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yttrium-doped SDC ceramic-carbonate dual-
phase membranes
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This work presents the synthesis and evaluation of ceramic supports made of yttrium and samarium co-
doped CeO, (Y-SDC) for synthesizing ceramic-carbonate dual-phase membranes. Their Y:Sm atomic
concentration ratio was varied, using a total dopant content of 20 mol%. The Y-SDC supports were
characterized by X-ray diffraction, scanning electron microscopy, thermogravimetric analysis, and electrical
conductivity under different atmospheres, for determining the chemical and thermal stability and the
intrinsic properties of the ceramic supports. The supports were infiltrated with molten carbonates for
making dense dual-phase membranes, and CO, permeation tests were conducted using a feed gas
mixture of CO,/N, between 700 and 900 °C at 1 bar. This study establishes that Y-SDC supports are
thermally and chemically stable at high temperatures in acid environments. The ionic conductivity of
Y-SDC depends on the O, partial pressure and yttrium content. The CO, permeation flux results of the
dense ceramic-carbonate dual-phase membrane are correlated to the ionic conductivity of Y-SDC.
Moreover, the CO, permeation is improved by tailoring the membrane microstructure.

Introduction

Nowadays, there is not any doubt that CO, emissions are one
of the most critical problems around the world, from
environmental and energetic points of view." The
anthropogenic CO, concentration is increasing in the
atmosphere, so does the greenhouse effect. Based on this
threatening problem, in the last three decades, different
research groups have studied and implemented different
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ideas, developing new materials and designing efficient and
eco-friendly systems and processes for reducing CO,
emissions.”” Within this context, CO, carbon capture and
sequestration (CCS) technology has gained lots of interest in
the last few years, as it seems to be a promising contribution
to the whole solution.®® CCS is a technology able to trap up
to 90% of the CO, emitted to the atmosphere from different
industrial sources such as those involved in electricity
generation, among other industrial processes.*®’

In fact, among different CO, capture processes, pre-
combustion capture has attracted the attention of several
research groups for mitigating CO, emissions at the industrial
scale.”'® In this case, the gasification of fossil fuels is
performed to produce synthesis gas (syngas), which is a CO
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and H, mixture. Syngas reacts with steam to produce a stream
of CO, and H, through the water gas shift reaction (WGSR).
The CO, and H, formed are separated using perm-selective
membranes. Extensive efforts have been made to develop
porous membranes for CO, separation, but these systems work
at low temperatures."'"* Recently, dense ceramic-carbonate
dual-phase (CCDP) membranes were proposed as an alternative
for pre-combustion CO, capture in the integrated gasification
combined cycle (IGCC) process at high-temperature,'* where
these membranes can work as reactors for H, production and
CO, separation/capture. Furthermore, CCDP membranes have
theoretically infinite CO, selectivity, making the whole process
mentioned above more efficient.

Several research groups'®>® have reported this type of
inorganic membrane. The CCDP membranes are composed
of a porous ceramic phase infiltrated with an alkaline molten
carbonate mixture. Each part has specific purposes: i) the
ceramic phase works as a support, but it also works as an
oxygen ion conductor, and ii) the molten carbonate phase
drives the carbonate ions from the upstream to the
downstream side due to a CO, partial pressure
gradient,'>'®192924728 O the feed side of the membrane, the
CO, is chemically incorporated into the molten carbonate
phase, by reacting with one oxygen ion from the ceramic
phase, forming carbonate anions (CO;>7), as shown in
reaction (1). The carbonate ions are diffused through the
molten phase, to the downstream side of the membrane. On
the permeate side, the CO,*  anions are decomposed,
releasing CO,, whereas the oxygen anions are reincorporated
into the ceramic phase,'>?*2939733

CO, + 0*” — CO3* (1)

In recent years, cerium-based CCDP membranes have
been studied for CO, separation due to their high oxygen ion
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conductivity at high temperatures,®** in addition to other
ceramic materials.>® For instance, samarium- and
gadolinium-containing ceria compositions have shown some
of the best oxygen conductivity values at 900 °C: 0.177 S cm™*
and 0.125 S em™',*” respectively. Correspondingly, the CCDP
membranes made of these ceramics showed CO, permeation
fluxes of 3.6 x 10~ mol s™* m™ for Sm-CeO, and 1.6 x 10~
mol s m~> for Gd-CeO, cases."®*® Another system with high
oxygen conductivity is Y-doped ceria (YCO), in which the
ionic conductivity value is around 0.1 S cm™.?” Moreover, it
must be pointed out that these results are in agreement with
the total conductivity of the ceramics, although the
microstructural properties are also involved in membrane
performance.

In order to develop new cerium-based materials
containing different cations as dopants and co-dopants
their heterogeneity and mobility must be enhanced. Based
on this, in the present work, the utilization of yttrium as a
co-dopant element in the samarium doped ceria (Y-SDC)
system for acquiring high oxygen ion conductivity and
obtaining relatively high CO, permeation fluxes for CCDP
membranes is proposed. Hence, Y-SDC with different
yttrium molar contents was characterized by different
structural and microstructural techniques to determine
their chemical stability. Moreover, Y-SDC conductivity
measurements were obtained, analyzed and correlated with
the CO, permeation results obtained from the Y-SDC-
molten carbonate membranes. Thus, the synthesis and
analysis of this new ceramic-carbonate dual-phase
membrane represents an innovation for the future
implementation of this kind of system at an industrial
level.

Experimental section

Yttrium and samarium co-doped CeO, samples, with
compositions of Ce,gY,,0,-5 (20YCO), CepgY0.155M0 0505-5
(15Y-5SDC), CegsY0.1SMo 10, 5 (10Y-10SDC) and Cey Yo o5
Smy 150,-5 (5Y-15SDC) were synthesized via the EDTA-citrate
complex method.**?° Additionally, the Sm-doped CeO, (Ce, g-
Smy 0,5, 20SDC) sample was synthesized using the same
chemical procedure for comparison purposes. The
corresponding stoichiometric amounts of metal nitrate
precursors Ce(NO3)3-6H,0 (99.0%, Sigma-Aldrich),
Sm(NO;);-6H,O0  (99.9%, Sigma-Aldrich), Y(NO;);-6H,0
(99.8%, Sigma-Aldrich) and anhydrous citric acid (99.0%,
Sigma-Aldrich) were fully dissolved in deionized water,
followed by addition of EDTA (98.5%, Baker A.C.S. Reagent),
which was previously dissolved in ammonium hydroxide
(28.0-30.0%, Baker A.C.S. Reagent). In all cases, the EDTA:
citric-acid : total metal cation molar ratio was established as
1:1:1. Then, the pH was set around 7-8 by adding
ammonium hydroxide. The solution was heated to 90 °C to
form a gel, which was heat-treated at 300 °C. At this
temperature, the gel self-ignited, removing all organic matter
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by combustion. The resulting powders were further calcined
at 600 °C for 10 h.

The porous supports were manufactured by uniaxial
pressing and subsequent incipient sintering of the different
calcined powder samples. Each sample was mixed with
polyvinyl alcohol (PVA, 1 wt%) and pressed at 55 MPa for
20YCO and 10Y-10SDC and 97 MPa for 15Y-5SDC and 5Y-
15SDC. The green-disk samples of 15Y-5SDC, 10Y-10SDC and
5Y-15SDC were sintered at 1100 °C for 10 h, while the 20YCO
support was sintered at 1000 °C for 10 h. The sintered
supports with a 20 mm diameter and a thickness of 2 mm
presented an average porosity of 35% and showed good
mechanical strength. Finally, CCDP membranes were
prepared by direct infiltration of the porous support with the
eutectic molten carbonate mixture of Li,CO3;/Na,CO3/K,CO;
(42.5/32.5/25.0) at 600 °C."° After the membrane infiltration
and cooling down processes, residual carbonate in both
membrane surfaces was removed using different SiC
polishing papers.

The crystal phase identification of the sintered porous
supports and CCDP membranes was performed by X-ray
diffraction using a D5000 diffractometer, from SIEMENS, with
a Co-Ka (1.7903 A) radiation source operating at 34 kv and 30
mA. Each sample was measured in the 2-theta (260) range of
15-80°. The average crystallite size and lattice parameters of
all the prepared samples were calculated using the full width
at half maximum (FWHM) and 26 of the most prominent
X-ray diffraction peaks by means of the Scherrer equation and
Bragg's law, respectively. The membrane morphology was
analyzed using scanning electron microscopy (SEM), which
was performed on a JEOL JMS-7600F equipment. The porosity
of the ceramic supports was measured by the Archimedes
method using liquid nitrogen.** Helium permeance was used
to calculate the ratio of porosity to tortuosity for
interconnected pores of the porous supports.®® Additionally,
dynamic and isothermal thermogravimetric analyses (TGA)
were performed to elucidate the thermal stability of the
ceramic-carbonate membranes. These analyses were
produced using Q500HR equipment (TA Instruments).
Initially, samples were heat-treated with a heating rate of 5 °C
min~" from room temperature to 900 °C. These analyses were
carried out using a gas mixture stream of 60 mL min~' CO,
(Praxair, grade 3.0) or 40 mL min™" N, (Praxair grade 4.8).
Then, isothermal analyses were performed at 900 °C for 20 h
under a saturated CO, atmosphere.

High-temperature CO, permeation measurements were
performed between 700 and 900 °C using a homemade
permeation set-up reported elsewhere.*® Gas-tight sealing at
high temperatures was attained using a ceramic paste.** The
seal was made by grinding 40 wt% Y-SDC powder, 50 wt%
Pyrex powder, and 10 wt% Al,0;-Na,O with deionized water.
The ceramic paste was applied on the edge of the upper side
of an alumina tube, and the membrane was slightly pressed
to join it to the alumina tube. Then, the gas-tight system was
obtained by installing a larger alumina tube. The set-up was
heated to 900 °C at 1 °C min™" to achieve gas-tight sealing.

React. Chem. Eng., 2021, 6, 321-334 | 323
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Gas-tightness was achieved by measuring the N, amount in
the permeate side; all the CO, permeation experiments were
carried if leakage was not detected or was negligible. The feed
gas mixture was CO,/N,/Ar (15/15/70 mL min™') at 1 atm, and
argon gas was used as sweep gas in the downstream side of
the membrane. A nitrogen leak of at least 7 x 10> mol s~ m™>
was attributed to defects in the ceramic seal (data not shown),
which can be considered as a viscous flow through a
microporous media, described by the Knudsen mechanism.
Based on this, the CO, permeation fluxes were corrected due
to the leakage through these defects. The permeated gases
were analyzed with a GC-2014 gas chromatograph (Shimadzu)
equipped with a Carboxen-1000 column.

The electrical properties of the different supports (before
the carbonate infiltration process) were measured using the
two-point technique in DC and AC modes. These experiments
were performed in order to mainly elucidate the oxygen
conduction modifications present on the Y-containing
samples, as part of the characterization process. Colloidal
platinum electrodes (Tanaka Kikinzogu Kogyo K. K.) were
deposited over both support surfaces, then were dried and
annealed at 600 °C for 3 hours. Measurements were
performed between 800 and 600 °C inside a quartz cell using
a vacuum, and different oxygen-containing atmospheres (dry
air and oxygen), in order to promote the oxygen conductivity
analysis. The temperature of the samples was monitored with
a K-type thermocouple. A steady-state of 1 h was achieved
before every measurement. The DC resistance was measured
with a 6514 system electrometer (Keithley), while the
impedance data were collected with a precision impedance
analyzer 6500B (Wayne Kerr Electronics). Impedance spectra
were measured in the 40-10 MHz range and modeled with
the Zview® software using RC models. The electrical
conductivity was fitted to an Arrhenius type model to
calculate the activation energy for electrical transport.

Results and discussion

Fig. 1A shows the XRD patterns of the Y-containing sample
powders calcined at 600 °C, and the supports sintered at

View Article Online
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high-temperature (Fig. 1B). The single CeO, (04-0593 PDF
file) of the fluorite type-structure was identified in all the
X-ray diffraction patterns. Considering the XRD equipment
resolution, no secondary phases containing samarium or
yttrium were detected. It must be mentioned that there are
several Y-containing CeO, crystal structures reported in the
literature,**™*® all of them exhibit the same crystalline cubic
system of CeO,, with slight changes in cell parameters due to
cation substitution. A similar XRD pattern was obtained for
the SDC sample (data not shown). Moreover, two specific
points must be noticed. i) After the sintering process, the
crystallite size increased ~300% in comparison to the green
bodies. These values were calculated using the Scherrer
equation. It is evidenced by the sharp diffraction peaks
presented by the sintered samples (supports) as shown in
Table 1. ii) The lattice parameter a was determined for the Y-
Sm-containing CeO, samples, obtaining similar results to
those reported for CeO, (5.4113 A).

The CeO, cubic cell parameter decreased by adding pure
yttrium, while samarium doping slightly increased the cell
volume (only the 10Y-10SDC sample did not follow this
trend). The ionic radius difference can explain the crystal cell
behavior; Ce*" has an ionic radius of 0.97 A, while the ionic
radii of Sm®" and Y*" are 1.08 and 1.02 A, respectively. Thus,
the increase of the samarium radius causes an increase of
the cell parameter. Moreover, yttrium and samarium co-
doping produces anionic vacancies, as the CeO, crystal
electron-neutrality is compensated by oxygen release,
modifying the unit cell size as well (reaction (2), where M =
Sm or Y). Thus, the magnitude of the unit cell volume
changes due to the expansion mainly produced by samarium
atoms combined with the spatial contraction produced by
oxygen vacancies.

M,0; + 2Cef, — 2M¢e + Vi, + 305, )

The ceramic supports were fabricated at different
temperatures and pressures to achieve similarities in the
pore distribution, as it is a critical issue on this kind of
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Fig. 1 XRD patterns of (A) Y-Sm-codoped CeO, powders calcined at 600 °C and (B) Y-Sm-codoped CeO, ceramic supports sintered at 1000-
1100 °C. The CeO, 04-0593 PDF pattern was included for comparison purposes (black lines at the bottom of both frames).
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Table 1 Crystal structural parameters for green bodies and sintered Y and Sm containing SDC samples

Average crystal size (A)

Lattice parameter a (A)

Composition Synthetized powder Sintered sample Synthetized powder
20YCO 114 377 5.3977
15Y-5SDC 112 412 5.4198
10Y-10SDC 88 391 5.3914
5Y-15SDC 103 465 5.4293

Table 2 Preparation conditions and microstructural parameters obtained from helium permeation for the Y-Sm-codoped CeO, disk-shaped supports

Composition Temp. (°C) Pressure (MPa) R? dpore (NM) Porosity & (%) (e/7)pore T

20YCO 1000 55 0.99 23 38.6 0.31 1.25
15Y-5SDC 1100 97 0.99 108 30.4 0.04 7.60
10Y-10SDC 1100 55 0.98 63 39.5 0.33 1.20
5Y-15SDC 1100 97 0.95 162 34.2 0.06 5.70

system. The porosity (¢) and porosity to tortuosity ratio
(defined as the microstructural geometric factor, (e/7)pore)
were calculated using the Archimedean principle in liquid
nitrogen and helium permeation test at room temperature,
respectively. Table 2 presents the sintering temperature and
pressure used for making the disk-shaped supports. Also, the
¢ and the (g/7)p0re ratio for all the samples are shown. The
geometrical factor of pores was calculated using the helium
permeance vs. average pressure shown in Fig. 2. Considering
that helium gas permeation through macroporous ceramic
support can be modeled as a viscous flow and Knudsen
diffusion mechanism, as reported elsewhere,*® (&/7)pore Was
estimated by computing the slope and intercept of the linear
regression in Fig. 2. As can be seen, the 20YCO ceramic
support was thermally treated at 1000 °C, while all the co-
doped samples were thermally treated at 1100 °C. In other
words, it seems that Y but mainly Sm doping processes seem
to be the limiting factor in the sintering behavior of Y-SDC
samples and correlated to different preparation conditions,
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Fig. 2 Helium permeance versus average pressure for the Y-Sm-
codoped CeO, ceramic supports.

This journal is © The Royal Society of Chemistry 2021

such as temperature and pressure. All the samples presented
porosities of around 35 + 4.5%.

Besides the different Y and Sm compositions, the pressure
and sintering temperature used for making the disk supports
produced different densification behavior. Also, pore
structure distribution as a function of dopants is a more
complex process due to the differences in the activation
energy for the sintering process. So, the results in Table 2 are
presented as a function of porosity. As shown in Fig. 2,
helium permeance increases as the porosity increases for the
samples doped with Sm. Also, the (&/7),0r. ratio increases with
porosity. Unlike the geometrical factor of pores, the
tortuosity, estimated using the porosity and (&/7)pore Tatio,
decreases as porosity increases. Lower tortuosity means
better pore interconnection and more effective molten
carbonate infiltration for making a dense membrane.
Moreover, a higher (e/7)pore ratio implies higher effective
molten carbonate conductivity, in other words, higher
carbonate ion transport, as reported elsewhere.'® In regard to

Fig. 3 SEM images of the cross-section of (A) 20YCO, (B) 15Y-5SDC,
(C) 10Y-10SDC and (D) 5Y-15SDC ceramic supports.
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Table 3 Elemental dispersive spectroscopy X-ray (EDS) values obtained from the different Y-Sm-CeO, samples

Ce (at%) Sm (at%) Y (at%) O (at%)
Composition EDS Nominal EDS Nominal EDS Nominal EDS Nominal
20YCO 29.1 26.7 — — 7.1 6.7 63.8 66.7
15Y-5SDC 30.5 26.7 0.00 1.7 6.0 5.0 63.5 66.7
10Y-10SDC 29.3 26.7 4.7 3.3 3.6 3.3 62.4 66.7
5Y-15SDC 25.6 26.7 4.6 5.0 1.8 1.7 67.9 66.7

the 20YCO sample, it presents a similar porosity to 10Y-
10SDC, and according to our previous analysis, this sample
also shows such (&/7)pore and 7 of 10Y-10SDC. However,
helium permeance is slightly lower for 20YCO than that for
10Y-10SDC. This result involves more variables related to
the average pore size and the sintering stage of the
supports. The lower helium permeance means smaller
average pore size, which does not affect the (¢/7)pore ratio,
but it does affect the resistance of gas permeation through
macroporous media.

The microstructure of the sintered supports
analyzed by SEM. Fig. 3 shows the secondary-electron cross-
section images of all sintered ceramics. For all these cases,
the showed agglomerated polyhedral
particles with a macroporous structure. The average particle
size of 20YCO and Y-SDC supports was around 0.1 and 0.2
um, respectively, due to the different sintering temperatures
discussed above. Also, the images show similarities in the
pore distribution between samples. Between 20YCO and
10Y-10SDC, there is a slight difference in average pore size,
where the last one has a bigger average pore size than the
first one. This qualitative comparison proves the differences
of helium permeance for these samples, as discussed
above.

Additionally, a semi-quantitative energy dispersive
spectroscopy (EDS) analysis was performed on these samples
to corroborate the average elemental composition and atomic
distribution (Table 3). The results show that the obtained
atomic percentage values are similar to the nominal values,
confirming homogeneity of the phase. The characteristic
X-ray emission from samarium was undetected for the 15Y-
5SDC sample, because of the correlation and detection limits
of this technique, as the corresponding EDS spectrum did
show its energy band presence (data not shown). Moreover,
the thermal stability of all the ceramic supports was
evaluated by thermogravimetric analysis using N, and CO,
saturated atmospheres (data not shown). It must be pointed
out that none of the ceramic supports presented a weight
loss higher than 0.6 wt% between 30 and 900 °C, in both
atmospheres, showing high stabilities.

The DC electrical conductivity, for all the supports
including the SDC sample for comparison purposes, was
measured using different environments, air, oxygen, and
vacuum, between 800 and 600 °C, in order to elucidate the
oxygen conduction modifications present on the Y-containing
samples. The obtained results are shown in Fig. 4, where
several Arrhenius-type plots are represented. The electrical

was

microstructures
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conductivity in air and oxygen atmospheres was measured in
order to promote the oxygen ionic conduction processes. The
Y addition seems to stabilize the oxygen ionic conductivity in
the whole temperature range, something not totally depicted
by the 20SDC sample. In the last case, the oxygen ionic
conductivity importantly decreases as a function of
temperature when the oxygen concentration is low. Among
the Y-containing samples, the results displayed similar values
in most of the samples, where only the 10Y-10SDC sample
behaved differently. This inconsistency can be attributed to
the microstructural differences presented by this specific
sample. There is a significant increase in the sample's
conductivity in oxygen-rich atmospheres (air and oxygen) in
comparison to that obtained in a vacuum (650 Pa). These
results suggest a significant ionic contribution to electrical
transport. According to the ionic transport equation, the
behavior depicted in these plots must be linear (eqn (3)). In
contrast, another complex electrical transport process should
be involved.

In(oT) = —% (%) + Ina 3)

Despite DC results, it is well known that yttrium-
containing ceria displays mixed electrical properties,**™* and
it must be considered that this feature is present on these
compounds. Thus, in order to elucidate the electrical
transport mechanism, AC impedance measurements were
performed under the same DC conditions. The impedance
spectra displayed both resistive and capacitive behaviors, as
it can be observed in Fig. 5, where the Nyquist plots are
shown for the experiments performed under vacuum as an
example of all the systems analyzed.

In the Nyquist plots in Fig. 5, it is possible to appreciate a
lower AC impedance for the samples with high yttrium
content (15Y-5SDC and 20YCO samples). Moreover, the R-RC
model was used to determine the electronic and ionic
contributions according to a mixed conductor model.***° In
this scenario, the electronic resistance (Re) can be reached
by DC resistance or by Z' at @ = 0 limit, which is R; + R, from
R-RC equivalent circuit used by fitting the AC impedance
spectra. Additionally, R, is related to R and ionic resistance
(Rion), according to eqn (4), the R, value is Z’ at @ = o limit,
which represents mixed electrical conduction. The grain
boundary contribution in ionic resistance was neglected due
to the particle size (0.1-0.2 pum), and only bulk ionic
contribution was considered in ionic resistance.

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 DC electrical conductivity of all the support samples measured between 800 and 600 °C using different atmospheres (vacuum, air and

oxygen).

Rele = Rpc = R1 + R,
1 1 1 (4)
Rion Ry Rele

Tonic and electronic conductivities were calculated from
Rele and Rj,, values for each electrical measurement. Fig. 6

This journal is © The Royal Society of Chemistry 2021

shows each electrical conductivity measurement in an
Arrhenius-type plot for the 20YCO sample performed in a
vacuum, and air and oxygen atmospheres. It can be seen that
20YCO behaved as a mixed conductor regardless of the
atmosphere used. However, ionic and electronic
contributions are similar only under vacuum conditions
(Fig. 6A), whereas the sample showed a significant electronic
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Fig. 5 Impedance spectra in Nyquist plots of all the support samples measured in a vacuum within the 800-600 °C range.

conductivity. Although a high oxygen-containing atmosphere
triggers the ionic conductivity in the 20YCO sample, the
electronic contribution controlled the electrical transport at
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Fig. 6 Electrical conductivity contributions (electronic in fill-black squares and ionic in fill-red circles) for 20YCO obtained between 800 and 600

°C using different atmospheres; vacuum (A), air (B) and oxygen (C).

high temperatures. It is worth mentioning that all the
samples showed similar behaviors.

Fig. 7A and B show the ionic conductivity for all samples
studied in a vacuum and an oxygen atmosphere, respectively. It
can be seen as a thermally activated transport only under
vacuum conditions, in which the activation energy (E,) lies
between 0.46 and 0.75 eV (see Table 3). In an oxygen
atmosphere, this contribution decreased as the temperature
increased, and it was not suitable to calculate any E,. This
behavior could be the consequence of oxygen vacancy reaction
with O,, resulting in fewer charge carriers for this kind of
transport. Thus, in samples studied, ionic transport is significant
only in a vacuum and at low temperatures (T < 700 °C).
Additionally, the electronic conductivity is shown in
Fig. 7C and D under vacuum and oxygen conditions, respectively.
It can be seen as a thermally activated transport in all cases.

However, E, (calculated at T > 700 °C, where the electronic
contributions dominate) displayed lower values in an oxygen
atmosphere than in a vacuum (see Table 4). This indicates that
electronic transport must be modified when chemical
conditions are switched from vacuum to oxygen atmospheres.
In this scenario, under vacuum conditions, electrical transport
is the result of mixed ionic and electronic conduction. The
electronic carriers could be the result of partial reduction of

This journal is © The Royal Society of Chemistry 2021

samples under sintering conditions, whereas ionic carriers are
due to the chemical composition according to reaction (2).
Under oxygen and air conditions, O, could react with oxygen
vacancies according to reaction (5), yielding electronic carriers
as a result of material oxidation.

. 1 .
V0 +502—’0£+2h (5)

The oxidation-type electronic carriers must attenuate the
reduction-type ones, and then they govern the electronic
transport in an oxygen-rich atmosphere and at high
temperatures (7 > 700 °C). The aforementioned is congruent
with Fig. 7C and D, where the In(¢7) value at 800 °C of 2.95 for
20YCO in oxygen is shown, while in a vacuum it was reduced to
2.52. The sample oxidation reduces the oxygen vacancies
resulting in lower ionic transport, as can be seen in Fig. 7D.

The temperature where the electronic and ionic
conductivities reached the same magnitude (7*) is another
interesting property of these ceramics. Around 100 °C above
T*, the limiting-factor of the total conductivity is the
electronic conductivity. Otherwise, the ceramics displayed
mixed electronic-ionic properties. In the studied systems, T*
shifts to a higher value in the non-oxygen containing
atmosphere, and it decreases as a function of yttrium content

React. Chem. Eng., 2021, 6, 321-334 | 329
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samples.

(Fig. 8). The break-of-tendency observed in the 10Y-10SDC
sample must be attributed to the microstructural differences
found in this composition. In the oxygen-rich atmosphere, T*
is below 650 °C (in most of the cases), while under vacuum
conditions, T* shifts above 700 °C. This feature can result in
significant customized material design for ion and/or
electronic transport.

After the support characterization, CCDP membranes were
prepared by molten carbonate infiltration in the porous
supports. Fig. 9 shows a backscattered electron micrograph of
the 10Y-10SDC-MC membrane cross-section. The bright zones

Table 4 Activation energies for electrical transport calculated in different
atmospheres for all the samples studied

Ionic Electronic E, (eV)

E, (eV)
Sample in vacuum Vacuum Oxygen
5Y-15SDC 0.75 0.75 0.47
10Y-10SDC 0.58 0.82 0.93
15Y-5SDC 0.46 0.66 0.45
20YCO 0.65 0.68 0.49
20SDC 0.55 0.75 0.50

330 | React. Chem. Eng., 2021, 6, 321-334

correspond to the Y-SDC ceramic, while the dark zones are
the alkaline carbonates. This image also confirms the effective
infiltration and formation of a dense CCDP membrane.

—=— Vacuum
750 1 —eo— Oxygen

5 10 15 20

o -

Yttrium content (% mole)

Fig. 8 The temperature in which the electronic and ionic
conductivities share values. Around 100 °C above each plotted
temperature, the sample behaves as an electronic conductor.
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Fig. 9 SEM image of the 10Y-10SDC cross-section membrane after
the carbonate infiltration process.

The thermal stability of the ternary composition of molten
carbonates was studied by dynamic and isothermal
thermogravimetric analyses using saturated N, and CO,
atmospheres (Fig. 10). When thermogravimetric experiments
were performed using N, (Fig. 10A), all membranes presented
a weight loss of around 2.5 + 1 wt% at a temperature higher
than 730 ©°C. It must be attributed to the partial
decomposition of the molten carbonates. This assumption is
confirmed when the same thermal experiments were
performed in a CO, atmosphere. In the second case (CO,),
the chemical stability of the ternary eutectic molten
carbonate mixture increases, as using this atmosphere, the
weight losses were notably reduced to <1.0 wt%, in all the
membrane compositions (Fig. 10B). The change observed on
the weight loss can be associated with a reduction of the
chemical species activity in the electrolyte solution. So, the
vapor pressure of this ternary mixture of molten carbonates
is reduced as well. In other words, if the CO, vapor pressure
in the feed gas stream is higher than the predicted
decomposition pressure, the carbonates should be stable, as
demonstrated for single alkali carbonate phases.”® The
ternary mixture of carbonates melts at 400 °C.*” This property
suggests that the carbonate vaporize and decompose

100
A)
1 100 rmagng. L N
S 991 ] P
S
',g.b 98
k) 974
= —4—15Y-5SDC
98 9%  —e—10Y-10SDC
—*—5Y-15SDC
951  —=—20YCO
94 T T T T T T T T 1
97 100 200 300 400 500 600 700 800 900

—7r r r r r r r r r r T r T r T T
100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig. 10 Dynamic thermogravimetric analysis in (A) CO, and (B) N,
atmospheres of all the ceramic-carbonate membranes.
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afterwards. However, they are stable under saturated CO,
atmospheres.*®

Based on all these thermal results, a long-term stability
isothermal analysis was performed at 900 °C for 20 hours,
using a CO, atmosphere (Fig. 11). A couple of samples
presented a weight loss (1-1.5 wt%) in the first 200 min,
suggesting a large amount of carbonates over the membrane
surface. Nevertheless, after that initial weight loss presented
by the superficial equilibrium of some samples, none of the
samples presented a weight loss higher than 1 wt%, during
the whole isothermal process. Moreover, the XRD patterns of
the isothermal products did not show the formation of any
secondary phase (Fig. 11B). Thus, the alkaline carbonate
phase does not change the CeO, crystal phase or any of the
doping elements. These results confirm high thermal and
structural stabilities for the Y-SDC-MC membranes, making
these membranes suitable for CO, permeation tests at high
temperatures. Thus, the membrane systems evidence high
thermal stability under a CO, atmosphere.

CO, permeation tests were performed between 700 and
900 °C, using a mixture of CO,/N,/Ar (15/15/70 vol%), as feed
gas, with a sweep gas stream of argon (100 sccm). The CO,
permeation flux equation for CCDP membranes is correlated
to the CO, partial pressure gradient across the membrane as
the driving force, the ionic conductivities in the MC and
ceramic phases, and the microstructure properties of the
membrane as follows (eqn (6)):*°

PCO
Jco, = ‘[P"‘ ' fﬁ—zTLd InPco, (6)
Oy
where L is the membrane thickness (m), Pé&o, and Pfo, are
the CO, partial pressure on upstream and downstream sides,
respectively, and k is the total conductance. Herein, the CO,
permeation flux (Jgo,) is presented as a function of
temperature for the CCDP membranes with different

100 -&ﬁf :
% 1=vco ||B) ‘
—A— 15Y-SDC |

_ 97__ ——10Y-105DC| | 5y 155pC J‘ | J‘ |
e - 5Y-155DC - ‘ I
< 96 1
fﬂ 95 3 10Y-10SDC J ) A L_M,
15} 4
= 941 g ‘

03] 2 | 15v-sspC | I j
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Fig. 11 Isothermal analysis in a CO, atmosphere (A) and XRD patterns
obtained after the thermogravimetric tests (B) of the different ceramic-
carbonate membranes.
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amounts of yttrium. Fig. 12A shows that the CO, permeation
flux increases with the temperature, which is also slightly
different among the different Y-containing membranes,
between 700 and 850 °C. The 20YCO and 10Y-10SDC samples
present the highest Jco, values. However, at 900 °C, the 10Y-
10SDC membrane shows the highest CO, permeation results.

At 900 °C, the CO, permeation flux increases as a function
of the yttrium content, except for the 10Y-10SDC membrane,
which presents the highest total conductivity, due to an
improved microstructure of the ceramic phase and molten
carbonate interconnection. The 10Y-10SDC and 20YCO
membranes show the highest CO, permeation fluxes at 900
°C, 1.86, and 1.57 x 10°mol s m™>, respectively. These
values are similar to those obtained for the CGO-MC and
YSZ-MC membranes reported in the literature*® and around
35% lower than the permeation flux of SDC-MC.*® However,
the performance of Y-containing SDC systems would be
enhanced by increasing the CO, partial pressure in the feed
side, tailoring the membrane microstructure (see the 10Y-
10SDC membrane), and making asymmetric membranes with
thin layers of Y-SDC-MC.

Yttrium (mol %)

20 15 10 5
281 T T T r0.5

4 12
Jco, (10 "mol s 'm ™)

S}
o

Samarium (mol %)

Fig. 13 CO, permeation and ionic conductivity obtained at 800 °C in
a vacuum and the porosity to tortuosity ratio (e/7)pore versus the
amount of co-dopants in all the samples.
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The CO, separation mechanism for these membranes
shows apparent activation energies between 1.39 and 1.56 €V,
calculated from the Arrhenius plot of the natural logarithm
of Jco, versus the inverse of temperature (Fig. 12B). These
activation energies can be correlated to the total conductance
of the CCDP membrane, defined as:*®

__[@/9)coc] [(#/7)s01]
[(4/1)coc] + [(#/7)sai]

(7)

In this equation (eqn (7)), oc and o; are the intrinsic
carbonate ionic conductivity in the carbonate phase and
oxygen ionic conductivity in the ceramic phase, respectively.
For ion conduction in dual-phase membranes, the intrinsic
conductivity for each phase is modified by a geometrical
factor defined as the volume fraction to tortuosity ratio of the
carbonate or ceramic phase: (¢/tr)c and (¢/7)s, respectively.
The terms (¢/7)coc and (¢/7)so; are referred to as the effective
conductivity of the molten carbonate and ceramic phase in
the membrane, respectively. The effective conductivities
change with the membrane microstructure. When the
effective conductivity of molten carbonates is higher than the
effective conductivity of the ceramic phase, the limiting-
factor for the CO, separation mechanism is the ionic
conductivity in the ceramic phase.

Analyzing the energy activation data (Fig. 12B), it is
evident that the E, values (eqn (8)) tend to decrease as a
function of the yttrium content, being 1.39 and 1.5 eV for the
20YCO and 5Y-15SDC systems, respectively. The 10Y-10SDC
case, with an E, of 1.56 eV, should be treated separately, due
to the microstructural differences. The observed trend is
similar to that obtained for the ionic conductivity in the
ceramic supports under vacuum conditions (see Table 3).
These results mean that the CO, permeation flux is mainly
related to the oxygen ion conductivity of the ceramic
supports. However, the microstructural parameters of the
membrane supports are decisive for improving the
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Fig. 14 Structural characterization of the 10Y-10SDC ceramic-carbonate membrane after the CO, permeation process. (A) XRD patterns of the
feed and sweep side of the membrane, and (B) backscattered electron image of the cross-section.

permeation properties. For instance, as the molten
carbonates fill the pores of the ceramic phase, the porosity to
tortuosity ratio in Table 1 is equal to the volume fraction to
tortuosity of molten carbonate in the membrane. As this ratio
increases, the molten carbonate conductivity increases, as
the highest magnitude was obtained in the 10Y-10SDC
membrane. However, the volume fraction to tortuosity of the
ceramic phase affects the effective conductivity of the Y-SDC
compositions in the CCDP membrane, thus the total ionic
conductivity and CO, permeation flux as well (Fig. 13).

E,

In(CO, permeation) = InP, — !
2P - RT

®)

The crystal structure and microstructure of Y-SDC-MC
membranes were analyzed by XRD and SEM techniques
(Fig. 14) after the CO, permeation tests. Fig. 14A shows the
XRD patterns of the feed and permeate sides of the 10Y-
10SDC sample as an example. For all the samples, the X-ray
diffraction patterns only showed the presence of the CeO,
crystalline phase with a fluorite-type structure, without the
formation of any other secondary phase. These results
confirm the chemical stability of all the Y-SDC membranes.

From the microstructural point of view, Fig. 14B shows the
cross-section image of one of the Y-containing systems, where
two different contrasts are observed. As explained above, the
membrane compositions produce different contrasts, bright
for the Y-SDC ceramics and dark for the mixture of infiltrated
carbonates. Thus, membrane pores remained filled with the
carbonate phase, but the particles grew from 0.2 pm, at the
beginning of the membrane preparation, to 1 um after the CO,
permeation process. Thus, the temperature applied during the
permeation keep sintering the samples, without modifying
their crystal phase compositions, as already reported.>
Moreover, the carbonate phase can be seen in Fig. 14, although
the pore size seems to be reduced, or at least modified, due to
the sintering process already described.

Conclusions

Yttrium and samarium co-doped CeO, ceramic supports are
chemically and thermally stable under oxidative and acid

This journal is © The Royal Society of Chemistry 2021

atmospheres. They show high electrical conductivity at high
temperatures. In addition, these supports present good
molten carbonate wettability and chemical stability. The
Y-SDC supports behave like mixed conductors, in which ionic
and electronic conductivities showed similar contributions,
but the ionic conductivity decreases as a function of the
yttrium content in the samples. These findings allow to
establishing prevailing conditions of conductivity (ionic or
electronic) based on the composition and temperature, very
important issues on ceramic-carbonate  dual-phase
membrane systems. Then, these conduction properties were
correlated to the subsequent CO, permeation results, based
on the fact that CO, permeation is mostly limited by the
oxygen-ion conductivity of the ceramic supports. The CO,
permeation results for these Y-SDC membranes are
promising outcomes as they are similar to or higher than
those for other CCDP membranes reported in the literature
at 900 °C. The 10Y-10SDC and 20YCO membranes show the
highest CO, permeation fluxes of 1.86 and 1.57 x 10> mol
s m™?, respectively, with the advantage of reducing the
amount of samarium as a dopant. Optimization of the
support microstructure and electrical properties of these
membranes plays an essential role in improving the CO,
permeation flux. Thus, Y-SDC membranes show potential
applications for CO, separation in industrial combustion
processes.
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