
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Figure 5. In situ XRD patterns of NFO under air during
increasing and decreasing temperatures.
Heating and cooling rates = 6°C/min, equilibration time at
each temperature: 70 min for recording the XRD. [Color

figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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oxygen permeation flux through 40NFO-60CGO 03 is the
highest among the three type of membranes. According to
the previous studies,””**  the oxygen permeation flux is
determined not only by the conductivities of both phases but
also by the grain sizes as well as grain size distribution,
which can be described by the percolation theory. BSEM
results (cf. Figure 3) revealed that the direct one-pot synthe-
sis of 40NFO-60CGO 03 gives the smallest grains in a
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Figure 6. Temperature dependence of the lattice con-
stants for NFO (M increasing temperature, ¢
decreasing temperature) and CGO (A increas-
ing temperature, V decreasing temperature).
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Figure 7. In situ XRD patterns of the one-pot 40NFO-
60CGO 03 powder under 50% CO0,/50% air at
different temperatures.

Heating rates = 12°C/min, equilibration time at each temper-
ature: 30 min for recording the XRD. [Color figure can be
viewed in the online issue, which is available at wileyonline
library.com.]

homogeneous distribution, so a highest of oxygen permea-
tion flux was obtained compared with powder homogeniza-
tion in the mortar or the ball-mill.

Figure 9 shows the oxygen permeability of the three
40NFO-60CGO dual phase membranes as a function of tem-
perature. The data were obtained after the permeation having
reached steady state. In agreement with the results shown in
Figure 8, in the temperature window between 900°C and
1000°C, the dual phase membrane 03 prepared by the direct
in situ sol-gel method with the smallest grains shows the

0.25
—{— 40NFO-60CGO 01
—O— 40NFO-60CGO 02
0.20 - —/+— 40NFO-60CGO 03
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Figure 8. Oxygen permeation flux through 40NFO-

60CGO composite membranes without coat-
ing as a function of time at 950°C.
Feed: 150 ml/min 50 vol % O, with 50 vol % N,. Sweep:
29 ml/min He 4+ 1 ml/min Ne as internal standard gas,
thickness of membranes = 0.6 mm. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 9. Temperature dependence of the oxygen per-
meation fluxes through 40NFO-60CGO mem-
branes prepared by different methods with-
out coating.

Feed: 150 ml/min 50 vol % O, with 50 vol % N,. Sweep: 29
ml/min He + 1 ml/min Ne as internal standard gas. Thick-
ness of membranes = 0.6 mm. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.
com.]

highest oxygen permeation fluxes followed by the membrane
02 made by ball-milling with medium grain size and finally
by the membrane Ol with the highest grain size made by
powder mixing. The Arrhenius plots of the oxygen permea-
tion fluxes through composite membranes (Figure 10) show
that the permeation activation energy of membrane 03 E, =
67.48 kJ/mol is the smallest of the three membranes,
whereas the E, of membranes 02 and 03 are ~112.0 and
~107.9 kJ/mol, respectively. Similar results were reported in
75 wt % Ceolng0_201.9-25 wt % Gdo.zsro_gFer;_& (GDC-
GSF) dual phase membranes.”’

6.6
B 40NFO-60CGO-03 Ea = 76.48 kl/mol
® 40NFO-60CGO-02 Ea = 112.01 kJ/mol
A 4ONFO-60CGO-01 Ea = 167.90 kJ/mol
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1000/ (k")

Figure 10. Arrhenius plots of the oxygen permeation
fluxes through 40NFO-60CGO dual phase
membranes (for the experimental conditions
see Figure 9).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 11. Oxygen permeation flux of the 40NFO-
60CGO 03 composite membrane with LSC
coating as a function of time at 1000°C,
membrane thickness = 0.6 mm.

Feed: 150 ml/min synthetic air with 20 vol % O,. Sweep:
29 ml/min He + 1 ml/min Ne as an internal standard gas.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

CO,-stability of 40NFO-60CGO 03 membrane

Because membrane 40NFO-60CGO 03 made by the direct
in situ sol-gel synthesis showed the highest oxygen permeation
flux, we selected this membrane for CO, stability tests and for
further surface modification. To improve the oxygen surface
exchange rate on the air side, the 40NFO-60CGO 03 membrane
was coated with Lag¢Srg4C003.s (LSC) porous layer on one
side using a paste made of 40 wt % LSC powder and 60 wt %
terpineol. The low CO, partial pressure in natural air will not
cause a strontium carbonate formation above 722°C.>' In our
experiments, however, synthetic air was used. After coating
with the LSC layer, the membrane 40NFO-60CGO 03 was cal-
cined at 950°C for 2 h in air to burn the organics.

Figure 11 shows the dependence of the oxygen permeation
flux of the 40NFO-60CGO 03 composite membrane as a
function on time at 1000°C with pure He or CO, as sweep
gases. From Figure 11, we can find that the LSC coated mem-
brane 03 reaches steady-state oxygen permeation like the
uncoated membrane 03 after a relative short time in compari-
son with the uncoated membranes 01 and 02 (cf. Figure 8).
There is almost no difference between using He or CO, as
sweep gases, which indicates that the membrane 40NFO-
60CGO 03 membrane is really CO, tolerant. Furthermore, the
membrane was operated for 100 h in the oxygen separation
with pure CO, as the sweep gas which again indicates that the
material composition 40NFO-60CGO was found to be CO,-
stable—at least for our 5 days of testing which is a relative
short time scale from an industrial point of view. However,
the oxygen permeation flux is found to be slightly lower when
CO, is used as sweep gas in comparison with He. This differ-
ence can be explained by the inhibiting effect of carbon diox-
ide on the oxygen surface exchange reaction, i.e., the presence
of CO, reduces the rate of the oxygen release from the solid.
This assumption is in complete agreement with previous
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papers,*>~* which report that the oxygen surface exchange

reaction is not the same in different gas atmospheres.

Conclusions

Different synthesis methods for the preparation of a carbon
dioxide resistant dual phase membrane of the composition 40
wt % NiF6204—60 wt % Ceo_ngO.IOZ_(s (4ONFO—60CGO) with
NFO as electron conductor and CGO as oxygen ion conductor
have been evaluated. The membrane prepared by a direct one-
pot synthesis shows the smallest grains and the highest oxy-
gen permeation fluxes in the range 900-1000°C. On the oppo-
site, the membranes prepared by mixing the NFO and CGO
powders in a mortar or by ball-milling give larger grains and
a lower oxygen permeation flux. High-temperature XRD in
CO, containing atmospheres showed that the NFO and CGO
phases in 40NFO-60CGO 03 remained unchanged, and no
carbonate was formed. In long-time permeation studies with
CO, as sweep gas, we also found that the dual phase mem-
brane 40NFO-60CGO 03 was CO, stable and an average oxy-
gen flux of 0.30 ml/(min sz) was obtained at 1000°C for a
0.5-mm-thick membrane. This value is comparable with them
of LapNiOy, 5 as well as La,Nig gFeq 104 5, which are promis-
ing CO,-stable membrane materials.*>
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