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A B S T R A C T

In the last years, it has been proposed the use of ceramic-carbonate dense membranes to separate CO2, selec-
tively from combustion gas, at high temperatures. The mechanism of CO2 separation of these membranes in-
volves the transport of O2- ions through the ceramic phase of the membrane. Thus, the present study examines
the Ce0.85Sm0.15O2-Sm0.6Sr0.4Al0.3Fe0.7O3 composite to prepare such a ceramic-carbonate membrane, as this
composite has been previously reported as an excellent oxygen conductor. Firstly, the composite was prepared
by two different synthesis pathways, both based on the EDTA-citrate complexing method. Subsequently, disk
shape membrane supports were produced by pressing selected powder samples and they were evaluated in terms
of their thermal and chemical stability. Furthermore, ceramic-carbonate membranes were prepared via direct
infiltration with molten carbonates and evaluated at high temperatures for the CO2 separation. Results suggest
the possible application of this composite for the fabrication of stable dense membranes performing selective
CO2 separation at high temperatures (700–900 °C).

1. Introduction

The industrial activity has increased in the last decades which is
directly related with the raise in the fossil fuels consumption and the
consequent overproduction of CO2 emitted to the atmosphere [1]. Since
CO2 is the major greenhouse gas producing the global climate change
issue [2,3], many researchers are focused on the development of new
materials and technologies for the separation, capture or storage of the
CO2 content in the flue gas emitted from power plants [4] and other
industrial processes [5]. Several emerging CO2 capture technologies
have been studied to be applied to pre- and post-combustion processes
[6,7]. Moreover, separation technologies such as the so called dense
dual-phase membranes have been proposed as an affordable means to
reduce hazardous CO2 emissions. In the later, as the combustion gas is
released at high temperatures, it would be convenient to separate CO2

in the same temperature range [8]. Additionally, the idea of a separa-
tion process performed by a membrane at elevated temperatures means
that the CO2 permeated could be used as raw material or carbon source
to make reactions such as the dry reforming of methane, producing
syngas [9,10].

The dense dual-phase membranes are made of a porous solid

support infiltrated with molten carbonates, wherein the solid support is
a metal or an oxygen ionic conductor ceramic phase. The first report of
this kind of membranes was published by Lin and coworkers [11]. After
that work, several ceramic-carbonate dual-phase systems have been
studied to separate CO2 at high temperatures. Among them, solid oxide
phases such as yttrium-doped zirconia, gadolinium-doped ceria and
samarium-doped ceria have presented favorable results from the point
of view of membrane stability and relatively high CO2 permeation flux
[12,13].

CO2 permeation, in ceramic-carbonate membranes, is due to the
reaction of the oxygen ions coming from the ceramic oxide with the
CO2 feed gas in the upstream side of the membrane. This reaction
produces carbonate ions ( −CO3

2 , see reaction 1), which will pass through
the molten carbonates because of a CO2 partial pressure gradient.
Finally, in the downstream side of the membrane the reversible reaction
takes place. Therefore, the oxygen ions return to the ceramic phase via
the vacancies diffusion process, while CO2 is released as the permeated
gas.

+ ↔ +
−CO O CO VX

2 0 3
2

Ö (1)

Some perovskites have been analyzed and used to prepare dense
ceramic-carbonate membranes, i.e., La0.6Sr0.4Co0.8Fe0.2O3−δ [14,15]
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and La0.85Ce0.15Ga0.3Fe0.65Al0.05O3-δ [16]. These perovskites are well
known mixed ionic-electronic conductors and it has been concluded
that in these cases, the CO2 permeation process can take place with or
without the presence of O2 in the feed gas [17]. Like the case of
membranes made of ionic conductors as the solid phase, the surface
reaction without O2 in the feed gas is described by reaction 1. On the
other hand, if a chemical gradient of O2 is present, reaction 2 must be
considered.

+ ↔ + ∙O V O h1
2

2O
X

2
¨

0 (2)

Ceramic-carbonate membranes prepared with perovskites have
shown high CO2/N2 selectivity values and relatively high permeation
flux. However, it is important to mention that these materials have
shown certain stability issues due to the perovskite decomposition
under low oxygen partial pressures, as well as under CO2 rich en-
vironments [14].

Recently, a Ce0.85Sm0.15O2–Sm0.6Sr0.4Al0.3Fe0.7O3 (SDC-SSAF,
75–25 wt%) based composite membrane was analyzed for oxygen
permeation [18]. It was observed a high permeation flux from 0.35 to
0.70 mL cm−2 min−1 at 800 to 950 °C, respectively. Additionally, the
study showed the membrane stability under a CO2 sweeping. Therefore,
the fabricated membrane was proposed for the oxy-fuel process. Then,
since the mechanism of CO2 separation, in the ceramic-carbonate
membranes involves the transport of O2- ions through the ceramic
phase of the membrane; this study examines the SDC-SSAF composite to
prepare such a ceramic-carbonate membrane as it has been reported as
an excellent oxygen conductor and a chemically stable material under
CO2 saturated atmospheres.

2. Experimental procedure

2.1. Synthesis of Ce0.85Sm0.15O2-Sm0.6Sr0.4Al0.3Fe0.7O3 (SDC-SSAF)
composite powders

SDC-SSAF powders were synthesized by two methods, as it has been
previously proposed by Zhu et. al. [19]. The first synthesis method
consisted in preparing the composite powders by a so-called one-step
approach, via the EDTA-citrate complexing method [19]. Initially, two
solutions were prepared; one of the fluorite phase precursor with the
corresponding stoichiometric amounts of metal nitrates (Ce
(NO3)3·6H2O, 99.0% Sigma-Aldrich and Sm(NO3)3·6H2O, 99.9% Sigma-
Aldrich) and another solution of the perovskite phase precursor (Sm
(NO3)3·6H2O, 99.9% Sigma-Aldrich, Sr(NO3)2 99.0% Meyer, Al
(NO3)3·9H2O, 98% Sigma-Aldrich and Fe(NO3)3·9H2O, 98% Meyer).
Then, both solutions were dissolved in deionized water, followed by
addition of anhydrous citric acid (99.98% Sigma-Aldrich) and EDTA
(98.5% Sigma-Aldrich), which was previously dissolved in ammonium
hydroxide (28.0–30.0%, BAKER ANALYZED® A.C.S. Reagent). An
equimolar ratio between citrate and EDTA were added respect to the
total metal ions. Then, pH value was adjusted to 7–8 by adding am-
monium hydroxide in both solutions. Finally, both solutions were
mixed together to obtain a 75–25 wt% ratio of the fluorite (SDC) and
perovskite (SSAF) constituents. This solution was subsequently heated
up to 90 °C, while stirring. After water evaporation, a black gel was
produced. Then the gel was combusted at about 300 °C to remove the
organic matter. The resultant yellow powder was calcined at 650 °C for
10 h and then at 900 °C for 10 h. On the other hand, the second method
consisted in synthesizing each pristine phase ( SDC and SSAF) sepa-
rately, using the same combined citric acid-EDTA process [19] as it was
described above. Then, the obtained powders were mixed together
during 10 min using a SpectroMill II ball mill equipment to finally
obtain a mixture of 75 wt% SDC and 25 wt% of SSAF phases.

2.2. Preparation of (SDC-SSAF)-carbonate membranes

Firstly, to fabricate the porous supports, approximately 4 g of SDC-
SSAF composite powders with 1 wt% of polyvinyl alcohol (PVA) as
binder was placed into a 26 mm diameter stainless steel die and pressed
up to 6 t for 6 min in a hydraulic press. The pressed disks were then
sintered in air for 40 h at 900, 1000 or 1100 °C at 1 °C/min to obtain
porous supports. No pore former was added for the fabrication of these
supports. After the sintering process, dense dual-phase membranes
made of composite (SDC-SSAF)-carbonate were prepared by direct in-
filtration of porous supports at 600 °C, using an eutectic molten car-
bonate mixture composed of Li2CO3/Na2CO3/K2CO3 with a molar ratio
of 42.5/32.5/25.0. After the membrane infiltration and cooled down
processes, the excess of carbonates remaining on the membrane surface
was removed by polishing the membrane in both sides.

2.3. Material characterization

A diffractometer (Bruker, D8 Advance) with a Cu-Kα (1.54059 Å)
radiation source operating at 35 kV and 30 mA was used to identify the
SDC fluorite and SSAF perovskite crystalline phases after the synthesis
and sintering processes, as well as to examine the structural stability of
the supports after their exposure to a rich CO2 environment. Samples
were measured in the 2-theta range of 20–120° with a step size of 0.02°.
The phases were identified using the Joint Committee Powder
Diffraction Standards (JCPDS) data base and crystalline structures were
refined with the Rietveld method by using the BGMN program [20] and
the graphical interface Profex [21]. Peak profiles were modeled with a
Lorentzian function to determine the crystal size anisotropy using the
Debye-Scherrer formula [22] and spherical harmonics as base functions
to model the reflection width parameters as a function of the Miller
indices. Additionally, the membranes morphology was analyzed using a
scanning electron microscopy (SEM). The SEM analysis was performed
on a JEOL JMS-7600F. The controlled atmosphere experiments were
performed to analyze the thermal and chemical stability of the SDC-
SSAF composite powders. These experiments consisted in placing the
SDC-SSAF disk inside to a tubular furnace at 900 °C for 20 h in a rich
CO2 environment; wherein the furnace chamber was feed with a
100 vol% CO2 gas (Praxair, grade 3.0) using a 60 mL min−1

flow rate;
after the test, the products were analyzed by XRD. Additionally, ther-
mogravimetric analyses (TGA) were performed as a first assessment to
elucidate the thermal stability of the ceramic-carbonate composite. The
dual-phase membrane sample was analyzed using a Q500HR equipment
from TA Instruments. Sample was heat treated with a heating rate of
5 °C/min from room temperature to 950 °C. These analyses were carried
out under CO2 atmosphere, using a gas flow of 60 mLmin-1.

2.4. High temperature CO2 permeation measurements

High temperature CO2 permeation measurements were conducted
between 700 and 900 °C, using the experimental set-up illustrated in
Fig. 1. The (SDC-SSAF)-carbonate membranes were sealed to an inner
alumina tube by creating a ceramic sealant paste. The sealant was
composed by SDC-SSAF powder mixture sintered at 1000 °C (40 wt%),
Pyrex glass powder (50 wt%) and sodium aluminum oxide (Al2O3

Na2O; 10 wt%), mixed with deionized water. The system was com-
pletely sealed inside a 50 mm outer diameter dense alumina tube and
heated at a rate of 3 °C/min from room temperature to 900 °C allowing
the glass phase to melt and form a tight sealing. The following feed gas
mixtures were used for the CO2 permeation experiments; CO2/He (15/
15 mL min−1) and CO2/He/O2 (15/15/6 mL min−1) with N2 balanced
to 100 mL min−1. In all cases, N2 was used as sweeping gas in the
downstream side of the membrane test array. The permeate gas was
analyzed with a GC-2014 gas chromatograph (Shimadzu) equipped
with a Carboxen-1000 column.
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3. Results and discussion

3.1. Crystal structure and microstructure of the composite powders

After the synthesis process of the single pristine ceramic powders
and the composite, X-ray diffraction pattern was obtained for each
sample. Fig. 2 shows the XRD patterns of the pristine SDC and SSAF
powders as well as the resulting composite, after the ball milling pro-
cess. The XRD pattern of the SDC sample only showed diffraction peaks
indexing with the PDF 43-1002 file, corresponding to the cerium oxide
phase with a fluorite crystal structure. Also, the SSAF sample fitted to
the perovskite phase corresponding to PDF 28-1227 file. None of these
two samples presented the formation of any secondary phases, at least
at the XRD detection limit. The mixed sample shows the reflections of
both phases, (SDC and SSAF), as it could be expected. Nevertheless, it is
important to mention that both phases remained stable after the ball
milling process.

Fig. 3 shows the XRD patterns of the composite powders synthesized
by one step method and obtained after the calcination at 650 and
900 °C for 10 h. In the first case, XRD profile shows broad reflections
that are features of a low crystallinity. Then, after calcination at 650 °C
it is evident the peak reflections of the fluorite phase but the perovskite

phase reflections are not observed, suggesting that the perovskite phase
may have not been completely crystallized at 650 °C. However, the
sample heated at 900 °C shows the presence of both, the fluorite and
perovskite phases. Although most of the perovskite reflection peaks
overlaps with the fluorite reflections, the (211) and (002) perovskite
reflections are clearly identified. Moreover (200) fluorite reflection may
be enhanced due to the overlapping of the most intense reflection (220)
of the perovskite. In both samples, no impurities were observed,
therefore, the SDC and SSAF phases present in the composite shown
chemical compatibility.

Depending on the synthesis pathway there are certain differences
between the mixed and the one step method samples. In this sense a
structural analysis of the samples was carried out by Rietveld refine-
ment. The cubic fluorite structure SDC was modeled the FM3M (225)
space group, while the SSAF cubic structure was analyzed with the PM-
3M (221) space group. Tables 1 and 2 shows the initial crystallographic
data for all the crystalline phases and their Rietveld refinement results,
respectively. The results in Table 2 does not show remarkable differ-
ences between the unit cell parameters of SDC in the three different
samples. In other words, the Sm3+ doping was not affected by the
synthesis pathway in fluorite phase. On the other hand, both the SSAF
cell parameter and cell volume exhibited slight differences between the
different composite samples in comparison with the single sample.
Despite more cations are involve in the SSAF phase case, and the evo-
lution of this structure should be more complex; the observed changes
can be explained considering that the average cell parameter of the unit
cells was affected by the atomic substitution of the species in the

Fig. 1. Representative scheme of the home-made permeation set-up.

Fig. 2. XRD patterns of SDC, SSAF and composite samples. (°) SDC fluorite diffraction
peaks (PDF43-1002 file) and (*) SSAF perovskite diffraction peaks (PDF 28-1227 file).

Fig. 3. XRD patterns of the one-step samples after their synthesis at two different tem-
peratures of calcination. (*) perovskite diffraction peaks (PDF 28-1227 file) and (°)
fluorite diffraction peaks (PDF 43-1002 file).

Table 1
Initial crystallographic information used for the Rietveld refinement method.

Space
group

Cell
parameters

Atomic positions

a(Å) Atom (site
Wyckoff)/
occ

x (fracc.) y (fracc.) z (fracc.)

SDC FM-3M
(225)

5.4110 O (a) 1 1/2 1/2 1/2
Ce/Sm (c)
0.85/0.15

0 0 0

SSAF PM-3M
(221)

3.856 Sr/Sm (b)
0.6/0.4

1/2 1/2 1/2

Fe/Al (a)
0.3/0.7

0 0 0

O (d) 1 0 0 1/2
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perovskite sites A and B. In the case of the mixed sample the volumetric
change was negligible, but in the one-step sample the Fe3+

( =+r 0.64ÅFe3 ) substitutes to Al3+ ( =+r 0.5ÅAl3 ) and Sm3+

( =+r 0.96ÅSm3 ) replaces to Sr2+ ( =+r 1.13ÅSr2 ) producing a total
average dimensional change of 0.78% (relatively to the unit cell of the
single sample), which is in agreement with the volume change calcu-
lated by Rietveld refinement. Furthermore, regarding the theoretical
composition of the composite, the SDC and SSAF weight percent
showed a deviation from the nominal 75–25 wt%, which is specially
observed in the one-step composite. In the case of the one-step sample,
the high error detection of SSAF could be attributed to the formation of
small crystallites and its homogeneous distribution into the SDC ma-
jority phase, as result of the nucleation and growth processes. There-
fore, the detection by XRD of those small SSAF structures is hindered by
the fluorite phase.

The scanning electron microscopy images (Fig. 4) show the effect of
the preparation method of the single and composite samples. These
images evince the obtaining of different morphologies, particle size
distributions and the presence of aggregates. Fig. 4a shows pristine SDC
powders, forming plate particles of around ~ 6 µm. The Fig. 4b shows
the SSAF powders with an irregular shape, having a particle size of ~
2 µm. The mixed composite sample shows a slightly more homogeneous
particle shape and narrow particle size distribution (Fig. 4c). These
features were attributed mainly due to the ball mill effect. On the
contrary, Fig. 4d shows the one step composite sample, which exhibits a
polyhedral heterogeneous distribution of particles with an average

particle size smaller than 2 µm.
The thermal and chemical stability tests were performed for the

mixed and one step composite disk samples. This analysis was per-
formed in order to determine the stability of the SDC-SSAF composites
under a CO2 rich atmosphere and elevated temperatures like the ex-
pected operation conditions for a dual-phase membrane. Fig. 5 shows
the XRD patterns after the thermal treatment at different temperatures
of both composite samples. Fig. 5a shows the XRD patterns of the one-
step sample heated between 900 and 1100 °C. These XRD patterns show
a high thermal stability of the composite, as it was not observed the
presence of any secondary phase. Therefore, this composite is stable
and its components are compatible each other at high temperatures. On
the contrary, Fig. 5b shows the corresponding XRD patterns of the
mixed sample, where it was evidenced the formation of secondary
phases; samarium oxide (SmO), iron oxide (Fe2O3) and other

Table 2
Rietveld refinement results of the one-step, mixed and single samples after synthesis.

One-step Mixed Single SDC
(900 °C)

Single SSAF
(900 °C)

Rwp (%) 5.64 5.69 7.49 4.2
χ2 1.10372 1.1201 1.2442 1.28049
SDC a (Å) 5.4371(5) 5.4310(6) 5.4311(1) –

Vol. cell
(Å3)

160.73(4) 160.19(5) 160.17(1) –

wt% 78(1) 73(2) 100 –
SSAF a (Å) 3.873(1) 3.8404(7) – 3.8450(4)

Vol. cell
(Å3)

58.10(5) 56.64(3) – 56.84(2)

wt% 22(1) 27(2) – 100

Fig. 4. SEM images of the ceramic powders: pristine phases a)
SDC and b) SSAF, c) mixed sample and d) one-step sample.

Fig. 5. XRD patterns of the a) one-step and b) mix disk samples at different sintering
temperatures. Lower vertical marks (*) perovskite diffraction peaks (PDF 28–1227 file)
and upper vertical marks (°) fluorite diffraction peaks (PDF43-1002 file). Secondary
phases corresponding to (†) SmO, (°) Fe2O3 and (♦) unidentified.

O. Ovalle-Encinia et al. Journal of Membrane Science 547 (2018) 11–18

14



unidentified peaks. Therefore, the mixed composite seems to be less
thermally stable than the one step sample.

The aforesaid XRD patterns were analyzed by the Rietveld method,
thus the samples structural parameters were examined. The cell para-
meters of SDC and SSAF phases in the one-step sample did not pre-
sented remarkable differences among the samples heat treated at dif-
ferent temperatures (Fig. 6a). Besides, the total weight percent of the
phases in this composite showed no significant variation as a function
of the temperature (Fig. 6b). On the other hand, while the cell para-
meters of the SDC in the mixed composite did not show noticeable
changes (change lower than 0.17%) by effect of the temperature, it can
be seen how the SSAF cell parameter changed 0.70% (Fig. 7a), which is
in agreement with the total average dimensional change of 0.78%
mentioned previously. Also, the total weight percent of this phase, in
the composite, changed remarkably as the calcination temperature in-
creased (Fig. 7b). For example, the total constituents were calculated as
89.6(8), 1.5(1), 2.8(2) and 6.1(9) wt% of SDC, SSAF, SmO and FeO
respectively (the last two measurements are not shown in the graph),
when the sample was heat treated at 1000 °C. Moreover, at 1100 °C it
was observed that the amount of secondary phases increased. In fact,
the SmO and FeO reache 5.4(2) and 8(1) wt%, respectively. Based on
the above, it was evidenced that the perovskite in the mixed composite
is prone to thermally decomposed mainly into the aforementioned
oxides, and the rest of the cations might be forming unidentified phases
or become dopants in the other oxides. As the composite mixed sample
was prepared by ball milling using a high energy ball mill apparatus;
the observed instability of the sample was attributed to the sample
mechanical activation during the milling process. Actually, this kind of
milling process is able to promote not only mixing or particle size re-
duction, but chemical reactions.

Based in all the previous results, the mixed sample was discarded
due to its lower thermal stability in comparison to the one-step sample
and only the later one was evaluated for CO2 stability. For this test,
sample was exposure to a saturated CO2 atmosphere (100%) between
900 and 1100 °C during 20 h. Fig. 8 shows the XRD patterns of the
samples after such a test, where the results only showed the presence of
SDC and SSAF crystalline phases, evidencing their thermal and che-
mical stability.

3.2. Dual-phase membrane preparation and stability test

As it was already mentioned at the experimental section, membrane
supports were prepared by pressing and sintering the composite pow-
ders. Fig. 9a shows the scanning electron microscopy image of a com-
posite disk support sintered at 1100 °C. The image obtained with
backscattered electrons shows the support porosity, which is about
48.6 vol% of the solid phase. The open porosity value was estimated
following the immersion Archimedean method [23]. Then, the pellet
was impregnated with molten carbonates to form the dense dual-phase
membrane made of composite-molten carbonates, (Fig. 9b). Dark zones
correspond to carbonates, while the grey zones are the composite par-
ticles. The resulted ceramic-carbonate dense membrane did not show
cracks, and a homogeneous distribution of the components wherein the
carbonate fills up the initial open porosity.

In order to evaluate the stability between the SDC-SSAF ceramic and
the molten carbonates at high temperatures, the prepared dense
membrane was analyzed by thermogravimetry under a saturated CO2

atmosphere (100%). Fig. 10a shows the TG curve, which reveals two
slight mass variations. An initial mass increment (0.2 wt%) take place
between 320 and 500 °C and it can be attributed to the carbonates fu-
sion and equilibrium processes, as the sorption can be performed with
the ternary carbonate mixture due to its lower melting point (397 °C).
Then, a second process was observed, a decrement of 0.7 wt%, at
temperatures higher than 700 °C and it can be attributed to both, the
partial decarbonation process and the potential release of oxygen from
the ceramic phase under the low oxygen partial pressure. Although, the
membrane presents such a small total loss of mass (~ 0.5 wt%), the
XRD pattern of the sample after the stability test shows structural sta-
bility of the material, as no other crystal phases were detected
(Fig. 10b). Once again, the diffraction peaks were only indexed with
SDC and SSAF phases and there were not diffraction peaks corre-
sponding to the carbonates, as they were composed of lighter elements
and exhibits low diffraction intensities. Moreover, there is not any

Fig. 6. Rietveld refinement results of the one-step sample sintered at different tempera-
tures.

Fig. 7. Rietveld refinement results of the mixed sample sintered at different temperatures.

Fig. 8. XRD patterns of one-step disk samples sintered at different temperatures after the
CO2 stability tests. Lower vertical marks (*) perovskite diffraction peaks (PDF 28-1227
file) and upper vertical marks (°) fluorite diffraction peaks (PDF 43-1002 file).
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evidences of reaction between carbonates and SDC or SSAF constituents
of the ceramic phase.

3.3. CO2 permeation test

Fig. 11 shows the He and CO2 permeation at high temperatures

(700–900 °C), where a CO2/He/N2 gas mixture was feed (15/15/70 vol
% mixture). As it can be seen, the helium permeability never exceeded
21 × 10−9 mol m−2 s−1 Pa−1. Moreover, helium leak tends to de-
creases to a minimum value of 3 × 10−9 mol m−2 s−1 Pa−1 once the
permeation temperature reaches 900 °C. This result is in agreement
with the fact that glass-ceramic seals, seats and reaches gas tight at high
temperature. It is important to have in mind that helium permeability
could be only caused by leaking through microstructural defects in the
membrane such as; unfilled pores, small cracks and remained porosity
in the seal. Therefore, to correct the CO2 permeation flux for any con-
tribution due to leaking (considering Knudsen flow), 0.3 times of the
helium permeability is subtracted from that of CO2 (Eq. (3)). As ex-
pected, the CO2 permeation flux tends to increase as the temperature
increases reaching a maximum value of 1.7 × 10−7 mol m−2 s−1 Pa−1

at 900 °C. It is an important result considering the low partial pressure
of CO2 used in the feed side (PCO2 = 0.15). The CO2/He selectivity was
calculated and it was equal to 40.

= −P P P0.3corrected CO He2 (3)

The results of the CO2 permeation tests with different feed gas
mixtures are shown in Fig. 12. As it was mentioned, the first test was
performed using a feed gas mixture composed by CO2/He/N2 and the
second test with a CO2/He/O2/N2 gas mixture; in both cases N2 was
used as a carrier and sweeping gas. As it can be seen, temperature
enhances the CO2 permeation through the membrane as the transport of
the involved species (O2-) through the dense bulk membrane is a
thermally activated process. Moreover, the oxygen addition in the feed

Fig. 9. Backscattered electron images of
one-step disk sample sintered at 1100 °C: a)
surface view of the support before impreg-
nation and b) cross sectional microstructure
of the dual-phase membrane.

Fig. 10. a) Dynamic thermogravimetric analysis in CO2 atmosphere and b) XRD pattern
after the thermogravimetric test of the dense ceramic-carbonate membrane.

Fig. 11. High temperature CO2 permeation of the dense membrane SDC-SSAF-molten
carbonate. The feed gas mix used was CO2/He/N2 (15/15/70 vol%).

Fig. 12. High temperature CO2 permeation of the dense SDC-SSAF-carbonate membrane
using different feed gas mixtures; a) CO2/He/N2 and b) CO2/He/O2/N2.
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improves the CO2 permeation process in the whole range of tempera-
tures studied. Thus, an electrochemical reaction may occur where the
oxygen species allow the production of CO3

2-. In this case, it is expected
that not only the oxygen ionic conductivity properties of the solid phase
are involved, but the electronic conductivity of the ceramic phase must
also contribute to the permeation process (reaction (4)). Therefore, the
mechanism proposed for the mixed-conducting ceramic oxide [24] can
be used to explain the observed increment in the permeation with the
presence of oxygen.

+ + ↔− −CO O e CO1
2

22 2 3
2

(4)

Fig. 13 shows the Arrhenius plot for CO2 permeation versus tem-
perature using different feed gas mixtures. The apparent activation
energies for permeation process are 160.7 and 110.6 kJ mol−1 for the
CO2/He/N2 and CO2/He/O2/N2 feed gas mixtures respectively. These
results show that oxygen addition decreases the activation energy for
the CO2 permeation.

The observed total O2 permeation (P )O
T

2 , is shown in the Fig. 14.
Oxygen permeation flux exhibits the typical temperature dependence
wherein the flux increases from 1.13 to about 1.65 ×
10−7 mol m−2 s−1 Pa−1 from 700 to 900 °C, respectively. In theory,

this total oxygen permeation also involves certain amount of O2 per-
meated by forming CO3

2- (PO
1

2 ), as describe in reaction (4). Therefore,
Eq. (5) was used to estimate the aforesaid contribution.

=
′′ − ′

P
P P

2O
CO CO1

2
2 2

(5)

where ′P CO2 and ′′P CO2 are the CO2 permeation using CO2/He/N2 and
CO2/He/O2/N2 feed gas mixtures respectively. Besides, in this specific
case, PO

1
2 first slightly increases with the increase of temperature from

700 to 850 °C and it seems to decrease at temperatures higher than
900 °C. The observed behavior could be explain due to the decrease in
electronic carrier concentration at elevated temperatures, which is in
fact a phenomenon frequently observed in Fe-based mixed conducting
perovskites showing metallic behavior at elevated temperatures [15].
Actually, the total conductivity data reported for the SDC-SSAF system
[18] is in the agreement with the present result. Then, at this elevated
temperature the ionic conduction prevails in both SDC and SSAF single
phases of the composite.

Table 3 Shows the CO2 permeability values of different dual-phase
membranes made of single perovskite and fluorite phases. The perme-
ability values observed for the SDC-SSAF based membrane studied here
is presented for comparative purposes.

Finally, in order to elucidate the thermal and chemical stability of
the studied system, the tested membrane was analyzed by XRD tech-
nique. Fig. 15 shows the XRD patterns of samples before and after the
CO2 permeation tests. The analysis of the sweep side of the membrane
does not show the formation of secondary phases that suggest its sta-
bility. On the other hand, in feed side case, results show the formation
of Al8K8O16 COD (Crystallographic Open Database) number 96-210-

Fig. 13. Arrhenius plots of the CO2 permeation test at high temperatures, using different
gas mixtures; a) CO2/He/N2 and b) CO2/He/O2/N2.

Fig. 14. Total O2 permeation (PO
T

2 ) and O2 permeated by forming CO3
2- (PO2

1 ).

Table 3
CO2 Permeability values observed for different dual-phase membranes made of single
perovskite and fluorite phases.

Composition Temperature (°C) Permeability
mol m−1 s−1 Pa−1

Ref.

Ce0.8Sm0.2O2 700 3.53 × 10–11 [25]
Y0.16Zr0.84O2 650 2.4 × 10–13 [12]
Bi1.5Y0.3Sm0.2O3 650 5.5 × 10–13 [26]
La0.6Sr0.4Co0.8Fe0.2O3 700 3.0 × 10–12 [15]
La0.85Ce0.1Ga0.3Fe0.65Al0.05O3 900 4.5 × 10–12 [16]
SDC-SSAF 700 1.82 × 10−10 This

work

Fig. 15. XRD data of dense SDC-SSAF-carbonate membrane sintered at 1000 °C; a) before
CO2 permeation test, b) sweep side after CO2 permeation test and c) feed side after CO2

permeation test. φ and χ are the Al8K8O16 and Al2K2O4 formed phases.
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5209 and Al2K2O4 COD 96-210-5202. The formation of these secondary
species was attributed to the use of the ceramic sealing. Actually, this
kind of sealing is an experimental limitation to carry out long stability
tests in membranes because of both, the contamination of the mem-
brane and the presence of leaks after short times at elevated tempera-
tures. Further research must be accomplished in order to elucidate the
effect of longer operation times on the stability of this kind of mem-
branes.

Based on all the above, the studied composite present good qualities
for the preparation of thermally and chemically stable ceramic-molten
carbonates dense membranes exhibiting high CO2 permeation with or
without the presence of oxygen in the feed gas mixture. In this case, the
ceramic phase is made of a fluorite phase (ionic conductor) and a
perovskite (ionic-electronic conductor) which can transport oxygen
ions, while the CO3

2- is permeated through the molten carbonates.
Additionally, in this system, O2 tends to increase the CO2 permeation
due to a faster anionic process produced into the composite by the
contribution of the perovskite electronic properties, which does not
obstruct the CO2 permeation.

4. Conclusions

The Ce0.85Sm0.15O2-Sm0.6Sr0.4Al0.3Fe0.7O3 composite powders were
synthesized by one-step and mixture method using the EDTA-citrate
complexing method. Composite supports in a disc shape were prepared
and sintered, but only the composite synthesized by one-step method
presented thermal and chemical stability in air and CO2. Moreover,
using the composite prepared by the one-step method, dense mem-
branes were successfully fabricated by direct infiltration of molten
carbonates. The CO2 permeation tests at high temperatures were per-
formed, first using a feed gas mixture composed by CO2/He/N2 and
then with a CO2/He/O2/N2 gas mixture. In both cases, N2 was used as
carrier and sweeping gas. It was observed that the CO2 separation
mechanism, in the latter case was assisted by providing more oxygen
species due to the reaction between the feed O2 and the perovskite
electrons which increase the total CO2 permeation. Prepared mem-
branes exhibit high CO2/He selectivity values of 40. Furthermore, re-
sults suggest that membranes are thermally and chemically stable.
Finally, further research must be done on this membrane system in
order to elucidate its long-term stability performance as well as to en-
hance the observed permeation flux. In the later case, both membrane
thickness and microstructural control are potential fields of study.
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