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Abstract: Experimental approaches are employed for the understanding of oxygen permeation through
membranes. For the experiments, different oxygen partial pressures are applied to both sides of a
BSCF5582 membrane, using synthetic air as feed and vacuum or steam/argon as sweep gas. Beside
the partial pressure gradient, the permeation rate depends on the temperature and the membrane thick-
ness. Sufficient permeation rates can be achieved by sweeping the membrane with water vapor (steam)
instead of a noble gas, which is optimized by ascending water content in the sweep gas. The influence
of the steam content on the permeation performance as well as microstructural changes are demon-
strated.

Keywords: perovskite; oxygen transport membrane; BSCF; permeation measurement; steam sweep

1. Introduction

The transport of oxygen and other gases through membranes has a broad range of applications,
including the purification of gases, reduction of nitrogen oxides during combustion processes and many
other energy and climate relevant purposes.

Especially ion conducting membrane materials are supposed to be the means of choice, when high
purity oxygen is required for technical processes like the oxyfuel combustion for carbon capture and
storage (CCS) [1] or reactions in chemical industry like the syngas production and hydrogen process-
ing [2]. In comparison to other oxygen production techniques, i.e. the energy-intensive cryogenic air
separation (Linde method) or vacuum pressure swing adsorption (VPSA), membrane based methods
might be beneficial in terms of decentralized utilizability, combined with a high purity of the produced
oxygen. Embedded in a high temperature environment process, oxygen transport membranes (OTMs)
are supposed to be an economic alternative to commercial large-industrial processes. Membrane mate-
rials with perovskitic structure offer the highest oxygen fluxes due to their mixed ionic and electronic
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conductivity (MIEC). Their ability to transport oxygen via vacancies in the crystal lattice enables ef-
ficient and highly selective separation of oxygen from ambient air. Such kind of membranes can be
applied in several ways, either as separate membrane modules for purified oxygen production or in
the form of membrane reactors (MRs) for chemical reactions where oxygen is needed as a reactant.
The former could be applicable in modern coal power plants, where the combustion is performed in
oxygen enriched atmospheres, whereas oxygen ion conducting MRs are primarily made for the oxida-
tive coupling of methane (OCM) in the syngas generation process (CH; + 0.50, — CO + 2 H,). The
degradation behavior of those membrane materials is an important issue, since some of the applica-
tions implement harsh process conditions concerning oxidizing or reducing atmospheres and flushing
with flue gas and steam. The approach in this work consists of a membrane module for oxygen sep-
aration from air, whereas the idea is to use steam (water vapor) for sweeping the membrane surface
instead of flue gas, since it has been proven that some perovskites decompose under CO, containing
atmospheres. Especially BSCF (Ba,Sr,_,Co,Fe;_,03_s) is prone to form carbonates (Ba,Sr;_,CO3),
which impede the oxygen exchange kinetics at the surface and consequently lower the permeation rate
through the membrane [3-9]. There are plenty of studies in the literature which have investigated
perovskitic hollow fiber membranes operating under steam sweep conditions [10-13]. Most of them
show irreversible degradation effects, except the BCFZ (BaCo,Fe,Zr,O3_5) membranes described in
Wang et al. [10] and the BBCN (BaBij05Co(gNby 1505_s) fibers from Wang et al. [13]. BSCF and
LSCF (La,Sr;_,Co,Fe;_,05_5) fibers decompose in the presence of steam, whereas leaching of ele-
ments and the rearrangement of the crystalline ordering occurred for both of them. Furthermore, the
study of Leo et al. in 2011 [11] verified the formation of a porous carbonate layer on the BSCF fiber
membrane surface due to carboxylic acid present in the steam. The work of Wang et al. [12] has proven
the stability of LSCF for several 100 hours under varying steam concentrations without a significant
deterioration of the permeation performance. So far, there is no clear dependency of the steam content
in the sweep on the permeation rate of OTMs reported in the literature. Therefore, the thermochemical
stability as well as the permeation performance of such membrane materials under steam containing
sweep conditions have to be investigated thoroughly.

2. Materials and Methods

2.1. Perovskite type membrane materials

Perovskites are promising membrane materials for gas separation and generating oxygen from
ambient air. Due to their mixed ionic and electronic conductivity (MIEC) and the high amount of
oxygen vacancies in the crystal lattice, perovskitic membranes show very high oxygen permeation
rates [14, 15] compared to other ion conducting materials in the fluorite structure (AO,) like yttiria
doped zirkonia (Y:ZrO,) or gadolinium doped ceria (Gd:CeO,) [16]. All perovskites have a simplified
composition A>*B**Q?", building a distinct structure type which is named by its natural representative,
the mineral perovskite (CaTiO;). Nevertheless, the ideal cubic crystal structure, as illustrated in Fig. 1,
is represented by the composition SrTiO;. By means of substituting the A and B positions with other
elements, a distortion of the ideal structure occurs. Concurrently, this goes along with an oxygen
nonstoichiometry (6 # 0) and the formation of oxygen vacancies. The composition consequently is
written as A|_,A’,B;_,B’,03_s, in which cations can be partly substituted by others with different va-
lence and/or ion radius to enhance the ionic and electronic conductivity [17,18]. Well known examples
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Figure 1. The ideal cubic perovskite structure.

for such perovskitites with high vacancy concentrations are Bag 551 5Cog gFe,03_s (BSCF5582) and
Lay ¢Sr4Cop,Fe30s5_5 (LSCF6428) [19,20]. BSCF5582 is the subject of the present study, since its
materials properties under conventional operating conditions are well known from the literature. This
shall set the base for further investigations on the permeation performance in steam sweep conditions.

The so called Goldschmidt tolerance factor, posed in Eq. (1), gives the grade of distortion in the
crystal structure of perovskites [21]
ra+ro

f= —2 <2 (D
‘/5("3 +10)

Referring to this, r4 and rp are the cation radii of the A- and B- lattice sites, whereas r specifies the
oxygen anion radius. Mostly, alkaline-earth or rare-earth elements (e.g. Ca, Sr, Ba, La, Ce, Gd) fill
the A sites, whilst the B sites are occupied by transition metals (e.g. Ti, Mn, Fe, Co) for a maximized
overall electronic conductivity [18]. A value of t=1 is according to the cubic structure without any
distortion. Most stable perovskites are found in the range of t=0.8-1.0 [22]. A tolerance factor of
t < 1 induces crystallization in the tetragonal, orthorhombic or rhombohedral crystal system, ¢ > 1
stabilizes hexagonal crystals.

2.2. Oxygen transport mechanisms in MIECs

Oxygen transport through MIEC membranes is mainly delimitated by two factors, namely (i) the
surface exchange performance at the interfaces between the gas phase and the membrane material and
(i) the bulk diffusion kinetics of oxygen ions via vacancies. If the membrane exceeds a characteristic
membrane thickness L., bulk diffusion is limiting the overall permeability and the surface exchange
rate can be neglected. The transition from gaseous oxygen to the crystal lattice can be expressed using
the Kroger-Vink notation (2)

1
Vo' + 502 0+ 201" 2)

One half oxygen molecule needs an oxygen vacancy V;' to fill a regular oxygen lattice site Of,. Si-
multaneously two electron holes 4° are formed. Assuming that bulk diffusion is dominating, the flux
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of oxygen jo, can be expressed by the Wagner equation (3),

R-T NP0y 0 Tiom
0y = — T Tion 411 po,, 3
Jo: 16-F2- L Lpg O+ Tion po. )
2

with the ideal gas constant R, the temperature 7, the Faraday constant F, the membrane thickness
L, the oxygen partial pressures py, and pjp at both sides of the membrane and the partial ionic and
electronic conductivities o,, and o; [18,23].

2.3. Permeation measurement setup

At this point we introduce our experimental setup to characterize perovskite type membrane mate-
rials concerning their permeability of oxygen at elevated temperatures. Since oxygen needs a chemical
potential to migrate through the perivskitic lattice, a preferably high oxygen partial pressure gradient
Apo, is required. This is permitted, either by sweeping one side of the membrane with a low po, gas,
e.g. argon, helium and/or water vapor (4-end), or by generating a vacuum on the permeate side (3-end),
while feeding the other side with a higher oxygen containing gas like air. Fig. 2 schematically depicts
a classical 4-end mode arrangement and explains the common terminology.

SWEEP PERMEATE /\
Ar, He, H20 )} > 0, enriched sweep

MEM BRANE

oxygen

Air (05, Ny) > > 0O, depleated feed

FEED RETETNTATE K/

Figure 2. Simplified principle of oxygen permeation through a membrane in 4-end
sweep gas mode.

The membranes are fixed in a recipient made of quartz glass (Fig. 3), sealed by two gold rings to
separate the gas chambers and to prevent gas exchange. It can hold flat disc membranes of 15 mm
in diameter and 0.3 —5 mm thickness. Either bulk membranes with a single dense ceramic layer, or
supported membranes with a very thin functional layer and a porous substrate [15] can be investigated
in this setup. In this kind of experiments, oxygen permeates from the outer chamber through the
membrane to the inner chamber, where it is swept away by the sweep gas to reach the analyzer unit.
The quartz glass recipient is heated in a vertical dual-zone furnace (Priifer, Neuss DE) up to 1000 °C to
soften the gold rings before adding a compressive force via a metal spring. After successful sealing
the temperature is reduced to 750-900 °C, depending on the material and the given requirements.
Temperature is controlled via the furnace heater, assuming a uniform heat distribution in the center
of the furnace. The incoming gases are heated on their way through the recipient and the process
temperature is reached before entering the membrane surface. The feed gas can be chosen from
synthetic air, oxygen, nitrogen, carbon dioxide, helium, argon, Ar/4% H,, water vapor or a mixture of
the named gases. On the other side Ar, He, N;, O, or CO, are available as sweep gas. Measurements
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Figure 3. Sample holder for oxygen permeation measurements on dense perovskite type
membranes.

)

using water vapor sweep in 4-end mode can be realized by exchanging the feed and sweep side.

For measurements in the so called 3-end mode, an adjustable membrane vacuum pump (MD 4 NT
Vario, Vacuumbrand GmbH + Co KG, Wertheim DE) can be installed on the permeate side while the
sweep inlet is closed. All gas flows are set by mass flow controllers (Brooks Instrument, Hatfield PA
USA) in a range of about 20 to 1000 ml min~!, controlled via the Simatic S7 user interface (Siemens
AG, Miinchen DE).

2.4. Permeation rate measurement

The permeate gas is analyzed via a mass spectrometer (OmniStar, Pfeiffer Vacuum GmbH, Alar
DE), equipped with a quadrupole mass analyzer (Prisma™ QMA 200) including a Faraday cup detector
and an optional secondary electron multiplier (C-SEM). Ionization of the incoming gas molecules
is realized by a gas tight ion source with two yttria-coated iridium cathode wires. The quadrupole
system uses a high-frequency alternating current voltage to influence the trajectory of the ions in the
quadrupole field. Thereby, the ions are separated by means of their mass to charge ratio m/e, and
undesirable ions are rejected so that they cannot reach the detector. The Faraday collector counts
the incoming ions of defined m/e ratios and transfers the electrical charge into an ion proportional
voltage. This ion current is proportional to the amount of the single gas species O, N, and argon. By
calibrating the gas analyzer with a given gas composition, the concentrations c, ™, ¢y and ¢/, in
the permeate stream can be determined. Basically, the oxygen permeation rate through a membrane

perm

can be calculated with the determined concentration ¢, and the flow rate Vrerm of the permeate gas
according to

Joy = VPO e, @

Due to some unavoidable leakage along the circumference of the membrane discs, additional oxy-
gen, which is coming from the feed gas, is entering the permeate side. Assuming that with every N,
molecule 0.266 molecules O, are leaking across the seal (according to the O,/N; ratio of 0.21/0.79 in

ambient air), one can correct ¢y, by subtracting the term

feed

teak _ perm €01

COZ M feed” (5)
N>
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Furthermore, the flow rate of the permeate V?*™ could not be measured directly while operation, but it
can be calculated by means of dividing the sweep gas flux V*"*” by the measured argon concentration

perm
Ar
. (7sweep
perm __
14 - perm * (6)
Ar

Moreover, the whole term is divided by the active membrane area A, to make the measurements compa-
rable to other experimental setups which might investigate smaller/larger or even tubular membranes.
Combining (4), (5) and (6) we can determine the oxygen permeation rate density jo, as

szeep Cf eed 1
| prerm | pperm EZEN | - (7)
Jo, = cherm 0, Ny Cfeed 1
Ar N,

3. Results and Discussion

3.1. Temperature dependence of permeation in BSCF5582

As mentioned above, the permeability of perovskitic membrane materials strongly depends on the
operation temperature 7', the membrane thickness L and the oxygen partial pressure gradient Apy, =
Po,/Pp,> assuming a bulk diffusion limited kinetics described by the Wagner equation (3). In this
study, the oxygen flux jo, (7) is determined from the measured oxygen and nitrogen concentrations in
the sweep gas. To see the temperature dependency, a temperature loop with a bulk membrane of 1 mm
thickness is performed in an air-vacuum gradient (3-end mode). The feed gas rate is set to 250 ml min~!
synthetic air (0.21% 0,/0.79% N,) and a vacuum pressure of 10 mbar is applied on the permeate side to
achieve a high Apo, ratio. A bypass flux of 140 ml min~! Ar is added to the gas stream after the vacuum
pump to dilute the permeated oxygen and to sweep it to the analyzer unit. The samples are prepared by
uniaxial pressing of commercial BSCF5582 powder (HITK, Hermsdorf DE) at 25 kN. After sintering
at 1000 °C for 12 hours in ambient air, the shape of the membranes is ground to a diameter of about
14.5mm and the surfaces of both sides are ground and polished to reach exactly 1 mm membrane
thickness. The experiment is started at 1000 °C with sealing the membrane within the gold rings in the
recipient, before the temperature is reduced slowly with a rate of max. 3.5 K/min to 900 °C, 850 °C,
750 °C and back to 900 °C. At each temperature step, the permeation rate is measured for two hours,
to ensure an equilibrated state which is proven by stable ion current values of the selected masses in
the MS signal. In Fig. 4 the results for the permeation measurement are depicted in an Arrhenius plot,
wherein the oxygen permeance

Jo,

In(pp, - #5,”")
as well as the permeation flux jo, (7) versus the inverse temperature 1000 K/T is plotted. Thereby, the
values are corrected by means of the oxygen partial pressure gradient between the feed and the sweep
gas side, which is the driving force for the oxygen diffusion. The partial pressures are determined, ei-
ther from the concentration of oxygen given in the feed (pj,=0.21 atm), or for p;) from the measured
gas concentrations in the permeate. The calculated oxygen partial pressure at the permeate side py),
amounts to 2.5-10* —-5.98-10~* atm. The results show a clear temperature dependency, varying from

®)
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0.81 ml min~!' cm™2 for 900 °C to 0.34 ml min~! cm™2 for 750 °C. The plot also shows a slight hystere-
sis, when the temperature is changed back from 750 °C to 900 °C. A constant nitrogen concentration
of 1.7-1.8 vol. % measured by the MS for each temperature step may indicate an external leakage at
the tubing or the flanges due to the high vacuum pressure in the permeate.
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Figure 4. Temperature dependency of the oxygen permeability of a 1 mm thick bulk
BSCF5582 membrane measured at a constant pressure gradient in 3-end mode; Arrhe-
nius plot expressing the pemeation flux/permeance versus the inverse temperature.

3.2. Permeation measurements under steam sweep conditions

In an additional part of this study, the influence of a varying content of water vapor in the sweep
gas is investigated. Therefore, in a first run water vapor is added to a constant rate of 200 ml min™!
argon. The experiment is performed at a constant temperature of 900 °C and 200 ml min~! synthetic
air for feed with p;, = 0.2 atm. After sweeping the back side of the membrane, the water is condensed
and the dried permeate is analyzed by the mass spectrometer. The same type of samples is used here
with 1 mm thick bulk BSCF5582 perovskitic membranes. Several steps with increasing humidity are
measured, beginning from pure argon, going to higher water contents of 40.06, 50.06, 60.59, 72,75 and
85.75 vol. % H, 0. The exact water contents are determined considering the ideal gas law by calculating
the volume flow rate of water

. mHzo'R'Tz[m3]
Vo, = ————|— &)
H,0(8).T> p- MH20 S
and the carrier gas (argon) flow rate
X . T,| ml
Veer, = Veer - leﬁ] (10)
1
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with 7,= 900 °C, T, = 20 °C, the mass flow of liquid water i1y, ¢, the pressure p= 1 atm and the molec-
ular weight of water My,o. The water content wy, ¢ is finally given by the equation

Vo)
Winowr, = ——229T2 100 [vol.%]. (11)
Vo, + Vear,
Due to the increasing H,O content, the total volume flow
Vo © = Vinow.r, + Veo.r (12)

rises with increasing humidity level. According to this, the partial pressure p;) at the back side be-
comes lower with higher water contents, resulting in a higher oxygen permeation rate in consequence
of a higher Apo,. The values for py) decrease from 4.1 -1072 atm for 0 vol % H,O to 1.63 -1073 atm for
85.75 vol % H,O0. Fig. 5 shows the results of this first run.
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water content in sweep [vol.%]
Figure 5. Permeation measurement at 900 °C with increasing amount of water added
to a constant sweep volume of 200 ml min~! argon.

Herein, the permeance (7) and the permeation flux j,, (8) are plotted against the water content
(11) in the sweep. The red bars indicate the level of humidity. Beginning from 0.139 ml min~! cm™
at dry conditions, the permeance increases with the amount of water in the sweep gas, reaching
0.339 ml min™' cm™ at 85.75vol. %. V%€ concurrently increases from 800-5600 ml min~'. The
permeation flux jo, is effected even more by higher volumes of added water. The values increase
from 0.544 to 1.645 ml min~! with rising amount of steam. However, one can conclude from this data,
that there are no permanent degradation effects, due to the fact that the permeation flux reaches the
same level at dry conditions again, just as before steam contact. Concerning the leakage flux across
the sealing we have calculated a nitrogen flux of about 15 % for dry conditions, which decreases with
rising amount of water to approximately 5 %. Comparing the results of Fig. 5 with those of the 3-end

temperature loop experiment in Fig. 4, the rate of about 0.8 ml min~! cm™ at similar conditions (1 mm

AIMS Materials Science Volume 3, Issue 3, 1126-1137.



1134

thick membranes; 900 °C) is slightly higher (approx factor 2.3) than the values in the vapor sweep
experiment (Fig. 5). This indicates that a stronger partial pressure gradient Apy,, induced by the 10
mbar vacuum in the permeate, results in a higher permeation flux.

Complementary to the experiment described above, a second measurement is performed, wherein

V%€ is adjusted to a constant value of about 3945 ml min~' during the whole experiment. Due to the

5.5 : : 155
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—l— @)t
>
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Figure 6. Permeation measurement at 900 °C with constant total volume flow.

fact, that the sweep rate influences the oxygen permeation performance, the total volume flow is fixed
at a constant value to make a stand-alone assertion about the oxygen transport rate. This is technically
realized by means of reducing the carrier gas flux individually when water is added. Starting from
dry conditions (986 ml min~! argon) the water content is increased stepwise from 13.56—94.93 vol.%
and back to dry carrier gas in a loop. Simultaneously, the carrier gas flow rate is decreased in the
range of 852—50 ml min~!. Thereby, the amount of added water is shifted from 0.1-0.7 g min~'.
Calculating the oxygen partial pressure at the membrane’s permeate side gives no clear tendency, so
the values are in the range of pj, = 4.18:1073-2.98-107% atm. The permeation rate is measured for
only two hours at each step, to avoid long exposure times of the steam to the quartz glass tubes of
the recipient. The oxygen flux, or rather the permeance (8), versus humidity level is plotted in Fig. 6.
In this context, the permeation rate is not much affected by the steam. The values for the permeance
remain in the range of about 0.8 —0.5 ml min~! cm™2, more or less independent of the amount of water
vapor in the sweep. The lower values at the descending branch of the loop might be explained by
means of microstructural or phase changes of the material and/or the deposition of silica phases on top
of the membrane’s surface. With regard to the leakage of nitrogen in the water loop experiment with
maintained total volume flow (Fig. 6), we have also calculated the percental N, flux which rises with
the amount of water in the sweep, and decreases again with dropping water content. In this particular
case, the N, leakage flux varies between 2.77 % and 17.15 % for rising water contents of 0 to 95 vol.%,
and decreases again to 1.49 % with falling water contents.

AIMS Materials Science Volume 3, Issue 3, 1126-1137.
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Indeed, we have seen from comparable long term annealing experiments, that SiO, is evaporating
from the quartz glass tubes, when high amounts of water vapor are present at temperatures around
900 °C. The formation of volatile SiO; - 2.5 - H,O(g) is known to happen from Huggett and Piper [24].
This can be found as a deposit on the membrane surface after the experiments, which is blocking the
oxygen exchange between the membrane and the gas phase. Moreover, phase transitions from the cubic
perovskite structure to the hexagonal structure can occur upon water vapor contact. As a consequence
the permeation rate might be affected by a long exposure of the membranes to water vapor. This has
been proven in a long term permeation experiment at 900 °C with 80 vol.% water in the sweep gas and
compressed air for feed gas. A cross section of the affected membrane surface is depicted in Fig. 7,
which supports this hypothesis. To prevent the effect of silica phase formation, the inner sweep gas
tubes have to be exchanged by alumina for further studies. Hence, the steam will not be in contact with
quartz glass before entering the membrane’s surface.

: 10 um

10 pm

FZJ/IEK-2 2016 EHT = 15.00 kV Signal A= CZ BSD WD =10.0 mm FZJ/IEK-2 2016 EHT = 15.00 kV Signal A= CZ BSD WD =10.0 mm

(a) Deposition of 10—20 um dense silica layer at the (b) Crystallization of hexagonal phase needle-shaped

membrane surface. structures.

Figure 7. SEM image of a 1 mm thick dense BSCF5582 membrane exposed to wet sweep
gas (0.8 H,0/0.2 He) for 384h at 900 °C.

4. Conclusions

In this study we have highlighted some aspects of the oxygen permeation performance of dense
BSCF5582 membranes under different conditions, i.e. a temperature loop as well as varying steam
concentrations in the sweep gas. The results reflect the assumptions of Wagner’s theory (3) with a
clear temperature dependence of the oxygen permeation. Moreover, the permeation rate is clearly
affected by using steam for sweeping the back side of the membrane. We have shown that jo, is
slightly increased by adding water vapor to the sweep gas, due to the continuously enlarged sweep
volume flow. In case of a maintained total volume flow, jo, is not significantly affected by higher water
contents. The SEM pictures of the long term permeation measurements under wet sweep conditions
suggest morphological changes which could be partly responsible for degradation effects. This is
resulting in a decreased oxygen exchange performance, which might be related to surface exchange
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limited kinetics, accompanied by lowered permeation rates. However, the novelty of the investigation
lies in the findings, that the observed degradation effects are for the most part reversible indicated by
the measured oxygen fluxes after returning to dry conditions.
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