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Abstract

Oxygen permeation measurements were performed on dense symmetric samples of
Cag.5Sr0.5Ti0.6Fe0.15Mno.2503.5 and compared to CaTiosFeo.1sMno.2503.5 in order to assess the
influence of the perovskite lattice volume on oxygen permeation. Oxygen flux measurements
were performed in the temperature range 700-1000 °C and as function of feed side po, from
10 to 1 bar, and at high pressures up to 4 bar with a po, of 3.36 bar. The O permeability of
the Sr-doped sample was significantly lower than that of the Sr-free sample, amounting to
3.9x10” mL min™' cm™ at 900 °C for a feed side po, of 0.21 bar. The O permeability of
CaTig.sFeo.1sMno2503.5 shows little variation with increased feed side pressures and reaches
1.5x102 mL min™ cm™ at 900 °C for a feed side po, of 3.36 bar. This is approximately 1.5
times higher than the O, permeability with a feed side pg, of 0.21 bar. Furthermore, in order
to assess the applicability of CaTiosFeo.1sMno2503.5 as an oxygen membrane material, creep
tests were performed under compressive loads of 30 and 63 MPa, respectively, in air in the
temperature range 700-1000 °C; the results indicate a high creep resistance for this class of
materials. The measured O> permeabilities and creep rates are compared with other state-of-
the-art membrane materials and their performance for relevant applications is discussed in
terms of chemical and mechanical stability.

Keywords: dense ceramic oxygen membrane; ambipolar transport,; creep, CaTiO3; calcium
titanate

1. Introduction

Ceramic membranes based on mixed ionic and electronic conductors may be utilized for high
temperature oxygen separation from air — enabling, for instance, oxy-fuel combustion or
gasification of coal and biomass at higher efficiency compared to cryogenic distillation of
oxygen [1,2]. Catalytic membrane reactors may also utilize such membranes for partial
oxidation of methane to synthesis gas, oxidative coupling of methane and oxidative
dehydrogenation processes [3—9].

The key properties of the membrane material are oxygen flux and stability at operating
conditions comprising 1) chemical stability under oxidizing and reducing conditions, CO>
and sulfur containing atmospheres and temperatures above 700 °C (depending on the process
conditions); 2) kinetic stability (resistance to kinetic demixing) in oxygen chemical potential
gradients; 3) mechanical stability in terms of creep and thermal/chemical expansion [3,4,9—
14]. Integration of the membrane in a module also requires chemical compatibility and
adequate matching of thermal expansion coefficient with appropriate high temperature alloys.
Additionally, cost and toxicity of the materials are important issues for up-scaled production.



It has proven challenging to develop membranes that can meet all of these criteria. The Sr/Ba
and Co-containing perovskites exhibit high O> fluxes [15-18], but suffer from kinetic
demixing and poor thermodynamic and mechanical stability [13,16,19-24]. We have recently
pursued a stable base material — CaTiossFeo.1503.6 (CTF15) — towards improved O flux [25—
31].

In these materials, oxygen permeation proceeds according to ambipolar transport of
oxide ions — by means of oxygen vacancies, v, in Kroger-Vink [32] notation — and electronic
charge carriers. Ambipolar conductivity is therefore facilitated by the addition of lower-valent
dopants such as Fe** on the Ti-site, which, according to electroneutrality, will promote the
concentrations of oxygen vacancies and electron holes [33]. Increasing the Fe-dopant
concentration beyond x = 0.15-0.2 in CaTii..FexO3.5, however, lowers the O> flux due to lower
oxide ion conductivity associated with trapping of oxygen vacancies and partial transition to
an ordered brownmillerite CaxFe.Os [26,34-38].

Recently, we have shown that addition of Mn on the Ti-site enhances the O>
permeability with a maximum flux obtained for CaTio.cFeo.15Mno2503.5; the improvement was
associated mainly with increased electronic conductivity [27,28]. The activation energy of the
O permeability was found to increase close to linearly with Mn-content. This was ascribed to
an increased activation energy of oxide ion transport due to a linear lowering of the lattice
volume with Mn-content. In light of these findings, we have investigated the effect of
substituting Sr on the Ca-site of CaTiocFeo15Mno2503.5 as a means to increase the lattice
volume and potentially lower the activation energy of oxide ion transport, while presumably
attaining a cubic symmetry compared to introducing a larger cation on the Ti-site.

In this work, we present structure data and O, permeation measurements of densely
sintered disc samples of Cao.sSro.sTio.cFeo.15Mno2503.5 (CSTFMn25) in comparison with the
respective Sr-free composition. The effect of pressures of up to 4 bar and pg, of 3.36 bar is
evaluated with respect to the O, permeability of CaTiosFeo.1sMno2503.5 (CTFMn25). While
Sr-containing compounds tend to exhibit limited stability towards CO2, this may not be the
case for the addition of Sr to the CaTiOs based material; the higher stability of the cubic
StTiO; structure compared to CaTiOs; more than compensates for the higher stability of
SrCO; relative to CaCOs [39]. Furthermore, creep measurements were performed on
compressively loaded CTFMn25 specimens in order to determine mechanical stability under
operating conditions. The creep behavior of an Mn-free composition, CaTigoFeo.103.5
(CTF10), was also measured for comparison. Finally, the results from O flux and creep rate
measurements are reviewed in relation to state-of-the-art membrane materials.

2. Experimental

2.1 Sample preparation and characterization
Caog.5Sro.5Ti0.6Fe0.1sMno.2503.6 (CSTFMn25) was synthesized according to a Pechini-type route
using nitrate salts as starting agents, citric acid as a complexing agent and ethylene glycol for
polymerization. Sols were pre-calcined at 400 °C, and the resulting powders were manually
crushed in an agate mortar, and further annealed at 900 °C for 6 h in ambient air. Details of
the synthesis procedure, which was also used for preparation of the CTFMn25, are described
in Ref. [27]. Uniaxially pressed disc samples (& = 20 mm) were sintered at 1300 °C for 6 h in
ambient air. The sintered disc samples were gradually polished to a roughness of 6 um and 1
um with SiC grinding paper and diamond paste, respectively. The final thicknesses of the
membranes for flux measurements were 1.23 and 1.50 mm for CSTFMn25 and CTFMn25,
respectively.

For creep measurements, uniaxial pressed cylindrical specimens of CTFMn25 (& =7
mm) were sintered according to the same procedure. The final dimensions were 12 mm length



and 5.4 mm diameter. Additionally, porous tubular CTF10 specimens were prepared by
plastic extrusion including pyrolyzable pore formers as described in Ref. [40] The tubular
specimens were sintered at 1380 °C for 5 h in air, and the final dimensions were 30 mm
length, 9.3 mm outer diameter and 1.1 mm wall thickness.

For X-ray diffraction (XRD), sintered samples were crushed and analyzed using a
Bruker D8 Focus diffractometer with Cu Ka radiation and LynxEye detector. The diffraction
data were analyzed using the Rietveld method as implemented in the TOPAS software by
Bruker. Porosity and grain size were graphically analyzed from optical micrographs using the
AnalySIS software, where the grain size was taken as the equivalent circular diameter (ECD)
value.

2.2 O: flux measurements

The sintered disc samples were sealed to alumina support tubes (& = 12 mm) in a ProboStat
measurement cell (NorECs, Norway) with gold O-ring gaskets. Each sample was pressed
against the gold gasket and alumina support tube with a force of approx. 45 N with an
alumina spring load assembly during sealing and measurements. Mass flow controllers were
utilized to supply O»/He feed gas mixtures and Ar sweep gas at 50 and 25 mL min’,
respectively, and back-pressure controllers on the feed and sweep side outlets enabled
pressures above ambient. The concentrations of O, permeate and He leakage were measured
with a Varian CP-4900 gas chromatograph (GC). The measurements cell was mounted in a
vertical tube furnace and temperature was monitored with an S-type thermocouple placed in
the vicinity of the sample and gold O-ring inside the measurement cell. Gas tight seals were
obtained by heating to 1000 °C in air, and the He leakage rate for all measurements was well
below 1 % of the O permeation. Ambient pressure O; fluxes were measured at temperatures
between 700-1000 °C and as function of feed side oxygen partial pressure, po,, in the range
from 102 to 1 bar. O» fluxes under high-pressure were measured in ambient feed side
mixtures of 0.21, 0.42 and 0.84 bar O pressurized to 2 and 4 bars, corresponding to pg, of
0.42-3.36 bar. For these measurements, the sweep side Ar was pressurized to 100 mbar below
the feed side pressure in order to avoid mechanical failure of the membrane or gold O-ring
gasket. The O; flux through a dense ceramic membrane, jg,, can be expressed from ambipolar
conductivity, o,mp, according to

. _ RT PO,
]OZ - 16F2Ljpsoz Oamb dlnpoz (1)

where pgz and pj, refer to the feed and sweep side, respectively, L is the thickness of the
membrane and F is the Faraday constant. The O> permeability, /o, is taken as the thickness

normalized O, flux with units mL(STP) min' cm™ at specified feed and sweep side
conditions.

2.3 Creep measurements

The creep behavior of CTFMn25 and CTF10 was assessed with compression tests carried out
on an Instron 1362 machine in the temperature range from 850 °C to 1000 °C in an ambient
air. Dense cylindrical CTFMn25 specimens as well as porous tubular CTF10 specimens were
uniaxially loaded between the two base plates. In order to minimize surface effects and
superimposed bending induced by misalignments, the flatness and the parallelism of these
previously ground and polished base surfaces was ensured to be 0.04 mm and 0.1 mm,
respectively. The deformation of the specimens was indirectly measured by three equidistant
sensors at a radial angle of 60°, which measured the relative movement of the loading and
supporting base plate. The sensors were attached to a ceramic extension rod connected to a
linear variable differential transformer (Sangamo, LVDT, range + 1 mm, precision 1.25 pm).
The load was measured by a load cell of 10 kN range (1210 ACK, Interface Company). The



temperature was controlled by a K-type thermocouple placed in close vicinity of the
specimen. The specimens were heated at 8 °C min! with a pre-load of 2 N. The applied
stresses were 30 MPa and 63 MPa, which is a realistic stress range in a membrane application
according to Schulz et al. [41] The loads were applied stepwise at constant temperature.
Heating sequences were applied in the considered temperature range with steps of 50 °C. At
each temperature, the sample was allowed to equilibrate for a minimum of 1 h before the
actual compressive creep load was applied. In all cases the creep load was applied for at least
24 hours to assure that a secondary creep stage is reached.

The compressive strain rate was calculated as the ratio of the measured linear
deformation over time and the initial height. An Arrhenius approach [42] was used to describe
the creep rate according to

i = Ao _E)
é=Ao"exp(—== (1)
where A is a constant, n is the stress exponent, ¢ is the applied stress, E, is the activation
energy, R is the universal gas constant and 7" the temperature. The stress exponent n was

determined from a Ine=Ino plot, whereas the activation energy E, was obtained from a Ing'—
1000/T plot.

3. Results and discussion

3.1 X-ray diffraction

Figure 1 shows powder X-ray diffractograms of the sintered CSTFMn25 and CTFMn25
samples — both samples exhibit single-phase perovskite structure and no apparent secondary
phases. The CSTFMn25 pattern was refined with the Pm3m space group with a = 3.84 A,
and CTFMn25 pattern was refined with the Pbnm space-group and a = 5.37 A, b = 539 A,
and ¢ = 7.60 A. The apparent satellite peaks at lower angle (most evident at approx. 31° for
CSTFMn25) can be attributed to tube tails due to the rather high acquisition time and low
background. The lattice volume of CSTFMn25, 56.62 A3, is approx. 3.4 % larger than the
pseudocubic lattice volume of CTFMn25, and corresponds well with an expected increase of
approx. 3.7 % by considering the ionic radii of 12-coordinated Ca** and Sr*>* [43].
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Figure 1: Powder X-ray diffractograms of the sintered samples of CSTFMn25 (a) and CTFMn25 (b).

3.2 Oz permeability

The Oz permeabilities of CSTFMn25 and CTFMn25 are compared as function of inverse
temperature in Figure 2a for a feed side pp,= 0.21 bar. The Oz permeability of CSTFMn25 is
lower than CTFMn25 at all temperatures, and furthermore, exhibits a discontinuity below 800
°C. A similar discontinuity in Jo, was observed for CaTiossFeo.1503.5 (CTF15) at the same



temperature [27]. Reduction in oxide ion conductivity of more than one order of magnitude
has been reported below 1000 °C for higher Fe-dopant concentrations, CaTiosFeo20s-5
[44,45]. This reduction in oxide ion conductivity was associated with ordering of oxygen
vacancies, and accordingly, it seems that the CTF15 and CSTFMn25 samples exhibit partial
ordering of oxygen vacancies at slightly lower temperature, i.e., 775-800 °C.

Figure 2b shows an Arrhenius type plot of Jo, - T with linear fits and corresponding
activation energies in two main temperature regimes: 1000-900 and 900-700 °C. CSTFMn25
exhibits a considerable increase in activation energy compared to CTFMn25 in both regimes.
With respect to lattice volume, this trend is opposite of that found for the CaTioss-
+Feo1sMnyOs.5 (x = 0-0.4) system where the activation energy of Jo, was found to increase
close to linearly with Mn-content and reduced lattice volume [28].
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Figure 2: O, permeability as function of inverse temperature (a) and Arrhenius type plot with linear fits and corresponding
activation energies (b) for feed side pp,=0.21 bar.

Figure 3 shows the O> permeability as function of feed side pg, at 700-1000 °C for
CSTFMn25 and CTFMn25. The functional dependencies of /o, with feed side pg,are quite

similar for both samples with a transition from approx. ~ at low Po.,, and lower temperatures to
4 2

a slightly lower functional dependency at higher po, and temperatures. A functional
1

dependency of approximately Jo, « pgz corresponds to limiting p-type electronic
conductivity while a lower functional dependency indicates a lower p-type influence and J,
f
approaching to be proportional to the driving force, i.e., log (Zgz), under our measurement
2

conditions [27]. CSTFMn25 exhibits slightly lower functional dependencies of o, with feed
side po,, and accordingly it seems that Jo, is less limited by electronic conductivity than in
the case of CTFMn25, particularly at high temperature and high feed side po,. This can be
explained by a similar electronic conductivity of CSTFMn25 and CTFMn25, given the same
Mn-content, and a lower oxide ion conductivity of CSTFMn25. The O: permeability of
CSTFMn25 at 900 °C and feed side po, = 0.21 bar, 3.9x10” mL min™ cm™, is lower than that
reported for the similarly B-site doped Sro.97Tio.cFe0403-5, 7.2x10° mL min! ecm™! [46].
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Figure 3: O, permeability as function of feed side pg, at temperatures from 700-1000 °C for CSTFMn25 (a) and CTFMn25
(b).

Figure 4a shows the O, permeability of CTFMn25 as function of pg, up to 3.36 bar
and total pressure up to 4 bar. The functional dependency of Jo, with respect to feed side po,

is slightly less than i and becomes gradually lower at higher po,. This may be explained by

constant oxide ion conductivity determined by the dopant concentration and a significantly
higher p-type electronic conductivity. Under this condition the driving force normalized O2
Po,
o,
In Figure 4b, the driving force normalized O permeability is found to be fairly constant at
each isotherm as expected. The small increase in value at constant temperature with
increasing feed side oxygen partial pressure indicates that a slight influence of electronic
conductivity on the permeability still exists.

It should be noted that that in Figure 4a, increased feed side oxygen pressure does not
significantly enhance the O» permeability of CTFMn25. This is merely due to the small
increase in driving force under constant sweep flow condition since pd, increases with
Jo,during our measurements. The Oz permeability of CTFMn25 reaches 1.5x10 mL min™!
cm™ at 900 °C for a feed side po,= 3.36 bar, which is approx. 1.5 times higher than that with

Po,= 0.21 bar, 9.4x10” mL min"' cm™.

permeability, i.e., Jo,/log ( ), is representative of the ambipolar conductivity (see Eq. 1).
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Figure 4: O, permeability of CTFMn25 as function of feed side po, from 0.21-3.36 bar for total pressures of 2 and 4 bar and
temperatures between 750-900 °C (a), and driving force normalized O, permeability at 4 bar total pressure as function of
inverse temperature (b). The measurements were conducted from high to low temperature.



3.3 Creep behavior

Figure 5 shows the creep rate of CTFMn25 as function of inverse temperature for
compressive loads of 30 and 63 MPa, as well as literature data on other relevant membrane
materials. CTFMn25 exhibits high creep resistance, confirming the potential of this material
for high temperature applications. In comparison, Lao33Sr0.6C00.2Fe0s03.s (LSCF) [11],
Lao.58Sr0.4Co02Fe0303.s (LSCF58) [22] and BagsSro.s5(Coo.sFe0.2)0.97710.0303.5s (BSCFZ) [24]
exhibit higher creep rates with similar activation energies. Creep rates for BSCFZ are almost
identical to the ones of the frequently studied BSCF membrane material [23]. On the other
hand, Ceo3Gdo202.5 (CG) [11] exhibits a considerably lower creep rate at 900 °C for a stress
of 63 MPa (Figure 5b).

From the optical surface micrographs of the CTFMn25 and CTF10 specimens in
Figure 6, porosities of below 1 % and 30 % were obtained for CTFMn25 and CTF10 with
average grain sizes of 5 =2 pum and 2 £ 1 pm, respectively. Evaluation of the creep data on
CTFMn2S5 revealed a stress exponent of 1.5, implying that creep was dominated by a
diffusional mechanism. The determined activation energy of 5.1 = 0.4 eV excluded oxide ions
as the rate controlling species [16] and implied that cation diffusion is rate controlling for
creep in these materials. The creep data on CTF10 exhibited a stress exponent of 1.6 and
activation energy of 4.4 = 1.1 eV which implies a similar creep mechanism as for CTFMn25.
However, porosity and grain size also have to be taken into account when comparing the
creep rate of different specimens: creep deformation increases with porosity and decreases
with larger grain size, especially for a diffusional creep mechanism. Considering the
significant porosity of the CTF10 specimen and rather similar grain sizes, the lower creep rate
of CTF10 indicates a decrease in creep resistance with Mn-doping for CTFMn25.
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Figure 5: Measured creep rate of dense CTFMn25 and porous CTF10 under a compressive load of 30 MPa (a) and 63 MPa
(b). For comparison, literature data are added for dense Lag3sSrosCoo2Fe0sOs.s (LSCF, 30 MPa load)[11],
Lao_sgsr0_4C00_2Feo_803.(5 (LSCFSS, 30 MPa load) [22], Ceo_ng0_202.5 (CG, 30 and 60 MPa load) [1 1], and
Bao_ssro_s(COO_gF€0_2)0_97Zr0_o303.(5 (BSCFZ, 30 and 63 MPa load) [24]
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Figure 6: Optiéal surfaée microrgraph})f the specimens u‘séd in creep tests of CTFMI-I-ZSA(a) and CTF10 (b).
3.4 Evaluation of material applicability

The O> permeability of CTFMn25 is compared to a range of other oxygen membrane
materials from literature in Figure 7; the performance of CTFMn25 lags approx. 30-50 times
behind the state-of-the-art membranes. In order to achieve a target O, flux of 10 mL min'! cm®
2 at 900 °C [47], the membrane thickness would need to be approx. 8 um for CTFMn25 and in
the 100-300 um range for BSF, BSCF, CG-MF and BCCF (see Figure 7). However, the
chemical and mechanical stability of the membrane under operating conditions — crucial for
practical application — must be considered. The Ba/Sr containing materials generally suffer
from low chemical stability towards CO> and SO> due to formation of carbonates and sulfates,
rendering these materials unfit for long term operation in contact with these gases.[48—51]
Sufficient stability towards CO, may, however, be achieved for lower CO> concentrations,
e.g., 5% CO; at 875 °C during 400 h of partial oxidation of methane with a
Bao9Coo.7Fe02Nbo.103.5 membrane [52]. The long-term stability of asymmetric tubular
membranes based on CTFMn25 has been demonstrated for more than 6 months operation at
900 °C mainly in CO/COz containing atmospheres [29]. Other novel O» membrane materials
that are stable towards CO, and/or SO> include SrFeosNbo203-5 [53], LaosCaosFeOs.s [54],
and NiFe2O4—CesTbo202.5 composites [55], with O, permeabilities of 0.025, 0.016 and
0.007 mL min™ cm!, respectively, at 900 °C for a feed side po, = 0.21 bar; these values are in
the same range as CTFMn25. Membranes based on LasSr02GaOs.s and composites in the
Ce0O2-MnFe04 system exhibit significantly higher O, permeabilities and show great promise
for partial oxidation of methane [56—59]. Furthermore, CTFMn25 is promising with respect to
low cost and non-toxicity, while in this respect elements such as Ga, Tb and Co are much
more challenging for up-scaled membrane production. Finally, with respect to mechanical
stability, CaTiO3 and CTFMn25 exhibit high creep resistance [60,61]. LaGaOs.s and CeOz.s
based membranes also exhibit high creep resistance, while some compositions of the latter are
prone to significant chemical expansion at high temperatures [11,12,62]. LaFeOs.s based
materials can be expected to also exhibit sufficient creep resistance due to rather low cation
diffusivities [63,64]. The creep resistance of the CeO,.s based composites is however
uncertain and should be investigated for further evaluation of these materials as oxygen
membranes. The Ba/Sr and Co containing membranes generally exhibit low creep resistance
[23,42,65], and Zr-doping has not been found to notably improve the creep resistance of these
materials [14,66].
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Figure 7: O, permeability of CTFMn25 (present work) as function of inverse temperature compared literature data on
Bag 3Sro7FeOs.5 (BSF) [67], Bay 5SrpsCoosFep203.5 (BSCF) [16], Ceo3Gdo 2025 containing 15 vol% MnFe;O4 (CG-MF) [56],
BaCey.1Coo4Fe0503.5s (BCCF) [68], LagsSro2GagsNip303.5 (LSGN) [58], BaCeo.15sFe0s503.5 (BCF) [69], Ceo9Gdo. 10125
containing Lag ¢St 4FeOs.s (CG-LSF) [70], LagsCao4FeOs.s (LCF) [54], LaaNiO4+5 (LN) [71], CaTigsFe203.5 (CTF20) [26],
NiFe,O4 containing 40 vol% CepsTbo202.s (NF-CT) [55] and CaTigssFeo.1503.5 (CTF15) [27]. All data are for feed side
Po,=0.21 bar and for samples with thicknesses in the mm-range, and in some cases with catalytic layers applied to the sample
surfaces. Still, it should be noted that the reported fluxes may be influenced by surface kinetics.

4. Conclusions

The O permeability CSTFMn25 is lower than that of CTFMn25 at temperatures between
1000-700 °C for a feed side pg, in the range 102 to 1 bar, and CSTFMn25 exhibits a
considerably larger activation energy of Jo,. For CTFMn25, a moderate improvement of /o,
is found for increased feed side pressures up to 4 bar, reaching 1.5x102 mL min! cm™! at 900
°C for a feed side po,= 3.36 bar. Creep measurements on CTFMn25 indicate a diffusional
creep mechanism and high creep resistance compared to other membrane materials. Despite
the rather low O: flux, CTFMn25 based membranes may be a viable candidate when
considering chemical and mechanical stability, cost and toxicity.
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