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Preface

The presented results of this thesis were obtained since October 1, 2009 during my
Ph. D. study at the Institute of Physical Chemistry and Electrochemistry at the Gottfried
Wilhelm Leibniz Universitat Hannover under the supervision of Prof. Dr. Jurgen Caro.
In this period, | have also been a scientific co-worker and worked for the European
project NEXT — GTL (Innovative catalytic technologies & materials for next gas to

liquid processes).

Five research articles in which | have been the first author or the co-author are
presented within this thesis. The following statement will point out my contribution to
the articles collected in this thesis. For all these articles, | would like to acknowledge the
fruitful discussions and valuable comments from the co-authors and referees,
particularly from Prof. Dr. J. Caro, Prof. Dr. A. Feldhoff, Dr. H.Q. Jiang, Dr. H.X. Luo
and M.Sc. K. Partovi.

Two articles, Phase stability and permeation behavior of a dead-end
BapsSrosCopgFeo20s.s  tube membrane in high-purity oxygen production and
High-purity oxygen production by a dead-end BagsSrosC0ogFeo203.s tube membrane,
are collected in Chapter 2. | wrote the first draft of those articles and got support on the
manuscripts preparation from all the co-authors, especially from Prof. Dr. J. Caro, Prof.
Dr. A. Feldhoff and Dr. H.Q. Jiang. The measurements of oxygen permeation and SEM,
EDXS characterizations were mainly completed by myself. The dead-end BSCF tubes
were produced by Dr. R. Kriegel from the Fraunhofer Institute IKTS
Dresden/Hermsdorf (Germany). (HR)TEM, HAAD, EELS and SEAD characterizations
and data interpretation were done by Prof. Dr. A. Feldhoff. Dr. H.X. Luo also gave

many valuable suggestions to improve it.

The article, High-Purity Oxygen Production Using Perovskite Hollow Fiber
Membranes, was written by me. Prof. Dr. J. Caro and Dr. H.Q. Jiang improved it. The
dense hollow fiber membranes BaCoxFeyZri.,Os.; were provided by Dr. T. Schiestel
from the Fraunhofer Institute of Interfacial Engineering and Biotechnology (IGB) in
Stuttgart. All the measurements, calculations and interpretation were mainly carried out
by myself. Additionally, | obtained support on the manuscript preparation from all

co-authors.



Another article, B-site La-doped BaFeg gs-xLaxZro.0503.5 perovskite-type membranes
for oxygen separation focusing on novel cobalt-free membranes for oxygen separation
was collected in Chapter 4. | wrote the first draft and Prof. Dr. J. Caro spent much time
on correcting and improving it. The BaFeg gs-xLaxZro 05035 powder was prepared by K.
Partovi following my idea. All the measurements of oxygen permeation and SEM,
EDXS characterizations were done by K. Partovi and me together. Dr. H.Q. Jiang and

Dr. H.X. Luo also gave many valuable suggestions to improve it.

Another article, A novel cobalt-free noble metal-free oxygen-permeable
40Prg6Sro4Fe03.s- 60Ceq9Pro10,.sdual phase membrane was written by my colleague
Dr. H.X. Luo. My contribution was to carry out oxygen permeation measurements and

to share experimental knowledge.

All together, | have developed and investigated four membranes with different
geometry  (disc, tubular and hollow fiber) and chemical composition
(Bao 5Sro5C00.8F€0203.5, BaCoxFeyZr1.x.yOs.s, BaFeg.95.xLaxZro.0503., and

40Prg6Sr.4FeOs.5 - 60Ceq oPro.10,.5) for oxygen permeation from air.
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Abstract

Oxygen transporting membranes (OTMs), based on mixed electronic and ionic
conductors of perovskite-type oxides, have promising potential applications for high
purity oxygen production, in catalytic membrane reactors and as cathodes in solid oxide
fuel cells (SOFCs). In practice, the oxygen permeability and stability of OTMs under
harsh operating conditions such as intermediate temperatures, large oxygen partial
pressure gradients, are crucial for their industrial applications.

In the chapter 2, phase stability of cobalt-based perovskite-type
Bag 5SrosC00sFe0203.5 (BSCF) membrane for the high-purity oxygen production was
first investigated. After the identification of stable operation conditions for the BSCF
membrane, high-purity oxygen was produced from air in a dead-end BSCF tube
membrane. Good BSCF stability was found when the BSCF membrane was operated at
temperatures > 850 °C and oxygen with a purity of almost 100 vol.% was obtained.

In the chapter 3, the Zr-doped Ba;.xSrxCo1.,Fey,O3.5 (BCFZ) hollow fiber membrane
with better stability was also investigated for the oxygen production. Compared to the
conventional disk and tubular membranes, membranes with hollow fiber geometry give
not only high oxygen permeability but also lower materials costs because of very high
values of the membrane area per unit volume. A high oxygen purity up to 99.9 vol.%
and high permeation rates of almost 10 cm*(STP)cm™?min™ were obtained at 900 °C in a
150 h operation.

In the chapter 4, B-site La-doped BaFeg gsxLaxZro0s03.s (BFLZ) perovskite-type
oxide was developed as a novel cobalt-free OTM for oxygen separation in the
intermediate temperature range. It was first time that the introduction of La on the B-site
of a mixed oxide was successful and stabilized the cubic structure. Stable oxygen
permeation fluxes of 0.63 and 1.24 cm*(STP)mincm™ were obtained during the
long-term oxygen permeation operation of the BFLZ (x = 0.04) membrane over 170 h at
750 and 950 °C, respectively.

In the last chapter, a novel cobalt-free noble metal-free dual phase OTM with the
composition 40PrySro4FeO3 5 - 60CegPro10, s (40PSFO-60CPO) was studied for
oxygen permeation using pure He and CO, as sweep gas and the partial oxidation of
methane to synthesis gas.

Keywords: Oxygen transporting membrane, Perovskit, cubic structure, phase
stability Oxygen permeation.



Zusammenfassung

Sauerstofftransportierende Membranen (OTM) als sowohl Elektronen als auch
Sauerstoffionen gemischt leitende keramische Materialien haben vielversprechende
Einsatzmdglichkeiten, z.B. fiir die Produktion von hochreinem Sauerstoff, in
katalytischen Membranreaktoren und als Kathoden in Festoxidbrennstoffzellen (SOFC).
Fur die industrielle Praxis werden insbesondere eine hohe Sauerstoffpermeation und die
Phasenstabilitat der OTMs unter rauen Betriebsbedingungen wie z.B. bei hohen und
mittleren Temperaturen, hohen Sauerstoffpartialdruckgradienten, in Anwesenheit
reduzierender und reaktiver Gase, die entscheidenden Parametern fir ihre erfolgreiche
Anwendung sein.

Die Phasenstabilitat der kobalthaltigen Perowskitmembran BagsSrosC0gsFep 203.s
(BSCF) bei der Herstellung von hochreinem Sauerstoff wurde im Kapitel 2 untersucht.
Nach der ldentifizierung der stabilen Betriebsbedingungen fiir die BSCF-Membran
wurde hochreiner Sauerstoff aus Luft mit einer einseitig verschlossenen
BSCF-Rohrmembran abgetrennt. Wenn die BSCF-Membran bei Temperaturen groRer
als 850 °C betrieben wurde, erwies sie sich als stabil, und Sauerstoff mit einer Reinheit
von nahezu 100 % wurde erhalten.

In Kapitel 3 wurden Zr-dotierte BaixSrxCo1.yFe, O35
(BCFZ)-Hohlfasermembranen fiir die permeative Sauerstoffherstellung untersucht.
Verglichen mit den herkdmmlichen Scheiben- und Rohrmembranen geben die
Hohlfasermembranen auf Grund ihrer geringen Wanddicke von < 100 pm nicht nur eine
hohe  Sauerstoffpermeanz ~ sondern auch geringere  Materialkosten,  weil
Hohlfasermembran eine hohe Membranfldche pro Volumeneinheit ermdglichen. Eine
hohe Sauerstoffreinheit bis zu 99,9 % und eine hohe Sauerstoffpermeation von fast 10
cm3(STP)em™min™ wurden konstant tiber 150 h bei 900 °C gemessen.

In Kapitel 4 wurde eine auf der B-Position La-dotierte BaFeg gs-xLaxZroos03-s
(BFLZ) Membran als neue kobaltfreie OTM flr die Sauerstoff-Trennung im mittleren
Temperaturbereich entwickelt. Es wurde erstmals gezeigt, dass das relativ groRe
La**-lon auf die B-Position gebracht werden kann und dadurch die kubische Struktur
stabilisiert. Stabile Sauerstoffpermeationsraten von 0,63 und 1,24 cm®(STP)cm?min™
wurden wahrend der Langzeitpermeation einer BFLZ (x = 0,04)-Membran tber 170 h
bei 750 und 950 °C gemessen.

In Kapitel 5 wurde eine neue kobaltfreie und edelmetallfreie zweiphasige OTM der
Zusammensetzung 40ProSro4FeO3 5 - 60CepoPro10,5 (40PSFO-60CPO) entwickelt
und in der Sauerstoffpermeation sowie partiellen Oxidation von Methan zu Synthesegas
untersucht.

Schlagworter: Sauerstofftransportierende Membran, Perowskit, kubische Struktur,
Phasenstabilitat, Sauerstoffpermeation.
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1 Introduction

1 Introduction

1.1 Motivation

Oxygen is the third-largest-volume chemical produced worldwide,™ and most of
the industrial applications for oxygen require high-purity oxygen. Depending on the
amount and the purity of oxygen needed, several techniques are available to separate
oxygen from air. The cryogenic fractionation technology after Linde can produce pure
oxygen with oxygen concentration > 99 vol.%. Pressure swing adsorption (PSA)®! can
give oxygen with a purity of up to 95-97 vol.%. The membrane technology is also used
for air-to-oxygen production. Because of the low separation factor, the oxygen
enrichment of polymeric membranes®®! is of the order of around 50 vol.%. Dense
perovskite ceramic membranes with mixed oxygen-ionic and electronic conductivity!*™”
provide a promising way for oxygen production. At high temperatures,
oxygen-transporting membranes (OTMSs) can separate oxygen from air, which is a gas
mixture containing approximately 78 vol.% N, and 21 vol.% O or from other
oxygen-containing gases. High-temperature air separation process can be better
combined with the cycle coal gasification plants and other advanced power generation
systems. OTMs can theoretically produce oxygen at purities of up to 100 % and are
believed to possess the potential to reduce by 35 % the cost of high-purity oxygen
production and 35 — 60 % energy compared to the conventional cryogenic processes.™
Moreover, OTM reactors have been developed for such potential applications as the
partial oxidation of hydrocarbons,™®*¥! the production of hydrogen by thermal water
splitting in combination with olefin and synthesis gas production,™**® and the

decomposition of nitrogen oxides.™*" *®!

After Teraoka *° 2% reported the pioneering papers about oxygen permeation
through a La;xAxCo1yFey,Os.5 perovskite membrane, in the past few decades, many
OTMs with high oxygen permeabilities have been developed that are based on mixed
ionic-electronic conductors (MIEC) solid oxides, such as Bay xSrxCoy.yFe,0s.5,%" % and
La; «SrxCoyyFe, 035, 1 2 24 BaCo4FeysZro,03.5° BaCogrFeg2Tap10z.5,%"
BaosSrosFeosAlo1055,%" and BagsSrosFegsCuo203.5.28 In practice, the oxygen

permeability and stability of OTM under harsh operating conditions such as



1 Introduction

intermediate temperatures, large oxygen partial pressure gradients, or reducing
atmospheres, are crucial for their industrial applications. Despite much R&D effort,
there is still no perovskite-type membrane in industrial application. This lack of
applications is mainly due to the long-term stability problems of perovskites especially
at low oxygen partial pressure at the usual operation temperature near 850 °C. Often

high oxygen fluxes reduce the stability and vice versa.

Among the OTM materials, the cobalt-based perovskite-type membrane such as
(LaxSrix)(CoyFe1.y)Os.5 or (BaxSrix)(CoyFe1.y)Os5 are often thought to be the most
promising materials because they show very good oxygen permeability. However,
Cobalt-based membranes usually have a stability problem under reducing conditions or
in the intermediate temperature (i.e. approximately 500-850°C) range.
Bap 5SrosCoogFen 2035 (BSCF) with high oxygen permeability, which assumes a cubic
perovskite structure, has been regarded as one of the most promising materials for
oxygen separation from airl®: 22 231 and as cathodes in solid oxide fuel cells
(SOFCs).1*? Because of the high concentration of the mobile oxygen vacancies in the
perovskite lattice,®®! BSCF exhibits a very high oxygen-permeation flux over a wide
temperature range.?! However, during operation in the intermediate temperature range,
the oxygen-permeation flux through the BSCF membrane has been observed to decrease,
which has been attributed in several reports to a partial decomposition of the bulk cubic

perovskite phase.243

To improve the stability of the cobalt-based perovskite-type membrane, the
reducible B-site ions (Co**/Co®, Fe**/Fe**) can be partially substitute by cations with
constant valence (Ta>*, Nb%, Zr*", AP"). Examples are BaCog7Feq,Tag105 5,1 Y
Ba 0C00.7Fe02NDg 1055, BaCogaFeqs~Zrx0s-5,")  BaCog.4Fe4ZnxZro2x0s-5,""

Lao 3Sre7(Fe,Ga)0s,1*Y and Sr(Fe,Al)O; s [*°!

Another way to solve the stability of the cobalt-based perovskite-type membrane is
to develop the cobalt-free perovskite-type membrane with high oxygen permeability,
such as La;_SrFe0;_s, 1% Bag 3Sro 7Fe0;_s, 147 BaFe,_,Ce,O; %
BagsSrosFeosZno 035" BagsSrosFeixAlkOs—5,*1  (BagsSros)(FeosClo)Os.s,

BaFel_eryO3_5,[5°] and Bag gs La0,05FEO3_5.[51]

An alternative to the signal phase OTMs can be dual phase OTMs. Dual phase
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OTMs which consist of an oxygen ionic conducting phase and an electronic conducting
phase in a micro-scale phase mixture are considered to be promising substitutes for the
single phase MIEC materials. The first generation of dual phase membranes consist of
noble metal (such as Ag, Pd) powders as electronic and a ceramic particles as ionic
conductors.®>*® The second generation consist of two oxides, where one of the oxides
acts as electron conductor instead of the noble metal.®®%% At present, the novel
cobalt-free noble-metal free dual-phase membrane material are attracting much interest
due to the good phase stability in CO, and reducing atmospheres, their chemical
compositions can be tailored according to practical requirements.

The main aims of this thesis are first to elucidate the reason of phase stability of
cobalt-based perovskite-type BSCF membrane for the high-purity oxygen production in
the high temperature and the intermediate temperature rang in the chapter 2. After the
identification of stable operation conditions for the BSCF membrane, in the second part
of the this chapter, high-purity oxygen was produced from air in a dead-end BSCF tube
membrane by using (i) pressurized air/O,-enriched air as feed, (ii) reduced pressure on
the permeate side, and (iii) a combination of both. In the chapter 3, the Zr-doped BCFZ
hollow fiber membrane with better stability was also investigated for the oxygen
production. Compared to the conventional disk and tubular membranes, membranes
with hollow fiber geometry give not only high oxygen permeability but also lower
materials costs because of very high values of the membrane area per unit volume. In
the chapter 4, B-site La-doped BaFeg g5.xLaxZro 05035 (BFLZ) perovskite-type oxide was
developed as a novel cobalt-free OTM for oxygen separation in the intermediate
temperature rang. In the last chapter, a novel cobalt-free noble metal-free dual phase
oxygen transporting membrane with the composition 40PrggSro4FeOs s -
60Ceo9Pro10, 5 (40PSFO-60CPO) was studied for oxygen permeation using pure He

and CO; as sweep gas and the partial oxidation of methane (POM) to synthesis gas.



1 Introduction

1.2 Oxygen separation technology

About 100 Mio tons of oxygen is produced every year from air by different
separation techniques, and oxygen is used in almost every industrial sector for
numerous applications.®™ The production of oxygen was based two technical
approaches, which are cryogenic distillation and non-cryogenic distillation. The
cryogenic distillation technology is currently the most cost-effective and effective
process and uses the boiling point differences to separate oxygen from nitrogen and
other constituents of air at ultra-low-temperature. The cryogenic distillation is typically
for producing large quantities of oxygen with high recoveries and purities. The
cryogenic fractionation technology after Linde can produce pure oxygen with an oxygen
concentration > 99 vol.%. The first patent on cryogenic air separation plant for the
production of oxygen was issued in 1902, now it is a proven and reliable process
through continuous technology research and development. Due to the overall
thermodynamic efficiency of the modern-day cryogenic air separation technology, this
technique is likely reaching its theoretical limits, the cost of producing oxygen by the

cryogenic air separation technology are unlikely to get reduced remarkably.™

The non-cryogenic distillation involves the pressure swing adsorption (PSA),
which is based on the adsorption ability differences of gas species using molecular sieve
adsorption, and the membrane separation process which is based on the difference in
diffusion rates of gas species. Pressure swing adsorption (PSA) is a common technology.
Zeolites are typical adsorbent materials in PSA processes for oxygen production. In
PSA, oxygen is produced by passing air through a vessel containing adsorbent materials.
PSA can give oxygen with a purity of up to 95-97 vol.%. Bed size is the controlling
factor in the capital costs due to the cyclic nature of the adsorption process. Since
production rate depends on the bed volume, capital costs increase linearly as a function
of production rate compared to cryogenic plants. Efficiency limitations inherent in

adsorption technology restrict its application to relatively small plants.

Membrane separation process for production of oxygen is currently using organic
polymeric hollow-fiber membranes. Due to the smaller size of the oxygen molecule,
most membrane materials are more permeable to oxygen than to nitrogen. The flux and

the Selectivity are the two key parameters for the separation process. The O;

4



1 Introduction

concentration in the permeate is typically of the order of 30-50 vol.% under a pressure
difference of about 10 bar.®! Carbon dioxide and water usually appear in the permeate
side, since they are more permeable than oxygen for most polymeric membranes.
Polymeric membranes allow the production of oxygen enriched air and do not provide

the separation factor and flux required for economical large-scale production of oxygen.

OTM produces oxygen by the passage of oxygen ions through the ceramic crystal
structure. High purity oxygen (theoretically up to 100 %) can be obtained using OTM.
Oxygen can be separated from air using OTM at high temperatures and pressures with
high flux and purity in a single-stage operation. The OTM oxygen technology provide a
radically different approach to producing low-cost, high-purity tonnage oxygen at
temperatures synergistic with power production and many other oxygen intensive
applications. If OTM oxygen systems combine cycle coal gasification plants and other
advanced power generation systems, the cost of large-scale oxygen production from air
can be reduced by approximately one-third compared to conventional cryogenic air

separation technologies.

1.3 Basic aspects of oxygen transporting membranes

Recently, oxygen transporting membranes (OTMs) with mixed ionic-electronic
conductivity are attracting more and more attention as economical, efficient, and
environment-friendly means to separate oxygen from air or other oxygen-containing
gases with a high purity of theoretically up to 100 %.1% 2 | the oxygen partial pressure
on the two sides of an OTM s different, an oxygen flux is started to compensate this
difference (see Figure 1.1). It can be seen from Figure 1.1 that the permeation process
from the high oxygen partial pressure side to the low oxygen partial pressure side
involves three progressive steps: (1) the conversion of oxygen molecules to oxygen ions
at the surface of the membrane on air side, (2) the simultaneous bulk diffusion of
oxygen ion and electron — or in the Kroeger Vink notation — the diffusion of oxygen
lattice vacancies/electron holes in the bulk phase, and (3) the reformation of oxygen
molecules after passing through the membrane on the permeate side.!** ®! The first and
third steps are usually called surface exchange steps and the second step is called bulk
diffusion step. Oxygen permeation through an OTM can be limited by bulk diffusion

5



1 Introduction

limitation, the surface exchange resistance, or both. The slowest step is expected to limit
the overall oxygen permeation rate. It should be noted that the bulk diffusion will be the
rate-limiting step rat when the thickness of the membrane is relatively thick. In the case
that the oxygen ion bulk diffusion is the rate-limiting, the oxygen permeation rate

through an OTM can be expressed by the Wagner equation (see Eq. 1.3).[5% %]

he, = b, + R?‘-ln[”—"}

) ) Py
V Pz 0 l)l'
Ho, Ho, = Ho, T RT -In| —=
Po

high oxygen chemical potential

low oxygen chemical potential

He +Ne

air side permeate side

air He +Ne +0,

oxygen insertion oxygen removal

Figure 1.1 Schematic diagram of oxygen transport through a perovskite membrane.!®®!
The molecular oxygen flux through a perovskite OTM is related to the chemical

potential gradient ViU(O,)

1 6, - (0, +0,
0, =~ 7 o (0 ) 'VH(Oz)
4(z,F)° o, + (o, +0,) (Eq. 1.1)

F is Faraday constant, c,, . and oy, denote the partial conductivities of oxygen ions,
electrons, and electron holes, respectively. The chemical potential gradient can be

expressed by the derivative of the chemical activity of molecular oxygen

dIna(o,)

Vuw(©O,)=RT-
OX (Eq. 1.2)

where R and T denote the gas constant and temperature, respectively. Assuming
that both surfaces are in chemical equilibrium with the adjacent gas phases, the surface
6



1 Introduction

oxygen activities can be expressed by the oxygen partial pressures. For the oxygen flux

through a membrane of thickness L with the oxygen partial pressures P(gz and sz

one obtains

_RT |an Gy -0

Jo, BRI d dink,,

Ink, Go T 0q

(Eq. 1.3)

with summarizing the partial conductivities o and o, of the electrons and electron
holes as electronic partial conductivity cg. Assuming that the oxygen ion migration
governs the bulk transport (cel >> o,) and the ionic conductivity co depends in an

exponential way - as it is often experimentally observed — on the oxygen partial

pressure following the power law o, =o¢ (P, )", the integration of Eq. 1.3 gives

RT o2, . .
J, =———— O ((P,)" = (P.)"
0, 42 FzL n (( Oz) ( 02) ) (Eq 14)

For details see. [¢”]

However, if the walls of the OTM become sufficiently thin, the rate of surface
processes (exchange of oxygen with the bulk OTM) gain influence. A characteristic
membrane thickness L. can be introduced for which the rate of the surface exchange is
comparable to the rate of the diffusion-controlled oxygen ion transport through the
membrane.®® ¢ Depending on the perovskite material under study and on the
temperature (note that surface exchange and bulk diffusion have different activation
energies) L. can be of the order of 0.01-10 mm. That is to say that for membranes
thinner than L. there is no linear relationship between the oxygen flux Jo, and the
reciprocal membrane thickness L™ predicted by the Wagner equation in its usual form
for bulk diffusion-controlled oxygen transport through an OTM of thickness L.[*%.
Consequently, extremely thin supported perovskite layers often do not show the
expected high oxygen flux since the surface exchange reaction becomes rate limiting

rather than the oxygen bulk diffusion.

However, for mixed oxygen ion — electron conducting materials the surface
processes can become rate limiting for oxygen transport through the membrane rather

than bulk diffusion. Under surface reaction we understand the incorporation of oxygen
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into the lattice (adsorption, dissociation, ionization, incorporation on a lattice vacancy)
and vice versa on the permeate side. For BCFZ perovskite hollow fiber membrane with
170 pm wall thickness we found that the main transport mechanism is bulk diffusion
with a contribution of the surface reaction.®® From the value of n of Eq. 1.4 the
rate-limiting step of the oxygen permeation can be identified./"® ™ For negative values
of n, the oxygen permeation is dominated by the bulk diffusion, while for n > 0.5 the
exchange processes at the membrane surfaces can be assumed as rate-limiting. In the
case of the surface exchange as rate-limiting step, a catalytic coating of the membrane
can accelerate the oxygen flux. In the Surface Exchange Current Model,[’? Jo; gives a

linear relationship with (P, /P, )™ — (P, /P, )*® if oxygen transport is controlled

by the surface exchange reaction. In the case of bulk diffusion control, Jo, is a linear
function of In(P, /P, ). However, a reliable way to determine the relative

contributions of the surface processes and the oxygen bulk diffusion to the oxygen
transport is the preparation of discs of different thickness. However, this way is time
consuming it is and experimentally extremely difficult to prepare membranes thinner
than 0.5 mm but the interesting critical thickness, where the change between bulk
diffusion and surface exchange takes place, is often found to be around a few hundreds

fm.

1.4 Structures of oxygen transporting materials

The most OTM materials presently studied are of perovskite type structure (ABO3),
also fluorite (AO),"™ Brownmillerite (A;B,0s), and pyrochlore (A,B,0;)
structures are evaluated, since the latter two show oxygen transport already in the
undoped formulation.”® Among these OTM materials, perovskite-type membranes are
the most studied materials for oxygen separation from air, since it shows high oxygen
permeation rates at high temperatures. Perovskite-type oxides of the composition ABO3
can host different cations on the A- and B-sites, where A-cation is occupied the large
cation (mostly alkaline, alkaline-earth or rare-earth cation) and B-cation is smaller
cation (mostly transition metals). The perovksite structure can form by a combination of
ions in different valence state such as A*B*>*03;, A>*B*03 or A*B* 03 The different

A-site cation and B-site cation result in different lattice structures. A good benchmark
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for the calculation of the lattice structure is the tolerance factor t described by
Goldschmidt.[""

My +ry

t=—_A_ 0O
V2(ry +1,) (Eq. 1.5)

where r,, I, and ro are the ionic radii of the A-site metal ion, the B-site cation, and
the oxygen ion (1.40 A), respectively. The cubic perovskite structure can be maintained
in the case of 0.75 <t < 1.0 (t = 1.0 is ideal cubic perovskite structure).[”® When the
tolerance factor is t > 1.0, a hexagonal structure tends to form. Furthermore, a
perovskite-type oxide with cubic structure usually exhibits a higher oxygen
permeability than those with other structures such as hexagonal, rhombohedral, or
fluorite structures. The ideal cubic perovskite structure as shown in Figure 1.2, it is
clearly to visualize the A cation in 12-fold oxygen coordination and the B-cation in
6-fold oxygen coordination, since the A cations occupy every hole which is created by 8
BOs octahedra. The BOg octahedra in the structure share corners infinitely in all 3

dimensions. In the ideal cubic perovskite structure, the B-O distance is equal to a/2 (a

denotes the cubic unit cell parameter) while the A-O distance is al2.

:" oxygen vacancy
Seneeed

Figure 1.2 ABO;ideal perovskite structure showing oxygen octahedron containing the B ion
linked through corners to form a tridimensional cubic lattice.™

To improve the oxygen permeability or the stability of OTM, the doping method

9
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can be used to tailor the physical properties of the oxygen transporting materials
through formation of non-integral stoichiometry phases or solid solutions by
homogeneous doping with appropriate elements. ZrO, is the early and most successful
example for stabilizing the oxide containing flexible redoxable cations such Co or other
rare-earth oxides such as Y,0s3. The improvement of the stability of the perovskite
structure by introducing Zr on the B-site was reported by several authors.!*® & 8 Tong
et al. investigated the Zr doped OTM materials of BaCog4Feo¢—xZrxO3-5, that shows a
stable and ideal perovskite structure.l*® Yakovlev et al. recommended e.g. to stabilize
Bag.sSro5C00sFe0203.5 (BSCF) by bringing Zr on the B position.®!

High oxygen conductivity of OTM depends on the structure type, the specific free
volume of the lattice structure, and the oxygen vacancy concentration, those can be
adjusted by the doping method. Improving the oxygen vacancy concentration of OMT
can be doped with the easy redoxable cations, such as Co, Cu, or the cations with low
valence, such as Al, Y, La, Ce. To satisfy the requirement of electrical neutrality, if
higher valence cations are being added instead of lower valence cations, oxygen
vacancy might be formed. The concentration of oxygen vacancy is a function of
temperature and pressure of their components. Usually, OTM with cubic structure
exhibits high oxygen permeability since it is isotropic structure with the homogeneous
distribution of oxygen vacancy. The most OMT are mostly based on BaFeOs; oxides.
However, BaFeO3.; shows a low oxygen permeability and crystallizes in a hexagonal
structure because of the ionic radius of Ba®* which is too large to stabilize a cubic
perovskite structure. The cubic perovskite structure of BaFeOs.; can be stabilized by (i)

the partial substitution of the A-site with smaller cations, such as Sr, Ca, La, and Y,*"%4

(ii) the partial substitution of the B-site with larger cations, such as Y, Cu, Ni, and zr,®®
82831 (jii) the partial substitution of both A- and B-sites by e.g. Y.*Y The partial
substitution of the A-site with smaller cations can lead to a stabilization of the cubic
perovskite structure. However, the volume of the cubic unit cell will be reduced which —
in turn — reduces the oxygen flux. On the other hand, the partial substitution of the
B-site with larger low-valency cations can result not only in the stabilization of the
cubic perovskite structure, but can also increase the volume of the cubic unit cell and

the oxygen vacancy concentration which are beneficial to the oxygen permeation. !
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1.5 Preparation of OTM

1.5.1 Preparation of single phase OTM

The oxygen transporting materials can be prepared by numerous methods, such as
solid state reaction, EDTA-citric acid sol-gel methods, chemical vapor deposition,
coprecipitation, spray pyrolysis, hydrothermal synthesis, and combustion synthesis. The
chemical and physical properties an OTM can affect by different preparation method
which result in significantly microstructures such as grain size and density of
membranes. In this thesis, four OTMs with different geometries (i.e.
Bao5Sro5C0p sFeg 203.5 (BSCF) dead-end tube membrane, BaCoxFeyZri.yOz5 (BCFZ)
hollow fiber membranes, BaFepgsxLaxZroos0s.s (BFLZ) disc membrane and
40PrpeSro4FeOz 5 - 60 CeggPro10, 5 (40PSFO-60CPO) dual phase disc membrane)

were prepared by different methods.

a) Conventional solid state reaction method of BSCF

Figure 1.3 Dead-end BSCF tube membrane with an outer diameter of 1 cm and 1
mm wall thickness as produced by the Fraunhofer Institute IKTS Dresden/Hermsdorf

(Germany).

Among the above methods, the conventional solid state reaction method is the
most widely used method for preparation of the perovskite-type oxide powders. The
dead-end BSCF tubes (see Figure 1.3) were produced by the Fraunhofer Institute IKTS
Dresden/Hermsdorf (Germany).[® The powder of the BSCF was successfully prepared
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by the conventional solid state reaction process, with BaCOs, SrCOgs, Fe,03, and Co304
as the raw materials. The components were weight in stoichiometric amount, milled
together for a few hours and calcined at 1000 °C for 2h. The calcined powders were
uniaxially pressed into pellets and sintered under ambient pressure in air to become
gas-tight membrane discs with 10 mm in diameter and 1.0 mm in thickness. The BSCF
tube membranes with an outer diameter of 10 mm, an inner diameter of 8 mm, and a
length of 400 mm were manufactured by a phase inversion spinning followed by
sintering. Then, One end of a BSCF tube and one side of a 1 mm thick BSCF disk were
grinded to make a flat and even surface. A paste based on copper oxide used as sintering
aid was screen printed on both surfaces. The screen printed areas were contacted and the
tube - standing vertical on the plate - was loaded with a weight of 300 g to support the
joining which was carried out by a reaction-diffusion sintering at 980 °C with a dwell

time of two hours as described recently.®®!

b) Preparation of perovskite BCFZ hollow fiber membrane

Figure 1.4 The sintered BCFZ hollow fiber membrane (SEM provided by Prof. Dr. A.
Feldhoff).

Dense BCFZ perovskite hollow fiber membranes were manufactured at the Fraunhofer
Institute for Interfacial Engineering and Biotechnology (IGB) in Stuttgart by a phase
inversion spinning process followed by high-temperature sintering at 1320 °C."7 A
simple hydrolysis of the corresponding metal nitrates by an ammonium hydroxide

solution was applied to get the precursor BCFZ material. The precursor was mixed with
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a solution of polysulfone in 1-methyl-2-pyrrolidone and was ball-milled up to 24 h with
a solid content of 50 - 60 mass %. The slurry was spun through a spinneret and the
obtained infinite green hollow fiber was cut into 0.5 m long pieces before sintering the
fiber in a hanging geometry. After sintering at 1300 °C for 5 h, as shown in Figure 1.6,
the length of the green fiber reduced from 50 cm to ~ 32 cm and the sintered fiber had a
wall thickness of around 0.17 mm with an outer diameter of 1.10 mm and an inner

diameter of 0.76 mm, as shown in Figure 1.4.

c¢) The EDTA-citric acid sol-gel synthesis of perovskite BFLZ

Ba(NO;), + Fe(NO3); + La(NO;);+ ZrO(NO3),

Addition of EDTA, 1 pH=9
citric acid, NH3-H,O

Sol
1 T=150°C
Gel
T,=700°C
Thermal treatment 1 ’
1 T, =700-950 °C

BaFeggs.La,Zrp 05055 (BFLZ powder )

Cold pressing 1 F =140 kN

BFLZ compact

Pressure-less sintering 1 T=1150 °C

BFLZ membrane

Figure 1.5 Flow chart of preparation of BFLZ powder with the EDTA-citric acid sol-gel

method.

The EDTA-citric acid sol-gel method exhibits a better mixing of the starting
materials and excellent chemical homogeneity in the final product since it offers control
at molecular level.®® ! BFLZ powders were prepared by this EDTA-citric acid sol-gel
method, as shown in Figure 1.5, The calculated amounts of Ba(NOs),, Fe(NO3)s,
ZrO(NO3), and La(NO3)3 in their appropriate stoichiometric ratios were dissolved in an
aqueous solution, followed by the addition of EDTA and citric acid with the molar ratios

of EDTA/citric acid/metal cations = 1:1.5:1. The pH value of the solution was adjusted
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to around 9 by adding NH4OH. The solution was then heated in the temperature range
of 120 - 150 °C under constant stirring to obtain a dark gel. After the dark gel was burnt
in a heating mantle, the obtained product was treated at 950 °C for 10 h to obtain BFLZ
perovskite powder. The calcined powders were uniaxially pressed into pellets under
150 kN and sintered under ambient pressure at 1200 °C for 10 h in air to become

gas-tight membrane discs with 14 mm in diameter and 1.1 mm in thickness.

1.5.2 Preparation of dual phase oxygen permeable membranes

Sr(NO3) Fe(NO3) Ce(NO3) Pr(NO;) Glycine

v v \ 4
Stirring | 150 °C
\

As a fuel

Precursor <

Combustion by self-
ignition at 300 °C ¢

Precursor ash

Calcination 950°C, 10 h
\ 4

40PSFO-60CPO powder

Compacting, 1400 °C
Sintering ¢

40PSFO-60CPO membrane

Figure 1.6 Flow chart for the one-pot one-step preparation of dual phase 40PSFO-60CPO
membranes by the glycine-nitrate combustion process.*!

Dual phase oxygen transporting powders can be prepared by a range of methods,
such as in a simple mixing of the two oxide powders, packing method, loading method,
and one-pot single-step method.[*™ To achieve the high oxygen permeability of the dual
phase membrane, the dual phase powder should have a small particle size and a low
degree of agglomeration. The simple mixing of the two oxide powders method as the
traditional synthesized method often requires several steps and gives the powder with a
coarse agglomeration.[® one-pot single-step methods shows a simple synthetic process

and gives fine and homogeneous powders. One-pot single-step methods include the
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one-pot single-step EDTA-citric acid process®® and the one-pot single-step
glycine-nitrate combustion process (GNP).[*! In this thesis, 40PSFO-60CPO dual phase
membrane was perparaed by the one-pot single-step GNP.*®! Here, GNP is used to
rapidly produce complex oxide ceramic powders of uniform composition on an atomic
scale and fine enough to for sinter to a high density. The process flow chart is shown in
Figure 1.6. A precursor was prepared by combining glycine and the metal nitrates
Sr(NOs),, Fe(NO3)3, Ce(NO3)3 and Pr(NOs)s in their appropriate stoichiometric ratios in
an aqueous solution. The molar ratio of glycine : total metal ions was 2 : 1. The
precursor was stirred and heated at 150 °C in air to evaporate excess water until a
viscous liquid was obtained. Further heating of the viscous liquid up to 300 °C caused
the precursor liquid to auto-ignite. Combustion was rapid and self-sustaining, and a
precursor ash was obtained. For comparison, the single phase PrqsSro4FeOss (PSFO)
and CegPro10,5 (CPO) materials were also prepared via the GNP method. All the
powders were calcined at 950 °C in air for 10 h. The 40PSFO-60CPO powders were
pressed to disk membranes under a pressure of 5 MPa in a stainless steel module with a
diameter of 18 mm to get green disk membranes. These green disks were sintered at
1400 °C in air for 5 h.

1.6 Applications of OTM
1.6.1 Oxygen production in membrane separator

Oxygen-transporting membranes (OTMs) can separate oxygen from air, which is a
gas mixture containing approximately 78 vol.% N, and 21 vol.% 0,,"® or from other
oxygen-containing gases. OTMs can theoretically produce oxygen at purities of up to
100 % and are believed to possess the potential to reduce the cost of high-purity oxygen
production compared to the conventional cryogenic processes.”” Moreover, OTM
reactors have been developed for such potential applications as the partial oxidation of

,[10-13]

hydrocarbon the production of hydrogen by thermal water splitting in

combination with olefin and synthesis gas production,™**® and the decomposition of

nitrogen oxides.*" ¥

Oxygen can be separated from air as the cheapest source of oxygen, if the oxygen
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partial pressure on the feed side of the OTM is higher than that on the permeate side.
This difference in the oxygen partial pressures can be achieved (i) by using sweep gases
like steam, which can be easily separated from the permeated oxygen by
condensation,'® (ii) by using vacuum pumps to drain off the permeated oxygen, (iii) by
pressurized air on the feed side of the OTM having pure oxygen on the permeate side at
atmospheric pressure,® or (iv) by combining of the pumping on the permeated side

and having pressurized air on the feed side." % 7]

thermocouple

Ailr

Sample

Sealant

tube

GC
O,-depleted air

Valve system
0> g

He + Ne

Figure 1.7 Schematic equipment for oxygen permeation in this work.®

So far, mainly relative thick disk-shaped membranes with a limited membrane area
were studied because disks can be easily fabricated by a conventional pressing method.
Although a multiple planar stack can be adopted to enlarge the membrane area to an
industry-relevant scale, many problems, such as the high-temperature sealing and the
pressure resistance, have to be faced.®® Tubular membranes with diameters in the
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centimeter range with thick walls were developed to reduce the engineering difficulties,
especially the problems associated with the high-temperature sealing.'®” Oxygen
permeation by using disc membrane in this thesis was studied in a home-made
high-temperature oxygen permeation device, as shown in Figure 1.7. The disc
membranes were sealed onto an alumina tube with a gold paste (Heraeus, Germany) at
950 °C for 5 h. The feed side was fed with synthetic air (20 vol.% O,/ 80 vol.% N,),
whereas Ne (99.995%) and He (99.995%) were fed to the sweep side. All gas flows
were controlled by mass flow controllers (Bronkhorst, Germany) and all flow rates were
regularly calibrated by using a bubble flow meter. The concentrations of the gases at the
exit of the reactor were analyzed by an on-line gas chromatograph (Agilent 7890A) with
a Molsieve 5A column. The total flow rate of the effluents on the permeate side was
calculated by using Ne as an internal standard. The total O, leakage was calculated and
subtracted from the total O, flux after the N, concentration was measured. It is assumed
that the leaking of nitrogen and oxygen is in accordance with a Knudsen diffusion

mechanism. The fluxes of leaked nitrogen and oxygen are related by Eq. 1.6.

C
D, = 1357 = /2—§XC_NZ
o,

where Dy is the Knudsen diffusion factor, C, , and C, are the oxygen and

(Eq. 1.6)

nitrogen concentrations in the feed gas, respectively.

The oxygen permeation flux Joz (cm® (STP) min™ cm™) was then calculated by Eq.
1.7.

Cy F
Jo, =(Co, ——5)x—
(0] (@) Dk S

(Eq. 1.7)
Here, C, ,and C, are the oxygen and nitrogen concentrations determined by a

calibrated gas chromatograph. F is the total flow rate at the outlet on the permeate/core

side, and S is the effective surface for permeation.
The oxygen recovery has been calculated by

F
0 O

2,recovery =
I:air,inlet ) CO

. (Eq. 1.8)
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with Fo, as oxygen permeation flow rate, Co, the oxygen concentration in vol.%

and Fairiner - as air flow rate at the inlet of the feed/shell side.

Tubular membranes were developed to reduce the engineering difficulties,
especially the problem of the high temperature sealing. Moreover, the surface area of a
tubular membrane can be produces lager than that of disc membrane and gives good
mechanic stability. However, their small surface area to volume ratio and their relatively
thick walls lead to a low oxygen flux and make them unfavorable in practice. In this
thesis, A BSCF dead-end membrane was used for oxygen production in a dead-end
membrane permeator as shown in Figure 1.8.1%% 3! A stream of air, as a nitrogen/oxygen
mixture, is supplied from the left to the dead end of the tube and leaves the setup as
oxygen-depleted air. Oxygen permeates the MIEC tube walls via a flux of oxygen
anions, which is accompanied by counter flowing electrons. Permeated oxygen leaves
the setup to the right via the interior of the tube to the right. In the experiment, parts of
the tube membrane were coated by a gold paste (Heraeus), except the 3 cm part near the
dead end. The tube segment was painted by the Au paste, which then was sintered at
950 °C for 5 h. This procedure was applied threefold to obtain a dense gold film, which
the oxygen cannot permeate. Inspection by light microscope of the gold sealing after
long-term permeation experiment revealed a still hole- and crack-free dense layer. This
is consistent with the good compatibility of gold sealant with perovskite membrane as
reported by Tong et al.*® for 2000 h long high-temperature experiments. The uncoated
part of our tube with an effective membrane area of 9.1 cm? for the outer membrane
surface was placed in the middle of the oven, thus ensuring isothermal conditions.
Oxygen-enriched air with 50 vol.% O; at an elevated pressure of 5 bar was fed at a rate
of 500 cm*(STP)min™ to the feed side. Flow rates were controlled by gas mass-flow
controllers (Bronkhorst). High-purity oxygen was produced at approximately 0.1 bar on
the core/permeate side. This reduced pressure was achieved with a vacuum pump
(Pfeiffer vacuum MVP 015-4). The flow of the outlet on the core/permeate side was
mixed with neon (1.0 cm*(STP)min™, 99.995%) as an internal standardization gas,
which allowed the determination of the absolute flux of the permeate gas by an on-line
coupled gas chromatograph (Agilent 7890A) that was equipped with a Carboxen 1000

column.
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O,-depleted air
Oz -enriched air at 1 - 5 bar

BSCF5582 tube Bicediovano Pure O, at 1 bar
membrane < Barometer ]
Ceramic Tube | Gold film
/ Bubble flow meter >
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Al /]
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Figure 1.8 Permeator 2 in dead-end geometry for the production of pure O..

Compared to the disk and tubular membranes, hollow fiber membranes possess
much larger membrane area per unit volume for oxygen permeation.™®™ By keeping the
two sealed ends outside the high temperature zone, polymer O-rings can be used.
Furthermore, the resistance of the hollow-fiber membrane as a full material (i.e.
non-supported) to oxygen permeation is very much reduced due to the thin wall as it is
the case for supported thin perovskite films. Due to the thin wall, the materials costs of

the hollow fiber membrane are reduced.

O;-depleted air

Air at 1 bar \%_‘ * Needle valve O,-enriched air at 1 bar

P « Barometer
Ceramic Tube Hollow Fiber Gold film

Bubble flow meter »

¥ 0,-ennriched ai

i Vi o three-way
Airat 1 bar 7 = gé;'_l | at ca. 0.12 bar e e
" "

\

// \
Shell side Core side Sealing

Oven

Figure 1.9 Permeator 1 in flow-through geometry for the production of O,—enriched air.!°

A hollow fiber membrane with the composition of BCFZ was used for the production of
O,-enriched air and of high-purity oxygen in a in a flow-through permeator and a
dead-end membrane permeator, as shown in Figure 1.9 and Figure 1.10.°% Figure 1.9
shows schematically the flow-through membrane permeators 1 used for the production
of Oj-enriched air. The fibers used here had a length of 30 cm. The two ends of the

BCFZ hollow fiber membrane were sealed by two silicone rubber rings outside the oven.
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Synthetic air (O, concentration 20 vol.%) was fed to the shell side and another flow of
synthetic air was sent through the core side at different flow rates (25-75 cm® min™).
The reduced pressure on the core/permeate side of the hollow fiber membrane was kept
at about 0.12 bar by connection to an oil-free diaphragm vacuum pump (Pfeiffer
vacuum MVP 015-4). Due to the difference in the oxygen partial pressure between shell
and core side, oxygen from the shell side permeates through the hollow fiber membrane

to the core side and mixes there with air, thus forming O-enriched air.

Oz-depleted air

t

X = Meedie valve P D, at1 b
Oy-enriched air at 1 - 5 bar & uretl; a ar
-

Baromeer I

Bubble fiow meter #* [

L_.; L oo ]

i — = VACULT PUmp |- s vy wilye

| ¥, e 17| ca.0.08 bar
| e ———r7 ] E’Iﬁ -
Shell side Core sicke Sealng
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1 Ceramic Tube  Hollow Fiber  Gold fim

T
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Figure 1.10 Permeator 2 in dead-end geometry for the production of pure 0,.¢!

Figure 1.10 presents the dead-end membrane permeator 2 used for the production
of pure oxygen. The dead-end hollow fiber membrane is obtained by sealing one end of
the BCFZ hollow fiber with a gold plug using Au paste (Hereaus, sintering the gold
paste at 950 °C to make it gastight). The dead-end BCFZ hollow fiber was coated by
dense gold film except the 3-cm part close to the end with gold-plug. The uncoated part
(3 cm, effective membrane area: 0.86 cm?) of the hollow fiber was put in the middle of
the oven thus ensuring isothermal conditions. Synthetic air or oxygen enriched air at
atmospheric or elevated pressures (1 — 5 bar) were fed to the shell/feed side. On the core
side, high-purity oxygen was produced at about 0.05 bar. This reduced pressure on the
core side was achieved with a vacuum pump (Pfeiffer vacuum MVP 015-4).

In recent years, many perovskite hollow fiber membranes have been successfully

prepared by a phase-inversion/sintering process [©7 104103

Compared to other
configurations such as planar or tubular membranes, the hollow fiber membranes can
provide a much larger area per unit volume. Thus it is possible to reduce the membrane

system size remarkably. Furthermore, the hollow fiber OTM can solve the problem of
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the high-temperature sealing in fabricating membrane modules.*® Recently, Tan et
al.l'%! investigated the pilot-scale production of oxygen from air using perovskite
Lag 6Sro.4C0p2Feps03—5 hollow fiber membranes. The separation performances, stability,
scaling up effect and the energy consumption of an OTM system prepared 889 one
dead-end hollow fiber have been investigated both theoretically and experimentally. 3.1
L (STP) min~* oxygen with the purity of 99.9 % was obtained in the OTM system at
1070 °C.

1.6.2 Partial oxidation of methane (POM) to synthesis gas

Synthesis gas (CO + H,) is required for wide industrial processes, such as methanol
or Fischer-Tropsch synthesis. Syngas can be produced by several ways e.g. by the
catalytic partial oxidation (POM) (see Eq. 1.9) or the classical catalyticsteam reforming
(SR) (see Eq. 1.10).

CHy +1/20, 2 CO +2H,  AgH" = —38KkJ/mol (Eq.1.9)
CHy +H:0 = CO~3H,  AgH" = —206KkJ/mol (Eq. 1.10)

Compared with the recently main technology SR, the POM using OTM reactor to
product synthesis gas has several potential advantages. Syngas production costs can be
potentially reduced by integration the oxygen separation and POM in a membrane
reactor. Furthermore, only the oxygen from air can be transported through the
membrane to the reaction side, where it reacts with the methane to N-free syngas, the
downstream requirements cannot tolerate the presence of N,. Moreover, compared to
steam reforming, a great advantage of the POM is a lower H,/CO ratio of 2 (instead of

3), which is optimum for methanol synthesis or the Fischer-Tropsch process.

A number of single phase cobalt-containing perovskite-type membranes with a
high oxygen permeation rate were reported to be successfully used in POM to synthesis
gas.[” 10 1061981 Hawever, these cobalt-containing perovskite membranes exhibit poor
phase stability under a reducing environment. To improve the membrane stability,
several concepts are being followed such as (i) reducing the relative amount of cobalt in
the perovskite and co-doping the material with less-reducible metals such as Zr**, Ga>*

or Ta** 131091101 (jjy developing new oxygen transporting materials such as cobalt-free
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OTM and dual phase OTM. Tong et al.®! reported that syngas production in a
membrane reactor made of BaCog 4Feo.4Zr0 2035 can be operated steadily for more than
2200 h at 850 °C. Zhu et al."% developed a membrane reactor made of a cobalt-free
Bayp.15Cep gsFe05-5 material to produce syngas from methane. However, after operation
for 140 h at 850 °C, the used membrane was obtained the decomposition of the
membrane materials under such conditions. Dual phase membranes have been suggested
as good substitutes with compositions that can be adjusted according to the practical
requirements. Recently, many dual phase membranes were developed to the POM
reaction. Zhu et al. studied a disk-type dual phase membrane reactors based on wt. %
SMp.15Ceg501.925 - 25 Wt. % SmgeSrosFe1xAlxOs.s (x = 0 or 0.3) for the syngas
production by POM. They reported that these dual phase reactors can be steadily in the

POM to syngas generation for more than 1100 h at 950 °C.[*t 112

1.6.3 Coupling of reactions in an OTM reactor

N,O N,
(H,0) N,O — O*+ N, (Hy)
Q’ZO: o
O*
: :
2e- : perovskite membrane : Q2
: v
10,
CH, + %0, — CO+ 2H,
(CHg+1:0, — CH4+H,0)
CH, CO, H,
(CZHG) (C2H4, HzO)

Figure 1.11 Concept of water splitting and N,O decomposition in an OTM

reactor.[**®!

One of the major advantages of OTM reactors is that two reactions can be coupled
in one membrane reactor; the products will be kept separated on the two sides of the
membrane and a subsequent procedure is not necessary to separate the products. If an
OTM is used to remove O, as it is generated, the conversion of a reaction can be
increased. Recently, our group successfully used the single phase perovskite-type BCFZ

hollow fiber membrane in the equilibrium-limited water splitting and the kinetically
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controlled N,O decomposition with the coupling POM or the oxidative coupling of

methane (OCM),[* 81131 a5 shown in Figure 1.11.

Hydrogen is attracting more and more attention because it is recommend an
alternative source to fossil fuels to solve the worldwide energy demands and global
climate change. And water is the ideal source for the generation of large amounts of
hydrogen. However, the equilibrium constant of water dissociation is very small even at
a relatively high temperature. If the equilibrium-limited water splitting and POM were
coupled in an OTM reactor, a high H. production flux of 3.1 ml/min-cm? was obtained
at 950 °C.H

N0 has recently received much attention because it is a greenhouse gas with 310
times greenhouse effect than CO,. However, the catalytic decomposition of nitrous
oxide (N2O)**71 over perovskite catalysts, most of the catalysts cannot tolerate the
co-existence of O, because adsorbed oxygen blocks the catalytically active sites for the
N,O decomposition.™*" If an OTM is used to remove the inhibitor oxygen from the
N,O side with coupling POM, the total decomposition of N,O can be obtained in a

OTM reactor.l!” 1%
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2 Phase stability and permeation behavior of a
dead-end Bao_58ro_5C00.8Feo_203_5 (BSCF) tube

membrane
2.1 Summary

Among the OTM materials, the perovskite BagsSrosC0gsFe0203-5 (BSCF), which
has a cubic structure, is one of the most studied materials for oxygen separation from air
and as cathode in solid-oxide fuel cells due to its high oxygen transport properties.
Because of the high concentration of the mobile oxygen vacancies in the perovskite
lattice, BSCF exhibits a very high oxygen-permeation flux over a wide temperature
range. However, for permeation temperatures below 850 °C, stability problems are
reported. The structural instability of BSCF is attributed to an unsuitable redox state of
cobalt that exhibits an ionic radius that is too small to be tolerated by the cubic

perovskite structure, which then becomes unstable.

In the first part of this chapter, we will first study the phase stability of BSCF
membrane in a high-purity oxygen atmosphere as it is present on the permeate side of
the membrane. The microstructure of a BSCF membrane, which developed during
operation under a dynamic flow of oxygen in the intermediate temperature (ca.
500-850 °C) range, were investigated in detail by X-ray diffraction (XRD), Scanning
electron microscopy (SEM), Energy dispersive X-ray spectroscopy (EDXS),
Transmission electron microscopy (TEM), Scanning transmission electron microscopy
(STEM), Selected area electron diffraction (SAED), and Electron energy-loss
spectroscopy (EELS). At 950 °C, a high oxygen purity of almost 100 vol.% and a stable
oxygen-permeation flux were observed during the long-term operation for 100 h.
However, at 750 °C, the oxygen-permeation flux continuously decreases with time, and
the BSCF tube membrane is structurally unstable. The phase instability of BSCF is due
to a partial decomposition of the bulk cubic perovskite phase into a hexagonal
perovskite, Bags:xSros:xC003.5, and a trigonal mixed oxide Ba;xSryCoa.yFeyOs.s. The
strong formation of secondary phases at higher local oxygen chemical potentials during

dynamic oxygen flux suggests that the valence and spin state of the most easy redoxable
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cation (i.e., cobalt) is the key for an understanding of BSCF’s decomposition in the
intermediate temperature range. The phase stability of BSCF (i.e., cobalt in the proper
redox state) can be maintained by operating BSCF membranes in the high-temperature

regime.

In the second part of this chapter, after the identification of stable operation
conditions for the BSCF membrane, pure oxygen will be produced using dead-end
BSCF tubes in a (i) pressure-driven process, (ii) vacuum process, and (iii) by combining
both techniques. In all cases, good BSCF stability was found when the BSCF membrane
was operated at temperatures > 850 °C and oxygen with a purity of almost 100 vol.%
was obtained. It was also found that, for the same oxygen partial pressure difference, the
oxygen permeation flux in the vacuum process is significantly higher than that in the
pressure-driven process at all investigated temperatures. Moreover, in all cases, oxygen
permeation and oxygen ionic conductivity can be described by the Wagner theory for
bulk diffusion of oxygen ions as rate-limiting step with the logarithmic ratio of the

oxygen partial pressures on feed and permeate sides as driving force.
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ABSTRACT: Phase stability and oxygen permeation behavior of Bag 5Srg 5-
CogsFep20;_s (BSCF) dead-end tube membranes were investigated in
long-term oxygen production at 950 and 750 °C. At 950 °C, the BSCF tube
membranes exhibit good long-term phase stability and a stable oxygen
permeation flux. However, at the intermediate temperature of 750 °C, both
the oxygen permeation flux and the oxygen purity decrease continuously.
This behavior is related to the formation of two secondary phases that are a
hexagonal perovskite, Bag 5+,Srgs5+,Co0O3_s, and a trigonal mixed oxide,
Ba; _xerCOg_y.FEyOS, that evolved in the ceramic membrane made of cubic
BSCF perovskite during the dynamic flow of oxygen through it. Tensile stress
as a result of phase formation causes the development of cracks in the
membrane, which spoil the purity of the permeated oxygen. The partial
degradation of cubic BSCF perovskite in the intermediate temperature range
(750 °C) was more pronounced under the strongly oxidizing conditions on the oxygen supply (feed) side than on the oxygen release
(permeate) side of the membrane. The structural instability of BSCF is attributed to an unsuitable redox state of cobalt, that exhibits
an ionic radius that is too small to be tolerated by the cubic perovskite structure, which then becomes unstable. The phase stability of
cubic BSCF (i.e., the proper redox states of cobalt) can be maintained by operating the membrane in the high temperature regime
(950 °C).

KEYWORDS: perovskite, mixed conductor, decomposition, oxygen permeation, oxygen production

1. INTRODUCTION

Oxygen is the third-largest-volume chemical produced worldwide,"
and most of the industrial applications for oxygen require high-
purity oxygen. Oxygen-transporting membranes (OTMs) can
separate oxygen from air, which is a gas mixture containing ap-
proximately 78 vol % N, and 21 vol % O,,” or from other oxygen-
containing gases. OTMs can theoretically produce oxygen at
purities of up to 100% and are believed to possess the potential to
reduce the cost of high-purity oxygen production compared to
the conventional cryogenic processes.” Moreover, OTM reactors
have been developed for such potential applications as the partial

requires the OTM to operate at temperatures of approximately
700—950 °C. The authors of several studies on the high-purity
oxygen production have been reported using tubular membrane
geometries, instead of conventional flat disks, which are capillary
hollow-fiber'>'® or tube membranes'”'® that overcome the pro-
blem of high-temperature sealing by allowing the seal to be
placed in the cold zone.

In the past few decades, many OTMs with high oxygen per-
meabilities have been developed that are based on mixed ionic-
electronic conductors (MIEC) solid oxides, such as SrCog sFeg 5-
Os-s, ? BaCog4F 50.421'0_203—6;20 BaCog;Fep;Tag 035,
Ba sSro sFensAln 1035, BagsSrosFensCuorOs_s, ™ and Bags-

oxidation of hydrocarbons,*™® the production of hydrogen by
thermal water splitting in combination with olefin and synthesis gas
production,”™"" and the decomposition of nitrogen oxides.""
High-purity oxygen can be obtained with the use of OTMs
when the oxygen partial pressure at one surface (feed side) is
higher than that at the opposite surface (permeate side). The
oxygen partial pressure difference can be achieved through
the elevation of the oxygen partial pressure on the feed side
by the compression of air to pressures higher than 1 bar, the
reduction of the oxygen pressure on the permeate side by a vac-
uum pump, a combination of both techniques, or the use of
steam as a condensable sweep gas on the permeate side.'* The
thermal activation of a membrane’s oxygen-transport properties

v ACS PUincationS © 2011 American Chemical Society

SrgsCogsFeg205_s (denoted BSCF).24 Among these com-
pounds, BSCF, which assumes a cubic perovskite structure, has
been regarded as one of the most promising materials for oxygen
separation from air and for cathodes in solid-oxide fuel cells.®
Because of the high concentration of the mobile oxygen vacan-
cies in the perovskite lattice,”® BSCF exhibits a verz' high oxygen-
permeation flux over a wide temperature range.”* Zhu et al.'®
have observed the stable oxygen permeation behavior of a BSCF
perovskite tube membrane under vacuum and elevated pressures
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Figure 1. Permeator in dead-end geometry for the production of high-purity oxygen.

for high-purity oxygen production at 925 °C. However, Shao et al.™*
and van Veen et al.”” have reported that stable oxygen permea-
tion is achieved only when the operating temperatures are higher
than 830 °C. During operation in the intermediate tempera-
ture (IT, ie, approximately 500—8350 °C) range, however, the
oxygen-permeation flux through the BSCF membrane has been
observed to decrease, which has been attributed in several
repor‘fsz‘hzs_31 to a partial decomposition of the bulk cubic per-
ovskite phase. Shao et al** and Rebeilleau-Dassoneville et al.*®
have observed reflections of noncubic phases in the X-ray dif-
fraction (XRD) patterns of BSCF after the samples were annealed
in the IT range. Based on the same experimental technique,
Svarcovd et al.’” have described the occurrence of hexagonal
perovskite (2H or 4H polymorphs) in addition to the cubic
phase. Arnold et al.*®** have investigated the formation of cubic
BSCF in a sol—gel-based process by analyzing XRD powder
patterns that were obtained in situ in the IT range and from
quenched intermediate powders. They observed diffraction pat-
terns similar to those observed by Svarcova et al.* during partial
decomposition of BSCF in the same temperature range. They
also noted the reciprocity between the formation and decom-
position processes of BSCF. Using transmission electron micro-
scopy (TEM), Arnold et al.*® clearly showed that some phases,
that evolved in the IT range can be described as distorted poly-
types with different sequences of cubic and hexagonal close-
packed layers, that consist of oxygen and A-site cations (Ba or
Sr). These polytypes therefore constitute intergrown structures of
cubic and 2H hexagonal perovskite. Using TEM, Mueller et al®
observed structural changes not only in the grain boundaries of
polycrystalline BSCF ceramic, but also in the BSCF grains them-
selves by the formation of extended platelets. They mainly addressed
the grain boundaries and found barium and cobalt-enriched
2H hexagonal perovskite. Efimov et al*! studied, by TEM, BSCF
powder and ceramic that had been exposed to IT. They found not
only barium- and cobalt-enriched hexagonal perovskite, which was
assigned an approximate stoichiometry of BageSrpsCoO;_g, but
also barium-enriched and heavily cobalt-enriched trigonal 135R-
related Ba,_,Sr,Co, Fe,Og 5. The fist XRD diffractograms
taken by Shao et al.>* of a BSCF membrane after it was dynamically
operated in an oxygen permeation flux for 400 h at 750 °C showed
significantly stronger reflection intensities from additional phases
on the feed (air) side as compared to the permeate (helium) side.
Microstructure investigations in the aforementioned studies, how-
ever, were made solely on BSCF powders or ceramic pellets after
they were annealed in a static (air) atmosphere.

In this report, we extend the work of Shao et al** and in-
vestigate the microstructure of a BSCF membrane, which devel-
oped during operation under a dynamic flow of oxygen in the IT
range, by scanning electron microscopy (SEM) analysis, TEM,
and XRD. We correlate the observed membrane microstructure,
which differs between the feed and permeate side, with the oxygen
permeation behavior (i.e., oxygen flux and oxygen purity). Dead-
end BSCF tube membranes were used for the high-purity oxygen
production using air or oxygen-enriched air as feed gases.

2. EXPERIMENTAL SECTION

Oxygen Production in Dead-End Membrane Reactor. The
Bag 5815 5Cop sFep ;035 (BSCF) tubes (400 mm long, 10 mm outer
diameter, 1 mm wall thickness) were purchased from Fraunhofer
Institute IKTS Dresden/Hermsdorf (Germany). One of the two ends
of the tube is closed by an approximately 1 mm thick disk of the same
BSCF material.**

Oxygen was produced in a dead-end membrane permeator as shown
in Figure 1. A stream of air, as a nitrogen/oxygen mixture, is supplied
from the left to the dead end of the tube and leaves the setup as oxygen-
depleted air. Oxygen permeates the MIEC tube walls via a flux of oxygen
anions, which is accompanied by counterflowing electrons. Permeated
oxygen leaves the setup to the right via the interior of the tube to the
right. In the experiment, parts of the tube membrane were coated by a
gold paste (Heraeus), except the 3 cm part near the dead end. The tube
segment was painted by the Au paste, which then was sintered at 950 °C
for 5 h. This procedure was applied 3-fold to obtain a dense gold film,
which the oxygen can not permeate. Inspection by light microscope of
the gold sealing after long-term permeation experiment revealed a still
hole- and crack-free dense layer. This is consistent with the good com-
patibility of gold sealant with perovskite membrane as reported by Tong
et al.* for 2000 h long high-temperature experiments. The uncoated
part of our tube with an effective membrane area of 9.1 cm” for the outer
membrane surface was placed in the middle of the oven, thus ensuring
isothermal conditions. Oxygen-enriched air with 50 vol. % O, at an
elevated pressure of 5 bar was fed at a rate of 500 c1'r13(5"['P)rrdrl_1 to the
feed side. Flow rates were controlled by gas mass-flow controllers
(Bronkhorst). High-purity oxygen was produced at approximately 0.1
bar on the core/permeate side. This reduced pressure was achieved with
a vacuum pump (Pfeiffer vacuum MVP 015—4). The flow of the outlet
on the core/permeate side was mixed with neon (1.0 cm® (STP)min ™",
99.995%) as an internal standardization gas, which allowed the deter-
mination of the absolute flux of the permeate gas by an online coupled
gas chromatograph (Agilent 7890A) that was equipped with a Carboxen
1000 column.

4766 dx.doi.org/10.1021/cm2018086 |Chem. Mater. 2011, 23, 4765-4772
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Figure 2. Long-term operation of oxygen production using a dead-end
BSCF tube membrane at 950 and 750 °C. Shell/feed side: 50 vol %
oxygen-enriched air at 5 bar with a flow rate of 500 cm®(STP) min™".
Core/permeate side: O, at approximately 0.1 bar. Inset B shows the
continuous decrease of the oxygen flux from the isothermal region A at
950 °C to the isothermal region C at 750 °C. For the associated XRD

results, see Figure 7; for SEM micrographs see Figure 8.

The leaking of nitrogen and oxygen through pores or cracks is
assumed to be in accordance with the Knudsen diffusion mechanism.
Then, for the experiment with 50 vol % oxygen-enriched air at the feed
side, the fluxes of leaked nitrogen and oxygen are related by eq 1.

Leak . yLeak _ /S_EE -
N tJo, T \(5g05 T

The oxygen permeation flux Jo, (cm® (STP) min™ cm™) can be
calculated by eq 2, in which the leakage of oxygen is subtracted by taking
into account the leakage of nitrogen.

B Cn, \F
Jo. = (CC” 1.07)5 @)

Here, Cp, and Cy, are the oxygen and nitrogen concentrations esti-
mated from calibrated gas chromatograph. F is the total flow rate of the
outlet on the core/permeate side, and S is the effective surface for
permeation.

Tools for Microstructure Analysis. The XRD data were col-
lected ina /26 geometry on a Bruker D8 Advance instrument equipped
with a Cu K, radiation at 40 kV and 40 mA. A receiving slit of 0.05 mm
was used and data were collected in step-scan mode in the 26 range of
20° < 26 < 80° at intervals of 0.02°. Scanning electron microscopy
(SEM) was performed with a JEOL JSM-6700F at a low excitation
voltage of 2 kV for imaging with secondary electrons and at 5 kV for
backscattered-electron channelling contrast imaging. Specimens for

1.07 (1)

1

the latter purpose were prepared using a Buehler VibroMet 2 vibratory
polisher. Transmission electron microscopy (TEM) was performed on
a JEOL JEM-2100F that was equipped with a Gatan Imaging Filter
(GIF 2001) and an Oxford Instruments INCA TEM 200 light-element
energy-dispersive X-ray (EDX) spectrometer. Scanning transmission
electron microscopy (STEM) imaging was performed on appropriate
bright- and dark-field detectors. TEM imaging, selected area electron
diffraction (SAED), and electron energy-loss spectroscopy (EELS) were
performed on the charge-coupled device (CCD) camera of the GIF.

3. RESULTS AND DISCUSSION

Permeation Behavior of Dead-End BSCF Tube Membrane.
The reliability of the dead-end BSCF tube membrane in the

Figure 3. Backscattered-electron channelling contrast images of the
BSCF perovskite tube membrane cross-section after the long-term
permeation experiment shown in Figure 2 (100 h at 950 °C, 120 h at
750 °C): (a) Overview of shell/feed side showing an approximately
200 #m long crack running into the membrane from the left (shell /feed
side). The crack tip is marked by an arrow. (b) Area close to the shell/
feed side showing secondary phases criss-crossing BSCF grains. (c) Area
close to core/permeate side showing secondary phases in the grain
boundaries. Some phases are marked by arrows. Note that the closed
porosity of the ceramic membrane appears as black dots.

production of oxygen was evaluated with a feed of 50 vol %
oxygen-enriched air at § bar and a reduced pressure of approxi-
mately 0.1 bar on the permeate side at 950 and 750 °C, as shown
in Figure 2. The oxygen-enriched air with different oxygen
contents can be produced by using either the organic polymeric

4767 dx.doi.org/10.1021/cm?2018086 |Chem. Mater. 2011, 23, 47654772
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hollow-fiber membranes or perovskite hollow-fiber membranes. ">’
At 950 °C, the oxygen-permeation flux and the oxygen purity
were found to be constant over a time period of 100 h. A high
oxygen purity of almost 100 vol % (gas chromatograph did
not detect any N;) and a stable oxygen permeation flux of
6.3 cm®cm ?min~ " were observed. The high oxygen purity in-
dicates that the gas leakage is negligible, even at a pressure
difference of approximately 6 bar, because of the perfect con-
nection between the BSCF tube and the BSCF disk that forms
the dead-end part of the membrane. Moreover, the dead-end
tube membrane’s geometry can solve the problem of high-tem-
perature sealing by allowing the use of silicon rings outside the
high-temperature zone. A stable performance of a dead-end
BSCF tube membrane with silver as sealant at 925 °C has also
been reported by Zhu et al.**

When the temperature was slowly decreased by 2 *Cmin~
from 950 to 750 °C, the oxygen purity initially remains constant
at 100%, but the oxgrgen-permeation flux continuously decreases
from 6.6 to 2.8 cm® (STP) cm™ > min ™' (inset in Figure 2). At
750 °C, the oxygen-permeation flux decreases continuously with
time from 2.8 cm® (STP) em™ min™' to 1.0 cm®*cm™>min™"
after 120 h. This observation is in good agreement with the
findings of Shao et al,** van Veen at al,”” and Efimov et al.3! At
750 °C, first the oxygen purity decreases slowly over 10 h. This
initial decrease of in the oxygen concentration may be due to a
low constant nitrogen flux that results from small sealing imperfec-
tions or membrane pin holes, which become increasingly signifi-
cant if the oxygen flux is decreased by a decrease in the
temperature. After approximately 10 h at 750 °C, a sudden
decrease in the oxygen purity is observed which is related to the
formation of small cracks in the membrane. The further growth of
the cracks causes a further decrease of the oxygen purity with time,
as shown in Figure 2. Cracks run radially from the perimeter (feed
side) into the tube membrane and can be observed in SEM
micrographs. After the permeation experiment shown in Figure 2
(100 h at 950 °C and 120 h at 750 °C) was completed, a cross-
section of the tube membrane was prepared by vibration polishing
to preserve the material’s crystallinity to the very surface of the
specimen so that backscattered-electron channelling contrast
imaging could be applied. Figure 3a shows an overview of the
shell/feed side with a crack approximately 200 ym in length. The
crack appears black in contrast, because no material is present in
the crack opening that could scatter the electrons to the detector.
The same holds true for closed porosity, which also is seen as black.

Microstructure Overview. At the higher magnification in
Figure 3b, orientation-dependent backscattered-electron channel-
ling contrast allows not only individual BSCF grains with sizes of
approximately 20—40 ¢m to be distinguished but also secondary
phases in the grain boundaries and, more significantly, those
running through the bulk grains. These secondary phases are pre-
dominantly observed in a region up to approximately 200 ym
below the shell/feed side, which constitutes the side with the
highest oxygen chemical potential in the permeation experiment.
Remember, cracks are observed in the same region. Obviously, the
formation of secondary phases leads to an accumulation of internal
stresses. At the core/permeate side, which is shown in Figure 3¢,
the situation is different. Here, microstructure changes are essen-
tially restricted to the grain boundaries that are decorated by
platelike crystals. Almost no secondary phases run through the
BSCF grains.

Microstructure at the Core/Permeate Side. The situation at
the core/permeate side is shown in more detail in Figure 4a by

1

bright-field TEM. The distribution of secondary phases at the
boundary between BSCF grains 1 and 2 (A and B) is sketched in
the STEM micrograph of Figure 4b. Based on the elemental
distributions of Figures 4c to g, phase B is enriched in oxygen
and in cobalt but depleted in strontium, as compared to BSCF.
By quantification of the local EDX spectra, a 2:1 ratio of B-site to
A-site cations was observed. This ratio is consistent with a com
plex trigonal oxide of approximate compasition Bal_xerCc:z_J,-
Fe),O‘.-,,d, as reported by Efimov et al® The compositional
parameters of approximately x = 0.15 and y = 0.25, however, vary
locally. In the A regions, smaller crystallites with diameters less than
200 nm were formed. These crystallites decorate the interface
between the platelet of phase B and grain 1, but are also observed to
the lower right. Their occurrence correlates with A regions that are
almost free of iron (see Figure 4g). The quantification results of
local EDX spectra showless than 1 at % iron. Enrichments of cobalt
(Figure 4f) and oxygen (Figure 4c) are observed. It is noteworthy
that barium and strontium content varies locally in the opposite
manner (compare Figures 4d and e). With reference to Efimov
et al.* and Mueller et al.,*® we postulate that hexagonal perovskites
Bag 5,81 52,C00;_s (with x & 0.1) were formed in region A.
Although a strontium-enriched hexagonal perovskite is not ex-
pected according to other investigators, Figures 4d, e, and g clearly
indicate that iron depleted regions correlate with different barium
and strontium contents.

The different phases in the grain-boundary region appear with
characteristic oxygen fine structures in the EEL spectra of
Figure 5a. The O—K fine structure from BSCF corresponds to
the room-temperature spectrum reported by Arnold et al.*” and
the one for the hexagonal perovskite (A) to the X-ray absorption
near-edge structure (XANES) observed by Harvey et al* Hex-
agonal perovskite is indicated by the absence of the Fe-L, ; signal,
which can be seen only very weakly in Figure 5a. The oxygen fine
structure of Ba;_,Sr,Co,,Fe,05_5 (B) is published here for
the first time. Some interesting features are noted at the Co-Ly3
and Ba-M,s edges. The Ba-M; white line appears constant at
788 eV for all phases and can be used as an internal standard (see
Arnold et al.*® and Efimov et al.*!) to estimate shifts in the Co-L;
edge. For BSCF, differences between the maxima of Ba-M; and
Co-L; result in an estimate of 4.4 eV, which is smaller than the
value that can be read from the spectrum reported by Efimov
etal 3! This result suggests a stronger oxidation of cobalt in BSCF
in our experiment as a result of our use of high-pressure oxygen-
enriched air on the feed side of the membrane. The increased
oxidation of cobalt also explains why the shift of Co-L; to the
right is only approximately 0.3 eV, compared to 0.7 eV in the
experiment by Efimov et al.*! More interesting is the observation
that the Co-L; maximum for the hexagonal perovskite is shifted
by 1.0 eV to the right as compared to BSCF. This result indicates
that the oxidation state of cobalt is the highest in the hexagonal
phase, which leads us directly to the reason for the phase
decomposition of BSCF under the chosen operating conditions:
the decomposition is induced by an unsuitable valence and spin
state of cobalt, which is exposed to the strongly oxidizing con-
ditions in the IT range and is associated with a small ionic radius
that makes cobalt unstable in the cubic perovskite structure, as
reported by Arnold et al.* and Efimov et al.>' The temperature-
dependent EELS experiment by Arnold et al.*®also suggests a 3+
valence and low-spin state of cobalt in BSCF in the IT range. Our
EELS observation (Figure Sb) of higher oxidation states of cobalt
in the grain-boundary phases, as compared to BSCF, correlates
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' 500 nm

Figure 4. TEM investigation near the core/permeate side showing a grain boundary region. (a) Bright-field TEM, (b) annular dark-field STEM with
grain-boundary phases labeled A and B. (c—g) EDXS elemental distributions (bright contrast correlates with high elemental concentration).
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Figure 5. EEL spectra of BSCF and grain-boundary phases near the core/permeate side (see Figure 4b) showing (a) O—K, Fe-Ly 3, Co-L,3, and
Ba-M, ; ionization edges; and (b) a close-up of the Co-L, 3 and Ba-M, 5 ionization edges.

with the higher amount of oxygen observed in the EDXS
elemental distribution in Figure 4c.

Microstructure at the Shell/Feed Side. In agreement with
the SEM micrographs in Figure 3, the STEM bright-field micro-
graph of Figure 6a shows that, near the shell/feed side, micro-
structure changes are not restricted to the grain boundaries. In the
grain boundaries, the same phases are observed as those near the
core/permeate side. However, the hexagonal phase (A) is the
major component relative to the heavily cobalt-enriched trigonal
phase (B), which was observed to be wrapped by phase A. Both
phase A and phase B form extended platelets and separate grains 3
and 4 in Figure 6a. However, they are also found running straight
through grain 4 almost parallel to the grain boundary. More
interesting, however, are the dense arrays of hexagonal perovskite
phase (A) that are seen in both grains, which differs from our
previous observations. The circle in grain 3 marks the area from
which the SAED pattern in Figure 6b was observed. The diffrac-
tion pattern shows common strong reflections from cubic BSCF
and hexagonal perovskite (A) and additional weak reflections that

are attributed only to hexagonal perovskite (A). The pattern was

indexed in the same manner reported by Mueller et al.,” indicating

that the close-packed layers of the cubic and hexagonal perovskite

are arranged in parallel. Moreover, a comparison of Figures 6a and
b indicates that the hexagonal lamellae are grown along cubic
{110}, directions, which are denoted explicitly as [101]. and
[011], here. The cubic {110), directions coincide with the average

global directions of oxygen migration in cubic perovskite.*” There-

fore, the hexagonal lamellae formed in our experiments correlate
with oxygen pathways in cubic BSCE. The hexagonal lamellae
intergrew coherently with the cubic BSCF grains as is evident from
in the HRTEM micrograph in Figure 6¢. The crystals are observed
in the projection along [111], such that columns of equal amounts
of A-site and B-site cations are observed edge-on and appear as
bright spots. Columns of oxygen are located halfway between the
bright spots; however, they cannot be seen because of their weak
scattering. In any event, the brightness of the spots that represent
cationic columns varies locally, which suggests local compositional
variations.
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Figure 6. TEM investigation near the shell /feed side showing a grain-
boundary region: (a) Bright-field STEM, (b) SAED pattern of encircled
area in a, and (c) HRTEM of hexagonal lamella in cubic BSCF along
[111]c. Lamella is located between the dashed lines.

Discussion of BSCF's Partial Decomposition. With the
findings concerning the local oxygen content and the cobalt
valence,/ spin state, as previously discussed in context with Figures 4
and § (core/permeate side), and 6 (shell/feed side), we can iden-
tify the appearance of the hexagonal perovskite arrays with mig-
ration channels of oxygen in cubic BSCF perovskite, which exhibits
the most strongly oxidizing local conditions. In addition, the
evolved microstructure strongly suggests that the ideal situation
of a rigid metal cationic framework has not been achieved, in that
only the anionic oxygen is mobile.*’ Now, the cationic cobalt in
BSCF appears to migrate to regions of higher oxygen concentra-
tion (oxygen migration pathways). There, cobalt changes its
valence and spin state, and then the perovskite structure trans-
forms. To expand the findings of Arnold et al*” and Efimov etal,**
we identify an unsuitable valence and spin state of cobalt as the
main reason for the partial decomposition of BSCF while operat-
ing at 750 °C, as opposed to 950 °C. This view is supported by the
observation (see Figure 3) that the microstructure changes are
more severe at the oxygen-supply side (most strongly oxidizing
conditions) as compared to the permeate side. Moreover, ob-
servation that the partial decomposition is restricted to the grain
boundaries at the core/ permeate side points out that the grain
boundary environment may be significantly different from the
grain volume. The preceding arguments lead then to the conclu-
sion that, at the core/permeate side, oxygen content in the grain
boundaries is higher than in the grain volume. Probably, here
oxygen is transported preferentially in the grain boundary regions.

More Aspects of Evolved Microstructure. The phases
identified by TEM analysis are also observed in the XRD patterns,
which were collected on scans of membrane surfaces. Figure 7
shows the XRD patterns of the BSCF membrane before and after
the aforementioned long-term operation. The crystal structures on
both the feed and permeate sides of the starting BSCF membrane
are a pure cubic-perovskite phase (Figure 3a). After the long-term
operation, the cubic BSCF perovskite remains as the major phase.
However, a hexagonal perovskite Bag 5.+, Srp5:,CoO5_s (A) has
formed on the shell/feed side. Rebeilleau-Dassonneville et al.>®
and Efimov et al®>" have observed the corresponding signals of
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Figure 7. XRD patterns of the BSCF tube membrane: (a) shell-side
surface (which is identical to the core-side surface) before permeation,
(b) shell/feed-side surface, and (c) core/permeation-side surface after
the long-term permeation experiment shown in Figure 2 (100 h at
950 °C, 120 h at 730 °C). For SEM micrographs, see Figure 8.

Bag 5,510 5+-,C00;_ s (A) in XRD patterns and Efimov identified
the chemical composition of this phase by STEM-EDXS as Ba ¢
Srp4Co03_g. Here, however, the barium and strontium contents
vary locally and the phase can be strontium-enriched (see
Figure 4d and e). On the shell/feed side, the content of trigonal
Ba; ,Sr.Coz ,Fe, 05 5 (B) is too small to be detected by XRD.
However, on the core/permeate side, in addition to besides Bag s,
Srp5+.Co03_5 (A), Ba;_,Sr,Co,_,Fe,05_¢ (B) is also clearly
seen as an additional phase. According to Efimov et al, ! trigonal
Ba,_,Sr,.Co, Fe,O; 4 (B) can be indexed in space group R3m
and is structurally related to BaCo,,0, -, which was reported by Sun
et al* Because of the structural similarity, Ba;_,SrCop_,-
Fe,05-5 (B) is assumed to give an XRD pattern similar to that
of BaCo,00,7, even though only the structure of the latter phase
has been fully resolved thus far (ICSD collection code 240501). We
emphasize that the B-site (cobalt and iron) to A-site (barium and
strontium ) ratio we observed in our analysis is too small to match a
stoichiometry of BaCo1g017. The main reflection of cubic BSCF
perovskite at approximately 32° seems to be broadened The
additional intensities can be attributed to the aforementioned
additional phases of hexagonal and trigonal symmetry, which evolve
during the partial decomposition of the bulk cubic BSCF phase.
To sort our findings, lets have a look on Figure 8, which pre-
sents secondary-electron micrographs of the shell/feed side
surface, the cross-sectional area near the shell/feed side, and
the core/permeate-side surface of the BSCF membrane before
and after the oxygen-permeation experiment of Figure 2 (100 h
at 950 °C and 120 h at 750 °C). After the long-term oxygen-
permeation experiment in the IT range, secondary phases
protrude from the bulk grains at the surface of the shell/feed
side (see Figure 8d). In the corresponding broken cross-section
(Figure 8e), an approximately 1 gm thick grain-boundary phase
is clearly observed. According to the XRD results (see Figure 7b)
and the aforementioned TEM results (Figure 6), the secondary
phase is primarily the hexagonal perovskite Bags+,Sro sty
CoO3_s (A). At the core/permeate side (Figure 8f), decoration
of grain boundaries is clearly visible, the decorations are com-
posed of trigonal Ba, ,Sr,Co, Fe,0; (B) and hexagonal

¥
perovskite Bags. Sros:,CoO;_ s (A), as was analyzed in
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Figure 8. Microstructures of the BSCF perovskite tube membrane
before and after the oxygen permeation experiment: Surface view of
shell/feed side (a) before and (d) after permeation; broken cross-
sectional area near the shell/feed side (b) before and (&) after permea-
tion; surface view of the core/permeation side (c) before and (f) after
permeation. For the permeation experiment, see Figure 2; for the XRD
patterns, see Figure 7c. White arrows in e mark secondary phase at grain
boundary.

context with Figure 4. In the vicinity of internal porosity,
hexagonal features (A) also appear inside the grains.

Bl CONCLUSIONS

The long-term phase stability and oxygen permeability of dead-
end BSCF tube membranes (400 mm long, 10 mm outer diameter,
1 mm wall thickness) were studied under practice-relevant per-
meation conditions at 950 and 750 °C. A high oxygen purity of
almost 100 vol. % and a stable oxygen-permeation flux were
observed during the long-term operation for 100 h at 950 °C.
However at 750 °C, the oxygen-permeation flux continuously
decreases with time, and the BSCF tube membrane is structurally
unstable. The phase instability of BSCF is due to a partial
decomposition of the bulk cubic perovskite phase into a hexagonal
perovskite, Bagsy, Srps5..Co05_s, and a trigonal mixed oxide
Ba, _.Sr.Co,_,Fe,0s_s. At the core/permeate side, the forma-
tion of secondary phases is predominantly restricted to the grain
boundaries. At the shell/feed side, which constitutes the region of
highest oxygen chemical potential during dynamic oxygen flux
through the BSCF membrane material, the formation of secondary
phases is most pronounced. Here, the secondary phase is mainly
the cobalt-enriched hexagonal perovskite, which is not only found
in grain boundaries, but also runs through the bulk grains, leading
to important internal stresses, that give rise to membrane cracking
at the oxygen-feed side. The stronger formation of secondary

phases at higher local oxygen chemical potentials during dynamic
oxygen flux suggests that the valence and spin state of the most
flexible redoxable cation (ie. cobalt) is the key to an under-
standing of BSCF’s decomposition in the intermediate tempera-
ture range. The phase stability of BSCF (ie., the proper redox
states of cobalt) can be maintained by operating BSCF membranes
in the high-temperature regime (930 °C).
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High-purity oxygen was produced by dead-end Bay 5Sr 5Cop5Fepo 05_s (BSCF) tube membranes which
were sealed by a reaction-diffusion sintering process. First, phase stability of BSCF membrane in a pure
oxygen atmosphere - as it is present on the permeate side of the membrane - was studied at 750 and
950 “C, respectively. After the identification of stable operation conditions of BSCFmembranes, we studied
the oxygen permeation at 950 °C using dead-end BSCF tubes (1 cm outer diameter, 1 mm wall thickness)
in (i) a pressure-driven process, (ii) a vacuum process, and (iii) combining both techniques. In all cases, a
high oxygen purity of almost 100 vol.% can be obtained at operation temperatures = 850°C. The oxygen
permeation flux, the oxygen recovery, and the oxygen ionic conductivity were investigated. It was found
that - for the same oxygen partial pressure difference - the oxygen permeation flux in the vacuum

Keywords:
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Dead-end membrane process is significantly higher than that in the pressure-driven process at all investigated temperatures.
BSCF Moreover, in all cases, oxygen permeation and oxygen ionic conductivity can be described by the Wagner

theory for bulk diffusion of oxygen ions as rate-limiting step with the logarithmic ratio of the oxygen

partial pressures on feed and permeate sides as driving force.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

About 100 Mio tons of oxygen are produced every year from
air by different separation techniques, mostly by cryogenic dis-
tillation of air after Linde [1]. Oxygen transporting membranes
(OTMs), which can separate oxygen from air or oxygen containing
gases with a high purity of theoretically up to 100%, have attracted
increasing attention as an alternative to the energy and investment
intensive cryogenic distillation. Different operation modes for the
oxygen production using OTMs are possible, e.g. the use ofcondens-
able recirculating sweep gases like steam [2,3], elevated pressure
on the feed side [4], or the use of vacuum pumps on the permeate
side [5-9].

Among the 0TM materials, the perovskite
BapsSrgsCopgFep203 5 (BSCF) [10-13] is one of the most studied
materials for oxygen separation from air [14] and as cathodes in
solid-oxide fuel cells due to its high oxygen transport properties
[15]. However, for permeation temperatures below 850°C, stability
problems are reported [10,16-19]. To solve the stability problem,
Yakovlev et al. recommended, e.g. to stabilize BSCF by bringing Zr

* Corresponding author, Tel.: +49 511 762 3175; fax: +49 511 762 19121.
E-mail addresses: juergen.caro@pciuni-hannover.de, caro@pci.uni-hannover.de
(J. Caro).

0920-5861/% - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016(j.cattod 2011.12.016

on the B position [20]. Another way to handle the stability problem
is to identify stable operation conditions.

Most stability studies are focused on the BSCF membrane mate-
rial in contact with the fed air. In this paper, we will first study the
phase stability of BSCF membrane in a pure oxygen atmosphere as
it is present on the permeate side of the membrane. After the iden-
tification of stable operation conditions for the BSCF membrane, in
the second part of this paper pure oxygen will be produced from
air in a dead-end BSCF tube membrane by applying elevated pres-
sure on the feed side and/or vacuum on the permeate side under
variation of the permeation parameters.

2. Experimental

The dead-end BSCF tubes with an outer diameter of 10 mm, an
inner diameter of 8mm, and a length of 400 mm (see Fig. 1) were
produced by the Fraunhofer Institute IKTS Dresden/Hermsdorf
(Germany) [21]. One end of a BSCF tube and one side of a 1 mm
thick BSCF disk were grinded to make a flat and even surface. A
paste based on copper oxide as sintering aid was screen printed
on both grinded surfaces. The screen printed areas were contacted
and the tube - standing vertical on the plate - was loaded with a
weight of 300g to support the joining which was carried out by
a reaction-diffusion sintering at 980 °C with a dwell time of two
hours as described recently [22].
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Fig. 1. Dead-end BSCF tube membrane with an outer diameter of 1 cm and 1 mm
wall thickness as produced by IKTS.

A dead-end membrane permeator was used for oxygen pro-
duction as described in detail elsewhere [23]. Synthetic air or
oxygen-enriched air at atmospheric or elevated pressures (1-5 bar)
was used as feed gases. The flow rates were controlled by gas mass
flow controllers (Bronkhorst). High-purity oxygen was produced
either at reduced pressure (vacuum process) or at atmospheric
pressure of 1bar (pressure-driven process) on the permeate/core
side. The pressures on the feed/shell and permeate/core sides were
measured by pressure transducers (Swagelok). In the vacuum pro-
cess, the reduced pressure was achieved by using a vacuum pump
(Pfeiffer vacuum MVP 015-4)realizing a vacuum pressure between
0.08 and 0.12 bar. For quantitative correlation and interpretation,
in this paper an average oxygen pressure of 0.1 bar is used as a
rough estimate. Oxygen concentrations were analyzed by an on-
line coupled gas chromatograph (Agilent 7890A) equipped with a
Carboxen 1000 column. The oxygen permeation flow rate Fp, was
directly determined by using a bubble flow meter.

Itis assumed that the leaking of nitrogen and oxygen is in accor-
dance with a Knudsen diffusion mechanism. The fluxes of leaked
nitrogen and oxygen are related by Eq. (1).

G
L. (1)

— jleak . jLeak _
Dk—_JN2 '102 =\ 28 Co,

where Dy is the Knudsen diffusion factor, Cg,, and Cy, are the oxy-
gen and nitrogen concentrations in the feed gas, respectively.

The oxygen permeation flux Jo, (cm? (STP')min~' cm~2) was
then calculated by Eq. (2).

G
Jo, = (Cog - leg) X % (2)

Here, Cg,, and Cy, are the oxygen and nitrogen concentrations
determined by a calibrated gas chromatograph. Fis the total flow
rate at the outlet on the permeate/core side, and § is the effective
surface for permeation.

The oxygen recovery has been calculated by
02, recovery Fair. et - Co, (3)
with Fp, as oxygen permeation flow rate, Cp, the oxygen concentra-
tion in vol.% and Fair,inler a5 air flow rate at the inlet of the feed/shell
side.

Simulating the exposure of the BSCF material to pure oxygen
as it takes place on the permeate/core side of the membrane, pure

! STP=standard temperature and pressure.
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Fig.2. XRD patterns of the BSCF membranes after exposed to 100% oxygen for 5 days
at(a) 750°Cand (b) 950 °C. The Bragg positions correspond to cubic perovskite with
a=0.398 nm. The reflections of hexagonal phase Bags.1015r05:01C00;_; correspond
tothe (101),(201), (112) planes. Near to the BSCF perovskite peaks, in (b) there
are other non-identified peaks that can belong to the iron-enriched BSCF phase
which is formed during the partial decomposition of the bulk cubic BSCF phase into
hexagonal Bags.o15ro5:01C00; 5.

oxygen with a flux of 30 ml(STP)/min was sent through a fixed bed
of BSCF membrane pieces inside an alumina tube for 5days at 750°C
and 950 “C, respectively.

The XRD data were collected in a #/26 geometry on a Bruker D8
Advance instrument with monochromatic Cu K, radiation at 40 kV
and 40mA and a receiving slit of 0.05 mm using a step-scan mode
in the 26 range of 20-80° with intervals of 0.02. Scanning electron
microscopy (SEM) was performed with a JEOL [SM-6700F at a low
excitation voltage of 2kV for imaging with secondary electrons.

3. Results and discussion

Fig. 2 shows the XRD patterns of the BSCF membranes treated
at 750°C and 950 °C, respectively, for 5 days in pure oxygen. If
BSCF is exposed to pure oxygen at 750 °C, in addition to the cubic
BSCF phase, a second phase was found and could be identified as
a hexagonal perovskite of the composition Bag 5.0,15r0,5:0,1€005_5
(Fig. 2a) as described in detail in our previous study [23]. A trans-
formation of the cubic BSCF into the hexagonal perovskite was
also found by Svarcovi et al. [18] after treating the BSCF pow-
der in pure oxygen at 800-850°C. The formation of the hexagonal
phase is ascribed to a partial decomposition of the bulk cubic BSCF
perovskite in an intermediate temperature range (500-850°C).
Rebeilleau-Dassonneville et al. [16], Efimov et al. [19], and Miiller
et al. [24] have observed the same additional reflections (28 and
42.5° 26)) of a new phase in the XRD pattern after treating the
BSCF powder in air at intermediate temperatures. However, no
phase transition was observed, if the BSCF membrane was treated
at 950 °C for 5 days in pure oxygen (see Fig. 2b).

The SEM images of the BSCF membrane before and after treat-
ment for 5 days in pure oxygen at 750°C and 950°C are given in
Fig. 3. On the surface of the un-tested BSCF membrane (Fig. 3a)
unidentified nanoparticles decorating the terraces were found. The
BSCF tubes were sintered in their production process at 1130°C
in air with a cooling rate of 2 K/min. From energy dispersive X-ray
spectroscopy (EDXS) we found that these particles are Co-enriched.
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Fig. 3. Microstructures of the BSCF perovskite tube membrane (a) before and after
treating in 100% oxygen for 5 days at (b) 750°C, and (c) 950°C. For the XRD pat-
terns, see Fig. 2. White arrows in (b) mark the phase of hexagonal perovskite
Bag5:0.15r05:01C005_5 [23].

As shown in Fig. 3b, some new island-like particles appear on the
surface and in the grain boundaries of BSCF membrane treated at
750°C.In accordance with our previous finding [23], these particles
in the grain boundaries are identified by XRD (see Fig. 2a) as hexag-
onal perovskite Bags.0,1Sro5+01C005_5. However, no additional
phase formation was observed when treating the BSCF membrane
in pure oxygen at 950°C (see Fig. 3c). It can be seen in Fig. 3c
that the surface of the BSCF membrane is smooth and free of the
nanoparticles that were found in Fig. 3a on terraces and in Fig. 3bin

Air flow rate / cm*(STP)min

Fig. 4. Influence of the flow rate of the fed air (20vol.% O;) on oxygen recovery
and oxygen permeation flux for two feed pressures at 950°C. Feed side: air at 1 bar
(m,0) and 5 bar (@,0)) with different flow rates. Permeate side: pure O, at 0.1 bar
(fluctuating between 0.08 and 0.12 bar).

grain boundaries. Thus, it can be concluded that the decomposition
of BSCF forming the hexagonal perovskite phase is suppressed at
high temperatures and at high oxygen partial pressure which is in
accordance with a previous finding [25]. Furthermore, the nanopar-
ticles decorating the terraces (see Fig. 3a) were either evaporated
or consumed by the bulk. Shao et al. [10] and van Veen et al. [26]
also reported that a stable oxygen permeation of BSCF perovskite
membrane can be only achieved if the operation temperatures are
higher than 850°C[10,16-19]. As stated above, in a previous study
we found that the oxygen permeation flux decreases with time
at a permeation temperature of 750°C due to the decomposition
of the bulk cubic perovskite phase into a hexagonal perovskite
Bag5.:01Sr05+0.1C003_5 and a trigonal Co-enriched mixed oxide
Ba;_»SryCo;_yFey03_5[23]. Therefore, in this paper the oxygen per-
meation was mainly investigated at the high temperature of950 °C.

Oxygen permeation flux and oxygen recovery are two impor-
tant parameters for a large-scale oxygen production. The oxygen
recovery can be adjusted by the air flow rate and the air pressure.
Fig. 4 shows the influence of the air flow rate and the air pres-
sure on the oxygen recovery and the oxygen permeation flux at
950 °C. At the same air pressure, the oxygen recovery decreases
withincreasing air flow rate, whereas the oxygen permeation fluxes
increase with increasing air flow rate. It was found (Fig. 4) that the
oxygen permeation flux increased steeply up to an air flow rate
of 500 cm? (STP)min~!, whereas a further increase of the air flow
rate only slightly enhances the oxygen permeation flux. Accord-
ingly, a compromise between the oxygen permeation flux and the
oxygen recovery can be achieved by adjusting the air flow rate. At
the same air flow rate, oxygen recovery and oxygen permeation
flux increase with increasing the air pressure. For example, at the
air flow rate of 500 cm?(STP)min~!, the oxygen permeation flux
increases from 1.9 to 4.1cm? (STP)cm 2 min~!, while the oxygen
recovery increases from 12% to 37% with increasing the air pressure
from 1 to 5 bar.

If the oxygen partial pressure on the two sides of an OTM is
different, an oxygen flux across the OTM can be observed. In the
case that oxygen ion bulk diffusion rather than surface processes
are rate limiting, the oxygen permeation flux Jo, can be expressed
by the Wagner equation [27]

InPy
RT gj-0e¢
= _42F2L/a,-+aedlnP°2
InP,

(4)

Jo,
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Fig. 5. Oxygen permeation rate as a logarithmic function of the oxygen partial
pressure ratio on the feed and permeate sides at different temperatures for the
pressure-driven process. Feed side: air flow rate=500cm? (STP)min-! at different
oxygen partial pressure differences. Permeate side: pure Oz at 1bar.

where o and o; are the electronic and ionic conductivities, respec-
tively. R, F, T, and L denote the gas constant; Faraday constant;
temperature; and thickness of the membrane, respectively [28]. P;
and P, are the oxygen partial pressures on permeate side and feed
side, respectively. Integration of Eq. (4) for assuming o, 3 o; and
constant o; gives [28]

RTo; Py
Jo, =~ ppp Py ®)
It is interesting to note that the pressure dependence of the oxygen
fluxes as shown in Fig. 4 can be explained by the Wagner con-
cept according to Eq. (5) with the logarithm of the oxygen partial
pressures across the membrane as thedriving force. Inthe pressure-
driven process with 5bar and 1bar air on the feed side and pure
oxygen at about 0.1 bar on the permeate side, the logarithms of the
ratio of the oxygen partial pressures In(Py /P,) gives 2.3. In accor-
dance with this prediction, the ratio of the oxygen fluxes at the feed
pressures of 5 and 1 bar with a constant permeate pressure of about
0.1 was found to be 2.2 (cf. Fig. 4), which is comparable with the
prediction from the Wagner theory.

When the pressure on the permeate side is fixed at 1bar, pure
oxygen can be obtained at atmospheric pressure, if the oxygen par-
tial pressure difference across the membrane is higher than 1 bar.
The oxygen partial pressure ratio can be increased by elevating
the pressure of atmospheric air with 21vol.% O3 or by using 0;-
enriched air. Oz-enriched air of different oxygen content can be
produced by using either organic polymeric hollow-fiber mem-
branes [29] or perovskite hollow fiber membranes [7,30]. Fig. 5
shows the oxygen permeation rate as a logarithmic function of the
oxygen partial pressure ratio representing the driving force of the
process. The oxygen partial pressure difference was established by
elevating the pressure of the O,-enriched air with 50vol.% oxygen
as feed. For example, an oxygen partial pressure difference of 1.0 bar
across the membrane can be established by using compressed
oxygen-enriched air with 50 vol.% oxygen at 4 bar on the feed side
while keeping the permeated oxygen at 1 bar. It was found, that the
oxygen permeation fluxes at all temperatures increase linearly as
logarithmic function of the oxygen partial pressure ratio whichis in
agreement with the Wagner theory (see Eq. (5)) assuming that the
oxygen transport is limited by oxygen ion bulk diffusion. Similar
results have been published recently for BSCF membranes [31].

Fig.6. Calculated oxygenionic conductivityasafunctionof temperature atdifferent
oxygen partial pressures on the feed and permeate sides for the pressure-driven
process (from Fig. 5).

According to the Wagner theory (Eq. (5)), the oxygen ionic
conductivity at various oxygen partial pressure ratios and temper-
atures can be calculated by Eq. (6):

22 -1
o1 = o, g (InL ) (6)
Fig. 6 shows the calculated oxygen ionic conductivity as a function
of temperature at different oxygen partial pressures on the feed
and permeate sides for the pressure-driven process (Fig. 5). It can
be found from Fig. 6 that the oxygen ionic conductivity increases
linearly with increasing the reciprocal temperature which is in
agreement with the prediction from the Wagner theory (see Eq.
(6)) for bulk diffusion of oxygen ions as rate-limiting step. More-
over, the oxygen ionic conductivity increases also with increasing
the oxygen partial pressure difference between the feed and per-
meate sides. The oxygen ionic conductivity of the dead-end BSCF
tube at 900°C is ca 1.95cm ', A similar value of an oxygen ionic
conductivity of ca 1.4 Scm ™! was reported by Chen et al. [32] for a
1.1 mm thick BSCF disk membrane at 900°C.

8
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Fig.7. Influence of oxygen concentration in the fed air on the production of oxygen
for different feed pressures at 950°Cin the vacuum process. Feed side: 0;-enriched
air flow rate =500 cm® (STP)min~!. Permeate side: pure O at 0.1 bar (fluctuating
between 0.08 and 0.12 bar).
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Fig.8. The oxygen permeation fluxes in the vacuum and pressure-driven processes
as function of the logarithm of the partial pressure ratios on feed and permeate sides
from 850 to 950°C. Permeate side: pure oxygen at 0.1 bar (fluctuating between 0.08
and 0.12 bar) by using a vacuum pump or 1bar in the pressure-driven process. Feed
side: air gas flow rate =500 cm® (STP)min ",

Fig. 7 shows the influence of the oxygen concentration in the fed
air on the oxygen production at different feed pressures at 950°C.
It was found that the oxygen permeation fluxes increase with both
increasing the oxygen concentration in the fed air and the feed
pressure, suggesting that any increase of the oxygen concentration
in the fed air has the same effect as increasing the feed pressure.
It can be expected from Wagner's theory that the oxygen perme-
ation flux increases with the feed pressure, but the corresponding
incremental growth for a stepwise increase of the feed pressure
drops for a constant pressure step with increasing absolute pres-
sure. For example, the same pressure difference of 1 bar from 1 to
2 bar and from 4 to 5 bar between feed and permeate, gives the dif-
ferent oxygen permeation fluxes of 0.9 cm? (STP)cm~2min~! and
0.3cm? (STP)cm~2min~!. Wang et al. reported that the oxygen
permeation flux can be increased by elevating the air pressure
until 50 atm [33]. The compression cost in the pressure-driven
process can have a negative impact on the economics. However,
the same holds true for the production of oxygen-enriched air as
feed. On the other hand, the space-time yield of the permeator in
the production of oxygen will increase. It has to be noted that a
high feed pressure can be problematic in practice due to, e.g. the
mechanical stability, and the sealing of the membranes. Therefore,
a relative low pressure on the feed side is desired, and the oxy-
gen permeation flux can be raised by using oxygen-enriched air as
feed. For example, the oxygen permeation flux increases from 4.1
to 6.8 cm?(STP)cm 2 min~! when increasing the oxygen concen-
tration in the fed O;-enriched air from 20 to 60vol.% at 5bar and
950°C (Fig. 7).

Similar like Fig. 5 for the pressure-driven process, Fig. 8 shows
the oxygen permeation fluxes in the vacuum and pressure-driven
processes as function of the logarithm of the oxygen partial pres-
sure ratios on the feed and permeate sides from 850 to 950°C. The
straight lines of Fo, vs. In(Py, feed/ Po,.permate ) for all temperatures
indicate again, that oxygen permeation can be described well by
the Wagner theory (Eq. (5)) for oxygen ion diffusion in the bulk as
rate-limiting step. In a recent paper by Kovalevsky et al. [34] the
role of surface oxygen exchange on oxygen permeation through a
BSCF membrane was studied and corresponding O; flux limitations
were expected for a membrane thickness below 1 mm.

It can be found from Fig. 8 that a higher oxygen permeation
flux was obtained in the vacuum process using the synthetic
air with 20vol.% oxygen at 1bar as feed gas compared to the

O, partial pressure difference AP / bar

Fig. 9. Oxygen permeation fluxes as function of oxygen partial pressure difference
in the vacuum and pressure-driven processes at 950 °C. Permeate side: pure oxy-
gen at reduced pressure of 0.1bar (fluctuating between 0.08 and 0.12bar) using
a vacuum pump or 1bar in the pressure-driven process. Feed side: feed gas flow
rate=500¢m’® (STP)min~' with 50vol.% O3 at different pressures.

pressure-driven process with an oxygen partial pressure differ-
ence of 0.5bar (air with 50vol.% oxygen at 3 bar on the feed side,
oxygen pressure of 1 bar on the permeate side). Moreover, in the
vacuum process, the oxygen permeation fluxes can be significantly
enhanced when raising the oxygen concentration in the feed from
20 to 50 vol.%. In addition, in a combination of both the vacuum
and the pressure-driven process, the oxygen permeation fluxes can
be further enhanced by using oxygen enriched air with 50vol.%
oXygen.

Fig. 9 shows the dependence of the oxygen permeation flux on
the oxygen partial pressure difference at 950 °Cwhen using 50vol.%
0;-enriched air as feed gas. If the oxygen pressure on the permeate
side is fixed (at 0.1bar or 1 bar), the oxygen partial pressure dif-
ference across the membrane can be adjusted by the feed pressure
and oxygen content of the fed gas. For the same oxygen partial pres-
sure difference, the oxygen permeation flux in the vacuum process
is significantly higher than thatin the pressure-driven process. This
experimental finding can be explained again by the Wagner theory
since the oxygen permeation flux Jo, is proportional to the log-
arithmic ratio of the oxygen partial pressures Py and P; on feed
and permeate side if all other conditions are fixed. As an example,
a higher oxygen permeation flux can be obtained for the oxygen
partial pressure difference of 0.5 bar in the vacuum process with
the driving force (In(0.6/0.1)) than for the oxygen partial pressure
difference of 3.0 bar in the pressure-driven process with the driv-
ing force (In(3/1)). Here, our experimental results of high-purity
oxygen production is in good agreement with the straightforward
process analysis by Tanand Li [9] and Kriegel et al. [8] showing that
the vacuum operation is more economical to produce oxygen from
air compared to the pressure operation and a membrane process
using a sweep gas. However, Tan and Li [9] reported that a relative
leakage of 44% existed in the oxygen production with the vacuum
operation using Lag 51 4Cop 2Fegg0;_5 at 1180°C.

Due to the difficulties in sealing the membrane at high tem-
peratures, there are only a few reports on the separation of pure
oxygen by using OTMs. In this work, a high oxygen purity of almost
100 vol.% (gas chromatography does not detect any N ) was found
at operation temperatures = 850 °C. The high oxygen purity indi-
cates that the BSCF tube and the BSCF disk forming the dead-end
part of the membrane has been sealed perfectly. Moreover, the
open side of the dead-end tube membranes was simply sealed by
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silicone rubber rings outside the high-temperature zone. Therefore,
the dead-end tube membranes geometry can solve the problem of
the high-temperature sealing.

4. Conclusions

To identify stable operation conditions for a BSCF membrane in
the high-purity oxygen production, the stability of the BSCF mem-
branes was tested in pure oxygen at 950°C and 750°C - as it is
the case on the permeate side in high-purity oxygen production. A
secondary phase of a hexagonal perovskite Bags..0,15T0.5+0.1C003_
forms from the cubic BSCF after treatment in pure oxygen at 750 °C.
However, no phase transformation was found by treating BSCF at
950°C in a pure oxygen atmosphere.

Good BSCF stability was found when the BSCF membrane was
operated at temperatures > 850°C and oxygen with a purity of
almost 100 vol.% was obtained. Oxygen recovery increases with
increasing air pressure, but decreases with increasing air flow rate.
Oxygen permeation flux and space-time yield of the high-purity
oxygen production can be raised using oxygen-enriched air as feed
at relatively low feed pressure of a few bar. The oxygen ionic
conductivity increases with increasing temperature and the nat-
ural logarithm of the oxygen partial pressures ratio of the feed
to permeate sides. The oxygen permeability and the oxygen ionic
conductivity of BSCF tube membrane can be well explained by Wag-
ner’s theory for oxygen ion bulk diffusion as rate-limiting step.

Oxygen permeability was measured for the pressure-driven
process (air at up to 5bar as feed gas, pure oxygen at 1 bar as per-
meate) and for the vacuum process (permeated oxygen at reduced
pressure of 0.1 bar) as well as for combining both techniques. For
the same oxygen partial pressure difference, the oxygen perme-
ation flux in the vacuum process is significantly higher than that in
the pressure-driven process. This finding is in complete agreement
with Wagner theory indicating that the oxygen flux is proportional
to the logarithm of the oxygen partial pressure ratio on feed and
permeate sides. Nevertheless, limitations of the oxygen flux by the
surface exchange can be expected for asymmetric membranes, hol-
low fibers or capillaries with lower wall thickness.
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3 High-purity oxygen production using perovskite

hollow fiber membranes

3.1 Summary

Oxygen transporting membranes can be produced in different geometries by
different technologies. Usually, the conventional disc membranes are applied for the
evaluation of the oxygen permeation flux through a perovskite membrane. However,
because of low oxygen fluxes due to the membrane thickness and limited area, the
conventional disc membranes are not suitable for practical application. Tubular
membranes were developed to reduce the engineering difficulties, especially the
problem of the high temperature sealing. However, their small membrane area per unit
volume and relatively thick wall limit them in practical application. A hollow fiber
membrane with a thin wall can solve the above problem. By keeping the two sealed
ends outside the high temperature zone, polymer O-rings can be used for sealing.
Compared to the conventional disk and tubular membranes, hollow fiber membranes
give very high values of the membrane area per unit permeator/reactor volume.
Furthermore, due to the thin wall, the materials costs of the hollow fiber membranes are
reduced.

In this chapter, the production of pure oxygen and O-enriched air were studied by
using BaCoxFeyZri.«.yO3.5 (BCFZ) hollow fiber membranes. In a first step, Op-enriched
air with an oxygen concentration of 30-50 vol.% is produced in a flow-through
permeator from 1 bar of air as feed applying a vacuum pump to keep the pressure on the
O,-enriched air side at about 0.12 bar. This O,-enriched air was used as pressurized feed
for the production of pure oxygen. In a second step, pure oxygen is produced in a
dead-end permeator using (i) pressurized air/O,-enriched air as feed, (ii) reduced
pressure on the permeate side, and (iii) a combination of both. For the effective
production of oxygen with a high space-time-yield, a two-step-process is proposed. The
oxygen permeation fluxes increase with increasing temperature, pressure on the feed
side, and oxygen concentration in the fed O-enriched air. An oxygen permeation flux of
10.2 cm*(STP) cm™min™ was reached using O-enriched air with 50 vol.% O, at 5 bar
as feed and reduced pressure of 0.05 bar on the permeate side at 900 °C. The reliability
of the perovskite hollow fiber membrane was tested for 150 h under the conditions of
0.05 bar on permeate side and an elevated pressure on the feed side at 900 °C. A high
oxygen purity up to 999 vol.% and an oxygen permeation flux of 9.7
cm3(STP)ecmmin™ were obtained during 150 h operation.

o1



3 High-purity oxygen production using perovskite hollow fiber membranes

3.2 High-purity oxygen production using perovskite hollow fiber
membranes

Fangyi Liang, Heging Jiang, Thomas Schiestel and Jurgen Caro

Industrial & Engineering Chemistry Research 2010, 49, 9377.

Reprinted (adapted) with permission from (Industrial & Engineering

Chemistry Research). Copyright (2010) American Chemical Society.

52



3 High-purity oxygen production using perovskite hollow fiber membranes

Ind. Eng. Chem. Res. 20010, 49, 9377-9384

High-Purity Oxygen Production from Air Using Perovskite Hollow Fiber
Membranes
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Fangyi Liang," Heqing Jiang," Thomas Schiestel,” and Jiirgen Caro*'

Institute of Physical Chemistry and Electrochemistry, Leibniz University of Hannover, Callinstrasse 3A,
D-30167 Hannover, Germany, and Fraunhofer Institute of Interfacial Engineering and Biotechnology (IGB),
Nobelstrasse 12, D-70369 Stuttgart, Germany

The production of O,-enriched air and of high-purity oxygen was studied in a flow-through and in a dead-end
permeator with BaCo,Fe,Zr,_._,0s_; (BCFZ) hollow fiber membranes at high temperatures using (i) pressurized
air/Os-enriched air as feed, (ii) reduced pressure on the permeate side, and (iii) a combination of both. For
the effective production of oxygen with a high space-time yield, a two-step process is proposed. In a first
step, Oz-enriched air with an oxygen concentration of 30—50 vol % is produced in a flow-through permeator
from 1 bar of air as feed applying a vacuum pump to keep the pressure on the O:-enriched air side at about
(.12 bar. In a second step, pure oxygen is produced in a dead-end permeator using the Os-enriched air from
step | as pressurized feed and using again a vacuum pump to establish a reduced oxygen pressure of about
0.05 bar on the permeate side. The oxygen permeation fluxes increase with increasing temperature, pressure
on the feed side, and oxygen concentration in the fed O,-enriched air. An oxygen permeation flux of 10.2
cm’ (STP) em™* min~ ' was reached using Os-enriched air with 50 vol % O, at 5 bar as feed and reduced
pressure of 0.05 bar on the permeate side at 900 °C. A high oxygen purity up to 99.9 vol % and high permeation
rates of almost 10 cm® (STP) cm™? min~' were obtained at 900 °C in a 150 h operation under the conditions

of 0.05 bar on the oxygen side and oxygen-enriched air at 4 bar on the feed side.

1. Introduction

Depending on the amount and the purity of oxygen needed,
several techniques are available to separate oxygen from air.
The cryogenic fractionation technology after Linde can produce
pure oxygen with oxygen concentration =99 vol %. Pressure
swing adsorption (PSA)' can give oxygen with a purity of up
to 95—97 vol %. The membrane technology is also used for
air-to-oxygen production. Because of the low separation factor,
the oxygen enrichment of polymeric membranes? is of the order
of around 50 vol %.

Dense perovskite ceramic membranes with mixed oxygen—
ionic and electronic conductivity’” provide a promising way
for oxygen production. At high temperatures, oxygen can
permeate through the membrane from the high to low oxygen
partial pressure side. Theoretically, the permselectivity of oxygen
is infinite. These ceramic membranes also can find potential
applications in membrane reactors for the partial oxidation of
methane (POM) to synthesis gaﬂ.ﬁ the selective oxidative
dehydrogenation of light hydrocarbons to olefins,” and the
hydrogen production by water splitting.'"™"?

Usually, for the evaluation of the oxygen permeation flux
through a perovskite membrane, inert sweep gases like He or
Ar are applied to reduce the oxygen partial pressure on the
permeate side of the membrane,"” ™" while having air (oxygen
partial pressure, P, = (.21 bar) as feed. However, this method
of using sweep gases is not suitable for an industrial oxygen
production because of the need of a subsequent separation of
oxygen from the sweep gas.

When using a perovskite material as membrane, pure oxygen
(theoretically up to 100%) can be obtained at atmospheric
pressure if the oxygen partial pressure of the compressed air is

#*To whom correspondence should be addressed. E-mail:
juergen.caro@peiuni-hannover.de.

* Leibniz University of Hannover.

* Fraunhofer Institute of Interfacial Engineering and Biotechnology.

10.1021/2101311g

higher than 1 bar,"® by pumping off the permeated oxygen from
the permeation side, by combining both technigues,'” or by using
steam as condensable sweep gas.'®

If oxygen is produced with relatively thick disk perovskite
membranes, the complicated high-temperature sealing has to
be solved, and only low oxygen fluxes are obtained due to the
membrane thickness and limited area. Tubular membranes were
developed to reduce the engineering difficulties, especially the
problem of the high temperature sealing. However, their small
membrane area per unit volume and relatively thick wall limit
them in practical application. A hollow fiber membrane with a
thin wall can solve the above problem. By keeping the two
sealed ends outside the high temperature zone, polymer O-rings
can be used. As compared to the conventional disk and tubular
membranes, hollow fiber membranes give very high values of
the membrane area per unit volume. Furthermore, due to the
thin wall, the material costs of the hollow fiber membrane are
reduced.

Recently, the perovskite with the composition of BaCo,-
Fe,Zri—.— 054 (BCFZ)" was developed as hollow fiber™” with
high oxygen permeability and has been evaluated in oxygen
separation from air,” partial oxidation of hydrocarbons,?' and
the decomposition of nitrogen oxides.”** In a previous paper,
we have already reported some results on the production of O--
enriched air using these BCFZ hollow fiber membranes.”* Os-
enriched air can be used in many industrial processes, such as
methane combustion at high temperatures, the synthesis of
ammonia, the Claus process, steel plants, and waste burning.™
In this work, Os-enriched air and pure oxygen were produced
in a flow-through and a dead-end BCFZ membrane permeator,
respectively. To obtain a high oxygen permeation flux and thus
ahigh space-time yield, a large oxygen partial pressure gradient
across the membrane is required, which can be achieved by
increasing the air pressure on the feed side, by using Os-enriched
air as feed, or by applying reduced pressure on the permeate
side.

© 2010 American Chemical Society
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Figure 1. SEM mx:rngruph of mc dense BCFEZ hollow fiber membrane
produced by a spinning technigue™ after sintering.

2. Experimental Section

Dense BCFZ perovskite hollow fiber membranes were manu-
factured by a phase inversion spinning process followed by high-
temperature sintering at 1320 °C.*" A simple hydrolysis of the
corresponding metal nitrates by an ammonium hydroxide solution
was applied to get the precursor BCFZ material. The precursor
was mixed with a solution of Eoly\ulfone in l-methyl-2-pymolidone
and was ball-milled for 16 h2” As shown in Figure 1, the sintered
fiber has a thickness of around 0.17 mm with outer diameter of
110 mm and inner diameter of (.76 mm. Figure 2 shows
schematically the flow-through membrane permeator 1 used for
the production of Os-enriched air. The fibers used here had a length
of 30 em. The two ends of the BCFZ hollow fiber membrane were
sealed by two silicone rubber nings outside the oven. Synthetic air
(O: concentration 20 vol %) was fed to the shell side, and another
flow of synthetic air was sent through the core side at different
flow rates (25—75 cm’® min™"). The reduced pressure on the core/
permeate side of the hollow fiber membrane was kept at about
0.12 bar by connection to an oil-free diaphragm vacuum pump
(Pfeiffer vacuum MVP (015-4). Because of the difference in the
oxygen partial pressure between shell and core side, oxygen from
the shell side permeates through the hollow fiber membrane to the
core side and mixes there with air, thus forming Ox-enriched air.

Figure 3 presents the dead-end membrane permeator 2 used
for the production of pure oxygen. The dead-end hollow fiber
membrane is obtained by sealing one end of the BCFZ hollow
fiber with a gold plug using Au paste (Hereaus, sintering the
gold paste at 950 °C to make it gastight). The dead-end BCFZ
hollow fiber was coated by dense gold film (Au paste from
Hereaus, sintering the Au layer at 950 °C to obtain the dense
gold film that is not permeable to oxygen) except for the 3 cm
part close to the end with a gold plug. The uncoated part (3
cm, effective membrane area: (.86 cm?) of the hollow fiber was
put in the middle of the oven, thus ensuring isothermal
conditions (cf., Figure 3). Synthetic air or oxygen-enriched air
at atmospheric or elevated pressures (1—5 bar) was fed to the
shell/feed side. On the core side, high-purity oxygen was
produced at about 0.05 bar. This reduced pressure on the core
side was achieved with a vacuum pump (Pfeiffer vacuum MVP
015-4).

All gas concentrations were determined by an online coupled
gas chromatograph (Agilent 7890A). The flow rates were
controlled by gas mass flow controllers (Bronkhorst). The flow

rates were regularly calibrated by using a simple bubble flow
meter. The O permeation rate Jo, {cm® min~! cm™?) can be
calculated by eq 1 in which Faiua {cm’® min™") is the air flow
rate at the inlet to the feed side; Cp, (vol %) is the O,
concentration at the outlet of the core side, which can be
determined by GC: § (cm?) is the effective membrane surface
area.

Fuir.inlcl(C(]_: — 20

Jo, = S(100 — Cq)

(n

The oxygen permeation flux Fp, during the production of pure
oxygen was directly determined by using a bubble flow meters.
The O, permeation rates Jg, {cm® min~' em™?) in the production
of pure oxygen were calculated by eq 2.

The oxygen recovery has been calculated by

Fo,
O L mcovery = v [3)

irinter” € )

with Fp, as oxygen permeation flux, Cp, as the oxygen
concentration in vol %, and Fij e as air flow rate at the inlet
of the feed.

3. Results and Discussion

3.1. Production of Oxygen-Enriched Air Applying Reduced
Pressure on the Permeate Side. In a previous paper, we reported
the production of Oz-enriched air by raising the air pressure on
the shell side while having air at atmospheric pressure on the
core side.®* Here, we propose to produce Ox-enriched air in a
flow-through permeator by using a vacuum pump to achieve a
reduced pressure of (.12 bar on the permeate/core side. Air was
fed to the feed/shell side at 1.0 bar. Figure 4 shows the influence
of the extraction rate of the Os-enriched air by the vacuum pump
on its oxygen content. By tuning the air supply to the core side
and the extraction rate of the Ox-enriched air, different oxygen
concentrations can be obtained in the Os-enriched air. O
concentrations between 30 and 50 vol % with Os-enriched air
fluxes of 40—90 cm® (STP) min~" were obtained. Although the
oxygen concentration decreases from 50% to 30% with raising
the air flow rate on the permeate side from 25 to 75 cm® (STP)
min~!, there is only a slight change of the oxygen partial
pressure gradient across the membrane, and the oxygen per-
meation flux was found to be almost constant, as shown in
Figure 4. As compared to the pressure-driven process for the
production of Os-enriched air (pressurized air on the feed side,
O,-enriched air at 1 bar on the permeate side),” the reduced-
pressure process gives an about 4 times higher production rate
of Ox-enriched air of a certain oxygen concentration. This Oo-
enriched air produced in the flow-through permeator can be used
as feed in the dead-end permeator for the production of pure
oxygen.

3.2. Production of Pure Oxygen from 1 bar of O;-Enriched
Air Applying Reduced Pressure on the Permeate Side. Figure
5 shows the influence of the temperature on the production of
pure oxygen from Oz-enriched air with different oxygen content
in a dead-end permeator. The pressure of the feed/shell side
was | bar, and the oxygen pressure on the permeate/core side
was kept at 0.05 bar by using a vacuum pump. The oxygen
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Figure 2. Permeator | in flow-through geometry for the production of O--enriched air.
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Figure 4. Influence of the air flow rate on the permeate side on the
production of Ox-enriched air in permeator | (cf., Figure 2). Note that the
amount of oxygen separated from air is constant. Feed/shell side: air flow
= 300 cm® min~! at | bar. Permeatefcore side: Ow-enriched air flow =
25—75 e’ (STP) min ' at 0.12 bar. T = 930 °C.

production rate increases with increasing temperature and with
increasing oxygen content of the Oz-enriched air. For example,
the oxygen permeation rate increases from 3.7 to 6.8 cm’ (STP)
em™? min~! with increasing oxygen concentration in the fed
air from 20 to 50 vol %. In a former study,” we reported an
oxygen permeation rate of 7.6 cm® cm™ min~' using He as
sweep gas at 900 °C. Obviously, the use of a sweep gas to
reduce the oxygen partial pressure as driving force is more
effective than removing the permeated oxygen at an oxygen
pressure of 0.05 bar by a vacuum pump. However, the

750 800 B50 800 250

Tempearaturs /0

Figure 5. Influence of the temperature on the production of pure oxygen
from Oz-enriched air with different oxygen concentration in permeator 2
(cf., Figure 3). Feed/shell side: air flow rate = 150 em® min~' at 1 bar.
Permeate/core side: pure O at about 0L05 bar.

application of sweep gases, except steam, needs a subsequent
separation step.

Figure 6 presents the influence of the Os-enriched air flow
rate at 1 bar on the core side of the BCFZ hollow fiber
membrane on the oxygen permeation rate at 900 °C. The oxygen
permeation flux decreases slowly with decreasing flow rate of
the fed air from 200 to 50 em’ min~' and quickly with
decreasing the air flow rate from 50 to 10 em? min~'. For
example, the oxygen permeation rate decreased to 5% and 21%
with decreasing the flow rate of air with oxygen concentration
of 50 vol % from 200 to 50 cm® min ~! and 50 to 10 cm® min™!,
respectively.
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Figure 7. Interplay of oxygen permeation flux and oxygen recovery for fed Os-enriched air at 900 °C in permeator 2 (cf.. Figure 3). Feed/shell side:
Oy-enriched air flow rate = 10—200 em® min ! at | bar. Permeate/core side: pure O, at sbout 0.05 bar.

Figure 7 shows the influence of the oxygen permeation rate
on oxygen recovery (at 1.0 bar and at 900 °C) for different O,
concentration in the feed. The relation between the oxygen
permeation rate and the oxygen recovery was reached by
variation of the fow rate of air on the feed side. The oxygen
permeation rates increase with increasing the oxygen concentra-
tion of air. Under the same oxygen concentration, the oxygen
recovery decreases with increasing the oxygen permeation rate.
It also means that the improvement in oxygen recovery comes
at the cost of a decreased permeation rate. Accordingly, an
optimal compromise between the oxygen permeation rate and
the oxygen recovery can be realistic. For example, at an oxygen
recovery of 50%, an oxygen permeation rate is around 2.8 and
5.2 cm* em™? min~! under the oxygen concentration 20 and 50
vol % in air, respectively.

3.3. Production of Pure Oxygen from O;-Enriched Air
at Elevated Pressure on the Feed Side. The oxygen permeation
rate Jg, can be expressed by the Wagner equation:**°

In Py RO
I
R A

Integration of eq 4 for assuming ¢, = ¢; and assuming constant
i gives

_RT
4 FL

In Py 4)

o,

RTo o,

“"(]

= &)
- 4 F o, + o)L

In L
"p,

where . and o; are the electronic and ionic conductivities,
respectively. B, F, T, and L denote the gas constant, Faraday
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Figure 8. Influence of the oxygen partial pressure difference on the production of pure oxygen in permeator 2 (cf.. Figure 3) at different temperatures.
Feed/shell side: Oz-enriched air flow = 150 em® min ! at different pressure. Permeate/core side: pure Os at 1 bar.

constant, temperature, and thickness of the membrane, respec-
tively. P, and P, are the oxygen partial pressures on the feed
and permeate sides, respectively. Therefore, the oxygen per-
meation flux Jo, is proportional to the logarithmic ratio of the
oxygen partial pressures P| and P, if all other conditions are
fixed. When increasing the oxygen partial pressure gradient
across the membrane, according to the Wagner theory a higher
oxygen permeation flux can be obtained.

However, for mixed oxygen ion—electron conducting materi-
als, the surface processes can become rate limiting for oxygen
transport through the membrane rather than bulk diffusion.
Under surface reaction, we understand the incorporation of
oxygen into the lattice (adsorption, dissociation, ionization,
incorporation on a lattice vacancy) and vice versa on the
permeate side. For our perovskite hollow fiber membrane with
170 pgm wall thickness, we found that the main transport
mechanism is bulk diffusion with a contribution of the surface
reaction.”” This conclusion was drawn as follows. Assuming
that o, = o; and further assuming that the oxygen partial
pressure dependence of the ionic conductivity o; follows a power
law of the form o, = "+ Pp,".*" integration of eq 4 yields

u‘i 'RT

Jo, = — (P — Py (6)

4l

with 0" as the oxygen ionic conductivity at Py, = 10° Pa, and
L as membrane thickness. n is the fit parameter, which is derived
from the steady-state oxygen permeation. From the value of i,
the rate-limiting step of the oxygen permeation can be
identified. ™" For negative values of n, the oxygen permeation
is dominated by the bulk diffusion, while for n = 0.5 the
exchange processes at the membrane surfaces can be assumed
as rate-limiting. In the case of the surface exchange as rate-
limiting step, a catalytic coating of the membrane can accelerate
the oxygen flux. In the surface exchance current model,*" Jo,
gives a linear relationship with (P|jPO_.)“5 - (PlfPo_,)“j if oxygen
transport 1s controlled by the surface exchange reaction. In the
case of bulk diffusion control, Jo, is a linear function of In(#,/

P5). The detailed analysis of oxygen transport through our BCEZ
hollow fiber membrane with 170 gm wall thickness gave that
bulk diffusion dominates oxygen transport with a remarkable
influence of the surface reaction.

‘When the pressure on the permeate side is fixed at 1 bar, the
oxygen partial pressure gradient can be established by elevating
the pressure of Os-enriched air with different oxygen content.
For example, an oxygen pressure gradient of 1.5 bar across the
membrane can be established by compressing oxygen-enriched
air with 50 vol % oxygen at 5 bar. Figure 8 indicates the
influence of the oxygen partial pressure difference on the
production of pure O, at different temperatures. The oxygen
permeation rates increase with increasing oxygen partial pressure
difference and with increasing temperature. At an oxygen partial
pressure difference of 1 bar, an oxygen flux of 3.0 cm® (STP)
cm ™ min~! is obtained at 950 °C.

3.4. Production of Pure Oxygen Combining Reduced Pres-
sure on the Permeate Side and Elevated Feed Pressure. As
discussed above, according to the Wagner theory,* the oxygen
permeation flux can be enhanced by increasing the oxygen
partial pressure gradient across membrane. To obtain a higher
oxygen permeation flux, the pressure on the permeate side was
reduced to (.05 bar by using a vacuum pump, and the pressure
on the feed side was simultaneously elevated. Figure 9 shows
the influence of the air pressure on the feed side on the
production of pure oxygen at different temperatures. It can be
seen that the oxygen permeation flux increased with raising the
pressure on the feed side while keeping the pressure at 0.05
bar on the permeate side. For the same pressure difference, the
oxygen permeation flux increases with rising temperature. At
950 °C and 5 bar of total pressure difference, the oxygen
permeation rate reaches 8.5 cm?® (STP) cm™ min~!. It can be
predicted that the oxygen permeation rate can be further
enhanced by compressing O,-enriched air as feed.

The oxygen-enriched air produced in permeator 1 (Figure 2)
with different oxygen concentration was used as feed in
permeator 2 (Figure 3) for the production of pure oxygen. Figure
10 shows the dependence of the oxygen permeation flux on the
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Figure 10. Influence of oxygen concentration in the fed air at different feed pressure on the production of pure oxygen for different feed pressures at 900
°C in permeator 2 (cf., Figure 3). Feed/shell side: Os-enriched air flow rate = 150 cm’ min ', Permeate/core side: pure O; at about 0.05 bar.

oxygen concentration in the Oz-enriched air at different pressure
on the feed side at 900 °C. For different feed pressures, the
oxygen permeation rates increase with increasing the oxygen
concentration. Raising the oxygen concentration in the fed
oxygen-enriched air has the same effect as raising the pressure
of the Oz-enriched air on the feed side. The oxygen permeation
flux increases from 5.8 to 10.2 cm® (STP) em™ min~' when
increasing the oxygen concentration in the fed Os-enriched air
from 20 to 50 vol % at 5 bar and at 900 °C. Zhu et al.'” reported
an oxygen flux of 9.5 cm® (STP) em™? min™' in a dead-end
tube perovskite membrane permeator at 925 °C and vacuum of
~100 Pa on the permeate side and 7 bar air on the feed side.
Ito et al.' reported an oxygen flux of 9 cm® (STP) cm™? min™!
of an asymmetrical tubular perovskite membrane with a ~50
um dense layer at 900 °C and 10 bar air pressure. Here, by
using the oxygen-enriched air as feed, an almost equivalent

oxygen permeation rate was obtained at relatively low pressure
on the feed side.

Figure 11 presents the temperature dependence of oxygen
permeation rate when using air or Os-enriched air as feed. For
all of the investigated temperatures and in the case of air as
feed, the oxygen permeation fluxes have been significantly
enhanced when raising the air pressure from 1 to 5 bar. In
addition, by holding the pressure at 5 bar and replacing air by
Os-enriched air as the feed, the oxygen permeation fluxes were
further enhanced. It can be seen from Figure 11 that the oxygen
permeation rate reached 13 cm’ (STP) cm ™2 min~" at 950 °C.

3.5. Long-Term Operation of Production of Pure Oxygen.
In our previous study, the perovskite BCFZ hollow fiber
membrane permeator showed excellent stability and was oper-
ated steadily over more than 800 h in the production of Os-
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Figure 11. Temperature dependence of oxygen permeation rate when using
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kept at about (105 bar by using a vacuum pump. Feed/shell side: feed gas
flow rate = 150 ¢m® (STP) min ',

100.0

99.8 'J

= 99.6- B
£ TEETD GO oOORED GHOD  aEED oo ag 10 g
2 994+ et
& L. 5
L5 W
99.2 4 2
S

89.0 i ' . T r 0

0 25 50 75 100 125 150

Time fh

Figure 12. Long-term operation of the production of pure oxygen in
permeator 2 (cf., Figure 3): O purity and oxygen permeation flux of the
BCFZ hollow fiber membrane at 900 °C. Feed/shell side: air flow rate =
150 em® min~" at 4 bar. Permeate/core side: pure O, at about (.03 har,

enriched air.* The reliability of the perovskite BCFEZ hollow
fiber membrane for the production of pure oxygen in the dead-
end permeator was evaluated for a 150 h oxygen permeation
with a feed of 50 vol % Os-enriched air at 4 bar and reduced
pressure of (.05 bar on the permeate side. The BCFZ hollow-
fiber membrane was still gastight after 150 h, at which time we
stopped the test. Figure 12 shows the oxygen permeation rate
and the oxygen purity during the 150 h operation. A high oxygen
purity of 99.9 vol % and a stable oxygen permeation rate of
9.7 em® ¢cm™? min~' were found. This experimental finding
indicates that the BCFZ hollow fiber itself was stable.

4. Conclusions

The production of pure oxygen and Os-enriched air using
BCFZ hollow fiber membranes was studied in this work. In a
flow-through type permeator, Oz-enriched air with an oxygen
concentration of 30—50 vol % was produced from air on the
feed/shell side of the hollow fiber when applying a reduced
pressure of (.12 bar on the permeate side. This Oz-enriched air
was used as pressurized feed in a dead-end type permeator for
the production of pure oxygen at 0.05 bar. An oxygen
permeation flux of 10.2 em” (STP) em 2 min~! was reached in
the production of pure oxygen at 900 °C when using pressurized
Or-enriched air with 50 vol % O; at 5 bar. The reliability of
the perovskite hollow fiber membrane was tested for 150 h under

Ind. Eng. Chem. Res., Vol. 49, No. 19, 2010 9383

the conditions of (L0535 bar on permeate side and an elevated
pressure on the feed side at 900 °C. A high oxygen purity up
10 99.9 vol % and an oxygen permeation flux of 9.7 cm® (STP)
cm™? min~! were obtained during 150 h of operation.
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4 Novel cobalt-free membranes BaFeg o5, La,Zr 05035

(BFLZ) for oxygen separation

4.1 Summary

In practice, the oxygen permeability and stability of OTM under harsh operating
conditions such as intermediate temperatures, large oxygen partial pressure gradients, or
reducing atmospheres, are crucial for their industrial applications. In the past few
decades, a large number of cobalt-based perovskite-type membranes with high oxygen
permeability such as Ba;SrkCoiyFeyOs5 and LaiSrkCoiyFe,Oz5 have been
developed. However, due to the toxic and expensive Co, and the structural instability of
the cobalt-based perovskite-type membranes, which were studied in detail in the chapter
2, the cobalt-based perovskite-type membranes is very challenging in the industrial
application. Therefore, the development of cobalt-free perovskite-type oxides is of great
interest.

In this capital, we selected La to partially substitute for Fe on the B-site of
BaFeg95Zr0503.5 owing to its large ionic radius (La3+(VI) = 1.03 A) and its common
trivalent oxidation state. The BFLZ materials were characterized by X-ray diffraction
(XRD), scanning electron microscopy (SEM), and after pressing and sintering as
membranes which were used for oxygen separation from air. The influence of the partial
substitution of La for Fe on the B-site of BaFej95Zry5035 on crystal structure and
oxygen permeability was investigated. It was found that the highest La content in BFLZ
for the formation of a pure cubic perovskite structure without any detectable impurities
is about X = 0.04. For the La content of x = 0.04 with the largest volume of the cubic
unit cell, the highest oxygen permeation flux with 6.3 and 1.24 ¢cm*(STP)-min”'cm™ was
found at 750 and 950 °C, respectively. It follows from XRD that for La contents x >
0.04 the secondary phase BagLa;Fes O;5 has been formed in high-La BFLZ (x = 0.05
and 0.075) materials. Furthermore, the influence of oxygen partial pressures on the
oxygen permeation flux and the oxygen ionic conductivity can be described with the
Wagner theory for bulk diffusion of oxygen ions as rate-limiting step for oxygen
permeation. The result of the long-term oxygen permeability suggests that the BFLZ (x
= 0.04) membrane exhibits good oxygen permeability and stability, which make this
material a promising candidate for industrial applications like oxygen separation from
air and catalytic hydrocarbon partial oxidation.
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B-site La-doped BaFeg os_,La,Zrp o5s03_; perovskite-type
membranes for oxygen separation

Fangyi Liang,® Kaveh Partovi,? Heqing Jiang,” Huixia Luo® and Jirgen Caro*?

Partial La-substitution for Fe on the B-site of the perovskite BaFeg gs_xLaxZro 05035 (BFLZ) was achieved by
applying a sol-gel synthesis method. The highest La content in BFLZ for the formation of a pure cubic
perovskite structure without any detectable impurities is about x = 0.04. It is found for the first time
that the introduction of La on the B-site of a mixed oxide stabilizes the cubic structure. Furthermore, the
formation of the cubic structure of BFLZ increases significantly the oxygen permeability. The maximum
oxygen permeation flux is found for a La-content of x = 0.04 with the largest volume of the cubic unit
cell, reaching 0.63 and 1.24 cm? (STP) min~ ' em 2 for a 1.1 mm thick membrane at 750 and 950 °C,
respectively. This finding is in complete agreement with the XRD structure analysis, showing that the
highest B-site La-substitution of BFLZ under conservation of the pure cubic perovskite phase without
forming any foreign phase was about x = 0.04. For BFLZ with x > 0.04, the secondary phase
BagLasFe4045 forms increasingly and the oxygen permeation flux decreases. The influence of the sweep
gas flow rates on the oxygen permeation flux and the oxygen ionic conductivity were found to be in
good agreement with the Wagner theory, indicating the oxygen ion bulk diffusion as a rate-limiting
step of oxygen transport. Stable oxygen permeation fluxes were obtained during the long-term oxygen

www.rsc.org/MaterialsA

Introduction

Oxygen transporting membranes (OTMs),"* based on mixed
electronic and ionic conductors of perovskite-type oxides, attract
much attention due to their promising potential applications for
high purity oxygen production,”® in catalytic membrane reac-
tors,”® and as cathodes in solid oxide fuel cells (SOFCs).” In
practice, the oxygen permeability and stability of OTMs under
harsh operating conditions such as intermediate temperatures,
large oxygen partial pressure gradients, or reducing atmospheres
are crucial for their industrial applications.

In the past few decades, a large number of cobalt-based
perovskite-type membranes with high oxygen permeability such
as Ba, ,Sr.Co, yFe,0; ;'™ and La; ,SryCo;_Fe,0; ;"
have been developed. However, the stability of cobalt-based
perovskite-type membranes at intermediate temperatures
or under reducing conditions is poor, because of the easy
reduction of cobalt ions and the resulting big changes in
the unit cell dimension.””"” Therefore, the development of
cobalt-free perovskite-type oxides is of great interest. Recently,
a number of cobalt-free membranes have been developed,

“Institute of Physical Chemistry and Electrochemistry, Leibniz University Hannover,
Callinstr. 3A, D-30167 Hannover, Germany. E-mail: juergen.caro@pci.uni-hannover.
de; Fax: +49-511-762-19121; Tel: +49-511-762-3175

*Max-Planck-Institut fiir Kohlenforschung, Kaiser-Wilhelm-Platz 1, D-45470 Miilheim
an der Ruhr, Germany
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permeation operation of the BFLZ (x = 0.04) membrane over 170 h at 750 and 950 °C, respectively.

such as BagsSrgsFeqsZng 03 4" Bag;SrosFe; AlLO; 4"
Bag 58r0.5Feq sCup.20;5_5,"" BaFe; Y03 5% BaFe;_Ce,0; ;>
BaFe,_,Zr,03_; and La,Ba,_,FeO;_5*

The cobalt-free membranes are mostly based on BaFeO;_;
oxides. However, BaFeO; ; shows a low oxygen permeability
and crystallizes in a hexagonal structure because of the ionic
radius of Ba®" which is too large to stabilize a cubic perovskite
structure. A perovskite-type oxide with cubic structure usually
exhibits a higher oxygen permeability than those with other
structures such as hexagonal, rhombohedral, or fluorite struc-
tures. The cubic perovskite structure of BaFeO;_ ; can be
stabilized by (i) the partial substitution of the A-site with smaller
cations, such as Sr, Ca, La, and Y,*** (ii) the partial substitution
of the B-site with larger cations, such as Y, Cu, Ni, and Zr,*">*?¢
(iii) the partial substitution of both A- and B-sites by e.g. Y.*” The
partial substitution of the A-site with smaller cations can lead to
a stabilization of the cubic perovskite structure. However, the
volume of the cubic unit cell will be reduced which - in turn -
reduces the oxygen flux. On the other hand, the partial substi-
tution of the B-site with larger low-valency cations can result not
only in the stabilization of the cubic perovskite structure, but
can also increase the volume of the cubic unit cell and the
oxygen vacancy concentration which are beneficial to the oxygen
permeation. The improvement of the stability of the perovskite
structure by introducing Zr on the B-site was reported by several
authors.*®*

This journal is © The Royal Society of Chemistry 2013
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In thiswork, we selected La to partially substitute for Fe on the B-
site of BaFe o521, 0;05 s owing to its large ionic radius (La*(vi,f) =
1.03 AP and its common trivalent oxidation state. To the best
of our knowledge, the only La-doping on the B-site of a perovskite
to stabilize the cubic structure was reported for SrCoy g5L89,0503 5
with hexagonal structure by Zeng et al.** However, bringing La
on the B-site of SrCoO;_; perovskite cannot stabilize the cubic
structure since the electron configuration in the outer orbits of
La®" is 4d(10).* Here, we will study the influence of the partial
substitution of La for Fe on the B-site of BaFe, 9521, 503 4 (BFLZ)
on crystal structure and oxygen permeability.

Experimental

BaFeg o5  La,Zrgos05 5 (BFLZ, 0 = x = 0.075) powders were
prepared by a combined citric acid and ethylene-diamine tetra-
acetic acid (EDTA) complex method, as described in detail else-
where.®* The calculated amounts of Ba(NOs),, Fe(NO3)s,
ZrO(NOj3), and La(NO;); in their appropriate stoichiometric ratios
were dissolved in an aqueous solution, followed by the addition of
EDTA and citric acid with the molar ratios of EDTA/citric acid/
metal cations = 1:1.5:1. The pH value of the solution was
adjusted to around 9 by adding NH,OH. The solution was then
heated in the temperature range of 120-150 °C under constant
stirring to obtain a dark gel. After the dark gel was burnt in a
heating mantle, the obtained productwas treated at 950 °C for 10 h
to obtain BFLZ perovskite powder. The calcined powders were
uniaxially pressed into pellets under 150 kN and sintered under
ambient pressure at 1200 °C for 10 h in air to become gas-tight
membrane discs with 14 mm in diameter and 1.1 mm in thickness.

X-Ray diffraction (XRD) was performed at room temperature
using a Bruker-AXS D8 Advance diffractometer equipped with a
Cu Ko radiation at 40 kV and 40 mA and a receiving slit of 0.05
mm using a step-scan mode in the 26 range of 20-80° with
intervals of 0.02.

Oxygen permeation was measured in a high-temperature
permeation device, which is described in our previous papers.**
The disc membranes were sealed onto an alumina tube with a
gold paste (Heraeus, Germany) at 950 °C for 5 h. The feed side
was fed with synthetic air (20 vol% 0,/80 vol% N,), whereas Ne
(99.995%) and He (99.995%) were fed to the sweep side. All gas
flows were controlled by mass flow controllers (Bronkhorst,
Germany) and all flow rates were regularly calibrated by using a
bubble flow meter. The concentrations of the gases at the exit of
the reactor were analyzed by an on-line gas chromatograph
(Agilent 7890A) with a Molsieve 5A column. The total flow rate of
the effluents on the permeate side was calculated by using Ne as
an internal standard. The total O, leakage was calculated and
subtracted from the total O, flux after the N, concentration was
measured, as described in detail elsewhere.?

Results and discussions

Crystal structure

Perovskite-type oxides of the composition ABO; can host
different cations on the A- and B-sites, which results in different

Table 1 Tolerance factors and crystal structures of BaFeO;_; and the composi-
tions of BaFep o5 ,La,2rg 05055 (BFLZ) with the assumption of sole Fe** and Fe**

Tolerance

factor ¢
Materials Fe'” Fe** Crystal structure
BaFeO, ;*° 1.072 1.041 Hexagonal
BaFeg.05Z50.0505_5 1.069 1.039 Rhombohedral
BaFe, o5 ,La,Zr, 4505 ; 1.062 1.034 Cubic
(x = 0.025)
BaFeg o5 xLaZro,05035 1.059 1.031 Cubic
(x = 0.04)
BaFeg o5 xLa, Zry 05055 1.057 1.029 Cubic + BagLa,Fe, 0,5
(x = 0.05)
BaFeg.o5 LayZry 0503 5 1.051 1.024 Cubic + BagLa,Fe 0,5
(x = 0.075)

lattice structures. A good benchmark for the calculation of the
lattice structure is the tolerance factor ¢ described by
Goldschmidt.*

~ I'atro

a \/E(YB-FYO)

where ry, rg, and rq are the ionic radii of the A-site metal ion (12-
fold coordinated), the B-site cation (6-fold coordinated), and the
oxygen ion (1.40 A), respectively. The cubic perovskite structure
can be maintained in the case of 0.75 = t = 1.0 (t = 1.0 is the
ideal cubic perovskite structure). When the tolerance factor is

(1

t > 1.0, a hexagonal structure tends to form. The values of the
tolerance factor ¢ for BaFeO; ;* and the composition
BaFep o5_,La,Zry 05035 (BFLZ) were estimated assuming Fe in
the valency of Fe*'(vi, HST) (0.645 A) or Fe'*(wi, HS) (0.585 A), as
shown in Table 1. Introducing the large cation La®" on the B-site
of BFLZ leads to a slight decrease of the tolerance factor, which
has a significant effect on the phase structure, as shown in
Fig. 1. In praxis, iron on the B-site of BFLZ has a mixed oxidation
state of Fe*"-Fe"". Several authors reported that the fraction of
Fe’’/Fe in the perovskite oxides BaSrFeO;_; and SrFeO,_;
increases with increasing content of the trivalent dopant on the
B-site such as Ga,™ Al,"*° or Sc.*' An increasing trivalent Fe
content results in a higher oxygen vacancy concentration and a
larger unit cell, both of which are beneficial for oxygen perme-
ation. It can be observed from Fig. 1a that the BaFey ¢5Z1;, 05035
samples without La®" have a rhombohedral structure.*
Surprisingly, we found that the phase transformation from a
rhombohedral to a cubic perovskite structure takes place for
La’* doping for Fe on the B-site of BFLZ even for small La>*
contents (x = 0.025). Therefore, our BFLZ samples with La
contents of x = 0.025 and 0.04 consist of only a single cubic
perovskite phase. However, for BFLZ with higher La contents
(x = 0.05 and 0.075), beside the cubic perovskite as the major
phase, weak reflexes of a secondary phase can be detected. The
intensity of this secondary phase increases with increasing La
content from x = 0.05 to x = 0.075. The relatively weak reflexes
at Miller Index (110) of BFLZ (for x = 0.05 and 0.075) between

=

T Coordination number.

This journal is @ The Royal Society of Chemistry 2013

1 HS = high-spin.
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Fig. 1 XRD patterns of BaFeg gs_,La,Zr 05035 (BFLZ) (x = 0.025, 0.04, 0.05, and
0.075) samples after calcinations at 950 °C in air for 10 h. (a) 26 from 20 to 80°. (b)
26 from 30 to 32°.

28° and 32° is marked and magnified in Fig. 1a. The secondary
phase was identified as BagLa,Fe,O,5 with the space group
P63mc, which belongs to the dihexagonal pyramidal class of
crystal structures.* Thus, the highest La content in BFLZ for the
formation of a pure cubic perovskite structure without any
detectable impurities is about x = 0.04.

For a more precise evaluation of the effect of La incorpora-
tion, the XRD patterns of BFLZ at ca. 31.5° were magnified and
compared, as shown in Fig. 1b. For low La contents (x = 0.04),
the peak shifts gradually towards smaller angles with increasing
La content from x = 0.025 to 0.04, indicating the expansion of
the unit cell since the ionic radius of La®*(v1) (1.03 A) is larger
than those of Fe*' and Fe*'. However, with further increasing La
content in BFLZ from x = 0.05 to 0.075, the peak shifts back to
bigger angles, which means that the BFLZ unit cell shrinks
again. It seems that the La content in the perovskite phases is
similar for x = 0.025 and 0.075, but maximum for x = 0.04. For
the sample BFLZ (x = 0.05 and 0.075), with increasing La
content, the foreign phase BagLa,Fe,O;; is increasingly formed.
La goes preferentially into this phase and the La content of the
BFLZ perovskite phase decreases with increasing La content of
the synthesis batch (x > 0.04).

The incorporation of La on the B-site of the BFLZ lattice is
supported by the following three points. At first, BFLZ samples
with La contents x = 0.025 and 0.04 consist of only a single
cubic perovskite phase (see Fig. 1a). If La were to be incorpo-
rated on the A-site, secondary phases like barium oxide can be
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Fig. 2 Oxygen permeation fluxes: (a) temperature dependence for BFLZ disc
membranes with a thickness of 1.1 mm; (b) for membranes with various La
contents at different temperatures. Feed side: 150 cm? (STP) min~' synthetic air.
Permeate side: 49 cm?® (STP) min~ ' Heand 1 cm? (STP) min ' of Ne (for calibration).

expected because the stoichiometry of the BFLZ composition
would have changed. Second, for low La contents, the unit cell
expands with increasing La content in a range from x = 0.025 to
0.04 (see Fig. 1b), which is a clear indication that La occupies
the B-site of the BFLZ lattice. If La were to be on the A-site of the
BFLZ lattice, the peak would shift towards higher angles since
the ionic radius of La*'(xu) (1.36 A) is smaller than that of
Ba*(xu) (1.61 A). Third, doping La on the B-site increases the
oxygen flux due to a higher oxygen vacancy concentration if the
trivalent La*" occupies tetravalent Fe'" ion sites which was
found in this paper.

Oxygen permeability

The oxygen permeation fluxes through BFLZ disc membranes as
a function of temperature are presented in Fig. 2a. The oxygen
permeation flux of all BFLZ membranes increases with
increasing temperatures. For the BFLZ (x = 0.04) membrane,
the effects of cooling and heating cycles on the oxygen perme-
ation flux were also shown in Fig. 2a. Repeated cooling and
heating cycles show no influence on the oxygen permeability.
The change in oxygen permeation flux with varying La content
at different temperatures is shown in Fig. 2b. For La content =
0.04, the oxygen permeation flux increases with rising La

content and reaches a maximum of 1.24 cm® (STP§) min ™' em ?

§ STP = standard temperature and pressure.

This journal is © The Royal Society of Chemistry 2013
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at 950 °C for the BFLZ composition with x = 0.04. It can be
observed from Fig. 2 that the oxygen permeation flux of the
membranes with cubic structure is significantly enhanced in
comparison with the membrane of BaFeg 9571905035 with a
rhombohedral structure. An increasing La content results in a
higher oxygen vacancy concentration and a larger unit cell, both
of which support an increase of the oxygen permeation flux.
However, further increasing the La content (x > 0.04) leads to a
decrease of the oxygen permeation flux in the samples with x =
0.05 and 0.075. This finding is attributed to the formation of the
secondary phase BagLa,Fe,0,; which (i) itself is not an oxygen
ion conductor and (ii) collects the La from the BFLZ (x = 0.05
and 0.075) perovskite phases which results in a shrinking of the
unit cell (see Fig. 1b).

Influence of the air and sweep gas flow rate on oxygen
permeation

Fig. 3 shows the influence of the sweep gas (He) flow rate on the
oxygen permeation flux through the BFLZ (x = 0.025) disc
membrane at 950 °C. It can be seen that the oxygen permeation
flux increases from 0.95 to 1.2 em® (STP) min ' em ? with
increasing sweep gas flow rate from 30 to 100 cm® (STP) min .
An increase in the sweep gas flow rate, causing a reduced oxygen
partial pressure on the permeate side, and an increase of feed
gas flow rate reducing the effect of oxygen concentration
depletion, can enhance the driving force for oxygen permeation
through the membrane, which can be described by the Wagner
equation:*!

RTa; | Po, feed

J(), = T
2 Y
42F2L P():,pcrmmu’

@
where g; is the ionic conductivity, R, F, T, and L denote the gas
constant, Faraday constant, temperature, and thickness of the
membrane, respectively. Po_permeate a0d P feeq are the oxygen
partial pressures on permeate and feed sides, respectively.

Bulk diffusion as a rate-limiting step for oxygen transport

For a better understanding of the effect of the O, partial pres-
sure ratio across the disc membrane, the oxygen permeation

1.6
§ 12 e
E ./.
e 0.8+
Q
~ 0.4l

0.0 r - T - -

20 40 60 80 100 120

|
He flow rate / cm® min

Fig. 3 Influence of the sweep gas (He) flow rate on the oxygen permeation flux
through the BFLZ (x = 0.025) disc membrane with 1.1 mm thickness at 950 °C.
Feed side: 150 cm? (STP) min ' air. Permeate side: 29-99 cm? (STP) min~ ' He and
1 cm? (STP) min~" Ne (for calibration).
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Fig. 4 Oxygen permeation rate and the calculated oxygen ionic conductivity of
the BFLZ (x = 0.025) disc membrane as a logarithmic function of the oxygen
partial pressure ratios on the feed and permeate sides at 950 °C, based on the
data shown in the figure. Feed side: 150 cm? (STP) min~" air. Permeate side: 29—
99 ¢cm?® (STP) min~' He and 1 cm? (STP) min~" Ne (for calibration).

flux was plotted against the natural logarithmic ratios of oxygen
partial pressures on feed and permeate sides (i.e. In(Po, feca/
Py, permeate)) @8 shown in Fig. 4. For the 1.1 mm thick BFLZ
(x = 0.025) membrane under study, the oxygen permeation flux
increases linearly with increasing logarithmic ratios of the
oxygen partial pressures, which is in agreement with the
prediction from the Wagner theory for bulk diffusion of oxygen
ions as a rate-limiting step for oxygen transport (see eqn (2)).
According to the Wagner theory, the oxygen ionic conduc-
tivity of the OTM at various oxygen partial pressure ratios and
temperatures can be calculated based on eqn (2):*

POI.reeLl )

P 05 permeate

3

gy = J()z RT

£F2L
(
The calculated oxygen ionic conductivity of the BFLZ
(x = 0.025) disc membrane is also shown in Fig. 4. The oxygen
ionic conductivity decreases linearly as a natural logarithmic
function of the oxygen partial pressure ratios as it is predicted
by egn (3). At 950 °C, the oxygen ionic conductivity reaches a
value of ca. 0.45 S cm™" for the 1.1 mm thick BFLZ (x = 0.025)
disc membrane at In(Py, feca/Po, permeate) = 3.0. Chen et al.*
reported a higher value of oxygen ionic conductivity of ca. 1.4 S
em ! for a 1.1 mm thick Bag 5ty ;C0ogsFeq 055 (BSCF) disc
membrane at 900 °C.

1.6
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Fig.5 Oxygen permeation flux through the BFLZ (x = 0.04) disc membrane with
athickness of 1.1 mm as a function of time at 750 and 950 °C. The inset shows the
transition from 750 to 950 °C. Feed side: 150 cm?® (STP) min~" air. Permeate side:
49 ¢cm? (STP) min~" He and 1 cm? (STP) min~" Ne (for calibration).
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Table 2 Comparison of the oxygen permeation fluxes through several cobalt-
free OTMs in disc geometry with 1.1 mm thickness under similar oxygen partial
pressure gradient (air/inert sweep gas)

Oxygen permeation
flux/m® (STP)

min~' em™*
Membranes 750 °C 950 °C Ref.
Ba(Fep.0,La0,042T0.05)05 5 0.63 1.24 This work
(Bag,5510.5)(Feg.gZng 2)03 5 0.36 0.98 18
(Bag,551).5)(Feg.oAly )05 4 0.41° 1.19 19
(Bag 55r0.5)(Feo.sCuo.2)0s -5 0.53 1.60 20
Ba(Fep.05Y0.05)03-5 0.48" 0.93¢ 21

“ Value is extrapolated.

Long-term oxygen permeation

High oxygen permeability and stability are two key factors for
the industrial applications of OTMs. Fig. 5 shows the long-term
operation of the BFLZ (x = 0.04) membrane with a thickness of
1.1 mm as a function of time at 750 and 950 °C. Stable oxygen
permeation fluxes of 0.63 and 1.24 em® (STP) min ™' em ™2 over
170 h were found at 750 and 950 °C, respectively. When the
temperature was slowly increased from 750 °C to 950 °C with a
heating rate of 2 °C min~ ", the oxygen permeation flux increases
continuously (inset in Fig. 5). However, for BSCF, which is the
most studied cobalt-based perovskite-type membrane material,
the oxygen permeation flux continuously decreases with time at
the intermediate temperature of 750 °C."»**'** Efimov et al.'®
reported that the oxygen permeation flux of a BSCF membrane
was reduced to 50% of its former value after 200 h. In our
previous work, we found that the decay of the flux can be even
larger. The oxygen permeation flux of a tube BSCF membrane
was reduced by 1/3 after 120 h.*

The oxygen permeation flux through an OTM strongly
depends on its composition, the membrane geometry such as
the membrane thickness, and the operation conditions such as
the temperature or the oxygen partial pressure ratio on the feed
and permeate sides. Table 2 shows the oxygen permeation
fluxes of several cobalt-free disc OTMs with the same thickness
of 1.1 mm under similar experimental conditions. At 750 °C, our
BFLZ (x = 0.04) disc membrane has a higher oxygen permeation
flux with a reasonable long-term stability (see Fig. 5) than the
other membranes in Table 2. Thus, compared to other cobalt-
free perovskite-type membranes, the BFLZ (x = 0.04) membrane
exhibits a higher oxygen permeability for oxygen separation in
the intermediate temperature range.

Conclusions

The partial La-substitution for Fe on the B-site of
BaFeg.g5_yLa,Zro 05035 (BFLZ, x = 0.04) results in a cubic
structure that is beneficial to oxygen permeation. The successful
B-site doping by La’" is indicated by (i) a single cubic perovskite
phase of BFLZ with La contents x = 0.025 and 0.04, (ii) an
increase of the unit cell as detected from XRD data since La*" is
larger than Fe’* and Fe*', and (iii) an increased oxygen flux due

750 | J. Mater. Chem. A, 2013, 1, 746-751

to a higher oxygen vacancy concentration if trivalent La*"
occupies tetravalent Fe'" ion sites. Only for La contents of x =
0.04 the pure cubic perovskite phase without any foreign phase
as impurity was obtained. Moreover, the formation of the cubic
structure of BFLZ by introducing La on the B-site increases
significantly the oxygen permeability. For the La content of x =
0.04 with the largest volume of the cubic unit cell, the higher
oxygen permeation flux with 0.63 and 1.24 cm® (STP) min *
cm~” was found at 750 and 950 °C, respectively. It follows from
XRD that for La contents x > 0.04 the secondary phase BagLa,.
Fe,0;5 has been formed inside the BFLZ (x = 0.05 and 0.075)
materials. The influence of oxygen partial pressures on the
oxygen permeation flux and the oxygen ionic conductivity can
be described with the Wagner theory for bulk diffusion of
oxygen ions as a rate-limiting step for oxygen permeation. The
result of the long-term oxygen permeability suggests that the
BFLZ (x = 0.04) membrane exhibits good oxygen permeability
and stability, which make this material a promising candidate
for industrial applications such as oxygen separation from air
and catalytic hydrocarbon partial oxidation.
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5 Dual phase membrane for oxygen permeation and

the partial oxidation of methane

5.1 Summary

So far, the most studied oxygen-permeable materials are single-phase perovskite
since these materials possess high oxygen permeability. However, most of these
perovskite-type materials have stability problems in a low oxygen partial pressure
atmosphere, and especially in a CO, containing atmosphere. Dual phase membranes
which consist of an oxygen ionic conducting phase and an electronic conducting phase
in a micro-scale phase mixture are considered to be promising substitutes for the single
phase MIEC (Mixed lonic Electronic Conductor) membranes. In addition to good phase
stability in CO, and reducing atmospheres, their chemical compositions can be tailored

according to practical requirements.

In this chapter, a novel cobalt-free noble metal-free dual phase oxygen transporting
membrane with the composition 40Pr¢Sro4FeO3 s - 60 Ceg gPro 10, 5 (A40PSFO-60CPO)
has been developed by using the one-pot one-step glycine-nitrate combustion technique.
In this dual phase system, CPO is the main phase for ionic transport, and PSFO is the
main phase for electronic transport. However, the latter phase PSFO also assists the
ionic transport. In-situ XRD demonstrated that the 40PSFO-60CPO dual phase
membrane shows a good phase stability not only in air but also in 50 vol.% CO,/50
vol.% N, atmosphere. At 950 °C using pure He as sweep gas, a stable oxygen
permeation flux of 0.26 cm®(STP)ecm™?min™ is obtained through the 40PSFO-60CPO
dual phase membrane. Whereas, an oxygen permeation flux of 0.18 cm*(STP)cm™?min™
through the 40PSFO-60CPO dual phase membrane was obtained when using pure CO;
as sweep gas. The POM to syngas in the 40PSFO-60CPO dual phase reactor was
successfully performed. Methane conversion was found to be higher than 99.0 % with
97.0 % CO selectivity, a 4.4 cm*(STP)cm™ min™ oxygen permeation flux was obtained
under a steady state condition at 950 °C. XRD indicated that the spent membrane
operated for 100 h in the POM to synthesis gas retained its dual phase structure, which
suggests that the 40PSFO-60CPO dual phase membrane is chemically stable under a

reducing atmosphere.
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52 A novel cobalt-free noble metal-free oxygen-permeable

40Pr6Sro4Fe0Oz 5 - 60CeqoPry10,.5 dual phase membrane
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40Pr ¢Sry ,Fe0; s—60Ce; oPry ;0,_s Dual-Phase Membrane
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ABSTRACT: A novel cobalt-free and noble metal-free dual-phase oxygen-
transporting membrane with a composition of 40 wt % PrSry JFeO; ;—60 wt
% CegyPry,0,_5 (40PSFO—60CPO) has been successfully developed via an in
situ one-pot one-step glycine-nitrate combustion process. In situ XRD
demonstrated that the 40PSFO—60CPO dual-phase membrane shows a good
phase stability not only in air but also in 50 vol % CO,/50 vol % N,
atmosphere. When using pure He or pure CO, as sweep gases, at 950 °C steady
oxygen permeation fluxes of 0.26 cm® min™ em™ and 0.18 em® min™' em ™ are
obtained through the 40PSFO—G0CPO dual-phase membrane. The partial
oxidation of methane (POM) to syngas was also successfully investigated in the
40PSFO—60CPO dual-phase membrane reactor. Methane conversion was

Depleted air

Synthetic air

ACOZ + 02

Co,

found to be higher than 99.0% with 97.0% CO selectivity and 4.4 cm® min™
oxygen permeation flux in steady state at 950 °C. Our dual-phase

cm™

(CH,) (CO+H,)

membrane - without any noble metals such as Ag, Pd or easily reducible metals oxides of Co or Ni - exhibits high oxygen
permeation fluxes as well as good phase stability at high temperatures. Furthermore, the dual-phase membrane shows a good
chemical stability under the harsh conditions of the POM reaction and in a CO, atmosphere at high temperatures.

KEYWORDS: dual-phase membrane, CO,-stable membrane, glycine-nitrate combustion process (GNP), oxygen permeation,

partial oxidation of methane (POM)

1. INTRODUCTION

Clean energy delivery is a global goal to avert the climate
change impacts arising from greenhouse gas emissions. Oxygen
transport membranes (OTMs) with mixed ionic-electronic
conductivity are attractive as environmentally friendly,
economical, and efficient means of producing oxygen from
air,"* for example, for catalytic hydrocarbon partial oxidations
such as the conversion of natural gas into synthesis gas.* In
addition, oxygen permeable membranes have been rapidly
becoming attractive because of their potential oxygen supply to
power stations with CO, capture according to the oxy-fuel
concept™ by using flue gas as sweep gas. Further promising
applications are high-temperature catalytic membrane reactors
for hydrocarbon conversion into syngas and added-value
products™ and the thermal decomposition of carbon dioxide
in combination with the partial oxidation of methane to
syngas.g’ 10

Over the last two decades, much efforts have been directed
on the development of perovskite-type oxide membranes with
the general formula ABO; (A = alkaline earth metals or
lanthanide element; B = transition metal). Typically, alkaline
earth cobaltites such as Bal__‘fSr_\.Cn:t1_9.Fe).C)3_,;,“J12 Ba-
Col_),Fe),OJ_‘S,B and SrCol_),FeJ,OJ_.sl‘1 were fabricated as

<y ACS Publications  © 2012 American Chemical Society
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high oxygen permeation membranes. However, their wide-
spread applications of the above oxygen permeation mem-
branes are hampered owing to the poor phase stability and
chemical stability under a large oxygen concentration gradient,
with one side of the membrane exposed to air as oxidizing
atmosphere and the other side to a reducing or CO, containing
atmosphere.!>'® At present, new CO,stable materials are
attracting much interest. So far, some CO,-tolerant OTMs,
such as K,NiF, s-type (PT(J‘)La(J 1)2(Nig74Cuy 21G3005)O4-511?J13
La,NiO,_"'? perovskite-type Lay¢Cay,CoggFeq,055 " fluorite-
type Ce,_,Th,0,_; + Co,”" have been reported. Recently, we
have developed novel cobalt-free CO,-tolerant dual-phase
OTMs which consist of a mixture of pure ionic and pure
electronic conducting oxides, such as NiFe,0,—
CeyyGdy,0,_s(NFO-CGO)™™™ and Fe,0;—CeqyGdy; 0y
(FO-CGO).* Very recently, Zhu et al>® have reported a
novel CO,-stable dual-phase membrane which is made of ionic
conducting oxides and mixed conducting oxides, showing 1
order of magnitude higher oxygen permeation fluxes than the
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traditional dual-phase membranes. However, most of the
above-mentioned materials contain easily reducible metals
oxides of Co or Ni in their composition, which is unfavorable
for the membrane stability in reducing atmospheres. Therefore,
it is highly desired to develop novel OTMs with high stability
under real application conditions, especially in the presence of
gases like CO,, CH,, etc.

In the present work, we report the development a novel
cobalt-free noble-metal free dual-phase membrane material, 40
wt % Pro4Sry,FeO;_5—60 wt % CeyoPry,0,_s (abbreviated as
40PSFO—60CPO). The 40PSFO—60CPQ dual-phase material
was prepared via an in situ one-pot one-step glycine-nitrate
combustion process. In this dual-phase system, CPO is the
main phase for ionic transport, and PSFO is the main phase for
electronic transport, however, the latter phase PSFO also assists
the ionic transport. Phase structure and stability as well as
oxygen permeability are investigated under different atmos-
pheres at high temperatures. Special attention is paid to the
stability under CO, and the reducing atmosphere of CH,.

2. EXPERIMENTAL SECTION

2.1. Preparation of Powders and Membranes. The 40 wt %
ProStpsFeOs_s—60 wt % CeooPro sy (40PSEO—60CPO) dual-
phase powder mixture was directly synthesized via an in situ one-pot
one-step glycine-nitrate combustion process (GNP), a proven means
of obtaining fine and homogeneous powders.g’6 The process flowchart

‘ Sr(NO3)

‘ Fe(NOs)

‘ Ce(NOs)

| Pr(NOs)

Stirring
v

Precursor

Combustion by self-
ignition at 300°C 4

As a fuel

Precursor ash |

Calcination 950°C, 10 h

k.

[ 40PSFO-60CPO powder ‘

Compacting, 1400 °C

Sintering v
‘ 40PSFO-60CPO membrane |

Figure 1. Flowchart for the one-pot one-step preparation of dual-
phase 40 wt % Pr; (Sry ,FeO, ;60 wt % CeyyPry,0,_; (40PSFO—
60CPO) membranes by the glycine-nitrate combustion process.

is shown in Figure 1. A precursor was prepared by combining glycine
and the metal nitrates Sr(NO;),, Fe(NO,);, Ce(NO,), and Pr(NO,),
in their appropriate stoichiometric ratios in an aqueous solution. The
molar ratio of glycine: total metal ions was 2: 1. The precursor was
stirred and heated at 150 °C in air to evaporate excess water until a
viscous liquid was obtained. Further heating of the viscous liquid up to
300 °C caused the precursor liquid to autoignite. Combustion was
rapid and self-sustaining, and a precursor ash was obtained. For
comparison, the single phase Pr,4Sr; ,FeO,_; (PSFO) and
CeyoPry,0, 5 (CPO) materials were also prepared via the GNP
method. All the powders were calcined at 950 °C in air for 10 h. The
40PSFO—-60CPO powders were pressed to disk membranes under a
pressure of S MPa in a stainless steel module with a diameter of 18

2149

mm to get green disk membranes. These green disks were sintered at
1400 °C in air for 5 h. The surfaces of the disks were carefully polished
to 0.6 mm thickness by using 1200 grit-sandpaper (average particle
diameter 15.3 pm), then the membranes were washed with ethanol.

2.2. Characterizations of Powders and Membranes. X-ray
diffraction (XRD, D8 Advance, Bruker-AXS, with Cu Ka radiation)
was used to determine the phase structure of the dual-phase
membranes after sintering at 1400 °C for 5 h. Data sets were
recorded in a step-scan mode in the 20 range of 20° - 80° with
intervals of 0.02°. In situ XRD was conducted in a high-temperature
cell HTK-1200N (Anton-Paar) from 30 to 1000 °C. The in situ XRD
studies in air and a S0 vol % CO,/S0 vol % N, atmosphere were
performed with a heating rate of 12 °C min™". At each temperature
step, the sample was held for 50 min for the thermal equilibrium
before diffraction data collection. The disk membranes were studied by
scanning electron microscopy (SEM) and back scattered SEM
(BSEM) using a JEOL JSM-6700F at an excitation voltage of 20
keV. The element distribution in the grains of the fresh dual-phase
membranes under study was investigated on the same electron
microscope by energy dispersive X-ray spectroscopy (EDXS), Oxford
Instruments INCA-300 EDX spectrometer with an ultrathin window
at an excitation voltage of 20 keV.

2.3. Oxygen Permeation and POM Performances of
Membranes. Oxygen permeation was studied using air as feed gas
and He or CO; as sweep gas using a homemade high-temperature
oxygen permeation device, which is described in a previous paper.“
The disk membranes were sealed onto a alumina tube at 950 °C for §
h with a gold paste (Heraeus, Germany), the side wall of the
membrane disk was also covered with the gold paste to avoid any
radial contribution to the oxygen permeation flux. The effective areas
of the membranes for oxygen permeation were 0.785 cm’. All the inlet
gas flow rates were controlled by gas mass flow controllers
(Bronkhorst, Germany) and all flow rates were regularly calibrated
by using a bubble flow meter. Synthetic air (20% O, and 80% N,) with
a flow rate of 150 em® min~" was the feed; a mixture of He or CO, (29
em® min ') and Ne (1 cm® min™") as the internal standard gas was fed
to the sweep side.

In addition, the 40PSFO—60CPO dual-phase membrane has been
used as a membrane reactor for POM. The membrane reactor
configuration for POM was described elsewhere.”® A Ni-based catalyst
(03 g, Siid Chemie AG) was loaded on the top of the membrane disk
and then the temperature of the reactor was increased to 950 °C with
a heating rate of 2 °C min~". All gas lines to the reactor and the gas
chromatograph were heated to 180 °C. High-purity methane of 7.32
em® min~! without dilution was used as the reactant for the POM to
synthesis gas. Gas composition was analyzed by an online gas
chromatograph (GC, Agilent 6890A).

3. RESULTS AND DISCUSSION

3.1. Characterizations of the 40PSFO-60CPO Dual-
Phase Materials. Figure 2 shows the XRD patterns of the
PSFO, CPO, 40PSFO—60CPO powders after calcination at
950 °C for 10 h and the 40PSFO—-60CPO dual-phase
membrane after sintered at 1400 °C for 5 h. The XRD
characterization indicates that both the calcined dual-phase
powder and the sintered membrane consist of only the
orthorhombic distorted perovskite PSFO and the cubic fluorite
CPO phases, suggesting that the coexistence of PSFO and CPO
is stable. The unit cell parameters of the pure CPO (a=b=c=
54110 A, space group No. 225: Fm3m) and PSFO (a = 5.4828
A, b=77855 A, c = 54855 A, space group No. 74: Imma) are
similar in the 40PSFO—60CPO dual-phase powder (CPO: a =
b=c=54132 4 PSFO:a = 54906 A, b=7.7667 A, c = 5.5244
A) and the sintered membrane (CPO: a = b = ¢ = 5.4117 A,
PSFO: a = 54930 A, b = 7.7974 A, ¢ = 54945 A). It is worth to
note that even though the dual-phase mixture preparation by
the one-pot one-step GNP method, no additional phases, such
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Figure 2. XRD patterns of CPO, PSFO and the dual-phase 40PSFO—
60CPO powder calcined at 950 °C for 10 h and the 40PSFO—-60CPO
dual-phase membrane sintered at 1400 °C for S h (see Figure 1).

as PrFeQ; and SrPrFeQ,, were observed. Therefore, from the
absence of foreign phase signals different from PSFO and CPO,
it is concluded that the dual-phase membranes 40PSFO—
60CPO can be successfully synthesized via a one-pot one-step
GNP combustion process.

Figure 3 depicts the SEM, BSEM, and EDXS pictures of the
40PSFO—60CPO dual-phase membrane after sintering at 1400
°C for § h and before polishing at two different magpnifications.
Obviously, the microsized grains are packed closely; no major
cracks are visible. The PSFO and CPO grains could be

O-Kal

« Ce-Lal

Se-Lal

* Fe-Kal

FeKpl

1 2 3 4 s 6 9, 8
X-ray energy (keV)

Figure 3. (a, ¢) SEM, (b) BSEM, and (d, e) EDXS images of the
40PSFO—60CPO membrane after sintered at 1400 °C for S h in air
before polishing (see Figure 1). For the EDXS mapping in d,
superimpositions of the Pr-La, Pr-Lf, Sr-La, and Fe-Ka and Fe-Kf
(green) and Pr-La, Pr-Lf and Ce-La, Ce-Lf (yellow) signals have
been used.
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distinguished by BSEM and EDXS (Figure 3b, d). The two
phases are well-distributed with clear grain boundaries,
demonstrating the good chemical compatibility between the
PSFO and CPO phases, which is in good agreement with the
XRD results (Figure 2). However, there are three different
contrast levels observable (dark, gray and light) in the BSEM.
The dark spots in BSEM are pin holes, the gray grains are
PSFO and the light ones are CPO since the contribution of the
back scattered electrons to the SEM signal intensity is
proportional to the atomic number (Figure 3b). The same
information is provided by EDXS (Figure 3d, e), which
suggests that the green color (gray in the black-and-white
version) is an overlap of the Pr, Fe, and Sr signals, whereas the
yellow color (light) stems from an average of the Ce and Pr
signals. The mean grain size areas of PSFO and CPO have been
estimated to 0.146 and 0.230 ym? from the analysis of 100
grains, respectively. Furthermore, the two phases are well-
distributed and form a percolation network of both phases that
can be clearly observed in the BSEM and EDXS micrographs,
which is beneficial to the oxygen ion and electron transport.
3.2. Phase Stability of the 40PSFO—-60CPO Dual-
Phase Material. In situ XRD provides an effective and direct
way to characterize high-temperature structure changes during
increasing and decreasing temperatures under different
atmospheres. The in situ XRD patterns of the calcined
40PSFO—60CPO powder in air with increasing temperature
from 30 to 1000 °C, as shown in Figure 4, indicate that the
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Figure 4. In situ XRD patterns of the 40PSFO—60CPO dual-phase
powder after calcination at 950 °C (see Figure 1) in air for increasing
temperature. Conditions: heating rate = 12 °C min™; equilibration
time at each temperature, S0 min for recording the XRD data at each
temperature.

phases CPO and PSFO remain unchanged in the 40PSFO—
60CPO dual-phase material. The high-temperature phase
stability has been studied by in situ XRD (Figure S) between
30 and 1000 °C in an atmosphere of 50 vol % CO, and 50 vol
% N,. Figure 5 shows that the dual-phase membrane
completely keeps its dual phases PSFO and CPO. No
carbonate formation was observed in an atmosphere of S0
vol % CO, and 50 vol % N, in the temperature range of 30 and
1000 °C. These results suggest that the dual-phase membrane
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Figure 5. In situ XRD patterns of the 40PSFO—60CPO dual-phase
powder after calcination at 950 °C (see Figure 1) in 50 vol % CO, and
50 vol % N, atmosphere for increasing temperatures. Conditions:
heating rate = 12 °C min™'; equilibration time at each temperature, 50
min for recording the XRD data at each temperature.

40PSFO—60CPQ is thermally and chemically stable both in air
and in CO, between 30 and 1000 °C.

3.3. Oxygen Permeability and Chemical Stability
under CO, and CH, Atmospheres. To further assess the
CO, stability of our dual-phase material during oxygen
permeation, the oxygen permeation performance through the
40PSFO—=60CPO dual-phase membrane was studied over 150
h uwsing pure CO, as sweep gas. Figure 6 shows the oxygen

0.6
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£
¥
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o
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Figure 6. Oxygen permeation flux through 40PSFQ—60CPQO dual-
phase membrane as a function of time with pure CO, as sweep gas.
Conditions: 150 cm® min~! air as feed gas, 29 em® min™' CO, as
sweep gas; 1 em’ min~' Ne as internal standard gas. Membrane
thickness: 0.5 mm. Temperature: 950—1000 °C.

permeation flux as a function of time. It is found that the
oxygen permeation flux decreased slightly from 0.22 cm® min ™"
cm * and stabilized at the level of 0.18 cm® min™' em™* with
pure CO, as sweep gas at 950 “C. At 1000 °C, the oxygen
permeation flux was kept constant at 0.28 cm® min™' em™ for
20 h. This stable performance in CO, suggests that the
40PSFO—60CPO dual-phase membrane possess a high CO,
stability. To benchmark the 40PSFO—60CPO material, the
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oxygen permeation flux and stability under CO, have been
compared with results of previously reported materials. From
the comparison shown in Table 1, it follows that the oxygen
permeation flux through the alkaline earth metal-containing
single-phase perovskite membranes is higher than that of the
dual-phase membranes, when He as sweep gas has been used.
However, if CO, becomes the sweep gas, the oxygen
permeation flux sharply decreased. The decrease of the oxygen
permeation flux through most of these perovskite membranes
was more than 90%. In some cases, the materials were even
decomposed due to the carbonate formation.

It has been reported by Yi et al'® that the reaction of
theBaCo-Fe,,Nb, ,0,_s; membrane with CO, leads to a
decomposition of the membrane and to the formation of a
compact BaCOj surface layer and a porous decomposed zone;
the latter consists of mainly CoO and a Co-depleted perovskite
phase. However, 40PSFO—60CPQO dual-phase membrane
shows lower oxygen permeation fluxes than most of the
alkaline earth metal-containing single-phase perovskite mem-
branes, but it shows a much higher stability in CO,. Moreover,
compared with the dual-phase membranes NiFe,O,—
CepoGdy, 0, 5 and Fe,0;—CeyyGdy 0, 5 we can see that
our 40PSFO—60CPO membrane shows a higher oxygen
permeation flux. However, the oxygen flux can be increased
as well by technical measures such as an asymmetric membrane
structures™* " or by surface enlargement as demonstrated for a
hollow fiber.>! Combining an asymmetric structure and surface
enlargement, it was shown by Baumann et al™® that a
sophisticated material processing using tape casting and cofiring
results in high oxygen fluxes of up to 12.2 cm® (STP) min~’
em™ at 1000 °C for an oxygen partial pressure gradient with air
on the feed side and Ar on the sweep side. The disk-shaped
membrane consists of only the material BSCF: a gastight layer
(70 um) is deposited by tape casting on a porous substrate
(830 um) with 34% open porosity. An open-porous surface
activation layer on the air side was prepared via screen printing
and increases substantially the surface exchange rate and
notably the oxygen permeation rate. A CGO membrane with an
asymmetric structure, which was tested under oxy-fuel and
syngas conditions by Kaiser et al,”™* consists of an about 30
pm thick gastight CGO layer on top of an about 300 gm thick
porous CGO support. The basic membrane structure was
produced by tape casting, lamination and cosintering. For this
type of asymmetric CGO membranes, three measures have
been taken to increase the oxygen fluxes: (i) A thin dense CGO
layer of only 30 pm thickness was used. (i) Co;0, (or Fe,0;)
was used as sintering aids for membrane layer (and support)
and as electronically conductive grain boundary phase. These
metal oxides with high electron conductivities were found to be
enriched in the grain boundaries, and (iii} the porous support
layer was infiltrated with the perovskite La, 4Sr, ,CoO,_; (LSC)
as air catalyst for incorporation of oxygen into the membrane.

Furthermore, we also found that the 40PSFO—60CPO dual-
phase membrane reactor was successfully operated in the partial
catalytic oxidation of methane (POM) to synthesis gas (see
Figure 7). There is an activation period at the beginning, which
is attributed to the reduction of Ni oxide to Ni” in the catalyst.
A similar behavior was found in previous studies.>® As shown in
Figure 7, a CO selectivity of more than 90.0% was obtained in
our POM, with about 99.0% methane conversion. After an
activation period of 14 h, the CO selectivity can reach 97.0%,
the CH, conversion remained 99.0% and the oxygen
permeation flux through the 40PSFO—60CPO dual-phase
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Table 1. Effect of CO, as sweep Gas on the Oxygen Permeation Flux through Several MIEC Membranes in Disk Geometry in

Comparison with the Sweep Gas He

thickness T oxygen flux (cm® min~' cm™2) air/  oxygen flux (cm® min~' cm?) air/
membrane materials (mm) (°C) He co, ref
BaCoyFe,,Nb, 0, 5 1 900 070 0 15
BagsSrosFeqsZng Oy LIS 750 0.36 0 16
Bay S, CoyyFey 0y s 1 875 L9 0 27
40WE9NiFe,0,—60wt.% CegeGdy,Os_s 0.5 950 0.18 0.16 22, 23
40wt 36Fe,0,— 60wt % CeggGdg 0y 05 950 0.10 0.08 24
40wt.9%6Pr 51y JFeOy_s— 60wt.% 0.6 950 0.27 0.18 this work
CegoPrg Oy 4
= 10 99.6%, and the oxygen permeation fluxes increased from 2.9
2 1004 em® min™' cm™? to 44 cm® min™' cm™? with increasing
E Ls temperatures from 875 to 950 °C. However, the CO selectivity
g 904 g decreased from 99.0% to 96.0%. This behavior has been
g Lo observed also for single phase perovskite-type membrane
8, 80 A E reactors, e.g. using BaCo,;Fe,,Ta, 10;_5"* The explanation for
5 &-A M—A—M—A—&m . "‘E this phenomenon is as follows: (i) The increased oxygen
g‘ [-XCH -~ permeation flux was ascribed to the increase of oxygen diffusion
g —O—5C0 =] rate through the 40PSFO—60CPO membrane and the faster
o
] o, 2 surface kinetics with increasing temperature. (i) The methane
g e conversion was mainly controlled by the amount of the
v v r v —L 0 permeated oxygen through the dense membrane. Therefore,
o 20 4 ot 0 100 the increase in the oxygen permeation flux results in an increase
Time (h) of methane conversion. (iii) With the increased oxygen

Figure 7. Time dependence of oxygen permeation flux (A), CH;
conversion ([J), and CO selectivity (O) for 40PSFO—-60CPO dual-
phase membrane at 950 °C in the POM to synthesis gas. Conditions:
150 em® min™" air as feed gas, 7.32 cm® min™' CH, as sweep gas; 1

em® min~! Ne as internal standard gas. Membrane thickness: 0.6 mm.

membrane reached 4.4 cm® min™! cm™ at 950 °C. These
results indicate that 40PSFO—60CPO membranes possess
good chemical stability under a reducing atmosphere such as in
the POM, in combination with a high oxygen permeation flux.

After the steady state was reached, the influence of
temperature on the CH, conversion, the CO selectivity and
the oxygen permeation flux was investigated (Figure 8). It was
found that the methane conversions increased from 80.5% to
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Figure 8. Influence of temperature on the CH, conversion (A), CO
selectivity (@), and oxygen permeation flux (M) through the
40PSFO—60CPO dual-phase membrane in the POM to synthesis
gas.Conditions: 150 cm® min™" air as feed gas, 7.32 cm® min™' CH, as
sweep gas; 1 am’ min~' Ne as internal standard gas. Membrane
thickness: 0.6 mm.
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permeation flux, there is more oxygen available than needed
for the stoichiometric POM. Consequently, CO was deeper
oxidized to CQO,, resulting in the decrease in the CO selectivity
with increasing temperature.

In the POM to synthesis gas under industrial conditions,
oxygen permeable membranes are operated under a highly
reducing environment. Unfortunately, only a few perovskite-
type membranes can keep their structures in such a harsh
environment. In the open literature, it has been reported that
carbonates and metals were found on the surface of the spent
membrane in the POM because of the corrosive gases H,, CO,
CO,, and H,0 destroying the membrane. For example, it has
been found that cobalt-enriched particles were formed on the
surface of a BaCo ;Fey,Ta,,0;_s membrane after operating in
the POM to synthesis gas for 400 h? The perovskite-type
BasSrysCopsFe; ;05 5 membrane has been found to be
completely destroyed in a hydrogen-containing environment.**
On the other hand, doped ceria is known as very prone to
chemical expansion because of partial reduction of the cations,
particularly at high temperatures in highly reducing atmos-
pheres such as H, and CH,.'>* It has been reported that ceria-
based electrolytes (e.g, Ceq3Gdy;0, ) is hindered by poor
mechanical strength, a problem notably undesirable for
electrolyte-supported cells*®>” or is limited to intermediate
temperatures because of cracks induced by a chemical
expansion gradient across the electrolyte (membrane) at
temperatures above ca. 700 °C.3%% The CPO is reported to
be even worse.*® Therefore, it is necessary to test the structural
stability of the dual-phase membrane under POM reaction
conditions. After 100 h operation in POM to synthesis gas,
both sides of the 40PSFO—60CPO dual-phase membrane were
studied by XRD (see Figure 9). Comparing the fresh and spent
40PSFO—60CPO dual-phase membrane, no obvious difference
in the XRD patterns except the gold diffraction peaks from the
gold paste sealant was observed. Therefore, it can be concluded
that the 40PSFO—60CPO dual-phase membrane keeps its dual-
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Figure 9. XRD patterns of fresh and spent 40PSFO—60CPO dual-
phase membranes in the POM to synthesis gas after 100 h time on
stream at 950 °C (see Figure 7).
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phase structure, which suggests that 40PSFO—60CPO has a

good chemical stability in the reducing POM atmosphere.
Figure 10 shows the temperature dependence of the oxygen

permeation fluxes for the 40PSFO—60CPO dual-phase
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Figure 10. Temperature dependence of oxygen permeation fluxes
through 40PSFO—60CPO dual-phase membranes using different
gases as the sweep gas: CH, (W), He (@), or CO, (A). Conditions:
150 cm® min™" air as feed gas, 29 em® min™" He or CO, as sweep gas,
or in POM reaction condition (7.32 em® min~! CH; as sweep gas, Ni-
based catalyst as catalyst); 1 cm’® min™' Ne as internal standard gas.
Membrane thickness: 0.6 mm.

membrane under different gas atmospheres. At 950 °C, a
stable oxygen permeation flux of 026 em® min™' em™ s
obtained thmugh a membrane with a thickness of 0.6 mm,
when He as sweep gas has been used. In the POM to synthesis
gas, the oxygen permeation flux can be enhanced to 4.4 cm’
min~! em™% According to the well-known Wagner theory, the

driving force is the oxygen partial pressure gradient between the
two sides of the membrane. The presence of the reactive CH,
lowers the oxygen partial pressure on the reaction side much
more than He. Thus, the oxygen permeation flux through
40PSFO—60CPQO with CH, as reactant was remarkably
increased compared with the inert He. The oxygen permeation
flux of our dual-phase membrane is higher or comparable with
some single-phase perovskite-type and dual-phase-type OTMs
in the POM to synthesis gas. As shown in Table 2, the oxygen
permeation flux though our 40PSFO—60CPO membrane is
higher than that of the single-phase perovskite-type membrane
Bag Sty sFegsZng ;05 5 and comparable with them of dual-
phase-type membranes (e.g, 40 wt % Gd, ¢Sty ,FeO, ,—60 wt
% CepgGdg,0,5 25 wt % Smy4SryFeOy 5—75 wt %
CeggsSmy, 50,5 and 25 wt % SmySrg4Feg;Al 305 575 wt
% CeggsSmg 50, 5 "> * under similar POM reaction
conditions. Thus, we propose that the 40PSFO—-60CPO
dual-phase membrane is a promising membrane material for
applications in the oxy-fuel process using CO, flue gas as sweep
gas and high-temperature catalytic membrane reactors for
hydrocarbon conversion into syngas and added-value products
or thermal decomposition of carbon dioxide in combination
with the partial oxidation of methane to syngas.

4. CONCLUSIONS

By using the one-pot one-step glycine-nitrate combustion
technique, a novel cobalt-free noble metal-free dual-phase
oxygen transporting membrane with the composition 40 wt %
Pry(StqFeO,_;~60 wt % CeyyPro, 0, (40PSFO—60CPO)
has been developed. The membrane consists of a microscale
mixture of well-separated PSFO (mixed ion-electron con-
ductor) and CPO (oxygen ions conductor) grains forming a
percolation network. According to its chemical composition,
the new 40PSFO—60CPQ dual-phase membrane is CO,-stable.
For a 0.6 mm thick membrane, a stable oxygen flux of 0.18 cm?
min~" cm > has been found at 950 °C when using CO, as
sweep gas. The POM to syngas in the 40PSFO—60CPO dual-
phase reactor was successfully performed. Methane conversion
was found to be higher than 99.0% with 97.0% CO selectivity, a
44 cm® min~' cm™ oxygen permeation flux was obtained
under a steady state condition at 950 °C. XRD indicated that
the spent membrane operated for 100 h in the POM to
synthesis gas retained its dual-phase structure, which suggests
that the 40PSFO—60CPO dual-phase membrane is chemically
stable under a reducing atmosphere.
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900 2.6 Ni-based catalyst 31
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6 Conclusion

6 Conclusions

This thesis is dedicated to the development and investigation of four membranes
with different geometry (disc, tubular and hollow fiber) and different chemical
composition  (BagsSrosCopsFeg203.5s  (BSCF),  BaCoxFeyZriy.,Ozs  (BCFZ),
BaFeg.g95-xLaxZro.0503-5 (BFLZ), and 40PrgSro.4Fe035-60Ceq 9Pro 105
(40PSFO-60CPO)) for oxygen permeation from air. As described in the first part of
Section 2, phase stability of cobalt-based single phase perovskite-type BSCF membrane
was first investigated in long-term oxygen production at 950 °C and 750 °C. At 950 °C,
the BSCF tube membranes exhibit good long-term phase stability and a stable oxygen
permeation flux. However, at the intermediate temperature of 750 °C, both the oxygen
permeation flux and the oxygen purity decrease continuously. This behavior is related to
the formation of two secondary phases that are a hexagonal perovskite,
Bag 5:xSr0.5:xC003.5, and a trigonal mixed oxide, Bai.xSrxCo,.yFe,Os, that evolved in the
ceramic membrane made of cubic BSCF perovskite during the dynamic flow of oxygen
through it. In the second part of this Section, after the identification of stable operation
conditions of BSCF membrane, we studied the oxygen permeation at the temperature of
950 °C using dead-end BSCF tubes in a (i) pressure-driven process, (ii) vacuum process,
and (iit) by combining both techniques. In all cases, a high oxygen purity of almost 100

vol.% can be obtained at operation temperatures > 850 °C.

The second way to improve the stability problem of cobalt-based single phase
OTM s to bring less reducible metal ion Zr*" on the B position of the perovskite
structure. As described in Section 3, a Zr-doped BCFZ hollow fiber membrane with
improved stability was also investigated for the production of O,-enriched air and of
high-purity oxygen in a flow-through and in a dead-end permeator at high temperatures.
In a flow-through type permeator, Oz-enriched air with an oxygen concentration of
30-50 vol.% is produced in a flow-through permeator from 1 bar of air as feed applying
a vacuum pump to keep the pressure on the O,-enriched air side at about 0.12 bar. This
O,-enriched air was used as pressurized feed in a dead-end type permeator for the
production of pure oxygen at 0.05 bar. A high oxygen purity up to 99.9 vol.% and an
oxygen permeation flux of 9.7 cm*(STP)cm™min™ were obtained during a 150 h oxygen

permeation with a feed of 50 vol.% Oj-enriched air at 4 bar and reduced pressure of
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0.05 bar on the permeate side.

To solve the stability problem of the cobalt-based OTM, cobalt-free OTMs with
high oxygen permeability were proposed. A Cobalt-free OTM of the composition BFLZ
with the cubic structure was successfully developed by partial La-substitution for Fe on
the B-site of BaFeg o5Zr0503.5. It was for the first time that the introduction of La on the
B-site of a mixed oxide stabilized the cubic structure. Furthermore, the formation of the
cubic structure of BFLZ increases significantly the oxygen permeability. The maximum
oxygen permeation flux is found for a La-content of x = 0.04 with the largest volume of
the cubic unit cell, reaching 0.63 and 1.24 cm®STP)mincm? for a 1.1 mm thick
membrane at 750 and 950 °C, respectively. This finding is in complete agreement with
the XRD structure analysis, showing that the highest B-site La-substitution of BFLZ
under conservation of the pure cubic perovskite phase without forming any foreign
phase was about x = 0.04. Moreover, stable oxygen permeation fluxes were obtained
during the long-term oxygen permeation operation of the BFLZ (x = 0.04) membrane
over 170 h at 750 and 950 °C, respectively.

Dual phase OTMs can solve not only the problem of the stability but also the
problem of the carbonate formation of the cobalt-based OTM since that type of OTM
usually contains alkaline earth metal cations. A novel cobalt-free noble metal-free dual
phase OTM with the composition 40PSFO-60CPO has been developed. The membrane
consists of a micro-scale mixture of well-separated PSFO (mixed ion-electron
conductor) and CPO (oxygen ions conductor) grains forming a percolation network.
According to its chemical composition, the new 40PSFO-60CPO dual phase membrane
is CO,-stable. Steady oxygen permeation fluxes of 0.26 and 0.18 cm®(STP)min™cmare
obtained through the 40PSFO-60CPO dual phase membrane using pure He or pure CO,
as sweep gases at 950 °C. Moreover, the POM to syngas in the 40PSFO-60CPO dual
phase reactor was successfully performed. Methane conversion was found to be higher
than 99.0 % with 97.0 % CO selectivity, a 7.8 cm® min™ cm™ oxygen permeation flux
was obtained under a steady state condition at 950 °C. XRD indicated that the spent
membrane operated for 100 h in the POM to synthesis gas retained its dual phase
structure, which suggests that the 40PSFO-60CPO dual phase membrane is chemically
stable under a reducing atmosphere. However, due to the low oxygen permeability of

the dual phase membrane, the new chemical composition of dual phase membrane
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needs improvement and should be further investigated.

In summary, this Ph. D. work presented the OMTs with three different geometries
(disc, tubular and hollow fiber) for oxygen permeation from air. Compared to the
conventional disk and tubular membranes, a hollow fiber membrane with a thin wall not
only gives very high values of the membrane area per unit volume but also reduces the
materials costs. In addition, the special problem of the high temperature sealing can be
solved by keeping the two sealed ends of the hollow fiber membrane outside the high
temperature zone. Thus, hollow fiber membrane is considered as the most promising
candidate for the industrial application for the high-purity oxygen production and

catalytic membrane reactors.

Moreover, according the requirement of the practical industrial application, OMTs
with different chemical composition should be developed to adapt it. Four OMTs with
different chemical composition (BSCF, BSFZ, BFLZ, and 40PSFO-60CPQO) were
developed and investigated in this thesis. The cobalt-based BSCF membrane can be
used for high-purity oxygen production in the high temperature range due to its high
oxygen transport properties and good phase stability at temperatures > 850 °C. BCFZ
membrane with improved stability in the intermediate temperature (ca. 500-850 °C)
range can be applied in a wide temperature range. The cobalt-free BFLZ membrane was
developed for the application in the intermediate temperature range instead of the
cobalt-based membrane. The cobalt-free BFLZ membrane not only solves the phase
stability problem of the cobalt-based OTMs, but also reduces the materials costs and the
environment problem because of the high price and toxicity of cobalt. The dual phase
40PSFO-60CPO membrane was developed to solve the problem of the carbonate

formation of the alkaline earth-based OTM in a CO; containing atmosphere.
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