Development of novel CO,-stable oxygen
permeable dual phase membranes for CO,

capture in an oxy-fuel process

Von der Naturwissenschaftlichen Fakultit
der Gottfried Wilhelm Leibniz Universitidt Hannover

zur Erlangung des Grades

Doktorin der Naturwissenschaften

Dr. rer. nat.

genehmigte Dissertation
von
Huixia Luo
(Master of Engineering)
geboren am 29.07.1984 in Guangdong, China

2012



Referent: Uni.-Prof. Juergen Caro
Korreferent: Univ.-Prof. Haihui Wang
Tag der Promotion: 19" July, 2012



Preface

The presented results of this thesis were obtained since August 24, 2009 during my Ph. D.
study at the Institute of Physical Chemistry and Electrochemistry at the Gottfried Wilhelm
Leibniz Universitdit Hannover under the supervision of Prof. Dr. Jiirgen Caro. In this period, I was
a Fellow of the Chinese government (stipendium) and was also a member of scientific research
staff and worked for the European project NASA-OTM.

Six research articles in which I 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, I would like to acknowledge the fruitful discussions and
valuable comments from the co-authors and referees, particularly from Prof. Dr. J. Caro, Prof. Dr.
H. Wang, Dr. H. Jiang and Priv.-Doz. Dr. A. Feldhoff.

The first article, Phase stability and permeation behavior of a dead-end
Bay sSrgsCopsFep 055 tube membrane in high-purity oxygen production, was written by
Priv.-Doz. Dr. A. Feldhoff and my colleague Fangyi Liang. My contribution was to assist in
performing long-term oxygen permeation measurements and to share experimental knowledge.

The four articles in Chapter 3, are on studying the preparation and testing of novel CO,-stable
dual phase membranes for oxygen separation. The first article, CO,-stable and cobalt-free dual
phase membrane for oxygen separation, was written by me. 1 got support on the manuscript
preparation from all the co-authors, especially from Prof. Dr. J. Caro, Prof. Dr. H. Wang and
Priv.-Doz. Dr. A. Feldhoff. The development and preparation of novel dual phase membranes and
all the measurements of oxygen permeation were mainly completed by myself. (HR)TEM,
HAAD, EELS and SEAD characterizations and data interpretation were done by Priv.-Doz. Dr. A.
Feldhoff. Frank Steinbach conducted me to carry out the EDXS and SEM characterizations. And
BSEM characterizations were done by Frank Steinbach and me together. Dr. Konstantin Efimov
conducted me to carry out the XRD measurements and did the in-situ XRD measurements in
different atmosphere. The second article, Influence of the preparation methods on the
microstructure and oxygen permeability of a CO;-stable dual phase membrane, was written by
me. The experimental data and calculations were performed by myself. Dr. Konstantin Efimov
carried out the in-situ XRD measurements in different gaseous atmospheres. And the in-situ data

calculation and interpretation were done by myself. Frank Steinbach and I did the BSEM



characterizations together. Prof. Dr. J. Caro, Prof. Dr. H. Wang and Dr. H. Jiang provided strong
support on the manuscript preparation. The third article, CO:-tolerant oxygen-permeable
Fe;03-Cep9Gdy 1025 dual phase membranes, was also written by me, and Prof. Dr. J. Caro
improved it. And Prof. Dr. H. Wang offered strong support on the manuscript preparation. Dr. H.
Jiang and Dr. A. Huang also gave many valuable suggestions to improve it. The oxygen
permeation measurements and SEM, EDXS characterizations were conducted by myself. In-situ
XRD measurement was done by Dr. Konstantin Efimov. And the in-sifu data calculation and
interpretation were done by myself. The fourth article, Rapid glycine-nitrate combustion
synthesis of CO;-stable dual phase membrane 40Mn; sCo;504.5-60Ce.oPry 10,5 for CO, capture
via an oxyfuel process, was written by me with the help of Prof. Dr. J. Caro. EDXS, SEM and
BSEM characterizations were done by Frank Steinbach and me together. Tobias Klande helped
me to analysis the XRD. The oxygen permeation measurements and the interpretation were
carried out by myself.

Another article focusing on dual phase membrane for partial oxidative methane conversion
was collected in Chapter 4. 1 wrote the first draft: A novel cobalt-free noble metal-free
oxygen-permeable 40Pr St 4FeQ;.5-60Cey oPry 1025 composite membrane, Prof. Dr. J. Caro and
Prof. H. Wang spent much time on correcting and improving it. EDXS, SEM and BSESEM
characterizations were done by Frank Steinbach and me together. /n-situ XRD measurements in
different gaseous atmospheres were carried out by my colleague, Tobias Klande. Additionally, I
obtained support on the manuscript preparation from all co-authors.

All together, I have developed four novel dual phase membranes with oxygen transport: (1)
NiFe;04.5-Ce09Gdp 1025 (2)  Fer035-Cep9Gdp 1025 (3)  Mny5C015045-CeooPro 1025 (4)
Pro¢Stg4FeO35-CeooPrg1025. The chemical composition of these four CO;-stable
oxygen-transporting dual phase membranes was proposed by me. It was also my idea to adopt
novel preparation concepts like one-pot single-step EDTA citric acid method and one-pot
single-step glycine-nitrate combustion process for the first time to the development of these dual

phase membranes.
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Abstract

The combustion of fossil fuels in power stations with pure oxygen following the oxy-fuel
process allows the sequestration of CO,. The pure oxygen needed can be separated from air by
oxygen transporting ceramics like single phase perovskites. However, most of the so far
developed single phase perovskites have stability problems in a CO, containing atmosphere. Dual
phase membranes are micro-scale mixtures of an electron conducting phase and an oxygen ion
conducting phase and their compositions can be tailored according to practical requirements,
which are considered to be promising substitutes for the single phase perovskite materials. In my
thesis the issues of phase stability for perovskite-type material with the common composition
Bay 5Sr9 5Co0 sFep 2035 (BSCF) as well as the development of a series of novel CO,-stable dual
phase membranes were studied.

In Chapter 2, the phase stability and permeation behavior of a dead-end BSCF tube
membrane in high-purity oxygen at temperatures below 750 °C, were elucidated using powder
X-ray diffraction (XRD), energy dispersive X-ray spectroscopy (EDXS), high-angle annular
dark-field (HAADF) and scanning transmission electron microscopy (STEM). It was found that
parts of the cubic perovskite BSCF transformed into a hexagonal perovskite Bag s5.:xSt 5:xC0O3.5
(x =~ 0.1) and a trigonal mixed oxide Ba;.,SriCoryFe,Os:s (x =~ 0.15, y =~ 0.25) in
high-purity oxygen at 750 °C. On the other hand, it was found that the partial degradation of
cubic BSCF perovskite at 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 oxidation of cobalt from Co*" to Co’" and
Co™", which exhibits an ionic radius that is too small to be tolerated by the cubic perovskite
structure, which then becomes unstable.

Chapter 3 demonstrated the development of the CO,-stable alkaline-earth metals-free dual
phase membranes. There novel dual phase membranes of the compositions: 40 wt.% NiFe;O45 -
60 wt% Cep9Gdp 1025 (40NFO-60CGO), 40 wt.% Fe 035 - 60 wt% CepoGdy 1025
(40FO-60CGO), 40 wt.% Mn;5C015045 - 60 wt.% CeoPro102.5 (40MCO-60CPO) were

developed using different methods, including mixing powder by hand, mixing powder by



ball-milling, one-pot single-step sol-gel method. The structures of the dual phase membranes
were studied in detail by various analytical techniques such as in-situ XRD, SEM, back-scattered
SEM (BSEM), EDXS, STEM and selected-area electron diffraction (SAED). It was found that all
these dual phase membranes show two well separated phases. Moreover, the in-situ one-pot
single-step sol-gel method was found to be the best way to prepare well-distribution dual phase
membranes. On the other hand, since our dual phase membranes do not contain alkaline-earth
metals, it can be expected that they are CO,-stable. The oxygen permeation flux measurements
were performed for a few days and no decrease of the oxygen permeation flux was observed,
which confirms that these dual phase membranes are CO;-stable. However, it is shown that all
these materials are not stable in reducing atmosphere, since they contain easily reducible metals
oxides of Co, Ni in their compositions.

Chapter 4 demonstrated the development of a novel cobalt-free noble metal-free
oxygen-permeable 40 wt.% Prj Sty 4FeO;5 - 60 wt.% Ce9Pro 1025 (40PSFO-60CPO) dual phase
membrane. The structures of the dual phase membranes were investigated in detail by various
analytical techniques such as in-situ XRD, SEM, BSEM and EDXS. In-situ XRD measurements
in 50 vol.% N»/50vol.% CO, atmosphere confirmed that the dual phase 40PSFO-60CPO
membrane showed good CO, stability since no change of the reflections and no carbonate
formation was observed. The partial oxidation of methane (POM) to synthesis gas reaction was
successfully performed with a 40PSFO-60CPO membrane reactor, indicating its high stability in

reducing atmosphere.

Keywords: Dual phase membrane, CO,-stable membrane, Oxygen permeation, /n-situ one-pot

single-step sol-gel method.
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Zusammenfassung

Die Verbrennung von fossilen Rohstoffen in Kraftwerken nach dem Oxy-Fuel-Verfahren
erlaubt die Abtrennung des klimaschéddlichen CO,. Hierbei kann der bendtigte reine Sauerstoff
durch keramische Perowskitmembranen aus der Luft abgetrennt werden. Allerdings weisen die
bisher entwickelten Perowskitmaterialien ein groBes Stabilitdtsdefizit bei extrem kleinen
Sauerstoffpartialdriicken auf. In der praktischen Anwendung ist die eine Seite der Membran einer
oxidierenden Atmosphére (z.B. Luft) und die andere Seite der Membran reduzierenden oder
CO;-haltigen Atmosphiren ausgesetzt. Die hier vorgestellten Zweiphasen-Membranen bestehen
aus einer Mischung aus einem Elektronen- und einem Sauerstoffionenleiter, die im
Mikrometermalstab streng getrennt als zwei Phasen vorliegen. Die Eigenschaften konnen durch
durch Variation der chemischen Zusammensetzung und des Mischverhéltnisses auf den
jeweiligen Einsatzzweck maBgeschneidert werden. Das macht Zweiphasen-Membranen zu einer
Alternative zu den bekannten einphasigen Perowskitmaterialien. In der vorliegenden
Doktorarbeit wird die Phasenstabilitdt des bekannten Perowskitmaterials Bag sSrgsCoggFep203-5
(BSCF) untersucht und die Entwicklung neuartiger CO,-stabiler Zweiphasenmembranen
berichtet.

In Kapitel 2 wird die Phasenstabilitit und das Sauerstofftransportverhalten einer einseitig
verschlossenen BSCF-Rohrmembran in hochreinem Sauerstoff bei Temperaturen iiber und unter
750 °C mittels Rontgendiffraktometrie (XRD), Energie dispersive Rontgenspektroskopie (EDXS)
und Transmissionselektronenmikroskopie (TEM) untersucht. Es wird gezeigt, dass sich die
kubische BSCF Struktur in reinem Sauerstoff im intermedidren Temperaturbereich (750 °C)
teilweise in einen hexagonalen Pervoskiten Bag s:xSt(5:xC003.5 und in ein trigonales Mischoxid
Ba;_SrCo,. Fe,Os.5 zersetzt.

In Kapitel 3 wird die Entwicklung von CO;-stabilen Erdalkaliemetall-freien
Zweiphasen-Membranen beschrieben. Drei neuartige Membranen folgender Zusammensetzung
wurden entwickelt: 40 wt.% NiFe;O45 - 60 wt.% Cep9Gdp 10,5 (4ONFO-60CGO), 40 wt.%
Fe;03.5 - 60 wt.% Ce.0Gdo.102-5 (40FO-60CGO), 40 wt.% Mn; 5C01.5045 — 60 wt.% Ceg 9P1o.10o-
5 (40MCO-60CPO). Dabei wurde der Einfluss verschiedener Herstellungsprozesse auf die
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Membraneigenschaften untersucht: Pulvermischen in einem Morser, Mischen mittels
Kugelmiihle und Eintopf-Sol-Gel-Synthese. Die Struktur der Membranen wurde mittels einer
Vielzahl analytischer Methoden untersucht, wie zum Beispiel in-situ Rontgendiffraktometrie
(XRD), Rasterelektronenmikroskopie (REM), Riickstreuelektronen-Rasterelektronenmikroskopie
(BREM), Energie-dispersive Rontgenspektroskopie (EDXS),
Transmissionselektronenmikroskopie (TEM) und Feinbereichselektronenbeugung (SAED)
untersucht. Alle Membranen zeigen eine eindeutige Phasentrennung, das heif3t, die beiden Phasen
liegen getrennt vor, es bilden sich keine Mischphasen. Die Herstellungsweise mittels in-situ
Eintopf-Sol-Gel-Synthese zeigt die besten Ergebnisse in Bezug auf eine feine Homogenisierung
(kleine Kdrner mit enger KorngroBenverteilung) der Phasen und den Sauerstofffluss. Durch die
Abwesenheit von Erdalkalimetallen kann auf eine gute CO,-Vertraglichkeit geschlossen werden.
In der Tat zeigen Langzeitsauerstoffpermeationsmessungen, die iiber mehrere Tage in
CO»-haltigen Atmosphdren ausgefiihrt wurden, keine Verringerung des Sauerstoffflusses.
Nichtsdestotrotz wurde eine schlechte Stabilitét in reduzierenden Atmosphéren, bedingt durch die
leicht reduzierbaren Cobalt- und Nickelionen in den Membranen, gefunden.

In Kapitel 4 wird die Entwicklung einer neuartigen Cobalt- und Edelmetall-freien
sauerstoffleitenden 40 wt.% Pro¢Sro4FeOss - 60 wt.% CeooPro 10,5 (40PSFO-60CPO)
Zweiphasen-Membran beschrieben. Die Struktur der Membranen wurde mittels einer Vielzahl
analytischer Methoden untersucht, wie zum Beispiel in-situ XRD, REM, BREM und EDXS.
In-situ XRD-Messungen in 50 vol.% N und 50 vol.% CO, bestétigen die gute CO,-Toleranz des
Materials, da keine Anderungen der Reflexe oder eine Carbonatbildung beobachtet wurde. Die
partielle Oxidation von Methan (POM) zu Synthesegas wurde erfolgreich in einem
Membranreaktor durchgefiihrt. Dies zeigt die hohe Stabilitit dieser Zweiphasenmembran in

reduzierenden Atmosphéren.

Schlagworter: Zweiphasen-Membran, COs-stabile Membran, Sauerstoffpermeation, [In-situ

Eintopf-Sol-Gel-Synthese
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Chapter 1 Introduction

Chapter 1

1. Introduction

1.1 Motivation

It is now widely accepted that CO; emission is the main contribution to the global warming
via the greenhouse effect. Especially the CO, emitted from the power plants accounts for more
than 40 % of the global anthropogenic CO, emissions. !'! Therefore, there is an urgent need to
develop efficient and cost-effective methods for reducing the emissions of CO, from the power
plants into the atmosphere. Recently, CO, capture and storage technologies to reduce the CO,
emissions from coal-fired power plants have gained great attentions of decision makers in
governments, industry and academia. There are three major concepts for CO, sequestration:
post-combustion capture, pre-combustion separation and oxy-fuel techniques.”) Among these
promising strategies to integrate the existing coal-fired power plants with CO; capture to produce
low emission electricity, oxy-fuel combustion is considered to be more economically feasible
than other strategies. So far, several big projects have been initiated such as CS Callide
(Australia), Vattenfal (Germany), Inabensa (Spain), OXY-CFB-300 (Spain), TotalLacq (France)
and FutureGen2 (USA) program with billion dollar investments for each of these projects. !

In oxy-fuel combustion, the combustion process is accomplished with pure O, or an O,/CO;
mixture in steady of air, thus major waste gas produced is CO,, enabling the CO, capture more
energy-efficient. ! Mixed ion electron conducting (MIEC) ceramic membranes have gained
increasing attention due to their potential applications in oxygen supply to power stations for CO,
capture according to the oxy-fuel concept by using flue gas as sweep gas, which reduce O,
production cost by 35 % or more comparing the conditional oxygen separation methods (e.g.
cryogenic distillation and pressure swing adsorption). Two different methods of membrane
integration (three-end operation and four-end operation) ) have been presented in the
membrane-based oxy-fuel power plant. In the other hand, MIEC ceramic membranes could be

promising applications are high-temperature catalytic membrane reactors for hydrocarbon conversion
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Chapter 1 Introduction

into syngas and added-value products and the thermal decomposition of carbon dioxide in
combination with the partial oxidation of methane to syngas. In these applications, MIECMs enable
thermal integration and energy saving and allow process intensification and thus realizing the
process with highest efficiency.” However, in the real process conditions which include the
presence of highly concentrated CO,, it is considered that a dense oxygen separation membrane
should possess the following properties: (i) high oxygen permeation flux, i.e. having both high
oxygen ion and electron conductivities; (ii) good structural stability within appropriate ranges of
temperature and oxygen partial pressure; (iii) sufficient chemical compatibility and mechanical
strength. ") Figure 1.1 shows the most important issues for the application of MIEC ceramic

membranes in the membrane-based oxy-fuel power plant.

High

Oxygen
: temperature
permeation flux ol
Thermal \ / Mechanical
R - / strength
MIEC
Chemical membranes
stability D T Material cost

Figure 1.1 Critical issues of mixed ion electron conducting ceramic membranes. !’

Over the last two decades, large efforts have been made to develop perovskite-type oxides with
the general formula of ABOj; (A = alkaline-earth metals or lanthanide elements; B = transition metals)
membrane since a high oxygen permeation flux could be obtained. The highest oxygen permeation is
observed for alkaline-earth cobaltites such as Ba;,Sr,Co;yFe,0s5, ! BaCo;,Fe,0;5, ' and
SrCoy.,Fe,Os.5. 11121 Even though a high oxygen permeation flux of these materials could be obtained,
their widespread adoption are hampered owing to phase instability of cobalt-based perovskite at

13,14]

intermediate temperatures ! and the poor chemical stability under a large oxygen concentration

gradient. "' The phase and chemical stability of single phase perovskite MIEC membrane
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materials can be enhanced by removal cobalt elements. Many cobalt-free materials (e.g
BaCey.15Feq 550325, ' Bag.osLag 0sFeoOs.5, '* Bag sSto.sFeq sZno 203.5, ' Bag sSro sFeg sCup203.5
and Bay 5S¢ sFeg oAl 1035, ?') have been developed and offered much higher stability comparing
with the cobalt-based perovskites. However, for numerous applications like for the oxy-fuel
process or hydrocarbon partial oxidations, where some CO; is formed as by-product of an
undesired deeper oxidation, the oxygen transporting membranes must sustain their phase stability

and oxygen transport property. %

Generally speaking, it is difficult to meet all
above-mentioned requirements in a single phase perovskite MIEC membrane because of its
improvement in one aspect but often accompanying by the deterioration in others. Therefore, the
dual phase oxygen permeable membranes have been proposed to avoid this dilemma since their
compositions can be tailoring in the practical applications, in which oxygen ions are transported
through the oxygen ion conducting phase (OIC-phase), while electrons are carried by the electron
conducting phase (EC-phase). The oxygen permeation properties of dual phase membrane are
dependent on their electronic and ionic conductivity, chemical stability, phase stability, as well as
thermal expansion compatibility between the two OIC and EC phases. 1**!

Until now, numerous dual phase materials have been developed which can be divided into
two major groups: (i) 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. > **! However,
these dual phase membranes are expensive, a mismatch of the thermal expansion coefficients
(TEC) of the metallic and the ceramic phase exists, and the oxygen permeabilities were found to
be low. (ii) The second generation of dual phase membranes compose of two oxides, where one
of the oxides acts as electron conductor instead of the noble metal. ****! These dual phase
membranes of the second generation show higher oxygen permeabilities, but they usually contain
a perovskite phase (ABOs, A= alkaline-earth metals or lanthanide element; B = transition metal).
The alkaline-earth metals on the A site easily form carbonates if CO, is present. This carbonate
formation is found to be reversible but it immediately stops the oxygen flux. **** These dual
phase membranes also suffer from a mechanical stress and can mechanically decompose due to
swelling by carbonate formation. On the other hand, reactions between OIC and EC phases in the

second generation of dual phase membranes at high operation temperature limited their wide

application.



Chapter 1 Introduction

The main aims of this thesis are to elucidate the issues of single phase perovskite-type
oxygen permeable membrane and develop novel CO;-stable dual phase membranes targeted in
CO; capture in an oxy-fuel process or thermal decomposition of carbon dioxide in combination with
the partial oxidation of methane to syngas. The issue of phase stability of perovskite-type
Bay 5Sr95Co0 sFep 2035 (BSCF) was discussed first in Chapter 2. With taking advantages of the
flexibility of dual phase materials, a series of novel CO,-stable dual phase membrane were
designed and investigated. Since these new dual phase membranes do not contain alkaline-earth
metals, it can be expected that they are CO,-stable. The effects of preparation methods and
composition ratios on the oxygen permeabilites through these dual phase membranes were
investigated in detail. The phase and CO; stability was studied in detail in Chapter 3. In Chapter 4,
partial oxidation of methane (POM) to synthesis gas with a novel CO,-stable dual phase

membrane was investigated in the dual phase membrane reactor.

1.2 Basic aspects of dense oxygen permeable membranes
1.2.1 Concepts of dense ceramic oxygen permeable membranes

Up to now, several dense oxygen permeable membrane concepts have been proposed, all of
them incorporating a dense ceramic oxygen ion conducting materials. Figure 1.2 shows four
membrane concepts employing a dense oxygen ion conducting materials. In concept (a), ! solid
state cell also called oxygen pump, is based on a solid oxide electrolyte, which is only for oxygen
ions transportation. Electrodes and wiring are required for the external transport of electrons (see
Figure 1.2a). The driving force for overall oxygen transport is applied as a potential difference
between the electrodes. In concept (b) shown in Figure 1.2b, mixed ion and electron conducting
(MIEC) oxides materials were used. *® These MIEC membranes can operate without external
electrodes and circuits since they can transport oxygen ions as well as electrons. The driving
force for overall oxygen transport is the differential oxygen partial pressure applied across the
membrane. The selectivity can be reached 100 % in theory since the MIEC membranes are dense

and tight and the oxygen transport is in ionic form. Since Teraoka et al.*”! first reported a MIEC
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perovskite-type membrane, La,SriFe,Co;,035, with high oxygen permeability, extensive
efforts have been made to study such MIEC perovskite-type membranes. However, as mentioned
in section 1.1, it is difficult to meet all requirements in a single phase membrane because of its
improvement in one aspect but often accompanying by the deterioration in others. Therefore, the
dual phase membranes have been proposed to avoid this dilemma since their compositions can be
tailoring in the practical applications.

Figure 1.2¢c presents a schematic of dual phase membrane, which consists of two phases. **
Therefore, a dual phase membrane also can be considered as a dispersion of one phase into the
other phase. Usually, in such a dual phase membrane, oxygen ions transport through the oxygen
ion conducting phase (OIC-phase), while electrons are carried by the electron conducting phase
(EC-phase). OIC-phases were usually made from solid oxide electrolytes (fast oxygen ionic
conductor, e.g. Yo.15Z1085025, CepsGdp20,5) and EC-phases can be made from pure electron
conductors (e.g. Pd, Ag, Pt, Au) or MIEC conductors. The dual phase membrane is first proposed
by Mazanec et al. **, which offers an alternative use of oxide electrolytes in the field of dense
oxygen permeable membranes. After that, several research groups “**%*** have reported the
improved oxygen permeation flux with different sets of dual phase membranes by mixing of
ceramic materials (e.g stabilized zirconia or bismuth oxides) and noble metal powders. For
example, Chen et al. ® has reported the 60 vol.% yttria-stabilized zirconia (YSZ) - 40 vol.%
palladium (Pd) with 2.0 mm thickness at 1100 °C, which shows a oxygen permeation flux of 4.3
X 10® mol/em®s. Jinsoo Kim et al. 1** developed the 60 vol.% BijsY3Smy203 (BYS) - 40
vol.% Ag with 1.3 mm thickness, which show 5.8 X107 mol/cm®s at 850 °C. However, many
problems were found in these dual phase membranes with noble metals as electronic conductors.
The major problems are as follows: (i) The cost is too expensive. (ii)) A mismatch of the thermal
expansion coefficients (TEC) between the metallic and the ceramic phase exists. (iii) The oxygen
permeabilities were found to be low. To solve these problems, perovskite oxides are suggested to
replace noble metals for electron transport considering their high electronic conductivity and low
cost. Many publications have reported these kinds of dual phase membranes. However, these dual
phase membranes still have some disadvantages, such as poor chemical compatibility and thermal
mismatch between two phases leading to low oxygen permeability. Kharton et al. [* reported that

the dual phase membrane with the compositions of CeysGdy20;9 - Lag7Sro3MnOs35, whose
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oxygen permeation flux decreased with operating time due to the formation of other layers with
low ionic conductivity at the phase boundaries. U. Igge et al. ®% described CepsGdo201o -
Gdy 7Cap3Co0s5 oxygen permeable membranes for NOy detection in exhaust gases. However, the
decomposition of the perovskite phase and interdiffusion of metal ions resulted in a relatively

poor oxygen permeability of this dual phase membrane. Recently, Zhu et al. >4

proposed a
ceria based oxygen permeable membrane of CeosGd201.9, - Gdy2SrosFeOss (abbreviated as
CGO-GSFO), which showed a good oxygen permeation stability (stable for more than 1100 h
operation) and a high oxygen permeation flux of 0.80 ml/ min-cm® at 950 °C under an oxygen
partial pressure gradient of 21 kPa/0.5 kPa. However, SrCO; phase was also detected in the spent
membrane, indicating a decomposition of the perovskite phase to some extent. Therefore, the
development of new dual phase membranes with high phase and chemical stability is still highly
in demand in practical conditions, especially in CO; and reducing atmospheres. In the Chapter 3
in this thesis, the development of novel CO;-sable dual phase membrane will be addressed in
detail.

It is well-known that the oxygen permeability is related to many factors such as the
microstructures, temperatures, oxygen partial pressures and thicknesses etc. It is accepted that the
decrease of membrane thickness can enhance the oxygen permeation flux though a membrane
when the oxygen permeation is limited by bulk diffusion. However, the mechanical strength of a
thin membrane also will be decrease when the thickness was decreased. In order to obtain the
oxygen permeable membrane with high oxygen permeation flux and sufficient mechanical
strength, asymmetric membrane was proposed. Figure 1.2d presents a schematic of an
asymmetric membrane, which consist of thin dense layer and porous support. In this structure,
the support and the thin layer should have good chemical compatibility and similar expansion
coefficients. Teraoka et al. first reported an asymmetric membrane, whose support and thin layer
were both fabricated with Lag¢Sro4CoOs.5 perovskite oxides by means of sputtering and spray

deposition techniques, **
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Figure 1.2 Four membrane concepts employing a dense oxygen ion conducting materials: (a)
solid state cell (oxygen pump), (b) MIEC membrane, (c¢) dual phase membrane and (d)
asymmetric membrane. PO, and PO," denote the high oxygen partial pressure on the feed side

and low oxygen partial pressure on the permeated side. 1**!

1.2.2 Structures of dense ceramic oxygen permeable materials

It is well-know that the oxygen permeability of any ceramic dense oxygen permeable
membrane is related to the materials properties of the membrane. Successively, the properties of
the materials highly depend on not only the chemical composition but also the materials structure.
There are many structures were found until now. The major structures can be classified into (i)
fluorite-type (general formula AO,, e.g. CeO,, ZrO,), (471 (i) K;NiFs-type (general formula
KoNiFy, e.g. La;NiOy), [48] (ii1) brownmillerite-type (general formula A,B,0s, e.g.CayAlFeOs), [49]
(iv) pyrochlore-type (general formula A;B,07, e.g. Ca;Re;07), P (v) double perovskite-type
(general formula A;B,O0s, e.g. SraFeMoOs), ! (v) Ruddlesden-Popper series (general formula
Ant1ByOsni1, €.8. KoLayTiz010), P2 (vi) single cubic perovskite-type structure.”” Among these
MIEC oxygen permeable membrane materials, cubic perovskite-type membranes are studied
extensively, since this kind of mixed-conducting dense membranes that show high oxygen
permeation rates at high temperatures. The general formula of ideal perovskite oxide is ABOs,

where A is occupied the large cation (mostly alkaline, alkaline-earth or rare-earth cation) and B is

9



Chapter 1 Introduction

smaller cation (mostly transition metals). °* In the typical ideal cubic perovskite structure as
shown in Figure 1.3, it is clearly to visualize the structure is in terms of the BOg octahedra, which
share corners infinitely in all 3 dimensions. The ideal cubic perovskite structure has 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 BOg octahedra. In the example shown in Figure
1.3, the Sr atoms are located at the 12 coordinate A site and the Ti atoms occupy the 6 coordinate
B site. The B-O distance is equal to a/2 (a denotes the cubic unit cell parameter) while the A-O
distance is a/ v2 . The perovksite structure has various representatives compositional
combinational such as A'""B>*0s;, A**B*'0s, or A*'B’'0;, Therefore, many cations and their
respective atomic radii can be incorporated into the perovksite structure. However, with the wide
range of cation combinations available for the perovskite structure, the actual unit cells are
orthorhombic instead of cubic. The symmetry of the structures can be descried by the tolerance
factor (t), "> which quantifies the extent to which the perovskite structure varies from the ideal

cubic structure by the following equation:

I"A+I"O

20, +1)

where, 74, 7z and ro denoting the radii of the A-site and B-site cations and the oxygen ion. For an

................................................................................................. (1)

ideal cubic structure, t should equal one. But the perovskite structure is stable if the tolerance

factor is in the range of 0.75 - 1.0. °°
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Figure 1.3 Ideal perovskite structure exhibited by SrTiOs. *7!

1.3 Perovskite-type oxygen permeable membranes
1.3.1 Preparation of perovskite-type oxygen permeable oxides

Numerous methods can be used to prepare perovskite-type oxide powders, such as solid state
reaction, chemical vapor deposition, coprecipitation, spray pyrolysis, hydrothermal synthesis,
combustion synthesis and EDTA-citric acid sol-gel methods. It is believed that the
perovskite-type powders prepared with different methods can result in significantly
microstructures, thereby affecting the properties of a performance perovskite-type oxygen
permeable membrane. Many researchers have reported the effects of prepared methods on the
properties of perovskite-type membrane. For example, Zhu et al. % found that the
BaCey 5Fe 35035 membrane derived from the EDTA-citric acid sol-gel method showed higher
density and pure phase structure but lower oxygen permeability than that derived from the solid
state reaction method. Tan et al. °"! reported that the oxygen permeation flux through

Bay 5Sro5Ceo.15Feo 35035 prepared by solid state reaction method was higher than that of prepared

11



Chapter 1 Introduction

by the EDTA-citric acid sol-gel method.

Conventional solid state reaction method Among the aforementioned methods, the

conventional solid state reaction method is the most commonly used for preparing the
perovskite-type oxide powders. The solid state reaction method generally involves mechanically
mixing and grinding the metal precursors. The suitable precursors include, but are not limited to,
oxides, hydroxides, acetates, carbonates, chlorides, or nitrates of the desired metal ions. The
precursors are usually mixed in appropriate stoichiometric quantities during the grinding process.
After grinding, the mixture will be fired at high temperatures which always are higher than two
thirds of the melting points for a long time (> 10 h), in order to thermally decompose the
precursors and form the final desired phase pure perovskite. [°”’ Many perovskite oxide powders
have been successfully prepared by the solid state reaction method. °***! For example, Zhao et al,
2] reported that BaCoy7Feo.3,YOs5 (BCFY, X = 0.08 - 0.2) was successfully prepared by the
conventional solid state reaction process, with BaCOs3, Fe;03, Y,03, and Co(CH3COQO);-4H,0 as
the raw materials. After accurately being weighted, the raw materials were mixed by ball milling
for 6 h with ethyl alcohol as the milling medium. The slurries were dried, and the obtained
powders were sieved (140 mesh), followed by heating at 1000 °C for 10 h in air. The calcined
powders were finely ground to break the soft agglomerations and then ball milled again for 6 h.
Dong et al. ! reported that the perovskite-type LaggsCeo.1GaosFeossAly 05035 (LCGFA) powders
were synthesized by the conventional solid state reaction method. The stoichiometric amounts of
analytical grade La,0;, CeO,, Ga,0s, Fe,O3 and Al,O3; raw materials were mixed and ball-milled
in ethanol for 24 h. These examples demonstrated that the solid state reaction method can be used
to synthesize even highly complex composition powders. However, generally speaking, the
homogeneity and purity of perovskite powders prepared by the solid state reaction method are
poor and show a broad particle size distribution. In addition, in order to get accepted purity, the
repeated grinding, calcinations and a long ball-milling period generally would be required, which
could be considered energy intensive.

EDTA-citric_acid sol-gel method The EDTA-citric acid sol-gel method which offers control

over both the composition at molecular level and the structure has been used widely. Typically, a
metal alkoxide, M(OR)x, undergoes replacement of the OR group by OH via controlled

hydrolysis. This results in the formation of very small colloidal particles (the sol), which then

12



Chapter 1 Introduction

form a gel via condensation reaction. ' The gel is then dried to produce an oxide. Finally,
calcinations at high temperatures are required to produce the oxide. Figure 1.4 shows a flow chart
of preparation of common perovskite BagsSrosFeosFeo2035 (BSCF) powder with the
EDTA-citric acid sol-gel method. As shown in Figure 1.4, the stoichiometric amounts of
Ba(NOs),, Sr(NO3),2, Fe(NO3)s, Co(NOs), were mixed in a beaker. After stirring the metal nitrate
solutions for 20 min, calculated amounts of citric acid and EDTA were added and the pH value
was adjusted to around 9 by ammonia. The molar ratio of EDTA : citric acid : total metal ions
was 1 : 1.5 : 1. Then, the solutions were stirred when heated to 150 °C, until the water was
evaporated and a gel was formed. The gels were heated treatment in air at 600 °C in a furnace to
remove the organic compounds by combustion, and the primary powders were obtained. These

powders were calcined at 950 °C for 10 h in air.

Ba(NO,), + St(NO,),+ Co(NO,), + Fe(NO,), EDTA + Citric acid + NH,-H,0

PH = 9

k4

Sol

Stirring | T=150"C
h 4

Gel

Heat treatment | T =600 *C

h 4

Primary powder

Calcination | T =950 °C

h 4

Perovskite BSCF powder

Figure 1.4 Flow chart of preparation of BSCF powder with the EDTA-citric acid sol-gel method.
[65]
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1.3.2 Issues of perovskite-type oxygen permeable membranes

Over the last decades, the perovskite-type materials have received a lot of attention both in
industrial and academia due to their multiple functionality and wide range of applications,
including catalysis, superconductors, gas sensors, and as cathodes in solid oxide fuel cells
(SOFCs), among others. In addition to the above applications, single phase perovskite-type
oxygen permeable membranes with mixed electron-oxide ion conductivity can be separate
oxygen from air with infinite permeation selectivity. In the 1980s, Teraoka et al. ! developed the
earliest version of a mixed conducting oxygen-permeable membrane SrCo;Fe, O35 (SCF) which
showed very high oxygen permeation flux (3.1 ml/min-cm® with 1 mm thickness at 850 °C).
Unfortunately, it was found that, this material has very limited chemical and structural stability in
reduced environments. /) Tt was believed that the phase/chemical stability and oxygen
permeability can be improved by proper substitution of metals in SCF. Therefore, following
Teraoka et al.” pioneering work, a class of Co-based perovskite-type oxides with partial
substitution of A or B sites have been intensive researched and developed. [*7"! For example,
Shao et al. ! developed a composition BagsSrosCoosFeo2035 (BSCF) perovskite-type material,
which showed high oxygen permeation flux over a wide temperatures and improved stability
comparing with SCF. After that, BSCF have been widely studied as cathodes in solid state fuel
cells, as oxygen permeation membrane and membrane reactor. However, the wide applications of
BSCF were still hampered by the following reasons: (i) BSCF material was not stable at
temperatures below 750 °C. ' (ii) In the presence of CO,, the oxygen permeation flux through
BSCF membrane reduced sharp, even the structure was destroyed since the formation of
carbonates. "*’*1 The phase stability and permeation behaviour of a dead-end
Bay 5Co¢ sFep2Co0 3035 tube membrane in high purity oxygen production will be discussed in
detailed in chapter 2. Generally speaking, the single-phase mixed conducting materials are
difficult to meet all the requirements (such as high permeability, stability, mechanical strength,
etc.) for application as oxygen separation membranes. Therefore, the dual-phase membrane
materials were suggested as the candidates due to their composition can be tailoring in practical
conditions. The developments and properties of new CO,-stable dual phase membranes will be

described in detail in Chapter 3.
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1.4 Dual phase oxygen permeable membranes
1.4.1 Preparation of dual phase oxygen permeable membranes

Preparation methods for oxides and membranes To achieve the target properties of the dual

phase powders, the flowing properties of the dual phase powders should be considered: particle
size, particle distribution, particle morphology, degree of agglomeration, phase purity and
chemical purity. It is important to select a powder with high reactivity for fabrication of dense
oxygen permeable membrane materials. Therefore, it is considered that the powder should have a
small particle size and a low degree of agglomeration. " The aforementioned properties of the
dual phase powders are directly related to the synthesis methods. Dual phase oxygen permeable
powders can be prepared by huge amount of methods, such as in a simple mixing of the two
oxide powders, packing method, loading method, one-pot EDTA-citric acid process and the
one-pot single-step glycine-nitrate combustion process (GNP).

The dual phase powders are traditionally prepared by the simple mixing of the two oxide
powders method. This method generally involves mixing the oxygen ion conducting phase
(OIC-phase) powder and the electron conducting phase (EC-phase) powder. In this method,
OIC-phase and EC-phase oxides consisting of the dual phase are prepared separately in the first
step. The aforementioned methods in section 1.3.1 generally can be used to prepare the
OIC-phase and EC-phase oxides. In the next step, the as-obtained OIC-phase and EC-phase
powders are mixed in the calculated weight or volume ratios though grinding in a mortar by hand
or by mechanical mixing. This traditional synthesized method often not only requires several
steps to get a uniform mixture but also gives coarse agglomerated powders with low sintering
reactivity. (/! To replace this conventional preparation, one-pot single-step methods have been

331 and the one-pot

developed such as the one-pot single-step EDTA-citric acid process
single-step glycine-nitrate combustion process (GNP). ") For the one-pot single-step method, all
the required metallic ions solutions are mixed in one beaker, so that every element has the same
chemical potential in each phase after synthesis. Therefore, diffusion of metallic elements
between the two phases can be avoided during permeation operations. Especially, the GNP is

reported to rapidly produce complex oxide ceramic powders of uniform composition on an
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atomic scale and fine enough to for sinter to a high density. In this thesis, four types dual phase
powders with the flowing compositions: 40 wt.% NiFe,Os5 - 60 wt.% Cep9Gdo 1025
(40NFO-60CGO), 40 wt.% Fe;0O3 - 60 wt.% Cep9Gdy 1025 (40FO-60CGO), 40 wt.%
Mn; 5C0;5045- 60 wt.% CeooPro 1025 (40MCO-60CPO) and 40 wt.% PrySro4FeOs.5- 60 wt.%
Cep.9Pro.10,5 (40PSFO-60CPO), were involved.

The first 40NFO-60CGO composition is preparing in three methods (see Figure 1.3): (i)
Powder mixing in a mortar by hand (40NFO-60CGO 01 powder): The powders of Ce9Gdy 1025
(CGO), NiFe;045 (NFO) and 40 wt. % NiFe;O45 - 60 wt. % Ce9Gdy 10,5 were synthesized by a
combined citric acid and EDTA method. After stirring the metal nitrate solutions for 20 min,
equal molar amounts of citrate and EDTA were added and the pH value was adjusted to ~ 9 by
ammonia. The molar ratio of EDTA : citric acid : total metal ions was 1 : 1.5 : 1. Then the
solutions were stirred while heated to 150 °C, until the water was evaporated and a gel was
formed. The gels were calcined in air at 600 °C in a furnace to remove the organic compounds by
combustion, and the primary powders were obtained. The as-obtained CGO and NFO powders
were mixed with a weight ratio of 60 : 40. Then the mixed powders were grind in an agate mortar
for 1.5 h. (ii) Powder mixing by ball-milling (40NFO-60CGO 02 powder): The powders of CGO,
NFO and 40NFO-60CGO were also synthesized by a combined citric acid and EDTA method.
But the as-prepared CGO and NFO powders were mixed in a weight ratio 60 : 40 by ball-milling
for 4 h. (iii) Direct one-pot single-step EDTA-citric acid synthesis (40NFO-60CGO 03 powder):
The powder mixture was obtained by in-situ one-pot single-step EDTA-citric acid process. The
powders of all three techniques were pressed to disk membranes under a pressure of ~ 10 MPa in
a stainless steel module with a diameter of 18 mm. Then they were sintered at 1350 °C in air for
10 h with heating and cooling rates of 2 °C/min. X-ray diffraction (XRD), scanning electron
microscopy (SEM), Backscattered scanning electron microscopy (BSEM), Scanning transmission
electron microscopy (STEM) in high-angle annular dark-field (HAADF) mode, electron
energy-loss spectroscopy (EELS), selected area electron diffraction (SAED), high-resolution
TEM (HRTEM), and energy-dispersive X-ray spectroscopy (EDXS) were used to characterize
the samples. The phase stabilities and oxygen behaviors of 40NFO-60CGO membranes obtained
in three ways were investigated (chapter 3.2 and 3.3). It was found that the direct one-pot

single-step EDTA-citric acid synthesis of 40NFO-60CGO showed the smallest grains in a
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homogeneous distribution and the highest oxygen permeability, compared with powder
homogenization in the mortar or the ball-milling, the direct one-pot single-step EDTA-citric acid
synthesis. Therefore, the direct one-pot single-step EDTA-citric acid synthesis was used to
fabricate the second composition of 40FO-60CGO mixture powder. The as-prepared powders
were pressed to disk membranes under a pressure of ~ 10 MPa in a stainless steel module with a
diameter of 18 mm. Then they were sintered at 1300 °C in air for 5 h with heating and cooling

rates of 2 °C/min.

Addition of EDTA, citric acid, NH;.H,O
pH~9

Stirring [ T=150 °C ’_‘ Stirrimg | T=150 °C
\ 4 \ 4
Thermal T,=600 °C
Thermal T,=600 °C \ 4 Thermal T,=600 °C
treatment T,=1000°C treatment T,=1000°C

A\ 4 A\ 4

Sintering

Time=15h Mixed by mortar Mixed by ball-milling | Time=4h

Compacting; | T5=1350°C T3=1350 °C

Sintering

Compacting;
Sintering

Figure 1.5 Flow chart for the preparation of 40NFO-60CGO dual oxides in three ways: (i)
mixing of two oxides by hand, 40NFO-60CGO 01 powder (ii) mixing of two oxides by ball-
milling, 40NFO-60CGO 02 powder (iii) one-pot single-step EDTA-citric acid process,
40NFO-60CGO 03 powder. "%
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The 40MCO-60CPO and 40PSFO-60CPO dual phase membrane materials were prepared
via the one-pot single-step glycine-nitrate combustion process (GNP). Figure 1.6 shows the flow
chart for the preparation of 40PSFO-60CPO dual phase membranes via the one-pot single-step
GNP method. As shown in Figure 1.6, a precursor was prepared by combing glycine and metal
nitrates Sr(NOs)3;, Fe(NO3)3;, Ce(NO3); and Pr(NOs); 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 yielded.
Further, heating the viscous liquid to 300 °C caused the precursor liquid to auto-ignite.
Combustion was rapid and self-sustaining, and a precursor ash was obtained. This precursor ash
was calcined at 950 °C for 10 h in air to obtain the powder. The as-prepared 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 the green membranes. These green disks were pressure-less sintered at 1350 °C

for 5 h in air.

Sr(NO3); + Fe(NO3)3 Ce(NO3)3 + Pr(NO3)s3 Glycine

Stirring | T,;=150 °C
\ 4 As a fuel

Precursor -

Self-combustion
starting at 300 °C

Precursor ash

Calcination | T,=950°C, 10 h

A 2
40PSFO-60CPO powder

Compacting; | T;=1350°C, 5h
Sintering

40PSFO-60CPO membrane

Figure 1.6 Flow chart for the preparation of 40PSFO-60CPO dual phase membranes. *”!
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Sintering temperatures for dual phase oxygen permeable membranes To obtain a dense and

gas tight dual phase membrane, the as-prepared powder will be compacted and shaped by
pressing in a rigid die or flexible mold in the desired shape (e.g. disk or tube) and following by
sintering into the dense membrane. Sintering refers to this phenomenon: when a compacted
powder is heated at an elevated temperature which is below its metilng point, powder particlas
fuse together, voids between the particles reduce, and finally a dense solid body is obtained. *"!
In this thesis, the as-prepared dual phase powders were pressed to green disk membranes under a
pressure of 5 ~ 10 MPa in a stainless steel module with a diameter of 18 mm, following by
sintering at high temperatures (in the range of 1300 - 1450 °C). The sintering temperature affects
the microstructure and texture of dual phase membranes thereby influences the oxygen
permeability though the dual phase membranes. It has been reported that the grain growth with
increasing sintering temperatures will decrease the electrical conductivity and oxygen
permeability for the single phase perovskite oxygen permeable membranes, such as
BagsSro.sCoosFe 2035 and LagSro4Coo2Feog0s5. ***! They demonstrated that in the case of
single-phase membranes the grain growth has a positive effect on the oxygen permeability, since
the grain boundaries in single-phase perovskite membranes act as barriers for the oxygen
transport. However, the influence of sintering temperature on the microstructure and oxygen
permeability of dual phase membrane was more complex because of the components of dual
phase membranes are more complex than those of the single phase perovskite membranes. Zhu et
al. ™ have investigated the effects of sintering temperature in the range of 1400 - 1525 °C on the
75 wt.% CeogsSmy 15025 - 25 wt.% SmygSrg4FeOs5 (75CSO-25SSFO) dual phase membranes.
They found that when the sintered temperature was below 1425 °C, the oxygen permeation flux
through 75CSO-25SSFO dual phase membrane increased with the increasing temperature.
However, if the temperature was > 1425 °C, the oxygen permeation flux through 75CSO-25SSFO
dual phase membrane decreased with the increasing temperature. In this thesis (section 3.4 in
chapter 3), it was also found that that the grain growth with increasing temperatures from 1300 to
1350 °C has a negative effect on the oxygen permeability in the case of dual phase membranes of
40FO-60CGO dual phase. With increasing sintering temperatures of dual phase membranes, the
grain growth can interrupt the continuity of the FO percolation network, which will block the

electronic transport through the dual phase 40FO-60CGO membrane. It can be concluded that a
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high sintering temperature has a negative influence on the oxygen permeation flux for our dual
phase membranes. Therefore, chose of a suitable sintering temperature is very important to get a

dual phase membrane with good oxygen permeability.

Ratio between the two phases in a dual phase oxygen permeable membrane For the

membrane applications, a desired dual phase materials should consist of two continuously
distributed phases: one being a good oxygen ionic conducting phase and the other being an
electronic conducting phase. In other words, the precondition for the dual phase membrane is that
both consituent phases in the composite membranes should form a continuous path for both ionic
and electronic conductions, having their concentrations above the critical volume fraction
(percolation threshlod). This critical volume fraction determines the minimum volume fraction in
which conduction is possible and its function of relative dimensions and shape of the particles of
both continuous phases. Usually, 30 vol.% of the electronic conducting phase is requried to
exceed the percolation threshlod for a dual phase system where the grain sizes of are comparable.
851 In this thesis, the influence of the FO : CGO ratio on oxygen permeability of FO-CGO dual
phase membranes was invesitigated. The y wt. % FO- (100 — ¢ wt. %) CGO (y = 25, 40 and 50,
and denoted 25FO-75CGO, 40FO-60CGO, and 50FO-50CGO, respectively) dual phase powders
were synthesized via a one-pot single-step EDTA-citric acid method. It was found that the
optimum oxygen permeation flux was the composition 40FO-60CGO dual phase membrane since
the electronic conductivity of 40FO (0.159 S-cm™) was equal to the oxygen ionic conductivity of
60CGO (0.155 S-cm™). And in the thesis, in order to obtain a dual phase membrane with a
continuous path for both ionic and electronic conductions, 40 wt.% electronic onducting phases
were chosen to prepare the 40NFO-60CGO, 40MCO-60CPO and 40PSFO-60CPO dual phase

memrbanes.

Deposition of porous layer LSC onto dual phase membrane In order to improve the oxygen

surface exchange rate, the perovskite-type LagSro4C00s3;5 (LSC) oxide, which shows a good
oxygen reducing activity when it acts as cathode materials for SOFC, was used to coat the air
sides of 40NFO-60CGO and 40FO-60CGO dual phase membranes. First, the membranes were
polished to 0.5 mm thickness by using 1200 grit-sand paper (average particle diameter 15.3 pum)
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and then the membranes were washed with ethanol. Second, a LSC porous layer was deposited
onto the air side the membrane with a paste made of 40 wt.% LSC powder and 60 wt.% terpineol.
Third, the membrane with LSC coating was calcined at 950 °C for 2 h in air with a heating and

cooling rate of 2 °C/min.

1.4.2 Oxygen transport through dual phase oxygen permeable membranes

Transport mechanisms Dual phase oxygen permeable membranes can separate oxygen from air

at elevated temperature with infinite permeation selectivity. If there is a oxygen chemical
potential gradient (V po,) cross the dense dual phase oxygen permeable membrane, the oxygen
ions directly can transport from the high oxygen partial pressure (po.’) side to the low oxygen
partial pressure (po2”) side accompanied by the counter transfer of the electrons. It is generally
accepted that the oxygen permeation through the dense dual phase membrane, as shown in Figure
1.7a, mainly involves three steps as follows: (1) oxygen insertion on the air side, (2) the
simultaneous bulk diffusion of oxygen ion and electron through membrane bulk phase, and (3)
oxygen release on the permeate side. The first and third steps are usually called surface exchange
limitation steps and the second step is called bulk diffusion limitation step. The slowest step is
considered to control the overall rate of oxygen permeation. **!

The bulk diffusion is governed by oxygen ionic or electronic conduction (or both). For the
dual phase membrane, the oxygen ion and electron transport usually take place separately. The
oxygen ionic conduction in a dual phase membrane mainly depends on ion conductor such as Y
or Sc-stabilized zirconia or cerium-based electrolytes, which is very stable under reaction
environments and lower thermal expansion rates. The electronic conducting oxides in dual phase
membranes come from first noble metals to pure ceramic electronic conducting oxides and
recently to perovskite MIEC materials. Figure 1.7b shows the schematic illustration of oxygen
transport in ionic/pure electronic conductor dual phase membrane oxygen and oxygen
ionic/mixed conductor dual phase membrane. As shown in Figure 1.7b, if a dual phase membrane
consist of a pure oxygen ion conducting phase and a pure electron conducting phase or ceramic

oxides with poor ionic conductivity (such as noble metals: Ag, Pd, Au, spinel-type oxides:
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Figure 1.7 (a) Schematic diagram of oxygen transport through a dual phase membrane. (b)
close-up of marked area in (a) denotes oxygen transport in an ionic/pure electronic conductor
dual phase membrane (left) and oxygen transport in oxygen ionic/mixed conductor dual phase

membrane (right). "
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NiFe;045, CoFe,045, MnFe;0455, and perovskite-type oxides: La,Sr;xMn(Cr)O;5, oxygen ions
transport through the oxygen ion conducting phase (OIC-phase), while electrons are carried by
the electron conducting phase (EC-phase). In other words, in such a dual phase membrane, the
oxygen ions transport will be blocked in the bulk of membrane between ionic conductor grains. If
a dual phase membrane consist of a pure oxygen ion conducting phase and a mixed ion-electron
conducting phase (such as perovskite-type oxides: Gdy,SrosFeOs.5, SmMngysCo¢5035) through
the oxygen ion conducting phase transport the oxygen ions while the electron conducting phase
(EC-phase) transport the electrons meanwhile assist the transport of the oxygen ions.

It is accepted the different dual phase membranes by varying thickness tend to have different
determining steps. "°*! The mainly determining steps include bulk diffusion limited step and
surface exchange limited step.

Bulk diffusion limitation For a relatively thick membrane, the bulk diffusion process is

commonly the determining step. In this case, the Wagner’s theory can be used to describe the

(89901 which is restricted to the simultaneous

oxygen permeation flux through the membrane,
transport of oxygen ions and electrons that are ideally diluted and do not interact. The oxygen

permeation flux Jp, can be described by Wagner’s equation as follows:

InP
RT 'o.-0
Ry (AT
2 (4F)L1anai+Ge 2 )

where 6. and o; are the electronic and ionic conductivities, respectively, R, F; T and L denote the
gas constant, Faraday constant, temperature and thickness of the membrane, respectively. P; and
P, are the oxygen partial pressure on the permeate side and feed side, respectively. In the case of
mixed conductor where electronic conductivity dominates, that is 6. >> o, the integration of
Eq.(2) involves only o; as a function of the oxygen partial pressure and gives the following
Wagner’s equation

RTo, | P

— 1

n_
> 4FyYL P

According to the above equation, the oxygen permeation rate can be increased by increasing the
operating temperature, the pressure gradient across the membrane, or by decreasing the thickness

of the membrane.
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Surface exchange limitation If the oxygen transport resistance in the bulk phase becomes very

small due to an increase in the ionic or electronic conductivity or the thickness of membranes is
below a characteristic thickness (L.), the surface exchange reactions on both sides would become
the limiting steps in the oxygen permeation. The surface exchange reaction is a complex process,
which consists of the adsorption, dissociation, charge transfer, surface diffusion and oxygen ions
incorporation into the lattice on the interface zone of both sides. 1**!

In this case, the Wagner equation is not applicable to describe the overall permeation process
through the membranes. Other mechanisms and relations have been proposed to explain the
oxygen permeation flux within this regime. It has been reported by Kim et al. ”'!if the oxygen

permeation process is limited by the surface exchange reaction. Jp, shows a linear relationship

with (P, - P,)"” — (P, - P,)"” according to the following equation:

_1 GG, n_ n
0 =50 o, B BT S BIE) (4)

where Jo; is the oxygen permeation flux though a OTM, C; is the oxygen ion concentration, D, is
the diffusion coefficient of the oxygen ion-electron hole pairs, L is the thickness of the membrane,
Ci;,Ci; are the oxygen concentrations of the interfaces of the membrane, n is the order of the
chemical reaction at the gas-MIEC interface. For the oxygen permeation flow through a planar
membrane, for this special case n = 0.5, ki, is the surface exchange coefficient, and P,, P; and P,
stand for high oxygen partial pressure on the feed side, low oxygen partial pressures on the sweep
side and the normalized pressures of 1 bar, respectively.

Many studies indicated that the surface exchange rate can be increased by coating the
membrane with porous layer which show a high surface exchange rate such as cobalt-containing
perovskites or noble metal Pt. >

Dual phase membrane permeator and reactor Oxygen permeation was studied in a

home-made high-temperature oxygen permeation device, as shown in Figure 1.8. The disk
membranes were sealed as described onto a quartz tube at 950 °C for 5 h with a gold paste
(Heraeus, Germany), the side wall of the membrane disk was also covered with the good paste to
avoid a radial contribution to the oxygen permeation flux. The effective areas of the membranes
for oxygen permeation were 0.785 cm’. The inlet gas flow rates were controlled by gas mass flow

controllers (Bronkhorst, Germany), and the flow rates were regularly calibrated by using a bubble

24



Chapter 1 Introduction

flow meter. The mixture O, and N, (or synthetic air) was used as feed gas. A mixture of He (or
CO,, CHy) and Ne was used as sweep gas to remove the permeated oxygen. Ne was added to the
He or (or CO,, CHy) as an internal standard gas for gas chromatography to calculate the total
flow rate at the outlet of the sweep side. The effluents were analyzed by an online gas
chromatograph (GC, Agilent 7890A and 6890A). The GC was frequently calibrated using
standard gases in order to ensure the reliability of the experimental data. The leakage is caused by
the imperfect sealing at high temperature, which can be determined by the detecting N, by GC. In
no case, the leakage stream which is larger than 5 % of the oxygen flux through the membrane.
Assuming that leakage of nitrogen and oxygen is in accordance with Knudsen diffusion, the

fluxes of leaked N; and O, are related by

e gtesk = 32,01 _ g9

D8  0.21 e %)

The oxygen permeation flux was then calculated as follows:

. Cy,
Jo,(ml/min-cm”) =| C,, 70 X — 6)

where Cp,, Cna, are the oxygen and nitrogen concentrations calculated from GC calibration, F is
the total flow rate of the outlet on the sweep side, which was measured by the change of Ne
concentration before and after permeator. The total flow rate of the effluents was calculated from

the change in the Ne concentrations before and after the permeator.
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Figure 1.8 Schematic equipment for oxygen permeation in this work. ©*

Alumina tube

Figure 1.9 shows a scheme of the dual phase 40PSFO-60CPO membrane reactor for POM
used in this Ph.D. work. The sealing of the membrane was as above mentioned. A Ni-based
catalyst (0.3 g, Siid Chemie AG) was loaded on the top of the membrane disc and then the
temperature of the reactor was increased to 950 °C with a heating rate of 2 °C/min. The mixture
methane of CH4 and Ne was fed into the permeate side, where CH4 used as the reactant for the
POM to synthesis gas and Ne as an internal standard gas for gas chromatography to calculate the
total flow rate at the outlet of the sweep side. All gas lines to the reactor and the gas
chromatograph were heated to 180 °C. Gas composition was analyzed by an on-line gas
chromatograph (GC, Agilent 6890A) equipped with the Carboxen 1000 column. Concentrations
of CHy, CO,, CO, Ny, O, and H, were calculated by calibrating against a standard gas mixture
containing all the product species in the known quantities. The quantity of H,O was accounted
based on hydrogen atom balance. The oxygen permeation flux was calculated based on oxygen
atom balance of all the oxygen-containing products. The flow rate at inlet for all the gas was
obtained by using the bubble meter. The total flow rate of the effluents at the outlet was
determined by using Ne as internal standard. The calculation was based on the facts that the inert

Ne didn't take part in the reactions and the flow rate of Ne at the inlet should be equal to that at
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exit;
in in out out
EotalCNe = mezCNe ................................................................................. (8)
in out
where Fota and Fota are the total flow rate of the stream at inlet and total flow rate of the

in out
stream at outlet, respectively. ~» and Cre are the concentration of Ne at inlet and outlet,

respectively.
The conversion of CHs (Xcmy), selectivity of CO (Sco) and H, (Sm2), and the oxygen

permeation flux (Jo,), were defined as follows:

Fout
c, = % VR 01017 (7)
FCH4 _FCH4
Sco = _Feo x100%
FrotFro, e, (8)

FH
= x100%
Fy, + Fyo 9)

0.5x(Fpp + FHzo) + Feo,
0, = G s

. . .. . . 2
where F; is the flow rate of species i in ml/min, S the membrane area in cm®. *°!

CH, + Ne CO+ 2H,

GC
i Synthetic air  Depleted air T \‘ ’
; : Membrane

Air

Figure 1.9 Scheme of the dual phase 40PSFO-60CPO membrane reactor used in this work.
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1.4.3 Applications of dual phase oxygen permeable membranes

Dual phase oxygen permeable membrane consisting of an oxygen ion conducting phase and
electron conducting metal or ceramic phase have many applications, including as membrane
separator for oxygen production, membrane reactors for partial oxidation of methane (POM) to

synthesis gas and membrane reactors for H, generation and separation from H,O splitting.

Membrane separator for oxygen production Oxygen is ranking among the top five in the

production of commodity chemicals in the world. Commercial oxygen is currently produced by
cryogenic distillation and pressure swing adsorption but both are energy consuming technologies.
Therefore, to get cheap, high-purity oxygen is a very important demand in industry. The oxygen
transport through the oxygen permeable membrane is in the form of oxygen ion instead of
oxygen molecules, so pure oxygen can be obtained in principle. For a dual phase membrane
which consists of a oxygen ionic conductor and a electronic conductor, when both phases form an
infinitely continuous or continuous network, the oxygen ions can transport via the oxygen
conductive phase while the electron charge compensations diffuse though electronic conductive
phase. Dual phase membranes used as the oxygen separators with the inert gas such as He or Ar
as sweep gas have reported by most researchers in the published work. Table 1 presents the data
of steady-state oxygen permeation flux through various dual phase membranes in disk geometries.
The first dual phase membranes were made of noble metal (such as Ag, Pd) powders as electronic
conductor and ceramic particles as ionic conductors (such as BijsY(3Smy,0s,
(Zr02)0.04(Y203)0.06). 2*7?*) In order to achieve a continuous electron transport network in the
bulk, the volume fraction of noble metal phase usually exceeds 30 %, which leads to high costs.
It has been reported that 60 vol.% Bi;sY(3Smg,035 - 40 vol.% Ag dual phase membrane
forming the continuous network showed 5 times higher oxygen permeation flux than that of 70
vol.% Biis5Y03Sme203.5 - 30 vol. % Ag without forming the continuous network. ” The dual
phase membrane consisting of two ceramic oxides was first reported by Kharton et al., **! who
developed a dual phase membranes with the composition of 50 wt.% CeysGdy20,25 - 50 wt.%
LagsSroo,MnOs.s. After then, several groups reported that the dual phase membranes with using
ceramic oxides instead of the noble metals as electronic conductors (such as CeysGdy207.5 -

Gdoi7caoi3COO3-5, Ceoigsm()AzOz-a - LaoigSroizcrOyé, ZI‘0A6Y04402-5 - LaoigSroizMnOya), which cost
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lower and but still show low oxygen permeability. Recently, Yang and Zhao group developed a
series of new dual phase membranes, comprising ceramic oxide ionic conductors and a mixed
ion-electron conductors (such as CeysGdp205.5 - GdogSro2FeOs.s, Lag 15Sros5GagsFep705.s -
Bayg 5Sr95Coo sFe0203.5, CepsSmy20,.5 - LaBaCo0,0s:s), which show higher oxygen permeability

than the traditional dual phase membranes. (4119

Table 1 Steady-state oxygen permeation flux (Jo2) though different dual phase membranes in disk

geometries.

Temperature Thickness In (P,/Py) Joz
Membrane °C) (mm) (ml /min-cmz) Refs.
60V01.%(Zr02)0A94(Y203)0A06- _
40V01.%(In0A9Pr0A1)0A4 1100 0.8 1.1 24
60V01%(B1203)075(Er203)025-40V01%Ag 850 1.6 3.75 0.42 27
60V01.%(Zr02)0A94(Y203)0A06-40V01.%Pd 1100 2 7.55 0.06 28
70vol.%Bi, 5Y¢3Smg,05.5-30vol.%Ag 850 1.3 23 0.16 97
60vol.%Bi, 5Y(3Smy,0;5.5-40vol.%Ag 850 1.3 23 0.79 97
60V01.%C€0Agsm()‘202_5- 4.69
40vol.%Lay §Sro ,CrO0s. 5 930 0.3 0.19 o4
SOWt.%CC()Ang()Azoz_(S- 3.91]
50Wt.%Lag sSro,MnOs.5 750 ! 0.02 8
CeoAngoAzo}&-15V01.%MIIF€204_5 1000 03 - 0.40 99
92.8V01.%La()‘15SI'()AgsGa()A3Fe()A7O3_5 _
-7.2V01.%Ba()‘5SI'OAsCO()AgFe()Asz,_& 917 2 0.47 100
60V01.%C60A8Gd()‘202_5- 3.74 44
40vol.%Gdo §Sto 2FeOs g 900 0.6 0.804
60V01.%C€0Agsm()‘202_5- _
40vol.%LaBaCo0,0s.s 930 0.6 0.62 1ol
60V01.%C€0Agsm()‘202_5- _
40vol.%PrBaC0,0s.5 925 0.6 0.32 102

Membrane reactors for partial oxidation of methane (POM) to synthesis gas One of the most

commercially important applications for MIEC membrane is considered to be the POM to syngas

(CO + Hy). Syngas (CO + H;) is the most important feedstock for methanol formation and
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Fischer-Tropsch (F-T) reaction. Several potential advantages were offered using MIEC
membrane reactor to product synthesis gas. The main advantages were as follows: (i) Integration
of oxygen separation and POM in the single membrane reactor, the costs can be potentially
reduced. (i) Without premixing of oxygen and natural gas in the ceramic membrane reactor, the
formation of hot spots as encountered in a co-feed reactor can be avoided. (iii) Compared to
steam reforming, a lower H,/CO ratio of 2 is obtained during POM process, which is suitable for
methanol synthesis or the F-T process. (iv) The gradual introduction of oxygen reduces contact
with the partial oxidized products, which can enhance the yield of the desired products.

Developing MIEC membrane with a high oxygen flux and long-term stability is the main
challenge for successful application in the syngas production process. Although many single
phase perovskite-type membranes were reported to be successfully used in POM to synthesis gas
and showed high oxygen permeation flux, most of their long-term stabilities were not guaranteed
due to their poor phase and chemical stability under reducing environments. Dual phase
membranes have been suggested as good substitutes with compositions that can be adjusted
according to the practical requirements. Many dual phase membranes were developed to the
POM reaction. Zhu et al. **! reported the syngas production by POM in a series of disk-type dual
phase membrane reactors. They reported that the dual phase membrane reactor based on 75 wt.%
Cep3Gdo2019- 25 wt.% Gdo sSrp2FeOs.s was operated in the reaction POM for more than 440 h.
After 440 h syngas production experiment, morphologies of the surface kept intact, but metal
elements transfer up to several microns could not be avoided. On the other hand, 75 wt.%
Smy 15Ce0.8501.925 - 25 wWt.% SmgSrosFe; xAlOs.5 (X = 0 or 0.3) dual phase membranes were
developed. '%*'% They reported that these dual phase reactors were successfully operated for the
POM reaction at 950 °C for more than 600 h without failure. Especially, the Smyg 15Ce 8501925 -
Smy 6Sro4Feo7Alp 3055 can be steadily in the POM to syngas generation for more than 1100 h at
950 °C.

Membrane reactors for H, generation and separation from H,O splitting H, is regarded as

one of the important clean fuel for both the electric power and transportation industries due to the
concerns over globe climate change in the world. There is much interest in using water as a

hydrogen source since it is clean and abundant. In particular, hydrogen generation from H,O
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splitting with coupling partial oxidation of methane (POM) to synthesis gas employing a MIEC
membrane reactor has gaining increasing attention. One of challenges for the process that the
chemically and structurally stability of the employed MIEC membrane reactor under the
operating conditions that exist on both sides: (i) high water vapor content on one side and (ii)
high concentrations of CO and H, on the other side. Recently, Jiang et al. "' in our group
successfully used the single phase perovskite-type BaCoyFe,Zri«,O3.s (BCFZ) hollow fiber
membrane in combing water splitting and partial oxidation of methane (POM) to product
hydrogen and synthesis gas in the temperature range of 800 to 950 °C. They found that a high H,
production flux of 3.1 ml/min-cm” was obtained at 900 °C. However, the doubt of the long-term
stability of this single phase perovskite-type BCFZ membrane still remain since Co-enriched

106-108 .
[ I proposed a series of new dual

phase was detected on the spent membrane. Gopalan group
phase membranes (such as CeysGdp2019 - Yo.08Sr08sTinosAly0sOs- 5, CepsGdp2019 -
Gdg08Sro.83Tip.9sAlp 0503.6) comprised of one phase with high oxygen ion conductivity and a
second phase with high electron conductivity, both individually stable in the gas atmospheres
prevailing on both sides of the membrane during the hydrogen separation process. The concept of
using a dual phase membrane to separate hydrogen from water splitting with coupling partial
oxidation of methane (POM) to synthesis gas is schematically shown in Figure 1. 10. They
investigated the CepsGdo2019 - Yo.0sSrossTiposAlyosOs. s dual phase membrane using
conductivity relaxation experiments in the Po, range of 10™'* to 107'® atm, which demonstrated
excellent chemical stability under the application environment of the hydrogen generation and
separation process. Meanwhile, they studied the CeysGd201.9- GdposSrossTiposAly 05035 dual
phase disk-type membrane with 1.2 mm thickness at 900 °C and found that 0.67 ml/min-cm” of

H, can be obtained when 25 % steam fed into this dual phase membrane. Comparing to the single

phase perovskite membrane, the H, production is lower but the stability was higher.
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[ b’ -y - ,..o;t ;

Figure 1.10 Scheme of hydrogen production process using a dual phase membrane reactor. !'*
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Chapter 2

2. Phase stability and permeation behavior of BSCF
perovskite membrane

2.1 Summary

Among many perovskite-type compounds, Bag sSrysCog sFeo 2035 (BSCF), which has a high
concentration of the mobile oxygen vacancies, has been regarded as one of the most promising
materials for oxygen separation from air and for cathodes in solid-oxide fuel cells. However, the
wide applications of BSCF were still hampered by the following reasons: (i) BSCF material was
not stable at temperatures below 750 °C. 77! (ii) In the presence of CO,, the oxygen permeation
flux through BSCF membrane is drastically reduced, the structure was even destroyed because of
the formation of carbonates. ["*"”

In this chapter, the phase stability and permeation behavior of a dead-end
Bay5Cogs5Fep2Co003035 tube membrane in the atmosphere of high purity oxygen will be
discussed in detail. Powder X-ray diffraction (XRD), energy dispersive X-ray spectroscopy
(EDXS), high-angle annular dark-field (HAADF) and scanning transmission electron microscopy
(STEM) were used to analyze the spent membrane which was exposed to high purity oxygen. It
was found that parts of the cubic perovskite BSCF transformed into a hexagonal perovskite
Bag 5:xS195:xC0035 (x =~ 0.1) and a trigonal mixed oxide Ba;SriCo,Fe,Os:5 (x =~ 0.15, y
~ (.25) in high-purity oxygen at 750 °C. On the other hand, it was found that the partial
degradation of cubic BSCF perovskite at 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 a highly oxidation state of
cobalt (+3 and +4), which exhibits an ionic radius that is too small to be tolerated by the cubic

perovskite structure, which then becomes unstable.
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2.2 Phase stability and permeation behavior of a dead-end
Ba sSr5Co¢sFe),0;.; tube membrane in high-purity oxygen production

Fangyi Liang, Heqing Jiang, Huixia Luo, Jiirgen Caro and Armin Feldhoff
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Phase Stability and Permeation Behavior of a Dead-End
Bap.55r0.5C00.sFe0.203_5 Tube Membrane in High-Purity Oxygen

Production
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ABSTRACT: Phase stability and oxygen permeation behavior of Bag ;Srg 5-
CopsFep;03_5 (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 ;4,910 5+,C00;_s, and a trigonal mixed oxide,
Ba;_,Sr.Co;_,Fe,0s, that evolved in the ceramic membrane made of cubic
BSCEF 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 % 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 h}'drocarbons,4_g the production of hydrogen by
thermal water splitting in combination with olefin and synthesis gas
production,g_“ 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

< ACS Publications @ 2011 American Chemical seciety

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 SrCoq gFeg »-
03-5"" BaCogqFeqaZro 055" BaCog;FepsTa0105-s"
BagsSrosFeogAlo; 03_s " BagsSrosFeosCuga03_s” and Bags-
SrgsCopsFeg203 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,2® 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 a1
and van Veen et al.*” have reported that stable oxygen permea-
tion is achieved only when the operating temperatures are higher
than 850 °C. During operation in the intermediate tempera-
ture (1T, ie. approximately 500—850 °C) range, however, the
oxygen-permeation flux through the BSCF membrane has been
observed to decrease, which has been attributed in several
report524’23_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 Svarcovd 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. Eimov 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 BaggSrpsCoO;_s, but
also barium-enriched and heavily cobalt-enriched trigonal 15R-
related Ba; ,Sr,Co, ,FeOg 5 The first 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.
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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 (ie., 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 551 5C0g sFeg205-4 (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 § 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 b 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 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.
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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 § bar with a flow rate of 300 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 30 vol % oxygen-enriched air at the feed
side, the fluxes of leaked nitrogen and oxygen are related by eq 1.

3205
Leak , yleak i

e = §fio— =Ll 1
]1\1 ]01 \ 2805 7 (1)
The oxygen permeation flux Jo, (em® (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.

_ Cx, \F
Jor = (CO’ N 1.07)§ @)

Here, Cg, 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 cal-
lected in a /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
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 930 °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 30 vol %
oxygen-enriched air at 5 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
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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-permeatjon flux continuously decreases
from 6.6 to 2.8 cm” (STP) cm 2 min! (inset in Figure 2). At
750 °C, the oxygen-permeation flux decreases continuously with
time from 2.8 cm® (STP) cm™ 2 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 zm 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 ym 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-
tally 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 composition Ba, ,Sr.Co;_-
Fe).Oj_,a, 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 cbserved 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 show less 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., Srg5+,C00;_s (with x A 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, 3 signal,
which can be seen only very weakly in Figure 5a. The oxygen fine
structure of Ba; ,Sr.Co, ,Fe,05 4 (B) is published here for
the first time. Some interesting features are noted at the Co-L, 3
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
et al 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-L3 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 2l 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 5b) of higher oxidation states of cobalt
in the grain-boundary phases, as compared to BSCF, correlates
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Figure 4. TEM investigation near the core/permeate side showing a grain boundary region. (z) 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-L,; Co-Ly;, and
Ba-M, ; ionization edges; and (b) a close-up of the Co-L, 3 and Ba-M, ; 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 62 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 BSCF. 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 5 (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 Efimovetal,*
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 s+,Srg 5+,C00;_s (A) has
formed on the shell/feed side. Rebeilleau-Dassonneville et al.*®
and Efimov et al*' have observed the corresponding signals of

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 750 °C). For SEM micrographs, see Figure 8.

Bag 54810 54,C00; s (A) in XRD patterns and Efimov identified
the chemical composition of this phase by STEM-EDXS as Ba .-
Srg4C00;_ 5. 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,.Coy_,Fe,0;5_5 (B) is too small to be detected by XRD.
However, on the core/permeate side, in addition to besides Bag .,
Sro5:.C00;5_5 (A), Ba;_,Sr,Co,_,Fe,Os_s (B) is also dearly
seen as an additional phase. According to Efimov et al,® trigonal
Ba, .Sr,Co, Fe,O; 5 (B) can be indexed in space group R3m
and is structurally related to BaCo,40, -, which was reported by Sun
et al* Because of the structural similarity, Ba;—_,Sr.Coy—y-
Fe,05_s (B) is assumed to give an XRD pattern similar to that
of BaCo0;0;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 BaCo0100,5. 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 decompoasition 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 ym 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+.Srg s+,
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,O; ;5 (B) and hexagonal

¥
perovskite Bag 4,515+, Co0;_5 (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 (e) 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, Bags+.Srp5+,C003_s, and a trigonal mixed oxide
Ba, ,Sr,Co, ,Fe,05 . 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 (i.e., 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 (950 °C).
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Chapter 3

3. Preparation and characterization of alkaline-earth
metals-free CO,-stable dual phase membranes

3.1 Summary

As mentioned in Section 1.1 and section 1.3.2, in the real process conditions which can
include the presence of highly concentrated CO,, a dense oxygen separation membrane should
possess the following properties: (i) high oxygen permeation flux, (ii) structural stability within
appropriate ranges of temperature and oxygen partial pressure, (iii) sufficient mechanical strength
and chemical compatibility. Single phase perovskite membranes were hard to meet all the above
requirements. One technique to produce CO,-stable membranes is to develop alkaline-earth
metals-free dual phase membranes. However, many factors affect the properties of the dual phase
membranes, like the preparation method, the ratio of two phases or the sintering temperatures. In
this chapter, a series of alkaline-earth metals-free CO,-stable dual phase membranes (e.g.
NFO-CGO, FO-CGO and MCO-CPO) which are composed of a pure oxygen ionic conductor and
pure electronic conductor, were developed and studied. Special attention is paid to the CO,
stability. The effects of the preparation method, ratios of two phase and sintering temperatures on
the properties of the dual phase membranes were also demonstrated in detail.

In the first and second article, a novel CO,-stable 40NFO-60CGO dual phase membrane was
developed using three different preparation ways (i) Powder mixing in a mortar by hand, (ii)
Powder mixing by ball-milling and (iii) Direct one-pot EDTA-citric acid sol-gel synthesis. XRD
and TEM results showed that both phases were well separated and no interphase was detected.
The one-pot method gave the best homogeneous grain size distribution and the smallest mean
grain size, thus the 40NFO-60CGO membrane obtained with this method showed the highest
oxygen fluxes. At 1000 °C using He and CO; as sweep gases, the oxygen permeation fluxes
through the membrane prepared with the one-pot material were 0.31 and 0.27 ml/min-cm?,

respectively. The oxygen permeation fluxes through 40NFO-60CGO stabilized in steady state at
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0.31 ml/min-cm” for more than 100 h at 1000 °C and no decrease of the oxygen permeation flux
was observed, which confirmed that 40NFO-60CGO dual phase membranes are CO,-stable.

In the second article, direct one-pot single-step EDTA-citric acid sol-gel synthesis was used
to prepare the new CO,-stable oxygen-permeable FO-CGO dual phase membranes with the
composition y wt. % FO - (100 — x) wt. % CGO( y = 25, 40, 50). XRD results confirmed that all
the FO-CGO dual phase composed of FO and CGO phase, no other phase was formed. The
composition 40FO-60CGO displayed the highest oxygen permeability. The 40FO-60CGO dual
phase membrane was CO;-stable, which was proven by the in-situ XRD and long-term oxygen
permeation measurements in the presence of CO; in high concentration. The 40FO-60CGO dual
phase was sintered at 1300 °C, 1325 °C, and 1350 °C, respectively. It was found that a high
sintering temperature had a negative effect on the oxygen permeation flux for 40FO-60CGO dual
phase membranes.

In the third article, 40MCO-60CPO dual phase membrane was prepared via a one-pot
single-step glycine-nitrate combustion process (GNP). An oxygen permeation flux of 0.2
ml/min-cm” was obtained through the uncoated 40MCO-60CPO membrane with a thickness of
0.5 mm using pure CO; as sweep gas. No change of the oxygen permeation flux was observed for
more than 60 h when pure CO, was used as sweep gas, which indicates that 40MCO-60CPO dual

phase membranes are CO,-stable.
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3.2 CO,-stable and cobalt-free dual phase membrane for oxygen
separation

Huixia Luo, Konstantin Efimov, Heqing Jiang, Armin Feldhoff, Haihui Wang and Jiirgen

Caro

Angew. Chem. 2011, 723, 785; Angew. Chem. Int. Ed. 2011, 50, 759.
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CO,-Stable and Cobalt-Free Dual-Phase Membrane for Oxygen

Separation**

Huixia Luo, Konstantin Efimov, Heqing Jiang, Armin Feldhoff, Haihui Wang,* and Jiirgen Caro*

The increase in carbon dioxide emissions is considered to be
the main contribution to global warming. Therefore, there is
an urgent need to reduce the emissions of CO, into the
atmosphere. Recently, CO, capture and storage technologies
to reduce the CO, emissions from coal-fired power plants
have gained the attention of decision makers in governments,
industry, and academia. There are three major concepts for
CO, sequestration: post-combustion capture, pre-combustion
separation, and oxyfuel techniques."! MIECMs, which are
ceramic membranes with mixed oxygen ionic and electronic
oxygen conductivity, have gained increasing attention owing
to their potential applications in oxygen supply” to power
stations for CO, capture according to the oxyfuel concept.?
This concept involves burning natural gas with nitrogen-free
oxygen, thus allowing CO, to be sequestered after steam
condensation. Dense MIECMs are promising candidates for
this oxygen separation from air. However, when MIECMs are
used for this purpose, some of the CO; is recycled and used as
the sweep gas for the oxygen separation, simultaneously
lowering the temperature in the burner. Furthermore, CO,-
stable MIECMs could be promising for dry reforming and the
thermal decomposition of carbon dioxide in combination with
the partial oxidation of methane to syngas.!*!

Many complex oxides have been investigated as mem-
branes for oxygen separation and in membrane reactors.
However, there are two main problems for the proper
application of this kind of membrane. First, perovskite
membranes with cobalt doping usually show high permeabil-
ity but poor stability under harsh working conditions:*! by
avoiding cobalt, the stability of MIEC membrane materials
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can be enhanced.! Second. for numerous applications such as
the oxyfuel process or hydrocarbon partial oxidations, where
some CO, is formed as a byproduct of an undesired deeper
oxidation, the oxygen transporting membranes must sustain
their phase stability and oxygen transport properties. Usually,
the perovskite-type membranes contain alkaline earth metal
ions on the A site, such as barium and strontium, which tend
to react with CO, and form carbonates.” However, when
using perovskites as oxidation catalysts, the negative effect of
CO, as product molecule can be reduced if the reaction is
carried out in a microwave field.®? Also in the case of CO,
decomposition with a hydrocarbon as oxidant on the other
side of the MIECM, the negative influence of CO, can be
reduced. The aforementioned problems can be overcome by
using a cobalt-free and alkaline-earth-metal-free dual-phase
membrane, which is composed of two interpenetrating
percolated networks of an oxygen conductor (solid oxide
electrolyte) and an electron conductor (internally short-
circuiting electrode). In an extension of this concept, the dual
phases might also consist of MIECMs with deviating transfer
rates for oxygen and electrons.!'”!

The first dual-phase membranes were made of oxygen
conductors and noble metals: (Bi,0.),7.5r0,.-Ag"
Bi;sYp:Smg 05-Ag ™ BijsErgsO:-Ag!™ BijsY;.05-Ag
and YSZ-Pd."¥l However, the application of these materials
is limited owing to high materials costs, a mismatch of the
coefficient of thermal expansion (CTE) between the ceramic
and metallic phases, and poor oxygen permeabilities. In
another concept, perovskite- or fluorite-type oxides are used
instead of noble metals as electron conductors."*"® However,
these dual-phase membranes have a perovskite phase as
electron conductor in which the A site is often occupied by
alkaline earth metals, which can be easily eroded by forming
carbonates if CO, is present. Improved stability against
carbonate formation can be expected if both phases are made
from oxides, which contain only transition metals and/or
lanthanides. Both groups of elements are very tolerant against
carbonate formation as shown by thermodynamics as well as
by gravimetric considerations.!'*"!

Herein, we have prepared a novel alkaline-earth-free
CO,-stable and cobalt-free composite dual-phase membrane
containing 40 wt% NiFe,O, with a spinel structure and
60 wt % Cey5Gdy; 0, with a fluorite structure (abbreviated
as 4ONFO-60CGO). In the mixture of the two phases, NFO is
the electron conductor and CGO is the oxygen-ion conductor.
Phase structure and stability and also oxygen permeability
were investigated under different atmospheres at high
temperatures. Special attention is paid to the CO, stability.

The dual phase membrane was synthesized using powder
mixing and the one-pot method. X-ray diffraction (Figure 1)
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Figure 1. XRD pattern of 40NFO-60CGO membranes prepared by
different methods and sintered at 1350°C for 10 h in air. a) Mixing
NFO and CGO powders by hand; b) direct one-pot method; c) spent
one-pot membrane after the CO, stability test shown in Figure 6.

clearly confirmed that both 40NFO-60CGO membranes
consist of only the two phases NFO and CGO. The unit-cell
parameter of the pure phases NFO (0.83455 nm) and CGO
(0.54209 nm) are almost the same as in the 40NFO-60CGO
dual-phase material (NFO: 0.83350 nm, CGO: 0.54186 nm).
The phase composition was stable with time. As an example,
Figure 1¢ shows the XRD of the spent 4ONFO-60CGO
membrane after the long-term oxygen separation with CO, as
sweep gas (Figure 6).

Figure 2 shows the results of scanning electron microscopy
(SEM), back-scattered SEM (BSEM), and energy-dispersive
X-ray spectroscopy (EDXS) of both membranes. For the
membrane prepared by powder mixing (Figure 2a,c.e), the
grain size of CGO in these composite membranes is smaller
(2-4 pm) than that of NFO (3-7 um). BSEM in particular
(Figure 2¢) shows that there is clustering of grains of one and
the same type; that is, NFO-NFO and CGO-CGO aggrega-
tion. In comparison to powder mixing, the membrane
prepared by the direct one-pot method shows much smaller
grains and a higher homogenization of the NFO and CGO
phases (Figure 2b.d.f). The NFO and CGO grains could be
distinguished by BSEM and EDXS. The dark grains in BSEM
are NFO and the light grains are CGO, as the contribution of
the back-scattered electrons to the SEM signal intensity is
proportional to the atomic number. The same information is
provided by EDXS. The green color (dark in the black-and-
white version) is an overlap of the Fe and Ni signals, whereas
the yellow color (light) stems from an average of the Ce and
Gd signals.

Insitu XRD provides an effective and direct way to
characterize the high-temperature structure changes while
increasing and decreasing temperatures under certain gas
atmospheres. The insitu XRD patterns of the one-pot
40NFO-60CGO in air upon increasing and decreasing the
temperature from 30°C to 1000°C and back to 30°C
(Supporting Information, Figure S$1) indicate that the CGO
and NFO phases remain unchanged in the 40NFO-60CGO
dual-phase materials. During the oxygen supply for coal-
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Figure 2. Grain structure of the surface (top view) of the 40NFO-
60CGO composite membrane after sintering at 1350°C for 10 h and
prepared by different methods. Left line: powder mixing in a mortar by
hand (a,c.e); right line: direct one-pot method (b,d.f). a,b) SEM,

c,d) BSEM, e,f) EDXS.

based power stations, the membrane would be exposed to
CO,. Therefore, the high-temperature phase stability in a
CO;-containing atmosphere was studied by insitu XRD
(Supporting Information, Figure 82). The in situ XRD pat-
terns of 40NFO-60CGO dual-phase membranes between
room temperature and 1000°C in an atmosphere of 50 vol %
CO; and 50vol% N, (Supporting Information, Figure S2)
shows that the composite membrane retains its dual phases
over the entire temperature range. In an atmosphere of
50 vol % CO; and 50 vol % N,, no carbonate formation could
be detected. These results show that the composite membrane
40NFO-60CGO is stable in a CO; atmosphere. The time
dependence of the oxygen flux with pure CO; as sweep gas
also confirmed that the dual-phase membrane was CO,-stable
(Figure 6).

The scanning transmission electron microscope (STEM)
high-angle annular dark-field (HAADF) micrograph in Fig-
ure 3a and also the EDXS elemental distributions in Fig-
ure 3¢ reveal a clear phase separation of CGO and NFO in
the membrane. The grain size can be determined from these
figures to be in the range of 500 nm to I pm, which is in
accordance with the SEM findings. Similar to BSEM (Fig-
ure 2¢,d), in the STEM-HAADF micrograph the dark grains
are NFO and light grains are CGO (Figure 3a). The electron
energy-loss (EEL) spectra (Figure 3b) were taken from circa
150 nm circular areas in the volume of CGO (top) and NFO
grains (bottom). The fine-structure of the Oy ionization edge
ig characteristic to the respective oxide. No intermixing of
cations between the two phases can be observed (that is, CGO

Angew. Chem. Int. Ed. 20m, 50, 755-763
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Figure 3. a) STEM-HAADF micrograph of a dual-phase membrane
obtained by the direct one-pot method, showing CGO by bright
contrast and NFO by dark contrast. Very dark contrast corresponds to
holes in the as-prepared specimen. b) EEL spectra from the grain
volume of CGO and NFO giving clear indication of phase separation.
¢) EDXS elemental distributions of Ce, Gd, Ni, and Fe. Scale bars:

2 ym.

contains neither Fe nor Ni, and NFO contains neither Ce nor
Gd), which shows that a dual-phase membrane with well-
separated grains was obtained by the direct one-pot method.

Figure S3a in the Supporting Information shows a CGO-
CGO interface with the grain to the left being imaged along
[111]cgo zone axis and the grain to the right exhibiting
(111)can planes. Figure $3b in the Supporting Information
shows an NFO-NFO interface with both grains exhibiting
(202)xro lattice planes. In both cases of interfaces between
grains of the same kind, the grains are in intimate contact with
no interphase between them, which is obvious from the
HRTEM micrographs of Figure §3. This result was supported
by EDXS and EELS, which could not identify any Fe or Ni at
CGO-CGO interfaces and no Ce or Gd at NFO-NFO
interfaces.

Figure 4 displays a contact between grains of different
type (CGO and NFO). The grain at top is CGO imaged along
the [110]cgp zone axis, and the grain at bottom is NFO imaged
along [110]xro zone axis (see the selected-area electron
diffraction (SAED) pattern as insets in Figure 4a). Some
Moiré fringes are noted in the right part of Figure 4a, which
appear to be due to a slight inclination of the grain boundary
with respect to the electron beam and give rise to a circa | nm-
thick bright contrast feature along the whole grain boundary.
Figure 4b shows a close-up of the marked area in Figure 4a
and gives no indication of any interphases. Locally varying
phase contrast in Figure 4a and b can be attributed to changes

Angew. Chem. Int. Ed. 20m, 56, 759763
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Figure 4. HRTEM of a CGO-NFO contact in a dual-phase membrane
that was obtained from the direct one-pot method. a) Medium
magnification with SAED pattern as insets (CGO at top, NFO at
bottorn); b) close-up of the marked area in (a).

in the thickness of the as-prepared TEM specimen after ion
sputtering. Thus, it is concluded that all interfaces in the dual-
phase membrane, which was obtained from direct one-pot
method, exhibit well-separated grains in intimate contact.

Figure 5 shows the oxygen permeation fluxes of our dual
phase composite membranes prepared by the one-pot
method, and by mixing the powders by hand in a mortar,
using He and CO,, respectively, as sweep gases. For the
membrane prepared by one-pot synthesis, oxygen permeation
fluxes of 0.31 and 0.27 mLmin~'em™ are found at 1000°C
when pure He and CO; are used as sweep gases.

If the two powders NFO and CGO are mixed by hand in a
mortar, only 50% of the oxygen permeances of the one-pot
membrane are obtained (Figure 5). This experimental finding
clearly indicates that a homogeneous grain size distribution
and a small grain size are a condition for high oxygen fluxes,
as mentioned before by YangP'! who reported that the
uniformity of dual-phase membrane effects the oxygen
permeability. However, when pure CO, was taken as the
sweep gas, the oxygen permeation flux was only slightly
decreased (Figure 5), which demonstrates the high CO,
stability of the material. On the other hand, there is a slight
but remarkable reduction of the oxygen flux when CO,
instead of He is used as sweep gas. This experimental finding
can be explained by the inhibiting effect of carbon dioxide on
the oxygen surface exchange reaction: that is, the presence of
CO; decreases the rate of the oxygen release from the solid.
This assumption is in complete agreement with previous
findings,”” which state that the oxygen surface-exchange
reaction is not the same under different gas atmospheres.
From an Arrhenius plot of the oxygen permeation fluxes
when He and CO, were applied as sweep gases, the apparent
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Figure 5. Oxygen flux J,, of 40NFO-60CGO dual-phase membranes
prepared by different methods, and with a thickness of 0.5 mm, at
different temperatures and with CO, and He as sweep gases. The air
flow on the feed side was always F,, =150 mLmin~', the sweep flow

was always 30 mLmin™'. He sweep with F.,=29 mLmin™,

Fye=1 mLmin™": A =one-pot membrane, ¢ = powder mixing. CO,
sweep with Feo, =29 mLmin™, Fy,=1mLmin~": 4 =one-pot mem-
brane, ® =powder-mixing method.

activation energies E, = (128 +4) kJmol~! were found to be
the same for the two membrane preparations within exper-
imental error. Tong et al.®! reported that a single activation
energy is an important feature for a good stability of oxygen
permeation through a oxygen membrane. In our case, a single
activation energy was found in the range of 900-1000°C.

The effect of the sweep rate on the oxygen permeation
flux at temperature 1000°C is shown in Supporting Informa-
tion, Figure S4. Even when using CO, as the sweep gas. we
observe the usual behavior, namely that oxygen permeances
increase if the gradient of the oxygen partial pressure across
the membrane is increased: this increase can be achieved by
off-transporting the permeated oxygen as fast as possible,
which can be realized with an increased sweep flow.

Figure 6 shows the long-term behavior of oxygen perme-
ation flux through 40NFO-60CGO composite membrane at
1000°C. During this oxygen permeation test, an oxygen
permeation flux of about 0.30 mLmin~' em™ was obtained at
1000°C, and no decrease of the oxygen permeation flux was
found during the permeation test. After the oxygen perme-
ation test, the sample was characterized by XRD (Figure 1c).
The dual-phase structure was retained, which indicates that
40NFO-60CGO exhibits excellent structure stability under a
CO; atmosphere. The result is in agreement with the finding
of in situ high-temperature XRD, indicating that the mem-
brane is CO,-stable. It is not like BaysSrpsFepsZng.0. 4
(BSFZ) or Ba;sSr;:CoysFeq:0:_5 (BSCF) perovskite materi-
als, where carbonate was formed when CO; was the feed gas
and the oxygen flux decreased rapidly.”!

In conclusion. a novel COs,-stable and cobalt-free dual-
phase membrane of the composition 40wt% NiFe,O4—
60 wt% CeggGdy 0,5 (JONFO-60CGO) was synthesized
by a direct one-pot method, and for comparison by powder
mixing in a mortar. [n situ high-temperature X-ray diffraction
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Figure 6. Oxygen permeation flux J,, through the 40NFO-60CGO
composite membrane, prepared by the one-pot method, as a function

of time at 1000°C. Conditions: 29 mLmin~' CO, as sweep gas,
1 mLmin~' Ne as internal standard gas, 150 mLmin~' air as feed gas.

demonstrated that the two phases NFO and CGO were stable
upon repeated heating and cooling cycles between room
temperature and 1000°C in air and in an atmosphere with
50vol% CO, and 50vol% N, Energy-dispersive X-ray
spectroscopy and back-scattered electron microscopy
showed that the one-pot synthesis results in a dual-phase
membrane with smaller NFO or CGO grains of uniform size
distribution without homoaggregation of grains of the same
phase, in comparison with a dual-phase membrane prepared
by mixing the two powders. At 1000°C, oxygen permeation
fluxes of 0.31 and 0.27 mL min~'cm™ were obtained on the
membrane prepared with the one-pot material for the sweep
gases He and CO,, respectively. This value is comparable with
that of La;NiO,_; and of La;NiysFe, ;04,5 which are promis-
ing CO,-stable membrane materials.* In a 100h oxygen
permeation using CO, as the sweep gas, no decline of the
oxvgen permeation flux was found, thus indicating that our
dual phase membrane is CO;-stable.
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Experimental Section

Synthesis of powders and membrane: The 40NFO-60CGO powder was prepared via a one-pot
method.!"*! using appropriate amounts of Ni(NOs),, Fe(NO3)s, Ce(NO3); and Gd(NO3); dissolved
in water and mixed in a beaker. After stirring for certain time, equal molar amounts of citrate and
EDTA were added and the pH value was adjusted to ~ 9 by adding ammonia. The molar ratio of
EDTA acid : citric acid : total metal ions was 1:1.5:1. Then the solution was stirred while heating
at 150 °C, until the water was evaporated and a gel was formed. The gel was calcined in air at
600 °C in a furnace to remove the organic compounds by combustion, and a primary powder was
obtained. This powder was calcined at 1000 °C for 10 h. The powders were pressed to disk
membranes under a pressure of 10 MPa in a stainless steel module with a diameter of 16 mm.
The pure NFO and CGO phases have been prepared in the same way. The NFO and CGO
powders were mixed by hand in a mortar for 1.5 h and from the mixed powders a
40NFO-60CGO membrane has been prepared in the identical way as with the powder from the
one-pot synthesis. Green disks were pressure-less sintered at 1350 °C for 10 h. The densities of
the sintered membranes were determined by the Archimedes method using ethanol. Only those
membranes that had relative densities higher than 95 % were chosen for oxygen permeation
studies. The disks were polished with 1200 mesh sandpaper from both sides to achieve a 0.5 mm
membrane thickness. To improve the oxygen surface exchange rate on the air side, the

(1231 6n one side with a

membranes were coated with an LagSr94C00s.5 (LSC) porous layer
paste made of 40 wt. % LSC powder and 60 wt. % terpineol. The low CO, partial pressure in air
does not cause the strontium carbonate formation above 722 °C."! After coating, the membrane

with the LSC layer was calcined at 950 °C for 2 hours.

Characterization of membrane materials: The phase composition of the composite membrane
was determined by in-situ powder X-ray diffraction (XRD) between room temperature and 1000
°C using a PHILIPS-PW1710 (for stability tests in air) and a Bruker D8 (for stability tests in 50
vol.% CO,/50 vol.% N;). On the PHILIPS-PW1710, the sample was tested in a high temperature
cell with a heated Pt sample holder up to 1000 °C in air. The heating and cooling rates amounted
to 6 °C/min. At each temperature step, the temperature was held for 70 min to record a data set in

a continuous scan mode in the range of 20 ° - 80 ° with intervals of 0.05 °. On the Bruker D8, the
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heating and cooling rates amounted to 12 °C/min. At each temperature step, the temperature was
held for 30 min to record a data set in a continuous scan mode in the range of 20 ° - 80 ° with
intervals of 0.05 ° .The disc membranes were studied by scanning electron microscopy (SEM)
and back scattered SEM (BSEM) using a JEOL JSM-6700F. The element distribution was studied
on the same electron microscope by energy dispersive X-ray spectroscopy (EDXS) at 15 keV.
Specimen for transmission electron microscopy (TEM) was thinned mechanically followed by
argon ion beam sputtering.”®! Scanning TEM (STEM) in high-angle annular dark-field (HAADF)
mode, EDXS, electron energy-loss spectroscopy (EELS), selected area electron diffraction
(SAED), and high-resolution TEM (HRTEM) were conducted at 200 kV primary electron energy
in a JEOL JEM-2100F, which was equipped with appropriate spectrometers, detectors, and an

ultra-high resolution (UHR) pole-piece.”!

Oxygen permeation: The oxygen permeation was studied in a self-made high-temperature
oxygen permeation cell as shown in.!”! A gold paste was used to seal the disk onto a quartz tube at
950 °C for 5 hours. Air was the feed; He and CO, have been used as sweep gases (29 ml/min,
99.995 % + 1 ml Ne/min as the internal standard gas). A gas chromatograph (Agilent 6890) was
on line connected to the permeation apparatus. The leakage of oxygen was subtracted when the
oxygen permeation flux was calculated. The total flow rate of the effluents was calculated from

the change in the Ne concentrations before and after the permeator. The oxygen permeation flux

calculation was shown in detail in.!”*"!
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Figure S1. In-situ XRD patterns of the one-pot 40NFO-60CGO composite membrane under air
during increasing and decreasing temperature.
Heating and cooling rates = 6 °C/min, equilibration time at each temperature: 70 minutes for

recording the XRD at each temperature.
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Figure S2 In-situ XRD patterns of the one-pot 40NFO-60CGO composite membrane under 50

vol % CO; and 50 vol % N, for decreasing temperatures.

Heating and cooling rates = 12 °C/min, equilibration time at each temperature: 30 min for

recording the XRD.
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Figure S3. HRTEM of a dual phase membrane, which was obtained from direct one-pot

method. a) CGO-CGO interface; b) NFO-NFO interface.
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Figure S4. Effect of different CO, sweep rate on oxygen partial pressure and oxygen permeation

flux at 1000 °C.
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3.3 Influence of the preparation methods on the microstructure and
oxygen permeability of a CO,-stable dual phase membrane

Huixia Luo, Heqing Jiang, Konstantin Efimov, Haihui Wang and Jiirgen Caro

AIChE J. 2011, 57, 2738.
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Influence of the Preparation Methods on the
Microstructure and Oxygen Permeability of a
C0O,-Stable Dual Phase Membrane

Huixia Luo, Heqing Jiang, Konstantin Efimov, and Jirgen Caro
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Haihui Wang
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A CO;z-stable dual phase membrane of the composition 40 wt 9% NiFe;04-60 wt %
CeggGdy 102.5 (40NFO-60CGO) was synthesized in three different ways: mixing of the
starting powders (1) in a mortar and (2) in a ball-mill as well as by (3) direct in situ
one-pot  sol—gel powder synthesis. Backscattered scanning electron microscopy
revealed that the direct one-por synthesis of 4ONFO-60CGQ gives the smallest grains
in a homogeneous distribution, compared with powder homogenization in the mortar
or the ball-mill. The smaller is the grains, the higher is the oxygen permeability. The
permeation of the membrane can be improved by coating a porous LaggSrgsCoQ3z.5
(LSC) laver on the surface of the air side. The dual phase membrane of 40NFQ-
60CGO prepared by in situ synthesis shows a steady oxygen flux of 0.30 mli(min cm®)
over more than 100 h when pure CO, was used as sweep gas, which indicated that the
dual phases membrane is COs-resistant at least over this 5 days testing period. © 2010
American Institute of Chemical Engineers AIChE J, 57: 2738-2743, 2011
Keywords: homageneity, dual phase membrane, oxygen separation, COs-stable

Introduction air, some of the CO, is recycled and used as the sweep gas
for the oxygen separation, simultaneously lowering the tem-
perature in the burner.'*!”

A handicap of most of the perovskite materials for their
application in the oxy-fuel technology is their instability in
the presence of CO, because of the carbonate formation
because the perovskite type membranes usually conrtain alka-
line earth ions like Ba>™ or S©°* on the A-site, which tend
to react with CO, and form carbonates.'™'® An alternative is
the development of composite membranes of two separate
CO,-stable electron and oxygen-ion conducting phases. Up
to now, numerous dual phase materials have been developed
which can be divided into two major groups: (1) The first
generation of dual phase membranes were composites of
noble metal powders as electronic and a ceramic particles as
ionic conductors.”®** However, these composite membranes
© 2010 American Institute of Chemical Engineers are expensive, a mismatch of the thermal expansion

The increasing carbon dioxide emission, especially from
power generation industry, is considered as the main source
of global warming.' To minimize the impact of the CO,
emission on the climate change, great efforts are devoted to
recover and sequestrate CO,.>~ One potential route is the
oxy-fuel concept burning natural gas with nitrogen-free oxy-
gen, which allows to sequestrate the CO, after steam con-
densation. Dense mixed oxygen ionic-electronic conducting
ceramic membranes (MIECM), perovskites are promising
candidates for this oxygen separation from air.>~"* However,
when MIECMs are used for the separation of oxygen from

Correspondence concerning this article should be addressed to J. Caro at juergen.
caro@ per.uni-hannover.de {or) H. Wang al hhwang@secut.edu.cn.

2738 October 2011 Vol. 57, No. 10 AIChE Journal
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Figure 1. Flowchart for the preparation of dual phase membranes.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

coefficients (TEC) of the metallic and the ceramic phase
exists, and the oxygen permeabilities were found to be low.
(2) The second generation of dual phase membranes were
composites of two oxides, where one of the oxides acts as
electron conductor instead of the noble metal. > These
dual phase membranes of the second generation show higher
oxygen permeabilities, but they usually contain a perovskite
phase (ABOs;, A = alkalin earth metals or lanthanide ele-
ment, B = transition metal). The alkaline earth metals on
the A site easily form carbonates if CO, is present. This car-
bonate formation is found to be reversible but it immediately
stops the oxygen flux.'®'” These dual phase membranes also
suffer from a mechanical stress and can mechanically
decompose due to swelling by carbonate formation.

In this article, a novel earth alkaline metal-free CO,-stable
dual phase membrane has been developed. The NiFe,;0,
(NFO) and Ce¢Gdg 01.5 (CGO) powders have been mixed
in a mortar and a ball-mill, and the NFO-CGO dual phase
was also obtained directly in an in situ one-pot sol-gel syn-
thesis. The chemical composition of our dual phase mem-
brane is 40 wt % NiFe,04-60 wt % CeoGdy 0..5 (40NFO-
60CGO). In the mixture of the two phases, NFO is the elec-
tron conductor and CGO is the oxygen ion conductor. The
microstructure of the membranes will be correlated with the
oxygen permeability.

Experimental Section

The powders of CGO, NFO, and 40 wt % NiFe,04-60 wt
% CenoGdg 0s.; were synthesized by a combined citrate
Qctober 2011

AIChE Journal Vol. 57, No. 10

Published on behalf of the AIChE

and EDTA complexing method. After stirring the metal ni-
trate solutions for 20 min, calculated amounts of citrate and
EDTA were added and the pH value was adjusted to ~9 by
ammonia. The molar ratio of EDTA:citric acid:total metal
ions was 1:1.5:1. Then, the solutions were stirred when
heated to 150°C. until the water was evaporated and a gel
was formed. The gels were calcined in air at 600°C in a fur-
nace to remove the organic compounds by combustion, and
the primary powders were obtained. These powders were
calcined at 1000°C for 10 h.

The 40NFO-60CGO dual phase membranes were prepared
in three ways. Figure | shows the three methods applied in
this article for the dual phase preparation. (1) Powder mixing
in a mortar (membrane 40NFO-60CGO 01): The as-obtained
CGO and NFO powders were mixed with a weight ratio of
60:40. Then, the mixed powders were ground in an agate
mortar for 1.5 h. (2) Powder mixing by ball-milling (mem-
brane 40NFO-60CGO 02): The as-obtained CGO and NFO
powders were mixed in a weight ratio 60:40 by ball-milling
for 4 h. (3) Direct one-pot sol-gel synthesis (membrane
40NFO-60CGO 03): The powder mixture was obtained
in situ.

The powders of all three techniques were pressed to disk
membranes under a pressure of ~10 MPa in a stainless steel
module with a diameter of 16 mm. Then, they were sintered
at 1350°C in air for 10 h with heating and cooling rates of
2°C/min. The membranes were polished to 0.6 mm thickness
by using 1200 grit-sand paper (average particle diameter
15.3 pm), then the membranes were washed with ethanol.
To improve the oxygen surface exchange rate on the air

DOI 10.1002/aic 2739
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Figure 2. XRD patterns of 40NFO-60CGQO membranes
prepared by different methods.

Mixing of the NFO and CGO powder (1) in an agate mortar
and (2) by ball-milling. (3) Direct synthesis of the powder
in a one-pot synthesis. The theoretical Bragg position for
CGO (PDF 46-307) and NFO (PDF 10-323) are labeled
with the ticks at the bottom of the figure. [Color figure can
be viewed in the online issue, which is available at wileyon-
linelibrary.com.]

side, a LaggSrpsCo0s5.5 (LSC) porous Iayer%’27 was depos-

ited with a paste made of 40 wt % LSC powder and 60 wt
% terpineol. After coating the membrane with LSC, the
composite was calcined at 950°C for 2 h.

The phase structure of the dual phase membranes were
studied by X-ray diffraction (XRD, DB Advance, Bruker-
AXS, with Cu K« radiation) after grinding the membranes to
a size of 10-100 pm. Data sets were recorded in a step—scan
mode in the 20 range of 20-80° with intervals of 0.02°.
In situ XRD tests were conducted in a high-temperature cell
HTK-1200N (Anton-Paar) between room temperature and
1000°C. For tests in ambient air, heating and cooling rate
were set to 6°C/min. Before each data acquisition, an equili-
bration time of 70 min was used. Tests in the atmosphere
containing 50 vol % CO,/50 vol % N, were carried out with
heating and cooling rate of 12°C/min. At each temperature
step, the temperature was held for 30 min before diffraction
data collection. The surface and cross section morphology of
the membrane disks were studied by scanning electron mi-
croscopy (SEM) using the Jeol-JSM-6700F. Some micro-
graphs were taken in the back scattering mode (BSEM).

Oxygen permeation was studied in a self-made high-tem-
perature oxygen permeation cell, described in Ref. 28. A
gold paste (Heraeus) was used to seal the disk onto a quartz
tube at 930°C for 5 h. As feed a 50 vol % O/30 vol % N»
mixed gas was used; as sweep gases He and COs have been
used (29 ml/min, 99.995% + 1 ml Ne/min as an internal
standard gas). A gas chromatograph (GC, Agilent 6890) was
connected to the effluents of the sweep side. The GC was
frequently calibrated using standard gases to ensure the reli-
ability of the experimental data. The leakage is caused by
the imperfect sealing at high temperature, which can be
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determined by the detecting N5 by GC. In no case, the leak-
age stream is larger than 5% of the oxygen flux through the
membrane. Assuming that leakage of nitrogen and oxygen is
in accordance with Knudsen diffusion, the fluxes of leaked
Ns and O, are related by

/32079
Leak | gleak / o
RS Ist =\ g X g =402

The oxygen permeation flux was then calculated as
follows:
Cn,

Jo,[ml/(min em?)] = (Co2 = m) X g

where Cg_ and Cy, are the oxygen and nitrogen concentrations,
respectively, calculated from GC calibration, F is the total
flow rate of the outlet on the sweep side, which was measured
by the change of Ne concentration before and after permeator.

The total flow rate of the effluents was calculated from
the change in the Ne concentrations before and after the
permeator.

Results and Discussion
Characteristics of the dual phase materials

Figure 2 shows the XRD patterns of the 40NFO-60CGO
membranes prepared by three different methods, by powder
mixing (1) in a mortar and (2) in a ball-milling as well as
(3) the direct synthesis of the mixed powders by a one-pot
method. All the composite membranes consist of only the
two phases, NFO and CGO, and no other crystalline phases
have been formed. From the similarity of the lattice parame-
ters of the NFO and CGO phases as shown in Table 1, a
good phase compatibility in the mixed material can be
expected.

The influence of the different preparation methods on the
microstructure of 40NFO-60CGO dual phase membranes is
shown in Figure 3. When comparing the SEM and BSEM
pictures, we can see clear differences of the size and uni-
formity of the NFO and CGO grains as well as of their ho-
mogeneous distribution of the three membranes under study.
Membrane 40NFO-60CGO 03 made by in situ direct sol—gel
synthesis has the smallest grain size (0.2-1.5 um) but—as
shown later—the highest oxygen permeation flux. On the
contrary, 40NFO-60CGO 01 made by powder mixing in a
mortar has the largest grains and lowest oxygen permeation
flux. Furthermore, in this membrane, the NFO grains are big-
ger (3—7 um) than the CGO grains (2-4 um). Grain size of
40NFO-60CGO 02 made by ball-milling is in the range 0.4—
2 um, which is between the grain sizes of 40NFO-60CGO

Table 1. Lattice Parameters of NFO and CGO as Pure
Phases and in the 40NFO-60CG0 Dual Phase Membranes
Prepared by Different Methods

40NFO-
40NFO- 60CGO 40NFO-60CGO
Pure 60CGO 02 Ball- 03 One-Pot
Phase Phase 01 Mortar Milling Method
NFO (A) 8.3455 8.3641 8.3195 8.3596
CGO (A) 5.4209 5.4400 5.4106 5.4326
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Figure 3. SEM (left column) and BSEM (right column) of the surface grain structure of the membranes 40NFO-
60CGO 01, 02, and 03, prepared by powder mixing in a mortar (a and b), ball-milling (¢ and d), and one-

pot method (e and f), respectively.

01 and 40NFO-60CGO 03, and consequently, the oxygen
permeation flux is in between.

Structure stability and thermal expansion coefficient of
the dual phase materials 4ONFO-60CGO

In situ XRD provides an effective and direct way to
characterize the high-temperature structure changes during
increasing and decreasing temperatures under certain gas
atmospheres. Figures 4 and 5 show the XRD patterns of the
NFO and CGO powders in air for increasing and decreasing
temperatures between 30°C and 1000°C indicating that the
phases CGO and NFO remain unchanged.

October 2011

AIChE Journal Vol. 57, No. 10

Published on behalf of the AIChE

Figure 6 shows the lattice constants of NFO and CGO at
various temperatures determined from the in situ XRD data in
air. As expected, the lattice constants depend linearly on tem-
peratures for both NFO and CGO with increasing and decreas-
ing IemPeralures. The TEC was calculated following the defi-

- d{Aajas) o, - 3 ; n
nition =— (a is the lattice constant and a is the lattice con-
stant at room temperature). The values of the TEC of NFO and
CGO calculated from the data of Figure 6 for the range of 30—
1000°C. The TEC of NFO (4.36 = 0.3 x 107> K™') is higher
than that of CGO (1.81 = 0.1 x 1077 K™"). However, when
the membrane was sintered, because of the different TECs of
the two phases, the heating and cooling rate should not be
faster than 2°C/min to avoid cracking of the membranes.
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Figure 4. In situ XRD patterns of CGO under air during
increasing and decreasing temperatures.
Heating and cooling rates = 6°C/min, equilibration time at
each temperature: 70 min for recording the XRD. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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For a potential application of MIECM membranes in the
oxy-fuel technology. the membranes must be stable in a car-
bon dioxide atmosphere. Therefore, the high-temperature
phase stability of 40NFO-60CGO 03 in the CO, containing
atmosphere of 50 vol % CO,/50 vol % air has been studied
by in situ XRD, as shown in Figure 7. The two phases NFO
and CGO remained unchanged, no carbonates were found.

Influence of grain size on the oxygen permeability of
dual phase membrane

Figure 8 shows the oxygen permeation of the three
40NFO-60CGO membranes under study at 950°C. It can be
found that the oxygen permeation fluxes of membrane
40NFO-60CGO 0l decreases with increasing permeation
time at the initial stage. After around 1200 min, the permea-
tion oxygen fluxes of 40NFO-60CGO 01 reach a steady
state. However, the oxygen permeation fluxes through both
membrane 40NFO-60CGO 02 and membrane 40NFO-
60CGO 03 increase with permeation time at the initial stage
and then they reach a steady state. The steady-state oxygen
permeances of our 40NFO-60CGO membranes are 01 < (2
< 03, which correlate clearly with the size of the NFO and
CGO grains in the mixed matrix. A similar decline of oxy-
gen permeation flux through the dual-phase composite mem-
branes with time has been reported in a previous paper. i
However, the detailed reason for this time-dependent behav-
ior is not clear.? It follows from Figure 8 that the steady
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Figure 5. In situ XRD patterns of NFO under air during
increasing and decreasing temperatures.
Heating and cooling rates = 6°C/min, equilibration time at
each temperature: 70 min for recording the XRD. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

oxygen permeation flux through 40NFO-60CGO 03 is the
highest among the three type of membranes. According to
the previous studies, ™% the oxygen permeation flux is
determined not only by the conductivities of both phases but
also by the grain sizes as well as grain size distribution,
which can be described by the percolation theory. BSEM
results (cf. Figure 3) revealed that the direct one-pot synthe-
sis of 40NFO-60CGO 03 gives the smallest grains in a
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Figure 6. Temperature dependence of the lattice con-
stants for NFO (B increasing temperature, ¢
decreasing temperature) and CGO (A increas-
ing temperature, %7 decreasing temperature).
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Figure 7. In situ XRD patterns of the one-pot 40NFO-

60CGO 03 powder under 50% CO0./50% air at
different temperatures.
Heating rates = 12°C/min, equilibration time at each temper-
ature: 30 min for recording the XRD. [Color figure can be
viewed in the online issue, which is available at wileyonline
library.com.]

homogeneous distribution, so a highest of oxygen permea-
tion flux was obtained compared with powder homogeniza-
tion in the mortar or the ball-mill.

Figure 9 shows the oxygen permeability of the three
40NFO-60CGO dual phase membranes as a function of tem-
perature. The data were obtained after the permeation having
reached steady state. In agreement with the results shown in
Figure 8, in the temperature window between 900°C and
1000°C, the dual phase membrane 03 prepared by the direct
in siru sol-gel method with the smallest grains shows the
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Figure 8. Oxygen permeation flux through 40NFO-
B60CGO composite membranes without coat-
ing as a function of time at 950°C.

Feed: 150 ml/min 50 vol % O; with 50 vol % Nj. Sweep:
29 ml/min He + 1 ml/min Ne as internal standard gas,
thickness of membranes = 0.6 mm. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 9. Temperature dependence of the oxygen per-
meation fluxes through 40NFO-60CGO mem-
branes prepared by different methods with-
out coating.

Feed: 150 ml/min 50 vol % Oz with 50 vol % N;. Sweep: 29
ml/min He + | ml/min Ne as internal standard gas. Thick-
ness of membranes = 0.6 mm. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.
com.]

highest oxygen permeation fluxes followed by the membrane
02 made by ball-milling with medium grain size and finally
by the membrane 01 with the highest grain size made by
powder mixing. The Arrhenius plots of the oxygen permea-
tion fluxes through composite membranes (Figure 10) show
that the permeation activation energy of membrane 03 E, =
67.48 kl/mol is the smallest of the three membranes,
whereas the E, of membranes 02 and 03 are ~112.0 and
~107.9 kJ/mol, respectively. Similar results were reported in
75 wt % Ceg_ngg_goLg—ZS wt % Gdo_gSl’o_gFBO3_5 (GDC—
GSF) dual phase membranes.”’

-6.6
W AUNFO-60CGO-03 Ea = 7648 kl/mol
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Figure 10. Arrhenius plots of the oxygen permeation
fluxes through 40NFO-60CGO dual phase
membranes (for the experimental conditions
see Figure 9).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 11. Oxygen permeation flux of the 40NFO-
60CGO 03 composite membrane with LSC
coating as a function of time at 1000°C,
membrane thickness = 0.6 mm.

Feed: 150 ml/min synthetic air with 20 vol % O,. Sweep:
29 ml/min He + 1 ml/min Ne as an internal standard gas.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

COs-stability of 40NFO-60CGO (03 membrane

Because membrane 40NFO-60CGO 03 made by the direct
in situ sol-gel synthesis showed the highest oxygen permeation
flux, we selected this membrane for CO- stability tests and for
further surface modification. To improve the oxygen surface
exchange rate on the air side, the 40NFO-60CGO 03 membrane
was coated with LapgSrp4Co0s.5 (LSC) porous layer on one
side using a paste made of 40 wt % LSC powder and 60 wt %
terpineol. The low COs partial pressure in natural air will not
cause a strontium carbonate formation above 722°C.>' In our
experiments, however, synthetic air was used. After coating
with the LSC layer, the membrane 40NFO-60CGO 03 was cal-
cined at 950°C for 2 h in air to burn the organics.

Figure 11 shows the dependence of the oxygen permeation
flux of the 40NFO-60CGO 03 composite membrane as a
function on time at 1000°C with pure He or CO, as sweep
gases. From Figure 11, we can find that the LSC coated mem-
brane 03 reaches steady-state oxygen permeation like the
uncoated membrane (3 after a relative short time in compari-
son with the uncoated membranes 01 and 02 (cf. Figure §).
There is almost no difference between using He or CO; as
sweep gases, which indicates that the membrane 40NFO-
60CGO 03 membrane is really CO, tolerant. Furthermore, the
membrane was operated for 100 h in the oxygen separation
with pure CO» as the sweep gas which again indicates that the
material composition 40NFO-60CGO was found to be CO,-
stable—at least for our 5 days of testing which is a relative
short time scale from an industrial point of view. However,
the oxygen permeation flux is found to be slightly lower when
COs is used as sweep gas in comparison with He. This differ-
ence can be explained by the inhibiting effect of carbon diox-
ide on the oxygen surface exchange reaction, i.e., the presence
of CO; reduces the rate of the oxygen release from the solid.
This assumption is in complete agreement with previous

2744 DOI 10.1002/aic
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CO, containing atmospheres showed that the NFO and CGO
phases in 40NFO-60CGO 03 remained unchanged, and no
carbonate was formed. In long-time permeation studies with
CO, as sweep gas, we also found that the dual phase mem-
brane 40NFO-60CGO 03 was CO- stable and an average oxy-
gen flux of 0.30 ml/(min cm?) was obtained at 1000°C for a
0.5-mm-thick membrane. This value is comparable with them
of La,NiQ, 5 as well as La,Nig gFeq ;0.4 5. which are promis-
ing CO,-stable membrane materials.
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ABSTRACT: CO,-stable oxygen-permeable Fe;O3 (FO) - CepgGdy10s.5 (CGO) dual phase composite membranes of the
composition  wt % FO - (100 — y) wt % CGO with = 25, 40, 50 were successfully prepared via a one-pot single-step method.
X-ray diffraction (XRD) demonstrated that all FO - CGO composite membranes after sintering at 1300 °C for 5 h represent a
microscale mixture of only the two pure phases FO and CGO. Scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDXS), and oxygen permeation revealed that the microstructure of the composition of the ¥ FO - (100 — ) CGO
dual phase membranes has a great influence on the oxygen permeability including its time-dependence. It was found that the
composition of 40FO - 60CGO displays the highest oxygen permeability. An oxygen permeation flux of 0.18 mL/min - cm® was
obtained through the uncoated 40FO - 60CGO membrane with a thickness of 0.5 mm under an air/He oxygen gradient at 1000 °C.
In situ XRD demonstrates that the 40FO - 60CGO material possesses a good phase stability not only in an atmosphere of 50 vol %
C0O,/50vol % Ar but also in other atmospheres with a low oxygen partial pressure like reduced pressure (vacuum) and 5 vol % H,/
95 vol % He. After coating the 40FO - 60CGO dual phase membrane with a porous Lag 4510 4CoO3.5 (LSC) layer of a few um
thicknesses on the air side, the oxygen permeation flux reaches the steady state immediately. This steady oxygen permeation flux of
the LSC coated membrane was found to be 0.20 mL/min - cm> unchanged for more than 150 h even when pure CO, was used as the

sweep gas, which indicates that the coated 40FO - 60CGO dual phase membrane is CO, stable.

1. INTRODUCTION

In recent years, owing to theu' potential applications in
separation of GJ?gen from air, partial oxidation of methane
to synthesis gas, 2 hydrogen production by water sghttmg,
and as cathode in solid oxide fuel cells (SOFCs),™ oxygen-
permeable dense ceramic membranes with mixed ionic-electro-
nic conductivity (MIEC) have been intensively investigated. At
high temperatures, MIEC membranes with high oxygen perme-
ability and infinite selectivity provide a promising way to supply
pure oxygen to power plants with CO; capture following the oxy-
fuel com:ept.“_13 It is accepted that oxygen-permeable mem-
branes can be operated in a vacuum driven (3-end operation) and

stability under low oxygen partial pressures or CO, atmospheres
is highly desired.

Recently, a novel alkaline earth metal-free, noble metal-free
dual phase membrane 40 wt % NiFe,0, (NFO) - 60 wt %
CepsGdy 10,5 (CGO) with CO,- Stablllt) has been developed
in our group for oxygen separation. 2425 This membrane was
steadily operated for more than 150 h under an air/CO, oxygen
partial pressure gradient. However, it is found that 40NFO - 60CGO
composite membranes were not stable under low oxygen partial
pressure. Kharton et al. 2627 and Ishihara et al?*% recently reported
that Fe-doped LaSr(GaQ; was more stable than Ni-doped LaSrGaO;
in a reducing atmosphere. On the other hand, it is well-known that

in a sweep gas driven oxy-fuel process (4-end operarfi-:n'l).14

So far, the most studied oxygen-permeable materials are single-
phase perovskite-type materials since these materials possess a 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. 156
Dual phase membranes which consist of an oxygen ionic conducting
(OIC) phase and an electronic conducting (EC) phase in a
microscale phase mixture are considered to be promising substitutes
for the single phase MIEC materials. In addition to good phase
stability in CO, and reducing atmospheres, their chemical composi-
tions can be tailored according to practical requ.i:femen‘cs.17 How-
ever, due to the use of noble metals as electronic conductor'® %"
and reactions between OIC and EC phases forming mixed oxides at
high operation temperatu:e,“fu most of these composite mem-
branes are too expensive or unstable. Therefore, the development of
new oxygen-permeable membranes with high chemical/phase

w ACS PUb“CBtiOnS T 2011 American Chemical Society

iron is one of most abundant elements on earth, which is cheaper
than Ni and benefits from a wide industrial application. Moreover,
the solu!:ull% of Fe in CGO has been reported to be as low as
0.5 atom %.” It can be expected, therefore, that the low solubility of
Fe in CGO would promote Fe oxide segregation as a separate phase
in the composite system. Therefore, based on our previous studies,”**
it should be possible to design a new dual phase oxygen-perme-
able material replacing Ni by Fe. It is expected that this oxygen
transporting material will exhibit both adequate CO, stability
and sufficient chemical/phase stability at low oxygen partial
pressure for a practical application in the oxy-fuel process.
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Figure 1. Equipment schematic for oxygen permeation.

Herein, we report the preparation and evaluation of a series of
dual phase composite membranes of the compositicns y wt % FO -
(100 - ¥) wt % CGO, with FO as the electron conductor and CGO
as the oxygen ion conducting phase. The influences of the FO:
CGO ratio and of the sintering temperature on the oxygen
permeability are investigated. Phase structure and stability as well
as oxygen permeability are studied for different sweep gas atmo-
spheres on the permeate side. Special attention is paid to the CO,
stability and the chemical/phase stability of FO and CGO,
especially in low oxygen partial pressure atmospheres. Phase
stability means that no changes of the two coexisting crystal-
lographic phases FO and CGO in their microscale mixture could
be observed by X-ray diffraction. Chemical stability means that no
changes of the chemical composition of the dual phase material
have been detected by energy-dispersive X-ray spectroscopy.

2. EXPERIMENT

2.1. Preparation of Powders and Membranes. The y wt %
FO-(100-x wt%) CGO (y =285, 40, and 50, and denoted 25FO -
75CGO, 40FO - 60CGO, and 50FO - 50CGO, respectively)
composite powders were synthesized via a one-pot single-ste
method. This preparation technique is described elsewhere*"
The composite powders obtained after heat treatment for 10 h at
950 °C were pressed to disk-shaped membranes under a pressure
of 10 MPa in a stainless steel module with a diameter of 18 mm.
The green disks were sintered at 1300 °C, 1325 °C, and 1350 °C
for 5 h in air, respectively. All the membranes used for oxygen
permeation tests had relative densities of more than 95% of the
theoretical density. All types of disks were carefully polished with
1200 mesh sandpaper from both sides to achieve a 0.5 mm
membrane thickness. Before oxygen permeation, both surfaces
of the polished disks were cleaned with ethanol. To improve the
oxygen surface exchange rate on the air side, the 40FO - 60CGO
membrane was coated with a LagsSrp4CoO3z.5 (LSC) porous
layer, which is known to show a good oxygen reducing activity
when it acts as cathode materials for SOFC.*! After coating with
the LSC layer, the membrane was calcined again at 950 °C for 2 h.
The disk membranes were sealed onto a quartz tube with a gold
paste (Heareus, Germany) as described previously.** From the
presence of small amounts of nitrogen in the permeated gas, it
follows that this sealing was imperfect. If the oxygen flux which
goes through imperfections was higher than 5% of the total oxygen

13509

flux, the process of gold sealing had to be repeated several times
(see 2.3 Oxygen Permeation Performance).

2.2. Membrane Characterization. X-ray diffraction (XRD,
D8 Advance, Bruker-AXS, with Cu Ka radiation) was used to
determine the phase structure. Data sets were recorded in a step-
scan mode in the 26 range of 20°—80° with intervals of 0.02°.
Structural data for FO and CGO phases were taken from ICDD
PDF 2009 database: «-Fe,O5: [00-003-0800], and CegqG-
do.101 g5 [01-075-0161]. In situ XRD was conducted in a high-
temperature cell HTK-1200N (Anton - Paar) from room tem-
perature to 1000 “C. The in situ XRD tests in a 50 vol % CO,/50
vol % Ar atmosphere and at reduced pressure (vacuum, 10~ ® bar)
were performed with a heating rate of 12 °C/min. At each
temperature step, samples of the crushed membranes were held
for 30 min for thermal and chemical equilibration before the
diffraction data collection. For phase stability studies, the mem-
branes sintered at 1300 °C for 5 h in air were crushed into small
particles in the 40—60 mesh range and then exposed to a 5 vol %
H,/95 vol % He mixed gas at 900 °C for 2 and 4 h, respectively.
The morphology of the membranes was investigated by scanning
electron microscopy (SEM) using the Jeol-JSM-6700F operating
at 15 keV. The element distribution of the membranes was
studied on the same electron microscope by energy dispersive
X-ray spectroscopy (EDXS) with Oxford Instruments INCA-300
EDX spectrometer at 135 keV.

2.3. Oxygen Permeation Performances of Membranes.
Oxygen permeation was studied in a home-made high-tempera-
ture oxygen permeation cell, described elsewhere.”> The disk
membranes were sealed as described onto a quartz tube at 950 °C
for 5 h with a gold paste (Heraeus, Germany), the side wall of the
membrane disk was also covered with the good paste to avoid a
radial contribution to the oxygen permeation flux, as shown in
Figure 1. The effective areas of the membranes for oxygen
permeation were 0.785 cm® The inlet gas flow rates were
controlled by gas mass flow controllers (Bronkhorst), and the
flow rates were regularly calibrated by using a bubble flow meter.
Synthetic air (20% O, and 80% N,) with a flow rate of 150 mL/
min was used as feed gas. He or CO, was used (29 mL/min) as
sweep gas to remove the permeated oxygen. One milliliter of Ne/
min was added to the He or CO, as an internal standard gas for
gas chromatography to calculate the total flow rate at the outlet of
the sweep side. The effluents were analyzed by an online gas
chromatograph (GC, Agilent 7890A). The GC was frequently
calibrated using standard gases in order to ensure the reliability of
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Figure 2. XRD patterns of FO - CGO dual phase membranes of
different compositions after sintering at 1300 °C for 5 h in air.

the experimental data. As stated in 2.1, the leakage caused by an
imperfect sealing can be determined by detecting N, in the
permeated O, by GC. Here, we assume that leakage of nitrogen
and oxygen is in accordance with Knudsen diffusion. The leakage
of oxygen was subtracted from the oxygen permeation flux (the
oxygen leakage through imperfections of the gold sealing and/or
through pinholes or microcracks of the membrane never exceeded
5% of the oxygen that regularly permeated through the mem-
brane). The total flow rate of the effluents was calculated based on
the change in the Ne concentrations before and after the permea-
tor. The oxygen permeation flux calculation was shown in detail
elsewhere.”” However, in the case of dual phase membranes the
oxygen flux could be influenced by an additional electronic
conductivity originating from the metal sealing as discussed in
ref 33 for EMF measurements. We could experimentally exclude
this possible error by using a glass sealing without any electron or
oxygen ion conductivity instead of gold, as described in ref 34 for
the gastight attachment of the disk membrane to the quartz tube.
No difference in the oxygen permeation flux between metal (gold)
and glass sealings could be found.

3. RESULTS AND DISCUSSIONS

3.1, Characterizations of the FO - CGO Dual Phase Materi-
als. Figure 2 presents the XRD patterns of the ¥ FO - (100 - ¥)
CGO dual phase composite membranes after sintering at
1300 °C for 5 h before its use in oxygen separation. All three
membranes under study (25FO - 75CGO, 40FO - 60CGO, and
S0FO - 50CGO) consist of only the two phases FO and CGO,
indicating that the coexistence of the phases FO and CGO is
stable. The exact compositions of the FO and CGO phases
present are most probably near to the stoichiometric ones, since
there is only a tiny solubility of CeO, and GdO, in FO and of
Fe, 0, in CGO.*" It has been reported by Jivaganont et al.> that
the solubility limit of Fe,O; into CeyGdy ;0 o is less than 0.5
atom %. If the Fe content is >0.5 atom %, a new Gd—Fe—=0
phase will be formed.*® However, in our case, this GdFeO; phase
has not been observed from the XRD (limit of detection in this
case about 5%). From the absence of foreign phase signals
different from FO and CGO, it is concluded that the dual phase

Figure 3. SEM (left line, a, ¢, e) and EDXS (right line, b, d, f)
micrographs of the surface of 25FO - 75CGO (a, b), 40FO - 60CGO
(¢, d), and 50FO - S0CGO (e, f) dual phase membranes after sintering
at 1300 °C for 5 h. In SEM, the dark grains represent the FO grains,
the light ones represent the CGO grains, since the contribution of
the secondary electrons to the SEM signal intensity is proportional to the
ionization potential (first ionization potential Ce << Fe). In EDXS, the
green grains represent FO grains (Fe 3p — 2sline ), and the yellow grains
represent CGO grains (averaged and calibrated signals of Ce 4s — 3p
and Gd 5p — 3s).

membranes ¥ FO - (100 — y) CGO could be successfully
synthesized via the one-pot single-step method.

Figure 3 shows the SEM and EDXS of the ¥ FO - (100 — y)
CGO dual phase membranes after sintering at 1300 °C for 3 hin
air. No cracks or pin holes are visible, and it is seen that all three
membranes consist of only well separated FO and CGO grains.
Kharton et al?! reported that a sintering temperature of up to
1600 “C was necessary to obtain a dense CGO membrane. Since
the addition of transition metal oxides can decrease the sintering
temperature of Gd-doped ceria, we could obtain dense ¥ FO -
(100 — ¥) CGO dual phase membranes after sintering at only
1300 °C because of FO acting as a sintering agent. Comparing
the SEM and EDXS pictures in Figure 3, we can see that the
chemical composition, i.e. the FO:CGO ratio, has only little effect
on the grain sizes, but it remarkably influences the distribution of the
two phases. It is known that the grain size influences the oxygen
permeation flux through MIEC membranes>** In two previous
papers,m‘25 we have shown the influence of the grain size on the
oxygen permeation flux by applying different preparation techniques
for dual phase membranes: (i) sintering of a powder mixed in 2
mortar by hand, (ii) sintering of a ball-milled mixed powder, and
(iii) sintering of an single-step one-pot directly synthesized powder
mixture. The direct single-step one-pot sol—gel synthesis gave the
smallest grain size with the highest oxygen flux. Therefore, we
applied the latter technique for the powder synthesis also in this
paper. Further, there are slight differences in the grain size of the FO
- CGO dual phase membranes of this paper as function of the FO -
CGO ratio (see Figure 3). In all cases, the CGO grains are larger
than the FO grains. From the analysis of 50 grains, we obtain the
following mean grain size areas: 25FO (0.047 um®) - 75CGO
(0.085 um?), 40FO (0.064 um?) - 60CGO (0.093 wm?), and

13510 dx.doi.org/10.1021/1e2005171 |ind. Eng. Chem. Res. 2011, 50, 13508-13517
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S0FO (0.079 ym®) - S0CGO (0.087 pm®). The remarkable effects
of the sintering temperatures on the grain sizes and the oxygen
permeabilities, will be discussed in detail in section 3.3 Influence of
the Sintering Temperatures on Oxygen Permeability.

For the 25FO - 75CGO (Figure 3a and b), the FO phase is finely
distributed as isolated islands in the CGO phase, whereas the CGO
phase forms a well interpenetrating continuous network. For 40FO -
60CGO (Figure 3c, d) and 50FO - S0CGO (Figure 3e, f), both
phases form a continuous interpenetrating network. This optical
impression can be correlated with the results of oxygen permeation
which show that the FO content in the dual phase membrane FO -
CGO should be 25 < FO < 50 (see Figures 4 and 9). If the FO
content is lower 25 wt %, the electronic conductor FO forms
isolated islands, which lead to a low oxygen permeation flux due to
the lack of electronic conductivity. An FO content >50 wt % FO also
reduces the oxygen permeability since in this case oxygen permea-
tion is limited by the oxygen ion conductivity rather than by the
electron conductivity (see Figures 4 and 9). On the other hand, M.
Mogensen et al*® and B. M. Warnes et al.*® have examined the
conductivity of CGO and FO. The oxygen ionic conductivity of
CGOwasfoundtobe 0.259 S -cm ™! and the electronic conductivity
of Fe; O3 was 0.398 S- cm™ ! at 975 °C. Therefore, 40FO - 60CGO
has an oxygen ionic conductivity of 0.155 S-cm ! and electronic
conductivity of 0.159 § cem™ L Only if the electronic conductivity is
equal to the oxygen ionic conductivity, a dual phase membrane
shows its maximum oxygen permeation flux. Therefore, in our case,
the optimum oxygen permeation flux can be expected near to the
chemical composition 40FO - 60CGO (see Figure 9).

3.2. Influence of the FO:CGO Ratio on Oxygen Perme-
ability. The y FO - (100 — y) CGO dual phase membranes show

0.24
-0~ 25F0 - 75CGO
0= 40F 0 - 60CGO
0204 £ 50F0 - 50CGO
e Ay O—CEEDO—OCAN0-CO000
5 o6l O
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Figure 4. Time dependence of oxygen permeation fluxes at 1000 °C for
FO - CGO composite membranes after sintering at 1300 °C for 3 h with
He as sweep gas. Conditions: 150 mL/min air as feed gas, 29 mL/min
He as sweep gas; 1 mL/min Ne as internal standard gas. Membrane
thickness: 0.5 mm.

different oxygen permeation fluxes. Surprisingly, it takes different
times for the oxygen permeation flux to reach a steady state
{Figure 4). With increasing iron content, the initialization time of
the oxygen permeation flux before steady state increases: For 25,
40, and 50 wt % FO in CGO, the initialization times are 10, 150,
and 200 h, respectively. Obviously, the FO:CGO ratio controls
the oxygen permeability in steady state as well as influences the
initiation period. In gl:ev'ious investigations of NFO - CGO dual
phase membrane5,24’ ~ we also found that the oxygen permeation
fluxes increased with time in the initial stage, before they reached
a steady state. A similar time-dependent behavior could be found
for dual phase membranes made of fluorite /perovskite oxides or
perovskite/perovskite oxides as reported by Yang et al.***' The
initiation period of the 23 wt % GdpSrosFeO3.5 (GSF) - 75 wt %
CepsGdy,0;5 (CGO) membrane was about 50 h for 40 wt %
GSF - 60 wt % CGO membrane the initiation period has risen to
even 600 h. Wang et al.*” observed that the oxygen permeation
flux of 92.8 vol % Lag 5S1q5:GagzFeq;05.5 - 7.2 vol % Bag -
SrosFeq2Co00503.5 (LSGE - BSCF) dual phase membrane

Figure 6. Cross sections of the fresh and spent FO - CGO dual phase
membranes after sintering at 1300 °C for § h. 40FO - 60CGO: (a,c)
fresh membrane, (b,d) sweep side of the spent membrane. S0FO -
50CGO: (e,g) fresh membrane, (fh) sweep side of the spent membrane.
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Figure 5. Madel for the membrane activation during initialization time.
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Figure 7. Temperature dependence of oxygen permeation fluxes for
FO - CGO composite membranes after sintering at 1300 °C for 5 h with
He as sweep gas. Conditions: 150 mL/min air as feed gas, 29 mL/min
He as sweep gas, 1 mL/min Ne as internal standard gas. Membrane
thickness: 0.5 mm.
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Figure 8. Arrhenius plots of the oxygen permeation fluxes through FO -
CGO dual phase membranes after sintering at 1300 °C for § h (for the

experimental conditions see Figure 7).

increases with time during the first 20 h, before it reaches a steady
state. In these papers, the unsteady oxygen permeation in the
initialization stage was attributed to surface exchange effects. As
shown schematically in Figure 5, we postulate that the unsteady
initialization period of oxygen permeation is related to the forma-
tion of a porous layer on the low oxygen partial pressure side
(sweep side) of the membrane. If there is a remarkable influence of
the surface reaction on the overall oxygen transport (thin mem-
brane and high oxygen ions/electrons mobi]ity) , an enlargement of
the membrane surface can enhance the surface exchange reaction
and thus the oxygen transport. Figure 6 shows that on the low
oxygen partial pressure side (sweep gas side) a porous layer with a
thickness of about 100— 130 #m forms which enlarges the effective
surface area of the membrane thus leading to an enhancement of
the oxygen permeation flux during the initialization period. EDXS
indicates that the chemical compositions of the bulk and the porous
layer were identical within the error of this method (43 atom %)
and also the XRD analysis of the fresh and spent membranes gave
no differences (not shown here). Therefore, in our case, the
initialization period process may be related to the surface exchange
process of the FO - CGO membrane as discussed by Zhu et al. 3

13512

Figure 9. Oxygen permeation flux of ¥ FO - (100 - ) CGO dual phase
membranes after sintering at 1300 °C for 5 h as a function of FO content
at 1000 °C with He (©) or CO; (#) as sweep gas. Conditions: 150 mL/
min air as feed gas, 29 mL,/min He or CO; as sweep gas, 1 mL/min Ne as
internal standard gas. Membrane thickness: 0.5 mm.

Figure 7 shows the oxygen flux through the y FO - (100 — ¥)
CGO dual phase membranes as a function of temperature with
He as sweep gas. All data were collected after the oxygen
permeation had reached steady state. As shown in Figure 7, the
oxygen permeation fluxes increase with increasing temperature
in the following order: S0FO - S0CGO < 25FO - 75CGO <
40FO - 60CGO. Contrarily, the apparent activation energies E,
for oxygen permeation were found to decrease in the order of
S0FO - 50CGO (E. = 136.0 kJ/mol) > 25FO - 75CGO (E. =
153.7 kJ/mal) > 40FO - 60CGO (E, = 135.3 kJ/mol), as shown
in Figure 8. Membranes with a lower oxygen permeation flux
exhibit a higher activation energy of oxygen permeation. Further-
more, a single activation energy in the temperature range of
900—1000 °C was found for all three membranes. Following
Tongat al.,44 a single activation energy is an important feature for
a good phase stability for oxygen permeation through the MIEC
membranes. The in situ XRD of 40FO - 60CGO (Figures 12 and 13)
has proven that this dual phase material possesses a good phase
stability in the temperature range between 30 and 1000 °C.

Figure 9 shows the oxygen permeation flux of 7 FO - (100 — ¥)
CGO dual phase membranes as a function of the FO content at
1000 °C with He and CO, as sweep gases. The 40FO - 60CGO
oxygen-permeable dual phase membrane shows an oxygen permea-
tion flux of 0.18 mL/min-cm> at 1000 °C under an Air/He oxygen
gradient, which is the highest oxygen flux among the three mem-
branes under study. The oxygen permeation fluxes though the
SO0FO - 50CGO and 25FO - 75CGO membranes were found to
be 0.12 mL/min-cm” and 0.15 mL/min - cm?, respectively. Follow-
ing the percolation theory, it is reported that the interconnectivity of
the two phases is important for the preparation of a mixed conduc-
ting composite oxygen transporting membrane ** The SEM and
EDXS microscopy results (cf. Figure 3) showed that the FO particles
did not form a continuous interconnecting phase in the 23FQO -
75CGO dual phase membrane. Combining the results of SEM,
EDXS, and oxygen permeability studies, we can suggest that the
isolated FO islands prevent a continuous electronic conductivity and
block the transport of oxygen ions through the 25FO - 75CGO dual
phase membrane. When combining equal amounts of FO and CGO
in a S0FO - 50CGO dual phase material, a continuous interpene-
trating network is formed, but only low oxygen permeation fluxes are
measured due to the low oxygen ion conductivity in CGO as a

dx.doi.org/10.1021/ie2005171 [ind. Eng. Chem. Res. 2011, 50, 1350813817
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tion flux Therefore, for both pure CO, and He as sweep gases, the
oxygen permeation flux through the 40FO - 60CGO dual phase
membrane is the highest among the three dual phase membranes
under study. However, for all membranes the oxygen permeation
flux is slightly reduced if pure CO; instead of pure He is applied as
the sweep gas. A similar observation was made recently for the
LaggSrg2MnQO3.4 - CeggSmg 205 dual phase composite material by
Chen et al;* they attributed this finding to the interaction of CO,
with the surface of the dual phase membrane which influences the
surface process of oxygen exchange. The slight reduction of oxygen
permeability when using CO, as sweep gas is also in complete
accorda.nce with our previous study on 40NFO - 60CGO dual phase
material **

3.3. Influence of the Sintering Temperatures on Oxygen
Permeability. The aforementioned experiments revealed that
the ratio of FO and CGO can affect the oxygen permeability and
the composition 40FO - 60CGO shows the highest oxygen
permeability. Therefore, we studied the influence of the sintering
temperatures on the grain sizes for this composition. Figure 10
shows the SEM pictures of the 40FO - 60CGO membrane after
sintered at different temperatures. As shown in Figure 10, the
sintering temperatures obviously affect the grain sizes of FO and
CGO phases in the 40FO - 60CGO dual phase membranes. The
higher the sintering temperature, the larger is the size of both the
FO and CGO grains. Moreover, in all cases, the CGO grains are
larger than the FO grains. From the analysis of 30 grains, we obtain
the following mean grain size areas: 40FO (0.064 um”) - 60CGO
(0.093 11m®) sintered at 1300 °C for § h, 40FO (0.1368 um”) -
60CGO (0.1497 um”) sintered at 1325 °C for 5 h, and 40FO
(0.1947 um®) - 60CGO (02243 um”) sintered at 1350 °C for 5 h.

In previous studies,*®*? a grain growth with increasing sinter-
ing temperatures also has been observed for the single-phase
perovskite membranes BagsSrosCopsFep203.5 and LageSroy
CogzFeps0i.5. Oxygen permeation demonstrated, however,

Figure 11. Temperature dependence of oxygen permeation fluxes for
40FO - 60CGO composite membranes sintered at 1300 °C (M), 1325°C
(@), and 1350 °C (a) for 5 hwith He as sweep gas.

that in the case of single-phase membranes the grain growth
has a positive effect on the oxygen permeability, since the grain
boundaries in single-phase perovskite membranes act as barriers
for the oxygen transport. However, in the case of dual phase
membranes, the grain growth has a negative effect on the oxygen
permeability of 40FO - 60CGO dual phase membrane
(Figure 11). As shown in Figure 11a, the oxygen permeation
fluxes decrease with increasing sintering temperature, i.e. increas-
ing grain size. For example, the oxygen permeation flux of 0.18,
0.14, and 0.08 mL/min - cm” were obtained for the membranes
sintered at 1300 °C, 1325 °C, and 1350 °C, respectively, at the
same operating temperatures 1000 °C. As usual, with increasing
operating temperatures, the oxygen permeation flux increases as
well. It was found that membranes sintered at a higher tempera-
ture show a smaller oxygen flux with a higher activation energy
(Figure 11b). It iswell-known that alow activation energy means
an easier oxygen transfer in the bulk and oxygen exchange at the
surface.*® With increasing sintering temperatures of dual phase
membranes, the grain growth can interrupt the continuity of the
FO percolation network, which will block the electronic trans-
port through the dual phase 40FO - 60CGO membrane. There-
fore, it can be concluded that a high sintering temperature has a
negative influence on the oxygen permeation flux for our dual
phase membranes. The similar phenomenon was also observed
for 75 wt % SegssSmg.1502.6 - 25 wt % Smg¢Sro4FeQ;.5 dual
phase membrane.”

3.4. Characterization and Oxygen Permeation Perfor-
mance of 40FO - 60CGO Membranes. Since the highest oxygen
permeability was obtained from the dual phase membranes of the
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Figure 12. In situ XRD patterns of the 40FO - 60CGO composite
membrane in 50 vol % CO,/50 vol % Ar atmosphere for increasing
temperature. Heating rate = 12 °C/min, equilibration time at each
temperature: 30 min for recording the XRD data at each temperature.
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Figure 13. In situ XRD patterns of the 40FO - 60CGO composite
membrane under vacuum for increasing temperature. Heating rate =
12 °C/min, equilibration time at each temperature: 30 min for recording
the XRD data at each temperature.

chemical composition 40FO - 60CGO, we focused the further
tests of the thermal stability and of the CO, stability on this
material. The in situ XRD patterns of 40FO - 60CGO particles
(mean grain size 100 um), obtained by crushing dense mem-
branes, and treating them in different atmospheres in the tem-
perature range of 30—1000 °C, are shown in Figures 12 and 13.
Confirmed by in situ XRD (Figure 12), the dual phase structure of
40FO - 60CGO is completely unchanged in a 50 vol % CO,/50
vol % Ar atmosphere. No carbonate reflexes were detected
indicating that the dual phase membrane displays a high CO,
stability. On the other hand, it follows from Figure 13, that the two
coexisting phases FO and CGO remained unchanged even
under the low oxygen partial pressure <1 ppm (vacuum) and no
reflexes of other phases appeared. These results confirm that the

and the membrane after treatment in 5 vol % H,,/95 vol % He at 900 °C
for 2h (b) and 4 h (), respectively.

0.4
03

g

9

£ 02} 90000000—0—00-0-0-08

=

€

g o}
Y] . i, .

0 25 50 75 100 125 150
Time (h)

Figure 15. Oxygen permeation flux through LCS-coated 40FO -
60CGO dual phase composite membrane after sintering at 1300 °C
for 5 h as a function of time using pure CO; as sweep gas. Conditions:
150 mL/min air as feed gas, 29 mL/min CO; as sweep gas, | mL/min
Ne as internal standard gas. Membrane thickness: 0.5 mm. Tempera-
ture: 1000 °C.

40FO - 60CGO material is not only stable in CO, but also in
atmospheres with an oxygen concentration <1 ppm. For the
further investigation of the phase stability of 40FO - 60CGO
under low oxygen partial pressures, the 40FO - 60CGO was
exposed to a 5 vol % H,/95 vol % He atmosphere at 900 °C for 2
and 4 h hours, respectively, and then characterized by XRD.
Figure 14 shows that the XRD patterns of the fresh and the 40FO -
60CGO material treated in 5 vol % H,/95 vol % He atmosphere are
identical, indicating that the stability of Fe,O5 - as the most easy to
reduce oxide present - can be improved in the dual phase system.
We also found that the oxygen permeation flux through a
40FO - 60CGO dual phase membrane can be slightly increased
by about 10% if the membrane is coated with a porous LSC layer
on the feed side. Furthermore, whereas the membrane without
LSC coating needs a long initialization time before it reaches as
steady oxygen flux (see Figure 4), the LSC-coated membrane
shows no initialization time (Figure 15). The porous LSC
coating enlarges the gas—solid interface of the membranes on
the air side and facilitates the oxygen exchange. Correspondingly,
the oxygen permeation flux through the membrane with LSC
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coating is 10% higher than that through the membrane without
LSC coating. The enhancement of the oxygen permeation flux is
because LaSr(Fe)CoO; (LSC) exhibits a high mixed conductiv-
ity and catalytic activity for the oxygen insertion.>'** Many
researchers have reported that the oxygen permeation through
MIEC membranes could be improved by coating them with an
LSC porous layer to accelerate oxygen dissociation.’*%* This
LSC-coated 40FO - 60CGO membrane was operated success-
fully in the oxygen separation from air with pure CO, as sweep
gas, as shown in Figure 15. The oxygen flux through the LSC-
coated 40FO - 60CGO dual phase membrane remains constant
at 0.2 mL/min- cm” over 150 h. This CO;-stability is an important
property of our FO - CGO dual phase membrane since the
presence of CO, deteriorated the oxygen permeation flux through
different MIEC materials which normally contain alkaline earth
metal elements. For examples, Yi et al**!€ studied the degradation
behavior of Sy CoqygFey,05.5 and BaCoy 4Fey ;Nby,05 5 ma-
terials in CO,-containing atmospheres and attributed these de-
gradations to the carbonate formation. Similarly, it has been
reported by Kharton et al** that supplying CO; led to a significant
decrease of the oxygen permeation flux through SrCopsFen;03.5-
SrALO; composite membranes due to strontium carbonate for-
mation. Yan et al.”” observed the degradation of BagsStosCoos.
Fep203.5 eveninal vol % CO,/99 vol % O, mixture atmosphere.
In this paper, no degradation was observed during 150 h oxygen
permeation although pure CO, was used as the sweep gas which
demonstrates that the 40FO - 60CGO material possesses a good
chemical stability in 2 CO, atmosphere due to the absence of
alkaline earth metal elements (see Figure 15).

It is noteworthy that the initialization stage of the oxygen flux
disappears after LSC coating on the air side of the 40FO - 60CGO
membrane. A similar elimination of this initialization period after
LSC coating was observed by Zhu et al** who found that the oxygen
permeation through the 75 wt % CeggsSmyp 1501625 - 25 Wt %
Smy ¢Srp4FeO;s (75CSO - 258SF) dual phase membrane with
LSC porous layers coated on both sides reached steady state
immediately. However, if only the air side of the 75CSO - 238SF
membrane was coated with LSC, the unsteady oxygen initialization
period was shortened from 40 to 18 by if coating only the sweep side
of the 7SCSO - 255SF membrane, the unsteady period was
shortened from 40 to 8 h. From the above results, Zhu et al.
attributed the unsteady oxygen permeation to the surface exchange
process. The surface oxygen exchange in dual phase membranes is
believed to occur at the three phase boundaries (TPB) of gas/
oxygen ion conductor/electron conductor.®® For our uncoated
40FO - 60CGO dual phase membrane, the surface oxygen exchange
is proposed to occur at the TPB of gas/CGO/FO. However, the
surface oxygen exchange for the LSC-coated 40FO - 60CGO dual
phase membrane occurs at the gas/porous perovskite particle LSC.

4. CONCLUSIONS

A series of dual phase composite membranes based on Fe;O4
(FO) and Ceq3Gdy102.5 (CGO) was prepared in the composi-
tions 25, 40, and 50 wt % FO and correspondingly 75, 60, and
50 wt % CGO with FO as an electronic conductor and CGO as
oxygen ionic conductor in a one-pot single-step synthesis. XRD
and EDXS results indicate that all FO - CGO membranes under
study consist of well separated zim-sized grains of only the two
phases FO and CGO. Oxygen permeation showed that the FO:
CGO ratio remarkably affects the oxygen permeability. The
highest oxygen permeability of 0.18 mL/min-ecm” was found

for a mixed matrix membrane of the composition 40FO - 60CGO
at 1000 °C. The 40FQ - 60CGO material possesses a good phase
stability not only in an atmosphere of 30 vol % CO,/50 vol % Ar
but also in other atmospheres with low oxygen partial pressure
like reduced pressure (vacuum) and 5 vol % H;/95 vol % He. An
increased oxygen permeation flux of 0.20 mL/min- em? was
obtained at 1000 °C under an air/CO, gradient if the 40FO -
60CGO membrane was coated on the air side with a porous layer
of Lag ¢Sty ,C005.5 (LSC). After LSC coating, the initialization
period of the oxygen flux disappears. No change of the oxygen
permeation flux was observed for more than 150 h when pure
CO, was used as sweep gas, which indicates that both the parent
and the LSC-coated 40FO - 60CGO dual phase membranes are
CO; stable. These properties recommend FO - CGO dual phase
membranes as a good candidate for the oxygen separation from
air in the oxy-fuel process.
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A rapid one-pot combustion synthesis method based on glycine-nitrate, has been applied to prepare a

novel oxygen transporting dual phase COsx-stable membrane of the composition 40 wi.% Mn #Co) (s -
1 60 wi.% CegsPry Ous (20MCO-60CPO). After sintering at 1300 C in air for 10 h, the 40MCO-60CPO
membranes were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), back
scateered SEM (BSEM), and energy dispersive X-ray spectroscopy (EDXS), showing that the 40MCO-
GOCPO) composite represents a micro-scale mixture of mainly the two phases MCO and CPO, but small
amounts of Mn(: and (MnCoiMnCa):0eg were detected in the sintered membranes as well. The oxygen
permeation fluxes through the 40MCO-60CPO dwal phase membrane were measured at elevated
temperatures {(00-1000 °C) with one side of the membrane exposed to synthetic air and the other side to
a CO«/He sweep gas stream. A stable oxvgen permeation rate of 0.48 mL cm™ min”' was obrained for a
0.3 mum thick membrane under an air/CO: oxvgen partial pressure gradient at 1000 °C. It was also found
that 40MCO-60CP( dual phase membranes are stable for more than 60 h even when pure CO: was used
as the sweep pas, which recommends 40MCO-60CPO membranes as promising candidates for 4-end
membrane operation in an oxy-fuel power plant.

I

membranes”, which consist of a micro-scale mixture of well-
separated prains of an oxygen ion conductor (QIC) and an
electron conductor (EC). Dual phase membranes offer a
promising approach for the 4-end membrane operation mode
s« technology since their constituents can be tailored according to
practical requirements. since their constituents can be tailored
according to practical requirements. Howewver, if noble metals are
used as EC, their high price turns out as drawback. Further, often
reactions between the OIC and EC the high operational
temperatures take place; new phases of lower ionic and electronic
conductivity are formed and stability problems are reported.

Introduction

Recently, oxygen-permeable dense ceramic membranes with
mixed ionic-electronic conductivity (MIEC) have attracted much
= attention as economical, efficient, and environment-friendly
means to produce oxygen from air or other oxygen-containing
gas mixtures. ' In fact, an integration of oxygen transport
membranes {OTMs) into oxy-fuel power plants can integrate COs
capture and ssquestration strategies in order to reduce CO.
= emission. Further, OTMs allow process intensification ** and

]

n

"

enable thermal integration and energy saving. = A promising
pracess route in the oxy-fuel power plant concept is the so-called
4-end membrane operation mode, ® in which a part of the flue gas
i3 recycled as sweep gas on the permeate side of OTMs. The heat
from natural gas or coal combustion offers the possibility of
efficient membrane integration into the oxy-fuel process.
However, the development of the 4-end membrane operation
made technology is hampered since the state-of-the-art OTMs
suffer from low chemical stability towards corrosive components

+ of the flue gas such as CO; and S0, which lead to a poor axygen

permeation performance and even membrane destruction. b (T
known that single phase perovskite-type OTM materials (AB(;)
with a high content of alkaline-earth metals on the A site, easily
react with COs and S0 forming carbonates and sulphates. R
Another type of MIEC membranes is called “dual phase

Recently, we have proposed that novel dual-phase membranes
without noble metals and alkaline-earth metals show a much
higher C0. stability than the common alkaline-earth-containing
membranes. '** However, the traditional synthesis of dual phase
oxides consists in a simple mixing of the two oxide powders, e
which often requires several sintering-milling steps to get
uniform mixtures. This conventional preparation can be replaced
by recent developments such as the one-pot one-step EDTA-citric
« ackd process or the glycine-nitrate combustion process (GNP)L

Especially the GNP is reporied to rapidly produce complex oxide

ceramic powders of uniform composition on an atomic scale and

fine enough in grain size for sintering to a ceramic with a high

densiry. ¥ Herein, we combine the rapid one-pot ong-step and
n (NP techniques to develop a new CQs-stable axypen-permeable

19
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GNP technigues to develop a new COsstable oxygen
transporting membrane of the composition 40wt.% Mn, sCo; <Oy
(MCO) - 60wt. % CeqsPra 1025 (CPO), with MCO as the EC and
CPO as the OIC.

It is generally accepted that oxygen permeation properties of
dual phase membrane are dependent on their electronic and ionic
conductivity, structural and phase stability, as well as thermal
expansion compatibility between OIC and EC. > Thus, with these
conclusions in mind, we designed our dual phase membrane as
follows: (1) MCO spinel is reported to show excellent electronic
conductivity and satisfactory thermal and structural stability as
well as a thermal expansion which matches ferritic stainless steel.
Therefore, MCO has been widely studied in solid oxide fuel cells
(SOFCs) as a protective coating on stainless steel
interconnections and as cathodes for intermediate temperature
SOFCs. 2 (ii) Pr-doped ceria is well-known to exhibit high
oxygen ionic conductivity and a good structural stability in a
wide oxygen partial pressure range. These properties recommend
CPO as solid electrolyte ** and oxygen storage material = in
SOFCs. (ii1) Because of the lack of alkaline- earth metals in MCO
and CPO, high CO; stability can be expected. (vi) To guarantee a
sufficient electron transport in the percolation network, the
concentration of the highly electron conducting component MCO
in the dual phase materials should not be < 40 wt.%.

Therefore, the aim of this study is the fabrication of 40MCO -
40CPO dual phase membrane via a one-pot one-step GNP. Phase
structure and stability as well as oxygen permeability for different
CO; atmosphere on the permeate side of the membrane are
investigated in detail.

w

2

flue gas (CO.)

fossil fuel | CO. |
4-|’ Burner E’Im{éﬁgmmm]

0, depleted air |
—8

Fig.1 The 4-end concept of CO; capture with oxygen permeable
membrane in an oxy-fuel process. (after [5])

Experimental
Preparation of powders and membranes

The glycine-nitrate combustion process (GNP), as a proven
means to obtain fine and homogencous powders %', was used to
prepare the 40wt.%Mn,; sCo; sO,45-60wt.%Cep oPry 1045
(40MCO-60CPO) dual phase composite powders directly. As
shown in the process flow chart (Figure 2), a precursor was
prepared by combining glycine and the metal nitrates Mn(NQ;)s,
Co{NO3);, Ce(NO3); 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
55 liquid was obtained. Further heating of the viscous liquid up to

&

w

300 °C caused the precursor liquid to auto-ignite. Combustion
was rapid and self-sustaining, and a precursor ash was obtained.
This precursor ash was calcined at 950 °C for 10 h. The resulting
powders were pressed to disk membranes under a pressure of 3
s MPa in a stainless steel module with a diameter of 18 mm to get
green membranes. These green disks were pressure-less sintered
at 1300 °C in air for 10 h. The surfaces of the disks were
carefully polished to 0.3 mm and 0.5 mm thickness, respectively,
by using 1200 grit-sand paper (average particle diameter 15.3
&5 um), then the membranes were washed with ethanol.

‘ Mun{NO3z) ‘ | Co(NOs)2 | ‘ Ce(NOs)s | | PriNOs);: |

70 Stiming

Precursor

Cembustion by
selfignition at 300 °C

Precursor ash

950°C, 10h

As 2 fuel

Caleination

‘ A0MCO-60CPO powder J

Compacting; 1300 °C, 10h
Sintering

‘ 40MCO-60CPO membrane
20

Fig. 2 Flow chart for the one-pot one-step preparation of dual phase
40Mn, sCoy s045-60Ce; 5Py 1 02.5(40MCO-60CPO) membranes by the
glycine-nitrate combustion process.

Characterization of powders and membranes

s X-ray diffraction (XRD, D8 Advance, Bruker-AXS, with Cu Ko
radiation) was used to determine the phase structure. Data sets
were recorded in a step-scan mode in the 28 range of 20° - 80°
with intervals of 0.02° and using a counting time of 1 s per point.
The morphology of precursor ash and dual phase oxide powder
were characterized by scanning electron microscopy (SEM) and
by energy dispersive X-ray spectroscopy (EDXS) at 15 keV.
SEM and back scattered SEM (BSEM) were made using a Jeol-
JSM-6700F operating at 15 keV. The element distribution in the
grains of the dual phase membrane was studied on the same
s electron microscope by EDXS with Oxford Instruments INCA-
300 EDX spectrometer at 15 keV.

8

Oxygen permeation performances of membranes

Oxygen permeation measurement was conducted in a home-made
high-temperature oxygen permeation cell.” The disc-shaped
membranes were sealed onto an alumina tube (@ = 16mm) at 950
°C in air for 5 hours with a gold paste (Heracus, Germany).
Another quartz tube (@ = 24 mm) served as the air side of the
The was maintained with a
microprocessor temperature controller (HTM Reetz GmbH,
10s Germany) coupled to a tubular furnace with a type K
thermocouple setting inside the furnace. The effective areas of the
membranes for oxygen permeation were 0.785 cm’. The inlet gas
flow rates were controlled by mass flow controllers (Bronkhorst,
Germany) and the flow rates were regularly calibrated by using a
1o bubble flow meter. During oxygen permeation measurement,
synthetic air (20 % O and 80 % N,) at the rate of 200 ml/min

I

2

permeator. temperature
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membrane of the composition 40 wr.% Mn, «Co; 0.5 - 60 W%
CeygoPry Oy 5 (40MCO-60CPQ), with MCO as the EC and CPO
as the OIC.

It is penerally accepted that oxygen permeation propemies of
dual phase membrane are dependent on their electronic and ionic
conductivity, structural and phase stability, as well as thermal
expansion compatibility berwezn OIC and EC. *! Thus, with these
conclusions in mind, we designed our dual phase membrane as
follows: (i} MCO spinel is reported to show excellent electronic
conductivity and satisfactory thermal and structural stability as
well as a thermal expansion which matches ferritic stainless steel.
Therefore, MCO has been widely studied in solid oxide fuel cells
(SOFCs) as a protective coating on  siinless  steel
interconnections and as cathodes for intermediate temperature
SOFCs. ™ (ii) Pr-doped ceria is wellknown to exhibit high
oxygen ionic conductivity and a good structural stability in a
wide oxygen partial pressure range. These properties recommend
CPO as solid elecrrolyte *' and oxypen storage material ** in
SOFCs. (i1} Because of the lack of alkaline- earth metals in MCO
and CPO, high COs stability can be expected. (vi} To guaraniee a
sufficient electron tramsport in the percolation network, the
concentration of the highly electron conducting component MCO
in the dual phase materials should not be < 20 wr.%.

Therefare, the aim of this study is the fabrication of 40MCO-
60CPO dual phase mambrane via a one-pot one-step GNP, Phase
structure and stability as well as oxygen permeability for different
C(} atmosphere on the permeate side of the membrans are
investigated in detail.

flue gas [CO,)

ozl fusd

air

Fig. 1 The 4-end concept of C(: capure with oxygen permeable
membrane in an oxy-fuel process. [aftrri)

Experimental
Preparation of powders and membranes

The glycine-nitrate combustion process ((GNP), as a proven
means to obtain fine and homogeneous powders, * was used 10
prepare the 40 wi% Mn sCo:104s - 60 wi% CepePrpiO:s
(40MCO-60CPQO) dual phase composite powders directly. As
shown in the process flow chart (Fig. 2), a precursor was
prepared by combining glyeine and the metal nitrates Mn{NOu).,
Co{NOs), Ce(NOs)s and Pr{NOs)s in  their appropriate
stoichiometric ratios in an aqueous solution. The molar rario of
glvcine - total metal ions was 2 @ |. The precursor was stirred and

e heated at 130 *C in air to evaporate excess water until a viscous
liguid was obtained. Further heating of the viscous liquid up 1o
300 °C caused the precursor liquid to auto-ignite. Combustion
was rapid and self-sustaining, and a precursor ash was obrained.
This precursor ash was caleined at 950 °C for 10 h. The resulting

« powders were pressed to disk membranes under a pressure of 5
MPa in a stainless steel module with a diameter of 18 mm to et
green membranas. These green disks were pressure-less sintered
at 1300 °C in air for 10 h. The surfaces of the disks were
carefully polished to 0.3 mm and 0.5 mm thickness, respectively,

« by using 1200 grit-sand paper (average pamicle diameter 153
pmy), then the membranes were washed with ethanol for oxygen
permeation.

| Moy | | convo | | cemon | | pevaan |

Combrewion by
eslZigniton @ 30°C

Calzinaion

330°C, 10 &

[ aovcosscro ponter |

B

Compacting; 13007, 10h
Simzring
| ADMOODEICPEY membrane |

Fig. 2 Flow chart for the one-pot one-step preparation of dual phase
40MCO-60CPO membranes by the giveine-nitrate combustion process.

"

Characterization of powders and membranes

X-ray diffraction (XRD, D¥ Advance, Bruker-AXS, with Cu Ko
radiation) was used to determine the phase structure. Data sets
were recorded in a step-scan mode in the 26 range of 20°-80°
with intervals of 0.02° and using a counting time of | s per point.
The morphology of precursor ash and dual phase oxide powder
were characterized by scanning electron microscopy (SEM) and
by energy dispersive X-ray spectroscopy (EDXS) at 15 keV.
SEM and back scattered SEM (BSEM) were made using a Jeol-
JSM-6TO0F operating at 15 keV. The element distribution in the
grains of the dual phase membrane was studied on the same
electron microscope by EDXS with Oxford Instruments INCA-
300 EDX spectrometer at 13 keV.

B

b

Oxygen permeation performances of membranes

=

Oxygen permeation measurement was conducted in a home-made
high-temperature oxygen permeation cell. ® The disc-shaped
membranes were sealed onto an alumina tube (3 = 16 mm) at 950
°C in air for 5 hours with a gold paste (Herasus, (ermany).
Another quartz tube (@ = 24 mm) served as the air side of the
permeator.  The temperature maintained with a
microprocessor emperature  contraller (HTM  Reetz GmbH,
Germany) coupled to a tubuolar furnace with a type K
thermocouple setting inside the furnace. The effective areas of the
membranas for axygen permeation were (0.785 em®. The inlet gas
1 flow rares were controlled by mass flow controllers (Bronkhaorst,

was
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CGermany) and the flow rates were regularly calibrated by using a
bubble flow meter. During oXygen permeation measurament,
synthetic air (20% 4 and 80% Nai) at the rate of 200 ml/min was
used as feed pas. He/COs was used as sweep gas to remove the
permeated oxygen. 1 ml Ne/min was used as an internal standard
gas for calculating the total flow rate at the outlet on the sweep
side. The effluents were analyzed by an on-line pgas
chromatograph {GC, Agilent T8S0A) equipped with a Carboxen
1000 eclumn. The GC was frequently calibrated using standard
gases in order to ensure the reliability of the experimental dara.
The calculation of oxygen permeation flux was demonstrated in
detail in our previous papers. i

Results and discussion
Characterization of the 40MCO-60CP0 dual phase materials

Fig 3a and b show the XRD patterns of the membrane after
sintering at 1300 °C in air for 10 b and of the powder after
calcining the precursor ash at 950 °C in air for 10 h (Fig. 3a and
b). For comparison, the XRD patterns of the pure phase CPO and
MC( powders = also synthesized by the GNP and calcined at 950
°C in air for 10 h - are given (Fig. 3¢ and d). The XRD patterns of
CPO (Fig. 3c} confirm its cubic structure (space group 225, Fm-
Im} in apgreament with literature. * From the Scherrer formalism,
the mean crystallite size of pure CPO is determined to be about
85.4 nm. From the analysis of the XRD patterns of MCO (Fig.
3d} it follows that the MCO spinel phase consists of 57.9 wi.%
cubic MnCo:0. 3 (space group 227, Fd-3mZ) and 42.1 wi%
tetragonal MnaCoO.j (space group [41, [41/amdS), as known
from literature. *** According to the Scherrer equation, the mean
crystallite size of MnCo40,; and Mn.Co(Q), 5 are calculated to be
22 nm and 252 nm, respectively. Similar crystallite sizes can be
derived from the XRD pattern of the mixture 40MCO-60CPO
powder after calcination at 930 *C (Fig. 3b). Mean MCO and
CPO crystallite sizes of 16.4 nm and 66.4 nim have been obiained,
respectively. The mean particle size of the 40MCO-60CPO
membrane afier pressing and sintering at 1300 °C is estimated by
SEM analysis (see Fig. Sc, d and 6a) to be 580 am (MCO) and
647 nm (CPO). This means, after high temperature treatment at
1300 *C, the 40MCO-60CPO powder no longer exhibits nano-
crysallinity since grain ripening ook place. Comparing in Fig 3
the XRD of the 40MCO-60CPO powder with those of the pure
MCO and CPO phases, no other crystalline phases except those
of MCO and CPO were detected in the powder after calcination
at 950 °C. Since MCO gives much weaker XRD signals than
CPO, the 26 range berween 30 and 40 degrees was measured over
10 h, and the MCO line at 36 degrzes can be taken as a
fingarprint for the existence of crystalline MCO. However, fram
the XRD patterns of the 20MCO-60CPO dual phase membrane
sintered at 1300 *C in air for 10 b, small amounts of Mn(. and

o the tetraponal (MnCoMnColOgs can be found. This behavior

maybe related to the tetragonal-cubic structure transformations of
Mnz,Co, 045 (1.54 = X 2 0.98) with temperature. ** According to
the phase diagram of the Mn-Co-0 system reported by Aukrust et
al., at 1300 °C exists in air for X = 1.3 3 stable mixture of cubic
MnCo2(ys, tetragonal Mn:CoQ. 5 and the mixed oxide

(Mn,Ca)y0. *

The precursor ash obtained by the combustion of the
precurser in the GNP shows a foam-like structure open-pore
structurs because of the vigorous pas evolution (Ha(), N and
CO:) during the GNP combustion synthesis (Fig. 4a). After
sintering the precursor ash at 950 °C for 10 h, some densification
can be stated {Fig. 4b). From the comparison of the EDXS of the
precursor ash (Fig. 4c) and the powder after 950 *C caleination
(Fig. 4d) it follows that the chemical composition of the ash and
the powder is unchanped Quantitative analysis based on the
Cliff-Lorimer ratio technique, gave the element ratios Mn/Co = |
: 1 and Ce/Pr = @ 1 1, which are in accurate agreement with the
stoichiometry of the Mn; sCo, <0.; spinel and of the CeygPry 02
5 cubic fluorite structure.
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Fig. 3. XRD patterns of the 40MCO0-60CP) membrane after sintered at
1300 °C in air for 10 h (g) and the mixed powder 40MCO-S0CPO (b),
pure phese powders CPO (c) and MCO (d), produced by the GNP method
and calcined at 950 °C for 10 b in air (flow chart see Fig. 2, for the SEM
see Fig. 4). Since MCO gives poor XRID panerns, the 30 - 40 26 range of
gll samples has heen measored for long time (10 h).
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Fig. 4 SEM (a,b) pictures and EDXS {cd) analysis of the precursor ash
after buming the precursor (a.c) and the 40MO0-60CP0 powder (b.d)
afier calcination of the precursor ash at 950 °C for 10 h in air {sce Fig. 2).
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Fig. 5 shows the SEM and BSEM images of the 40MCO-
60CPO duzl phase membranes after sintering at 1300 °C for 10 h
at two different magnifications. The grains of the two phases are
well distributed with clear grain boundaries. The MCO and CP(

£ grains can be easily distinguished by BSEM, the dark grains are
MCO and the light ones represent CPO since the contribution of
the backscattered electrons to the SEM signal intensity is
proportional to the atomic number. Furthermore, in the BSEM
images of Fig. 5c and d, the mean grain size areas of MCO and

« CPO are found to be 0.265 |.|m1 and 0.329 !.lm2 through the
analysis of 50 grains, respectively. The EDXS of the membrane
(Fig. &) shows the presence of Mn, Co, Ce, and Pr (Fig. 6b). Fig.
fa shows the elemental mapping of the top view of the 40MCO-
60CPO membrane obtained by EDXS. The green color {dark in

s BSEM) is an overlap of the Mn and Co signals, whereas the
yellow color (light in BSEM) stems from an average of the Ce
and Pr signals.

Fig. § SEM (z2.b) and BEEM {c.d} of the surface of the 40MCO-60CP0D

5 dual phase membrene after sintered &t 1300 °C in air for [0 h for different
magnifications. In BSEM, the dark grains represent the MCO grains, the
light ones represent the CPOY grains, since the contribution of the
backscattered clectrons to the SEM signal intensity is proportional to the
BLOMIC number.

Oxygen permeation properties and stability of the 40MCO-
6OCPO dual phase materials

The axygen permeability through the J0MCO-60CPO dual phase
membranes as a function of temperature with COsas sweep gas is
presentad in Fig. 7. All the data were collected after oxygen
permeation had reached steady state (after about 24 h). As shown
in Fig. 7a, the oxypgen permeation fluxes increase with increasing
temperature. For example, when the temperature increases from
500 °C o 1000 °C, the oxygen permeation flux increases fram
0.26 ml/min-em? to 0.48 ml/min-cm®. At 950 °C, a stable axygen
permeation flux of 0.37 ml/min-em’® is obmined through a
membrane with a thickness of 0.3 mm. These are relative high
oxygen fluxes in comparison with literamre data. The
CepsSmy20s5 - LagsSrysCrDyy dual phase membrane with a
thickness of (.3 mm exhibits an oxygen permeation flux of 1.4 x

"

2

107" mol/s-em® (0.19 ml/min-cm®) under an air'He axygen partial
pressure gradient at 930 °C, *' which is nearly two times lower
than that on our 40MCO-60CPO membrane Furthermore, the

w0 Arrhenius plot (Fig. 7b) indicates that oxygen permeation can be
described by a single apparent activation energy of 77 kl/mol in
the temperature range of 200-1000°C with pure CO. as the sweep
gas. It is accepted thar a single activation energy is an important
indication that there is no phase transformation in the membrane

s under study. ** This conclusion is in agreement with the finding
that the exygen flux with pure CO: as sweep gas is found to be
long-time stable (s2e Fig. 12).

E Keray e-nergy (keV)

w Fig. 6 EDXS analysis of 40MCO-60CPD composite membranes atter
sintered 2t 1300 °C for 10 h. In the EDXS map, the green grains represcnt
MCO grains (averaged and calibrated signals of Mn Kal, 2p — 1s and
Co Katl, 2p — 15}, and the yellow grains represent CPO grains {averaged
and calibrated signals of Ce L], 3d — 2pand Pr Lal, 3d — 2p)

W It is known that the rate-limiting step of oxygen permeation
through an MIEC membrane can be controlied either by oxygen
surface exchange or by oxygen ions bulk diffusion. In order to
identify the rate limiting step of oxygen transport through our
A0MCO-60CPO membrane with CO» sweep gas, we studied the
oxygen permeation under different oxygen partial pressures on
the sweep side at different temperatures while keeping the
oxygen pressure on the air side constant at 0.20 bar. The different
oxygen partial pressures on the sweep side were adjusted by
changing the CO: flow rate and measured by gas chromatography

1« in this study. Fig 8 displays the influence of different CO4 flow

rates on oxygen permeation on the J0MCO-60CPO membrane
with 0.3 mm thickness at different temperatures. It was found for
all temperatures that the oxygen permeation fluxes were
increased with increasing the COz flow rate. For example, when
o the CO» flow rate increased from 19 to 116 mL min”, the oxygen
partial pressures on the permeate side decrease from 0.007 bar to
0.002 bar: whereas the oxygen permeation fluxes increased from
0.19 mL env® min' to 0.23 mL em?® min' ar 1000 *C. When
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using C0s as the sweep gas, we can observe the usual behavior,

namely that the oxygen permeances increase if the gradient of the

oxygen partial pressure across the membrane is increased, which

can be achieved by off-transporting the permeated oxygen as fast
s as possible, by an increased sweep flow.

@ o7
[ixy
2
A
E os}
1 =
£ osf
=
E 03f
=
Q (174 3
] o1b
00 " .
900 920 W40 VeO SE0 1000
Temperature { “C)
(b} -14%
» E, = 77 klimal
150
-
3 -1521
ey
S
= w1544
5 =
W56
078 080 .82 054 [ RE
0T (K" )

Fig. 7 Oxygen permeation fluxes (2) and its Arrhenius plot (B) through
the 40MCO-60CPO duzl phase gas permeances of membranes as a

w function of temperature with pure CO; as sweep gas. Conditions: 200
miimin gir ax feed gas, 29 mimin Clh as sweep gas; | mbmin Ne ax
internal standard gas: Membrane thickness: (1.3 mis.

Following Kim et al. ”, Jgz shows a linear relationship with
Y] f’P,-,-FGJ”'"-r’P,-FﬂJc""'ncourding o

ok [(a/BY-(8/E)] (1

if the oxygen permeation process is limited by the surface

= exchange reaction. If the oxygen permeation process is controlled
by oxygen ion bulk diﬁl:gion, Jaz would be linearly proportional
to Py Py according o~

1(CD), R
wNE L B

where Jg: 15 the oxygen permeation flux, G is the oxygen ion
concentration, D, is the diffusion coefficient of the oxygen ion-
electron hole pairs, L is the thickness of the membrane, C,.C,» are
the oxygen concentrations ar the interfaces of the membrane. n is
@ the order of the chemical reaction at the gas-MIEC interface
which is for the special case of a planar membrane n m 0.5, kg is
the surface-exchange coefficient, and P, 7 and P, stand for high
oxygen partial pressure on the feed side, low oxygen partial

pressures an the sweep side and the normalized pressures of 1 bar,

s respectively

Correlating and evaluating our vagen permeation data
according to the above theory of Kim et al., ¥ we can state that
the nygen permemmn fluxes Jg» are a linear function of
P ’T’AJ Py Pj" * and not of InfP/Fy as shown in Fig 2

« From this result, it sugpgests that the oxygen permeation through
the 40MCO-60CPO dual phase membrane of 0.5 mm thickness is
controlled in the temperature region studied by the surface
reaction rather than by bulk diffusion.
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Fig. 8 Eftect of different 0z sweep rates on oxygen permeation flux at
ditferent temperatwres. Conditions: 200 mifmin air as feed gas; | mifmin
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Fig. 9 Relationship between oxygen permeation fluxes through the
40CMO-60CPO  membrane with 0.5 mm  thickness at  different
temperatures and ir(P/P i P, F; and P, dencte for high oxygen partial

1o pressure on the feed side, low oxvgen pertiel pressures on the sweep side
and the normalized pressures of 1 bar, respectively. Comditions: (ree Fig.
B). Condifions: 200 mlimin air as feed gas, Frappeen, = 30 mlimin as
swesp gas; | mimin Ne as internal standand gas Membrane thickness:
7.5 mrm.

Fig. 10 shows the oxygen permeation flux through 40MCO-
60CP0 dual phase composite membrane with a thickness (L3 mm

as a function of the CO; concentration in the seweep gas at 1000
*C. The different CO; concentrations have been obtained by
e mixing with He, the total flow rate of the sweep gas was kept
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constant at 30 ml/min with] ml Ne/min as calibration gas. With
increasing CO. concentration of the sweep gas, only a slight
decrase of the oxygen permeation flux can be sesn. This behavior
is different to those of alkaline-earth metals containing
perovskites. Schulz et al. reported a strong decreases of the
oxygen  permeation  flux  through  the  perovskites
Bayg +Sry #Co0ysFey #0045 {BSCF} and SeCo, (Nb, O 5 (SCN; x = (],
0.2) due to carbonate formation with increasing COs
concentrations in the sweep gas. ~ The slight decrease of the
. oxygen permeation flux can be explained by a stronger influence
of COy on the surface process compared with pure He which is in
complete agresment With previous reports. "2 This finding is
also in coorespondence with our previous studies on NiFes(0,;-
CeysGdy (025  composite materials and  similar to  the
s Lag sSrMnla s - Ceyg gSmy 30 5 dual phase composite membrane
of Chen et al, where also a slight reduction of the oxygen
permeation flux was observed when pure C0: instead of a mare
inert sweep gas was usad. ©'
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Fig. 10 Oxygen permeation flux through 40MCO-6GCPO dual phase
composite membrane as function of Cf; concentration in the sweep gas
&t 1000 °C. Condirions: 200 mi/min air as feed gas, Feoosuev =30 mifinin

15 a5 sweep gas; [ omimie Ne as intermgl stondard gas. Membrane
thickness: 0.3 mm.
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g Fig. 11 Oxygen permeation fluxes as function of time while periodically
changing the sweep gas. Conditions: 200 mbfmin air ar feed gas, 29
rildnin He and I mimin Ne or 29 mbimin OO and | mi‘min Ne as sweep
gas; Wembrans thickness: .5 me. Temperature: 1008 2 e

i Fig. 11 presents the reversibility of the oxygen permeation
flux through the 40MCO-80CPO membrane while periodically
changing the sweep pas between He and CO; at 1000 °C. When

using He as sweep gas, a stable oxygen permeation flux of 0.22
ml/min-ce® can be obtained, whereas the oxygen permeation flux
w decreases immediately to the slightly lower value of 0.20
ml/min-cm’ if CO. instead of He is used as sweep gas. This
behavior is different to previous findings on the perovskite-type
membranes. Arnold et al. reported an immediate stop of the
oxygen permeation for BSCF membrane when pure CO, was
s used as sweep gas at X735 °C bur the oxygen permeation flux
recovered if the sweep gas is switched back to pure helium. It
also has been reported that a rapid breakdown of the axygen
permeability through (Ba,Sr){Zn,Feply; membrane at 750 °C in a
CO; atmosphere due to the formation of a small amounts of
wcarbonate on the surface of the membrane < Yi er al
demonstrated that the oXVEEn permeability of
Ba{CayFey:Nby:10s5 perovskite membrane  deteriorates
significantly upon exposure of the membrane to a COxcontaining
sweep gas. Further, it was found that the reaction of the
1 membrane with CO; leads to a decomposition of the membrane
material and to the formation of a compact BaCO; surface layer
as well as a porous decomposed zone; the latter consists of
mainly CoQ) and the Co-depleted perovskite phase. = However,
in our study, only a slight decrease of the oxygen permeation flux
i was observed. This behavior is ascribed to the slight inhibiting
effect of COy on the oxygen surface-exchange reaction but not to
the formation of carbonates. Numerous papers have shown that
the oxygen surface-exchange reaction is influenced by the kind of
sweep gas. Ten Elshof er al. have reported that the activation
is energy obtained from La, Sr,FeQOy s (x = 0.1 - 0.3} under air’/C0,
C0: oxygen partial pressure gradients is much lower than that
under air'He gradient due to the difference of oxygen exchange
reaction in the precense of CO, COsor He gas. =
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Fig. 12 Oxygen permestion flux through 40MCO-60CPO dual phase
compesitc mombranc as & function of time using purc C0Oz &5 swecp gas.
Conditions: 200 mifmin air as feed gas, 20 mimin OO ax sweep gas; [

15 mlimin Ne as internal standard gas. Membrane thickness: 0.5 mm.
Temperature: 1000 °C.

The oxygen permeation flux through the 40MCO-60CPO

dual phase composite mambrane with COs as sweep gas is shown
i in Fig. 12 as a function of time. During the whole oxygen
permeation test, an oxygen permeation flux of about 0.20
ml/min-com® was obtained at 1000 °C and no decrease was found.

In the previous studies of the perovskite-type materials containing
alkaline-earth metals e.g Bay¢CogFeyNby 045 (BCFN), L
s Bac_-_eSrujl:q,gFE,_:UM fBSCF], 5 and Bac_,SrugFeualnu;()_;_g

6 | Journal Name, [year], [vol], 00=00
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(BSFZ), * it has been found that oxygen permeation flux through
these single perovskite-type membranes decreased sharply due to
the formation of carbonates once if CO: gas was present
Moreaver, Kharton et al. have reported that obvious depgradation
of the oxygen permeation flux through CegelGdysOas -
Lag+8rysMnQy s dual phase composite membrane with time was
observed due to the formation of Se(Ce, Ln)0yz(Ln is Gd, La) in
the grain boundaries, which can block the ionic transport. ** Fram
the stable oxygen permeation fluxes on our 0MCO-60CPO, we
can exclude chemical reactions between the two MCO and CPD
phases involved like reported in previous studies of dual phase
membranes.

Conclusions

A novel oxygen transporting dual phase membrane of the
composition 40 wi% Mn, sCo 2045 - 60 wi% CepoPry Oy
(4DMCO-60CPO) was prepared with MCO as an electron
conductor and CP( as oxvpen ion conductor via a rapid one-pot
one-step glycine-nitrate combustion process. XRD confirmed that
the 40MCO-60CPO membrane sintered at 1300 °C in air,
represents a micro-scale mixture of mainly the two phases MCO
and CP(), but also traces of Mn(s and (MnCoMnCo).0. 3 have
been detected. An oxygen permeation flux of 0.48 ml/min-cm®
was obtained at 1000 °C under an air/CO, oxygen partial pressure
gradient through a membrane with a thickness 0.3 mm. The
40MCO-60CPO dual phase membrane can be operated for at
least 60 h when pure C04 was used as sweep gas, suppesting that
the 40MCO-60CPO dual phase membrane is C(k stable. The
good stability under pure CO: recommends the 40MCQ-60CPO
material as a good candidate for the oxygen separation from air in
the 4-end membrane operation mode in the oxy-fuel process.
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Chapter 4

4. Dual phase membrane as reactor for partial oxidation of
methane

4.1 Summary

The above mentioned noble metal-free and alkaline metal-free dual phase membrane
materials described in chapter 3 showed very good CO; stability. However, it was found that
most of these dual phase materials contain easily reducible metals oxides of Co or Ni in their
compositions, which is unfavorable for the membrane stability in reducing atmospheres.

In this chapter, a novel dual phase membrane cobalt-free noble metal-free 40PSFO-60CPO
dual phase material was developed via a one-pot single-step GNP, as a proven means to obtain
fine and homogeneous powders. The concept of this dual phase membrane was to prepare a
mixture of a pure oxygen ionic conductor and a mixed (oxygen ionic and electronic) conductor.
XRD and BSEM confirmed that the 40PSFO-60CPO dual phase membrane was successfully
prepared. 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 ml/min-cm’® is obtained
through the 40PSFO-60CPO dual phase membrane. Whereas, an oxygen permeation flux of 0.18
ml/min-cm” through the 40PSFO-60CPO dual phase membrane was obtained when using pure
CO; as sweep gas. The partial oxidation of methane (POM) to syngas was also successfully
investigated in the 40PSFO-60CPO dual phase membrane reactor. At 950 °C under a steady state,
methane conversion was found to be higher than 99 % with 97 % CO selectivity, and 7.81
ml/min-cm” oxygen permeation flux is obtained. The dual phase membrane, without any noble
metals like 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.
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4.2 A novel cobalt-free noble-free oxygen-permeable 40Pr,Sr(4FeO;.s -
60Ce 9Pr( 0,5 dual phase membrane

Huixia Luo, Heqing Jiang, Tobias Klande, Zhengwen Cao, Fangyi Liang, Haihui Wang, Jiirgen

Caro,

Chem. Mater. 24 (2012), 2148-2154

Reprinted (adapted) with permission from (Chemistry of Materials). Copyright (2012)

American Chemical Society.
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Novel Cobalt-Free, Noble Metal-Free Oxygen-Permeable
40Prg 4Srg 4Fe0; 5—60Ceq oPry ,0,_s Dual-Phase Membrane
Huixia Luo,” Hegqing _]iangJ$ Tobias Klande,’ Zhengwen Cao,’ Fangyi Liang,+ Haihui ":\r’ang,*’§

and Jiirgen Caro™”"

"Institute of Physical Chemistry 2nd Electrochemistry, Leibniz University Hannover, Callinstrasse 3A, D-30167 Hannover, Germany
*Max-Planck-Institut Fir Kohlenforschung, Kaiser-Wilhelm-Platz 1, D-45470 Milheim an der Ruhr, Germany

*3chool of Chemistry & Chemieal Engineering, South China University of Technology, No. 381 Wushan Road, 510640 Guangzhou,
China

ABSTRACT: A novel cobaltfree and noble metal-free dual-phase oxygen- | Synthetic air Depleted air
transporting membrane with a composition of 40 wt % Pr, Sr, ,FeO, —60 wt
% CeggPryi Oy (40PSFO—60CPO) has been successfully developed via an in " '
situ one-pot one-step glycine-nitrate combustion process. Il situ XRD
demonstrated that the 40PSFO—60CPO dual-phase membrane shows 2 good
phase stability not only in air but also in 50 vol % CO,/50 vwol % N,
atmosphere, When using pure He or pure CO, a3 sweep gases, at 950 °C steady
oxygen permeation fluzes of 0.26 em® min™ em™ and 0.18 em® min™" em™ are
obtained through the 40PSFO—60CPO dual-phase membrane. The partial
oxidation of methane (POM) to syngas was zlso successfully investigated in the co, /—\Cf)z +0,
40PSFO—60CPO  dual-phase membrane reactor. Methane conversion was (CH,) (CO+H,)
found to be higher than 99.09% with 97.0% CO selectivity and 4.4 em® min~t
em™ oxygen permeation flux in steady state at 950 °C. Our dual-phase
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 2 CO, atmosphere at high temperatures.

KEYWORDS: dual-phase membrane, COystable membrane, plycine-nitrate combustion process (GNP), oxygen permeation,
partial oxidation of methane {POM)

1. INTRODUCTION high oxygen permeation membranes. However, their wide-
Clean energy delivery is a global goal to avert the climate spread applications of t]'fe shave axygen Promcatian mri.
change impacts arising from greenhouse gas emissions. Oxygen branes are hampered owing to the poor phase stability and
transport membranes (OTMs) with mived ionic-electronic chemical stability under a large oxygen concentration gradient,
conductivity are attractive as environmentally friendly, with one side of the men.ﬂjrane "—"‘PU-"E_d to 3{" =5 0’-"-11”-“8
economical, 2nd efficient means of producing oxygen from atmosphere f:ﬂs the other side to 2 reducing or CO, containing
air,"? for example, for catalytic hydrocarbon partial oxidations atmosphere.™ ™ At present, new COpstable materials are
such as the conversion of natural gas into synthesis gas™ In attracting much interest. So far, some CO.-tolerant DTE:TI“;
addition, oxygen permesble membranes have been rapidly such a5 KaNiF, 5 type (an.af-am)z(L\-iunClkuLGao.o%%Du. g
hecoming attractive because of their potentisl oxygen supply to LayNi0,_g, PETU"Skifﬁ't}?f Lay 4Cag CopgFeys0yp fluarite-
power stations with CO, eapture according to the oxy-fuel type Ce;  Th,0y 5 + Co,”' have been reported. Revently, we
concept™ by using flue gas 2s sweep gas. Further promising have developed novel cobalt-free C(_)i-tolermt dual-phase
applications are high-temperature catalytic membrane reactors OTMs which consist of 2 mixture of pure ionic and pure
for hydrocarbon conversion into syngas and added-value electronic conducting ?zrliadfsj such as NiFe; 04—
products™ and the thermal decomposition of carbon dinxide Ceungn.LO%—a(-\-fO-CGO) “ aad Fe,0,—CeysGdy, 05 ¢
in combination with the partial omidation of methane to (FO-CGO).™ Very recently, Zhu et al™® have reported 2
s'_mgas.g'm novel CO,-stable dual-phase membrane which is made of ionic
Owver the last two decades, much efforts have been directed conducting oxides and mixed conducting oxides, showing 1

on the development of perovskite-type oxide membranes with order of magnitude higher axygen permeation fluxes than the
the general formula ABO, (A = alkaline earth metals or

lanthanide element; B = transition metal). Typically, alkaline Received: March 5, 2012
earth cobaltites such ag Bal_,erCol___Fe__Dz__ﬁ,““ Ba- Revised:  May 16, 2012
Co,_},Fe}Oa_ﬁ,la and SrCnl_}FeJD_.,_‘,“ were fabricated as Published: May 16, 2012
v ACS Publications 2012 American Chemical Socety 2148 drdolorgs 18,102 1/cm 30071 0p | Cherm. Moter. 3012, 34, 2148=2154
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traditional dusl-phase membranes. However, most of the
above-mentioned materials contzin easily redueible 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 condiions, especially in the presence of
gases like CO,, CH,, ete.

In the present work, we report the development a novel
cobalt-free noble-metal free dual-phace membrane material, 40
wt % Pry Sy FeO, —60 wt % CeyoPry 0, ; (abbrevisted 2
40PSFO—60CPO). The 40PSFO—60CPO 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 zt high temperatures. Special attention is paid to the
stability under CO4 and the reducing atmosphere of CH,.

2. EXPERIMENTAL SECTION

2.1. Preparation of Powders and Membranes. The 40 wt %
PrysSrysFel =60 wt % CengPry:0s; (40PSFQO=60CPO) dual-
phase powder mixture was directly synthesized via an in situ one-pot
one-step glycine-nitrate combustion process (GNP), 2 proven means
of obtaining fine and homogeneous powders.*® The process flowchare

5Ny || Fevoy || cevoy || Prvoy ]ﬁ

Combustion by self~
ignition at 300 “C
| Precursor ash |
Calein#tion 950°C, 10k
| 40PSFO-60CPO powder |
Compacting, 1400 °C
Sinfering .
40PSFO-60CPO membrane |

Figure 1. Flowchart for the one-pot one-step preparstion of dual-
phase 40 wt % PrqSr, FeO, =60 wt % CepgPry, Opo (S0PSFO-
S0CPO) membranes by the glycine-nitrate combustion process.

is shown in Figure 1. A precursar was prepared by combining glycine
and the metal nitrates Sr{NCI,};, Fz(!\'l'_.‘g),, CE{.\TOJL and Pr{N Cl;,]:,
in their appropriate stoichiometric ratios in an aqueous solution. The
molar ratio of glycne: total metal ions was 2: 1. The precursor was
stirred and heated at 150 °C in air to evaporate excess water until 2
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-sustzining, and 2 precursor ash was obtained For
comparison, the single phase Pry,Sr; FeO._; (PSFO} and
CengPry 0 (CPO) materials were also prepared via the GNP
methad. All the powders were calcined at 950 °C in air for 10 h. The
A0PSFO=E0CPO powders were pressed to disk membranes under 2
pressure of 3 MPz in a stainless steel module with a diamater of 18
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mm to gat green disk membranes. These green disks were sintered at
1400 *C in air for § h. The surfaces of the disks were carefully polished
to 0.6 mm thickness by using 1200 grit-sandpaper {average particla
diameter 15.3 ,u'm)J then the membranes were washed with sthanol.

2.2, Characterizations of Powders and Membranes. X-ray
diffiaction (XRD, D& Advance, Bruker-AXS, with Cuo Ku radiation)
was used to determine the phase structure of the dnal-phase
membranes after sintering at 1400 °C for § h. Data sets were
recorded in 2 step-scan mode in the 20 range of 20° - 80% with
intervals of 0.02°. In sitn XRDY was condocted in a high-temperature
cell HTK-1200N (Anton-Paar) from 30 to 1000 °C. The in situ XRD
studies n air and a 50 vol % CO./50 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 datz collection. The disk membranes were studied by
scanning electron microscopy (SEM) and back scattered SEM
(BSEM) using a JEQOL JSM-6700F at an excitation wveltzge 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 ulirathin window
at an excitation voltage of 20 keV.

2.3. Oxygen Permeation and POM Performances of
Membranes. Oxygen permeation was studied using air = feed gas
and He or CQ; as sweep gas using 3 homemade high-temperatura
oxygen permeation device, which is described in 2 previous paper®®
The disk membranes were sealed onto a alumina tbe at 950 °C for 5
h with a gold paste {Herasus, Germ:mf), the side wall of the
membrane disk was also covered with the gold paste to avoid any
radial contribution te the oxygen permeation flux The effective areas
of the mambranes for oxygen permeation were 0.783 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 flaw meter. Synthetic air (20% O, and 80% N;) with
a flow rate of 150 cm® min™ was the feed; a mixture of He or CO, (29
oo’ min™'} and Ne (1 an® min™) as the internal standard gas was fad
to the sweep side.

In addition, the 40PSFO—60CFO dual-phase membrane has baen
used as a membrane reactor for POM. The membrane reactor
configuration for POM was described elsewhere®® A Nibased catalyst
(0.3 g, Siid Chemis 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 ware heated to 180 *C. High-purity methane of 7.32
cn’® 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 caldnation at
950 °C for 10 h and the 40PSFO—S0CPO dual-phase
membrane after sintered ar 1400 °C for 5§ h. The XRD
characterization indicates that both the caleined dusl-phase
powder and the sintered membrane consist of only the
orthorhombic distorted perovskite PSFO and the cubie fluorite
CPO phases, suggesting that the coexistence of PSFQ 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 = 54828
A b=7.7835 A, ¢ = 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 &4, b= 7.7667 A, ¢ = 5.5244
A) and the sintered membrane (CPO: a = b= e = 5.4117 4,
PSFO: 2= 54930 A, b=77974 A ¢ = 54945 A). It is worth to
note that even though the dual-phase mivture preparation by
the one-pot one-step GNP method, no additional phases, such

dxdoierg10.1021/cm3007 1 0p | Cherm. Moter 2012, 24, 2148=32154
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Figure 2. XRD patterns of CPO, PSFQ and the dual-phase 40PSFO=—
B0CPO powder calcined at 950 *C for 10 b and the 40PSFO=-60CPO
dual-phase membrane sintered at 1400 *C for § h (see Figure 1).

as PrFe(); and SrPrFeQ,, were observed. Therefore, from the
absence of foreign phace signals different from PSFO and CPO,
it is concluded that the dual-phise membranes 40PSFO-—
S0CPO can be successfully synthesized via 2 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 5 h and before polishing at two different magnifications.
Obviously, the microsized grains are packed closely; no major
cracks are visible, The PSFO and CPO graine could be
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Figure 3. (3, c) SEM, (b) BSEM, and (d, e} EDXS images aof the
HIPSFO=60CPO membrane after sintered at 1400 *C for 3 b in air
before polishing (see Figure 1). For the EDXS mapping in d,
superimpositions of the Pr-La, Pr-L#, Sr-La, and Fe-Ka and Fe-K§
{green} and Pr-Lep, Pr-1f and Cela, Celf (yellow) signals have
been nsed
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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 um® from the analysis of 100
graing, respectively. Furthermore, the two phases sre well-
distributed and form & 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 trancport.
3.2. Phase Stability the 40PSFO—-60CPO Dual-
Phase Material. In situ XRD provides an effective and direct
way to characterize high-temperature structure changes during
inereasing and decreasing temperatures under different
atmospheres. The in situ XRD patterns of the calcined
40PSFO—60CPO powder in air with inereasing temperature
from 30 to 1000 °C, 2s shown in Figure 4, indicate that the

ll. " FLETACS m
L e -
| | 50T g
s e | [ E
I ro e | |8
_._1]... . ok, A0 C §
L a e | |7
ll A o 'c
ha. " Mk 30T
M 0 4 S0 & 70 B0 90
26 (degree)
— T T—T—T o
[ I I’EIII][ IN 11 Ihl ] illli”li | PSFO|

Figure 4. In situ XRD patterns of the 40PSFO=60CPO dual-phase
powder after calcination at 930 °C (see Figure 1} in air for incraasing
temperature. Conditions: heating rate = 12 *C min™; equilibration
time at each temperature, 30 min for recording the XRD data at each
temperature.

phases CPO and PSFO remain unchanged in the 40PSFO—
60CPO dusl-phase material. The high-temperature phase
stability has been studied by in situ XRD (Figure 5) between
30 and 1000 °C in an atmosphere of 50 vol % CO4 2nd 50 vol
% N, Figure 5 shows that the dual-phase membrane
completely keeps its dual phases PSFO and CPO. Ne
carbonate formation was observed in an atmosphere of 50
val % 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 sim XRD patterns of the 40PSFO=60CPO dual-phase
powder after caldnation 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, 30
min for recording the XRD datz at each temperature.

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

3.3. Oxygen Permeability and Chemical Stability
under €O, and CH, Atmospheres. To further zssess the
CO, stability of our dual-phase materal during oxygen
permeation, the oxygen permeation pedformance through the
40PSFO—60CPO dual-phase membrane was studied over 150
h using pure CO, 25 sweep gas. Figure 6 shows the oxygen
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Figure 6. Oxygen permeation flux through 40PSFO—60CPO dual-
phase membrane as a function of time with pure CO; as swesp gas.
Conditions: 150 cm® min™ air a5 feed gas, 29 cm? min™ CO, as
sweep gas; 1 cm® min™ Ne as internal standard gas. Membrane
thickness: 0.5 mm. Temperature: 950-1000 *C.

permeation flux as 2 function of time It is found that the
oxygen permeation flux decreased slightly from 0.22 em® min™
em™* and stabilized at the level of 0.18 em® min™" em™ with
pure CO, a5 sweep gas at 950 °C. At 1000 °C, the oxygen
permeation flux was kept constant at 028 em® 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 matedal, the
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oxygen permestion 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
permestion flux through the alkaline earth metal-contasining
single-phase perovskite membranes s 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
permestion flux sharply decreased. The decrease of the oxygen
permeation flux through most of these perovskite membranes
was more than 90%. [n some cases, the materials were even
decomposed due to the carbonate formation,

It has been reported by Yi et al'® that the reaction of
theBaCoy-FegalNby Oy s membrane with COy leads to 2
decomposition of the membrane and to the formation of a
compact BaCO, surface layer and 2 porous decomposed zone;
the latter consists of mainly CoO and a Co-depleted perovskite
phase, However, 40PSFO—60CPO dual-phase membrane
shows lower oxygen permeation fluxes than most of the
alkaline earth metsl-contzining single-phase perovskite mem-
branes, but it shows 2 much higher stability in CO,. Moreover,
compared with the dual-phase membranes NiFe,0,—
CeyyGdy 1O, ¢ and Fe,0,—Ce;,Gdy 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 2s an asymmetric membrane
structures™ " or by surface enlargement 25 demonstrated for 2
hollow fber.’ Combining an asymmetric structure and surface
enlargement, it was shown by Baumann et A that 2
sophisticated material processing using tape casting and coE:j.nﬁ
results in high oxygen fluxes of up to 12.2 cm® (STF) min™
em™ at 1000 °C for 2n 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: 2 gastight layer
(70 wm) is deposited by tape casting on 2 porous substrate
(830 um) with 34% open porosity. An open-porous surface
activation layer on the air side was prepared via sereen printing
and incresses substantislly the surface evchange 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 sbhout 30
urm thick gastight CGO layer on top of an about 300 um 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 axygen fluxes: (i) A thin dense CGO
layer of anly 30 ym thickness was used. (i) CosOy (or FesOs)
was used as sintering aids for membrane layer (2nd support)
and as electronically conduetive 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; Sr; ,CoOy_; (LSC)
25 air catalyst for incarporation of oxygen into the membrane,

Furthermore, we also found that the 40PSFO—60CPO dual-
phase membrane reactor was successfully operated in the partial
catalytic oxidstion 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, 2 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 57.0%,
the CH, conversion remained 9%.0% and the oxygen
permeation flux through the 40PSFO—60CPO  dual-phase
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Table L. 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

3 T L 1T Y 3 ey
membrane matecials ‘Tﬁ?g f%) “”'@‘”“““HE’"‘ e WM(Q?:S:M i caf
BaCoyFeysNby, Oy 5 1 200 0.70 0 15
Bay gSegsFessZag Oy s 115 750 036 0 16
BaygSr,CoyFeqaDy s 1 873 1y 0 27
40wt %NiFe,0,—60wt % Ce, Gd, O, , 04 930 0.8 0.6 2,23

40wt %Py 0y —E0wt %CeGdy Oy s 035 230 010 0.08 24

40wt %Py oSr, FeOy_s— S0wt% 08 330 017 018 this work

CeygPrasOas

P w 99.6%, and the oxygen permeation fluxes increased from 2.9

£ 1004 em® min™' em™ to 44 em® min™' em™ with increasing

E ks temperatures from 875 to 930 °C. However, the CO selectivity

g 904 ‘-‘E decreased from 99.0% to 96.0%. This behavior has been

g Liiq chserved also for single phase perovshte -type membrane

N E reactors, e.g. using Ba'CcJ‘l,Freln'l'aﬂl(}_&_ls The explanation for

5 &—ﬂ%ﬂ,ﬁ_@&&_ﬂ.ﬂm "E this phenomenon is 2 follows: (i) The increased oxygen

£ —[XCH Tié ~ permeation flux was aseribed to the increase of oxygen diffusion

ﬁ 7 -Q—SCO. =] rate through the 40PSFO—60CPO membrane and the faster

% 30, 2 surface kinetics with increasing temperature. (i) The methane

8 e z conversion was mainly controlled by the amount of the

” r r . —L0 permeated axygen through the dense membrane. Therefore,

d w = » Yo the increase in the oxygen permeation flux results in an increase

Time { h) of methane conversion. (iii) With the inereased oxygen

Figure 7. Time dependence of oxygen permeation flux (A), CH,
conversion ([0}, and CO selectivity (3) for $PSFO—80CPO dual-
phase membrane at 930 *C in the POM to syn.r.hes:s gas. Conditions:
150 cm® min’ =! air as feed gas, 7.32 cm® min™ CH, as sweep gas; 1

cm® min™ Ne as internal standard gas. Membrane thickness: 0.6 mm.

membrane reached 4.4 em® min™' em™ st 950 °C. These
results indicate that 40PSFO—80CPO membranes possess
good chemical stability under a redueing atmosphere such a3 in
the POM, in combination with a high oxygen permeation flux.

After the steady state was reached, the influence of
temperature on the CHy 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 (&), CO
selectivity (#), and cxygen permeation ﬂux (W} through the
40PSFO=60CPO dual-phase membrane in the POM to synthesis
gas.Conditions: 150 an® min™" air as feed gas, 7.32 cm? min=! CH, as
sweep gas; 1 om® min™ Ne a5 internal standard gas. Membrane
thickness: 0.6 mm.
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permeation flux, there is more oxygen available than needed
for the stoichiometrie POM. Consequently, CO was deeper
exidized to COy, resulting in the decrease in the CO selectivity
with incressing temperature.

In the POM to synthesis gas under industral conditions,
oxygen permeable membranes are operated under a highly
reducing eavironment. Unfortunately, only a few perovskite-
type membranes can keep their structures in such 2 harsh
environment. In the open literature, it hac 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,O destroying the membrane, For example, it has
been found that cobalt-enriched particles were formed on the
surface of a BaCay.Fey,Tay 0, ; membrane sfter operating in
the POM to synthesis gas for 400 h3* The perovskite-type
Ba, oSty 4Coy Fey 0y ; membrane has been found to be
completely destroyed in 2 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 temperatum in highly reducing atmos-
pheres such 2s Hy and CH,. ' [t has been reported that ceria-
based electrolytes (eg, 'CeM'deD1 5} is hindered by poor
mechanieal strength, = Frnb[em notably undesirable for
electrolyte-supported cells® or is limited to intermediate
temperatures because of eracks induced by 2 chemical
expansion gradient across the e[e:tro[}r.e {membrane) at
temperatures shove ez 700 °C.7%* 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 XBD) patterns except the gold diffraction peaks from the
gold paste sealant was observed. Therefore, it can be concluded
that the 40PSFO—80CPO dual-phase membrane keeps s 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 2

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

permeation fluxes for the 40PSFO—60CPQO 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, (M), He (@), or CO; (&). Conditions:
150 cm’ min™" air as feed gas, 29 cm® min™ He or CO),; 28 sweep gas,
or in POM reaction condition {7.32 cm® 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 0.26 em® min™ el
obtained through a membrane with 2 thickness of 0.6 mm,
when He 28 sweep gas has been used. In the POM to synthesis
gas, the uxl.'gen permeation flux can be enhanced to 4.4 em?

rin ! According to the well-known Wagner theory, the

driving force is the oxygen partial pressure gradient between the
two gides 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 fluy through
40PSFO—-60CPCO 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
permesation flux though our 40PSFO—60CPO membrane is
higher than that of the single-phase peravskite-type membrane
Ba, Sry Feyy7n, 30y ; 2nd comparable with them of dual-
phase-type membranes (e.g, 40 wt % Gd,Sry FeO, —60 wt
% CepsGdyaOag, 25 wt % SmysSr.FeOs —75 wt %
Cey sS40y g, and 25 wt % Smy Sry Fey oAl 0, —75 wt
% CepgeSmy ;. Oy SV ynder 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 28 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 uging the one-pot onestep glycine-nitrate combustion
technique, 2 novel cobalt-free noble metalfree dusl-phase
oxygen transporting membrane with the composition 40 wt %
PrysSrpaFeQs s—60 wt % CegsPry 0y s (40PSFO—60CPOY)
has been developed. The membrane consists of a microseale
mivture of well-separated PSFO (mived ion-electron con-
duetor) and CPO (oxygen ions conductor) graing forming a
percolation network. According to its chemical composition,
the new 40PSFO—60CP0 dusl-phase membrane is C()t-stab[e
For 2 0.6 mm thick membrane, 2 stable axygen flux of 0.18 em?
min™' em™? has been found 2t 950 °C when using CO, as
sweep gas, The POM to syngas in the 40PSFO—60CPO dual-
phase reactor was suecessfully performed. Methane conversion
was found to be higher than 93.0% with 97.0% CO selectivity, 2
44 em® min™' em™ oxygen permeation flux was obtained
under 2 steady state condition 2t 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 dusl-phase membrane is chemically
stable under 2 reducing atmosphere.
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Chapter 5 Conclusions

S. Conclusions

In this thesis, first the issues of phase stability and oxygen permeation behavior of single
phase-type perovskite membrane were demonstrated by the example of BSCF tube membrane in
high purity oxygen. It was found at 950 °C, that 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 due to a partial decomposition of the bulk cubic perovskite phase into a hexagonal
perovskite (Bags+xSros5:xC0035 x =~ 0.1) and a trigonal mixed oxide (Ba;.SriCos.,Fe,Os;5 x
~ 0.15, y = 0.25). The structural instability of BSCF is attributed to an oxidation of cobalt
from Co*" to Co’" and Co*", which exhibits an ionic radius that is too small to be tolerated by the
cubic perovskite structure, which then becomes unstable.

As described in Section 1.3.2 and the first part, the wide applications of single phase
perovskite membrane were still hampered not only by its phase instability at intermediate
temperatures of 750 °C but also by its decomposition due to the formation of carbonates in the
presence of CO,. Dual phase oxygen permeable membranes were proposed to avoid this dilemma
since their compositions can be tailored in the practical applications. In the second part of this
thesis, the preparation and characterization of CO,-stable dual phase membranes are
demonstrated. Three types of noble metal-free and alkaline metal-free dual phase membranes of
the compositions: (i) NiFe,04-Ce9Gdy 102 (NFO-CGO), (ii) Fe,03-Cep9Gdy 10, (FO-CGO) and
(ii1) Mn; 5Co1 504-Ce 9P19.102 (MCO-CPO) have been developed via different methods including
mixing powder by hand, mixing powder by ball-milling, one-pot single-step EDTA-citric acid
sol-gel method and one-pot single-step combustion method. The one-pot methods gave the best
homogeneous grain size distribution and the smallest grain size, leading to the highest oxygen
permeability. The oxygen permeation fluxes through these dual phase membranes were
performed as a function of time using pure CO, as sweep gas. It was found that the oxygen
permeation fluxes through 40NFO-60CGO, 40FO-60CGO and 40MCO-60CPO stabilized at the
level of 0.3 ml/min-cm® 0.2 ml/min-cm”and 0.2 ml/min-cm’, respectively at 1000 °C, and no
decrease of the oxygen permeation flux was observed, which indeed confirms that these dual
phase membranes are CO;-stable. However, most of these dual phase membranes, which contain

easily reducible oxides like Co, Ni, were not stable in harsh reducing atmosphere.
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Chapter 5 Conclusions

In the third part of this thesis, a novel cobalt-free noble metal-free 40PSFO-60CPO dual
phase material was developed via a one-pot single-step GNP, which is a proven means to obtain
fine and homogeneous powders. I/n-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, stable oxygen permeation fluxes of 0.26 ml/min-cm® and 0.18
ml/min-cm” were obtained through the 40PSFO-60CPO dual phase membrane when using pure
He and CO; as sweep gases, respectively. The partial oxidation of methane (POM) to syngas was
also successfully investigated in the 40PSFO-60CPO dual phase membrane reactor. At 950 °C in
steady state, methane conversion was found to be higher than 99 % with 97 % CO selectivity, and
a 7.81 ml/min-cm’ oxygen permeation flux has been obtained. XRD confirmed the unchanged
dual phase structure of the spent 40PSFO-60CPO in POM to synthesis gas for more than 100 h,
indicating that this dual phase was very stable in hash reducing atmosphere.

In conclusion, this Ph.D. work presents the issues of phase stability of BSCF perovskite
membrane in high purity oxygen. Four novel COs-stable dual phase membranes of the
compositions of 40NFO-60CGO, 40FO-60CGO, 40MCO-60CPO and 40PSFO-60CPO were
synthesized successfully via the direct one-step one-pot synthesis method. They possess high CO,
stabilities and provide a promising way to supply pure oxygen to power plants with CO, capture

according to the oxy-fuel concept.
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