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bstract

trontium silicate was found on the surface of La0.2Sr0.8Fe0.79Cr0.2Mg0.01O3 exposed to hydrogen containing humid atmospheres at 1000 ◦C and
0 bars. Silica originated from the furnace tube material and was transported via the gas phase as a gaseous silica hydrate. Fe and Sr were initially

referentially expelled from the perovskite grain boundaries to give Sr2SiO4 at the surface, along with a secondary Fe-rich phase and a LaCrO3-rich
rain boundary region. Eventually, Fe and Sr were drawn from the grains, leaving a porous structure. This investigation highlights the importance
f avoiding Si sources near Sr-rich membranes in humid atmospheres at high temperatures.

2007 Elsevier Ltd. All rights reserved.

Sr)(Fe

s
t
a
o

i
f
m
a
s
w
o

o
t
w
o

eywords: Perovskites; Membranes; SiO2; Silicate; Chemical properties; (La,

. Introduction

Oxygen membranes made from mixed conductors will trans-
ort oxygen electrochemically in an oxygen chemical potential
radient. They have potential applications as oxygen separation
embranes for extraction of oxygen from air, e.g. for medical

pplications and production of syngas.1–3 The main advantage of
hese membranes over membranes based on physical principles
s the fact that they are only permeable to oxygen, giving 100%
electivity. The production of syngas occurs when methane as the
uel on one side reacts with oxygen that is transported through
rom the air side to form CO and H2 gas, combining two opera-
ions into one, eliminating the need to separate oxygen from air
rior to oxidation.4,5

A major challenge in all membrane applications is the stabil-
ty of the materials in the severe operational conditions such as
igh temperature, large chemical potential gradients and corro-

ive reaction gases.6 Three types of reactions may be identified:
nterface reactions between the different materials in the mem-
rane system, reactions between membrane materials and the
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urrounding atmosphere, or decomposition of a material due to
hermodynamic instability under operating conditions.7,8 Any or
ll of these reactions may cause degradation of the performance
f the membrane.

It is well known that silica should be avoided when mak-
ng ceramic materials, as it is an excellent glass former and
orms low-melting phases with many of the metal oxides com-
on to these materials. Reactions with SiO2 during operation

re, however, not well known. Viitanen et al.9 have reported on
ilica poisoning of La0.6Sr0.4Co0.2Fe0.8O3 membranes, which
as found to cause deterioration of the membrane performance
ver time.

During our investigation on the stability of the present per-
vskite material, strontium silicate was unexpectedly found on
he surface of the material. The presence of strontium silicate
as detected by a combination of SEM, IR and XRD analysis
f the sample surface, and the Si-source was identified to be the
urnace tube material, Manaurite XM, which contained 1.77%
i. Si is usually added to an alloy to inhibit corrosion of the
etal, and will reside on the surface of the metal as SiO2.
In order to reveal in more detail the effect on material sta-
ility having a rather dilute metallic Si source in the vicinity
f our samples, we decided to conduct a more careful study
f La0.2Sr0.8Fe0.79Cr0.2Mg0.01O3 in humid atmosphere at high
emperatures and pressures. This perovskite material is chosen

mailto:siaas@statoil.com
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with the metal.

The new phase, strontium silicate, grew quite fast initially and
already after 1 h the sample surface appeared quite differently
as shown in Fig. 3(a).The new phase grew as needles increasing
Fig. 1. Furnace construction.

or its potentially high oxygen flux combined with a high stabil-
ty, and flux data for this composition and related compositions
re presented in a separate paper.12 The small amount of Mg
as added to the perovskite in order to inhibit grain growth, and

hus increase strength, during sintering. Stability of this material
n humid atmospheres in the presence of CO2 is presented in a
eparate paper.13

. Experimental

Ceramic powder with composition La0.2Sr0.8Fe0.79Cr0.2
g0.01O3 was bought commercially from Praxair Specialty
eramics.2 The powder was made by a spray pyrolysis process,
nd calcined at 1050 ◦C for 1–2 h. The samples were sintered at
275 ◦C for 2 h in flowing N2, to avoid cracking of the samples
uring heating and cooling. Sintered samples were found to be
ingle phase with a cubic lattice parameter of 3.919 Å, giving a
rystallographic density of approximately 92%. SEM analysis
howed that Mg, as expected, gathered at the grain boundaries,
hus inhibiting grain growth.

Sample pellets were cut into quarters which were placed in
sample holder of zirconia as shown in Fig. 1. Inert materials
ere used in the furnace internals, except for the furnace tube

tself, which was made of XM metal.3 The samples were exposed
o 40% H2O, 20% H2 and 40% Ar at 1000 ◦C and 30 bar total
ressure, corresponding to an equilibrium pO2 of 10−14 bars.
he total duration at the given test conditions varied from 1 to
00 h. Two additional experiments were conducted; one without
he presence of humidity and one where XM metal coupon was
laced in contact with the perovskite material.

All samples were examined visually and by Scanning Elec-
ron Microscopy (SEM) (Philips XL 30). Energy dispersive
pectroscopy (EDS) was used to determine the compositions of
arious phases. The element concentrations of Sr, La, Fe, Cr and
i were normalized to 100 at% for clarity and easy comparison.
-ray diffraction (XRD) was used for phase identification on

ample surfaces. The examination was performed on a Scintag
AD V diffractometer with a secondary graphite monochroma-

or.

2 Praxair Specialty Ceramics, Woodinville, WA 98072-6231.
3 http://www.manoirusa.com/index.html.
ramic Society 27 (2007) 4509–4514

. Results

The main focus of the present investigation is the possible
eaction between the perovskite and gaseous species in the ambi-
nt atmosphere. However, it should also be kept in mind that the
erovskite is exposed to quite low oxygen potentials at high tem-
eratures, so possible thermal decomposition into component
xides or even metallic phases may also become an issue. As
tated in the previous section the samples are typically exposed
o pO2 equal to 10−14 bar at 1000 ◦C. Mizusaki et al.7 reported
hat La1−xSrxFeO3−δ with x = 0.6 was stable even at 10−15 bar
t 1000 ◦C. That is, it is likely that La1−xSrxFeO3−δ with x = 0.8
lso is stable at the same conditions given that ca. 20% of Fe
s substituted by Cr. According to Yokokawa et al.8 LaCrO3
s stable at less than 10−22 bar even at 1000 ◦C, emphasizing
he stabilizing “power” of Cr in this material system. Thus it
as assumed that the perovskites in question were stable at the
revailing oxygen chemical potentials and the possible deterio-
ating reactions were only due to reactions with species in the
mbient atmosphere. This was also supported by XRD analysis
hich always showed that the perovskite compound was intact

n the bulk of the sample (below the reaction layer) despite sev-
ral hundred hours exposure at 1000 ◦C and at fairly low oxygen
otentials (10−14 bar).

A white, Sr-rich layer is formed on the surface of the samples
xposed to humid atmosphere at high temperature as shown in
ig. 2. The exposed parts of the sample were light colored and
atte, whereas the part shielded by the sample holder was shiny

nd black as before exposure. The amount/thickness of the sur-
ace layer increased with time, followed by a reduction of the
echanical integrity of the specimens.
No reactions were found for the sample tested in dry atmo-

phere, and also no reaction was observed in the contact zone
etween a metal coupon and the sample. Reactions had occurred,
owever, at surfaces of the perovskite that were not in contact
Fig. 2. Photo of sample after 500 h exposure at 1000 ◦C.

http://www.manoirusa.com/index.html
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Fig. 4. (a) SEM micrograph of sample cross section after 4 h exposure at
1000 ◦C. The following regions are identified: (I) surface reaction layer, (II)
p
g
m

s
s
c
end of the porous layer. In the transition zone (III) the Sr content
increased and the Cr and La contents decreased, while the Fe
content had a maximum value in the transition zone.

Table 1
Elemental analysis of different phases observed in exposed specimens (at%)

Analysis spots Sr La Fe Cr Mg
ig. 3. (a) SEM micrograph of the surface after 1 h exposure at 1000 ◦C. (b)
EM micrograph of the surface after 500 h exposure at 1000 ◦C.

n length with time, and after 500 h needles as long as 100 �m
ere observed as shown in Fig. 3(b).
The identification of Sr2SiO4 was not trivial, as the pres-

nce of Si was unexpected, and in addition the Sr L� and the
i K� peaks are close (1.8066 and 1.7398 keV, respectively).
nfrared (IR) spectroscopy analysis on the surface layer gave
first indication that a low atomic number oxide was present,

efore EDS analysis revealed a Sr–Si phase with a Sr:Si ratio of
:1 in the surface layer. Rietveld analysis performed on the XRD
ata of the surface layer confirmed the presence of Sr2SiO4,
oth in the monoclinic and the orthorhombic modifications.
ata from the Rietveld analysis were used to model the IR

pectra, yielding a result in accordance with the collected IR
pectra.

SEM micrographs of the cross sections of the samples are
hown in Fig. 4. An outer Sr and Si-rich layer was demon-
trated to be fairly dense (region I). This surface layer became
ore porous with time and detached easily after long expo-

ures. Degradation of the perovskite near the surface following
he preferential growth of Sr2SiO4 may explain the increased
orosity near the original surface. A porous, Sr-depleted zone
as observed beneath the original surface of the samples (region

I). The original surface was at the border between regions I and
I. Before reaching the bulk material, there was a transition zone
here the grain boundaries were depleted in Sr (and Fe) and

nriched in La and Cr and a secondary dark, Fe-, Cr- (and Mg-

rich phase was observed in addition to bulk perovskite materials
n the original grains (region III). EDS spot analysis of the three
hases are given in Table 1.

D
G
G

orous Sr-depleted layer, (III) transition zone and (IV) Bulk. (b). SEM micro-
raph of sample cross section after 100 h exposure at 1000 ◦C. (c). SEM
icrograph of sample cross section after 500 h exposure at 1000 ◦C.

EDS line scans confirmed the results of the spot analysis, as
hown in Fig. 5. The porous layer (II) was depleted in Sr and to
ome extent also in Fe and enriched in Cr and La, while the Si
ontent decreased from a high value at the surface to zero at the
ark gray spots 7 6 35 44 8
rain boundaries 28 19 34 19 0
rains 40 8 42 10 0
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Fig. 5. Elemental analysis of regions II–IV after 4 h exposure. The analysis was
taken along 100 �m long lines at distances from 0 to 25 �m from the original
surface, along 200 �m long lines at distances from 30 to 75 �m and along 400 �m
long lines from 75 to 150 �m inwards from the original surface due to different
magnifications.
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ig. 6. The thickness of porous, Sr-depletion layer (II) and reaction layer, defined
s distance from original surface to level where concentration of Sr reaches 90%
f bulk Sr concentration, as a function of time at 1000 ◦C.

EDS line scans were used to determine the extent of reaction
y measuring the distance from the surface to the line where the
r content had reached 90% of the Sr-bulk content. The extent of

he reaction was also quantified by measuring the distance from
he original surface to the end of the porous, Sr-depleted layer
II) on SEM images of sample cross section. Both methods gave
he same trend in the extent of reaction versus exposure time as
hown in Fig. 6. The thickness of the Sr-depleted layer increased
ith increasing exposure up to 100 h, though not linearly, before

t leveled off. The reproducibility of the EDS line scan analysis
as good, as seen at 100 h exposure where two different areas
n the cross section have been examined.

. Discussion
The vaporization of SiO2 at high temperatures and pressures
s known from other applications, and gas phase transport of
iOx species have been found to occur by two different mecha-
isms:

L

ramic Society 27 (2007) 4509–4514

(i) Evaporation of SiO under reducing (H2) conditions10:

SiO2(s) + H2(g) ↔ SiO(g) + H2O(g) (1)

or

SiO2(s) ↔ SiO(g) + 0.5O2(g) (2)

ii) Reactions with steam at high pressure to form
SiO2·2.5H2O11:

iO2(s) + 2.5H2O(g) ↔ SiO2·2.5H2O(g) (3)

The consequence of reaction (3) is that SiO2 can be trans-
orted through the gas phase also under oxidizing and humid
onditions. The mechanism is known from steam reforming pro-
esses. The solubility of silica in water vapor increases with
ncreasing temperature and pressure.15 SiO2 may easily form
n the surface of metals containing Si when exposed to air, or it
ay form at high partial pressures of steam at high temperature

y a reaction of steam with Si metal:

i(s) + 2H2O(g) ↔ SiO2(s) + 2H2(g) (4)

his reaction will provide a continuous supply of SiO2 on the
urface of the furnace tube material, hence providing a continu-
us supply of SiO2 available for gasification through reactions
1)–(3).

In the mechanism described by Eqs. (1) and (2), the vapor
ressure of SiO at 1000 ◦C, pO2 = 10−14 bar and total pressure
f 30 bar is 10−12 bar.14 Under the operating conditions in this
xperiment this corresponds to 6 × 10−8 wt ppm SiO(g). Using
q. (3) a solubility of 200 wt ppm silica in superheated steam
t 1000 ◦C and 30 bar can be estimated through extrapolation
f the data from Straub.16 The amounts of Sr2SiO4 observed
orrespond to rather high rates of gas phase transport of SiO2,
nd the gas phase transport is more appropriately described by
ransport of SiO2 as a hydrated species as given in reaction (3)
han by the minute partial pressure of SiO(g) corresponding to
quilibria established by reactions (1) and (2), respectively. The
echanism of transport of SiO2 as a hydrated species was sup-

orted by the fact that no reaction was observed on the perovskite
urface either in dry atmosphere or in direct contact with the XM
etal.
There are a number of different compounds that may form

n Sr–Si–O system, depending on the Sr:Si ratio.17 XRD data
evealed Sr2SiO4 in the surface layer after 500 h exposure. For-
ation of Sr2SiO4 at the surface was confirmed by EDS analysis

f the white surface layer which showed a Sr–Si rich phase with a
r:Si ratio of 2:1. This is not consistent with what was reported
y Viitanen et al.9 They did not, however, support their data
ith XRD analysis to identify the phase, and only reported a Sr

nriched surface. Hence, it is likely that they also have Sr2SiO4
nd not pure SiO2.

The following equation shows a possible reaction for the
ormation of Sr2SiO4:
a0.2Sr0.8Fe0.79Cr0.2Mg0.01O3 + ySiO2·2.5H2O

→ ySr2SiO4 + Sr-depleted La0.2Sr0.8Fe0.79Cr0.2Mg0.01O3

+ 2.5yH2O (5)
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When the Sr depletion of the perovskite has progressed far
nough, the perovskite will convert to a different structure in the
ame manner as was described for CO2 degradation.13

The micrographs shown in Fig. 4 have several interesting
eatures. Initially, the grain boundaries seemed to be chem-
cally modified due to the presence of SiO2 at the surface.
he grain boundaries were depleted in Sr, leaving a La-Cr

ich phase. A secondary Fe- and Cr-rich phase, seen as dark
rey spots on the micrographs, was found throughout the exam-
ned section, preferentially close to the grain boundaries. With
ime the concentration of the Fe- and Cr-rich secondary phase
as more prominent, especially in the transition zone, The

hickness of the La–Cr rich grain boundary phase increased
ith time, and after 100 h formed a continuous network in the

ransition zone. The formation of a continuous grain bound-
ry phase may significantly slow down the transport of Sr
o the surface, consistent with the measured extent of reac-
ion given in Fig. 6 which shows a passivation trend above
00 h exposure. After 500 h, the darker Fe- and Cr-rich phase
as almost completely gone, both from the bulk region (IV)

nd from the edge of the porous Sr-depleted zone (II/III).
he porosity of the transition zone (III) was also considerably
igher than for shorter exposure times. The increased poros-
ty and disappearance of the Fe- and Cr-rich phase may be
xplained by rearrangement reactions that took place once the
assivation stage was reached. The compositions of the three
hases did not change considerably from those reported in
able 1.

Based on the observed behavior, a possible reaction mecha-
ism can be summed up by the following points:

SrO at the surface reacted with SiO2 transported through
the gas phase as a silica hydrate to form Sr2SiO4 at the
surface.
Sr, and to a certain degree Fe, was transported along the grain
boundaries towards the surface. It is likely that the initial main
source of Sr was at the grain boundaries, explaining the pref-
erential degradation of the grain boundaries in the first few
hours of exposure. When most Sr and Fe had left the grain
boundaries, Sr and Fe were drawn from the grains, creating
porous grains.
Initial degradation of the grains in the transition zone (III)
depleted the structure with respect to Sr and Fe, creat-
ing a thicker LaCrO3 rich grain boundary. As the grain
boundary region thickened and the width of the transition
zone (III) increased, the Sr transport rate to the surface
decreased.

. Conclusions

SiO2 evaporated from the furnace tube surface was found to
eact with SrO in the perovskite La0.2Sr0.8Fe0.79Cr0.2Mg0.01O3
o form Sr2SiO4 on the surface of the perovskite material in

umid atmospheres at high temperature and pressure. SiO2
ransport depended on formation of a gaseous silica hydrate and
ence on the presence of water vapor. Passivation was observed
o occur after approximately 100 h exposure. No reactions were

1

ramic Society 27 (2007) 4509–4514 4513

bserved either under dry conditions or when shielding the Si-
ource. When using Sr-based perovskite materials in membrane
eactors it is of importance to avoid Si-sources (Si containing
lloys, insulation materials, sealing materials) in the vicinity of
he membrane at high steam partial pressures and high temper-
tures.
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