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Abstract

The presented thesis contains and condenses gixarresearch articles on
the oxidative activation of light hydrocarbons incatalytic perovskite membrane
reactor of the composition Ba@@®,Zr,0z s (BCFZ, x+y+z = 1) and the impact of
CO, formed during deep oxidation of hydrocarbons oe ttroperties of the
membrane, which is used to separate oxygen frorgesxgontaining gases like air.

The demand for olefins, especially ethene and prepis expected to increase
significantly in the near future due to global esoric development. Today, steam
cracking is the most important process for the potidn of light alkenes, although it
is a highly endothermic and therefore energy-cornisgmrocess. Alternatively, in
the oxidative dehydrogenation alkane and oxygertatied giving rise to olefin and
water while compensating the endothermic dehydratyem step without
thermodynamic constraint of alkane conversion. H@xethis mode suffers from
consecutive olefin oxidation or thermal crackingcrdasing the olefin yield and,
therefore, has not been commercialized.

An innovative reactor concept incorporating a nstdgp oxygen permeating
hollow-fiber membrane and a dehydrogenation catal/gresented in this thesis
which allows a controlled oxygen insertion over extended length in discrete
portions. This architecture benefits from high wmledelectivities of a conventional
thermal/catalytic dehydrogenation combined with ftslg of the chemical
equilibrium towards the olefin by burning off sdigely the formed hydrogen after
each oxygen permeable zone. Comparable ethene toelthose in the steam-
cracking process of ca. 50% could be establish¢dta 100 °C lower temperature
using a supported chromia catalyst.

The forementioned concept was successfully traresferonto propene
production by using a supported Pt/Sn catalyst. geryseparation and propene
formation could be established at 625 °C. The lagipeopene selectivity of 75%
was obtained at a propane conversion of 26% and®62bhereas the best propene
yield of 36% was obtained at 675 °C (48% propetecsgity). From kinetic studies
on the role of lattice and adsorbed oxygen, caroad by transient analysis of
products, it was found that propane is catalytycdkkhydrogenated to propene and
hydrogen, while lattice oxygen of the perovskitédmes primarily hydrogen.

There is a strong economic interest in developinocgsses that transform
methane (as the main constituent of natural gad)igber-valued products. The
oxidative coupling of methane could be demonstrateca BCFZ hollow fiber
membrane reactor filled with a Mn-N&O, on silica supported catalyst for the first
time in this thesis. Oxygen separation from air @dormation could be established
at 800 °C. The highest ,Cselectivity of ca. 75% was observed at a methane
conversion of 6% with an ethene to ethane rati®: bf

Since deep oxidation of hydrocarbons is of congerall reactions mentioned
above, the C@stability of BCFZ membranes was investigated., @@ different
concentrations was applied as sweep gas whilerfgeadr leading to a decrease and
finally stop of oxygen permeation due to Ba{fOrmation, which was proven to be
fully reversible under C@free conditions. Partial decomposition of BCFihigh-
temperature rhombohedral Bag@olymorph was observed under 50 vol% Q0@
N, at 900 °C byin-situ X-ray diffraction analysis microscopy. This carbt;a
structure is not quenchable and cannot be detégtextsitu methods.






Zusammenfassung

Die vorliegende Arbeit umfasst sechs Forschunggarbezur oxidativen
Aktivierung von kurzkettigen Kohlenwasserstoffen iainem Kkatalytischen,
perowskitischen Membranreaktor der ZusammensetBaQaFeZr,0s s (BCFZ,
x+y+z = 1), der zur Abtrennung von Sauerstoff aus Leftwendet wurde. Dartber
hinaus wurde der Einfluss von GO das durch Totaloxidation der
Kohlenwasserstoffe entstehen kann, auf die Memibganschaften untersucht.

In den kommenden Jahren wird die Nachfrage naclinele insbesondere
Ethen und Propen bedeutsam steigen. Steam Cradginderzeit das priméare
Darstellungsverfahren fir kurzkettige Kohlenwagsdfs, obgleich dies ein
hochgradig endothermer Prozess ist. Bei der oxiéatDehydrierung hingegen wird
das Alkan mit Sauerstoff versetzt wird, so dassenetlem Olefin auch Wasser
entsteht. Dessen Bildung kompensiert den endothemehydrierungsschritt und
ermoglicht so, die thermodynamische Limitierung Behydrierung zu tberwinden.
Weiteroxidation oder thermisches Cracking der @kefiverringert jedoch deren
Ausbeute, so dass bislang keine Kommerzialisiedieses Verfahrens erfolgt ist.

In dieser Arbeit wird ein innovatives Reaktorkonzedpestehend aus einem
Dehydrierkatalysator sowie einer mehrstufig sao#itsansportierenden
Hohlfasermembran, vorgestellt. Diese ermoglicht eein kontrollierten
Sauerstoffeintrag in diskreten Portionen und konelirhohe Olefinselektivitaten der
thermischen/katalytischen Dehydrierung mit der ¥eisbung des chemischen
Gleichgewichts zum Olefin durch selektives Verbemrdes durch Dehydrierung
gebildeten Wasserstoffs. Es konnten unter Verwegdwgines getragerten
Chromoxid-Katalysators vergleichbare Ethenausbeigebeim Steam Cracking von
ca. 50% erreicht werden, jedoch bei einer 100 &dngeren Temperatur.

Das oben genannte Reaktor-Konzept wurde erfolgreiabf die
Propendarstellung mittels eines getragerten Pt/Satalysators bei 625 °C
Ubertragen. Maximale Propenselektivitdt von 75%nrkerbei einem Propanumsatz
von 26% und 625 °C erreicht werden, wahrend didt&cPropenausbeute von 36%
bei 675 °C beobachtet wurde (48% Propenselekijvikihetische Untersuchungen
zur Rolle von Gittersauerstoff und adsorbiertem ekolaren Sauerstoff mit
Transientenmethoden haben ergeben, dass Propalytikaka zu Propen und
Wasserstoff dehydriert wird, wéahrend der Gitterssioff des Perowskiten
hauptsachlich den gebildeten Wasserstoff oxidiert.

Es existiert ein grol3es wirtschaftliches Interesse der Veredelung von
Methan, dem Hauptbestandteil von Biogas, zu hohdigem Produkten. Die
oxidative Kupplung von Methan wurde in dieser Atberstmals im BCFZ-
Hohlfaserreaktor in Kombination mit einem Mn-N#&O,-Katalysator realisiert.
Sauerstoffabtrennung aus Luft und Bildung von Etivath Ethen konnten bei 800 °C
gezeigt werden. Die grofdte »-Selektivitat von ca. 75% wurde bei einerm
Methanumsatz von 6% mit einem Ethen zu Ethan Varisalon 2:1 beobachtet.

Luft auf der Feedseite und G@altige Atmospharen auf der Sweep-Seite
fuhrten zu Carbonatbildung auf der Membran undreiimahme bzw. Erliegen des
Sauerstofftransports. Letzterer ist in £i@eien Gasstromen bei hohen Temperaturen
vollstandig reversibel. Durcin-situ Rontgendiffraktometrie konnte bei 900 °C in
50 vol% CQ ein rhomboedrischer Polymorph des BaCidfgezeigt werden, der
nicht abschreckbar bzw. véx-situ Methoden nachzuweisen ist.
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1 Introduction 11

1 | ntroduction

1.1 General Considerations

All scenarios about the future global energy regmuents anticipate an
increasing demand for electricity, which in 203(resdicted to be twice the current
demand [1]. Increasing global population and fasiMjng economies especially in
developing countries are identified as main drivienrsthis trend. These scenarios
also indicate that this increase can only be metdmgiderable use of fossil fuels like
coal, natural gas and oil besides nuclear poweeréfare, it is necessary for the
chemical industry to create innovative process+egying technologies for the
reduction of energy consumption and the minimizabbwaste streams.

One way to meet these demands is to invent cealystsor to improve those
currently in use. Catalysis, especially heterogasematalysis, is of vital importance
to the world’s economy, allowing us to convert naaterials into valuable chemicals
and fuels in an economical, efficient and environtally benign manner (c.f.
chapter 1.2 Definition of Catalysis). For exampleterogeneous catalysts have
numerous industrial applications in the chemicagd, pharmaceutical, automobile
and petrochemical industries [2] and it has bed¢imated that 90% of all chemical
processes use heterogeneous catalysts [3]. Heteroge catalysis is also finding
new applications in emerging areas such as fudé ¢é], green chemistry [5],
nanotechnology [6] and biotechnology [7].

Another approach can be the intensification of anulsal process, e.g. by
incorporating membranes. Theembrane reactocan improve both the process
economics and the efficient use of natural resauasewell, especially when used in
the two most important and often the most expensti@ps in a chemical process: the
chemical reaction and the separation of the progiieam. Consequently, this leads
to potential savings in energy consumption, effectuse of raw materials and
reduced formation of by-products [8]. Enhancemantghe production of pure
oxygen or oxygen-enriched air would have immedibémeficial consequences
[9,10]. The most common methods for producing paxggen or oxygen-enriched
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air are either by using the liquefaction of ambiaint(LINDE Process) or by using the
pressure swing adsorption (PSA) [11]. These teclescare both energetically and
capitally intensive. Alternative methods, suchtasse using membrane technologies,
are therefore desirable. In view of prospective imeme processes, mixed ionic-
electronic conducting (MIEC) membranes, based paravskite structure, are under
consideration for application in the industrial gey separation processes. Such
membranes can provide infinite oxygen permseldainext to remarkable high
oxygen fluxes, which meet the economic requiremgrits Furthermore, the oxygen
transported through a membrane can be usegitu in a reactor for the oxidative
activation of light hydrocarbons (e.g. oxidativehgdrogenation, oxidative coupling
etc.) leading to advances in terms of improvedctiwiies and yields as presented in

this thesis.

1.2 Definition of Catalysis

The definition of a catalyst has been discussetbtighly [13]. A catalyst is a
material that converts reactants into productgudhn a series of elementary steps, in
which the catalyst participates while being regatest to its original form at the end
of each cycle during its lifetime. A catalyst chasghe kinetics of the reaction, but
does not change the thermodynamics [14]. Most ystealare solids or liquids, but
they may also be gases. If the catalyst and rectartheir solution form a common
physical phase, then the reactisrcalledhomogeneous catalyzed Heterogeneous
catalysis involves systems in which catalyst aractants form separate physical
phases [15].

The catalyst changes the mechanism of a reactioordier to provide a
pathway with a lower activation energy as for tlo@4catalyzed way. Consequently,
the reaction rate constant increases and ther#feresaction rate. The reaction rate
at a constant concentration and temperature isactearstic for the activity of a
catalyst. The following diagram (Figure 1.1) is wig the potential energy for a

typical reaction where A and B are the reactants@mequals the product.
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catalyzed

v
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C

reaction progress

Figure 1.1: Energy diagram comparing a catalyzed and norlyzata reaction Ea:

activation energy).

According to the S8BATIER principle, the existence of an unstable intermtedia
compound formed between the catalyst surface amelaat one of the reactants is
proposed [16]. This intermediate must be stableughdo be formed in sufficient
quantities and labile enough to decompose to yreddinal product or products.

As emphasized by @JDART [17], the conditions under which catalytic
processes occur on solid materials vary drastic@lie reaction temperature can be
as low as 78 K and as high as 1500 K, and pressaresary between IDand 100
MPa. The reactions can occur thermally or withdksistance of photons, radiation,
or electron transfer at electrodes. Pure metalsmaniticomponent and multiphase

inorganic compounds can act as catalysts.

The main advantage of using a heterogeneous catalykat, being a solid
material, it is easy to separate from the gas anidiad reactants and products of the
overall catalytic reaction. The heart of a hetermgris catalyst involves the active
sites (or active centers) at the surface of thas®he catalyst is typically a high-
surface area material (10-100F ') and it is usually desirable to maximize the
number of active sites per reactor volume. Moreotlee surface of the catalytic
particles contains sites associated with terraedges, kinks and vacancies [18]. If
the catalyst contains more than one componentt(&s generally the case), the
surface composition may be different from that loé toulk. Finally, the surface
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atomic structure and composition may change witieton-stream as the catalytic

reaction proceeds.

1.3 Catalytic Fixed-Bed Reactors

The easiest and by far the most common way to cartya heterogeneously
catalyzed gas phase reaction is by passing thengasre over a fixed catalyst. The
arrangement of the fixed catalyst is generallyetht fixed-bed, and the respective
reactor a fixed-bed reactor. The simplest typeixéd catalyst bed is a random
packing of catalyst particles in a tube (Figure).lThe minimum diameter for the
particles is limited primarily by pressure drop smerations, and the maximum

diameter by the specific outer surface area forsnaasl heat transfer.

feed gas

v

Figure 1.2: Basic type of a catalytic fixed-bed reactor.

In the chemical industry, fixed-bed reactors areedusas standard in
heterogeneously catalyzed gas phase reactiongamdsa used in the present thesis.
Only if special conditions such as rapid catalysadadivation or operation in the
explosive regime have been taken into account,alternative of fluidized-bed
operation is considered. In this type of reactoffjuad (gas or liquid) is passed
through a granular solid material (usually a catapossibly shaped as tiny spheres)
at high enough velocities to suspend the solid @agse it to behave as though it
were a fluid.

Within a production plant the reactor may justifiabe regarded as the central

item of apparatus with the catalyst as the esdqudid of the reactor. Seen from the
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flowing gas in heterogeneous catalyzed processfdlt@ving steps of the overall
reaction can be distinguished (Figure 1.3). As nmresictions take place with a
considerable heat of reaction, a corresponding tin@asport is superimposed on the

mass transport.

surface reactions

desorption of the products

catalyst particle

back-diffusion of products into flowing gas

Figure 1.3: Simplified scheme for diffusion, sorption and réawctin heterogeneous

catalysis.

The control of the microkinetics (micropore diffasi chemisorption, surface
reaction and desorption) is the specific task & tatalyst developer. Once the
catalyst is specified, reaction conditions (feedcamtrations, pressure, temperature
and residence time) must be found by the reactigineer that lead to optimal yield.
This is not a simple straightforward procedure, tagfuires multiple iteration loops.
In the case of selectivity-sensitive multistep tesxs, any deviation from the
optimum reaction conditions may be the result ofica-uniform residence time
distribution due to flow dispersion and flow bypad®nomena in the fixed bed, as
well as of deviations from uniform reaction conaiits in the catalyst as a result of
mass-transport resistance in the particles andutex boundary layer [19].

The influence of mass-transport resistance in #régbes can only be excluded
if the reaction rate is substantially lower thae thass transfer velocity. This leads to
a need for good external mass transfer (i.e. acserdtly rapid flow rate in the
packed bed) as well as for short diffusion paths lange transport pores in catalyst

particles.



1 Introduction 16

In the case of exothermic or endothermic reactitmesjocal reaction rate must
be controlled by the packed-bed temperature. Thereperature control plays a
predominant role in selective reaction control.

A further requirement placed on the catalyst isva pressure loss. This applies
particularly if the conversion in a single passotigh the reactor is low, so that a
large amount of gas has to be recirculated.

In a more recent developmeintegratedor multifunctional reactorconcepts
are to provide optimal reaction conditions in theaation unit by incorporating
optimal heat and reaction component addition oragxbn at the reaction site, e.g.
by using membrane-based reactors (c.f. chapteBasic Aspects of Membrane
Reactors). Since catalytic fixed-bed reactors drenooperated with flammable or
potentially explosive gas mixtures at high tempees and elevated pressures, issues
of operational safety are of major concern. Onamghe use of membranes inside

the reactor can help to ensure a safe process.

1.4 Basic Aspects of Membrane Reactors

Catalytic membrane reactors have received increatiedtion over the past
decades, initially due to progress made in thedfiel inorganic membranes. In
contrast to organic membranes, inorganic membracas withstand high
temperatures, they are chemically much more stablder the often harsh
environments of industrial reactions and they aoegemmobust.

From an engineering point of view, the vision ofogess intensification
through multifunctional reactorsfirst conceived during the early 1990s [20], has
intensified research on catalytic membrane reagbersnitting the elimination of
process steps and hence lead to more compact ah@ffioient plants which was
also the aim of the work in hand.
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1.4.1 Types of Membrane Reactor s

According to the IUPAC definition, a membrane reacis a device for
simultaneously carrying out a reaction and membrhased separation in the same
physical enclosurg¢21]. Separation, in this case, means that the bn@ne shows a
preferred permeation for one or several constitientthe reaction mixture. There
are numerous concepts to classify membrane reaf2@23], for example the
reactor design such as extractors, distributorscamtactors, the division into
inorganic and organic based materials as well asyscor dense ones.

The most common concept is the selective removaprofiucts from the
reaction zone (Figure 1.4a), known as #wractor membrane reactomwhich is
mainly applied to equilibrium-restricted reactiotts increase the yield of desired
products beyond the equilibrium value. On the bakibe intention to overcome the
equilibrium restriction the conversion must notlimited by the reaction kinetics;
that is, the reaction must be sufficiently fast pamed to the mass transport through
the membrane, a feature summarized by the tenetic compatibility In order to
drive the reaction to completion, the productsnmeotoved from the membrane must
not inhibit the reaction kinetically, e.g. by conipg with the reactants for
adsorption sites. An especially favorable situai®found if the desired product is
removed through the membrane selectively enouglhfoitarget application. Then,

the membrane reactor not only benefits from overgdhe equilibrium constraint

but also provides an integrated product purifigatio

permeate product 2

reaction zone
(retentate)

product 1 reaction zone

Figure 1.4. Selective removal of products (a) and selectivygpBuof reactants (b)
via a permselective membrane. The reaction defihesreaction zone in a non-

permselective membrane (c).
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In a different approach, one or several of the tewds are fed through a
membrane to the reaction zone (Figure 1.4b). Ttisadled distributor membrane
reactor does not necessarily require a selectivebrame, provided that the trans-
membrane flux can be properly controlled by thdedéntial pressure. It allows
establishing a more uniform concentration of theedbspecies along the reactor, if
this provides a higher selectivity or yield, orierproved safety. The total amount of
reactants that can be supplied without exceediagctimcentration limit in the feed
for safe operation can also be increased. If si@tatembranes are available or a
design in sections is feasible, a specific shapth®fconcentration profile could be
established, if this pays back in terms of improkeattor performance due to kinetic
reasons. One additional effect observed when applsi distributed feed along the
reactor is an increased flow rate downstream ofr¢laetor. Together with the fact
that fluid elements entering the reactor futher deineam have a reduced residence
time compared to reactants supplied at the entrahee alters the residence time
distribution and may improve the selectivity or lgieof intermediate products in
multiple reactions. An addional benefit on the @sx level results also in the
distributor membrane reactor from a membrane beinlg to extract the desired
reactantsselectivelyfrom a mixture with undesired components (e.g.gexyfrom
air); then again, one process unit may be elimthafxygen ion-selective ceramic
membranes for catalytic partial oxidation fall intbis category (cf. 1.5 Mixed
Oxygen-lon- and Electron-Conducting Membranes).

Finally, a third concept refers to the case whieeemhembrane is used to set the
reaction zone (Figure 1.4c). For reactions relyamga catalyst, an active material
could be incorporated into the membrane. Two redactaeams could then be passed
along the different sides and would mix in the kai@ zone by diffusion. One
consideration for this type of configuration midig a porous membrane and a solid
active material coated to the pore walls, due ¢ohigher trans-membrane fluxes that
such systems allow compared to dense membranes. iEre catalyst is required,
the same principle can be applied if the react®ofast enough to reach complete
conversion within the membrane.

As mentioned above, the mass transport across abraam can be either
permselectiveif only some components of a mixed-feed perméateugh it (e.g.
oxygen from air, Figure 1.4a,b), oon-permselectivef all species pass through at

comparable rates (Figure 1.4c). Permselective patiswhich is found in dense
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membranes, is governed by a solution-diffusion raadm (c.f. chapter 1.5 Mixed
Oxygen-lon- and Electron-Conducting Membranes). {demmselective transport
normally occurs in macroporous and mesoporous memeisr in the latter, KUDSEN
diffusion is often the dominating transport meckami Microporous membranes
show both activities, with both permselective aot-permselective transport being
possible depending on the size of the permeatingcutes compared to the pore
size, and on their interaction with the membranéene.

When the membrane reactor is used for carryingaccdtalyzed reaction, the
guestion arises if the membrane itself has a datalynction. If it does act as a
catalyst, this is referred to ascatalytic membrane reactdiICMR), but if not it is
known as annert membrane catalytic reactgfMCR, Figure 1.5a). The CMR case
is further subdivided into two categories: (i) whighe membrane acts as tbely

catalyst (b) or (ii) when a conventional catalgspresent in addition (c) [24].

removal ) A removal
or supply or supply

Figure 1.5: Packed-bed catalytic reactor incorporating an imeeimbrane (a) in
comparison to catalytic membrane reactor (b) apdcked-bed catalytic membrane

reactor (c).

Besides the elimination of process units and thleation of synergy effects
from the integration of reaction and mass transpdo one unit, a third level exists
where membranes may offer advantages for catalygattions. It requires that the
catalyst is an integral part of the membrane. Vileghse membranes employed in a
distributor membrane reactor it is possible that thembrane, due to its chemical
nature, supplies one of the reactants in a spémial, perhaps more active and/or
selective in the reaction that one wishes to ca&lthan in its usual form. An
example is a ceramic oxygen ion-conducting membrahéh can provide reactive

lattice oxygen (e.g. for the selective combustibhymrogen, c.f. chapter 2 Oxidative
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Dehydrogenation of Light Alkanes) or pass oxygemsito a solid catalyst attached
to it; thus in both cases the use of molecular eryfyjom the reactant gas phase is

avoided or at least suppressed.

142 Reactorswith Oxygen-Selective Membranes

In equilibrium-limited reactions such as dehydragfeons (e.g. in the case of

propane)

CsHg 5 CaHs + H; AG; = +124 kJ moft (1.1)

the achievable conversion can be increased by usktgactor membrane
reactors (extraction of Bl or by supplying oxygen in terms of a distributor
membrane (combustion of H In the latter case, hydrogen is then consumed by

oxygen delivered through the membrane according to

H, + % Q — H,0 AG; =229 kJ mol* (1.2)

shifting the reaction equilibrium towards the dedirolefin and supplying heat of
reaction as well as steam to suppress coke formatgide the reactor (c.f. chapter 2
Oxidative Dehydrogenation of Light Alkanes).

Numerous oxidation reactions have been performeccessfully in the
laboratory scale in membrane-supported catalyactogs. Today, the challenges for
technical application lie in membrane developmert encreased module reliability
under extreme temperature cycling. Until now, n@anant industrial applications
of inorganic membrane reactors in the process ingusicluding partial oxidation
reactions, have been realized. Figure 1.6 givesvamnview on ceramic membranes

for oxygen transport.
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porous membranes

¢ oxygen transfer as O,
maolecules

¢ high permeability

* moderate permselectivity
depending on pore size/
structure

H1(0;) .

14,(0,) cathode

Figure 1.6: Classification of ceramic membranes for oxygendpanmt. o denotes the

conductivity (ionic or electronic)y is the chemical potential.

Air or oxygen is delivered through a non-selectparous membrane into the
reactor. The benefit is a uniform and lower oxygeantial pressure over the reactor
length, whereas in conventional oxygen co-feed mmdkecreasing oxygen partial
pressure profile exists. A reduced oxygen partrasgure kinetically favors partial
oxidation over total oxidation, because the ratéotdl oxidation is influenced more
strongly by the oxygen partial pressure than th#te partial oxidation. There are no
specific requirements toward the membrane matedali almost every porous
Al 03, TiO, or ZrO, can be used.

Porous inorganic membranes are classified by giee® diameterdp) and can
be divided into macroporousld > 50 nm), mesoporous (50 nmdp > 2 nm) and
microporous @p < 2 nm) [8]. Macroporous materials, suctvasumina membranes,
are normally used to support layers of smaller psize to form composite
membranes or as catalyst support in applicationsrevla well-defined reactive
interface is required. Mesoporous materials for im@mes have general pore sizes in
the range of 4-5 nm, so that permeation is goverbgdKNUDSEN diffusion.
Microporous membranes offer the potential for molac sieving effects, with very
high separation factors, and materials such asonarbolecular sieves, porous
silicas, zeolites and most recently MOFs (metabharg frameworks) have been
studied [25].
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If membranes show oxygen ion transport but no edaat conductivity, they
are referred to asolid electrolytesTwo operation modes are possible: (i) the partial
oxidation is combined with the generation of eledty; (i) an external electric
source supports the transport of oxygen ions throtlge membrane (oxygen
pumping) [26]. In the latter case, the electrocloaincell consists of the oxygen-ion
conducting membrane and two attached porous etlxsr(Figure 1.6). Typical high
temperature ion-conductors are the classical ytabilized and scandia-stabilized
zirconias (YSZ, ScSZ) as well as perovskite contpmss without electronic
conductivity such as Sr/Mg-doped lanthanium gall#&edriving force for oxygen
transport through the membrane is generated ithi@nical potential of oxygen at
the two electrodes is different.

Membranes with high oxygen ion and electron trartspoe referred to as
mixed ionic and electronic conductoff8llEC), and can be used to separate oxygen
from air (c.f. chapter 1.5 Mixed Oxygen-lon- an@&lon-Conducting Membranes).

Supplying oxygen for hydrocarbon activation throwghkolid oxide membrane
has technical, economic and environmental advastager the direct use of air as
oxidant. Membranes can be used to distribute oxygenreactor, thereby providing
a low and uniform oxygen partial pressure along mtbactor. This avoids large
differences of the reaction rate and selectivignglthe reactor which are typical of

conventional co-feed reactors (Figure 1.7).

(a) pl0O,) (b) p(0,)

0,

1y

low selectivity

..............................

o, o,
111

cxH 2x+2

reactor length reactor length

cxH 2x+2

Figure 1.7: Oxygen concentration in axial direction in theatgdt bed. (a) Co-Feed
reactor with strongly decreasing oxygen concemtnati{b) Membrane as oxygen

distributor with constant or even increasing oxygencentration.
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Safety benefits from the separation of hydrocardee oxygen and restrictions
posed on the feed composition by the explosiontdinare less severe. As the
membrane is impermeable to nitrogen, NQmation is avoided. For industrial use,
an oxygen flux of more than 1 mLmin' cm? for oxygen-conducting MIEC

membranes has been estimated [27].

15 Mixed Oxygen-lon- and Electron-Conducting

M embranes

151 Structure of Perovskite-Type Oxides

Compounds with AB@ stoichiometry (A = alkaline earth, rare earth; B =
transition metal; O = oxygen) tend to form perosggkitype oxides. A convenient
way to describe their structures is by using tleses$t spheres packing. The cubic
and the hexagonal perovskite structure can bededaas hexagonally packed layers
of A-site cations with oxygen ions (APas illustrated in Figure 1.8. The stacking
sequence of these layersABCABCABC in cubic perovskites, whereas the stacking
sequence for hexagonal perovskiteABABABAB.

Figure 1.8: Layered AQ structure with hexagonal arrangement of the A ittions

(blue). Oxygen ions are colored gray.
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These layers form a cubic closed packing (ccphefA and oxygen ions with
the B ions in the octahedron vacancies, shown guarrgi 1.9. The A site cations are

twelvefold and B site cations sixfold coordinatgddxygen, respectively.

Figure 1.9: Structure of perovskite-type oxide.

The perovskite-type oxide crystal structure canapproximated by using
GoLDscHMIDT's tolerance factot (egn. 1.4). This factor is defined as the sumhef t

radii of the A-site cationry) and oxygenrg) divided by the sum of the B-site cation

(rs) and oxygen radii multiplied bﬁ (according to the WHAGOREAN Theorem as

illustrated in Figure 1.10).

2x(ry +15)=2x~2(rg + 1) (1.3)
o+ 1

=—2° 1.4

= V2 (rg +1,) (14)

If t = 1, the ideal cubic perovskite is realized aswshan Figure 1.10. An ideal
undistorted cubic perovskite structure is relajivere and can be found in SrkeO
and SrTiQ.
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Figure 1.10: Geometric construction of &iDSCHMIDT'S tolerance factor in the ideal

cubic perovskite structure.

In case that the A-site cation has a small ionohus the tolerance factor
decreasest(< 1) resulting in rhombohedral or orthorhombictaiBons of the
formerly cubic structure. If the alkaline earthrare earth is replaced by a transition
metal yielding to a value< 0.8, the ilmenite structure will be realizeditas in the
case of the mineral ilmenite FeTiG~ort > 1, the hexagonal perovskite structure is
found.

Consequently, the ideal cubic perovskite is basdg on corner-sharing B
octahedra, in contrast to chains of face-sharing B&ahedra for the hexagonal
perovskite. The ilmenite structure differs sigraftly from this architectural
principle since only the oxygen ions form a hexalynclose-packed structure, in
which two thirds of the octahedral sites are ocedpby both iron and titanium.
Therefore, A-site and B-site are equivalent in itheenite structure, which directly
reflects the similarity of the A- and B-site catsoim the ilmenite structure. Face- and
edge-sharing A(B)@ocahedra result from this building principle [28jgure 1.11
illustrates the forementioned three different pekite structures, simplified as

connected B@ octahedra for the cubic and hexagonal type as altonnected
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A(B)Og octahedra for ilmenite. Cubic structure wimBm symmetry was found for
BaCaFeZr,0s s (BCFZ, x+y+z = 1), the membrane material studiedhis work
[29].

ilmenite cubic perovskite hexagonal perovskite

g\\\\ \

u ‘V N/
\ ’\ ‘-\

t>1

Figure 1.11: Overview of various AB® perovskite-type structures. Displayed are
the BG and A(B)Q octahedra in the case of ilmenite, respectivelfeizntly

distorted perovskite-type structures have beenrtego

By applying G®@LDSCHMIDT's tolerance factor, only ionic bonding is conseater
important in these structures, which is generatiiythe case. Strong contributions of
covalent bonding also have to be considered [30pther issue which has to be
addressed in regards to deviations from the ideadvyskite structure is oxygen non-
stoichiometry. It is well known that perovskite-gymxides tend to form oxygen
vacancies in their crystal lattice.

The aim of the material synthesis is to substitiibe, example, the lattice
position A and/or B of the basic AB@erovskite structure by cations of similar size
but lower charge in order to create an oxygen-parislg material with both ionic
and electronic conductivity and sufficient chemicahd mechanical stability.
Whereas most oxygen-transporting MIEC membrane natgeresently studied are
of perovskite-type structure (ABY fluorite (AQ,), brownmillerite (AB.Os) and
pyrochlore (AB,O) structures have also been evaluated. The latterhiave even
demonstrated oxygen transport in the undoped fatiom [31].

The above mentioned ideal cubic perovskite strec&neQ should actually

be written as SrFeQs to emphasize this non-stoichiometry, e.g. with 0.03 after
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synthesis under oxygen pressures of 500 atm [3&].B& sSrhsCop dFey 035 an
oxygen stoichiometry of 2.48 at room temperaturs vegported after synthesis under
ambient air [33], where the non-stoichiometry itabaed through the valence of the
B-site cations. At this high degree of vacant oxygeositions, the assumed
octahedral coordination of the B-site cations byg®n is only a rough estimation. In
BCFZ with stoichiometric oxygen, cobalt as well iasn should be in the +4
oxidation state. However, in order to compensageottygen deficiency, Co is in the

+2 and +3 and Fe in the +2, +3 and +4 oxidatiotesfaespectively.

152 Preparation of Perovskite BCFZ Hollow Fiber Membranes

To prepare perovskite-type oxygen separating memeta the desired
perovskite is first synthesized as a powder, widah be prepared by a range of
methods, e.g. chemical vapor deposition, combudiarthesis and sol-gel method.
The latter process benefits from an excellent chaltiomogeneity in the product.
Moreover, the fine mixing as well as the partiallydrolyzed species forming
extended networks allows lower calcination andesing temperatures.

The perovskite hollow fiber membranes presentedthis thesis were
manufactured at the Fraunhofer Institute for Isteidl Engineering and
Biotechnology (IGB) in Stuttgart by a phase invensspinning followed by sintering
[34]. The homogeneous slurry of a polymer solutaord the BCFZ powder was
obtained by ball milling up to 24 hours with a gdotiontent of 50-60 mass%. The
slurry was spun through a spinneret and the oldaimfenite green hollow fiber was
cut into 0.5 m long pieces before sintering theeffiln a hanging position. After
sintering at 1295 °C for 15 h, the length of thegyr fiber reduced from 50 cm to ~32
cm and the sintered fiber had a wall thicknessaofl&0 pum with an outer diameter
of 1.15 mm and an inner diameter of 0.85 mm (Figude). The transverse rupture

stress was evaluated experimentally to be apprdgigna50 MPa.
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UNI—H—PCI LEI 5.0kV X70 100um WD 11.0mm

Figure 1.12: Photograph (left) and SEM micrograph (right) ofteied BCFZ hollow

fiber membranes.

The driving force for the sintering process is tbéuction of the free energy of
the system, which can be accomplished by redudiegstirface free energy of the
consolidated patrticles. Generally, the sinteringcpss can be divided into three
stagesinitial, intermediateandfinal stage

During theinitial stage particles can rearrange and the coordination ®umb
can increase. Grain boundaries are formed and ldiggepancies between the
surface curvatures are removed. Up to 65% of therman density is achieved at
this stage. In thentermediate stagea reduction in the pore cross section is
accomplished. Continuous porosity is replaced blated pores and the intermediate
stage is taken to have ended when a density of i808ached. Thénal stageis
characterized by the elimination of isolated pavlsch leads to a further increase of
the density up to 95-98%. High density ceramics @mepared starting with small
particles and with relatively low heating ratesidgrthe sintering process in order to
remove pores from the solid.

After sintering, these membranes consist of welbsated but closely
intergrown grains with a size of several micromgtes shown by scanning electron
microscopy (SEM) analysis of the outer surfacehefltollow fibers [35]. Because of
their relatively thin walls, the BCFZ hollow fibeshow an extremely high oxygen
flux. For example, at 850 °C, for a wall thicknedsl75 pum, an @flux of 6 mLy
min* cm? was measured using sweep gases [35]. If the oxpggial pressure on

the permeate side is decreased further by the mesef CH under reaction
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conditions the driving force for Qransport is increased and the fiixes become
even higher.

When arranged in bundles, hollow-fiber membraneghea high membrane
area of 400 to 5000 yim 2 of the reactor/permeator volume. Economic goals of
price well below 1000 € m are met by the perovskite hollow fibers. The good
perspectives of perovskite hollow fibers are exgeéctto trigger a similar
development, as it has been observed in the fielorganic polymer hollow-fiber

membranes [36].

153 Oxygen Permeation through MIEC Membranes

As described in section 1.4.2 membranes with avysé&ite structure and MIEC
are useful as oxygen separating membranes dueetditfh oxygen permeation
fluxes accessible through these membranes as wéfiedr infinite permselectivity.
In order to achieve an oxygen permeation flux tglothe membrane, a gradient

Vu,, of the oxygen chemical potential has to be produddds gradient forces

oxygen to migrate towards a lower oxygen chemicééptial. The basic principle of
this mechanism is illustrated in Figure 1.13.

The permeation process can be divided into thrgesstrirst, oxygen ions are
inserted into the perovskite lattice by reductioh oxygen molecules. Second,
oxygen ions migrate through the perovskite membré&irelly, oxygen is released
from the perovskite membrane into the gas phase.

For charge balance, oxygen ions/oxygen vacancieé®k@ctrons/electron holes
are transported simultaneously in opposite direstioAs a consequence, the
separated oxygen can be used for partial oxidatisush as the oxidative
dehydrogenation of hydrocarbons to the corresponditefins (c.f. chapter 2
Oxidative Dehydrogenation of Light Alkanes) or thwedative coupling of methane

to G, hydrocarbons (c.f. chapter 3 Oxidative Coupling/igthane).
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Figure 1.13: The principle of oxygen permeation through densFoyskite

membranes resulting from the gradiént, between the oxygen chemical potentials

of the feed side(l; ) and the permeate sidgj ). po denotes the standard

potential, p; the oxygen partial pressure on the feed smethe oxygen partial
pressure on the permeate sipighe standard pressut&,the electron holes angy,™”

the oxygen ion vacancies.

Two types of kineticsbulk transportand surface exchangeontribute to the
whole process and are discussed separately (6.8.1.Bulk Transport and Surface

Exchange).
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1.5.3.1. Bulk Transport and Surface Exchange

In order to describe the oxygen transport throdnghtiulk of mixed conducting
perovskites, a counteracting transport of oxygers iand electrons is assumed [12],
where oxygen vacancies provide a pathway for oxyges as shown in Figure 1.14.

vacancy —

Figure 1.14: Oxygen diffusion along oxygen vacancies in theopskite crystal

lattice.

Defect simulations using computer modeling techesgghave evaluated the
lowest energy interstitial site as well as a tréadthe oxygen migration pathway
which can be found in  Appendix A. The perovskitpay
Bay 5SSt sCop gdFey 203 s (BSCF) was selected as a model system. The iniaksti
oxygen migration has been predicted via a non-tipathway.

According to WAGNER, the single particle flux of the charge carrier is
proportional to the conductivity of each chargeriearas well as to the gradient of

the electrochemical potential [37]. Accordinglyetoxygen flux j, is dependent on

both, the single particle flux of oxygen ions (ioréonductivity, oion) and on the

single particle flux of the electrons (electronanductivity, og)):
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Jo, ===V, (1.5)

For membrane applications, it is convenient to descthe oxygen chemical
potential in terms of the oxygen partial pressuadgnt across the membrane. Eqn.

1.5 then becomes the usuah®WER-Equation (1.6), Wherepcz)2 denotes the oxygen

partial pressure of the low chemical potential séhel péz of the high chemical

potential side and is the membrane thickness.

o ——

o, L din py, (1.6)

2
1 Jm Po2  O¢0ion

n po, O¢ + 0

The oxygen ionic conductivity is much lower commhr® the electronic
conductivity in perovskite-type oxides [12]. Themed, the oxygen ionic electronic

conduction is rate limiting and eqn. 1.6 can bepsiired as follows:

1
N Po,

jo, <~ [ P,,dIn p,, (L.7)

The oxygen surface exchange demands to be condider@ multi-step process
which includes adsorption, oxygen reduction, swfdiffusion and the incorporation
of oxygen into the perovskite lattice [12,38]. Ceqsently, two different processes,
bulk transport and surface exchange, contributdhnéooxygen permeation. Usually,
the oxygen permeation flux is mainly dominated toy bulk transport, as long as the
membrane thickness does not drop below a critiahley which is referred to the
critical membrane thicknedsc. Depending on the perovskite material and on the
temperature (surface exchange and bulk diffusioe lufferent activation energies),
Lc may be of the order of 0.01 to 10 mm. That me&as for membranes thinner

thanLc there is no linear relationship between the oxyiyen j, and the reciprocal

membrane thicknesls™*. Consequently, extremely thin supported perovskiyers
often do not show the expected high oxygen fluxitas the surface exchange

reaction that becomes rate-limiting rather thanakygen bulk diffusion.
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Further general considerations and correspondiegrétical background is
given in the introduction section of each subsegpeabhlication.
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2 Oxidative Dehydrogenation of Light

Alkanes

2.1 Summary

This chapter comprehends two original researcltlestidealing with a novel
concept for hydrocarbon dehydrogenation to theespwnding olefins and a third
publication giving mechanistic insights into thésaction.

Conventional catalytic or thermal dehydrogenatidnlight alkanes suffers
from low alkane conversions due to thermodynammatétion, even though high
olefin selectivities can be achieved. In contrastidative dehydrogenation can
overcome constraints in conversion and benefitsnfriie formation of steam.
However, consecutive reaction of olefin combustibecause of high oxygen
concentrations, especially at the entrance of thactor, decreases its yield.
Furthermore, the production of pure oxygen leadsxtensive costs for the process.

The novel concept for olefin production from liglikanes presented in this
chapter combines the positive aspects of both ndsthtbe catalytic/thermal and the
oxidative dehydrogenation. Oxygen is separated faanvia a membrane and fed to
the reaction mixture in the fixed bed of a catalystreach conversions above the
equilibrium. The membrane ensures a constant leava@e oxygen partial pressure
over the axial length of the reactor which incrsadbe selectivity. Intitial
experiments for ethane dehydrogenation have shbamnfé¢eding the equal amount
of oxygen in five successive portions into the teadncreases both, alkane
conversion and olefin selectivity resulting in ater olefin yield compared to an

insertion at once (Table 1).
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Table 1. Effect of feeding the equal amount of oxygen ivefseparate portions
compared to the addition at once on ethane comrergroduct selectivites and
ethene vyield ghelt 1.2 mly min* ethane, 2.4 mi min* steam, 50 mi min™*
helium; core Fiw = 50 mly min™* air; 1.0 g of catalystWHSV = 0.1 h*,
T =725 °C).

membrane

surface/ cm? X(CHe)  S(CHa)  S(CHq)  S(CO)  S(COz)  Y(CaHy)

1x2.20=2.20 0.78 0.35 0.14 0.04 0.47 0.27
5x0.44 =220 0.99 0.48 0.19 0.02 0.32 0.48

Therefore, a BCFZ hollow fiber membrane was papissivated with gold
paste forming alternating oxygen permeable andpemeable zones, which allows
a sequenced thermal and/or catalytic dehydrogematd selected combustion of the
abstracted hydrogen helping to overcome thermodimamitations. The use of the
membrane enables a precise control of a low averaggen concentration inside the
reactor compared to the conventional co-feed mddgeration and it also reduces
the risk of explosive mixtures of hydrocarbons argigen.

Oxygen separation from air and an ethylene yiel808% could be established
at 725 °C, which is comparable to those for indaksteam-cracking process but at
an approximately 100 °C lower temperature. Comigiritre hollow fiber membrane
with a commercial alumina supported chromia catadgsa packed bed around the
fiber, the presented membrane reactor can comp#tdive best catalysts used in the
co-feed mode in the range of low and moderate etbanversions.

The propylene yield in the BCFZ membrane reactahn &iPt/Sn catalyst on an
alumina support shows a maximum of 36% at 725 °@ ptopane conversion of
75%, whereas the total olefin yieldy € Cs) amounts 69%. The propene yield in the
presented catalytic membrane reactor was twice yled in the catalytic
dehydrogenation without oxygen supply.

Moreover, the role of lattice and adsorbed oxyg@eces in propane
dehydrogenation in the above mentioned catalytimbrane reactor was elucidated
by transient analysis of products (TAP) with a suilisecond time resolution.
Propane is mainly dehydrogenated non-oxidativelgrapene and hydrogen over the

catalyst, while lattice oxygen of the perovskitedizes preferentially ki
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2.2 Olefin  Production by a Multistep Oxidative
Dehydrogenation in a Perovskite Hollow-Fiber

M embrane Reactor

OLIVER CzUPRAT, STEFFENWERTH, STEFFEN SCHIRRMEISTER THOMAS SCHIESTEL
JURGENCARO
ChemCatCher2009, 1, 401-405.
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Olefin production by a multi-step oxidative dehydrogenation in a novel

perovskite hollow fiber membrane reactor

Oliver Czuprat,*® Steffen Werth,*? Steffen Schirrmeister,” Thomas Schiestel, ¥ Jirgen Caro

Light alkenes are among the most important intermediate
products in the chemical industry. In 2003, the worldwide
production of ethene was 100 x 10° t.[" The demand for ethene is
expected to increase significantly in the near future. It is primarily
used for the production of polymers like polyethylenes or
polyvinylchlorides. At the present time, the main sources of
olefins are steam cracking, fluid-catalytic-cracking and catalytic
dehydrogenation.

Steam cracking of hydrocarbons is the most important
process for the production of light alkenes although it is a highly
endothermic process with extensive coke formation. World-scale
steam crackers have the capacity to produce more than 10° t per
annum of ethene. Selectivity to ethene from ethane in steam
cracking is reported to be about 84 % at 54 % ethane conversion
(800 T) and 78 % at 69 % ethane conversion (833 T ).

The wuse of chromium-based catalysts for catalytic
dehydrogenation was first described by Frey and Huppke®™ in the
1930s and has repeatedly been investigated since then. In the
1940s the first plants for the catalytic dehydrogenation of butanes
were built, where chromia/alumina catalysts were used.! In the
following years, different commercial alkane dehydrogenation
processes (Uhde's Star-process®, UOP, Houdry etc.) based on
different catalyst technologies where developed. Today, catalytic
dehydrogenation is an established commercial route for example
in the production of propene.

However, the technical realization of  catalytic
dehydrogenation of ethane to ethene (ODE) remains difficult due
to its strongly endothermic character and the high temperature
necessary to achive economic relevant equilibrium conversions
(>750C for conversions >50%).
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Leibniz Universitat Hannover
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One way to shift the reaction equlibria is the addition of
oxygen to partially convert the produced hydrogen. Addition of
oxygen further leads to decreased coke formation and helps to
introduce the energy required for the dehydrogenation step.
Nevertheless, oxydehydrogenation is not without its own set of
challenges that, in the case of ethane, have kept it from being
practiced on a commercial scale. Technological challenges
include especially the handling of hydrocarbon/oxygen mixtures
and olefin selectivities, commercial challenges are mostly
oriented on the cost of the required pure oxygen.

In the last years, large efforts have been devoted to the
preparation of ODE catalysts showing commercial attractive
selectivities when used in co-feed reactors. However, results
often remained disappointing due to high oxygen concentration at
the reactor inlet leading to low ethene yields even with very good
catalysts.

One way to retain a high selectivity at high conversions even
with simple catalysts is a repeated dehydrogenation and
hydrogen combustion in a reactor. In this case, the initial alkane
dehydrogenation occurs in a first reaction zone. The product is
then fed to a second reaction zone in which a part of the
produced hydrogen is burned with oxygen. An additional non-
oxidative dehydrogenation of the remaining alkane occurs in a
subsequent reaction zone, and then a repeated addition of
oxygen burns off the hydrogen and so on. Comprehensive
investigations of this concept were carried out for example by
Grasselli et al. using a solid oxygen carrier.[®”!

athane {shaff)

CH,y H,0 CH, H0
C;Hy %5 CH, + Hy B unreacted C;H, & CH, + H, B5p unreacted CH,
r'y

Oy depleted
air

Figure 1. Scheme of the membrane reactor for the ODE.
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A very interesting alternative to the use of solid oxygen
carriers or multiple oxygen dosing systems within the reactor are
membranes to achive a continuous addition of oxygen to the
reaction zone. Using a membrane, the oxygen is only introduced
in small portions, which reduces the average oxygen
concentration and therefore helps to avoid local hot spots and to
increase selectivity.

Besides the use of non-selective distributor-type membranes,
the oxygen may also be fed by using mixed ionic electronic
conductor materials (MIEC) like perovskites, capable of
separating oxygen from oxygen containing gases like air at
infinite selectivities’® and therefore avoiding cost intensive oxygen
separation plants. Such systems were investigated in the
oxidative dehydrogenation of ethane (ODE) for example by Akin
and Lin®! who obtained an ethene yield of 56 % with a selectivity
of 80 % at 875 T using a dense tubular membrane re actor made
of Bi1 5Y03SmOs and no catalyst.

An alternative membrane geometry is the use of hollow-fiber
membranes which allows for a significantly increased ratio of
membrane area per reactor volume. Such systems have
previously been described by our group for example in the
production of oxygen-enriched airl'”, the direct decomposition of
nitrous oxide to nitrogen by in situ oxygen removal'" and the
simultaneous production of hydrogen and synthesis gas by
combining water splitting with partial oxidation of methane.!'?

In this work we present the use of a dense mixed oxygen ion
and electron conducting (MIEC) perovskite hollow fiber
membrane for the oxidative dehydrogenation of ethane. In
contrast to earlier membrane based investigations, in our concept
the catalytic dehydrogenation of ethane takes place in a first zone
without addition of oxygen followed by the selective oxidation of
hydrogen with oxygen delivered through the membrane (see
Figure 1). These steps can be repeated several times. By
assuring a signifcant hydrogen concentration at the entry of each
oxidation zone, very high selectivities and conversions beyond
the thermodynamic equilibrium can be obtained even with non
sophisticated catalysts.
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Figure 2. Fixed bed reactor performance for the conventional catalytic ethane
dehydrogenation (without oxygen supply) using a commercial Cr-catalyst.
Ethane conversion and product selectivites as a function of time
(1.2 mLy min” ethane, 2.4 mLy min™ steam; 50 mLy min”' helium; 1.0 g of
catalyst, WHSV =0.09 h”, T=725 C)..

Figure 2 shows the ethane conversion and product
selectivities of the catalytic ethane dehydrogenation in a fixed bed
without additional oxygen supply using a commercial Cr-based
dehydrogenation catalyst. In this case of conventional
dehydrogenation the conversion is roughly 25 % whereas the
ethene selectivitiy is approximately 70 %. A signficant amount of
by-products like methane, CO and CO, are produced.

In contrast, by supplying oxygen through a BaCosFeyZr,0s;
membrane the ethane conversion can be significantly improved
while retaining high ethene selectivities (see Figure 3).
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Figure 3. Oxidative dehydrogenation using a multi-step oxygen permeating
hollow fiber membrane (shell: 1.2 mLy min”' ethane, 2.4 mLy min”' steam,
41 mLy min™ helium; core: 40 mLy min”' air, 40 mLy min”' helium; 5 x 0.44 cm?
effective membrane surface, 0.9 g of catalyst, WHSV = 0.1 h", T=725 T).

The most relevant factor for achieving good selectivities in our
system is the Kinetic compatibility between the reaction velocity of
the hydrogen forming dehydrogenation step and the amount of
permeated oxygen. The amount of permeated oxygen can be
influenced by either the ratio of active membrane surface to
passivate membrane surface or by reducing the oxygen partial
pressure on the feed side of the membrane as shown in Table 1.
For example when reducing the oxygen feed concentration from
16 % to 8 % while leaving the conditions on the permeate side
untouched, the ethene selectivity can be increased from 51 % to
58 % while retaining the conversion at roughly 90 %.
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Table 1. Interplay of oxygen partial pressure on the core side on ethane
conversion and product selectivities on the shell side (shell: 1.2 mLy min™'
ethane, 24 mLy min' steam, 50 mLy min' helium;
core: Fiota = 50 mLy min™' air diluted by helium; 5 x 0.44 cm? effective
membrane surface, 0.9 g of catalyst, WHSV = 0.1 h'1, T=7257T).
0O2conc. /% X(C2H8) S(C2H4) S(CH4) S(CO) $(C02)
20 1.00 0.50 0.18 0.02 0.31

18 0.98 0.50 0.17 0.01 0.32

16 0.92 0.51 0.17 0.01 0.32

14 0.90 0.52 0.17 0.01 0.31

12 0.87 0.54 0.17 0.00 0.30

10 0.84 0.55 0.17 0.00 0.29

8 0.89 0.58 0.18 0.00 0.27

6 0.84 0.59 0.16 0.01 0.24

4 0.79 0.62 0.16 0.00 0.22

2 0.75 0.64 0.15 0.00 0.20

1 0.64 0.67 0.14 0.02 0.17

0 023 0.72 0.13 0.01 0.14

To further clarify these results, Figure 4 shows the ethane
conversion and product selectivities as a function of the molar
ratio between permeated oxygen and hydrogen formed by
dehydrogenation.
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Figure 4. Ethane conversion and product selectivities for different ratios of
permeated oxygen F(O,) to hydrogen produced by dehydrogenation F(H,)
(shell: 1.2 mLy min”' ethane, 2.4 mLy min”' steam, 40 mLy min” helium; core:
Fiota = 50 mLy min™'; 5 x 0.44 cm? effective membrane surface, 1.0 g of catalyst,
WHSV=0.09h' T=725 ).

As expected, lowering the ratio between oxygen and
hydrogen increases the ethene selectivity and lowers the ethane
conversion. The optimum in ethane yield is found close to a ratio
of oxygen and hydrogen of 0.5 according to the formation of
water out of its elements. Further increase of the

oxygen/hydrogen-ratio leads to increased oxidation of the
hydrocarbon compounds therefore lowering the ethene selectivity.

Most notably, the increase of the oxygen/hydrogen-ratio from
0 to 0.5 significantly increases the ethane conversion from 23 %
to 63 % while the ethene selectivity remains nearly constant. In
this oxygen deficiency regime (based on the available molecular
hydrogen) the attainable selectivity is mostly determined by the
catalyst while the addition of oxygen only influences the
attainable conversion.

For a commercial relevant technology, high concentrations of
the ethane/steam feed are required. Table 2 shows the results of
experiments with increased hydrocarbon concentration in helium.
As expected, the conversion decreases when increasing the
WHSYV, while the selectivities remain nearly constant. This once
again supports the idea, that the attainable selectivities in our
system are mostly determined by the intrinsic catalytic selectivity
of the dehydrogenation step and not by the addition of oxygen to
the reaction system.

Table 2. Increase of ethane conversion by diluting the feed with helium and
oxygen supply through a multi-step oxygen permeating hollow fiber (shell: Ftotal
=40 mLN min-1, steam/carbon = 1 diluted by helium; core: 50 mLN min-1 air; 5 x
0.44 cm? effective membrane surface, 0.9 g of catalyst, WHSV 0.08-0.65 h-1, T =
725 C).

C2He/
steam . coHe) S(C2H4)  S(CH4)  S(CO)  scozy WSV
in He /h-1
1%

20 0.65 046 0.28 0.14 0.12 0.08
30 051 0.48 0.25 0.08 0.18 0.32
30 0.64 067 0.15 0.06 0.11 0.40
40 0.54 0.48 0.25 0.09 0.18 0.40
50 0.41 0.44 0.25 0.05 0.26 0.48
80 035 0.41 0.24 0.04 0.31 0.65

Further addition of hydrogen to the hydrocarbon stream at a
steady state increases the ethene selectivity, e.g. from 60 to
approximately 70 %, while decreasing the total ethane conversion
from 60 to approximately 50 % (see Figure 5). Schmidt et al.
investigated the effect of hydrogen addition on the ODE using Pt
catalyst at 1000 T and very short contact times. I'* In their case,
the ethylene selectivity increases from 65 to 72 %, while ethane
conversion drops from 70 to 52 %. Schmidt et al. proposed that
the oxygen exclusively oxidizes the hydrogen on the Pt/Sn-
surface. The heat of reaction promotes a conventional catalytic
dehydrogenation, in which the same amount of hydrogen is
formed as fed originally on the ethane side. In our case, the
mechanism of the oxidation of hydrogen was not studied in detail.
However, recently published TAP-studies of the interaction of
ethane with the perovskite seem to favor a Mars-Van Krevelen
mechanism.!"¥
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Figure 5. Effect of hydrogen addition to the feed on ethane conversion and
product selectivities with oxygen supply through a multi-step oxygen permeating
BCFZ  hollow fiber membrane (shell: 12 mlLy min”' ethane,
1.2 mbLy min” hydrogen, 2.4 mLy min”' steam, 40 mLy min” helium;
core: 2.5 mLy min”! air, 47.5 mLy min”' helium, 5 x 0.44 cm? effective membrane
surface, 1.0 g of catalyst, WHSV = 0.09 h", T=725<T).

A novel concept for hydrocarbon dehydrogenation to the
corresponding olefins in a multi-zone hollow fiber membrane
reactor with successive dehydrogenation- and oxidation-zones is
proposed. The use of an oxygen permeating membrane can
increase the ethane conversion significantly compared to a
conventional catalytic dehydrogenation and allows a precise
control of the oxygen insertion. It also reduces the risks of
explosive mixtures during an ODE by having a dense membrane
that separates the hydrocarbon and oxygen feeds from each
other. Furthermore it avoids the significant costs associated with
the production of pure oxygen required in the conventional
oxydehydrogenation. At the same time it provides a low average
oxygen concentration which gives a high ethene selectivity by
selectively burning off in situ the hydrogen from conventional
catalytic dehydrogenation. The novel hollow fiber membrane
reactor for the production of ethene possesses a good long-term
stability (see Figure 3).

For an industrial implementation of such a system, one could
think about a multitude of hollow fibre bundels in a catalytic fixed
bed and operated in cross-flow to avoid the need for gold-sealing
of the different membrane-zones.

Reaction conditions could be established that have a
comparable ethylene yield (~50 %, see Figure 3 and Table 1) to
those in the industrial steam cracking process, but at a
temperature that is approximately 100 T lower. For an ethane
conversion of around 95 % an ethylene selectivity of
approximately 55 % was found (see Figure 3). The highest
ethylene selectivity at 725 C was 70 % at an ethan e conversion
of around 52 % (see Figure 4).

Summarizing, in the range of low and moderate ethane
conversions, our membrane reactor using a standard commercial
catalyst can compete with the best catalysts used in the co-feed
mode of the ODE (see Figure 6). The effect of using a more

sophisticated catalyst in conjunction with the multi-zone

membrane reactor remains to be investigated.
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Figure 6. Ethylene selectivity as a function of ethane conversion. The data for
various catalytic systems reported in the literature between 2000 and 2006 and
giving alkane conversion higher than 10 % were taken from [15]. Systems
operating in millisecond-contact-time reactors have not been taken into
consideration.

Experimental Section

The manufacture of the hollow fiber membrane of the composition
BaCo,Fe,Zr,0:; (BCFZ, x+y+z=1) is described elsewhere."” The
fibers were coated with gold paste (C 5754 B, Hereaus) and sintered
at 950 € for 5 hours to obtain 5 permeation zones (2 cm each)
alternating with passivated areas (2 cm each, see Figure 7). This
procedure was repeated three times to ensure a leak-proof gold layer.
The coated membranes were inserted into a porous alumina tube with
an outer diameter of ~2 mm and a wall thickness of ~0.7 mm. The
dehydrogenation catalyst (Actisorb 410, Sudchemie, Cr,O; on Ca
aluminate) was milled in a mortar, a sieve fraction between 10 and
500 um was sieved out and dispersed between the inner porous
alumina tube and an outer dense alumina tube.

oxygen
depleted air

€O, steam

= BGFZ-membrane
pacsivated with gold-paste
B catalyst
ssenm parous alumina-tube
== dansa alumina-tube
1 oqmen pammeation

Figure 7. Schematic drawing of a multi-step hollow fiber with five active zones
for catalytic ODE. At both ends 6 cm of the 30 ¢m long fiber were coated with
gold. The inner 18 cm of the fiber were alternately passivated over 2 cm with
and without gold thus forming 5 active zones for oxygen permeation, each 2 cm
long. The active surface area for the multi-step oxygen permeating BCFZ hollow
fiber is 2.2 cm? with a total oxygen permeable length of 10 cm.

For the ODE, ethane (99.95 %) diluted with steam and helium
(99.996 %) was fed to the shell side, while synthetic air was fed to the
core side. All gas flows were controlled by mass flow controllers
(Bronkhorst Hi-Tech). The gases at the exit of the reactor were
analyzed by a gas chromatograph (Agilent Technologies, HP 6890 with two

4
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auto valves, Carboxen 1000 column from Supelco). Concentrations of CyHg,
CzH4, CH4, CO, CO2, Hz, N2 and O, were determined by calibration against
standard gases. The absolute flow of the effluents was determined by using
neon (99.995 %) as an internal standard. The catalyst was activated under a
stream of 10 % hydrogen in helium (Fita = 20 mLy min'i) at 725 C for 30
minutes. The ODE was performed at a temperature of 725 C.
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Oxidative dehydrogenation of propane
in a perovskite membrane reactor with multi-step
oxygen insertion

Oliver Czuprat™* Steffen Werth", Thomas Schiestel” and Jiirgen Caro™*

“Institute for Physical Chemistry and Electrochemistry, Leibniz Universitit Hannover, 30167 Hannover,
Germany
®Fraunhofer Institute for Interfacial Engineering and Biotechnology, 70569 Stuttgart, Germany

A membrane reactor incorporating a hollow fiber with successive parts of oxygen permeable and passivated surface segments has been
developed and was used for the oxidative delivdrogenation of propane. This membrane geometry allows a controlled oxvgen feeding into the
reactor over its axial length. In the oxidative dehydrogenation, the thermodynamic limitation of propane dehyvdrogenation can be overcome
By using this novel hollow fiber membrane reactor with a Pv'Sn/K dehydrogenation catalyst, oxvgen separation and propene formation could
be established even at temperatures as low as 625 °C with long-term stability. Combining the hollow fiber membrane and the
dehydrogenation catalyst, the highest propene selectivity of 75% was observed at a propane conversion of 26% and 625 °C whereas the best
propene vield of 36% was obtained at 675 °C (48% propene selectivity). The performance of this reactor is evaluated by applyving various
reaction conditions.

Topical heading: Reactors Kinetics and Catalysis

Keywords: membrane reactor, oxidative dehydrogenation, propane dehydrogenation, oxygen transporting
membrane, perovskites

Introduction

The demand for olefins, especially propene, is expected to increase significantly in the near future. Propene
was the first petrochemical raw material to be employed on an industrial scale and is important for the
production of polymers, mainly for the production of polypropylene (PP), but also in the production of cumene,
acrylonitrile, and acrylic acid/acrolein or propylene oxide.! In 2002, approximately 61% of propene production
was via steam cracking and 34% was obtained by catalytic cracking. To cover the continuously increasing
demand for propene, it was also necessary to generate about another 3% by catalytic dehydrogenation? An
increase in the share of the catalytic dehydrogenation of propane in the overall production of propene can be
expected.

A number of technologies are available commercially for the dehydrogenation of propane to propene: these
include Oleflex developed by UOP, Des Plaines, Illinois; Catofin developed by Air Products and Chemicals,
Allentown, Pennsylvania; and Uhde’s STAR developed by Phillips Petroleum, Bartle:sville,3 Oklahoma. These
processes differ in their modes of operation, the dehydrogenation catalyst, and the methods of catalyst
regeneration.’ The Uhde STAR process achieves a propene yield of 35.6% per pass at a propane selectivity of
89%. The temperature range inside the reactor which is operated discontinuously (7 h operation, 1 h
regeneration) is between 570-590 °C at 5 bar.”

One concept to overcome the thermodynamic limitation of propane conversion is the oxidative
dehydrogenation of hydrocarbons (ODH), where alkane and oxygen are co-fed and give rise to the olefin and
water. The Gibbs free energy of the formation of water (—228.7 kJ mol™* at room temperature) compensates the
Gibbs free energy of the endothermic dehydrogenation of propane (+124.3 kJ mol ). Pioneering work was done
by Imai and Jan on the dehydrogenation of low alkanes.”

The main problem encountered in propane ODH is the presence of the consecutive reaction of olefin
combustion, e.g. deep oxidation into carbon dioxide and water as well as partial oxidations or thermal cracking
at higher reaction temperature that rapidly decreases the propylene yield when the conversion of the alkane is
increased. The best yields reported in the co-feed method are lower than 30% with propane conversions lower
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than 40% which is still insufficient for technical applications. The best performance (24% propene yield) has
been obtained with non-reducible alkali earth metal oxides at 650 °C whereas the addition of lithium increased
selectivity from 40 to 70 % at low conversion.’

One way to retain a high selectivity at high conversions is a repeated dehydrogenation and hydrogen
combustion in a reactor. In this case, the initial catalytic alkane dehydrogenation occurs in a first reaction zone.
The product is then fed to a second reaction zone in which the major part of the produced hydrogen is burnt with
oxygen. A repeated non-oxidative conventional dehydrogenation of the remaining alkane occurs in a subsequent
reaction zone, and then a repeated addition of oxygen burns off the hydrogen and so on. Comprehensive
investigations of this concept were carried out, e.g. by Grasselli et al. using a solid oxygen carrier.®

The use of membranes is an interesting alternative to solid oxygen carriers in order to dose oxygen at a
reduced average concentration to the reaction zone avoiding local hot spots and increasing selectivity.
Additionally, high temperature oxygen-permselective membranes feed activated oxygen species leading to a
different catalytic behaviour than under conventional hydrocarbon/oxygen co-fed operations. Wang et al.
investigated the oxidative dehydrogenation of propane in a dense tubular BagsSrysCoggFe,03 s membrane
reactor. The propene selectivity was 4% at 23% conversion compared to 15% propene selectivity achieved under
identical conditions in the fixed-bed reactor.”

In contrast, the geometry of a hollow-fiber membrane offers a significantly higher ratio of membrane surface
area per reactor volume and provides continuously active lattice oxygen. Recently, Wu et al. reported the use of
an asymmetric alumina hollow fiber with an outer Pd/Ag catalytic layer as an extractor membrane for hydrogen
in the catalytic dehydrogenation of propane. An initial propane conversion of 42% was achieved, but serious
coke deposition on the catalytic surface led to a decrease in activity soon.® Systems using dense perovskite
hollow fiber membranes have been presented by our group, e.g. for the direct decomposition of nitrous oxide to
nitrogen by in situ oxygen removal,” the simultaneous production of hydrogen and synthesis gas by combining
water splitting with partial oxidation of methane'® and recently the nmlti-step oxidative dehydrogenation of
ethane (ODE).!!1?

In this publication we present the use of a dense mixed oxygen ion and electron conducting (MIEC)
perovskite hollow fiber membrane of the composition BaCoFe,Zr,0; s(BCFZ, x+y+z=1) for the oxidative
dehydrogenation of propane with and without employing a dehydrogenation catalyst. To the best of our
knowledge, it is the first time that the oxidative dehydrogenation of propane (ODP) has been investigated with a
perovskite hollow fiber membrane. It is an advantage of our BCFZ hollow fiber that it shows sufficient oxygen
flux and stability at temperatures << 800 °C.'* Addionally, steam is fed on the hydrocarbon side of the
membrane in order to lower the partial pressure of propane as well as reducing coke deposition.

Most probably, two mechanisms occur simultaneously. As presented for the ODE, in our concept the
dehydrogenation (DH) of propane

C3Hs S C3Hg + Hy 1)
occurs in a first reaction zone without addition of oxygen followed by the selective combustion (SC) of hydrogen
H,+ % 0,—~ H,0 2)

with oxygen delivered through the membrane (Figure 1).
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Figure 1. Scheme of the membrane reactor for the stepwise oxidative dehydrogenation of
propane with a sequence of dehydrogenation (DH) and hydrogen combustion (HC).

Parallel, a direct oxy-dehydrogenation of the propane or of the abstracted hydrogen at the perovskite surface
following a Mars and van Krevelen mechanism takes place. To be supportive of this sequence of reactions, the
membrane is divided into passivated and non-passivated segments for oxygen permeation. This stepwise reaction
can retain high selectivities and conversions beyond the thermodynamic equilibrium can be obtained.
Furthermore, no regeneration of the reactor is required since no coke deposition could be observed.

In the following, different reactor set-ups with and without dehydrogenation catalyst and oxygen supply via
the hollow fiber membrane at different reaction conditions will be compared.

Experimental

Preparation of the hollow fibers

The fabrication of the hollow fiber membrane of the composition BaCo.Fe,Zr,0; s (BCFZ, x+y+z=1,
Figure 2) is described elsewhere." The fibers with an outer diameter of ~1.1 mm and a wall thickness of
~0.14 mm were coated with gold paste (C 5754 B, Heraeus) and sintered at 950 °C for 5 hours to obtain 5
permeation zones (each 2 cm long) alternating with passivated areas (each 2 cm long, Figure 3). This procedure
was repeated three times to ensure a leak-proof gold layer.

LEI 50k X0 1

Figure 2. BaCo,Fe Zr,03 s (BCFZ, x+y+z=1) hollow fiber membrane obtained by spinning at the
Fraunhofer Institute for Interfacial and Biotechnology Stuttgart.14
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Studies in the hollow fiber membrane reactor

For the ODP, propane (99.5%) diluted with steam and helium (99.996%) was fed to the shell side of the
membrane, while synthetic (CH,-free) air or oxygen (99.9996%) diluted with helium was fed to the core side.
All gas flows were controlled by mass flow controllers (Bronkhorst Hi-Tech). The gases at the exit of the reactor
were analyzed by a gas chromatograph (Agilent Technologies, HP 6890) equipped with a Carboxen 1000
column (Supelco). Concentrations of C3Hg, C3Hg, C,Hg, C,H,, CH,, CO, CO,, H,, N, and O, were determined by
calibration against standard gases. The absolute flow of the effluents was determined by using neon (99.995%)
as an internal standard. All data points collected in this work were taken at steady-state conditions which were
obtained after 1-3 hours. For experiments using the dehydrogenation catalyst (PDH-964, BASF), the BCFZ
hollow fiber was inserted into a porous alumina tube (outer diameter ~2.2 mm, wall thickness of ~0.4 mm) to
avoid direct contact with the catalyst. The latter was milled in a mortar; a sieve fraction between 10 and 500 pm
was sieved out and a portion of 0.25 g was dispersed between the inner porous alumina tube and the outer dense

alumina tube (Figure 3).
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Figure 3. Schematic drawing of the reactor set-up and an incorporated multi-step BCFZ hollow
fiber with five active zones for ODP. At both ends 6 cm of the 30 cm long fiber were coated with
gold. The inner 18 cm of the fiber were alternately passivated over 2 cm with and without gold
thus forming five active zones for oxygen permeation, each 2 cm long. The active surface area
for the multi-step oxygen permeating BCFZ hollow fiber is 2.2 cm? with a total oxygen
permeable length of 10 cm. The dehydrogenation catalyst was dipersed between the outer
dense alumina tube and the fiber, which was inserted into a porous alumina tube.

Results and discussion

Conventional thermal deliydrogenation without and with oxygen supply via BCFZ hollow fiber membrane

Figure 4 shows as a reference case the propane conversion, product selectivities as well as propene yields in
our reactor without oxygen supply and without any catalyst as a function of the temperature. A higher

temperature leads to an increase in propane conversion, but also to a drop in propene selectivity due to
augmented cracking of hydrocarbons to ethene and methane. Since the increase in propane conversion at the
same time is higher than the decrease in propene selectivity, the propene yield rises with higher temperature.
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According to a homogeneous gas phase reaction or wall reactions, the propene yield at 625 °C is around
0.3%, whereas at 725 °C already a 10% yield is obtained. The overall olefin selectivity ranges from ca. 50% to
80%.
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Figure 4. Reactor performance for the conventional thermal propane dehydrogenation (without
oxygen addition and no catalyst). Propane conversion and product selectivities as a function
of the temperature (5 mLy min ! propane, 10 mLy min™! steam, 35 mLy min"! helium).

By supplying oxygen separated from air via the BCFZ hollow fiber membrane into the reactor using no
dehydrogenation catalyst, the propane conversion and propene yield could be enhanced significantly over the
entire observed temperature range at a slightly lowered propene selectivity (Figure 5) compared to the pure
thermal dehydrogenation in the empty reactor (Figure 4). For example, at 675 °C using the membrane reactor the
obtained propene yield is almost four times higher than without oxygen supply. The higher the oven temperature,
the higher the oxygen flux through the membrane according to the Wagner equation. Accordingly, more
hydrogen can be burnt off, shifting the equilibrium towards the desired product.
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Figure 5. Temperature dependency of propane conversion, product selectivities and propene
yield of the membrane reactor with oxygen supply through the BCFZ hollow fiber and no
dehydrogenation catalyst (shell: 5 mLy min~’' propane, 10 mLy min™' steam, 35 mLy min™"
helium; core: 50 mLy min ! air; 5 x 0.44 cm? effective membrane surface).
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For achieving good selectivities in our reactor, the kinetic compatibility between the reaction rates of the
hydrogen forming dehydrogenation step and the amount of permeated oxygen is essential.

The latter can be influenced by either (i) the ratio of active membrane surface to passivated membrane
surface, by (ii) varying the temperature or (iii) the oxygen partial pressure on the core side of the membrane. As
we can see in Figure 6, by decreasing the oxygen concentration on the core side of the membrane - and therefore
lowering the propane conversion - the propene selectivity could be increased, especially in the range of oxygen
concentrations below 20%.
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Figure 6. Effect of the oxygen partial pressure on the core side of the BCFZ hollow fiber
membrane. Propane conversion, product selectivities and propene yield as a function of the
oxygen concentration at a total pressure of 1 bar at T= 675 € (shell: 5 mLy min’ propane,
10 mLy min~" steam, 35 mLy min~' helium; core: Fiota = 50 mLy min~* oxygen diluted with helium;
5 x 0.44 cm? effective membrane surface).

For an industrial application of our membrane reactor, higher concentrations of propane/steam in the feed are
more economic and desirable than those presented in the experiments so far. At a total propane and steam
concentration of 10% in the feed, a propane conversion of approximately 60% at 21% propene selectivity is
observed (Figure 7). By increasing the hydrocarbon/steam concentration, the propane conversion decreases
continuously down to 10% for an undiluted feed. Above a total propane and steam concentration of 50% in the
feed, the propene selectivity remains constant at 30% which seems to be the intrinsic selectivity of the reactor at
these specific reaction conditions.
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Figure 7. Effect of propane/steam concentration on propane conversion and product
selectivities and propene yield in the BCFZ hollow fiber membrane reactor (shell:
Fiota1= 50 mLy min'1, steam to carbon = 2:3 diluted with helium; core: 50 mLy min~’ air; 5 x 0.44
cm? effective membrane surface; T= 675 C).

Conventional catalytic dehydrogenation without and with oxygen supply via BCFZ hollow fiber membrane

Using a dehydrogenation catalyst in a fixed bed without oxygen supply through a BCFZ hollow fiber
membrane, the propane conversion is enhanced over the total temperature range (Figure 8) compared to the
blank reactor (Figure 4). Except the highest investigated temperature of 775 °C, also the propene selectivity is
higher than without using the catalyst.
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Figure 8. Reactor performance for the conventional catalytic propane dehydrogenation
(without oxygen addition). Propane conversion, product selectivities and propene yield as a
function of temperature (5 mLy min~" propane, 10 mLy min~’ steam, 35 mLy min~" helium; 0.25 g
of catalyst PDH-964; WHSV = 2.4 h’1).

By feeding oxygen via the hollow fiber membrane into the catalytic reactor, the propane conversion could be
increased in the whole observed temperature range between 625 °C and 775 °C (Figure 9). For the membrane
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reactor an improved propene yield with a maximum at 725 °C is found which equals an increase of around 50%
in propene yield of the catalytic dehydrogenation without oxygen supply (Figure 8).
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Figure 9. Impact of oxygen supply via a BCFZ hollow fiber membrane on the catalytic propane
dehydrogenation. Propane conversion, product selectivities and propene yield as a function of
temperature (shell: 5 mLy min! propane, 10 mLy min! steam, 35 mLy min~’ helium;
core: 50 mLy min~’ air; 5 x 0.44 cm? effective membrane surface; 0.25 g of catalyst PDH-964;
WHSV=24h™).

As shown for the reactor containing only the hollow fiber membrane (Figure 6), the amount of permeated
oxygen can be influenced by varying the oxygen partial pressure on the feed side of the membrane (Figure 10).
For example, when increasing the oxygen feed concentration from 10% to 20% while leaving the conditions on
the permeate side untouched, the propane conversion can be increased from 51% to 75% while lowering the
propene selectivity only from 52% to 46%.
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Figure 10. Interplay of oxygen partial pressure on the core side on propane conversion,
product selectivities and propene yield (shell: 5§ mLy min~" propane, 10 mLy min~"* steam,
35 mLy min~’ helium; core: Figta = 50 mlLy min~’ oxygen diluted with helium; 5 x 0.44 cm?
effective membrane surface; 0.25 g of catalyst PDH-964; WHSV = 2.4 h’1; T=675<T).
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Figure 11 shows the propane conversion and product selectivities as a function of the percentage of (propane
+ steam) in helium as feed on the shell side of the hollow fiber membrane. By decreasing this concentration to
10%, the propane conversion increases above 80% while the propene selectivity - as expected - drops to 28%.
Most notably, if we feed only a mixture of propane and steam (no helium as a dilutant), the reactor gives rise to a
propane conversion of 40% at 45% propene selectivity.
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Figure 11. Effect of (propane + steam) concentration in helium on propane conversion and
product selectivities in the membrane reactor with oxygen supply via the BCFZ hollow fiber
and dehydrogenation catalyst (shell: Fiya = 50 mLy min’1, steam to carbon = 2:3 diluted with
helium; core: 50 mLy min~’ air; 5 x 0.44 cm? effective membrane surface; 0.25 g of catalyst
PDH-964; WHSV = 2.4 h"; T=675CT).

Table 1 gives an overview about the effects of the dehydrogenation catalyst and the oxygen permeating
BCFZ hollow fiber membrane on the propane conversion as well as propene selectivity and yield. The pure
thermal dehydrogenation in an empty reactor without catalyst and hollow fiber gives only 2% propene yield
(Figure 4) at 675 °C. By supplying oxygen via the hollow fiber membrane at the same temperature the propane
conversion is enhanced significantly from 6% to 41% whilst the selectivity towards propene only drops from
40% down to 35% (Figure 5).

The use of only the dehydrogenation catalyst leads to a comparable propene yield of 13% (at a lower propane
conversion and higher propene selectivity). Combining the catalyst with the BCFZ hollow fiber membrane gives
rise to an increase of around 2.5 times the propene yield versus only the catalyst or only the fiber inside the
reactor (Table 1).

D cat fiber X(C5Hy) / % S(C:He) / % Y(C3Hy) / % Fig.
1 - - 6 40 2

2 X 41 35 14 5

3 = 26 50 13 8

4 X 74 45 34 10

Table 1: Propane conversion, propene selectivity and propene yield using 20% oxygen
concentration in the gas feed on the core side of the membrane (ID 2 and 4) and a Pt/Sn/K
dehydrogenation catalyst (ID 3 and 4) compared to the blank reactor with no oxygen supply
and no dehydrogenation catalyst (ID 1) (shell: 5 mLy min~" propane, 10 mLy min’ steam,
35 mLy min~! helium; core: Fiota = 50 mLy min’1, 20% oxygen; 0.25 g of catalyst PDH-964;
WHSV=24h"; T=675 C).



2 Oxidative Dehydrogenation of Light Alkanes

56

Combining the catalyst with our hollow fiber, at a conversion of 93% at 675 °C a propene selectivity of 35%
is obtained (39% total olefin selectivity; Figure 10). The highest propene selectivity of 75% is observed at a
propane conversion of 26% and 625 °C (88% total olefin selectivity; Figure 9) whereas the best propene yield of
36% is achieved at 725 °C (69% total olefin selectivity; Figure 9).

The oxygen permeable membrane supplies oxygen in successive stages into the reactor (i) burning off
selectively the hydrogen from thermal dehydrogenation and (ii) parallel the direct oxidation of propane/hydrogen
by lattice oxygen of the perovskite takes place. Ongoing TAP-experiments will provide a deeper insight into the
molecular mechanisms. The membrane not only separates the hydrocarbon feed from oxygen but also avoids the
need of an oxygen separation plant.

Our membrane reactor using a dehydrogenation catalyst can compete with the best catalysts used in the co-
feed mode of the ODP (Figure 12).
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Figure 12. Propene selectivity as a function of propane conversion. The data for various
catalytic systems reported in the literature between 2000 and 2006 and giving alkane
conversion higher than 10% were taken from 5,

Conclusions

A membrane reactor for the oxidative dehydrogenation of short chain hydrocarbons combining the
conventional catalytic dehydrogenation with the selective combustion of the abstracted hydrogen is presented.

To attain kinetic compatibility between the rates of dehydrogenation and oxygen supply via the
BaCo,Fe,Zr,0; s perovskite hollow fiber membrane, certain parts of the hollow fiber have been passivated for
oxygen transport by a gold coating.

Under our experimental conditions, the propene yield in the catalytic membrane reactor was twice the yield
in the catalytic dehydrogenation without oxygen supply.

The propene yield shows a maximum at 725 °C and amount 36% (for 75% propane conversion and 48%
propene selectivity). The total olefin yield (C, + C3) amounts 69%.
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The role of lattice and adsorbed oxygen species in propane dehydrogenation in a perovskite hollow fiber
membrane reactor containing a Pt-Sn dehydrogenation catalyst was elucidated by transient analysis of
products with a sub-millisecond time resolution. Propane is mainly dehydrogenated non-oxidatively to
propene and hydrogen over the catalyst, while lattice oxygen of the perovskite oxidizes preferentially
hydrogen to water. For achieving high propene selectivity at high propane conversions, the formation of gas
phase O, on the shell side of the membrane reactor should be avoided. Otherwise, oxygen species adsorbed
over the Pt-Sn catalyst participate in non-selective C3Hg/C5Hg transformations to C;H, and COy.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Oxidative dehydrogenation of light alkanes to olefins is a promising
alternative to the industrially applied catalytic non-oxidative dehydro-
genation due to no equilibrium constraint. However, the oxidative
dehydrogenation with co-feeding of oxygen and alkane suffers from
poor olefin selectivity at high alkane conversions. Grasselli et al. [1,2]
suggested a concept for propane conversion to propene by combining
the non-oxidative propane dehydrogenation over a Pt-Sn-containing
catalyst with catalytic selective hydrogen combustion (SHC) over Sb,0,,
In, 05, WO5 and Bi»05 supported on SiO,. These both reactions can be
performed in separated reactors or in one reactor with a mixture of
these catalysts. However, this concept suffers from (i) separation of O,
and N5 or C3Hg/C5Hg from Ny, if pure oxygen or air is used for the SHC,
respectively or/and (ii) periodical catalyst regeneration in the one-
reactor process scheme. Both drawbacks can be avoided by applying
dense perovskite ceramic membranes exhibiting high oxygen ionic and
electronic conductivity [3,4]. Such membranes of the composition of
BaCo,Fe,Zr.0s s (BCFZ, x+y +z=1) are produced by the Fraunhofer
Institute for Interfacial Engineering and Biotechnology (IGB) in Stuttgart
in a hollow-fiber geometry [5]. The group at the Leibniz Universitdt
Hannover has intensively applied BCFZ membranes for various

* Corresponding author. Tel.: 49 381 1281290; fax: 449 381 128151290.
E-mail address: evgenii kondratenko@catalysis.de (E.V. Kondratenko).

1566-7367/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.catcom.2010.07.009

reactions, e.g. direct decomposition of nitric oxide to nitrogen and
oxygen in combination with syngas production from methane [6],
oxidative coupling of methane [7] and the multi-step oxidative
dehydrogenation of ethane [4] and propane [3].

Despite potential applications of such membrane reactors, mecha-
nistic studies of the ongoing catalytic reactions are rare. Recently, we
demonstrated that the temporal analysis of products (TAP) reactor
provided useful mechanistic insights for optimizing ethane dehydroge-
nation to ethylene and methane oxidation to syngas in a BCFZ
membrane reactor [8]. In the present study, we analyzed mechanistic
aspects of previously investigated propane dehydrogenation with SHC
in the membrane reactor containing a commercial Pt-Sn dehydroge-
nation catalyst [3]. The aim was to identify reaction pathways for the
dehydrogenation and combustion. To this end, we investigated
interactions of H, and C3Hg with the membrane and the catalyst in
absence and presence of gas-phase ('®0, as isotopic tracer) oxygen.

2. Experimental
2.1. Membrane reactor for the multi-step dehydrogenation with SHC

Fig. 1 shows a scheme of the BCFZ membrane reactor for propane
dehydrogenation with simultaneous hydrogen combustion [3]. The
fibers were coated with gold paste to obtain five permeation zones
(each 2-cm long) alternating with passivated areas (each 2-cm long)
yielding a total effective surface area for oxygen permeation of 2.2 cm?.
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Fig. 1. Scheme of the hollow fiber membrane reactor for the multi-step catalytic dehydrogenation of propane with SHC.

The manufacturing of the membranes is described elsewhere [5]. The
catalytic tests were performed at 1 bar and 948 K using 0.25 g Pt-Sn
catalyst on the shell side of the membrane. Propane (5mLy min~ !,
WHSV=24h""1), steam (10 mLy min~ ') and helium (35 mLy min~ ')
were fed on the shell side, while synthetic air (50 mLy min™') was

supplied on the core side.

2.2. Transient experiments

Transient experiments were performed in the TAP-2 reactor at
LIKAT, a transient pulse technique operating in vacuum with a sub-
millisecond time resolution [9,10]. The crushed BCFZ membrane
(70 mg, sieve fraction of 200-500 um) or the Pt-Sn dehydrogenation
catalyst (40 mg, sieve fraction of 200-500 pum) was packed within the
isothermal zone of the quartz micro-reactor (40 mm length and 6 mmi.
d.) between two layers of quartz particles of the same sieve fraction. The
perovskite was pre-treated at ambient pressure in an O, flow (20 mL
min~ ') at 948 K for 30 min followed by exposure to vacuum (10~ ° Pa).
A strong loss of oxygen observed upon the evacuation was recovered by
160, pulsing. Pulse experiments over the Pt-Sn catalyst were performed
without any pre-treatment.

In order to prove if lattice oxygen of the perovskite or adsorbed
oxygen species participate in H» and CsHs oxidation, single Ha/Xe = 1/1
or C3Hg/Xe = 1/1 as well as simultaneous '®0,/Ar= 1/1 and Hy/Xe = 1/1
(C3Hg/Xe=1/1) pulse experiments were performed. The ability of
the Pt-Sn catalyst to react with H, and C3Hg was probed by single
H,/Xe=1/1 or C3Hg/Xe=1/1 and simultaneous '®0,/Ar=1/1 and
H,/Xe=1/1 (C3Hg/Xe=1/1) pulse experiments. In addition, H,
multi-pulse experiments were carried out, in which an Hy/Xe =1/1
mixture was repeatedly pulsed (in total ca. 200 pulses) over the
perovskite and the catalyst. All experiments were performed at
948 K.

180, (95-98%, ISOCOM GmbH), '°0, (5.0), H, (5.0), C3Hg (3.5), Ar
(5.0) and Xe (4.0) were used without further purification. Transient
responses were recorded at the reactor outlet using a quadrupole mass
spectrometer (HAL RD 301 Hiden Analytical) at the following atomic
mass units (AMUSs): 36 ('%0,), 34 ('0'%0), 32 (1°0,), 20 (Ar, H}®0), 19
(H3%0), 18 (%0, H1%0), 17 (H3°0), 2 (H,), 40 (Ar), and 132 (Xe). The
pulses were repeated 10 times for each AMU and averaged to improve
the signal to noise ratio. In the H, multi-pulse experiments, the
responses were treated without averaging. The concentration of feed
components and reaction products was determined from the respective
AMUs using standard fragmentation patterns and sensitivity factors.

3. Results and discussion
3.1. Steady-state catalytic results in the catalytic membrane reactor

The catalytic performance of the BCFZ hollow fiber membrane
reactor for propane dehydrogenation in the presence and absence of

oxygen flow through the membrane and with and without a Pt-Sn
dehydrogenation catalyst has been previously reported [3]. The
most meaningful results are summarized in Table 1. The
perovskite alone showed low propene yield in the absence of
oxygen (ID 1 in Table 1). The yield was increased by a factor of 7,
when oxygen was supplied through the membrane (ID 2 in
Table 1) due to a growth in the propane conversion indicating the
importance of oxygen for the propane dehydrogenation. An
increased propene yield was also achieved in the presence of the
Pt-Sn catalyst but in the absence of oxygen (ID 3 in Table 1). The
reactor performance was further improved in the presence of the
Pt-Sn catalyst and oxygen supplied through the membrane (ID 4
in Table 1). The propene selectivity was very close to that in ID 3
but the propane conversion was approximately 3 times higher.
This synergetic effect of the catalyst and oxygen was suggested to
be due to SHC favouring the non-oxidative propane dehydroge-
nation [3]. In order to understand mechanistic origins governing
activity and selectivity, we investigated CsHg and H, interactions
with the perovskite and the Pt-Sn catalyst by transient analysis of
products.

3.2. Active oxygen species for propane dehydrogenation and hydrogen
activation

Fig.2 compares typical transient responses of carbon-containing
products and unreacted propane after C3Hg (CsHs/Xe=1/1)
pulsing at 948 K. Clearly, the perovskite and the Pt-Sn catalyst
differ in the reaction products formed. The shapes of the product
transients are also dissimilar indicating that the mechanism and
the kinetics of propane activation are different. (3GHg and CO, were
formed over the perovskite (Fig. 2a). Since gas-phase 0, was not
present in the C3Hg pulse, lattice oxygen of the perovskite
participated in the CO, formation. This is in agreement with our
previous study [8]. No CO, but H, in addition to CzHg was formed
over the Pt-Sn catalyst (Fig. 2b) via non-oxidative propane

Table 1

Propane conversion, propene selectivity and yield in membrane reactor experiments
[3]. ID1: blank reactor without BCFZ fixed bed/fiber and Pt-Sn catalyst, ID2: BCFZ
hollow fiber membrane reactor without Pt-Sn catalyst, ID3: fixed bed of Pt-Sn catalyst,
ID4: BCFZ hollow fiber membrane reactor with fixed bed of Pt-Sn catalyst.
Experimental conditions: shell side: 5 mLy min~' propane, 10 mLy min~ ' steam,
35 mLymin~ ! helium; core side (only ID2 and ID3): Fyo = 50 mLy min~ ', 20% oxygen;
025 g of Pt-Sn catalyst; WHSV =24h"!; T=948 K.

D Pt-Sn Catalyst ~ Fiber  X(C3Hg)/% S(CaHg)/% Y(CyHg) /%
1 - = 6 40 2
2 - + 41 35 14
3 + = 26 50 13
4 + + 74 45 34
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Fig. 2. Transient responses recorded after C3Hg (C3Hg/Xe=1/1) pulsing over (a) oxidized
BCFZ perovskite and (b) Pt-Sn catalyst at 948 K.

dehydrogenation. Moreover, the propane conversion was higher
than that over the perovskite. The difference in the activity of
these two materials agrees well with the results of steady-state
experiments (ID 1 vs. 3 in Table 1).

COy containing '®0 was not observed when 20, ('0,/Ar=1/1)
and C3Hg (C3Hg/Xe=1/1) were simultaneously pulsed over the
oxidized perovskite containing '°0 lattice oxygen. Therefore, only
lattice oxygen of the perovskite oxidizes CsHg/CsHg. When 80, and
C3Hg were pulsed over the Pt-Sn catalyst, C'30 was observed
(Fig. 3), i.e. adsorbed oxygen species oxidize C3Hg/C3Hg to C'80. In
addition, they participate in cracking propane to ethylene (Fig. 3).
These both non-selective reactions are responsible for slightly lower
propene selectivity in the membrane reactor in the presence of the
Pt-Sn catalyst and oxygen flow through the membrane (ID 4 in
Table 1) compared to the performance in the absence of the oxygen
flow (ID 3 in Table 1); gas-phase O, is provided by the recombinative
desorption of oxygen species diffused through the perovskite
membrane.

To prove whether the perovskite and the Pt-Sn catalyst oxidize
H, in the absence and presence of gas-phase O, single Hy (Ha/
Xe = 1/1) as well as simultaneous 0, (*30,/Ar=1/1) and H, (H,/
Xe=1/1) pulse experiments were performed. The oxidized
perovskite showed high activity towards H, oxidation in the
absence of gas-phase O,, i.e. lattice oxygen participated in this
reaction. Taking also the results from Fig. 2 into account it is

Fig. 3. Transient responses recorded after simultaneous pulsing of C3Hg (CsHg/Xe =1/
1) and 180, ('80,/Ar = 1/1) over Pt-Sn catalyst at 948 K.

concluded that C3Hg and H; compete for the same lattice oxygen
species. As for the C3Hg conversion, adsorbed oxygen does not
participate in H, oxidation (results are not shown for brevity).
However, the perovskite showed different activity for the oxidation
of CsHg and Ha. Typical H, transients are presented in Fig. 4. The
outlet concentration of H, increases with increasing number of H;
pulses. Correspondently, H, conversion decreases. This can be
explained by continuous consumption of lattice oxygen of the
perovskite for H, oxidation. The more H; is pulsed, the more lattice
oxygen is removed resulting in a decrease in Hy combustion and an
increase of intensity of the H, transient. Such behaviour was not
observed for CsHg oxidation. Moreover, the Hp conversion was
higher than that of C3Hg.

Furthermore, we analyzed the interaction of H, with the Pt-Sn
catalyst in the absence and presence of gas-phase O,. Fig. 5 compares
H, transients obtained upon H; pulsing over the Pt-Sn catalyst and
the perovskite, The very narrow shape of the H; transient over the
perovskite is due to H; consumption. Contrarily, H, interacts
reversibly and probably dissociatively with the catalyst as concluded
from the broad shape of the H, response in Fig. 5. Moreover, since the
shapes of the H, transients obtained in single H, and simultaneous
180,-H, pulse experiments are very similar, the presence of gas-phase
0, does not significantly influence the interaction of H, with the
catalyst. Only tiny amounts of H3%0 were detected in the latter
experiments, i.e. the Pt-Sn catalyst is not active for H, oxidation even
in the presence of gas-phase O,.

-
o

H, intensity / a.u.

0.5 43 Pulses

t/s

Fig. 4. Individual H, transient responses recorded after H, (Hz/Xe=1/1) multi-pulsing
over oxidized BCFZ perovskite at 948 K.
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Fig. 5. Averaged H, transient responses recorded after Hy (Ha/Xe = 1/1) pulsing and
simultaneous pulsing of H, (H,/Xe = 1/1) and '30, ('%0,/Ar = 1/1) over oxidized BCFZ
perovskite and Pt-Sn catalyst at 948 K.

4. Summary and conclusions

The results of present transient and previous steady-state
studies enabled us to develop the following mechanistic concept
of propane dehydrogenation with SHC in the BCFZ perovskite
membrane reactor containing a commercial Pt-Sn catalyst. Both
solids catalyze propane dehydrogenation. In contrast to the
perovskite, the Pt-Sn catalyst dehydrogenates propane non-
oxidatively with a high activity. The low activity of the
perovskite is due to the fact that its lattice oxygen is not active
for breaking the C-H bond in propane at 948 K. However, these
oxygen species oxidize hydrogen. The H, oxidation fulfills a
double role: i) increasing non-oxidative propane conversion to

propene and ii) increasing the reduction degree of the BCFZ
perovskite.

If the rates of H, and CsHg/CsHg oxidation over the perovskite
are slower than the diffusion rate of oxygen ions through the BCFZ
membrane, gas-phase O, can be formed on the shell side of the
membrane. Our transient analysis demonstrated that the Pt-Sn
catalyst converts CsHg to CoH, and CO in the presence of gas-phase
0,. For selective converting of CsHg to (3Hg in the membrane reactor,
the kinetic compatibility between the reaction rates of hydrogen
production and its combustion over the perovskite is essential. The
amount of oxygen permeated through the membrane can be tuned
by varying oxygen partial pressure on the feed side of the membrane.
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3 Oxidative Coupling of Methane
3.1 Summary

Due to the strong economic interest in developimgc@sses transforming
methane to higher-valued products, the oxidatiugtng of methane (OCM) to C
products was evaluated in this paper, since it fiterfeom avoidance of sequential
steps as required in synthesis routes based onmiefp and FSCHER TROPSCH

A hollow fiber membrane reactor in combination wah established silica
supported 2 wt% Mn/5 wt% N&/O, catalyst as a packed bed around the fiber was
used for the OCM. The use of the membrane redineesgks of explosive mixtures,
redundantizes an oxygen plant and allows a precisgol of the oxygen insertion to
the hydrocarbon feed, which is necessary to ieitthe thermodynamically feasible
reaction pathway. Various reaction conditions like effect of the oxygen partial
pressure on the feed side of the membrane as svéleaimpact of the total methane
flow rate and partial pressure on the sweep side weestigated.

Under optimum conditions, oxygen separation fromaad G formation could
be established at 800 °C with a maximum in S€lectivity of 75% at a methane
conversion of 6%. It could be demonstrated that ¢atalyst also promotes the
oxidative dehydrogenation of ethane to ethene siheeethene to ethane ratio
increases with a higher methane conversion due higler amount of oxygen
supplied across the membrane. It was also figutédtt@mt using steam instead of
helium as a diluent in order to increase the methamversion can suppress £0
formation and maintain high olefin selectivities.

The aggregation of the catalyst particles as welkh d0ss of manganese on its
surface after 100 hours on stream was confirmedXkbpy diffraction (XRD)
analysis as well as scanning electron microscogg{)Sn combination with energy-
dispersive X-ray spectroscopy (EDXS). The aggregatf the particles and the
related decrease of the specific catalyst surfaeeeviurther proven by nitrogen

adsorption measurement.



3 Oxidative Coupling of Methane

66




3 Oxidative Coupling of Methane 67

3.2 Oxidative Coupling of Methane in a BCFZ

Perovskite Hollow Fiber M embrane Reactor

OLIVER CzUPRAT, THOMAS SCHIESTEL, HARTWIG V0SS JURGEN CARO
Industrial & Engineering Chemistry Resear2®il0, 49, 10230-10236.

This is the pre-peer reviewed version of the phblisarticle.



3 Oxidative Coupling of Methane

68




3 Oxidative Coupling of Methane 69

Oxidative coupling of methane in a BCFZ perovskite

hollow fiber membrane reactor

Oliver Czuprat, "’ Thomas Schiestel” Hartwig Voss,® Jiirgen Caro’

Institute for Physical Chemistry and Electrochemistry (PCI), Leibniz Universitit Hannover, Callinstr. 3,

30167 Hannover, Germany
Fraunhofer Institute for Interfacial Engineering and Biotechnology (IGB), 70569 Stuttgart, Germany

BASF SE, 67056 Ludwigshafen, Germany

oliver.czuprat@pci.uni-hannover.de

RECEIVED DATE (to be automatically inserted after your manuscript is accepted if required

according to the journal that you are submitting your paper to)

" To whom correspondence should be addressed. E-mail: oliver.czuprat@pci.uni-hannover.de.
" PCL Leibniz Universitit Hannover.
*IGB, Stuttgart.

Y BASF SE, Ludwigshafen.



3 Oxidative Coupling of Methane 70

A membrane reactor incorporating a hollow fiber in combination with an established catalyst was used
for the oxidative coupling of methane (OCM). The perovskite membrane of the composition
BaCo.Fe,Z1,0;5 s (BCFZ, x+y+z = 1) allows a controlled oxygen feeding into the reactor over its axial
length. By using this novel hollow fiber membrane reactor with a 2 wt% Mn/5 wt% Na,WO, on SiO,
catalyst as a packed bed around the fiber, oxygen separation from air and C, formation could be
established at 800 °C with long-term stability. The highest C, selectivity of approximately 75% was
observed at methane conversion of 6% with a CoHy to CoHg ratio of 2:1. The highest C,Hy to C2Hg ratio
of 4:1 and maximum C; yield of 17% was obtained at 50% C; selectivity. It is known from literature
that such results can be obtained without catalyst in a similar membrane reactor only at 150 °C higher

temperature.

1. Introduction

Since methane is the main constituent of natural gas which will exceed the reserves of crude oil in the
future, a strong economic interest exists in developing processes that transform methane to higher
valued products. At present, methane is converted industrially to syngas via steam reforming’ and to
hydrocyanic acid by the Andrussow reaction.” The oxidative coupling of methane (OCM) to ethane and
ethene is an attractive alternative for the existing processes based on crude oil and benefits from
avoidance of sequential steps required to indirect routes involving CHy reforming and Fischer-Tropsch
synthesis.®> Most of the research on the highly exothermic catalytic OCM reaction started in the early

1980s with the pioneering works of Keller and Bhasin.*
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The mayor difficulty to be overcome in CHy conversion is the scission of the first C-H bond (ca.
435 kJ mol 1). For this reason, the direct pyrolitic route to H, and C,H; will be disfavoured
thermodynamically and requires high temperatures, consequently resulting in poor selectivity.

The OCM reaction usually occurs via a heterogeneous-homogeneous mechanism, i.e. the reaction
involves the catalytic formation of methyl groups, which desorb as free radicals (CHy')’ that ultimately
react via predominantly homogeneous pathways.® It is generally agreed that dissociated oxygen as lattice
oxygen Os” is supposed to be the active oxygen species, which presumably activates methane to
generate CHs- radicals. But there still exists noticeable disagreement or controversy concerning the
active components or sites of the Na,WO4-Mn/Si0, catalyst. Li and coworkers related the excellent
performance to WOy tetrahedral structures containing W=0 and W-O-Si bonds™®. This model was
further developed with the emphasis on the combination of tetrahedral WO, and octahedral MnOg sites,
respectively, responsible for the activation of methane and the oxygen lattice transport.” In contrast,
Lunsford et al. proposed that Na-O-Mn species attributed to the activation of methane and tungsten ions
apparently improved the catalyst stability.'” Recently, it was claimed that both Na-O-Mn and Na-O-W
species act as active sites for the OCM reaction."'

The ethane formed undergoes further transformations to ethene and carbon oxides. Both hydrocarbons
can be consecutively oxidized to COy. Combustion of C, hydrocarbons becomes the main route to COy
with increasing methane conversion, since ethane and ethene have a higher reactivity compared to
methane. Therefore, the contribution of direct methane oxidation to COy decreases. All these pathways
account for the inherently limited yield of OCM process of 28 % on a basis of fundamental kinetics."?

Palermo et al."’ pointed out that Na plays a dual role: (i) crystallization of amorphous silica to the
crystalline form and (ii) stabilization and dispersion of surface WOy species with WO, as a possible
candidate."

According to DFT calculations by Chen et al."”, the tetrahedral [WO4] site with a single bridge oxygen

1s the most probable active center responsible for methane activation.
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The surface methyl radical generation reaction is temperature-dependent and dramatically slower than
the temperature-independent radical coupling reaction in the gas phase.'® Based on these observations it
can be inferred that, in the absence of combustion, the C, production rate is limited by the generation
rate of free methyl radicals and can be increased by increasing the temperature, since at low
temperatures, active sites are less active. At low temperatures, most of the oxygen ions do not generate
methyl radicals but recombine to gaseous oxygen and cause combustion, resulting in low selectivities.
C, products are favored by high CHjs- radical concentrations because their recombination is a

bimolecular event.

On the other hand, high concentrations of oxygen are disadvantageous to high C, selectivities. Low
oxygen concentrations are, however, unfavourable for high degrees of methane conversion and high C,
yields. An alternative to staged oxygen delivery is the use of membrane reactors. Dosing the oxygen
through a perovskite membrane shows several advantages: (1) due to the distributed feeding of oxygen
over the whole reactor (or at least over the length of the oxygen permeable zone of the membrane) the
oxygen partial pressure 1s low and homogeneous which thereby supports the partial oxidation and not
the total oxidation, thus increasing the selectivity, (i1) m the sense of process intensification, two
operation units become combined: the oxygen separator and the chemical reactor for the OCM reaction
thus increasing the space-time-yield by 50%. It is estimated that about 30% of the costs in the C;
synthesis stem from cryogenic air distillation according to Linde. Air separation using oxygen transport
membranes operating at process temperature of the chemical reaction makes the use of methane as
feedstock economically and ecologically attractive by energy saving resulting in reduction of CO,
emission.

This method of contacting the reactants can also increase selectivity and yield to the desired products
in reacting systems where several reactions take place since the kinetic order of oxygen for the desired

reactions 1s lower than for the other reactions (usually deep oxidation reactions).
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All models and experimental results of the OCM reaction have in common incomplete conversion of
methane due to a high stoichiometric excess of methane with respect to oxygen; thereby the formation of

side products, CO and CO,, 1s partly suppressed.

Non-porous oxygen-ion-conducting perovskite oxides have potential as OCM catalytic membrane
reactors using air as an economical oxygen source.'” At the membrane surface of the reactive side of the
membrane reactor. oxygen ions (Os® ) are competitively consumed by two reactions — methane
activation

2 CH, + Os> — 2 CH; + H,0 @
and recombination of oxygen ions according to
2057 — O+ 4e 1t D

Kao et al. showed that the use of a mixed-conducting ceramic membrane of the composition
Lag gSrg,Cog¢Fep 405 5 for oxygen insertion to the reaction zone could increase the C, selectivity
compared to the fixed bed reactor (FBR)."” Wang et al. packed an active OCM catalyst in a
Bay 5519 5C0q sFep 205 s membrane tube and obtained a C, yield which 1s similar to that in a FBR, though
a higher ratio of C,H,/C,Hs was observed in the membrane tube reactor.”’ The selectivities in these
materials appear to be limited by high oxygen ion recombination rates that compete for oxygen with the
desired coupling reaction.

Systems using dense perovskite hollow fiber membranes have been presented by our group, e.g. for
the direct decomposition of nitrous oxide to nitrogen by in situ oxygen removal,”' the simultaneous
production of hydrogen and synthesis gas by combining water splitting with partial oxidation of
methane”™ and recently the multi-step oxidative dehydrogenation of ethane (ODE)” and propane
(ODP).**

In this publication we present the use of a dense mixed oxygen 1on and electron conducting (MIEC)

perovskite hollow fiber membrane of the composition BaCo.Fe,Zr-O; s (BCFZ, x+y+z = 1) for the



3 Oxidative Coupling of Methane 74

oxidative coupling of methane employing 2 wt% Mn/5wt% Na;WO, on Si0; as an OCM catalyst. To
the best of our knowledge, it 1s the first time that a perovskite hollow fiber membrane reactor of the

composition above is used for the oxidative coupling of methane.

2. Experimental Section

2.1. Preparation of the hollow fibers

The hollow fiber membranes of the composition BaCoFe,Zr.O3 s (BCFZ, x+y+z=1, Figure 1) were
manufactured by phase inversion spinning followed by sintering as described elsewhere.”” In order to
obtain the isothermal condition, two ends of the fibers with an outer diameter of ~1.1 mm and a wall
thickness of ~0.14 mm were coated with gold paste (C 5754 B, Heraeus) and sintered at 950 °C for
5 hours to obtain a 3 cm long permeation zone in the middle of the furnace. This procedure was repeated

three times to ensure a leak-proof gold layer not permeable to oxygen.

LEI 50k  X50  100pm WD 11.0mm

Figure 1: BaCoFe, Z1-0s_s (BCFZ, x+y+z = 1) hollow fiber membrane obtained by spinning at the

Fraunhofer Institute for Interfacial Engineering and Biotechnology.
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2.2. Preparation of the catalyst

Appropiate amounts of Mn(NOs), - 4 H,O (Sigma-Aldrich) and Na,WO, - 2 H,O (Sigma Aldrich)
were dissolved in deionized water and contacted with Si0, (Davisil, Grade 636, Sigma-Aldrich) under
stirring at 130 °C for 5 h. Finally, the impregnated silica gel was treated for 8 h at 800 °C. In order to
characterize the obtained catalyst before and after reaction, XRD were conducted with monochromated
Cu K radiation in the range of 10-70° 26 at room temperature (Philips X Pert-PW1710). Figure 2
shows the XRD patterns for the 2 wt% Mn/5 wt% Na; WO, on SiO; catalyst. The fresh as well as the
spent catalyst (on stream for 100 h) possess the reflections for the three SiO, modifications quartz,
cristobalite and tridymite, whereas the first appears to increase during reaction. The amount of active
Na,WO, decreases slightly while being on stream under reaction conditions as can be inferred from the

characteristic peaks at 20=17.1 and 32.5°.

spent 2 wt% Mn/5 wt% Na, WO, on SiO, catalyst
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Figure 2. Powder XRD pattern of fresh and spent (on stream for 100 h) 2 wt% Mn/5 wt% Na, WO, on

S10; catalyst.
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SEM was carried out on a JEOL JSM-6700F field-emission mnstrument using a secondary electron
detector (SE) at an accelerating voltage of 2 kV. EDX spectra were obtained at an accelerating voltage
of 15 kV using a light-element detector (INCA 300, Oxford Instruments).

The elemental distribution by EDXS shown in Figure 3 qualitatively confirms also the loss of
manganese species on the catalyst’s surface after being on stream for 100 h as well as an agglomeration

of the catalyst particles.

Figure 3. SEM micrographs and corresponding elemental distribution for manganese by EDXS of the

fresh and spent catalyst (on stream for 100 h), respectively.

2.3. Studies in the hollow fiber membrane reactor

For the OCM, pure methane (99.5%) - or diluted with steam and helium (99.996%) where specified -
was fed to the shell side of the membrane, while synthetic (CiHy-free) air was fed to the core side. All
gas flows were controlled by mass flow controllers (Bronkhorst High-Tech). The gases at the exit of the
reactor were analyzed by a gas chromatograph (Agilent Technologies, HP6890N) equipped with a

Carboxen 1000 column (Supelco). Concentrations of C;Hs, CoHy, CHy, CO, CO,, Ha, N, and O, were
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determined by calibration against standard gases. The absolute flow of the effluents was determined by
using neon (99.995%) as an internal standard. All data points collected in this work were taken at
steady-state conditions which were obtained after 1-3 hours. For experiments using the OCM catalyst (2
wt% Mn/5 wt% Na,WO, on Si0,), the BCFZ hollow fiber was inserted into a porous alumina tube
(outer diameter ~2.2 mm, wall thickness of ~0.4 mm) to avoid direct contact with the catalyst. The
catalyst was milled in a mortar; a sieve fraction between 10 and 500 um was sieved out and a portion of
0.25 g was dispersed between the inner porous alumina tube and the outer dense alumina tube (Figure

4).

) ‘ tubular furnace ‘ VN

( CZHG/CIHQ
CH, CH,/CO/cO
|:> S |:> 4steam ’
\ \PAJ CHe/CH,
CH, 0005000 CH,/CcO/co
E> 0080000 E> oo

tubular furnace

0,-depleted

BCFZ membrane dense alumina tube
passivated with gold paste f oxygen permeation
---------- porous alumina tube @ Mn/Na,Wo,/siO, cat

Figure 4. Schematic drawing of the reactor set-up and an incorporated BCFZ hollow fiber for OCM. At
both ends the 30 long fiber was coated with gold to obtain a 3 cm long isothermal oxygen permeation
zone. The active surface area for the oxygen permeating BCFZ hollow fiber is 0.78 c¢m? The OCM
catalyst was dispersed between the outer dense alumina tube and the fiber, which was mserted into a

porous alumina tube.
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3. Results and discussion

3.1. Intrinsic catalytic activity of the BCFZ perovskite for the OCM as packed bed

First, we studied the OCM in a packed bed reactor. Figure 5 shows methane conversion as well as
product selectivities as a function of the co-fed oxygen flow rate for constant methane feed rate
evaluating the mtrinsic catalytic activity of BCFZ powder for the OCM. A higher flow rate of co-fed
oxygen increases methane conversion and the CO, to CO ratio. The C, selectivity decreases with
increasing oxygen content in the co-feed and shows a maximum at a methane to oxygen ratio of 25:1.
This finding is in complete accordance with previous TAP (temporal analysis of products) studies on the
same BCFZ material, showing that the selectivity ratio S(C»):S(CO,) increases with increasing amounts
of lattice oxygen removed from the perovskite, i.e. OCM is favoured for an increased reduction degree
of the perovskite which is obtained at low oxygen concentrations in the co-feed.”® However, the low
methane conversion and the poor C, selectivities indicate that no substantial catalytic performance
towards the OCM can be assigned to the pure BCFZ perovskite. We decided therefore to apply
Mn-Na,WO4/S10, as a well-established catalyst i the following membrane reactor experiments. This is
in agreement with the literature, where in similar membrane reactors studies with perovskite hollow

fiber membranes at 800 °C only 1% C, yield was obtained when working without catalyst.”’
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Figure 5. Evaluation of the intrinsic catalytic activity of BCFZ powder in a fixed bed reactor showing
methane conversion and product selectivities as a function of the co-fed oxygen flow rate (25 mLy min '

methane, 0-10 mLy min ' oxygen) at 800 °C.

3.2. Effect of air dilution on core side of the hollow fiber membrane reactor

Since 1t 1s known that the oxygen partial pressure controls methane conversion and C; selectivity, the
oxygen transport through the BCFZ hollow fiber membrane was varied by diluting the air with helium.
Diluted air shows a lower oxygen partial pressure and, consequently, the reduced driving force causes a
reduced oxygen transport into the reactor.

Introducing the BCFZ hollow fiber membrane and the 2 wt% Mn/5 wt% Na;WO4 on SiO; catalyst as
a fixed packed bed around the fiber as shown in Figure 4, the methane conversion as well as C,
selectivities are increased dramatically (see Figure 6). Lowering the oxygen concentration on the core
side increases the C, selectivity, where ethane selectivity increases more compared to the ethene
selectivity. A higher oxygen concentration on the core side of the membrane leading to a higher oxygen

transport through the membrane favors hydrocarbon oxidation. The ethene to ethane ratio varies
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between 2.3 and 3.5. At a higher concentration of oxygen it is more likely that the ethane formed during

the OCM reaction undergoes further transformations, e.g. oxidative dehydrogenation.
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Figure 6. Effect of the oxygen concentration obtained by air dilution on the core side while feeding pure
methane at 25 mlymin ' on the shell side of the membrane. Methane conversion, product selectivities
and C, yield as a function of the oxygen concentration on the core side of the membrane at 1 bar and
T =800 °C (shell: 25 mly min ! methane; core: Fio = 50 mLy min * air diluted with helium; 0.78 cm?

effective membrane surface; 0.25 g of catalyst; WHSV =4.32h'").

3.3. Effect of total methane flow rate

Parallel to the variation of the oxygen supply to the reaction through the membrane by diluting air, the
oxygen to methane ratio was controlled by varying the methane flux rate. By applying lower total flow
rates of methane on the shell side than shown in Figure 6, its conversion can be increased (see Figure 7)
due to a longer residence time of methane inside the reactor. A longer residence time, on the other hand,
leads to an increased hydrocarbon oxidation and therefore to a drop in C, selectivity. Especially, ethene

and ethane are the precursers for COy due to their higher reactivity compared to methane.
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Figure 7. Higher C, selectivity due to air dilution on the core side of the membrane while feeding
methane at 15 mly min ! on shell side. Methane conversion, product selectivities and C, yield as a
function of the oxygen concentration on the core side of the membrane at 1 bar and 7 = 800 °C (shell:
15 mLymin ! methane: core: Fi = 50 mLy min | air diluted with helium; 0.78 cm? effective

membrane surface; 0.25 g of catalyst; WHSV=2.59h").

It can be seen from the results shown in Figures 6 and 7 that a shorter contact time is helpful for the
increase of the C, selectivity by preventing hydrocarbon deep oxidation. On the other hand, a shorter
contact time decreases the rate of reaction probability on the catalyst surface. Additionally, the gas can
not get the optimum temperature for a high conversion due to the short residence time inside the heated

reactor.

3.4. Dilution of methane

A dilutant is often used to control the excess heat of the reaction of OCM. In our experiments, helium
and steam were selected as diluents. Diluting methane with an inert gas, e.g. helium, increases the
methane conversion at a constant residence time inside the reactor (Figure 8) as expected, since the ratio
of oxygen to methane is increased. A higher amount of oxygen can lead to an increased transformation

of methane, but also to a higher degree of oxidation to COy since the rate constant for COy formation
13
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from C,H, oxidation is up to six times greater than that from the direct oxidation of CH,.”® The ethene

selectivity at 100% methane concentration drops to approximately 35% when feeding 20% methane in

helium.
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Figure 8. Dilution of methane leading to its higher conversion at a constant total flow rate of
25 mLymin ' on the shell side of the membrane while feeding pure air on the core side. Methane
conversion, product selectivities and C, yield as a function of the oxygen concentration on the core side
at 1 bar and 7= 800 °C (shell: Fiota1 = 25 mly min ! methane diluted with helium: core: 50 mlyx min !

air; 0.78 cm? effective membrane surface; 0.25 g of catalyst; WHSV = 0.86-4.32 h 1).

At a total flow rate of 50 mLy min ' on the shell side, the ethene selectivity can be maintained at a
constant level above 50% even at low methane concentrations in the feed (results not shown). The
shorter rentention time within the reactor suppresses the hydrocarbon oxidation up to a certain extent.
Summarizing, the methane concentration of the feed should be as high as possible for a high C,
selectivity.

Using steam instead of helium as a dilutant can suppress CO, formation and maintain high ethene
selectivities especially at low methane concentrations (see Figure 9) in comparison to results shown in

Figure 8. The results indicate that steam not only has a dilution effect, but also suppresses the deep

14
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oxidation. Most importantly, the steam can distribute the temperature more evenly along the catalyst bed
during the reaction. Consequently, the gas-phase reaction is suppressed and more C, product is

preserved in the outlet.
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Figure 9. Steam as dilutant for methane allowing high ethene selectivities at higher degrees of dilution
at a constant total flow rate of 25 mLx min * on the shell side of the membrane while feeding pure air on
core side. Methane conversion, product selectivities and C, yield as a function of the oxygen
concentration on the core side of the membrane at 1 bar and 7= 800 °C (shell: Fiota1 = 50 mLy min !
methane diluted with steam; core: 50 mLy min ! air; 0.78 cm? effective membrane surface; 0.25 g of

catalyst: WHSV = 0.86-432 h 1.

Takanabe and Iglesia reported that the utilization of steam as dilutant introduces OH- radicals that
result in improved C, selectivities and yields. One of the reasons discussed 1s that the presence of OH-

. . . ~ ~ ~ . . . 29
radicals avoids strong adsorption of C,H, on surfaces that favour its oxidation.

3.5. Effect of diluting air at lowered methane concentration

Figures 10 and 11 illustrate the effect of diluting the air on core side of the hollow fiber membrane

while feeding diluted methane at two different flow rates. This set-up could realize the kinetic
15



3 Oxidative Coupling of Methane 84

compatibility of oxygen supply for the methyl radical formation and gave rise to the maximum C, yield
of' 17% and C; selectivity of 74% observed in this work at 800 °C. It should be noted that similar yields
and selectivities have been obtained for the OCM in a Lag¢Sro4Cog2FepsOs s (LSCF) hollow fiber
membrane reactor.”” However, when not using a catalyst like in our experiments, a temperature of 950

°C 1nstead of 800 °C was necessary.

074

—=—X(CH,) | 7
—o—S(CZH‘)
064 —A—S(C,H,)| 4
—¥— S(CO)
05 ——S(CO,}
. - .\.\. ——Y(C,)
\.
> oad —  ,
> -
—/
A
S<’ /l/
024 * A /. 4
)& ///1
— —¢$——V
014 -/Qﬁi;’!\A -
©
00 ——— —— —r—— .
o] 4 8 12 16 20

oxygen concentration / %

Figure 10. Improved C; selectivities and C, yields by feeding diluted oxygen on core side while feeding
10% methane on shell side of the hollow fiber membrane at a total flow rate of 25 mlyx min ! Methane
conversion, product selectivities and C; yield as a function of the oxygen concentration on the core side
of the membrane at 1 bar and T=800°C (shell: 5 mlLy min ! methane, 20 mLy min ' helium;
core: Frr = 50 mLy min ' air diluted with helium; 0.78 cm? effective membrane surface: 0.25 g of

catalyst; WHSV=0.86h").
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Figure 11. Effect of reducing the oxygen partial pressure by air dilution with helium on core side while
feeding 10 % methane at a total flow rate of 50 mLx min ! on shell side of the hollow fiber membrane.
Methane conversion, product selectivities and C; yield as a function of the oxygen concentration on the
core side of the membrane at 1 bar and 7'= 800 °C (shell: 10 mLy min ! methane, 40 mLy min ! helium;
core: Fioe1 = 50 mLy min ' air diluted with helium; 0.78 cm? effective membrane surface; 0.25 g of

catalyst; WHSV=1.72h").

Generally speaking, a higher methane conversion due to a higher amount of oxygen supplied across
the membrane to the hydrocarbon side, increases the ethylene to ethane ratio. This can be explained by
the fact that catalysts used for the OCM reaction are — for a certain extent - also good for the oxidative
dehydrogenation of ethane to ethylene.’® At a higher concentration of oxygen it is more likely that the
ethane formed undergoes further transformations, e.g. oxidative dehydrogenation on the catalyst’s

surface.
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Figure 12. Controlling the ethylene to ethane ratio by the degree of methane conversion.

08

08

07

06

05

04

C, selectivity

03
02
01

00

[}
(1] °,
o [ °
[
°
°
[ ] ° °
2o
°
°
T T T I T T
10 20 30
methane conversion / %

-
] Teg, ]
-

] . -, ]
] T e ]

.

. . ‘ :
0.0 01 02 03 04 05

methane conversion

Figure 13. Performance of the hollow fiber membrane reactor for the OCM using a 2 wt% Mn/5 wt%

Na, WO, on SiO; catalyst. C, selectivity as a function of methane conversion (> 5%).

All processes for the oxidative coupling of methane suffer from the high costs for low-temperature

separations of C, products from the reactor effluent containing a high concentration of unconverted
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methane besides the various side products. A process concept for converting natural gas into ethene and
hydrogen or hydrocarbon liquids has been described recently by Hall’!, being licensed by SynFuels
International. This technology, which has been explored in an industrial pilot plant, 1s claimed to be
economically viable depending on the methane price entering the overall cost scheme; thus, it can be
considered attractive for remote gas or in situations where the gas is just flared off. For a 1.4 MSCMD
(million standard cubic meters per day) plant US$25 per barrel of liquid product has been estimated
assuming remote gas at US$0.018 m °, 10-year straight line amortization, 25% fixed costs and USS1-3
per barrel operating costs. As claimed in a patent®®, the economy of methane-to-ethene processing can be
improved when both the catalytic OCM reaction and the separation of ethene from the reactor-eftfluent
components (methane, ethane, carbon oxides) are performed at elevated pressure. Elevated pressures
reduce not only the size of the various process units due to an increase of the reaction rates but they
improve also the efficiency of the separation process. For separating the ethene an aqueous silver-nitrate
solution was used as a complexing absorbent.

When arranged in bundles, with hollow fibre geometry a high membrane area per reactor/permeator
volume can be achieved. Economic goals, e.g. membrane area per m® permeator of the order of 5000 m?
at a price of well below 1000 €/m* can be met by the perovskite hollow fibres. Furthermore, thin walled
hollow fibres show a better mechanical stability than disk-shaped membranes of the same wall
thickness. The successful development of perovskite hollow fibre is considered a remarkable step
towards their industrial application, e.g. for the oxidative coupling of methane.

Based on our results, the oxygen necessary for a methanol-plant with a capacity of 2000 tons/day
based on partial oxidation of methane could be delivered by 4600 km fibres. Such fibres would need a
relatively small volume of 3—4 m’ depending on the packing density. When comparing this volume to a
classical air separation unit, the enhancement in space—time—yield (in terms of oxygen per plant size) 1s

obvious.
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4. Conclusions

A membrane reactor with oxygen supply via a BaCo.Fe,Zr-O; 5(BCFZ, x+y+z = 1) perovskite hollow
fiber for the oxidative coupling of methane is presented. Having a dense membrane that separates
hydrocarbon and oxygen feed, reduces the risks of explosive mixtures as well as saves costs since no
oxygen plant for the separation of oxygen from air is required. Furthermore, it allows a precise control
of the oxygen insertion thus increasing C, selectivity. Using a 2 wt% Mn/5 wt% Na,WO, on S10,
catalyst, C; formation could be studies at 800 °C with long-term stability and a maximum ethene to
ethane ratio of 4:1. The highest C, selectivity of approximately 75% was observed at a methane
conversion of 6%, whereas the highest C,H, to C,Hg ratio of 4:1 and maximum C, yield of 17% was
obtained at 50% C, selectivity (see Figure 10). It is known from literature that 950 °C are necessary to
get the same results for the OCM 1n a hollow fiber membrane reactor when working without catalyst.
For industrial implementation of such a system, one could use a multitude of hollow fiber bundles in a
catalytic fixed bed. Furthermore, it can be inferred from the presented results that the gaseous oxygen
produced accelerates the non-catalytic gas phase methane combustion leading to a decrease of the C,
selectivity. The C, selectivity and yield might be improved by packing an active OCM catalyst on the
membrane surface.

According to the present results, also more steam should be added to the reactants in further
experiments to prevent hydrocarbon from deep oxidation in the gas-phase due to the better removal of

excess heat from the catalyst bed.
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4 Effect of Carbon Dioxide on the BCFZ

Perovskite

4.1 Summary

In all hydrocarbon activation reactions involvingygen species, COis an
occuring by-product. This chapter presents invastgs on the poisoning effect of
CO, on BCFZ perovskite-type hollow fiber membranesamdifferent experimental
conditions. The influence of the G(partial pressure, temperature and time on
stream were evaluated.

Application of CQ containing sweep gases have yielded a gradualo$ttie
oxygen permeation as demonstrated by quantitatndine gas chromatography.
Subsequent sweeping with helium recovered the oxygermeation as well as
microstructure of the membrane proven by XRD measents. The higher the GO
partial pressure and lower the temperature, théerfathe decrease in oxygen
permeation flux. Moreover, it was shown by SEM &MiXS that under exposure of
50% CQ in He for 5 hours at 800 °C, the perovskite strreetis impaired up to a
depth of ca. 15 um and approximately 30 um aftendi@rs, respectively.

Thermodynamic calculations were carried out to plotELINGHAM diagram
of the carbonates with the cations of BCFZ. It eded that barium carbonate is the
most stable among all possible carbonates and ist rikely to be formed.
Investigations on the microstructure by SEM and BEDas well as XRD proved that
treatment with C@ results in the formation of barium carbonate. Tdense
carbonate layer functions as a protective layer fiother carbonate formation,
because the reaction rate is limited by transpbgnpmena through the product
layer. Barium migrates through the carbonate l&yéne surface of the membrane in
order to form new carbonate.

Time-dependent experiments show that the decreaselbas the regeneration
of the oxygen flux take place in a time-span ofwalddd min, which can be related to

the diffusion-controlled decomposition and regetienaof perovskite structure.
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In-situ XRD analysis further demonstrated formation of hhiggmperature
rhombohedral BaCOpolymorph after exposure to G@t 900 °C. This structure is
not quenchable and stable at temperatures betw86n°@ and 960 °C. The
reversible phase transition of Bag®@om orthorhombic at temperatures below
800 °C to rhombohedral to cubic at 1000 °C was desmonstrated. Additionally,
formation of CoO as well as traces of tetragonabdiered Fe-enriched perovskite
phase could be assigned as by-products of BCFZnulsasition.
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4.2 Influence of CO, on the Oxygen Permeation
Performance of Perovskite-type BaCosFeZr, O3 s
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Abstract

The influence of CO, on the oxygen permeation performance of perovskite-type
BaCo,Fe,Zr.03_s (BCFZ, x+y+z=1) hollow fiber membrane under different experimental
conditions 1s presented. Helium with various partial pressures of CO, was applied as sweep
gas at different temperatures on the shell side of the hollow fiber leading to a decrease and
finally drop to zero of the oxygen permeation while feeding air on the core side due to
carbonate formation. Repeated cycles of changing the sweep gas between the CO»/He mixture
and pure He were conducted in order to check the reversibility of the carbonate formation.
The analysis of the micro structure after permeation experiments was carried out by X-ray
diffraction (XRD) as well as by scanning electron microscope (SEM). It was found that both
micro structure as well as oxygen permeation are recovered in a CO-free atmosphere like
pure He on the shell side while feeding air on the core side. Under exposure of 50% CO; in
He for 5 hours, the perovskite structure is impaired up to a depth of ca. 15 pum and
approximately 30 pm after 10 hours, respectively.

1
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1. Introduction

Intensive research in the past years has been focused on solid oxide membranes regarding
their ability to separate oxygen from air at infinite selectivity. Specifically, mixed ionic-
electronic conductors (MIECs) with perovskite structure have potential for many industrial
processes in which a constant supply or removal of oxygen is required [1]. Various straight-
forward applications of MIECs as cathode material in solid oxide fuel cells (SOFCs) as well
as in the conversion of hydrocarbons have been reported [2].

For prospective industrial applications not only high oxygen permeability but also sufficient
stability especially in reducing gas atmospheres or atmospheres containing CO» is essential.
The poisoning effect of CO; is due to the fact that earth alkali metal cations of the perovskite
tend to form carbonates. Wang et al. observed a good phase stability of a perovskite of the
composition (Ba,Sr;_,)(CopsFep2)0s_s (BSCF) down to an oxygen partial pressure of
2:10" bar [3]. Yan and co-workers investigated the effect of CO, between 450 and 750 °C on
the cell performance of solid oxide fuel cells made of the same material [4]. They found a
negative but reversible effect on the cell performance even at relatively low CO, partial
pressures.

Summarizing, the impact of CO, on the membrane performance plays an important role and
thus needs to be examined since CO, is a constituent in natural air as well as a by-product in
various oxidative hydrocarbon activation reactions. Eminently, in zero emission plants in
which oxygen permeable membranes are flushed with CO,-containing exhaust gases, the
demand for CO; stable membranes becomes crucial [6].

As early as in 1995 Pei et al. observed the chemical decomposition of Sr(Co;_Fe,)Os_s
(SCF) hollow fiber membranes after partial oxidation of methane to synthesis gas. They found
Sr carbonate as well as a mixture of Fe and Co oxides on the reaction side of the membrane
leading to membrane failures [7]. High-temperature in situ neutron powder diffraction on SCF
ceramics in CO/CO, atmospheres were carried out while diffraction pattern of whole

2
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membrane profiles show no or even low contents of earth alkali carbonates but the formation
of various oxides [8,9].

Depending on the potential application of membranes with perovskite-type structure either
the feed side or the permeate side needs to be investigated regarding its CO, stability as
presented in publications in recent years [7-9]. Recently, Arnold et al. reported that the impact
of CO; on the oxygen permeation of BSCF membranes in the sweep gas is superior to that on
the feed gas [ 10], but the cessation of oxygen permeation was reversible.

Dense perovskite type membranes of the composition BaCo,Fe,Zr.O;_s BCFZ, x+y+z = 1)
have been produced by the Fraunhofer Institute for Interfacial Engineering and Biotechnology
(IGB) in Stuttgart in hollow fiber geometry [11] and have been used in our group in
membrane reactors for example for direct decomposition of N>O [12] and NO [13] or the
production of hydrogen by thermal water splitting [14,15]. Furthermore, we presented the
concept for a membrane reactor performing a repeated catalytic dehydrogenation of ethane
and propane with selective hydrogen combustion [16,17]. Recently, we applied our membrane
reactor for the oxidative coupling of methane [18].

Figure 1 shows the Ellingham diagram for possible carbonate formations from the BCFZ
perovskite. The three parallel lines with a positive slope in the diagram represent the chemical
potential of the corresponding carbonates which have been taken into account. Among those,
Barium carbonate is the most stable. The dotted lines correspond to the chemical potential of
CO; at different partial pressures. The rectangle equals the regime of the reaction parameters
applied in this work (7' = 800-900 °C, p(CO,) = 0-1 bar). As long as the potential of Barium
carbonate is higher than that of CO, at a certain partial pressure and temperature, the first is
not stable. Consequently, high temperatures and low CO; partial pressure suppress carbonate

formation.

(9]
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Figure 1: Ellingham diagram for the stability of carbonates under different CO, partial
pressures. Chemical potentials of Ba, Co and Fe carbonates have been calculated with
thermodynamic data [5] and are shown as continuous lines. The dotted lines represent the
chemical potential of CO,. The box indicates the range of reaction parameters. If the chemical

potential of the carbonate is higher than that of CO,, the carbonate decomposes.

To the best of our knowledge, it is the first time that the impact of CO; in the sweep gas on
a BCFZ perovskite and its oxygen permeability is mvestigated. Energy dispersive x-ray
spectroscopy (EDXS) as well as scanning electron microscopy (SEM) and x-ray diffraction

(XRD) experiments were applied for analytical purposes.
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2. Experimental
The above mentioned hollow fiber membranes of the composition BaCo.Fe,Zr-Os_s (BCFZ,
xt+y+z = 1, Figure 2) were manufactured by phase inversion spinning followed by sintering as

described elsewhere. [11]

‘ tubular furmace ‘
(co. Jump
(co: o

| tubular fumace |

—— BCFZ membrane dense alumina tube
passhvated with gold paste t  oxygen permeation

UNI-H-PCI LEl  50kv X35  100pm WD 11.0mm

Figure 2: BaCo.Fe,Zr.O;_s (BCFZ, x+y+z = 1) hollow fiber membrane obtained by phase
inverse spinning at the Fraunhofer Institute for Interfacial Engineering and Biotechnology
(IGB, left). Schematic drawing of the reactor set-up and an incorporated BCFZ hollow fiber
(right). At both ends the 30 long fiber was coated with gold to obtain a 3 ¢m long isothermal
oxygen permeation zone. The active surface area for the oxygen permeating BCFZ hollow

fiber 1s 0.78 cm?.

In order to study the effect of CO, on the O, permeation of the BCFZ hollow fiber
membrane, several permeation experiments were carried out on a high-temperature
permeation reactor which is described in detail elsewhere. [11] To ensure isothermal
conditions, two ends of the fibers with an outer diameter of 1.1 mm and a wall thickness of
0.14 mm were coated with gold paste (C 5754 B, Heraeus) and sintered at 950 °C for 5 hours
to obtain a 3 cm long permeation zone in the middle of the furnace. This procedure was
repeated three times to ensure a leak-proof gold layer not permeable to oxygen. The effective

permeation area of the membrane was 0.78 cm?.
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All gases were supplied into the reactor by mass flow controllers (Bronkhorst Hi-Tech) and
the outlets were continuously analyzed by an on-line gas chromatograph (Agilent
Technologies, HP6890N, equipped with a carboxen 1000 column). The sweep side of the
membrane was flushed either with pure He (99.996%) or selected concentrations of CO; in
helium. On the feed side synthetic air was applied. The total flow rate on the feed side was set
to be 150 mly minﬁl, the total flow rate on the shell side to 50 mly minﬁl, respectively. The
absolute flow of the effluents was determined by using Ne as an internal standardization.
After permeation experiments, the membranes were quenched to room temperature under
indicated atmospheres.

SEM combined with EDXS as well as XRD were conducted on fraction surfaces. SEM
studies were carried out on a JEOL JSM-6700F field-emission instrument using a lower
secondary electron detector (LEI) at an accelerating voltage of 2 kV. EDX spectra were
obtained at an accelerating voltage of 15 kV using a light-element detector (INCA 300,
Oxford Instruments). To determine the crystal structure of membrane surfaces, XRD were
conducted with monochromated Cu K, radiation in the range of 20°-80° 26 at room

temperature (Bruker D8 Advance).

3. Results and discussion

Figure 3 shows the O, permeation fluxes of a BCFZ hollow fiber membrane as a function of
the CO; concentration in the sweep gas (left) at three different temperatures (7' = 800, 850,
900 °C). The data points were collected after a constant O, permeation flux could be detected
(after approximately 60 min). Subsequently, the sweep gas was changed to pure He and the
recovering of the O, permeation flux in the CO; free atmosphere was measured as a function
of time (Figure 3, right). At each temperature, this cycle has been repeated for additional four
times to ensure reproducibility. A new cycle at a certain temperature was started after the O,
flux regained its former value (before the exposition to CO,) while sweeping with pure He.

6
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Figure 3: O, permeation flux while increasing the CO; concentration in the sweep gas He
(left, equilibrium time between data points 60 min) and during recovering of the Oj
permeation flux while sweeping with pure He (right) at different temperatures. (core: 150
mly min air; shell: Fiom = 50 mLy minﬁl). Number of cycles indicates how many times

carbonate formation and recovery have been repeated at each temperature.

As expected, the O, permeation flux across the membrane decreases with an increasing CO;
concentration in the sweep gas due to a higher rate of carbonate formation on the permeate
side of the membrane. The higher the temperature, the less distinctive is the decrease of the
0O, permeation, because of the exothermic carbonate formation (see Figure 1).

The recovering of the O, permeation flux while sweeping with pure He can be seen in
Figure 3 (right). Most of the recovering from the decreased flux due to carbonate formation
takes place i the first 40 min. Reducing the CO, content in the sweep gas to zero, favors the
carbonate decomposition and therefore increasing the O, permeation. Notably, the original O,
flux can be restored during the recovering, i.e. the micro structure of the perovskite is re-
established ensuring a migration of the oxygen ions which is apparently not affected by the

former phase change.
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Taking a closer look on the kinetics of the carbonate formation and its decomposition,
further experiments were carried out investigating the O, permeation flux as a function of
time. Figure 4 illustrates the O, permeation while sweeping with 3% CO, in He and feeding

air on the core side of the membrane at 800 and 850 °C.
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Figure 4: Impact of time and temperature on the O permeation flux while sweeping with
3% CO; in He (core: 150 mLy min~ airat 1 bar; shell: Fiota1 = 50 mLy min~' 3% CO; in He at

1 bar).

Within 30 min the O, permeation flux at 800 °C decreases from ca. 2.3 to 0.7 mLymin™
em > while feeding air on the core side of the membrane and sweeping with 3% CO, in He. At
a higher temperature (7= 850 °C) the decrease is less significant, i.e. from 2.6 down to ca. 1.7
mLymin' e¢m™ in the same time span, which can be related to the lower stability of
carbonates at higher temperatures. Applying even higher CO, concentrations leads to an even

more significant loss of O, permeability (see Figure 5).
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Figure 5: Decrease of O, permeation under CO, exposure on the sweep side (left, core: 150
mly min! air at 1 bar; shell: Fiotal = 50 mLy min~! 10% CO; in He at 1 bar) and recovery as a
function of time while sweeping with pure He (right, core: 150 mLyx min™* air at 1 bar; shell:

50 mLyx min~' He at 1 bar).

Applying 10% CO, in He on the sweep side while feeding air on the core side of the
membrane yields to almost a total decrease in O, permeation for all three investigated
temperatures within 30 min. In contrast, the recovering of the O, flux across the membrane
due to carbonate decomposition seems more temperature dependent. At 900 °C the original
0, flux of 3.1 mlLy min~" em™ is nearly regained after 20 min of sweeping pure He on the
shell side, whereas at 800 °C only 1.8 mly min! em™ are obtained (original flux

approximately 2.3 mLy min™' cm ™).

Figure 6 shows cross section of a fresh membrane (left), after exposure to a 1:1 mixture of

CO; and He after five hours at 800 °C (middle), and after regeneration with He (right).
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Figure 6: SEM micrographs showing the cross section at the shell side of the BCFZ hollow

fiber membrane as freshly calcined in air at 1320 °C (left), after 5 hours in a 1:1 mixture of
CO, and He (middle, shell: Fioa = 50 mlLy min! He:CO, = 1:1 at 1 bar for 5 hours;
core: 150 mLy min™" air at 1 bar) and after recovering the total O, flux through the membrane
by sweeping with pure He (right, shell: 50 mLy min~" He at 1 bar; core: 150 mLy min™" air at
1 bar). The different areas are indicated as: (1) BaCOs-enriched top layer, (i1) Ba-depleted
layer, (i11) untouched original perovskite composition, and (111*) with He as CO,-free sweep

gas regenerated perovskite phase, respectively.

As shown 1n Figure 6 (left), the fresh fiber exhibits a homogeneous micro structure over the
entire cross section. After CO, treatment (Figure 6, middle), three zones can be distinguished
in the cross section as indicated by the morphology as well as by EDXS. The decomposed
region after CO, exposure consists of two zones: zone (1) with a thickness of approximately 5
pwm followed by an additional 5-10 pm thick layer (i1). Region (ii1) has been not affected by
CO; exposure. Replacing CO; with He as sweep gas (right) leads to a regeneration of zones 1
and 11 (labelled as 111%) yielding a homogeneous micro structure again.

The elemental distribution at the permeate side of the membrane by EDXS is visualized in
Figure 7, revealing that layer (i) is Ba-enriched. Regions (iii)) and (iii*) represent the

untouched and restored BCFZ perovskite structures, respectively.

10
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Figure 7: Elemental distribution by EDXS at the sweep side of a fresh fiber (left column),
after 5 hours permeation of a 1:1 CO;:He mixture (middle column, shell: Fipm = 50 mLy
min ! He:CO,; = 1:1 at 1 bar for 5 hours; core: 150 mLy min! air at 1 bar) and after
recovering the total O flux through the membrane by sweeping with pure He (right column,

shell: 50 mlLy min! He at 1 bar; core: 150 mLy min ! air at 1 bar).

In order to confirm the formation of a carbonate top layer as well as the total reversibility of
both the structural changes as well as of the O, permeation flux, in situ XRD measurements of
BCFZ hollow fiber membrane were conducted at 800 °C before and after exposure of the
BCFZ hollow fiber membrane to a 50% CO, in N, atmosphere for 5 hours and after

regeneration by sweeping with pure He on shell side for 60 min. The resulting XRD pattern

11
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indicates the formation of BaCO; with an additional reflex at approximately 27° 20 (see

Figure 8).
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Figure 8: Powder XRD pattern of BCFZ before exposure to CO,, after treatment in 50% CO,

in He for 5 hours and after regeneration in He for 60 min at 800 °C.

While treating BCFZ with a gas mixture of 50% CO, in He at 800 °C, barium carbonate 1s
formed (middle pattern). The subsequent sweeping with He on the shell side for 60 min leads
to a full regeneration (lower pattern). It is rational to infer from this observation that the
perovskite structure is reconstructed which is in full accordance to the oberserved regenerated

05 flux through the membrane as described earlier.

Table 1 shows the elemental distribution of the different layers of the perovskite membrane.

It is obvious that layer (1) is Ba-enriched and consequently layer (ii) is Ba-depleted.

12
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Table 1: Summary of the elemental distribution of Ba, Co, Fe, Zr obtained by EDXS at
different regions of the cross section of the BCFZ hollow fiber membranes before (zone iii),
after treatment for 5 hours in a 1:1 CO,:He mixture (layers i and ii), and after recovering of

the total O, flux through the membrane by sweeping with pure He (ii1¥).

elemental distribution / at%

111 1 il n*
Ba 5258 71.82 4990 50.79
Co 17.67 8.05 19.11 1950
Fe 18.73 741 18.02 18.99
7r 11.03 12.72 1297 10.73

The standard deviation for quantification data of Ba, Co, Fe, Zr is assumed to be £12%,
according to [19].

Since the thickness of the carbonate layer is only approximately 5 pm after treatment with
CO; for 5 hours, it can be concluded that this layer (i) is dense and can be regarded as a
protective layer for further carbonate formation. Obviously CO; does not diffuse into the
perovskite structure to form internal clusters of barium carbonate. In contrast, Ba>" migrates
through the carbonate layer to the surface of the membrane in order to form new carbonate. If
the reaction product forms a compact, non-porous layer, the reaction rate 1s limited by
transport phenomena through the product layer as described by Gomes and Dekeyser [20] and
carbonate formation rate is decreased. Consequently, layer (i) is Ba-depleted as already
shown above.

After doubling the time of treatment with a 1:1 mixture of CO, and He, thicker layers (i)

and (i1) have been formed. The Ba-enriched layer (1) has gained a thickness of approximately

13



4 Effect of Carbon Dioxide on the BCFZ Perovskite 110

10 pm, whereas die following Ba-depleted layer (i1) has increased up to ca. 20 um (see Figure

9). Zone (ii1) represents the untouched original perovskite structure.

Figure 9: SEM micrograph of the cross section of the shell side of a BCFZ hollow fiber
membrane after exposition to 50% CO, in He as sweep gas on the shell side for 10 hours
while feeding air on the core side at 800 °C: (i) Ba-enriched top-layer, followed by a Ba-

depleted layer (i1), and the untouched original perovskite structure (iii).

The elemental quantification of Ba, Co, Fe, Zr as well as the relative C content resulting
from EDXS mapping analysis of the cross section of the membrane as a function of the
distance to the surface on the shell side is shown in Figure 10 (5 hours 50% CO,, left side, 10
hours 50% CO,, right side). It can be seen clearly that a prolonged exposition to CO; in the
sweep gas gives rise to a growth of the Ba-enriched layer (i) as well as an increase of the
relative C content of the latter. The Ba-enriched layer is followed by a Ba-depleted zone (11)

and the untouched perovskite structure (i11).

14



4 Effect of Carbon Dioxide on the BCFZ Perovskite

111

100

distance to edge of permeate side / um

100

T T T T ] T T
N N
L 5 hours 50 vol% CO, L 4 10 hours 50 vol% CO,
f:'.? —=—Ba 4 8 “ |—=—Ba
o 0 —e—Co e o —e—Co
5 iii iiil —&—Fe R i\ ii iii —A—Fe 3
- ——7r > - \ g —v—Zr =
c —o0—¢C = c \ —o—-cC =
2 60 8 5 2 604 BN \ 3
> \ o > LY n o
2 g — » o a \\./ b o
by o - o
(%] (%} L
T 40 : § T 4 \ E]
e — 8 £ 8
& 2 5 \ 2

. @ — A @
g 204 N ‘Eﬂzaf‘ =3 g 204 Ag 74:\—§. 7y 3
° Mo o T ~ .y . ‘

A/ v \d v vy v

v /

0 T T T T T T 0 x- T T T T T
0 10 20 30 40 50 0 10 20 30 40 50

distance to edge of permeate side / um

Figure 10: Elemental distribution of Ba, Co, Fe and Zr as well as the relative C content as a
function of the distance to shell side surface exposure to 50% CO, in He for 5 hours (left) and

10 hours (right) at 800 °C.

4. Conclusion

The poisoning effect of CO, on the oxygen permeation flux as well as the changes in the
micro structure of BCFZ hollow fiber under CO, exposure have been investigated as a
function of CO; concentration, temperature and time. Using CO;-containing sweep gases
decrease and finally stop the O, permeation flux but this effect can be easily recovered by
sweeping with pure He. This process is fully reversible. Time-dependent experiments show
that the decrease as well as the regeneration of the oxygen flux take place m a time-span of
about 15 min, which can be related to the diffusion-controlled decomposition of the
perovskite to form barium carbonate and the regeneration of the homogenous stoichiometric
Barium distribution in the perovskite structure.

The decomposition of the original perovskite structure takes place up to a depth of
approximately 10 um when exposed to a 50% CO, in He stream for 5 hours and ca. 25 pm

after 10 hours, respectively. The outer zone of 5 (10) pum is BaCOs-enriched followed by an
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approximately 5-10 (15) um thick Ba-depleted zone as indicated by SEM, EDXS and XRD

observations after treatment with 50% CO; in He for 5 (10) hours.
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Abstract

The effect of CO, on the perovskite-type structure of BaCo,Fe,Zr,0; s (BCFZ, x+y+z = 1) is investigated by in-situ
X-ray diffraction (XRD) as well as transmission electron microscopy (TEM). Partial decomposition of the BCFZ
into high-temperature rhombohedral BaCO; polymorph was observed during annealing in an atmosphere,
which contained 50 vol% CO, / 50 vol% N, at 900 °C. This carbonate structure is not quenchable and cannot be
detected by ex-situ methods. Additionally, the reversible phase transition of BaCO; from orthorhombic to
rhombohedral to cubic at different temperatures accompanied by formation of CoO was shown by in-situ XRD
and TEM. Furthermore, complete regeneration of perovskite phase was obtained after high-temperature

treatment under CO,-free conditions.

1. Introduction

Doped perovskites (ABO;) with multivalent
cations as mixed ionic and electronic conductors
are a hot topic in materials science today, e.g. as
membrane materials for the separation of oxygen
from oxygen containing gases like air with
unrivalled selectivities [1] or as cathode material in
solid-oxide fuel cells [2]. In the last decade, these
membranes have attracted great academic and
industrial interest, since they have also large
potential applications in chemical processes in
which a constant supply or removal of oxygen is
required [3]. For prospective industrial applications
as membrane reactors for oxidative activation
reactions of light hydrocarbons [4] or as oxygen
separators in zero emission plants in which oxygen
permeable membranes are flushed with CO,-
containing exhaust gases [5], a sufficient stability
especially in reducing gas atmospheres or
atmospheres containing CO, is essential. The
poisoning effect of CO, arises from alkaline earth
metal cations in the perovskite structure, which
tend to form carbonates. CAROLAN et al. reported
that the  oxygen permeation  flux  of
LaggBag,CogsFeq,0; sdecreased significantly when
430 ppm CO, was introduced into the operation
gas [6]. It was further discovered that

BaCeggY(103-s is converted to the carbonate at
850-1000 °C under pure CO, atmosphere and the
perovskite structure is disrupted [7].

ARNOLD et al. investigated the influence of
CO, on the oxygen permeation performance and
the microstructure of perovskite-type
BagsSrosCoggFeg 05 s membranes [8]. It was found
that when having air on the feed side, using pure
CO, as sweep gas at 875 °C caused an immediate
stop of the oxygen permeation flux, which could be
recovered by sweeping with pure helium. A
detailed surface analysis of a BSCF cathode after
operation in 1% C0O,/0, at 450 °C for 24 h revealed
that its surface was destroyed and mixed barium-
strontium carbonate was formed as a top layer [9].

Systems using dense perovskite hollow fiber
membranes of the composition BaCo,Fe,Zr,0; s
(BCFZ, x+y+z = 1), which is a novel oxygen
permeable membrane material with high O,
permeation fluxes and excellent thermal and
mechanical stability [10], have been presented by
our group, e.g. for the direct decomposition of
nitrous oxide to nitrogen by in-situ oxygen removal
[11], the simultaneous production of hydrogen and
synthesis gas by combining water splitting with
partial oxidation of methane [12] as well as the
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multi-step oxidative dehydrogenation of ethane [4]
and propane (ODP) [13]. Furthermore, the
oxidative coupling of methane to C, products could
be successfully demonstrated in a BCFZ hollow
fiber membrane reactor [14]. Summarizing, the
effect of CO, on the membrane permeation
performance plays an important role and thus was
examined recently [15]. Under exposure of 50%
CO, in He, the perovskite structure is impaired up
to a depth of ca. 15 pum after 5 hours and
approximately 30 um after 10 hours, respectively.
Furthermore, it was found that both micro
structure as well as oxygen permeation are
recovered in a CO,-free atmosphere.

In order to get a deeper understanding of
the processes occurring during application in CO,
containing atmospheres, we carried out an in-situ
X-ray diffraction (XRD) as well as transmission
electron microscopy (TEM) study on the BCFZ
powder.

2. Experimental

The BCFZ powder was obtained from the
Fraunhofer-Institute for Ceramic Technologies and
Systems  (IKTS, Hermsdorf). Hollow fiber
membranes were manufactured by phase
inversion spinning followed by sintering as
described elsewhere [1]. The O, permeation
experiments of the BCFZ hollow fiber membrane,
were carried out in a high-temperature permeation
reactor which is described in detail elsewhere [1].
In-situ powder XRD was conducted on the Bruker
D8 Advance diffractometer in Bragg-Brentano
geometry using Cu-K, radiation. The diffractometer
was equipped with an Anton Paar 1200 N high-
temperature chamber and superfast 1D Lynxeye
detector. XRD data were analyzed using TOPAS 4.0

data for the known phases were taken from ICSD
database (FIZ Karlsruhe) with file numbers:
BaCo0,,; [28865], BazZrO; [27048], BaCO;
(orthorhombic) [15196], BaCQO; (rhombohedral)
[158389], BaCO; (cubic) [27449], CoO [28505], FeO
[24635]. Scanning TEM (STEM) was conducted at
200 kV on a JEOL JEM-2100F-UHR field-emission
instrument. A light element EDX spectrometer,
Oxford Instruments INCA-200 TEM, was used for
elemental analysis. In order to obtain a TEM
sample, the powder was glued between two
alumina bodies, polished, and finally Ar” sputtered
to electron transparency.

3. Results and discussion

The effect of CO, on the oxygen
permeation performance of the BCFZ hollow fiber
at 900 °C is shown in Figure 1. Insertion of 10% CO,
on the sweep side of a membrane leads to the
diminution of oxygen permeation flux already after
a few minutes. Then, the oxygen flux through
perovskite hollow fiber is almost stopped after
dwell time of 30 minutes. However, the fast
recovery of the oxygen permeation can be
observed, if the sweep gas is changed to pure He.
The value of oxygen flux reaches two-thirds of the
initial performance after 5 minutes. The complete
regeneration occurs after testing for 30 minutes.

According to CzUPRAT et al., the decline of
oxygen permeation flux in presence of CO, is due
to formation of barium carbonate, which was
observed by XRD and SEM on the surface of
quenched BCFZ perovskite hollow fiber [15]. The
full recovery of the flux points out to the
regeneration of the perovskite structure. The high-
temperature in-situ XRD affords to prove these
statements.

software (Bruker AXS). Structural
3.5 | Figure 1: Decline of 0, permeation
1 i o i : through a BCFZ hollow fiber membrane
3.0+ SicepjgasAIORAIEO NN with effective thickness of 140 um under
- 1 : CO, exposure on the sweep side (sweep
IE 2.5+ [ ] 1 side: Fi = 50 mL min' 10% CO, in He;
(&) 4 1 . s -1 P
- 7 N i feed side: 150 mL min * synthetic air) and
'c 2.0 feed gas: synthetic air 1 recovery as a function of time while
e 1 : H sweeping with pure He at 900 °C (sweep
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Figure 2 shows in-situ XRD patterns of BCFZ
collected at (a) room temperature, (b) at 900 °C in
flowing synthetic air, (c) and at 900 °C in an
atmosphere containing 50% CO, and 50% N,. As
can be seen in the room temperature XRD (Figure
2a), the origin BCFZ powder consists of two
perovskite systems as reported by Caro et al
previously [16]. The main compound is a
BaCo,Fe,Zri,0s-s with cubic structure (space
group Pm-3m, a = 4.072 A). Furthermore, the
powder contains a low amount of cubic BaZrO;
perovskite (space group Pm-3m, a = 4.18 A). Note,
the co-existence of two cubic perovskite phases
after doping of more than 10% Zr was also
reported for similar perovskite systems like
Bag sSro5CogsFeqs Zr0s s and SrCogsFeqs Zr0s s
[17,18]. The high-temperature XRD pattern taken
from the BCFZ powder annealed at 900 °C for 30
minutes in the flowing synthetic air evidences no
structural changes. Only slightly shift of Bragg-
reflection positions to smaller angles can be
recognized here due to thermal lattice expansion.
The annealing of the BCFZ powder at 900 °C for 90
minutes under 50 vol% CO, / 50 vol% N, leads to
the partial decomposition of perovskite structure.
BaCO; can be detected in the in-situ XRD pattern
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Figure 2. In-situ XRD-patterns of BCFZ powder collected a) at
room temperature; b) at 900 °C in flowing synthetic air after 30
minutes; ¢) at 900 °C in an atmosphere containing 50% CO, /
50% N, after 90 minutes. I-ll) Calculated Bragg-position of 1)
BCFZ (two phase system); II) BaCOs; rhombohedral polymorph;
1) Co*' /Fe*” oxide.
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Figure 3. Amount of BaCOs in the BCFZ sample as function of
time at different atmospheres as observed by in-situ XRD.

(Figure 2c) alongside of BCFZ. The pattern of BaCO;
relates to the high-temperature rhombohedral
polymorph (space group R3m), which is stable in
the temperature range from approximately 800 °C
to 960 °C as reported by Antao et al [19]. The
structure of this phase is not quenchable and
cannot be detected by ex-situ methods.
Quantitative Rietveld analysis was applied to
determine the BaCO; content in the sample to be
29%. Additionally, the presence of a third phase is
obvious by weak intensities at 36.3° and 42.1° 206.
This phase can be understood as Co® or Fe*" oxide.
A precise attribution of oxide composition by XRD
is unfeasible as the Bragg-positions of the XRD
patterns are arranged very closely to each other.
Change-over of the gas ambience to the synthetic
air or pure N, results in complete decomposition of
BaCOj; and regeneration of perovskite structure. In
order to elucidate the kinetic of the carbonate
formation and decomposition, series of in-situ XRD
experiments accompanied by quantitative analysis
were carried out determining the content of BaCO;
in the BCFZ powder as function of time. Figure 3
summarizes the results of quantitative analysis of
diffraction patterns collected at 900 °C in time
intervals of 15 minutes at different gas
atmospheres. In presence of 50 vol% CO, in N,, the
content of BaCO;amounts to 15% after the first 15
minutes. After half an hour, the content of BaCO;
reaches 24%. Then, the amount of carbonate
increases slowly and reaches the value of 29%
during 90 minutes. The sluggish kinetic of
carbonate formation after the dwell time of 30
minutes may be explained by the development of
the dense carbonate layer on the surface of
perovskite particles, which can be considered as a
protective layer regarding further carbonate
formation. Moreover, thermodynamical
considerations deliver further approach to

3
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understand partial BCFZ decomposition. According
to the Ellingham diagram presented by FELDHOFF et
al. BaCO; is stable at 5-10" Pa CO, up to 1330 °C
[20]. However, KuMAR et al. reported that the
reaction of BaCO; with transition metal oxide like
TiO, leading to the formation of perovskite is
thermodynamically possibly above 376 °C in 10° Pa
CO, [21]. Thus, we assume that the reaction of the
carbonate with transition metal oxide counteracts
the formation of the carbonate at 900 °C in
5-10°Pa CO, and the both processes are in
equilibrium state. The composition of remaining
BCFZ perovskite, which consists of the two above
mentioned perovskite phases was also changed
during the annealing in CO,. We found that the
ratio of BaCoFeyZr, ,,0; 5 component was
significantly decreased in contrast to the ratio of
BaZrQ; phase, which remained almost constant. It
seems that carbonate formation occurs at the
costs of Co- and Fe- containing perovskite phase.
These phenomena points out to the higher stability
of Zr-based perovskite as postulated by Yokokawa
et al. [22]. Figure 3 shows also the kinetics of the
BCFZ regeneration, if the CO, atmosphere was
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changed over to synthetic air or pure N,. In air, the
carbonate was decomposed very rapidly. After 15
minutes, only 4% carbonate can be detected in the
sample. After 30 minutes, the carbonate was
removed completely. Carbonate decomposition
proceeds in the N, ambience a little slower. The
perovskite structure was fully recovered after
testing for 60 minutes. The decomposition of
BaCO; in CO,free atmospheres corresponds to
thermodynamical calculations, which indicate that
carbonate becomes unstable at 900 °C if CO,
partial pressure is lower than 30 Pa [20]. Then,
solid state reaction between carbonate and
transition metal oxides can be considered as
thermodynamically favored.

Effect of temperature on the carbonate
formation in the atmosphere containing 50 vol%
CO; in N, was also studied by in-situ XRD during
heating and cooling in the range of 30-1000 °C with
steps of 100 °C. Before each data acquisition, an
equilibrium time of 30 minutes was set. Figure 4a,b
displays selected XRD data. An appreciable amount
of BaCO; was detected not until 600 °C by heating
of the sample (Figure 4a).

b)

20 Cu-K /°

| 11 )
[N | U]
[ 1] [ T[] 1)

[ ] [ T [ 1w
[ 1 V)

Figure 4. In-situ XRD of BCFZ powder in the atmosphere containing 50 vol% CO; and 50 vol% N, a) during heating; b) during cooling. Before
each data acquisition an equilibrium time of 30 minutes was set. |-V) Calculated Bragg-positions for I) BCFZ; Il) orthorhombic BaCQs; Ill)
rhombohedral BaCOs; IV) cubic BaCOs; V) Co®" / Fe*" oxide. Asterisk marks a reflection of tetragonal perovskite phase.
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Zr-La,

Figure 5. a) STEM bright field micrograph of BCFZ powder annealed and cooled in 50 vol% CO, and 50 vol% N,. b-e) Elemental distributions

by EDXS.

A low temperature orthorhombic polymorph
(space group Pmcn) was formed under these
conditions. Additionally, a low amount of Co/Fe
oxide can be observed in the powder. The
carbonate remains in orthorhombic symmetry up
to 700 °C. Raising the temperature leads to the
phase transition of the orthorhombic BaCO; to
rhombohedral polymorph at 800 °C and to cubic
carbonate phase at 1000 °C. The high-temperature
cubic carbonate (space-group Fm-3m) exists only
at temperatures above 960 °C as reported by
STR@MME et al. [23]. Interestingly, the carbonate
content in the sample was diminished from 40% at
800 °C to 10% at 1000 °C. This finding can be
related to an increasing of the Gibbs free enthalpy
of carbonate formation with rising temperature
accompanied by decline of the Gibbs free enthalpy
of the reaction between carbonate and oxides
leading to shift of equilibrium of the processes
[21]. During cooling, BaCOs structure changes to
rhombohedral polymorph at 900 °C (Figure 4b) and
the carbonate content reaches the value of 21 %.
Further cooling to 600 °C leads to formation of
orthorhombic carbonate phase and rising of their
ratio to 27%. The composition of the sample was
marginally changed after the complete cooling in
CO,. However, at room temperature we detected a
new compound in XRD pattern, which cannot be
attributed to the mentioned phases. The intensity
of the phase at 25.4° 20, which is marked by
asterisk in Figure 4b, relates to a tetragonal
perovskite structure as reported by MARTYNCZUK et
al. [24].

In order to verify the results of in-situ XRD
experiments, we investigated the sample, which
was annealed and cooled down in CO, by TEM
methods. STEM bright-field micrograph in Figure
5a shows a BCFZ powder particle, which is consist
of several grains. EDXS elemental distribution
(Figure 5b-e) clearly demonstrates that the grains

exhibit a different chemical composition. The grain
marked in Figure 5a with “I” contains no metal
cations besides of Ba and can be indicated as
BaCO;. Obviously, the carbonate phase does not
form a dense layer around the BCFZ powder
particle in contrast to the hollow fiber ceramic
membrane [15]. Instead, the carbonate is located
inside of the particle. This kind of behavior was
also observed by MARTYNCZUK et al, who
investigated the effect of CO, on the functional
performance of related Zn-doped (Ba,Sr)FeQ; s
perovskite [24]. The phase “lI” consisting of Ba and
Zr in the ratio 1:1 relates to BaZrO;. Cliff-Lorimer
quantification of EDXS data reveals a dramatical
enrichment of Co in area “llI” collateral to an
almost entire absence of other cations. Thus, this
phase can be considered as CoO. Finally, the main
phase marked with “IV” can be described as a Co-
depleted Ba(Co,Fe,Zr)0; ;5 perovskite.

Based on the in-situ XRD study as well as
TEM investigations, we summarize the BCFZ
decomposition process in presence of CO,. Firstly,
the CO, reacts with BCFZ under formation of
BaCO;. The carbonate can exhibit different
polymorphs dependent on the temperature. The
formation of carbonate does not lead to the
complete destruction of perovskite. Based on TEM,
partial BCFZ decomposition cannot be explained by
slow kinetic of the reaction due to formation of
protective layer on the surface of perovskite
particle. The chemical equilibrium between
formation of carbonate and reaction to the
perovskite can be rather considered as an
applicable approach. Second, we found that the
carbonate formation occurs predominantly at the
cost of Co/Fe containing component of BCFZ
accompaned by development of CoO as by-
product. Poor stability of Co-containing perovskite
caused by flexible redox behavior of Co-cations
was already discussed in some details in our

5
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previous reports [25-27]. The remaining perovskite
phase was found to be Fe-enriched. According to
the report of YANG et al., structures of perovskites
with Ba/Fe-rich composition exhibit several
distorted variants [28]. One of them, the
tetragonal distorted perovskite phase, we
observed in the room temperature XRD pattern
(Figure 4h).

4, Conclusions

Decomposition process of BCFZ powder in
the CO, containing atmosphere was investigated
by in-situ XRD as function of dwell time and
temperature. Rapid formation of  high-
temperature rhombohedral BaCO3 polymorph was
observed after exposure of the CO, at 900 °C. This
non-gquenchable carbonate structure, which is
stable at temperatures between 800 °C and 360 °C,
can be declared as the phase terminating the
oxygen permeation transport through BCFZ
membrane materials. Time-dependent
experiments at isothermal conditions deliver the
partial decomposition of two phase BCFZ system at
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5 Conclusion and Per spectives

Oxygen is one of the top five chemical feedstoakghe world [1] and is
currently produced by cryogenic distillation ancegsure swing adsorption (PSA).
Since these are very cost intensive technologress/al way to obtain pure oxygen in
a more economic process has been of outrageousshte

Polymeric or perovskite-type membrane based appesachave been
developed in the past decades, but have not ledcmmmercial breakthrough yet.
Polymeric membranes have a sufficient selectivatyoxygen and high fluxes, but
they generally have a low separation factor. Theimam oxygen concentration
produced by such a single stage system is onlyoup0O%. In the case of oxygen
separation from air using ceramic membranes, rqmegress has been made leading
to a demonstration unit using BSCF membranes dpedldy the Institute for
Technical Ceramics of Hermsdorf (Germany) as pérthe research consortium
mem-brain[39] and to a pilot plant by the Chinese Weitoro@r [40]. The German
device is able to produce 15Q bxygen per hour.

However, there is still no industrial applicatiohperovskite-type membranes
on a large scale today - 20 years after the piomgastudies of ERAOKA et al.[41]
on a LaA;Co.yFg0s s membrane. This lack of applications is mainly do¢he
long-term stability problems of perovskites, esplgiat low oxygen partial pressure
at the usual operation temperature of approxima&®0/°C. Either the stability or the
oxygen flux is insufficient.

In this thesis, the perovskite composition BCFZ,ickhis a novel @
permeable membrane material with highpg@rmeation fluxes and excellent thermal
and mechanical stability [42], was used for experits. Earlier investigations
confirmed that the thermal expansion coefficienB&fFZ is smaller than those of
BSCF or SCF (SrCoFefleading to a higher operation stability [43], winimakes
BCFZ used throughout this work more practical untdard conditions on an
industrial scale.

In order to develop the ceramic membrane systermélustrial applications, it
is essential to optimize the membrane configuraaoh as flat sheet, tubular or
hollow fiber. Disk-shaped membranes implicate mangblems such as the high
temperature sealing, the connection and the pressaistance. Tubular membranes



5 Conclusion and Perspectives 126

were developed to solve the problems associatddtive high temperature seal, but
their small surface area to volume ratio and thedative thick wall leading to a low
oxygen permeation flux make them unfavorable irtfice.

In contrast, hollow fiber membranes as employethépresent work solve the
problems mentioned above. Such hollow fiber memdsapossess much larger
membrane area per unit volume for oxygen permeatiah a significantly thinner
wall.

In this thesis, BCFZ hollow fiber membranes haverbsuccessfully applied
for various oxidative activation reactions of lighyydrocarbons combined with
suitable catalysts in a packed-bed around the .filBernovel concept for the
production of light alkenes from their corresporgdsaturated analogues has been
presented, based on a repeated sequence of theatalgtic dehydrogenation (DH)
and selective hydrogen combustion (SHC) steps ¢bdpter 2). It combines high
selectivities obtained in a catalytic/thermal DHIwihe absence of thermodynamic
limitations in terms of alkane conversion achieeall the conventional oxidative
dehydrogenation. The SHC leads to a higher eduotazsion since the latter is not
limited anymore in terms of thermodynamics and pinecise controlled oxygen
insertion increases the olefin selectivity compaiethe conventional co-feed mode
of operation, besides a higher safety due to s&paraof hydrocarbon and
air/oxygen. For both ethane and propane dehydrdigenadhe kinetic compatibility
of DH and SHC was established by varying the reactparameters, e.g.
temperature, flow rates of reactants etc. Summmayjzhis novel and straightforward
concept for the production of light alkenes usitapdard catalysts can compete with
the best catalysts used in the conventional co-feedle of operation. It was
demonstrated that an ethene yield comparable tgetioindustrial steam crackers
can be obtained at a temperature which is apprdelgnd00 °C lower and the
propene yield in the catalytic membrane reactdwise the yield in the catalytic DH
without oxygen supply.

Reaction pathways for propane dehydrogenation dred rhechanism of
hydrogen combustion were successfully elucidatedrdysient analysis of product
experiments. Furthermore, the role of solid ancegas oxygen species in the above
described membrane reactors for propane dehydrtogemneas studied in detail with
isotopic labeled®0,. Altogether, these kinetic insights allow the usecontrol the

selectivity reasonably and effectively.
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Additionally, the supply of oxygen through a BCFd&llbw fiber membrane in
a reactor in combination with a suitable catalyaswalso effectually utilized for the
catalytic oxidative coupling of methane te Igydrocarbons (c.f. chapter 3).

In all oxidation reactions involving hydrocarbotise formation of C@has to
be taken into account, since barium in the perdegipe membrane tends to form
the corresponding carbonate under exposure te. QBe resulting effect of
decreasing the oxygen permeation flux was measasegell as its full reversibility
of carbonate formation. Moreover, the impact onrtherostructure of the membrane
material was comprehensively investigated (c.f.ptda4). With this knowledge in
mind, the operating conditions for Gvolving processes can be optimized in order
to maintain a constant and sufficient oxygen flaxoas the membrane.

Summarizing, the present work demonstrates not seleral applications of
an oxygen transporting perovskite-type hollow fiberembrane for oxidative
activation reactions of light hydrocarbons whick atready of large-scale industrial
importance (ODH) or will arise growing interest ithe near future (OCM). All
reactor set-ups in this thesis have shown imprgetbrmance regarding long-term
stability compared to those reported in the liwm@tup to now, thus attracting
industrial and economic attention. Also a mechanisisight into the pathways of
selectivity control for the dehydrogenation of prap with hydrogen combustion is
presented as well as a comprehensive study onffine ef CQ, on the membrane
and its oxygen permeability. Taking these two itigagions in account, the product
selectivity in case of propane dehydrogenation el &6 the overall performance of
the catalytic membrane reactor can be controll@tyized and taken to the next
level.

Above all, since no separate and energy-consunxygem plant is required
for producing pure oxygen for conversion of lightdrocarbons, the membrane
reactor presented in this thesis contributes tocgm® intensification due to a
combination of an oxygen plant and reactor in glsidevice as well as an economic
and ecologic overall process design.

Possible problems which need to be considered errdhd to a large scale
industrial application are, in particular, a troeddlee module concept of fiber
bundles. The (hot) sealing between fibers and theranodule itself has to fulfill the
requirements in terms of chemical inertness andrtakeexpansion coefficients. Such

modules would take advantage of an extreme higfacairto volume ratio of the
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membrane reactor as well as allow a user-frientntpwhere broken fibers can be
exchanged rapidly just by replacing an easy-to-teamibdule. Furthermore, to lower
the cost for the fibers and making the processssriied in this thesis even more
economically viable, the gold-sealing can be regdaloy operating the fiber bundles

in cross-flow mode.
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Appendix A

Oxygen lon Migration in BagsSrosC0opgFey 05 s Perovskite

- aMolecular Mechanics Study

OLIVER CZUPRAT
unpublished result2010.

Computer modeling techniques have been used toiegaime mechanistic features
of oxygen ion transport in the BgbrpsCop sFey 03 s (BSCF) at the atomistic level.
Defect simulations have evaluated the lowest enenggrstitial site as well as
oxygen migration pathway. Interstitial oxygen migva is predicted via a non-linear
pathway. The model study proves the use of a simaliecular mechanics model to
describe the oxygen migration accurately and cosfirthat the high ionic

conductivity in perovskite type oxides is medialgtoxygen interstitial migration.

Keywords: perovskite, molecular mechanics, BSCFydex migration, GULP.

A.l. Introduction

Oxide materials that exhibit high ionic conductitave attracted considerable
attention for the last decades not only due to wide range of straightforward
applications, e.g. fuel cells, gas sensors, cdtlysembrane materials for oxygen
separation or removal [1-3]. The investigation dfudion mechanisms and defect
phenomena supports the understanding of macrost@vsport behavior and the
ability to predict transport parameters in solidtenals. However, most of the
experiments on diffusion or conductivity have diffities to supply enough

information to identify the atomistic mechanismsirolling ionic transport.



Appendix A 134

Computer modeling techniques are well establistmmstin the field of
materials chemistry of solids at the atomic levdl]. [The development of
computational chemistry has also been assistetidogriormous growth in computer
hardware power and by advances in theoretical rdethbgies.

One type of oxides that has attracted significatenéion is based on the
perovskite structure ABOwhich exhibits a diversity of chemical composigsoand
properties. In the cubic type the B@ctahedra are corner-linked with the A cation in
a 12-coordination site.

About 20 years ago, ERAOKA et al first reported SrCaFey) 03 5 (SCF)
membranes with very high oxygen permeation fluxjcwhs attributed to the high
concentration of oxygen vacancy, caused by thetisutisn of A** metal ion by Si*
in the A-site of the perovskite [5]. Unfortunatelg, perovskite brownmillerite
transition could occur at lower oxygen partial gtge and at low temperatures,
making the membrane fractured [6]. With the purpok@nproving phase stability
and keeping the high-performancejAB et al. developed BaSt sCopsFen 03 s
(BSCF) perovskite by a partly substitution of'Sn SCF with B&" [7].

The series of compounds based on cubic BSCF aree soimthe most
fascinating members of the perovskite family, nolyadue to their applications in
SOFCs, ceramic membranes and heterogeneous caiahgbis considered as one of
the most promising materials [8,9]. Exceptionalligh concentrations of mobile
oxygen vacancies in combination with a distincfiwese stability are responsible for
the high oxygen transport rates of BSCF.

Our group has thoroughly investigated the phasgctstre, sintering process
and permeability of BSCF in membrane geometry [H3]well as an in situ high
temperature X-ray diffraction studies [11] and era¢d the material for application
in catalytic membrane reactors or oxygen separi@is

Most of the attention has been focused on the nraglef simple ABQ types
of perovskite by now. In the present study the gpn@rofile for a migrating oxygen
ion of the BasShsCosFe 03 s perovskite regarding to its oxygen deficient
character has been mapped out as well as a pog#ibdistitial position for oxygen
within its lattice as part of the migration procdss been evaluated. To the best of

our knowledge, it is the first time that this isssi@resented in the literature.
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A.2. Material and M ethods

In the present study, atomistic (static lattice)delong technologies which
determine the lowest energy configuration of thest@ structure by employing
efficient energy minimization procedures embodiadthe GULP code [13] were
used to model the perovskite material. These welkdished techniques are
comprehensively reviewed elsewhere [4].

The calculations are based upon therB model for polar solids which are
commonly employed for ceramic oxides. Each ion issigned a charge
corresponding to its formal oxidation state, whie tong-term ©uLowmBic as well as
short-range repulsive and/AN DER WAALS interactions. These short-range

interactions were modeled using thed&INGHAM potential:

Vij(riy) = A exprilp) - C/ri (A.1)

wherer is the interatomic distance aAgdp andC are empirically derived parameters

specific to each species.

Since charged defects will polarize nearby ionsthe lattice, accurate
calculation of defect energies requires the comatten of ionic polarizibility,
especially when “soft” ions like © are present in the model. Therefore the shell
model of Dck and O/ERHAUSER [14] is incorporated as a simple but effective
description of polarizibility by treating each ias a massless shell and an ionic core

connected via a harmonic spring. The potentiahisfinteraction is calculated as

Ecore-shen (1) = (1/2)ko 12 (A.2)

Only the shells are allowed to interact via thershenge potential.

The MOTT-LITTLETON approach [15] was used to model point defects. A

defect is introduced to the energy-minimized lattend the surrounding ions are

classified into two regions. An inner sphere ofsasurrounding the point defect
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(region 1) are relaxed explicitly whilst the crysbaulk (region 2), where the defect
forces are relatively weak, is treated by compaotetily less expensive quasi-
continuum methods. In this way local relaxationeféectively modeled and the
crystal is not considered simply as a rigid lattice

In the static lattice approach it is assumed titaaisport is effected by discrete
jumps (or hops) of atoms by either vacancy or stigsl mechanisms (Figure A.1).
Simulating the potential energy surface for theratigg ion allows identifying the

most favored pathway.

@ Asite
@ B site @ oxygen

Figure A.1: Schematic illustration of a migrating oxygen ionthe lattice of the

BSCF perovskite within theplane.

It has been commonly assumed that the migratingnithin the perovskite
lattice takes a direct linear path into a neightpwacancy. However, an important
result of the search of the potential energy serfachat deviation from direct path

for vacancy migration is revealed (Figure A.2).
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s—&)— o

Figure A.2: Curved path for oxygen ion migration between egljg vacancy sites in
ABO:s.

A.3. Results and Discussion

A.3.1. Structural Modeling

The structure was described in terms ofRheg&8mspace group. Our approach
to modeling the BSCF perovskite was to apply acsielle of published potentials as
presented in Table A.1 and details of our struttamaulation are given in Table
A.2. In general, there is good agreement betweguererental and simulated
structure, thus supporting the validity of the pis used for the subsequent defect
calculations. Notably, the ratio of €ato Co'™ is chosen to be 1:2 giving rise to an
average valence of the all B site cations of 2.iclvis in accordance with earlier
findings [16] and corresponds to a an statistiacupation of the oxygen positions in

the perovskite lattice of approximately 78% aiw 0.635, respectively.
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Table A.1: Interatomic potentials for BaSr sCoy gFey 203 .
(a) Short range (potential cut-off = 10 A)

Interaction AleV oIA Clev A™® Ref.
Ba" - OF 931.700 0.3949 0 [17]
Co™ - O* 696.300 0.3362 0 [18]
Co’t-O* 1329.820 0.3087 0 [18]
Fe't - OF 1156.360 0.3299 0 [19]
SP-OF 1956.702 0.3252 0 [18]
o* - O 22764.000 0.1490 43 [19]

(b) Shell model

lon Y/e kleV A2 Ref.

o> -2.24 42.0 [19]

Table A.2: Calculated and experimental [20] structural patars for
Bao 5o sCon gF& 203 5 (Co*:Co™ = 1:2).

Experimental  Calculated

alA alA

Bay 5S1h.sC0op gF&y 203 5 3.989 4.012

A.3.2. Oxygen lon Migration

Although conductivitiy studies provide accuratéiation energies, it is not
always possible to associate the observed valués wi particular diffusion
mechanism. Atomistic calculations have been usadvestigate these problems by
an extensive search of the potential energy suftacexygen migration. The energy
profile for oxygen ion migration was mapped outdayculating the defect energy of
the migrating ion within the-plane and allowing relaxation of the lattice atlea

position in order to determine the diffusion patig(re A.3).
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Figure A.3: Potential energy hypersurface for oxygen ion atign as a function of

the fractional coordinates in tlzeplane. Right: Black arrows illustrate the deviatio
of the oxygen migration pathway from a linear one.

It is obvious that the interstitial position of asxygen ion at super-
stoichiometric conditions is located at approxirate= 0.4,y = 0.4. The dotted line
in Figure A.3 (right) equals a direct linear wayveeen the two oxygen vancancies.
Because of areas of lower potential energy abow lthe, the lowest energy
migration path for interstitial © is predicted to be a curved route which is in
accordance with earlier findings in Molecular Dynesnsimulations [21]. In the

saddle-point configuration, the migrating ion mpsiss through the opening of a
triangle defined by two A site (Ba,Sr) ions and @&nsite (Co,Fe) ion.
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A.4. Conclusion

The present study demonstrates how computer nmgdadichniques can be
used to examine oxygen transport properties in \s&ite-type oxides that are
relevant to their use in oxidation catalysis, fgells and separation membranes.
Even simple simulation methods like a molecular Ima@ics approach which is less
demanding for calculating capacity are capablectoaa a powerful tool supporting
experimental techniques.

Diffusion is mediated by hopping of oxygen ionsra) the anion octahedral
edge, but not in a linear manner; rather migratamkes place via a curved path,

resulting in a significantly lower energy barrier.
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Appendix B
Formulas

Listed below are the formulas on which the caléatabf educt conversion as

well as product selectivities and product yields based on. The total flow rates of

the effluents at the outldt > were determined by using Ne as an internal standard

total

It is assumed that Ne does not take part in theticess.

in in out ~out
Ftotal CNe =F CNe (61)

total

Fe is the total flow rate of the inlety, and cys equal the concentrations of

Ne at the inlet and outlet, respectively. The cosiom defines the percentage of
educt A which has been converted to product B loygusgn. 6.2F(A) ot andF(A)in
correspond to the flow rates of A at the outlet anbett, respectively.

_ _ F(A)out
X(A)—(l —F(A)mj (6.2)

The selectivityS equals the ratio between the formed product Btaeé@mount
of reacted educt A (egn. 6.F)(B)o.: is the flow rate of product B at the outlet and

is the corresponding stoichiometric factor in thaation.

— F(B)out B F(B)m |VA|

S(B) = -
(A) in F(A) out VB

(6.3)

The resulting yield of product B from a selectivitywards B obtained at a
certain conversion of educt A can be describeddaygeqn. 6.4.

Y(B) = X(A)- S(B) (6.4)
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