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A permeation study using bare Bay sSr¢ sCo¢ sFeq .0, mem-
branes shows that stable oxygen fluxes are only achieved
when operating the membrane at temperatures higher than
1023 K and indicates therefore that short contact time
membrane reactors will be most suitable for future upgrad-
ing of light hydrocarbons.

Catalytic membrane reactors and related devices are attractive
configurations to carry out large scale chemical processes as
their multifunctional action leads to comparably small plant
dimensions and lowered operationa costs® An important
scenario isthe use of non-porous oxygen permeable membranes
in the selective oxidation of light hydrocarbons alowing a
process design without the cost intensive (cryogenic) oxygen
separation unit. The use of highly perm-selective (i.e. dense)
catalytic membranes might also lead to ‘green processes with
enhanced selectivity towards value-added products as reactions
with permeated nucleophilic lattice oxygen ions proceed more
selectively than those with adsorbed el ectrophilic atomsformed
from gas-phase oxygen.23 However, a profitable use of
investment intensive membrane reactors depends on devices
(i.e. membranes) alowing reasonably high production rates (i.e.
oxygen fluxes) and along term functionality. In turn, the used
oxygen supplying inorganic membrane must exhibit a high
kinetic stability (i.e. preserving an oxidised state of the bulk)
and the working conditions have to match those of catalytic
systems eventually necessary for the chemical reaction. One
mixed conducting membrane material meeting the requirement
of high permeation fluxes at high temperatures is the recently
described Bag sSrosC0g.gFen 204 perovskite (BSCFO).3-6 Un-
fortunately, information on the long time performance in
oxygen permeation is limited,* especially at comparably low
temperatures (e.g. 923 K) recently suggested for the oxidative
dehydrogenation of ethane (ODHE).3 We report therefore in
this communication a in-depth study on the performance
stability in oxygen permeation at comparably low temperature,
i.e. in the range 973-1073 K. Besides observing formerly
unreported high oxygen fluxes, we obtained detailed informa-
tion on the causes of a membrane deactivation. Furthermore,
some indications have been found that the sealing and/or the
reactor geometry have an influence on the attainable oxygen
permeation rate.

The synthesis of the BSCFO perovskite was carried out by an
adapted variant of the so-called citrates method”8 employing
EDTA andcitric acidin parallel ascomplex formation agents.45
Briefly, the required amounts of cation precursors were
introduced as Ba(NO3),, Sr(NOs),, Co(NO3),-6H,0 and Fe-
(NO3)3-6H,0 (purity >99.5%) and completely dissolved in a
small portion of water using in respect to Ba and Sr an
equimolar amount of EDTA and a4 fold larger quantity of citric
acid. By evaporation of water, a gel and subsequently a foam
was formed. Finally all organic compounds were combusted by
treating thefoam at 1173 K for 8 hin air yielding ahomogenous
perovskite powder. Raw membrane discs were pressed by
applying apressure of 140 MPafor 1 min. A densification of the
raw discs was accomplished by sintering them for 8 h at 1423 K
in dense alumina boats.

The formation of a pure perovskite structure was checked by
X-ray diffraction using a Bruker D5005 system in the 20 range
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3—80° a step width of 0.02°, a counting time of 1 s and Cu

Ka1+a2 radiation (1.54184 A). The bulk elemental composition
was determined by | CP-OES (Spectroflame) analysing asample
dissolved by heating at 523 to 573 K in amixture of H,SO,4 and
HNOs. SEM micrographs were taken with a JEOL JSM-840A
electron microscope, whereby a calibrated PGT spectrometer
upgrade allowed to determine the element composition by EDX
analysis (as mean value of several points analysed).

The oxygen permeation properties were studied using a
reactor schematically depictedin Fig. 1. Membranediscs (1 mm
thick) were sealed in between two dense alumina tubes (od: 12
mm, id: 8 mm) using gold rings as chemically inert sealants.
Furthermore, the side wall of the discs was extensively covered
with gold paste suppressing radial contributions to the oxygen
flux permeating through the active cross-section of 0.5 cm?2. The
sealing was carried out in the beginning of experimental runs by
heating to 1073 K for one night. After that the oxygen-rich side
was fed at a constant total pressure adjusted to 120 kPa and a
constant total flow rate of 50 ml min—1 using a mixed stream of
10 ml min—1 O, (Air liquide) and N, as balance (evaporated
liquid N, Air liquide) controlled individually by mass flow
controllers (Brooks, type 5850TR). A flow of 20 ml min—1 He
was passed to the oxygen-lean permeate side assuring a proper
rinsing of permeated oxygen. Introduced gases were preheated
on both membrane sides while passing the void space between
the aluminatube and an inserted quartz tube. The analysis of the
gas leaving via the tube centre was carried out with a calibrated
computer controlled GC (HP 5890 series 11, TCD, 5 A sieve
column). Hence, a separate monitoring of the oxygen and
nitrogen partial pressures alowed to rule out major sealing
problems or an incomplete densification of the membrane.
Permeated oxygen fluxes were calculated from the oxygen
partial pressure at the permeate side, the helium flow rate and
the active membrane surface assuming a behaviour according to
the law for ideal gases. Minor corrections (well below 4%)
accounting for contributions from dight imperfections in the
high temperature sealing were introduced on basis of the small
detected nitrogen partial pressures, assuming a penetration of
air.

The stability of the membrane in terms of O, permesability
was studied by recording continuously the permeation flux
under a partial pressure gradient of air/He for 34 days. As
depicted in Fig. 2 the membrane was alowed to relax for
approximately 4 days before cyclically changing the sample
temperature within the range 973-1073 K.

Data collected at 973 K during the first days on stream
indicated a steep decline of theinitially high oxygen permeation
flux. As no steady-state was reached after 4 days, the
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Fig. 1 Scheme of the high temperature permeation reactor with gold seal.
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temperature wasincreased to 1073 K. In addition to the obvious
instantaneous change related to a higher temperature, an
additional much slower increase with time was observed. Upon
decreasing the temperature back to 973 K the oxygen permea-
tion was once more found to be non-stationary, resembling
moreover the decline observed before. However, in thiscase the
initial permeation fluxes were significantly lower than those
measured during the first day on stream. Further temperature
cycles suggested that the membrane performed in a stable
manner at temperatures higher than 1023 K. At lower
temperatures the permeability declined and a reactivation at
high temperature was necessary to restore the initial status.

In order to investigate the reason of the observed decline in
oxygen permeability, a spatial resolved analysis of the element
composition after use was performed by means of SEM-EXD
microscopy. Fig. 3 showsthe element maps of Fe, Co, Sr and Ba
along with a micrograph view in an interfacial sample region
(showing the permeate side and the sample bulk after cracking
the disc). The element maps suggest an enrichment of Ba at the
surface of the permeate side, whereas the Fe and Co content
strongly decreased. Quantitative measurements of the cation
composition were performed at the air flushed feed side, the He
swept permeate side and the sample bulk accessed by cracking.
Table 1 reports the results along with those of a conventional
ICP-OES analysis of two different samples before use. Within
the analytical precision the results of the chemical anaysis
coincided well with those of the EDX analysisat theair exposed
feed side and the bulk. However, in agreement with expecta-
tions drawn from the element maps, distinct changes become
obviouswhen the EDX analysis of the He flushed permeate side
is taken into account. The surface of the permeate side consists
of amost 70% Ba, replacing ailmost completely Fe and Co,
detected as traces below 4%, whereas Sr shows only a minor
change in concentration.

In turn, the EDX results indicate a segregation of Bato the
surface of the permeate side during membrane operation at high
temperature. A comparable behaviour was aready observed in
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Fig. 2 Oxygen permestion flux as a function of time at temperatures in the
range 973-1073 K.

Fig. 3 SEM-EDX element mapsfor Fe, Co, Sr, Baand the respectiveimage
view showing both the bulk (top part) and the permeate side surface (bottom
part) in the interfacial area obtained by cracking.

Table 1 Cation composition of the Bay 5Sro 5C00.gFep 20« material.

Sample Ba (atom%) Sr (atom%) C (atom%) Fe (atom%)
Batch 12 24.9 25.1 39.9 10.1
Batch 22 25.0 250 40.0 10.0
Air sideb 27.7 22.4 39.0 10.9
Bulkb 27.9 20.8 41.1 10.2
He sided 69.8 258 33 11

aResult of ICP-OES analysis before use. ? Values from spatial resolved
SEM-EDX analysis after use.

the case of La;_4SrxFeOs_s membranes, where Sr segregated
when the membrane was operated under large oxygen activity
gradients.®

The results of the long term permeation tests indicate two
distinctly different characteristics which might be best ex-
plained by changes in the sample constitution. First, an
induction period was observed at the begin of the experiment
where the oxygen permeation declined irreversibly from a high
level (seeresults during day one at 973 K). This non-reversible
induction period can be explained by the observed high
temperature segregation of Ba to the surface near region at the
permeate side. It is reasonable to assume a partial 1oss of mixed
conductivity in thisregion leadsin turn to an enlarged transport
resistance and finally to decreased permeation fluxes. However,
the observed decline in the permeation flux might be further
reinforced by Ba specific properties (e.g. a formation stable
adsorbate layers further hindering the permeation).

Second, at temperatures lower than 1023 K the oxygen
permeation was non-stationary and declined with time. Con-
trary to the finding in the induction period the same decrease in
oxygen permeability was periodically observed throughout the
wholetime on stream (see e.g. the cyclesat 973 K between days
5and 9, 20 and 25 and 30 and 34). Obvioudly, this deactivation
was reversible and the former permeability could be restored by
dlowing the sample to relax to its former state, eg. by
performing measurements at temperatures above 1023 K.
Moreover, the rate at which the deactivation occurred was found
to increase with decreasing temperature leading at 973 K
already to an important decline in oxygen permeation during a
few hours. Furthermore, a performance decline could also be
observed at a constant temperature of 1073 K when the
membrane was operated with a slightly higher oxygen partia
pressure enforced e.g. by a higher air side gas flow. It is
therefore reasonable to explain the reversible deactivation
phenomena by a changed ionic conductivity either resulting
from a change in the oxygen vacancy concentration or by a
change in the local oxidation state of the BSCFO material.
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