Coupling of two chemical reactions through an
oxygen transporting perovskite membrane:
Thermodynamic and kinetic control

Von der Naturwissenschaftlichen Fakultit
der Gottfried Wilhelm Leibniz Universitdt Hannover

zur Erlangung des Grades

Doktor der Naturwissenschaften

Dr. rer. nat.

genehmigte Dissertation
von
M.Sc. Heqing Jiang
geboren am 12.09.1978 in Henan, China

Hannover, 2010



Referent: Univ.-Prof. Dr. Jiirgen Caro
Korreferent: Univ.-Prof. Dr. Thomas Scheper

Tag der Promotion: 03.05.2010



Preface

The presented results of this thesis were achieved since April 16, 2007 during my Ph. D. study
at the Institute of Physical Chemistry and Electrochemistry at the Gottfried Wilhelm Leibniz
Universitdt Hannover under the supervision of Prof. Dr. Jiirgen Caro. In this period, I have
also been a scientific co-worker and worked for the BMBF project SynMem and the European
project NASA-OTM.

Six research articles in which I am the first author are presented within this thesis. I
wrote the first draft of the six papers, Prof. Dr. J. Caro and other co-authors corrected and
improved them. 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. S. Werth, and Priv.-Doz. Dr. A. Feldhoff. All the dense
hollow fiber membranes used during my Ph. D. work were provided by Dr. T. Schiestel from
the Fraunhofer Institute of Interfacial Engineering and Biotechnology (IGB) in Stuttgart.

Three articles studying the thermodynamic coupling for hydrogen production from water
splitting are collected in Chapter 2. The first article, Hydrogen production by water
dissociation in surface-modified BaCoFe,Zr;..,03.5 hollow fiber membrane reactor with
improved oxygen permeation, was written by me. I got support on the manuscript preparation
from all the co-authors, especially from Prof. Dr. J. Caro, Priv.-Doz. Dr. A. Feldhoff and K.
Efimov. The BaCoFeyZrooxyPdo 1035 (BCFZ-Pd) powder was prepared by F. Liang
following my idea. Deposition of the BCFZ-Pd porous layer onto the BCFZ hollow fiber
membrane and all the measurements of oxygen permeation and hydrogen production were
done by myself. SEM and TEM characterizations were done by me, Priv.-Doz. Dr. A.
Feldhoff, and K. Efimov. The second article, Simultaneous production of hydrogen and
synthesis gas by combining water splitting with partial oxidation of methane in a hollow-fiber
membrane reactor, was written by me. The experimental results and calculations were mainly
done by myself. Prof. Dr. J. Caro and Prof. Dr. H. Wang provided strong support on the
manuscript preparation. The third article, A coupling strategy to produce hydrogen and
ethylene in a membrane reactor, was also written by me, and Prof. Dr. J. Caro improved it.
The measurements were conducted by Zhengwen Cao and me in almost equal shares. SEM

measurements were done by myself.



Another three articles focusing on the kinetic coupling for nitrogen oxides
decomposition are collected in Chapter 3. The first article, Highly effective NO decomposition
by in situ removal of inhibitor oxygen using an oxygen transporting membrane, was written
by me. The measurements and the interpretation were carried out by Lei Xing and me. I wrote
the first draft of the second article: Direct decomposition of nitrous oxide to nitrogen by in situ
oxygen removal with a perovskite membrane. Prof. Dr. J. Caro and Prof. Dr. H. Wang spent
much time on correcting and improving it. Dr. S. Werth wrote the German version of this
article. All the measurements and calculations included in this article were conducted by
myself under the supervision of Prof. Dr. J. Caro. The third article, Improved water
dissociation and nitrous oxide decomposition by in situ oxygen removal in perovskite catalytic
membrane reactor, was written by me with the help of Prof. Dr. J. Caro. All the measurements,
calculations and interpretation were mainly carried out by myself. Additionally, I obtained

support on the manuscript preparation from all co-authors.
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Abstract

The equilibrium controlled water splitting and the kinetically controlled nitrogen oxides (NO
and N,O) decomposition were studied in the perovskite BaCoyFe,Zr; ;O35 (BCFZ) hollow
fiber membrane reactor that allows the selective permeation of oxygen. The hydrogen
production rate or the conversion of NO and N,O directly depends on the rate of oxygen
removal from the system of water splitting or nitrogen oxides decomposition. To improve the
oxygen permeation rate and thus the reactor performance, a series of oxygen-consuming
reactions were coupled with water splitting or nitrogen oxides decomposition on the opposite
sides of the BCFZ membrane reactor.

Chapter 2 demonstrated the effective hydrogen production from water splitting by in situ
removing oxygen from the steam side to the other side of the BCFZ membrane, where the
permeated oxygen was continuously consumed by methane combustion, partial oxidation of
methane (POM), or oxidative dehydrogenation of ethane (ODE). First, when a catalytic
BaCoFeyZrg 9xyPdo.103.5 (BCFZ-Pd) porous layer was elaborately attached to the outer
surface of the dense BCFZ membrane, the permeated oxygen was even more effectively
consumed by methane combustion, leading to a larger gradient of oxygen partial pressure
across the membrane. The oxygen permeation rate was increased by 3.5 times as compared to
that of the blank BCFZ membrane, and the hydrogen production rate was increased from 0.7
to 2.1 mL min" ecm™ at 950 °C after depositing a BCFZ-Pd porous layer onto the BCFZ
membrane. When packing a Ni-based catalyst and feeding methane to the shell side, not only
a hydrogen production rate of 3.1 mL min™ cm™ was achieved at 950 °C on the core side, but
also synthesis gas was obtained on the shell side. A lower operating temperature was achieved
by coupling water splitting with the ODE process on the opposite sides of the BCFZ hollow
fiber membrane. At 800 °C, not only a hydrogen production rate of 1.0 mL min™ cm™ was
obtained, but also an ethylene yield of around 55 % was achieved on the other side of the
BCFZ membrane. Moreover, the operation for the simultaneous production of hydrogen on
the core side and ethylene on the shell side was conducted for 100 h without membrane
failure.

During the decomposition of NO or N,O into N, and O, over perovskite BCFZ, the
produced oxygen acts as an inhibitor. The effective abatement of NO and N,O by in situ

removing the inhibitor oxygen via the perovskite BCFZ oxygen-permeable membrane was
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presented in Chapter 3. It was found that the conversion of NO or N,O on the core side is very
low when no sweep gas was applied on the shell side. However, when feeding methane in
combination with Ni-based catalyst to the shell side, the direct decomposition of NO over the
inner surface of the BCFZ hollow fiber membrane was achieved with NO conversion of
almost 100 % and N, yield of around 95 % even with coexisting 3 vol.% oxygen in the feed.
For the N,O decomposition in the BCFZ membrane reactor, the oxygen concentration on N,O
side can be kept at a low level by increasing the operating temperature or the pressure
difference across the membrane or by feeding reducing gases like methane or ethane on
permeate side. Benefiting from the effective oxygen removal via the BCFZ oxygen-permeable
membrane, a complete decomposition of N,O with the concentration of up to 50 vol.% was
obtained at 875 °C. Moreover, the permeated oxygen was utilized to produce synthesis gas by
the POM or ethylene by the ODE process on the shell side. A methane conversion of over 90
% and a CO selectivity of 90 % were obtained at 875 °C with the simultaneous complete

decomposition of 20 vol.% N,O.

Keywords: perovskite membrane reactor, coupling, water splitting, nitrogen oxides

decomposition, partial oxidation
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Zusammenfassung

Die gleichgewichtskontrollierte Zersetzung von Wasser in die Elemente als auch die kinetisch
kontrollierte Zersetzung von Stickstoffoxiden (NO und N;O) wurden in einem
sauerstoffleitenden perowskitischen Hohlfasermembranreaktor der Zusammensetzung
BaCoFe,Zr|.x.yO3.5 (BCFZ) untersucht.

Die Bildungsgeschwindigkeit von Wasserstoff bzw. der Umsatz von NO oder N,O hingt
dabei direkt von der Geschwindigkeit ab, mit der der Sauerstoff aus dem System entfernt wird.
Um den Sauerstofffluss durch die Membran und folglich die Reaktorleistung zu verbessern,
wurden eine Reihe von sauerstoffverbrauchenden Reaktionen mit der Zersetzung von Wasser
oder Stickstoffoxiden auf der gegeniiberliegenden Seite der BCFZ-Membran gekoppelt.
Kapitel 2 beschreibt die Wasserstoffproduktion durch Wasserzersetzung in die Elemente durch
In-Situ-Entfernung von Sauerstoff von der Wasserdampf-Seite zur anderen Seite der
BCFZ-Membran, wo der permeierte Sauerstoff kontinuierlich durch Methanverbrennung,
Partielle Oxidation von Methan (POM) oder Oxidative Dehydrierung von Ethan (ODE)
verbraucht werden kann.

Wird eine pordse katalytische BCFZ-Pd-Schicht auf die duBBere Oberfliche der dichten
BCFZ-Membran aufgebracht, so wird der permeierte Sauerstoff sogar noch effektiver durch
die Methanverbrennung umgesetzt. Dies fiihrt zu einem groBeren O,-Partialdruckgradienten
tiber den Querschnitt der Membran. Die Sauerstoffpermeationsrate vergroferte sich um ein
3,5-faches, verglichen mit der unbeschichteten BCFZ-Membran. Die
Wasserstoffbildungsgeschwindigkeit bei 950 °C stieg von 0.7 auf 2.1 mL min™ ¢m™ nach
Beschichtung der BCFZ-Membran mit einer porosen BCFZ-Pd-Schicht. Wird um die
Membran ein Festbett eines Ni-Katalysators verwendet und Methan auf die Aufenseite der
Faser gegeben, so wird nicht nur eine Wasserstoffbildungsgeschwindigkeit von 3.1 mL min™
cm™ bei 950 °C auf der Innenseite der Membran erreicht, sondern es kann zudem auf der
Shell-Seite Synthesegas gebildet werden. Eine niedrigere Reaktionstemperatur konnte
realisiert werden, indem die Wasserzersetzung auf der einen Seite mit der Oxidativen
Dehydrierung von Ethan auf der gegeniiberliegenden Seite der BCFZ-Hohlfasermembran
kombiniert wurde. Bei 800 °C wurde hier nicht nur eine Wasserstoftbildungsgeschwindigkeit
von 1.0 mL min" cm™ erreicht, sondern auch eine Ethylenausbeute von ca. 55 % auf der

anderen Seite der Membran.
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Dartiberhinaus konnte fiir diese simultane Wasserstoffproduktion auf der Core-Seite und
Ethylen Produktion auf der Shell-Seite eine Langzeitstabilitdt des Membranreaktors von {iber
100 Stunden realisiert werden.

Bei der Zersetzung von NO bzw. N,O in die Elemente iiber dem BCFZ-Perowskiten
agiert der produzierte Sauerstoff als Inhibitor. Die effektive Entsorgung von NO und N,O
durch In-Situ-Entfernung des inhibierenden Sauerstoffs iiber der sauerstoffleitenden
BCFZ-Perowskithohlfasermembran wird in Kapitel 3 vorgestellt. Dort konnte gezeigt werden,
dass der Umsatz von NO oder N,O auf der Inneseite sehr gering ist, sofern kein Spiilgas auf
der Shell-Seite verwendet wurde. Wurde jedoch Methan als Spiilgas in Kombination mit
einem Nickel-Katalysator auf der Shell-Seite eingesetzt, so konnte fiir die direkte Zersetzung
von NO an der inneren Oberfliche der BCFZ-Hohlfasermembran ein NO-Umsatz von nahezu
100 % sowie eine Np-Ausbeute von ca. 95 % bei einem 3 vol.-% Restgehalt von Sauerstoff im
Feed erreicht werden. Fiir die Lachgaszersetzung im BCFZ-Membranreaktor konnte die
O,-Konzentration auf der Lachgas-Seite durch Erhdhung der Betriebstemperatur oder der
Druckdifferenz iiber der Membran als auch durch Zugabe von reduzierenden Gasen wie
Methan oder Ethan auf der Permeatseite gering gehalten werden.

Mit Hilfe der effektiven Sauerstoffentfernung durch die sauerstoffleitende
BCFZ-Membran konnte eine komplette Zersetzung von Lachgas bei 875 °C in
Konzentrationen bis zu 50 vol.-% erreicht werden. AuBerdem konnte der permeierte
Sauerstoff verwendet werden, um Synthesegas durch die Partialoxidation von Methan oder
Ethylen durch die Oxidative Dehydrierung von Ethan auf der Shell-Seite zu produzieren. Zum
Beispiel konnte ein Methanumsatz von iiber 90 % und eine CO-Selektivitit von 90 % bei 875
°C erzielt werden, wihrend auf der anderen Membranseite ein 20 vol.-%iger N,O-Gasstrom

komplett zersetzt werden konnte.

Schlagworter: Perowskitischer Membranreaktor, Kopplung, Wasserzersetzung, Zersetzung

von Stickstoffoxiden, Particlle Oxidation
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Chapter 1 Introduction

Chapter 1
Introduction

It is predicted that human beings will face the problem of the lack of fossil oil and
natural gas in the twenty-first century. Simultaneously, human beings have faced, are facing,
and will face environmental problems that are strongly linked to the production,
transformation, and consumption of energy. As shown in Figure 1.1, chemical industry brings
us the environmental problem while it meets the basic human needs. It is necessary for the
chemical industry to build innovative process-engineering technologies for the reduction of
energy consumption and the minimization of waste streams.

The two most important and often the most expensive steps in a chemical process are
usually the chemical reaction and the separation of the product stream. Both the process
economics and the efficient use of natural resources could be improved by the combination of
these two unit operations in a single device called membrane reactor, leading to potential
savings in energy consumption, effective use of raw materials and reduced formation of
by-products.’ According to the [TUPAC definition, a membrane reactor is a device combining
a membrane based separation and a chemical reaction in one unit.> > Membranes and

membrane reactor technology are expected to play a tremendous impact on the production of

raw materials |==#| chemical processing |===fo| products |==—-|consumption

clean energy while safeguarding the environment.

energy air pollution energy

water pollution waste

Figure 1.1 Schematic diagram of the environmental problem caused during the chemical

processing of raw materials.



Chapter 1 Introduction

1.1 Basic aspects of membrane reactors

1.1.1 Types of membrane reactors

There are numerous concepts to classify membrane reactors.” Based on the materials
used for membrane construction, the membrane reactors can be divided into inorganic and
organic ones or porous and dense ones. Dense materials include solid oxide electrolyte dense
membranes and palladium alloy membranes that are permeable to hydrogen. Perovskite
membranes are one kind of mixed-conducting dense membranes that show high oxygen
permeation rates at high temperatures, which will be discussed in the following sections.
Porous inorganic membranes can be divided into macroporous (d, > 50 nm), mesoporous (50
> d, > 2 nm) and microporous (d, <2 nm) ones." Macroporous materials, such as o-alumina
membranes, are normally used to support layers of smaller pore size to form composite
membranes, or as catalyst support in applications where a well-controlled reactive interface is
required. Mesoporous materials for membranes have general pore sizes in the 4 - 5 nm range,
so that permeation is governed by Knudsen diffusion. Microporous membranes, which should
be called better nanoporous membranes, offer the potential for molecular sieving effects, with
very high separation factors, and materials such as carbon molecular sieves, porous silicas,
zeolites and most recently MOF's (metal-organic frameworks) have been studied.'*’

The membrane reactors can also be classified into extractors, distributors or contactors
following the reactor design.® In addition, they can be defined as inert or catalytic membrane
reactors. Of course, the inert membrane reactor can become catalytically active by packing
catalyst particles in the membrane pores or outside the membrane as a fixed bed. The catalytic

aspects of membrane reactors will be discussed in Section 1.1.3.

1.1.2 Advantages of membrane reactors

Removal of Product(s) For a reversible reaction

A+BSC+D (1)

according to thermodynamics, only a limited conversion and yield can be obtained due to the

equilibrium constant. This thermodynamic restriction, however, can be overcome by

4



Chapter 1 Introduction

displacing the equilibrium toward more product formation. For example, if either one or both
products can be in situ removed via a permselective membrane, the reversible reaction will
proceed in the direction of the generation of more products. Therefore, proper product
removal from the reaction zone shifts the equilibrium-limited reaction to a higher conversion.’
Likewise, at a constant conversion degree, the operating temperatures or residence times for
an endothermic equilibrium could be lowered in a membrane reactor. Because the
thermodynamically unfavorable reaction can be driven closer to completion, the consumption
of the feedstock can be reduced. ® An example of this reaction type is water dissociation into
oxygen and hydrogen as follows:
H,0 S Hy+ '/, 0, 2

Due to the very small equilibrium constant of this reaction even at high temperature, only
small amounts of hydrogen are generated at equilibrium. However, as shown in Figure 1.2, a
hydrogen rate of 0.6 cm’ min” cm™ was obtained at 1683 °C by removing the produced

oxygen via a mixed oxygen ion and electron conducting ZrO,-TiO,-Y,03; membrane.’

H,0

mixed conducting membrane

L 2

Figure 1.2 The concept of hydrogen production from direct water splitting at high

temperature by removing oxygen via a mixed conducting membrane.” '°
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In addition to the increase of the reaction conversion, selectivity can also be enhanced in
a membrane reactor. For the case that some undesirable side reactions will take place, leading
to a lower yield or selectivity, when the concentration of one of the products is too high, the
use of a membrane can suppress the side reactions and reduce or eliminate the formation of
by-product(s).” An example is the dehydrogenation of isobutane to form isobutene. The
selectivity to isobutene formation had a benefit by removing hydrogen via Pd membrane,
since competing reactions such as hydroisomerization and hydrogenolysis could be markedly
reduced.'' Therefore, dehydrogenation in an extractor type membrane reactor with a
hydrogen selective membrane is a reaction, where both conversion and selectivity are
improved. Another example is the direct catalytic decomposition of NO into N, and O,.
Normally, the consecutive reaction between the produced O, and the un-reacted NO will take
place, leading to the formation of undesired NO,. However, if the direct decomposition of NO
is conducted in a perovskite oxygen permeable membrane reactor, the NO, formation is
effectively prevented benefiting from the in situ removal of the produced oxygen.'> More

details will be given in Section 3.2.

Controlled addition of reactant(s) In the conventional fixed-bed reactors, the reactants are

typically premixed as a co-feed and the products are in contact with the reactants. Certain
reactions that form some undesirable intermediate or side products might take place because
of the uncontrolled contact between the reaction components. When a reactant is supplied
through the membrane, its concentration inside the reactor can be kept at a sufficiently low
and constant level, thus limiting side reactions such as deeper hydrogenations or oxidations,
and avoiding the need to separate unconverted reactants.®

Besides, the separation of reactants allows better control of the reaction by varying the
dose of each reactant independently. Moreover, the reactant supplied via the membrane can be
used in a dilute, technical form rather than pure form, because the undesired compounds will
be rejected by the membrane itself. For example, air instead of pure oxygen can be used for
the oxidative coupling of methane on a dense oxygen-permeable membrane reactor, and
nitrogen will be thus kept apart from products and unconverted reactants (the separation of
methane from nitrogen is rather difficult and expensive)."

In addition to the potential process economic benefits, a membrane reactor can also

result in a safer operation. For example, some combustion reactions involve rapid release of
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energy when the reactants are mixed in a batch or bulk mode. However, when a critical
reactant such as oxygen is carefully added to the reaction system (e.g., fuel) via a membrane,
the potentials for the uncontrolled, massive reactions can be minimized, thus leading to safety

hazards. In this way, the fuel can be used undiluted.”

Coupling of reactions When a reaction involves the evolution of a species while another

reaction consumes the same species and a membrane can be found that is permselective to
this species, it may be feasible to combine the two reactions on the opposite sides of a
membrane reactor. The first proof of this concept is the simultaneous operation of an
endothermic dehydrogenation and an exothermic hydrogenation upon a Pd membrane reactor.
Since then most of the studies have focused on coupling dehydrogenation and hydrogenation
of hydrocarbons by dense Pd-based membrane.'* ° Sometimes, a primary reaction is coupled
to a secondary one whose purpose is to take away as soon as possible the permeating gas from
the membrane so as to increase the driving force available for permeation. For example,
Balachandran et al. coupled water splitting with hydrogen combustion as a model reaction in
a ceramic-metal membrane reactor, by feeding hydrogen to the permeate side to consume the
permeated oxygen. A maximum hydrogen production rate of 10.0 cm’ min' cm™ was
obtained at 900 °C as a proof of principle.'” '® Since in this model reaction the amount of
hydrogen produced was equivalent to the hydrogen amount consumed, the coupling of

practice-relevant reactions in membrane reactors looks more attractive.

The coupled dehydrogenation/hydrogenation is also studied in fixed bed reactors, e.g. the
simultaneous ethylbenzene dehydrogenation and benzene hydrogenation. '’ Recently,
Kondratenko et al. reported the production of ethylene with the simultaneous almost 100 %
removal of nitrous oxide (N,O) by coupling the N,O decomposition with the thermal
dehydrogenation of ethane in a catalytic fixed bed reactor.'® However, by the coupling of the
two reactions in the fixed bed reactor, a subsequent procedure is necessary to separate the
products. If the reactions are conducted in a membrane reactor, the products will be kept
separated on the two sides of the membrane. Therefore, it looks attractive to search for new

pairs of industrially interesting reactions in membrane reactors.
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1.1.3 Catalytic considerations of membrane reactors

When following the concept of process intensification and combining the separator and
the reactor functions into one unit, catalytic considerations are very important as they directly
influence the conversion and selectivity of a reaction. The type of catalyst material and its
dispersion might have profound impacts on the reactor performance. The choice of membrane
material and its microstructure may also affect the catalytic aspects of the membrane reactor.
The noble metals normally provide high catalytic activity, mechanical stability and heat
conductivity. The cost, however, can be an issue. An economically feasible solution to this
problem is to introduce the metal catalyst particles into a narrow region just below the surface
of a less expensive porous support membrane or just as thin layer over the surface of a dense
membrane. In this Ph. D. work, a Pd-doped perovskite porous layer was elaborately attached
to perovskite membrane to improve the catalytic activity of membrane surface. More details
are given in Section 2.2.

The placement of the catalyst in the reactor relative to the membrane can also have
significant impact not only on the conversion of a reaction but also, in some case, the yield or
selectivity. Three common modes of placing the catalyst are: (1) a bed of catalyst particles or
pellets in a packed or fluidized state is physically separated but confined by the membrane as
part of the reactor wall; (2) the catalyst in the form of particles or monolithic layers is attached
to the membrane surface or inside the membrane pore; and (3) the membrane is inherently

catalytic.”

1.2 Perovskite-type membrane reactor
1.2.1 Fundamentals of perovskite-type oxides

Structure of perovskites In addition to the name for the calcium titanate mineral with the

formula CaTiOs, perovskite in its general term defines a certain structure family."” In the
general formula of perovskite-type oxides ABOs, A is the larger cation and B is the smaller
cation. In this structure, as shown in Figure 1.3, the B cation is 6-fold coordinated and the A
cation is 12-fold coordinated with the oxygen anions. This structure can be viewed with the B
cation placed in the center of an octahedron and the A cation in the center of a cube.*

An ideal perovskite consists of ABO; units, but the chemical composition can vary

8
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depending on the valency of the A- and B-site cations. The sum of charges of A and B should
be equal to the total charges of the oxygen anions. The cases A''B*"0;, A*B*"0; or A>'B*'03,

arc commonly seen.21

Figure 1.3 Structure of perovskite type oxide ABO3.”

In a perovskite structure, the A site cation is normally larger than the B site cation due to
the different coordination environment. The B-O distance is equal to a/2 (a is the cubic unit
cell parameter) while the A-O distance is a/ V2 . For an ideal perovskite structure, it follows
the equation: rp + 1o = \/5 (rg + 1ro) with ra, 13 and ro denoting the radii of the A-site and
B-site cations and the oxygen ion. However, it was found that the cubic structure can be
retained in ABO; compounds, even though this equation is not exactly obeyed. The tolerance
factor t is defined for indicating the deviation from the ideal situation by the equation:23’ 2

t=(r, +7,)/N2(ry +7,) (3)
which is applicable at room temperature to the empirical ionic radii. For an ideal cubic

structure, t should equal one. However, this structure is also found for lower t-values (0.75 <t

<1.0).
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Formation of oxygen vacancies A perovskite with the ideal cubic structure does not have the

capability to conduct oxygen ions. For the conduction or diffusion to take place, there should
be a certain amount of imperfections or defects produced according to the
non-stoichiometry.”*® Doping is a principal method to tailor the physical properties of the
mixed conducting materials through formation of nonintegral stoichiometry phases or solid
solutions by homogeneous doping with appropriate elements. To satisfy the requirement of
electrical neutrality, the overall sum of charges in the compounds must be zero, which can be
realized by decreasing the amount of oxygen anions (vacancies formation) or forming
interstitial cations. For the perovskite-structured oxides ABOs, it is often seen that a lower
valence dopant B’ is introduced on the B site to produce AB,B’<Oss.2’ Thus oxygen
vacancies are present, as shown in Figure 1.4a. The symbol & expresses the amount of the
oxygen vacancies that provide a pathway for oxygen ions as shown in Figure 1.4b. In addition,

a wide range of compounds with the perovskite structure can also be produced with

substitutions occurring for either the A atom, the B atom, or both to form a structure of AyA';

B1,B,0;5.%

Figure 1.4 (a) The structure of perovskite AB«B'|xOs.5 with oxygen vacancies Vo~ and (b)

oxygen transport through oxygen vacancies.*’~°

10
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Heterogeneous catalysis on perovskites Perovskite-type oxides may show good stability and
31,32,33

high catalytic activity towards methane combustion at high temperature. Partial
substitution at the A-site can strongly affect catalytic activity due to stabilization of unusual
oxidation states of the B component and to the simultaneous formation of structural defects
that are responsible not only for part of the catalytic activity, but also for oxygen mobility
within the crystal lattice. For example, Ferri and Forni studied the influence of substitution at
the A-site in families of La;x A’xBO; (B = Co, Fe, Ni) oxides on methane combustion.
Substitution at the A-site with a bivalent cation (A’ = Sr, Eu) or a tetravalent cation (A’ = Ce)
led to a decrease or an increase, respectively, of methane combustion activity.*

Several perovskite oxides have been exploited as catalysts for the partial oxidation of
methane (POM: CHy + '/, O, — CO + 2 H,) to synthesis gas.>>%” Hayakawa et al. studied
the series of perovskites CaggSro,Ti1.yNiyO3; towards methane oxidation.*® Tt was found that
the catalyst with a composition of y > 0.1 shows high activity for CHs combustion at
temperatures around 600 °C but suddenly changes to synthesis gas formation at 800 °C. An
increase in y results in high activity for CHs combustion, and the highest selectivity to
synthesis gas is obtained with catalyst y = 0.2 at 800 °C. Two consecutive processes are
suggested to account for the formation of synthesis gas: the first part of the catalyst bed
catalyzes the CH4 combustion under the O,-rich atmosphere, and the second part of the bed
catalyzes CHy reforming with the H,O and CO, produced in the first part, under the
0»-deficient atmosphere.*

Perovskites were also employed as catalysts for the production of ethylene via oxidative
dehydrogenation of ethane (ODE: C,Hs + '/, O, — CHy + H)0). ¥ For example,
CaTijxFexOs35 (0 < x < 0.4) and SrTi; xFexOs5 (0 < x < 1.0) have been studied for the ODE
process and it was found that the latter showed higher C,H, selectivity than the former.* In
addition, Dai et al. embedded halide ions in the perovskite lattice. In this case, the deep
oxidation of C,Hs and C,Hy4 and the leaching of the halide from the lattice were minimized. It
was found that SrFeO;6,35Clo443 showed a higher catalytic activity for the ODE reaction than
SrFeO, 31, and a C,H,4 yield of ca. 63 % was obtained when working at 680 °C, a reactant
molar ratio of C,Hg:0,2:N, = 2:1:3.7 and at atmospheric pre:ssure.41

Perovskites are also widely exploited as the catalyst for the decomposition of nitrogen
oxides (NOy). The direct decomposition of NO into N, and O, (2 NO — N, + O,) is

thermodynamically favorable at temperatures below 1000 °C. It was found that the
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decomposition rate is often inhibited by oxygen, and the oxygen desorption was found to be
the rate-limiting step of the overall reaction. So, catalysts active for NO decomposition should
accordingly display not only the ability to adsorb and dissociate NO but also the ability to
facilitate the oxygen desorption. Some perovskites are active to the direct decomposition of
NO.** * Twakuni et al. found that the activity for NO decomposition was greatly elevated by
doping La and Mg for Ba and Mn site in BaMnOj3, respectively. The highest N, yield was
achieved on Baggl.ag,MnysMgy,03. Moreover, N, yield of 40 % was sustained even under
coexisting of 5 % O, at 850 °C.** In addition, the decomposition of N,O to nitrogen and
oxygen (N,O — N, + 1/2 0,) was also investigated over various substituted LaggSro,MO;_5
(M = Cr, Fe, Mn, Co, Y) perovskite series. Among them, Lag gSrg>,C00O3.5 showed a maximum
N,O conversion of 90 % at 600 °C. However, the co-feed of 4 % O, to the stream led to a

decrease in the conversion of N,O by ca. 13 %.*

1.2.2 Preparation of perovskite membranes

Perovskites can be prepared by a range of methods, such as chemical vapor deposition,
combustion synthesis, and the sol-gel method. The sol-gel process offers some advantages
such as better mixing of the starting materials and excellent chemical homogeneity in the final
product.***"*® Moreover, the fine mixing and the tendency of partially hydrolyzed species to
form extended networks facilitate the structure evolution, leading to rather low calcination
and sintering temperatures. In this thesis, two perovskites BaCo.Fe,Zr|...,O3.5 (BCFZ) and
BaCoyFeyZr9xyPdo103.5 (BCFZ-Pd) were involved. The former was used to make the
hollow fiber dense membrane, and the latter as the coating material was employed to improve
the catalytic property of the membrane surface.

The sol-gel synthesis of perovskite BCFZ-Pd As shown in Figure 1.5, the perovskite

BCFZ-Pd powder was prepared in this work by an adapted variant of the so-called citrate
method employing EDTA and citric acid in parallel as complex formation agents.***"**
Briefly, the calculated amounts of Ba(NOs), and Pd(NO3), powder were dissolved in an
aqueous solution of Co(NOs),, Fe(NOs);, and ZrO(NOs),, followed by the addition of EDTA
acid and citric acid with the molar ratio of EDTA acid : citric acid : total of molar amounts of

metal cations as 1:1.5:1. After agitation for a certain time, the pH value of the solution was

adjusted at around 9 by the addition of aqueous NHj. The solution was kept under heating and

12
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stirring until a gel was formed. The transparent solution transformed into a dark purple gel
after evaporation for several hours. Further heat treatments were applied, i. e. the
pre-calcination for 2 h at ca. 700 °C and then a calcination at 950 °C for 10 h to obtain the
powder of the final composition. X-ray diffraction (XRD), scanning electron microscopy
(SEM), transmission electron electron microscopy (TEM), and energy-dispersive X-ray

spectroscopy were used to characterize the samples.

Ba(@MO3)2 + Co(NO3)2 + Fe(NO3)+ ZrO(INO3)2 + PA(INO3)2

addition of EDTA, ~
citric acid, NH;-H,0 pHL=8
Lk
Sol
condensation T=150°C
L 4
Gel
thermal treatment T=700°C

L

Primary powder

further thermal T=950°C

L

Perovskite BCFZ-Pd powder

Figure 1.5 Scheme of the preparation of perovskite BCFZ-Pd powder.

Preparation of perovskite BCFZ hollow fiber membrane Perovskite BCFZ hollow fiber

membranes were manufactured at the Fraunhofer Institute for Interfacial Engineering and
Biotechnology (IGB) in Stuttgart by a phase inversion spinning followed by sintering.** The
homogeneous slurry of a polymer solution and the BCFZ powder was obtained by ball milling
up to 24 hours with a solid content of 50 - 60 mass %. The slurry was spun through a
spinneret and the obtained infinite green hollow fiber was cut into 0.5 m long pieces before
sintering the fiber in a hanging geometry. After sintering at 1300 °C for 5 h, as shown in
Figure 1.6, the length of the green fiber reduced from 50 cm to ~ 32 cm and the sintered fiber
had a wall thickness of around 0.17 mm with an outer diameter of 1.10 mm and an inner

diameter of 0.76 mm.
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Il 4
UNI-H-PCI

Figure 1.6 The sintered BCFZ hollow fiber membrane (SEM provided by Dr. A. FeldhofY).

Deposition of BCFZ-Pd porous layer onto BCFZ hollow fiber membrane The BCFZ-Pd

powders were crushed in a mortar. The BCFZ-Pd pastes for coating were obtained by adding
several drops of water to the crushed fine powder. The paste was coated on the surface of the
dense membrane BCFZ using a fine brush. These coated membranes were sintered at 1050 °C

for 1 h in air atmosphere with a heating and cooling rate of 3 °C/min.”

Hollow fiber membrane reactor Figure 1.7 shows a scheme of the BCFZ hollow fiber

membrane reactor used in this Ph D. work.’'**> In order to obtain the isothermal condition,
the two ends of the hollow fiber were coated by Au paste and then sintered at 950 °C for 5 h.
The coating and sintering procedure was repeated three times and a dense Au film, which is
not permeable to oxygen was obtained on BCFZ membrane surface. Such Au-coated hollow
fiber can be sealed by silicon rubber ring and the uncoated part (the effective length is 3 cm,
and the effective membrane area is 0.86 cm?), which is permeable to the oxygen, can be kept
in the middle of the oven ensuring isothermal conditions. The mixture of N,O (or H,O) and
He was fed to the core side and a mixture of CH4 (or C,Hs), Ne, and He was fed to the shell
side. A Ni-based steam reforming (SR) catalyst (Siid Chemie AG) was packed around and
behind the hollow fiber membrane when methane was used as the reducing gas on the shell
side. N,O, CHy4, C;Hg, He, and Ne flow rates were controlled by gas mass flow controllers
(Bronkhorst). H,O flow rate was controlled by the liquid mass flow controller (Bronkhorst)
and was completely evaporated at 180 °C before it was fed to the reactor. All gas lines to the

reactor and the gas chromatograph were heated to 180 °C.
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CH, CO, H,
(C2Hg) (C:H,4, H;0)

hollow fiber
i

N.O
(H,0)

catalyst

¥
gold film silicon rubber ring

Figure 1.7 Scheme of the hollow fiber membrane reactor used in this work.”!

The flow rate at inlet for all the gases was obtained by using a soap bubble meter. The
total flow rates of the effluents at outlet (F. ) were determined by using Ne as an internal
standard. The calculation is based on the facts that the inert Ne didn’t take part in the reactions
and the flow rate of Ne at inlet should be equal to that at exit:

Fow ce = o CRe 4)

in out

where F! is the total flow rates of the stream at inlet, c§, and c% are the
concentrations of Ne at inlet and outlet, respectively. The concentrations of the gases at the
exit of the reactor were determined by an on-line gas chromatograph (Agilent 6890) equipped
with the Carboxen 1000 column (Supelco). The details about the calculation of conversions,

selectivity and yields are given in Chapter 2 and Chapter 3.
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1.2.3 Oxygen transport through perovskite membranes

Perovskite membranes show mixed oxygen ion and electron conductivity. If there is a
gradient V o, of the oxygen chemical potential across the dense perovskite membrane, the
oxygen can be transported from the side with a high oxygen partial pressure po,’ to the side
with a low oxygen partial pressure poy”. It is generally accepted that the oxygen permeation
through the dense perovskite membrane, as shown in Figure 1.8, involves three progressive
steps: (1) oxygen insertion on air side, (2) the simultaneous bulk diffusion of oxygen ion and
electron in the bulk phase, and (3) oxygen release on the permeate side. The slowest step is
expected to limit the overall oxygen permeation rate. Different perovskite membranes of

varying thickness tend to have different determining steps.

air side perovskite membrane permeate side

Wo, =pl +RT ln[pﬁ2 J

Po,
Vi, ..
}1"02 = “%2 +RT In p(ﬂ);
Po,
air
0% (05)
> O, t+sweep gas
PG, - ST
(1) oxygen insertion (2) bulk diffusion (3) oxygen release i
%02+V3—>Oé+2h°§ n éOé+2h'—>%OE+VE;§
B ’ e E AR E R AR R SRR SRR R SRR R R R R
.
0,-deleted air
sweep gas
X
I I
0 L

Figure 1.8 Schematic diagram of oxygen transport through a perovskite membrane.>
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Bulk diffusion For a relatively thick membrane, the bulk diffusion process is commonly the

determining step. In this case, the oxygen permeation through the membrane is commonly

55, 56

described by Wagner’s theory, which is restricted to the simultaneous transport of

oxygen ions and electrons that are ideally diluted and do not interact. The oxygen permeation

flux j(02) can be described by Wagner’s equation as follows:

1 O-elaion V,Uoz Wlth Vluoz —

ORTIna,,
41'7)2 O-el + O-ion

ox (5)

j(02)= _(

where o and Gj,n are the electronic and ionic conductivities, respectively, F the Faraday
constant and Vo, the gradient of the chemical potential of oxygen across the membrane.
Assuming that 6 >> ojon and that the dlnap,/0x can be approximated by In (po2’ — po2”)/L
with poy’ and po,” denoting the oxygen partial pressure of the high chemical potential side and
the low chemical potential side, respectively, of the membrane of thickness L, Wagner’s

equations reads

RT  In(p, -po,.")
2 O-ion - -
(4F) L ()

Based on the above equation, the oxygen permeation rate can be enhanced by increasing the

J(0,) =

operating temperature, the pressure gradient across the membrane, or by decreasing the
thickness of the membrane.

Surface exchange Below a critical value L. of membrane thickness, the Wagner equation is

not applicable, and the surface exchange rate would become the limiting step in the oxygen
permeation. The surface exchange reaction is a complex process, which includes the
adsorption, oxygen reduction (charge transfer), surface diffusion of intermediate species, and
the incorporation of oxygen into the perovskite lattice.”” Many studies indicated that the
surface exchange rate can be increased by coating the membrane with materials that show a
high surface exchange rate such as cobalt-containing perovskite or noble metal particles.”™ >
When a perovskite membrane is used as a reactor for the oxidation of light hydrocarbons,
the surface process on the permeate side is the reaction between the permeated oxygen species
and the reactive gas such as CHs. In this case, a better reactor performance can be expected by

coating the membrane with a catalytically active layer. The catalytic coating can accelerate

the oxidation of hydrocarbon. In other words, the permeated oxygen is consumed quickly and
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a larger driving force for oxygen permeation will be built, leading to a higher oxygen

permeation rate.

1.2.4 Applications of perovskite membranes

Perovskite membranes show high oxygen ion and electronic conductivity, and can be
used to separate oxygen from air. In the past decades, many researchers demonstrate the
production of pure oxygen or oxygen-enriched air using perovskite membranes. Also the
separated oxygen can be used, in a perovskite membrane reactor, for the in situ partial
oxidations of hydrocarbons such as the POM to synthesis gas, the ODE to ethylene, or the
oxidative coupling of methane (OCM) to C,+ hydrocarbons.

Production of pure oxygen and oxygen-enriched air Oxygen is ranking among the top five

in the production of commodity chemicals in the world. To get cheap, high-purity oxygen is a
very important demand in industry. The oxygen transport through the perovskite membrane is
in the form of oxygen ion instead of oxygen molecules, so pure oxygen can be obtained in
principle. In the published work, most researchers, employing perovskite membrane as the
oxygen separator, used the inert gas such as He or Ar to sweep the permeated oxygen. Wang
et al. used steam as the sweep gas and the high-purity oxygen can be produced after the steam
condensation.”” Evacuation by a pump is an alternative to the use of sweep gas for pure
oxygen production using the perovskite membrane.

Oxygen-enriched air with typically 40 — 50 % oxygen content is also needed in a number
of industrial processes, for example, in the preparation of synthesis gas for ammonia
production. Perovskite BCFZ membrane has also been exploited to produce oxygen-enriched
air by transporting oxygen from slightly pressured air through the membrane to the air at
lower pressure. When increasing the pressure difference from 0.5 bar to 3 bar, the oxygen
content in the air on the permeate side almost doubled, from 30 % to 55 %, and the oxygen
permeation rate rises from 0.5 to 2.2 mL min"' ¢cm™. In oxygen-enrichment mode, there is no
problem with the stability of perovskite membrane, because both sides of the membrane are
exposed to an oxidizing atmosphere. This is confirmed by a period of stable operation of
perovskite hollow fiber membrane in excess of 800 h at 875 °C, to produce 42 %

. . 61
oxygen-enriched air.’
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Partial oxidation of methane (POM) to synthesis gas Among all the potential applications

for perovskite membranes, the POM to syngas (CO+H,) is thought to be one of the
commercially most important applications. Using mixed-conducting perovskite membranes,
air is used as the oxidant on one side, and the permeated oxygen can be utilized for the
N»-free syngas production on the other side of membrane. By coupling the oxygen separation
and POM in the membrane reactor, syngas production costs can be potentially reduced. The
ceramic membrane further aids in safety management, since it avoids the premixing of
oxygen and natural gas and reduces the formation of hot spots as encountered in a co-feed
reactor. Moreover, compared to steam reforming, a lower H,/CO ratio of 2 is obtained during
POM process, which is required for methanol synthesis or the Fischer-Tropsch process.
Developing a mixed conducting perovskite membrane with a high oxygen flux and
long-term phase stability is the main challenge for successful application in the syngas
production process. Although membranes made from La-Sr-Co-Fe family materials exhibit a
high oxygen permeation rate, considerable doubts on these cobalt-containing perovskite
membranes still remain due to their poor phase stability under a reducing environment.”!
Several concepts are being followed to improve the membrane stability, such as reducing the
relative amount of cobalt in the perovskite and co-doping the material with less-reducible

+ +
metals such as Zr*" or Ga’".%?

Tsai et al. reported the syngas production by POM in a
disk-type membrane reactor based on Lao_zBa()_8C00_2Feo.303_5.63 They successfully used this
membrane in syngas generation experiments for 850 h at 850 °C. Yang et al. studied the direct
conversion of methane to syngas in Bag sSrgsCog sFe203.5 tubular membranes.** This reactor
was successfully operated for the POM reaction in pure methane stream at 875 °C for more
than 500 h without failure. In addition, the material BaCog4Feo 471,035 was developed. The
membrane reactor made of this material in syngas production experiments at 850 °C can be
operated steadily for more than 2200 h.%

Beside the intrinsic property of the membrane material, the mechanism of POM in the
membrane reactor is another factor for the long-term operation for perovskite membrane. The
reaction of methane with oxygen in the membrane reactor is called “partial oxidation”.
However, there is experimental evidence that methane is first oxidized to CO, and H,O, after
which the products of total oxidation are reduced by un-reacted methane on conventional

Ni-based catalyst to CO and H; according to steam reforming and dry reforming (CO,),
respectively. Yang et al. think that the gases directly contacted with the Bag 5Sry sCog sFe 2035
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membrane tube wall are CO, and H,O rather than the reductive gases H, and CO, which
might be one of the reasons why the membrane reactor can be operated steadily for long time
during the POM reaction.** Recently, Wang et al. studied the POM process in BCFZ hollow
fiber membrane reactor, and found that the so-called partial oxidation of methane to syngas in
the reactor is possibly first a total oxidation followed by steam and dry reforming steps, as
shown in Figure 1.9.° In addition, Chen et al. proposed and verified that the reaction via a
combustion-reforming mechanism can really improve the stability of BSCF membrane

materials.®’

CH,He ==

Dense Au flim

Reaction in zone 1:

CH, + 20, - CO, + 2H.O
R Reaction Zone 1 Reactions in 2one 2:

CHy + 20; —~ CO; + 2H,0
CH, + COy = 2C0 + ZH,
CH, + H;O0— CO+3H,

Catalyst

HEaCTon Lone 2

H; + ©° — H,0 + 2e-

CO + 0° — CO, + 2o
Reaction Zone 3

Reactions in zone 3:

CH, + CO, = 2CO + 2H,

CHy + H;O = 3H, +CO

ALO, tube

TCD-GC ——

O, depleted Air

Figure 1.9 Suggested reaction pathways of POM in a hollow fiber membrane reactor.®®

Oxidative dehydrogenation of ethane (ODE) to ethylene Currently, ethylene is produced

by steam cracking of ethane in a highly endothermic and energy-consuming process in which
the dilution of ethane with steam reduces the formation of coke.”® ODE is considered a
promising alternative due to the reduced demand of energy and to the fact that there is no
equilibrium constraint on the conversion. One of challenges for the process is how to achieve
a high selectivity for ethylene, because it is easier to be deeply oxidized to COy by O,. One
way to overcome these difficulties is to use lattice oxide (O*) as oxidant. Wang et al. used an
oxygen permeable membrane based on Baj sSrysCogsFe203.5 to continuously supply lattice
oxygen for oxidative dehydrogenation of ethane to ethylene, as shown in Figure 1.10.° The

selectivity of 90 % was obtained at 650 °C. The ODE in this disk-type membrane reactor was
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also investigated at temperatures higher than 800 °C. Per pass an ethylene yield of 67 % at an
ethylene selectivity of 80 % was achieved, while only 53.7 % ethylene selectivity was
obtained using a conventional fixed-bed reactor under the same reaction conditions with the
same catalyst at 800 °C. Lin et al. also studied the ODE process in a dense tubular ceramic
membrane reactor made of fluorite structured Bi;sYo3Smg,0; (BYS) at temperatures
825-875 °C.”° A dead-end tube and shell configuration was used where ethane was fed inside
the tube and air was fed into the shell side of the membrane reactor. At 875 °C, per pass
ethylene yield of 56 % at an ethylene selectivity of 80 % was obtained in the membrane
reactor. However, the thermal dehydrogenation of ethane should be considered when the

reaction temperature is higher than 800 °C.

Air side

1/20, + 2e= O°

¢ h V, 0" Membrane

e+ C,H,+H,0 = C,H, +0F

Reaction side

Figure 1.10 Mechanism of oxidative dehydrogenation of ethane to ethylene in an oxygen

69
permeable membrane reactor.

1.3 Aims of the thesis

It is the aim of this thesis to demonstrate the coupling of two reactions via an

oxygen-transporting membrane. Two energy/environment related model reactions have been

selected:

1. The hydrogen production by thermal water splitting, which is coupled with methane
combustion, the POM to synthesis gas, or the ODE to ethylene.

2. The nitrogen oxides (NO and N,O) abatement by its decomposition into nitrogen and

oxygen, which is coupled with the POM to synthesis gas or the ODE to ethylene.
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Hydrogen is gaining more and more attention because it is regarded as an important
future fuel. Today, hydrogen is mainly produced from nonrenewable natural gas and
petroleum. With concerns over worldwide energy demands and global climate change,
alternative sources must be found. Water is recommended as the ideal source for the
generation of hydrogen. Although water dissociation into oxygen and hydrogen is
conceptually simple, efficient hydrogen production from water remains difficult as a result of
the low equilibrium constant of K, ~ 2 x 10™® at the relatively high temperature of 950 °C.”"

As discussed in Section 1.1.2, one technique to enhance the hydrogen production rate
from the equilibrium-limited water splitting is the in situ removal of the simultaneously
produced oxygen using a mixed oxygen ion and electron conducting membrane. Previous
studies had shown that an operating temperature of 1683 °C was necessary to obtain a
hydrogen production rate of 0.6 cm® min' c¢m? in a mixed-conducting ZrO,-TiO,-Y,0s
membrane.’ In order to lower the operating temperature, Balachandran et al. fed hydrogen on
the permeation side of a ceramic-metal membrane reactor to consume the permeated
oxygen.'"” Although a maximum hydrogen production rate of 10.0 cm® min' cm? was
obtained at 900 °C, the amount of hydrogen produced was equivalent to the amount
consumed, which makes it unpractical. Therefore, it would be attractive for both the feed and
permeate stream to yield a valuable compound.

At the Fraunhofer IGB in Stuttgart in cooperation with Caro’s group under the auspieces
of the BMBF projects “Tool-Box: Ceramic membranes for Catalysis” (2003-2006) and the
successor project “SynMem: Synthesis Gas Production in Membrane Reactors™ (2006-2009),
a novel BCFZ perovskite hollow fiber membrane with high oxygen permeability has been
developed for e.g. oxygen separation, the POM to synthesis gas, and the ODE to
ethylene.””’>” One aim of my Ph. D. work was to exploit the feasibility of hydrogen
production from water splitting by removing the simultaneously produced oxygen via BCFZ
hollow fiber membrane. Clearly, the hydrogen production rate depends directly on the rate of
oxygen removal from the water dissociation system. Besides operating temperature and
membrane thickness, according to Wagner’s theory as discussed in Section 1.2.3, the oxygen
permeation rate is related to the oxygen partial pressure gradient across the BCFZ membrane.
By feeding the reducing gas to the permeate side of the membrane, a larger driving force will
be provided for the fast removal of oxygen from the steam side, thus increasing the hydrogen

production rate. The strategy used here to improve the hydrogen production rate is to couple

22



Chapter 1 Introduction

water splitting with practice-related reactions on the opposite sides of the BCFZ membrane
reactor. Specifically, three reactions such as methane combustion, POM, and ODE were
employed, respectively, to consume the permeated oxygen on the permeate side. In addition, a
catalytic porous layer onto BCFZ membrane was fabricated or a Ni-based reforming catalyst
was put around and behind the BCFZ membrane to accelerate the rate of oxygen consumption.
Based on this novel coupling strategy, not only a higher hydrogen production rate from water
splitting on the one side, but also valuable chemical products such as synthesis gas or ethylene
on the other side of the membrane were obtained.

Another aim of this Ph. D. work was to abate nitrogen oxides in a perovskite BCFZ
membrane reactor, which are mainly produced by automobiles and stationary power plants
and among the major atmospheric pollutants. As discussed in Section 1.2.1, the catalytic
decomposition of nitrogen oxides over perovskite catalysts is strongly inhibited by the
produced oxygen, leading to a lower conversion. To avoid the inhibition by the produced
oxygen, the decomposition of nitrogen oxides were conducted in the BCFZ oxygen permeable
membrane reactor in this work. Here, the BCFZ membrane fulfills a double role: it can
catalyze the decomposition of nitrogen oxides, and transport the produced oxygen to the other
side of membrane, thus overcoming the inhibition by oxygen. In addition, to get a larger
driving force for oxygen removal and thus a complete conversion of nitrogen oxides, the
decomposition of nitrogen oxides was coupled with POM or ODE in the BCFZ membrane

reactor.

In summary, by using a perovskite-type BCFZ oxygen-permeable hollow fiber
membrane, oxygen from water dissociation can be continually removed and this reaction was
continuously shifted to the product side. When coupling the equilibrium-controlled water
splitting with POM or ODE, a larger driving force was provided for oxygen transport through
the membrane, and accordingly significant amounts of hydrogen was achieved.
Simultaneously, valuable chemical products such as synthesis gas or ethylene can be obtained
on the other side of membrane. For the kinetically controlled nitrogen oxides decomposition,
the inhibitor oxygen can be in situ removed via BCFZ hollow fiber membrane. When
coupling this reaction with POM or ODE, a complete decomposition of nitrogen oxides was

obtained due to the effective removal of the inhibitor oxygen.
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Chapter 2
Thermodynamic coupling for hydrogen production

2.1 Summary

As mentioned in Section 1.1.2, one technique to produce more hydrogen from the
equilibrium-limited water splitting is the in situ removal of the simultaneously produced
oxygen via a perovskite oxygen-permeable membrane. The hydrogen production rate directly
depends on the rate of oxygen removal from the water splitting system. In this chapter, the
effective hydrogen production from water splitting was demonstrated by coupling water
splitting with three oxygen-consuming reactions on the opposite sides of BCFZ hollow fiber
membrane.

In the first article, water splitting was coupled with methane combustion. A BCFZ-Pd
porous layer with the thickness of around 40 um was elaborately attached to the outer surface
of the dense BCFZ membrane to catalyze methane combustion. The oxygen permeation rate
was increased by 3.5 times as compared to that of the blank BCFZ membrane, and the
hydrogen production rate from water splitting was increased from 0.7 to 2.1 cm® min™ cm™ at
950 °C after depositing a BCFZ-Pd porous layer onto the dense BCFZ membrane.

In the second article, water splitting was coupled with the POM to synthesis gas (a
mixture of CO and H;). A Ni-based catalyst was packed on the shell side. It was found that the
hydrogen production rate was increased by increasing the operating temperature or methane
concentration on the shell side. A hydrogen production rate of 3.1 cm’ min™ cm? was
obtained on the core side at 950 °C. Simultaneously, a methane conversion of 70 % and CO
selectivity of 60 % were obtained on the shell side.

In the third article, water splitting was coupled with the ODE to ethylene. In this case,
the hydrogen production from water splitting was conducted at moderate temperature. At 800

12 .
cm™ was obtained, but also an

°C, not only a hydrogen production rate of 1.0 cm® min
ethylene yield of around 55 % was achieved on the other side of the BCFZ membrane.
Moreover, the operation for the simultaneous production of hydrogen on the core side and

ethylene on the shell side was conducted for 100 h without membrane failure.

29



Chapter 2 Thermodynamic coupling for hydrogen production

2.2 Hydrogen production by water dissociation in surface-modified
BaCo.Fe,Zr;.,,0;; hollow fiber membrane reactor with improved

oxygen permeation
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between molecular oxygen and oxygen ions on the membrane
surface and (ii) bulk diffusion of the oxygen ion.!"! The diffusion-
controlled oxygen permeation flux can be increased by reducing the
thickness of the membrane until its thickness reaches a critical value.
Below the critical thickness, the surface exchange processes become
rate-limiting. In this case, the oxygen permeation flux can be
enhanced by coating the membrane with materials that show a high
exchange rate such as cobalt-containing perovskites”! or noble
metal parlicles_"‘] It is worth noting that the surface reaction
accelerated by the active materials in the above work™® is the
oxygen ionization O, + 4¢° 5 2 O" because only the inert gas He
was used to sweep the permeated oxygen.

In another application of perovskite membrane as reactor for
the oxidation of light hydrocarbons, the surface process is the
reaction between the permeated oxygen species and the reactive gas
such as CH,. In this case, a better reactor performance can be
expected by coating the membrane with a catalytically active layer.
However, to the best of our knowledge, no attention was paid so far
on the surface modification of perovskite hollow fiber membrane by
a catalytically active porous layer. When the catalytic coating
accelerates the hydrocarbon oxidation, oxygen is consumed quickly,
the driving force for oxygen permeation is increased and a higher
oxygen flux can be expected.

Recently, a novel BaCo,FeZr,,0;5 (BCFZ) perovskite
hollow fiber membrane with high oxygen permeability has been
developed in our group for e.g. oxygen separation, partial oxidation
of methane to synthesis gas,["] In this contribution, BCFZ hollow
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fiber membrane is surface-modified by BaCo,Fe,Zrgg.,,Pdy 055
(BCFZ-Pd) catalytic porous layer. The choice of BCFZ-Pd as the
coating material is based on the following considerations. Compared
to the common catalysts such as Pd/Al,O; that can lead to the
membrane failure due to the diffusion of Al and Co between the
catalyst and membrane,"'”’ BCFZ-Pd shows a better compatibility
with BCFZ membrane, and has almost the same melting point as the
perovskite BCFZ, which make it possible to obtain a surface coating
with good mechanical strength onto BCFZ membrane surface. Co-
containing perovskites and noble metal Pd catalysts are well known
for their activity towards methane combustion."""! The noble metal
Pd modified perovskites are expected to combine the advantages of
the above two kinds of catalysts such as catalytic activity and
thermal resistance. In addition, it was reported that the presence of
Pd can increase the reducibility of cobalt ions in Pd-Co/AlO,!"
which leads to a better catalytic performance for methane oxidation.
It can be expected, therefore, that the fine mixing of Pd and Co in
the perovskite lattice will favour the interaction between them. The
jonic radius of Pd>" = 80 pm allows the modification of the B site of
the ABOs;; structure according to the Goldschmidt tolerance
concept. So a pure phase of Pd-Co-containing perovskite (BCFZ-
Pd) was first prepared in this work.

S
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Figure 1 XRD pattern of the BCFZ-Pd powder used for coating the BCFZ hollow
fiber membranes.

Intensity / a.u.

Figure 2 SEM micrographs of BCFZ hollow fiber membrane with BCFZ-Pd layer treated at 1050 °C for | h. (a, b} cross-section, and (¢, d) outer surface of the modified hollow

fiber membrane before use in the membrane reactor.
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Results and Discussion

Figure 1 presents the X-ray diffraction (XRD) pattern of BCFZ-Pd
(4.2 mass% Pd) powder used in this work. From the absence of
signals different from a pure perovskite phase, it is concluded that a
one-phase material has been formed with Pd successfully
incorporated into the BCFZ lattice. This can be further proven by
scanning transmission electron microscopy (STEM) results. Figure
Sla and Figure S1b (see Supporting Information) show the dark-
field micrograph of BCFZ-Pd particles and the energy-dispersive
X-ray spectrum (EDXS) of the particles, respectively,
demonstrating the presence of Ba, Co, Fe, Zr, Pd, and O. The
corresponding elemental distribution images (Figure Sle to h,
Supporting Information) show that all the elements were
homogenously distributed in the particles. Electron diffractions
pattern from selected area of BCFZ-Pd particle (Figure S2a and b,
Supporting Information) indicates that BCFZ-Pd is a singular
crystal structure. Moreover, the crystal orientation can be observed
from the high-resolution transmission electron microscopy
(HRTEM) micrograph (Figure S2¢, Supporting Information). The
results of XRD and TEM demonstrated the formation of a pure
perovskite phase BCFZ-Pd and the homogeneous distribution of Co
and Pd in the perovskite lattice.

It was experimentally found that the mechanical strength and
porosity of the BCFZ-Pd coating layer onto the surface of the
BCFZ fiber can be adjusted by controlling the temperature and time
of calcination. The optimal condition for the formation of a porous
layer with good mechanical strength was found in a treatment of the
coated fiber at 1050 °C for 1 h. Figure 2 presents the scanning
electron microscopy (SEM) images of the BCFZ hollow fiber
membrane coated by BCFZ-Pd. It can be seen from Figure 2a,b that
BCFZ-Pd layer with the thickness of about 40 pum is tightly attached
to the outer surface of the BCFZ hollow fiber membrane. And no
development of any crack was observed on the dense part of BCFZ
membrane after the coating process. Moreover, the outer BCFZ-Pd
layer sintered at 1050 °C for 1 h is still porous. So a larger surface
area is obtained and a higher catalytic activity can be expected.
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Figure 3 Oxygen permeation fluxes (Jo:) of a BCFZ hollow fiber membrane
with/without a BCFZ-Pd porous laver as a function of temperature using He as the
sweep gas. Core side: Fo=150 em’ min™. Shell side: Fy,.=49 em’ min™, and Fu=1.0
em’ min''. Membrane area: 0.86 cm’.

33

—
ol

—o— BCFZfiber with BCFZ-Pd layer ¢

)
= | —#— BCFZ blank fiber
Q Air Opdepleted air
e 121 + g
£ :
© 1’2\ ./
E 8 CH, €Oy H:0,CH, /
g /-
o~
O 41 e —"
= .____._._-l--l"""

80 850 90 950
Temperature / °C

Figure 4 Oxygen permeation fluxes (Jo,) of a BCFZ hollow fiber membrane
with/without a BCFZ-Pd porous layer as a function of temperature having the diluted
methane on the permeation side for oxygen consumption, Core side; F,=150 ¢m’
min", Shell side: Fi.=39 em’ min”, Fe =10 em® min” and Fy=1.0 em’ min™.
Membrane area: (.86 cm”,

Figure 2¢ demonstrates the surface morphology of BCFZ hollow
fiber membrane coated by BCFZ-Pd surface layer. It can be seen
that the outer side of the hollow fiber is well coated by surface layer
(BCFZ-Pd) along the whole length although some cracks are
observed due to shrinking of the coating by the heat treatment. The
magnified image (Figure 2d) shows that the BCFZ-Pd particles are
connected with each other forming a three dimensional network
which ensures the necessary mechanical strength and porosity.

It is very important to make sure that the hollow fiber membrane
along the whole length after the catalyst coating process is still
gastight. Here, after the fiber was installed into the high-temperature
reactor, a large pressure gradient across the membrane was
established by increasing the pressure on the core side. It was found
that, at room temperature, there is not any increase of the pressure
on the shell side when the pressure on the core side was increased
from 1 bar to 5 bar, indicating the membrane after the coating
process is still gastight. During the measurements, air was fed to the
core side. At high temperature, oxygen can be selectively
transported from the core side to the shell side, but nitrogen can not
if the membrane is gastight. So nitrogen from air can work as the
non-permeable gas to indicate whether the membrane is gastight or
not. There is almost no obvious nitrogen detected by gas
chromatography from the shell side for all the following
investigated hollow fiber membranes, indicating they are all
gastight.

Figure 3 demonstrates the temperature dependence of the
oxygen permeation flux Jy, of the blank and surface-modified
BCFZ membranes, respectively, using He as the sweep gas. It can
be seen that Jy; increases with increasing temperature for both
membranes. However, Jo of the coated membrane is only by about
10 % higher than that of the uncoated one. According to our
previous studies,'”! the permeation flux through the BCFZ hollow
fiber membrane is controlled by both the bulk diffusion of oxygen
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Figure 5 Temperature dependence of the residual oxygen partial pressure on the
permeation side of BCFZ membrane with/without BCFZ-Pd porous coating
measured by gas chromatography (see experimental conditions in Figure 4).

ions and the surface exchange processes. The BCFZ-Pd porous layer
on the permeation side can provide more sites for the association of
oxygen ions to molecular oxygen followed by desorption, leading to
a higher surface exchange rate. So a slight increase of the oxygen
permeation flux is observed due to surface enlargement by the
BCFZ-Pd porous layer onto BCFZ membrane surface.

One promising application of the perovskite membranes will be
their use as reactor for the partial oxidation of hydrocarbons."*! In
this case, another kind of surface reaction between the permeated
oxygen species and hydrocarbon will be involved. So it is
interesting to investigate the effect of surface modification of
perovskite membrane on the oxygen permeation rate by using a
reactive gas like CHy as sweep gas. Figure 4 presents Iy, at different
temperatures of the blank and coated BCFZ hollow fiber membranes
when feeding diluted methane on the permeation side. In
comparison with the blank BCFZ membrane, J,; increased
dramatically from 4.5 to 15.5 mL min” em™ at 950 °C after coating
with a porous BCFZ-Pd layer. This experimental finding can be
understood as follows. When feeding diluted methane to the
permeation side, the main surface reaction is the methane oxidation
(CHy + 4 0 > CO; + 2 H,0 + 8¢). In the case of coating by the
catalytically active BCFZ-Pd porous layer with a large surface area,

UNI-H-PCI

Figure 6 Spent BCFZ-Pd coating after studying the oxygen permeation at 950 °C (see Figure 4): a) Secondary electron micrograph, b) STEM bright-field micrograph and (¢, d)

the corresponding elemental distribution images of palladium and cobalt.

34



Chapter 2 Thermodynamic coupling for hydrogen production

the permeated oxygen species can be consumed faster due to the
higher catalytic activity of surface layer for methane oxidation. So a
lower oxygen partial pressure can be obtained, which could be
measured by gas chromatography, as shown in Figure 5. It can be
seen from Figure 5 that the oxygen partial pressure above the coated
membrane on the methane side is obviously lower than that of the
blank BCFZ membrane. This experimental finding shows that the
Pd-containing BCFZ coating catalyses effectively the combustion of
methane. Thus a larger oxygen partial pressure gradient was
established across the coated membrane and the oxygen permeation
rate is enhanced based on Wagner equation!"!

Methane combustion over cobalt-containing perovskite, which is
one of the most reducible perovskites, has been extensively
investigated in the past years. The partial reduction of Co’' to Co**
in perovskite will lead to large amounts of active sites (oxygen
vacancies) for oxygen adsorption and, thus, a high catalytic activity
towards methane oxidation."! When comparing the fresh (Figure 2d)
and spent (Figure 6a) one can see that the spent coating contains
spherical particles of about 100 -200 nm . From the light appearance
of the spherical particles due to a higher emission of secondary
electrons can be concluded that they are enriched with heavy metals.
Correspondingly, EDXS of the spent coating in STEM modus shows
an inhomogeneous distribution of Pd and Co (Fig. 6 b-d). Different
to the fresh particles before measurement, in which all the related
elements were homogeneously distributed (see Figure Slc to h,
Supporting Information), the Co-enriched phase and Co-Pd co-
enriched phase were identified (Figure 6¢ to d). The presence of Co-
Pd co-enriched phase implies the interaction between Co and Pd. It
is reported that the presence of Pd increased the reducibility of
cobalt ions in a Pd-Co/ALO; catalyst!"? Here, the addition of Pd
into Co-containing perovskite lattice enhances reducibility of cobalt
ions and, thus, leads to a higher catalytic activity towards methane
oxidation.
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Figure 7 H, production rates as a function of temperature on a BCFZ hollow fiber
membrane with/without a BCFZ-Pd porous layer. Core side: Fino=30 em’ min” and
Fie=10 em’ min”, Shell side: Fip.=39 em® min™', Feye =10 em’ min™ and Fye=1.0 em’
min’', Membrane area: 0.86 cm’,
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From the above results, it can be seen that the BCFZ hollow
fiber membrane with BCFZ-Pd catalytic porous layer exhibits
higher oxygen permeability, so a better performance can be
expected when it is used as membrane reactor. In this paper, we
have evaluated the catalytically modified BCFZ hollow fiber
membrane for hydrogen production by water splitting in a
membrane reactor: on one side of the membrane, water is thermally
dissociated into hydrogen and oxygen according to H,O 5 H, + 4
0,. The latter can be in situ removed by the oxygen-permeable
membrane and then consumed by methane oxidation on the other
side according to CHy + 2 O, = CO; + 2 H,0. Obviously, the
hydrogen production rate after steam condensation in the retentate is
related to three processes: water dissociation, oxygen transport
through the membrane and oxygen consumption on the permeation
side. Figure 7 shows the temperature dependence of hydrogen
production rates for the blank and surface-modified BCFZ
membrane reactors, respectively. It was found that the hydrogen
production rate increases as the temperature rises from 800 to
950 °C for both membranes. With increasing temperature, the
equilibrium constant of the endothermic water splitting will increase,
and the oxygen removal rate from the water dissociation system will
also increase due to the increased oxygen permeability of the
membrane. So, the hydrogen production rate becomes higher with
increasing temperature. As discussed above, compared to the blank
BCFZ membrane, the surface-modified BCFZ hollow fiber
membrane shows higher catalytic activity towards methane
oxidation, leading to higher oxygen permeation rate. So a higher
hydrogen production rate was obtained after the surface of BCFZ
membrane was modified by BCFZ-Pd catalytic porous layer. It can
be seen from Figure 7, that the hydrogen production rate has been
improved from 0.7 to 2.1 mL min™ em™ at 950 °C after depositing a
BCFZ-Pd porous layer onto the BCFZ membrane

Conclusion

In summary, a BCFZ hollow fiber membrane is surface-modified by
a catalytically active BCFZ-Pd porous layer that shows a high
catalytic activity in hydrocarbon combustion. The oxygen
permeation flux of the surface-modified BCFZ membrane has been
increased by 3.5 times as compared with that of the blank BCFZ
membrane when feeding the oxygen consuming CH, instead of an
inert sweep gas like He on the permeation side. When the surface-
modified BCFZ membrane was used as the reactor to shift the
equilibrium of water dissociation for hydrogen production, a higher
H: production rate was obtained due to its higher oxygen
permeability. This paper demonstrates that, by modifying the
oxygen-permeable hollow fiber BCFZ perovskite membrane with a
proper catalytic porous layer, not only the oxygen permeation flux
can be enhanced, but also a better reactor performance can be
obtained.

Experimental Section

BCFZ-Pd perovskite powder was prepared by a combined citric acid and
ethylenediaminetetraacetic acid (EDTA) complexing method."! The caleulated
amounts of Ba(NOs)s, PANO:): and ZrO(NO;): powder were dissolved in an agqueous
solution of Co(NOs); and Fe(NOs); followed by the addition of EDTA acid and citric
acid with the molar ratio of EDTA acid : citric acid : total of metal cations = 1:1.5:1.
After agitation for a certain time, the pH value of the solution was adjusted at around 9
by adding NHyOH. The solution was then heated in the temperature range of 120-
150 °C under constant stirring to obtain a gel. Further heat treatment was applied at
950 °C for 10 h to obtain BCFZ-Pd perovskite powder with the final composition,
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The crystal structure of BCFZ-Pd perovskite powder was investigated using a Philips
X'pert-MPD instrument with Cu Ka radiation. TEM was performed on a field-emission
instrument of the type JEOL JEM-2100F. An Oxford Instruments INCA-200-TEM
system with an ultra-thin window was attached to the microscope that allowed for
elemental analysis using EDXS. The surface morphology of BCFZ hollow fiber
membrane coated by BCFZ-Pd layer was characterized using a field-emission SEM of
the type JEOL JSM-6T00F.

The dense BCFZ hollow fiber L were fi d by phase inversion
spinning followed by sintering."” The sintered fiber had a wall thickness of around 0.17
mm with an outer diameter of 1.10 mm and an inner diameter of 0.76 mm. The BCFZ-
Pd slurry was prepared by mixing BCFZ-Pd powder with water in a mortar followed by
milling. The BCFZ-Pd porous layer can be obtained by brushing the above slurry onto
the outer surface of the central 3 ¢cm of BCFZ membrane followed by heating at
1050 “C for | h. In order to obtain the isothermal condition, two ends of the fiber were
coated by Au paste followed by sintering at 950 °C and thus a dense Au film that is not
permeable to oxygen was obtained.

The oxygen permeation experiments were carried out in a high-temperature permeator
as described in our previous work.""" Synthetic air or steam diluted by He was fed to the
core side and a mixture of CH,, Ne and He was fed to the shell side. All gas flows were
controlled by mass flow controllers (Bronkhorst), which were calibrated by using a soap
bubble meter before measurements. The total flow rate of the effluents on shell side was
calculated by using Ne as an internal standard. The concentrations of the gases at the
exit of the reactor were determined by an on-line gas chromatograph (Agilent 6890).
The oxygen permeation rate can be obtained based on the change of oxygen
concentration on air side between the inlet and outlet. H: production rate on the core
side was calculated from the total flow rate F... (mL.min™"), hydrogen concentration ¢
(Ha), and membrane area § (¢m’) based on the following equation:

Fowe xc(H )

J(H )=
(H ) 3
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Figure S1 TEM analysis of BCFZ-Pd particles: (a) dark-field micrograph, (b) energy-dispersive X-ray
spectrum (EDXS), and (c-h) corresponding elemental distribution images.
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Figure S2 (a) TEM bright-field micrograph of the BCFZ-Pd powder, (b) electron diffraction

pattern from the selected area, and (c) HRTEM micrograph from the selected area.
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2.3 Simultaneous production of hydrogen and synthesis gas by
combining water splitting with partial oxidation of methane in a
hollow-fiber membrane reactor

Heqing Jiang, Haihui Wang, Steffen Werth, Thomas Schiestel, and Jiirgen Caro

Angew. Chem. 2008, 120, 9481; Angew. Chem. Int. Ed. 2008, 47, 9341.

(Reported by Chemistry World, 2008, 5 (12) with the News: “Double reactor makes
hydrogen and syngas”).
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Simultaneous Production of Hydrogen and Synthesis Gas by
Combining Water Splitting with Partial Oxidation of Methane in a

Hollow-Fiber Membrane Reactor**

Heqing Jiang, Haihui Wang,* Steffen Werth, Thomas Schiestel, and Jiirgen Caro

Hydrogen is gaining more and more attention because it is
regarded as an important future fuel. Today, hydrogen is
mainly produced from nonrenewable natural gas and petro-
leum. With concerns over worldwide energy demands and
global climate change, alternative sources must be found.
Obviously, water is recommended as the ideal source for the
generation of large amounts of hydrogen.l" In addition to
electrolysis, recently several new processes, such as photo-
voltaic-photoelectrochemical water splitting”*l and one-step
or multistep thermochemical water splitting™® based on
focused solar™ or nuclear'™ heat. have been developed.
Although water dissociation into oxygen and hydrogen is
conceptually simple [Eq. (1)], efficient hydrogen production

H,0 = H, + 40, (1)

from water remains difficult as a result of the low equilibrium
constant of K, =2 x 10" at the relatively high temperature of
950°C.I'"

However, the hydrogen production rate can be signifi-
cantly improved by extracting oxygen with an oxygen-
permeable membrane. One possible type of membrane for
the efficient removal of oxygen at high temperatures is a
mixed oxygen-ion- and electron-conducting membrane
(MIECM) with high oxygen permeability.">"! Early studies
demonstrated the possibility of hydrogen production through
direct water decomposition by using MIECMs at the
extremely high temperature of 1400-1800°C.""*" However,
the hydrogen production rate was relatively low because of
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the poor oxygen permeability of these membranes, and only a
modest rate of 0.6cm'min~'cm™? could be obtained at
1683°C.I"" To obtain a higher hydrogen production rate, one
possible way is to increase the rate of oxygen removal.
Balachandran et al. fed hydrogen on the permeation side of a
MIECM to consume the permeated oxygen.”*! In this case,
a high oxygen partial pressure gradient across the membrane
was established and a maximum hydrogen production rate of
10.0 em*min " em ™ at 900°C was obtained.”"**! However, the
amount of hydrogen produced was equivalent to the amount
consumed, which makes it unpractical. Therefore. it would be
attractive for both the feed and permeate stream to yield a
valuable compound.

Herein, for the first time we report the simultaneous
production of hydrogen and synthesis gas in a hollow-fiber
perovskite MIECM reactor using methane to consume the
permeated oxygen (see Figure 1). At high temperatures,

CH
(shell side) {éyag ?i:)

H

U i
| H,05 %0,+H,

I v
‘ LI’li-l:msmi catalyst

perovskite hollow fiber membrane

H,0
(mr]e1 side) H,, H,0

Figure 1. The concept of simultaneous production of hydrogen and
synthesis gas by combining water splitting with POM in a perovskite
oxygen-permeable hollow-fiber membrane.

water dissociates into hydrogen and oxygen on the membrane
surface of the core side. Oxygen permeates from the core to
the shell side of the hollow fiber, where it is consumed by the
partial oxidation of methane (POM) to form synthesis gas
according to CH, + '/, O,—CO + 2 H,. Thus, when operating
under equilibrium-controlled conditions, the water dissocia-
tion proceeds continuously as the oxygen is continuously
consumed by the POM to produce synthesis gas. The
advantage of this process is to give pure hydrogen as well as
synthesis gas, which can be used to synthesize a wide variety
of valuable hydrocarbons (for example, by Fischer-Tropsch
synthesis) and oxygenates (methanol).

A novel BaCo,Fe,Zr,_, O, , (BCFZ) perovskite hollow-
fiber membrane was applied for the in situ removal of the
oxygen that is produced by high-temperature water splitting,

j—

T, BWILEY .
© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim %, InterScience’
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Communications

9342

because it exhibits a high oxygen permeation rate™*! and has
already been used, for example, in the production of oxygen-
enriched air®*! and the partial oxidation of hydrocar-
bons.* Figure 2 shows the influence of temperature on
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Figure 2. H, production rate on the core side as a function of temper-
ature. Core side: flow rate F,, =30 and F,,,=10 cm’min"; shell side:
50 cm’ min”' (F,. =45, Fy.=3, and F,, =2 cm’min”"). Amount of
packed NifALO, catalyst: 0.8 g. Effective membrane area: 0.86 cm’.

the hydrogen production rate. This rate increases as the
temperature rises from 800 to 950°C and a hydrogen flux
of 3.1 em*min 'em* was obtained at 950°C. It was also
found that the hydrogen production rate is very low
(< 0.026 em*min~'em™* at 900°C, see Figure S1 in the Sup-
porting Information) if a sweep gas, such as He, is used on the
permeate side.

Clearly, the hydrogen production rate depends directly on
the rate of oxygen removal from the water dissociation
system. The oxygen transport can be described by the Wagner
equation for the oxygen flux j(O.) [Eq. (2)].F**" where o, and

Tei Tion

AR TInag,
@F) 0 + O

j(0s) = Vito, With Vg, = 2

a;,, are the electronic and ionic conductivities, respectively, F/
the Faraday constant, and u,, the gradient of the chemical
potential of oxygen across the membrane. Assuming that o, =
Gion and that dlnag,/dx can be approximated by In(p, /p(, )/ L
with p, and p{, denoting the oxygen partial pressures on the
shell and core sides and L the membrane thickness, the
Wagner equation reads [Eq. (3)]:

(02) = ~ s Oun — 2 3)

RT  In(py/py)
L

The oxygen partial pressure p;, on the permeate side can
be reduced much more efficiently when feeding methane in
combination with a Ni-based catalyst (Siid Chemie AG) to
the shell side. The permeated oxygen on the shell side is then
consumed very quickly by the oxidation of methane. As a
result of the increased oxygen partial pressure gradient across
the membrane, a higher hydrogen production rate of about
2.3 cm'min ' cm * at 900°C is obtained, which is two orders of

www.angewandte.org
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magnitude higher than the rate of a nonreactive sweep gas
such as He.

From the above discussion it follows that the hydrogen
production rate is related to three reactions: water splitting,
oxygen transport through the membrane, and POM. When
the temperature is increased, the equilibrium constant of the
endothermic water splitting will increase according to the
Van't Hoff equation. So the equilibrium is shifted towards
water dissociation and more hydrogen can be produced.
Moreover, with increasing temperature, both the rate of the
POM and the permeability of the BCFZ hollow-fiber
membrane will increase. Thus, the hydrogen production rate
becomes higher with increasing temperature.

With increasing concentration of steam in the feed gas on
the core side, the equilibrium partial pressures of oxygen and
hydrogen will increase, thus providing a higher driving force
for oxygen permeation. As a result, the amount of hydrogen
obtained is expected to increase. As shown in Figure 3, the
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Figure 3. H, production rate on the core side at different steam
concentrations. Core side (steam + He): 40 cm’min '; shell side:
50 cm’min ' (F,,=45, Fy.=3, and Fc,, =2 cm’min "), Amount of
packed NifAl,O catalyst: 0.8 g. Effective membrane area: 0.86 cm’.
T=950°C.

hydrogen production rate increased from about 0.2 to
3.1cm’min 'em ™ when the steam concentration was
changed from 5 to 75vol.%. In addition, the hydrogen
production rate can be enhanced by increasing the methane
concentration (Figure 4), because a higher oxygen partial
pressure gradient across the perovskite membrane is estab-
lished, which leads to a higher oxygen permeation rate.

At the same time as hydrogen is produced on the core side
of the BCFZ hollow fiber by water dissociation, synthesis gas
can be produced on the shell side. Figure 5 shows the methane
conversion and the CO selectivity for feeding different
methane concentrations. When the amount of the feed gas
methane was small, most of the methane was totally oxidized
to give CO, and H,O. On feeding more methane, the methane
conversion decreased gradually and the CO selectivity
increased.  When 2cm’min'  methane  diluted by
48 ecm’min~' inert gases was fed to the shell side, about
70% methane conversion and 60% CO selectivity were
obtained. However, for high methane concentrations the
calculated selectivities became lower again. This is probably

1
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Figure 4. H, production rate on the core side at different methane
concentrations. Core side: Fyy =30 and F,,,=10 cm’min™"; shell side:
50 cm*min' (Fy,=3 and Fey, + Fy.=47 cm’min~’). Amount of
packed Ni/ALO, catalyst: 0.8 g. Effective membrane area: 0.86 cm’.
T=950°C.
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Figure 5. Conversion X of methane and selectivity 5 of CO on the shell
side at different methane concentrations. Core side: Fy; o =30 and
Fre=10cm’min"'; shell side: 50 em’min™' (F,.=3 and Fe,, +
Fue=47 em’min""). Amount of packed NifAl,O; catalyst: 0.8 g.
Effective membrane area: 0.86 cm”. T=950°C,

caused by the formation of coke, which is expected to occur
under these reaction conditions.

The net reaction in our concept is conventional methane
steam reforming according to H,O + CH;—3H, + CO with a
H./CO ratio of 3, which is unsuitable for the methanol or
Fischer-Tropsch syntheses. However, in our process we
obtain pure hydrogen on the core side as well as synthesis
gas with a H,/CO ratio of around 2 on the shell side. Synthesis
gas with such a ratio is usually produced by oxygen-blown
autothermal reforming, which requires a costly oxygen
separation plant. Therefore, our concept provides a new
way to obtain a Fischer-Tropsch synthesis gas. Furthermore,
the pure hydrogen produced by our method can be used to
operate the hydrocracking step in the product refinery section
of the Fischer-Tropsch plant.

Hydrogen can also be produced with a hydrogen-selective
membrane reactor in which methane steam reforming takes
place with a reforming catalyst. The technology of steam

Angew, Chem. Int. Ed. 2008, 47, 93419344
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reforming with hydrogen-selective Pd membranes has been
developed since 1992 by Mitsubishi Heavy Industries and
Tokyo Gas. The membrane reactor operates at 550°C and
produces 40 m* (STP) hydrogenh ") However, the Pd/Pd
alloy membrane can be poisoned by CO; therefore, a
subsequent water-gas shift stage is needed to convert CO to
CO,, which makes the operation more complex. On the other
hand, in the hydrogen-selective membrane reactor, only H,
rather than synthesis gas can be obtained. In our concept, we
can get both pure hydrogen, with an industrially interesting
flux (ca. 3 m*h ' m?) without further water-gas shift reaction,
and synthesis gas. Compared to conventional steam reforming
and hydrogen-selective membrane-reactor-based steam
reforming, our multifunctional reactor contributes to the
concept of process intensification.

In conclusion, it is possible to produce significant amounts
of hydrogen from water splitting at around 900°C by using a
novel BCFZ oxygen-permeable hollow-fiber membrane. By
combining high-temperature water splitting with POM, not
only hydrogen but also synthesis gas can be obtained. This
process presents new insight into the interplay of catalysis and
separation in a membrane reactor. Besides, abundant raw
materials, such as water and methane (natural gas), were
used, which is of broad interest.

Experimental Section

The dense BCFZ perovskite hollow-fiber membranes were manufac-
tured by phase-inversion spinning followed by sintering.*" The
sintered fiber had a wall thickness of around 0.17 mm with an outer
diameter of 1.10 mm and an inner diameter of 0.76 mm. Figure S2 in
the Supporting Information shows a schematic diagram of the
membrane reactor used in this study. Two ends of the hollow fiber
were coated with Au paste. After sintering at 950°C, a dense Au film
that was not permeable to oxygen was obtained. Such an Au-coated
hollow fiber was sealed by a silicon rubber ring and the uncoated part
(3.0 em), which was permeable to oxygen, was kept in the middle of
the oven thus ensuring isothermal conditions. A mixture of steam and
He was fed to the core side and a mixture of CH,, Ne, and He was fed
to the shell side. A Ni-based catalyst (Siid Chemie AG) was packed
around and behind the hollow-fiber membrane. The CH,, He, and Ne
flow rates were controlled by gas mass-flow controllers (Bronkhorst).
The H,O flow was controlled by a liquid mass-flow controller
(Bronkhorst) and completely evaporated at 180°C before it was fed
to the reactor. All gas lines to the reactor and the gas chromatograph
were heated to 180°C. The concentrations of the gases at the exit of
the reactor were determined by an online gas chromatograph
(Agilent 6890). Assuming that the oxygen from water splitting on
the core side was totally removed and the flow rate at the outlet was
equal to that at the inlet, the H, production rate after steam
condensation in the retentate on the core side was calculated from the
total flow rate F,,. (em’min~'), the hydrogen concentration ¢(H,).
and the effective membrane area § (em”) based on Equation (4).

J(H,) = "'ﬂ;}@ )

The CH, conversion X{CH,) and the CO selectivity 5(CO) on the
shell side were calculated as Equations (5) and (6), where F(i) is the

F(CH,,out)

X(CH,) = (l—m

) x 100% (5)
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S(CO) = % « 100% (6)

flow rate of speciesi on the shell side, calculated based on the
measured concentration of the respective species and the total flow
rate measured by a bubble flowmeter.
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Figure S1 Hydrogen flux as a function of temperature during water splitting using
BCFZ hollow fiber membrane. Core side: Fypo = 20 cm’ min'l; Shell side: Fye = 20 cm’
min™.

Helium was used as a sweep gas and the resulting hydrogen fluxes were found to be two
orders of magnitude smaller than those obtained using methane as the sweep gas with

Ni-based catalyst.
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Figure S2 The schematic diagram of the experimental apparatus for hydrogen and synthesis gas production
by combining water splitting with POM processes.
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Figure S3 SEM pictures of the cross section of the fresh hollow fiber
membranes Our BCFZ hollow fiber membranes exhibit an asymmetric
structure with a porous layer of around 100 pum and a thin dense layer of
only 50 -100 pum, which reduces the resistance to the oxygen bulk
permeation. Furthermore, the porous layer facilitates the oxygen surface
exchange due to its large surface area. Both effects lead to higher oxygen
fluxes of our perovskite hollow fiber membrane.
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Figure S4 SEM-EDX element maps for the spent fiber. Only Fe, Co, Zr, Ba and O were
found in the EDX spectrum. No significant elements segregation was observed on the both
membrane surfaces and the bulk by quantitatively analyzing the element maps.
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A coupling strategy to produce hydrogen and ethylene in a membrane

reactor**

Heging Jiang,* Zhengwen Cao, Steffen Schirrmeister, Thomas Schiestel, and Jiirgen Caro*

Following the concept of process intensification,!"! the effective
coupling of two chemical reactions in one apparatus is gaining
increasing interest from both academia and industry.” ) In the past
years, most of theses studies have focused on the combination of an
endothermic dehydrogenation with an exothermic hydrogenation of
hydrocarbons in a Pd membrane reactor.*” This coupled
dehydrogenation/hydrogenation is also studied in fixed bed reactors,
e.g. the simultaneous ethylbenzene dehydrogenation and benzene
hydrogenation.! Recently, Kondratenko et al. reported the
production of ethylene with the simultaneous almost 100 % removal
of nitrous oxide (N,O) by coupling the N,O decomposition with the
thermal dehydrogenation of ethane in a catalytic fixed bed reactor.”!
However, by the coupling of the two reactions in the fixed bed
reactor, a subsequent procedure is necessary to separate the products.
If the reactions are conducted in a membrane reactor, the products
will be kept separated on the two sides of the membrane. Therefore,
it looks attractive to search for new pairs of industrially interesting
reactions in membrane reactors.

Hydrogen production from water splitting has attracted much
attention in the past decades because hydrogen is considered as a
promising alternative to fossil fuels.'™""! One technique to enhance
the hydrogen production rate from the equilibrium-limited water
splitting is the in situ removal of the simultaneously produced
oxygen using a mixed oxygen ion and electron conducting
membrane.'*"® Previous studies had shown that an operating
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Figure 1. Schematic diagram of coupling water splitting with ethane
dehydrogenation in a perovskite oxygen-permeable membrane reactor.

temperature of 1683 °C was necessary to obtain a hydrogen
production rate of 0.6 cm® min” e¢m™ in a mixed-conducting ZrO,-
Ti0:-Y 50, membrane."”) In order to lower the operating
temperature, Balachandran et al. coupled water splitting with
hydrogen combustion as a model reaction in a ceramic-metal
membrane reactor, by feeding hydrogen to the permeate side to
consume the permeated oxygen!'" A maximum hydrogen
production rate of 10.0 cm® min™' ¢m™ was obtained at 900 °C as a
proof of principle. Since in this model reaction the amount of
hydrogen produced was equivalent to the hydrogen amount
consumed, we were looking for practice-relevant coupled reactions
in membrane reactors. Recently, we reported the coupling of water
splitting with partial oxidation of methane for the simultaneous
production of hydrogen and synthesis gas (a mixture of CO and H,)
at temperatures between 850 to 950 °C in a perovskite BaCo,Fe,Zr,_
+y03.5 (BCFZ) hollow fiber membrane reactor.!"”! The BCFZ hollow
fiber membrane shows a high oxygen permeation rate and has been
used for the production of oxygen-enriched air and abatement of
nitrogen oxides,***!

In this contribution, we combine water splitting and ethane oxi-
dehydrogenation in the BCFZ oxygen-permeable membrane reactor
at moderate temperatures (700 to 800 °C). Figure 1 shows the
concept of water splitting coupled with the oxi-dehydrogenation of
ethane in the perovskite hollow fiber membrane reactor. First, water
dissociates into hydrogen and oxygen on the core side of the
perovskite BCFZ membrane. The produced oxygen is then removed
as oxygen ion (O%) to the ethane side of the membrane, where it is
consumed to convert ethane to ethylene according to C;Hg + 0" =
C;Hy + HyO + 2e. Local charge neutrality is maintained by the
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Figure 2. H: production rate on the core side as a function of temperature.
Core side: Fippo = 30 em® min™ and Fyy, = 10 em® min™; shell side: Fyuy =
40 em’ min" with an ethane concentration of (a) 7.5 % and (b) 20 %,
respectively.

counter diffusion of electrons. Thus, the produced oxygen can be
continuously removed via the BCFZ membrane, and more hydrogen
from water splitting can be produced even under equilibium-
controlled conditions. Simultaneously, ethylene can be obtained
after steam condensation on the shell side of the membrane. The
advantage of this coupling strategy is that the produced hydrogen
from water splitting and the ethylene from ethane oxi-
dehydrogenation are inherently separated in the membrane reactor.
It was experimentally found that the hydrogen production rate
from water splitting on the core side is very low (< 0.025 em’ min”!
em?) at temperatures below 950 °C if only the inert sweep gas He
was applied on the shell side of the BCFZ hollow fiber membrane to
reduce the oxygen partial pressure.”” However, significant amounts
of hydrogen were obtained on the steam side even at moderate
temperatures (700-800 °C) when coupling the water dissociation
with the ethane oxi-dehydrogenation. As shown in Figure 2a, by
feeding 7.5 vol% C,H; to the shell side, the hydrogen production
rate from water splitting increases from 0.1 to 0.4 ¢cm’ min™' cm™
when the temperature rises from 700 to 800 °C. With rising the
temperature, the equilibrium of the endothermic water splitting is
shifted towards oxygen and hydrogen as products. Moreover, the
oxygen permeation rate of BCFZ membrane increased with
increasing temperature according to Wagner theory.”*?*l The fast

Table 1 Ethane conversion X(C:;Hs) and ethylene selectivity
S(C:Hs) on the shell side of BCFZ membrane at different
temperatures.

Temperature /°C X(CaHe) 1% S(C2Hs) 1%
700 6 67
750 20 89
775 37 88
800 59 89

Core side: 40 cm” min” (Fuzo = 30 cm’ min™ and Fye = 10 cm® min’
"). Shell side: 40 em® min” (Fezss = 3 cm® min™, Fue = 36 cm® min™
and Fy. = 1 cm® min™).
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Figure 3. The 100 h operation for the H, production on the core side and
the simultaneous ethylene production on the shell side at 800 °C. Core
side: Fyap = 30 em® min™' and Fyy. = 10 em’ min™'; shell side: 40 em® min”'
(Feans = 3 em’ min™', Fy. = 36 em’ min” and Fy. = 1 em’ min™).

removal of the produced oxygen from water splitting causes further
water to dissociate and thus the equilibrium constraint for the
hydrogen production is overcome.

Besides operating temperature and membrane thickness,
according to Wagner theory,™?" the oxygen permeation rate is
related to the oxygen partial pressure gradient across the membrane.
By feeding more ethane to the shell side of the BCFZ membrane, a
larger driving force was provided for the fast removal of oxygen
from the steam side, thus increasing the hydrogen production rate.
Figure 2 presents the temperature dependence of the hydrogen
production rate when feeding 7.5 vol% and 20 vol% ethane to the
shell side, respectively. Compared to the case (a) of feeding 7.5
vol% ethane to consume the permeated oxygen, the hydrogen
production rate in the case (b) of feeding 20 vol% ethane on the
shell side is always higher at all temperatures investigated. It can be
seen from Figure 2b that the hydrogen production rate reaches 1.2
cm’ min” em™ at 800 °C.

The permeated oxygen from water splitting can be utilized for
the oxidative dehydrogenation of ethane (ODE) to ethylene on the
shell side of the membrane. As shown in Table 1, the ethane
conversion increased from 6 % to 59 % and the ethylene selectivity
increased from 67 % to 89 % when rising the temperature from 700
to 800 °C. At 700 °C, only a very small amount of hydrogen is
detected on the shell side (< 0.15 % H,), indicating that the ODE
process (CoHg + 0% = CyHy + Hy0 + 2¢) is dominating compared
with the thermal dehydrogenation of ethane (TDE: C.Hg 5 C,H, +
H;). Because only traces of CO, were detected and the permeated
oxygen mainly reacted with hydrogen forming water, the amount of
water produced on the shell side can be estimated based on the
difference of flow rates between H, and C,H, at exit. The rate of
water produced on the shell side is 0.06 em® min” cm™ at 700 °C
and 0.5 em™ min™ em™ at 800 °C, which is almost equal to that of
water consumed on the core side. At 800 °C, the TDE process
cannot be neglected, and it occurs parallel to the ODE process.***7)
Consequently, ethylene, hydrogen, water, and non-reacted ethane
were present on the shell side, and the ethylene yield is around 55 %
at 800 °C. As a reference experiment, the dehydrogenation of ethane
in the presence of water was also investigated in a fixed-bed reactor
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filled with BCFZ perovskite. At 800 °C, an ethylene yield of 47 %
was obtained with the ethylene selectivity of 71 % in the fixed-bed
reactor (see Table S1 in the Supporting Information). Obviously,
more ethylene was obtained based on the coupling strategy in BCFZ
membrane reactor.

Figure 3 presents the simultaneous production of hydrogen and
ethylene in the BCFZ hollow fiber membrane reactor as a function
of time. During a period of 100 h, about 60 % ethane conversion and
90 % ethylene selectivity were obtained. Simultaneously, the
hydrogen production rate on the steam side reaches 0.8 em’® min”!
em™. It is should be pointed out that the BCFZ hollow fiber
membrane is still gas-tight after 100 h when we had to stop the test.
SEM was used to characterize the spent hollow fiber. Although the
membrane surface was eroded on the ethane side, there is no
development of crack in the middle dense part of the membrane.
Different to the reported layered porous membranes,”™**! the BCFZ
dense membrane only allows the transport of oxygen ions with
infinite selectivity and therefore, there is no permeation of other
gases incl. water through the membrane."** Figure 4a shows the
cross section of the spent BCFZ hollow fiber with an about 10 pm
eroded layer on the membrane surface exposed to ethane side. Small
particles of 0.2-1.0 um were well dispersed on the membrane
surface (Figure 4b and 4c). EDXS (Figure 4d) indicates that the
small particles are mainly composed of cobalt oxide. The cobalt
extraction by reduction of cobalt cations from the perovskite
resulting in cobalt-enriched surface particles has been reported
previously."" Here, due to the reducing atmosphere, cobalt cations
of the perovskite BCFZ lattice might be partly reduced, leading to
the formation of the surface eroded layer with the thickness of about
10 pm.

Hydrogen can also be produced from water by electrolysis or
photo-catalysis.* | Water electrolysis is commercially available
today for small-scale hydrogen production. The main obstacle in
commercial exploitation of this technology for large-scale hydrogen
production is the high cost of electricity and the noble metal
catalysts.”'*?! The main feature of the photo-electrolysis and photo-
catalytic process is the use of solar energy. Current research efforts
involve overcoming the low efficiency and the unsatisfactory
stability.’>*) Compared to the water splitting by electrolysis or
photo-catalysis, the direct thermal hydrogen production would

Figure 4. SEM images of the ethane side of the BCFZ hollow fiber
membrane after measurement, (a) Cross section, (b) and (c) top views, and
(d) the corresponding elemental distribution image of cobalt.
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require heating water above 2500 °C to obtain appreciable yields,
which is a difficult temperature to reach and maintain from the
materials perspective. By coupling water splitting with the ODE
process on the two opposite sides of the BCFZ oxygen-permeable
membrane reactor, the equilibrium constraint of water splitting was
overcome and the operating temperature to obtain a hydrogen
production rate of around 1.0 em® min™' em™ was lowered to 800 °C.
Simultaneously, the permeated oxygen from water splitting can be
utilized to convert ethane to ethylene on the other side of the
membrane. It should be pointed out that the membrane-based
hydrogen production from water splitting is still in its early stage
and more laboratory efforts should be given to improve the
properties and membrane stability in the near future.

In conclusion, we demonstrate a novel coupling strategy to
produce hydrogen and ethylene in a BCFZ hollow fiber membrane
reactor, By coupling water splitting and ethane oxi-dehydrogenation
on the opposite sides of the oxygen-permeable membrane, not only
a hydrogen production rate of around 1.0 cm’® min' em? was
achieved at 800 °C, but also an ethylene yield of around 55 % was
obtained on the other side of the membrane. To the best of our
knowledge, this is the first report on the coupling of water splitting
and ethane dehydrogenation in a membrane reactor. Compared to
the reported coupling strategy in the fixed-bed reactor,™ the
hydrogen from water splitting and the ethylene from ethane oxi-
dehydrogenation together with non-reacted ethane and hydrogen as
the main products are inherently separated based on the coupling
strategy in the membrane reactor.

Experimental Section

The dense BCFZ hollow fiber membranes were fabricated by phase
inversion spinning followed by sintering.”™ The sintered fiber had a
wall thickness of around 0.17 mm with an outer diameter of 1.10 mm
and an inner diameter of 0.76 mm. In order to obtain the isothermal
condition, two ends of the above fiber were coated by Au paste
followed by sintering at 950 °C and thus a dense Au film that is not
permeable to oxygen was obtained. Here, the length of the uncoated
middle part is 3 cm, and the effective membrane area is 0.86 cm®’.
The measurements were carried out in a high-temperature reactor as
described in our previous work."™" Figure S1 in the Supporting
Information shows a schematic diagram of the membrane reactor
used in this work. The Au-coated hollow fiber was sealed by silicon
rubber ring and the uncoated part which is permeable to the oxygen
was kept in the middle of the oven. H;O diluted by He was fed to the
core side and a mixture of C;Hs, Ne and He was fed to the shell side.
C:Hs, He and Ne flow rates were controlled by gas mass flow
controllers (Bronkhorst). H,O flow rate was controlled by the liquid
mass flow controller (Bronkhorst) and was completely evaporated at
180 °C before it was fed to the reactor. All gas lines to the reactor and
the gas chromatograph were heated to 180 °C. The concentrations of
the gases at the exit of the reactor were determined by an on-line gas
chromatograph (Agilent 6890). Assuming that the oxygen from water
splitting on the core side was totally removed and the flow rate at the
outlet is equal to that at the inlet, and H; production rate on the core
side was calculated from the total flow rate Feye (cm® min'), the
hydrogen concentration c(H;), and the effective membrane area S
(cm?) based on the following equation:

Frorex o(H)

J(H,) =

(H,) 3
The C:He conversion X{C,Hs) and the C,H, selectivity S(C,H,) were
calculated as:

X(C,H,)= ( | FACH our)

« 100%
o OFICH, )
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FIC,H, our)

S(CH)s———F2+————xIl(
= FIC.H . in)— F(C,H out)

o

where F(/) is the flow rate of species i on the shell of the hollow fiber
membrane.

The surface morphology of the spent fiber was characterized
using a field-emission Scanning Electron Microscopy (SEM) of the
type JEOL JSM-6700F. An Energy Dispersive X-ray (EDX)
spectrometer of the type Oxford Instruments INCA-300 was used for
the elemental analysis.
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Figure S1 Schematic diagram of the membrane reactor used in this work

Table S1 Ethane conversion X(C,Hs) and ethylene selectivity S(C,H,) at different temperatures in presence of

water in a fixed-bed reactor filled with the perovskite BCFZ.

Temperature /°C X(CzHe) /% S(CzH,) /%
700 14 24
750 30 59
775 47 69
800 66 71

Conditions:  Feans = 3 cm® min™, Fizo = 6 cm® min™, Fye = 30 cm® min?, and Fye = 1 cm® min™.
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Chapter 3
Kinetic coupling for nitrogen oxides decomposition

3.1 Summary

It was found that the decomposition of NO or N,O over perovskite BCFZ is inhibited by
oxygen. In this chapter, the effective NO and N,O decomposition was demonstrated by in situ
removing the inhibitor oxygen via the BCFZ hollow fiber membrane.

The first article presents the NO decomposition coupled with the POM on the opposite
sides of the BCFZ hollow fiber membrane. It was found that NO conversion on the core side
is below 5 % when no sweep gas was applied on the shell side. However, when feeding
methane in combination with Ni-based catalyst to the shell side, the direct decomposition of
NO over the inner surface of the BCFZ hollow fiber membrane was achieved with NO
conversion of almost 100 % and N yield of around 95 % even with coexisting 3 % oxygen in
the feed.

The second article demonstrates the N,O decomposition coupled with the POM to
synthesis gas in the BCFZ oxygen-permeable membrane reactor. By in situ removing the
inhibitor oxygen, N,O with concentration of up to 50 % was completely treated at 875 °C.
Moreover, this system can tolerate the coexistence of 15 % oxygen in the feed.
Simultaneously, the permeated oxygen was utilized to produce synthesis gas on the shell side.
A methane conversion of over 90 % and a CO selectivity of 90 % were obtained at 875 °C
with the simultaneous complete conversion of N,O in the coexistence of 5 % O, in the feed.

In the third article, the effect of oxygen permeability of the BCFZ hollow fiber
membrane on the reactor performance for water splitting and N,O decomposition are
discussed, and much attention was given to the effect of oxygen partial pressure of the N,O
side on the N,O decomposition. It was found that the oxygen partial pressure on the N,O side
can be decreased by increasing the operating temperature or the pressure difference across the
membrane, or by feeding reducing gases like methane or ethane on permeate side. By
removing the oxygen via the BCFZ membrane, the oxygen partial pressure on N,O side was
kept at a very low lever, and a complete conversion of N,O was obtained. Moreover, the
permeated oxygen was used to produce synthesis gas by the POM or ethylene by the
dehydrogenation of ethane on the shell side. An ethane conversion of 85 % and an ethylene

selectivity of 86 % were obtained at 850 °C.
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3.2 Highly effective NO decomposition by in situ removal of inhibitor
oxygen using an oxygen transporting membrane

Heqing Jiang, Lei Xing, Oliver Czuprat, Haihui Wang, Steffen Schirrmeister, Thomas

Schiestel, and Jiirgen Caro
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Highly effective NO decomposition by in situ removal of inhibitor
oxygen using an oxygen transporting membrane

Heqing Jiang,” Lei Xing,” Oliver Czuprat,” Haihui Wang,**” Steffen Schirrmeister,
Thomas Schiestel? and Jiirgen Caro*“

Received (in Cambridge, UK) 22nd June 2009, Accepted 30th September 2009
First published as an Advance Article on the web 12th October 2009
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Due to the in situ removal of the inhibitor oxygen using an
oxygen transporting membrane, a complete conversion of NO to
N, was achieved for the first time in a catalytic perovskite
membrane reactor.

Nitrogen oxides (NO,, x = 1, 2), which are mainly produced
by automobiles and stationary power plants, are among the
major atmospheric pollutants. Several methods have been
employed to reduce NO emission, such as non-selective
catalytic reduction (NSCR), selective catalytic reduction
(SCR) with NH; or hydrocarbon, and direct catalytic
decomposition of NO.'* Considering the costs, however, the
direct catalytic decomposition of NO into molecular N, and
05, which is thermodynamically favored at temperatures up to
about 1000 “C.* looks more promising. Several catalysts such
as perovskite-type oxides,” Cu-ZSM-5 zeolites,® metal-doped
Co304" and Pd/AlO;* have been exploited for the direct
decomposition of NO. Among them, perovskite-type oxides
show special potential for use as catalysts for NO decomposition,
because they become active above 500 “C and are sustainable
for long-term operation at the higher temperatures required
for NO decomposition.”'" However, NO decomposition over
perovskites is strongly inhibited by the produced oxygen.
leading to a lower NO conversion. For example, Iwakuni
et al. investigated the catalytic activities of BaMnOQOs-based
perovskites towards NO decomposition, and found that the
highest N, yield was achieved on BaggLagMn,gMgp 204
and the Ns yield was decreased from 75% to 60% by the
coexistence of 1% O, at 850 °C."°

Dense perovskite membranes with mixed oxygen ion and
electron conductivity have attracted increasing attention due
to their potential applications in the separation of oxygen
from air, conversion of natural gas to synthesis gas and
selective oxidation of light hydrocarbons.!" Recently, we

“nstitute of Physical Chemistry and Electrochemisiry,
Leibniz University of Hannover, Callinstr. 3-34, D-30167 Hannover,
Germany. E-mail: juergen.caroa peiami-hannover.de;
Fax: +49-511-76219121; Tel: +49-511-7623175
" College of Chemistry and Chemical Engineering, South China
University of Technology, Guangzhou, 510640, PR China.
E-mail: hhwang(@ scut.edu.cn; Fax: +86-20-87110131;
Tel: +86-20-87110131
“Ulde GmbH, Friedrich-Uhde-Str. 15, D-44141 Dortmund, Germany
¥ Fraunhofer Institute of Interfacial Engineering and Bioteehnology
(IGB), Nobelsir. 12, D-70569 Sinttgart, Germany
T Electronic supplementary information (ESI) available: Fig. Sl
Schematic diagram of the membrane reactor used in this work. See
DOI: 10.1039/b912269a

developed a novel BaCo,Fe, Zr,_,_,O;_; (BCFZ) perovskite
hollow fiber membrane and exploited its applications in the
production of oxygen-enriched air or as the membrane reactor
for N,O abatement and water dissociation.'? In this contribution,
the decomposition of NO is investigated in the BCFZ
membrane reactor. A complete NO conversion with around
95% N, yield was achieved in this reactor due to the in situ
removal of the inhibitor oxygen via the BCFZ oxygen-permeable
membrane. The computer simulation of the NO decomposition
in a membrane reactor'* and the electrochemical removal of
NO using a solid electrolyte membrane reactor'*”“ have been
reported previously. However, to our knowledge, there is no
experimental study of NO decomposition with such high NO
conversion and N, yield in perovskite membrane reactors
reported up to now.

Fig. | shows the concept of NO decomposition in the BCFZ
perovskite hollow fiber membrane reactor. First. the adsorbed
NO is catalytically decomposed on the surface of the BCFZ
membrane into Ns and surface oxygen (O*) based on the
reaction:'*!3

NO — I N, + O*

Then, the surface O* is removed as oxygen ions ( (0 ) vig the
perovskite oxygen transporting membrane, and local charge
neutrality is maintained by the counter diffusion of electrons
(e7). Thus, the surface oxygen (O*) can be continuously
removed via the BCFZ membrane once it is generated from
NO decomposition, which will result in not only a kinetic
acceleration of NO decomposition, but also in the prevention
of NO- formation.

Perovskite membrane

NO BT CH,
-\ ‘-1'- (-
-,

NO +2e- — %N+ O* § >+CH,—~CO+2H,+2 &
%N, \ CO +2H,
Ni-based catalyst

Fig. 1 Schematic diagram of NO decomposition with in sitn removal
of oxygen via perovskite membrane.

6738 | Chem. Commun., 2009, 6738-6740
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Table 1 shows the NO conversion with and without oxygen
removal at different temperatures in a BCFZ membrane
reactor. When NO was fed to the core side of the BCFZ
hollow fiber, it was catalytically decomposed into N, and
surface O*.'"""* In the case that no sweep gas was applied on
the shell side, the driving force for oxygen transport was found
to be very low, the surface O* on the core side could not be
removed, and the catalytically active sites for NO decomposition
on the membrane surface were blocked by the surface O*
which led to the inhibition of the NO decomposition.
As shown in Table I(a), NO conversion without oxygen
removal is below 5%. If methane was fed to the shell side,
the surface O* from the NO side could be removed in situ by
oxygen transport to the shell side where oxygen was quickly
consumed by methane oxidation. Thus, the reaction rate of
NO decomposition was accelerated and a higher NO conversion
could be achieved. It can be seen from Table I(b) that the
conversion of NO decomposition was significantly enhanced
compared to the case without oxygen removal in Table I(a).
Clearly, the NO conversion in the membrane reactor directly
depends on the rate of oxygen removal from the NO side.
According to the Wagner equation,’ 112 the oxygen permeation
rate increases with increasing temperature. At relatively low
temperature (<875 “C), NO conversion is limited by oxygen
mobility and NO cannot be completely converted due to the
low oxygen mobility. However, for temperatures =875 “C,
NO is already completely decomposed, as shown in Table 1(b).
Moreover, the undesired consecutive reaction of NO oxidation
to NO, was prevented since the surface oxygen generated by
the NO decomposition was effectively drained off through the
BCFZ membrane before it could be desorbed and form NO- in
a homogeneous gas phase reaction. Consequently, the selectivity
of N, reached almost 100%. Hwang er al. used an electro-
chemically driven membrane reactor to abate NO, but only
70% NO conversion at a current density of 230 mA/em” was
obtained."* Obviously, the BCFZ membrane reactor used in
this work gave higher NO conversion and N, selectivity
compared to refs. 13 and 16.

However, industrial off-gases to be de-NO,-ed often contain
0s. Simulating this O, content, an additional amount of O,
was added to the NO as co-feed on the core side. One could
expect that NO, will be quickly formed. However, in our case,
both NO and NO, decompose into N, and O, at high
temperature, and the produced O> can be removed in situ by
the BCFZ membrane. Table 2 shows the variation of NO
conversion and N, selectivity with the additional oxygen
concentration in the NO/O, co-feed gas. It can be seen that
a complete conversion of NO is always achieved for oxygen

Table 1

Table 2 NO conversion and N, selectivity for the case that the NO
feed gas contains different amounts of oxygen at 875 °C

C(0,) in the NO/O; co-feed gas/vol.% XINO)/ % S(MN2)/ %
0 100 91
2 100 99
3 100 95
5 87 100
Core side: 30 em® min ' (Fxo = 1.5 em® min ™', Fo, = 0.6-1.5 em’
min~", Fre = 1 em® min ', Fyy. = balance). Shell side: 50 em® min '

(Fen, = 8em® min~', Fye = 37 em® min ' and Fu,o = Sem® min ).
0.5 g Ni-based catalyst packed on shell side.

concentrations up to 3 vol% in the co-feed gas. However,
under our experimental conditions a concentration above 5%
will lead to a decrease of the NO conversion. which might be
caused by the competitive adsorption of the co-fed oxygen and
NO. It was also found that there is no oxygen in the off-gas of
the core side, indicating that both the additional oxygen and
the oxygen from the NO decomposition were completely
removed by the BCFZ membrane. The N, selectivity of NO
decomposition in this experiment was found to be around
95%. revealing that the removal of oxygen can suppress the
undesired NO, formation.

Fig. 2 shows the influence of NO concentration in the feed
gas on the NO conversion and N, selectivity at 875 “C. It can
be seen that NO conversion is reduced from 100% to 50% for
increasing NO concentrations in the feed gas from 5% to 20%.
Moreover, the N, selectivity of the NO decomposition
decreased from 97% to 69%. With increasing NO concentration,
more surface O* will form, and the membrane cannot
completely remove these high O* concentrations, which will
block the NO decomposition and lead to a decrease of NO
conversion. Also, some of the surface O* will desorb as O, that
reacts homogeneously with NO to form NO,, leading to a
decrease of the N5 selectivity. It should be pointed out that the
NO concentration in practice-relevant off-gases is usually
below 1%. For such conditions we could demonstrate in the
membrane-supported NO decomposition that not only a NO
conversion of 100% can be achieved, but also the formation of
NO, can be prevented.

In this work, methane was fed to the shell side to consume
the permeated oxygen from the NO side. When the catalyst
NiO/AlL,Oy was packed around the BCFZ fiber on the shell
side, synthesis gas (a mixture of CO and H,) can be formed
according to CHy + %03 — CO + 2H,. From synthesis gas,
Fischer Tropsch products (diesel) or methanol as transportable
fuels can be produced. Fig. 3 presents the variation of CHy
conversion and CO selectivity with rising temperatures. It can

Conversion of NO at different temperatures without and with oxygen removal using methane as oxygen consuming sweep gas

Temperature/"C

(a): X(NO)/% without O, removal

(b): X(NO)/% with O, removal

300 1 29
850 1 60
875 1 100
Q00 3 100
925 3 100
Core side: 30 ecm® min ™! (Fno = 3em® min™', Fre =1 em® min ™', Fyye = 26 em® min ™). Shell side: (a) no sweep gas applied, and (b) methane as

oXygen consuming sweep gas, 50 cm® min ! (Fen, = 8 em® min ', Fyye = 37cm® min ' and Fuo =35 em® min "), 0.5 g Ni-based catalyst packed

on shell side.

This journal is @ The Royal Society of Chemistry 2009
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Fig. 2 Influence of the NO concentration in the fed gases on the
NO conversion and N, selectivity at 875 °C. Core side: 30 em® min '
(Fxo = 156 em® min™". Fye = 1 em® min~', Fyy. = balance). Shell
side: 50 em® min ™' (Fep, = 8 em® min ', Fye = 37 em® min ™' and
Fuo =5 em® min~'). 0.5 £ Ni-based catalyst packed on shell side.

be seen that both methane conversion and CO selectivity
gradually increased with increasing temperature. A methane
conversion of 93% and CO selectivity of 80% were obtained
at 900 °C.

In conclusion, we demonstrate a novel membrane-based
route for NO decomposition, which can overcome the inhibition
by oxygen. By in situ removal of the inhibitor oxygen, the
direct decomposition of NO over the inner surface of the
BCFZ hollow fiber membrane was achieved with NO conversion
of almost 100% and N, vield of around 95% even with
coexisting 3% Os in the feed. To the best of our knowledge,
this is the first report on the direct decomposition with such
high NO conversion and N, vield.

The authors gratefully acknowledge the financial support
of the BMBF for the project 03C0343A SynMem under the
auspices of ConNeCat (Competence Network Catalysis).
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Notes and references

i Experimental: The dense BCFZ hollow fiber membranes were
manufactured by phase inversion spinning followed by sintering.'”
A BCFZ porous layer was deposited onto the outer surface of the
central 3 cm of the hollow fiber membrane to improve the catalytic
activity towards methane oxidation. In order to obtain the isothermal
condition, two ends of the above fiber were coated with Au paste
followed by sintering at 950 “C and thus a dense Au film that is not
permeable to oxygen was obtained. NO decomposition experiments
were carried out in a high-temperature reactor as described in our
previous work.'? Fig. SI in the Supporting Information shows a
schematic diagram of the membrane reactor used in this work.¥ NO
diluted by He was fed to the core side and a mixture of CH,, steam and
He was fed to the shell side. The commercial NiQO/AlLO; steam
reforming catalyst G-90 with a grain size of 0.3-0.5 mm was applied
as a packed bed on the shell side of the hollow fiber membrane.
The concentrations of the gases at the exit of the reactor were
determined with an on-line gas chromatograph (Agilent 6890).
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Direct Decomposition of Nitrous Oxide to Nitrogen by In Situ Oxygen
Removal with a Perovskite Membrane**

Hegqing Jiang, Haihui Wang,* Fangyi Liang, Steffen Werth,* Thomas Schiestel, and Jiirgen Caro*

Nitrous oxide (N,O) has recently received much attention as
it greatly contributes to the greenhouse effect!' and causes
severe destruction of the ozone layer in the stratosphere.”!
N,O is produced by both natural and anthropogenic
sources;** N,O emissions that can be reduced in the short
term are associated with chemical and energy industries.*!
The major N,O emission of chemical production comes from
adipic acid and nitric acid plants. In the past decades,
significant efforts have been devoted to the development of
technologies for N,O reduction. Possible methods include:
1) non-selective catalytic reduction (NSCR), 2)selective
catalytic reduction (SCR), and 3) catalytic decomposition of
N,O to O, and N,. NSCR has been developed for NO,
removal and has shown potential for reducing N,O. However,
NSCR is not the optimum choice because of high secondary
emissions of CO, and high cost of the reductant.*” SCR of
N,O with hydrocarbons has been extensively investigated
over iron-based zeolites!""'") The major drawback of this
process are also the high costs associated with the consump-
tion of reductants.”

Direct catalytic decomposition of N,O without addition of
reducing agents is an attractive and economical option to
reduce N,O emission. Catalysts, including supported noble
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metals, metal oxides, and perovskites, are active in direct
catalytic N,O decomposition."*'! The commercial iron-
zeolite catalysts perform quite well in the presence of other
gases, such as O,, NO,, or H,O, even in the presence of CO,
and S0, However, metal oxide catalysts suffer from
oxygen inhibition, and a low reaction rate of the N,O
decomposition is observed.

To avoid inhibition by adsorbed oxygen, the O, formed
can be directly removed from the reaction zone by an oxygen-
sclective membrane. A novel perovskite membrane,!"?!
which also acts as the catalyst, has the composition
BaCo,Fe,Zr, . O; ; (BCFZ) with hollow-fiber geome-
try 15211

The basic concept is shown in the Figure 1: N,O catalyti-
cally decomposes on the perovskite membrane surface to N,
and surface oxygen (O¥) according to Equation (1).

N,O — N, + O* (1)

Afterwards, O* is removed as oxygen ions (O°") through
the membrane, and local charge neutrality is maintained by
counterdiffusion of electrons (e). To ensure a sufficient
driving force for the oxygen transport through the membrane,
and thus rapid removal of oxygen, methane is fed to the
permeate side of the membrane to consume the permeated
oxygen by the partial oxidation of methane (POM) to
synthesis gas according to CH,+ O —CO +2H,+2e . As
a result, surface oxygen (O%) can be quickly removed by the
membrane once it is generated from N,O decomposition.
Therefore, the average amount of adsorbed oxygen (O¥) is
decreased on the catalyst surface, and a higher reaction rate of
the N,O decomposition is obtained.

a) 2H,+CO

CH,

N,

+ 2¢ ——>0* +N,

2H+CO +2e <——10+CH,

Figure 1. a) Mechanism of the direct decomposition of N,O to N, with
in situ removal of the rate-inhibiting surface oxygen by a perovskite
hollow fiber membrane. b) Details of the membrane reaction.
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To demonstrate this concept, we carried out experiments
with and without oxygen removal using a BCFZ perovskite
hollow fiber membrane. In the first set of experiments, N,O
was fed to the core side and no sweep gas was applied at the
shell side, so that none of the oxygen surface species produced
by the decomposition of N,O were removed by permeation
through the membrane (Supporting Information, Figure S1).
The BCFZ membrane thus functions as a catalyst only.

The results of these investigations are shown in Figure 2a.
The N,O decomposition increases with increasing temper-
ature; however, the conversion is relatively low (< 30% even

100 r——0o——0(b)
ﬂé’j | by the b
75 =
2
O, 50
F4
3
25 et —0 {3)
ety
without O; removal
0 T - - T
800 B25 850 875 900
Ti°C

Figure 2. Conversion of N,O at different temperatures with or without
oxygen removal by the membrane. Core side: 30 cm’min '
(Fuo=6cm'min"', F,,=24 cm’min~"). Shell side: a) no oxygen-con-
suming sweep gas applied, b) with methane as oxygen-consuming
sweep gas, 40 cm’min ' (Foy, =8 em’min !, Fy, =12 em*min "',
Fi,o=20 cm’min""). Membrane area: 0.86 cm”. Amount of nickel-
based catalyst on shell side: 1.2 g.

at 900°C). The catalytic decomposition of N,O on the
perovskite membrane surface proceeds mainly in two steps:
1) decomposition of N,O into N, and adsorbed surface
oxygen (O*) according to Equation (1), and 2) desorption
of surface oxygen as O, to the gas phase according to
Equation (2).

0*="40,+* (2)

Equation (2), that is, the oxygen—oxygen recombination,
is known to be the rate-limiting step in N,O decomposi-
tion.™* As the surface oxygen O* generated by the N,O
decomposition occupies the surface active sites for the
decomposition of N,O, only a low N,O conversion is obtained.

In the second set of experiments, methane was fed to the
shell side (Supporting Information, Figure S1). In contrast to
the poor conversion of the first set, in the second set, the N,O
decomposition is significantly improved (Figure 2b). At a
temperature of 850°C, N,O is already completely decom-
posed. The reason for this enhanced conversion is an
increased removal of the adsorbed surface oxygen. In contrast
to the first experiment, the adsorbed surface oxygen, along
with desorption to the gas phase, can be also removed directly
by the perovskite material functioning as a membrane. The
active centers are thus less occupied by adsorbed oxygen on
the catalyst surface and therefore the reaction rate is
increased.
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In the direct catalytic decomposition of N,O, most of the
metal oxide catalysts cannot tolerate the coexistence of
oxygen in the feed because the oxygen inhibits the N,O
decomposition. However, oxygen as co-feed has no negative
effect on the N,O decomposition in the membrane reactor.
Table 1 shows the N,O conversion and oxygen concentration

Table 1: Oxygen concentration in the off-gas as a function of the oxygen
concentration in the mixed N,O/O, feed gas at 100% N,O conversion.”!

C(O,) in the fed N,O of C(O,) in the exit of
the core side [vol. %] the core side [vol. %]

0 0.01
5 0.014
7.5 0.019
15 0.022

[a] At 875°C. Core side: 30 cm'min™' (Fyo=6cm’min', F5=1.5-
45cm’min', F,=balance). Shell side: 40cm’min’ (Fo, =
18 cm’min”', Fiy0=22 cm’min"'). Membrane area: 0.86 cm’. Amount

of nickel-based catalyst on shell side: 1.2 g.

at the reactor outlet as a function of oxygen concentration in a
mixed N,O/O, feed. A complete conversion of N,O is always
achieved, which does not change with increasing oxygen
concentration in the range studied in the feed, as both the co-
fed and the produced oxygen are removed continuously by
the membrane.

Figure 3 shows the influence of the N,O concentration on
the N,O decomposition. Both low (5% ) and high (50%) N,O
concentrations can be effectively treated (conversion of
N,O >99.9%) using the BCFZ membrane reactor.

The membrane approach presented herein involves the in
situ removal of pure oxygen, which could then be utilized. An
attractive option for the use of this oxygen is in the production
of N,-free synthesis gas. In Figure 4, N,O in the core side was
completely converted. Simultaneously, synthesis gas is
obtained by partial oxidation of methane. Using suitable
reaction conditions, a methane conversion of over 90 % and a
CO selectivity of 90% was achieved for at least 60 h of
operation. The technology is more feasible when the concen-

100{ - — o

' 754

E

= 50+

on

=

X 25
0 . . . ' .
0 10 20 30 40 50

CINO)I% —=

Figure 3. Influence of the N,O concentration in the fed gas on the N,O

conversion at 875 °C.Core side: 30 cm’min~' (F, o =1.5-15 cm*min”',

F...= balance). Shell side: 40 cm’min™" (Fo, =8 cm’min”',
Fue=12 cm’min", Fuo=20 cm’min~'). Membrane area: 0.86 cm’.,

Amount of nickel-based catalyst on shell side: 1.2 g.
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Figure 4. Methane conversion X(CH,) (0) and CO selectivity 5{CO)
(o) as a function of time on-stream at 875°C with 100% N,O
conversion. Core side: 30 cm’min' (Fy =6 cm’min "',
Fo,=1.5em’min"', F,,,=22.5 cm’min""). Shell side: 40 cm’min
(Fer, =23 em’min~', Fiy o =17 cm’min"'). Membrane area: 0.86 cm’.
Amount of nickel-based catalyst on shell side: 1.2 g.

1

trations of nitrous oxide in the off-gas are sufficient high, such
as in adipic acid plants.

In conclusion, a perovskite membrane reactor is proposed
for the N,O abatement from exhaust gases. The ceramic
membrane fulfills a double role: it catalyzes the decomposi-
tion of N,O on the membrane surface, and it increases the
reaction rate by overcoming the rate-limiting removal of
surface oxygen, thus increasing the number of active surface
sites required for the N,O decomposition. A reducing agent
has to be used; this agent, for example methane, can however
be used for the production of N,-free synthesis gas by partial
oxidation using the removed oxygen from N,O decomposi-
tion as an oxidant.

The work presented herein is the new concept to enhance
the reaction rate of heterogeneous catalytic processes, in
which the recombination and/or desorption of one of the
reaction products is the rate-limiting step. Using a semi-
permeable membrane, which facilitates in situ removal of an
inhibiting species on a catalyst or catalyst support, helps to
effectively reduce the surface concentration of the inhibiting
species and therefore increases the reaction rate.

Experimental Section

The dense BCFZ perovskite hollow-fiber membranes were manufac-
tured by phase inversion spinning followed by sintering."*"! Fig-
ure S1 (Supporting Information) shows diagrams of the membrane
reactor used in this study. Two ends of the hollow fiber were coated by
commercially available gold paste. After sintering at 950°C, a dense
gold film, which is not permeable to oxygen, was obtained. Such gold-
coated hollow fibers can be sealed by silicon rubber rings and the
uncoated part of the fiber (3.0 cm) that is permeable to oxygen can be
kept in the middle of the oven, ensuring isothermal conditions. A
mixture of N.O and helium was fed to the core side and a mixture of
CH, and helium was fed to the shell side. A nickel-based steam
reforming catalyst (Siid-Chemie AG) was packed around and behind
the hollow fiber membrane. To avoid coke formation on the catalyst,
H,0O was also fed to the shell side. The H,O flow rate was controlled
by a liquid mass flow controller (Bronkhorst) and completely
evaporated at 180°C before it was fed to the reactor. All gas lines
to the reactor and the gas chromatograph were heated to 180°C to
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avoid condensation. The concentrations of the gases at the exit of the
reactor were determined by on-line gas chromatography (Agi-
lent 6890 with a carboxen 1000 column, which was periodically
switched from the core-side to the shell-side of the membrane to
measure the gas compositions on both sides of the membrane). The
CH, conversion X(CH,), the CO selectivity 5(CO) and the N,O
conversion were calculated as shown in Equations (3)-(5).

B F{CH,,out) o
X(CH,) = (l—-ﬁm) % 100% (3)
F(CO,out) é
3(CO) = FicH, in)-F(cH,oup * 0% @
B F{N,O.out) " "
X(N,0) = (I—W) % 100 % (5)

In these equations, F(i) is the flow rate of species i on the shell or
core side of the hollow fiber membrane.
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Zersetzung von Lachgas in die Elemente mit In-situ-Entfernung des
Sauerstoffs durch eine Perowskitmembran**

Heqing Jiang, Haihui Wang,* Fangyi Liang, Steffen Werth,* Thomas Schiestel und Jiirgen Caro*

Distickstoffmonoxid (N,O) hat wegen seiner Wirkung als
Treibhausgas und seines Einflusses auf die Ozonschicht in
jiingster Vergangenheit erhebliche Aufmerksamkeit erfah-
ren."?l Abgesehen von natiirlichen Emissionen wird N.O
beispielsweise von Anlagen zur Produktion von Adipinsdure
oder Salpetersiure freigesetzt. Diese anthropogenen Quellen
bilden die Hauptansatzpunkte fiir eine Emissionssenkung.””!
In den vergangenen Jahrzehnten wurde erheblicher Aufwand
in die Entwicklung von Konzepten zur N,O-Reduktion in-
vestiert. Die verfiigbaren Verfahren umfassen: 1) nichtse-
lektive katalytische Reduktion (NSCR), 2) selektive kataly-
tische Reduktion (SCR) und 3) katalytische Zersetzung von
N,O in die Elemente O, und N,. Die NSCR - urspriinglich
entwickelt fiir den NO,-Abbau - zeigt ein erhebliches Po-
tenzial fiir die N,O-Zersetzung, erkauft dieses jedoch durch
hohe CO,-Folgeemissionen sowie entsprechende Kosten fiir
das Reduktionsmittel.**! Die SCR von N,O mit Kohlenwas-
serstoffen an Fe-Zeolithen wurde ebenfalls intensiv unter-
sucht und erzielt im industriellen Einsatz hervorragende Er-
gebnisse;""" auch dieses Verfahren benétigt jedoch ein
Reduktionsmittel.”!

Die direkte katalytische Zersetzung von N,O ohne
Zugabe eines weiteren Reduktionsmittels oder zumindest mit
stofflicher Nutzung des Reduktionsmittels ist daher eine in-
teressante Option zur Verringerung von N,O-Emissionen.

[*] Prof. Dr. H. Wang
School of Chemistry & Chemical Engineering
South China University of Technology
Wushan Road, Guangzhou 510640 (China)
Fax: (+86) 20-87110131
E-Mail: hhwang@scut.edu.cn
Dr. S. Werth
Uhde GmbH
Friedrich-Uhde-Strafle 15, 44141 Dortmund (Deutschland)
Fax: (+49) 212-6455872
E-Mail: steffen.werth@werthnetz.de
H. Jiang, F. Liang, Prof. Dr. |. Caro
Institut fiir Physikalische Chemie und Elektrochemie
Leibniz-Universitat Hannover
Callinstrae 3-3A, 30167 Hannover (Deutschland)
Fax: (+49)511-762-19121
E-Mail: juergen.caro@pci.uni-hannover.de
Dr. T. Schiestel
IGB, Nobelstrafle 12, 70569 Stuttgart (Deutschland)

[¥*] Die Autoren danken dem BMBF fiir die finanzielle Unterstiitzung
des Projekts 03C0343/SynMem im Rahmen von ConNeCat sowie
Prof. F. Kapteijn (TU Delft) und Dr. M. Schwefer (Uhde GmbH,
Daortmund) fiir hilfreiche Diskussionen. H.W. dankt ferner der NSFC
(No.20706020) fiir finanzielle Unterstiitzung.

@ Hintergrundinformationen zu diesem Beitrag sind im WWW unter
http://dx.doi.org/10.1002 /ange.200804582 zu finden.

Angew. Chem. 2009, 121, 3027 -3030

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Bei der direkten Zersetzung wurden Edelmetall- und Me-
talloxid- sowie Perowskit-Katalysatoren untersucht."*"! Die
derzeit kommerziell eingesetzten Fe-Zeolith-Katalysatoren
verfiigen {iber hervorragende Standzeiten auch in Gegenwart
von anderen Gasen wie O,, NO,, H,0, CO, oder S0,. Oxid-
Katalysatoren zeigen wegen einer starken Adsorption des
gebildeten Sauerstoffs an ihren aktiven Zentren jedoch nur
vergleichsweise geringe Reaktionsgeschwindigkeiten.!'”!

Eine Moglichkeit, die Inhibition durch adsorbierten Sau-
erstoff zu umgehen, ist die direkte Entfernung von gebilde-
tem O, aus der Reaktionszone durch eine sauerstoffselektive
Membran. Als Membran — und gleichzeitig als Katalysator —
dient dabei eine neuartige Perowskit-Hohlfaser der Zusam-
mensetzung BaCo,Fe,Zr,_, ,0;_ s (BCFZ).I"**"]

Das Grundkonzept ist in Abbildung 1 dargestellt: N,O
wird an der Membranoberfliche gemifi Gleichung (1) zu
elementarem Stickstoff und adsorbierten Sauerstoff (O¥)
zersetzt.
N,0 — N, +0* ]

Der adsorbierte Sauerstoff wird in einem Folgeschritt in
ionischer Form (O*") durch die Membran abtransportiert,
wobei die elektrische Neutralitit des Systems durch eine
gleichzeitige Gegendiffusion von Elektronen (e”) gewahrt
wird. Um eine hinreichende Triebkraft fiir die Permeation zu
schaffen — und somit einen schnellen Sauerstoffabtransport zu
erzielen —, wird der durch die Membran transportierte Sau-
erstoff auf der Permeatseite in der partiellen Oxidation von
Methan (POM) zu Synthesegas gemiB CH, + O* — CO +
2H, + 2e umgesetzt. Als Ergebnis dieses Sauerstoffab-
transports wird die mittlere Konzentration an adsorbiertem
Sauerstoff (O*) auf der Membran (respektive der Katalysa-

a)

2H,+CO

CH,

P N0 + 26 07 +N,

2H,+CO + 2 <—=0+CH,

Abbildung 1. a) Konzept der direkten Zersetzung von N,O mit Entfer-
nung des gebildeten Sauerstoffs durch eine Perowskit-Hohlfasermem-
bran. b) Details der Reaktionen an der Membran.
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3028

toroberfliche) gesenkt. Dadurch sind mehr aktive Zentren
verfiigbar, und die Reaktionsgeschwindigkeit ist folglich
erhoht.

Dieses Konzept wurde anhand von Untersuchungen in
einem Membranreaktor mit und ohne Sauerstoffentfernung
durch eine BCFZ-Hohlfasermembran iiberpriift. In einer
ersten Versuchsreihe wurde dabei N,O auf der Innenseite der
Membran vorgelegt. Auf der Aulenseite der Membran wurde
kein Spiilgas vorgegeben, sodass keine Triebkraft fiir einen
Abtransport des Sauerstoffs durch die Membran gegeben war
(siche Abbildung S1). Die BCFZ-Membran wirkte daher
ausschlieBlich als Katalysator.

Die Ergebnisse dieser Versuche sind in Abbildung 2A
dargestellt. Es zeigt sich, dass der N,O-Umsatz mit zuneh-
mender Temperatur steigt, jedoch bei den gewihlten Ver-

100 o——<(b)
mit Oz-Entfernung durch die Membran
75
g
O, 50
=
3
254 __———1a)
' ohne Oz-Entfernung
0 - v r v v
800 B25 850 875 900
Ti°C

Abbildung 2. N,O-Umsatz bei verschiedenen Temperaturen mit und
ohne Sauerstoffabfubr durch die Membran. Faserinnenseite:
30em’min' (Fyo=6cm’min"', F,,=24 cm’min ). Faseraufensei-
te: a) kein oxidierbares Medium, b) Methan als oxidierbares Spiilgas,
40em’min™' (o, =8 cm’min”!, Fy.=12 cm’min~" und

Fi0=20 cm’min ). Membranflache: 0.86 cm®. Menge des Nickelka-
talysators: 1.2 g.

weilzeiten auch bei 900°C unterhalb von 30% liegt. Die ka-
talytische Zersetzung von N,O umfasst dabei im Wesentli-
chen zwei Schritte: 1) Zersetzung von adsorbiertem N,O in
N, und eine an der Oberfliche adsorbierte Sauerstoffspezies
(O#) entsprechend Gleichung (1) und 2) Desorption von O*
als elementarer Sauerstoff in die Gasphase gemill Glei-
chung (2).

0* = 10, +* (2)

Es wird vermutet, dass die in Gleichung (2) dargestellte
Rekombination und anschlieBende Desorption des adsor-
bierten Sauerstoffs den geschwindigkeitsbestimmenden
Schritt der Umsetzung darstellt.”* Gleichzeitig verringert
auf der Katalysatoroberfliche adsorbierter Sauerstoff die
Zahl an aktiven Zentren, die fiir die Umsetzung von N,O zur
Verfligung stehen, sodass nur geringe effektive Reaktions-
geschwindigkeiten und somit (im Rahmen der gewihlten
Verweilzeiten) nur geringe Umsiitze erzielt werden.

In einer zweiten Versuchsreihe wurde nun Methan auf der
AuBenseite der Hohlfaser zugegeben. Durch die partielle
Oxidation von Methan wird in diesem Bereich Sauerstoff
verbraucht, was eine Triebkraft fiir die weitere Sauerstoff-
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permeation durch die Membran erzeugt (siche Abbil-
dung S1). Die Ergebnisse dieser Versuche sind in Abbil-
dung 2 B dargestellt. Es zeigt sich ein gegeniiber dem Versuch
ohne Sauerstoffabfuhr durch die Membran deutlich erhéhter
Umsatz (und entsprechend eine hohere effektive Reaktions-
geschwindigkeit). So wurde bereits bei 850°C ein vollstindi-
ger N,O-Umsatz erzielt. Der Grund hierfiir ist die beschleu-
nigte Abfuhr von adsorbiertem Oberflichensauerstoff:
Anders als beim Vergleichsversuch kann nun der adsorbierte
Oberflichensauerstoff neben der Desorption in die freie
Gasphase auch direkt durch das Katalysatormaterial, re-
spektive die Membran, abgefiihrt werden. Dadurch ergibt
sich eine verringerte Belegung der aktiven Zentren auf der
Katalysatoroberfliche durch adsorbierten Sauerstoff und
damit eine erhohte effektive Reaktionsgeschwindigkeit.
Aufgrund der beschriebenen Blockierung aktiver Zentren
durch Sauerstoff sind Oxid-Katalysatoren hiufig ungeeignet
fiir die N,O-Zersetzung, sobald Sauerstoff im Ausgangsge-
misch enthalten ist. Bei Versuchen im Membranreaktor mit
einem reaktiven Spiilgas ist dies jedoch erwartungsgemif
nicht der Fall, wie die Ergebnisse in Tabelle 1 zeigen. Es ist

Tabelle 1: Sauerstoffkonzentration im Produktgas in Abhingigkeit von
der Sauerstoffkonzentration des Ausgangsgemischs bei vollstindigem
N,O-Umsatz.*!

C(O;) im Ausgangsgemisch
an der Faserinnenseite [Vol.-%)]

C(O;) am Reaktoraustritt
der Faserinnenseite [Vol.-%]

0 0.0m
5 0.014
7.5 0.019
15 0.022

[a] Bei 875°C. Faserinnenseite: 30 cm’min' (Fyo=6cm'min, Fy =
1.5-4.5cm’min”', F,,=Rest). Faserauenseite: 40 cm’min~' (Fg, =
18em’min', F0=22 cm’min ). Membranfliche: 0.86 cm’. Menge
des Nickelkatalysators: 1.2 g.

vielmehr offensichtlich, dass auch mit zunehmender Sauer-
stoffkonzentration im Ausgangsgemisch ein vollstindiger
Umsatz erreicht wird und keine messbare Verringerung der
Reaktionsgeschwindigkeit auftritt. Dieser Effekt ist damit zu
erkliren, dass sowohl der wihrend der Reaktion gebildete als
auch der bereits im Gemisch vorhandene Sauerstoff durch die
Membran abgefiihrt wird.

Abbildung 3 zeigt den Einfluss der N,O-Konzentration
auf den Zersetzungsprozess: Im BCFZ-Membranreaktor
werden sowohl bei geringen (5%) als auch hohen N,O-
Konzentrationen (50 % ) Umsiitze iiber 99.9 % erreicht.

Der vorgestellte Membranansatz beruht auf der In-situ-
Entfernung von reinem Sauerstoff, der anschlieBend stofflich
genutzt werden kann. Eine interessante Option zur Verwen-
dung dieses Sauerstoffs ist die Gewinnung von stickstofffrei-
em Synthesegas. Abbildung 4 zeigt das Ergebnis eines der-
artigen Versuchs. Auf der Innenseite der keramischen Hohl-
faser wurde das Lachgas vollstindig zersetzt, wiihrend der
permeierende Sauerstoff fiir die Gewinnung von Synthesegas
auf der AuBlenseite der Hohlfaser durch die partielle Oxida-
tion von Methan genutzt wurde. Unter geeigneten Reakti-
onsbedingungen konnte ein Methanumsatz von 90% bei

Angew. Chem. 2009, 121, 30273030
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Abbildung 3. Einfluss der N,O-Konzentration im Ausgangsgemisch auf
den N;O-Umsatz bei 875 °C. Faserinnenseite: 30 cm’ min~'
(Fun,0=1.5-15 cm’min~", F,,,=Rest). FaserauBenseite: 40 cm’ min'
(Fow,=8 em’min”’, Fy.=12cm’min " und F,, =20 cm’min"').
Membranfliche: 0.86 cm’. Menge des Nickelkatalysators: 1.2 g.
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Abbildung 4. Methan-Umsatz X(CH,) (o) und CO-Selektivitat 5(CO)
(o) als Funktion der Versuchsdauer bei 875°C und vollstandigem
N,O-Umsatz. Urspriingliches Diagramm (a) wurde entfernt, da X-
(N,0) stets 100%. Faserinnenseite: 30 cm’min ™' (Fy =6 cm’min ",
Fo,=1.5cm’min”', F,,=22.5 cm’min ). FaserauRenseite:

40 cm’min' (Foy, =23 cm’min ', Fuo=17 cm’ min ). Membranfli-
che: 0.86 cm’. Menge des Nickelkatalysators: 1.2 g.

30 35

einer CO-Selektivitidt von 90 % iiber einen Zeitraum von 60 h
erzielt werden. Diese Option ist naturgemdl besonders in-
teressant, wenn die N,O-Konzentration im Ausgangsgemisch
hinreichend hoch ist (beispiclsweise bei Anlagen zur Adi-
pinsiiure-Produktion).

Als Fazit bleibt festzuhalten, dass ein Perowskitmem-
branreaktor eine interessante Option fiir die Verringerung
des N,O-Gehalts von Abgasen darstellt. Die keramische
Membran erfiillt dabei zwei Funktionen: 1) Sie katalysiert die
Zersetzung von N,O auf der Membranoberfliche, und 2) sie
erhoht die Zahl an verfiigbaren aktiven Zentren auf der
Oberfliche (und damit die effektive Reaktionsgeschwindig-
keit) durch eine kontinuierliche Abfuhr des adsorbierten
Sauerstoffs. Auch dieser Ansatz zur N,O-Zersetzung bendtigt
ein Reduktionsmittel, das jedoch rdumlich getrennt von dem
zu behandelnden Abgasstrom eingesetzt und damit stofflich
genutzt werden kann - im Fall des Reduktionsmittels Methan
beispielsweise durch partielle Oxidation zu Synthesegas.

Angew. Chem. 200g, 121, 3027 -3030
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Angewandte

Das vorgestellte Konzept zeigt dariiber hinaus eine neue
reaktionstechnische Option zur Beschleunigung heterogen-
katalytischer Prozesse, deren geschwindigkeitsbestimmender
Schritt die Desorption eines Reaktionsprodukts von der Ka-
talysatoroberfliche ist. Parallel zu der ohnehin stattfindenden
Desorption wird bei Verwendung einer fiir die adsorbierte
Spezies permeablen Membran als Katalysator oder Kataly-
satortridger ein zusitzlicher Weg zur Entfernung der adsor-
bierten Spezies von der Katalysatoroberfliche etabliert. Als
Resultat beschleunigt sich die Freigabe der aktiven Zentren
durch die adsorbierte Spezies, mit dem Ergebnis einer im
Mittel gréBieren Zahl an freien aktiven Zentren und folglich
einer hoheren effektiven Reaktionsgeschwindigkeit.

Experimentelles

Die dichten BCFZ-Hohlfasern wurden durch ein Phaseninversions-
spinnverfahren hergestellt"**'! und anschlieBend in den in Abbil-
dung 51 dargestellten Reaktoren verwendet. Um isotherme Mes-
sungen zu ermiglichen, wurden die beiden Enden der jeweiligen
Faser vor dem Einbau in den Reaktor mit einer kommerziell erhilt-
lichen Goldpaste beschichtet. Nach Sintern bei 950°C erhielt man im
beschichteten Faserteil eine dichte Goldschicht, die jegliche Sauer-
stoffpermeation unterbindet. Die derart vorbereiteten Fasern wurden
anschlieBend mithilfe von Silicondichtungen in den Reaktor einge-
baut, sodass der mittlere, unbeschichtete Teil der Faser (3 cm) im
isothermen Bereich des Ofens angeordnet war. Wiihrend des Ver-
suchs wurde entsprechend den jeweiligen Reaktionsbedingungen
eine Mischung aus N,O und He an die Innenseite der Faser sowie
gegebenenfalls eine Mischung aus CH, und He an die AuBenseite der
Faser geleitet. Ein Nickel-Steamreformingkatalysator (Siid-Chemie)
wurde als Festbett um die Faser gepackt. Um Koksbildung zu ver-
meiden, wurde gegebenenfalls zusiitzlich Wasserdampf zur AuBen-
seite der Faser geleitet. Zur Vermeidung von Kondensationen wurden
samtliche Gasleitungen auf 180°C erwiirmt. Die Konzentrationen an
den jeweiligen Reaktoraustritten wurden mit einem Gaschromato-
graph (Agilent 6890/Carboxen 1000) bestimmt, wobei periodisch
#wischen den beiden Reaktoraustritten umgeschaltet wurde. Der
Methanumsatz X{CH,), die CO-Selektivitit S(CO) sowie der N,O-
Umsatz wurden nach Gleichung (3)-(5) berechnet.

X(CH,) = (l—ﬂ-r[((;]'}[;ﬁ‘:})) % 100% (3)

2 -~ F{CO,out) =

H(O0) = o, ) —FiCHLoan 10 “)
B F(N,0.0ut) 5

X(N,0) = (1 FIN.Om) ) x 100% (5)

Hierbei ist F(i) der Vol trom der Spezies 7 an der Innen-
oder Aubenseite der Hohlfasermembran.

Eingegangen am 17. September 2008,
verdnderte Fassung am 16. November 2008
Online verdffentlicht am 23. Januar 2009
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Figure S1 Comparative study of N,O catalytic decomposition in
different operation modes.
top: Membrane operation mode without oxygen removal.

bottom: Membrane operation mode with in-situ oxygen removal.
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The equilibrium controlled water dissociation and the kinetically controlled nitrous oxide (N»0) decom-
position were studied in the perovskite BaCoyFe,Zry . y05 ; (BCFZ) oxygen-permeable membrane
reactor. By increasing the temperature or pressure difference and by feeding reducing gases like methane
or ethane to the permeate side to consume the permeated oxygen, hydrogen production rate or N2O con-
version could be enhanced. A hydrogen production rate of 3.1cm? min~' cm~? was obtained at 950°C.
When methane was used as the reducing gas on the shell side, the oxygen concentration on the Nz O side
can be kept at a low level, thus avoiding the inhibition of the N,O decomposition by adsorbed surface
oxygen species. A complete decomposition of N;O for gas streams containing 20 vol.% N0 was achieved
on the core side at 850 °C. Simultaneously, methane on the shell side was converted into synthesis gas
with CO yield of above 80%. When feeding ethane to the shell side, the hydrogen from the thermal dehy-
drogenation of ethane can consume the permeated oxygen. At 850°C, an ethane conversion of 85% and

Keywords:
Membrane reactor
Water dissociation
Perovskite

N2 0 decomposition
Oxygen removal

an ethylene selectivity of 86% were obtained.

1. Introduction

In the past two decades, membrane reactors, as devices com-
bining chemical reactions and a membrane separation in one unit,
have attracted more and more attention [1-3]. One of the major
advantages of membrane reactors is that the equilibrium constraint
of many reversible reactions can be overcome by removal of one
or more product(s) through the membrane, thus further increas-
ing the conversion. For example, the equilibrium constant of water
dissociation is very small even at a relatively high temperature.
However, significant amounts of H; from water splitting can be
obtained at moderate temperatures if an oxygen-permeable mem-
brane [4-7] is used to remove O3 as it is generated [8-10]. In
another application, a higher conversion can be obtained in mem-
brane reactor if the reaction is kinetically limited and inhibited by
one of the products. For example, for the catalytic decomposition of
nitrous oxide (N,0) [11-14] over perovskite catalysts, most of the
catalysts cannot tolerate the co-existence of O, because adsorbed
oxygen blocks the catalytically active sites for the NyO decompo-

* Corresponding author, Tel.: +49 511 7622942; fax: +49 511 76219121,
E-mail addresses: heqing.jiang@pci.uni-hannover.de, hq.jiang@yahoo.com
[H. Jiang), juergen.caro@pci.uni-hannover.de (]. Caro).

0920-5861/% - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.cattod.2010.02.027

© 2010 Elsevier B.V. All rights reserved.

sition [15,16]. However, the total decomposition of N;O can be
obtained in a perovskite catalytic membrane reactor if the inhibitor
oxygen is continually removed from the N, O side of the membrane
[17].

Obviously, the performance of the membrane reactor used for
water splitting or N;O decomposition depends directly on the
rate of oxygen removal from the system. In this work, a novel
BaCoyFeyZry_x y05_5 (BCFZ) hollow fiber perovskite membrane
was employed to in situ remove O from water dissociation or N0
decomposition. This BCFZ hollow fiber membrane exhibits a high
oxygen permeation rate and has already been used, for example,
in the production of oxygen-enriched air [18] and the partial oxi-
dation of hydrocarbons [19,20]. Special attention was given to the
effect of oxygen permeability of the BCFZ membrane on the reactor
performance for water splitting or N3O decomposition.

2. Experimental

The dense BCFZ perovskite hollow fiber membranes were manu-
factured by a phase inversion process [21]. After sintering, the fiber
has a thickness of around 0.17 mm with outer diameter of 1.10mm
and inner diameter of 0.76 mm. Fig. 1 shows a schematic diagram
of the membrane reactor used in this study. Two ends of the hol-

Please cite this article in press as: H. Jiang, et al., Improved water dissociation and nitrous oxide decomposition by in situ oxygen removal in
perovskite catalytic membrane reactor, Catal. Today (2010), doi:10.1016/j.cattod.2010.02.027
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Fig.1. Schematicdiagram of membrane reactors for water splitting and N, O decom-
position.

low fiber were coated by Au paste (C5754, Heraeus GmbH) and then
sintered at 950 °C for 5 h. The coating and sintering procedure were
repeated three times and a dense Au film which is not permeable to
oxygen was obtained on BCFZ membrane surface. Such Au-coated
hollow fiber can be sealed by silicon rubber ring and the uncoated
part (the effective length is 3 cm, and the effective membrane area
is 0.86 cm?) which is permeable to the oxygen can be kept in the
middle of the oven ensuring isothermal conditions. The mixture of
M50 (or H,0) and He was fed to the core side and a mixture of CH,
(orCzHg), Ne and He was fed to the shell side. A Ni-based steam
reforming (SR) catalyst (Siid Chemie AG) was packed around and
behind the hollow fiber membrane when methane was used as the
reducing gas on the shell side. N3O, CH4, CzHg, He and Ne flow
rates were controlled by gas mass flow controllers (Bronkhorst).
H>0 flow rate was controlled by the liquid mass flow controller
(Bronkhorst) and was completely evaporated at 180 “Cbefore it was
fed to the reactor. All gas lines to the reactor and the gas chromato-
graph were heated to 180 °C. The concentrations of the gases at the
exit of the reactor were determined by an on-line gas chromato-
graph (Agilent 6890). Only very small amounts of oxygen (below
0.001%) and also nitrogen (below 0.007%) were detected, which
probably come from the residual air in the metal lines. So, it was
assumed that the oxygen from water splitting on the core side was
totally removed and the flow rate at the outlet is equal to that at
the inlet, and H> production rate on the core side was calculated
from the total flow rate Feore (cm® min—"), the hydrogen concentra-
tion ¢ (Hz), and the effective membrane area S (cm?) based on the
following equation:
J(Hz) = Feore EC(HZ}

The N, 0 conversion X(N;Q), the CaHg conversion X(CaHg), and
the C;H,4 selectivity 5(C2H,) were calculated as

_ F(N-50, out)
X(N,0) = (1 - m) x 100%

_ _ F(C3Hg, out)
X(C3Hg) = (1 T T ) x 100%
S(CyHg) = F(CoHa. out) x 100%

F(C2Hg, in) — F(C2Hg, out)

where F(i) is the flow rate of species i on the shell or core side of
the hollow fiber membrane.

CH,; + %20, — CO+ 2H;

(CHg+1:0; — CH+H,0)
CH,

(C;Hp)

CO, H,
(C;H,, H0)

Fig. 2. Concept of water splitting and N.0 decomposition in a perovskite oxygen-
permeable membrane reactor.

3. Results and discussion

3.1. The concept of water splitting and N»>O decomposition in
membrane reactor

Water dissociation into hydrogen and oxygen is a reversible
reaction, and the equilibrium constant of this reaction is very
small even at a relatively high temperature. According to the
low equilibrium constant of K,~2x 108 at 950°C [22], only
very low equilibrium concentrations of Pgy ~4.6 x 10~%bar and
Pz 9.2 x 10-% bar can be obtained. However, when this reac-
tion is performed in the perovskite oxygen-permeable membrane
reactor, as shown in Fig. 2, oxygen can permeate to the other
side of the membrane where it is consumed by the partial
oxidation of methane (POM) to form synthesis gas. Thus, oxy-
gen and hydrogen become separated and the equilibrium of
the water dissociation is continuously shifted to the product
side.

Different to the equilibrium controlled water dissociation, the
decomposition of N5O is kinetically limited and inhibited by the
product molecule oxygen. As shown in Fig. 2, the inhibitor O* can
be removed as oxygen ion (02-) via the membrane as it is gen-
erated from N0 on perovskite membrane surface according to
N30 — N3 +0* The local charge neutrality can be maintained by the
counter diffusion of electrons (e~ ). To increase the driving force for
the oxygen transport through the membrane, methane or ethane
can be fed to the permeate side of the membrane to consume the
permeated oxygen.

3.2. Hydrogen production from water splitting

It was experimentally found that, if only inert gas was used as
sweep on the shell side, the H; production rate on the steam side is
very low. As shown in Hz chromatograms (the inset of Fig. 3), hydro-
gen is hardly detectable even at 900 °C. However, H; was observed
when feeding methane in combination with a Ni-based catalyst to
the shell side, which is more effective to consume the permeated Oy
and establish a larger O; partial pressure gradient across the mem-
brane. Because Hs production rate depends directly on the rate of
0, removal from water dissociation, it can be increased by increas-
ing the temperature or a steeper oxygen partial pressure gradient
across the membrane according to Wagner theory [23,24]. It can
be seen from Fig. 3 that the hydrogen production rate increases
from 0.7 to 3.1 cm?® min—! cm~2 as the temperature rises from 800
to 950 °C. Moreover, it was also found that increasing the concen-

Please cite this article in press as: H. Jiang, et al., Improved water dissociation and nitrous oxide decomposition by in situ oxygen removal in
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Fig. 3. Hy production rate on the core side as a function of tempera-
ture. The inset shows H. chromatograms at 900-C. Core side (a, b and c):
Fizo=30cm? min~' and Fy. =10cm® min~', Shell side (a and ¢): 50cm® min~!
(Fye=45cm’ min~', Fy.=3cm’min' and Foye=2cm?min '), Shell side (b):
50cm® min~' (Fye=47cm®min~! and Fy. =3cm® min~'). Amount of packed bed
NifAl;0; catalyst: 0.8g.

tration of steam in the feed gas will shift the equilibrium towards
the water dissociation and more Hz can be produced.

3.3. Direct decomposition of N0 coupled with partial oxidation
of methane

Fig. 4 presents N> O conversion and oxygen concentration at the
exit of NoO side at different temperatures without and with oxy-
gen removal. It can be seen that the conversion of N0 increases
with increasing temperature. When there is no sweep gas flow on
the shell side, however, the conversion is relatively low (below
30% even at 900°C) since the produced oxygen from the N;0O
decomposition was not removed and - as a result - the oxygen
concentration at the exit of N»O side increases when the tempera-
ture rises from 750 to 900 °C, as shown in Fig. 4a’. To obtain a higher
conversion of N5 O decomposition, the adsorbed surface oxygen 0*
should be removed fast. As shown in Fig. 4b’, when diluted methane
was fed to the shell side, the oxygen concentration at the exit of
N> 0 side decreases with increasing temperature because the oxy-
gen from N>0O decomposition can be effectively removed in this
case. Accordingly, the conversion of N,O decomposition was sig-
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Fig. 4. N»0O conversion and oxygen concentration at exit of N;O side as a function
of temperature without (a and a') or with (b and b') oxygen removal. Core side:
Frao=6em? min~', Fise =24 cm® min~'. Shell side: (a and a') no feed gas or (b and
b') 40em? min~! (Fopa =8 em? min~!, Fye = 12cm® min~! and Fipzo = 20cm?® min=1).
Amount of packed bed NifAl:O; catalyst: 1.2 g.
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Fig. 5. N0 conversion (a) and oxygen concentration (a') at the exit of N2 O side as
a function of pressure difference. Core side: Fyzo =6cm® min~', Fye =24 cm® min ™',
P=1.0-5.0bar. Shell side: 40 cm® min ! (Feys =8 cm® min !, Fye = 12em? min ! and
Fiizo=20cm® min '), P=1 bar, T=800C. Amount of packed bed Ni/Al:05 catalyst:
12z

nificantly improved, as shown in Fig. 4b. When the temperature
reaches 850 °C, N3O in a concentration of 20 vol.% on the core side
was totally decomposed.

As mentioned above, the conversion of N>O decomposition is
related to the oxygen permeability of the membrane. According to
Wagner equation, the oxygen permeation rate can be improved by
increasing the oxygen partial pressure gradient across the mem-
brane. Fig. 5 shows the influence of pressure difference on the N;O
conversion and oxygen concentration at the exit of N,O side at
800°C. It can be seen that N,O conversion increases with rising
pressure difference because more oxygen from N»O decomposi-
tion can be transported to the other side of the membrane in the
case of a steeper oxygen partial pressure gradient. It was found that
the N, 0 conversion increased from 80% to 99% when changing the
pressure difference from 0 to 4 bar. Accordingly, the oxygen con-
centration at exit of N3O side decreased gradually with increasing
pressure difference due to the depletion of N3O, as shown in Fig. 5a’.

In order to investigate the effect of the presence of external oxy-
gen in the feed gas on N;O abatement in this membrane reactor,
different amounts of oxygen were added to the N;O/He co-feed on
the core side. From Fig. 6, we can see that N2 O conversion decreased
with increasing oxygen concentration in the N2O/O; co-feed gas at
800°C. Oxygen cannot become totally removed due to the limited
oxygen permeability of this membrane at this temperature, which
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Fig. 6. N2O conversion and oxygen concentration at the exit of N, O side as a func-
tion of oxygen concentration in the N;0/0; co-feed gas. Core side: 30cm® min !
(Frzo=6cm? min~!, Foz = 1.5-7.5 cm® min~', Fie = balance). Shell side: 40 cm® min~!
(Fena = 18em? min~!, Fzo = 22 em® min~1). Amount of packed bed NifAl, 05 catalyst:
1.2g.
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Table 1
CzHg conversion X{C;Hg), CzH,4 selectivity S{(CzH.) and N0 conversion X[N,0) at
different temperatures.

Temperature/°C X(CzHs )% S(CaHa )% X(N20)/%

800 57 88 68

850 85 86 100

875 91 80 100
Core side: Fyzp = 1.5 em® min~', Fye = 28,5 cm® min~". Shell side: 50 cm® min~!
(Feans = 11.5 em? min~!, F, = 1 cm® min~', Fye = 32.5 cm® min~' and Fgp = 5 cm?
min-1),

can be further confirmed by the fact that the oxygen concentra-
tion at exit increased with increasing oxygen concentration in the
co-feed gas. The excess oxygen will produce an inhibition effect
on N> 0 decomposition. However, N> O conversion reached 99% and
did not change with increasing oxygen concentration in the co-feed
gas at 875°C. According to the high oxygen permeability of BCFZ
membrane at this temperature, all the oxygen can be removed from
the N, 0 side as shown in Fig. 6. These results show that the active
surface of BCFZ membrane employed for N;O abatement was not
poisoned by adsorbed oxygen at high temperatures.

The permeated oxygen from N3O decomposition can be used
to produce synthesis gas by the POM on the shell side. According
to a previous study [19], the so-called POM process using a Ni-
based catalyst is first a total oxidation of methane to Hy0 and CO3,
which is followed by steam and CO; reforming. A methane conver-
sion of over 90% and CO selectivity of 90% were obtained at 875 °C.
When oxygen is provided by thermal splitting of water, only lim-
ited amounts of oxygen were transported to methane side due to
the very low equilibrium constant of water dissociation, and it was
found that only 2cm?® min~! methane can be converted into syn-
thesis gas with methane conversion of 70% and CO selectivity of 60%
[10]. Here, it was found that around 20 cm® min~! methane can be
converted into synthesis gas with CO yield of above 80% when N,0
was used to provide oxygen, indicating that N; O decomposes easier
than water to provide oxygen in the membrane reactor.

3.4. Direct decomposition of N,O coupled with dehydrogenation
of ethane

From the above discussion, to achieve the total decomposition
of N»0, a reducing gas should be used on the permeate side to con-
sume the permeated oxygen, thus ensuring a large driving force for
the fast oxygen removal from N-O side. Besides methane, ethane
was also used as the reducing gas in this paper. At high tempera-
ture, the thermal dehydrogenation of ethane leads to the formation
of ethylene and hydrogen according to Eq. (1).

CoHg = CaHyg + Ha (1)

The produced hydrogen can be used to consume the permeated
oxygen from N5 O side based on Eq. (2).

Hz +1/20, — H0 (2)

From Table 1, it can be found that, on increasing the tempera-
ture from 800 to 875°C, ethane conversion increases from about
57% to 91%. Besides CyHg4, Hz, H20 and CyHg, CO and CO; were
also detected in the effluents. Simultaneously, with rising temper-
ature, N2O conversion increased from 68% to almost 100% due to
the increasing oxygen permeation rate. The ethylene selectivity
decreases from 88% to 80%, the concentrations of CO increase from
1% to 4%, and the concentrations of CO; increase from 0.4% to 0.7%.
An increasing amount of methane was also found in the product
stream from the shell side of BCFZ membrane. In the dehydrogena-
tion of C3Hg to CaHy, in addition to the combustion of hydrogen by

H. Jiang et al. / Catalysis Today xxx (2010) xxx—xxx

the permeated oxygen, the deep oxidation of C3H4 to CO and CO,
could not be avoided in the hollow fiber membrane reactor.

4. Conclusions

By using a perovskite-type BCFZ oxygen-permeable hollow fiber
membrane, oxygen from water dissociation can be continually
removed, and the equilibrium of this reaction is continuously
shifted to the product side. When feeding methane to the perme-
ate side, a larger driving force was provided for oxygen transport
through the membrane, and accordingly significant amounts
of hydrogen can be produced. A hydrogen production rate of
3.1cm?® min~!' cm~2 was obtained at 950 °C. For the decomposition
of N5 0 over perovskite BCFZ, the surface adsorbed oxygen acts as
an inhibitor. To obtain a higher N30 conversion, the oxygen con-
centration on N, O side should be kept at a very low level, which can
be achieved by in situ removing the inhibitor oxygen via BCFZ hol-
low fiber membrane. It was found that the oxygen concentration on
N, 0 side can be kept at a low level by increasing the temperature or
the pressure difference and by feeding reducing gases like methane
or ethane on permeate side. Benefiting from the effective oxygen
removal via the oxygen-permeable membrane, a complete decom-
position of N3O with the concentration of 20 vol.% was obtained at
850°C. Moreover, the permeated oxygen was used to produce syn-
thesis gas by the POM or ethylene by the dehydrogenation of ethane
on the shell side. An ethane conversion of 85% and an ethylene
selectivity of 86% were obtained at 850°C.
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Chapter 4
Conclusions

In this thesis, the coupling of energy/environment related reactions in the perovskite catalytic
membrane reactor has been demonstrated. Specifically, the equilibrium controlled water
splitting and the kinetically controlled NO and N,O decomposition were studied in the
perovskite BCFZ hollow fiber membrane reactor that allows the selective permeation of
oxygen. It is found that both the hydrogen production rate and the conversion of NO and N,O
on the core side directly depend on the rate of oxygen removal from the core side to the shell
side of the BCFZ membrane. The effective hydrogen production or nitrogen oxides abatement
were achieved by coupling water dissociation or nitrogen oxides decomposition with a series
of oxygen-consuming reactions on the opposite sides of the BCFZ hollow fiber membrane

reactor.

To produce more hydrogen from the equilibrium controlled water splitting on the core
side of BCFZ membrane, the simultaneously produced oxygen should be quickly removed
from the steam side to the other side. In other words, a higher oxygen permeation rate should
be achieved, which can be realized by establishing a larger gradient of oxygen partial pressure
across the membrane. Three oxygen-consuming reactions were employed to couple with
water splitting for the effective hydrogen production in the perovskite BCFZ hollow fiber
membrane.

First, methane combustion was employed to couple with water splitting. When a blank
BCFZ hollow fiber was used as the reactor, the membrane itself shows a poor catalytic
activity towards methane combustion. This was confirmed by the fact that much un-reacted
methane and oxygen were detected from the effluent of the shell side when methane and air
were, respectively, fed to the shell side and core side of the BCFZ membrane. To improve the
catalytic activity of the membrane surface and thus the oxygen permeation rate, a catalytic
BCFZ-Pd porous layer was deposited onto the outer surface of the dense BCFZ hollow fiber
membrane. It is found that under the catalysis of the BCFZ-Pd porous layer, almost all the
permeated oxygen was consumed by methane combustion. Due to the establishment of a

larger gradient of oxygen partial pressure across the membrane, the oxygen permeation rate
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was increased by 3.5 times as compared to that of the blank BCFZ membrane. Accordingly,
the hydrogen production rate from water splitting was increased from 0.7 to 2.1 mL min™
cm™ at 950 °C after depositing a BCFZ-Pd porous layer onto the BCEFZ membrane.

Second, the POM to synthesis gas was coupled with water splitting. In this work, a
Ni-based reforming catalyst was packed around and behind the BCFZ hollow fiber membrane
on the shell side. The permeated oxygen first reacted with methane to form CO, and H,O. In
the presence of Ni-based reforming catalyst, the produced CO, and H,O were converted with
methane to give CO and H; by dry reforming and steam reforming. Thus, synthesis gas was
on-line produced, which shows stronger ability to consume the permeated oxygen. A
hydrogen production rate of 3.1 cm® min” cm™ was obtained at 950 °C on the core side of
BCFZ membrane. Moreover, CO, and H,O will convert with the residual methane into CO
and H; in the presence of Ni-based reforming catalyst behind the active zone of the BCFZ
hollow fiber membrane. Thus, synthesis gas was obtained on the shell side of the BCFZ
membrane.

In the third work, water splitting was coupled with ODE process. Compared to the POM
process, the ODE normally takes place at even lower temperatures. It is found that significant
amounts of hydrogen were obtained at moderate temperatures (700-800 °C) by coupling water
splitting with the ODE process on the opposite sides of the BCFZ hollow fiber membrane. At
800 °C, a hydrogen production rate of around 1.0 cm® min™' cm™ was achieved on the steam
side, and a ethylene yield of 55 % was obtained on the other side of the BCFZ membrane.
Moreover, the operation for the simultaneous production of hydrogen from water splitting on

the side and ethylene on the shell side

The decomposition of NO or N,O into N, and O, over the perovskite BCFZ is inhibited
by oxygen. To obtain a highly effective abatement of nitrogen oxides, the oxygen partial
pressure should be kept at a very low lever, which can be achieved by in situ removing the
inhibitor oxygen via the perovskite BCFZ oxygen-permeable membrane. It was found that the
conversion of NO or N,O on the core side is very low when no sweep gas was applied on the
shell side. However, when feeding methane in combination with Ni-based catalyst to the shell
side, the direct decomposition of NO over the inner surface of the BCFZ hollow fiber
membrane was achieved with NO conversion of almost 100 % even with coexisting 3 %

oxygen in the feed. Moreover, benefiting from the in situ removal of oxygen, the undesired
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NO, formation by the consecutive reaction between NO and O, can effectively be prevented.
The N selectivity of NO decomposition was found to be around 95 %.

For the N,O decomposition in the BCFZ membrane reactor, the conversion was
enhanced by increasing the operating temperature or the pressure difference across the
membrane or by feeding reducing gases like methane or ethane on the permeate side. When
methane was used as the reducing gas on the shell side, the oxygen concentration on the N,O
side can be kept at a low level, thus avoiding the inhibition of the N,O decomposition by
adsorbed surface oxygen species. A complete decomposition of N,O with the concentration of
up to 50 % was achieved at 875 °C. Moreover, the permeated oxygen was utilized to produce
synthesis gas by the POM or ethylene by the ODE on the shell side. A methane conversion of
over 90 % and a CO selectivity of 90 % were obtained at 875 °C with the simultaneous

complete decomposition of 20 % N,O.

In summary, this Ph. D. work presented the effective hydrogen production from water
splitting and nitrogen oxides abatement by in situ removing oxygen via a perovskite BCFZ
hollow fiber membrane. In the presented coupling strategies, not only the reactions on both
sides of the membrane reactor are energy/environment related and industrially interesting, but
also the reactor performance has been significantly improved, which contributes to the

concept of process intensification.
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