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Mixed-conducting SrFej7Aly30;_5 (SFA) exhibits substantial catalytic activity towards partial oxidation of methane and can
thus be considered as a component of monolithic ceramic reactors for synthesis gas generation, where the dense membrane and
porous catalyst at the permeate-side surface are made of similar compositions. Surface modification of SFA powder and
membranes with Pt has no essential effect on the performance of a model reactor, suggesting that the catalytic behavior of SFA is
mainly determined by the surface states of iron and oxygen ions in the catalyst. The Mossbauer spectroscopy shows that reduction
of SrFe( 7Aly303_s, having cubic perovskite lattice in air, leads to the co-existence of perovskite- and brownmillerite-like domains,
whilst the concentrations of metallic Fe and even Fe?* under typical operation conditions are lower than the detection limits. The
amount of vacancy-ordered phase increases with decreasing oxygen content, the estimations of which were confirmed by
coulometric titration data. The catalytic activity of ferrite-based materials may thus be associated with lattice instability

characteristic of morphotropic phase transformations.
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1. Introduction

Synthesis gas (syngas), a mixture of CO and Hj, is an
important feedstock for commercial Fischer—Tropsch
and methanol synthesis [1,2]. To date, large-scale
industrial route for syngas production comprises steam
reforming of methane, which is, however, a capital- and
energy-intensive process and also gives H,/CO ratio
higher than optimum. Possible alternative routes include
the catalytic partial oxidation of methane (POM) and
the use of dense ceramic membranes with mixed oxygen-
ionic and electronic conductivity [1-5]. Although the
former is a mildly exothermic process yielding an ideal
H,/CO ratio of 2, the industrial-scale application of
POM is confined due to the high costs of cryogenic
oxygen plants [1-4].

Contrary to conventional technologies, the mem-
brane reactors make it possible to combine oxygen
separation from air, POM and reforming, thus enabling
to significantly reduce the capital investments into gas-
to-liquid industry [4,5]. At the same time, the develop-
ment of commercially feasible membrane technologies
for syngas generation is essentially limited due to
materials science problems, particularly as a result of
rigid requirements to physicochemical, thermomechani-
cal and transport properties of mixed-conducting
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ceramics. One important aspect in these developments
relates to the catalytic activity of membrane materials.
Most promising mixed conductors are based on
perovskite-related oxide phases containing transition
metal cations [5]. As a rule, the transition metal oxides
are active for complete oxidation rather than for the
POM; a high activity with respect to the partial
oxidation is typical for metal-oxide mixtures, where
the steam and/or CO, reforming stage on the metal
surface follows the reaction of total CH4 oxidation on
the oxide surface [1]. This makes it necessary to
incorporate reforming catalysts in the membrane
reactors. On the other hand, significant technological
and economic advantages could be expected for the
monolithic reactors where a thick-film membrane is
applied onto porous ceramics, the latter simultaneously
acting as a catalyst support, providing necessary
mechanical strength and also enhancing the specific
surface area of the membrane [5,6]. Due to high
operation temperatures, 970-1170 K, using of similar
compositions for the membrane and for the support is
preferable in order to minimize long term degradation
processes caused by cation interdiffusion. The choice of
such compositions should obviously account their
catalytic activity towards POM, with or without
additional surface modification.

This work continues our studies [7-9] of mixed-
conducting membranes for natural gas conversion and
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presents data on the behavior of perovskite-like
SrFe(7Aly305_5 (SFA), which can be considered as a
possible parent material for the monolithic reactors due
to an attractive combination of stability, oxygen
transport and catalytic properties [9,10]. In particular,
oxidation of CHy4 pulses on the surface of SFA powder
results in selective formation of synthesis gas with a H;/
CO ratio close to 2, characteristic of the POM process
[9]. Such a trend, rather exceptional for transition metal-
containing oxides [1], was earlier observed for several
perovskite-related ferrites at temperatures above 970 K
[11-13]. One possible explanation based on the results of
temperature-programmed reduction (TPR) and pulse
experiments, ascribed the high selectivity towards POM
to strongly bonded lattice oxygen having a low mobility
[11-13]. In order to reveal if the steady-state oxidation
of methane by oxygen permeating through dense oxide
ceramics may occur via similar mechanisms, in this work
SFA powder was tested in a model reactor comprising
one disk-shaped membrane and a catalyst both made of
the title composition. Special emphasis was also given to
the evaluation of iron oxidation states, which may be
responsible for the catalytic behavior of SFA, by the
Mossbauer spectroscopy.

2. Experimental

The powder of SFA, was prepared via glycine—
nitrate process (GNP), a self-combustion technique
using glycine as a fuel and nitrates of metal
components as oxidant [14]. In the course of GNP,
glycine was added into an aqueous solution containing
metal cations in stoichiometric proportion; the glycine/
nitrate molar ratio was twice of the stoichiometric
one, assuming the only gaseous products of reaction
to be N,, CO, and H,O. The solution was dried and
heated until auto-ignition; the obtained powder having
foam-like structure was annealed at 1073 K in air in
order to remove organic residuals. Gas-tight ceramics
were pressed at 200-250 MPa and sintered in air at
1520-1600 K for 2 h. The density of ceramics was
higher than 95% of theoretical. The powdered
samples, used for X-ray diffraction (XRD) and
Maéssbauer spectroscopy studies, were obtained by
grinding of dense ceramics and annealing at 1023 K
for 3-5 h in various atmospheres. The samples
equilibrated in air were either slowly cooled (1-2 K/
min) down to room temperature or quenched in liquid
nitrogen. Another series of the powdered samples were
treated in flowing Ar and in a H,—H,O-N, mixture
with subsequent fast cooling (10-12 K/min); the
oxygen partial pressure in these atmospheres, mea-
sured by an electrochemical oxygen sensor, was 107>
and 107 atm, respectively. The latter p(O,) value was
selected as typical for non-equilibrium mixtures of
CH,4 conversion products in the membrane reactors,
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where the mixed-conducting ceramics possess moder-
ate oxygen permeability, close to that of SFA [8,9].

The XRD patterns were obtained at room tempera-
ture using a Rigaku D/MAX-B diffractometer (CuKuo
radiation, 2@ = 20-80°, step 0.02°, 1 s/step). The
Mossbauer spectra were collected at room temperature
and at 15 K in transmission mode using a conventional
constant-acceleration spectrometer and a 25 mCi °’CO
source in a Rh matrix; the low-temperature measure-
ments were performed using a liquid-helium flow
cryostat with a temperature stability of +£0.5 K. The
velocity scale was calibrated using an o-Fe foil. The
absorbers were prepared by pressing the powdered
samples (5 mg of natural Fe/cm?) into perspex holders.
The spectra were fitted to Lorentzian lines using a non-
linear least-square method [15]; isomer shifts (IS,
table 1) are given relative to metallic o-Fe at room
temperature. For each quadruple doublet, the relative
areas and widths of both peaks were kept equal during
refinement. Distributions of quadruple splittings (QS) or
magnetic splittings were fitted according to the histo-
gram method [16]. The coulometric titration technique
[17] was used to determine oxygen content as a function
of oxygen partial pressure and temperature.

The studies of dry methane oxidation were performed
using a model membrane reactor comprising one SFA
disk hermetically sealed onto an yttria-stabilized zirco-
nia (YSZ) tube (figure 1). The effective geometric area of
the membrane surface exposed to methane flow was
63 + 1 mm?. In order to facilitate surface processes
which may become oxygen flux-limiting in reducing
atmospheres [8,9], highly porous layers of Pt or nano-
crystalline SFA (table 2) were applied onto the perme-
ate-side surface of SFA membranes; the nanocrystalline
SFA powder was synthesized by the cellulose-precursor
technique as described elsewhere [18]. The reactor was
packed with a porous SFA catalyst prepared by grinding
the GNP-synthesized ceramics sintered at 1273 K for 1 h
(density of 38 + 2%). After sieving, the fraction of
particles with average size 0.5-1.5 mm was selected for
packing. The specific surface area of the catalyst
determined by the BET technique was 1.9 m?/g. For
the surface modification of this catalyst with platinum,
the material was impregnated with an aqueous solution
of H,PtCly, dried and then annealed at 1373 K for I h.
In the course of the experiments, dry CHy4 (>99.995%
purity) diluted with He (50:50 vol.%) was supplied onto
the permeate side of the membrane and the feed side was
exposed to atmospheric air, such that oxygen permeated
through the membrane and reacted with methane. The
gas-flow composition and rate at the reactor inlet were
fixed by Bronkhorst mass-flow controllers. The influent
and effluent gas mixtures were analyzed using a Varian
CP-3800 gas chromatograph equipped with thermal-
conductivity and flame-ionization detectors coupled in
series, a 250 uL six-port VICI gas-sampling valve and a
semicapillary CarboPLOT P7 column. No impurities in
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Figure 1. Schematic drawing of the membrane reactor for methane

oxidation.
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the initial gas mixture, and also no leaking of air into the

reactor, were detected. The reaction selectivity was
calculated as the concentration ratio between a given

As for other mixed-conducting membranes [8,9],

product and the sum of all detected carbon-containing
the oxidation of dry methane over the SFA membrane

products, namely CO, CO,, C,H,, C;H4 and C,Hg.

3. Results and discussion
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Figure 2. Methane conversion (a) and CO selectivity (b) in the
membrane reactor with and without catalysts. The inlet flow rate of
50%CH4—50%He mixture was 2.0 mL/min.

in a reactor without packing results in predominant
total combustion (figure 2). Increasing temperature
leads to a higher conversion due to increasing oxygen
permeability; since no traces of O, were observed at the
reactor outlet, the methane consumption is limited by
the oxygen permeation fluxes. The yield of C2-hydro-
carbons was found lower than 2% and decreased with
temperature. The selectivity with respect to CO is also
very low; at 1123-1223 K, the values of CO selectivity
vary in the range 1-10%, increasing with temperature
and CH4 flow rate. The dominant formation of CO,
suggests that oxidation reactions occur mainly on the
surface of SFA ceramics, while the effect of porous Pt,
well known as an active reforming catalyst [1-3], is
rather minor. Furthermore, the observed behavior
seems to indicate gas-phase transport limitations in
combination with the total oxidation reaction promoted
on the membrane surface by active oxygen species,
formed due to partial discharge and recombination of
O?~ ions transported through dense SFA ceramics; as a
result, significant fraction of supplied CH4 remains
unreacted, being mixed with CO; and H,O at the
reactor outlet. The membrane material seems, hence, to
play no essential role in the CH4 oxidation mechanisms,
except for the oxygen permeation rate, in agreement
with data on other mixed conductors [8].

Packing of the membrane reactor with porous SFA
catalyst, with or without surface modification, has a
drastic effect on the methane conversion and CO
selectivity (figure 2). The conversion at 1223 K achieves
60-65%, whilst the CO yield becomes similar to that of
CO;. Such an improvement is due to reforming of
residual CH4 with H,O and CO, formed on the
membrane surface; the composition of effluent gas
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mixtures became thus closer to thermodynamic equilib-
rium, as expected. At the same time, the equilibrium is
not yet achieved. For instance, when the CH,4 conver-
sion is lower than 96%, the thermodynamic calculations
predict equilibrium CO yields higher than 90% at
1023 K (figure 3b). The values of CO selectivity,
observed experimentally at this temperature, are about
46% and 32% for SFA catalyst with and without
surface modification, respectively (figure 2). The selec-
tivity to C2-hydrocarbons in the packed reactors
decreased down to the limits of experimental uncer-
tainty.

The behavior of Pt-modified SFA catalyst is, in
general, similar to that of unmodified SFA, although the
former provides a higher CO yield at 1123 K. This
clearly indicates that the conversion rate and CO
selectivity are both determined by the catalytic proper-
ties of SFA, in particular by the surface states of iron
and oxygen ions. Note that, in order to avoid possible
sintering of Pt particles on the surface of Pt-modified
SFA in the course of catalytic tests, the experiments
illustrated by figure 2 were performed with a stepwise
decrease of the reactor operation temperature. If the
temperature of catalyst pre-treatment, 1373 K, is insuf-
ficient, the maximum passivation rate could be expected
at high temperatures such as 1223 K; no essential
sintering should hence occur on subsequent cooling.
Nevertheless, no degradation in the reactor performance
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Figure 3. (a) Oxygen partial pressure dependencies of equilibrium
oxygen non-stoichiometry and average iron oxidation state in SFA at
1023 K, determined by the coulometric titration technique and (b) the
thermodynamically equilibrium values of CH4 conversion and CO
selectivity vs. CH4:0; ratio in the initial mixture. The procedure used
for thermodynamic calculations of CH4 conversion was described in
Ref. [19]. The upper axis in (a) shows equilibrium CHy4:O; ratio for the
corresponding values of the oxygen partial pressure.
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Figure 4. Time dependence of CH4 conversion and CO selectivity in a
reactor with SFA membrane and Pt-modified SFA catalyst. The inlet
flow rate of 50% CH4—50% He mixture was 2.0 mL/min.

with time was detected (figure 4), indicating that the
decrease in CO selectivity over the Pt-modified SFA on
increasing temperature (figure 2) cannot be attributed to
Pt sintering.

The absence of time degradation of the reactor
performance suggests also that there is no bulk reduc-
tion of the oxide phase into a mixture containing
metallic iron. This conclusion was confirmed by XRD
(figure 5). Furthermore, the XRD analysis did not reveal
apparently the transition of perovskite into the vacancy-
ordered brownmillerite phase, characteristic of stron-
tium ferrite-based compounds ([20-22] and references
cited). Most likely, these ordering processes cannot be
distinguished by XRD due to low sensitivity of this
method to oxygen sublattice. In order to evaluate exact
phase composition and the states of iron in SFA lattice,
the M&ssbauer spectroscopy was used.
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Figure 5. (a—c) XRD patterns of SFA after annealing in different
atmospheres and (d) SFA catalyst after methane conversion tests at
1123-1223 K for 90 h.
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The 295 K Moéssbauer spectra of SFA equilibrated
with atmospheric oxygen and then quenched from
1023 K or slowly cooled down to room temperature
(figure 6a, b), are similar to those reported for
Sr(Fe,Ti)O;_s perovskites [20-22]. In a first approxima-
tion, these spectra can be analyzed using only two
doublets attributed to Fe** and Fe**. The Lorentzian
peaks of the doublet with highest IS, the Fe3* doublet
are, however, broad and cannot reproduce correctly the
shape of the spectrum envelope. The most obvious
reason is that at least two different coordination
numbers (CN) of iron, 5 and 6, are expected in the
perovskite lattice of SFA. Disorder in the second and
third coordination spheres due to the presence of oxygen
vacancies and doping with aluminum should further
increase the number of different contributions to the
spectrum. These contributions are revealed by strong
broadening of the doublet peaks since the corresponding
differences in hyperfine parameters are not large enough
to result in resolved contributions. Therefore, a distri-
bution of Fe’t quadruple doublets was refined. Addi-
tional improvement of the fitting was achieved when a
correlation between IS and QS of this distribution was
considered; the best results correspond to a decrease of
0.0375 mm/s in IS per 1 mm/s increase in QS, in
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Figure 6. (a) Room-temperature Mdossbauer spectra of SFA equili-
brated at low temperatures in air; (b) annealed at 1023 K in air and
then quenched; (c) annealed at 1023 K and p (O,) = 1073 atm; and (d)
annealed in a H)~H,O-N, flow at p(O,) = 1077 atm.
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agreement with data on the whole SrFe; Al,O;_;
(x=0.1 —0.5) series which will be summarized in a
separate publication. The estimated average IS,
0.29 mm/s, is consistent with the presence of 5- and 6-
coordinated Fe3* [22,23]. No significant improvement in
the quality of the refinement was achieved replacing the
Fe** quadruple doublet by a QS distribution.

In addition to a paramagnetic contribution observed
for the samples equilibrated in air, the Mossbauer
spectrum of SFA annealed at p(O,) = 107> atm shows
the presence of a magnetic ordered phase (figure 6c¢).
The absorption peaks are very broad, probably due to
relaxation phenomena associated with the proximity of
the magnetic ordering temperature. For reduced SFA
annealed at p(O,) = 107! atm, the shape of the
spectrum suggests all iron to be magnetically ordered
(figure 6d). Due to peak broadening, no accurate
information on the state of iron cations in the samples
with low oxygen content may be obtained from the
room-temperature Mossbauer data. Therefore, the spec-
tra were collected at 15 K (figure 7), where the relaxation
is slower and magnetic sextets should be observed. At
this temperature, reduced SFA is close to magnetic
saturation and the resolution is substantially better
compared to the room-temperature data. For the sake
of comparison, another spectrum of oxidized SFA
equilibrated at room temperature in air was also
obtained at 15 K (figure 7a). This spectrum was fitted
considering two distributions of magnetic splittings

RELATIVE TRANSMISSION

1
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Figure 7. (a) Mossbauer spectra, collected at 15 K, for SFA
equilibrated at low temperatures in air; (b) reduced at 1023 K and
p(0,) = 1073 atm; and (c) reduced at 1023 K and p(O,) = 10~!7 atm.
The spectra were collected at 15 K. Solid lines correspond to fitting
results as described in the text and in table 1.
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associated with Fe’* and Fe*t ions; the results were
consistent with the room temperature data within the
limits of experimental error. Table 1 summarizes the
parameters estimated from the Mdssbauer spectra.

Neither traces of metallic iron nor evidence of
hyperfine splittings with low magnetic hyperfine field
(Bpy), typical for Fe**, were observed for reduced SFA
annealed at p(O,) = 10~!7 atm. In fact, the correspond-
ing spectrum (figure 7c) is well described using two
distributions of magnetic splittings, with the average
parameters consistent with those of 6- and 4-coordi-
nated Fe’* in a brownmillerite-type lattice [24,25]. The
estimated relative areas I (table 1) seem to indicate that
AP prefers tetrahedral coordination, while Fe** exhib-
its a preference for octahedrally coordinated sites as
observed in brownmillerite-type Ca,FeAlOs,s [24,25].
A significant improvement in the fitting quality was
further achieved when considering a third contribution,
with the parameters typical for Fe’* in a perovskite
lattice such as those estimated for SFA equilibrated in
air (table 1). The perovskite phase contains approxi-
mately 7% total iron amount in the SFA powder. Note,
however, that these data cannot exclude a probability of
metallic iron formation in SFA surface monolayer
in the membrane reactors.

The sample annealed at p(O,) = 107> atm shows
absorption peaks at the Doppler velocities, where the
Fe** signal is observed for oxidized SFA (figure 7).
Furthermore, the absorption between the outmost peaks
due to tetrahedrally and octahedrally coordinated Fe**
in the brownmillerite domains is also visible, suggesting
the presence of magnetic sextets with intermediate
IS and By values, such as those observed for Fe’*t
in perovskite. Therefore, as for reduced SFA, the
perovskite- and brownmillerite-like phases co-exist at
p(03) = 1073 atm. The spectrum shown in figure 7b was
thus fitted with all contributions observed in the spectra
of reduced and oxidized samples. Due to strong over-
lapping of all these contributions, the values of the
hyperfine parameters were kept constant during refine-
ment, with the intensities to be the only regression
parameters and separate adjustment of the fixed hyper-
fine parameters.

The average oxidation states of iron cations, esti-
mated from the Mdssbauer spectra of SFA quenched
from 1023 K after annealing in air and in H,~H,O-N;
mixture, were verified by the coulometric titration
method [17]. The Mdssbauer spectroscopy data (table 1)
give the total oxygen content of 2.553 and 2.500 per
perovskite unit formula for the oxidized and reduced
samples, respectively. The values of oxygen content,
determined from the coulometric titration data at
1023 K and p(0,) = 0.21 and 10~!7 atm, are 2.572 and
2.499, correspondingly (figure 3a). The difference
between the results of these two techniques is within
the limits of experimental uncertainty. Also, charge
disproportionation of a few Fe cations in clusters, where
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the iron concentration might be locally larger, may lead
to a slightly lower Fe*' fraction deduced from the
Mossbauer data. Due to the strong overlapping of all
contributions to the Mdssbauer spectra, absorption due
to these Fe cations may have been incorporated in the
estimated relative areas of the QS distribution attributed
to Fe’* ; the relative areas assigned to Fe** would thus
be slightly overestimated.

In general, the results of the Mdssbauer spectroscopy
show that reduction of SFA at 1023 K occurs via the
formation of brownmillerite-like domains, co-existing
with perovskite domains down to relatively low oxygen
chemical potentials. Such a behavior is typical for
perovskite-like ferrites (see [7,13,20-25] and references
cited); analysis of the literature data shows that this
local ordering can be expected up to, at least, 1200 K.
Furthermore, the catalytic activity of ferrite phases with
ordered oxygen sublattice is typically low if compared to
disordered perovskites [13]. For the perovskite-related
ferrites with ordered microdomains, the maximum
catalytic activity is observed at elevated temperatures,
1050-1170 K, when extensive disordering processes start
and the perovskite—brownmillerite phase boundary is
mobile [11-13]. On the other hand, although one cannot
completely exclude the presence of trace amounts of
metallic iron on the ferrite surface and its contribution
to the catalytic processes [1], the Mdssbauer spectros-
copy and the data on Pt-modified SFA catalysts both
suggest that this effect should be minor. In particular,
due to higher catalytic activity and stability of Pt metal
with respect to Fe [1], a significantly improved perfor-
mance could be expected for Pt-modified SFA if the
overall process would be governed by metal atoms in the
surface monolayer; this is not observed experimentally.
Also, the maximum syngas yields are characteristic for
partially oxidized ferrite-based catalysts, e.g. when
alternate CH4 and O, pulses are supplied over ferrite
surface [11,12]. The high catalytic activity of perovskite-
related ferrites, such as SFA, towards syngas formation
may hence be associated with the lattice instability due
to morphotropic phase transformations on reduction.
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